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NOMENCLATURE

CcoP Coefficient of Performance
C, Specific heat (kJ/kg 'C)
h Enthalpy (kJ/kg)
M Mass (kg)
m’ Refrigerant mass flow-rate (kg/s)
) Pressure {(bar)
q Heating effect (kJ/kg)
Q Heating.capacity(Watt)

Temperature ('C)
t Time (s)
W Compression work (kJ/kg)
W Compressor power consumption (Watt)
Subscripts
a Ambient
c Condenser
e Evaporator
co Container
w Water load
air Air inside the freezer zone

Al aluminum
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Performance Study of a Locally Manufactured

Domestic Refrigerator When Used as a Heat Pump

By
Mohammad Abdel Rahim Al-Najjar

Supervisor

Prof. Mohammed Al-Sa’ad

ABSTRACT

The heating pérformance of & Heat pump System was studied
experimentally, by [reversing the compressor connedtions of a locally
manufactured domestic refrigerator. This changes the freezer cabinet of the
refrigerator into an oven with high coefficient of performance.

Two experimental tests were carried out; the condenser temperature
variation test and the evaporator temperature variation test. A number of
different performance curves were presented for a range of condensiﬁg and
evaporating temperatures.

From the experimental results of the performance tests, it was
concluded that heat pump is suitable for food heating and keeping it hot.

The maximum air emperature attained inside the freezer cabinet was 54.6

'C. This occurred when the condensing temperature reached 77.5 'C and the

evaporating temperature was 19.4 'C.
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Also the results showed a coefficient of performance of 3.2 ata
condensing temperature of 75.4 'C and an evaporating temperature of 13.7
'C.

Since the coefficient of performance of the heat pump is higher than
that of the refrigerator by one, thus the heat emergy is higher than the

electrical input energy. This leads to reduction in energy demand and

~ consequently energy generation.




Chapter One

INTRODUCTION

As fuel prices keep changing and energy reserves keep decreasing,
efficient methods of energy conservation and utilization should be used.
Heat pump is a good example where thermal energy is extracted from
outdoor air in order to raise the temperature of indoor air. It canbe
likened to a concentration process, in which the existing diluted energy in
the outdoor air is collected and concentrated by the heat pump.

The heat pump is a relatively efficient device. It Gan upgrade low
grade heat, e.g. at 5 'C to a useable level (50 Cor more). For every
kilowatt of electrical energy used by the compressor'2 to 3 kW are
delivered at the condenser. If low associated temperatures are employed,
heat pumps can be used in different applications, such as space heating,
drying and distillation. If simultaneous heating and cooling are utilized in
some applications such as hotels, cold stores computer rooms and
laundries. Then an energy conversion factor of around 250% canbe
achieved. In distillation columns, the heat pump can reduce by 15-30%

the energy required to boil a liquid. (Najjar, 2001)




1.1 Vapor — compression cycle

The vapor-compression cycle is the most widely used refrigeration
cycle in practice. The thermodynamic cycle of both heat pump and the
refrigerator is the same. The processes, which comprise the standard

(ideal) vapor-compression cycle, are: -

1. Reversible adiabatic compression from saturated vapor to the
condenser pressure.

2. Rejection of heat at constant pressure and condensation to saturated
liquid.

3. Trreversible expansion at constant enthalpy from saturated liquid to the
gvaporator pressure,

4. Addition of heat at constant pressure in the evaporator to saturated

vapor,
1.2 Working fluids for vapor — compression system

A large number of different working fluids (refrigerants) are utilized
in vapor-compression refrigeration “heat pump” systems. Ammonia and
sulfur dioxide were important in the early days of vapor-compression
refrigeration, but both are highly toxic and therefore dangerous
substances. For many years now, the principal refrigerants have been the

halogenated hydrocarbons, which are marketed under the trade names of




Freon and Genatron. For example, dichlorodifluoromethan (CCLF3) is
known as Freon-12, and therefore as refrigerant-12 or R-12. This group
of substances, known commonly as chlorofluorocarbons (CFCs), are
chemically very stable at ambient temperature, especially those lacking
any hydrogen atoms. This characteristic is necessary for arefrigerant
working fluid. This same characteristic, however, has devastating
consequences if the gas, baving leaked from an appliance into the
atmosphere, spends many years slowly diffusing upward into
stratosphere. Theré it is broken down, releasing chlorine; which destroys
the protective ozone ' layer of the stratosphere. It .is therefore of
overwhelming importance to us all to eliminate complétely the widely
used but life-threatening CFCs, particularly R-11 and R-12, and to
develop suitable and acceptable replacements. The CFCs containing
hydrogen, hydrochlorofluorocarbons (HCFCs), such as R-22, have
shorter atmospheric lifetimes, and therefore are not as likely to reach the
stratosphere before being broken up and rendered harmless. The most
desirable fluids, hydrofluorocarbons (HFCs), contain no chlorine atoms at

all.
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1.3 Deviation of the actual vapor compression cycle from the

ideal cycle

The actual heat pump cycle deviates from the ideal cycle primarily
because of pressure drops associated with fluid flow and heat transfer to
or from the surroundings.

a- In practice a degree of superheating at the evaporator outlet is required
to ensure that minimum amount of liquid droplets are being carried
over into the compressor.

b- Actual compression process is not isentropic because of the losses due
to friction and heat transfer to refrigerant and surroundings.

