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Thermal Management of
Transient Power Spikes in
Electronics—Phase Change
| Energy Storage or Copper Heat
Shankar Krishnan .
Sinks?

Suresh V. Garimella

e-mail: sureshg@ecn.purdue.edu ] o ] ] ]
A transient thermal analysis is performed to investigate thermal control of power semi-

Cooling Technologies Research Center, conductors using phase change materials, and to compare the performance of this ap-
Purdue University, proach to that of copper heat sinks. Both the melting of the phase change material under
West Lafayette, Indiana 47907-2088 a transient power spike input, as well as the resolidification process, are considered.

Phase change materials of different kinds (paraffin waxes and metallic alloys) are con-
sidered, with and without the use of thermal conductivity enhancers. Simple expressions
for the melt depth, melting time and temperature distribution are presented in terms of the
dimensions of the heat sink and the thermophysical properties of the phase change ma-
terial, to aid in the design of passive thermal control systems. The simplified analytical
expressions are verified against numerical simulations, and are shown to be excellent
tools for design calculations. The suppression of junction temperatures achieved by the
use of phase change materials when compared to the performance with copper heat sinks
is illustrated. Merits of employing phase change materials for pulsed power electronics
cooling applications are discussefDOIl: 10.1115/1.1772411

Introduction copper heat sinks as well as melting and resolidification of a

. . PCM inside rectangular enclosures. The validity of the approxi-
Phase change thermal energy storage is one of three avallargie expressions gdeveloped is also discusse)ii by cor%garison

\évr?grs t(?stztr:ree r;en%t,cgéemicét;eéntg\:o rgfc}:]; des Itr)]e'?%siegﬁge eh inst more rigorous numerical simulations. In a series of calcu-
gy 9 9y ge. In p 9 ﬁ% ons, the thermal performance of a PCM energy storage unit is

mal energy storage, heat is stored by exploiting the latent heat . ; ; .
phase change of the medium. The temperature of the phase Chicg]?%n%;;z;ed to that of a solid copper heat sink to illustrate the design

material (PCM) remains more or less constant during this phase
transformation. Solid-liquid phase change thermal energy storage
has been used in a wide range of applications including solar

energy and aerospace thermal management. Mathematical and Numerical Analysis

Thermal transients occur in power semiconductors and eIec-A h i of th blem bei idered is sh i Fi
tronics due to the current in-rush while starting a motor, in induc- SC er_natlc of the problem being considered Is shown in Fig.
The height H) and thicknessl() of the domain were assumed

tive devices such as heaters and transformers, in capacitive ch go . . )

ing, and in power grid management. The suppression e 70 mm and 1.0 mm, r_espe_ctlvely, to S|m_ulate a typical power

temperature overshoots during the dissipation of transient po iconductor unit(The third dimension, typically on the order

spikes is an important challenge in electronics package desg 2140 mm, is not considered in this two-dimensional study, ex-
ept in calculating input heat flux over a cross-sectional area A of

The maximum temperature allowable for most electronics is ty| ; ;
cally 100-120°C. The general approach for managing these treif. MM by 140 mm.One of two different heat input pulses was

sient spikes has been to use solid copper heat sinks to absorb"’m@"ed on t_he left v_vaII, either GQO W for 25s or 300 W for 50 s,
thermal transients. Use of a PCM storage unit as an alternativecT€SPonding to different possible startup conditions for motor
the copper heat sinks has the potential to lower junction tempef4lves depending on the in-rush current drawn by the motor. The

tures[1,2], while at the same time yielding weight and volumd©oP and bottom walls were considered to be ad!abatic as a worst-
e gse test of the thermal management unit. A uniform heat transfer

savings. Since the thermal transients in many applications 1&&5€ 1€ . . : o
only for short periods, the PCM has a chance to rechésge coefficient of 12 W/mi °C with an ambient temperature of 40°C
lidify ) between pulses. were specified on the right wall.

