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SUMMARY

A study on heat pump thermodynamic characteristics has been made in
the laboratory on a specially designed and instrumented air to water
heat pump system. The design , using refrigerant R12, was based on the
requirement to produce domestic hot water at a temperature of about

50 C and was assembled in the laboratory . All the experimental data
were fed to a microcomputer and stored on disk automatically from
appropriate transducers via amplifier and 16 channel analogue to
digital converters. The measurements taken were R12 pressures and
temperatures, water and R12 mass flow rates, air speed, fan and
compressor input powers, water and air inlet and outlet temperatures,
wet and dry bulb temperatures. The time interval between the observations
could be varied. '

The results showed, as expected, that the COP was higher at higher air
inlet temperatures and at lower hot water output temperatures . The
optimum air speed was found to be at a speed when the fan input power
was about 47 of the condenser heat output . It was also found that the
hot water can be produced at a temperature higher than the appropriate
R12 condensing temperature corresponding to condensing pressure . This
was achieved by condenser design to take advantage of discharge
superheat and by further heating the water using heat recovery from

the compressor. Of the input power to the compressor , typically about
857 was transferred to the refrigerant, 50% by the compression work and
35% due to the heating of the refrigerant by the cylinder wall, and the
remaining 157% (of the input power) was rejected to the cooling medium.
The evaporator effectiveness was found to be about 757 and sensitive to
the air speed.

Using the data collected, a steady state computer model was developed.
For given input conditions i air inlet temperature, air speed , the
degree of suction superheat , water inlet and outlet temperatures;

the model is capable of predicting the refrigerant cycle, compressor
efficiency , evaporator effectiveness, condenser water flow rate and
system Cope. i
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A Summary Of The Aims, Objectives And Programme Of Work

1.

2.

3.

4

Se

To

To assemble an air to water heat pump system which can produce
service hot water in the region of 50 C.

To evaluate the Danfoss SC10H compressor for a heat pump application
in (1).

To study side by side tube condenser, where there exists the
possibility that water can be produced at a higher temperature than
the appropriate refrigerant condensing temperature; and also the
effect of subcooling on the system COP.

To investigate the heat pump thermodynamic. characteristics at
different amblent air temperatures, alr speed and suction superheat.
To develop a computer model which can be used to study tﬁe
thermodynamic characteristics of the heat pump for a wide range of

operating conditions; and to improve future design of similar systems.

achieve the above aims and objectives, a heat pump system and the

digital data acquisition system with some of the appropriate

transducers were developed in the laboratory.

1.

2.
3.
be

S

6o

The heat pump system with access points for monitoring its
thermodynamic parameters was constructed in the laboratory.
Instrumentation amplifiers for amplification of low level signals
to improve the data handling system were also designed and built
in the laboratory.

A technique for measuring ' ° air speed, compressor and fan input
powers by utilising a frequency to voltage converter was developed

in thelpresent worke. , :
A survey was conducted to find the suitable pressure and liquid flow

sensors.
Computer programs for the data acquisition system and on line and off
line analysis of the data were developed . Computer programs to
facilitate the fitting of experimental data values to equations
(polynomial, power and two variables regression ) were also developed.
Based on the experimental data and theoretical principles a steady

state computer model was developed.

xxii



CHAPTER 1

INTRODUCTION

Any process is never 100% efficient ( 1 ) ; and so it is with the
process of producing hot water by heat pumping. In the wake of ever
increasing energy costs, the current and future energy situations
there is a challenge to produce service hot water using ambient
energy. The questions of how to limit the use of fossil fuels, and
how to make the most of ambient and alternative energy sources, are
widely debated in the industrialised world. One of the answers and a

very interesting one is the heat pump.

The heat pump concept is not new, it was first introduced by Lord
Kelvin ( 2 ) in 1852, This idea lay dormant for nearly 80 years ( 3 ),
mainly due to the energ} situation at the time. The commercial
application in the 1930's was principally for air conditioning in the
USA. After the world energy crisis in the early 1970's , the heat pump
became very attractive as a means of heating rather than cooling. Heat
pump research and production increased fapldly. The International
Energy Agency estimated total annual sales of 1.3 million units of all
types in 1981/1982 , and forecast an increase to 2 and 3 million by

the end of the 1990's ( & ).

In the United Kingdom , as in mési European countries, heat pump
development has been focussed on space and water heating units ,
usually substituting for the gas boiler and electric central

heating system. At the moment the sales are estimated at around 4000



installations per year (5 ) . Hospitals ,office blocks , schools ,
shops and supermarkets appear to take up most of the market .
Industrial and commercial applications are currently mainly limited
to low temperature drying processes (6 ) , dehumidification and
heat recovery in swimming pools (7 ) .The ohly profitable market
in the domestic sector is in houses without access to the gas grid;
estimated to be several hundred installations per year. The slow
response to the heat pump in the domestic market is certainly due
to the initial capital cost. The lowest cost of a domestic heat pump
is an air-air system at about £1200 for an output of 6kW ( 8 ) in 1981,
Ambrose et-al ( 5 ) suggested that this initial cost can be .reduced
by looking at four design aspects which could be improved :

.1. Standardisation

2. Simplification

3. Improved performance

4, New or improved compressor
They estimated that after 15 to 20 years of development , design
refinement of this kind would lead to a 25 to 507% reduction in.
initial cost . Clearly the basis for improvement is good understanding #
of the heat pump and its components . This is the main aim of the

present study .

or heatin%y
While the heat pump idegilqy dormant , the refrigeration industry

grew steadily due to high demand for cold storage and air conditioning.
When interest in the heat pump was renewed , it was not suprising to
see that the refrigeration components were used , and in fact are still
widely being used, in the heat pump system . Among the few specially
designed heat pump components on the market is the Dagfoas SC10H com=-.

pressor. The manufacturer claims that the development of this heat pump



compressor has taken into account both economic and technical factors.
It is one of the aims in the present work to study and evaluate this

compressor for a heat pump application in supplying service hot water.

Commonly most of the water heating heat pumps utilize a shell and tube
condenser, or immerse the refrigerant vapour line (at higher pressure)
inside the hot water cylinder. In both cases, the final hot water
temperaturelis lower than the refrigerant condensing temperature.
Recently Carrington ( 9 ) has shown that hot water can be produced at
a temperature higher than the condensing temperature and almost
instantly ( 10 ) using a specially designed condenser. This is very
interesting, since a lower condensing temperature means a higher
coefficient of performance. It is oQQJobjective of the present work

to study in detail tﬁis type of condenser. Another interesting aspect
about this condenser is that it allows the subcooling of the liquid
refrigerant, and so increases the heat output and the coefficient of
performance. The effect of the subcooling on the heat pump system

will be included in the study.

Apart from the equipment, the heat source is another factor which has
enormous effect on the heat pump performance. Air appears to be very
interesting heat source, because of its availability. Unlike earth
(ground coil) and water (usually from well and river) heat sources ,
where their applications are limited, the air source heat pump can be
installed anywhere; in factory, hospital, residential home, even a
bunglow or a flat at the top of the building. The only disadvantage
of the air source is that for space heating air temperatures are low

when heating i{s most needed, and for water heating air temperatures



are low for about 307 of the year. In the United Kingdom the temperature
for most of the days and nights in a year is + higher than 0C.
Table (1.1) shows the average of days and nights per year in the United
Kingdom where the temperature is less than =1C. Higher .air temperature
meang{%igher coefficient of performance . For an air temperature ' in the
region of 0C, the coefficient of performance is between 2.5 to 3 when

hot water at about S0C is produced,(see for example ( 11 ), ( 12 ),

( 13 ) ) and this is good.

London Birmingham Manchester Glasgow
(Heathrow) (Elmdon) (Ringway) (Abbotsinch)

Day 3.9 749 5.4 75
Night 67 12.5 8.4 12.5
Table (1.1) The average number of days and nights per year when

average temperatures drop to -1C or less (source ( 14 ))e

It is quite true to say that an untreated air source is not the most
attractive ( 15 ), since it is often too cold to achieve coefficient
of performances greater than 3. Considering' that solar ‘energy
technology is expanding rapidly, a solar assisted heat pump future
looks very promising ( 16 ). Exhaust air from industrial processes is
another source of warm air. In the supermarkets and big stores ,

heat rejecged from the refrigeration system can be a very good heat
source. Therefore it is very worthwhile to examine heat pump

characteristics at various air inlet temperatures.

Another factor of interest is the effect of air speed on the heat
pump system. Very low air speedycan cause frost formation on the

evaporator surface. Very high air speedsmeans more power must be



given to the fan.' To see how the air speed affects the system

performance is another aim of the present work.

To facilitate the study and improve future designs, a predictive
computer model is required. A model which would be able to predict,
for a given operating condition, the refrigerant cycle on the P-h
diagram, water and refrigerant flow rates, the compressor and system
energy balances, some of the components efficiencies, and the overall
coefficient of performance is essential for design purposes. The model
developed in the study is based on theoretical concepts as much as
possible. Where the theoretical concept is not applicable, empirical
relations (developed from the experimental data obtained in the

present study) are used.

In the laboratory a small air to water heat pump instrumented for
research was designed and assembled. The heat output capacity is
between 1 to 2 kW, while the compressor input power requirement is
about 300 W. All the measurements are automatic and under computer
controle. This is considered to be very important so that large
quantities of data can be collected in a short period with high
accuracy. An instantanous calculation of energy balance makes it
possible to ensure the system is being monitored properly. Also an
instantaneous print out of the coefficient of performance gives an
idea of how the heat pump is responding to changes either in the heat
source (air temperature,air speed) or in the refrigerant cycle
(subcooling, superheating). All the data are stored on magnetic

disks for fuller analysis later omn.



All the experiments were carried out in the laboratory. The air
relative humidity is not a controlled parameter , but it is measured
at the inlet and outlet of the evaporator . The difference of air
enthalples at the outlet and inlet of the evaporator is taken as the

energy absorbed by the evaporator into the system.



CHAPTER 2

THERMODYNAMICS OF A HEAT PUMP

2.1 Introduction

A heat pump is an apparatus for causing heat to flow from a low
temperature heat source to a higher useable temperature heat sink.
Some examples of natural heat sources are atmospheric air,water and
earth. While the heat sink is a fluid, depending on the application

of the heat pump. In space heating for example, the fluid can be air

Oor water.
|
4 <= < 1
Hot Water
HEAT SINK HEAT PUMP HEAT SOURCE
( Water ) ( Air )
Cold Water -
- I —=> 2
__T =

Fig (2+1) An air to water heat pump system.

“The heat transfer medium of the heat source is passed through the heat
pump, where heat is extracted, and then rejected back to the heat
source at a lower temperature. In the case of earth normally a
secondary fluid is used to extract heat from the earth and then
tranfer it to the heat pump. The heat is then upgraded by the heat
pump and transferred to the heat sink. In figure (2.1), representing
an air to water heat pump, the temperature of air at 1 is higher than

at 2, and water temperature at 4 is higher than at 3.



The fluid used in the heat pump to transport the heat extracted from
heat source to heat sink is called the refrigerant. fhe refrigerant
changes state from liquid to vapour while extracting heat from the heat
source, and the heat exchanger where this process takes place is called
the evaporator. The low pressure and temperature vapour is then compress-
ed to a higher pressure and temperature by a compressor. This compressor
requires external work for its operation Heat is released by the
refrigerant to the heat sink during condensation in another heat
exchanger, the coﬁﬂenser. Thé liquid réfrigefant then expands back to

it original pressure and temperature as it returns to the evaporator ¥ia
an expansion valve. Figure (5-2) is a schematic 'diagram shéwing the

basic components of an air to water heat pump.

In thermodynamics, a process where the system reverts back to its
original state is called.a cycle. As has been discussed above the -
. refrigerant, is extracting and releasing heat repeatedly. The .

- refrigerant is said to be working in a closed system.

2.2 Heat Cycle

2.2.1 Carnot Cycle

Whenever a temperature difference exists, motive power can be produced.
This statement is one form of the second law of thermodynamics, first
reported by Carnot in '1824. A system that can produce: motive power ar
warkcis known as heat engine. A heat engine cycle consists of a number
of processes arranged to convert heat energy into ?ark energy such that
the system returns to its original state at the end of each cycle. The
Carnot cycle for a heat engine is composed of reversible process which
give the maximum possible work when working between two fixed temperatu-

re limits, T1 and T2. Figure(2.3) is a Carnot cycle for a heat engine

8
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N

Compressor

Fig(2.2) A schematic diagram of an air to water heat pump system
showing the basic components and their arrangenent.

with a gas as the working substance on P-V (pressure-volume) and T-S
(temperature-entropy) diagrams.The cycle consists of £ouf processes.
1. Process A-B : Heat energy is supplied to the system at comnstant
temperature; an isothermal process.
2., Process B-C ; Is an isentropic expansion of refrigerant, where
no energy is transferred to or from the system.
3. Process C-D : Heat energy is rejected from the system at a
constant lower temperature, an isothermal process.
4, Process D-A 3 Is an isentropic compression of the refrigerant,
where no energy is transferred to or from the

systeﬁ as it returns to the initial state.

If Q1 is heat aupplied to the system, and Q2 is heat rejected by the
system, |
fhe net work done = heat supplied - heat rejected
W =Q1-Q2 (2.1)

The efficiency is defined as,
: 1 .02 -
' ‘Il = gTio.— (z.z)



P
A TE __A |‘QI B
P v
Q1 '
B
D
T2 Lo ] 1
Q2 c DI Q2 le
|
; !
v slA S8 S
(a) ' (b)

Fig (2.3) Heat engiﬁe cycle ; (a) on P - V diagram and (b) on

T = S diagram

or "'1-1'%%

7= 1= T2(SB = SA) since Q -ddes for reversible process.
o T1(SB - SA) '

= 1- T2
1 T1

or = Tl = T2
1]' T ‘ - (2.3)

Equation (2.3) shows that thé efficlency of Carnot heat engine.can be

expressed in term of temperature only.

If this cycle is reversed, that is instead of ABCDA, the cycle is now
operating from ADCBA, figure(2.3),this mééns-that.energy.QZ is absorbed
into the system at T2 and energy Q1 is rejected at T1 from the system .
The_system following this cycle is known as a refrigerator or a heat .
pump, figure(2.4). If the apﬁlication is for éooling it is called

refrigerator ( or air conditioning unit ) and if for heating is a

10



heat pump.

For these devices a dimensionless quantity, the coefficient of performan

ce, COP is introduced. The COP of the refrigerator for . cooling 1is
given by
COP(C) = Heat Extracted = Q2
Work Done w
- Q2 - T2 | "
Q1L - Q2 Tl - T2 (2.4)

and for the heat pump, the COP for heatin'g is

COP(H) = Heat Rejected = Q1 _ .
W

* Work Done
-_--I q1 - '[‘1 ’ I :
Ql - Q2 ‘T1 = T2 . . (2‘5.)

The two are plainly simply related
COP(H) = 1 + COP(C) (2.62).

The COP for heating may also be written

COP(H) =W +Q2 = 1+0Q2 .
. T W W (2.6b)
High Temperature T1 High Temperature
Q1 _ Q1
W W

Q2 _ Q2
Low Temperature T2 . Low Temperature
.- HEAT ENGINE HEAT PUMP

Pig (2.4) Heat pump is a reversed heat engine .

11



2.2.2 -Rankine Refrigerant Cycle .

The Carnot cycle involves four processes;, twa adiabatics: and two
isothermals, while the rankine cycle has an extra process, the isobaric
desuperheating of refrigerant vapour. In practice the heat pump qycle
is more close »to the Rankine cycle than the'Carnot cycle. During the
course of the Rankine cycle the refrigerant changes state several
times, which can be followed in the phase diagram. The most suitable
diagram for .representing the processes.. of refrigeration  and
heat pump ' is the -Mollier P—h chart. The vertical axis of this chart
.or diagram is pressure (P ) and the horizon£al axis is enthalpy (h).
The curve on the left of the diagram is the boiling point pressure
curve and on the right is the dew point curve. The two curves meet at
the critical point. The area under the curve is the two pha;e regione.
To the left of this region 1is the’ '1iqu1d region and to the right

is the -vapour region.

Figure(2.5 ¢) shows the Rankine cycle drawnon al p~h chart of refrig_erant
12 (or R12). The processes involvedcan be explained as follows,

1. 5 # 1 : Isentropic compression of refrigerant vapour from low
temﬁerature and pressure to a higher temperature and
pressure

2. 1 = 2 : Desuperheating of refrigerant vapour at. constant pressure.,

3. 2 - 3:37Heat rejected to the heat sink from the condensation
of refrigerant at constant temperature and pressure.

4e 3 =4 1 Expansion of refrigerant at constant enthalpy.'The

pressure and temperature of refrigerant is lowered

12



p
.3 r o 2
.EE. lQl W
. S ..:E: ‘F Al £
Y 1Qa
‘\\\\_ N
(a)

(e)
Pig (2.5) The Rankine cycle can be plotted on (a) P-V diagram
- (b) T-S diagram and (c) P-h diagram. In process 3»4
refrigerant passes irreversibly through an expansion
valve,. This change ia denoted by a hatched line and

is isenthalpic.
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to the evaporating pressure and temperature. Partial
evaporation occurs in this process.:

5. 4=5 : Heat is extracted from a heat source at constant temperature

and pressure.

2.2.3 Practical Heat Pump Cycle

In practice, to ensure that no liquid enters the compressor, the
saturated refrigerant vapour in the suction 11ne'(point 5 in figure
(2.5¢c)) is further heated for a few degrees, normally between 5C to
10C. To increase the efficiency of the heat exchangers, liquid
refrigerant is further cooled,for example in the present system
between 10 and 20 degree C belowyzzndensing temperature. The Rankine
cycle in practice is now the cycle 1345 in figure (2.6). This cycle
1; known as an ideal heat pump cycle., For the cycle without suction
superheat aéd liquid subcooling, cycle 1'2'4'5' is called a saturated
cycle. These two additional processes are termed 'suction superheat' and
'subcooling'. The superheating of refrigerant vapour in the high

pressure line (or condenser) is called 'discharge superheat' (or

"desuperheating).

The real heat pump cycle, must account for two more factors; the
pressure losses in the heat exchangers, and that the compression is
not isentropic, figure (2.9). The pressure drops in heat exchangers
are due to the flow friction between the refrigerant and the tube,

and for example, in the present heat pump system the pressure drops

14



Fig (2.6) An ideal ( 1345 ) dnd saturated ( 1'2'4'5' ) heat pump
cycle o The effect of superheating, ; and the
irreversible nature of the thfottle expaﬁsion combine
to reduce the coefficient of performance COP below

:that given by Carmot theory.

are about «7 ‘bar (10 psi) in the condenser and .14 (2psi) in the
evaporator . The . refrigerant. alsoIexpériencesptessurefdrops when
entering and immediately after leaving the compressor's cylinder . In
figure (2.9), 5 = 5' is suction bresau;e drop and 1-1' i{s discharge
pressure drop. Pressure drops at the compressor mean the actual
compression ratio is higher than the expected one. The heat exchangers
efficiency-will be reduced by the pressure drop,and the pressure drop
in liquid line (point 3 in figure (2.9) ) will reduce the expansion

valve capacify.

2.3 Heat Pump Performance

The Carnot COP is the highest COP for & heat pump machine.working

between two fixed temperatures. It can be expressed using equation(2.5),

COP (Carmot) = Te :
Te = Te (2.7)

15



4=4' Evaporating

* + d 4=5 Superheating

' 5=1 Compressing
1.2 Desuperheating
2-2' Condensing
2-3 Subcooling

h 3=4 Expanding

Fig (2.7) Heat pump cycle on P-h diagram for R12.
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evaporator

- Pig (2.8) The various states of the heat pump working fluid.
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where Tc and Té are the condensing and evaporating temperatures in K

respectively. The equation also ignorés the discharge superheat.

Since during. the isenthalpic throttling process. no internal work is done
and no heat is lost or gained, the work done by the compressor must equal
the difference in heat output and input , W= Q1-Q2 ( 1st law of
thermodynamics).Since QI=h1-h3, Q2=h5-h4 and h3=hé4 (see figure(2.6)),

W =nhi - h5 ) | B (2.8)
Equation (2.5') can also be written in term of enthalpy differencés,which

is known as. the_Rankine COP.

hi - h3

COP (Rankine) L = he

(2.9)

Pig (2.9) A practical heat pump cycle ( 1345 ) « The condensing

temperature Tc is the temperature at 2 , and the evaporating
temperature Te is the temperature at &4 .

In practice there are several factors which can reduce: the COP. Ona of
the biggéét factors is compressor efficiency. Normally the efficiency of
a reciprocating compressor is about 80 to 90 7 (17) . Usually other
electrical appliances are needed in the - operation . For example,
in an air to water heat pump, a fan is needed to circulate air through

the evaporator and water pump to circulate water through the condenser.

17



This will increase the total work input to the system, and so reducing

the system COP.

2.4 Refrigerant Choice

In heat pump systems , refrigerants are the vital working fluids.

Their function is to remove heat from the heat source and add it to

the heat sink. Most mechanical compression hgat pump systems use
refrigerants that change phase during operation. Heat is removed fromthe
heat source by evaporating the liquid refrigeranﬁ and transferred to.the
heat sink by condensing the refrigerant vapourSystems that use gas ,

such as air (lﬁ)ldo not change phase during operation.

There are 23 refrigerants that are - used in refrigeration (19)
» as shown in tables (2.1) and (2.2) wi£h some of their properties
that are very 1ﬁportant to the heat pump design. Basically there are .
five most important properties desirable for refrigerants.

1. The operating evaporator temperature should be well above the
freezing temperature at the operating pressure. This is to ensure
the smooth flow .of refrigerant, without the possibility the
line being blocked by the formation of solid refrigerant.

2. At the desired condenser temperature , the condensing pressure
should be well below the critical pressure. When the condensing
pressure is approaching the critical pressure, the latent heat
of condensation i{s decreasing. This will reduce the amount of
heat transferred to the heat si;;:

3. The evaporating pressure should be higher than atmospheric

pressure. This is because in the event of .4 .leak,if the pressure

18



is lower than atmospheric, air will be sucked into the systeﬁ.
Some refrigerants react with air and the resulting chemicals
may damage the system.

4. The refrigerant should be non toxic, non-flammable and non-

corrosive.

5. The refrigerant should be easily cbtainable at a low cost.

All refrigerants which contain carbon atoms or molecules are called
organic refrigerants, known commercially as freons. These oréanic
refrigerants are divided into two groups. One which contains one
carbon atom in their molecular structure is known as methane based,
the other with two carbon atﬁms is called ethane based.The mixture of
two refrigerants is known as an azeotrope. Table (2.1) and (2.2) show

23 refrigerants with some of their properties.

In the United King&om,'the required domestic hot water temperature is
about 50C ( 20 ). For a heat pump to produce hot water at this
temperature, it will require the condensing temperature also to be
about 50C ( assuming coliection of energy in the discharge superheat
vapour). If the ambient air is used as the,heaf source, the evaporating
temperature ia about =5C (for ambient air of about OC). Therefore in
order to comply with condition 1 and 2 to suit the application of a
heat pump as domestic water heater, the refrigérants must have

freezing temperature well below =5C and critical temperature should

be higher than 50C.

Thermodynamically there are several refrigerants suitable for heat
pump applications. Pabon-Diaz ( 21 ) and Ogbeide ( 22 ) evaluated

in
and compared several refrigerants which are commonly useélheat pumps.
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Name Chemical:- Mol. Mass
Formula kg/K mol.
50 *Methane CH, 16.04
14 Tetrafluoromethane CF, 88,01
1150 Ethylene CZH4 28.05
503 Azeotrope of R23 and R13 87.50
170 Ethane CZHG 30.07
23 Trifluoromethane CHFé¢ 20.02°
13 Chlorotrifluoromethane CCIF3 104,47
744 Carbon Dioxide | CO2 44.01
13B1 Bromotrifluoromethane CBrF, 148,93
1270 propylene C3H6 42.09
502 Azeotrope of R22 and R115 111.63
290 propane C,Hg 44,10
22 Chlorodifluoromethane : CHClF2 86.48
717 Anmonia NH, 17.03
500 Azeotrope of R12 and R152a 99.31
1£ Dichlorodifluoromethane cc12F2 120.93
152a Difluorogthane CHSCHF2 66.05
600a Isobutane CH‘,‘H10 58.13
142b Chlorodifluoroethane CH3001F2 170.94
600 Butane 04H10 137.38
114 Dichlorotetrafluorcethane CC1F2C01F2 187.39
11 Trichlorofluoromethane- CC13F 100.5
113 Trichlorotrifluorocethane CCIZFCCIFi 58.13

Table (2.1) The commonly used refrigerants:in refrigeration
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R Boiling point Freezing point|Critical Temp |Cri tical
& Pressure
at NBP (c¢) (¢c) (c) kPa
50 '=161.5 ~182.7 -82.5 4638
14 -127.9 -184.9 «45.7 " 3741
1150 | -103.7 -169.0 9.3 5114
503 | -88.7 - 19.5 4182
170 | -88.8 -183 3242 4891
23 -82.1 =155 25.6 4833
13 -81.4 -181 28.8 3865
744 | -78.4 -56.67 31.1 7372
13B1 | =57.75 3 -168 67.0 3962
1270 | =42.7 -185 91.8 4618
502 | =45.4 - 82.2 4072
290 | -42.07 -187.7 96.8 4254
22 | =40.06 -160 96.0 4974
717 | -33.3 =77.7 133.0 11417
500° | -33.5 =159 105.5 4423
12 -29.57 -158 112.2 4113
152a | =25.0 -117 113.5 4492
600a | -11.73 -160 1135.0 3645
142b | =9.8 -131 145.7 3259
600 | =.5 -138.5 198.0 4406
114 | “3.8 -94 "214.1 3437
11 23.82 -111 1371 4120
113 | 47.57 -35 152.0° 3794
* At normal atmospheric pressure (101.3 kPa)
+ At 527 kPa

b

Table (2.2) Some important properties of the refrigerants
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To show how the thermodynamic properties of the refrigerant can affect
. heat pump performance and system design, a comparision of four
refrigerants is made here based on their cycles on P-h diagram. The

* four refrigerants chosen are;

R11 : Trichlorotrifluoromethane 2% )
R12 3 Dichlorodifluoromethane ( 24)
R22 : Chlorodifluoromethane (25)
R114: Dichlorotetrafluoroethane ( 26 )

The references are where the application of the refrigerant are reported.

For this comparision, it is assumed that the evaporating temperature
Te is from -13C to 27C (260K to 300K) and condemnsing at Tc=47C (320K).
The suctioﬁ sup;rheat is taken as 5 degree C and liquid subcooling is
assumed to be 20 degree C. All values of enthalpies and densities are
taken from P-h diagrams as published by ASHREA ( 19 ). It is also
assumed that tﬁe heat pump capacity is 1.2 kW ( condenser outpuf)_,
and the compression is isentro.pic. Table (2.3) shows the comparision

ofthe four refrigerants.

Frém table (2.3), the evaporating pressure for R1l and R114 is seen
to be low (very near to or beloﬁ atmospheric pressure). This is not
desirable for the reason already given. The evaporating pressures for
R12 and R22 are about right, not too low. On the other hand, a low
condensing pressure is also desirable. The condensing pressure of R22
is ;omc what higher than R12, Higher condensing pressure means the
condenser tube and other accesories must have the wal}s thick enough
to withstand the pressure. This may be a set back for domestic heat

pump because it may increases the cost and thus be uneconomic.
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R Condensing| Evaporating | Refrigerant| Swept CoP
Pressure Pressure Flog3rat51 Volu €3 4
(MPa) ™ Pa) x10 “kgSs x10 S
Te= 320 K Te= 300 K
R11 23 012 6.15 »991 21.67
R12 1.2 o7 7.79 «205 17.11
R22 1.58 1.1 6.0 .13 13.33
R114 b2 022 8.82 «517 13.6
Tc= 320 K Te= 260 K
R11 «23 .08 6.09 1.32 10.94
R12 1.2 o3 7.89 «282 12.67
R22 1.58 .8 6.06 «178 11.0
R114 42 15 9.23 «738 9.27
Te= 320 X Te= 280 K
R11 23 +054 6.03 1.88 737
R12 1.2 «39 7.69 «366 7.8
R22 1.58 62 5.83 0224 7+36
R114 42 12 9.09 1.01 7.33
Te= 320 K Te= 270 K
R11 023 «034 5.98 2.83 6.12
R12 1.2 «26 7.5 «469 5.71
R22 1.58 42 5.71 317 5.68
R114 oh42 «078 9.02 1.5 5.54
Te= 320K Te= 260 K
R11 «23 022 5.83 4.16 4.9
R12 1.2 o2 7.27 0539 4.46
R22 1.58 31 5.5 «393 4.54
R114 b2 «04 8.82 2,205 4.0

Table (2.3) Comparison of R1l, R12, R22 and R114 for heat pump’

application.

23




*S3ue1381iyal ano} 103 aduewioyiad JO JUSFOTIIV0D SNSISA Iinjeiaduwsay Suyjexodeay (01°7) 214

(D JUNLYHIDWIL ONILVHODYAI |
OE Se 02 c1 01 S 0 S- T 0ol-  Sls
PYL L lo
-190
lo 4
T
L
8
-
@
4N
-
i
N

24



OE

(T

01

S

0

»ml.

01-

*saunjoA 3dams Juera3yayax anoy syl jo uoysyaedwod (1r°z) 814

() 3UNLVYIAWIL INILVIOLYAI

Sts

21 =3

5
S/EW E-.0T+ JWNTOA Ld3MS

b4

25



Figure (2.11) and also table (2.3) show that for a heat output of 1.2kW
the compressor requires higher swept volumes for R11l and R114 and in
turn this means larger compressors. For domestic applications a small

compressor is more attractive because of its lower cost and less space

requirements.

Table (2.3) also shows R12 to give a greater COP than R22 for the

operating conditions necessary for hot water production except at
Ta » 260 K.

Toxicity and flammability are other properties to look when chosing
the refrigerant. Reference ( 19 ) shows that R12 is one of the most

non-toxic and non-inflammable. The toxity of R22 is higher than R12.

R12 is widely used in domestic refrigeration and air conditioning,

so that it is easily obtainable, and at a low price.

For the above reasons, R12 appears to be the most suitable refrigerant

for heat pump systems, especially for domestic application.
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A small air-water heat pump with a heat output

CHAPTER 3

AN AIR TO WATER HEAT PUMP

kW was built in the laboratory . The schematic diagram of the unit is

in the region of 1.2

shown in figure (3.1) . Four basic components of the unit are compressor,

condenser , evaporator and expansion valve . Other accesories are-the:

Sk
/‘glass s filter drier , and condenser's water flow regulator and fan.

Waoter %\U"-‘

o '
Water D fagulate
In i

Water.

Condenser

Out 1

A

Evaporator |

Alr
In

Compressor

Fig (3.1) An air - water heat pump system showing the basic components.,

3.1

Comgressor

A compressor is a machine which is capable of increasing pressure and

density ofa working fluid. In @a. heat pump , the function of the

compressor is to remove the refrigerant vapour from the evaporator, and

raise fhe temperature and pressure

5____ v

-
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vapour will produce useable heat. A reciprocating compressor was used

in the present heat pump system.

3.1.1 The Danfoss SC10H

This reciprocating compressor is designed for small heat pump systems,
mainly for heating of tap water for domestic use. It is of a hermetic
type, i.e. the motor and compressor combination are hermetically
sealed in one casing. The motor is a single-phase ac motor in which
the input voltage range is from 198V to 255V at 50Hz. The motor size
is 250W and the starting current is 10A. The stroke volume is 10.3-cm3
and the total weight 12.1 kg without the electrical equipment. The

refrigerant recommended for this compressor is Ri2.

Figure (3.2) shows the variation of input powér to the coﬁpressor with
the condensing and evaporating temperatures, as given by the
manufacturer. Clearly there are two factors determining the input
power to the compressof; First is' the compression ratio, the ;atia of
the discharge pressure to the suction pressure. A higher compression
ratio means that more work is required. The second factor is the
density of the refrigerant vapour. When the density is increased, the
mass of the refrigerant induced into the compressor is increased, and

more work is required.

3.1.2 Reciprocating Compressors

Figure (3.3) shows a P-V diagram for a reciprocating vapour compressor.
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Fig (3.2) The compressor Danfoss SC10H characteristcs
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The clearance volume is the space between the valve plate and the top
of the piston when the piston is at the top of its stroke . Practically
this clearance space is very important in avoiding the piston striking
and so damaging the valve. Normally the clearance volume varies from

4 to 10 7. of the stroke volume (27).

The cycle of the reciprocating compressor consists of the following

processes:

1. 3-4 : Piston moving down the cylinder and causing the expansion

of the clearance vapour.

2. 4=1 : The inlet valve opens when clearance vapour pressure is
equal to P1 , and vapour is drawn in until the end of the

suction stroke at 1. (V1-V4) is the volume of vapour drawn

in.

3. 1-2 : Immediately after the piston starts on its return stroke ,
the vapour pressure inside the cylinder begin to rise and
closes the inlet valve. Further movement of the piston will
increase the pressure, density and temperature. At point 2,
the pressure of the vapour has reached the delivery pressure,

and further movement of the piston will open the outlet

valve.

4, 2-3 : The vapour escapes into the discharge pipe until the end of

of the stroke is reached at 3.
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Fig (3.3) The P-V diagram of a reciprocating compressor

Process 1-2 is the compression of vapour from P1 to P2 according to the
law of PVﬁ = C ( Pipressure , V: volﬁme , C :constant ) . The value of
index. n determines the type of compression . For n=1 ,. the.compression
is isothermal,,. and. for n=Y (= Cp/Cv) it is an isentropic compression.
The compression is known as polytropic whenn # 1 and n #) ., and n is

then called a polytropic index.

