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The University of Aston in Birminghanm
A STUDY IN THE APPLICATION OF DOMESTIC
SOLAR ASSISTED HEAT PUMP FNOR HEATING AND COOLING
Thesis for the Degree of Ph.D.

by Misael Pabon Diaz

SUMMARY

In the present work, the more important parameters of the heat pump
system and of solar assisted heat pump systems were analvsed in a
quantitative way. Ideal and real Rankine cvcles applied to the heat
pump, with and without subcooling and sunerheating were studied
using practical recommended values for their thermodynamics
parameters. Comparative characteristics of refrigerants uwere
analysed looking for their applicabilitv in heat pumps for domestic
heating and their effect in the performance of the svstem. Curves
for the variation of the coefficient of performance as a function
of condensing and evaporating temperatures were prepared for R172.

Air, water and earth as low-grade heat sources and basic heat pump
design factors for integrated heat pumps and thermal stores and for
solar assisted heat pump-series, parallel and dual-systems uere
studied. The analysis of the relative performance of these systems
demonstrated that the dual system presents advantages in domestic
applications.

An account of energy requirements for space and water heating in
the domestic sectLor in the U.K. is presented. The expected primarv
energy savings by using heat pumps to provide for the heating
demand of the domestic sector was found to be of the order of 77.
The availability of solar energv in the U.K. climatic conditions
and the characteristics of the solar radiation were studied. Tables
and graphical representations in order to calculate the incident
solar radiation over a tilted roof were prepared and are given in
Lthis study in section IV.

In order to analyse and calcrlate the heating load for the system,
new mathematical and graphical relations were developed in section V.

A domestic space and water heating system is described and studied.
Tt comprises three main components: a solar radiation absorber, the
normal roof of a house, a split heat pump and a thermal store. A
mathematical study of the heat exchange characteristics in the

voof structure was done. This permits to evaluate the energv collected
by the roof acting as a radiation absorber and its efficieuncv. An
indication of the relative contributions from the three low-grade
sources: ambient air, solar boost and heat loss from the house to
the roof space during operation is given in section VI, together
with the average seasonal performance and the energy saving for a
prototype system tested at the University of Aston. The seasonal
performance was found to be 2.6 and the energy savines by using

the system studied A1%. A new store configuration to reduce wasted
heat losses, is also discussed in section VI.

Key words: Heat Pump — Solar Energv - Heating Load - Thermal Store -
Performance — Enerpgv Savings.
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I-INTRODUCTION

The rate at which the industrial nations in particular have been
depleting the world's natural enecgy resources in the form of fossil
fuels has caused some scientists and technologists to be concerned
for many years. Demands for energy to cope with improved living
standards and creature comforts have heen doubling every 10 years

whilst little account has been taken of the resultant depletion of

resources.

The oil crisis of 1973 has, perhaps more than anv other factor,
highlighted the prohlem as far as the general populace is concerned.
The escallating costs of energy has drawn attention to the
consideration of alternative sources of energy. Whilst nuclear
power derived from fission will no doubt make a significant
contribution to future energv requirements, fears of the 'Plutonium
Economy' will inevitably encourage research into the effective
utilization of pollution free sources to provide for a proportion
ﬁf our energy needs, whether it be from the sun, wind, wave or
tide. Apart from conservation aspects there are economic advantages
to be ultimately gained in harnessing solar energy for domestic use

even in areas of the world with limited direct sunshine.
(1) The source of energy is always available and predictable.
(2) For the user it provides an element of inflation free energyv.

(3) For the nation it should mean less capital expenditure on
power plant and economy in the use of natural resources although
the energy consumed by ancilliarv equipment must not be neglected

in considering total energy savings.



On the other hand, Heat Pumps have an important contibution to make
in helping one to face the coming transitional period in energy
1se patterns. Since most of the alternative energy sources such as
wind power, nuclear power etec. all favour the production of

electricity, the heat pump hecomes steadily more and more attractive

as the transition progresses.

