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-panel (core an% ggnding matarial) was calculated to be

SUMMARY

Accurate analytical methods are presented for predicting
the heat transfer and resulting temperature distribution in
both brazed and bonded honeycomb sandwich panels during
transient and gteady state conditions. This analysis includes
the heat transfer due to conduction through the cell walls
as well as the heat exchange due to radiaticn within the
cell, Heat transfer by convection 18 negligible.

An experimental investigation was conducted in which
one surface of a honeycomb sandwich panel was heated by
means of quartz radiant heaters and the resulting transient
temperatures of the panel skins were measured and recorded.
The test specimens consisted of brazed steel, brazed titanium
and bonded aluminum panels, each having a thickness of
approximately 1/2 inch. Excellent agreement between the
experimental measurements and the analytical predictions
have been obtained.

The results of the analytical and experimental
investigations show that the heat transfer in tho brazed
panels is largely dependent on the thickness of trazing alloy
which has accumulated on the cell walls during febrication.
Since the thermal conductivity of the brazing alloy, which
is approximately 95% silver, is large (200 Btu/hr ft OF
compared to the conductivity of steel or titanium (10-1
Btu/hr £t OF), a very thin layer of brazing alloy on the
cell wall can increase the heat transfer due to conduction
through the core by a factor of 1 to 5 depending on the
core geometry and amount of brazing alloy used per skin.
For the 1/2 inch brazed panels considered in this study,
the heat transfer due to conduction in the cell walls was
increased by a factor of 3.08 and 2.4 due to the brazing
alloy in the steel and titanium panels, respectively.

A significant parameter in the transfer of heat through
bonded sandwich panels is the thermal reaistance of the
bonding material between the skins and core. The bonding
material consists of one layer of glass cloth impregnated
with phenolic resin. For the 1/2 inch bonded aluminum panel
which was investigated during thls study, the overall con- ;
ductance gf the core alone was calculated to be 46,7
Btu/hr £té OF whereas the overall conductance of the tonded

€A

3.03 Btu/hr ft




An effective or overall thermal conductivity has been
predicted for each of the honeycomb panels (steel,
titanium and aluminum). This effective thermal conductivity
acoounts for the heat exchange within the cell due to
radiation as well as the conduction of heat through the cell
walls, Por the panels considered ia this study the heat
transfer due to convection and conduction within the air
contained in the cells is negligible compared to conduction
in the cell walls and radlation within the cells. The
effect of heat exchange due to radiation within the cell
ocan significantly increase the overall oconductance of a
given panel, depending on the temperature of the inner and
outer skins, the cell wall emisgsivity and cell geometry.

11 . F




7 . TABLE OF CONTENTS
Page
- SUMMARY 1
LIST OF FIGURES 1v
LIST OF TABLES v
NOMENCLATURE vi

1. INTRODUCTION
| 2. METHOD OF ANALY3IS 2
’ 2.1 Brazed Panel
' 2.2 Bonded Panel

. - , z.3 Effective Thermal Conductivity of Core 11
- 3. TEST DESCRIPTION 14
4, DISCUSSION OF RESULTS 16
4.1 Comparison of Predictions with Measurements 16
4,1.1 Brazed Steel Panel 16
4,1.2 Brazed Titanium Panel 19
} 4.1.3 Bonded Aluminum Pansl 22
4.2 Effective Thermal Conductivity of Core 25
5. CONCLUSIONS 27
6. RECOMMENDATIONS 28

i1




S
i S N

Ry LIST OF FIGURES l
Figure ™zle Page
1 Brazed Panel Honeycomb Core Cell 29
2 Bonded Panel Honeycomb Core Cell 30 .
3 Effective Thermal Conductivity of a 31
Typical Honeycomb Sandwich Panel
4 Typical Test Specimen and T. armocouple 32
Installation
: 5 Test Apparatus 33
6 Effecta of Brazing Alloy and Cell Wall 34

Emissivity on Inner Skin Temperature

7 Comparison of Temperature Predictions 35
and Measurements

g 8 Effects of Brazing Alloy and Cell Wall 36
Emissivity on Inner Skin Temperature

