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In the present study, an air conditioning system with a storage tank was
constructed and tested. Along the 24 hrs, eight tank-charge cycles were
performed to evaluate the effect of variation local ambient temperature
on the system performance. A significant variation in the values of COP
dueto variation in local ambient temperature in Sohag city was recorded.
There are two modes of chilled water storage, full-storage and partial-
storage. This study deals with partial-storage mode. In this study, a
comparison has been carried out between air conditioning system without
chilled water storage and that with storage. Configuration of storage tank
has a significant effect on system performance. Two storage tanks with
aspect ratio of 1.1 and 2.2 were tested. A COP of 1.63 was achieved for
the adopted system for no-storage mode. In partial-storage mode, the
COP achieved was 1.73 in case of storage tank with aspect ratio 1.1, and
1.79 with aspect ratio 2.2.

NOMENCLATURE
Water specific heat, kJ/kg°C Q. Stored cooling capacity, kJ
Coefficient of performance W  Energy consumption, kWh
Mass of water layer in storage At Temperature difference taking
tank, Kg place in the layer, C
Cooling energy, kWh A, Water density, kg/th

A large proportion of the annual peak electricigndind, in commercial and office
buildings, goes to satisfying the air conditionitogd [1,2]. Most air conditioning
systems in commercial and office buildings are afest at the day-time and contribute
to the day-time demand peak. The cooling demanukak is greatly larger than the
average load. Chilled water storage (CWShisvay to supply the cooling
capacity required by a building while shifting etée utility demand and energy use
from on-peak to off-peak hourBesides shaving the peak load, CWS has many other
benefits. As off-peak period is much longer thaalpgeriod and chillers can run at full
capacity during charging the storage tank, CWScaaling system requires smaller

daily
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capacity chiller. Often, money saved by downsiing chiller can offset the cost of
adding storage tank [3]. As chillers run at nighte when outside temperature is lower
than day-time, chiller cycle COP is higher [4]. Bglecting chiller plant designed to
meet average loads, it is practical to operateséeByin a partial-storage mode [5,6].
The chilled water storage with conventional wathillers operates under the same
conditions as conventional air conditioning systé@js

2. SYSTEM DESCRIPTION

The major components of the test rig are: two gmrdanks, water chiller
(commercialcondensing unit, heat exchanger) and commerciatdérunit. The first
tank (1000 liter) has aspect ratio of 1.1. It isdm&f two layers of plastic. It is 1.2 m
high and 1.1 m in diameter. The tank contains tbermocouples distributed on the
vertical axis. The tank is insulated with [ayer thickness of glass wool. The second
tank (1000 liter) has aspect ratio of 2.2. It isdmaf two layers of plastic. It is 1.76 m
high and 0.85 m in diameter. The tank contains tedical strings upon which
thermocouples were fixed, one on the side-wallthedbther on the axis of the tank. In
each string eight thermocouples are distribute& ddmmerciatondensing unit used
is “Carrier” model 38 CCD 32-H, cooling capacity’ &KW and the refrigerant R-22.
Water chiller is a concentric double tube heat erger. The flow of the two streams
is counter flow. The water flows in the annularaand the refrigerant flows in the
inner tube. Outside diameters for inner and outpegpare Y2 and I respectively
while their length is 5 m. Commercial fan coil uaged is model (Miraco York) CW-4
and the cooling capacity 5.2 kW.

3. THE CHILLED WATER STORAGE SYSTEM

In principle, the water is stored inside the tankstratified layers for later use in
meeting cooling needs. In this type of system/|&thilvater is usually stored at night in
a storage tank, and during the day-time chillecewtitbm the tank is circulated to load

[7].

The operating cycle of a CWS system consists of pnaresses. A charge
process in which thermal energy is removed from sh@rage medium using a
refrigeration system and discharge process in whigrgy is removed from the load
by the cold storage medium.

3.1 The charging process

Charging the system should occur overnight when dngbient temperature is
moderate. The chiller and the pump P-2 are opesatadgltaneously to charge the tank.
Referring to Fig.1, during the charging process, ¢bntrol valves CV2 and CV3 are
opened while control valves CV1, CV4, CV5 and CVé elosed.

