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A light-weight, fin-integrated heat storage unit utilizing 3D additive manufacturing 
technology (3D printer) has been developed and its heat transfer characteristics has been 
evaluated. A container and internal heat conductive fins are fabricated simultaneously using 
aluminum alloy (Al-Si10-Mg). After filling with a certain amount of octadecane (C18H38), the 
charge ports are sealed. The new manufacturing technique has made it possible to realize the 
connection between fins and all exterior skins, which mitigates the structural requirement of 
both the skins and the fins; the thickness of the skins can be reduced, and a high efficiency 
column shaped fin can be utilized by supporting both end as well as intermediate points with 
lateral fins. The overall mass fraction of PCM is above 50% and the temperature overshoot 
is suppressed to less than 10deg.C at a heat flux 0.3W/cm2. It is also shown that a simple 
thermal estimation method agrees well with the experimental results.  

Nomenclature 
afin = side length of column-typed fin 
tfin = thickness of plate-typed fin 
pfin = pitch of fin 
tskin = skin thickness of container 
Nfin = number of fins 
Hfin = height of fin 
Wfin = width of plate-typed fin 
Q = heat load applied to a PCM unit 
Rfin = area equivalent radius of column fin’s cross section 
Rregion = area equivalent radius of square shaped region covered by a column-typed fin 
PCM = thermal conductivity of PCM 
AL = thermal conductivity of aluminum 
Cp,PCM = specific heat of PCM 
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Cp,AL = specific heat of aluminum 
PCM = density of PCM 
AL = density of aluminum 
T1 = out-of-plane temperature drop 
T2 = in-plane temperature drop 
Tcontact = temperature drop due to the contact resistance between thermal control object and PCM unit 
Ttotal = overall temperature drop between thermal control object to the place where PCM melts at the last 
fin = area fraction of fins against the total area 
fin+wall = area fraction of fins plus skins against the total area 

I. Introduction 
eat storage technology is one of key technologies in future space exploration. Among others, it is quite 
advantageous especially in a re-entry vehicle whose exterior surface has to be totally insulated from massive 

aero-heating, and in a manned EVA mission whose operation time is limited. Another application would be a cyclic 
exposure to harsh thermal environment (e.g., low lunar orbit), or cyclic use of components with large heat 
dissipation (e.g., observation or telecommunication components in low earth orbit). Phase change material (PCM) 
heat sink utilizing solid-liquid phase change is the most common method. The Lunar Rover Vehicle of Apollo1 
likewise the Mercury exploration mission Messenger used paraffin-based heat sink.  
 Recent NASA’s activities concerning PCM heat exchanger was briefly summarized by Stephan.2 Orion’s 
baseline at that time has included paraffin-based PCM heat exchanger (PCMHX), whose result of life test was 
reported by Lillibridge & Stephan. 3 This heat exchanger manufactured by Energy Science Laboratories INC. (ESLI) 
utilizes aluminum fins coated with a carbon velvet filament, has achieved the PCM mass fraction of 35%. Aiming 
for substituting this baseline, a water-based PCM heat exchanger called as the Replicable Ice PCM (RIP), which is 
designed to fulfill with the same heat storage capacity together with fluid loop interface as those of PCMHX, has 
been under development along with a smaller sized one called as SHRIMP. The main challenge of water-based 
PCM is breakage of container including fins due to expansion of water  during the freezing process. The breakage 
mechanism has been extensively investigated. 4-7 Cognata et al.8 has evaluated various kinds of fin material and 
established the mathematical model to estimate their thermal performance.  
 On the other hand, ESLI has proposed a promising concept called as PCM composite cold plate utilizing carbon 
fibercore, 9-11 in which the top and the bottom skins are bonded to the internal heat conductive fibers aligned in 
perpendicular direction. In addition, the void location is dispersed due to the effect of capillary force, which results 
in minimization of gravity effect as well as mechanical stress during the freeze-thaw cycle. Although they  used 
carbon fibers having thermal conductivity of 20W//m-K and 267W//m-K in earlier version, graphite fibers 
(1100W//m-K) has been adopted recently. Quinn et al.12 have reported development of brazing technique between 
the graphite fibercore and aluminum face sheets to improve contact conductance from the existing epoxy bonding 
technique.  They also presented a trade-off study13 on several candidates of PCM heat sinks including the graphite 
fibercore. As result, PCM (wax) mass fraction against the total mass has been estimated to be in the range of 29-
51%. Although the detail is not presented, the total mass of each unit is considered to be degraded due to various 
reasons such as manufacturing risk mitigation.  
 In the case of large-sized spacecraft it is highly probable that PCM heat sink is integrated into a fluid loop 
system, while solo usage is more probable in the case of small-sized or complex-shaped spacecraft. For such usage a 
PCM heat sink must be attached directly to thermal control object, thus the significance of shape flexibility  
increases along with mass efficiency and thermal performance. For example, in the case of JAXA’s HTV Small Re-
entry Capsule (HSRC)14 the internal space is extremely limited so that there is no space around electrical 
components for attaching a box-shaped PCM unit. Additive manufacturing is a cutting-edge technology which 
enables us to manufacture a product directly from 3D CAD data. The main feature of this technology is the 
capability of fabricating a complicated shape as one part eliminating contact thermal resistance. In addition, 
flexibility of the exterior shape as well as internal fin layout can realize the concept of a tailor-made PCM unit in the 
future. This paper describes a new PCM unit concept “Fin-integrated PCM unit” based on additive manufacturing 
technology, and discusses the design method as well as evaluation of thermal performance.  
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II. Concept and Design Procedure of Fin-integrated PCM Unit 

