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Gasdynamics and Heat Transfer Modeling in Rocket Joints

Qunzhen Wang,* Edward C. Mathias,” Joe R. Heman,* and Cory W. Smith*
Thiokol Propulsion, Brigham City, Utah 84302

A new thermal-flow simulation code has been developed to model the gasdynamics and heat transfer, as well as
O-ring and flow path erosions inside the space shuttle solid rocket motor joints by combining a thermal analyzer and
a general-purpose computational fluid dynamics code. The pressure, temperature, and velocity of the combustion
gas in the leak paths are obtained by solving the time-dependent Navier-Stokes equations, whereas the solid
temperature is calculated using the heat conduction equation. The gas and solid are coupled by the heat flux at the
solid-gas interface. The results of a few test cases are compared with exact solutions or experimental data. These
cases include both steady and transient problems involving area change, friction, and heat transfer between gas
and solid, as well as mass addition due to the erosion of solid walls. In addition, a set of space shuttle solid rocket
motor nozzle joint-4 subscale hot-flow tests is modeled, and the predicted pressures, temperatures (both gas and
solid), as well as O-ring erosions are compared with the measured data.

Nomenclature

= cross-sectional area, m>

surface area, m>

width, m

height, m

constant

specific heat at constant pressure, J/kg - K
specific heat at constant volume, J/kg - K
hydraulic diameter, m

inviscid flux term

viscous flux term

total energy, J/m?

Darcy friction factor

stagnation enthalpy, J/kg

heat transfer coefficient, W/m? - K

minor loss coefficient

thermal conductivity, W/m - K

standoff distance, m

Lewis number

mass, kg

mass flow rate, kg/s

rate of mass addition due to surface erosion, kg/s
Nusselt number, hD/k

Prandtl number, pc,, /k

pressure, Pa

unknown matrix in the Navier-Stokes equations
heat transfer rate per unit mass of gas, W/kg
heat flux in the x direction, kg/s?

heat transfer rate, W

gas constant, J/kg - K

Reynolds number, puD /u

source term

Stanton number, h/puc,

temperature, K

time, s

velocity, m/s

= volume, m*
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Vorad = nondimensional velocity gradient
X = distance, m
y = ratio of specific heats
€ = roughness,m
"w = viscosity, N - s/m?
P = density, kg/m®
Ty = stress, Pa
Subscripts
g = gas
w = wall
Introduction

T is important to predict accurately the pressure and tempera-
ture, as well as the amount of O-ring erosion in the space shuttle
reusablesolid rocketmotor (RSRM) jointsin the eventof aleak path.
The scenarios considered are typically hot combustion gas rapid
pressurization events of small volumes through narrow, restricted
flow paths. The ideal method for this prediction s a transient three-
dimensional computational fluid dynamics (CFD) calculation with
computational domain including both the combustion gas and the
surrounding solid regions. However, this method has not yet been
demonstrated to be economical for this applicationdue to the enor-
mous amount of CPU time and memory required. Consequently,
all CFD applicationsin RSRM joints'? are steady-state simulations
with solid regions being excluded from the computational domain
by either assuming a constant wall temperature or assuming no heat
transfer between the hot combustion gas and cool solid walls.
Currently there are two computer codes, known to the authors,
available to model the gas dynamics, heat transfer, and O-ring
erosion in the RSRM joint pressurization process. One code is
ORING?2,>% and the other code is JPR.” A way to improve the
current prediction techniqueis to modify the transientcompressible
flow calculation because the pressure, temperature, and velocity
of the combustion gas are not calculated from the time-dependent
Navier-Stokes equations in both ORING2 and JPR. Instead, some
empirical correlations are used to predict the gas temperature, mass
flow rate, and other flow propertiesby assuming a quasi-steady flow
in a constant cross-sectionalarea pipe, thatis, there is no grid in the
paths. Furthermore, ORING2 can only handle configurations with
two volumes and two paths, whereas it takes significant coding for
JPR to do complicated configurations with more than two volumes.
A new thermal-flow simulation code, SFLOW, has been devel-
oped to model the gasdynamics and heat transfer, as well as O-
ring and flow path erosion inside the space shuttle RSRM joints.
The details are discussed in this paper. The SFLOW methodology
eliminates some of the approximationsinherentin other simulation
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and prediction tools by combining SINDA/G®,® a commercial ther-
mal analyzer, and SHARP ® 9~ a general-purpose CFD code. The
pressure, temperature, and velocity of the combustion gas in the
leak paths are calculated in SHARP by solving the time-dependent
Navier-Stokes equations, whereas the heat conduction in the solid
is modeled by SINDA/G. SHARP and SINDA/G are coupled by the
heattransferat the solid-gas interface. The number of flow paths and
volumes in SFLOW is limited only by the memory of the computer
used to run SFLOW.