3.2 The discharging process

In partial-storage mode during the discharging esscthe chiller, pump P-2 and pump
P-1 are operated simultaneously to meet the peakngoduty. The control valves
CV1, CV4, CV5 and CV6 should be opened while cdntadves CV2 and CV3 should
be closed.
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4. INSTRUMENTATION

Thermocouples types-J were located at four levelshe vertical axis of the storage
tank. Thermocouples were also fixed at inlet to auntlet from the chiller, inlet to and
outlet from the fan coil unit. The ambient air teargiture was also measured. Orifice
meters were installed to measure the flow rate atewto the chiller, to the storage
tank and to the fan coil unit. Digital Watt-meteasvused to measure the power
consumption of the condensing unit and the pumps.
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Fig. 1 Schematic diagram of a stratified CWS system

5. SELECTING SUITABLE CHARGING AND DISCHARGING
TIME

Since the energy policy in Egypt does not reduee KW-hr price during off-peak
period [8], the time at which the CWS has to bergbd / discharged is not a
parameter. The selection of the charging anathdigiing period has to be based
on the profiles of both cooling load of the buildirand the electricity power
generation. The profile of the electricity powensomption in Egypt is shown in  Fig.
2 [8].
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Fig. 2 Electricity power consumption in Egypt [8]

6. RESULTS AND DISCUSSION

The experimental work is divided into two importsstages. The first stage is to
evaluate cycle performander eight tests along day time. The second stagelas
conducting experiments applying no storage andigbatorage strategies. The
performance evaluation of these strategies is ptedéere.

6.1 Charging cycle performance along the 24 hrs of the day

Eight tests for charging cycle were performed Brof7august and the duration of each
test was two hours. One hour was allowed beforh &=st for preparation. During this
hour, the stored water had to come to its initiahdition. Thus, the temperature
distribution in the tank was approximately the santhe beginning of the tests.

Figure 3 shows the temperature profiles insideagirtank (aspect ratio 1.1)
for the eight experiments. It can be seen thathst stratification profiles were
achieved during the period from 02:00 to 04:00lyemorning, Fig. 3(g). On the other
hand, less cooling of water in the tank was aclielaring the period from 14:00 to
16:00, after noon Fig. 3(c). It is obvious that ibvver the water temperature inside the
storage tank, the larger the stored cooling capacit
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As observed in Fig. 4, the large stored coolingacép was achieved in the
experiment running at the period from 02:00 to 04Whereas the minimum capacity
was realized during the period from 14:00 to 16Tt stored cooling capacity can be
calculated by the following equation:

Q,=xmc pAt 1)
Where:
Qs = Stored cooling capacity, which is equal to teattremoved from the water in the
tank, kJ

m = Mass of water layer in storage tank, Kg
c, = Water specific heat at layer temperature, k@kg"
At = Temperature difference taking place in the lager

Variations of density and, with temperature were taken into consideration,
given in appendix (A).
The value of COP is calculated using the followeagiation:

COP= 2Q (2)
W

Where:
Q = Cooling energy, supplied by fan coil unit, kWh

W = Energy consumption, including condensing unit amchps, kWh

Figure 5 shows the values of COP calculated duhegeight testes. It is clear
that the value of COP is higher in case of low anbitemperature than in high
ambient temperatur€igure 6 shows the variations of ambient air terapee on 7 of
august 2010 in Sohag city.

6.2 Comparison between air conditioning without sto rage and CWS
system

The performances of no-storage and partial-stonageles were compared. The
comparison has been carried out on the basis ofunements taken for two storage
systems; the first has a tank with aspect ratid.bfand the other with aspect ratio of
2.2.
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6.2.1 No-storage mode

The air conditioning system without storage tanidoices a cooling effect at the real
time of the cooling is required. During peak coglademands, chiller should have the
capacity to cover these demands. The peak cooéintadd is generally assumed to be
from 13:00 t017:00 during which ambient air temperais relatively high.

Table (1), in the appendix (B), gives the readingsorded during the peak
load period with water flow rate 7.4 L/min. Thegadings include the rate of chiller
power consumption, chilled water temperature itbetind outlet from the chiller as
well as chilled water temperature inlet to and etutom the fan coil unit. The power
consumption measured includes the power consumpficompressor; condenser fan
and water pump P-2. Using these data, one canateahe following:

Energy consumed during the period = 14.32 kWh
Cooling capacity during the same period = 23.4 kWh
Hence:

COP for this period = 1.63

6.2.2 Partial-storage mode

a. Using storage tank with aspect ratio 1.1

In partial storage mode, the storage tank meetrtiop of the on-peak cooling load,
while the rest met by the chiller. Table (2), ire tappendix (B), gives the readings
recorded during the charging period. These readingside the water temperature
inlet to and outlet from the chiller and the ratgpower consumed by the chiller.

