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PRELIMINARY THERMAL PERFORMANCE ANALYSIS OF THE SOLAR
BRAYTON HEAT RECEIVER
by Raymond K. Burns

Lewis Research Center

SUMMARY

The solar Brayton concept utilizes solar energy for the heat source in a closed-loop
Brayton cycle to develop auxiliary electrical power in space. The solar receiver is a
combination heat exchanger and heat storage device which transfers 40 kilowatts of heat
to a Brayton cycle working gas during both sun and shade periods of an Earth orbit.
During a sun period, a parabolic collector is used to focus solar radiation into the re-
ceiver through a small aperture located at the collector focal point. The solar input rate
is greater than that required for Brayton power system operation during a sun period.
The excess energy is stored within the receiver as heat of fusion of lithium fluoride and
is then withdrawn during the following shade period to maintain power system operation.
Sufficient lithium fluoride is included in the receiver to allow power system operation for
shade periods of up to 38 minutes.

A thermal performance analysis of the solar receiver was performed. A digital
computer analysis was used to predict the receiver outlet gas temperature as a function
of time during an orbit for various combinations of sun and shade period lengths and for
various values of radiation properties of the receiver surfaces. The effect of the use of
the heat rejection doors, which are movable doors in the receiver insulation used for
temperature control, was included in the analysis.

The analysis predicted an acceptable variation in outlet gas temperature, the gas
falling below the nominal design value of 1500° F (1089 K) at the end of a shade period
and rising above it at the end of a sun period. In most cases, the gas temperature de-
crease during the shade period was due to local complete freezing of the lithium fluoride
near the beginning of the heated length of the gas flow. Near the end of each sun period
some of the lithium fluoride was predicted to locally completely melt and superheat, re-
sulting in the rise in outlet gas temperature. The results indicate that the outlet gas
temperature variation during an orbit can be held within the range 1490° to 1550° F (1080
to 1120 K). The results show that the receiver thermal performance is sensitive to
changes in solar absorptivity of the surfaces and relatively insensitive to changes in
emissivity of those surfaces.



INTRODUCTION

A Brayton cycle power system for generation of auxiliary electrical power in space
is currently being developed by NASA Lewis Research Center (see refs. 1 and 2). One
heat source which has been considered for this system is solar energy. The solar
Brayton heat receiver is a combination heat exchanger and heat storage device which
transfers energy to a Brayton cycle working gas during both the sun and shade periods
of an Earth orbit. During a sun period, a parabolic collector is used to focus solar ra-
diation into the heat receiver through a small aperture located at the collector focal
point. The solar input is greater than that required to heat the working gas to the design
outlet temperature. Lithium fluoride (LiF) is included in the receiver as an energy
storage media. The excess solar energy input during a sun period is stored as heat of
fusion in the LiF and is then withdrawn by the working gas during the following shade
period. If the orbit is such that the excess solar energy available for storage during a
sun period is much in excess of the energy requirements during the following shade
period, energy can be rejected to space by opening doors in the insulated walls of the
receiver. These heat rejection doors can be opened as required to minimize the time
variations in receiver temperature distribution and in receiver outlet gas temperature.

In general, the temperature distribution of the heat receiver and of the receiver
outlet gas will vary in time depending on the gas flow rate and inlet temperature, on the
solar input rate, on the rate of energy losses through the aperture and through the in-
sulation, on the lengths of the sun and shade periods, and on the use of the heat rejec-
tion doors. It is the purpose of the following analysis to determine the performance,
characterized primarily by outlet gas temperature, of the present design of the solar
heat receiver (designed and fabricated under contract NAS3-10944) for variations of the
aforementioned parameters.

Since a design objective for the solar receiver was to minimize time variations in
temperature, the first step taken in the analysis was to assume that the receiver was
constantly and uniformly at the LiF phase change temperature and to perform an overall
heat balance. In this way an estimate of the maximum tolerable insulation losses was
obtained as a function of sun and shade period lengths. Near Earth circular orbits of
various inclinations and altitudes were then examined to show that the receiver is suit-
able for use in a wide range of orbits.

A detailed, time dependent thermal analysis, including radiative heat exchange
within the receiver was then formulated and used to predict the actual time variation in
r‘leceiver temperature distribution and receiver outlet gas temperature throughout an
aorbit. Various combinations of sun-shade periods which could be encountered in near

]éarth orbit were considered.



The analysis includes the effect of using the heat rejection doors for temperature
control of the receiver. For the purpose of this analysis a method of heat rejection door
control was chosen in which they were opened or closed based on the maximum LiF tem-
perature.

DESCRIPTION OF THE SOLAR HEAT RECEIVER

The solar receiver-collector combination is shown in figure 1. The working gas
flows from the receiver inlet header to the outlet header through 48 tubes arranged cir-
cumferentially around the receiver cavity. Each gas tube is surrounded by LiF which
is contained between the gas tube and an outer bellows shaped tube (containing 37 con-
volutions) as shown in figure 2.

The solar energy is directed through the fixed aperture by the collector and is in-
cident on the surface of the bellows tubes. The V-shaped reflectors mounted behind and
between the tubes are intended to increase the circumferential uniformity of the irradia-
tion and to decrease the heat loss through the outer wall. The sections of gas tube be-
tween the inlet manifold and the first convolution and between the last convolution and the
exit manifold are wrapped with dimpled-foil insulation to reduce the heat transfer to the
working gas in these sections.

