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ABSTRACT 
A simplified phase-change energy storage system for the thermal 
engine of thermal underwater glider was presented in this paper. 
Based on the simplified system, the stored energy of each 
operation cycle and volume contraction during PCM solidification 
process was analyzed. The effect of four main factors which can 
affect the volume contraction and energy storage was studied 
analytically and simulated, including air solubility in liquidus 
PCM, residual air within the system, pressure of low pressure oil 
tank and pressure of high pressure oil tank. In usual parameter 
configuration, system pressure increases gently until 53% of PCM 
melts, it means actual PCM for energy storage is less than half 
and its utilization ratio is very low. Dissolved air in the liquidus 
PCM and residual air in the phase-change energy storage system 
can seriously reduce the stored energy during each operating cycle 
of thermal underwater glider. So the residual air needs to be 
strictly eliminated. Besides that, under reasonable parameter 
configuration, such as improving the pressure of high pressure oil 
tank can greatly improve the stored energy. 

Keywords 
thermal underwater glider, phase change,volume contraction, 
energy storage, residual air. 

1. INTRODUCTION 
Underwater glider as autonomous underwater vehicle has got 
more and more attention, because it has the characteristics of low 
energy consumption, large cruising range and low noise, etc. It is 
increasingly widely used in ocean science research. How to 
further reduce its energy consumption and improve efficiency is 
of great significance. There are various forms of energy system 
which are used in underwater vehicles [1,2].  

According to its energy source, underwater glider can be divided 
into electrical underwater glider and thermal underwater glider 
roughly. The electrical underwater glide has got a great 
development recently, the most three successful commercial 
underwater gliders include slocum, spray and seaglider [3-5], 
while the thermal underwater glider is still in the lab development 
stage. It takes advantage of phase change [6] to realize energy 
conversion and storage from the sea water. 

Thermal underwater glider has a special component which is 
called thermal engine. During its process, it ascends and descends 
between the upper and lower layer of sea water. When it is in the 
upper layer of sea water, Phase change Material (PCM) which is 
stored in the thermal engine absorbs heat from the warm sea water 
thus becoming in liquidus phase; while in the deep layer of sea 
water, PCM releases heat to the sea water thus becoming in  

 

solidus phase. During the phase change process in every operation 
cycle, the volume of PCM also changes because of its liquidusand 
solidus density difference thus it can be used to harvest energy 
from the outer environment [7]. 

Zang et al. [8] developed a unique interlayer thermal engine in 
order to decrease heat transfer time during phase change process, 
and experimental results showed significant improvement in the 
hydraulic system for the new designed configuration. Kong et al. 
[9] investigated the phase change process of the thermal glider 
numerically and experimentally, and optimized the gliding 
process in order to improve the energy harvest efficiency from the 
thermocline. Yang et al. [10] studied the effects of thermocline on 
the performance of thermal engine. They indicated that for the 
normal work of the thermal engine, there exists the threshold 
value of the thermocline’s depth and upper thickness. Kong et al. 
[11] also presented a numerical model of volumetric change rate 
for the phase change process within a cylindrical container. A 
special experimental device was designed and constructed to 
verify the numerical model.   

In the usual modeling of the thermal engine, compressibility of air 
and liquidus PCM during phase change process is ignored, while 
it could have a remarkable effect on volume contraction and 
energy storage. In this paper a simplified phase-change energy 
storage system of the thermal engine was presented. Based on the 
model, detailed analysis of volume contraction and energy storage 
is raised, taking consideration of dissolved and residual air in the 
actual component. Ways to improve energy storage in each 
operation cycle was also putted forward. 

2. NUMERICAL MODELING 
2.1 Simplified phase-change energy storage 
system 
Through appropriately simplifying the actual component of 
thermal engine, the schematic diagram of phase-change energy 
storage system is shown in figure 1 and figure 2. Phase change 
material (PCM) of fixed quality is stored in the   heat exchange 
tube, the heat exchange tube is connected with two oil pipelines 
through one-way valves. The inlet oil pipeline is connected to an 
oil tank with low pressure, while the outlet oil pipeline to an oil 
tank with high pressure. In the actual component, PCM and oil are 
isolated by rubber diaphragm which is simplified as a moving 
boundary in this paper. The resistance which is introduced by the 
rubber diaphragm and the one-way valves during oil transfer is 
ignored in the following analysis. 
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When the heat exchange tube is in deep ocean with low water 
temperature, PCM changes from liquidus phase to solidus phase 
with volume contraction, consequently under the action of the low 
pressure, oil of the low pressure tank transfers into the heat 
exchange tube; while the heat exchange tube is on the ocean 
surface with high water temperature, PCM changes from solidus 
phase to liquidus phase with volume expansion, consequently the 
oil in the heat exchange tube is extruded into the high pressure 
tank, overcoming the high pressure. In the process of volume 
expansion and contraction of PCM, the phase-change energy 
storage system periodically transfers oil from low pressure tank to 
high pressure tank, thus realizing energy conversion and storage 
from the sea water. 

