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/
before a subscript, for ,example: °
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T gz - 222 .

Elastic modulus and Poisson's ratio of an isotropic
material. When integers are used as subscripts, 1
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. . CHAPTER I _
INTRODUCTION B

~ Thé American Society for Tgsting and Météria]s (ASTM), de-
fines- a. structural sandwich as a éonsPrUCt§bn comprised o} a-combjn-
ation of a]ﬁéfnatfng dissimijgr simple or composite materials, assem§1ed
and:}ntina;ely‘fixéd,in relation to each other so as to use the
properties,of,éﬁch to specific®structural advantage; for the who1é
assembly [3]. The stcucﬁpfé1-§tressed'skin is the family term for ,
all structures where thin sheet coverings are &ajor contributors
to strucéﬁraltberformgnce, 6ther members are’usgi to transfer stresses
and stabilize the compression portions of phé sk$§§l Monocoque |

)

is more or less the same thing. It may refer to stressed skin en-

I

closures whers the si&eymTls themselves are .arranged as the sheam |
webs [4]. ', A"

The bas%é,princip1e of spaced %aciggs was discovered abdut
1820 by a Frgnchman named Duleau. ‘Pane1s'ut11izihg asbestos board skins
with vegetable fiberboArd cores were used as early as World War I.
During World War II the tr;ﬁd to more efficient Lse of ]abour and ‘ -

materials, particularly in aircraft, resulted in increasing use of

~ panels. The development or aﬁaptayion of new materials, ‘the majarity

. /
of witich are plastics, has made an impact,on the field of sandwich - &

‘ consfrucgion. An example is the use of foams in building construction

hY . -

.-

) There has begn a groW?ng interest in many applications of
cohpoéite or sandwich éonstructioﬁsl These‘develoﬁheqts‘are based

on Fhe éoncept, not of using or favoring any one material, but rather

of employing any-available matertal. It goes even further in that it °

[} N

.
o 3 SIat ap, . % 4 g3 . .
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sets up for certa1n uses, desired reqﬁirements as to mechan1ca1 and
physical propertles that are not yet available 1n many mater1als.
‘These obJectwves prov1ded a target as it were, for further develap-
ment [2]. ° ‘

Another feature of sandw1ch constructaon is the opportun1ty,
through eff1&1ent structural design, to stress each material- to the )
pract1ca1 limit of its poss1b111t1es.

The ba51c structural pr1nc1p1e of a sandwich is much the
same as that of an I beam, which is an efficient structura] ;:;pe
because as much as possible of the material is placed in flanges
s1tuateg farthest from the neutral axis. Only enough material is
left in'the c?nnect1ng web to- make the flanges act in concert and
to resist shear and Quck]nng. In a structural sandwich the facings
takethé pTacé of the flanges, and the core takes,the‘piace of the
web. : The differen(::e is that the core of a sandwich is a different®
material fron; the facings, and it is spread out instead of concen\-’
‘trated in i narrow web. The facings act together to form an efficient
internal stress couple or resisting hoﬁént counteracting thg external
imposed bending moment. The core resists the shear stres;es set up
by thé external loads, anq jt has the further important function
of stab{1izipg the facings agaiﬁst'wrinkling of buﬁkling (Fig. 1.1).
It must, therefore, be strong and stiff'gnough £§}resist transverse
teqsion and compressioﬁ set up by the F éing;/ﬁ# the¥;pf9/to wriqkleio

€ important. A

\

In direct compression, the same supporting;action/j

thin piafe may buckle whgn an axial compreé;jyéqgtress is applied.




H

If it is made a part of'a sandw1ch lateral restraint aga1nst buck1;:;

:e « is provided by the core, and the plate. can withstand cons1derab1y
higher compress1ve stresses, _Evidently, the bond between facings and
core must be strong enough to resist the shear and tens1]e stresses
set up\betweenq%hem. . The adhesive used to bond fac1ngs and core ' y

\

together s of critical importance [1]. \ /

j Bowing and internal coqdenéation can be parg}hulér, if
unre]éted problems of sandwich consfructions wherever differentid]
temperature or moisture regimes exists across the panel th1ckness.
The env1ronmenta1 ranggigﬂrileffects shou1d be briefly sketched be- !

/

fore discussiqg material pronerties. In cold countr?@s, the outer

‘skin of an insulated panel (wa]f or roof) can be at -30°F while the

inner skin is near 70°F, giving a 100°F differential. Similarly,
8. . . . ,
in summer, the outer skin can reach 170°F for brief periods, or even

higher with dark colours, while the inner skin is-at, way, 70°F, 4 . ’
again a 100°F differential. The amount of bowing, if unconstrained, e

assumed the same in eithek case,'inward in the first case and outward

in the second case [4]. . -

- There is‘s£i11 little information’avai]ab]e on the thermal

syresses in the sandwich panels,” and most of the existing information

is from experimental results.. Panel faiiure, due to internal thermal

stresses, is common and a theoretical solution for such stresses is
" required. l

>

The true panel is three dimensional, but the anlaysis of .

the thermal stresses in sandw1ch panels is simplified by studying the

behaviour of a unit width sandwich strip in two d1mens1ons.

\ ~
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. , ’ b , ‘ <
. " The materials used to form the sandwich specimens were

white pine, aluminium 3003 and epoxy Bostik 7087.

* The theoretical ana]yéis has been done for many different

i

boundary conditions and the' finite element analysis for the case of

a uniform temperature rise. The expei‘iments were for the case of a

N ‘ / \

€hapter II gives the mathematical derivations of displacements

-~

free edge specimen.

, and stresses of sandwich panel components based on theory of elasticity.
2 " A computer programme was written to evaluate the Fourier series. In

Chapter 1I also, isgiven the finite element programme used to determine

¥
thérmal stress. \ ¢
. £ .