The heat pump principle is not new, but the availability of cheap
fossil fuels combined with the low cost of conventional boilers has

so far mitigated again its development, except in the field of
refrigeration and cooling. However, the increasing cost of conventional
fuels now provides an incentive for heat pump development for a
variety of purposes; not the least of which is space heating. With

the cooler ambient surroundings providing the low grade heat, and
electricity, fossil fuels or simply waste heat providing the high
grade energy source, the heat pump also offers the potential of

substantial energy savings.

A survey of practical experience with heat pumps in buildings in the

U.K. over the post-war years has shown that current machines will operate
with a coefficient of performance (COP(H)) between 2 and 3 averaged

over the year (1). If one could achieve a seasonal COP(H) of 3, and

heat pumps could supply the National domestic space heaing load,

the resulting annual national consumption of primary energy for

this purpose could be reduced from the present 1.49 x 109 GJ to

about 0.8 x 109 GJ. This saving would represent ahbout 7 per ceat of

the total national primary energy consumption. A further 2 per cent
would be saved if water heating were accomplished in a similar

way, if only a COP(H) of about 2 could be achieved.



Thus, solar energy and heat pump systems are two promising means of

reducing the consumption of non-renewable energy resources and hopefully,

the cost of delivered energy for domestic space heating and domestic

water heating.

The coefficient of performance of a heat pump depends inversely on
the source-sink temperature difference, so that solar energy could
be used to increase the source temperature thereby increasing the
COP. At the same time the lower solar collector operating temperature
would result in higher collector efficiencies and increased
utilization of solar energy. It seems that a logical extension of
each system would be to combine the two in order to have a "Solar
Assisted Heat Pump System” which could further reduce the cost of

delivered energy.

In spite of the wet weather, the U.K. climatic conditionsare good
enough for solar assisted heat pump applications. The U.K. lies
between latitudes 50°N and S58°N with a high proportion of the
population in the south. Tt has a relatively mild climate and the
occasions when temperatures are less than 0°C for several consecutive
days are rare. The extremes between Summer and Winter solar radiation
levels are™ 800 and 150 W/m? respectively, with a high proportion

of diffuse radiation for most of the yvear. There are few completely
cloudless days, even in summer, whereas, there are frequently
extended cloudy periods and for this reason a thermal storage
element such as a liquid filled tank must be added to the solar
assisted heat pump system. This permits the modulation of the heat
pump capacity in order to provide for heating at night and during
those cloudy periods. Thus, one will have an "Integrated Solar

Assisted Heat Pump and Thermal Store System”, which is the subject

matter of this study.

3



This theoretical study is a contribution to the research programme
over the subject of domestic heating by aheat pump and solar energy
system, which is being investigated in the Department of Physics,

at the University of Aston.

1) Analyse in a quantitative engineering wav, the more important
parameters of the heat pump systems and of solar assisted

heat pump systems.

2) - Consider the capability and the application possibilities of
these systems in order to cover the seasonal domestic heating

requirements through the 1.K. climatic conditions.

3) Consider an integrated solar assisted heat pump system and a
new thermal store configuration, which utilises a normal roof
as a solar absorber taking advantage of the diffuse radiation,
and which fulfilled the seasonal domestic heating requirements
for either existingor new dwellingsin most areas of the U.K.
One of the features of this proposed system is that it manages
to reduce both the energy requirement to supply the heat
demand, and the environmental load by recycling some of the

lost heat back into the bhuilding again.
In looking at these objectives one has to consider:

1) The overall design factors including components and system
performance.

2) The availability of energy, energy sources and the climatic
conditions.

3) The seasonal heating demand.



The development of this study towards these objectives pemits one

to identify areas in this field, where research, development, and

demonstrations, are needed.

Data on saturation properties for some non-commercial refrigerants
is available only in Imperial Units. For this reason the comparisons

of refrigerants shown in section 1I-5 have not been quoted in

International Metric Units.




CHAPTER 17

RHEAT PUMP 5. BASIC CONSIDERATIONS

II-1. Principles of Operation

The heat pump (1) is a machine which extracts thermal energy from a
low temperature source, upgrades iL to a higher temperature level,
thus, enabling it to be used for space heating or for water heating

in domestic or industrial applications.

