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ABSTRACT

A radiant gas heating system for use in ground testing a Brayton Cycle Space
Power System has been designed and fabricated. It is believed that this is one of the
few, if not the only quartz tube lamp heater - heat exchanger system built to operate
in vacuum at 1 x 1078 Torr, in air at one atmosphere, and at any pressure in between,

Heat transfer and stress analyses are presented in brief, as are the activities

in the fields of controls system design, quartz tube lamp development, and surface
coating tests.
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SUMMARY

This final report describes the work conducted by Solar Division of International

Harvester Company under NASA Contract NAS 3-10945. The purpose and scope of

the contract was to design and fabricate a radiant gas heating system for use in ground
testing a Brayton Cycle Space Power System. The heart of the system delivered is

a U-tube heat exchanger, radiantly heated by tungsten filament quartz tube lamps in
water cooled modules. It is designed to operate at input power levels to 120-KW, in
vacuum at 1 x 10™° Torr, in air at one atmosphere, and at any pressure in between.
Design problems, life tests, and the final configuration of the lamps are reviewed as

are the activities in the fields of heat transfer analysis, absorptivity coating, and
fabrication.

XV
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INTRODUCTION

This report describes the activities and results of the program conducted
by Solar Division of International Harvester Company under NASA Contract NAS 3-10945.
The scope of the program included the design, fabrication, and assembly of a radiant
gas heating system for use in ground testing a Brayton Cycle Space Power System.
This system provides a heat source that is easily controlled, infinitely adjustable,
well understood, and similar in effect to its more complex and as yet unavailable
counterpart, the flight heat source(s). Among the specification requirements was
that the heater-exchanger assembly operate satisfactorily in air at one_'a;tmos‘phere,
in vacuum at 1 x 10~8 Torr, and at pressures in between. For this and dfher reasons,
including a design goal of 10,000 hours of operation, no assembly was available to
serve as an example,

Work on this program began on 19 February 1968 and hardware was shipped
on 16 January 1969. This report was generated to satisfy the final contractual
requirement. '

1.1 DESCRIPTION OF HARDWARE

The Solar Brayton Cycle Gas Radiant Heating System provides a radiant heat
source for use in ground testing various components of a 10 kw NASA Brayton Cycle
Power System. The basic components (shown in Figures 1 and 2) are a heat exchanger,
heater, and ducting, along with a power control and distribution systems, and
instrumentation.

Gas enters the system through the 51439(1) Duct Assembly and flows into the
51491 Duct Assembly. The gas proceeds on through the 51433 Duct Assembly and into
the 51432 Heat Exchanger. Gas inlet and outlet temperature probes are located imme-
diately upstream and downstream of the core, outside of the heater enclosure. From
the inlet header of the heat exchanger, the gas passes through the U-tube bank, into
the exit header, and out of the system through the 51434 Duct Assembly. While flow-
ing through the tube bank, the gas is heated by the radiant energy from the quartz
tube lamps in the lamp modules, bolted in panels on both sides which are hinged to
the 51486 Enclosure.

1. Solar drawing number.



The electric power and control system has the capability of regulating the
voltage to the lamps either manually or automatically.

1.2 PUBLICATIONS

Throughout the progress of this program, many formal reports were gener-
ated and transmitted to NASA, Most of these publications are referenced in this report;
those not referenced but considered significant include:

e Solar ES 2058 - Installation, Operation and Maintenance Manual;
(24 January 1969)

e Brayton Cycle Radiant Gas Heating System - Monthly Technical Progress
Narratives 1 through 9 (April through December 1968)
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FIGURE 1. SOLAR BRAYTON CYCLE GAS RADIANT HEATING SYSTEM; Outlet End
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FIGURE 2. SOLAR BRAYTON CYCLE GAS RADIANT HEATING SYSTEM; Inlet End
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HEAT TRANSFER ANALYSIS

2.1 TASK DESCRIPTION

In addition to establishing the quantity, diameter, length, and arrangement
of the heat exchanger tubes, the task included sizing the ducting, designing the insu-
lation system, and selecting the quantity and location of radiant heater modules. Two
of the problem areas relating to this task included:

e The Prandtl number for the helium-xenon gas mixture is about 0. 3 and
no convection correlation could be fqund in the literature for a Prandtl
number in the range of 0. 1 and 0. 5.

¢ The analytical technique required to determine the radiant flux distri-
bution which may be obtained from a specified number and geometric
distribution of heater modules did not appear in the literature. Dr. Paul
F. Pucci, Professor of Mechanical Engineering at the Naval Postgraduate
School, Monterey, California acted as consultant on thermal design and
established the technique used.

2.2 EVALUATION OF GAS THERMAL AND TRANSPORT PROPERTIES

An IBM program was prepared to calculate the thermal and transport proper-
ties of low pressure gas mixtures as a function of temperature. The output of the
program, which includes viscosity, thermal conductivity, specific heat, and Prandtl
number, is shown in Figures 3 and 4.



SPECIFIC HEAT = 0. 05927 Btu/Lb-°F
MOLECULAR WEIGHT 83. 8 Lb/Mol
GAS PROPERTIES FROM NASA, TN D-2677

0.5

Npr - PRANDTL NUMBER

0,20

0.19

0,18 |-

J - VISCOSITY (Lb/Hr-Ft)

0,12 -

0.11

0.4

0.3 +

0.2 |

0.1

0,17

0.16 |

0.15

0.14

0,13

0,10

- 0.05

- 0,04

— 0.03
- 0,02

- 0,01

1 1 | | | 1

FIGURE 3.

1000 : 1100 1200 1300 1400 1500
TEMPERATURE (°F)

THERMAL AND TRANSPORT PROPERTIES OF HELIUM-XENON
GAS MIXTURE

K - THERMAL CONDUCTIVITY

(Btu/Ft-Hr-°F)



SPECIFIC HEAT =0, 05927 Btu/Lb-°F
MOLECULAR WEIGHT = 83, 8 Lb/Mol
KRYPTON PROPERTIES FROM NASA, TR R132

1.0

0.6 |

0.4 |-

0.2 +

Npr - PRANDTL NUMBER

0.20 -

0.19

0.18

0,17 I~

0.16 —

0,14

J1 - VISCOSITY (Lb/Hr-Ft)
[l
[
[$)]
T

0.13 -
0.12 |

0.11 -

0.10

<«—Npy

— 0,02

—0.01

1 ] ) | 1 ]

FIGURE 4.

1000 1100 1200 1300 1400 1500

TEMPERATURE (°F)

THERMAL AND TRANsPFORT PROPERTIES OF KRYPTON

K ~- THERMAL CONDUCTIVITY

(Btu/Ft-Hr-°F)



2.2.1 Core Energy Balance

The design gas temperatures specified in Table I do not include duct losses
These ducts are insulated with 2

at entrance to and exit from the heat exchanger.

inches of Johns-Manville Microquartz of 6. 0 lb/ft3 density. The insulation is covered

with a corrugated stainless steel foil outer wrap for protection.

TABLE I

THERMAL DESIGN REQUIREMENTS

Case Number

Pressure out (psia)

I I 1
Gas flow rate (Ib/sec) 1.63 1..30 0.81
Temperature in (°R) 1560 1650 1660
Temperature out (°R) 1960 2060 2060
Pressure in (psia) 55. 8 43. 8 27.7
54.3 42. 6 26. 6

Another computer program (Insulation Design - High Temperature Ducting)
was utilized to obtain the reduction in gas temperature in the inlet and outlet ducts
due to the heat lost to ambient. The program computes radiation and natural convec-

tion losses to ambient considering a horizontal circular cylindrical configuration.
The results are presented in the following tabulation:

Case I II I
Temperature to inlet duct CF) 1100 1190 1200
Temperature loss, inlet duct (°F) 9. 88 14.34 | 23.4
Temperature to H/X CF) 1090 1176 1177
Temperature to outlet duct (°F) 1500 1600 1600
Temperature loss, outlet duct (°F) 13.45 | 19.0 30.6
Temperature discharge from outlet duct (°F) 1513 1619 1631

As indicated from the preceding tabulatmn the 2-inch insulation thickness satisfied

all flow conditions.




Core overall duty, including the duct losses, is shown in the following

tabulation:
b, . , Bt
Case Atg-F w- /sec Q- u/hr 9-KW
I 423 1. 63 147,115 43. 10
I 443 1. 30 122, 879 36. 00
I 454 0.81 78,460 22. 99

Theoretical Gas-Wall Temperature Distribution

Theoretical gas-wall temperature distribution, as a function of dimensjonless
flow length, is shown in Figure 5; the associated gas temperature differences and the
theoretical log mean temperature differences are also included. These diagrams are
consistent with a fixed wall temperature of 1700°F together with terminal gas temper-
atures which reflect ducting temperature drops.

WALL WALL
1700 [GasE T 1700 1700 [ohsr Ty
1513
B E
o| ]
- Atg = 423°F Atg = 443°F
Ablogy, = 398°F A tiog,, = 237°F
1090 1176
0 X/L9% 100 0 X/L%
WALL
1700 1700
CASE III ,
1631

B S

)

= A tg = 454°F

Atlogy, = 224°F
1177
0 X/1% 100
FIGURE 5. THEORETICAL GAS-WALL TEMPERATURE DISTRIBUTION

1700
1619

100




2. 2,2 Fluid Flow

The next requirement was to determine which case produced the most critical
flow-pressure loss condition. Assuming fully developed turbulent flow in circular
smooth bore tubes, then:

Const
f = —————— (1)
0.
(NRe) 2

Assume that the kinetic theory of gas applies, then gas viscosity is proportional to
the square root of the absolute temperature:

p -2 @)

Then for a given gas and fixed surface geometry:

AP ~ w8 1
m

@)
2
P, ®)

Hence the most critical flow-pressure loss case occurs when:

1.8 1.1
T
w ( m) AP

2
(Pl)/ P,

The results of these analyses are shown in the following tabulation. Nomen-
clature used in the preceding calculations are included in Table II

= Max =} @)

Case I 1 Iz

Q 107. 0 120. 0 88,9

10



TABLE II

NOMENCLATURE

Symbols

A Area

Cp Specific heat, 'constant pressure

c Bend loss correction factor

D Diameter

¥ Radiation view factor
f Fanning friction factor

gc Constant; Newton's second law

h Coefficient of heat transfer

K Thermal conductivity

Kt Pressure loss coefficient

L Length

Niu Nusselt number

NPr Prandtl number

NRe Reynolds number

n Number of tubes

P Pressure; area per unit length; pitch distance

q Electrical power :

Q Heat flow rate

q Dynamic head; heat flux, area basis

a(x) Heat flux, length basis

R Thermal resistance

r Bend radius

11



TABLE II (Cont)

NOMENCLATURE

Symbols

T Temperature - °R

t Temperature -~ °F

v Specific volume

W Mass flow rate - lb/hr

w Mass flow rate - 1b/sec

X Distance from entrance

X/L Dimensionless flow length

a Absorptivity

I35} Defined by#equation' 10

€ Emissivity

0 Temperature difference; circumferential length

A Wave length

K Dynamic viscosity

Q Defined by equation 4
Subscripts

CDh Conduction

Ccv Convection

D Elemental area

g Gas

i Inner

m Mean

o Outer; entrance

P Plane

S Static

T Tube

12



TABLE II (Cont)

NOMENCLATURE

Subscripts

w Wall

X Flow length "x"

A Difference

A Wave length

b3 Sum

¢ Function of

1 Inlet; source; element No.

2 Outlet

90 90 degree behd

II Case II

© Infinity

Evaluation Temperature

Fluid property evaluation temperature for this particular configuration was
selected as the wall temperature minus the log mean temperature difference.

Parametric Study

A detailed study of component pressure losses was made over the range of
duct and U-tube diameters and lengths (Fig, 6). Specification values of flow rate,
pressure, and temperature as well as allowable pressure drop were then incorporated
into Figure 7.

2. 2.3 Forced Convection Heat Transfer

Flux Distribution

A steady-state temperature limitation at 2160°R was imposed (in the contract)
on the heat exchanger wall which was not much higher than the desired gas temperature.
To maximize the heat transfer and minimize the size of the heat exchanger within this
limitation, an exponential axial heat flux distribution was used for the tubes. A con-
stant heat flux to the heat exchanger wall would have resulted in a unit nearly three
times greater in size,

13
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FIGURE 6. PARAMETRIC STUDY OF PRESSURE LOSS
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FIGURE 7. PARAMETRIC STUDY OF PRESSURE LOSS; Specification
Values Incorporated
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Correlation

A review of the literature showed no recommended correlating equation for
internal forced convection for the mixture Prandtl number of interest (0. 27, Fig. 3).
This Prandtl number is substantially less than that for normal gas range (0. 72Np,.<1)
and is substantially greater than for a low Prandtl number fluid (Np,.=0.1). Therefore,
the bounding correlations were extrapolated into the Prandtl number range of interest
and the most conservative selected.

The recommended (Ref. 1) bounding correlations for a fully developed turbu-
lent flow in circular tubes for the constant wall temperature case are:

N_ 0.1
for Pr

Ny, = 48+ 0.003 N+ N ) (5)

and for 0.5<N_ <1,0
Pr

0.8 0.6
NNu = 0,021 NRe NPr

(6)
Equation 6 raises another point in that the 0 6 power exponent on Prandtl number is
somewhat higher than normally given in the traditional gas range correlations, viz:

. 0.8 1/3
N.. = 0.023
Nu NRe NPr )

Equation 7 is quoted as being valid for 0.5 =Np,. <100, when suitably modified for
temperature variation in the radial direction (Ref. 2).

The three correlating equations are plotted as a function of Np,. in Figure 8
for two levels of Reynolds number, 104 and 105, (Reynolds number for the final de-
sign geometry varies from about 1. 0 to 2.2 x 10% for all flow conditions and fluids. )
Examination of Figure 8 reveals that the Kays correlation clearly matches the '"low
Np,'" correlation better than does the "traditional” correlation, everywhere in the
range 0. 1 < Np,<0.5. On this basis the Kays correlation was chosen.

