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Abstract - The present work is a trial to control more
than one evaporator in a refrigeration system, which uses
CuO/R134a Nano-Fluid as a refrigerant. To achieve this
aim, two tasks were accomplished; the first is to investigate
experimentally the variation of the 'evaporator ' heat
transfer coefficient with the heat flux, Nano-Fluid mass flux,
and Nano-Particles s mass concentration, z. This was
implemented using a traditional vapor compression
refrigeration system. For all studied cases, the heat transfer
coefficient increased with the heat and mass fluxes and, for
the same value of heat or mass fluxes the heat transfer
coefficient increased with the Nano-Particles concentration
up to 0.5 %, and beyond this value, it started to decrease
again. The maximum enhancement in the heat transfer
coefficient was about 110% and occurred when increasing
the heat flux by about 100.9% of its lowest value. Two
correlations were suggested to fit the data of the heat
transfer, the Nano-Particles s concentration and the heat
and mass fluxes. The second task is to modify the
refrigeration system with an auxiliary evaporator and to
use the experimental results from the first task to control
the heat and mass fluxes, in order to control the heat
transfer coefficient and accordingly, to achieve a
predetermined variation of the cooling behavior. This trial
could be taken as a step towards a future work, where, it is
possible to control many evaporators using one compressor.
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1. INTRODUCTION

1.1 Survey of Previous Works

Because of the widespread of the refrigeration and HVAC
systems, that became an essential part of human life, many
researchers have been investigating different techniques
to enhance the heat transfer in the system components,
especially in the evaporator. One of these techniques is the
use of a Nano-Fluid that has the high thermal conductivity
of the solids and the convective characteristics of the
liquids. Different models were suggested to interpret the
mechanism of heat enhancement when using a Nano-
Fluid, but, none of them is approved. Mahesh Suresh Patil
[1] et al reviewed many Nano-Fluid thermal behavior and
concluded that, the highest rise in the COP of 15% in an
Al203/R134a system occurred at higher temperatures
because of the enhanced thermal conductivity, and a
reduction of 11% in compressor work was observed when
the TiO2 Nano-Particles s were suspended in mineral oil

