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Abstract The ice thermal storage systems are designed using 

mathematical model to have a system that satisfy the actual 

cooling load. Freezing of water around horizontal pipes is 

important in external ice storage systems, which is considered 

to reduce peak electricity demand in summer season.  In this 

paper the amount of the energy storage behavior inside the 

thermal storage tank is presented. The energy and mass 

balance of storage tank system were developed by a 

mathematical model in order to define optimal design. Some 

parameters such as constrain area of ice and fraction of a 

remaining liquid into ice in the storage tank during the 

charging process were analyzed. The results clearly indicate 

that the amount of required stored energy that is formed 

around pipes must be before the intersection point of the ice to 

avoid disadvantages of the decreasing heat transfer area. Also 

it was founded that approximately 60% of the water is 

remained when the amount of the required energy for the 
system is stored. 

Keywords External ice storage, Energy storage, Design 

storage tank. 

I. INTRODUCTION  

In recent years the thermal energy storage TES systems 
have been receiving much more attention, mainly in ice 
storage for use in air conditioning applications [1]. 
Numerous studies have been carried out on modeling of cold 
thermal storage systems. The performance of ice storage 
charging and discharging processes on the basis of energy 
and exergy analyses was performed by [1]. The results 
showed that the exergy analysis is important due to the 
existing thermodynamic irreversibility in ice storage system. 
The technical, economical, and environmental advantages of 
energy storage systems were reviewed and reported [2].  

The mathematical model and optimization of a chilled 
water thermal storage system was carried out by [3]. In their 
investigation, they considered the capital investment costs as 
the objective function. The results showed that addition of a 
TES system to conventional cooling systems is cost-
effective. The external melt ice- on- coil thermal storage 
tanks are widely used today in air conditioning systems. In 
this kind of tank, brine usually glycol solution flows through 
coils to charging and discharging the tank. The experimental 
investigation of discharge performance and measured 
temperature distribution to analyze the performance of the 
ice storage tank [4]. Several control parameters, including 
the entering mode, water flow rate, load power and ice 
bridging were considered in their study to determine the 
outlet temperature. The results concluded, the increase of 

water flow rate led to an even temperature distribution and 
slightly higher outlet temperature and ice bridging could 
badly deteriorate discharge.  

 The parametric experimental study to investigate the 
influence of the chiller control strategies on the performance 
of an ice-on-coil TES system was performed [5]. They 
concluded that, the usage of the variable speed compressor 
in the system provides stable inlet temperatures and 
increases the system performance. It requires proper 
configuration of the stratification system elements, in 
particular the volume of the ice formation around pipes in 
the tank. The analysis of thermal stratified storage tank 
study to compile a temperature stratification system in an 
accumulation tank was performed [6]. They concluded that, 
the application stratification system has positive influence 
not only on temperature leveling in a tank but also on the 
amount of accumulated energy. 

The previous work briefly investigated some parameters 
influencing the external ice thermal storage EITS system, in 
particular cooling load profile, operation strategies, model 
of heat transfer, the power input, and coefficient of 
performance COP during charging and discharging 
processes [7]. The current study presents the design and 
analysis of the mathematical model where the phase change 
phenomena on ice formation around a horizontal tube in a 
rectangular tank was investigated to reach the optimal 
design of ice storage tank and analyzing of ice formation 
behavior during the latent charging process. 

II. THE COOLING LOAD PROFILES FOR THE BUILDING 

Using the Hourly Analysis Program HAP program, 
monthly cooling load calculations based on Tripoli climate 
conditions in summer season which extended from April to 
September was performed for selected building. The 
maximum cooling load is occurred in July at 04:00 pm, as 
shown in fig.1.  

 
Fig. 1. Maximum cooling load and outdoor temperatures for design day in 

July. 
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Fig. 2. Schematic diagram of the external ice thermal storage 

system. 

 
The peak cooling load for the building during the day for 

all months is occurred at after noon hours (02:00-05:00 pm), 
which is very common for Tripoli climate conditions. The 
maximum cooling load that reaches 484 kW at 04:00 pm 
and the outdoor temperatures for the design day in July  
illustrated in fig.1.  