15
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In addition to the major considerations discussed, the effects of entry con-
ditions, tube bends and roughness, and the influence of radial temperature distribution
on thermal properties were examined. The internal forced convection heat transfer
correlation equation used in this analysis was:

T 1 0.5
0.8 0.6 1.4 | 'm
Ny = [ 0.021 Np ™ " N, ] [1 o /D] _Tw (8)

Most Critical Case

The most critical case from the viewpoint of heat transfer was defined as
that particular combination of flow conditions and demand (duty) which dictates the
largest heat exchanger. In addition to these variables, it was necessary to consider
the effect of changing from the gas mixture to krypton for Case I. Establishment of
a figure of merit for this particular set of conditions was accomplished by writing
the basic energy balance and solving for the relative surface area requirements which
is tabulated below:

1b

Case w- /sec Atg -°F | At -°F h/h A/A

log i i
m

I Kr 1. 63 423 358 0. 825 0. 959

I Mix 1. 63 423 358 - 1. 175 0.673

II 1. 30 443 237 1. 000 1. 000

111 0.81 454 224 0. 685 0,975

As indicated, Case II is the most critical for design purposes.

Parametric Study

As with the pressure drop analysis, a detailed parametric heat transfer study
was made; Figure 9 typifies the trend of heat transfer coefficient versus number of
tubes. From Figure 9, the required and available surface area versus length of tube
flow was plotted for a finite number of tubes (Fig. 10); the combined heat transfer -
pressure loss plot is shown in Figure 11.

17
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(D,» X) = CONSTANT

NUMBER OF TUBES (n)

TUBE FLOW LENGTH (L)

FIGURE 11, COMBINED HEAT TRANSFER-PRESSURE LOSS SOLUTION

2.2.4 Core Geometry

The heat exchanger was optimized for Case II for the number and length of
tubes and the flux distribution selected. However, when the requirements of the other
cases were imposed on the Case II heat exchanger with its flux distribution, it was
found that this configuration was not adequate due to the different heat demand rates.
Therefore, a composite curve was made that took into account the different demand
rates. After a configuration was obtained, the tube area was increased by 10 percent
to compensate for the tube circumferential temperature gradient. This gradient was
due to the fact that only one side of the tube would be seeing direct radiation from the
lamps. The final core geometry consists of 40 U-tubes, 3/4 OD by 0. 042 inch wall,
and a flow length of 8. 5 feet. The calculated pressure drop for Case II is 0. 075 psi
less than the 1. 200 psi contractual allowance, or a margin of 6 percent.

2. 2.5 Radiation Heat Transfer

The heater configuration and a number of simplifying assumptions directly
affected the radiation heat transfer analysis. Those of major significance are dis-
cussed in the subsequent paragraphs.

19




Refractory Wall

The heat exchanger is radiantly heated from two sides. Since the tubes are
"U" shaped, they are directly heated on one side. Also, the relative heat flux on the
inlet side of the U-tube bundle is greater than on the outlet side to attain the exponential
flux distribution along the tube axis. In order not to overheat the outlet side from in-
let side radiation and to minimize flux maldistribution around the tube circumference,
the two sides were separated by a sheet of material in the plane of symmetry of the
U-tube bank. From a radiation viewpoint, this reduced the system to two tube banks
with a common wall. For simplification of analysis it was assumed that this common
wall was a '"refractory wall". This then allowed use of the radiation design method
and data developed for use in the design of tube banks in fired furnaces for each side
separately. (A discussion of the wall as an adiabatic shield is included in Appendices A
and B).

Tube Coating

A detailed discussion of the coating is included in Section 7. Initially it was
assumed that the heat exchanger tubes would be coated for consistant high absorptivity
in air and vacuum, and the analysis was performed with this assumption. Subsequent
long term testing in vacuum revealed an adherence problem on Inconel 600. In addition,
during the course of the lamp tests, significant contamination of the lamp's cooled
reflector surfaces occurred which was attributed to the coated Inconel 600 targets.

With these two problems, the coating was deleted from the tubes. An analysis of the
effect of tube surface absorptivity was conducted by NASA and the results are included
as Appendix B.

Heater Modules

A series of lamp modules are located in planes on either side of the U-tube
heat exchanger and only directly radiant-heat one side of the tube. An initial module
considered, which was commercially available, consisted of 16 lamps in two rows of
eight each. The lamps were a quartz tube with a tungsten filament of 750-watt rated
capacity. The lamps were located on 1. 5-inch centers. Testing in vacuum showed
that this particular lamp and reflector resulted in very early failure due to overheating.
The reflector was redesigned and in conjunction with an improved life lamp a redesigned
module resulted. This new module contained a single row of 24 lamps on 2. 5-inch
centers which run the entire width of the bank of U-tubes. Early thermal analysis
used the 16-lamp module as its basis; however, the analysis procedure is independent
of module configuration.
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Enclosure

In all areas of the enclosure not covered by heater modules, 2 inches of
Johns-Manville Microquartz insulation with a density of 6 1b/ 3 was used. The in-
sulation was clad with 0. 010 inch Inconel 600 foil internally and type 321 stainless
steel externally.

Source Radiation Flux Distribution

The problem was one of arranging a relatively small number of heater modules
in an orientation that would produce an acceptably close approximation to an axial ex-
ponential flux distribution and a relatively uniform longitudinal distribution.

First an equivalent gray plane was substituted for the combined tube bank
and backing refractory wall, The gray plane was located in the plane of the tube row.
Second, it was assumed that the heater modules behaved as strip (finite rectangular
plane) sources rather than as individual arrays of point sources. The relatively close
spacing of the lamps and the composition and wide angle construction of the reflectors
made this assumption reasonable.

Radiation view factors were computed as a function of source geometry. A
computer program (RAFLX) was prepared to perform these calculations. Input to
the RAFLX consisted of the number of heater modules and their size and location in
the source plane together with sink plane size and its distance from source plane.
Output consisted of a matrix of elemental area to plane source area view factors, as
shown in the gray plane. In addition, a contour map is obtained which illustrates
the relative flux distribution from the gray plane. Flux intercepted by a particular
point on the sink plane was now computed.

RAFLX does not consider the effects of the enclosure or of tube surface
absorptivity.

e The commonly used factor F for a black enclosure accounts for all energy
arriving at a sink surface, including that which has traveled via "no flux"
surfaces due to reradiation or reflections. This factor always exceeds
in value the view factor which considers only the direct energy transfer
rate from source to sink surfaces. Thus, the direct view factors gener-
ated by the subject program result in calculated energy transfer rates
in the enclosure, which are lower than those which will actually be
encountered.

» When the absorptivity is high, energy absorption rates can be reasonably
predicted by multiplying the impinging flux rate by an appropriate absorp-
tivity. In the case of a tube bank, the term absorptivity should be re-
placed by the "'equivalent gray plane emissivity'.

21



Module Flux Distribution Test

To check the ability of the RAFLX program to predict heater module flux
distribution, the relative flux distribution of a 16-lamp heater module was measured
using a light meter. The test objective was to measure the relative flux level at var-
ious locations before the module, thus the units of measurement were of no particular
concern.

Four relative flux level measurement surveys were taken, with three located
in a plane 18 inches in front and parallel to the module face. The details of geometric
location of test measurements, in addition to a tabulation of test data are shown in
Figure 12. The survey was redefined as the relative flux distribution impinging upon
a quarter section of 70 x 70-inch plane centered at 18-inch distance and parallel to
a 3 x 12-inch heater module. The test values and the analytical predictions of flux
distribution given by the RAFLX program were normalized by expressing the relative
flux in terms of a fraction of peak flux.

2.2, 6 Heater Module Distribution

The external (radiation) axial flux distribution expression had been previously
developed:

A

. Q D -Btu

= = 9
a®) A1 FD1 AX €p hr-ft ®)

where:
XQ— = total emitted heat flux of modules divided by the total area
1 of modules

FDl = point to plane strip source view factor
AD/AX = elemental area per unit length in tube direction
€ = effective gray plane emissivity

Utilizing this external flux distribution expression, it was possible to predict
the axial flux distribution as absorbed by the tube bank for any given arrangement of
heater modules. If the results are plotted as a function of flow length, integration
under the resulting curve yields the total heat energy flow rate, which must be equal
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Notes
1. Single-phase power supply from SCR
2. LHof module 73 volts; RH 78 volts
3. Current: RHand LH 35 amps
TEST DATA
A B C D
Distance Distance Distance
From Datum From Datum From Datum
# Degrees|lumination (in.) Illumination (in.) Nlumination (in.) Illumination
0 100 0 250 0 260 0 56
10 100 5 200 5 180 5 50
20 64 10 100 10 92 10 46
30 48 15 62 15 64 15 32
40 40 20 44 20 44 20 24
50 34 25 30 25 28 25 16
60 27 30 20 30 ‘16 30 12
70 16 35 12
FIGURE 12, RESULTS OF THE RADIANT FLUX DISTRIBUTION SURVEY
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to or exceed the required duty for any given case. Further, by superimposing this
external flux distribution curve upon the internal flux distribution curve:

q(x) BX _ 6x)

= e =

q(o) 6(0)

(10)

An effective surface temperature limit line is generated.

For this procedure to produce a valid 1700°F temperature limit line, accu-
rately account for the excess surface area, and ensure an outlet gas temperature not
in excess of the design value, a fictitious value of 3 was used. If the correct value
of 8 were used, together with an initial temperature difference consistent with 1700°F

wall temperature, the outlet fluid temperature would be in excess of design value due
to excess surface area.

The fictitious B was computed by first establishing the heat flow rate which
would be achieved by utilizing the actual surface area uniformly with design gas
boundary temperatures and the developed mean film coefficient. The related unit
flux at entrance was then computed; finally 3 was obtained from equation 11, Sub-
stitution of this value of 3 and the related g(o) to equation 10 provides a flux distribu-
tion which implicitly represents a 1700°F temperature limit line.

X
1)) -BX
= dx = ——}1- - BTU/H 1
%o [ 9D B[le /HR (1)
0

Due to the fact that the integrated area under the temperature limit line will
yield an energy flow rate greatly in excess of the required duty, it is not essential
that the external axial flux distribution be uniform nor need it "fill in'" more than a

fraction of the area under the internal flux distribution (temperature limit line).

A typical curve illustrating the flux distribution and the temperature limit line is
shown in the following sketch:

TEMP LIMIT LINE
(INTERNAL)

a(x)

FLUX - DISTRIB)
(EXTERNAL)

0 50 100
X/L -%
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These curves now produce the means of establishing a suitable heater module
distribution which satisfies the prime design requirements of achieving or exceeding

the duty, while ensuring that the surface does not exceed 1700°F at any point.

The

design procedure is as follows:

Establish the locations of a selected number of heater modules in the
source wall (inlet and outlet sides); specify source wall-sink plane dis-
tance; compute the flux distribution impinging upon the sink planes by
the RAFLX program.

Compute the absorbed axial flux distribution resulting from this particular
heater module arrangement and plot as a function of flow length.

Over-plot the temperature limit line (external flux distribution).

If the flux distribution exceeds the flux value of the temperature limit
line at any point, it indicates that the surface temperature was close to
1700°F at that point and a new module arrangement is calculated.

If the flux distribution does not exceed the temperature limit line, a
graphical integration under the external flux distribution curve is per-
formed to determine if the duty has been achieved.

Repeat until both requirements have been satisfied for all flow conditions.

After considering many arrangements of modules on the inlet and outlet source
planes, a final solution with 12 modules was obtained. The geometric arrangement of
modules for this distribution is discussed in Section 2. 3. Conversion of source plane
location to the tube flow length location is shown in Figure 13 for final core geometry.

A summary of all pertinent final design geometry and predicted performance
values includes:

GEOMETRY
Tubes, type . - ... ... 3/4-0, 042 inch® Duct, inlet . . v o v vue. 4.5 inches®,
flow length . ....... 8. 5 feet 0. 083 inch wall
quantity. . « ... 0. .. 40 length . ..o v0 e 126 inches
3 90° elbows and
Header, inlet « .+ .. ... OD 5.0 inches(l), 1 transgition
0. 260 inch wall Duct, outlet . .. ... . OD5.0 lnches(l),
length ........... 64 inches 0. 187 inch wall
Header, outlet. .. ..... OD5.0 inches(l), length . ... cvovne 82. 0 inches
2 elbows (75° and
0. 250 inch wall 90°) and 1 transition
length ........... 63 inches
Distance of lamp modular
Duct, inlet . .. .. ..... OD 5.0 1nches(1), plane to tube plane:
0. 187 inch wall inlet. .o v0 0 aon 9, 6 inches
length ........... 61, 5 inches outlet « + ¢ v v v e v v v 14, 0 inches
3 90° elbows and Number of lamp modules:
1 transition
inlet. . .co0vvvuves 8
outlet « « o ¢ v v v v e 4

1. Material: Inco 600
2, Material: Type 316
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PRESSURE LOSS

Case I I 111
Core Entrance 0.110 0. 094 0. 057
Inlet expansion '0.013 0. 011 0. 007
Inlet bend 0. 009 0. 009 0. 009
Friction 0.681 0. 621 0.421
U-bend 0. 024 0. 028 0. 027
Outlet bend 0. 013 0.014 0.014
Outlet expansion 0. 017 0.015 0. 009
Exit 0. 143 0. 122 0. 076
3 AP Core 1. 010 0. 914 0. 620
Duct in 0. 083 0. 080 0. 063
Duct out 0. 089 0. 086 0. 070
Header in 0. 024 0. 021 0.014
Header out 0. 028 0. 024 0. 017
2 AP Ducts and headers 0. 224 0. 211 0. 164
AP Heat exchanger 1. 234 1. 125 0.784
Allowable AP 1. 50 1. 20 1. 10

HEAT TRANSFER COEFFICIENTS (Btu/hr-ft2-°F)

Krypton Mixture
Case I ' Il I II III
hm 11. 40 9.49 16,21 13. 80 9.45
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HEAT BALANCE

Krypton Mixture
Case I 1 ) 01
Output 'Btu/hr 147,115 147,115 122, 879 78,460
KW 43.1 43. 1 36.0 23.0
Losses, radiation to modules (2)
Btu/hr 38,600 38, 600 38,600 38, 600
Conduction through walls
Btu/hr 53,200 53, 200 53,200 53, 200
Input Btu/hr 238,915 238,915 214, 679 170, 260
KW 70.0 70.0 62.9 50.0
1. It is estimated that Case II operating on krypton will produce a gas outlet tem-
perature of 1511°F, consistent with a heat flow rate to the gas of 93, 000 Btu/hr.
2, Radiation losses to modules calculated on the basis of tube wall and module
face temperatures of 1700 and 288°F respectively,

2. 2.7 Circumferential Temperature Distribution Analysis

The flux distribution around the tube circumference is not uniform; therefore, a
temperature gradient will be induced. The peak temperature may be expected to occur
at the tube leading edge, adjacent to the heat sources. Results of the tube wall axial
temperature distributions implicitly assume these temperatures to be integrated mean
values around the circumference. It was,
therefore, essential to determine the rela-
tive significance of the tube circumferential 180° 150°
temperature distribution.

