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and Turbulent Regimes: Numerical Prediction
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Numerical simulations of compressible rocket flows are conducted in laminar, transitional, and turbulent regimes.
The laminar simulation is carried out on a planar rocket flow without nozzle using the unsteady two-dimensional
Navier–Stokes system. The transitional and turbulent flows are performed in three-dimensional on an extended
rocket geometry with a divergent outlet using compressible large eddy simulation (LES) models. In both cases,
the compressibility effect plays an important role. In the laminar case, pressure oscillation is forced at the outflow
boundary. The time-averaged part of the solution is compared with the inviscid theory of compressible rocket flow of
Balakrishnan et al. (Balakrishnan, G., Linan, A., and Williams F. A., “Compressibility Effects in Thin Channels with
Injection,” AIAA Journal, Vol. 29, No. 12, 1991, pp. 2149–2154) and the oscillatory part with the acoustic layer model
of Majdalani and Van Moorhem (Majdalani, J., and Van Moorhem, W. K., “Improved Time-Dependent Flowfield
Solution for Solid Rocket Motors,” AIAA Journal, Vol. 36, No. 2, 1998, pp. 241–248). The mean flow from the present
numerical result is in better agreement with the compressible theory than the conventional Taylor’s profiles (Taylor,
G. I., “Fluid Flow in Regions Bounded by Porous Surfaces,” Proceedings of the Royal Society of London, Series
A: Mathematical and Physical Sciences, Vol. 234, 1956, pp. 456–475), as expected. The oscillatory part of the flow
agrees well in the first quarter of the axial extent, near the head end. Farther downstream, the discrepancies
develop rapidly between the numerical result and the acoustic-layer model. Possible causes of the difference are
the effect of compressibility, which alters the local speed of sound, hence, acoustic properties, and the interference
of hydrodynamic instabilities. In the transition and turbulent regimes, the dynamic LES model is applied on
different resolutions. The measurements data of Traineau et al. (Traineau, J. C., Hervat, P., and Kuentzmann, P.,
“Cold Flow Simulation of a Two Dimensional Nozzleless Solid Rocket Motor,” AIAA Paper 86-1447, June 1986)
are employed for comparison purposes. The refinement study by comparison with the measurement data suggests
the importance of resolving the laminar and transition region for a reliable application of LES in transitional
flows. With the consideration of this aspect, LES with efficient grid size can produce resonable accuracy. Forcing
hydrodynamic instabilities and a more realistic injection fluctuations model are recommended.

I. Introduction

T HE core flow inside a solid rocket motor is composed of three
different regimes. Near the head end the flow is laminar. Core

flow pseudoturbulence and fluctuations originated from the mass
injection by the burning solid propellant trigger a transition in the
midsection of the chamber and the flow becomes turbulent in the
downstream region near the aft end or nozzle. Each regime is charac-
terized by different physical features. The laminar regime is suscep-
tible to many sources of disturbances. In this regime, flow instability
constitutes a dominant phenomenon, which strongly influences the
structure in the other regimes. In the transition regime, a mixing phe-
nomenon is triggered halfway between the wall and the center of the
chamber. This mixing increases in the axial direction, and the peak
of the fluctuations amplitude moves toward the wall as desribed by
Beddini.1 In the turbulent regime, the turbulence intensity is concen-
trated in the vicinity of the wall. This characteristic of turbulent flows
intensifies the erosive burning at the propellant surface. In the course
of the flow evolving from the laminar through the turbulent regime,
the effect of compressibility becomes increasingly important.

Until recently, some simplified models and theoretical relations
have been developed to describe the dominant characteristics of
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each regime separately and to model important physical effects. A
theoretical analysis of the two-dimensional inviscid and compress-
ible flowfield has been proposed by Balakrishnan et al.2 This work
provides a more realistic theoretical prediction of rocket flows than
the commonly used incompressible theory3 through the inclusion
of compressibility effect. Models for the rotational component of
a time-dependent velocity field, termed acoustic layer, were de-
rived by Flandro,4,5 and an improved solution for the same physical
phenomenon has been proposed by Majdalani and Van Moorhem.6

Both Flandro’s and Majdalani and Van Moorhem’s models assume
a constant amplitude of the irrotational component. In addition to
the formulations of the flowfield, the boundary conditions issue,
especially that on the entrainment of surface turbulence, has a sig-
nificant effect on transition prediction. Attempts have been made in
this direction, among others by Beddini.1 However, the results are
not satisfactory.