From figure (3.3) , the work Wr required to drive the reciprocating
compressor is the area enclose by the curve 1234 . In termsof pressure

P , volume V and polytropic index n , the work done per cycle is,

we (2 nn - @ G

ne-1

If Vec: is the clearance volume , Vec=V3 , and using the relation

P3 v3® = P4 V4" , equation (3.1) can now be expressed as ,

wr = (r2y) nn -3 @Y (@ G

n-1
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Fig (3. 3a) A schematic diagram of reciprocating compressor.
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The work done Wr can also be expressed in term$of temperature by using

the ideal gas law < ._,I}n. ..m is the mass of freon discharged per
.cycle, R is the gas constant and T is temperatura(dY?Q“JL* K).
- Lt} L (n'i)/n
Wr = (. e )m R T1 (( P1 =) -1) - (3.3)

3.1.3 Compressor Efficiency

The work needed for the compression as expressed in equation (3.2) and
(3.3) is called polytropic work. I sentropic work is for the ideal
compression with n=y¥. The ratio of the isentropic to the polytropic
_work 1is the isentropic efficiency,?i. Thé actual work required to
drif; the coﬁpre&sor is greater than the polytropic work due to fricfion
Another efficiency known as.mechanical efficiency7lm, is defined #s the
ratio of the polytropic work to the electricai input work.fot'ﬁn

electrically driven compressor. The overall isentropic efficiency, 7o,
:that is the ratio of the isentropic work to the electrical input work
is, No =Nilm (3.4)

Anéther efficiency of the compressor arises as a result of the effect
of clearance volume. This efficiency, known.as volumetric efficiency
71v, is defined as‘tﬁe ratio of the volume of gas induced into the
compressor to the stroke volume. Referring to figure (3.2),

Nv. gv1-'w.§ (3.5)
; (Vi-v3
Since the stroke volume Vs=(V1-V3) anﬁ the élearance volume is Vc=V3,

equation (3.5) can be expressed

Ny =1- (5 (& .y (3.6)

3.1.4 Compressor Cooling

In the interests of {ts working life, the manufacturer’s recommendation
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is that the compressor must not run in a system where the condensing tem-
perature is higher than 60C and at the same time it must be cooled

( 28 ). The manufacturer suggests that the refrigerant itself

(preferably in the state of saturated liquid) could be used as a

cooling medium. In the system under investigation, the hot water
(condenser outlet) is used as the cooling medium so that the final hot

water temperature can be higher than the condensing temperature.

3.2 Condenser

The condenser is the component where the superheated refrigerant vapour
is cooled, and then liquefied. In doing so heat is rejected and carried
away by the cooling fluid, such as water. Normally the condenser is
known by the cooling fluid, for example air cooled or water cooled.

An air cooled condeaser is usually a finned coil over which air is
blown and the refrigerant is condensed inside the tube.. The well known
water cooled condensers are shell and tube, and concentric tube. In

the system under investigation a simpler type of water cooled |

condenser, tube side by side is used.

3¢2.1 Tube Side By Side Condenser

This condenser consists of two copper tubes joined together s;de by

side by soldering material. One carries the water coolant and the other
the refrigerant. This type of condenser is chosen because the

temperature profile along the condenser tube can be more easily obtained.
The condenser is 15 m in length with the tube carrying the refrigerant
having an inside diameter of 0.004 m and the water tube with an inside

diameter of 0.006 m.

Figure (3.4) shows the cross section of the condenser. The R12 and
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water are flowing in opposite directions, and the condenser.is more

precisely known as a counter flow tube side by side condenser .

An accumulator , a copper tube of 2.5 cm in diameter and 25 e¢m in
length is introduced in to the condenser 12 m::- * from the point
where the refrigerant enters the condenser . The main purpose of putting
the accumulator is to prevent liquid refrigerant flowing back into the
compressor . Secondly , it is hoped to have a clear division between the

subcooling and the condensing regions of the condenser.

e ) Water
1
«006 m Water 5 Soldering

# 2
GO& m R12 . ?'.i Material
é — R12

Fig (3.4) A cross section of the condenser .«

3.2.2 Thermal Analysis Of The Condenser

For the purpose of thermal analysis , the condenser can be divide into
three sections , desuperheating , condensing and liquid subcooling . In
the desuperheating region - the superheated refrigerant vapour is cooled
until it reaches its dew temperature }'the temperature below which -~ .
condénsation will take place. The .overall heat transfer is from vapour
to water. Infthc.coqdcnsation region, the heat tranafer is from a
mixture of vapour and liquid refrigerant to water, and in the subcool

tegion it is from liquid refrigerant to water.
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Fig (3+5) The variation of R12 and water temperature in the condenser .,

In the thermal analysis of the condenser , there are six important

parametezs invo lve:d .
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1. Prandtl Number Pr

2. Reynolds Number : Ry
3. Nusselt Number : Nu
¢t &4, Heat transfer coefficient : He
5. Friction Factor and Pressure Drop : F , AP
'6. Effectiveness : £

1. Prandtl Number ; Pr (dimensionless)

The Prandtl number is a function of fluid properties and is defined as
the ratio of the kinematic viscosity of .the fluid to the thermal

diffusivity of the fluid ,that 1is
pr, A .Cplt. (3.7

A k

2. Reynolds Number § Ry (dimensionless)

The flow of fluid in tubes can be divided into two groups ; turbulent
and lamimar flows . In laminar flow fluid molecules move very'smoothly
parallel to each other along the tube,ﬁéhile in turbulent flow , the
motion of fluid molecules is random . The type of fluid flow is
characterized by a dimensionless parameter known as thq'ReynoIds

number and is defined as

Ry VD - abn (3.87)
) M
3. Nusselt Number $ Nu (dimensionless) '
The Nusselt number for flow inside .tubes is defined as .
He D. :
Ny = Tk x (3.9 )

It has been shown (29 ) that Nu is a function of Reynoldsand Prandtl
numbers, Nu= £(Ry,Pr) . For turbulent flow of gas (30)

Nu = 4023 (12 )'%) Re*® pr3 (3.10)
The term (1+(D/L)'8) is a correction due to the ratio of

tube diameter to its length . For laminar flow éliquid) (31),
s



flow (liquid) (31) ,

1 + .04 ((D/L) Ry Pr)?/3

4. Heat Transfer Coefficient 3 He

The heat transfer coefficient Hc is defined (29 ) as the constaﬂt of
proportionality relating the heat transfer per unit time and unit area
to the overall temperature difference . From figure (3.6) , if the heat
is transferred from 1 to 2 and q is the heat energy at 2,

q = Hc A (T1-T2) (3.12)

T1

Fig (3.6) Heat is transferred from T1 to T2

From equation (3.9 ) , the heat transfer coefficlent ,Hc can also be

1l;\um.al
expressed in terms of Nusselt number,Jconductivity and tube diameter,
He = —a- (3.13)

5. Friction Factor And Pressure Drop

The friction factor ,F arises due to the friction between the moving

fluid with the inside surface of the tuﬁe « For turbﬁlent flow of gas

inside tube ( 30 )

Fwm (3.14)

1 i -
*((1.581 logRy-3.28)2 (-"ﬁg—')'z")
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For fluid flow inside the tubes, the friction factor depends on Reynolds
number and the ratio of fluid viscosity (bulk) with viscosity at wall
temperature; The flow is taken as turbulent when Ry)7100 and laminar
when Ry<2100 . For Ry between 2100 and 7100, the flow is transitional
_between turbulent and laminar. The equations below are taken from ( 30 ).

16 ; - v
P (3.15)

2. Ry >7100 , Mdm >1 (MUm -’(}i—:- )
= 0.167 (7 -tu-m) (3016)
((1.581 logRy - 3.28)2,U-m'24

F

3. Ry >7100 , tm (1
F as in equation (3.14)

4. 2100¢ Ry £ 7100

P = ((7100-Ry) F1 + (Ry-2100) F2 (3.16a)
35000

where F1 : from equation (3.15)

F2 : from equation (3.14) or (3.16) asm {or 1

The pressure drop in the condenser results from core friction, flow
acceleration and inlet and exit effects. The biggest contribution is
from core friction, and inlet and exit effect can be neglected ( 30 ).

The pressure drop can be simplified to ( 32 ),

2

ap =23 FL (3.17)

63 Effectiveness : & s s gmmE mee sumc S s

The effectiveness is the ratio of the actual heat transfer in the
exchanger to the maximum which is thermodynamically possible for the
prescribed inlet temperatures and flow rates ( 32 ). In other words,it is
the ratio of the heat ga_in by water to the heat loss by the refrigerant.

Bw C Tw,0 = Tw,1i :
r Cpp (Tr,i = Try0) (3.18)
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The subscripts are w for water; r for refrigerant; {1 for inlet and
o for outlet. The term ! Cp is called the capacity rate, C . The
capacity rate ratio is the ratio of minimum capacity rate to the
maximum capacity rate. The effectiveness of a counter flow heat

exchanger (condenser) can also be expressed as ,

¢ leexp(-( 222 ) + (A )
" f - min max (3.19)

C
1-Coin ) op(-Hede ) ey,

cmax cmin Cmax

3.3 Evaporator

.The other heat exchanger incorporated in the heat

pump system is called the evaporator; the component where refrigerant
absorbs heat from the heat source and evaporates. The evaporator is
designed, as with the other heat exchangers, to not only maximise
heat transfer but also to suit the aﬁplicdtionn f.e with volume, weight
and cost considered. For domestic application , a small, light, cheap
.and efficient heat exchanger is desired. This type of the heat exchanger

is known as the compact heat exchanger .

3.3.1 An Air Source Compact Evaporator

The evaporator used in the present heat pump system was

.salvaged from an- air conditioning unit manufactured by
Versa Temp, model Vm220 . It is a wavy continuous £in type, with circular
refrigerant tubes in staggered positions. Blundell (33 ) has made a
comparision of several continuous £in evaporators and found that the
wavy continuous fin has the lowest temperature difference between the

air and refrigerant for a given operating condition.
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The geometry of the evaporator is as follow.

Size

Depth

e61 x 4205 x 065 m

3 rows (.065 m)

Frontal(pace) area $ o125 m2
Volume : 00813 m3
Freon tube outside diameter : 01lm
Freon tube inside diameter ¢ 008 m
Freon side surface area : 322 mz .
Freon tube length t 7.32 m (2 parallel tubes)
Air side surface area : 9.66 mz
Fin area s 8412 m?
Fin spacing $.«002 m
Fin metal thickness : 0002 m
Freon tube spacing : +025 m
~*Free flow area t 055 m
Heat transfer area(air side) : 9.66 mZ
Hydraulic radius : 0,002 m
r-—/_—'/_\,\'T l .L lAir
(:::) 1= Fin —
—> out
) «025 m O
.025|m R12
O,/ Line
O R12°In—
O s
O «002m
O

O
O

Fig (3.7) The cross section of the evaporator .
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3.3.2 Thermal Analysis Of The Evaporator

The overall heat transfer coefficient for the evaporator can be
expressed in terms of the outside air coefficient, inside (the tube)

refrigerant film coefficient and fouling factors ( 34 ).

1 1 A
He Eo ha +Re + Ar hr +. Rt (3.20)

For the evaporator used, Rc is zero because the bond between the fin
and tube is provided by galvanising . The inside fouling resistance
Rt can also be neglected by assuming there is no corrosion inside the

tube. The air heat transfer coefficient ha is determined from ( 33 ) ,

ha = Fs Ga Cpa (1 - =72) | (3.21)
where N is the number of rows of freon tubes, which is 3 for the

evaporator used. Fs 1s known as Stanturn correlation and given by,

Fo = —EC__ (3.22)

. Pr 2/3
Fc' in the above equation is called Colburn correlation ,

Fe' = (10.8 Ry*2%%) -1 (3.23)

Both equations (3.22) and (3.23) were taken from ( 33 ).

Eo in equation (3.20) is called the overall air side surface

effectiveness , which is given by ,
Eo=1- (24D (1-10) (3.24)
where | £ 1s the fin efficiency which is given by ( 33 )

tanh ml

and m -’{?11’-’-!: (3.26)

The refrigerant heat transfer coefficient hr in equation (3.20) is



extremely difficult to calculate . This is because of the geometry of

the evaporator makes it very difficult to estimate some of the required
mueclh

parameters, for example, Ry, Pr . Since hr is alwayflgreater than ha

(see ( 33 )), for rough estimation of He , hr can be neglected.

One way of calculating hr will be described here. This methad.is by

using the Dengler and Addom ( 43 ) equation , which is
1 .0.5

where Hl is a predicted heat transfer coefficient assuming the total

flow is liquid, and is given by,

k l'x 0.8 C
HL = 0023 ( gR)(D 6 (3T O (=BE- ), (3.28)
The Xt is the Lockhart and Martinelli parameter, where
1 x I 0.5 , M 01
o= = ( ( ) ( =) (3.29)

The evaporator overall héqt transfer coefficient, He , c&n now be

calculated using equation (3.20) which is simplified to,

1 1 . A :
He "Eo ha TaAr br (3.30)

Using the Number Of Transfer Unit (NTU) method, the evaporator

effectiveness is given by the equation below ( 32 ).

fv=i1-exp(-th + “gr“) (3.31)

The effectiveness as defined on page 40 can also be expressed as

ca (Ta(i)-Ta(o)) .
NV = Gain (Ta(i)«=Te) (3.312)

The NTU method is a heat transfer technique for calculating the

effectiveness of heat exchangers in terms of a dimensionless

quantity, NTU = Hg & (see (30)).
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3.4 Expansion Valve

Two main functions of the expansion valve in the heat pump system are
to reduce the liquid refrigerant pressure and temperature, and to
regulate its flow to the compressor. The temperature of the refrigerant
on entering the evaporator must be lower than the ambient temperature
to enable heat to flow from the surroundings to the refrigerant. If too
much refrigerant is passed by the expansion valve, it may not be
completely evaporated in the evaporator, and as a result liquid
refrigerant may be admitted into the compressor. If too little

fefrigerant is in the evaporator, heat absorbed is reduced, and so

too the performance.

Fig (3.8) The throttling valve. Pressure and temperature at 1 is
higher than at 2. '

In figure (3.8) the steady flow equation from 1 to 2 ( 35 ) is given by,

2 2
Q-¥ = A ( (h2-h1) + (“2 = S ) ) (3.32)
7

Since the area of the valve (or hole in figure (3.8)) is small and the
device is thermally insulated, there is no energy loss by heat transfer

so that Q=0. Further more no external work is done , therefore W=0.The

2

change in kinetic energy is small ( 35 ), and so Cg - C1 =0. Equation

(3.32) is now reduced to ,
h2 = hi (3.33)
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That is the enthalpy before and after the expansion is the same.
Practically when entering the expansion valve the refrigerant is in the
liquid state, but after the expansion , it is in the two phase state.
The process of expansion is an irreversible one. Though no heat is

lost the expansion is not isentropic, in fact a small increase in

entropy OCCurse.

3.4.1 Thermostatic Expansion Valve

In the heat pump system under study, a thermostatic expansion valve,
manufactured by Danfoss (DF2) is used. A sketch of the valve is shown
in figure (3.9). The feeler bulb is partially filled with liquid of
the same type as the one used in the heat pump system; and is called
the power fluide. The power fluid exerts pressure on top of the diaphragm.
The pressure is opposed by the evaporating pressure from beneath the
diaphragme. The pressure from the power fluid is alway ﬁigher than the
evaporating pressure because the feeler bulb 1is attached at the tube
connecting the evaporator to the compressor. The difference in these
two pressures determines the size of the opening of the valve, and so
the refrigerant mass flow rate and the suction superheat. The valve

setting can also be adjusted manually.

From figure (3.9) it can be seen that the inlet pressure (i.e. the
condensing pressure) can also affect the freon mass flow rate. When
pressure drop across the expansion valve (condensing pressure minus

evaporating pressure) is large, the freon mass flow rate is higher.
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Hand Adjustment

Fig (3.9 ) A schematic diagram of a thermostatic expansion valve.

3.5 Other Components

3e5.1 Fan

The main purpose of using the fan is to ensure efficient operation by
increasing air circulation rates through the evaporator . Also it is
used nyctifc:he frost formation on the evaporator . In this system a
double centrifugal (backward curved blades) fan is used . The fan is
taken from the Versa Temp air-water heat pump unit . The maximum air

flow rate obtainable is .16 m°s lwith s power consumption of about 60W. .

In the experiments the air flow rate is changed by controlling the fan
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Photo (3.1) Th
) e position of the fan in the heat pump
system .
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input power using a variac « The minimum air flow rate across the

evaporator is about .04 m3s-1.

Motor

Blade

Fig (3.10) The fan

3.5.2 Condenser Water Flow Regulator

1}

The water flow regulator or valve is fitted in the water line just
before the water™ enters the condenser. A capillary tube (inside ..
diameter is 1 mm ) connec&s the valve to the discha?ge line outside the
condenser and about 20 cﬁ from the compressor . The valve can be
adjusted manually to cantrol the water flow rate , and so the water
outlet temperature ...Changing: the water flow rate , will change.. the
condensing temperature and pressure . If anzthlng happens in the heat
pump system that changes the condensing pressure and temperature , the

valve will automatically adjust ‘:he water flow te'maintain the set

condensing pressure.

The valve used here is Danfoss WXFX, which has a .pressure range of 3.5

to 16 bar. A schematic diagram is shown in figure (3.11).
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\"7’” - Water out

Water In —3 ')
:-Va1ve

—~~—— Diaphragm

From Discharge Line

Fig (3.11) The condenser water flow regulator .

3.5.3 Filter Drier

Small particles of dirt and moisture which enter the system during
construction can cause restriction to the liquid flow , particularly at
the-expansion valve where the opening is small . If operating

at low evaporating temperature (below 0C) water moisture might freeze.
and block the expansion valve . The fiiter drier consists of a
very fine filter to trap small particles of dirt , followed by a drying

agent , usually silica gel . It  {s . fitted before the expansion

valve . The drier used is the Danfoss DC 032.
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3.5.4 Sight Glass

This instrument with glass at one side, gives the facility of looking
into the refrigerant line. It is fitted at the liquid section, that is
between the drier and the expansion valve. It has a colour indicator

to indicate the presence of water in the refrigerant.
The presence of vapour bubbles appearing in the sight glass indicates

a fault in the system. Causes can be blockage in the drier or liquid

line, or not enough refrigerant in the system, or a system leak.

3.5.5 The Air Heater

An air heater is needed in order to increase the air inlet temperature
to the evaporator in the laboratory. It is made from a tin box of
dimensions 0.75x0.5x0.15 m with four heating bars. Each bar can with
withstand current of 3 A. The maximum capability of this air heater

is to heat the air temperature by 30 degree C.

" Hot Air Out

S S

Electrical

Supply
Cord

qCL ~— . ;
P /'\/
/// ,//r Vs Q\Heating Element

Cold Air 1In

Fig (3.12) The air heater.
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3.6 The Construction

All components of the heat pump system are connected between each
other by copper tube. The copper tube is chosen because of its strength,

high resistance to corrosion and cost.

Pipes must be large enough to avoid excessive pressure drops and small
enough to ensure adequate refrigerant flow velocity. Figure (3.13)

shows the size of pipes used in the present system.

In the refrigerant circuit the compressor inlet and outlet terminals
were soldered to the system, while the sight glass, drier and the
expansion valve were flare fitted. In the water circuit. the condenser

water flow regulator was connected to the condenser through reinforced

nylon tubing.

There are six compression fitted crosses in the refrigerant line and
four compression fitted T-connectors in the condenser water line. They
are used as access points for measurement of the refrigerant

temperatures and pressures and the water temperatures.

The system was first evacuated to remove the air and water vapour
before the refrigerant, R12 was admitted. The R12 was then let into

the system through the charging inlet valve (figure (3.13)). The system
was then switched on. Bubbles present in the sight glass indicated that
there was insufficient R12 in the system. It should be noted that the

amount of R12 circulated in the system varies according to the
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operating condition. Therefore the sight glass should always be

checked to ensure there is enough R12 in the system for the particular

circumstances.

Bubbles in the sight glass could also indicate leaks . The area
in which there was aleak was located using a halogen gas detector.
This detector gave a high tune sound when R12 was detected. Soap

solution was then used to pin point the leak.
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Photo (3.2) The heat pump and digital data acquisition system

1.
2.
3.
G
5.
6.
7e
8.
9.

Evaporator

Air heater

Wet and dry bulb thermometers.

Insulated box containing the compressor and condenser.
Cables connecting the transducers to the amplifiers.
Pressure gauge

Computer

Power supply

Analogue to digital converter

10. Amplifier
11. Disk drive
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ChaEter 4

THE DIGITAL DATA ACQUISITION SYSTEM

In the experimental work, the AIgital data acquisition system is used
to measure and record signals obtained from transducers, such as strain
gauges for pressures measurement,and thermocouples. It is very helpful,
because in this way, the calibrations and correction factors for the
various parameters can be stored on file and used in online or offline
computations . Major advantages include speed, continous operation and
acquisition of large quantities of data to improve the statistical

interpretation of performance.

The esseﬁfiai functional operations within the digital data, acquisition
system“include making the measurement, handling analogue signals ,
converting and handling digital data , and programming and control.
Figure (4.1) shows the block diagram of the system elements whose

functions are listed below.

1. Support System 3 Circuitry for the operation of transducers
e.g. excitation power supply.

2. Transducer 3 Translates physical parameters to electrical
signals, ac or dc.

3. Signal Conditioning :Adjusts the transducer output signal
(voltage) to a form acceptable by the analogue
to digital converter. e.g. amplifier for
amplifying low level.voltage.

4. Analogue To Digital (ATD) Converter : Converts the analogue
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voltage'to itSequivalent digital form. A
5. System Control : Microcomputeg for system programming functions
| and digital data processing.
6. Digital Recorder: For programs and data storage. e.g. on
. magnetic disk.
7. Additional Accessories : Printer and graph plotter, for printing

out and plotting of the results. -

[Support
System
Transducer Signal - ATD Digital
T Conditioning Converter Recorder
] 1
I
Experimental
[Variable
Ryscen " p—————> Printer
_ Control
(computer)
s Plotter

Fig (4.1) The digital data acquisition system.

_4.1 " The Hicrocomputer

The heart of this data acquisiton system is a microcomputer manufactured
by Commodore Business Machine (CBM) series 3032, and widely known as
PET ( Personal Electronic Transactor). Basically the microcomputer can
be.divided into 4 elements as listed below..
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1. Central Processing Unit (CPU) : It is the most important .
part of the computer where all calculations.
and management of the whole system are done.

2. Read Only Memory (ROM) : It is used to store a special
program that determines the characteristics
of the computer. Interruption of the power
supply will not alter the ROM. One of the
facilities available is a computer clock.'

3. Random Acess Memory (RAM) : The RAM is a temporary memory
and it is used for data and , or program
storage.

4. An Expandable Input-Output Bus : It is a connection, path
or circuit for inpute-output of data and

peripheral equipment.

The peripheral equipment used in this aata acquisition system is a
floppy disk drive (IBM model 3040) for storage of programs and data

files on magnetic disk. Also available are printer and graph plotter.

4.2 Analogue To Digital Converter QATDE

The basis of the ATD converter is a comparator circuit, which is a high
gain differential amplifier. The comparator compares an unknown input
voltage with a reference voltage and indicates which of the two voltages
is larger. For instance, if the input signal is higher than the
reference,lthe output vﬁltnge i{s maximum, and the comparator is said

to be 'on'. If the input voltage is lower than the reference, the

comparator output is minimum, and the comparator is 'off'. The
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comparator is said to act as a binary device . Figure (4.2) shows how
the analogue input can be resolved in four equal steps depending on
the 'on' or 'off' state of the comparator. The table alongside the

diagram shows how the output can be expressed in the binary form.

Reference Input
iv
Cl | C2 | C3| Input Voltage
R "0 0 0 |0 to .25V
75V c3 : 1 |0 |o].25¢t0 .5V
1 1 0 | «57 to.a75 V
R .
1 1 1| 73 to L ¥
SV c2 _
R

Fig (4.2) An analogue to digital converter.

Of course, for a higher accuracy a large number of comparators-are
needed. The latest converter uses a single integrated circuit as the
comparator .The one used in this experimental work is manufactured by
CIL Microsystem Ltd., model PCI 1000.The ATD is a 12 b%t device with 16
channels and the analogue input range is 0 = 1 volt +« The binary

output range is 0 to®4000 bits. The accuracy is * 1 bit orz.25 mV .

43 Instrumentation Opgratiénal Amplifier

Thermocouples do not produce output voltages high enough to permit thenm

to be fed directly to the ATD;therefore the voltages must be amplified.
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To Computer

4

ATD

Converter

™

Differential Amplifiers

Gain = 1 Ghin-219

h
22 Channels for
\ 4 4 temperature
. - N ‘ ' measurement

Fe¥ [2 5l
Converter .

pressure transducers

s o~
Redu- F.P.S. ¢ Fan Power/speed sensor
-1 C.P.S. Compressor power sensor

LL N T T T Y

wn

. WeFeS. Water flow sensor
FeP.S. Freon Flow Sensor
W F
F p :
: .

.

Fig (4.4) A block diagram of the transducers arrangment in the

digital data acquisition system .
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The output voltages of the transducers for measuring pressures are
based on a negative output line, they therefore cannot be fed directly
to the ATD converter which is ground based. To match the potentials

a differential buffer amplifier is used. The same amplifiers are also
used to feed flow rate and electrical  power signals to the ATD
converter. The type of amplifier used is an instrumentation operational
amplifier. The integerated circuit (IC) used is 725 Cleupplicd by

RS Component Limited.

- Zero E . Zero
Adjust. Adjust.
Inv. 1/p[2 v
Non-Inv.[3 | 6 10/P

i L 5]
v"' 4 5 Comp.
(b)

Fig (4.5) (a) Instrumental operational amplifier circuit.

(b) RS 725 CN integrated circuit.

Pin 1 and 8 (figure (4.5 b)) are for zero adjustment , pin 4 is for
negative and pin 7 is for positive 1npu; power lines. Inverting input
is to pin 2, while the non-inverting input is to pin 3, and output is
from pin 6. Pin 5 is for -compensation (stability). against noise and

* drift..
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An operational amplifier IC 1s a solid state integrated circuit that
uses external feedback to control its function . The feedback comnection
is made between the output and the inverting input pins , with resistors
R1 and Rf as voltage dividers. Tﬁe operational amplifier is said to have
infinite input impedance and zero output impedance , and when there is
no signal applied to.either.inputs , the output is zero k 37 ) .+ Output
polarity is in phase with the non-inverting input and out of phase with
the inverting input . When both thé inputs are connected the difference
of the input voltages (vl = v2) will be amplified , and this givesthe
name as the differential amplifier . The output voltage is,

=

Vo = ) (vl - v2) .(4-1)

for R1 = R2 and Rf = R3 . R5 .at the output.pin is to safeguard the

IC in case of short circuit.

4.4 Frequency To Voltage Converter

It is necessary to convert the ac signal or pulses given out by some
of the transducers into analogue dc signals,to match the ATD converter
input requirement. For this purpose an IC RS 307-070 is used . The.IC

has 14 pins as shown in figure (4.6(a)) below.

Ibfas [I] +5V R
Offset AJd Z] DBINot connected AW
= Iz 11 Input in out
Vréf(ﬂutﬁ:- m& Frequency
cnd  [&] [9]Gnd
Ve I | 8]Frq. Out
(a) (B)

Fig (4.6) (a) BRS:307=-070, the frequency to voltage converter IC
(b) The voltage limiting circuit
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Figure (4.6(b)) is the input voltage limiting circuit diagram. The
purpose of the circuit , consisting of 2 silicon diodes and a resistor,
is to limit the input voltage to less than 2.5 V and to make the
signal cross zero, as required by the converter. The minimum {input
voltage permissible is 200mV.The parallel silicon diodes produce an
output voltage not exceeding 1.2V (p-p). The manufacturer’s recommended
value for resistor R is given by,

R-(Vi( )-1)10 (4.2)

p=p

where R is in kJL and Vi( -

p=p) is input voltage peak-peak in volt.

The input sigﬁal is fed through pin 11 and the output is from pin 12.
The valuesof R1 and Cl1 are chosen according to the magnitude of the
input frequency (or application)., so that the output voltage will be
in‘the full range, which is 0-4 V. The range is then reduced to 0-1V .
to suit the ATD converter requirement by using the potential divider

( R2 and R3 in figure (4.7))+

To smooth out ripples , a large capacitor , 10 MF is put across resistor
R1 . A large capacitor in the output circuit means the response time
is large, and will take a longer time to response to changes in the
input frequency. The response time is made to be less than 5 seconds

by adjusting the combination of C1 and R1 for each application.

The accuracy of this F-V converter as claimed by the manufacturer is

el % of the full range output (FRO) . Since the full range is 1V , the

accuracy is fimV.
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4,5 Temperature Measurement

4.5.1 Thermocouple

A thermocouple consists of a pair of dissimilar metal (e.g. copper and
constantan ) wires joined together at one end (sensing junction) and
terminated at the other end (reference junction ) at a known
temperature , e.g melting ice temperature (0 C) . When a temperature
difference exists between the sensing junction and the reference
junction , an emf is produced that causes current to flow in the
circuit . The temperature difference associated with the emf is

determined by measuring the voltage of the emf and converting it to a

temperature using a |, calibration table.or equation.:
220k
——AAM—
— RS 51R
e o1 F
Constantan 4 4 vout
220k 41R
Sensing Reference ‘ l
Junction Junction - . . 4

Fig (4.8) The output of the thermocouple is increased by.the.amplifier

“by ' 219 times: '

When measuring the refrigerant temperature inside the refrigerant tﬁbe

the thermocouple connection has-to withstand a high-pressure (3-12 bar),
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Photo (4.1) The amplifiers . At the top are the ATD converters.
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/ Thermocouple cable

0 R VY

Epoxy resin

e

Rubber O-ring

AW

T-shaped brass flange

.\Themocoup le sensing

Junction.

Fig (4.8) Connection of thermocouple to the R12 and water tubes.
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The sensing junction is put through a hole in the middle of a T-shaped
brass flange> and covered with araldite expoxy resin. It is then
connected to the refrigerant line using a compression cross-connector

(the other outlet of the connector is for a pressure transducer).

4.5,2 The Calibration

The source of errors in the temperature measurement are the thermocouple
itself, the amplifier, the ATD converter and the calibration equation.
All the thermocouples were checked and those with output voltages
within SuV with Ehe calibration table were chosen. The thermocouple
outputs were amplified 219 times using the operational amplifier
(figure(4.8)) with R3=Rf=220k %17 and R1=R2=1 k X 1%. The accuracy of

the amplification, confirmed by measurement, is 17 . The ATD converter
glves an error *.25mV as shown in section (4.2)..:A'P°1Yn°m131 curve.. .
fitting program was developed and was used to obtain the equation shown,
below relating thermocouple output voltage to temPef&t“ff'_

T= 4.415%10"°+ 25.830 Ev = .606 Eve =.027 Ev3

4 . 9.817x107% Ev° . (4.3)

+.012 Ev
where T is temperature in C and Ev-{s voltage in mV. The accuracy of

equation (4.3) above is Y .05% as shown in table (4.1) below.

v:;tage ;::ge::;::e ;;gie:;fure Ttable'req % of error
Cc ' C C
-0 0 <0044 «0044 zZero error
.789 20 19.9894 .0106 05
1.611. . 40 39.9946 «0054 002
2,467 60 ; 99.9922 «0078 _ 02
3.357 80 80.0054 <0045 .01
4.277 100 99.9968 .0012 «001

Table (4.1) Comparison of equation (4.3) with values from -the
calibration table.
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The experimental uncertainty in temperature measurement is calculated
as follows.The previously mentioned experimental uncertainty of: SﬁAV
was determined when the hot junction was at room temperature (about
20C or 800pV ).The thermocouple thus has an inherent uncertainty of
about %7 . If we assume the thermoelectric power to be 40 fiV per C at
temperature t the voltage after amplification is 21940 ¢t (1 + 1.5%.) V
= 8,76 t (1 + 1.57) mV.(Notes: the amplification uncertainty is 17).

After the ATD converter , the voltage is 8.76 t (1 + 1.5%.) + .25 mV

= 8.76 t (1 # (1.5 +35=) %) av .
Temperature % of error
t (C)
.2 3.0
5 2.0
10 1.8
20 1.7
‘ 50 1.6
% 100 1.5

Table(4.2) The accuracy of temperature measurement

4.6 Pressure Measurement

4,6.,1 The Strain Gauge

Pressure measurement is made by using a strain gauge. It consists
essentially of a semiconductor mounted on & éiapbragm. so that it

undergoes small elongations or contractions due to tension or
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compression stress, respectively in that surface. As a result , the
strain gauge undergoes a corresponding change in resistance which is
converted into a voltage signal by connecting the gauge as arms of a

wheaEtone bridge, and applying excitation power to the bridge.

Output
\ Excitation

(Diaphragm)
Ambient Pressure ° &
“\x Farce
' _ Amplifier and st 1

Electronic Section [ - . v
£ (m=sey
S
| Strain Gauge ; ¢
' I:T [ 5\\\ Diaphragm
Measured Pressure
(Qa). . s Cb)

Fig(4.9") (a) A schematic diagram of a pressure transducer gauge.

.(b) Strain gauges for tensile and compression strains.

Figure (4.10) shows a typical Wheatstone bridge circuit with adjustment
network used in the strain gauge transducer <"58‘Jarhe resistors R1,R2,
R3 and R4 are the strain gauge components, where R1 and R3 sense the

compression strain, Sc; and R2 and R4 sense the tensile strain,St . The
resistors Ra and Rb are for zero adjustment. The resistor Rc, determines

the range of the transducer sensitivity.

4,6.2 The Calibration

All the transducers were supplied with their calibration certificates
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+ Excitation
(10 v)

+ Output

= Qutput

R3 R2

- Excitation

Fig (4.10) A circuit diagram of the strain gauge for measuring

pressure

by the manufacturer, Maywood Instruments Limited. The error of each

transducer as a perc;ntaga - of the full range output (FRO) is shown

in table (4.3).

The output signal of the transducer is matched with the converter input
requirement by using a buffer amplifier. This is done by taking Ri=R2=
R3=Rf=100k#17 ; R4=410¢1%, and R5=514%17%; while C=.014F in figure(4.5).

The maximum zero error of all the buffer amplifiers was found to be

around *.001 mV.
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tdodel Number
Serial Mumber

NRange

e

' {2 i' DZ’.

L N E NN

4707

R RN RN

0 .=2:00 PG

Tr i e e

TN

Test Temperature
Excitation

MNon- Lingarity

Full Range Cutput
Input Resistance

Cutput Resistance

Thermal Zero Shift

Thermal Sensitivity Shift

Hysterisis & Non Repeatability

Compensated Temperature Range

Y’
-

L N NN RN ]

LED.03

L]

1403

sarena bbb bapa

TR N N N A SR 'Y

-2 &+ 0.0 2

LI R I I Y

< £ O.OZ

LR R I e e

°C

Yolts OC

% FRO

% FRO

mV

Ohris

Chms

°ctoT 65 oc

*% FRC/ °C

% FRO/°C
/s

QUALITY CONTROL
Signature

Date

mgﬁ’&
/

A6 <) .

