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Abstract

An original model describing noaquilibrium heat transfein ablative composite layers has been studied. The model is obtained as an
extension of previous work involving the use of the volume averaging method to upscale the micro-scale equations. Using this methodology,
it is shown that non-equilibrium models etiig) in the literature may lead tequilibrium conditons for typical aerosice applications.

The new model presented in this paper takes into account two separate macro-scale “phases”, but, contrary to previous models, they ar
constituted of the inert part of the material, on one side, and the mixture of gas and pyrolysable part of the material on the other side.
The theoretical development allows to estimate the transport properties in the macro-scale model from micro-scale unit cell characteristics.
They are obtained for different types of unit cells: simple stratifed unit cells, and unit cells characteristic of woven composites. Quantitative
indications are given for the estimates of the macro-scale thermal diffusivity tensors, and for the volume heat exchange coefficient.

0 2004 Elsevier SAS. All rights reserved.

1. Introduction gas and the resin phases. At the microscopic scale, we can
distinguish two “phases”z indicating the active pseudo-

Rocket design requires a thorough knowledge of the phase and indicating the carbon fibers. The active pseudo-
thermal processes during a liftoff. In this paper, we are phase itself is a porous medium composed of gas, indicated
particularly interested in the thermal behavior of the ablative by g, and resin or coke, noticeg. We remind that the
composite layers used to protect the nozzle. The objectivechemical reactions affect both the resin and the gas phase,
of this protection is to prevent the external wall of the and that they lead to porosity variations with time. At the
nozzle from reaching a critical temperature. The principle composite scale, we want to consider the composite as an
of this thermal protection is simple: endothermic chemical homogeneous media with characteristics taking into account
reactions within the material are used to slow down the the microscopic structure.
progression of the heat front. The composite material is A typical problem for this study is described on Fig. 2. We
composed of two phases: resin and carbon fiber. During aconsider a part of the ablative composite layers which covers
liftoff, the resin is pyrolysed and transformed into an inert the booster nozzle of a “typical” rocket. This work has been
phase (called coke) and a gas phase. The carbon fibers dandertaken in the framework of constraints with the French
not participate in the chemical reactions and do not undergoaerospace industry. While sensitive material is covered by
transformations under the effect of heat. A schematic picture industrial secret, the problem studied in this paper is generic
of the different phases and scales involved in the descriptionand therefore will not be illustrated by specific data. At
of the ablative layers is represented in Fig. 1, where we havethe initial time, we consider that the temperature of the
figured three scales of interest, namely the sub-microscopiccomposite and the pressure of gas are uniformly constant.
scale ¢/s—n), the microscopic scaleV() and the composite At the ignition of the boosters, maintained constant heat flux
scale. At the sub-microscopic scale, we can separate thes supplied at the layer surface, and the pressure is a constant

valuer over this surface. We do not take into account, in this
T Corre . paper, the expansion or the ablation of the composite.
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Nomenclature

a coefficient of the relation between Nusselt
number and Reynold number

ayh heat transfer coefficient ......... W3k

b coefficient of the relation between Nusselt

number and Reynold number

% averaged gas-phase interstitial velocity,
roscale. . ... gl

\Y, averaged gas-phase interstitial velocity,
Roscale ..., sl

1% averaging volume at Darcy-scale.......... 3

Vs_m averaging volume at sub-microscopic scale® m

closure mappingvector ................... m
c specificheat .................... -k@‘l-K_l Greek letters
-1
h epthalpy ............................ 'kg_l S Croneker symbol
SH d|fferen0(.a.of enthalpy ................ -kg e volume fraction/q scale
K permeability ..., m effective thermal conductivity . . .. Wh—1.K -1
/ characteristiclength ...................... m u VISCOSItY ..o eve e kap~1.s71
I positionvector ... m g, rate of pyrolysis
14 characteristic length between fibers ........ m p density. ...t kg3
L domain characteristic length............... m ¢ volume fraction,Rg scale
n unit normal vector Subscript
Nu Nusselt number ] ] )
P PrESSUIE. .ottt e et i Pa ¢ re:at!ve to the active part of the material
Pe Peclet number 8 relative to gas .
q" heat of decomposition...............: kg™t ! relat!ve to the inert part of the material .
. ) p relative to the pyrolysable part of the material
ro radius of the averaging volunig, ......... m . )
. . s relative to the material
Ro radius of the averaging volumié.......... m tensorial notation
Re Reynold number = _
s closure mapping scalar Superscript
T temperature............. K~ deviation quantity
divergent nozzle booster off ; |
! impermeable !
i am!]J adiab:alticwa]l :
Cr=300K ’
outside wall of the nozzle P=10° Pa
5 ]
E composite "
booster ignited
2 i g impermeable ﬁ
microscopic scale ! and adiabiatic wall |
to macroscopic scale { :
T=>2000K
P>> 10" Pa

sub-microscopic scale
to microscopic scale

Fig. 1. Different scales in the composite layer.
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Fig. 2. Reference problem for heat transfer in ablative composite layers.

tion of the heat transfer processes in terms of macro-scale
models [1-4]. We can classify these studies in two cate-
gories. In the first one, the authors [1-3] consideal ther-

mal equilibrium processege., the macro-scale model at the
composite scale involves a single continuum describing the
macro-scale behavior of the phase mixture. To be clear, they
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do not make distinctions between the macro-scale temper-in the paper. As usual, the relationship between the two in-
atures of the gas phase, the resin phase and the fiber phaseolved scales gives several closure problems that may be
These models tend to underestimate the temperature for conused to estimate the macro-scale transport properties from
ditions corresponding to rocket liftoff [3,4]. Indeed gaps be- the small-scale characteristicThey are solved in this paper

tween experimental simulations and numerical simulations for different unit cells relevant for the problem of composite
have been observed for a typical liftoff problem. In the sec- material under consideration.

