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Abstract 
 
The thermal and heat transfer characteristics of stearic acid during the solidification processes were investigated 
experimentally in a vertical annulus energy storage system. Temperature distribution and temporal temperature 
variations in radial distances during freezing processes were measured and plotted. The thermal characteristics of the 
stearic acid, including movement of the solid-liquid interface in radial distance, and the effect of Reynolds Numbers 
on the heat transfer parameters were studied. The heat flux was calculated. A new copper fin was designed and fixed to 
the central rod to enhance the thermal conductivities of stearic acid. The effect of the fin size on the enhancement was 
discussed. 
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1. Introduction 
Energy storage plays a critical role in enhancing the 

applicability, performance and reliability of a wide 
range of energy systems because the discrepancy 
between the energy supply and demand can be 
eliminated by a proper energy storage system. Thermal 
energy storage provides reservoir energy to adjust for 
this gap and to meet the energy needs at all times. Of all 
the thermal energy storage methods, latent thermal 
energy storage employing phase change material (PCM) 
is the most attractive form for its advantages of high 
energy storage density and charging/discharging heat at 
a nearly constant temperature. So the use of the latent 
heat of PCM has gained considerable attention lately.  

A wide range of PCMs have been investigated, 
including salt hydrates, paraffin waxes, and 
non-paraffin organic compounds (Brandstetter, 1998; 
Choi and Kim, 1995; Gong and Mujumdar, 1997; 
Lacroix and Duong, 1998; Ismail and Goncalves, 1999). 
Some fatty acids were investigated as PCM for thermal 
energy storage by Hasan and Sayigh(1994),  Sari and 
Kaygusuz(2000). They observed that the palmitic and 
myristic acid are suitable materials for energy storage in  

*Corresponding author 

solar heating and cooling applications. They also 
observed that the melting and solidification times are 
not affected by the flow rate of the heat transfer fluid in 
the tested laminar range.   

Various methods for thermal conductivity 
enhancement of PCM have been investigated and 
studied by many researchers. Some of the most common 
methods are attaching fins to heat transfer walls, 
dispersing metal particles or rings or carbon fibers of 
high conductivity into PCMs [Velraj 1999; Jun Fukai et 
al; Chow et al; Eftefkhar et al]. Dispersing high 
conductivity materials into PCMs is less practical 
compared with inserting fins into PCMs since the 
substances dispersed in PCMs usually sink down to the 
bottom or float up to the top of the container due to their 
different densities from PCMs. 

In this paper, the influences of Reynolds Numbers 
and inlet temperature of cooling water on solidification 
process are investigated experimentally. Copper fins 
made of different widths were employed to improve the 
thermal conductivity of the stearic acid.  

2. Experimental setup and procedure 
The experimental setup is shown in Fig.1. It consists 
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of a heat exchanger, a high temperature bath, a low 
temperature bath, a circulation pump, piping systems, a 
data acquisition/switch unit, T-type thermocouples, HP  
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(a) Experimental Setup 
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(b) Thermalcouples location inside PCM tubes 

Fig.1 Schematic diagram of the apparatus 

1 HP data logger 2. high temperature bath 3.8.9.10. ball 
valves 4. heat exchanger 5. low temperature bath 6. PIII PC 7. 
flow-meter 11.12. mixing chamber 13. exterior tube 14. 
electrical rod 15. PCM tube 16. thermocouples carrier  T1 
T2 T3 T4 T5 T6 T7 T8 T9 thermocouples 

data logger and a Pentium III PC. The heat exchanger 
consists of two concentric cylindrical stainless steel 
pipes. The exterior cylindrical tube is 600mm long with 
an inner diameter of 91mm while the interior PCM 
tube is 550mm long with an inner diameter of 46 mm. 
The electrical heating rod and the PCM tube are also 
placed concentrically. The rod is of a diameter of 
19.7mm and runs through the whole tube with a 
heating length of 550mm. Four thermocouples are 
distributed evenly along the radial direction at the same 
section of 255 mm from the bottom end of the tube. 
The radial locations of the thermocouples from the rod 
axes are 10mm, 14.33mm, 18.66mm and 23mm 
respectively. All thermocouples were tested before use 
and it was observed that each thermocouple has an 
extremely high sensibility between -50 and 150°C. 

Stearic acid is filled in the annulus formed by the 
PCM tube and the electrical rod. The stearic acid used 
has analytical purity, 224.3kJkg-1 fusion enthalpy and 
67-70°C s.p. The detailed thermophysical properties of 
the stearic acid were tested by using DSC analyses 
(Fig.2)  

The melting process was started by circulating hot 
inlet water at the higher temperatures (80°C) with 
constant flow rates (1.6 kgmin-1). To calculate the heat 
losses from PCM and the heat exchanger tube to the 
environment, the temperatures of the heat exchanger 
surface were also measured. The solidification stage 
was triggered directly after the completion of the 
melting process. After determining the initial 
conditions, the different low temperature water 
(35-45°C) was circulated at different flow rates 
(1.6-3.3 kgmin-1) through the system. The 
temperatures were recorded in 20-sec time intervals. 