and used with a base refrigerant. Rupesh, et al, [2],
performed experiments to analyze thermodynamically the
minimum temperature difference (AT) of a cascade
condenser of cascade refrigeration system using R134a-
R23 in order to get maximum COP of the system, by
considering different operating parameters. The operating
parameters include: (1) the condensing and evaporating
temperature of R13443, (2) the condensing and evaporating
temperature of R23. This analysis was also done on a
cascade refrigeration system using R134a-R23 as
refrigerant pairs. Both the experimental and the
theoretical results were in good agreement with each
other. T.M. Yusof, et al, [3], performed an experimental
investigation of the performance of a domestic
refrigerator working with POE-A1203 / R134a Nano-Fluid,
with 0.2% volume concentration. The energy consumption
in the domestic system was reduced by 2.1% at charging
pressure of 42 psi. K. S. M.Naas, [4], investigated the heat
transfer augmentation in a domestic refrigeration system
for two Nano-Particles s; CuO and TiO2 with a volume
concentration ranged from 0.05 to 1 %. He concluded that
the evaporator heat transfer coefficient increases with the
increase of both mass and heat fluxes, and that increase
reached a value of 50% of the pure fluid case with CuO
Nano-Particles s, and the heat transfer of a CuO/R134a is
higher than that of TiO2/ R134a. Coumaressin, et al, [5],
designed a successful model to simulate the heat transfer
behavior of the refrigeration system, which uses CuO
Nano-Particles with R134a refrigerant. The obtained
results indicated an increase in the evaporating heat
transfer coefficient with the usage of nano CuO. Fadhilah,
et al, [6], investigated, the effect of the suspended copper
oxide (CuO) Nano-Particles s into the 1, 1, 1, 2-
tetrafluoroethane, R-134a by wusing mathematical
modeling. The investigation includes the thermal
conductivity, dynamic viscosity, and heat transfer rate of
the Nano-Refrigerant in the tube of the evaporator. His
results showed that, adding 1% vol. The fraction of nano-
particles into the refrigerant has increased the thermal
conductivity by about 312%. Sendil kumar, et al, [7],
investigated ZnO Nano-Refrigerant in R152a refrigeration
system and concluded that; maximum COP of 3.56 was
obtained with 0.5% concentration of ZnO, and 21% of
power reduction was obtained. Ahmad Reza Sajadi, et al,
[8] investigated the heat transfer and pressure drop
behavior of ZnO/water Nano-Fluid flow inside a circular
tube with constant wall temperature, volume fractions of
1% and 2%, and the Reynolds numbers ranged from 5000
to 30000. Their results indicated that heat transfer
coefficient increased by 11% and 18% when increasing
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the volume fraction of Nano-Particles s to 1% and 2% vol,
respectively, and the pressure drop was 45% and145%,
respectively, higher than that of the base fluid. Mahbubul,
et al, [9], investigated experimentally the heat transfer and
pressure drop characteristics of Al,03-R141b Nano-
Refrigerants for different volume concentrations in vapor
compression refrigeration system. Both heat transfer and
pressure drop characteristics increased with the
enhancement of Nano-Particles volume concentrations.
Javadi, et al, [10], investigated the pattern of electricity
generation for 39 years since 1991-2030 and the energy
saving of a domestic refrigerator in Malaysia, and
concluded that; the use of 0.1% TiO2-mineral oil-R134a
Nano-Refrigerant has caused a maximum energy saving of
(25%), and the effect of 0.06% TiO2 is more than that of
0.1% AI203. Subramani. N, et al, [11], performed
experimental and theoretical studies to evaluate the
performance parameters of a vapor compression system
with pure SUNISO 3GS oil and with different Nano-
Lubricants. Freezing capacity was higher for TiO2 Nano-
Lubricant compared with other studied cases, and the
power consumption of the compressor is reduced by
15.4%. Muhammad Abbas, et al, [12], added CNT Nano-
Particles s into POE lubricant and mixed them with R-
134a. They obtained COP value of 3.757 at 0.1% of CNT.
Kumar, et al, [13], experimentally studied the performance
parameters of a vapor compression refrigeration system
with different Nano-Lubricants. Freezing capacity
increased with the R600a refrigerant and with mineral oil
+ alumina Nano-Particles s oil mixture compared with the
system which uses POE 0il.The power consumption of the
compressor decreased by 11.5% when the Nano-Lubricant
is used instead of conventional POE oil. Venkataramana, et
al, [14], used a Mineral oil (MO) with 0.1 g L-1 TiO2 Nano-
Particles s mixture, as the lubricant instead of Polyol-ester
(POE) oil in the R134a, R436A (R290/r600a-56/44-wt.%)
and R436B (R290/r600a-52/48-wt.%),VCRSS. They found
out that, VCRSS total irreversibility at different processes
was better than the R134a, R436A and R436B and POE oil
system. The same tests with Al,03 Nano-Particles s
showed that the different Nano-Particles s properties have
little effect on the VCRS irreversibility. Kumar and
Elansezhian, [15], performed an  experimental
investigation on the Nano Al203-PAG oil in R134a in a
vapor compression refrigeration system. The results
indicated that, when wusing lubricant with 0.2%V
concentration of nano Al203, energy reduction of about
10.32% than that when using a pure lubricant. The
Maximum COP of 3.5 is achieved for a capillary length of
10.5 m. Shengshan Bian, [16] et al, experimentally
investigated the Nano-Refrigerant TiO2-R600a in a
domestic refrigerator using energy consumption test and
freeze capacity test. Their results indicated that, the
refrigerator performance was better than the pure R600a
system, with 9.6% less energy when the concentration is
0.5 g Lt TiO2-R600a Nano-Refrigerant. Subramani and
Prakash, [17], performed experimental studies to evaluate
the performance parameters of a vapour compression
refrigeration system with different lubricants including

