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Nonequilibrium Flow
and the Kinetics of
Chemical Reactions in the Char Zone

GARY C. APRIL, RALPH W. PIKE, and EDUARDO G. DEL VALLE

Department of Chemical Engineering
Louisiana State University
Baton Rouge, Louisiana

SUMMARY

In the temperature range of 500-2500°F, nonequilibrium flow analysis
predicted only a small change in pyrolysis gas composition as the gases
flow through the char zone. Essentially all of the reactions took place in
the temperature range of 2000-2500°F. Comparing nonequilibrium flow
with the two limiting cases, the energy absorbed in the char zone for frozen
flow was two-thirds that of nonequilibrium flow, and equilibrium flow was
about four times that of nonequilibrium flow at the 2500°F level.

Experimental results were obtained simulating the char zone during
ablation in the temperature range of 700-1650°F using the char zone ther-
mal environment simulator. The data showed that the flow was essentially
frozen, and this was accurately predicted by the nonequilibrium flow
analysis. The limiting case of equilibrium flow incorrectly predicted sig-
nificant changes in the pyrolysis gas composition over the temperature
range investigated.

INTRODUCTION

The primary objective of this research program is to determine accu-
rately the energy absorbed in the char zone of a charring ablator and how
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this is affected by the chemical reactions that occur within the char. At
present, there are two methods available to describe the limits on the heat
transfer in the char zone. These are referred to as the frozen flow and
equilibrium flow cases.

The minimum amount of energy that can be absorbed in the char zone
can be computed by considering the flow to be frozen. This refers to the
situation where the pyrolysis gases flowing through the char do not undergo
any chemical reactions (the composition is constant). The amount of energy
absorbed is given by the change in sensible heat of the gases.

The maximum amount of energy that can be absorbed in the char zone is
obtained by considering the chemical species in the flow field to be in
thermodynamic equilibrium. This refers to the situation where the degrada-
tion products undergo reaction at an infinitely fast rate, and the amount of
energy absorbed is computed by considering the species to be in thermo-
dynamic equilibrium. This gives the maximum energy absorbed since the
reactions are nearly all endothermic.

The limits on the energy transfer established by these two cases have
been reported previously [1, 2]. It was found that the amount of energy
that could be absorbed was almost an order of magnitude greater for equi-
librium flow than for frozen flow for the same front- and back-surface
temperatures on the char. Due to the high mass flux of gases from the
plastic decomposition, the actual amount of energy that is absorbed lies
somewhere between these two limiting cases and is determined by the rates
of chemical reaction among the species present.

In this paper the necessary equations are presented for computing the
energy absorbed in the char zone. These equations are solved for non-
equilibrium flow in the char and for the two limiting cases of frozen and
equilibrium flow. Comparisons are made between the computed results and
experimental data obtained with the char zone thermal environment simu-
lator. Details are given for the generalized reactions kinetics analysis and
the criteria used to select the reactions that are important in the char zone,

ENERGY AND MOMENTUM TRANSFER IN THE CHAR ZONE

To compute the energy transferred and the pressure distribution in the
char zone, it is necessary to solve the energy equation and momentum
equation with appropriate boundary conditions. For steady flow of
pyrolysis gases in a char zone of constant thickness, the energy equation
has the following form [15]:
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K+1
— dT d dT
J =
convective heat conductive heat heat absorbed
transfer transfer by chemical reactions

To describe the pressure distribution, a modified form of Darcy’s equation
was used which accounts for inertial effects that are important due to the
high mass flux of degradation products. For the steady flow of an ideal gas
in the char with varying mass flux, the following integral equation was ob-
tained to predict the pressure distribution:

L o L i 1/2
P=ip? + 2R [efy b (W Tz + 6 1 (W2 T/M)GZ 2 o
pressure loss due to pressure loss due to
viscous effects inertial effects

The energy absorbed in the char zone is equal to the difference between
the heat flux at the high-temperature surface and the heat flux at the low-
temperature surface. As shown later in Eq. (20), the energy absorbed for
nonequilibrium flow in the char is given by:

K K+1
T
Gz =€Z [TLWgCpdT + T [ L HRj (&)t 3)
. T ] . T dz
j=1 0 ji=1 0
heat absorbed due to heat absorbed by chemical
change in gas enthalpy reaction

Equations (1), (2), and (3) were solved numerically using programs written
in FORTRAN 1V on an IBM 7040 computer [15]. A subsequent section
Generalized Reaction Kinetics Analysis, discusses the method used to com-
pute the reaction rates of the simultaneous chemical reactions as they occur
in the char zone.