INSULATED
(ADIABATIC)
BOUNDARY

120°
This analytical model evaluated the

circumferential temperature gradient, utiliz-
ing a finite element, steady-state energy

balance approach: 90°

28



Assumptions upon which the analysis was based were:

e Heat flow in the axial (flow) direction is negligible compared to the cir-
cumferential direction,

e Radial temperature difference across the tube wall is negligible.
e The solution is symmetrical about the 0 to 180-degree axis.

¢ Internally, the local value of mean heat transfer coefficient applies and
is uniform about the circumference.

The analysis was arbitrarily confined to include one tube diameter in the flow direc-
tion for any particular axial flow length station selected for analysis.

A steady-state energy balance was written for each element in the model

at a selected flow length; e.g., element t %

t -t t. -t t. -t
¢ 1)+Q_(1 gx>+<1 )
R 1 R R
CDO_1 Cvl—gx CD1—2
where: R eD =- circumferential conduction resistance
S
KA

6 = circumferential distance between temperature modes
K = tube material thermal conductivity
A = tube wall cross-sectional area along circumference, one

diameter in flow length

Ql = heat input to element 1 due to radiation
R = convection resistance
CvV
o
hA
h = local mean heat transfer coefficient
A = tube internal surface area swept by gas for a 30-degree

circumferential segment
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The results of the circumferential temperature distribution as a function
of angular location and the parameter 'dimensionless flow length", are shown in
Figure 14, Apart from the entrance region (X/L to 30 percent or less), the maximum
differential along the circumference is not significant due to substantial convective
resistance increase in the flow direction. In the entrance region, the maximum cir-
cumferential differential has been greatly attenuated due to relatively low average
tube wall temperature. For the resulting distribution, the leading edge (maximum
wall) temperature was over-plotted on Figure 15. As indicated in Figure 15, the
circumferential temperature distribution problem is not significant in the final
50 percent of flow length where concern is the greatest. Based on the analytically
demonstrated behavior of the system for Case II flow conditions, analysis of other
flow conditions did not appear necessary.

1700
X/L = 80.4% 1683
L =100, 0
X/ L 1634
1600 Po— : X/L = 30, 0%
1594
o — X/L = 10. 0% =
o 1578 °
) =
= g
= =
é 1500 &
3 X/L =5. 0% %
= 1496 a
¢3]
B Z
1400 \
X/L =0, 653%
1364
1300 1 ] ! L I
0 30 60 90 120 150 180

' §- CIRCUMFERENTIAL LOCATION (DEGREES)

FIGURE 14, CIRCUMFERENTIAL TEMPERATURE DISTRIBUTION
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FIGURE 15. GAS AND WALL TEMPERATURE DISTRIBUTION AS A FUNCTION
OF FLOW LENGTH

2.3 ARRANGEMENT OF LAMP MODULES USED

After testing several geometries, the final module arrangements arrived at
are shown in Figures 16 and 17, The module-to-heat exchanger tube face distances
are 9. 6 and 14. 0 inches for the inlet and outlet sides of the enclosure.

Plots of flux per tube versus tube length for Case II, Case I - Krypton, and
Case III Mixture are shown in Figures 18, 19, and 20. Figure 18 also shows a value
of Q total (external flux) of 132, 000 Btu/hr compared to the required value of
122, 879 Btu/hr.

Average wall and gas temperatures versus flow length are shown in Figures 21,
22, and 23. Figure 21 shows the plot for Case I - Krypton (which presents a more
critical wall temperature problem than Case I - Mixture). Figures 22 and 23 show
the results for Case II - Mixture and Case ITI - Mixture. Figure 22 is directly com-
parable with Figure 15 (for the 16-lamp module). In both cases, the average wall
temperature reaches a value about 12°F below the design maximum of 1700°F. As
indicated, the 24-lamp module provides 1. 08 times as much external flux as is
required,.
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FIGURE 17. STRIP HEATER ARRANGEMENT, OUTLET PLANE
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2.4 CONCLUSIONS
As a result of the heat transfer analyses, the following conclusions are made:

¢ The heat transfer design is _cdhserva.tive, therefore the heat exchanger
surface area is greater than required.

e The temperature increases indicated on the outlet side of the heat ex-
changer are small, and in the actual operation should be lower due to
the heat transfer across the dividing plane, an effect which was not con-
gsidered in this analysis.
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3

STRESS ANALYSIS AND MATERIAL SELECTION

The necessary stress analyses were performed concurrently with the mechan-
ical design and the detailed results reported in Reference 3.

3.1 DESIGN CRITERIA

The basic steady-state load and design criteria dictating choice of materials
and structural integrity included:

10, 000-hour life or 200 start-stop cycles

Internal pressure of 55, 8 psi

Metal temperature
Exchanger inlet tubing 1200°F
Exchanger outlet tubing 1600°F
Exchanger U-tubes 1700°F

e Maximum creep deformation after 10, 000 hours less than 1 percent

3.2 MATERIAL PROPERTIES

The materials selected for use were Inconel 600, Inconel 625, and Type 316
stainless steel. Property values for Inconel 625 were obtained from International
Nickel Technical Bulletin T-42. Property values for Inconel 600 and Type 316 stain-
less steel were obtained from the Aerospace Structural Metals Handbook, revised
March 1963, Important property values and stress calculations are summarized as
follows:

e Inconel 600
Stress to rupture 10,000 psi at 1200°F
2300 psi at 1600°F
1600 psi at 1700°F
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Stress for 1 percent creep 7000 psi at 1200°F
2000 psi at 1600°F
1100 psi at 1700°F

e Inconel 625 at 1600°F

Stress to rupture 5000 psi

Stress for 1 percent creep 2500 psi

e Type 316 Stainless at 1200°F

Stress to rupture 19, 000 psi

Stress for 1 percent creep 11,000 psi

3.3 MATERIALS SELECTED

Part Material
Inlet Tubing Type 316 Stainless Steel
Heat Exchanger Headers Inconel 800 — solution
Heat Exchanger U-Tubes annealed for 2 hours at
2050°F

Outlet Tubing
All Gimbal Hardware Inconel 625

3.4 OPERATING STRESSES

Hoop stress was the determining criterion for all tubular members, and was
calculated with the equation:

IDxP
UH = Hoop Stress = oD -1ID
“where:
P = internal pressure
ID = inner diameter of tubing
OD = outer diameter of tubing
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The calculated stresses were:

Inlet and Outlet Tube

4, 627 x 55. 8 .
aH = 0.374 = 690 psi
U-Tube
0. 666 x 55. 8 ]
ag = e—_— =
H 0. 084 443 psi

Gimbal Joint - Bellows Hoop Stress

PR W

m
0 =—"-"

A

where:
P = internal pressure
W = bellows pitch
R = mean radius
m
A = area of section in one pitch
0 = average hoop stress
o - 55.8 x 2. 674 x 0. 50
- 0. 081

o = 920 psi

Gimbal Joint - Bellows Bulging Stress

Considered as membrane stress in the omega skin:

Pr 55,8 x 0. 21
0=—— = ————%= - i
T 0. 020 585 psi
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Gimbal Joint - Bellows Angulation Stress

Considered as a low cycle fatigue condition. From Solar computer program
No. 224 for 5 degrees total angulation and Reference 4:

g 68, 000 psi. (hot)

g 88,000 psi (cold)

f

Using the method of Halford and Manson, a minimum life of 1000 cycles with total
angulation is indicated, which is considerably more than the 200 start/stop cycle re-
quirement. The maximum total angulation expected is 4. 5 degrees.

Gimbal Ring

The results of the gimbal ring calculations are:

TS = 575 psi (max. shear)
UB = 2260 psi (max, bending)
Tp = 2310 psi (max. torsion)

Gimbal Clevis .

Shear at pin hole:

T = 1500 psi (max.)
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FABRICATION

A complete list of all Solar-released drawings is presented in Table III

TABLE III
FINAL ASSEMBLY DRAWINGS
Drawing Number Description Revision
51418 Probe Assy - Gas Temperature B
51419 Box Assy - Power Terminal E
51420 Master Wiring Diagram B
51422 Box Assy - Thermocouple Jack B
51431 Heat Exchanger Installation C
51432 Core Assy - Heat Exchanger B
51433 Duct Assy - Inlet B
51434 Duct Assy - Outlet B
51435 Gimbal Assy - Duct B
51436 ) Flange Assy - Duct A
51437 Flange - Duct A
51439 Duct Assy B
51440 Gimbal Insulation Assy - Removable -
51465 Harness - Gas Temperature - Inlet & Outlet -
51466 Harness - Water Temperature - Inlet & Outlet -
51469 Harness - Hot-Spot Thermocouples -
51482 Elbow Insulation Assy - Removable -
51483 Boss Insulation Assy - Removable -
51484 Flange Assy - Duct A
51485 Flange - Duct B
51486 Enclosure Assy - Heat Exchanger B
51487 Panel Assy - Inlet Lower C
51488 Panel Assy - Outlet C
51489 Manifold Assy - Cooling B
51491 Duct Assy - Center Inlet B
51504 ¢ Probe Assy - Water Temperature A
51506 Probe Assy - Duct Surface Temperature A
51506 Probe Assy - Hot Spot Temperature A
51508 Insulation ~ Removable -
51510 Insulation - Elbow -
51518 Panel Assy - Upper Inlet -
51522 Heater Assy -
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4.1 FABRICATION OF HEAT EXCHANGER

Work was started on the core (tube bank) assembly 51432 by installing the
40 pre-bent (3/4-inch diameter by 0. 042-inch wall) U-tubes in holes in the half headers
(5-inch OD x 0. 250-inch wall) then bulging the tubes as indicated in Figure 24. The
purpose of the bulge was to lock the tubing in place mechanically; the sole function
of the braze was to seal the joint. Both tubes and headers were solution annealed
Inconel 600,

Solar NX-1 braze alloy was placed on the concave side of the headers and the
assembly placed in the fixture for brazing. After brazing, the assembly was mass
spectrometer leak tested (Fig. 25). Subsequent to brazing, the half-header section
and the end caps required to seal the blind ends were heliarc welded in place. Addi-
tional leak, dye penetrant, and X-ray tests were performed after assembly.

The support assemblies placed on the ends of the headers are shown in
Figure 26. Each support assembly consisted of a dish made from 0. 125-inch type
321 stainless steel containing 2 inches of Microguartz. The inside surface of the
assembly was faced with 0. 010-inch Inconel 600. Nutplates welded to the inside sur-
face of the "dish'' permitted attachment of the core assembly to the structure. The
headers at the inlet end of the core were inserted through the large openings in the
assembly, supported by the arc-shaped titanium carbide bearings, and are free to
grow with temperature. The collar provides an attachment ring for the duct insulation,

HEADER TUBE
0.250 in, WALL x 5.00 in, DIA

«—END OF BRAZE FLOW

BRAZED
THIS SIDE ONLY

BULGE

U TUBE .
0.042 in, WALL x 3/4 in, OD

FIGURE 24. SECTION THROUGH TUBE TO HEADER JOINT
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Hot spot thermocouple leads exited through the 12 small openings at the top of this
assembly. The other support assembly (shown on the right in Figure 26) was welded
to the outlet headers of the heat exchanger core during assembly.

4,2 FABRICATION OF ENCLOSURE

The structure consists of the 51486 enclosure and its three hinged panels.
The enclosure is a parallelepiped setting on two longitudinal box beams. Its two ends
and bottom are permanently fixed; the top is removable to allow insertion of the heat
exchanger core. Channel frames in the side panels of the enclosure allow installation
of the hinged panels.

The lower inlet side panel (51487) has openings for five lamp modules. The
upper inlet side panel (51518) was similar except that it held three lamp modules imme-
diately adjacent to each other. All interior surfaces were of 0. 010-inch Inconel 600;
exterior surfaces were made from Type 321 stainless steel sheets, with thickness
ranging between 0. 060 and 0. 090 inch. Except where structural members of lamp
modules intrude, the space between the surfaces was filled with 6 lb/ft3 density
Microquartz. All interior surfaces of the enclosure were polished to improve reflectivity.

4,3 FABRICATION OF ASSEMBLY

The complete assembly with both inlet side panels open is shown in Figure 27.
The core assembly was lowered into the enclosure and the support assemblies through
which the 5-inch OD headers protrude were bolted to the structure. The reflector
separating the two legs of the U-tubes and 5 of the 24-lamp modules is also shown
in Figure 27, as is the 51422 thermocouple jack box (upper left) and the 51419 power
terminal box. The white electric power cables connect the bussbars on the lamp
modules to the power terminal box. Lamp modules fit snugly into the hinged panels.
Figure 28 is the inlet side of the assembly with the panels closed. Cooling water
manifolds are located at the right edge of the assembly and cooling water thermocouple
leads are at the bottom. The inlet support assembly was bolted in place at the top
of the structure; the hot spot thermocouple leads were not yet connected to the thermo-
couple jack box terminals,

4.4 FABRICATION OF THE DUCT SYSTEM

The duct system included the 51439/51491 inlet duct assemblies, the 51433
inlet duct assembly, and the 51434 outlet duct agsembly.