The aformentioned simplified models have often been used in the
design and study of solid propellant rocket motors and the stability
of rocket combustion. In the present study, we compare some of
these models to numerical simulations containing more complete
physics to identify the importance of the physics ignored by the
models and, in turn, the limitations of the models in certain flow
regimes. We use ROCFLO, a code developed in the Center for Sim-
ulation of Advanced Rockets, designed to handle the multiphysics
phenomena that typically occur inside a rocket flow. For the tran-
sition and turbulent cases, a dynamic large eddy simulation (LES)
approach is followed. The LES approach in this case is the simplified
model for the actual flow, resulting from controlled measurements.
In LES, only large scales of fluid motion are resolved. The small
scales are modeled using subgrid models. Transitional flow as we
study here is a new teritory of LES. Subgrid models are known to
be more sensitive to a transitional flow than fully turbulent flow. An
LES of transitional flow in a solid rocket motor has been performed
by Apte and Yang.7 They adopt fixed Smagorinsky model with Van
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Driest damping in their simulation. This model, however, requires
a coefficient to be fixed and is known for its dissipative character.
Hence, the model is unsuitable for transitional flows. This can be
clearly seen from Apte and Yang’s simulation results that underpre-
dict the turbulence level of the measurements by Traineau et al.8

Their recent work using dynamic LES on the same flow9 yields
improved statistics, even though the resulting turbulence intensity
profiles in the core region exhibits constant levels, different from
the corresponding measurement. The grid size used in their simula-
tion is large (nearly 9 million cells), which suggests the case to be
quasi-direct numerical simulation (DNS), and therefore, a less crit-
ical test of the LES model. In the present LES, a dynamic approach
is followed. The grid size of our finest resolution is an order of mag-
nitude less than Apte and Yang’s, thus, providing a higher challenge
for the subgrid models and a better scalability to a full-scale rocket
simulation. Because of the lack of a better physical model for mass
injection turbulence, random fluctuations with specified amplitude
is imposed at the injection boundary.

The paper is organized as follows. In Sec. II, we outline the
governing equations, models formulation, and simulation setup. In
Sec. III discussions are provided on the results of the laminar cases,
whereas in Sec. IV we deal with the transition and turbulent cases.
We summarize our findings in Sec. V.

II. Problem Formulation
Compressible flow inside a rocket motor can be described by

the time-dependent Navier–Stokes (NS) equations that represent
conservation of mass, momentum, and energy:

∂tρ + ∂ j (ρu j ) = Sr (1)

∂t (ρui ) + ∂ j (ρui u j ) + ∂i p − ∂ jσi j = Smi (2)

∂t e + ∂ j ((e + p)u j ) − ∂ j (σi j ui − q j ) = Se (3)

The summation convention is used throughout this paper. The sym-
bols ∂t and ∂ j denote the partial differential operators ∂/∂t and
∂/∂x j , ρ is the density, p is the pressure, ui is the i th component of
the velocity vector, and e the total energy density, given for an ideal
gas by

e = E(ρ, u, p) = p/(γ − 1) + 1
2 ρui ui (4)

where γ is the adiabatic gas constant. Moreover, σi j is the stress
tensor, which is a function of the dynamic viscosity µ and velocity
vector u = [u1, u2, u3]T ,

σi j = µ(T )Si j (u) (5)

where the strain rate tensor Si j is defined as

Si j = ∂ j ui + ∂i u j − 2
3 δi j∂kuk (6)

The dynamic viscosity µ is related to the temperature T by Suther-
land’s law:

µ(T ) = [β/(T + C)]T
3
2 (7)

where C = 110.4 K and β = 1.456 × 10−6 kg/ms. Finally, q j is the
j th component of the heat flux vector, defined as

q j = Q j (T ) = − (µCp/Pr)∂ j T (8)

where Cp is the specific heat at constant pressure. The temperature
is related to the density and the pressure by the ideal gas law. The
right hand side Sr , Smi , and Se are source terms for the mass, mo-
mentum, and energy conservation equations, respectively, which are
nonzero only for a validation test case called compressible periodic
rocket (CPR). The expressions for these source terms are given in
Sec. II.C. Throughout, we use γ = 1.4 and molecular Prandtl num-
ber Pr = 0.72.

The system of equations is solved directly for flow simulations in
the laminar regime. The equations are discretized in time using an

explicit four-step Runge–Kutta method. A second-order finite vol-
ume central scheme is used for spatial discretization. Specifically,
the scheme is based on cell-centred control volumes for the con-
vective term. The code provides provision for added second- and
fourth-order artificial dissipation for enhanced stability. These arti-
ficial dissipations are, however, not used in the present simulations
when computing turbulence cases using LES. The convective fluxes
through a face of the control volume are approximated using the av-
erage of variables. A detailed description of this scheme may be
found in Ref. 10. The viscous terms are discretized in the same way,
making use of an auxiliary control volume shifted by a half grid
cell in each computational direction. The auxiliary control volumes
are for the first derivatives and the primary ones (grid cells) for the
second dervatives of the viscous terms.