The LiF is included to function as a heat storage medium providing the unit with the
capability of maintaining power system operation during shade periods of an orbit. The
energy is stored as heat of fusion (450 Btu/1b at 1560° F or 1046 J/g at 1122 K fusion
temperature) of the LiF. In order to minimize the time variation of outlet gas temper-
ature, it is desirable to assure that the LiF within each convolution never completely
freezes or melts. In this way, advantage is taken of the relatively large effective heat
capacity of the LiF during the phase change to minimize time variations in the gas tube
wall temperature. In order to accomplish this, it is necessary to match the distribu-
tions of input energy along the tubes with the distributions of energy withdrawal when the
LiF is in the two-phase condition, and it is necessary to control the physical distribu-
tion of the LiF. The match between distributions of energy input and withdrawal can be
approached by the proper choice of receiver and collector geometries, radiative surface
properties, working gas flow rate and heat transfer characteristics, the lengths of sun-
shade periods, and the control of the heat rejection doors. The receiver was designed
in this manner with sufficient storage capacity to operate in a 60-minute sun, 38-minute
shade cyclic condition. When the sun period is longer and/or the shade period is
shorter, less energy storage is required and the use of the heat rejection doors (see
fig. 1(b)) may be necessary to control receiver maximum temperatures. Since the LiF
expands during heating, the maximum temperature must be controlled to avoid overex-
pansion of the LiF in the bellows tubes. The tubes were filled at 1750° F (1230 K) (see



ref. 3) sothe maximum LiF temperature during operation should be kept below that
value. It may be desirable to use the heat rejection doors to limit the maximum LiF
temperature to a level lower than the 1750° ¥ (1230 K) maximum allowable level in
order to minimize the variations in outlet gas temperature during an orbit. The doors
would be opened toward the end of a sun period if all the LiF melted and temperatures
became too high and would be closed upon entering the shade period.

The control of the physical location of the LiF is made difficult by the fact that it
contracts about 30 percent when it freezes. The desired distribution is maintained by
the convoluted geometry of the outer tube both in zero-g and 1-g operation. The volume
within the bellows tube is such that the product of the LiF mass and heat of fusion at
each location along a tube exceeds by about 10 percent the required energy storage ca-
pacity at that location for the design parameters of table I.

ANALYSIS OF INSULATION REQUIREMENTS
Conservation Equations

In order to determine the maximum tolerable insulation losses as a function of
orbital illumination conditions, a heat balance must be performed on the total receiver
during an orbit. During a sun period, the difference between the solar input energy
QS, and the sum of heat transferred to the working fluid QG’ and the heat losses QL,
is equal to the energy stored in the LiF. (Symbols are defined in appendix A.)

Qgr = [Q4() - Qgt) - Q (B]at (1)
un

Ats

In the general situation each of the terms in equation (1) are a function of time. For
cyclic equilibrium operation, the energy stored during a sun period equals the energy
withdrawn from the receiver during the following shade period; that is,

f [Qs(t) - Qg - Q (t]at = f [Qg(®) + Q()]at 2)
Atsun Atsd

The solar energy input term of equation (2) is a function of receiver and collector ge-
ometry; of receiver and collector radiative surface properties; of receiver-collector
orientation with respect to the sun and with respect to each other; and of solar constant
and solar collimation angle. The computer program developed by Schrenk and described



in reference 5 was used to calculate this quantity. For the geometry in figure 1 and for
perfect orientation in a close Earth orbit, the total solar input was calculated to be
78 kilowatts.

The heat loss term in equation (2) consists of loss of radiative energy through the
aperture and energy losses through the insulated surfaces of the receiver; that is,

0 = [ {#rE0%- o1+ a6, SJEE 3)

where the integration is carried out over all of the receiver inside surface and % A rep-
resents the total radiation view factor from the point at location s to the aperture. Tt
should be pointed out that these factors are dependent on the effective aperture size and
location, which can be changed in time by opening the heat rejection doors. The insula-
tion heat loss is dependent on local insulation properties and temperature difference
across the insulation.

The required heat transfer to the working gas is determined by the Brayton cycle
desired operating points which the receiver is required to meet :

Qg(t) = wch (TGout - TGin) (4)

where TG and TG are the specified gas temperatures at exit and inlet to the re-
out in
ceiver. The heat transferred to the gas can also be expressed as

: 48 /L
Q) = E1 f nD [Ty ) - To(x)]dx (5)

where the summation is over all gas tubes and the integration is carried out along the
length of each tube. Equations (4) and (5) can be used to yield the gas tube size and
temperature and gas side conductance necessary to meet the design requirements of the
receiver. The gas tube wall temperature appearing in equation (5) is related to the sur-
face temperatures of the receiver cavity appearing in equation (3) which are in turn de-
pendent on solar input and cycle times through equation (2). Detailed consideration of
the heat transfer through the LiF could in principle relate the gas tube wall temperature
to the cavity surface temperatures. This would, however, be extremely difficult be-
cause of the bellows geometry and because of the probable presence of both liquid and
solid LiF and of voids due to the 30 percent contraction of LiF at freezing. Equations
(2) to (5) are not rigorously usable without knowledge of the temperature distribution
appearing in them or without the additional means of determining these temperatures.



These equations alone are not sufficient to determine these temperatures. This would
require a time dependent local heat balance at each point within the receiver. Such an
analysis is considered in a later section of this report. At this point, however, some
useful approximations will be considered which allow use of equation (2) to estimate the
maximum tolerable insulation losses as a function of sun-shade cycle times. This ap-
proach was also used in the receiver design.

Isothermal Heat Balance

In order to minimize variation in the receiver and the outlet gas temperatures, the
independent parameters including geometry should be chosen so as to keep the LiF in
each convolution in the two-phase condition. As long as the phase change is occurring
within each convolution, the exterior surface of the bellows and the gas tube wall tem-
perature is expected to be near the 1560° ¥ (1122 K) LiF phase change temperature. In
order then to use equation (2) to obtain a gross estimate of the potential performance,
it is reasonable to assume that the LiF in each convolution always remains in a two-
phase condition and that the temperature variations through the LiF can be neglected.
This leads to the assumption that the surface temperatures appearing in equations (3)
and (5) are 1560° F (1122 K) independent of time. Under these conditions and with the
assumption that the position of the heat rejection doors is not changed with time, equa-

tion (2) can be rewritten as
(Qs B QG B QL)Atsun = (QG + QL)Atsd (6)

If it is assumed that the gas side conductance used is a mean value, independent of time,
the expression for heat transfer to the gas can be written as

-AL
: T - T(0)](1 -
Qg = 487Dh T G((;)]( ° ) (7)

where

_ 487Dh

WCpG

B

Since the gas flow rate, inlet and outlet temperatures are specified by the Brayton cycle
design points, QG is also specified and equation (7) yields the required gas side
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conductance necessary to meet the design requirements when the tube surface tempera-
ture is held constant.

