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The potential for improvement of liquid-coupled heat exchange by utilizing a two-component suspension con-
sisting of a carrier fluid and a microencapsulated phase-change material is presented. A system analysis utilizing
a water stspension shows the effects on system behavior. Enhancement of fluid heat capacity and heat trans-
fer coefficient is shown, along with reductions of system temperatures. Results of experiments are presented in
which 10-30-um particles of various microencapsulated paraffins were slurried with water as well as silicone oil

. and circulated in a model heat exchange loop. Enhancement of heat transfer coefficients and thermal properties,
and reductions in system temperatures, are shown to occur experimentally. Significant improvements in overall

performance are shown to be achievable.

Nomenclature
A = heat transfer surface area, m?
c = specific heat, kl/kg - °C
c = average sensible specific heat, kJ/kg - °C
D = heat-exchanger diameter, m
F = fraction of phase-change material (PCM) in
suspension that is actively changing
phase, fi — fo
F* = fraction of PCM in suspension
f = fraction of PCM in suspension that is solid
hi, hy, hs = heat transfer coefficient on inside and outside of
rejection tube and on heating source, W/m? -°C
k = thermal conductivity, W/m -°C
L = heat-exchanger length, m
m = mass flow rate, kg/s
Nu = Nusselt number based on diameter
P = pumping power, kW
Pr = Prandtl number
Oin = source heating rate, W
Re = Reynolds number based on diameter

r = heat-exchanger radius, m

T = source temperature, °C
T = coolant inlet temperature, °C
T, = melting—freezing temperature of PCM, °C
Tso = temperature of source near flow outlet, °C
U = overall heat transfer coefficient, W/m? -°C
Vv = average flow velocity, m/s
o = particle volume fraction
AP = pressure drop, N/m?
AT = system overall temperature difference
Ts, — T, °C
ATror = temperature change, °C
ER = effectiveness of rejection heat exchanger

A = particle latent heat, kJ/kg
= absolute viscosity, kg/m - s
= suspension density, kg/m>
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- Subscripts
¢, f,8, S, w = coolant, working fluid, suspension, source, water
PCM = PCM capsule
1,2 = suspension inlet and outlet states
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Intrdduction

HASE-CHANGE materials (PCMs) have long been used as
thermal control materials because of the heat absorption and re-
lease that occurs upon change of phase, with little attendant change
in temperature. Materials that undergo solid-liquid transition have
been investigated for a variety of thermal control applications in
space as well as terrestrial applications. In the late 1970s, an effort

-was made to enhance the energy storage capability of structural

materials for terrestrial applications by incorporating' PCMs di-

rectly within materials.! Along with this effort, a new approach was

introduced? incorporating microencapsulated PCMs (MEPCMs) di-
rectly into a heat transfer fluid (i.e., as a particle-liquid suspension)
toenhance both its heat transfer characteristics and its energy storage
characteristics. By microencapsulating the PCM, the core material
is always separated from the carrier fluid, preventing its deposition
within the system. Various companies were enlisted to microencap-
sulate the PCMs, and tests of the suspensions were carried out. The
use of fluidized particles to enhance heat transfer in space cooling
systems was not new,> but the use of microscopic particles that are
encapsulated liquids under warm conditions and encapsulated solids
under cooler conditions was very new. This original program was
not successful, however, because of the lack of strength and struc-
tural integrity of the small MEPCM capsules. Gradually, interest in
the technique has revived. In 1982, an effort was made to manu-
facture microencapsulated PCM particles of greater strength,* and
the reported results were promising. In 1984, an analytical estimate
of the merits of this fluidized suspension technique in solar energy
systems was presented by Kasza and Chen.’ More recently, a nu-
merical analysis of some of the heat transfer characteristics of such
suspensions was presented by Charunyakorn et al.®