ond category of models, the authors [1,4] consider the pos-
sible existence of local thermal non-equilibrium processes,
i.e., macro-scale phases have different temperatures at the2 Exigi 4l
composite scale. However,| @apers consider the two fol- - EXISLING MOdES

lowing macro-scale phases: a composite phase made of all

micro-scale solid phases, and a gas phase. In this paper, |n this section, we review the different models existing in
the relevance of these models for the physical applicationstne jiterature. We start with a discussion of classical macro-
which is of interest for us is discussed based on quantitative 5. 5)e energy balance equations, and then review how these
arguments. ideas have been applied to the pyrolysis of ablative layers.

'bllt |(sj_;ound thr;t Ihese rt?]odtels would Ieadl t‘i very n?gh- Passive heat transfer has been the object of many studies
giole dirference between the o macro-scale tlemperatures, , -y, literature, especially in the case of two phases.

The_ major argur_n_ent s_upportlng th? emergence of local- The fundamental discussions focus on the problem of
equilibrium conditions in these previously published local o S
local-thermal equilibriunmor local thermal non-equilibrium

non-equilibrium models is thathe characteristic length- 5111, If the diffusivit of the t h is ol h
scale corresponding to the separation of the gas-phase with~ ] € diflusivity ot the two phases IS close enough,
ocal thermal equilibrium takes place and a single macro-

the other phased,, is rather small, let us say one order _ Y : T
of magnitude smaller than the distance between fibers scale equation can be written involving an effective diffusion

(Fig. 1). Since the heat exchange coefficient varies with the t€nsor. Otherwise, speciaéatment is needed to handle local
inverse of the square of this characteristic length (Quintard NoN-équilibrium conditions. Inhis case, a large place has
and Whitaker [5]), i.e.é;z, it is large enough for the model been devoted in the literature to the development of two-
to produce local-equilibriuntonditions. The idea, behind ~€duation models for averaged temperatures associated to the
the original model proposed in this paper, is that the mecha-two different phases. The case of reactive heat transport in
nism that could lead to non-equilibrium is not the heat trans- porous media has received less attention. From a theoretical
fer between the resin and the gas phase, but, rather, the conpoint of view, heat sources due to chemical reactions can
duction of heat between the resin and the fibers with a typ- be incorporated easily through simple averages in the one-

ical heat exchange coefficient this time on the ordet o, equation model associated with local equilibrium, while,
i.e., several orders of magnitude lower than for the previous on the contrary, this requires more work in the case of
models. This model is developed as follows: two-equation models [12]. In this latter paper, heat sources

where considered as constants, and no special coupling
e The resin and the gas phases have the same macrogith the mass balance equations was considered. A more
scale temperature at the composite scale. The associategetajled analysis of reactive transport in porous media, and
macro-scale continuum is called treetive pseudo-  the associated macro-scale models, can be found in [13,14].
phaseby reference to the existence of the pyrolysis  \ye retain from this brief review that two major classes
phenomenon. . ) of macro-scale models can be developed depending on the
* A macro_-scale temperature is also gssomau_ad to theassumption made about locaktimal equilibrium. Concern-
gzlrlzg?nggerhphase' The corresponding continuum Is ing the macroscopic descriptiaf ablative layer pyrolysis,
phase we found the same types of models. Most authors [1-3] use
local thermal equilibrium models. Some authors, however,

The resin and the gas form a porous medium, with a rel- . . .
g P like Kansa et al. [1] and Floriotel. [4] have considered lo-

atively small pore-scale, which is consistent, as indicated o :
above, with the use of a local thermal equilibrium model. cal th_ermal nor_1-eqU|I|br|um mpdels. These different models
Therefore, the ablative composite is a particular porous 2 discussed in the next section. _
medium composed of an impermeable inert phase (carbon First, we briefly descnbg the different balance equations
fiers) and of a permeable active pseudo-phase (gas andor the local thermal equilibrium model and for the non-
resin), which is itself described as a porous medium at an €quilibrium models. Then we discuss the significance of
intermediate, smaller, scale. The behavior at the compositethose models for conditions corresponding to rocket liftoff.
scale of this material can be described by averaged equa Ve do not present here in detail the pyrolysis models and the
tions, and they are introduced in this paper by extension of various correlations used for tliifferent parameters, since
previous results obtained for usual porous media by a vol- this is not necessary due to the assumptions made for the
ume averaging approach. Details about the method are giverupscaling problem described later in this paper.
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2.1. Local thermal equilibrium models + (hg + hs — hg)% -V (1*-VT)=0
Given the complexity of the material and processes in- (3)

volved, it is not surprising to find many different models. ;i

We will present only three different models that are repre-

sentative of the major classes of model developed so far. Ther ™ = =¢he+(1—P)As (4)

first one has been developed by Kansa et al. [1] in the objec-

tive to model wood combustion. The second one has beenHenderson and Wiecek [3] write this equation in neglecting

written by Darmon and Balageas [2] for modeling heat and € term®” which expresses the gas work:

mass transfer in pyrolysable composites. The last one has 3T

been written by Henderson and Wiecek [3] whg have studl_ed (¢pgcg +(1- ¢)pscs) - + ppgcgVy - VT