c- The pressure of the liquid leaving the condenser will be less than the
pressure of the vaporentering;and-the-temperature-of the refrigerant
in the condenser will be somewhat higher than that of the
surroundings to which heat is being transferred. Usually the
temperature of the liquid leaving the condenser is lower than the
saturation temperature.

d-Pressure drop of the refrigerant as it flows in the condenser,
evaporator, interconnecting piping and through the wvalves and
passages of the compressor is mainly due to friction, momentum
change, liquid vapor stratification and by spring-loading of

compressor suction and discharge valves during their opening.
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Chapter Two

LITERATURE SURVEY

To help solving the problems of global environmental protection by
reducing the CO, emission and saving the primary energy, it is necessary
to achieve a society that is even more fuel efficient. To achieve this goal,
in addition to adapt measures on the energy supply side, such as
improving the efficiency of power generation facilities, it is essential that
measures be adopted on the demand side. Attention is now being directed
towards using heat pumips as an energy-saving technologyjon the demand
side. Researchers are currently-developing-and-promoting'the technology
aspects of heat pumps.

In this chapter, the previous works and efforts concerning the
proposed area of the present study are presented.
557140

Kumar et al. (1984) studied the performance of heat pump with R-
22, R-12, and R-11 as working fluids. The R-12 was the most suitable
for achieving simultaneous heating and dehumidification of air.
Experiments were carried out in an open ﬁmnel on a heat pump using a

compressor, hermetically sealed, window air conditioner compressor




charged with R-12. The effects of air temperature, air flow rate, and
evaporating pressure were studied. Actual performance factors in the
range of 1-4 were achieved.

Cox-Smith and Carrington (1990) examined the performance of the
heat exchangers of an unsophisticated air — air heat pump with particular
emphasis on the evaporafor frosting characteristics. The data relate to an
operating domestic heat pump in Dunedin. Evaporator frosting reduces
the seasonal COP by only a small amount (less than 1.7%) in this
example but the defrost rate is shown to be very sensitive to small
changes in the evaporator capacity. Thus frost formation generally has an
important influence on the evaporator optimization calculation. The
effectiveness of the expansion valve and of the defrost thermostat is also
analyzed, and particular opportunities for improving the system are
identified.

Okken et al. (1993) discussed the opportunities for heat pumps to
reduce emission in competition with other CO; reducing options. The
study was expected costs and efficiencies of electrical, gas-absorption and
gas—éompression heat pumps in the industrial, residential and commercial
sectors. They concluded that for space heating in the residential sector in
the Netherlands, gas heating in combination with thermal insulation

remains the best option up to the year 2030 and beyond. Only at severe




CO, constraints (80% emission reduction) or in case of reduced
investment costs, electric heat pumps become competitive.

Silva and Rosa (1993) emphasized the potential of the heat pumps
in combined heating and refrigeration, or combined heating and
dehumidification applications. As well as in other process integration
approaches for efficient energy use in industry and buildings. This work
showed that heat pumps are of paramount interest in heat recoizery and
process integration in several industrial sectors and in the
residential/building sector. A broad range of applications are not at all or
sufficiently acknowledged and exploited in view of the technical and
economical potentialities and promise.

Linton and Snelson (1993) provided -an up-to-date review of high
temperature heat pump technology from a global perspective. For the
purpose of this survey high temperature heat pumps were considered to
be those having output temperatures greater than 80 °C. They concluded
that high temperature heat pumps are expected to find increased
application in the future to help reduce the emission of greenhouse gases

from industry.
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Hammad and Abo Gharbia (1993) developed a mathematical model to
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simulate a performance of heat pump. The mathematical model was
processed in a microcomputer using “FORTRAN” and results of different

working conditions were obtained.




Pelletier et al. (1996) studied the heat-transfer and pressure drop
characteristics of propane and R-22 during boiling and condensation in
brazed plate heat exchangers and their compressor performances have
been studied. Two plate heat exchangers have been tested, both as
condensers and as evaporators, in a test rig simulating a small domestic
heat pump. The two heat exchangers had the same external geometry and
the same number of plates, but different angles of the V-shaped pattern of
the plates. The overall heat transfer coefficients were calculated from the
mass flow and the enthalpy change of the refrigerant, and from the
LMTD (logarithmic mean temperature difference) between the refrigerant
and the secondary refrigerant/water. The results show| that, at equal
heating and cooling load, the overall heat transfer coefficignts are slightly
higher for propane than for R-22 in the evaporator, but slightly lower in
the condenser. However, the pressure drop is about half with propane in
both condenser and evaporator. It is therefore believed that with a new
design of the heat exchangers, giving equal pressure drop at equal load,
the heat transfer coefficients will be higher for propane than for R-22 in
both condenser and evaporator. Using the same compressor for the two

refrigerants, it was found that the heating capacity was lower and the

COP1 higher with propane than with R-22.
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Saikawa and Hasegawa (1997) developed commercial two-stage

compression-type heat pump with a view to achieving energy efficiency in
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the field of hot-water production. They concluded that the two-stage

compression-type heat pump is superior to the conventional gas-fired system
in saving primary energy and reduction of CO, emission, and also became
evident that it’s economic efficiency is competitive.

