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Heat-Transfer Processes in Solar Energy Storage Systems
for Orbital Applications

FRANK MARTINEK*
University of Vermont, Burlington, Vt.

A survey and study of the use of solar energy for power conversion systems for orbital mis-
sions confirmed the potential usefulness of heat storage systems utilizing the heat of fusion
and the sensible heat of a material such as LiH. The properties of all surveyed candidate
materials are temperature-dependent. The transient temperature distribution and the
output heat flux q0 are presented as functions of input heat flux qt- and the thickness w of the
heat-storing material. The possibility of steady state without complete melting has been
predicted and confirmed experimentally. The amplitude of the fluctuation in q0 during the
thermal cycle increases with qt- and w. The stabilization of the thermal cycle generally is
achieved in two cycles (simulated orbital periods). Use of a finned system can reduce the go
fluctuations, including the temporary q0 overshoots after the completion of melting. Changes
of the fin geometry, spacing, and fin materials affect th and tc. These additional degrees of
freedom can be utilized for the synchronization of the thermal cycles with the orbiting peri-
ods. The theoretically predicted behavior of the system is in good agreement with experi-
mental findings for annular storage volumes of LiH that are radiantly heated on the inside
by an electric heater and cooled by radiation to Dowtherm-A-cooled or nitrogen-cooled coils.

Nomenclature f

g = gap between the fins, in.
H = enthalpy, Btu/lb
h = film heat-transfer coefficient, Btu/in.2-sec-°R
k = thermal conductivity, Btu/in.-sec°R
L = latent heat, Btu/lb
I = length, in. *
M = mass, Ib
N = number of nodes
n — normal unit vector, \n\ = 1.
q = heat flux, Btu/in.2-sec
R = location of the fusion front, in.
r = radius position vector; \r\, in.
S = control surface, in.2
T — temperature, °R
t = time, sec
u =• velocity of the mass, in./sec
V = volume, in.3
w = thickness of the heat storing material, in.; w = (rQ — TO)

— (/•* — Ti) for finless model
z = axial coordinate
A = finite difference increment
e = emissivity
p = density, lb/in.3
T*,TO = wall thicknesses of inner and outer cylinders

Superscripts
F,L,s = fusion front, liquid, and solid, respectively

Subscripts
cth — cooling and heating, respectively
F,f = fusion front and fin, respectively
i,0 = inner and outer, respectively
n = number of the node; normal
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N = last node
0 = reference time

Introduction

EiRGE heat fluxes can be obtained for a spacecraft power
system by collecting solar energy with parabolic mirrors.

(Reference 1 includes a survey and study of this subject.)
However, the day-night time periods during orbital missions
limit the utilization potential of solar energy unless a portion
of the energy collected is stored during the orbital day and
released during the orbital night. The objectives of the
present analysis are 1) to predict the behavior of such a heat
storage using the heat of fusion, 2) to indicate the feasibility
of synchronization of the thermal cycle with the orbital time,
and 3) to establish the limiting operating conditions.

The first known discussion of heat conduction in media in-
volving the change of phase is the Stefan's study2 in 1891, and
the problem is now commonly referred to as "Stefan's Prob-
lem." Some of the prior studies pertinent to the space power
system usage are given in Refs. 3-7. Analytical solutions
of the mathematical problem are limited to special cases be-
cause of the nonlinearity of differential equations. Numerical
results can, however, be obtained with adequate accuracy

Fig. 1 Schematic of heat storage system without fins.
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Fig. 2 Schematic of heat storage system with fins.

using high-speed digital computers.8 ~10 Other studies perti-
nent to this problem are presented in Ref s. 11-15.

Analysis of the Heat Storage System Involving
Change of Phase

Fundamental Relationships

Let the control volume V containing the heat-storing ma-
terial be bounded by a closed control surface S. Liquid and
solid phases may exist simultaneously, within F; the material
in each phase is, however, assumed to be homogenous and
continuous. The physical, thermodynamic, and transport
properties are assumed to be functions of the temperature T.
The temperature at the solid-liquid interface is considered to
be independent of time t and location r, and its value is as-
sumed to correspond to the fusion temperature of the ma-
terial TF.