Although SHARP can solve one-dimensional, two-dimensional,
and three-dimensional flow problems, the flow inside paths is as-
sumed to be one-dimensionalin the current version of SFLOW to
reduce the CPU time and memory requirements. This approxima-
tionis reasonablebecauseleak paths are usually narrow. The solidin
SFLOW, however, can be one-dimensional, two-dimensional, and
three-dimensional because it is not always a good approximation
to assume the heat conductionin the solid region to be one dimen-
sional, especially when the wall material is metal. This treatment
is feasible in terms of CPU time and memory because there is only
one equation, that is, conservation of energy, to solve in the solid
region compared to five equations, that is, conservation of mass,
momentum, and energy, needed in the gas region if the flow is mod-
eled as three dimensional. Furthermore, a larger time step can be
used in the solid calculationthan that used in the gas calculationbe-
cause the solid temperature usually changes much slower than the
flow properties. This way, SFLOW is much more accurate than JPR
and ORING2 because the time-dependent gas equations are solved,
whereas an SFLOW run takes much less CPU time than a transient
three-dimensional CFD calculation because of the one-dimensional
flow assumption and the larger time step in the solid region.

The SHARP main programis convertedinto a subroutine so that
it can be called from SINDA/G. The input for this subroutine in-
cludes the heat flux from gas to wall, friction factor of the flow path,
mass addition due to erosion, gas properties, and grid, as well as
boundary and initial conditions, whereas the outputis the pressure,
temperature, and velocity of the gas for each flow cell at a specific
time step. In SFLOW, the flow calculation, that is, SHARP, and
the solid calculation, that is SINDA/G, are decoupled from each
other such that a smaller time step can be applied in SHARP than
that used in SINDA/G. Furthermore, SHARP can use more cells
for the flow solution than the number passed from SINDA/G solid
surfaces.

As a general-purpose CFD code, SHARP does not have the fric-
tion term in the one-dimensional governing equations because it
is typically used for two-dimensional and three-dimensional flow
simulations where the friction is implicitly taken into account by
the viscous force in the resolved near-wall region or by a wall func-
tion. In one-dimensional flows, however, the friction term has to be
explicitly added because the velocity gradient in the wall-normal
direction does not exist. Similarly, a heat transfer term is added to
the SHARP equations because the thermal boundary layer is not
simulated in SFLOW. Moreover, a mass addition term is added in
SHARP because the erosion of the wall material will generate mass.
Finally, minor loss terms such as those due to sudden expansion or
contraction and flow direction change are accounted for by speci-
fying a loss coefficient in the SFLOW input file at the appropriate
flow cells.

The details of the solutionscheme, including the modeling of gas-
dynamics and heat transfer, as well as O-ring and path erosion, are
discussed in the next section, followed by comparison of SFLOW
predictionsto exact solutionsor experimentaldata. The testcases in-
cluded Fanno flow, where frictionis important; Rayleigh flow, where
heat transfer between gas and solid is important; flow with mass ad-
dition due to the erosion of the solid wall; and transient volume
venting process; as well as some transient one-dimensional flows
with analytical solutions derived by Cai.'> In addition, SFLOW has
been applied to model the RSRM nozzle joint-4 subscale hot-flow
tests,'® which simulate flows to the primary and secondary O-rings.
The predicted pressure, temperature (both gas and solid), and O-ring
erosion from SFLOW are compared with the measured data in this

paper.

Gasdynamics and Thermal Modeling
Gasdynamics Modeling
In SFLOW, the gas can be either in a flow path or a volume, that
is, cavity, which are treated very differently. The gas in a volume is
assumed to be in quasi equilibrium with uniform pressure, temper-
ature, and no velocity, whereas thatin a path is solved from the first
principles, that is, conservation of mass, momentum and energy.