SNy

9 Comparison of Temperature Predictions 37
and Measurements

10 Effects of Bonding Material and Cell 38
Wall Emissivity on Inner Skin Temperature

11 Comparison of Temperature Predictions and 35
Measurements

12 Effective Thermal Conductivity of Steel Lo

Honeycomb Core

13 Effective Thermal Conductivity of 41
Titanium Honeycomb Core

iv




Table

LIST OF TABLES

Title

Description of Test Specimens

Configuration Factors "FJ-n" for Brazed
Steel Panel

Configuration Factors "FJ—n" for Brazed
Titanium Panel

Configuration Factors "FJ-n" fcr Bonded
Aluminum Panel

Page

15
17

21

24




iR R

NOMENCLATURE
Symbol Description Dimensions
a cross sectlonal area of une cell 1n?
c heat capacity Btu/1b °F
F radlation configuration factor dimensionless
h honeycomb core depth in.
k thermal conductivity Btu/hr-£t-°p
P perimeter of cell wall in,
t time sec,
T temperature °R
x coordinate in.
P4 one-half cell well thickness in.
, ¢ braze alloy thickness on cell wall 1in,
Y cell wall thicknesa (2 ) in. ‘
§  inner skin thickness in,
€ emigsivity
. F dummy variable
" braze alloy thickness on inner skin in,
¢ density 1b/rt3
% o Stgfin—Bolfémann's constant Btu/hr-£t2-Or%
; .174x10 .
? w bonding material thickness between 1in.

skin and core

vi

RN
BE e ftte YR b b fmmant wp pres




Subscripts
b

o] [ =9 | ®

NOMENCLATURE
(Continued)

braze alloy or bonding material

core

effective

insulation or point within insulation
point within honeycomb core

outside or exposed skin

base metal of core (steel, titanium
or aluminum)

vii




1.

INTRODUCTION

Heneycomo saudwich panels are currently being used
in the construction of high performance ailrcraft and
missliles and are also beirg proposed for construction of
future high speed vehicles. The design of a vehicle for
high sreed flight must be supported by structural tem-
perature predictions and the amount of heat traasferred
through the exterior panels during flight. 1In order tc
predict these quantities, it 1s necessary to have a
knowledge of the heat transfer characteristics of the
honeycomb panel.

Heat 1s transferred through the honeycomb core by
means of (1) conduction in the cell walls, (2) conduction
and convection in the air contalned within the cells and
(3) radiation within the cells. In order to simplify
heat transfer calculations, it would be most desirable
to consider the honeycomb core as a homogeneous medium
which has a given specific heat, density, and some
effective thermai conductivity which accounts for the
combined effects of conduction, convection, and
radiation heat transfer within the cell, Usually, the
effective thermal conductivity of a given sandwich panel
is obtained from experimental measurements during con-
ditions of steady state heat transfer. However, the
use of these experimental results for heat transfer pre-
dioctions is limited to panels which are similar to the
test specimens and also to design conditions within the
range ol test conditions. Since 1t is impractical to
obtain extensive test data describing the neat transfer
characteris ‘cs of all honeycomb sandwich panels of
interest during varlous condltions of steady state and
transient heat transfer, it i1s desirable to have an
analytical m~thod for predicting the heat transfer in
these panels,

The purpose of this report is (1) to present an
analytical method for predicting the heat transfer and
resulting temperature distribuiion in both the brazed
and bonded honeycomb sarndwich panels during asteady state
and transient conditions and (2) to present an analytical
method for predicting ine effective thermal conductivity
of honeycomb sandwich panels. The validity of the
analytical method for pradicting heat transfer in sandwich
panels is supported by experimental measurements.




METHOD OF ANALYSIS

In general, the heat transfer in honeycomb sand-
wich panels 15 a result of (1) conduction of heat in
the cell walls, (2) radiation interchange within the
cell, and (3) convection and/or conduction of heat
through the alr contained in the cell. However, this
report is concerned with sandwich panels in which the
primary modes of heat transfer are due to conduction
in the cell walls and radiation exchange within the
cell, PFor most honeycomb cores used in the fabrication
of sandwich panels (core density from 4 to 12 1b/ft3),
it can be shown that the heat exchange by convection
and conduction within the air contained in the cell 1a
negligible compared to conduction in the cell walls and
radiation within the cell,

This section of the report will present the
general heat transfer analysis of (1) a typical brazed
panel, (2) a typical bonded panel and (3) the effective
thermal conductivity of honeycomb cores. The boundary
conditions (heat transfer at inner and outer skins)
imposed on the equations which describe the heat
transfer in the honeycomb sandwich panels will be
consistent with the boundary conditions of the
experimental investigation so that a comparison of

theory and experimental results is possible.

2.1 Brazed Panel

L brazed sancwich panel is one in which the
skins are attached to the honeycomb core by means
of a brazing alloy. The sandwich panel skins and
core are usually steel or titanium wrile the
brazing alloys in common use today contain over
95% silver. This alloy is uniformly applied to
both skins between the shins and core. The panel
is then placed horizontally and heated to a tem-
perature of approximately 1600°F such that the
braze alloy will become soft and flow, forming a
metallic bond between the skins and core upon
cooling.

