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Transition Characteristics of Flowfield in a Simulated
Solid-Rocket Motor

Tong-Miin Liou,* Wan-Yih Lien,f and Po-Wen Hwang
National Tsing Hua University, Hsinchu 30043, Taiwan, Republic of China

The flow characteristics in a two-dimensional porous-walled duct simulating a solid-propellant rocket
motor are numerically computed to investigate the effects of viscosity, compressibility, and inflow tur-
bulence (o) on the flow transitions. The finite volume technique is used to solve the time-dependent
compressible Navier—Stokes equations with a subgrid-scale turbulence model, and the numerical fluxes
are computed using a modified Godunov scheme. In addition to computed axial mean velocity and tur-
bulence intensity profiles, the axial variations of skin friction coefficient and the transverse location of
peak turbulence intensity are used to identify the mean-flow transition and turbulence-intensity transition,
respectively. In particular, a new way of identifying turbulence-intensity transition by the use of the power
spectrum of velocity fluctuations is presented for the first time in the present study. The minimum cen-
terline Mach number for the onset of mean-flow transition is obtained as the compressibility is considered
alone. The critical values of o, for the onset of turbulence-intensity transition and mean-velocity transition
advance as well as for the concurrence and delay between the two transitions are also determined to
illustrate why some researchers could observe only a single transition whereas others observed two tran-

sitions.

Nomenclature

C, = skin friction coefficient, ,/(pii’/2)

model constant

Smagorinsky constant

near-wall damping function

= filtered total energy per unit volume,
plCy — 1) + 0.5p(° + 9°), J/m®

= convective flux vector in x direction of Navier—
Stokes equations

= spatial filter function

= convective flux vector in y direction of Navier—
Stokes equations

= flow variable

duct half-height, m

turbulence intensity, (@"”@"” + 3"3")"?, m/s

peak value of turbulence intensity, m/s

= injected-fluid turbulence intensity at porous surface,
m/s

= turbulence kinetic energy, m”/s’

= subgrid turbulent kinetic energy, m%s>

= duct length, m

mean cross-sectional-averaged Mach number

mean centerline Mach number

= subgrid-scale Prandtl number

pressure, N/m?>

= conservation variables vector of Navier-Stokes
equations

q, = subgrid-scale heat flux, W/m>

S; = strain rate tensor, 3 [(Qu,;/dx;) + (du;/0x,)]
— 38,(0u/dx,)

= streamline coordinate

temperature, K

time coordinate, s

velocity in x direction, m/s

u, = friction velocity, \/7./p, m/s
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u = dlu,

velocity in y direction, m/s

blowing or injection velocity, m/s

x, y = Cartesian coordinates

position vector

location of I, from porous wall
dimensionless distance from walls, yu./v
specific heats ratio

filter width

Kronecker delta function

dissipation rate of turbulence kinetic energy, m”s’
dummy variable

thermal conductivity, W/(m*K)

dynamic viscosity, kg/(m*s)

kinematic viscosity, m/s’

subgrid kinematic viscosity, m/s”
density, kg/m?®

1/v,,, nondimensional turbulence intensity
surface-generated pseudoturbulence, /,,/9,,
viscous shear stress, N/m>

subgrid-scale shear stress, N/m’

shear stress at wall, N/m”

= flow domain
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Subscripts

e = exit plane

h = head end

w = blowing wall

Superscripts

! = subgrid component

4 = mass-weighted subgrid component

" temporally fluctuating value of variables
spatially filtered quantity

~ = mass-weighted spatially filtered quantity
() = time-averaged quantity

Introduction

Q N important issue in designing a solid-propellant rocket
motor (SRM) is the transitional behavior of the mean-
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Table 1 Summary of previous experiments regarding mean-flow and
turbulence-intensity transitions

Turbulence-

Wall L, L/h Dy Mean-flow intensity

References injection cm or L/R m/s Ma, transition transition
2 Uniform 74.88 15.5 1.18 0.16 No Yes
3 Uniform 30 20 2 0.12 No Yes
6 Uniform 48 48 3.1 1.15 Yes Yes
10 Uniform 146 28.6 1.18 0.28 Yes Yes
17 Nonuniform 42 42 0-7.9 0.27 Yes Yes
7 Nonuniform 41.7 42.7 0-3.5 0.35 Yes Yes

flow velocity and turbulence quantities. This is because the
ballistics prediction is affected by the erosive burning behavior
of the solid propellant, which, in turn, is related to the tran-
sitional behavior of the propellant burning-induced flowfield.
This paper is concerned with the transition characteristics of
flowfield in a simulated SRM.