For flows involving turbulence, we use the LES approach. In
LES the NS equations are spatially filtered. The filtered solution f̄
is related to f as

f̄ (x, t) =
∫

�

G(x − ξ) f (ξ, t) dξ (9)

where x and ξ are coordinate vectors in the flow domain �. For
the filter function G, we use the top hat filter.11 Applying the filter-
ing operation to the NS equations, assuming zero source terms for
convenience, we obtain

∂t ρ̄ + ∂ j (ρ̄ũ j ) = 0 (10)

∂t (ρ̄ũi ) + ∂ j (ρ̄ũi ũ j ) + ∂i p̄ − ∂ j σ̆i j = Fi (11)

∂t ĕ + ∂ j ((ĕ + p̄)ũ j ) − ∂ j (σ̆i j ũi − q̆ j ) = Fe (12)

where the additional momentum and energy subgrid terms appearing
on the right-hand side are given by

Fi = −∂ j (ρ̄τi j ) + ∂ j (σ̄i j − σ̆i j ) (13)

Fe = α1 + α2 + α3 + α4 (14)

The filter operation given by Eq. (9) is denoted by an overbar,
and a tilde indicates Favre filtering12 and σ̄i j and q̄ j denote the
stress tensor and heat flux vector, respectively, expressed in filtered
field variables. The energy subgrid term is composed of several
components,13 which are α1, representing the kinetic energy transfer
from resolved to subgrid scales; α2, the effect of subgrid turbulence
on the resolved heat conduction; α3, the pressure dilatation; and α4,
the subgrid turbulence dissipation rate. Expressions for these terms
may be found in Ref. 13.

A. Subgrid Stress Models
In this study, the dynamic eddy viscosity model for the turbulent

stress tensor mi j = ρ̄τi j is employed:

mi j = −µt Si j (ũ) (15)

µt = ρ̄Cd

2|S(ũ)| (16)

where Si j is the strain rate tensor defined by Eq. (6). The coefficient
Cd is determined dynamically using the Germano et al. identity14

ˆ̄ρTi j − ̂̄ρτi j = Li j (17)

where the overbar filter denotes the basic filter corresponding to the
filter width 
, whereas the hat filter denotes the test filter corre-
sponding to a filter width 2
. In the preceding identity, the subgrid
stress on the test filter level ˆ̄ρTi j is given by

ˆ̄ρTi j = ρ̂ui u j − ρ̂ui ρ̂u j/ ˆ̄ρ (18)

This yields

Cd = maximum

(
0,

〈Mi j Li j 〉
〈Mi j Mi j 〉

)
(19)
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where

Li j = (ρui ρu j/ρ̄)̂ − ρ̂ui ρ̂u j/ ˆ̄ρ (20)

Mi j = − ˆ̄ρ(2
)2|S(v)|Si j (v) + [
ρ̄
2|S(ũ)|Si j (ũ)

]ˆ (21)

where the symbol 〈·〉 is an averaging operator over the homogeneous
direction (in the present study, the spanwise direction) and v is the
Favre-filtered velocity vector on the test filter level. The notation ( )̂
denotes that the hat filter is applied to the term between the brackets.

B. Subgrid Energy Models
In the modeling of the energy subgrid terms, the kinetic-energy

transfer term α1 can be computed directly from the model of the
turbulent stress tensor mi j in the momentum equation. This term is
expressed as

α1 = ũi∂ j (ρ̄τi j ) (22)

The sum of the heat conduction and pressure dilatation terms is
lumped together using the turbulent heat conductivity model,15 sim-
ilar to Eq (8):

α2 + α3 = − (µt Cp/Prt )∂ j T (23)

where µt is the modeled eddy viscosity and Prt the turbulent
Prandtl number, set to 0.9 rather than determined dynamically. The
dissipation-rate term α4 is modeled using the k-equation model16:

α4 = cε ρ̄
(
k

3
2
/



)

(24)

with k = 1
2 τi i , and cε is determined dynamically assuming a global

balance between the kinetic energy transfer and the dissipation rate.

C. Validation
The validation of the LES model and the code is first performed

in the context of a CPR. The computational configuration is formed
by a planar periodic channel with mass injection at the top and
bottom walls, as shown in Fig. 1. The dimension of the domain
is 2πh × h × πh, where h = 0.01 m is the same as the height of
the rocket chamber to be considered later. For the CPR simulation,
the computational geometry captures only small streamwize seg-
ment of the rocket located at a chosen streamwize location. The
governing fluid equations are modified to enforce streamwise peri-
odicity. Source terms Sr , Smi , and Se that appear in the conservation
equations (1–3) result from this homogenization procedure.17 These
source terms read

Sr = −ε〈ρu1〉 (25)

Smi = −ε
〈
ρu1ui + δi1

(
ρu2

1 + δs p
)〉

(26)

Se = −ε〈(e + p)u j 〉 (27)

where 〈·〉 denotes averaging over the homogeneous directions
(stream and spanwise) and ε = m inj/mb is the ratio between injec-
tion and bulk mass rate. The quantity δs p = δp/δxs , where xs = εx ,
is a pressure gradient to be determined from the mass flux balance.
Physically, Sr compensates the mass added through the injection

Fig. 1 Schematic of CPR simulation domain for LES validation.

walls, whereas Smi and Se balance the acceleration and the corre-
sponding increase of energy due to the increase in mass flux in the
streamwise direction.

