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FOREWORD

This report was prepared by the Materials Engineering Branch, Materials Applications
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under the direction of the Air Force Materials Laboratory, Research and Technology Division,
Wright-Patterson Air Force Basa, Ohto, My, M, L, Minxos was ths prolec

. 5 L SUngCC Was Wis project manager,
This report covers work accomplished between December 1963 and December 1964, The

manuscript of this report was releaged by the author July 1965 for publication as an RTD
Technical Report,

The efforts of Mr. O, J. Zavskos in assisting with the experimental thermal conductance
measurements are greatly appreciated as is the work of Mr. D, F. Stevision on the spectral
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ABSTRACT

The use of puperalloy and refractory allov honsycomb composites for heat shield and
structural components in re-entry vehicle applications is outlined followed by a detailed
comparison between experimentally measured and analyticelly predicted thermal conductance
values on superalloy honeycomb composites,

The experimental thermal conductance determinations on 1.-605 cobalt alloy pznels of
varisble geometry were made in high vacuum and air environments vsing a high tempera-
ture absolute thermal conductivity apparatus. Measurements were made over the range
from 500° to 2000°F majintaining the temperature drop across the specimens below 200°F.
Average preclsion of the results was +7 percent while the accuracy was established to be 10
percent hased on initial calibration, The thermal conductances in air environment wexe be-
tween 60 and 100 percent above comparable values for the panels tested under vacuum
conditions. Analysis of the resulta indicated that gaseous conduction and convection accounted
for only a small fraction of the difference, the main effect being a large increase in the
radiative contribution produced by increased emittance of the alloy through surface oxidation.
Extensive spectral emittance measurements were made and then integrated to provide input
data on temperature dependent toial emittance to allow quantitative assessment of these
radiative contributions.

i Analytically predicted thermal conductances were based on a semi-empirical approacn
i ’ . suggested by Swann which accounts explicitly for variations in panel geomctry, panel tem-
! perature drop and materials properties (emittance and metallic thermal conductivity).. .
Agreement with the experimental results was within a few percent at the highest test tem-
peratures for both the vacuum and air environment conditions, At lower temperatures in air
environment the agreement was not as good, the predicted values averaging about 16 percent
below the experimental data. The overall agreement between predicted and measured con-
§ ductances measured in vacuum was within abuat 10 percent which is particularly significant
because errors here in the approximated radiation interchange factors would lead to the
largest errors in predicted conduciance due to high reflectivity and specularity of the honey-
comb cells. As a result of this experimental sulistantiation over a wide variation in dependent
parameters it is concluded that the prediction procedure is generally useful for most engi-
; neering applications in estimating the thermal conductance of metallic honeycomb composites
f &% high temperatures.
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SECTION |
INTRODLIC TIOMN

Structu-al elements of high strength-high modulus honeycomb core constructicn have been
widely cniployed iu luctical and siraiegic airceraft and in experimental vehicles of the U, S,
Alr Force. Intricate honeycomb fabrication problems have been resolved sufficiently in the
case of the lower temperature aluminum, stainless steel, and titanium alloys to allow their
consideration for use in such systems as the B-58, F~104, F-111, RS-70 and the Supersonic
Transport, Extensive investigations of fabrication problems and mechanical and thermal

properties of honeycomb composites have been conducted recently, (References 1, 2, and 3.)

For higher temperature applications to approximately 2000°F a wide variety of superalloyso
have been ocongidered for use in honeycomb panel configurations. Both structural and heat
phield designs have been developed and fabrication has heen sucoessful {References 4 and 5
and Appendix I), Panels of 1-605 cobalt superalloy were used in this investigation because the
alloy exhibits good oxidation resistance along with a minimum of fabrication problems. The

alloy was used successfully in aft panels for the ASSET vehicle and perfori..ed satisfactorily
under re-entry heating.

At temperatures beyond 2000°F the use of refractory alloys in honeycomb composite con-
figurations has been very limited due to the extreme difficulties encountered in fabrication.
TZM molybdenum alloy was among the first considered, the composite manufacturing methods
being based to some extent on the results of the extensive fabrication development efforts
carried out under the Air Force’s Dynasoar program (Reference 6). The embrittlement and
poor fabricability of the TZM resulting from recrystallization have been studied in develop-
ment of honeycomb sandwich fabrication methods (Reference 7). By using high remelt tem-
perature brare alioys TZM honeycomb panels have bean produced (Reference 8). Compatibility
of the brare alloy and the oxidation resistant coatings was found to be a problemu, however,
Similar efforts have been directed toward the development of braring, diffusion bonding and
full panel fabrication procedures for I-36 and Cb-752 columbium alloys (References 4 and
7). Bracing and diffusion bonding of tantajum alloys also have been investigated (Reference 8),

The efforts on T-111 and T-222 tantalum alloys are contluuing with the objective of producing
full scale honeyocomb composites.

The use of both metallic and non-metallic honeycombs for reinforcement of organio and
ceramic matrices has been studied widely, Non-metallic honeycomb reinforcement of silicone
ablators is employed in the GEMINI heat shield while similar boneycomb reinforcement is
being considered for the thermal protection systems on pilot vehicles in the Air Force'’s
START program. The use of ceramic filled metallio honeycombs in very high temperature
thermal protection system componenis (References 9 and 11) and in uncooled rocket nozzle
extensions, as for example the F-1 Saturn engine (Reference 10) are well known,

In the use of thesc composites it is important to have fairly accurate estimates of their
thermsl characteristics along with information on tensile, compressive and shear properties.
Fou structural applications a knowledge of the effective thermal conductance and of temperature
gradients which are generated in service is necessary in thermal stress analysis, For heat
shield applicstions the effective thermal conductance must be known as a function of temper-
ature level for both transient and steady ntate heating conditions in order that heat loads on
insulative and structural members may be determined, For filled honeycomb composites where
the core structures serve as reinforcement, the thermal trangport properties are nearly
that of the filler material, However, in the case of light weight, unfilled honeycombs, which
are more common in most structural and heat shield applications, the heat transport char-
acteristics are gquite complex. This is because convection, conduntion (both solid und gas phase)
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and radiation heat transfer ocour simultaneously. The situation is further complicated by the
frct that the relative contribution of these various heat transfer modes changas as the tem-
perature level of the compogite varies.

A commonly used design approach to pastially circumvent the difficulties in estimating
heat transfer characteristic. is simply to observe the thermal response of particular parels
when sublectad to tpansient heating conditions simulating those expecied in service, Panel
distortion, attachment stresses and ccld face temperature rise are amonyg the parameters
measvred in obtaining practical data for design. Although satisfactory in soms cases, this
approach, of courss, lacks generality and extensive testing is required each time panel con-
figurations and/or thermal environments change,

The purpose of this investigation wass to study in detail the coniributions of various heat
transfer modes to the overall thermal conductance of metallic honeycomb remposites, Steady
gtate tests were utilize” throughout in order to study in a thorough and systematic manner the
variations in the relative contributions of vonductive and radie’ive heat transport as a function
of temmperature level, To facilitate study of solid conduction contributions, fiet panels of 1-505
cobalt alloy were used having variations in core foil thickness and overall panel thickness.
Tests were conducted in both air and vacuum 2nvironments to assess the infiuences of gas
conduction and parel oxidation on the radiative heat transfer contributi>n. Extensive measure-
ments of thermal emittance were performed in conjunction with the radiative transport study.
The experimental thermal conductance measurements were made to near the failure limits of
the L-605 panels: 2100 to 2200°F, Procedures for the fabrication of refractory ailoy honey-

comb were not sufficiently developed at the time to allow inclusion of such panels in this
test program o '

The analysis of the thormal conductance data utilized approximate finite differe:ce heat
balance techniques to consider radiative and conductive heat transfer simultaneously. Com-
parisons are made between these analytical predictions andthe experimental results allowing
for temperature variations in alloy thermal conductivity and tempevature induced variations
in emittance as a result of oxidation, To further assess validity of the analytical predictions,
temperature gradient studies were performed with diffusely reflecting cylinders which

simulated the honeycomb core geometry assumed in calculation of the radiative interchange
factors.