Nano-Lubricants. They concluded that, using R134a
refrigerant and alumina Nano-Particles oil mixture,
freezing capacity of the refrigeration system is increased
compared to that when using POE oil. The power
consumption of the compressor reduces by 25% when the
Nano-Lubricant is used instead of conventional POE oil,
and The coefficient of performance of the refrigeration
system also increases by 33%. Peng et al, [18],
investigated the influence of nanoparticles on the heat
transfer characteristics of refrigerant-based nanofluid
flow boiling inside a horizontal smooth tube, and
presented a correlation for predicting heat transfer
performance of refrigerant-based nanofluid. They used
R113 refrigerant and CuO nanoparticles, and their
experimental conditions included an evaporation pressure
of 78.25 kPa, mass fluxes from 100 to 200 kg m2 s1, heat
fluxes from 3.08 to 6.16 kW m2, inlet vapor qualities from
0.2 to 0.7, and mass fractions of nanoparticles from 0 to
0.5 wt%. they concluded that the heat transfer coefficient
of refrigerant-based nanofluid is larger than that of pure
refrigerant, and the maximum enhancement of heat
transfer coefficient is 29.7%. Sundar and Singh, [19],
reviewed the enhancement techniques of the heat transfer
researches. They summarized the correlations developed
for heat transfer coefficient and friction factor, and
developed the correlations for the estimation of Nusselt
number for different kinds of nano-fluids flowing in a plain
tube under laminar and turbulent conditions.

1.2 Objectives of the Present Work

In the present work, it is intended to accomplish "two
tasks"; the first, is to design and implement a refrigeration
unit, Whose refrigerant is a Nano-Fluid, (CuO/R143a ),
with average Nano-Particles s size of about 40 nm, in
order to investigate experimentally the variation of heat
transfer coefficient of the evaporator with the heat and
mass fluxes and the Nano-Particles concentration, (z). The
second is to modify the system with an auxiliary
evaporator and to supply the experimental data to a
prepared control unit which can vary the heat and mass
fluxes in order to achieve a predetermined heat transfer
behavior. Table 1 illustrates the different studied cases.

Table 1 Cuo Mass Concentration, Mass Flux, and Heat Flux
for the Investigated Cases

concentration Mass flux, G,
Heat flux, g, (kW m2)
of CuO % (kg.m2s1)
0.05 33.63 125.5
0.05 44.73 166.8
0.05 56.4533 209.3
0.05 67.8 251.6
0.5 34 126
0.5 45.14 167.4
0.5 57.14 210.1
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0.5 68.49 252.4 The inner tube, where the refrigerant flows, has an outer
diameter of 9.52 mm,( 3/8 inch), and an inner diameter of

1 338 1263 7.72 mm, (2.47/8 inch). The outer tube, where the water
1 44.6 168 flows, has an outer diameter of 19.05 mm, and the inner
1 56.85 210.6 diameter of 17.25 mm. The outer tube is divided into 10
segments, each segment has an independent inlet and exit

1 68 253 terminals as shown in figure 2. This structure promotes

for the turbulent mixing activities of the flowing water and
accordingly, enhances the evaporation of the flowing
refrigerant.

2. EXPERIMENTAL WORK

The first task of the present work is accomplished using a
primary test rig, figure 1, and following are the details of
its components;

calibrated tube (6) water to condenser

Water
tank

Throttle
Vakve 3) %I

2.1 The Primary Test Rig 1

=l |

3438

The primary test rig consists mainly of two loops; one is e 3 o 2% comartamns
for refrigerant and the other is for water. In the first loop, [(_ﬂ..mgem .“\:':;‘J.’:,“.!

the refrigerant evaporates in the evaporator (4) and i
enters the compressor (1), where it is compressed to the i @
condenser pressure, and is condensed by the water-cooled — condemser
condenser (2). The liquid refrigerant flows through the

adjustable throttle valve (3), Dofun-TVD-A, that is adjusted
to maintain the evaporator and condenser pressures
according to the compressor inlet and outlet pressures.

=== Refrigerator

P pressure sensor
T temperature sensor

FIGURE 1 THE PRIMARY TEST RIG

Water satier Water e

The refrigerant is throttled to the evaporator pressure. A e e o R = N - - - - N - W

flow meter (5) is placed after the condenser to measure
the refrigerant flow rate. In the second loop, the water is
circulated from the pump, (7) at a fixed rate of 0.74 kg/s to
the evaporator, where, it flows around the refrigerant tube
in opposite direction to that of the refrigerant. This
relatively warm water represents the thermal load which
will evaporate the refrigerant. The cooled water leaves the
evaporator to the condenser to condense the refrigerant,
then, it is delivered to the drain. The arrangement of the
test rig is similar to that, which is mentioned in [5], and it
will be described in the following paragraphs;

2.1.1the Compressor, (1)

The compressor is of type TECUMSEH sealed hermetic
reciprocating type of one HP, 220 volts, and 50 Hz.