We perform two LES cases of CPR at injection Reynolds num-
ber 190 and 7840 with use of grid resolution 95 × 95 × 47 and
95 × 65 × 33, respectively. These LES results are compared against
the DNS results of Venugopal17 performed at injection Reynolds
number 190. The filter width to grid spacing ratio used in the LES
is two for the basic filter. We show comparisons in mean stream-
wise and wall normal momentum, mean density, and mean temper-
ature, normalized by the injection and head end values in Fig. 2.
The mean flow of LES resulting from both Reynolds numbers com-
pares satisfactorily with the DNS data. Unlike in turbulent channel
flow, the effect of Reynolds number is insignificant in the mean
flow. This is expected because in injection-driven flow in which the
boundary layer is blown off from the wall, the effect of wall damp-
ing to small-scale turbulent vortices vanishes, hence, the effect of
Reynolds number. The fact that different grid resolutions produce
virtually the same result demonstrates the grid independency of the
present simulations. The result in turbulence statistics is presented
by the comparison in rms of density fluctuations in Fig. 3. A good
agreement is achieved between LES and DNS. Although the mean
flow is virtually unchanged with Reynolds number, the turbulence
quantity is clearly affected, in that the peak of the rms quantity shifts
toward the injection wall. The effect is similar to that observed in tur-
bulent channel flow, albeit smaller. The overall result is encouraging
to apply LES in a spatially evolving flow driven by injection.

D. Geometry
We define two simulation domains for the laminar and turbulent

cases. The simulation domain for the laminar case is shown in Fig. 4
by the solid line. It represents a two-dimensional planar channel with
uniform flow injection at the top and bottom wall and a no-slip wall
at the head end. The domain is truncated at the axial distance of
45 cm from the head end. Hence, the outflow boundary is located
upstream of the point where choking would occur. The half chan-
nel height is h = 1 cm, which is used in the normalization of length
scales. The flow is perturbed by oscillating the pressure at the outlet.
For the transition and turbulent cases, the geometry is extended to
three-dimensions in the spanwise direction by 4 cm as well as in the
axial direction (dashed line in Fig. 4) to mimic the same geometry
of the measurements by Traineau et al.8 A periodic boundary con-
dition is applied to the spanwise direction, and random fluctuations
of prescribed rms value are added to the mean injection at the top
and bottom walls. The grid size is 110 × 131 for the laminar case.
For the turbulent case, two sets of grid are employed with differ-
ent resolutions and wall normal stretchings, namely, 210 × 64 × 32
and 420 × 64 × 32, in the axial, normal, and spanwise directions,
respectively. Although the wall normal grid points are the same, the
finer grid has a greater wall normal stretching ratio, which results in
smaller normal grid spacings near the wall than the coarser one. As
mentioned earlier, the laminar case is performed by DNS and the
turbulent case by LES. In the direction normal to the wall, the lami-
nar case employs more grid points to capture the unsteady acoustic
layer accurately.

III. Laminar Regime
In this laminar test case, the following parameters are pre-

scribed: injection velocity vinj = 3.1 m/s, injection Reynolds number
Reinj = 1.85 × 103, wall temperature Tw = 260 K, and mean outlet
pressure pout = 180,000 N/m2. A sinusoidal pressure oscillation is
excited at the outflow boundary with an amplitude of 1% of the
mean value. The resulting oscillation at x/h = 32 can be seen in
Fig. 5, from which the nondimensional angular frequency can be
measured to be ω = 29.25. The result reported in this paper is an
improvement of that presented by Wasistho et al.18 through a fine
tuning of the prescribed outlet pressure.

A. Mean Flow
We average the solution in time and compare the resulting mean

flow to the corresponding theoretical results of Balakrishnan et al.2
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Fig. 2 Mean flow comparison in streamwise momentum, wall normal momentum, density, and temperature, respectively, between ——, DNS at
Reinj = 190; – – –, LES at Reinj = 190; and –·–, LES at Reinj = 7840.

Fig. 3 LES and DNS of r.m.s of density fluctuations non dimension-
alized by head end density: ——, DNS at Reinj = 190; – – –, LES at
Reinj = 190; and –·–, LES at Reinj = 7840.

Fig. 4 Schematic of flow domain: ——, laminar, direct simulations
and – – –, (extended), turbulent, LES simulations.

Fig. 5 Pressure oscillation at x/h = 32 as function of time.

The results are built on the assumption of inviscid compressible
flow in thin injection channels with no tranverse pressure variation,
∂2 p = 0. The problem is parabolic in that, by solving an integral
equation for pressure, the velocity and temperature profiles can be
determined through algebraic relations. No downstream boundary
condition is needed. The resulting pressure and centerline axial ve-
locity distribution from the theory are shown in Figs. 6 and 7 (dashed
lines), respectively, compared to the present numerical results (solid
lines). The numerical simulation results are in good agreement with
the theory in both pressure and axial velocity. This indicates the
compressibility effect is captured correctly as the axial velocity in-
creases along the streamwise direction compared to its incompress-
ible counterpart due to the decrease in density.

A comparison of the cross-sectional profiles is shown in Fig. 8
for the axial velocity and in Fig. 9 for the temperature for several
axial stations. The agreement with the theory is again favorable in
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Fig. 6 Static pressure distribution in axial direction: �, compressible
integral formulations and ——, present laminar simulation.

Fig. 7 Axial velocity distribution at centerline: �, Compressible inte-
gral formulations and ——, present laminar simulation.