The thermal energy can be added or removed simulta-
neously across portions of the control surface. It is assumed
there are no other heat sources or sinks except those caused by
local changes of enthalpy during the transient states, and by
the fusion process. Thermal fluxes q across the boundary
surface are considered to be functions of time and location.

Table 1 summarizes the relationships derived from the
conservation of mass, and Table 2 the relationships obtained
from the conservation of energy.
Selected Mathematical Models

Two models have been considered,
heat-storing material is contained in

One assumes that the
an annular volume

i I 2 3 F F+l N N-l N o

-2ir(rq)0

Fig. 3 Mathematical model of system without fins.

formed by two co-axial cylinders (Fig. 1), and the other in-
cludes heat-delivering and heat-rejecting fins (Fig. 2). Using
cylindrical coordinates and converting the generalized rela-
tionships into finite differences, the mathematical models in
Figs. 3 and 4 result.

For the model without fins it is assumed that: w is indepen-
dent of the temperature; a reservoir is provided for the ac-
commodation of excess material resulting from the density
changes; thermal equilibrium exists in the reservoir; trans-
port of the excess material does not affect the heat flows; and
transport properties of the walls are known functions of the
temperature.

Two primary assumptions for the model with fins are: heat
is delivered into the system only by the fins connected to the
inner wall, and it is released from the system only by the fins
connected to the outer wall. These two assumptions can ap-
proach realistic conditions of operation if the fin geometry is
modified as shown in Fig. 2. In addition, it is assumed that
the fins are thin and made of material of high thermal diffu-
sivity; that the gaps between the fins and opposite walls are
small, but the heat flow across these gaps is negligible; and
that there is no mass transfer between the adjoining volumes
(i.e., each volume formed by the heat-delivering and heat-re-
jecting fin is a discrete volume with allowance for the thermal
expansion of the heat-storing material).

Predicted Behavior of System

Storage System without Fins

The inner diameter of the container was held constant (9
in.). Radiation to a zero-temperature environment is the
heat-rejecting mechanism. The input heat flux q^ and the
width w of the annular space were considered as independent
parameters. The emissivity e of the heat-rejecting wall was
assumed to be 0.9, and the view factor, unity.

Table 1 Equations of continuity-conservation of mass. A z = 1

Phase Mass flow across the surface

Solid-

(1)

F

-E (2)

Liquid -
F

= E

- E (3)

dV (4)

Mass velocity of the liquid near the fusion front

Liquid (5)
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Fig. 4 Mathematical model of system with fins.

The temperature history within the storage material is
shown in a typical case (Fig. 5) for qt = 0.05 Btu/in.2-sec
and w = ^ in. As the temperature increases, the temperature
gradients also rise due to the reduced thermal diffusivity of
LiH. The initial temperature rise is rapid. The melting
process reduces dTi/dt. When all material is melted (TQ =
TF = 1730°R), qi is reduced to zero. During the initial cool-
ing period 7\ falls rapidly, while TQ continues to rise for some
time. When TQ falls again to 1730°R, solidification begins
and progresses toward the inner boundary. The temperature
of the remaining molten material remains nearly constant
(1730°R), while the temperature within the solidified layer
gradually decreases.

Figures 6a and 6b show Ti for three values of qi at each of
two values of w. These results represent the initial cycle of
operation. The temperature peaks occur at the end of the
orbital day. The variation of T0 and go ( « TV) for the same
case as Fig. 6a are shown in Fig. 7. The TQ overshoot after
the material has melted and the power source has been with-
drawn results from the temperature gradients within the sys-
tem at the end of the simulated orbital day. The larger qi
is, the larger the overshoot is. The value of the peak To is
nearly independent of w, but the duration of the overshoot
increases with increased w.

Thermal Cycling of LiH Storage System without Fins

The time period tp of the initial cycle is defined as the sum of
the time th needed for the heating of the system from its initial
state until all material just melts and the time tc required for

—— HEATING
-—COOLING

Fig. 5 Computed
LiH temperature
profiles in system
without fins; ri =
4.5 in.; qt = 0.05
Btu/in.2-sec; e =

0.9.

