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FORWARD 

This report focuses on concepts developed by the Hanford Engineering 
Development Laboratory (HEDL) on high temperature solar buffer receivers 
for use with a parabolic dish solar system. The work was carried out under 
a Department of Energy Solar Thermal contract managed through the Jet Pro
pulsion Laboratory. Dr. Ram Manvi - Task Manager, Jet Propulsion Laboratory, 
Contract Number NAS7-100 DPRW0-8693. 
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ADVANCED HIGH TEMPERATURE SOLAR BUFFER RECEIVER PROGRAM 

I. INTRODUCTION 

A parabolic dish will focus the sun's radiant energy onto a heat 
receiver unit. This receiver transfers the radiant heat energy to a turbine/ 
generator system by means of a working gas (air at 45 psia). The buffer 
storage of the receiver is needed to transfer stored solar heat energy to 
the working gas during cloudy periods. This system will allow operation of 
the turbine/generator for up to 30 minute intervals. 

HEDL has conceived two suffered solar receiver systems to fulfill this 
task. One concept uses storage of latent heat in molten silicon while 
another uses sensible heat storage in solid graphite. Both concepts meet the 
necessary requirements and advance the area of high temperature thermal storage. 

The description, operation, material properties, background history and 
parameters of the above concepts are presented in this report. Table 1 shows 
a comparison between HEDL heat receiver concepts and previous technology. 
Design performance characteristics were computed for the sensible heat stor
age device concept. This emphasis on the sensible heat concept was decided 
at a December 1980 program review meeting between HEDL and JPL personnel. 
Detailed design performance computations were beyond the scope of the pre
sent work for the latent heat case. 

A. Concept Requirements 

The baseline design criteria for HEDL's advanced high temperature buffer 
storage concepts are listed in Table 2 along with the temperatures and heat 
flow calculated for the HEDL systems. 

High temperature materials used to contain the storage core and trans
fer heat energy to the gas must have high thermal conductivity, good mechani
cal strength, and oxidation resistance. Careful material selection for each 

-1 -



TABLE 1 

COMPARISON BETWEEN HEDL HEAT RECEIVER CONCEPTS 
AND PREVIOUS TECHNOLOGY 

PREVIOUS TECHNOLOGY 
3 minute buffer storage 

Low heat storage to mass 
ratio of storage 
material (40 cal/gm) 

One quartz window 

Uncontrolled outlet 
temperature 

Uncontrolled charge 
rate 

Solid core during normal 
operation 

No moving parts 

Maximum output of stored 
energy limited to maxi
mum insolation 

Direct contact between 
air and storage medium 

HEDL 
LATENT HEAT BUFFER 
SOLAR RECEIVER (Si) 
>30 minute buffer storage 

High heat storage to mass 
ratio of storage material 
(431 cal/gm) 

No window required 

Uncontrolled outlet 
temperature 

Uncontrolled charge rate 

Liquid core during normal 
operation 

One moving part 

Maximum output of stored 
energy limited to maximum 
insolation 

Argon pressurization 
required around core 

-2-

HEDL 
SENSIBLE HEAT BUFFER 
SOLAR RECEIVER (GRAPHITE) 
>30 minute buffer storage 

High heat storage to mass 
ratio of storage material 
(200 cal/gm) 

One quartz window 
One sapphire window 

Controlled outlet 
temperature 

Controlled charge rate 

Solid core during normal 
operation 

One moving part 

Maximum output of stored 
energy can be controlled 
to exceed maximum insola
tion for short periods if 
desired 

Argon pressurization 
required around core 



TABLE 2 

RECEIVER DESIGN REQUIREMENT CHARACTERISTICS SUMMARY 

HEDL HEDL 
JPL SENS IBLE BUFFER LATENT BUFFER PRESENT HEAT 

DESIGN CHARACTERISTICS REQUIREMENTS HEAT RECEIVER HEAT RECEIVER RECEIVER SYSTEM 
Inlet gas temp. 950°c 950°c 950°c 950°c 

Outlet gas temp. l370°C l370°C l370°C l370°C 

Gas Pressure 45 psia 45 psia 45 psia 45 psia 

Maximum 1::. Pressure 4% 0.299% 0.06% 1.4% 

I Gas Type (Working 
w Fluid) Air Air Air Air I 

Max. 1::. temp. of 
outlet gas 1110 - 1370°c 1170 - l370°C 1170 - l 370°C 1170 - l 370°C 

Storage Time 30 min. > 30 min. > 30 min. 3 min. 

Receiver Mass 150 - 200 kg "'200 kg "' 160 kg 141 kg 

Mass flow of gas 
for 60 kw output 130 g/sec 130 g/sec 130 g/sec 114 g/sec 



component is necessary to meet the criteria of the buffer heat receiver. 
Tables 3, 4, and 5 give a summary of the materials and key properties on 
which HEDL's receiver concepts were based. 

The evaporation rate and oxidation rate of graphite and silicon 
carbide, respectively, were calculated at the temperature of application 
from values found in the literature. In both cases, the rates deter
mined were sufficiently low so as to indicate no problems with receiver 
operation over several years time. 

B. Background Information 

There have been many materials used for energy storage applications 
covering a large temperature range. Only a few storage materials can meet 
the requirements of a buffer thermal storage system for high temperature 
operation (>l400°C). The material must have a high thermal conductivity 
(solid, liquid or both), be abundant and inexpensive, and give a high heat 
storage to mass ratio. In addition, latent heat storage candidates face 
problem areas of containment, solidification control, corrosion, and environ
metal hazards. 

In the sensible heat storage material, a high heat capacity is required 
to give a high energy storage to mass ratio. High temperatures are necessary 
due to the time (30 min.) during which an outlet temperature greater than 
1170°C must be maintained. The thermal conductivity and configuration of 
the core determines how fast the heat can be withdrawn without excessive 
radial temperature drop. In addition, mechanical strength and creep resis
tance at high temperature are important. 

In the HEDL sensible heat concept shown in Figure 1, graphite has been 
chosen as a core material since it meets all these criteria. A key property 
of the graphite is its increase in heat capacity and mechanical strength at 
high temperature. 

-4-



I 
u, 
I 

USE 
l'l/'"\IC.1'1/-\L I L J 

Graphite 2482 
inert atm. 