The present work considers the thermal performance of a phase N€ thermophysical properties of the materials used are listed
change energy storage unit with and without thermal conductivi§) TaPle 1[3-5, and are assumed to remain constant over the
enhancersporous metal foamsincluded. The problem consid- fange of temperatures considered. The properties listed for the
ered is melting and resolidification of a phase change materfRFMs are averaged over liquid and solid phases. The volume
inside a rectangular enclosure. A set of exact and approxim&tednge of the PCM=ps) during melting is neglected in this
expressions are developed for use in designing PCM storage ur{€'- Since the problem is essentially conduction-dominated

The formulas developed cover transient heating and cooling of 2tural convection in the melt being negligible owing to the small
finite slab of material without phase chan@gs applicable to solid mglfjr:)eniii_r)l’isthe governing equation for energy transf@f] in
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Fig. 1 Schematic diagram of the problem considered 0.05 _:
O%/ oo b by b b b b |:
The governing equations are solved using a finite-volume tec 05 1 1.5 2 25 3 3.5
nique on orthogonal, fixed grids. A central differencing scheme .. Time, s
used for the diffusive fluxes and a three time-level schépmel 0 2 i | . funci t time for diff
order Euley is used for the transient ternii8]. Since numerical gltgefan n'l:]rfb:r‘;e ocations as a function of time for different
algorithms have difficulty in handling step-functions, the fraction
of liquid and temperature are smoothgd9] according to:
0 Tp<(TmeIt_ 7)
To— et 7 S(t)y=2:\at, t>0
fi= 27 (Tmer= M<Tp=<(Trmert 7) ~ (2) which \ is the positive root of the transcendental equation
1 To>(Thert 7)
o reMerf\)= — 3)

The solution of the energy equation is insensitive to the assumed ﬁ
variation of f; with temperature ify is relatively small. For the
computations performed in this studyy,., was 0.1°C, which
ensures that a temperature change gfaZcurs within a single
computational control volume at any given time step. Further d

Figure 2 shows a comparison of the predicted interface locations

with the analytical predictions as a function of time, for Stefan
umbers of 0.1 and 2.88orresponding. values of 0.22 and 0)9

tails of the solution procedure and discretization are available f/¢ numerical code developed for analyzing phase change ther-

[6,7]. mal energy storage in the absence of a metal foam has been pre-

viously validated and extensively benchmarked by the authors’
Code Validation. Explicit exact analytical solutions are avail-group[6,7].

able for the two-phase Stefan probléh®] against which the code A grid-independence study was carried out to test the sensitivity

was validated. The problem is one of the melting of a semi-infinief the chosen grids. Three grids-14x42, 26x82 and

slab initially at a uniform temperaturel fia =< Tmer) . At a given 52X 162-were tested, and the maximum temperature change was

instant, the temperature at=0 is raised to a temperatufBy 2.5% between the first two, and 0.4% between th&x 28 and

>Tmeit- The interface location is given by the relation 52%x 162 grid cases. The 2682 grid was used for all the compu-

tations in this work.

Table 1 Thermophysical properties of materials used [3,4,5]

Exact and Approximate Solutions for Conduction and
Phase Change

Porous foam

Bi/Pb/  Bi/ln/ Tria- with

Property Copper  Sn/In Srf contane  triacontaneé Available analytical solutions for different conduction-based
Density 8933 8640 80607 810 problems are collected in Tabla[P__O—la for use in predictions of_
(kg/n?) the_ performance of th(_a altgrnatlve thermal management options
Thermal 401 21.9 425 0.23 19.7 being considered. The junction temperature described in Table 2 is
cond. the surface temperature a0 at all times. The quasi-stationary
(W/mK) approximation assumes that the melting temperature of the do-
ﬁg:tc'f'c 0.385 0522 0.203 2.05 18144 main is the initial temperature and thus, only the solution for the
(ki/kg K) liquid phase is pbtqlned. Hence the |nf|uenc¢ of thg convective
Melting B 57 60 65 65 boundary conditiorfright wall) cannot be seen in the listed equa-
temp. (°C) tions. The quasi-stationary approximation is strictly valid when
Latent heat - 29.5 29.5 251 251 Ste=0. Since the initial temperature is not equal to the melting
(k/kg temperature in the present work, the time term needs to be ad-

justed in the equations: assuming the lumped capacitance method

£-Property values not available; weighted-average values for the respective elemfatsoe valid, an approxmate time for the PCM to heat up to the

used
L_Effective properties melting temperature can be derived by linearising equdfi@nin
*-Thermal capacitancéEg. (6)) Table 2 as:

Journal of Electronic Packaging SEPTEMBER 2004, Vol. 126 / 309



Table 2

Exact and approximate solutions for conduction and phase change processes

[10,11,12,13]

Heat Transfer

ProcesgFig. 1) Solution Remarks
—N2kt S()\nx
Conduction in a Slab Exact(T1 T~ T _ L= Ly 1 SRR Approxi luti l
onduction in a Sla xact(T1) T = k| B 22 N rsina,coshy | pproximate solution applies

(heat input on one
side; convection on
the othey

Approximate

where \, tan\,=Bi

T(t)—T../(q"/h..)=1—exp(Bi-Fo)

if lumped analysis valid
(Bi<0.1)

(T2)
T)-T.  ~ , X
Conduction in a Slab Exact(T3) T =z C,, exp(—\jFo)cog \,, Tl
-(insulated on one initial = e n=1
side, convective .
cooling on the other with C =&
N 2N, +Sin2\,)
Approximate T(t)-T.. p{ h, )
T4 ———=expg — ——t
(T Tinitiar— T pCpL
q ( q pAH Quasi-stationary approach
Melting (heat input Approximate Tiunctiont) = Tmeit k_[ ﬁt*}, ther=——L, used assumes sensible heat
on one side; (T5) , lig | P q negligible compared to latent
convection on the _qrt heat (Ste=-0); method always
othep St = pAH T=ttn, overestimates solution.
(Trmerr— T=)
=g (PCob)
q’ q” Assumes that all the heat
Melting in Porous Approximate Tiunction(t) = Trneic™ W W(t—tm)], supplied goes towards
Foam(heat input on (T6) lig | &P melting
one side; convection ‘ _ pAHeV
on the other melt™ 9
L2 2 Second expression valid only
Freezing(insulated Approximate  toidiicaion= 5, sig | L1 B +O.2'E(Stg)], if
on one side, (T7) “SLZ% ) 2
convective cooling as _ < Bi< —,
on the other ESolidification— 2as(Ste)s 1+ Bi (Ste/2\ 1)
with
for 0=Ste<4,Bi=0.1 N erfn) = o
N
h,t stationary approach fail$riacontane being an examplas can be
T(t)—T.=(q"/h.)| 1—exg — —=]|=(q"/h.) seen in Table 3, in which the predicted temperatures from the
CpoL pCpl . X . . .
rigorous numerical analysis are compared with those obtained
so that from the quasi-stationary approximation. The approximate equa-
T T tions are seen to compare well with the numerically predicted
t :M(PCM—) (4) Values for the materials considered. For the copper heat sinks, the

This expressiori4) may also be obtained from an energy balanc
(9"t=pC,ATL). The time in the calculation of quasi-stationa

q

CM unit can be defined:

temperatures is corrected using equat{@h and the corrected

time appears a8 (=t—t,,) in the equations listed in Table 2.
For use with the expressions for melting/re-solidification in
Table 2, an effective Stefan number can be defifigd for the

problem under consideration as:

(Steer=

Q

QSR
pAHa  kAH

T(t) - Tmell_ L

lumped capacitance method was used.
By recasting equatiofir5) suitably, a thermal resistance for the

L Ein

= ®)

Q T kA (pAHV) kA Estored

From this expression, it can be seen that thermal resistance for the
PCM is a product of conduction resistance and the ratio of heat
energy input to the maximum available latent heat energy. The

The heat transfer ra® in the above expression has units of W/ntross-sectional areé in this expression is assumed in all the
with the length scale being/L. This is an alternate definition for results shown to be 70 mrtheigh) by 140 mm (depth. The

Stefan number, and the magnitude cannot be directly comparedtiermal resistances of the various materials considered in this
values from the standard definition (St€,AT/AH). For higher work are shown as a function of time in Fig. 3. In this figure, it is
values of Stefan number defined in this manner, the quasissumed that the phase change material is at the melting tempera-