Therefore, an air- cooled screw packaged chiller with a 
nominal capacity of 500kW installed in the central chiller 
plant is dedicated for extended hours of operation. A 
preliminary study was carried out by [7]. That conducted the 
60% scenario of partial storage demand limiting achieves 
the law energy consumption compared to other the operating 
strategies. Therefore, the following modeling of the 
designing and analyzing of ice formation behavior during 
the latent charging process in ice storage tank will be based 
on this type of operating strategy in this study. In addition, 
schematic diagram of the EITS system considered in his 
study is demonstrated in fig.2. This system includes two 
main cycles. The primary cycle includes refrigeration cycle 
equipment with an ice storage tank while the secondary 
cycle includes air handling unit AHU, heat exchanger, ice 
storage tank and circulating pumps for ice and chilled water. 

III. DESIGN AND OPTIMIZATION OF ICE STORAGE TANK 

The ice storage tank was designed for the charging and 
discharging processes of an external ice storage tank. The 
ice storage tank consists of a large number of small pipes to 
effectively transfer the heat from a transport fluid water to 
the storage medium ice, and to provide a large surface area 
for heat transfer. The dimensions of the rectangular storage 
tank were designed at 2.83 m height, 4.28 m width and 6.34 
m length. The tank has two sections, each section has 14 
pipes, and each pipe is 5.3 m in length which consists of 19 
rows in horizontally stacked areas, as shown in Fig. 3. The 
pipes have inner and outer diameters of 0.034 m and 0.038 
m respectively. The configuration for the coil is such a way 
that round pipes are evenly spaced in both the horizontal and 
vertical dimensions. This configuration provides a gap 
between rows in both horizontal and vertical dimensions. 
The gap is necessary for circulation of the tank water and to 
maintain an open space between the ice cylinders which 
allows efficient heat transfer between the tank water and the 
ice on the tubes of the coil. Therefore, the design of 
configuration for the coil is considered in this study to 
provide the maximum cooling capacity of storage.   

 
Fig. 3. Pipes design of external ice storage tank. 

 
The vertical and horizontal distance between the 

centerlines of the pipes can be obtained by the following 
equation.  

Where tice is the thickness of ice, dp is the distance 
between outer surfaces of ice which assumed to be 0.03 m, 
and ds is the outer diameter of pipe. The dimensions of the 
tank were defined by the following equations as the Fig.3. 
Indicates. 

Where Ds is the distance between sections, it is assumed 
to be 0.03 m and Wt is the total width for two sections 
which can be obtained by the following equation 

    Where Wts is the width for one section which obtained 
by the following equation 

Where Dt is the distance between the outer surface of ice 
at optimum thickness and inner surface of storage wall. It is 
assumed to be 0.12 m. wp is the width for pipes. 

Where nz1 is the number of horizontally stacked pipes in 
each section. The length of storage was obtained by the 
following equation. 

Where Lp is the length of pipes, assumed to be 5 m. The 
height of storage can be obtained by the following equation.  

Where hp is the height of pipes determined by the 
following equation. 

  (1) 

  (2) 

  (3) 

  (4) 

  (5) 

  (6) 

  (7) 
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Where ny is the number of pipes in the vertical direction.  

The total outer and inner surface areas for the pipes of 
storage were obtained by the (9) and (10), respectively. 

The number of parallel pipes can be determined by the 
following equation. 

Where di is the inner diameter of pipes. The total volume 
of ice formed around pipes was calculated by using the 
following equation. 

Where dicemax is the maximum desired diameter of the ice 
layer formed around the horizontal pipes, which is obtained 
by summing the outer diameter of pipes to double thickness 
of ice Tice. The total storage capacity can be determined by 
the following equation. 

Where mice is the mass of ice, which is equal to the 
volume of the ice formed around the horizontally stacked 
pipes multiplied by the density of ice 920 kg/ m3 and Qf 
latent heat of fusion of water 334 kJ/kg. The total area 
available for water flow can be obtained by the following 
equation. 

