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THESIS SUMMARY 

Experimental investigations and computer modelling studies have been 

made on the refrigerant-water counterflow condenser section of a small air 

to water heat pump. The main object of the investigation was a comparative 

study between the computer modelling predictions and the experimental 

observations for a range of operating conditions but other characteristics 

of a counterflow heat exchanger are also discussed. 

The counterflow condenser consisted of 15 metres of a thermally 

coupled pair of copper pipes, one containing the R12 working fluid and the 

other water flowing in the opposite direction. This condenser was mounted 

horizontally and folded into 0.5 metre straight sections. Thermocouples 

were inserted in both pipes at one metre intervals and transducers for 

pressure and flow measurement were also included. Data acquisition, 

storage and analysis was carried out by a micro-computer suitably 

interfaced with the transducers and thermocouples. 

Many sets of readings were taken under a variety of conditions, with 

air temperature ranging from 18 to 26 degrees Celsius, water inlet from 

13.5 to 21.7 degrees, R12 inlet temperature from 61.2 to 81.7 degrees and 

water mass flowrate from 6.7 to 32.9 grammes per second. 

A fortran computer model of the condenser (originally prepared by 

Carrington[1]) has been modified to match the information available from 

experimental work. This program uses iterative segmental integration over 

the desuperheating, mixed phase and subcooled regions for the R12 working 

fluid, the water always being in the liquid phase. Methods of estimating 

the inlet and exit fluid conditions from the available experimental data 

have been developed for application to the model. 

Temperature profiles and other parameters have been predicted and 

compared with experimental values for the condenser for a range of 

evaporator conditions and have shown that the model gives a satisfactory 

prediction of the physical behaviour of a simple counterflow heat 

exchanger in both single phase and two phase regions. 
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Specific enthalpy of freon 

Specific enthalpy of water 

Line numbers used in model, (I from 1 to 152) 

Internal diameter of the freon pipe 

Internal diameter of the water pipe 

Defined in Eqn.2.74,[97] 

Dimensionless gas velocity defined 

in Eqn.2.41 

Dimensionless height, kt=(e.uz)/v in Eqn.2.26 

Length of condenser 

Length between the measured points outside 

the condenser and condenser last point, 

defined in Eqn.4.10 and Fig.4.5.1 

Length, measured at the freon entry between 

the measured pressure point outside the 

condenser end and the inlet effective point, 

defined in Eqn.4.12 

Length between the two point, i->(it1) 

Length measured at the freon exit between 

the measured pressure point outside the 

condenser and the effective point, Eqn.4.12 

Momentum 

Mass flowrate 

Freon mass flowrate 

Liquid mass flowrate 
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kg.s-1.m-2 

kg.s-!.m-2 

kg.s-1.m-2 

ms~2 

W/m? .°C 

W/m2 .°C 

W/m2 .°C 

J/kg 

J/kg 

J/kg 

J/kg 

J/kg 

J/kg 

cn,m 

cm,m 

cm,m 

cm,m 

cCh,m 

cm,m 

kg.m.s-1 

gs-!,kgs-1 

gs-!,kgs-1 

gs-!,kgs-!



inv 

law 

Ntu 

Ntur 

Ntuwr 

Odr 

Po ,cond 

PR 

Pa 

PW 

Q 

Qtreon 

Qiost 

Qvater 

qa 

R 

Ri 

Rir 

Riw 

Ror 

Row 

RT 

To 

Ss 

$1 

Sv 

8 

[ 

To,cond. 

Thwall 

Vapour mass flowrate 

Water mass flowrate 

Number of transfer units 

Number of transfer units for freon side 

Number of transfer units for water side 

Freon outer pipe diameter 

Water outer pipe diameter 

Pressure 

Measured pressure at the point outside 

the condenser, Eqn.4.12 and Fig.4.5.1 

Pressure for freon side 

Pressure or pressure transducer 

Pressure for water side 

Quantity of heat per unit time 

Total thermal power rejected by freon 

from condenser 

Thermal power loss from condenser 

Total thermal power picked-up by water 

Quantity of heat being transfered 

Pipe radius 

Inside radius of pipe 

Inside radius of the freon pipe 

Inside radius of the water pipe 

Outside radius of pipe 

Outside radius of the freon pipe 

Outside radius of the water pipe 

Room temperature or thermocouple for sensing 

room temperature 

Elemental radius or radial distance from 

rotation axis 

Volumetric radius 

Circumference 

Circumference in liquid side 

Circumferemce in vapour side 

Specific entropy 

Temperature 

Measured temperature at the points outside 

the condenser, Eqn.4.10 and Fig.4.5.1 

Thickness of the pipe 
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bar 

bar 

bar 

bar 
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TR 

TW 

TWe ,exit 

t 

U 

UL 

UL 12 

UL,23 

UL, 34 

UL, 45 

u Or Usean 

ul or U1 

Us 

ut 

uv or Uy 

Uuvi 

ut 

Vwr 

e 

Vwr 

Wo 

Wotwr 

Wwr 

Xe 

Xi 

xt 

Freon temperature 

Water temperature 

Water outlet temperature measured manually 

Time 

Velocity 

Overall heat transfer coefficient 

Overall heat transfer coefficient from point 

1 to point 2, defined in Eqn.5.23 

Overall heat transfer coefficient from point 

2 to point 3, defined in Eqn.5.23 

Overall heat transfer coefficient from point 

3 to point 4, defined in Eqn.5.23 

Overall heat transfer coefficient from point 

4 to point 5, defined in Eqn.5.23 

Fluid velocity 

Liquid velocity 

Mean velocity 

Friction velocity, ut=(tw/p)!/2, defined 

in Eqn.2.21 and Eqn.2.22 

Vapour velocity 

Vapour velocity at the vapour liquid interface 

Velocity in the direction of z 

Dimensionless velocity, ut=(u/ut ) 

Voltage 

Volume 

Volume of water 

Specific volume 

Water volumetric flowrate 

Work done 

Weight of empty measuring cylinder 

Weight of empty container plus weight of water 

Weight of water 

Dimensionless Martinelli-parameter 

Dimensionless vapour quality or quality 

Dimensionless exit vapour fraction, Eqn.5.35 

Dimensionless inlet vapour fraction, Eqn.5.35 

Average quality at the inlet and exit of the 

test-section, eqn.2.56 

Dimensionless x*t=(1/Gz) defined in Eqn.2.13 
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°¢ 

°C 

nms- 

W/m.°C 

W/m.°C 

W/m.°C 

W/m.°C 

W/m.°C 

ms~ 1 

nms-l 

mas~ 1 

ms-1 

ms~1 

as-1 

mV,V 
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J,kJ 

g,kg 
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Afp 

Aft 

Ah 

Ahr 

Ahw 

Amw 

AP 

APi 

APy 

APR 

APT 

APW 

A( AP) 

(AP/Az) 

(AP/Az)1 

(AP/Az)tpe 

(AP/Az)v 

AT 

ATj 

ATs 

ATR 

ATW 

At 

Distance shown in Fig.2.2.4(a), or cartesian 

coordinate across the flow cross-section 

distance measured from the pipe wall 

Dimensionless distance, yt=(y.ut/v) 

Length in the direction of freon flow or 

location in the condensing length 

Error in fp 

Error in ft 

Difference in the specific enthalpy 

Difference in the freon specific enthalpy, 

Ahr=(hg ,1-he ,16) 

Difference in the watter specific enthalpy, 

Ahw=(hwi-hwie ) 

Error in water mass flowrate, mw 

Difference in pressure or pressure drop 

Pressure drop for liquid flow alone 

Pressure drop for vapour flow alone 

Pressure drop in the freon side 

Pressure drop between two points outside the 

condenser, Eqn.4.12 or pressure transducer 

Pressure drop in the water side 

Error in the pressure drop 

Pressure gradients or pressure drop per 

unit length 

Pressure drop per unit length due to liquid 

flowing alone 

Pressure drop per unit length in two-phase flow 

Pressure drop per unit length due to vapour 

flowing alone 

Difference in temperature 

Difference between temperature at point 

outside and inside the condenser, Eqn.4.10 

and Fig.4.5.1 

Log mean temperature difference 

Difference in the freon temperature 

Difference in the water temperature 

Error in time, t 
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oC 

J/kg 

J/kg 

J/kg 

gs-1,kgs-1 

bar 

bar 

bar 

bar 

bar 

bar 

bar 

bar/m 

bar/m 

bar/m 

bar/m 

°C 

°C 

°C 
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AWwr Error in measuring the weight of water, Ww g,kg 

Ax Distance shown in Fig.5.4.2(a) m 

Az Elemental length or the length between a 

point i and point (i+1) 

Dimensionless symbols 
Gz Graetz number, Gz=(Re.Pr.D)/L 

Nu Nusselt number, Nu=(H.D/«) 

Pr Prandtl number, Pr=(p.u.D)/p = (v/a) = (p.Cp/x) 

Re Reynolds number, Re=(G.D/p) = (D.u/v) 

Rea+ Reynolds number based on displacement 

thickness, 5+, Rea+=(6*.u/v) 

Reg Reynolds number based on pipe roughness, €, 

Reg=(e.ut/v) 

Rei Reynolds number based on the liquid portion of 

the two-phase flow, Re1=G(1-x)D/ju 

Rero Reynolds number based on ro, Rero=(ro.u/v) 

defined in Eqn.2.26 

Rev Reynolds number based on the vapour portion of 

the two-phase flow, Rev=(G.x.D)/pw 

Rez Reynolds number based on distance z defined 

in Eqn.2.26, Rez=(z.u)/v 

St Stanton number, St=Nu/(Re. Pr) 

Stt Stanton number, St*=H/(p1.u*.Cpi) 

reek symbols 

Void fraction - 

Thermal diffusivity, a=(K/p.Cp) m2s-1 

B Fluid viscosity-temperature parameter °K 

defined in Eqn.2.73 

5 Thickness of the laminar sublayer or n 

thickness of liquid film in two-phase flow 

5* Dimensionless thickness defined in 

Eqn.2.26 and Eqn.2.38 

€ Roughness elements of the pipe or ~ 

pipe roughness 

€ Heat exchanger effectiveness (dimensionless) - 

&H Thermal eddy diffusivity (or eddy conductivity) m@s-!} 

and ex analogus to thermal diffusivity, a 
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EM Eddy diffusivity of momentum (or eddy m@s-1 

viscosity) and analogus to kinematic viscosity 

€r Effectiveness of the freon side iS 

ewr Effectiveness of the water side =F 

8 Dimensionless temperature defined in - 

Eqn.2.66 and Table 2.7 

K Fluid thermal conductivity W/m.°C 

Kbond Thermal bonding conductance for copper W/m.°C 

pL Dynamic viscosity kg/a.s 

Vv Kinematic viscosity, v=(/p) m2s-1 

p Fluid density kgm-3 

To Shear stress defined in Eqn.5.39 N.m-2 

tw Wall shear stress N.m-2 

9 Angle that flow vector makes with horizontal ° 

® Function depending on Martinelli-parameter, X - 

correlating two-phase AP (dimensionless) 

Q Function depending on X, if liquid flowing ~ 

alone in two-phase region (dimensionless) 

dy Function depending on X, if vapour flowing - 

alone in two-phase region (dimensionless) 

Short form 

ADC Analogue-digital converter 

AS Optical sensor for air speed measurement 

CH Channel number in ADC 

CN Channel number used in data acquisition program 

DCCC Double coupled counter-current flow condenser 

DN Device number used for ADC 

FF Freon flowrate sensor 

FID Fixed input data 

FRO Full range output used in ADC 

FV Frequency-voltage converter 

HP Heat pump 

IEEE Institute of Electrical and Electronic Engineers 

IRJ internal reference junction 

LM Lockhart-Martinelli correlation 

OR Order of reading during Run, Fig.4.4.1 

PKN Prandtl-Karman-Nikuradse correlation 
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PROC 

R11 

R12 

R22 

TEV 

TS 

VID 

WF 

WM 

Subscripts 

a 

bend 

bond 

cond 

cp 

desup 

dew 

diff 

eff 

evap 

exit 

Procedure statement in BASIC language 

Trichloromonofluoromethane 

Dichlorodifluoromethane 

Chlorodifluoromethane 

Thermostatic expansion valve - heat pump component 

Thermocouple 

Variable input data 

Water flowrate sensor 

Optical sensor for Watt-meter measurement 

point shown in Fig.4.5.1, Fig.5.2.5 and 

defined in Eqn.4.10 

bulk condition or point shown in Fig.4.5.1, 

Fig.5.2.5 and defined in Eqn.4.10 

180°-bend pipe condition 

bonding used for Kbona of the pipe 

critical condition or point shown in Fig.5.2.5 

condensing condition or condensing region 

constant-property condition 

desuperheating region 

dew condition used in temperature 

difference 

at the pipe roughness condition 

condenser exit condition 

effective condition 

evaporating condition 

exit condition 

frictional effect 

liquid component condition in two-phase flow 

liquid and vapour component in two-phase flow 

free stream flow condition 

gas component condition in two-phase flow 

gravitational effect 

higher condition in Eqn.2.1 

number 0,1,2,3,.... or position at the test-sections 

concerning TR,TW,PR and PW 

condenser inlet condition, Eqn.5.19 

inlet condition 
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ir 

iw 

la 

A 

lig 

Inth 

lower 

max 

min 

or 

out 

ow 

Rh or r 

ref 

sat 

st 

sub 

tpf 

tran 

CG 

tu 

tv 

v or vap 

vi 

vt 

vv 

W oor wr 

w or wall 

inside of the freon side 

inside of the water side 

based on length used in overall heat transfer coefficient 

liquid condition or liquid component of two-phase flow 

laminar 

liquid condition at the vapour liquid interface 

liquid 

between the two consecutive points 

lower condition in Eqn.2.1 

momentum effect 

mean or average value 

maximum 

minimum 

numbers defined in Eqn.4.2 

outside, defined in Eqn.5.19 

outside of the freon side 

outlet condition 

outside of the water side 

freon condition 

given by Deissler and Prester in Table 2.7 

reference 

smooth condition 

saturated condition 

straight 

subcooling-region 

two-phase flow condition 

transition flow condition 

turbulent liquid and turbulent vapour 

turbulent 

turbulent liquid and viscous or laminar vapour 

vapour component in two-phase flow 

vapour or gas condition 

vapour condition at vapour-liquid interface 

viscous or laminar liquid and turbulent vapour 

viscous or laminar liquid and viscous or laminar vapour 

water 

at wall condition 

at vapour quality condition 

in the direction of z-axis or direction of freon flow 
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Superscripts 

a exponent 

b Blasius exponent defined in Eqn.5.28 or other exponent 

m,n exponents 
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CHAPTER 1 

INTRODUCTION 

1.1: General introduction 

The thesis consists of seven chapters, divided between three major 

sections; a literature survey (including heat transfer and pressure in 

chapter 2), the main project research including the heat pump system 

(equipment and system operations in chapter 3 and 4), and computer 

model application including experimental results and predictions 

(chapter 5 and chapter 6). 

In this chapter, a general view of the literature surveys, 

programmes of work and objective of the research is presented. The 

final chapter discusses the overall conclusions from the results, and 

further suggestions for future work are also included. A brief outline 

of each chapter will be presented later in the chapter. 

In summary, the primary concern of the research is to test the 

model devised by Carrington,[1] concerning a laboratory freon to water 

heat pump condenser. The condenser comprises of a 15 meter long double- 

pipe, thermally coupled, in which freon and water flow in opposite 

directions. The physical properties of the working fluids (temperatures 

and pressures) are detected by the sensors which are placed at various 

test-points. The thermocouples for sensing both of the fluid 

temperatures are fixed, opposite each other at one meter intervals, 

while four pressure transducers are placed at the inlet and at the exit 

of the heat pump evaporator and condenser. The pressure transducers 

which are fixed at the inlet and outlet of the condenser are of prime 

importance in this project. The third primary parameter is the water 

mass flowrate which is measured manually. 

These parameters are the basis for calculating secondary 

parameters including the thermodynamic and other physical properties of 

the fluids, performance of a counter flow heat exchanger, and other 

thermodynamic and physical behaviour of the flow during the process. 

Heat transfer and pressure drop processes are the main issues 

highlighted in the research, which can be considered as the effect of 

the single-phase and two-phase flow. These effects are represented and 

correlated in terms of dimensionless Nusselt number and friction factor 

respectively, adapted from established findings, with some 
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modifications to suit the present situations. 

A numerical method for integration is used to calculate the fluid 

temperatures at the test-points by dividing the heat exchanger into 150 

segments of equal length of 0.1 meter, which corresponds to a total 

length of 15 meter. From here, other parameters at the test-points 

(pressure, vapour quality, heat transfer coefficient and wall 

temperature) can be predicted. The temperature distribution over the 15 

meter long condenser can be directly compared with the temperature 

profile predicted by the model. 

A brief outline of each chapter follows. 

1.1.1: Chapter 1 

In this chapter, a general idea of the thesis covering the 

programme of the research, literature reviews and the aim of this 

project is briefly presented. 

A general picture of the research, including the experimental 

work, data-acquisition system and data analysis. Sets of experimental 

data are used as the basis to test the model at particular operating 

conditions. 

1.1.2: Chapter 2 

A literature survey was focused on the heat transfer and pressure 

phenomena in both single-phase and two-phase flow regimes, which are 

separately discussed in brief in the chapter. 

Convective heat transfer is the study of heat transport processes 

between the layers of a fluid when the fluid is in motion, or between a 

fluid in motion and a boundary surface in contact with it, when they 

are at different temperatures. In fact, heat flow is a vector in the 

sense that it is in the direction of the negative temperature gradient 

(from higher to lower temperatures). The science of heat transfer is 

based upon the foundations comprising both the theory and experiment. 

The pressure drop for fluid flow in smooth (for laminar flow) and 

rough (for turbulent flow) circular tubes (greatly influenced by the 

friction factor which is normally determined experimentally), is also 

presented in this chapter. 

The final part of the chapter discusses the reviews which 

correlate the effect of temperature-dependent properties upon the 

Nusselt numbers and friction factors of a single-phase fluid flow. For 

liquid, the ratios (Nu/Nucp) and (f/fcp) are empirically correlated 
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to the ratio of bulk fluid viscosity to the fluid viscosity at the wall 

(see Eqn.2.62). For vapour, the correlation is with temperature ratio 

rather than viscosity (see Eqn.2.63). 

In the model, these correlations, with minor modifications to suit 

the present system are applied to evaluate heat transfer and pressure 

parameters. 

1.1.3: Chapter 3 

A laboratory air to water heat pump system is discussed in 

general. It comprises four major components (a reciprocating 

compressor, a 15 meter-long double-coupled condenser, an evaporator and 

a thermostatic expansion valve). In addition, the miscellaneous 

components such as water regulator, sight glass, pressure system 

analyser, fan and refrigerant filter drier attached to the system are 

also discussed. 

The chapter mainly explains the work done on the system which can 

be classified as follows: 

1.System: 35 thermocouples, 4 pressure transducers, 2 flowrate 

sensors, and 2 opto-switches for sensing air speed through an 

evaporator and power comsumption are used in the system. Each of the 

last four sensors were connected to frequency-voltage converters before 

connecting to an analogue-digital converter. The details of the lay-out 

of these sensors are explained in this chapter. 

2.Analogue-digital converter: Two types of analogue-digital 

converters ( two of PCI 1001 versions and one of PCI 1002 version), 

each supplied with 16 channels (each channel provided with its own 

operational amplifier) were used in the system. Analogue signals from 

the sensors are converted to digital form. An IEEE interface was used 

to communicate with the computer system for acquiring data. 

3.Computerized data-acquisition system: A personal BBC 

computer was employed to store data on floppy disc and to display data 

on screen. 

1.1.4: Chapter 4 

The experimental procedure and data analysis is discussed in this 

chapter. 

The first part of the chapter explains the transducer calibration. 

It also discusses the conversion of ADC bits to temperature and 

pressure. Over 25 sets of calibrating-experiments (thermocouples and 
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pressure transducers) and over 50 sets of heat pump test-experiments 

using R12 as a working fluid have been carried out before considering 

the final set of data. 

Over 100 Runs have been recorded in the range of 7.58-12.32 bar 

for freon pressure, 60.2-81.7 °C for freon inlet temperature, 13.2-21.7 

°C for water inlet temperature and 6.72-32.86 gs-1 for water mass 

flowrate. The condenser outer pipe diameter for freon and water flow is 

fixed at 5.75 mm and 7.65 mm respectively. Only 68 Runs with operating 

conditions 7.63-12.14 bar for freon inlet pressure, 61.2-81.7 °C for 

freon inlet temperature, and 6.72-32.86 g/s for water mass flowrate had 

been recorded in the thesis. 

Water mass flowrate was measured manually and was used to 

calculate freon mass flowrate using the condenser energy balance 

equation. 

The second part of the chapter discusses the analysis and 

evaluation of the experimental data. An effective value of the inlet 

and outlet temperature and pressure for each Run (estimated by the 

linear extrapolation method), was used as input data to initiate the 

calculation in the model. The errors made during the measurements, and 

the experimental problems encountered are also described. 

1.1.5: Chapter 5 

A counter flow heat exchanger model in which freon and water flow 

in opposite directions in two pipes coupled together, proposed by 

Carrington,[{1] is used to predict the heat transfer and pressure drop 

parameters in the single-phase and two-phase flow regimes. These 

parameters are then used to predict other fluids properties over a 

length of condenser. 

The details of the model are described, consisting of the 

following items; a numerical integration and iteration programme (main 

program), input data, output results, and subroutines for calculating 

heat transfer coefficient, pressure drop and thermodynamic and physical 

properties of the fluids (corresponding to the particular flow 

mechanism). 

Empirical correlations used in the model are adapted from various 

investigators, with some modifications to suit the present system. In 

the single-phase flow, the correction factors analysed from the 

temperature-dependent fluid properties and the influence of pipe 

roughness are considered to evaluate the Nusselt number and friction 

30



factor. Laminar, transitional and turbulent flow are treated 

separately. 

An annular flow model for condensation inside a long tube is 

considered in the two-phase region to determine the Nusselt number 

based on the Martinelli-parameter. The Lockhart-Martinelli method for 

predicting two-phase pressure drop in turbulent-turbulent case is 

applied. 

1.1.6: Chapter 6 

In this chapter, experimental and predicted results are presented 

and discussed. The main discussion compares the temperature 

distribution along the condenser tube, measured in the experiment, to 

that predicted by the model. Variation of pressures, fluid mass 

flowrates and temperatures at given conditions, with freon inlet 

pressures are also explained. 

The results predicted by the model, including the fluid 

thermodynamic and physical properties in three separate regions 

(subcooling region, condensing region and desuperheating region), and 

other profiles (pressure, quality, water and freon linear heat transfer 

coefficient, and overall heat transfer coefficient) are also described. 

Summary of range of evaporator conditions (based on predicted 

results) is discussed, assuming certain values of isentropic 

efficiencies. In this section, the possible refrigeration cycle can be 

predicted by assuming there is no pressure drop across the evaporator, 

isentropic compression work, and the specific enthalpy at the subcooled 

liquid is taken to be the same with the specific enthalpy at the 

evaporator entry (isenthalpic). The final part is to predict the 

possible coefficient of performance of the heat pump system. 

1.1.7: Chapter 7 

The final chapter describes the possible conclusions from the 

research, and the suggestions for future work. Conclusions are made 

based upon the model within the operating conditions recorded in 

chapter 6 by considering all possible assumptions explained in chapter 

5 

The main objective of this research is to test the model by 

comparing it with the experimental data. Two very important fields 

gained from the research, widely used in physical and engineering 

application are heat transfer and pressure drop, which are greatly 
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application are heat transfer and pressure drop, which are greatly 

influenced by the Nusselt number and friction factor respectively. 

Since these parameters are empirically correlated, a careful study to 

simplify the correlations based on the available data is essential. 

To summarize, the following block diagram shows relationships 

between the chapters (chapter 1 is not included). 

  

      

    

  

      

  

Experiment Work on heat pump components 
and sensors (chapter 3) 

Y. 

Procedure and data-acquisition } Results 
system (chapter 4) y 

  

  
lReview +—— Heat transfer and pressure Discussions |»| Conclusions 

' drop analysis (chapter 2) (chapter 6) (chapter 7) 

Y 4 

Computerization and application}Results 
(chapter 5) 

          
  

    : 

            

Fig.1.1.1: Relationship between the chapters 

1.2: Literature review 

The sources of knowledge concerning the present research can be 

classified as follows: 

1.Text books: Majority of the reviews were taken from the 

handbooks, conference papers and edited papers which can be further 

subdivided to heat pump system, heat transfer and pressure analysis, 

theoretical and experimental heat exchanger, computer programming, and 

other auxiliary texts. 

2.Manual,maintenance and manufacturer specifications: Most of 

these references are available in chapter 3, where equipments used in 

the system were supplied by various companies or appointed agents. Some 

of the important specifications and technical notes were also included 

in appendices at the end of this thesis. 

3.Papers and journals: Over 300 papers have been collected, some 

of which are useful for the present research. The papers are classified 

as follows; heat pump theory and applications, heat transfer and 

pressure drop (single-phase and two-phase), and heat exchangers. 
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Two important sections briefly discussed in general are the heat 

pump system as the basis for the project and heat transfer in the heat 

pump condenser as the main research interest. 

1.2.1: A brief review of heat pumps 

The invention of the heat pump was initially started when the 

interest of pumping heat to a higher temperature was introduced by 

Joule,[{60]. He demonstrated the principle of changing the temperature 

of a gas by altering its pressure. The theoretical concept was 

described by Carnot in 1824 and the following year Thomson,[60,61] was 

the first to propose a practical heat pump system (he called it heat- 

multiplier) for cooling and heating of buildings. 

Until 1940, the development of vapour compression machines using 

ether, ammonia, methyl chloride and halocarbon refrigerants as working 

fluids was in rapid progress. Haldane,{60] was the first to install a 

heat pump using outside air as a heat source to provide space heating 

and water heating, where he recommended the use of reversible heat 

pump. 

The oil prices increase in early 1970 led to a rapid growth of 

interest in heat pump research,[60] including compressor, heat 

exchanger surface, control system, refrigerants, basic thermodynamic 

properties, performance, reliability, economic assessements and heat 

pump in general. Ambrose,[62] has discussed the thermodynamics of the 

Carnot and Rankine refrigeration cycle,including heat sources, heat 

sinks, typical configuration and applications, and energy estimation 

method for heat pump. 

Edison Electric Institutes’s final report ,[3] has described the 

effort of improving electric heat pump efficiency and reliability. 

Hise,[4] has discussed the seasonal performance and provided a critical 

comment on some of the literature data. The report on the reliability, 

life cycle cost, market prospects, institutional factors and resource 

energy efficiency of heat pump for residental and commercial 

applications is discussed in [5,6]. 

Finally, it was estimated that, by early 1990, total annual sales 

will be reaching 2 to 3 million units, especially in Japan and United 

State of America, for residential and commercial sectors,[7]. For 

further information on heat pump theory and its applications, see 

references, [63,64,65,78,79]. 
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1.2.2: Development of heat transfer in general 

A knowledge of convective heat transfer (from historical 

background) can be divided into two periods of time,[9]. Firstly, the 

foundations for a systematic and coherent body of heat transfer 

knowledge were laid in 1880-1930, initiated by Osborne Reynolds. 

Reynolds’s studies provide a guideline for the correlation of 

experimental results in the heat transfer processes until now. The 

other earlier pioneer in the heat transfer studies is Wilheim Nusselt, 

who used a knowledge of dimensional analysis and energy transport 

equations to relate the heat transfer coefficients of an ideal constant 

property of fluid, 

H = C(kw/D)(p.u.D/p)™(p.Cp/x)® Eqn.1.1 

where C denotes a constant, Kk the thermal conductivity, u the 

velocity of the fluid, subscript w refers to wall condition, and m 

and n are the exponents obtained from energy equations. 

The second period is between 1930 to 1980, where the contributions 

were applied to an ever widening variety of situations as new technical 

developments were encountered. The two earlier investigators associated 

with this period of time are William H.McAdam, who has collected, 

screened and correlated the available information on heat transfer 

processes in his book,[81] in 1933, and Llewellyn M.K. Boelter,[{10] in 

his famous lecture note on ’Heat Transfer Notes’ in early 1930,[80]. 

Raymond Constantine Martinelli (1914-1949) is the man who 

discovered a well known parameter (Martinelli-parameter) which is 

widely used as the basis to predict the two-phase pressure drop,[11]. 

There are a few other pioneer contributors not included in this brief 

introduction. 

1.3: Aim and objective of the research 

The main goal of this research is to test the model by comparing 

it with the experimental data. In this case, the research was focused 

on the study of a counter flow heat exchanger such as heat pump 

condenser. The main primary parameters obtained from the experiment 

that can be directly used for comparison with the model are temperature 

distribution along the condenser (measured at one meter intervals), 

water and freon mass flowrate, and freon outlet pressure (measured at 

the condenser exit). The temperature profiles predicted by the model 
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are more detailed along the condenser axis, because the numerical 

integration was based upon the 150 point-segments. The predicted 

temperatures were calculated for every 0.1 meter along the condenser 

but the results were printed for every 0.2 meter. The results at each 

meter interval could be compared with the experimental measurements. 

Other parameters predicted by the model which cannot be directly 

compared with the experiment are also studied and discussed. Assuming 

the basic predicted parameters (for comparison) are in good agreement, 

a behavioural study of these parameters in a counter flow heat 

exchanger is important to generalise a conclusion which can be used as 

a guideline in the study of heat transfer and pressure drop. In this 

case, the objectives are based upon the following studies: 

1. Fluids thermodynamic properties. 

2. Counterflow heat exchanger performance. 

3. Characteristics of heat exchanger in three regimes 

(subcooling, condensing and desuperheating). 

4. Other secondary parameter profiles such as pressure, quality, 

number of transfer units and heat transfer coefficients at given 

operating conditions. 

5. Freon and water thermal power during the process from 

enthalpy and entropy points of view. 

It is also possible to predict the refrigeration cycle of the 

laboratory heat pump system using available parameters calculated in 

the model. This will help to give a guide for better performance in 

designing an air-water heat pump system, especially in the industrial 

sectors, for domestic use. 

To achieve those aims, the work is observed from two angles; 

experiment and model. 

1.3.1: Experiment 

Following is the list of work done during the research: 

1. Sensors: Thermocouples and pressure transducers are carefully 

designed, calibrated and mounted in the test-sections to give accurate 

measurements. Various thorough tests, checks and modifications were 

also carried out to ensure performance, reliability and consistency. 

2. Heat pump system: Each of the components in the system had 

been thoroughly tested and checked before conducting any experiment. 

The sensors should give a correct measurement at the correct position 

in the test-sections. 
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3. Experimental measurements: Data were acquired by means of a 

computer. It was also important to ensure that correct sets of data 

were measured at the given operating conditions. In this case, 

duplicated Runs at approximately the same operating conditions as 

before were organized for counter checks. 

1.3.2: Model 

As discussed earlier, the model is based upon the theory of heat 

transfer and pressure drop in a single-phase and a two-phase flow. The 

parameters acquired from above phenomenon were used to determine other 

parameters discussed at the beginning of this section. 

The list of work associated with the model is as follows: 

1. Review some of the useful literature by previous workers, so 

that it can be applied to the present model. 

2. Modification of the Carrington-model using appropriate 

correlations to match the experimental data, especially in the 

calculation of Nusselt numbers and friction factors for various flow 

regimes. 

3. More attention was given to the area of heat transfer and 

pressure drop in a single-phase and a two-phase flow by considering the 

effect of fluid temperature-dependent properties, pipe roughness, 

constant wall temperature and heat flux, boundary conditions, three- 

layer model in the turbulent flow, and an annular model for 

condensation inside a long tube. 

4. Application of 3 (above) to evaluate other characteristics of 

the heat pump condenser. 

5. Using available data to test the model before storing the 

final sets of data for analysis. 

1.4: Programmes of work 

In this section, the whole programme of the research starting from 

the basic concept of a heat pump system to the model application is 

outlined. The programme of work is discussed to give a rough idea for 

the readers to follow what has been done in the research. 

It was divided into five categories as briefly listed in the 

following: 

1. Heat pump theory: To gain an understanding and perception 

of the basic concept of a heat pump (heat pump as a heat-pumping 

system, thermodynamic characteristics, and the functions of its 
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components and other auxiliary components), especially an air source 

heat pump. A practical vapour-compression cycle for refrigeration 

system is applied to the present laboratory air to water heat pump. 

2. Experiment: This concern the study of experimental rig and 

laboratory heat pump in operations. The experimental data were acquired 

using data-acquisition system via an analogue-digital converter, an 

IEEE interface and a personal mini-computer. 

3. Computerization: In this case, the computational study was 

divided into two areas; data-acquisition method where the programme is 

written in BASIC and computer-modelling where the programme is written 

in FORTRAN-77. The scope of research was narrowed to the behavioural 

study of heat transfer and pressure in heat pump condenser, which is 

applicable to the present experimental rig. Its application is extended 

to the heat exchanger performance, thermodynamic and physical 

properties of the fluids at various flow regimes and characteristic and 

behaviour of a counter flow heat exchanger, and the possible 

refrigeration cycle by varying range of evaporator conditions. 

4. Model: The heat transfer and pressure processes in single- 

phase and two-phase flow are complicated. The theoretical study 

including the literature search had been carried out to relate the 

empirical correlations discovered by previous workers to the present 

model. It is important to ensure the correct correlations applied to 

the correct situations and conditions of the present system. 

In general, the programme of work in 4 (above) can be subdivided 

as follows; input data, heat transfer and pressure drop process (the 

main body of the model), application to other related characteristic of 

a counter flow heat exchanger and output results. 

5. Application and results: An appropriate set of input data, 

measured in the experiment; freon inlet pressure, freon and water inlet 

temperature, pipe dimensions (fixed value) and an estimated total 

thermal power of the freon were used in the model. Different sets of 

input data were introduced, corresponding to appropriate operating 

conditions. The predictions of the model for various Runs were then 

compared with the appropriate experimental data. 
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CHAPTER 2 

HEAT TRANSFER AND PRESSURE DROP ANALYSIS 

2.1: Introduction 

This chapter mainly explains the heat transfer and pressure drop 

analysis for single-phase and mixed-phase flow, reviewed from the texts, 

papers, journals and other sources discovered by other workers. In 

addition, the effect of the temperature-dependent fluid properties in 

circular tube flow are also presented. 

The application of the analysis will be discussed in chapter 5 

where the heat transfer and pressure drop characteristics will be 

directly used to calculate other related physical and thermodynamic 

properties of the fluid. These also include the temperature distribution 

and the effectiveness of the condenser in counter flow. 

Basically, heat can be transferred from one place to another, 

either by interaction with the internal structure of the body 

(conduction), removal by a fluid (convection), or by radiation. The 

first two mechanisms to move heat from a higher temperature region to a 

lower temperature region across a temperature gradient between the 

points are considered in this thesis. The heat transferred by radiation 

is negligible. Attention is focused on the macroscopic effects of the 

heat transfer, its principles and applications to the model. 

The heat transfer process can be described by equations which 

relate the heat energy to be transferred in unit time to various 

physical properties of the fluids and the system used. Temperature is 

the most important parameter, heat only flowing when there is a 

temperature gradient. A knowledge of temperature distribution is 

essential to design heat exchangers such as the heat pump condenser, 

which is controlled by the combined effects of the heat transfer 

mechanisms just mentioned. 

The second part of the chapter discusses the pressure distribution 

in the condenser. In the case of flow in pipes, the research is 

primarily concerned with the pressure gradients due to the friction and 

momentum. The pressure gradient due to gravity is assumed to be zero, 

since the pipe was fixed horizontally. The method of predicting the 

pressure drop in a straight pipe both in the single-phase and mixed- 

phase flow is also outlined. 

38



The final part considers the fluids thermodynamic and physical 

properties to identify the temperature distribution along the condenser 

tube, performance of the counter flow heat exchanger and other related 

heat exchanger parameters which will be discussed in chapter 5. 

The analysis is based on the counter flow heat exchanger where 

freon and water flow in opposite directions. If the flow is in the 

single-phase, the same heat transfer and pressure drop phenomena for 

both R12 and water using appropriate correlations is applied. On the 

other hand, if the freon flow is a mixture of liquid and vapour, the 

analysis in the two-phase flow regime is considered and treated 

separately from that in the single-phase flow. 

Although in practice, the single-phase and two-phase region cannot 

be separated (they are in one single long tube), for simplicity, the 

heat transfer problems can only be solved by treating these regions 

separately. The boundary conditions between each region are also 

considered to ensure the correct equations are applied to the correct 

regimes. 

In the single-phase region, the types of flow mechanism (laminar, 

transition and turbulent flow regimes) are also treated separately. The 

Lockhart-Martinelli (LM) correlation,[12] concerning the pressure drop 

in the two-phase region is of great importance in the model application. 

2.2: Convective heat transfer and pressure drop in a circular duct 

In this section, we wish to examine the method of predicting the 

heat transfer coefficient,H which requires an energy balance along 

with an analysis of the fluid dynamics. The influence of the flow on the 

temperature gradients is the key to the determination of heat transfer 

coefficients. 

From Newtons-Law of Cooling, a general equation to describe 

convective heat transfer,H can be written as, 

q = H.A(Thigher-Tlower) = H.A.ATe Eqn.2.1 

where H varies for different flow regimes, fluid properties and 

temperature differences. Because of many complexities, the convection 

problems cannot be easily solved by mathematical correlation. A 

dimensionless technique along with the experimental correlations is 

introduced to solve the problems. 

The most popular dimensionless parameter to relate the heat 
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transfer processes is the Nusselt number,Nu where H can be related by 

Nu = H.D/K Eqn.2.2 

where D is the internal pipe diameter and x is the fluid thermal 

conductivity. 

Many investigators have established empirical correlations of the 

Nusselt number with other dimensionless groupings such as Reynolds 

number,Re and Prandtl number,Pr. Some authors have also included the 

length and the internal diameter of the tube, 

Nu = f(Re,Pr,D,L) Eqn.2.3 

In single-phase flow, the empirical formula for calculating Nusselt 

number depends on the types of flow mechanism; laminar, transition and 

turbulent. It is also influenced by the duct flows; fully developed, 

hydrodynamically developed, thermally developed and simultaneously 

developed,[83]. In addition, to interpret the heat transfer problems 

accurately, the thermal boundary conditions imposed on the pipe wall are 

essential when treating the singly connected tube in the heat pump 

condenser. 

Looking back at the factors stated above, the heat transfer becomes 

more complicated to solve. The heat transfer empirical correlations 

presented in the model are adapted from various authors findings by 

considering all possible conditions described above related to the 

experimental condenser. 

The heat transfer problems in the two-phase region are far more 

complicated where the Nusselt number is not only a function of Reynolds 

number and Prandtl number but also depends on the fluid properties 

evaluated both in the liquid and vapour by apparently assuming the 

liquid and the vapour are to flow alone. In this case, the fluid is 

regarded as flowing separately. A mathematical correlation called 

Martinelli-parameter,Xtt is introduced to relate those properties. 

It is difficult to imagine the flow in the liquid-vapour mixture of 

the two-phase region where in general they do not move at the same 

velocity. Considering the length of the condenser used in the system is 

long enough for the flow to become annular, with the vapour occupying 

the middle of the tube and the liquid layer at the periphery of the 

wall, an annular model inside a long horizontal tube is employed to 
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determine the heat transfer coefficients. 

2.2.1: Single-phase heat transfer and pressure drop 

The process of heat transport in a fluid is the combined action of 

the heat conduction and fluid motion. It involves heat transfer within 

the layers of a fluid and between the fluid and the wall surface of the 

pipe when they are in contact. The flow mechanism is influenced by the 

diffusion and the transport of thermal energy via fluid motion. 

The fluids are said to flow in the single-phase when there is no 

change in the phase; either purely liquid or vapour. When dealing with 

such flows, many factors affect the heat transfer; nature of the flow, 

mechanism of the flow, properties of the fluids, ducting systems, flow 

arrangement and heat transfer mechanism. These factors can be summarized 

in Table 2.1. 

  

- Factors Remarks 

  

Nature of flow Steady- and unsteady-compressible flow and 
steady- and unsteady-incompressible flow. 

Mechanism of flow Laminar, turbulent and transition flow. 
Fluid properties Constant- and variable-property of the fluid. 
Ducting systems a. General features 

Straight or non straight piping system. The 
cross-section; circular, rectangular, flat, 
triangular, elliptical, square and annular 
(both concentric and eccentric). 
b. Transfer process 

Direct or indirect contact type with the 
compact or non-compact surface. 
c. Construction 
Tubular, plate, extended surface and 
regenerative. These included double-pipe, 
shell-and-tube, spiral tube, plate fin, tube-— 
fin and rotary. 

Flow arrangement Single-pass and multi-pass; counter, parallel 
and cross flow in the single-pass. 

Heat transfer Single-phase convection on both sides and 
mechanism one side, two-phase convection on other side 

and both sides,and combination of convection 
and radiation. 

Table 2.1: Factors affecting the heat transfer 

Based on Table 2.1, the transfer processes encountered (in the 

model) in single-phase flow are steady-compressible, constant wall 

temperature and heat flux, constant and variable property of Newtonian 

fluid which is temperature-dependent, all possible flow mechanisms, 

smooth and rough pipe (smooth for laminar flow and rough for turbulent 

flow), counter flow of the fluids in direct contact and the single-phase 
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convection on both sides of the tube. 

Having summarized the heat transfer process, the next step is to 

investigate the flow mechanism involving the laminar, transition and 

turbulent regimes by considering the effect of fluid properties which 

can be represented by mathematical expression. 

Lami wat tant propert 

a. Pressure drop 

To evaluate the model pressure drop, one should investigate the 

velocity distribution in a fully developed laminar flow. For a long pipe 

at steady flow and fully developed velocity distribution, there is a 

pressure differential sufficient to balance the viscous resistance. 

Considering a fluid elemental radius,r (r<R) and the thickness of 

dz as shown in Fig.2.2.1, the viscous and pressure forces are 

balanced if (assuming the pressure gradient is constant), 

(du/dr) = (1/2p)(dP/dz).r Eqn.2.4 

On integration and then taking boundary conditions at u=0 and r=R (at 

the pipe wall), we obtain 

(u/umean) = 2[1-(r/R)?] Eqn. 2.5 

where umean = -(1/8)(dP/dz)R2. Eqn.2.5 is known as the Hagen- 

Poiseuille parabolic profile which can be further rearranged as, 

-(dP/dz) = (32. umean.p/D? ) Eqn.2.6 

On further integration and taking boundary conditions at P=Pz-0, z=0 

and P=Pz-L, z=L, we get the pressure drop per unit length, 

Pz-~t - Pe-o = AP = (32.umean.}/D? ) Eqn.2.7 

From dimensional analysis for the Reynolds number, Eqn.2.7 can be 

rearranged in term of Reynolds number, 

AP = 2(16p/D)(1/D)umeam = 2(16y/G.D)(G/D) (G/p) Eqn.2.8 
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where (/G.D)=1/Re and G=(m/A). More generally, 

AP = 2f(G2/p.D) Eqn.2.9 

where f=(16u/G.D)=16/Re. 

At constant mean velocity, with approximately constant pipe 

internal diameter, as the Reynolds number increases, the friction 

factor,f is decreased and there is a decrease in the pressure drop. 

The effect of fluid variable properties in laminar flow will be 

discussed later in the section. 

Bhatti and Shah,[82] have quoted from Churchill regarding the 

friction factor in laminar flow, the following correlation covering 

laminar, transition and turbulent regimes, 

2/f = {1/[(8/Re)1°+(Re/36500)2]1/2 + [2.21Ln(Re/7)]1°9}1/5 Eqn.2.10 

This equation is in good agreement with the value of f described above 

but looks a bit complicated. 

b. Heat transfer 

The heat transfer is evaluated from the temperature profile. At 

uniform wall temperature, fully developed flow, non dissipative flow in 

the absence of flow work, thermal energy source and fluid axial 

condition, Shah and Bhatti,[83] have obtained the laminar Nusselt number 

as, 

Nu = 3.657 Eqn.2.11 

which is independent of the Reynolds number and Prandtl number. 

In reality, it is possible to include the influence of the entrance 

effect of a pipe in term of Graetz number,Gz [70], given by Hausen 

using oil as a working fluid, 

Nu = 3.657 + _0.0668Gz_ _ 

(1+0.04Gz2/3) Eqn.2.12 

where Gz=(Re.Pr.D/L). 

Eqn.2.12 can be applied to the case where heating begins beyond 
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the entrance of the tube and velocity profiles become fully developed. 

It approaches a constant value of 3.657 when the tube is sufficiently 

long. 

On further analysis, Shah and Bhatti,[83] have differentiated 

Eqn.2.12 with respect to x* to study the effect of fluid axial 

conduction in the Graetz solution, where x*=1/Gz; giving, 

Nu = 3.657 + 0.0018 

(x* )1/3[0.04+(xt )2/3]2 Eqn.2.13 

It was found that, Eqn.2.12 and Eqn.2.13 give values from 14% higher 

for x*<10-4, to 0% for x*+ tending to infinity, compared with the values 

calculated by Shah and London,[66] at circumferentially and axially 

constant wall temperature (Tw=constant and the wall thermal resistances 

are negligible). 

In the model, Eqn.2.12 was modified by Carrington,[{1] for long 

tube at constant wall temperature to suit the working fluids as, 

Nu = 3.66 + 0.057Gz 

(1+0.04Gz4/5) Eqn.2.14 

which is slightly less then the value calculated from Eqn.2.12. For a 

very long pipe, both equations give Nu roughly 3.66. These values are 

taken as the mean value and the dimensionless grouping in the second 

term of the equation is evaluated at the bulk temperature. 

Transition flow at constant propert 

As the flowrate increases, the streamline becomes unstable, 

transition from laminar to turbulence taking place at roughly Re=2x103. 

Until now, there is no definite value for the upper critical Reynolds 

number but most researchers agree, taking lower critical Reynolds number 

between 2.0x103 to 2.3x105. 

Bhatti and Shah,[(82] in their reviews, have reported that Reynolds, 

Lindgren and other investigators had agreed that the transition is not a 

sudden process but occurs over a range of Reynolds number, starting at 

the duct core region rather than the duct wall. 

The summary of the critical Reynolds number limit in the transition 

regime is tabulated in Table 2.2. 
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Investigators Reynolds number Observations 
R@c ,min R@c , max 
  

Reynolds( 1883) 3.8x108 1.2x104 Verified by other authors 
but confusing since 
Rée covers a range 
of 2.0x10?2 to 5.1x104. 

Ekman - - Experimenting Reynolds’s 
work by eliminating all 
source of disturbances 
but concluded with no 
upper critical limit. 

Pfenninger - 1.001x105 Confirmed Ekman’s 
finding. 

Schiller(1921)  2.32x103 ~ Accepted Ekman’s idea of 
no upper critical limit. 

Simonek 2.295x103 - Agreed with Schiller and 
other researchers’s idea. 

Prengle and 1.225x108 2.5x104 Perform a correlation 
Rothfus corresponding radial 

distance from the centre 
of the tube to the edge 
of laminar sublayer. As 
Re goes infinity, the 
laminar sublayer 
vanishes. 

  

Table 2.2: Transition critical Reynolds number 
adapted from some investigators 

The Reynolds number between 2.1x103 to 7.1x103 (inclusive) is used 

in the present model to represent the flow in the transition regime. 

a.Friction factor for pressure drop 

The general equations 2.8 and 2.9 are applied to calculate the 

pressure drop in this region, which is greatly dependent on the friction 

factor,f. 

There have been some attemps to calculate the friction factor for 

the Reynolds number in the range of 2.3x103 to infinity,[82], spanning 

the laminar, transition and turbulent flow regimes. In their reviews, 

Wilson and Azad and Barr developed a numerical correlation using Re as 

a linking parameter but ended with a complex analytical expression. 

Churchill has developed the correlation in Eqn.2.10 for Re<2.1x103 and 

Re>4.0x103 (transition cum turbulent flow), the values are in good 

agreement with the values solved from Eqn.2.9. The Colebrook-equation 

for 4x103<Re<107 can be written as, 
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(1/f1/2) = 1.5635Ln(Re/7) Eqn.2.15 

which is within +#1% of the classical Prandt1l-Karman-Nikuradse 

correlation (PKN). For 2.1x103«Re<4.0x103, Eqn.2.10 gives a fair 

agreement with the available experimental data. 

The other correlations are listed as follows, 

  

Researchers Friction factor Reynolds Numbers Observations 
  

Hrycak and Andrushkiv § -3.1x10-9 + 7.125x10°9Re - 9.7x10°"eRe? 2. 1x109-4.5x108 = Within +38 to -93 of Eqn.2.10, 
Bhatti and Shah C + B/Ret/® Rec2. 1x 10° C20,B=16,a=1 (laminar flow) 

2.1x109(Re (4.0x109 C20,0054,B=2.3nt0-8 ws-2/3 
(Transition flow). 

Re>4, 0x 102 C=1,28x10-3, B=0.1143,m23.2154 

(turbulent flow). 

Blasius( 1913) 0.079/Re!/é 4, 1x108-105 Covering the portion of transition 
flow regimes. Within 2.0% to -1.3% 
of Eqn.2.10. 

Drew et.al. 0.0014 + 0.125Re-®-32 4.0x109-5.0x108 Within 3% of Eqn.2.10 (covering 

the portion of the transition 
flow regimes). 

PAN 1/f1/2 = 1,7372Ln(Re/ft/2) - 0.3946 4,0x103-107 Covering the portion of transition 
flow regimes. Within +23 of the 
experimental measerements. 

  

Table 2.3: Friction factor in transition and 
transition cum turbulent flow 

The basic correlation of Eqn.2.9 can be used to calculate the 

pressure drop using appropriate value of the friction factor discussed 

earlier. 

b.Nusselt number 

Similarly, the heat transfer coefficients are greatly influenced by 

the Nusselt number (Eqn.2.2). The heat transfer results are rather 

uncertain in the transition region where a large number of parameters is 

required to characterize the heat being affected by the flow. A 

combination of laminar and turbulent Nusselt numbers is needed to analyse 

the heat transfer coefficients in the region. 

Churchill,[{82] has developed a correlation for Prandtl numbers from 

zero to infinity and 2.1x103<Re<10® (spanning laminar, transition and 

turbulent flow regimes) for the constant wall temperature, 

Nuia? Nutu 

Nulo = Nuial©® + |exp[(2200-Re)/365] + _1 |-5 

Eqn.2.16 

where Nuia=3.657 and Nutu=Nuw + 0.079(f/2)1/2Re.Pr, Nuw=4.8 and f is 

(1+Pr4/5 )5/6 
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chosen from Eqn.2.10. He claimed that, for 2.1x103«KRe<104, the Nusselt 

number is on a par with the experimental measurements. 

Most authors found difficulty in evaluating the Nusselt number in 

transition flow. They discovered the Nusselt number in more wide range of 

Reynolds number which covered the spanning laminar,transition and 

turbulent flow. Some of the findings are listed below, 

  

  

Investigators Correlation for Nusselt number Reynolds numbers Observations 

Nusselt 0.024Re®- 786 prt. 45 103-108 Within 4.4% to -6.3% for Prct of 
the Gnielinski-correlation. 

Prandt!(1910) and (f/2)Re.Pr 5x103-5x 108 Within 14.9% to -11.1% for Pr<i0 of 
Taylor (1916) 145(f/2)'/2(Pr-1) the Gnielinski-correlation. 
Dittus and Boetler  0.024Re®-® pro.4 2.5x103-1,24x105 Variation of the fluid temperature 

0.026Re°-8 pro.d for 0.7¢Pr<120. For Re=2.5x103, 
predictions are unacceptable; 94% 
higher than the Gnielinski- 
correlation. Notes: The first equation 
is for heating fluid and the second 
one is for cooling liquid. 

  

Table 2.4: Nusselt number in transition and 
transition cum turbulent flow 

Turbulent flow at constant property 

The analysis of turbulent flow is much more complicated than that in 

laminar flow because the streamlines of the flow are no longer parallel to 

each other. Theoretically, the turbulent boundary layer comprises three 

distinct regions; laminar sublayer (thin layer adjacent to the pipe wall 

in which laminar shear stress is dominant), buffer layer (viscous and 

turbulent shear stresses are equally important) and turbulent core at the 

centre where the fluids move in a totally disorder pattern. 

In order to calculate pressure drop, the correlation concerning the 

friction factor must initially be performed. The velocity distribution in 

the three regions described above must be solved. For practical use, the 

roughness elements of the pipe,e (assumed to exceed the thickness of the 

laminar sublayer,5, see Fig.2.2.2), affects the velocity distribution. 

The problems become more complicated if the effects of roughness on the 

velocity profile are included. 

Ozisik,[67] reported that Nikuradse identified the three flow regimes 

depending on the effect of roughness using sand grains glued onto the 

interior of the circular tube. The results are as follows, 

(i). Hydraulically smooth regime, 0<Rer<5; f=f(Re). 

(ii). Transition regime, 5<Ree<70; f=f(e/D,Re). 
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| Fig.2.2.1: Control volume for flow in a circular tube 
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Fig.2.2.2: Fully developed turbulent flow 

showing three zones in rough tube  



(iii). Completely rough regime, Rez>70; f=f(e/D). 

where Reg=(€.ut/w); ut is the friction velocity and pt is the fluid’s 

viscosity. 

Roughness has no effect on a hydraulically smooth regime, but in the 

transition region, where sand grains are partly outside the laminar 

sublayer, some additional resistance is exerted on the flow. It is greatly 

influenced by the relative roughness and Reynolds number. For the 

fully rough case, where the sand grains penetrate the viscous sublayer the 

flow is only dependent on the size of the relative roughness,&€/D. The 

equivalent sand grain roughness experiments were also done by other 

authors, reported in [13,14]. 

For practical application, the Moody-charts for commercial duct 

surfaces are widely used (see also Fig.2.2.3). In the present model, ¢€ 

was chosen to be 1.524x10-® meter for drawn copper tubing. This is simply 

because the roughness used in the Nikuradse-experiment does not represent 

the type of roughness employed in the commercial duct surfaces. 

In fact, for small diameter pipes, the roughness surfaces can have a 

significant effect on the turbulent flow even when the surface of the pipe 

is carefully prepared. In general, the roughness elements are not 

homogenous in size and distribution. Perkins and McEligot,[15] have 

introduced the scanning electron microscope method to evaluate the size 

and the distribution of the roughness elements, which they claimed to be 

far more complete, to characterize the flow in the heat transfer 

application. 

The influence of surface roughness on the heat transfer rate will 

increase the tube surface area and heat transfer coefficients. The latter 

effect is brought about the change in the turbulent pattern close to the 

pipe wall. 

Norris,[16] had developed a simple correlation to show the influence 

of roughness elements on the heat transfer in turbulent flow as, 

(Nu/Nus) = (f/fs)® for (f/fs)«4 Eqn. 2217 

where n=0.68Pr®-125 in the range of 1<Pr<6. For (f/fe)>4, it has 

been observed that the Nusselt number is no longer increased. For higher 

Prandtl number, the effect of surface roughness is more pronounced because 

the thermal resistance is concentrated very close to the pipe wall. On the 

other hand, for lower Prandtl number, the thermal resistance is 

distributed over a large portion of the Pipe cross-section. 
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a.Friction factor for pressure drop 

This section discusses the empirical correlations for friction factor 

in turbulent flow by considering the effect of roughness. At a given fluid 

temperature, the appropriate friction factor can be directly established 

from the Moody-charts in Fig.2.2.3, and then used to calculate the 

pressure drop over the length,L of a pipe of internal diameter D using 

Eqn.2.9. 

As earlier mentioned, in rough duct flow where ©&>8 (see 

Fig.2.2.4), the eddies caused by the roughness elements dominate the 

turbulent motion. The velocity distribution,u is given by 

us= f(tw,P,y,&) Eqn.2.18 

which can be solved using dimensional analysis in terms of, 

[u/(tw/p)] = fly/e) _ _Eqn.2.19 

Kay and Nedderman,[68] have expressed the velocity distribution 

(Eqn.2.19) in the wall layer in the form 

ut = C1 Ln(y*/Re.e) + C2 Eqn.2.20 

by considering the velocity gradient with respect to y* (du/dy=ut/k.y), 

where Ci=1/k and x=0.4 in the case of smooth wall but a constant C2 is 

adapted from the result of the Nikuradse’s sand grain experiments 

(C2=8.5). 

For the central zone of the pipe, where friction factor can be 

defined in terms of the shear stress at the wall,tw and the mean flow 

velocity,um can be expressed as, 

f 

(um /ut ) 

(2tw/p.um?) = 2(ut/um)? or 

(2/f)? Eqn. 2.21 

The next step is to evaluate (um/ut) in terms of Eqn.2.20. The mean flow 

velocity is defined as, 

R 
(um/ut) = 1/R2 So [2(R-y)ut ]dy Eqn. 2.22 

Eqn.2.22 can be further rearranged by inserting Eqn.2.20. On 
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integration, taking boundary conditions and then insert Eqn.2.21 in term 

of friction factor, considering appropriate adjusted values for the 

constant, Karman,[82] has reduced Eqn.2.22 to 

(1/f1/2) = 3.36 - 1.763 Ln(2e/D) Eqn.2.23 

For Ree > 70 in a fully turbulent rough regime, Eqn 2.23 is nearly close 

to the Nikuradse-correlation for the same conditions, which can be 

expressed as 

(1/f1/2) = 3.48 - 1.737 Ln(2e/D) Eqn.2.24 

As (2€/D) decreases, the friction factor is also moderately decreased. 

An empirical formula correlating the friction factor for 5<Reg<70 

established by Colebrook and White is reported in [82], and given by 

(1/f1/2) = 3.48 - 1.7372 Ln[(2e/D)+(9.35/Re.f!/2)] Eqn.2.25 

As © approaches zero, the formula transforms to the classical PKN- 

correlation (see Table 2.3) and for €& approaching infinity, it 

transforms to Eqn.2.24. 

The Colebrook-White correlation seems to be more complicated to 

solve, because f appears on both sides of the equation. Many authors 

have established a simple correlation for the friction factor in a rough 

circular tube based on Eqn.2.25. Some of the findings are listed in 

Table 2.5. 

  

  

Researchers Correlations Observations compared to Eqn.2.25 for 
4x 108 (Reg 108 and 2110-84 (2e/D)¥0.1 

Moody £21,375x10"2[1421,544(26/0+100/Re)'/3) Maximum deviation of -15.88. 
Wood 20,08(26/D)®-225 +0.265(26/D)+ 66.69(26/D)®-* Re-®  Maxinum deviation of 6.253. 

where n=1.778(2¢/0)®-!34 

Swanee and Jain (1/f*/2)23,4769-1.7372 La[(2e/D)+ (42.48/Re®-*  )) Maxinum deviation of 3.2%, 
Chen (1/f1/2)=3,48-1.7372 La[(26/D)-(16.2426/Re )La Az} Maximum deviation of -0.4%. 

where Az=[(2e/D)'-1098 — /6,0983+(7.149/Re)®- 8881 

Zigrang and (1/f*/2)=3,4769-1.7372 La[(2e/D)-(16.1332/Re)La As Maximum deviation of 0.96%. 
Sylvester where As=[(26/D)/7.4+(13/Re)) 
Haaland (1/f1/2)=3,4735-1.5635 La[(2e/D)'-!!  +(63.635/Re)} Maximum deviation of 1.21%, 
Serghides (1/f*/2 )=As-[(As-B2 )?/(As-2B2+C1 )) Maxinua deviation of 0.14%, (46) 

where As=-0.8686 La[(2e/D)/7.4+(12/Re)) 
B2=-0,8686 Ln{(2e/D)/7.4+(2.51As/Re)] 
C1=-0.8686 La[(2e/D)/7.4+(2.51B2/Re)} 

Serghides (1/f1/2)=4,181-[(As-4.781)2/(4.781-2A5+B2)) Naxinum deviation of -0.453 (Modification 
of previous equation). 

  

Table 2.5: Fully developed turbulent flow friction factor 
correlation for rough circular tube 
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Vilemas and Adomaitis,[17] studied the velocity and temperature 

profiles in a boundary layer to obtain a reliable correlation for the heat 

transfer and friction factor of a heat generating rough cylinder in a 

longitudinal gas flow with variable physical properties within Rez=6x104 

to 3x107, Rero=2x104 to 2x105, kt=5 to 200 and (Tw/Tes)=1 to 3. They 

established a correlation as, 

(f£/2)1/2 = 5.6 Log(Rea+ /k*)- (2.25+/ro) + 4.6 Eqn.2.26 

where Rez=(z.u/v) is the local Reynolds number based on z, Rero=(ro.u/v) 

is the Reynolds number based on ro, Rea+=(u.5+/v) is the Reynolds 

number based on dimensionless displacement thickness 5+, where 8t=ro{[(1 + 

2/ro) So {1-(p.um/pfts.ufs)(r/ro)dy-1}]1/2}, uz=(tw/p)!/2, kt=(e.uz/v) is 

the dimensionless height and u is the free stream velocity. 

b.Nusselt number 

As earlier mentioned, the heat transfer coefficient is evaluated from 

the dimensionless Nusselt number which is determined from the turbulent 

temperature profiles. In turbulent flow, The Nusselt number can be 

expressed in general by 

Nu = f(Re,Pr,f) Eqn.2.27 

where for fully rough flow, f can be chosen from an appropriate 

correlation for the rough friction factor described earlier. The heat 

transfer coefficient (Eqn.2.2) in the rough-walled tube is higher than 

that in the smooth-walled tube because of the disturbance of roughness 

elements on the laminar sublayer. 

Some authors have also established empirical equations for the 

Nusselt number directly from the rough flow regime phenomena in fully 

developed turbulent flow (direct method),[51,53]. Others investigators 

initially calculate the Nusselt number in the smooth flow regime and then 

use this to evaluate the rough flow regime Nusselt number (indirect 

method). 

In dealing with the Nusselt number in the turbulent region, there are 

two established analogies which provide a satisfactory answer to heat 

transfer problems. Firstly, the Prandtl-Taylor analogy in which the 

turbulent flow consists of two layers; a laminar sublayer and a turbulent 

core. They performed an analysis based on the two-layers model (see 
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Fig.2.2.4) where the buffer layer was negligible. Combining the velocity 

and temperature distribution, the final solution can be expressed as, 

Nu = (£/2)Re. Pr 

Eqn.2.28 can be used to solve the heat transfer coefficient in the 

transition cum turbulent and turbulent flow. For Pr<10 and 5x103«Re<x5x10®, 

its predictions are within +14.9% to -11.1% of the Gnielinski-correlation. 

Secondly, an extension of the Prandtl-Taylor analogy known as the von 

Karman analogy, based on the three-layers model; laminar sublayer, buffer 

layer and turbulent core (see Fig.2.2.4). Assumptions were made on the 

relative magnitude of the molecular motion and turbulent diffusivities of 

heat in the laminar sublayer and turbulent core similar to those in the 

Prandtl-Taylor analogy. In addition, the effect of buffer layer is 

included. 

The velocity distribution within these layers is summarized below: 

a. A laminar sublayer (the heat is transferred by molecular process), 

ut = y* for O<y*<5 Eqn.2.29 

b. A buffer layer in which both molecular and eddy transfer processes 

occur 

ut = 5 Ln(y*)-3.05 for 5<y*<30 Eqn. 2.30 

c. A turbulent core in which the eddy transfer process is dominant, 

ut = 2.5 Ln(yt)+5.5 for y*>30 Eqn.2.31 

where ut=u/ut, ut=(tw/p)!/2 is the friction velocity, y*=(y.ut/v) is the 

wall coordinate and v=(u/p) is the kinematic viscosity. 

He obtained an expression for the Nusselt number as, 

Nu = (f£/2)Re. Pr 

14+5(£/2)1/2{ (Pr-1)+Ln[ (5Pr+1)/6)} Eqn. 2.32 

For 0.5<Pr<10 and 104<Re<10®, its predictions are within 16.2% to -11.0% 

of the Gnielinski-correlation, where f is the friction factor selected 
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from appropriate values discussed earlier. 

Petukhov,[97] has considered the variation of the heat flux and shear 

stress along the radius of a tube. Several values of Nu and f were 

calculated and then the ratio of the corresponding values of Nu and f 

(for varying heat flux and shear stress) to the values at the wall has 

been studied for Pr from 0.5 to 2x103 and Re from 104 to 5x10®, and 

described by, 

Nu (£/8)Re.Pr 

[Ki+K2(f£/8)1/2 (Pr2/3-1)] Eqn. 2.33 

where f=[1.82 Log(Re)-1.64]-2, Ki=(1+3.4f) and K2=(11.7+1.8Pr-!/3). The 

values are within 1% with the available experimental data, except for the 

ranges 5x105<Re<5x10® and 200xPr<2000, where it is within 1% to 2%. This 

equation is also applicable to a rough tube. He modified Eqn.2.33 to 

make it simpler by taking constant values of Ki=1.07 and K2=12.7 and 

giving, 

Nu = (f£/2)Re. Pr 

with an accuracy within 5% to 6% over the range of 104 to 5x10® for Re 

and 0.5 to 2.0x103 for Pr, and within 10% accuracy for 0.5<Pr<2.0x103 and 

104 <Re<5x108, 

Sleicher and Rouse,[{40] give a correlation based on analytical and 

experimental results for 0.1<Pr<105 and 104<Re<10®, 

Nu = 5 + 0.015Rem®Prw> Eqn. 2.35 

where a=0.88-[0.24/(4+Pr)] and b=[(1/3)+0.5 exp(-0.6Pr)]. The subscripts 

m and w are evaluated at the average temperature, Ta=(Tw+Tp)/2 and at 

the wall temperature respectively. 

The Gnielinski correlation was based on comparison with the 

experimental measurements. In this correlation, Eqn.2.34 has been 

modified and extended for Reynolds number from 2.3x103 to 5x10* giving 

Nu = f£/2)(Re-1000)Pr 

(1+12.7(£/2)1/2 (Pr2/3-1)] Eqn. 2.36 
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where f=[1.58Ln(Re)-3.28]-2. For 0.5<Pré2.0x103 and 2.3x103<Re<¢5x10&, 

overall predictions compared with the experimental measurements are 

reported to be within -2% to +7.82%. 

There have been attemps to improve the Nusselt number correlations in 

simpler forms in the range of 104<Re<5x10® and 0.5<Pr<2.0x103, reported in 

[18,19,20]. Most of them have studied the Nusselt number as a function of 

(Re,eé) and (e€) in the transition cum turbulent and turbulent flow 

regimes. Correlations were made either directly from experimental results 

or by using other researchers’s experimental results to invent new 

correlations, or to simplify the established correlations by considering 

additional conditions. Their works covered a wide range of Reynolds 

numbers and Prandtl numbers. 

2.2.2: Heat transfer and pressure drop in two-phase flow 

Two-phase heat transfer is far more complicated than single-phase. In 

the case of a condenser, it concerns a mixture of liquid and vapour. If 

the vapour strikes a surface that is cooler than the corresponding 

saturation temperature at a particular pressure, the vapour wili 

immediately condense into liquid-phase. If condensation continuously takes 

place over the wall surface, the condensed liquid at the surface is 

removed by gravitational motion but the surface is always covered by a 

thin layer of liquid. The film of condensate acts as a barrier to heat 

transfer from vapour to the pipe wall (resistance to the heat flow is from 

the vapour side). 

The film tends to be thicker at the bottom of the tube than at the 

top but tends to be uniform over the length of the tube if the wall 

temperature is constant. For a very long tube, it is found that the flow 

becomes annular with vapour occupying at the centre of the pipe, and the 

liquid layer at the periphery of the tube. The process of condensation 

inside the tube is greatly affected by the frictional, momentum and 

gravitational forces. 

a. Heat transfer 

In the general case, the heat transfer in two-phase flow depends on a 

great number of different factors; heat flux, pressure, mass flowrate, 

quality, thermal properties of the fluid, wall materials and geometrical 

shape of the channel. The main parameters that determine the vaporization 

heat transfer are mass flowrate and quality. 

A survey of the literature shows that no general heat transfer 
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correlation exists that correlates correctly the effect of friction, 

momentum and gravity on the forced convection condensation process. 

Akers, Deans and Crosser,[22] studied the effect of vapour velocity, 

liquid loading and physical properties of the fluids inside a horizontal 

tube, using propane and R12 as working fluids over condensing temperature 

from 63°C and 66°C respectively. Their correlations are expressed as , 

Nu = ears for Re>5x104 

5.03Pr1/3Rel/3 for Re¢5x104 Eqn. 2.37 

They concluded that the shear stress due to the vapour velocity is 

dominant. In addition, the liquid loading and the temperature difference 

across the film has an effect upon the heat transfer coefficient at high 

vapour rates. The correlation is within about#20% with the experimental 

data. 

Kunz and Yerazunis,[23] studied an annular two-phase flow inside a 

circular tube for Pr>1, liquid-vapour interface assumed to be smooth and 

the turbulent diffusion coefficients considered to be similar to those in 

single-phase flow. They used water inside the tube and arrived at a 

general correlation for the heat transfer coefficient, 

[H/xi (vi2)1/3] = Pri.St*(8+)1/3 = Pril[f(Pri,Re1)][f(Re1)1/3] Eqn.2.38 

where Stt=(H/pi.u*.Cp1) is the friction Stanton number and ut is the 

friction velocity, and 5+=(5.ut/v) is the dimensionless thickness of the 

liquid film. 

Breber, Palen and Taborek,[24] investigated the heat transfer 

coefficients by estimating the types of flow pattern at various points 

along the tube. They discovered that the ratio of shear stress to the 

gravitational forces on the condensate film, and the ratio of the vapour 

volume to the liquid volume influence the flow patterns. In annular flow 

(for jg>1.5 and Xtt<1.0), they correlate an expression for the heat 

transfer coefficient in forced convection as , 

H = Hi(®2)" Eqn. 2.39 

where Hi is the convective heat transfer coefficient for the liquid 

phase determined from the boundary layer theory, and %12=(APtpf/AP1) can 

be obtained from the Lockhart-Martinelli pressure drop correlation and 

58



Xtt is the Martinelli-parameter given by Eqn.2.40, 

Xee = (APL/APy)1/2 = [(1-x)/x]9+9 (pv/p1)°°5 (yr/pw)?*? Eqn. 2.40 

and the dimensionless gas velocity, jg can be expressed as, 

ja={G/([D.g. pv (pi-pv )J1/2 }[k/(Xeet+111 +k)) Eqn.2.41 

where k=(pv/p1)%- 555 (ju /pv 9-111 is a constant depending only on the 

physical properties of the fluids, G is the total mass velocity, x is 

the vapour quality, g is the gravitational acceleration and m is an 

exponent ranging from 0.4 to 0.5. 

Altman, Norris and Staub,[25] correlate the average condensing heat 

transfer coefficient of the refrigerant in horizontal tubes in higher 

velocity ranges. The R22 flowrates were varied from 4.8 gs~1 to 37.9 gs-} 

at saturation temperature, 5°C and 24°C. The inlet conditions to the test- 

section were varied from 20% to 99% by weight of the vapour. The 

experimental data for the exit-vapour quality below 90%, correlate the 

average heat transfer coefficient for R12 and R22 to within +10% and -20%. 

Carpenter and Colburn, cited by Soliman at. el.,[21] used 

experimental data to obtain an average heat transfer coefficient using 

steam, methanol, ethanol, toluene and trichloroethylene (working fluids) 

inside a 11.66 mm internal diameter, 2.44 m long vertical tube. The 

experiments were limited up to 152 ms-! of the inlet vapour velocity with 

the Prandtl numbers ranged from 2 to 5. They hypothesized that, due to the 

shear stress, the condensate layer becomes turbulent at a much lower value 

of the Reynolds number than that in the absence of vapour stress. The 

major thermal resistance occurs in the laminar sublayer of the condensate 

film. They obtained an expression for the heat transfer coefficient, 

where Fo is the shear stress in the laminar sublayer (equal to the wall 

shear stress due to the assumption of a laminar velocity profile) which is 

affected by the gravity, momentum and friction, (or Fo=FgtFatFr). They 

claimed that the value of H is in fair agreement with the experimental 

data. 

A careful analysis in [21] concerning the shear stress, Fo in 

Eqn.2.42 over a wide range of vapour velocities and Prandtl numbers from 
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1 to 10, based on the Carpenter-Colburn correlation, derives three 

separate expressions for Fg, Fm and Fr, which is explained in 

section 5.4.3 of chapter 5. 

The force due to the friction, Fr was derived from the Lockhart- 

Martinelli data for & versus Xtt. The force due to the momentum, 

Fa, was considered by solving the effect of momentum changes in the 

vapour core, liquid in the condensate layer and vapour molecules. As it 

condenses, the velocity is reduced to the liquid film velocity. The last 

term (Fg) due to the gravitational force, was solved using Zivi-equation 

for the local void fraction. The heat transfer coefficient is then 

expressed as, 

This equation is in fairly good agreement with the experimental data in 

the range of Pr from 1 to 10, vapour velocity from 6 ms-! to 305 ms-! 

and a range of qualities from 0.99 to 0.03, shown in Fig.2.2.5. 

Fig.2.2.6(a) shows the theoretical heat transfer coefficient calculated 

from Eqn.2.43 compared with the available experimental data. The 

predicted heat transfer coefficient using the same experimental data 

proposed by Akers, et. al.,[22] is much lower and shown in Fig.2.2.6(b). 

The heat transfer calculations just reviewed show that most 

correlations are long and complicated except for Eqn.2.37. This equation 

is applicable to R12 with a condensing temperature above 66°C, which is 

not suitable for the present heat pump condenser where the condensing 

temperatures are within the range of 35°C to 50°C. 

In the annular model, where the condensation rate is high, the void 

fraction a@ is above 80% and vapour quality,x exceeds 5%, the 

condensation heat transfer coefficient is greatly influenced by the wall 

shear stress. Basically, the model is divided into two zones; vapour core 

and liquid film adjacent to the wall. Dealing with the heat transfer, one 

should consider three possible different solutions in the zones, 

a. Liquid layer: There is a temperature difference across the 

film which is governed by the heat transfer rate and by the effective 

conductivity of the liquid-phase. The temperature profile is influenced by 

the velocity profile in which the conductivity can be affected by the 

laminar or turbulent flow. 

b. Interface: At saturation temperature rate, assuming zero slip 

at the liquid-vapour interface (or uvi=u1i), the molecules leave the 
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surface at the same rate as they are deposited on the surface. These 

processes are dependent on the molecular thermal motion on either side of 

the interface. 

c. Vapour core: In this case, the vapour phase will be 

approximately isothermal and have a temperature near to the saturation 

temperature. 

More generally, we could write, 

Nu = f (Re, Pr, Fw) Eqn.2.44 

where Fw is the wall shear stress along the condenser, which depends 

upon the three forces mentioned earlier. 