Fig. 8 Streamwise velocity profiles at locations x/h = 5, 10, 15, 20, 25,
30 and 32, obtained from �, compressible integral formulations and
——, present numerical simulation.

Fig. 9 Similar to Fig. 8 for temperature profiles.

Fig. 10 Normalized streamwise velocity profiles at locations x/h = 32,
obtained from �, compressible integral formulations; ——, present nu-
merical simulation; and –·–, Taylor’s profile.

both the temperature and velocity profiles. The comparison is done
in dimensional form, without any normalization. From the axial de-
crease of pressure and temperature, it can be derived that the density
also decrases in virtually the same magnitude as the pressure in the
axial direction. To show the effect of compressibility on the shape of
the velocity profile, we include the incompressible profile in Fig. 10
and normalize the data by their centerline values. The data are taken
from the axial location x/h = 32. The profile from the simulation
(solid line) is indiscernible from that of the compressible theory
(dashed line), but both are different from Taylor’s profile3 (dashed–
dotted line) in that the compressible profile is more convex than the
incompressible solution. The flow at this location reaches a Mach
number of 0.5, which indicates that compressibility, even at moder-
ate levels, alters the mean flow profiles. Farther downstream, up to
the sonic condition at the throat (choking location), the difference
is more significant.

We have conducted both viscous and inviscid simulations for the
laminar case and observe that the effect of viscosity is negligible.
Also observe that the pressure variation in the normal direction is
negligible compared to that in the axial direction, thus, validating
the assumption employed in the compressible mean flow theory of
Balakrishnan et al.2

B. Acoustic Layer
The unsteady component of the flow is extracted by substract-

ing the mean solution from the total solution. The analysis of the
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unsteady component of the flow employes the acoustic layer model
by Majdalani and Van Moorhem6 as a reference. This model as-
sumes that the flow can be separated into a base flow component
MbU (x2) with Mb the injection Mach number and U (x2) given by
Taylor’s profile and a time-dependent component u(x1, x2, t), which
in turn is composed of rotational and nonrotational components,

u(x1, x2, t) = û(x1, t) + ū(x1, x2, t) (28)

The nonrotational (or acoustic) component is given by

û(x1, t) = i Ap/(p0γ ) sin(x̄1)e
−i t̄ (29)

and the rotational component ū(x1, x2, t) is defined such that the
superposition of the two results in

u(x1, x2, t) = Ap/(poγ )[sin x̄1 sin t̄

− sin θ sin(x̄1 sin θ)eζ sin(t̄ + �)] (30)

In the preceding expressions, x̄1 = km x1 and t̄ = kmt , with km the
wave number, and θ is a parabolic function of the distance normal to
the wall that vanishes at the centerline. Here ζ = ζ(x2) is a damping
function and � = �(x2) is a phase angle, both of which vary in the
wall normal direction. Ap/po is pressure wave amplitude relative to
the mean chamber pressure. Note that the rotational part of the time-
dependent component is attenuated in the core region and vanishes
at the center of the channel due to the function θ vanishing there.

The periodic excitation of the outlet presure results in nonro-
tational waves along the centerline. Comparing with the acoustic
layer model represented by Eq. (29), we found that the numeri-
cal results best compare with the acoustic model at wave mode
m = 4.5, which implies that the chamber contains 2.25 waves. This
corresponds to wave number km = 0.3156, kinetic Reynolds num-
ber Rek = km Rea = 0.62 × 105, and Strouhal number Sr = 33.18,
where Rea is Reynolds number based on the sound speed. Even at
this matching wave number, the irrotational or freestream velocity
wave only agrees within the first quarter of the axial extent, as can be
seen clearly in Fig. 11. In Fig. 11 the simulation result (solid line) is
taken from centerline data. The results are compared at the opposite
phase to show the difference more clearly. Specifically, the simula-
tion indicates that the wave frequency and amplitude increase in the
axial direction. Within the first quarter of the axial extent, where the
acoustic component closely follows the model prediction, we are
able to compare the wall normal profile of the unsteady velocity, as
can be seen in Fig. 12. The pattern from the model prediction closely
follows the simulation result up to x/h = 8, after which the agree-
ment deteriorates due to the divergence in the acoustic component.

Fig. 11 Unsteady axial velocity fluctuations at centerline: ——,
present laminar simulation compared to – – –, model of Majdalani and
Van Moorhem6; results are compared at opposite phase to show the
difference more clearly.