A detailed literature survey was given in our previous work."
In the following, therefore, only the most relevant works will
be addressed and some of them are listed in Table 1. Experi-
ments of Dunlap et al.” and Yamada et al.” showed the laminar-
like similar velocity profile*®

{ili,) = sin [%T <%> :| (1)

where n = 0 represents a planar flow, and n = 1 represents an
axisymmetric flow that persists in the entire test section (no
mean-flow transition); however, the turbulence-intensity peak
shifts toward the porous wall as the axial distance increases
(turbulence-intensity transition). The turbulence-intensity tran-
sition and mean-flow transition, i.e., the mean-velocity profile
starts to deviate from the similar velocity profile described by
Eq. (1), have been observed to coexist at the same axial lo-
cation in the experimental investigations of Traineau et al.®
Tsai’ further experimentally demonstrated that the turbulence-
intensity transition could occur spatially earlier than the mean
flow transition.

As for the two-dimensional theoretical analysis, Beddini®
used a full Reynolds stress model to study the effects of sur-
face-generated pseudoturbulence on the mean-flow transition.
An attempt to predict the occurrence of mean-flow transition
was not attained within the channel length used in the exper-
iment of Yamada et al.” Sabnis et al.” also made an attempt to
simulate the flowfields and transitions investigated by Dunlap
et al.'” and Traineau et al.,’ using a low Reynolds number k-¢
turbulence model. The emphasis is on the near-wall damping
factor in the turbulence model. Balakrishnan et al."' derived a
single integral equation to study the flow in a porous duct and
showed that the compressibility phenomenon is a candidate for
causing the mean-flow transition. Liou et al.'” both computa-
tionally and experimentally displayed an earlier initiation of
turbulence-intensity transition than mean-flow transition. In the
computation of Ref. 12, the two-dimensional Navier-Stokes
equations were solved directly using the Godunov method
without turbulence models.

The preceding surveyed works have provided valuable in-
formation regarding the flow transition phenomenon in porous
channels. However, it is obvious that more studies of transition
characteristics are needed. In particular, the interrelationship of
the mean-flow and turbulence-intensity transitions, such as si-
multaneous transitions of both mean velocity and turbulence
intensity or the presence of the delay between the two transi-
tions, and the significance of turbulence level in the injected
fluid on the transitions have not received much attention yet,
to the authors’ knowledge. It is this fact that motivates the
present study. In addition, the power spectrum role of velocity
fluctuations in the aforementioned transitions has not been ex-

plored in the past and is, therefore, examined in the present
study.

Theoretical Analysis

Governing Equations

In the current simulations the flow variables are decomposed
into a large-scale (or resolved) part that can be solved explic-
itly and a subgrid-scale (SGS) part that is modeled with a
subgrid-scale model. The following filtering operation

gx) = f Galx — 0)g(0) d (2)

decomposes a variable g into a large-scale component ¢ and a
subgrid-scale component g’, which accounts for the scales not
resolved by A:

g=§+¢g (3)

A mass-weighted filter that simplifies the mathematical ex-
pressions for compressible flow simulations is defined by

§=pslp @)
This implies a second decomposition of g:
g§=8 +¢g" 5)

Assuming that there are no external heat additions and body
forces, the filtered forms of compressible mass, momentum,
and total energy equations with the Smagorinsky SGS eddy
viscosity model” in two-dimensional Cartesian coordinates
(Fig. 1) can be respectively written as

J J
—+a(ﬁﬁ)+a—y(ﬁ5)=0 (6)

0 0 0
—(pi)+—pud — 7. — 7, )+t —(PUv— 7, — 7,)=0
X dy N

ot 9 -
7N
(P9) + — (pii )+ (pi5 = Ty — 1) = 0
= — — T T)+—(pUo — T, — T, )=
5 pv 9 puu - 3y p B “
(8)
0E 3 f .. — wdT
— +— | Ei — ur, VT, — UT, T, ———— — ¢,
ot  ox ; “ > ox 3
o { . — N k0T
+—\|Eo—ur, — v1, — U, T, ——— —¢q, =0
ay 7 vy ay v
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Fig.1 Schematic diagram of simulated SRM model with uniform
wall injection (2 = 1 cm).

