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ABSTRACT
Cool thermal storage (CTS) systems remove heat from a thermal storage medium during periods of
low cooling demand. Stored cool energy is used later, during high demand period, to meet an airconditioning or process cooling load. Decoupling chiller operation from instantaneous loads is a
major advantage of a CTS system. The investigator conducted two experiments to investigate the
performance of a CTS during discharging processes. The rectangular CTS used in the experiments
enclosed 1080 plastic balls. All balls were submerged totally in a 40% ethylene glycol solution .They
were arranged in nine layers. The hot solution circulated through the store by entering the store at the
top and leaving at the bottom. Initial solution and ball temperatures and experiment duration time of
each experiment were different. Temperatures of twelve selected balls, four at each of three layers
(top, middle, and bottom), and temperatures of entering and leaving solution were recorded every ten
minutes. Average ball temperatures at each layer were calculated for each experiment.All
temperatures increased differently with time, but with similar general trend. Data of ball temperatures
against time were fit into fourth-degree polynomial, which can be used to predict the performance of
the store with similar initial conditions. It evident that a CTS can be used to cover a cooling
requirement.
Keywords: Cool thermal Store, Reduce Power Consumption of Chillers, Ethylene-Glycol Solution
Platic Balls, Solution and Ball Temperatures, Discharging Process

