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Heat Transfer in Adhesively Bonded Honeycomb Core Panels

K. Daryabeigi*
NASA Langley Research Center, Hampton, Virginia 23681

The influence of adhesive thickness and thermal properties on the overall heat transfer through an adhesively
bonded honeycomb core panel over the temperature range of 250-500 K was investigated. The combined radiation
and conduction heat transfer was modeled using a finite volume numerical formulation. The numerical model
was validated by comparison with published experimental effective thermal conductivity measurements. It was
found that the adhesive layer could cause significant augmentation of heat transfer through the honeycomb panel.
A parametric study was conducted to investigate the influence of adhesive thickness, thermal conductivity, and
emissivity on the overall heat transfer through the panel.

Nomenclature

= cross-sectionalarea

side length of honeycomb hexagonal cell
radiation shape factor

thermal conductivity

panel height (core plus facesheets)
honeycomb core height

heat flux

radial coordinate

temperature

thickness

axial coordinate

dimensionless adhesive thickness

Kronecker delta

emissivity

dimensionless adhesive thermal conductivity
height to diameter ratio for honeycomb cell
dimensionless effective thermal conductivity
= Stefan-Boltzmann radiation constant
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Subscripts

ad = adhesive
effective
foil
gas
= radiant
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Introduction

HE Swann and Pittman' semi-empirical relationship has been

used throughout the aerospace industry as the standard model
for determining combined radiation and gas and solid conduction
heat transfer in honeycomb core panels. Published results® of mea-
sured effective thermal conductivity of an adhesively bonded hon-
eycomb core panel in the temperature range of 300-500 K using a
radiantstep heatingtechnique’ yieldedresultsthat were significantly
differentfrom the Swann and Pittman predictions.! The variation of
the measured thermal conductivity with average panel temperature
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and the Swann and Pittman predictions' are shown in Fig. 1. Error
bars represent 5% uncertainty for experimental measurements.
The difference between predictions and measurements increased
with increasingtemperature,and the root mean square deviation be-
tween the measurements and Swann and Pittman predictions' was
18.2%. The discrepancy was believed to be caused by the adhesive
layer because the Swann and Pittman predictiondoes not include an
adhesivelayer in the model. Note that the effective thermal conduc-
tivity measurementof a honeycombcore panelis a nontrivialexperi-
mentand thatthe results are notalwaysindependentof the technique
used. The measured effective thermal conductivitiesof the panel us-
ing the standard steady-state techniques of guarded hot plate* and
heat flow meter’ were significantly higher than the reported radiant
step heating data and were determined to be inaccurate

The purpose of the presentinvestigation was to determine the in-
fluence of the adhesive layer on the overall heat transfer through the
honeycomb core panel. This was accomplished by a finite volume
numerical solution to the governing combined radiation/conduction
heat transfer problem. The results were then compared with the
Swann and Pittman predictions' and the experimental results of
Ref. 2. Finally, a parametric study was conducted to investigate the
influence of adhesive thickness, thermal conductivity, and emissiv-
ity on the overall heat transfer.

Background

Various researchershave investigatedheat transferin honeycomb
core structures. Most of the experimental work reported in the liter-
ature has been limited to panels with the honeycomb core brazed or
spot welded to the facesheets. None of the available experimental or
analytical literature has considered adhesively bonded honeycomb
structures. Swann and Pittman' used a finite difference numerical
model to study combined conduction and radiation in honeycomb
structures and used their results to derive a semi-empirical relation-
ship for the effective thermal conductivity as a function of geomet-
ric parameters and material properties. Stroud” measured effective
thermal conductivities of four brazed honeycomb core panels over
a temperaturerange of 670-1050 K and showed a root mean square
deviation of 7% between his measured values and predictions us-
ing the Swann and Pittman semi-empiricalrelationship.! Fairbanks®
analyticallyinvestigatedthe effectivethermal conductivityof evacu-
ated squarecell honeycombcores for heat flow lateralto the principal
axes of the cells. Jones® performed an analytical study of combined
solid conductionand radiation heat transfer through evacuated hon-
eycomb core panels. He investigatedthe influence of core cell aspect
ratio, internal surface emissivity, and the thermal resistance in the
joint between the core material and facesheets. Copenhaveret al.'”
used the finite element numerical technique to model combined
conduction/radiation in honeycomb core panels and used parame-
ter estimation techniques in conjunction with experimental heating
data to estimate specific heat of the facesheets, emissivity in the
core, and the conduction area of the core.
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Fig. 1 Comparison of the measured effective thermal conductivity?
with Swann and Pittman model.!
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Fig. 2 Schematic of the honeycomb core panel (not to scale).