310 / Vol. 126, SEPTEMBER 2004 Transactions of the ASME



Table 3 Comparison of numerically predicted and approxi- 85 P11 T
mate junction temperatures  (°C) for the 300 W-50 s (top) and u A
600 W-25 s (bottom ) pulses N Rogn
80 G
Junction Junction - /ﬁ ]
Temperature, Temperature, Eq. 75k 600 W 5 E
Material Numerical (T5) Sk o .
Copper 84.3 84.10 - ﬁ ]
Bi/Pb/Sn/In 60.9 61.1 nE & =
Bi/Sn/In 63.4 63.6 [ o 300 W ]
Triacontan® 359.3 882.2 - .
Porous Foam 72.9 73.7 o 5F ,@ =
=) = o _
Junction Junction - B ~é 3
Temperature, Temperature, Eq. 60 |- & 7
Material Numerical (T5) N ,@/ .
Copper 84.7 84.3° 55k B -
Bi/Pb/Sn/In 64.6 65.4 - X@ Copper ]
Bi/Sn/In 66.8 67.2 B J . ]
Triacontan& 4383 16995 50 g’ ~— O Lumped Capacitance S
Porous Foam 79.9 82.0 - o —-—4—-— Numerical .
sk —+&—— Lumped Capacitance
#.Quasi-stationary approximation fails due to very high Stefan number. 5 }3/ —aA—— Numerical i
“.From Eq.(T1) _'ﬁ 7
YTy L AN | TN R N TR N RNNVI AN T N N T N NN

GU 10 20 30 40 50
t, secs

ture att=0 (i.e.t,=0). It is clear from the figure that the metal-
lic eutectic alloys would perform better than the triacontane or tifég. 4 Junction temperature as a function of time in the cop-
solid copper block. per heat sink

Results and Discussion numbers(Eq. (T2)), as this product decreases, the junction tem-

Solid Copper Block. Results for a solid copper heat sink ardoerature approaches the ambient temperature. The Biot number

shown in Fig. 4 in terms of predicted junction temperatures at tfi@" the copper heat sink is>810 f(<0.1).

mid-height § =35 mm) as a function of time; solutions from both_ !N Fig. 5, the cooling of the copper heat sink after exposure to
a detailed numerical analysis as well as a simplified, lumped df€ 600 W input pulse for 25 s is shown. The predicted junction
pacitance analysis are shown. The lumped capacitance approxifgilPeratures are seen to agree very well with those calculated
tion is seen to yield results that agree very well with those froftSind the lumped capacitance method. The copper heat sink took

the more rigorous numerical analysis. Since the junction tempefProximately 37 minutes to cool down to 60°C.

ture is an exponential function of the product of Biot and Fourier gnergy Storage with Different PCMs. The predicted perfor-
mance using numerical analysis for a Bi/Sn/In PCM used in place

35 I: T T T l 1 1 T T l T 1 1 1 I T T T T I
501 ! ﬁAu 85 1 T I U 1 T T I 1 T T L I T T L 1 |
3 :'01- A - Copper i
C ’ ] 80 I —F&—— Lumped Capacitance ]
25 4 N ——=A—— Numerical ]
0. 7] - 1
= f ] - ]
9“ 2r 7] 751 -
& F ] I i
s15F {1 2t ]
2 1 Fof =
c 1F ——&—— Tracontane ] i ]
B ——=A—— Copper ] 5 i
- —o— BiPb/Snin - .
05k —%—— Bi¥/Sn/In 3 65 7
' 60 |-
0 10 20 30 40 50 I R R
t, secs 0 10 20 30 40

t, mins
Fig. 3 Predicted thermal resistance as a function of time for
the different materials considered, for a 300 W heat input for 50
s. In the inset, triacontane is omitted to distinguish between the
much lower resistances of the other materials.