Chapter 111 deals ‘with .the experimental work, relevant

equipment, test proc“edures' and the results.

S In Chapter IV, a comparison imﬁmthe theoreti.ca'i solution,

!

and the’ experimental results, and conclusions drawn:

e
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CHAPTER II

THEORETICAL -ANALYSIS

A sandwich pahe1‘exposed to a temﬁefatﬁre change will expand

4

or bow creating thermal stresses in the skigs: The therma1 stresses

-

amay be 1nsignif1cant ar 1mportant depending on the e1astic properties -

of the core materials.

For example, using wood Qs a core material re-

sults in higher thermal stresses than using plastic foam.

(

\'I-

2

10

M

‘

In the subsequent theoret1é§1 analysis the following assump-

tions are made:

o .

Skin }hickne§s is small compared to that of the core. -
e sandwich panel has constant thicknesg. |
The ékiné are made féom isotropic material.
Deformatlon within the glue line is ne;I;cted

The wood core is orthotropic in x-z plane.
Poissbn,s ratio of tpé core material is neglected.
Constant temperature -distribution on each skin.
Constant temperature through the skin thigkness.m
The sandwich.panel is subjected to temperature difference only
(the ekterna1 load's and the panel's own weighi are neglected)
On]y the coeffic1ent of thermal expansion 1n the 1ongitud1na1

¥
directxon of both skin and core are considered.

The effect of variation in moisture content is neglected.
5 , :
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2.1 OVERALL BEHAVIQUR -~ APPROXIMATE SOLUTION

Cons}der a sandwich panel consisting of a core of thickness

&
2d and, two faces each of thickness t (Fig. 2.1), subjected'to tempera-
:; ture changes at the sk;FV(Fig. 2.2). ’
< ’ 1 . - . . /
x . The normal stress in the skin ¢, can be expressed .as .
E 1 follows [5] .
' \ T(ay=ap) _ . ¢ ‘ <
o TTT (2.1)  For uniform temperature change T. -
tetted C , R
' T(él‘ﬁz) ' ' f
! 0y — 3 (2.2) For +T temperature gradient :
| e * 5 : g S
; W 2 (edges free).
‘ * 0=y T Ey - (2.3) For 7 temperature gradient
- - ' o . (panel kept flat).. e
' in which oy, E;-and a,, E, are the thermal expansion coeffidient and
the modulus of e]agticity of skin and core materials respectively. v
- In the above expression, it is assumed that the entire
\ interacting load is transferred at the end as shown in (Fig. 2.2).
2.2 THEORETICAL ANALYSIS | ,
For Core ' . 4 . -
N F . . L .
The equilibrium equations of an infinitesimal, two dimen-
) sional element, (Fig. 2.3), are as follows:
. g + %z:’z = 0 in z-direction* (2.4)
L 0 in z~direction (2.5)

4
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The strain-displacement relations for the same element
give the following relationships in which v.and w are the displacements
along x and z axes respectively. ’ . , o a
)] - .-
:\ = = * )
9 Ezz 2 zzw,z . (2.7)
» . !
Toz = g ze(v’z + w"m) ‘ , (2.8) }
2.2.1 UNIF\ORM TEMPERATURE RISE T (FREE ‘EDGES)
sing thg céordinate axes of the sandwich panel shown 7& Figure 2.4,
' ‘ equations (2.4),(2.6) and (2.8) give the equilibrium equation for an
z N :
) infinitesmial core element as follows: :
: .
}l ' Vv, zx S ze(v,zz * w,:cz) =0 (2.9)
.
i
\ . ' w,zz EZZ * Gz:‘z-(v:zm ¥ w;m) =0 ( . (2-95) bfr ‘
L3 ) { / -
In order-to*obtain a solution it isjassumed that the displacement w is
< negligible and to satisfy the following boundary conditions:
at - .z = » v=20 N ‘vz=\0 . .
X = L ‘ t ' = 'O “ 4 n‘
N

- :
2.-“-,03; ‘ . v =20
.I A ) ~ N ,z

1

the solution of equation (2.9) takes the following form: ‘
v =¥ g o
v 1.3 A sm(%’& x) cash(l‘%’j—)’ . (2.10)

an

*, (comma) Indicates partial differentiation when used before a subscript.

»
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. . =' &
where dr {E_/6 )
For skin element, the stress equilibrium equation is , .
- v - ) . v v r ' - . \
o = tocl ,x * . . . (Z
where 0 = u,acE1 . ,u=a'x1'a1 displacement in the skin ) \(\x'l'l)

[
» v ~

By using eﬁations (2.8) and (2.11), shearstress in glue line can

be represen ed as follows:

A

+t’o v’ Gz=d 25‘ . ‘ (2’]2a)
& _ .
\= t 0, L (2.12b)
to =, tE, Uz ‘ - (2.12c) -

!

From equatmns (2. 12a) and (2.12c), skin displacement is obtained [5] as '

u = (G l"/tE ) b (2LA,/nn) sin(nmz/2L) 'sénh(l‘nvd/ZL)
n=1,3 : " (2.13).