The loss term appearing in equation (6) consists of radiative losses through the
aperture QA, and of losses through the insulation QI Using the previously made as-
sumption that the surface temperature of the bellows tubes is uniform and independent of
time, an effective cavity temperature can easily be calculated so that the radiative losses
through the aperture can be written

QA =4, (GT?:av - oTi) (8)

It will further be agsumed that Toqy 18 1560° F (1122 K) the melting point of LiF.
The value of QG specified by the Brayton cycle requirements is QG = 40. 5 kilo-
watts. For the geometry indicated in figure 1 and for a collector efficiency of 0.9,
QS = 78. 0 kilowatts. Using the assumption of equation.(8) gives QA = 2. 975 kilowatts.
With these values, equation (6) was solved using Q as a parameter. The results
are shown in figure 3: For a given orbit period tp, figure 3 gives the maximum toler-
able insulation loss QI as a function of the sun-shade times within the isothermal
assumption. If for a given orbit, the actual insulation loss is greater than that given in
figure 3 part of the LiF will fall below 1560° F (1122 K) during the shade period resulting
in a corresponding decrease in outlet gas temperature.
As shown in the figure, a limit is imposed by the LiF storage capacity available in
the receiver. The storage capacity is defined as the product of total LiF mass and the
heat of fusion of LiF. If the assumed isothermal condition is to be attained, the energy

stored during one cycle cannot be allowed to exceed the LiF storage capacity.

ORBITAL ILLUMINATION CONDITIONS

The actual sun-shade times encountered during an orbit depend on the orbit altitude
and eccentricity and on the angle between the orbit plane and the ecliptic. For a given
circular orbit, the maximum shade time occurs when the intersection of the orbital plane
and the ecliptic plane coincides with the BEarth-Sun line. 1In figure 4 the sun-shade times
are given as a function of altitude for these maximum shade time conditions. Consider-
ing circular orbits for a given altitude there is a critical value of orbit inclination above
which a satellite would encounter some orbits of continuous sun time during a year. The
illumination conditions of several orbits are summarized in table II. Figure 4 and ta-
ble II show that a large range of close Earth circular orbits have a maximum shade time
of less than 38 minutes, which is the maximum shade time capability of the receiver.



The maximum shade times given in figure 4 and table II occur during relatively few
days per year. As an example, the actual shade time per orbit as a function of days
since launch for a 300-nautical-mile (556-km) circular orbit are given in figure 5 for
three inclinations. Although the receiver must be designed and insulated to operate
under maximum shade conditions, these conditions are encountered only during a small
percentage of orbits per year. During most orbits, the required energy for a shade
period is less than the maximum. During many of these orbits, it may become neces-
sary to use the heat rejection doors to reject some of the excess solar energy so that
the receiver temperatures and the outlet gas temperature are kept at acceptable levels

in the sun period,

ORBITAL THERMAL ANALYSIS

To minimize variations of the temperatures within the receiver and of the working
gas outlet temperature, it is desirable to maintain all of the LiF in the two-phase con-
dition. This will occur only if the net solar input distribution to the bellows tubes
matches the sum of the distributions along the tubes of losses and heat transfer to the
gas for the uniform 1560° F (1122 K) condition. The receiver-collector geometry was
chosen to approach this condition for the nominal 60-minute sun, 36-minute shade orbit.
Figure 6 shows these distributions for these conditions. The curve labeled net flux in-
put to the LiF was calculated using the analysis to be described in this section. Losses
of radiative energy through the aperture and insulation losses have been deducted from
these distributions. It is seen that in the central portion of the tube length, the net input
exceeds the output to the gas for the 1560° F (1122 K) uniform temperature assumption.
As a result, this portion of the tube can be expected to exceed 1560° F (1122 K), the LiF
melting completely, during part of an orbit. For a nonuniform temperature distribution
of the bellows tubes, the net input distribution curve will be modified by radiation ex-
change within the receiver cavity.

The distributions shown in figure 6 will, of course, change with a change in Brayton
cycle operating conditions, with changes in collector and/or receiver surface conditions,
with variations in receiver-collector orientation, or with changes in orbit illumination
conditions. Any of these changes will then affect the local heat balance within the re-
ceiver and result in a time variation in the outlet gas temperature as local complete
melting or freezing of LiF occurs. Figures 4 and 5 indicate that the orbital illumination
conditions will vary in time. This together with the fact that the input and output energy
distributions are not exactly matched, as shown in figure 6, indicates that the receiver
will not operate with the LiF in all convolutions of the bellows tubes in the two-phase
condition. The outlet gas temperature will then vary in time.



The overall heat balance based on equation (2) will not yield information concerning
temperature distributions. In order to determine the time dependent receiver outlet gas
temperature, it is necessary to determine the gas tube temperature distribution. Such
an analysis will be presented in this section.

Thermal Model

For the thermal model on which this analysis is based, the solar receiver is divided
into finite elements or nodes, each of which is assumed to be at a uniform but time de-
pendent temperature. The model is an axisymmetric one, each node extending 360°
around the receiver axis. Since the solar input flux distribution would vary in the direc-
tion around the receiver axis if the receiver-collector axis is not alined with the solar-
collector line, this analysis cannot include such a situation. The solar flux directly in-
cident on each node was determined from distributions obtained using a computer code
developed for the purpose by Schrenk (see ref. 5). Calculations made using this com-
puter code indicated that the total solar input decreases 10 percent when the receiver-
collector axis is 0. 5° misoriented from the sun-collector line and decreases by 40 per-
cent when the misorientation is 1.0°. The misorientation angle must, therefore, be held
at a small value and under these circumstances the use of an axisymmetric thermal
model is reasonable for the present purpose. The thermal model is shown in figure 7.