[
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SECTION 1l

THERMAL CONDUCTANCE MFAS!UIREMENTS

The apvaratug use? for the thermal conductance measurements wag a high temperature
guarded hot plate originally designod {or the Air Furce by Dynaiech Corperation, Cambridge,
Magsachusetts. A complete description of the constructisn and cslibration of the equipment
is given by Sparrell, Coumou and Plunkett in Reference 12, Briefly, the design and operation
is as follows: The high temperature heating unit shown in Figure 1, is 12 inches by 12 inches
overall. T consists of 9 heater blocks, each 4 inches square by 3/4 inches thick which are
fabricated frora high purity alumina, Each block has a contlnuous spiral groove which ac-
commodates 40 mil Platinum-40 percent Rhodium heater wire. After placement of the heater
windings the spiral groove in each bhlock is filled with a high purity alumina slip~grog
cement. Sintering is accomplished by high temperature air firing,

The central main heater block is surrounded by eight guard heater blocks. During operation
test specimens are placed on either side of the heating unit, the power dissipation from the
maein heater providing a controllable heat flux through each specimen. As in conventional
guarded hot plate operation, significant lateral heat logses from the main heater are prevented
by adjusting the guard heaters until their average temperature (measured near the main
heater) i equal to that of the main heater, To allow automatic balancing of the guard heater
units with respect to the muin heater, two 16 junction differential thermocouples, one on each
side of the heating assembly, were used. The output signal controlled powsar to the guard
heators, Stepless Contirol Corporation ‘‘Power Props” were used as the basic power control
units. These operate on silicon controlled rectifiers (SCR) wliich are regulated from a d.c.

. ‘input control signal. Successful operation with SCR units rated at 90 amps has been:\a,'_chieved.

Uﬁder balanced, steady state operating conditions it ie clear that the power dissipation

from the four ‘‘cornmer’ guard heater blocks will be greatar than that from the four ‘‘side’

guard heater blocks. In order to make relative power adjustments between these, separaie
power props with control voltage trimmers were used for the side and corner guard heaters,
Once the relative proportion of power was established, the entire guard ring was controlled
automatically relatiive to the main heater,

The overall configuration used during the honeycorab conductance tests is shown in Figure 2.
The high temperature heater assembly is sandwiched between two honeycomb panel specimens,
Because the panels have relafively thin, electrically conductive face sheets, the various in-
strumentation thermocouples could not be mounted flush with the specimen surface, After
spot welding to the pavel face sheet, the 10 mil Platinum/Platinum-10 percent Rhodium ther-
mocouple wires were run into two-bore alumina tubes which were in turn cemented to the
panel surface. Couples were mounted on the face sheet in positions directly over core
loints and in positions where the face sheet spanned the core cells. This instrumentation
procedure necessitated the use of 4 spacer material between the specimen panels and the
main-guard heater unit to accommadate the couples while at the same time providing uniform
support for the heater blocks, A 1/8-inch layer of 40-mesh bubble alumina was used for
this purpose, Figure 8 shows the honeycomb test panels with the temperature sensir : and
diffsrential thermocouples in place. The differential couple was, of course, electrically in-
sulated from the specimen surface, The thermocouples over the corner and aide guard heater
areas were used for control purposes as discussed earlier,

For materials and composites which contain substantial void areas, convection contributions
could cause a difference in the effective thermmal conductance between the specimen located
sbove the main heater and the specimen located below. Since the power dissipation of the
main heatar represents the sum of the heat fluxes through the metered area of both specimens,

3
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Figure 1. Main and Guard Heater Configuration
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an independent measurement was required togive the relative proportion of heat going through
each mpecimen., This was accomplished by placing identical heat meters or rstio elements
adjacent to the cold face of each specimen as shown in Figure 2, The heat meters were built
up from 4-inch square blocks l1-inch thick and were fabricated from commercial alumintam
siilcate (Mullite). If the mean temperatures of these ratio elements are equal and their
thermal conductivity linear over the temperature range considered, the ratio of their respective
tempel"ntlu‘e dmpﬂ is wual to tha rahn l\f th hﬂﬂ.‘ nIIVﬂﬂ ﬂnur‘m Q‘l\m-‘xsu .‘l;v““ hﬁcasﬁemnt
of this ratio allows calculation of the heat flux flowing through each specimen, This arrange-
ment also allows simultaneous testing of specimens of different conductivity. Other heat
meters of high purity alunina or eilicon carbidc may be used depending on the temperature
range and specimen conductivity range encountered. For all honeycomb panel tests, ideatical
panels were used above and below the main heater. In order to allow independent variation
of the specimen cold face temperature during test, auxiliary heaters are interposed between
the ratio elements and the water cooled heat sinks. With this arrangement accurate adjustment
of the specimen temperature drops could be attained despite the rapid variation in honeycomb
gpecimen conductance with temperature. One auxiliary heater was controlled manually, the
other automatically controlled with respect to it. The control signal for this second auxiliary
heater was from the thermocouplee sensing the temperature drops across the ratio elements;
balance between the two auxiliary heaters was achieved when the iwo ratio elements had the
same mean temperature.

Depending on the temperature range of operation the entire assembly shown in Figure 2
was insulated laterally with either Johns-Manville MicroQuartz insulation (to 2000°F) or
Norton coarse-grain alumina granules (o 2800°F). An overall view of the equipment during
test stack construction is given in Figure 4,
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SECTION Il

TEST SPECIMENS

The test specimens used in this program were fabricated for the Air Force Matecials
Laboratory by Solar Division of the International Harvester Company, San Diego, California,
T*~ rrecimens, of L-605 cobalt - base alloy, were in the form of flat panels, 12 inches
squaxe, A photograph of a fypical panel with edge members in place but before face sheet
attachu.eit i8 shown in Figure 6. Two panel thicknesses and two different foil gages for the
core cell werc used, The exact geometry of the various test panels is given in Table L As
meitioned carlier, two panels of identical geometry were required for each test in the high
temperature guavrded hot plate anparatus.

A& complete description of panel fabrication process used by Solar along with photomicro-
graphs of core node, node-face sheet and core-face sheet areas are included in Appendix L
Briefly, the procedure was as follows. After hand honing of the core blankets to eliminate
rounding of the foll edges and to assure flatness, the edge frame was attached to the core
by microtacking, producing the assembly shown in I'igure 5. The braze alloy was then applied
to the surface of the core in powdered form, After positioning of the face sheets, the panels
were individually assembled into a retort unit for brazing, This operation was conducted in
two steps. First, to complete the braze the retort assembly carrying the pancl was heated
in argon to approximately 1950°F, held for a few minutes and then cooled, the cycle re-
quiring slightly over one hour, Second, a diffusion cycle of approximately 3 hours at 2100°F
was run to permit homogenization of the braze reaction zone which increases the remelt
temperature to about 2300-2400°F, X-ray analysis and ultrasonic scannirg were used fo
produce facsimiles of the panel surfrces. In general, the diffusion bonding was found to be
excellent for all panels, The continuity of the braze 18 shown in Figure 6 which is a photograph
of a panel cut at 45°, Note the core perforations which were made to allow parel testing in
various gaseous environments. As is shown In the photomicrographs, Appendix I, the minimum
fillet-diffused method used in panel fabrication produced panels with very little geometrical
distortion due to face sheet and core fillets,

Figure 5, Honeycomb Panel Before Attachment of Face Sheet
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TABLE 1

HONEYCOMB TEST PANEL GEOMETRY

Panei Cell Wall Face Sheet Core Cell

Panal Nr, Thicknsass, (i) _ Thickness, (in) Thickness, (in) Size, (in)
S bl | Dememey | weeeno) | el

1A 0.748 0.001 0.010 0.25

1B 0.742 0.001 0.010 0.25

2A 0.380 0.001 0.008 0.25 ‘

2B 0.370 0,001 0,008 0.25

3A 0.375 0.002 0.019 . 0.25

3B 0.375 0,002 0.908 0.26

4A 0.747 0.002 0.010 0.25

4B 0,746 0.002 0.010 0.25
OTHER DATA

aterial: 56% Co, 20% Cr, 15% "V, 10% Ni (L-605 Alloy)
Eraze Alloy: 91.2% Ni, 4.5% Si, 2.9% B, 1.1% Fe (Coast Metals Alloy No. 52,
AMS Spec 4778)
Panel Configuration: All apecimens were 12 inches square, with perforated
core, and 0,028 inch edge members

Figure 6, 45° Section of a Brawmnu L~605 Honeycomb Panel (2X)
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SECTICN IV

EXPERIMENTAL RESULTS

The thermal conduetance of honevcomb composiles is generally defined as the net heat flux
through the panel divided by the overall temperature drop as indicated in Equation 1,

h s ——— t

where,
h = thermal conductance, BTU/hr~ft?-°F
q = specimen heat {. 1x, BTU/hr-fi2

AT = specimen temperature drop, °F

The experimental data obtained during this program was presented in this form. The results
obtained during the sequence of four tests, withthe four sets of specimens described in Table L
are given in Figures 7 through 9. The tabulated data points are included in Appendix IV, A
thermal conductance curve was first obtained under vacuum conditions which ranged from