The -strain compatibiltiy equation at the glue lipe (i.e. z=d) is:

! \
"U'+.Vz=d=(“dl - GZ)TI

) A 26_ L * rnmd rnnd nmr S
n=1,3 0 {—= 8inh + cosh ) 8in ———= — )
(az-ul JTL tEnn 2L 2L 2L L . N
Using Four1er expanswn ‘of f- gives ‘
) n- 1 . . 3
e 812 (% e ' ' (2.14)
" 2_TL° :
2 v Inwd I'nnd
( ) (tE nm q'Lu ZE + cosh—'lr-'l)
Héving known equations (2. 10) (2 12a), (2.12b) and (2. 13), shear’
stress «'& the glue 1ine and nor'ma\ stress in the skin are as fo'Hows . .
A xznr/ZLr)‘=1§3 n A, sin(nnz/2L) sink(rnnd/2L) (2.15)
" \ 3




»

'n=1,3
f

-

2.2.2 TEMPERATURE GRADfENIA;:T (FREE EDAES)

-~

= (6,,7/t) T Ay dos (nna/2L) sinh(meg/2L)

In this case the pane1 will bow and the latbral
deformatwn cannot be 1gnored To satwsf_y the boundary‘c;onditwns for
this case, which are given below:
at ” z=0
x=L-

z=40

( v

P ' -

The core d%spladement in z-direction is assumed to be given by:

v ‘;f An sin(nmz/2L) sink(rnnz/2L)
=1,3

-

Equations (2.11) and (2.12a) cannaot be applied in this case due to

transverse displacement e}fect. Introducing internal egquilibrium

of stress, the internal moment is given by:

. N

(2d)(to, )w= 2 [ (a0, dz) = 0

¥

A}

Assum'mg hnear stress d1str1but1on across the panel, the .second term

in the last equation is rep]aced by § a’ L and the sk*i.n displacement

- in x~direction takes the following form;

u= 98 "%
3E n=1,

3 Anoin &5 aim (B9

r




: . / o 4 ' o : - ~‘ ' ‘
. ¥ . < . ‘ ‘ ' "
. The strain compatibility equation at the glue line (i.e. z=d) is:

'd

"‘ u+ V“z-gd = (Ql - u:.z)T-'C . '

. . .
e R dE
n=§ 3 An (—=5 ginp TDIY g ppplind) g MNZ . 2
" (opmey JTL - 3tE 2L 2L L L )
. = dE -
. , ,? 3 ~An__ (1+ —-—-m\s?,nh mid g, W .2 ¢
] n=1, (oy=a )TL - 3tE, e 2L L :
Using the Fourier expansion of f— gives ’a
5 7 Ut ' L
i ' y = 2L (“2"“1)T; .
' - “dizr, . ,mrd . -
(mn)2(1+ §TtE—I')81,nh—Z.— ; (2.19)
| ; .Sl{?ar stress in the glue line, eqn. 2.8 and 2.12b, -is
' To= (V:z"" W:x) Grz = tc] Yy . \
i ‘ From which core  displacement in z-direction will have the following
i - , Q- L
form: ' ‘ :
WL | S TA cos {(me/2L)[(mrd/6L) sinh (mTd/2L) - cosh (wnrdjzL)])
¢ ! ! (2-?0)
By applying equations (2.11) and (2.8), shear stress in-glue line and
. . ]
normal stress in skin can be represented by the following equations:
CoeEd v.
o = (_E?L— % DA, eos (mnz/2L) gink(mrd/2L) - (2.21)
- i : n= ,3 . , ,
H . ... '
72E_d - *
T = :  n2A, sin(mnz/2l) eink(xnd/2L) (2.22)
: 122 n=1,3 - o
/- ,

-

| 3PN
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e

T 2. 2 3\EYALUATIONS AND ASSESSMENTS

N

+

Because there are many terms 1nv01yed~ in displacement " and
stress formulas, equatmns (2.10), .(2.13), (2. 15) (2.16), (2.17);,
(2’:18).j (2.20), (2.2} and (2.22), a computer programme, Appendix A,
was written to evaluate them - ) N

Consider a sandw1ch panel ‘of the foﬂowmg proportions

L = 18.0 in. ~ . ze = 160,?00 ps1 \
t=.0254. - . d =.8695 in. :
E, = 1o,ooo,ono. psi E e = 116005000 psi
* . & = .000013 #F *  ag =.000003 /°F -

For differe'nt temperature changes, the final normal stress in the skin

are shown in Figs. (2.5) to (2 10). -Consider a uniform temperature

change = 6 5°F, gradient temperaturé change + 17.83°F. - The “

normal and shear stressesin the skinand the glue line respec. are evaluated
us1"ng equations (2.1), (2.2), (2.11), (2.12c), (2.15), (2.16),'(2.21) and
(2.22). The results are shown. in Fig. (2.11), (2.12). By using the

. superposition principle as shown ‘in Fig. (2'13)!> the final stresses l

are shown in Fig. (2.14) and (2.15). ,
From Fig. -(2.11) one can see {hat neai the pane1 end the
rate of slope change of the skin nermal stress curve is higher in case
of temperature gradient than in, the .case of uniform ten;perature rise,
or in _o:'ther words, the she&r Strains are highest in ease of temnerature .
gradient, eqn. 2.8, theyefore, the nbt skin normal stress in this zone
is governed by the normal stresses due to uniform temperature rise '-’

(the larger stress). This ie"the reason of stress ch,anging sign

’ i L3

near the panel end in the lower curve in Fig. (2.14).
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2.3 FINITE ELEMENT ANALYSIS

-

2.3.1 ELEMENT STEFNESS MATRIX DERIVATION '
\ . ’

The basic concept of the finite element me‘thod.is that a .
conti;xuum can be modeled ana]yticaﬂy' through its subdivision int'o , !
regi'ons, the behaviour of each being ;niquely described, with the aid
of eitt;er a stress or‘_a displacement func-tion.’ The techn‘ique h\as
a theoretical ba;is within the frameworl; of the classical theory and
is related by analogy, to the Ritz method used in the solution of -

elastomechanics problems. : _ /

" While in the conventional Riti procedure, one set of functions
V.

describes the .displacement field in the entlil;e continuum, the finite ,
e]émept method assumes individual disphceﬁent fields for each element,
uniqu‘e?f_y defined in.te’rms of the displacements a‘"c the element's ,

nodes or _points 6f connehtd'on. Continuity is assured withinﬂthe separfate
e1e;nent§, and as such the whole domain g;n be ragarded as piece-wise

continuous. By definition, continuity is preserved at the nodes.

