
Energy and Power Engineering, 2022, 14, 680-704 
https://www.scirp.org/journal/epe 

ISSN Online: 1947-3818 
ISSN Print: 1949-243X 

 

DOI: 10.4236/epe.2022.1411037  Nov. 24, 2022 680 Energy and Power Engineering 
 

 
 
 

Comparative Heat Transfer Data for 
Solid-Liquid Phase Change of D-Mannitol  
and Adipic Acid 

Ulyana Horbatyuk, Ana Magalhães, Victor Ferreira, Carlos Pinho 

CEFT, DEMEC, Faculty of Engineering, University of Porto, Porto, Portugal 

           
 
 

Abstract 
The goal of this work was to measure the heat transfer rates from thermoflu-
id, Therminol 66, to two phase change materials, D-mannitol and adipic acid. 
It concerns the determination of heat transfer coefficients for the design of a 
concentrated solar energy plant requiring PCM thermal energy storage and is 
part of a wider set of experiments, where several PCMs were tested. An expe-
rimental installation was used with a cylindrical vessel with three tubes dis-
posed almost horizontally (5˚ inclination), containing the phase change ma-
terial, around which the thermal fluid flowed almost perpendicular to the 
tubes. The experimental installation allowed to recreate heating and cooling 
cycles. In order to evaluate the influence of the flow on the rate at which the 
heating and cooling processes took place, tests were performed at different 
thermofluid mass flow rates, concluding that there is no great influence, since 
the thermal resistance inside the tubes is much higher than on the outside. 
D-mannitol and adipic acid, present different phase change temperatures, 
164˚C for D-mannitol and 152˚C for adipic acid. The average heat transfer 
coefficient, during the phase change process, was of 340 W/(m2K) for D- 
mannitol and 1320 W/(m2K) for adipic acid. 
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1. Introduction 

The use of phase change materials as a form of energy storage dates back to the 
1970s, when they were used as thermal capacitors in lunar vehicles [1]. Phase 
change materials have been gaining significant importance in the world of tech-
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nology, and in the world of thermal energy. Such importance is due to various 
reasons: the growing interest in the area of renewable energy, technological de-
velopments, and the demand for more and more comfort, among others [2] [3] 
[4] [5]. 

The use of phase change materials (PCMs) for thermal energy storage facili-
tates the use of solar systems even at low solar radiation periods, or the storage 
of surplus discarded thermal energy, available from any other type of source or 
plant [6] [7]. The greenhouse heating is a typical situation where this kind of 
energy storage is rather useful [8]. The application of PCMs in domestic heat 
water production from solar energy is another [9]. Sioshansi and Denholm [10] 
analyzed the economic impact of the introduction of a thermal energy storage 
system in concentrated solar energy plants, while Nithyanandam e Pitchumani 
[11] carried out a detailed economic analysis of the use of phase change mate-
rials in concentrated solar plants. The use of PCMs is an economic advantage as 
it reduces the number and size of the storage reservoirs [1]. It is a most promis-
ing solution because it allows a high storage density and an almost isothermal 
operation [12] [13]. There are many problems with the PCMs, namely due to 
their low thermal conductivities, low chemical stability, their corrosion capacity 
towards the storage reservoir materials and large volume variations associated to 
the change of phases. However, new technological developments on the synthe-
sis of new materials are leading to new future promises [13]. 

The present study concerns the determination of heat transfer coefficients for 
the design of a concentrated solar energy plant requiring a PCM thermal energy 
storage. It is part of a wider set of experiments, where several PCMs were tested 
in order to obtain heat transfer values [14] [15] [16] [17]. 

2. Materials and Methods 
2.1. Experimental Setup and Operating Procedure 

The heating experiments for the phase change material (PCM) under study were 
carried out in a laboratory installation where hot thermal oil, the Therminol 66, 
transferred heat towards the PCM under analysis, which was placed inside a set 
of three transversal pipes with a slight slope to the horizontal. Two mass flow 
rates of the thermal oil were used in the experiments, according to the frequency 
of operation of the thermofluid circulating pump, namely 35 Hz and 50 Hz. 
During the PCM cooling period, the circulating thermofluid was cooled by a 
water cooled shell and tube heat exchanger. A quick reversal of the operating 
conditions of the laboratory set-up could easily be achieved, and the heating and 
cooling cycles of the PCM could be implemented in a straightforward manner. 
Figure 1 presents a global scheme and a picture of the installation. During the 
PCM fusion process the thermofluid was heated in the heater A then it was 
pumped and sent to the test exchanger D. The Therminol 66 was chosen because 
it was intended to be used in a future solar plant operating with the PCMs under 
analysis. 
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Figure 1. Picture (left) and scheme (right) of the experimental setup. A—Thermal oil 
electrical heater; B—Cooling heat exchanger; C—Centrifugal pump; D—Test heat ex-
changer; E—Air purge; P—Orifice plate flow meter; V—Expansion vessel. 
 