1 x 107 torr to 5 x 10°% torr, and then under oxidizing conditions in air at atmospheric

pressure. During the measurements a period of between 8 and 24 hours was required to
reach steady-state conditions before recordiig each data point. Longer adjustment periods
were required at low test temperatures because of comparativeiy high thermal inertia of
the system. Thus approximately 5 days of continuous operation was required for each thermal
conductance run. At steady-state the average temperature difference between the corner
and side guard heaters was 1-3°F at all temperature levels while the difference between the
guard ring and the main heater ranged from 0.3° to §°F. These measuremerts were made
betwven the thermocouples mounted on the specimen surfaces directly opposite the various
heater blocks. In one air environment teat, at about 1500°F, the guard heaters were purposely
imbalanced by 40°F with respect to the main heater. The resuliing conductance value was
compared with a data point at the same temperature taken when the maximum difference be-

tween guard and main heaters was 2.3°F. The difference in calculated conductance values
was about 7 percent,

To assess the effects of thermocouple contamination from contact with the L-605 several
tests were run comparing standard Platinum /10 percent Rh thermoocouples with thurmo-
couples which had been spot welded to the L~605 specimens and which had been used in both
vacuum and air environment conductance tests. Initial difference of between 3° and 15°F
were observed among the various couples; however, these differences remained nearly constant,
independent of thermal history and independent of whether the couples were in contuct with
the L-605 or not. It was concluded that contamination effects were of small importance and
that initial thermocouple calibrations were majntained to withiu a2 few percent throughout the
test sequence on sach set of panels. Relative variations among tho various couples on a given
panel as a function of thermal and environmental history were negligible,

A full analysis of the data will be given in the next section. However, there are several
general features which should be nolod bere. First, the thermal conductance, s defined by
Equation 1, is approximately doubled when the pane] thickness ia halved {comparing Figures 7
and 8, and the two curves in Figure 9). Second, on shifting from a vacu.m environment tv an
oxidizing environment the conductance for a given panel thickness increases greatly (Figures
7 and 8). The air environment curves inthese figures lie hetween 60 and 100 percent above the
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corresponding vacuum curves, The most obvious factor to consider in accounting for the
observed differences is the contribution of gaseous conduction and convection. The gas

n
conduction contribution &t 2000°F is approximately 1.4 BTU/hr-ft” for the thinner panels

and about 0,7 BTU/hr-ft? for the thicker panels. Thus this contribution accounts for only
aboul 4 perceni of the vbserved increase ai the maximwm test temperaiure, At around 400°F,
the gas conduction contribution is about 10 percent. Tho convection contribution was estimated
from the functional dependence of the Nusselt number on the Grashof number~Prandt]l number
product for the free convection case, The calculated convective contribution is about 3 percent
at 2000°F and less than 1 percent at 400°F,

Experimental results in air environment for panel sets No, 1 and No, 3 show the conductance
values for the panels above the mainheater unit ran ahout 5 percent higher then the values for
the panels situated below the main heater. Although this is about the difference expected from
convection effects, the results are not conclusive since the average precision of the data was
in this same range, running from 1.5 percent to 15 percent. In addition, the trend was not
observed in panel set No, 2, It is concluded that the scatter in the experimental thermal con-
ductance data is too high to definitely isolate the 1 to 3 percent difference expested from
convective effects.

The large differences hetween the air and vacuum environment datu can obviously not be
explained entirely on the basis of gaseous conduction and convection contributions. Because
the L-605 alloy oxidizes at higher temperatures it was expected that increased emittance
could lead to the increased thermal conductance in air environment if the chunge was supb-
stantial. To Investigate this possibility, spectral emittance measurements were made on L-605
in various states of surface oxidation. A full description of these resulis and the procedure
for obtaining the ewmittance data is given in Appendix IL Briefly the method was as follows:
Spectral normal emittance was measured with & Perkin- Tlmer Model 13~U double beam re-
cording spectro-photometer using an emittance furnace to hold the specimen and a Gler-
Dunkle cavity as the blackbody reference. The system was first calibrated with Mationel
Bureau of Standards references, the results being within #2 percent, The data on the L-605
specimiens was then reduced by referring it to data on the NBS oxidized Kanthal reference
run simultaneously. The more important observations are summarized in Figure 10 where
the speciral normal emittance is plotted for different environmental exposures. The lower
curve in Figure 10 is typical of an unoxidized me‘al iu the infrared. After exposure to 2000°F

in a 5 x 1(‘)'5 torr vacuum it is seen that the alloy is slightly oxidized. Exposure, at this
temperature level in air produces a surface which is heavily oxidized and which has a much
higher spectral emittance characteristic of an oxide dielectric as shown in the Figure. At
low temperatures the air environment thermal conductance curves begin above the vacuum
environment curves due to the slight oxidation encountsred under high temperature vacuum
conditions. Only the air environment results for panel sets 3 and 4 are shown in Figure 9
since undetermined oxidation occurred during this particular vacuum test. These effects
are discussod quantitatively in the next section.

In the heat balance equations the total hemispherical emittaice »f the 1~605 as a function
of temperature and environment was required, In orderto obtain this information the spectral
normsal emittance dat. was converted to total hemispherical emittance. The first step was
graphical intzgration of the spectral normal data according to Equation 2,

Ay
E_ AX
™ f'e o xf
] \
T > E"ax
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where,
reu = total hemispherical emittance
fl = gpectral norraal emittance
B = ratio of lemisphericul to norm: 1 emittance
iFi = blackbody emissive power .
A = wavelength

The resulting total normal emittance data was converted to total hemispherical emittance
data using calculated values of the ratio between the total normal and'total hemispherical
emiitance, B8 . This ratio written explicitly as a funntion of the optical constants is obtaired
froin the integrated Fresnel equations. The ratio including both perpendicular and parallel
polarization components is given as a function of optical constant values by Dunkle (Ref-
erence 14), Visual examination of the 1.-505 specimens was used to ascertain whether the
surfaces were essentially metallic or whether oxidation had been extensive enough to develop
a surface film characteristic of a dielectric. The optical constants and consequently the value
of g will be different for each case. Table II presents the results,

TABLE II

TCTAL HEMISPHERICAL EMITTANCE OF 1~-605 COBALT ALLOY AS A
FUNCTION OF TEMPERATURE AND ENVIRONMENT

Temperature, °F €rh B=¢1n/ €1n a4

Vacuum Environment (1 x 1074 torr)

525 0.123 1.15
1300 0.192 1.13
2025 0.300 1.07

Air Environment (Atmospheric Pressure)

525 0.123 1.16
1080 0.184 1,12
1230 0.588 1.13
1460 0.582 1.02
1750 0.596 113
2025 0.487 104
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The emittance variation between the vacuum and air environments is by a factor of from 2
to 3 in the temperature range from 1200 to 2000°F. The discussion of results shows that the
radiative heat iransfer contribution to the total conductance increases from about 60 percent
to 80 percent over the same temperature interval, Thus, the observed increase in emittance
and the increzsid COniiiuuliun in radiative Deat vranster at high temperatures is sufficient to

account, at least qualitatively, for the large increase observed in thermal conductance in air
environment,

18




AFML-TR-65-233

SECTION V

DISCUSSION OF RESULTS

Analysis of the heat transfer characteristics of honeycomb composites with open celis is
complicated by the fact that both conduction and radiative heat transfer may be important,
the relative proportion of each varying markedly with temperature, Because of the strong
interdependence of these heut transfer modes at higher temperatures simple superposition
cannot be employed in determining the overall thermal conductance of these composites.
If radiation contributions are small, which may be the case at lower temperatures, both the
steady-atate and transient heat transfer properties of a honeycomb composite can be obtained
explicitly through transform techniques since linear boundary conditions can be written for
the time dependent Laplacian equation. For this case the small radiative contributions can be
estimated independently. For example, in early studies of heat transport in honeycombs at
Langley, it was fornd that the radiative contributions could be calculated based on the magni-
tude of the temperature difference across the panel when only conduction was considered
(Reference 15). Thus it was possible to estimate both radiation and conduction contributions
based on results for the conduction case only, Experimental verification of this approach
was limited to low temperatures,

A more general method for estimating thermal stress distributions and thermal conductance
characteristics which would be accurate at higher temperatures requires the use of analog or
digital computer techniques in handling the non-linearities, Conversion of the non-iinear
ordinary differential equations resulting from the one-dimensional conductive-radiative heat
balance to finite difference form is one of the most common approaches and is amenable to
digital computer solution, In writing the finite difference equations the honeycomb core cell
is broken down into a number of rings, which are assumed to be isothermal, A steady-state
heat balance written around a given ring would take the following form assuming that only
solid conduction and radiation are significant,