In addition,.a careful choice of displaceme'nt‘fié]‘d can ensure continuity
of defoﬁnations across element boundaries.as well, " C

Reééarch in the field of finite element i’deah‘zation has
produced a 1arg.e number of bqsif elements to fi)t particu]lar pur_poées
orl to be used in the solution of specific probiems. ‘

il .
As the present work is concerned with the s?:ﬁudy of the

transverse section of sandwich panel subject to in-plane loads, the

search will be directed towards two-dimensional plane stress elements.

1y
-




§
N

The strain energy Us per element is

U, = ff {o} {c} d-vol.

vol..

In this category; the rectangular element with a linear <

variation of-displacements alongthe edges seems “to be ‘most suit¥ble.

54

This element, which ensures cohpati@ility of defoémétions at the 1n?er-
facés, has been shown to produce better results tha;:the constant
strain triangle or the quadrf1atera1 formed by combining four such
tr1ang]es. ‘ i )

To so1ve a prob]em in e]asto-mechan1cs oneshas to sat1sfy
three types of condxt1ont. geometric, physical and static. Once

the displacement field hdas been assumed within.an element, and ex-

_pressed in terms of the nodal displacement d, the strains € are -

4

obtained by proper differentiation of the‘disp1acement functions.
In ;yhbo1jc form:
{e} = [D] {d} . : ~ {2.23)

Th1s constitutes the geometric ré\at1on of compat1b111ty '
. To expre?% the physical nature of the problem, the con-
stitutive relation linking stresses to strains is used ‘
{o} = [E] {e} o ' . (2.28)
Having formulated the firgt twd’conditions, the third one wi]l have

still to be satisfied. S1nce the d1sp1acement field must sat1sfy ap-

" proximately the condition of equ111br1um, the correct set of dis-

placements should m1n1m1;e the potential energy associated with element
deformation. - o .
To accomplish that, the first variation of the tptal’potentia1

with respect to the nodal displacement {d} must have a statioﬁary value.




1 B , » . \\
,{ﬂ z {d} [D]T [E] [D] {d} d vol. C- (2.25)
The total potent1j1 energy © i$, b} definition J
T = ‘Uo
. ' - ’ -
= U (P {dh o (2.26)
1n wh1ch w = work done by the external forces. .
App1y1ng the f1rst variation on (2 26) with respect to {d} i
and equating to zero /&
' LA , " '
{dy . ‘ . .
we obtain a set of .simultaneous 1inear equations in{d} such that
{P}= f (01" [E} [D] d vol.) {d} (2.27)
v vol. 3 :
or writtgh in another form = ) 5 ' . /
¢ ! ‘s
-~ . e - ’V
{P} = [K] {d} ] < (2.28)
¥ b, ' ~ /
Where [K] is recognized as the stiffness matrix and {P} = the equivalent~

" nodal force vector. The element nodal force Py at node i 'can be expressed

in terms of the applied temperature as

EQT,'EXXbr L | (2.29)° = 7

in wﬁich.Ti = the temperature at node i, and b = the element width - Lot

(Fig. 2.16).

o LS

o The preceding formulation isageneral step by step description . »

of the derivation of a stiffness matrix for a_finite element. More
spacifically, referring to Fig. (2.16) for the rectangular element,

the displacement field within the element is defined by




A

For skin eléhent .
. ‘ ' : ul

_ | , |
= [0-D0D  0-PF v
’ - u3

ud

For core e]emen%,'the same displacement field is considered by

¢ ‘ -
replacing u by v. Wl
And in the z-direction: .

we B0 0B B OE0D)

w2
w3

. . ‘ . ' LW4

5

/

“in terms: of the nodal freedom u; and w; at the corners 1, 2, 3

¢ .
o

and 4. ‘ o ' '
, . , o : 4
Substituting £ for %-and n for %, the [D] matrix relating

the strains {e} to the nodal freedoms‘{d} takes the following form:
k] aad I

+

n

' -n
. ‘ ‘ 5‘ . 0/ _a— . 0
[1="| = | 3

0 ¢ O 5.

|
£ Npe 1-£ -1
b Ecr b S

4

The [Ej matrikndefining tﬁeuconstitutiye relation between stresses and

o8

'\straips for orthotropic media, in two dimensions is
v E
2xxx

[E]'= 1 — ' E,p
L=y v ) ‘
T2 I ) 0

-




2 . ‘ s .
Since the thickness of the elements t.is constant o‘v;er the element,
a4

the st'nffness matrix of equation (2. 28) can be written[8] as

K=t f [01'[EI[D] dxda

~

ta 5” / ‘[D]T[E][D] dedn

-0 0 ’
‘ . . . AT " \
Performing the triple matrix product [B]  [E] [D], an 8 by 8 matrix

is obtained populated by expressions which are wfl"unctions of £ and n.

