42 J. THERMOPHYSICS

VOL. 4, NO. 1

Simple Method for Numerical Simulation of Temperature
Response of the Solid Rocket Nozzle

Timin Cai* and Xiao Houf
Northwestern Polytechnical University, Xian, Shaanxi, China

This paper presents a simple method for numerical simulation of axisymmetric two-dimensional temperature
distribution in a composite structure solid rocket nozzle. A body-fitted moving curvilinear coordinate system is
adopted to deal with the complex contour of the nozzle and the moving boundary of ablation surface. The
concept of equivalent volumetic heat capacity is also used to unify the energy balance equations of the control
volume for all different material layers, which makes the moving boundaries caused by pyrolysis processes inside
the material easy to handle. A time forward explicit scheme for the inner nodes and a time backward implicit
scheme for the boundary nodes are used in numerical calculation. A sample calculation for an experimental solid
rocket nozzle indicates that the numerical results of the temperuature distribution agree with the measured data

fairly well.

Nomenclature

A = periphery area of control volume

c =volumetric heat capacity

¢ =equivalent volumetric heat capacity

Cy =coefficient defined by Eq. (10)

g = generalized heat conductivity

hy, h, =measure factor

AH =heat of pyrolysis

AH, =heat of ablation

iJ =grid-point index in ¢ and z directions, respectively

k =heat conductivity

L(z) =radius of backside contour of the nozzle

m,, =total ablation rate of the material

M, N  =grid-point number in ¢ and z directions, respec-
tively

n = outward normal unit vector of dA4

q4. q;  =generalized heat flux in ¢ and z directions, respec-
tively

q =heat flux vector

q. =convective heat flux

qr =net radiative heat flux

r, 0, z =cylindrical coordinates

R(z,7) =radius of inner wall of the nozzle

T =temperature

| 4 =total volume of the control volume

X,¥y, 2z =rectangular coordinates

T =time

0 =density of the material

o} =transformed radial coordinate

¥ = blowing factor

@ =pyrolysis rate

Subscripts

e =ending point of the pyrolysis processes

I =lower (or right) side node of the interface

o =initial time

s =starting point of the pyrolysis processes

u =upper (or left) side node of the interface

1 =char layer
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= pyrolysis layer
=virgin material layer
=zone of the throat lining
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Introduction

ITH the increase of the energy of solid composite pro-

pellant, the thermal protection problem must be well
treated in the nozzle structure design. For this reason, differ-
ent kinds of composite materials with low density, low con-
ductivity, low ablation rate, and high thermostrength are used
in solid rocket nozzles. For a composite structure nozzle,
uncharring carbon-based composite materials such as graphite
and carbon-carbon are often used for the throat lining, and
charring composite materials such as silica- and carbon-phe-
nolics are used for the convergent, divergent section of the
nozzle and the back lining of the throat part. This kind of
nozzle is usually of complex contour. During firing, the inner
wall surface of the nozzle recedes due to the chemical-thermo
ablation and the mechanical ablation under the action of the
gas, which is of high temperature and high velocity. In the
meantime, pyrolysis processes take place inside the charring
composite material, which causes the interfaces between the
virgin material layer and the pyrolysis layer, and the pyrloysis
layer and the char layer, to move continuously, so that it is
very difficult to calculate the temperature distribution of the
composite structure nozzle, and some simplifications must be
made. The simplest method is a one-dimensional calculation
that uses the relative coordinate system to tackle the moving
boundary, and the temperature in the virgin material, pyroly-
sis, and char layers is calculated, respectively. In this method,
if a pyrolysis surface model is assumed, the temperature at the
pyrolysis surface is set to be the ending point of pyrolysis
temperature.! If a pyrolysis layer model that is better than the
pyrolysis surface model is used, the pyrolysis processes are
completed in a certain layer corresponding to the pyrolysis
temperature range of the material.>? For the two-dimensional
case, the temperature calculation is more complicated. The
finite-difference method based on the orthogonal mesh system
and the principle of energy balance applied to the control
volumes is only applicable to the temperature field calculation
of the uncharring carbon-based composite material nozzle
using a cell-dropping technique to tackle the ablative moving
boundary.* Zedan and Schneider have discussed the applica-
tion of an energy balance to the control volumes in a
nonorthogonal coordinate system, but the variation of mate-
rial properties and moving boundary are not considered.’
Zhenzhong® has used the moving coordinate system, which is
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coordinated with the ablative boundary, to calculate the tem-
perature field for atmospheric entry, but it is also available
only for uncharring carbon-based composite materials.