L N NN NN,

RN R NN N]

ELECTRICAL CONNECTIONS

LEAMO CONNECTOR

E'T.‘hite line

Cricntation uotch
—+ [N

- OuUT

. Input + RED (RED) ¥ .~ iIN—
ra .
Input - BLUE { BLACK )
Output +  GRCEN (GRLIN) Y|
. ]+ OUT -
Output = . YELLC.J/ { WHITE )}«
L .
B oS- T

e =

Fig(4.10 a) The pressure transducer and the calibration certificate.
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Transducers FRO Transducer Total | 7 Error
Erré:z Error3 of FRO
( pstg)? (av) (V) (V)
P1:0-500 203.96 t .31 & el ¥ .28
P2=0-SOQ 202.12 t .22 t 48 2 24
P3;O-200 200.76 T 022 t .48 r 24
P420-200 201.33 + .16 s ob2 + W21
P5:0-200 200.23 .22 + <48 *r .23
P6:0-200;_ 200.69 :’.18 + A4 + W22

1 : As calibrated by the manufacturer in pounds per square inche .

2 : From the calibration certificate
3 : Total error =* transducer error + ATD converter error + buffer
amplifier error .

Table (4.3) Pressure transducer calibration

The six equations ..for automatic reading of the pressure are;

Pl= ( Ev x:2451.46 + 14.7 )/14.7 (4:4 a)
'P2= ( Ev x 2473.78 + 1447 /1447 (444 b)
°P3= (JEv x 996.36 + 14,7 )/14.7 - (4ot ©)
Ph= ( Ev x 998,85 + 1447 )/1447 | (444 d)
P5= ( Ev x 993.39 + 14.7 )/14.7 | (4ets e)
P6= ( Ev x 996423 + 14.7 )/14.7 | (4 £)

where Ev is the voltage output of the transducer in volt. The

pressure is absolute and in bar ( 1 bar = 105 Pa ) .
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4,7 The Compressor Input Power Measurement

4.7.1 The Opto Switch

The opto switch was purchased from RS Component Limited (stock no 307-
913). It comprises a gallium arsenide infra red emitting diode with

a silicon photodarlington transistor detector or 'switch' in a

moulded package. An infra-red transmitting filter is fitted to eliminate

ambient illumination probleﬁa.

Collector Photo=-

*"”1 Darlington
Emitter Detector

Eeflecting
urface
.
P
(LED)
I~ +

Fig (4.11) The RS opto-switch.

The infra-red light emitted by the LED will be reflected by a
reflecting surface Qnto the photodarlington detector and switch the
detector into a 'switch on' mode. When there is no light reflected
onto the detector , the detector is in'switch off' mode. Diode
characteristics are such that the output current ratio in the on mode
to the off mode is about 100. Values are typically of order 100 4A and

1 A (reference ( 36 )). Thus in the off mode the voltage at pin 2
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is little different from the supply voltage of +10V, whereas in the on
mode suitable adjustment of the variable 220k resistor produces a low
voltage at pin 2. The resistors that determine the voltage at pin 3 are
chosen to give a value between the two pin 2 voltages. The operational
amplifier output will be =10V for the off mode ,but +10V for the on
mode. The circuit thus acts to produce a square wave output. The-
frequency to voltage conversion circuit ‘as’'described earlier, then

follows to give a dc output proportional to the rate of switching mode.

IT& measure the compressor input power , the opto switch is made to
count the lines on the light-reflecting disc inside the watt-hour
meter (figure (4.13)). On the disc there are 200 dark lines of equal
thickness and equally sepérétéd « When the light strikes the disc , the
detector is switched 'on' and when the light strikes the dark lines ,

the detector is switched 'off' .

The watt-hour
meter disc

LED Detector

Fig (4.13) The opto-switch is made to count the lines.on the watt

hour meter disc.
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4472 The Calibration

It was calibrated by using known loads j light bulbs of 100 , 150 ,
200 , 250 , 300 , 350 and 400 W . The voltages across the light bulbs
and current were measured . The accuracy of the output signals is
InmV + .25mV + ,00imV = 1.251 mV (the FV converter + ATD converter + the
amplifier ) . The accuracy of the volt meter is .1V i{n 240 V ;and the
accuracy of the ammeter is “¥ .003 A. The power, calculated from
P=(I2aI)(VX.AV) gives an average error of «37%. Table (4.4) below shows

the data ﬁor the calibration.

Transducer Voltage Current Power

Qutput JAcross light PéelIxV
W bulb

(+#1.251mV) (+.047%)

Ly v A . W
9733 239.6 1.650%2]  395.34%.2%
«8473 239.5 1.425 341.29
«7331 7 239 1.225 292.78
6137 239.8 1.0252.3% 245.8 .31
<4840 239.8 +800 191.84
«3770 240,.8 «620 : 149.3
. 2481 240.1 «400%+8% 96.,04%+8%

Table (4.4 ) Calibration of the compressor input power .

o

An equation relating the power Pe to the transducer output voltage

Ev was }1tted from the data in table (4.4).

Pe = 406,25 x Ev = 3,12 (4.5)
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Where Pe is in W and Ev in V.

The disagreement betweenlthe power calculated from equation (4.5) above
and the power from experiment is typically 1%. That means for power in
the range of 100W to 400W, the error is between 1 to 4W. The error due
to the uncertainty of the transducer output signal is 1.251 mV,which

is equivalent to % We

In the actual experiment , the error is higher than the one which has
been-discussed above. A small erfor is due to the unsteadiness of the
disc rotation due to the fluctuation of the main power supply. Another
source of error is due to the low frequency of the disc rotation, which
is in the region of %a cycle/second .Thus any irregularity in the line
spacing produces further experimental uncertainty. A comparision of
direct measurement from the watt hour meter and from equation (4.5)
gives an error of about 3-4%. Therefore it can be concluded .that an

error in the region of 4% is expected in the instantaneous compressor

power measurement.

4.8 Water Flow Rate Measurement
4,8,1 Water Flow Sensor

The transducers used to measure the water and refrigerant flow rates -
are of the rotor type. They consists of three main parts. The body to
which the water pipes are attached; the electronic compartment and the

rotor assembly unit which consists of ring carrying sapphire cup
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Aston University

lustration removed for copyright restrictions

Fig (4.14) (a) The water flow sensor
(b) A schematic diagram of the flow sensor showing the

rotor and the sensing coil.



bearings, which in their turm carry the rotor mounted on a shaft. The
tips of the rotor contain ferrite rods. Inside the electronic
compartment , there is an electromagnetic coil. In operation when the
magnet in thé rotor tips cuts the field of the electromagnetic coil ,
a current is induced , which is taken as output signal. The frequency
of the output signal is proportional to the angular velocity of the

rotor, which in turn is proportional to the liquid volume flow rate.

The output signal of the water flow sensor is pulsed. The frequency is
converted to a dc voltage using a F-V converter as described earlier
(chapter(4.4)). Figure (4.15) shows the circuit diagram with the value

of the required components.

4,8.2 Mm&m

The calibration was dpng by measuring the amount of water flow for a
glven period, using measuring cylinder and stop clock. The error of the
measuring cyliﬁder is’ «oml and of the stop clock is .5s:,by taking -
the error as & of the smallest scale division. The water mass flow rate
is determined by taking water density as 1 kg per litre. The error of
the tranducer signal is 1mV + .25mV + 001 mV = 1.251 mV (the error of

F=V converter + ATD converter + amplifier ).
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Ev (exp) Mw (exp) Hw (eq)
x 1072 x 1072
' kg 3-1 kg 3-1
«21105 7.12 T .09 7.05
«23234 7.67 * .15 7.76
- 25713 8.67 +.16 8.59
«30681 10,30 2,17 10.25
«36018 11,92 :.18 12,03
+48869 16.18 2,22 16.31
«61132 20,60 t.52 20.41
69101 |  23.01 $.58 23.07

Table(4.5) The calibration of the water flow sensor.

An equation relating the water mass flow rate Hw (kgs‘i) and the

transducer signal Ev (V) was developed using the experimental data

from table (4.5) above.

Aw = ( 009 + 33,37 Ev ) 10" (%6 )

As shown in table (4.5) above, the values of the Hw (eq) is within the

error range of the Hw (exp); therefore equation (4.6 ) can be accepted.

4.9 The Refrigerant SRIZZ Flow Measurement

449.1 The Flow Sensor

Thc type and operational principle is the same as the water flow
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sensor, except the casing is made from stainless steel instead of hard
plastic, and the electronic compartment (not including the signal pick
up coil) is about 14 cm from the rotor assembly. The sensor is connected
to the refrigerant liquid line of the heat pump by flexible tubes to
reduce the vibration caused by the compressor. The F=V converter

circuit diagram for the R12 flow sensor is in figure (4.15).

4.,9.2 The Calibration

The calibration is based on the manufacturer's certificate since it
cannot be done simply in the laboratory. The calibration certificate
shows that the sensor was calibrated using water. at constant temperature.
The R12 density, Pr is obtained from equation (4.7) below, which was
developed using data from (58 e

P_= 1.400-3.823x10™ & + 1.500 £7-2.635x10"7 ¢> (4.7

where Pr is the densily in kg/litre and t is temperature in C.

Uﬁing data from the manufacturer's calibration certificate, a .
relationship between the frequency Fq and mass flow rate Br was

developed (table (4.6a)).
Ae=(1.805  ° + 4,475 Fq) p_ 107 (4.8)

where Nr is in kg/s and Fq is in Hertz.

Several readings of the analogue dc outputs of the transducer Ev and
the equivalent frequency Fq were measured experimentally in the
laboratory. Then using equation (4.8) above the mass flow rates at the
measured frequency were calculated (table (4.6b)). An equation relating

the mass flow rate and the analogue output of the transducer was found

as below.
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4

Mr = (=2.458x10"  + .0147 Ev)lPr (449)

_ where Ev is in V and fir is in kg s=*

Water F-rate R12 F-rate Pulse rate

kg/min x .Pr kg/s Hz
6026 0.104 233.39
5.51 0.092 206,07

4,25 0.071 ' 156.05
3.26 0,054 122,96

- 1.39 0.023 53.61
0.38 0.006 14.32
0.1 0.002 3.76

Table (4.6a) Data from the manufacturer's calibration certificate.

Transducer Frequency Mass F-rate

Voltage Ev Fq Nr
v Hz x -Pr kg/s
0.3236 10.5 U.00451
0.3372 11.1 ~ 0.00478
0.3460 11.2 0.,00483
0.3840 12.3 0,00532
0.4152 13.5 0.00586
0.4356 14 0.00608
0.4487 14.4 0.00626
0.5722 18,9 0.00827
0.6610 21.6 0.00948
0.7700 25 0.0110

Table (4.6b) The calibration of R12 flow sensor

The accuracy of the analogue signal is 1imV+,.25mV+.001mV=1.251mV. The

Qccuracy of R12 mass flow rate is about 5% at 10 Hz.

It is essential to place the R12 flow. sensor in the liquid line to

avoid the vapour which could be a problem.
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4,10 The Air Speed Measurement

4,10.1 The Transducer

The same type of transducer used for measuring the compressor input
power is used here. The sensor was made to count the frequency of the
shaft rofation. This was done by putting a strip of paper as non =
reflecting material on the shaft. The light will be reflected to the
detector when it falls on the shaft but not when it falls on the paper.
The output square wave is converted to dc voltage using a F-V converter

as described earlier and the circuit diagram {s shown in figure (4.12).

= o

nger

( !z'.é.z O—The Fan Shaft

(reflecting Surface)

LED / Detector

—

Fig (4.16) The opto switch is made to count the number of revolution

of the fan shaft. .

4,10.2 The Calibration

There is a variation of air speed over the evaporator surface due to
the type ;f fan used, and it is extremely difficult to measure it
precisely. The method adopted here is to divide: the evaporator surface
into 24 sections and measure the air speed at every section using a
vane anemométer. The bilateral symmetry , of thg evaporator gave rise to
12 different air speeds for any one fan frequency.
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Detector Output Voltage (V)

387 448 <516 «585 «656 123 .783
Air speed (ma'i)
Al 406 | o736 | .952 | 1.172 | 1.385 | 1.590 | 1.801
A2 0293 | 622 802 1.051 | 1.325 | 1.450. | '21.693
A3 258 0492 709 871 | 1.051 | 1.172 | 1.297
Ad 476 802 1,033 | 1.325 | 1.647 | 1.905 | 2.201
AS o423 <677 924 1.219 | 1.451 | 1.590 | 1.793
A6 0288 | .517 «692 847 1.016 | 1.170 | 1.297
| A7 e179 .| . .363 535 709 «910 1,016 | 1.219
A8 .280 o469 0622 824 983 1.108 | 1.270
A9 .188 406 535 .726 .871 983 1.219
A10 (0)|C.105) | .218 | .38 | .476 | .598 | .709
A11 ~ | (.16) «252 376 «510 «635 726 «847
A12 (.08) +169 «293 o429 «586 «663 .781
Aver. |.253 | . 467 638 «820 1.033 | 1.185 | 1.343
~ Fitted . . .

Eqe | 313 | 463 0642 829 1,021 | 1.191 | 1.343

Table(4:7) The evaporator air speeds at several fan frequency,
values in parentheses are estimated. by extrapolation.

Al A4 A7 A10 | A10 | A7 Ad Al
A2 AS A8 All | Al11 | A8 AS A2
Al Ab A9 Al12 | A12 | A9 A6 A3

rig (4.17) The evaporator face area is divided into 24 sections.




Table(4.7) shows the air speed at all the 12 sections of the evaporator
(figure (4.17)) for several fan frequencies. For a given fan frequency
the air speed is taken as the average of the speeds at all the sections.
The tranducer output voltage is related to the air speed by equation
(4.10) below, 'which is fitted from the experimental data.

As ‘= 2,64 Ev = 0.71 (4.10)

where As is the air speed in ms'1 and Ev is the tranducer output

3

voltage in V. The evaporator air flow rate (in m 3-1) is the product

of the evaporator face area (which is .125 mz) with the air speed,As.

The error of the air flow rate is extremely difficult to estimate. The
tatai error of the F-V converter, ATD converter and the amplifier is
less than 17 (about 1.251 mV). The error of fitting the equation of
air speed to the transducer's output voltage is very small, (see table
(47)), and can be neglected.rﬁc'biggcst uncertainty i{s the fane
anamometer, which is very difficult to estimate. One way of determining
the overall error of the air ﬁlow rate measurement is by comparing

it with the manufacturer's specification. The manufacturer gives the
air flow rate as .16 n33-1. From the experiment the maximum air flow

rate 1s 168 m°s"} (which is 1.343.x 125 )e This gives an error of

around 57.

4,11 The Fan Input Power Measurement

4.11.1 The Sensor

The same sensor is used as in the air speed measurement (section 4.10).
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4,11.2 The Calibration

The fan input power and also the air speed were made variable by
controlling the voltage of the input power using a variac . The

experimental data shown in the table (4.8) below .

Ev(sensor) Current Voltage(variac) Power

Pml V

v mA v W

«3532 169 150 25.35
4475 190 © 17045 32.4
5281 212 193 40.92
«602 | 23 214.7 49,60
.6878 248 234 58.03
07515 1265 25746 68426
.8345 277 . .278.2 77.06

Table(4.8) The fan input power caiibration .

An equation was developed by fitting the above data (Ev and P).

% 272.15 Evh (4.11)

Fp = 109.64 Ev = 252.79 Ev2 + 505.47 Ev

T oerr alar es
L
a

where Fp is fan input power in Watt and Ev tHe transducer voltage in

volt.iThe error here is the same with the measurement of compressor

input power, in the range of 2to 37 .
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4,12 :The Air Relative Humidity Measurement

4,12.1 The Sensor

A - psychrometer, which consists of two thermometers , one having a
bulb covered with a wick that has been wetted with water, known as the
wet bulb.and the other as the dry bulb, ‘is used to determine the air
relative humidity. The wet and'dry temperatures' were measured using
thermo’.couples. At the wet bulb , the wick covered both thélbulb and

the sensing junction of the thermocouple.

Thermocouple Thermometer
(sensing junction
Wick
e foed Wa t e T
wE Teg P epsE i
I L I PR

Fig (4.18) Measuring the wet bulb temperature .

4.12.2 The Calculation Of Air Relative Humidity

" The calculatibn is based on the thermodynamic- wet bulb temperatufe,
(definition in ( 19) ) , which is a unique property of a given moist
air sample independent-of'the measurement techuique.utilized. The wet

bhlb_tempézaturuﬁis,theﬂeddilihrium.teﬁberq;urg of‘tﬁi:bylb—as ugter:-:

evaporates” from the wick.. of the psychrometer . The difference between
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the thermodynamic wet bulb temperature and the wet bulb temperature {s
small ( 19 ) , and in this case it is assumed to be zero. The
calculation éf relative humidity from wet and dry bulb temperatures is
done by the following procedure.

1. The saturated water vapour pressure Ps at a given temperature

is calculated from

In(Ps) = _'EE.OE%Z& +1.3914993 - 0.04860293 T

+ 0.41764768x10™% T2 - 0.14452093x10™3 T

+ 6-5&59673 ln(T) (4;12)

3

where Ps : saturation pressure in Pa

i - absolute temperature in K,

Let the saturation vapour pressure at dry bulb temperature be Ps and

Ps* at the wet bulb temperature.

2. The humidity ratio at wet bulb temperature, Ws* , which is the ratio
of the mass of water vapour to mass of dry air in saturated air at the
wet bulb temperature.
Ps* ’ -
Ws*x = 0,62198 e = e (4. 13)

where Pa is the atmospheric pressure (in Pa). The constant 0.62198 is

the ratio of the molecular weight of water to the molecular weight

of dry air.

3. The humidity ratio W, which i{s defined as the mass of water vapour
to the mass of dry air is determined from 'equation (4.14).

. (LH + (Cpv=Cpw)Ws* « Cpa(t = t*) (4.14)
LH+Cpv t - Cpw t* )

where LH : Latent heat of evaporation of water at OC taken as 2501 I:Jkg-1

W

ICpfs The mean specific heat of water vapour over the rangellof
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. interest, taken as 1.84 kJ/kg C .
Cpw 3 Specific heat of water, taken as 4.195 kJ/kg C

Cpa : The mean specific heat of air over the range of interest ’
taken as 1 kJ/kg C .
tyt*: the wet and dry bulbs temperature in C
Putting in figures for the constants, equation (4.14) now become,

W= (2501 « 2.355 x t*) x Ws = (t=t*) (4.15)
2501 + 1.84 x t = 4,195 x t*

(for derivation of equation see ( 49)).

4o From equation (4.13) above, the humidity ratio at dry bulb

temperature Ws is calculated using Ps.

5+ The degree of saturation'ﬂﬁ, which is the ratio of the air humidity

W to the humidity ratio of saturated air at the same temperature,

W :
i~ (4.16)

6. Finally the relative humidity is calculated from
A
1= (1-M) (-EE-

4.13 The Computer Program

Figure (4.19) shows the flow chart of the computer program for the data
acquisition system. Th; inputs to the program are the number of samples
required, n , and the time interval between the sets of readings, t.
After reading transducer output signals, the computer then saves the
data on the magnetic disc for a complete analysis at some later time.
The voltages are then converted to the appropriate units and some
calculations are done. The result is then displayed on the computer

screen. The full computer program is shown in the appendix .
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‘ Start )

Input n, t
Sp=1

-~
.

Reading the signals

\

Saving data on the disk

Unit conversion and

calculation

Sp=Sp+1 : \'4
Display on screen

N

Time delay

no

Fig (4.19) The flow chart for.the data acquisition program.
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IFR KG/S:COM| 8335 : R12 : .B07SE
IRIR MEAS | .180

IR12 TEMP| 73.84 | 40.50 | 22.44 |
l | 4.30 | 13.7 | .40 |
IHATER TEM| 12.08 | 44.58 | 45.00 |
IMET B:QUT| .88 | IN | 16,18 |
IR HUM:OUT | 85 | IN | 7O |
|AIR T:0UT| .95 | IH | 15.58 |
IR12 COND. | 48.50 | 25.5@ | 36.20 |
L 1 1 1 H
IFRES PSI | 135.8 | 126.5 | 120.2 |
I | 118.5 | 52.5 | S0.4 |
1 A 1 1 !

|

!

I

{

IELC JA/S:C0M | 265 ¢t FARH : S0O.4

| i

IHEATJA/S:0UT | 12@3 | IH | Saa

| 1 i 1 ]
1 Cop | 3.42 |TIMECMD | 18.206 |

L 1 1 1 J

Fig (4.20) Display on the computer screen during a typical

experiment.
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CHAPTER 5

EXPERIMENTAL RESULTS

The objects of the experimental programme of work were to study
the thermodynamic characteristics of the components of the heat
pump system , and the behaviour of the system as a whole , under
various operating conditions , and also to obtain the emperical

‘relationships required by the computer model.

The first experiment was to find the optimum suction ;uperheat of
the system . The suction superheat was varied by adjusting the
setting of the expansion valve. The second experiments were to
investigate the effects of air inlet temperatures and flow rates on
the evaporator and heat pump system. The following exﬁeriments were
for the determination of the compressor efficiencies and enérgy
balance. Experiments were also conducted to investigate the
condenser characteristics ; temperature profiles along the
condenser length, the effect of subcooling and the variation of hot
and cold water temperatures. The final experiments were on the
transient response of the heat pump to the changing in the air inlet

temperatures.

Since some of the relationships required by the computer model
cannot be derived theoretically data from these experiments were
used. The data were fitted for the required relationships using
computer programs which were developed in the present work. The
imformation required from the experimental work for the computer
model and the fitting of the required equations will be discussed

in chapter 6 .
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5.1 The Expansion Valve: Variation Of Suction Superheat

The expansion valve is factory adjusted to give a superheat of 6 C in
the suction line at an evaporating temperature of 0 C. This adjustment
was varied in order to investigate the effect of changes in the degree
of the superheat. Figure (5.1) shows that increasing the superheat will
reduce the evaporating temperature Te. The input power to the compressor
is decreasing (figure(5.3)) because of the decreasing in Te . Since

the freon mass flow rate is decreasing with increasing superheat

(figure (5.2))., the heat output (at condenser) is also decreasing

(figure (5.3)).

The suction superheat is increased by teducing‘the opening of the
expansion valve (chapter 3). This will reduce the freon flow rate.

With less freon present the area of evaporator used for evaporation

is reduced, and that for superheating of freon vapour is increased. Thus
the evaporator becomes less effective and the amount of suction
superheat increases. This will bring down the evaporating temperature,
Te, and so the COP, as shown by the experimental results (figure(5.4)),
therefore it can be concluded that excessive suction superheat will
reduce the evaporator capacity and the heat pump COP. The experimental
results show that for this heat pump, the most effective suction

superheat is less than 10 degree C for an air inlet temperature of

about 23 C.
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52 The Evaporator

There are two main’' factors affecting the evaporator performance ,air
inlet temperature and air speed. The air inlet temperatures were varied
in the experiment by using an air heater, while the air speeds were

changed by controlling the input power to the fan via a variac

(chapter (3)).

5¢2+.1 The Effect Of Air Inlet Temperature

Figure (5.5) shows the relationship between air inlet and evaporating
temperatures. The air inlet temperatureTaﬂhéwaparating temperature Te
and evaporating pressure were all measured in the experiment. The

evaporating temperature Te' was calcﬁlatcd from P4 , the evaporating

pressure. The values of Te and Te' as shown in table (5.1) are agreed

to a good accuracy.

Ta(i) Te P4 Te'
(C) (c) (bar) (c)
23.57 10.62 4.303 10.53
19.65 7.96 3.993 8.08
16.12 $:25 3.649 5.19
14.63 3.2 3.373 2.72
10.78 0.8 3.149 0.61
7.76 -0.3 3.027 ° =0.6
7.04 -1.8 2.891 -1.98

Table (5.1) The evaporating temperature as measured by
the thermo“couple and pressure transducer,

The experimental results show that increasing the air inlet temperature
will increase the evaporating pressure and temperature, because more

heat is now available to the freon. As a result, the pressure of the
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power fluid of the expansion valve {is also increased and forces the
valve to open wider, therefore allowing more freon to flow. When the
input energy (from air) is higher , so is the output energy (to water).
Since the work done increases only slightly, the COP is higher at
higher air temperature, as shown in table (5.1a) below. The operating
conditions of readings in table (5.1a) are the hot water temperature

is 45C (Te=40C), the inlet cold water temperature is 12C and alr speed

is 0.1 m>s"! (relative humidity is about 60 %).

Ta(i) Qout Wecomp coP

(©) (W) (W)
23.57 1670 322 449
19.65 1535 316 4.19
16.12 1403 310 3.90
14.63 1286 305 3.62
10.78 1130 300 3.23
7.76 930 294 2.70
7.04 895 285 2.67

Table (5.1a) The COP is higher at higher air temperature A{

5¢2¢2 The Effect Of Air Speed

The main function of the fan in the heat pump system is to increase.
the air circulation through the evaporator in order to provide heat
input and tqftducethe formation of frost on the evaporator outside
surface. Increasing the air circulation means more heat is transferred
to the freon, increasing the evaporating temperature and so the COP,

Since the fan requires input power for operation , there is an optimum

air speed for a given heat pump system .
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In table (5.2) the input power required for several air flow rates are
given for the fan as described in ch@pter (3)+ The result shows that

the maximum COP is achieved when the air speed is 0.11 m3s'1. To produce
this speed, the fan required 52 W of input power. This represents about
33-1

47 (or %3) of the heat output. For the air speed higher than 0.11 m ’

the heat output is increased, but not the COP.

Air Speed| Fan Power | Comp. Power | Heat Out cop

( m’s7h) (W) (W) (W)
0.04 29.8 301 1168 3.53
0.06 36.0 303 1258 3.
0.08 44.3 304 1297 3.72
0.11 52.0 305 1334 3.73
0.13 63.3 306 1367 3.70
0.16 70.1 306 1390 3.69

Table (5.2) The effect of air speed on the system COP

5.2.3 The Effect Of Relative Humidity’

Apart from the air temperature and speed, the air humidity also
affects'the-heat pump performance. In this experiment, the air
humidity is not a controlled parameter, but the humidity at the inlet
and outlet of the evaporator was measured. In general it was found
that for an air speed of 0.1 m3a'1. and air temperature about 14C, .
the relative humidity difference between the inlet and outlet of the

evaporator is about 20%.

The experimental results also show that the relative humidity diffe-
rence across the evaporator increases nh11§ the air speed decreases

(table (5.3)). At the lowest air speed (about .04m3s-1). the outlet
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relative hﬁmidityuUaaabaut 100%. It was observed the water vapour had
condensed on the evaporator surface. Over a period of 45 minutes, 156 ml
of condensed water was collected, which is equivalent to a heat of
condensation of 130 W. Since it was not possible to collect all the
condensed water and some of it evaporated back into the air before it
could be measured , this energy is a lower estimate of the exact amount

of energy transferred to freon from the process of condensation.

From table (5.3) it can be seen that the heat pump energy balance
agrees within an error of 5% when the air relative humidity is used

in the calculation. Neglecting the humidity gives an error of about

147 at air speed of 0.13 mss'i. and 36% at speed of 0.04 m3s-1 in the

heat output and COP.

5.2.4 The Heat Transfer Coefficient

The heat transfer coefficient of the evaporator for the air side , He
1s calculated using the method described in chapter 3. Rewritting
equation (3.20), neglecting terms of minor effect,

1 1 A ’
He Eo ha ¥ - he ' (5.1)

where Eo is the evaporator overall efficiency. The value of Eo and ha
are evaluated using equation (3,24) and (3.21) respectively.There are

several methods of determing hr, the heat transfer coefficient of the
freon . The methods as described by Blundell ( 33 ) and Dengler and
Addom ( 43 ) ( also applied by Tassou ( 39 ) in his heat pump model)
are chosen here. The results from these two methods are then compared
with the heat transferr  coefficient measured in the experiments
(figure (5.7)).
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The experimental heat transfer coefficient Hc(exp) was calculated from,

Energy Input (5.2)
Heat Transfer Area x AT *

He(exp)=

Where AT=(Ta(1)-Ta(o))/log((Ta(i)-Te)/(Ta(o)-Te)) and the energy
input was calculated from Ma Cpa (Ta(i)-Ta(o)). In the experiment

the air was recycled to produce the lower temperatures, and by the
time the steady state was reached, almost all the water vapour had
been removed. Therefore the experimental calculation, as with both
theoretical models, ignored the effect of the air relative humidity.
As can be seen from figure (5.7), the experimental curve is closer

to the Dengler and Addom curve than that of Blundell. This is
because Blundell used only the liquid properties of the refrigerant
in his calculation, while Dengler and Addom used both the liquid and
vapour properties. The non-uniform flow of air through the evaporator
gave rise to a range of values of Ta(o). The average value of Ta(o)was
estimated to be uncertain Eo 0.5 degree C. This gives rise to an

uncertainty in the Hc(exp) of about 15 % «

5.3 The Compressor

5¢3+1 Variation Of Polytropic Index With Compression Ratio

Figure (5.8) shows a plot of polytropic index n against compression
ratio Cr (discharge pressure/suction pressure) for a reciprocating
compressor which is cooled by water discharged from the condenser
(figure(5.9)). The graph shows that n decreases, or approaches 8
(1sentrop1Q index), with increasing Cr. The heat extracted from the
compressor by the cooling water is also decreasing at higher Cr.This

is because at higher Cr, the coefficient of performance is lower.

53.2 Variation Of Hot Water With Compression Ratio

The main aim of cooling the compressor with hot water from the
condenser is to increase the final water outlet temperature by

about 1 degree C.
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Freon Out

Water In —
(from condenser)

Water Out <

Freon In

Figure (5.9) The compressor is cooled by water from the condenser.

The experimental results (figure (5.10)) show that the maximum
temperature increase is achiev:d.when Cr is between 2.4 and 2.6 .
When Cr is higher than 2.6, the water temperature is high ,therefore
reducing the amount of heat that can be absorbed from the compressor.
As a result the increase in water temperature is smalls When Cr is
lower than 2.4, the water temperature is low but the flow rate is
high. E;en though more heat can be absorbed from the compressor ,
because of the large amount of water involved, the water temperature

increases only slightly.

The compressor Cr can be changéd manually by adjusting the water flow
regulator valve. Reducing the opening of the valve, that is reducing
the water flow rate will increase the Cr. This is because at lower
flow rate, the water temperature is increased.As a result the energy
th;t can be transferred from freon to water is reduced. The '
'untransferred’ heat will increase the temperature and pressure of

the freon. Since the evaporating pressure is unchanged, Cr is increased.
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FIG‘(%E%S?ESS%EE ggggglse_ in water temperature after cooling

the compressor. Operated under the same condition as

"£ig (5.8).
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COMPRESSION RATIO
FICGs SV peat extracted by the cooling water from the compressor.

Operated under the same condition as in fig (58)
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Figure (5.12) shows the plot of water and freon mass flow rates

against Cr for Cr between 2.18 and 3. As-explained above the water flow
rate is decreasing with increasing Cr. The plot also shows that the
freon mass flow rate is decreasing with increasing Cr. This can be
explained from equation (3.6), which shows that TN\v is decreasing with
increaaing Cr (assume n is constﬁht). This reduction in Nv is due to
the smaller induce volume Vi as Cr increases so reducing the amount

of freon that can be admitted into the compressor. Also at higher Cr
the amount of back-leakage from the high pressure side toward the low

pressure side is higher ( 40 ). :his will reduce the freon mass flow

rate.

5¢3.3 Variation In Condensing And Evapordting Temperatures

Table (5.4) below shows three sets of experimental results where Te

was kept constant at 5C and Tc was set at three different values. The

refrigerant cycles of the three results are shown in figure (5.13).

Tc T1 T3 Heat Out | Water Freon coP
Flow Rate| Flow Rate

(c) (c) (c) (W) (kgs™') | (kgs™' )

44,02 77.37 26.43 1294 0.0079 0.0075 3.70

40.41 73.68 24.71 1302 0.0089 0.0087 3.73

36.11 69.07 21.38 1356 0.0109 0.0098 3.86

Table (5.4) Three set of results at Te=3 C.

Another set of results is obtained by keeping Tc constant (Te=40C)

and letting Te takes three values, as shown i{n table (5.5). The

refrigerant cycles are shown in figure (5.14).
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Te T1 T3 Heat Out | Water Freon copP
Flow Rate|Flow Rate
(C) (¢) () | (W) (kgs=' ) | (xgs*')
10.65 72.03 26.56 1532 0.0118 0.0111 4,38
545 73.54 24,54 1303 0.0093 | 0.0077 3.72
3.73 75.54 22.29 1250 0.,0089 0.0061 3.57
Table (5.5) Three set of result with Tec=40C.
P
Tc-aaoozc 770376
Ts Te=40,41C _/ 73.68¢C
Te=36,11C // 69.07C
///
Te=5C
h

Fig (5.13)The ‘freon cycles with different Tc but constant Te.

T @
7

Te=10.65C V

Te=5.,45C

/

Fig (5.14) The cycles with different Te but constant Tc.

313




In the first set of experiments ( table (5.4)). The Cr is changed by
changing the water flow rate, while in the second set (table (5.5)) by
changing the air temperature.Both results show that increasing Cr will
increase the freon discharge temperature Tl and also the freon liquid
temperature T3. In the first case the quality of freon entering the
evaporator is increasing with Cr, while in the second set it remains
almost unchanged. The most interesting feature here is the water flow
rate in the second set of the experimental results. It shows that the
water flow rate changes with Cr even though the condensing pressure P1
is unchanged. This is best explained by considering the energy balance
in the cycle. At low Te and hence low freon flow rate the COP and
output energy are also low. In consequence, to produce approximately

the same rise in water temperature, the water flow rate must be lower

5.3.4 Compressor Energy Balance

Further consideration is given to the compressor energy balance. The
increase in enthalpy of any process is given by
dh = dQ + VdP
1f this is integrated over a compression cycle,
ah =4Q + $vap
The last term jIVdP is the area enclosed by the cycle on an

indicator diagram and is therefore numerically equal to deV which 1is

known to be the work done by the gas. Algebraically the two terms will

differ in sign
Ah =AQ - §Pdv

Thus if Qr is the rate of heat gain by freon we have
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fir (h1 = h5) = §r + Fc Wr (5.3)
where Wr the work done on the gas per cycle, is given by equation
(3.2), and Fc is the compressor frequency. Since Fc is not known an
approximation to the last term is obtained by a perfect gas approach.

fir (h1 - h5) = ¢ + == Ar R (T1-T5) (5.4)

The energy flow equation (3.32) would also achieve the same result.
Equation (5.4) simply states that in the polytropic process, the total
energy transferred to the freon is the sum of the work done by the

compressor and the quantity of heat transferred to the freon from

the cylinder wall.