(1) 
BN Stable up 

to 1927 
inert atm. 

( l O) 

Bl m.p.-+2454 
reacts with 
o2 above 982 

( 18} 
SiC 1649 

in oxidizing 
atm. 

(?F. \ 

Al 203 1980 
in air 

(35) 

Quartz In air: 
899 continuous 
service 
1260 for short-
term exposure 

(44) 

Cera 1427 
Form 

(primar-
ily 

mull i te) (52) 

Fiber 2482 
Form inert atm. 

(primar--
ily 

graphite) 
(55) 

TABLE 3 
KEY MATERIAL PROPERTIES 

EVAPORATION TENSILE COMPRESSIVE 
RATE STRENGTH STRENGTH DENSITY 

, 110111 yr J l ,u- 1vm- J j_lU- N/m-J l (Jm/ cm- J 

0.01415 22.05- 49-73.5 l. 4-1. 7 
at 1800°C 35.77 at l800°C 
in vacuo at 1927°c 

(2) (3) (4) (5) 
7.9236 234.3-310.0 2.25 
at l800°C atr.t.* 

( 11) (12) ( 13) 

155.0 2852 2.53 
at 980°C at r. t. 

* * 

( 19) (20) (21) 
0.0959 1826 565-827 3.2 
at l500°C at 982°C at r. t. 
in air * * 

(27) (?fl) (29) (30\ 

0.203 29.63 245.3 3.73 
at 1527°C at 1400°C at 1400°C 
in vacuo 

{36) (37) (38) (39) 

62. l 1166 2.3 
at r. t. at r.t. 

* * 

(45) (46) (47) 

0.352 

(53) 

(graphite) >l.378 0. 17-0. 25 
0.01415 r. t. 
at l800°C * 
in vacuo 

(56) (57) (58) 

HEAT 
CAPACITY 

\Ca 1/Qm-~q 

0.485-0.5 
1400-l800°C 

(6) 
0.475 
from 1400-1800°C 

( 14) 
0. 61 
at l800°C 

(22) 
0.325 
at 1400°C 

131) 
0. 31 
from 1400-l800°C 

(40) 

0.179 
at r.t. 

* 

(48) 

(graphite) 
0.485-0.5 
l400-l800°C 

(59) 
* Value not available at expected operating temperature. 

THERMAL 
CONDUCTI V ITV 

lcal/cm-sec-VCJ 
0.072 
at l800°C 

(7) 

0.049 
at l800°C 

(15) 
0.036 
at l800°C 

(23) 
0.04 
at 1400°C 

(32\ 

0.014 
at 1400°C 

(4 l) 

0.018 
at 1000°c 

(49) 

0.000123 
426°C Mean 

(54) 

0.00106 
at l800°C 

( 60) 

EMISSIVITY 
Normal Total 
0.8 - 0.85 
from l400°C-l800°C 

(8) 

Normal Total 
'\, 0. 77 
at 1000°c 

* ( 16) 
(>.. = 65µ) 
0.86 
from l400-l800°C 

(24) 
Normal Total 
0.8 
at l400°C 

(33) 
Hemispherical total 
0.56 
at 100°c 

* (42) 

Hemispherical total 
0.76 
at 39°C 

* 

(50) 

greater 
than 0.9 

( 61) 

THERMAL 
EXPANSION 

COEFFICIENT 
( 10-b /°C) 

5.2-6.2 
at l800°C 

(9) 

9.3, O-l400°C 
45, l 400- l 600°C 
65, l 600- l800°C 

( 17) 

7.4 
from l000-l800°C 

(25) 

5.5 
from 1000-l400°C 

(34) 
10.75 
from l000-l400°C 

(43) 

1.2 
from 500-l000°C 

(51) 

4.7 
from 1440-l715°C 

(62) 



APPLICATION 

Storage Core 

Movable Insula
tion Shield 

Insulation 
, Shield. 
'f' Retractor 

Core/Shield 
Envelope 

MATERIAL 

Graphite, Boron Carbide, 
Boron Nitride 

Fiberform (Graphite) 

Graphite Tube 

Sil icon Carbide 

TABLE 4. SELECTION OF MATERIALS FOR SENSIBLE HEAT RECEIVER 

CRITERIA KEY PROPERTIES 

High heat storage/mass ~eat storage (cal/gm°C) 
ratio 

Compatible with core 
- low thennal con

ductivity 
- low thermal expan

sion, rigid at high 
temperature. 

Compatible with core 

Strong at high temp
eratures. 

,Graphite O. 5 
B4C 0.61 
BN 0.475 

Thermal Expansion 
4.7 X 1Q- 6/C 0

) 

Thermal Conductance 
(cal/cm sec C0

) 

0.00106 
at 1800°C 

~ensile Strength at 
l927°C 22.05 - 35.77 
X 10 6 N/m 2 (3.2 - 5.2 
~ 10 3 psi) Compressive 
~trength at l800°C 
49.0 - 73.5 x 10 6 N/m 2 

1 7. 11 - 10.7 X 10 3 psi) 

Good heat transfer !Oxidation Rate 0.0678 
Compatible with movabl mm/year at 1500°C 
shield Thermal Expansion: 

4.4 - 5 X 10- 6 /C 0 

Low oxidation rate 

Shock resistance ~ensile Strength at 
~82°C* 1826 x 106 N/m 2 

(265.Q X 10 3 psi) 

~hermal Conductivity 

REASON FOR SELECTION 

BN - high heat storage/mass ratio 
Graphite - strength increases with temperature 

- inexpensive 
- high heat storage/wt ratio 

B4C - high heat storage/wt ratio 
- abundance 

Ease of fabrication; inexpensive; rigid. 

Easily fabricated; strong at high temperature. 

Fabrication ease for large shapes; good 
shock resistance; good oxidation resistance 
at high temperatures. 