If a composite structure nozzle consists of both uncharring
carbon-based composite material and charring composite ma-
terial, then not only the ablative moving boundary at the inner
wall but also the moving boundaries of the pyrolysis layer
inside the material need to be treated. The latter are also
curves in the transformed plane that will bring great diffi-
culties in temperature field calcuation. The purpose of this
paper is to offer a simple method that can easily tackle these
two kinds of moving boundaries for calculating the tempera-
ture field of an entire composite structure nozzle. In this paper
a coordinate transformation method is used to change the
fixed rectangular coordinate system into a body-fitted curvi-
linear moving coordinate system and to change the complex
geometry with moving boundary into a fixed rectangular com-
putational domain. For the moving boundaries of the pyroly-
sis layer inside the material, the concept of an equivalent
volumetric heat capacity is introduced’ so that the source term
of heat absorption due to pyrolysis in the energy balance
equation of control volume can be converted into an equiva-
lent volumetric heat capacity. The energy balance equations
for control volumes in all different material layers may then be
unified, provided that corresponding material property
parameters are provided for them. In this case it is not neces-
sary to calculate each layer respectively. After solving the
temperature field, the thickness of the pyrolysis and char
layers can be determined according to the starting and ending
points of the pyrolysis temperature range.

Unified Energy Balance Equation

As mentioned previously, when a solid rocket motor is
firing, the inner wall surface of the nozzle recedes due to
ablation, and the charring composite material will form three
layers, i.e., the virgin material, pyrolysis, and char layers, as
shown in Fig. 1. Assuming that the secondary decomposition
of pyrolysis gas doesn’t appear and that the cooling effect
caused by outflow of the pyrolysis gas is negligible, we can
write unified energy balance equations for the control volume
of all different material layers as follows

_jcigdv=gq-ﬁm i=1:2’374 (l)
| 4 or A .

For the pyrolysis layer, c, is the equivalent volumetric heat
capacity, and its expression is deduced as follows: The energy
balance equation for the control volumes in the pyrolysis layer
should be

—Scﬁa—Tdv=§c"1-ﬁdA+§(bAHdv 2)
v © or A v

where ¢ is the volumetric heat capacity of the pyrolysis layer.

The results of mass loss experiments for the silica-phenolics
show that the relationship between mass loss and temperature
is approximately linear for the pyrolysis layer. In fact, Nelson
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Fig.1 Ablation model of the charring composite material.
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has shown this relationship previously.® Therefore, we may
write

BT
== (T~ T)) ®)

Assuming that the volume of the material remains constant
during the pyrolysis processes, we have

o= _do2_p3—p 9T @)

Substituting Eq. (4) into Eq. (2) and recombining, we get

—§ Cza—TdU=j\ (_]fldA
v - or A

This is the same form as Eq. (1), where

=) 4 3 TPL
c CZ+Te—T} AH )

Coordinate System Transformation

To tackle the ablative moving boundary, the fixed rectangu-
lar coordinate system is transformed into a body-fitted curvi-
linear moving coordinate system. Then the complex nozzle
geometry with moving boundary is changed into a fixed
rectangular computational domain. Although the energy bal-
ance equation for the control volumes will become more com-
plicated, it allows us to deal only with fixed boundary and to
use equally spaced mesh, making the finite-difference calcula-
tion more convenient. Since the nozzle is axisymmetric, the
cylindrical coordinate system (r, 6, z) is preferable to the
rectangular coordinate system (x, y, z), as shown in Fig. 2.

By extension of the Landau transformation to the two-di-
mensional case, radial coordinate r is further transformed into
¢.%19 The transformation expression is

r—R(z,71)
= &7 6
=L@ -R@N ©
Here we assume that 3R/ 3z exists even during ablation. From
Eq. (6) we have

r=R(z7), =0
r=1L(z) =1

For the axisymmetric two-dimensional case, d7/36 = 0; tak-
ing A8 = 1, temperature is calculated only in a computational
plane consisting of axis ¢ .and axis z, shown in Fig. 3, where
H is the length of the nozzle.