where viscous stresses 7, are defined as

+o du 1 {ou n dv
Tee= — — ==+ =
Pt 15y T3 \ax oy
dv 1 {du dv
—_— - _— —
dy 3 \dx Oy

ou + v
T,w = Tvx = — -
. . ® dy  oOx

<
|

w=—p +2u

The two terms 7, and g, are the SGS stresses and heat fluxes,
respectively, and can be modeled as

i — i) = 25y | 28 L (20, 97 2
7, =puu — uu) = 2py, | — ——|—+ — || — = pk
« =P P o "3 \ax | By 3 P
o ~[ed 1 {eqd a9 2
T, = P00 — v) = 2py, | == — ==+ — || — = pk,
» dy 3 \dx Oy 3
i o) = B ou 07
T, =T, = p(iio — uv) = py, | — + —
L= T, =P Prl\sy tox
. L Cpv, AT
. = peTi — Tu) =
1 peTi Pr, ox
o~ pyaT
gs, = pc (Tt — Tou) = ppr‘_ N

where v, and k,, prescribed by the Smagorinsky model are
N\ 12
2 9i; 2 2
v, = (c,DA) <25i/- —> s ky, = v2/(c A)
" 9x;

In the preceding equations, ¢, (=0.15) and ¢, (=0.094) are
model constants, A is the average size of the computational
cell, and D is expressed as

D =1 — exp[—(y")267]
Equations (6-9) can be put into the following general form:

00 OJE = 0G
=+ =+ == 1
ot dx % 0 (10)

Numerical Method

The finite volume technique is adopted in the present code.
The conservation variables p, pii, pv, and E are calculated at
the center of each computational cell, whereas flux vectors F
and G in Eq. (10) are calculated at the cell edges using Go-
dunov’s scheme." Godunov used characteristic information so
that the Riemann problem could be solved forward in time.
From the solution of the Riemann problem, the numerical flux
at the cell edges can thus be calculated. To improve the order
of spatial accuracy of Godunov’s original scheme, the piece-
wise initial states to the left and right of the cell edges are
obtained by a second-order extrapolation'® in the present work.

Boundary and Initial Conditions

At the head end of the channel no-slip, zero normal pressure
gradient, and an adiabatic wall conditions are used for the
primitive variables #, 7, p, and p, respectively. Along the cen-
terline of the channel, the symmetry conditions are applied for
all primitive variables. Characteristic-based boundary condi-
tions are enforced on the inflow and outflow boundaries. At
the inflow, both mass flux and energy flux are kept constant
with # = 0 specified because there are three incoming char-
acteristics and one outgoing characteristic for the subsonic in-
let velocity. Mathematically, they are

pi = c, an
[y/(y = DIplp + 2@ + %) = ¢, (12)
=0 (13)

where ¢, and ¢, are constants to be determined by the measured
initial conditions. The primitive variables at the inflow can thus
be determined by incorporating Eqs. (11-13) with the linear
acoustic wave equation of the outgoing characteristic. At the
expander exit, there are four outgoing characteristics for the
supersonic outlet velocity, and the outflow boundary condi-
tions need not be specified. Specification of the initial condi-
tions is based on the experimental measurements of Traineau
et al” 9, = 3.1 m/s, p = 314,253 N/m>, and T = 260 K.

Grid Independence

A detailed grid-independence test in terms of mean velocity
and turbulence intensity profiles throughout the flowfield were
reported in our previous work,' and a 642 X 52 system of
nonuniform grids clustered at the porous wall and the begin-
ning of the expander was found to be appropriate. The corre-
sponding smallest axial and transverse resolutions are 3 X 107>
mm at the beginning of the expander and 107> mm near the
porous wall, respectively. The latter provides viscous sublayer
resolution. The Courant number was fixed at 0.6 to guarantee
numerical stability, and to advance the code in time it properly
results in a temporal resolved scale of 1.7 X 107 s. The time-
averaged results extracted from the fluctuating field over the
time interval (4.2 = ¢t = 12.6 ms) are found to attain the
asymptotic converged solutions.