Integration of these expressions will lead to s:ubs;equent evaluation

of the K,; terms of the stiffness matrix [K]. , ‘ -

1]
After proper- s1mp11f1cat1on, it is found that the 8 by g ¢

st1ffness matr1x for the specially orthotropic p1ane rectangular

finite element has the form: | K
Tm . ] ",
\~ ~ T
B2 B6 SR
B3 -B4. B ‘
. Symmetric
~ B4 B7  <B2 B6
% -82 ' B5S  -B4 Bl |
2 -5 s B B2 B

"85 B4 ‘-%l B2 B3 -B4 Bl

86 L
-B4 B8 B2 My B4~ B7 -B2 BS
. . ‘sats\ v

2 : - ) {
where the expressions Bl, B2, B3; B4, B5, B6, B7 and B8 are given

by:

¢
A A A ) b

\ . —

“ -

b

k.
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0 B1=§(§;Ei+ re) . ~' Bs=%(5%--2rexz) //'

'y L =) 6 - & (G224, 2

I ‘ ze; 87 =% (rizz,_ Z2) oo

: r

% | B4 = % ( j§§555 - B ;B8 = %-(-ZZEZZ +‘Gﬁz - | h
, ; ' . MWhere E__, Ezz,.vzx and G_, are the equivalent efastic constants \

- // , of the orthotropic medium, r = % 1swthelaspect ratio of the rectangle

2 zx)' For more details on the der1vat1on

F%{ Usedéndk (1vv
E " ' ‘ of the [K] matrix, refer to Appendix B [7].

2.3.2 METHOD OF ANALYSIS

e T

Having established the element stiffness matrices .of the
1ndiv%dua1 basic elements to be used in the analysis of the sandwicﬁ )
panel, the next step is to assemble them to form a g]oba1lstifanS%

‘matrix for the complete structures. Since the element stiffness
>

matrices are derived with respect to the selected Tocal coordinates
{ . :
which are the same as the global coordinates, no transformations .

S e

: are needed to obtain the stiffness relative to the global or structural
! [l
coordinate system.. Structure stiffness matrix can be generated

by direct superposition. This is done by s1mp1e swmnat1on of the
;ndividual element stiffness coefficients for common degrees of
freedom at any node. This approach to the generation-of the globatl
stiffnegs matﬁjx is often referred to as the direct stiffness method.
By the direg} stiffness méthod, a'set of simultaneous
linear algebraic equafions will be obtained, re]ating,]oad§ to,

displacement through the structural matrix. To account for the

e Sk aia N T AL L e,

- sr et LA
e b e e 2 A ot

@




[y

support conditions ‘and pre;enf rfbid body motion, appropr{ate
- boundary conditions mus% be imposed before any solution is attempted.
| Once the structure stiffness matrix is qptained and >
boundary cond#tions imposed,.the modified equétidn‘set must be'soived
for the'upynbﬁn displacements. The most wiQeJy used direct method
.is Gaﬁss%an elimination, the main features being a forward elimination
of unknowns to, obtain a- triangular coefficient matrix, after whfch

*

the unknowns are.obtained by baék-substitution starting with the

"2.3.3  COMPUTER 'PROGRAM

Based on the method of analysis, previously described, .
Fig. (5.17) shows the f]ow4chart o? a computer programlwhich has
been written to evé]uate the normai stress in skin and, shear stress
jn glue line of a sandwich panel based on the finfté\e]emﬁni mgthod.
. Dué to the symmetry in applied loads and panel shape, only a quart;r
\\\of the whole- sandwichgpanel has been ana]&sed, thicker lines
‘part in Fig. (2.18). Fig. (2.19) and (2.20) show the sandwich

. panel idealization and the boundary conditions. The program output

o

is represented in Fig. (2.21) and (2.22).

last modified equation. ' o .
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" CHAPTER III

-

EXPERIPENTAL ANALYSIS 0F
THERMAL STRESSES IN SANDWICH PANEL

co L B

An experimental program has been conducted to verify the
mathemat1ca1 analysis of thermal stresses 1n sandw1ch panels
(Ghapter 11). The exper1menta1 work is d1v1ded 1nto two parts, o

part I contains des1gn1ng of what is called the 'Hot box' (HB),

prepar1ng test spec1mens, ahd the experimental procedures Part -

11 conta1ns determ1nat1on of some of the elastic donstants of

the mater1als which are used as sandw1ch components, ;

PART 1 S o i

3.1 THE GUARDED HOT BOX
| I

The guarded hot box (HB) is a heat chamber used t6 cause

gradient temperatures acrqss a sandwich specimen. It consists
s . ' ) .
of two parts, one used to increase.the temperature relative ~:

to ihe ambient temperature (the heating box), and the second to

decrease it (the refrigerator).
To construct the HB,-available sandwich panels were Jséd, NN

each 24 x 48 x 3 in., consisting of wh1teupa1nted 0.024 1inch '

b

a]umf%1um on each side, a 2~x 3 inch red pine wood usgd ‘as 2 per#nmter

N

frame, a styrofoam core, and four locks to fasten the panels to each

other Fig. (3.1).° y
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THE HEATING BOX .

~-

[ 0

A The heating box is composed of two sub-boxgs. one of whic:h~ ‘
, stands on aluminium ang‘lés inside the otr;er Fig. (3.é). The purpose‘
~ wof the guard box, which is the outer one (4 x 4'x 8|ft), is to
maintain the temperatures thé: same as inside the mefering box,
-which is the inn_é'r one (3;x 2.x 6 ft). The heating box is fixec;
ona 4 x 4 ft. platform which in turn is fixed on four casters. o
To prevent.heat ;loss.‘?rom the HB to the ambient room air, all the

connecting joints between the elemental box panels are sealed using

Latex Caulk. A secondary heater of 2000 watts (4 branches each ' s

!

of 500 watts, connected in a series Fw:g. (3.3)) is fixed on the e
centre 1ine of the guard box backside at/6 inches from its bottom

Fig. (3.4). An asbestos boagkt held to the box back, behind this .