IV. ANALYZING OF ICE FORMATION BEHAVIOR DURING THE 

LATENT CHARGING PROCESS 

This subsection presents an important operating analysis 
of a particular constrained area available for volume of ice 
within the ice storage tank during the latent charging period. 
During the latent charging period, the mean temperature of 
the water storage medium remains essentially constant, and 
ice formations build in a cylindrical fashion on the surface 
of the pipe. These advancing ice formations and constrained 
areas are shown in Fig.4. Which depicts a cross-section of 
six adjacent pipes located within the storage tank.  

The volume of ice for each constrained area was used to 
determine the fraction of ice and water in a particular ice 

storage tank. That could be calculated by (15) and (16) 

respectively. 
 

 
Fig. 4. Volume of ice formation around pipes in A1, A2, A3. 

 

The constrained area is divided into three regions A1, 
A2, and A3 as shown in Fig.4. These analyses treated as a 
foundation for future discussions regarding the ice storage 
system design and control. The first constrained area is the 
area available for the volume of ice when the ice formation 
diameter is equal to outer diameter of the pipes until the 
adjacent ice formations intersect. The cylindrical ice volume 
of A1 can be obtained by (15). The charging process 
continuously form the ice on the surfaces of the tubes within 
the storage tank. In this case the volume of ice is expected to 
increase because adjacent ice formations have not yet 
intersected, as shown in Fig.5, whereas the second 
constrained area A2 refers to the ice formation area that 
starts from the adjacent ice intersect until the segments 
between pipes are completely blocked by ice forming in an 
overall rectangle shape.  

 

Fig. 5. Volume of ice formation around pipes for constrained 

area (A1). 

 

When the diameter of ice reaches the intersect point, it 
means the second constrained area starts, the volume of ice 
in this case is equal to the volume of the ice formed in two 
region areas, the first one is the area of segments between 
the pipes and the second is the area under the new arc that 
formed out of the rectangle shape of ice as shown in Fig.6. It 
can be calculated by the following equations.  

 (17) 

  (8) 

                                                (9)                                  

                                                 (10) 

 (11) 

 (12) 


(13) 


(14) 

Fice =Volume of ice / Volume of storage   (15) 

Fwater = Volume of water / Volume of storage (16) 
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(18) 

Where α is in radian and di is the radius thickness of ice, 
by the adding (17) to (18) the area of segments between the 
pipes can be determined, and the area under the new arc is 
calculated by the following equations. 

 
(19) 

 (20) 

The third constrained area A3, it refers to the cross 
section area of the ice formation that spreads on the outer 
surface of A2 till it reaches the inner surface of storage wall. 
In order to validate the latent charging process, the size of 
the ice within tank storage has been taken in account to 
calculate the volume of ice for different constrained areas so 
that the fraction of water and ice in the storage tank can be 
determined at each thickness of ice formation during 
charging process. An additional analysis for the volume of 
ice is necessary to determine the fraction of the water and 
the ice within the ice storage tank.  

 

 
Fig. 6. Volume of ice formation around pipes for the constrained 

area (A2). 

The advancing ice formations will be extended to other 
geometries as shown in the fig.7. The new geometry of ice 
would build around the rectangle of the ice which is creating 
new segments. The area of the segments can be calculated 
by these equations. 

 

(21) 

 
(22) 

 (23) 

 
(24) 

 

 
Fig. 7. Schematic diagrams for ice formation around pipes in the 

third step. 

 

 
Where Ω is in radian and OF and EF are as shown in 

Fig.7. By the sum (22) and (23) to obtain the area of the ice 
formation around the rectangle of ice.  

V. RESULTS AND DISCUSSION 

During the day, the chiller designed to operate with full 
capacity of 222 kW, during operating hours (from 07:00 to 
19:00) to handle a portion of building cooling load. While 
the remaining extra loads which is above maximum chiller 
capacity during on-peak hours is met by the storage 
capacity. Fig.8. It illustrates the storage capacity and volume 
of ice for various thickness of the ice layer. As it is evident 
from the figure, the storage capacity increases slightly as 
thickness of ice increases reaching a maximum value of 
2229 kWh, which corresponds to the ice layer thickness and 
ice volume of the 0.035 m  and 25.6 m3 respectively. 