Edwardsetal.!! experimentallystudied natural convectionin hon-
eycomb structures and determined the critical Rayleigh number for
the onset of natural convection. For the honeycomb core panel stud-
ied here, the critical Rayleigh number for the onset of natural con-
vection and the maximum Rayleigh number were determined to be
61,000 (Ref. 11) and 7900, respectively. Therefore, natural convec-
tion was not considered as a mode of heat transfer in the present
study.

Honeycomb Core Panel Description

The honeycomb core panel used in this study was made of
titanium 3A1-2.5V with a density of 94.5 kg/m>. A schematic of
the honeycomb core panel is shown in Fig. 2. The core height
was 25.4 mm and consisted of hexagonal cells with 4.76-mm side
length and 0.035-mm foil thickness. The facesheets were 1.6-mm-
thick titanium 6-22-22. The honeycomb core was attached to the
facesheets using a polyimide adhesive film on a woven glass car-
rier. The adhesive thickness on each facesheet was determined to be
0.94 mm.

Published results were used for the thermal conductivity of the
titanium honeycomb core,'? titanium facesheets,”® and air.'* The
thermal conductivity of the adhesive layer was unknown, but was
expected to be dominated by the thermal conductivity of woven
glass (estimated to be in the range of 0.3-0.5 W/m/K at room
temperature).'® For the present study, it was assumed that the ther-
mal conductivity of the adhesive was either 10 or 50 times the ther-
mal conductivity of air over the temperature range of interest. The
resulting adhesive thermal conductivity at room temperature was in

the range of 0.25-1.25 W/m/K, which covered the range of thermal
conductivities for woven glass and typical adhesives. The dimen-
sionless adhesive thermal conductivity x was defined as the ratio of
the thermal conductivity of adhesive to air:

K = koa/k, (1

The emissivitiesof titanium foil and adhesivelayer were assumed to
be independentof temperature in the temperature range of interest
and equal to 0.3 (Ref. 16) and 0.8 (Ref. 17), respectively.

Swann and Pittman Model!

Swann and Pittman developed a semi-empirical model for heat
transfer through brazed and spot welded honeycomb core panels.!
They neglectedthe thermal contributionof the facesheets,developed
an empirical relationship for modeling radiation in the honeycomb
core enclosure, and used a parallel thermal network model for mod-
eling solid and gas conduction through the honeycomb core. The
effective thermal conductivity k, is given by!

ke =k (AAJA) + ko[1 — (AA/A)] + &, )

where AA /A istheratio of the cross-sectionalareas of the solid core
to the overall honeycomb cell. The radiant effective conductivityk,
is given by!

k, = 0.664(. +0.3) P SV Lo (7 4 ) (T2 +T2)  (3)

where T and T, are the temperatures of the facesheets.Itis assumed
that the facesheets and honeycomb core have the same emissivity.!
The radianteffective conductivityis an empirical relationshipdevel-
oped by Swann and Pittman by comparison with results of a finite
difference numerical model of the combined conductionfadiation
heat transfer in the honeycomb cell.!

)—0,89

Combined Conduction/Radiation Heat
Transfer in Honeycomb Panel

A steady-state finite volume numerical method was used to solve
the combined conduction/radiation heat transfer in the adhesively
bonded honeycomb core panel. The governing equations were ap-
plied to a volume representing one cell of the honeycomb core and
the associatedfacesheetsand adhesivelayers. The hexagonal core of
the honeycomb was approximatedas having a circularcross section,
with its equivalent diameter obtained by equating the perimeters of
the hexagonal and circular cross sections.! This approximation re-
duced the problem to an axisymmetric case. A schematic of the
simulated axisymmetric geometry is shown in Fig. 3. The govern-
ing partial differential equation for conduction heat transfer is
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Fig. 3 Schematic of axisymmetric geometry for the numerical model
(not to scale).
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The boundary conditions are

kﬁ(L, ry=q" (5a)
0z
TO,r)=T, (5b)
IT(z,0)] < o0 (5¢)
ﬂ(z, r)=0 (5d)
or

The first two boundary conditions represent an applied constant
heat flux and a constant temperature condition applied to the two
facesheets of the honeycomb core panel, respectively. The third
boundary conditionimplies finite temperature at » = 0, whereas the
last boundary condition represents an adiabatic condition due to
temperature symmetry at the cell boundary. The finite volume for-
mulation of the conservation of energy equation with temperature-
dependent thermal properties was utilized.'s