2.1.2 The Condenser, (2)

The condenser is a heat exchanger, which consists of two
concentric copper tubes, and has a length of 1700 mm. The
inner tube, where the refrigerant flows, has an outer
diameter of 9.52 mm,( 3/8 inch), and the inner diameter of
7.72 mm, (2.47/8 inch). The outer tube, where the water
flows, has an outer diameter of 19.05 mm,( 3/4 inch), and
the inner diameter of 17 mm, (0.68 inches).

2.1.3 The Main Evaporator, (4)

The main evaporator is a heat exchanger which consists of
two concentric copper tubes and has a length of 1260 mm.

— refrigerant —_
T T

i 126 |

1260

FIGURE 2 THE MAIN EVAPORATOR
2.1.4 The Pump

The water pump is QB Series Peripheral 0.25 hp water
pump, which is interfaced to the controller which controls
the water discharge.

2.1.5 Measuring and Control Devices

The following devices are connected to PIC32MX3/4
microcontroller; the calibrated thermocouples of type (T),
which are distributed as follows; thirty-three
thermocouples, T1 to T33, are distributed on eleven
positions on the surface, another two pairs of
thermocouples, T34 to T37, are placed in the refrigerant
flow passage, before and after the evaporator.

To measure the change in water temperature, two
thermocouples, T38 and T39, are placed in the water
passage before and after the evaporator. These
thermocouples are connected to the controller by three
TCA9546-i2C Mux and six i2c-MCP9600 thermocouple
chips. Four pressure sensors are distributed as follows;
two of them are placed before and after the evaporator,
and each of them has a maximum reading of 10 bars, and
the other two sensors are placed before and after the
condenser, each of them has a maximum reading
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of 32 bars. Two control valves that are controlled by
stepper motors with their drivers. Each valve is first
calibrated to determine the relation between the motor
turns and the corresponding flow rate. Then, they are
installed in the passages of the water and refrigerant
before the evaporator. The refrigerant flow rate is
measured using an Omega F1-2100A flow meter, (5),
which measures values from 0.2 to 1.9 liter min-!, with
accuracy 0.05 liter.min. The high and low cycle pressures
are adjusted using an adjustable throttle valve (3), Dofun-
TVD-A. The water flow rate is measured using a DZ-4002
flow meter, which measures values from 1.8 to 18 liter
min-l. The masses are weighed by an electronic balance
RUIM D-8001 with Readability 0.01 gm. The signals from
thermocouples, pressure sensors, and the flow rate
sensors are fed from the microcontroller to a PC, which
calculates the corresponding heat flux, mass flux and heat
transfer coefficient, equations 8, 10 and 11.

2.2 The Experimental Procedure
Before beginning, the following procedure is followed;

e operating the pump at max power for 10 minutes to
check the water passages

e The fabricated experimental setup is filled with N2 gas
at a pressure of 7 bar and this pressure is maintained
for 45 minutes for the purpose of leakages check, (5).

e reviewing the connections between the control
components and measuring devices

¢ The cycle is evacuated using a vacuum sealed vessel.

In every experiment, the following steps were followed;

1) weighing the calculated mass of Nano-Particles s,
using digital electronic balance, and adding them
carefully to the corresponding weight of Emcarate RL
32 POE oil, according to table 2.

2) The mixture is placed on the ultrasonic vibrator for 3
hours to ensure uniform dispersion of Nano-Particles
s, [5]-

3) The mixture is further kept vibrating for an additional
half an hour, on an ultrasonic homogenizer to fully
separate the Nano-Particles and to prevent any
clustering of particles in the mixture, and to obtain
proper homogenization, and then added to the cycle.

4) Operating the compressor and after 10 minutes, the
controller starts to feed the computer with the signals
of temperature before and after the evaporator for the
water and refrigerant, and the signals from the flow
meters of both liquids. The program calculates the
corresponding average surface and refrigerant
temperatures, equation (1-3). It then uses equations
(4-8) and 11, beside formulas that fit the relations
between the thermodynamic properties of both the
particles and the base fluid, in order to calculate the
different Nano-Fluid properties and an initial value for
the water flow rate.