In the equation (5.4) above, the value of the gas constant R cannot

be taken as tha-value of the assumed perfect freon gas; This is because
at high pressﬁres, the freon gas is not a perfect gas (appendix
D)s In the experiment, the pressure and temperature at suction PS5 and
79 an& at discharge P1 and T1 were measured. The specific volumes at
suction and discharge are determined from the values of pressure and |
temperature (V=£(P,T)). The gas' constant R is calculated from R__P_Vi_ .
In table (5.6) R5 is the gas constant at suction and R1 at discharge
points. The average of R1 and R5 is in the right column, and the overall
average of R is 61.93 Jkg-lc'l, this is about 107 lower than the

reported value for a perfect gas which is 68.77 Jkg-ic'i.

Figure (5.15) shows the freon cycle with the symbols used. Line 51 is

the isentropic line, where the entropy at 5 is equal to the entropy

at { .
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Cr RS R1 R ave.
J(kge)" Y| Jkge)t | J(kgo)t

3.03 63.12 59.85 61.49
2.94 63.13 60.08 61.61
2.85 63.17 60.29 61.73
2,72 63.16 60.52 61.84"
2.58 63.19 60.88 62.04
2.47 © 63423 61.10 62017
2,18 63.36 61.88 62.62
Average value of R ‘is 61.93 J(kge)™t

Table (5.6) The value of freon gas constant before and after the

compression. If freon is considered as a perfect gas

R is 68.77 J(kgC)~t.

Fig (5.15) The freon cycle with the symbols used.
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A set of an experimental results is shown in table (5.7'), where
ﬁx--;-g-i—ﬁ Rr AT, Afi= Nr (h1-h5) , Qr= Af-Wx, Pe is the electrical
power supplied to the compressor and Qc is the heat removed from
the compressor by the cooling water. It can be seen that Af +-ﬁc ’
the sum of the total energy transferred to the freon gas and the
energy removed by the cooling water, and Pe are equal within the limit
of experimental error,which confirms the energy balance in the
compressor. Only about half of the electrical energy is used for
compression and the difference is to overcome the friction and all
other resistances. A part of the heat resulting from the friction
befween the piston and the c}linder wall is removed by the cooling
water Qc and the rest is transferred to the freon gas Qr. This Qr
has a considerable effect on the freon discharge temperature.
From‘figure (5.15) , if Qr=0 (adiabatic compression), the discharge
temperature i{s Ti. In' the polytropic process , Qr#0 ; the discharge

temperature is increased from Ti.to Ti.

In table (5.8) the percentage of Wx , Qr and Qc to the input power Pe
are shown. The result shows that about 55% of Pe is transferred to

the freon from the work done by the compressor, 357% from the frictional
heat, and so a total of 90% is transferred to the freon gas. The

rest is removed from the compressor by the cooling water.
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Table (5.9) shows the compressor efficiencies, volumetric N v and
isentropic '.?'[:l for Cr between 2.18 and 3.03 . 7,v is calculated from
equation (3.6), while " { is from (Ti{-TS)/(T1-T5) . At higher Cr

the isentropic efficiency is higher. This is due to the changes in

n with Cr. Also at higher Cr the proportion of the stroke volume that

admits freon gas into the compressor is reduced and so the 1v is lower.

cr %‘100 2 100 3 100
3.03 56.2 % | . 394 | b %
2.94 55.9 38.0 6.1
2.85 5744 35.6 7.0
2,73 . 55.8 35.0 | 9.2
2.59 55.1 33.1 11.8
2,47 | . 54.8 31.8 13.4
2.18 5344 31.1 15.5

Table (5.8) About 55% of the electrical input power is transferred to
- the freon gas by compression and about 357 by heating.The

cooling liquid removes about 107 of the input power.

. Cr ni v

3.03 0463 0.925
2.94 0462 0.929
2.85 0.61 0.932
2.72 0.60 0.937
2.58 10.59 0.942
2.18 0.56 0.957

Table (5.9 ) The compressor efficiencies 7i and 7, v with -:—:- 0.95
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5.4 The Condenser

S5¢4.1 Variation of Hot Water Temperature

The condenser is designed to always give the water outlet temperature
Tw(o) greater.than the freon condensing temperature Tc, by utilizing
the discharge superheat. Figure (5.16) shows that at Tc=27.8 C, the
outlet water temperature {s 1.9 C above Tc, and at Tc=43.9 C , it is

77 Co Also it can be seen that the water outlet temperature varies

almost linerly with Tc.

The water flow rate is higher at lower Cr, about .02 kgs'l at Cr=2,18;
and lower, .0075.kgs'1 at higher Cr ( Cr=3.03 ). As shown by the graph

(figure(5.16)), the water flow rate is not linear with Tc.

. The water outlet teﬁperature is made higher than the condensing
temperature Tc, by making the freon and water tube diameters very small
compared to their length. This produces high and turbulent f{ou rates
which yield maximum heat transfer, and bripgs the water temperature
near to the Tc in the condensing region. Extra heat picked up in the
dcluporheating':egion will increase the water temperature higher than
Tc. The disadvantage is that the pressure drop across the condenser

(in the refrigerant circuit) will be increased.

3¢402 Pressure Drop Across The Condenser

FPigure (5.17) shows the pressure drop across the condenser against

the freon flow rate. It shows that operating at higher
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freon flow rate will cause a higher pressure drop across the condenser
(at constant Tc)e. As an example of the effect on freon temperature when
operating at Te = 5 C and Tc = 45 C, about 3 or 4 deg C are lost due to
the pressure dtop.;That is Tec = 45 C on entering the condenser and

Tc = 42 C on leaving.

Figure (5.18) is a sketch illustrating the effect of pressure drop
across the condenser in reducing the condenser capacity. The dashed
lines are the temperature profiles of freon and water without pressure

drop, and the continous lines are with pressure drop.

Desuperheatin

Subcooling Condensing
le ~

r,

R12

— ¢ With pressure drop

----- : Without pressure
drop

Length

3y y

Fig (5.18) The condenser temperature ﬁrofiles with and without

pressure drop.

Without the pfessure drop, the water is heated more quickly than in the
case with pressure drop, because the effect of the pressure drop is

to reduce the temperature gradient. Therefore to arrive at the same
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outlet temperature, the water flow rate in the case with pressure drop
must be less than the flow rate without pressure drop. As a result the

heat output with pressure drop is less than the case without pressure

drope.

The equation dH=dQ + VAP may be applied to the condenser. It shows that
in the absence of a pressure drop the heat rejected has its maximum
value of Hi-H3. In the real experimental situation as described a

pressure drop exists and so the heat rejected is reduced.

5.4.3 The Freon and Water Temperature Profiles

The temperature profile of the condenser is obtained by measuring the
temperatures of freon and water along the condenser tubes on the
outside wall, excebt at the outlet and inlet where the thermocouples
were inserted into the tubes. The measurements were made for three
different condensing temperatures Tc= 30,40 and 45C. One feature of
all three figures ( figures (5.19,20,21)) is that T3 for freon is
always 20C (water inlet temperature is 12C). Thus in the liquid region
the temperature drop over the last 3 meter of the condeﬁser s the
subcooling region, is 2 , 5 and 7 degC per meterlfor Tc=30,40 and 45C
respectively.

Subcooling has a considerable effect on the system performance. This
can be seen from the two sets of the experimental results in table
(5.30 ). The COP of a system without subcooling can be increased by
about 15%, from 2.6 to 3 by subcooling the liquid freonl, for certain
operating conditions. The system with the subcooler also shows a higher

air temperature drop across the evaporator than the one without. This

LY
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Fig (5.20) Condenser temperature profile at Tc= 40 C . Other oper;ting
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In figures (5.19) to (5.21) temperatures, other than at the end points,

were measured on the outer wall of the condenser as indicated.

126



*3ujioooqns Jnoyliym pue yifa 83245 uwoaay ayy (zz°s) 2314

3uyro0oqns YN

3ugroooqng INOYITM
1]+

127



a0

70 80

60

fia

S0

Waoajier

40

TEMP C
30

10

o 2 4 - B. 8 10 2. 14 16 18
; LENGTH M

Fig (5.235 Condenser temperature ﬁrofﬂlé without the subcooling

section . Operating at Tw(i)= 12.3 C , As=.1 mala ’

Ta(i)=15C

means the evaporator absorbed more heat from the air in the case with
the subcooler than the one without. It can be concluded here that
subcooling the liquid freon can increase the heat output, heat input

and the system performance. The freon cycle for both cases is shown in
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figure (5.22). Figure (5.23) shows the condenser temperature profile
for the system without the subcooler. In this case the freon liquid

temperature is about 4 deg C below Tc.

P1 T1 T3 Mw Te Wcomp Heat Out COP
(bar)  (C) ©  (C) kgs"t (C) (W) (W)

Cond.

-+ 9.5 79,9 19.06 0.0063 4471 305 1056 3.0
Subcooler
dond. 9.5 80.1 38.20 0.0057 4.37 309 921 2.6

Table(5.10) Comparision of the condenser with and without subcooler.

5.4.4 The Operation Of The Water Flow Regulator

The experimental results show that, apart from Tc, the water flow rate
is also a function 6f inlet conditions. Changes in the inlet condition,
for example in air temperature and air speed, ﬁill change Te but not Tec.-
The water flow regulator sets in such a way as to maintain a constant
coﬁdénsing pressure and therefore a constant condensing temperature Tc.
In table (5.11) it can be seen that at constant P1 or Tec, the
condensgr water flow rate increases with a ride in Te as obtained from
the experimental results. The dependance of water flow rate on Te
(which is also means freon flow rate) is as a result of the 'action' by
the water flow regulator. The water flow regulator is operated by three
pressures : a manually set pressure, using hand wheel, Ph; freon

water areins
pressure, Pl ; and water pressure, Pw which is constant ( /xpreasute).

»
see figure (5.24). Since P1 is set by 'Ph , therefore at equilibrium
Pl = Ph; and in this experiment Pl = Ph = 9,4 bar.and Te = 4.6 C
initially. When Te increases the freon flow rate also increases. As a

result the condensing temperature Tc will increase and so P1; and
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Discharge| Discharge| Water Water Qutlet] . Te TS
Pressure | Temp Flow Rate| Temp (Evap)| (suction)
bar c kg/s. c c c _.
9.421 - 74.13 00938 | 44.46 4.58 14,54 .
9.379 74.08 - <00949 44459 5.28 15.34
9.428 73.95 00982 4o 49 5.95 16.14
9.379 73.95 01006 44446 6468 16.74
9.510 73.60 01025 44,27 7.35 | " 17.28
9.428 73.32 01050 44416 7.96 17.68
9.428 73.06 01056 44,11 8.16 18.11
9.414 | 72.80 +01069 43,97 8.68 18,37
9.510 72.58 +01080 | 43.89 - 9.00 18,62
9.379 . | 72.35 - 01094 43,95 9.09 18.79
9.510 71.94 01102 43.73 9.38 19.10
9.469 | 71.65 01121 | 43.76 9.75 | 19.28
9.428 71.12 .01131 43,62 10.02 | "19.56
- 9,510 70.84 01147 43449 10.30 | 19.62
9.510 70.12 J01164 - | 43.30 10.56 | 19.70
9.510 69.60 .01173 43.16 10.65 | 19.98

Table (5.11) The water flow rate is increasing with increasing Te

eventhough the discharge pressure P1 1s'almostl

unchanged.

R

Figure‘(S.ZA) The pressure involved in the water flow regulator.
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since P1 is opposed by Ph, increases in P1 will cause the valve of
thg regulator to open wider, and so increase’ the water flow rate. The
'extra' heat of freon due to the increase in freon flow rate can now
be -transferred to the water. This will bring back P1 to the initial

pressure, P1=Ph , but at a differert. water flow rate.

Sebe5 Effect of Water Inlet Temperature

Another paréheter which can effect the water flow rate and so the
system COP is the water inlet temperature, Tw(i). Experimental results
for three values of Tw(i) are shown in table (5.12). The results show
that increasing Tw(i) will increase water flow rate. The COP is
decreasing because of two factors. The heat output is decreasing due to
a reduction in the a-o;nt of subcooling, while the electrical input is

increasing due to a small rise in Cr with increasing Tw(i).

The fact that the‘OOP is dropping with incréasing Tw(i) , (also agreed
by Danfoss ( 8 )), is causing - considerable problems inlthe
application of this type of condenser for heating and storage of hot
ina contlraus €ycling gpevatien
watefr Normally the cold water is taken from the bottom of the tank,
and after passing through the condenser, the hot water is returned
back to the tank threugh an inlet at the top. In order to maintain a
high COP the temperature at the bottom of the tank Tw(i) should be
kept as low as possible. The problem here is in order to maintain Tw({)
at a lowest temperature as possible how is the hot water to be
injected back into the tank without mixing it with the cold water. The
second problem is of what type of material should the tank be made

so that no heat can be conducted to the bottom of the tank through the
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the tank wall faster than conduction through the water. The most
suitable draw off point for this system is at the top of the tank.
During draw off the hot water temperature will fall due to the

necessary stratification in the tank.

5¢5 Transient Response: Decreasing And Increasing Air Inlet Temperatures

The response of the heat pump to the changing of air inlet temperature
is studied for two conditions, decreasing and increasing air inlet
temperatures. In the first case the air was heated to a temperature of
about 24C, and then the heater was switched off. The readings were taken
at intervals of 30 seconds from the moment the heater was switched off

and up to about_half an hour, when the air temperature is about: the

ambient temperature.

Figure (5.25) shows that the biggest air temperature drop occured in
the first 10 minutes. The freon mass flow rate is decreasing, as is

the water mass flow rate and so the heat output (figure (5.26)). This
is because Te 1Q decreasing with the air temperature and Tc is almost

unchanged. The COP is also decreasing with Te as shown in figure (5.27).

The second experiment.is 1ncréaaing the air temperature as shown in
figure'(s.zs). The freon and water mass flow rates are increasing with
air temperature (fiéure(S.Z?)). and also the COP. The freon mass flow
rate drops sharply in the first 3 minutes and then rises again. The

. drop is due to sudden increase in Te and P4 while the opening of
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the expansion valve remains unchanged. After 3 minutes the new P4 {s

balanced by the pressure from the expansion valve fluid.

In both caahs,_the biggest interruption occurs in the first 10 minutes

and become$steady after about 20 minutes.
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CHAPTER 6

THE COMPUTER MODEL

6.1 Introduction

A mathematical model of a steady state heat pump system based on
theoretical analysis and experimental work has been developed. This
model can predict the thermodynamic characteristics at any point on
the heat pump cycle for a given operating condition. With this model
the effect of various disturbances,such as variation in air inlet

temperature, air speed, required outlet water temperature and others

can be investigated.

The model is different from other models, for example Tassou ( 39 ),
Ahrens ( 40 ) and James ( 41 ), because the heatiﬁg load is not made
an input parameter. This will make the theoretical analysis more
coﬁplicated, and a few emperical eqﬁationa. determined from the
experimental work, have to be used. One is for an initial guess of the
evaporating temperature, Te and subsequently calculating the éondcnsing
temperature, Tc. The others are for determination of compressor

polytropic index, compressor frequency and the pressure drop in the

condenser.

Inputs to the model include the desired hot water, ;hi cold water and
air inlet temperatures, the air speed and the expected amount of
freon suction superheat. The effect of relative humidity is included

in the calculation through the emperical equation for determination
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of compressor frequency. In calculating the compressor frequency

from the experimental data, the freon mass flow rate is taken as

Qout/ Ah ; where Qout is heat rejected and Ah is the freon enthalpy
difference at the condenser. Effect of relative humidity on the system
Iq included in both values, Qout and Ah. Outputs from the model include
the refrigerant and water mass flow rates, the refrigerant thermodyna-

mic state at approriate points in the cycle, the compressor and the

system energy balances , the heat load and the system COP.

6.2 Component Model

The heat pump model is divided into three main sections: the compressor -
the condenser and the evaporator models. The pressure drops across the
evaporator and condenser are considered but not in the pipes for
connecting the components. Heat transfer between the heat pump.
components and piping with the ambient, except the evaporator is

neglected since the system is well insulated., Oil circulation in the

system is not considered.

6.2.1 Compressor Model

For a high speed reciprocating compressor the discharge temperature
is higher than that indicated by an isentropic process. The discharge
temperature is a function of suction temperature , compression ratio

and polytropic index. The polytropic index is calculated from T5,P3,T1

and P1 using equation below,
P

Log( 3% )

—v5 hel)

log( 77 )

139



This calculation of n is different from the method used by James et al
( 39 ) , because in this work the polytropic index , n , i{s not consi-

dered to be constant e An equation relating n to P5,TS5 and P1

is developed using experimental data.

n = 1,273 - 0.0166 P1 + 0,020 P5 = 0.00437 TS (6.2)

where P1 and P5 are pressure in bar and T5 is temperature in C.
Experimental and fitted values of n are listed in table (6.1). When
the values of T5,P5,P1 and n are known, the temperature T1 can be
calculated using th; freon equation of state ( equation (6.3)) having

determined V5 ( V5=£(T5,P5)) and then V1 from equation (6.1).

kd Vi +b

From equation (3.6), the compressor T v can also be written as,

Mv=1+¢C-cC (3 (644)
where C-'%f is the ratio of the clearance volume to the stroke volume
of the compressor. The refrigerant mass flow rate is given by,

Ar = Fe v§ Tiv {5 (6.5)

where Fc is the compressor frequency. The freon mass flow rate can

also be determined from the condenser energy balance by assuming the

condenser efficiency is Tc

= Aw Cpw (Tw(o) - Tw(i))
fir (h1 - h3) Mc (6.6)

Rearranging eﬁﬁati&ns (6.5) and (6.6), the Fc becomes,

" oavg Bw Cpw (Tw(o) - Tw(i)) .
Fo'= St = 13) vaTlv p5 " Fele (6a22

All the terms, except Fc and’nc in equation (6.7) are either measured
directly in the experiment or calculated from the measured data. By

replacing Fc with Fc' in equation (6.5), the effect of ”lc is included

in the calculation of fr.
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Therefore equation (6.7) can be used to determine the compressor
frequency. Since the compressor frequency depends on the inlet and
outlet conditions of the compressor, Fc can be related to V1 and V5.

An equation, developed by fitting of the experimenéal data, is given

below,

Fc'= 31.25 + 1289.88 V1 - 372.13 V5 (6.8)
After Fc, the compressor frequency is determined, the.freon mass flow
rate is then calculated from equation (6.5) above. Experimental and

fitted values of compressor frequency and freon mass flow rate are

given in table (6.2).

The electrical power consumed by the compressor is calculated from
the equation below, which is also fitted from the manufactureridata.
Pe = 162,12 + 2,71 Te + 3.10 Tc . (6.9)

Validation of this equation is given in table (6.3).

The power transferred to the freon is

Wi = (hi = h5) Ar (6.10)
For an isentropic compression the power transferred is,

Wi = (hi - h5) Ar (6.11)
It can be shown that the work done by the reciprocating compressor

is given by,

wr =( 2 s vs (B Lgy ny (6.12)

The heat which accompanies the polytropic compression is (refer to

equation (5.3) ) ,
Qr = W1 - Fc Wr (6.13)

The compressor overall efficiency, which is the ratio of heat
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15} TS5 P1 PS5 n (exp) n (eq)

(c) (c) (bar) (bar)
61.65 13.35 6.91 3.19 1.206 1.198
64.13 13,71 7.17 3:2% 1.205 1.194
65.88 14417 7.67 3.29 1.191 1,187
68.32 15.00 7.92 3.18 1.173 1.179
69.27 13.59 8.38 3.32 1.181 1.182
69.83 19.87 9.46 4.16 1,170 1.159
70.12 19.70 9.38 4.09 14171 1.159
70.84 . 21.03 9.20 4.16 1.166 1153
71.27 14.91 8.59 3.34 1.176 1.175
72.14 22.14 9.46 4,09 1.163 1.148
72:23 11.85 9.36 3.41 1.174 1.180
72.74 11.43 9.28 3.47 1.189 1.184
73.10 15.50 9.30 3.47 1.164 1.166
73.14 22.47 9.46 4,01 1.159 1.145
73.43 14.71 9.26 3.38 1.164 1.168
. 73.48 13.98 9,13 337 1.173 1.173
73.84 9.73 9,50 3.27 1.177 1.185
73.85 13.92 9.19 3.28 1.165 1.171
73.91 12.67 9.37 3.39 1:1725 1.176
74.03 22.98 9.50 3.91 1:151 1.140
74.16 12.70 9.17 3.24 1171 1.175
74.40 11.81 9.34 3.21 1.168 1.177
74,55 11.03 9.07 3.07 1.171 1.180
24.56 12.79 9.05 3.10 1.167 1.174
75.00 23.43 9.42 3.84 1.152 1.133
75.86 14.23 9.67 3.41 1.167 1.166
77.10 7.07 9.67 2.88 1.165 1.187
77.75 15.76 10.06 3.42 1.154 1.155
78,33 5.73 9.78 275 1.163- 1.189
79.59 15.93 10.46 3.43 1.150 1.150
80.08 11.43 10.07 3.14 1.166 1.168
83.93 7.23 10.01 2.93 1.191 1.183
84.21 7.29 10.05 " 2.95 1.193 1.183
84.21 6.44 10.01 2.89 1.193 1.186
84.51 4443 9.80 2.71 1.194 1.194
85,23 6.91 9.88 2.84 1.195 1.184
85.56- 4,93 9.97 2.74 1.194 1.190

Table (6.1) Validation of equation (6.2) ,the polytroplc index as
a function of P1,P5 and T3,
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Frq (Exp)
(Hz)

33.2
34.3
34.4
34,9
35.3
35.7
39.0
39.1
39.1
39.2
39.7
39.9
40,0
40.0
4042
4044
4046
4048
41.0
41.1
41.3
41.6
41.6
41.7
41.7
4242 .
42,2
42,2
4245
4348
4449
4646
50.6

Frq(Eq)

(Hz)

35.4
35.6
36.4
37.2
36.5
36.3
41.0
39.3
40.3
39.3
39.3
40.1
40.0
39.6.
40.6
39.3
40.3
39.4
41.8
42.8
40.0
41.8
42.3
42.6
42.8
b2.7
40.8
40.8
42.9
43.8
42.3
455
48,5

Mr (Exp)
(kg/s)

0.0049
0.0050
0.0054
0.0056
0.0056
0.0055
0.0074
0.0067
0.0073
0.0067
0.0065
0.0073
0.0070
0.0067
0.0075
0.0072
0.0073
0.0074
0.0083
0.0091
0.0072
0.0086
0.0089
0.0091
0.0094
0.0095
0.0076
0.0077
0.0076
0.0075
0.0081
0.0084
0.0089

Mr (Eq)
(kg/s)

0.0052
0.0051
0.0057
0.0059
0.0058
0.0056
0.0078
0.0068
0.0075
0.0068
0.0065
0.0073
0.0070
0.0066
0.0076
0.0070
0.0073
0.0072
0.0084
0.0095
0.0070
0.0086
0.0090
0.0093
0.0097
0.0096
0.0074
0.0074
0.0077
0.0075
0.0076
0.0082
0.0085

Table(6.2) Validation Of equation (6.8)
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(m

'3

/kg)

0.0216
0.0219
0.0213
0.0216
0.0213
0.0214
0.0222
0.0222
0.0219
0.0222
0.0229
0.0220
0.0225
0.0230
0.0222
0.0217
0.0223
0.0214
0.0220
0.0216
0.0226
0.0217
0.0217
0.0216
0.0214
0.0214
0.0227
0.0227
0.0246
0.0261
0.0241
0.0268
0.0296

v
(malkg)

0.0636
0.0644
0.0600
0.0588
0.0595
0.0605
0.0507
0.0553
0.0517
0.0553
0.0578
0.0524
0.0546
0.0572
0.0516
0.0537
0.0531
0.0523
0.0480
0.0440
0.0549
0.0470
0.0456
0.0445

'‘0.0432

0.0434
0.0531
0.0531
0.0538
0.0568
0.0538
0.0544
0.0561



Tc Te Pe (Exp) Pe'(Eq)

(C) (C) (W) (W)
27.64 3.2 254 265
29.06 3.67 260 269
31.65 4416 269 272
32.86 3.17 270 277
35.08 4,74 285 293
36.03 4.84 288 286
38.24 1.67 282 291
38.48 5.34 293 295
38.72 3.26 288 291
39.03 4.74 292 299
39.14 5.26 294 295
39.23 S.44 295 304
39.40 . 2.88 294 302
39.49 4435 293 297
39.61 . 10.68 310 301
39.76 8.10 304 303
39.93 9.81 ~ 309 306
39.93 10.39 311 314
39.93 11.46 314 314
40.11 3.65 293 303
40.11 8.86 307 306
40.11 11.29 314 319
40,83 5.58 300 306
40.83 0.63 287 294
41,26 -1.35 283 294
41,34 -1.36 283 298
41.88 1.61 293 - 308
42.19 1.44 © 301 307
42419 0.54 302 309
42,39 1.47 298 306
42,44 5.52 305 310
42447 2.91 299 306
44,01 5.60 310 316

Table(6.3) Validation of equation (6.9).
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transferred to the freon to the electrical input power is given by,
w1 .
‘T"O -Fe' (6.15)

The isentropic efficiency is calculated from,

T - TS
Ni= %?T-:_fg% (6.16)

6.2.2 Evaporator Model

The analysis here is following'a method suggested by Blundell ( 33 ).
The heat transfer coefficient is calculated for the air side by
neglecting the effect of suction superheat. Other effects such as
fouling factor and resistance to the heat transfer by the tube and

the fin are also neglected because of the reasons given in chapter(3.3).

The heat transfer coefficient for the evaporator Hc is calculated as
described in chapter 3. Since the thermal capacity of freon during the
evaporation process is very much greater than air ( Cr))Ca), the
equation for the evaporator effectiveness (equation (3.31)) can be
simplified to '

fvmi - exp(-'-‘ig-.-f*- ) (6.17)

The effectiveness of the evaporator (see also chapter 3) can also’

be expressed by the equation below,

ca (Ta(i) - Ta(o)) '
Ev = Gin (Ta(l) = Te) (6.18)

where Ta(i) and Ta(o) are air inlet and outlet temperatures respectively.

The heat rejected by the air is equal to the heat absorbed
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by the freon.
Ca (Ta(i) - Ta(o)) = (h5 = h4) Nr (6.19)

From equation (6.18) and (6.19), the air inlet temperature Ta(i) is

(h5 - h&4) Mr
Ma Cpa zv (6.20)-

Ta(i) = Te +
The evaporating temperature Te is calculated from equation (6.21)
(for its first estimate) which was developed from experimental data.

Te = =3.595 + 0.786 Ta(i) + 13.10 As - 0.485 Sh (6.21)
where Sh is the suction superheat and As is the air speed. Values of
Te derived from this equation are compared with those from the
experiﬁent in table (6.5”). It is believed that it is not possible to
obtain a better fit because the variation of freon flow rate is an
unknown factor which will also affect the evaporating temperature.
Nevertheless, as a first guess for Te in the computer model ,

equation (6.21) is a better estimate than some simpler assumption.

It is assumed that the pressure drop in the evaporafﬁr is about

0.13 bar (2 psi). Therefore the suction pressure P5 = (P4- 0.13) bar.

The suction temperature is T5 = Te + Sh.

Sfﬁce some of the equations are empirical, it is therefore necessary
to validate the model before it can be accepted. For this validation,
all the input required (points 1 to 5 of the freon cycle on P-h
diagram ) are taken from the present experimental work. The model
calculates air inlet temperature from equation (6.20) (say Ta(i)').
The results show that Ta(i)' and Ta(i) (from the experiment) agreed

within an error £2C, which is acceptable (see table (6.4)).
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Tc
(C).

27 .64
. 29.06
31.65
32.86
35.08
36.03
38.24
38.48
38.72
38.76
39,03
39.14
39.23
39.40
39.49
39.61
39.76
39.93
39.93
39.93
40.11
40.11
40.83
40.83
41.26
41.34
41.88
42.05
42.19
42.39
42.44
42.47
44,01

Table(6.4) Validation of evaporator model.

Te
(c)

3.20
3.67
4.16
3.17
4.74

és

m~/s

0.096
0.092
0.093
0.095
0.092
0.093
0.100
0.096
0.103
0.080
0.111
0.098
0.149
0.095
0.123
0.111
0.121
0.121
0.121
0.123
0.092
0.121
0.094
0.113
0.107
0.082
0.122
0.080
0.114
0.122
0.094
0.093
0.092
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Ta(i)
(Exp)
(c)

14,63
14.62
15.34
14.70
14.84
15.37
11.44
15.03
14.00
13.89
14,25
15.77
14.47
13.54
13.28
24.00
23.50
23.00
23.00
23.00
14.07
23.00
15.13
7.78

7.05

6.28

8.67

7.05

7.83

8.56

15.58
10.45
15.58

Ta(i)'
(Model)
(c)

16.61
16.83
16.98
14,55
16.37
16.29
11.67
15.92
13.67
16.33
15.09
17.15
14.29
13.66
14.36
24.01
20.55
22.15
22.88
23.81
14.73
21.04
15.95
7.52

6.17

6.81

8.64

7.54

7452

8.31

15.68
11.19
15.60



Air Air Suction Te(Exp) Te(Eq)

Temperature Spegd S-Heat
(c) (m~/s) (c) (c) {e)
6.28 0.082 5.79 ~-1.36 -0.39
7.05° 0.080 5.85 -0.89 0.17
7005 00107 ?-08 -1.35 -0-08
7.78 - 0.113 6.44 0.63 0.88
7.83 0.114 5.90 0.54 1.19
7.97 0.118 6.71 0.20 0.96
8.32 0.084 5.79 1.44 1.24
8,56 0.122 5.82 1.47 1.97
8.67 0.122 5.85 1.61 1.98
10,45 0.093 8.52 2.91 1.71
11.44 0.100 9.36 1.67 2.17
13.12 - 0.040 10.40 2,39 2.20
13.28 0.123 7.50 4,35 4.82
13.89 0.080 10.16 3.76 3.45
14.00 0.103 9440 3,26 4420
14,25 0.111° 9.97 Go74 4.23
14.47 0.149 10.06 S.44 4.86
14.62 0.092 10.04 3.67 4e24
14.63 0.096 10.15 3.20 4424
14.70 0.095 11.23 © o 3.17 3.76
14.84 0.092 8.85 4.74 4.99
15.00 0.096 8.64 5.34 5,27
15.03 0.096 8.60 5.34 5.31
15.13 0.094 8.65 5.58 S5.34
15.40 0.093 10.07 4,84 4.85
15.58 0.094 10.24 5.52 4.92
15.58 0.092 10.33 5.60 4.85
23.00 0.121 13.88 8.86 9.36
23.00 0.121 12.66 9.81 9.94
23.00 °  0.121 11.75 10.39 10.34
23.00 0.121 9.74 11.29 11033
23.00 0,123 8.41 11.46 12.02
23.50 0.121 15,33 8.10 9.03

Table(6.5) Te(Eq) is from equation (6.32). Te is adjusted in
the model.
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6+2.3 The Condenser Model

For the purpose of predicting freon liquid temperature T3 and adjusting
the condensing temperature :c in the heat pump model, a very simple
condenser model 13_ developed. In this model the condenser is divided
into three seétions; desuperheating, condensing, and liquid cooling.

It can be shown diagrammatically as in figure (6.1)

<— FREON FLOW

h3 hev hel hi
,ggbcooling ICondensing | Desuperheating }
Tw(1) Tx Ty Tw(o)

WATER FLOW —>

Fig (6.1) The condenser can be divided into three regions;

 desuperheating , condensing and liquid cooling.

It is assumed that the water temperature Ty at the start of the
desuperheating region is equal to Tc. For this type of condenser,

where the Tw(o) is higher than Tc, this assumption is reasonable and

i{s confirmed by expetimentai results (chapter 5 ). The water tempcflture

Tx, at the end of the condensing region is calculated from,

Ty = Tx__ _hev = hel
Tw(o) - Tx hl = hel | (6.22)

In practice Tx is always . higher than water inlet temperature Tw(i).
If from the calculation of Tx by equation (6.22) above, the resulting

Tx is less than Tw(i), then the condensing temperature, first estimated

using equation (6.24), must be increased.
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The enthalpy of the liquid freon h3 is calculated from the relation

below.

hel - h3 _ Tx - Tw(i)
hi = h3 Tw(o) = Tw(i) (6423)

The freon liquid temperature T3 is determined from h3 (see appendixG).
It should be noted that the final value of T3 is checked and if

necessary adjusted by the evaporator model.

For a given hot water temperature Tw(o) and evaporating temperature Te,
there is a unique condensing temperature Tce. This Tc depends on the
type of the heat pump system. Therefore it is reasonable to estimate

Tc from Te and Tw(o), as given by the empirical equation (6.24).

Te = 5.23 + 0,159 Te + 0.735 Tw(o) v (6.24)

comparision of Tc calculated from this equation with the experimental

results is given in table (6.6).

The refrigerant pressure drop in the condenser is a function of the
square of the refrigerant velocity ( 44 ). Therefore it is reasonable
to develope an empirical equation to predict the pressure drop as a

function of freon mass flow rate. The equation is,

P3 =(P1 -3238.72 Hx1*08 ) 3%:3 (6.25)

Validation of this equation is given in table (6.7).