There is no fundamental difference (2) between a conventional
refrigeration system and the so-called heat pump system.
Thermodynamically both systems are heat pumps, employing a compressor,

a condenser, an evaporator and an expansion valve.

The main difference hetween Lhe two systems is the nrimarv ohjeclive
of the application. A refrigeration installation is concerned with
the low temperature effect produced at the evanorator while the

Heat Pump is concerned with both the cooling effect produced at the
evaporator and the heatinp effect produced at the condenser. So, a
system making use of the rejected heat cannot be properly named a
refrigeration system since cooling is not the primary object during
the cycle. Such a system has sometimes inaccurately heen called the

"Reverse Refrigeration Cycle”.

The operating principle of the Heat Pump is identical with that of
the heat power thermodynamic cycle, governing the conversion between
heat enerzy and mechanical work; but in this case the system reverses

the natural direction of the heal flow, so that work must be expended



during the cycle. This is illustrated in Fig. 1.

The main feature of the Heat Pump is that it will always provide
more energy for heating than is used directly in driving it. In the
generation of electrical energy from heat the efficiency is in the
region of 33%. The heat pump inverts this process so, for an
electrically driven compressor system one can expect to achieve at
least a performance of COP(H) = 1/0.33 = 3; i.e. for each kWh of
electrical energy expended 3 kWh of heat can be supplied to the
space or water to be heated. Thus the heat pump appears to be the
best electrical method of supplying a building's heating requirements

while consuming the least amount of energy.

The idea of using the heat rejected from a refrigeration system, to
warm a space at a higher temperature, is not new, having been first
suggested in the 1850s by William Thompson who later bhecame Lord
Kelvin. (3) He proposed a scheme for heating houses by extracting

energy from the earth.

Various schemes have been proposed over the years and many individuals
have in fact been successful in heating their homes with varying
degrees of success. Some 20 years ago a few firms attempted to
introduce heat pumping schemes by extracting heat from external
ambient air and upgrading the temperature for a ducted warm air
heating system. The schemes suffered from many problems: Frosting

at low ambient temperature necessitated the use of electrical

heaters to pre—heat the incoming air, which considerably increased
running cost. Noisy fans and a reluctance on behalf of householders

to accept warm air heating systems were perhaps other factors.



the use of Heat Pumps for reducing primary energv requirements, narticularlv
to their use in water and space heating applications. It is perhaps

useful to relook at the Heat Pump nrinciple in order to identify

areas where its characteristics could be exploited. The important

aspects of enerpgy consumption need to be matched against requirements

whether for industrial or domestic applications.

11-2. Thermodynamic Cycles

In the refrigeration process (4) the interest is to abstract heat
from a hodv or the environment with the minimum expenditure of
energy in the form of work. The heat abstracted would be availabhle
for other uses but in normal refrigeration practice the heat is
rejected to waste. It follows that work must he expended to transfer
heat energy from a lower teo a higher temperature. The processes of
cooling and heating (5) are Lhus seen to bhe closely related, and
maximum overall efficiencies result, if the two can bhe comhined by
using one machine for both purposes. To achieve both cooling and
heating, a working substance is taken through a cyclic process.
Thompson proposed air, but modern machines use one of a family of
organic refrigerant material: two of the most common being R12,

dichlorodifluromethane (CF, Clp) and R22 monochlorodifluromethane (CH CLFy).

II-2-1. The Carnot Cvcle

This cycle (6), represents the highest possible performance between
two temperatures and is considered the ideal heat pump cycle. In this

cycle, as shown in Figure 2, the refrigerant fluid is taken through

four operations:
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Operation 4-1 involves isothermal expansion or evaporation

(constant temperature)
Operation 3-4 involves isentropic expansion (constant entropy)
Operation 1-2 involves isentropic compression (constant entropy)

Operation 2-3 involves isothermal compression or condensation

(constant temperature).

The heat absorbed by the system (the refrigerating effect) 1is
represented by Qg (area 4,5,6,1). The heat rejected by the system
(The heating effect) is represented by Qp (area 2-3-5-6). The energy
added ideally hy the compressor at work to accomplish these effects

is represented by Q - Qp, (area 1-2-3-4).