Fig. 12 Snapshot of unsteady axial velocity fluctuations in wall normal
direction at first quarter of axial extent: ——, present laminar simula-
tion compared to . . . . , model of Majdalani and Van Moorhem.6

We suspect that the discrepancy in the acoustic component is due
to the increasing compressibility effect in the axial direction, which
is not taken into account in the simplified model. With the increase of
Mach number, the temperature in the core flow decreases, rendering
a decrease in the local speed of sound, hence, altering the acoustic
property of the medium. How this correlates with the increase of am-
plitude and frequency, however, needs further clarification. Another
possibility is that the excited wave has developed to its natural (hy-
drodynamic) instability in the flow. The instability analysis of Taylor
mean profiles by Casalis et al.19 suggests that the present simulation
at the injection Reynolds number Reinj = 1.85 × 103 and nondimen-
sional angular frequency ω = 29.25 (which can be derived from the
pressure oscillation in Fig. 5) is in the unstable regime. One can also
argue that the difference in the base flow assumption may contribute
to the discrepancy. (Taylor’s profile3 is used in the model, whereas
the mean flow of the simulation matches with the Balakrishnan
et al.2 profile.) However, as shown by Casalis’s stability analysis,19

Taylor’s profile also results in an unstable mode using the earlier
values of the angular frequency and injection Renolds number. This
reasoning suggests that the acoustic mode with constant amplitude
may only be excited at a very low frequency ω < 20 to travel along
the neutral curve. Further investigations are required along both of
these lines. At this point, it is sufficient to suggest that incorporation
of the axial evolution of the mean flow property may increase the
fidelity of the acoustic-layer model.

IV. Transition to Turbulent Regime
The study of the laminar regime of the rocket flow in Sec. III

is extended to transition and turbulent regimes using the dynamic
LES approach outlined in Sec. II. No coefficient needs to be tuned.
Instead, all model parameters evolve dynamically according to the
state of the flow. We also avoid the use of any artificial dissipation
because it may interfere with physical dissipation. As described
earlier, the flow domain for the turbulent case is the whole extent
of the geometry shown in Fig. 4 with the spanwise extent of 4 cm,
which mimics the experimental apparatus of Traineau’s cold-flow
measurements.8 The same physical parameters and boundary condi-
tions are also employed in the present study. To imitate the injection
through the porous wall, a mass injection boundary condition is in-
voked and a random fluctuation with specified amplitude is imposed
on the mean to trigger and sustain the three dimensionality of the
flow.

We perform a grid-refinement study by considering two LES cases
as shown in Table 1. Both cases employ the dynamic Smagorinsky
subgrid stress model and full energy subgrid models described in
Sec. II. The amplitude of the injection mass rate fluctuations at the
walls is 5% of the mean value. In Table 1, c and f denote the coarse
and fine grids used in each case. The filter width ratio, defined as
the ratio of the basic filter width to the local grid spacing, is one
for DSE05c and two for DSE05f. The reason for the difference
is merely to compensate for the difference in the spacing due to
different resolutions. A lower ratio tries to resolve smaller eddies,
that is, of the grid-cell size in the coarse grid case, which is assumed
comparable to two grid-cells size in the finer grid. Therefore, the
filter width ratio two is used in DSE05f. In general, the choice of
filter width ratio does not strongly influence the results because the
model coefficient adjusts accordingly, as will be seen.
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Table 1 Two dynamic LES casesa of transitional flow

Case Nx × Ny × N z 
/dxi

DSE05c 210 × 64 × 32 1
DSE05f 420 × 64 × 32 2

aInjection fluctuation level in both cases is 5% of the mean injection mass rate.

Fig. 13 Static pressure distribution in axial direction: ——, present
simulation compared to �, Traineau et al.8 experiment.

Fig. 14 Same comparison as Fig. 13 for mean axial velocity distribu-
tion in axial direction at y/h = 1.0 (centerline) and 0.1 (near wall).

A. Mean Flow
We extract the mean quantities by time averaging of the solution

after the simulation reaches a statistically stationary condition. The
averaging interval is four times flow through, sufficiently long to
ensure the invariancy of the averaged quantities with the size of the
interval. The agreement of the mean flow between both LES cases
and the measurement data is satisfactory. This is represented for
case DSE05f by the comparison of the static pressure distribution
in Fig. 13 and axial velocity at the centerline and near the wall in
Fig. 14. The coarser grid case DSE05c generates virtually the same
results. The axial pressure distribution is relatively easy to predict
because its derivation from the momentum balance is strightforward
due to its invariance in the cross-sectional directions. In compari-
son, accurate prediction of axial velocity distribution is more diffi-
cult because it depends on the velocity profiles in the wall normal
direction, which rely on the LES model used. Thus, the agreement

Fig. 15 Streamwise velocity profiles normal to injection wall at axial
locations x/h = 3.45, 33.01, and 47.00: �, measurement data by Traineau
et al.8 compared to ——, LES cases DSE05f and – – –, DSE05c; and –·–,
Balakrishnan et al.2 compressible laminar profiles.

seen in Fig. 14 provides confidence in the LES approach. A com-
parison of Figs. 7 and 14 shows that the centerline axial velocity of
the transitional flow is lower than that of the laminar flow. This is
expected because, for the same bulk mass flux, a turbulent (fuller)
profile implies a lower centerline value than a laminar (shallower)
profile.