Fig. 5 Junction temperature during cooling of the copper heat
sink as a function of time (after the end of the 600 W pulse
input for 25 s )

Journal of Electronic Packaging SEPTEMBER 2004, Vol. 126 / 311



64 B U T 1 T I U T 1 U I U T 1 U I U T 1 T I U T 1 U ] 400 B U T 1 T I U T 1 U I U T 1 U I U T 1 T I U T 1 U ]
i ] B i
63 Bi/SnIn-300W 1  as0] 3
] ——&a—— 50s ] y ]
—aA—— 40s . 300 . 3
62 — 65— 30s - Triacontane ]
—v— 20s ] ( = 50 s ]
10s E 250 — A 40s 3
1 © 4 —6— 30s ]
1 °. —— 20s ]
1 Feo0 —<o— 10s -
1 150 -
] 100 |- -
] 50 |
10 0 10
X, mm X, mm

Fig. 6 Temperature variation at the mid-height (y=35mm) at Fig. 7 Temperature variation at the mid-height  (y=35mm) at
different times for an input pulse of 300 W different times for an input pulse of 300 W

of the copper heat sink considered above is evaluated next. This

PCM is a eutectic alloy with a melting temperature of 60°C. Sinda which ¢ is the foam porosity. The effective thermal conductiv-
its properties were not available, a weighted average of the prafy- of the PCM-foam combination was obtained[44]:

erties for the constituent elements was ug€able 1. This ap-

proach to property determination was successfully verified by also r(E) (1— r)(ﬂ)
applying it to the Bi/Pb/Sn/In alloy, for which the property values 2 Ls L¢
are known. The predicted temperature variation across the miler= \/_j b\ (ke—k;) + 2/ b
height of the domainy=35 mm) is plotted for the PCM at dif- ke+| 1+ —) s v kf+(—) (—)(ks— ks)
ferent times in Fig. 6 for the lower of the two heat input pulse Ls 3 3/ \Ly
levels(300 W for 50 $. The PCM starts to melt approximately 10 1
s into the pulsethe approximate time to initiate phase change ﬁi B
using Eq.(4) being 10.34 } corresponding to the time it takes to 2 L
heat up from its initial to its melting temperature. After this time, + 2 b (7)
the melt region absorbs the heat input and increases in tempera- o+ il (—)(k —ky)
ture, while the solid region remains at the melting temperature of 3v3/\L¢) s
60°C. . . o .
The advantage of using the PCM is clear from a comparison & Which b/L is given by the expression
Figs. 6 and 4. The maximum temperature rise for a 300 W heat
input with a copper heat sink was 84.3°C, whereas with the PCM, —r+ \/r2+ _(1_8)( 2- ¢l 1+ i
this maximum temperature rise is limited to 63.4°C. In addition, b 3 V3

at the end of the input pulse, only the first 4.9 mm of the PCM
layer has melted, pointing to the possibility of a significant reduc-
tion in the volume required for a PCM ur{from a 10 mm thick-
ness for the copper heat sink to approximately 5 mm for the PCM ) ) ] ) o
unit). The “area ratio”r is defined in[14] and for unit width of the
Corresponding results from replacing the metallic alloy pcNiber, it is the ratio of half-thickness of the fiber to half-thickness
with an organic PCMtriacontang are shown in Fig. 7. Owing to ©f bump. A value ofr =0.09 was used as suggested 14]; fur-
the poor thermal conductivity of triacontarieven though its ther discussion of this parameter choice is availabl¢lil, in
pAH product is comparable to that of Bi/SnfJrunacceptably which good comparisons between numerl_cgl results and_ experi-
high temperatures result. Unless the effective thermal conductivijental measurements of thermal conductivity were obtained for
of the PCM is improvedwith the use of metal foams or internalthis value ofr. _ _ o
fins), it would not be a viable alternative for this application. The results from these simulations are shown in Fig. 8. By
In order to improve the transient thermal performance of tri&omparing with Fig. 7, the use of the metal foam is seen to be
contane, an aluminum foam insert of porosity 0.8 was introducédeatly beneficial to the performance of the unit. The temperature
into the PCM. Thermal equilibrium was assumed at the interfagiée at the junction has reduced significantly, from 359.3°C to
between the solid foam and the fluid matrix. Also the contact &¢-4°C. Also more of the PCM has melted than in the case with-
the interface between the foam and the heat source was assufiéidthe metal foam owing to the higher conductivity and smaller
to be perfectno contact resistanteThe thermal capacitance of available PCM volume. The actual magnitudes of the predicted

L_f:

4 )
V3

2—r(1+—

the mixture is obtained using the relation temperatures in this case, however, are a function of the assump-
tions involved in modeling the foam-PCM combination, and
(pCpler=e(pCp)i+(1—e)(pCp)pr (6) should be interpreted with care.