Previous efforts to determine the effective
thermal conductivity of brazed honeycomb sandwilch
panels from experimental measurements have shown
the effective thermal conductivity of the core, at
low temperature where radiation interchange within

TAaagirm s




the cell is unimportunt, to be greater than the
predicted values based on conduction through the
cell wall and the air containex in the cell. A
visual observation of a panel cross-section shows
that a small amount of silver brazing collected
on the cell walls during the brazing process.
Since the thermal conductivitg of silver is high

(approximately 200 Btu/hr-£t-CF), compared to
steel or titanium, a very small amount of silver
brazing alloy on the cell walls will significantly
increase the amount of heat transfer through the
panel due to conduction. A brief analysis shows
good agreement between the heat transfer measure-
ments and predictions at low temperatures assuming
a small percent of the brazing alloy on one skin
is uniformly distriouted on the cell walls. 1In
the following analysis, it will be assumed that

a uniform thickness of silver brazing alloy is
distributed on the cell walls.

For convenience, consider a single cell of
a honeycomb core as shown in Figure 1, with inner
and outer skins attached. An energy balanze
across the increment of Ax thickness gives the
following equation which describes the heat transfer
and temperature distribution within the core:

R?CL;<+(@clébqaxgE§F§t}=:[k;<+k4ﬂbumzb§t--%;&&+45¢i}+
x h
+oePax { [F@r ez vt Tug- [ fos pfrone ™ rE o Tape

+H( :r)[ Tlod - 7T’;t)17+ f,(x)[ T(h e - T{w,t)t]} , 05xSh (1)

where the function fl(x,; ) describes the
radiation configuration factor between the
increment A x at the point x and any other point
} within the cell. The functions fp(x) and

£2{x) describe the configuration factor between
the increment and the outer eﬂg inner skins
respectively. The quantity Jx(x+ax,t) can be
expressed in terms of the point X by expansion in
a Taylor series, as follows:




The functions fi(i1,F ) and £4(0) deseribe the
configuration be.ween inner skin (x=I») and any
point § wituin the ceil and tue giter skin (x=0)
respectively. The yuantity kja Si% (h,t) 18 the

haat transferred vy conauction from the inner skin
to the pnack-up insulation. In order for the above
equations which describe the heat transfer at the
inner boundar: of brazed honeycomb sandwich panels
to be consistent with the experimental conditions,
the heat transfer between the inner skin and the
back-up insulation must be considered (See Section
3). The hea: transfer in the insulation is
described by

eck Lhixe)= ki 3Rbot) , hexsL, ()

with the following poundary conditions

T(h,t) = Ti (h:t) s X =h, (8)
and
’-b-;li- (Lt) =0, x-=1, (9)

Equations (3) through (9) describe the heat
transfer within the cell and insulation and :efine
the te: perature at any point within the cell anc
insulation for a given initial temperature and
any variation cof outer skin temperat :re with
respect t» time. S:nce there 1s no exact analyt.cal
solutions for the ab ve set of equat'ons, a rinile
difference method of solution will be used. Since
these equations describe the heat transfer through-
out the sandwich :'a.el and insulation, they also
describe the heat transfer and define the tenm.er-
ature at any given point or inoremen. in the sand-
wich panel or ins.lation within the range of
restrictions on each equation. Therefore the eqations
defining the temperature at any point J in the cell
and any point 1 in the insulation can be written
as follows:
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where the coefficients A, B, C, D, E and G are
defined. as .
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and

6= —Ki
EQC){

The partial derivatives can be expressed in finite
difference form as )

20 o T = Tie (14)
X ZAXJ'

and \

3.'7.7 - -’.I-'l *71',,‘2]7
axXT (ax)® (15)

Substitution of equations (14) and (15) in equations
(10) thru (13) results in

-3%.“ A[W]*iﬁ*@tﬂ, o=x<h (16)

nE>

T J5~T T Tl &
-g_tiz chaﬁ -D[#Ztﬁ+€§5,ﬁ;?-‘grj ,%x=h (17)

OT _ | et 2T
at'G[ ?Ag')'f‘ , h=sxsl (18)

T,-T
=l 2y =
—Zax, =0 ¥t (19)

At the inner skin (x=h), equations (16), (17), and
(18) must be solved simultaneously for the quantity

S—ti (h,t), since the temperatures TJ + and Ty 5 in

these equations are not defined at the point x = h.
Therefore, solving for Ty,; and Ty_; in equations




(16) and 18; respectively and substituting into
equation (l7) gives the quantity S%i (h,t) in terms
of known temperatures Tj.] and T433.