Rieberer et al. (1999) discussed CO; as gained renewed interest as
refrigerant. It is a natural substance with no negative environmental
impact and it is also non-flammable and non-toxic. The properties of this
refrigerant are very favorable for heat pump applications when heating is
linked to a certain temperature increase. Thus, it is a good alternative to
the synthetic working fluids in many applications. A very promising
application for CO, heat pumps is tap water heating. System testing with
a prototype has shown that for an Oslo climate a Seasonal Performance
Factor of 4 can be achieved wheti water is hieated from 8 to 60 “C and
ambient air is used as heat source. Further investigations have shown that
CO; heat pumps are very suitable for space heating Potential applications
that have been investigated are heating of sport facilities, low-heating-
energy buildings, and commercial buildings. CO, allows the combination
of space heating and water heating as well.

Gomri (2001) studied the entropic and exergetic analysises based on

conbined first and second laws of thermodynamiocs applied to solar-assisted

heat pump systems are presented. A relation between the total production of

irreversibilities and exergy destruction in heat pump is derived. Thus this
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kilometers of pipes designed in loops that will ensure adequate circulation
of water. This results in a substantial heat exchanger with great potential.
Indirect heat transfer occurs between the refrigerant and ground via the
municipality water reticulation system that acts as the water-to-ground
heat exchanger. The experimental and simulated comparisons of the
ground-source system to the air-source system are conducted in both the
cooling and the heating cycles. Climatology statistics are used to
calculate the capacities and coefficients of performance of the ground-
source and air-source heat pumps. Results obtained from measurements
and simulations indigate that the utilization of mumnicipality water
reticulation systems as a heat source/sink is a viable method of
optimizing energy usage in the air conditioning industry, esp. when used

in the heating mode.

Najjar (2001) reviewed three research investigations, carried out by the
author and associates. They covered engine-assisted heating and cooling
systems both vapor compression and absorption, associated with gas turbine
and internal combustion engines.

Primary energy is utilized 100% more efficiently in engine driven heat
pumps. The superiority of the gas turbine system is quite clear.

Tetsuya and Nobuhiro (2002) arranged an auxiliary heat exchanger

in a heat pump between outlet of an evaporator and inlet of a compressor.
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Chapter Three

EXPERIMANTAL WORK PROCEDURE

3.1 Introduction

A locally manufactured domestic refrigerator when used as a heat
pump was tested in this research. By reversing the compressor connection
in the refrigerator, this changes the refrigerator into an oven. The same
refrigerant (R-12) is used and performance tests were carried out.

This chapter describes the test procedure and points out the heat
pump preparation andiinstrumentation,

3.2 Refrigerator unit.specifications

The refrigerator used in this research is a simple domestic refrigerator
that contains two separate compartments. It dose not include defrosting
device or forced air circulation. The specifications of the refrigerator

denoted by the manufacturer are listed in table 4.1.




15

Table 3.1 Specification of the refrigerator used in this research

Trade mark MISTRAL
R
Gross capacity 320L

Freezer storage capacity 65 L

Refrigerant R-12 charge mass 0.21 kg

Nominal input power 150 watt

Nominal current and voltage

1.2 A and 220 Volts

Evaporator temperature range

-10t0-40 C

Compressor design Reciprocating (hermetically)
Compressor displacement size 8cc

Capillary tube diameter 0.6-mm

Capillary tube length 2.45m

3.3 Measuring Devices

The variables that were measured during the experiments are

temperature, pressure, power consumption, time, and mass of water and

refrigerant.
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3.3.1 Temperature measurement

Copper-constantan . thermocouples were used to measure the
temperatures of the system. They were connected to ten points in the
refrigerator as follows:

1. The outlet of the compressor (beginning of discharge line), T;. Since the
discharge line is insulated the temperature at the inlet of the condenser
is equal to the discharge compressor temperature, T,

2. The condenser in the freezer cabinet, T, , T;, and T4, the average of
these is the condensing temperature, T,

3. The outlet of the condenser, Ts.

4. The middle and the end of the capillary tube, Ts and T

5. The evaporator, Ty and Ty, the average of these is the evaporating
temperature, Tk.

6. The inlet to the compressor, Tio.

7. The ambient temperature, T,.

These points are shown on the schematic diagram, Figure 3.1,
For the load temperature test:
8. Inside the water load, Ty,.

9. Space (air) temperaturé in the freezer compartment, Ty
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3.3.2 Pressure measurement

The pressure was measured using a gage manifold, which is
comprised of compound gage, a pressure gage, and the valve manifold. The
compound gage is used to measure pressure both above and below
atmospheric (vacuum). In practice it is used to determine pressure in the
low side of the refrigeration cycle and was connected to the suction line.
The pressure gage, which is used to determine pressure in the high side of
the system, was connected to the discharge line,

3.3.3 Input power consumption measurement

To measure the actual power consumed by the motor of the
compressor, a Clamp-meter and a Voltmeter were used to measure the

current and voltage, respectively:
3.3.4 Time

For the simulated load experiments, readings were taken for time.
Measuring time intervals is important for calculating the rate of beat added
to the load.

3.3.5 Mass

A digital scale was used to weight the charge of the used refrigerant,

and to weight the load of ice. The digital scale range (0 — 4 kg) and has an

accuracy of one gram was used.
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in the system, and then charged with a specified quantity of the refrigerant
(0.21 kg of R-12).
3.4.2 Experimental work

The following tests were carried out:

A- Condensing temperature variation test

In order to perform this experiment, a simulated load which consists
of a metal container of known specific heat and mass (0.529 kg of
steel) filled with a specified quantity of cold water (3.2 kg of water at 3 'C)
was placed in the freezer compartment. After connecting thermocouples to
the container and the water, it was placed in the freezer compartment — near
the condenser. In order to keep the evaporator temperature constant, a cold
water was sprayed over the evaporator.