312 / Vol. 126, SEPTEMBER 2004 Transactions of the ASME
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Fig. 10 Temperature variation at the mid-height (y=35mm)
for different pulses, at the end of the respective pulse input
periods

Results corresponding to those discussed above are presented
next for the higher heat input pulse conside(6@0o W for 25 3. ) ) . )
Temperatures obtained with the Bi/Sn/In eutectic alloy are shown The magnitude of this ratio is 2.0 for the two pulses considered.
in Fig. 9. Compared to the lower heat input pulse considered ji'€ implications of this equation can be clearly seen in Fig. 10.

Fig. 6, the temperature rise at the junction is higher in Fig. 9. Thi

ihe junction temperature rise is 3.4°C for the 300 W input at the

would be expected from ETS5), which, for a given thermal end of 50 s, while the temperature rise for the 600 W input at the
conductivity, density and latent heat, relates the temperature rffd of 25 s is 6.8°Cgreater by a factor of 2)0Also, the ratio of

in the two cases according to:

(Tjunction™ Tmelhigh (9"t* high
(Tjunctionf Tmelt)low (qﬁzt* )Iow

)

Bi/Sn/In - 600 W

—8— 25s
—A——— 20s
15s
10s
—<&— 5s

66

64

X, mm

Fig. 9 Temperature variation at the mid-height
different times for an input pulse of 600 W

Journal of Electronic Packaging

(y=35mm) at

the melted volumes is proportional to the ratio of energy inputs to
the domain, and hence the amount of melted volume is the same
for the chosen pulses because the ratio of energy ifpuinits of

J) is unity. The front location predicted by the quasistationary
solution(Eq. (T5)) is approximately 5 mm.

Figure 11 shows the temperature distribution at the mid-height
(y=35 mm) for triacontane without and with the aluminum foam
for the higher input pulse. It is again clear from the plots that
introduction of the metal foam has an overwhelming effect on
temperature suppression at the junction, while also causing an
increase in the volume of PCM melted.

Resolidification. Resolidification (cooling of the melted
PCM after the end of the input energy pulse was also investigated,
in an effort to determine the allowable frequency of repeated
pulses. Results are shown in Fig. 12 for the resolidification pro-
cess occurring at the end of the 50 s, 300 W input pulse, at which
time the melt is allowed to cool by convection from the right wall.
The left wall carrying the heat sources is considered to be per-
fectly insulated ¢”=0) during the resolidification period, provid-
ing a conservative estimate of the resolidification time. For the
Bi/Sn/In eutectic alloy PCM, Fig. 12 shows that the melted vol-
ume took approximately 65 minutes to resolidify. From ETj/),
it can be shown for small Biot number (28il) that

pAH
Y AT T hoAT

X
A 9)

Therefore, the time for solidification is the ratio of the energy
stored to the heat removal rate (3)ifs. It should be noted from

the above expression that thermal conductivity does not play a
role in determining the solidification time. This is because the
resistance to heat flow at the boundary between the PCM and the
ambient(right wall) is higher than the resistance in the melt, and

SEPTEMBER 2004, Vol. 126 / 313
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Fig. 12 Predicted junction temperature as a function of time
80 during cooling  (melting and resolidification ) for the Bi /Sn/In al-

] loy PCM. The inset shows the detailed behavior at small times.
Aluminum Foam + Triacontane
600 W ]

— = 925s . it is only 6.8°C. Both metallic alloys and the foam with triacon-
20s | tane yield significantly lower junction temperatures than a solid
copper heat sink, for which junction temperatures of 84.3 and
84.7°C are obtained at the lower and higher input pulses, respec-
tively.