II-2-2. T1deal Heat Pump Rankine Cycle

This ecycle (2), which assumes irreversible expansion at constant
enthalpy through a throttle valve, is generally chosen as more
indicative of a vapour—compression réfrigeratton cycle for the
modern heat pumps. Thermodynamically, the Rankine Cycle can be
illustrated by the temperature — entropv diagram of Fig. 3(a), or
by the Fig. 3(b), which is an idealised pressure - specific

enthalpy curve for a liquid vapour Rankine cycle.

The sequence of the cycle consists of the following thermodynamic

onperations:

1. The refrivcerant is here compressed isentropically from 1 to 2

and work is done on the system.

2. Superheated Vapour is cooled from the temperature T, to Te,
condensed isothermally to liquid, from E to E' and then cooled

from Tc to T3 at constant pressure. Heat is re jected from the system.

10



Temperature

Specif. Entropy =S

Q1 =Te(S2-S3) ; Te
Q2 =Te(S1 -S4) ; Te
W =Q1-Q2

Condensing Temp
Evaporating Temp

o

Fig 3a Ideal heat pump-Rankine cycle

Space heat or store | Pre-heat
water

Pressure

.
|

Condensation

Te Evaporation

P1 / - l;‘ ﬁ
Q2 /

/ y

/ e
5 y 6, 7
o © ©

h, Specific Enthalpy

Fig 3b Pressure - Enthalpy diagram for the basic
Rankine cycle
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Liquid is expanded irreversiblv at constint enthalav through 1

throttling valve, hetuween 3 and 4.

4. Liquid refrigerant is evaporated isnthernille to vapour it

constant pressurc and at the lower temperature Te, absor ing heat

in the section 4 to 1.

Figure 4 is a schematic representation of the Four basic heat punp

components. These are:

1. An FEvaporator where heat is collected at the lywer temperaliare.
2. A Compressor which nerforms the work reqnired.

3. A Condenser where useful heat is released.

4. An Expansion Valve which rerulates the flow of refrigerant from

the high to the low pressure side of the machine.

Pt Q1 = Heat out af T

ety

Compressor

T
R :| E
- High pressure t

- 2 =

vapor —— %/;//
1E” High pressure | j: //
“ X liquid s //

L HE

-l
>

I

AP Y

p
R Low pressurels ' §
Condenser E'VX‘* """"" ’;l;. taper [ ;
2
Low pressure—3%
liquid il = j 8j_ Q2
LC————') Heat in Pt
N at Te
Evaporator

Fig 4 Basic Heat Pump components
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In an ideal situation the enerpv balance of the svstem is give hv:

QL = Q2 + W¢ (11-1)
Where:

1}

03]
Q2

The useful energy reles..d

The energy collected from the environment

We= The work done in compression

If "h", represents the enthalphy of the refrigerant in each point

and if m is the mass flow rate of refrigerant in the cvcle, the heat

absorbed per second in the evaporator at the lower temperature Te
is given by:
ég = ; (hqy = hg) = Refrigeranting effect (I1I-2)

The stage from 1 to 2 in the ideal case is an adiabatic-isoentropic
compression and the work done on the compressor per second will he:
éc= ; (hy = hp) (11-3)

The heal rejected per second at Lhe condenser atL the temper-iLure Tec

will he:
61 = é (hy - h3) = Heatling effect (T11-4)

The change from 3 to 4 is through the ideal expansion valve at

constant enthalpy so that hg = hy.

IT-2-3 Real Rankine Cycle Operation

In practice there are several reasons why the ideal situation as
indicated in Figure 3 cannot be realised. The compression will not
be isentropic. The compressor suction pressure has to be less than
the evaporator exit pressure and the compressor expulsion pressure
has to be greater than the condenser inlet pressure because of the
valves. Some heating may take place in the line from the evaporator

Lo Lhe compressor by extLracting heat from the surroundings.