A. Concept 
A fin-integrated PCM container, in which heat conductive fins are connected 

to the exterior skin in all faces in terms of  both structure and thermal aspects, has 
two main advantages. The first is an improvement of pressure resistant properties 
(Fig. 1 top) of exterior skins. The container has to endure both external pressure in 
atmospheric conditions and internal pressure in vacuum conditions. The latter is 
the sum of vapor pressure of PCM based on the saturation curve plus residual air 
or purged gas pressure, which increases as the unit temperature increases. Vapor 
pressure of paraffin is on the order of 10Pa in the temperature range below 
90deg.C, while that of water is on the order of 10-100 kPa below 100deg.C. In 
case of a conventional style container, the skins are supported only at the edge, 
therefore its thickness  tends to increase along with container size. On the other 
hand, in the case of a fin-integrated container, the skin is supported via closely 
arranged heat conductive fins inside the container. This structure significantly 
mitigates the structural requirement for skins resulting in reduction of its thickness.  
In practice, minimum manufacture dimension together with risk mitigation of 
PCM leakage must also be considered, and the thickness remains 0.5mm in this 
paper. The second benefit is heat conduction enhancement through the skins 
(Fig.1bottom). In case of conventional design, although the skin tends to be 
thicker, it is not effectively utilized for a heat conduction due to the absence of thermal connection between the skins 
and the internal fins. By integrating internal fins with skins, heat transported through the skins can be transported 
into the center of PCM unit.   

B. Out-of-plane heat conduction design 
The fins should be sized and arranged by considering thermal control requirements (e.g. heat flux, time, duration 

time, temperature range) in conjunction with system restrictions of space and mass, both of which are mission 
specific. In this paper, we have chosen the preconditions as shown in Table 1. Note that the design solution can be 
different under different preconditions.  
 The general method of fin design15,16 is adopted for out-of-plane heat conduction design. Figure 2 shows the 
relationship between the fraction of structure area fin+wall (the sum of cross-sectional area of skins and fins) along 
with temperature drop T1 and heat absorbance per mass or per volume. T1 is calculated based on the effective 
thermal conductivity calculated with fin+wall and contact thermal resistance (fixed as 10-3K/(W/m2) in this study) 
between PCM unit and the thermal control object. T1 rapidly decrease along with an increase of fin+wall since 

 
Figure 1 Main features of fin-

integrated PCM unit design

 
Table 1 Precondition of case study 

Properties of 
Octadecane, 

(C18H38): 

-Melting point: 28deg.C 
-Latent heat: 243kJ/kg 
-Thermal Conductivity:  0.34 

W//m-K (solid) / 
0.15W//m-K(liquid) 

-Specific heat:  
1800 J/kgK(solid) 
2200 J/kgK(liquid) 