Tk)lle choice between a conventional heat sink and PCM-based
heat sinks can be made using the expression

——&—— Al Foam + Tricontane
—=aA—— Bi/Sn/In

—=©O©—— Bi/Pb/Sn/In

Fig. 11 Temperature variation at the mid-height  (y=35 mm) at
different times for triacontane for an input pulse of 600 W, with 75
(a) PCM alone, and (b) PCM with aluminum foam

(Tjunctior{t) ~ Treldpcm o (Pcp)Metal ’ 1 tﬂ) (10)
(Tjunction(t) —T.) Metal (kpAH)pcem t
90 B U T 1 T I U T 1 U I U T 1 U I U T 1 T I U T 1 U
85|
L 300W-50s
X, mm 80
[ Copper

L
=

70
the melt behaves as a “lumped” quantity. Rotending to infinity
(i.e., a constant temperature condifiotihe heat removal rate is a
maximum. 65

|

Performance of Different PCMs. The different materials 1

considered in this study are compared in Figs. 13 and 14 for t
lower and higher input pulses, respectively. Triacontane witho 60
foam is not included in this comparison since it results in una -
ceptably high temperatures. The temperature suppression at [
junction is higher for the metallic alloys than for the aluminun 55
foam impregnated with triacontane. A temperature rise from i
melting temperature of approximately 9°C is seen for the foam
with triacontane, while the temperature rise for the Bi/Sn/In alloyig_ 13 Predicted temperature distribution at 50 s for a 300 W
is approximately 3.4°C at the end of 50 s for a 300 W pulse inpUyise input at the mid-height ~ (y=35 mm) for copper heat sink,
At the end of the 600 W inputt& 25 s), the temperature rise atBi/Pb/Sn/In and Bi/Sn/In alloys and organic PCM with a metal
the junction for the metal foam is 17°C, while for Bi/Sn/In alloyfoam

o
o=
[o2]
oo
-
o

X, mm
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L o e e LA ay I o s o ey o s sy e able parameter. Let the ambient temperaturelbe and the re-
quired temperature in the PCM before exposure to a successive
pulse (“restart”) be T,, desired to be within a period of

85 t, seconds. Let the maximum allowable junction temperature be
Tmax- If multiple pulses are present, the performance of the PCM
600W-25s can be easily determined using E8). The design process would
80 Copper follow the steps below:

—&—— Al Foam + Triacontane

: BiSn/In 1. Since the restart temperatureTig the melting point of the

PCM should be greater thaf,, for minimizing the volume; this

C
LINLE [NNLILIN B R L B

75 = BYPb/Sn/in determines the “first-cut” choice of the PCM to be used.
° 2. The junction temperature for the PCM chosen can be ob-
- tained using EQ(T5). If Tjyncion iS greater tharm ,,, then a dif-

70 ferent PCM should be chosen which results in a lower junction

temperature.

3. From Eq.(T5), an approximate length for the domain can be
calculatedL =q"t; /(pAH). The length calculated using this ex-
pression will always be greater than the optimal value since it
does not account for the sensible heating of the P@Me re-
quired to raise the PCM temperature to its melting poentd
owing to shortcomings in the quasi-stationary approximation in-
volved in the derivation of the approximate formula. Approximate
estimates of volume savings derived from substituting PCMs for
conventional metallic heat sinks can be obtained using the follow-
ing expression

65

60

55||||

X, mm

Fig. 14 Predicted temperature distribution at 25 s for a 600 W

pulse input at the mid-height ~ (y=35 mm) for copper heat sink, Veewm [pCo(Tjunction™ Teo) Imetal
%élr?anSnlln and Bi/Sn/In alloys and organic PCM with a metal Vet [P(Cp(Tmer— T=) + AH) Tpcm

4. Using Eq.(T7) the approximate freezing time can be ob-
tained, and the time for the process to reach the specified re-
This expression results from E@'5) and a linearized EqT2). If  starting temperature can be obtained from &¢).
the value of this ratio is less than 1, then the PCM unit will ]
perform better than a conventional heat sink, in terms of supprezeps 1 through 4 should be repeated if the chosen PCM does not
sion of junction temperature. Equati¢h0) suggests that although Satisfy the requirements.
the volume savings achieved by employing a PCM can be esti-
mated from the available latent heat energH), the selection
of the PCM itself must be based on the product of the thermal
conductivity and this latent heat energy. For the 600 W input, thi@onclusions

ratio for a Bi/Sn/In alloy PCM compared to a copper heat sink is A transient thermal analysis was performed to compare the use