Assuming a turbulent condensate layer and a turbulent vapour core, 

the vapour shear stress is the result of the friction between the 

condensate film and the vapour core. The frictional effect, Fre can be best 

predicted by the Lockhart-Martinelli correlation, where the vapour shear 

stress is related to the two-phase pressure drop in an adiabatic system. 

The momentum term is the combination of the three possible changes of 

momentum due to liquid-film, interfacial boundary and vapour core. The 

relationship between the interfacial velocity, u1i (or uvi) and the 

average liquid velocity, u1 depends on the velocity distribution within 

the liquid layer. 

Since the vapour and the liquid do not travel at the same speed, 

their velocities can be represented in term of vapour quality, x and 

void fraction, a,[55,56] respectively 

S < " (m.x/pv.a.A) and 

m(1-x)/pi(1-a)A Eqn. 2.45 ul 

where @ can be obtained from [26], and expressed as, 

a= 1 

{1+[(1-x)/x] (pv /p1 )2/3} Eqn. 2.46 

Finally, the gravitational term depends on the external acceleration 

(a=gSino), void fraction, internal tube diameter and density evaluated 

both at the liquid and vapour portion. In the present system, the angle of 

inclination, » is zero (horizontal pipe mounting system) and therefore 

Fg is taken to be zero. 
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In his work, Rohsenow,[87,89] has cited the Traviss-correlation 

concerning the two-phase Nusselt number. Eqn.2.47 is the combination of 

the flow effects described above in a simpler foram, 

Nu = [Pri.Re1®-9 .%&t]/f2 Eqn. 2.47 

where ®et=[(1/Xtet )+2.85/(Xet9°475)], Xer=( pr/pw)+2[(1-x)/x]9-9 

(pv/p1)9°5, and f2 is defined by Eqn.5.31 of chapter 5. The 

relationship between terms ®t and (Nu.fz/Pri.Re1°-9) agrees quite 

well with the experimental data for R12. 

b. Pressure drop 

The two-phase pressure gradient is affected by the pipe diameter, 

liquid and vapour flowrate, viscosity and density of the liquid and 

vapour, quality and perhaps the shear stress of the liquid. These effects 

can be summarized as the effects of pressure gradient due to the friction, 

momentum and gravity. Mathematically, in an annular flow, the total 

pressure drop per unit length can be represented by, 

(AP/Az)tpe# = (AP/Az)¢ + (AP/Az)m + (AP/Az)g Eqn. 2.48 

The pressure analysis resulting from the simultaneous flow of a 

liquid and a vapour is firstly based on the static pressure drop for the 

liquid phase being equal to the static vapour-phase pressure drop, 

regardless of the flow patterns. Secondly, the sum of the volume occupied 

by the liquid and vapour at any instant must be equal to the total volume 

of the pipe. 

The expressions of these postulates led Lockhart and Martinelli,[12] 

to the following equations for predicting two-phase pressure drop due to 

the liquid and vapour flow respectively, 

(AP/Az)tp# =|2f1(p1.ui/D1) 

2fv (pv.uv/Dv ) Eqn.2.49 

where Di and Dy are the average diameter of liquid and vapour flow 

respectively. The two-phase pressure drop can also be expressed as, 

(AP/Az)tp# = %12(AP/Az)1 Eqn. 2.50 
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Eqn.2.50 is for the liquid-phase assumed to flow alone and if the 

vapour-phase is assumed to flow alone, we get 

(AP/Az)tp# = &2(AP/Az)v Eqn.2.51 

# and ®& represent the functions depending on the Martinelli- 

parameter,X which is characterized by the two-phase flow parameters. 

Eqn.2.49 to Eqn.2.51 are the basic equations to calculate 

(AP/Az)tp¢. The Martinelli-parameter is widely used in predicting the heat 

transfer parameters and pressure drop in the two-phase flow. The 

parameters differ from one flow condition to another depending upon the 

flow mechanisms (Xtt, Xtv, Xvt and Xvv) described in Fig.5.2.6 

of chapter 5. 

Lockhart and Martinelli give a general correlation, 

X2 = (Rev®/Re1”)(Ci/Cv ) (i /mv )2 (pv /p1 ) Eqn. 2.52 

where Ci and Cy are the constants in the Blasius-equation for the friction 

factor in liquid-phase and vaour-phase respectively while a and b are 

the exponents depending on the types of flow occuring in the pipe. This 

expression is equal to the ratio of liquid pressure drop to vapour 

pressure drop, assuming each phase flows separately. 

X2 = (AP/Az)1/(AP/Az)v Eqn.2.53 

For simultaneous liquid-turbulent and vapour-turbulent flow, Eqn.2.52 

can be rearranged and reduced to Eqn.2.40. 

In their early paper, Martinelli at. el.,[27] studied the 

relationship between the two functions ® and X concerning the two- 

phase pressure drop in four possible combinations of the flow mechanisms. 

Fig.2.2.7 shows the average values for all possible type of flows. At 

higher values of X, % approaches unity, and at lower values, %y 

also approaches unity. The prediction for the two-phase pressure drop if 

both phases flow turbulently is within -30% to +30% compared with the 

experimental measurements shown in Fig.2.2.8. The complete correlation 

is rewritten as, 

(AP/Az)tpe = (AP/Az)v[1+al/4 (p11 /py )9-983 (py /pi 9-416 

x(in1/my )9-75 42.4 Eqn. 2.54 
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Fig.2.2.7: Relation between 91, ®, X1 and Xv for all flow 
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Measured pressure drop, x10-4 (bar)   
Fig.2.2.8: Comparison of predicted and measured APtpf¢ 

for both liquid and vapour are turbulent, [27] 
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where a=[A1/(/4)Di2]. On inspection of Eqn.2.51 and Eqn.2.54, the 

function ®t can be expressed as, 

Mee = [1Ltal/4xe_9-8325 J1.2 Eqn. 2.55 

where Xet=[ (p/p )9:11(py/pi )9-555{(1-x)/x}]. The relationship between 

the +t and Xtt is shown in Fig.2.2.9 where +t approaches unity 

as (Xtt)1/2 approaches zero. At large value of (Xtt)1/2, St has a 

constant value (®¢t=Xtr%- 65), 

Hatch and Jacobs,[28] have investigated the two-phase pressure drop 

in single-component fluid flow, both with and without heat transfer, 

expressed in terms of Lockhart-Martinelli parameters using R11 and 

hydrogen as working fluids. They used three sets of calculations to 

evaluate the friction factor and Reynolds number in the single-phase, 

equivalent length of upstream test-section and computation of the 

Martinelli-Nelson parameters in the two-phase flow. They correlate 

parameters ® and X!/2 and then expressed the following equation 

X1/2 = (pv/p1)9-571 (pa /py )9°148 [(1/xm)-1] Eqn. 2.56 

where xm is the average quality at the inlet and exit station test- 

points. It was graphically compared with the Martinelli-Nelson 

correlation. 

The prediction from Eqn.2.56 was found to be within 10% to 30% 

lower than that predicted by the Martinelli-Nelson correlation, which is 

also based on the effect of friction and momentum . They assumed the 

liquid-phase and vapour-phase moves at the same velocity. 

The majority of researchers use the Lockhart-Martinelli (LM) 

correlation as a basis to predict the pressure drop in two-phase single- 

component and two-component fluid flow. Some of them have also commented, 

[33,34] discussed and extended the application of this correlation in a 

wide range of flow mechanisms,[47] although in certain flow regimes it 

indicates deviation up to 200%. In most cases, the LM-correlation predicts 

a pressure drop slightly higher than the measured one. Other 

investigators, [29,30,31] compared their own correlations with the 

available data to simplify the calculation of pressure drop in two-phase 

flow (normally, the results are compared to those predicted by the LM- 

correlation). 

Johannessen,[32] gives an equation for predicting the pressure drop 
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Fig.2.2.9(a): Relation between %,tt, Xtt and fi 

adapted from [12] 
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in the stratified and wavy two-phase flow based on the LM-correlation. The 

new correlation for X and ® is compared with experimental data from 

other researchers. The predicted curve is lower than that predicted by the 

LM-correlation. For X between 0.3 and 2, the data points are evenly 

distributed about the theoretical curve, and for lower values of X 

(higher vapour mass flowrate), the theoretical curve is low. 

Rouet,[33] has summarized a note on the LM-correlation in the 

turbulent-turbulent case, proposing, 

a= 1 - (m/2)Xee2/(2-b) -{[14+(m/2)Xee2/(2-b) ]2-1}1/2 Eqn. 2.57 

where a@ is the void fraction fitted by, 

a= {1 -*(1/9)] Eqn.2.58 

where @ = [1 + (21/Xtt)+(1/Xtet2)], Xet is the Martinelli-parameter 

given by Eqn.5.28 of chapter 5 and m denotes a dimensionless parameter 

to be fitted to the experimental data; m=0.054. The agreement is quite 

good, except for x0 where the value calculated from Eqn.2.57 is too 

low, due to the unphysical singularities. 

Kubie, and Oates,[31] used correlations derived by Chisholm,[75] to 

predict and correlate two-phase frictional pressure drop in pipe using n- 

butyl acetate and water as working fluids. They used, 

Oee2 = 14(2/Xee )+(1/Xee2) Eqn. 2.59 

Fig.2.2.10 shows a relation between +t and Xtt, which they claimed, 

the maximum error is less than 3%. Fig.2.2.11 shows variation of acetate 

velocity and frictional pressure gradient at various volumetric water 

flowrates. At higher water flowrate, the pressure gradient is high. 

Chen,[{34] comments on the note on the LM-correlation in the 

turbulent-turbulent flow made by Rouet,[33]. He used the Chen-Spedding 

correlation for a, 

@ = k(k+Xte2/3) Eqn. 2.60 

where k is function of a number of parameters including the pipe size; 

numerically, k is about 3.5 (almost identical to the LM-correlation). 

When comparing the Xtt and a calculated from Eqn.2.57 and Eqn. 2.60 
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with the original LM-correlation at higher value of Xtt, the Chen-Spedding 

correlation of @ maintains a good agreement with the LM-correlation, while 

the Rouet-correlation begins to deviate (more than 20% lower than that in 

the LM-correlation). 

The total pressure drop in an annular flow is the sum of the pressure 

drop due to the friction, momentum and gravity (see Eqn.2.48). These 

effects have been simplified and reduced in the Traviss-correlation, [87]. 

The frictional and the momentum term are expressed in Eqn.5.34 and 

Eqn.5.35 respectively, while the gravitational term can be written as, 

(AP/Az)g = gSino[a.pv+(1-a)p1 J Eqn.2.61 

where @ is the void fraction expressed in Eqn.2.46 and 9 is the 

inclination angle of the tube from horizontal. For a horizontal tube 

mounting system, 9=0 and (AP/Az)g=0. 

The Martinelli method is recommended for predicting two-phase 

pressure drop in an adiabatic process involving fluids other than water. at 

not very high pressure. 

2.3: Effect of temperature-dependent fluid properties in a circular tube 

The single-phase heat transfer solutions discussed earlier were 

generally for constant fluid properties. The constant fluid properties 

refer to the unchanged fluid properties (p,pt,Cp and k) which are 

functions of temperature, at any temperature between the fluid and the 

wall at the particular test-point. When applied to practical heat 

transfer, where there is a temperature difference between the wall and the 

fluid, this assumption could cause errors. In general most fluids, 

including freon and water, vary with temperature, which influences the 

variation of velocity and temperature over the flow cross-section of a 

tube. In this section, the internal forced convection with the 

temperature-dependent properties are considered. 

For most liquids, the specific heat, density and thermal conductivity 

is approximately temperature independent, but the viscosity decreases 

markedly with increasing temperature. In gases, density, viscosity and 

thermal conductivity all vary at approximately the same rate as the 

absolute temperature but the specific heat varies only slightly with the 

temperature; the Prandtl number does not vary significantly. 

Considering these phenomena, the heat transfer and the friction 

factor will be greatly affected by the property variations, thus altering 
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the velocity and temperature distribution. For practical applications, an 

appropriate correlation based on the constant-property assumption can be 

corrected when the variable-property effect becomes important. 

Kakac,[84] has suggested the use of a property-ratio method where, 

for liquid, the variation of viscosity is dominant, 

(Nu/Nucp ) 

(f/fcp) 

(p/w )® and 

(Ub /pw )* Eqn. 2.62 

where Nucp and fcp are the constant-property Nusselt number and 

friction factor respectively evaluated at the bulk temperature. The ratio 

of bulk temperature viscosity,» to wall temperature viscosity,pw is 

dependent on the exponents n and am. 

In the case of vapour, the Nusselt number and friction factor is 

corrected by the temperature ratio evaluated at the wall to the bulk 

expressed by, 

(Nu/Nucp ) 

(f/fep) 

(Tw/Tp )® and 

(Tw/To )® Eqn. 2.63 

The correlation for the constant-property Nusselt numbers and 

friction factors evaluated at the fluid bulk temperature can be taken from 

appropriate equations discussed earlier in the chapter. 

2.3.1: Laminar flow 

There are two possible types of flow that may encountered in this 

region; liquid-laminar and vapour-laminar. Most authors focus their 

investigations on the ratio of bulk temperature and wall temperature 

viscosity, except that the exponent values of n and m are different. 

Swearingen and McEligot,[35] report that the effect of fluid property upon 

the heat transfer was first discovered by Yamagata in 1940. 

a. Liquid 

In laminar flow of liquids, through a circular duct at constant heat 

flux Kakac,{84] has cited a numerical analysis proposed by Deissler for 

viscosity variation with temperature, 

(po/pw) = (Te/Tw)-1- Eqn. 2.64 

44



He concluded that the effect of fluid-property variation was to decrease 

the Nusselt number by 22% and to increase the friction factor by 28% as 

(Tw/Tp) increases from 1.0 to 1.8. He also obtained n=0.14 for Pr>0.6. For 

exponent m in Eqn.2.62, he obtained m=-0.58 for heating and m=-0.50 

for cooling in a fully developed flow. 

Yang,[36] used an analytical solution for a fully developed region in 

a circular duct, with temperature-dependent viscosity to obtain an 

expression, 

(pb/pw) = 1/(1+C.8) Eqn. 2.65 

where @ is the dimensionless temperature variable, defined by, 

6 =[(Tp-Tw)/(Ti-Tw) ] Eqn. 2.66 

where Ti is the inlet temperature and C is a constant viscosity- 

variation parameter (positive for cooling and negative for heating of 

liquid). 

Seven different values of C;9.0, 6.0, 3.0, 0, -0.3, -0.6, and -0.9 

were used. As C increases from negative to positive, the Nusselt number 

is decreased , but at C=0, the Nusselt number is roughly equal to 3.70. 

His predictions for the inlet temperature boundary condition were 

correlated with n=0.11 (Eqn.2.62) and he concluded that the effect of 

thermal boundary conditions is small and the influence on the friction 

factors is substantial. 

A simple empirical Sieder-Tate correlation,[84] for predicting 

average Nusselt number and friction factor at constant wall temperature 

can be re-written as, 

1.86[Rep. Pr. (D/L) ]1/3 (pa/pw )9:24 and 

(16/Rev )(1/1.1) (pp /pw )9- 25 Eqn. 2.67 

Nub 

f 

valid for 0.48 < Prb <1.67x104 and 4.4x10-3 < (pp/pw) < 9.75. Based on 

this correlation, Test,[37] gives another correlation, 

Nup = 1.4[Rep. Pr. (D/L) ]1/3 (pp/pw )® Eqn. 2.68 

where n=0.05 for heating and n=0.333 for cooling, with the range of 

(Rep. Prp.D/L)>6x103. The correlation for the friction factor is expressed 
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by, 

f = (16/Revb) (1/0. 89) (pb/pw )9> 29 Eqn.2.69 

For Reb>30, it gives a fair result. 

For fully developed flow, Pr > 0.6 and ({tb/pw)=(Tb/Tw)-1°&, it is 

recommended to use n=0.14 for both heating and cooling of liquid in the 

calculation of Nusselt number. For the friction factor, m=-0.58 for 

heating and m=-0.50 for cooling is recommended. These exponents are 

associated with the Eqn.2.62 concerning the heat transfer and pressure 

drop in liqiud-laminar flow. 

b. Vapour 

It has been reported in [84], that Diessler was the first to study 

the effect of variable-properties of air in laminar flow. Some 

idealizations had been made including the constant heat flux boundary 

conditions, negligible heat dissipation, entrance effects and heat 

conduction in the direction of flow (small, compared to radial 

conductivity), constant air specific heat, and both the viscosity and 

thermal conductivity is proportional to T®:8. From the results, he 

concluded, 

(i). For the Nusselt number, the evaluation of conductivity is at 

the reference temperature, Trer=Tpb-0.27(Tw-Tb). 

(ii). For the friction factor, the viscosity is at the reference 

temperature Tref=Tpt0.58(Tw-Tb). 

Then, followed by Sze, who discovered the effect of temperature- 

dependent properties experimentally using the same conditions as 

before,but more generally. For the Nusselt number, he evaluated the 

conductivity at Trer=Tp-0.18(Tw-Tb) and the effect on friction factor is 

obtained by evaluating viscosity at the average temperature, Tm=(TwtTb)/2. 

Both of them did not mention any further details regarding the 

application to the specific calculation of the Nusselt number and friction 

factor. The reasonably complete solution to a vapour flowing in a tube 

with temperature-dependent property variation was firstly initiated by 

Worsoe-Schmidt, cited in [38], using a finite difference method for fully 

developed flow. The results are as follows, 

n = |0 in the range of 1<(Tw/Tp)<3 for heating 

7 in the range of 0.5<(Tw/Tb)<1 for cooling and 

m = |1 for heating, 1<(Tw/Tb)<3 

ine for cooling, 0.5<(Tw/Tb)<1 Eqn. 2.70 
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These equations are to be used together with Eqn.2.62 in both developing 

and fully developed regimes at constant wall temperature. 

R12 and water are the fluids used in the present system where in 

laminar flow, they are assumed to be only present in the liquid-phase (the 

laminar vapour-phase does not exist). In such case, the vapour-phase of 

laminar Nusselt number and friction factor is not taken into 

consideration in the present model. 

2.3.2: Turbulent flow 

In laminar flow, the shear stress depends solely on viscosity, which 

is a fluid property and depends only on the temperature of the fluid. This 

situation is different in turbulent flow, where the effect of eddy 

viscosity is so dominant over a major portion of the flow. Eddy viscosity 

is a function of flow configuration which varies from one flow cross- 

section to another and is indirectly temperature-dependent. 

The heat transfer in turbulent flow depends not only on the thermal 

conductivity which is temperature-dependent, but also depends on the 

thermal diffusivity, which is a function of Reynolds number and Prandtl 

number. An accurate prediction of the heat transfer and friction 

coefficients depends on the accurate relationship of the velocity 

distribution, eddy diffusivity of momentum (or eddy viscosity), & , 

and thermal eddy diffusivity (or eddy conductivity),€H . In most of 

the analysis, it was assumed that en=eH, so that Pr=(emu/en)=1, but 

the turbulent Prandtl number is not constant, it varies continuously from 

the wall to the centre of the tube. The Prandtl number, very close to the 

wall is just above unity. The turbulent Prandtl] number was found to be 

above unity for most gases and between 0.8-0.9 for most liquids, [84]. 

Similarly, The temperature-dependence of the fluid properties can be 

classified as turbulent-liquid and turbulent-vapour. In turbulent-liquid, 

the Nusselt number and the friction factor depends on the ratio of 

viscosity (Eqn.2.62), while in the turbulent-vapour, it is directly 

influenced by the temperature ratio (Eqn.2.63). Both cases will be 

considered in the present model, where in the desuperheating region, R12 

is assumed to be in the vapour-phase and in the subcooling region, it is 

in the liquid-phase. For water, the flow is assumed to be in the liquid- 

phase depending on the flow mechanisms. 

The appropriate Nusselt number and friction factor at constant- 

property discussed earlier (Nucp and fcp respectively) can be used to 
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determine these parameters at variable-property as given in Eqn.2.62 and 

Eqn.2.63 by choosing the correct value of n and am. 

a. Turbulent liquid 

To choose the correct value of n, Petukhov,[97] has collected heat 

transfer experimental data corresponding to heating and cooling for 

several liquids; water, butyl alcohol, transformer oil and oil MS over a 

wide range of (Hw/tb); 0.19-0.77, 0.08-0.45, 1.2-8.6 and 1.6-38 

respectively. He found that the data is best correlated by, 

n =|0.11 for heating, (pb/pw)>1 

0.25 for cooling, (pb/pw)<1 Eqn.2.71 

which is applicable over a range of 104-1.25x105 for Re, 2-140 for Pr 

and 0.08-40 for (pw/j»). These equations are used together with 

Eqn.2.62 where Nucp is taken from Eqn.2.33. 

He also collected data from various investigators for the influence 

of variable viscosity on the friction in water, for both heating and 

cooling, over a wide range of 1.3x104-2.25x105 for Re and 1.3-8 for 

Pr, and suggested the following expression, 

(f/fep) = 1/60 7- (> /w ) ] for heating and (p»/pw)>1 

(pb /pw)-9°24 for cooling and ()b/pw)<1 Eqn. 2.72 

Eqn.2.72 is true over a range of 0.35-2 for (pw/p»), 104-2.3x105 for 

Re and 1.3-10 for Pr. An appropriate value of fep can be chosen 

from previous discussion. 

Hanna and Sandall,[39] developed an analytical approximation to 

predict the effect of a temperature-dependent viscosity on liquid 

convective heat transfer in a fully developed turbulent pipe flow for 

Prandtl number from 2 to 105. They obtained the viscosity variation with 

the temperature as px aexp(B/T), where B is the fluid viscosity- 

temperature parameter in the range of 103<B¢10*. Based on the same model 

used by Petukhov,[97], they give a correlation, 

[St/(£/2)1/2] = [1-(1/C1)]+{J/[Ci(Te-Tw)]} 

[St/(£/2)2/2 ]ep Eqn.2.73 

where St=(Nu/Re. Pr)=(H/G.Cp), Ci=1.08 for cooling, Ci1=1.26 for heating and 
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for cooling J =} To.C2 

-Tw exp[(B(1/Tp-1/Tw ) JC2 for heating: Eqn.2.74 

where C2={1-exp[-(T»/Tw - 1)(B/T» +2 )]}/[(B/Tp)+2], f and fep is 

adapted from Eqn.2.72. They used Ci=1.05 for cooling and Ci=2.4 for 

heating, to compare the ratio of (St/Stcp) with the Petukhov- 

correlation. For the cooling case, in the range of 12.35«(w/p»)<1.16, 

their results are within -5% to 11%, and for the heating, in the range of 

0.425< (tw/p» )<0.833, are in good agreement. 

Some other correlations for turbulent Nusselt numbers in forced 

convection for liquids with variable-properties and Pr>0.5 are summarized 

in Table 2.6. 

  

Investigators Liquid Correlations Remarks and limitations 
  

Seider and Tate - Wuz0,023Re®-8 = Prt/8( uy /tty )® 
Norris and Sias oi] Hu=0.006Re.Pr®-? (oe /jus)® 

Malina and Sparroy H20,0i] Wu=0,023Re®-8 — Prt/3 (yy /iy)® 
Hufschmidt, Burck  H20 Nu=Wucp(Pro/Pri)®-* 
and Riebold 
Everett = Nu=0,0225Re®-785 — Pr®( iy /puy)* 

where 420. 495-0. 225in(Pr) 
Hack] and Grol] oi] Nu=Nuep [0,645 (us /we )#0. 355 
Kuznetsova oi] Hu=0.013Re®-8 = Pr®-4 (yy /tty )® 

Oskage and Kakac = H20 and 30% Wu=0.023Re®-® =Pr®-* (uy /iy)® 
glycerine- 
water wixture 

Hausen : Nu=0.0235(Re®-® = -230)(1.8Pr®-3 

x[1+(D/L)2/3 } (wo /tu)* 
Sleicher and Rouse = - see Eqn.2.35 

Nu=0.015Rea®-® = Pryt/3 
Hu=4,8+0.015Reg*-® Pry. 98 

Nu=6.340.0167Reg?-85  Pryt 8 
Gregorig - Nu=Nucp(Pro/Pre)* 

(L/D)>60, Pro0.6 for moderate (Tw-Te) aad 
nz0.14. 3.510% Regt. 1x10, n20.14 

and undeveloped velocity profiles. 
4¢Pr<7§, (L/D)=30 and n=0.05. 
2x104(Re<6.4x105, 0.1¢(Pre/Prs)<10, and use 
Eqn.2.33 for calculating Nuc». 
Rerdxt0?, nz(Re/8.7x105)®-84 for Recé. 25x 104 
and n=0.11 for Re>6.25x10°. 
4x43 (Rect, 1x104, 

2x103<Rec8x10%, 70<Pr<200 and a=-0.11. 

4.2x104<Recdx104, (L/D)>10 and n=0.262 for water. 
8.9x109<Rec2x10", (L/D)>10 and n=0.487 for 
glycerine-water mixture. 
-0,8)n=0.14, 

(L/D)>60, 0.1¢Pr<t05, 104<Re<108 and Ta=(TetTs)/2. 
Pr>50 
Prc0.1 for uniform wall temperature. 
Prc0.1 for uniform heat flux. 
(L/D)>70 for cooling of liquid and Te=(TwtTp)/2. 

where a=(0.264(0.5-B)®-28 +0,0757)/[Pr®-@5 Ret-82 (0.5-B)8-8t 

b=[(Pra-Pry)/(Pre-Pre))-(1/2) at Te=(To+Ts)/2. 
  

Table 2.6: Turbulent Nusselt number in circular tubes 
for liquid with variable-properties 

b. Turbulent vapour 

As earlier discussed, the physical vapour properties (p, Cp, x 

and 1) were considered as given functions of temperature. The variation 

of density with pressure and energy dissipation is neglected, and the heat 

diffusivity,en is taken to be equal to the momentum diffusivity,enm . 
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Petukhov,[97] had carried out the analyses over the following range 

of parameters;0.37 < (Tw/Tp) < 3.1 and 10% < Re < 4.3x10® for air, and 

0.37<(Tw/Tb)<3.7 and 104<Re<5.8x10® for hydrogen. He performed a 

correlation from analytical results to be used together with Eqn.2.63 as, 

n = j +0.36 for cooling and (Tw/T»)<1 

-(0.3Log(Tw/T» )+0.36] for heating and (Tw/Tp)>1 Eqn.2.75 

Eqn.2.75 describes the solution for air and hydrogen with an accuracy of 

+4%. It is also suggested that, for simplicity, n can be taken as 

constant (n=-0.47) for heating gas, with an accuracy within +6%. These 

results have been confirmed experimentally and can be employed for 

practical calculation in the range of 1<(Tw/Tb)<4. 

Comparing analytical results and experimental data for the prediction 

of friction factor for air and hydrogen in a fully developed turbulent 

flow, the exponent m for Eqn.2.63 is suggested as follows, 

m= |-0.6+0.79Rew-9-11 for cooling 

pies ese for heating Eqn. 2.76 

where Rew=(um.D.pw)/pw is the wall Reynolds number. This equation is 

applicable over a range 0.37<(Tw/Tpb)<3.7 and 1.4x103<Rew<10® with an 

accuracy within 2% to 3%. 

In the Kutateladze-Leontiev correlation,[84] an analytical expression 

for the function describing the influence of variable physical properties 

in a turbulent vapour flow when Re goes very high is considered. The 

correlation can be expressed as, 

(Nu/Nucp ) = (f/fcp) = {2/[1+(Tw/Tw )1/2 ] }2 Eqn.2. 17 

This correlation is also recommended for the finite values of Re, in 

which, the influence of varying physical properties depends weakly on 

Re. The accuracy for lower Reynolds number (the difference by using the 

value of n and m in Eqn.2.75 and Eqn.2.76 respectively into Eqn. 

2.63) is less than 10%. For higher Re values, Eqn.2.77 is in good 

agreement with Eqn.2.76. 

For gases, Sleicher and Rouse,[40] modified Eqn.2.35 for 0.6<Pr<0.9 

to find a better fit to the heating data, 
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Nu = 5+0.012Re9:-83 [(Pr+0.29)(Tw/To)"] Eqn.2.78 

where n=-[Log(Tw/Tb )!/4]+0.3, with the average deviation of the data 

within 4.2%. This equation is suitable for 104<Re<10®, 1<(Tw/T»)<5 and 

(L/D)>40, where as (Tw/Tp) increases above about 2, it correlates the data 

better. 

A great number of experimental studies are available in the 

literature (cited in [54,58,59]) to investigate the heat transfer between 

the pipe wall and the vapour flow at large temperature differences when 

physical properties of the fluid cannot be considered constant. The 

majority of the works deal with the gas heating at constant wall 

temperature in a circular duct. Studies on gas cooling are limited. In 

addition, the vapour friction factor in a circular duct with larger 

temperature differences between the wall and the fluid has also been 

studied but they are not in agreement with each other. From Ilyin’s 

experimental data, the value of m in Eqn.2.63 can be expressed as, 

m =| 0 for cooling vapour 

-0.58 for heating vapour Eqn.2.79 

where for heating vapour, it is in good agreement with the analytical 

results, but lower in the case of cooling vapour. 

The results of heat transfer measurements at larger temperature 

differences between the wall and the gas flow are usually predicted in 

more general form, 

Nu = C.Re®-8 pr®-4 (Tw/Tp)® Eqn. 2.80 

At the entrance region of the tube, coefficient C and exponent n 

varies with L/D. For larger ratio of L/D (L/D<40-100) in fully 

developed temperature and velocity profiles, far from the entrance region, 

C becomes constant and n becomes independent of L/D. 

Some of the turbulent forced convection correlations for the Nusselt 

numbers in circular ducts for vapour with variable-properties are shown in 

Table 2.7. 
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Investigators Gas L/0 Rex 10? 0:(Ty/Te) Expressions accounting for the variable- 
properties influences. 

Ilyin Air 59,62 1-60 0.56-2.30 Nu=C.Re®-8 8 

0: 0.5-0.9 0.9-1.2 1.2-2.3 

C: 0.0218 0.0212 0.0223 

a: 0 “0.27. -0.58 

Humble, Lovdermilk = Air 30-120 = 1-300 0.46-3.50 Nu=0.023Re®-8 prt.4 = O® for (L/D)>60 
and Desaon n=O at 0<1 (cooling) and a=-0.55 at 01 

(heating). 
Taylor and He 60,92 32-60 1.60-3.90 Nue=0.021Ree®-® = Pre®-4 = at Ta=(Te#Ty)/2. 
Kirchgessner 
Bialokoz and Air 29-72 124-435 1.10-1.73 Ww=0.022Re®-8 = pr®-4 ge 
Saunders n=-0.5 
Weight and Walters He = = 1.00-4.00 Hu=0.021Re®-® Pr!/30® at large (L/D) and 

n=-0.515 

NeCarthy and Welf He He 21-67 5-1500 1.50-9,90 Nu=0.045Re®-® = Pr®-4 (L/D)-8-15 | nz-0,7 

Wieland He, He 250 - (2,80 Wue=0.021Res®-® = Pra®-* at Te=(TetTu)/2 

and far from entry 
Taylor He, He 1 ~ 1.50-5.60 Nuw=0,021Reg®-® = Pre®-* = at Ta=(TotTu)/2 

NcEligot, Masee Air,He 160 = 1.10-2.50 Nu=0.021Re®-® prt.4 ga 

and Leppert and Ne n=-0.5 
Kirillov and Malungin We 138 1-160 1.10-2.30 Hu=0.021Re®-® Pr8-4  G® and n=-0.5 
Lelchuk, Elphinov Air,CO2 17-206 14-600 1.10-2.70 Nu=0.021Re®-8 prt.4 ga 
and Fedotov and Ar 

VYokov and Ivanov Air 48-370 © 14-400 

Petukhov, Kirillov Ne 80-100 13-300 
and Maidanic 
Deissler and Air,He,Ar 60 10 
Prester and He 
Gaielinski Air,He,COz - - 

Dal le-Donne Air,He 18-316 = 10-100 
and Bowditch 
Perkins and We 160 18-280 
Worsoe-Schaidt 

1,10-2,10 

1,00-6.00 

1,30-7,50 

at (L/0)>50 and n=-0.5 
Nu=0.0193Re?-8 pr®-4 ga 

at (L/D)>100 and a=-0.55 

Nu=0.021Re®-® prt.4 ga 

at (L/D)>80 and n=-(0,9Log6+0. 205) 
Nur=(Rer4/4)/31 evaluated at Tr=Te+0.4(Tw-Te) 

Nu=0.0214(Re®-® -100)Pr®-* —dafi+(D/L)2/3] 
for 0,5<Pr<i.§ with n=0,45 
Nu=0.022Re®-® pr®.4 ga 
n=-[0.2940.0019(L/D)) 
Nu=0.024Re®-8 pr8-4 Q-8-7 at L/D) 40 

t All values are evaluated at the bulk temperature unless stated in the subscript. 

Table 2.7: Turbulent Nusselt number in circular ducts 

for vapour with variable-properties 

In general, the exponent n and constant C in Eqn.2.80 described 

in the table varies depending on the range of (Tw/Tb). 
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CHAPTER 3 

EXPERIMENTAL RIGS 

3.1: Introduction 

The air-water heat pump was originally designed and constructed by 

Hassan [41]. Later, Khan [42] modified the condenser from a helical 

configuration to one with 180 deg-bends at every half-meter to make up 

the total length of 15 meters (see Fig.3.1.1). The major focus of the 

work was to investigate the condenser. 32 thermocouples and 2 pressure 

transducers were placed at the test-point positions that will be discussed 

in detail in coming sections. 

In general, the experimental data obtained from the heat pump system 

was digitised through analogue to digital converter (ADC) via an IEEE 488 

interface and computer system (Fig.3.1.2). For simplicity, the term 

*system’ will refer to the combination of these components unless 

otherwise stated. 

There are 35 thermocouples, with connecting lengths between 1.5-2.5 

meter. 32 of them were positioned in the condenser, 2 were placed at the 

entry and exit of the heat pump evaporator and the final thermocouple was 

used for room temperature measurement. Originally, there were four 

additional sensors for measuring water flowrate, freon flowrate, power 

consumption and air speed through the evaporator. These were connected via 

frequency-voltage converters (FV) to the ADC, an IEEE interface and 

computer system, but owing to the severe fluctuations and instabilities of 

the readings these sensors were not used. The water mass flowrate was 

mechanically measured and used to calculate the freon mass flowrate from 

the energy balance equation. The electrical power and air speed 

measurement from the other sensors was completely ignored because of the 

reasons stated and in fact the model is based on the thermal power 

calculation. The exclusion of these measurements did not affect the 

performance of the model. 

As mentioned earlier, the main focus of the research was the heat 

pump condenser, where 32 thermocouples and 2 pressure transducers had been 

attached. It comprises two copper pipes joined side by side of length 15 

meter. The most important measurements are the temperatures at various 

positions in the condenser, and the pressure at the entry and exit of the 

condenser. 
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1. Heat pump system 
2. Analogue digital converter (ADC) 

3. IEEE 488 interface 
4. Computer system 

3.1.2 : Experimental protocol system 
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The final task was to develop a data-acquisition programme to enable 

the computer to respond to the sensors via the IEEE interface (Appendix 

A-2). The outputs were also displayed on screen, and stored on floppy disc 

for data analysis. 

3.2: Air-water heat pump set up in laboratory 

A small laboratory air-water heat pump with heat output in the region 

of 1.2 kW comprises of four major components: a compressor, an evaporator, 

a condenser, and a thermostatic expansion valve (TEV). Other related 

components to the system were also connected, which will be described 

later in the chapter (Fig. 3.2.1). Basically the refrigerating cycle can 

be divided into two parts; the higher-pressure side (high temperature and 

heat rejection) which includes the condenser, and the lower-pressure side 

(low temperature and heat extraction) which includes the evaporator. These 

two lines are separated and controlled by an expansion valve (see 

Appendix A-1.2 for detailed equipment specifications). 

The heat can be pumped via the evaporating coil from a lower grade 

energy to a higher grade energy, so that its output becomes useful for 

heating purposes.The present experimental system is driven by a 

reciprocating compressor from a cold air heat source produced by a fan via 

evaporator, to a warmer water heat sink at the output of the water line in 

the condenser, (Fig. 3.2.2) using R12 as a working fluid. 

3.2.1: Danfoss SC10H compressor 

A compressor is a machine which is capable of increasing the pressure 

of the refrigerant gas by removing the vapour from evaporator so that 

discharge reed opens allowing the higher temperature and pressure gas to 

escape and enter the condenser whereby the condensation of vapour will 

produce usable heat. 

The reciprocating compressor is designed for smaller heat pump 

systems, mainly for heating water. It is a hermetic type where the single- 

phase ac-motor and compressor is hermetically sealed in one casing. The 

compressor is also provided with an oil-cooling system (in the oil sump). 

Fig.A-1.2.1 shows a Danfoss SC10H compressor, with the technical 

dimensions at different view given by the manufacturer. 

Fig.3.2.3 shows the compressor performance given by the 

manufacturer,[107]; at 0°C evaporating temperature and 45°C condensing 

temperature, where heat-output is 1120 W, and power consumption is 315 W, 

the coefficient of performance (COP) is claimed to be 3.55. 
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Fig.3.2.2: Schematic diagram showing cold air 
via heat pump system to warmer water 
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3.2.2: Thermostatic expansion valve (TEV) 

The TEV is a pressure reducing device which separates the high and 

low pressure side of the vapour compression circuit as shown in 

Fig.3.2.4(b).The two major functions are to reduce the liquid 

refrigerant pressure and temperature, and to regulate its flow to the 

compressor. Fig.3.2.4(a) is a schematic diagram of the TEV showing the 

four principal parts of the valve: 

a. A needle and a seat. 

b. A diaphram connected to the needle. 

c. A remote sensing bulb which is open to one side of the diaphram 

via a capillary tube. 

d. A spring which ole be adjusted by an adjustable-screw. 

The TEV used in the system is supplied by Danfoss [108] (see Fig.A- 

1.2.2 for the manufacturer’s specification). The operation is based on the 

interaction of the three forces (Fig.3.2.4(a)); evaporator-pressure 

(Pevap.), spring-pressure (Pspring), and the pressure exerted by the 

saturated liquid-vapour mixture in the sensing-bulb (Ppuib). The sensing- 

bulb is clamped to the suction line parallel to the refrigerant tube 

(outlet of the evaporator) which is responsive to the changes of the 

refrigerant vapour temperature. For practical purposes, this temperature 

is taken to be equal to the temperature of liquid-vapour mixture so that 

its pressure is always assumed to be the saturation pressure corresponding 

to the vapour temperature at the sensing-bulb contact. 

The saturation pressure which is exerted on the diaphram through the 

capillary tube tends to push downwards and cause the valve to move in the 

opening direction (Fig.3.2.4(a)) while the combination of evaporator- 

pressure and the spring-tension (hand adjustable) tends to push the 

diaphram upwards and cause the valve to move in the closing direction. The 

valve is said to be in the equilibrium position when 

Poulb = Pevap. + Pspring Eqn.3.1 

The position will be held until a change in the degree of suction 

superheat unbalances the forces and causes the valve to open or close. The 

suction superheat set by the manufacturer is 6°C (Appendix A-1.2). If 

the superheat is greater than 6°C, Pbulb > Pevap.+ Pspring, the valve is 

open, thereby increasing the liquid flow into the evaporator. On the other 

hand, if the superheat is less than 6°C, Phulb < Pevap-+ Pspring, the 
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valve is in the closing position, so throttling the liquid flow into the 

evaporator. This phenomenon will continue until the superheat is brought 

back to 6°C where the equilibrium position is attained. 

3.2.3: Heat exchanger 

The heat exchanger is an important device used in the heat pump 

system which acts as a medium of transferring heat. In the system, the 

heat exchanger is designed as a medium for heat to be collected from the 

outside cool air through an evaporator and also, as a medium for heat to 

be released to a higher grade energy in the condenser. Shah [92] has 

classified the design of heat exchangers according to transfer processes, 

surface compactness, construction features, flow arrangements, number of 

fluids, and heat transfer mechanism. In the present system, the focus is 

the heat pump condenser, where the behaviour of the fluid flows at given 

conditions is studied. The present evaporator was not the main interest of 

the research, but it was used as a medium, to collect cool air outside the 

systen. 

Evaporator 

The present evaporator was salvaged from an air-conditioning unit 

manufactured by Versa Temp Air-Water Heat Pump Company,[41] (see also 

Appendix A-1.2 for detailed geometrical specifications). 

A double centrifugal fan is used to circulate the air through the 

evaporator, which consists of wavy continuous fins with the tubes for 

freon flow in staggered positions, as shown in Fig.3.2.5 (see Photo 1 

and Photo 3). The heat from the cool air which is driven through the fan 

will be picked up causing the liquid freon in the evaporator to evaporate 

by absorbtion of latent heat of evaporation. The fan is fixed parallel to 

the front surface of the evaporator so that the constant air circulation 

rate could be channeled directly to the evaporator. The air-speed is 

controlled by a variable power supply (variac), fixed at the bottom of the 

Pigs 

Condenser 

Another type of heat exchanger present in the system is the 

condenser. It consists of two copper tubes, 15 meter long, with different 

diameters, brazed together side by side (see Appendix A-1.2 for the 

technical dimensions). The straight double tube is then bent through 

180degrees every half-meter, as shown in Fig.3.1.1 to make it 
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Photo 3: 

Photo 4: Photo showing the connection of sensors to 
analogue-digital converters   
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conveniently compact. 

Fig.3.3.1 shows the cross-section of the condenser with R12 flow in 

the refrigerant tube and water flows in the water tube in parallel but 

opposite flow direction. In simple terms, the condenser is to referred to 

as a double coupled counter-current flow condenser or DCCC. The DCCC was 

lagged with pipe lagging insulation of 1.5 cm internal diameter, and fully 

covered by vermiculite insulating material to minimize heat loss to the 

surroundings. An accumulator made of a 0.25m long copper tube with 0.025m 

diameter was soldered at a point, 12m away from the refrigerant entry on 

the refrigerant tube, and the next 3m of the refrigerant tube was again 

soldered to the water tube. The possibility of liquid refrigerant flow 

back to the compressor was eliminated by the accumulator. 

3.2.4: Miscellaneous refrigeration components 

Fan 

A double centrifugal fan with backward curved blades taken from the 

Versa Temp heat pump unit is fitted such that the outlet air is directly 

blown onto the front face of the evaporator. The fan ensures high 

operating efficiency by increasing the air circulation rate which is 

controlled by a variac. Fig.3.2.6 shows the layout of the fan attached 

to the evaporator. 

Refrigerant filter drier 

Moisture and contaminating particles that may enter during 

construction or during system operation can cause restriction of the 

liquid flow. A filter-drier was fitted in the refrigerant line just before 

the TEV. It consists of a very fine wire-gauzed filter to trap any 

contaminants, and silica gel as a drying agent in the form of small 

granules supplied by Danfoss (Fig.3.2.7). 

Water regulator 

The condenser water regulator is essential for varying the operating 

conditions. By turning the adjustable hand wheel in a clockwise direction, 

the water flowrate will be decreased causing the water outlet temperature 

to increase. The decrease in the water flowrate also increases the 

refrigerant condensing temperature and pressure (anticlockwise turning 

will reverse the condition). 
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Fig.3.2.8 shows a block diagram drawn not to scale of a typical 

Danfoss WVFX water regulator (see also Fig.A-1.2.3 for detailed internal 

instruction) which is fitted in the water line just before the water 

enters the condenser. A tube of inside diameter of 0.001m connects the 

valve to the discharge line outside the condenser. The discharge pressure 

could be maintained constant condition by varying water flowrate. The 

range of the working pressure and working flowrate in the experimental 

results is controlled by this unit. 

Sight glass 

A Danfoss sight glass was fitted in the liquid refrigerant line 

immediately after the filter drier to ensure complete condensation has 

occured before measuring the actual freon temperature and pressure. It 

consists of a brass body into which a glass window has been fitted at the 

centre,[109]. The system is said to be fully charged with freon when 

liquid freon is hardly seen through the glass window (only clear liquid 

could be seen). The presence of bubbles throttling rapidly in the glass 

indicates a shortage of freon in the system which may result in incomplete 

condensation. To ensure there is enough freon in the system, the sight 

glass should always be checked and refilling of freon must be done at 

once. 

Pressure system analyser 

A pressure system analyser which consists of the low-pressure scale 

and high-pressure scale is connected to the system. The main functions are 

to indicate whether there is sufficient freon in the system after each 

run, admitting freon into the system, and evacuation of the freon from the 

system by using a vacuum pump type BS 2400 (Appendix A-1.2). 

3.3 : Experimental condenser 

The main function of the condenser unit in the system is to remove 

heat from refrigerant. The refrigerant will change its state from vapour 

to liquid as it passes through the condenser. As the refrigerant enters 

the condenser (at discharge pressure), it consists of 100% vapour (the 

desuperheating region). In this case heat will be transferred to the 

cooler-surface area where the cooler water side of the DCCC will absorb 

heat from the refrigerant side, increasing the water temperature. 

The process will continue until the refrigerant temperature at 

discharge pressure is below the saturated vapour temperature. The partly 
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condensed vapour will form the mixture of liquid-vapour where the vapour 

fraction or quality (by its mass) will be reduced while the liquid 

fraction is increased. While vapour fraction is reducing from 1 to 0 the 

refrigerant is a two-phase fluid. The process will continue until complete 

condensation is attained, when all refrigerant vapour has changed its 

state to liquid (at x=0). The latent heat of vapourization at condensing 

temperature will be absorbed by the water side through the transferring 

area to cause water temperature higher than when it is in the single 

vapour region. 

The fully condensed refrigerant liquid will be further cooled down in 

the single-phase subcooling region exiting as a sub-cooled liquid at the 

entrance to subcooling region. The liquid refrigerant expands through the 

TEV back to the evaporator. 

To summarize, there are three distinct regions treated separately in 

the analysis: 

a. The single-phase desuperheating region (vapour). 

b. The two-phase condensing region (liquid-vapour mixture). 

c. The single-phase subcooling region(liquid). 

3.3.1: Layout of the condenser 

The present condenser was designed such that the 15 meter long tube 

can be seen as in Fig.3.1.1 where it occupies a small area. The whole 

unit is supported by a 0.3x0.3x1.0 meter wooden frame with face 6 facing 

outwards left openable for filling with vermiculite insulation materials, 

as shown in Fig.3.3.2. Fig.3.3.1 shows the cross-section of the DCCC 

in which the thermocouples for sensing refrigerant and water temperatures 

are fixed opposite to each other at the bend. Two different sizes of pipe 

diameter are used, the refrigerant tube being smaller in diameter. 

As mentioned, the bending and the soldering is done manually making 

it difficult to measure the pipe diameter accurately at the 180deg-bends, 

and the thickness of the soldering material used throughout the 15 meter 

long condenser. The pipe sizes given by the manufacturer were remeasured 

manually in order to suit the design of the condenser. 

Straight pipe diameter > Bending pipe diameter Eqn.3.2 

The above measurement was done at different points and an average value 

was considered in the analysis. 
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364: Computerized data acquisition system 

This section discusses how the information measured in the system is 

transferred to a mini computer via ADC and an IEEE interface. A BASIC 

program for data acquisition system was developed to store the data 

automatically on floppy disc and displayed it on the screen. 

A delay time between each Run is set to enable the equilibrium 

condition be achieved before storing information onto the disc. The 

computer also does all the necessary calculations and conversions. The 

computer programme which has been developed for data acquisition system 

can be subdivided as follows; single-channel reading, all-channel reading, 

averaging -channel reading, and conversion-channel reading. Fig.3.4.1 

shows a data acquisition system which enables the information be read and 

displayed on the screen. It comprises four major sections; sensors, 

analogue-digital converters, an IEEE interface, and a computer. 

Its flowchart diagrams are also discussed later in this section (see 

also Appendix A-2 for full data acquisition computer programme and 

related programme). 

3.4.1: Mini-computer 

For sampling and storing the information read or measured from the 

system, a BBC 64K mini computer with a double disc drive was used. The 

output was displayed on a monitor connected to it (see Appendix A-1.3). 

The unit is also used for experimental data analysis which is 

graphically displayed and printed by Epson LX-80 printer. The experimental 

data was used to compare with the model analysis and to use partly as 

input data to the model. For the model analysis, a BBC Master 128K 

supplied with a double disc drive, a hard-disc of 20 Mbytes, and a 32016 

second processor was used (see Appendix A-1.3 for details). 

3.4.2: IEEE 488 interface 

The IEEE (Instituate of Electrical and Electronic Engineers) 

interface was originally developed by Hewlett Packard in 19755 [ade Lt 

exchanges digital data in bit parallel, byte serial form between devices. 

It has the ability to send data (talker), receive data (listener) or both 

(talker-listener), and act as a controller. In the present system the IEEE 

interface acts both as a talker and listener. 

The information which has been signaled to the ADC is then listened 

to by the interface which then communicates with the computer. Three 
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analogue to digital converters are connected to the IEEE interface which 

is linked to the 1Mhz bus port of the computer. 

3.4.3: Analogue to digital converters 

The computer can only recognise the information sent by the system in 

digital form. So, all information is digitised by the ADC and communicated 

through the IEEE interface to the computer. Two types of device have been 

used; ADC version PCI 1001 and PCI 1002 (see Appendix A-1.3 for the 

specification). 

As mentioned earlier, there were 43 sensors in the system. 4 of them 

were not used in the measurement but they were still connected to the 

system. 

Three ADCs (2 of PCI 1001 and 1 of PCI 1002) supplied with 16 

channels in each unit were used, shown in Photo 4. Out of 48 channels, 3 

channels were unused. The sensors for measuring water and freon flowrate, 

air speed from the fan, and power from the Watt meter were also connected 

although they were not used in the data-analysis. 

PCI 1001 

Two ADCs of this type, as shown in Fig.3.4.1, were used to convert 

the analogue signals from the sensors. For sampling, a subroutine for the 

computer program was developed. The device number was selected in the 

range of 0 to 14 by means of 4 binary sequence dual in line switches, in 

this case numbers 9 and 10 were chosen as device numbers respectively for 

the units. 

For full scale voltage input, the output should read 400041 bits. 

These units were been calibrated at 4000 bits FSD (full scale display) 

where overange occurs at +4097 bits and underange occurs at -4097 bits. 

With all inputs short circuited the outputs should read 041 bit,[111]. It 

is important to note that every channel should be within its operating 

range, otherwise cross-talk across the channel may occur. The unused 

channels were left open circuit, when the output will read approximately 

zero. 

Each channel is provided with its own operational amplifier mounted 

inside the top cover with gain of 100 which is matched with 0.1% resistors 

accuracy. For full scale output, the input to the ADC section is 1.0 V so 

that the input to each channel must not exceed 10 mV dc. Some 

modifications in the gain of the unit were made to suit the individual 

signals from the sensors. 
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The modifications on device number 10 (SN17433) are as follows: 

a. Channel 0 to 3: The gain was changed to unity for the water and 

freon flowrate, air speed from the fan, and power from the Watt mater 

measurements. 

b. Channel 4 to 7: The gain was increased to 5 to suit the pressure 

transducer’s operating limit, where maximum output is 200 mV dc 

corresponding to pressure 14.0 bar (1480.4 kPa). 

c. Channel 8 to 15: These channels remain unchanged (as supplied by 

the manufacturer) supplied with the maximum input of 10 mV. For measuring 

temperature up to 210°C with the reference temperature of 0°C, these 

arrangements are suitable. 

The operational amplifiers on device 9 were unchanged since they were 

only used for measuring temperatures. Table 3.1 shows the connections of 

the sensors to the input of the ADC, and the connections of the sensors 

via IEEE interface and ADC to the computer for sampling are shown in 

Fig.3.4.2. 

PCI 1002 

No modifications were made since the unit was only used to measure 

temperatures. It was designed for thermocouple wire type-T for temperature 

range between -270°C and +212°C with input range internally set to 10 mV. 

The inputs were scanned, displaying the output in bits for channels 1 and 

2, and in temperature for channels 4 to 15, while channel 3 acts as a 

reference junction. 

The operation channel selection was as follow: 

a. Channel 0: Internally connected to a proportion of power supply 

voltage. Used to identify which range the unit has been set to, either 

approximately 400 bits for 100 mV or 1333 bits for 30 mV range or 4000 

bits for 10 mV range. 

b. Channel 1 and 2: Directly connected to the multiplexer with high 

level single ended input connections. The ranges are 10 mV, 30 mV or 100 

mV. 

c. Channel 3: Internally connected to the platinum resistance 

thermometer on the cold junction block. The cold junction temperature 

scaling is: 

0°c - 100°C = 0 - 4000 bits (10 mV range) 

0°c - 100°C = 0 - 1333 bits (30 mV range) 

0°c - 100°C = 0 - 400 bits (100 mV range) 

d. Channel 4 to 15: Connected via thermocouple material plugs and 

103



J
O
y
N
d
w
o
o
-
[
V
U
T
F
T
p
 

0} 
soVjssaqUT 

q
q
]
 

ue 

pue 
ogy 

ynduy 
veya 

BSuyz,oeuuo0o 
s
i
o
s
u
e
g
 

:7Z°P'E*BTy 

} 
G
O
T
A
S
p
 

B
u
r
s
u
s
s
 

OF 
 
 

Pp 

wo = 
~ 

ou 380TAa 

Z200T0d 

OL 
:0ou 

ao0TaAap 

TOOT 
Od 

s
n
q
 

Z
H
W
I
 

I
O
}
T
U
O
W
 

U
s
9
I
z
Z
 

: 
: 

J
a
y
n
d
u
o
o
-
T
e
y
t
s
z
t
p
 

O
d
d
 

 
 

 
 

snq 
ostp 

~ 

wo 

7 = w 
~ ie 

:0U 
V
O
T
A
Z
P
 

1T00TOd 

lac! av on 

@
A
T
I
p
 

O
S
T
p
 

 
 

104



sockets and cable to the cold junction block which is then fed to 

individual differential amplifiers of gain 100 and then to the 

multiplexer. 

PCI 1002 produces data which is linear with microvoits rather than 

linear with the temperature. Linearisation is simply carried out by a 

polynomial expansion of fourth order. 

T= z Ci Vi Eqn.3.3 

where T is temperature in °C, V is voltage in mV, and Ci is selected 

from the type of the thermocouple wire and the input voltage range as 

given by the supplier,[i112]. For practical purposes the conversion of 

reference bits in channel 3 to temperature, 10 mV input range was 

considered where it gives a maximum of 4000 bits corresponding to 100°C of 

the cold junction temperature, scaling has been approximated to 40 bits 

per °C. 

Tret = (Bitrer x 0.025) °C Eqn.3.4 

The reference temperature in PCI 1001 was taken to be 0°C (Tret = 0°C) 

since the cold junction was externally immersed in a flask of ice-water 

maintained at 0.0 4 0.1 °C. : 
A summary of the sensors’s arrangement connected to the ADC is given 

in Table 3.1 below: 

  

  

Model PCI 1002 1001 1001 
Serial No. 17369 18352 17433 
Device No. 8 9 10 

Items CH CN Items CH CN Items CH CN 
- 0 0CU- TR1 0 1 WF 0 40 
- 1 - TR2 1 2 FF 1 41 
- 2 ae TR3 2 3 AS 2 42 

IRJ 3 0 TR« 3 4 WM 3 43 
TWs 4-20 TRs 4 5 PT4 4 36 
TWs 5 2) TRe 5 6 PT2 5 37 
TWe 6. 22 TR7 6 7 PTs 6 38 
TW7 t 228 TRe 7 8 PT4 7 39 
TWe 8 24 TRe 8 9 = 8 - 
TWe 9 25 TRio 9 10 TW1 9 17 
TWio 10. .26 TRi4 10 UL TW2 10 18 
TWi4 11 27 TRi2 11 12 TWs3 11 19 
TWi2 12 3-25 TR13 12 13 TRi7 12 32 
TWi3 13. 29 TRi4 13 14 TRis 13 33 
TWi4 14°30 TRis 14 15 RT 14 34 
TWi5 15 oF TRie 15 16 TWie 15 35 
  

Table 3.1: Summary of sensors arrangement connected 

to analogue-digital converter 
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where Items: Thermocouple sensors or pressure transducers or flowrate 

sensors or optical sensors for air speed and Watt meter measurements. 

CH: Channel number in analogue digital converter. 

CN: Channel number for computer program and positioning of sensors 

in the system. 

TR & TW: Freon and water sensor for temperature measurements 

respectively. 

WF: Water flowrate sensor. 

FF: Freon flowrate sensor. 

AS: Optical sensor for air speed measurement. 

WM: Optical sensor for Watt meter measurement. 

PT: Pressure transducer for pressure measurement. 

IRJ: Internal reference junction in PCI 1002. 

RT: Sensor for measuring room temperature. 

Numbers: Positioning of the sensors as illustrated in Fig.3.1.1. 

3.4.4: Computer program 

A simple BASIC program was developed to link the information to be 

stored and displayed on the screen. The main program for data acquisition 

reads the appropriate channel number corresponding to the sensor in the 

system as shown in Fig.3.4.3 by using control statements to the 

device number and desired channel number. As it passes the channel, the 

light indicator will flash. 

The second part of the program is to display the output onto the 

screen. The program has the following objectives: 

a. Single and all channel readings: Mainly for testing the single 

channel reading and all channel reading so that any faults in the sensors 

could be easily detected and repaired or replaced. 

b. Averaging channel readings: Used for the purpose of temperature 

calibration by taking an average reading of 10 data sets. A complete set 

is the data from all channels from the beginning to the last channel. An 

average of 10 sets of readings are considered to make up one Run. It was 

found that the change in temperature during the readings was not 

significant. 

c. Converting channel readings: This program displayed the average 

output data by converting to their actual values, and stored them onto the 

disc for each Run. 

d. Miscellaneous programs: Included the program for pressure 

transducer calibration, graphical and pictorial representation of output 
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data, and thermodynamic properties of R12 in the single-phase (liquid and 

vapour) and two-phase (mixture of liquid-vapour). The selected programs 

are shown in Appendix A-2. . 

The most frequent program used in sampling data is the one which 

consists of graphical and pictorial representation, listed in Appendix A- 

2 of section A-2.2. For the experimental data analysis, a program has been 

developed to read stored data and to calculate refrigerant thermodynamic 

properties in liquid, vapour, and liquid-vapour mixture. All calculations 

are based on the effective values of the temperature and pressure at the 

exit and entry of the condenser, since the placing of sensors at these 

points are outside the actual condenser. Fig.3.4.3 shows the sampling 

procedure flowchart description comprises two type of outputs. 

a. Graphical output representing water and freon temperature profiles 

in the condenser included the flowrates as well as the discharge and 

suction pressure. 

b. Block diagram showing the basic heat pump system where the 

physical properties outside the condenser are displayed. 

In general, procedure statements (PROC) are used to avoid the 

confusion that may occur in between the line numbers since the programs 

are all written in BASIC. These statements are also much faster than Gosub 

or Goto. 

3.5: Transducers 

3.5.1: Introduction 

A total of 39 sensors was employed throughout the system, comprising 

35 thermocouples and 4 pressure transducers. In this section, the 

discussion will be mainly on the thermocouple sensors and pressure 

transducers. 

The sensors are fixed perpendicularly to the pipe line either using 

cross-fitting or tee-fitting or straight-fitting connections. The 

thermocouple components are shown in Photo 5 and 6 comprising twisted 

type-T thermocouple wire, tensioning PTFE, brass nut, PTFE ring, 

thermocouple tip, thermocouple well, insulating bush, and brass socket. 

Since two types of analogue to digital converter were used with the 

reference junction of type 1 externally connected (ice-water in a flask), 

while the reference junction of type 2 was internal, two types of 

connection to the junctions were necessary. The pressure transducer was a 

standard manufactured design, the output directly connected to the ADC 
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Photo 5: Thermocouple components 

Photo 6: Thermocouple, in connection from Photo 5   
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input. 

3.5.2: Transducer positioning in heat pump rig 

Fig.3.1.1 shows the arrangement of the thermocouple sensors and 

pressure transducers including flowrate sensors and optical sensors. The 

positioning is summarized in Table 3.2. 

  

  

Position Number of Arrangement Function to Labelling Remarks/Notes 

sensor peasure 

THERMOCOUPLE 

condenser 28 TR and TW are oppositely fixed temperature TRe-TRis = - 
in refrigerant and water line TW2-Ti1s 

respectively to each other with 
sensor cable facing outside 

just outside the 1 ‘directly opposite to PTs temperature TRie outlet R12 temperature 

condenser exit in R12 line 
outside the { fixed directly to water pipe line temperature Tis inlet H20 temperature 

condenser exit in water line 
just outside the 1 directly opposite to PTs temperature TR: inlet R12 temperature 

condenser entry in R12 line 

outside the { fixed directly to the pipe line © temperature Tis outlet H20 temperature 

condenser entry in water line 
between TEV and = 1 opposite to PTs temperature TRi7 inlet evaporator 

evaporator in R12 line temperature 

between evaporator! opposite to PTs temperature TRis outlet evaporator 

and compressor in R12 suction line temperature 

outside the heat 1 open place near the system temperature RT room temperature 

pump system 

PRESSURE TRANSDUCER 

just outside the 1 opposite to TRis pressure PTs liquid pressure or outlet 

condenser exit in R12 line condenser’s pressure 

just outside the 1 opposite to TR: pressure PT3 discharge pressure or inlet 

condenser entry in R12 line condenser’s pressure 

between TEV and 1 opposite to TRi7 pressure PT inlet evaporator pressure 

evaporator in R12 line 
between evaporator! opposite to TRis pressure PT suction pressure 

and coapressor in R12 suction line 
  

Table 3.2: Summary of sensors employed in the system 
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Three additional thermocouple sensors measured by a calibrated 

electronic thermometer which can be removed to desired spot were also 

connected outside the system. These sensors were introduced for the 

following reasons: 

1. To check the water temperature at three different places in a water 

tank (Fig.3.5.1(a)) during flowrate test-experiment and during the heat 

loss experiment by running water directly through the water line. 

2. To be immersed at three different depths in the vermiculite 

insulation of the system as shown in Fig.3.5.1(b). The temperatures at 

different levels were measured for the purpose of calculating the heat loss 

from the system, as well as to check that the temperatures measured during 

the experiment do not raise very high. 

3.5.3: Temperature measurements 

The measurements were made with thermocouples, where the measuring 

junction is designed to be immersed in the stream of the flowing fluid 

while the reference junction is immersed in a flask of ice-water mixture or 

alternatively uses the built-in internal of PCI 1002. The complete 

thermocouple sensor comprises thermocouple wire, thermal well and the 

sensing tip (see Photo 5 and Photo 6 for separate thermocouple 

components). Fig.3.5.2 shows the construction of a thermocouple using 

twisted type-T wire. 

Layout of the sensors into the stream o i 

The temperature sensors for both water and refrigerant were designed 

so that the tip of the thermowell, which is placed in a tight copper-bored 

well filled with heat sink compound for better heat transfer performance, 

was about 1 mm to 2 mm immersed in the stream of the moving fluid. 

Fig.3.5.3(a) shows the mounting system of the thermocouples in water and 

refrigerant lines. 

It is important to ensure the connection to the line is leak-tight so 

that no fluid can flow back or diffuse through the joint or within the 

layers. The design ensures that the sensors are thermally insulated from 

the pipe or compression fitting body; the main goal is contact of the 

thermowell with the flowing fluid. Following is a summary thermocouple 

construction (see also Fig.3.5.2 and Fig.3.5.3): 

a. Insulated copper and constantan cable with twisted-teflon 

insulating material at the outside. 

b. The second layer is covered by heat shrinkable sleeving material 
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(about 2.5 cm in length) up to the opening mouth of the thermowell. 

c. PTFE cylindrical shape tightly fitted to the brass nut which is 

internally covered by PTFE ring so that the sensor would stand up-right. A 

small amount of Araldite epoxy-resin was glued between the nut and the PTFE 

cylindrical shaped. 

d. The sensing well directly touches the tip of the copper-bored well 

by introducing heat sink compound in between the contact. It was then put 

into PTFE sleeve before putting into a brass fitting-socket which is then 

screwed by a brass fitting-nut. 

The reference junctions were directly connected to individual small 

holes of a brass block of dimension roughly 2x4x6 cm and secured by screws. 

The whole brass block was immersed in a flask of ice-water mixture covered 

with a round polystyrene-lid as shown in Fig.3.5.3(b). 

3.5.4: Pressure measurement 

The P102 solid state transducer is a standard pressure measuring 

device consist of an integrally machined, precipitation hardened stainless 

steel body and pressure sensing diaphram,[113]. In a full wheatstone bridge 

configuration the transducer translates pressure induced strain to an 

electrical signal which is directly proportional to the applied pressure. 

It is also claimed that the semiconductor strain gauge transducer operates 

at typically 1/2 to 1/3 of the normal operating stress of a conventional 

transducer with corresponding benefits in fatigue life, linearity and 

sensitivity. 

There were 4 pressure transducers fitted in the refrigerant circuit 

with PT1 and PT3 in the higher pressure side before and after the 

condenser. The other two, PTz and PT4 were in the lower pressure side, 

fixed before and after the evaporator as shown in Fig.3.1.1. They were 

directly connected to the refrigerant line by 6mm compression cross- 

fittings while the other end of the transducer was plugged-in to the 

respective channel input of the device number 10. The transducers were 

supplied with their own calibration data, some of them are listed in Table 

A-1.1. Fig.A-1.4.1 shows the external features and the dimensions of a 

P102 transducer. 

Pressure transducer mounting system 

All pressure transducers employed in the system are fitted opposite to 

the freon thermocouples in the refrigerant line. Fig.3.5.4 shows the 

pressure transducer mounting system, comprising three main sections (see 
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also Photo 7 and Photo 8): 

a. The transducer body is fitted with a schrader valve. The other end 

is connected to a PTFE insulating connector. 

b. The small hollow PTFE thermally insulating connector was designed 

to fit both the transducer input and the refrigerant line’s brass socket. 

The length of the connector is roughly between 4 to 5 cm. 

c. The final section was to fit the other end of the connector to the 

standard compression fitting. 

The measured pressure is assumed to be at the same point as the 

measured temperature of a particular position in the refrigerant line. 

3.5.5: Flow measurement 

Turbine type flowmeters both for measuring water and freon flowrate 

were originally introduced in the system but proved to be unreliable and 

difficult to calibrate. A set of experiments was carried out by circulating 

water in the water pipeline at slow, moderate and fast rates. In this test, 

the water regulator was temporarily bypassed by a short thick rubber hose. 

The test was continuously carried out for 50 to 60 minutes before recording 

the steady-state flowrate for 5 minutes on the monitor. The output 

variation of bits and the number of counts within the period of time was 

printed in Fig.3.5.5(a and b). 

The same procedure was also carried out for testing the freon 

flowmeter where water was kept circulating in the refrigerant line. The 

electrical signals from the meter were converted to pulses in the 

frequency-voltage converter which were then digitised by the ADC. The 

output was displayed on the screen and on a D54 oscilloscope. It was found 

that; 

a. Water flowmeter (channel 40): At constant water rate the readings 

for 1876 counts are between 614-673 bits which is roughly +29 bits 

deviation from the averaged value. 

b. Freon flowmeter (channel 41): At constant water rate the readings 

vary from 1067-1097 bits in 1838 counts which gives 415 bits deviation from 

the averaged value. 

Finally, it was decided to measure the water flowrate manually during 

the Run by recording the time, volume and mass of water for each Run. The 

freon flowrate is then calculated from the condenser energy balance 

equation. 

3.5.6: Air speed and power measurement 
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The air speed test-experiment was controlled by a variac. One side of 

a fan blade was marked in black and the optical device (reflective opto 

switch,[114]) was directly clamped so that the reflective surface faced the 

marked point during rotation. The output of the optical sensor was 

connected to a frequency-voltage converter so that the signals could be 

converted to pulses before being fed to an ADC. 

The test was carried out at different circulating rates for about 5 

minutes. An example of the test is shown in Fig.3.5.5(c), where at the 

constant air flowrate the bits fluctuated from 734-808 bits in 1864 counts 

(+37 bits away from the average value). 

It was decided that the measurement of air flowrate and electrical 

power would not be included. To this stage, the test for electrical power 

measurement was not carried out. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE AND DATA ANALYSIS 

4.1: Introduction 

The main objective of the experimental runs was to obtain sets of 

data over a wide range of operating conditions to compare with the 

predictions from the theoretical model. It should be noted that the 

purpose of this project was to study the heat pump condenser rather than 

the performance of the heat pump. In this chapter, the methodology 

employed to acquire data will be outlined. 

The following definitions will be used thoroughout this thesis: 

Set of readings: One complete reading consists of 43 pieces of 

data taken at a particular operating condition. 

Set of data: The average of 10 sets of readings of data 

(temperature, pressure and etc.) at a operating condition. 

Time interval: A time delay of 30 minutes between each Run. 

Run: An experiment during which a set of data is taken. 

Duplicated run: A duplicated Run at approximately the same 

operating condition. 

Single channel reading: A continuous reading taken from a 

selected channel number at particular operating condition. 

All channel reading: A continuous set of readings. 

Working pressure: Discharge pressure or the freon pressure at the 

condenser entry. 

The experiment was done by varying the water regulator and the air 

circulation rate through the heat pump evaporator so that the working 

pressure could be varied from 7.6-12.3 bar. These variations would also 

effect the water and the freon flowrate, condensing temperature, inlet 

freon temperature, outlet water temperature and other related 

temperature profiles in the condenser. Duplicated runs were also done by 

repeating the operational conditions as close as possible. 

The heat pump operating modes will be discussed. The step of the 

experimental procedure leading to the storing of data from each Run will 

also be discussed. Over 100 Runs have been recorded, only some of which 

will be shown and analysed in this thesis. The Runs were selected to 

cover the working pressure range. 
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4.1.1: Experimental working modes 

Three possible working modes are summarized in Table 4.1. 

  

Mode Function 

1 a. Viability test for the heat pump components and 
the sensors employed in the system. 

b. Rig test at small, moderate and full charge of freon. 
c. Sensors calibrating experiments. 
d. Heat loss experiment. 

2 Heat pump experimental—Runs with variation of operating 
conditions. 
a. Increase or decrease of the discharge pressure with 

fixed water flowrate. 
b. Variation of the water flowrate at fixed pressure. 

3 Duplicated Runs of mode 2 (above) with about the same 
operating conditions. 
  

Table 4.1: Summary of working modes 

In mode 1, a considerable time was spent to make sure all heat pump 

components and the sensors were satisfactory. Other important tests were 

testing the freon line and checking for contamination before any 

experimental runs could be carried out. The heat pump system was 

initially evacuated by a vacuum pump before any calibration and heat 

loss experiments could be done. 

The duplicated Runs were organised in two ways: 

1. The duplications were made immediately after each Run in mode 

2 on the same day. 

2. Close adjustment of operating conditions so that operating 

conditions in mode 2 could be repeated approximately as in mode 3 

experiment on a different day. 

4.1.2: Heat pump operational ranges 

The operating conditions were purely pressure dependent, the 

pressure control device being varied to suit the working pressure range 

given by the manufacturer. At the same time, the effect of pressure 

variations will also alter the water flowrate. The amount of heat being 

transferred in the evaporator could be varied by slowing down or 

speeding up the air circulation rate. The slower the rate, the colder 

the air output, causing the possibility of frost formation. To avoid 

these situations, the air speed was fixed at a suitable rate by varying 

the fan speed. 
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To summarize, the following factors had a great influence on the 

experimental operating conditions: 

1. Variation of pressure-controlled water valve. 

2. The control of water flow in the system. 

3. The control of air circulation rate. 

The majority of the output Runs analysed were taken in 1987. Table 

4.2 is a summary to show the number of experiments, with operating 

conditions done during the course. 

  

Date of Number Delaying time Range of working Room Range of working Range of water Resarks 

experiment of Runs between each pressure temperature temperature (°C) flowrate (9/s) 

  

Run (minute) bar (°C) TRin TWie 

02-12-1986 = 38 10 1,62-14.63 = 20.7-21.5 §9.9-83.8  - 1.91-16.10  Test-experinent for 

; sensor podification 

13-65-1987 14 20 7, 85-10.87 19.4-20.2  60.2-75.1 13.2-14.9 9.94-10.64 — Test-experinent for 

seasor calibration 

18-05-1987 14 30 1.66-11.45  18.5-20.8 © 61.2-75.9  13.5-15.5 6.72-17.48 Using polystyrene 

insalating materials 

08-06-1987 10 30 T.97- 9.09 = -19.6-20.2  62.7-69.4  15.7-17.2 12.97-19.76 Using vermiculite 

insulating materials 

09-06-1987 14 40 9.22-11.08 19.8-20.5 69.9-77.6 16.8-17.6 8.15-11.64 Continued from 

08-06-1987 

07-07-1987 12 30 1,58- 9.23 = .24.4-24.7 — 66.5-73.6 © 19.2-20.2 13.74-32.86 —- 

13-07-1987 = 14 30 8.05-11.49 © -23.8-26.2 «= 8.1-17.3  19.0-21.4.10.68-19.28  - 

14-07-1987 14 30 We3T=12014 2a S-20c1 = 1 0.8-18.2. 18.-21.7  9.47-12.52 =; 

06-01-1988 10 30 9.98-12.32 = 20.0-20.3 12.8-81.7  14.1-18.8 7.50-11.13 9 - 

Table 4.2: Experimental runs and their operating 

conditions taken during the course 

Over 100 Runs were recorded during the course of the research, with 

the first set of Runs dated 02-12-1986 being done for checking and testing 

the heat pump components and the sensors. It took almost six months to 

reconstruct, recalibrate and repair the thermocouples and the pressure 

transducers. The second part of the table shows the actual Runs using two 

types of insulating materials used to minimise heat loss from the 
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condenser. Vermiculite was used in the latest experiments. 

To generalise, the following table shows the overall operating ranges 

adapted from Table 4.2. 

  

  

Working pressure Working temperature Range of water RT 
(bar) (°C) flowrate (g/s) (°C) 

TRin TWin 

7.58-12.32 60.2-81.7 13.2-21.7 6.72-32.86 18.5-26.2 
  

Table 4.3: Overall operating mode summarized from Table 4.2 

To acquire data, the heat pump operation was controlled in two ways with 

fixed air flow (see Fig.4.1.1). 

a. The discharge pressure-controlled water valve was fixed at a 

certain level; the data were recorded for approximately the same levels of 

discharge pressure by repeating the same conditions. 

b. On the other hand, the pressure-controlled water valve was slowly 

varied for different levels of discharge pressure. 

4.2: Transducer calibration 

It is very important to make sure that all the sensors are in good 

condition. All ADC channels were checked one at a time by shorting the 

input connector while other channels remain connected. The average zero 

reading was recorded to be 0+#2 bits. 