During the period of condensing temperature (Te) variation test,
temperatures at all the locations, pressure, and time were recorded. The

state at each point in the heat pump is determined from the measured data

(see figure 3.2 and 3.3).
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B- Evaporating temperature variation test

In order to decrease the values of the evaporator temperatures, a cold
water was sprayed over the evaporator. Also aload of ice and forced air
stream using a small fan was introduced over the condenser to keep its

temperature constant.

During the period of T. variation test, the temperature readings,
pressure and time were recorded.
C- Heating rate test

Finally the heating rate test was carried out to get the time variation

of the load temperatute.

In order to do that a simulated load, which consists of a metal
container (0.529 kg “ofsteet)with-2:640-kg-ofiee-at-0-C was placed in the

frozen food compartment and all temperature and pressure data were

recorded.
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For R-12, temperature and pressure readings are needed to specify the

state at any location in the cycle and calculate the enthalpy using R-12

tables.

In the first step, the following assumptions were made to determine
the enthalpy at each location in the heat pump cycle.

a. At the exit of the condenser the temperature was recorded, and the
refrigerant is assumed to be saturated liquid at this state.

b. At the inlet of the evaporator the enthalpy equals to the enthalpy at the
exit of the condenser. Because of expansion takes place at constant
enthalpy .from satutated liquid to the evaporator pressure.

The enthalpies of suction and discharge locations of the compressor

were determined by the measured data at the locations.

4.2.2 Heating effect
As the refrigerant flows through the condenser it rejects heat to the
surrounding air. The quantity of heat that is rejected in kJ per kg of
refrigerant circulated in this process is known as the heating effect, q.
The net heating effect depends upon the temperature and pressure at

which the refrigerant liquid leaving the condenser and the temperature and

hts Reserved - Library of University of Jordan - Center of Thesis Deposit

pressure of the refrigerant discharged from the compressor. Therefore:
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q=h;—hs 4.1)
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Heating capacity is calculated by measuring the rate of heat rejected
by the condenser to a simulated load (which consists of a metal container
filled with cold water) in the freezer zone, using the following equation:
Q=(My Cpw ATw+M;, Cpeo AT+ Mai Cpar ATAr+M, Cpa AT,)/ At 4.4)

Where, My, M, Mas and M, are the maéses of the water, container,
aluminum freezer and air inside the freezer zone in kg.
Cpw, Cpeo» Cpal and Cp, are the specific heats of the water, container,

aluminum freezer and air in kI/kg C.

ATy, AT, ATa and AT, are the temperature differences in ‘C of water,
container, aluminum freezer and air during the time period At (in seconds).
4.2.5 Mass flow rates of the refrigerant

The mass flow_rate of refrigerant is defined as the mass of the
refrigerant, which must be circulated per second for any operating

condition. Tt is calculated from the following equation:

m =Q/q (4.5)
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4.2.6 Compressor power consumption
The power required by the compressor is the product of refrigerant

mass rate of flow and the increase in the enthalpy during the compression

process. It is given by:
W=m"w (4.6)

Where, W is the compressor power consumption in kW.
4.2.7 Coefficient of performance

The coefficient of performance (COP) of heat pump system is an
expression of the efficiency of the system. It is obtained by dividing the
heating capacity over the compressor power consumption (or the heating
effect over the compression work).

COP = Q / W =qfw==(hr="hg)+{hr=h1) 4.7)
4.3 Sample of calculation

A sample of calculation is presented using one set of readings from
the data tables of Appendix A. The readings needed to perform the sample

of calculation are listed in table 4.1.
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Table 4.1 Sample data readings

: . M
Readings (units) Symbols siif:d
Suction pressure (bar) Pin 1.6
Discharge pressure (bar) Pout 16.5
Outlet temperature from the compressor ( 'C) T 92.3
Average condensing temperature { C) T, 62.3
Condenser temperature at the exit { ‘C) Ts 53.9
Average evaporator temperature ( 'C) Te 8.0
Inlet temperature to the compressor ( 'C) Tho 0.4
The temperature difference of the water load (C) AT 1.5
The temperature difference of the container ( C) AT, 1.8
The temperature difference of aluminum freezer ('C) AT 6.3
The temperature difference of the air in freezer ('C) AT, 47
The time period during the-test.(second) At 45

For the two states at the inlet and outlet of the compressor, the suction

and discharge temperatures.and pressures. are used fo get the enthalpies

from R-12 tables.

The enthalpy of the refrigerant at the condenser inlet was taken to be

equal to that at the outlet of compressor.

At the outlet of the condenser, the refrigerant was assumed as

saturated liquid.

The enthalpy of the refrigerant in the evaporator inlet was taken to be

equal to that at the outlet of condenser (due to the adiabatic throttling

process).

All Rights Reserved - Libr
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After finding from tables the enthalpies of the refrigerant (R-12) at
each state of the heat pump cycle (states 1, 5, 7 and 10). The system
performance parameters were obtained using equations (4.1) through (4.7).