During the PCM solidification step, the thermofluid was cooled in the shell 
and tube heat exchanger B and then pumped towards the test heat exchanger D. 
The mass flow rate of the thermofluid it was measured by the pressure drop 
through the orifice plate P, Figure 1. The laboratory installation was equipped 
with differential pressure transducers and T type thermocouples as necessary to 
follow the operating process. The computer based data acquisition system is 
composed by two USB connected interface boards from Measurement Compu-
ting and their operation was controlled by the DASYLab software. 

The heat exchanger used in the experiments is composed by a single layer of 
three almost horizontal pipes. The heat exchanger is made of carbon steel with 
an internal diameter 159.3 mm and an external diameter of 168.3 mm. There is a 
bundle of three pipes, which will stay approximately in a perpendicular position 
towards the external thermal oil crossflow. These pipes have 210 mm length, 
48.3 mm of external diameter and 43.1 mm of internal diameter. Figure 2 
presents a picture and 3D image of the heat exchanger while in Figure 3 there is 
a 2D drawing. When installed in the experimental setup this heat exchanger is in 
a vertically position, Figure 1. In such situation, the transversal pipes have a 5˚ 
inclination towards the horizontal, to ease the PCM emptying process. The ex-
ternal heat transfer area of each pipe is around 0.0241 m2 and the internal vo-
lume of pipe bundle is of 1.348 dm3. 

To evaluate the PCM temperature evolution during the heating and cooling 
phases, three T type thermocouples were placed inside each one of the pipes. 
The placement of each thermocouple is indicated by the red circle, Figure 3. 
Another thermocouple was placed attached to each pipe external wall, this  
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Figure 2. Picture and 3D image of the test heat exchanger. 
 

 
Figure 3. Test heat exchanger, in its vertical operating position, indicating 
the location of the inner (red circles) and outer (blue squares) thermo-
couples (Tpar1, Tpar2 and Tpar3). 
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makes easier the determination of the external heat transfer coefficient from the 
thermal wall towards the pipe, inside which there is the PCM. The position of 
these external thermocouples is also indicated in Figure 3, by means of the blue 
squares. Two more T type thermocouples were placed at the heat exchanger inlet 
and outlet. In this way, the inlet and outlet temperatures of the thermal oil can 
be continuously monitored. 

2.2. The Phase Change Materials 

Two PCMs were studied. One has the commercial designation of Plus ICE A164, 
and is an alcoholic sugar derived from D-mannitol (C6H14O6). The properties 
supplied by the manufacturer are presented in Table 1. Trhlikova et al. [18] car-
ried out measurements of the thermal properties of this PCM through a 
ramp-wise and step-wise transient method, and some of the obtained properties 
are presented in Table 2, for three temperature values. 

The D-mannitol is presented as white powder and its fusion temperature at 1 
atm is about 168˚C. The D-mannitol is commonly used in the food and phar-
maceutical industries and more recently, it was proposed as a thermal energy 
storage material [19] [20]. A total of 1.8 kg of PCM (PlusICEA164), equally dis-
tributed by the three pipes, was introduced inside the test heat exchanger. This 
corresponds to 522 kJ of latent heat of phase change. 

Several authors have detected some problems on the D-mannitol usage as 
thermal energy storage material. Rodríguez-García et al. [21] indicate that there 
is a severe degradation of this material when working on thermal energy storage 
processes, while it is subjected to long stages above its fusion temperature. The 
clear phase change disappears and a vitreous transition phenomenon takes place 
and from a visual inspection of the degraded material it can be concluded that its 
solid structure is lost. It is replaced by a brownish pasty structure, typical of a 
caramelization process. Bayón and Rojas [22] also confirm the caramelization  
 
Table 1. Properties of plus ICE A164 as supplied by the manufacturer. 