-T T. - i
n-1 n +
s - n toes {11-2 F 1o
| [ n i i
n-i n In In+1 i-r ™
2A5 kn-,  2Ap kg 2A, k, 28,4 Knt,
Solid Conduction Solid Conduction Net Radiation
Into Ring n Out of Ring n Transfer From
Ring n
where,
T, = mean temperature of ring r, °F
1, = vertical thickness of ring n, in,

A = crogs-sectional area of ring n for solid oonduction. 1n2
k_ = thermal conductivity of ring n, BTU/ hr £t2-
¢ = Stefan-Boltzmann constant, BTU/ hr-ft>-°F
€ = total hemispherical emittance of ring n

S, = surface area of ring n

Fpj = radiation interchange factor between node i and node n
} = total number of rings in the core cell

= .-

4
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Aside from the rather involved uroblem of simultaneous solution of these equalions written
over the j rings making up thu <2ll core a major difficulty encountered in using Equation 3 is
determining the radiation intevchange factor f.'r’n ; » Using the notation of Hottel (Reference 16)

this factor accounts for mu't:ple reflections from all elements that eventually result in a net
interchange between ring ‘‘n’! and ring *‘i*’,

If blackbody conditions are -assumed (reflectance = 0, and isotropic emission) reflections
within the core cell between the various rings do mot occur and the net interchange factor
reduces simply to a geometrical view factor, Fn i This factor is simply the fraction of the

radiant energy emitted by ring ‘‘n’’ which is incident directly upon ring ‘‘i’’. In general, for
two arbitrarily placed areas, Sn and Sl’ the geometrical view factor is given as follows,

Fayi = V;i f j; [ coss*f’i ][ cos:n ]dsn as; (4)

S; n

where,
¢' = angle between normal tv surface i and the line 3

8 = distance between centers of the differential areas
dSi and dSn

Evaluation of this factor for a variety of geometries such as parallel plates, disks and planes
at right angles has been carried out (References 16 and 17). For the case of honeycomb cells
Swann (Reference 18) has developed equations for the view factors F ni in terms of the length

to diameter ratios of a cell approximated as a right circular cylinder. The exial symmetry
of the geometry allows extensive simplification of the final equations through various reci-
procity relationships.

If the emittance of the radiating elements in the honeycomb core is less than unity (re-
flectance > 0) a much more complex radiation interchange within the core will occur, If
the reflectance is low the direct view factor, Fn {» can be used without appreciable error.

If the reflectance is high (low emittance) the net interchange factor '.*m { Which accounts
for multiple reflections should be employed. It is clear that while Fn.i is exclusively &
function of geometry, ¥ nd is a function of both geometry and the optical properties of the
core material. As will be shown 9‘n. 1= f (Fn,l") if simplifying assumptions are made con-

cerning the emittarce € . Firsi, it i3 assumed that all surfaces obey Lambert’s Cosine Law,
that is, they are diffuse emitters and reflectors. Second, it is a3sumed that gray body con-
ditions are met. Figure 10 shows that neither metallic or oxidized 1-6056 are gray body
emitters; however, since an emittance correction is made in the heat-balance equations at
each temperature level and since the overall temperature drop across the panels is low at
all temperature levels, gray body emission is a valid approximation,

Considering the finite difference area elements or ‘‘ring's’’ of a honeycomb core cell
shown in Figure 11, the direct radiation from e:ement (1) to element (2) is € F1 X of this

the fraction (l-e)F2 3 is reflected from element (2) to element (3) and finally the fraction
(1-1')3‘3 1 of this beam is reflected backto element (1), Thus for this particular beam a series

of the form given in Equation 6 is developed to account for multiple reflections, Expanding
similar equations to include multiple reflections from all elements has been carried by
various investigators including the effects of absorbing gases (References 16, 18, 19, 20, and
21).
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Figure 11, Finite Difference Elements Within Honeycomb Core Cell

= €F _<+(l-€)eF F _+(l-¢)ll-€)eF F F
one beom, ht ’ LWt r3 " ! e 2,3 1,3
2reflec.
=€ [F.’!+ (I-«¢) F", F.,‘ —-(l-€)(l—¢€) Fu'ze,n F,.l] (5)
The following closed form expression forﬁ"ni encompassing “)'* finite difference areas
was developed by Swann (Reference 18): ?

j j
=€, [Fno'ni+2(|-.¢ LA A RN S (ETITEE ST A F"u"uF"m"o+"']

I‘\o,ﬂi NS n° no'ni no' | m=1 hy, =t
i (i {6)

where,
n, by, 0,0 = various rings of the cell

Alternately if the j by j matrices | F | and [5‘] and the diagonal emittance and reflectance
matrices I‘ ] = diag (e ~~~ e‘j) and| p | = diag (1~€, ~~--1-¢ j) are defined,
[ ]

i

[(F]-2 [trlte1] Irliel (7)
Using the factor 3, ; or an l'apgroximation to it in Equation 8, it is possible to write a set ov
gimilar equations ovtr all the finite ares elements of the honeycomb cell including the hot and
oold face shest elements (Refercnce 22). From these equations the terperature distribution
down through the cell can be cdetermined, Once this i3 known,an overall heat balance gives
the steady-state heat flux through the eniire core due to simultaneous solid conduction and
radiation, Qrpe Based on this quantity an effective thermal conductance, he' is defined as
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he = (2)

where,
k = effective thermal coaductivity of the honeycomb panel,
BTU-in/hr-£t*-°F
1 = overall panel thickness, in,

T.r = oversall panel temperature drop, °F

Since computations of effective conductances based 2n Equations 3 and 7 are bighly invoived
and require extensive computer analysis, it was desired to compare the experimental results
obtained in this inwestigation with analytical predictions based on approximated radiation inter-
change factors and heat balances which could be applied vonveniently in engineering practice,
The semi-empirical method suggested by Swann (Raference 18) was tie most satisfactory.
It was found that the effective thermal conductance of an open-celied honcycomb composite
could be written ay a functica of the cubic power of the honeycomb face sheel temperatures
when the net radiation interchange factor was written in: the following form,
A 1)

-89 (1.63)(y+1)
S (F,€} =0.8684(y +0.3) € ! (9)

where,
y = honeycoinb cell length tv dizmeter ratic

The comparisone are given in Figures 12 through 14 whore the curves drawn through the ex-
perimental data peints in Figures 7 through 9 are reploticd ulong with dotted curves repre-
senting the analytical predictions, The gas conductiorn contribution has been added to the
analytical curvee for the air environment case. These analytical values were first expressed
as dimensionleas eifective thermal conductivity, T(;. versue dimensionless temperature, 'T;.
and then converted to dimensional form for direct comparison with the ¢xperimental results,
Ee and T, ave detined as follows,

- ke
kg = = {10}
Ys
—_ olR '
T [ X ] i (i
where,

o = effactive thermal conductivity, BTU—in/hr~ft2-°F

k = thermal conductivity of the core material,

BTU-in/hr-ft2-°F
R =p core/p = solidity
- 3
P core " COTe density, lbs/fi

p = density of metal making up the core, Ihs/ft>
1 = core height, in.
o = Stefan-Boltmann Constant, BTU/hr-1t2-*F*
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The solidity term, R, i3 clearly the cross-sectional area of the honeycomb which is avail-
able for direct solid phase thermal conduction, In order to allow for conduction coniributions
freum breze alloy flow down the core nodes, this term was calculated from direct weight
mvaswuwenis Of the rapricated core. This procedure was more accurate than estimates
made from photomicrograph cross-sections. It is also evident that the product k x R repre-
gents the fraciion of heat transferred by solid conduetion and thus IEe ag given in Eguation 10

is essentially the ratio of the total heat transfer due to solid conduction and radiation to
the heat fransfer by =rolid conductiorn: alone. Values of ke<1 indicate solid conduction pre-

dominance; values of k_ > 1 indicate radiation predominance. The relative solid conduction
and radiative contributfne for these panels as a function of temperature and test environ-
ment will be discussed aiter examination of the comparisons in Figures 12 through i4.