T P
= HOTD)-TOT) R GRATET), %oh (20
Nne

where the coefficient H, J, and K are defined as

J

i - —tnll* kYA
axfifflea s+ (ecrf+ Fafeckviecis]r 5]

- k¢
J AR E(cu«r((cl‘bﬂ + %‘%‘-Kec)mﬂ f{(c).Q] + ZE%AX:}

re [ + ]

e,

K=
Jlec o B ]teeex +epy] + EEZL

and

At _the inner surface of the insulation (x=L) equations

(18) and (19) must be solved simultaneously to
eliminate the temperature Tj,; , since this temper-
ature does not exist at x = t. Since Ty_3 = Ty43
at x = L equations (18) and (19) become

Bh(e)= 28T, x=t (21)

The finite difference equations which desoribe
the temperature distribution within a brazed honey-
comb sandwich panel are summarirzed below for the
conditions in which (1) the outer skin temperature
is known to vary with respect to time in sny
arbitrary manner and (2) heat is transferred from
the inner skin by conduction to a medium having
different thermal properties.

Ty =To(t), x=0 orJ=0 (5)

At v
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3

27 B+ T, -2 T, E .
= 4 [;z:.‘%;)rz—i *35/7'«55‘-?,’37/J= 42;+,p, (16)
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Q
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5% = DI KSR (TET) . (20)
mereTJ-Ti, X=h orj=1=p

T T, - T .

d Te.,~T; ;= or Xz
3?7;:26[_—‘_‘2(147‘)] ) =% x=L (21)

[

These equations have been set-up for solution on an
electronic analeg computer.

Bonded Panels

A bonded sandwich panel is one in which the
skins are bonded to the honeycomb core by means
of an adhesive bonding material. This bonding
material is normally one sheet of glass cloth
impregnated with a phenolic resin.

A significant factor in the transfer of heat
tarough bonded panels 1s the thermal resistance
Provided by the adhesive bonding material between
the skins and core. A heat transfer model of the
bonded panel is shown in Figure 2. Using a
technique similar to that of the previous section,
the equations which describe the heat transfer in
bonded panels can be < weloped and are presented
as follows:

oT; ’ ’ IP [
st = AGT BRI CSE (T )=, (22)
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Equations (22) through (27) have been set-up for
solution on an electronic analog computer.

H

Effective Thermal Conductivity of Core

The effective thermal conductivity "ko(T)" of
a honeycomb core will be defined in the followirng
statements. 1In Figure 1, the total amount of heat
passing the point x in the core at any time t can
be expressed as

k (ra ai;-'(,,f )= (ko +k, )P %{T (ct) + a-m{
§ 4
{ Jio plresereel g +

o[t - et e, o)

where fg(x,F ), f(x) and fa(x) are the configuration
factors between the area "a” at the point "x" and

th2 cell walls, the outer skin (x=0), an? the inner
skin (x=h) respectively. Solving for ke(T) in
equation (28) gives

ke(T) = (ko< +k,8 )B4 + rg/f;r(:;t){

h
S R[ree) 66 JdF + ) reoei oo
- rg(x)ﬁ(vst)*-ﬂr)t] y (29)
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Thus, the effective thermal conductivity of a
honeyoccmb core is a function of the eonduotivity
of the cell walls including both the core metal
and brazing alloy# plus a complex function of the
cell geometry and temperature distribution through
the cell. Therefore, for a glven hon ycomb core,
there exists an infinite number of values for the
effective thermal conductivity, depending entirely
on the temperature distribution through the cell,
1.e. ke(T) 18 not a single valued function of tem-
perature.

Although, k,(T) cannot, in general, be expressed
as a single valued function of temperature, it is
possible that an effective thermal conductivity
can be defined for certain limiting conditions,

The most convenient condition, is that of steady
state heat transfer through a cell in whiah the
temperature distribution through the cell will be
similar for any combination of outer and inner
skin temperatures. Then for steady state heat
transfer through a honeycomb core, the function

ke (T) can be expressed in terms of the average
core temperature for 3 given temperature
difference across the core as 1llustrated in Pigure

Por steady atate conditions, equation (28) 1s
most easily evaluated at x = h and 1s expressed as

kalTe)-mthi]fh = (ks +k,8)PEZ(h)+

+oeay é’ (t h,})[’r( F)"T(h)j*ﬁ(dﬁ{ o tT(M:ZZ( 30)

or in finite difference form after simplifioation.