Three types of calibrating-experiments were carried out, depending on 

the type of sensors to be calibrated. 

a. Thermocouple calibration to convert ADC bits to temperature in 

SCs 

b. Pressure transducer calibration to convert ADC bits to absolute 

pressure in bar. 

c. Flowrate measurement by conventional method to calculate water 

mass flowrate in g/s. In this case, the water flowrate was separately 

measured in each Run. 

These basic primary parameters would be used to calculate the 

following secondary parameters introduced in the model. 

1. Freon flowrate, total thermal power in each Run, condenser energy 

balance and the effective value of the inlet and outlet pressure and 

temperature, to be introduced as input data in analysing each Run. 

2.(a) Thermodynamic properties of R12 and water at given pressure and 

temperature. 

(b) Other physical properties of the fluid such as heat transfer 
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coefficients, pressure at the test-stations etc. 

4.2.1: Test experiments 

Over 50 sets of thermocouple test-experiments were carried out to make 

sure the readings were within the acceptable range. The tests were done in 

three different experimental procedures. 

Water tank-experiment 

The water was circulated through the water pipeline of the system to 

maintain a uniform temperature distribution (see also Fig.3.5.1(a)). All 

the 35 measuring junctions were three-quarters immersed in the tank. The 

brass block holding the cold junctions was immersed in a flask of ice-water 

mixture. The measuring junctions were separately fitted into the 

cylindrical-shaped holes of the size of the thermowell’s outer diameter. 

Fig.4.2.1 shows the measuring junctions being fitted to a block of 

insulating PTFE constructed with small holes. This experiment was useful 

for checking the performance of the thermocouples. The water temperature in 

the tank could be increased by an electrical immersion heater. For the 

thermocouple calibrating-experiment this arrangement is not suitable 

because it takes a longer time to heat the water in the tank evenly, if the 

variation of the temperatures is from 0°C to 100°C. 

Flask of water-experiment 

A PTFE block carrying the measuring junctions was immersed into a 

flask of water covered with a polystyrene lid with the cold junctions 

maintained at 0°C. The water temperature could be easily increased by 

pouring hot water at desired temperature.This method was frequently 

employed in the thermocouples calibrating-experiment; the temperature drop 

over 5 to 7 minutes was small. 

est-point e iment 

The water was continuously circulated from the mains through the water 

pipeline of the system (there was no water or freon flow in the refrigerant 

line at this time) with the thermocouples fixed individually at their 

respective test-points. In the test, the temperature recorded in the 

refrigerant line should be expected to be slightly higher than the 

temperature in the water line. The output from each thermocouple was 

recorded; each Run taking roughly one minute. 

Fig.4.2.2 and Fig.4.2.3 shows some of the outputs recorded from 
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the test-point experiment at constant water flowrate (see also Fig.3.4.3 

in chapter 3). In this experiment, the sensors were placed roughly at one 

meter apart. It is easier to check the drop in the bits when comparing the 

bits drop in the first two experiments mentioned above, where the measured 

junctions were all in one block. From this test, the following conclusions 

could be drawn. 

1. Fig.4.2.2 (typical results for the freon line): The ADC readings 

were found to be within #0.5% of the average value. 

2. Fig.4.2.3 (typical results for the water line): The readings in 

the water line were also found to be within +0.5% of the average value. 

4.2.2: Thermocouple calibration 

Since temperature is a dominant parameter in the research, careful 

calibration is essential to ensure that the correct fluid temperatures are 

measured. The temperature of water (water is used as a calibrating fluid) 

in the region of the PTFE block is assumed to be the same as the 

temperature of the junctions. The experiments were carried out many times. 

Only that done on the 28-04-1987 is shown and discussed. The calibrating 

coefficients for each thermocouple were treated separately and 

automatically stored onto floppy disc for later use. The calibrating 

temperatures ranged from 0°C to 90°C. 

Experiment rocedure 

35 measuring junctions were fitted into respective hollow 

cylindrical-shaped holes of a rectangular-shaped PTFE block with about 

1.0mm of the thermowell tip left outside the hole as illustrated in 

Fig.4.2.1. The PTFE block was then immersed to three-quarter depth in a 

flask of water. The water temperature in the flask was kept constant during 

the Run by steady stirring. A standard thermometer with an accuracy of 

0.1°C ranged from -5°C to 105°C was employed to check the temperature. The 

bottom part of the thermometer was placed approximately at the same level 

as the PTFE block. The vacuum flask was covered with the polystyrene lid to 

minimise the heat lost from the flask. 11 Runs were conducted in the range 

of 0°C to 90°C with about 30-45 minutes interval between each Run. The 

measurements were recorded at each constant temperature and automatically 

stored. 

The cold junctions which were fitted into a brass block (see also 

Fig.3.5.3(b)) were immersed in a vacuum flask of ice-water mixture 

(covered with the polystyrene lid) maintained at 0.020.1°C. For CN=20 to 
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CN=31, the internal reference junction in device 8 was directly used. 

During the Run and the interval, the temperature at the reference point was 

continuously checked. The outputs were only recorded when temperatures in 

both flasks were steady. 

Qutput results 

Two types of output which had been recorded depending on the reference 

point are tabulated in Table 4.4 and Table 4.5. The complete readings 

for each channel at different temperature are shown in Table A-1.2. 

1.External reference junction (PCI 1001) 

  

  

Measured Range of bits recorded from respective channel; 
temperature CN=1 to CN=19 and CN=32 to CN=33 in bits 

(°C) bitain biteax 

0.0 -8 7 
9.0 130 145 

20.7 312 327 
31.4 487 504 
39.5 622 641 
44.8 709 728 
52.3 835 857 
62.1 1000 1022 
69.5 1131 1156 
76.4 1252 1274 
90.7 1512 1540 
  

Table 4.4: The temperature-bits calibration from PCI 1001 

The bits recorded in each channel at a particular measured temperature 

were different from each other. The minimum reading was found in CN=13, 

while the maximum was in CN=2. The differences in the readings would not 

affect measurements because each channel had its own calibrating 

coefficients. The bits versus temperature is shown in Fig.4.2.4(a). 

2. Internal reference junction (PCI 1002) 

The reference bits were also recorded in each Run, which when 

multiplied by a factor of 0.025 (Eqn.3.3) yields the reference 

temperature in a particular Run where Trer*0. The difference between the 

measured and reference temperature represents the actual fluid temperature, 

measured at that point. 

AT = (Taeasured — Tret) Eqn.4.1 
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Table 4.5 shows the temperature-bits relations for CN=20 to CN=31 for the 

water temperature sensors, after multiplying the reference bit by a factor 

of 0.025 in the range of -32.4°C to 58.5°C (or 0.0°C to 90.7°C if reference 

temperature is zero). In the case of PCI 1001, Tret is zero. The range is 

suitable for water temperatures between 10°C to 55°C. 

  

Measured Reference Bits from Range of bits taken from 
temperature temperature channel 3 respective channel; CN=20 to 

  

TW4-TWi5 Tref bitrer CN=31 in bits 
(°C) (°C) bitain bitmax 

0.0 32 4 1294 -503 -481 
9.0 32.4 1294 -363 -342 

20:7 32.4 1294 -179 -159 
3154 32.3 1293 -3 16 
39.5 S23 1292 134 156 
44.8 32:3 1291 222 241 
52.3 322 1289 351 370 
62:1 32:4 1284 519 §37 
69.5 32:52 1288 652 674 
76.4 32.2 1289 772 788 
90.7 32.2 1289 1038 1055 
  

Table 4.5: The temperature-bits calibration from PCI 1002 

Similarly, the minimum and the maximum readings occured in CN=21 and CN=25 

respectively. The temperature-bits calibration is shown in Fig.4.2.4(b). 

The basic relationship between the bits and the temperatures could be 

written as 

n 

bits = - ai ATi Eqn.4.2 

where n and i=0,1,2, 3,4,.... 

For simplicity, a polynomial of the second order was considered to evaluate 

the coefficients. A least squares curve-fitting program was used to 

calculate the calibration coefficients ao,a1 and az. Table A-1.3 shows 

individual coefficients for CN=1 to CN=35 saved under "Ca28487". These had 

been tested and will be used for the bit-temperature conversions. 

Coefficient a1 could be assumed to be equivalent to the slope of a 

straight line equation if az is considered to be very small compared to 

a and ai. Table 4.6 is the analysis of coefficient ai taken from 

each device. 
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Device Coefficients Average value 

  

number Q1,min Al max 

8 16.450 16.483 16.466 + 0.016 (+ 0.1%) 
9 15.057 15.358 15.208 + 0.150 (* 1.0%) 

10 15.209 15.351 15.280 + 0.071 (+ 0.5%) 
  

Table 4.6: Analysis of ai taken from each device 

The solution of Eqn.4.2 up to the second order yields 

  

AT 2 -aj+ vai? 7 4a2 (ao ae bits) 

2(ao - bits) Eqn.4.3 

with AT = (Tmeasured - Tref), 

where Tref = | 0 for CN=1 to CN=19 and CN=32 to CN=35 

bitrer x 0.025 for CN=20 to CN=35 

and bitreft is an internal reference point read from channel 3 of PCI 1002 

at the beginning of each Run. Since the thermocouples were individually 

calibrated, Table 4.7 ((a)and (b)) shows a comparison between the 

measured temperatures (taken to be the same during calibration) with the 

calculated temperatures using Eqn.4.3. Fig.4.2.4(c) and Fig.4.2.4(d) 

show the calibration curve drawn for CN=1 to CN=19 and CN=32 to CN=35, and 

CN=20 to CN=31 respectively. These figures illustrate the minimum and 

maximum values of calculated temperatures taken from Table 4.7(a) and 

Table 4.7(b). 

Over 50 test-experiments for the temperatures were conducted by 

running water in the water pipeline while the freon pipeline was left 

empty. Each of the experiments took between 30 minutes and 120 minutes, 

each point representing an average of 10 readings. The bit-tempereature 

conversions were calculated using the coefficients just discussed. 

Fig.4.2.5 shows some of the examples taken for CN=1 to CN=32. For 

simplicity, the outputs recorded in the final minute of the Run are 

summarized in Table 4.8. 

  

  

Figure 4.2.5 Temperature in °C Duration of Run 
Trin Tmax Taverage (minutes) 

a 20.4 20.7 20.5 = 0.9 35 
b 42.1 42.3 42.2 2 0.1 60 
c 63.6 63.7 63.6 + 0.1 120 
  

Table 4.8: The output temperatures summarized from Fig.4.2.5 
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Fig.4.2.4(c): Calibration curve for temperature (CN=1 

to CN=19 and CN=32 to CN=35 - PCI 1001) 
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4.2.3: Pressure transducer calibration 

The four pressure transducers attached to the heat pump system were 

temporarily removed for calibration. The transducers were calibrated 

separately. A straight line fitting program to analyse the calibrating 

outputs was developed. Several experiments were carried out to make sure 

the readings were consistent. The following discussions are based on the 

experiment done on 28-04-1987. 

Calibrating setting-up 

Fig.4.2.6 shows the procedure for transducer calibration. The 

transducers were connected to a rectangular metal base joined to a pressure 

calibrator device (Budenberg SN:7607/279). Oil was poured into the 

calibrator until it could be seen in the thick rubber tube which was then 

connected to the transducers. In this experiment, it was important to 

ensure there was no oil leaking from either the pump or the transducers. 

The dead-weight, equivalent to a pressure of 1 bar to 14 bar in steps 

of 1, was placed on the pump turntable, the computer recording the pressure 

readings in bits. The four transducers were calibrated simultaneuosly. An 

average of 20 readings was recorded by rotating the turntable slowly just 

before the experiment began to avoid any kind of frictional resistance that 

might be added to the measured pressure during calibration. 

e tput 

A linear relationship between the bits and the pressures was 

considered in this case, 

P = ao + a1.bits Eqn. 4.4 

where P is the pressure in bar, a and ai are the constants to be 

determined. The summary of the coefficients computed from Eqn.4.4 for 

CN=36 to CN=39 is shown in Table A-1.3. 

The measured pressure and the calculated pressure was then compared 

and illustrated in Fig.4.2.7 (a) and Fig.4.2.7(b) taken from Table 4.9. 
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Measured Calculated pressure from equation 4.4 
pressure PT1 (CN=36) PT2 (CN=37) PTs (CN=38) PT4 (CN=39) 
(bar) bits bar bits bar bits bar bits bar 
  

635 0.9975 447 1.0011 327 0.9989 771 1.0000 
977 2.0002 789 1.9987 670 1.9990 1164 2.0002 

1318 2.9999 1132 2.9993 1013 2.9992 1457 3.0001 
1659 3.9996 1475 3.9998 1356 3.9993 1800 3.9999 
2001 5.0022 1818 5.0003 1700 5.0023 2143 5.0003 
2342 6.0019 2161 6.0008 2043 6.0024 2486 6.0007 
2683 7.0016 2504 7.0014 2386 7.0025 2829 7.0011 
3024 8.0013 2846 7.9990 2728 7.9997 3172 8.0001 
3364 8.9981 3185 8.9995 3021 8.9998 3575 9.0003 
3705 9.9978 3532 10.0000 3413 9.9970 3858 16.0000 O

O
O
N
O
O
A
R
W
D
H
 

ss
 

  

Table 4.9: Measured and calculated pressure compared 

These coefficients were added to Ca280487 for CN=36 to CN=39 and were used 

in the bits-pressure conversion. 

4.2.4: Error in measurements 

The differences between the actual value of the parameters measured at 

the particular position, the value computed from the calibration 

coefficients and the bits reading from ADC are the basic errors occuring in 

the measurements. 

There are two main sources of error encountered in this abauurcuene. 

Firstly, calibrating error due to human error in reading from the 

conventional device or in the calibration device itself in registering of 

measured parameters. Secondly, the digitizing error that may occur during 

the analog-digital conversion. 

Calibrati error in measurement 

1. Thermocouples 

The thermometer used to measure temperature in the thermocouples 

calibration was capable of measuring to an accuaracy of 0.1°C. It is quite 

difficult to visualize exactly between the steps marked on the thermometer 

glass, that would bring to a maximum of +0.2°C error in the measurement. 

These errors would be obtained in measuring the temperature both at the 

measured point and at the cold point. 

The other error that may appear could be from the thermocouples 

themselves. The errors may include the following: 
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a. The presence of the sensor itself may alter the temperature field 

at that particular location; we shall call this an installation error. 

b. Any heat being transferred from (or to) the sensing element to 

(or from) either the body or the fluid may cause the temperature at the 

sensing element to be slightly different from the temperature of the body 

or the fluid at that location. There is a small temperature drop between 

them which results in error. 

c. The depth of immersion of the sensing element into the stream of 

the fluid for each thermocouple may not be the same. This could cause the 

point in the fluid at which sensings were made to be different. 

d. The distribution of the temperature in the sensing element and in 

the fluid at that region may not be the same. 

Tsensing element * Trluid Eqn.4.5 

e. The properties of the insulation used in the system. 

It is difficult to estimate numerically this factor. In this work 

these errors were assumed to be small compared to the errors caused by the 

thermometer’s reading, and hence it was neglected. 

2. Pressure transducer 

The pressure calibration device has a claimed accuracy of +0.05% of 

the pressure being measured. At the higher pressure range encountered (=~16 

bar-Absolute) this would correspond to an uncertainity error of +0.008 bar, 

and at the lower pressure 3 bar-Absolute) to an uncertainity error of 

+0.0015 bar. 

The uncertainty varies depending on the pressure being measured, but 

for simplicity, an average error of +0.0048 bar was considered in any range 

of pressure measurements. 

3. Digitizing error during analog-digital conversion 

The ADC employed in the system is a 12-bit device with the full scale 

input voltage from -1V to +1V, represented digit by bits from -4096 bits to 

+4096 bits. At 0°C cold junction, the thermocouple generates 46pV/°C at 

100°C (mentioned in chapter 3). Table 4.10 illustrates the digitizing 

errors occuring in the measurement of temperatures. 
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ADC Sensor Sensitivity Digitizing error 
  

Differential- Thermocouple 19.0 bits/°C 0.05 °C/bit 
input 
Channel 3 of Internal 40.0 bits/°Cc 0.025 °C/bit 
PCI 1002 cold junction 
(differential- 
input) 
Differential- Pressure 290 bits/bar 0.0034 bar/bit 
input transducer 
  

Table 4.10:Thermocouple and pressure transducer 
digitizing error 

These errors may regarded as very small and negligible compared to the 

thermometer reading error of +0.2°C. It was estimated that the total error 

in temperature measurement was +0.2°C. 

The total parameter error in the measurement of pressure was the sum 

of an average pressure calibrating device error and the pressure digitizing 

error which yields 40.0082 bar. 

4.3: Heat pump in operation 

Before conducting an experimental run, the following steps were taken. 

Firstly, the freon line was evacuated using a rotary vacuum pump 

before filling the refrigerant line of the system with freon. The system 

was kept running during the filling process. The system is fully charged 

when clear liquid could be seen to occupy the whole area of the sight glass 

window. A data acquisition program was set to display the output. 

Secondly, The pressure-controlled device was fixed at the lowest 

marked level with the water flow rotameter fixed so that the float was 

constantly floating. The cold junction was checked to be at about 0°C, 

while the system was allowed to run continuously for at least 2 hours until 

it reached a steady-state condition before data could be taken into 

consideration. The profiles of the test-point temperatures as a function of 

time revealed the period of time necessary to reach steady state. 

4.3.1: Mode 2 and mode 3 experiment 

In mode 2, data was taken every 30 minutes. Water mass flowrate was 

measured manually over the duration of data acquisition period (see also 

Fig.3.1.1 and Fig.3.2.1). The discharge pressure was slowly increased 

at the end of each Run. About 60 seconds was needed to read one complete 

Run. At the end of each Run, the following steps were carried out. 

a. The pressure was increased. 
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b. The freon level was checked. The freon should be topped up at 

once and a steady-state condition attained before recording any 

experimental output if there is lack of freon. 

c. To check the temperature at the external cold junction is 0°C. 

d. To measure manually the outlet water temperature at the sink. 

e. To measure the mass, volume and the time of water being collected 

during data acquisition period. 

f. Inserting of item 4 and 5 (above) to the computer, whereby the 

average value of bits, water mass flowrate and the water volumetric 

flowrate would be computed. The flowrate was assumed to be constant in each 

Run. 

The apparatus for measuring flowrate was cleaned and dried during each 

interval. The empty measuring cylinder was then reweighed for the next Run. 

Usually, it took at least 9 hours to acquire 14 Runs. The pressure was 

slowly decreased at the end of each Run with the water flow rotameter 

fixed. The rest of the procedure was exactly the same as above. 

In mode 3, the same procedure was employed except the pressure- 

controlled device and the water flowrate was set to be approximately the 

same as experiments in mode 2. 

4.3.2: Measurement of water flowrate 

The outlet water at the sink was collected in a one-litre measuring 

cylinder marked in the steps of 10 cc. The time for water to be collected 

during data acquisition period was also measured by a stop watch marked in 

the steps of 0.2 second. A triple beam balance with a marked scale of 0.1 g 

was introduced to weigh the mass of water. The complete method to measure 

condenser water flowrate is shown below. 

Time taken to collect water = t s (+0.2s) 

The weight of empty container = Wo g (+#0.1g) 

Worwr g (40.1g) 

Wo+wr-Wo g (40.18) 

The weight of empty container + water 

The weight of water only, Ww 

The volume of water = Vwr ce (+10cc) 

The water mass flowrate, mw = Wwr/t g/s 

= (Woewr-Wo) g/8 

t Eqn.4.6 

(Vwr/t) cc/s Eqn.4.7 The water volumetric flowrate, Wr 
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Error in the measurement 

The chief source of error encountered was the measurement due to human 

error in reading. The other possible technical errors, difficult to 

quantify numerically, were as follows. 

a. The time set by the computer at the beginning and end of the 

water collection did not occur exactly at the same time with the time 

measured by the stop-watch. 

b. There was a possibility of water sticking around and wetting the 

wall of the cylinder. 

c. The possibility of the weighing machine and the cylinder not 

being really clean and dry could result in a small extra weight being 

added, since the machine can measure to an accuracy of +0.1g. 

The possible maximum error Amw solved by Eqn.4.6 could be analysed 

by taking partial derivatives of mw with respect to each dimension yields 

| ain = itw(AWwer/Wwr - At/t) Eqn. 4.8 

where AWw and At are the uncertainty errors revealed in Ww and t 

respectively. Inserting the typical values, 

Wwr = 1978.2 g AWvr = + 0.1 g 

Gs DIG Ss At. s=) 20.2.8 

mW = » 32.06 ¢/s Amw = 22.¢/s 

yields a fractional error of water mass flowrate of 0.10824 g/s which is 

0.33% of the typical value. 

4.4: Software for data acquisition program 

The same program described in section 3.4.4 was used for all Runs 

except that for experimental data analysis. Because of the quasi-static 

nature of the experimental run, it was essential to time-average the data 

for each Run. To acquire one Run, the readings from the thermocouples and 

the pressure transducers were read sequentially and an average of 10 sets 

of readings were taken to be the final reading. 

The time for acquiring data and the quantity of water being collected 

at the sink during data acquisition period was recorded for water flowrate 

calculation. The time taken to complete one Run was approximately 60 

seconds. 
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4.4.1: Input statements 

The date on which the experiment was carried out was automatically 

used as a filename. The maximum number of sampling in the Run in one 

experiment was also included as an input statement. The allocation of time 

was primarily considered to ensure that the Runs should be completed for 

the day. As an example, at least 10 hours were needed to acquire 14 Runs. 

At the end of each Run, the necessary parameters for calculating 

condenser water flowrate were also inserted. 

4.4.2: Reading and average of bits 

The sequence of channels being read shown in Fig.4.4.1 could be 

summarized starting from the top to the bottom illustrated in Table 4.11. 

  

  

CN Device number Items to be read 

0 8 Reference bit 
1-16 9 Temperatures of freon in condenser 

17-19 10 Temperatures of water in condenser 
20-31 8 Temperatures of water in condenser 
32-33 10 Freon’s temperatures outside condenser 

34 10 Room temperature, RT 
35 10 Water inlet temperature 

36-39 10 Pressure 

41-43 10 Water and freon flowrate, air speed 
and Watt meter respectively 
  

Table 4.11: Reading of bits in order 

For information, the whole set of the freon and the water temperatures at 

the test-points were read sequentially. An average of 10 sets of readings 

(one Run) was computed at the end of the tenth set of readings. 

4.4.3: Output results 

The bits and the bit-parameter conversions were all automatically 

stored for analysis. The measured water flowrate was also saved by adding 

channel numbers from CN=44 to CN=46, where 

CN=44; Water volumetric flowrate 

CN=45: Water mass flowrate 

CN=46: Water outlet temperature, TWe,exit 

TWe,exit was included to compare with the outlet water temperature at the 

condenser, TWisé where TWis should be slightly higher than TWa,exit. 

The outputs displayed could be either represented by the temperature 
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profile or by a block model of heat pump, shown in Appendix A-2. 

The maximum permissible pressure for the pressure transducer is 14 

bar, therefore a controlled-statement (PT<14) to avoid overanged pressure 

was also included in the program. 

4.5: Analysis and evaluation of experimental data 

In this section, an analysis is made of the secondary parameters which 

were not directly acquired from the experiment. These parameters were 

computed from the primary parameters, measured experimentally, such as 

temperature, pressure and water flowrate. The possibility that primary 

parameter errors influence the secondary parameters is also considered. 

Further, the secondary parameters are used to compute thermodynamic 

properties of the freon and water at given pressure and temperature, and 

other related physical properties of the fluid. 

The second part of the section considers the usefulness of data taken 

from various Runs for different aspects of model verification. This 

assessment is important because of the experimental problems occurring 

during experiment, where the experiment does not completely represent the 

model being tested. 

4.5.1: Estimation of model input data 

Since the thermocouples for measuring fluid outlet and inlet 

temperature were placed at the point where the tubes are no longer brazed 

together (single pipe), an estimate of the fluid temperature at the last 

points of the joined pipe was taken to be the effective temperature. The 

estimate was also applied to the freon inlet and outlet pressure, where the 

pressure transducers were placed opposite to the corresponding 

thermocouples for sensing freon inlet and outlet temperature. 

The effective values were calculated by linear interpolation from the 

values measured at point 1 and 2 at the condenser entry and at point 15 and 

16 at the condenser exit, illustrated in Fig.4.5.1. An estimate was made 

for the temperature and pressure at point a and b. Assuming the 

temperature drop and rise, and pressure drop between these two points (1 

and 2, and 15 and 16) are linear with the distance between them, an 

estimate for the temperature and pressure at point a and b could be 

made. The length between point a to point 1 and 2, and between point b 

to point 15 and 16 were measured manually to an accuracy of +0.1 cm by a 

meter-ruler. 
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Effective temperatures 

The general formula to calculate the effective temperatures were 

estimated as (refer to Fig.4.5.1), 

Teff = To,cond 1 Li. ATj } 

(100.0 + Li) Eqn.4.9 

where Teff 

in eC. 

Effective temperature at point a and b to be determined 

To,cond 

Li 

Measured temperatures at the points 1 and 16 in °C. 

The length between the measured points (1, 2, 15, and 16) 

and the estimated points ( a and b) in cm. 

ATj = The temperature difference between points 1 and 2, and 

between points 15 and 16 in °C. 

where negative and positive sign (immediately after To,cona of Eqn.4.9) 

represents the temperature drop and rise respectively. 

The second term of Eqn. 4.9 is the correction factor depending on 

the lengths and the differences in the temperature, yields 

Tetf =| TRa for Li= 24.8 cm, ATj=(TRi-TR2), To,cond=TR1 

TRo for Li= 67.9 cm, ATj=(TR15-TRi6 ) ,To,cond=TRié 

TWa for Li= 82.3 cm, ATj=(TWi-TW2), To,cond=TWi 

TWo for Li=184.2 cm, ATj=(TW15-TWié ),To,cond=TWi6 

Eqn.4.10 

where TRa, TRp and TWb are the effective input values introduced in the 

model, while TWa is the effective condenser exit water temperature, to be 

compared with the value computed by the model. 

The error in the calculation is the sum of errors contributed from the 

measured temperature and the temperature correction factor of Eqn. 4.9. 

The temperature correction factor error yields 

|Aft| = fe( ALi/Li * A(ATJ)/AT5 -A(100.0+Li )/(100.0+L: )) 

Eqn. 4.11 

where ft = Li.ATj/(100.0+Li). Inserting typical values to give a maximum 

possible correction factor error, 

154



Li = 148.2 cm; ALi 2.0.1 ca 

AT # 86.1.9C's AT; * 0.2 %¢ 

(100.0+Li) = 248.2 cm ; A(100.0+Li) = 0.1 cm 

ft = 21.0 °C ; Afe = 72. 96 

yields 0.14°C (+ 0.68% of specified ft). 

The total possible maximum error of the effective temperature 

contributed by the temperature correction error was +£0,.34°C. 

Effective pressures 

Similarly, the effective pressures could be writen as (refer also to 

Fig.4.5.1 for explaination), 

Pett = Po,cond - pe APTS ie ea 

(1500. 0+LintLout ) Eqn.4.12 

where Li = Lin ; The length between points 1 and a of the 

freon side in cm. 

Lout; The length between points 16 and b of 

the freon side in cm. 

APT The pressure drop between points 1 and 16 of the 

freon side in bar. 

The maximum uncertainty occured in the second term of Eqn. 4.12 

contributed by the pressure correction factor, fp yields 

|Afp] = fp| A(APT) + ALi - A(1500.0+Lin+Lout )| 

APT Li (1500. 0+LintLout )| Eqn. 4.13 
  

where fp = APT.Li/(1500.0+LintLout). Inserting the maximum typical values, 

APT-= 4.74 “bar; A(APT) = 0.0015 bar 

Li =.67.9 ch. ALi = 0.1 cm 

(1500.0+LintLout) = 1592.7 cm ;A(1500.0+LintLout) = 0.1 ca 

fp = 0.202 bar; Afp = ?? bar 

yields the pressure correction factor error of 0.00037 bar (+0.18%). 

Thus, the total maximum error calculated from estimated values was +0.0019 

bar. 

In this case, PTa and PTb was assumed to be effective pressure where 
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PTa will be used as input data for the model and PTb used to compare with 

the value computed by the model. 

The effective parameters described above could be concluded lying in 

the following order 

TRi6. .< TRb << TRis.<TRa <: TRa <. TRi 

TWis < TWo <TWis < TW2 < TWa < TWi 

PTa < PTb < PTa < PTs Eqn.4.14 

4.5.2: Determination of freon mass flowrate 

Freon mass flowrate was determined from consideration of the condenser 

energy, flowrate being assumed to be constant. From condenser energy 

balance, where the total thermal energy released from the freon side of the 

condenser is the sum of thermal energy picked up by the water side and the 

heat lost from condenser we obtain 

where Ahr 

hg 51 

he ,16 
4 

mw 

Cpwr 

ATW 

TW1 

TWi6 

Qloss 

Qwater 

The first 

Strcon Quater + Qross 

mr = [mw.Cpw. ATW + Qioss] 

Ahr Eqn.4.15 

(hg,1 - he,i6) in JKg-! 

Specific enthalpy of vapour component at point 1 

Specific enthalpy of liquid component at point 16 

Total water mass flowrate in Kgs-1} 

Specific heat capacity of water, 4.1833 Jg-1°C 

(TWi - TWis) in °C 

Condenser outlet water temperature in °C 

Condenser inlet water temperature in °C 

Heat loss from condenser in Watt 

Condenser total water thermal power in Watt 

term of Eqn.4.15 is the total thermal power picked up by 

the water side across the condenser; and the second term is the total heat 

loss from condenser. 

The specific enthalpy of R12 at points 1 and 16 was assumed to be in 

the vapour region and liquid region respectively. These secondary 

parameters are functions of the effective pressure and temperature 

evaluated in section 4.5.1. The effective water temperature difference 
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estimated at points 1 and 16 across the condenser was the main parameter in 

the determination of freon mass flowrate. 

The condenser water total thermal power, Qwater and the heat loss from 

the condenser, Qloss was employed as input data to the model to determine 

freon and water mass flowrate. 

4.5.3: Determination of condenser energy inbalance 

An energy-balance calculation on the condenser indicates the accuracy 

of various measured parameters and derived parameters. This also reveals 

whether a particular Run represents a steady-state condition. The condenser 

energy inbalance, Einb taken from Eqn.4.15, yields 

Einb = Geveon = (Qvater + Si caa) = 0 Eqn. 4.16 

The determination of Einb was based on the total estimated condenser 

thermal energy between points 1 and 16 and the total heat loss from 

condenser; it is difficult to measure experimentally the heat loss between 

the two consecutive test-points in the condenser. 

4.5.4: Evaluation of experimental data 

Certain experimental problems encountered raise the question of 

whether or not the measured data can be properly applied to the model. 

Experimental difficulty 1: The primary measurements at the condenser 

inlet and outlet were not at the actual condenser end points. The actual 

values must be estimated from the measurements. Secondary parameters such 

as freon mass flowrate, freon specific enthalpy at the condenser inlet and 

outlet and the total water thermal power between these points are 

calculated from these estimated values. The other positions at which 

temperatures were measured in the condenser were those at which 

temperatures were computed by the model. 

Experimental difficulty 2: This concerns the heat transfer from the 

freon side to the water side, assumed to be perpendicular to the fluid 

flow. Referring to Fig.4.5.2(a), there is a possibility of a temperature 

gradient existing across the tube (Ta >Tp >Tc >Ta). In this case, there is 

a temperaure drop between points a and b (freon side), between points 

b and c (wall), and between points c and d (water side). In 

practice, it is difficult to measure the bulk or average temperature for 

the freon and water side, with two known temperatures (at points a and 

d). In fact, the thermocouples may not be measuring the bulk or average 
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Fig.4.5.2: Experimental difficulties ocurring during the Run 
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temperature. In the model, the measured temperature was assumed to be the 

bulk temperature. 

Experimental difficulty 3: The problem, previously mentioned concerns 

the difficulty of achieving steady-state conditions in duplicating mode 3 

experiments, where considerable alteration of the variables was required to 

achieve the required conditions. This results in a greater change in the 

operating conditions over the data-acquisition period in mode 3. 

Experimental difficulty 4: This problem is associated with the 

measurement of the pipe diameters. As previously mentioned, the 

thermocouples in the condenser were fixed at the bends, where the effective 

bent pipe diameter was found to be smaller than the straight pipe. 

Referring to Fig.4.5.2(b), the bend was not smooth enough, which may 

result in higher values of heat transfer coefficients and pressure drop. 

These problems affect the calculation of the heat transfer data. Since 

all heat transfer modelling requires a knowledge of freon temperatures and 

water temperatures within the condenser with the correct value of pipe 

diameter, the model verification may not be very accurate. 

Experiment i t data us i e 

This concerns the use of experimental data to initiate the model. Two 

types of input data are introduced; variable input data and fixed input 

data. 

1. Variable input data (VID) 

The VID are the effective four primary parameters (TRi, TRie, TWis and 

PT3) calculated from the measured parameters. The other VID taken from 

secondary parameters are water thermal power and heat loss from the 

condenser.These values vary from one Run to another. All temperatures were 

assumed to be bulk temperatures. 

2. Fixed input data (FID) 

The diameter and the thickness of the freon pipe and water pipe was 

measured once and assumed to be the same for all sets of data analysis. 

These relations can be summarized in Fig.4.5.3, which shows the 

effective temperatures and pressures employed to initiate the model. 
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Fig.4.5.3: Input data taken from experiment related to 

model pre-calculation 
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CHAPTER 5 

COMPUTER MODELLING AND MODEL APPLICATION 

5.1: Introduction 

This chapter mainly discusses the model provided by Carrington [1] 

which has been modified to suit the availability of the experimental 

data and also discusses its application within the experimental 

operating ranges. A detailed description of the model, together with the 

heat transfer phenomena and the pressure drop within the condenser at 

different regions is also presented. The second part of the chapter, 

discusses the model empirical correlations, the performance of the 

condenser using e-Ntu method and the related fluid thermodynamics 

properties. 

The model was modified to suit the available experimental data so 

that a comparison between experimental and predicted behaviour could be 

made. In general, the model predicts the behaviour of a counterflow heat 

exchanger which comprises two tubes thermally coupled. The thermal 

gradient that may occur between point a and b of Fig.4.5.2(a) was 

ignored in the single-phase region, and the two-phase region was treated 

separately. A subroutine originally written by Hickson [44] to compute 

refrigerant and water thermodynamic properties was also used. In 

addition, the temperature dependence of the fluid properties such as 

viscosity, conductivity, heat capacity and density taken from ASHRAE 

data book [105,106] was also considered. 

The overall performance of the model is in agreement with the 

ASHRAE values and Dupont data but could be suspect near the critical 

point. 

5.1.1: General idea of the main program 

As previously mentioned, the model predicts the behaviour of a 

straight 15-meter long condenser including the thermodynamic and the 

physical properties of the fluid. The main idea is to predict both the 

temperature and the pressure of the fluid at consecutive points along 

the condenser using a numerical integration method. 

The basic parameters computed are the pressure drop, and the heat 

transfer coefficients of the fluids in different regions. The main 

program can be divided into three major sections outlined as follows. 
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Input data: This concerns the variable input data (VID) and fixed 

input data (FID) as discussed in section 4.5.4 of chapter 4. The VID are 

temperature and pressure of entering hot refrigerant gas, exit 

temperature of condensed liquid freon, temperature of water entering 

condenser, and total thermal power to be transferred to water. 

The FID are thickness of wall of the two tubes, outside diameter of 

the freon and water tube, total length of the condenser, and 

conductivity of thermal bond between tubes. These values were used for 

different sets of runs. The VID and FID were read from a subroutine. 

It was also included the readings of reduced parameters, and the 

calculation of internal coil descriptions, integration increment, freon 

mass flowrate, and dew temperature at given initial pressure. 

Main program: The calculation of heat transfer phenomena and 

pressure drops at each integrating point was done separately depending 

on whether the point lay in a single-phase region or in the mixed-phase 

region of the heat exchanger. The aim is to determine the exit water 

temperature. Subroutines for calculating thermodynamic and physical 

properties of the fluids in different flow mechanisms were also used. 

To obtain the correct exit water temperature, other properties of 

the fluids at different regions, and profiles of some properties of the 

fluids along the heat exchanger integration, must initially be 

determined. The possible simple refrigeration cycle, by varying of 

evaporator conditions at different compressor isentropic efficiency were 

also presented in the main progran. 

Output data : This concerns the outputs predicted by the model, 

which can be classified to thermodynamic and physical properties of the 

fluids at separate regions, profiles of some fluids properties along the 

heat exchanger, and the summary range of evaporator conditions to 

predict simple refrigeration cycle. 

The complete listing of the model program is shown in Appendix A- 

3 of section A-3.2. 

5.1.2: Subroutines and functions 

The subroutines and the functions associated with the main program 

were compiled and linked together, we shall call these Routine 1 and 

Routine 2. 
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outi 

The objectives of this routine are to compute thermodynamic and 

physical properties of the fluids which can be broken down as follows, 

a. Effective input data, estimated from experimental data 

(subroutine). 

b. The calculation of vapour and liquid heat transfer coefficient 

and pressure drop for laminar flow, turbulent flow and transition flow 

(subroutine). 

c. The physical properties of the fluid as a function of 

temperature (function). 

d. The thermodynamic properties of saturated and superheated 

freon as a function of temperature, pressure and vapour quality 

(function). 

Routine 2 

This concerns the freon properties at the condenser inlet and 

outlet. The general properties of the freon at various states at given 

parameters are also described. 

a. The freon properties at the inlet and outlet of the condenser 

of the heat pump system in general (subroutine). 

b. The pre-calculation of thermal and physical properties of the 

freon at different states as a function of pressure and temperature, 

associated with the Routine 1 (function). 

A subroutine can be called at any time by the main program during 

integration process. The inter-calls between the subroutines are also 

possible (routine 1 calls routine 2 or vice versa). There are 12 

subroutines and 15 functions associated with the main program. The 

complete listing of the program for routine 1 and 2 are shown in 

Appendix A-4 and A-5 of section A-4.2 and A-5.2 respectively. 

5.2: Condenser modelling and its limitations 

This section deals mainly with the mathematical calculations used 

in the model, which employ an iterative method to calculate the thermal 

and physical properties of freon and water in each region, and in each 

point of the integration. In addition, the properties of freon at the 

condenser inlet and outlet, and at the evaporator inlet and outlet are 

also presented. 

To satisfy the requirement of the experiment, it is essential to 

outline the model assumptions, otherwise the experimental problems 
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become too complicated to solve. The limitation of the model is also 

presented in this section. 

5.2.1: Model iterative method and segment integration 

The model simulates a counter-flow heat exchanger, in which water 

and freon flow in opposite directions, and uses numerical integration 

and iteration to solve the equations. The line integration was divided 

to 150 line segments, equivalent to 0.1 meter between each point. An 

integration through the heat exchanger, point I, shown in Fig.5.2.1 

increases in the direction of refrigerant flow. Position I is at the 

start of the segment I, number 1 in the program (see Appendix A-3 

of section A-3.2) being at the start of the refrigerant entry end. 

Simultaneously, for the water side, position (151-I) which is 

equivalent to position I in the freon side is the start of the segment 

(151-1) , with number 150 at the start of the refrigerant entry end. 

In the direction of freon flow, I increases in the freon side but 

decreases in the water side. This process seems to be equivalent with 

the counter-flow where the flow of freon starts at the condenser entry 

when I=1, and increases towards the direction of freon flow, and at the 

same time, the flow of water starts at I=(151-1)=150, equivalent to the 

length of 15 meter at the condenser exit, decreases. Position I=1 in the 

water side which is equivalent to position I=150 in the freon side 

indicates the condenser exit end. 

The integration is said to be complete if all the segmental lengths 

have been covered, unless unsuitable input data has been introduced, in 

which case, the integration will be terminated and a new input value is 

reset to restart a new loop. One complete cycle of integration consists 

of a 150 line segment integration and is the same as one complete 

iteration. If there is an inbalance in the calculation, a new cycle of 

integration in the second iteration will proceed by re-estimating a new 

trial water exit temperature. The process will be carried on until all 

the conditions are satisfied. A smaller number of iterations indicates a 

faster convergence. 

The main objective of the iteration is to determine the correct 

value of water exit temperature, TWexit (=TWis) which enables the 

counter-flow heat exchanger modelling in general. The initial trial 

water exit temperature is calculated from the freon saturated vapour 

temperature at given inlet pressure. All other parameters are computed 

during the iterating process. 
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Mode i side the iterati 

Three parameters initially calculated outside the loop are 

summarized in Table 5.2. 

  

  

Parameter Calculated from Function 

Tdew PRi As trial water exit temperature at 
the beginning of the loop. 

ar Qrreon/Ahr; To calculate heat transfer coefficients 
Ahr=(hg,1—he ,16) and pressure drops during integration. 

Idr/Idw Odr, Odw and To be used together, to evaluate heat 
Thwa11 (measured) transfer coefficients and pressure 

drops in the iteration. 

Table 5.1: Initial parameters calculated outside 
the iteration loop 

These parameters would not affect the calculations within the loop. 

Mode] calculation inside the iteration 
This concerns the calculation of actual water exit temperature, 

leading to other temperatures of the freon and the water at consecutive 

points to form a temperature profile in the condenser. The general 

relationship between the water exit temperature and other parameters 

calculated within the iterative loop, is shown in Fig.5.2.2. 

  

|Outside iteration| | Inside iteration | 
  

  

  

    

        
  

Tdew > 

ar | 
Tar | 
Idw | 

> 
| = 

ca em Desuperheating region| 

Condensing region 

Subcooling region 

Fluid properties,the next 
point parameters and 

T other related parameters 

+ 
In case of mathematical inbalance | 

Fig. 5.2.2: TWie relating to other parameters 
outside and inside the iteration 
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5.2.2: Condenser integrating control system 

The complete condenser model was approached by solving for the 

desuperheating region, condensing region and subcooling region 

separately. Since the model predicts the behaviour of the freon and 

water in a heat pump condenser with the existence of three regions, it 

is very important to check the occurence of these regions on a pressure- 

enthalpy (p-h) diagram of R12 as shown in Fig.5.2.3. 

It is assumed that the freon inlet temperature,TR1 is always in the 

vapour region, with PRi as the freon inlet pressure. The saturated freon 

vapour temperature was calculated at that pressure (with all values in 

reduced units) where 

Tsat = f (PReat ) Eqn. 5.1 

For simplicity, this temperature was used as a trial water exit 

temperature where in this case TRi is always above the TWexit. Iteration 

becomes faster if trial TWexit is closer to the actual TWexit. 

Referring to the p-h diagram of Fig.5.2.4(a), at given pressure 

and temperature one could test whether a point (P,T) lies either in the 

vapour region or in the mixed region or in the liquid region. The 

following conditions represent the above phenommena by considering the 

saturated pressure at given temperature. 

a. Point A(Pvap,T) lies in the vapour region for Pvap<Psat. 

b. Point B(Pcona,T) lies in the mixed region for Pcond=Psat. 

c. Point C(Piiq,T) lies in the liquid region for Piiq>Psat. 

On the other hand, by fixing the pressure, one could also determine from 

the given temperature at the line of isobar, the position of the point 

in various regions as illustrated in Fig.5.2.4(b), by initially 

calculating its saturated temperature. 

a. Point A(P,Tvap) lies in the region of vapour for Tvap>Tsat. 

b. Point B(P,Tcona) lies in the mixed region for Tcona=Tsat. 

c. Point C(P,Tiiq) lies in the liquid region for Tiiq<Tsat. 

During the integrating process, the conditions are set whether the point 

lies in the vapour region, the condensing region or the liquid region. 

In the model, at given PRi where (PRi,TR1) is at the starting point 

was used to evaluate TRi,sat. This is exactly the same situation as in 

Fig.5.2.4(b) The various conditions are as shown in Fig.5.2.5; 

where TWi should always be smaller than TRi. 

Condition 1 : At given pressure, the predicted freon 
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temperature,TRi and its saturated temperature,TRsat should satisfy the 

following inequality, 

TRi > TRiveat Eqn.5.2 

where in this condition, the point lies in the vapour region. In this 

region, the quality of vapour, x was assumed to be unity. For TRi<TWi, 

the trial water exit temperature will be readjusted by the monitoring 

progran. 

Condition 2 : At given pressure, at any situation, if condition 1 

cannot be satisfied, where TRi<TRi,sat, the point could either be in the 

mixed region or in the liquid region. The point could only be in the 

two-phase region if 

TRi < TRi,sat 

0.0 <x <. 1.0 Eqn.5.3 

In the calculation, it is difficult to obtain the condition where 

TRi=TRi,sat (see also Fig.5.2.5), therefore, another condition in the 

two-phase region, vapour fraction x calculated from the freon 

thermodynamic properties was introduced to supplement the condition. 

Condition 3 : In this region, the freon is in the liquid-state 

where at given pressure, 

TRi® < ERi sat 

x = 0.0 Eqn.5.4 

5.2.3: Model limitations and assumptions 

As previously mentioned, the model did not satisfy all the 

experimental requirements. The following table summarized the 

assumptions employed in the model. 
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Items Model assumption 
  

Pipe description 

Temperature 

Pressure 

Model input data 

All regions for all 
specified working 
fluids 
Superheated vapour 
region of R12 side 
(single-phase) 

Condensing region 
of R12 side (mixed- 
phase) 

Subcooled region of 
R12 side (single- 
phase) 

Water side 

Transition region 

Straight pipe of 15 meter long; the outer 
diameter at which sensors were placed (in the 
experiment, this position is at the bend) was 
assumed to be smaller than the diameter of 
straight pipe. 
1. The bulk or average temperature was 

encountered. 
2. The pipe wall thermal gradient was ignored. 
3. The fluid properties considered to be 

temperature dependent. 
The discharge pressure in the system was 
considered as an initial entry pressure in the 
integration. 
The input data were taken from the 
experimental estimated effective values 
calculated in the model subroutine. 
Single-phase and two-phase treated separately 
by ignoring the boundary properties at the 
interface of the regions. 
1. Assume a rough long length of uncoiled 

tube. 
2. Fully developed turbulent flow was 

considered by neglecting the effect of dew 
formation on the pipe’s wall. 

1. Annular flow model in a long condensing 
horizontal tube was adapted. 

2. Employing Lockhart-Martinelli method in 
two-phase region with Martinelli 
parameter ,Xtt. For x<0.015, Xtt is out of 
range, the single-phase heat transfer was 
adapted in this case. 

3. The flow mechanism encounted is turbulent- 
turbulent. 

1. For laminar flow, Re<2100, a long smooth 
tube, temperature dependent was considered. 

2. For turbulent flow, Re>7100, a long rough 
tube, temperature dependent was considered. 

1. The water was assumed to be in the liquid— 
state throughout the project. 

2. The other consideration was the same as in 
the subcooled region of R12 (above). 

1. The transition was assumed to occur for 
2100<Re<7100. 

2. The heat transfer phenomena were predicted 
from a pro-rata mixture of the laminar and 
the turbulent values. 
  

Table 5.2: Model assumptions 

In the R12 vapour single region, The Reynolds numbers in the 

selected Runs show that Re>7100 therefore the flow was considered to be 

turbulent. The heat transfer coefficients and the pressure gradient 
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either in the laminar flow or in the transition flow was completely 

ignored in this case. 

For the single region of liquid freon and water, it was found that, 

the Reynolds numbers covered both the laminar flow, transition flow and 

turbulent flow, therefore, all of the flow mechanisms were considered. 

Finally, the Reynolds numbers in the freon liquid-vapour mixture 

show that the turbulent-turbulent flows should be adapted. 

5.2.4: Modelling overview 

The main goal is to predict the freon and the water temperature 

profiles at the test-points along the condenser length. The steps and 

the theoretical relations leading to this aim could be classified as 

follows, 

Firstly, concerning the physical and thermodynamic properties of 

the fluids: for freon, the properties in the state of vapour, saturated 

vapour, liquid-vapour mixture, saturated liquid and liquid should be 

treated separately; the properties of water were considered in the 

liquid-state only. A standard equation of state concerning the 

thermodynamic characteristics of R12 (using a subroutine by Hickson[44]) 

was employed. The other properties of the fluids were also considered. 

Secondly, the determination of heat transfer coefficient and 

pressure drop of the fluids at the specified segmental length require a 

knowledge of single-phase and two-phase fluid flow mechanisms, which are 

summarized in Figure 5.2.6. 

    

              

  

Type of regions| State of fluid Flow mechanism 
ee i he 

— laminar 
Single phase Liquid —+— 

turbulent 
{laminar 

vapour 
em turbulent 
— urbulent-turbulent (tt) 
liquid viscous-turbulent (vt) 

Two phase 
vapour turbulent-viscous (tv) 

sigs viscous-viscous (vv) 

Fig.5.2.6: Flow mechanism in single and two phase region 

The liquid water, assumed to be single-phase, is much easier to deal 

with. On the other hand, the freon could be either in the single liquid- 

state region or in the single vapour-state region or in the liquid- 

vapour mixture region, which is far more complicated. A separate 
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empirical correlation was used to solve the problems in various regions. 

Finally, the computation of the temperature at the consecutive 

points requires the effectiveness of the condenser at that point to 

relate the properties of the fluids, using number of transfer units 

method. The process will be sequentially carried out until the last 

temperature at the condenser exit is determined by satisfying all the 

required conditions. 

5.3: Program description 

In this section, the computer model program is sub-divided into the 

prograrm-control statements and the program mathematical correlations, 

which are inter-related to each other. 

The former case can now be further divided as follows, 

a.Monitoring program: To determine whether iteration has 

converged, or the calculated water temperature at given a point exceeds 

the freon temperature, or the water temperature falls below the actual 

input water temperature in the subcooling region. The other function is 

to compare the calculated temperature with the actual entry tezperature 

to see if the next temperature should be higher or lower than the 

previous one. 

b. Physical condition statements: This detects whether the point- 

segments are in the vapour region or in the liquid-vapour mixed region, 

or in the liquid single region. The other test is to check whether 

condensation has either completed or prematurely completed. 

c.Mathematical condition statements: The type of flow mechanism 

involved at various points is either laminar or turbulent or in between 

laminar and turbulent. It is necessary therefore to identify whether the 

fluid is in the liquid-state or vapour-state or mixture of liquid-vapour 

state. 

In general, empirical correlations, based on available experimental 

data taken from established workers are used in the model, with some 

modification. There are also semi-empirical correlations to relate the 

physical behaviour of the fluid at certain condition and the 

experimental data employed in the model. 

5.3.1: Model description in general 

The program can be broken down into three main sections, one of 

which can itself be further divided into four major parts shown in a 

flowchart diagram in Fig.5.3.1. 
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The first section deals with the character type of declarations, 

initialising arrays, reading in the input data and setting constants and 

other tasks included the calculation of freon dew temperature at given 

input pressure, freon mass flowrate, coil internal diameters and 

integration increment. This section is performed outside the iterative 

loop. 

The second part of the program contains the iterative routine. A 

total of 150 points are divided between the desuperheating region, the 

two-phase region and the subcooling region of the condenser tube. The 

distance between the points is equivalent to an actual length of 0.1 

meter. 

The integration starts in the desuperheating block by estimating 

the water exit temperature (using calculated Taew as trial water exit 

temperature) at the output of the heat exchanger, then working backwards 

through the freon and the water calculating the next point parameters of 

both the fluids. At various points checks are made on the iterative 

program. If an error condition occurs anywhere during the integrating 

process, a new estimate of water temperature is made and the iteration 

restarts. If the process has reached the far end of the tube (water 

entry or freon exit end), the calculated water entry temperature is 

compared with the input entry temperature. If the two do not agree, the 

program chooses a new trial water exit temperature and restarts the 

iteration. The program will proceed to the printout section if the two 

temperatures are within an acceptable distance of each other. A 

monitoring program is automatically called to check this kind of 

situation. | 

The final section sends the results of the iteration to either the 

printer or disk or both. This part also closes any open files and exits 

from the program cleanly. The results of the iteration in the printout 

statement can be broken down to separate outputs for the three regions, 

the parameter profiles and the summary of a possible simple cycle. The 

format statements for the outputs are also included in the main progran. 

The listing of the main program are shown in Appendix A-3 of section 

A-3.2. 

5.3.2: Single-phase desuperheating region 

Fig.5.3.2 shows a flowchart description in the desuperheating 

region. This section of the heat exchanger is the region where the freon 

temperature is above its saturation point temperature at given inlet 
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pressure. It is the first part of the condenser to be considered by the 

program. 

The program also checks if the water temperature at that point is 

above the temperature of the freon (TRi<TWi). If so, the exit water 

temperature set by the monitor was too high and the monitor is called to 

reset the new value. 

The next decision made by the program is to check if the freon 

temperature has dropped below its saturation temperature at the given 

pressure. If it has, then the program jumps to the beginning of the two- 

phase region. If neither of these conditions has occured, the calculated 

properties of freon and water will be used to evaluate the heat transfer 

coefficient and the pressure drop at that point by calling subroutines. 

By this time, the computer has already calculated the next point 

parameters. If the loop has not finished, a jump is made back to the 

beginning of the loop. 

The 150-segments have all been used if the loop does terminate at 

the end of the region. This means, the estimated water entry 

temperature was too low, in which case the monitoring program will be 

called to re-estimate the value and restart the iteration. If the 

calculated pressure of the freon is negative (in practice, this 

situation would not happen), the process will be abandoned and a new set 

of input data should be considered. 

5.3.3: Two-phase condensing region 

The program for the two-phase region is called from the 

desuperheated section when the temperature of the freon drops below the 

saturation temperature at the given pressure. The loop that moves the 

point under consideration is restarted from where it finished in the 

desuperheating region. 

Fig.5.3.3 shows the whole process regarding the two-phase section. 

The vapour quality is firstly calculated in this region and is used to 

calculate whether any more vapour remains in the refrigerant tube. If 

there is no more vapour present in the tube, where x=0.0, a jump is made 

to the beginning of the single-phase subcooling region. 

If the water entry temperature TWi is above the refrigerant 

temperature, TRi at the particular point, the monitor program is called 

to re-estimate the entry water temperature and restart the iteration. 

On the other hand, if TWi is still lower than TRi, the properties 

of the freon liquid and vapour based on the vapour fraction are 
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calculated. Similarly, the properties of water, the heat transfer 

coefficient and the water pressure drop are found by calling 

subroutines. The heat transfer coefficient and the pressure drop of 

freon at that point is evaluated using an empirical correlation which 

will be discussed later in the chapter. The temperature and the pressure 

at the next point along the tube is then found and the loop is re- 

entered. The condensation of the freon is checked, if it has completed. 

If the loop has not finished the monitor program is called, 

otherwise a jump to the beginning of the subcooling region is made. 

5.3.4: Single-phase subcooling region 

The loop that moves the calculation through the tube is restarted 

at the beginning of this section, when the vapour fraction calculated in 

the mixed region drops to zero. The water temperature is then checked to 

ensure that it has not dropped below the actual water entry temperature 

given by the datafile, or risen above the refrigerant temperature. In 

either of these two cases, the monitor program is called to readjust the 

estimated water entry temperature and restart the iteration. Pig.5.3.4 

shows the process involving the subcooling region. 

The properties of the two liquid fluids are calculated and again, 

the subroutine is called to evaluate the heat transfer characteristics 

and the pressure drop at the point under test. The program proceeds to 

calculate the temperature and the pressure at the next point along the 

tube. If the loop has finished, the monitor program is called to check 

if the iteration has converged, else a jump to the beginning of the 

section is made to restart the loop. 

5.3.5: Monitoring program 

This program checks if any conditions in various regions described 

in the previous section are disobeyed. The program can be called at any 

time during the process either from the end of each loop in various 

regions (water entry end) or from some point within the considered 

region. The whole monitoring process is shown in Fig.5.3.5. 

r. rom W e 

The iteration has converged if the actual water entry temperature 

(given by the datafile) is the same as the calculated water entry 

temperature. For modelling purposes, the absolute maximum difference 

between this value is taken to be 0.2°C, (|TWi-TWin| <0.2). If the 

condition is satisfied, then the printout section is called. 
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The value of calculated temperature is compared with the actual 

water entry temperature to see if the next point temperature should be 

higher or lower than the previous one if the program has not reached a 

conclusion.If the estimated temperature is to be decreased a sense 

variable is set to -1, otherwise it is set to +1. The program then 

calculates the new water exit temperature and starts a new iteration. 

Program called before condenser exit end 

This situation occurs for some point before the end of the heat 

exchanger, which is less than the total considered point. The monitor is 

called due to the calculated water temperature at given point exceeding 

the freon temperature or due to the water temperature falling below the 

actual input water temperature in the subcooling region. The value of a 

sense variable is set to -1 in the former case and +1 in the latter 

case. Similarly, the new water outlet temperature is re-estimated and 

the new iteration is then restarted. 

The sense variable is introduced to adjust the water exit 

temperature to either increase (positive sense) or decrease (negative 

sense). 

5.4: Heat transfer phenomena 

This section concerns the heat transfer in both single-phase and 

mixed-phase freon flow. The heat transfer parameters in various regions 

are dealt separately by considering the relationship betaween the 

Reynolds number (Re) and Prandtl number (Pr), evaluated at the fluid 

bulk temperature with the Nusselt number (Nu). Nusselt number is the 

basic heat transfer parameter which can be used to calculate heat 

transfer coefficient. Considering the fluid temperature-dependent 

properties, Nusselt numbers are calculated from the Nusselt numbers at 

constant-property. The general Nusselt number correlation at the fluid 

temperature-dependent property (some authors call as variable-property) 

can be summarized as 

f1(Re,Pr,L,Idr or Idw) and 

Nucp. f2 (Ub , [iw or To , Tw) Eqn.5.5 

Nucp 

Nu 

where f1 is a function of some variables, with Re and Pr evaluated 

at the fluid bulk temperature, and fz is a function of two fluid 

properties; viscosity (1) and temperatures (T) evaluated at the bulk and 

at the wall temperature, with subscript b and w are the bulk and 
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the wall condition respectively. The constant property of the fluids are 

denoted by subscript cp. 

The overall heat transfer coefficient which is calculated from the 

Nusselt number is the key to the calculation of temperature and pressure 

at point (I+1) (see also Fig.5.2.1) in the condenser, which generally 

can be written as 

UL = £(HR,HW, Kbond) Eqn. 5.6 

where HR = f(Nu,k,Idr), HW = f(Nu,x,Idw), Kbona is the conductivity of 

thermal bond between tubes (copper), kK is the fluid conductivity, and 

Idr and Idw are the internal diameter of the freon and water tube 

respectively. 

5.4.1: Introduction 

The understanding of laminar and turbulent flow in the single-phase 

region is fairly clear, but the transition flow is still doubtful. In 

fact many investigators found it difficult to predict a definite value 

of the upper limit of the critical Reynolds number, Rec,max. Most 

authors agreed taking Re=2100 as the lower limit of the critical 

Reynolds number, Rec,min. 

In the model, the Rec,max suggested by Carrington [1] was 7100. Any 

Reynolds numbers calculated within this range is considered to indicate 

flow in the transition regime; otherwise flow is considered to be either 

laminar or turbulent. 

The heat transfer in the mixed-phase is far more complicated 

because it involves the liquid-vapour mixture in which the vapour 

fraction (by mass) should initially be evaluated. It is also important 

to find out what type of flow mechanism occurs in this region. The 

thermodynamic properties of the liquid and vapour freon in the mixture 

were treated separately. Both the liquid and the vapour in this model, 

were assumed to flow turbulently. 

The condensation inside a long tube with annular flow was 

considered in this phase, where the flow regime becomes annular with a 

vapour core at the middle separated by the thin liquid layer. Due to the 

gravitational force, the liquid layer tends to be thicker at the bottom 

of the horizontal tube. The Martinelli parameter for turbulent-turbulent 

flow was considered to calculate heat transfer coefficients with the 

Reynolds number and Prandtl number evaluated at the liquid portion. 
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Similarly, the heat transfer parameters were determined from the Nusselt 

number, 

Nu = f(Rei,Pri,Xtt) Eqn.5.7 

where Xtt=f(41,g,P1,Pg,x) is the Martinelli parameter for liquid and 

vapour flow turbulently, pi=f(vsat,vap,(P,Tsat)), e=f(vsat,liq,Tsat), 

and x is the vapour quality. 

Similarly, the overall linear heat transfer coefficient is found 

from Eqn. 5.6 with the properties determined for the liquid phase. 

5.4.2: The flow of fluid in the single-phase region 

The flow in the single-phase region (desuperheating and subcooling) 

is now discussed by considering that freon vapour flows turbulently in 

the desuperheating region, and the flow of the liquid freon is either 

laminar, turbulent or transitional. 

The water, which is regarded as liquid water by assuming there is 

no formation of mixtures of ice-water or steam-water during the process, 

will be treated as a single-phase flow. The flow may be laminar or 

turbulent or transitional. 

In the general case, the possible single-phase flow mechanisms (see 

also Fig.5.2.6) considered in the model are laminar-liquid, turbulent- 

liquid and turbulent-vapour. The regimes of the flow were divided 

according to the Reynolds numbers: 

a. Re<2100 : Laminar flow which is normally in liquid-state. 

b. 2100<Re<7100 : Transition flow. 

c. Re>7100 : Turbulent flow, which occurs both in the liquid-state 

and vapour-state. 

For the refrigerant side, where freon can be either in the liquid- 

state or vapour-state covers the three flow regimes described earlier. 

The calculation of heat transfer parameters in the liquid freon, single- 

phase regime are only focused in the subcooling region, where laminar, 

transition, and turbulent flow could occur. For the freon vapour in the 

single-phase regime, only turbulent flow are considered in the 

desuperheating region. The boundary layer at the interfacing regions are 

omitted. 

The flow parameters in this region could be classified as follows, 

1. Fluid properties of liquid-water, liquid-freon and vapour freon: 

These properties concern the thermodynamic and physical characteristics 
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of the fluids as a function of pressure only or a combination of 

pressure and temperature, or temperature only. These parameters will 

then be employed to calculate the heat transfer coefficient of the 

fluids at the particular test-point. 

2. Overall heat transfer coefficient: This concerns the calculation 

of an average overall heat transfer coefficient evaluated from 

individual fluid heat transfer coefficients of liquid water, liquid 

freon and vapour freon depending on the point in the test-region (either 

in the subcooling region or desuperheating region). If it is in the 

subcooled-regime, the overall heat transfer coefficient is found from 

the heat transfer parameters of liquid water and liquid freon, otherwise 

the combination of liquid water and vapour freon is adapted. 

3. Temperature and pressure at the next test-point: Before 

considering the end product of the modelling, the number of transfer 

unit and the effectiveness of the heat exchanger should be determined 

from 2 (above). 

The temperature difference between the wall and the fluid (assumed 

to be bulk temperature) is large, so that a constant property assumption 

could cause an error. As previously discussed in chapter 2, the fluid 

transport properties vary with temperature and influence the 

distribution of heat transfer coefficients over the flow along the tube 

if variable-property is taken into consideration. 

The property-ratio method taken at the bulk temperature with all 

other variable-properties effects are put into a function of the ratio 

of one property evaluated at the wall to that one property calculated as 

a bulk parameter, summarized in Eqn. 5.8. 

Nu/Nucp = | (pb/pw)® for liquid 

(Tw/Td )® for vapour Eqn.5.8 

where n is the ratio exponent adapted from recommended sources. Table 

5.3 summarizes the heating and cooling modes used in the model. 

  

  

State Value of n in Eqn 5.8 Fluid 
<1 >1 

liquid cooling liquid heating liquid freon and water 
vapour heating vapour cooling vapour only freon 
  

Table 5.3: Fluid property influencing the heating 
and the cooling modes 
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The laminar and turbulent flow in the single-phase was considered to be 

fully developed, and the wall temperature at the circumference and at 

the axis was assumed constant (Tw=constant). 

Laminar flow (Re<2100) 

In a long tube, a forced convection in laminar flow is a process 

involving a moving fluid that carries away the heat, with the flow 

stream lines almost parallel, and heat is transferred radially from 

the wall of the pipe towards the centre of the fluid. 

The heat transfer coefficient can be conveniently expressed in 

terms of a dimensionless Nusselt number, 

H = (Nucp.x«)/D Eqn.5.9 

where Nucp is evaluated at the constant property. 

The Nusselt number is empirically correlated by 

Nucp = 3.66 + (0.057Gz)/(1 + 0.04Gz°-8) Eqn.5.10 

where Gz = Re.Pr.D/L is the Graetz number and see Table 5.4 for other 

related properties of the fluid used in the model. 

  

  

Fluid Re Pr L 

Freon Gr.Idr ; Gr=mr/Ar pr. Cpr I.Lintn 
par Kr 

Water Gw.Idw ; Gw=tw/Awr par» CDwr (152-1). Linth 
Per er 
  

Table 5.4: Summary of Eqn.5.10 for other related 
properties of the fluid 

For a sufficiently long pipe, where the second term of Eqn. 5.10 

approaches zero, the Nusselt number is almost constant (Nucp=3.66) which 

is similar to the constant heat-flux analysis. 

In laminar flow, a long smooth tube was considered, therefore the 

effect of the pipe roughness is ignored in this case. The value of n 

in Eqn. 5.8 was choosen to be 0.14 for both cooling and heating the 

liquid as suggested by Diessler, which was cited by Kakac [84], for 

Pr>0.6. In this case, the Nusselt number is calculated as an average 

value with the wetted perimeter of the pipe taken to be at the 

circumference of the inner pipe. 

Therefore, the Nusselt number, by considering the temperature 
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dependence, both for cooling and heating liquid becomes 

Nu = Nucp(pn/pw )9-14 Eqn.5.11 

where Nucp is given by Eqn.5.10. 

Eqn.5.11 is used to calculate the Nusselt number in the range of 

Re<2100 for the liquid freon in the subcooling region and liquid water 

in all regions. For most liquids [84], the specific heat, thermal 

conductivity and density are nearly independent of the temperature but 

the viscosity decreases with increasing temperature. 

In the direction of freon flow, as the distance along the freon 

tube increases, the second term of Eqn.5.10, is small compared to the 

first term. The Nusselt number is still in the region of 3.66. When 

applying to Eqn.5.11, the Nusselt number at variable properties is 

still slightly above 3.66. 

rbulent Ww >71 

The calculation of heat transfer parameters in turbulent flow is 

more complicated than in laminar. In the model, the single-phase flow of 

turbulent liquid and turbulent vapour of the freon in subcooling and 

desuperheating region respectively are considered. Only turbulent liquid 

is considered in the water side. 

In turbulent flow, the effect of eddy viscosity, (which is a 

function of flow configuration, varies with the flow cross-section area 

and indirectly dependent on temperature), plays an important role in the 

flow. It is not only depend on the thermal conductivity which is a 

temperature-dependent function of physical properties of the fluid, but 

also on the eddy diffusivity, which is a function of Reynolds number and 

Prandtl number. 

For fully developed turbulent flow in a rough pipe, the above 

situations were correlated mathematically to the Nusselt number, 

yielding, 

Nucp = fs(Re,Pr,f) Eqn.5.12 

where f is a friction factor. 

Eqn.5.12 and Eqn.5.8 are then combined to evaluate the average 

Nusselt number by using the recommended value of exponent n, relating 

with the heating and the cooling of either vapour or liquid. 
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The calculation of Nusselt number in this flow is done separately. 

Firstly, the turbulent liquid involving the liquid freon in the 

subcooling region and liquid water in corresponding region was put in 

separate subroutine. Secondly, the turbulent vapour which involves the 

freon vapour in the desuperheating region was put in another subroutine. 

1. Turbulent liquid: The calculation of Nusselt number at 

constant property was taken from an empirical correlation postulated by 

Petukhov and Popov,[45], which can be expressed as 

Nucp = ot oe ig Pe (Ee 

[1+ (13.6f£)]+[9.0(£/2)1/2 (Pr2/3-1.0)] Eqn.5.13 

where f=[1.58 Ln(Re)-3.28]-2 adapted from Filonenko, cited by Bhatti 

and Shah [82], with a slight modification made by Carrington [1]. 

All values are evaluated at the bulk temperature with the 

assumption that the flow is fully developed with the constant heat flux 

boundary in the range of 7.1x103<Re<5.0x105 and 0.5<Pr<2x103. It was 

claimed that the accuracy is within 1% error. 

The complete correlation taking account of the influence of 

viscosity, and the value of n of Eqn.5.8 recommended by 

Petukhov,[97], corresponding to heating and cooling for fully developed 

turbulent liquid flow, 7.1x103<Re<5x106, 2<Pr<140 and 
0.025< (p/p )<12.5 is rewritten as 

Nu = Nucp( p/p )® Eqn. 5.14 

where n =}0.25 for cooling liquid freon, ([b<pw) 

0.08 for heating liquid water, (p»>p) 

2. Turbulent vapour: For fully developed turbulent vapour flow, 

the following correlation for calculating the Nusselt number in the 

desuperheating region is considered by assuming that freon vapour 

physical properties, p, pt, kK and Cp vary with the temperature. The 

Eqn.5.8 for the vapour-state is again introduced to calculate the 

Nusselt number. 

The Nusselt number recommended by Petukhov [97], at constant 

property is 

Nucp = (£/8).Re.Pr 

Ki + K2(f/8)1/2(Pr2/3-1) Eqn. 5.15 
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where f=[1.82 Log(Re)-1.64]-2 

and Ki=(1.0+3.4f) and K2=(11.7+1.8Pr-1/3) 

calculated over the range of 104<Re<5x108 and 0.5<Pr<2000, within 1% 

error. 

The turbulent vapour flow only concerns the freon desuperheating 

region where freon vapour is cooling down. The variable properties of 

Eqn.5.8 recommended in Kutateladze-Leontiev correlation in a circular 

tube for variable physical properties of gases, cited by Kakac [84], 

were considered, where 

Nu = Nucp 2 2 

[1 + (Tw/Tn)?/2] Eqn.5.16 

Similarly, the Reynolds number and the Prandtl number are evaluated at 

the bulk temperature. For larger Re, Eqn.5.8 is in good agreement with 

Eqn.5.16. 

Transiti 2.1x103 3 

As previously mentioned, it is difficult to predict the heat 

transfer properties in this region. The Nusselt number in the specified 

range was calculated from the laminar Nusselt number,Nuia and the 

turbulent Nusselt number,Nutu calculated at variable properties. 

Fig.5.4.1 illustrates the calculation of transition 

Nusselt number,Nutran employed in the model. Let point A be the 

Reynolds number in the transition region denoted by Retran, where 

Rec ,min¢Retran<Rec ,max; Rec,min=2.1x103 and Rec ,max=7.1x103, yields 

Nutran = | (Rec,max-Retran)Nula + (Retran-Rec,min)Nutu 

Rec ,diff Rec ,diff Eqn.5.17 

where Rec ,aiff=(Rec ,max-Reéc ,min)=5.0x103, 

The laminar Nusselt number and the turbulent Nusselt number is 

calculated from Eqn.5.11 and Eqn.5.14 respectively. 

For Reynolds number very close to the lower limit, the Nutran is 

simply equal to the laminar Nusselt number. On the other hand, for 

Reynolds number approaching the value of the upper limit, the transition 

Nusselt number approaches the turbulent Nusselt number. 

In general, the model predicts the transition Nusselt number to be 

between the laminar and the turbulent Nusselt number. 
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era eat transfer ient 

The calculation of overall heat transfer coefficient is based on 

the transfer of heat in forced convection and conduction. Referring to 

Fig.5.4.2 (a), the heat is assumed to flow in a straight line from 

point 1->2->3->4->5 corresponding to convection, conduction, conduction 

and convection. The flow of heat is from the higher temperature in the 

freon side to the lower temperature in the water side, assuming the wall 

temperature is constant; any temperature between point 2 and point 4 in 

the direction of flow is considered to be equal or 

Tiw,2=Tow,3=Tiw,3=Tow,4 (isothermal wall surface). 

The heat transfer in convection and conduction is dealt with 

separately as follows, 

a. Conduction 

Fourier’s Law of conduction (see Fig.5.4.2 (b)) states that the 

heat flow is 

q = -x.Ar. (dT/dr) Eqn.5.18 

where Ar=2nmRL; the surface-section area of the tube in m? 

dT/dr=Temperature gradient and x=Thermal conductivity in W/a.K 

Integration of Eqn.5.18 to calculate the total heat transferred by 

taking boundary conditions, 

r=Ri ; T=Ti and r=Ro ; T=To Eqn.5.19 

yields q = | 2xxL(Tin-Tout) 

Ln(Ro/Ri ) 

2 UL -L.AT Eqn. 5.20 

where UL= 1 is the linear heat transfer 

Ln(Ro/Ri )/2x« 

coefficient. 

The calculated Ut is for the heat transferred from point 2 to point 4 

illustrated in Fig.5.4.2 (b). 
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b. Convection 

This concerns the heat being carried away by the fluids from point 

1 to point 2 and from point 4 to point 5 shown in Fig.5.4.2(a). 

Similarly, the flow is from a point of higher temperature to a point of 

lower temperature and assumes the amount of heat being transferred from 

one medium to another medium is the same. From the convection equation, 

the total amount of heat can be expressed as 

H.A(TR-Tiw,2) 2 ul 

where H is the convective heat transfer coefficient, and A is the 

surface area of the pipe. 

By inserting the boundary conditions and rearranging Eqn.5.20 and 

Eqn.5.21 in terms of model parameters, the relations can be shown in 

Tablé<5 <5; 

  

Direction of flow Equation for heat transfer Method for heat 

  

q being transferred 

1->2; from inside HR. Ar (TR-Tiw,2) Convection 
to outside 

2->3; from inside 2nKL(Tiw,2-Tow,3) Conduction 
to outside Ln(Ror/Rir) 

3->4; from outside 2nKL (Tow ,3-Tiw,4) Conduction 
to inside Ln(Riw/Row 

4->5; from outside HW. Aw (Tiw,4-TW) Convection 
to inside 
  

Table 5.5: The amount of heat transfer from point 

1 to 5 associated with Fig.5.4.2 

Rearrange the equations of q in Table 5.5 by bringing the 

temperature difference to the left hand side of the equation and then, 

by adding all the equations, one should get 

  
q= L(TR-TW) 

[UL,12 +UL,23 +UL,34 +UL,45 ] 

= Un sLvat Kon.o.22 

where AT = (TR-TW); Ur=1/[UL,12+UL,23+UL,34+UL,45 ] 

UL,12= 1/(HR.x.Idr); UL,23= Ln(Ror/Rir)/2%kbond 

UE, 34= Ln(Riw/Row )/2™Kbond} UL,45= 1/(HW.1.Idw) 
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The convective heat transfer coefficient of freon and water is 

calculated from the Nusselt number described earlier. The thermal 

bonding for copper,kbona was taken somewhat arbitrarily as 500 W/m.°C. 

