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1. INTRODUCTION

Refrigeration systems consume about 40% from the total power [1]. With a new technology of variable
speed compressor, energy saving is about 30% [2]. Increasing variable speed refrigeration systems efficiency is
by using electronic expansion valve and controllers [3]. Cohen et al. [4] improved the air conditioning system by
using a variable speed compressor. Energy saving was only in the spring and autumn seasons because of partial
load where the compressor becomes more efficient at low speeds due to the decrease in both mechanical
frictional losses and also cycle pressure compression ratio. Energy saving from 28 to 35% was achieved using
thermostatic expansion valve instead of capillary tube because of low torque required at compressor start up and
few On/Off cycles at those seasons. Shimma et al. [5] used a variable frequency drive to control compressor
speed with air conditioning (A/C) system. This technique improved the system COP by about 20 to 40%
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depending on the controlling method at low demand conditions. At low compressor speed, the thermal
efficiency of both evaporator and condenser was increased and also the power consumption was decreased. The
effect of compressor speed variation and EEV opening on the power consumption and refrigeration effect in
cooling chiller systems was numerically investigated by Koury et al. [6]. The numerical simulation results
showed that when compressor speed increased, the COP decreased because of the higher power consumption in
spite of the increase in refrigeration effect. Increasing EEV opening increases the COP too with a limit of safety
for compressor operation from refrigerant drops. The improvement of the inverter systems was by using
modified equipment and intelligent controllers. Chang et al. [7] presented a refrigerator-freezer with a variable
brushless direct current motor reciprocating compressor and a microcontroller which depended on the
temperature difference as a function to the change in compressor motor frequency. The results showed that
energy-saving in winter and summer were 34 and 22%, respectively due to differences in thermal loads. The
effects of operating conditions on system power consumption were investigated by Aprea et al. [8] for cooling
and heating modes. They compared constant frequency reciprocating compressor and variable frequency scroll
compressor with different temperature sets for evaporator and condenser at a variable water mass flow rate for a
constant thermal load. The experimental results showed higher energy consumption by using constant speed
compressor at all operating conditions and the effect of decreasing evaporation temperature increased power
consumption and also at increasing condenser temperature. The amount of refrigerant flow depends on
compressor speed and valve opening. Lago et al. [9] studied the effect of compressor speed on EEV opening for
A/C system to achieve maximum COP. The experimental results showed that at each compressor speed, there
was an EEV opening with maximum COP for refrigeration systems with a variable speed compressor. Heating
and ventilation Air condition systems are designed at maximum load conditions, but when the system runs at
partial loads, the conventional refrigeration systems becomes at On/Off operation which results in more power
consumption. Schibuola et.al [1] studied A/C system for two rooms with different loads along one year at
cooling and heating modes. The experimental results showed that energy saving can be increased by 38.9%
using a variable speed driver for both the compressor and fans compared to single speed equipment. Tu et al.
[10] developed a dynamic model to control a variable refrigerant flow system including variable speed
compressor, EEV and sub-cooler. The optimum energy efficiency ratio was at narrow EEV opening under part-
load condition. Narrow EEV opening affected the amount of refrigerant subcool at a certain compressor speed
which led to increasing refrigeration capacity.

The aim of this study is to experimentally investigate the effects of compressor speed and valve opening on the
performance and characteristics of a water chiller refrigeration system. The study takes into consideration the
degree of superheat, refrigerant mass flow rate, condenser pressure, evaporator pressure, subcool, refrigeration
rate and power consumption.

2. EXPERIMENTAL RIG

The experimental rig was a model of refrigeration chiller system with R410a as a refrigerant equipped with
a variable speed twin rotary compressor and EEV for one-ton cooling capacity. Two shell and coil copper tube
heat exchangers were used as evaporator and condenser. Coil copper tube diameter was 9.5 mm with tube
lengths 6.5 and 9.5 m for evaporator and condenser, respectively. Four pressure and temperature sensors at input
and output of each exchanger with direct contact to refrigerant were connected. The pressure sensors have a
range of 0-40 bar with total error of +0.3 bar and the temperature sensors were commercial NTC-10KQ type
with total error +0.3 °C, which was determined by calibration process against precise sensor. The refrigerant
flow rate was measured by a refrigerant flow meter which was suitable for refrigerant R410a with a flow range
of 0.2-2 L/min and error of £0.354 mL/s. Compressor speed was regulated from 1200 to 3600 rpm by variable
frequency drive for brushless direct current motors which is controlled by a 0-5 v signal with error = 0.5%. Data
acquisition with LabVIEW was used to record sensors data and also to control compressor speed and EEV
opening. Evaporator and condenser water flow rates and temperatures at input and output were into
consideration. Figure 1 shows a sketch diagram of the experimental rig.
The experiments were done in spring as the apparatus was well isolated. The degree of superheat value was
calculated based on the difference between evaporator outlet refrigerant temperatures (Tero) and refrigerant
saturation temperature at evaporator outlet pressure (Teys) [11].