5) The controller adjusts the water valve opening
according to this value. Keeping receiving newer
signals from these sensors, the program recalculates
newer water flow rates, and according to a PID
technique, the water rate keeps modifying until the
difference between the newer and older values is
within 2%.

6) After achieving the steady state, the program uses the
input data to calculate the corresponding heat transfer
coefficient.

Table 2 Preparing the Nano-Lubricant

Nano-Particles Z=005% |Z=0.5% | Z=1%
concentration, z
Lubricant, (gram) 3 30 60
R134a, (gram) 596.7 567 534
Nano, (gram) 0.3 3 6
According to [4];
33
> T
Ts av s (1)
' 33
Tsi = (Ttop Tside Tbottom ) i (2]
Tnf ,av = ( Tin +T0ut ) nf / 2 (3)
VA
100 ¢ £
pnp(l_z)+zpf (4)
Lt = ¢pnp +(1_¢)pf
(5)
Cpnf -
pnf (6)
_ 1— 2.5
Mo =4 (1=9) (7)
m=(V p)y (8)
Re= — 4 Mot 9)
10°zd;L x4

*

The program estimates an initial water flow rate, My from

*

an intended heat flux (|, according to;

aAs ZT;'\W CW(TiW _Tow )
(10)
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[mCp(T,-T),

= (11
”di L(Ts,av _Tnf Lav )
The cycle coefficient of performance;
P_ Cp(To _Ti )] nf e (12)

Cp(T,-T)]

nf c

The worst relative errors that may occur when measuring
the above quantities are illustrated in Appendix A. To
validate the experimental results, the data were compared
to the previous work of both Naas, [4] and Peng et al, [18].
The comparison is performed for the variation of heat
transfer coefficient with both the heat and mass fluxes,
with Nano-Particles concentration of 0.5 %. Figures 3 and
4 illustrate comparisons of the present work with both [4]
and [18], in which, the heat transfer variation, with both
the heat and mass fluxes, are compared for a Nano-
Particles concentration by mass, z = 0.5. It is obvious in
figure 4 that, the results of the present work, are more
close to those of [18]. That is because the method of
measuring the heat flux is similar to that of [18], who used
the saturation conditions to calculate the heat flux in the
evaporator. In figure 5, the results of the present work, are
more close to those of [4],

that may be because, the procedure of determining the
mass flux is similar to that of [4], who used the average
evaporator conditions to calculate the Nano-Fluid density
and accordingly, the mass flux.

N |

— Present Work

Heat Transfer Coefficient, h, kW.m2.K"!

W K S. M Naas, [4]

A Penget.al, [18]
L

* HeatFlux,'q, kWm? L 2

FIGURE 3 VARIATION OF THE HEAT TRANSFER
COEFFICIENT WITH THE HEAT FLUX FOR THE PRESENT
WORK AND BOTH; [4], AND [18].
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A Penget.al, [18]
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Mass Flux, G, kg.m2.s..

FIGURE 4 VARIATION OF THE HEAT TRANSFER
COEFFICIENT WITH THE MASS FLUX
FOR THE PRESENT WORK AND BOTH [4] AND [18].