However, before the calculations can be performed, two additional pieces
of information must be known. These are the specific chemical reactions
that occur in the char with their associated kinetic constants, and the initial
composition of the pyrolysis gases entering the char zone. The 10 specific
chemical reactions that are thought to occur in the char zone are listed in
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Table 1. Important Chemical Reactions in the Char Zone in the
Temperature Range of 500-2500°F

Activation energy Frequency factor,

Reaction kcal sec!
I CHy =1 CHe+ 1 Hy 78.0 7.60 X 1014
2. C,Hg¢ =C;Hs +H, 60.0 3.14 X 103
3. CyH4=CH, +H, 23.0 2.57 X 108
4. CH, =2C+H, 400 2.14 X 10'°
5. CH, = %— C,H, + % H, 86.5 2.14 X 10°T™
6. CHy=C+2H, 16.2 2.05 T
7. CgHg =3C,H, 52.0 14 X 10°
8. C+H,0=CO+H, 21.3 9.26 X 103
9. NH; = é— N, + g— H, 60.8 2.80 X 108
10. CH4 + 20, = CO, +2H,0 20.6 1.5 X 107

Table 1, and the method of arriving at these reactions is discussed in the
section entitled Criteria for Reaction Selection.

In Fig. 1 a comparison is shown of the temperature distribution for non-
equilibrium, equilibrium, and frozen flow from the solution of the equations
of change (continuity, momentum, and energy) for a surface temperature of
2500°F. As shown, the temperature distribution for nonequilibrium flow is
only slightly less than that for frozen flow. This result is due to the chem-
ical reaction rates in this temperature range, which produce a change in the
pyrolysis gas composition. However, the temperature distribution for equi-
librium flow is significantly different than that for nonequilibrium flow.
This is a result of the energy absorbed due to the significant changes in
pyrolysis gas composition, which is computed by considering the gases to
be in thermodynamic equilibrium.
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Fig. 1. Temperature profiles, Tj = 2500°F.

Although the temperature profile is essentially the same, there is a sig-
nificant difference between the heat flux at the high-temperature surface for
nonequilibrium and frozen flow, as seen in Table 2. This is mainly a result
of the decomposition of methane to acetylene and hydrogen by reaction 5
in Table 1. This is seen in Table 2 by the change in degradation product
composition from 500 to 2500°F. The energy absorbed, considering the
flow in thermodynamic equilibrium, is much larger than that for nonequi-
librium flow. Thus, if some means could be devised to increase the rate of
reactions, there is the potential for a sizable reduction in heat shield weight.

Given in Table 2 are the pressure drops through the char calculated using
Eq. (2) for nonequilibrium, equilibrium, and frozen flow. As would be ex-
pected, the pressure drop predicted by assuming the flow to be in equilib-
rium is less than that for either frozen or nonequilibrium flow since the
viscosity is an increasing function of temperature. As would be expected,
the pressure drops for nonequilibrium and frozen flow are essentially the
same.

In Fig. 2 profiles similar to those in Fig. 1 are shown for a front-surface
temperature of 2000°F. However, a comparison of the surface heat flux
(Table 3) shows that there is a less significant difference between that for
frozen flow and nonequilibrium flow. Consequently, the major energy
absorption occurs in the temperature range of 2000-2500°F. This would
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Table 2. Heat Flux, Pressure Drop, and Exit Gas
Composition for Each Flow Type

Flow Heat flux at surface, Pressure drop, Midpoint temp.,

model Btu/ft%-sec 1b/ft? °F
Frozen 63.12 18.9 1045.7
Nonequilibrium 93.79 18.7 986.1
Equilibrium 271.25 9.8 540.9

Gas Mole % inlet Mole % exit gas composition

component gas composition  Nonequilibrium Equilibrium

Methane 55.47 34 0.10
Water 32.48 18.47 0.01
Nitrogen 8.06 4.61 421
Carbon dioxide 1.52 0.87 0.00
Hydrogen 145 58.27 77.03
Ammonia 0.02 0.01 0.00
Carbon monoxide 0.00 0.12 18.65
Ethane 0.00 0.16 0.00
Ethylene 0.00 0.52 0.00
Acetylene 0.00 13.73 0.00

be expected since the rate of reaction increases exponentially with tempera-
ture. Thus, it would also be expected that for cases with higher char tem-
peratures the heat absorbed by chemical reactions would be much more
significant. Work is currently in progress to extend these analyses to higher
surface temperatures.