The potential use of microencapsulated PCMs in various thermal
control applications is limited to some extent by their cost. However,
because the performance of thermal control for space applications
is so important and because costs are less important, it is believed
that the development of such PCMs could be a milestone for space
technology. Some of the potential benefits of microencapsulated
PCM:s in space applications have been discussed in the literature.”
New developments in the thermal management of spacecraft sys-
tems are of interest because of significant increases in the intensity
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and periodicity of thermal loads, and the growing need to minimize
system weight and volume. Heating and cooling systems must be
sized to accommodate peak loads and thus usually have consider-
able idle capacity for much of the time, Moreover, future spacecraft
can be expected to utilize a greater variety of power systems, which
require cooling for various mission applications. Many electronic
instruments, including computer, radar, and avionic components,
are notably sensitive to temperature variations and thus could ben-
efit from advanced means of temperature control. In addition to the
benefits of controlling temperature at the source, it is also useful to

attempt to utilize smaller heat rejection systems, utilizing smaller’

volumes of working fluid and requiring less power, thus saving con-
siderably on the size and weight of these components.

This paper presents the results of a study of liquid-coupled heat
exchange incorporating an MEPCM suspension as the working
fluid. An analytical system model is first presented to show the ben-
efits and performance that such a fluid might provide. Experiments
are then described that actually used such a thermally enhanced fluid
in a model liquid-coupled heat exchange loop.

Analysis
An illustration of an MEPCM particle (approximately 83% core
and 17% wall) and a typical liquid-coupled heat-exchanger system
is shown schematically in Fig. 1. The heat source is represented by
a simple tubular heat exchanger, which is heated electrically at its
outer surface with a constant and uniform heat flux. After the work-
ing fluid (carrier fluid or suspension) absorbs heat, it is pumped

through a rejection heat exchanger, giving up heat to a secondary |

fluid. In the analysis it is assumed that Tyy = Ty3, Tr = Ty,
and Ty, > Ty. The fraction of the MEPCM that is solid in the
suspension is designated as f. Hence, the solid fraction of PCM on
entering the heat source is fi, and on leaving f,. The fraction of
PCM that is active is F = f; — f, and is variable, whereas the frac-
tion that is loaded is F* and is a constant. During the phase change
process the small microcapsules will expand slightly during melting
and contract slightly during freezing, usually on the order of 10%.
A dimple can even appear if the microcapsule is initially formed as
a liquid, and wall cracking and failure can occur if the microcap-
sule is initially formed as a solid and the wall is too thin and too
inflexible. The size of the capsules (10-30 pm) and their small dif-
ference in density ensures that they effectively move isokinetically
at the Reynolds numbers of a forced-flow stream, causing no sig-
nificant microconvective effects because of relative motion between
capsule and carrier fluid.'” Additionally, because of their very large
surface-to-volume ratio, it is realistic to expect them to change phase
very quickly in comparison with the component residence time, and
hence, not to introduce phase-kinetic considerations.

The rejection heat exchanger is taken to be a standard shell-and-
tube (double-pipe) counterflow heat exchanger with the working
fluid occupying the inner tube and a secondary coolant fluid cir-
culated through the shell. The energy balances, heat transfer, and
pumping requirements for the working fluid are modeled as follows:
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Heat dissipation through the rejection heat exchanger is formu-
lated, using the effectiveness of the unit g, as
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Fig. 1 Schematic of liquid-coupled heat exchange system used for both
simulation and experiments.

For the heating element, it is assumed that Qi = constant and
the fluid flow is fully developed. Thus, the heat transfer coefficient
hs is assumed to be constant and

Qin
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= hs(Ts; — Ty2) ©

Substituting Eq. (6) into Eq. (5) and noting that Ts, — T,; = (AT )tor
yields ‘
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which is simply a statement that (AT )yor = (AT)g + (AT)s, for
the rejection and source units. The effectiveness-is assumed to be
represented by the usual expression

_ 1 —expl{—UA/Cuin)(1 ~ Crin/ Crnax)]

1- (Cmin/cmax)exp[(_UA/Cmin)(l - Cmin/cmax)]
where Cpax = 1., Crin = Mig[C+ FA/(AT) ], or vice versa, as.
appropriate.