Phase change 
temperature [˚C] 

Density 
[kg/m3] 

Latent 
heat 

[kJ/kg] 

Specific heat 
[kJ/(kg·K)] 

Specific energy 
[MJ/m3] 

164 1500 290 2.42 435 

 
Table 2. Some experimentally determined thermal properties of Plus ICE A164 [18]. 

Temperature 
[˚C] 

Phase  
Thermal  

diffusivity [mm2/s] 

Thermal  
conductivity 
[W/(m·K)] 

Specific heat 
[kJ/(kg·K)] 

30 Solid 0.054 0.06 0.68 

100 Solid 0.049 0.18 2.45 

260 Liquid 0.078 0.24 2.07 
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process and have identified a strong volatiles release followed by the polymeriza-
tion of the solid material. These authors suggest that without a proper stabiliza-
tion procedure of the material, either through encapsulation or through the 
formation of a composite structure, this material should not be used for thermal 
energy storage. Gasia et al. [23] have also detected a serious chemical and ther-
mal degradation of the D-mannitol after a hundred operation cycles and conse-
quently also refer that the D-mannitol should not be used as a thermal storage 
phase change material. 

In spite of the above mentioned restrictions, that concern pure D-mannitol, 
and not commercially derived D-mannitol products, as is the present situation, 
the D-mannitol derivative under analysis is a product developed for thermal 
energy storage applications, and the expectancy is that it would not present such 
strong degradation of behavior and properties, as found in the pure material. 
Even so, industrial applications of D-mannitol derivatives must be carefully 
evaluated while the aging problems are not solved or minimized. 

The second phase change material used in the experimental procedures was 
the adipic acid [23], Table 3. Adipic acid, also known as hexanedioic acid or 
1.4-butanedicarboxylic acid, is a dicarboxylic acid. It has a melting point be-
tween 151˚C - 152˚C and its latent heat of fusion is between 213 and 275 kJ/kg 
[24]. It is a white, crystalline powder, soluble in water and organic solvents and 
odorless. It is used in a wide range of applications, however, almost 80 % of its 
production is for the production of polyamide. Other applications include plas-
ticizers and lubricants, coatings, adhesives, and synthetic leather, among others. 
It was chosen for the present study, because it is the material that presents the 
best qualities after the D-mannitol, in the same average range of melting tem-
peratures, and presents the advantage of not being so sensitive to the process of 
thermal aging, unlike D-mannitol. 

Some studies have been carried out to determine the problems that arise due 
to the use of this material. The conclusions obtained after subjecting adipic acid 
to five heating and cooling cycles (between 40˚C - 200˚C) in an airtight contain-
er, its properties such as melting temperature and enthalpy of fusion did not 
change, but only an overcooling of approximately 5˚C occurred [25]. Another 
study, experimentally determined that no degradation occurs in the material 
when exposed to flowing air up to a temperature of 207˚C. The same study de-
monstrates through spectrometric analysis that there is no morphological change 
in adipic acid even after 100 cycles of heating and cooling between 150˚C - 200˚C.  
 
Table 3. Properties of the adipic acid [26]. 

Phase change 
temperature 

[˚C] 

Density 
[kg/m3] 

Latent heat 
[kJ/kg] 

Specific heat 
[kJ/(kg K)] 

151.5 - 153.0 
1360 (solid at 20˚C) 

1093 (liquid at 163˚C) 
238.5 

1.59 (solid at 20˚C) 
2.26 (liquid at 150˚C) 
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However a reduction in the melting enthalpy of about 7% occurs, and a slight 
decrease in the solidification temperature, with the rest of the properties re-
maining unchanged [23]. 

This material is suitable for use in latent heat systems but it may present some 
corrosion problems when subjected to non-compatible vessels [27]. According 
to steel manufacturers, this material is compatible with an extensive range of 
stainless steels. Some manufacturers admit good compatibility with carbon steel, 
others assume corrosion. 

Applying the first law of thermodynamics to the exchanger under study re-
sults that [14] [15], 

( )in outQ mc T T= −

                          (1) 

where Q , m  and c are the power delivered by the thermofluid in the test ex-
changer, the mass flow rate of the circulating thermofluid and the specific heat 
of the thermofluid, respectively. The temperatures inT  and outT  are the tem-
peratures of the thermofluid at the inlet and outlet of the exchanger. The test 
exchanger is insulated, thus, all the power that is given off by the thermofluid is 
transferred to the phase change material, 

mlQ UA T= ∆                             (2) 

being mlT∆  the log mean temperature difference. 
Combining Equations (1) and (2) yields Equation (3), by which the overall 

heat transfer coefficient is calculated. 