DS = Te,r,o - Te,r,s (1)
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The coefficient of performance (COP) was calculated depending on the output cooling rate from the evaporator
(Qe) which depends on the water temperature difference from Eq. (2).

COP:%ZMW C (EWL_TE,W,O)
w w

(2)

Where (W) is the compressor power, (m,,) is the water flow rate, (C,,) is the specific heat capacity of water
which equals 4.19 kJ/kg.K, and Tg i, Tew o are the evaporator inlet and outlet water temperature respectively.
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Figure 1 Schematic of the apparatus

The uncertainty in the coefficient of performance (Ucop) was evaluated depending on the method of multi-
samples uncertainty analysis [12]. This method depends on the fixed and random error determination for each
measured parameter as appeared in Eq. (3).

211/2

Ve = Z(agop xlf) +z":<acop ) a)

i=1 i=1

Where (x;y) and (x;;) is the fixed and random errors of the measurand (x; ) respectively, and (n) is the number of
measurands. The COP is a function of water flow rate, evaporator inlet, and outlet water temperatures, and
power see Eq. (2). The random error was calculated for each measurand by the following equation [12]:

t * 0; 4
7N (4)

Where (o;) is the samples' standard deviation, (t) was chosen to be 2 with a confidence level of 95% which
corresponds to the degree of freedom (N-1), and (V) is the number of samples. The fixed error of the
temperature sensors, water flow meter, and power meter are 1%, 2%, and 0.5% respectively according to the
manufacturer’s data. The total error in measurements was +0.3°C, = 1.8mL/s, and 6.5w under steady state
conditions. The uncertainty limits of the COP were 4.5 to 6.8%.

5xi,r =
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3. RESULTS AND DISCUSSIONS

Compressor speed has an impact on refrigerant flow rate in the cycle; consequently, it would affect the
refrigeration capacity. EEV is also working as the main part of variable speed refrigeration systems to regulate
degree of refrigerant superheat at desired values and to maintain pressure ratio at optimum working levels [10].
System performance under manual operation was examined to determine the effect of compressor speed and
valve opening at constant inlet water temperatures to the evaporator and condenser 17 and 29 °C, respectively.
Closing EEV led to increasing condenser pressures that achieved refrigerant subcool, more closing resulted in
hunting which can be defined as “the phenomena of the oscillation of certain system operating parameters such
as the degree of refrigerant superheat, refrigerant mass flow rate and evaporating pressure” [13]. The Optimum
operation of the variable speed refrigeration system depends on the amount of refrigerant superheat outlet from
evaporator. The degree of superheat affects both refrigerants’ subcooling and systems’ stability [14]. Refrigerant
subcooling value was calculated from the equation:

subcool =T, o — Ty rs (5)

Where (Ter,0) is the condenser refrigerant outlet temperature and (T.,;) is the saturation refrigerant temperature
at condenser outlet refrigerant pressure.

The collected data at steady state operation was drawn as figures to show the effects of compressor speed and
EEV on the system performance while the other parameters were constant. Optimum operating conditions were
selected based on achieving refrigerant subcool state outlet from condenser and avoid system hunting [15].
Figure 2 shows the effect of EEV opening on the refrigerant flow rate at each compressor speed. The refrigerant
mass flow rate was directly proportioned to the compressor speed and also to EEV opening. Increasing
compressor speed increases revolutions per minute that affect refrigerant flow as appeared in the following
equation [16]:

m‘r:nv*N*Vd*pv (6)

Where (m,) is the refrigerant flow rate, (n,) compressor volumetric efficiency, (N) compressor speed, (V)
compressor displacement volume and (p,,) refrigerant vapor density at evaporator outlet.