EXPERIMENTAL SIMULATION OF THE CHAR ZONE
DURING ABLATION

Char Zone Thermal Environment Simulator

Experiments are being conducted to establish the accuracy of the non-
equilibrium flow model with an experimental system that simulates the char
zone during ablation. A schematic diagram of the char zone thermal environ-
ment simulator is shown in Fig. 3.
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Fig. 2. Temperature profiles, Ty = 2000°F.

In this simulator actual chars formed in the arc jets at the Langley Re-
search Center are utilized. Gas compositions typical of the degradation
products are passed through the heated chars. Important variables are moni-
tored with exit gas samples taken at specific time intervals.

Experimental Results

In Table 4 a comparison is made between typical experimental results
and the models of nonequilibrium and equilibrium flow. The inlet composi-
tion is the concentration of the stream entering the char at Ty, and the out-
let composition is the concentration leaving the front surface of the char at
Ty . As shown, the amount of chemical reaction that actually takes place is
only slight, and this is accurately predicted by nonequilibrium flow. The
computed values of the composition agree within experimental error with
the experimental values. For these temperature ranges the flow is essentially
frozen (no chemical reaction).

If the pyrolysis gases were actually in thermodynamic equilibrium flow-
ing through the char, there would have been a significant heat absorption
due to reaction. In fact, nearly all of the methane would be decomposed
and essentially all of the carbon dioxide would be converted. Thus, this
model is an extremely poor characterization of the flow over this tempera-
ture range and results in unrealistically high surface heat flux values.
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Fig. 3. Char zone thermal environment simulator.

The nonequilibrium flow temperature profile lies very near the profile for
frozen flow, while the equilibrium flow deviates significantly, as would be
expected. The energy absorbed due to chemical reactions is indicated by a
slight increase in the surface heat flux over the frozen flow. However, the
heat flux predicted for equilibrium flow is over six times that for nonequi-
librium flow.

In conclusion, it can be stated that over the temperature range of the ex-
periments only a small change in composition occurs due to chemical re-
actions as the gas flows through the char. The flow is essentially frozen. If
the chemical species flowing through the char are assumed to be in thermo-
dynamic equilibrium, there is a sixfold error in computing the surface heat
flux, i.e., the energy absorbed in the char zone.
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Table 3. Heat Flux, Pressure Drop, and Exit Gas
Composition for Each Flow Type

Flow Heat flux at surface, Pressure drop, Midpoint temp.,

model Btu/ft?-sec 1b/ft? °F
Frozen 44.50 15.3 892.9
Nonequilibrium 46.07 15.1 864.6
Equilibrium 187.61 8.8 5376

Gas Mole % inlet Mole % exit gas composition

component gas composition Nonequilibrium Equilibrium

Methane 5547 53.50 0.25
Water 3248 31.83 0.05
Nitrogen 8.06 791 4.25
Carbon dioxide 1.52 1.50 0.01
Hydrogen 1.45 435 76.78
Ammonia 0.02 0.02 0.00
Carbon monoxide 0.00 0.08 18.65
Ethane 0.00 0.49 0.00
Ethylene 0.00 0.05 0.00
Acetylene 0.00 0.28 0.00

GENERALIZED REACTION KINETICS ANALYSIS

The purpose of this section is to present the equations that permit the cal-
culation of the reaction rates for an arbitrary number of simultaneous chem-
ical reactions involving an arbitrary number of chemical species. This is
illustrated with the reactions given in Table 1. A chemical reaction can be
written in general as:

K kfi K

T Tij Aj f T Pjj A (4)
i=1 j=1
For this ith chemical reaction, the Tjj and Pjj represent the stoichiometric co-
efficients of the reactants and products, respectively, for species A:. The
forward and reverse reaction rate constants are kg and k. There are a total

of K chemical species.
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For the rate of reaction of the jth species, Rj, this is given by the follow-
ing equation for n chemical reactions:

n K K
R = i=21 (pij - i) kf; j£11 ¢ - ky; jlll c;Pij ()

where c¢; is the concentration of component j in appropriate units.

This equation has the powers on the composition terms the same as the
stoichiometric coefficients. However, it is not necessary to do this. If this
is not the case for some of the reactions being used, it is only necessary to
include two additional matrices besides T and pjj in the computer
implementation.