The evolution of the axial velocity profiles from the laminar to
the turbulent state is depicted in Fig. 15. Moreover, this figure shows
a comparison of the two LES cases against Traineau’s experiment.8

The compressible theoretical solution of Balakrishnan et al.2 is in-
cluded to indicate the effect of turbulence. At x/h = 3.45, the LES
cases and the measurement data collapse to the compressible lam-
inar profile, which should be virtually the same as Taylor’s profile
because the compressibility effect is very small near the head end.
At a transition and turbulent locations, x/h = 33.0 and x/h = 47.0,
respectively, the effect of turbulence is clearly seen from the more
convex profile of the experiment compared to the laminar theory.
The coarse grid LES overpredicts the velocity profiles from the ex-
periment at these locations, whereas the finer grid LES produces
very good agreement with the experiment.

B. Transition
An important advantage of the dynamic LES approach compared

to other turbulence prediction methods is its inherent feature of
transition prediction. A common way of detecting transition in an
injection driven flow is to examine the distribution of the momentum
flux coefficient β defined by

β = 1

ū2
bh

∫ h

o

ū2 dx2 (31)

where ū is the mean axial velocity and ūb the bulk velocity. A
comparison of this quantity between the two LES cases (lines) and
the experiment (symbols) is provided in Fig. 16. In a fully laminar
flow, the momentum flux coefficient is a constant for incompressible
case with β ≈ 1.235. In the corresponding compressible case, this
function decreases monotonically in the axial direction due to the
change of the velocity profile as shown by the laminar theory in
Fig. 15. The monotonicity is disturbed by a steep drop if transition
occurs, as seen in Fig. 16. The lower value of β in the laminar regime
of the experiment,8 is due to pseudoturbulence. The transition in
the experiment starts at x/h = 20. The coarse grid LES predicts
transition to begin at about x/h = 11, whereas the finer grid case
predicts a location closer to the experiment, about x/h = 18.

When the momentum flux coefficient is used, the extent of a
transition process can in fact be detected only vaguely because the
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Fig. 16 Axial distribution of momentum flux coefficient: �, measure-
ment data by Traineau et al.8 compared to LES cases ——, DSE05f and
– – –, DSE05c.

Fig. 17 Axial distribution of model coefficient Cd in dynamic
Smagorinsky model: ——, DSE05f and – – –, DSE05c.

function is inherently decreasing in the absence of transition. This
is clearly the case with the finer grid LES, where the function keeps
decreasing smoothly up to the aft region before entering the nozzle.
An alternative way of detecting transition in the dynamic LES is
by examining the dynamic coefficient Cd , represented by Eq. (19).
The axial distribution of this coefficient, averaged in time and over
transversal directions, is shown in Fig. 17. Besides the starting of
transition, the dynamic coefficient also shows more clearly where
the flow becomes turbulent, in the sense of Cd being saturated.
Based on this quantity, the turbulent region starts at approximately
x/h = 31. The saturation level of Cd is about 0.027 for the coarse
grid LES and 0.012 for the finer case. The difference in the level
of Cd between the two cases is due to the difference in the ba-
sic filter width ratio. The ratio is one for the coarse grid LES and
two for the finer grid case as already noted. As can be seen from
the expression of the eddy viscosity model in Eq. (16), a higher
delta results in a lower Cd to maintain the level of eddy viscos-
ity that is determined by the physics of the flow. It will be shown
that the grid independency of LES result, which is the primary
feature of LES, can virtually be achieved in the region where Cd

levels off.

C. Turbulence Quantities
To assess the turbulence prediction of the LES approach, we per-

form comparisons of second moment variables, such as turbulence
intensity and shear stresses. As mentioned earlier, the axial fine

Fig. 18 Turbulence intensity profiles normal to injection wall at axial
locations x/h = 14.99, 24.00, 30.13, 40.46, and 45.97: �, measurement
data by Traineau et al.8 compared to LES cases –·–, DSE05f and – – –,
DSE05c.

grid resolution is twice the coarse grid. The grid in the wall normal
direction is stretched in both cases with more grid points concen-
trated near the injection wall for the fine grid case. No artificial
dissipation is employed to avoid uncertainty coming from its inter-
ference with the physical dissipation. Spurious numerical residuals
are controlled merely through grid manipulation (refinement and
stretching). The physical source of turbulence comes from the wall
injection fluctuations and the nonlinear interactions of hydrody-
namic instabilities.

The result for the turbulence intensity is shown in Fig. 18 at five
axial locations to demonstrate the evolution of the transition pro-
cess. In Fig. 18, the earlier onset of transition in the coarse grid
LES, as seen in the axial development of Cd , is confirmed. This
earlier transition is apparently due to large disturbances that oc-
cur in the laminar region as a combination of injection fluctuations
and numerical residuals. As a result, the turbulence intensity at the
center, as well as near the wall, is overpredicted throughout the
transition process before the saturation begins. The measured in-
tensity level at x/h = 24.0 has been reached at x/h = 14.99 in the
coarse grid LES. In addition, the peak of the intensity profiles is
sharper than observed in the experiment. The finer grid LES on
the other hand maintains the disturbances in the laminar region at
about the same level as the pseudoturbulence in the experiment.
The intensity level and the peak profile of the fine grid case are
also in much closer agreement with the experiment. The difference
between the coarse and fine case becomes smaller with increasing
turbulence. Although not shown here, examination of the overall
stress distribution leads to the same assessment as for the turbulence
intensity.