Agreement betweon the predicted conductivity and the experimentally measured values
ic generaliv very good. On the average, the analytically predicted curvea are about 30 per-
cent below the experimental curves at low temperatures with the average difference de-
creasing to only 6 percent at the maximum test temperature. In all cases the analytical values
were derived making allowances for temperature dependent thermal conductivity of the L-605
and for variations in total emittance as a function of test environment and ternperature level
28 experimentally mezsured and reporied in Table IL The close agreement between measured
and predicted vuluqs for the vacuum environment tests is particuiarly noteworthy since errors
in the approximated radlation interchange factors would be expected to cause the largest
errors in effective panel conductivity when the emittance is low or where core reflectance aud
specularity is high, The vacuum environment emittance data in Table II shows that tl.e re~
flentance was indeed quite high ranging from 0.70 ‘o 0.88,

At lower temperatures the predicted values, ae shown in Figures 12 and 13, are nearly
identical in air and vacuum since the emittance values are about the same, The curves in
Figures 12 and 13 were obtained with honsycemb panels having a core with 0.001 inch cell
walls which represcat a solidity factor of R = .85 percent. The panels used in the tests
reported in Figure 14 had 0.002 inch core cell wallc which correspond to a solidity factor
of R = 1,63 percent. The conductivity correlation, which accounts for this variation, is
excellent in this case also. At low temperatures where the solid conduction predominates,
the solidity governs the conductivity level. At 4C0°F the average measured thermal con-
ductivity for the panel with 0,001 inch core is 1.6 while that for the panels with 0,002 inch
core is 3.4. A similar ratio exists between the analytically predicted values.

In the general definitions of ibhermal conductivity the parameter is independent of the
thickness of the test specimen and of the temperature gradient across it. This is not the
case for urfilled t:aeycomb composites at high temperature for two reasons. First, the net
radiation interchange factor is a fumction of the lengih to diameter ratio of the cell. Second,
even for constu.l geomeiry, the radiative contribution varies in a non-linear fashion with
temperature leval and specimen temperature drop. Thus, the experimental conductivity
curve for ths 3/8 inch panel in Figure 14 lies below that for the 3/4 inch panel due tc the
greater temperawure gracdient in the thinner panels. The overall temperature gradient is
accounied for explicitly in the correlation resulting in the apread in the analv’ical curves,
It is important to cbserve that radiative hea! transfer in the celis, together with its strong
influencz on conductive contributions, partizularly at higher temperatures, leads to effective
thermal conductivity values which are dependent on bo:h gpecimen thickness and temperature
gradient. This dependence must be considered in practical ¢pplication of honeycomb com-
posite conductance data,

Returning to discussion of the dimensionless conductivity defined by Equation 10, the solid

conducticw and radiation contributions summarized in Table III were calculated from the Tc'e
values pradicted for the various panels.
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TABLE III

PADIATION AND SOLID CONDUCTION CONTRIBUTIONS 1O THE OVERAT.T.
CONDUGLANCE AS A » JNCTION CF HONEYCOMB GEOMETRY,
TEMPERATURE LEVEL AND TEST ENVIRONMENT

€412 222 N~ Dl
Wiy = V. [Tt i i)

WEAN B T 'REL SOLID CONSTRUCTION RADIATION
TENPERATURE, THIGKNESS, ENVIRONNMENT CONTRIBUTION, CONDUCTIOR,
*F in /s %

780 0.74% Vacuum 42 58
1210 0.75 Vacuum 30 70
1380 0.75 Vacuum 17 83

510 0.75 Air 57 41
100¢ 0.75 Air 35 63
1880 0.75 Air 10 87

700 0.375 Vacuum 89 41
1259 0.375 Vacuum 35 65
1970 0.375 Vacuum 18 §2

9200 0. 375 Air 41 87
1460 0.375 Air 19 78
1980 0.375 Air 13 84

Solidity = 1.63%

510 0.75 Air 77 18
1130 0.75 Air 38 58
1960 0.75 Air 13 83

490 0.375 Ajr 85 10
1290 0.375 Air 34 61
1960 0.375 Air 20 756

Examination of Table III shows that for a fixed panel geometry (coustant panel thickness
and solidity) the radiative contribution is lower in vacuum environment than it is in air
because the emittance is lower. The difference tends to increase with temperature since
the emittance of the L~-605 increases in air due to oxidation. For a fixed solidity, the solid
conduction contribution is higher in the thinner paneis for both vacuum and air environments
because the thermal gradients are substauiinlly higher, These differences diminish at
higher temperatures in both vacuum and air becsuse the relative contribution of radiation
increases more rapidly with temperature in the thin panels. This i due to more favorable
radiation interc! ange factors in the shallowei cores,

The predominance of radiative transfer at higher temperatuies as indicated in Table
II1 is further substantiatad through the temperature dependence of the total thermal con-
ductivity curves given in Figures 12 through 14. If an effective conductivity, k , is defined

where the conduction and radiation contributions are equal, then a plot of the function

27
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K(T) = K, [-T%] )

fails wichin about 5 percent of the various thermal ~onductivity curves. If radiation heat
trangfer predominates a cubic temperaturc dopendence as expressed in Equation i2 18
expected in this case where the overall panel temperature drop is small relative to the
absolute temperature level.

The differences between the analytical predictions and the experimental measurements
at low temperatures are attributed partly to conductance measurement errors and partly to
analytical productions which are too low. At higher temperatures where the guarded hot plate
accuracy increases, the differences ave attributed to small uncertainties in emiitance. The
fact that the differences between predicted and messured conductance valugs decrease more
rapidly with temperature in the case of the vacuum runs than the air environment runs,sub-
stantiate this observation, For shallow core cells such as these encountered here, uncertainties
and variations in emittance when the emittance level is moderately high (e = 0.5) have a
relatively large effect on the approximate radiative interchange factor. With a core length
to diameter ratio of between 1.0 and 3.0 a ten percent variation in emittance leads to a 6-9
percent variation in the thermal conductance at high temperatures, The conductance variation
with emittance is less sensitive for the deeper core. Experimentally the agreement was
somewhat Letter at high temperatures for the thicker panels having the deeper core.

Comparisons with results obtained by other investigstions are limited because very little
experimental data is available in the literature on the thermal conu.ctance of superalloy
honeycombs; however, scme determinations were made on flat L~-605 cobailt alloy panels with
0.002 inch core cell walls (Reference 4). The specimans were fabricated in a manner similar
to those used in this investigation, The experimental results were compared with the thermal
conductivity data obtained under this investigation on the panels with 0.002 inch foil, Figure 14,
The panels tested by North American Aviation as reporied in Reference 4, were 0.5 inches
thick, the panel temperature drops being comparable to those used here. The comparison
showed that the North American data fell midway betweer. the data in Figure 14 for the 0,375
inch and 0,750 inch thick panels. Taking the thicknes3s dependence into account the agreement
was within 2 percent over the temperature range covered by North American: 500 to 1600°F,
Within experimental precision then, the agreement is exact,

Some additional data on the thermal conductance of L-605 honeycombs were obtained py
Dynatech Corporation (Reference 12). The panels used were flat, 0,92 inches thick with 0,0015
inch cell walls. Although no details of the panel fabrication procedure were given it is possible
that node flow of braze alloy could have been substaatial, increasing the solidity factor
greatly, Comparison with the data obtained in this investigation, making allowances for the
difference in panel and cell wall thickness, indicated that the Dynatech data was high by about
20 percent at all temperatures from 600 to 2000°F,

Finally, to provide a qualitative check of the predicted non-linear temperature gradients
down the walls of a honeycomb cell when both conductive and radiative heat transfer are
significant, thermal grauient studies were run on cylindrical elements approximating the
cell configuration, Right circular cylinders with length to diameter ratios of 1,0 und 10.0
were fabricated from seamless stainless steel. The steel selected had a thermal conductivity
nearly equal to that of the L-605. The cylinders were instrumented axially with thermo~
couples and were coated on the inside surface with cobalt oxide to give a diffuse finish and
an emittance of very nearly 1.0. One end of cylinders were cooled, the other heated to obtain
the plots of wall temperature as a function of pos..ion given in Figure 15, Further details
of the experimental arrangement are given in Appendix IIL
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In these cavities with large axial temperature gradients direct radiation

interchsnge
(Fn.i = F,, ;i € =1.0) between portions of the internal mnrfaca laads 4o tomporaturs giadionts
which may deviate substantially from the nearly linear gradients predicted if only solid
conduction were considered. As shown in Figure 15, the gradient near the hotter end of the
¢ell is sieeper ihan the linear gradient case, while the gradient near the center and toward
the cooler end is flatter. This occurs becauge of the direct radiation interchange from the
hot end to cooler portions down the wall. When the length to diameter ratio is low (1/d =1.0)
the effective radiation interchange factor is high comparedto the factors for the deep cavities

(1/d = 10.0). The more pronounced curvature of the dotted curves for the deep cavities in
Figure 15 reflects this difference.
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Figure 15. Temperature Gradient Down a Cylindrical Wall With Solid
Conduction and Internal Radiation (¢ = 1)
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SECTION VI

CONCL.USIONS

ey ey Ye v
an o Grawn

In general the following conclugions ¢ cgarding the lhermal conductance re-
sults on the L-605 honeycomb composites.