3 RESULTS AND DISCUSSION
3.1 Experiments of the First Task

These experiments are executed to investigate the
variation of the heat transfer coefficient, with the heat and
mass fluxes and the particles concentration. Figure 5
illustrates the variation of the heat transfer coefficient
with the heat flux and Figure 6 illustrates the variation of
the heat transfer coefficient with the mass flux. First
observation in the two figures is that the position of each
data point of the heat and mass fluxes differs slightly with
the increase of particles concentration. That is because, as
mentioned before the controller estimates an initial value
for the water flow rate and try to modify it according to
the intended heat flux until fluctuating about the intended
value with 2% fluctuations about this value, and then start
to calculate the corresponding heat transfer coefficient.
And increasing the concentration leads to an increase in
the mass flow rate and accordingly, the Reynolds number.
Also, the increase in the particles concentration with its
higher thermal conductivity improves the mixture thermal
conductivity, which affects the heat flux. All these factors
affect the controller accuracy when trying to reproduce
the same values of heat and mass fluxes for different
particle concentrations. Another observation is that, for all
studied cases, the heat transfer coefficient increases with
the particles concentration until z =5% and beyond this
value, it start to decrease again. That may be because,
when the particles concentration increases, the mass flow
rate increases too, equation 4 and 8, and accordingly the
heat transfer rate increases, and the possibility of
increasing the bulk fluid temperature increases too. So, the
difference between the fluid and the surface decreases,
which helps the increase of the heat transfer coefficient,
equation 11.
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But, increasing the particles concentration may lead to a
reduction in the Nano-Particles Brownian motion and the
motion due to the action of thermophoretic forces and
accordingly, its convective heat transfer may decrease. So,
increasing the Nano-Particle concentration produces two
opposing factors; one promotes for the increase in heat
transfer coefficient, which is dominant for a concentration
less than 0.5 %, and the other factor decays the heat
transfer and is dominant for a concentration greater than
0.5 %. In figure 4, the heat transfer coefficient increases
with the heat flux, for all values of concentration. That may
be because, increasing the heat flux, promotes for a higher
refrigerant superheat, which in turn increases the average
refrigerant temperature and reduces the temperature
difference between the refrigerant and the surface. This
leads to an increase in heat transfer coefficient. In figure 5,
the heat transfer coefficient increases with the mass flux,
for all values of concentration. That may be because,
increasing the fluid flow rate promotes for a higher
possibility of exchanging more thermal energy with the
tube surface, which leads to a decrease in the average
temperature difference between the surface and fluid, so
the ratio between heat flux and the temperature difference
increases, and accordingly, the heat transfer coefficient.

The maximum percentage of enhancement in the heat
transfer coefficient was 110 %, which occurred when
increasing the heat flux by about100.9 % of its lowest
value. Figure 7 illustrates the variation of C.0.P with the
heat transfer coefficient. For all Nano-Particle
concentration, the C.0.P varies slightly with the heat
transfer coefficient, which reflects that the heat transfer
increases at a greater rate than that of the compressor
power. That may be because the compressor power and
the cycle losses are almost proportional to the refrigerant
mass flow rate. But the relation between the heat transfer
rate and the refrigerant mass flow rate is not linear. For
the same heat transfer coefficient, the COP increased with
the particle concentration until the value of 0.5%, and
beyond this value, it starts to decrease again. This may be
because the concentration slightly affects the compressor
power, unlike the heat transfer coefficient, which is
affected by the concentration as mentioned above. The
following two correlations were suggested to fit the
experimental results of the heat transfer coefficient, Nano-
Particles concentration, the heat flux and the mass flux;

for 0.05% <z <=0.5%;

h = 1.696 * z0.056 * q2.75 * (-1.73 (13)
for 0.5% <z < =1.0%;
h = 0.05 * z-0.097 * q0.13 * (5091, (14)

Appendix (B) illustrates the tests of the two correlations.
The tests indicated that the worst percentage of the
difference between the calculated and measured heat
transfer coefficient was about 3%.
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Figures 6 Variation of the Heat Transfer with Mass Flux

Figures 7 illustrates the variation of COP with heat
transfer coefficient. The COP varies slightly with (h), which
reflects that operating the Nano-refrigerant system at
higher heat transfer performance is accompanied by a
little reduction in the power cost per unit of refrigeration
load.

4
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0
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Heat Transfer Coefficient, h, kW.m2. K1

Figure 7 Variation of the Coefficient of Performance with
the Heat Transfer Coefficient.
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3.2 Controlling the Heat Transfer Coefficient

In these experiments, it is required to vary the heat
transfer coefficient of the main evaporator with time
according to a predetermined behavior. Figure 8
illustrates the preparation of the control experiment. The
figure illustrates a secondary evaporator, which is similar
to the main evaporator and is installed to share the water
and refrigerant flow rates with the main evaporator. The
two controlled valves are installed in the entrance to the
main evaporator; one of them controls the refrigerant flow
rate and the other controls the hot water flow rate. The
experimental data of the heat and mass fluxes, and the
heat transfer coefficient, that is extracted from the
experiments, whose Nano-Particles concentration is 0.5 %
are fed to the program. According to these data, the
controller produces the required variation in the heat and
mass fluxes and accordingly, the required heat transfer
coefficient. To execute this type of experiments, the
preparations and steps from (1 to 5) that are mentioned in
2.2 are followed. First, the program should adjust the
system devices to produce a heat flux of 33.5 kW.m2 and a
mass flux of 124 kg.sm? which correspond to a heat
transfer coefficient of about 6 kW.m-2K.