Except where noted on the drawings, all ducts were insulated with 2 inches
of 6 1Ib/ £t3 density Microquartz retained by bellows made from corrugated Type 321
stainless steel foil 0. 003 inch thick. The insulation was applied by:

e Wrapping Microguartz blanket onto the duct

e Bagging the insulation in vinyl
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COMPLETE ASSEMBLY

FIGURE 27

INLET SIDE OF ASSEMBLY

FIGURE 28,
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¢ Evacuating the bag to compress the blanket below the final OD
¢ Sliding the corrugated foil in position

¢ Removing the vinyl sheet before the insulation could expand

Removable muffs, fabricated from Microquartz blanket insulation covered with Type 321
stainless steel foil, were used to bridge the insulation gaps.

.4.4.1 Duct Assembly, Inlet

The inlet duct assembly (51439) consisted of a 4. 5-inch OD by 0. 083-inch
wall, Type 316 stainless steel elbow and tubes; a 51435 gimbal made entirely from
Inconel 625; and half of a snip-open joint made from Type 316 stainless steel (Fig. 29).
As shipped, the -5 stub duct was welded to the -2 elbow.

All gimbals are identical and have a 5-inch diameter; therefore, 4, 5- to
5-inch diameter transition tubes were used to accommodate the difference.

4,4, 2 Duct Assembly, Inlet Center

The inlet center duct assembly consisted of two snip-open joint sections con-
nected by a length of 4. 5~inch OD by 0. 083-inch wall tube. All components were
made from Type 316 stainless steel. The 51439 assembly is shown in Figure 29.
Special bolts are used to secure these joints and will be d1scussed ina subsequent
section along with the snip-open joints.

4.4,3 Duct Assembly, Inlet

The third inlet duct assembly (51433) began with half of a Type 316 stainless
steel snip-open joint and consisted of (in order of flow direction) a 4. 5-inch OD by
0. 083-inch wall Type 316 stainless steel sleeve, a Type 316 stainless steel transition
tube, a 51435 (Inconel 625) gimbal, a 5-inch OD by 0, 187-inch wall Inconel 600 elbow,
another gimbal, and a 5-inch OD by 0. 187-inch wall Inconel 600 elbow having tubes
of varying lengths for the inlet gas temperature thermocouples. The complete as-
sembly is shown in Figure 30. |

4.4.4 Duct Assembly, Outlet

The outlet duct assembly (51434) shown in Figure 31 consisted primarily of
a three-gimbal system connected by 5~inch OD by 0. 187-inch wall Inconel 600 tubes
and elbows in addition to an Inconel 600 (and 625) snip-open joint. The upstream el-
bow has tubes for the outlet gas temperature thermocouples. Eight bosses for attach-
ment of probes were welded in the duct between the final gimbal and the snip-open
joint,
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INLET CENTER DUCT ASSEMBLY

FIGURE 29,

INLET DUCT ASSEMBLY

FIGURE 30
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FIGURE 31. OUTLET DUCT ASSEMBLY

4,4,5 Gimbal

All gimbals (51435) built for this program were identical and matched a
5-inch duct. Where necessary, a transition sleeve was used to accommodate ducts
having a different diameter. The schematic diagram shown in Figure 32 identifies
all components and Figure 33 shows all hardware components for one gimbal.

The gimbal was made from Inconel 625 with the exception of the titanium
carbide bearings. The bellows were made from two plies of 0. 010~inch material;
each convolution was formed around a root ring. A second operation (to form the
omega shape) was performed to prevent the shape from changing during use. The
function of the root rings was to provide additional resistance to hoop stress at high
temperatures. Inner liners were incorporated to reduce system pressure drop.

4.4,6 Snip-Open Joint

The major components of the snip-open joint were foil-flange assemblies
welded to adjacent tubes (Fig. 34). The outside diameters of the washer -shaped foils

were then peanut welded together; the loose flanges were bolted to support the sides
of the foils.
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FIGURE 32. SCHEMATIC DIAGRAM OF A TYPICAL GIMBAL
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PEANUT WELD

////////////////////////

FIGURE 34, SCHEMATIC DIAGRAM OF A SNIP-OPEN JOINT

The advantages of incorporating snip-open joints in this assembly were:

e Provide leak-proof joints and allow the flow system to be disconnected
without difficulty.

o Allow disconnection to be performed using a metal working snip which
eliminates grinding, filing, or sawing residues from the inside of the duct.

¢ Capable of being rewelded numerous times before new foils are required;
only the peanut weld is "'snipped" off when opened.

This heater system used two models of the snip-~open joint, The hot duct (51434)
incorporated a joint made from Inconel 600 foil and weld flanges with Inconel 625 bolted
support flanges. The 'cold" 51489/51491 duct used two joints made entirely from
Type 316 stainless steel.

All bolts and nuts (40 sets) used to clamp the support flanges were made from
Rene' 41 with a lubricant "Silver Goop' applied to the bolt threads before the nut was run
on, This was required both to prevent galling and to allow nut removal after the threads
were heated.

4,5 INSTALLATION

The complete assembly appears on installation drawing 51431 (Fig. 35). The heat
exchanger, structure, terminal boxes, ducts, and other assemblies are shown in proper

orientation,
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CONTROL SYSTEM AND INSTRUMENTATION

5.1 CONTROL SYSTEM

The prime function of the control system is to regulate the electrical power
input to the quartz tube lamps.

5. 1.1 Description

The major components of the control system include the remote power tem-
perature control panel (controller) and the power control device. A schematic wiring
diagram showing these components and the necessary interconnection is shown in
Figure 36.

The system will accept 130-kw, 3-phase, 480 volts, and deliver up to 120-kw,
3-phase, 80 volts to the quartz tube lamps. In addition to manual operation, three
control modes are available to the operator: Temperature, Power, and Automatic.

When the mode selector is in the Temperature position, the output from a
gas outlet temperature thermocouple is fed back to a variable set point device which
then controls the power supply. The Power position on the mode selector provides
closed loop power control from a power input feed back. In Automatic position, power
control is affected by nulling an input signal from a Dynamic Controller.

The control system was obtained from the R. I. Controls Division of Research
Incorporated (Minneapolis, Minn. ). '

5. 1.2 Drawings

A list of the drawings generated by R. I. Controls is shown in Table IV.
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TABLE IV

LIST OF R.I. DRAWINGS

Drawing Number Description
D35364 Schematic - Power Control Device
D35365 Schematic - Remote Control Panel
D35373 40 KVA Power Controller Model 6429
C35374 3 Rack Configuration of 40 KVA Power Controller
D35380 Power Temperature Control Panel Assy
A35331 Millivolt Range Card, 0-100 MV
A35382 Thermocouple Range Card
D35383 Schematic - TC5192 Temperature Controller
35385 Interconnect Cable - Power Control Device Remote Control
Panel

5.1.3 Control System Analysis

" An analysis of the transient overshoot, stability, settling time, and steady-
state error characteristics was performed and the results determined by computer
solution to be within NASA specification requirements. The results of this analysis
are presented in Solar Report M-1973 (Ref. 5). Both the heat exchanger and heater
configuration have been revised since publication of this report; however, Solar has
been informed that subsequent analyses performed by the NASA controls group are
in substantial agreement with the results of M-1973.

5,2 INSTRUMENTATION

The instrumentation (thermocouples only) provides input to the control system
or raw data for computation.

5.2.1 Description

Instrumentation is defined here as those sensing devices and accessories
built or procured directly by Solar for use with the Brayton Cycle Gas Radiant Heater.
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By this definition, instrumentation consists of the following items, all of which were
fabricated by Thermowells Incorporated:

Quantity Solar Drawing No. Description
6 51418 Gas Temperature Thermocouples
4 51504 Water Temperature Thermocouples
12 51506 Hot Spot Temperature Thermocouples
2 51515 Duct Surface Temperature Thermocouples
1 51422 Thermocouple Jack Panel Box

All thermocouples were made from Inconel 600 sheathed, magnesium oxide
insulated, chromel-alumel stock. In addition, all thermocouple sheaths are isolated
from ground potential except at the hot junction and terminal connection ends. Features
considered important and/or unique to certain items of instrumentation are described
in the subsequent paragraphs.

Gas Température Thermocouples

Three of the gas temperature thermocouples are immersion type units located
in the inlet and outlet ducts. The depth of immersion varies so that a temperature
traverse can be obtained.

Hot Spot Thermocouples

Hot spot thermocouples have plug welded tips and are welded to the U-tubes
at selected locations., Three of the twelve hot spot thermocouples welded to the heat
exchanger are shown in Figure 37.

Duct Surface Temperature Thermocouples

One of these thermocouples is welded to the surface of the duct at each of
the gas temperature thermocouple stations to permit computation of piping heat losses.

Thermocouple Jack Panel Box

The thermocouple jack box is shown in Figure 38. The 6 three-pin (the third
line is a ground wire) receptacles in the bottom strip and the first six positions (from
the left) on the strip above receive signals from hot-spot thermocouples. Any four
of these twelve positions may be selected as inputs to the control system by installing
a jumper between it and one of the four middle positions on the top row. Twenty-two
jumpers have been provided.
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FIGURE 37, HOT SPOT THERMOCOUPLES WELDED TO THE U-TUBES

Similarly, one of the three gas inlets, one of the three gas outlets, one of
the two water inlets, and one of the two water outlets, may be jumpered to provide
input to the control system. No provision has been made in this panel box to accom-
modate the duct surface temperature thermocouples.

5.2.2 Thermocouple Readout

Of the eight thermocouple signals fed to the output terminal strip, all but
the gas inlet temperature continue through to the Remote Control Panel,

The outlet gas temperature sighal is read on a relay type display meter and
also supplies temperature feedback for power control through a manually adjustable
setpoint.

Cooling water temperature (switch selectable between inlet and outlet) is fed
to a relay type display meter.

The four hot-spot temperatures are connected to a selector switch from

which a single signal is fed to a relay type display meter which will open the main
circuit breaker in the event of an overtemperature indication.
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6

QUARTZ TUBE LAMP HEATER

6.1 HEATER REQUIREMENTS
The heater specification requirements of the contract are summarized as:
e An array of quartz lamps with tungsten filaments.

e Capable of operating at a pressure of one atmosphere in air, at a vacuum
level of 1 x 1078 Torr, and at all conditions in between.

e Provide sufficient power into the heat exchanger to get 40 kw out of the
heat exchanger for 10,000 hours and 80 kw out for 100 hours with a maxi-
mum of 200 start-stops. '

6.2 ASSUMED SOLUTION

A survey of commercial quartz lamps indicated that the prime candidate was
available as the esgentially "off-the-shelf" item shown in Figure 39. This 16-lamp
module was offered by Solar's subcontractor, the Aerometric Division of Aerojet
General. Predesign calculations indicated that 18 of these 120 volt modules operating
at a maximum of 80 volts would supply the necessary energy. Further, information
provided to Aerometrics by Sylvania (the lamp manufacturer) predicted an associated
tube life in air of 50,000 hours at the maximum anticipated voltage. The only unknown
was lamp operation in a vacuum. There was only a few hours actual experience and
no life test data for vacuum.

In retrospect, the establishment of a quartz tube lamp radiant heat source
was the result of an arduous development program which could not have succeeded
without the extensive testing by Solar and the complete cooperation of Aerometrics,
Sylvania, and the NASA Program Manager.
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FIGURE 39, CANDIDATE 16-LAMP HEATER MODULE

6.3 DEVELOPMENT PROGRAM

A review of the test results is presented in this section. Progress reports
with the data sheets prepared during the course of the development program are in-
cluded as Appendix C. The information contained in reports No. 4 through 7 is re-
peated in report No. 8; therefore they are omitted from the Appendix.

The first 16-lamp module obtained was made from an aluminum casting with
porosity which allowed helium to leak from the cooling water passage. This module
was replaced with one in which the aluminum was cast around a stainless steel water
passage.

The second cast module was set into a sheet metal target with thermocouples
attached (Fig. 40). The apparatus with ancillaries was installed in a vacuum chamber
and connected to power meaguring and control devices and a temperature recorder.
This second cast module was tested in vacuum using four sets of 750-watt, T-4 lamps
operating at 80 volts and a target temperature of 1700°F. (These lamps were the
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FIGURE 40. DEVELOPMENT TEST APPARATUS AND INSTRUMENTATION,
SECOND CAST MODULE

standard configuration, having a 750-watt rating at 120 volts and a T4 (1/2-inch OD)
quartz envelope, ) The following problem areas were revealed:

¢ The lamp pin-to-lead wire joint overheated and frequently burned

e The lead wire insulation decomposed

e The pores of the cast module retained contaminants from machining or
cleaning

To eliminate the contamination retention problem a third module, machined
from wrought 6061 aluminum alloy, was obtained and used in testing. With this ma-
chined module, lengthy lamp-time at test-temperature (1700°F target) was obtainable
and a quartz devitrification problem became apparent. Devitrification is the process
whereby the oxygen separates from the silicon dioxide (quartz) leaving a porous silicon
matrix. This porosity allowed air to get into the quartz envelope and cause burnout
of the tungsten filament. Also, the inert gas leaks out and causes the tungsten-iodide
cycle to fail resulting in tungsten deposition on and eventual melting of the quartz.
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FIGURE 41. TWO-LAMP MODULE FABRICATED AT SOLAR

A 2-lamp module was fabricated at Solar in which one lamp reflector dupli-
cated the 1-1/2 inch diameter configuration of the commercial module; the second
reflector had an outside diameter of 2-1/2 inches and was designed both to minimize
the reflection of rays from the filament through the quartz envelope and to submerge
the filament completely within the module body. This module, affter 40 hours of test
at 100 volts and a target temperature of 1700°F, is shown in Figure 41. The lamp
envelope in the 1-1/2 inch reflector is almost completely devitrified, whereas the
other lamp showed no evidence of any change.

A single-lamp module having a 2-1/2 inch reflector was fabricated at Solar
and testing was started using an as-furnished lamp. The lead wires burned off at the
base seal in 52 hours and the lamp fell into the target while the filament was still hot.
The next test used a T4 quartz tube lamp modified at Solar by brazing solid nickel
leads to the pins at the lamp base seal. This lamp endured 600 hours at temperature
in vacuum and additional testing in air for a total of 1994 hours. (The single-lamp
life test report is included as Appendix D.) The test was terminated when a low-
resistance bridge of tungsten crystals was formed due to mass transfer resulting from
cycle failure. The envelope in the immediate area of the hot spot softened and bulged.

