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Abstract—On the basis of the theory of internal heat-mass transfer and deforming for ablating materials
developed before the present paper, a theory of heat-mass transfer processes and stress state in thin-walled
shell structures made of ablating composite materials is suggested. This theory is based on the system of
special hypotheses with respect to distributions of main process characteristics vs the shell thickness.
Accurate analytical solution is obtained for cylindrical ablating shells. Comparison of the ablating shells’
theory suggested with results of computations shows a high accuracy of the theory up to 15%, thatis a
fine result for a shell theory. A theory of delaminations’ appearance in ablating shells and their stability
loss under the action of internal pore gas pressure is developed. Calculations of stability estimation for
tank-containers made of ablating glass—plastics for the carriage of harsh media in fire. Copyright © 1996
Elsevier Science Ltd.

1. INTRODUCTION

At present thin-walled shell structures made of com-
posite materials have a wide application in different
fields of technique : from aerospace structures to tank-
containers for the carriage of harsh media. Up to now,
design of such hardware has been based in the main
on strength calculations [1]. However, nowadays
investigation problems on behaviour of thin-walled
structures made of polymer composite materials under
conditions of high temperatures’ action become more
and more realistic, for example, this problem appears
in the investigation of the resistance of hardware of
the tank-container type in fire or in calculation of
aerospace structures’ work-capacity in aerodynamic
heating.

Up to now, the behaviour of thin-walled structures
made of polymer composites under conditions of high
temperatures has not been investigated. It is evident
that their behaviour essentially differs from the one of
metallic thin-walled structures. Due to substantially
lower heat-conductivity, polymer composite materials
have a longer resource for location in a high tem-
perature zone. However, there is an internal ablation
(pyrolise) in composites at high temperatures that is
accompanied by intensive gas generation. Gases in
pores have no time to be filtrated to the external sur-
face and create excess pore pressure that can lead to
delamination of the glass—plastic shell structure. After
appearance of the delamination, a closed shell struc-
ture of the cylindrical type is still capable to keep
stability to the action of high temperatures for certain
times and only when internal gas pressure in a cavity
formed by delamination reaches its critical value, then
thermomechanical destruction of the whole structure

occurs due to a loss of stability of its internal layers.
Possibility of quantitative description of these
phenomena is extremely important for estimation of
a stability resource of thin-walled structures under
conditions of the high temperatures’ action. Develop-
ment of such methods of calculation is the objective
of this paper.

The ablating composite material model describing
coupled processes of internal heat-mass transfer and
deforming was developed in refs. [2-5]. In the present
paper a theory of heat-mass transfer and stress state
is developed on the basis of this model for thin-walled
shell structures of ablating glass—plastics taking
account of their delamination at the action of high
temperatures.

2. GENERAL EQUATIONS

In accordance with ref. [2], a composite material at
high temperatures is considered to be a four-phase
medium : the first phase is a thermostable reinforcing
filler in the form of glass or other fibres; the second
phase is a polymer matrix ; the third phase is a solid
residue of high-temperature pyrolise of polymer ; the
fourth phase is gaseous products of pyrolise in pores of
the material. The first three phases form a monolithic
framework of material. Consider the case when a re-
inforcing filler is oriented in such manner that the
composite as a whole can be considered as an ortho-
tropic laminated material with orthotropy axes being
coincident with the axes of the chosen curvilinear
orthogonal coordinate system Og,, x =1, 2, 3 and
the Ogq; axis is orthogonal to the plane of the compo-
site layers and to the shell surface.

Write a general system of equations for a composite
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A, coefficients of the first squared form of
a middle surface of a shell

b, material constants describing a change
of strength and elastic features of
composites with temperature

cg, ¢;  specific heat-capacities of phases
[m*(s* K) 7]

e,s  strains of a shell

E, elasticity modules of phases
kgm™'s7%]

Aey, Ae} heat of volumetric and surface
ablation [m? s™']

f(x,©) shape of phase separation surface

h shell thickness [m])

hy thickness of a nondelaminated part of
a shell
H,a=1,2,3; Lamet’s parameters of

curvilinear coordinate system g,
J intensity of mass transfer from
polymer phase to gas [kg(m® s)~]

M,; moments in a shell [kg m s77]

De gas pressure on an external composite
surface [kg(m s%) 7!