The radiant heat fluxes were included in the energy balance for
those control volume cells involved in the radiation exchange in
the honeycomb enclosure. The radiant heat fluxes were calculated
at each iteration by performing radiation exchange analysis in the
enclosure assuming gray surfaces, with each control volume cell
assumed to be isothermal with uniform surface radiosity, and, fur-
thermore, under the assumption that both emitted and reflected ra-
diation were diffuse. The incident radiant heat flux at each control
volume surface in the honeycomb enclosure involved in radiation
exchange was calculated from'?

q,//, = i AikaT47

1<i<N (6)
k=1
where
Aix =& /(1 — &) (i — Wix) (7a)
v, = o (7b)
Qi = [ — (1 — &) Fa,—a /e (7¢)

where N was the total number of control volume surfaces involved
in radiationexchangein the enclosure, &; was the surface emissivity
for each control volume cell, and Fy,; 4, was the shape factor for
radiation exchange between surfaces designated as A; and A;. The
shape factors for the radiation exchange were calculated using the
shape factorequationsprovidedby Swann and Pittman' for the same
geometry.

The nonlinearset of equationsresulting from the numerical finite
volume form of the governing equations and boundary conditions
[Egs. (4) and (5)], with the radiant flux defined in Eq. (6), was solved
using the modified Newton-Raphsonmethod (see Ref. 20). Once the
numericalsolutionhad converged,the effectivethermal conductivity
k, was calculated based on the applied heat flux, the converged
temperature difference between the two facesheets AT, and the
overall panel height using the Fourier’s law of heat conduction'*:

k,=q"L/AT (®)

Results and Discussion

The finite volume numerical model was applied to the honeycomb
core panel geometry without any adhesive layer to assess the accu-
racy of the numerical results by comparison with the Swann and
Pittman predictions.! The finite volume numerical results and the
Swann and Pittman predictions are shown in Fig. 4, where the effec-
tive thermal conductivitiesare plotted vs average honeycomb panel
temperature, defined as the arithmetic mean of the two facesheet
temperatures. The differencebetween the Swann and Pittman model
and the finite volume numerical predictions had a root mean square
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Fig. 4 Comparison of numerical predictions and Swann and Pittman
model' for honeycomb core panel without adhesive.
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Fig. 5 Comparison of numerical predictions and measurements? for
adhesively bonded honeycomb core panel.

deviation of 4.9%, thus validating the numerical model for pre-
dicting heat transfer in honeycomb core panels without adhesive
bonding.

The numerical results for the adhesively bonded honeycomb core
panel for dimensionless adhesive thermal conductivity of 10 and
50 are shown in Fig. 5. The published experimental data> and the
Swann and Pittman predictions' are also shown. The numerical re-
sults matched the experimental measurements within the experi-
mental uncertainty range. The difference between the numerical
predictions and experimental data had root mean square deviations
of 4.2 and 1.3% for « of 10 and 50, respectively. The close agree-
ment between numerical and experimental results’ validated the
numerical model for adhesively bonded honeycomb core panels.
Furthermore, they clearly demonstrate that the adhesive layer has a
significant effect on the overall thermal performance of honeycomb
core panels and should not be ignored in the calculations.

The finite volume numerical model was used to study paramet-
rically the effects of adhesive thickness and thermal conductivity
on the effective thermal conductivity. The following dimensionless
parameters were used:

ﬂ = ad/L/ (9)

ke (B, & k)

Szhmzaszum

(10)

where 8, the dimensionless adhesive thickness, is the ratio of adhe-
sive thickness to honeycomb core height. The dimensionless effec-
tive thermal conductivity £ was defined as the ratio of the effective
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Fig. 6a Variation of effective thermal conductivity with adhesive
thickness, 300 K.
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Fig. 6b Variation of effective thermal conductivity with adhesive
thickness, 500 K.

thermal conductivities of the adhesively bonded panel to the panel
without adhesive. Here, 8 was varied between 0 and 0.05, with 0
representing a construction with no adhesive. The geometry stud-
ied experimentallyin this investigationhad 8 = 0.037. For radiation
exchange calculations in the honeycomb enclosure, it was assumed
that the emissivity of the lower and upper surfaces of the enclosure
were either equal to the emissivity of the facesheets (¢ =0.3) for
B =0, or equal to the emissivity of the adhesive (¢ = 0.8) for 8 > 0.
Data were obtained for dimensionless adhesive thermal conductiv-
ity of 1, 5, 10, 25, 50, and 100. All of the other parameters were
kept fixed at the values corresponding to the geometry studied in
this investigation.