( )in out

ml ml

mc T TQU
A T A T

−
= =

∆ ∆





                      (3) 

In order to proceed with the calculation, it is necessary to know the value of 
the thermal power that the thermofluid gives in each instant, which is possible to 
do since in all tests the temperatures corresponding to the temperatures of the 
thermofluid at the inlet and outlet of the exchanger were recorded. The heat 
transfer area is the area of each tube, which is 0.0241 m2.  

Finally, the log mean temperature difference is calculated according to Equa-
tion (4) [14] [15]. This equation has this configuration because there is no flow 
within each tube. The PCM temperatures, ini

PCMT  and fin
PCMT , are the initial and 

final temperatures, respectively. 

( ) ( )
ln

fin ini
out PCM in PCM

ml fin
out PCM

ini
in PCM

T T T T
T

T T
T T

− − −
∆ =

 −
 − 

                   (4) 

To determine the heat transfer coefficient on the thermofluid side, the tem-
peratures collected by the thermocouples near the outer walls of the tubes were 
used. Equation (5) [14] [15] was used for the calculation. 

( )ext
ext in wall

Qh
A T T

=
−



                          (5) 
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In this equation, Q  represents the thermal power, extA  is the external area 
of the tubes, inT  the inlet temperature of the thermofluid into the test exchang-
er, and wallT  is the wall temperature of the capsule. 

The heat transfer coefficient in the phase change material is determined using 
Equation (6) [14] [15]. In this equation extr  and intr  are the external and in-
ternal radius of the pipe containing the PCM, exth  and inth  are the internal 
and external heat transfer coefficients and k is the thermal conductivity of the 
pipe material. Since the overall heat transfer coefficient U, and the thermofluid 
side heat transfer coefficient exth  have already been determined, obtaining inth  
is straightforward. 

1

ln
1

ext
ext

intext

int int ext

rr
rr

U
r h k h

−
  
  

  = + + 
 
  

                  (6) 

To analyze all the data, constant successive time intervals and average tem-
perature values for these intervals were used along the experimental runs. 

3. Results and Discussion 
3.1. Experimental Results for D-Mannitol 

D-mannitol tests were performed using pumping frequencies of 35 Hz and 50 
Hz. Each test comprises a heating and a cooling process. The heating conditions 
were kept the same, the thermofluid temperature raised from 30˚C to 190˚C. 
The thermofluid cooling was done initially with a water flow rate of 5 l/min, and 
after 20 minutes, at 3 l/min. The thermofluid temperature dropped from 190˚C 
to 20˚C and extracted heat from the PCM. Information on the thermofluid tem-
perature evolution can be found elsewhere [14] [15] [16] [17]. 

The total mass encapsulated in three tubes of the exchanger is 1.8 kg and is 
equally distributed over the three tubes. For this mass, the thermal energy ab-
sorbed and released in the phase change process by D-mannitol (hsl = 290 kJ/kg) 
is 522 kJ. 

Table 4 presents the average values of thermofluid mass flow rate for the two 
different motor supply frequencies, 35 Hz and 50 Hz. When the supply frequen-
cy is higher, the higher is the thermofluid flow rate. The thermofluid mass flow 
rate also varies with the test phase, being lower during cooling. The pressure 
drop during the cooling process is higher, due to the passage of the thermofluid 
through the shell and tubewater cooler and the cooling pipe, decreasing its mass 
flow rate. In all cases presented, the Reynolds number indicates laminar flow 
conditions for the thermofluid. 

The heating and cooling curves obtained during the D-mannitol tests are pre-
sented below, showing the thermocouples measurements inside the PCM, as well 
as the temperature of the heat transfer fluid at the heat exchanger inlet. Figure 4 
shows the evolution of the temperatures during the heating process, for the 50  
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Table 4. Average mass flow rate for the D-mannitol experiments. 

Frequency [Hz] Process m  [kg/s] ReD 

35 

Heating 0.364 621 

Cooling 0.239 89 

Slow cooling 0.228 49 

50 

Heating 0.349 960 

Cooling 0.351 123 

Slow cooling 0.347 70 

 

 
Figure 4. Temperature evolution over the D-mannitol heating. Thermofluid 
pump operating at 50 Hz. 

 
Hz frequency of the thermofluid pump, while Figure 5 and Figure 6 show re-
spectively the fast and the slower cooling curves. 