P pore gas pressure [kg(m s%) 7]

Da gas pressure in a delamination cavity
of a shell

Q.  crossing forces [kg s 7]

q. curvilinear orthogonal coordinates

R radius of a middle surface of a

cylindrical shell [m]

NOMENCLATURE

R,  universal gas constant [m?(s* K) ']

t time [s]

ty the time of appearance of the first shell
delamination

tyx  the time of stability loss of a shell

T,, forcesin a shell

U, displacement of a middle surface of a

shell [m]
W deflection of a shell [m]
z damage parameter of a shell.

Greek symbols
a0, coefficients of heat phase expansion
K1
al coefficient of heat transfer [kg(s®* K) ']
B shrinkage coefficient

r gasification coefficient

&,¢; strain tensor and its components
0 temperature [K]

Aij components of a heat-conduction

tensor [kg m(s* K) 1]

Poisson coefficients

phase density [kg m ™)

oy stress tensor’s components
[kg(m s?)~']

K,;  curvatures of a shell.

Subscripts
e (external) parameters of the surroundings
g (gas) parameters of a gas phase.

with internal ablation in this coordinate system. Then
equilibrium equations have the following form :

0 a
a (HﬂHy6m¢s) + éq—ﬁ (HzHyaaﬁ¢s)
0 0H
+ 2, (H Hyo,,) — 04511, qu

% +¢ H %
g, 0 5,

on,
dq,
wfBy=123;

—¢0,H;

o¢
—H,H, aqu

aFEBFEy; M

+¢.0,,Hp

=0;
equations of changing mass of the second and third
phases are
0
o2 -y @

09;
0 _ 7.
P, )

equation of filteration of pyrolise gaseous products in
pores is

Yo 1 (0 (B
ot H1H2H3\5‘11 H, dq,
é (H\H, op,0
a‘Iz( H, Ka R, 09,
0 H]H2 5pg0
+6q3( T, K;;R, 24, +IJ @

and equation of heat transfer is

O (amE @
p ot  H\H,H,\dq,\ H, “a‘h

F <H1H3 26 )

+ —_— —_—
oq.\ H, 2 oq,

+i<H1H2'1 ﬂ))+ c4K1,R6p30ﬁ
og;\ Hy, "’ 0q; H} 0q, 0q,




Internal heat-mass transfer in thin-walled structures

Ky ROpgf 30 ¢,K33R3p,6 00
HY 09, 0q, H} 0q; 0q;

AelJ,

)

here H,, H, and H, are Lamet’s parameters [6]. The
Cauchy’s relations connected composite strains &,
with displacements u, in the curvilinear coordinate
system have the form:

_Llow 1 oH, 1 0H,
= ='H,0q,  H,H,oq, * H,H, oq,

2 _.&iﬁ_’_{{la i@_
6 = H,0q,\H,) " H,q,\H,)’

o, B,y =1,2,3; a#f#y @

Constitutive relations for an orthotropic laminated
ablating material have the form:

u,; (6)

3
0w = —p+a§ ﬁz,l Copleps—Epp)s 2 =125 (¥)

3
033 = —p+a) Y. Cigless—8sp)+a3 Cs3(E33—633);
f=1

®
o2 = 31Cs6812; (10)
03 = G5Css5803; 8]
0,3 = 33C44815 12)
where p is pore pressure of gas:
p=p,R.I, (13)

and C,g are elasticity modules of orthotropic material.
a9 and 4% are functions describing a change of elastic
features of the composite at raised temperatures up to
pyrolise temperatures :

. 3 b2+, >_1
ag=(1-%, %7% ) 14
2 ( by T B2at 20 (14
‘ 1_ 0y2
B = 14 ay(s— o) tasds, by =3+ L2
l/az“ 2
by = byas/a,, (15)

where a, and a; are the model constants determined
in experiments [3]; ¢3 is the initial concentration of a
binder in the composite.

Heat deformations &g of an ablating composite
consist of three terms : heat expansion of the material,
deformation of phase transformation (pyrolise)
shrinkage in pyrolise [2].