The results for average panel temperatures of 300 and 500 K
are presented in Figs. 6a and 6b, respectively. Data are presented
as dimensionless effective thermal conductivity & vs § for various
values of k. Results illustrate variation of effective thermal conduc-
tivity augmentation with adhesive thickness and adhesive thermal
conductivity. All of the data converged to unity when the adhesive
thickness was zero. The effective thermal conductivity increased
with increasing adhesive thickness and increasing adhesive thermal
conductivity. The data for k = 1 illustrated the influence of adhesive
emissivity and thickness on the radiation heat transfer. Here, the
adhesive did not change the conduction heat transfer through the
geometry because it had the same thermal conductivity as air, and,
thus, the effect of the adhesive on the radiationheat transfercould be
isolated. The adhesive had a higher emissivity than the facesheets,
and the adhesive thickness changed the overall height of the en-
closure for radiation exchange. For the data at 300 Kandk =1, &
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Fig. 7 Variation of effective thermal conductivity with adhesive ther-
mal conductivity.

maintained a value near unity for 8 between 0 and 0.01 and then
gradually increased at a constant slope with increasing 8. The data
for k > 1 exhibited a larger increase in the effective thermal con-
ductivity with increasing adhesive thickness, with £ also increasing
with increasingadhesive thermal conductivity. The higherincreases
for k > 1 compared to k =1 were due to higher solid conduction
heat transfer because of the adhesive. In the absence of the adhesive
layers, heat is conducted from the facesheet to the foil through the
small cross-sectionalarea of the foil, 6b1 (Fig. 2). In the presence of
the adhesive layer, heat is also transferred from the facesheet to the
adhesive layer and then from the adhesive layer to the foil through
an area equal to 6bt,4. Depending on the thermal conductivity and
thickness of the adhesive layer, this added path for conduction of
heat from the facesheet to the foil through the adhesive could result
in higher heat conductionrates through the overall honeycomb core
panel. For the data at 500 K, & increased rapidly from 1 to approx-
imately 1.1 in the presence of an infinitesimal adhesive thickness,
irrespective of the adhesive thermal conductivity. This sudden in-
crease compared to data at 300 K is due to higher radiation heat
transfer at this higher temperature caused by the higher emissivity
of the adhesive compared to the facesheet. Again, £ increased with
increasing k due to higher solid conduction from the facesheets to
the foil through the adhesive layers.

The variation of effectivethermal conductivitywith adhesivether-
mal conductivity for 8 =0.01 and for average panel temperatures
of 300, 400, and 500 K is shown in Fig. 7. The effective thermal
conductivity increases with increasing temperature. Furthermore,
the effective thermal conductivity increases rapidly with increasing
k for 1 <k <30 and then increases at a lower rate for « > 30. At
k =100, the adhesive thermal conductivity approaches the thermal
conductivity of the titanium facesheets, and the problem reduces to
heat transfer in a honeycomb structure with an effectively thicker
facesheet and smaller foil height.

All of the reported results so far have used an adhesive emissivity
0f0.8. The variationof dimensionlesseffectivethermal conductivity
with adhesive emissivity for 8 =0.01, k = 1, and for average panel
temperatures of 300 and 500 K is shown in Fig. 8. Adhesive emis-
sivity was varied between 0.1 and 0.9. Because the adhesive has the
same thermal conductivityas air (k = 1), the results illustrate the in-
fluence of adhesive emissivity. The data at 500 K are more sensitive
to adhesive emissivity compared to the data at 300 K, due to higher
radiation heat transfer at the higher temperature. The data at 300
and 500 K exhibita higher effective thermal conductivity compared
to the honeycomb core panel without adhesive (¢ = 0.3) at adhesive
emissivities larger than 0.8 and 0.6, respectively. With reference to
Eq. (3), the presenceof the adhesive has resulted in a lower effective
height of the honeycomb core for radiation interchange L', there-
fore, adhesiveemissivities higher than that of the bare facesheetsare
required to increase the contribution of the radiation heat transfer
component of the effective thermal conductivity.



DARYABEIGI 221

12
Tl
s b
z
2
Z 10f
=
3
g o09p
3 .
£ .
2 o8t
2
>
0.7+
0.6 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0
adhesive emissivity
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emissivity.

Conclusions

The combined conduction and radiation heat transfer in an ad-
hesively bonded honeycomb core panel was modeled using a finite
volume numerical formulation. It was found that the adhesive layer
augmented heat transfer through the honeycomb core panel. The
augmentation increased with increasing adhesive thickness, ther-
mal conductivity, emissivity, and average specimen temperature.
The adhesive layer provided a larger surface area with higher ther-
mal conductivityto conductheat from the facesheetsto the foils than
did the foil edge. The higher emittance of the adhesive also resulted
in higher radiation heat transfer. This augmentation of heat transfer
due to radiation increased with increasing specimen temperature.
These results suggest that ignoring the adhesive in the heat transfer
through adhesively bonded honeycomb core panels could lead to
significant errors.
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