*For the case of bonded panels, € = 0
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(ke )¢ +h8ei) 5/6) = (6 YT ]

o€ha / 1 £
* knPx[ Tle)-TTh)] v+ k"%"‘“) S}in (7;4—7;*) , (31)

n=e

The quantity a/Pe¢ can be replaced by the ratio of
core metal density to overall zore density @n/€,
for convenlence. In ssction 4.2.1, the

effective thermal conductivitlies for the brazed
steel, brazed titanium and bonded aluminum panels
are glven.

In regard to transient heat transfer within
a honeycomb core, a few of the limiting conditions
for which an effective thermaul conductivity can be
defined are listed as follows:

(a) heat transfer in the cell is primarily a
result of conduction and the temperature

distribution through the cell is essentially
linear

(b) heat transfer in the cell 1s primarily due to
radiation between the skins, in which case
the temperature distribution through the cell
is not important

(c) for small time rate of change of outer and
inner skin temperatures such that temper-
ature distribution within the cell remains
similar with respect to lnner and outer skin
temperatures. This represents the case of a
core with zero or small heat capacity (@c)ch
with respect to the skins (€C)pd, i.e. &
quasi-steady state temperature diatribution
within the core exists.

13




TEST DESCRIPTICON

The hcneycomb sandwich panel test specimens which
were used in this study were cut from production panels
which were fabricated by Convair Fort Worth. These
specimens consisted of one brazed steel, one brazed
titanium and one bonded aluminum panel. A typical test
specimen is 1llustrated in Figure 4. A description of
each test specimen 1s given in Table 1.

In the case of the brazed panels, the outer and
inner skins are brazed to the core with approximately
0.106 1b of silver brazing alloy per square foot of
skin area, The aluminum sicins are bonded to the
aluminum core by means of a single layer of glass cloth
impregnated with phenolic resin and placed between the
skins and core.

Thermocouples (No. 30 gage chromel-alumel) were
attached to the inner and outer skins of the panel as
shown in Figure 4. The temperatures measured by the
thermocouples were recorded with an oscillograph.

The test specimens were heated by means of a
quartz raiiant heater as illustrated in Figure 5. The
energy incldent on the specimens was controlled by
regulating the electrical power supplied to the quartz
heater. Rach specimen was placed horizontally on piece
of fiberfrax thermal insulating material as shown in
Pigure 5, and exposzsd to three heating rates such that
the time rate of change of exposed skin temperature

.was approximately 40, 80 and 120 OF per se.. For each

heating condition, the initial temperature was con-
stant through the panel and insulatlon.

14




outer skin thickness-in.

inner skin thickness-in.

core depth-in,

core density-lb/ft3
cell size-in,

cell wall thickness-in.
skin material

core material

Brazed Brazed
Steel Titanium
0.010 0.022
0.008 0.022
0.614 0.505

8.4 10.48
0.1875 sq. 0.1875 sq.
0.001€5 0.00354
steel titaniur;
steel titanium

15

Bonded
Aluminum

0.014
C.o34
0.631

6.1

0.125 hex.
0.0617
aluminum
aluminum




Comparison of Predicticns with ricasurements

A comparison of the analytical predictions of
heat transfer in honeycomb sandwich panels with
experimental measurements, are presented and
discussed in this section of the report. For each
test specimen, the solution of the equations in
Section 2.2 or 2.3 for the inner skin temperature
will be compared with the corresponding values of
measured temperature for a glven outer skin tem-
perature.

4.1.1 Brazed Steel Pansl
The thermal properties of the steel

panel, required for evaluation of the
coefficlente A, B, G, J, and K are listed

below:
kn = 10.4 Btu/hr £t OF, k, = 210
n = 477 b/re3 » @ = 656

Cn = 0.13 Btu/1b °F , ¢, = 0.06
K= /2 - 8.27::10‘1‘ in, 7 = 0,00194 1n,

d'= 0,008 1n. » P = 0,75 in.
€=0.8 » Axy = 0.123 in,
Ax; = 0.05 in. » €y = 10.6 1b/rt3

Cy = 0.20 Btu/1b °F , ky = 0,025 Btu/hr £t OF
a = 0.0352 sq. in.

A total of six nodes (p=5) have been selected
within the brazed steel panel. The
radiation configuration factors between any
given node and all other noedes are giver

in Table 2.