The overall heat transfer coefficient for the rejection heat ex-

changer, neglecting conductive resistance in the thin-walled copper
tube and assuming equal surface areas, is

1
T 1/ ki +1/k,

®
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If the flow is turbulent, the heat transfer coefficients for the double-
pipe rejection heat exchanger and the heat transfer coefficient for
the heating source can be calculated from the Petukhov expression

Re Pr(Cp)/2
u =
1.07+12.7(Pr¥ — 1)Cy/2

(10)

If the flow is laminar, the heat exchangers cannot be assumed to be
fully developed. Accordingly, Nu is approximated by

_ 366+ 0.0668(X+)

Nu 5 (11
140.04(X+)"3
L
Xt = ——.
D Re Pr 12

Appropriate cotrections are made for the annulus flow.

The heat transfer modeling expressed by the equations is entirely
appropriate for purely sensible-heat working fluids as long as the
properties are evaluated at the proper temperature states. However,
for an MEPCM suspension it is not at all clear how the heat transfer
coefficients should be determined, or how these known relationships
can be applied to such a fluid. Sohn and Chen'® have shown that in
the particle size range of interest, fluid microconvection and particle-
to-particle interaction effects have little significance. Watkins et al.!!
suggest that in suspension flows, segregation occurs and a pure-fluid
layer develops adjacent to surfaces, which controls the heat trans-
fer. However, with the small particle size and neutral buoyancy of
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Table 1 Sample calculations of ¢; for
typical values of ¢ (3.56 kJ/kg -°C),

F (0.3), and X (210 kJ/kg)
(AT)s, °C ‘ cs, klfkg °C
15 45.56
25 28.76
5.0 , 16.16

the present application, it is difficult to believe this is a significant
mechanism. Our approach is to assume that the suspension essen-
tially behaves as a uniform continuum with effective properties that
incorporate latent-heat effects. Hence, the same formulation is as-
sumed to apply, except that the specific heat and Prandtl number are
calculated utilizing F and (AT);s. That is, the effective specific heat
is used instead of the weighted average. Enhancement of heat trans-
fer is therefore believed to be essentially a Pr effect (entry-region
effect) caused by latent enthalpy. An example of the potential mag-
nitude of the effective specific heat is illustrated in Table 1.

A significant enhancement of thermal performance potentially
can be achieved by properly designing the operating temperature
to take advantage of the phase-change thermal energy storage. In
the calculations, it is assumed that the PCM melts at a fixed tem-
perature and requires no supercooling, and that the capsules are
sufficiently small to melt essentially instantaneously. The latter as-
sumption means that their residence times in the heat exchangers
are sufficiently large so that the amount of the PCM appropriate for
the system flow rate, heat rate, and temperatures (i.e., the value of F
for the system conditions) is utilized. The definitions of ¢, ¢,, and
the suspension density p are

&=cy(1 — F*) + F*cpcu (13)
cs=C+ FA[(AT)y 14
ot =05 (1= F*) + F*ppcy 15)

The suspension viscosity is an important parameter in that it
influences directly the tradeoff between thermal performance and

pumping power. For sufficiently high-concentration suspensions of

small-diameter spherical particulates, Vand'? gives the viscosity as
s = pg(l —a — Ba®)™2? (16)

Here B = 3.4 (obtained experimentally) and « is the particle volume
fraction. This relationship is fairly independent of particle size in
the 3- to 300-um range. The assumption of Newtonian behavior
of the PCM suspension in the present case is based on the nearly
spherical shape of the PCM particles and is also important for the
overall behavior of the suspension. Because the apparent viscosity of
‘the suspension is almost three times that of water; most applications
will involve laminar flow. Therefore, for the calculations in this
paper the suspension was assumed to be in laminar flow throughout
the system. :

The effective thermal conductivity &, of the suspension is a much
more difficult quantity to determine, because very little information
is available in the literature. It is known that its value depends both
upon the mass fraction of the suspension that is particulate mate-
rial and upon the particle size and shape. For spherical particles
Torquato!® provides the relation

14+ C 8+ C,2 kpem — ky -
ky =ky| —————}, where f= — %
‘ ( 1+dB +d2ﬁ2) p kpcm + 2ky,

amn

and the constants C and d are experimentally determined. When
the k values are very close, this expression suggests § ~ 0 and
k; = k,, & kpcm. Also, when individual k values are not as close
but still of the same order, k, is well approximated by a weighted
average, which is essentially the case in the present work.