-Density:  
850 kg/m3(solid)  
780 kg/m3(liquid) 

Properties of 
Al-Si10-Mg 

-Thermal Conductivity:  
173 W//m-K 

-Specific heat: 890 J/kgK 
-Density: 2700 kg/m3 

Container 
thickness 

Fixed as 40mm1) 

1) This is set on the assumption of heat flux of 600 
W/cm2 and duration time of 60min. 
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Figure 2 Relationship between structure area fraction and 

temperature overshoot and heat absorbance 
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thermal conductivity of octadecane is 1000 times lower than aluminum. The amount of heat absorbance is the sum 
of latent heat of PCM plus sensible heat of PCM and aluminum structure considering the temperature rise of 
10deg.C. Due to the presence/absence of latent heat including difference of density, heat absorbance per mass 
decreases drastically when increasing fin+wall. Note that this T1 value is inversely proportional to the container 
thickness of PCM unit. If there is enough space, larger foot print along with smaller thickness is apparently better in 
terms of out-of-plane heat conduction. 

In general, maximum heat flux of space electronics is restricted by design standard, e.g.; 600W/m2 is the 
threshold value in JAXA.17 Note that the requirement for PCM unit may be different depending on installation 
method into the spacecraft. On the other hand, the allowable temperature overshoot at the timing of complete melt 
also depends on the upper limit of the object’s operating temperature. In general, higher melting temperature of 
PCM is better since PCM must be frozen before next usage. Considering a typical operating temperature range of 
electrical components (e.g., -15 to +55deg.C), the PCM unit whose melting temperature is around 30deg.C, and the 
overshoot is less than 10deg.C is one possible design solution.  

C. In-plane heat spreading design: column-typed fin vs. plate-typed fin 
After choosing the target value of the structural area fraction fin+wall (or fin area fraction fin) based on the out-of-

plane consideration, the type, size and pitch of fins should be chosen in terms of in-plane heat spreading efficiency. 
In this paper, we perform a trade-off study between two typical types (column and plate). Figure 3 shows a 
schematic image of in-plane heat conduction model. In case of square-grid-patterned column fins, one fin is 
responsible for a square region around it (only a quarter of this region is shown in Fig. 3(a)).  For simplicity, those 
are converted into an area equivalent circle, and an in-plate temperature drop T2 is calculated as; 

PCM

finregion

fin

LH H

RR

N

Q
TTT

 




2

lnln
2

, 

where Q is heat load applied to PCM unit, Nfin  is the number of fins, Rregion is area-equivalent radius of a 
responsible square-shaped region covered by a fin, and Rfin is area-equivalent radius of a fin cross section, and H is 
the height of fin.  

 

          
(a) Column-type fin                                                   (b)Plate-type fin 

Figure 3 Estimation method of in-plane temperature drop T2 
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(a) Column-type fin                                                  (b) Plate-type fin 

Figure 4 Comparison of in-plane temperature drop T2 between column and plate (heat flux: 0.3W/m) 
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On the other hand, in case of plate fins installed in parallel, the T2 is calculated as; 

PCM

fin

fin
LH WH

tp

N

Q
TTT






)2/2/(
2

, 

where tfin is the thickness of each fin, and W is the width of container. Note that the temperature gradient in out-
of-plane direction is neglected in this discussion to focus on in-plane heat spread efficiency. In actual case, in-plane 
and out-of-plane conduction interact each other, therefore the total temperature overshoot Ttotal is not the sum of 
T1 plus T2. 

Figure 4 shows the relationship between T2 and fin dimension for various area fraction of fin. The target value 
of Ttotal is less than 10deg.C, T2 is considered to be less than 5deg.C. T2 becomes less than 2deg.C at fin=3% by 
adopting column-typed fin with the side length of 0.5mm, while fin must be around 10% to have T2 of 3deg.C in 
case of plate-typed fin with the thickness of 0.5mm. This result is reasonable since the total surface area of fins 
increases by dividing from plate into columns when the fin is the same value. This difference of fin significantly 
affects the mass efficiency of PCM unit, especially in the case where fin+wall is small (see Fig. 2).  