0 O.I 02 0.3 0.4 0.5
T r-n IN. rN

the system to cool until all material just solidifies. If the final
state of the first cycle is taken as the initial state of the second
cycle, and if the process is repeated a sufficient number of
times, the thermal cycling becomes stabilized; i.e., the effect of
the initial state of the first cycle is no longer felt.

Figure 8 shows the variation of qo assuming that qi = 0.1
Btu/in.2-sec, w = 0.5 in., and that the system was initially at
560°R. The first cycle period tpl is longer than the period of
subsequent cycles. For this high qi case, the second cycle
can already be considered stabilized (tpt = tpz = tpi = 25 min).
The qo overshoot in this case represents 40% of the total power
fluctuation of the stabilized cycle. The stabilization of the
distribution within the system however, requires several cy-
cles. This is the consequence of the mathematical model of
constant volume in which it is assumed that the expanding ma-
terial at the time-dependent temperature Ti is stored, tempo-
rarily, in an adiabatic reservoir, where it reaches thermal
equilibrium. Consequently, the enthalpy of the material in
the reservoir will always be lower than the instantaneous en-
thalpy of the mass entering it during the heating period.
During the cooling period the enthalpy of the mass re-entering
the main storage (control) volume V corresponds to the final
temperature in the reservoir. However, the stabilization of
the energy distribution within the system is already achieved
during the third cycle.

Table 2 Equations of heat conduction assumption: A s — 1

Phase Energy flux across the surface S

Solid-
ff'S (q + pHu)S'ndS = £ ffsS2 to + pHuY-ndS - Z ffss (q + pHv)*.ndS + JJJ^ A (pH)'dV (6)

f f (q + pHuY-ndS = Z f fse (q + PHu):vdS - Z f f (q + pHuY-ndS + f f f A (PHYdV (7)
J J of J J 02 J J 01 JJJ VF Ot

Liquid-

ffLs (q + ffLg (1 + - E ffLSi (q + W* - fff^ A (8)

ffLSF to +
F

ffLs (q + pHu)L-ndS - Z JJ*L& (q + pHu)L-ndS - fffLyp ^ (pH)LdV (9)

Velocity of the fusion front and of the liquid in the vicinity of the fusion front

Fusion 4\
)*

"UF
L(kvT)r - *(kvT)F (10)

Liquid ^(/cVT)F - (H)
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Fig. 6 Computed temperature at inner boundary T;
during the initial cycle for three values of qt at each of two

LiH thicknesses w; e = 0.9.

Storage System with Fins

For the results presented, the outer and the inner diameters
of the container, the gap between the fins, and the input power
are variable parameters, while the fin length (1 in.) and thick-
ness (0.2 in.) are kept constant. The properties of the fin ma-
terial correspond to 316 stainless steel. In all cases the com-
puted temperature profiles in the fins and within the heat-stor-
age material are similar. The locations of the isothermal fu-
sion front during melting and solidification periods are shown
in Fig. 9. The effect of high thermal diffusivity of the fins as
compared with that of LiH is clearly discernible at the fin-
heat storage boundaries.

20
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100° R
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5
0.04
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Fig. 7 Computed temperature TO and heat flux q0 at outer
boundary for operating conditions stated in Fig. 6.
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Fig. 8 Predicted q0 from the system without fins; qt = 0.1
Btu/in.2-sec; w = 0.5 in.; initial temperature = 560°R.

The predicted output heat fluxes are shown in Fig. 10 for qi
= 0.05 Btu/in.2-sec, g = -J- in. and rf = 0.2 in. The thermal
cycling is stabilized for all practical purposes during the second
orbit (tpz = tp3 = 71.3 min). The cooling period is nearly
constant from the initial cycle (tcl = tcz= 11.8 min).

The g0 rise from the system is not uniform. Initially the
fusion front is relatively far from the heat sink, and the g0 rise
is less than in the final stage of melting. After qi is removed,
#o decreases rapidly, and go overshoot is negligible. In the
presented case the average g0 is 3.36 X 10~2 Btu/in.2-sec;
the extrema oscillate around this average by +10.8% and
— 10.2%. Subsequent investigation indicated that tp de-
pends much more strongly on gt than on w.