From equation (4.1), the heating effect, q, equal to:
q = hy — hs=233.6 — 89.09 = 144.5 kJ/kg
From equation (4.2) the compression work, w, equal to:
w =h; — hjp =233.6 — 188.8 = 44.8 kJ/kg
To find the heating capacity, Q, equation (4.4) is used as follows:
Q = (My Cpw ATy +M,, Cpeo AT+ My; Cpar ATA+M, Cp, AT,)/ At
=(3.2%4.18*1.5+0,529*0:432*1 8+ 0.8*0.903*6.3+0.0755*1.007*4.7)/45
=564 Watt
It can be noticed that Mg, Cp., AT,/ At represent 1.6%, and M, Cp, AT,/
At represent 1.4% of the heating capacity, and thus can be neglected.
To calculate the refrigerant mass flow rate, m’, equation (4.5) is
used:
m’ = Q/q =564.1277/144.51 = 0.0039 kg/s
From equation (4.6) compression power consumption equal to:

W=m"w=0,00390 * 44.8 = 175 Watt

From equation (4.7) the coefficient of performance equal to:

COP=q/w=144.5/44.8=3.2
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Chapter Five

RESULTS AND DISCUSSION

5.1 Introduction

The discussion of the results of this research is divided into two
main parts. First, variations of the performance parameters of the
domestic refrigerator when used as a heat pump with condensing
temperatures at a constant evaporating temperature.

Second, variations of the performance patameters of the
domestic refrigerator | when used as a heat pump, with evaporating
temperatures at a constant condensing temperature.

The performance parameters studied are the heating effect,
compression work, heating capacity, refrigerant mass flow rate,

compression power consumption, and coefficient of performance.

5.2 Heat pump

Heat pumps are considered part of energy conservation devices,
worldwide. Due to having a coefficient of performance higher than one,
the used energy will be higher than the input energy. This leads to
reduction in energy demand and consequently energy generation.
The heat pump is more efficient in converting electrical energy to heat

energy than the resistance heater. In resistance heating the performance
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factor is one since the power derived from heating is the same as the

electrical power provided to the heater.

5.3 Performance variation with the condensing temperature

Variation of the performance parameters with the condensing
temperature T, are presented for two values of evaporating temperature 8
and 15 'C, and ambient temperature T, of 30.7 ‘C.

The performance parameters studied are the heating effect,
compression work, heating capacity, refrigerant mass flow rate,
compression power consumption, and coefficient of performance.

All T, variation test data and results are presented in Appendix A
and the results of this tgsting are'presented graphicallylin figures 5.1 to

5.6.

5.3.1 Heating effect

Figure 5.1 shows the heating effect, which is the heat rejected from
the heat pump, versus T, For two values of constant evaporating
temperature, the heating effect increases with increasing the condensing
temperature, because increasing T. causes increase in the enthalpy
difference of the refrigerant across the condenser. This will cause an
increase in the heat rejected in the condenser, and thus increasing the

heating effect of the heat pump.
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35.3.3 Heating capacity ;

The heating capacity was calculated by measuring the rate of heat
rejected in the “freezer compartment”,

Variation of the heating capacity with the condensing temperatures
is presented in figure 5.3. It is noticed that for constant evaporating
temperature, the heating capacity decreases with increasing the
condensing temperature,

The heating capacity equal to the refrigerant mass flow rate
multiplied by the enthalpy difference across the condenser. Increasing T,
will cause enthalpy difference across the condenser to increase, but the
mass flow rate will decrease and have more effect on the heating capacity
value, so the heating| capacity will decrease with increasing condensing
temperature,

Also figure 5.3 shows that the heating capacity at Te= 8'C decreases
than that at Te=15C by 6.456 Watt per 1 'C of T.. The heating capacity
decreases with decreasing T., due to the higher rate of decreasing in the

mass flow rate than the increase in the heating effect, at a given value of

condensing temperature.
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of the work compression with increasing T, thus the compression power
consumption decreases, with increasing T,.

Figure 5.5 also shows that the compression power at Te= 8'C and
Te= 15 'C, depend on which have the higher effect on the power value,
the work which decrease with increasing T,, or the mass flow rate which
increase with increasing T.

3.3.6 Coefficient of performance

Variations of the coefficient of performance with the condensing
temperature are presented in figure 5.6.

As the condensing temperature increases, at a constant evaporating
temperature, the coefficient of performance (COP) will decrease, since
the enthalpy difference across the compressor will increase at a higher
rate than the enthalpy difference increase across the condenser.

The figure also shows that at T, = 8°C, COP slightly lower than that
at T. = 15C, COP decreases by 0.048 per 1°'C of T, decreasing. That is
due to, at a lower value of T., the enthalpy difference across the

compressor will increase and have more effect than that increase across

the condenser.

NOCH
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because the increasing in the enthalpy of the refrigerant at the outlet of
the condenser hs at T=75'C, this decrease the enthalpy difference across
the condenser, although the increase of the enthalpy at the inlet of the
condenser. Thus decreases the heating effect, with increasing the

condensing temperature.

5.4.2 Compression work

The compression work is plotted against T, for two values of T, as
shown in figure 5.8. As the evaporating temperature increase, at constant
condensing temperature, the work will decrease due to that the pressure
and temperature (and thus the.compressor suction lenthalpy of the
refrigerant) will increase while keeping the discharge enthalpy constant.
Therefore, this will | cause the compression work to|decrease as T,
increase, since the compression work equal to the enthalpy difference
across the compressor.