. 1
Epp = E((al (1 —a:z¢g)
1

+oy28,)(0—0,) +“333J Gésdf—ﬂsh%d’a);
0
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33 = (o, (1 —99) +#2,)(8—6,) +°‘3f 05 dr— By s,

B=12; (16)
here «; are coefficients of heat expansion of the ith
phase, B, is the shrinkage of the binder in pyrolise.

3. EQUATIONS OF THIN-WALLED ABLATING
SHELLS

Let us consider a thin-walled shell of ablating
material with the thickness h, where the line g,
coincides with the normal to the surface,
—(h/2) < g5 < (h/2) and ¢, and g, coincide with the
lines of main curvatures of the shell surface. There are
H, = 1,H, = A,(1+k,q) [6] for this case, where 4,(q)
are coefficients of the first square form of the surface
reduced (g; = 0), k, are its main curvatures.

Boundary conditions for the equation system (1)—
(7) at surfaces g; = +h/2 have the form:

¢5033_¢gp = P+, O3 = 0’
20 9,0
T i g —(0— 9Psb .
+ 33 aq3 qi (0 ei)Rachﬂ aq3 s
a=12; p=p,, an

where p, is the external pressure on the shell; ¢, is
the heat flux to the external surfaces.

Let us consider very thin shells for which there
is kg, « 1 then the terms k.,g, can be neglected in
comparison with 1 for « = 1, 2; in particular A, ~ 4,
fora =1, 2.

Forces T,,, Ty;, T, moments M,, M, and M,,,
crossing forces Q,, Q,, averaged pressure P, are intro-
duced as follows:

1 h/2 1 hi2
?J\ ¢saaﬂ d‘h f Qu = _".[

s J—n2 &, —n2

1 ("2
Mmﬁ =TJ~

s J—hj2

Taﬂ ¢saa3H2 qu 5

h{2

1
0,593 dgs ; Mfgf $¢Poq:dgs;
g J—h2

1 [h2 _ 1 (w2
Pﬁ;,—;f bepedys; ¢SEZJ ¢.dgs ;
s J—n2 —h/2
¢g= 1_¢s= a5ﬂ= 152 (18)

Averaging the equilibrium equation (1) over the thick-
ness, we obtain:

0. A, T 0p. A, T 0A .
¢ 211+¢ 121_._2T22¢s

94, 9q, oq,

04, ; .
+5 -6 Tt dud A2k, Q,
UE

—A4, _6<§ng =

0;
oq,
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0¢,A, T, 5¢A T,
dq, oq,
0A4 0A
—ag, Tnbt 76T
¢, P
+¢SA1A2k2Q2—A1%= 0;
_ 92
— A4,k Ty + k2 T,) _
aA Q d)s a141Q2¢s
oq, oq, _
—p3A A, —(ky +k2)A2A1¢ng =0.

(19)
Multiplying the equation (1) for « =1, 2 by ¢; and
integrating over the thickness, we find two equations
for the moments :

‘]_SSAZMII a(ﬁesAlAIZI
+
0oq, 0q,
aA oA R
s —— M2, — 2¢5M22 ~4,4,$,0,
a¢g =0; (20
1
0. A M, N 09,4, M,, N %Mmf)s
oq, dq, 0q,
_ 04 - op.M
l¢sM11 A1A2¢5Q2—A1 cgfh = 0.

At present there exists a great number of theories
for calculation of a stress-strain state of thin-walled
shells [6-9]. For laminated composite materials the
Timoshenko’s shell theory is the simplest and
sufficiently acceptable. However, this theory and also
its analogs cannot be applied to ablating shells as
they do not consider the most dangerous delaminating
stresses a; arising due to internal gas generation of
an ablating laminate. In order to take account of this
effect it is necessary to formulate a new system of
hypotheses for a shell theory:

(a) distribution of displacements u,, u, through the
shell thickness is chosen in the form

U +q3ya

— s =W,
ajo,

@n

(b) distributions of shear 6., and normal 6, stresses
are chosen in the form

h2
¢s x3 = a+3a+3<—'q;3,+ z)ﬁxa (22)
1
033 =P p—p_+ (P~P+)<% + 5)

( g+ )fs’ a=12 (23
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where U,, y,, Wand f,, f; are functions of coordinates
ggand t,a, f=1,2;

(c) the following integral relations are considered
instead of state equations (9), (11), (12)

2

2
J ¢,033dg; = “f
—h/2 —h/2

¢.pdg;

B2
+C33J B3 (835 — &33) dgs, (24
—n2
hi2 k2
J ¢s013 dfh = Loay3a+3 f ¢sd36a3 qu,
—hp2 —h2
a=1,2; (25)

(d) external heating of the shell by heat fluxes ¢, is
considered to be low-changing along the shell surface
and thus temperature 8, pore pressure p, gas density
p, and concentrations ¢,, ¢,, ¢, distributions can be
assumed to be functions only of coordinate ¢; and
time ¢.