Equations (1-17) are difficult to solve because of the unknown
value of F. This parameter is required to evaluate the effective sus-
pension properties ¢, and Pr,, but itself requires these properties
for its own determination. Hence, it is part of the solution. An iter-
ative procedufe was utilized that determines Ty;, Typ, fi, and f,
by repeated calculations until convergence, and hence determines
F, ¢;, hg,and other parameters for each set of conditions of coolant
flow rate, coolant temperature, suspension flow rate, and system in-
put heat rate. If T, tutns out to be less than the melting temperature
T,, for given conditions, then all the PCM will be solid and F will
be zero. If T, turns out to be greater than T,,, then F will have a
value between zero and F*, depending on the conditions. If T is
greater than T,,,, then clearly F will be zero and all the PCM will be
liquid throughout the system. If conditions are such that Ty, & Ty
and F ~ F*, then the system is tuned to the minimum AT, and
the maximum utilization of the PCM. A variety of conditions were
specified and this tuning behavior of the system was studied. Results
for F, (AT)y, hs, and ¢, were developed to.illustrate this thermal
behavior of a liquid-coupled system utilizing ah MEPCM fluid sus-
pension.

Experiments

A liquid-coupled heat exchange loop consisting of heat exchang-
ers, piping, pump, reservoir, and instrumentation similar to the
schematic of Fig. 1 was utilized as the experimental apparatus. A
heat source consisting of a custom-wound electrical heating ele-
ment, eéxternally insulated, on a 1.1-m-long (6.1-mm i.d.; 0.75-mm
wall) straight copper tube was used. Type T (copper—constantan)
thermocouples were equally spaced along the tube wall at seven

Jocations, and in the inlet and exit flow streams. The heat sink con-

sisted of a double-pipe copper heat exchanger with the internal tube
used for the working fluid and the sheli-side tube used for the coolant
flow (water). The inside tube was 0.91 m long and made of the same
6.1-mm-i.d. (0.75-mm-wall) tubing. The outer tube was a 0.0222-
m-i.d. copper tube of the same length. Inlet and outlet temperatures
and flow rates were measured. The flow through the heat exchanger
was counterflow, and the unit was well insulated.

The PCMs used in the study were n-octadecane, n-eicosane,
n-heptadecane, and n-nonadecane, combined with either water or
silicone oil as the carrier fluid. The capsules were approximately
83% core material and 17% wall material. The wall was constructed
of a polymer material by phase separation techniques, and the cap-
sules were generally in the 10-30-pm range. During the course of
the testing, various capsule concentrations were used, ranging from
4 to 32% by weight. These particular suspensions were selected for
study because the nontoxic water-based medium is potentially ap-
plicable in spacecraft environmental systems, whereas the dielectric
medium is useful for avionics systems. The component properties
are listed in Table 2.

The liquid-coupled heat exchange system was tested with both
water and silicone oil to determine a baseline mode of operation un-
der various source heating rates and various flow rates. These data,
along with analytical estimates, form the primary basis of compari-
son for the PCM suspension. To obtain a zero-heat-input condition,
the heating element was first turned off and the system allowed to
reach thermal equilibrium. At this point the water flow rate and the
cooling-water flow rate were measured, various temperatures were

Table2 Thermophysical properties of suspension components
(liquid state) at 20°C, from manufacturer’s data