In the ¢ — z plane the rectangular domain is divided into
meshes by horizontal and vertical lines. For each inner node in
the ¢ — z plane we take a control area, as shown in Fig. 4.

Now we write its energy balance equation, which is trans-

Fig. 2 Coordinate systems for the nozzle.
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4

Fig.3 Computational plane.

formed from Eq. (1):

N aT 1—¢ 0R AT
["(L _R><E‘L ~R 576_¢>],-,j A

= (gerv1 +C¢2i_sz'AZ—(Q¢r\/1+C¢Z,‘+l/2,j'Az

E

+[gr(L —R)]ij_-Ad—[gr(L —R))j: - A0 (7)

where
- o1+ 229) ®
dR m,, dR\?
oR dL
C¢=(1—¢)a—z+¢*a; (10)
1 dT
4 8o 8oz 7,; 73;
= — 11
. 1 3T (11)
q; 820 8z 7’; —a;
L —-R
hy = ===, h,=1 ) 12
=TT CE : 12
1
84 = Yo k; + C3ky)
C
Bor = 8 = —ﬁ"’c-kz (13)
(]
gz =k,

here, AR/ dr is the recession rate of inner wall due to ablation.
From Eq. (9) it is seen that the calculation of total ablation
rate of the material must be coupled with the temperature field
calculation at each time step. However, this is not covered in
this paper. In calculation, the experimentally measured aver-
age recession rate of the inner wall is used.

Numerical Method
Substituting Eqgs. (8-13) into Eq. (7) and using a forward
explicit scheme for the time derivative and a central difference
scheme for the space derivatives, a series of difference equa-
tions for the inner nodes can be derived to solve the tempera-
ture at all inner nodes directly. A backward implicit scheme
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Fig. 4 Control area in the mesh.

for the time derivative and a second-order forward or back-
ward difference scheme for the space derivatives are used to
derive the difference equations for the boundary nodes, which
will improve the numerical stability. Joining with the
boundary conditions we can get a system of tridiagonal alge-
braic equations that is quite easy to solve.

The initial condition and boundary conditions are given as
follows:

7=0, T,;=T, l<isM, 1<j=<N
z=H, (g)~n=0

z=0, @)1 =0, 2=<isM-1

¢=1, @ =0

¢ =0, @o)rj = ¥qc + q, —tyHy, l=j=N

Here, the conductive heat flux is calculated by the semiempir-
ical Bartz relations.!!"!2 The net radiative heat flux is calcu-
lated by the parallel grey plates model.

In calculation, the variable property parameters of material
are used, and the anisotropy is also considered. The specific
heat and conductivity are assumed to be of linear relationship
with the temperature in the pyrolysis layer.? At the interfaces
between the two different layers of quite different heat con-
ductivities, such as graphite throat lining/charring material
nozzle, and char layer/pyrolysis layer, it is better to determine
the heat conductivity by the following expression!3:

_ 2k,.k; (14)

ku + k]

Since the property parameters of the material vary with the
temperature, the system of difference equations for the
boundary nodes is of some nonlinearity. It is necessary to
solve the temperature iteratively at each time step, but usually
two or three iterations are enough to obtain satisfactory accu-
racy.

If the temperature at each time step has been solved, the
moving interfaces inside the charring composite material, i.e.,
the thickness of the char and pyrolysis layers, can easily be
determined by the following criteria:

T,;<T; virgin material layer
T, <T,;<T, pyrolysis layer
T,;<T, char layer

Computation Sample and Experiment

Temperature field calculation for a small experimental solid
rocket nozzle has been carried out by the method described.
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Graphite throat lining is used for the experimental rocket
nozzle, and the convergent and divergent sections of the noz-
zle and the back lining of the throat part are made of silica-
phenolics. The diameter of the throat part is 11 mm, the
diameter of exit section of the nozzle is 27 mm, the divergence
angle is 20 deg, the length of entire nozzle H is 75 mm, and the
radius of the backside contour of the nozzle L(z) is 33 mm
(constant along axis z). The composite propellant contains
14% aluminum powder. The combustion temperature is 3462
K, and the operating pressure is 4.41 MPa. The time duration
is 24 s. During firing, the temperature field of a section in the
divergent part with z = 51 mm and initial radius R = 9.2 mm
is measured by Pt - Rhyy — Pt thermocouple. The precise loca-
tion of the three thermocouples are -

z=51mm, r=12.08mm, r=13mm, r=15.95mm
The calculation covers and area from the left side of the

throat lining to the exit section of the nozzle, and a grid point
of 15 x 16 is used. In calculation, we take

