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OVERVIEW

S5clid prepellant rockets involve interesting fluid dynamies
problems for several reasons. The burning propellant introduces
a time-dependent boundary along which there is a continuous
source of mass and energy. Because of this boundary source,
special attention must be given to the applicaticn of boundary
conditions for the interior gas flows. Additionally, flow within
a rocket chamber is typiecally subsonic, while that near the
cutflow nozzle reaches sonic conditions followed by a supersonic
flow in the downstream expansion region of the nozzle. Such
diverse flow conditions present a substantial challenge to
both experimental and computational modelers

An experimental technique sometimes used for studying flow
processes within a rocket chamber is to replace the hot
combustion gases with a relatively cold, inert gas. In these so-
called "cold flow" tests, gas generated at sclid propellant
surfaces is modeled by gas injected through a porous wall. The
resulting eold, non-reactive environment makes it possible to
obtain detalled flow measurements that cannot be duplicated in
real rockets.

This note describes a preliminary computational model of a
cold flow experiment. The c¢alculation has been performed
"blind,"” that is, without access to the experimental data. To
simplify the calculational model, the nozzle region of the rocket
chamber was removed and replaced by a specified pressure boundary
condition just upstream of the nozzle, A separate calculation
made of the nezzle region flow is reported in a Supplementary
technical note, TH17A.

The principal objective of this nete is to show how a two-

equation turbulence model alters the internal flow field of a
model rocket chamber.

COMPUTATIONAL MODEL

The eylindrical test chamber region to be modeled is 28.5
inches in length and has an internal diameter of 4,0 inches. At



4.55 inches from the closed, rear end of the cylinder there is a
radial slot with diameter 7.0 inches and axial thickness 0.40
inches. All interior surfaces, except the closed end of the
cylinder and the bottom of the slot, are porous. The computa-
tional mesh and obstacles defined to model this arrangement are
shown in Fig., 1. Because of axial symmetry, it is only necessary
to model one cross section (the axis of symmetry is the 1left edge
of the plotted frames). Concentration of the computational grid
near the bottom end of the plots indicates the increased
resclution needed to define the small radial slot., 1In fact, the
large aspect ratio of cylinder length teo radius makes it
dgifficult to eclearly see the slot in the complete obstacle plot.

b steady injection of nitrogen gas is maintained into the
chamber through the porous surfaces. The injection speed is
assumed to be 29,04 in/s (2,42 ft/8) and is nitrogen gas at a
pressure of 30,0 psi and temperature of 500 R, In FLOW-3D this
source distribution is defined in terms of obstacle sources.
Only massa and energy scurces can be defined in FLOW-3D without
making code modifications, The momentum of the incoming gas is
assumed tec be zero; but since this momentum is actually quite
small relative to the bulk flow, a zero value is a reasonable
approximation,

Initially the chamber was assumed Tto contain stationary
nitrogen gas at 30 psi and 500 R, At the cutflow (top) end of
the chamber a fixed pressure boundary condition of 30 psi was
maintained.

A two-equation, K~Epsilon, turbulence model was included
with the usual Navier-3tokes equations. The molecular wvalue of
viscosity input for nitrogen was 2.861E-9 in units of 12
slugs/in/s. MNote that a mass unit of 12 slugs is required to
have a consistent set of units consisting of inches, seconds,
degrees HRankine and pressures in psi,. Additi%?aily, the
turbulence kinetic energy was intialized to 2.0 in©/8“, and an
initial turbulence length scale was set to 0.1 inches. These
values are not particularly significant for we shall see that the
final level of turbulence energy is many orders of magnitude
larger. Boundary conditicns for the turbulence model on walls
with a gas source require special eonsideration, This topic is
discussed in the next section.

A complete listing of the input file for FLOW-3D is given in
Fig. 2. This 1ncludes the physical data, computational contrel
data, mesh/obstacle/source data, plus initial and boundary
conditions, The input file additionally includes, in HNamelist
$GRAFIC, a varlety of requests for graphie output. Other graphic
output can be obtained with the postprocessor as desired,



TURBULENCE BOUNDARY CONDITONS

Special consideration must be given to the proper boundary
conditions to impose on boundaries where there is gas injection.
Not only must wall shear stresses be evaluated, but boundary
values are needed for the turbulence kinetiec energy and
turbulence dissipation functions as well.

In the usual two-equation fturbulence model, a standard
assumpticon made to arrive at boundary values for the turbulence
kinetic energy, g, and dissipation, D, is that near a rigid wall
the production of turbulence is exactly balanced by turbulence
dissipation. For example, consider a flat wall located at z=0
With tangential flow v, Under the above assumpticn it can be
shown that the boundary values for q and D are given by

q = - u‘w'z’\feLl
D= - u'w'(du/az),

where ¢ 1is a constant and UW'w! is the turbulence BReynolds
stress. Combining these values with the definitioen of the
turbulence Kinematic viscosity in terms of g and D leads teo the
relation,

-u'w' = vi{3u/3z),

which shows that the consistency of the turbulence viscosity
medel 1is maintained at boundaries,