Comparison with figure 1 shows that nodes 1 to 12 correspond to the bellows tube.
Node 19 simulates the heat rejection doors and node 20 corresponds to the aperture.
Each of the nodes shown exchanges energy by radiation with each of the others. The
total radiation view factors are calculated assuming that each node extends 360° around
the receiver axis. The solar flux distribution resulting from the Schrenk computer code
is shown in figure 8. This distribution is used to determine the solar energy directly
incident on each node. The resulting step model is also shown in figure 8. The step
model is used to calculate the net solar input to each of the nodes. All reflections are
included by use of the total radiation view factors. It should be noted that nodes 13
and 16 do not represent physical surfaces but are effective surfaces (representing the
regions of the inlet and outlet manifolds) used for the radiation interchange calculations.
The effective absorptivity of node 19 representing the heat rejection doors is a function
of the opening angle of the doors. This relation is determined as shown in appendix B.

Nodes 1 to 11 each include the thermal capacity of the LiF of three convolutions of
the bellows tube, and node 12 includes the last four convolutions. Because of the com-
plex geometry, the possible presence of two phases of LiF and a considerable void
volume, and finally of the radiation boundary condition imposed on the outer surface of
the bellows tube, a complete analysis of the heat transfer process through the LiF in a
transient thermal analysis of the entire receiver is not tractable. For this reason, it is
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assumed that the LiF can be simulated in the thermal model by only one node in the
radial direction between the gas tube and the outer convoluted tube.

Time dependent, local heat balances on these LiF nodes determine the percentage
of liquid and solid LiF. When an individual node either completely melts or freezes, its
temperature changes. As a result, the gas tube wall temperature and hence the gas
temperature is changed.

Even if the LiF in all convolutions always remained in the two-phase condition, the
receiver outlet gas temperature would still be expected to vary in time. Since the per-
cent of solid LiF and hence the position of the 1560° F (1122 K) solid-liquid interface
would vary continuously in each convolution, and since the void volume would vary in
size and position, the resistance to heat transfer through the LiF would continuously
vary. This together with the fact that the outer surface temperatures of the convoluted
tubes would vary due to the changes in irradiation from the sun period to the shade,
would result in a time variation in the gas tube wall temperature and hence in gas tem-
perature. The variations in the gas tube wall temperature while the LiF phase change is
occurring will, however, be much smaller than those occurring when only one phase of
LiF is present because of the large difference in the effective thermal mass.

Because of the lack of knowledge of the effective thermal conductivity of the LiF in
this geometry with the presence of voids and two phases, the resistance to heat transfer
through the LiF is not included in this analysis. As a result, the analysis does not pre-
dict the gas temperature variations which can be attributed to variations in LiF thermal
resistance, but it does show the much larger effects of complete melting or freezing of
the LiF in any node.

The neglect of thermal resistance of the LiF and the use of only one LiF node ra-
dially from gas tube to the outer tube leads to the additional assumption that the temper-
atures of the outer convoluted tube and the gas tube are equal to that of the LiF adjacent
to them. Finally, since the Li¥F thermal resistance is neglected and since reflectors
are positioned behind and between the tubes to increase the uniformity of their irradia-
tion, circumferential temperature gradients around individual tubes are neglected.

Conduction between the nodes of the top and aperture cones is not included. The
temperature of these metal surfaces is largely determined by the radiative flux incident
on them and this effect is included. Since conduction in the LiF is not included, this
additional assumption of neglecting it elsewhere is reasonable. Neglecting conduction
throughout the receiver is a considerable savings in computational effort while the major
thermal characteristics of the receiver are retained.

The gas tubes are wrapped with dimpled multifoil insulation in the regions between
the inlet manifold and the first convolution of the bellows tube and between the last con-
volution and the exit manifold to minimize the heat transfer to the gas in these regions.
In the thermal model, nodes 13 and 16 represent these regions. Heat transfer to the gas
is assumed not to occur from these nodes but only from nodes 1 to 12. The LiF nodes

10



are coupled through their energy exchange with the gas flow as well as through radiative
exchange.

Another basic assumption made in the analysis is that only the thermal capacity of
the LiF is important in determining the transient thermal performance of the receiver,
the heat capacities of all the other materials in the receiver being neglected. This is a
reasonable approximation since the heat of fusion and specific heat of the LiF will make
the LiF, by far, the largest thermal mass in the system. For example, the thermal
masses of the receiver are about 117 000 Btu (1. 23x108 J) for the heat of fusion of all
LiF, 160 Btu/°F (3. 04x10° J/K) for all LiF assuming single phase, and 75 Btu/°F
(1. 42><105 J/K) for all other materials. It can be seen that for a temperature variation
of 100° F (56 K) during an orbit, for example, with much of the LiF passing through the
two-phase condition, that the thermal mass of the LiF will be much more important than
other materials in determining the transient behavior of the system; that is, 7500 Btu
(7. 91x108 J) sensible heat for all other materials compared to 133 000 Btu (1. 40><108 J)
latent and sensible heat of the LiF.

Formulation
Since the thermal capacity of the LiF is the only one included in the analysis, the

transient solutions are centered around the time dependent heat balance on the LiF
nodes; that is,

dT,
mC)———lzq -g~ -Qp +S; w_, =0, 1 (9)
( p)i g IR, "G, T TR s;
aw
mAh) ! gy -Q~ -q +S. o<W, <1 (10)
( Yy at By G L d 8

where WS is the ratio of solid LiF mass in node i to the total LiF mass in node i.
i

The radiation exchange for node i is given by

4 4
ag = . AF (T - o1y) (11)
1 j=all
surfaces

where the summation is taken over all surfaces making up the receiver cavity enclosure.
The total view factors appearing in equation (11) are a function of the geometry of the
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entire enclosure and the emissivities of all surfaces comprising the enclosure (see

ref. 4). The emissivities of the nodes representing the LiF surrounded by the colum-
bium convoluted tube can be taken as effective values to account for the convoluted
geometry. The emissivity (or absorptivity) of the node representing the heat rejection
doors is taken as an effective value which can be varied in time to account for movement
of the doors. The relation between the effective absorptivity and the door position is
developed in appendix B. The temperatures of the LiF nodes which appear in equa-

tion (11) at each time increment are obtained from solution of equations (9) and (10). The
temperature of the aperture node (and of the heat rejection door node when they are open)
is taken as T_, the effective sink temperature. The temperatures of all the other
nodes, which do not consist of LiF, can easily be obtained at each increment in time
since the capacities of these nodes and the conductive heat transfer to these nodes has
been neglected. Equating the energy input and loss for each yields the following expres-
sion for the temperature of each such node:

S+ ). AZF.OT

j=all
oTd-__ surfaces (12)
! eiAi

where the summation is again over all surfaces making up the receiver cavity enclosure.
The insulation loss term in equation (9) is assumed for convenience to be given by

A
qI=

i
i ZAj
J

Q (13)

where the summation is over all nodes excluding the aperture and QI is the specified
insulation loss from the entire receiver. Of course, the distribution assumed in equa-
tion (13) is arbitrary and can be easily changed depending on the actual insulation system
used.