 
Figure 1. Heat exchange tube on the ocean surface, PCM 

melts with volume expansion 

 
Figure 2. Heat exchange tube in deep ocean, PCM solidifies 

with volume contraction 

2.2 Compressibility of PCM 
Ignore the thermal expansion and the compression of solidus 
PCM. When PCM is in solidification process, due to the pressure 
value of low pressure tank (generally less than 0.2MPa), the 
compression of liquidus PCM can also be ignored. When PCM is 
in melting process, according to the set value of high pressure 
tank, system pressure can reach more than 10MPa, so the 
compressibility of liquidus PCM needs to be considered during 
melting process, namely the density of liquidus PCM changes 
with system pressure [13]. The current density of liquidus PCM is 
given by Equation (1).  

0 0
1[1 ( )]l l P P
B

    (1) 

Where B is the bulk modulus of liquidus PCM. 

2.3 Dissolution and evolution of air within the 
system 
Because the variation range of sea water temperature is small, its 
influence on air solubility is negligible. During PCM 
solidification process, liquidus PCM transforms into solidus PCM 
continuously, the phenomenon that air bubble might form in 
solidus PCM is not considered. According to Henry's law, when 
system pressure increases, air solubility increases proportionally. 
It can be expressed by Equation (2). 

0
0

Ps s
P


(2) 

3.  ANALYSIS OF PHASE CHANGE 
PROCESS 
3.1 Volume contraction during PCM 
solidification process 
Under the condition of atmospheric pressure and ambient 
temperature, fixed quality of liquidus PCM is filled in the heat 
exchange tube, assuming dissolved air in liquidus PCM is 
saturated. There is also small amount of residual air with volume 
fraction of a in the phase-change energy storage system. Before 
the beginning of PCM solidification process, pressure of the 
phase-change energy storage system is Pl which is the same as 
low pressure tank, and the system temperature is Th which is 
surface sea water temperature. At the start of the solidification, 
temperature changes steeply to Tl which is deep sea water 
temperature. The system pressure maintains for Pl during the 
whole PCM solidification process. 

3.1.1 Volume contraction of residual air caused by 
sudden cooling 
At the start of PCM solidification process, the system temperature 
drops from Th to Tl, while system pressure keeps constant as Pl. 
The volume of undissolved air is 

0
0

0 0
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1u l

l

sa MV P P
a P 

  


 (3) 

Where Vu is the volume of undissolved air measured under 
standard conditions (P0,T0). While the initial condition for 
solidification is (Pl,Th), according to ideal gas state equation, the 
actual volume of undissolved air within the system is  

0

0

h
u

l

P TV V
P T

   (4) 

When system temperature changes from Th to Tl, volume 
contraction of residual air caused by sudden cooling is 

1
h l

h

T TV V
T


    (5) 

By equation (3),(4),(5), volume contraction of residual air can by 
expressed by  
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The heading for subsubsections should be in Times New Roman 
11-point italic with initial letters capitalized and 6-points of white 
space above the subsubsection head. 

3.1.2 Volume contraction of PCM caused by liquid-
solid phase change 
During PCM solidification process, because of the density 
difference of liquidus and solidus PCM, volume contraction 
caused by phase change of PCM is given in equation (7).  

2
0 0

1 1( )
l s

V M
 

    (7) 

Where   is the mass fraction of solidus PCM. 

3.1.3 Volume expansion caused by evolution of 
dissolved air 
Due to the solidification of  liquidus PCM, part of dissolved air is 
emitted thus causing a certain amount of volume expansion, the 
actual volume of emitted air is measured under the actual working 
condition (Pl,Tl). So the negative volume contraction is  
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       (8) 

Where   is the mass fraction of solidus PCM. 

The total volume contraction during PCM solidification process is 
the sum of the above three parts, namely 
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Substituting   into Equation (9), then  
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(10) 

The Equation (10) shows under normal condition the relative 
volume contraction is proportional to the mass fraction of solidus 
PCM. 

3.2 Energy storage during PCM melting 
process 
At the beginning of PCM melting process, PCM in the heat 
exchange tube completely solidifies, and in the phase-change 
energy storage system exists in the form of free gas. Temperature 
of the system is Tl which is the deep sea water temperature, and 
current pressure of the system is pl which is the pressure of low 
pressure tank. At the start of melting, system temperature changes 
steeply to temperature Th which is surface sea water temperature. 
The system pressure increases continuously until reaching the 
pressure of high pressure tank during the whole PCM melting 
process. 