(cal/cm sec C0
) 0.04 at 1400°C 

(continued) 



APP LI CAT ION 

Heat 
Exchangers 

Reinforcing 
Rods 

Gas Flow 
Baffle 

~ Core Window 
I 

High Temperature 
Insulation 

Bellows 

MATERIAL 

Silicon Carbide 

Sil icon Carbide 

Silicon Carbide 

Sapphire 

Cera-Form 

Stainless Steel or other 
Corrosion Resis-
tant material 

Table 4 (Cont'd) 

CRITERIA 

Heat transfer 
Low oxidation rate 

Thennal shock resis-
tance 

Shock Resistance 
Low oxidation rate 

High compressive 
strength 

Thermal Shock Resis
tance 

Oxidation Rate 

Optical Characteris
tics 

Compatible with air at 
high temperatures 

Compatible with air at 
high temperatures 

Compatible with SiC 
Low thermal conductivity 

KEY PROPERTIES 

Oxidation Rate 
0.0959 mm/yr at l500°C 

Thermal Conduc
tivity 
0.04 cal/cm- 1 

Sec- 1 C0 -l 

Oxidation Rate 
0.0384 mm/yr at l400°C 

Compressive 
Strength 

Oxidation Rate 
0.0178 mm/yr at 1200°c 

Transmissivity -
H' h 

AbJ8rpt ion -
Low 

Oxidation Rate 

Thennal Conduc
tivity (cal/cm °C 

SP.C) 0.000123 at 426°C mean 

Inexpensive 
Flexible 

REASON FOR SELECTION 

Fabricable in a honeycomb structure; good 
shock resistance; low oxidation rate 

Good shock resistance; good compressive 
strength 

Fabrication case for large shapes; good 
thennal shock resistance; low oxidation rate 

Will not react with air at high temperatures; 
transmits visible light 

Compatible with air; low thermal conductivity; 
compatible with SiC. 
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Table 4 (Cont'd) 

APPLICATION MATERIAL CRITERIA KEY PROPERTIES REASON FOR SELECTION 

Receiver Quartz Compatible with air at Transmissivity Compatible with air at high temperatures; trans-
Window high temperature parent to visible light; opaque to certain bands 

Optical Requirements Absorption of infrared. 

I 
Structural Steel Tensile Strength Properties Well understood material for low temperatures; 
Mounting Vessel 

Corrosion Resistance inexpensive; easily machined 
Variable 

Insulation Fiberform (Graphite) Compatible with core Thermal Expansion Ease of fabrication; inexpensive; rigid; low 
- low thermal conduc- 2.7 X 1Q-6/C0 thermal conductivity at high temperatures 

tivity 
- low thermal expan- Thermal Conductance 

sion, rigid at high (cal/cm-sec-C 0
) 

temperature. 0.00106 at l800°C 

I 
(X) 
I 

. ' . . 
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<D 
I 

APPLICATION 
Molten Silicon 

Silicon Containment 

Frame 

Insulation 

Housing 

Support Cradle 

TABLE 5 

MATERIAL SELECTION FOR THE SILICON LATENT HEAT RECEIVER 

MATERIAL CRITERIA KEY PROPERTIES 

Silicon Melting Point Thermal Conductivity at 
1412°C 0.0526 cal/cm-°C-sec 

High Thermal Con-
ducti vity Latent Heat of Fusion 

431/cal/gm 
Latent Heat of Fusion 

Boron Nitride Compatible with Heat Capacity From 
Graphite at High 1400 - 1800°C 0.475 cal/ 
Temperature gm-°C 

Resistant to Attack 
by Molten Silicon 

Graphite Sturdy at High Compressive Strength at 
Temperatures 1800°C 

Compatible With BN 49.0 - 73.5 x 106 N/m2 
at High Temps. 

(7.11 - 10.7 X 103 psi) 
Thermal Conductivity 

Thermal Conductivity 
0.072 cal/cm sec °Cat 
l800°C 

Fiberform Low Thermal Conduc- Thermal Conductivity at 
ti vity l800°C 0.00106 cal/cm-sec-°C 

Silicon Sturdy at High Thermal Conductivity at 
Carbide Temperature 1400°C 0.04 cal/cm-°C-sec 

Silicon Sturdy at High Thermal Conductivity at 
Carbide Temperature 1400°C 0.04 cal/cm-°C-sec 

REASON FOR SELECTION 

Melts in Operation Temp. Zone 

High Latent Heat of Fusion 

High Thermal Conductivity 

Not Wetted by Molten Silicon 

Pressed Material has Great 
Strength and is Stable to 
1927°C in Inert Atmosphere 

Strength Increases With 
Temperature 

Easily Molded 

Good Thermal Conductor 

Very Low Thermal Conductivit) 

Can be Fabrication to Speci-
fications 

Retains its Strength at High 
Temperatures 

Has a low Thermal Expansion 

Good Thermal Conductivity 

Retains its Strength at High 
Temperatures 

Has a Low Thermal Expansion 

Good Thermal Conductivity 
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SENSIBLE HEAT BUFFER STORAGE DEVICE 
FOR DISH MOUNTED RECEIVERS 

(6) 
Ar BLEED IN 

-(7) 

( l O) 
QUARTZ7 ( l 2 f.ORE 

( 11 ) RECEIVER WINDOW 
20.32cm (8'") WINDOW 

( 5) 

FIGURE 1: CONCEPTUAL DESIGN 
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In the latent heat storage material, a high thermal conductivity in 
the solid phase and material compatibility become important. The thermal 
conductivity of the solid phase must be high so that effective heat trans-
fer from the interface with the molten materials can take place as energy 
is withdrawn. The reaction of the storage medium with its container must 
remain low for long periods of time at high temperatures. Thermal cycling 
will take place in a buffer receiver therefore, thermal expansion and bonding 
or lack of bonding between the storage material and container play major 
roles. 

HEOL 1 s latent heat storage concept uses silicon as its storage media. 
Silicon was chosen because of its high latent heat of fusion, its melting 
point, and its thermal properties. Unlike molten salts and other latent 
storage candidates, silicon expands on solidification. Its thermal con
ductivity is high in both solid and liquid phases so solidification control 
is not necessary to transfer the heat energy to the working gas. Silicon 
does not react with wet boron nitride, so boron nitride was chosen as 
the containment material. The design of the apparatus is shown in 
Figures 2 and 3 and will be described in detail in a later section. 

II. BUFFER STORAGE CONCEPT USING SENSIBLE HEAT MATERIAL 

A. Description 

The sensible heat receiver is composed of the following components 
(refer to Figure 1): 

(1) A solid storage core to contain the deposited solar energy for use 
during cloud cover conditions. 

(2) A movable insulation shield to control the rate of heat transfer from 
the core to the working gas. 