Experimental Program

Model without Fins

For this model (Fig. 1), the ratio of the length to the width
(w) of the annular LiH volume was large (26) to minimize the
end effects; the upper ends of the cylinders were free to expand
in the axial direction. The heat-storage volume was closed
by cone-shaped covers providing a reservoir for the expanding
LiH. A series of 5 Dowtherm-A-cooled, copper coils formed
the heat sink.

The inner cylinder, closed on the upper end, formed the
cavity in which was placed the electrical resistance heater.
Chromel-Alumel thermocouples were distributed over the in-
ner and the outer walls of the LiH container (Figs. 1 and 2).
Dowtherm A was selected for cooling because it is one of the
candidate fluids for the dynamic power conversion system for
space. The system was insulated from the environment by
radiation shields and 2-in.-thick asbestos wool. The thermal
losses from the system were determined experimentally.
These losses were taken into account when the comparison
was made between the predicted and experimentally found
values.

The analysis predicted that complete melting of LiH can-
not be attained with power inputs below 9 kw. An experi-
ment 8 kw confirmed this prediction, because TQ reached

Fig. 9 Predicted
location of fusion
front in system
with fins; qi =
0.05 Btu/in.2-sec;
Tf = 0.20 in.; g =
0.25 in.; n =
4.5 in.; TN = 5.5
in.; Fin ma-
terial, stainless

steel 316.

HEATING
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Fig. 10 Predicted qo from the system with fins for operat-
ing conditions stated in Fig. 9.

1655°R after 100 min. and remained steady thereafter, even
though Ti passed TF (1730°R) at 65 min. and remained steady
at 1830°R after 98 min. Thus, only a partial melting was
accomplished indicating one of the constraints of performance.

Additional experiments were performed at qi = 9, 10, 11,
and 12 kw. Typical results obtained at qi = 12 kw are pre-
sented in Fig. 11. Close agreement between the predicted and
measured TI can be seen during the first hour. After that
time the experimental TVs are lower than predicted values.
This difference can be explained by the convective currents of
molten mass from the region near the storage base (end losses)
to the upper region where the actual data were taken. The
mathematical model predicted that the material would be
completely molten after 133 min. The discrepancy can again
be attributed to the cooling effect of the mass currents from
the lower regions of the system. An additional 27 min were
needed to melt the material near the base (experimental over-
run). The slightly lower experimental rate of cooling after
power removal can be attributed to the convective mass flow
from the reservoir to the base of the system.

The predicted and measured TVs differ significantly during
the initial heating, but are in good agreement during the time

— PREDICTED
o .EXPERIMENTAL

0 -At EXPERIMENTAL
OVER RUN

BTU
IN2-SEC

- 0.028

- 0.024

- 0.020

0.016

0.012-
40 80 120 160 200

t, MINUTES

Fig. 11 Predicted curves and experimental data points for
jfo* Ti9 and go in system without fins during the first cycle;

power input 12 kw, rz- = 4.5 in.; w = 0.5 in.

START MELTING
• ALL MELTED
+ ALL SOLIDIFIED

—— PREDICTED (NO LOSS) -|
——— PREDICTED (LOSS 20%)

EXPERIMENTAL

40 80 120
t, MINUTES

160 200

Fig. 12 Predicted and experimental q0 from the system
with fins; q* = 1.7 X 10~2 Btu/in.2-sec.

of melting. The q0's were calculated from the flow rate of the
coolant (Dowtherm A) and its enthalpy rise. Since g0 « TV,
the lag of the experimental g0 is more pronounced than the lag
of the experimental T0 (Fig. 11).

Model with Fins (Fig. 2)

The volume of the LiH storage was formed by f~in. annular
space formed by coaxial cylinders of 10.5 in. and 9 in. diam,
respectively. The 0.2-in.-thick fins were evenly spaced (g =
0.35 in.). Stainless steel 316 was used for the container and
the fins. The design allowed free axial expansion of both
cylinders. The heat sink was formed by a tight coil tubing
through which passed the cooling fluid (nitrogen). The inner
wall of the storage, closed on the upper end, formed the
receptacle for the heater.