The phase change within the three tubes, and within each tube, does not occur 
simultaneously, Figure 4. According to the results obtained, the first points 
where the phase change occurs are in tube 2, more precisely, the first thermo-
couple to detect the phase change is T21. This can be justified by the fact that 
heat transfer is increased due to the wake caused by tube 3, where the tube is lo-
cated. Since thermocouple T21 is at a higher elevation within the tube, it may be 
the result of natural convection as the material melts near the walls of the tube, 
and consequently rises to the top, thus causing an increase in temperature. This 
is followed by the change in some parts of tube 3, as this is the tube that receives 
the first contact with the thermofluid, and finally, tube 1. 

In tube 1, the first location where the phase change occurs is T12. Since this is 
in the central location of the tube, a possible justification is that there is greater 
flow stability of the thermofluid, which results in an equitable distribution of 
energy over the available heat transfer area. 
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Figure 5. Temperature evolution over the D-mannitol cooling. 
Thermofluid pump at 50 Hz and cooling water flow rate of 5 l/min. 

 

 
Figure 6. Temperature evolution over the D-mannitol slow cooling. 
Thermofluid pump at 50 Hz, initial cooling water flow rate of 5 
l/min and subsequently of 3 l/min. 

 
As far as cooling is concerned, Figure 5, the phase changes do not follow the 

same sequences as in heating, although the differences are only in the order of 
change in a few thermocouples. This may be caused by the reduced mass flow 
rate of the circulating thermofluid. Thus at the inlet of the test exchanger the jet 
effect is much smaller, affecting the heat exchange within it. The first thermo-
couple to detect the change is the T21 thermocouple, which is located in the 
center pipe of the exchanger. This is followed by the thermocouples in tubes 3 
and 1, and the last thermocouple to record the change is thermocouple T13, 
which is located at a lower elevation of tube 1. 

The cooling process is faster, since the power of the cooling exchanger (29 
kW) used in the installation is much higher than the power of the heater (2 kW). 
It must be stressed that the pump frequency does not significantly affect the 
temperature evolutions, reason why only plots for a thermofluid pump frequen-
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cy of 50 Hz are shown. Figure 6 shows the slow cooling process. 
Figures 7-9 are the evolutions of the overall heat transfer coefficient U, the 

heat transfer coefficient inside the phase change material hint and also the heat 
transfer coefficient on the thermofluid side hext. In order to calculate these para-
meters, Equations (1) to (4) were used. 

Figure 7 shows the evolution of the overall heat transfer coefficient over the 
heating cycle. The overall heat transfer coefficient remains more or less constant, 
however there is a variation during the phase change and then increases again. 
This increase is due to convection effects taking phase in the melted material. On 
the other end, the overall heat transfer coefficient depends on the thermal con-
ductivity of the phase change material, and it decreases with increasing temper-
ature. However, the convection influence on the liquefied PCM is more impor-
tant. 
 

 
Figure 7. Overall heat transfer coefficient over the D-mannitol heating. Ther-
mofluid pump operating at 50 Hz. 

 

 
Figure 8. Overall heat transfer coefficient over the D-mannitol cooling. Ther-
mofluid pump operating at 50 Hz. Cooling water mass flow rate of 5 l/min. 
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In the cooling process, Figure 8 and Figure 9, the overall heat transfer coeffi-
cient is highest at the beginning of the process, since the phase change material 
is molten and convection effects predominate. Thereafter this coefficient de-
creases and becomes almost constant. The slower cooling, Figure 9, does not 
show much difference from cooling at the rate of 5 l/min. 

In Figures 7-9, the red line indicated by the reference T12 represents the time 
evolution of the PCM temperature measured with the thermocouple T12, as in-
dicated in Figure 3. Information on the time evolution of the thermofluid tem-
perature, at the entrance of the test heat exchanger, during the experiments, can 
be found elsewhere [17]. 

The average global heat transfer values for the D-mannitol experiments are 
shown in Table 5. 

Figure 10 and Figure 11 show the evolutions obtained for tube 1 for the 
heating and cooling processes. As can be seen, this coefficient also presents some 
variation, however it follows a clear tendency to increase during the heating 
process and decrease during the cooling process. As already referred, two cool-
ing processes were adopted. One with a constant flow rate for the cooling water 
at 5 l/s, and a slower cooling, starting with a cooling water flow rate of 5 l/s 
which, after about 20 min, was changed to 3 l/s. In Figure 12 this slower cooling 
can be observed and it is noticed that the process is a little more unstable than 
the faster cooling. 

