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Abstract— The reliability of cooling production of an 

adsorption chiller driven by solar energy is depending heavily on 

the solar radiation received by the solar thermal collector. Use of 

thermal storage may continuously supply heat at a constant 

temperature to the adsorption chiller when solar radiation is not 

sufficient. This paper presents a mathematical model of a 

thermal storage for adsorption chillers. The heat that will be 

stored in this storage has the temperature range between 60 oC 

and 90 oC; the calculation presented in this paper was for the 

heat storage at 70 oC. Nusselt number for the staggered and in-

line aluminium tube bank were calculated for the Reynolds 

number between 10 and 1000. It is possible to increase the 

thermal storage temperature by 50 oC within 90 seconds, if the 

Reynolds number is 500. This work is expected to contribute in 

the advancement of the system design of adsorption cooling 

systems, particularly on the improvement of reliability in cooling 

production.   
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I.  INTRODUCTION  

Adsorption chiller system utilizes heat energy at almost 
constant temperature instead of electricity to produce cooling 
effect [1]. Solar thermal collector could be coupled with 
adsorption cooling system to utilize solar energy [2]. Solar 
radiation could be intermittent due to weather conditions such 
as rain and cloud cover, thus the temperature of hot water 
supplied to adsorption chiller may fluctuate. The consequence 
is the cooling power produced by an adsorption chiller may be 
inconsistent.  

Auxiliary water heater could maintain the temperature of 
heating fluid that is flowing into an adsorption chiller. 
Unfortunately, this method is only feasible in the area which 
has a reliable and abundance electricity supply. Alternatively, 
the heat source temperature could be maintained through the 
application of thermal storage. A thermal storage system for an 
adsorption chiller should have a high heat transfer rate to 
enable quick charging and discharging. 

This paper presents a mathematical model of thermal 
storage system for an adsorption chiller. The mathematical 
model was used to predict the Nusselt number and the increase 
of thermal storage temperature. 

II. CONCEPT DESIGN OF A THERMAL STORAGE SYSTEM 

It is proposed to place the thermal storage in series with 
solar thermal collector and adsorption chiller as in Figure 1. 
Hot water from solar thermal collector flows through thermal 
storage before it enters the adsorption chiller. It can be argued 
that a significant period of time is required to increase the 
temperature of the thermal storage. A by-pass hot water circuit 
that does not flow through thermal storage could be used to 
avoid this issue in the real application. 

 

 

FIGURE 1: ADSORPTION CHILLER DRIVEN BY A SOLAR THERMAL COLLECTOR 

INTEGRATED WITH A THERMAL STORAGE 

In this paper, aluminium rods are proposed to be used as 
thermal storage. These rods are placed inside a box. 
Aluminium rods were arranged in in-line and staggered 
configurations (Figure 2). There are 67 rows of aluminium tube 
banks will be installed in this box. The box is connected to the 
solar thermal collector and adsorption chiller. Hot water from 
the solar thermal collector will be used to heat the aluminium 
tube bank. 
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FIGURE 2: IN-LINE (A) AND STAGGERED (B) ARRANGEMENT OF TUBES 

 

III. MATHEMATICAL MODEL OF HEAT TRANSFER 

This section provides mathematical model of the heat 
transfer of thermal storage. There are two possible 
arrangements for the flow across tube banks which are 
staggered and in-line (Figure 2). These two arrangements have 
different heat transfer coefficient for a given Reynolds number.  

The proposed design for thermal storage is available in 
Section 2. Since the tube banks reduced the cross-sectional area 
of fluid flow, there is a maximum velocity of fluid velocity 
flowing inside the thermal storage box. Reynolds number is 
calculated using Equation 1 
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where Vmax is the maximum velocity of fluid flowing through 
tube banks, D is the diameter of aluminium tube (0.0127 m), ρ 
is the density of water and µ is the dynamic viscosity of the 
water. 

The maximum velocity is calculated by Equation 2 for in-
line configuration and Equation 3 for staggered configuration, 
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where V  is the free stream velocity of fluid and ST and SD are 
as shown in Figure 2. The calculation of ST is straightforward 
while SD is calculated using Equation 4 
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where SL is the distance between two consecutive rows of 

tubes as in Figure 2. 

 

In the correlations of Nusselt number shown in Table 1, 

Prandtl number (Pr) is evaluated at arithmetic mean of inlet 

and outlet temperatures while surface Prandtl number (Prs) is 

evaluated at the surface temperature of tubes. Prandtl numbers 

are calculated using Equation 5 
  

Pr � 	 ���
�
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where cp is the specific heat capacity of water and k is the 
thermal conductivity of water. 

The Nusselt number (Table 1) is calculated by using the 
correlations suggested by Zukauskas [3]. 