The discharging process was four hours long. Duiliig) process, the chiller
was run to meet a portion of the cooling load withter flow rate 7.2 L/min. Also in
this period, the chilled water was withdrawn frame thottom of the tank at 7.4 L/min
and then supplied to meet the rest of the cooliragl lvia the fan coil unit. Thus, the
chilled water flow rate entering the fan coil umiis 14.6 L/min. Table (3), in the
appendix (B), gives the readings recorded during discharging period. These
readings include the chilled water temperaturet itdeand outlet from the fan coil unit
and the rate of power consumption. The power copfom measured represents the
rate of chiller power consumption and power consionpof chilled water pump P-1.
Using these data, one can evaluate the following:

Energy consumed during charging period = 5.32 kWh
Energy consumed during discharging period = 13\28 k
Cooling capacityuring the same period = 32.21 kWh
Hence:

CORP for this period = 1.73

b. Using storage tank with aspect ratio 2.2

Table (4), in the appendix (B), gives the readirgg®rded during the charging period.
These readings include the water temperature foland outlet from the chiller and
the rate of power consumed by the chiller.



1352 A.S. Ali, I.M. Ismail and M.S. Ahmed

Table (5), in the appendix (B), gives the readingsorded during the
discharging period. The flow rate of chilled watertlet from the tank and the water
passing in chiller were 4.3 L/min and 7.4 L/minpestively. These readings include
the chilled water temperature inlet to and outtetrf the fan coil unit, chilled water
temperature outlet from the tank, chilled waterpemature outlet from the chiller and
the rate of power consumption. The power consumptieasured represents the rate
of chiller power consumption and power consumptdrehilled water pump (P-1).
Using these data, one can evaluate the following:

Energy consumed during charging period = 5.18 kWh

Energy consumed during discharging period = 15\0% k
Cooling capacity during the same period = 36.31 kWh

Hence:

COP for this period = 1.79

7. CHILLER COOLING RATE, POWER AND COP PROFILES
FOR DIFFERENT OPERATING STRATEGIES

In partial-storage the chiller operates at full @@ty during the charging and
discharging periods. During the charging process dhilled water is stored in the
storage tank without covering the cooling load. Tésults of the cooling rate, power
consumption, and the COP are analyzed in the faligwubsection.

7.1 Chiller cooling rate

The chiller in system without storage operatesioaously throughout the four hours
period to provide sufficient cooling to the load. this period, the chiller runs at full
capacity during the peak cooling demand period.

In partial-storage strategy, the chiller operatésful load during the
discharging time from 13:00 to 17:00 when the boddcooling load is directly met by
the chiller and the storage tank. During the chaygeriod, from 02:00 to 04:00, the
chiller operates at full capacity to charge theraie tank. This system design is
effective where the peak cooling load is much highan the average load and also the
lowest initial cost compared to other operatingtsigies [9,10].

7.2 Power consumption

For the conventional system the maximum power deneacurs during the peak day.
This is because of the higher ambient air temperattipeak day period.

In partial-storage strategy the chiller, during thight time, produces more
cooling and consumes less power than during thetidag. The degree of power
reduction depends on the design operating stradkthie CWS system [11,12]. During
discharging period the power consumption is sintibathat of the no-storage mode as
the capacity of the chiller for the two modes is ame.

7.3 Coefficient of performance of the system

The chiller with no-storage operation has a reddyiilower COP during the peak
period. It has been found that the COP during thekperiod is about 1.63. COP is
lower than that for the heat pump in which the evar cools directly the air, so the
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refrigerant evaporation temperature is higher tha&nexisting case. Evaporator is used
to cool water and so evaporation temperature igtavhich results in a lower value of
COP.

Stratification is one of the elements that may gbuate in reducing the energy
consumption and increasing the cooling capacity indurcharging process.
Stratification also helped to benefit from the gesapart of the stored cooling capacity
during discharging process. This resulted normaflyincreasing the COP. The
experiments proved that the stratification improvadrkedly in storage tank with
aspect ratio of 2.2 rather than the storage tatik agpect ratio of 1.1.

Note that the load capacity covered by partialesgjermode is larger than the
load capacity covered by no-storage mode. It has lbeund that the COP is equal to
1.73 by using a storage tank with aspect ratio.df While COP is 1.79 with aspect
ratio of 2.2.

8. CONCLUSION

From this study, the following points could be clowed:

» A significant variation of the COP values was relagr due to variation in
ambient temperature in Sohag city along the dayshou

» Using the storage tank with aspect ratio of 1.&,diistem COP increased by 6%
compared to its value in no-storage mode, whiladteased by 10% with storage
tank of aspect ratio of 2.2.