1, The experimental results which exhibit an average precision of +7 percent indicate that
the thermal conductance of the L-605 honeycomt panels increases with temperature in hott:
vacuum and alr environments, This general increase is attributed mainly to increased radia-
tive heat transfer at higher ternperatures. The results are in very good agreement with other
data reported in the literature,

2. The fact that the air environment conductances for a given panel were 60to 100 percent
higher than the vacuum environment conductances at the same temperature level is due mainly
to oxidation of the cobalt alloy resulting in an emittance increase of a factor of 2 to 3 and a
proportionate increase In the radiative contribution. Gas phase conduction and convection
accounted at most for about 8§ percent of the gifference.

3. Analytical predictions of honeycomb composite conductances using approximated radia-
tion interchange factors were found to agree with the experimental results to within 6 per-
cent at the highest test temperatures, At lower temperatures the agreement was not as good,
the predicted values averaging about 15 percent below the experimental data. The agree-
ment is particularly significant in the cage of the vacuum environment curves since errors
in approximated radiation interchange factors would have the greatest detrimental influence
onrfthe predicted conductance in this case where the core cells are highly reflective, specular
surfaces.

4. The radiative contribution to the total thermal conductance was found to increase frorn
about 20 percent at 400°F to about 80 percent at 2000°F, This effect is reflected in the fact
that the thermal conductance was nearly cubic intemperature at the higher test temperatures.
When high temperature applications are considered the importance of having accurate emit-
tance data on shallow cell honeycomb composites such as those tested here.is clear.

5. Temperature distributions across open celled honeycomb composites in the direction
of heat flow are highly non-linear under conditions where radiative contributions are signifi-
cant. This factor should be accounted for in thermal stress calculations when panel temper-
ature drops are substantial,

6. Because radiative contributions introduce significant non-linearities in the net transport
process in open celled honeycomb composites, certain precautions must be exercised in
engineering uses of thermal conductance data. The most important point is that the effective
conductance values are a function of the temperature drop across the panel as well as the
absolute temperature level, In addition, when changes in the emittance of the honeycomb core
or the internal surfaces of the face sheetsoccur substantial variations in effective conductance
are likely.

7. The analytical results are sufficiently accurate particularly at the higher temperature
which are of most direct interest to allow use of this prediction procedure in engineering
design for high temperature applications. The procedure has been demonstrated to be of
very general applicability since variations in honeycomb cell geometry, panel thickness,
and panel temperature drop are accounted for explicitly. The increased prediction accuracy
afforded by more refined analyses involving exact solution of the finite difference heat balance
equations is not felt to warrant their use because of the large volume of computer computation
required,
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SECTION VII
APPENDICES
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APPENDIX 1

HONEYCOMB PANEL FABRICATION
1. INTRODUCTION

The following desoription of the panel fabrication procedure used by Selar Division of
International Harvester Company is a summary of the final report submitted by the Company
under panel fabrication contract, AF 33(657)-11745, The final report was written by Mr, James
R, Woodward, Research Engineer, Solar.

2. PANEL FABRICATION
a. Core-Edge Frame Preparation

The brazing process for L~-606 honeycomb panels with high temperature capability re-
quires precision contact between the honeycomb core and facing, The mating interface of
the core to the facing must be siarp, square-cut and free of burrs. The necessity for the
requirement is to permit an excevedingly small and uniform amount of braze alloy to be pre~
placed »t core-facing junction, During the subsequent brazing operation the braze alloy
merely melits ‘“‘in place’’ at the core-facing joint, Metallurgical reaction of the braze alloy
and core-facing interface occurs to precisely controlled depths during a thermal diffusion
process. A uignificant increagse in the braze alloy and metallurgical Inter-solution of the
core and facing accurs to provide high temperature capability.

The diffusion cycle permits homogenization of the braze reaction zone allowing resultant
increases in remelt temperatures in the neighborhood of 2300 to 2400°F with the superalloy
1.-605.

The core blankets as machine. made had misaligned ribbons causing faying surface steps
of as much as 0,0035 inches. ‘I'oc prepare the edges of the 0.001 and 0.002 inch core ribbon,
a freeze fixture was made to secure the core blankets flat. The surfaces were then hand honed
with a silicon carbide block. The resulting surface as inspected under 40 power was flat
with no rounding of the foil edges.

The core honing operation was accomplished in two stages. The core surface was first
honed so that all ribbon steps were removed, The edge frame was then assembled to the core
by microtzcking and a final honing operation was then performed on the frame to bring it
down to the precise level of the core.

The edge frame was made from 0,025 inch 1-605 sheet, It consisted of a strip which was
formed into a 12 inch square and butt welded, Three 0.187 inch holes were placed in each
side of the frame for venting.

b, Braze Alloy Loading

Braze loading of high temperature honeycomb structures is one of the most critical
operations. Diffusion controlled brazements require that minimum braze alloy quantities
and optimum loading sites be strictly controlled. Before braze alloy loading, the core
was cleaned by vapor degreasing, alkaline wash an? water rinse. The core was then surface
coated witha polybutene film and dipped into the powdered braze alloy. Typical braze alloy

pickup is shown In Figure 16. The loading rates averaged 7.83 grams per #i® for the 0,002
inch core and 5,40 grams per ft° for the 0,001 inch core.
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c¢. Panel Layup

Vha taning cohooto wora formaod intn o pon be adow foldine 1€ insh Thic proccdure allowed
better handling conditions and also enabled a cleaner transition o adjacent slip sheets and
edge supporting members, Figure 17 shows the face sheet-core layup components. Slip sheets
were positinned againsi the skins to siabilize the retori system. These siip sheets were made
from 0,025 inconel 600 and served to separate the thin skin from the heavier retort bag. As-
sembly operations such as microtacking the thermocouples to the retort were isolated from
the skin by the slip sheets, A1/2 inch band of Nicro Stop-Off {Wzll Colinonoy Co.) was applied
to the edge of the sheet and dried by playing a soft flame over the band. A thin cnating of
colloidal Boron Nitride was then applied over both surfaces of the slip sheet to aid in sep-
arating after the brazing and diffusion processes.

Edge filler core was made from 0,010 Inconel ribbon and surface ground to 9,010 inches
less than the full panel height. These strips were 1/2 inch wide and were used as transition
pieces from the relatively rigid retort edge to the flat pressure applying portion of the
retort diaphragm,

The panel-slip sheet-filler core assembly was positioned by microtacked foil taks to
afford handling strength. Figure 18 shows the components of this assembly,

The retorts were made from 0,025 inch Inconel formed into a pan as shown in Figure 18,
Tubes wers welded into two opposite ends for purge and vacuum control. The assembly
was accomplished by positioning the panel layup in one retort pan and lowering the other
pan in place. The pans were then registered to a flat granite plate by banding a hold down
plate to the assembly. While in the registered position the edge of the retort was clamped by
mechanical toggle type clamps.

The Assembly in the clamped position was removed from the precision flat and the retort
pans edge welded. Welding was accomplished by standard TIG (tungsten inert gas) air cooled
hand torch and generator power source using argon as the inert gas. The welded retort
assembly was again registered to the precision flat and full vacuum was applied. Af this
point vacuum was sustained on the gystern until the brazing and diffusion operations were
complete. The vacuum tightness was checked by a one hour hold and observing any drop in
the yacuum pressure, At the early stages the leak tightness was checked by Mass Spectrometer-
helium leak techniques but the system was found to be reliable without this operation,

d. Atmosphere Control and Thermocouple Assembly

During the vacuum registering phase, the retort was connected to the atmosphere control
panel. The argon atmosphere is purified by a titanium getter which is opurated at 1350°F, a
molecular sieve and cold trap operated at ~-120°F. The atmosphere is monitored by flow meters
and a hot strip checker. The hot strip checker invent>d by Solar consists of a 4 inch diameter
glass vessel which is in series with the outlet line from the work piece so that it always
contains a sample of the last gas removed from the rotort, A strip of A-286 foil is arranged
inside the vessel so that it can be heated by electrical resistance while surrounded by the
atmosphere sample, The appearance of the strip after heating in the atmosphere is an
effective index of atmosphere quality as A-286 is very sensitive to contaminates,