To illustrate the use of Eqs. (4) and (5), the matrix form of the reactions
listed in Table 1 are shown in Table 5. This is Eq. (4) for 10 reactions and
13 chemical species.

To illustrate the use of Eq. (5), the rate of reaction of methane (compo-
nent 2) is given by the following:

10 3 13
R2 = E (p12 - l’iz) kfl I cj ll_kl_i Il cjpl_] (6)
i= 1 j =1 ] =1
or expanding
R, =(0-1) 3kfi C2 T 1/2 cs 1/2 § +
0-1)kf c, ks ¢ P % N
©- 1) 3k, c2 2 ke C% Ce % +
(0 - 1) gkflo cz clz _kl'lo CB 013 z

Q)

The above equation contains six other terms in the expanded form, but
these are not included since the coefficients are zero. Of course this
equation is not exactly correct since the powers on the compositions are
different in some cases for the actual rate expressions. For example, the
carbon-carbon dioxide reaction involves the surface area of carbon and not
a “concentration” of carbon. To take the surface area of the char into ac-
count the reaction rate constant was modified, and the exponent of the
carbon “concentration” was set equal to zero.
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Table 5. Matrix Formulation of the Chemical Reactions

Given in Table 1
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CRITERIA FOR REACTION SELECTION

In a previous report [3] the literature was surveyed for the kinetics of the
chemical reactions that could possibly occur in the char zone during ablation.
At that time a number of reactions and species were located, and since then
additional information has become available. However, it can be shown that
not all of these possible reactions are important in the temperature range of
interest. To determine the chemical reactions that would occur with a
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Table 6. Composition of the Pyrolysis Gases from Phenolic Resin,
Nylon, and a 50% Phenolic Resin-50% wt. Nylon Mixture in mole %

Thermogravimetric and pyrolysis
Equilibrium composition _gas chromatographic analyses
calculated for the phe- Phenolic resin Nylon-6
nolic-nylon mixture [4] only [5] only [6]2

Component 500°K 800°K  500°C 100-1000°C  400°C

H, 1.45 43.25 15.1 50.1 0
H,0 3247 19.01 34.8 23.4 354
N, 8.06 6.28 0 0 0
NH,4 0.02 0.02 0 0 0
HCN 1071 1075 0 0 0
Cco 1073 1.85 4.5 55 0
CO, 1.52 3.42 0.9 1.6 55.8
CH, 56.48 26.15 7.8 10.0 0
C,H, 10720 100 0 0 0
C,H, 10720 10°¢ 0 0 0.4
CsHg 10720 10713 0.2 0.2 5.8
C,Hg b b 0.8 0.3 0
C¢H; OH b b 28.1 7.1 0
(CH3),C¢H;0H b b 7.8 1.8 0
Others 0 0 0 0 2.6
Total 100.00 100.00  100.00 100.00 100.00

4Liquid products obtained during pyrolysis were not identified (about 95%
of the total pyrolysis products).
bNot considered, due to the lack of necessary free energy data.

significant conversion in the char, two procedures were used. One procedure
consisted of computing the conversion of one reaction of an equal molal mix-
ture of reactants flowing isothermally through the char [15]. The other pro-
cedure consisted of estimating the species and the composition that entered
the char zone from thermogravimetric analysis, pyrolysis gas chromatographic
analysis, and thermodynamic equilibrium calculations. A comparison of the
initial composition from this latter approach is given in Table 6. These two
procedures combined determine the important reactions that occur in the char.
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Fig. 4. Diagram of the char zone.

DEVELOPMENT OF EQUATIONS OF CHANGE FOR FLOW
IN THE CHAR ZONE

Energy Equation

Referring to Fig. 4, the energy equation for one-dimensional flow of gases
through a porous medium accompanied by chemical reactions is obtained by
simplifying the general energy equation [7], and this gives:

K
to (4T ). 4| 4T R
Wg € CP(d'z)—e dZE(g dZ]-eilejR“ (8)

The energy equation for the solid phase is:

0=(1-€)‘g—z[kc' g]-(l'e)'HcRc ®

Adding Eqgs. (8) and (9) and defining:
ke =€'Eg+(l-€) kc (10)
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as the effective thermal conductivity of the char, gives the differential
equation that describes the energy transfer in the char zone:

K+1
c (-4, . 4T R
Wg'e‘cp'(d_z)‘a[ke dz] jfl HiR; an

For frozen flow in the char zone the above equation reduces to Eq. (12):

Sy e (@) £ o ()] m

Expanding and rearranging results in a second-order, ordinary differential
equation which when solved gives the temperature profile in the char.

d*T _ dT[WgCpe fdke\ (dT) (1
d2  dz| ke \dT /) \dz /\kc (13)

The energy equation for flow with chemical reaction is:

= K+1
@T _ dT[WeChe _(dks % 1 ]
dz? dz[ ke dT)(dz )+(dT) z HR] 04
dz

=) j=

In Egs. (13) and (14), the surfacg temperatures are specified defining a two-
point boundary value problem. Therefore, an iterative procedure to find
the correct initial slope that satisfies the boundary conditions was required
to define the temperature profile in the char.