the thermally-induced response of decomposing, expanding ¢

. . . . . . a 1 —
pplymer composites. Since the objective of this paper is tq 4 (hg 4 by — hy) A1-9)ps v. (&* ) VT) -0
discuss the relevance of thermal models, we present their ot =
results without the effects of material decomposing and ex- (5)

panding. This restriction is very important since it simplifies
a lot the different equations of the model, in particular it will
suppress terms associated with pore-scale interface velocity.
Henderson and Wiecek [3] and Florio et al. [4] suggest a gas:

model to solve the variation of the control volume width in 5T

taking into account the temperature, the density of the solid, (#ogc, + (1 — ¢),0scs)a— + ) (PeiceiVg.i) - VT
the volume fraction and the rate of pyrolysis. Of course, ! i

strong couplings appears in the different balance equations. A(l—¢)
B e S AR TN%)

Darmon and Balageas [2] have introduced an additional
complexity by separating all the species which constitute the

2.1.1. Mass balance equation

The mass balance equation for the gas phase is written in —hgV-(pgVg) —V-(L*-VT)=0 (6)
all the models as _
36 31— ) with
pg — @) Ps
Vo (ppgVgo) = ———F7 1 -

with 24=92s heing the density variation of the solid phase It must be noticed that Egs. (4hd (7) represents estimates
per unit volume due to the pyrolysis anfl the volume of the effective thermal conductivities, as classically used
fraction. Here, “solid phase” refers to all solid phases in chemical engineering. The first one corresponds to the
introduced in the detailed description presented in the upper Wiener’s bound for the effective conductivity of two-
introduction. phases material [15], and the second has been justified
In most models used for this rocket application, an by Matheron [16] for randomly distributed conductive two
“equivalent” gas is considered [1,4]. “Equivalent” means phases in two dimensions. As will be shown later, these
that a single mass balance equation is written insteadestimates can be improved by solving the closure problems
of a system of equations corresponding to the various associated to upscaling theories, provided some details are
components of the gas mixture. We do not discuss this known about the micro-scale structure [17]. Such closure

simplification here, since it is irrelevant for our discussion problems will be given for the problem under consideration
about the heat transfer models. in this paper in the last section.

2.1.2. Momentum balance equation 2.2. Local thermal non-equilibrium models
Most authors neglect the inertia term in the momentum

balance equation, so it takes the form of Darcy’s law: To our knowledge, there are only two papers in the

pu K.V, +VP=0 (2) literature that describe localéhmal non-equilibrium models

for such materials. The frst one is found in Kansa et al. [1].
It must be noticed that gravity has been neglected in this The second one is due to Florio et al. [4]. This latter paper

problem. is focused on the impact of the assumption of local thermal
) equilibrium on the overall thermally induced response of a
2.1.3. Energy balance equation composite.
Kansa et al. [1] write the energy balance equation as: In this section we present only the energy balance equa-

P tions, since the mass balance equations and the momentum

oT
(¢pgcg +@A- qb)pscs) P + ¢ppgcgVg - VT — o7 balance equations are unchanged in all these models.
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2.2.1. Energy balance equations coefficient is calculated on the basis of the following
In both papers, the authors consider that the composite,correlations

i.e., all the solid phases, and the gas, have different temper- 1

atures at the composite-scale. We will discuss this choice VU= /K -2, =a Ré (13)

later. Kansa et al. [1] write the energy balance equation for and

the gas phase as BpKI P
3T, dOP  ayh Re= 124 ox (14)
Gpgcg—— + PpgcgVg - VIg — — — —— (I, = Tg)
8+8 8~8 V8 8 8 . Ly . .
ot dt ¢ Here, we do not discuss the validity of this correlation, but
(1 — i
V. (hg VT —hy (1—®)ps +qg=0 ®) Quintard anq et al. [10] have.sho.wn tha}t such formulas
= ad do not take into account the diffusion regime occurring at
and for the solid phase low Péclet numbers, and therefonederestimatehe heat
9T A exchange coefficient at low velocity.
(L= P)pses = + (T, — Ty) — V- (As-VTy) We must consider two zones. In the first one, the
it 1-¢ N composite is not still pyrolysed. Therefore, the permeability
"y (1 —9)ps +q/=0 ) is near zero = O(10-22) m2). Reynold’s number is lower
ot § than 1. For the conductivity and the coefficientandb, we

Florio et al. [4] do not neglect the source of kinetic energy in use the values from Florio’s paper [4]. We obtain for this first
the gas phase due to pyrolysis, and therefore write the energyzone a, i = O(104) m?.

balance equation for the gas phase as In the second zone, the composite is pyrolysed and the
T DoP permeability is about 10" m? and the Reynold’s number
¢pgcga—tg + ppgceVg - VT + o V. (prg-VTy,) is about 1. The first zone is almost impermeable and the
t p—