Gas Flow in Paths

The transient compressible flow in a path is modeled using
SHARP, which is a density-based general-purpose CFD code. In
SHAREP, the Navier-Stokes equations are solved on structured grids
with multiblocktopologiesusinga finite volume approach (see Refs.
12-14 for details). The gas properties, for example, specific heat at
constant pressure, can be functions of temperature. The widely used
two-equation k-¢ turbulence model is applied to take into account
the effect of turbulent fluctuations on the mean motion. The time
advancement can be either explicit or implicit for transient flow
problems. When the implicit scheme is used, the convergence cri-
terion is that the residual drops by, for example, three orders of
magnitude. The grid sensitivity is determined by comparing results
from fine and coarse grids.

In one-dimension problems, SHARP solves the Navier-Stokes
equations as

E —E,
2_’_8( 1 L)

=8 1
at 0x )
where the unknowns are
0
O=A|pu @)
e
The total energy in Eq. (2) is
e=ple,T + 1u?) 3)
The inviscid flux term is given by
ou
E, =A| pu>+p @)
| (e + plu
whereas the viscous term is
0
E,=A i (5)
| Ut + qi
The source term in Eq. (1) is
mA/V
fApulu|l 193(KApulul)
S = 2D, 2 ax (6)

A fApluP  13(KApu?)
%~ "%Dp, 27 ax

The boundary conditionsfor the path are obtained from the pressure
and temperature of the volumes. A path has to be connected with a
volume at one end; the other end can be connected to a volume or a
solid wall, which could be either adiabatic or conducting heat away
to the solid region.

Note that, similar to other general-purpose CFD codes, SHARP
does not have the friction term shown in Eq. (6) because it is typ-
ically used for two- and tree-dimensional flow simulations, where
the friction is implicitly taken into account by the viscous force in
the resolvednear-wallregion or by the wall functionapplied. In one-
dimensional flows, however, the friction term has to be explicitly
accounted for because the velocity gradient du/dy does not exist.
Similarly, the heat transfer term in Eq. (6) is added to SHARP be-
cause the thermal boundary layer is not simulated in SFLOW. The
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mass addition terms are also added because the erosion or decompo-
sition of the walls will generate this effect. Finally, minor loss terms
such as those due to sudden expansion or contraction and turns or
bends in the flow path are added in Eq. (6).

Friction Factor in the Flow Paths

The friction factor in Eq. (6) is obtained from the empirical cor-
relation of Idelchik,!” which depends on both the shape of the path,
that is, circular, rectangular, or triangular, and whether the flow is
laminar, turbulent, or in transition. According to Idelchik,!” the gas
flow is divided into laminar, turbulent, and transitional regimes de-
pending on the cutoff Reynolds numbers defined as

Re, = 754exp(0.0065D,, /¢) 7)
Re, = 1160(D,, /)" 8)
Re, = 2090(D,, /)" )

The flow is laminar if the Reynolds number is below Re,, turbulent
if the Reynolds number is above Re,, and in the transitionalregime
if the Reynolds number is between Re, and Re,. If there are two
transitional zones, Re,, is used to determine which of the two zones
the flow is in.

The friction factor in the flow path is then determined based on
the flow Reynolds number, specifically, for Re < Re,:

f =64/Re (10)
For Re, < Re < Rey:
f = 4.4Re™ %% exp(—0.00275¢ /D, (1)
For Re, < Re < Re,:
[ =[0.145(¢/D;)*** — I exp [—0.0017* (Re.— Re)*| +1 (12)
where

I =0.758 —0.0109(¢/D,) %286 (13)
For Re > Re,.:

VT ==210g[(/37D) + (251/Rey/T)]  (14)

For Re, < Re < Re, and Re, < Re, there is only one transitional

zone and

f = (1.244Re™% —0.32) exp [ — 0.0017*(Re, — Re)?] +0.032
(15)

Pressure and Temperature in Volumes

Once the flowfield in the path is solved by SHARP, the pressure
and temperature in the volumes can be obtained from mass conser-
vation:

%(m)zmeJer (16)

and energy conservation:
d . .
E(mch) = E mH — q a7)

where the summation is for all paths that connect to this volume and
q is the heat transfer rate from the gas to the solid boundary that
includes the convective heat transfer as well as the heat transfer due
to erosion. In addition to Egs. (16) and (17), the ideal gas law

pV =mRT (18)

was used to solve the pressure p, temperature 7', and mass m of the
volume.