T, =278 K, T, =600 K, T.=950K

The value of equivalent surface emissivity for the parallel grey
plates model is 0.8548 - 108 W/MZ2K*, and the experimen-
tally measured average recession rate of inner wall used in
calculation is about 0.03 mm/s.

The thermophysical properties of the materials used in this
computation sample are listed as follows:

Si{ica-phenolics virgin material:

K; =0.372 W/Mk

Cs = 1765 kg/M3 - 1.382 kJ/kg k = 2439.2 kJ/M3k
Char layer of silica-phenolics:

K, =21 W/Mk

C, = 1360 kg/M? - 1.13 kJ/kg k = 1536.8 kJ/Mk
Graphite:

(K4), = 248.834 — 181.086 - 10~ 3T + 40.306

<1072 W/Mk

(K.), = 311.396 — 274.56 - 10~ 3T + 69.406

-10-57% W/Mk

Cy = 1825 kg/M? - (—77.665 + 2105.96 - 10 3T

—509.115-107%72) J/kg k = —141.738 + 3.843T

—0.929-103T2 kJ/M’k

T(°K)
Xx computational
1700} — experimental )
B X
1300} 3
L £ *
7 *®
900 | A
- X,
*
500 | -
X i
0 4 8 12 16 20 24 (g

Fig.5 Temperature history at a measuring point of the nozzle.
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The computational and experimental results are shown in
Figs. 5-7.

Figure 5 shows the computational and experimental temper-
atures of a measuring point at the divergent section of the
nozzle (z = 51 mm, 7, = 13 mm, i.e., with a depth of 3.8 mm)
varying with the time. From the curves we can see that the
results are quite consistent. The relative error is less than 13%
from 7= 6.5 to 24 s. But the discrepancy is obvious prior to
7= 6.5s. The lack of coupling with ablation rate calculation
may be one of the causes. The approximate treatment of the
pyrolysis zone could also be a contributing cause. Besides, the
uniform mesh used in the sample may also induce certain
errors, especially in the near inner wall area, where the temper-
ature gradient is quite large.

Figure 6 shows the computed inner wall temperature distri-
bution along the z axis at three different time levels; nodes 2-9
subject to the location of graphite throat lining, nodes 9-16
subject to the location of the silica-phenolics divergent part of
the nozzle, and node 7 subject to the location of the throat
part. From the curves we can see that there is a peak of inner
wall temperature at the throat part since the heat flux there is
of highest value. There is another peak of inner wall tempera-
ture that is even higher than the first one at node 11, because
the heat conductivity of silica-phenolics is much lower than
the heat conductivity of graphite.

Figure 7 shows the computational and experimental char
layer front distribution along the z axis at the end of firing,
i.e., 7=24s. From the curves we can see that these results are
also quite consistent.

Conclusion

A body-fitted curvilinear moving coordinate system and the
concept of equivalent volumetric heat capacity can simplify
the method of tackling the ablative moving boundary and the
pyrolysis moving boundaries in the numerical simulation of
the temperature response of solid rocket nozzles. This method
may be applied to axisymmetric two-dimensional temperature
field calculation for the entire composite structure nozzle inde-
pendent of how many kinds of composite materials are used,

T(X)
2800
2000 |
1200
400
2 4 6 8 10 1z 11 I8 3
Fig. 6 Inner wall temperature distribution along z axis.
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Fig. 7 Char layer front distribution along z axis.
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and the computational results are accurate enough for engi-
neering design purposes. However, some work remains to be
done to improve the accuracy further, such as coupling the
temperature calculation with the ablation rate calculation,
finding a better technique of grid generation, etc.
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