This result, in conjunction with the axial development of Cd

already discussed, suggests that grid independence of LES can
be achieved in the saturated region of the model coefficient. In
the developing region of Cd , adequate grid is required through
consecutive refinement and clustering. Return to the discussion
on the mean velocity profiles shown in Fig. 15: At this point, it
is clear that the overprediction of the coarse grid profiles in the
transition and turbulent regions is due to the unresolved laminar
region.

To investigate whether the flow has reached a fully turbulent state
in that the energy cascade has reached down to the grid size, we
examine the velocity spectra of the coarse grid case by way of il-
lustration. The fine grid case gives a similar picture. The spectra
are computed from the temporal fluctuations of the axial velocity
and are plotted in Fig. 19 for four axial locations, all in the sat-
urated region of Cd . The spectra do not contain an inertial range
displaying the − 5

3 law. Because of the relatively coarse mesh used
in these simulations, the small scales are most likely dissipated by
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Fig. 19 Velocity spectra extracted from DSE05c at axial locations x/h:
. . . . , 37.46; –·–, 40.09; – – –, 44.00; and ——, 46.60.

the subgrid model and the second-order scheme to form an inertial
range. It is clearly observed, however, that the spectra shift to the
higher wave numbers with increasing axial distance. This indicates
that smaller scale vorticities are still generated when approaching
the throat. Hence, the saturation of Cd only indicates that transition
has slowed down, and we conclude that the turbulence state is still
developing.

It is sufficient to mention that a parametric study has been con-
ducted in the coarse grid configuration to investigate the effect of
the injection fluctuation level, the energy subgrid models, and dif-
ferent subgrid stress models.18 It was found that variation in the
injection turbulence level has a strong effect only in the laminar and
the beginning of transition region. In the turbulent region, no impor-
tant difference was observed between 5 or 50% fluctuations level
relative to the mean injection. The role of the energy subgrid mod-
els was not important, even in the highly compressible aft region.
Dynamic Smagorinsky and dynamic mixed models for the subgrid
stress tensor produced comparable results.

V. Summary
Compressible rocket flow simulations were conducted in lami-

nar, transition, and turbulent regimes. The laminar simulation was
performed using a direct simulation of the unsteady NS equations
in two dimensions, whereas the transition and turbulent simula-
tions were computed using a dynamic LES model. The results
of the laminar case showed good agreement of the mean flow
profiles with the inviscid theoretical profiles from Balakrishnan
et al.,2 which differ from Taylor’s profile due to compressibility.
The dimensional axial velocity and temperature also agree favor-
ably. The effect of viscosity was found to be negligible because
the corresponding inviscid simulation produced virtually the same
results.

Comparing the unsteady component of the laminar flow with the
acoustic-layer model of Majdalani and Van Moorhem6 led to a good
agreement in the irrotational as well as the rotational components
within the first quarter of the chamber extent, which is equivalent
to half of the acoustic wave length. Farther downstream, discrepan-
cies appeared. A comparison with the stability analysis of Casalis
et al.19 showed possible interference of the natural instabilities of the
flow with the acoustic waves. The interference is especially promi-
nent for nondimensional angular frequency ω > 20. This suggested
that the comparison with the acoustic-layer model is restricted to
low acoustic modes. Another possible source of disagreement is the
nonuniformity of the medium in which the acoustic waves travel.
The model is based on a constant speed of sound throughout the
medium, whereas in the present compressible environment, it varys
axially due to the decrease in the mean temperature. Further numer-
ical investigations are required for guiding additional refinement of
the acoustic model.

For the transition and turbulent cases, validation of LES in
the CPR framework yielded satisfactory results. We assessed the
grid dependency of LES in a rocket configuration mimicking the
Traineau et al.8 experiment. We found that increasing the axial
resolution did not significantly change the mean flow prediction
and the statistics in the turbulent region. However, it improved the
statistical prediction in the laminar and transition regions substan-
tially. We learned that the likelihood of the grid independency of
LES to occur is the highest in the region where Cd is saturated after
reaching the maximum value, that is, where the model contribution
is maximum. In the region where Cd is still developing, the model
contribution is smaller, and hence, the grid resolution should be ad-
equate to capture the physics. A grid-refinement test is, therefore,
more important in this transition region. As a consequence of the
fact that LES is not designed to represent anisotropic disturbances
in laminar and transition regions, these regimes could be more de-
manding in terms of grid resolution than the turbulent region. The
limiting resolution of coarse grid LES in transitional flow is, hence,
determined by the laminar and transition region. As an alternative
to a grid-sensitivity test, a suitable resolution can be estimated by
CPR validation in the transition region, that is, at ε value higher than
used in the present validation.

The imposition of random fluctuations at the injection surface
lacks a physical justification. A better way of modeling the in-
jection process, which takes into account the spatial as well as
time correlations of the fluctuations, is currently explored. This, to-
gether with forcing the inherent hydrodynamic disturbances could
ease the resolution requirement of the laminar and transition re-
gion. The present study shows that LES with an efficient grid can
produce comparable result to that of much finer grids reported in
literature.
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