The problem 1in using these boundary specifications is that
it is first necessary Lo evaluate the Reynolds stress and the
local veloeity shear du/fdz, The most common way to accomplish
this is to assume a logarithmic law-of-wall veloeity profile 1in
which the tangential velocity at a distance z from the wall is
related to the shear stress at the wall. Computationally the
process is reversed; that is, a velocity computed near the wall
is used to evaluate the wall shear stress, which is then used in
the equations of motion to advance the veloclty and turbulence
quantities to a new time,

When there are mass scurces at the wall, the usual law-of -
the-wall relation cannot be used. In FLOW-3D a medified boundary
treatment is used that is based on the following ideas, Assuming



that the boundary is sufficiently flat and that variations in
dependent variables along the boundary are small compared to
variatiens normal to the boundary, wWe c¢an Iintegrate the u-
momentum equation from the wall into the flow in the nermal (z)
direction to obtain,

Wu = —u*g + vlau/dz) - u'w',

where w, is the mass source injection velocity normal to the
wall andc"' uy ia the friction velocity at thewall.

It is generally assumed that the viscous stress (second term
on the right side) can be neglected away from the wall.
Furthermore, w_, is approximately constant according To mass
conservation principles, at least to the extent that u is locally
independent of position along the wall. Thus, the above relation
reduces to

2

Wl + Ug® = - ulw'.,

3

Schliehting (Boundary Layer Theory, McGraw=Hill Book Co.,
1955, Eg. 21.22) has given a solution of this equation using
Prandtl's mixing length model for the turbulent stress. The
solution is

u/ug = F + (WSIMU*)FE,
where the function F 1is defined by
F = (1/)ln{zug/v) + C.

Function F contains the von Karman constant k=0.4 and an
adjustable constant C. Fer boundaries without a mass source a
typical value for C is 5.5, Unfortunately, with mass sources
this constant is unknown and must be determined by comparisons
with experimental data.

Even if the constant ¢ were Xknown, the above formula
relating uy to u and z is a complicated, implicit relation that
is not particularly convenient for numerical purposes, We
observe, however, that the presence of w, has the effect of
decreasing the value of the friction velocity because a mass



source reduces the velocity shear at the wall. Thus, if we
neglect the influence of Wy on the friction veloecity and use the
usual logarithmic law-of-the-wall relation to evaluate uy, we
will over estimate its value,

On the other hand, the contribution of ux® to the total
shear stress is almost always much smaller than the mass source
contribution, so using an approximate value of uy to compute the
total turbulent stress,

- 2
- ufw' = W u + uy

is not likely to intreduce a significant error (particularly in
view of the other approximations needed to arrive at this
result). Actually, FLOW-3D uses one other approximation ag well;
the leogarithmic expression for ux® is replaced by a (1/7)-pover
law form for additional computational convenience.

To summarize, then, we shall use a friction velocity
computed at walls that neglects the presence of sources and then
combine 1t with the mass aocurce term w_u to estimate the total
turbulent stress., This result is finafly used to evaluate the
turbulent-funecition boundary conditions. When there is no mass
source the prescription reduces to the usual boundary condition
treatment.

COMPOTATIONAL RESULTS

General Remarks

The "cold flow" test, which has no moving hboundary
corresponding to the burn back of solid propellant, i1s based on
the concept that the burning boundary moves slowly with respect
to the gas speed and with respect to the speed of scund in the
gas, This slowness means that for a given grain boundary
configuration, .the resulting gas flow reaches quasi-steady
conditions long before the boundary can undergo any significang
change. In other words, the complete rocket flow problem can be
broken down into the study of a series of quasi-steady problems.

FLOW=3D does not have a specific steady-state option, but
computes steady conditions as the limit of a transient solution,
Sometimes a transient can be deliberately distorted to increase
the rate at which steady conditions are reached. In the present
caleulation, however, which used a general compressible flow
model, no special acceleraticn techniques were possible, 1In



particular, uncertainties in what to expect from the effects of
turbulence made it necessary to treat the problem as a real
transient. :

The caleculation was run 1in Ltwo parts. The first part
carried the problem from an initial, at rest, state out to a time
cf 0.05 s. & plot showing the history of total mass in the
system, Fig. 3, indicates about a 0.9% variation at the end eof
the calculation. The total energy also exhibited a final
variation of 0.9% The computation teock 919 time cycles to reach
0.05 s and required 6.08 hours on a MicroVAX II computer,

Although the total mass and energy were not changing
significantly, the average turbulence kinetic energy at 0.05 s
still exhibited a variation of about 10%. This was expected
because the turbulence distribution depends strongly on diffusive
processes that often take more time to settle down., To further
improve the steady=-state results the problem was restarted and
continued on to a time of 0.08 s. This continuation required
another 3.53 hours on the MieroVAX II computer. At the end of
this continuation the total system mass variation was about 0.5%
and the average turbulence KkKinetic energy variation was down to
1.4%, Pressures in the chamber at 0.08 5 only deviated by 0.04%
from the average 30 psi values. All of the remaining figures
have been made from results at the final 0.08 s time.