Figure 3 shows the effect of EEV opening on the evaporator pressure (P.) which increases with the increase in
EEV opening. In addition, the evaporator pressure decreases with increasing compressor speed due to starving
of the evaporator tube (a small quantity of refrigerant). Figure 4 shows the effects of EEV opening on the
condenser pressure (P.). The condenser pressure increases with increasing compressor speed at constant EEV
opening because of trappings the refrigerant charge in the condenser pipes. In addition, condenser pressure
decreases with increasing EEV opening at constant compressor speed due to allow refrigerant charge to cross
into the evaporator. Figure 5 shows the effect of the EEV opening on the refrigerant superheat which increases
with closing EEV at constant compressor speed and decreases with increasing compressor speed at constant
EEV opening. EEV closing leads to decrease refrigerant flow to the evaporator which leads to increasing
refrigerant superheat. Refrigerant flow increases with increasing compressor speed that results in decreases
superheat. The amount of refrigerant subcooling is directly proportioned to compressor speed. At a constant
compressor speed, EEV closing leads to increase subcool due to the increase of P. as shown in Figure 6.
Increasing condensing pressure leads to increase refrigerant saturation temperature that affects the amount of
heat transfer to water due to refrigerant saturation pressure enthalpy behavior.
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Figure 2 EEV opening size versus refrigerant mass flow rate with five different compressor speeds
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Figure 3 EEV opening size versus evaporator pressure with different compressor speeds
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Figure 4 EEV opening size versus condenser pressure with different compressor speeds
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Figure 5 EEV opening size versus the refrigerant DS at different compressor speeds
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Figure 6 EEV opening size versus refrigerant subcooling at different compressor speeds

Compressor power consumption is directly proportional to compressor speed and it is also affected by EEV
opening. Closing EEV leads to increase pressure ratio that results in increased power consumption at constant
compressor speed as shown in Figure 7. Increasing compressor speed increases the refrigeration rate (Q.) due to
increasing refrigerant flow and at constant a EEV opening leads to increasing condenser pressure that affects
refrigerant subcooling. At a constant compressor speed closing, EEV leads also to increase in Q. due to the
increased pressure ratio that affects refrigerant subcool. More closing, EEV decreases refrigerant flow to the
evaporator as shown in Figure 8. EEV opening affects product cold water temperature (Tew,0), at constant
compressor speed, decreasing EEV opening leads to decrease evaporation temperature that is reflected on the
Tew,o as shown in Figure 9. The compressor speed affects Tew,o and the DS, and also the EEV opening affects
the DS and Tcw,o. This coupling between the compressor and EEV affects the working stability of the
refrigeration system [10].

Figure 10 shows the effect of the EEV opening on the coefficient of performance (COP) of the experimental
system. The COP increases at low compressor speed due to decreasing of compressor frictional losses and also
pressure ratio between P. and P. which results in decrease of compressor power consumption. The COP
increases by decreasing EEV opening at each speed due to the increase of refrigerant liquid subcooling outlet
from the condenser. More closing, the EEV led to a decrease in the COP value due to decreasing in refrigerant
flow to the evaporator.
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Figure 7 Power consumption versus EEV opening with variable compressor speeds
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Figure 8 Refrigeration capacity versus EEV opening with variable compressor speeds
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Figure 9 Effect of the EEV opening on the (Tew,) at each compressor speed
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Figure 10 EEV opening size versus coefficient of performance with variable compressor speeds

4. CONCLUSIONS

The performance and characteristics of a water chiller refrigeration system were experimentally
investigated. The influence of compressor speed and EEV opening on system operation were taken into account.
The results showed that the evaporator pressure decreases from 7.94 to 6.5 bar with increasing the compressor
speed from 1200 to 3600 rpm, respectively. Unlike the evaporator pressure, the condenser pressure raises from
25.8 to 30.9 bar with an increase in the compressor speed. The degree of superheat increased about 15% with
controlling the EEV at each constant compressor speed. Moreover, the degree of superheat decreased from 9.9
to 6 °C with increasing the compressor speed. The coefficient of performance (COP) was improved from 2.35 to
5.2 with low compressor speed and small EEV opening. For optimum operation conditions, the degree of
superheat was related to compressor speed for variable speed compressor with EEV systems.

NOMENCLATURES
Nomenclatures Greek symbols

A/C Air Condition system. Ny Volumetric efficiency
Cw Water specific heat, J/kg.°C ) Density, kg/m’
DS Degree of Superheat, °C G Standard deviation
EEV Electronic Expansion Valve.

m Mass flow rate, kg/s Subscripts

N Compressor speed, rpm c Condenser

P Pressure, bar e Evaporator

T Temperature, °C i Inlet

U Uncertainty 0 Outlet

Vi Displacement Volume, m*/rev r Refrigerant

\\% Power, W s Saturation state
Q Heat transfer rate, W w Water
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