(3) A core/shield envelope to aid in core support and to prevent the work
ing gas from coming in contact with the core/shield area. 
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(4) An insulation shield retractor and bi-metal, gas expansion or other 
type of device to allow control of the movable shield to maintain 
constant outlet gas temperature. 

(5) A bellows to allow shield retraction. 

(6) An inert gas bleed system to provide positive pressure of inert gas 
in the core/shield container preventing the pressurized working gas 
from entering the core/shield region. 

(7) Insulation to minimize heat leakage. 

(8) A gas baffle to direct the working gas flow. 

(9) A heat exchgnger with tubular gas passages to transfer the storage 
core heat energy to the working gas. 

(10) A honeycomb heat exchanger to gather solar energy and transfer it 
directly to the working gas. 

(11) A quartz window to allow concentrated solar energy to be deposited 
in the receiver. 

(12) A sapphire window to allow some of the solar energy to be deposited 
on the core surface. 

(13) Reinforcing rods to help support the receiver inner components. 

(14) A steel structural vessel to house and provide mounting for the 
buffer heat receiver and to contain the working gas. 

B. Operation 

A normal daily working cycle of the graphite solar heat receiver com
prises the following events (refer to Figure 1): 
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1. For initial startup, the movable insulation shield will be closed 
and the working air will be circulated through the receiver via a 
closed recirculation loop. 

2. At sunrise, the parabolic dish mirror will be turned toward the sun 
focusing the sunlight onto the receiver quartz window aperture deposit
ing heat energy in the graphite heat storage core and the SiC honeycomb 
heat exchanger structure. 

3. The recirculating air increases in temperature as it flows through 
the honeycomb heat exchanger structure. When the recirculating air 
temperature exceeds the temperature of the graphite storage core sur
face, the movable shield is fully retracted allowing heat energy to 
transfer from the gas to the core via the heat exchanger. 

4. When the recirculating air temperature reaches 1370°C, the recirculating 
line is altered allowing the hot air to start the turbine. The air 
entering the receiver is now at a lower temperature than 1370°C allowing 
heat transfer from the graphite core to the air. 

5. The receiver outlet air will be maintained at a temperature of 1170°C 
by regulating the heat transfer rate from the core to the air via the 
movable shield allowing the core to continue charging. 

6. When the core reaches its fully charged capacity, the core temperature 
will be held at a constant 1800°C via the movable shield. 

7. If insulation is restricted by temporary cloud cover, the movable 
shield will be withdrawn as necessary to maintain power at the receiver 
outlet. This operation will continue until the shield is fully retracted 
(> 30 minutes later). 

8. If at this point no insolation is present, the turbine will be shut 
down and the movable shield will be closed to conserve core heat energy. 
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9. When insolation again occurs, the air recirculation line is re-estab

lished allowing the air to reach 1370°C once again. 

10. Once the gas reaches a temperature of l370°C, the recirculation line 

is closed and the turbine begins operation. The movable shield of 

the receiver is regulated accordingly and the cycle continues. 

11. At sunset, heat is transferred from the core to the air until the 

movable shield is fully retracted. At this point the turbine is shut 

down and the shield is fully closed to minimize heat energy loss from 
the storage core until the following morning. 

C. Computed Design Performance Characteristics 

This sub-section summarizes the performance characteristics of the 

graphite storage core as determined from initial design computations. 

These computations, described in detail in the appendix, are approximations 

based on analytical solutions. The following assumptions were necessary: 

l. Uniform distribution of the heat flow over the entire storage core 
surface. 

2. Uniform core surface temperature equal to the longitudinal average 
temperature on the surface of the core. 

3. Heat exchanger and gas stream radial zone temperatures are equal to 

the longitudinal average temperature in each zone. 

4. The surface temperature of the core during discharge is the result 

of a heat flow equal to the steady 45.5 kW average of the high (60 kW) 
and low (31 kW) design points. 

5. The core is long and slender to prevent expensive radial temperature 

drop. (Later designs using computer analysis can incorporate shorter, 
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larger diameter specially shaped cores. Figure 4 depicts one such 
possible design) 

6. Insolation entering the receiver windows is assumed to be at peak 
value. 

Computer programming to solve the complex interactions between convec
tion, wall temperature, radial time-temperature transients, radiation trans
fer, position of the movable shield and re-radiation losses through the 
window will be necessary during final design. Such programming was beyond 
the scope of the present work, which was intended only to yield a concep
tual design. 

Initial operation requires that the movable insulation shield be in 
the up position (open) to allow heat to flow into the core from the recir
culating air as mentioned above. When the outlet air temperature has reached 
1370°C, the insulation shield closes far enough to allow the core to continue 
charging while operating the turbine at the minimum air temperature (1170°C) 
and power (31 kW). As seen in the Appendix, the peak input to the Al 2o3 core 
window (neglecting reflection and transmission losses) is 38 kW, while the 
re-radiation loss is less than 5 kW. Hence the movable shield will have to 
be left par~ia11y open even while charging the core. A heat flow of 9 kW 
from the core to the heat exchanger will sustain the minimum operating power 
of 31 kW to the turbine. Therefore, 29 kW would be used to charge the core 
and balance re-radiation losses. As the core approaches its maximum design 
temperature (l800°C), the insulation shield is retracted far enough to 
maintain a heat balance so the energy flow to the working gas plus re
radiation and other losses equal the energy input to the core through the 
Al 2o3 window. Radial temperature drops through the differing wall thick
nesses of the core's conical radiation cavity are assumed negligible. 

Assume the core is uniformly charged to 1800°C at the beginning of 
discharge, and that some method such as a tapered, slotted or layered movable 
shield has been provided. This allows a uniform flow of heat over the entire 
core area at a rate controlled to vary linearly from 60 kW to 31 kW over 
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FIGURE 4. Advanced Graphite Storage Core Design. 
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the 30 minute discharge time. Computations of the approximate temperatures 
at key points mid-length along the assembly are illustrated in Figure 5 
for times near the beginning and end of discharge. With the movable insula
tion shield fully retracted, radiant heat transfer through the core-to
containment vessel gap would exceed the required rate, even at the end
point of discharge. Hence, the shield is not fully open even after 30 
minutes and a safety margin of storage for an additional time is available. 