The figure also shows that at T, = 75°C, the compression work
increases than that at T, = 60 °‘C, by 0.598 kJ/kg per 1°C of Tc, for the
same T.. The compression work increases due to the increase in the
enthalpy difference across the compressor by increasing the enthalpy at

the outlet of the compressor with increasing the condensing temperature.
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5.4.4 Refrigerant mass flow rates

Increasing the evaporating temperature, at a constant condensing
temperature, will increase the refrigerant mass flow rate. The refrigerant
mass flow rate is inversely proportional to the specific volume, as T,
increase, the pressure and temperature of the compressor suction are
increased, thus decrease the specific volume of the refrigerant, which
causes the mass flow rate to increase with increasing the evaporating
temperature for constant T.

The refrigerant mass flow rate at T,= 75 ‘C decreases than at T, = 60
‘C, by 0.00006 kg/s per 1'C of T, The refrigerant lmass flow rate
decreases due to the | increasing in the specific volume of the refrigerant

with increasing T for the same T, see paragraph 5.3 4.

5.4.5 Compression power consumption

Compressor power variation with evaporating temperature is shown
in figure 5.10.

According to equation (4.6) the compressor power equal to the work
of compression multiplied by the refrigerant mass flow rate. Since the
work of compression decreases at a rate higher than the increase rate of
the mass flow rate with increasing T., so that the power consumption

decreases.

)OS
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5.5 Load temperature test

All data and results of the load temperature test are presented in
Appendix C,

Variation of the load temperature with time when placing a load in
the “frozen food compartment which include the condenser” is presented
in figure 5.12. In order to perform this a simulated load, which consists of
a metal container of known specific heat and mass (0.529 kg of steel)
with 2,640 kg of ice at 0 'C. The load was placed in the frozen food
compartment. Figure 5.13, shows the heating curve that indicates that 65
minutes is need to conyert all the ice to liquid  — latent heat fusion for ice
233 kJ/kg -.

Figure 5.13 shows the condensing temperatures_response to load
during the operation period. After placing the load, Tc increasing with
time,

The relation between the ambient temperature air inside the frozen
food compartment, Ty and the time is shown in figure 5.14. 55 7140

Figure 5.15 shows the coefficient of performance for the heat pump
and the refrigerator, it is clearly that the coefficient of performance of the
heat pump equal to the coefficient of performance of the refrigerator plus

one.
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Figure 5.4 Refrigerant mass flow rate versus T,
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Chapter Six

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This research covers an experimental study of the performance of a
locally manufactured domestic refrigerator when used as a heat pump, by
reversing the compressor connections.

The performance of the heat pump was tested and the following
conclusions were deduced:

1. From the experimental results of the performance tests, it was concluded
that heat pump is |suitable for food heating and keeping it hot. The

maximum air temperature attained inside the freezer cabinet is 54.6 C.
This occurred when the condensing temperature was 77.5 'C and the

evaporating temperature was 19.4 C.

2. The thermodynamical performance of the heat pump is competent with

conventional ovens. Results showed that the coefficient of performance
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3. Due to the obtained high values of the coefficient of performance for the
used heat pump, the heat pump is more efficient in converting electrical
energy to heating energy than the resistance heater. In resistance heating
the performance factor is one since the power derived from heating is the
same as the electrical power ﬁrovided to the heater.

4. There is energy saving in energy demand and consequently energy
generation when the heat pump is used. In addition, the reduction in CO,
emission is one of the advantages of this technique.

5. No leakage, noise or side effects were detected during the period of

operating as a heat pump.
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6.2 Recommendations

1. More work has to be done on calculating the long term performance of
the heat pump for a wide range of working and environmental
conditions.

2. Performance study has to be made for the heat pump using other
refrigerants owing environmentally friendly nature as a replacement to
R-12.

3. More experimental studies are recommended to use the domestic
refrigerator for cooling and heating at the same time.

4. Some modifications in the doiestic refrigerator when used as a heat
pump have to be studied, like changing the capillary tube length and its
Idiamet,er, to enhance..the. .COP.__and. fo.reduce the evaporating
temperature. Also a suitable thermostat is recommended to be designed
for the heat pump system to efficiently control the compartment

temperature,

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit
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Data and Result (T, variation Test)

Table A.2 T,=30.7 'C, Te= 15 'C, Current = 1 Amp, voltage = 220 Volt

# Data:
Pio |Poue | To | Te | Ts | Te | Tio | hy | hs | hy | hy
bar bar C ‘C ‘© ‘C ‘C | kikg | kIkg | kikg | kikg
2 13 693 | 582 | 515 | 14.2 39 | 2194 | 8652 | 8652 | 1902
2 145 | 816 | 596 | 534 | 143 42 | 2274 | 8855 | 8855 | 190.4
2.1 16.5 91.7 60.4 S4.4 14,7 4.3 233.1 89.63 89.63 190.3
2.1 175 | 938 | 64.6 | S48 | 14.8 45 | 2336 | 90.06 | 90.06 | 1904
2.2 185 | 973 | 670 | 560 | 14.9 44 | 2353 | 91.36 | 9136 | 1%0.1
2.3 19.5 101.7 71.6 S1.7 15.3 4.3 237.8 93.21 93.21 189.9
2.3 205 | 1067 | 73.0TwEETUTSS A0 9552 | 95.52 | 189.9
2.3 205 | 1083 | 747 | 607 | 156 47 | 2422 | 9652 | 96.52 | 190.1
2.3 205 | 1097 | 761 | 613 | 158 51 | 2434 | 9719 | 97.19 | 190.4
2.4 21 113 | 774 | 616 | 159 52 [ 2442 | 9752 | 97.52 | 190.3
# Results:
Heating effect W Q Mass flow rate Cm;g‘:ees:ion cop
klfkg kJ/ kg Watt keg/s Watt
132.88 29.2 801,27 0.00603 176.08 4.5507
138.85 371 656,76 000473 175.48 3.7527
143.47 42.8 586.79 0.00409 175.08 3.3521
143.54 432 579,90 0,00404 174,53 3.3227
143.94 45,2 554,17 0.00385 174.02 3.1845
144,59 47.9 523.42 0.00362 173.40 3.0186
145.38 51.0 492.84 0.00339 172.89 2.8506
145.68 52.1 482,20 0.00331 172,45 2.7962
146.21 53.0 475.18 0.00325 172.25 2,7588
146.68 53.9 466.44 0.00318 171.40 2.7213
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Data and Result (T, variation Test)