The fin type and dimensions must be chosen also from the point of view of manufacturing difficulty, mechanical 
strength, and cost. Thinner plate-typed fin can be realized by adopting honeycomb core, while it seems to involve 
some manufacturing difficulties e.g., PCM filling procedure, air-tight sealing, and thermal bonding between core 
and skins. Column-typed fin requires two challenges as follows; 

(1) Manufacturing cost impact (due to the huge number of fins) 
(2) Mechanical strength  (due to small cross section and large length) 

The former is considered to be solved by using additive manufacturing technology; the PCM unit including fins is 
automatically molded at once. The cost of 3D printer is still high, but it is expected to reduce in the future. The latter 
is also solved with this new technology by adopting 3D lattice structure as described in the next section. 

D. Design of 3D lattice structure 
 The simplest idea of 3D lattice structure is square grid layout (Fig. 5(a)), 
where the vertical fin (Z-fin) support the base plate including the top skin while 
the lateral fins support the side skins. It should be noted that each fin is 
supported at each junction by two perpendicular fins (e.g. X-fin is supported by 
Y-fin and Z-fin). Due to the existence of perpendicular fins, the free column 
length is minimized conjointly the structural stability is significantly improved. 
The size and pitch of each fin is not necessarily identical. For example, the 
cross-sectional area of X-fin and Y-fin can be set at the minimum value to meet 
the structural requirement, while that of Z-fin can be chosen to meet the 
thermal control requirement.  
 The second idea of fin design is an oblique-fin layout (Fig. 5(b)), where the 
lateral fins are substituted with oblique fins (XZ-fin or YZ-fin). Oblique fins 
contribute not only to structural support of perpendicular fins and skins but also 
to heat conduction in Z-direction. The total heat conduction in Z-direction is 
considered to be improved significantly since the total number of oblique fins 
(XZ-fin and YZ-fin) are two times larger than those of Z-direction. In addition, 
oblique layout is suitable for 3D additive manufacturing in terms of manufacturing since it can be formed in an 
upward direction, while square grid type should be inclined at 45deg when it is fabricated. This is due to a restriction 
of 3D additive manufacturing; a parallel floating object cannot be fabricated without additive support structure.  

E. Test piece design for thermal performance test 
 Test pieces are manufactured in Toyama Industrial Technology Center by powder bed fusion method using a 3D 
printer EOSINT-M280 (EOS GmbH), which utilizes a laser beam for selective melting. The aluminum alloy (Al-
Si10-Mg) powder provided by EOS GmbH, whose mean diameter is approximately 10-30m was used. Considering 
the stable manufacturing, the minimum dimension of each element is set as 0.5mm. Skin thickness of 0.5mm is 
sufficiently thick for pressure resistant design when it is supported by the internal fins, thus the baseline design of 
skin thickness is determined to be 0.5mm. The cross sectional shape is square, and the side length is 0.5mm. Four 
attachment flanges along with two PCM charge ports are also fabricated both for practical reason as well as for 
demonstration of the total mass efficiency.  

 
Fig. 5 Ideas of lattice structure
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 In order to evaluate the effect of wall thickness, fin dimension, 
fin pitch, and fin pattern, seven test pieces were prepared (Table 2). 
All test pieces were captured by X-ray CT scanning to check that 
they had been formed correctly as designed. Although the shape, 
the connection to each other, and existence of residual powder can 
be distinguished, it is difficult to determine the precise dimensions 
by this method. Test piece No.7 is a special one for the purpose of 
minimizing the heat conduction through the wall.  It was formed 
without side skins, and after fabrication thick acrylic glasses are 
bonded with sealant adhesives. Note that the reason for usage of 
acrylic glass is not internal visualization. The thermal conductivity 
of acrylic glass is lower than aluminum by 3 orders, so wall effect 
can be significantly reduced even when 10 times thicker (5mm 
thick). 