 
     Fig.2 DSC analysis data for stearic acid used 

 

3. Results and discussion 
3.1 Solidification curves 

Temperature variation with time of stearic acid at 
different radial positions is shown in Fig.3. At the 
beginning of the solidification period, the temperature 
of the stearic acid decreased rapidly by transferring the 
sensible heat stored to the cooling water. This is mainly 
because the heat transfer inside stearic acid is natural 
convection and temperature gap between PCM tube 
and the cooling water is large. When T1 reaches the 
solidification point, the solidification process starts. 
Then the stearic acid near the inner wall of the PCM 
tube begin to freeze and discharge latent heat. The 
frozen layer constitute the main heat resistance for heat 
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Fig.3. Temperature variation with time of stearic                
acid at different radial positions 
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Fig.4. Temperature profile during solidification of 

 stearic acid 
transfer from the inner stearic acid to outside.The 
temperature distribution in radial direction at different 
times is shown in Fig.4. It can be seen the gradients of 
the temperature profiles at 2min and 80min are much 
smaller than that of the temperature profile at 20min, 
35min, 60min. This is the important characteristic of 
non-steady-state heat transfer. Temperature distributes 
more evenly at 2min and 80min because they 
separately are the beginning and the end of the 
non-steady process. While at 20min, 35min, 60min, 
solidification process has begun and conduction 
became the main heat transfer form inside the stearic 
acid. Due to the low conductivity of the stearic acid, 
heat flux in radial direction became low and radial 
temperature disparity get larger. As we can see from the 
figure, the temperature difference between T1 and T4 
reached nearly 10°C. 

3.2 The effects of the inlet water temperature  
Fig 5 depicts the location of the solid-liquid interface 
versus time with different inlet water temperature. As 
the inlet water temperature is decreased from 45  to ℃
35 , the time for the solidification process is ℃
significantly shortened from 48min to 14min. This can 
be explained by the eq.(1): 

      watertubesa

watersa

RRR
tt

Q
++

−
=

            (1)             
As the inlet water temperature falls down, the 

numerator is enlarged but saR , tubeR , waterR remain 
unchanged, so the heat flux increased correspondingly.             

Since the quantities of the latent heat released are 
invariable, the time for the solidification process is   
shortened. Fig.6. compares the temperature profile 
during solidification of stearic acid with different 
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Fig.5. Comparison of movement of the solid-liquid 

interfaces with different cooling water inlet temperature. 
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Fig.6. Comparison of temperature profile during 

solidification of stearic acid with different cooling water 
inlet temperature 

cooling water inlet temperature. Under the same flow 
rate of the cooling water, the average temperature in 
radialdirection is much lower for 40℃ inlet water 
temperature than for 45℃ inlet water temperature. As 
time lapses, the temperatures at different radial 
positions become closer to each other. 

3.3 The effects of Reynolds Numbers 

The Reynolds numbers of the cooling water during the 
solidification experiments can be defined by eq.(2),(3): 

        
f

f v
ud

=Re                 (2) 

        
χ
Ade

4
=                   (3) 

Through the experiments, the flow rate of the cooling 
water is changed from 100L/h to 200L/h and the 
corresponding Reynolds numbers is 228~456. It is 
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Fig.7. Comparison of temperature of TC2 with different 
cooling water Reynolds numbers during solidification of 

stearic acid 
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Fig.8 Comparison of temperature of TC2 with different 
cooling water Reynolds numbers during solidification of 

stearic acid 
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Fig.9. Heat flux versus time during solidification of stearic 

acid with different cooling water Reynolds numbers 

worth noted that the low conductivity inside the stearic 
acid contributes to the big thermal resistance of heat 
transfer chain in radial direction. So the increase of 
Reynolds Numbers which originally is intended to 
decrease the thermal resistance outside the tube has little 
influence on the solidification process. As shown in 
Fig.7-8, the curves of temperature versus time of TC2 
with different cooling water Reynolds numbers are nearly 
the same to each other. Heat flux during solidification of 
stearic acid were calculated by using the eq.(4).:  

δ
λ )( 1 surface

surface

TT
q

−
=

            (4) 

and obtained results are given in Fig.9. We can also 

conclude that the Reynolds Numbers have little effects on 
the solidification process when cooling water lies in 
tested laminar range. 