Table B.1 T.=29.6 C, Te= 60 C, Current = 1.1 Amp, voltage = 220 Volt

# Data:
Pin Pout Tl Tc TS Te TIO h1 l’ls h'; hw
bar bar C 'C C C ‘C | wikg | KIkg | kikg | Kike
1.8 1.5 | 805 | 59.6 51 31 0.2 | 2303 | 8599 | 8599 | 188.3
1.8 12 80,7 59.8 51.3 4.3 1.3 229.% 86.31 86.31 189.40
1.9 125 | 808 | 599 | s17 5.8 28 | 2293 | 8674 | 8674 | 189.7
2.1 13 811 | 60.0 | 52.2 6.3 3.6 | 2289 | 8727 | 87.27 | 1808
2.1 13.5 81.3 60.2 52.8 T2 4.2 2284 §7.91 87.91 190.2
2.2 14 815 | 603 | 534 8.1 53 | 2279 | 8855 | 8855 | 100.7
2.2 145 | 817 | 605 | 537 9.7 7.8 | 2274 | $8.87 | 88.87 [ 192.4
2.3 15 8.9 | 60.5 | 539 | 113 87 | 2269 | 89.09 | 89.09 | 192.7
2.3 15.5 82,2 60.6 54.2 13.1 10.1 226.5 59.41 89.41 193.7
2.4 16 823 | 607 | 543 | 142 | 117 | 2259 | 8952 | 8052 | 1945
# Results:
Heating effect w Q Mass flow rate Compression
kJ/kg K/ kg Watt kefs Rower cor
144.31 42.0 604.66 0.00419 175.98 3.4360
143,59 40.9 610,26 0.00425 173.83 3.5108
142.56 39.6 617.29 0.00433 171.47 3.6000
141.63 39.1 617.51 0.00436 170.48 3.6223
140.49 38.2 618.16 0.00440 168.08 3.6778
139,35 37.2 618.71 0.00444 165.17 3.7460
138.53 34.7 649.71 0.00469 162.74 3.9580
137.81 34.2 651.84 0.00473 161.77 4.0295
137.09 32.8 662.15 0.00483 158.42 4.1796
136.38 31.4 679.17 0.00498 156.37 4.3433
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Data and Result (T, variation Test)

Table B.2 T,=29.6 C, Te=75 C, Current = 1.1 Amp, voltage = 220 Volt

# Data:
Pin Pout Tl Tc TS Te Tl[} _ h1 hs h7 hm
bar bar C C C C ‘C kikg | kikg | kikg | kg
1.9 16 99.4 4.6 65.0 3.2 0.8 240 1014 101.4 188.4
2,0 17 99.6 4.7 65.3 3.9 1.2 239 101.7 101.7 188.5
2.1 17 100.2 74.9 65.4 5.1 4,2 239.5 101.8 101.8 190.2
2.1 18 100.3 75.0 65.7 6.3 5.3 2384 102.2 102.2 190.9
2.2 18 100.5 75.0 63.9 7.8 6.5 238.6 1024 102.4 191.5
2.3 19 100.7 731 66.1 8.9 1.6 237.5 102.6 102.6 192
23 20 101.1 75.2 66.4 i0.1 9.7 236.6 103 103 1934
2.3 20 101.4 75,3 66.7 11:8 10.8 236.9 103.3 103.3 194.1
2.3 21 101.8 75.3 67.1 12.5 11.% 236 103.8 103.8 194.8
2.4 21 101.9 75.4 67.3 13.7 12.3 236 104 104 194.9
# Results:
Heating effect W Q Mass flow rate Cor;g:;t;s:ion CoP
kJ/kg LI/ kg Watt kg/s Watt
138.6 36 469.85 0.00339 174.92 2.6861
137.3 50.5 472,31 0.00344 173.72 2,7188
1377 49.3 479.20 0.00348 171.56 2.7931
136.2 47.5 489,00 0.00359 170.53 2.8674
136.2 471 490.32 0.06360 169.56 2,8917
134.9 45.3 496.43 1.00368 167.44 2.9648
133.6 43,2 303.67 0.00377 162.86 3.0926
133.6 42.8 506,34 0.00379 162.21 3.1215
132.2 41.2 507.65 0.00384 158.21 3.2087
132.0 41.1 508.2 0.003835 158,24 3.2117
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APPINDIX C