ﺍﻟﻤﻠﺨﺹ
 ﻴﺴﺘﻔﺎﺩ ﻤﻥ.ﺘﺯﻴل ﺃﻨﻅﻤﺔ ﺍﻟﺘﺨﺯﻴﻥ ﺍﻟﺤﺭﺍﺭﻱ ﺍﻟﺒﺎﺭﺩ ﺍﻟﺤﺭﺍﺭﺓ ﻤﻥ ﻭﺴﻁ ﺘﺨﺯﻴﻥ ﺤﺭﺍﺭﻱ ﺨﻼل ﺃﻭﻗﺎﺕ ﺤﺎﺠﺔ ﻤﻨﺨﻔﻀﺔ ﻟﻠﺘﺒﺭﻴﺩ
 ﺇﻥ ﺍﻟﻔﺎﺌﺩﺓ ﺍﻟﻜﺒﺭﻯ ﻤﻥ. ﻟﺘﻠﺒﻴﺔ ﺤﻤل ﺘﻜﻴﻴﻑ ﻫﻭﺍﺀ ﺃﻭﻋﻤﻠﻴﺔ ﺘﺒﺭﻴﺩ، ﺨﻼل ﻓﺘﺭﺓ ﻁﻠﺏ ﻤﺭﺘﻔﻊ،ﻫﺫﻩ ﺍﻟﻁﺎﻗﺔ ﺍﻟﺒﺎﺭﺩﺓ ﺍﻟﻤﺨﺯﻨﺔ ﻻﺤﻘﺎﹰ
 ﺍﺠﺭﻱ ﺍﻟﺒﺎﺤﺙ ﺘﺠﺎﺭﺏ ﻋﺩﻴﺩﺓ ﻟﻠﺘﺤﻘﻕ ﻤﻥ.ﺍﻨﻅﻤﺔ ﺍﻟﺘﺨﺯﻴﻥ ﺍﻟﺤﺭﺍﺭﻱ ﻫﻲ ﻓﺼل ﺃﺩﺍﺀ ﺍﻟﻤﺜﻠﺞ ﻋﻥ ﺍﺤﻤﺎل ﺍﻟﺘﺒﺭﻴﺩ ﺍﻟﻔﻭﺭﻴﺔ
 ﻟﻜﻥ ﻫﺫﻩ ﺍﻟﻭﺭﻗﺔ ﺘﺤﺘﻭﻱ ﻋﻠﻰ ﻨﺘﺎﺌﺞ ﺘﺠﺭﺒﺘﻴﻥ،ﻁﺒﻴﻌﺔ ﺍﺩﺍﺀ ﺨﺯﺍﻥ ﺤﺭﺍﺭﻱ ﺒﺎﺭﺩ ﺨﻼل ﻋﻤﻠﻴﺎﺕ ﺘﻔﺭﻴﻐﻪ ﻤﻥ ﺍﻟﻁﺎﻗﺔ ﺍﻟﺒﺎﺭﺩﺓ
 ﻜﺭﺓ ﻤﺼﻨﻭﻋﺔ ﻤﻥ ﺍﻟﺒﻼﺴﺘﻴﻙ ﻭﺜﻼﺜﺔ ﺍﺭﺒﺎﻉ ﺤﺠﻤﻬﺎ١٠٨٠  ﺇﺤﺘﻭﻯ ﺍﻟﺨﺯﺍﻥ ﺍﻟﻤﺴﺘﻁﻴل ﺍﻟﺸﻜل ﺍﻟﻤﺴﺘﺨﺩﻡ ﻓﻲ ﺍﻟﺘﺠﺎﺭﺏ. ﻓﻘﻁ
 ﺘﻡ.  ﻜﺎﻨﺕ ﺠﻤﻴﻊ ﺍﻟﻜﻭﺭ ﻤﻐﻤﻭﺭﺓ ﺘﻤﺎﻤﺎ ﻓﻲ ﻤﺤﻠﻭل ﺇﻴﺜﻴﻠﻴﻥ ﺠﻼﻴﻜﻭل ﻭﻗﺩ ﺘﻡ ﺘﻭﺯﻴﻌﻬﺎ ﻀﻤﻥ ﺘﺴﻊ ﻁﺒﻘﺎﺕ. ﻤﻤﻠﻭﺀ ﺒﺎﻟﻤﺎﺀ
 ﺘﻤﻴﺯﺕ ﻜل ﺘﺠﺭﺒﺔ ﺃﺠﺭﻴﺕ ﺒﺩﺭﺠﺎﺕ ﺤﺭﺍﺭﺓ.ﺘﺩﻭﻴﺭ ﺍﻟﻤﺤﻠﻭل ﻋﺒﺭ ﺍﻟﺨﺯﺍﻥ ﺒﺤﻴﺙ ﻴﺩﺨل ﺍﻟﺨﺯﺍﻥ ﻤﻥ ﺃﻋﻼﻩ ﻭﻴﺨﺭﺝ ﻤﻥ ﺃﺴﻔﻠﻪ
 ﺍﻟﻤﻌﻁﻴﺎﺕ ﺍﻟﺘﻲ ﺠﻤﻌﺕ ﻜل ﻋﺸﺭ ﺩﻗﺎﺌﻕ ﻜﺎﻨﺕ ﺩﺭﺠﺎﺕ ﺤﺭﺍﺭﺓ ﺍﻟﻤﺤﻠﻭل ﻗﺒل ﺩﺨﻭﻟﻪ ﺍﻟﺨﺯﺍﻥ.ﺃﻭﻟﻴﺔ ﻤﺨﺘﻠﻔﺔ ﻟﻠﻤﺤﻠﻭل ﻭﺍﻟﻜﻭﺭ
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،ﻭﺒﻌﺩ ﺨﺭﻭﺠﻪ ﻤﻨﻪ ﺒﺎﻹﻀﺎﻓﺔ ﺍﻟﻰ ﺩﺭﺠﺎﺕ ﺤﺭﺍﺭﺓ ﺍﻟﻤﺎﺀ ﻓﻲ ﺇﺜﻨﻰ ﻋﺸﺭﺓ ﻜﻭﺭﺓ ﻤﻭﺯﻋﺔ ﻋﻠﻰ ﺜﻼﺙ ﻤﺴﺘﻭﻴﺎﺕ )ﻋﻠﻭﻱ
 ﺤﺴﺏ ﺍﻟﻤﺅﻟﻑ ﺒﻌﺩ ﺫﻟﻙ ﻤﺘﻭﺴﻁ ﺩﺭﺠﺎﺕ ﺤﺭﺍﺭﺓ ﺍﻟﻜﻭﺭ.  ﺃﺭﺒﻊ ﻤﻨﻬﺎ ﻓﻲ ﻜل ﻤﺴﺘﻭﻯ، ﻭﺴﻔﻠﻲ( ﺩﺍﺨل ﺍﻟﺨﺯﺍﻥ،ﻭﺃﻭﺴﻁ
.  ﺇﺭﺘﻔﻌﺕ ﻫﺫﻩ ﺍﻟﻤﺘﻭﺴﻁﺎﺕ ﻋﻨﺩ ﻨﻬﺎﻴﺔ ﺍﻟﺘﺠﺭﺒﺔ ﺍﻷﻭﻟﻰ ﺍﻟﺘﻲ ﺍﺴﺘﻤﺭﺕ ﺯﻫﺎﺀ ﺜﻼﺙ ﺴﺎﻋﺎﺕ.ﺒﻤﻌﻠﻭﻤﻴﺔ ﺍﻟﺯﻤﻥ ﻋﻨﺩ ﻜل ﻤﺴﺘﻭﻯ
 ﻭ٤,٥  ﻭ٧ ﺍﺴﺘﻤﺭﺕ ﺍﻟﺘﺠﺭﺒﺔ ﺍﻟﺜﺎﻨﻴﺔ ﺃﺭﺒﻊ ﺴﺎﻋﺎﺕ ﺤﻴﺙ ﺇﺭﺘﻔﻌﺕ ﻤﺘﻭﺴﻁﺎﺕ ﺩﺭﺠﺎﺕ ﺤﺭﺍﺭﺓ ﺍﻟﻜﻭﺭ ﻋﻨﺩ ﻨﻬﺎﻴﺔ ﺍﻟﺘﺠﺭﺒﺔ ﺍﻟﻰ
 ﺍﺴﺘﺨﺩﻡ ﺒﺭﻨﺎﻤﺞ ﺤﺎﺴﻭﺏ ﻹﻴﺠﺎﺩ ﻤﻌﺎﺩﻟﺔ ﺠﺒﺭﻴﺔ ﻤﻥ ﺍﻟﺩﺭﺠﺔ ﺍﻟﺭﺍﺒﻌﺔ ﺘﺭﺒﻁ ﺒﻴﻥ ﻤﺘﻭﺴﻁ ﺩﺭﺠﺎﺕ ﺤﺭﺍﺭﺓ ﺍﻟﻜﻭﺭ.ﻡ ﺒﺎﻟﺘﺭﺘﻴﺏo٥
 ﻤﻥ ﺍﻟﻭﺍﻀﺢ ﺍﻤﻜﺎﻨﻴﺔ ﺍﺴﺘﺨﺩﺍﻡ ﺨﺯﺍﻥ ﺤﺭﺍﺭﻱ ﺒﺎﺭﺩ ﻓﻲ ﺘﺨﻔﻴﺽ ﺍﺴﺘﻬﻼﻙ ﺍﻟﻜﻬﺭﺒﺎﺀ ﺨﻼل. ﻓﻲ ﻜل ﻤﺴﺘﻭﻯ ﻭﺒﻴﻥ ﺍﻟﺯﻤﻥ
.ﻭﻗﺕ ﺍﻟﺫﺭﻭﺓ