The overall heat transfer coefficient, U: is greatly dependent on 

the radius of the tube, which has a fixed value, and also the Nusselt 

number. The greater the value of the Nusselt number, the larger is the 

value of the overall linear heat transfer coefficient. 

5.4.3: Fluid flow mechanism in two-phase region 

The two-phase flow is far more complicated than single-phase flow 

because it involves the flow of liquid-vapour mixture. In a general 

case, the heat transfer of the two-phase depends on a great number of 

factors such as mass flowrate, vapour quality, thermal properties of the 

saturated fluid (both liquid and vapour), wall material, heat flux and 

coil description. To solve the freon heat transfer problems, the main 

parameters to observe are the mass flowrate and the vapour quality. 

This section is primarily concerned with the prediction of 

condensing heat transfer coefficients, and pressure drop in the two- 

phase regime. It is assumed that the tube is long enough for the flow 

regime to become annular, so that an annular model for condensation in a 

long tube could be applied. The Martinelli parameter by assuming 

turbulent liquid and turbulent vapour case was adapted. An empirical 

correlation adapted from Rohsenow [87], with minor modification to 

acquire condensing heat transfer coefficient was applied. For vapour 

quality dropping below 15%, the Martinelli parameter Xtt goes out of 

range; in such cases, single-phase heat transfer discussed earlier is 

considered. It is also assumed that annular flow occurs when the void 

fraction is greater than about 80%, or the vapour quality is above 5%. 

nular e r rigontal t 

The two-phase annular flow is characterized by vapour flow in the 

middle region, separated from the thin liquid layer at the periphery of 

the tube as shown in Fig.5.4.3(a). The liquid is assumed to flow as an 

annulus. In addition, the flow is also assumed to be one dimensional 

steady-state, no radial pressure gradient exists, and the annular flow 

is established as soon as condensation begins. 

By integrating the momentum equations for the annular vapour and 

liquid layer, employing the Martinelli two-phase flow pressure drop 

correlation and then by analogy, the heat transfer coefficient could be 
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determined. 

The momentum equation states that the summation of the forces 

acting on a vapour control volume in the direction of flow along the 

condensing length (z-direction) is equal to the difference between the 

momentum leaving and entering the control volume, 

= Fr- = Momz,out - © Moms,in Eqn.5.23 

The application of Eqn.5.23 to both the element of vapour core and 

element of liquid layer is shown in Fig.5.4.3(b) and Fig.5.4.3(c), 

where the direction of flow is denoted by the big arrows while the small 

arrows represent the possible forces acting in the direction of flow and 

the forces opposing the direction of flow. The variation of cross- 

sectional area Al and Av is negligible over element Az. In addition, 

zero slip between the vapour and the liquid at the vapour-liquid 

interface is assumed, where Fyv=Fi. 

The momentum equation for vapour core can be expressed as, 

-A(PAv )-(Fv.Sv.Az)#(pv.a.Av.Az) = A(iav.Uv )-( Alby. Uvi ) Eqn. 5.24 

and the equation for the liquid layer is 

-A(PA1 )+(F1.Sv.Az)-(Fo.S.Az)#(pi.a.A1.Az) = A(i1.U1)-(Aii.Uvi) Eqn.5.25 

These two equations are the general correlation for the annular flow. 

The solution of Eqn.5.24 and Eqn.5.25 can be summarized as follows, 

Fo = Fe + Fa + Fg Eqn. 5.26 

where Fe=Fy.(Sv/S)[1 + (A1/Av)] represents the effect of the two-phase 

friction, 

Fa=(A1/S. Av). A(iav .Uv )2-[A(ia1 U1 )2/S)+(Uvi/S) [A( m1 )z-( Aa /Av ) (diay Dz] 

is the effect of momentum changes, : 

and Fg=(a.Ai/S)(pi-pv) is the effect of the gravitational field on the 

wall shear stress, assumed to be zero, since the flow is horizontal. 

An analytical analysis for predicting Fe can be derived from the 

Lockhart-Martinelli correlation [12], where 

(AP/Az)tpe = +2 (AP/Az)v Eqn. 5.27 
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where ®t=f(Xtt) and Xtt2=(AP/Az)1/(AP/Az)v; Xtt is the Martinelli 

dimensionless parameter for turbulent vapour and turbulent liquid. This 

parameter is defined by 

Xtt = (pv/pi)!/2 (pa/pw)?/2 [(1-x)/x](2->)/2) Eqn.5.28 

where b is the Blasius exponent taken to be 0.2 as suggested by 

Rohsenow [87] with the physical properties evaluated at the liquid-state 

and at the gas-state. The complete empirical correlation is rewritten 

as, 

Mt = 0.15[(1/Xee) + 2.85/(Xer®- 457 )) and 

Ket = (pv/pr)9-5 (pa/py)9-1 [(1-x)/x]®-9 Eqn.5.29 

Heat transfer coefficient 

In this case, the Nusselt number can be written more generally as, 

Nu = f(Pr,Re,%t,f2) Eqn. 5.30 

where f2 is a function of Reynolds number and Nusselt number. All 

properties are evaluated at the liquid-portion of the mixture, [89]; 

f2 = |5Pri + 5Ln(1+5Pri) + 2.5Ln(0.0031Re19-812 ) 3Re1>1125 

5Pri + 5Ln[1+Pri(0.09636Re1%-585 -1)]; 50<Re1<1125 

0.707(Pri.Re1®-5 J; Re1<50 Eqn.5.31 

For vapour quality less than 1.5%, a single-phase heat transfer is 

adapted. The Nusselt number is then written as, 

Nu = (HR.Idr)/xKi =| [Pri.Re19:9 .%&+]/f2; O+<1 

[Pri.Re1°-9 ,@¢1-15 )/f2; 14%+<20 Eqn. 5.32 

where Rei=(4.ar/nx.Idr).(1-x)/pa and Pri=(pi.Cpi1)/x1. For any value of 

%+t outside the range, again the single-phase calculation is introduced. 

The overall heat transfer coefficients are calculated from 

Eqn.5.22, where the liquid water heat transfer coefficient is 

determined using the single-phase flow. 
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ressure drop in annular flow 

The Lockhart-Martinelli method [12], is employed to calculate the 

pressure drop in the two-phase regime. As described earlier in the 

annular model, the pressure drop for both the liquid and the vapour 

turbulentl flow is associated with the general correlation of Eqn.5.27. 

The pressure drop in the two-phase flow is greatly influenced by 

the effects of the two-phase friction,the momentum changes and the 

gravitational field on the wall shear stress if the flow is not 

horizontal,where 

(dP/dz)tpe = (dP/dz)e + (dP/dz)m + (dP/dz)g Eqn. 5.33 

where in this case, (dP/dz)g=0. The empirical correlation adapted from 

Rohsenow [87] is derived from the first two term of Eqn.5.33. 

1. Frictional term 

(dP/dz)e = 0.09[1 + 2.85.Xee9-523 J2fpy.(Gr.x)i-8 J 

pv. Idr}-2 Eqn. 5.34 

where Gr=(mr/Ar? )=4/n[mr/(Idr)?] and Xtt is evaluated as in Eqn.5.29 . 

2. Momentum term 

(dP/dz)m = (Gr2/py)(Ax/Az)[2x + (1-2x)(pv/pi)1/3 + (1-2x)(pv/pi)2/3 

- 2(1-x)(pv/p1)) Eqn. 5.35 

where (Ax/Az)=(xi-xe), Az is the length between the segment of 

integration and xi, Xe are the inlet and the exit vapour fraction 

respectively. 

Therefore the total pressure drop is simply the sum of the pressure 

gradient due to the friction and the momentun. 

eat _transfe essure dr te 

The following steps outline the method for evaluating the heat 

transfer coefficients and pressure drops in the two-phase flow used in 

the model. 

Heat transfer calculation: At any quality along the tube, the 

following steps are taken, with all values evaluated in reduced units, 
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a. To calculate vapour quality from latent heat of vaporization at 

given saturated temperature by assuming TR drops below Tsat, where 

x = 1 -)Cpr[Tsat-TR] 

heg Eqn. 5.36 

b. To calculate all other parameters evaluated at the saturated 

liquid and the saturated vapour included the specific volumes, 

densities, viscosities, thermal conductivities and specific heat at 

constant pressure. 

c. The Reynolds numbers and the Prandtl numbers are calculated at 

the liquid portion of the mixture, 

(1-x).Gr. Idr/pu 

(yi.Cpr,1)/K1 Eqn.5.37 

Re1 

Pri 

d. The Martinelli parameter from Eqn.5.29 using known evaluated 

parameters in step 3 are then considered. 

e. Finally, to calculate the Nusselt number and the heat transfer 

coefficient from Eqn.5.32. 

The final product is then used together with the water heat 

transfer coefficient to evaluate the overall heat transfer coefficient. 

Pressure gradient: Similarly, the same freon properties evaluated 

above are employed in this calculation, 

a. To calculate the frictional term of Eqn.5.34 and the momentum 

term of Eqn.5.35 using known parameters. 

b. To calculate the total pressure drop with respect to the length 

at that particular point. 

The final step is to determine the pressure at the next point by 

considering the drop in the freon pressure in the direction of flow 

downstream the tube, where 

PRi+1 = PRi - APR Eqn.5.38 

5.5: Pressure drop calculation 

This section concerns the pressure drop analysis in the single- 

phase flow. The pressure drop in two-phase has been described in section 

5.4.3, where it is much greater than that in the single-phase flow. 

The same situations as in the single-phase heat transfer phenomena, 
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the single-phase pressure drop in the vapour regime is also treated 

separately from the pressure drop in the liquid regime. Similarly, the 

liquid pressure drop in laminar and turbulent flow are evaluated 

separately in the subcooling region of the freon side. The vapour 

pressure drop in turbulent flow is calculated only in the desuperheating 

region. For the water side, only liquid pressure drop is effected, 

depending on whether the flow is laminar, turbulent, or transitional. 

The flow is still assumed to be fully developed under steady- 

conditions. A simple relationship between the Fanning-factor,f and the 

pressure drop,AP over a length,L of a long pipe under steady- 

condition can be represented by a control-length shown in Fig.5.5.1. 

Assuming that, under fully developed steady flow conditions and no 

acceleration of the fluid, at equilibrium, the force due to the pressure 

gradient must be balanced with net force due to the wall shear stress, 

(AP).A = 2x.R.Az.tw Eqn.5.39 

Substituting for tw in Eqn.5.39, the pressure gradient over a length 

of L can rewritten as, 

(AP/L) = 2.f.G?/D.p Eqn.5.40 

where f is the Fanning-factor coefficient recommended from established 

sources and G=(m@r/Ar) or (mw/Awr). 

For all types of flow in the single-phase, the effect of variable 

properties is considered when calculating the pressure frictional factor 

f. The same situations as in the single-phase heat transfer discussed 

in section 5.4.2 are applied. In turbulent flow, the roughness of the 

pipe,eé is encountered when calculating friction coefficients. 

In general, the friction factor is a function of the Reynolds 

number and also depends on the wall roughness. For very high Reynolds 

numbers and relative roughness, the friction factor becomes independent 

of the Reynolds numbers in a fully rough flow regime. The influence of 

the wall roughness on the laminar flow has little effect, but there is a 

strong effect on the turbulent flow. 

5.5.1: Liquid friction factor 

This concerns the friction factor in the liquid region, involving 
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the freon subcooling region and the water region. The calculation is 

also based on the variable properties by firstly, evaluating the 

friction factor at the constant properties as discussed earlier. The 

variation of viscosity at the bulk temperature and wall temperature is 

responsible for the property effects. From the property-ratio method, 

the correlation can be expressed as, 

f = fcp (p/p )® Eqn.5.41 

where m is the exponent adapted from established data. The following 

discussion is based on the constant property. 

i W < 103 

For fully developed laminar flow in the long tube, the pressure 

drop given by Eqn.5.40 is compared with the Hagen-Poiseuille Law 

concerning laminar flow in a long tube, by analogy, the friction factor 

at constant properties can be written as, 

fcp = 16/Re Eqn. 5.42 

The complete equation including variable properties can be expressed as, 

f = fcp[y>/pw ]® Eqn. 5.43 

where m =}-0.50 for (pub/pw)<1, cooling liquid freon 

-0.58 for (pb/pw)>1, heating liquid water 

adapted from Deissler, cited by Kakac [84] for fully developed and 

constant heat flux boundary condition at Pr>0.6 in a smooth tube. 

The pressure gradient is then calculated from Eqn.5.40 where the 

drop is increased as the Reynolds number decreases with all other 

parameters evaluated at the bulk temperature. 

r t w_(Re>7.1x105 

The wall roughness is considered in this case, by taking 

€=1.524x10-§ meter adapted from Moody-diagram for drawn copper tubing. 

The roughness elements would strongly affect the friction factor in 

which the factor could be regarded as an apparent wall shear stress. It 

is related to the pressure forces generated by the faces of the 

roughness elements normal to the direction of flow (see Fig.5.5.2). 
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An empirical correlation relating the friction factor at the 

constant property in liquid turbulent for fully developed flow in a 

rough tube originally established by Colebrook and White, modified by 

Serghides,[{46] is employed, 

  

fep = 1 

{Cs - [(Cs-C2)2/(C3-2C2+C1 )})? Eqn.5.44 

where C3 = -0.8686Ln[(e/3.7D)+(12/Re) ] 

C2 = -0.8686Ln[(¢€/3.7D)+(2.51Cs /Re) ] 

C1 = -0.8686Ln[(e/3.7D)+(2.51C2/Re) } 

and e is the pipe roughness in meter and D is the internal diameter of 

the tube in meter. The above equation is for the Reynolds number within 

the range 4.0x103<Re<10® and 2.0x10-8«(e/D)<5.0x10-2 in a complete rough 

regime. 

Eqn.5.44 can also be used to calculate the friction factor in the 

transition region within the range of 4x103<Re<7.1x105. For very large 

Reynolds numbers, the friction factor is only dependent on the relative 

roughness (independent of Re). On the other hand, for small Reynolds 

number, it is greatly influenced by the relative roughness and the 

Reynolds numbers. 

For Re within the range of 2.1x103<Re<4.0x103, the correlation 

suggested by Kakac [82] for the transition flow is rewritten in the form 

of, 

fep = Cit (C2/Re!/®) Eqn.5.45 

where Ci=0.0054, Cz2=2.3x10-8 and m=-0.667 which is claimed to be on par 

with the Churchill-equation. In this calculation, the roughness elements 

are ignored by assuming the flow is close to the laminar flow pattern. 

The complete relation of Eqn.5.41 by considering the variable 

properties can be written as, 

f = | fep(ye/pw)-%-24 for (Ub/pw)<1 

fop.(1/6)(7.0 - (po/pw)] for (po/pw)>1 Eqn. 5.46 

ti w_(2.1x103 1x103 

Eqn.5.44 and Eqn.5.45, for 4.0x103<Re<7.1x105 and 

2.1x103<Re<4.0x103 respectively is employed to calculate the friction 
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factor at the constant properties. Employing Eqn.5.46, the complete 

friction coefficients are determined by considering the effect of 

variable properties of the liquid. 

5.5.2: Vapour friction factor 

This section deals with the freon flows in the desuperheating 

region where the turbulent freon vapour with the Reynolds numbers above 

7.1x103 is considered. 

For most gases, the variation with absolute temperature is 

approximately the same for the viscosities and conductivities, while 

specific heat capacities vary slightly with the temperature, therefore 

Prandtl numbers do not vary significantly. 

For fully developed vapour flows, by neglecting the effect of dew 

formation on the wall, the Kutateladze-Leontiev correlation associating 

with the friction factor at the variable properties can be expressed as, 

Ce teg ) 8 

[1+(Tw/Tp)1/2] Eqn.5.47 

where fcp is the friction factor at the constant properties to be 

determined (see also Eqn.5.16). 

In the vapour flow, the fcp is chosen from the Colebrook-White 

correlation cited by Bhatti and Shah [82] for fully developed turbulent 

flow in a rough tube, 1.0x10-8<(2e/D)<5.0x10-2 and 4x103<Re<10® can be 

expressed as, 

(1/fep!/2) = 3.48 - 1.7372Ln[(2e/D) + 9.35/(Re.fep!/2)}  Eqn.5.48 

To solve for fcp which appears on both sides of the equation, a 

Newton-Raphson iterative method,[74] for numerical integration is 

adapted by considering fcp in Eqn.5.44 as an initial value. 

The value of f calculated in Eqn.5.47 is introduced to evaluate 

the pressure gradient using Eqn.5.40 in the test-section of the 

condenser with L representing the length between the two test-points. 

5.6: Heat exchanger effectiveness and next point parameters 

The number of transfer units method, e-Ntu is adapted to determine 

the heat exchanger performance which is a measure of heat transfer 
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area, [69,76]. 

A parameter effectiveness is defined as, 

oo= Actual heat transfer 

Theoretical maximum heat transfer Eqn.5.49 

where the theoretical limit to the heat transfer is determined by the 

maximum and minimum of the temperature encountered. 

The two methods described above, are compared to calculate the 

temperature at the consecutive points by assuming the heat lost by the 

freon between the two points is the same (by heat lost percentage). 

In this case, the heat capacity of the freon, (mr.Cpr) is found 

experimentally always to be less than the water heat capacity, 

(mw.Cpwr). In the condensing region, the temperature assumed stays 

essentially constant, in which case, it has infinite specific heat, 

where the heat capacity ratio, (mr.Cpr/mw.Cpwr) tends to approach zero. 

In such case, the performance is maximised for the particular Ntu value. 

5.6.1: e-Ntu method in counter flow 

Referring to Fig.5.6.1, from definition in Eqn.5.49, 

  

  

€r = (mw.Cpr)(TRi-TRi+1 ] = (TRi-TRi+1 ) 

(mr.Cpr)[TRi-TWi+1 ] (TRi-TRi+1 ) and 

€wr = (mw.Cpwr)[TWi-TWi+1 ] = (TWi-TWi+1 ) 

(mw.Cpwr )[TRi-TWi+1 ] (TRi-TWi+1 ) Eqn. 5.50 

where er and €wr are the effectiveness in the freon and water side 

respectively. 

The heat transfer through an elemental length dz can be expressed 

as, 

On integration, and taking the boundary conditions for 

(mr.Cpr )<(mw.Cpwr), 

TR = TRi ; TW = TWi Se Zo Od and 

TR =\TRist: 7 3 EW = [Wied 3 oy) = vist Eqn. 5.52 

yields, 
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  | Wateri a 

a 

Fig.5.6.1: Temperature distribution from point i to 

point (i+1) in a counter flow condenser   
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(TRi - TWi) Eqn. 5.53 

ee - TWiel i exp[-Ntur + Ntuwr] 

where Ntur=(UL.Linth)/ar.Cpr, Ntuwr=(UL.Linth)/aw.Cpwr and 

Linth=(zi-zi+e1 ) is the distance between the two test-points. 

The terms, Ntur and Ntuwr are called the number of transfer 

units which indicates the size of heat exchanger. 

5.6.2: The next point parameters in the single-phase 

In the single-phase counter flow, to determine the temperature at 

the next point, an e-Ntu method described above is employed by 

considering the heat capacity rate ratio (mr.Cpr<mw.Cpwr). 

By eliminating the temperatures in Eqn.5.50 and Eqn.5.53 and 

then rearrange these equations in term of effectiveness, €r and number 

of transfer units, Ntu, we get, 

tr = [1 - exp(-Ntur +Ntuwr )] 

1 - (Ntur/Ntuwr )[exp(-Ntur+Ntuwr )] Eqn.5.54 

This equation is only dependent on the heat capacities of the fluids. 

The effectiveness on the water side, éwr can be related by the energy 

balance equation from point i to point (itl), which yields, 

€wr = (1-flost).er. (Ntur/Ntuwr ) Eqn. 5.55 

where fiost is the overall percentage of heat lost from condenser. 

Combining and rearranging Eqn.5.50, and then by substitution of 

Eqn.5.54 and Eqn.5.55, the temperature at the point (i+1) can be 

expressed as, 

TWi+l =) TWi - Er. TRi| and 

(1 - ewr) 

TRie1 = TRi + er(TWisi — TRi) Eqn. 5.56 

Similarly, the pressure at point (i+1) can be written as, 

PRi+1 

PWi+1 

PRi - APR.Linth and 

PWi + APW.Linth Eqn. 5.57 
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| 

  

The above equations are used to calculate other unknown parameters 

in single-phase freon for the desuperheating and subcooling regions. 

5.6.3: The next point parameters in condensing region 

As earlier mentioned, the capacity rate ratio tends to approach 

zero, when condensing effectiveness is reduced to 

Er = 1 - exp(-Ntur) Eqn. 5.58 

Eqn.5.56 is again introduced to calculate the temperature of water at 

point (itl) with the effectiveness given by Eqn.5.58. 

The pressure drops calculated earlier in the section are employed 

together with Eqn.5.57 to determine the pressure at the next point 

both for the freon and water. ; 

On further analysis, the freon pressure at this point is used to 

calculate the freon temperature at point (i+1) by assuming the 

temperature exits as a saturated temperature. Fig.5.6.2 shows a P-h 

diagram to illustrate these calculations where, 

Taat = .TRi+1 = f(PRi+1 .) Eqn. 5.59 

calculated from equation of state,[71,116] (see Appendix A-5 for the 

solution of thermodynamic properties of freon at various state). 

The final major parameter considered is the vapour quality, x 

calculated from 

xX = hi+1 -|hsat(0,TRi+1 ) 

where hi+1 is the specific enthalpy at point (i+1) calculated from 

energy balance equation, hsat(0,TRi+1 ) is the specific enthalpy at 

saturated TRi+1 with x=0 (saturated liquid line), and hrg is the 

latent heat of vaporization evaluated at TRi+1 between x=0 and x=l. 
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CHAPTER 6 

RESULTS AND DISCUSSION 

6.1: Introduction 

In this chapter, experimental and predicted results are presented and 

discussed. The temperature profiles along the condenser tube, measured in 

the experiment are compared with the temperature distributions predicted 

by the model. The predicted temperature profile is calculated at 0.1 meter 

intervals by numerical integration, while the thermocouples were placed at 

one meter apart. The temperatures evaluated at every meter can then be 

compared with the corresponding temperature. 

The other parameters to be directly compared with the model are the 

condenser inlet and outlet pressure (also known as discharge and liquid 

pressure respectively, in the heat pump system), freon and water mass 

flowrate, and freon and water inlet and outlet temperatures. Variations of 

these parameters at given conditions are shown and discussed later in the. 

chapter. The primary parameters (mentioned above) are directly measured by 

experiment, and known as experimental data. 

The second part of the chapter discusses the results predicted by the 

model, including the thermodynamic and physical properties of the fluids 

in three separate regions (subcooling-, condensing- and desuperheating- 

regime) and other parameter profiles (pressure, quality, water and freon 

linear heat transfer coefficient, and overall heat transfer coefficient) 

are also described. 

The inlet pressure was varied from 7.6 bar to 12.3 bar. Variations of 

freon and water Reynolds number, linear heat transfer coefficient, number 

of transfer units, temperature, pressure, specific enthalpy and specific 

entropy, and condenser effectiveness are also discussed. The average or 

the total possible values of parameters described above are tabulated and 

shown for particular operating conditions. 

Parameter profiles (other than the temperature profiles) which are 

not measured in the experiment but predicted by the model are important to 

study the thermodynamic and physical behaviour of the heat exchanger. The 

summary of the thermal power analysis discussed from the enthalpy and 

entropy point of views is also presented. 

The final part describes the summary of possible range of evaporator 

conditions by assuming certain values of compressor isentropic efficiency. 
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In this case, the possible refrigeration cycle of the heat pump system 

(assuming there is no pressure drop across the evaporator) is predicted. 

The possible energy capacity across the evaporator, work done by the 

compressor and the heat pump coefficient of performance are also 

presented. 

To summarize, the results and discussions are divided into two major 

sections; experimental results and predicted results. 

6.1.1: Experimental results 

The results are based on the 39 sensors attached to the system. These 

include 35 sensors for measuring temperatures, 16 for the water 

temperatures and 16 for the freon temperatures, 2 thermocouples for 

measuring freon temperature at the inlet and outlet of the heat pump 

evaporator, and the final thermocouple is to measure the room temperature. 

4 transducers measure the pressure at the inlet and outlet of the heat 

pump condenser and evaporator. The two of them which are attached at the 

inlet and outlet of the condenser are normally used in the present 

analysis. 

As discussed earlier in chapter 4 and 5, six parameters (TRi,TRie, 

TWi,TWié, PRaischarge gas and PRcondenser exit) were measured at points 

which are not exactly at the condenser entry and exit. An estimation was 

done by interpolation to overcome this problem. These values are used 

either for comparison with the model or as input data to initiate the 

calculation in the model. 

Fig.6.1.1(a and b), shows an estimate of the freon inlet and outlet 

temperature. The freon inlet temperatures were estimated to be lower by 

between 4.9°C to 5.8°C than the measurements. The freon outlet 

temperatures were estimated higher than those in the measurement between 

O22°Crand 31°C. 

Similarly, the water inlet and outlet temperature (TWieé and TWi 

respectively) were estimated in the same way. From the results, the water 

outlet temperatures were slightly lower, between 0.4°C to 1.2°C than the 

measured temperatures. For the water inlet temperature, where the sensor 

was placed quite far away from the condenser exit, the estimate is between 

1.1°C to 7.5°C higher than those in the measurements. Fig.6.1.2(a and b) 

shows the deviations from the actual measurement. 

The freon inlet and outlet pressures summarized in Fig.6.1.3(a and 

b) were estimated higher in both cases. The deviation from the 

measurement was estimated between 0.2-0.3 bar for the freon inlet pressure 
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and 0.5-0.8 bar for the outlet pressure. 

As discussed earlier, water mass flowrate which is measured manually 

is introduced to evaluate the average freon mass flowrate using condenser 

energy balance equation. In the system, the water and freon mass flowrate 

are assumed to be constant throughout the Run for particular conditions. 

Each Run, which consists of 41 primary parameters, we shall call a 

set of experimental data. At given operating conditions, each Run is used 

to compare with the results predicted by the model. 32 temperatures at the 

test-sections in the heat pump counter flow condenser are the basic 

parameters to be compared with the predicted temperatures at the same 

position and operating conditions. At the same time, other parameters such 

as freon and water outlet temperature, freon outlet pressure, and freon 

and water mass flowrate are also used to supplement the comparison at 

given operating conditions. Other parameters which do not directly 

participate in the comparison will be discussed later in the predicted 

results. 

6.1.2: Predicted results 

The results predicted by the model can be discussed in four different 

sections as follows: 

Three separate regions: In this section, the results are further 

divided thus; thermodynamic and physical properties of the fluids, heat 

exchanger performances using e-Ntu method, and thermal power analysis of 

the fluids during the process. 

The temperature and pressure at the interface (between each region) 

are also described. Fig.6.1.4 shows the possibility of the three 

separate regions in the heat pump condenser where the pressure and 

temperature are at the boundary zone except for the inlet and outlet 

condition, 

TRa = TRin 

TWa = TWout 

PRa = PRin Eqn.6.1 
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where TRin is taken to be equal to the freon entry temperature measured 

in the experiment and TWout is the outlet water temperature calculated 

in the model. The freon pressure at point a, PRa taken to be equal to 

the freon inlet pressure, is the freon inlet pressure (or discharge 

pressure) measured in the systen. 

The temperature and pressure at point b, which represents the exit 

condition of the desuperheating region and the inlet condition of the 

condensing region, 

TRb ,desup = TRb,cond 

TWb,desup = TWb,cond 

PRb ,desup = PRb,cond Eqn.6.2 

are assumed to be equal. These parameters are calculated by the model (not 

found in the experiment, unless the point where the sensor is placed in 

the experiment coincides with the point in the model). 

The temperature and pressure at point c, which represents the 

outlet condition of condensing region and inlet condition of the 

subcooling region can be written, 

TRe;cond = TRe »sub 

TWe,cond = TWc,sub 

PRe,cond = PRc,sub Eqn.6.3 

The freon outlet temperature and pressure, and water inlet 

temperature associated with the temperature and pressure at point d can 

be expressed as, 

TRa = TRout 

TWa = TWin 

PRa = PRout Eqn.6.4 

Eqn.6.4 can be directly compared with the experimental results. 

Parameter distribution: The parameter distributions considered along 

the condenser are freon and water temperature and pressure, wall 

temperature, vapour quality, freon and water linear heat transfer 

coefficient, freon and water number of transfer unit, and overall heat 

transfer coefficient. 

In a counter flow heat exchanger, the temperature distribution along 

the flow-axis decreases in the direction of R12 flow where heat is 
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released from the freon side, and increases in the direction of water flow 

where heat will be picked-up from the freon. In general, the drop in the 

freon temperature is more pronounced in the single-phase regions 

(desuperheating-region and subcooling-region) than in the condensing- 

region (two-phase flow). This is also true for the drop in the water 

temperature. 

The experimental temperature profiles are directly compared with 

those predicted by the model. Other profiles are also discussed. The 

behavioural study of these profiles along the specified length of a 

counter flow heat exchanger from one operating condition to another can be 

investigated. 

Thermal power analysis: This concerns the analysis of the overall 

thermal power; gained and lost from the freon side and water side 

respectively, based upon the enthalpy and entropy phenomenon. 

In this analysis, the energy inbalance of the specified power, the 

net rate of entropy flow through the system, thermal entropy creation, and 

overall effectiveness in term of number of transfer units are presented 

and discussed. 

Summary of range of possible evaporator conditions: In this section, 

the model predicts the possibility of refrigeration cycle by altering the 

evaporator conditions. Three factors which affect the cycle are 

considered; no pressure drop across the evaporator, the subcooled point at 

the condenser exit is isenthalpic to the point at the evaporator entry, 

and the work done by the compressor is isentropic (see Fig.6.1.8(b) for 

the possible cycle). 

Compressor isentropic efficiencies of 50%,55% and 60% are considered 

to predict the possible COP of the heat pump system, for freon evaporator 

entry temperature increasing in steps of 2.0°C. The temperatures are set 

to be lower than the condensing temperature for a particular Runa. 

6.1.3: Results in general 

It is important to mention that only the results within the operating 

conditions explained in chapter 1 and 4 are presented in the discussion. 

As discussed in chapter 4, over 100 Runs were recorded, but 20 sets 

of the results (Runs) are selected which cover the working ranges. The 

results will be summarized in two ways; tables and graphs, which includes 

the experimental and predicted data. 
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Experimental results 

The results are further subdivided to two sections; experimental 

results directly measured from the rig, and secondary parameters which are 

indirectly measured but calculated from the primary parameters (freon mass 

flowrate, thermal power, and heat lost across the condenser). 

There are 68 sets of data (Runs) taken between May 1987 to January 

1988, which were grouped according to the freon inlet pressures and 

temperatures, called Run 1 to Run 68 shown in Table A-6.1 to Table A- 

6.11. It covers the following operating conditions; 7.6-12.3 bar for the 

inlet pressure, 61.2-81.7°C for the freon inlet temperature, 13.5-21.7 °C 

for the water inlet temperature, and 6.72-21.49 g/s for the water mass 

flowrate. 

In the tables stated above, the first part of the results concerns 

the temperature distribution in the heat pump condenser and the second 

part the parameters measured outside the condenser. In general, the 

temperature of freon decreases over the length of heat pump condenser 

(direction of freon flow) and at the same time, water temperature 

increases in the opposite direction. For higher freon inlet temperature, 

the inlet pressure becomes higher, and the water mass flowrate decreases. 

Room temperature ranged from 18°C to 26°C. 

The minimum and maximum operating conditions recorded in Table A- 

6.1 to Table A-6.11 can be summarized as follows. 

  

  

Items Minimum Max imum 

Freon inlet temperature (°C) 61.2 81.7 
Freon outlet temperature (°C) 15.6 40.4 
Freon outlet pressure (bar) 7.6 12.3 
Temperature at the evaporator entry (°C) aie 9.3 
Temperature at the evaporator exit (°C) 13.7 21.3 
Pressure at the evaporator entry (bar) 3.3 4.2 
Pressure at the evaporator exit (bar) 3.1 3.9 
  

Table 6.1: Freon operating conditions taken from 

Run 1 to Run 68 

The above table can be approximately drawn in a p-h diagram shown in 

Fig.6.1.5, where there is a pressure drop from point 1 to point 2 and 

from point 3 to point 4. In the results, the pressure drop in the maximum 

cycle of the higher pressure line is 0.5 bar, and in the minimum cycle is 

1.2 bar. The pressure drop in the lower pressure line for the maximum 

cycle is 0.2 bar and 0.1 bar for the minimum cycle. 

The general shape of the temperature distribution for both the fluids 
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is shown in Fig.6.1.6(b) where there is a sharp drop in the freon 

temperature over the first few meters of the condenser entry (as a result 

of pressure drop in the tube), and after that, the drop is moderate before 

continuing to drop as the freon flows towards the condenser exit. The 

desuperheating-region can be represented by the tremendous drop just after 

the freon flow in the condenser. The two-phase region can be represented 

by the small temperature drop which covers most of the condenser length. 

Finally, the moderate drop indicated by the few points towards the 

condenser exit can be regarded as the subcooling region. 

On the other hand, the big increase in the water temperature can be 

clearly seen as the water flows through the condenser exit. In general, 

the increase in the temperature is more pronounced over the first few 

meters as the water flows into the condenser exit but after that, the 

increase becomes smaller as the water approaches the condenser entry. 

At the same time, heat lost from the freon side is picked-up by the 

water side causing the water temperature to increase in the opposite 

direction. The increase in the water temperature compared to that in the 

freon temperature drop is quite constant except for the first few points 

towards the condenser exit. 

As the freon inlet pressure increases where TRi is high, the freon 

and water mass flowrate are decreased. The experiment records the pressure 

drop across the condenser between 1.0 bar to 1.5 bar. 

Predicted results 

The results were obtained by putting input data (taken from 

appropriate experimental results) to the model program. The inputs are as 

follows; total thermal power, water inlet temperature, freon inlet 

temperature, freon inlet pressure, and overall percentage of thermal 

energy lost to the surroundings. The other input, assumed to have fixed 

values, are wall thickness of the tube (7.4x10-4 m), outside diameter of 

the freon and water tube (5.75x10-3 m and 7.65x10-5 m respectively), 

total length of the condenser (15 m), and conductivity of thermal bond 

between the tubes (500 W/m.°C). These inputs are separately recorded in 

each set of results. 

Out of 68 results recorded in Table A-6.1 to Table A-6.11, 29 

sets have been analysed, corresponding to the sets measured in the 

experiment. The same numbers are used as in experimental results except a 

subscript m is introduced to denote the results predicted by the model. 

The results are classified in five sections according to the freon inlet 
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pressures. 

  

  

Section Rune Inlet pressure (bar) 

A 9,10,11,12,5 (5) 7.65 -— 10.89 

B 38,40,42,44,54,56,59,61 (8) 8.82 - 12.06 

Cc 39,41,45,47,57,58,60 (7) 9.02 - 12.11 

D 1,2,43 (3) 9.23 - 9.93 

E 3,46,4,53,52,55 (6) 10.20 - 10.92 

  

Table 6.2: Classification of predicted results (29 Run») 

The results in section A, B and C which consists of 20 sets of data 

will be used for discussion later. Each set of results provided in this 

thesis is divided into three parts;thermodynamic and physical properties 

of the fluids at three separate regions, output of the numerical 

integration which includes the profiles of the fluids for various 

properties, and the summary of range of possible evaporator conditions by 

assuming certain values of compressor isentropic efficiency. Some the 

results (Rune 9, 10, 40, 44, 58 and 60) are shown in Table A-6.12 to 

Table A-17 of Appendix 6, where the three sections described above are 

indicated by part a, b and c respectively. 

a. Part a: The first part of the result records the input values, 

properties of the fluids in the three separate regions, and energy balance 

analysis from entropy and enthalpy point of view. 

As the freon inlet temperature and pressure increases, water exit and 

water inlet temperature are also increased but other parameters such as 

freon and water mass flowrate, and thermal power are decreased. The length 

of the desuperheating region becomes longer, the length of subcooler 

becomes shorter, and the length of the two-phase region moderately 

decreases as the freon inlet pressure increases. 

The following conclusions can be drawn for the three separate regions 

(part a of the results), if the freon inlet pressure and temperature are 

increased, 
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Properties ; Superheat Two-phase Subcooler 
  

R12 side heat transfer coefficient decrease decrease decrease 
Water side heat transfer coefficient decrease decrease decrease 
R12 side Reynolds number decrease decrease decrease 
Water side Reynolds number decrease decrease decrease 
Overall linear conductance decrease decrease decrease 
Number of transfer units increase decrease decrease 
Effectiveness of each segment increase increase decrease 
Thermal power picked-up or transferred decrease decrease increase 
Specific enthalpy of refrigerant increase increase increase 
Specific entropy of refrigerant decrease decrease increase 
Temperature increase increase increase 
Pressure increase increase increase 
  

Table 6.3: Overall summary of some properties of fluids 
in three-separate regions as PRinlet increases 

b. Part b: The second part of the results is to list out the 

outputs of the numerical integration where the three separate regions 

(desuperheating, condensing, and subcooling region) are clearly shown. In 

this section, the parameter distributions along the 15-meter long 

condenser such as freon temperature, water and wall temperature, freon and 

water pressure, vapour quality, freon and water heat transfer coefficient, 

freon and water number of transfer units, and overall linear heat transfer 

coefficient are listed in the results. The outputs were printed for every 

0.2 meter. 

A comparison with the experimental data can be directly made based on 

the temperature distribution of the freon and water along the condenser at 

every one meter apart. In general, as tha inlet pressure increases, a 

longer length is required for the vapour to be desuperheated before it 

begins to condense. At the same time, a shorter length is needed in the 

subcooling region, after condensation has completed (see Fig.6.1.7(a)). 

Other parameters described above, such as temperature, pressure, and 

number of transfer units of water are increased, while the heat transfer 

coefficients and number of transfer units of freon are decreased as the 

inlet pressure increases. Fig.6.1.7(b) shows the maximum and minimum 

possibility of temperature profiles predicted by the model taken from Runa 

9 and Rune 59. Looking back to Fig.6.1.6(b), it is clearly seen that 

both curves show approximately the same pattern. 

c. Part c: The final part of the results show the summary of range 

of possible evaporator conditions by assuming 50%, 55% and 60% compressor 

isentropic efficiencies. The value of condensing pressure, condensing 

temperature, specific enthalpy at the entry and exit, specific entropy at 
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the entry and exit, and the exit temperature are fixed in each Runa. The 

possible summary is shown in Fig.6.1.8 where point 1, 2, 3 and 4 

indicate the position in the refrigeration cycle (entry and exit of the 

four basic heat pump components). 

The model also predicts the thermodynamic properties at given 

temperature and pressure at the evaporator entry and exit by varying the 

compressor efficiency. At the entry, point 3 is assumed to be in the two- 

phase region, while at the exit, point 4 is considered in the vapour 

region where its temperature is also predicted. The other parameters 

calculated in this part are the evaporation capacity, compression 

capacity, pressure ratio, and the possible coefficient of performance of 

the heat pump system (see also Fig.6.1.8). 

As the temperature and pressure at point 3 increases, the specific 

enthalpy of saturated R12 at vapour fraction, x=0 and x=1 is also 

increased, and the specific entropy of saturated R12 at x=0 is increased 

but decreases moderately at x=1. The specific entropy and specific 

enthalpy at the superheated region (point 4) is increased and the possible 

temperature of the fluid predicted at this point is also increased (TR > 

TR3). Finally, as the temperature and pressure at point 3 increases, the 

evaporation capacity and coefficient of performance are also increased but 

compression capacity, and pressure ratio decreases. Fig.6.1.8(b) shows 

the possible situations for varying temperature and pressure at point 3. 

The conditions are changed when different freon inlet pressure and 

temperature are employed (see result in Table A-6.12 to Table A-6.17 

of part c). 

The results described in section A, B and C of Table 6.2 are used 

throughout this chapter for discussion and comparison. Experimental data 

is denoted by Run and Runa represents the results predicted by the model. 

The comparison is made between the Run and Runa of the same number. 

6.2: Comparison of experiment and model 

In this section, the results classified in Table 6.2; section A, B 

and C which consists of 20 sets of Run are considered for comparison. It 

covers the working pressure from 7.65 bar to 12.11 bar, and 55.4°C to 

74.2°C for the freon inlet temperature. The experimental results can be 

found in Table A-6.1 to Table A-6.11 and the predicted results are 

shown from Table A-6.12 to Table A-6.17 of part b. The results from 

appropriate Run number are compared. 

Temperature distribution at one meter intervals along the condenser 
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can be directly compared with the predicted results where the temperature 

profile for every 0.2 meter is shown. Other parameters measured during 

experiment which can be compared are freon outlet pressure, water outlet 

temperature, and water and freon mass flowrate. 

6.2.1: Temperature profile 

Section A 

In this section, the results are compared for the freon inlet 

pressure from 7.65 bar to 10.89 bar, and 55.4°C to 68.6°C of the freon 

inlet temperature with the room temperature varied from 18.5°C to 19.5°C 

(using polystyrene insulating materials in the experiment). Fig.6.2.1 

shows the overall comparison taken from section A of Table 6.2 where the 

points are drawn at different Runs for each meter. 

For the freon side, the temperature distribution deviates from -1.7°C 

to 6.5°C from the experimental results. The majority of the points (a 

total of 76 points in Fig.6.2.1(a)) lie very close to the reference line 

except the predicted temperature at point 71 (equivalent to point 15 of 

the experimental result) which shows a higher value. As the freon inlet 

pressure increases, the temperature at this point came down to with 2.6°C 

of the measurement, which lies in the two-phase region, just before the 

mixture of liquid-vapour completely changed to freon liquid in the 

subcooler. In general, the distributions are in fairly good agreement with 

the experiment, except at the points just before the subcooling region. 

For the water side, as shown in Fig.6.2.1(b), the distribution is 

much better, within the range of -1.6°C to 0.8°C from the experimental 

results. The water is assumed to be completely in the liquid state 

throughout the process. 

Fig.6.2.2(a->f) show the temperature distribution for both the 

experimental and predicted results. The experimental results indicated by 

the small squares, consist of 16 points at one meter intervals. The small 

dots consist of 76 points, at intervals of 0.2 meter, showing the profile 

predicted by the model. The freon temperature is always higher than the 

water temperature. As the pressure increases, the distributions are in 

good agreement with the experiment except at the few meters before the 

condenser exit, where the temperature predicted by the model is slightly 

higher. At higher inlet pressure, the water and freon mass flowrate 

decrease with increasing of freon inlet temperature and water outlet 

temperature. 
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Section B 

In this section, the working conditions are from 8.82 bar to 12.06 

bar for the inlet pressure, 62.5°C to 74.1°C for the freon inlet 

temperature, and room temperature ranged from 23.8°C to 26.1°C (using 

vermiculite materials as insulation). Fig.6.2.3(a->i) show the graphical 

representation of the temperature distribution along the condenser for 

both experimental and predicted results. Comparison with the results in 

Section A shows an improvement, the predicted freon temperature at the 

points a few meters away from the condenser exit coming quite close to the 

experimental temperature. Fig.6.2.4(a) shows a deviation between -0.9°C 

to 4.0°C from the measurement. In general, the freon temperature profiles 

are in good agreement with experiment. 

For the inlet pressure 8.82 bar, the subcooling region does not 

exist, there still being a mixture of freon liquid-vapour at the condenser 

exit, as can be seen from the vapour quality at this point where the value 

is still above zero (x=1.26%). As the pressure increases, the three 

regions can be clearly seen but the subcooling region occupies a small 

portion of condenser length. 

The water side shows a better agreement, with almost all experimental 

points lying on the predicted points at the same length. The deviation is 

between -1.6°C to 0.5°C from the measurement (see Fig.6.2.4(b)). The 

water picks up more heat from the freon side as the freon inlet pressure 

increases, where the water temperarure at corresponding points is close to 

the freon temperature, especially in the first few meters of the mixed- 

region, in the direction of freon flow. 

Similarly, as the freon inlet pressure increases, the freon inlet 

temperature and water outlet temperature also increase but the water and 

freon mass flowrate decreases. 

Section C 

The freon inlet pressure and temperature range from 9.02 bar to 12.11 

bar and 62.9°C to 73.9°C respectively, at room temperature ranged from 

23.9°C to 25.9°C are shown in Fig.6.2.5(a->f) using the same insulating 

materials as in Section B. 

Similarly, the freon temperature distribution shows a fair agreement 

with the experimental temperature profile along the condenser except at 

the points just before the freon is completely condensed, where the 

predictions are slightly higher. In general, Fig.6.2.6(a) shows a 

deviation from -1.1°C to 2.5°C from the measurement. The model predicts 
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the distribution quite well in the single vapour region and two-phase 

region, but differs by a maximum of 2.5°C from the experiment at the end 

of the two-phase regime. Referring to Fig.6.2.5, it is clearly seen 

that, in the experiment, the liquid freon occupies a small portion of 

condenser length compared to the total length of 15 meter. The model 

predicts the length of the tube occupied completely by the liquid freon is 

between 2.5x10-2 m to 4.25x10-!m. 

For the water side, the temperature distributions are in good 

agreement with the temperatures measured in the experiment. The deviations 

from the experiment shown in Fig.6.2.6(b) are from -1.4°C to 0.9°C. 

Comparison in general 

The temperatures along the condenser predicted by the model for the 

freon side with the same freon inlet temperature (the model uses the same 

freon inlet temperature as in the experiment as input data) are in quite 

good agreement with the measurements, except at the few points just before 

the mixture of liquid-vapour is completely condensed, where the 

predictions are slightly higher. The predictions in the water side are 

much better than those in the freon side. 

As mentioned in earlier chapters, the iteration is completed when the 

correct value of outlet water temperature is obtained. The important point 

is that the outlet water temperature predicted by the model is almost on 

par with the outlet water temperature measured during experiment with the 

deviation between -1.6°C to 0.9°C. 

The maximum deviation for the freon temperature occured at point 15 

of Rune 10 (6.5°C from the measurement) and the minimum deviation at this 

point is 2.6°C, occured in Runa 5. The overall deviation for the freon 

temperature along the condenser after using vermiculite insulating 

materials, room temperature ranged from 23.8°C to 25.9°C, is found to be 

within -0.9°C to 4.0°C, The overall water temperatures lie between -1.6°C 

to 0.9°C from the experimental measurement. 

There is a sharp drop in the freon temperature between the last point 

in the mixed-region and the last point in the condenser exit (in 

subcooling region), but the drop predicted in the two-phase region is 

quite moderate. Another tremendous drop in the freon temperature is in the 

vapour region where the drop between the freon inlet temperature and the 

temperature at the end of the first meter (direction of freon flow) is 

between 19°C to 24°C. As the freon inlet pressure increases, the drop is 

moderately decreased. 
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For the water side, the temperature rise can be clearly seen after 

the water enters the condenser exit and flows a few meters through the 

condenser, and after that the slope is gradually decreased until the water 

leaves the condenser entry. In general, as it flows, the water picks up 

more heat at the start of its flow and gradually less as it flows towards 

the water exit. This can be seen from the figures illustrated earlier 

where the distance between the two points (both for the freon and water 

side) of the same position becomes further apart. 

6.2.2: Other parameters 

Other parameters that can be directly compared are freon outlet 

pressure, water outlet and inlet temperature, freon outlet temperature, 

and water and freon mass flowrate. The following discussion is based on 

the results summarized in Table 6.2 where 29 points are drawn for the 

inlet pressure ranged from 7.65 bar to 12.11 bar, and 55.4°C to 74.2°C for 

the freon inlet temperature. These points are also taken from the 

respective experimental Run which is then compared with the corresponding 

predicted Rune. 

Freon outlet pressure 

In this case, the freon outlet pressure is referred to as the freon 

pressure at the condenser exit. In the heat pump system, it is equivalent 

to the freon pressure just after leaving the subcooling region. At this 

point, it is assumed to be in the liquid region of a p-h diagram (the 

pressure at point 2 in Fig.6.1.8). As the freon flows towards the 

condenser exit, the pressure and temperature are reduced. At the same 

time, the water gradually picks up the heat rejected from the freon side, 

causing an increase in the temperature. 

Fig.6.2.7 shows a deviation between -0.63 bar to 0.01 bar from the 

experimental outlet pressure. Generally, the outlet pressure for various 

Rune predicted by the model are slightly lower. As the inlet pressure 

increases, there is also an increase in the outlet pressure with the 

points in Fig.6.2.7 slowly approaching the reference line. It seems the 

model predicts quite well at higher freon inlet pressure. For the inlet 

pressure higher than 10.3 bar, the prediction is almost on par with the 

experimental measurement. For inlet pressure less than 10.3 bar, the 

predicted outlet pressures are somewhat scattered, and predict values 

lower than in the experiment. 

Since there is a pressure limit in the pressure transducer used in 
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the system (see chapter 3 and 4), it is difficult to verify the 

predictions at pressures higher than those operated in the present system. 

For the inlet pressure ranging from 10.3 bar to 12.1 bar, the prediction 

of the outlet pressure is in good agreement with experiment (-0.20 bar to 

0.01 bar from the measurement). 

Water outlet temperat 

The correct value of the water outlet temperature indicates whether 

iteration has completed (see also chapter 5 under modelling) and satisfied 

all the possible conditions used in the model. The water outlet 

temperature predicted by the model compared with the measurement is shown 

in Fig.6.2.8 where the deviation is between -0.7°C to 1.4°C. 

The water outlet temperature is greatly influenced by the freon inlet 

temperature and pressure. As the freon inlet pressure and temperature 

increases, the water outlet temperature is also increased with a decrease 

in the water mass flowrate. The ratio of the freon inlet temperature to 

the water outlet temperature is gradually decreased at higher inlet 

pressure. It means (in term of ratio), the water outlet temperature is 

much closer to the freon inlet temperature at lower inlet pressure. For 

the given operating condition, the ratio decreases from 1.85 to 1.45. 

About 69% of the points which represent the water outlet temperature 

recorded by the model lie just above the experimental line. This means the 

model predicts a slightly higher value than the water outlet temperature 

measured in the experiment. 

Freon outlet temperature 

This concerns the temperature at point 2 of Fig.6.1.8(a) or the 

temperature at the condenser exit. For higher freon inlet temperature, the 

freon outlet Seaperature is relatively higher, with a decrease in the 

freon mass flowrate. Similarly, it is greatly dependent upon the freon 

inlet pressure. 

Fig.6.2.9 shows a summary from 29 Runsea, illustrating the deviation 

from the measured values within a range of -1.1°C to 3.4°C. More than 50% 

of the recorded points lie to the right of the reference line. It was 

estimated that about 62% of the freon outlet temperatures predicted by the 

model are higher than those measured in the experiment. 
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Water inlet temperature 

The water inlet temperature predicted by the model is very close to 

that measured. Fig.6.2.10 shows a deviation from the experiment, ranging 

from -0.2°C to 0.3°C. For the freon inlet pressure and temperature ranging 

from 7.65 bar to 12.11 bar and 55.4°C to 73.9°C respectively, the output 

predicted by the model is slightly higher than that measured. 

The increase in the water outlet temperature as the freon inlet 

pressure and temperature increases is small and quite constant. The 

difference between the two consecutive temperatures (at one meter 

distance) is almost constant as illustrated in Fig.6.2.10. In general, 

the increase seems to be almost linear with the increase in the freon 

inlet pressure and temperature at given operating conditions. 

Overall freon temperature drop 

In this case, the overall freon temperature drop across the condenser 

is regarded as the difference between the freon inlet temperature and the 

freon outlet temperature. Referring to Fig.6.1.8(a), the temperature 

drop is between the temperature at point 1 and at point 2. The overall 

drop in the temperature and pressure is used to calculate the overall 

freon thermal power across the condenser by treating the difference in the 

specific enthalpy at these two points. 

The predicted overall temperature drop as shown in Fig.6.2.11 shows 

that the points are scattered within -3.4°C to 2.7°C from the central 

line. In general, the drop increases for higher freon inlet pressure. 

Over water temperature dro 

Similarly, the drop is based on the two points corresponding to the 

two points discussed in the overall freon temperature drop (above) but in 

the opposite direction of flow. The drop in the water temperature is more 

orderly and the points are more closer to the reference line as shown in 

Fig.6.2.12. 

It was found that the deviation from the expriment is from -0.9°C to 

1.2°C. At given operating conditions, the prediction shows, more than 50% 

of the overall temperature drop are slightly higher than that measured. 

The water mass flowrate can be directly calculated from the overall 

temperature drop by introducing the constant value of water specific heat 

or can be calculated from the difference in the water specific enthalpy at 

those two points. 
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Freon mass flowrate 

The freon mass flowrate predicted by the model is found to be 

slightly lower than that calculated in the experiment. As the freon inlet 

pressure and temperature increases, the flowrate is decreased. 

Fig.6.2.13 shows a comparison where for given operating conditions, 

the model predicts less by between 0.2 g/s in Runa 9 (minimum value) and 

0.1 g/s in Rune 5 (maximum value). About 72% of the recorded Runsa, 

indicate the freon mass flowrate is scattered between 6.5 g/s to 7.5 g/s 

and fairly closed to the reference line. 

Water mass flowrate 

The water mass flowrate is more spread within the operating 

conditions. As the freon inlet pressure and temperature imcreases, the 

amount of water flow in the condenser per second slowly decreases. 

Fig.6.2.14 illustrates the comparison based on the 29 sets of data 

described in Table 6.2 where the minimum value was predicted less by 1.7 

g/s in Rune 38 and higher by 0.2 g/s in Runa 5 for maximum value (from the 

experimental measurement). The tremendous decrease can be seen at the 

lower inlet pressure, but as the pressure increases, the decrease is not 

so great. Most of the points drawn in Fig.6.2.14 are quite close to the 

central line. 

6.2.3: Summary 

The following tables give an overall summary which compares the 

experimental measurements with the results of the same Run predicted by 

the model. The comparison is based on the following operating conditions, 

7.65 bar to 12.11 bar for the freon inlet pressure, and 55.4°C to 74.2°C 

for the freon inlet temperature, which consist of 29 Runs. 
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Items Deviation from experiment Refer to 

  

minimum max imum figure 

Temperature profile (Section A) 
Freon side (°C) -1.7 6.5 6.2.1(a) 
Water side (°C) -1.6 0.8 6.2.1(b) 
Temperature profile (Section B) 
Freon side (°C) -0.9 4.0 6.2.4(a) 

Water side (°C) -1.6 0.5 6.2.4(b) 
Temperature profile (Section C) 
Freon side (°C) -1.1 2.5 6.2.6(a) 

Water side (°C) -1.4 0.9 6.2.6(b) 
Freon outlet pressure (bar) -0.63 0.01 ge 
Water outlet temperature (°C) -0.7 1.4 6.2.8 
Freon outlet temperature (°C) -1.1 3.4 6.2.9 
Water inlet temperature (°C) -0.2 0.3 6.2.10 
Overall freon temperature drop (°C) -3.4 2.7 6.2.11 
Overall water temperature drop (°C) -0.9 Ve2 6.2.12 
Freon mass flowrate (9/s) -0.2 -0.1 6.2.93 
Water mass flowrate (g/s) -1.7 0.2 6.2.14 

(negative and positive sign means the model predicts lower and higher than 
the experiment respectively) 
  

Table 6.4: Summary of overall results compared 

6.3: Thermodynamic and physical properties in three-separate region 

In this section, the discussion focuses on the results predicted by 

the model by assuming the comparisons described above are within the 

experimental agreement. The thermodynamic and physical properties of the 

freon and water in three-separate region (desuperheating-, condensing-, 

and subcooling-regime) are discussed based on the values calculated at the 

entry of each region. The possible average or total values based on the 

fluid properties for the whole region are also outlined. 

The properties of water is also divided to three sections 

corresponding to the three separate regions in the freon side, although it 

has been assumed earlier that only liquid water flows throughout the 

system. What is important is to predict the water properties at the 

positions where there exist the three regions in the freon side. The 

results are based on the 29 Runsm described earlier in Table 6.2 within 

the operating conditions. 

6.3.1: Length in each segment 

The results predicted in Section A correspond to the experiment where 

the system is insulated by the polystyrene materials with the freon inlet 

pressure ranging from 7.65 bar to 10.89 bar. As the freon inlet pressure 
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increases, the length of desuperheater is also increased from 1.475 m to 

2.375 m. At the same time, the length of condensing and subcooling region 

decrease from 12.7 m to 12.4 m and 0.825 m to 0.225 m respectively. In 

general, more length is used for the mixture of liquid-vapour freon to 

flow in the condenser but a small portion of the tube is used for the 

liquid freon to flow in the subcooling region. Comparatively, at higher 

freon inlet pressure more freon vapour, and liquid-vapour mixture occupy 

the condenser tube. 

Similarly, in Section A and B, when the freon inlet pressure 

increases, the length of desuperheater is also increased (more freon 

present in vapour state at higher pressure). At the same time, the length 

of condensing region, where freon is in a state of liquid-vapour mixture, 

slowly decreases with the decrease in the length of subcooler. 

For the inlet pressure range from 8.82 bar to 12.06 bar in Section B, 

the length of desuperheater is increased from 1.675 m to 2.475 m, and the 

length of condensing and subcooling region decreases from 13.3 m to 12.5 m 

and from 0.525 m to 0.025 m respectively. For the inlet pressure range 

from 9.02 bar to 12.11 (Section C), the length of desuperheater increases 

from 1.675 m to 2.575 m , while the length of two-phase and subcooling 

region decreases from 13.30 m to 12.40 m and from 0.425 m to 0.025 wm 

respectively. 

The length of subcooling segment is very small compared to the length 

of the two other segments, especially at higher inlet pressure. There is a 

possibility at a higher pressure, if the pressure transducer can measure a 

pressure higher than the operating pressure, that only two regions 

(desuperheating and condensing region) can be seen clearly and the 

subcooling region does not exist. 

6.3.2: Refrigerant thermodynamic and physical properties 

eat transfer icie 

The refrigerant heat transfer coefficient is higher in the liquid 

region than in the vapour region. As the pressure and temperature at the 

condenser entry increases, its value in all the three regions are 

decreased. The results show that the heat transfer coefficients in the 

vapour, two-phase, and liquid region are respectively as follows; 

6.711x102-8,523x102 W/m2.°C, 3.975x103-4.900x103 W/m2.°C, and 8.592x102- 

1.356x103 W/m?.°C. These values are calculated at the entry of each 

region. 

ine t tr er coefficient 
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For the linear heat transfer coefficient, it is found that the value 

predicted by the model is higher in the mixed-region than the values in 

two other regions. The range of linear heat transfer coefficient within 

the operating conditions for the desuperheating, condensing, and 

subcooling region is summarized in the following order; 8.965-1.138x10 

W/m.°C, 5.306x10-6.540x10 W/m.°C, and 1.153x10-1.818x10 W/m.°C . 

Refrigerant Reynolds number 

The freon Reynolds number is higher in the vapour region (in the 

order of 105), so that the flow is characterized by the turbulent flow 

mechanism. The Reynolds number in the two other regions (two-phase and 

liquid region) is in the order of 103-104, where the flow is determined 

either by the turbulent or laminar or transition flow mechanism. As the 

freon inlet pressure increases, the Reynolds number is decreased in all 

the regions. The range of the Reynolds number in the three regions is as 

follows; 1.112x105-1.557x105 in the vapour region, 2.711x103-4.954x103 in 

the two-phase region, and 7.959x103-1.021x104 in the liquid region. 

Refrigerant number t r_unit 

The number of transfer units is higher in the vapour region, while 

the lowest value can be found in the two-phase region. As the freon inlet 

pressure increases, the value is gradually increased in the vapour region, 

but decreased in the two-phase and subcooling region. It was estimated 

that the value is in the range of 2.782 to 3.885 in the vapour regime, 

0.111 to 0.162 in the condensing regime, and 0.117 to 1.207 in the liquid 

regime. 

reon specific entha specific ent 

These parameters are used to calculate the average freon mass 

flowrate from the energy equation. The specific enthalpy and specific 

entropy are high in the vapour but decrease in the two-phase and 

subcooling regions (refer to p-h diagram in Fig.6.1.5). There is a great 

drop in the specific enthalpy as the freon enters the subcooling region. 

Both of these thermodynamic parameters are greatly influenced by the 

pressure and temperature. 

Based on the calculation in the model, the specific enthalpy is 

within the range of 217.8-226.0 kJ/kg in the vapour region, 199.6-206.1 

kJ/kg in the mixed region, and 55.4-76.6 kJ/kg in the liquid region. 

As the pressure and temperature increases, the specific entropy in 

the vapour and two-phase region decreases, and increases in the liquid 

region (refer to p-h diagram in Fig.6.1.5). It is found that the 

specific entropy decreases from 7.439x10-! kJ/kg.°C to 7.367x10-1 kJ/kg.°C 
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in the vapour region, 6.855x10-! kJ/kg.°C to 6.801x10-1 kJ/kg.°C in the 

two-phase region, and increases from 2.270x10-! kJ/kg.°C to 2.781x10-1 

kJ/kg.°C in the subcooling region. 

emperature ressure 

Finally, the temperature and pressure predicted at the beginning of 

each segment shows that there is a great drop in the temperature from the 

vapour region to condensing region. Comparatively, the temperature drop 

from the two-phase region to the subcooling region is not so great. 

The drop in the pressure from the two-phase region to the subcooling 

region is much higher than the drop from the vapour region to the two- 

phase region. the pressure at the beginning of the two-phase region is 

from 7.46-11.93 bar, and from 5.77-10.64 bar in the liquid region. By 

percentage, the longer the length in each region, the greater is the drop 

in the pressure. 

6.3605 Water thermodynamic and physical properties 

As earlier mentioned, the water was assumed to flow in the liquid 

state throughout the process, but in this case, the properties at 

corresponding points in each segment of the freon side are described. 

There is an increase in the water heat transfer coefficient, Reynolds 

number, and water temperature as the water flows from the condenser exit 

to the condenser entry which is equivalent to the travel from liquid 

region exit to the vapour region entry of the freon side. A summary of 

some properties of water at the equivalent entry of each region within the 

operating conditions is shown in the following table, 
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Properties Value at corresponding length in each segment (based on freon side) 

  

Vapour region Two-phase region Subcooling region 
sininua = sma ipue nininua pax inua nininua nar inua 

Heat transfer coefficient (W/m?.°C)  9.79x102 = 448x108 791x100? = 3.49108 7. 40x10? 2,58x108 
Linear heat transfer coeff. (W/m?.°C) 1.69x1@ § 7.73x10 1.36x10 6. 48x10 1.31x10 4.59110 
Reynolds nuaber 2.95x108 = 5.56x109 = 257x108 = 4 2 108 182x108 3.821108 
Number of transfer waits 0.1875 0.5240 4.3681 5.5924 0.0152 0.1054 

Water teeperature (°C) 29.7 51.5 28.0 48.2 14.8 27.8 
  

Table 6.5: Summary of some properties of water 

6.3.4: Properties of freon and water in general 

As the freon inlet pressure increases the overall linear heat 

conductance in each segment decreases, the value in the two-phase region 

being higher than the value in the two other regions. Within the operating 

conditions, the model shows a variation from 10.12 W/m.°C to 5.85 W/m.°C in 

the vapour region, 30.45 W/m.°C to 10.56 W/m.°C in the two-phase region, 

and 13.02 W/m.°C to 6.14 W/m.°C in the liquid region. The overall heat 

conductance is evaluated from the linear heat transfer coefficient of freon 

and water. 

The effectiveness in each segment (see Eqn.5.49 and Eqn.5.50), 

which is calculated using e-Ntu method, is greatly affected by the number 

of transfer units. The effectiveness of the condenser in the vapour and 

two-phase segments is higher than the effectiveness in the liquid segment. 

The higher the freon inlet pressure and temperature, the higher is the 

effectiveness of the condenser in the vapour and two-phase segments. It was 

calculated that the effectiveness varies from 92.99% to 96.98% in the 

vapour regime, and from 87.30% to 96.50% in the two-phase regime. The 

effectiveness in the last region decreases as the pressure increases. It is 

estimated that, within the working conditions, the effectiveness in the 

liquid segment decreases from 68.77% to 10.92% as the pressure increases. 

The overall effectiveness is within 67.87% to 83.02%. 

Finally, with increase in the freon inlet pressure and temperature, 

there is a decrease in the total thermal power; 1209 W to 817 W. Based on 

the total energy across the condenser, more than 80% is transferred in the 

two-phase region as latent heat of vapourization . The remainder occurs in 

the two other segments, with the vapour region being greater. The energy 

released from the freon side is picked up by the water side as the freon 

flows into the condenser. 

The results show that there is an imbalance between the energy being 

transferred by the freon and the energy gained by the water. Within the 

operating conditions, the energy imbalance is from -1.05% to 0.16% of the 
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total energy being transferred from the freon side. 

6.4: Other physical and thermodynamic profiles predicted by model 

In this section, parameter distributions other than the freon and 

water temperature profiles predicted along the condenser are discussed. It 

is assumed that the predictions described earlier are within the 

experimental range. Various parameters are plotted for one meter intervals, 

based on the results summarized in Table 6.2. 

In general, as the freon flows through the condenser, the pressure, 

wall temperature, vapour quality, freon and water heat transfer 

coefficient, number of transfer units of water, and overall linear heat 

transfer coefficient are all decreased in value. An increase in the freon 

inlet pressure causes an increase in the value of the parameters described 

above. | 

The parameters described above, taken from 20 Runse, ranging from 7.65 

bar to 12.11 bar for the freon inlet pressure and 55.4°C to 74.2°C for the 

freon inlet temperature, are discussed. 

6.4.1: Freon pressure 

There is a sequence of patterns illustrated in Fig.6.4.1 (a,b and c) 

as the freon flow along the condenser. These patterns did not change very 

much as the freon inlet pressure increases, except at higher pressure. 

Fig.6.4.1(a) shows the results taken from Section A of Table 6.2, 

where the drop between each meter becomes smaller as the freon inlet 

pressure increases from 7.65 bar to 10.89 bar. The distribution is almost 

linear at higher pressure. Similarly, Fig.6.4.1(b and c) show the results 

taken from Section B and C respectively, which illustrate a bigger drop in 

the pressure at lower freon inlet pressure but the drop becomes less at 

higher inlet pressure. 

At higher freon inlet pressure, the pressure drop across the condenser 

decreases and the pressure distribution is almost linear. 

6.4.2: Vapour quality 

The vapour fractions in the vapour and liquid regions are taken to be 

1 and 0 respectively. The amount of freon vapour (by weight) contained in 

the two-phase region is determined by the vapour quality. A greater 

percentage of vapour quality means more vapour present in the condensing 

region. As the freon flow from the two-phase entry, the amount of vapour 

will be slowly decreased as the flow reaches the two-phase exit. On the 
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other hand, the amount of liquid freon increases as the flow reaches the 

condenser exit. 

Fig.6.4.2(a,b and c) show examples of quality profiles at one meter 

intervals, taken from results in Section A, B and C of Table 6.2 

respectively. At lower freon inlet pressures, the decrease in the amount of 

freon vapour is almost linear. As the pressure increases, the pattern shows 

a convex-shape, with the amount of vapour decreasing sharply as the flow 

reaches the two-phase exit. 

The decrease in the vapour quality indicates the increase in the 

amount of liquid freon in the flow. It is estimated that, for inlet 

pressure between 7.65 bar to 12.11 bar, the two-phase region contains equal 

amounts of freon vapour and freon liquid roughly at a distance between 7.5 

m to 12.0 m (measured from the condenser entry) and denoted by a straight 

line drawn parallel to the length-axis in Fig.6.4.2(a,b and c). 

In general, within the operating conditions, the model predicts 

between 81.3% to 86.7% of the total condenser length occupied by the 

mixture of freon liquid-vapour in the two-phase region. 

6.4.3: Heat transfer coefficient 

The freon heat transfer coefficient in the liquid region is greater 

than that in the vapour region, but in general, smaller than that in the 

mixed region. The value in the two-phase region is greater at the beginning 

of the region and reduces as the vapour quality decreases. The decrease in 

the heat transfer coefficient in the vapour and liquid regions is not so 

great, since the freon occupies a small length of condenser compared to the 

length of condensing region. 

As the freon inlet pressure and inlet temperature increases, the heat 

transfer coefficient in the vapour and liquid region is decreased. For the 

given conditions, the decrease is between 8.68x10? W/m?.°C to 6.88x102 

W/m2.°C (about 21% drop) in the vapour region and from 1.11x103 W/m2.°C to 

8.56x102 W/m2.°C (about 23% drop) in the subcooling region. 

Fig.6.4.3(a) shows an example of heat transfer coefficient profile 

at one meter intervals along the condenser, taken from the results in 

Section A. There is a sequence drop in the two-phase region. 

As the water flow through the condenser , the water heat transfer 

coefficient increases (starting from the subcooling exit of the freon 

side). The increase in the value is not so marked as the decrease in the 

freon side. The coefficients at the bends of the tube were found to be 

higher than those in the straight pipe. As mentioned in an earlier chapter, 
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the pipe diameter at the bend was assumed to be slightly smaller than the 

diameter of straight pipe. This is quite important because the heat 

transfer coefficient is inversely proportional to the pipe diameter; the 

smaller the pipe diameter, the bigger the heat transfer coefficient. 

Fig.6.4.3(b) shows an example of water heat transfer coefficient 

taken from the results in Section A, plotted one meter intervals. As the 

freon inlet pressure and inlet temperature increases, the coefficients 

decrease, with the drop in the value between each meter becoming smaller. 

Within the given operating conditions, the model predicts the coefficients 

lie between 7.90x102 W/m?.°C to 5.98x103 W/m2.°C. 

6.4.4: Overall heat transfer coefficient 

The inverse of the overall heat transfer conductance is the sum of the 

inverse of linear freon and water heat transfer coefficient. It is used to 

evaluate the number of transfer units, which is then employed to calculate 

freon and water temperature distributions along the condenser. Tha value 

predicted by the model is an average value which greatly depends upon the 

freon and water heat transfer coefficients. 

The value calculated in the vapour region is lower than the value 

evaluated in the two-phase and subcooling region. As the freon flows, the 

overall heat transfer coefficients decrease with decrease in the freon 

inlet pressure. The sharp drop in the value can be seen in the two-phase 

region, with very small increase in the subcooling region, as the freon 

flows through the condenser. 

Fig.6.4.4(a,b and c) illustrate the results taken from Section A, B 

and C of Table 6.2 respectively. Section A shows a drop from 8.6% to 6.7% 

(equivalent to a drop from 9.17 W/m.°C to 5.59 W/m.°C) in the vapour region 

corresponding to respective Runs. There is a small increase in the value 

when the freon just enters the two-phase region, but after that, the value 

decreases slowly. The coefficient decreases from 4.38x10 W/m.°C to 5.44 

W/m.°C in the two-phase region but increases from 5.96 W/m.°C to 1.11x10 

W/m.°C in the subcooler. 

Fig.6.4.4(b) shows another result (Section B) which covers the 

pressure from 8.82 bar to 12.06 bar. The same pattern of profile can be 

seen in this result, the overall heat transfer coefficient dropping from 

1.04x10 W/m.°C to 7.55 W/m.°C in the vapour region, 4.49x10 W/m.°C to 6.39 

W/m.°C in the two-phase region, and increasing from 7.70 W/m.°C to 1.26x10 

W/m.°C in the subcooling region. 

Similarly, Fig.6.4.4(c), where the inlet pressure ranges from 9.02 
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bar to 12.11 bar, shows roughly the same pattern as above. The drop in the 

vapour region is from 1.03x10 W/m.°C to 7.96 W/m.°C, 4.49x10 W/m.°C to 6.49 

W/m.°C for the two-phase region, and an increase from 7.66 W/m.°C to 

1.38x10 W/m.°C in the liquid region. 

6.4.5: Wall temperature distribution 

In this case, the wall temperature is referred to the fluid 

temperature at the wall, in fact for simplicity, the wall temperature is 

taken to be the same as the fluid temperature at the wall. To be more 

precise, the wall temperature of the freon and water are assumed to be the 

same (by omitting the difference in the temperature between these two), and 

we shall refer to as ’wall temperature’. The wall temperature at the 

condenser entry was estimated as an average of the freon inlet and water 

outlet temperature. The wall temperature at other points along the 

condenser was evaluated from the inverse of freon linear heat transfer 

coefficient to the inverse of overall heat transfer coefficient by assuming 

the quantity of heat per unit length travel from the freon side to the wall 

is the same as the amount of heat travel from the freon side to the water 

side. 

The results show that, TR < Twa1l1 < TW. As the freon travels from the 

condenser entry, the wall temperature is initially close to the freon 

temperature, but the difference becomes quite large as the freon reaches 

the condenser exit. In general, the ratio of the freon temperature to the 

wall temperature is smaller than the ratio of the wall temperature to the 

water temperature. Fig.6.4.5(a->e) shows examples of wall temperature 

profiles taken from the results in Section A, B and C of Table 6.2 at 

different freon inlet pressure, and freon and water mass flowrate. The wall 

temperature distribution is drawn between the freon and water temperature 

distributions at one meter intervals. 

As the freon inlet pressure and temperature increases, the wall 

temperature is also increased, falling in value as the freon flows from the 

condenser entry to condenser exit. For the given operating conditions, the 

wall temperature at the condenser entry varies from 42.5°C to 62.7°C, which 

corresponds to the variation of freon inlet temperature and water exit 

temperature from 55.4°C to 74.2°C and from 29.7°C to 51.3°C respectively. 

At the condenser exit, the variation is from 15.0°C to 33.0°C 

corresponding to the variation from 16.4°C to 42.0°C for the freon exit 

temperature and from 14.5°C to 27.0°C for the water inlet temperature. 
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Fig.6.4.4(c): Overall heat transfer coefficient for Runa 

in Section C at inlet pressure 9.02-12.11 bar 
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-4.5(b): Temperature distribution for Runm 11 at inlet 

pressure 9.44 bar, mr=6.00 g/s, and mw=10.54 g/s 
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6.4.6: Number of transfer units (Ntu) 

This is a dimensionless parameter which is used to evaluate the 

effectiveness of the condenser in various regimes, and to calculate the 

temperature of freon and water at the next points. In chapter 5, the freon 

Ntu in the two-phase region was assumed to be zero. 

The freon Ntu, which is directly proportional to the overall heat 

transfer coefficient in the vapour region is higher than that in the liquid 

region. As the freon flows in the condenser, the value in the vapour regime 

decreases, but there is a small increase in the liquid regime as the flow 

reaches the condenser exit (see results in Table A-6.12 to Table A-6.17 

of part b). In general, there is a drop in the value as the freon inlet 

pressure increases. The Ntu based on the results taken from Table 6.2 

varies from 1.0x10-! to 2.0x10-! in both vapour and liquid regions. 