It is important to examine whether the large, energy-con-
taining scales are appropriately resolved by the present code.
Also, note that in the large-eddy simulation, the cutoff fre-
quency or wave number resolved by the grid size needs to be
in the inertial subrange. The spectra of streamwise fluctuations
at two locations near the porous wall for the case without using
SGS turbulence models are shown in Fig. 2. It is observed that
the present numerical solutions can resolve the spectrum fre-
quency ranging up to the inertial subrange (slope = —5/3); the
large eddy characteristics are thus appropriately captured and
the introduction of a normal SGS model therefore does not
change the cutoff frequency and, in turn, the grid sensitivity.

The unresolved eddy characteristics (eddies with frequency
beyond the cutoff frequency) are modeled by the Smagorinsky
SGS model. The necessity of adopting an SGS model in the
present study is addressed later in this paper. In general, com-
putations with and without an SGS turbulence model give
good predictions of the mean velocity and turbulence-intensity
field, as will be and have been demonstrated by our present
and previous studies,' respectively. However, although the nu-
merical diffusion for the case without the SGS model behaves
similar to a normal SGS model, it is not the primary mecha-
nism by which energy of the resolved scales is dissipated. A
normal SGS model plays a role in that dissipation. The pre-
ceding difference in dissipating the energy transferred from the
resolved scales to the unresolved scales can be demonstrated
in Fig. 2. A similar demonstration for the mixing layers can
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Fig.2 Spectra of axial velocity fluctuations at two locations near
porous wall (9,,= 3.1 m/s).

be found in the work of Ragab and Sheen.' Figure 2 clearly
indicates the pile up of energy at high frequencies of the re-
solved field for the case without the SGS model. Consequently,
it is necessary to introduce an SGS model in the present work.

Results and Discussion

Mean Velocity and Turbulence Intensity

In our previous work,' without using the SGS model, the
computed mean velocity profiles, turbulence intensity distri-
butions, and static pressure contours throughout the whole
flowfield had been compared with the experimental data mea-
sured by Traineau et al..® and good agreement was achieved.
In general, the prediction of turbulence intensity distribution
is more critical. A comparison of predicted turbulence intensity
distributions by the present code with and without using the
SGS model with the data measured by Traineau et al.’ is pro-
vided in Fig. 3. As one can see, a slightly better prediction is
attained by the case with the SGS model. Both computational
and experimental results all depict the shifts in turbulence in-
tensity profiles, from a mild and broad maximum to a sharp
and high peak, with the transverse location y, of the peak tur-
bulence intensity in a given profile decreased with increas-
ing x/h. A further investigation of the influence of the turbu-
lence intensity of the injected fluid at the porous surface
o.(=I,/7,) on the y, shift will be provided later in the text.

Effect of Viscosity and Compressibility

The derivation of similar velocity profiles, Eq. (1), for the
laminar-like mean flowfield in laterally burning solid-propel-
lant rocket motors is based on the assumption that the flow is
laminar, inviscid, and incompressible. The similarity breaks
down as the transition phenomenon occurs, because the flow
is actually turbulent and, in particular, compressible after the
onset of mean-flow transition. An exploration of the viscosity,
compressibility, and inlet turbulence effects will therefore be
helpful for clarifying the transition characteristics.

The viscous effect on the streamwise evolution of the axial
mean velocity is depicted in terms of a comparison of the
computed results obtained by solving the Euler and Navier—
Stokes equations. Figure 4 reveals no difference found in these
two computed results. Similarly, the viscous effect has almost
no influence on the mean-flow transition, as can be observed
from a comparison of the axial variations of skin friction co-
efficient C, in Fig. 5 computed from the Euler and Navier-
Stokes equations. In addition, because the porous surface-gen-
erated turbulence I,, (or o,,) is not accounted for in computing
Fig. 5, the turbulence effect is further excluded from Fig. 5,

Present prediction
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Fig.3 Turbulence-intensity profiles at various axial stations com-
puted with and without a SGS turbulence model (%,,= 3.1 m/s).
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Fig. 4 Normalized axial mean-velocity profiles at various axial
stations computed by Euler and Navier-Stokes equations (9,, =
3.1 m/s).
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Fig. 5 Axial variation of skin friction coefficient computed by
Euler and Navier-Stokes equations (?,,= 3.1 m/s).

which is thus able to show the compressibility effect on the
mean-flow transition alone. The mean-flow transition occurs at
x/h = 30.5, the minimum of the C, curve. Downstream from
the transition station, C, starts to increase with increasing x/h,
and the axial mean-flow velocity departs from the laminar sim-
ilar solution with an increase in flatter transverse profiles, as
shown in Fig. 4. At the mean-flow transition station the mean
centerline Mach number and the mean cross-sectional aver-
aged Mach number are 0.5 and 0.33, respectively, which pro-
pose the minimum centerline mean velocity and bulk mean
velocity for the onset of the mean-flow transition as the com-
pressibility effect is considered alone.