The power flux into the system was maintained at 1.7 X
10~2 Btu/in.2-sec. The experimental go's are compared with
the predicted values in Fig. 12. The experimentally-found
thermal losses from the system at 1730°R were approximately
20% of the power input.

Conclusions and Summary

The conclusions, based on results of this study, can be sum-
marized as follows.

1) The control of the distribution of the absorbed solar flux
to the heat-storage walls is important: High power fluxes can
result in prohibitive temperatures of the heat-storing material
as well as of the materials of the structure (Figs. 6a, b).

2) When the properties of the heat-storage material are
dependent on the temperature, the system becomes dynamic;
i.e., the convective fluxes of the mass and of the energy as-
sociated with them cannot be neglected. A suitable expansion
volume must be provided for the accommodation of the excess
material volume.

3) In a heat-storage system of simple cylindrical configura-
tion, and in the range of moderate power inputs, the solidifica-
tion time of the material of a fixed annular thickness w varies
little with the input, but greater w increases both the heating
and cooling times. The fluctuations in output heat flux g0
remain large even after the thermal cycle has stabilized (after
two or more cycles). These fluctuations increase with increase
in w and qi. A q0 overshoot occurs after the material has just
melted because of the large temperature gradients that remain
within the system after qi is discontinued. The excursions in
go possibly could be reduced by discontinuing qi before the fu-
sion front reaches the outer boundary.

4) The low limit for qi is that for which all of the material
is just melted when the system reaches a steady state; with a
lower qi, the heat-storing capacitance of the system is not fully
utilized.

5) The heating period of the initial cycle is longer than
that of the following cycles. The cooling period of the initial
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and of the subsequent cycles varies to a lesser extent. The
heat stored within the system and the heat released from it
per cycle converge rapidly toward the stabilized cycle values.

6) The addition of interdigitated heat-conducting fins to
the heat-storage system reduces the g0 excursions at the end of
the melting. The energy stored in the material of the fins
cannot be neglected, but the additional degrees of freedom
provided by the choices of fin material, make it possible to
synchronize the thermal cycling of the system with orbital
cycles.
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Aerodynamic First-Order Method for Flexible Bodies
GEORGE F. MCCANLESS JR.*

Chrysler Corporation, Huntsville, Ala.

This paper develops an advanced method of computing aerodynamic forces that act on
flexible launch vehicles and missiles in supersonic flight. The procedure is an extension
of the rigid-body, first-order method. The equation of the perturbation velocity potential is
first expressed in rigid Cartesian coordinates. It is then transformed into flexible-body coordi-
nates to simplify the boundary conditions. The transformed aerodynamic boundary value
problem for flexible bodies is solved to yield the stream velocities at body surfaces. The
velocities then determine the surface pressures and hence the body forces. Sample calcula-
tions for a flexed cone and for a flexed Saturn V vehicle demonstrate that significant aero-
dynamic forces are induced by forebody flexing.

Nomenclature

a« = constants of the supersonic source strength derivatives,
fps

b{ = constants of the supersonic doublet strength deriva-
tives, fps

CAT = normal force coefficient
Cp = pressure coefficient
D = base diameter, ft
/ = supersonic source strength, ft2/sec
m = supersonic doublet strength, ft2/sec
M = Mach number
Mcg = pitching moment about the center of gravity, ft Ib
N = normal force, Ib
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N' — local normal force, Ib/ft
p = arbitrary point in space
q = dynamic pressure, Ib/ft2

r = radial coordinate in flexible-body coordinate system, ft
R = body radius, ft
s = dummy integration variable
U,u — velocities in the X and x directions, fps
V,v — velocities in the Y and r directions, fps
W,w = velocities in the Z and 6 directions, fps
x = flexible-body axial coordinate, ft
X,Y,Z = Cartesian coordinates, ft
Z = displacement of flexible-body axis in the cartesian

coordinate system, ft
a = local angle of attack, rad
ar = rigid-coordinate angle of attack, rad
/3 = Mach number parameter
7 = specific heat ratio
0 = flexible-body circumferential coordinate, rad
An,; = parameter defined by Eq. (25)
v — number of body stations
Sn.i = parameter defined by Eq. (26)
</> = perturbation velocity potential, ft2/sec