heater, to protect it against the highjemperaiu‘re.' “The 7 ]
- . /

following elements are attached to the heating box:< -an electfical

M

switch unit on the guard box backside Fig. (3.5), two thermostats

on the Teft side, each with 25/225°F frangé, are to control the
temperétures inside the boxes, Fig. (3.6); a fan on the guard box
L o ceiling with a steel sha‘ft extending between the metering box and
the c.eﬂ'ing, on this shaft, two \aMmin'ium blades are fixed, t;oth
the same size and running clockwise, and .125 x 6 in. brown natural
rubber strips fastened along the boxes free edges, by staples
pre‘ssed under pressure of 100 psi using air-gun Fig. (3.7)7
The met(ering box consists of a tubular ‘shlield*, 8 x 8 x 72 in.,
S .125 in. thick, polished inner and outer skins, ends by two 36 x 24

o
X .125-in. horizontal metal sheets, Fig. (3.8). A baffle panel

st eSSttt bl s 'if&,\x%,m m.»‘ﬁw
. ~ .
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- the boxes reach the settiﬁg of the thermostats, the heating is

)
s
36 x 72 x .125 in., screwed to the two horizontal sheets as for
box panel, ?ig. (3.2). A primary heater of 2000 wafts (4 branches
each 500 watts conheéted in series) is fixed inside the tubular
shie]d'near its bottom end. To protect the metering box ceiling

against high temperature, an asb?;f;s board is glued to it using '

~

contact cement.

3.1.2 WARM AIR CIRCULATION ¢

——r

The thermostats dials are set to the témperature desired, e
the temperatures inside the boxes {ncrease, the fan pulls the warm
air up inside the tubular shield and down in front of the baffle sheet,

circulating the warm air continuously, When the temperatures inside

oA

interupted. Since heat is lost to ambient air as well as to the

cooling box, the circulating air temperafure decreases. This is
i N R -

" sensed by the sensitive thermostats bulbs gnd heating is restarted.

A fluctutation of 5°F is noticed while cycling about final temperature
value.

3.1.3 REFRIGERATOR

The ref}igerator half of fhe‘box is 2 x4 x 8 ft. The re-

frigeration system consists of condensing and refrigerating units.

The condensing unit is fixed to a 2 x 4 ftf/;tand attached to the

back side of the box, Figs. (3.9) and (3.10). The refrigerating

»

unit is composea of cooling coil fixed between two vertical, .125 x & Ty

48 x 60 in. aluminium inner and outer skins. Two horizontal, .125 x

!

{
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e
20 X 48 in. metal sheets screwed to these two vertical sheets, one
6 in. fromthe.refrigerator ceiling and the other 30 in; from its
bottom, Figs. (3.11) and (3.12). A baffle plate .125 x 48 x 8
in. screwed to the two horizontal sheets, as for box panel. A v
'_ \water drain is tilted on the box bottom. The refrigerator box
is fqr:nished with the following elements: a thermostat with -25/100°F
range, fixed on the box back side, a fan to the box ceiling center ‘
inside it, and AC magnetic relay fixedon the box back side ‘to the

left.

3.2 STRAIN GAGES

The strain gages which were used to measure the thermal
strains in the skins of a sandwich specimen were based onthe instructions

of the Intertechnology Inc. manual, which shows a straight forward,

method to guide in the following steps: -

stl:rain gage selection

< . . .
the measuring circuit

strain gage instaﬂation‘

lead attachment to strain gages )

3.3 PORTABLE POTENTIOMETER

To measure ambient and skin temperatures, the copper éon~.
staptan thermocouples were used. A portable potentiometer, Model
2745, Fi‘g. (3.14), used‘%surg the thermocoupies voltages.

The steps for mamhl\ compensation of the end of tﬁe thermo-
couple junction Fig. ‘(Bgls\)\_};{ave béen done according to instructions

for portabﬁe precision potentiometer, Model 2745. —

2O
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3.4 TEST-SPECIMEN

3,4.1 SPECIMEN PREPARATION - -

w
]

-
]

~
'

The following procedures are followed in sandwich specimen

preparation: o .

1 - The "aluminium facings of "the specimen-cut from 4 x 10 ft., flat

.polished aluminium she/et, using snips then their edges fi‘fed.‘
» /" : B
2 - Using/S/NA[Lsca’p,’ tap cold water, thgse facings washed, wiped

rs

using clean, dry sponge and left for an hour in the normal air
conditions.
’ Il

A piece of wﬁite pine wood, 2 x 4 x 36- in. (nominal), selected b
from among five similar pieces (it had no knots or texture defects).
Its surface sanded us'ing mechanical sander and the 'sawdust re-
moved, using a dry sponge. | v

The actual dimension§ of the aluminium %acings and the wood

core were measured using calibre.

oy
]

Epoxy adhesive preparatidn -

The epoxy adhesive which was used was BOSTIK 7087 - jt contained
two liquid pérts, ie, part A contains curing agents, and part B
contains epoxy resin. This is mixed in equal volume into a

smooth paslte Jjust prior to use.

[+,
]

The la1um1’m'um facings fully coated with the epoxy ,adhe§1've p‘aste
,and by using a clean sharp edged piece of a‘luminium,‘ the coating
is spread, then leveled.

:The wood core sandwiched between two aluminium facings, the whole
specimen squeezed between two flat pieces of birch wood (each with

the same dimensions as the core) “clamped using six clamps, and left

" - VN PR S e e et T s o S ety RN




48 hours for adhesive curing, Fig. (3.16):

3.4.2 STRAIN GAGES POSITIONS ON SKINS

Usmg the strain gages installation technique (3.2),

fwe rosette gages, type EA-13- 125RA-120 were installed on each

of the specimen faces, a1ong half the length, in addmon to them,

another four single gaées type EA-13-1258T;—120 were i'néta]1ed near

! , .
"the specimen end on one face only. The positions of the gages are .

shown in Figs. (3.17) and (3.18).
'3.5 TEST PROCEDURES AND RESULTS

3.5.1  INSTRUMENTATION
1 - The hot box (3.1)

2 - Portable potentiometer (3.3) ,
Portable digital strian indicator, model P-350, with ten-
channel switch and balance unit model SB-1, Fig. (3.1915