0.163; in contrast, for triacontane when compared to solid COpPEE, o change materiais and solid copper heat sinks for two

Emgicr;t'o is 36.7. This parameter provides for a clear Oleslgﬂ?ﬁerent pulsed heat input levels. Easy-to-use expressions have
It mé be noted as stated earlier that the quasi-stationar been developed relating the material properties and geometric di-

may be . - . q ; Y 3Rensions to enable quick design calculations for PCM units.

proximation is strlctly valid yvhen Ste0. The linearized form Four different PCMgtwo metallic alloys, an organic material

shown in equationi4) resuits in an error of less than 2% in pre-, oy oroanic material imbedded inside a metal foasre stud-

2'05'230;?2 JU(r%czt)l)or\;vr:g:]nlgiiaéusreént(:jogg%rid to the unllnearlz?éjd to explore possible trade-offs in their use. The computations

q g- ) o show that an organic PCM without a thermal conductivity en-

) hancer is a poor choice due to its very low thermal conductivity.

Design Methodology The performance of the metallic PCMs and an organic PCM with
For a specified heat input applied over a known period of timé%tehggac‘igngﬁgg\gﬁytﬁgf;ggﬁqeirncgzeb;igr?mparable depending on

the two desirable attributes of a cooling system are minimal vol- : L

e s b unctn(rmporstues | usiy s s crange L 1 e, eremans f e e iy b

age system, the volume chosen for the unit should be s - ! Vo

that all of the PCM just melts in the expected duration of the heftackage weightof the alloy is an order of magnitude greater

pulse. The desired melting point of the PCM itself is governed ngtan that of the foam-PCM combination. This could be one im-

only by the constraint on the junction temperature, but also on tR@rtant consideration in the choice of the cooling system. Other
desired temperature at the start of the succeeding pulse. considerations may include the integrity of the foam under re-

The first step in the design will involve a decision between geated thermal cycling, as well as the techniques used for bonding
conventionalsolid copper heat sink and a PCM heat sink. For ghe foam to the heat spreader and thermal non-equilibfiL6yiL
chosen PCM, the effectiveness of the PCM can be (:omparedbf’otween the metal foam and the PCM.
that of a coppefor aluminum heat sink by employing Eq10).

The decision can also be made alternatively using &g.for
thermal resistance.

The approximate solutions presented in this paper can be uég(nowledgment
to design a PCM cooling unit with the desired performance. Con- Support for this work from industry members of the Cooling
sider a heat input 0@ W applied over a surface of Xz m for Technologies Research Center, an NSF Industry/University Coop-
t1 seconds. Let the PCM volume Be&Xy Xz m. The dimension erative Research Centéwww.ecn.purdue.edu/CTRCis grate-
of the PCM unit in the primary heat flow directiow)(is a vari- fully acknowledged.
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Nomenclature

A = cross-sectional area,’m

Bi = Biot number (hLk?)

b = half-thickness of bump, niEq. (7))
C, = Specific heat capacity, Jk§K 1
E = thermal energy, J

Fo = Fourier number §t L™?)

f, = fraction of liquid

H = height of the domain, m

h = heat transfer coefficient, Wnf K %
k = thermal conductivity, Wm'K !

L = thickness(width) of the domain, m

L; = half-length of the fiber, MEq. (7))
Q = heat input, W

q" = heat flux Q/A), Wm™?2

= area ratio(Eq. (7))

interface location

Ste = Stefan number@y,AT/AH)

= temperature, °C

t = time, s

V = volume(AL), m®

Greek Symbols

n -
Il

—

1

R

= thermal diffusivity, nfs~

= melt depth, m

= porosity of the foam

= temperature difference for phase change in 2.
°C

= latent heat of the material, Jkg

= temperature difference, °C

= property

= roots of the transcendental equatidy. (3))

= density, kgm3

Subscripts

o
g
n
AH
AT
¢
A
p

®
=
|

= effective
fluid
junction
= liquid
melt = melting
number
= point

_._._,,
[

T >
Il

316 / Vol. 126, SEPTEMBER 2004

PF = porous foam
re = re-start

s = solid

0 ambient

Superscripts

gs = quasi-stationary
~ = vector
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