6¢3 The Heat Pump Model

—

This model inco rporates all the component models which have been

described above. The main purpose of the model is to predict the heat
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Hot water Te Te (Exp) Tc (Eq)

() (c) (C) (c)
29.72 3.20 27.65 27.57
31.95 3.67 29.06 29,28
35.17 4.16 31.72 31.73
36.68 3.17 32.86 32,68
39.74 4.74 35.08 35.18
41,28 4.84 35.97 36.32
43.30 10.68 39.58 38.74
44,32 11.46 39.93 39.61
444,40 11.29 40.11 39.64
44.62 5.34 38.48 38,86
44,70 10.39 39.93 39.72
44,73 3.26 38.66 38.61
44.74 1.67 38.24 38.36
44,80 3.76 38.72 38.74
44,84 9.81 39.93 39.73
44,86 2,39 38,12 38.56
44,94 8.86 40,11 39.65
44.95 4,35 39.61 38.94
45.02 8.10 39,76 39.59

. 45,02 5.44 39.23 39.17
45.09 4.74 39.02 39.11
45.29 4,25 39.61 39.18
46.54 '1.35 41.26 39020
46,81 0.63 40.83 39.72
47.91 5.58 40.77 41.31
49.21 5.52 42.47 ) 42426
49-80 -1036 41.34 ﬁ1.60
50426 0.54 42.19 42.24
50.81 0.20 41.63 42.59
50.91 1.44 42.22 42.86
50.99 1.47 42.47 42.92
51!21 '0.89 42.19 42.71
31.62 5.60 44,01 44.04

Table(6.6) Tc(eq) is calculated from equation (6.36) « Tc is
adjusted in the model.
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Te Te Suction P3(Exp) P3(Eq)

S-Heat
(c) (c) (Deg C) (bar) (bar)
-1.36 41.34 5.79 9.38 9.20
-1-35 41.26 7-08 9.10 9.25
'0.89 h2.19 5.82 9.52 9.40
0.20 41.63 6.71 9.33 9.29
0.54 42.19 5.90 9.45 9.32
0.63 40,83 6.44 8.74 8.90
1.44 42,22 579 9.24 9.35
1.47 42.47 5.82 9.38 9.38
1.61 41.91 5.85 9.34 9.24
1-67 '38.24 9.36 8.39 8022
2.39 38,12 10.40 8.28 8.12
2.91 42.47 8.52 9.39 9.37
3.17 32.86 11.23 6.72 6.89
3.20 27465 10.15 5.69 5.64
3.26 38.66 9.40 8.32 8.21
3.67 29.06 10.04 5.81 6.08
3.76° 38.72 10.16 8.14 8.25
4.16 . 31472 10.01 6.44 . © 6e31
4e35 39.61 7.50 8.34 8442
© he74 35.08 .. - 8.85 6,99 - 7.34
4.74 39.02 9.97 8.14 8,27
4.84 - 35.97 . 10.07 735 7446
5.34 38.48 8.60 7.84 8.10
5.44 39.23 10.06 8.07 8429
5:52° 42.47 10.24 8.85 9.82
558 40477 8.65 8.43 8.66
5.60 44.01 10.33 9.31 9.42
8.10 © 39.76 15.33 - 8.16 8.28
8.86 40.11 13.88 7.97 8.32
9.81 39.93 12,66 7.80 8.23
10.39 39.93 11.75 7.68 8.18
11.29 40.11 9.74 7.49 8.17
11.46 39.93 8.41 7.35 8.14

Table(6.7) Validation of equation (6.25).
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pump behaviour for a given operating condition. The inputsrequired

by the model are,
1. Air inlet temperature, Ta(i) in C
2. Air speed , As in m3s-1
3. Suction superheat , Sh in deg C

4, Hot water outlet temperature, Tw(o) in C

S5« Cold water inlet temperature, Tw(i) in C

The model first estimates Te from equation (6.21). This allowes T5, P4
and P5 to be found. Equation (6.24) is used to estimate Tc, and P1
calculated.It then determines the polytropic index n from equation
(6+2). Specific volumes V5 and V1 are then obtained from equations
(6.3) and (6.1) respectively. T1 is then calculated from the equation
of state (6.3). The compressor frequency Fc and freon mass flow rate

Mr are calculated from equation (6.7) and (6.5) respectively.

The analysis then proceeds to the evaporator model, where T3 is taken as
T3 = Tw(i) + 5, for an initial guess. The air inlet temperature Ta(i)'
is then calculated from equation (6.20). Within the program a
subroutine is available for the determination of specific enthalpy h
at any given temperature and pressure. This Ta(i)' is made to agree -

with the input Ta(i) within *0.9C (based on experimental uncertainty)

by adjusting Te.

The condensing temperature Tc¢ is adjusted by varying Tx ( equation

(6.22)), until Tx is at least 2 deg C above Tw(i).

At this stage Tc , Te and Nr are assumed to be the final values. The

liquid temperature T3 is then adjusted until Ta(i)' agrees to within

*0.3 deg C with Ta(i).
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The pressure at point 3 is calculated from equation (6.25). The freon
cycle at this stage is completed. The water flow rate is calculated

by taking the effectiveness of the condenser to be 1007 (no heat loss).
The compressor power and evaporator and condenser heat transfers are

determined as a system COP evaluated.

Figure (6.32) shows that the flow chart of the héat pump model. While
tables (6.8) to (6.16) show the comparision of the experimental results
with the computer outputs at 9 operating conditions. Generally both
results show a very close agreement with other. The heat output, water
and freon mass flow rates agree within 5% . The agreement of the four |
points on the freon cycle is also very close. At point 3 the agreement
is not as close as at other points. This is due to the assumption made

in the condenser and evaporator model.
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( start D

INPUT
»AS,Sh,Tw(1),Tw(0), Ta(i)

CALCULATE: Te , Tc

‘ COMPRESSOR MODEL
CALCULATE: Fe,fir,Wr,Wi,Pe

EVAPORATOR MODEL
CALCULATE: Ta(1i)'

Ta(i)=-Ta(i)'

TRY Tx=Tw(i)+1
CALCULATE Te¢

: CONDENSER MODEL

CALCULATE: Tx, T3

NEW Te
No
TRY T3=T3-1
CALCUTA" H3
No (T3> Te)

EVAPORATOR MODEL
CALCULATE: Ai'

|Ta(1)=Ta(l)

NEW T3

No

<.3

YES

CALCULATE:
Hw, Qout,Qin, COP
(PRINT OUT)

D)

Fig (6.2) Flow chart of the heat pump model.
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6.4 The DPetailed Model Of The Condenser

This model is capable of predicting the freon and water temperature
profiles along the condenser tube. The model is based on the model
developed by Carrington ( 30). Basically the condenser is divided
into th£ee sections containing superheated vapour , condensing and
liquid refrigerant . The three regions are treated as separate heat
exchangers connected in series, and the sum of their heat transfer

areas is equal to the fixed total heat transfer area of the condenser.

1=3 I=2 I=1
I S
— R12 trfts) %‘rf(Z) $TE(D)
—> H,0 ‘ET‘*U) , 'i Tw(2) ;Twu)
-
L=0

Fig(6. 3 ) The condenser is divided into 15 sections each of length im .

The anaiysis is started from the begining of the superheated section
over a certain length . The length increment can be chosen to be any
value, but to speed up the computation , the length increment - {s

taken as equal to 1 m.

Inputs to the model are the freon vapdﬁfﬁféﬁﬁﬁr;ﬁure T£(1)=T1, pressure
Pf(1)=P1, the hot water'temperatu;g Tw(g)ﬂTw(I) » water inlet

temperature Tw(i)= Tw(16), freon and water mass flow rates, Ar and Aw.
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The thermodynamic properties of freon and water (viscosity, density
and specific heat), and then Prandtl, Reynoldsand Nusselt numbers

are calculated using temperatures and pressures at the beginning of
every section. Using these values the heat transfer coefficients

are calculated (chapter 3). The freon side Hr is the rate of heat
being transferred from freon to the tube, and the water side Hw is from

the tube to the water. The heat transfer from the freon tube to the

2

water tube is assumed to be 500 Wm~ C-1 as suggested by Carrington

( 30 ) . The linear heat transfer coefficient (in a side by side tube

condenser) is calculated from,

1 1 1 -1
UL =56+ Tz or i T hnaz ow e ) (6.25)

The heat exchanger effectiveness is then

; L UL .
i~ exp(- a CE -+ AEWUL )

- AL UL AL UL
(- C * Cw )

(6.26)

Ee=

g o) 5
1- Cw &XP

The next water and freon temperatures, for the next segment are Tw(I+1)

and T£(I+1) respectively, are calculated from,

i
(Tw(I) - &c EE TE(1))

Tw(I+l) = (6.27)
(1 -Zc-gﬁ)
and .o
TE(IH) = TE(I) - Lol TE(I) - Tw(I+) ) (6.28)

In the desuperheating region the pressure drop is assumed to be very
small and negligible. The analysis exists from the desuperheating

region when freon témperature equals the condensing temperature, Tc.

In the two phase or condensing region, the freon temperature is the
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condensing temperature, Tf(I)=T¢ ; and since there is a pressure drop
the condensing temperature is decreasing. The pressure drop in the
two phase region is determined using the method due to Lockhart and

Martinelli as described by Carrington ( 30 ). It is given by,

Pd = A4(AS(A1+A2+A3) + A6 A7 (6.29)
where AL = x1+8
. P v..
A2 = 5.7 (SEe0923 (g pyed7 413 G % (6.29a)
| 'Q L L]
A3 = 8.11 (W?l) 1054 xy*9% 86 (.;_I_).szz (6+29b)
A4 = grt*?d | (6.29¢)
(v pe)?
R, I |
AS = .09 (W).Z (6.29d)

A6 = 2X + (1~ zx(P")'333+ (1- m(;! ‘667-2(1-x)(‘;%) (6;293)

A7 = Df (H (6.29fF)
X is the quality (X=1 for vapour and X=0 for liquid)

The condenser effectiveness for the two phase region is given by,

AL UL

Ec = l;exp(- _E-w_) (6.30)

The next water temperature is calculated from equation (3.18),

It is also assumed that 987 of freon is in the vapour state when
entering the two phase region (X(I)= .98 '): The.next value of X is

calculated by first calculating the enthalpy at the end of the length.

B(L+2) = H(1) - SUDD-Ta(IH)) (6.31)

By knowing the pressure, the latent heat HL and the enthalpy of
saturation liquid Hs(liq) can be determined. The next value of the

quality

X(I+1) = H(”i}’m" Hs(11q) (6.32)
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The analysis in the two phase region is completed when the quality

X, becomes negative or close to zero ( less than 10%).

In the subcooling section, the method of analysis is the same as the
desuperheating region, except the freon is now liquid. The same
equations are used in calculating the freon and water heat transfer

coefficients.

This isﬁsomewhat crude model of the condenser, being based on only
15 segments of condenser, and so unable to determine with any great-
accuracy the boundries from vapour to two phase to liquid.Nevertheless
it does show the general features observed in the condenser ( see
figure (6.4) and (6.5)). Because of its inaccuracy and the length of

the program it was not used in the heat pump model.
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HEAT PUMP MODEL: RESULT EXPERIMENT
INPUT
Air Inlet Temperature : 24,00 24,00
Alr Speed mos~l: 0.111 0.111
Suction Super Heat C: 9.02 9.02
Hot Water (out) Temperature C: 43.30 2.30
Cold Water (in) Temperature C: 12.38 12.38
OUTPUT
Evaporating Temperature C: 10.26 10.26
Condensing Temperature C: 39.30
Compressor Frequency Hzs 42.70
Freon Mass Flow Rate kgs~1: 0.00949 0.00914
Water Mass Flow Rate kgs-ls 0.0120 0.01164
Compressor Work Ws 253
Compiessor Isentropic Work W: 152
Compressor Electric Input W: 308 301
Heat Out (Condenser) Ws 1579 1533
Heat Input (Evaporator) W: 1349
cop Carnot s 10.79
COP  Cycle _ : 6.24
CoP Practical s 4.38
* Evaporator:
Mr HT.C wmie)™l: 41.78
Freon H.T.C U(mzC).ls 884.41
_Evaporator H.T.C'  W(m2c)~l: 18.31
Evaporator Effectiveness t 0.74
* Compressor:
Volumetric Efficiency : 0,95
Isentropic Efficiency : 0.60
Polytropic Index s 1.161
* The Cycle (T in C ; P in bar) :
Point : 1 ¢ P =9,347 T = 68,23 P = 9,381 T = 70.12
Point : 3 : P =7.918 T = 21.24 P =7.238 T = 23.32
Point 31 4 : P =4.224 T = 10.26 P = 4,259 T = 10.68
Point : 5 3 P =4.088 T = 19,28 P = 4,088 T = 19.70

-

Table(6. 8) Validation of the heat pump model.
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HEAT PUMP MODEL: RESULT EXPERIMENT
INPUT
Alr Inlet Temperature C: 23.50 23.50
Air Speed ms™1: 0,121 0.121
Suction Super Heat C: 15.30 15.30
Hot Water (out) Temperature C: 45.02 45.02
Cold Water (in) Temperature C: 12.07 12.07
OUTPUT
Evaporating Temperature C: 9.65 8.36
Condensing Temperature C: 40.24
Compressor Frequency Hzs 41.69
Freon Mass Flow Rate kgs?1=0-00737 0.00829
Water Mass Flow Rate kgs-1:0.01086 0.0106
Compressor Work Ws 225
Compressor Isentropic Work W: 149 '
Compressor Electric Input Ws 310 303
Heat Out (Condenser) Ws1521 1462
Heat Input (Evaporator) We 1319
.COP Carnot . $10.24
coP Cycle $6.29
cop Practical 24417
* Evaporatdrs
Alr H.T.C w(m?c) ™ 144449
Freon H.T.C H(mzc)-1:692.08
Evaporator H.T.C H(mzc)-1316.29
Evaporator Effectiveness 21 0.66
* Compressor:
Volumetric Efficiency :0.94
Isentropic Efficiency $0.66
Polytropic Index $31.133
* The Cycle (T in C ; P in bar) :
Point 3 1z P =9.565 T = 72,47 P =9.422 T = 75.00
Point :3- : P =8.238 T = 15.94 P = 8.03 T = 17.68
Point 34 : P =4.143 T = 9.65 P =3.973 T = 8,36
Point : 5 : P =4.007 T = 24.95 P = 3.837 T = 23.40
=

. Table(6.9 ) Validation of the heat pump model.
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HEAT PUMP MODEL: RESULT EXPERIMENT
INPUT
Air Inlet Temperature C: 7.05 7.05
Alr Speed m>s™1: 0.08 0.08
Suction Super Heat C: 5.82 5.82
Hot Water (out) Temperature C: 51.21 51.21
Cold Water (in) Temperature C: 11.37 11.37
QUTPUT
Evaporating Temperature C: =1.43 -1.64
Condensing Temperature  C: 43.75
Compressor Frequency Hzs 34.49
Freon Mass Flow Rate kgs™1: 0.00509 0.00485
Vater Mass Flow Rate  kgs '3 0.00523 0.00499
Compressor Work Ws: 234
Compressor Isentropic Work Wi 123
Compressor Electric Input Ws: 290 301
Heat Out (Condenser) Ws 883 858
Heat Input (Evaporator) Ws: 665
COP Carnot ' : 7.01
CoP Cycle : 3.78
cop Practical $ 2.65
* Evaporator:
Afr H.T.C wm?c)™: 35.61
Freon H.T.C w(m?c)™L: 822.13
Evaporator H.T.C. U(mzc)-lz 16.39
Evaporator Effectiveness t 0.79
* Compressor:
Volumetric Efficiency :£ 0.90
Isentropic Efficiency $ 0.53
Polytropic Index $1.188
* The Cycle (T in C ; P in bar) :
Point : 1 ¢ P = 10.422 T =86.12 P = 9,966 T = 85,56
Point : 3 ¢ P =9.68 T =24.60 P = 9,608 T = 24,27
Point ¢ 4 : P = 2,912 T ==1.43 P = 2,884 T = «1,64
"Point ¢ 5 : P =2.776 T =4.39 P = 2,741 T = 4,93

Table(6.10) Validation of the heat pump model.
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HEAT PUMP MODEL: RESULT EXPERIMENT
INPUT
Alr Inlet Temperature C: 14.07 14,07
Alr Speed ms™1: 0,002 0.092
Suction Super Heat : C:6.08 6.08
Hot Water (out) Temperature C: 45.31 45.31
Cold Water (in) Temperature C:11.96 11.96
OQUTPUT
Evaporating Temperature Cs 3.43 3.43
Condensing Temperature C: 40.16
Compressor Frequency Hz: 39,35
Freon Mass Flow Rate kgaTI:O.OD?OZ 0.00718
Water Mass Flow Rate kgs-1: 0.00841 0.0088
Compressor Work We 257
Compressor Isentropic Work W: 139
Compressor Electric Input Ws: 292 303
Heat Out (Condenser) Ws1191 1251
Heat Input (Evaporator) W:953
cop Carnot 28453
cop Cycle $4.63
cop Practical - :3.51
* Evaporator:
Afr HeT.C w(m?c)™1138.14
'Freon H.T.C w(mZc)"1: 909.2
Evaporator H.T.C H(mzc)-lx 17.83
Evaporator Effectiveness ‘ 20.78
* Compressor:
Volumetric Efficiency 10.93
Isentropic Efficiency $0.54
Polytropic Index . ‘ $1.186
* The Cycle (T in C ; P in bar) :
Point : 1 : P =9,551 T »75.42 P = 9,503 T =73.84
Point ¢ 3 : P =8,503 T =22.80 P = 8,49 T = 18.86
Point : 4 ¢ P =3,415 T =3.43 P = 3,401 T = 3.41
Point ¢ 5 : P =3.279 T =9.51 P = 3,272 T =9.,73

—— e

Table(6.11) Validation of the heat pump model.
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HEAT PUMP MODEL: RESULT EXPERIMENT
INEUT
Alr Inlet Temperature C: 15.77 15.77
Air Speed ms™1: 0.008 0.098
Suction Super Heat C: 6.17 6.17
Hot Water (out) Temperature C: 44.44 44 .44
Cold Water (in) Temperature C: 12.31 12.31
OUTPUT
Evaporating Temperature C: 4.83 5.25
Condensing Temperature C: 39.71
Compressor Frequency Hz: 40.28
Freon Mass Flow Rate  kgs 't 0,00755 0.0074
Water Mass Flow Rate kgs-1:0.00934 0.00936
Compressor Work W3 261
Compressor Isentropic Work W: 143
Coumpressor Electric Input Ws 295 301
Heat Out (Condenser) W: 1276 1286
Heat Input (Evaporator) W: 1035
coP Carnot 28,96
coP Cycle - £4.90
COP Practical t3.72
* Evaporator:
Afir H.T.C w(m?c)™139.6
Freon H.T.C w(m?c) " 11909.83
Evaporator H.T.C w(n2c)"t:18.15
Evaporator Effectiveness $0.77
* Compressor:?
Volumetric Efficiency :10.93
Isentropic Efffciency : 0.55
Polytropic Index $1.,183
* The Cycle (T in C ; P in bar) :
Point : 1 3 P = 9,442 T = 73.24 P =9,279 T = 72.74
Point ¢ 3.: P = 8,313 T = 21.93 P =817 T = 18.88
Point ¢ 4 ¢ P = 3.565 T = 4.80 P =3.605. T = 5,26
Point 1 5 ¢ P = 3.429 T = 10.97 P =3.469 T = 11,43

Table(6.12) Validation of the heat pump model.

166



HEAT PUMP MODEL: RESULT EXPERIMENT
INPUT
Alr Inlet Temperature ¢ 8.32 8.32
Alr Speed m3s™1: 0.084 0.084
Suction Super Heat C: 5.79 5.79
Hot Water (out) Temperature C: 50.91 50.91
Cold Water (in) Temperature C: 10.85 10.85
OUTPUT
Evaporating Temperature C: =0.36 0.30
Condensing Temperature C: 43.63
Compressor Frequency Hzs 35.21
Freon Mass Flow Rate kgsfiz 0.00542 0.00537
Water Mass Flow Rate kgs-lz 0.00547 1 0.00536
Compressor Work W: 240
Compressor Isentropic Work W: 128
Compressor Electric Input Ws: 293 307
Heat Out (Condenser) W: 928 923
Heat Input (Evaporator) w: 705
COP  Carmot s 7.2
COP  Cycle : 3.83
coP Practical : 2473
% Evaporator:
ALz HoT.C W(m2c)™!: 36.67
Freon H.T.C H(mzc)'lx 857.1
Evaporator H.T.C H(mzc)-1= 16.98
Evaporator Effectiveness : 0.79
* Compressor:
Volumetric Efficiency ¢ 0.90
Isentropic Efficiency s 0.33
Polytropic Index s 1.186
* The Cycle (T in C ; P in bar) :
Point : 1 ¢ P = 10,388 T = 84,47 P = 10,007 T = 83.93
Point :3 : P = 9,599 T = 258,35 P = 9.116 T = 28.53
Point :4 : P = 3,02 T = -0.36 P=3.075 T = 0.30
P'= 2.884 T = 5.43 P= 2,925 T= 7.23

Point :5 :

Table(6. 12 Validation of the heat pump model.

167



HEAT PUMP MODEL: RESULT EXPERIMENT
INPUT
Air Inlet Temperature : 6.28 6.28
Alr Speed mos"t: 0.082 0.082
Suction Super Heat C: 5.79 5.79
Hot Water (out) Temperature C: 49.80 49,80
Cold Water (in) Temperature C: 12.76 12.76
OUTPUT
Evaporating Temperature C: =1.69 -1.99
Condensing Temperature C: 42.94
Compressor Frequency Hz: 34.83
Freon Mass Flow Rate  kgs o3 0.00511 0.00495
Water Mass Flow Rate kgs'lz 0.00560 0.00342
Compressor Work W: 234
Compressor Isentropic Work Ws 122
Compressor Electric Imput Ws 287 307
Heat Out (Condenser) W: 879 871
Heat Input (Evaporator) Ws 660
cop Carnot g 7.08
COP  .Cycle s 3073
COP  Practical : 2466
* Evaporator:
Air H.T.C w(m?c)™l: 36.36
Freon H.T.C W(mZc)™: 844.8
Evaporator H.T.C H(nzc)'lz 16.76
Evaporator Effectiveness s 0.79
* Compressor:
Volumetric Efficiency : 0.90
Isentropic Efficiency s 0.52
Polytropic Index "3 1.191
* The Cycle (T in C ; P in bar) 3
Point : 1 ¢ P =10.218 T = 85.58 ‘P = 9,796 T = 84,51
Point 33 1 P =9.476 T = 27.01 P =9,272 T =24.92
Point 14 : P =2.891 T = =1.69 P =2.85 T =-1.99
T = 4,10 P=2,701 T =4,43

Point ¢ 5 ¢ P =2.755

W ot s

Table(6.4 ) Validation of the heat pump model.
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HEAT PUMP MODEL: RESULT EXPERIMENT
INPUT
Air Inlet Temperature : 8.56 8456
Air Speed ms™1: 0.122 0.122
Suction Super Heat C: 5.82 5.82
Hot Water (out) Temperature C: 50.99 50499
Cold Water (in) Temperature C: 11.92 11.92
OUTPUT
Evaporating Temperature C: 1.31 0.63
Condensing Temperature C: 44,2
Compressor Frequency Hz: 35.8
Freon Mass Flow Rate kgs?lz 0.00585 0.00556
Water Mass Flow Rate kgs-is 0.00598 0.00572
Compressor Work Wi 246
Compressor Isentropic Work W: 136
Compressor Electric Input Ws: 299 306
Heat Out (Condenser) Wz 991 963
Heat Input (Evaporator) Ws 762
CoP Carnot 3 7.4
COP Cycle s 4.02
COP Practical 3 2.80
* Evaporator: '
Afr H.T.C w(n?c)™1: 47.68
Freon H.T.C w(m%c)™1s 890.4
Evaporator H.T.C H(mzc)-ia 19.44
Evaporator Effectiveness t 0.70
* Compressors:.
Volumetric Efficiency : 0.91
Isentropic Efficiency s 0.55
Polytropic Index : 1.18
* The Cycle (T in C ; P in bar) :
Point 31 : P= 10,531 'T = 82.88 P= 10,048 T = 84,21
Point :3 : P = 9,673 T = 26.18 P= 9,272 T = 27.30
Point :4 : P = 3,188 T= 1,31 P= 3,109 T = 0.63
P = 3,052 T= 7.13 P= 2,946 T = 7.29

Point 25 :

-

Table(6.15) Validation of the heat pump model.
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HEAT PUMP MODEL: RESULT EXPERIMENT
INPUT
Air Inlet Temperature : 23.00 23.00
Air Speed mos 1 0.121 0.121
Suction Super Heat C: 12.66 12.66
Hot Water (out) Temperature C: 44.84 44,84
Cold Water (in) Temperature C: 11.95 11.95
OUTPUT
Evaporating Temperature C: 9.94 9.87
Condensing Temperature Cs 40.25
Compressor Frequency ~ Hzs 41.28
Freon Mass Flow Rate kgs?lz 0.00902 0.00889
Water Mass Flow Rate kgs'lz 0.01094 0.011
Compressor Work Ws 237
Compressor Isentropic Work W3 151
Compressor Electric Input W: 310 306
Heat Out (Condenser) We 1530 1520
Heat Input (Evaporator) Ws 1316
COP  Carmot : 10.34
COP  Cycle : 6444
CoP Practical s 4018
* Evaporator:
Air H.T.C w(mlc) s 44,57
Freon H.T.C W(m2c)"1: 808.39
Evaporator H.T.C H(mzc)-ls 17.86
Evaporator Effectiveness s 0.69
* Compressor:
Volumetric Efficiency ¢ 0.94-
Isentropic Efficiency s 0.64
Polytropic Index 3 1.14
* The Cycle (T in C ; P in bar) :
Point : 1 : P =9,569 T ™ 7123 P = 9,463 T =73.14
Point :3 : P =8.197 T = 18,91 P = 7.694 T =22,08
Point : 4 ;: P =4,184 T = 9,94 P =4,16 T =9,87
P =4.068 P = 4.007 T =22.47

Point : 5 . :

[T S —

T = 22.6

Table(6.16) Validation of the heat pump model.
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CHAPTER 7

THERMODYNAMIC CHARACTERISTICS OF AN AIR TO

WATER HEAT PUMP DETERMINED FROM THE MODEL

7.1 Air Inlet Temperature

Air inlet temperature is one of the main factors which affect the
system COP. Together with air speed they will fix the evaporating
temperature Te, which is one of the most important features of an air
source heat pump. For a given condensing temperature Tc a higher Te
means a higher COP and since the compressor work is almost constant,

a higher heat output. The effect of air inlet temperature is studied
using the heat pump model. The air inlet temperature is varied from

O to 25 C at an air speed of 0.1 mss'i. The water inlet temperature is
12 C and outlet is 45 C. Relative humidity is not an lnput-variable

in this model. Because of the use of empirical relationships predictions
from the model will only apply to systems having similar humidity

regimes to those given in table (5.3).

Figure (7.1) shows that increasing the air inlet temperature will
increase the evaporating temperature, which is -6 C at an air inlet
temperature of 0 C and 10.5 C a§z:lr temperature of 25 C. Increasing
Te will increase the freon mass flow rate Nr, as shown in figure (7.2).
Therefore more heat can be absorbed from the air. This is confirmed

by figure (7.3) which shows the plot of heat input against air inlet

temperature to be increasing. The water flow rate Mw and the heat

output (figure (7.2) and (7.3)) show the same form as Ar and heat

input.
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The plots of the three COPs , Carnot, cycle and practical, against
alr inlet temperature are shown in figure (7.4). All three are seen

to increase with higher air temperature. The practical COP includes

work done by the air fan in its calculation.

7.2 Air Speed

As has been mention above, apart from the air inlet temperature , air
speed is another of the most important parameters in determining the
heat pump COP. Using the heat pump model, the air gslow. is varied

. from 0.08m3s-1 to 0.16&33'1. with the air temperature at 15 C and

water inlet at 12 C and outlet at 45 C.

Figure (7.5) shows that at an air glow of 0,08 maa-1 » Te is 3.2 C
and at 0.16 m3s-1, Te {s 6.2 C. This is simply because at higher speed,
more mass of air is passed through the evaporator, and so more

energy is available. Since Te is increased with the air speed, the :
freon and water mass flow rates Nr and Nw are also increased’( figure
(7.6)). As a result the heats input and output are also increased
(figure (7.7)). Even though the heat input and output are increased
with the air speed the practical COP is not. Figure (7.8) shows that
the cycle COP increases with the air speed but not the practical COP.
This is because at higher speed the fan will require more electrical
power, and so increases the total work supplied to the system, and
therefore reduces the practical COP. The plot in figure (7.8) gives

an optimum air speed of about 0.11 m33-1 for this particular evaporator.
At this air speed the fan requires about 50W electrical power, which is

about 47 of the output (condenser). energy. Figure (7.8) also shows
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that practical COP is almost constant for a wide range of air speed
As, while heat output varies from 1150 to 1350 W (figure (7.7)).

Hence As can be used as a means of controlling heat ouput (over a

limited range) with no loss of system efficiency.

7.3 Suction Superheat

Another parameter that can change Te, and so affect the system COP is
the suction superheat. The suction superheat is required in the
system in the first place to ensure that no liquid freon can enter
and damage the compressor. Another advantage of having suction super=-
heat is that the density of freon vapour is lower than the saturated
vapour. Tassou ( 45 ) has shown that the effect of the vapour demsity
on the compressor input power is higher than the compression ratio.
Danfoss ( 28 ), the manufacturer of the compressor used in this
system allowed the suction temperature to be as high as 32 C (ambient

q
temperature). Therefore it can be concluded thaEJhigh suction

temperature is desirable.

There are t;o ways of increasing suction superheaé. One way 1s by
having the line between the evaporator and the compressor heated
independently of the evaporator, which is not available in the present
system. The other way is by reducing the freon mass flow rate using
the expension valve (note: the one in use iij;hermostatic expansion

valve). Increasing the suction superheat in this way will reduce the

heat input and output but increases the COP. This is because the work

done by the compressor is also reduced.
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Using the computer model, the suction superheat is varied for three
air inlet temperatures. The other inputs are air speed of 0.1 m33'1,
water inlet temperature of 12 C and water outlet temperature of 45 C.
Figure (7.9) shows the plot of evaporating temperature versus suction
superheat at the air inlet temperatures of 23 , 15 , and 10 C. Clearly
it can be seen.that at the highest air inlet temperature, 23 Cy the
suction superheat can be as high as 11 deg C, without considerably
changing Te. At the inlet temperature of 15 C the limit is reduced to
about 9deg C and at 10 C the limit is about 7 deg C. The limit is

obviously set by the impossiblity of Te + Sh exceeding Ta({i).

Figure (7.10) shows that the water and freon mass flow rates fall

when the superheat is increased. The same occurs with the heat -output

(figure (7.11)) and the system COP (figure (7.12)).

From the experimental results (figufe (5.5)) a'relationghip between
evaporating temperature Te and air inlet temperature Ta(i) was found
to be Te = 0.6 Ta(i) =5. The maximum permissible suction superheat Sh
is about(Ta(i)u- Te)=-2, which equals to 0.4 Ta(i) +3. For air
temperatures . of 23, 15 and 10 C the suction superheats are 12, 9 and
7 deg C respectively, which is in agreement with the predicted values
from the model. It can be concluded here that the maximum permissible

suction superheat is a variable related to the operating temperature.

( Ta(i) ).

7.4 Hot Hater'Téhperéture

The heat pump model is also used to study the variation of heat pump
thermodynamic properties at various water outlet temperatures .
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The air inlet temperature is kept at 15 C, the air {Wuw at 0.1 m3s'1.
the suction supérheat at 8deg C and the water inlet temperature at 12C.

The water outlet temperature is varied from 35 to 60 C.

Figure (7.13) shows that the condensing temperature Tc, increases with
the hot water temperature Tw(o) ; and Tw(o) is always higher than Tc.At
Tw(0)=35C, Tc is about 3 degC lower than Tw(o) and 7 degC at Tw(o)=60C.
It should be noted that the condenser is designed to produce’ the hot
water temperature a few degrees higher than the refrigerant condensing

temperature, Tc by making the condenser length L))D, the diameter of

the condenser tube.

The freon mass flow rate Mr is found to be decreasing with increasing
hot water temperature as shown in figure (7.14). The plot also shows
that to produce hot water at higher temperature:, the water flow rate
must be reduced (which.is done'manually using the'water regulator).

For the above operating conditions, the water mass flow rate Hw is

1 for production of hot

0.014 kgs™t at Tw(o)=35 C, and 0.006 kgs"
water at 60 C. Increasing Tw(o) means increasing Tc , and so the
compression ratio Cr is increased. Figure (7.15) shows that to produce
a hot water at temperature Tw(o) of 60 C it will require 'a Cr of
about 3.6 , while to produce hot water at 35 C, it only requires a

Cr of 2.4 &

It is recommended by the manufacturer that the compressor is cooled

by a medium whose temperature is related to Tec . The hot water
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discharged from the condenser is used in this work. Figure (7.16) shows

how the hot water temperature affects the compressor polytropic index n.
M\kﬂvﬂ-

The value of n is higher at Tw(o)= 35 C compared wit?lat Tw(o)=60 C. This

will be discussed in detail in section 7.5 below.

We see that hot water at 35 C can be produced with a practical COP of
about 4, and at 60C with the COP of about 2.5( air inlet temperature

is 15). The cycle and Carnot COPs also decrease with increasing hot

water temperature (figure(7.17)).

7.5 The Compressor Characteristics And Energy Balance

The compressor is the most important component of the heat pump system.
Therefore it is fglt-that a good understanding of its working
principles is necessary in order to study the thermodynamics
characteristics of the heat pump. The computer model which has been
developed can be used to predict the freon discharge temperature, the

compressor frequency, the various efficiencies and the energy balance.

The freon discharge temperature T1 is related to the polytropic index

ne. The value of n can be varied by the compressor cooling and the

operating condition (Te and Tc).

In the first case cooling the compressor means removing a quantity
of heat from the compressor. This will reduce the cylinder wall
temperature, and so reduce the effect of direct heating of the freon

vapour by the cylinder wall. The discharge temperature T1 will be
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nearer to Ti, the isentropic temperature, and so n will be smaller.
Figure (7.18) confirmed this arguement. For example when Te= =-6.17 G,

Pw = 0.005 kgs-l, Tc=39.5.C and Fc=34.5 Hz , n is 1.20 + When Te=10.19C,
fw = 0.011 kgs-l, Tc = 40.4 C and Fc= 42 Hz, n {s 1.16 . In both cases
the water inlet temperature is 12 C and outlet is 45 C, and the air

ﬂDkJ is 0.2 mss-l. The most significant differences from the examples ¥
above are Te. and Mw . Higher Mw means more heat can be removed from

the compressor and so reduces n . Higher Te will reduce the amount of

heat that can be transferred to the freon vapour, and so reduces n.