The physical picture of compressibility effects can be dem-
onstrated in terms of fractional mean density variation and
Mach number contours in Fig. 6. Clearly, there is a change in
the mean density profile that requires a modification in the
mean velocity profile (Fig. 4) to conserve mass flow. Figure 6
shows that as the flow accelerates from the head end to the
channel exit, the centerline Mach number at x/2 = 30.5 has
been increased up to 0.5 and the fractional mean density var-
iation has attained a value as high as 12% to trigger the mean-
flow transition.
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Fig. 6 Contour plots of fractional mean density variation and Mach number distribution (9,, = 3.1 m/s).

Effect of Turbulence (o) in Injected Fluid

It is commonly accepted that inlet turbulence in an SRM
can be generated through roughness or porosity of the propel-
lant. The laminar-flow assumption in fact does not exist, al-
though the mean-flow profiles before transition can be simu-
lated by the laminar-like similar solution caused by a strongly
favorable axial pressure gradient. Because the flow in an SRM
is actually turbulent, it is instructive to examine the effect of
o, on the mean-flow transition. Figure 7 shows that for 0 =
o, = 0.3, the mean-flow transition always occurs at x/h = 30.5
where, as illustrated before, the mean centerline Mach number
has attained the critical value for mean-flow transition pro-
voked by compressibility. o, has a pronounced effect on the
axial station where mean-flow transition occurs only as o,, =
0.3. Beyond o, = 0.3, the mean-flow transition advance in-
creases and the corresponding transition critical centerline
Mach number decreases with increasing o,,. In other words, as
far as the mean-flow transition is concerned, the compressi-
bility plays a dominant role as 0 = o, = 0.3, whereas the
turbulence intensity level at the porous surface becomes the
controlling factor as o,, = 3. In contrast to the effect of o,, on
the mean-flow transition, Fig. 8 shows that the turbulence-
intensity transition is much more sensitive to the level of o,,.
It only needs a value of o, as low as 0.01 to trigger the tur-
bulence-intensity transition, i.e., the peak turbulence intensity
begins to shift toward the porous wall as o,, = 0.01. The tur-
bulence-intensity transition advance also increases with in-
creasing o,,.

Comparison Among Various Works

The transition characteristics can also be elucidated by com-
paring various measured cross-sectional nondimensional tur-
bulence-intensity o profiles for the uniform wall injection
cases listed in Table 1, although o, is not indicated in these
experimental works, with the present results computed at crit-
ical values of o,,. This is shown in Fig. 9, where all profiles
are taken from x/L = 0.5 because all works have measurements
made at this axial station. The experimental data of Tsai’ and
Tsai and Liou'” are not included because the computed results
presented in this section are obtained under uniform wall in-
jection. It is seen that the o profiles measured by Dunlap et
al.” and Yamada et al.” are located below the computed & pro-
file of o, = 0.3 (minimum value for mean-flow transition ad-
vance), whereas the experimental data of Traineau et al.” and
Dunlap et al.'” exceed the computed results of o, = 0.3. Con-
sequently, Fig. 9 clearly demonstrates why in the works of
Dunlap et al.” and Yamada et al.” the mean-flow transition does
not occur, because their o,, values inferred from the compari-
son in Fig. 9 are below 0.3 and their exit centerline Mach
numbers are 0.16 and 0.12, respectively, as shown in Table 1,
which do not exceed 0.5, the aforementioned compressibility
critical value. Conversely, the o,, values of Traineau et al.® and
Dunlap et al.'” exceed 0.3, which leads to the mean-flow tran-

2

Fig. 7 Axial variation of skin friction coefficient with various
values of &, (9,,= 3.1 m/s).