W —T gas created by the chemical reactions does not cross this
—ah(Ts = Ty) zone. On the contrary, the permeability of the second zone
4 (1 —9@)ps (=g (Ty) + hg (T) +V§) -0 (10) is greater and the gas may cross this zone. Using the same

ot values for the other coefficients as previously, but with a
and for the solid phase as different permeability, we obtain for this second zang;, =
oT, 0(10%) m2.
(1- ¢)pscsa—t‘ +ayh(Ty — Ty) — V- ((1— P)As - VT;) Florio et al. [4] found that, for a heat transfer coefficient
31— o greater than 10 W-m—3.K~1, the two-equation model
+ = (—hy(Ty) + hg(Ty) +¢") =0 (11) would lead to local equilibrium conditions, i.e., same macro-
ot scale temperatures (temperature difference less than 2%).
with the enthalpy being defined by The previous estimates of the heat transfer coefficient
Ty show that if we apply the model of Florio et al. [4] for

our application, the difference of temperature between the
h“(Tﬁ)Z/C“ a7, a.fp=s¢ (12) gas phase and the solid phase should be much smaller
To than 2%. This analysis has been completely redone using
These models are completed by the introduction of a the local thermal non-equilibrium discussed in [18,19].
pyrolysis model and effective properties correlations. We A parametric study has been performed using this model,
do not discuss these models at this point. However, we and the numerical results confirm the conclusion from the
can note that, in all the models, the authors consider anestimate analysis describebove. Indeed, the maximum
ideal gas behavior and that theaoto-scale characteristics temperature difference reached is about a few degrees, to
of the composite are often determined by linear combination be compared to the thermal impulse during liftoff which is
of the micro-scale characteristics, in the absence of aabout 18 K. Therefore we can consider that the thermal
true micro-scale to composite-scale model. The theoretical non-equilibrium models taking into account the gas phase
developments in this paper will offer better perspectives in and the solid phase separately, are equivalent, for our typical
terms of accurate description of the effective properties. applications, to a thermal equilibrium model with the gas
and solid having the same macro-scale temperature.
2.2.2. Heat transfer coefficient and local-equilibrium
conditions 2.3. Discussion
In this section, we discuss the existence of local non-
equilibrium processes for conditions representative of rocket  In this section, we summarize the discussion on the dif-
liftoff. This discussion depends mainly on estimates of the ferent models. Experimental and numerical simulations have
heat transfer coefficient;,2. Indeed, the greater it is, the been performed and compared by Henderson and Wiecek [3]
more the model tends toward local thermal equilibrium and Florio et al. [4]. These simulations show that the local
(i.e., Ty = T,). Following Florio et al. [4], the heat transfer thermal equilibrium model undestimates the temperature
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for a depth of composite greater than 1 cm and, as a con-@ =0 inthei-phase (16)
sequence, induces a delay of the pyrolysis front compared dt .
to experimental results. Indeed the experimental tempera-Nai * Ve =0 atthea —i interface (17)
ture being greater, the pyrdis starts earlier, because the e define the volume fraction of thephase by
pyrolysis is related to chemal reactions with Arrhenius- "
type kinetics. Given the lack of detailed experimental data ¢, = —~, wherea =a, i (18)
(due to obvious technical reasons for experiments under
such intense thermal constraints), several ideas have beetvith the obvious relation
introduced to explain these observed differences. Among¢ thi=1 (19)

. . . a T
these ideas, the possible existence of local thermal non-
equilibrium processes has been investigated. In the literature In order to develop the local volume average of the micro-
the existing models, developed by Kansa et al. [1] and Flo- scopic scale equations, we define the superficial volume av-
rio et al. [4], lead for the application considered here (as has erage of some functiop, for the-phase according to

been discussed earlier in thiagger) to a large heat transfer 1
coefficient, which enforces local equilibrium for an Initial = (¢a) = 37 / padV, a=a,i (20)
Boundary Value Problem typical of rocket liftoff. In those Va

models, the authors have considered a special repartition of 110 the intrinsic average(g,
the different phases in terms of composite-scale continua:

gas phase on one side, and the solid phases on the other

side. Since the characteristic length-scale of the gas phasé¥e) = ¢u {¢a)” (21)

is relatively small, this leads to a large heat exchange CO-\We apply the volume average operator (20) on the micro-
efficient. In addition, during liftoff, the endothermic chem- scopic scale mass balance equations (15) and (16):
ical reactions take place only in the resin, not in all solid

phases. Introducing a single macro-scale solid phase spread@_ﬁi -0 22)
instantaneously, at the composite-scale, the heat sink over ¢

all the solid phases! This suppresses the potential for lo- 90, 3Pp
cal non-equilibrium between the resin and the fiber phase. 3; +(V - (egpgVp)) = Ty
In addition, the characteristic length-scale associated to the

X ) ) L2 with p; = (i), bp = (eppp) aNdp, = (epp¢). We can note
fiber/resin geometnca_l repartition is larger than t_he one for here that the analysis would be affected if the non-expansion
the gas phase, thus increasing also the potential for local

ilibrium betw fib 4 resin. We therefore b assumption were not imposed [3,4], in particular with the
non-equilibrium between fiber and resin. We heretore be- appearance of surface velocity. To simplify the second term
lieve this is interesting to investigate the possibility of local

non-equilibrium with a different composite-scale perspec- of Eq. (23), we use the averaging theorem [21]:

tive. In the next section, we present anginal local ther- (V) = Vig) + 1 / Nary 0o A (24)

mal non-equilibrium model based on a different composite-

scale phase repartition: an active phase constituted of gas

and resin, and an inert phase made of the fibers. Eq. (23) becomes with the zero flux condition at the
interface (17)

05 A )
% V- (peVe) = — L2 (25)

)%, is expressed under the

(23)

Ay

3. Model description

In this section, several results obtained from the theory With p¢V¢ = (gg0gVe) _ o _
of volume averaging [20] are extended to our composite  Hereé we can note that this equation is equivalent to
problem. This gives composite-scale equations in which t_he mass balance equation proposed in most models in the
effective properties can be estimated from several so-calledliterature.
closure problems. These problems are solved for different )
types of unit cells representative of the composite material. 3-2. Momentum balance equation