15



Frequently the refrigerant entering the expansion valve may be
subcooled so that its temperature is less than the saturation
temperature corresponding to its nressure. This cooling may occur
in the condenser or in the liquid line hy heal exchange with the
ambient surroundings. The vapour may be superheated a few degrees
in the evaporator and may be further superheated in the compressor
suction line. On occasions superheating is arranged following
evaporation so that nn liquid pets back to the compressor. In
addition we should not ignore the pressure drops which occur in
bhoth the condenser and the evaporator. Figure 5 shows the realistic
cycle taking into account all the factors mentioned, and Figure 6
shows some of Lhe recommended values for this type of cycle (2, 6,

7). In these figures:

A A' represents subcooling in condenser and pipe: & T subc.=8.5°C

C M represents superheating in evaporator and pipe: AT suph. = 5.5°C

M C' represents deliverate superheating in suction line

Pressure drop D' to A' represents loss in condenser:l p = N.4 bar

Pressure drop B' to C represents loss in evaporator: A p= 0.4 bar

C' F represents suction line pressure drop: & p = equivalent to 1.1°C

D D' represents discharge line pressure drop: A p = equivalent to 1-1'¢C

The subcooling of the liquid hefore expansion through the throttle

i{s rejected heat. By heat exchange it is possible to transfer some

I,_.I
o
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of Lhis heat Lo the vapour MC'. The subcooling can be in the region

of 8.5°C (15°F) and the superheating of vapour from the evaporator

in the region of 5°C (10°F).

In actual operating conditions (8) the condensing temperature should
be about 5 to 12°C ahove the surroundings and the evaporating
temperature 5 to 12°C below the source of heat to allow for heat

transfer. The heat transfer characteristics are of course bhetter

for hipgher Lemperature differences.

11-3 Coefficient of Performance and Efficiency (2,8)

The most useful parameter for comparing the behaviour of Heat Pumps
is the coefficient of performance C.0.P. One can define two

coefficients of performance:

{a) In the refrigeration or cooling mode, C.0.P. (C) = Heat

absorhed/work done

(b) In the heating mode, C.0.P. (H) = Heat rejected/work done

.II—3—1 C.0.P. of the Carnot Cycle

Assuming reversibility it is possible to define these two coefficients
for such a machine in terms of the absolute temperatures Te and Te,

of the condenser and evaporator respectively between which the
machine operates, since the ar‘eas representing the energy quantities,

Q1, Q and Q; - Qp, are rectangular for the Carnot Cycle (Figure 2).

[C.0.P. (H)]g =191 = Tc (11-5)




[C.0.P. (C)]R =g = Te _ (11-6)
W Tec-Te

Where R sipnifies reversibility. Tt is seen therefore that:

C.0.P (H) -~ 1 + C.0.P. (C)

It is the fact that this ratio can be several times greater than

unity, which makes the Heat Pump attractive when energy economy is sought.

I1-3-2. C.0.P. of the Rankine Cycle

The coefficient of performance of the Rankine Cycle is more
representative of an actual heat pump operating cycle and can bhe
defined in the following terms:

(a) In the heating mode

C.0.P. (H) = Useful heat rejected at stated conditions/Net energy

supplied from external sources to operate the system.

(b) In the cooling mode

C.0.P. (C) = Useful refrigerant effect/Net energy supplied from

external sources to operate the system.

The C.0.P. (H) and the C.0.P. (C) of Rankine Cycle can be expressed
in terms of the enthalpies of the cycle for both the theoretical or

ideal and the real Rankine process.

So, one can calculate, in Lerms of the enthalpies, an ideal C.0.P.

18



for the theoretical Rankine Cycle 1-2-3-4, shown in Figure 3b, in

which m is the refrigerant mass flow rate, Q1 =m (hp = h3) the

total heat rejected, and Wc = m (hp = hy) the total energy required

to drive the compressor:

[C.0.P. (H)]1 = Q1/We = (hy - h3)/(hy = hy) (11-7)

[C.0.P. (C)]= Qa/W. = (hy = hy)/(hy = hy) (11-8)

And a coefficient of performance for the real Rankin Cycle, 1in

terms of the enthalpies of each point, as shown in Figure 5.