The heat transfer to the gas from node i depends on the local gas temperature
which, in turn, depends on the temperatures of all the upstream nodes. The axial dis-
tribution of the bulk mean gas temperature for one-dimensional flow is given by

WC, — =4qg (14)
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where
ag = hNmD[T - T5(x)] (15)

The thermal inertia of the gas has been neglected in equation (14). This is the quasi-
steady approach which assumes that the time rate of change of T,, is much less than
that of Tq and is accurate for this situation. The solution of equations (14) and (15) for
a constant wall temperature is

- - -
TG(X) =T - [T TG(O)] e px (16)
where T_ and B are constants and where

- hN#D

WCpG

B

Substitution of equation (16) into equation (15) yields

]

ag = hNaD[T, - T(0)] e™P* (17

Integrating this over a flow length L vyields

L

hN#D - T (0
dx = N [EW___C’Q (1- e Phy (18)
B

G
0

Equations (16) and (18) can be used to give the gas temperature and heat transfer to the
gas in the present situation where it has already been assumed that h or B is constant
and the gas tube wall consists of a series of constant temperature finite length LiF nodes.
Let x be measured in the direction of the flow and X be the distance from the be-
ginning of the heated flow length to the downstream end of node i. Then the temperature
of the gas at the downstream end of node i can be written from equation (16) as

)e'B(Xi_xi‘ L (19)

T, = Ta(x) =T, - (T.-T
G, GY1i i i G; 1
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Then the heat transferred from node i to the gas flow can be written from equation (18)
as

qg, = 2D (Ti - Tg. ) [1 P Xi‘l)] (20)
i B i-1

This is a convenient method of calculating the heat transfer to the gas because it has the
unique advantage of yielding the correct receiver outlet gas temperature when all the
LiF is at the 1560° F (1122 K) phase change temperature without the additional compli-
cations and error involved in treating the gas flow as finite nodes.

The solar input term Si in equation (9) is the net solar input to node i at time t.
It is given by

1- o
- E j
S, = Aoy ¥ + A 73 ¥ (21)

j=all
surfaces

where the summation is over all surfaces of the receiver cavity. The term \Ifi is the
solar flux directly incident on node i and is obtained using the computer code developed
by Schrenk and is given in figure 8. If a node is not directly illuminated by solar radia-
tion, the ¥, value is zero. During the shade period of the orbit, all the ¥ values are
set equal to zero. The total radiation view factors appearing in equation (21) are ob-
tained using absorptivities for solar radiation. The superscript s is used to distin-

guish them from those appearing in equation (11).

Solution Procedure

The conditions of the LiF nodes are determined by integrating equations (9) and (10)
with respect to time for all LiF nodes simultaneously. Equation (9) is used for a par-
ticular node to determine its temperature when it is single phase. The specific heat
appearing in this equation is either the value for liquid or solid LiF. Equation (10) is
integrated for each node when it is in the two-phase condition. The terms on the right
sides of equations (9) and (10) are evaluated using equations (11) to (13), (20), and (21).
In order to solve equation (11) for each LiF node, it is necessary to simultaneously de-
termine the temperatures of all nodes other than the LiF nodes and the aperture using

equation (12).
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With the receiver temperatures known at any point in time, the temperature profile
and exit temperature of the gas is determined using equation (19). The heat rejection
door operation is simulated by changing the effective emissivity of the node representing
them. This changes the ¥ factors appearing in equations (11) and (21). For purposes
of this analysis the heat rejection door position is controlled by the maximum LiF
temperature. It is assumed that the doors begin opening at a constant rate (assumed
ZOO/min for this analysis) when the hottest LiF node reaches some specified tempera-
ture designated TDO and continue to open until that node again falls below TDO‘ It is
assumed that they remain open at this position until the hottest LiF node falls below
another specified temperature designdted TDC when they begin closing (which continues
until fully closed or until the hottest LiF node again reaches TDO)' The heat rejection
doors are always in the closed position during a shade period. The temperature TDO
should be specified below 17 50° F (1230 K) the temperature at which the LiF would be
overexpanded within the bellows tubes.

The emissivity of the LiF nodes is taken as an effective value to account for the
bellows geometry of the tubes. Since the bellows tubes are closely spaced around the
circumference of the receiver, the effective wall of the cavity appears to approximate a
surface which has continuous circumferential grooves., This fact was used to estimate
the effective emissivity using the values for rectangular grooves (see ref. 4) and the re-
sults are given in figure 9. The spread of values indicated results from the variation of
convolution depth along the tubes. The bellows tubes in the receiver are grit-blasted
Cb-1 percent Zr with an emissivity at these temperatures ranging from 0. 30 to 0. 45 and
a solar absorptivity from 0. 60 to 0.67. Using figure 9 it is seen that this results in an
effective emissivity of the LiF nodes ranging from 0. 40 to 0. 60 and a solar absorptivity
from 0.70 to 0. 77.

The value of the gas side conductance used in the analysis was h = 15. 16 Btu/
(hr)(ftz)(OF) or 86.1 W/(mz)(K). This is the value which yields the design performance
shown in table I for the heat transfer length of the receiver and a uniform gas tube tem-
perature at the 1560° F (1122 K) phase change temperature. The receiver gas tubes are
ring-dimpled in order to attain this value. The value has been confirmed by experiment.