16
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TABLE 2, CONFIGURATION PACTORS "Fy.n" POR BRAZED

STEEL PANEL
BRAZED STEEL PANEL
CORE DEPTH - 0,614

INCH

CELL SIZE - 3/16 INCH SQUARE CELL

C 1 2
0.2705 0.0678
0.7080 0.2027

0.1777 0.2027

0.0568 0.0461 0,2027
0.0235 0.0127 0.0u61
0.0340 0.0090 0.0217

27

3
0.0217

0.0461
0.2027

0.2027
0.2678

N
0.0090
0.0127
0.0461
0.2027

0.2705

0.034%0
0.0235
0.0568
0.1777
0.7080




Since the average thickness of brazing
alloy (@) which hes accumulated on the ceil
walls. is not known, the coefficients A, B,
G, H, J. ana K will be expressed in terms
of € and are listed beslow

. [ 1424400
A= 0.“8!.[-@'

1.22x10710 [-

1
. 14533 e]‘

o
[ ]

1+22400
0.115 [1.249*'99.39 for = 0.00194 1in.

7 = —0.00461
(1.249+99.3 @)

for » = 0.00194 in.

1.11;:10'115 .
- or = U, UViY4 in.
(1.2494—99.3@)

ot

0.1886

~]
[ ]

0£@=18x10" 1n,

Equations (16), (18), (20) and (21) have
been- solved with the aid of an electronic
analog computer for various values of @ .

The values of @ have been selected within
the 1limits )

o= Qsemax

where @, 1s the thickness of brating alloy
on the cell walls if all the alloy from one
skin was uniformly distributed on the cell
walls, The correct value of @ is assumed to
be that which results in agreement between
predicted and measured inner skin temperature
for a given heating condition.
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4.1.2

Figure 6 shows the effects of the
brazing ailoy and the cell wall emissivity
on the inner skin temperature for a given
heating condition. The value of @ which
results in agreement between theory and
experimental measurements is 8.5x10-5 inches.
Since this value of € also results in agree-
ment between predicted anu measured values
of inner skin temperature for all three
heating rates as shown in Figure 7, it is
assumed that the average thickness of
silver brazing alloy on the cell walls of
the brazed steel panel is 8.5x10-5 inches.

This thickness of brazing alloy increases
the heat transfer due to conduction through
the cell walls by a faotor of 3.08 compared
to the heat transfer through the steel cell
walls neglecting the brazing alloy. The
heat capacity (@C ), of the cell wall alone
is increamad hy a factor of 1,0854 dus o

the presence of the silver brazing alloy.
Titanium Brazed Pan:l

The thermal property data required to
evaluate the ccefficients A, B, G, K, J and
K in equations {16), (18), (20) and (21) are
listed below:
ky = 9 Btu/hr £6 O°F, ky = 210
O, = 283 W/rt3  , @, = 656

cp = 0.14 Btu/1b %, ¢, = 0.06

® = 0.00177 in., 7 = 0.00194 in.
4xy = 0,101 in., axy = 0,05 in.
¢4 = 0.6 1b/ft3, § = 0,022 1n.

¢y = 0.20 Btw/W> °p, €=0.35
k; = 0.025 Btu/hr £t °F, P = 0.75 in.

& = 0.0352 in°

19




With these constants, the coefficlents &,
B, G, H, J and X ure evaluated in terms of

thglbrazing alloy thickness on the cell
wa

A= 0.892[1_:_15%:_0;:7

B = 9.72x10" 4% [Vs.gﬂ_:]‘
a = 0.1888

4
H = 0,1392 [ 2413210 _ | ron o = 0,00194 in.
1.137+44,5%

J = Mz_ for"= 0,00194 in.
1.137+44.5@

K=o0.610x0"10 [ e
1.137+44.5¢

for % = 0.0019% 1in.
o= @5181:10'5 in,

A total of six nodes or five increments have
also been sslected for the finite difference
solution of equations (16), (18), (20) and
(21). The radiation configuration factors
between any given node and all other nodes
are given in Table 3.

Figure 8 shows the effect of the brazing
alloy and the cell wall emissivity on the
inner skin temperature for a given heating
condition,.

The value of § which caused the theory
and experimental measurements to match is
9.0x10-5 inches. It is not surprising that
the values of € for the steel brazed and
titanium panels are approximately the same




U & W NN~ OB

TABLE 3.