Table 2 Specifications of test pieces 

No. Skin thickness Type Cross-section Pitch Total Mass (mass 
fraction of PCM) 1)

1 Base: 1.0mm 
Others: 0.5mm 

Column, 
Square 

grid 

X,Y,Z:
0.5 x 0.5mm 

Z-fin:3x3mm 
X,Y-fin: 6x3mm 

115g (53.6%) 

2 Z-fin:1.0x1.0mm
X-, Y- fin:0.5x0.5mm 127g (43.3%) 

3 Base: 1.0mm, 
Others: 1.0mm X,Y,Z: 

0.5 x 0.5mm 

125g (49.9%) 

4 Base: 1.0mm 
Others: 0.5mm 

Z-fin: 1.5x1.5mm
X,Y-fin: 6x1.5mm 126g (44.5%) 

5 Base: 0.5mm 
Others: 0.5mm 

Column, 
Oblique 

XZ, YZ, Z: 
0.5 x 0.5mm 

Z-fin:3x3mm
XZ,YZ-fin: 6x3mm 102g (56.9%) 

6 Base: 1.0mm 
Others: 0.5mm 

Z-fin:1.5x1.5mm
XZ,YZ-fin: 6x1.5mm 116g (46.0%) 

7 

Base: 2.0mm 
Top: 2.0mm 

Side: Sealed with 
acrylic glass 

Z-fin:3x3mm 
XZ,YZ-fin: 6x3mm 

Not measured
(the mass of PCM is 
almost the same as 

that of No.5)
1) Attachment flanges and PCM charge ports are included. 

III. Thermal Performance Test 

A. Test Configuration and Procedure 
The thermal performance of the test pieces has been evaluated under atmospheric conditions at room temperature 

(23±3deg.C) by being enclosed with glass wool insulation with a thickness of more than 50mm. The heat leak 
throughout the insulation is in the order of 0.1W, which can be neglected through the discussion in this paper. T-
type thermocouples are bonded to the exterior skin of the PCM unit with heat conductive silicone adhesive.  An 
aluminum plate to which a polyimide sheet heater with a heat flux sensor are bonded using the same adhesive, then 
attached to the bottom face of the PCM unit with PEEK bolts. A heat conductive filler is spread at the interface 
where the heat flux sensor meet the PCM unit.  
 The test procedure is simple: heater power is applied, monitor the temperature trend, and switch off the heater 
once the PCM is considered to be completely melted. Then the glass wool insulation is removed then the unit is 
cooled with an air cooler until the skin temperature drops under 10deg.C.  After that, the unit is warmed up with air 
at room temperature (23±3deg.C) to prepare for the next test.  The gravity configuration is only one case in this 
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Figure 8 Calculated total thermal conductance

       
Figure 7 Example of CAD data, test piece appearance, and X-ray CT result 
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paper, while we have checked the gravity effect and found that gravity direction both in the freezing step and in the 
test have no significant effect on the thermal performance neither.  
 The primary purpose of inserting a heat flux sensor was to measure absolute heat input into the unit, aiming to 
use it in the cooling test; i.e., we can control as well as measure heat input by controlling or monitoring input power 
in case of heating test, while cooling speed is difficult to control or to measure in general. Even though the transient 
trend of the heat flux value outputted from the sensor seems to be dependable, the absolute value does not seem to 
be precise compared to the specification. Trouble shooting is still on-going, while the potential reason is degradation 
of the sensor. As described later, although the heat flux profile is useful to judge the timing of complete fusion point, 
in this paper, the absolute value of heat flux sensor was not used in this paper. 

B. Result 
A typical temperature trend is shown in Figure 10. Temperatures of the heater and heater plate rapidly increase 

just after heater power is applied, and then the increase rate is reduced due to heat absorption by the PCM. Although 
PCM itself should remain around the melting temperature (28deg.C), the measured temperature of outer skins keeps 
increasing at a nearly constant rate. The temperature gradient on the side skin is nearly one dimensional in Z 
direction; i.e., the temperature difference between the center and the corner is relatively small. Skin temperature 
rises in the order of distance from the base. At the timing of t = 22-23mins, an inflection point is observed, where 
the temperature of the heater, heater plate, and heat flux sensor start to rise steeply, while the measured heat flux 
value suddenly drops simultaneously. We recognize this inflection point as the timing when PCM encapsulated into 
the unit is completely melted. The mechanism for this sudden decrease in heat flux decreases can be explained as 
follows: The heat applied to the heater is dissipated in three ways: an increase in heater plate temperature (i.e. 
sensible heat), heat flow into the PCM unit through the heat flux sensor plus the bolts, and ambient heat leakage 
from the opposite side. At the time of a complete melt, the temperature of any part of the test piece including the 