A modest air pressure drop through the heat exchanger of 9.04 x 102 

dynes/cm2 (0.130 lb/in 2) was computed at maximum power flow conditions 
which is well within the required 4% limit. End aperture losses (pressure 
drops) should also be small. 

III. LATENT HEAT BUFFER STORAGE 

A. Description 

The latent heat receiver is composed of the following components (refer 
to Figures 2 and 3): 

l. A latent heat storage core (silicon) to retain the deposited solar 
energy for use during cloud cover conditions. 

2. A core container material (boron nitride) to contain the molten silicon. 

3. A graphite frame to house and support the core container. 

4. A multipurpose container to aid in support and prevent oxygen inter
action with the core components. This container also keeps the sili
con upright during sun tracking. The housing is cylindrical shaped 
with an aperture for solar energy desposition. 

5. An argon bleed to flush oxygen from the core and prevent oxidation 
at high temperatures. 

6. A heat exchanger to transfer the heat energy to the working fluid (air). 
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7. Refractory bearings to allow free movement of the core. 

8. A support yoke to provide bearing and core component support. 

9. A refractory cement to minimize heat loss and provide support for 
all receiver components. 

10. A steel outer shell to allow for receiver mounting. 

B. Operation 

A normal daily working cycle of the silicon solar heat receiver com
prises the following events (refer to Figures 2 and 3): 

1. At sunrise, the parabolic dish mirror will be directed toward the sun 
focusing the sunlight into the receiver conical aperture. 

2. This heat energy will be deposited in the receiver slot of the SiC 
housing. This housing is of a cylindrical design suspended on refrac
tory roller bearings allowing the silicon containment vessels to 
remain level as the dish tracks the sun. 

3. Heat is transferred from the receiver slot through the graphite frames 
and boron nitride containers into the silicon. 

4. The temperature of the silicon rises to 1412°C and melting begins. 

5. After the silicon has melted and the temperature reaches l425°C, air 
will be recirculated through the SiC heat exchanger until a temperature 
of 1370°C is obtained. At l370°C air temperature, the recirculating 
line is altered and the turbine is started. 

6. If insolation is restricted by temporary cloud cover, the silicon will 
begin to solidify and transfer its stored energy into the air via the 
heat exchanger for up to a 30-minute duration. 
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7. If, at this point, no insolation is present, the turbine will be shut 
down. 

8. When insolation again occurs heat is transferred to the silicon, 
melting it. 

9. Upon a rise in silicon temperature above 1412°C, air is recirculated 
and normal operation will continue as above. 

IV. CONCLUSIONS, RECOMMENDATIONS, AND FUTURE WORK 

HEDL has chosen graphite as the sensible heat storage material. 
Graphite high temperature properties are well documented in the literature. 
The material is inexpensive, abundant in the U.S., and has exceptional 
characteristics for use in a high temperature energy storage system. 
Graphite's mechanical strength, thermal conductivity, and heat capacity 
are excellent at high temperatures. The evaporation rate at l800°C is 

low, preventing excessive deposition of core material on the cooler contain
ment surfaces. The HEDL design is a significant improvement over present 
technology. 

Although graphite was chosen in the conservative HEDL design, other 
materials of which the high temperature properties are not as well known 
should be investigated. Materials with higher heat capacity such as boron 
carbide, boron nitride and beryillium carbide should be scrutinized where 
cost and abundance do not play major roles. Some of these materials could 
provide a factor of two greater storage/mass ratio than graphite and a 
factor of 10 over previously used materials. 

Silicon was chosen for the latent heat storage material due to its 
excellent heat storage to mass ratio and its high thermal conductivity in 
both the solid and liquid phases. The literature indicates silicon does not 
wet or react with boron nitride during short-term exposure. Simplification 
and lower cost of fabricating the silicon containment vessels is believed 
possible based on this non-wetting property together with the high surface 
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tension of silicon. These two properties should prevent silicon from pene
trating tight fitting mechanical joints, allowing the containment vessels 
to be fabricated from flat plates of boron nitride Long-term experimenta
tion is necessary to verify this! 

Most of the literature on molten silicon resulted from work in connec
tion with semi-conductor fabrication and lacks data on long-term effects. 
This data is vital for successful design of a silicon based solar energy 
buffer receiver storage core. 

Future work on the design of the HEDL high temperature receiver con
cepts should include tests on material compatibility at high temperatures, 
verification of the high temperature properties stated in the literature, 
and complete computer analysis. Projections of performance under different 
operating conditions will be expedited by development of a suitable computer 
model based on algorithms simulating performance of the individual components. 
HEDL recommends engineering tests be performed on each component prior to 
constructing the complete device. This will help save time by minimizing 
problems in the complete prototype. 
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A. RADIANT ENERGY INPUT TO WINDOWS 

Consider the peak solar flux entering annular ring-shaped regions of 
the outer window of the receiver. The following table summarizes the 
flux distribution: 

Radius Transmitted Annular Approximate 
Region Flux* Area Flux-Area 
0 - 0.5 cm 1450 W/cm2 0.79 cm2 l. 14 kW 
0.5 - l 1380 2.36 2.7 

l - l. 5 1300 3.93 4. 1 
2 to 3 1000 15.7 12.6 
3 to 4 700 22.0 12.3 
4 to 5 400 28.3 9.0 
5 to 8 150 143.0 17.2 

TOTAL 64.4 kWt 

Now, consider the total radiant input to the Al 2o3 window. Ignoring 
losses in windows, and assuming perfect focus at the Al 2o3 window for a 
4.0 cm (1.6 inch) radius A1 2o3 window, the radiant input to the Al 2o3 
window is: 

P. = 38.2 kW ,n 

Power re-radiated from an 1800°C blackbody of the same area as the Al 2o3 
window is: 

Al 203 Window Loss 

Pout= Area* Radiance= 50.3 cm 2 x 100 W/cm2 = 5030 watt= 5.0 kW 

This is conservative, since the 5.0 kW value assumes loss into 0°K space. 
Actually, some of the angle into which the Al 2o3 window radiates is occu
pied by the hot interior of the structure surrounding the quartz window. 