Heat Transfer Modeling
The convective heat transfer between the gas and the solid wall
is modeled as

This heat transfer rate is used in both SHARP and SINDA/G so that

the total energy in the system is conserved.

Heat Transfer in Paths
The heat transfer coefficient in flow paths can be obtained from
the Nusselt number as

h = Nu(k/Dy) (20)

The Nusselt number depends on both the cross-sectional shape of
the path and the flow regime. If the flow is laminar and the path is
circular,

Nu =436 21
whereas for rectangular paths
Nu = 1.18135 + 2.30595r 0403245 (22)
where
r = min |:16, %} 23)

For turbulent flow, the Nusselt number is calculated using the fol-
lowing empirical correlation:

o fPrRe (&)w
max {Pr, [1.07 — 127T78(Pr3 — 1)]} \#tw

(24)
In the transitionalregime, a linear interpolationbetween the laminar
and turbulent Nusselt number is applied.

Jet Impingement Heat Transfer

The jet impingement heat transfer correlation used in SFLOW is
the same as thatin ORING2 and JPR, which dependson the standoff
distance to diameter ratio, as well as whether the flow is laminar,
turbulent, or in the transitionalregime. The heat transfer coefficient
is obtained from the Stanton number as

h = Stc,(m/A) (25)
If the flow is laminar, the Stanton number is
St = 0.763Pr %% \/1/Re(T,/T,)* (26)

where the Reynolds number Re is calculated at the jet exit. For tur-
bulent flow with a standoffdistanceto jet diameterratio L/ D), < 2.6,

St = 0.763Pr "/ Vg /Re(T, | T,)® 27)
whereas for L /D), > 2.6

Le™? —1 2LV, i (T, \?
St = 0.442Pr~%¢( 1 / grad [ Tg 28
" ( + 2 ) D,Re \T, (28)

The velocity gradient in the preceding equations is

Vgrad =1 (29)

for L/Dy, < 3.4,
Viaa = 1 = 0.196[(L/ D, — 3.4) /5]’ (30)

for3.4 < L/D, < 8.4, and

1 — exp[—1/(0.2315L/D;, — 0.74)]

31
0.13L/D, — 0.39 31

Vg rad —

for L/D,, >8.4.1f the flow is in transitionalregime, the heat transfer
coefficient is obtained by linear interpolation between laminar and
turbulent regimes.
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Heat Transfer in Volumes

The heat transfer from the gas in a volume to the solid boundary
can be modeled in four different ways: 1) using the impingement jet
heat transfer correlation described earlier, 2) using the heat transfer
coefficientin the paths connectedto this volume, 3) using a conduc-
tion length as 7 =k/[, and 4) using a user-specified heat transfer
coefficient. The user of SFLOW specifies which of these methods
should be applied to calculate heat transfer coefficient for all of the
gas-solid interfaces in all volumes.

Erosion Modeling

The erosionmodel used in SFLOW is the same as thatin ORING2
and JPR. Specifically, the erosion rate is a function of heat transfer
coefficientbetween gas and solid and the gas temperature,as well as
the wall temperature. Erosion has the following effects on the gas:
1) it increases the cross-sectional area of the path or the volume of
the cavity, 2) it adds mass to the gas, and 3) it adds energy to the
gas.

Validation Cases

For all validation cases shown in this section, there are only two
volumes connected by one flow path. The pressure and temper-
ature in one or both volumes are specified as input, whereas the
pressure, temperature, and velocity in the flow path are calculated
using SFLOW. Most of these tests are for SHARP in solving one-
dimensional flow problems with friction, heat transfer, mass ad-
dition, and area change because no modification is made to the
commercial thermal code SINDA/G.

Fanno Flow

For air entering an adiabatic 30.48-m-diamduct with a total pres-
sure of 0.1524 MPa and total temperature of 300 K, it can be shown
analytically that the inlet and outlet Mach number will be 0.8 and
0.9, respectively, if the friction coefficient is assumed to be 0.0578,
the pipe length is 30.48 m, and the outlet pressureis 0.08758 MPa.
SFLOW was used to simulate this test case, and the results are com-
pared with the analytical solutionsin Table 1. Itis clear that the error
in the predicted Mach number is smaller when more flow cells are
applied. However, the error drops much more from 20 cells to 200
cells than that from 200 cells to 1000 cells. For this particular case,
200 cells are enough to keep the error in both inlet and outlet Mach
number below 0.55%.