In the sensible heat transfer process, the transfer fluid 
R134a is in direct contact with water due to the thickness of 
the ice is equal to zero at the initial case of charging. 
Therefore, the evaporating temperature was modified to be -
2.5°C. When the water temperature approaches zero, the ice 
layers start to build around the pipes, which means that the 
latent heat transfer process takes place and the evaporating 
temperature has decreased to -6.5°C in order to build the 
required thickness of the ice layer. The maximum ice 
thickness was designed to be 0.035 m to store the desired 
amount of energy to meet the cooling load of the building.   

As the charging process continues, ice forms on the 
surfaces of the tubes increase almost linearly within the 
available heat transfer surface area till its thickness reaches 
0.05m after that heat transfer surface area drops sharply, 
which mean the ice thickness intersect with each other  as 
shown in Fig.9.  

Moreover, this figure demonstrates the inherent 
disadvantages of the constrained areas of the ice storage 
system: immediately after the ice formations intersect, the 
total available surface area for heat transfer decreases 
considerably.  If the tank were near full charge at the point 
where the area of heat transfer did not reach the intersection 
point, then this disadvantage would not be affect. In 
designing an ice storage tank, the thickness of ice within the  
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Fig. 8. Storage capacity and volume of ice for various thickness 

of ice layer. 

storage at required full charging must be before the ice 
formations intersect to avoid the disadvantage of decreasing 
the area for heat transfer. Therefore, in this study the 
charging process is designed to terminate when the ice 
thickness reaches 0.035 m. On a fractional basis, Fig.10, 
shows the fraction of a remaining liquid changing into ice in 
the storage tank during the charging process as a function of 
the ice thickness forming which refers to the constrained 
area (A1, A2 and A3).  

This means that the ice volume is increasing with a 
decreasing water volume in the storage within this process. 
Based on this fig.10, approximately 60 percent of the 
storage medium (water) is not formed when the ice 
thickness of 0.035 m is required. The Fig.10, also indicates 
that when the thickness of ice reaches 0.043 m, the volume 
of water and ice is equal before the intersection point of ice 
formation. According to the second region of the 
constrained area (A2), which starts when the ice thickness 
reaches 0.05 m, the ice formation layers intersect; at this 
intersection point the remaining water volume reaches to 36 
%. The volume of the ice formation increases in a different 
shape (arc) because the ice formation has interfered with 
each other causing the increase.  

 

 
Fig. 9. Total available heat transfer surface area in the ice storage 

tank during latent charging period. 

 

The third region starts when outer surface of segments 
reach each other which means that the heat exchanger 
(evaporator) is blocked by ice. In this case the ice layers will 
increase slightly from the outer surface of the ice block until 
they reach the inner surface of the storage tank as shown in 
Fig.10. 

 

 
Fig. 10. Fraction water and ice in an ice storage tank during the 

latent charging period. 

VI. CONCLUSION 

The mathematical analysis for phase change phenomena 
on ice formation around a horizontal pipe in a rectangular 
tank was investigated in this study. The ice formations 
intersect when the ice thickness is proximately 0.05 m. 
Moreover, immediately after the ice formations intersect the 
total available surface area for heat transfer decreases 
significantly. It is obvious that the decrease of the heat 
transfer surface area results in a significant decrease in the 
charging rate of the tank for a constant inlet temperature. 
Furthermore, in order to maintain the same charging rate, 
the temperature of the R134a refrigerant inlet to the storage 
tank must be decreased. The stored  energy that is  
represented in the formed ice around the pipes must be 
calculated before intersection of the ice. This will overcome 
the disadvantage of the decreasing heat transfer area.   

Based on ice fraction within storage tank, it was found 
that approximately 60% of the storage medium (water) is 
remained as liquid when the amount of required energy is 
stored. Moreover, when the thickness of ice around the 
tubes reaches 0.043 m, the volume of water and ice are 
equal. 
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