From the example above, the cooler the cooling medium is , the lower
n will be; but the compressor must not be overcooled (28 ).
Overcooling would reduce Tl and the output water temperature. To
maintain the same water outlet temperature as the non=-overcooled

case a higher Tc would be required, so reducing the COP.

Another way of :changing the value of n is by varying the condensing
temperature.Tc . Figure (7.16) shows that when Tw(o) = 35C , Te= 5 C
Tc =32 C, n is 1.20. While when Tw(o)=60 C, Te = 5 C, and Tec=52 C,
n is 1.14. At lower Tc more heat is transferred from the cylinder
wall to the freon vapour, and so increasing the value of n. This is
because at lower Tc, the temperature difference between the cylinder
wall and the freon is higher. In the case of higher Tc, where the
temperature difference between the cylinder wall {and the freon vapour
is lower, less heat can be transferred from the wall to the freon

vapour, and this will reduce uthe value of n.

Figure (7.20) shows the compressor frequency plots against the air

inlet temperature, for hot water temperature of 45c¢, 55C and 65C.
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It can be seen that the frequency, Fc' (=7 ¢ Fc) is high when Tw(o)=

is lower and lower when the Tw(o) is higher. For example Fc' is 39 Hz

at Tw(o)=45 C and 31 Hz at Tw(o)=65 C, where air inlet temperature,Ta(i),
is 10 C in both cases.The different of 8 Hz is due to the variation in
the condenser efficiency , since Fc is almost constant. If Fc is taken

as 50 Hz, ﬂ c is about 787 at Tw(o)=45 C and 667 at Tw(o)=65%.

The electrical power required by the compressor is also a function of
evaporating and condensing temperatures. The power required by the
compressor to produce hot water at 45C, 55C and 65C (water imlet
temperature is 12 C) is plotted against the air inlet temperatures as
shown in figure (7.1§). The plot shows that the electrical energy 1is
increasing with the air inlet temperature for constant Tw(o), even
though the compression ratio is decreasing. This result is in agreement
with Tassou ( 45 ), who pointed out that the reduction in energy
required because of decreasing compression ratio is outweighed by the

increase in the energy required due to the higher vapour density.

As has been mentioned earlier, the total energy transferred to the
freon vapour is not only from the compression work of the compressor
Wr, but also from the frictional heat Qr. Equation (6.14) in chapter
6 shows that the work done by the compressor plus Qr {s equal to the
total work.transférred to the freon vapour. The ideal gas value for

Qr can be derived as follows ( see also for examples ( 27 ) and

(35)).
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From the first law of thermodynamics, (see diagram in appendix K),

U2-U1 = Qr + We (71}

where Qr is heat given to the vapour, and We is work done on the

vapour in compression.

Qr can be found if perfect gas assumptions are made. From equation

(K.6) ,

We 'E%'i' Ar R (T2 - T1) (7.2)

Joule's hypothesis states that the internal energy of a perfect gas

is a function of temperature alone.Thus,

U2-U1 = Hr Cv (T2 - T1) (7.3)
or Mr Cv (T2 = T1) = We +Qr (7.4)
Therefore |
Qr = Ar (T2 - T1) (Cv 'EE'I

Substituting with perfect gas relationships , Cp - Cv = R and

Cp = Cv ylelds,

Qr = ::: Rr Cv (T2 - T1) (7.5)

where (T2 -~ T1) =AT is the temperature difference between the

initial and final states of the compression.

In the heat pump model the frictional heat Qr is calculated from
equation (7.5) and the compression work is from equation (6.11) in

chapter 6. The energy transferred to the freon vapour is determined
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from Mr Cv AT . Equation (7.4) is then used to check the compressor

energy balance . Table (7.1) shows some results on the calculation

of the compressor energy balance.

The results show that Wi is about equal to Wil. Therefore the
compressor energy balance is satisfied for the isentropic case. For
the polytropic case it can be seen that AU is about the same as

We + Qr, and this satisfiés equation (7.4) . The disagreement of about
107 between AU and Wc + Qr can be accepted considering the errors
involved in the process of calculating AU, We and Qr. Qr is the least
accurate of the three terms due to the uncertainty in n-)¥ and the
assumption of ideal gas behaviour in its determination . Table (7.1)
also shows that Pe' which is We + Qr + Qc is approximately equal to
Pe, the electrical energy supplied to the compressor. This result
shows that the energies involved with the compressor can be divided as,

Pe = Wec + Qr + Qe (7.6)

If the compressor efficiency is taken as the ratio of the work donme on
the freon vapour Wc to the work supplied Pe, the efficiency is in the
region of 407, which is very low. Since most of the frictional heat is
absorbed by the vapour, The overall efficiency which can be considered
as the ratio of energy transferred to the freon vapour to the work
supplied is now about 857 (see figure (7.21)) , which is reasonable.
The other 157 which is the heat removed by the cooling water is

utilized in the condenser . Therefore the heat loss in the -overall

system is very small indeed.
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7.6 The Evaporator Effectiveness

The most important characteristic of the evaporator is it effectiveness.
The ‘evaporator with higher effectiveness and heat transfer coefficient
is desired. Figure (7.23) shows that the effectiveness is increasing
with decreasing air speed. While figure (7.24) shows that the heat
transfer coefficient of the evaporator is decreasing with decreasing
air speed. This suggests that there is an optimum air speed for a
certain operating condition . Earlier it has been shown that the

optimum air speed is when the fan takes about 47 of the energy output

of the heat pump system.
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7.6 The Evaporator Effectiveness

The most important characteristic of the evaporator is it effectiveness.
The evaporator with"higher effectiveness and heat transfer coefficient
is desired. Figure (7.23) shows that the effectiveness is increasing
with decreasing air speed. While figure (7.24) shows that the heat
transfer coefficient of the evaporator is decreasing with decreasing
air speed. This suggests that there is an optimum air speed for a
certain operating condition . Earlier it has been shown that the

optimum air speed is when the fan takes about 4% of the energy output

of the heat pump system.
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CHAPTER 8

CONCLUSION

8.1 Main Conclusions

1. The design, application and accuracy of the digital data acquisition
system developed for the purpose of heat pump monitoring have been
described. The data is recorded on the double density 5% " floppy

disk o A disk has the capacity of storing about 50 sets of the
experimental results., A set of the experimental results consists of

33 data items, and so a disk can be a storage place for about 1650
readings. The advantage of this digital data acquisition system over
other types of data recorder, for example chart recorder, is that the
data can be transferred directly and quickly into the computer for
analysis. Even though a disk system is more expensive than a tape system,

because the speed of the data transfer to and from the computer is

faster than the tape, it justifies its cost.

It can be concluded here that thc'digitnl data acquisition system using
floppy disk as a means of storing the data is very important and helpful

in monitoring and studying the heat pump system.

2. A computer model for studying the heat pump characteristics has
bean described. Since some of the equations are empirical, this model
is limited to a certain range of operation only. The evaporating

temperature Te must be higher than -6 C and lower than 14 C. This {s

207



because the lowest air temperature in the laboratory is about 5.C to 6C
(Te==2C to=-1C) achieved by circulating the outlet air back into the
evaporator. This is a suitably low air temperature since it is
comprable with the means U.K winter temperature. The upper limit of Te
range is 11 C, due to the maximum capacity of the expansion valve. The
range of the condensing temperature Tc is from 30C to 60C. This range
is chosen because it will give hot water temperature in the range of

33 C to 67 Cy which includes the normal domestic hot water temperature.

A detailed model of the condenser is also developed. Since this model
in computer time
is very long and time consuminﬁf it is not included in the heat pump

model. In future it is hoped that this model can be modified and

included in the heat pump model.

from aodelling
3. Carrington has shown thaEJthe hot water temperature can be made to
be higher than the condensing temperature. This increase in the water
temperature is due to the h;gh freon vapour temperature as it exists
from the compressor. Here it has been shown that this hot water
temperature can be increased further by making used of the heat
from the compressor. This is achieved by cooling the compressor with
the hot water discharged from the condenser. As a result, the
difference between the hot water temperature and the condensing

temperature is further increased.

The condenser is also designed to extract: heat from the subcooling of
the freon liquid. This proved to be very useful. The experiments show
that the COP can be increased by about 67 by utilizing this

subcooling energy.
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4. The experimental results show that only about 40% of the work
input to the compressor is transferred to the freon vapour by the
process of compression. The remaining 607 genarates heat in the
compressor, three quarters of this is absorbed by the freon vapour and
the rest is removed by the cooling water. Since the heat removed by
the cooling water is also utilized, the actual heat loss from the
electrical input energy is very small. Thus it seen that the Danfoss

hermetic compressor is well suited to its purpose.

Analysis of the experimental results for the compressor revealed that
the polytropic index n could not be regaraed as a constant. This is

at variance with the assumption of other authors.Reasons are presented
in chapter 7, to show that n departs most from the adiabatic value
when temperature differences within the compressor between the

vapour and cylinder walls are large.-

5. The experimental results also show that there is an optimum air
speed for a given evaporator., Here it is found that the reasonable
air speed occurs when the input power to the fan is about 47 of the
output power (at condenser). The results also show that the evaporator
is operating with an effectiveness of about 70%. This effectiveness

is found to be very sensitive to the air speed. Because of the non-
uniform air flow through the evaporator some sections will be
operating at a reduced effectiveness. If uniform air flow could be
achieved it would be possible to reduce the air flow rate and still
obtain the same energy transfer to the freon. Therefore in order to

improve:  the evaporator effectiveness the fam should be properly
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designed and placed at a correct position in the system such that a
uniform air speed over the evaporator surface is achieved. Further

research on the fan design and its integration into the heat pump

system should be pursued.

6. Figure (7.7) and (7.8) indicate that a m;asure of capacity control
can be achieved by varying the air speed. Figure (7.8) shows that the
practical COP is insensitive to air speed whereas figure (7.7) indicates
that the heat output can be made to vary from 1.0 kW to 1.35 kW for the

range of available air speeds (0.04 to 0.16 m3s-1).

8.2 Suggestion For Future Work

1. Since the compressor is one of the most important components in the
heat pump system, a detailed of its characteristics is required. At
present , since the compressor used is a hermetiq type, only the
inlet and outlet conditions are measurable. A knowledge of the
compressor cylinder wall temperature, suction and discharge valve
pressure drops and the temperature increase in the suction line
inside the compressor would be .most useful in understanding and
improving the compressor design. Future research programmes should
remove the compressor casing In order to insert sensors to measure
these parameters. The compressor frequency should also be measured
directly; preliminary observations indicate that it can readily be

observed from fluctuations in the compressor discharge pressure.

2. For the side by side tube condenser it is possible to measure the
temperatures of freon and water inside the tube. This temperature .

profiles can be very useful in developing the condenser computer
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model. This is because the exact nature of heat transfer in the two
phase region is still unclear. The temperature profile and the

computer model can be used to estimate the size of the condenser for

a particular application.

3. In the present work the relative humidity is not a controlled
parameter, therefore the exact effect is not really known. This effect
can only be determined by carrying the experiments under controlled
environmental conditions .An environmental chamber would be of great

assistance to this evaluation.

4o Little is known of the effects of the compressor lubricating oil in
the refrigerant ilne. Some authorities have suggested that the COP may
be reduced by as much as 207 in R12 systems.Experiments should be
conducted , with variable quantities of oil in the system , to

determine the effect on the heat transfer coefficients.

5. The thermostatic expansion valve has been developed for the
requirements of the refrigeration industry. It should be experimentally
tested at temperatures above its stated design limit. Research could

be initiated to design a device or control system that would provide

a suitable value of suction superheat for wide variation of input
conditions.
6. Two of the sensors are not as accurate as one would wish. The freon
flow rate sensor is operating at the bottom end of its range. Though
Efis has an advantage in that the pressure drop across the device is
;mnll it would be preferable to use the flow sensor in the range where

it is well calibrated. It would be beneficial to purchase a freon

211



flow sensor of greater sensitivity. The power meter which disc
measuring power rums at low frequency. A more accurate output could

be obtained if the disc frequencie were greater and this could be

achieved by modifying the watt meter circuitry.

7. The modelling program could be improved by reducing the number of
iterations required. It should be possible to utilise the now
determined characteristics to identify more closely how a changing
variable should be altered in order to achieve a given condition. For
example figure (7.1) shows that a change in the evaporating temperature
is about two-thirds of the change in the air inlet temperature. Thus

if the initial guess for Te produces a Ta(i)'value 6 deg C higher than

the input Ta(i) , Te should be reduced by 4 deg C and not by 1 deg C

currently in the program.
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APPENDIX A

Thermodynamic Properties Of R12

1. Specific Heat

The R12 specific heat equations below are at atmospheric pressure, but
they can be used at other pressures to a very good accuracy because
they change very little with pressure. If a precise value of specific
heat is required at a certain pressure, it can be determined by
calculating the enthalpy difference per one degree change of

temperature at that pressure .

a) Specific Heat For Gas

This equation is taken from reference ( 48 ), for temperature range

between 100K to 600K with accuracy claimed to be better than 1.5%.

4 -7 .2

Cp(gas) = (0.027882 + 5.6882x10 ' T = 7.04559x10° " T

+3.28112x10710 7% ) 4181 (A-1)
where Cp(gas) is the specific heat in Jkg-lx-l

T i{s the temperature in K

b) Specific Heat for Liquid

This equation is also taken from the same reference as in (a). The
accuracy claimed for the temperature range between 194K to 294K {s

better than 17 and for temperatures outside the range is better than

1.5% »

213



6 2

3r. 9.7294x10"° T

cp(liq) = ( 0.00963113 + 2.32124x10"
}

+1.49532x10"° 3 ) 4184 (A -2)
«1
where Cp(liq) is the specific heat for liquid R12 in J(kgk)

T is the temperature in K.

2. Viscosity

a) Viscosity of vapour R12

For R12 in the vapour state , the equation is taken from reference (48 )

+ The error is not stated , but by comparision with data from (19 ) ,

it is found to be * 5 % for the temperaturé range of between 250K to

500K .

V) -5 -3
(gas) = 3.5071252x10 ° = 9.8379394x10 ~ (1/T)
.+ 9.291594x10" 1 (1/1)2 (A -3)

=, '

where \)(gas) is the viscosity of freon gas in Ns m

T is temperature in K

b) Viscosity of liquid R12

Using data from reference (48 ) , an equation for liquid viscosity of
R12 is fitted in a polynomial form , with an accuracy of £ 5% for

temperature range from 200K to 340K .

~) (11q) = (6.45177299-.0.05638052 T + 1.72893049x10™% T2

- 1.80868046x10~7 T° )x10'3 (A. =4)

where Y¢11q) is the freon liquid viscosity in Ns'm-

T is the temperature in K.
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3. Conductivity

a) Conductivity of freon gas

The equation for -¢onductivity of R12 gas 1is taken from ( 32). The

accuracy is better than 1% for temperature range from 240K to 480K.

>

k (gas) = -&.3497562:(10"3 + 442024094x10"
+ 1.6172318x10™° T (A =5)
-1
where k(gas) is conductivity .in W(mC)and T is temperature in C

b) Conductivity of liquid freon

This polynomial equation for conductivity of saturated R12 liquid {is

fitted from data taken from ( 48) . The accuracy is better than 5%.

for temperature range between =140K to 230K.

k (11q) = 0.0492558455 ~ 1.23129085x10"% (Tx1.8 + 32)

-2.04164148::10-7 (T x 1.8 +32)2 + 3.71103703
x10™° (T x 1.8 + 32)3- 1.37383456x10" 11

. x(T x 1.8 + 32)" : : " (A -6)

where Y& (1iq) is the liquid conductivity of R12 in w(ml:)”l

T is the temperature in €.

4, Saturation Pressure As A Function Of Temperature

The equation is taken from ( 47) .

In P = 79,5288 = 4396,21/T - 12.47152 InT + 0.0196059 T (A -7)

where P is pressure in MPa.

T is temperature in K,
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APPENDIX B

Thermodynamic Properties 6f Water

All the equations below are fitted from data taken from reference(48 ).

a) Viscosity

V¥ w-= 0,00164323 - 0'393393:(10‘4 (T x 1.8 + 32)
+0.43606x10"° (T x 1.8 + 32)% -0.180044x10™8
x (T x 1.8 + 3.’2)3
where W w is the viscosity of water in Ns "

T is the temperature in C

b) Conductivity
kw = 1.731 ( 0,305+ 7.3961x10™% (T x 1.8 + 32)

--1.1’:3'5»988x10"6 (T x 1.8 + 32)2
-l
where: kw is the conductivity of water in W(mC)

T is temperature in C.

<€) Density
fuw = 16,019 (62.464+1.605602x10™° (T x 1.8 + 32)

6.646718x10™° (T x 1.8 + 32)% )
3

where " Pw..1s:the density of water in kg m
7
T is the temperature in C.

d) Specific Heat

Cow = 421868x10° (1.0144=2.85919x10"% (T x 1.8 + 32)
+ 1.174337x10"° (T x 1.8 + 32)2 )
' -l
where Cpw is the water specific heat in J(kgC)

T is temperature in C.
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APPENDIX C

Thermodynamic Properties Of Air

All the equations below are taken from ( 32 ).

a) Viscosity

8

Ja = 2.28797x10"% + 6.25979x10"% T - 3.13196x10"

+ 8.1503801x10"° T°
where 7Va is the air viscosity in th-z

T is the temperature in K.

b) Conductivity

ka = 1.30035x10™ + 9.3676581x10™>

+2.317x10" 1 13 _ 6.6x10”1 14

1.,-1

where %a is the air conductivity in wn" 1"

T is the temperature in K.

cz Densitz

fa _"352.989
T
where [a is the air density in kgm-3

T is the temperature in K

d) Specific Heat

Cpa = (0.249679 = 7.55179x10™° T + 1.69194x10™/ T
- 6.46128x10" 11 17 ) 4184

1.-1

where Cpa is the air specific heat in Jkg K

T is temperature in K..
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APPENDIX D- .

Determination Of Polytropic Index , n

Normally the polytropic index n is calculated by assuming the freon

vapour in the region of interest behaves as a perfect gas , and the

equation used is ,
T1 = 15 (p1/p5)(P"D)/n (D. 1)
On the P-h chart of R12 , several calculations of PV/RT were made in
the region of interest as shown by points 1 to 18 in figure (D=-1) . .
It was found that PV/(RT) = .714 at 1 and PV/(RT)= .951 at ‘point 18 .
¢for perfect gas PV/(RT)=1 ) . This gives an error of 5 % at point 18
and 30 7 at point 1 . The error is ;9;' large to assume that freon

vapour -acts as a perfect gas in the determination of n .

"The equation of state of R12 vapour as given by ICI is as follow,

: : j=5 kT
A, +B, T +C, e
RT. | ] i
Pyt Z T (Dp-2)
j-z (v'b)

where P = pressure
T = Temperature
V = Volume
R = Gas constant

«226787

o
[ }

k = =5.475

The values of Aj' Bj and Cj are as follows ,

i1
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b A B cj

J J
2 -6.93385 242478 -115.43
3 4.2679 =0.92326 92.911
4 =1.3545 0.0 0.0
3 0.0 0.20682 -2.11877

The polytropic index n is calculated as follows (see figure(5.15) for

reference).

1. From T5 and P5 ; V5 is determined using equation (D-2).
2, From T1 and P1 : V1 is determined using equation (D-2).

3. n is calculated from P1 Vi®= P5 VSn.

For a given values of n, T5, P5 and P1 , the discharge temperature
of R12 , T1 is calculated as follows.
1. From T5 and P5 ; V5 is determined using equation (D-2).

2. Fromn and P1 ; V1 is determined using the equation pv2 is

constant.

3. T1 is calculated from the equation of state (D-2) by using the

values of V1 and P1.

Appendix E is the computer program for calculating n from T35, PS5, T1
and Pl, While appendix F is a program for determining T1 from n,

TS5, P5 and P1.
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point T(C) vV ( m3/kg ) PV/(RT)
1 90 .008 714
2 110 .008 « 748
3 70 012 «775
4 90 012 «804
5 110 «012 «827
6 50 02 « 840
7 70 .02 .862
8 30 «03 «872
9 90 .02, .879
10 50 .03 «892
11 .. 110 «02 .894
12 70 «03 «507
13 10 «05 «909
14 90 .03 «919
15 30 .05 924

16 50 «05 «935
17 70 «05 0944
18 90 «05 «951

JINT 2 RIBS 20 ¢ 0707 7

: &L = IS =</ e
() ' AR 1Y 0-00"
P A0 K Y - .
2 AN 9.005‘
— o - i g.00b

p-010

i

-

15

TAVAV

Fig (*DP-1) Some values of PV/(RT) for R12 in the region of interest.

[/ L7
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AP

PENDIX E

Computer program for calculating polytropic index n from P1,T1,PS5and T5.

DA Rl

Lol Y e UL WA
)

= 5O
|:|

REM " "

FEM THIZ FROGEARM IS T2 CALCULATE

FEM THE FOLYTROFIC IMDEN H FROM

FEM P11 .T1 PS5 .TS

FEr1 L] "
DATAZ.S2182 .8, 22
DATAH —-£,%33322% .4
OATA Z.247&,.-0,52228
DATA -115.42.22,911 .8, ==
DATA 4.1155.1.V918E-2.2
FEERD E.BE.K
FOR J=2TOS:READ AT sHEXT

] f-l
'rlﬂl

1 ™l
Jis .
b LR <Y
= D3 -

Ll ol 1 A 1

=J 00 Ty (R

W=y

=

(0 T
p3 =

1
|
= (0

i B ]

=3 00

']
\:."
tud @

u"r

FOR J=2TOS:READ ECJ) tHEMT
FOR J=ZTOS:READ CCJ> tHEXT
RERD PC.VC.TC :
D=FC#148. 0377

GOTOETE

IMPUTY ATEMF . -DEG. CEHT . " ¢ TE
IMFUT" BFRESSURE~-F, S, I, " 'PI
T=C¢TE+27V3. 152/TC

FR=FI.-0

Y=R%T FF

=6

FUR J=2TOS

L=C4+CACTI4BC T $T+O 0 TonENFPCRSTI DAV =ERTT
HE=T ’
P=R#T A0 =B+

P=F#

D=FI-F

IF ARSCDM< JH1 THEH 280
VWOl -DS/FR D cGOTOZ2VE
RETURHM

FREIMT"JLOW T&EF RESULTSY
GOSUE 2249

Fl=FI :"1=:T1=TE
FREIMT"DHIGH T&F RESLULTS"
SOSUE 220

FPE=PFI :"2=\:T2=TE
H=LOSCR2AF1 2 ALAOG WL AW D0
M=IMHTOHE1 8008+, S 210050
FRIHT"TH="H

':‘ETI—.I I F -t TS - i " TI"IE!'J@-I.FL:‘]
SOTQZ78
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APPENDIX F

A computer brogram to calculate freon discharge temperature T1 for
a given P5,T5,P1 and n.

REM "
FEM THIS FROGRAM IS TO CRLCULATE
FEM TEMFERRTLUREE T1 FOR A GIWEH H.
REM F2 AHO TS

FEM * "

B DATAZ.S9102,.0, 226787 ,~S5,. 475

118 DATA -8.593355 .4, 2575 .-1.23545 .0
1260 DATAH 2.2478,.-8,.32226.,.0.,.0, 28232
120 DATA —-115.43,92,.9311.8,-2,.11377
148 DATA 4. 1155,.1.7318E-2,385. 17

158 EEAD E.B. K

186 FOR J=2TOS:READ AC.J>» sHE:

178 FOR J=2T0S5:RERD ECJ> tHEST

128 FOR J=2TOS:RERAD CCJ)iHEX

129 RERD PC.YC,TC

2E0 O=FC#145,. 9377

218 PRIMT"D.0M T&F RESULTSY

228 IHPUTYRETEMP. -DEG.CEMT. " =T

228 IHFUT"EFRESSURE-F.S.I1.":PI

248 T=({T+273.15>/TC

258 Pl=FI. 3

258 Y=FR4T/P1

27v8 C=0

FOR J=2T0S
C=C+{RCII+BCTI 0 # T+ I DSENPCEST 2 ACW =BT

HE#

F=R&T/LY=-E)+C

P=F#

O=F1-F

IF AB=SCD><C. 831 THEH 258

258 Y=\${1-0/PIytFRINTY :GOTO2VE

S8 FRIMT"MEEEHIGH T&F RESULTSY

3va IMFUT"AFRESSURE=-FP. 2. 1.":FF

220 INFUTYRFOLYTROPIC IHDEXR" :H

50 V=Y#(FPI/FF2TC1AM2

488 FZ=FF/R

318 T=F2#\W R

428 C=0:PRINT T

426 FOR J=2TOS

48 C=C+CHCT 2 +BCT I TH+OCT D #ERP CHET 2 2/ VB TT
S4568 HEST

420 P=R#TA V=B +0C

4780 P=F4#

480 D=FF-F

490 IF ARESCD><.081 THEH 519

SEHE T=T#C1+DAFF G070 4260

519 PRIMT"TEMF. =" :T#TC=-273.15

- -

L1

= 00 =) T T O
DR R U ) B

LY OY P PP

) o= 0 0
R Bt I

Y (3
3 D

A RN
N4 i
PO

L
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APPENDIX G

Computer program for calculating thermodynamic properties of R12 (based

on McMullan ( 47 ).
Saturated pressure at a known temperature:

1.

2.

3.

4e

Se

6.

see line numbers : 2260 - 2330
Entropy, enthalpy and specific
and temperature.

see line numbers : 2340 - 2550
Entropy, enthalpy and specific
and temperature.

see line numbers : 2560 - 2720
Entropy, enthalpy and specific
given pressure or temperature.
see line numbers : 2730 - 3080

in appendix H

volume of R12 vapour given pressure

in appendix H
volume of R12 liquid given pressure

in appendix H
volume at saturation (vapour and liquid)

in appendix H

Specific volume at a given temperature.

see line numbers : 3090 = 3430

in appendix H

Saturation pressure at a known pressure.

see line numbers : 3440 - 3570
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APPENDIX H

Computer program for the heat pump model.

100 REM ====cc-cccmmmccccnccccccaaaaa
110 REM  HEAT PUMP MODEL

120 REM ~===cc--cmccreccccccnnccnana-

130 OPENS3,4

140 REM #+ COMPRESSOR ##

1350 INPUT" AIR INLET TEMP C*;Al

160 INPUT* AIR SPEED M3/8"3A0

170 INPUT® REL HUMID % "3RH

180 INPUT" SUCT S-HEAT C*"3SH

190 INPUT" HOT WATER TEMP C*;TU

200 INPUT* COLD WATER TEM C";TM

210 FP=19.032+298,459#AJ

220 TE=-3.39530607+.7844146131%A1+13,0998402#%A)~,485072472%SH
230 TC=5.23004131+,1591333408+TE+,7345774654#TU

240 REN

2350 REM

260 TV=TC:605UB2240:P1=PB*14,5

270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
440
470
480
490
500
310
520
330
540
350
360
570
380
390
600
610
620

TV=TE:60SUB2260: P4=PB#14.5
T3=TE+SH:PS=P4-2

XN=1.27308274-7.92672924E~ 4*P1+1 35560865E-3#P5-4,346587376E-3#T5
N=XN

XN=INT(1000#XN+.5)/1000

GOSUB4930:REM FOR T1

Ti=PT

YN=(XN=1) /XN ‘

TV=T1#1.8+32:PS=P1:G0OSUB2340

H1=HP/.4297:51V=5V+, 0624

TV=TC#1,8+432:PS=P1:605UB2730

H2=HG/.4299:1 HK=HF /. 4299

TVaT5#1.8+432:PS=P5:605UB2340
H3=HP/.4299:185V=5V+,0624:U5=5P/.2388
CP=(H1-H5) #1000/ (T1-TS)tREM SPC HEAT
Ri=PI#1E5#51V/(14,5#(T1+273.15))1REM GAS CONST AT DISCH
RS=P5#1E5#55V/ (14.5%(T5+4273,15))+REM GAS CONST AT SUCTION
RC=(R1+R3)/2:REM AVE BAS CONST

VC=CP-RC :REM SPC HEAT CONST vOL

IFZZ=1THENS10 ,

6070590

X8§=U5: 605UB5310

EN=LOG(PL1/P3)/LOG(SSV/S4V)

REM T&,H6,56V ----AT ISEN

GN=1,05%

N=EN:GOSUB49301 T4=PT

TV=Té#1,8+32:PS=sP1:GOSUB2340

H6=HP/.42993546V=5V#*, 0624

GY=(EN~-1) /6N

CJ=P1/PS
WH=XN#P5#1ES#10,3E~6# (CIAYN=1) % (1=,05#(CI*(1/XN)) )/ (14, 5% (XN=1))
Wl=GN#PS#1ES5#10,3E-6#(CI*BY-1)#(1-,05#(CI*(1/EN)))/{14,5%(EN=-1))
FC=31,2563+1289.88%#51V=-372,138#55V

CB=.05 $REMRATID OF CLEARANCE VOL TO SWEPT VoL
FR=FC#10.3E-4#((1+4CB)/S5V-CB/S1V)

IFI1I=0THEN720
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630
540
&30
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
B350
860
B70
880
890
700
910
920
930
240
9350
760
970
780
990
1000
1010
1020
1030
1040
10350
1060
1070
1080
1050
1100
1110
1120
1130
1140
1150
11560
1170
1180

VE=1+CB~-CB#85V/S1V

Wi={H1-HS5) *FR#1000

W&=(Hb6-H3) #FR#1000

We=INT{W&+,.3)

SJ=W4/H1 :REM ISEN EFF

WE=WH*FC

WF=WI*FC

QR=VC* (XN-GN) #FR*(T1-TS) / (XN~-1)
PE=162.11904B+2,.7142B572#TE+3.0142B572+*TC
TC=INT(TC#100+.5) /100: TE=INT(TE*100+.5)7100
PRINT®" COND TC :";TC;* EVAP TE:"3;TE

PRINT® R12 MASS FR KG/S:"3;FR

REM

WR=XN#FR#RC*#{T1-T5)/ (XN-1)

REM

FC=INT(FC*100+.5)7100

PRINT®™ FREBUENCY HZ:i1";FC

IFTB=0THEN1030

REM ESTIMATE WATER F/RATE
WF=,97#FR# (H1-H3) #1000/ (4184#(TU=TM))
PRINT® WATER F/R KG/S: ";NF
GC=WF*41846%(1.0)

G0TO1440

GDSUBA3T99

IFVT{>TCTHEN240

B9=05+W1

T9=TU=-(TU-TC) #(H1-HK)/ (H1=-H2)

PRINTT?
PX=P1-223.360881%#14,5#FR~1.07917658:REM LIQUID PRESSURE
IFTRC(TM) THENT9=TM+3: TC=TU-(TU~T?) #(H1-H2) /(H1-HK) : TB=01G0TD240

PRINTT9
H3= (HK# (TU=TM) =H1% (T9=TM) ) / (TU=TY)

GX=H3+,4299 .
WL==-37.80474638+4.70226517#6X-2,34409508E-03#6X*2~1,.3844114E-0446X*3
WL=(WL~32)%5/9 :
PRINTHI; WL TQ

IN=1

GOTO1140

REN

REM

WL=TM+5

PX=P1-223.3460681#14.5#FR~1,079174581REM LIQUID PRESSURE
IM=0 .
TV=WL#1,8+32:PS=PX:G0SUB2540

PRINTZIM,NL

IFZM=1THEN1040

PRINT"#s%# HA"jHA

IFWLCTM+2THENTC=TC+1:60T0240

H3=HA/.4299

PRINT"## H3I="p H3

REM

EO=(HI-H3)#1000%FR

EI=(H5-H3) #1000#FR1REM INPUT ENERGY(NATT)

REM CAL QUALITY R-12

TV=TE#1.8+32:PS=P41G0SUB2730

HM=HF/.4299: HN=HG/. 4299
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1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450

1440

1470
1480
1490
1500
1310
1520
1330
1540
1550
1560
1570
1580
1590
14600
1610
1620
1630
1640
1630
1660
1670
1680
1690
1700
1710
1720
1730
1740

XQ= (H3-HM) 7 (HN=-HM)
DH=1/(VF#.,0624) 1DG=1/(VG*.0624)

REM CALCULATE EVAP HTC & EFFECTIVE

TA=AT:605UB4550

60SUB4820

DC=(1+4WJ) 7/ (1+1,607#WJ) s DA=DC*DA
CC=(1+1,915#WJ) / (1+4WJ) : CA=CCHCA

AF=AJ#DA

60SUB4150

PRINT"AIR TEMP INPUT 1"AI;" CALCULATED:*;TB

IFIN=1THEN1400

IFAI-TB>2. 1 THENTE=TE+,5: TB=0: 6070240
IFAI-TB>1,OTHENTE=TE+, 31 TB=0:60TD240

REMIFTE+SHYAITHENPRINT* SUCTION SUPERHEAT IS TO HIGH":STOP
IFALI-TB>. 4THENB90

IFTB-A1>2. 1THENTE=TE~, 51 TB=0160T0240
IFTB-AT1>1.0THENTE=TE=~,3: TB=0160T0240 -
IFTB-AL). 4THENB90

R5=El

REM

REM

REM

IFAI-TB), 6THENWL=WL-4160T01040

IFTB-AI. THENNL=HL+41E0TD1040

IFAI-TB). 25THENWL=WL-1160T01040
IFTB-A1>.25THENWL=WL+1:60T01040

11=1160T0240

Q7=WF#4186% (TU+,5-TH)

CN=07/(1000#FR# (H1-HS))tREM CYCLE COP

CM=07/ (PE+FP) tREM COP- PRACTICAL

CS=(TC+273.15) /(TC-TE)
FR=INT(FR#1E&6+.5) /1E 1 WF=INT (WF#1E&+.5) /1Eb

Wi=INT(N1+,5) tWB=INT (NB+.5) sPE=INT(PE+.5)1Q7=INT(R7+,5)
EI=INT(EI+.5)
CS=INT(CS#100+.5)/100:CN=INT(CN#100+.5) /100:CH=INT (CH#100+.5) /100
HA=INT (HA#100+.5) /1003 HR=INT (HR#100+,5) /1001 UY=INT (UY#100+,5) /100
EZ=INT(EZ#100+.5) /1003 VE=INT(VE#100+.5) /100:SJ=INT(S5J#100+.5) /100
REM PRINT

PRINTE3,*  HEAT PUMP MODEL-- RESULT"
PRINTES,®  =--m===m-e-—- = -
PRINTE3,*  -=-INPUT *

PRINTES,"  AIR INLET TEM C: *jAl
PRINTE£3,*  AIR SPEED M3/S: *3Ad

PRINTE3,*  AIR REL HUM 11 "jRH
PRINTE3,*  SUCT S-HEA C: *;SH

PRINTE3,"  HOT WATER T Ci *3TU

PRINTES,"  COLD WATER T Ci *pTH

PRINTE3," - - — ——————
PRINTE3,*  =-=--OUTPUT®

PRINTE3,"  EVAP TEMP Ct *3TE

PRINTE3,*  COND TEMP Ci *3TC

PRINTE3,®  COMP SPEED HZ1 *jFC

PRINT£3,*  FREON F-R K6/6: "JFR

PRINTE3,"  WATER F-R KE/St “jWF

PRINTE3,"  COMP WORK Wi *pWi

PRINTE3,"  COMP WORK (EQ) Wi *yW8
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1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
16890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050
20460
2070
2080
2090
2100
2110
2120
2130
2140
21350
21560
2170
2180
2190
2200
2210
2220
2230
2240
2230
22560
2270
2280
2290
2300

PRINTEZ," Wi-W8

“;Wi-H8B

PRINTE3,* . COMP ISEN WORK Wi "yWé
PRINTE3,*  COMP ISEN WORK(ER)W: *jH9
PRINTE3,*  COMP ELEC IN. Wi *jPE
PRINTE3,*  HEAT OUT N: ";Q7
PRINTE3,®  HEAT INPUT Nt "jEI
PRINTE3,*  COP CARNOT 1 ";CS
PRINTE3,*  COP CYCLE t ";CN
PRINTE3,"  COP PRACTICAL 1 "jCH
PRINTE3,"  =-=-EVAPORATOR * .
PRINTE3,*  AIR  HTC W/M2C: °*jHA
PRINTE3,*  FREON HTC N/M2C: *jHR
PRINTE3,"  EVA HTC W/M2C: *juy
PRINTES,*  EVA EFFECTIVE 1 “JEZ
PRINTE3,*  AIR OUTLET TEMP C: "§CT
PRINTES,*  ---COMPRESSOR °
PRINTE3,®  VOLUMETRIC EFF 1 *jVE
PRINTE3,*  ISENTROPIC EFF 1 "3SJ
PRINTE3,®  POLYTROPIC INDEX & "jXN
PRINTZ3,*  FRICTIONAL HEAT 1 "j;OR
PRINTE3,*  COOLING HEAT 1 "jac
PRINTE3,*  =-=THE CYCLE ..