Distributions (21) and (22) satisfy boundary con-
ditions (19) at the shell surfaces g; = +#4/2 auto-
matically.

Substituting expressions (20) into the kinematic
relations (6) and (7), we obtain the expressions for
strains:

Gyt 3Ky

Eap = = , &3 =0; (26)
ate,
1 6W Xa’))a_kaUm
26, = — + =, a=1,2,
P A4, oq, a°o,
where the following designations are introduced
1 0U, 1 04,
=4 7q, T Ard, ag, # TR 2= 12
e =g} (2
2 24,\ 0, dq,
24,4:\ 29, ! oq, )y
. 1 oy, 1 04, 81
“= 4, 0q, A4, 09"
1
= 1—qik,— ———a 3 27
x g3 2° ¢sa 75 a3 ¢,), @7

being kinematic relations for thin-walled shells.

Substituting distributions (22) and (23) for stresses
and (26) for strains into relations (24) and (25) we
derive equations allowing us to express functions £, f5
in terms of y,, U, and W:

6/ h oW
f; = h_J(Xaya A a Xok Ua)i
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6

h
f3 =_<~¢sPs—¢ng+(p+ +p—)§

h3
3 ° 2
”‘ﬁ;l Cgﬁﬁ‘%? + h ﬂ;l C3ﬁeﬁﬁ>, (28)

where the following designations are introduced

hi2 d()

hi2
Yo = J a3 %.4g5; Yo = J —dg;;
—h/2 —h/2 al

o L[ . 1 [
i atein n-g
%ﬂ hJ—h/z 1 3843 ¢s

—hy2

¢sp dql >

1 hi2 1 h{2
Ms _—J p¢sq3 dq3’ PB___T—.[
—h2

= d .
7 3 _mpd)g qs

(29)

If functions y,, U, and W are known, then stresses
6,5 in a shell can be determined by formulae (22) and
(23) and 6,4 by formulae:

12 .
Ouy = *P+;5_ Z Cupless+qskps—Egp) s
sfp=1

C
012 = = (et gskiz). (30)

On substituting expressions (21) and (30) into (18),
the constitutive relations for a shell can be derived :

(5 T = ¢SP -+ Z Ca,g(heﬂﬂ_’ﬁ(n)) Cug%o N
&;le = Ceshez;

- - 2 h3 o [}
¢5Maa = —¢5M&+ Z Catﬁ<12xﬁﬂ—€§;3)>_cu3g(313) ;
f=1

- I
pM; = 12 = Ces¥125
h h o
Qu = 'gca+3,a+3(iayu Xok U + a;/>
=12 31

Taking account of the assumption (d), equations of
internal heat and mass transfer (2)—(5) for a shell are
rewritten in the form:

0,
09®2 .
P2 at Js
o 1 3 opd\
ot = AiA, ag, \h A KRS = |+ TS

1705
o 1 2 20
pe at A Az 5q3<A AZASS (3 )
'K
+eR K, 20890 0y (32
3gs g,

Thus, equilibrium equations (19) and (20) are the
ones into which constitutive relations (31) and kine-
matic relations (27) should be substituted. Also equa-
tions of heat and mass transfer (32) are the closed
system of eight equations used to determine five func-
tions U,, y,, W depending on g¢,, t, « = 1, 2 and three
functions p,, ¢,, 6 depending on g,, g,, ¢. It should
be noted that due to assuming the hypothesis (d),
functions p,, ¢, and 6 depend on g, only para-
metrically: i.e. by the dependence of external heat
flux g, and pressure p, at the shell surface upon
coordinates g, in boundary conditions (23).