Data of Load Temperature Test

Table C T,=29.6 C, Current = 1.1 Amp, voltage =220 VoIt

Time | Ty, | Ty Pi | Poue | Th T. Ts Te | Tyo

min. ‘C ‘C | bar | bar 'c ‘C ‘c ‘C C
0 0 227 | 15 11 ] 625 | 382 | 368 | 22 | 4.9

5 0 248 | 1.5 13 | 691 | 472 | 435 | 2.5 | -5.1
10 0 304 | 17 | 145 | 793 | 581 | s541 | 6.3 0.2
13 0 323 | 1.8 | 145 | 804 | 585 | 568 | 7.7 | 6.6
15 0 34 | 17 15 | 825 | 593 | 584 | s 5.9
20 0 362 | 17 15 | 8.5 | 507 | 585 | 86 1.2
22 0 370 (20 | 165 | 915 | 604 | s04 ! 152 | 75
25 0 381 {§ 1.8 | 165 . 887 | 60.6 |-599 [| 109 | 1.2
30 0 390 (F20 | 165 [ o1 | 607 | 59 W17 | 14
35 0 40.9 [l 21 | 175 | 938 | 648 | 61.6 | 131 | 2.8
38 0 a21 {f 22175 {97 | 660 | 621 135 | 1.8
40 0 426 | ZTUTISS OS99 | 68 | 133 | 3.4
45 0 433 | 211 | 185 | 963 | 703 | 685 | 147 | 34
50 0 439 | 22 | 195 | 979 | 712 | 698 | 155 | 41
55 0 445 | 23 20 [ 986 | 721 | 73 | 157 | 43
60 0 459 | 23 | 205 | 999 | 725 | 714 | 160 | 43
65 0 469 | 2.3 21 | 1003 | 727 | 7.7 | 164 | 4.6
70 1 477 | 23 21 (1007 | 728 | 719 | 162 | 4.7
80 13 | 482 | 23 | 215 | 1028 | 7131 | 723 | 167 5
85 1.6 | 487 | 24 22 1035 | 733 | 728 | 171 | 54
90 2 49.7 | 24 22 | 1046 | 740 | 730 | 174 | 58
95 25 | 502 | 24 22 | 1053 | 43 | 732 | 176 | 6.1
100 | 35 | s09 | 24 22 | 1059 | 145 | a1 | 178 | 57
105 | 45 | 514 | 24 22 | 1064 | 748 | 745 | 174 | 62
me | 55 | 5.9 | 24 22 | 1071 | 749 | 736 | 179 | 63
115 6 522 | 24 22 | 1078 ) 7152 | 739 | 183 | 6.4 1
120 | 65 | 526 | 24 | 225 [ 1086 | 757 | 741 | 187 | 73 |
125 7 532 | 24 | 228 | 12093 1 770 | 76 | 187 | 74
130 [ 75 | s41 | 25 | 280 | 102 770 | 767 | 192 | 75
135 8 546 | 25 | 230 | 117 | 775 | 769 | 194 8




Table C T,=29.6 C, Current = 1.1 Amp, voltage = 220 Volt

Results of Load Temperature Test

hts Resaerved - Library of University of Jordan - Center of Thesis Deposit

h, hs Heating h, hyo Work of
effect compression cop
kJfkg kJ/kg ki/kg kJ/kg kdfkg klikg

217 71.38 145.65 71.33 185.7 31.3 4,.6534
219.2 78.16 141.04 78.16 185.6 33.6 4,1976
225.5 89.3 136.2 89.3 188.5 37 3.6811
2264 92,23 134,17 92.23 192.4 34 3.9462
227.4 93.98 133.42 93.98 192.1 353 3.7796
230.7 95.19 13551 95.19 189.1 41.6 3.2575
232.9 95,08 137.82 95.08 192.6 40.3 3.4199
230.6 95.63 134,97 95.63 188.9 41,7 3.2367
232.5 94,64 137.86 94.64 188.6 43.9 3.1403
233.6 97.52 186.08 97.52 189.3 44.3 3.0718
234.3 98.08 136.22 98.08 188.5 45.8 29742
234.1 104.8 129.3 104.8 189.7 d44.4 29121
234.4 1054 129 105.4 189.7 44,7 2.8859
234,5 106.9 127.6 106.9 190 44.5 2.8674
234.4 108.7 125.7 108.7 189.9 44.5 2,8247
234.9 108.8 126.1 108.8 189.9 44.7 2.8211
234.6 109,2 125.4 109,2 190.1 44.5 2,81806
235.9 1094 126.5 109.4 190.1 45,8 2,7620
. 236.2 109.9 126.3 109.9 190.3 48.9 2.7516
236.2 110,5 125,7 110.5 190.2 46 2.7326
237.2 110.8 126.4 110.8 190.7 46.5 2,7183
237.8 111 124.8 111 190.8 47 2.6979
2383 110.8 127.5 110.8 190.6 477 2.6730
238.8 112.5 126.3 112,5 150,9 47,9 2.6367
2394 1115 127.9 111.5 191 48.4 2.6426
240 111.8 128.2 111.8 191 49 2.6163
240.1 112.1 128 112.1 191.6 48,5 2.6392
240.3 114.4 1259 1144 1917 48.6 2.5905
240.9 115.2 125.7 115.2 191.6 49.3 2,5497
242.2 115.5 126.7 115.5 1919 50,3 25189

All Ri
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