* Noting that the load capacity covered by partialajie mode is larger than the
load capacity covered by no-storage mode.

» Stratification has a large effect on reducing theslin stored cooling capacity.
The experiments proved that the stratification iowed markedly in storage tank
with aspect ratio of 2.2 rather than the storagk teith aspect ratio of 1.1.
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APPENDIX (A)

A variation of water specific heat (kJ/kg°C) witbniperature is considered, using
following formula [13]:

cp:AT3+BT2+CT+D (A-1)

WhereT is the water temperature (°C) and the values nétemts A, B, C and Bre:
A =0.749972*10 B =-0.943717*10 C =0.448761*18 D =4.18674
0.01< T <270°C

A variation of water density (kg/fnwith temperature is considered, using following
formula [13]:

o, =AT*+BT*+CT*+DT+E (A-2)

Where T is the water temperature (°C) and the values o$tenits A, B, C, D and E

are:.
A=-0.4879268*10 B =0.27819864*160 C =-0.7525276*10 D =0.111546

E =999.085 0.00<350 °C
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APPENDIX (B)

Table (1) Readings recorded for no-storage mode, erage ambient
temperature 40.8 °C

Time Chiller Fan coil unit Chiller power
(hr) | Water inlet Water Water inlet Water consumption
(°C) outlet (°C) (°C) outlet (°C) (kW)

13.00 - - - - -
13.10 16.3 4.6 4.7 16.2 3.55
13.20 16.3 4.7 4.8 16.3 3.56
13.30 16.5 4.8 4.9 16.4 3.56
13.40 16.4 4.9 5.1 16.4 3.57
13.50 16.4 4.9 5.0 16.4 3.58
14.00 16.6 5.0 51 16.5 3.59
14.10 16.5 5.1 5.2 16.5 3.59
14.20 16.7 53 5.4 16.7 3.58
14.30 16.9 54 55 16.8 3.59
14.40 17.1 5.6 5.7 17.0 3.60
14.50 17.2 6.0 6.0 17.2 3.60
15.00 17.3 6.4 6.4 17.3 3.60
15.10 17.2 6.3 6.3 17.2 3.60
15.20 17.3 6.0 6.0 17.2 3.60
15.30 17 5.6 5.7 16.9 3.59
15.40 16.8 54 55 16.8 3.59
15.50 16.7 5.3 5.4 16.7 3.59
16.00 16.6 5.2 5.3 16.6 3.59
16.10 16.6 5.0 5.0 16.5 3.59
16.20 16.5 5.0 5.1 16.5 3.58
16.30 16.5 5.0 5.1 16.5 3.57
16.40 16.5 4.8 5.0 16.4 3.56
16.50 16.4 4.8 5.0 16.4 3.55
17.00 16.3 4.7 4.9 16.3 3.53
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Table (2) Readings recorded during charging proceds partial-storage
mode (aspect ratio 1.1), average ambient temperater26.9 °C

Time Chiller Storage tank Chiller power
(hr) | Water Water ~Water Water | consumption
inlet (°C) | outlet (°C) | inlet (°C) | outlet (°C) (kW)

2.00 - - - - -

2.10 21.9 11.6 11.7 21.9 2.67
2.20 21.7 11.3 11.3 21.7 2.67
2.30 21.3 10.6 10.7 21.3 2.66
2.40 21.1 10.3 104 21.1 2.65
2.50 19.7 8.8 8.9 19.6 2.64
3.00 19.1 8.2 8.4 19.1 2.64
3.10 18.3 7.5 7.5 18.3 2.65
3.20 17.2 6.6 6.8 17.1 2.65
3.30 15.9 55 5.6 15.8 2.66
3.40 15.2 4.9 51 15.1 2.67
3.50 14.0 3.6 3.8 14.0 2.67
4.00 135 3.5 3.8 134 2.69
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Table (3) Readings recorded during discharging progss in partial-storage
mode (aspect ratio 1.}, average ambient temperature 41 °C