3.1. Composite scale mass balance equation In this section, we consider the upscaling of the momen-
tum balance equations. The problem is a special case of het-
erogeneous porous media, in which one region if of zero
permeability. The effective permeability of heterogeneous
porous media has been studied in detail, see, for instance,
4V (6o peVe) = — 9eppp the theoretical _Work by [22,2:_3]. We follow these previou;
at §re s at papers to obtain the composite-scale momentum equation.
in thea-pseudo-phase (15) However, in order to develop the theory, we must make the

At the microscopic scale, the mass balance equations for
both phases are written as:

&g Pg
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assumption that other transport mechanisms do not interfereThis equation depends on two quantitiég: and P. To

with the upscaling problem associated with the momentum complete the problem, we must use the microscopic-scale
balance equations. We are particularly concerned by the ex-mass balance equation (15). We transform this equation by
istence of the pyrolysis front that may cross the averaging using Gray’s decomposition, and, after multiplication by the

volume. In this development, we adopt the conjecture that volume fractionp,, we have

the pyrolysis front characteristic length is a little bit larger
than the size of the averagjvolume. There is no feedback

at this point on this assumption, and we must keep in mind
that this could cause discrepancy in comparing theoretical

results with actual data.
At the microscopic scale, hmomentum balance equa-
tion takes the following form

K
-~ .vpP
Mg

EgVy = — (26)

where we have neglected gravity effects (they could be
introduced easily, though, but this is useless here since the
have no influence on the process under consideration). W N
apply the operator of volume averaging to this equation to 0=V. (K ’ VP)

get

1 11K
—/sgvgdvz—— — . VPdV (27)
% V) ug
Va Va
We continue by introducing the microscopic-scale devia-

tions defined according to Gray’s decomposition [24]

Vg =V, + ¥, (28)
P=P"+P (29)
with P* = (P)4.

We neglect the non-linear variations on the volumef
the macroscopic quantities such\ag, K, P*, ¢,, ugs and
pq. EQ. (27) becomes
_ ¢aK

Mg

VP — ﬁ(vﬁ)

egpaVg + efVg) = m
g

(30)

Several simplifications can be applied. The last term can beV - (K - Vb,) =0
developed using the averaging theorem [21], and we may(bg> -0

follow the usual treatment of such terms [20] to transform

Eq. (30) into
K K 1 ~

gV = —— - VP* — -—/naiPdA (31)
Mg Qatg 'V

The last term in this equation is a classitattuosityterm.

This equation and Eqg. (26) are combined in the following
way

K ~ K
Sg(vg"'vg)_ggvg:—u—g'V(P*+P)+'u—g-VP*
K 1

+ .
¢aﬂg 14

/ Ngi P dA (32)
Aai

This equation can be expressed as

K ~ K 1 ~
/na,'PdA

Vg =—— VP + &

33
Hg ¢aﬂg (33)

ai

3¢a8gpg

+ V- (PatepeVe) + V(PucggVy)

_ 0Patppp
N ot
In combining this result and Eq. (25), and using the usual
estimate that fluctuation op, are negligible within the
volume V (i.e., p, = e5¢apg), We obtain the following
equation

V- (ggVy) =0 (35)
Since we assume th#t andu, are almost constant on the

(34)

Zvolumev, in considering Egs. (33) and (35), we can write:

(36)
The zero flux condition and Darcy’s law permit to write
K

e (-
Eglhg

With the previously estimations this equation can be ex-
pressed as

Nei K -VP 4Ny -K-VP*=0 (38)

At this point, we have to solve a system of composite-scale
and micro-scale equations which is reminiscent of classical
purely diffusive problems. Without further discussion, we in-
troduce an approximate solution under the form of a map-
ping variable that links the micro-scale pressure deviation to
the composite-scale pressure gradient. We have

.vp> —0 (37)

P=b, VP* (39)
with b, given by the followingclosure problem

in Vv, (40)

(41)

be(X+1;) =0y (X) (42)

Nei - K-Vbe=ng -K onAg (43)

We obtain a macroscopic Darcy's law from Egs. (31)
and (39):

K*
baggVg=——VP* (44)
Mg
whereK* is defined according to
1
K*=¢aK+K~V/na,-bgdA (45)

Agi
Eq. (45) shows a tortuosity effect (the integral term in
this equation) slightly different from the classical diffusive
problems because of the tensorial nature of the permeability.
The effective permeabilityk*, depends mainly upon the
geometry of the unit cell, and also on the anisotropy, if any,
of thea-pseudo-phaggermeability.
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3.3. Energy balance equation Before trying to get a closed form of this equation, we must
deal with the active pseudo-phase equation.
At the microscopic scale, the energy balance equations

for both phases are written as 3.3.2. Active pseudo-phase

T, Applying the same methodology to Eq. (46), we obtain
a-phase: (pacq)* — + ggPgCeVg - VT, A . 9T* e p0p

o1 de,p (hpep + chg)a—ta + (egpgCeVe - VTa) — <5HT>

=V.-(Ay-VT,)+8HL"2 46
(:a a)+ 9t ( ) ZV'(¢aéa'VTa*)
0T;

i e T YT 1 ~
i-phase: (pici) 5 = V-(ai-VT}) (47) +V. (V / Nai - aTa dA) + kg (55)
with the notation(p,c,)* = ggpgce + €pppcp. The bound- Aqi
ary conditions are the following: Using the boundary conditions, we may wrikg, = —kg;.