Figures 13-15 show the evolution of the heat transfer coefficient in the phase 
change material, in heating, cooling and slower cooling, respectively. 

Table 5 shows the average values of the heat transfer coefficients (U , exth  
and inth ) for the D-mannitol experiments. These values comprise only the phase 
change interval. 
 

 
Figure 9. Overall heat transfer coefficient over the D-mannitol slow cooling. 
Thermofluid pump operating at 50 Hz. Cooling water mass flow rate of 5 
l/min of during the first 20 minutes and 3 l/min afterwards. 
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Figure 10. Heat transfer coefficient on the thermal oil side, over the 
D-mannitol heating. Thermofluid pump operating at 50 Hz. 

 

 
Figure 11. Heat transfer coefficient on the thermal oil side, over the 
D-mannitol heating. Thermofluid pump operating at 50 Hz. 

 

 
Figure 12. Heat transfer coefficient on the thermal oil side over the 
D-mannitol slow cooling. Thermofluid pump operating at 50 Hz. 
Cooling water mass flow rate of 5 l/min of during the first 20 mi-
nutes and 3 l/min afterwards. 
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Figure 13. Heat transfer coefficient on the phase change material 
side, over the-D-mannitol heating. Thermofluid pump operating 
at 50 Hz. 

 

 
Figure 14. Heat transfer coefficient on the phase change material 
side over the D-mannitol cooling. Thermofluid pump operating 
at 50 Hz and 5 l/min of cooling water mass flow rate. 

 

 
Figure 15. Heat transfer coefficient on the phase change material 
side over the D-mannitol slow cooling. Thermofluid pump oper-
ating at 50 Hz. Cooling water mass flow rate of 5 l/min of during 
the first 20 minutes and 3 l/min afterwards. 
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Table 5. Average values of heat transfer coefficients using D-mannitol. 

Frequency 
[Hz] 

Process Pipe U  
[W/(m2K)] 

exth  
[W/(m2K)] 

inth  
[W/(m2K)] 

35 

Heating 

1 192 6324 228 

2 331 49,741 385 

3 241 49,567 277 

Cooling 

1 239 2117 314 

2 230 11,717 271 

3 239 13,281 252 

Slow cooling 

1 225 1888 300 

2 212 7375 254 

3 234 7374 289 

50 

Heating 

1 540 37,900 641 

2 265 175,799 306 

3 204 12,992 231 

Cooling 

1 390 3219 451 

2 383 12,885 463 

3 399 12,885 484 

Slow cooling 

1 271 2420 360 

2 265 16,828 317 

3 274 16,827 329 

 
For D-mannitol the average value of the overall heat transfer obtained was 285 

W/(m2K), for the heat transfer coefficient in the phase change material the ob-
tained value was 340 W/(m2K) and for the heat transfer coefficient on the ther-
mofluid side it was 24,507 W/(m2K). These values compare well with the equiv-
alent values obtained by Rocha et al. [17], for the same PCM. 

3.2. Experimental Results for Adipic Acid 

The total mass encapsulated in the exchanger three tubes is now 1.36 kg. This 
mass is equally distributed over the three tubes. For this mass, the thermal ener-
gy absorbed and released in the phase change process by adipic acid (hsl = 275 
kJ/kg) is 373 kJ. 

As with D-mannitol, the experimental tests were run at two different motor 
pump frequencies, 35 Hz and 50 Hz. From Table 6 it can be concluded that for a 
higher power supply frequency, the circulating flow rate is higher, as verified in 
the case of D-mannitol, and is also lower during the cooling process. 

Similarly to the experiments with D-mannitol, tests comprising heating and  
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Table 6. Average mass flow rate for the adipic acid experiments. 

Frequency [Hz] Process m  [kg/s] ReD 

35 

Heating 0.367 643 

Cooling 0.226 81 

Slow cooling 0.297 98 

50 

Heating 0.472 722 

Cooling 0.380 112 

Slow cooling 0.365 110 

 
cooling of adipic acid were performed. Thus, heating was always done at the 
same rate, while cooling in one trial was done at a rate of 5 l/min, and in another 
trial, after the initial 20 min at a rate of 5 l/min, it was changed to 3 l/min. The 
thermofluid operating temperature range for the heating and cooling tests were 
the same as for the D-mannitol. 