* Transmitted flux is from curve of flux versus radial distance on page 5 
of Sanders December 1979 report. 

t The total flux·area adds up to slightly more than the actual power input 
since individual values were obtained graphically and are therefore 
approximate. 
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In addition, the greenhouse effect, which would tend to reduce losses 
through both the Al 2o3 and quartz window, is ignored. However, the reflec
tion and transmission losses of the windows are also ignored which par
tially compensates for ignoring the greenhouse effect. 

B. RADIAL TEMPERATURE DROP THROUGH A CYLINDRIVAL GRAPHITE HEAT 
STORAGE CORE 

Assume the initial temperature throughout a graphite cylinder of 
radius O < r ~ a at time t = 0 to be a uniform value T = T0. Then, for 
a sudden onset of cooling at a constant rate at the surface, r = a, the 
temperature distribution can be adapted from the literature as( 53 ) 

where a= K/Cp, K is thermal conductivity, C is the specific heat, Pis 
the density, F

0 
is the heat flux density at the cylinder's surface and 

an are the roots of J1(s) = 0. 

For graphite at 1200 to 1800°C, 

cal 
C = 0.5 goc 

cal 
K = 0.125 cmuC sec 

p=l.7-¾" 
cm 

cm2 
a=0.147sec 
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The average rate of power output from the graphite cylinder can be 
obtained as follows: 

m = Mass flow rate of the working fluid (air). 
C = Average specific heat of the working fluid. 
QT= Total thermal power output 

~T = Temperature increase of the working fluid as it passes through 
heat exchangers 

With a fully charged storage core, the outlet gas temperature design point 

is 1370°C. When the core is reaching the end of its discharge cycle, the 

outlet gas temperature design point is 1170°C. The output power of the 

core is defined to be 60 kW for a gas outlet temperature 1370°C. The inlet 

gas temperature is defined to be 950°C in all cases. Since the gas flow is 
defined to be constant, the power output at the lower gas outlet tempera
ture design point is lower. Mass flow, temperature and power are related 
by 

The values of parameters at the upper and lower design points can be sum
marized as 

Air Outlet Air Inlet 
Temperature Temperature 

1370°C 950°c 

1110°c 950°c 

Mass Flow Average Air Air Average Thermal Power 
Rate Temperature C Output 

130 g/sec ll 60°C 0.2625 60 kW 

130 g/sec 1050°c 0.2589 31 kW 

Hence, the average power output during the discharge cycle is (60 + 31)/2 = 

45.5 kW. As an expedient in these conceptual computations, the radial tempera
ture drop through the graphite core was calculated using the average power 
rate. Refined design computations using a digital computer will use the 

complete power flow history during the discharge cycle in the radial tempera
ture drop computation. 
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Assume the storage core is a graphite cylinder having a 20.32 cm (8-
inch) diameter and 229 cm (90-inch) length. Desntiy of the core is assumed 

to be 1.7 gm/cm3. 

Weight of core = 126.5 Kg (278 lb) 
Surface area of core: 1.462 x 104 cm2 

F A h t fl t Surface = 0_7 cal 
0 = verage ea ux a core -cm-2-=--

a = radius of core= 10.16 cm sec 

The term in brackets in equation (1) is given by a set of curves in 
reference (63) as a function of at/a2. For this case, at r =a= 10.16 
cm and t = 30 minutes, 

2 at/a = 2.56 

The resulting term in the brackets is [] = 0.24. 

Hence, the temperature at the outer surface of the cylinder after 30 
minutes is 

Ts= T0 - F0 {416.7 + 81.3 [0.24]} 
= T - 0.7 [436.2] 

0 
= T - 305.3 0 

Now since T0 = 1800°C, the core surface temperature at the end of the 30 

minute discharge cycle is Ts= 1494.7°C. 

C. TEMPERATURE DROP THROUGH CORE-TO-CONTAINER GAP 

Assume: 60 kW power total (4.10 watt/cm2 core surface flux) at high design point. 
31 kW power total (2.12 Watt/cm2 core surface flux) at low design point. 
Surface area of core= 14619 cm2 (20.32 cm dia. x 229 cm long) 

e = 1.0 for wall and core 
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Core surface temperature= T1 = 1800°C (beginning of discharge) 
or 1494°C (end of discharge) 

Core enclosure wall temperature= T2 = 1455°C (beginning of 
discharge) 

or 1207°C (end of discharge) 

where cr is the Stefan-Boltman constant, and Eis emissivity, P is power, 
0 

assuming E I'\, 1. 

T4 = T4 po 
2 1 OE 

The Stefan-Boltzman constant is 5.6686 x ,o-12 Watt cm- 2 deg-4 sec-l, so 

using the information given above, at the beginning of discharge (60 kW) 

T = 2052°K = 1779°C 2 

Hence, a core-to-container temperature drop of only (1800 - 1779) = 21°C 
would be necessary to sustain the 60 kW energy flow needed. The movable 
insulating shield would thus be nearly closed at this time since the enclosure 
wall temperature for 60 kW transfer to the working gas is only 1455°C (see 
Figure 5). At 31 kW (end of discharge) with an outer core surface temperature 
of 1494°C the corresponding enclosure wall temperature would be 1477°C for 
a drop through the gap of only l7°C. Hence, even at the low design discharge 
point, the shield would remain partially closed since the enclosure wall 
temperature required for 31 kW transfer to the gas is only 1207°C. 

D. HEAT FLOW THROUGH THE FIBER FORM INSULATOR SHIELD AROUND CORE 

The movable insulation shield was assumed to be a fiber-form insulating 
cylinder having inner and outer radii, a and b, respectively, a thermal con
ductivity of 8.6 x 10-4 cal/sec-cm-°C, an inside temperature of 1800°C and an 
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outside temperature of 1425°C was assumed. All heat flow was considered to 
be radially outward, with no flow through the ends. Hence, the heat flow is 
described by 

2~Kt(Tinside - Toutside) Q = ---=---r,:-,--,,---
1 n (b/a) (2) 

where tis the length of the cylinder assumed to be 229 cm. 

Hence, 

The heat flow for several thicknesses of insulator shield are shown below. 
This heat is not lost, but is picked up by the gas as it flows through the 
heat exchanger outside the core enclosure. The inner radius, a, of the 
cylinder is assumed to always tl'e 10.16 cm. Thickness changes cause only 
the outer radius, b, to change. 