1.

INTRODUCTION

Space cooling in Arabian Gulf countries during the summer consumes as much as 80-90% of
the total energy produced by Utilities [Bahel et al., 1985 & Ayyash, 1983]. Residential,
commercial, and governmental sector electricity consumption during 1418H was 29% of the
total power provided by SCECO East [SCECO, 1997/98]. This number jumbed to 32% in
1420H [SCECO, 1999/2000], as shown in Figure 1. A major portion of this load is caused by
space cooling requirements of buildings.Peak electricity demand, which occurs during the
summer due to cooling loads, increased from 7317MW in 1415H to 8219MW in 1418H
(12.3% increase), according to SCECO East annual report [SCECO, 1997/98]. In 1420H peak
demand reached 8332 MW [SCECO, 1999/2000], an increase of 8.4% compared to 1416H
figures (Figure 2).
Given such high electricity consumption figures and the need to make more rational use of the
world’s energy resources it has become necessary to investigate every avenue for saving
primary energy without reducing building occupants comfort standards. One such avenue is
cool thermal store (CTS). Storage of cool energy in a volume of water for air conditioning
purposes is used to reduce peak electricity demand. It is a technology that is used in developed
countries to reduce electricity consumption for air conditioning of large buildings during peak
periods. Early research on cool storage started during the late sevevnties of the last century
[Gusman et al., 1979]. A lot of research was conducted ever since to increase awareness and
experience among scientists and engineers about theory and practice of cool energy storage
[Grumman et al., 1988; Fiedler, 1988; Knebel et al., 1989; Cottone, 1990; Bakenhus, 2000;
Silvetti, 2002]. Several books were written on planning, design, and operation of cool thermal
storage projects [Elleson, 1997; Dorgan et al., 1993]
CTS systems remove heat from a thermal storage medium during periods of low cooling
demand. Stored cool energy is used later, during high demand period, to meet an airconditioning or process cooling load. CTS medium can be chilled water, ice, or a eutectic salt
phase-change material. Benefits of a CTS system are enormous. Decoupling chiller operation
from instantaneous loads is one advantage. Other advantages are higher chiller operation
efficiency, less intial system cost, more operation flexibility, and lower supply air and supply
water temperatures. A study on the performance of the store is required for optimum operation
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of the system. Cooling requirements and load pattern must be known in order to size the cool
store accurately. An over-sized store is a poor investment and an under-size store will fail to
meet cooling requirements.
Author conducted research on charging and discharging a CTS that uses water encapsulated in
hollow plastic spheres, which are submerged in a solution, as the cool energy storage medium
[Hariri, 1991]. General results of some charging and discharging experiments were presented
in an earlier paper [Hariri, 2000]. Deatails of two charging experiments were discussed in
another paper [Hariri, 2002]. This paper investigates results of two discharging experiments
only. One aim of this paper is to show the concept of peak load reduction by a cool energy
store. Another aim is to present the method of releasing cool energy from a storage medium
of the type used in this paper. Research also investigates effects of ball location inside the
store on ball performance. Fourth order algebraic equations are used to correlate data of balls
temperature with time.