The water Ntu is expected to be lower than those predicted in the 

freon vapour and liquid. This is simply because the Ntu is also influenced 

by the specific heat capacity; the higher the specific heat capacity, the 

lower the number of transfer units are. In general, the specific heat 

capacity of water is of order 103 compared to the order of 102 for the 

specific heat capacity of both the liquid and vapour freon. 

Fig.6.4.6(a and b) show the variation of number of transfer units 

of water along the length of condenser at one meter intervals taken from 

Table 6.2. As the water flows from the condenser exit, the values are 

slowly increased. At the beginning of the two-phase region (corresponding 

to freon side), the water Ntu slowly decreases, but as the water approaches 

the corresponding freon vapour end regime, the drop is sharper and then 

continues to drop but less rapidly. As the freon inlet pressure increases, 

the water Ntu is increased accordingly. 

6.5: Summary of range of possible evaporator conditions 

In this section, the summary of possible simple refrigeration cycles 

predicted by the model is presented. Fig.6.1.8 shows the basic cycle with 

numbers 1, 2, 3 and 4 indicating the stations where the following items (in 

order) begin; discharge gas, subcooled liquid, evaporator entry and 

superheated suction gas, which is equivalent to position 1->2->3->4 in the 

anti-clock direction. The following discussion referrs to the same numbers 

used in the cycle illustrated in Fig.6.1.8. The compressor isentropic 

efficiencies of 50%, 55% and 60%, with different evaporator conditions, the 

possible COP of the system is predicted. 

The dew temperature at saturated vapour line of the p-h diagram was 

calculated from the given freon inlet temperature. The cycle is also 
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greatly influenced by the freon outlet temperature, and the specific 

enthalpy and specific entropy of the freon at point 2. These values are 

fixed for predicting the possible cycle at different compressor 

efficiencies for a particular Runa. In fact, the position at point 1 and 2 

have already been predicted and discussed in the previous section. 

The main idea of this section is to predict the position at point 3 

and 4 in terms of (PR,TR) coordinate of a p-h diagram. It involves other 

thermodynamic and physical properties of the freon such as enthalpy, 

entropy, and vapour quality at point 3. For simplicity, the pressure at 

point 3 is assumed to be the same as pressure at point 4 (no pressure drop 

between these two points). Point 3 is also assumed to be in the mixed-phase 

region while point 4 lies in the superheating region. Other properties 

stated above are used to predict the possible evaporating capacity, 

compression capacity (work done by the compressor), and coefficient of 

performance of the refrigeration cycle (or COP of the heat pump system). 

For given properties at point 1 and 2 for a particular Runa, the 

possible temperature at point 3 was chosen, always to be lower than the dew 

temperature. For values of vapour quality less than zero (x<0.0), the 

specific entropy at point 3, which is a function of vapour quality and 

temperature, is simply solved at x=0 and at the freon outlet temperature. 

All the possibilities can be seen in the results shown in Table A- 

6.12 to Table A-6.17 of part c. Fig.6.1.8(b) shows the possible 

temperatures at point 3 and the possible cycle by assuming the specific 

enthalpy at point 2 and at point 3 to be equal (shown by isenthalpic line 

drawn parallel to the pressure-axis). 

6.5.1: Parameters at point 1 and 2 

The parameters which are included at these points are already 

predicted in Section 6.2. The freon inlet pressure and temperature (at 

condenser entry) are the coordinates of point 1 and the freon outlet 

pressure and temperature (at condenser exit) are the coordinates of point 

2. The specific enthalpy and specific entropy are evaluated from these 

coordinates using the equation of state. Dew temperature (or saturated 

temperature at given inlet pressure) is calculated from the inlet pressure. 

From the results, at higher freon inlet pressure and inlet 

temperature, the dew temperature, specific enthalpy at point 1 and 2, and 

specific entropy at point 2 increases with small decreasing in the specific 

entropy at point 1. For given operating conditions, taken from the results, 

freon inlet pressure increasing from 7.65 bar to 12.11 bar, Table 6.6 

shows a summary of the related parameters at point 1 and 2. 
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Parameter Value 

  

Dew temperature (°C) increase from 3.10x10 to 4.97x10 
Specific entropy at 1 (kJ/kg.°C) decrease from 7.4358x10-1 to 7.3665x10-1 
Specific enthalpy at 1 (kJ/kg) increase from 2.17813x102 to 2.25976x102 
Specific entropy at 2 (kJ/kg.°C) increase form 1.9548x10-' to 2.7662x10-1 
Specific enthalpy at 2 (kJ/kg) increase from 5.1237x10 to 7.61111x10 
  

Table 6.6: Summary of parameters at point 1 and 2 
for inlet pressure 7.65-12.11 bar 

Fig.6.5.1 shows the possible variation of dew temperature for a 

given range of freon inlet pressure. Fig.6.5.2(a) and Fig.6.5.2(b) show 

the variation of specific entropy and specific enthalpy at points 1 and 2 

respectively at given freon inlet pressures. 

6.5.2: Parameters at point 3 

At a given compressor isentropic efficiency, the temperature at point 

3 is varied so that its value does not exceed the dew temperature. This 

temperature is used to calculate the pressure at its saturated temperature. 

Considering there is no pressure drop from point 3 to point 4 (parallel to 

specific enthalpy-axis of a p-h diagram), the specific enthalpy and 

specific entropy at saturated liquid and at saturated vapour based on 

(PR,TR) at point 3 are determined. The vapour quality at point 3 is 

predicted from the ratio difference in the specific enthalpy. The next step 

is to calculate the specific entropy at point 3. 

As the temperature at point 3 set to increase (in steps of 2°C) the 

saturated pressure at point 3, specific enthalpy and specific entropy at 

x=0, and specific enthalpy at x=1 also increase with decreasing in the 

specific entropy at x=1, and vapour quality and specific entropy at point 

3. As the compressor efficiency is increased to 55% and 60%, the starting 

temperature at point 3 can be set lower than that when it is 50% 

efficiency. In such cases, the value of. parameters described earlier are 

also changed; but remain unchanged for the same evaporator entry 

temperature. 

The details are given in Table A-6.12 to Table A-6.17 of part c. 

All other parameters calculated in this section, with negative value of the 

vapour quality at point 3 are negligible. 

6.5.3: Parameters at point 4 

Assuming the pressure at point 3 to be equal with the pressure at 

point 4 (no pressure drop), the position at point 4 can then be evaluated 

in terms of (PR3,TR«4). Point 4 is assumed to be in the vapour region (see 

269



  

De
w 

t
e
m
p
e
r
a
t
u
r
e
 

(°
C)
 

    | | ! | 
7.5 8.5 9.5 10.5 11.5 12.5 

Freon inlet pressure (bar) 

  

Fig.6.5.1: Freon inlet pressure versus dew temperature 
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Fig.6.5.2(a): Freon inlet pressure versus specific 
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also Fig.6.1.8(b)). With two known variables (PR4 and TR4), the specific 

enthalpy and specific entropy at this point can be predicted. 

The temperature at point 4 is found to be higher than the temperature 

at point 3. The specific enthalpy is slightly higher than the specific 

enthalpy at x=l1 at the same pressure, but lower than the specific enthalpy 

at point 1. The specific entropy at point 4 is found to be slightly higher 

than the specific entropy at the saturated vapour line. 

In general, as the evaporator entry temperature is set to increase in 

steps of 2°C, the specific enthalpy and specific entropy, and the 

temperature at point 4 are also increased, with a decrease in the ratio of 

the temperature at point 3 to the temperature at point 4. 

For an increase in the compressor efficiency from 50% to 55% and 60%, 

at the same evaporator entry pressure and temperature, the model predicts 

that more freon vapour is superheated. The superheated vapour has a higher 

temperature and therefore, the specific enthalpy and specific entropy are 

also estimated higher than for the lower efficiency. 

Fig.6.5.3 shows the possibility of these situations at given 

pressure for different compressor isentropic efficiency. 

6.5.4: Characteristic of possible cycle 

In this part, the discussion is only based on the value of quality 

greater than zero where point 3 is assumed in the two-phase regime. The 

total evaporation capacity, in terms of thermal power can be directly 

predicted from the product of the average freon mass flowrate and the 

difference in the specific enthalpy between point 3 (or point 2) and point 

4. The value is always less than the total thermal power across the 

condenser. 

The work done by the compressor (in terms of thermal energy), if the 

process is assumed to be isentropic, is much less than the total power 

across the condenser. It is just simply the product of the average freon 

mass flowrate and the difference between the specific enthalpy at point 1 

and at point 4. 

The coefficient of performance of the heat pump system for various 

pressures and temperatures, and at different efficiencies is also 

predicted. By definition, the COP is just the ratio of the total thermal 

power across the condenser to the work done by the compressor. 

As the pressure at point 3 increases, the evaporation capacity is also 

increased (see also Fig.6.1.5(b)) with less work produced by the 

compressor. The ratio of the freon inlet pressure (or pressure at point 1) 
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to the pressure at the evaporator entry is decreased as the temperature at 

point 4 increases. Less work is done as the pressure at point 3 increases, 

therefore the COP is also increased. 

On the other hand, by increasing the compressor efficiency from 50% to 

55% and 60%, at the same evaporating pressure, there is an an increase in 

the specific enthalpy, specific entropy, and temperature at point 4, the 

evaporation capacity is increased but the work done becomes less. The 

smaller the work done by the compressor, the bigger is the COP. Therefore, 

the COP at fixed evaporating pressure is larger for higher compressor 

efficiencies, assuming the same amount of total power across the condenser. 

At a particular freon temperature and pressure at point 3, as the 

freon inlet pressure increases from 7.65 bar to 12.11 bar, the COP 

decreases. The COP is higher at higher compressor efficiency. Fig.6.5.4 

shows an example at TRpoint3=16°C and PRpoint3=5.06 bar in the range 7.65- 

12.11 bar for the freon inlet pressure. At higher pressure, the total power 

across the condenser becomes less and at the same time there is an increase 

in the work done by the compressor, therefore the COP reduces. 

Fig.6.5.5 shows an example of the COP and work done versus the freon 

temperature at point 3 with the freon inlet pressure fixed at 7.65 bar 

(Runa 9). As the temperature is set to increase in steps of 2°C, the COP is 

also increased. The COP at higher efficiency is bigger than that at the 

lower efficiency. On the other hand, as the evaporating temperature 

increases the work done is decreased and the lower compressor efficiency 

produces more work (denoted by the joined lines in Fig.6.5.5). 

Fig.6.5.6(a and b) show other examples taken from the results 

predicted by the model. At a given evaporator entry temperature, the COP is 

decreased as the freon inlet pressure increases. At TRpoint3=18°C, the COP 

predicted in Runa 10 with the freon inlet pressure 8.81 bar has the highest 

value. The COP just mentioned above is a comparison of four different freon 

inlet pressures given in Fig.6.5.6(a and b) ; 8.81 bar, 9.66 bar, 10.83 

bar and 12.11 bar. 

The ratio of freon inlet pressure (pressure at point 1) to the 

pressure at point 3 and the work done by the compressor at the same 

evaporator entry temperature show an increase in value as the discharge gas 

pressure increases but the evaporation capacities are decreased. The 

prediction of temperature at point 4 (in the superheated region), at given 

evaporator entry pressure and temperature (at point 3) becomes less as the 

discharge pressure increases (pressure at point 1), but increases with 

increasing of compressor efficiency. 
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Fig.6.5.6(a): COP at different compressor efficiency for Runm 10 
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CHAPTER 7 

CONCLUSIONS 

7.1: Introduction 

In this final chapter, general conclusions concerning the predictive 

model of a counter-flow heat exchanger are made, and suggestions for 

possible future work are outlined and discussed. 

7.2: General conclusions 

For normal operating conditions, the model is in fair agreement with 

the experimental results. 

7.2.1: Comparison between experiment and model | 

The main conclusions focus on the comparison between the experiment 

and prediction, based on the temperature profiles along the condenser. A 

summary of overall deviations from experiment is given in Table 6.4 of 

chapter 6. 

From the results, the temperature profiles of the freon deviated from 

-1.7°C to 6.5°C (see also Fig.6.2.1(a), Fig.6.2.4(a), and 

Fig.6.2.6(a)). The model predicts slightly higher temperature at the 

first few points of the condenser exit. The maximum deviations are as 

follows; 6.5°C in Section A, 4.0°C in section B, and 2.5°C in Section C 

(see also Table A-6.1 to Table A-17 for the experimental and predicted 

results). The results in section B and C predict quite fair agreement with 

the experiment , between -0.9°C to 4.0°C and -1.1°C to 2.5°C respectively. 

In section A, the experimental condenser was covered by the polystyrene 

insulating materials, while in Section B, it was covered by the 

vermiculite insulating materials. In section C, the condenser tube was 

lagged with pipe lagging insulation, with the whole condenser covered by 

vermiculite shows an improvement. More heat rejected from the freon side 

was lost to the surroundings in section A, but in section C, the losses 

were reduced. 

For the water side, the predicted temperature profiles are in good 

agreement with the experiment. The overall deviation is from -1.6°C to 

0.8°C, with the results predicted in section C showing an improvement 

(between -1.4°C to 0.9°C). 

The freon outlet pressure predicted by the model is slightly low, 

deviating from 0.63 bar to 0.01 bar (see Fig.6.2.7). For other 

276



parameters, the comparisons are listed in Table 6.4. 

7.2.2: Fluid properties in three separate regions 

The thermodynamic and physical properties of the fluid are predicted 

at the entry of each region (desuperheating, condensing and subcooling) 

within the operating conditions. For the water side, the properties were 

calculated at the entry of equivalent region of the freon side. 

As the freon inlet pressure increases from 7.65-12.11 bar, the length 

of desuperheater is increased, with a decrease in the condensing region 

and subcooling region. For the given conditions, the two-phase region 

occupies between 83% to 89% of the total length of condenser. 

Comparatively, the length of desuperheater is longer than the length of 

subcooler, especially at higher inlet pressure. 

Properties reon 

‘The following table shows a summary of some of the properties of 

freon taken from the results predicted by the model, based on the 29 Runa 

(see also Table A-6.12 to Table A-6.17 of part a as examples), 

Within the conditions mentioned earlier. 

  

Properties Value in each region 

Vapour region 
nininua = waxinun 

Condensing region 

pininga = maxinea 

liquid region 
nininum = Bax ines 

  

Heat transfer coefficient (W/a?.C) 
Linear heat transfer coefficient (W/m.C) 
Refrigerant Reynolds number 

6.711x102  8.523x10? 
8.965x10® 1.138x10" 
1,912x108 1557x108 

3.975x10? 4, 900x102 
§.306x10" 6.540x10! 
2.741x108 4, 954x108 

8.592x102 1356x108 
1,153x10' 1.818110! 
1,.959x108  1.021x108 

  
Refrigerant number of transfer units 2.782 3.885 0.111 0.162 0.117 1.207 
Refrigerant specific enthalpy (kJ/kg) 217.8 226.0 199.6 206.1 55.4 16.6 
Refrigerant specific entropy (ki/kg.°C) 1.439x10°' 7.367x10"' = 6.855x00°! 6.80t10-! = 2. 270x107 2. 78tx10-! 
Pressure (bar) vob 12.11 1a: 11.83 5.17 10.64 
Temperature (°C) 55.4 14.2 29.9 48.9 20.5 42.0 
  

Table 7.1: Summary of some properties of freon 

In general, as the freon inlet pressure increases, from 7.65-12.11 bar the 

properties tabulated in Table 7.1 also increase in the value from minimum 

to maximum. 

roperties water 

The properties of water summarized in Table 6.5 show that as the 

freon inlet pressure increases, the heat transfer coefficients, Reynolds 

number, and water outlet temperature decrease as the freon flows along the 

tube. The water Ntu is much higher at the entry of the equivalent two-phase 

region, with the value increasing as the pressure increases. 
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Qverall properties of the fluid 

Overall linear heat transfer coefficient of the fluids at the entry of 

each region decreases as the pressure increases, with the value calculated 

at the entry of the two-phase segment higher than in the other two 

segments. 

The effectiveness in each segment shows that there is an improvement 

in the vapour region and two-phase region as the pressure increases. At the 

same time, the effectiveness in the liquid region decreases. The overall 

effectiveness varies from 67.9% to 83.0% as the pressure increases from 

7.65 bar to 12.11 bar. 

The total thermal power transferred to the water side decreases as the 

pressure increases. 

7.2.3: Other profiles predicted by the model 

The profiles which are not measured experimentally, such as freon 

pressure, vapour quality, freon and water heat transfer coefficient, 

overall linear heat transfer, freon and water number of transfer units, 

wall temperature are summarized in Table 7.2, showing the change as the 

freon inlet pressure increases from 7.65-12.11 bar. Some of the examples 

can be found in Table A-6.12 to Table A-17 of part b. 

  

Parameter Increase or decrease Refer to figure Remarks 

as the freon flows as the freon inlet 
along the condenser pressure increases 
  

Freon pressure (bar) decrease increase 6.4. 1(a,b,¢) Pressure drop across the 
condenser decreases at 
higher inlet pressure 

Vapour quality (3) decrease increase 6.4.2(a,b,¢) As the inlet pressure 
increases, the drop shows a 
convex-shape, but drop sharply 
as it reaches condenser exit 

R12 heat transfer coefficient (W/m?.C) decrease decrease 6.4.3(a) Increase in vapour and liquid 
region as freon flows along 
the condenser. 
Htwe_phase<Hiiquid<itvapeur 

H2O heat transfer coefficient (W/m?.C) decrease decrease 6.4.3(b) The drop between each meter 
becomes saaller as the freon 
inlet pressure increases 

Overall heat conductance (W/a.C) decrease decrease 6.4.4(a,b,¢) Increase in liquid region as 
the inlet pressure increases 

Wall temperature (°C) decrease increase 6.4.5(a,b,¢,d,e) More close to R12 temperature, 
Water number of transfer units decrease increase 6.4.6(a,b) The increase is sharp as R12 

flows in the vapour regine 
  

Table 7.2: Summary of other parameter profiles 
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7.2.4: Possible refrigeration cycle 

Based on the results predicted by the model, the following conclusions 

can be summarized. The points used in this section are referred to 

Fig.6.1.8, with the possible range of evaporator conditions given in 

chapter 6 

1. As the freon inlet pressure increases, the dew temperature at 

particular given pressure is also increased. Table 6.6 shows a summary of 

other freon thermodynamic properties evaluated at point 1 and 2 of 

Fig.6.1.8, illustrated in Fig.6.5.2(a,b) 

2. At fixed specific entropy and specific enthalpy (point 1 and 2), 

constant freon mass flowrate, and fixed evaporator inlet pressure, with 

compressor isentropic efficiency values of 50%, 55% and 60%, the following 

conclusions can be made, 

Freon temperature at point 4: At higher efficiency, the freon 

temperature is also increased. 

Work done by compressor: Less work is done by the compressor. 

Evaporation capacity: The evaporation capacity increases as the 

compressor efficiency increases. 

Coefficient of performance: At fixed total thermal energy across 

the condenser, less work is done by the compressor, the COP increases. 

3. At given freon inlet pressure (at point 1), the specific enthalpy 

and specific entropy at point 1 and 2 are fixed, so that freon mass 

flowrate and thermal energy across the condenser are also fixed. The freon 

evaporator inlet temperature can be set to increase, so that the pressure 

at point 3 is also increased. At given compressor isentropic efficiency, 

with all these conditions, the following can be concluded. 

Freon temperature at point 4: There is an increase in the 

temperature at point 4. 

Work done by compressor: For the isentropic work, compressor does 

less work. 

Evaporation capacity: The evaporation increases as the pressure at 

point 3 increases. 

Coefficient of performance: The calculated COP is increased. 

4. At a particular evaporator inlet temperature and pressure, as the 

freon condenser inlet pressure increases, more work is done isentropically, 

the COP decreases. With the same condition, by increasing the efficiency 

from 50% to 55% and 60%, the COP is increased. 

5. At given evaporator entry pressure, the temperature at point 4 

becomes less as the freon inlet pressure increases, but increases with 
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increasing of compressor efficiency. At the same time, the pressure ratio 

(pressure at 1 to pressure at 3) and work done by compressor increases with 

decrease of evaporator capacity. 

7.3: Suggestions for future work 

Followings are the suggestions for future work, which can be observed 

in two sections as mentioned earlier in the chapter, based on the 

experiment and theory done in the research. 

7.3.1: Experimental rig 

In this section, the problems are divided to heat pump as a systen, 

and experimental condenser as a component of the system. 

Heat pump system: To achieve a better performance, more sensors 

and detectors must be included, especially for measuring temperature and 

pressure along the lower and higher pressure line of the system. The total 

energy across the condenser and the work done by the compressor must be 

carefully calculated and measured, since in practice, the work done is 

nonisentropic. 

A study can also be carried out to measure the water and freon mass 

flowrate, air speed, and power comsumption directly from the sensors. It is 

also suggested that more flowrate sensors can be placed at strategic 

positions in the systen. 

Experimental condenser 

1. The sensors for measuring temperature and pressure at the condenser 

entry and exit must be at the right place. 

2. More pressure transducers should be placed along the condenser to 

measure the actual pressure distribution. 

3. It is necessary to improve the measuremenet of water and freon 

flowrate directly from the sensor. In this case, the fluctuation and 

instabilities of the readings must be taken into consideration. 

4. It is also possible to place the flowrate sensors for measuring 

water and freon flowrate at various places, especially at the condenser 

entry and exit. 

5. A study of temperature distribution across the tube by penetrating 

the thermocouples into fluid at various depth can also be carried out. 

7.3.2: Theory 

In this section the heat transfer and pressure drop in the single- 

phase and two-phase flow should be carefully studied to suit the system, 
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especially at the 180-deg pipe bends. 

1. An accurate experimental measurement is important to perform an 

empirical correlation in the transportation processes to represent the 

experimental evidence. 

2. The two-phase flow is so unpredictable that the research is likely 

to be profitable, with better understanding of the flow mechanisms and flow 

distribution. 

3. In the single-phase flow, involving the vapour and liquid, if 

applicable, using different working fliuds in a wide range of Reynolds 

number to predict the heat transfer and pressure drop. 

4. Finally, research could also be carried out to predict the heat 

transfer and pressure drop in the transition regime accurately for the 

Reynolds number ranging from 2x103 to 104. 
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APPENDIX A-1 

LISTING OF APPARATUS EMPLOYED IN LABORATORY HEAT PUMP SYSTEM 

A-1.1: Introduction 

As mentioned in Chapter 3, the apparatus can be classified into the 

basic heat pump components, piping and joining system, and sensing 

equipment. The equipment has been supplied by companies or appointed agents 

in United Kingdom . Some of the equipment is provided with calibration 

certificate. 

A-1.2: Heat pump components and related devices 

Compressor 

Items Descriptions 

Compressor Hermetic SC10H 
Refrigerant R12 
Compressr cooling Oil/or fan cooling 
Displacement 10.3 cm3/rev 
Motor type Induction motor with 

starting capacitor (CSIR) 
Motor size 250 W 
Starting current 10 A 
0i1 charge 650 cm> 
Weight without el. equipment 12.1 kg 
Code number 104L2515 
Working range (*) < 60°C condensing temperature 
Energy consumption (*) 315 W 
Heat-output (*) 1120 W 
Supplier Danfoss 

(*): at O°C evaporating temperature and 45°C condensing temperature. 

hermostatic expansi valve Vv 

Items Descriptions 

Model T2/TE2 
Maximum permissible test 26.25 bar (375 psig) 
pressure 
Rated capacity = capacity at +5°C/+32°C 
Suction superheat 6°C at bulb temperature, 0°C 
Model T2/TE2 N-B 
Supplier Danfoss 
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Items 

Model 
Size 
Depth 
Frontal area 
Total volume 
Outside diameter for freon side 
Inside diameter for freon side 
Surface area for freon side 
Length of tube for freon side 
Air side surface area 
Fin area 
Fin spacing 
Fin tube spacing 
Fin metal thickness 
Free flow area 
Hydraulic radius 
Manufactured by 

Items 

Material 
Outside diameter for freon side 
Internal diameter for freon side 
Thickness of tube for freon side 
Outside diameter for water side 
Internal diameter for water side 
Thickness of tube for water side 
Soldering materials 

Total Length 

Allignment 

Sensing joints 
Tube insulation 

Outside insulation (system) 

Items 

Type 

Supplier 

292 

Descriptions 

Vm 220 
0.61x0.205x0.065 m 

rows (0.065 m) 
.125 m2 

00813 m3 

-O1 m 

.008 m 

.322 m2 

.32 m of two parallel tube 

66 m2 
12 m2 

0.002 m 

0.025 m 

0.0002 m 

0.055 m2 
0.002 m 

Verma Temp Heat Pump Co. 

M
w
n
o
n
o
o
o
o
d
w
 

Descriptions 

Copper 

5.75x10-3 
4.27x10-3 
0.74x10-3 

7.65x10-3 
5.65x10-3 
1.00x10-3 
Savbit solder, SN 554-951 
supplied by RS Components Ltd. 
15 m 

Horizontal with 26 180deg-bends 
at every half meter length. 
Tee, cross, and straight joints. 
Logging pipe type of insulation. 
Vermiculite materials supplied 
by Dupre Vermiculite Ltd. 

Descriptions 

Double centrifugal (backward 
curved blades) fan. 
Unit taken from Versa temp 
air-water heat pump.



  

Filter drier 

a 

Water re 

Elect 

Items 

Type 
Maximum test pressure 

Supplier 

t 

Items 

Type 
Pressure range 

Max. permissible test pressure 
Max. permissible water pressure 
Suction valve at condensing 
pressure 
Supplier 

Items 

Type 
Design for refrigerant 
Max. permissible pressure 
Max. permissible temperature 
Supplier 

ic thermomete 

Items 

Type 
Serial number 

Scales 

Supplier 

Water pump 

Items 

Type 
Input 
Horse power 

Supplier 
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Descriptions 

DX : 032 

28.0 bar (400 psig) 
Danfoss 

Descriptions 

WVFX-WVA 10-25 

3.5 bar - 16.0 bar 
26.4 bar (377 psig) 
9.9 bar (142 psig) 
: Min. 3.5 bar (3.5kg/cm?) 
: Max. 16.0 bar (16 kg/cm?) 
Danfoss 

Descriptions 

SGI 
R12,R22,R502,R40 
28.0 bar 
60°C 
Danfoss 

Descriptions 

1621 Cu/Con 
26839 
A: -60°C to 10°C 
B: 0°C to 60°C 
C: 0°C to 180°C 
D: 0°C to 400°C 
Comark 

Descriptions 

130-45 (SMC) 
240 V,50 Hz 
1 
Comet



A-1.3: Computer and related devices informations 

t isiti ste 

Computer keyboard 

Type 
Disc drive 

Type 
Supplier 

Monitor 

Type 
Model number 
Supplier 

Modelling analysis 

Computer keyboard 

Type 
Designed by 

Disc drive 

Type 
Supplier 

Monitor 

Type 
Model No. 
Manufactured by 

| Second processor 

| Type 
Supplier 

Hard-disc 

Type 
Supplier 

t igi ve 

Mode] PC1001 

Serial no. 17433 
Input 10 mV 

Output to 

Supplier 

inter 

Items 

Type 
Supplier 

  

BBC 64K 

Double drive 
Pace Micro Technology 

Green monitor 

ZVM—-123-E 
Zenith Radio Corp. 

BBC (Master) 128K 
Acorn computer 

Double drive 
Pace Micro Technology 

Colour 
1451/DS2 
Microvitec Plc. 

PN: 0831,113 

Acorn Computer 

Winchester Disc 120 
Acorn Computer 

PC1001 PC1002 

18352 17369 
10 mV 10 mV 

IEEE interface IEEE interface IEEE interface 

CIL Electronic Limited 

Descriptions 

IEEE 488 Interface 

Acorn Computer



  

A-1.4: Sensin 

her 

wi 

The 

g equipments 

re 
Type & Stock no. 

Insulation 
Insulating rating(°C) 
EMF/°C at O0°C reference 
junction at 100° 
Working temp. range (°C) 
Supplier 
rmowe 11 
Material 
Inside 

Outside 

PTFE insulating bush 

PTFE withstand fitting 

Standard compression 

Pressure transducer 

Type 
Supplier 

BS4937 part 5 ANSI/MC96.1, typeT, 
NF C 42-321 J/SC, 1602 (Cu/Cu-Ni) 
Twisted teflon with 7 strands 
-273 to +250 
46 pV 

-185 to 300 

TC Limited 

Copper 
Cylindrical shape with 2.0 mm 
outer diameter and 3.0 mm length 
At the tip:2.0 mm outer diameter, 
1.5 mm height 
Main body:1.1 cm height, 4.0 mm 
circumference; bell-mouth shape 
Total length of 1.2 cm, internal 
diameter of 4.00 mm; bel1l-mouth 
shape 
Total length of 2.4 cm, 3.0 mm 
of internal diameter, and 
6.0 mm length at the tip with 
6.0 mm external diameter 
8 mm and 6 mm 

P102 
Maywood Instruments Ltd. 

The following table shows a calibration certificate for the P102 

pressure transducers used in the present system given by the manufacturer. 

Pressure transducer PT1 PT2 PTs PT4 

Serial number 4727 4801 4707 4728 
Range (psig) 0-200 0-200 0-200 0-200 
Test temperature (°C) 18 20 20 18 
Excitation (Volts dc) 10 10 10 10 
Non-linearity (% FRO) 0.04 0.06 0.03 0.05 
Hysterises & Non-repeatibility <C.05 <0.05 <0.05 <0.05 
(% FRO) 
Full range output (mV) 202.40 200.76 201.33 201.11 
Input resistance (Q) 1427 1316 1403 1397 
Output resistance (Q) 493 443 477 458 
Compensated temperature range -18to65 -18to65 -18to65 -18to65 
(°C) 
Thermal zero shift (% FRO/°C) <+0.01 <+0.01 <+0.02 <+0.02 
Thermal sensitivity shift <+0.02 <+0.02 <+0.02 <+0.02 
(% FRO/°C) 

Table A-1.1: Calibration data for P102 pressure transducers 
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Frequency-voltage converter i.c 

Stock number 

Supplier 

Reflective optoswitch.[114] 

Stock number 

307-0 70 
RS Components Ltd. 

307-913 
Absolute maximum rating at 25°C: 

Operating temperature range 
Storage temperature range 
Lead soldering temperature 

Input 
Output sensor 

Collector-emitter voltage 
Emitter-collector voltage 
Power dissipation 

Supplier 

Miscellenous items 

Pressure calibrating machine 

Standard ordinary thermometer 

Heat shrinkable sleeving 

Heat sink compound 

Weighing machine 
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-0°C to 70°C 
-20°Cto 80°C 
260°C 
2V, 50mW, 40mA 

15V 
5V 
5mwW 
RS Components Ltd. 

SN 7607/279 supplied by 
Budenburg Co. 
-5°C to 105°C, 0.1°C scale, 
supplied by Philip Harris 
3.2 mm blue bore size 
supplied by RS Components 
SN 554-311 supplied by 
RS Components Ltd. 
Triple beam balance; PAT. 
no. 2,729,439; maximum 
capacity 2610g



  

  

  
  

capacitor 

Locking clamp ord relief 
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Compressor ' 

| Condenser 
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Oil-cooler 

—o<} 
Refrigerant control 

   
Evaporator —————— — 
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capacitor 

locking clamp Cord relief   
Fig.A-1.2.1: Danfoss SC10H compressor at different 

view given by the manufacturer 
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        N=-40 - +10 °C 
B=-60 - -25 °C   

Fig.A-1.2.2: Danfoss instruction T2/TE2:N-B of TEV   
  

    
  

  

Keys: 

1.hand wheel 
2.top part 

3a.spindle 
4.spring retainer 
5.o-ring 
6.giude bushing 
7.diaphragm/membrane 
8.valve cone 
9.spring holder 
10.bellows unit 
11.bellows stop 
13.screw for spring 

housing 
14.diaphragm plate 

14a.retaining bushing 
28.packing for weld 

nipple 
29.screw for belows 

housing 

  

        
| Fig.A-1. 2.3: Danfoss internal instruction WVFX-WVA, 

10-40 of water regulator     
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       to refrigerant circuit 

(a): The external features of a P102 transducer 

stainless steel body 

pein A 

to measuring device 

  

  

  
  coe 
  

      

   

Pressure port per MS33649- 4 

7/16 -20UNF x 12,83 deep max     
    33,27 | $254   

0.6 metre 4 conductor 
shielded cable 

Optional 4 BSPP 60° 
internal cone adaptor 

Dims. in mm 

7 

  

  | 19,04     

(b): The technical dimension given by manufacturer   
a 

Fig.A-1.4.1: P102 pressure transducer 

299



(
a
i
n
z
v
i
s
d
a
s
y
 

Butpuodsei109 
JOJ 

(q)L*h 
PUw 

(B)L°} 
STQB] 

208) 
UOTZIQT 

[vO 
eTdnocOMIEYy} 

BUTINp 
Butpeer 

831q 
Jo 

eBvseay 
%7°1-V 

oTqeL 

 
 

O8°SZST 
O6°LOZT 

OZ*EHIT 
OS*ITOT 

0
0
'
S
 

OO'LTL 
02°629 

OO'HER 
00°0ZE& 

O0°9ET 
00°zZ- 

Se 
OT*PEST 

OS'ZLZT 
OF*LHTT 

OL°STOT 
06°98 

OS'GTL 
OZ'TED 

O2°96b 
00°ZZE 

O0°LET 
00°T- 

re 
OZ'9ZGT 

O€*Z9ZT 
OL'GETT 

OT*LOOT 
OF'6ES 

OG*ITL 
Of'HZ9 

OO'6SH 
OOTEIE 

OL'OEL 
OT'z- 

€£ 
O€*OLST 

OO'LOZT 
O8'SHIT 

O6°ETOT 
O0°LF8 

O9°6IL 
OF*ZED 

06'96% 
02'0ZE 

O00°6ET 
00°0 

Ze 
OO°ZSOL 

OF'98L 
02°L99 

O6°EES 
 O8°99E 

OO*LEZ 
OT'EHT 

O€*TT 
 O00°S9T- 

OO'SrE- 
oO'LEr-| 

Te 
O6'OFOT 

OF'FLL 
06°9S9 

OT'EZS 
 OO°LSE 

O8°L22 
00'OFT 

00'2 
OO°SLT- 

O0°LSE- 
00°96%- | 

OF 
OI‘LPOT 

O9°08L 
06°299 

OL°62G 
OL°29E 

OLTEEZ 
OO'9FT 

00'S 
OF'69T- 

O8°ISE- 
06'06r- 

| 
62 

O9'THOT 
O€'FLL 

OT°LS9 
O00°FZS 

OO°LSE 
OL°LZZ 

OO0'OFT 
00°2 

O€'SLI- 
O6'LSE- 

06°96F- | 
82 

O8'6E0L 
OS*ELL 

O06°FS9 
OL°22S 

O00°SSE 
00°SZZ 

O0'8ET 
00'0 

O8°9LT- 
OT'6SE- 

o00°66r- | 
12 

OT'SEOT 
OL*ILL 

OL°ES9 
O0°TZS 

O€*ESE 
00°HZZ 

O8'9ET 
OZ'0- 

OO'LLT-~ 
00°09€- 

00°00S- | 
92 

O6°FSOT 
O6°L8L 

OL°0L9 
OTLES 

 O0°OLE 
OT'TZ 

OO'EST 
O9°ST 

OT*I9T- 
OO'KFE- 

OO'ERr-| 
sz 

O8°LSOT 
OL*O6L 

O8"EL9 
O06°6ES 

 OO°ELE 
OO*HHZ 

OO'9ST 
0O'8T 

O8°8ST- 
O6*IbE- 

OO'TSe- | 
#2 

OF'LPOT 
OZ°O8L 

O£°f99 
OL°6ZS 

 OO°E9E 
OLEES 

OO'9FT 
06'L 

OS*89T- 
OO°TSE- 

o0°06r- | 
Ez 

OO'LbOT 
OZ°E8L 

00°F99 
00°0ES 

 O00°E9E 
OO'FEZ 

00°9FT 
00°6 

OL°99T~ 
O00°0SE- 

oo'6st- | 
zz 

OO*8E0T 
OO'FLL 

O6°TS9 
OZ°6TS 

 OO°TSE 
00°ZZZ 

OGB'EET 
OO'E- 

O6°S8LI~ 
O06'29E- 

oO'E0S- | 
Tz 

OZ*BEOT 
OZ°ZLL 

OF'ZS9 
O00°6TS 

 O9'TSE 
OO°ZZZ 

OT*FET 
OO°E- 

OZ°6LT- 
OF'Z9E- 

O00'z0S- | 
oz 

O6°EEST 
O6'B89ZT 

O8'6HIT 
O6'9TOT 

06°68 
00°ZZL 

00°SE9 
O9'L6h 

O8'IZE 
O0'6ET 

00°0 
6T 

O6'SEST 
O9ELZT 

OL'HSTT 
O6'TZOT 

O8'FSB8 
OO'LZL 

06°6E9 
OL°Z0G 

O09'°9ZE 
OO'bHT 

OS*F 
8T 

OO'SEST 
O6°TLZT 

O9°OSTT 
OT'STOT 

OT°0S8 
OO'EZL 

O6'SED 
OF'66F 

OL 
*HZE 

O0O°ZHT 
O0'E 

LT 
O6'ETST 

OO'ZSZT 
OB8'TETT 

O06°000T 
O06°SEB8 

09°60L 
00°€29 

OS'ssh 
OT'FIE 

O6'FEL 
08'T- 

9T 
O6*LIST 

OT'9SZE 
OZ°9ETT 

OT*SOOT 
OT'OF8 

OG6'ETL 
00°LZ9 

OO'Z6Eh 
OO'LIE 

O0'9ET 
00°T- 

ST 
OF'GIST 

O€'BSZT 
OS*LETT 

OO'LOOT 
O€'°ZPS 

OO'9TL 
00°629 

O8'b6h 
O6'GTE 

OO'6EL 
O6'T 

al 
OZ*ZIST 

OL'TSZI 
O€'TETT 

OT*OOOT 
00°SEB 

00°60L 
00°229 

OT'L8h 
OOTETE 

O0O'°ZET 
00°S- 

eT 
OZ'OZST 

O9'SSZT 
O6'GETT 

O0°800T 
O00°FHS 

OF'LIL 
OO'TED 

OF 
GER 

OT*IZE 
OS*OFT 

 oT'E 
Zt 

O8'ZEST 
O€'89ZT 

OF'SHTT 
OO'STOT 

00°6%8 
OO'TZL 

O06°FE9 
O8'96h 

O00°0ZE 
OS*LET 

00°0 
II 

O8' 
FEST 

O8°89ZT 
OB'OSTT 

OL*LTOT 
00°ZS8 

O00°HZL 
OO'LED 

OL°66H 
OF'ZZE 

OO'TKT 
06°z 

OT 
OO'EEST 

O€'L9ZT 
OS*SHTT 

O8'STOT 
00°0S8 

O00°ZZL 
00°SED 

00°86h 
OO'TZE 

OO°6ET 
O'T 

6 
OO'SZST 

O8'8SZT 
OO'OFTT 

OF'LOOT 
OS'TH8 

OZ*ETL 
09°929 

00°68H 
OO'ZTE 

O0'OET 
o00's- 

8 
OOTEEST 

OZ'LOZT 
OB'LHTT 

OF*STOT 
00°68 

OO'TZL 
O6'EED 

OL'96F 
OL'EIE 

OO'8ET° 
oO0'T- 

L 
OO'SEST 

O€'TLZT 
O6°ZSTE 

OF'GTOT 
Of°ES8 

00°SZL 
00°8E9 

00°00S 
OZ'°ZZE 

OO'IFT 
00°2 

9 
O8'8ZST 

OS'Z9ZT 
O6'°FHIT 

OO*TTOL 
00°9'8 

O8'LTL 
OO'TED 

OO'E6H 
OO'OTE 

O6'FEL 
o0'E- 

g 
06°9ZST 

00°09ZT 
OO'HFTT 

OF'OTOT 
00°9%8 

OL*LTL 
OO'TES 

O8'Z6h 
O6'STE 

O8'FEL 
06°2- 

b 
Ol'ZZST 

OL'9SZT 
OF'OWTI 

OF'LOOT 
O€'Eh8 

O6'STL 
OT'6Z9 

O8'T6R 
O6'SIE 

OO°SET 
oG'T- 

€ 
OL'GEST 

OG'ELZT 
O8°SSTT 

OO°ZZOT 
06°9S98 

OT'8ZL 
OT'TH9 

O6'E0S 
OZ°LZE 

OO°SFT 
OO'L 

Z 
O8'8ZST 

Of'Z9ZT 
OOTEFIT 

O06°600T 
OS'F8 

O0°9TL 
00°629. 

0
°
2
6
 

OO°LTE 
OO'SET 

 00°2- 
I 

: 
2 

NO 

a
 

_ 
 E E E

E
E
o
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
L
,
 

831q 
WOTIBIQTTD 

 
 

  

300



  

  

o 
° 

S 
_ 

a 
fea 
3 

@ 
3 

a 
® 
& 

Ca28487 

-2.8960 

5.9054 

-3.0586 

-4.3080 

-4.2325   
1.0698 

-1.6477 

+ -9.0500     -0.0822 

1.7789   
-1.2360 

2.5143 

-5.6295 

1.3969 

-1.7102 

-2.3098 

2.9778 

4.1185 

-0.5750 

  

15.206 

15.328 

15.249 

15.329 

15.311 

15.358 

15.333 

15.325 

15.320 

15.325 

15.317 

15.170 

15.148 

15.148 

15.173 

15.057 

15.246 

15.351 

15.341 

0.018311 

0.017240 

0.017020 

0.016855 

0.017317 

0.017273 

0.017279 

0.017274 | 

0.017209 

0.017166 

0.017450 

0.017060 

0.017371 

0.017302 

0.017255 

0.018144 

0.018128 

0.017115 

0.017211 
  

12.3180 

12.1910 

24.5420 

| 

301 

16.477 

16.492 

16.450 

0.017791 

0.017656 

0.017394   
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APPENDIX A-2 

LISTING OF COMPUTER PROGRAM FOR DATA ACQUISITION SYSTEM 

A-2.1: Introduction 

Followings are the listing of computer program for data acquisition 

system which comprises the reading of sensors through ADC and IEEE 

interface, bits-temperature and bits-pressure conversion, program for 

measuring water mass flowrate, temperature profile along the condenser, a 

block diagram showing four basic heat pump components (display the 

parameters at the entry and exit of each component), and experimental 

outputs storing program. 

A-2.2: Computer program 

The listing of the computer program for data acquisition system is 

given below; 

20 REW 
30 REM COMPUTER PROGRAM FOR DATA ACQUISITION SYSTRM (APPENDIX A-2) 

40 REM 
50 REM -------------- 2-3 nn nn nnn nnn nnn nnn nnn nnn nnn nnn nner nee 

60 MODB128 
10 ON BRROR GOTO 1190 
80 DIM CH(43),DN(43),D(43),D¥(43) ,DAV(43),7(43),A(43),B(43),C(43), Temp(40) 
90 DIM W$(40),VElow( 20) ,Mflow(20),G(20,46),F(20,46) 

100 27&8PB62=255 
110 PROCSetup:@%=4404: PROCreadcoeff: VDU28 0,31, 79,29 
120 INPUT'Today’s date (do not include year)",M$:VDU4 
130 VDU4:PRINT"PRESS KRY: 1 BASIC DIAGRAM OF HRAT PUMP SYSTBM ° 

140 VDU4: PRINT" : 2 DIAGRAM SHOWING TRMPBRATURE PROFILE ALONG CONDENSER" 

150 A$=GBT$: IF A$="1" THEN GOTO 170 
160 IF A$="2" THEN GOTO 190 BLSB GOTO 130 

170 CLS:PRINT'THIS PROGRAM IS TO DRAW A BLOCK DIAGRAM OF HEAT PUMP SYSTEM " 

180 PROCDaigram:PROCStatement:FOR II[=0 TO 1000:PROCNoncond: NEXT: BND 

190 CLS:PRINT'THIS PROGRAM IS TO DRAW TRMPRRATURE PROFILE ALONG THE CONDENSER (RVBRY ONB METER)“ 

200 off=-2:PROCAxes:x=110:y=250:xx=1240: yy=1010: VDUZ4 05100; 1279; 1023; : PROCBox(x,y,xx, yy) 

210 FOR [I= 0 TO 2:PROCconvert:NBXT: END 

220 DRFPROCread: REM [###T0 SRLBCT THE CORRBCT DEVICE NUMBER FROM ADC###) 

230 IF CH%=0 THEN DN=8:A$=STR$(DN}+",3":GOTO 280 BLSB IF CNX>=1 AND CNX<=16 THEW DN=9 

240 CH=CW%-1 BLSE IF CN%>=20 AND CNX<=31 THEN DN=8:CH=CN%-16 BLSB DN=10 

250 IF CN%>=17 AND CN%<=19 THEN CH=CNS-8 BLSB IF CN%>=32 AND CW%<=35 THEN CH=CW%-20 BLSE 

260 IF CN%>=36 AND CNX<=39 THEN CH=CN%-32 BLSR IF CWX>=40 AND CNX<=43 THEN CH=CW%-40 

270 A$=STR$(DN)+", "+STR$(CH) 
280 PROCreadADC(A$) 

290 CH(CN%)=D% 

300 BNDPROC 
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310 DBFPROCreadADC(A$): REM [*##RBADING BITS FROM ADCEEE] 

320 D%=0 

330 *IRBE 

340 adc%=OPRNIN(A$) 

350 AX=1 

360 FORG=1TO H% 

370 PRINTEcud%, "TALK", adc¥ 
380  PRINTScmd%,"RRAD BINARY", 2 

390 = JN=BGRTSdata% 

400  KX=BGRTEdatax 

410 BR=KX-224 

420 IP BX<O THEN Bis=-1#(256#(B¥+32)+J%) BLSE BiX=2564BX+I% 
430 D%=DL+Bik 

440 = PRINTScad%, "UNTALK" 

450 NEXTG 

460 DX=D%/H% 

470 CLOSR£adc% 

480 *#DISC 

490 BNDPROC 

500 DBFPROCSetup: RRM [*##COMMUNICATION BETWEEN ADC AND IRRE INTERFACE###] 
510 *IBRE 

520 cmd%=OPRNIN( "COMMAND" ) 

530 dataX=OPRNIN("DATA") 

540 PRINT£cmd%,"BBC DBVICR NO", 21 

550 PRINTEcad%, "CLEAR" 

560 PRINTSced%, "REMOTE RNABLE" 

570 DISC 

580 ENDPROC 

590 DBFPROCconvert: REM [*##BITS-TRMPERATURE & PRESSURR CONVERSION AND PROFILE###] 
600 CLS 

610 CLS:@%=8404 

620 FOR s= 1 TO 20 

630 PROCErase 

640 PROCSmallbox 

650 PROCzero:PROCtime:SOUND 1,-15,1000,2:RRPRAT UNTIL (TIMB-T}>1000 
660 PROCsound: PROCtime: PROCavread 

670 CNX=0:6(s,0)=DAV(0):F(s,0)=?(0) 
680 FOR [=1 TO 15 

690 CN%=I:X=CN% 

100 G(s,1)=DAV(CNS):P(s,I)=T(CN%):PROCequation 

110 CNS=(I+16):X=CN%-16 

120 G(s,1+16)=DAV(CNS):P(s,1+16)=T(CNS) :PROCequation 
730 VDU4:PRINT I," "G(s,I)," "R(s,1) 
140 PLOT 69, (X-Xmin)*J+x+(35¢off), (F(s,1)-Ymin}#K+y 
750 VDU4:PRINT I+16," “G(s,1+16)," *R(s,1+16) 
760 PLOT 69, (X-Xmin)#J+x+(35¢off),(P(s,1+16)-Yain)#k+y 

770 NEXT 

180 [=16:CN%=I 

190 G(s,1)=DAV(CHS):F(s,I)=T(CN%):PROCequation 
800 CH¥=(1+19):G(s,1+19)=DAV(CNX):F(s,1+19)=T(CN%) :PROCequation 
810 PLOT 69, (X-Xmin)*J+x+(5toff),(F(s,1)-Yain)#£+y 

820 PLOT 69, (X-Xein)#J+x+(5toff), (P(s,1+19)-Ymin) #£+y 

830 VDU4:PRINT CNX," "G(s,CN%)," *F(s,CN%) 
840 FOR CNX=32 TO 34:6(s,CN%)=DAV(CNS):F(s,CN%)=T(CNX) :PROCequation 
850 VDU5:MOVE (xt+xx)/1.3,y-80:PROCDelete:@%=400020205:PRINT F(s, 34): VDU4 
860 VDU4:PRINT CNX," “G(s,CNX)," "P(s, CNX) 
870 NEXT 

880 YDU5:MOVE (xtxx)/1.45,y-120:PROCDelete:@%=800020205 : PRINTP(s,35)," & "F(3,17):VDU4 
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890 FOR CN%=36 TO 43:G(8,CN%)=DAV(CN%}:P(s,CN%)=T(CNS):PROCequat : PROCpriimit 

900 RRM VDUS:MOVE (xtxx)/1.35,y-120:PROCDelete:PRINTTin," & "Tout 

910 VDUS:MOVE aa+450,bb+40:PROCDelete:PRINTF(s,37):VDU4 

920 VDUS:MOVE aat450,bb+70:PROCDelete:PRINTF(s, 38): VDU4 

930 VDUS :MOVBa+530, bb+40: PROCDelete: PRINTF( 8,40) 

940 VDUS :MOVRa+530, bb+70:PROCDelete: PRINTP( 8,41) :@%=2404 

950 VDU4:PRINT CNX," "G(s,CN%)," "R(s,CN%) 

960 NEXT 

970 PRINT: PRINT 

980 PROCfilenane 

990 VDUS:MOVE(xtxx)/2.4,yy-10: PRINT T$:MOVE(xtxx}/1.23,yy-10:PRINT N$: VDU4 

1000 VDU4:PRINTtime 

1010 VDU4;PRINTG(s,44)," "G(s,45)," "G(s, 46) 

1020 PROCdwhits:PROCdelay(n): #SMALLDUMP 

1030 PROCzero 

1040 NEXT s 

1050 BNDPROC 

1060 DRFPROCdelay(n): REM [*##SRT DELAYING TIME IN MINUTE### ] 

1070 n=30 

1080 PROCtime 

1090 REPRAT UNTIL (TIMB-T)>=n#6000 

1100 BNDPROC 

1110 DBFPROCfilename: REM [*##AUTOMATIC FILBNAMB FOR STORING AND READING DATA*##] 

1120 Te=Mg +" 1987" 
1130 PILENUMBER=s 

1140 RRH WS(s)=HID$(T$,5,2)+MID$(T$,8,3)+STRE(s) 

1150 S=(20#IIL)+s 

1160 N$=M$+STRS(S) 

1170 BNDPROC 

1180 DBF FN@(P%):@%=P%:="" 

1190 VDU3:MODB128:PRINT"BRROR NO "BRR; "AT LIWE " BRL: BND 

1200 DEFPROCequat: REM [###BITS-PRESSURE CONVERS ION## 

1210 P(s,CWS)=A(CH%)+B(CN%)#G(s, CNX) +C(CHX)#(G(s,CNX)) “2 

1220 BNDPROC 

1230 RRM----- nnn nnn nnn nnn nnn rn nnn rrr nner rrr nnn nnn n® 

1240 DRRPROCreadcoeff: REM READING CALIBRATION COBFFICIENTS 

1250 RBW-----n nnn nnn nnn nnn nn nnn rrr rrr n nnn nnn rrr nn 

1260 REM INPU"Rnter filename for calibration coefficients", F¢ 

1270 Pg="Ca28487" 

1280 QQ%=OPRNIN(F$) 

1290 FOR CN%=1 TO 43 

1300 INPUTEQQS,A(CHX) ,B(CNS) ,C(CHS) 
1310 NEXT 

1320 CLOSBEQQ% 

1330 BNDPROC 

1340 DRFPROCsound: REM [*##SBT WARNING SOUND AT THE BND AND BEGINNING OF BACH RUN###) 

1350 SOUND 2,-15,97,10 

1360 SOUND 2,-15,105,10 

1370 SOUND 2,-15,89,10 — 
1380 SOUMD 2,-15,41,10 

1390 SOUND 2,-15,69,20 

1400 ENDPROC 

1410 DBFPROCAxes: REM [###SBT I,Y-AXIS FOR TEMPERATURE PROFILE###] 

1420 Xmin=0:Xmax=15 

1430 Linterval=(Xmax-Xmin)/5:Xrange=(Xmax-Xnin) 

1440 INPUT"Ymininum, Yeaxiaua (temperature in deg. celcius)",Ymin, Yaax 

1450 Yinterval=(Ymax-Ymin)/5:Yrange=(Yaex-Yein) 

1460 ENDPROC 
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1470 DBFPROCBox(x,y,xx,yy): RBM [###DRAW A BLOCK AND SCALBS FOR GRAPH*##] 

1480 CLG 

1490 VDU5:MOVEx,y:DRAWxx,y:DRAWxx, yy: DRAWx, yy: DRAWx, y 

1500 J=(xx-x)/Xrange:K=(yy-y)/Yrange 
1510 VDU5:FOR Y=Ymin TO Ymax STRP Yinterval:MOVE x-10,(Y-Ymin)#K+y+10:PRINT Y:MBXT 

1520 WOVE x-x,yy-60;PRINT"Temp(C)" 
1530 VDU5S:FOR X=Xmin TO Xmax STEP Xinterval:MOVE (X-Xmin)*J+x-50+off,y-15:PRINT X:NBXT 

1540 MOVE (x+xx)/3,y-50:PRINT"Length in condenser in ameter" 
1550 MOVE (x+xx)/3.7,y-80:PRINT"at room temperature (deg. celcius)" 
1560 MOVE (x+xx)/7,y-120:PRINT*Water Inlet & Outlet temperature (C}" 
1570 VDU19,0,4,0,0,0 

1580 GCOL 0,1: VDU4 

1590 ENDPROC 

1600 DRFPROCSmallbox: REM [*##DRAW SMALL BOX TO WRITE OTHER PARAMETERS OUTSIDE CONDENSER###] 

1610 a=(xtxx)/5.8:b=(yy-40):aa=(xx-475):bb=(yy-120) 
1620 VDUS:MOVEa,b: DRAW aa, b:DRAW aa, bb:DRAW a, bb: DRAW a,b 

1630 VDU5:MOVE a+10,bb+70:PRINT"=====> freon flow (g/s) * 
1640 VDUS:MOVE a+10,bb+40:PRINT'water flow (g/s) <=s=== ° 
1650 VDU5S:MOVE aat30,bb+70:PRINTdisc press (bar) :* 
1660 VDU5:MOVE aat30,bb+40:PRINT’suct press (bar) :* 
1670 VDU4 

1680 BNDPROC 

1690 DEFPROCDaigram: REM [###DRAW SMALL BLOCK FOR HEAT PUMP DIAGRAN###] 

1700 x=110:y=250:xx=1260: yy=1010 
1710 VDU24,0;100;1279; 1023; 

1720 MOVEx,y:DRAW xx,y:DRAW xx,yy:DRAW x,yy:DRAW x,y 

1730 a=(xtxx)/3.5:b=(y+100):aa=(a+600):bb=(y+200) 
1740 VDU5:MOVBa,b: DRAW aa,b:DRAW aa,bb:DRAW a,bb:DRAW a,b 

1750 cza:d=(y+480):cc=aa:dd=(y+600) 
1760 VDU5S:MOVBc,d: DRAW cc,d:DRAW cc,dd: DRAW c,dd: DRAW c,d 

1770 e=(a-150):f=(y+300)see=a-20:ff=(y+400) 
1780 VDU5:MOVBe,f: DRAW ee, f:DRAW ee, ff:DRAW e, ff: DRAW e,f 

1790 g=(a+630):h=f:gg=(at770) sbh=ff 

1800 VDU5S:MOVEg, bh: DRAW gg,h:DRAW gg,bh:DRAW g, hh: DRAW g,h 

1810 iz(xtxx)/4.5:j=(b+tbb)/2:iizat700: jj=(dedd)/2.05 
1820 VDU5S:MOVBi, j:DRAW ii, j:DRAW ii, jj:DRAW i, jj: DRAW i,j 

1830 VDUS:MOVBi, jj+25:DRAW ii, jj+25 

1840 ENDPROC 

1850 DRFPROCStatement: REM [###WRITE STATEMENTS FOR HEAT PUMP DIAGRAM###] 

1860 MOVE (x+xx)/3,y-30:PRINT"A basic diagram of heat pump" 
1870 MOVE it210,jj+60:PRINT"water ==:=====>" 

1880 MOVE i330, jj-5:PRINT’<=:=:::== freon" 
1890 MOVE i+280, jj-45:PRINT"’##condenser##" 

1900 MOVE i+280, j+85: PRINT" $#evaporator##" 
1910 MOVE i+280,j+40:PRINT"freon ========)* 

1920 FOR [= 0 TO 40 STEP 10:MOVE it80,(j+230)-[:PRINT"|": NEXT: MOVE i+80,(j+190):PRINT'Y" 

1930 VDU5:MOVE i+95,(j+230):PRINT"throttling valve" 
1940 FOR [= 0 TO 40 STRP 10:MOVE ii-100,(j+230)-I: PRINT") *:WBXT:MOVE ii-100,(j+230):PRINT"*" 

1950 VDU5:MOVE ii-265,(j+200):PRINT*compressor® 
1960 MOVE ii-30,jj+10:PRINT'I":MOVE i+20,jj+10:PRINT*I® 

1970 MOVE ii-30,j+15:PRINT°I":MOVE i+20, j+15:PRINT'I" 

1980 MOVE ii-30,jj+48:PRINT'I":MOVE i+20,jj+48:PRINT'I® 

1990 VDU19,0,4,0,0,0 

2000 GCOL 0,1: ¥DU4 

2010 BNDPROC 
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2020 DBFPROCNoncond: REM (###RRADING DATA FOR BASIC HRAT PUMP DIAGRAM###] 
2030 REM CLS:@%=&00020205: PROCreadcoeff 

2040 CLS:@%=&00020205 

2050 FOR s= 1 TO 25 

2060 PROCtime:PROCfilenane 

2070 VDO5:MOVE(x+xx)/2.5,yy-10: PRINT T$: ¥DU4 

2080 PROCsero:PROCavread 

2090 CN%=0:6(8,0)=DAV(0):F(s8,0)=T(0) 

2100 CN%=1:G(s,CN%)=DAV(CNX):P(s,CNX)=T(CS):PROCequation 

2110 VDU5: MOVE (iit135), jj+30:PROCDelete:PRINTF(s,1);"(C)":VDUA 

2120 @%=800020208:PRINT "G(s,CN%);" *P(s, CHS): VDU4:@%=800020205 

2130 FOR CN%=16 TO 17:G(8,CN%)=DAV(CN%):F(s,CN%)=T(CNX) :PROCequation 

2140 VDU5: MOVE i-40,jj+30:PROCDelete: PRINTF(s,16);"(C)":VDU4: VDUS : MOVE (ii+135), jj+70:PROCDelete 

2150 PRINTR(s,17);"(C)":VDU4:@%=400020208: PRINT" "G(s,CW%);" *P(s,CN%):@%=800020205 

2160 NEXT 

2170 FOR CN%=32 TO 35:G(8,CN%)=DAV(CN%):P(s,CN%)=T(CNX):PROCequation 

2180 VDU5:MOVE i-40,j#35:PROCDelete: PRINTR(s,32);"(C)": VDU4: VDUS : MOVE (iit135), j+35:PROCDelete 

2190 PRINTF(s,33);"(C)":VDU4:@%=400020208: PRINT" "G(s,CNS);" *P(s, CNS) :@%=800020205 

2200 VDUS:MOVE (xtxx)/3,y-60:PRINT “at room temperature ":VDU4:VDU5:MOVE ii-180,y-60:PROCDelete 

2210 PRINT F(s,34);"(C)":VDU4: VDUS : MOVE i-40,jj+70:PROCDelete: PRINTR(s,35);"(C)":VDU4 

2220 WEXT 
2230 FOR CN%=36 TO 43:G(8,CN%)=DAV(CH%):P(s,CN%)=T(CNS):PROCequat : PROCprlinit 

2240 VDUS:MOVE i-40,jj-5:PROCDelete:PRINTF(s,36);"(bar)":VDU4: VDUS : MOVE (iit135), jj-5:PROCDelete 

2250 PRINTF(s,38);"(bar)": VDU4 

2260 VDUS:MOVE i-40,j-5:PROCDelete:PRINTF(s,39); "(bar)": ¥DU4: VDU5 : MOVE (ii+135), j-5:PROCDelete 

2270 PRINTF(s,37); "(bar)": VDU4 

2280 VDU5: HOVE ii-165, jj+60:PROCDelete: PRINTF(s,40);"(cc/a)": ¥DU4: VDUS : WOVE 11-550, jj-5:PROCDelete 

2290 PRINTF(s,41);"(cc/s)": VDU4 

2300 NEXT: NEXT 

2310 BNDPROC 

2320 DBFPROCDelete: REM [*##T0 DBLETE*#*) 

2330 FOR [=1T08:VDU127:NBXT 

2340 BNDPROC 

2350 DRRPROCRrase: RBM [###T0 BRASE TRIT WINDOWS#$} 

2360 VDU24,xt5;yt5;xx-3;yy-3; 

2370 CLG: VDU5 

2380 VDU24,0;100;1279; 1023; 

2390 BNDPROC 

2400 DRFPROCdwbits: RBM [*###SAVING DATA ONTO DISC###] 

2410 CLS 

2420 IF S>30 THEN DR$=":3." BLSB DRg=":1." 

2430 FS=DRS+NS 

2440 QQ%=OPENOUT (F$) 

2450 PRINTEQQY,T$ 

2460 FOR CNX=0 TO 46 
2470 PRINTEQQS,G(s,CHS) 

2480 NEXT 

2490 CLOSBEQQS 

2500 RNDPROC 

2510 DBFPROCpriater: REM [*##T0 PRINTERE## | 

2520 VDU2:VDU1,27,1,33,1,4 

2530 BNDPROC 
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2540 DRFPROCbits: REM [###DISPLAY OUTPUTS ON SCREEN##*] 

2550 PROCprinter 

2560 PRINT’Channel Bits Temperature Channel Bits Temperature BW-BRI2 TW-TR12° 
2570 FOR CN%=1 TO 15 

2580 PRINTCNS,G(s,CNX),F(s, CNX) ,CNX+16,G(s,CN%+16),F(8,CN%+16),G(8,CNX+16)-G(s,CNX),F(s,CHS+16)-F(s, CHS) 

2590 NEXT 

2600 CN%=16 
2610 PRINTCNS,G(s,CN%),F(s, CNX) ,CHX+19,G(s,CHX419), F(8,CN%+19) G(s, CNX+19)-G(s,CNX),P(s,CH%+19)-F(s, CHR) 

2620 M=0 

2630 REPRAT 

2640 M=M+1 

2650 G(s,CW%)=G(s,CN%)+G(s,CNX+1) 
2660 UNTIL M=30 

2670 PRINT:PRINT" The bits from PCI 1002:SM/17369(DW8)"," “G(s,0),"Bits"," “G(s,0)#0.025,°c" 

2680 VDU3 

2690 BNDPROC 

2700 DRFPROCequation: REM [*##BITS-TEMPRRATURE CONVERSION### } 

2710 IF CN%>=20 AND CW%<=31 THEW F(s,0)=G(s,0)#0.025 BLSE F(s,0)=0 

2720 21=B(CN%)°2:22=(4#C(CNX)#(A(CHS)-G(s,CN%))):23=SQR(Z1-22) 

2730 IF 21>22 THEN P(s,CN%)=F(s,0)+((-B(CNX)+Z3)/(2C(CNX) ) )BLSE 

2740 IF 21222 THEN F(s,CN%)=F(s,0)+(-B(CH%)/(2#C(CNX))) BLSB F(s,CN%)=0 

2750 ENDPROC 

2760 REM 

2770 DEFPROGavread: REM{*##READINC AVERAGE VALURS#S} = -—~ 

2780 K=0 

2790 REPEAT 

2800 M=M+1 

2810 FOR CN%= 0 TO 43 

2820 PROCread 

2830 D%(CN%)=D%(CNX)+D% 

2840 VDU4:PRINTTAB(10)CNX," "D%(CHS) 

2850 NEXT 

2860 UNTIL M=10 
2870 FOR CH%=0 TO 43:DAV(CNX)=D%(CNX) /M: NEXT 

2880 PROCsound:INPUT"The time taken to fill up the container in second",tine 
2890 INPUT"The quantity of water in container in c.c",CC 

2900 INPUT"The mass of collected water in gran", tw 
2910 INPUT"The temperature of exit water in C",Tw 

2920 Vflow(s)=(CC/time):G(s,44)=Vflow(s) 
2930 Mflow(s)=(Ww/time):G(s,45)=4flow(s) 
2940 Temp(s)=Tw:G(s,46)=Temp(s) 
2950 VDU12: BNDPROC 

2960 DRFPROCsero: REM [###TO RESET##*) 
2970 FORII=0 TO 43:D%(II)=0: NEXT 

2980 ENDPROC 

2990 DEFPROCtime: REM [###SET TIME+##] 

3000 TIMB=0:T=TIME 

3010 ENDPROC 

3020 DEFPROCprlimit: REM [###LIMIT FOR PRESSURE+##) 

3030 IP F(s,38)>13.0 THEM FOR sound=1 TO 100 :PROCsound:NBXT: BND 

3040 BNDPROC 
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APPENDIX A-3 

LISTING OF COMPUTER MODEL 

A-3.1: Introduction 

The main program comprises the following; input data from 

appropriate experimental run, main program divided into vapour region, 

two-phase region and liquid region (numerical integration and iteration 

process), monitoring program, and outputs. 

The input data read from a separate subroutine are taken from 

appropriate experimental runs. The effective parameters are then 

calculated in subroutine 1. At this level, the program reads all the 

constant coefficients,[44], coil descriptions, and fluid input and 

output temperature. The next step is to calculate dew temperature at 

given freon inlet pressure, freon mass flowrate, and coil internal 

diameters for both side of the tube. 

The second part shows the main body of the program within the 

iteration loop. The calculation in the numerical integration is divided 

to three sections; desuperheating, two-phase (or condensing) and 

subcooling regimes. The basic objective is to calculate the correct 

outlet temperature of water by considering all possible properties of 

the fluids within the iteration at particular condition. The properties 

of the fluids are as follows; heat transfer coefficients, properties of 

freon at various state, properties of water, linear conductivity of heat 

exchanger, number of transfer units of the fluids, effectiveness, and 

the next point parameters. The thermodynamic, physical and other 

properties of the fluids are evaluated in subroutine 1 and 2. 

The monitoring program is to check whether the correct water outlet 

temperature has been obtained. 

Finally, the outputs are as follows; summary of separate results 

for three segments, detailed profile of various fluids properties 

(temperature, pressure, heat transfer coefficients, and number of 

transfer units), summary of enthalpy balance and entropy creation rates, 

and the summary of possible simple refrigeration cycle. 

A-3.2: Computer program 

The listing of the computer program can be seen in the next page. 
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CHERSEEREEESEESEEESEREESSES SEES SEES ESSE ESSE ESTEE SERS ESE STE ES ERE S TEES TSEC 

C 

COMPUTER MODELLING FOR APPRNDIX A-3 IN SRCTION A-3.2 C 
C 

PROGRAM TBTCOND-F77 COMPILED AND LINKED WITH SUBROUTINE C 

TBTSUBROU-F77 AND R12-F77, AND INPUT DATA; TBTINDATA ¢ 
C 
C 

a
a
a
’
d
’
c
a
a
a
 

SEEREEEEEEEEEESEEREERERSRSEEEERRERREEEESERERE ETERS SE EERE ETE TT TS TTS 

PROGRAM TBT 

(88$h-------- 2a n nnn en ene n enn n wenn nn en nen en ener ne nnn ene ne nen ncns se8¢ 

(#444 COUNTERFLOW HRAT BXCHANGRR INTEGRATION AND ITBRATION ROUTINE ###% 

(#88 PLUIDS: R12 & WATER ¢### AUTHOR: C.G.CARRINGTON, OTAGO, NZ. sett 

(#88 MODIFIBD BY M.B.ABDUL WAHAB, ASTON UNIV. ,B'HAM, ENGLAND, 1988¢### 

CERES ----- nena nnn n nnn e ene n nn en nnn n nee e ene nn nn eenenenennnnnns set 

| C8## THIS PROGRAM MODELS THE BEHAVIOUR OF A COUNTERFLOW R12 $38 

C¥84% CONDENSER COMPRISED OF TWO TUBBS THERMALLY COUPLED. see 

C###* WALL THERMAL GRADIENTS ARE IGNORED. THB SINGLE PHASE AND  #### 

C##$¢ TWO PHASE REGIONS ARB TREATED SBPARATBLY. TEMPERATURE $488 

C884 DRPRNDENT FLUID PROPERTIBS (VISCOSITIBS, CONDUCTIVITIES tet 

c#$#t BRAT CAPACITIES BTC.) FROM ASHRAB GUIDE & DATA BOOK ARE USED. ###* 

C#S$# THIS PROGRAM USBS R12 THERMODYNAMIC PROPERTY SUBROUTINES $88 

C###% WRITEN BY DBRBK HICKSON, U.A.B. THBSBE ARB IN AGRERMENT WITH ###% 

C##%% ASHRAR VALUBS AND DUPONT DATA. COULD BB SUSPECT NEAR THE © ##8# 

C###¢ CRITICAL POINT. $848 

C#t#% THE FOLLOWING FUNCTIONS FROM D.HICKSON’S LIBRARY ARE USED:- ###* 

Ct#$+ (REDUCED VALURS ARE USED FOR ALL ARGUMENTS) $3 

Cees PSATRIZ(T) PRESSURE OF SATURATED k12 $448 

C##8% TSATRI2(P) TEMPERATURE OF SATURATED R12 +488 

cet VR12(P,T) SPRCIFIC VOLUME OF SUPBRHEATED R12 set 

cses¢ VPR12(T) SPRCIFIC VOLUME OF LIQUID R12 $49 

c#t# HPGRI2(T,P,VG,VF) LATENT HEAT OF R12 $4tt 

cs##% HR12(VG,7) | SPRCIFIC ENTHALPY OF SUPRRHBATED R12 $48 

C### §R12(VG,T) | SPECIFIC BNTROPY OF SUPERHEATED R12 et 

C#t% INPUT DATA FROM PROGRAM TBTINDATA ARB: - $348 

C#### ASCOIL DESCRIPTIONS: $3 

c#### © TWALL =THICKNRSS OF WALL OF THE TWO TUBBS (M.M.) $83 

cstt# = DIAR OUTSIDE DIAM OF THE B12 TUBE AT LIQUID BXIT END #448 

ce#t$ = DIAG OUTSIDE DIAM OF THE R12 TUBE AT GAS INLET EMD(M.M) ###* 

cee$+ = LTH © TOTAL LENGTH OF THE CONDENSER ( METER) $43 

C###* = PCNTF PRRCRNTAGE OF REFRIGERANT TUBE WITH 0.D. DIAF $$ 

ctes# = DIAW «OUTSIDE DIAM OF THE WATBR TUBE (M.M.) +8 

(#48 B:FLUID PARAMETERS AT THE ENTRANCE/BXIT (FROM BXPERIMENT): 

cess = TRL_=—-s TRMPRRATURE OF R12 AT POINT 1 (C) $33 

cests = TR2-—«—s TMPBRATURE OF B12 AT POINT 2 (C) test 

ct#s# «© TRIS TRMPRRATURE OF R12 AT POINT 15 (C) $e 

cests = ©— TRIG © TRMPERATURE OF R12 AT POINT 16 (C) sett 

ce#ts «= TW1.=—s TRAPERATURE OF WATER AT POINT 1 (C) $83 

cess «© TW2~=—s TRAPRRATURE OF WATRR AT POINT 2 (C) $e3t 

ceet# © TW15  TRUPRRATURE OF WATER AT POINT 15 (C) $$ 

cet © TWIG TRMPERATURE OF WATER AT POINT 16 (C) $e 

ct#t# PRIN PRESSURE OF R12 AT POINT 1 (BAR) $8 

ct### © PROUT PRESSURE OF R12 AT POINT 16 (BAR) $83 

C##8% © MWATBR WATER MASS FLOWRATE (GRAM/S) $83 
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cates 
Cates 
cress 
ceees 
cress 
Ceeee 
ceeee 

C 
Cease 
cress 
caste 
crete 
cress 

C 

a
a
a
 a
 

C:BRFBCTIVE FLUID PARAMBTRRS AT THR RNTRANCR/BXIT (MODEL): 
BONDU CONDUCTIVITY OF THERMAL BOND BRTWREN TUBRS (W/M.C) #848 
THPWR THERMAL POWER TO BR TRANSFERRED TO WATER (WATT) #848 
TR(1) TRMPBRATURR OF BNTBRING HOT REFRIGERANT GAS (C) #488 
PRES  PRESSURBE OF BNTBRING HOT REFRIGERANT GAS (BAR) #48 
TSUB BXIT TRMPRRATURR OF CONDRNSBD LIQUID REFRIG. (Cc) ¢###8 
TWIN TBMPRRATURE OF WATBR BNTERING CONDENSER (C) #448 

THE PRIMARY OUTPUT DATA IS:- ttt 
(A) THE BXIT WATER TRNPRRATURE +434 
(B) THE CORRESPONDING WATER FLOW RATR sett 
(C) PRESSURE AND TEMPRRATURE PROFILES, MASS OF a 

R12, HEAT TRANSFER CORFFICIENTS BTC 488 

DECLARATION 

REAL LNTH,WRDOT,MWDOT,NTUR( 155), NTUW( 155), IDR(155), 1DW( 155) ,MBWR 
RBAL WEWW, NUS ,MRWF, MBWG,ODW( 155) ,ODR(155) 
COMMON/BLK1/HC,TC,¥C,PC 
DIMBNSION TR(155) ,TW(155),PR(155),PwW(155),X(155),UL( 155), BR( 155) 
DIMBNSION BW( 155) ,AR(155) ,HW(155),AL( 155) ,HHR(155), TWL(155) 
DIMENSION $(1000) ,ISN( 1000) 
LOGICAL FOOLED, HALVE 
CHARACTER File*14 

OPEN (3,PILB='kb:') 
OPEN (4, FILB="vdu:’) 
OPEN (5,PILB='TBTindata’ ) 

READ IN PRINT VARIABLE: KPRINT=1 FOR BRIRF SUMMARY; 2 FOR SUMMARY 
AND SRCOND LAW ANALYSIS; 3 FOR COMPLETE PRINT OUT WITH TRMPERATURE 
AND PRESSURE PROFILE; 4 FOR PRINTOUT APTER FIRST INTEGRATION. 