A sandwich plate, 8 x 6 ft, composed of six 2 x 4 ft. sandwich

" panels, mentioned ea_r]ier.: A 36 x 4 in. opening centered this
plate with one in, thick sponge strip fixed along its edges.
in this opening the sandwich specimen is inserted. To decrease
heat loss betw;en the two parts of ‘the HB, fiberglass insulation
is.taped to the plate facings, Fig. (3.20). ‘ '

3,5.2  TEST PROCEDURES

1 - The sandwich plate, with the specimen inserted in its opening,

is held between the refrigerator and the heating boxes. The HB

Tocked properly such that it is.isolated from the ambient, Fig. (3.21).
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2 -'The free ends of thermocouples connected to a switch unit and )
‘éhe emf of all themocou;;'!\ei\.)*unctions éoﬁpensated (3.3). r
The dials of the thermostats set to the temperatures at which
_stop is desired. Thﬁnitiafreadingstof all the thermocouples
taken-and recq}‘ded.
3 - The leadwires qf the strain gages connected to the binding posts
on the switch unit, 4 |
- the apprdpriatf gageyleads con'nected from the switch unit
fo the binding posts on the strain indicator, following t;te

strain indicafor instructions for completing the wheatstone

-pridge with the 120-ohm dummy gage.

- the gage factor control on the strain indicator set to the .

value gjven on the information sheet in the strain package.

-,fhe strain indicator turned ONJ} its measur:ing dial set to zero
and the meter needle brought to the null position with the

gage b‘a1‘ance control on the switch unit (this step has done

for each strain gage, and in case the'i'netér needie cannot be
broﬁght to the null positioq, the measuring dial set to initial
value and the meter needle brought to the nuﬂ‘using the balance
control. In this case, the initial value was the zero reading !
for the co'ncerned gage). - The initial readings for a'!] the strain

.gages are recorded. NOTE that steps 2 and 3 are done simultaneously.

N . 7

4 - the electrical switch unit on the back side of the HB was turned DN.

a

5 -~ the thermostat setting was reached after about one hour. To

l

ensure reaching a stabte temperature, the readings of the strain

v
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3.5,

indicators and the potentiometer “started after another hour

when there was less than 0.02 millivolt change in the potentiometer

1

reading each five minutes (all the readings have been taken

simultdrieously and then recorded)..

the thermostats dials were set to the next desired temperatures.

and the .whole procedure repeated-again.

"

at the engi of ‘this test, the refrigerator and heating boxes

were separated and the panel allowed to cool. . :

when the sandwich specimen come back to ¥ts normal conditions,
after two days, the sandwich plate, with the specimen, turned
about and the test procedures repeated again.

3 TEST RESULTS " - ™.

{

The normal stresses are calculated from the measured thermal

strains anq the reéu]ts are presented on curves in Figs. (3.22‘) to

hd - “
[ ¢ .

. (3.26). ¢’

U ’ ¢ °
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A PART 11

' [

. The sandwich specimen, which ‘is'uéed“ in this experimental

programme is composed of two aluminium facings-‘(and a white pine wood
core. The following are experimental procedures which are followed
- N , \’ ~ .

to@jetermine‘s’ome of the elastic constants for those materials. ..

.

3.6 MATERIAL PROPERTIES
, See Appendix ¢
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- o . CHAPTER IV ’
\ ‘ f ' . ’ 3 . , ) * ¢ K
” RESULTS,DISCUSSION AND CONCLUSION ,
~-4.1 COMPARISON .
) ..;“ "~ A simplified- formula (overali behaviour) and mathematical ’

4 i g

‘solution for the normal stress in the skin-are given. The results of‘
_both approaches are in agreement at the ceptré’]ine of the skin and
“this is considered a§ the first check on the-mathematjca] analyéis.
The summation of.fohrier series, which appear in the normal

[y

.and shear stress formules, are checked by comparing the summation

L4

computed values from the mathematical solution. Both values are

shown on tﬁé curves-in Fig. (2.11), (2.12) and the results are seen
‘to be exactly the same (Fig. 2.14, 2.15).

For the case of uniform temperature- change a comparisoﬁ
is made between the mathematical and the finite e]géént results.
There is & diffefence less than 6% of the mathematical value-at the

skin centre line and thié/;;\EBE;;Sered as a sgéond check on the

.ﬁéthematica]tanalysis. The actual cgmparison being shown on Fig. )
(4.6) and (4.7)." |
The experimental and the mathematical results are compared.
~There i§ good agreemesnt between the normal stress, component due to> | "
the gryﬁient temperature change while there is a difference up to
300 péi in the stress component due to the.uniform tgmperature change.
Tﬁe shear rigidity effect on the modulus of e]asticity of the wood

j§ Qery small and the differences may be due to the following causes:
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The strain indicators null ba]anéinb process caused an error
+40y ;trai@i(400 psi) due to doing it manually.

The installation and soldering process of the strain gages affect .

i

the output.

- © s

Thelstrajn indicator zero shift.

-

[ ] N

;Nonhémogenuity of the bore,.influence of glue liﬁe and the
I3 @ .

B . A\l [
assumed expansion ‘coefficient of the wood.

CONCLUSION, =~ ° °

4

- agreement with experimental results.:

Formulas have been developed for the normal and shear stresses

in sk{ns and é]ué Tines kespectiveTy of flat faced sandwich panels

due to uniform and'gradight temperature changes. ®

. Formulas have been, presented for predicting the deflections of -

sandwich panel due to uniform and gradient temperature changes.