R 48 Furthermore, we assume the fluctuations &f are negligi-
N-da-Via=N-4;- VI (48) ble within the volumeV . First, we study the convective term
T,=T; (49) of this equation, i.e g, pec,Ve - VT,). Neglecting variations

This problem is nearly equivalent to the classical two-phase ©' €' £ andce Within the volumeV’, we can write

heat transfer problem. However, there are some differences:egpgcsVg - VTa) = g pgce (Vg - VTy) (56)
the velocity field is given by Darcy’s law and the micro-scale  ysing Gray’s decomposition, this equation becomes
conductivities are fully tensorial. Fundamentally, we may . N
use the theoretical developments published in the classical(Ve - VTu) = (V¢ - VI;) + (V¢ - VTo)
case, with some adaptation®dal non-equilibrium theories + (vg . VT;) + <\7g . vfg) (57)
for the two-phase problem have been largely discussed in the, | . . o
literature [5-7,10,11,25]. Therefore, we present the major Using the fact that the volume averaging of the deviation is
T T o . .. Zero, we may write
steps below, with the emphasis on the original, specifc
developments associated to our problem. (Vg - VT) =V, - VT] + (Vg . Vfa)
V, - VT, 58
3.3.1. Inert phase _ _ + (Ve VL) _ (58)
We apply the superficial average operator to Eq. (47). This equation can take the following form
Using the volume ayeraging theorem [21] and.the fact that (Vg - VT,) = ¢aVy - VTF + (V ) (Vg Ta))
fluctuations ofp;¢; within the volumeV are negligible, we

obtain —(TaV - (Vo)) + (V- (% Ta)) (59)
AT Neglecting the fluctuation o¥/, within vV, and using the
(pici) 8—; =V (A V) +kia (50) averaging theorem, we obtain
- ; P 1 ~
with the following notations: (Vg - VT,) = ¢aV - VTF + = / Nai - TV dA
1 ,
& T = v / T;dV (51) 1Aar
v, + V- (U, T,)+ v / Nai - TyVq dA (60)
1 .
kia =3 / Niq 'Ai . V’T[ dA (52) ) B ) A(ll. . -
4 - After simplifications and by taking into account the condi-

Aai tion of impermeability, we can write:

We introduce Gra)_/’s_decorwlposition [221;] =T +T;, and (Vg - VT,) =V VI + V- (\7g Ta) (61)
we neglect the variations af andé,- within the volumeV .

Eg. (50) becomes: Eq. (55) may be written also

oT* ~ 5 5 g | o V., .VT*
(Bier) ol =V (i - VT + V- i VI kg (53)  (Préo+hecs) T+ hoceV VI,

ot A
~ 0
The averaging theorem [21] can be applied to the third term + V- (eg0gceVo Ty) — <8Hﬁ>

to give ot
AT =V ($aka-VT7)
i

b: C =V (d:): -VT* 1 ~
(chl) a1 (¢l:’ i ) +V. (V/nai 'éaTadA> + kai (62)

1 ~
+V. (V / Niq élTldA> + kiq (54) Aai
We have now to obtain equations for the deviations.

Aqi
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3.3.3. Equations for the deviations

549

In using the developments of Quintard and Whitaker [5],

We take the microscopic-scale energy balance equationsQuintard et al. [10] and Whitaker [20], we can write the

and, using Gray’s decomposition and multiplying by the
constant volume fraction, we have

o for the inert phase

AT AT
pici— = + pici— -
=V (piri-VT')+ V- (¢iri - VT;) (63)
o for the active pseudo-phase
AT aT,
QPa (paca)* 8;1 + ¢a (paca)* ata
+ PaggpeceVe - VT, + paggpeceVy - VT,
=V (para - VT})+ V- (Pada- VTa)
d
Ny el (64)
at
With @a (paca)* = lagcg + lspcp-
We may also write
1 *
kia=— [ Nig-Ai- VT dA
V =
Aqi
1 ~
+V/$mgpvnm (65)
Aai
which may be estimated as
1 ~
k,»a%v/nm-éi-VTidA (66)

Aqi

Furthermore, following the works of Quintard and Whitaker
[25] and of Quintard et al. [26], we can write

ap ap
ot ot

Combining Egs. (63) and (64) with Egs. (54) and (62), and
in using the previous approximations, we obtain

SH (67)

. T
pici—=V-

~ 1 ~
a7 (¢i§i-VTi)—V-<V/nai-§iTidA)

ai

1 ~
—V/n,'a-é,'-VTidA (68)
Aai
*8fa N v * N T
®a(PaCa) o + PgCeVe - VT, + pecgVe - VT,
—EgpgCgV - (Vg%a}
~ 1 ~
=¢V-(ra V1) =V v [ Nai -haTydA
Aqi
1 ~
-7 nai-éa-VTadA (69)

Agi

following approximations

1 - raT
O-(% [ nu-soan) —o(22) 70)
Aai
1 ~ raTa
v / Ngi *AaTa dA =O<_13 ) (72)
We remind thal, <« L, so these equations imply
1 ~ 1 ~
V'(V/nai'éaTadA) <<V/nai'éaTadA (72)
ai Aai
We use the same methodology for the convective terms
€gPgCaV - (nga> K pPgCgVy - vT, (73)
Egs. (68) and (69) can be written as
N ~
picim= = & (¢i§i -VT;)
1 ~
—v(vfmfgnm) (74)

T, . R ~
GalPaca)* - + PycgVy - VT + pecgVe - Vi

~ 1 ~
¢aV - (ra-VTs) =V - <V / Nai .éa.VTadA)

ai

(75)