Contour L bounding the shell according to the
assumption (d) should be hermetic and heat-insulated,
i.e. at this contour all derivatives should be equal to
zero: 00/0q, =0, dp,0/dq, = 0. Therefore there are
only ‘mechanical’ boundary conditions at the contour
L for system (19) and (20). For example, at contour
g, = const they are given by five values, i.e. by one
value from each pair:

(&sTn —‘Z’sP u,), (T12,up),
Qs W), (M1 =My 7)., (Mg, 7).
(33)
Initial conditions for system (32) are:
1=0: ¢, =¢% pp=—an; 0=0, (34)
R.6,

where ¢3, p,, T, are the initial concentration of a binder
in the composite, initial gas pressure in pores and
initial temperature. Function ¢, can be determined in
terms of ¢, analytically :

b3 = (@2~ 2)p2/p3(1-T). (35

4. CYLINDRICAL ABLATING SHELL

Now consider a special case of an ablating shell that
can be used for a wide scope of applied problems. Let
us consider an ablating shell being a rotation body
(Fig. 1) with the symmetry axis z. The coordinate
surface g, = 0 is assumed to be coincident with the
middle surface of the shell ; the meridional arc s and
the azimuth angle ¢ counted off from the certain point
M, are chosen as coordinates q,, ¢, and ¢; = R—r,
where r is the radius.

For the case of cylindrical shells the principal cur-
vatures k; and k, are the constants:

1

ki =0; k2=§; Ay =1; A,=R.(36)

Then equilibrium equations (19) and (20) can be
simplified :
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Qs Curvilinear

coordinates
External influence Gas outflow
of pressure and A \  from pores

heat flux )

4
First-phase  Second-phase Third-phase Fourth-
filler W8  polymer solid phase

matrix W% residue @ pore gas o

Fig. 1. Scheme of a thin-walled shell made of ablating

material.
o . -
g((bsrTll -¢ng) =0
ﬁ T 4-55 T22 _¢7ng _
as(¢sQl)_ R +(p+ p_) —0
J - . -
’a_s(¢sM11 —¢gMg)_¢sQ1 =0 (37)
Kinematic relations (17) take the form:
ou w
en =321 €n = (38)
K = on, Koy =
11 63 s 22

Constitutive relations (31) for a cylindrical shell
have the form:

2
J)STM = ¢5Ps+ Z Caﬂ(heﬂﬂ_sl(???)) Eg
=1
_ 3
oM, = ¢sM +C11K11 Z Clﬁeﬂﬁ 5
% h oW
$.0, = C44€<X1V1 + R 2, ) (39)

Heat and mass transfer equations (32) for a cyl-
indrical shell are written in the form:

2090

it
dp,0
apgt =1 2k, R 20 s 1y
ror or
0 10 dp,0 0
ca P r( >+chaK33 ar a——JA

(40)
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Consider the system (36) and (39) with boundary
conditions of the following form:

‘lgsTll_Q_Sng =T,
s=s5_: U =0;

0, =0;
0, =0;

Under these conditions the system (36)—(39) has the
solution:

7 =0;
(41)

§=5,:

'Y]ZO.

42)

Substituting formulae (42) into (39) we can find
strains gg, €, = 0. Stresses in the cylindrical shell can
be determined by formulae (22), (23) and (30):

6,:=0;, «=12; 0,,=0;

6, . z O
fr =5 (C@PABLIE A+ Py =p)Ea = Crstl)
o-unz = ¢h(¢sP +¢g g)

R(@—1)
Z Cw( sﬂﬁa|>+(17+ —p—) h¢s >
«=1,2; (43)
where
1
& = 1= 1 (Cs1(Caa= Ciz) + Caa(Ciy = Ci2));

h R
‘+K(_C3|C12+C32Cn);

éz=2

A= Cnczz—cfz-

Heat and mass transfer equations (40) are solved
numerically.

5. ABLATING SHELLS AFTER APPEARANCE OF
DELAMINATIONS

Up till now structures with ablating composites
have been examined only for the time interval 0 < ¢ <
1, till time 7, of destruction by the thermomechanical
type, for example, until the composite delamination
appears due to accumulating intrapore pressure of
gaseous thermodestruction products. This restriction
is justified for many structures, as after arising the
delamination, a hardware having for example, a plane
shape (plates, unclosed shells, panels), fails and loses
completely its exploitational properties. However, for
some types of structures there exist exploitational con-
ditions when the hardware still performs its functional
purpose for some time interval f, <r<¢,, after
delamination appearance.
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This situation takes place in external heating a shell
with a closed contour made of thermodestructing
composite material (Fig. 2), for example under the
action of flame onto a cylindrical tank-container of
glass—plastic. The action of a temperature field uni-
formly distributed over the surface on the cylindrical
shell of the tank-container leads to forming ring
delaminations having a closed contour.