It has been demonstrated that high shear stresses occur at the

¥

ends-of the glue Tine. A stress of 500 psi can bi&céeated by a

temperéture change on one side of 80° F.

v

The mathematical formulas “have been shown to be in reasonable
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MATERIAL PROPERTIES .
-~ E.1_ALUMINIUM N
The alummwm which was used as skins for the sandwich .
‘spec1men is aHoy 3003, produced by Alcan, Canada LC{rrnted [6].
It has the foHomng propert1es ' \ S
©  Thickness . S = 0.025 in. :
 Modulus of-elasticity = 10.M kst ,
| _Shear modulus of elasticily = 0.4 x 10.% ksi
Poisson's ratio _ = 0.33 ' t
Coefficient anlineaqjexf)ansion = 13 x 107 /°F
. - . ‘ |
F.2 WHITE PINE WOOD |
£.2.1 SHEAR MODULUS ' ' '
No standard exists to ca1culate the shear modulus of “the
wood therefore, this experiment was done dEpendmg on the elementary .
\ mechanics’ of materials.
\\ The ang]e of twist for a straight bar, uniform, circular
*section and 1oaded by equal and opposite‘ twisting couples, can déter-' P
mine from the relation:
\
\ .
wherey - T = twisting moment
s L = length of the member .
\ S Ja polar moment of inertia of the cross bsécFion
\ 6 = modulus of rigidity of the bar materdal *
.\'\\. "\ 8 = angle of tﬁst (radians)
N |
\1( ) - s



Three specimens are prepared from the same wood whiéh

,was used as a sandwich core in this research, each sample has the

same shape, Figs. (C.1) and (C.2) and the actual dimehsions were

L IR

'as follows:

/

Sample d1(mm) average d2 (mm) L (mm)  al, a2 (m)
three measurements

o

| A" 9.08 : 125 121 37.50, 37.25

{‘E B 9.01 126 120.6  37.90, 38.60 ’
| ' -

| C 9.307 SR kT 120.72  38.30, 38.20

: ‘ ' By psing the testing machine, INSTRON, (FIG.é§.3)). which
) \is.availab1e.at the university, the following were test procedures
to.determine shear rigidity 'for pine wood. ' ‘ '
- the torsion load cell installed, wood Specimen’ inserted

into it and the chuck hand tightened, Fig. ((%4). -

- the drawing pen set to zero referdnce 1inﬁ (the full ﬁ

1ef§ reference zero selected to represent the z ro reerence.). {;

' - the load weighing system balanced and calibrated against :

precise load signal.. The system calibration for all ra;ges of the
1oa&,ce11 set in use.

- the crosshead and the chart Epgeds chosen. ‘ 1

- the power knob switched ON.

’ * '




! 3

'] 1

The averége)shear rigidity is 130.819 kg/mm2 or 186086.771 psi and -

] B " this was the shear rigidity value usédin 'fhe matheématical. analysis.

] ) Chapter II, or, in the finite element analysdis, (Figs:(C.5 and(C.6) Co
4 show the graphs of fhis tei'). ‘ . ‘ i )

' c2.2 SyepuLus oF ELASTICITY ™~ __ ) -

A straight wood beam of rectangular cross sect'ion( is sub-

jected to a bending moment by supporting-it near its ends anﬁ applying

4 @ . N
) ) transverse two loads symmetrically imposed between these two supports

[ i

(Fig. (C.7)). The coordinate observations of loads and defl ections . J
are made un&] rupture occured (Pne of the objectives of two point ]
“oading is to subje& the portion of the beam between 1oad pm’nt‘s‘

- to a uniform'bending moment, free of shear, and with comﬁarativély

'§rria11 loads at the load points. For example, 10ads,app11’edl at one-

one-fourth span léngth from reaction to develop'a moment of a similar

{

é ‘ o ) third span length from reactions would be less than if applied at
A - »
s magnitude). The following were the acfual specimen dimensions as
Z
{
i

measured (Figs. C.8 and C.9):

L]
]

Beam depth b 3.721 (in.) ( . ]

&

15 . ' Beam width

a 1.739 (in.)

27.0 (in.), - ;

Beain span L

~ Total Tength TL = 33.0 {in.)

~ -3

By using TINIUS OLSEN testing machine (Fig. (C.10)), the following

were test procedures to determine modulus of elasticity of white
L

pine woog:. ' . ;o e




- t-he‘ f}exuré specimen supported at its #eggtion points op 'the
testing machingc’pTateform, as ;ht;wn in Fig. @6.'11). The supports | .
* were such that shortening and rotatio’n'of the spe¢imen due to
deflection will Be unrestricted Figs{\(c.lZ) and (IC.13)
- fu]] contact between support t;earings, 1oad'ing blocks -7a,nd the
specimen surfaces attained. '
- two dial gages are uéed‘.— one to;rﬁe'asure deflection at the center=-

‘of the span and the other at one of the reaction points. Each

»

d?a] gage permits nzeasurements to the neare;'t 0.001 in. _
- The specimen 1oadéd c‘ontinuously‘whi'le the '!oaci values and Jthe
~ dial: gages readings were regording. ‘The specimenjaﬂed by
- cracking at its upper fibres at the center of its span. Fig.. (C.14)
(no crushir;g occurred), and the test stopped when the obtained load-
~deflection curve exceeded its straighﬂt line portion. ‘

-

- the load deflection curve is shown in Fig.‘ (C.15), from which

2.422 ) \
E = (épa )(3L2¢4I"a ) .
max
= K. P ?
max . ,
- P .
428 ~ ‘ L
f max ' e‘
. = 1590000. psi | ' 4 :
A I
where K = constant’
L = specimen span = 27 in, = ‘
3 < L_1
a=3=z shear span
I = moment of ,inertia’of 'spe:imen cross-section :BT%—\

1.63 in.*

-

; .
Nk o
.
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FIG. €.15: LoAD DEFLECTION CURVE
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