WRITB (4,601) 
RBAD (3,602) KPRINT 

READ IN COIL DESCRIPTION, FLUID INPUT & OUTPUT TEMPERATURES. 

READ (5,600, RND=2) TWALL,DIAF, DIAG, LNTH, PCNTR, DIAW 
IP(TWALL.BQ.0.0) GOTO 2 
READ (5,600, BND=2) BONDU,TR1,TR2,TR14, TRIS, TW! 
RRAD (5,600,BND=2) TW2,TW14,TW15,PRIN, PROUT, WATER 
RBAD (5,600, BND=2) Qlost 

CLOSE (5) 
CLOSE (4) 

CALL AINPOT(TR1,TR2,TR14, TRIS, TW1,TW2,TW14, TW15, PRIN, 
IPROUT, WATER, PSUB,TR( 1), TWOUT, TWIN, PRES, Qvater) 

D1=PCNTF¢LNTH/100.0 
D2=LNTH-Di 

DRFINE CRITICAL POINT VALUBS POR R12. 
HC=7,37412B3 
TC=385,17 
VC=1,7918B-3 
PC=41, 15585 
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C THRSR CONSTANTS ARR IN S.I. UNITS: J, DBG K, M##3, KG. 
C THRSE VALURS AND THERMODYNAMIC FUNCTIONS KINDLY PROVIDED BY 
C DBREK HICKSON, U.A.B. 

C CALCULATE DRW TEMPRRATURE , BTC OF WATBR AND REFRIGERANT. 

PR(1)=(PRBS#100000.0) 
TOBW=(TC#PSATRI2(PR(1)/PC))-273.15 
PW(1)=0.00 

C FIND MASS FLOW RATE OF REFRIGERANT 

THPWR=(Qwater+Qlost) 
Plost=(Qlost/THPWR) 
MRDOT=THPWR/(HG(PR( 1), TR(1))-HSAT(O.0, TSUB)) 

a
 FIND COIL INTRRWAL DIAMBTBRS AND INTEGRATION INCREMENT, DLNTH. 

C f21.0 FOR STRAIGHT PIPE & fri2=0.976 & fwat=0.886 FOR PIPE AT THE BEND. 

DO [=1,155 
IF((I .GT. 1) .AWD.(I WLP, 151)) THEM 
IF(MOD(I,5).BQ.1) THEN 
frl2=0.97584 
fwater=0.88620 

BLSB 
frl2=1.00 
fwater=1.00 

BND IF 
BLSE 
frl2=1.00 
fwater=1.00 

END IF 
ODW(I)=(DIAW#fwater)/1000 
IDW(I)=(DIAW-24( TWALL#1.3513514))#fwater/1000 
IF (I .Gf. (100-PCNTF)) THEN 
ODR(I)=(DIAF#fr12)/1000 
IDR(I)=(DIAP-(2#TWALL) )#fr12/1000 

BLSE 
ODR(I)=(DIAG#£r12)}/1000 
IDR(I)=(DIAG-(2*TWALL) )#fr12/1000 

END IF 

END DO 

DLNTH=LNTH/150 

C CHOOSE TDBW AS A TRIAL WATER BXIT TEMPERATURE. 

8(1)=TDBW 
STEP=2 

| CEESESSSESSEESSSESEESESSSESSSRES ESTE SSS ESS TE SESE ESSE Tess sees es es ess E TSS 

C 
C COMMENCE ITRRATION TO CALCULATE CORRECT WATER EXIT TRMPERATURE 

C 
CEESTESESAEEESSSTEESESSSSSESSESESES ESSE S ESSERE ESET ESE S SESS EEE EEE ESTE Ts 
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K=0 

1001 K=K+l 

WRITB(4,'(’’ Iteration number ='’,I3)’)K 

C SET REYNOLDS NUMBER ACCUMULATORS TO ZERO. 
RR1=0.0 
RWi=0.0 
RR2=0.0 
RW2=0.0 
RR3=0.0 
R¥3=0.0 

C SET REFRIGERANT MASS ACCUMULATORS TO ZBRO. 

AMSUP=0.0 
AM2PS=0.0 
AMSUB=0.0 
TW(1)=8(K) 

C CALCULATE CORRESPONDING WATER MASS FLOW RATE. 

MWDOT=Qwater/(FP(9,TW(1)) - FP(9,TWIN)) 

CHSEESESESESSESSSSSESESSSESESEESESESSSSS SSS EESE ESERIES ESET SEES ES SSE SES 

WOVE INTO LENGTH INTRGRATION SEGMENT; MAKE DECISIONS ON WHAT TO DO 
WITH S(K). 

OF REFRIGERANT FLOW. THE POSITION I IS AT THE START OF THE 
SRGMENT I, NUMBER 1 BRING AT THR START OF THE REFRIGERANT BUTRY END. 

¢ 

¢ 

C 

C 

| © INTEGRATE THROUGH THE HEAT BXCHANGER. I INCREASES IN THE DIRECTION 

¢ 

C 

¢ 
CHEFESESESESTSESESESETSSESESESESEES ESSE SEES EE SESseseseseeseseseseseseses 

CHSESEESESERSESESESESESES SESS SESESESESSESESESESESESESES ES ES SESE SET EesEsE 

C $#$ FIRSTLY : THE DESUPBRHBATING REGION #### 
| CHRSESSESESESSRSESESESESESESES ESSE SESS ESESESESESE SESE SESE E SSE SESE E STE ES 

6 ASSUME A STARTING VALUE FOR WALL TEMPERATURE, TWL(1). 

TWL(1)=(TR(1)+T#(1))/2.0 

FOOLBD=. FALSE. 

DO [=1,150 

AL(I)=1.0 
X(I)=1.0 
JSUP=1 

TSAT=TC#PSATRI2(PR(I)/PC) - 273.15 

C IF TW(I).GT.TR(I) IM SUPBRHEAT REGION ABANDON INTEGRATION AND 
C RETURN TO STATEMENT 1500 IN ITBRATION SEGMENT TO ADJUST TW(1) (=S(K)}) 

POOLBD=T#(I).GT.TR(I) 
IF (POOLED) GOTO 1500 

¢ LEAVE THE DRSUPERHEATING REGION WHEN TR DROPS BELOW TSAT. 
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-. 

IF (TR(L) .LT. TSAT) GOTO 4200 

HAR(I)=HG(PR(L),TR(I)) 

CALCULATE HEAT TRANSFER COBFFICIBNTS OF REFRIGERANT AND WATER. 
FIRST DBFINE FLUID PROPERTIBS OF THE REFRIGERANT VAPOUR. 

GR=1.273¢MRDOT/(IDR(I)#IDR(I)) 
PRED=PR(I)/PC 
TRED=(TR(1)+273.15)/tC 
RITR=TR(I) /THL(T) 
RHOR=1/(VC#VR12 (PRED, TRED) ) 
MBWR=FP(1,TR(I)) 
RMUR=MBWR/FP( 1, TWL(I)) 
CONR=FP(2, TR(I)} 
CPR=HG(PR(I),TR(1)+0.5) -HG(PR(I),TR(I)-0.5) 
PRAR=MBWR#CPR/CONR 
REYR=GR*IDR(I) /MEWR 
RR1=RR1+RBYR 
CALL AICHG(GR,RBYR, PRAR,IDR(I),[*DLWTH,CONR, RHOR, RMUR,RITR, 
HR(I) , PGRADR) 

NOW DEFINE FLUID PROPERTIES OF WATER 

GW=1.273¢MWDOT/(IDW(1)#ID¥(I)) 
MBWW=FP(3,TW(I)) 
RMUW=MBWW/PP(3, THL(I)) 
RHOW=FP(5, TW(I)) 
CNW=FP(4, T¥(I)) 
CPW=FP(8,T¥(I)) 
PRAW=MBWW*CPW/CHW 
REYW=GW#IDW(I) /MBWW 
RW1=RW1+RBYW 
CALL ALCH(GW,REYW, PRAW,[DW(I),(152-1)#DLWTH, CNW, RHOW, 
RMUW,HW(I), PGRADW) 

CALCULATE LINBAR CONDUCTIVITY OF HEAT EXCHANGER 

al=1/(HR(I)#3,1416#IDR(I)}) 

02=(ALOG(ODR(I)/IDR(I)))/(2#3.1416$BONDU) 

a3=(ALOG(IDW(I) /ODW(I)))/(2#3.1416#BONDU) 

ad=1/(HW(I)#3.1416#IDW(L)) 

UL(L)=1/(altadtad+ad } 

ADD MASS OF REFRIGERANT IN THE I TH SRGMENT. 

AMSUP=AMSUP + 0. 7854#RHOR*DLNTHIDR(1)##2 

CALCULATE NUMBER OF TRANSFER UNITS AND EFFECTIVENESS. 
FIND TRAPS. AND PRESS. AT POINT (I+1). RBFBRBNCE: ALFA LAVAL HMDBK. 

CAPW=HWDOTSCPY 
CAPR=HRDOTSCPR 
NTUW(I)=DLNTH#UL (I) /CAPW 
NTUR(I)=DLNTHFUL(I) /CAPR 
A=WTOW(I) /NTUR(I) 
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B=RXP( -NTUR(I) #NTUW( I) ) 
BR(I)=(1-B)/(1-(B#A)) 
BW(I)=(1.0-Plost )#BR(I)#A 
TW(I+1)=(TW(L)-Bw(L)#PR())/(1-B¥(I}) 
TR(I+1)=TR(I) +BR(1)#(t¥(1+1)-TR(I)) 
QF=CAPRE( TR(I)-TR(I+1)}) 
Qh=CAPWE(TW(I)-TW(I+1)) 

PR(I+1)=PR(I)-DLNTH#PGRADR 
PW(I+1)=PW(1)+DLNTH*PGRADW 

IF (PR(I+1) .LT. 0.0) GoTo 3 

C CALCULATE NRW WALL TBMPBRATURE. NOTE: THIS IS AN APPROXIWATION 
C FOR CALCULATING HRAT TRANSFER CORFFICIENTS ONLY. IT NEGLECTS 
C DIFFRRENCE BETWEEN WALL TRMPERATURES OF REFRIGERANT AND WATER TUBES. 

TWL(I+1)=PR(I+1)-(TR(L+1)-PW (+1) )#UL(L)/(3.1416¢IDR(1+1}#HR(I)) 

END DO 

bate eat ettettetteettetetlete tte dete tet ttt ttt Lee 

CONDITION: - 
IF CONTROL GETS TO THIS POINT THE STARTING WATER TEMP WEEDS CHANGING 
BBCAUSE 150 SBGMENTS HAVE BEEN USED IN DESUPBRHRATING ALONE 
SO RETURN TO S(K) ITBRATING SEGMENT. 

—
A
 

A
A
I
 
I
A
A
I
 
A
A
R
I
A
A
R
A
a
 

500 CONTINUE 

I1=I-1 
IF (KPRINT .BQ. 4) GOTO 3000 

IP (I .bT. 151) THEW 

C CONDITION: - 
C AT THIS POINT CONDENSATION IS BITHER PREMATURELY COMPLETE (INCREASE 
C S(K)) OR TW HAS BXCBRDED TR IN DRSUPERHBATING OR TWO-PHASE 
C REGIONS. I.8. FOOLBD=.TRUE. IM THIS CASE REDUCE S(K). 

IF (FOOLED) THEW 
ISN(K)=-1 

BLSE 
ISN(K)=1 

REND IF 

BLSB 

C CONDITION: - 
C AT THIS POINT CONDENSATION IS BITHBR COMPLETE (EXIT FROM ITBRATION) 
C OR PREWATURBLY COMPLETE WITHIN THE ALLOWED "I" BXIT WINDOW 
C (TW(I).LT.TWIN) IM WHICH CASE INCREASE S(K), OR NOT COMPLETE 
C (TW(I).GT. TWIN) IN WHICH CASE REDUCE $(K). 
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IF (ABS(TW(I)-TWIN) .LT. 0.2) GOTO 3000 

IF (TW(I) .GT. TWIN) THBN 
ISN(K)=-1 

BLSB 
ISN(K)=1 

END IF 

END IF 

C NOW ARRANGE CHANGES IM STEP SIZE FOR RAPID CONVERGENCE 

S(K+1)=S(K) + ISW(K)#STEP 

IF (K.BQ.1) GOTO 1000 

IF (ISN(K).MB.ISN(K-1)) STBP=STBP/2.0 

IF (K.BQ.2) GOTO 1000 

HALVB=. FALSE, 

KSTEP=2 

DO WHILE ((KSTRP .LE. 20) .AWD. (.NOT.(HALVB))) 
HALVB=(ABS(S(K+1) - S(K-ESTRP)).LT.1.08-7) 
KSTEP=KSTEP+1 

BND DO 

IF (HALVE) THEM 
STRP=STEP/2.0 
S(K+1)=S(K) + ISW(K)*8TBP 

END IF 

C END OF MONITORING PROGRAM 

1000 IF (K .LT. 500) GOTO 1001 

CERSSESERESESSESESSSSESESESESSSSSSESSRESSR ESET ESET SESESS SES ESES STS SET TSS 

C 
C AT THIS POINT A CONSISTENT SET OF TEMPERATURES HAS BEEN FOUND. 
C WOW, PROCEED TO THE PRINT OUT AND SUMMARIZING SRGHENT 
C 
CHSESESSESESSSSESESESESSSRSSS ESSE TESSESS ESSERE SES ESS ES SEES ESET SESESE SESS 

GOTO 3000 

CHESSSESESESSERSSSSESESESSESSSESESS SESS SESESES SELES ESTS TSS S ees essssssss 

¢ $$%$ SRCONDLY : THE THO-PHASE CONDENSING REGION ###% 
CESESESSSSSESESESESESESTESSESESSSESSTESESESESES SLES SS TESST SSeS SSeS ESSE 

C 
C FIRST CALCULATE STARTING VAPOUR QUALITY FROM FICTITIOUS DEPRESSION 
¢ OF TR(JSUP) BELOW TSAT. FIND STARTING VALURS OF OTHER PARAMETERS. 

C 
4200 HRG=HSAT(1.0,TSAT) - HSAT(0.0,TSAT) 
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X(JSUP)=1.0 - CPRE(TSAT-TR(JSUP)) /HRG 
HAR( JSUP)=HSAT(X(JSUP) ,TSAT} 
PRED=PR(JSUP)/PC 
TRED=(TSAT#273,15)/PC 
VGRED=VR12( PRED, TRED) 
VPRBD=VFRI2(TRED) 

DO [=JSUP,151 
J2PSB=1 
IF( X(I).L7.0.00) Goto4400 

CONDITION: - 

IF PRESSURE GRADIENT [8 HIGH TW MAY BXCRRD TR. IN THAT CASE SET 
FOOLED = .TRUB. AND RETURN TO STARTING TEMPERATURE ADJUST SEGMENT. 

FOOLBD=TW(I).GT.TR(I) 
IF (FOOLED) GOTO 1500 

ADOPT 0.97 AS THE MAX VALUB OF X(I) WHEN CALCULATING HR(I), BUT USE 
ACTUAL VALUE FOR BNBRGETIC CALCULATIONS. 

ITBMP=1(I) 

IP (XTRMP .GR. 0.97) X(I)=0.97 

NOW PERFORH HEAT TRANSFER CORPFICIENT AND PRESSURE GRADIENT CALCWS 
THESE CORRELATIONS COME FROM ROHSEMOW AND HARTNETT: HDBK OF HT TRANS, 
BQUATION 56, P12-23 OF R & H SBEMS TO BE WRONG, CARRINGTON,[1] USE 
REL##0.9 (C.J. BLUNDELL DOBS 100). 

GR=1.2734MRDOT/(IDR(I)#IDR(I)) 

DBFINE FLUID PROPERTIRS: F: FOR LIQUID & G: FOR VAPOUR. 

RHOG=1/(VC#VR12( PRED, TRED) } 
RHOF=1/(VC#VPR12(TRED) ) 
MBWG=FP(1,TR(I)) 
MBWF=FP(6,TR(I)) 
RMUF=MRWR/PP(6, TWL(I)) 
RMUG=MRWG/FP(6, TWL(I)) 
CONF=FP(7,TR(I)) 
CONG=FP(2,TR(I)) 

CPRF=HSAT(0.0,TR(I}+0.5) - HSAT(0.0,TR(I)-0.5) 
CPRG=HSAT(1.0,TR(I)#0.5) - HSAT(1.0,TR(I)-0.5) 
caprf=MRDOT#CPRF 
caprg=MRDOT#CPRG 

HFG=HC*HPGR12(TRED, PRED, VGRED, VFRED) 
PRAP=MRWPSCPRF/CONF 
PRAG=MEWGSCPRG/CONG 
REYF=(1-XTRMP)#GR#IDR(L) /MEWP 
RBYG=XTENP#GRFI DR( I) /MEWG 
RR2=RR2+RBYE 

TAKE THE LOWER LIMIT FOR REYF TO BE 1 AT START OF 2-PHASE REGION. 

IF(RBYF.LT.1.0) RBYF=1.0 

ADD MASS OF REFRIGERANT IN THE I TH SBGMENT. 
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AM2PS=AM2PS+0, 7854 #1DR( 1) ##2#( AL( I) #RHOG+(1-AL(I))#RHOF) #DLNTH 

CALCULATE HEAT TRANSFER COBFFICIENT. NOTK: XTT IS THE MARTINELLI 
PARAMRTBR, WHEN X(I).L7.0.015 XTT WILL GO OUT OF RANGE, ADAPT THB 
SINGLE PHASB HBAT TRANSFER COBFF IN THIS SITUATION. THE ANNULAR 
FLOW MODBL IN LONG CONDENSING HORIZONTAL TUBE IS ADAPTED. 

IF( X(I) .GT. 0.015) THEN 

IF (REYF .GT. 1125) P2=5*PRAF + 
5tALOG(1 + S#PRAF) + 2.5%AL0G(0.0031#RBYF##0,812) 

IF ((RBYP .GT. 50) .AND. (RBYF .LB. 1125)) P2= 
S$PRAF + 5#ALOG(1 + PRAF#(0.09636#REYF##0.585 - 1)) 

IF (RBYF .LB. 50) F2=0,707#PRAF#REYFF#O.5 

B1=MBWP /MBWG 
B2=RHOG/RHOF 

UTT=B1440. 14B2#40.54((1-K(1})/X(1))##0.9 
PXTT=0.15#(1/ETT + 2.85/(X7T##0.476)) 

IF (PXTT .LB. 0.1) WRITE (4,605) FXTT 

IF (FXTT .LB. 1.0) NUS=PRAF#REYP##0, 9¢PI09/F2 

IF (FX? .GT. 1,0) THEN 
IF (PITT .GB. 20.0) WRITE (4,605) FXtT 
NUS=PRAF#REYF##0, 9¢PXTT##1.15/F2 

BND IF 

HR(I)=NUS#CONF/IDR(I) 
BND IF 

PROCEED WITH WATER SIDE HEAT TRANSFER CALCULATION AND 
PREDICTION OF TEMPERATURES AND PRESSURES AT THR (I+1) POINT. 
THIS IS THE BNTRY POINT WHEN X(I).LT.0.015. 

GW=1.273¢MWDOT/(IDW(I)#IDW(I)) 
RHOW=PP(5, TH(I)) 
MBWW=FP(3,TW(I)) 
RMUW=MBWW/FP(3, THL(I)) 
CHW=FP(4,T¥(I)) 
CPW=FP(8,TW(I)) 
PRAW=WEWW#CPH/CHW 
RBYW=GW*IDW(I) /MBOW 
RW2=RW2+REYW 
CALL AICH(GW,REYW,PRAW, IDW(I),(152-I)#DLNTH, CNW, RHOW, RNDW, 
HW(I) , PGRADW) 

al=1/(HR(I)#3.1416#IDR(I)) 

a2=(ALOG(ODR(I)/IDR(I)))/(2#3.1416#BONDU) 

a3=(ALOG(IDW(I)/ODW(I)))/(2#3.1416#BONDU) 

a4=1/(H@(I)#3.1416#IDW(T)) 

UL(I)=1/(al+a2+ad+ad) 
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CAPW=MWDOT#CPW 
NTUR(I}=0.0 
BR(I)=0.0 
NTUW(I)=DLNTH#OL (1) /CAPW 
BW(I}=(1 - BXP(-WTUW(I))) 
TW(L+1)=(PW(L) - Bw(L)#PR(L))/(1-Bw(I)) 

FIND PROVISIONAL VALUE OF X(I+1) NRGLECTING PRESSURE GRADIBNT. 

X([+1)=ITBMP-CAPW#BW(I)#(TR(I)-TW(I))/((1-B¥(I) )#MRDOT#HRG) 

WOW CALCULATE TWO PHASE PRESSURE DROP USING LOCKART-MARTINELLI METHOD 

#8 FIRSTLY: THE FRICTIONAL TERMS #### 

Al=X(1)##1.8 
A2=5, 7#B1#80,05238(1 - X(1))##0.478X(1)##1.33%B2##0. 261 
A3=8,114B1##0,1058(1 - X(1))##0.94#X(1)##0. 86#B2##0. 522 
A4=GREGR/(RHOG*IDR(I)) 
A5=,09#(MBWG/(GREIDR(I)))##0.2 

#### SRCONDLY: THE MOMBNTUM TERMS ###% 

AG=2X(I) + (1 - 28X(I))#B2##0.333 + (1 - 2*X(1))#B2¢#0.667 
- 28( 1 - X(I))#B2 

BEFORE PROCBDING REPLACE X(I) WITH CORRECT VALUE IN THE CASE 
WHERE X(I).G?.0.97. 

X(I)=XTRMP 
AT=IDR(I)#(X(I+1) - X(1))/DLNTH 
PGRADR=A4#(A5#(Al + A2 + 43) + AGSAT) 
RAD=PGRADR 
PR(I+1)=PR(I) - DLNTH*PGRADR 
PW([+1}=PW(I) + DLNTH*PGRADW 
IF (PR(I#1) .LT. 0.0) GOTO 3 

REPRAT CALCULATION OF X(I+1) TO ACCOUNT FOR PRESSURE DROPS. 

Water=CAPwe(TW(I)-TW(I+1})/MRDOT 
HAR(I+1)=HAR(I) - Water 
PRED=PR(I+1)/PC 
TRED=TSATR12 (PRED) 
VGRRD=VR12 (PRED, TRED) 
VERED=VPRI2(TRED) 
HRG=HC#HFGR12(TRED, PRED, VGRED, VFRED) 
TR(I+1}=(TC#PRED)-273.15 
X(1+1)=(HHR(I+1)-HSAT( 0.0, PR(I+1)))/HPG 

de1H=HHR(I)-HER( I+!) 

CALCULATE NBW WALL TEMPERATURE 

TWL(I+1)=TR(L+1)-(TR(L+1)-TW(1+1) )#UL(T)/(3.1416*1DR(1+1) #HR(I)) 
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C 
Ceeeeeeaeseessaseesessesseaeseesesessesesegeeeceeegsseegseeceeeseesseess 
C 
CHHSSESSESEEESESESESE SESE SSE SE EE Seeeeseseegeesesegeeseseeseeseesesess 

| Ceeseeeaeeeteaersesesecgseeggseeeeeeeeeeaeseeeeeseeeeegeeecesseeesseeste 
C 

CALCULATE VOID FRACTION. ROHSBNOW & HARTNETT REFER TO ZIVI. 

AL(L+1)= 1/(1 + ((1-X(141))#B2%80,667/X( 141) )) 
END DO 

CONDITION: - 
IF CONTROL GETS TO THIS POINT , CHRCK TO SBE IF CONDENSATION 
I$ COMPLETE. IF NOT RETURN TO S(K) ITBRATING SEGMENT, 

IF (X(I).67.0.005) GOTO 1500 

$48 THIRDLY : THE SUBCOOLING REGION ###* 

C NOTB: X(I) IS NRGATIVE AT THIS POINT, USE THIS VALUR TO PIND T(I} 
C 
CERESEESESSRESESERESESSESSESES SEER SEES SEES TEESE Ses eeeeeseseeesegeesse 
¢ 
4400 AL(J2PSE)=0 

-
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TR(J2PSB)=TR(J2PSE - 1) + X(J2PSB)#HRG/CPR 

DO I=J2PSB,152 
AL(I)=0.0 
X(I}=0.0 
HHR(I)=HSAT(0.0, TR(I)) 

IF(TW(I).LT.TWIN) GOTO 1500 
IF( TW(I).GT.TR(I) }GoTo 1500 

GR=1.273MRDOT/(IDR(I)*IDR(I)) 

DEFINE FLUID PROPERTIES OF SUBCOOLED R12 AND CALCULATE HR(I). 

TRED=(TR(I)+273.16)/TC 
RHOF=1/(VC#VPR12(TRED)) 
MBWF=FP(6,TR(I)) 
RMUP=MBWP/FP(6,THL(I)) 
CON=FP(7,TR(I)) 
CPR=HSAT(0.0,TR(I}+0.5) - HSAT(0.0,TR(I)-0.5) 
PRAF=KBWF#CPR/CON 
RBYF=GREIDR(I) /MBWP 
RRI=RR3+REYP 

CALL AICH(GR,RBYF,PRAF,IDR(I),I*DLNTH, COM, RHOF, RNUF, 
HR(I) , PGRADR) 

ADD WASS OF REFRIGERANT IN THE I TH SEGMENT. 

AMSUB=AMSUB + 0.7854#IDR(I)##2*DLNTH*RHOF 

DBFINE FLUID PROPERTIBS OF WATER AND CALCULATE HW(I). 

GW=1.273¢MWDOT/(IDW(I)#IDW(I)) 
RHOW=PP(5, TW(I)) 
MBWW=FP(3,T¥(I)) 
RMUW=WBWW/PP(3, TWL(I)) 
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CNW=PP(4, TH(I)) 
CPW=FP(8,TW(I)) 
PRAW=KBWW#CPW/CNW 
RBYW=GW#IDW(I) /MBWW 
RW3=RW3+REYW 
CALL AICH(GW,RBYW,PRAW, IDW(I),(153-I)#DLNTH, CNW, RHOW, RMUW, 

1 HW(I),PGRADW) 

al=1/(HR(L)#3.1416#IDR(I)) 

a2=(ALOG(ODR(I)/IDR(I)))/(2#3.1416#BONDU) 

a3=(ALOG(IDW(I)/ODW(I)))/(2#3.1416#BONDU) 

ad=1/(HW(I)#3.1416#IDW(I)) 

UL(I)=1/(altad+adtad) 

CAPW=HWDOT#CPW 
NTUW(I)=DLNTHSUL(I)/CAPW 
CAPR=HRDOT#CPR 
NTUR(I)=DLNTH#UL(I)/CAPR 

C 
C DEFINE TEMPORARY CONSTANTS 
C 

A=NTUW(I) /NTUR(I) 
B=RXP(-NTUR(I) + NTUW(I)) 
BR(I)=(1 - B)/(1 - (A#B)) 
BW(I)=(1.0-Plost)#BR(I)#A 
TW(I+1)=(TW(I) - Bw(I)#TR(I))/(1 - Bw(I)) 
TR(I+1)=TR(I) + BR(I)#(TW(I+1) - TR(I)) 
Qf=CAPRE(TR(I)-TR(I41)) 
Qh=CAPW#(TW(I)-TW(I+1)) 

PR(I+1)=PR(I) - DLNTHEPGRADR 
PW(I+1)=PW(I) + DLNTH#PGRADW 

C 
C CALCULATE WEW WALL TRMPRRATURE. 
C 

TWL(I+1)=TR(L+1)-(TR(I+1)-TW(L+1) )#UL(L)/(3.1416#IDR( 1+] )#HR(I)} 
BND DO 

C 
C —- RBSTORE VALUB OF I TO 152. 
C 

1=152 
GOTO 1500 

C 
CHESSEEESSESSS ESSE SEE E ESE ESE ese eseeEsesseesssesseeeseteeesseeesseeeeee 
C 

C THIS I$ THE END OF THE SRGMENT INTSGRATING THROUGH THE HRAT RXCHANGER 
C 
CHRFSSEESSESEESERESES ESE ESSER ESE EEseseeseeseesstesesetseeeesssesesesess 
C 
C #S$$SUMMARY AND PRINT OUT SEGMENT AS FOLLOWS##9## 

Tits esnseres duetca¥ioe esis as bois ais sso soa sibel ls 

ihe CONTINUE 

; SUMMARY OF BASIC RESULTS 

DETERMINE WHETHER DATA IS TO BB OUTPUT TO PRINTER, FILE, OR BOTH 
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WRITE (4,650) 
RBAD (3,602) LPRINT 

LPRINT=1 FOR PRINTER ONLY, 2 FOR DISC ONLY, 3 FOR BOTH 

IF (LPRINT .8Q. 3) THEN 
LCOUNT=2 

BLSB 
LCOUNT=1 

REND IF 

IF (LPRINT .GR. 2) THEN 
WRITE (4,654) 
RBAD (3,656) File 

END IF 

II=1 

3050 CONTINUE 
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a
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IF ((LPRINT .BQ. 1) .OR. ((LPRINT .BQ. 3) 
1 AND. (IZ .BQ. 1))) THEW 

OPEN (6,PILB='lp:') 
RLSE 
OPEN (6,PILB=File) 

END IF 

WRITE(6,610)D1,DIAF,D2,DIAG, DIAW, TALL 
WRITB(6,611)BONDU, THPWR, TWIN, TR(1), TDBW, TSUB 
WRITR(6,604) K,11,S(K), TW(I), TRL) 
WRITB(6, 626) 
D1=MWDOT#1000 
D2=PH(I)/100000 
D3=PW(I)#¥WDOT/1000 
D4=100.0#D3/THPWR 
WRITE(G,609) TW(1),D1,D2,D3,D4 
WRITB(6,627) MRDOT#1000 
WRITE(6, 626) 

SECTION A OF TABLE A-6.12 TO TABLE A-6.31:- 

SUMMARY OF SEPARATE RESULTS FOR SUPERHRAT, TWO-PHASE AND 
SUBCOOLING SEGMENTS. 

WRITR(6,612) 
D1=DLNTH*(JSUP-1.25) 
D2=DLNTH*(J2PSB-JSUP) 
D3=DLNTH*(151.25-J2PSB) 
D4=DLNTH#150 
WRITB(6,613)D1,D2,D3,D4 
DI=AMSUP + AM2PS + AMSUB 
WRITB(6,614 )AMSUP, AN2PS, AMSUB,D1 
WRITE(6,637) 
H1=0.0 
H2=0.0 
H3=0.0 
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DO [1=1, (JSUP-1) 
H1=H1+HR(I1) 
H5=H5+H¥( 11) 
U1=U1+UL(11) 
C1=C1+NTUR(I1) 
C5=C5+NTUW(I1) 
URL=URI+3, 1416¢1DR(11) *HR(I1) 
UWL=UW1+3, 1416¢1DW(11)#H¥(I1) 

END DO 

H11=H1/(JSUP-1) 
H55=H5/(JSUP-1) 
U11=U1/(JSUP-1) 
UR11=UR1/(JSUP-1) 
UW55=0¥1/(JSUP-1) 
DO I1=JSUP, J2PSE 
H2=H2+HR(I1) 
HG=H6+HW(I1) 
U2=V2+UL(I1) 
C2=C2+NTUR(I1) 
CO=CO+NTUW(I1) 
UR2=UR2+3. 1416#TDR( 11) #HR( 11) 
UW2=0W2+3, 14161 DW (11) #HW(I1) 

END DO 

H22=H2/(J2PSB-JSUP) 
H66=H6/(J2PSB-JSUP) 
U22=U2/(J2PSB-JSUP) 
UR22=UR2/(J2PSB-JSUP) 
UW66=0W2/(J2PSB-JSUP) 
DO [1=J2PSB, (I-1) 
IF( J2PSB.BQ.I ) GOTO 3600 
H3=H3+HR(I1) 
H7=H7+HW(I1) 
U3=U3+UL(I1) 
C3=C3+NTUR(I1) 
C7=CT+NTUW(I1) 
OR3=UR3+3.1416#2DR(11)#HR(T1) 
UW3=0W3+3, 1416¢1D0( 11) #HW(11) 
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BND DO 

H33=H3/(I-J2PSB) 
H77=HT/(1-J2PSB) 
U33=U3/(I-J2PSB) 
UR33=UR3/(I-J2PSB) 
UW77=0W3/(I-J2PSB) 
CONTINUE 

Di=(H1+H2+H3)/(I-1) 
WRITR(6,615)H11,H22,H33,D1 
D1=(UR1+UR2+UR3) /(I-1) 
WRITB(6,636)UR11,UR22,UR33,D1 
D1=RR1/(JSUP-1) 
D2=RR2/(J2PSR-JSUP) 
D3=RR3/(I-J2PSB) 
D4=(RR1+RR2+RR3) /(I-1) 
WRITB(6,633)D1,D2,D3, D4 
WRITR(6,637) 
D1=(H5+H6+H7)/(I-1) 
WRITE(6,616)H55,H66,H77, D1 
D1=RW1/(JSUP-1) 
D2=RW2/(J2PSR-JSUP) 
D3=RW3/(I-J2P8R) 
D4=(RW1+RW2+RW3) /(I-1} 
UW88=(UW1+U¥2+UW3) /(I-1) 
WRITE (6,638) UW55 , UWGG, UW77, UWS8 
WRITE(6,634)D1,D2,D3,D4 
WRITR(6,637) 
D1=(U1+U2+U3)/(I-1) 
WRITB(G,617)U11,022,033,D1 
Di=Cl + C2 + C3 
WRITB(6,618)C1,C2,C3,D1 
D12=C5 + C6 + C7 
WRITE(6,619)C5,C6,C7,D12 
B1=100#(TR(1)-TR( JSUP))/(TR(1)-TH(ISUP)) 
B2=100#(TW(JSUP)-TW(J2PSB))/(TR( JSUP)-T¥(J2PSR) ) 
B3=100#(TR(J2PSR)-TR(I))/(TR(J2PSB)-T¥(I}) 
Rav=(B1+B2+B3)/3 
WRITB(6,620) B1,B2,83,Bav 
D1=(PR(1) - PR(JSUP))/100000 
D2=(PR(JSUP) -PR( J2PSB))/100000 
D3=(PR(J2PSR) - PR(I))/100000 
D4=(PR(1) - PR(I))/100000 
WRITR(6,621) D1,D2,D3, D4 
WRITR(6,637) 

CALCULATION OF THERMAL POWER IN BACH SEGMENT. 

TPRSUP=MWDOT#(FP(9,TW(1))-FP(9, TH(JSUP))) 
TPR2PS=MWDOT#(FP(9,TW(JSUP)) - FP(9,T#(J2PSB))) 
TPRSUB=MWDOT#(FP(9,TH(J2PSR)) - FP(9,T¥(I})) 
TPR=TPRSUP + TPR2PS + TPRSUB 
PSUP=100#TPRSUP/TPR 
P2PS=100#TPR2PS/TPR 
PSUB=100*TPRSUB/TPR 
WRITB(6,625) TPRSUP,PSUP, TPR2PS,P2PS, TPRSUB, PSUB, TPR 
D1=HG(PR(1),TR(1)) 
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D2=HSAT(1.0,TR(JSUP) ) 
D3=HSAT(0.0, TR(J2PSB) ) 
D4=HSAT(O.0, TR(L)) 
TPFSUP=WRDOT#(D1-D2) 
TPR2PS=MRDOT#(D2-D3) 
TPFSUB=WRDOT#(D3-D4) 
TPR=TPFSUP + TPR2PS + TPFSUB 
FSUP=100#TPRSUP/TPF 
F2PS=100#TPR2PS/TPF 
FSUB=100*TPFSUB/TPF 
QALL1=TPFSUP#(1.0+Plost) 
QALL2=TPF2PS#(1.0+Flost) 
QALL3=TPFSUB#(1.0+Plost) 
QLOST1=(QALL1-TPFSUP) 
QLOST2=( QALL2-TPF2PS) 
QLOST3=( QALL3-TPFSUB) 
QLOST=(QLOST] +QLOST2+QLOSTS } 
PBR=(QLOST#100.00)/THPWR 
QALL= (QALL1 +QALL2+QALL3) 
WRITB(6,660) TPFSUP,PSUP, TPF2PS,F2PS, TPFSUB,FSUB, TPF 
WRITE(6,670) QALL1 ,QALL2,QALL3 , QALL 
WRITR(6,665) QLOSTL,QLOST2, QLOSTS ,QLOST, PER 
WRITR(6,628) D1,D2,D3, D4 
WRITB(6,637) 
D1=SG(PR(1),TR(1)) 
D2=SSAT(1.0,TR(JSUP)) 
D3=SSAT(0.0,TR(J2PSE)) 
D4=SSAT(0.0,TR(L)) 
WRITB(6,631) D1,D2,D3,D4 
WRITE(6,644)TR(1),TR(JSUP) ,TR(J2PSE) ,TR(T) 
D1=(PR(1)/100000.0) 
Da=(PR(JSUP)/100000.0) 
D3=(PR(J2PSB)/100000.0) 
D4=(PR(I)/100000.0) 
WRITB(6,645) D1,D2,D3,D4 
WRITR(6,646) TW(1),TW(JSUP), T#(J2PSR), Tw(I) 
WRITEB(6,626) 
IF(KPRINT.BQ.1) GOTO 2 

IF(KPRINT.NB.2) THEN 

SECTION B OF TABLE A-6.12 TO TABLE A-6.31:- 

DBTAILED TEMPERATURE, PRESSURE AND HEAT TRANSFER CORPFNT PROFILE. 

WRITB( 6,622) 

DO [1=1,76 
M=2811-1 
IF (M.GT.I) Mel 
POOLED=(M .GB. JSUP .AND. (M-2) .LT. JSUP) .OR. 
(M .GB. J2PSE .AND. (M-2) .LT. J2PSB) 
IF(POOLBD) WRITE(6,622) 
D1=(M-1)#DLNTH 
D2=(PR(M)/100000) 
D3=PW(M)/100000 
D4=TWL(M) 
D5=X(M) #100 
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DG=3. 14164IDR(M) #HR(M) 
D7=3. 141681 DW(M) FHW(M) 
WRITE(6,623) D1,TR(M),D2,TH(M),D3,D4,D5, 
HR(M) ,NTUR(M) DG, HW(M) ,NTUW(M),D7,UL(M) 

BND DO 

WRITB( 6,626) 
BND IF 

SUMMARY OF RBNTHALPY BALANCE AND ENTROPY CREATION RATES. 

D1=WRDOT#(HHR(1) - HHR(I)) 
D2=MWDOT#(PP(9,TH(1)) - PP(9,TW(I))) 
D3=D2 - Dl 
D4=100,0#D3/THPWR 
D5=THPWR-D1 
DG=100.0#D5/THPWR 
D7=THPWR-D2 
D8=100.0%D7/THPWR 
WRITB(6,629)D1,D2,D3, D4 
WRITE(6,662)D5,D6,D7,D8 
D1=MRDOT#(SG(PR(1), TR(1)) - SSAT(O.0,TR(I))) 
D2=MWDOT#(FP(10,TW(1)) - PP(10,T#(I))) 
D3=D2-D1 
D4=0 

DO [1=1,(I-1) 
A=2.0/(TW(L1)+PW(11+1)+546.3) - 2.0/(TR(I1)+R(11+1)+546.3) 
D4=D4 - MRDOT#A*(HHR(I1+1) - HAR(I1)) 

BND DO 

D5=D3-D4 
DG=D34(TDRW+273.15) 
WRITE(6,632) D1,D2,D3,D4,D5,D6, TDBW 
DT=MWDOT#(FP(10, (TW(1)+10.0)) - FP(10,(TW(I)+10.0))) 
D8=10.0#D3/(D2-D7) 
A=TW(1) - TW(I) 
D9=100.0#4/(D8+A) 
D10=1.0/(100.0/D9 - 1.0) 
D11=100.0#D10/D12 
WRITB(6,637) 
WRITE(6,639) D7,D8,D9,D10,D11 
IF (KPRINT .8Q. 2) GOTO 3980 

SECTION C OF TABLE A-6.12 TO TABLE A-6.31:- 

SUMMARY OF POSSIBLE SIMPLE CYCLES. LABELS 1,2,3 & 4 REFER TO THE 
FOLLOWING POINTS IN THE CYCLE: DISCHARGE GAS 1; SUBCOOLED nee 2; 
BVAPORATOR ENTRY 3; SUPBRHBATED SUCTION GAS 4. 

DO IB=1,3 
BFNCY=0.45 + IB/20.0 
T1=100#BFNCY 
TL=TDBY 
H1=HHR(1) 
$1=SG(PR(1),TR(1)) 
P1=(PR(1)/100000.0) 
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  3940 

3960 

| 3980 

T2=TSUB 
H2=HSAT(0.0, TSUB) 
S2=SSAT(0.0, TSUB) 
WRITB(6,642) I1,P1,T1,H1,S1,72,H2,S2 
WRITB(6, 641) 

DO M=1,31 
T3=2,08H - 12.0 
$6=SSAT(0.0,73) 
$7=8SAT(1.0,73) 
IF ($1 .LT. 87) GOTO 3940 
IF (ANINT(T3) .GB. ANINT(TDRW)) GOTO 3960 
HG=HSAT(0.0,73) 
HT=HSAT(1.0,T3) 
13=(H2-H6)/(H7-H6) 

IF (X3 GT. 0.0) THEN 
$3=SSAT(X3,73) 

BLSB 
S3=SSAT(0.0, TSUB) 

END IF 

TRED=(T3 + 273.15)/TC 
P3=(PC#PSATRI2(TRED) ) 
CALL VTHFPS(P3,S1,¥5,T5,85) 
H4=Hi - (H1-H5)/BRNCY 
IF(H4.LT.HSAT(1.0,13)) GOTO 3940 
CP5=HG(P3,(T5+0.5)) - HG(P3,(T5-0.5)) 
T4=T5 - (H5-H4)/CP5 
$4=$6(P3,T4) 
D1=MRDOT#(H4-H2) 
D2=MRDOT#(H1-H4) 
D3=PR(1)/P3 
TARBD=(T4 + 273.15)/TC 
D4=3600. OFMRDOT#VC#VRI2((P3/PC), T4RED) 
D5=THPWR/D2 
D6=(P3/100000.0) 
WRITE(6,640) T3,D6,H6,H7,S6,87,S3,X3,S4,H4,74,D1,D2,D3,D4,D5 
CONTINUE 

BND DO 
CONTINUE 

BND DO 
CONTINUE 
WRITB(6,635) . 
GOTO 2 
WRITE(6,630) 
CONTINUE 
WRITB(6,635) 

CLOSE (6) 

IF (LCOUNT .BQ. 2) THEW 
LCOUNT=99 
Il=2 
GOTO 3050 

BND IF 

CLOSE (3) 
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¢ 
CLOSE (4) 

CHESESESESESESESEASERES SSSR SES ES ESTE SER TES ESSE SESSA EER ERE eee eset tests 

¢ 
¢ 
C 

FORMAT STATEMENTS 

CERERESESESARSESSRESESSESE SESS ES ESET EES Ee EESeeeeaseeseassesessesseseess 

C 
600 
601 

602 
604 

605 

609 

610 

él 

612 

613 
614 
“615 
616 
617 
618 
619 
620 
621 
622 

623 

624 

625 

660 

670 

665 

FORMAT (GF10.5) 
FORMAT (1X,’INPUT PRINT VARIABLE: ’, 

1/,5%,'1 BRIRF SUMMARY’, 
2/,5X,'2 SUMMARY AND SBCOND LAW ANALYSIS’, 
3/,5%,"3 COMPLETE PRINT OUT WITH TEMPERATURE ' 
4'AND PRESSURE PROFILES’, 
5/,5X,"4 PRINT OUT AFTER FIRST INTBGRATION' ,/) 
FORMAT(I1) 

PORMAT(1X,’ITBRATION NUMBER: ’,I3,’ USED [=',I4,’ SRGMRNTS.’, 
{’ TRIAL WATER BXIT TRMP:’,F8.4,' CORRESPONDING TO ', 
2’TW(T)=',P8.4,’ & TR(T)=',P8.4) 
PORMAT(1X, ’ MARTINBLLI PARAMETER OUT OF VALID RANGE BUT USBD ANY 

IWAY. F(XTT) = ', PT.3) 
PORMAT(1X,’BEIT WATER TRMP’,P8,2,'C. FLOW RATB’,F8.4, 

1’ GRAM/SBC,  WATBR PRESS DROP’,F9.4,’ BAR. | PUMP P¥R’, 
2F8.4,’ WATT (OR’,F8.4,'%)’) 
PORMAT(1X,//,13X,'###4#% TUBB-BESIDE-TUBE CONDENSER ', 

I'SIMULATION #####% ASSUME TUBE WALLS HAVE INFINITE CONDUCTIVITY’, 
2’ #88888), /,’ GROMBTRY: SUBCOOLBR’ ,F6.2,'M OF',P5.2, 
37MM OD. CONDBNSBR:',F6.2,'M OF’,P5.2,’MM OD.  WATRR SIDR’, 
4P5.2,'MM OD. ALL WALLS’, P5.2,'MM THICK. ') 
PORMAT(1X,’BOND CNDCTNCB’,F6.1,'W/M.C  THNL PWR’, F8.1, 

1’W. — WATBR IN’, P5.1;'C, HOT GAS’,P6.1,'C. | DBW POINT’, 
2P5.1,'C.  SUBCLD LIQD’,F5.1,'C.’,///) 
PORMAT(1X,’SBPARATE RESULTS FOR THE THREE SEGMENTS SUPB 

IRHRAT TWO-PHASE SUBCOOLER TOTAL/ AVERAGE 

2 ',/) 
FORMAT(1X, LENGTH OF BACH SRGMENT IN METRES ",4(1PB19.4 )) 
PORMAT(1X, ASS OF REFRIGERANT IW KG. ",4(1PB19.4)) 
PORMAT(1X,RBFRIG SIDB HEAT TRANS CORPNT: ¥/8Q MC. ',4(1PB19.4}) 
PORMAT(1X,’WATER SIDE HBAT TRANS CORFNT: W/SQ MC. °,4(1PB19.4)) 
PORMAT(1X,’OVERALL LINBAR CONDUCTANCE: ¥/M C ”,4(1PB19.4)) 
PORMAT(1X,'NO. OF HEAT TRANSFER UNITS REFRIG. SIDE ',4F19.4) 
PORMAT(1X,'NO. OF HEAT TRANSFER UNITS WATER SIDE ',4F19.4) 
PORMAT(1X, BFFRCTIVENBSS OF BACH SRGMENT (PERCENT) ',4F19.4) 
PORMAT(1X, REFRIGERANT SIDB PRESSURE DROP IN BAR °, 4(1PB19.4}) 
PORMAT(IX,//,’ LNTH TR(I)  PR(I) TH(I) = Pw(T) TWL(I 

Ly A(T). Oat} NTOR(I) UR(I) a¥(I) wrow(I) © Ow() 
2 UL(I)’) 
PORMAT(1X,P5.2,P8.2,F11.2,F8.2,1PB11.2,0P 
1F8.2,F8.2,7(1PB10.2)) 

PORMAT(1X, NUMBER OF ITERATIONS REQUIRED FOR SELF CONSISTENT SOLU 
ITION ’,13,’ ACTUAL NO. OF SRGMBNTS USED’ ,I4,/) 
PORMAT(1X, THERMAL POWER PICK-UP BY WATER (W&%) ',P14.1,'(',P4 
1.1,')’,B13.1,°(",F4.1,')’ R1S.1,'(" Pad, ')? PI9.2) 
PORMAT(1X,'THERMAL POWBR TRANSFERRED BY R12 (W & %)’,P14.1,'(', FA 

Lob,’ }'P1S.1,"(" PMD, PES, (Ped, ) P19. 1) 
PORMAT(IX, TOTAL MAX THERMAL POWER WITHOUT LOSS (W)',F19.2,P19.2, 

1F19.2,P19.2) 
PORMAT(1X,’THRRMAL POWER LOSS FROM FREOM = (W&%) ',P19.4,P19.4, 
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626 
627 
628 

629 

662 

| 630 

| 631 

632 

633 
634 
635 

636 
637 
638 
639 

640 

| 641 

642 

644 
645 
646 
650 

654 
656 

1P19.4,P18.2,'(',P4.1,')*) 
PORMAT(IX, ///) 
FORMAT(1X, REFRIGERANT MASS FLOW RATE ',1PB10.3,' GRAM/SBC’) 
PORMAT(1X,'SPBCIFIC BNTHALPY OF RBFRIG (J/KG) ",1PB17.4, 

13(B19.4)) 
PORMAT(1X,’RATB OF LOSS OF BHTHALPY BY R12 ',1PR11.4,' WATTS’, 

i RATE OF GAIN OF BNTHALPY BY WATER ',1PR11.4,’ WATTS’,/, 
2’ CORRESPONDING TO AN ENERGY IMBALANCE OF ',1PR11.4,' WATTS’, 
3’ OR ',OPF8.4,’ % OF SPRCIFIBD POWER’ ,/) 
PORMAT(1X,’THE POWER LOSS BY R12 TO OUTSIDR ’,1PR11.4,'WaTTS’, 

1’ BY ',OPF8.4,’ % OF THR SPRCIFIED POWER ',/, 
2’ THB POWER LOSS BY WATER TO OUTSIDE ',1PB11.4,' waTTs ', 
3’ BY ’,OPF8.4,’ % OF THR SPECIFIBD POWER ',/) 
PORMAT(IX,’ ##$# INTRGRATION ABANDONED WHEN REFRIGERANT ', 

1’ PRESSURE BRCAME NEGATIVE ####') 
PORMAT(1X,’SPBCIFIC BNTROPY OF R12 (J/KG.C) ",1PRIT.4, 

13(B19.4)) 
FORMAT(1X,’RATB OF LOSS OF BNTROPY BY R12 ',1PB11.4,’ WATTS/C’, 

1’ RATE OF INCRBASE OF ENTROPY BY WATER ',B11.4,’ WATTS/C’,/, 
2’ NBT RATE OF BNTROPY FLOW THRU SYSTEM BOUNDARY’ ,B11.4, 
3” WaTT/C THERMAL BNTROPY CREATION RATR’,811.4, 
4' waTt/C ',/,’ R12 P.D, RNTROPY CREATION RATE ',R11.4, 
5’ waTt/C RATE OF LOSS OF GROSS WORK ’,811.4, 
6’ WATTS AT ’,OPFG.2,’ C’) 
PORMAT(1X,'REFRIGERANT SIDE REYNOLDS NUMBER ",4(1PB19.4)) 
FORHAT(1X, WATBR SIDE REYNOLDS NUMBER *,4(1PB19.4)) 
FORMAT(1X,////,’ SSEESEESESEE TEESE SES’ 

] SESSStsesssessssssse RNY Sesssesssrssessssess’ | 

2 Seeseeesssasesssesss’ | 

FORMAT(1X,REFRIG SIDB LINBAR H.7.C.: W/M C. ",4(1PB19.4)) 
PORMAT(1X) 
PORMAT(1X,’WATBR SIDR LINEAR H.T.C. W/M C. *,4(1PB19.4)) 
FORMAT(1X,’RATB OF ENTROPY GAIN OF WATER HAD IT BEEN 10C’, 

1’ HOTTBR ',1PR11.4,’ WATTS/C. FOR SAME GROSS RATE OF RNTROPY’, 
2’ INCRBASE,’,/,’ A COUNTER-FLOW WATER-WATER HEAT EXCHANGER ', 
3'WOULD HAVE DBLTA-T OF ’, OPF8.4,’ DBG C CORRESPONDING TO’, 
4’ AN BEFRCTIVENBSS OF ',F6.2,'%',/,’ OR ',F6.3,’ HRAT TRANSFER’, 
5’ UNITS, WHICH IS ',P6.2,' % OF THAT FOR THE WATER SIDE OF THR’, 
6’ PRESENT HT.2R.’) 
PORMAT(1X,PG.2,P6.2,F8.0,F8.0,F8.2,F8.2,' * ',P8.2,F8.4,P8.2, 

1P8,0,P6.2,’ # ',F8.0,F8.0,P6.3,F7.2,F8.3) 
FORMAT(1X,’ EVAPORATOR +’, 

r BNTRY RXIT + BVAP COMP’, 
2’ PRESS VDOT  COPH’,/’ TRAP PRESS H(X=0) B(X=1) S(X=0)’ 
3,' 8(X=1) * 8 I 5 i T $', 

oe CAP RATIO CUM/H’) 
FORMAT(1X,////,’ SUMMARY OF RANGE OF POSSIBLE BVAPORATOR’, 

1’ CONDITIONS ASSUMING ',12,’% COMPRESSOR ISBNTROPIC EFFICIENCY’, 
2/,’ COND. PRESS=’,F8.1,' COND. TRMP=’,F7.2,’ BNT. H=’,F9,0, 
3’ BNT, S=’,P8.2,’ LBAV, TRMP=’,F6.2,’ LBAV. H=’,F8.0, 
4' LRAV, S=’,F8.2,//) 
PORMAT(1X,’REFRIGERANT TRMPRRATURE (DEG.C) ",4(1PB19.4)) 
PORMAT(1X, REFRIGERANT PRESSURE (BAR) ”,4(1PB19.4)) 
PORMAT(1X,’WATER TEMPERATURE (DBG.C) ",4(1PB19.4)) 
PORMAT(1X, DESTINATION OF RESULTS 7’, 

1/,' 1 PRINTER ONLY',/,’ 2 DISC ONLY’, 
2/,' 3 PRINTER AND DISC’,/) 
PORMAT(1X, DESTINATION FILENAME ?’) 
FORMAT(A14) 
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APPENDIX A-4 

THERMODYNAMIC AND PHYSICAL PROPERTIES OF R12 AND WATER (SUBROUTINE 1) 

A-4.1: Introduction 

The derivation of thermal and physical properties of the fluids 

provided by Hickson,[44] is found in subroutine 1. In this subroutine, the 

program can be divided as follows; estimation of effective parameters taken 

from experimental parameters at the condenser entry and exit, calculation 

of heat transfer coefficients and pressure drop in a single-phase flow 

(freon vapour and liquid, and liquid water), and thermodynamic and physical 

properties of the fluids. 

For the water side, the properties are solved in term of function of 

temperature only. Similarly, the physical properties of the freon 

(conductivity and viscosity of saturated freon liquid and vapour) are also 

a function of temperature, but other thermal properties (specific enthalpy 

and specific entropy) in the vapour,liquid, and mixed-phase are the 

function of two variables (either pressure and temperature or vapour 

quality and temperature). 

The heat transfer coefficients and pressure drop calculation in the 

single-phase flow are further classified to vapour and liquid side. For the 

vapour flowing alone, the calculation is only focused on the turbulent flow 

(based on the Reynolds number of the freon side), For the liquid (either 

freon or water), the calculation is further classified according to the 

flow mechanisms; turbulent, laminar and transition flow. This was done by 

considering the Reynolds numbers of the fluids. 

In general, for the freon side, the thermal and physical properties 

are greatly influenced by the state of the freon itself; vapour only, 

saturated vapour, mixture of. liquid-vapour, saturated liquid and liquid 

only (see Fig.6.1.5). The heat transfer coefficients and pressure drop 

calculation in two-phase flow can be found in the main prograa. 

The mathematical derivation for various thermal and physical 

properties of freon and water is shown in the computer program listed in 

section A-4.2. 

A-4.2: Computer prograr 

The listing of the computer program for subroutine 1 can be seen in 

the next page. 
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THERMODYNAMIC AND PHYSICAL PROPRRTIBS OF R12 AND WATER 
(SUBROUTINE 1) FOR APPENDIX A-4 IN SBCTION A-4.2 

C 
C 
C 
C 

SUBROUTINE AND FUNCTION FROM PROGRAM TBT-SUBROU-F77 TO BR LINKED C 
WITH MAIN PROGRAM AND SUBROUTINE R12-F77 C 

C 
C 
C SESEREESSESSERSER ESTES E ESSE ERE ETRE EES Ee SESE eeeeeeeeteeeesseesesegeess 

SUBROUTINE AINPUT(A,B,C,D,B,F,G,H,AI,Ad,AP,AK,AL,AM, AW, AO, AQ) 
REAL DTRVAP, DTRSUB,DTWVAP, DTWSUB, DPR 

BSTIMATION OF BFFECTIVE FLUID PARAMETERS FROM RXPERIWENT TO BE USED IN 
THE MODBL USING EXTRAPOLATION METHOD. THE RFPRCTIVE VALUBS ARB TR(1), 
TSUB, TWIN, PRES AND THPWR (CALCULATED FROM MWDOT, (TWOUT-TWIN) & CPW), 
WHERE Al, A2, A3 AND A4 THR DISTANCE AWAY FROM/TO THE FINAL/INITIAL 
POINT OF THB CONDENSER IN CW 

A1=25,00 
A2=68.00 
A3=82,00 
A4=148.00 
DTRVAP=(A-B) 
AL=A - (AL#DTRVAP/(A1+100.00)) 
DTRSUB=(C-D) 
AK=D + (A2*DPRSUB/(A2+100.00)) 
DTWVAP=(B-F) 
AM=B - (A3#DTWVAP/(43+100.00)) 
DTWSUB=(G-H) 
AN=H + (A4#DTWSUB/(A4+100.00)) 
DPR=(AI-AJ) 
AO=AI - (A1#DPR/(1500.00+(2#A1))) 
AR=AJ + (A2#DPR/(1500.00+(2#A2))) 
AQ=AP#( AM-AN) #4, 1833333 
RETURN 

+ BND 

SUBROUTINE AICHG(G,R,P,D,L,C,RH,RM,TM,H,PG) 
REAL L,N,NTCP,PRAC,NT,FT,P 

HBAT TRANSFER CORFFICIENT FOR SUPBRHRATED VAPOUR AND PRESSURE GRADIENT. 

ASSUME ROUGH LONG TUBE, FULLY DBVBLOPED TURBULENT FLOW REGION ONLY, 
NEGLECT THE BFFRCT OF DBW FORMATION ON WALLS. THESE CORRBLATIONS 
RECOMMENDED FOR GAS FLOW IN HANDBOOK OF SINGLE-PHASE CONVECTIVE 
HBAT TRANSFER BY KAKAC et. al.,[82,83,84) REFER SRCTIONS 3, 4 AND 18. 
THE L DBPENDENCE HAS BEEN FITTBD TO G.B. DATA BOOKS. IT IS ASSUMED 
THAT THE D&-SUPERHRATING IS PRECERDBD BY A LOWG LENGTH OF UNCOILED 
TUBB. MOTE :(i)RM = MU(BULK)/MU(WALL) & (ii)TM = T(BULK)/T(WALL). 
ALSO F IS PANNING FRICTION FACTOR CORRECTED FOR WALL TEMPERATURE 
IN COOLING FRBON VAPOUR FOR Re>1B4 AND 0.5<Pr<2000 . 

Pe ee wee em ee eee eee eee eww mew eee seem ee wees eeccuseccecen 

TO ee em wee meee eee eee ee meme eee eee ee eee eee eecencecee 

PT=(1.82#AL0G10(R)-1.64)##(-2) 
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10 

Kl=1.04(3.4¢FT) 

K2=11.70+1.8#(P##(-0.33333) ) 
BR=(FT/8) 
NTCP=(BE#REP) /(K1+(K2#(BREF0.5) #( (P#80.667)-1.0))) 
A=(TH##0.5) 
B=(2/(1+(1/A)) )##2.0 
NT=NTCP#B 
Rough=1.5248-6/D 
ruf=2#Rough 

Alsruf/7.4 

A2=-0, B686#AL0G(A1+(12/R)) 
A3=-0, 8686FAL0G(A1+(2.51%A2/R)) 
Ad=((A2-4,781)##2.0)/(4,781-(2.08A2) +43) 
PR=(1/(4.781-A4) }##2.0 
FRR=SQRT( FR) 
A5=AL0G(ruf+(9.35/(R#PRR) )) 
PRAC=1/((3.48-(1.7372%A5 } )##2,0) 

IF ((ABS(FRAC-PR)/FR).LT.18-6)GOTO 20 
PR=PRAC 
GOTO 10 
N=NT 
FICP=FRAC 
F=PTCPSB 

eee ee ee eee eee eee eee ewe eee eee ee eee wee eee eee ese sees seseeesessess 

H=N#C/D 
PG=2.08F#G##2.0/(D¢RH) 
RETURN 
BMD 

SUBROUTINE AICH(G,R,P,D,L,C, RH, RM,H, PG) 
REAL W,L,NL,NT,WLCP,NTCP,FL,PT, PTT 

HEAT TRANSFER CORFFICIENT FOR LIQUIDS. IN A LONG SMOOTH & ROUGH TUBE. 

FOR LAMINAR FLOW, CONSIDER A LONG SMOOTH TUBE WHILE FOR TURBULENT FLOW 
A LONG ROUGH TUBE IS CONSIDERED. 
FOR TURBULENT AND LAMINAR FLOW THESE CORRELATIONS ARE RECOMMENDED 
IN SECTIONS 4 ,7 AND 18 OF HANDBOOK OF SINGLE-PHASE CONVECTIVE 
HEAT TRANSFER BY KAKAC et. al.,[82,83,84] .IM THE TRANSITION REGION, 
THE RANGE OF REYNOLDS NUMBER (2100 - 7100), THE HBAT TRANS. COBFF. IS 
IS UNPREDICTABLE BUT HERE A PRO-RATA MIXTURE OF THE LAMINAR AND 
TURBULENT VALUES I$ ADOPTED. NOTE: RM= MU(BULK)/MU(WALL). 
THE TBMPERATURB-DEPENDENCE ON THE FLUID PROPERTIES IS CONSIDERED . 

Remin=2100.00 
Remax=7100.00 

Rediff=(Remax-Renin) 
X=REP#D/L 

IF (RM.LT.1.0)G0TO 10 

AN=-0,58 
GOTO 20 

AN=-0.50 
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<
 CONTINUE 

PL=(16/R)*(RM*#AN) 
F=PL 
NLCP=(3.66 + 0.0578X/(1.0+0.04#X##0.8)) 
NL=NLCP 
N=NL 
IF(R.LT.Remin)GOTO 100 

PT2=1.0/(1.581#AL0G(R) - 3.28)##2.0 
Bl=1+(13.6$FT2) 
B2=9,0%((PT2/2)##0.5) 
B3=(P##0,6667)-1.0 
IF(RM.GT.1.0) GOTO 50 
CN=0.25 
GOTO 60 

50 CN=0.08 
60 CONTINUE 

NTCP2=((FT2/2)#R#P) /(B1+(B2%B3)) 
NT2=NTCP2$( RNFSCH) 
N=NT2 

| 65 IF(R.GT. 4000.0) THEW 
Rough=1.5248-6/D 
ruf=2#Rough 
Alsruf/7.4 
A2=-0.8686#AL0G(A1+(12/R)) 
A3=-0. 86864AL0G(A1+(2.51#42/R)) 
A4=-0, 8686$AL0G(A1+(2.51#A3/R)) 
A5=( (A2-A3)##2.0) 
AG=A2-(2,0%A3)+A4 
PR=(1/(A2-(A5/A6)) )##2.0 
PICP=FR 
RBLSE 
FRR=0,0054+(2,3B-8/(R##(-1.5))) 
PTCP=FRR 
END IF 
IF (RM.G67.1.0) GOTO 90 
PTT=FTCP/(RM##0, 24) 
GOTO 95 

90 Ftt=(PTCP/6)#(7.0-RM) 
95 CONTINUE 

F=PTT 
IF(R.GT.Remax) GOTO 100 

((Remax-R)#NL/Rediff) + ((R-Remin)#NT2/Rediff) 

((Remax-R)#FL/Rediff) + ((R-Remin)*FTT/Rediff) 

C $#8CALCULATION OF HEAT TRANSFER COBFFICIENT AND PRESSURE DROP##* 

100 H=N#C/D 
PG=2, 0F#G##2,0/(D#RH) 
RETURN 
BND 
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SUBROUTINE VTHRPS(P,S,V,T,H) 

COMMON/BLK1/HC,TC,VC,PC 
$€=19,15 
PRED=P/PC 
SRED=8/SC 
CALL VTPPSR12(PRED,SRED,VRED, TRED) 
V=VC*VRED 
T=TCSTRBD - 273,15 
H=HC#HR12(VRED, TRED) 
RETURN 
BND 

FUNCTION FP(M,T) 

A SINGLE FUNCTION FOR VISCOSITY & CONDUCTIVITY OF SATURATED 
R12 LIQUID AND VAPOUR AND OF LIQUID WATER. ALSO INCLUDED 
ARB WATER DENSITY, SPECIFIC HBAT CAPACITY, SPECIFIC RNTHALPY 
AND SPRCIFIC BNTROPY. THE LAST TWO FUNCTIONS HAVE BREN SIMPLY 
CALCULATED BY C.G.C. FROM THE SPECIFIC HEAT CAPACITY. 
TIS IN D&G C AND ALL VALURS OF FP ARE IN S.I. UNITS. a

a
a
a
a
m
n
 

$=32 + 98/5 
SA=(273,15 + 1) 
GOTO (10,20,30,40,50,60,70,80,90,100) a 

10 PP=4,134B-4#(0.02906 - 2.623778R-5#5 + 5.54779R-7#8%S) 
C VISCOSITY OF SAT R12 VAPOUR. 

RETURW 

20 FP=1.731#(3. 7558-3 + 4,26982B-5%S - 3.11736R-7#5#5 + 
11. 084798B-9#5#83 ) 

C CONDUCTIVITY OF SAT R12 VAPOUR. 
RETURN 

30 FP=1B-108(1.0478B9 - 8.0753R6%SA + 1.7053B4#(SA##2) + 
13, 7263#(SA##3) - 3,1108R-2#(SA##4) ) 

C VISCOSITY OF WATER. 
RETURN 

| 40 FP=1,731#(0.3050 + 7.3961B-4#5 - 1.534988R-6#5#5) 
| C CONDUCTIVITY OF WATER. 

| RETURN 

50 «= FP=16.019#(62.464 + 1.6056028-3#5 - 6.646718B-5#S#3) 
C DBNSITY OF WATER. 

RETURN 

10 FP=1.7318(0.05051 - 1.910131B-4#8 + 9.009009B-78S¢5 - 
13,0536407B-9#5#83 } 

C CONDUCTIVITY OF SAT R12 LIQUID. 
RETURN 
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60 «= FP=4, 134B-4#(0.7640 - 4,566208-3#5 + 2.387539R-Se5ts - 
16.6895188-8#5##3} 

C VISCOSITY OF SAT R12 LIQUID. 
RETURN 

80 «= FP=4, 1868R3#(1.0144 - 2.85919R-448 + 1.174337B-6¢5#5) 
C SPECIFIC HEAT CAPACITY OF WATER. 

RETURN 

90 —- PP=2, 326B34S#(1.0144 - 1,42959R-44S + 3.914457B-78585) 
C SPECIFIC BNTHALPY OF WATER REFERRED TO 0 DEG F. 

RETURN 

100 «= FP=§836.2*ALOG((T#273.15)/273.15) - 10.2910#T + 
1 0.0079658(T#T + 2.08273, 15#) 

| C SPBCIFIC ENTROPY OF WATER REFERRED TO 0 DRG C. 
RETURN 
BND 

FUNCTION HSAT(X,?) 

C HSAT IS SPBCIFIC BNTHALPY OF SAT R12 AS FUNCTN OF QUALITY & TEMP. 
C PRBSS IS IM PA ABSOLUTE; T IS IN DRG C; H IN J/KG; X IS GAS FRACTION. 
C REDUCRD VARIABLES BND IN "RED". 

COMMON/BLE1/HC, TC, VC, PC 
TRED=(1+273.15)/TC 
PRED=PSATR12(TRED) 
VGRBD=VR12 (PRED, TRED) 
VFRBD=VFR12(TRED) 
HGSAT=HC#HR12(VGRBD, TRED) 
HPG=HC#HPGR12(TRED, PRED, VGRBD, VFRED) 
HSAT=HGSAT - (1-X)#HFG 

| 600 © PORMAT(IH ,’IN HSAT’, 8(1PB13.4)) 
RETURN 
END 

FUNCTION HG(P,) 

C HG(P,T) IS SPECIFIC ENTHALPY OF SUPBRABATRD R12 AS A PNCTN OF P&T. 
C UNITS ARE- PRESSURE IN PA ABSOLUTR; T IN DRG C; 8 IN J/KG. 

COMMON/BLK1/EC, TC, VC, PC 
TRED=(1#273.15)/TC 
PRED=P/PC 
VRBD=VB12( PRED, TRED) 
HG=HC#HR12(VRBD, TRED) 
RETURN 
BD 

FUNCTION SSAT(I,?) 

C SSAT IS SPRCIFIC BNTROPY OF SAT R12 AS FUNCTION OF QUALITY AND TEMP 
C PRESS IS IN PA ABSOLUTE; T IN DEG. C; S IM J/KG.C; X IS GAS PRACTION 
C REDUCED VARIABLES END IN RED. 

COMMON/BLK1/HC, TC, VC, PC 
$C=19.15 
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TRED=(T + 273.15)/TC 
PRRD=PSATR12(TRED) 
VGRBD=VR12 (PRED, TRED) 
VFRBD=VERI 2(TRED) 
SGSAT=SC#SR12(VGRED, TRED) 
SPG=SC*HFGR12( TRED, PRED, VGRBD, VFRED) /TRED 
SSAT=SGSAT - (1.0 - X)#SFG 
RETURN 
BND 

FUNCTION SG(P,?) 

C SG IS SPRCIFIC ENTROPY OF SUPBRABATED R12 AS FUNCTION OF P & T. 
C UNITS ARB PRESSURE IN PA ABSOLUTE; T IN DRG C.; S IW J/KG.C. 

C REDUCED VARIABLES END IN RED. 
COMMON/BLK1/HC,TC,VC,PC 
TRED=(T + 273.15)/TC 
PRED=P/PC 
8C=19.15 
VRBD=VR12 (PRED, TRED) 
SG=SC#SR12(VRED, TRED) 
RETURN 
BND 
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APPENDIX A-5 

FREON PROPERTIES AT GIVEN PARAMETERS (SUBROUTINE 2) 

A-5.1: Introduction 

Subroutine 2 consists of two major programs; calculation of 

pressure, temperature, specific enthalpy, and specific entropy at point 

1, 2, 3 and 4 (see Fig.6.1.5 and Fig.6.1.8), and the derivation of 

thermal and physical properties of freon at various state using equation 

of state. All symbols used are explained in the computer program. 

The first part of the program calculates the possible properties of 

freon; specific volume, specific entropy, specific enthalpy, pressure, 

and temperature at different state (vapour, saturated vapour, two-phase, 

saturated liquid and liquid). These properties are used to predict the 

possible simple refrigeration cycle. Other related properties which are 

not calculated in this subroutine are evaluated in the main program 

(such as vapour quality at point 3). 

The second part is to derive the calculation of those properties 

(mentioned above) from equation of state. The mathematical derivation is 

shown in the program listed in section A-5.2. 

APPENDIX A-6 

RESULTS 

A-6.1: Introduction 

The results are classified to two groups; experimental and 

predicted results. They are presented in the form of tables. 

The experimental results are tabulated from Table A-6.1 to Table A- 

6.11 which consist of 68 Runs starting from Run 1 to Run 68. 

The predicted results are presented in Table A-6.12 to Table A- 

6.17 (6 Runa). The results are divided to three sections; A, B and C 

(see Table 6.2) according to the operating conditions and insulating 

materials used in the system. Each Runa consists of three separate 

results; results in three segments, numerical integration outputs, and 

summary of possible simple refrigeration cycle. 

The same number used in both the experimental and predicted results 

to represents the same inputs had been introduced. The outputs from the 

same number can be compared. The results are tabulated in section A-6.2. 