" 1.

This lamp had a desigr t
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FIGURE 42. FIVE-LAMP MODULE FABRICATED AT SOLAR

Two 5-lamp modules (Fig. 42) were fabricated at Solar; one was set-up in
a vacuum chamber, and the second similarly set up for operation in air. The Inconel
600 targets were coated with SE-8A to simulate the heat exchanger design. Some of
the many lamp modifications tested are shown in Figure 43.

The first 5-lamp module after 45 hours in the vacuum chamber using as-
received T4 lamps is shown in Figure 44. The lamps were potted in a ceramic base
and fitted with Teflon~insulated, stranded-nickel leads spot welded to the lamp pins.
One lamp failed when the lead-wire to lamp-pin joint burned. Lamp pins were platinum-
clad molybdenum which had a tendency to oxidize during spot welding thereby causing
a high resistance joint. A dull appearance of the reflector surfaces was caused by
contaminants generated by decomposing lead wire insulation as well as products leav-
ing the surface of the SE-8A coating on the target. (The SE-8A coating contamination
of the lamp reflector resulted in no coating being used with the heater. ) Unfortunately,
additional tests were required before all sources of contaminants were identified.
Note also in Figure 44 that lamp-reflector concentricity was a problem.

67



WY1 kibag

HELSHL SNOILVOIAIAONW dNVT TVOIdAL

d=HeaYls
AN0sdy) dWY
93 40 480

‘€Y HYNDI4

Noilvenoiy
, YN

N

68



FIGURE 44. FIVE-LAMP MODULE AFTER TEST

Subsequent tests performed on a 5-lamp module in the vacuum chamber are
summarized in Table V; Table VI is a summary of the tests conducted in an air en-
vironment. Figures 45 through 48 are typical of the lamps used in these module tests
and include both the T5 and T4 capsules, The particles in the T4 quartz envelope
(Fig. 45) are iodine crystals. Voids in the base seal potting were a problem through-
out the program and a typical void is shown in Figure 46. However, two ceramic base
T5 lamps ran 1060 hours in vacuum and helped establish confidence in the final lamp
configuration. Five final configuration lamps (Fig. 48) ran more than 1000 hours in
air. Both the vacuum and air tests were terminated due to near end of the contract.

6.4 FINAL CONFIGURATION LAMP

The final configuration lamp fabricated by Sylvania is shown in Figure 49,
The lamp is based on Sylvania's iodine cycle EHG capsule which is a 750-watt, 120-volt
lamp in a T5 (5/8-inch dia) quartz envelope. At rated voltage this lamp has a color
temperature of 3000°K and an average rated life of 2000 hours at 120 volts at normal
room temperature,
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TABLE V

SUMMARY OF THE FIVE-LAMP MODULE TESTS IN VACUUM ENVIRONMENT

Target T :
Date Hours CF) Volts Remarks
Sept 4, 1968 55 Target was coated - shutdown to install
new lamps and clean reflectors.
' 1
9, - 1700 58 Started test of new T5( ) lamps in
ceramic base.

11, 40.5 1590 82 Reflectors contaminated-cleaned re-
flectors and removed coating from
target.

17, 25 1638 85 Lost 1 lamp at 3 hours; base at 1590°F.

30, 265 1560 83 4 lamps have 44 additional hours -
cleaned.

Oct 21, 590 1690 60 Removed module from bell-jar -
Installed air module,

24, 25 1695 68 1 F¢® 1eads burned at 79 hours in
air plus 25 hours in vacuum - excess
‘potting - seal at 1150°F,

Nov 6, 306 1660 71.5 | In vacuum on FC lamp plus 79 in air =
“ | 385 hours. Add 754 hours in air for
ceramic base lamps = 1060 hours.

12, 92.5 1660 71.5 | 3 new FC lamps and 2 new ceramic
base lamps.

Dec 11, 696 1687 On 2 FC lamps.
80 On 1 FC (repeated at 616 hours).
85 On 2 ceramic base lamps (replaced
at 616 hours).
30, 1032 1710 78 On 2 FC lamps.
416 On 1 FC lamp.
421

Stopped Test -

On 2 ceramic base lamps.

1. 750-watt T5 in ceramic base; nickel wire spot welded to molybdenum pins and

then potted.

2. Final configuration lamps.
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TABLE VI
'SUMMARY OF THE FIVE-LAMP MODULE TESTS IN AIR ENVIRONMENT

Target T
Date Hours CF) Volts Remarks
Sept 13, 1968 45 1700 82 New T5(1) in ceramic base - 870°F
seal temperature - coated target.

17 147 1665 84 895°F seal temperature - clean reflec-
tors

30 450 1638 85 Reflectors contaminated - tips divitri-
fied - target coating removed.

Oct 3 575 1660 82 Ceramic base seal 700°F - brass base
seal 275°F(2),

15 673 1660 85 Brass base lamp removed - installed
3 new FC®) lamps.

21 752 1695 80 2 ceramic base lamp - 685°F base seal
temperature - moved air module to
vacuum bell-jar.

79 3 FC lamps - 450°F base seal temper-
ature - moved air module to vacuum
bell-jar.

29 18.5 1620 59 5 T4 FC base type lamps - top base
seal temperature 932°F - bottom 830°F-
lead 320°F (base test)

Nov 4 160 1630 63 5 new lamps-complete final configuration

12 152 1660 76 5 new FC lamps.

Dec 20 1007 1705 78 Stopped test.

1. 750-watt T5 in ceramic base; nickel wire spot welded to molybdenum pins and

then potted.

2. Similar to final configuration lamp except has brass sleeve.
3. Final configuration lamps.
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FIGURE 45. COMPARISON OF THE FINAL 750-WATT T5 LAMP AND A
SPECIAL DESIGN 300-WATT T4 LAMP

FIGURE 46. TYPICAL VOIDS IN BASE SEAL POTTING
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SYLVANIA LAMPS
1032 HOURS
TESTS NO, 8, 8-A, 8-B
END OF TEST

VACUUM TEST RIG
DATE 12-30-68

FIGURE 47. SYLVANIA LAMPS AFTER 1032-HOUR VACUUM TEST

SYLVANIA LAMP
1007:45 HOURS
TEST NO, 9

END OF TEST
ATMOSPHERE TEST RIG
DATE 12-20-68

FIGURE 48, SYLVANIA LAMPS AFTER 1007-HOUR ATMOSPHERE TEST
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FINAL CONFIGUR

FIGURE 49, FINAL CONFIGURATION LAMP

The capsule is potted into Sylvania's "Trans-Lux'' base arrangement using
Sauereisen 31. Components include a 0. 750-inch OD stainless steel sleeve, ceramic
cap, and stranded bare-nickel lead wires spot welded to the platinum-~clad molybdenum
pins which protrude from the capsule. Unplated copper lugs were staked to the nickel
leads to facilitate connection to the buss bars in the lamp modules.

As stated previously, the lamps shown in Figures 47 and 48 were used in
the final vacuum and air environment tests. Only three final configuration lamps were
on hand and hence two ceramic base lamps were used to fill out the complement in
the vacuum test. Two of the three final configuration lamps had accumulated 1032
hours of operation during this test. All five of the final configuration lamps used in
the air test had accumulated 1007 hours.

All lamps used in both tests had operated at 76 to 80 volts, a target tempera-
ture of 1700°F, and were still in operating condition. Time did not allow the tests
to run to failure; therefore life expectancy of the final configuration lamp was not
determined.

74



6.5 LAMP MODULE DESCRIPTION

The heater consists of 12-lamp modules fabricated by Aerometrics. (A list
of their drawings is included as Table VIL.) The body of the lamp module (Fig. 50)
is made from 6061 aluminum stock with 24 modified spherical reflectors, 2-1/2 inches
in diameter by 1-inch deep machined into the face. A 1/4-inch diameter cooling water
passage was drilled through the entire 61. 44-inch length of the lamp module on each

side of the lamp holes and cross-drilled and weld-plugged as necessary for continuity.
A cross section of the module is shown in Figure 51.

The lamps are installed from the back (or outside) of the lamp module after
removing the cover. The 0. 750-inch OD stainless steel sleeve on the lamp base fits
into the 0. 755-inch OD hole in the module and the ceramic cap bottoms out on the flat
surface at the back of this hole. This close fit is intended to promote the transfer
of heat from the lamp base. The electrical leads are attached to copper buss bars
which run the length of the module. Teflon is used as insulating material. The per-
pendicular member on the inside of the aluminum cover allows expansion while re-
taining the lamps.

TABLE VII

LIST OF AEROMETRICS DRAWINGS

Drawing Number | Descﬁption
1005250 Body '
1005253 Insulator, Teflon
1005265 Cover
1005266 Buss Bar
1005276 No Drawing Generated
1005283 Assembly, 24-Lamp Module
1005283 Clamp, Center, Teflon
1005284 Clamp, End, Teflon
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ALL DIMENSIONS IN INCHES

FIGURE 50. LAMP MODULE
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FIGURE 51, CROSS SECTION OF LAMP MODULE
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6,6 DESCRIPTION OF THE IODINE CYCLE

The following brief statements describe the operation of the tungsten fila-
ment, iodine cycle, quartz tube lamp:

e Quartz temperature must be below 1832°F for the iodine vapor to pick
up condensed tungsten; 1832°F is also the quartz devitrification threshold.
Quartz temperature must exceed 480°F for the iodine-tungsten reaction
to take place and prevent tungsten deposition on the quartz.

o Filament temperature must be above 2240 to 3140°F (investigators dis-
agree) to dissociate the tungsten halide, allow the tungsten to deposit
on the filament, and the iodine to continue the cycle. The filament will
fail when the crystalline deposits change its resistance significantly.

¢ The filaments must be hotter than 2240°F to prevent rapid attack by the
iodine vapor which happens when the tungsten-iodine cycle does not -
function.

6.7 OPERATING CONDITIONS

If all 288 lamps are operating and consuming 120 kw (the rated capacity of
the control system), the power input to the average lamp will be 416 watts. As shown
in Figure 52, the corresponding operating voltage is 83. Figure 52 also shows that
the operating voltage corresponding to a filament temperature of 3140°F (3600°R),
dissociation temperature for tungsten halide, is 38. Operation below this value is not
recommended. Finally, it should be noted that the quartz envelope temperature must
not exceed 1832°F, the theoretical value at which devitrification starts; the filament
operating temperature at 80 volts is 4100°F; and a portion of the lamp view angle sees
a U-tube plane that has a 1700°F design temperature. The module water must cool
the reflector surfaces in addition to cooling the lamp bases.
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7

SURFACE COATING

Early deliberations indicated that the prime heat exchanger surfaces should
have a surface coating: '

e To provide high surface absorptivity and thereby reduce the power
requirements.

e To equalize the heat exchanger performance between air and vacuum
operation.

¢ To minimize the loss of chrome and manganese from the heat exchanger
surface during vacuum operation.

7.1 COATING SELECTION

Of all the coatings which had the proper characteristics, a Solar-developed,
high-emittance coating, SE-8A, was selected for evaluation. This coating was de-
veloped under AFML Contract AF33(615)-76-C-1211 for use on superalloy reentry
and hypersonic vehicle heat shields.

Although the function of the coating was to efficiently radiate absorbed energy,
Kirchoff's law of radiation in a small wave length interval states that if the emittance
is high, the absorptance must be high. It was assumed, therefore, that SE-8A would
be a high absorptance coating since the A for maximum energy radiation varies only
from 2. 310 microns at 1800°F to 1, 074 microns at 4400°F (a typical tungsten filament
operating temperature).

7.2 COATING DESCRIPTION

SE-8A is a silica-base ceramic coating which adheres to the oxides (chromium
oxide, etc.) on the surface of the substrate. It must be applied in a thickness of 1 to
2 mils and fired at 1850°F in air or in argon, The composition of this coating includes:

Parts Addition Purpose
40 TiOg Active
0. 02 Nb, O Active
60 55210 Frit
6 Clay Binder
65 Water Vehicle
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7.3 COATING TESTS

Solar's experience with SE-8A prior to the conduct of this program included
many hours of use in jet engine combustion chambers (an oxidizing atmosphere) and
a few hours of use in vacuum where the significant emittance data were obtained.
Accordingly, tests were run in the Research Laboratories at Solar to fill the informa-
tion gaps and determine the suitability of SE-8A for the specific application. These
tests included:

o As-fired absorptivity (control) - determine surface absorptance of coated
Inconel 600 specimens as-fired in air and in argon over the wave length
band of 0. 3 to 8.5 microns. (Most of the tungsten filament energy is
radiated in the wave band between 0. 3 and 3. 5 microns. )

e Thermal stability - determine absorptance and coating weight loss of
both types of specimens after exposure to 100 hours at 1800°F and a
vacuum level of 106 Torr.

e Thermal cycling - determine absorptance and appearance of both types
of specimens after 20 thermal cycles between 300 and 1700°F in vacuum
over 100 hours.

A summary of the test results are as follows:

(1)

e Absorptivities were above 0.9 " in the region of interest.

The argon-fired surfaces were smoother than the air-fired surfaces.

The weight loss for both types of specimens appeared to level off with
time. Weight loss for the air fired specimens was somewhat greater.

Argon firing was recommended.

A 1000-hour thermal cycling test with weight measurements at 200-hour
intervals was recommended to better establish the shape of the weight
loss curve with time,

The 1000-hour test was conducted but proved to be inconclusive because coating spall
occurred in the pattern of the grid on which the specimens were fired. Therefore,

1. The Radiant Energy Transfer Group, Space Science Laboratory, General Dynamics-
Convair, under the direction of Dr. J. T. Neu measured the spectral reflectance
of specimen surfaces over a range of wave lengths. Solar converted these measure-
ments to absorptance.