At the start of melting, the volume of residual air and solidus 
PCM is 

0
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During the melting process, system volume remains constant until 
the system pressure reaches the set value of high pressure tank. 
Sine part of air will be dissolved in melted PCM, total volume of 
solid PCM volume and liquid PCM volume and undissolved air 
within the system can be expressed as 
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(12) 

where   is the mass fraction of liquidus PCM,   is the system 
pressure. 

Before the system pressure reaches the pressure of high pressure 
tank, total value remains constant, namely  

0
0

0 0 0

0
0

0 0 0

0

(s )
1

[ (s ) s]
1
(1 )

l

l l s

h

l l

s l

P TM a M
a P T

P TM a M
a P T

M M

 


 
 

 

   


   



 

 (13) 

3.2.1 Increasing pressure phase 1 
In the above analysis, it is assumed the system pressure is less 
than critical pressure, so air within the system is not completely 
dissolved, the system pressure increases gently .This stage is 
called increasing pressure phase 1 which is  described by the 
following constraint Equation (14). 

0
0 0

(s ) s 0
1l l

M a M
a


 

  


(14) 

0 0 0(s )
1c

aP P s
a

 


(15) 

Where   is the critical pressure. 

3.2.2 Increasing pressure phase 2 
When the system pressure exceeds the critical pressure, air within 
the system completely dissolves, system pressure increases 
sharply until it reaches the pressure of high pressure tank. This 
stage is called increasing pressure phase 2. Total volume is 
composed of melted liquidus PCM and solidus PCM. 
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Since the system volume remains constant, we can get the 
Equation (17). 
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3.2.3 Energy storage phase 
When the system pressure reaches the pressure of high pressure 
tank, energy begins to be stored with volume expansion under the 
constant pressure of high pressure tank. It lasts until PCM 
completely melts. This stage is named as energy storage phase. At 
the end of increasing phase 2, when the system pressure reaches 
Ph, the current mass fraction of liquidus PCM is . 
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 After the system establishes a stable and continuous cycle, 
transferred oil volume during the solidification and melting 
process is equal. After deducting the input work during PCM 
solidification process, the net output work of each operation cycle 
can be expressed in Equation (20).   

(P P )h lE V   (20) 
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0
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  into Equation (20), the 

relative stored energy within the system is given by Equation (21) 
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4. SIMULATION AND DISCUSSION 
Under ambient pressure, density of liquidus PCM is 773kg/m3, 
density of solidus PCM is 773kg/m3 [14], and the bulk modulus of 
liquidus PCM is 1800MPa. Generally, High temperature of 
surface sea water is 301.5 K, and low temperature of deep sea 
water is 278.5 K [15]. Pressure of low pressure tank is 1.0 ~ 
2.0atm, with typical value of 1.5atm, and pressure of high 
pressure tank is 10 ~ 300atm, with typical value of 100 atm. 
Under ambient pressure, air solubility in liquidus PCM is 0.06 ~ 
0.1, with typical value of 0.08, and residual air in the phase-
change energy storage system is 0.02 ~ 0.05, with typical value of 
0.002 [13]. Based on the above numerical model and analysis, 
characteristic curves of PCM solidification and melting process 
are drawn by MATLAB software, as shown in figure 3 ~ 13.  

4.1  Analysis of PCM solidification process 
Figure 3 shows the effect of solidus PCM mass fraction and air 
solubility in liquidus PCM on volume contraction, figure 4 shows 
the effect of solidus PCM mass fraction and residual air in the 
system on volume contraction, and figure 5 shows the effect of 
solidus PCM mass fraction and the pressure of low pressure tank 
on volume contraction. These three figures show the relative 
volume contraction increases linearly with the increase of solidus 
PCM mass fraction. Among the three factors of air 
solubility,residual air and pressure of low pressure tank, air 
solubility has greatest effect on the relative volume contraction. 

With the increase of air solubility, relative volume contraction 
decreases obviously, while the effect of residual air and pressure 
of low pressure tank are not so remarkable. 
With the increase of residual air in the system, relative volume 
contraction increases because of air volume contraction by sudden 
cooling, while the effect of the pressure of low pressure tank is the 
opposite, because before starting PCM solidification process, the 
initial pressure of the system is also Pl, which makes the residual 
air compressed, so the contribution of residual air to the relative 
volume contraction decreases. 
 