337



  

CEEERESSERESSESSSREREESERESES ERSTE ESSE ESE Rete ese eseeesaeeesesee see eec 

a
m
a
 

A
a
 
m
a
a
a
n
 

FREON PROPERTIES AT GIVEN PARAMETERS 
(SUBROUTINE 2) FOR APPRNDIX A-5 IN SRCTION A-5.2 

SUBROUTINE & FUNCTION FROM PROGRAM R12-F77 TO BR LINKED WITH 
MAIN PROGRAM AND SUBROUTINE TBT-SUBROU 

SRERSESER SASS EEEESE SSSR ESSER EERE SESS SESS ESET ESSE SESE E SERS E TESTS ESTs 

SUBROUTINE RAWK12(PR1,TR2,TR4,PR,VR,TR,HR, IX) 

a
a
a
 

Mma
 
A
a
A
a
A
a
A
a
A
a
a
 

C TO CALCULATE THERMODYNAMIC PROPERTIBS OF R12 AT CONDENSER AND BOILER 
C 

1 
2 
4 

C 
C 
C 
C 
C PR 
C TR 
C TR 
C IX 
C It 

10 

INLET AND OUTLET 

STATE 1 - BOILER INLET 
- * — OUTLET. 
- CONDENSER INLET 
a : OUTLET (Sat) 

BDUCED BOILER PRESSURE 
- "  TRMPBRATURE AT STATE 2 
- © CONDBNSBR TEMPERATURE 

2 
3 
4 
| 

= 0 - STURATED TURBINE OUTLET 
= | - SUPBRHRATED * : 
DIMENSION PR(4),VR(4), TR(4) ,HR(4),SR(4) 
PR(1)=PR1 
PR(2)=PR(1) 
TR(2)=TR2 
TR(4)=TR4 
PR(4)=PSATRI2(TR(4)) 
PR(3)=PR(4) 
WR(2)=¥R12(PR(1),TR(2)) 
VR(3)=VR12(PR(4),TR(4)) 
vR(4)=VPRI2(TR(4)) 
HR(2)=HR12(VR(2),TR(2)) 
SR(2)=SR12(VR(2),TR(2)) 
HFGR=HFGRI2(TR(4),PR(4),VR(3),¥R(4)) 
HR(3)=HR12(VR(3),7R(4)) 
HR(4)=HR(3)-HRGR 
HR(1)=HR(4)+¥R(4)#(PR(1)-PR(4)) 
CALL VIFPSR12(PR(4),SR(2),¥R(3),TR(3)) 
IF(TR(3).GT.TR(4))GOTO 10 
[k= 
SR(3)=SR12(VR(3),TR(4)) 
TR(3)=(SR(2)-SR(3) )#TR(4) /HPGR+1 
HR(3)=HR(3)-(1-TR(3) )#HPGR 
RETURW 
HR(3)=HR12(VR(3),TR(3)) 
IX=1 
RETURN 
BND 

PUNCTION P12FPRWAT(PR) 

DIMBNSION C(9) 
DATA C/0.731431, 0.3668035, -0.6783723, 
1.174895, 2.635912, -15.82026, 
2 28.96178, -23.81524, 7.443050/ 
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P12FPRWAT=0 
DO 10 I=1,9 

10 PL2PPRWAT=(PL2PPRWAT+C(10-[))#PR 
RETURN 
END 

FUNCTION PFRV12(R) 

DATA VGRM/120.83/ 
VGR=R 

10 CALL PTFVGRI2(VGR, PR, TR) 
IF(ABS(1-PPRV12/PR).LT.5.B8-6) RETURN 
VGR=R*VFR12(TR) 
IF(VGR. GT. VGRM ) VGR=VGRM 
PFRVI2=PR 
GOTO 10 
BND 

SUBROUTINE PVTFSFR12(SR,PR,VR, TR) 

C TO CALCULATE REDUCED SPECIFIC VOLUME AND TEMPERATURE FROM REDUCED 
C PRESSURE AND SPRCIFIC BNTROPY IN LIQUID STATE 

DIMENSION TTR(3) ,DSR(3) 
VRE1.2 
DO 10 I=1,2 
J=4-I 
VREVR-0.2 
CALL PTFVPRI2(VR, PR, PTR(J)) 
VGR=VR12(PR, TTR( J) 

10 DSR(J)=SR12( VOR, TPR(J) )-HPORI2(PTR(J),PR,VGR, VR) /TTR(J)-SR 
20 RDSR=DSR(3)/DSR(2) 

TTR(1)=(TTR(2)*RDSR-TTR(3))/(RDSR-1) 
IF(TPR(1)-1.67.1.8-8)TTR(1)=1-1.B-8 
IF(TTR(1).LT.0,)PPR(1)=0.44 
PR=PSATRI2(TTR(1)) 
VGR=VR12(PR,TTR(1)) 
VR=VFRI2(TPR(1)) 
DSR(1)=SR12(VOR, TPR(1))-HFGRI2(TTR(1), PR, VOR, VR) /TPR(1)-SR 
IF(ABS(DSR(1)/SR).GP.5.B-6)GOTO 30 
TReTTR(1) 
RETURN 

30 DO 40 I=1,2 
J=4-I 
JJz3-I 
pTR(J)=7TR(JJ) 

40 DSR(J)=DSR(JJ) 
GOTO 20 
BND 

SUBROUTINE PVTFSGR12(SR,PR, VR, TR) 

| ¢ TO CALCULATE REDUCED SPECIFIC VOLUME AND TEMPERATURE FROM REDUCED 
C PRESSURE AND SPECIFIC ENTROPY IN VAPOUR STATE 

DIMENSION TTR(3),DSR(3) 
PR=1 
IF(ABS(SR12(1., 1.)-8R).67.1.B-8)G0TO 5 
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VR=1 
TR=1 
RETURN 

5 DO 10 [=1,2 
J=4-[ 
CALL VIFPSR12(PR,SR, VR, TR) 
CALL PTPVGRI2(VR,PR, TTR(J)) 

10 DSR(J)=SR12(VR, TTR(J))-SR 
20 RDSR=DSR(3)/DSR(2) 

TTR(1)=(TTR(2) #RDSR-TTR(3) )/(RDSR-1) 
IF(TTR(1).LT.0.44)TTR(1)=0.44 
PR=PSATR12(TTR(1)) 
VR=VR12( PR, TTR(1)) 
DSR(1)=SR12(VR,PTR(1))-SR 
IF(ABS(DSR(1)/SR).GT.5.B-6)G0T0 30 
TR=TTR(1) 
RETURN 

30 DO 40 I=1,2 
J=4-[ 
JJ=3-I 
fTR(J)=TTR(JJ) 

40 DSR(J)=DSR(JJ) 
GOTO 20 
END 

SUBROUTINE PVFTSR12(TR,SR, PR, VR) 

¢ TO CALCULATE REDUCED PRESSURE AND SPECIFIC VOLUME FROM REDUCED 
C TEMPERATURE AND SPRCIFIC ENTROPY 

PR=PSATRI2(TR) 
VR=VR12(PR, TR) 
F=1,1 

10 SRB=SR12(VR, TR) 
IF(ABS(1-SRB/SR).G?.5.B-6)GOTO 20 
PR=PR12(VR,TR) 
RETURN 

20 IF(P.LT.1..0R.SR.LT. SRE) P=1/F 
VVR=FSVR 
SSRB=SR12(VVR, TR) 
F=BXP( ALOG(F)*(SR-SRE) / (SSRE-SRE)) 
VR=F#VR 
GOTO 10 
END 

  

  SUBROUTINE PTFVSR12(VR,SR, PR, TR) 

C TO CALCULATE REDUCED PRESSURE AND TEMPBRATORE FROM REDUCED 
C SPECIIC VOLUME AND SPECIFIC ENTROPY 

CALL PTFVGRI2(VR, PR, TR) 
F=1.1 

10 SRB=SR12(¥R, TR) 
IF(ABS(1-SRE/SR).GT.5.8-6)G0T0 20 
PR=PR12(VR, TR) 
RETURN 

20 IF(F.UT.1..0R.SR.LT.SRB)P=1/PF 
TTR=FFTR 
SSRB=SR12(VR, TTR) 
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P=BXP( ALOG(F)*(SR-SRE) /(SSRE-SRR) ) 
TR=FSTR 
GOTO 10 
BND 

SUBROUTINE VTFPSR12(PR,SR, VR, TR) 

C TO CALCULATE REDUCED SPRCIFIC VOLUME AND TRMPERATURE FROW REDUCED 
C PRESSURE AND SPECIFIC ENTROPY 

TR=TSATR12 (PR) 
F=1.1 

10 VR=¥R12(PR, TR) 
SRB=SR12(VR, TR) 
IF(ABS(1-SRB/SR).LT.§, 8-6) RETURN 
IP(P.LT.1.)P=1/8 
IF(SR.LT. SRB)P=1/PF 
TIR=FTR 
VVR=VR12(PR, TTR) 
SSRB=SR12(VVR, TTR) 
P=BXP(ALOG(F)#(SR-SRB) /(SSRB-SRB) ) 
TR=FFTR 
GOTO 10 
BND 

SUBROUTINE PTFVFR1I2(VR, PR, TR) 

C TO CALCULATE REDUCED TEMPERATURE FORM REDUCED PRESSURE AWD SPBCIFIC VOLUME 
C OF SATURATED LIQUID 

DIMBNSION C(4) 
DATA C/0.536468, 0.630984, 1.53101, -0.0904340/ 
IF(ABS(VR-1).GT.1.B-8}G0TO § 
PR=1 
TR=1 
RETURN 

5 RHOR=1/VR 
TR=0,9999 

10 RHORB=1/VFR12(TR) 
DRHORB=RHORE-RHOR 
IP(ABS(DRHORE/RHOR).GT.5.B-6)G0TO 20 
PR=PSATR12(TR) 
RETURN 

20 TRC=1-TR 
DRHOR=-C(1)-0.59C(2)/SQRT(TRC)-C(3)/(3#TRC#F(2. /3))-24C(4)#7RC 
TR=TR-DRHORE/DRHOR 
GOTO 10 
END 

SUBROUTINE PTFVGRI2(VR, PR, TR) 

| C TO CALCULATE RBDUCED TEMPERATURE FOR REDUCED PRESSURE AND SPECIFIC VOLUME 
OF SATURATED VAPOUR 

DIMBNSION PPR(3), DVR(3) 
IF(ABS(VR-1,1).G7.0.1+1.B-8)G0TO § 
TR=1,024259-0,027233#VR+0.012727¢SQRT(VR-0.9454) 
PR=PSATR12(TR) 
RETURN 

5 TR=0,998 
DO 10 [=1,2 

341



  
  

J=4-I 
PPR(J)=PR12( VR, TR) 
TR=TSATRI2(PPR(J)) 

10 DVR(J)=VR12(PPR(J),TR)-VR 
20 RDVR=DVR(3)/DVR(2) 

PPR(1)=(PPR(2)#RDVR-PPR(3))/(RDVR-1) 
TR=TSATRI2(PPR(1)) 
DVR(1)=¥R12(PPR(1),TR)-VR 
IF(ABS(DVR(1)/VR).GT.5.B-6)GOTO 30 
PR=PPR(1) 
RETURN 

30 DO 40 I=1,2 
J=4-I 
JJ=3-I 
PPR(J)=PPR( JJ) 

40 DVR(J)=DVR(JJ) 
GOTO 20 
BND 

FUNCTION HR12(¥R, TR) 

10 CALCULATE SPECIFIC BNTHALPY OF SUPBRHBATED B12 
RBAL K,&TR 
DIMENSION A(5),C(5),B(4) 
DATA A/O,, -6.934977529, 4.267936535, -1.354488423, 0./, 

1 C/0., -115.1596917, 92.90090309, 0., -2.187472214/, 
2 BR,K/0.22678710, -5.475/, 
3.B/1.772181, 50.42774, -25.36853, 4.898847/, 
4 HDR/12.474812015/ 
KTR=K#TR 
PETR=(KTR-1)*#BXP(KTR) - 
VB=VR-BR 
VBBX=1 
PHR=0 
DO 10 I=2,5 
VBBX=VBBX#VB 

10 PHR=FHR+(A(I)-C(I)#PETR) /((I-1)*¥BEX) 
SCVZR=(B(1)+(B(2)#0.5+(B(3)/34+B(4) #0. 25¢TR) #PR) FPR) FPR 
HR12=HDR+SCVZR+FHR+PRI2( VR, TR) EVR 
RETURN 
BND 

FUNCTION SR12(¥R, TR) 

TO CALCULATE SPECIFIC RNTROPY OF SUPERERATED R12) ~~ 
REAL K 
DIMBNSIOM B(5),C(5),B(4) 
DATA B/3.590772057, 2.24780781, -0.9232594576, 0,,0.2068197136/, 

1 /0., ~115.1596917, 92.90090309, 0., -2.187472214/, 
2 BRE/0. 22678710, -5.475/, 
3 B/1.172181, 50.4277, -25.36853, 4.898841/, 
4 8DR/-4.18453916/ 
PRTR=K*BXP(K*TR) 
VB=VR-BR 
VBBX=1 
FSR=B(1)*AL0G( VB) 
DO 10 1:2,5 
VBEX=VBBX#¥B 
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10 PSR=FSR-(B()+C(1)#PRTR) /( (1-1) #VBBX} 
SCVZBTR=B(1)#ALOG(TR)+(B(2)+(B(3)#0.5+8(4)/3#TR) FPR) FIR 
SRI2Z=SDR+SCVZBIREFSR 
RETURN 
BND 

FUNCTION VR12(PR, TR) 

TO CALCULATE SPECIFIC VOLUME OF SUPERHEATED R12 
RRAL K 
DIMBNSIOW A(5),B(5),C(5),P(5),PD(5),XBX(6) 
DATA A/O., -6.934977529, 4267936535, -1.354488423, 0./, 

1 B/3.590772057, 2.24780781, -0.9232594576, 0., 0.2068197136/, 
2 C/0., -115.1596917, 92.90090309, 0., -2,187472214/, 
3 BR,K/0.22678710, -5.475/ 
IF(ABS(PR-1).GT.1.8-8.0R.ABS(TR-1).G7.1.B-8)G0T0 5 
VR12=1 
RETURN 

5 BKT=BXP(K#TR) 
DO 10 I=1,5 
F(I)=A(I)+B(I)#7R+C( I) BRP 

10 FD(I)=I*F(I) 
IP(ABS(TR-0.999).G7.0,001.0R.PR.LT.0.9875)GOTO 15 
WRI2=1+2, 832#SQRT(1-TR)+36.72%(1-TR) 
RETURN 

15 X=PR/F(1) 
X= (PR-(P(2)4(F(3)+(P(4) +P (5)#X)#X)#X)#X4X) /P(1) 

20 VRE=BR+1/X 
Y=-PR 
DY=0 
IBX(1)=1 
DO 30 [=2,6 

30 XBK(I)=XBX(I-1)#X 
DO 40 [=1,5 
Y=¥+P(I)*XBX(1+1) 

40 DY=DY+FD(I)#XBX(I) 
X=I-1/DY 
VR12=BR+1/Z 
IF(ABS(1-VRB/VR12).LT.5.B8-6) RETURN 
GOTO 20 
BND 

FUNCTION TSATR12(PR) 

TO CALCULATE TRMPBRATURE OF SATURATED R12 
DIMBNSION C(4) 
DATA C/3.862336922, -11.41020509, -12.46463173, 1.547868173/ 
TSATRI2=1 
IF(ABS(PR-1).LT.1.B-8) RETURN 

10 PRE=PSATRI2( TSATRI2) 
IF(ABS(1-PRB/PR).LT.5. 8-6) RETURN 
DPR=PRE#((-C(2)/TSATRI2+C(3))/TSATRI2+C(4)) 
TSATR12=TSATR12-(PRE-PR) /DPR 
GOTO 10 
EMD 

FUNCTION HPGR12(TR, PR, VR, VFR) 
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TO CALCULATE LATENT HRAT OF R12 
DIMENSION C(4) 
DATA C/3.862336922, -11.41020509, -12.46463173, 7.547868173/ 
DPR=PRE((-C(2}/TREC(3))/TREC(4)) 
APGR12=TRE(VR-VPR) #DPR 
RETURN 
BND 

FUNCTION VFR12(TR) 

TO CALCULATE REDUCED SPECIFIC VOLUME OF LIQUID R12 
DIMBNSION C(4) 
DATA C/0.536468, 0.630984, 1.53101, -0.0904340/ 
TRC=1-TR 
RHOPR=14C(1)#TRC+C(2)#SQRT( TRC)+C(3)#TRCFF(1./3)+C (4) FTRCFTRE 
VFR12=1/RHOFR 
RETURN 
BND 

FUNCTION PR12(VR, TR) 

TO CALCULATE REDUCED PRESSURE OF SUPERHBATED R12 
REAL K 
DIMBNSIONW A(5),B(5),C(5) 
DATA A/O., -6.934977529, 4.267936535, -1.354488423, 0./, 

1 B/3.590772057, 2.24780781, -0.9232594576, 0., 0.2068197136/, 
2 C/0., -115.1596917, 92.90090309, 0., -2.187472214/, 
3 BR,K/0.22678710, -§.475/ 
VB=VR-BR 
VBBX=VB 
PR12=B(1)#TR/VB 
DO 10 [=2,5 
VBEX=VBEX#VB 

10 PRI2=PR12+(A(I)+B(I)#TR+C( I) #BXP(KFTR) ) /VBBX 
RETURN 
BND 

FUNCTION PSATRI2(TR) 

TO CALCULATE PRESSURE OF SATURATED R12 
DIMENSION C(4) 
DATA C/3.862336922, -11.41020509, -12.46463173, 7.547868173/ 
PSATR12=EXP(C(1)+C(2) /TREC(3) #ALOG( TR) +C( 4) #7R) 
RETURN 
END 
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#eteee TURE-BESIDE-TURE CONDENSER SIMULATION t##4e# ASSUME TLE AVE INFINITE CONDUCTIVITY teetee 

SEOMETRY: SUBCOOLER 7.50M OF 5.75MM OD. CONDENSER: 7. Som OF 5.7 OD. SIDE 7.654 OC. ALi WALLS .74MM THICK, 

BOND CNDCTNCE SOO.0W/M.C = THML PWR 1093, 4W. WATER iN 34,5C. HOT & AC. DEW POINT 31.00. SUBCLD L190 16.2C. 

ITERATION NUMBER: 15 USED I= !50 SEGMENTS. TRIAL WATER EXIT TEMP: 29.6936 CORRESPONDING TS TWiT)= 14,4512 & TRITD= 16,3480 

EXIT WATER TEMP © 29.49C. FLOW RATE 17,1482 GRAM/SEC. WATER PRESS DROP 4415 BAR. PUMP PWR =.7057 WATT (OR = .06452) 

REFRIGERANT MASS FLOW RATE &.S64E+00 GRAM/SEC 

SEPARATE RESULTS FOR THE THREE SEGMENTS SUPE RHEAT TWO-PHASE SUBCOSLER TOTAL/AVERAGE 

LENGTH OF EACH SEGMENT IN METRES 1, 4750E+0¢ « 2700E+01 - 2500€-01 SCONCE +E! 
MASS OF REFRIGERANT IN KE. B.B312E-04  O044E-02 5202E-02 + 2429E-02 

REFRIG SIDE HEAT TRANS COEFNT: W/SQ HC. + 9732E+02 + 6502E+03 1, 0081E+03  O707E+03 
REFRIG SIDE LINEAR H.T.C.: W/MC. 1, 0b60E+01 6. 206bE+0! SABIE +01 2 $34E+01 
REFRIGERANT SIDE REYNGLOS NUMBER 1, 4793E+05 « S827E+03 «bI7BE+OS FE +O§ 

WATER SIDE HEAT TRANS COEFNT: W/SQ NC. 3.26748 +03 4958E+03  B39GE+OS  S3B0E+03 
WATER SIDE LINEAR H.T.C. W/M C. » 67B0E +01 « 2904E+01 - 2012E+01 STALE +O! 
WATER SIDE REYNOLDS NUMBER « TS99E403 » 0439E+03 STTIE+03 0779403 

OVERALL LINEAR CONDUCTANCE: W/M C  9b4SE+O0 Ab93E+O1 47228406 « 2308E +01 
“0, OF HEAT TRANSFER UNITS REFRIG. SIDE 2.7821 1477 1.2071 4.1369 
RO. OF HEAT TRANSFER UNITS WATER SIDE 1875 4, 3681 +1054 4.6810 
EFFECTIVENESS OF EACH SEGMENT (PERCENT) 92.9966 87.2991 $8. 7684 83.0214 
REFRIGERANT SIDE PRESSURE DROP IN BAR - B825E-01 1, 6850E+00 1, 9638€-02 1, B929E+090 

THERMAL POWER PICK-UP BY WATER (W& 2) 122. $11.2) 946.0186. 4) 6.2! 2.4 1994.4 
THERMAL POWER TRANSFERRED BY R12 (W & 2) 119.7(41.0) 946.6(86.6) 6.24 2.4 1092.6 
TOTAL MAX THERMAL POWER WITHOUT LOSS (W) 119.75 946.59 26.22 1092.56 

THERMAL POWER LOSS FROM FREON = (W& 3) 0000 0000 - 0000 004 
SPECIFIC ENTHALPY OF REFRIG (J/K6) 2. 17B1E+05 1. 9957E+05 5. S3S4E+04 5. 1359E+04 

2. 
2. 

CIFIC ENTROPY OF R12 (J/KE.C) 7. 4157E+02 6. 8547E+02 2. 0944E+02 1,9590E+02 
RIGERANT TEMPERATURE (DEG.C) 5. S360E +9! 2.0524E+01 1, 6348E+04 
RIGERANT PRESSURE !BAR) 7.6481E+00 5. 7748E+00 5. 7552E+0¢ 
E 2. 9074E +01 TINE 1, MBL bE+01 1. 4451E+0! 

SPE! 
PEF 

REF 
“ « TER TEMPERATURE (DEG. C) 

SATE OF LOSS OF EHTHALPY BY R12: 1,0926E+03 WATTS RATE OF GAIN OF ENTHALPY BY WATER 1.0944E+03 WATTS 
RESPONDING TO AN ENERSY IMBALANCE OF 1, 79446400 WATTS OF 1643 -% OF SPECIFIED POWER 

THE POWER LOSS B F THE SPECIFIED POWER 
1 OF THE SPECIFIED POWER 

FATE OF LOSS OF ENTROPY By 3.38:6E+00 WATTS /E RATE OF INCREASE OF ENT! 5 3 ( 
: 3 SO LGE+ CREASE NTROPY BY WATER 3. 7077E+00 WATIS/C 

- a OF ENTROPY FLOW SYSTEM EQUNDARY 1.2607E-01 WATT/C THERMAL ENTROPY CREATION RATE 5. 288°6-02 WATT/C 
RIZ FLD, ENTROPY CREATION RATE 7, 3iS0E-G2 WATT/C RATE OF LOSS OF GROSS WORK 3.8347E+0i WATTS AT 21.02 cc 

RATE OF ENTROPY SAIN OF WATER HAD IT BEEN !0C HOTTER 3.5799E+00 WATTE/C, Sy eee OC HOTTER 3. 5799E+00 FOR SAME SROSS RATE OF ENTROPY INCREASE 
& COUNTER-FLOW WATEF-WATER HEAT EYCHANSER WOULD HAVE DELTA-T GF 9.479 DEG C ATE OF ENTROPY INC rome 
n eac r terre , © pe ty, 

ne 
OR 1.545 HEAT TRANSFER UNITS, WHICH 1: OF THAT FOR THE WATER SIDE OF THE PRESENT HT. xR. : 

Table A-6.12(a): Results in three segments for Runa 9  
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TWLit } HR(1) NTUR(T) = URED} NTUW(T) UL{T) 

6.80E-02 28.43 2.BHEHO3 O.O0E+O0 Z.SSEROL 3.00402 2,97E-02 S.33E+OL 2. 13E+O1 

7496-02 28,82 F ISEHOS O.OOEHOO T.1BESOL 2.998403 4.256-02 S.30E+O1 3. 05E+0! 

8.196-02 28.94 9 Q.ASESO3 O.O0E+0O 1. 20E+02 S.f1E-02 SO. 91E+O! 4. 3RE+O! 
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9.94E-02 28.64 7, bBE+03 OE+00 3 G3 4, B0E-92 

{408-01 28.33 7. 3HEH0S 0. 00E+00 4, 732-02 

L.A7E-O1 24 183) 7.15E403 0. Q0E +00 4, S3€-92 
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1, S1E-01 ee S,b4EHOS O.00E+00 8. 91E+0! 4,26E-02 4, 82E+01 
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1.90E-01 26.18 b.19EH03 0.00E+00 8. 30E+01 A3E-02 4.60840! 2, 96E+0! 

1.96E-01 26.10 O.T1EH03 G.QOEFID 8. 19E FOL -OBE-02 4. SbE+G1 2, 95840! 

25.86 b.JOEHO3 O.00E+00 8.258401 -B3E-02 5.98E+01 3. S7£+0! 
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25.01 S.S9E+03 C.00E+00 7.63E+0! : 

24.78 S.B7E+03 6, 00E+00 7. 68E+0! . 

26 24.58 5.S2E+03 O.00E+00 7.41E+01 2. 3. 

24,37 S.44E+03 0.00E+00 7. 30E+0! , 

656-01 24.00 S.35E+03 0.00E+00 7. 18E+0! 
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22.96 : 03 O.00E+00 6. 61E+01 z 

22.91 : 0.00E+00 6.49E+01 
22.69 . O.Q0E+00 6. 51E+0! 

.O5E-01 © 22.51 37) 4. BE+03 9.008400 6.25840! 
-O7E-O1 22.32 4, S7E+03 O.00EH00 6. 13E+0! 
oME-01° 21.98 4.ABESO 0.008400 6. 00E+01 
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BE-01 23,74 4.496403 0.00E+00 5. 9BE+0! 7 

3.25E-01 21.57 4, 20E+03 9. 00E+00 S.63E+0! 2. 058+ ,O7E-02 3, Oi 2.21E+01 

3.27E-01 21.39 153 4.10E#03 O.00E+00 S.S0E+01 2.03E+03 3.93 Z.O0E+401 2. 1BE+0i 

Z.MME-01 21,03 $,00E#03 0.00E+00 5. 36E+01 HLE+,  29E-92 7E+O! 2.148401 
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Table A-6.12(b): The profiles ae parameters for Runa 9



  

COND. PRESS= 

EVAPORATOR NTR PRESS VDOT 

TEMP PRESS = H(X=0) HiN=1} © Sits } { C RATIO CUM/H 

8.00 3.98 43476. 190890. 168.55 $92278. 1.922 ~ 1.04 

10.00 4.23 45353. 191720. 175.14 194627. 1,808 299 

12.00 4,49 47237, 192543. 183.7! 62 196950. 1.702. > .94 

77 49129, 193359. 189.25 80 199248. 2 1.604 90 

Cb 54028. 194148. 194.77 85 201521. 1.512 +86 

36 52935. 194970. 77 203770. 428 82 

67 54851. 58 205994, 349 78 

O¢ 56775. 19 . «26 208193. 1.275 Ts 

34 58708. 197327. 84 210368. 207 al2 

69 40651. 198 3.38- 212519. 14S 

62604. 6.68 214686. 083 

45 44568, 199604. 94 216749. 027 
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SUMMARY OF RANGE OF P LE EVAPOSATOR CONDITIONS ASSUMIMG S5Z COMPRESSOR ISENTROPIC EFFICIENCY 

COND. PRESS= Z ( 31.02 ENT. He 217813. ENT. S= 741.57 LEAV. TENP= 16.22 LEAY. H= 51237. LEAVY. S= 195.48 

EVAPORATOR t ENTRY EXIT # EVAP COMP PRESS VDOT  COPH 

TEMP PRESS  H(X=C} H(X=1)  S4¥=0) SMN=1) # SG § 4 T a oF CAP RATIO CUM/H 

4.00 3.51 39742. 139211. 155. 694.74 196.78. 698.51 190260. 5.59 913. 181. 2.178 1.37 6.046 

6.00 3.74 41606. 190054. 16t. 693,86 196.45. 702.33 192441. 9.58 927. 167, 2.045 Lil 6.565 

+00 3.98 43476. 190890. 168. 693.01 196.16. 706.04 194600. 13.52 OM. 152, 1.922 1.06 7.176 

00 4.23 45353. 20. 173. 92.20 195.93. 709.64 296735. 17.41 953. 138. 1.808 1.00 7.903 

49 47237. 192543. 181. 691.41 195.73 713.13 198847. 21.24 969. 124. 1.702 .96 8.783 

77° 49129, 193359. 188. 699. {95.59 . 716.51 200936. 25.03 983. Lif. 1.60¢ .91 9.870 

06 51028, 194168. 194, 289.9 195.49. 719.80 203002. 28.76 9%. Gr, senla * sOLsdL.aer 

3% 52935. 194970. 201. é89. 195.48 -. 722.98 205044. 32.45 1910. 84. 1.428. 13.048 

67 S451. 195764. 207.74 688.98 195.48 -. 726.07 207068. 36.09 1023. Oh 15.503 

.00 56775. 196350. 214. 687. 195.48 -. 729.08 209067. 39.68 1036. 7. 1.275. 19.047 

6.34 58708. 197327. 220.44 687. 195.48 -. 734.99 211045. 43.23 1049. pe 2O eis 24.611 

6.69 60651. 198095. 227.07 686. 195.48 -.0 734.82 213000. 46.74 1062. is 1etAe, te 34.611 

7.06 62604. 198854. 233.48 486. 195.48 -. 737.57 214934. 30.21 1074. A083... ne 57.857 

7.45 64568. 199604. 239.89 685. 195.48 740.24 216846. 53.63 1087. F027) .65:112.297 
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SUMMARY OF RANGE OF POSSIBLE EVAPORATOR CONDITIONS ASSUMIMG 69% COMPRESSOR ISENTROPIC EFFICIENCY 

COND. PRESS= 7.6 COND. TEMP= 31.02 ENT. H= 217813. ENT. S= 741.57 LEAVY. TEMP= 16.22 LEAV. H= 51237, LEAVY. S= 195.48 

EVAPORATOR t ENTRY EXIT #  EVAP COMP PRESS VDOT COPH 

TEMP PRESS  HiX=) H(X=1) (x=) Sik=1) # § § H eed CAP) RATIO CUM/H 

3.08 36032. 187510. $41.92 696.62 197,60 . 700.26 188491. S01. 1925 2.479" 1.32 © 5.681 

37884, 188363. 148.62 695.66 197.16 . 703.53 190534. 914. 179. 2.3238 1.25 6.106 

39742, 199211. 155.29 694.74 196.78 . 706.71 192556. 928. 166. 2.178 «1.19 6.595 

4160. 190054, 161.94 693.86 196.45. 799.79 194556. 94. 153. 2.045 1.13 7.162 

43476, 190890, 168.55 693.01 196.16. 712.78 196534. 954. 140. 1.922 1.07 7.828 

452353. 191720. 175.14 692.20 195.93. 715.68 198491. 967. 127. 1.808 1.02 8.621 

47237. 192543, 181.71 691.41 195.73. 748.50 200427. 979. + 1702-8 97 988! 

49129, 193359, 188.25 690.66 195.59 . 721.23 202342. 992. - 1,608 =.92 10.767 

51028. 194168. 194.77 689.93 195549" 723.89 204237. 1004. - 1512.88 12.270 

52935. 194970. 201.26 $89.23 195.48 726.47 206110. 1017, - 1.428 = 683 14.234 

54851. 195764. 207.74 688.55 195.48 728.97 207963. 1029. ~ 1.349 = 80 16.912 

56775. 196550. 214.20 487.89 195.48 734.41 209796. 1041. aeleale, .csgey eeehle 

58708. 197327. 220.64 687.26 195.48 733.78 211609. 1053. - 1.207 = .72-26.849 

60651. 198095. 227.07 686.64 195.48 736.08 213401. 1064. «3.143 269° 37.757 

62604. 98854. 233.48 686.03 195.48 738.31 215174. 1076. 17, 1.083 66 63.117 

64568. 199604. 239.89 685.44 195.48 740.49 216927. 1088. 6. 1.027 63: 187.963 
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Table A-6.12(c): Summary of range of possible evaporator 
conditions for Rune 9  



  

  

     

    

IMULATICN #¢#e## ASSUME TUBE WALLS HAVE INFINITE CONDUCTIVITY teteee 

GEOMETRY: SUBCOOLER CONSENSER: 7.S0M OF S.75MM 0D, WATER SIDE 7.65MN QD, ALL WALLS. .74MM THICK. 

  

     

BOND CNDCTNCE 500.0H/™, WATER IN 16.60. HOT GAS 60.2°. SEW POINT 36.5C. SUBCLD LIQD 22.4¢, 

ITERATICN NUMBER: 13 USED [= 150 SEGMENTS. TRIAL WATER EXIT TEMP: 34.3595 © CORRESPONDING TO TWiL)= 16.5523 & TRIT)= 22.330! 

EAGT WATER TEMP 36,340. FLOW RATE 12, BRAM/SEC. WATER PRESS DROP .1019 BAR. PUMP PWR «= «A233 WATT (OR = 01232! 
, REFRIGERANT NASS FLOW RATE &.1S6E+00 GRAM 

SEPARATE RESULTS FOR THE THREE SEGMENTS SUPE RHEAT TWO-PHASE SUBCOOLER TOTAL/ AVERAGE 

LENGTH OF EACH SEGMENT IN METRES 1. 7750E+00 1. 2500E+01 6. 2500E-01 1. 5000E+01 
MASS OF REFRIGERANT IN KG. 1,22348-03 3. 6697E-02 1. 1156E-02 4$.9077E-02 

REFRIG SIDE HEAT TRANS CQEFNT: &/SQ ¥ C. T.SiB1E+02 4. OS1bE+03 9, Q547E+02 4. OF4SE+03 
REFRIG SIDE LINEAR H.7.C.: W/M C. 1. O0SSE+O! 6. 2221E+01 1. 2B98E+01 5. S9B7E+01 
REFRIGERANT SIDE REYNOLDS NUMBER 1, 35308+05 3.59296 +03 8. S512E+03 1, 9596E+04 

WATER SIDE HEAT TRANS COEFNT: W/SQ MC. 1. 91G1E+03 1, 4557E+03 1. O191E+03 1.4927E+03 
WATER SIDE LINEAR H.T.C. W/M C. 3.3024E+01 2. 5043E+01 1, 7643E+01 2, S705E+0: 
WATER SIDE REYNOLDS NUMBER 3.8392E+03 3. 2B51E +03 2.5421E+03 3.3219E+03 

OVERALL LINEAR CONDUCTANCE: W/m C 7. 6867E +00 1, 7474E+01 7, 4395E+00 1, S898E+01 
NO. OF HEAT TRANSFER UNITS REFRIG. SIDE 2.9704 A195 +7453 3.8351 
NC. OF HEAT TRANSFER UNITS WATER SIDE +2737 4.3504 0880 4.7120 
EFFECTIVENESS OF EACH SEGMENT (PERCENT) 93.8344 91.3069 31.3159 78.8190 
REFRIGERANT SIDE PRESSURE DROP IN BAR 1.6947E-01 1.4949E+00 1, 3366€-02 1.677BE+00 

THERMAL POWER PICK-UP BY WATER (W & 2) 112.7(91.2) 853.6185. 1} 36.51 3.6) 1002.8 
THERMAL POWER TRANSFERRED BY 812 (W & 2) (0.0) 853.7(85.3) 36.54 3.6) 1001.2 
TOTAL MAX THERMAL POWER WITHOUT LOSS (W) 111.02 853.70 36.46 1001.17 
THERMAL POWER LOSS FROM FREON = ¢W & 2) «0000 +0000 +0000 -00( 0) 
SPECIFIC ENTHALPY OF REFRIG (J/KS) 2. 1973E+05 2. 0169E+05 6. 3O1bE+04 5. 7093E+048 

SPECIFIC ENTROPY OF R12 (J/KE.C) 7, 3886E+02 6. 8381E+02 2. 3483E+02 2. 1526E +02 
REFRIGERANT TEMPERATURE (DEG.C) b. 0164E+01 3. S730E+01 2.8420E+01 2. 2330E+01 
REFRIGERANT PRESSURE (BAR) §. BO85E+00 8. 6391E+00 7, 1442E+00 7. 1308E+00 
WATER TEMPERATURE (DEG.C) 3. 6359E+01 S.ALSIE+01 1.7272E+01 1. 6552E+01 

RATE OF LOSS OF EHTHALPY BY R12 1,0012E+03 WATTS RATE OF GAIN OF ENTHALPY BY WATER 1.0028E+03 WATTS 
CORRESPONDING TO AN ENERGY IMBALANCE OF 1.6370E+00 WATTS OR 1636 % OF SPECIFIED POWER 

THE POWER LOSS BY.R12 TO OUTSIDE -S.8B07E-O1WATTS SY  -.0588 2 OF THE SPECIFIED DOWER 
THE POWER LOSS BY WATER TQ QUTSIDE -2.2251E+00 WATTS BY -.2224 % OF THE SPECIFIED POWER 

RATE OF LOSS OF ENTROPY BY R12. 3.2232E+00 WATTS/C RATE OF INCREASE OF ENTROPY BY WATER 3.34B3E+00 WATTS/C 
NET RATE OF ENTROPY FLOW THRU SYSTEM BOUNDARY 1.25!2E-01 WATT/C THERMAL ENTROPY CREATION RATE 6.7307E-02 WATT/C 
R12 P.D. ENTROPY CREATION RATE 5.7813€-02 WATT/C RATE OF LOSS OF GROSS WORK 3.8747E+01 WATTS AT 36.53 C   

| RATE OF ENTROPY GAIN OF WATER HAD IT SEEN 10 HOTTER 3.2355E+00 WATTS/C. FOR SAME GROSS RATE OF ENTROPY INCREASE, 
A COUNTER-FLOW WATER-WATER HEAT EXCHANGER WOULD HAVE DELTA-T OF 11.0930 DEG C CORRESPONDING TC AN EFFECTIVENESS OF 64.10% 
OR 1.786 HEAT TRANSFER UNITS, WHICH IS 37.99 1 OF THAT FOR THE WATER SIDE OF THE PRESENT HT.XR. 

Table A-6.13(a): Results in three segments for Rune 10 
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.BOEOS 
»B2E +93 
LT9E+O3 
LTIEHO3 
TSE +02 
IEHOS 
.T3E+03 
 T3E+03 
.72E#03 e

e
e
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HW (1) 

72E+03 
S7E+03 

« TLE+O3 
TOE+03 
BIE+03 
 68E+03 

» SLE+03 
66E+03 

65E+03 
b4E+03 

63E+03 
43E+03 
b1E+03 
S0E+03 

« 5BE+03 
STE+93 

 30E+03 
+ 52E+03 
 SLE+03 
 49E+03 
» 48E+03 

2.22E+03 
1, 46£+03 

1, 45€+03 
1 
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 A3E+03 
 $2E+03 

2. 12E+03 
1, 39E+03 
1, 38E+03 
1. 37E+03 
1, 35E+03 
2. 03E+03 
1. 33E+03 
1. 31E+03 
1. 27E+03 
1. 26E+03 
1. B9E+03 
1. 23€+03 
1.22E+03 
1, 20E+03 
1, 19E+03 
1.78E+03 

1, 16E+03 
1. 15E+03 
1, 13E+03 
1, 12E+03 
1. O4E+03 
1. 09E+03 
1,05E+03 
1. O4E+03 
1. 03E+03 
1. S3E+03 
9.97E+02 
9. 85E+02 
9. 70E+02 
9.59E+02 
1. 40E+03 
9, 37E+02 

9. 18£+02 
9, 11E+92 

9. 99E+02 
1, 34E+92 
9. 17E+02 

HW(T) 
9. 15E+02 
9, 37E402 
9. 77E+02 
1.07E+03 

  

     O3E-62 
21€-02 
17E-02 
12E-92 
OBE-02 
76E-62 

99E-02 
94E-02 
89E-92 
B4E-02 
41E-02 
7HE-02 

66E-62 

49E-92 

 34E-02 
28£-92 
54E-02 
13€-02 
S3E-02 
O7£-07 

    

S
r
 

P
R
P
 

N
P
N
 
N
Y
 
N
N
N
 
A
N
N
 
H
O
 
O
O
 

om
 
O
o
 

39E-02 

NTUWIE) 

1, 42E-02 
1, 43E-62 
1. 45€-02 
1 596-59 
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19E+01 
16E+0! 
14E+01 

S1E +01 

80E+91 
ObE+OL 
OJE+O! 
OLE +04 

9BE+O! 

SSE+01 
F3E+O! 

1. B7E+01 
1, 84E+01 

» B2E+01 
~ HE+01 
TTE+O1 
T3E+01 
. 72E+01 
« T0E+01 
20+91 
bbE +01 

. B3E+O1 
62E+01 

UWiT 
+ O2E+0! 
1, bE+91 
1 L.T3E+01 
1. 90E+0; 

WLtT} 
6. G1E+00 
1,74&+01 

2. 41E+01 

1, 93E+0! 

1, 92E+01 

1, 90E+0! 

1. BBE+é! 

2. 31E+0! 
1,84E+01 

1,83E+01 

1. BLE+0! 

1, 79£+01 

2, 19E+01 

1, 75&+0i 

1, 73€+01 

1. 1BE+0! 
1. 15€+91 
1, 34E+01 
1, 08E+01 

YLit) 

7,216 +00 
7, 27E+00 
7. 37E+0 
7. 70E +99 

 



    

EVAPORATOR CONDITEONS ASSUNIMS SO COMPRESSOR ISENTROPIC EFFICIENCY 
TEMPs 7e.S3 ENT, H= 210728. ENT, S= 738.25 LEAV. TEMP= 22.83 LEAV. H= STI89, LEAVY, $= 

PRESS VDOT  (COPH 

RATIO COM/: 
969 86 
847 82 
ae 8 

«O44 tS 
sone ede 

69 
+66 

60 
108 
a 
$3 

204555. 33 
2 206718. 37.0 
@ 208855. 

047 210972. 
94 213063. 
280 215129. 

7. 734.98 217173. 
70524. 201786. : $016 738.05 219194, 
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SUMMARY OF RANGE OF POSSESLE EVAPORATOR CONDITIONS ASSUMIMG 55% COMPRESSOR ISENTROPIC EFFICIENCY 

COND, PRESS= 8.8 COND, TEMP= 34.53 ENT. H= 219728. ENT. S= 738.86 LEAV. TEMP= 22.43 LEAV. H= 57189. LEAV. S= 215.58 

8.00 
10.09 
12.00 

14.00 
14.00 
18.99 

' ENTRY Exit # €VAP COMP PRESS VDOT  COPH 
Six=¢) S{x21) # § $ H ¢ . CW CAP) =RATIO CUM/H 

98 + 190890. 168.55 593.01 217,34: 695.25 £91546. 827. 173. 2.213 697) 5.768 
23° 45353. 191720. 175.14 692.20 216.95. 698.95 193469. 840. 160. 2.082 .92 6.238 
49 47237. 1 3. 181.71 691.41 216.61. 702.54 195770. 853. 187, 1.960 .88 6.784 

17 29. 1 + $188.25 690.66 216.32. . 706.02 197848. O66. «135. 1.847 .84 7.429 
96 « 19 3 194,77. 689.93 216.08. 709.40 199903, B79.) 422. 4.742 80. 8.199 

3$ 32935. 194970. 201.26 689.23 215.68 712.68 201935. BY 100. 1644 toe. FASS 
67 » 195764. 207.74 688.55 215.72. 715.86 203946. 3 903. 97. 1,553. 473, 10.299 
00 73. 196550. 214.20 687.89 215.60 . 718.95 205934. 85. 1.469  .69 11.784 
4 » 197327. 220.64 687.26 215.58 721.95 207900. 73. 1.390 = .6b 13.743 
49 1, 198095. 227.07 686.64 215.58 724.86 209845. 61. 1.316 =.63 16.447 
0 « 19 + 233.48 686.03 215.58 727.69 211768. 49. 1.247 60 20.420 
45 « 199604. 239.89 685.44 215.58 S46 730.43 213669. 37. 1.183 = 58 26.828 
§5 + 200343. 246.28 684.86 215.58 733.09 215547. 26. 1.123 .55 38.878 
26 + 204071. 252.66 684.30 215.58 735.68 217405. 14. 1.066 = «53 69.993 

69 7 « 201788. 259.04 683.73 215.58 738.20 219243. 3. 1.013 = 651 335.348 o
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SUMMARY OF RANGE OF POSSIBLE EVAPORATOR CONDITIONS ASSUMING 602 COMPRESSOR ISENTROPIC EFFICIENCY 
COND. PRESS= 9.8 COND. TEMP= 36.53 ENT. H= 219728. ENT. S= 736.86 LEAVY. TEMP= 22.43 LEAV. H= 57189. LEAV, S= 215.58 

EVAPORATOR t ENTRY EXIT , #  EVAP COMP PRESS VDOT  COPH 
TEMP PRESS  H(X=0) H(X=1) $(k=0) S(te1) # § - S H 8 CAP CAP RATIO CUM/H 

3.5! 39742. 189211. 155.29 694.74 
7TH 41606. 190054. 161.94 693.86 
96 43476. 190890. 168.55 693.01 
23 45353. 191720. 175.14 > 692.20 
49° 47237, 192543. 181.71 691.41 
77 $9129. 193359. 188.25 690.66 

06 51028. 194168. 194.77 689.93 
36 52935. 194970. 201.26 689.23 
67 S4BE1. 195764. 207.74 688.55 

54775. 196550. 214.20 687,89 
58708. 197327. 220.64 687.26 
60651. 198095. 227.07 686.64 
62604. 198854. 233.48 686.03 
64568. 179608. 239.89 685.44 
66542. 200243. 246.28 684.86 
68528. 201071. 252.66 684.30 
70526. 201788. 259.04 683,73 

218. $167 697.33 189936. 5.09 
217.77 61050 700.50 191926. 3.80 
217.34 = .0930 703.57 193894. 12.46 
216.9 9809 706.54 195841. 16.08 
216.61 .9685 709.43 197766. 19.65 
216.32 9559 712.24 199671. 23.17 
216.08 0430 714.97 201555. 26.65 
215.88  .0299 717.62 203418. 30.09 
215.72 0166 720.19 205261. 33.49 
215.40 0030 722.69 207084. 36.85 
215.58 -.0110 725.12 208886. 40.17 
215.58 -.0252 727.48 210668. 43.45 
215.58 -.0397 729.77 212431. 46.70 
215.58 -.0546 732.00 214174. 49.91 

215.58 -.0699 734.17 215895. 53.09 
215.58 -.0856 736.27 217599. 34.23 
215.58 -.1016 738.32 219283. 59.34 

B17, 183. 2.509 1.09 5.456 
829. 171, 2.355 5.846 

092... 197. 2,213" s 6.292 
G4. = 147. 2.082. 6.805 
865. 8135. 1.960. 7.401 
B77. ARS. BATS. 8.104 
669. «112. 1.742, 8.944 
900. = 100. 1.644 9.966 
912. 87, 1.553. .73 11.235 
923. 1.469. .70 12.858 
934, « 1.590... 14.992 
945. e136 | 64 17.942 
956. jo 1.247 - 61 22.276 
966. - 1.183 658 29.267 
977. » 1423 655 42.412 

987. - 1.066 = 653 76.356 
998. - $013.51 365.834 O
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Table A-6.13(c): Summary of range of possible evaporator 
conditions for Rune 10  



  
  

Feebee TE IRE CONDENSES SIMLLSTION eeeeee SSI TUBE WALLS HAVE INFINITE CONDUCTIVITY seeree 
BCI 4 Mm CD, SERS ccgcvh or ude ta SSN mul WALLS = .74NM THICK. 

C FRR 1a08 23.4 HOT G&S 44.20 @ POINT 38.30. SUBCLD LIQD 23.6C. 

TTEReTIGN NUMSES: 17 USED I= 150 TRIEL WATER 37.8752 CORRESPONDING TO Twil)= 20,3641 & TRIDD= 22.2059 

EalT WATER TEMP: 37,87C, FLOW RATE ic.5577 GRAN/S=C, WATER PRESS DROP =. 5577 BAR. PIMP CR 9234 WATT (OR = 07642) 
REFRIGERANT SASS FLOW RATE 7. 381E+00 GRAM/SEC 

SEPARATE RESULTS FOR THE THREE SEGMENTS SUPE RHEST TWO-PHASE SUBCOOLER TOTAL/AVERABE 

LENGTH GF EACH SEGMENT IN METRES 1.6750€+00 1, 2B00E+01 5. 2500E-01 1. S000E+01 
MASS OF REFRIGERANT IN KE. 1. 2011€-03 4, 4369E-02 9. 3002E-03 5. 4871E-02 

SEFRIG SIDE HEAT TRANS COEFNT: W/SQ MC. 8.9255€+02 5. 0125E+03 L.11B1E+03 4.41 47E+03 
REFRIG SIDE LINEAR H.T.C.: W/M C. 1. 178BE+01 6. 6903E+01 1.4923E+01 5. B924E+01 
REFRIGERANT SIDE REYNOLDS NUMBER 1. O041E+05 4. BISSE+03 1.0212E+04 2. 2696E+04 

WATER SIDE HEAT TRANS COEFNT: W/S@ NC. 4. AT9SE+O 3.231 7E+03 2. 3531E+03 ~ 3, 3098E+03 
WATER SIDE LINEAR H.T.C. W/M C. 7. 2184E+0! 5. SS98E+01 4. 0504E+01 5.6975E+01 
WATER SIDE REYNOLDS NUMBER 5. 4229€+03 4. OS05E+03 3.82238 +03 4. 7105E+03 

OVERALL LINEAR CONDUCTANCE: W/M C 1.01218+01 2. FS65E+0! 1. 0888E+01 2. 6739E+01 
NO. OF HEAT TRANSFER UNITS REFRIG. SIDE 3.0583 +1618 7593 3.9794 
NO. OF HEAT TRANSFER UNITS WATER SIDE 2488 5.4666 0785 5.7939 
EFFECTIVENESS OF EACH SEGMENT (PERCENT) 94,4339 90.4717 52. 1084 79.0046 
REFRIGERANT SIDE PRESSURE DROP IN BAR 2.1993€-01 1, 9572E+00 1,5292€-02 2.1915E+00 

THERMAL POWER PICK-UP BY WATER {W& 1) 149.4(12.3) 1040.7(85.9) 22.2( 1.8) 1212.2 
THERMAL POWER TRANSFERRED BY Ri2 (W & 2) 145.9412.) 1043.0(86.1) 22.2 1.8) 1212.0 
TOTAL MAX THERMAL POWER WITHOUT LOSS (Ww) 146.85 1043.04 22.16 1212.05 
THERMAL POWER LOSS FROM FREON = (W & 7) -0000 0000 0000 004 
SPECIFIC ENTHALPY OF REFRIG (J/K6) 2. 2214E+05 2.0225E+05 6. 0941E+04 5.7939E+04 

SPECIFIC ENTROPY OF R12 (J/KE.C) 7, 4344E+02 6. 8337E+02 2. 2803E+02 2. 1809E+02 
REFRIGERANT TEMPERATURE (DEG.C) 6. 4152E+01 3. 7297E+01 2.6298E+01 2. 3206E+01 
REFRIGERANT PRESSURE (BAR) 9. 2034E+00 B. 9B44E+00 7.0272E+00 7. O119E+00 
WATER TEMPERATURE (DEG.C) 3. 7B73E+01 3,57 14E+01 2.06B4E+01 2, 0364E+01 

RATE OF SAIN OF ENTHALPY BY WATER 1. 2123E+03 WATTS 
‘ +03 WATTS | RATE OF LOSS OF EHTHALPY BY R12 1.2120E “166 1 OF SPECIFIED POWER 

| CORRESPONDING TO AN ENERGY IMBALANCE OF 2.00S4E-O! WATTS OR 

-.2514 1 OF THE SPECIFIED POWER ly -3.0399E+00WATTS BY THE POWER LOSS BY R12 TO OUTSIDE -3.03 bis tee fe wel ae 
| THE POWER LOSS BY WATER TO OUTSIDE -3.2405E+00 WATTS bY 

RATE OF INCREASE OF ENTROPY BY WATER 4. 0116E+00 WATTS/C 

THERMAL ENTROPY CREATION RATE 5.8301E-02 WATT/C 

F GROSS WORK 4. 1664E+01 WATTS AT 38.28 C 

RATE OF LOSS OF ENTROPY BY R12 3.8779E+00 WATTS/C ‘| 

NET RATE OF ENTROPY FLOW THRU SYSTEM BOUNDARY 1. 3378-01 WATT/C 

R12 P.D. ENTROPY CREATION RATE 7.5479€-02 WATT/C RATE OF LOSS O 

RATE OF ENTROPY GAIN OF WATER HAD IT BEEN 10C HOTTER 3.8784E+00 WATTS/C. FOR SAME sitar beth Rs oan ae 

A COUNTER-FLOW WATER-WATER HEAT EXCHANGER WOULD HAVE DELTA-T OF 10,0414 DEG C ae om 

OR 1.744 HEAT TRANSFER UNITS, WHICH IS 30.10 % OF THAT FOR THE WATER SIDE OF THE PRES! «KR, 

Table A-6.14(a): Results in three segments for Rune 40  



  

(i) FW) TL ) HRI ATURIT) URE MWD) NTU) UNE UL) 7.87 d,00E#00 S104 Q7E+02 1, 896-04 OHE+OT 1,49E-02 7.17E#01 1.038401 
ee eae 40,02 SEH? 1. 94E-61 M1 S.98E*03 1.54E-02 7.038401 1.078401 2 OBE+O2 1.BE-O1 1,22E401 3.906403 1506-02 6.936401 1.04640! eS) B4E+02 1.80E-O1 1.196401 S.BKEHO3 1.466-02 6.866401 1.01E+0! b.16  3S1E-02 GbEHOD 1. 7SE-01 1.166401 3J.B4E4D3 $.43E-02 6.B1E40! 9.926400 36.00 4,28E-02 92E+02 1.BIE-O1 1.17E+O1 S.4CE+03 1.496-02 9.81E+61 1. 03E+01 .88 5. 40-02 A3E+02 1.70E-O1 1.13601 3.896452 1406-02 6.756401 9.6BE+00 226-02 SSE+O2 1.6BE-01 1.12 3.79E+03 1.39E-02 &.74E+01 9.60400 

40E-02 2OE+O2 167-01 L.11E40L 3.79403 1. 396-02 6.726401 9. 54E400 O
m
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TRU) TWIT) 0 SWC HRT) NTUR(D)  UR(TS HW(T) NTUWIT) = UW{T UL{T) 
37.25 7 3S. of 35.87 sSHECOS O.O0E+O0 2.03E+01 3, 78E+03 
37,12 . 9 36.07 sSSEHOT O.Q0E+00 4. 39E+01 5.54E+03 

2 25E-02 &.71E+01 1.568401 
4 

36.98 . . OLE 36.18 -SBEHO3 0.00E+00 7.49E+01 3. 76E+03 
1 
{ 
1 

22E-02 B.71E+01 2. 92E+01 
+10E-02 6, O7E+01 3.S3E+01 
OOE-U2 6,64E+01 4, 15E+01 
9BE-02 6, 59E+O! 4.146401 

-B5E-02 6.55E+0! 4. 05E+01 
-TbE-02 B.47E+01 4. 68E+01 

36,84 i 35.3 1, 08E-0 36.20 -2HEt03 O.Q0EHO0 1.1LE+02 3. 74E+03 
36.70 : . 1206-01 36.04 8. 2BE+03 9, 00E+00 1.116402 3.716403 
36.54 . 9 2 So.9 T.IOEFOS O,Q0EH00 1.06E+02 3.498403 
36.41 of 4.71 1.35 35.74 T.9TE+*O3 O.00E+00 1.04E+02 5. 39E+03 
36.24 ‘ hae, ae 35.54 T.41E+03 0,Q0E+00 9.94E+01 3.5BE+03 5.60E-02 6.35E+01 3.87E+01 
36.08 7 : ' 35.37 7. 24E+03 0.00E+00 9.7IE+0! 3.55E+03 S.S3E-02 6. 31E+01 3.826401 
35.90 . A ee 1 35.08 T.ASE+O3 0. 00E+00 F.57E+01 3.S3E+03 5.47E-02 6,26E+01 3. 78E+01 
35.73 . . . 34,98 7.Q04E+03 0.00E+00 9.44E+01 S.50E+03 5.42E-02 6.22E+01 3. 75€401 
35.55 34,77 T.27E+03 0.Q0E+00 9.526401 5.12E+03 6316-02 8.06E+01 4. 36E+01 
35.36 34,58 G.B7E+03 O.00EHO0 9. 21E+01 3.46E+03 5.32E-02 6. 13E+01 3.486401 
35.17 34.39 S.79E+OS 0.00E+00 F.11E+01 3.436403 5. 286-02 6.09E+01 3.65E+01 

34,98 34.07 G6. 71E+03 O,00E+00 F.00E+01 S.41E+03 5.236-02 6. 04E+01 3.626401 
34,79 33.97 .64E+03 0.006400 B.90E+0! J. 3GE+03 5.18E-02 4.00E+01 3.59E+01 
34.60 33.75 G.B7E+03 0.00E+00 B.99E+O1 4.95503 6.03E-02 7.7BE+01 4, 17E+01 
34.39 33.55 &.49E+03 0.00E+00 B.71E+01 IS.33E+03 S.09E-02 S.91E+01 3.52E+01 
34.20 33.354 6.42E+03 0.00E+00 B.O1EHOL IJ.31E+03 5.04E-02 S.B7E+01 3. 49E+01 
33.99 33.02 S.SHEH03 0.00E+00 B.SIE+OL 3. 28E+03 5.00E-02 S.82E+01 3. 46E+0! 
33,80 32.91 6. 28E+03 0.00E+00 B.AZE+O1 3.26E+03 4.956-02 S.7BE+01 3. 43E+01 
33.60 32.68 6. 49E+03 0. 00E+00 B.S0E+0! 4. 77E+03 5. 76-02 7.50E+01 3. 98E+01 
33.39 32.48 G.13E+03 0.00E+00 8.22E+01 3.21E+03 4.86E-02 5.496401 3. 36E+01 
33.19 q 32.28 5. 06E+03 O.00E+00 B.13EH01 3.12E+03 4.76E-02 S.SHE+0! 3. 30E+0! 
32.98 : 31.94 S.9BE+03 0.00E+00 B.03E+01 S.10E+03 4.71£-02 S.SOEH01 3.26E+0! 
32.78 . : 31.85 S.PLE+O3 0.00E+00 7.93E+OL J.O7E+03 4.67E-02 S.4bE+01 3. 23E+01 

32.59 : . 31.62 B.ALEHO3 0,00E+00 8.00E+01 4.516403 5.43E-02 7.10E+01 3. 76E+01 
32.38 . . 31.42 S.7HE+03 0,00E+00 7.73E+0l 3.03E+03 4.58E-02 S.37E+01 3.17E+01 
32.18 7, . . 31.21 S.69E+03 0,00E+00 7.63E+01 3.00E+03 4.,53E-02 S.33E+01 3.14E+01 
31.98 . . 30,87 5.6103 0.00E+00 7.52E+O1 2.986403 4.4BE-02 5. 29E+01 3. 10E+01 
31.79 7. . 30.78 S.S3E+03 0.00E+00 7.426401 2.95E+03 4.446-02 5. 24E+01 3.07E+01 
31.60 . . 30.55 S.71E+O3 0.00E+00 7.47E+Ol 4.34E+03 5.15E-02 6.83E+01 3.57E+01 
31,40 30.35 S.S7E+O3 0.00E+00 7. 20E+01 2.91E+03 4.34E-02 S.16E+01 3. 01E+01 
31.21 . ° * 30.14 5.29E+03 0.00E+00 7. 10E+01 2.886+03 4.30E-02 S.12E+01 2. 97E+01 
31.01 . ° ° 29.79 5.20E+03 0,00E+00 6.98E+01 2.86E+03 4.24E-02 S.OBE+O! 2. 94E+01 
30.83 . * 29.72 S.12E+03 0.00E+00 6.86E+01 2.B4E+03 4.196-02 S.O3E+0L 2. 90E+01 

30.65 1 : 29,49 526E+03 0.00E+00 6.B9EH01 4.17E+03 4.B5E-02 6.56E+01 3, 36E+0! 
30.47 ° . 29,29 4.93E+03 O.00E+00 6.62E+01 2.74E+03 4.05E-02 4.86E+01 2.80E+01 
30.29 ‘ 29.10 4.BSE+03 0.00E+00 6.50E+01 2.72E+03 4.00E-02 4.82E+01 2. 77E+01 
30.11 : . . 28.74 4, 7THE+03 0.008400 6. 36E+01 2.6903 3.94E-02 4.7BE+OL 2. 73E+01 
29.95 7, : 28.69 4. O5E+03 0.00E+00 6.24E+01 2.67E+03 3.89E-02 4.74E+01 2.696401 
29.79 . . 28.45 4.76E+03 0.00E+00 6. 23E+01 J.93E+03 4.48E-02 4.1BE+01 3. 10E+01 
29.62 . . 28.27 4.448403 0.00E+00 5. 96E+01 2.626403 3.77E-02 4.66E+01 2.61E+01 
29,47 . 28.07 4. 3HE+03 0.008400 5.82601 2.606403 3.72E-02 4.62E+01 2. 57E+01 
29.31 3 ' 27.68 4.22E+03 0,00E+00 5.66E+01 2.58E+03 3.65E-02 4.57E+01 2. 53E+01 
29,17 . ‘ , 27.65 4. 12E+03 O.00E+00 S.S3E+O1 2.55E+03 3.60E-02 4.53E+01 2.496401 
29.03 : ° . 27,41 §.21E+03 0.00E+00 5.52E+01 J. 76E+03 4.12E-02 5.92E+01 2. 85E+01 

28.90 27.23 J. 92E+03 0.006+00 5.26E+01 2.51E+03 3.48E-02 4.45E+01 2.416401 
28.77 27.03 S.BIEHO3 O.00E+00 S.12E+01 2.486403 3.42E-02 4.41E+01 2. 37E+01 

28.65 26.61 S.9E+03 0.00E+00 4.95E+01 2.46E+03 J. 35E-02 4.36E+01 2.326401 
28.53 26.60 S.S7E+03 0.00E+00 4. 79E+01 2.396403 3. 25-02 4.25E+01 2. 25E+01 
28.43 26.36 S.G0E+03 0.00E+00 4.71E+01 3.52E+03 3.686-02 S.54E+01 2. 55E+0! 
28.33 26.18 3. 29E+03 0.00E#00 4.42E+01 2.35E+03 3.09E-02 4.16E+01 2.146401 
28.24 25.96 S.14E+03 0.00E+00 4.226401 2.326403 J.01E-02 4.13E+01 2. 09€+01 
28.16 23.28 5.16E-01 25.48 2.97E+03 0.00E+00 S.99E+01 2.30E+03 2.91E-02 4.0BE+01 2.02E+01 
28.08 22.99 5.18E-01 25.47 2.B0E+03 0.00E+00 S.75E+01 2.286403 2.81£-02 4.04E+01 1. 95E+01 
28.02 22.70. 5.20E-01 25.15 2. 73E+03 0.00E+00 S.S7E+O1 3.35E+03 3.07E-02 5.27E+01 2.13E+0! 
27.96 22.39 5.27E-01 24.93 2.39E+03 O.00E+00 S.21E+01 2.24E+03 2.566-02 3.97E+01 1. 77E+01 

27.92 22.10 S.29E-01 . 24,64 2.17E+03 0.00E+00 2.91E+01 2.22E+03 2.41E-02 3.94E+01 1.67E401 
27,88 : 21.80 S.35E-01 24.06 L.9LE+O3 O.00E+00 2.56E+01 2.20E+03 2.23E-02 S.91E+01 1.548401 
27.85 . 21.53 © 5.37E-01 23.93 1.63E+03 0.00E+00 2.19E+01 2.196403 2.02E-02 3.88E+01 1. 40€+01 
27.83 ' 21.28 5..39E-0f.. 23.42 1. 39E+03 0.00E+00 1.82E+01 3.1GE+03 1.92E-02 4.9701 1. 33E+01 
27.82 21.05 5.46E-01 22.99 9,B0E+02 0.00E+0O 1.29E+01 2.14E+03 1.39E-02 3.B0E+01 9.62E+00 
27.81 . 20.84 5.48E-01 22.80 . 2.00E+03 0.00E+00 2.696401 2.146+03 2.27E-02 S.B1E+01 1.58E+01 
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TRI) TWiT) PWT) THT ) X(T) HR(T) NTUR(T) — UR(T) HW(T) NTUW(T) = UW(T UL(I) 
25.45 : 20.60 S.54E-01 21.84 +00 L.,11E+O3 1,49E-O1 1.A9E+O1 2.146403 1.54E-02 3. 79E+01 1.078401 
24.18 . 20.46 S.50E-O1 . 21.51 +00 1.,10E+O3 1,49E-01 1.4BE+01 2.16E+03 1.54E-02 3.B4E+01 1.07E+01 

23.21 : oh 5. 58EO1 21015 +00 1.19E+03 0.00E+00 1.60E+0! 2.35E+03 1.67E-02 4.18E+01 1.16E+01   
Table A-6.14(b): The profiles of parameters for Rune 40 
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SUMMARY OF RANGE OF POSSIBLE EVAPORATOR CONDITIONS ASSUMIMG SOX COMPRESSOR ISENTROPIC EFFICIENCY 
COND. PRESS= 

TEMP PRESS 
12.00 
14,00 
16,00 
18.00 
20.00 
22.00 
24.00 
26.00 
28.00 
30.00 
32.00 
34.00 
36.00 

EVAPORATOR 

4.49 47237. 
4.77 49129. 
5.06 51028. 
5.36 52935. 
5.67 54851. 
6.00 56775. 
6.34 58708. 
6.69 60651. 
7.06 62604. 
7.45 64568. 
7.85 66542. 
8.26 68528. 
8.69 70526. 

H(t=0) H(t=1) 

192543. 
193359. 
194168. 

194970, 
195764, 
196550. 
197327, 

198095. 
198854. 
199604, 
200343, 
201071. 
201788, 

9.2 COND. TENP= 38.28 ENT. H= 222141. ENT. S= 

+ ENTRY 
Sit=0) Sill) # S X 

181,71. 69h. AS. & 220,69". 0785 
188.25 690.66 # 220.37 .0639 
194.77 689.93 # 220.10 .0512 
201.26 689.23 # 219,87 .038! 
207.74 688.55 €# 219.68 .0248 
214.20 687.89 # 219.54 0113 
220.64 687.26 # 219.46 -.0026 
227.07 686.64 # 219.46 -.0167 
233.48 686.03 # 219.46 -.0312 
239.89 685.44 # 219.46 -.0460 
246.28 684.86 # 219.46 -.0612 
252.66 684.30 # 219.46 -.0768 
259.04 683.73 # 219,46 -.0928 

EXIT 
Ss H T 

695.54 193772. 13.73 
699.90 196078. 17,88 
704,13 198360. 21.98 
708.22 200617. 26.02 
712.20 202849. 30.01 
716.05 205057. 33.94 

719.79 207240, 37.82 
723.41 209399. 41.65 
726.93 211535. 45.44 
730.35 213647. $9.17 
733.66 215735. 52.86 
736.87 217800. 56.50 
739.99 219839, 60.10 m

m
m
 

m
m
 

z 

+ 

EVAP 
CAP 

1000. 
1017. 
1033. 
1050. 

1067. 
1083. 
1099. 
iS. 
131. 
1146. 
1162. 
1177, 
4192. 

SUMMARY QF RANGE OF POSSIBLE EVAPORATOR CONDITIONS ASSUMING 55% COMPRESSOR ISENTROPIC EFFICIENCY 
COND. PRESS= 

TEMP PRESS 
9.00 
10,00 
12.00 
14.00 
16.00 
18.00 
20.00 
22.00 
24.00 
26.00 
28.00 
30.00 
32.00 
34.00 
35.00 

EVAPORATOR 

3.98 43476. 
4.23 45353. 
4.49 47237, 
4.77 49129, 
5.06 51028. 
5.36 52935. 
5.67 34851. 
6.00 56775. 
6.34 58708. 
6.69 60651. 
7.06 62604. 
7.45 64568. 
7.85 66542. 
8.26 68528. 
8.69 70526. 

HiX=0) H(X=1) 
190890, 
191720. 
192543, 
193359. 
194168. 
194970, 
195764, 
196550, 
197327. 
198095. 
198854. 
199604. 
200343. 
201071. 
201788. 

9.2 COND. TEMP= 38.28 ENT. H= 222141. ENT. S= 

+ ENTRY 

S(x20) S(Xsl) € § x 
168.55 693.01 # 221.47 .1009 
175.14 692.20 # 221.06 0868 
181.71 691.41 # 220.69 0765 
188.25 690.66 # 220.37 .0639 
194,77 689.93 # 220.10 .0512 
201.26 689.23 # 219.87 .0381 
207.74 688.55 # 219.68 .0248 
214.20 687.89 & 219.54 0113 
220.64 687.26 # 219.46 -.0026 
227.07 686.64 # 219.46 -.0167 
233.48 686.03 # 219.46 -.0312 
239,89 685.44 # 219.46 -.0460 
246.28 684.86 # 219.46 -.0612 
252.66 684.30 # 219.46 -.0768 
259.04 683.73 # 219.46 -.0928 

EXIT 
s H T 

697.18 192087. 9.75 
700.92 194231. 13.47 
704.54 196351. 17.55 
708.06 198448. 21.37 
711.48 200522. 25.14 
714.79 202574. 28.86 
718.01 204603. 32.53 

721,13 206610. 36.16 
724.16 208595. 39.75 
727.11 210558. 43.29 
729.97 212499. 46.79 

732.75 214419, 50.25 
735.45 216317. 53.67 
738.07 218194. 57.05 
740.62 220048. 60.38 
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743.44 LEAV. TEMP= 23.63 LEAY. 

1003. 
1019, 
1034, 
1049, 
1065. 
1080. 
1094, 
1109, 
1124. 
1138. 
1152. 
1166. 
1180. 
1194, 

SUMMARY OF RANGE OF POSSIBLE EVAPORATOR CONDITIONS ASSUNIMG 60% COMPRESSOR ISENTROPIC EFFICIENCY 
COND. PRESS= 

TEMP PRESS 
2.00 
4.00 
6,00 
8.00 

10.00 
12,00 
14,00 
16.00 
18.00 
20.00 
22.00 
24.00 
26.00 
28.00 
30.00 
32.00 
34.00 
36.00 

EVAPORATOR 
H(X=0) H(X=1) 

3.29 37884. 
3.51 39742, 
3.74 41606. 
3.98 43476, 
4.23 45353. 
4.49 47237, 
4.77 49129, 
5.06 51028. 
5.36 52935. 
5.67 54851. 
6.00 56775. 
6.34 52708. 
6.69 60651. 
7.06 62604. 
7.45 64568. 
7.85 66542. 

6 68528, 
9 70326. ao 

to
 8 

§. 

Table 

188363, 
189211. 
190054, 
190890, 
191720, 
192543, 
193359. 
194168, 
194970. 
195764, 
196550. 
197327, 
198095. 
198854. 
199504, 

200343, 
201071. 
201788. 

A-6. 

9.2 COND. TEMP= 38.28 ENT. H= 222141. ENT. S= 

t ENTRY 

Sixs0) S(t21) # § X 
148.62 695.66 # 223.03 .1360 
155.29 694.74 # 222.46 .1245 
161.94 693,86 # 221.94 1128 
168.55 693.01 # 221.47 1009 
175.14 692.20 # 221.06 .0888 
181.71 691.41 # 220.69 .0765 
186.25 690.66 # 220.37 .0639 
194.77 689.93 # 220.10 0512 
201.26 689.23 # 219.87 .038! 
207.74 688.55 # 219.68 .0248 
214.20 687.89 # 219.54 0113 
220.64 687.26 # 219.46 -.0026 
227.07 686.44 # 219.46 -.0167 
233.48 686.92 # 219.46 . -.0312 
239.89 685.44 # 219.46 -.0460 
246.26 684.86 # 219.46 -.0612 
252.66 684.30 # 219.46 -.0768 
259.04 683.73 # 219.45 -.0928 

14(c): Summary of 
conditions 

EXIT 
S$ 4 T 

696.44 188570, 2.33 
699.73 190599. 6.11 
702.92 192606. 9.83 
706.02 194592. 13.5! 
709.02 196556. 17.14 
711.94 198500. 20.73 
714.77 200422, 24.27 
717.53 202323. 27.77 

720.20 204204. 31.22 
722.80 206064. 34.64 
725.33 207904, 38.02 
727,78 209724. 41.35 
730.17 211523. $4.45 
732.49 213303. 47.92 
734.74 215062. 31.14 
736.94 216803. 54.34 
739.07 218523. 57.50 
741.14 220222. 60.62 
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743.44 LEAVY. TEMP= 23.63 LEAVY. 

EVAP 
CAP 

961. 
976. 
m1. 

1006. 
1020. 
1035, 
1049, 
1063, 
1077, 
1090. 
1104, 
117. 
M31. 
1144, 
4157. 
1179, 
1182. 
1195. 

743.44 LEAVY. TENP= 23.63 LEAV. H= 

CAP 
209, 
192, 
176, 
159, 
142, 
126. 
110, 
94, 
7 

63. 
47. 
32. 

> 
fe 

H= 

CAP 
222. 
206. 
190. 
175. 
160. 
144, 
129. 
115, 

Hi 

CAP 
248. 
233. 
218. 
203. 
189, 
175. 
160. 
146. 
132. 
119, 
105. 
92. 
78. 
65. 
52. 
39. 
27. 

58351. LEAV. S= 219.46 

COMP PRESS YDOT COPH 
RATIO CUN/H 

2.048 1.04 5.773 
1.950°. 699 6.284 
1,820 .94 4.887 
1.718 - .90 7,609 
1.623 .Bb 8.490 
1.535  .83 9.587 
1.452 79 10,992 
1.375 76 12.855 
1,303 72, «15.443 
1.236 69 19,282 
1.473 66 25.967 
1.494 64 37.727 
$.059 56) 7i.43! 

58351. LEAV. S= 219,46 

COMP PRESS VDOT  COPH 
RATIO CUM/H 

2.313 1.16 5.450 
2.175 1.41 5,868 
2.048 1.06 4.351 
1,930 1.01 6.913 
1.820 .95 7.576 
1.718 .92 8.370 
1.623 .87 95339 
1.535 .83 10.546 
1,452.80 12.091 
1.375 76 34,140 

« 1303.73 16.987 
1.236 .70 21.210 

« LI73. 67. 28.5123 
1.416 64 41.499 
1.059 61 78.244 

38351. LEAV. S= 219.46 

COMP PRESS VDGT ~ COPH 
RATIO CUM/H 

2.795 1.39 4.879 
2.621 1.32 5.193 
2.461 1.25 5.546 
2.313 1,29 5.945 
2.175 1.13 6.402 
2.048 1.07 6.928 
1.930 1.02 7.541 
1.820. .97 8.265 
TO7M8 > 293." 9.431 
1.623 88 10.188 
1.535 .B4 11.505 
1,452 80 -13.190 
4.375.777. 15.425 
1.303 673 18.531 
1.236. 070 23,138 
1.173 67 30.680 
Lite 064 45.272 
1.059. .61 65.357 14, 

range of possible evaporator 

for Runa 40 
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BECMETRY: SUBCOOLER 
BOND CNDCTNCE SOO. OWN. C 

TTERATICN NUMBER: $2 USED T= f5¢ 

      

  

Pao ds 3. Zon OD; 

  

    

  

HOT GAS 

TRIAL WATER EIT TEMP: 42.6027 

  

S HAVE INFINITE COND 
WATER SIDE 7 

66.20, 

  

    SMM OD, 
Sed POINT 42. 2C. 