Because the shell of the tank-container has a closed
contour, it does not fail after arising the first delami-
nation and continues to perform its functional
purposes. In further heating, new ring delaminations
appear, the formation process of which is directed
from the outer surface of the shell to the inner one.
Pore pressure is accumulated in each ring crack so
that the pressure difference py(r;, ) —pa(r;_ 1, ) (Where
i=1,...,N, r,is the radius of ith delamination) uni-
formly distributed acts upon each of the cylindrical
layers stripped off. The nondelaminated part of the
cylindrical shell of the tank-container, with the thick-
ness hy(¢) (Fig. 2B), proves to be the most loaded, as
that undergoes the action of the maximal pressure
difference py(ry, 1) —p_, ha = ry—R,.

The process of delamination formation continues
till time f,, when at the certain critical thickness

8, + heat influence of fire
0stst
AR .
X M ’ — Ablating glass-
’plastic shell

(a)

-Heat-insulating
shell

Meral
hermetizing
shell

X Liquid

(b)

t,StSt,,

e*‘tiii"”,

< delamination
front motion

< internal layer
stability

Fig. 2. Scheme of fire action onto a cylindrical glass—plastic

shell, appearance and development of delaminations in the

shell and a loss of shell stability under the action of pore
pressure of ablation gas.
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hy(tey) the inner part of the shell loses a stability
under the action of the external pressure difference
Dalrws L) —Po— > 0 (Fig. 2C). After that the structure
stops to perform its functional purpose and the tank-
container fails completely. However, the time interval
1.+ — 14 since the first delamination appearance till a
loss of stability of the tank-container shell is
sufficiently long: t,, —t, > t,, therefore the method
of stresses and heat-mass transfer calculations
developed in Sections 24 for ¢ < ¢, should be con-
tinued for the time interval ¢, <t < t,,.

A condition of the delamination appearing in abla-
ting composite has the form:

21 (t4(n), 1) = 1,

where the damage functional z; can be represented by
the formula

(44)

2 (F) = |o33(t,7) | +033(4,7)
e 28%(6, 0y

(45)

where o7 is the strength of laminated composite in
tension along the Ox; direction.

For a cylindrical shell the stress o3; can be deter-
mined by formula (23). Substituting the expression
for a5 into (44) we obtain:

e(r, t)p(rs L) —p_+(p_—p,)
—-R 1 W2
(r p +;)+f3(r, u)(;-(r—R)z)

és(r, t=1<)d[l)(t=s<)°';r

=1.

(46)

From this equation the function ¢ = ¢,(r) describing
the advance of the delamination front in the shell can
be determined. We will assume that the appearance of
delamination does not change a picture of heat-mass
transfer in the shell.

The critical external pressure p”, for which the loss
of stability of the nondelaminated shell section occurs,
is written as follows:

. h { 2.5
Pt = 0.92Ezd?(t)( al )> x4
Iy L
where L is the shell length and the stability condition
has the form

Palrv. ) SP(—p . 4, <tI<te.  (48)

Now, derive the expression for the pressure p, of
gaseous pyrolise products accumulated in a ring crack.
Use the equation of gas mass conservation :

Ped Vd = pg(Vg+ - Vg—)’

where V, is the gas volume in pores entering the crack
for time (£ —1,.), pq is the gas density in the ring crack

49

Da

g (50)

pgd =
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V, is the crack volume opened by the pressure p,
action

3
IZU

~0°
hyE, @)

Vg = nL(ry —rye) = 2nL (63))]
where ry and ryq are the radii of the surface of the
Nth delamination in the non-opened and opened by
deforming states, respectively,

Pal'n
Iraer = rv(1+80) = ry| 1+ 221,
waet = Far( 9) N( th25?>

P, is the gas density in pores, V,, is the gas volume in
pores entering the crack for time (r—1¢,) and V,_ is
the gas volume outflowing from the crack for time
(t -1 *)

t

Pe(Ver — V) = 27rRLf PV —v,_)drt.