Momentum Equation

To obtain the pressure distribution within the char zone, the momentum
equation for flow in a porous medium must be solved. Because of the rela-
tively high gas mass flux values (Wg = 0.06 1b/ft?-sec), inertial as well as
viscous effects must be included. The equation with these terms is given be-
low for one-dimensional flow in a porous medium:

’% = euu/y + fpu? (15)

where euu/vy represents the viscous term and fpu? the inertial term [11].
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To obtain an equation applicable across a finite char _thickness. the con-
tinuity equation, Wg = pu, and the ideal gas law, p = PM/RT, are combined
with Eq. (15) to give:

-PdP = _RI% (euWg/y + fWg?)dz (16)

Integrating this equation from the front surface where the pressure is 159
to any point P into the char at z gives:

_ _ 2 1/2
P:{PLz . 2R[§_ ok Vol g gl ‘ﬁ’g%]} a7

Typical values for v and § used in the computation were 1 X 107 ft* and
5 X 10* ft™, respectively.

Heat Flux at the Char Surfaces

The heat fluxes at the char surfaces and the heat transfer by conduction to
and from the surface are given by:

and qop = ke STT | (18)

=k dT
ke g
z= z=0

L

Frozen Flow. Integrating Eq. (12) for frozen flow gives:

Qcz =41~ o =k ar k dT|
cz ~ = 4o ~ K¢ =Re
L dzl,- dl,-0
= fTL w,CodT (19)
To "8“P

where qcz is the heat absorbed by a reaction gas mixture of K components.
Flow with Chemical Reaction. Integrating Eq. (11) for flow with chem-
ical reaction gives:

K TL K+1 TL
dcz=€ % fTo Wg(ij) xj dT + i§1 S To [(HiR{)/(dT/dz)] dT (20)

i=1

where qcz is the heat absorbed by a reacting gas mixture of K components.
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Physical Properties

In order to solve Eq. (1) and (2) the values of the physical properties as
functions of temperature are needed. For the heat capacity of each com-
ponent the usual polynomial form is employed as shown below, where the
values of the coefficients are obtained from Hougen et al. [8] and McBride
et al. [9].

Cp; =a + bT +cT? + dT> + eT* 21

The mean heat capacity of the gas mixture is calculated using a molal
weighted average as shown below:

_ K

Cp= Z Cpivi (22)

The overall thermal conductivity as a function of the gas conductivity,
the char conductivity, and the porosity is given by Eq. (10).

ke=e-kg+(1-€) k¢ (23)

In this study, experimental data reported for the char conductivity were
taken to be equal to the overall thermal conductivity. The reason is that
the thermal conductivity measurements were made for char materials con-
taining an inert gas in the pores. The equation for the char conductivity
was obtained by a least-square fit of the data reported for an inert gas with-
in the pores of the char [10].

NOMENCLATURE

A cross-sectional area of the char zone

c concentration

H; enthalpy per unit mass of component j

K  number of gaseous species

kf forward reaction rate constant

kr reverse reaction rate constant

L  width of char zone

M  average molecular weight of the pyrolysis gases
M; molecular weight of component j

N;  molal flux of component j
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n number of chemical reactions
pij  stoichiometric coefficients of the products
volumetric flow rate
q  heat flux
R universal gas constant
Rj  reaction rate of component j in moles per unit time per unit volume
rij  stoichiometric coefficients of the reactants
average residence time
velocity of the pyrolysis gases in the pores of the char
volume of the char
mass flux of gas in the char pores
conversion of component j
mole fraction of component j
coordinate axis in the direction of the pyrolysis gas flow in the char
inertial coefficient of Eq. (15)
permeability
forward difference operator
porosity
density
viscosity

t‘cmbquN‘_ﬁ'_*mi<:£n

Subscripts

cz  refers to char zone

i refers to chemical reactions
j refers to species

o refers to initial value

L refers to final value
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