RESULTS AND DISCUSSION

A Fortran IV computer program was written to solve equations (9) to (21) according
to the outlined procedure. This program was used to predict the receiver thermal per-
formance during Earth orbit. The effects of receiver insulation losses, of bellows tube
emissivity and solar absorptivity, of heat rejection door operation, and of length of
shade period are illustrated for the present receiver design by the results presented in
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this section. The method of heat rejection door control assumed for this analysis was
explained in the previous section.

As indicated by figure 3 there is a minimum insulation required for satisfactory re-
ceiver performance for each orbit considered. For a 60-minute sun, 36-minute shade
orbit, which approximates the worst illumination conditions for a 300-nautical-mile
(556-km) circular orbit, the maximum tolerable total insulation loss given by figure 3
is about 5 kilowatts. If more than this minimum insulation would be used, the receiver
would operate at higher temperatures. The equilibrium cyclic conditions obtained by
use of the computer program described are given in figures 10 and 11 for values of QI
of 3 and 5 kilowatts. In figure 10, the outlet gas temperature and temperature of the
hottest node (node 2 in this case) are plotted for one orbit. The first 36 minutes con-
stitute the shade period. In figure 11, the condition of the LiF along the tube is shown
at several points during the orbit. For both cases most of the LiF nodes are melted and
heated above 1560° F (1122 K) at the end of the sun period and the first LiF node is com-
pletely frozen at the end of the shade period. These effects are seen to be reflected in
the outlet gas temperature shown in figure 10.

The results for the QI = 3 kilowatts case in figures 10 and 11, show the effect of
the use of the heat rejection doors at the end of the sun period. For the cases in figures
10 and 11 TDO (the temperature of the hottest LiF node at which the heat rejection
doors begin to open) was 1680° F (1189 K). The hottest node in this situation was node 2.
As shown, it reached 1680° F (1189 K) about 4. 5 minutes before the end of the sun
period and reached a peak value of only a few degrees above 1680° F (1189 K). The door
opening reached 20° pefore this maximum LiF temperature fell below 1680° F (1189 K).
This position was held until the end of the sun period at which time the heat rejection
doors were closed. Had the maximum LiF temperature fallen below 1650° ¥ (1172 K)
(the value taken for TDC’ the temperature of the hottest LiF at which the heat rejection
doors begin to close) before the end of the sun period, the doors would have begun clos-
ing. For the higher insulation loss case the LiF did not reach the temperature level
which was set to initiate heat rejection door operation.

The effects on performance of changing the solar absorptivity and emissivity of the
bellows tubes are shown in figures 12 to 15. In figures 12 and 13 a comparison is made
between the effects of an emissivity of 0. 40 and 0. 90. The higher value would corre-
spond to the use of an emissive coating, the lower to a typical value for the grit-blasted
surface used. It is desirable to keep the receiver at as nearly a uniform temperature
as possible. Figure 12 shows that, for a wide range of emissivities the effect on re-
ceiver performance, as measured by outlet gas temperature, is rather small. The
higher emissivity does result in a more uniform temperature profile along the tubes as
shown in figure 13 but the difference between the two results is not large considering
the large difference in the two values of emissivity. Since the incident solar flux is high
and since its variation along the tubes is so marked, a change in solar absorptivity which
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would in turn change the net solar input distribution, would be expected to make an ap-
preciable difference in the receiver thermal conditions. In figure 14, it is seen that the
outlet gas temperature, for these conditions, does not vary significantly for the range of
effective absorptivities which could be obtained with grit-blasted bellows tubes. How-
ever, the temperature distributions along the tubes are significantly different for this
relatively small variation in absorptivity. In figure 14, the time variation of the hottest
node is plotted for each case. As indicated, the location of the hottest node moves along
the tube as absorptivity is decreased. Of the three cases considered, a value of

ap = 0. 65 results in the most uniform temperature profile. Values of absorptivity lower
than this would result in the exit end LiF being heated to significantly higher tempera-
tures than that along the rest of the tube. The receiver performance is much more sen-
sitive to changes in absorptivity than in emissivity. The distribution of net solar energy
input is more significant in determining the receiver thermal conditions than is thermal
radiative exchange within the cavity. Since the net distribution of solar input is depen-
dent on receiver-collector geometry and orientation, and collector surface conditions as
well as receiver surface absorptivity, the optimum solar absorptivity would change with
any variation in these other factors.

As shown in figure 5, the shade time per orbit for a 300-nautical-mile (556-km)
circular orbit varies considerably during a year. The worst illumination conditions of
about 60-minute sun and 36-minute shade periods were considered in figures 10 to 15.
During days in which the shade period is less than this, it becomes necessary to open
the heat rejection doors for a period during every orbit. The cyclic equilibrium condi-
tions for several such cases are given in figures 16 to 19. Obviously, the shorter the
shade period, the higher the energy storage remaining at the end of the shade period
and the less the requirements of total energy input during the sun period. In figure 16,
the shorter the shade period, the sooner the outlet gas temperature rises above 1500° F
(1089 K) during the sun period and the sooner the hottest node reaches the temperature
at which the heat rejection doors begin to open. In the 32-minute shade period case of
figure 16, the heat rejection doors began opening 57 minutes into the sun period and
reached an opening angle of 20°. In the 28-minute shade case they began opening 50 min-
utes into the sun period and reached an opening angle of 15°. In both cases the sun
period ended before the hottest LiF node cooled sufficiently to begin closing the heat re-
jection doors. The profiles in figure 17 show that the temperatures are more uniform
at the end of the sun period for the shorter shade periods. As expected, the energy
storage, as indicated by the percent solid LiF, is higher for the shorter period consid-
ered in figure 17. The results shown in these figures are obviously dependent on the
means chosen to control the heat rejection door position. The 30° F (17 K) spread be-
tween TDO and TDC’ the temperatures at which heat rejection door movement is
initiated, results in appreciable variations in the outlet gas temperature. A continuous
sun case is included in figure 16 to illustrate this further. The temperature plot of the
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hottest node shows that it continuously varies between temperature TDO and TDC’ the
heat rejection doors moving between 10° and 15° opening angles, This then results ina
variation of over 30° F (17 K) in outlet gas temperature.