 

TABLE 1: NUSSELT NUMBER CORRELATIONS FOR CROSS FLOW 

OVER TUBE BANKS  

 

Arrangement Range of 

ReD 

Correlation 

 

In-line 

0-100 NuD = 0.9 ReD
0.4

Pr
0.36

(Pr/Prs)
0.25

 

100-1000 NuD =0.52 ReD
0.5 Pr0.36(Pr/Prs)

0.25 

 

 

Staggered 

 

0-500 

 

NuD = 1.04 ReD
0.4

Pr
0.36

(Pr/Prs)
0.25

 

500-1000 NuD = 0.71 ReD
0.5Pr0.36(Pr/Prs)

0.25 

 

Then, the heat transfer coefficient (h) is calculated by 
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For each row, the heat transfer from water to the aluminium 
tube (Q) can be calculated using Equation 7 
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where h is the heat transfer coefficient between water and 
aluminium tube, A is the total area for each tubes row, Tf is the 
water temperature and Tt is the tube temperature. 

The average fluid temperature after each tube row (Tf,out) can 
be calculated by 
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where  is the mass flow rate of water and Tf,in is the inlet 
temperature of fluid at each row. 

Equations 1 through 8 enable the calculations of temperature of 
each row of tube bank and fluid temperatures at the inlet and 
outlet of each row of tube bank. 

IV. RESULTS 

Figure 4 shows the variation in Nusselt number for flow of 
water across in-line and staggered tube bank at different 
Reynolds number. At the low Reynold numbers, an advantage 
in heat transfer coefficient using staggered tube arrangement is 
less significant. As the Reynolds number increases, the 
different in Nusselt number between these two arrangements 
becomes more significant. It is desirable to increase the Nusselt 
number by increasing the fluid velocity but this may not be 
acceptable in terms of the required pumping power. 

Figure 5 shows the variation of tube temperature at the 
specified row number of tubes bank for the first 90 seconds, for 
the Reynolds number of 500. The initial temperature of the 
tubes is at 27 

o
C and the inlet temperature of hot water (from 

solar thermal collector) is at 70 
o
C. It is assumed that the 

aluminium rod has a uniform temperature instantaneously at 
each time step. 

 

 

 

FIGURE 3: NUSSELT NUMBER FOR WATER FLOWS ACROSS IN-LINE AND 

STAGGERED TUBE BANK 

 

 

FIGURE 4: VARIATION IN THE TEMPERATURE OF ALUMINIUM RODS 

(STAGGERED CONFIGURATION) FOR THE FIRST 90 SECONDS OF FLUID FLOW 

 

V. DISCUSSIONS 

According to the simulated temperature variation of 
aluminium tubes, it is possible to use the proposed thermal 
storage configuration since the time taken to increase the 
thermal storage temperature is about 90 seconds, much less 
than the half cycle time of adsorption chillers (~1000 seconds). 
However, the capacity of this thermal storage needs further 
investigation. If its capacity is too low relative to the required 
heat to drive an adsorption chiller, use of phase change material 
is worth to be considered. 

Another issue that may arise is the rate of heat conduction 
within the aluminium rods could be significantly lower than the 
heat transfer from the water to the rod. If this is the case, a 
finite element heat conduction analysis is required to give a 
better prediction of heat transfer within the rods. This problem 
may be amplified if a material with lower thermal conductivity 
is used as the thermal storage. 

 

VI. CONCLUSIONS 

A mathematical model of the heat transfer between water and 
aluminium rods in a thermal storage was presented. Heat 
transfer coefficient for the staggered rods configuration is only 
beneficial if the Reynolds number is higher than 400. The 
temperature of aluminium rods was increased by 50 

o
C within 

90 seconds, which is a desirable condition for an adsorption 
chiller system. Further work is on the simulation of a complete 
adsorption chiller system driven by solar thermal collector with 
a thermal storage system. 
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NOMENCLATURE 

cp Specific heat of water (J/kg K) 

D Diameter of tube (m) 

h Heat transfer coefficient (W/m
2
 K) 

k Thermal conductivity of water (W/m K) 

m Mass flow rate of water 

NuD Nusselt number (-) 

Pr Prandtl number (-) 

Prs Prandtl number on tube surface (-) 

Q  Heat transfer from water to tube (W) 

ReD Reynolds number (-) 

SD Distance between tubes as in Figure 2 (m) 

ST Distance between tubes as in Figure 2 (m) 

Tf Temperature of fluid (
o
C) 

Tf,in Average inlet temperature of water into tube row 

number n (oC) 

Tf,out Average outlet temperature of water from tube row 

number n (
o
C) 

Tt Temperature of tube (
o
C) 

V Free stream velocity of water (m/s) 
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