tt

(52)

On substituting formulae (50)—(52) into (49) and writ-
ing the Darcy’s relation for the crack borders:

(53)

the expression for the pressure p, is derived

h( /[0
Palrns ) = <K33RaEzd?';§]‘-[ ((5?)_

t
*

ap 172
- <E>+>dr> N

Using expressions (47), (48), (54), the condition for a
loss of delamination stability at time 7,, can be
derived as follows:

h tee ap 6p 1/2
59 e 2 (==
(omeat s ] (). ~(=).))

—ona (Y . s
. 241 r L;

N

where the time 7, is evaluated from (46).

6. COMPUTED RESULTS

To estimate the accuracy of the thin-walled ablating
shells’ theory developed above, computations were
performed for stresses and parameters of internal
heat-mass transfer of a cylindrical shell modelling a
glass—plastic tank-container, the whole surface of
which undergoes the action of fire. Computation was
conducted in two ways: according to the faithful the-
ory presented in Section 2 by the numerical difference
scheme (this theory for cylindrical shells is described
in detail in [2]) and according to the shell theory, i.e.
by formulae (43) and (32).

The tank-container structure was considered in the
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form of a three-layered shell : the external layer was an
ablating glass—plastic investigated, the middle layer—
heat-insulator, the internal layer—a thin hermetic
metallic shell.

All computations were conducted for a glass—plastic
shell with the following geometric parameters: R = 2
m, h=2x107> m, L =3 m and with the following
physical characteristics corresponding to the glass—
plastic on the base of epoxy—phenol resin and glass
fabric:

Ai = Ay @1 + iy b2 + sy O3 5
Pp=pid1+p20:+psbs; K= K°exp(—s¢,),
o, =2x107°K~"!, Bn =35, a,=20x10"°K~!,

o; =2x107*K~!, a,=a;=0,1;
pe=picidi+prc20,+p3csds;
pr=25x10°kgm™3,

3

py=12x10*kgm~3,
p; =22x10°kgm™3,
¢, =089kJkg 'K, ¢, =06kIkg7' K,

s =15kIkg™'K™', ¢, =3.1kIJkg ' K™';
My =05SIWtm~'K~', Ayu =027Wtm 'K,
Jyy =0.5Wtm K-, Ay =01Wtm 1K"';

Jo=32x105kgm—> K-, EJ/R,=55x10°K,

=078, K°=18x10""s, S=100;

6f =20MPa, n=5, E, =20GPa,

E,=20GPa, E,=2GPa; v,, =027,

vs; = 0.021, v,5 =0021, G,, =8GPa,
G,; =0.72GPa,  G,, = 0.72GPa.

External and internal pressures are considered to
be atmospheric: p_ = p, = 0.1 MPa, the internal sur-
face of the glass—plastic shell is assumed to be heat-
insulated. The action of a fire flame onto the external
surface of the shell is modelled by giving the tem-
perature 6, in the form of the known function of
time :

9=0,().

Figure 8 shows the shape of this function.

The action of high temperature (max 6, = 880°C)
leads to heat propagation into the glass—plastic shell.
Figure 3 shows the temperature 8(r,?) distribution
along the shell thickness for different times. Figure 5
shows the corresponding distributions of coke content
¢1(r, 1) in the ablating material through the shell thick-
ness and distributions of polymer phase ¢,(r, ?) for
different times ¢ = 10, 100, 200, 300, 400, 500 and 600 s.
Figure 4 shows distribution of pore gas pressure p(r, )
through the shell thickness for the same times.