Residential, 20%
Saudi Aramco, 26%

Commercial, 5%
Government, 7%
SCECO Central,
16%
Industrial, 26%

Figure 1. SCECO Power Consumption By Sectors During 1999/2000
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Figure 2. SCECO Peak Demand During 1416-1420H
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APPARATUS DESCRIPTION

The experiment rig consisted of a rectangular CTS connected to an electric immersion heater
with a capacity of 7.5 kW (the vertical white column shown to the right of the apparatus in
Figure 3). This heater provided the load on the store during a discharging process. It could be
switched on and off to simulate different load profiles. The CTS was made of an inner
metallic tank, a middle 10-cm thick polystyrene insulation surrounding top and all four sides
of the metallic box, and an outer plywood container. The metallic box enclosed energy storage
balls (fully immersed in an ethylene-glycol solution), and solution-distribution-collection pipe
networks (Figure 4). The inner box, made of galvanized steel, was 0.94 meter high, 1.54 meter
wide, and 1.14 meter deep. The outer plywood box was 1.14 meter high, 1.74 meter wide, and
1.34 meter deep.

Figure 3. Cool energy store and heater

(a) Cross-Section

Figure 4. Energy storage balls and solution
distribution pipe network

(b) Top-View

Figure 5. Dimensions [in centimeters] of store and locations of balls where data is collected
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Figure 7. Cross-section of a ball

The 1080 plastic energy storage balls, each of 11 cm diameter, filled the store. Figure 5-a
shows how the balls were arranged horizontally in nine layers . The first 8 layers from top had
119 balls in each, a total of 952 balls. The 9th bottom layer had 128 balls. Temperature was
recorded in four balls in each of three layers (Figure5-b). The layers selected were the
uppermost, middle, and bottom layers. Locations of selected balls were the same in each one
of the three layers. A thermocouple wire extended from the top of selected balls (Figure 6) to
a data logger. Figure 7 shows a cross section of a ball with the insulated thermocouple wire
housed in a steel capillary tube. The mass of water inside each ball was 0.557 kg, occupying
almost two thirds of a ball volume.
The energy-transfer fluid used in the experiment was a 40% ethylene glycol solution with a
specific heat of 3.5 kJ/kg K. It filled up the CTS, with a mass of 500 kg, so as to have all the
balls immersed. The ethylene glycol solution entered the CTS during a discharging process at
a mass flow rate of 0.417 kg/s through a one inch diameter copper tube. It got distributed by
the horizontal solution-distribution pipe network of a smaller diameter. A similar pipe
network collected the solution at the store bottom, which then got pumped out through a
vertical pipe that extended along the height of the store and exited at the top.
Temperatures were measured by type K thermocouples (Nickel-Chromium vs. NickelAluminum alloy). Compensating cables connecting thermocouples with data logger extended
from the balls, through the store, and into the data logger. The thermocouple measuring the
solution inlet temperature was positioned inside the tube leading into store in a location just
before the solution enters the store.

3.

RESULTS AND DISCUSSION

The immersion heater was turned on during discharging processes. After leaving the store the
antifreeze solution passed through the redundant evaporator, into the immersion heater where
Top
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it absorbed heat, and back to the store where heat got delivered to the balls and solution. There
was a ten-minute interval between each two successive readings. Temperature of the incoming
solution during a discharging process increased gradually from a temperature below zero to a
maximum temperature of about 12oC. This maximum was chosen for it provided an exit
solution temperature of about 5oC, the recommended temperature for a cooling coil.
Inlet and exit solution temperature data for the first experiment, which lasted for 2 hours and
50 minutes, are presented in Figure 8. Initial exit solution temperature was -9oC. It increased
steadily with time. Sharper increase during the first 30 minutes is noticed. Exit solution
temperature was always less than inlet solution temperature, due to the release of cool energy
by balls and solution inside store.
Figure 9 presents history of average ball temperatures at top, middle, and bottom layers for the
first experiment. This average is the nean of the four readings obtained for balls at every level.
Balls at the bottom were the coldest at the beginning of the experiment because colder
solution is more dense than less cold solution. Ball temperature in top layer increased sensibly
during the first twenty minutes of the experiment. Latent change followed afterwards for
eighty minutes. Snesible increase in temperature followed untill the end of the experiment.
A nearly constant temperature is a result of change in phase from ice to water. Balls in the top
layer became hotter faster than balls in middle and bottom layers.
Middle and bottom layer ball temperatures allways increased, but at a slower rate after fourty
minutes. Afterwards, bottom layer ball temperature was higher than middle layer ball
temperature. For twenty minutes, bottom layer ball temperature was even higher than top
layer ball temperature. Such a result contradicts with the fact that a colder solution is more
dense than a less cold solution.
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Figure 8. Inlet and exit solution temperatures for the first experiment vs time
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Figure 9. Average temperatures of balls at three layers for the first experiment vs time