(D Then the heat transfer coefficient should be
maintained at the value of 6 kW.m2k1 for 40
minutes.

(2) Next, the heat transfer coefficient should be
maintained at a value of 12 kW.m2.K1 for 120
minutes. This value corresponds to a heat flux of
62.5 kW.m?2 and a mass flux of 231 kg.s"1.m-2

(3) Next, the heat transfer coefficient should be
maintained at a value of 10 kW.m2K! for 60
minutes. This value corresponds to a heat flux of
53.2 kW.m2 and a mass flux of 196.1 kg.s'1.m

The variation of the heat transfer coefficient with both the
heat and mass fluxes are monitored every 10 minutes.

P P P I8
Eh :
¥ L=

I

refrigerant

from the >

expansion
valve

to compressor

<m_ll 0 ﬂ ) —1
([ v

1 - Main evaporator 2 - Secondary evaporator

3 - Water control valve 4 - Refrigerant control valve

5 - Stepper motor+driver (water valve) 6 - Stepper motor +driver (refrigeration valve)
7 - Microcontroller 8 - Refrigerant Pressure sensors

9 - Refrigerant Temperature sensor 10 - Water Temperature sensor

11-Main evaporator refrigerant flow ( sensor ) 12 -Total refrigerant flow ( meter )

13 - Main evaporator water flow (sensor) 14 - Thermocouple Interface

Figure 8 The Control Unit Installation.

In the beginning of each interval, the controller changes
the mass and heat fluxes according to the values that are
mentioned above, and a PID scheme helps these quantities
to approach the required values with 2% fluctuation about
each one. Consequently, the corresponding heat transfer
coefficient is approached. This scheme keeps guarding the
achieved values to maintain them from the random change
in the ambient conditions and unpredicted losses. Figure 9
illustrates the variation of heat transfer coefficient with
time.

It is observed that the heat transfer coefficient value
during each of the three intervals is not stable, that is
because of the limited speed and storage capacity of the
used controller which did not ensure the proper speed of
response to the feedback signals. That is beside the
fluctuating nature of the variation in the ambient
conditions during the day hours, which is an inherent
characteristic of the weather in the city, where these
experiments are performed. These random variations may
lead to unpredicted losses in the hot water side as well as
the refrigerant side of the refrigeration system.
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Figure 9 The Controlled Heat Transfer Coefficient
4. CONCLUSION

The first task of the present work is to investigate
experimentally the variation of the ‘evaporator ' heat
transfer coefficient with the heat flux, mass flux, and Nano-
Particles concentration in a vapor compression
refrigeration system, whose refrigerant is a CuO/R134a
Nano-Fluid. The heat transfer coefficient increased with
the heat and mass fluxes and, for the same value of heat or
mass fluxes, the heat transfer coefficient increased with
the Nano-Particles concentration up to 0.5 %, and beyond
this value, it started to decrease again. The maximum
percentage of enhancement in the heat transfer coefficient
was 110 %, which occurred when increasing the heat flux
by about100.9 %. Correlations were suggested to fit the
data of the heat transfer coefficient, mass and heat fluxes
and the Nano-Particles mass concentration. The second is
to modify the refrigeration system to be capable of
controlling the heat and mass fluxes in order to achieve a
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predetermined cooling behavior. The heat transfer from
the evaporator could be controlled to an acceptable extent
by the designed control unit.
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NOMENCLATURE AND ABBREVIATIONS

Alphabetic
A area, m?2.
C specific heat, Wkg1lK1
Cp constant pressure specific heat, W.kg-1.K1
d test section diameter, m.
G mass flux, m /cross section area, kg.s1.m
h heat transfer coefficient, W.m=2.K1
L test section length, m.
m mass kg.
m mass flow rate, kg.st
p pressure, Pascal.
q heat flux W.m=2,
T temperature, Kelven.
Vv volume flow rate m3.s1.
Z mass fraction, %.
Subscript
av average.
c condenser.
evaporator.
f Base fluid, ( R134a + oil).
i inlet.
nf nano-fluid, refrigerant.
np Nano-Particles s.
o outlet.
S evaporator surface
w water
Greek Symbols

The uncertainty in volume fraction.
volume fraction.