0.6400
0.2036
0.0741
0.0327
0.0496

CONFIGURATION PACTORS "Fy_p" FOR BRAZED
TITANIUM PANFL

BRAZED TITANIUM PANEL

CORE DEPTH - 0.505 INCH
CELL SIZE - 3/16 INCH SQUARE CELL

J
1 2 3 4 5
0.3000 0.0954 0.0348 0.0153 0.0496
0.2046 0.0606 0.0195 0.0327

0.2046 0.2046 0.0606 0.0741
0.0606 0.2046 0.2046 0.2036
0.0195 0.0606 0.2046 0.6400

0.0153 0.0348 0.0954 0.3000
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4.1.3

since the same amount of brazing alloy

18 used for eacihh panel and both panels

have the same cell gaciietry and core depth,
Figure (9) gives the comparison of predicted
and measurei inner skin temperature for
viiree airtrerent heating rates.

This thickness of brazing alloy increases
the heat transfer due to conduction through
the cell walls by a factor of 2.4 compared
to the heat transfer through the cell walls
negleoting the brazing alloy. The produoct
of density and heat capacity of the
titanium cell wall alone is increased by &
factor of 1.0505 due to the presence of
the silver brazing alloy.

Bonded Aluminum Panel

The thermal properties of the bonded
sluminum panel, which are required for
evaluation of the coefficients A', B', C',
p', B!, G', H', J' and X' in equations (22)
through (27) are iisted below

ky = 81 Btu/hr £t °F,  ky = 0.1 Btu/hr £t °F

¢n = 168 1b/ft3, @, = 120 1b/rt3

Cp = 0.23 Btu/lb °F,  Cp = 0,25 Btu/1b °F
ky = 0,025 Btu/hr £t OF, o = 8.5x10"% 1n,

@4 = 10.6 1b/rt3, J= 0,034 1n,

¢y = 0.20 Btu/lb °F, P = 0.51 in.

Axg = 0.1578 1in. axy = 0,05 in,
€=0.2 s = 0.01354 1n°

Since the average thickness of bonding
material "w" between the skins and core is
unknown, the coefficients which depend on
w will be expressed in terms of w. The
coefficients A' through E' and @' through
K' are listed below for the bonded aluminum
panel.
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A'Bg.—oﬂg
B! = 6.76
¢' = 1.802x10"0¢
D' = 3.38
E' = 1.768x107 1%
g1 = 0.002635
w
H' = 0.011
J' = 0.1887
K' = 0.3774

Four increments within the core plus
the nodes representing each skin were used
for the finite difference solution of the
temperature distribution in the bonded
aluminum panel. The radiation configuration
factors between any node or increment and
all other nodes are given in Table 4 for
the aluminum panel.

Pigure 10 shows the effeci of the
bonding material and cell wall emissivity
on the inner skin temperature for a given
outer skin temperature. The value of w which
causes the theory and experimental measure-
ments to agree is 0.0065 inches. Using this
value of w, the predicted inner skin temper-
ature for three different heating rates 1is
compared in Figure 11 with experimental
measurements.

The bonding material between the skins
and core offers a significant ircrease in
the thermal resistance of this panel. For
this particular bonded aluminum panel, the
Overail copduciance v enc vyt g & dne woo
approximetely 46,7 Btu/hr ££2 OF whereas
the overall conductance of the core and
bonding material (0.0065 inches fiberglas)
13 3.03 Btu/hr. £t2 OF.
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PARTE 4,

0.2114
0.0309
0.0080
0.0278

s L

A ~e M "
CC‘NFIGURATI"“ IR e~ ¥OR

wviv ocavIiunS Fd_n’

BOwODED ALUMINUM PANEL

Dy ALUMINUM PANEL

CORE DEPTH - 0.631 INCH

CELL SIZE - 1/8 INCH HEXAGONAL CELL

2 ’ 3 4
0.8213 0.1201 0.0309
0.1805 0.0230
1.1805 0.1805
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In Pigure 11, notice that tne effect
of radiation within the cell is almost
ncgligible. A change in cell wall emissivity
from zero to one produces a change in inner
skin temperature of only 14°F for this heating
condition. The negligible effect of
radliation, is however expected, since the tem-
perature level of the panel is relatively
low and the cell size is small with a
resulting smalil radiation configuration factors,

4.2 Effective Thermal Conductivity

Based on the method of analysis in Section 2.3.1
the effective thermal conductivities for the honey-
comb cores of the brazed steel, the brazed titanium
and the bonded aluminum penels considered in this
study have been obtained. The ke(T) for each panel
is based on steady state heat transfer through the
sandwich panel. Figures 12 and 12 give the effective
conductivities of the brazed steel and brazed
titonium panels respectively as a function of
average panel (or core) temperature for various tem-
perature differences across the core. A comparison
of the predicted and measured values of ke(T) was
not possible, since experimental measurements of
the steady state heat transfer through these panels
is not avallable, However, these predictions of
ke(T) are considered to be reasonably sccurate
since the steady state heat transfer calculations,
from which ke(T) are obtained, is identical with the
transient analysis for which excellent agreement
between predicted and measured temperatures were
obtained. This method for predicting ke(T) should
be compared with experimentvel measurements of steady
state heat transfer through a given sandwich panel
for furthner verification.