One approach which might be taken to reduce these gas temperature variations and
to lower the highest temperature level which the gas reaches is to open the heat rejec-
tion doors sooner and control them more closely. In figure 18 these same sun-shade
combinations are shown for values of TDO = 1650° F (1172 K) and TDC = 1640° F
(1167 K). As indicated in the plot of hottest node temperatures, the doors open and
close tending to keep the hottest LiF between the temperatures TDO and TDC' As in
figure 17, the temperature profile in figure 19 shows that the shorter shade period re-
sults in more uniform temperatures. Figure 19, however, shows that in this case the
last several LiF nodes along the tube completely freeze during the shade period for the
worst illumination case of 60-minute sun and 36-minute shade. This results in the sig-
nificant drop in outlet gas temperature at the end of the shade period shown for this case
in figure 18. This all results from the fact that, for TDO = 1650° F (1172 K), the heat
rejection doors are opened for about 2 minutes at the end of the sun period. During this
time, enough energy is lost to keep the hottest LiF node below 1650° F (1172 K) but
enough energy is also lost from the downstream nodes so that the stored energy and ra-
diative exchange is insufficient to meet the requirements during the following shade
period. To avoid an unnecessary gas temperature drop at the end of the shade periods,
the energy storage must be increased in these downstream nodes. For the present de-
sign this can be done by raising TDO and TDC and therefore reducing the amount of
energy they lose through the heat rejection deors or by increasing the solar input to
these nodes during the sun period. One effective way of accomplishing the latter is to
lower the solar absorptivity as already shown in figures 14 and 15. Lowering it from
0. 75 to 0. 70 is sufficient to avoid freezing the downstream LiF as shown in figures 20
and 21 where both cases are plotted for comparison. As previously stated, both these
values of absorptivity are within the range which can be achieved with grit-blasted bel-
lows tubes. The results in figures 18 to 21 demonstrate that the variation in outlet gas
temperature can be held within the acceptable range of 1490° to 1550° F (1080 to 1120 K)
for the present receiver design. Changes in the heat rejection door design to allow more
selective heat rejection firom only the hottest parts of the receiver could result in further
narrowing the range of outlet gas temperature but would result in added complexity of
design and control.

The heat balance per orbit for most of the cases considered in figures 16 to 19 are
given in table II. As the sun period is increased and consequently the solar input per
orbit is increased the heat rejected through the doors is increased to compensate. For
the higher value of TDO and for the shorter shade periods, figures 16 to 19 showed
that the receiver temperatures were higher for longer periods of time. This is reflected
in higher energy transfer to the gas and aperture losses as shown in table III. Table III
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does not show a variation in insulation loss as might be expected physically because the
value was specified and held constant in this analysis. The energy storage is defined
as zero when all the LiF is at 1560° F (1122 K) and 100 percent solid. The values given
in table III therefore are the energy difference between the actual state of the LiF and
the condition defined as zero energy storage.

CONCLUDING REMARKS

A preliminary thermal performance analysis was performed for the solar receiver.
A simplified overall receiver heat balance was first used to estimate the maximum
tolerable insulation losses as a function of orbital illumination conditions. A digital
computer analysis was then used to predict the variations in receiver outlet gas temper-
ature and LiF conditions throughout a close Earth orbit. The thermal model used is
simple enough to make the analysis tractable but retains the most important character-
istics of the receiver. For purposes of this analysis a simple method was assumed for
selecting the heat rejection door position by sensing the maximum LiF temperature.
The thermal conditions of the receiver were examined to determine the effects of radia-
tive surface properties, insulation losses, and shade period length.

Effective values of emissivity and solar absorptivity were used to account for the
bellows geometry of the tubes. The analysis showed that the receiver performance is
more sensitive to variations in solar absorptivity than in emissivity. The outlet gas
temperature variation when the tubes have a high emissivity, such as could be obtained
by use of a coating, was not found to differ significantly from the case where the tubes
were assumed to have the lower emissivity corresponding to a grit-blasted surface.
The solar absorptivity obtained using grit-blasted bellows tube surfaces is near the
optimum value for the receiver-collector design considered. The effective absorptivity
of the grit-blasted bellows tubes was predicted to range between 0.70 and 0. 77. For
one of the worst illumination conditions considered, the lower value was found to yield
results with less variation in outlet gas temperature.

In all the cases considered, the outlet gas temperature showed some decrease at
the end of each shade period and some increase at the end of each sun period. In most
cases, the gas temperature decrease during the shade period was due solely to freezing
of the LiF in the first few convolutions along the gas flow length. The net solar input to
this region is insufficient to meet the local heat storage requirements. At the end of
each sun period some LiF was found to be locally completely melted and superheated,
resulting in the rise in outlet gas temperature. This results from the fact that the dis-
tribution of solar input never exactly matches the required heat storage distribution
which would result in isothermal operation. This temperature rise near the end of the
sun periods can be reduced by having the heat rejection doors partially open near the end
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of sun periods, but it cannot for this design be entirely eliminated without jeopardizing
the operation during the shade periods.

The amount of variation in the outlet gas temperature in time is a function of the
receiver surface radiative properties, the amount of insulation losses, the relative
lengths of the sun and shade periods, and the method of heat rejection door control. The
results indicate that, if the insulation losses are held below the maximum allowable level
calculated, the heat rejection doors can be used to hold the outlet gas temperature vari-
ation within an acceptable range of about 1490° to 1550° F (1080 to 1120 K). For
78-kilowatt solar input, corresponding to a 30-foot- (9. 14-m-) diameter collector, the
maximum allowable insulation loss for a 60-minute sun, 36-minute shade orbit is 5 kil-
owatts.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, December 7, 1970,
128-170.