Observing Figure 16 below, which concerns the heating of adipic acid at a 
frequency of 50 Hz, one can see that the phase change occurs initially in tube 3, 
and the thermocouple that detects this change is T31, followed by tubes 2 and 1, 
at thermocouples in the same position, T21 and T11. Then the phase change 
occurs in the center of the heat exchanger, at thermocouples T32 and T22. The 
last thermocouple to detect the phase change is T23. In this situation, the phase 
changes occur first at position 1 of each tube, at the highest elevation, followed 
by the middle position, position 2 and finally at the lowest elevation, position 3. 

For the cooling experiments, Figure 17 and Figure 18, the sequence with 
which the phase change occurs in the different thermocouples is roughly the 
same. The first and last thermocouples to detect the change are also T31 and 
T23, respectively. In this situation, the phase changes also occur initially in posi-
tion 1 of each tube, which corresponds to the thermocouples at the highest level 
of the test heat exchanger, always starting in tube 3, then in tube 2 and finally in 
tube 1. Then the same occurs in position two, also starting in tube 3, then 2 and 
1. Finally, the phase change occurs in position 3, which corresponds to the low-
est level of the heat exchanger. The first tube where the phase change occurs is 
tube 3, then tube 1 and finally tube 2. 

When a slower cooling was performed, Figure 18, the phase changes do not 
occur in the same way. The first thermocouple to detect the change is T31, fol-
lowed by T21, as in the cases analyzed above. Next comes thermocouple T32, 
and only then does the first change occurs in tube 1, at thermocouple T11. The 
last thermocouple to detect the phase change is T13. 

Following the same logic used in the analysis of the D-mannitol tests, the heat 
transfer coefficients obtained are presented next. These are the overall heat 
transfer coefficient U, the heat transfer coefficient inside the adipic acid hint, and 
the heat transfer coefficient on the thermofluid side hext. The same considera-
tions used previously for D-mannitol were adopted, and it is again assumed that  
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Figure 16. Temperature evolution for adipic acid heating. Thermofluid pump 
at 50 Hz. 

 

 
Figure 17. Temperature evolution over the adipic acid cooling. Thermofluid 
pump at 50 Hz. Cooling water flow rate of 5 l/min. 

 
the heat energy transfer has a uniform distribution across the three tubes of the 
test exchanger. 

The heat transfer coefficients were calculated based on the T12 thermocouple, 
as this is the thermocouple that is located in the center of the tube, and tube 1 is 
considered to be the location where the flow is the most stable. The external 
temperatures recorded by the thermocouple Tpar1, Figure 3, were considered 
the temperature at the wall of the tube. 
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Figure 18. Temperature evolution over the adipic acid cooling. Thermofluid 
pump at 50 Hz. Cooling water flow rate of 5 l/min. 

 
Figures 19-21 show the time evolution of the overall heat transfer coefficient 

U, for the heating and cooling phases. 
Similarly as found for D-mannitol, the overall heat transfer coefficient de-

creases at the beginning of heating, Figure 19. Although there is no concrete 
data in the literature about the variation of the thermal conductivity coefficient 
of adipic acid, it can be admitted that a similar behavior is as seen in D-mannitol. 
Thus, it is concluded that there is a clear indication that the thermal conductivity 
of adipic acid, analogous to the case of D-mannitol, also decreases with increas-
ing temperature. As the heating cycle proceeds, the overall heat transfer coeffi-
cient increases, as the effects of convection currents begin to predominate. 

Regarding cooling, Figure 20 and Figure 21, the overall heat transfer coeffi-
cient shows high values since the material is in the liquid phase, and the effects 
of convection currents are noticeable. Beyond the point of phase change, the 
global heat transfer coefficient decreases and stabilizes 

Figures 22-24 show the heat transfer coefficient evolution on the thermofluid 
side for a 50 Hz pump frequency. The data obtained in both heating and cooling 
show large variations, since the flow is irregular due to the impossibility of add-
ing a stabilizing device, or increasing the inlet length of the test exchanger. It is 
observed, in the case of heating, that the trend of the heat transfer coefficient on 
the thermofluid side undergoes little change, remaining almost constant, Figure 
22. 

At the beginning of cooling, the heat transfer coefficient on the thermal fluid 
side is high. In both cases, the coefficient oscillates, becoming more pronounced 
for faster cooling, but in the final part of the cooling process it tends to remain 
constant, Figure 23 and Figure 24. 

https://doi.org/10.4236/epe.2022.1411037


U. Horbatyuk et al. 
 

 

DOI: 10.4236/epe.2022.1411037 698 Energy and Power Engineering 
 

 
Figure 19. Overall heat transfer coefficient over the adipic acid heating. Thermofluid 
pump operating at 50 Hz. 
 