Notice that ke(T) for the titanium core varies
less with the average panel temperature than that
of the steel core. This difference is due to (1)
more heat being transferred by conduction in the
titanium panel and (2) less heat being tranaferred
by radiation within the titanium panel, as compared
£o the steel panel, for a given outer and inner skin
temperature.




Calculations show that the effective thermal
conductivity of the aluminum core does not vary
significantiy with temperature. This means that
the heat transfer due to radiation within the
aluminum core 18 negligible compared to the heat
transfer by conduction. This is due to the low
emissivity of aluminum (€ = 0.2) and the small
radiation configuration factors within the cell
(1/8 inch hexagonal cell). Therefore the effective
thermal conductivlty of the core is simply

e
k, = -8 or
e q

ke = 2.94 Btu/hr £t °F

However an additional resistance to heat transfer
through the panel is offered by 0.0065 inches of
bonding material (fiberglas) between each skin

and the core. The thermal properties of the bonding
material is given in Section 4.1.3,

It 1s important to note that the effective
thermal conductivities given in this section are
valid only for the particular test specimens used
in this study. The effective thermal conductivities
of the steel and titanium cores gilven in Flgures 12
and 13 should not be used for heat transfer pre-
dictions without further verification by additional
experimental measurements. Honeycomb cores having
different depth, different cell size or different
cell wall thickness will have different overall
thermal properties. Variations in fabrication
techniques may result in a different amount of
braze alloy collecting on cell walls of brazed
panels or in a different thickness of bording
material between the core and skins of bonded
panels.
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5.

CONCLUSIONS

(1)

(2)

Accurate analytical methods have been developed
and are presented in Section 2.1 and 2.2 for pra-
dioting tvhe heat tranafer and resulting tempera-
ture distribution in both brazed and bonded honey-
comb sandwich panels. The significant parameters
for consideration when predicting the heat
transfer or tcmperature distribution in brazed or
bonded panels are listed as follows,

(a) thickness of brazing alloy which accumulates
on the cell walls during fabrication of the
brazed panels,

(b) thickness of brazing alloy which remains on
the panel skins during fabrication of the
brazed panels .

(c) thiokness of bonding material between the
core and skins of bonded panels

(d) cell wall emissivity of both brazed and
bonded panels

(e) ocell wall thickness of both brazed and bonded
panels

() cell geometry for determining radiation con-
figuration factors

An analytical method for predicting the effective
thermal conductivity of honeycomb cores has been
developed and 18 presented in Section 2.3. In
general, the effective thermal oconductivity of a
honeycomb core is shown to be a function of the
conductivity of the cell walls including both the
core metal and brazing alloy (for brazed panels
only) plus a complex function of the cell
geometry and temperature distribution through the
cell.




6;

RECOMMENDATTONS

(1)

(2)

(3)

(4)

The analytical rnalysis presented in Section 2.1
and 2.2 should ve used to accurately predict the
heat transfer and temperature distribution in
brazed and bonded honeycomb sandwich panels for
both vransient and steady state condlitions.

The method of analysis presented in Section 2.3
can be used to predict the effective thermal
oconductivity of honeycomb cores for conditions
of steady state heat transfer,

Although the effective thermal conducti ity of
honeycomb cores is defined for conditions of
steady state heat transfer, it can also be

used for purposes of preliminary calculations of
transient heat transfer providing the temperature
distribution through the cell is similar for any
outer and inner skin temperature. The conditions
for a similar temperature distribution through the
cell are (a) the heat capacity of the core 1s
small compared to the heat capacity of the skins,
{b) the ratio of heat transfer by conduction to
radiation is small or (¢) the ratio of heat
transfer by radiation to conduction is small.

Additional experimental investigations should be
conducted for determining the effective thermal
conductivity of both brazed and bonded. honeycomb
sandwich panels as a function of the average
panel temperature for various temperature
differences across the panel during conditions of
steady state heat tranasfer.
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ErEFecTIve THERMAL CONDUCTIVITY

LT

FIGURE 3.

AVERAGE FANEL TEMPERATYURE

EFrrFecTive THErRMAL ConpucTiviTy OF A
Tyricar Honevcomp CorE
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