  
Figure 9 Test setup and typical thermocouple location
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Figure 10 An example of tempearture trend (0.6W/cm2, No.1) 
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heater plate starts to increase at a higher speed simultaneously due to no remaining fusible heatsink. At this time the 
balance of those three ways of heat dissipation changes so that larger heat is absorbed as sensible heat into the heater 
plate, while smaller heat flows into the PCM unit. Note that the degree of this drop in heat flux is considered to vary 
depending on the thermal mass of the heater plate. It is also notable that this timing is a few minutes later than the 
moment when the temperature at the roof center start to rise steeply. As shown in the Sec. IV, the last region to melt 
is not the top layer of PCM. In this paper, the temperature difference Ttotal is calculated at this inflection point as 
Ttotal = Tch04 -28deg.C, where Tch04 is the internal temperature of the heat flux sensor.  

Figure 11 compares the temperature trend of three test pieces having similar out-of-plane thermal conductance 
(see Fig.8). The overall trend is similar in all cases, but there seems to be some difference as follows; 

1) In case that Kwall is relatively larger than Kfin, the skin temperature at the roof center tend to start increase 
faster than the inflection point (complete melt point).  

2) The inflection points of the heat flux sensor temperature together with heat flux are relatively unclear in case 
that the Kfin is larger. 

The comparison of Ttotal - Tcontact at the inflection point for all test pieces is shown in Figure 12, and 
comparison between experimental result and estimation from the simple out-of-plane total conductance (see Fig. 8) 
is shown in Figure 13. Note that Tcontact is estimated temperature drop between the heat flux sensor and the base of 
PCM unit, which calculated for each heat flux under the assumption of contact thermal resistance of 103K/W. It is 
confirmed that the simple estimation roughly agrees with experimental results, and that it tends to overestimate the 
difference of Ttotal between test pieces. The remarkable points are as follows: 

1) Ttotal - Tcontact for No.1 is expected to be more than twice of that for No.2, but the ratio was only 1.6 times.  
2) No.6 is expected to show the best thermal performance, but it is significantly worse than expected. Even 

though the number of z-fins is four times larger than that of No.5, the difference between No.5 and No.6 is 
quite small.  

3) No.7, which has negligible thermal conductance of the walls by substituting aluminum integrated walls with 
acrylic glasses, has better thermal performance than expected. The Ttotal - Tcontact for No.7 was expected to 
be 1.5 times larger than that for No.5, but it was only 1.2 times. 

Note that the difference between test and estimation will become smaller when the heat flux is smaller, e.g., it is 
considered to be less than 1.0deg.C when the flux is 0.06W/cm2 therefore the simple estimation seems to be 
sufficiently practical. However, in order to make design judgements (e.g., small-pitched thin fin or large-pitched 
thick fin, square grid fin or oblique fin, thick wall or thick fin), the sensitivity of each parameter should be 
understood more precisely.   

It should be noted that there is some uncertainty for internal dimensions as well as thermal conductivity for each 
part. The cross-sectional area of fin is not uniform in a single test piece, while the average of those is also not 
uniform among the test pieces. Although both X-ray radioscopy and X-ray CT scanning are powerful tools for 
internal inspection, quantitative determination of internal fin dimensions is difficult in terms of resolution and 
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Figure 11 Comparison of temperature trend (heat flux: 0.6W/cm2) 



 
International Conference on Environmental Systems 

 

 

9

ambiguity of edge in the image. The over-all mass of the container can be a criterion to judge whether it is correctly 
molded. However, a certain amount of residual powders should remain, especially in case of test pieces having a 
small fin pitch, even though the manufacturer tried to remove most residue by using a suction pump, compressed air 
jet, and ultrasonic cleaning. Those residual powders are counted in the container mass, but do not effectively 
contribute to heat conduction. Concerning the latter, the conductivity value of 173W//m-K written in the data sheet 
of EOS, is considered to vary depending on the molding condition. In fact, it is often the case that casting metal does 
not exert its intrinsic thermal conductivity due to the effect of residual stress. Since manufacturing directions for the 
test pieces with square grid fins and those with oblique fins are not identical, there is a good chance that those test 
pieces have different residual stress conditions, which may lead to different thermal conductivities. Another possible 
reason is the difference of effective thermal conductivity between a bulk block versus a thin wall or a thin column 
due to the existence of an imperfectly molded surface layer plus internal gas voids. Geometrical matter that degrades 
effective thermal conductivity per mass in case of uneven cross-sectional area, should also be considered. Note that 
the thermal inertia of an aluminum structure is less than 5% of the total heat storage capacity, including latent heat 
of PCM in all test pieces; therefore, its variation is not considered to affect the test results. 