0, c, k, A,

Material Temp., °C  kg/m® klkg-°C W/m-°C kl/kg
Water® 998 418 0.60 NA
Silicone oil* 911 1.72 0.11 NA

(5¢cS)
Heptadecane 23 776 2.14 0.15 165
Octadecane 27 775 2.09 0.15 237
Nonadecane 32 784 2.09 0.15 191
Eicosane 37 787 2.09 0.15 239
Amino- 1327 1.67 0.14 NA

formaldehyde

2, = 993 x 1076 and 4.55 x 10~ kg/m : s, for water and silicone oil, respectively.
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recorded, and various pressures recorded. Then, without changing
the flow rates, power was applied to the heating element, and the
voltage and current recorded. When the system reached thermal
equilibrium, all of the measurements were repeated. Equilibrium
points corresponding to various levels of heating and various levels
of pumping were recorded. In all of the tests, the cooling-water flow
rate was maintained constant at or near 0.5 gal/min and the entering
cooling temperature maintained constant at or near 20°C. Various
quantities of interest in the study were calculated from these data.

In the suspension tests a magnetically coupled centrifugal pump
was used to circulate the heat transfer fluid. The pump was a dc, five-
speed device with a low rotational speed of 1020 rpm. This particular
centrifugal pump (Lange model 200) was chosen because of its
lower-than-typical speeds and its impeller design, which appeared
as though it would be reasonably gentle with the suspension. The
experiments began when approximately 1 liter of the suspension
was mixed to the appearance of a uniform fluid with the prescribed
percentage of PCM, and charged into the system. The small capsules
were not visible to the naked eye, and the suspension appeared as a
viscous fluid with a distinct color. The system was then run through a
series of tests by altering the voltage levels on the heating element
and allowing the system to reach thermal equilibrium. Temperatures
and pressures were then recorded.

Results

The numerical simulation of the loop was carried out to demon-
.strate its behavior when utilizing the MEPCM suspension and to
learn the ranges of the variables that are necessary to drive the loop
through its tuning conditions. Results are presented for the case of a
21% mixture of heptadecane capsules in water (83% core and 17%
wall) with approximately 17.5% PCM by weight. Figure 2 illus-
. trates the typical behavior of the inlet and outlet temperatures as the
heating rate to the loop is increased from approximately 10to 100 W
while all other system parameters are maintained constant. For this
particular case the cooling-water flow rate and inlet temperature
were 0.5 gal/min and 10°C, respectively, while the suspension flow
rate was maintained at 0.0035 kg/s. As the heating rate is increased,
the temperature of the working fluid increases until its hottest point,
T,, reaches the PCM melting temperature, at which time it tends to
level off and remain constant as the heat rate is further increased.
That is, the latent storage capacity of the MEPCM fluid becomes
active, begins absorbing a larger portion of the heat as the heating
rate is increased, and hence effectively controls the maximum loop
temperature. The inlet temperature is seen to.follow and eventually
approach the melting point as the loop becomes optimally tuned toits
minimum AT . As the inlet temperature approaches T, (22.4°C), the
exit temperature, at some value of the heating rate, begins increasing
rapidly as the system starts becoming detuned to the hot side. The
overlap region, wherein T; and T are both close to 7, and before
T; has begun its upward movement, is the tuning region of the loop.
This behavior was found to be characteristic for all sets of loop
conditions, and is even more clearly demonstrated in Fig. 3. Here,
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Fig. 2 Typical variation of system temperatures with applied heating
rate.
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Fig. 3 Temperature rise across heater vs heating rate.
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Fig. 4 Prediction of suspension effective specific heat as heating rate
varies.

AT = T, — T, for the loop is shown versus the system heating
rate for the same conditions and various suspension flow rates. The
tuning windows are clearly evident, and depend upon both flow rate
and heating rate. The minimum AT is also seen to be different in
each case. Similar results can be plotted by dividing the heating rate
by the product of the system AT and the suspension flow rate. This |
quantity is therefore the suspension effective specific heat ¢, and is
plotted versus heating rate in Fig. 4.

