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PREFACE

Solid propellant rocket boosters (SPRB) are used extensively in aerospace activities
when a strong thrust is needed as in the case of lifting off the satellites for space
activities. In the thesis flow field inside a Solid Propellant Rocket Booster (SPRB)
combustion chamber model has been investigated with the aid of various turbulence
models. In this respect, a computational study has been conducted by exploiting a
commercially available finite volume based flow solver.
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KATI YAKITLI ROKET MOTORU YANMA ODASINDAKI
SIKISTIRILABILIR AKISIN TURBULANS MODELLERI iLE
INCELENMESI

OZET

Bu calismanin ilk boliiniimde, kat1 yakith roket motoru model yanma odasinda
olusan akis tiirbiilans modellerinin hesaplamanin hassasiyetine olan etkisine 6zel
onem verilerek incelendi. Cesitli tiirblilans modelleri kullanilarak hesaplamalar
yapildi ve deneysel sonugclarla ele alindiginda SST k-o ve Reynolds Gerilme Modeli
gercekei sonuglar verdi

Caligmanin ikinci boliimiinde, lilesiz kat1 yakitli roket motoru yanma odasindaki
akis alani, bir onceki boliimde kati yakith roket motoru yanma odasi hesaplamali igin
en uygun model olarak segilen, SST k-o tiirbiilans modeli kullanilarak incelendi.
Kat1 yakitli roket motoru konfiglirasyonunda yapilan soguk akis simulasyonu
SST k- tiirbiilans modelinin siipersonik dis akis kosullarinda da basarili sonuglar
verdigini gosterdi. Modelden elde edilen sonuglarin gecerliligi deneysel veriler ile
kontrol edildi.

Calismanin {igiincii boliimiinde, kat1 yakitli roket motoru yanma odasini temsil eden,
kenarindan kiitle girisi olan uzun dar bir kanal igerindeki zamana bagli akis
incelendi. Kanalin ¢ikis kesitinde, akustik rahatsizligin kaynagi olarak degisken
basing rahatsizligir sinir kosulu tanmimlandi. Dogrusal olmayan akis etkilesimleri
beraberinde akustik ve donel hiz rahatsizliklarina neden oldu.



INVESTIGATION OF COMPRESSIBLE FLOW INSIDE SOLID
PROPELLANT ROCKET MOTOR COMBUSTION CHAMBER USING
VARIOUS TURBULENCE CLOSURE MODELS

SUMMARY

In the first part of the study, flow inside the model of solid propellant rocket motor
combustion chambers has been investigated with special emphasis on the effect of
solely turbulence models for the accuracy of the computation. Computations with
several turbulence models were performed and the SST k-® and Reynolds Stress
Model have yielded realistic solutions.

In the second part of the study, the flow field in a nozzleless solid rocket motor
combustion chamber has been investigated using SST k-o turbulence closure model,
chosen at the previous section of the study as the most appropriate model for the
computation of solid propellant rocket motor combustion chambers. The cold flow
simulation in a nozzleless rocket motor configuration has shown that the SST k-o
turbulence model has the capability of handling the supersonic outflow conditions.
The validity of the model has been checked with experimental data.

In the third section of the study, the computational analysis of time dependent flow
inside long narrow channel with uniform sidewall mass addition representing the
rocket motor combustion chamber is investigated. Transient planar disturbance at the
exit plane of the channel is given as a boundary condition as the source of acoustic
disturbances. Nonlinear flow interactions have caused coupled acoustic and
rotational velocity disturbances.



1. INTRODUCTION

Solid propellant rocket boosters (SPRB) are used extensively in aerospace activities
when a strong thrust is needed as in the case of lifting off the satellites for space
activities [1]. As they exhibit some advantages in the field of fuel storage and
manufacturing against the liquid propellant engines, they are more preferred for both
the public and military purposes. Thus, the flow structures occurring within the
SPRB’s have drawn the attention of the researchers either experimentally [2,3], or as
it happens increasingly today, computationally [4, 5, 6]. A typical SPRB can be
thought of a solid propellant, usually segmented, that is fixed to the inner
circumference of a case. During the lift off, the solid propellant is ignited and thrust
is obtained by its combustion. The flow field inside the combustion chamber
experiences different processes since the characteristic velocity throughout the
chamber is on the order of Ma = O(10), whereas the exit velocity is supersonic.
Time dependent behavior of various processes, turbulence, combustion, as well as
with the compressibility effects add intricacy into the simulation processes. Hence, in
general it is a common approach to investigate the effect of numerous processes
separately on the overall dynamics of the SPRB [2,4,5].