The uncertainty in heat transfer coefficient.
dynamic viscosity.

Density z

The uncertainty in weight fraction.

Abbreviations

COP Coefficient of Performance

CuO Copper Oxide

PID Proportional, Integral, Derivative
POE Polyester Oil

Ti0, Titanium Dioxide

Figure Captions List

Fig.1 The Primary Test Rig
Fig.2 The Main Evaporator

Fig.3 Variation Of Heat Transfer Coefficient With The Heat
Flux For The Present Work And Both; [4], And [18].

Fig. 4 Variation Of Heat Transfer Coefficient With The
Mass Flux For The Present Work And Both [4] And [18].

Fig.5 Variation Of The Heat Transfer Coefficient With The
Heat Flux

Fig. 6 Variation Of The Heat Transfer Coefficient With The
Mass Flux

Fig. 7 Variation Of The Coefficient Of Performance With
The Heat Transfer Coefficient.

Fig. 8 The Control Unit Installation With Heat Transfer
Coefficient.

Fig. 9 The Controlled Heat Transfer Coefficient

APPENDIXES

Appendix A: Error Analysis

To estimate the uncertainties of the derived quantities, z,
and h, etc, we first recall the uncertainties of the
participating quantities, which are;

Length is measured using a vernier caliper with
uncertainty * 0.02 mm

Temperature: the resolution of the digital indicator is *
0.1 °C.

*

The Nano-refrigerant volume flow rate, V | is measured
with uncertainty of 0.05 L.min‘!

Mass is weighed with the readability of 0.01 gm.

Then, we can estimate the uncertainties in the derived
quantities as follows;

ol - 2 2
Az m )\/(émnp )2+(§mnp +§m2f )
mnp (mnp+mf) [Al]
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(pnp 52)2 +(pf 52)2
(pnp (1_2)+pr )2

PERERE= P 52

Pz

Z ps
pnp (1_2)+pr

)?+

\/<

Appendix B: Correlation Tests

(A2) EQUATION COEFFICIENTS
Bp, = \/(5¢pnp Y+ (54p, ) 1.69581 0.0559713 2.75173 -1.72744
(A3) CALCULATED MEASURED Deviation %
_ 5.40022 5.34 1.1
iy SV o, 5
5m=(VPm)\/(* ) +(Ley? 7.24176 75 3.1
v ot (A4)
9.28407 9.3 0.17
scp, - PP (1A P, \/(pWCp LRI TR
" Pt (@0 CP 1y +(1-9)p; Cp ¢ ) Pr | 11.182 10.9 2.5
(A.5) 6.28747 6.2 0.01
:[rzipm—m]m J< oM )i (8% g e (00 Ol e | 83951 8.4 0.058
AAL0 T\ O TN 4L (T
10.8467 11 1
(A.6)
Cp(T,-T, 2
5(C.O.P):[ P(To =T e [(25CP 2, 40T (A7) | 130079 13 0.06
[Cp(T,-T)]ly.  Cp (To =T )%

According to the above formulas, the worst relative errors

in the measured quantities are;

Relative error in measuring the weight ratio = 0.0017.
Relative error in measuring the volume fraction = 0.0016.
Relative error in measuring the nano-fluid density = 1.6 e-
005.

Relative error in measuring the mass flow rate = 0.027.
Relative error in measuring the nano-fluid specific heat =

2.01 e-005.

Relative error in measuring the heat flux = 0.025.

Relative error in measuring the heat transfer coefficient =

0.0123819.

Relative error in measuring the COP = 0.0273.
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EQUATION COEFFICIENTS

0.046465 -0.0969923 0.125145 0.910458
CALCULATED MEASURED Deviation %
6.31362 6.2 1.8
8.47264 8.4 0.8
10.7316 11 2

12.9731 13 0.2
591154 6 1.4
7.93563 8 0.8
10.0492 9.94 1

12.1449 12 1.2
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