3.4 The effect of fins 
  In order to enhance the solidification process of stearic 
acid, a new fin is designed and employed. The fin made 
of copper has a shape of spiral twisted tape, which can 
effectively enhance both conduction and natural 
convection heat transfer.  
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  Fig.10 Comparison of temperature profiles during      
solidification of stearic acid with fins of different widths 
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Fig.11 Comparison of temperature profiles during 

solidification of stearic acid with fins of different widths 
A series of experiments are carried out with and 

without fins. The main results are shown in Figs.10 to 12. 
Fig.10-11. depicts the comparison of the temperature 
profiles at various solidifying stages with and without 
fins. It was obviously observed that the temperature 
distribution of stearic acid with fins (0.5 cm in width) at 2 
min, 20 min,60 min are significantly more even than that 
without fins. This also means the temperatures at 
different radial positions become closer to each other due 
to the existence of fins. Fins accelerate the speed of heat 
transfer from the stearic acid to the cooling water outside. 
In Fig.10, under the heating conditions given, the slopes 
of curves at 2 min and 20 min are relatively large simply 
because the stearic acid has frozen and the heat transfer 
inside stearic acid mainly is conduction. 

In order to investigate the effects of the fin geometry 
on the heat transfer enhancement, fins of different width 
are manufactured and tested. It should be noted that the 
total amount of copper inserted into the annulus as fins 
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are the same though these fins are of different width. Fig. 
11 gives a comparison of the temperature profiles of the 
stearic acid with a 0.25cm-in-width fin and that with a 0. 
5cm-in-width fin. It can be concluded from the figure that 
the temperature profile of the stearic acid with a 
0.5cm-in-width fin is little steeper than that with a 
0.25cm-in-width fin, which demonstrates that fine fins are 
little more effective than large fins in enhancing 
solidification process if a equal amount of the fin material 
is used. This is mainly because that the effective finned 
surface area of the fine fin is a little bit greater than the 
large fin. It is worthwhile to note that the slopes of the 
curves are getting smaller as time lapses, and the effects 
of the fin width are little more significant in the initial 
period than in the latter period. This is because, as the 
cooling proceeds, more and more solid stearic acid are 
solidified and the natural convection effects become more 
and more faint.  
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 Fig.12 Interface location during solidification of stearic 
acid with fins of different width 

Fig.12 presents movement of the solidification 
interface of stearic acid without fins and with fins of 
different width. As we can observe from the figure, the 
time for the onset of solidification and whole 
solidification process decreases a lot when a 0. 
5cm-in-width fin is inserted into the annulus. This is 
because, as the thermal conductivity of stearic acid is 
augmented by the fins, the heat discharged by stearic acid 
can be more easily transferred to the outside cooling 
water. Thus temperature of outermost stearic acid falls 
down more rapidly to the freezing point. The width of the 
fins also has influences on the time mentioned above but 
not proportional to the alterness of width as seen from the 
figure. 

4. Conclusions 
Based on the experimental results and the discussions 
above, the following conclusions are obtained: 
 
1. The rate of heat transfer and, consequently, the 
charging and discharging times can be altered by 
changing the water inlet temperature. 
2. Reynolds Numbers of the cooling water have little 
effects on the solidification behavior of the stearic acid. 
3. A heat exchanger and a storage system which 

consists of a vertical single pipe as a heat exchanger 
inserted into another vertical pipe as a heat storage 
container can be used for energy storage with 
reasonable charging and discharging times and heat 
release rate. And main thermal resistance of such 
system concentrates on PCM-side. 
4. Stearic acid is a good PCM for energy storage for 
domestic solar water heating. It has a suitable 
melting/solidification point of 67-70℃ and a relatively 
high latent heat of 224.3kJkg-1. In addition, it has no 
subcooling. 
5. A novel spiral fin designed to enhance the thermal 
conductivity of PCM is tested to be effective. The 
experiments display that reduce the fin width can lead 
to a little more effective enhancement of the PCM 
thermal conductivity though more precise experiments 
are needed to verify exact effects. 
 

Nomenclature 

A    horizontal section of the annulus (m2) 

ed    equivalent diameter of the annulus (m) 

saR   thermal resistance inside stearic acid (m2·℃/W) 

tubeR  thermal resistance of the stainless steel tube 

(m2·℃/W) 

waterR  waterside thermal resistance (m2·℃/W) 

sat    average temperature of stearic acid in radial 

direction(℃) 

watert   average temperature of cooling water(℃) 

1T     temperature measured by TC1 (℃)  

surfaceT arithmetic average of T7, T8 and T9 ( )℃  

u     flow rate of cooling water inside annulus (m/s) 

fν    kinematical viscosity of cooling water(m2/s) 
χ     moistened perimeter (m) 

λ     thermal conductivity of the stainless steel tube 

(W/m·℃) 
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δ  thickness of the PCM tube (m) 
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