One of the main problems in solid propellant rocket motors is related with the flow
instabilities, which degrades the ballistic accuracy and overall stability of the rocket
[7,8,9,10].

In this study, the interaction of the turbulence, combustion and the acoustic field
occurring inside SPRBs are investigated. In the first part, flow structures inside
SPRB combustion chambers have been investigated with special emphasis on the
effect of solely turbulence models for the accuracy of the computation. A
computational study has been conducted by exploiting a commercially available flow
solver, Fluent 6.1.18. The flow configuration chosen is an idealization of that found
in a solid rocket motor, and was selected in accordance with the VECLA facility of
ONERA that is an experimental set up for investigating the characteristics of
injection driven flows [5]. Sidewall mass injection is used to mimic the normal
velocity of gaseous products generated by combustion of gasified propellant in an
extremely thin reaction zone adjacent to the degrading solid material. For this
particular work, based on the RANS equations, separate computations have been



performed by modeling the turbulence with one equation model (Spallart Allmaras),
two equation models (standard k-, RNG k-g, Realizable k-¢, SST k-w) and the
Reynolds Stress model. Results of different closure models are compared with the
data obtained by an experimental study [11].

In the second part of the study, flow field in a nozzleless solid rocket motor
combustion chamber has been investigated using SST k-o turbulence closure model,
chosen at the previous section of the study as the most appropriate model for the
computation of solid propellant rocket motor combustion chambers. The cold flow
simulation in a nozzleless rocket motor configuration has shown that the k-
turbulence closure model has the capability of handling the supersonic flow
conditions. The validity of the model has been checked with experimental data [3]
and numerical study [12, 13].

In the third section of the study, computational analysis of the time dependent flow in
a long narrow channel with uniform sidewall mass addition has been done. Transient
planar pressure disturbance at the exit plane of the channel is given as a boundary
condition as the source of acoustic disturbances. Nonlinear flow interactions have
caused coupled acoustic and rotational velocity disturbances. The disturbances are
called combustion instabilities and are commonly observed in solid rocket motors.
The flowfield is decomposed into mean and periodic motions [9, 10]. The
acoustically generated flow field has been reported to increase the turbulent velocity
fluctuations and earlier laminar to turbulent transition [14].

1.1 Internal Flow Computations

First attempts to model the flow inside a channel with fluid injection, that is a
simplification of SPRB, assumed an inviscid, incompressible flow and derived the
following formula [15, 16],

u/u, =sin|(z/2)y/n)"™| (1.1)

where, U is the centerline velocity, n=0 for planar, n=1 for axisymmetric flow, and h
is the radius or half height of the model considered. Experimental and recent
computational studies have proven that the sinusoidal variation of the streamwise
velocity is, indeed, valid in a small fraction of the SPRB model [17]. Based on the
injection Reynolds number Re, =U,d/v, fluid flow goes through three different
flow regimes; laminar, transition and fully turbulent [18]. Thus, as it comes to the
exit plane deviations tend to occur on the idealized velocity profile due to the
turbulence and compressibility effects.



What happens in general within a SPRB can be outlined as follows. Initially, local
flow oscillations, associated with the turbulence or vortex shedding due to an
obstacle in the geometry, produce changes in the transport properties, mixing and the
combustion processes. As those deviations are carried into the solid phase, surface
pyrolysis, burning rate of the propellant are altered and as a result acoustic
disturbances are produced. In the next step, dynamic coupling between propellant
combustion and fluctuating chamber flow may lead to further oscillations of the
internal flow. As indicated above, one important mechanism that triggers the
unsteady and unstable motion inside a SPRB is the turbulence, and more specifically,
the unpredictable laminar to turbulence transition process [13]. Most of the earlier
work in exploring the flow evolution in a rocket chamber was based on cold flow
studies with the injection of inert gases, by the assumption of incompressible, 2-d
inviscid flow. [8, 18, 13]