Outer 
Radius Thickness b ln(¾) Total Q (kW} for 20.3 cm I.D. 
b {cm) {cm) 

- x 229 cm long shield a 

12.70 2.54 1.25 0.22 8.8 

15.24 5.08 1.50 0.41 4.7 

17.78 7.62 1. 75 0.56 3.5 

35.56 25.4 2.50 0.92 2. l 

E. TEMPERATURE DROP THROUGH THE SiC CORE ENCLOSURE WALL 

Assume a total power flow of 60 kW distributed uniformly over the entire 

area of the core enclosure wall. This wall is a 1.27 cm (1/2-in) thick 
cylinder having a mean diameter of 29.2 cm (11 1/2-in), a length of about 

229 cm (90 inch) and a total wall area of 2.097 x 104 cm2. Heat flux flowing 
through the wall is therefore 0.684 cal/cm2 sec. Since the thermal conduc-

(64) tivity of SiC is 0.04 cal/cm-sec- 0 c at 1400°C , the temperature drop through 
the wall at 60 kW is 
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~T = 1 = 2l.7°C 

where q is the heat flux, i is the wall thickness and K is the thermal con
ductivity of silicon carbide at 1400°C. 

F. TEMPERATURE DROP RADIALLY OUTWARD THROUGH THE HEAT EXCHANGER 

The heat exchanger is' assumed to be a 5.08 cm (2-inch) thick cylinder 
that fits around the storage core. Longitudinal cooling gas passages 0.635 
cm (l/4-inch) in diameter having 0.95 cm (3/8-in) between centers run 
the full length of the cylinder. There are five concentric layers of gas 
passages in the wall of the cylinder. The passages in successive layers 
are assumed to be lined up along radii of the cylinder. Hence, there 
are solid regions of material between the lined-up gas passages. These 
regions can be approximated as 'ifins 11 from which heat removal is accomplished 
via the gas passages. An equivalent coefficient of heat transfer for the 
11 fins 11

, corresponding to that for ordinary rectangular fins, can then be 
calculated to make use of a standard textbook solution for cooling fins. 
This temperature distribution can be used directly as an approximation of 
the radial distribution in the heat exchanger. 

Radial temperature, referenced to the temperature of the cooling medium 
as zero can then be computed for a cylinder in which the wall thickness 
is much smaller than the diameter as( 55 ) 

V = Va _co_s_h _[~( L_-_X~)_/ __ 2H_/_KD--'-] 

[ (L / 2H/KO] cash 

where v0 is the inner surface temperature*, His the coefficient of surface 
heat transfer, Xis the radial distance outward from the inside surface, 
K is the thermal conductivity of the heat exchanger material, Lis the radial 
thickness of the heat exchanger, and Dis the equivalent thickness of fin 
conservatively estimated to be the 3 mm of material between holes. Figure 5 

* This is the temperature at the core container/heat exchanger interface. 
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shows this information pictorially. 

For a set of 585 tubular gas passages of diameter d • .635 cm and spaced 
on .95 cm (3/8 11

) centers, the cross sectional area of a gas passage is 

d2 2 2 AP=~= rr(0.32 cm) = 0.317 cm. 

Using a specific heat for air at an outlet temperature of 1370°C (a mean 
temperature of 1160°C) of C = 0.26, then the mass flow for a 60 kW thermal 
power output is 

through the heat exchanger or, dividing by the number of passages, 

~P = ~222 gm/sec 

through a given passage of the heat exchanger. Since the density pA of 
air at 1160°C and 3 atmospheres pressure is 

the volumetric flow through a given passage is 

V = 296 cm3 sec-1. 
p 

The velocity (average) is then 

VA l 
UA = - = 935 cm sec

AP 

The heat transfer coefficient H for gas passages may be determined 
p 

as follows: 
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The Reynolds number 

where the mass velocity 

-1 -2 G = 0.70 gm sec cm 

andµ is viscosity of the air in the gas passages (5.32 x 10-4 poise). 

Then, 

Gd N = - = 836, 
µ 

which clearly implies laminar flow. 

It has been found that the coefficient of heat transfer for a circular 
tube with laminar flow can easily be computed( 55 ) when 

where KA is the thermal conductivity of the gas and£ is the length of the 
gas passage. In this case, the gas is uniformly heated through the entire 
cross section of the passage to the temperature of the tube wall. 

For the case under consideration, 

-1 -1 -1 mp= 0.222 gm sec C = 0.2625 cal gm °C , and 

-4 - 1 - l - l KA= 2. 17 x 10 cal cm sec °C . 

The gas temperature across the passage is then equal to the wall tempera
ture when 
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m C 
p 267 
-- = - < 2. KaQ, Q, 

which requires, in this case, 

Q, > 133 cm. 

For a graphite storage core of 130 Kg mass and 20.3 cm diameter, if 
the density of the graphite is 

p = 1.75 gm cm-3, 

then the core volume is 

The core length can be found from 

where r is the radius of the graphite core. This Yields 

Q, = 229 cm, 

satisfying the condition requiring Q, > 133 cm. 

Using this value for the length of the gas passages, the heat transfer 
coefficient for the passages( 55 ) is 

2mC 
H 2 53 10- 4 l cm- 2 sec- 10c-l P = TI"dQ, = . x ca 

An equivalent flat-plate "fin" surface coefficient, HF, can be calculated 
where 
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Internal surface area of 10 passages adjacent to a fin 
2 (area of two sides of fin) 

The 585 tubular gas passages are placed in 117 rows of five passages 
spaced evenly around the cylindrical heat exchanger, each row lined up 
along a radius. Each equivalent "fin" is then bordered by 10 passages. 
The internal surface area of the passages is then 

The double sided surface area of a "fin" 5.08 cm by 229 cm is 
2327 cm2, hence 

Since the mean thermal conductivity over the temperature range of 
interest of the heat exchanger material, silicon carbide, is approximately 

then 

-2 -1 -1 -1 K = 5 xlO cal sec cm °C ~ 

-] 0.179 cm 

and the temperature at the outer periphery of the heat exchanger is 

= V cosh [OJ 
VL O cosh [(0.179 cm-1) 5.08 cm] 

l 
= Va cosh [0.911] 

or 

The total heat transferred from the "fin" is 
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f 2HFVO cosh [(L - X~ ✓2Hf/KO] Q = HFVO dX = cosh [L ✓ZHK kb] ✓2HF/KD 
0 

or 

Q = VO ✓2HF /KO tanh L 2HF /KO = 1. 96 X 10-3 V 
0 cal cm 

where v0 is the core container temperature in cc. 