For better understanding, more experimental efforts are needed. First of all, as a precondition for any discussion, 
the thermal conductivity of a thin wall or thin column formed, as well as that of a bulk block having a diverse heat 
history, should be evaluated. A promising method of determining the actual out-of-plane thermal conductance of the 
fin-integrated PCM container is a static heating test without PCM, where a constant heat load is applied to the base, 
while the top roof is cooled with a water chiller. In addition, analytical work should be performed to understand the 
three-dimensional heat flow, since it is not clear how much the outer walls contribute to overall thermal performance. 
Lateral fins (X-fin and Y-fin) play important role in heat conduction from the wall to the center of the container. 
Although it is not realistic to conduct precise three-dimensional thermal analysis for the whole container, an 
analytical approach will improve our understanding of the phenomena. The next section shows an example of 
simulation. 

IV. Simulation using Thermal Desktop 
A thermal simulation model based on Thermal Desktop/SINDA 

FLUINT is prepared to estimate what is happening in the PCM unit 
additionally to understand the sensitivity of each parameter to overall 
thermal performance. In order to avoid complexity, only a cross section 
near the center is modeled (Fig.14), and thermal connection in the 
direction perpendicular to the modeled plane is neglected. This model 
underestimates the wall effect, but is able to simulate thermal flow in a 
qualitative way.  The model for the baseline test piece (No.1) consists of 
approximately 6800 PCM nodes, 70 skin nodes, and 530 fin nodes. The 
spatial resolution is approximately 0.5mm for PCM. The heater plate 
including heat flux sensor are not modeled, and heat load is uniformly 
applied to the bottom surface of the PCM unit. Skins are modeled as 
surface elements to be located at the position of its inner surface, while the fins are modeled as solid elements to 
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Figure 13 Comparison of Ttotal -Tcontact between 
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Figure 14 Region of modeling 
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express the real volume and surface area. The fins along with outer skins are strongly connected by sharing the same 
node at the edge. 

Although this numerical approach is still on-going and under discussion, an example of temperature contour is 
shown in Figure 15. The skins and fins tend to become hot earlier than PCM, but there remains a large temperature 
gradient in vertical direction. The place where PCM melts finally is not the top layer, but one or two sectors lower 
than the top roof, as shown in Figure 15(a). In most case the last melting point is between the 5th and the 6th X-fin, 
when it is thicker it is between the 4th and the 5th X-fin.  

V. Conclusion 
We have presented the basic concept including design procedure of fin-integrated, light-weight PCM heat 

storage unit realized by 3D additive manufacturing technology, and evaluated its thermal performance. This concept 
has achieved the highest level of heat storage efficiency per mass 50% including the mass of charge ports along with 
attachment flanges when heat flux is 0.3W/cm2 and the temperature overshoot is approximately 10deg.C. Simple 
estimation model based on total out-of-plane thermal conductance roughly agrees with experimental result in terms 
of temperature difference at the complete melting point, though more understanding of the sensitivity of parameters 
is necessary for design optimization.  

Further efforts such as the confirmation of air-tight performance or mechanical shock tolerance, a freeze-thaw 
cycle test, and the establishment of a quality control method, are necessary to raise the technology readiness level 
(TRL). The main two features of the fin-integrated PCM unit manufactured by 3D additive manufacturing are mass 
efficiency and design flexibility (e.g. complicated exterior shape, integration into another part), although design 
flexibility has yet to be demonstrated. In addition to a box-shaped one, a more complicated one should be tried in the 
future, which would prove to be more favorable in case of any specific mission requirement.  
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