This is perhaps one of the most important parameters, because
it influences the fluid Prandtl number u,c;/k; and therefore indi-
rectly influences the entry-region effect and the calculation of the

_suspension heat transfer coefficient. The effective specific heat of

the suspension is seen to become very large as the loop enters the
tuning window and the system AT becomes very small. That is,
heat is being transferred primarily as latent heat. Again, as before,
the maximum values of ¢, within the tuning window depend upon
the flow rate and heating rate, and are not necessarily all equal. The
particular values reached by c, in the tuning are significant primarily
in indicating the proper combination of system conditions, heating
rate, and flow rate for optimal operation.

The phase change fraction F is shown plotted versus the heating
rate in Fig. 5, again for the same conditions and various suspension
flow rates. The fraction that is active is seen to increase to a maxi-
mum in the tuning heating-rate range and decrease to zero above this
window. As with ¢,, the maximum value of F is seen to depend on
the suspension flow rate and heating rate, which in turn will change
as the other loop conditions change. Also, it is seen that the F,,
will not always equal the PCM charge in the suspension, F*, and
that if the suspension flow rate and heating rate are not appropriate
for the other conditions, then only a portion of the PCM load will be
active. For example, for the case of 0.004-kg/s flow the heat transfer
coefficients in the loop are such that the minimum AT occurs at
approximately 90 W. This heating rate, however, is not sufficient to
fully utilize all the PCM at 0.004 kg/s, and hence F is only approx-
imately 11% when F* is 17.5%. Thus MEPCM capsules are being
circulated that are not necessary and that cannot be utilized in the
thermal balance. At the lower flow rates, F becomes equal to its
maximum possible value, F*, and all of the PCM is being utilized.
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Fig. 5 Simulated variation of active phase-change fraction as heating
rate varies.
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Fig. 6 -Predicted variation of average convective heat transfer coeffi-
cient with system heating rate.

The heat transfer coefficient of the suspension flow is calcu-
lated in the simulation by using a fundamental relationship be-
tween Nu, Re, Pr, and tube L/D. That is,.a relationship such
as Nu = f(Re Pr, L/D) [Egs. (10) and (11)] should apply as long
as the fluid is a continuum, is Newtonian, and has properties suf-
ficiently uniform over the flow area. The last condition, of course,
is not strictly met by an MEPCM suspension. Nevertheless, in the
simulation it is assumed that on an overall average basis for the
heat exchanger the same relationship applies and that the properties
are determined on an effective basis, which includes latent effects.
Hence, ¢, directly irifluences Pr, and therefore Nu and hs. By uti-
lizing a ¢, corresponding to the tuning window and perhaps of the
order of 100, as compared to a ¢ of unity for sensible circumstances,
it is clear that A5 will compute to be a much greater number. Figure
6 illustrates the suspension heat transfer coefficient computed in the
simulation and the enhancement that occurs when ¢, is enhanced
by the latent effects. This phenomenon is also responsible for the
reductions in surface temperatures in the tuning zone, which were
seen in the simulations as well as in experiments.

A set of experiments were carried out explicitly to test the as-
sumptions and methodology utilized to evaluate the heat transfer
coefficient in the simulation. The test matrix included pure water
as the working fluid as well as five suspensions: 23% octade-
cane (OCTA230), 26% octadecane (OCTA260), 27.2% octade-
cane (OCTA272), 32% eicosane (EIC320), and 32.6% eicosane
(EIC326). Each fluid was circulated in the loop as it was powered
up through the heat range of 10 to approximately 100 W. All other
conditions were maintained the same. At each test point the flow
capacity was evaluated by multiplying the suspension flow rate by its
effective specific heat. The heat transfer coefficient was determined
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Fig. 7 Average heat transfer coefficient vs flow capacity for water and
all suspensions tested.
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Fig. 8 Experimental variation of effective specific heat and heat trans-
fer coefficient for various MEPCM concentrations of heptadecane in
water (22.5°C melting temperature).