Time Fan coil unit Power consumption
(hr) Water inlet (°C) | Water outlet (°C) | Chiller (kW) | Pump (kW)
13.00 - - - -
13.10 51 14.7 3.53 0.23
13.20 5.2 14.8 3.53 0.22
13.30 54 14.9 3.54 0.21
13.40 5.7 15.2 3.55 0.23
13.50 6.0 15.3 3.56 0.22
14.00 6.1 154 3.56 0.22
14.10 6.3 15.6 3.58 0.21
14.20 6.7 15.9 3.59 0.23
14.30 7.0 16.2 3.59 0.24
14.40 7.2 16.3 3.60 0.23
14.50 7.6 16.6 3.61 0.22
15.00 7.9 16.7 3.61 0.21
15.10 8.2 17.0 3.60 0.20
15.20 8.7 17.6 3.59 0.20
15.30 9.0 17.8 3.59 0.22
15.40 9.4 18.3 3.58 0.22
15.50 9.7 18.4 3.58 0.23
16.00 10.2 18.9 3.57 0.21
16.10 10.6 19.2 3.57 0.23
16.20 10.8 19.3 3.56 0.24
16.30 11.1 19.3 3.55 0.23
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Table (4) Readings recorded during charging proceds partial-storage

mode (aspect ratio 2.2), average ambient temperater26.7 °C

Time Chiller Storage tank Chiller power
(he) | Water Water ~Water Water | consumption
inlet (°C) | outlet (°C) | inlet (°C) | outlet (°C) (kW)

2.00 - - - - -

2.10 19.9 13.3 13.3 19.9 2.61
2.20 19.7 13.1 13.2 19.6 2.61
2.30 19.5 12.9 12.9 19.5 2.59
2.40 19.4 12.7 12.7 19.3 2.58
2.50 18.4 11.6 11.7 18.4 2.58
3.00 14.6 7.8 7.9 14.5 2.57
3.10 13.4 6.6 6.8 13.4 2.58
3.20 12.8 6.1 6.1 12.7 2.58
3.30 12.2 5.5 5.7 12.1 2.59
3.40 11.7 5.0 5.2 11.6 2.59
3.50 11.2 4.5 4.7 11 2.59
4.00 10.6 4.0 4.3 10.5 2.6
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Table (5) Readings recorded during discharging progss in partial-storage
mode (aspect ratio 2.2), average ambient temperater40.8 °C

o Power
(hr) | Water inlet Water tank (°C) | chiller (°C) Chiller Pump
(°C) outlet (°C) (kW) (kW)

13.00 - - - - - -
13.10 4.7 16.5 4.5 4.7 3.52 0.20
13.20 4.9 16.6 4.6 4.8 3.53 0.19
13.30 4.8 16.5 4.6 4.8 3.53 0.20
13.40 4.9 16.5 4.6 4.9 3.54 0.19
13.50 4.9 16.4 4.6 4.9 3.56 0.20
14.00 5.0 16.5 4.7 5.0 3.57 0.20
14.10 51 16.5 4.7 5.2 3.57 0.19
14.20 5.2 16.4 4.8 5.2 3.59 0.19
14.30 5.2 16.3 4.8 5.2 3.59 0.20
14.40 5.2 16.3 4.9 5.3 3.61 0.20
14.50 54 16.5 4.9 55 3.61 0.19
15.00 5.6 16.6 5.1 5.7 3.60 0.20
15.10 5.8 16.8 5.2 6.0 3.60 0.21
15.20 5.8 16.8 55 5.8 3.60 0.21
15.30 5.9 16.8 5.9 5.8 3.60 0.20
15.40 5.9 16.8 6.1 5.6 3.58 0.19
15.50 6.2 17.0 6.4 5.8 3.58 0.20
16.00 6.8 17.6 6.9 6.4 3.58 0.21
16.10 7.4 18.2 7.2 7.1 3.57 0.21
16.20 8.0 18.9 8.0 7.8 3.56 0.22
16.30 8.4 19.1 9.0 7.8 3.56 0.21
16.40 8.5 19.2 9.2 7.9 3.54 0.22
16.50 8.8 19.6 10.1 7.9 3.54 0.23
17.00 9.1 19.7 11.0 7.9 3.53 0.22
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"Aadiall olaall (SR aladicd e £lgh CiuSi daghia ¢1a) Auld

DAL s s 8 Jae i 5 Aalic slia A Al pe elsh CauSS Aagliia Ll LAY &
O ans skl ol e a)lall elsed) siha dapn il gae Guldl Glldg delu 24 lae e
s o asll lae e oaplal) elsell sl Aayy el Aag oloY) Jalea ad 8 € il cllia
shal @ i il =2 JAabidl sluall g5as ey 1 slaay oilla 8 deghaidl gl
S halls ((L/D= 1.2) il ) g iV A JsY) ohall ¢ Aabiall olyall s ae coplail
Ala 8 WL1.63 ¢y Jobre dad cul€ daliad) ol 533 s Alla 4 .(L/ID= 2.2)
e 179 aied calyy J5V) OBa) aladin) ae 1,73 61 Jalee e culS 33l oAl
B i S SN PARENAW