The temperature 0(r, t) profile at each time moment
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Fig. 3. Temperature 6 distribution vs a thickness of a cyl-

indrical shell made of zblating material for different times ¢,

symbols near the curves are times ¢ (s). Arrows show the
direction of heating front propagation.
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Fig. 4. Internal pore gas pressure p distribution in a cyl-
indrical shell made of ablating glass-plastic for different
times ¢ of fire action.

has three parts, where 8 < 150°C, 150°C < 6 < 400°C
and 0 > 400°C. The first section is defined only by
heat-conductivity of non-coked glass—plastic. At the
second section an intensive volumetric ablation occurs
and considerable gas quantity is generated and then
filtrated to the external surface of the shell. Due to
the fact there is a so-called phenomenon of porous
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Fig. 5. Distributions of polymer phase ¢, (: ) and coke
phase ¢; (——-) concentrations in ablating glass—plastic vs a
shell thickness for different times ¢ of fire action.

cooling, when gases filtrate through the hotter solid
frame and the cool one. It is to the second section
that at each time moment a peak of pore pressure
corresponds (Fig. 5) and this peak is displaced in the
internal surface direction following the displacement
of the second section of the temperature. At the third
section of temperature 8 > 400°C the ablating glass—
plastic is essentially coked, its porosity is so great that
ablation gases are freely filtrated not creating an excess
pore pressure.

Figures 6 and 7 show distributions of radial ¢;; and
tangential o,, stresses in the shell for different times.
Solid curves show the stresses calculated by the faith-
ful equations of Section 2 and dashed lines correspond
to the values determined by the shell theory. As seen
from these figures the shell theory suggested describes
all qualitative effects of the stress state in ablating
material, moreover there is a good quantitative coinci-
dence: for radial stresses distances from the exact
solution do not exceed 15%, for tangential stresses
these values also do not exceed 15% at the first and
the second sections and only for the third section
at the zone of coked material these values are more
considerable and equal to 40%. However, due to the
fact that the coked zone is usually eliminated from
strength calculations this accuracy can be acceptable.

Peaks of radial stresses are caused by pore gas pres-
sure generated in material ablation. Peaks of negative
tangential stresses are also caused by the pore pres-
sure. Tensile tangential in the coked zone are caused
by shrinkage of the ablating material.

As seen from these figures, the most dangerous
stresses are tensile radial ones. At time ¢ = ¢, = 50,
the condition (46) is realized for the first time and
the first shell delamination near the external surface
occurs. Figure 8 exhibits the picture of appearance
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Fig. 6. Distributions of tangential stresses g,, vs a thickness of

a cylindrical shell made of ablating glass—plastic for different

times ¢ of fire action. Symbols near the curves are times ¢

(s). Solid curves (——)—solution obtained by numerical

integration of system (1), dashed curves (——-—)—solution
(43) obtained by the shell theory.
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Fig. 7. Distributions of radial stresses a;; vs a thickness of a

cylindrical shell made of ablating glass—plastic for different

times ¢ of fire action. Symbols near the curves are times ¢

(s). Solid curves (——)—solution obtained by numerical

integration of system (1), dashed curves (——-)—solution
(43) obtained by the shell theory.

of new delaminations, this graph is characterized by
thickness A,(f) of the nondelaminated material. From
this figure the dependence A,/A(?) is seen to be prac-
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Fig. 8. Dependence of a relative thickness of nonlaminated
shell part A,/A upon time ¢ of fire action.

tically linear. At time r=1r,, ~ 600 s, when hy/h
reaches the value 0.05, the nondelaminated shell thick-
ness become so small that pore pressure py of gas
accumulated in delamination cavities exceeds the stab-
ility limit (55) and a stability loss of the internal layer
of the glass—plastic shell occurs (Fig. 2C). In this case
a complete failure of the tank-container occurs as its
internal hermetizing shell is, as a rule, thin and does
not resist gas pressure.

As seen from the computations conducted, the time
interval 7, — ¢, is equal approximately to 550 s, that
exceeds ¢, by 10 times. Thus, calculation of internal
heat—mass transfer and stresses is necessary up to time
t.s as the shell still performs its designated purpose
at these times.

7. CONCLUSIONS

1. The theory of heat-mass transfer processes and
stresses in ablating thin-walled shell structures is
developed.

2. Computational accuracy by this theory is
sufficiently high (the error does not exceed ~ 15%
except the coked zone where the error reaches
~ 40%). Due to the fact that this zone is not as a rule,
calculated in a force scheme, such accuracy is quite
acceptable.

3. The theory of delaminations’ appearance and
propagation in thin ablating shells and the theory of
their stability loss in ablation are developed. The last
theory can be successfully applied in calculation of
glass—plastic shell structures’ stability, for example, in
tank-containers for the carriage of harsh media under
conditions of the fire action.
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