80



a second 1000-hour test was run with uncoated, single-coated, and double-coated
specimens., The results from this test were:

¢ Instead of a slow, steady, weight loss due to vaporization of chromium
and manganese as expected, the uncoated specimen exhibited almost no
weight change,

o After 240 hours of exposure, spalling was observed on the double-coated
specimen; after 846 hours, 78 percent of the original coating weight had
been lost.

e Up to 846 hours of exposure, the single-coated specimen had a coating
weight loss of only 6. 6 percent and this value had been constant for the
last 700 hours. Upon completion of the test at 1014 hours, the coating
had spalled with a weight loss of 65 percent.

o The spall was probably due to either crystallization of the coating form-
ing cristobalite which is the equilibrium phase of silica at the test tem-
perature or due to the loss of bond as a result of vaporization of chro-
mium oxide from the interface.

Since the SE-8A coating did not satisfactorily endure 1000 hours of exposure, the coat-
ing was deleted.

7.4 COATING PERFORMANCE DURING HEATER MODULE TESTS

To simulate actual operating conditions during the heater module tests, the
lamps "looked at" Inconel 600 targets that had been coated with SE-8A, After the
major difficulties had been resolved, it was noticed that the water-cooled reflectors
accumulated contaminants at a decreasing rate for the first 150 hours of target oper-
ation, X-ray diffraction analysis, determination of the most volatile of the coating
constituents, and examination of the coating weight loss test results, all pointed to
a single source. Oxides of potassium, sodium, and lithium (in that order) were prob-
ably leaving the 1-1/2 mil thick coating and depositing on the cooled reflectors.

7.5 EFFECT ON PERFORMANCE OF DELETING THE COATING

The effect of deleting the surface coating on thermal performance was
investigated by Ray Burns of NASA LeRC. His analysis is included as Appendix B.
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APPENDIX A

NASA REVIEW OF SYSTEM THERMAL DESIGN



REVIEW OF BRAYTON CYCLE GAS HEATING SYSTEM THERMAL DESIGN(I)
(In Response to Reference 6)

By

Raymond K, Burns
Lewis Research Center.

SUMMARY

The conservation equations describing the heat transfer within the exchanger
were presented. The solution procedure used by Solar was outlined in order to indi-
cate the approximations made in their analysis. The effects of these approximations
on the final results were then discussed.

It was concluded that because of radiation exchange between the various sur-
faces of the enclosure and of reflections of the radiation emitted by the lamps, and
because of transfer of heat across the dividing shield between the inlet and outlet
sides of the tube bundle, the actual flux and temperature distributions will be smoother
than those calculated by Solar. The tube wall temperatures should then more closely
approach the desired isothermal condition than the results of their analysis indicate.
The approximations made all appear to be conservative assumptions. However, be-
cause of these approximations it was not necessary to actually perform a complete
radiation analysis of the enclosure. The analysis is therefore incapable of indicating
whether or not hot spots will develop anywhere within the exchanger. Also the analysis
is valid only for blackened tubes.

1, This review was made before the decision to eliminate the high absorbtivity coating
on the gas tube surfaces. Appendix B includes further discussions of the effect
of tube surface absorbtivity on temperature distributions.



CONSERVATION EQUATIONS

Given the required input and output gas temperatures, the gas properties, and
the flow rate, a heat exchanger using an array of radiant heat sources can be described
by the following equations:

A heat balance on a tube from inlet (x = o) to a position x, yields,

X

[ aeax - we (T_(0)-T (o) (1)

)
where q(x) is the net heat input rate to a tube per unit length.
A heat balance on an incremental length of tube yields,

q(x) dx = h(x) 2nr dx (Tw(x) - Tg(x)) @)

The local heat transfer coefficient, h(x), can be evaluated from a correlation
of experimental results in the form, '

hee) = £ (T, (), T () ®)

Finally the net heat input rate to the tubes per unit length, q(x), is determined
by performing a radiant heat transfer analysis of the entire enclosure. The resulting
distribution of q(x) depends on the arrangement of radiant heat sources and power
input to them; on the entire enclosure geometry; and on the surface conditions and
boundary conditions imposed upon each surface of the enclosure. It should be noted
that q(x) can vary from tube to tube.

Equations (1) to (3) and the radiation analysis of the enclosure can then be used
to determine the unknown quantities, T (x), T (x), h(x), and q(x). Two boundary con-
.ditions imposed on the system of equations ar

T =T o @

L)=T
Tg( ) o ©)
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where L is the length of the tubes. Substituting equations (4) and (5) into equation (1)
yields:

L
dx = T
[t oxve

0

) (6)

-T .
g out gin

In this particular case, the tube length, L, has also been specified so that equa-
tion (6) provides a constraint on the distribution q(x). Finally, it is required that

< o
Tw(x) 2 1700°F (7)

The heat exchanger geometry and power input to the radiant heat sources must
be such that equations (6) and (7) are satisfied.

Equations (1) and (2) can be rearranged to obtain more convenient forms,

X
_ 1
T, =T () + oo of q(x) dx- (1a)

p

qx)

27r h(x) (2a)

Tw(x) = Tg(x) +

Equations (1) and (2) assume the following:

1. Negligible heat transfer resistance of the tube walls in the radial
direction.

2. Negligible heat conduction in the axial direction.

3. The quantities q(x), h(x), and T (x) are assumed to be circumferentially
averaged quantities, and Tg(x )is the local bulk temperature of the gas.

SOLUTION OF THE CONSERVATION EQUATIONS

Equations (1) to (3) and the radiant heat transfer analysis of the enclosure are
coupled and must therefore be solved simultaneously. The required gas flow length
can be minimized by maintaining the tube wall temperature distribution at a constant
value close to the allowable maximum of 1700°F, This can be accomplished by arrang-
ing the radiant heat sources so that the net heat input rate to the tubes varies exponen-
tially. This is the approach taken by Solar. In summary, the heat exchanger must



be designed to yield a variation of q(x) which is as close to exponentially decaying as
possible, which satisfies equation (6), and which yields a solution of equations (1) to
(3) for which the temperatures of the enclosure do not exceed 1700°F.

SOLAR'S SOLUTION PROCEDURE

The analysis made by Solar did not include all of the coupling between the radiant
transfer analysis and equations (1) to (3) and therefore yields an approximate solution.
Their approach will be briefly outlined in order to indicate the assumptions and the
effects of these assumptions on the solution obtained.

Solar assumed that the q(x) consists only of the absorbed fraction of the radia-
tion which is directly incident on the tubes from the radiant heat sources. This
assumption neglects:

1. All inter-reflections of radiation within the enclosure.

2. All radiation exchange between the tube surfaces and other parts of the
enclosure.

The first implicitly assumes that the effective absorptivity of the tube bundle
and the shield behind it is unity and that the effect of the end walls of the enclosure
is negligible. The second assumes that all nonadiabatic surfaces of the enclosure
are at the same temperature,

In addition it was assumed that the dividing shield between the inlet and outlet
sides of the U-tube bundle is an adiabatic surface. This simplifies the radiation
analysis by allowing independent consideration of each side of the exchanger. The
results obtained, however, show that this is not an adiabatic surface.

All surfaces and the radiant heat sources were assumed to be diffuse.

An estimate of the validity of these assumptions and the effect on the results

can be obtained by considering the final results. This will be discussed in the next
section.

With these assumptions the q(x) distribution was determined for various arrange-
ments of the radiant sources until one was found which satisfied equations (6) and (7).
During this design process it is necessary to determine the tube wall temperature in
order to check the requirement of equation (7).
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The method used by Solar, which involves calculating a fictitious 8 and deter-
mining a temperature limit line, has no valid basis. It consists of calculating a fic-
titious B by solving the following equations:

q
- _0 .;'BL
hpL ATlog B (1-e )

=hp (T -T
qo p(w gin)

using TW = 1700°F. This is equivalent to solving for B using:

B T T
Tw - Tg (0)

and the required Tg (L) and Tg(o) values. Then using this value of 3, the curve

Bx

= e-
a=9,

is supposed to represent a limit line which must not be crossed by the actual q(x)
distributions if the tube wall temperature is to be kept below 1700°F. That this cannot
be true can be seen by considering equations (1a) and (2a). The value of Ty (x) is

a function not only of q(x) but of its integral with respect to x. The tube wall temper-
" ature at a point x depends not only on g(x) at that point but on the entire distribution
up to that point. It cannot then be stated that T, has a certain value at x when q(x)
crosses any specific curve at point x. This procedure appears however to have been
a satisfactory tool in their design process because the actual q(x) distribution did not
significantly depart from an exponential variation. If the entire calculations had been
performed on a digital computer it would have been as easy and more desirable to use
equations (la) and (2a) to check the requirement of equation (7).

Since the Ty, distribution was actually calculated by Solar after the radiant
source arrangement was finalized, the discussion of this fictitious 8 procedure in
the report was unnecessary.

SOLUTIONS OBTAINED BY SOLAR

The overall heat balance for each case considered by Solar shows that the net
heat input to the system equals or exceeds that required to heat the gas to the speci-
fied outlet temperature. The system losses were calculated using the maximum
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allowable enclosure temperature and are therefore conservative. If, however, the
tube surface emissivity were lower so that a significant fraction of the radiation inci-
dent on the tubes is reflected back to the water cooled lamp modules this calculation
of radiation losses should be reexamined.

The remaining question is whether or not the 1700°F maximum temperature
will be exceeded anywhere in the exchanger. According to the temperature distribu-
tions presented in the Solar report, the temperature maximum is not exceeded in
any of the cases considered. The temperature and flux distributions presented how-
ever, clearly reflect the assumptions made in the radiation analysis of the enclosure.
If radiation interchange between the enclosure surfaces and interreflections of the
radiation emitted by the lamps had been included, the net flux to the tubes would not
vary as rapidly with distance as those shown in Figure 25 of the Solar report. The
neglect of radiation interchange and interreflections is also shown by the tempera-
ture distributions shown in Figure 33 of the report. The variations in temperature
indicated would be reduced by radiation exchange between the tube surfaces and other
parts of the enclosure. Because of the large insulated surface in the plane of the
radiant sources, the overall view factor between any two positions along the tubes
may be quite significant. There would then be a significant exchange of energy be-
tween different points on the tubes and the temperature distributions would be more
uniform than those shown in Figure 33.

For the cases shown in Figures 33c and 33d the temperatures indicate that there
will also be a net heat transfer across the dividing shield between the inlet and outlet
sides of the U-tube bundle, and therefore the temperatures will be further equalized
throughout the exchanger.

These factors which have been neglected in the radiation analysis all would
tend to make the enclosure temperatures more uniform than the results presented
in the Solar report would indicate.

As stated previously, it was assumed that Tw(x) was a circumferentially averaged
quantity. Since the heat input rate q(x) actually will vary around the circumference
of a tube, there will be an induced circumferential temperature distribution. Solar
made some calculations of this circumferential distribution in order to check the
possibility that tube surface temperature may somewhere exceed 1700°F when the
average is below that limit. However, the applicability of the circumferential flux
distribution used in that calculation is very questionable. The calculations, however,
indicate that this circumferential variation of temperature is probably small except
near the tube inlet.



MODULE FLUX DISTRIBUTION TEST

The assumption was made that the radiant sources are diffuse. Solar measured
the angular distribution of flux from a module and showed that it approached being
diffuse. The results shown in Figure 15 and 16 of the report, however, are presented
in a misleading manner. More information could be obtained from such a comparison
if both curves were normalized with respect to the same quantity (such as the total
flux output of a module). At any position, x, a direct comparison could then be made
between the actual module flux and the prediction made using the diffuse assumption.
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THE EFFECTS OF TUBE SURFACE ABSORPTIVITY ON THE THERMAL
PERFORMANCE OF THE BRAYTON CYCLE GAS HEATING SYSTEM()

By

Raymond K. Burns
Lewis Research Center

ABSTRACT

A simple model was used to determine the sensitivity of the thermal performance
of the heat exchanger to a decrease in the gas tube surface absorptivity. This model
was necessary to include the effects of interreflections and radiation exchange within
the enclosure. These factors become significant when the tube bank surface does not
approximate a black surface, and they were not included in the design analysis per-
formed by Solar. The results show the qualitative variation of tube surface tempera-
ture and flux with absorptivity with all other factors held constant. They also indicate
the effect of heat transfer across the U-tube bank dividing shield and the areas of the
exchanger where high temperatures may become critical.

1. This analysis'was performed for the early 16-lamp module radiant source con-
figuration presented in Reference 6; however, the trends are valid for the 24~
lamp module configuration.



INTRODUCTION

The radiation analysis performed by Solar assumed that the net flux to the tubes
could be approximated by the absorbed fraction of the radiation which is directly inci~
dent on the tubes from the heat sources. This neglects all inter-reflections within
the enclosure and all radiation exchange between the tube surfaces and other parts
of the enclosure. Because of these assumptions the analysis performed by Solar is,
in one respect, conservative since radiation which could reach the tube bank by re-
flection from the insulated enclosure walls is neglected and since radiation initially
reflected from the tube bank is assumed not to return. The total energy leaving the
lamps then exceeds the sum of the total energy absorbed by the tube bank and the
losses from the system. In other words the Solar analysis does not include a complete
heat balance for radiation energy. But because reflections and radiation exchange
have been neglected, the analysis of Solar may not be conservative in its estimates
for tube wall temperatures.

As g result of the assumptions, the distribution of net flux to the tubes in their
analysis is a direct function of the radiant heat source arrangement i. e., the net
flux at a particular point is a function only of the geometric view factor from that
point to the lamp modules. For a tube bank which is close to being black, the effects
of reflections are small and the desired exponential heat flux distribution can be
maintained by arranging the radiant sources according to an analysis such as Solar's.
However when the absorptivity of the tubes is reduced and reflected radiation becomes
significant, the procedure used by Solar becomes inadequate since the reflections
could significantly alter the net heat flux distribution to the tubes. Including the
effects of inter-reflections and radiation exchange considerably complicates the radi-
ation analysis because of the coupling between various points on enclosure surfaces.
If the tube bank is divided into n nodal areas, it is necessary to solve n simultaneous
nonlinear equations to determine the flux distribution on the tube bank.