10 T - T T T

0.5

0.0

0

Fig. 8 Axial variation of transverse location of peak turbulence
intensity with various values of &, (9,,= 3.1 m/s).

sition advance (Fig. 7) and, in turn, the decrease of the tran-
sition Mach number. For the case of Dunlap et al.,' the exit
centerline Mach number does not exceed 0.5 and their mean-
flow transition is thus principally provoked by the o, level,
whereas for the case of Traineau et al.® the exit centerline
Mach number is 1.15 and the mean-flow transition is agitated
by both the o, level and compressibility. As for the turbulence-
intensity transition, Fig. 9 depicts that all of the experimental
o, values exceed 0.01 (minimum value for turbulence-inten-
sity transition), which is consistent with the fact that the tur-
bulence-intensity transition is indeed observed in these exper-
iments. Furthermore, the experimental o,, curve of Traineau et
al.® is adjacent to (or slightly higher than) o,, = 0.9 in Fig. 9.
Both Figs. 7 and 8 subsequently indicate the occurrences of
the turbulence-intensity transition and the mean-flow transition
at about x/h = 20, which agrees with the fact that in the work
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Fig.9 Comparison of computed normalized turbulence-intensity
profiles with measured data at x/L = 0.5.

of Traineau et al.® the mean-flow and turbulence-intensity tran-
sitions occur at the same axial location of about x/h = 20. In
contrast, the a,, value of Dunlap et al." is between o, = 0.3
and 0.9 of Fig. 9. In addition, the o,, = 0.3 and 0.9 curves are
closer in Fig. 8 than in Fig. 7, which suggests an onset of the
turbulence-intensity transition ahead of that of the mean-flow
transition.

Instantaneous Streaklines and Pathlines Visualizations

In experimental flow visualization a smoke-tracer method is
often used to observe the instantaneous flow structure. To nu-
merically simulate the smoke flow visualization, maker parti-
cles are introduced into the flowfield at # = 4.2 ms, when the
computation reaches convergence, with every time interval of
At = 0.021 ms from 28 axial positions along the porous wall
(y/h = 0) until £ = 11.34 ms, and from five transverse positions
along a line (x/h = 0.1) adjacent to the head end (x/h = 0)
until ¢+ = 8.82 ms. The location of each released particle is
followed using the computed velocity field and a fourth-order
Runge-Kutta scheme in time. Figures 10 and 11 depict the
results. All of the streaklines are rather smooth and the streak-
lines released from the same location at different times fall
into the same single curve; an observation indicates that the
flow is steady in the mean velocity field. The steady flow con-
dition can also be verified from the overlap of streaklines and
pathlines, i.e., particles traces, as evident from Fig. 10. Figure
10 also indicates that the y/h distance where the streakline
bends toward the downstream direction and the space between
the streaklines decreases with increasing x/h, a message for
flow acceleration toward the channel exit. Notice that the axial
velocities in the vicinity of porous wall are very low, as in-
dicated by the near perpendicular streaklines and pathlines ad-
jacent to y/h = 0. Figure 11 further depicts the streaklines
emitting from the x/A = 0.1 line. It is found that these particles
actually first decelerate transversely toward the centerline with
a slight tilt to the head end, that is, with a small negative axial
velocity, and then accelerate axially toward the channel exit.
The transverse deceleration is a result of the retardation by the
symmetric condition with respect to the channel centerline.
Only the particles released very near the centerline directly
accelerate toward the channel exit.

Instantaneous Timelines Visualization

Numerical passive particles, simulating hydrogen bubbles,
are released periodically with a time interval of A = 0.126 ms
from 56 positions along the porous wall to form the timelines
shown in Fig. 12. The aforementioned transverse deceleration

is clearly demonstrated again, as evidenced by the decreasing
space between the timelines with increasing y/h. Additionally,
most timelines, except those horizontal timelines near the
channel centerline (0.8 = y/h = 1.0), have positive slopes,
although all of the particles are injected into the channel from
the porous wall with the same velocity. The result suggests
that the transverse velocity of fluid flow in the channel in-
creases with increasing x/h for the region 0 < y/h < 0.8, an
observation not reported in the open literature. The reason is
that there exists a favorable axial pressure gradient in the chan-
nel and, in turn, an increased streamline pressure gradient (dp/
ds) with increasing x/h. Around the channel centerline and near
the channel exit, the divergence of timelines is a result of the
effect of the downstream divergent expansion area (x/h > 48,
Fig. 1).

Although the preceding numerical flow visualization tech-
niques have provided some insights into the flow features, they
fail to reveal the difference in flow structure before and after
the previously discussed transition. We therefore turn our at-
tention to the turbulence power spectrum given next.