The second experiment, with different initial temperatures, lasted for 4 hours and 10 minutes.
Inlet and exit solution temperature data are shown in Figure 10. Similar to the first
experiment, exit solution temperature was always less than inlet solution temperature.
Nevertheless, the difference between the two is greater in the second experiment. The reason
could be the greater intial temperatures of balls in the second expeiment. Figure 11 presents
history of average ball temperatures at top, middle, and bottom layers for the second
experiment. Observations similar to the first experiment can be seen. Ball temperature at the
bottom was the coldest at the beginning of the experiment. If Figures 9 and 11 are compared
then it can be seen that middle layer balls become hotter than bottom layer balls toward the
end of the two experiments.
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Figure 10. Inlet and exit solution temperatures vs time for the second experiment
Top

Vol. 5.

500

Abdulrahman Salih Hariri

8

Top
Middle
Bottom

6

Temperature, oC

4
2
0
0

50

100

150

200

250

-2
-4
-6
-8

Time, minutes

Figure 11. Average temperatures of balls at three layers for second experiment vs time

Second
Experiment
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A mathematical software (MATLAB) was used to correlate average ball temperatures and
time. Collected data for ball temperatures (T: oC) at the end of each time interval (t: minutes)
are fit into fourth order polynomials. Three equations for average top, middle, and bottom ball
temperatures are obtained for each experiment (Table 1). Dimention of the first correlation
coefficient is oC/min4. The second correlation coefficient has a dimension of oC/min3. The
third correlation coefficient has a dimension of oC/min2. The fourth correlation coefficient has
a dimension of oC/min. The constent has a dimension of oC. These equations can be used to
predict a ball temperature at later times which provides a wider picture of store performance.
The correlation coefficient was calculated for every polynomial equation. It was found that all
had a rounded value of unity (Table 1), an indication of excellent fit.

Correlation Equations

Corrln
Coefft

Ttop(t) = -1.237x10-7 t4 + 4.643x10-5 t3 – 5.194x10-3 t2 + 0.216 t – 2.119

0.9988

Tmid(t) = -6.859x10-8 t4 + 3.007x10-5 t3 – 4.646x10-3 t2 + 0.311 t – 7.314

0.9991

Tbot(t) = -3.927x10-8 t4 + 2.194x10-5 t3 – 4.300x10-3 t2 + 0.367 t – 9.641

0.9986

Ttop(t) = -2.767x10-10 t4 + 8.029x10-8 t3 + 2.124x10-5 t2 + 0.018 t + 0.786 0.9901
Tmid(t) = -6.759x10-9 t4 + 4.453x10-6 t3 – 1.117x10-3 t2 + 0.135 t – 2.631

0.9866

Tbot(t) = 9.504x10-9 t4 – 4.005x10-6 t3 + 1.604x10-4 t2 + 0.110 t – 6.565

0.9977

Table 1. Correlation equations of ball temperature and time and corresponding correlation
coefficient for first and second experiments
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CONCLUSIONS

The concluding remarks can be summarized as follows,
1) Initial ball temperatures were between -2 and -9oC at the beginning of discharging
processes. The temperature increased sharply during the first hour to around 2-3oC due to
liberation of sensible heat. From there on the increase in temperature was gradual and
slow, an indication that energy supplied was consumed in changing phase. Faster increase
in temperature was observed towards the end of the experiments, especially in upper layer.
2) Differences between inlet and exit solution temperatures were slightly less at the
beginning of the process than at later times. As time progressed the difference increased
due to more cool energy released by cold water in the balls.
3) Fourth order algebraic equations are used to correlate average ball temperature with time.
The correlation coefficient of every equation is amost unity, an indication of excellent fit.
These equations can be used to predict history of average ball temperature at later times
and can be used in other experiments with similar initial conditions.
4) Average bottom ball temperature becomes higher than average middle ball temperature at
later times of both experiments, in contradiction with expectations and earlier
temperatures.
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