Rayleigh Flow

For air entering a frictionless 0.03048-m-diam, 30.48-m-long
duct with a total pressure of 0.0709 MPa and total temperature of
291.1 K, it can be shown analytically that the inlet and outlet Mach
number will be 0.2 and 0.25, respectively, if the heat addition is
assumed to be 140.4 kJ/kg, and the outlet pressure is 0.0665 MPa.
SFLOW was used to simulate this testcase, and the results are shown
in Table 2. For this particular case, 200 cells are enough to keep the
error in both inlet and outlet Mach number below 0.65%.

Table1 Predicted Mach number
for the Fanno flow test case

Mach 20 cells 200 cells 1000 cells
M, 0.8232  0.8043 0.8027
Errorin Mj,, %  2.90 0.54 0.34

My 0.8900  0.8954 0.8958
Errorin Moy, % 1.11 0.51 0.47

Table2 Predicted Mach number
for the Rayleigh flow test case

Mach 20 cells 200 cells 1000 cells
M, 0.1954  0.1987 0.1991
Errorin Mj,, %  2.30 0.65 0.45

Moy 0.2498 0.2484 0.2485
Errorin Myy, % 0.08 0.64 0.60

Table 3 Predicted Mach number
for the mass addition test case

Mach 20 cells 200 cells 1000 cells
Miy, 0.5039  0.5019 0.5018
Errorin Mj,, %  0.78 0.38 0.36
Myt 0.5898  0.5962 0.5967
Errorin Moy, % 1.70 0.63 0.55
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Fig. 1 Comparison of predicted velocity with analytical solution of
Eq. (33) for the case of transient flow with area change.

Mass Addition

For airenteringa frictionlessadiabatic 0.03048-m-diamduct with
a total pressure of 0.08178 MPa and total temperatureof 291.7 K, it
can be shown analyticallythat the inlet and outlet Mach number will
be 0.5 and 0.6, respectively,if 0.009525 kg/s of air at a temperature
0f291.7 K is added to the flow and the outlet pressureis 0.068 MPa.
SFLOW was usedto simulate this test case, and the resultsare shown
in Table 3. With 200 or more flow cells, the error in the inlet Mach
number is less than 0.38%, whereas that in the outlet Mach number
is less than 0.63%.

Transient Flow with Area Change

All of the test cases shown thus far are steady-state problems so
only the SFLOW predictions at long times were compared with the
exact steady-state solution. In this and the following three sections,
SFLOW was tested using one-dimensionalunsteady flow cases with
analytical solutions derived by Cai."

For one-dimensional compressible flow in a circular pipe with a
cross-sectional area

A = Cy/(Cox + Cy) (32)

the exact solution is

2Co(Cox + C
0 = const, u= 0(20—2) (33)
2C21 + C,

p = const,
if both friction and heat transfer are neglected. This transient flow
with area change case is simulated using SFLOW with a uniform
grid of 20 flow cells by assuming Cy=C,; =C;=1 and C, =100.
The flow pathis from x =0 to x =20 m and the time is from# = 0 to
t = 1s.The velocity atthe inletand outletfrom SFLOW is compared
with the exactsolutionin Fig. 1, which shows a very good agreement
even though only 20 flow cells are used.

Transient Flow with Heat Transfer
For one-dimensional flow in a circular pipe with a heat transfer
rate per unit mass of

. y Clp(clx+c3>l+C4/Cl

=L 12 (34)
]/—1 C5 CIT+CZ
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Fig. 2 Comparison of predicted velocity with analytical solution of
Eq. (35) for the case of transient flow with heat transfer.
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Fig. 3 Comparison of predicted temperature with analytical solution
of Eq. (35) for the case of transient flow with heat transfer.

the exact solution is

t C;(Clt + Cz)CA/CI Clx + C“g

= const, = ==

V4 P (C1x + C3)1+C/Ci Cit +C,
(35)

if the cross-sectional area is constant and the friction is neglected.
This transient flow with heat transfer case was simulated us-
ing SFLOW with a uniform grid of 200 flow cells by assuming
C,=C,=1,C;3=C5=5000, and C, =15. The flow path is from
x =0 to 20 m and the time is from # =0 to 1 s. The velocity and
temperature at the inlet and outlet from SFLOW are compared with
the exact solution in Figs. 2 and 3. The velocity profile at both the
inlet and outlet agree very well with the analytical solution, and
the agreement for the temperature is also reasonable. Although not
shown here, the results using 20 cells are much worse than those
shown in Figs. 2 and 3, and it is expected that a better temperature
prediction would be obtained by using even more flow cells.