Direct numerical simulation of the reacting flow inside a rocket environment is
unaffordable and will remain so indefinitely, due to the scaling requirements to
resolve up to the dissipation range [19]. To render a tractable solution, the equation
set governing the turbulent motion should be averaged. Usual procedure is to use a
time averaging for a statistically stationary flow, or ensemble averaging for
temporally stationary flow [20, 21]. Indeed, it is shown that typical flow structures
exhibit strong oscillations with respect to time [7, 9]. Therefore the assumption made
by the ensemble averaging that the time mean of the fluctuating parts are zero is no
longer valid. Consequently, in order to capture the unsteady motions, Large Eddy
Simulation (LES) methodology has been started to be employed in recent
computations [6, 22, 23]. In LES the flow structures larger than the mesh size are
resolved numerically, where an averaging procedure is applied to the so called sub
grid scales. Still there is a constraint on the local grid sizing that it should be at most
two order of magnitude larger than the dissipative range, which is not very practical
when compared with the rocket geometry. Although that LES has demonstrated its
capability to handle such complex flows, it still requires a very large computational
time despite the recent progress in computers. Therefore, in a more practical way for
engineering applications, it is our intention to exploit Reynolds Averaged Navier-
Stokes (RANS) equations to model flows in SPRB.

There exist several computational studies in the literature that use two equation
models, such as k-¢ [11, 24], k-w [25], or Reynolds stress models [26] to close the
equation system. Usually the standard k-& model is referred as to agree well with the
experimental results in the fully turbulent region. Several attempts have been made to
revise the standard model but there is still little success in calculating the transition,



or post transition regions. On the other hand, k-o model that works quite well for
low-Reynolds number flows, fails to create satisfactory results as flow develops. One
of the most recent studies on this subject by using RANS equations is based on the
Reynolds Stress Model, which solves six additional equations for the Reynolds
stresses [5, 27]. Results seem to match precisely with the experimental study, but the
Turbulent Kinetic Energy profiles are not as good as those obtained by one of the
aforementioned methodologies.

1.2 Combustion Instabilities

The primary reason of combustion instabilities is the energy transfer from
combustion process or mean flow to unsteady organized motions. The instabilities
are observed as periodic oscillations. In general understanding of the combustion
instabilities requires the understanding of combustion dynamics of the solid rocket
combustion chamber. Combustion dynamics is the composition of chemical kinetics
and fluid dynamics. Depending on the mechanism one of them plays the dominant
role in the instability. For example in vortex shedding and acoustic instabilities the
combustion is not the driving factor.

The combustion in solid propellant rocket motor chamber appears to be equally
complicated when compared with other type of combustors. Almost entirely burning
occurs within a very thin region adjacent to the propellant surface. One notable
exception is the residual combustion when the propellant contains aluminum or other
metallic particles. It is safe to assume that the reason of combustion instabilities is
purely fluid mechanical processes. The chief mechanisms of combustion instabilities
are surface combustion, vortex shedding and residual combustion.

Excitation of acoustic waves by vortices is well known and the vortices might be
responsible for oscillations in combustion chamber. Surface combustion has been
accepted as the dominant mechanism of combustion instabilities [28].

Avalon and Comas [29] has established an experimental study to investigate the
interactions between the acoustic motions and the mean flow. Acoustic excitation
phenomena have been studied numerically by a large number of researchers. Apte
and Yang [14] obtained acoustic oscillations with head end pressure oscillation.
Their previous paper[13] based on the experimental study of Traineau et. al. [2] has
used LES technique to resolve the turbulent properties.



Kassoy and colleagues [9, 10, 30, 31] have performed several analytical studies for
internal flow in cylinders and channels, supported by numerical computations of
steady and unsteady flowfield.



2. NUMERICAL MODELS

The governing equations of a turbulent viscous heat conducting, compressible fluid,
continuity equation, momentum equations and energy equation, have been solved to
acquire the flow structures. Since the flow properties are a function of density due to
the effect of compressibility and combustion processes, for our case a Favre
averaging procedure has been accomplished on the governing equations. Favre

averaging splits a flow variable ®(x,t) into its Favre mean ®(x,t) and Favre

fluctuating ®"(x,t) parts by,

O, =D, +D" (2.1)
where the Favre mean is
@ :—I|m IHT X, r)dD X, z') T (2.2)
p T~>ooT

Favre averaged form of the conservation equations is,
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where u., e, h, t.