by averaging seven wall temperature measurements and averaging
the inlet and outlet bulk temperature of the working fluid, and cal-
culating hg as Qin/As(Ts — T;). These data are seen in Fig. 6, a
total of 131 data points taken for the six working fluids. A statistical
analysis of the data'# indicated the following relationship:

hs = 245, )b (18)

with a standard error of estimate of 12%, a correlation coefficient
of 0.99, and a 95% confidence level. The classical Sieder-Tate
expression predicts

hs = 1723i,c,)%% (19)

Both expressions are shown in Fig. 7 with the data. It is very clear
that the classical expressions for heat transfer are entirely adequate
if the properties are made to include latent effects and the system
is well balanced (tuned). The differences are seen to be well within
experimental error in the heating-rate range of practical interest.
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Fig. 9 Experimental variation of effective specific heat and heat transfer coefficient of octadecane in water (27°C melting temperature).
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Fig. 10 Experimental variation of effective specific heat and heat transfer coefficient of several MEPCM materials in silicone oil: octadecane (27°C),

nonadecane (32°C), and eicosane (37°C).

This result is extremely important because it provides a confirma-
tion of a straightforward (although iterative) technique of carrying
out system simulation. . :

In addition to the experiments carried out to explicitly confirm
the heat transfer methodology described above, several additional
sets of experiments were carried out. Figure 8 is a summary of data
taken from experiments with heptadecane in water at various con-
centrations of microcapsules. These data have an uncertainty of ap-
proximately 12%, as before. The general trends of the data are seen
to largely confirm those of the simulation predictions, although with
some differences due to the inability of the experimental apparatus
to exactly match the simulation conditions. The tuning window is
centered at approximately 55 to 60 W, slightly lower than the 80 W

predicted, but well within the uncertainty of the simulation. The dis-.

crepancy is believed to be due to the assumption that the melting and
freezing temperatures of the PCM are equal. In experiments these
were found to be somewhat different, depending upon the condi-
tions. The effective specific heat is seen to improve somewhat even
with a small amount of the PCM in the fluid, but the full improve-
ment is not realized until the maximum load of approximately 25%
is tested. Loads greater than this are not practical, because of the
increased viscosity and pumping power required. The heat transfer
coefficient is seen to improve significantly at the higher concentra-
tion but is not improved much at the lower concentrations. This was
expected, since the effective specific heat is much more sensitive to
the latent effects than.is the heat transfer coefficient.

Tests of octadecane in water were also carried out, as shown
in Fig. 9. Since octadecane melts at a higher temperature (27°C, as
compared to 23°C for the heptadecane), more heat was required and
higher loop temperatures. These suspensions were approximately

25% by capsule weight and are seen to clearly show specific heat
improvement and enhancement of the heat transfer coefficient.

A series of tests were carried out to explore the potential of the
MEPCM fluid’s applicability to electronic and avionic cooling—
that is, the behavior of suspensions made of MEPCM capsules and
dielectric fluids. Here suspensions were constructed of eicosane,
nonadecane, and octadecane in Dow Corning siliconé oil (5 cS).
Figure 10 illustrates the very sharp and pronounced improvement
achieved in the specific heat, as well as the very significant im-
provement in heat transfer coefficient. Surface temperatures were
very well moderated by the PCM, and the ‘solvent nature of the
silicone oil seemed to have no effect on the MEPCM capsules.

Conclusions

During the work, octadecane, eicosane, heptadecane, and nonade-
cane were all microencapsulated successfully, pumped in a liquid-
coupled heat exchange loop, and shown to reduce system tempera-
tures and to increase effective specific heats and heat transfer coef-
ficients. It was shown that the improvements in the thermal perfor-
mance of such a loop depends upon the system conditions of coolant
flow rate and temperature, heat exchanger design factors, and the
MEPCM fluid flow rate. These tuning conditions were also shown
to be predictable by system analysis techniques if heat transfer mod-
eling techniques are employed that utilize effective properties and
iterative analyses.
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