C.0.P. (H) = Q1 /W,

1}

(hn' == hA')/(hD = hF) (11-9)

]

Q2/We = (hg" = hg')/(hp = hg) (I1-10)

C.0:Ps (C)

II-3-3 C.0.P. of an actual heat pump cycle

The Rankine Cycle C.0.P. as given by equations II-7 to II-10 will
be lower than the Carnot Cycle values given by equations II-5 and
I1I-6. In an actual heat pump system the C.0.P. varies directly as
the evaporation temperature which is in turn, determined by the

temperature of the heat source, and inversely as the condensation

temperature which is defir.-4 by the heat sink temperature.

The evaporation temperature and the condensation temperature

determine respectively, the suction pressure and the head pressure



of the compressor, so that the lower the heat source temperature,

the lower the compressor suction pressure and the lower the C.0.pP.

of the system.

In most cases the actual performance (3) may be 60% to 70% of the

ideal value which in itself will be less than the value for a

reversible machine working as the Carnot Cycle. The C.0.P. of an

actual heat pump may be defined as:

C.0.P. (H)

CIOOP. (C)

It
]

dl/ﬁﬁp Ql/ (W + W) (TI-11)

1}
i

Qz/ﬁﬁp Q2 /(W + W) (11-12)

Where Wp , is the energy required to drive ancillary equipment. (In

addition to compressor work, energy is required to move fluids

across the evaporator and/or condenser).

The main causes for the lower C.0.P. of an actual heat pump system are:

(a)

(b)

(c)

(d)

The temperature gradients which are necessary for the heat

transfer from the refrigerant to the heat source and heat sink.

The fan power which is necessary to move the air over the
heat transfer surfaces and represents about 10 to 15 percent

of the total energy input to the compressor.

The theoretical compression cycles do not take into consideration

compressor volumetric efficiency.

The compressor-motor combinations is only 85 to 90 percent efficlient.

20



(e) The pressure drops at the suction and exhaust valves of Lhe

compressor.

II-3-4. Efficiency of the heat pump cycle

The efficiency of an actual heat pump is defined in terms of a

reversible engine, so the heating efficiency will be:

"}y = C.0.P. (H)/[C.0.P. (H)]R (11-13)

In practice one can only expect to achieve about 40% to 50% of the

ideal Carnot values.

II-3-5. Coefficient of Performance Application

Figure 8, drawn from the elahorated table II-1 and II-2, has heen
made in order Lo illustrate the realistic predicted performance
which could be expected nf an actual heat pump designed for operation
in the heating mode, using a refrigerant identified commercially as
R12. This figure shows the variation in C.0.P.(H) and the variation
in [C.0.P.(H)]g with different evaporation temperatures and two
condensation temperatures of 38°C (100°F) and 49°C (120°F), compared
with values for a reversible engine working between the same

temperature limits.

Enthalpy values for each point of the Rankine Cycle, indicated in
Figure 7, were Laken from a Mollier Pressure - Enthalpy Chart for

Freon R-12 Refrigerant. Two cases have been considered:

(a) A cycle with subcooling (4T = 8.5°C) in the condenser and

supecheating (AT = 5.5°C) in the evaporator.
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(b) A cyele withont subenoline and withont sapecheating.

In this exercise the ener:v evnended on ancillarw eniinment has
been assumed to be 157 of Lhe enersy expended on conpression. The

compressor wias assumed to have an overall efficlency of 70N%.

Casea :1,2.3,4
— Case b :5,6,7,8

At Sub (oo

ptnnd

Psuct

=~

Te
Te

I

Evap Temp

Cond Temp

Fig 7 Rankine cycle for COP applications

Reversible machine: Carnot

[C.0.P. (H)]g = Tc/(Tc - Te) (L1-14)

Actual Heat Pumn: Rankine

Gial)Ps (H) — Q1/(Ec + HA) = Q1/WHP (11—15)

Ahsorbed heat:

aray =M " h4 s oqa(hy T hs TN
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Re jected heat:

91(@)= hg - hy 5 Q) (p= hg = hy

Work done Lo delve the compressor:
W. real = W. theor a) = hy - hy
N comp b) = hg - hg
N comp = 0.70

Energy expended on ancillary equipment:

Wp = 0.15 We real

Total Energy expended

Wyp W, real + Wp = wc real + 0.15 Wc real =

]

Wyp 1.15 W comp real
Table [I-1 and II-2 show the values obtained for the cases (a) and

(b) which have been represented in Figure 8 for the heating mode only.