 
Figure 20. Overall heat transfer coefficient over the adipic acid cooling. Thermofluid 
pump operating at 50 Hz. Cooling water mass flow rate, 5 l/min. 
 

 
Figure 21. Overall heat transfer coefficient over the adipic acid slow cooling. Thermoflu-
id pump operating at 50 Hz. Cooling water mass flow rate of 5 l/min during the first 20 
minutes and 3 l/min afterwards. 
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Figure 22. Heat transfer coefficient on the thermal oil side, over the adipic acid heating. 
Thermofluid pump operating at 50 Hz. 
 

 
Figure 23. Heat transfer coefficient on the thermal oil side over the adipic acid cooling. 
Thermofluid pump operating at 50 Hz. Cooling water mass flow rate of 5 l/min. 
 

 
Figure 24. Heat transfer coefficient on the thermal oil side over the adipic acid slow 
cooling. Thermofluid pump operating at 50 Hz. Cooling water mass flow rate of 5 l/min 
during the first 20 minutes and 3 l/min afterwards. 
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Concerning the heat transfer coefficient in the phase change material, Figures 
25-27, they present respectively the time evolution of this coefficient during 
heating, faster cooling and slower cooling. 

Table 7 shows the average heat transfer coefficient values (U , exth  and inth ) 
for adipic acid. These values are relative to the phase change interval. 

From these adipic acid tests, the average value of the overall heat transfer ob-
tained was 1008 W/(m2K), of the heat transfer coefficient in the phase change 
material was 1320 W/(m2K) and of the heat transfer coefficient on the thermof-
luid side was 38,720 W/(m2K). 
 

 
Figure 25. Heat transfer coefficient on the thermal oil side over the adipic acid heating 
Thermofluid pump operating at 50 Hz. 
 

 
Figure 26. Heat transfer coefficient on the phase change material side over the adipic acid 
cooling. Thermofluid pump operating at 50 Hz. Cooling water mass flow rate of 5 l/min. 
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Figure 27. Heat transfer coefficient on the phase change material side over the adipic acid 
slow cooling. Thermofluid pump operating at 50 Hz. Cooling water mass flow rate of 5 
l/min during the first 20 minutes and 3 l/min afterwards. 
 
Table 7. Average values of heat transfer coefficients using adipic acid. 

Frequency 
[Hz] 

Process Pipe U  
[W/(m2K)] 

exth  
[W/(m2K)] 

inth  
[W/(m2K)] 

35 

Heating 

1 1114 32,814 1075 

2 1787 92,621 1815 

3 2699 92,621 3989 

Cooling 

1 382 3470 547 

2 406 15,562 476 

3 609 19,288 910 

Slow cooling 

1 337 3542 458 

2 393 28,661 539 

3 581 28,661 734 

50 

Heating 

1 174 16,966 199 

2 271 33,867 312 

3 650 33,867 517 

Cooling 

1 1446 16,259 2336 

2 1530 30,793 1963 

3 2234 44,549 3222 

Slow cooling 

1 977 10,152 1150 

2 1028 71,063 1293 

3 1543 122,161 2174 

4. Conclusions 

The studied materials, D-mannitol and adipic acid, present different phase 
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change temperatures, namely 164˚C for D-mannitol and 152˚C for adipic acid. 
The facility available at the combustion laboratory of INEGI was used, which in-
cludes a test heat exchanger composed of a layer of three tubes, with an inclina-
tion of 5˚ with the horizontal, to ease up the PCM emptying procedure, where 
the phase change materials were inserted. Several heating/cooling cycles were 
performed in order to obtain heat transfer coefficients: overall, on the thermof-
luid side and finally in the phase change material. 

When comparing the obtained values, the conclusion is that the heat transfer 
coefficients of adipic acid are much higher than those of D-mannitol. It is also 
clear, from the plots presented in the text, that slower cooling allows for more 
consistent results with fewer oscillations. However, the thermal resistance inside 
the phase change material is much higher than on the outside of the tubes, so the 
rate at which charging and discharging takes place are not influenced by the flow 
rate of the circulating oil around the tubes encapsulating the material 

The effects of natural convection currents are important as they predominate 
after the melting of the material and consequently increase the heat transfer 
coefficients within the phase change material. 
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