In addition, the boundary conditions take the following form

Ngj 'éa . Vfa + Ngi 'éa : VTa*
=Nai - Li - VT; +Ngi - Ai - VT (76)
BT =TT (77)

Following the works of Quintard et al. [5,10,26], the devia-
tions are represented as

Ty =baa - VT +bai - VI = 54 (T} = T7) (78)
T, =biq - VI +bj; - VI =5 (T} = T) (79)

Introducing the relations (79) and (78) in the previous
equations, we can write the three following closure problems

Problem I.
InV,:

0= —/A)gCng -Vbea + V- (¢aéa - Vbaa) — ﬁgcgvg

1
I / Ngi 'Aa . Vbaa da (80)
V =
Aai
InV;:
1
0=V (@iri Vbia) = 4 / Nig - Ai - Vbia dA (81)

Aqi
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At A,
O0=ng - (Aa*Vbaa+ra—Ai-Vbig)
0= by, — big o
Periodicity:
Baa (X +1) = baa(X),
Averaging:
(baa) =0,

bia (X + I) = bia (X)

(bia> =0

Problem I1.
InV,:

0= —pgceVg - Vbai +V - (Paka - Vbai)

1
— V/na,' -éa-VbaidA
Aﬂl

InV;:

1
0=V (@idi Vbii) -+ / Nig - A - Vb;; dA

Aqi
At A,
O=ng - (i VBii+Ai —Ara-Vbg)
0=by, — by -
Periodicity:
Bgi (X + 1) = bg; (X),
Averaging:
(bgi) =0, (bi;)=0

bi; (x+1) =Db;; (x)

Problem I11.
InV,:

0= _lagcgvg +Vsg+ V- ((baéa - Visa)

1
v nai-éa-VsadA
Agi

InV;:

1
O=V'(¢iéi'Vsi)—V/nia'éi'vsidA

Aai
At A
0=ny; - (éz - Vs; _éa - Visa)
O=s;i—s,+1
Periodicity:

Sa(X+1) = 54(X), siX+1) =s
Averaging:

(sa) =0, (si)=0

(82)
(83)

(84)

(85)

(86)

(87)

(88)
(89)

(90)

(91)

(92)

(93)

(94)
(95)

(96)

(97)

These three problems will be used to obtain a closed form of
the averaged equations, as shown below. We can note that the
closure variables accumulatiderms have been cancelled
out with the usual quasi-steady restriction.

3.3.4. Energy balance equations at the composite-scale
Introducing Egs. (78) and (79), which link the deviations
to the averaged quantities, in the equations at the composite-
scale (Egs. (54) and (62)), we obtain, after some usual

approximations, the following equations

A 87—‘1* * *
pici— == & (éii VT +Aia - VTy)
1
—-V. ((V / Nia * :aSa dA)(T;k — Ta*)>
Aai
tkig+ - (98)

* aT(l* A *
®a(Paca) T + /Ogcgvg - VT,
95y
at
. 1

+ (sgpgcgvg . Vsa> -V Ngi *Aa - Vsa dA

x (T3 =T7) + -+ (99)
in which the effective properties are given by

=V (kaa VT +rai-VT) +5H

— Kia

1
éaﬁ = 8aﬁ¢aéa + V Ngi 'éabaﬁ dA
Aqi
— 5aa(sg,ogcg\7g . ba/g> (100)

withea, B =a,i.

These equation features several additional terms, which
have been discussed in [10] and [26]. Several approxima-
tions have been justified, irppticular when the Péclet num-
ber is small. Therefore, we write these averaged equations
as

*

oT, .
¢a(paca)” 3: +/0gcgvg : VTa*

=V-(rs-VT)) +5H8% —ayh(T); —T7)  (101)

a 1

¥

Br(pien 5 =V (17 VI Fah(T; ~ 1Y) (102)

with a,h the heat transfer coefficient defined by

ayh = % / Ngi*Aa - Vsa dA (103)
Aqi

and the macroscopic conductivities given by

Ah=Ab,+Ah. a=a.i (104)

Now that we have obtained the averaged energy balance
equations at the composite-scale, with closure problems
defining the effective transport properties, we are in a posi-

tion to estimate those properties for unit cells representative
of the internal structure of the composite.
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Fig. 3. On the left example of woven composite, on tigltischematic unit cell representing a woven composite.

1.E+00

3.4. Computation of macroscopic properties
L . . Z P
We do not explain in detail the numerical method used 3 —
. . g
to compute the effective properties. They are largely based E
on the developments presented in [27] and [10]. We have g“ eor |
used a finite volume method with a staggered grid for £
pressure and velocity. The heterogeneous character of the £ = . —=
thermal conductivities and pmeabilities are taken into E ke
account following the works of Quintard [27] and Ahmadi g *::zz i)
and Quintard [28]. The advective terms are solved with a g
method of antidiffusion described in the paper of Quintard e
and Whitaker [29]. And, last, the treatment of the integro- b,
differential terms followsthe methods of decomposition _ ) y _
described in the work of Quintard et al. [10]. Fig. 4. Effective permeability versusphase volume fraction.