Efficiency of the cycles, for given evaporaLing - condensing
temperature comhbinations, remains about 507% of the Carnot efficiency
in most cases. IL can he seen that useful energy released is between

2 and 4 times the energy expended.



Table LI-1. Carnot and Real C.0.P. (H) values for Freon '2, wirh a
condensation temperature of 38°C
L ~ ——
Te a, a We Ve WA cop COP | COP ' Effic.
c theor Real (H) # GC) ’ (H) ")
kJ/kg| kJ/kg | kJ/kg| kJ/kg| kJ/kg | Carnot | i
Te = 38°C (100°F) At superheating = 5.5°C (10°F) f
Case (a) .
WA = 157 Wg real,ncomp = 0.70 4t subcooling = 85°C (15°F) °
~29 | 115.1 | 174.9 | 41.9 59.8 8.96 4.67 | 1.67| 2.54 . 0.54
-23 | 117.7 | 171.4 | 37.5 53.5 8.02 5.09 | 1.91! 2.78 . 0.55
-18 | 120.3| 167.7 | 33.3 47.5 712 5.60 | 2.20 3.n7i n.ss
-12 | 124.0| 166.1 | 29.5 42.1 6.33 6.22 | 2.56! 3.42| 0.55
-7 | 126.1| 163.5 | 26.1 | 37.2 | 5.58 | 7.00 | 2.95| 3.82 0.55 |
-1 128.9 | 160.7 | 22.3 31.9 4.79 8.00 | 3.52| 4.38 0.55
4.5 | 131.4 | 157.9 | 18.6 26.5 3.98 9.33 | 4.31| 5.17i n.5s
10 134.0 | 155.8 | 15.4 21.9 3.30 11.26 | 5,33 6.131 0.55
j .
¥5.5] 136+% | 1533 | 12 172 2.58 14.00 | 6.85| 7.71 | 0.55
= 38°C (100°F) 4t subcooling = 0°C

J Te
Case (b) . .
! Wp = 15% Wg real, N comp = 0.70 At superheating = 0°C

- |
~29 | 104.0| 160.0 | 39.1 { 55.8 r R.37 ?‘ 467 | 1.62! 2.49 ' 0.53
~23 | 107.0| 158.2 | 36.1 | s1.4 i 7.72 i 5.09 l x.slf 2.68' 0.53
-18 | 109.6; 154.9 | 31.9 ’ 45.6 | 6.82 | 5.60 2.09? 2.96| 0.53
12 111.?5 1517 j 27.9 é 39.8 g 5.98 | 6.22 i z.aai 3.31| 0.53
= 114.a| 148.6 ; 24.0 % .3 | Ss12 ; 7.00 % z.qxi 3.78 0.54
-1 | 6.8 ) 1477 i 20.9 j 30.0 | 4.42 8.00 | 3.38[ 4.28 0.54
4.5 | 119.8| 144.7 ; 17.5 | 24.9 ;374 L 9.33 | 4.19 505! 0.5%
10 | 122.1] 142.1 ; 14.0 ! 20.0 | 3.00 ; 11.20 5.31; 6.19] 0.55
5.5 124.7] 139.1] 10.9 | 15.6 | 2.35 E 14.00 6.96£ 7.74 0,55
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Table II-2. Carnot and Real C.0.P. (H) values for Freon 12, with a

condensation temperature of 49°C

Te | 9 q, 1 We e Wa cop coP | coP | Effic.
G | theor Real (H) (c) (H) N(H)
ki/kg| kJ/kg| kJ/kg| kJ/kg| kJI/kg | Carnot |

Te

I

49°C (120°F)
Case (a) WA = 15% W real,n comp = 0.70
At subcooling =8.5°C (15°F)

At superheating = 5.5°C (10°F)

~-