In order to obtain some information about the effect of tube surface absorptivity
on the tube surface temperatures, solutions have been obtained for a simple model
of the exchanger. The effects of reflections and radiation interchange are included
by simultaneously determining the flux at several parts of the tube bank. One side
of the exchanger was divided into either four or five nodes. The radiant heat sources
were taken as one node and the insulated enclosure walls were taken as another.
Either two or three nodes were then considered on the tube bank surface. They were
considered simultaneously, including radiation exchange and reflections between them.
By continually increasing the number of nodes, the model would approach the actual
case and the radiation analysis would become more exact. It follows that the solutions
which were obtained are the first approximations to the exact, complete radiation
analysis including radiation exchange and inter-reflections,



In order to make the results obtained using this model correspond as closely
as possible to the actual case, the area of the heat source node is taken as the actual
total lamp module area. For each of the nodes considered on the tube bank, the geo-
metric view factor to the modules was obtained from the calculations made by Solar.
Also the gas temperature at each point considered in the tube bank plane was taken
from the Solar calculations. Since the gas temperature is a function of the net heat
flux distribution, it actually should be determined simultaneously with the radiation
enclosure analysis. Since this was not done for the solutions presented here, they
are not complete solutions, but are intended only to show the effect of tube surface
absorptivity while all other factors are held constant.

As in the analysis made by Solar, the heat transfer across the dividing plane
between the inlet and outlet sides of the U-tube bundle is neglected in order to permit
independent analysis of the inlet and outlet sides of the exchanger. The effects of
this assumption on the results will be discussed later. The effective absorptivity
of the tube bank and the shield behind it was calculated in the same manner as in the
Solar analysis. '

The details of the formulation and solution procedure for the five node case
are given in the Appendix.

RESULTS

The exchanger was designed by Solar to operate with a tube absorptivity of
0.9 or above, In order to approach a condition of constant tube wall temperature,
the radiant heat sources were arranged to obtain a heat flux distribution to the tubes
which decays exponentially in the flow direction. Factors not included in the Solar
analysis, which would be expected to further equalize the tube wall temperature
throughout the exchanger are radiation exchange between various parts of the enclo-
sure and heat transfer across the dividing shield. When the emissivity of the tube
surface is reduced, the role of reflection becomes more important and the effec-
tiveness of radiation interchange in equalizing the temperatures is reduced. It follows
that for a given arrangement of the radiant sources, the net flux distribution will vary
with changes in the absorptivity of the tube surfaces. The purpose of this analysis is
to estimate the extent of the variation of tube wall temperature when the tube surface
absorptivity is reduced in the exchanger designed by Solar.

In Figure 1 the change in net flux as a result of reflections and radiation ex-
change is shown at various positions along the flow length as the tube absorptivity
is decreased from 0. 9. The locations at X = 8.4, 25.6, and 42. 7 are on the inlet
side of the exchanger and the other three are on the outlet side. On both sides, the
reflections of radiation cause a decrease in flux in the higher flux regions and an
increase at the lower end. As expected, when the tube surfaces are made more
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reflective the flux distribution for a given radiant source arrangement becomes more
uniform, If the exponential variation of the flux is to be maintained at lower tube
absorptivities the radiant heat source arrangement would have to be changed.

The corresponding temperatures are shown in Figure 2. By considering the
curves for each side of the exchanger, it is seen that the temperatures become more
nonuniform as the absorptivity is decreased as would be expected from the consider-
ation of the changes in the flux distribution. One of the assumptions made in the
analysis was that the shield between the two sides of the U-tube bundle is an adiabatic
surface. This obviously would not be true unless the shield was perfectly reflecting
or unless the flux incident on each side of the shield was equal. Figure 2 shows that
at the top portion of the exchanger the temperature difference between the tubes
across this shield increases and at the bottom it decreases, As the tube surface
absorptivity decreases it becomes more and more advantageous to allow heat transfer
across this plane at the top of the exchanger. This would decrease the temperature
at one of the hottest regions of the exchanger, the outlet region, and increase the
temperature and input flux near the exchanger inlet. For this reason it would be
advantageous to keep the effective surface absorptivity of this shield at the top of
the exchanger as high as possible. One way to accomplish this would be to use a
shield with a pattern of holes in it at the upper portion of the exchanger. Nearer to
the bottom of the exchanger, the heat transfer across the shield is smaller and not
as significant a factor,

In Figure 3 some temperature results are shown for the model which included
two nodes on the tube bank. The curves show the same qualitative behavior as in
Figure 2. A comparison of Figures 2 and 3 can be used to indicate the behavior as
the number of tube plane nodes is increased, The indication is that the qualitative
behavior shown in Figures 2 and 3 correctly predicts the behavior of a more exact
or complete solution and that the amount of change in the tube.surface temperatures
increases toward the ends of the exchanger. It should be noted that the present model
does not correctly account for the insulated end walls. The effect of these walls
should be small except in the regions close to them.

In Figure 3 some points are shown for which the gas temperature was arbitrarily
changed, In every case, the change in the tube surface temperature was smaller
than the change in the gas temperature.
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CONCLUSIONS

Because of the limitations on the tube surface temperature, the temperature
changes which are of most interest are those which increase. The increases indicated
on the outlet side of the exchanger are small, and in the actual exchanger these tem-
peratures, near the outlet, should be lower due to the heat transfer across the divid-
ing plane, an effect which was not considered in this analysis. The increase in tem-
perature shown on the inlet side, at the lower end of the exchanger, is however larger.
The temperatures across the shield at this point will be at about the same level or
slightly higher. The heat transfer across the shield at the bottom of the exchanger
therefore will not help the conditions as it will at the top. This area will probably
then become the most critical temperature region.

Figures 2 and 3 show that the temperature changes produced by reducing the
tube surface absorptivity from 0.4 to 0. 2 are about half that produced by reducing
the absorptivity from 0. 9 to 0.2. The thermal performance of the exchanger should
therefore be much more sensitive to changes in absorptivity at values below about
0.4 than above. For this reason the tube surface absorptivity should be kept above
about 0.4. The surface should also be diffuse in order to reduce the possibility of
developing local hot spots.

As already stated, the heat transfer across the dividing shield is advantageous
at the top of the exchanger. This is because the radiant heat sources are arranged
in a manner such that the heat flux to the tubes near the inlet is below the desired
exponential variation. This is even more so when the tube surface absorptivity is
reduced and inter-reflections become more important. For this reason the absorp-
tivity of the dividing plane surface or the effective absorptivity of the plane should
be as high as possible in the upper part of the exchanger.

Because the required outlet gas temperature is so close to the maximum allow-
able tube wall temperature, the exchanger must operate close to the maximum tem-
perature. If this maximum is not to be exceeded, the design must be accurate.
Neither the analysis performed by Solar nor the present estimate of the effect of
surface absorptivity on the performance attains the level of confidence required for
such close design. It is only reasonable therefore that a sufficient number of thermo-
couples be installed to monitor the surface temperatures of the tube walls throughout
the exchanger during the initial operation, both in air and in vacuum. An obvious part
of the exchanger to be monitored closely is the outlet region. The present calculations
show that with lower surface absorption, the lower end of the exchanger, especially
on the inlet side, may be the most critical and should also be monitored closely.



APPENDIX

The formulation for the five node model is presented here for reference.

Node 1 represents the heat source and has an areg equal to the actual total lamp
module area on either side of the exchanger. Node 2 is assumed to be adiabatic and
represents the insulated enclosure walls in the plane of the modules. Nodes 3, 4,
and 5 represent three areas in the tube plane at three specific points along the tube
length, The view factors from each of these nodes to the modules and the gas tem-
perature at each node was obtained from the calculations made by Solar. The remain-
ing view factors and node areas are obtained by requiring them to satisfy the recip-
rocity and sum rules of flux algebra. The results are:

F, =0
F, =0

Fia = Fgy/(Fgy + Fyy + Fey)
Fia = T/ Fgy + Fyy + Fpy)
Fig = Fg/(Fgy + Fyy + Fyy)
Fy, =0

Fy, = 0

Fo=

2y = (-F )/ [(1-15'31) +(1-F ) + (1-F51)]

&
]

gq = (A-F, )/ [(1—F31) +(1-F )+ (1—F51)}

Hj.
1

25 =~ 1"Fgy)/ l(l_F31) *A-Fg) (I'Fsl)]

F31 = Specified
Fap = 1-Fgyy
F33 =0

F34 =0

Foe = 0



F = .
41 Specified
Fao = 1°Fy
F43 =0
Fga =0
F45 =0
F51 = Specified
Foo = 1-F5y
F =
53 0
F54 =0
F55 =0
A1 = Specified
Ag= By = Ay = A/(Fy + Ty + Fy))
A = 3A_ -
2 3 A1

Using this information and the emissivity of each surface, the Hottel or '""over
all" view factors are obtained. It is assumed that each surface is gray.

The heat balance on each node then yields, after algebraic rearrangement:

h'([T T -A0T4+B0T4+CGT4+D 1
3 G3 3 4 5 (1)
4 4 4
h' - T = Eo
<T4 G4> E T3 + F(IT4 + G0T5 + H 2)
4 4 4
h'{T -T =
< 5 G5> KoT,” + LOT,~ + MoT." + N 6))

B-10



where:

A - F3p 73
(Fog + Ty + Fys
5 - Fag a4
(Fog + Foy + o5 +
.. 7 35 To5 .
(Fog * oy * Tp5 * Foy)
9 4
ao o1 <Zl' +°T1>
D = ’
(Fpg + 7oy *To5 *
. 749 Tos
(Fog + Tgy * Ty *
Fao o4
LTy s By T Ty M
23 " Faa T 725 T Ton
G- as P25
T (Fon + +Fo o+
23 " Toq T g5
4 Y
a2 701 <°T1 I
H —_—

C (Fyg gy Tyt Ty

4)

()

)

8

®)

(10)

(11)



755 Tag
K = + 7 (12)
(Tog *Faq *Fp5 * 759 %

7.7
52 ! 24
L = + 13
(Fog * Foq * a5 * T P4 )
Fee F
M _ 52 25 _ 7 _ 7 _ 7 _ 7
(Tpg + Toy * 7o * Fop 51 52 '53 " 54 (14)
q
s 94
50 791 <°T1 +_GT> s 9
N = + 7 éT + = (15)
(Fog *Fgq T Tp5 *Hyp) 1N 1 &
and
F q
4 4 4 4 To1 Y
<723“T3 + 0T, *Tg0Ty v 7,597 +e—1>
oT = (16)
2 (Fog * Fpy * To5 * Ty

In the above equations TG is the gas temperature at node i and q1 is the flux
i
output of the heat source at node 1. The reflector temperature and emissivity at
node 1 are specified. The heat transfer coefficients appearing in these equations
have been modified to account for the difference in surface area between the actual
tubes and the effective tube plane as follows:

where h is the value calculated by Solar, P is the tube circumference and C is the
tube bank pitch,
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Equations (1) through (3) are rewritten as follows:

1
B 4 "4 4
h'(T -T )- BOT / - gcoT / -D
3. "a 4 /. 5 |,
T3 _ /1 3 aAl 1 (la)
/i+1
-
1
— 4
h‘(T4/ - T )—E0T3/ - GOT / - H
T, _ i 4 aFi i 2a)
Ii+1 i
— 1
' 4 4 4
h' (T - T, \- KoT / - LoT / - N
. ) 5Ii G5) 3 [ 4 |, o
. o
i+ 1 L

and solved simultaneously by iteration.

B-13



APPENDIX C

HEATER MODULE LIFE TESTS - PROGRESS REPORTS



SOLAR

DIVISION OF INTERNATIONAL HARVESTER COMPANY
2200 PACIFIC HIGHWAY, SAN DIEGO, CALIFORNIA 92112

RESEARCH MEMORANDUM

R68H-1557-1 . March 20, 1968
TO: T. L. Stockham (G-5) p : , ; : /
cc: R, L. Neher From: R, L. Neher
Jd. E. Benawa Sr. Research Engineer, Ext, 732

Ref, File
SUBJECT: PROGRESS REPORT NO, 1 - HEATER MODULE LIFE TEST

Week Ending 3-18-68

Reference: Brayton Cycle Heater Program - S.0, 6-2933-7

General
This program is in initial planning and test equipment design stage only.

It should be noted that the D, P, E. dated 1/23/68 Desmon/Neher, was based on a module
size of 3" x 8'" x 12" with subsequent change to 9" x 10" x 16" in accordance with heat
target drawing dated 3/8/68 by Marchese. Since the initial vacuum chamber selection
was based on the smaller specimen size a new chamber will have to be procured or fabri-
cated. We have located a chamber that will accommodate the new size but in-house
research scheduling may not permit full five (5) month uninterrupted usage.

We are proceeding with a minimum usage of six (6) week anticipated as discussed with
Stockham/Desmon by M, Gould.

Equipment Status To Date

1. Chamber Modification - Fabrication of base plate scheduled to starf week of
3/18/68 pending receipt of material,

2. Heat Target - Test section received 3/15/68.

3. Power Source - (4) - auto-transformers vari-ac available., Wiring and check out
scheduled for week of 3/25/68 pending receipt of Heater Module,

RLN:cm



SOLAR

DIVISION OF INTERNATIONAL HARVESTER COMPANY
2200 PACIFIC HIGHWAY, SAN DIEGO, CALIFORNIA 92112

RESEARCH MEMORANDUM

R68H-1557-2 April 15, 1968
Ko -
TO: T. L. Stockham (F-5) From: R. L, Neher
L, G. Desmon (F-5) Senior Research Engineer, Ext, 732
ce: J. E. Benawa
R. L. Neher
Ref, File

SUBJECT: PROGRESS REPORT NO, 2 - HEATER MODULE LIFE TEST
WEEK ENDING 4-12-68

Reference: Brayton Cycle Heater Program - S,0., 6-2933-7

Preliminary tests were conducted to verify system output characteristics during this
report period. Total exposure at temperature was 3 hours and 15 minutes as shown
in attached data sheet,

Test data from initial runs indicated low convection heat transfer from heat target
area. Cooling radiator (fin) to be installed adjacent to the target area to provide
additional cooling.