The total QT can then be calculated by 

QT= Q* (number of "fins") x (length of "fins") 
= 0,96 x 10-3 cal cm-l sec-lcc-1)(117)(229 cm) VO 

= 52.5 cal sec-lcc-l v
0 

= (220 wcc- l )V
0

• 

Since QT is required to be 60 kW, 

Q cc 
VO= 2~0 W = 273cc. 

tanh L ✓2HF/KO 

-1 -1 - l sec cc 

Recall that v0 is the temperature at the interface between the heat 
exchanger and the core enclosure referenced to a gas temperature of zero 
degrees. Since the actual average gas temperature is 1160cc, the tempera
ture of the inner wall of the heat exchanger, which is assumed to be the 
same as the temperature of the outer wall of the core container, is 

vcore container= 273 + 1160 = 1433cc 

and the temperature at the outer periphery of the heat exchanger is 

VL = 0.69 v0 = 188cc 

above the average gas temperature, or 

V . h = 188cc + 1160cc = 1348cc. per1p ery 
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The radial temperature drop across the heat exchanger is 

~v = 85°c. 

These temperatures apply only for the case where the outlet temperature 
of the gas is l370°C with an inlet temperature of 950°C and power output 
from the core of 60 kW at the beginning of a discharge cycle. 

Temperatures in the heat exchanger wall at the end of a discharge cycle 
can be similarly computed as follows: 

m = 130 gm/sec (defined total) 

mp= 0.22 gm/sec (single passage) 
PA= 8.06 x 10-4 gm cm-3 (at l060°C). 

Then volumetric flow through a single passage is 

(1 3 -1 vA = 275 cm sec 

The velocity average is then 

VA -1 
UA = A = 855 cm sec . 

p 

The Reynolds number for this case is not much different than that 
calculated above for the conditions at the start of discharge, since the 
only changed parameter is the viscosity of air. The viscosity at 1060°C 
is approximately 4.91 x 10-4 poise, and the thermal conductivity is 
K = 2.3 x 10-4

. Hence, the flow at the end of discharge is still laminar. 
The parameter group mpC/ KA£ is then 

m C 
~K = 1.11. 

A£ 

Thus, the requirement that the parameter group be less than 2 is still met, 
with 

_4 cal 
= 2.56 X 10 2 

cm sec °C 
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and, as above, 

HF= 0.98 Hp= 2.51 x ,o-4 __ c_a_l -
cm 2 sec°C . 

The mean thermal conductivity of SiC given above can be used with the other 
parameters to obtain the value of the arguments for the hyperbolic functions 
in the first equation in this section. Hence, 

✓2HF/KD = 0.178 cm-l 

and the outside surface temperature of the heat exchanger is 

As 

The 

_ cosh [OJ _ 
vl - Vo cosh [O.178 (5.08)] - o. 7o Va· 

before, the total heat transfer from a fin is 

QT = Va ✓2HFKD tanh L ✓2HF/KD 

-3 cal 
_, 

sec- 10c-l. = 2.03 X 10 Va cm 

total thermal power flow from the 11 fins 11 is 

QT= Q x (# "fins") x (length of 11 fins 11
) 

-1 -1 = 54.4 Va cal sec 0c 
= 226 V W °C-l a 

At the minimum power design point, when QT is 31 kW, we can thus obtain 

QT (Watts) 3.1 X 104 
V = ---~- = -~- = 136°C. a 227 227 

As before, we must add the actual average gas temperature to this to get 
the temperature at the intersection between the core containment and the 
heat exchanger. Hence, for 31 kW minimum power design point, 

vcore container= 136 + ]060 = 1196oc. 
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The outer peripheral temperature of the heat exchanger is then 

VL = 0.70 v0 = 96°C 

referenced to zero gas temperature. Adjusting VL for the true gas temperature, 
we obtain 

Vperiphery = 95 + 1060 = 1155°C 

at the minimum power design point at the end of discharge. The temperature 
drop across the heat exchanger 1 s 5.08 cm thickness is 

6V = 1196 - 1155 = 41°C 

at the end of discharge. 

All of the above computations assumed that discharge occurs slowly 
enough that the temperature values are essentially steady state. 

G. GAS PRESSURE DROP DUE TO FLOW THROUGH HEAT EXCHANGER 

The heat exchanger is a cylinder having an I.D. of 30.5 cm (12 inches) 
and an O.D. of 35.6 cm (14 inches). These are 585 gas passages (0.635 cm) 
(l/4 inch) in diameter running longitudinally through the full length of 
the cylinder wall (229 cm). Characteristics of the heat exchanger are 
listed below: 

SiC Heat Exchanger Pneumatic Values 

Gas (Air) Flow Design Point= 130 gm/sec at 106~C to 1160°C averaqe 
gas temperature and 45 psia outlet pressure. 

Density of Gas (Air) at 1160°C, 45 psia = 7.5 x 10-4 gm/cm3. 

Total number of 0.635 cm (1/4 inch) diameter passages= 585. 
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Velocity of Air in Passages= 935 cm/sec at 1160°C and 45 psia. 

cal Specific heat of 1160°C, 45 psia air= 0.26 gmoc• 

Viscosity of air at 1160°C = 5.32 x 10-4 poise. 

The Reynolds number equation appropriate for the present case is( 57 ) 

N = Vdp = 837.0 
µ 

Where d = gas passage diameter 
v = velocity 
p = density 
y = specific weight= pg 
µ=viscosity of gas 

Hence, gas flow through the heat exchanger is laminar. 

The pressure drop for 1170°C, 45 psi air flowing through the gas 
passages is given by( 68 ) 

where f is the friction factor, i is the length of the passages (cm} and 
g is the acceleration of gravity (980.65 cm/sec2}. The friction factor 
is(68) 

64 f = N = o.0765. 

Hence, we obtain the pressure drop as 

P = 9.04 x 103 dynes = 0 130 lb;,·n2 
2 . . 

cm 

A-17 



which is insigificant. Due to the low magnitude of this pressure drop, 

additional pressure drops that would occur due to the ends of the gas 
passages were not computed. 
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