Figure 4 displays plots of the turbulence variables for the
entire computaticonal region. Teo compensate for the large aspect
ratio of length to radius, which makes visualization of the
results difficult, we have enlarged the radial plot coordinate by
a factor of 3. Turbulence energy is largest near the chamber
wall and increases toward the exit end (top). This is physically
reasonable since shear production of turbulence will be greatest
at the wall. Alsc the axial transport of turbulence energy
accounts for its accumulation near the exit. Turbulence
dissipation shows a similar distribution in agreement with the
fact that more turbulence energy implies more dissipation.

Turbulence viscosity, which 1s proporticnal to qle, has a
somewhat different distribution. The highest value of viscosity
is located in the lower right corner of the chamber {(see alsc
Fig. 54). This value appears anomalous since there are similar
high values in the bottom c¢corners ¢f the slot. At these
locations, in fact, the turbulence energy and dissipation values
are low compared to values in neighboring cells. This is due in
part to the low flow velocity in these regions. A more important
effect, however, is associated with the two perpendicular walls
forming the c¢orners. The code thinks the average wall location
at 2 corner is c¢loser than the half width ¢f the cell and this
leads to a somewhat higher viscosity than in neighbeoring cells,



In all cells adjacent to boundaries, the viscosity value is
being set by the turbulence boundary conditions, which are
dominated by the mass sources in regions of low velocity., A hand
calculation indicates that the viscosity induced by mass sources
in the present case (i.e., with the present grid resolution of
0.1 inches at the wall) is about 2,38E-6., It is only in the
upper perticn of the chamber that velcocities are large encugh to
substantially increase the viscosity along the chamber wall.

If the somevwhat anomalous corner values are omitted, the
dynamic viscosgity has its maximum near the exit end of the
chamber in agreement with the maximum of other turbulence
quantities in that region. This 18 shown in Figs, B5A-5K, which
contain a collection of "window" plots along the axis of the
chamber. These plots offer a considerably clearer picture of the
flow. In each subplot of Flg. 5 are shown the turbulence energy,
dynamie viscosity and a veloecity vector plot.

As the open end of the chamber is approached, the velocity
profile exhibits a more pronounced radial profile as well as a
rapidly increasing mean velocity. The inerease In veloecity
reflects the increase in integrated mass addition as one proceeds
up the axis toward the open end. At the grid location adjacent
to the chamber wall there is a rather large velocity indicating
the existence of a thin boundary lzyer that the caleulation is
not resolving.

The maximum velocity at the exit is 1240 in/s, which
corresponds to a Mach number of about 0.09. Beczusze the Mach
number is so low, this calculaticn could have been approximated
with an incompressible flow. This result, in faet, shows one
advantage of the Implicit-Continucus-Eulerian (ICE) formulation
used in FLOW-3D; the time-step size selected by the code for the
compressible Navier-Stokes eguations was approximately 30 times
larger than that possible with an explicit numerical approx-
imation.

There exists very little bturbulence energy at the closed end
of the chamber because of the low flow velocity in that region.
A local maximum in turbulence energy occurs at the opening of the
slot where there are relatively large velocity shears generated
by the flow coming out of the slot. Downstream of the slot the
turbulence energy increases along the chamber wall reaching a
maximum at the exit.

The distribution of dynamic viscosity is somewhat different
than the turbulence energy. OCverall; the turbulence viscosity
value 1s roughly three orders of magnitude larger than the
molecular viscosity. A locally high value does exist near the



entrance toc the slot and there is a modest increase in magnitude
toward the exit end of the chamber. The maximum, however, does
not occur at the wall of the chamber where the turbulence energy
is maximum. We observe, instead, a maximum value that moves out
from the wall, starting at the slot, to a locaticon approximately
halfway between the centerline and the wall at the exit plane.
On the other hand, the shear stress, which is the product of
viscosity and the rate of strain, is probably largest at or near
the wall because that is where the rate of strain is largest.

Finally, in Figs. 6-7 there are displayed the computed
results for the slot region. Since mass and energy sources on
the top and bottom surfaces of the slot are equal, flow
distributions within the slot are symmetric with respect to the
middle of the slot except near its opening into the main chamber.
The presence, in Fig. 7A, of high values of dynamic viscosity in
the corners (i.e., locations of two intersecting walls) has
already been noted. Leaving out the last column of cells, Fig,
7B, gives a much better picture of the viscosity distribution in
the slot. Based on this plot, it is clear that there is a local
viscosity maximum just beyond the entrance to the slot.

SUMMARY

The flow in the interior of a model solid rocket chamber has
been computed with FLOW-3D, A two-equation turbulence model was
employed in the computations using modified boundary conditions
to account for wall mass injection. Comparisons with experi-
mental data are clearly needed before any conclusions can be
reached as t¢ the accuracy of the computed results. The most
eritical aspect of the computations is how well the turbulence
model, including the boundary condition modifications, can
predict the mean turbulence shear stresses.

Some words of caution were noted earlier with respect to the
limited numerical resoclution of boundary layers, Only through
extensive data comparisions will it be possible to assess whether
er not the simple turbulence model used here can be relied on for
useful engineering analysis. In any case, it has been shown that
FLOW-3D provides a convenient platform for performing computa-
tional studies of sclid propellant rockets,
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