The pressure is regulated through the panelby villves to achieve any fraction of full vacuum
by mixing purified argon on the inlet side of the part. Flows are regulated by valves to allow
the required dynamic purge. The pressure and flow are monitored by gages, manometer and
flow meters. Actual flows during dynamic puxges are on the order of 1 cofh.
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Figure 17. Honeycomb Punel Assembly: Core, Frame, Edge Member

Figure 18. Honeycomb Panel Braze Layup: Core Assembly, Face Sheets,
Slip Sheets, Retort Pan
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Temperature monitoring was accomplished with six thermocouples located at the ton,
bottom and ocenter of each side of the panel. They were microwelded to the retort using foil
tabs for positioning, The temperature of each thermccounle was monitored by a 12 voint
recorder. Burner control was adjusted to maintain uniform temperature over the one square
foot panel.

e. Panel Brazing

The radiant gas brazing facility described in Reference 23 was used for this program. The
devioe is essentially symmetrical about a vertical plane passing through the entrance slot.
On one side of this plane there is a radiant panel composed of seven horizontal rows of burners,
Each row contained 16 individual burners fitted against each other, The burners are connected
to seven manifolds which aré in turn attached to a movable vertioal rack permitting precise
adjustment -of the distance from the radiant panel to the work piece. The panels were set 20

~ inches apart for the L-605 pancis (10 inohes from the work piece).

The jnitial development on the high temperature diffused honeycomb brazing established
the braze loading rates, pressure-temperature relationships and process parameters. The
pressulu-temperature relationship is an oxtremely important variable whick ucalls for
accurate brazing controls. The main parameter is io establish the maximum pressure applied
to the facing-core joint without cell buckling.

The limits established for the pressure-temperature programming during brazing of the
two different core foil gagus is indicated in Table IV,

TABLE

PRESSURE~TEMPERATURE RELATIONSHIP
FOR L~605 HONEYCOMB BRAZING

Temperature, °F [~y wrl;ressureLps%'oozn oore
200°F 13.4 13,7
1800°F 1.0 2,6
(Variation is linear between these temperatures)

A typical braze cycle involved heating to about 1900°F over a period of 30 minutes, holding
at this level for about § minutes and then cooling at about the same rate. The Jargest tem-
perature gradient across the retort assembly ocourred In the low temperature rarge of
from room temperature start to 1000°F, A 100°F gradient is the approximate maxirnum
vhich ocours at a 500°F mean temperature, Conl down gradients rre fairly well controlled
having a 50°F maximurn at the start of the cooling oycle.

£, Panel Diffusing

As described earlier, diffusion (or homogenization) of the braze alluy is required to
develop high remelt tomperatures, In order to aocomplish this the panels were exposed
to a step type thermal treatment. The furnace fur this operation was a natural gat fired,
box type furnace which is used for long time, high temperature heat treatments, After
part stabilizatior at 1800°F, the temperature wes raised in 50°F stops to 2100°F where it
was held for approximately two hours,

38

—m——“_ MAAINES, ..ARNERE




s |

AYML-TH-€5-233

3. ACCEPTANCE DATA
a. iiotrllurgical Evaludtion

Meiallurgical analyses and quality inspections wave nerformed on thc L 605 pancis. Twu

L ———a

specimens were sectioned to evaluate rode flow and face sheet-core joints. Figure 19 shows

a typical core-face sheet joint with a 7 gram per ftz. braze loading. A relatively large fillet
is obtained at this loading rate. A section through the node area is shown in Figure 20. In

this case, diffusion has occurred through the 0,002 inch foil withcut reduction in gage by
solution,

A cross-sgoction of the nodal joint halfway up the 3/4 inch core is shown in Figure 21,

Figure 22 is a micrograph of the core-face sheet joint very close to the node point. It shows
the start of the node filiet between ine core legs.

In measurements of panel flatness it was found that the 3/8 inch thick panele varied up
0.087 jnches from perfect flatness. The temperature gradicnts developed during the braze
operation were sufficient to caus: scine distoriion of the thianer panels, The higher section
modulus of the thicker panels prevented significant distortion,

b. Non-Destructive Testing

Minimum fillet, diffused honeycomb panels are relatively uuique in the non-destructive
testing requirement. The normal honeycomb panels, made by standard processes, have heavy
fillets and ususlly have a braze filler radically different ‘n physical properties (that is, silver
or gold). This system lends its.lf to non-destructive testing by radiography, which is con-
sidered a reliable inupection method. The minimum fillet-diffused method of high tempera~
ture honeycomb fabrication, however, does not have the same characieristics and therefore
is unique. Solar Advanced Research investigated three methods cf inspecting the braze hond.

(1) Radiographic Method ’
The 3/4 inch panels were radiographed and it wus noted that there was no definition of

core-face sheet joint or nnde flow. The density and sive variations between the braze and L-605
alloys werz not sufficlont to be detectable by X-ray analysis, in these diffusion bonded

7 panels.

(2) Thermal Sensitive Coating Method

‘. method which utilized the difference in thermal conductivity between a bonded core and
a single face was investigated. This proceos is based on the fact that the bonded core foil
conducts heat away f=om the skin faster than an unbonded aree at the center of the core
cell, The material used for this study was Bond Check made by Magnaflux. The process
showed very poor sensitivity. It was concluded {hat the minimum fillet joint does not con~
duct sufficiently different than the cell center to produce a discernible pattern,

(3) Ulirasonic Method

Ultrasonic techniques for nup~destructive testing of honeycomb have advanced to a hgh
degree within recent years. Reccant experience on other unique inspectinn requirements has
shown this method to be extremely versatile and reliable. Nine panels were inspected ultra-
sonically,

The equipmicnt used for this inspection was located at Automation Industries in Torrance,
California. A Lithijum Sulfate focused transducer was operated at 15 megacycles per second
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Core Node - Face Sheet Joint: 0,002 Irch Core
- 0.01 Inch Face Sheet (75X) Ox:lic Electroetch

Figure 2¢.
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Figure 21, Core Node Joint: Section Taken 8/8 inch From Face of a 3/4 inch
Specimen (50X) - Oxalic Electroetch

Figure 22, Core-Face Shoet Joint: Section Taken Near the Core Nodal Point
(76X) - Oxalic Electroetch
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and vscillated over the panel which was iramersed in water, The head was traversad so that
the focused ultrasound beam coversad the panel in 0.016 inch increments through a 4.5 inch
water column,

A Model 424B Immerscope was used to monitor the transducer power. A Model 1047
Ultragraph powered by a Sperry Sonafax Source provided the gating and printing circuitry.
An Alden facsimile recorder was used to print the inspection results. The results of this
inspection showed minimum voids for all panels inspection,

The focused transducer technique is extremely sensitive and is considered a reliable
method of non-destructive testing the minimum filiet, high temperature honeycomb structure,
The high sensitivity, however, produces problems associated with flatness. It has been
established that a 0,010 inch change from the focus point of the transducer (that is, 4.5
4,010 inch) causes enough variation in the printing signal that the instrument must be re-
adjusted. The fascimiles of the 3/8 inch panels were of poorer quality than the 3/4 inch panels
because of the flatness variation, The warpage of the 3/8 inch panels was excessive relative
to this requirement and many adjustments were required to obtain satisfactory results. By
adapting & follower to automatically adjust the transducer height over a curved panel, ex-
tremely sensitive quality inspections may be made.

(4) Visual Inspection

The diffused pattern of the core skin bond is easily visible. This pattern has proven in
the past to be a reliable indication of the bond. The ultrasonic traces corretpond directly
to the diffused pattern, these observations thus serving as a secondary substantiation of the
bond inspection results,

The cleanliness of the panel interiox was excellent on the panels cut for metallurgical

evaluation, There was no indication of oxide or contamination of any kind., The surfaces
were similar to hydrogen bright annealed foil.
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APPENDIX i
SPECTRAL NORMAL EMITTANCE MEASUREMENTS

The instrument ugsed in making spectral emittance measurements on the L-605 specimens
was & Perkin-Elmer Model 13-U Spectrophotometer with a Model 205 Diffuse Reflectance-
Emittance Attachment., The L~605 specimens, in the form of 1 inch diameter disks were
placed in the emission sample holder shown in Figure 23. The specimen temperature was
adjusted until it was equal to that of the hohlraum cavity which served as the blackbody
reference. Automatic controllers were utilized in maintaining the specimen and the reference
cavity at the same temperature (within about +1 percent). The sample holder, hohlraum
cavity and transfer optics required to bring the two beams into the Model 13-U Spectro~
photometer are shown in Figure 23, The specimen and reference beam path lengths through
the transfer optics are equal thus cancelling effects of atmospheric absorption.