20




APPENDIX A

SYMBOLS

area

area of aperture

specific heat

diameter of gas tube

total radiation view factor

total radiation view factor to aperture

total radiation view factor from node i to node j

total radiation view factor from node i to node j for solar radiation
conductance

latent heat of fusion of LiF

heat transfer length of gas tubes
mass

number of gas tubes

rate of heat loss through aperture
rate of heat transfer to gas

total insulation loss

rate of heat loss

rate of solar energy input

energy stored in one orbit
convection per unit length of gas tube

convection to node i

insulation loss flux

insulation loss from node i
radiation to node i

net solar input to node i

distance
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T temperature

TDC temperature of hottest node at which heat rejection doors begin to close
DO temperature of hottest node at which heat rejection doors begin to bpen
T sink temperature
t time
tp orbital period
At sd shade period length
Atsun sun period length
w mass flow rate of gas
WSi fraction of LiF in node i which is solid
X distance along gas tubes in flow direction
o solar absorptivity
hN7TD/WCpGr
€ emissivity
¥, direct solar flux on node i
Subscripts:
E effective value
G gas
i refers to node i
w gas tube wall
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APPENDIX B

HEAT REJECTION DOOR EFFECTIVE ABSORPTIVITY

The hexagonal aperture cone of the receiver is approximated by a circular cone in
the thermal analysis. The effective emissivity of one of the nodes which comprise this
cone in the thermal model is changed as a function of time in order to simulate move-
ment of the heat rejection doors. The relation between effective emissivity and door
opening angle which was used in the analysis is developed here.

When the doors are partially open, part of the radiation incident on the doors is
reflected and/or reradiated back into the receiver and part is lost to space as indicated
in figure 22. For the purpose of calculating the radiation exchange within the re-
ceiver cavity and the radiative energy loss to space, the conical opening of the heat re-
jection doors can be assumed to have an effective temperature of zero and an effective
absorptivity defined

=1-_2 (B1)

where the Q's are defined in figure 22.

It is assumed that there are six heat rejection doors, they are hinged at their upper
ends, are perfectly insulated, and when closed form a continuous conical surface
referred to as the heat rejection door node in the receiver thermal analysis. As the
doors are opened, the effective absorptivity of the door opening is determined from equa-
tion (B1). The terms appearing in this equation are determined by considering the en-
closure defined by the door opening (surface 1), the swing arc (surface 2) and the conical
surface which includes the doors (surface 3). As the opening angle increases, the area
of surface 3 increases. The area of the actual door surfaces, however, remains con-
stant and is equal to the area of the opening Al' The difference between A3 and A1 is
the area of the gaps formed between adjacent doors as they are opened. The geometric
configuration factors between surfaces 1, 2, and 3 are calculated using the expression
for the configuration factor between coaxial disks and configuration factor algebra.

Then, denoting the actual door surfaces as surface 3D and the gaps as surface 3G
(i. e., Ag = Agpy + A3G) the following approximations are made:
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Az

F =——F
2—3G A3 2—3

If these and configuration factor algebra are used, all the configuration factors between
the four surfaces 1, 2, 3D, and 3G can be easily obtained. Then using an emissivity

of unity for surfaces 1, 2, and 3G and the surface emissivity of the doors for surface
3D, the total configuration factors are calculated. The terms appearing in equation (B1)
can then be calculated in a straightforward manner to yield

Fy o T
~ Z1.3p%n.1 (B2)
€3p - #3p-3D

ap=1-% 4

For a value of €3p = 0. 4 (typical) the effective absorptivity of the heat rejection door
node plotted against opening angle is given in figure 23.
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TABLE I. - SOLAR RECEIVER DESIGN CONDITIONS

Working fluid

Gas inlet temperature, Op (K)

Gas exit temperature, O (K)

Gas flow rate, 1b ‘sec (kg sec)

Gas inlet pressure, psia (N. m“ abs)
Gas pressure drop

Helium-xenon - 83. 8 mol. wt.
1098 (866)

1500 (1089)

1.607 (0. 729)

53. 9 (3.72x107)

2 percent of inlet pressure

Minimum time in sun, min 60
Maximum time in sun Continuous
Maximum time in shade, min 38
TABLE II. - ORBIT ILLUMINATION CONDITIONS
Altitude Period, Maximum Minimum | Critical | Orbit inclination, deg
min shade time sun time, | inclina-
nmi| km min tion. 30 60 90
min | Percent deg Maximum days
of orbit per
year of continuous sun
200 | 370 91.8 36.2| 39.4 55.6 47.4 0 26 78
300 556 95. 4 35.5| 37.2 59.9 43.4 36 95
500 | 926 | 103.2 34.9] 33.8 68.3 37.3 52 |119
7001296 | 111.6 34.8] 31.2 76.8 32.7 76 [139
1000 [ 1852 | 123.6 34.9| 28.2 88.7 27.3 17 | 100 | 160
5000 [9260 | 324.0 43.3] 13.4 280.7 .6 203 | 267 [268
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TABLE III. - HEAT BALANCE FOR 96-MINUTE ORBIT WITZ SOLAR INPUT OF 78 KILOWATTS

[Insulation loss, 8.0 kW-hr; effective solar absorptivity ap = 0.75; effective emissivity ep=0.4 ]

Case Energy Lossto Loss through Energy storage. Solar Sun Shade  Temperature of Temperature of
to gas. aperture. heat rejection kW-hr input. period. period. hottest node at hottest node al
kW-hr kW-hr doors. — — kW-hr min min which heat re- which heat re-

kW -hr Beginning - Beginning jection doors be- | jection doors be-
of shade of sun gin to open, ain to close,
Tpo Toc
°F K °F K
]
1 65. 05 4.96 0.00 34. 217 5.26 78.0 60 36 1680 ' 1189 1650 | 1172
2 64. 62 4.176 .62 30. 46 1.8 78.0 60 36 1650 ( 1172 1640 | 1167
3 66. 06 4. 97 4. 17 34.08 3.25 83.2 64 32 1680 | 1189 1650 | 1172
4 65. 30 4.91 5.01 33. 10 7.36 83.2 64 32 1650 | 1172 1640 | 1167
B 67. 12 5.01 8. 27 33. 96 11. 49 88. 4 68 28 1680 | 1189 1650 | 1172
6 66. 18 4.92 9. 30 33. 41 10. 88 88. 4 68 28 1650 | 1172 1640 | 1167
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