JOTIVITY #eeeee 

ALL WALLS 744M THICK, 
SUBCLD LIGD 31.3C, 

CORRESPONDING TO TW(I}= 22.2758 & TRIT)= 30.4527 

EXIT WATER TEMP 42.60. FLOW RATE i2,8446 GRAM/SEC. WATER PRESS DROP 2391 BAR. PUMP PWR «=. 3071 WATT (OR 
REFRISERANT MASS FLOW RATE 6. 00 SRAMN/SEC 

SEPARATE RESULTS FOR THE TYREE SEGMENTS SUPE RHEAT TWO-PHASE SUBCOOLER TOTAL /AVERASE 

LENGTH OF EACK SEGMENT IN METRES 1. I750E+00 1. 2800E+01 2. 2500E-01 1, S000E+0! 
MASS OF REFRIGERANT IN KE. 1.5707E-03 3.7767£-02 3.676b&-03 4. 3014E-02 — 

REFRIG SIDE HEAT TRANS COEFNT: W 8. 3326E+02 4, 9b66E+03 i. O581E+03 4, 3634E+03 
REFRIG SIDE LINEAR H.7.C.: W/E 1. 1136E+01 6. 6291E+01 1, 4195E+01 5.8242E+01 
REFRIGERANT SIBE REYNOLDS NUMBER 1. 4797E+05 5. PITME+03 1.0039E+04 2. 3202E+04 

WATER SIDE HEAT TRANS COEFNT: W/SO MC. 2,1965E+03 1 4195E+03 2, 254E+03 
WATER SIDE LINEAR H.7.C, W/M C. 3.7772E+01 2.S197E+01 3.8862E+0! 
WATER SIDE REYNOLDS NUMBER 4, S603E+03 3. 9976E+03 3. 0327E+03 4. 0512E+03 

OVERALL LINEAR CONDUCTANCE: W/M C 9. 9974E+00 2. 344E+0! 9. 0797E+00 2. 1343E+01 
WO. OF HEAT TRANSFER UNITS REFRIS. SIDE 3.3332 1314 +2646 3.7292 
NO. OF HEAT TRANSFER UNITS WATER SIDE «33355 5.9961 +9338 5. 9654 
EFFECTIVENESS OF EACH SESMENT (PERCENT) 95. 4828 93.7198 22.9376 79,7134 
REFRIGERANT SIDE PRESSURE DROP IN SAR 2.0144E-01 1. 7388E+00 5. 4163E-03 1, 94S7E+00 

THERMAL POWER PICK-UP BY WATER (W& %) 132.4(42.1) 942,2(86.3) 16.7( 1.5) 1091.3 
THERMAL POWER TRANSFERRED BY Fiz ‘W& 2) 130.119) 943.5186. 5) 16.7( 1.5) 1090.2 

TOTAL MAX THERMAL POWER WITHOUT LOSS (Ww) 130.08 943.45 16,68 1090.20 
THERMAL POWER LOSS FROM FREON (WS 2} 9000 0000 - 0000 OO = .0) 

SPECIFIC ENTHALPY OF REFRIG (2/K6} 2. 22418405 2. O363E+05 6. 7A21E+04 6. SOL4E +04 

SPECIFIC ENTROPY OF R12 (3/KE.C} 7, 3854E+02 6.8226€+02 2. 4911E+02 2. 4133E+02 
REFRIGERANT TEMPERATURE (DEG.C) 6. 6166E+0! 4, 1Z10E+01 3. 2B87E+9! 3. O4S3E+01 
REFRIGERANT PRESSURE (BAR) 1. 0132E+01 9. 9308E +00 9. 1920E+00 8. 1866E+00 
WATER TEMPERATURE (DE6.C} 4. 2603E+01 4, O135E+01 2. 2586E +01 2.2276E+01 

RATE OF LOSS OF EHTHALPY BY R12 

CORRESPONDING TO AN ENERGY IMBALANCE OF 

THE POWER LOSS 
THE POWER LOSS BY WATER TO QUTSIDE 

PATE OF LOSS OF ENTROPY BY R12 3.443 
NET RATE GF ENTROPY FLOW THRU SYSTER 
Ri2 PD. ENTROPY CREATION RATE 6.290 

BI 
2 

1.0902E+03 WATTS 

BY R12 Tl OUTSIDE -b.078SE+OOWATTS BY 
-7,1285E+00 WATTS BY 

3BE+00 WATTS/E 
GUNDARY 1.2948E-91 WATT/C 
€-02 WATT/C 

1.0499E+00 WATTS 

RATE OF GAIN OF ENTHALPY BY WATER L.O913E+03 WATTS 

OR  .0968 % OF SPECIFIED POWER 

~.5507 % OF THE SPECIFIED POWER 
~. 6575 % OF THE SPECIFIED POWER 

RATE OF INCREASE OF ENTROPY BY WATER 3.5723E+00 WATTS/C 
THERMAL ENTROPY CREATION RATE 6.5582E-02 WATT/C 

RATE OF LOSS OF GROSS WORK 4.0S17E+01 WATTS AT 42.20 C 

RATE OF ENTROPY GAIN OF WATER HAD IT BEEN 10C HOTTER 3.4557E+00 WATTS/C. FOR SAME GROSS RATE OF ENTROPY INCREASE,     A COUNTER-FLOW WATER-WATER HEAT EXCHANGER WOULD HAVE DELTA-T OF 

GR 1.844 HEAT TRANSFER UNITS, WHICH IS 

11.0207 DEG C CORRESPONDING TO-AN EFFECTIVENESS OF 64.842 

30.92 1 OF THAT FOR THE WATER SIDE CF THE PRESENT HT.XR. 

Table A-6.15(a): Results in three segments for Runa 44 
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LNTH | oTRLD) HRT) NTURT HL) NTUW(ED)  UWwOT Lit) > 

00 64.17 8. S0E+02 { 4 j 02 4. S1£+01 
% «58.93 8, 77E+02 { 2: 1, 76E-¢2 4, 72E+01 
40.-°S3,79 8.S5€+02 {iy 2 1.71E-02 4,55€+01 

60 $9.02 8. 406 +02 i 2. 1,68E-02 4.50 +01 
180 47,42 £, 26£ +02 7 2.52E+03 $.66E-02 8.478401 

1500+ 45.58 2 8. S5E+02 L.AZECOL 3,7bE+03 1. 75-02 S.91E +01 
4.20 44,10 2 ': 8. 10E+02 LO9E+0i 2.496403 1. 638-02 4.42640; 2E 
1.40 43,08 40.32 3.08E-02 40.86 100.00 3.04E+02 L.OSE+O! 2.49603 1.62E-02 4.41E+01 8,47 

1.60 42,30 40.24 J.S7E-02 40.60 100.00 8.00E+02 L.O7E+01 2,48E+03 1.618-02 4.408401 8. O38: 
1.80 41.73 40.18 4.04E-02 49.48 100.00 7.96E+02 LO7E+O! 2,48E+03 1.50E-02 4. 39E+O1 8. S9E+00 

   

  

    

  

  
    
    

UNTH = TRiT) PRI) TWIT) Pld THT) 3} HRUT) NTUR{T)  URAT} Hw(t) NTUW(T) = UWI ULT} 
2.00 41.31 9.93 - QS 4, 40.34 99.96 F.ObE+02 D.CCESOO 1.198401 3,71E+03 1.84E-02 S.B4E+O1 9. 94E+00 
2.20 41.26 9.90 40.08. 5.0 40.46 99.67 2,10E+03 O.O0E+CO 2.826401 2.47E+03 3.20E-02 4.3BE+01 1.716401 
2.40 41.16 9.88° 40.00 5. 49.52 99.20 S.23E+03 O.Q0EH00 4. 33E+O1 2.4bEHOT 4.0SE-02 4.378401 2. 17E+0! 
2.60 . 41.05 9.85. 39.89 °° 5.9 40.46 98.57 4.GBE+03 C.Q0E+00 6. 28E+01 2.456403 4.80E-02 4.348401 2.57840! 
2.80 40.95 9,83.. 39.277 6.3 $0.51 97,88 G.1BE+0S O.OCEHOO 8. 29E+01 2.456403 S. 316-02 4.346401 2. 85E+G1 
3.00 40.85 9.80 39.64 6.7 40.46 97,11 B.1OE+03 O.00E+00 1.065402 J.59E+03 6.87E-02 S.G4E+Cl 3. 48E+0i 
3.20 40.74 9.78 39.48 7.27 40.37 96.19 7.OSEtO3 O.O0E+00 1.026402 2.43E+03 5.45E-02 4. 31E+01 3.036401 
3.40 40.63 95132 38.887, 40.24 95.33 7, 3BE+03 C.O0E+00 F.90E+O1 2.41E+03 5.58E-02 4.298401 2.99840! 
3.60 40.51 it: Th 40.04 94.37 7.1GEH03 O.00E+O0 F.O0E+01 2.40E+03 S.51E-02 4.27840! 2.958401 
3.80 40.39 9.70 39.02 8 39,97 93.49 7.00E+03 0. 00E+00 F.I9E+0! 2.396403 5.45E-02 4.256401 2.92840! 
4.00 40.27 9.67 36.86 8 39,82 92.59 7.17EH0S C.O0E+O0 9. 39E+0! S.SHE+03 6486-02 S.S2E40L 3. 4BE+01 
4.20 40,14 9.68 38.69 9. 39,68 91.58 6. 7HEt0T O.00E+O0 9.04E+01 2.37E+03 5.35E-02 4. 20E+01 2.87840! 
4.40 40.02 $61 38.53 . 9 39,54 90,66 G.O4E+03 O.00E+00 S.90E+O1 2,36E+03 S.31E-02 4.186401 2.95E+01 
4.60 39.88 9.57 $8.35. 1,0 39.32 89.62 &.SHE+03 O.O0E+00 B.77E+01 2.346403 §.26E-02 4.16E+01 2. 82E+01 
4.80 39.75 9.54 38.18 1.0 39.24 88.67 6.48E+03 0.00E+00 8. 70E+01 2.33E+03 5.23E-02 4. 14E+01 2. B0E+0! 
5.00 39.6! 9.51 38.02 1. 39,09 87.70 6.72E+03 O0.00E+00 S.80E+OL 3.425403 6.23E-02 5.3BE+01 3. 34E+0! 
5.20 39.47 9.48 «(37.83 1. 38.94 86.61 O.37E+H03 O.00E+00 B.SSEHOL 2.T1E+03 S.16E-02 4.09€+01 2. 77E+0! 
5.40 ° 39.33 9.45 37.65 - 1. 38.79 85.61 6.32E+03 0.00E+00 B.4BE+01 2.29E+03 5.13E-02 4.07E+01 2.756401 
3.60 39.18 PAL sb 38.54 84.89 6.27E+03 9.00400 8.40E+01 2,28E+03 §.09E-02 4.05E+01 2.738401 
3.80 © 39.04 9,38: 37.28. 1, 38.47 83.45 6.226403 C.O0E+00 B.HE+O1 2.27403 S.06E-02 4.026401 2.718401 
6.00 78.90 $30 S209. 163 38.29 82.40 S.ASE+HO3 O.00E+00 B.45E+0! S.I3E+03 4.02E-02 5.236401 3.238401 
6.20 38.74 95S1y); $6.87 = 3, 38.14 84.23 b.12E+03 0.00400 8.21401 2.245403 4.99E-02 3.97E+01 2. 48E+01 
6.40 38.5 27) S670 37.97 80.14 G.O7E+O3 9.006400 8.14640! 2.236403 4,96E-02 3.95E+01 2. 66E+0! 
6.60 38.44 9.24 36.48 1. 37,70 78.92 6. 02E+03 O.00E+00 B.07E+01 2.176403 4.85E-02 3.B4E+0! 2,408+01 
6.80 38.29 5202 36.2941, 37.64 77.81 S.97E+03 C.00E+00 G.O1E+01 2,15E+03 4.826-02 3.82640! 2.59E+¢: 
7.00 38,14 9.17. 36.09 1. 37.46 76.69 O.S9E+O3 O.ONE+00 A.TIE+GL 3.22E+03 S.B2E-02 S.O7E+01 3. 12E+0! 
7.200 (37,97 9.159.864. 37.29 75.41 S.O7E+03 0.00E+00 7.B7E+01 2.12603 4. 75E-02 3.77E+0! 2.S5E+C! 
7.40 37,82 9.10 «6-35.66 3h. 37,12 74.25 S.B2E+03 O.O0E+00 7.BIE+OL 2.116403 4.72E-02 3.74E+01 2. 53E+01 
7.60 37.66 9.06. 35.42 1.6 36.82 72.92 S.7bE+OT O.O0E+00 7.73E+01 2.096403 4.68E-02 3.72E+01 2.51E+61 
7.80 37.5! 9.03. 3.21 1. 36.76 74.70 S.7IE+O3 0.005490 7.66E+01 2.0BE#03 4.64E-02 3.69E+01 2.49840: 
8.00 37.35 0.99 1, 36:57 70.46 S.92E+03 0.006+00 7. 75E+01 3.05E+03 S.53E-02 4.80E+01 2.97E+01 
8.20 37.19 8.96. 34.78: 103 36.39 69.06 S.G0E+03 O.00E+00 7.S1E401 2.05803 4,56E-02 3.538401 2.45840! 
9.40 37.04 8.92 4.51 4h 36.21 67,77 S.S4E+03 0. Q0E+00 7.43E+01 2.038403 4.53E-02 3.416401 2. 43E+01 
8.60 36.87 BBB 34.28. 51, 35.89 66.30 S.ABE+OS C.00E+00 7.35E+01 2.01E#C3 4.48E-02 3.5BE+01 2.41540! 
8.80 36,72 8.85 34.01 1. 35.83 64.94 S.41E#03 O.00E+00 7.26E+01 2.006403 4.446-02 3.5SE+0! 2.388461 
9.00 36.57 8.82 33.76 1. 35.62 63.54 5.60E+03 0.00E+00 7.33E+01 2.946403 5.28E-02 4.62E+01 2.83840: 
7.20 36.41 8.78. 33.48 1.9 35.44 61.95 S.2BE+03 O.00E+00 7.0BE+01 1.96E+03 4. 35E-02 S.49E+0L 2.34840! 
9.40 36.25 8.75 33.22. 1h 35.25 60.48 S.21E+03 O0.00E+00 6.996401 1.95E+03 4. 31E-02 2.318401 
9.69 36.10 8.71 32.93 1. 34,89 58.80 S.13E+#03 0.00E+00 6.88E+01 1.93E+03 4.26E-02 2. 29€+01 
9.80 35.95 6.68 32.65 1. 34.85 57.23 S.O5E+03 0.00E+00 6.7BE+01 1.91E403 4,21£-02 2.26E +0! 

10.00 35.80 8.65 32.36 1. 34.62 55.62 S.20E+03 O.00E+00 6.B1E+0! 2.80E+03 4,99E-02 2. 68E+0! 
10.20 35.65 8.61 32.04 2.0 34.44 S378 4. BBE+O3 0.00E+00 G.E5E+01 1.B7E+03 4. 10€-02 2, 20E+01 
10.40 35.5 8.58 S73 2. 34.25. 52.06 4, 79E+03 9.00E+00 6.43E+0! 1.826403 4. 00E-02 2. 15E+0i 
10.60 35.3 B.55 2.31039: .2502 33.82 50.11 4.696403 9.00E+00 6.296401 1,79F+03 3. 94E-02 2. 116401 
10.80 35.22 §.52:5,-31.07 2. 33.82 48.29 4,60E+03 O.00E+00 6. 16E+01 1.77E+03 3.88E-02 2. 08E+01 
11.00 . 35.09 8.49 30.74 2.0 33,58 46.41 4, 706403 O.00E+00 4.156401 2,60E#03 4,58E-02 2, 46E +03 
11.20 34.95 8.46 30.36 2. 33.38 44.27 4, 378403 0.008400 S.87E+01 1.73603 3,76E-02 2.02E+01 
11.40 34,83 8.44 30.01 2.1 33.16 © 42.26 4. 26E+03 O.00E+09 5.718401 1.718403 3.69E-02 1. 9BE+03 
11.60 34.70 8.41 29.60 2. 32.67 39.97 A, 12E+03 0.00800 SSE! 1.69E+03 3.62E-92 T.O0E*OL 1.948401 
11.80 34.58 BSB i: 2teed.e 3.20 32.69 37.92 S.99E#03 O.0CE+0O S.3SE+CL 1.G7E+03 3.55E-02 2.96E+91 1.918401 
12.00 34.47 8.36 26.84" 2. 32.40 35.59 4.04E+03 O.Q0E400 S.29E+01 2.446403 4.146-02 S.BHE+O1 2.238401 
12.20 34.36 8.34. 28.40 2.2%E 32,20 33.07 S.7HEHOS O00E+00 S.92E+0! 1.426403 J.40E-02 2.886401 1.B3E+01 
12.40 34.26 8.32 27.98 2. 396 | 30.69 TF. AIE+O3 O.00E+00 4.856401 1.606403 3.338-02 2.84E+0L 1.798401 
12.60 34.16 8.29: -2ee5he. 26 H.35 | 28.00 F.4bE+OS 0.00E+00 4.686401 1.54E403 3.216-02 2. 74E+01 1.725461 
12.80 34.08 8.28 27,072, H.45 | 25.50 S.31E+03 0.00E+00 4.44£+01 1.52403 S.13E-02 2.70401 1.488401 

13.00 34,90 8.26 26.62 2, SY.11 22.92 3.296403 0.00E+00 4. HEHOL 2.23E+03 3.H0E-02 T.SOE+OL 1. 93E+01 
13.20 33.93 8.24 © 26.12 2. 30,86 20.04 2.95E+03 O.00E+00 S.76E+0! 1.48E+03 2.94E-02 2.63E+01 1.58640! 

13.40 33.86 8.23 25.66 2. 30.54 17.35 2.75E+03 O.00E+00 J.A9E+O1 1.46E+03 2.83E-02 2.59E+01 1.52640! 
13.56 33.81 8.225 H.34 2, 29.72 14.38 2.5iE+03 O.00E+00 3.37E+01 1.446403 2.71£-02 2.56601 1.45E+0! 
13.80 33.76 B.2k MG? 2; 29.74 11.62 2.26E#03 9. 00E+00 J.04E+01 1.436403 2.57E-02 2.53E+01 1. 38E+0! 
14.00 33.73 8.20 24.20°° 2. 29.15 8.90 2,08E+03 9.00E+05 2.726401 2.07E+03 2.7HE-02 3.2b€+01. 1. 48E+0! 

14.20 33.76 8.20. 23870 * (2. 28.67 6.04 1. 658+03 2,29E+01 1.38E+03 2,16F-02 2.45E+01 1. 16E+9 
14.40 33,69 9.39 23.28: 2, 27.91. 3.53 8278403 OO L.7YEtO1 1.386403. 1.87E-02 2.46E+01 1. 018+0! 
$4.60 33.68 B19: 22.88. 2: 26.45 = 1,625 7.O0E+02 G.D0E+0G 1.028401 1.406403 1,34E-02 2.488401 7.238400 

UNTH TRI) =| BRIT) Twit) PWT) TT) XD) HRA ATUR(T) = URIT) HWiT) NTUWIT) = UW{T UL 
14.80 32.89 Bi89:: 22:59 2 2.3BE-01.< 23,79 -OG L,0SE403 1.31E-O1 1.42E401 1.416403 1.68£-02 -2.S0E+01 9.028405 
15.00 30.45 8.19 22.28 2,39E-01 . 25,21 +00 G.D0EH00 O.00E+00 O,00E+06 F.00E+00 0, 90E+00 0.598400 0.6 ¢ 

Table A-6.15(b): The profiles of parameters for Rune 44 
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SUMMARY OF RANGE OF POSSIBLE EVAPORATOR CONDITIONS ASSUMIMS SOZ COMPRESSOR ISENTROPIC EFFICIENCY 
COND. PRESS= 10.1 COND. TEMP= 42.20 ENT. H= 222412. 

EVAPORATOR 
HiX=0) H(X=1) 

51028. 194168. 
52935. 194970, 
54851. 195764. 
56775, 196550. 
98708. 197327. 
60651. 198095. 
62604. 198854, 
64568. 199604. 

66542. 200343. 
68528. 201071. 
70526, 201788. 
72337. 202493. 
74562, 203186. 

S(t=1) ¢ 

689.93 
689,23 
588.55 
687.89 
687.26 
686.64 
684.03 
685.44 
584.86 
684,30 

683.73 
633.18 
682.62 

TEMP PRESS 
16.00 
18.00 
20.00 
22.00 
24.00 
26.00 
28.00 
30.00 
32.00 
34.00 
%.00 
38.00 
40.00 

S(1=0) 
194,77 

201. 
207.7 

214, 

220, 

227.07 

233, 
239, 
246, 
252. 
59. 
265. 
271.78 

ENT. S= 738.54 LEAVY. TEMP= 31.34 LEAVY, H= 65691. LEAV. S= 

EXIT 
$ H 
+66 195039, 
«85 197273, 
«91199483, 
84 201669, 
+66 

2.36 205968. 
«95 208081. 
43° 210172. 
BO 212236. 
+08 214279, 
+26 216299, 
35 218296. 
«35 220270. 

EVAP 

CAP 

a5. 

910. 

925. 

944, 

955. 

970, 

985. 

999. 

1044, 

1028, 

41042. 

1056. 

1069, 

COMP 
"CAP 
190, 2 
174, 
Lots 
144, 

129, 
14, 

PRESS VDOT 
RATIO CUM/H 
004 8S 

1.89! 83 
787 39 
689 26 
oe? 72 
«S14 69 
AIS +66 
36! «63 
29h Of 
+227 38 
166 +56 
109 “34 
055.05! 
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SUMMARY QF RANGE OF POSSISLE EVAPORATOR CONDITIONS ASSUNIMG 55% COMPRESSOR ISENTROPIC EFFICIENCY 
COND. PRESS= 10.1 COND. TEMP= 42,20 ENT. H= 222412. 

EVAPORATOR ' 

H(X=0) H(X=4)) S(X20) (X21) # § 
47237. 192543. 181.71 491.41 247,14 
49129. 193359. 188.25 690.66 246,64 
51028. 194168. 194.77 689.93 246.18 
52935. 194970, 201.26 689.23 245.77 
54851. 195764. 207.74 688,55 245.41 
56775. 196550. 214.20 687.89 245.10 
58708. 197327. 220.64 687.26 244,82 
60651. 198095. 227.07 686.64 244,59 
62604. 198854. 233.48 686.03 244.40 
64568. 199604. 239.89 685.44 244,25 
66542. 200343. 246.28 484.86 244.18 
68528, 201071. 252.64 684,30 244.18 
70526. 201788. 259.04 683.73 244,18 
72537. 202493. 265.41 683.18 244,18 
74562. 203186. 271.78 682.62 244,18 

ENTRY 
TEMP PRESS 
12.00 4.49 
14.00 4,77 
16.00 5.06 
18.00 5.36 
20.00 5.67 
22.00 6.00 
24.00 6.34 
26.00 6.69 
28.00 7.06 
30.00 7.45 
32.00 7.85 
34.00 8.26 
36.00 8.69 
39.00 9.14 
49.00 9.60 

e
e
 

SUMMARY OF RANGE OF POSSIBLE EVAPORATOR CONDITIONS ASSUMIMG 
COND. PRESS= 10.1 COND. TEMP= 42.20 ENT. H= 222412, 

EVAPORATOR + 
H(t=0) H(X=1)  $(x=0) S(Xs1) # § 

43476. 190890, 168.55 493.01 248.30 
45353. 191720... 175.14 692.20 247.69 
47237, 192583. 181.71 691.41 247. 
$9129, 193259. 188.25 690.66 246, 
51028. 194168. 194.77 689.93 246. 
52935. 194970. 201. 689.23 245.77 

34851. 195764. 207.74 688.55 245.41 
36775. 196550. 214.20 687,89 245, 
58708. 197327. 229. 687.26 244,82 
60851. 199095. 227. $86.64 244, 
62604, 198854. 233. 686.03 244,40 

» 199604, $35.44 244, 
2. 200342, $84.96 244, 

» 201971, 94.30 244, 
« 201788. 683.73 244.18 

18 244,38 
244,18 

ENTRY 
TEMP PRESS 
8.00 3.98 

19.00 
12.00 
14,00 
16.00 
18.00 
20.00 
22.00 
24.00 
26.90 
28.00 
30.00 
32.00 
34.00 
36.00 
78.00 
49,99 
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Table A-6.15(c): Summary of 
conditions 

ENT. S= 738.54 LEAVY. TEMP= 31.34 LEAV. H= 65891. LEAV. S= 264.18 

EXIT EVAP 
H CAP 

193397. 883. 
195473. 898, 
197927. 912. 
$99559. 926. 
201568. 940, 
203555. 954. 
205520. 967, 
207463. 981. 
209384, 994, 
214284, 1007, 
21316l. 1020, 

215018. 1033, 639 21,168 
216854. 1046. «36 28.162 
218670. 1058. - 1.10 04 41.823 
220465. 1071, 3. «31 80.369 

COMP PRESS YDOT 
CAP RATIO CUN/H 

201... 252583697 
1876.2, 128°" 2592 
172. 2.004 89 
58. 1.89) = .88 

POT. che 80 
689 oa 

ASG TS 
elke 70 

COPH 

5.394 
5.810 
5.290 
6,849 
7.509 

8.300 
9.266 

10.476 
«67 12.014 
+64 14.065 
ob1 16.918 a 
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60% COMPRESSOR ISENTROPIC EFFICIENCY 
ENT. S= 738.54 LEAY. TEMP= 31.34 LEAVY. H= 65891. LEAY. S= 

EXIT 
§ H 

$96.67 191945, 
699.73 193891. 
702.70 195815. 
705.58 197718. 
708.38 199601. 23. 
TAL.10 201463. 
713.74 203305. 
716.31 205126. 
718.80 206927. 
721.23 208708. 
723.58 210476, 
725.88 212212. 

728.10 213932. 
730.27 215634. 
732.37 217338. 
734.92 218982. 
736.43 220527. 

EVAP 
CAP 

873. 
887. 
900, 
3. 
926. 
739. 
952. 
964, 
977. 
989. 

1001. 67 
1013, 44 
4925. 59. $..291 62 

COMP PRESS 
CAP RATIO 

211. 2.546 
198. 2.395 1.04 
184,772,295... 
UVe2828: 7.94 
158. 2.004 89 
145. 1.891 85 
132. 81 

77 
74 
71 

vD0T 
cuM/H 

1.09 
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1937. ‘7, ? a] 
1049, 33. 1.1 36 
1960. « $.109 «54 
1072. 
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possible evaporator 
for Runa 44 
range of  



  

seeee¢ TUBE-BESIDE-TURE CONDENSER SIMULATION ##ete ASSUME TURE WALLS HAVE INFINITE CONDUCTIVITY seeeee 

SUBCOCLER 7.50M OF S.75M" 03, CONDENSER: 7.50M OF S.75MM OD. WATER SIDE 7.65MM OD. ALL WALLS .74HM THICK, 
THML PWR = 993, 4W, WATER IN 25.9C. HOT GAS 72.5C. SEW POINT 48.2C, SUBCLD LI@D 39.2C. 

TRIAL WATER EXIT TEMP: 49.6620 CORRESPONDING TO TW(I)= 25.7862 & TRII)= 38.3593 

EXIT WATER TEMP 49,460. FLOW RATE 3.0284 GRAN/SEC. WATER PRESS DROP = .0870 BAR. PUNP PWR =.0872 WATT (OR . 00882) 

REFRIGERANT MASS FLOW RATE &.SS0E+00 SRAM/SEC 

SEPARATE RESULTS FOR THE THREE SEGMENTS SUPE RHEAT TWO-PHASE SUBCOOLER TOTAL/ AVERAGE 

SO0E +01 1. 2500€-01 1. SQ00E +01 LENGTH OF £ACH SEGMENT IN METRES 2. 3750E+00 2 
3256E-02 3.5796E-03 3. 9023E-02 

As 

MASS OF REFRIGERANT IN KG. 2.1878E-03  . 3. 

REFRIG SIDE HEAT TRANS COEFNT: W/SO HC. 8. 0b01£+02  OR04E+93 1. 0146E+03 4. OLG1E+03 
REFRIG SIDE LINEAR H.T.C.: W/M C. 1.0767E+01 » 2472E+01 1, 3610E+01 5. 3607E+01 
REFRIGERANT SIDE REYNCLDS NUMBER 1, 3557E+05 « 1645E+03 1.0076E+04 2. 4301E+04 

WATER SIDE HEAT TRANS COEFNT: W/SQ ¥ C. 1. 9355E+93 » BOSSE+O3 1,0722E+03 1. 6507E+03 
WATER SIDE LINEAR H.T.C. W/M C. 3.34748 +01 « TOLTE +O! 1, 9032E+01 2. BAS4E+O1 
WATER SIDE REYNOLDS NUMBER 3. 9865E+03  S4BSE+03 2.5824E+03 3. S051E+03 

OVERALL LINEAR CONDUCTANCE: W/m C 8. 1341E+00 «BO4EE+OL 7. 9350E+00 1, 6834E+01 
NO. OF HEAT TRANSFER UNITS REFRIG. SIDE 3.6906 ALL 2375 4.0452 
NO. OF HEAT TRANSFER UNITS WATER SIDE +4663 5.5658 0378 6.0700 
EFFECTIVENESS OF EACH SEGMENT (PERCENT) 96.4977 95.7121 20,8165 71,0087 
REFRIGERANT SIDE PRESSURE DROP IN BAR 1.8639E-01 «3993E+00 5.0006E-03 1.5907E+00 

  
THERMAL POWER PICK-UP BY WATER (W & 2} 129.8(13.0) 848.3(84.8) 22.10 2.2) 1000.2 
THERMAL POWER TRANSFERRED BY R12 (W& 2) 127.9(12.8) 848.9(85.0) 22.04 2.2) 998.8 
TOTAL MAX THERMAL POWER WITHOUT LOSS (W) 127.94 848.88 22.03 998.85 
THERMAL POWER LOSS FROM FREON = (W & 7) +0000 «0000 +0000 00 
SPECIFIC ENTHALPY OF REFRIG (J/KE) 2. 2515E+05 2. 0565E+05 7, 6257E+04 7, 2900E+04 

SPECIFIC ENTROPY OF R12 (J/KS.C) 7, 3822E+02 6.8055E+02 2.7708E+02 2. 6655E+02 
REFRIGERANT TEMPERATURE (DES.C) 7, 2462E+01 4, TAbBE+01 4, 1665E+01 S.B359E+01 
REFRIGERANT PRESSURE (BAR) 1, 1684E+0! 1. 1498E+01 1, 009BE+01 1. 0093E+01 
WATER TEMPERATURE (DE6.C) 4.9b62E+01 4, BSb1E+01 2. 6313E+01 2,.5786E+01 

RATE OF LOSS OF EHTHALPY BY R12 9, 9B85E+02 WATTS RATE OF GAIN OF ENTHALPY BY WATER 1.0002E+03 WATTS 

CORRESPONDING TO GN ENERGY IMBALANCE OF 1. 3541E+00 WATTS OR  .1363 2 OF SPECIFIED POWER 

IFIED POWER THE POWE c 
& SPECIFIED POWER 

R 
THE POWER   LOSS BY Ri2 TO QUISIDE -S.ZSQ0E+0OWATTS BY -.5434 % OF THE SPE 

LOSS BY WATER TO OUTSIDE -&.7521E+00 WATTS BY -.6797 % OF TH 

3. 0843E+00 WATTS/C RATE OF INCREASE OF ENTROPY BY WATER 3.2190E+00 WATTS/C 

BOUNDARY 1.2463€-01 WATT/C THERMAL ENTROPY CREATION RATE 7.9165E-02 WATT/C 

S3E-02 WATT/C RATE OF LOSS OF GROSS WORK 4.0047E+01 WATTS AT 48.18 C 

RATE OF LOSS OF ENTROPY BY R12 3.9 
RATE OF ENTROPY FLOW THRU SYSTEM 
PD. ENTROPY CREATION RATE 4.54   RATE OF ENTROPY GAIN CF WATER HAD IT BEEN 10C HOTTER 3.116BE+00 WATTS/C. FOR SAME GROSS RATE OF ENTROPY INCREASE, 

& COUNTER-FLOW WATER-WATER HEAT EICHANSER WOULD HAVE DELTA-T OF 12.2004 DEG C CORRESPONDING TO AN EFFECTIVENESS OF 66.182 

| OR 1.957 HEAT TRANSFER UNITS, WHICH IS 32.24 2 OF THAT FOR THE WATER SIDE OF THE PRESENT HT.XR. 

Table A-6.16(a): Results in three segments for Runa 58  



          

  

      

   

  

    

      

  

  

  

HRT) UR(T) HWE? NTUW(T) = UWCT UL(T} 

“o B.22E+02 1.4 1 S.NQE+OL 1.998403 1998-02 3.39E+01 8. 33E +90 
8? E.S9E+O2 L.O8E-OL L.LSEHO! L.B7E+03 2016-02 J.32E+01 8. 41E+00 
«Ad B.24E+02 L.S0E-O1 L.10E+9) 1.B4E+03 1.97E-02 3. 27E+01. 8. 26E+00 
03 S.14E+02 1,SE-O1 $.09E+91 1.826403 1.95E-02 3.23640! 8, 15E+00 

A 1.62 3. 8.0 L.S3E-O1 $.0BE+O! 1,B0E+03 1,93E-02 3,20E+01 8. 06E+00 
1% 1.90 b. 8. LO2E-OL LO9EHO! 2.62E+03 2,06E-02 4.126401 8. 63E+00 
fi 39 oe 100,00 7.91E+02 1496-01 1.06E+0! 1. 7BE+0S 1,90E-02 J.1bE+01 7. 955400 
1, {57 oe 100.00 7.G7E+02 1.4BE-O1 1.066401 1. 7BE+03 1,B9E-92 3.15E+OL 7. 91E+00 
i, +36 : 00.00 7.856402 1.47E-O1 1.05640! 1.776403 1.8BE-02 3.14E+01 7. 89£+00 
I, a4 ! O0 7. B2E+02 1.46E-O1 1.058401 1.778453 1.896-02 3.14E+01 7.86E+00 
2, 198 i, S.15E+02 i.S6E-01 L.07E+01 2.58E+ 13 2,026-02 4.066401 8. 45E+00 
as ool i 7, 7QE+02 $.44E-G1 L.04E+01 1.72E+93 1.86E-02 T.OKE+O! 7. 78E+00 

PwiT) TWL(T ) | XCH) HR{T) NTUR(T) — URIT} HW(T) NTUW(T) = UWIT uL(T) 
z. 1.7 46.79 99,93 S.79EHO2 G.QOE+00 T.7E+00 1.726463 1.48E-02 3.0SE+01 6.198400 
2 1.9 46.77 99,81 S.ABEHOS O.O0E+00 1.996401 1.72E+03 2,B7E-02 3.05E+01 1. 20E+01 

2, 2.0 46.86 SS 2HLEHOS O.00E+00 2.83640! 1.726493 J.SLE-02 S.OSE+O 1.476401 
: 2.0 4.85 99.23 2.9003 0.90E+00 S.80E+01 2.57E+03 4.476-02 4.048401 1. 96E+01 

2 $6.85 98.94 S.SPEHOS C.Q0E+00 4.B2E+0! 1.716403 4456-02 3.04E+01 1. 86E+0! 
2: 46.80 98.45 AL SPECS C.OE+00 S.S9E+01 1.71E#03 4. 78E-02 S.O3E+01 2.00E+0! 
2. $6.72 97.97 S.S2E+03 0.00E+00 7.13E+01 1.70E+03 S.07E-02 3.02E+01 2.126401 

$ 2. 46.71 97.50 G.19E+O3 0.008400 B.30E+01 1.70E+03 5.28E-02 3.01E+01 2, 21E+0! 
4 . 2.B0E-02 46.05 97.01 7.40E+03 C.O0E+00 9.6BE+01 2.546403 6.75E-02 3.996401 2.836401 
4.20 M131 45.83 S.04E-02 46.57 95.41 6. B7E#03 0.00E+00 9.22E+0L 1.69E+03 5.40E-02 S.00E+01 2. 2bE40! 
4.4 11.27 45.73 S.41E-02 45.48 «95.87 6. 7LEHOS 0.00E+00 9. 00EHO! 1. 6BE+O3 5.36E-02 2.998401 2.246401 

4, 11.27 45.80 3, 35E-02 46.34 95.25 6. 56E+03 0.008400 8. 79E+01 1,6BE+03 5.32E-02 2.98E+0! 2. 23E+01 
4 11.25 45.48 3.42E-02 46.29 94.68 G.44EH03 O.00EH0O S.54E401 1.67E+03 5. 206-02 2.97E+01 2.21640! 
3.6 {1.23 45.37  J.49E-02 46.19 94.10 6. 62E403 O.00E+00 B.67E+0! 2.50E+03 6.44E-02 3.93E+01 2. 70E+0! 
5.2 11.20 45.23 - N73E-92 46.09 93.43 6.2403 0.00E+00 B.37EH0! 1.666403 5.21E-02 2,95E+01 2. 18E+01 

KP BLc1BS 45.10.03; 45.99 92.81 G.1HE+03 0.00E+00 8. 26E+01 1.46E+03 5.18E-02 2.946401 2.17E+0! 
5 11.16 44.96 4.0 45.82 92.10 6,0BE+03 0.00E+00 B.15E+01 1,65E+03 S.15E-02 2.93E+01 2.15E+0! 
i. M113 44.83 4.S1E-02 45.78 91.44 6.016403 0.00E+00 B.OOE+0 1.646403 5.12E-02 2.926401 2. 14E+01 
4 M12) 44.59 4,186-02 45.66 © 90.77 S.21E+03 O.00E+00 B.13E+O! 2.456403 6.25E-02 3.8bE+01 2.62E+0L 
a 14.98 44.53 4.426-02 45.56 89.99 S.BBE+O3 0,00E+00 7.896401 1.636403 5.06E-02 2.90E+O1 2.12E+01 
4 11.06 44.39  4.49E-02 45.44 89.27 5.82E+03 0.00E+00 7.B1E+01 1.63E+03 5.03E-02 2.8B8E+01 2. 11E+0! 
6 11.03 44.22 4.72E-02 45.25 88.44 5. 79E+03 0.00E+00 7.77E+01 1.626403 S.O1E-02 2.B7E+01 2.10E+01 
6 11.00 44.08 4,796-02 45.21 87.68 S.75E+03 0.00E+00 7.72E+01 1.61E#03 4.98€-02 2.86E+01 2. 09E+0! 
7, 10.98 43.90 4.87E-02 45.08 84.98 S.9SE+03 0.00E+00 7.B83E+01 2.40E+03 6.09E-02 3.7BE+01 2.55E+01 
7 19.95 43.71 S.108-02 44,96 85.96 S.GBE+03 0,00E+00 7.S1E+01 1.60E#03 4.93E-02 2.83E+01 2.06E+01 
MN 10.92 43.54 S.17E-02 44.84 85.10 5.64E+03 0,00E+00 7.57E+01 1.596403 4.91E-02 2.82E+01 2.05E+01 
7 10.89 43.34  S.39E-02 44.62 84.10 S.G0E+03 0.00E+00 7.S1E+01 1.5QE#03 4886-02 2.80E+Ol 2.04E+01 

10.87 43.15 S.47E-02 44.58 © 83.17 S.56E+03 0.00E+00 7.466401 1.,57E+03 4.85E-02 2.79E+01 2. 03E+01 
10.84 42.95 S,54E-02 44.43 © 82.20 S.77E+03 0.00E+00 7.56E+0L 2.34E+03 S.91E-02 3.6BE+01 2. 48E+01 
10.81 42.72 5.76E-02 44.20 81.07 S.4BE+O3 0.006400 7.35E+01 1.55E+03 4.796-02 2.7bE+01 2.00E+01 
10.78 42.50 S.B3E-02 44.16 80.01 S.A3E+03 0.006400 7. 29E+01 1.54E+03 4. 76E-02 2.746401 1.996401 
10.75 42.25 6.05E-02 43.91 78.78 S.39E+03 0.008400 7.236401 1.53E+03 4.72E-02 2.72E+01 1. 9BE+01 
10.73 42.02 &,128-02 43,87 77.42 S.SHE+O3 0.00E+00 7.I7EHOL 1.52E+03 4.49€-02 2. 70E+01 1. 96E+01 
10.70 41.77 8196-02 43.70 7b,AL S.SME+O3 0.00E+00 7.25E401 2.226403 5.42E-02 3.496401 2. 36E+01 
10.67 41.48 6.41E-02 43,55 75.00 5.246403 0.006400 7.03E+01 1.50E+03 4.61£-02 2.6bE+01 1. 93E+0! 
10.64 41.21 6.48E-02 43.40 73.66 S.19E+03 0.00E+00 6.966401 1.49E+03 4.57E-02 2.646401 1. 91E+01 
10.61 40.89 &.59E-02 43.09 72.10 S.13E+03 0.00E+00 6.586401 1.47E+03 4.53E-02 2.626401 1. 90E+01 
10.58 40.59 6,658-02 43,06 70.61 S.O7E+03 0.006400 6.B0E+01 1.46E+03 4.48E-02 2.596401 1.B8E+01 
19,56 40.27 5. 72E-02 42.87 69.05 5.24E+03 0.00E+00 6.84E+01 2.136403 5. 376-02 J.34E+01 2. 25E+01 
10.53 39.91 &.83E-02 42.70 67.24 4.93E+03 0.00E+00 6.62E+01 1.436403 4,39E-02 2.546401 1. B4E+01 
10.50 39.56 6. 89E-02 $2.54 = 65.52 4. B6E+03 0.00E+00 6.52E+01 1. 39E+03 4.27E-02 2.466401 1. 79E+01 
10.47 39.15  6,996-02 42.13 63.52 4, 78E+03 O.00E+00 G.A1E+01 1.376403 4.21E-02 2,43E+01 1. 76E+0! 
10.44 38.77 7,06E-02 42.16 61.63 4. 70E#03 0.00E+00 SO. 31E+01 1. 36E+03 4. 166-02 2.416401 1.746401 
10.42 38.37 7,43E-02 41.93 59.65 4, 83E+03 0.00400 6.32E+01 2.018403 5.03E-02 3.166401 2.1140! 
10.39 37,89 7,236-02 41.74 57.32 4,51E+03 0.00E+00 6.06E+01 1.32603 4.04E-02 2.35E+0! 1. 49E+01 
10.36 37,45 7,298-02 41,54 55.13 4.42E+03 0.00E+00 S.93E+01 1.30E+03 3.97E-02 2.326401 1. 66E+01 
10.34 36.93 7. 39E-02 44.01 52.56 4.308402 0.00E+00 S.77E+01 1.286403 3.90E-02 2.2BE+01 1.63E+01 
10.31 36.44 = 7,46E-92 41.08 50.14 4.196403 0.00E+00 S.62E+01 1.276403 3.B3E-02 2.25E+01 1.60E+01 
10.29 35.93 7.52E-02 40.80 47.61 4.25E+03 0.00E+00 S.S7E+O1 1.83E+03 4.53E-02 2.88E+01 1. 90€+0! 
10.26 35.34 7.62E-02 40.58 44.69 3.92E+03 0.00E+00 5.2bE+0! 1.22E+03 3.67E-02 2.17E+01 1.54E+01 
10.24 34.78 = 7,63E-02 40.33 41.93 S.7HE+03 0.00E+00 S.O7E+01 1.206+03 3.59E-02 2.146401 1.506401 
10.22. 34.14 7, 7BE-02 39.67 2B.7b J.42E+03 0.00E+00 4.85401 1.1BE+03 3.49E-02 2.106401 1.466401 

10.20 33.54 7.24£-02 39.80 35.79 3.49E+03 O.00E+00 4.ABE+01 1.14403 3. 37E-02 2,02E+01 1.41E+01 
10.18 72.92 7.916-02 39.45 32.72 ST. SIE+03 0.00E+00 4.5901 1.67E+03 3.99E-02 2.636401 1.67E+01 
10.17 32.21  8.00E-02 39.20 © 29.19 S.1BE+03 0.00E+00 4.2701 1.10E#03 3.19E-02 1.95E+01 1.348401 

10.15 31.55 B8,06E-02 38.87 25.90 J.O1E#03 0.00E+00 4.04E+01 1.0BE403 3.10E-02 1.92E+01 1. 30E+0! 

10.14 30.80 8. 1SE-02 37.98 = 22.19 2.80E+03 0.00E+00 3. 75E+01 1.06E+03 2.99E-02 1.88E+01 1.256401 
10.23 30.11 8,22E-02 38.06 «18.73 2,58E+03 0.00E+00 3.466401 1.046403 2.88E-02 I1.5E+01 1. 21E+01 
10.12 29.40 8.28E-02 37.46 «15.20 2.44€+03 0.006400 3.20E+01 1.496403 3.23E-02 2.35E+01 1.35E+01 
10.11 28.63 8. 3BE-02 36.92 11.34 2,03E+03 0.00E+00 2.72E+01 1.01E+03 2.57E-02 1.79E+01 1. 08E+01 
10.10 27.93 8.44E-02 36.18 7.84 1.696403 9.00E+00 2.276401 1.016403 2.396-02 1.796401 Mooe+or 
10.10 27.21 B.S3E-02 34.43 4.22 1. 26E+03 0.006400 1.696401 1.02E403 2.0BE-02 1.B1E+01 8, 74E+00 
10.10 26.61 9,60E-02 33.16 1.22 1.926403 0.00E+00 1. 37E+01 1.06E+93 1.896-92 1.8BE+01 7.92E+00 

UNTH TREE). RIT) TWIT) = PAT) TT) 200) HRiT) NTUR(T) = UR(T) HW(T) NTUW(T) = UW(T UL(T) 
$H0G 39695 10.10 26.04 98.666-02 31.89 +02 1,02E+03 1.206-01 1.37E+01 1.096403 1.,916-02 1.94E€+01 8.02E+00 

  

Table A-6.16(b): The profiles of parameters for Rune 58 
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73723; LEAV. S2 269. 

+ ENTR #. .EVAP-. COMP: PRESS VDOT: « COPH 

itso) HUGE £8 . CAP) RATIO CUM/H 

54851, 595764. + i 566, 188. 2.06! 73, 2S 
Sé77S. 196550. A eeeR S2¢ ae e980) 109 
58708. 197327. ¥ othe O34. 159, 1.844 = 67 6.240 
60651. 198095. fo T1078 848. 145. 1.746 664. 6.842 
62694. 198654, t5 20008) 862. Sl. 5659.-. 261: 2S ht 
64588. € 270,09 376, 118.,1.569 .59 8.446 

z # 269.82 989, 104. 1,489 706. 9.584 
+ 358 903. 91. 2.414 54 10.953 
* 38 916. 77. 1.344 652) 12.825 
+ 2 929, 64. 2.279, 90 19,434 

og - 942, She eat] 48° 19,31 
&  26R18:: =. 02 955. 39. 16159 46..25.718 
#., 269,44 39 967. 26. 1.104 44 38.241 
# 269,14 -.996 780. 13. $0053: 42 735727 

SUMMARY OF RANGE CF SCSSISLE ZVAPORATCR CONDITIONS ASSUMIME S52 COMPRESSOR ISENTROPIC EFFICIENCY 
COND. PRESS= 11.7 COND, TEMF= 48.18 ENT. H= 225152, ENT. S= 738.22 LEAVY. TEMP= 39.17 LEAV. H= 73723. LEAV. S= 269.i4 

EXIT #  EVAP COMP PRESS VDOT  COPH 

TEMP PRESS ‘ S:k=0)  Six=!) H T .. CAP RATIO CUM/H 
14.00 5.06 194168, 689.93 195104, 17.24 # 796, 197, 2.311 +82 5.040 
18.00 5,38 194970, 689,23 # 197134. 20.98 # 810, 184. 2.181 +78 5.405 
20.00 5.67 » 195764, 688.55 # 199142. 24.68 # 823. 171. 2.061 oar SeBee 

22.00 6.00 73. 196550. 687.89 + 201128. 28.33 # 836. 156. 1.948 .7f 6.303 

24.00 6.34 197327. 687.26 # 203091. 31.94 # 649, 145. 1.844 
25.00 6.69 - 198095. 586.64 # 205033. 33.51 # Bot. 134.124. : 
28.00 7.06 . 198854. 686.03 # BOht ec a ime 
30.00 7.45 199604. 685.44 + oe 
32.90 7.85 3 564.€: a 
34.00 8.26 3 ge = 

36.00 6.5: ge T44 - 

: a : ae 77 87, 1.217 48 
. 2 cee Pus Was ee. as te 559 3S. 1.159 46 

Sek . Soa 352 713.44 221552. 65.83 -& 976. 22.12.1084 48 
eZ 22.56 + 259.14--.0562 735.76 223285. 69.92 * at 12512053 > .,42 

hoon dees 254702 CONDITIONS ASSUMIMS 43% TI" "TIT ISENTROPIC EFFICIENCY 
i1.7 COND, TEMP= 45.12 E47 vs 228152. ENT. S= 736,22 LEAV. TEMP= 39.17 LEAV. H= 73723. LEAV. S= 269. 

* ENTRY EXIT ¢ EVAP COMP. PRESS YDOT  COPH 

é 274 x S H T ae CAP CAP RATIO CUM/H 

a iaU . # 275,36 $938 692.69 191902. 10.21 773, 218. 2.761 77. 4.558 

12.90 4. & 278.61 .1823 695.74 193825. 13.81 # 788. 206. 2.600 .92- 4.834 

14,00 4.71 € 273.92 41705 698.70 195727. 17.37 & 800. 193..2.450 .88 5.1% 

16.00 5.¢ # 273,27 1886 701.57 197608. 20.89 + 813. 181. 2,311 83 5.498 

18.00 5. 3293 # 272,68 .1464 704.37 199469. 24.37. ¢ 825. 168. 2.181 -80 5.896 

20.00 5.67 54851. 195784. # 272,13 1339 707.08 201319. 27.80 ¢ 837. 156. 2.061 76 8.35! 

22.00 6.00 56775. 196550. € 274.64 1213 709.72 203130. 31.20 & 849, 144. 1.948 = .72 6.878 

24.00 6.3 + 197327. # 271.18 .1083 712.28 204930. 34.55 # 861. 133. 1.844 69. 7.488 

26.00 6.69 « 198095. # 270,78 .0951 714.78 206710. 37.87 # 872. 121. 1.746 166. 8.213 

28.00 7.06 62604, 198854. § 270.41 .0815 717.20 208470. 41.16 # 884, 10952.655: 263. 9.077 

30.00 7.45 6B. 199608. # 270.09 0678 719.56 210211. 44.40 # 895. 98. 1.569 §=.60 10.155 

32.00 7.85 « 200343. € 269.82 .0537 721.84 211930. 47.61 # 907. 67, 1,489.57 11.452 

34.00 8.26 » 201071. # 269,58 0392 724.07 213831. 50.79 # 918. 76. 1.414 = .55 13.143 

36.00 8.69 - 201788. # 269.38 0244 726.24 215313. 53.94 # 929, 65. 1.344 = -.53 15.390 

38.00 9.14 72537, 202493. # 269.22 .0091 728.35 216976. 57.06 # 940. $4..15279 330) 18.821 

0.00 9.60 2, 203186. # 269.14 -.0065 730.40 218620. 60.14 # 951. A3. 1.217.  .48 23.183 

42.90 10.08 0, 203865. # 269.14 -.0226 732.39 220246. 63.20 # Gol. 32. 1.159 46 30.862 

44.00 10.58 . 204531. # 269,14 -.0392 734.33 221852. 66.22 ¢# 972. 22. 1.104 44 45.989 

46.00 11.10 22. 205182. # 269.14 -.0562 736.22 223841. 69.22 # 982. ff. 1.053. «42 88.473 
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conditions 
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range of possible evaporator 
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#ettet TURE-BESIDE-TUBE CONDENSER SIMULATION t##### ASSUME TUBE WALLS HAVE INFINITE CONDUCTIVITY ##teee 

GEOMETRY: SUBCOOLER 7.50M OF 5.75NM OD. CONDENSER: 7.50M OF S.75MM OD. WATER SIDE 7.45MM OD. ALL WALLS .74MM THICK, 
‘BOND CNDCTNCE 500.0W/M.C  THML PWR 963.64. WATER IN 26.7C. HOT GAS 73.9C. DEW POINT 49.7C. SUBCLD LIQD 41.2C. 

ITERATION NUMBER: 12 USED I= 151 SEGMENTS. TRIAL WATER EXIT TEMP: 51.5010 © CORRESPONDING TO TW(I)= 26.4892 & TRIT)= 39,7606 

| EXIT WATER TEMP =51.50C. = FLOW RATE 9.2976 GRAM/SEC. WATER PRESS DROP 0664 BAR. PUMP PWR 0618 WATT (OR .00642) 
REFRIGERANT MASS FLOW RATE 6.427E+00 GRAM/SEC 

SEPARATE RESULTS FOR THE THREE SEGMENTS SUPE RHEAT TWO-PHASE SUBCOOLER TOTAL/ AVERAGE 

LENGTH OF EACH SEGMENT IN METRES 2. 5750E+00 1. 2400E+01 2. 5000€-02 1. 5000E+01 
MASS OF REFRIGERANT IN KE. 2.4625E-03 3. 4204E-02 1. 7B65E-03 3. B453E-02 

REFRIG SIDE HEAT TRANS COEFNT: W/SQ MC. 7, 9567E+02 4. S4GBE+03 1. O116E+03 3.8775E+03 
REFRIG SIDE LINEAR H.T.C.: W/M C. 1,.0623E+01 6. 0691E+01 1. 3570E+01 5. 175BE+01 
REFRIGERANT SIDE REYNOLDS NUMBER 1, 3187E+05 3. 0908E+03 9. 91058403 2, 5310E+04 

WATER SIDE HEAT TRANS COEFNT: W/SG MC. 1. 7340E+03 1. 4260E+03 9. 8967E+02 1. 4761E+03 
WATER SIDE LINEAR H.T.C. W/MC. 2. 9878E+01 2. 4559E+01 1, 7567E+01 2, S429€+01 
WATER SIDE REYNOLDS NUMBER 3. 8068E+03 3. S755E+03 2. 4267E+03 3, 4435€+03 

OVERALL LINEAR CONDUCTANCE: W/M C 7.82208 +00 1. 7065E+01 7. 6561E+00 1. S41 1E+0! 
NO. OF HEAT TRANSFER UNITS REFRIG. SIDE 3.8851 4167 +1167 4.1186 
NO. OF HEAT TRANSFER UNITS WATER SIDE +5240 5. 4506 0197 5. 9943 
EFFECTIVENESS OF EACH SEGMENT (PERCENT) 96.9752 96.4994 10.9189 68.1312 
REFRIGERANT SIDE PRESSURE DROP IN BAR 1,8670€-01 1. 2B58E+00 2. $000E-03 1, 4749€+00 

THERMAL POWER PICK-UP BY WATER (W& 2) 127,9(13.2) 832.7{85.7) 10.7¢ 1.1) 971.4 
THERMAL POWER TRANSFERRED BY R12 (W & 2) 125.9(12.9) 836.5(86.0) 10.6¢ 1.1) 973.1 
TOTAL MAX THERMAL POWER WITHOUT LOSS (W) 125.91 836.52 10.64 973.07 
THERMAL POWER LOSS FROM FREON = (W& 2) 0000 +0000 - 0000 -00{ .0) 
SPECIFIC ENTHALPY OF REFRIG (J/KB) 2. 2571£+05 2. 0612E+05 7.S974E+08 TAS 9E+04 

SPECIFIC ENTROPY OF R12 (J/KG.C) 7, 3773E+02 6. 801 1E+02 2. 7519E+02 2.7101E+02 
REFRIGERANT TEMPERATURE (DEG.C) 7, 391BE+01 4, 8982E+01 4, 1387E+01 3. 9761E+01 
REFRIGERANT PRESSURE BAR) 1.2114€+01 1. 1927E+01 1.0642E+0! 1. 0639E+01 
WATER TEMPERATURE (DE6.C) 5. 1501E+01 4, 8204E+01 2.6764E+01 2. O4B9E+01 

E-0G WATTS/C HATE OF INCREASE OF ENTROPY RY WATER 7.i:35£+00 WATTS/C 
FLW THRE § TEM BOUNDARY 1.1366E-61 WATT/C THERMAL ENTROPY CRE-TION RATE 8. 3157E-02 WATT/C 

EATION RATE 3.0503E-02 WATT/C RATE OF .055 DF GROSS WORK 3.4699E+01 WATTS AT 49.740 

RATE OF ENTROPY GAIN OF WATER HAD IT BEEN :CC HOTTER 3.O0154E+00 WATTS/C. FOR SAME GROSS RATE OF ENTROPY INCREASE, 
A COUNTER-FLOW WATER-WATER HEAT EX°YSNGER WOULD HAVE DELTA-T OF 11.5822 DEG C CORRESPONDING TO AN EFFECTIVENESS OF 68.352 
OR 2.156 HEAT TRANSFER UNITS, WHICH IS 36.03 % OF THAT FOR THE WATER SIDE OF THE PRESENT HT.XR.   

Table A-6.17(a): Results in three segments for Rune 60  



  

  

  

TR(}) 

73.92 

67.61 
62.93 
59.33 
56.75 
34.79 
53.24 

52.10 
51.19 

50.5! 
49.99 

$9.56 
49.24 

TRiT) 
48.98 
49,00 
48.93 
48.86 
48.79 
48,72 
48.66 
48.59 
48.52 
48.45 

23! 
23 

PW(T) 

 O0E+00 

 14E-04 
« 24E-03 

3.25€-03 
3. B7E-03 
49E-03 
« ABE-03 

+ L0E-03 
2. OBE-03 

. 70E-03 
+ 93E-02 
«236-02 
+ 29€-02 

PwC) 
1, 49E-02 
1.95E-02 
1. 61E-02 
1. B1E-02 
1.B7E-02 
2.07E-02 
2. 138-02 
2,19E-02 
2. 38E-02 
2. 45E-02 
2,64E-02 
2. 70E-02 
2.76E-02 
2. 96E-02 

+ 02E-02 
21E-02 

+ 27E-02 
+ 33E-02 
.S2E-02 

U
A
 

R
R
 

R
N
 

« 99E-02 
+ 96E-02 

6. 04E-02 
6. 096-02 
6, 17E-02 

- 23E-02 

- 286-02 
« S6E-02 
« 42E-02 
+ S0E-02 

  

TWUCT ) 

48.40 
43,48 
48.49 
48.49 
48.47 

48.39 
48.39 
48,34 
48.29 

48,24 
48.11 

48.07 
47.98 
47.89 
47,86 
47.65 
47.61 
47.51 
47,41 
47.31 

«10 
98 
- 88 
77 

+96 

X(T} 

100.00 

100,09 

100, 99 

100.0 

100.0 

100.9 

100.00 

100, 

100, 

199. 

190, 

HRit) 

ALE 402 
9. 25€+92 
118+02 
 03E+02 

7, 93&+02 

» 246402 
 B3E+02 

7, 79E+02 
7, 77E+02 

» 74E+02 

 O7E+02 
7, 71E+02 

+ 70E+02 

HR IT) 

8. 90E+02 
1. 57E+03 
2.29E+03 
2. 77E+03 
3, 42E+03 

4, 18E+03 
4, 91E+03 
5.92E+03 
6, 54E+03 

6. 73E+03 
6, 55E+03 
6, 42E+03 

6. SBE+03 
6. 19€+03 

6. 10E+03 

6.02E+03 
5. 94E+03 

6. 14E+03 
5, 81E+03 

5. 75€+03 
5. 68E+03 
5. 63E+03 
5. B6E+03 
5. 56£+03 
5.52E+03 

5. 4BE+03 
5. 45£+03 

5. 66E+03 
5. 37E+03 
5. 33E+03 
5. 28E+03 
5. 24E+03 
5. 43E+03 

5. 14€+03 
5. 10E+03 

5, 04E+03 
4, 9BE+03 

5. 15€+03 
4, 85E+03 
4. 79E+03 
4. 71E+03 
4, B3E+03 
4, 76E+03 
4, 45E+03 

4, 36E+03 
4, 25E+03 
4,14E+03 

4. 21€+03 
3, BBE+03 

3. 75E+03 
3. 59E+03 

3. 46E+03 
3, 48E+03 

3. 16E+03 
3. 00E+03 

2. BOE+03 

2.59E+03 

2.46E+03 
2.06E+03 
1. 73E+03 

Ett 

  

NTUR (TL) 

1, 618-01 

oS9E-01 

1, 55E-01 

»J2E-01 

1. 49E-01 
»S9E-01 

1.45€-91 

1. 448-01 

43E-01 

42E-01 

53E-01 
» 41E-O1 
. 40E-01 

NTUR(T) 

 00E+00 
0. 00E+00 
0. 00E+00 
0, 00E+00 

0. 00E+00 
0, 00E+00 

0. 00E+00 
0, 00E+00 
0.00E+00 
0. 00E+00 
0. 00E+00 
0, 00E+00 
9, 00E+00 
9, 00E+00 

0. 00E+00 
0. 00E+00 
0. 90E+00 
6, 00E+00 
0. 00E+00 
0,00E+00 
0.00E+00 
0.00E+00 
0. 00E+00 

0. 00E+00 
0, 00E+00 
0. 00E+00 
0. 00E+00 
9, 00E+00 
0. 00E+00 
0. 00E+00 
0, 00E+00 
0. 00E+00 

0, 00E+00 
0. 00E+00 
0.00E+00 
0. 00E+00 
0, 00E+00 
0.00E+00 
9. 00E+00 
0,00E+00 
0.00E+00 
0, 00E+00 

0.00E+00 
0. 00E+00 
0.00E+00 
0. 00E+00 
0. 00E+00 
0. 00E+00 
0. 00E+00 
0, 00E+00 
0.00E+00 
0.00E+00 
0. 00E+00 

0. 00E+00 

0. 00E+00 
0. 00E+00 

0.00E+00 
9. 00E+00 
0. 00E+00 
0. 00E+00 

UR(T) 

 O9E+04 
TTE+O1 
O9E+01 
OBE +O! 
 O6E+01 

1, 08E+0! 
OSE +0! 
-OSE+01 
 O4E +01 

O4E+01 
OE+01 
-O3E+01 
O3E+01 

UR(T) 

1. 19E+01 

2, 11E +0! 

2.99E+01 

3. 71E+01 

4. S9E+01 

5. GLE+01 

6. 59E +0! 
7. 74E+01 

8. 7BE+01 

9, 03E+01 
8. 79E+01 

8. 61E+01 

8, 62E+01 
8, S1E+01 
8. 19E+01 

8. 07E+01 

7. 97E+O1 

8. 03E+01 
7. 79E+04 

7, 71E+O1 

7, 62E+01 
7. S5E+0! 

7.67E+01 
7. 46E+0! 

7. ALE+O4 

7, 36E+O1 
7. SLE+OL 

7. 41E+01 

7. 20E+01 

7.ASE+O1 
7. 09E+01 
7, 03E+01 

7. ALE+O1 

6. 90E+01 

6. B3E+01 

6. 7bE+OL 

6. 68E+01 

6. 74E+01 
6. SiE+O1 

6.42E+01 

6, 32E+01 

6. 21E+01 

6. 23E+01 
5. 97E+01 

5. BSE+OL 

5. 70E+01 
5. S5E+01 

5. S1E+01 

5. 21E+01 
5.03E+01 
4. B1E+01 
4. b4E+01 
4. SSE+O1 

4,246 +01 
4. 02E+01 

3. 75E+01 
3. 47E+01 

3. 22E+01 
2. 76E+01 

2.33€+01 
f ‘ 

76 

  

Hwit) 

» TOEHOS 

OE +03 

 63E+03 

BLE+03 

 S0E +03 

+ S3EH03 

+ SBE+03 

 S7E+03 

sSTE+O3 

 SOE+03 

 29E+03 

 S6E+03 

+ S5E+03 

ta
e 

e
e
 

e
e
e
 

ee
 
e
e
 

HCI) 

 SSE+03 

+ SOE FOS 

» 28E+03 

SSE +03 

« S5E+03 
+ S4E+03 

1.54E+03 

2. 26E+03 
1, S3E+03 

4, S3E+03 
1, 49E+03 

1. 48E+03 
2. 23E+03 
1. 48E+03 

1. 47E+03 

1, 47E+03 

1, 46E+03 

2.19€+03 
1, 45E+03 

1, 45E+03 

1, 44E+03 

1, 43E+03 
2. 15E+03 

1, 42E+03 
1, 42E+03 

L.41E+03 

1, 40E+03 
2. 10E+03 

1, 39E+03 

1, 38E+03 
1, 37E+03 
1. 36E+03 

1, 99E+03 
1, 34E+03 
1, 33€+03 
1, 32E+03 

1, 31E+03 

1. 91E+03 

1, 2BE+03 
1, 27E+03 
1. 25€+03 

1, 24E+03 

1, B0E+03 

1, 18E+03 

1, 16E+03 

“1, 15E#03 
1. 13€+03 
1. 63E+03 

1, 09E+03 
1, O7E+03 

1, 05E+03 

1, 03E+03 

1, 49E+03 

9. 78£+02 

9. 61E+02 
9. 43E+02 

9. 3OE+02 

1, 33E+03 
9. 11E+02 

2 

NTUW(T) 

ObE-02 

O7E-02 

O4E-02 

O2E-02 

99E-02 

1$€-02 

97E-02 

96E-02 

9SE-02 

9SE-02 

11E-02 

94E-02 

94E-02 fs
 
ee
 

AS
 

ee
 

ee
 
e
e
 

me 
D
D
 

NTUW(T) 
15E-02 
98E-02 
20€-02 
 O7E-02 

e
e
)
 

4, 47E-02 
4, 43E-02 

5. 35€-02 
4. 34E-02 
4. 29€-02 

4. 238-02 
4, 1BE-02 

5. 01E-02 
4. 00E-02 

3. 93E-02 
3. BbE-02 

3. 79€-02 
4. S1E-02 

3. 64E-02 
3. 56E-02 
3, 46E-02 
3. 38E-02 
3. 98E-02 

3. 17E-02 
3. 0BE-02 

2. 9BE-02 
2. BBE-02 

3.26E-02 

uel 

3.018 +01 
2. %SE+01 
2. WE+O! 
2. BOE+01 

2, S4€+01 
S.47E+01 
2. B0E+01 

2. 79€+01 

2, 7BE+O4 
2, 77E+01 

3. S1E+01 

2. 7E+OL 
2. 76E+01 

aT 

2. 76E+O1 

2, 7bE+O1 

S.S9E+01 

2. 75E+01 

2. 74E+01 

2. 74E+01 

2. 73£+01 

I. SSE+0! 

2. 72E+01 

2. 71E+01 

2. b4E+01 
2. 63€+01 

3. SOE+01 
2. 62E+01 

2.61E+01 

2. 6OE+01 
2. 59E+01 
3. 45E+01 

2. 57E+01 
2. 57E+01 

2. 56E+01 

2. S5E+01 
3. 3BE+O1 

2.526+0! 
2. 5S1E+01 
2. 50E+01 

2. 495401 

3. 30E+01 
2. 46E+01 

2. 44E+01 
2. 43E+01 

2. 41E+01 

3. 13E+01 

2. 38E+01 

2. 6E+01 

2. 4E+01 
2. 32E+0! 

3. OE+01 
2. 27E+01 
2, 25E+01 

2. 22E+01 
2. 206+01 

2. B3E+01 

2. 10E+01 

2. 07E+01 

2. 03E+0! 

2. 00E+01 
2. S7E+01 

1, 94E+01 

1, 9E+01 

1. B7E+01 

1, B3E+01 
2. 4HE+OL 

1. 748+01 

1. 71E+01 

1. 67E+01 

1. 65E+01 

2. 0BEHL 

  

Table A-6.17(b): The aes of parameters for Runa 60 

ULL) 

7, 99E+00 

8. 0SE+00 

 FLE+00 
7, B2E+00 

. THE+00 

» S3E+00 

7, b4E+00 

 B0E+00 

7, SBE+00 

7, S5E+00 

8. 17E+00 

7.52E+00 

7. S1E+00 

UL{T) 
8. 33E+00 

« 20E+01 

 b3E+01 

. 58E+01 
 T2E+0! 
- B4EH0 
« 93E+01 

2, 43E+0! 
2, OBE+O1 
2. 0BE+01 
2. 03E+01 
2.02E+0! 
2. 49E+01 
1. 99E+01 
1, 98€+01 
1. 97E+01 
1. 96E+01 
2. HE+O! 
1, 94E+01 
1. 93E+01 
1. 91E+O! 
1. 90E+01 
2. 358+01 
1. 89E+0! 

1, 88E+01 
1. B7E+01 
1, BoE+O! 
2. 28E+0! 
1, 83E+01 
1. B2E+01 
1. 81E+0! 
1, BOE+O! 

2. 17E+01 
1. 77E+01 

1, 75E+01 
1, 74€+01 

1.72E+01 
2. 08E+01 

1, 68E+01 
1, b7E+01 
1. 64E+01 
1, 62E+01 

1.95E+01 
1, S5E+01 
1. 53E+01 
1, 50E+0! 

1, 47E+01 
1. 75E+01 
1, 41€ +01 
1, 38E+01 

1. 35€+0! 
1, SiE+01 
1.55€+01 

1. 23E+0! 
1. 206401 
1. 16E+0t  



  

S ASSUMIMS SC% C 

225714. 

EVAPORATOR vaF COMP PRESS VDOT COPH 
Hik=)) Htes)  Sixed { H f CAP RATIO CUM/H 

s6775. 196550, o2t a, 3 id $91.94 197868. 23. 785, 179, 2,020 . 68 384 
58708. 197527. ¢.4 . ol «1232 695.92 200026. 27. 79, 165.-1.911 -65 5.836 
60651, 199095, 7.9 34.6 , «$10 699.78 202160. 31.4 12. Wt. 1.810 «42 365 
62604. 199854, 233.48 684.0 <a «(9 703.53 204270. 35.2 ‘ 138. 1.713 60 992 
64568. 179604. 7.8 . 1.91.9 797.16 206354. 39.0 3, ~ 1.627 sal gee 
66542. 200343. 2 : 7, 9 710.68 208417. 42. 2. - 1,544 +35 
68528, 2 1. 252.56 30 ] Psi. OB 714,10 210457. 46. : . » 1,467 “oo 
70526. 2 . 7.0 3.73 06 . 0401 717.42 212473. 50. ‘ « 1.394 30 
72537. 2 3 4} 2 0250. 720.64 214467. 53.47 : 72. 1.32 48 
745342, 2 a 207 ‘ . +9095 723.77 216438. 57. 704, 0, 1.262 .8 
76600. 203865. 278.1 207 275. 20 726.81 218386. ] 917. - 1.201 43 
78653. 2045331. 284. ‘ 73. 02 729.76 220312. . hi 8S 
80722. 205182. 290. . 75. “0 732.62 222216. . - 1.091 Al 
82807. 205818. 297.2 . 7S. -CS7L 735.40 224098. 253. aad 40 

SUMMARY OF RANGE OF POSSIBLE EVAPORATOR CONDITIONS ASSUMIMG 55% COMPRESSOR ISENTROPIC EFFICIENCY 
COND. PRESS= 12.1 COND. TEMP= 49.74 ENT. H= 225714. ENT. S= 737.75 LEAV. TEMP= 41.20 LEAV. H= 75787. LEAV. S=. 275.6! 

EVAPORATOR ¢ ENTRY EXIT EVAP- COMP PRESS VDOT  COPH 
TEMP PRESS  H(X=¢) H(X=1)° S(X=0) S(X=1) # § § H CAP CAP RATIO CUM/H 

06 51028. 194168. 194.77 689.93 280.42. 690.37 194382. 1626. 2015. 25598: 580. $75 
36 52935. 194970. 201.24 689.23 eTocs 693.87 196410, 773. 188. 2.261 “JO, Setap 
67 S4BS1. 195764. 74 $88.55 279.18 |. 697.27 198415. 768... 175. 2.836. 73 5.492 
00 56775. 196550. 20 587.89 278.63. 700.58 200399, 801, 163. 2.020 .69 95.923 
34 « 197327. 278.13. 703.78 202361. 814, 150. 1.911 -66 = 6.420 
69 065i. 198095, 277,68 ot! 706.90 204301. 626. 138. 1.810 .63 7.002 

06 4. 198854. 277.27 ~*:. 709.92 206219. 838. 125. 1.715 .61 7.691 
4 168. 199604, 276,98"! 712.86 208116. 851. 113. 1.627. 58 8.520 

85 2. 200343. 276.58 -. 715.71 209989, 863. 1085. 1,588 = 56 | 9.535 
+26 « 201071. 276.30. 718.48 211844, 874, BY. 1.467 .53 10.809 

26. 201788. 275.06. 721.18 213677. 886. 77, 1,398 =. S1«12..456 
« 202493. 265. 275.86. 723.80 215489. 898, 66. 1.326. 14,664 
+ 203186. 271. 273.69 726.34 217281. 909, 34. 1.262. 17.779 
» 203865. 278. 275.61. -. 728.82 219052. 921. 43. 1.201 . 22.507 

3. 204531. 284.5! 275.61 -. 731.22 220803. 932. 32. 1.145, 30.5¢ 
+ 205182. 290.89 | 275.61 -. 733.56 222534. 943, 20. 1.091 ‘ 47.155 
- 205818. 297.26 275.61 735.83 224245. 954. 9. 1.041 40 102.095 

16.00 J 

5. 
&. 
4. 

&. 
7. 
7. 
%, 

8 
8.69 
9. 

9% 
9%. 
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SUMMARY OF RANGE OF POSSIBLE EVAPORATOR CONDITIONS ASSUMING 602% COMPRESSOR ISENTROPIC EFFICIENCY 
COND. PRESS= 12.1 COND. TEMP= 49.74 ENT. H= 225714. ENT. S= 737.75 LEAV. TEMP= 41.20 LEAV. H= 75787. LEAY. S= 275.4! 

EVAPORATOR # ENTRY EXIT #  EVAP COMP PRESS VDOT  COPH 
| TEMP PRESS H(X=O) Hik=1) Sixs0) Six=1) # § t § H ‘Ae CAP) RATIO CUM/H 
1 12.00 4.99 47237. 192543. 1.71 691.41 281.85 1965 693.58 193213. TOS" 209. 2eb90 > 5 4.613 
| 14.00 4.77 49129. 193359. 188.25 690.66 2B1.11 1848 696.56 195113. 767. 197. 2.540 . 4.899 

18.6 006 51028. 194168. 194.77 689.93 280.42 1730 699.46 196993. 779, 185. 2.396 . 5.220 
13.00 5.36 52935. 194970. . 689, 23 279.77 = .1609 702.27 198852. 7H, 173. 2.261 : 5.581 

| 20.00 5.67 S4851. 195764. 207.74 688.55 279.18  .1496 705.00 200690. 803. ol. 2,136 
22.90 6.00 56775. 196550. -20 687.89 278.63 = «1360 707.66 202509. 30.31 B14, 149. 2.020 
24.00 6. 58708. 197327. 22¢ $87. 278.13. .1232 710.24 204307. 33.67 926. 138. 1.911 
26.0 . 60651. 198095. 684, 277.68 1101. 712.75 206085. 36.99 837, 126. 1.810 

62604. 198854. 3. 3 277.27 0968 715.19 207844. 40.28 849, {15. 1.715 
64568. 199604. 239.89 . 276.91 083% 717.56 209583. 43.53 860. 1.627 

28 : 276.58 = .0691 719.86 211300. 46.75 871. 1.544 

. 201071. «56 ‘ 276.30 =.0548 722.11 212999. 49.93 882, « 1,467 
- 201788. 7.94 3. 275.06 6040! 728.29 214680. 53.08 893, « 1,394 

1 
1 
1 
1 

i 
! 

  
» 202493. «41 483, 275.86 .0250 726.41 216341. 56.20 903. 326 
« 203186. 271.78 . 275.69 .0095 728.48 217984. 59.29 914, +262 
« 203865. 278.14 207 275.61 -.0064 730.48 219607. 62. 924. 201 
» 204531. ool ° 275.61 -.0228 732.44 221213. 65. 935. 145 
- 205182. 290,99 : 275.61 -.0396 734.34 222799. 68. 945. O91 

11.63 982807, 205818. 297.26 680. 275.61 -.0571 736.19 224367. 71. 955. 041 40 111.376 

Table A-6.17(c): Summary of range of possible evaporator 
conditions for Rune 60 
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