We present in the following paragraphs the reference ) o _
cells considered for the computations of effective properties. the amount of active pseudo-phase which is embedded in
Then, results are presented for the effective permeability, thePetween the fibers. The modified value @f is denoted

thermal diffusivities and the heat transfer coefficient. ¢a,mod The effective permeability is therefore given by
¢a,m0dK-
3.4.1. Reference cell Fig. 4 represents a dimensionless effective permeability

A typical structure of the composite under consideration Versus the active pseudo-phase volume fraction. The com-
in this study is represented in Fig. 3 (on the left). This Putations show that the values &f* for the woven cell
physical cell is modeled for computational purposes by the and for the _modnﬁed stratified cell are very_close._ However,
3D unit cell illustrated in Fig. 3 (on the right). One of for the vertical component, the computations give a non-
the interesting characteristic of woven composites is that Z&ro value, because some percolation is possible through the
they are constituted of “strata”, the fiber tissue, separated@ctive pseudo-phase within the fibers. On the contrary, the
by resin. Of course, some space is left empty between thestratified unit cellis unable to reproduc_e this behavior. While
fibers which will be occupied by resin. But we may expect (he value is about one order of magnitude smaller than the
that the behavior of the real composite is close to the one Permeability in the weaving plane, this may be still an im-
of a true stratified unit cell. In order to check this possible Portantfeature since itwill allow some pressure relaxationin
simplification, we have also solved the closure problems for the direction perpendicular to the fiber plane. To summarize,

a stratified unit cell. permeability in the direction parallel to the weaving plane
may be estimated simply from the modified stratified unit
3.4.2. Effective permeability cell, while permeability in the mhogonal direction requires

For the stratified cell, the closure problems can be solved & better knowledge of the real 3D structure.

analytically. We obtain _
3.4.3. Thermal properties

. PaK fex 0 0 The problems which defined the mapping variablgg (
K*= 0 baKpyy O (105) b.i, bia, bii, s, ands;) can be solved analytically for
0 0 0 the stratified cell. For the classical two-phase problem,
To use the fact that the structure of the composite is closethe velocity field is of Poiseuille’s type, and this lead to
to a stratified unit cell, we also defined a stratified unit Taylor’'s thermal dispersion effects [30]. In the problem
cell in which the volume fractions are adapted by removing under consideration here, the velocity fieldugiform in
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Fig. 5. Value ofA% /2, with ¢, = 0.55 andA; /A, = 5. . .
g a/ta b i/ha Fig. 6. Value ofA* /A, with Pe= 100 and\; /A, = 5.

the active pseudo-phase (due to Darcy’s law). The velocity 4r
deviation is zero and, as a consequence, theme iRylor's mn — _
dispersionWe suppose that the thermal diffusion tensors are & =
spherical in the active and inert phases, we can write the il %’
effective conductivities as |
15 an
(baéa\xx 0 0 1 :s!raled
)»; 0 (baéa\yy 0 05 — modified strat.
= ¢aéa\zzéi|zz .........................
0 0 PiralzztPakilzz 00.46 0.48 05 052 054 0.56
with « = a, i (106) A
and the heat transfer coefficient as Fig. 7. Value ofa7 /A;, with Pe= 100 and; /3q = 5.
1 120 ajzzAifzz i
avh _ . Loalzzlilzz (107) 70
(la + ll) ¢ié(l|ZZ + ¢aél‘|ZZ 60 | N
For the woven cell, the closure problems have been solved § 2
numerically for different Péclet numbers defined as: 3 i
||V ” é 30 A modified strat. B
Pe= gy pgcel o (108) e —=
||éa|xx|| ¥ 0l
with ¢ the width of the fibers. Fig. 5 represents the thermal b o - e — i
dispersionk ., (defined as the ratio of the effective conductiv- ' ' ' b, ' ' ’
ity on the conductivity at the micro-scale) versus the Péclet _ ) _
number. For these calculations, the velocity field was taken Fig. 8. Value ofayhi®/Aq, with Pe= 100 and; /Aq = 5.

along thex-direction. The results exhibit the classical fea-
tures for dispersion problems: a diffusive regime, followed presents a summary of the dimsionless heat transfer co-
by a dispersive regime at large Péclet numbers. However, theefficient versus the volume fraction for the various refer-
results show that thermal dispersion for the active-pseudo-ence cells considered in this paper. This figure shows that
phase is negligible foPe < 10. In addition, lateral disper-  the modified stratified cell does not offer a very good esti-
sion is negligible for the investigated range of Péclet num- mate of the woven cell value, while it may be considered as
ber. Fig. 6 presents thermal dispersion values for the hor-a marginal improvement compared to the classical stratified
izontal component versus the volume fraction. The results unit cell. Nevertheless, the stratified unit cell offers a lower
show a behavior close to the one of a stratified medium. In bound for the heat exchange coefficient, and this could be
our typical applications, the Péclet number is lower than 10. useful in estimating the possible occurrence of local non-
Therefore, we may neglect thermal dispersion in the active equilibrium condition. In othewords, if simulations with
pseudo-phase. effective properties estimated from stratified unit cells indi-
The values of the thermal dispersion tensor for the inert- cates local equilibrium condans, then it may be concluded
phase are presented in Fig. 7 for different volume fractions. that the real composite will aldzehaves under local equilib-
The computations have shown that the thermal dispersionrium.
is not dependent of the Péclet number. This is consistent It is the objective of another paper to solve the entire
with the results obtained by [10] showing that the effect of pyrolysis model, and check whether the complex, local non-
dispersion is negligible for a phase with zero velocity. equilibrium model is requim in the applications under
The computations have shown that the heat transfer coef-consideration. However, we may, based on estimates of the
ficient does not depend much on the Péclet number. Fig. 8heat exchange coefficient, see if the effort is necessary. We
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have demonstrated that a stratified unit cell provides useful Analysis Department of the Snecma Propulsion Solide
approximations of the woven composite effective properties. (Bordeaux, France) for their support.
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