Velocity Power Spectrum

The computed near-wall power spectra of the axial-velocity
fluctuations at locations x/h = 4, 8, 12, 16, 20, 24, 28, and 32
along y/h = 0.05 are plotted in Fig. 13. There is a distinct peak
for each spectrum with a peak frequency of 395 * 20 Hz. It
is essential to note that the peak amplitude of the spectrum
increases with increasing x/h as the flow proceeds from the
head end to x/h = 20; downstream of x/h = 20, however, it
decreases with increasing x/h, as displayed in Fig. 14. Hence,

x/h

Fig. 10 Instantaneous flow visualization of streaklines (t = 11.34
ms) and history of pathlines (A¢ = 8.8 ms) emitting from the po-
rous wall (y/h = 0; v,,= 3.1 m/s).
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Fig. 11 The instantaneous flow visualization of streaklines emit-
ting near the head end (x/k = 0.1) at ¢ = 8.82 ms (9,,= 3.1 m/s).

Fig. 12 Instantaneous flow visualization of timelines emitting
from the porous wall (y/h = 0) at t = 11.34 ms (9,,= 3.1 m/s).
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Fig. 13 Near-wall power spectrum profiles of axial velocity fluc-
tuation at various x/h along y/h = 0.05 (v,,= 3.1 m/s).
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Fig. 14 Streamwise variation of predicted power-spectrum peak
amplitude of near-wall axial velocity fluctuations and measured
transverse location of maximum in turbulence intensity (v,,=
3.1 m/s).

there exists a critical location, x/h = 20, at which the power
spectrum peak amplitude is the maximum among the near-wall
locations investigated. Furthermore, the present predicted crit-
ical location for the maximum peak amplitude of near-wall
velocity-fluctuation power spectrum is found to coincide with
the measured critical location for the turbulence-intensity tran-
sition by Traineau et al.,° as depicted in Fig. 14. The present

study can thus provide a physical explanation for the occur-
rence of turbulence-intensity transition. That is, the turbulence-
intensity transition occurs at a location where the fluctuating
motion is the most energetic, a finding not reported in the past.

Conclusions and Future Prospects

The significant effects of injected-fluid turbulence level o,
and compressibility on the flow transitions in a simulated noz-
zleless SRM with uniform wall injection have been demon-
strated computationally by solving the time-dependent com-
pressible Navier-Stokes equations with a subgrid-scale
turbulence model. Some key conclusions under the conditions
investigated are as follows:

1) The turbulence-intensity transition related to the erosive
burning phenomena is found to be sensitive to the level of a,,;
a o, as low as 0.01 is sufficient to trigger the turbulence-
intensity transition; the turbulence intensity transition advance
increases with increasing o, as o,, = 0.01.

2) The viscosity effects are found to have no influence on
the mean-flow transition.

3) The compressibility by itself alone (o, = 0) can provoke
the mean-velocity transition in an SRM as the mean centerline
Mach number approaches a critical value of 0.5 (or the mean
cross-sectional averaged Mach number reaches 0.33) or the
fractional mean density variation attains 12%.

4) The mean-flow transition is found to occur at a fixed axial
station independent of the o, level and is primarily controlled
by the compressibility for the injected fluids with a low tur-
bulence level in the range of 0 = o,, = 0.3. Beyond o, = 0.3,
the effect of o,, becomes dominant and the spatial advance of
the mean-flow transition increases or the corresponding critical
centerline Mach number decreases with increasing o,,.

5) For a porous duct with an appropriate length, three kinds
of transition phenomena can be observed according to the
range of o, level and the exit centerline Mach number (M ).
For 0.01 = o, = 0.3 and (Ma). < 0.5, only a single turbu-
lence-intensity transition is present. For 0.3 = ¢&,, = 0.9, both
turbulence-intensity and mean-velocity transitions exist; how-
ever, the mean-velocity transition lags behind the turbulence-
intensity transition. For o,, = 0.9, the onsets of the turbulence-
intensity and mean-velocity transitions are concurrent. These
findings are useful for explaining various transition phenomena
reported by other researchers.

6) The near-wall power spectra of velocity fluctuations can
well identify the critical location and provide a physical ex-
planation for the onset of turbulence-intensity transition, a
finding not reported in the open literature.

There are still more works worthy of study. For instance,
the effects of nonuniform wall injection on the flow transitions
in an SRM will be investigated in the future. To account for
the effects of the vortex stretch on the evolution of the ring
vortex shedding from boundary separation in the head-end re-
gion, a three-dimensional computation needs to be performed
in future work.
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