P1=INT(P1#100+.5) /100:PX=INT(100%PX+.5) /100
P4=INT(P4#100+,5) /100:PS=INT (100#P5+.5) /100
T1=INT(T1#100+.5) /100s TE=INT(100%TE+,5) /100
TS=INT(TS5#100+.5) /100t NL=INT (100#WL+,5) /100
", 10)
*,10)
" 10)
*,10)

Pi$=LEFT$ (STR$(P1)+"
PX$=LEFT$(STR$(PX)+"
P4$=LEFT$ (STR$(P4)+"
PS$=LEFT$(STR$ (P3) +"
PRINTEZ, " POINT: 1
PRINTEL3," . POINT: 3
PRINTES, " POINT: 4

T ="3T4
T =" WL
T ="3TE
T =375

PRINTE3," POINT: S
PRINTEL3,"  ~emcccccecccccec--
PRINTE3 :
P1=INT(P1#100+.5)/100

PX=INT(PX#100+.5)/100
P4=INT(P4#100+.3)/100
PS=INT(P5#100+.5) /100
Ti=INT(T1#100+.5)/100
WL=INT (WL#100+.5)/100

TE=INT(TE#100+.5)/100
T3=INT(T5#100+.5)/100

PRINT"P1,P3,P4,P5";P1, PX P4,P3
PRINT®*T1,T3,T4,7T5";T1,NL,TE,TS

FDRI-!TOZO

PRINTE3

NEXT _
IN20117=0:TB=0s IM=0
sTOP

REM PSAT(T)

REM "888888888888888888888"

TF=TV#1,8+32
T=TF+459.7

XI=10~(39.8838~ 343& 6322/7-12.4715223#L0G(T)/L06(10)+.4733044E-22T)
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2310
2320
2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2430
24560
2470
2480
2490
2500
2510
2520
2530
2540
2530
25460
2570
2580
2590
2600
25610
2620
2630
2640
2630
2640
2670
2480
25690
2700
2710
2720
2730
2740
2750
2760
2770
2780
2790
2800
2810
2820
2830
2840
2830
2840

PB=XZ/14.5 _
REM PB IS IN BAR

RETURN

REM SUB VAPOUR

REM "888888888888888888688"

TN=TV+459.7:REM F TO R

E05UB3440

BOSUB3090

TX=TNA2: TY=TX#TN:T2=TY#TN

VR=5V-, 45093884E-2

V2=2#VRA2:V3=1,5#V24VR

V4=y242

KC=5.475#TN/693. 3tEK=EXP (~KC)

EV=EXP(0)
Ei1=.B0945E-2#TN+,332642E-3#TX/2-. 24 13894E-64TY/3+,672343E-105T2/4
E2=, 185053#PS#5V
E3=-3.40972713/VR+.0602394445/V2--,54873701E-3/V3 -
E4==55,7627671/VR+1,31139908/V2-,25439047BE-4/V4
SB=,B0945E-2#L06(TN) +.332642E=-3#TN=. 24 13B94E-4#TX/2+,5723463E~10#TY/3
SC=, 185053#.088734#L0G(VR)

§8=,159434848E~2/VR-, 187961B843E~4/V2+.3448834E-B/V4
S9=E4 .
HP=E1+E2+, 185053 #E3+, 185053 #4EK# (1+KC) *E4+39.55455
SP=5B+SC~, 185053#58+. 1B5053#EK#5.475/493.3%59-,014653794
RETURN ;

REM SUB SUBCOOL

REM "888888888888888888888"

REM HA(SP H):SA(SP §)

60SUB3440:605UB2730

DT=TT=-TV

IFDT{=. 0001 THENWL=WNL=2:ZM=13 RETURN

VA=VF

IFABS(TT+40)<1E-6THEN2640

HA=HF# (1-DT/(TT+40))

G0T02470

HA=HF

IFABS(TV+40) C1E=-4THEN2700
SA=SF+(HF/(TV+40) ) #LOG((TV+459.7) /(TT+459.7))

60T0D2710 .

SA=SF

S=SAtH=HA

RETURN

REM . SUB SATPRP

REM "865888888888888888888"

REM TV(TEMP) ,PS(ABS PRESS)

REM VF(SPC VL SAT LB),VG(SV § G)

REM HF(S H § L) ,HV(L HEAT VP)

REM HE(S H § V) ,5F(S § § L)

REM S6(S § § V)

REM CALCULATE PRESSURE

G0SUB3090

VE=5V

REM CAL VF

T=TT+459,7:REM F TO R

TI=1~-T/693.3
VF=1/(34.84+53.34128TJA(1/3)+18.69148TJ+21,9845TJA.5-3.151#TJ#TJ)

228



2870
2880
2890
2900
2910
2920
2930
2940
2950
2960
2970
2980
2990
3000
3010
3020
3030
3040
3050
3060
3070
3080
3090
3100
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3240
3270
3280
3290
3300
3310
3320
3330
3340
3350
3340
3370
3380
3390
3400
3410
3420

REM CAL HV BY CLAUSIUS CLAPEYRON

HV=(V6-VF) #P5#2, 3025851 #(3436.632/T~5.41631329+.4730442E~24T)#,185
SX=HV/T

REM CAL HG4SG

TX=T2T:TY=TX*#T1TI=TY:T

VR=VE=-.635093884E-2:V2=24VR#VR

V3=1.5#V2#VR:1V4=V2V2

KC=7.897E-3#T:EK=EXP (-KC) :EV=EXP(0)
E1=,B0945E~24T+,332662E-3#TX/2-.2413BFLE-b#TY/3+,4723463IE~104T2/4
E2=.185053*P5#*VG
E3==3.40972713/VR+.0602394465/V2-.54873701E-3/V3
E4=-56.7627671/VR+1.31139908/V2-.254390678BE~4/V4
S§B=.80945E-2#L0G(T) +.3324662E-3#T~.2413BFLE-L#TX/2+4.672363E~-10#TY/3
SC=,185053#.088734#L0OG(VR)
£8=.139434848E-2/VR~.187961843E-4/V2+,.34468834E-8/V4
S9=E4

HE=E14E2+. 185053 #E3+, 183053 #EK#{1+KC) #E4+39,55455
S§6=5B+5C-.185053#58+., 185053 #EK#7.89E-J#59-,0163374
REM CAL HF&SF

HF=HG~HV

SF=8G6-5X

RETURN

REM SuB SpvoL

REM "88888888888868888888"

REM CONVERT TV FROM F TO R &CHECK

TD=TV+459.7

IFTDCOTHENPRINT*##ERROR: T€0*tSTOP

REM FIND TSAT & CHECK

G60SUB3440

IFTVCTTTHENTD=TT+439.7

IFTV=TTTHENTD=TT+43539.7

IFP{1E-20THENPRINT" #ERRORIP<0"15TOP

REM CALCULATE CONSTANTS

EO=EXP(-7.B97E-3#TD)
E7=PtEB=,088734#TD:E9=~3.40972713+,159434B48E~2#TD~56.7627671#E0
EN=,06023944565-,187961843E-4#TD+1.31139908+E0
EG6=-,54873701E~-31E6=.3468834E-8#TD-,2543370678E-4+E0
EA=2#E931EB=J#EN:EC=4+EG

ED=5#*Eb

REM INI. VL OF V FRM BAS LAW

VN=,088734#TD/P

REM COMP V TO WTH 1E-8/V

L=1

VaUNiV2=VaV i VI=V2xV

VAsVI#VVS=Va#VVE=VS#Y

EV=EXP(~34.84#% (V+,45093884E-2))
F=E7-EB/V-E9/V2-EW/V3I-EG/V4-EL/VS
FV=EB/V2+EA/VI+EB/VA+EC/VS+ED/VS

FF=F/FV

IFABS(FF) >VNTHENFF=FF/3

VN=V-FF

IFABS((VN-V)/V)<1E-BTHEN3410

L=L+1:60TD3I300

PRINT*NOT CONVERGED*

SV=VN+.435093884E-2

SV=INT(1EA4#5V+,5)/1E4
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3430 RETURN

3440 REM SUB TSAT
3450 REM “8888888888886688888"
3460 P=PS

3470 PE=LOG6(P}/LOG(10)

3480 TR=120%#P5+323.1

3490 TO=TR

3500 F=39.8838-3436.6322/T0-12.4715#(LOG(TO)/LOE(10))+.47304E-22T0~PG
3510 FO=3436.6322/T0%2-12.4715/(2.3026#T0)+,47304E-2"
3520 TR=TO~-F/FQ

3530 IFABS(TR-TO)<.0001THEN3SS0

3540 GOTO3490

3350 TT=TR-459.7:REM TT IN FEH

3360 TT=INT(100#TT+.5)/100

3570 RETURN

3580 REM VISCOSITY OF WATER

3590 REM “8888888888388808808888"

3600 TL=TLiREM TL IN CENT .
3610 WV=,00164323-.393398E-4#TL+.43606E~6*TL"2~,1B0044E-B#TL 3
3620 RETURN

3630 REM CONDUT. OF WATER

3640 TL=32+TL#9/5:REM TL IN CENT

3650 WK=1.731#(.305+¢7.3761E~4#TL~1.53498BE~64#TL*2)

3660 RETURN

34670 REM DENSITY OF WATER

3680 TL=32+9#TL/S:REMTL IN CENT

3690 WD=16.019#(562.464+1.605602E-3#TL~4,64671BE-5#TL"2)

3700 RETURN

3710 REM CP OF WATER

3720 TL=32+9#TL/S:REM TL IN CENT

3730 WC=4,1848E3#(1.0144~2.85919E-4#TL+1.174337E=4#TL"2)

3740 RETURN

3730 REM THD. PROPERTIES OF R-12

3760 REM "88888883885888888888888888"

3770 REM SPECIPIC HEAT

3780 T=TV+273.135

3790 REMCG:SPC HEAT OF GAS

3800 CE=(.0405675612+4,.52415E~4#T-3,460705E-7#T7~2) #4184

3810 CE=INT(100#CE+.5)/100

3820 REMCL:SPC HEAT OF LIQUID

3830 CL=(.00963113+2,32124E-3#T~9.7294E-46#T~2+41.49532E-8#T43) #4184
3840 CL=INT(100#CL+.5)/100

38350 CX=,143683799+2.52426014E-4#TF+1.7415294SE-b#TF*2+1,487424B7E-8#TF~3
3840 CY==3.43625649E~10#TF~4+41,40509031E-12#TF~3

3870 CV=CX+CY:REM SPC HEAT OF SAT VAPOUR

3880 CV=CV#4184

3890 CV=INT(100#CV+,5)/100

3900 RETURN ‘

3910 REM VISCOSITY OF R-12

3920 REM "888888888888888888885888888"

3930 REM###2TV IS INPUT TEMP IN CENT

3940 T=TV+273.135

39350 REM UT:VIS OF R12 GAS

3760 UG=3.5072152E-5-9.B8379394E=3#(1/T)+.9291594#(1/T)42

3970 REM UViVIS OF R12 SAT VAPOUR '

3980 UV=(=56,93423653+,07964469152#T7~2,734627695E-44#T772+3.31833E-7#T*3) #1E-5
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3990 REM UL:VIS OF LIQUID R12
4000 UL=(6.45177299-,0563805196#T+1,72893049E~4#T~2-1.8E-7* T13)vi€-3
4010 RETURN

4020 REM CONDUCTIVITY OF R-12

4030 REM "88988888888888988888888858"

4040 REM**%##TV IS5 INPUT TEMP IN CENT

4050 T=TV+273.15

4060 REM GK:CONDUCTIVITY OF R12 BAS

4070 GK=-4,34975462E-3+4,2024094E-54T+1,517231BE-B*T*2
4080 REM FK:CONDUCTIVITY OF R12 LIQUID

4090 TF=TV#9/5+32

4100 F1=,0492558455-1.2312908SE-4#TF=-2.04164148E-7#TF~2+3.71E-9» TF13
4110 FK=(F1-1.373B3454E~-11#TF~4)#1,7296

4120 GK=INT(1E4%6K+.5) /1Eb

4130 FK=INT(1ES5#FK+.5)/1E5

4140 RETURN

4150 REM EVAPORATOR

4140 REM "88888888888888888888"

4170 AT=9.64 tREM TOTAL HT AREA

4180 AP=,125 :REM FACE AREA

3190 VL=,00813:REM VOLUME

4200 D1F=,008 1REM R12 TUBE INSIDE DIA

4210 D2F=,01 :REM R12 TUBE OUTSIDE DIA

4220 LF=14,.464 1REM LENGTH OF R12 TUBE

4230 AE=B.12 IREM FIN AREA

4240 ES=,002 :REM FIN SPACING

4250 ET=,0002 tREM FIN THICKNESS

42560 FS5=,025 :REM R12 TUBE SPACING

4270 FF=,055 :REM FREE FLOW AREA

4280 RR=.002 :REM HYDRAULIC RADUIS

4290 REM CALCULATE PRANDTL NO

4300 PA=UA#CA/KA

4310 GA=AF*#DA/FF

4320 AF=AJ*DA:REM AIR MASS F/R

4330 RA=4#*RR#GA/UA

4340 FJ=1/(10.B#RA~,294)

4350 FA=.32/RA*.334

43460 SA=FJ/PA~(2/3)

4370 HA=SA#GA*CA#(1-.72/3)

4380 Xi1M=SQR(2*HA/(234#ET))

4390 XM=X1M#FS5/2

4400 EF=(EXP(XM)=EXP(=XM))/((EXP(XM)+EXP(=XM))#XM) tREM FIN EFF
4410 DE=1-(AE/AT)#(1-EF)sREM OVERALL EFFECTIONCY

4420 GOSUB44BO .

4430 UY=1/(1/(DE*HA)+AT/(3.142#D1F+LF*HR) ) tREM D&A METHOD
4440 EI=1-EXP(~AT#UY/ (AF*CA))

4450 REMPRINTE3," AIR HTC N/M~2#Ct "} HA

4460 REMPRINTE3," R12 HTC W/M~2#C:"jHR

4470 REMPRINTE3,* FIN EFFICIENCY t*}EF

4480 REMPRINTE3," OVERALL EFF t";0E

4490 REMPRINTE3,* OVERALL HTC W/M~2#C:"jUY

4500 REMPRINTE3," EVAP EFFECTIVENESS 1";EZ

4510 TB=TE+EI/(AF¥CA#EZ)sRENM AIR INLET TEMP

4520 CT=TB-EZ#(TB-TE) :REM AIR OUTLET TEMP

4530 CT=INT(CT#100+.5)7100

4540 RETURN
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4550 REM THERMD PROPERTIES OF AIR

4560 REM "888888888888888888888888888"

4570 REM DENSITY KG/M3

4580 T=273.15+TA

4590 DA=352.989/T

44600 REM SP HEAT J/KEBK

4510 CA=.249679-7.55179E~-S#T+1.469194E=-7#T2-4,46128E-11#T~3
4620 CA=CA*41B4

44630 REM CONDUCTIVITY W/MK -b6E-1S TT 4
44640 Kﬁ=l.30030355-3+9.36765EIE-5!T-4.44246915-8*T‘2+2.317E-11*T“33\
4650 REM VISOSITY NS/M2

4660 UAR=2.2879728E~6+56.2397929E-8%T-3.1319564E-11#T*248.1503801E~-154TA3
44670 RETURN

4680 REM R=12 HTC BY D&A

4690 REM "888888888888868888888888"

4700 GE=4*FR/(3.142%D1F*DIF)

4710 REM DENGLER % ADDOMS METHOD

4720 TV=TE:6505UB3%910

4730 REM VISC: UV-VPOURjUL-LIQUID

4740 TV=TE:605UB4020

4750 REM COND: GK-VAPOUR;FK~LIQUID

4760 TV=TE:605UB3750

4770 REM CP : CV-VAPOUR;CL-LIQUID

4780 XT=1/((X@/(1-XQ))~.9#(DH/DG)~.S#(UV/UL)*. 1)

4790 HL=,023#(FK/D1F)#(D1F*GE#(1-XQ)/UL)~.8#(CL*UL/FK)*.4
4800 HR=HL#3.5#(1/XT)*.5

4810 RETURN

4820 REM MOIST AIR PROPERTIES

4830 REM"88888888888888885888888888"

4840 C1=-5800.2206:C2=1.3914993:C3==-,04B40239:C4=,.4176474BE-4
4850 CS=-.14452093E-7:C4=6.5459473

4860 YT=TA+273.15

4870 PK=C1/YT+C2+CI#YT+CA#YT 2+CS#YTAI+L4+LOG(YT)

4880 PJ=EXP(PK)

4890 PW=RH#PJ/100

4900 WJ=,42198#PW/(101325-PH)

4910 RETURN

4920 RETURN

4930 REM DET T1 #ES#SENRESEsS sanssss

4940 REM INPUT RER® T5,PS,P1

4950 A(2)=-46.93383:A(3)=4,24791A(4)=~1,.3545:1A(S)=0

49460 B(2)=2,2478:B(3)=-0.92324:1B(4)=0:B(5)=0.20482

4970 C(2)=-115.43:1C(3)=92.911:C(4)=0:C(5)=-2,118B77

4980 Q=4,1155#145.0377

4990 REM TS INITIAL TEMP

5000 REM PS5 INITIAL PRESS

5010 UE=(TS5+273.15)/385.17

5020 PY=P5/Q

5030 v=3.59102=UE/PY

5040 C=0

5050 FOR J=2T0S

5060 C=C+(A(J)+B(J)#UE+C(J)#EXP(~5.475#UE) )/ (V-,22678B7)"]
5070 NEXT

5080 P=3.59102%UE/ (V~,224787)+C

5090 P=P»@

5100 D=P3-P
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5110 IF ABS(D)<.01 THEN 5130

5120 V=V#(1-D/P3):60T05040

5130 REM P! FINAL PRESS

5140 REM N POLY INDEX

9150 V=V#(PS/P1)~(1/N)

5160 P2=P1/R

5170 PT=P2#V/3.59102

5180 C=0

5190 FOR J=2T035

3200 C=C+(A(J)+B(J)*PT+C(J)#EXP(~5.475#PT))/(V~,224787)"J
9210 NEXT

5220 P=3.59102#PT/(V-.224787)+C
5230 P=Px@

5240 D=P1-P

5250 IF ABS(D)<.0f THEN 35270

3260 PT=PT#(1+D/P1):G0TD 3180
5270 PRINT"TEMP, =";PT#3B5.17-273.135
5280 PT=PT#3835.17-273.15 '
5290 PT=INT(PT#100+.5)/100

5300 RETURN

5310 REM #*##* Ri2--- P & ENTROPY
5320 YA=X5#.2388 :REM IN BHTU.
3330 PS=P1:G0SUB3440

5340 TA=TT:REM IN FEH !

5350 FORI=1T020

5360 TS=TA+.00001

5370 TV=TA:PS=P1:605UB2340

- 5380 H9=HP:V9=5ViS5Z=5P

5390 TV=T5:P5=P1:605UB2340

5400 HB8=HP:VB=5V:8Y=5P

9410 YB=5Z:YC=8Y :REM IN BTH UNIT
5420 IFABS(YA-YB)}<.0001THENS450
5430 BT=TA+.00001#(YA-YB)/(YC-YB):TA=BT
9440 NEXT

3450 Té=(TA-32)#5/9 sREM IN CENT
5460 Hb6=H9/.4299:56V=aV9+,0623
5470 RETURN-
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APPENDIX I

Combuter program for the detail model of the condenser , where the

temperature profilesof R12 and water are the output.

100 REM====mmmmmc oo mec e
110 REM CONDENSER MODEL

120 REM====mmmemcemeeeaaeaaao- R ——
130 PRINT®®

140 DIMPF(50) PW(50) . TF(50) ,TW(50)
150 DIMUL(50) ,UW(S0) (UF(50)

160 DIMEF (50) (EW(50) ,TB(50)

170 DIMGF(50) ,QW(50) ,X(50)

180 DIMHX(50) LX(50)

190 OPEN3,4

200 REM===m====  (IT]
210 INPUT* T1 & P1";T1,P1 '
220 INPUT" COLD & HOT WATER “;TM,TU
230 INPUT® WATER FLOW RATE "{WF

240 INPUT® R12  FLOW RATE ":FR

250 REM ====== BASIC CYCLE ======un-
260 TV=T1#1,B8+32:PS=P1:G0SUB410

270 H1=HP/.4299:TC=(TT-32)%5/9

280 FR=.0078

290 PRINT"R{2 MAS FLON RATE":FR

300 PRINT*CONDENSING TEMP *;TC

310 GOSUB2220

320 STOP

330 REN PSAT(T)

340 REM ======me-mcccccccccceaa-

350 TF=TV#1,8+32

350 T=TF+459.7

" 370 XZ=104(39.8838-3436,6322/T-12,4715223#L0G(T)/LOG(10)+.4733044E-24T)
380 PB=X1/14.5

390 REM PB IS IN BAR

400 RETURN

410 REM SUB VAPOUR

420 REM ====m====-mccecccceeea-

430 TN=TV+459,7:REM F T0 R

440 GOSUBLS10

450 GOSUB1140

360 TX=TNA2:TY=TX#TN:TZ=TY*TN

470 VR=§V-,65093886E-2

480 V2=2%VRA2:V3=1,5¥V2#VR

490 V4=y2-2

500 KC=5.475#TN/693.3:EK=EXP (~KC)
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310
520
530
540
950
560
370
580
590
6500
610
620
630
640
6350
6560
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
B30
840
B30
860
B70
880
890
900
210
920~
730
740
750
760
970
980
990

EV=EXP(0)

E1=.80945E-2#TN+, 332662E-3%TX/2~.2413898E~6#TY/3+.672363E~104T2/4
E2=,1B50S3#FS*5V
E3=-3.40972713/VR+.0602394445/V2--.54873701E-3/V3
E4=~36.7627L71/VR+1.31139908/V2~-.25439067BE~-4/V4
SB=,B80945E-2#LOG(TN) +.332642E~3#TN=,2413B946E-6%TX/2+.672343E~104TY/3
SC=,185053#.088734*L0G(VR)
S8=.159434848E-2/VR~.187961843E-4/V2+.3468834E-8/V4

S9=E4

HP=E1+E2+.1B5053%E3+. 185053 #EK* (1+KC) #E4+39.55655
SF=SB+S5C~-,1B3053#5B+. 1BT0T3+EK#5,475/693,3#59-,01653794

RETURN

REM SUB SUBCOOL

REN, wom oo oo oo o iy o s gt e

REM HA(SP H):SA(SP §)
G0SUB1510:605UBBOO

DT=TT-TV

IFDT{-. 0001 THENWL=WL-2: ZM=1:RETURN
VA=VF

IFABS(TT+40)<1E-6THEN730
HA=HF#(1-DT/(TT+40))

60T0740

HA=HF

IFABS(TV+40)<1E-&4THEN770
SA=SF+{HF/(TV+40) ) *LOG((TV+459,7)/(TT+459.7))
6070780

SA=8F

S§=5A:H=HA

RETURN

REM SUB .SATPRP

REM. Semasnianmaasssdnimess

REM TV(TEMP) .PS(ABS PRESS)

REM VF(SPC VL S5AT L@),VG(SV § G)

REM HF(S H § L) HV(L HEAT VP)

REM HG(S H § V),SF(S § § L)

REM SG(S § § V)

REM CALCULATE PRESSURE

GOSUB116&0

VG=5V

REM CAL VF

T=TT+459.7:REM F TO R

TI=1=-T/693.3
VF=1/134.84+53.3412#TJ*(1/3)+1B.6914#TJ+21,984%TJ*.3=3.1531*TJ#*TJ)

REM CAL HV BY CLAUSIUS CLAPEYRON

HV=(VE-VF) #PS#2,3025851 % (34346.4632/T-5.41631329+,4730442E-2#T) #, 185053
SX=HV/T

REM CAL HG%SG

TX=T#T:TY=TX#TeTI=TY*T

VR=VG-.65093BB6E-2:V2=2*VR*VR

1000 VI=1,5#V2#VR:V4=V2#V2
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1010
1020
1030
1040
1050
1060
1070
1080
10590
1100
1110
1120
1130
1140
1150
1160
1170
1160
1190
1200
1210

220
1230
1240
1230
1269
1270
1289
1250
1300
1310
1320
1330

340
1350
1380
1370
1360
1390
1400
1450
1420
1430
1440
1420
1460
1470
1460
1490
1200

KCe7.897E=3¢T1EX=EXP(=KC)SEVSEXP (0)
El-.BO?!SE-:*T*.332&525-3-7:;2-.24138965-6-TY130.6723535-!0*72!4
E2w,185083+PSeVE
E3u=3.40972713/VR+.0602394465/V2+,54873701E=-3/V3
Edm=5b.78627671/VR¢1.31139908/V2=,254390678E=4/V4
59-.809452-2-LQG(T!¢.33:662£-3-T~.zll:ﬂ?sE-battlzo.672363£-IO'IY13
SCe=,1B5053+,085734¢L0G(VR)

S8, 159434B48E~2/VR=, 187961043E~-4/V2+, 34560834E-8/V4
S9sEd

HG=E1+E2¢, 1B50530E3+, 1BS0SS9EKe (1eKC) eE4e39,55458
SGe5be5C~. 185053058+, 185053¢EKe7,B89E=-3069~-,0156%374
REM CAL HFLSF

HFeHb=HY

SF=56-5X

RETURN

REN 6UB SPVOL

REN ===e=- eecccscenmcanns

RENM CONVERT TV FRONM F TO R LCHECE

T0sTVeds9,7

IFTDCOTHENPRINT#eERRORITCO":STOP

REM FIND TSAT &k CKECK

GOSUB1310

IFTVCTTTHENTD=TT 429,72

IFTVeTTTHENTDaTT«439,7
IFPCIE=20THENPRINT "o ERRORIPCO®STOP

REM CALCULATE CONSTANTS

EOCEIP(=7,B97E=3¢TD)

E7uP1EBe. 0BB7340TDIETR=3,40972713¢, 1S943404BE-20TD-54,756276714£0
ENe,0602394448=, JB79461B43E=40TD¢1,311399080E0
EGe=,S4B73701E=J1Ebm, J45B034E=-B0TD=,2543390478E=40E0
EAC20EVIElwSoENIEC40ED

EDeSeES

REN INI. VL OF V FRM GAS LAM

VNe ,086734+TD/P

REN COMP V TO WTH 1E=-8/V

Le}

VeUNsV2ayaVp¥3ay2ey

VisV3leViVSaV4eVsVaeVSey
EVeEXP(=34,840(Ve,465093866E=2))
FeE7=-EB/V-EQ/V2=-EW/VI=EG/VE=EL/VS
FVeEB/VICEA/VICEE/VAEC/VSeEDIVE

FFasF/FV

IFABSCFF))UNTHENFFoFF /S

yNey=FF

!FﬁisiIVN-Vl:vl(IE-BTHENliao

LeLe1:GOTO1370

PRINT*NOT CONVERGED®

BVeyNe, 6S0F3IGBAE=2

SVsINTUIEA+BVe,S)/1Ed

RETURN
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1510 REM SUB TSAT
1520 REM ===em==mmcmacceaeaee

1530 P=PS

1540 PG=LOG(F)/LOG(10)

1550 TR=120%PG+323.1

1540 TO=TR

1570 F=39.8838-3436.6322/T0-12,4715#(LOG(T0)/LOG(10))+.47304E-2%T0-PG
1580 FQ=3436.6322/T0*2-12.4715/(2,3026%T0) +,47304E-2

1590 TR=TO-F/FOQ

1600 IFABS(TR-TO0)<.0001THEN1620

1610 GOTO1540

1620 TT=TR-459.7:REM TT IN FEH

1630 TT=INT(100%TT+.5)/100

1640 RETURN

1650 REM VISCOSITY OF WATER

1660 REM ======mcccommcecnan.

1670 TL=TL:REM TL IN CENT
1680 WV=.00164323~,39339BE-4%TL+,43404E-6*TL 2=, 1B0044E=-B#TL"3

1690 RETURN

1700 REM CONDUT. OF WATER

1710 TL=32+TL#9/5:REM TL IN CENT

1720 WK=1.731%(.305+¢7,3961E-4*TL~1,5349BBE=-4%TL*2)

1730 RETURN

1740 REM DENSITY OF WATER

1750 TL=32+9+TL/SsREMTL IN CENT

1760 WD=16.019%(62.464+1,605602E-3%TL=4,44471BE=-5%TL"2)
1770 RETURN '

1780 REM CP OF WATER

1790 TL=32+9*TL/5:REM TL IN CENT

1800 WC=4,186BE3*(1.0144-2,85919E~-4%TL+1.174337E-6%TL 2)

1810 RETURN

1820 REM THD. PROPERTIES OF R-12
1830 REM ===mcmecccccccccceccccccaa-
1840 REM SPECIPIC HEAT

1830 T=TV+273.15

1860 REMCG:SPC HEAT OF GAS

1870 CG=(.040567612+¢4.52415E-4*T-3,460905E-7#T~2)*4184

1880 CG=INT(100#CG+.5)/100

1890 REMCL:SPC HEAT OF LIQUID

1900 CL=(.0096311342.32124E-3#T~9,7294E~46#T~2+1,49532E-8#T"3) %4184

1910 CL=INT(100#CL+.5)/100
1920 CX=.143683799+42.52426014E~4*TF+1.74152945E-6#TF~2+1,687426B7E-0#TF~3

1930 CY=-3,43625649E-10#TF"4+1,60509031E~-12%TF*5
1940 CV=CX+CY:REM SPC HEAT OF SAT VAPOUR

1950 Cv=CV#4184

1960 CV=INT(100%CV+.5)/100"

1970 RETURN

1980 REM VISCOSITY OF R=-12

1990 KEM ===m=mmeecemmeoo oo
2000 REM###%TV IS INPUT TEMP IN CENT
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2010 T=TV+273.13

2020 REM UT:VIS OF Rl12 BAS

2030 UG=3,3072152E~-5-9,8379394E-3#(1/T)+.9291594%(1/T)"2

2040 REM UV:VIS OF R12 SAT VAFOUR

2050 UV=(-6.93423653+,0796469152%T-2.73627695E-4%T72+43,31833E-7%#T*3) #1E~-5
2060 REM UL:VIS OF LIQUID Ri2 wlE=3
2070 UL=(6.4517?299-.05&3805196*T+1.72893049E-4*T“2-1.80869046E-7GT“3U

2080 RETURN
2090 REM CONDUCTIVITY OF R-12

2100 REN mes-me=smsmcermcemareecenen-
2110 REM##*¥¥TV IS INPUT TEMP IN CENT

2120 T=TV+273.13

2130 REM BK:CONDUCTIVITY OF R12 GAS

2140 GK==4,3497562E-3+4.2024094E~5%T+1.6172318E-B*T*2
2150 REM FK:CONDUCTIVITY OF R12 LIQUID

2160 TF=TV#9/5+32
2170 F1=,049255B455-1.23129085E~4#TF-2,04156414BE-7*TF*2+3.71103703E-9#TF*3

2180 FK=(F1-1.37383454E-11%TF"4)*1,729%
2190 GK=INT(1E&*GK+.3)/1EéS

2200 FK=INT(IES#FK+.3)/1ES

2210 RETURN

2220 REM CONDENSOR

22l REN wosamawmeinn e oo mmnmsnsanann
2240 DF=.0045:REM INTR DIA OF FREON TUBE
2250 LX(1)=0:LE=2,15:REM LENGTH INCREMENT
2260 DW=.0065:REM INT DIA OF WATER TUBE
2270 BO=300:REM LEAD COND W/MC