Transient Flow with Friction and Heat Transfer
For one-dimensional flow in a circular pipe with a heat transfer
rate of

q = —(16A/f?t%) (36)
the exact solution is

u=4avVA[Jmfr (37

if both the cross-sectionalarea and friction factor are constant. This
transient flow with heat transfer and constant friction factor case
was simulated using SFLOW with a uniform grid of 20 flow cells
and f =0.004/,/7. The flow path is from x =0 to 20 m and the
time is from ¢ =5 to 10 s. The velocity at the inlet and outlet, which
is the same at any given time according to Eq. (37), from SFLOW
is compared with the exact solution in Fig. 4, which shows a very
good agreement.

p = const, £ = const,

200 ' ' ' '
1s0b — inlet, SFLOW n
L. outlet, SFLOW ]
- [ o o Exact E
g 160} ]
2| ]
g | i
= 140 E
3 : .
120} ]
100L L . : - -

Time (seconds)

Fig. 4 Comparison of predicted velocity with analytical solution of
Eq. (37) for the case of transient flow with friction and heat transfer.
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Fig. 5 Comparison of predicted velocity with analytical solution of
Eq. (41) for the case of transient flow with area change, friction, and
heat transfer.

Transient Flow with Area Change, Friction, and Heat Transfer
For one-dimensionalflow in a pipe with area A, friction factor f,
and heat transferrate g given by

A= ! (38)
[C4 exp(—+v/7/Cix) + «/Cx/rr]
4
f= (39)
\/Cl [C4 exp(—+/7/Cix) + «/Cx/rr]
_ ks Co[Cyexp(—/n/C1x) + /C, /7] (40)
1=7V7, Cat + Cs
the exact solution is
p = const, p = const
. Cz[C4eXp(—«/WX)+m] @1
‘= Cot + C;

This transient flow with area change, friction, and heat transfer case
is simulated using SFLOW with a uniform grid of 20 flow cells by
assumingCy =C3; =C, =1, C; = 1000,and C, = 15. The flow path
is from x =0 to x =20 m and the time is from t =0 to 0.1 s. The
velocity at the inlet and outlet from SFLOW is compared with the
exact solution in Fig. 5, which shows a very good agreement even
though only 20 flow cells are used.

Volume Venting

The preceding cases focus on the gas flow in paths because only
pressure, temperature, and velocity of the gas in the pipe were com-
pared with the analytical solutions. To validate the volume pressure
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Fig. 6 Comparison of predicted pressure with the experimental data
for the volume-venting case; friction and heat transfer neglected in the
prediction.
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Fig. 7 Comparison of predicted pressure with the experimental data
for the volume-venting case; friction and heat transfer accounted for in
the prediction.

and temperature algorithm, the SFLOW prediction in a volume-
venting experiment is compared with the measured data. In the ex-
periment, a tank with a volume of 9.836 x 10™* m? is connected to
a0.058-m circular pipe with a diameter of 1.829 mm, which is open
to ambientconditionsat 0.08618 MPa. The tank is at ambient condi-
tion initially, and the tank pressure is increased to about 1.779 MPa
att = 0 with the valve between the tank and pipe closed. This valve
isopenedat? = 0, and the tank pressure begins to fall. The SFLOW
prediction starts from ¢ = 0 using 20 flow cells in the pipe. The
comparison of the predicted pressure with the experimental data
is shown in Fig. 6, which indicates that the predicted pressure is
smaller than the measured data.