In the double~beam recording spectrophotometer the specimen and reference beams are
chopped mechanically, sent through a wavelength scanning prism of sodium chloride, then
alternately sensed with a thernocouple deteotor while the scanning ie run over the spectral
range from 1 to 15 . These signals are combined electronically; the ratio being the spectiral
normal emittance which was plotted on a Leeds and Northrop Speedomax G Recorder,

Over the temperature range from 480 to 1400°F, the hohlraum can be maintained within
+1 percent of the temperature of the specimen thus giving an overall accuracy in emittance
of approximately #5 percent, The unit was calibrated with reference standards of platinum
(low emittance), oxidized Kanthal (moderate emittance} and oxidized Inconel (high emittance)
from the National Bureau of Standards (Reference 24). To further reduce potential errors
in the spectral emittance data on the L-605 specimens due to small temperature and optical
path lengths differences, data was obtained concurrently on the moderate emittance oxidized
Kanthal reference standard. The 1-605 iata was reduced relative to the reference standard
curve,

Results of the measurements are given in Figures 10 and 24, The various specimens were
sogked in an air environment muffle furnace at the temperatures indicated in Figure 24.
The extent of the soak period was such that the spectral emittance data was stable with
time. The 526°F and 1050°F curves are fypical of a metallic material, Slight oxidation is
evidenced in the 1060°F curve. The curves at temperatures between 1250°F and 2026°F are
typical of an oxide material. Visual exumination of the specimens indicated that above 1200°F
a stable oxide film had formed. At the highest temperatures the oxide coating was thick ana
quite coarse.

The vacuum environment curve shown in Figure 10 was obtained on a specuanen after the
vacuum conductivity run to 2010°F. In Figure 10 this ourve is compared with two air environ-
ment curves from Figure 1, Some oxidation of the L-605 occurred in the high termperature
vacuum test, however, the specimens still retained a metallic luster.
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Figure 23. Optical Arrangement for Spectral Normal Emittance Measurements
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APPENDIX 1ii

TEMPERATURE ORADIENT STUDIES WiTH

CYLINDERS SIMULATING HONEYCOMB CELLS

Since the analysis described earlier approximates the honeycomb cells as right circular
cylinders, it was desirable to establish whether the analytically predicted gradients were of
the same form as thosge observed experimentally,

The honeycomb penels used in the thermal conductance tests could not be instrumented to
obtain axial temperature gradient in the core cells. To provide an experimental check of the
predictions, fairly large, right circular cylinders of seamless stainless steel were con-
structed with length to diameter ratios of 1/d =1.0 and 1/d = 10.0. The cylinders were in-
strumented axially with thermocouples and were coated on the inside surface with cobalt
oxide to give a surface which was diffuse and which had an emittance of very nearly 1.0,
Copper plates were silver soldered to one end of the cylinders, stainless steel plates being
welded to the other. These plates assured good thermal contact between the heat sink,
adjacent to the copper plate and the heat source, adjacent to the steel plate. The cylinder
with 1/d = 1,0 is shown in place in Figure 26. The lateral surfaces of the specimens were

insulated heavily and a compressive load was appliedto improve contact between the specimen
and the heat sink and the heat source.

The results of the tests with the two cylinder geometries are summarized in Figure 15,
page 30. The insert in the Figure gives the axial gradients which are predicted analytically
with ¢ = 1.0 for the two length to diameter ratios. For fairly small overall axial tempera-
ture drops across the panel as encountered in the honeycomb specimen testing the thermal
conductivity of the metallic alloy changes very little and thus if only solid conduction were
present, the temperature distribution down the walls would be nearly linear, The influence
of radiation interchange is disocussed in the main body of the repoxt,
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Figure 25,

Cylindrical Specimen (1/d =1,0) Used in Axial Temperature
Gradient Measurements
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TABUL AR EXPERIMENTAL DATA

APPENDIX {V

The following Tahle is a tabulation of
sented graphically in Figures 7 through 9.

o
i

saperimenial thermai conductance data pre-

TARLE V
EXPERIMENTAL THERMAL CONDUCTANCE DATA
Mean Panel Specimen Specimen Heat Thermal Conductance,
Temperature, °F AT,°F Flux, BTU/hr-ft2 BTU/hr-ft?-°F
Panel #1 A (Bottom, Test #3)
Environment: Vac:1 x 10 *m Hg

749 63 121 1,92

772 63 123 1.94

807 68 122 1.80

821 66 122 1.86
1210 71 304 4,28
1204 67 ais 4,75
1207 68 311 4,565
1587 76 9356 12,562
1600 72 934 12,97
1619 70 897 12,86
1408 53 294 5.53
1951 67 1268 18.8

Panel #1B (Top, Test #3)
Environment: Vao: 1 x 10~

766 54 76 1.42

777 bb 75 1.36

812 58 76 1,29

832 66 75 1,14
1226 62 218 3.56
1218 58 244 4.18
1222 60 241 4,06
1600 70 740 10.60
1512 68 741 10,70
1631 67 723 10.82
1421 60 229 4,563
1976 67 1012,0 15.0
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TABLE IV (CONT'I3)

l

ranel #1A (rottom, Test #3)

Znvironment: Air: Atmospheric Pressure

512 162 410 2,52

504 158 406 2,56

948 183 1140 5.23

992 181 1142 6.30
1002 174 1138 6.53
149% 140 2330 16.8
1524 133 2310 17,4
1546 122 2210 18.3
1501 127 2320 18.3
1893 115 3240 28.2

Panel #1B (Iop, Test #3)
Environment: Air: Atmospheric Freasure

514 161 450 2,79

506 160 465 2.86

976 188 1215 6.41

984 187 1213 6.4

999 183 1217 6.68
1486 140 2380 17,05
1511 133 2400 18,0
1536 123 2260 18.3
1494 126 2390 19.8
1878 119 3200 26,8

Panel #2A (Bottom, Test #4)
Environment: Vac: 5 x 10™° torr

746 42 167 3.96

652 a7 201 5.46

696 37 187 h.10
1246 Y} 672 11.80
1636 66 1237 18.9
1643 66 1231 19.06
1960 78 2080 26.6
1966 78 2082 26.8

Panel #2B (Top, Test #4)
Environment: Vac: 5 x 10”2 torr

699 61 202 3.96
636 30 162 5.44
659 36 182 6.10
1166 69 816 11,76
1608 63 1188 18.90
1610 63 1194 19.00
1869 88 2320 26.2b
1880 86 2318 26.80
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TABLE IV (CONT'D)

ranel ¥#2A (Bottom, Test 4)
Envircnment: Alr: Atmospneric Praganra
540 151 1080 7.18
888 175 2065 11.85
04 177 2066 11,67
1445 123 3480 28,40
1481 122 3480 28,60
1965 93 4600 49,60
1985 92 4600 49,80
1379 89 4530 51.30
Panel #2B (Top, Tost 4)
Environment: Air: Atmospheric Pragsure
497 138 780 5.63
817 181 1520 8.43
B32 185 1520 8.23
1374 122 2460 20,29
1390 121 2460 20,36
1895 94 3270 34,70
1908 94 3270 36,00
1914 93 8290 35.30
Panel #3A (Top, Test #2)
Environment: Air: Atmospherioc Pressure
491 81 579 7.16
845 101 880 8.70
1268 66.6 1290 23,20
1271 56 1280 22,90
1928 51 2430 47 70
1928 48 2420 50,50
Panel #3B (Bottom, Test #2)
Environment: Air: Atmospheric Pressure
493 96 691 7.2
862 117 1040 8.9
1291 69 1606 21.8
1295 69.5 1516 21.8
1971 66 3130 4.5
1963 65.5 3140 44,0
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TABLE IV (CONT'D)

r

Panel #3B (Bottom, Test #2)
Environmant: Vacuum: 4.0 x 10“4 torr
926 31.¢ ' 263 8.4
974 27.¢ 270 10,0
1657 36.5 1480 41,7
1658 35,0 1486 42,5
1489 38,0 1470 38.7
1974 54,0 3080 57,0
1966 54.0 3060 56,6
1963 55,0 2960 53.7
Panel #4A (Top, Test #1)
Environment: Vacuum: 4.0 x 10”4 torr
904 67 563 9.7
906 57 568 19,9
1420 66 1137 17.6
1956 71 1722 24.3
19456 87 1783 26,8
Panel #4B (Bottom, Test #1)
Environment: Air: Atmospheric Pressure
510 123 645 5,20
1134 69 621 9.02
1639 64 1146 21.23
1969 37 1203 32,560
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