System checkout scheduled for week of 4/15 with subsequent start of Life Test if
system check is satisfactory,

Figures 1 through 3, respectively, (attached) show (1) Test System Schematic, (2)
Thermocouple Layout and (3) Power Source and Instrumentation Wiring Diagram.

RLN:cm
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BRAYTON HEATER MODULE LIFE TEST

System Discussion

Power to lamps derived from 115V AC through SCR units, stepped down to required
voltage. Voltage is variable through MMC from 0 - 115V AC, Max. current obtained
from each SCR is 50A; test thus requires two SCR's as total current = 76A,

MMC has provisions for automatic shutdown by opening N, C. shutdown terminals.

Three protective devices are utilized:

1. Water Pressure Switch

In the event water pressure fails or falls below prescribed limit N, O,
switch opens MMC and thus shuts down entire system. If water pressure
is raised to set level of switch MMC will resume operation at the same
level as before shutdown occurred.

2. Vacuum Switch

In case of vacuum failure below a desired level MMC will shut down until
vacuumm is restored.

3. Current Level Detector

Consists of a 600:5 current transformer, balance battery, level set load pot,
IN536 diode, Varian recorder, N,C. switch set at 20% of Varian scale.

In the event of current increase or decrease Varian recorder will sense
D.C. change gnd will drive toward N.C, Switch, System is calibrated so
that a A of 6% in total current will actuate N, C. Varian Switch and cause
complete shutdown of system, Power can only be restored by manually
resetting the Varian, This is to enable operators to determine elapsed
time for one or more failed lamps and also protects against VoltageA>6%;
as follows; I= Current, E = Voltage, R = Resistance of Lamps

E
I= T a8 R is fixed any A E will be directly: to I and Varian senses any

A 1, thereby protecting test against over-voltage or under-voltage, Al
of 6% or ~ 4.8 amps = 1 lamp current. Current increase or decrease < 6%
can be read on Varian recorder by operator as A/O = 1.1 amp,

* 6% = (I°F 1 lamp)
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SOLAR

DIVISION OF INTERNATIONAL HARVESTER COMPANY
2200 PACIFIC HIGHWAY, SAN DIEGO, CALIFORNIA 92112

RESEARCH MEMORANDUM

R68H-1557-3 September 17, 1968

TO: T. L. Stockham (F-5) (I 'é s ot
L. G. Desmon (F-5) From! . H., Sanders

Research Engineer, Ext, 731

cc: J. E, Benawa
R. L. Neher
File (JHS)
Ref. File

SUBJECT: PROGRESS REPORT NO, 3 - HEATER MODULE LIFE TEST
WEEK ENDING 8-23-68

Reference: Brayton Cycle Heater Program - S, O, 6-2933-7
Continued testing was conducted through July and August as shown in Chart, page 2,

This chart is a breakdown and condensation from the laboratory data sheets kept as a
running record of times, modifications, lamp failures and lamp changes.

The chart does not reflect the manhours and minor problems encountered during test -
such as tear down and set-up, modification of insulation techniques and polishing module

between tests.

A description of the general system is discussed in Progress Report No, 2,

JHS:cm
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SOLAR

DIVISION OF INTERNATIONAL HARVESTER COMPANY
2200 PACIFIC HIGHWAY, SAN DIEGO, CALIFORNIA 92112

RESEARCH MEMORANDUM

R69H-1557-8 ‘January 15, 1969
TO: L. G, Desmon (F-5) / % £
cc: J. E, Benawa From: R, L. Neﬁer
R. L. Neher (2) Senior Research Engineer, Ext, 732

File (1)

SUBJECT: PROGRESS REPORT NO, 8 - HEATER MODULE LIFE
TEST SUMMARY - PERIOD 12-27-68 through 1-15-69

Reference: Brayton Cycle Heater Program ~ S, O, 6-2933-7
Attached are the Heater Module Life Test Summary for Vacuum (Sheet 1) and
Atmosphere (Sheet 2) Environment Testing to date,

Original test data sheets are on file in the Experimental Physics Lab,

RLN:cm

Attachments
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APPENDIX D

SINGLE-LAMP, LIFE-TEST - SUMMARY REPORT



BRAYTON CYCLE SINGLE-LAMP, LIFE-TEST SUMMARY REPORT

1. 0 Introduction

A T4, 750-watt, 120-volt, quartz-iodine lamp was selected at random from
a shipment of lamps from Aerometrics. It was mounted in a test fixture which would
allow testing in both vacuum and air environments. A target of Inconel 600 two inches
from the tip of the lamp was instrumented with chromel-alumel thermocouples to
measure the output from the lamp.

Three individual tests were performed: two in vacuum and one in air. An
as-received potted lamp failed in 50 hours in vacuum conditions from power lead
problems. A Solar potted lamp with a modified qisig'n at the power lead connections
was operated for 600 hours in vacuum of 1x 10 =~ Torr. The same lamp was then
tested in an air environment for an additional 1400 hours before filament failure caused
termination of the life test. The operating power level of the test was 53 percent
of the rated power of the lamp.

2, 0 Experimental Procedure

An as-manufactured (by Sylvania) standard 750-watt quartz iodine lamp was
procured. This lamp had been potted in a ceramic insulator base with Sauerisen
No. 31 potting material. The power leads consisted of stranded nickel wire, spot
welded to the molybdenum pins at the base of the lamp and covered with plastic type
insulating sleeving. ‘A lamp holder was machined from aluminum (T-6061) bar stock
and designed for water cooling at the base. The concave reflector, which was 2.5
inches in diameter, was polished with -325 grit aluminum oxide-water paste to a
surface finish of 5 to 7 microinches (RMS). The lamp holder was inserted into a
target assembly which positioned the lamp two inches from, and normal to the target
end plate. The target portion of the assembly was fabricated from Inconel 600 ma-
terial and instrumented with three chromel-alumel thermocouples, two on the end
plate and one on the side area of the target assembly; oven dried fiberfrax was used
to insulate the target area. The target assembly was sealed into a port in a vacuum
facility using an O-ring and bolted flange. Figure 1 shows the test apparatus in
place. Power to the lamp was adjusted using a 12. 5-amp, 115-volt, Variac in series
with a Raytheon 500-watt line voltage regulator. Voltage and amperage were indicated
on a Weston AC voltmeter and ammeter. Periodically, the temperature, voltage,
and current of the system were monitored and recorded.



FIGURE 1. LAMP LIFE TEST APPARATUS

3.0 Test of Aerometrics Potted 7560-Watt Lamp

An electrical lead junction of an as-received lamp which was depotted is
shown in Figure 2. The difficulties in making this connection by spot welding are
obvious from the oxidation, crushing, and delamination of the molybdenum pins of
the lamp; each wire of the stranded extension leads must be securely welded to the
lamp-pin to prevent a high-resistance point and local heating of the spot weld area.

The lamp was inspected after 39. 5 hours of testing and the conditions were
as follows:

¢ Lamp - normal, no apparent change from start of test

e Reflector surface - covered with a very thin opalescent film, easily
removed with acetone

e Target - satin-grey metallic surface with bright crystalline area 0. 5-inch
in diameter (apparently hottest area) just off-center of target end plate.



FIGURE 2. DEPOTTED QUARTZ LAMP; As-Received

The test was restarted at 1700°F target temperature. Operating conditions after clean-
ing the reflector were nearly identical to the original conditions; i. e., 76 volts, 1700°F,
At 12 hours operation after restarting the test, the stranded nickle leads burned off

at the base of the bulb., The area was covered with a black, apparently carbonaceous
material (Fig. 3). Total life for this lamp configuration was 51. 5 hours, all under
vacuum conditions; the major cause of failure appeared to have been an inferior spot
weld at the juncture of the stranded leads and molybdenum pins at the base of the

lamp. The plastic type sleeving in this area was apparently responsible for the black
carbonaceous deposit.

Measurements using a thermocouple of 0. 005-inch diameter chromel-alumel
wire, spot welded to a lamp base pin, indicated that a temperature of 350 to 500°F
occurs on the lead pins when the lamp is operated at 80 volts in air. In a vacuum
environment and the pin insulated by the potting material, the temperature in the
area will be high enough to cause deterioration of the plastic type sleeving. Charring
of the sleeving in this area probably caused arcing between the pins contributing to
the failure.



FIGURE 3. AEROMETRICS-POTTED QUARTZ LAMP AFTER 51. 5 HOURS
OPERATION AT LOW PRESSURE

4.0 Test of Solar-Potted 750-Watt Lamp - 600 Hours at Low-Pressure

To correct the apparent problems associated with the previous test lamp,
the following changes were made to a new 750-watt, 120-volt, T4 lamp:

e Solid 1/16-inch diameter nickel lead wires were brazed to the lamp
power pins using Easyflow-3 silver brazing alloy

e Fused alumina insulators were placed over the nickel lead wires in the
hot areas

e The lamp was potted with Sauerisen No. 31 into a single (instead of a
two-part) insulator

The lamp was then sealed into the lamp holder. A new Inconel 600 target base was
installed in the target assembly, instrumented with three new chromel-alumel
thermocouples, and sealed into the vacuum facility, The life test was started at
a pressure of 4 x 10~% Torr and run continuously except for seven periodicals
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FIGURE 4. POWER REQUIREMENT TO MAINTAIN 1700°F TARGET
TEMPERATURE VERSUS TIME

interruptions to inspect the lamp, reflector, and target. . A plot of power requirement
to maintain a maximum target temperature of 1700°F versus time for this 600-hour
test is shown in Figure 4; the power requirement at 480 hours of operation in vacuum
had increased about 20 percent over the original value to maintain a target tempera-
ture of 1700°F. Wiping the opalescent film from the cold reflector surface reduced
the power required to sustain the 1700°F target temperature by 65 percent, to a value
only 7 percent greater than that required at the initiation of the test. After 600 hours
of low-pressure operation, the test was terminated. Examination of the lamp, reflec-
tor, and target showed:

¢ No apparent change in the bulb or filament.
e The reflector, when wiped free of the film, was apparently unaffected.

e The target was a matte-grey in color, with a darker grey spot 3/4-inch
in diameter near the center of the target face. A slight bluish ring on
the target wall near the flange area (colder zone) had formed.

A calibration check of the chromel-alumel thermocouple which indicated the
maximum target temperature during the 600-hour test was made and the results are
shown in Figure 5. The maximum deviation from the reading of a new couple was
+10°F and occurred at 1400°F. At 1700°F, the aged couple exhibited a +4°F differen-
tial; well within the normal accuracy for standard thermocouple wire.

D-5
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FIGURE 5. THERMOCOUPLE CALIBRATICN, LOW PRESSURE TEST

5.0 Test of Solar Potted 750-Watt Lamp - 1400 Additional Hours in Air

The same lamp and assembly was set up for testing in air; the target face
had been bead-blasted and new thermocouples installed. The outside area of the tar-
get was insulated to a thickness of approximately 1. 5 inches with fiberfrax. A 500-
watt hot plate was placed under the target face to subsidize the heat losses. The re-
flector surface was cleaned and represented approximately the same finish as before
the low pressure test.

After about 15 hours of operation, it was apparent that greater than 80 volts
would be required to maintain a 1700°F target temperature. Oxidation of the target
resulted in an increase in the absorbtivity and emittance of the target. Film forma-
tion on the reflector further reduced the efficiency of the unit. A decision was made
to hold the 80-volt input to the lamp constant and run to equilibrium conditions; at
this point the reflector was cleaned and the test resumed.

After 304 hours operation in air, the target temperature dropped to about
15503F and was holding:steady. The test was temporarily terminated for relocating
the test and cleming the: reflector surface, The reflector was cleaned using acetone
with fiberfrax as the abrasive. The maximum target temperature ranged from 1740
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FIGURE 6. TARGET TEMPERATURE VERSUS HOURS, AIR OPERATION

to 1590°F (at a constant value of 80 volts); the higher temperatures occurred after
cleaning the reflector. Within 200 hours, the target temperature decreased to approxi-
mately 1600°F. Figure 6 shows a plot of the maximum target temperature versus
hours of air operation. The reflector surface was cleaned periodically and always
resulted in increased target temperature. The loss in thermal efficiency was appar-
ently due to a redeposition of volatile materials on the cold reflector. X-ray analysis

of the deposit wiped from the reflector surface showed the following elements to be
present:

Primary Material Small to Trace Amount
Potassium Lead Silicon
Chlorine Zinc Phosphorous

Copper Calcium
Nickel Chromium
Iron Sulfur
Aluminum

During the 600-hour air environment test, the amperage in the lamp circuit
increased approximately 10 percent. With voltage constant at 80 volts, the starting
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FIGURE 7. SOLAR-POTTED QUARTZ LAMP AFTER 1994 HOURS
OPERATION IN AIR AND VACUUM

current in the circuit was 5. 2 amps and, after about 1300 hours, the current was

5. 8 amps. At 1200 hours, the first noticeable change in the lamp filament was ob-
served. Small crystalline or dendritic formations of bright metallic material (fungsten)
were ohserved over about 50 percent of the filament. The primary area showing the
crystals was from mid-point of the filament to the terminal end near the tip of the

lamp envelope.

Failure at 1400 hours occurred about mid-point of the filament and caused
the quartz envelope to soften and bubble. The lamp envelope was deformed, but
intact, and the filament was operable but damaged; Figure 7 shows the lamp after
termination of the life test, The total time of operation at approximately 80 volts
input to the lamp was 1994 hours, of which 600 hours were accumulated in a low-
pressure environment and 1394 hours at ambient pressure in an air environment.

6. 0 Conclusions

The 750-watt, quartz-iodine lamp, as supplied by Aerometrics at the initi-
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ation of this program was not designed to perform rel
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iably in the Brayton Cycle
Heater. Better engineered designs which correct the problems encountered in this



test program, i.e., improved lead wire attachment, and the elimination of the organic
type sleeving material in the hot areas, led to a more reliable product. The tungsten
filament, iodine cycle system appears to be the limiting factor on the life of the lamp
when adequate power connections and sleeving materials are used. Other tests had

previously revealed that the configuration and size of the concave reflecting surface
is also a major lamp life factor.
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