The friction in the pipe and heat transfer between the gas and
solid walls were neglected in the SFLOW results shown in Fig. 6.
Figure 7 shows the results with both friction and heat transfereffects
being taken into account, which indicates a better agreement with
experimental data. This volume-venting case has also been simu-
lated using ISENTANK,'® which assumes the flow in the path is
isentropic. The SFLOW prediction in Fig. 6 is very similar to the
result from ISENTANK with a discharge coefficient of 1.0, whereas
that in Fig. 7 is similar to that from ISENTANK with a discharge
coefficient of 0.6.

RSRM Nozzle Joint-4 Test

SFLOW was also used to simulate the RSRM nozzle joint-4 hot
fire test,'® which was also modeled by Clayton.!” Figure 8 shows
the location of joint 4 in the RSRM nozzle and the hot flow test
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Fig. 8 RSRM nozzle joint-4 and hot-flow test fixture.
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Fig. 9 Schematic of the test fixture for the RSRM nozzle joint-4 hot-
flow test.

fixture. The insertis the enlarged view of joint4. In this section, only
comparisons of the SFLOW predictions with the measured data for
configuration 8 at the 90-deg side will be discussed. The SFLOW
results for other configurations, more results for this configuration,
as well as more details of the model will be published later.

A schematic of the test fixture for the RSRM nozzle joint-4 hot-
flow test is shown in Fig. 9. There are two fill tubes and bottles
connected to the primary O-ring gland and chamfer region, as well
as the secondary O-ring gland. The SFLOW model consists of four
volumes (the combustion chamber, primary O-ring gland, chamfer
region, and secondary O-ring gland) and nine paths (one from the
combustion chamber to the primary O-ring gland, one from the
primary O-ring gland to the chamfer region, one from the chamfer
region to the secondary O-ring gland, two for the fill tubes and
bottles connected to the primary O-ring, two for the fill tubes and
bottlesconnectedto the chamfer,and two for the fill tubes and bottles
connected to the secondary O-ring).

Figure 10 shows the solid grid used for the RSRM nozzle joint-4
simulation. The widths of the leak paths are as follows: 1.702 mm
at the chamber and 2.032 mm at the end of leg 1, 1.118 mm for
the second leg (horizontal one), 1.168 mm for the third leg (leading
to the primary O-ring), 0.508 mm from primary O-ring to chamfer,
and 0.127 mm from chamfer to secondary O-ring. The volumes for
the primary O-ring cavity, chamfer cavity, secondary O-ring cavity,
fill bottles connected to the primary O-ring, chamfer cavity, and
secondary O-ring are 1.565 x 1076, 4.579 x 107°, 5.213 x 1075,
1.833 x 1073, 1.211 x 1073, and 1.46 x 107> m?, respectively. The
pressure and temperature in the combustionchamber is specified as
input for the SFLOW prediction. (The temperatureis 294 K initially
and increases to 2777 K at 0.07 s and then remains at that high
temperature, and the input pressure is shown later.) Impingement
heat transfer is applied for several surfaces on the O-rings, the inlet
path, and the chamfer region, while minor losses are applied in the
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paths where the flow turns. Steady-state gas-only CFD simulations
such as those discussed by Laubacher et al.! are used to determine
which surfaces should have jet impingement heat transfer.

Isocontours of the predicted temperatures of the solid at 4 s are
shown in Fig. 11. Initially the temperature is at 294 K. At 4 s, the
solid cells near the impinging surfaces as well as those near the flow
path from the chamber to the primary O-ring are hot, while the
temperatures at the solid cells farther away are still low. Because
the thermal conductivityis larger for steel than carboncloth phenolic
(CCP), a larger region of the steel is at a higher temperature than
CCP.

Isocontours of the predicted solid temperatures at different times
are showninFigs. 12-15for partof the domain includingthe O-rings
and chamfer. At earlier times, the solid temperature near the gas—
solid interface increases with time because of the convective heat

Chamber

—CCp

| Leak
Path

Primary
" O-ring

— Chamfer

—~__|_Secondary

I L

i T ; [ Oring

i H’a—~ Steel

Fig. 10 Solid grid for RSRM joint-4 hot-flow simulations.
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transfer from the hot combustion gas. At later times, however, more
solid heats up, and the solid temperatures near the jet impingement
surfaces decreases due to heat conduction. Specifically, the maxi-
mum solid temperatures are 294, 2408, 2433,2287, and 1782 K at
0,1, 2, 3, and 4 s, respectively.