 
Figure 3. Effect of air solubility on volume contraction 

 

 
Figure 4. Effect of residual air on volume contraction 
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Figure 5. Effect of the pressure of low pressure tank on 

volume contraction 
 

4.2  Analysis of PCM solidification process 
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Figure 6. Typical curves of increasing pressure phase 

Figure 6 is the typical curves of increasing pressure phase during 
PCM melting process. With the increase of liquidus PCM mass 
fraction, the pressure of the phase-change energy storage system 
increases. All the influence factors are set to be their respective 
typical value. The blue curve shows the critical pressure when 
residual air completely dissolves in liquidus PCM. In the 
beginning of PCM melting process, the system pressure increases 
gently because of residual air, as shown in red curve, this stage is 
named as increasing pressure phase 1. When the system pressure 
exceeds critical pressure, residual air completely dissolves, then 
the system pressure increases sharply since the bulk modulus of 
liquidus PCM is much higher, as shown in green curve 
approximately linear. This stage is named as increasing pressure 
phase 2. After the system pressure reaches as high as the pressure 
of high pressure tank, the system pressure maintains constant until 
PCM completely melts. There is a turning point between 
increasing pressure phase1 and increasing pressure phase2. 

Curves also show that in usual parameter configuration, , system 
pressure increases gently until 53% of PCM melts, it means actual 
PCM for energy storage is less than half and its utilization ratio is 
very low. 
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Figure 7. Effect of air solubility on increasing pressure phase 

 
Figure 7 shows the effect of air solubility in liquidus PCM on 
increasing pressure phase, each air solubility value corresponds to 
a set of pressure curves. With the decrease of air solubility, the 
turning point between increasing pressure phase 1 and increasing 
pressure phase 2 shifts to the left obviously. Air solubility mainly 
affects increasing pressure phase 1, but because air solubility in 
liquidus PCM is a constant value under ambient pressure, it 
cannot be treated as a configurable parameter in practical 
application. 
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Figure 8. Effect of residual air on increasing pressure phase 

Figure 8 shows the effect of residual air in the system on 
increasing pressure phase, each residual air value corresponds to a 
set of increasing pressure curves. With the decrease of residual air, 
the turning point shifts to the left, similar to the condition of air 
solubility. Residual air affects both the critical pressure curve and 
increasing pressure phase 1. Negative residual air value actually 
refers to emitted air through negative ambient pressure when 
filling liquidus PCM in the heat exchange tube. Curves show that 
decreasing the residual air can be used as an effective way of 
improving the utilization ratio of PCM. 
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Figure 9. Effect of the pressure of low pressure tank on 

increasing pressure phase 
Figure 9 shows the effect of the pressure of low pressure tank on 
increasing pressure phase, each pressure value corresponds to a 
set of increasing pressure curves. With the increase of the pressure 
of low pressure tank, the turning point shifts to the left. It only 
affects increasing pressure phase 1, and its effect is not so 
remarkable relatively. 

4.3  Analysis of PCM solidification process 

 
Figure 10. Effect of residual air on stored energy 

 

Figure 11. Effect of air solubility on stored energy 
Figure 10 shows the effect of residual air within the system on 
stored energy. Figure 11 shows the effect of air solubility on 
stored energy. The influence of these two factors are similar, 
Under the same pressure of high pressure tank, the smaller the air 
solubility in liquidus PCM is, the more energy can be stored 
within the system, the same as with residual air. And the higher 
the pressure of high pressure tank is set, the more remarkable the 
effect of these two factors on stored energy becomes.  

 
Figure 12. Effect of pressure of high pressure tank on stored 

energy 
 
Figure 12 shows the effect of pressure of high pressure tank on 
stored energy. Under the condition of appropriately increased 
pressure of low pressure tank, such as pl> 5 atm, with the increase 
of pressure of high pressure tank, the stored energy increases 
nearly proportionally. 

 
Figure 13. Effect of bulk modulus of liquidus PCM on stored 

energy 
Figure 13 shows the effect of the bulk modulus of liquidus PCM 
on stored energy. When pressure of high pressure tank is within 
200 atm, large variation range of bulk modulus can be reached 
while the stored energy shows no obvious change. It means the 
compressibility of liquidus PCM is also negligible. 
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5. SIMULATION AND DISCUSSION 
During each operating cycle of thermal underwater glider, four 
main factors which can affect the net volume of transferred oil 
and stored energy within the phase-change energy storage system 
are analyzed, including air solubility in liquidus PCM, residual air 
within the system, pressure of low pressure tank and pressure of 
high pressure tank. The main results are as follows: 
(1) Dissolved air in the liquid PCM and residual air in the phase-
change energy storage system will seriously reduce the stored 
energy during each operating cycle. So the residual air is needed 
to be strictly eliminated, even filling liquid PCM in the heat 
exchange tube under negative ambient pressure. 
(2) The bulk modulus of liquidus PCM can change in large 
variation range and has little effect on the stored energy since the 
system pressure is not high enough relatively. It is not the key 
factor influencing the stored energy within the system, so the 
compressibility of liquidus PCM can be also ignored. 
(3) Under reasonable parameter configuration, such as improving 
the pressure of high pressure tank can greatly improve the stored 
energy. 
The heat transfer process versus time has not been introduced in 
this paper, namely, it doesn’t include time variable, and this 
numerical model needs to be further analyzed in the future work. 
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