2280 TW(L1)=TU:REM WATER TEMP OUT

2290 PF(1)=Pl:PW(1)=0

2300 TF(1)=T1!

2310 TP=TC :REM SAT TEMP STARTING

2320 LE=1
2330 TF(1)=T1:TW(1)=TU:PF (1)=P]

2340 I=1

2350 REM======= VAPOUR ======m=ecaeu-

2360 REM GAS PROP OF FREON

- 2370 TV=TF(I)#1.B8+32:PS=PF(])

2380 GDSUBA410:RK=1/{(SV¥.0624)1HX(1)=HP/.4299
2390 TB(I)=(TF(I)+TW(I))/2:REM WALL TEMP
2400 GR=1.273#FR/(DF~2)

2410 TV=TF(I) -

2420 GOSUB1980:UX=UG

2430 RY=GR*DF/UX:RY=INT(RY+.5)

2440 REM CAL CP

2450 TV=TF(I):G0SUB1B20

24460 TV=TF(1):608UB2090

2470 PR=UX#CG/GK:PR=INT(1E3#FR+.5)/1E3
2480 TV=TE(I):GOSUBL?B0:UD=UG

2490 RV=UX/UD

2500 GOSUBS160:REM GAS HEAT TRNS
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2510 REM LIQUID PROP OF WATER
2520 GW=1,273%#WF/(DW*2)

2530 TL=TW(I):GOSUR1450:VX=WY

2540 TL=TB(I):B60SUB1&50:RM=VX/ WV

2550 TL=TW(I):G05UB1740:WT=WD

2560 TL=TW(I):GOSUBL700

2570 TL=TW(I):GOSUB1780

2580 PW=VX#WC/WK:REM PRANDL NO

2590 RW=GW#DW/VX:REM REYNOLD NO

2600 GOSUB4870

2610 ULC(I)=1/({1/BO)+ {1/ (3. 142%DU*0W(I)))+(1/(3.142%DF*QF(1))))
2620 CW=WF*WC

2630 CR=FR#*CG

2640 UW(I)=LE#UL(I)/CW

2650 UF(1)=LE*UL(I)/CR

2660 A=UW(I}/UF(I)

2670 B=EXP(=UF(I)+UW(I))

2680 EF(I)=(1-B)/(1-B#A)

2690 EW(I)=A*EF(I)

2700 TWCI+1)=(TWC(I)~EW(I)*TF(I))/(1~EN(I))

2710 TE(I+1)=TF{D)+EF (L) #(TW(I+1)=TF (1))

2720 PF(1+1)=PF(I)

2730 PW(I+1)=PW(I)+LE*PI*14,5 :

2740 TB(I+1)aTF(I+1)=(TF(I+1)~TW(I+1))%UL(I)/(3, 142*DF50F¢IJ}

2750 TF(I)=INT(TF(I)*#100+.3) /100 TW(I)=INT(TW(I)*100+.5)/100

2760 WF=INT(WF*#1E5+.3)/1ES
2770 Yi=(I=-1)#LE:Y2=TF(I)1Y3=aTW(I) s Y4=WF1YS=X(I)sYb=PF(])

2780 Y1$=LEFT$(STR$(Y1)+" "b)

2790 Y24%=LEFT$(STR$(Y2)+" ‘.10)

2800 Y3I$=LEFT$(STR$(Y3)+" "y 10)

2810 YS$=LEFT$(STR¥(YI)+" - "eb)

2820 Y6$=LEFT$(STRE(YE)+" " b)

2830 Y4$=LEFT$(STR&(Y4)+" *.12)

2840 PRINT(I-1)*LEsTF(I)sTHR(I) 1 WF

2850 PRINTEI . Y1$:Y281YIS1YI62Y48:1Y68

2860 REMPRINTE3, (I=1)*LEPF(D)sTF(I)3TW(I) s 100#X(I)sRYSRUWIEF(I)ZEN(I)
2870 JI=I

2880 REMIFLX(I)>2.3THEN4770

2890 IFTW(I)=)>TF(I)THENWF=WF~-, 01 #WF:G60T02320

2900 REMIFTF(I)=TW(I)<.STHENWF=WF-,00B*WF:G0T04160

2910 IFTP-TF(I+1)>3THENTC=TC+2.5:VT=01RETURN

2920 IFTP>TF(I)THEN30!10
2930 IFLX{I)=>5THEN2980
2940 LX(I*IJ!LX(IJ+LE
2950 I=I+1:60T02340
2960 IFTN(I’)TPTHENPRINT TN(I))TC':STDP
2970 REM

2980 FR=FR+,01#FR:1G0T02320

2990 REM

3000 REM CONTINUE
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3010 REM
3020 REM

3030 REM TWO-PHASE REGION

Y R
3050 REM DET ENTH AT SAT (GAS)

3060 TF(JI)=TP:TW(IT)=TH(I)

3070 REM CALCULATE QUALITY X(I)

3080 TV=TF(JI)#1,B+32:PS=PF(1):GOSUBBOO
3090 HL=HV/.4299:REM LATENT HEAT

3100 HJ=HF/.4299:REM LID SAT ENTH
3110 X(JI)=,98:REM TO START WITH

3120 HX(J1)=HJ+X(J1) *HL

3130 XB=X(JI)

3140 REM FLUID PROPERTIES

3150 GR=1.273#FR/(DF*2)

3160 LX=12-1+LE

3170 IFLX¢=0THENSTOP

3180. REMPX=. 7#(P1-F3) /LX

3190 I=J1

3200 PS=PF(1)

3210 GOSUB1510:60SUBBOO

3220 HL=HV/.4299:FEM LATENT HEAT

3230 RG=1/(V6#,0624) tRF=1/(VF*,0624)
3240 TV=TF(1):GOSUB1980

3250 MG=UG:MF=UL

3260 TY=TB(I):GOSUB1980:MW=UL

3270 RV=MF/MW

3280 TV=TF(I):GOSUE1B20

3290 TV=TF(1):G60SUB2090

3300 PR=MF*CL/FK:PR=INT (1E3#FR+.5)/1E3
3310 RY=(1-X(1)) *GR*DF/NF

3320 REM IF(1-X(I))<.015 3 1-PHASE
3330 IF(1=X(I))>.015THEN3340

3340 GOSUBS160:REM BAS HEAT TRNS

3350 GOTO3540:REM TO WATER PROP

3360 IFRY>SOTHEN3390

3370 F2=.707%PR¥RY~.S

3380 GOTO3430

3390 IFRY>1125THEN3420

3400 F2=5#PR+5%L0G(1+PR*(.09636%RY*,585-1))
3410 GOTO3430

3420 F2=5%PR+5¥L0G(1+54PR) +2.5+¢L0G (. 0031#RY~.812)
3430 B1=MF/MG

3440 B2=RG/RF -

3450 IFX(I)COTHENJK=1+1:60T04260

3460 XT=B1~,1#B24,5#((1=X(1))/X(1))~.9
3470 FJ=.15#(1/XT+2.85/(XT~.846))

3480 IFFJ>1THEN3S00

3490 NUsPR*RY*,9%FJ/F2:60T03530

3500 IFFJC20THEN3S10
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3510
3520
3530
3340
3930
3360
3370
3580
3590
3500
3510
3620
3630
3640
3650
3660
3670
3480
3690

3700

3710
3720
3730
3740
3750
3760
3770
3780
3790
3800
3810
3820
3830
3840
3830
3860
3870
3880
3890
3900
3710
39290
3930
3940
3930
3960
3970
3980
3990
4000

NU=PR¥RY~,9%FJ*1.15/F2
TV=TF(1):60SUB2090

QF (1) =NU#FK/DF

REM WATER PROPERTIES

TL=TW(I):GOSUB1740: WT=KD

TL=TW(I):GOSUB1450:VX=KY

TL=TB(I):GOSUB1450: RM=VX/ WY

TL=TW(I):60SUB1700

TL=TW(I):G0SUB1780

PW=VX*WC/WK:REM PRANDL NO

RW=GW*DW/VX:REM REYNOLD NO

GOSUB4870
ULCI)=1/((1/BO)+(1/ (3. 142+DW*QW (1)) ) +(1/(3.142%DF*QF(1))))
CW=WF*WC

UF(1)=0.0 .

EF(1)=0.0 !

UN(I)=LE*UL (1) /CW

EW(I)=1=EXP(-UW(I))
THCI+1)=(TH (I =EWCI) #TF (1) )/ (1~EWLD))
X(I+1)=XB-CH*EW(I) ¥ (TF(I)=TW(I))/((1-EW(I)) *ER*HL*1000)
REM 1540 TD1450 TO CAL PRS DROP

Al=X([)~1.8
A235,7#B14,0523% (1=X (1)) A, 474X (1)~1.33%B2", 241
A3=8.11#B1~, 105%(1=X(1))~.94%X(I)~,B4¥B2~,522
A4=GR*1,90/ (RG*DF) .
AS=,09%(MG/ (GR*#DF))~.2

AG=2%X (1) 4 (1-2%X(1)) #B24, 333+ (1=2#X (1)) #B2~,6467-2#(1=X(1))*B2
A7=DF#(X(I+1)-X(I1))/LE :

PD=A4%(AS* (A1+A2+A3) +A4*A7)
PF(I+1)=PF(1)=LE#{(PD*14,5#1E~5)

PW(I+1)=PW(I)+LE#PJ

REMPF (1+1)=PF (I)~PX#LE

PS=PF(I+1):G0SUB1510:GOSUBEOO
TE(141)=(TT=32)%5/9:HL=HV/. 4299 HY=HF /. 4299

HXCI4+1)sHX (D) =CWe#1E=-3%(TW(I)=TW(I+1))/(FR)

X(I+1)=(HX (1+1)=HY) /HL
TB(I+1)=TF(I+1)=(TF(I+1)=TH(I+1))*ULCI) /(3. 1416%DF*QF (1))
TW(IY=INTC100#TW(I) +.5) 7100

PF(I)=INT(100%PF(I)+.5)/100

TF(I)=INT(100#TF(I)+.5)/100

X(I)=INT(100%X(I)+,5) /100 _

TF(D) =INT(TF(I)#100+.5)/100: TW(I) =INT(TH(I) #100+.5) /100
TFCD=INT(TF(I)#100+.5) /100 TW(I)=INT(TW(I)*#100+.5) /100 .

YI=LX(I) s Y2=TF(I) e Y3=TW(I) : YA=WF:YS=X(I)2Yb=PF (1)
YI$=LEFTS(STRS$ (Y1) +" “.8)
Y285=LEFT$(STRE(Y2) ¢+ "10)

Y3$=LEFT$ (STRS(Y3)+" " 10)

YO$=LEFTS (STR$(YS) ¢+~ "6)

Yos=LEFT$ (STRS(Y6)+" “.12)
Y4$=LEFT$(STR$(Y4) +* ".12)
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4010 PRINTLX(I):TF(I)3sTW(I)WF

4020 PRINTES,Y1$:Y28:Y38YSE1Y48;Y68

4030 REMPRINTES, (I-1)*LEsPF(I)3TF(I)sTW(I);100%X (1) sRY:RWIEF(I)ZER(T)
4040 IFTW(II=>TF(I)THENWF=WF=~.003*WF:G0T0232¢
4050 REMIFLX(I)=>14.5THENWF=WF+.001+WF:G0T04140
4060 JK=1

4070 IFLX(I)>14THEN4820

4080 IFX(I)<OTHENLX(JK)=LX(I)+LE:GOTD42560
4090 IFX(I)<.14THEN41640

4100 LX(I+1)=LX(I)+LE

4110 IFX(I+1)COTHENX(I+1)=,0!

4120 I=1+1:60T03200

4130 REM

4140 REM

4150 REM

4150 REM END OF 2-PHASE REGION

4170 REM

41B0 GOTO04260

4190 X(JK)=X(I+1)

4200 REM

4210 REM IFX(I)>.4THENTC=TC+.5:VT=0:RETURN
4220 REM IFX(I)>.2THENTC=TC+.3:VT=0:RETURN
4230 REM IFX(I)>.ITHENTC=TC+.05:VT=0:RETURN
4240 GOTD40%0

4250 TFWIK)=TF(I):TH(JK)=TW(I):PF(JK)=PF(I)sLX(JK)=LX(I)+LE
4260 REM====ow=- SUBCOOLING =====e====-

4270 IFTF(I)=-TMSSTHENPRINT"TF(I)<WATER INLET TEMPERATURE":STOF
4280 LE=1

4290 GR=1.273#*FR/(DF~2)

4300 I=JK

4310 REM R12 LIQUID PROP

4320 PS=PF(I])

4330 GOSUB1510:G0SUBBOO

4340 HL=HV/.4299:REM LATENT HEAT

4350 RF=1/(VF#,0624)

4360 TV=TF(I):G0OSUB198B0

4370 MF=UL

4380 TV=TB(I):G05UB1980:MN=UL

4390 RV=MF/MUW

4400 TV=TF(I):G0SUB1820

4410 TV=TF(1):G0SUB2090

4420 PR=MF*CL/FK:PR=INT(1E3#PR+.5)/1E3

4430 RY=GR#DF/MF

4440 GOSUBS270

4450 REM WATER PROPERTIES

4460 TL=TW(I):60SUB1740:WT=WD

4470 TL=TW(I):GOSUB16S0:VX=WV

4480 TL=TB(I):GOSUB14650sRM=VX/ WV

4490 TL=TW(I):GOSUBL1700

4500 TL=TW(I):GOSUB1780
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4510
4520
4530
4540
45350
4560
4570
43580
4590
4600
44610
4620
4630
4440
4630
4660
4670
4680
4690
4700
4710
4720
4730
4740
4750
4740
4770
4780
47%0
4800
4810
4820
4830
4840
4850
4860
4870
4880
4890
4500
4910
4920
4930
4940
4930
4960
4970
4980
4990
5000

PW=VX*WC/WK:REM PRANDL NO

GW=1.273#%WF/(DW"2) sRW=CGW*DW/VX:REM REYNOLD NO

G0SUB4870
ULTD)=1/7C01/BO) +(1/ (3. 142%DWQW (1)) )+ (1/ (3, 142%DF*QF (1))))
CW=WF*WC

UW(I)=LE#UL(I)/CW

CR=FR*CL

UF(I)=LE#UL(I)/CR

A=CR/CW:REM CHW>CR

B=EXP(=UF(I)+UW(I))

EF(I)=(1-B)/(1~-A%B)

EWCI)=A*EF (I}

THII+1)=(TWC(I)<EW(I) *TF(I))/(1-EWNC(I))
TE(I+1)=TF(I)=EF (1) #(TF(1)=-TW(I+1))
TB(I+1)=TF(I+0)=(TF(I+1)=-TW(I+1))#UL(I)/(3.1416%DF*QF(I))
X(I)=0
TE(I)=INT(TF(I) *100+.5)/100: TH(I)=INT(TW(I)*100+.3)/100
TECI)=INT(TF(I)#100+,5)/100:TW(I)=INT(TW(I)*100+,3)/100

YI=LX(I)eY23TF(I):Y3I=TW(I):Y4=WF:YSsX (1) Y&=PF(I)
YI$=LEFTS$(STR$(Y1)+"* . “86)
Y2$=LEFT$(STR$(Y2)+" “.10)
YI$=LEFT${(STR$(Y3I) +" . 10)
YS$=LEFT$(STR$(YI)+" " 8)
Yo$=LEFTS(STRE(YL) +" "a8)
YA5=LEFTS(STRE(Y4)+" " 12)
PRINTLXC(I)3TF(I)sTW(I) s WF

PRINTES, YI$;Y2$:Y3$1VYT$1Y4%

REMPRINTES ((I-1)#LEPF(I)sTF(I)sTWC(I) 100X (I) sRYSRWIEF(I) sEW(T)
PF(I+1)=PF(I)=1

IFLX(I)>14THEN4B20

LX(I+8)=LX (1) +LE:I=1+1:GOT04340
IFX(I1)>.SO0THENTC=TC+,5:VT=0:RETURN
IFX (1)), 10THENTC=TC+.3:VT=0sRETURN
RETURN

STOP
REM========ememcmmmmmacccaae --
REM CAL OF HEAT TRN FOR LIQUID
REM==mmemmcmmecmc e ccaaae
REM GW:MASS-RATE.RW:REYN NO

REM PW:PRAND NO, DW:TUBE IN DI
REM LE:LENGTH,CD:CONDUT,

REM WT:DENSITY,RM:VIS RATIO
XA=RW*PW*DW/LE
NL=(3.66+.057*XA/(1+,04%XAM(,B)))
FL=16/RW

NS=NL

Fu=FL

IFRWC2109THENSL120
FT=1/(.4B7*L0OG(RW)=-3,28)"2
IFRM>ITHENSO040
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S010 AN=,23
S020 FU=FT/RM*.24

o030 GOTOS040

S040 AN=,08

3030 FU=FT*,147%(7=-RM)

3060 NT=RW*PWX(FT/2) % (RM*AN)/ (1+13, b#FT+9#FTA, S* (PN, 667-1))
9070 NS=NT

S0BO FW=FU

2090 IFRW>7100THENS120

3100 NS=(7100-RW)#NL/S000+(RWN=-2100)#NT/5000
3110 FW=(7100=-RW)*FL/5000+(RW=-2100)*#FU/5000
S120 QW(I)=NS*UWK/DW

S130 REMPJI=(2#FW*GW~2/(WD#DW) ) #1E=-5

9140 RETURN

3130 REM=====cccccccccnccrrcrvecnnna-

9160 REM GAS HEAT TRN IN TUBE

3170 REM===cceccccnccccccccccccccnaa.

o180 REM NU:NUSSELT NO.QH:HEAT TRN CO -
5190 REM FF:FRICTION FACT,PD:PRESS GRD

9200 NU=.0203#(1+(DF/(I*LE))~,.B)*RY~,B#PR*.3
9210 QF(I)=NU*GK/DF

5220 FI=1/((1.381+(LOG(RY))=3.2B)~2#RV*.24)
5230 PD=(2#F1#GR"2/ (DF*RK) ) #1E=-5

5280 NU=INT(NU*100+,5)/100

3250 RETURN

5260 REM=====cccccccnccccccnccnccnan-

5270 REM LIQ RL12 HTC

9280 REM=====ecccoccccnncccccnncncna.

5290 XA=RY*PR#DF/LE

3300 NL=(3.66+.057#XA/(1+.04%XA(,8)))

3310 FL=14/RY

5320 NS=NL

5330 FW=FL

3340 IFRYC2100THENS480

9350 FT=1/(.6B87#(LOG(RY))=3,28)42

3340 IFRV2>1THENS400

9370 AN=,25

5380 FU=FT/RV~,24

S390 GOTOS420

5400 AN=,08

09410 FU=FT#*,1467#(7-RV)

S420 NT=RY*PR*(FT/2) % (RVAAN) / (1413, 6*FT+9*%F T~ 5% (PR*. 467~-1))
5430 NS=NT

3440 FWs=FU

S450 IFRY>7100THENS480

S460 NS=(7100-RY)*NL/S000+(RY=2100) *NT/5000
3470 FW=(7100=RY)*FL/5000+(RY=2100)#FU/5000
5480 QF(I)=NS#*FK/DF '
5490 REM FD=(2#FW*GR*2/(WD*DF))*1E-5

5500 RETURN
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APPENDIX J

Computer program for the data acquisition system and online analysis
10 REM =ee-ccccccmcccccccccecacceacee of the data.

12 REM DATA ACQUITION SYSTEM
15 REM ==mee—mmm e e
50 OPEN15,8,15

§5 INPUTL1S,A$,B$,C$,D$

60 IFVAL(A$)(>OTHENPRINTAS,B$,C$,D$
70 PRINTE15,°11"

100 PRINT**

300 DIN A(32)

320 DIMT(30)

330 DIMB(32):DIMG(S,32)

340 Vi=-4,4151247E-31V2=25,B8294674
340 V3=-,405540752 1V4=-,0271947738
380 V5=.0123705248: Vé==-9,81733203E~4
400 Y1==4,895E~31Y2=1,804E-53

420 Y3=-4,943E-B:1Y4=7.612E-11

440 Y4=-4,723E-14

548 0B=-5.2380561BE-4:0L=340,549483
549 0V=311,81835910W=-525.23291

570 0Y=545,840352102=-165.802002

610 X=1

620 PRINT*";

640 INPUT"HON MANY SAMPLE?"jSP

480 INPUT*TIME BETWEEN SAMPLES SECS*;D2
700 INPUT*NO OF AVERAGE";AR

720 PRINT**

740 Y8=TI

760 I$=*FILE®

780 W$=I$+STR$(X)

BOO F$="@ls"+N$+",5,H"

840 OPENG,8,Z,F$

870 IFSPC10THENSY=1:60T0900

880 FORG=1T010

900 FORM=1TDAR

920 PRINT®##+READING NO:*;G+SY;F$
940 PRINT*Q@Q@QEAQAL200A0AEAR20000000200000000"
940 A=93REM DEVICE NO

980 IF AC40RA>14THEN940

1000 FORB=0TO15

1020 60SUB1920

1050 G(M,B)=A(B)

1060 NEXT .

1280 A=10 tREM DEVICE NO

1300 IFAC40RAD14THEN1280

1320 FORB=0TO15

1340 G05UB1920

1390 G(M,B+14)=A(B)

1400 NEXT

1410 NEXTH

1420 FORL=0TO31:FORM=1T0AR

1425 BX=BX+G6(M,L)
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1430
1432
1434
1434
1437
1440
1442
1450
1500
1520
1580
1590
1595
1600
1620
1625
1627
14680
1700
1720
1730
1740
1745
1750
1760
1780
1800
1820
1840
1880
1885
18864
1887
1500
1910
1911
1912
1915
1920
1940
1940
1980
2000
2020
2040
2040
2080
2100
2140
2140
2180
2200
2220
2240
2245
2240

NEXT
A(L)=BX/AR

PRINTE4,A(L) jCHRS$ (13}

INPUTE1S,A$,B$,C$,D$

IFVAL (A$) C>OTHENPRINTAS ,B$,C$,D$:CLOSES: STOP
BX=0

NEXT

605UB2240

2I=(T(0)+T(1)4T(2))/3
DY=1,2934Y1#214Y24 21 2+Y3#2I3+Y4421~4+Y5+21~S
PRINT® JTIsMI";VYT

Y9=TI1YT=(Y9-Y8)/ (60%40)
YT=INT(100%YT+.5) /100
PRINT®@0R00A0QA0QA10ARAALRAAAIAARA1AAAAAAR"
PRINTES,YT;CHRS (13)

INPUTEL1S,A$,B$,C$,D$
IFVAL(A$)C>OTHENPRINTAS ,B$,C$,D$:CLOSEALSTOP

REM###3%3+ N GIVES TIME DELAY BETWEEN SAMPLES 2 a22222222Y
REM#%#% %54 1000=ABOUT 1.2SECONDS FEERABARERERRRRRNRERNG
FORN=1TOB0O#DZtNEXT

IFSY=0THEN1740

IFSP-SY{=0THENCLOSE&4: G0TOD1880

SY=S5Y+1

6070900

NEXTE

CLOSES

SP=5P-10

Y=X+1 t

IFSP>0THEN78B0

PRINT® LAST FILE IS "“;X

PRINT"TO CONTINUE PRESS C"
GETA$:IFA$=""THEN188&
IFA$="C"THEN1910

END

PRINT"TO OPEN A NEW FILE PRESS F*"
BETF$:1IFF$=""THEN1911
IFF$="F"THENX=X+1

60T0620 )

REM SUBROUTINE TO GET DATA FROM INTERFACE
REM A IS DEVICE NO B IS5 CHANNEL NO
OPEN1,A,B

BETL1,J$,K$

K=ASC(K$)~-224

IF K<O THEN D=(K+32)#={

IF K>=0 THEN D=K

D=D#256

IF J$="" THEN J=0:G60T02140
J=ASC(J$)

IF K<O THEN J=J#-{
A(B)=(J+D) /4000

CLOSE!L

RETURN

END ] '

REM SUB: TEMP CONVERSION
FORB=0TO21
A(B)=A(B)/219%#1000
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2280 T(B)=V1+V2#A(B)+V3I*(A(B)*2)+V4#(A(B)~3)+V5#(A(B)*4)+V4#(A(B)*S5)
2300 T(B)=INT(100#T(B)+.5)/100

2320 NEXT

3210 ZI=(T(16)+T(17)+T(18))/3

3215 DY=1.293+Y1#2I+Y2271424Y3#ZI I+Y447]*4+YS#]*S
3220 ZU=T(4)-T(3):1T=T(4)=T(3)

3225 TP=(T(15)+T(14)+T(12)+T(11))/4

3230 TH=(T(13)+T(14)+T(10)+T(11))/4

3235 TY=(T(14)+T(11))/2

3240 TF=(T(15)+47(12))/2

3245 TV=(T(13)+T(10))/2

3250 I0=(T(13)+T(14)+T(15))/3

3260 DT=INT(100#(T(4)=T(3))+.5)/100

3380 REM PRESSURE CONVERSION

3430 P&=A(22)#996,.231+14,7

3432 PL&s=LEFT$(STR$(PS)+" *y4)
3460 P2=A(23)#2473.78+14.7

3480 P2$=LEFT$(STR$(P2)+" Y48
3520 P3I=A(24)%9946.56+14.7

3540 PI$=LEFT$(STR$(P3)+" *46)
3580 P4=A(25)#998.85+14.7

3600 P4$=LEFT$(STR$(P4)+" Y-
3640 PS5=A(26)#993.39+14.,7

3660 PS$=LEFT$(STRS$(PS)+" "y 8)

3700 FC=0.009E-3+33.37E-3+A(27)

3705 FC=(CV+CZ)/1000

3720 FC=INT(1ES#FC+.5)/1ES

3730 DR=1.4-3,82JE~3#T(3)+1.5#T(3)*2-2.635E~7#T(3)"3
3760 FF=(=2,458E-4+.0147%A(28)) *DR

3780 FF sINT(10ES#FF+.35)/10ES

3808 FS=A(29)

3969 AS=(2.564*FS5-,71)%0.18

3970 AF$=LEFT$(STR$(AF)+* -~ *,3)

3974 PL=1.1560320E-3+109.63921#F5-252.787323#F5°2+505.467406#F5*3
3975 PN=-272.154892#F5*4

. 3977 FP=PL+PN :

3978 FP$sLEFT$(STR$(FP)+" *y3)

4000 PC=406.25#A(30)=3.12

4020 PC$=LEFTS$(STR$(PC)+" *16)
4060 EO=ZT#4181.6#*FC '
4080 EO$=LEFT$(STR$(ED)+" ",8)

4130 EX=DY*1000#AX#(ZI~TF)

4132 EQ=DY#1000#XL#(ZI-TP)

4134 WX=DY#1000#QX#(ZI-TP)

4136 EY=DY*#1000%AZ#(ZI~TY)

4138 NY=DY#1000#QZ#(ZI~TM)

4140 EI=DY#1000%AY#(ZI~TM)

4142 WI=DY#1000#QY#(ZI-TV)

4143 EI=EX+EY+EZ+PC+NX+WY+NZ+EQ

41460 EIS=LEFT$(STR$(EI)+" ",8)
4180 PI=A(31)#2451.46+14.7

4182 P1$=LEFT$(STR$(P1)+" *,6)
4200 EF=FF#(146338,4+964%7U)+PC

4220 EF$=LEFT$(STR$(EF)+" “y8)
4290 COP=EQ/(FP+PC)

4292 COP$=LEFT#(STR$(COP)+" *,8)
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4300
4310
4320
4322
4350
4352
4354
4340
4362
4365
4366
4367
4349
4370
4375
4377
4379
4381
4383
4385
4387
4389
4391
4393
4395
4397
4399
4410
4412
4415
4418
. 4419
4420
4426
4428
4430
4432
4434
4434
4438
4440
4445
4450
4452
4454
4480
4500
4510
4520
4540
4550
4550
4570
4580
4590
4500

AD=(TO10)+T (L) +T(12)+T(LI3)+T(14)4T(15)) /6
AT=(T(16)+T(17)+T(18B))/3

AD=INT(100%A0+.5)/100

AI=INT(100#AI+,5)/100

FORI=1T02

IFI=1THENWB=T(7):DB=AD:B0T04340

IFI=2THENWB=T(21):DB=Al

GOSUB4500

NEXT

DH=ABS(HA(1)~HA(2))

EK=DH#AF2DY#1000

EL=(EI+EK)/2

EL=INT((10#EL+.5)/10}

EK=INT((10%EK+.5)/10)

PS=P1:REM CAL COND TEMP

PG=LOG(PS)/L0OG(10)

TR=120#P6+323,1

TO=TR

FV=39.8838-3434.6322/T0~12, 4715!(L06(T01/L08(10)}+ 47304E-2#T0-P6
FR=3436.6322/T0%2-12.4715/(2.3026#70)+.47304E-2

TR=TO-FV/FQ

IFABS(TR-T0)<. 0001 THEN4393

60704381

TT=TR-459.7

TT=INT(100%TT+.5)/100

TE=(TT-32)#5/9

TE=INT(100#TE+.5) /100

PRINT*R12  TEMPJ"3;TAB(11)T(0);TAB(19)"I"3T(1)3TAB(27)"1";T(2)
PRINT® JUsTAB(II)T(3) 3 TAB(L9) "I ;T(4); TAB(27) "I ;""DT
PRINT"WATER TEMPJI";TAB(11)T(S)3TAB(19)*1*;T(9)3TAB(27)"]"3T(4)
PRINT*WET Bs OUTI";TAB(11);T(7)3TAB(19)3"] IN";TAB(27)3"1"3T(21)
PRINT"R HUM: OUTJ";TAB(11);RH(1)3TAB(19)3"] IN*;TAB(27);"s"3RH(2)
PRINT"AIR T :0UTI";TAB(11)A03TAB(19) 7" ;" IN"3;TAB(27)":";Al
PRINT"R12 COND J";TAB(11)TE;TAB(19)"1";"0UTS T1";T(20)
PRINT"@0@aAQAA0AQLAACARAAALACANARA200000 000"

PRINT"PRES PSI J";P1$;TAB(19)*1*;P&$;TAB(27)1";pP28 !
PRINT"PRES PSI J";P3$;TAB(19)"1*;P4$;TAB(27)"1";PS$
PRINT"Q0R@QQAAQRQA010240RAAA1Q00A0AA A0 A"
PRINT"FR KG/S:CONDI"yjFCyTAB(19)*t";"R12:“;FF
PRINT®"AIR M3/S I1“;AFS$

PRINT®ELC J/S:COMPJ“;PCS$;": FAN:“}FPS$
PRINT"@0R20QQAQQRA[0AAAARAAA20A0020 R0 4"
PRINT"HEAT J/S:QUTI";EO$;" J IN J"jEK
PRINT"@QQ0002200A00[20RAANAAALARRALARRRAANA"

PRINT" COP ";sCOP$;

RETURN

REM MOIST AIR PROPERTIES
C1=-35800.2206:C2=1,39149931C3=-,04850239:C4=,4175476BE-4
CS=-,14452093E~-71Cb=46,5459673
TN=WB+273,151TD=DB+273.15
PKaC1/TN+C2+CI#TH+C4%TUA2+CS#TW 3+CH#LOB(TW)
PW=2,71834PK

WS=,462178#PW/(101325-PW)

We((2501~2,381#WB) #WS~ (DB-HBJJI(2501+1 B0OS+#DB-4.184+NB)
HA=DB+W#(2301+1.805#DB)
Px-CIITD+82+C3lTD+C4lTD“2+C5!TD“3+CéiLDEtTDI
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44610 PD=2.7183*PX

4520 WD=.4219B8#*PD/(101325-PD)

45630 UR=W/WD

4640 RH=(UR/(1-(1-UR)*(PD/101325)))#100
4550 WP=101325+#W/(.6219B8+W)

4640 DW==35.957-1.8724%L0G(WP)+1.14689%LOG(WP)*2
4670 PH=INT(100%#PW+.5)/100

4680 WS=INT(1ES*WS+.35)/1ES

4690 W=INT(IES#W+.3)/1ES

4700 HA=INT(100*HA+,5)/100

- 4710 RH=INT(100#RH+.5)/100

4720 DW=INT(100%DW+,35)/100 ,

4800 HA(I)=HA:RH(I)=RH:DW(I)=DW

5000 RETURN
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APPENDIX K t+ Compressor Theory

c
P2 L-- b a=band ¢ - d are
polytropic processes
obeying the relationship
vl = Constant
Pl 1l — 2
a where n is the polytropic
Volume index.

Va is the maximum cylinder volume and Vc is the clearance volume. The
work done per cycle by the compressor on the vapour is equal to the

area enclosedby the cycle.

Wr --3%; ( P2Vb - P1 Va ) + P2(Vb = Vc) = E%I' (P2 Vc = P1 Vd)

- P1 (Va = Vd)

--n—‘-‘- (P2 (Vb = Ve) = P1 (Va - Vd)) (Ko1)
since Vb = Va ( )lln and Ve = Vd (Pl)ifn
wr = =Eo p1 (Va = va) (DR ) (K.2)
(Va = Vd) can either be expressed in terms of other cycle volumes,
f.e Va =Vd =Va = Vc(pz)l’“ - Va(l - ( )(Si)lln ) to yleld
wr = =2 pava(1 - (59 (EBHY/my (DR Ly (ke3)

n=1
or in terms of the volumetric efficiency,

Va = Vd
'n'v-Va-Vc

the denominator, Va-Vc, is the swept volume Vs, therefore

Wr ==—=2o P1 Vs (57 )(“'1)’“ 1)V (ko)

The volumetric efficiency may be expressed in terms of the compression

ratio and cylinder volumes.
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Nv -;—s-(Va - Vd) --v%— (Vs + Vc = Ve ('E%)Un )

- Ve - Ye (P2,1/n (KoS)
1+ Vs Vs (Pl)

By assuming perfect gas behaviour the work equations can be simplified.
I1f Mc 1s the mass of vapour that remains in the clearance volume, Ve,
and Mm is the maximum mass of vapour contained by the cylinder then

the mass transferred per cycle Mr = Mm - Mc.

Equation (K.1) becomes Wr = —=— Mr R (T2 - T1)

and (k.2) becomes Wr = n“- = Mr R T1 ((_E_:_)(n-l)/n -1)

where T1 and T2 are the inlet and exhaust temperatures.

The net work done by the compressor on the vapour from a to b is equal

to the area under the curve ab less the area under the curve cd.
We = =1- (P2 Vb = P1 Va) - —— (P2 Ve = P1 Vd)
n-1 n-1 '
By iasuming perfect gas behaviour,

1
We = — Mr R (T2 - T1) (Ke6)
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