Figures 16-18 show the comparison of the SFLOW predicted
gas pressure with the experimental data at the fill bottles off the
primary O-ring groove, chamfer region, and the secondary O-ring
groove in RSRM nozzle joint-4 test. Also shown in Figs. 16-18 is
the pressure of the combustion chamber, which is an input to the
SFLOW code. The pressures at all of the fill bottles are very similar,
and the predicted values agree very well with the measured data.

The predicted gas temperatures of the fill bottles are compared
with the measured data in Fig. 19. The agreement is reasonable
consideringthat the chamber temperatureis about2777 K, whereas
that in the fill bottles is less than 320 K.

Figures 20 and 21 show the predicted solid temperatures at two
locations,one near the primary O-ring (T14 in Fig. 22) and the other
just before the secondary O-ring (T15 in Fig. 22), together with the
measured data at the same locations. The agreement is reasonable
consideringthat, as discussedby Clayton,!® the measured solid tem-
peratures are not very accurate due to the large gradients, tiny gaps,
and brief timescales. The predicted erosion of the secondary O-ring
is shown in Fig. 23. The total erosion after 2 s is about 0.2108 mm,
which is very close to the measured value of 0.2032 mm.

As discussed already, most CFD applicationsin the RSRM joints
do notinclude the solid region in the computationaldomain, and the
solid wall is assumed to be either adiabatic or isothermal. Figures
24 and 25 compare the SFLOW predictions of the pressures and
gas temperatures in the fill bottles with and without heat transfer
between the gas and solid. The comparison indicates that, without
heat transfer, the fill time is reduced by a factorof about three and the

Fig. 11 Isocontours of predicted solid temperature in the whole computational domain at 4 s.
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Fig. 12 Isocontours of predicted solid temperature in part of the computational domain at 1 s.
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Fig. 13 Isocontours of predicted solid temperature in part of the computational domain at 2 s.
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Fig. 14 Isocontours of predicted solid temperature in part of the computational domain at 3 s.
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Fig. 15 Isocontours of predicted solid temperature in part of the computational domain at 4 s.
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Fig. 22 Locations of thermocouples in the RSRM nozzle joint-4 test.
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Fig. 23 Predicted secondary O-ring erosion in RSRM nozzle joint 4.
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Fig. 26 Secondary O-ring erosion in RSRM nozzle joint 4 from the
adiabatic prediction.

gas temperature increases to more than 750 K from around 310 K
with heat transfer. For these conditions, heat transfer to the solid
wall is a significant driver for the problem. Figure 26 shows that the
predicted total erosion for the adiabatic case is 0.127 mm, which is
smaller than that shown in Fig. 23 for the case with heat transfer.
For the adiabatic case, the erosion rate is larger at earlier times
because of the high gas temperature, but the erosion stops earlier
(0.6 s instead of 2.0 s) due to the shorter fill time.

Conclusions

A new thermal-flow simulation code, called SFLOW, has been
developed to model the gas dynamics and heat transfer, as well as
O-ring and flow patherosioninside the space shuttle solidrocket mo-
tor joints by combining SINDA/G, a commercial thermal analyzer,
and SHARP, a general-purpose CFD code. SHARP was modified
so that friction, heat transfer, mass addition, and minor losses in
one-dimensionalflow can be taken into account. The pressure, tem-
perature, and velocity of the combustion gas in the leak paths are
calculatedin SHARP by solving the time-dependentNavier-Stokes
equations, whereas the heat conduction in the solid is modeled by
SINDA/G. The two codes are coupled by the heat flux at the solid-
gas interface.



788 WANG ET AL.

A few test cases are presented, and the results from SFLOW
agree very well with the exact solutions or experimentaldata. These
casesincludeFanno flow, where frictionis important, Rayleigh flow,
where heat transfer between gas and solid is important, flow with
mass addition due to the erosion of the solid wall, and a transient
volume-venting process, as well as some transient one-dimensional
flows with analytical solutions. In addition, SFLOW is applied to
model the space shuttle solid rocket motor nozzle joint-4 subscale
hot-flow tests, and the predicted pressures, temperatures (both gas
and solid), and O-ring erosions agree well with the experimental
data. It was also found that the heat transfer between gas and solid
has a major effect on the pressures and temperatures of the fill bottles
as well as O-ring erosion in the RSRM nozzle joint-4 configuration
8 test.
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