; are the velocity vector, internal energy, enthalpy and shear stress

tensor, respectively. The unclosed pufu;" term in the momentum equation represents

the Reynolds stresses, which are associated with the turbulent velocity fluctuations.
There is a wide variety of closure schemes developed for turbulent calculations and
within the concept of this study their efficiency will be validated focusing on the

Boussinesq approximation and the Reynolds Stress Model.

2.1  Eddy Viscosity Models

The set of governing equation system is closed based on the Boussinesq eddy
viscosity approximation [20,21,27] which relates the Reynolds stress tensor as the

product of an eddy viscosity and the mean strain rate tensor as,

"eon o 2 aﬁ 2 -
—puju -:ZﬂTSji_[ﬁja_X:é‘ji_gﬁké‘ji (2.6)

Here, 1, S ;i and K are the turbulent eddy viscosity, Favre-averaged strain rate and

L . ~ . . 1 . . .
turbulent kinetic energy, respectively. k is defined as, Eu’j’u", denoting the isotropic

part of the Reynolds Stress tensor. The next step is to find an appropriate model for
the turbulent eddy viscosity. Among many proposed turbulence models, here we will
deal with the one equation model, Spalart Allmaras and the two equation models, k-

o and k-¢.

2.1.1 Spalart Allmaras Model

The Spalart Allmaras one equation turbulence model, defining the eddy viscosity as

u, = pvi , employs a transport equation for the eddy viscosity in the following

form,

L (p7)+ (o) -




where f ,is a damping function and Y, is the destruction of the viscosity, which are

calculated as,

X 3

S TX NG &9
16

1+C®,

Y, = Cwlpg{—ga " CBZJ . (2.9)
and for X, being the normalized eddy viscosity,

x =Y (2.10)
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This model is calibrated using results for 2-D mixing layers, wakes and flat plate
boundary layers. Its one of favorable numerical features is that the equation in one
point does not depend on the solution at other points, which makes it easily

implemented into multi-block or on unstructured grids [32].

2.1.2 Standard k-¢ model

Standard k-¢ model is the most widely used complete turbulence model and is
incorporated in most of the commercial CFD codes [20]. In addition to the
Boussinesq Eddy viscosity hypothesis, it requires the solution of three equations, an
algebraic equation relating turbulent kinetic energy (k), dissipation of the turbulent

kinetic energy (¢) and the turbulent viscosity (), one for the transport of k (k-

equation) and finally for the transport of & (& -equation). Model equations can be

shown explicitly as,

Ez
= pC, = (2.12)
&
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Here 4, o,, o,, 9;, are the turbulent eddy viscosity, turbulent Prandtl number for
k, turbulent Prandtl number for &, and i™ component of the gravitational acceleration,
respectively. In this formulation M/ turbulent Mach number, and S ,modulus of the

mean rate of strain tensor, are calculated by the following formulae;

M2 = K (2.14)
RT
S =./2S.S. (2.15)

Model coefficients are given by,

Table 2.1 Standard k-¢ model coefficients

C25 C,u Gk O-g

Cl

r

1.44 1.92 0.09 1.0 1.3

2.1.3 Re-Normalization Group Theory (RNG) based k-¢ model

The model equations for k and ¢ are reformulated by the Re-Normalization Group

theory, and this gives that
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Here, the main difference between standard k-¢ and RNG k-¢ model is the presence
of an additional destruction term R_, which is calculated as,

C, 57 (-1/m,) 5

¢ 1+ Bn°

for 77 = Sk/ &, n,=4.38 and f=0.012. RNG k-¢ model increases the

destruction of the € in the rapidly strained flows and thus yields smaller turbulent
eddy viscosity values, which makes it to calculate more accurate results in rapidly
strained flows than standard k-& model [32,33]. The model coefficients are slightly

different than standard k- model coefficients, as shown below:

Table 2.2 Re-normalization group theory(RNG) based k-& model coefficients

C, C,, C, oy o

1.44 1.92 0.09 0.72 0.72

2.1.4 Realizable k-¢ model

Realizable k-¢ model satisfies certain mathematical constraints for the normal
stresses consistent with the turbulent flow [32]. Furthermore, the production term in

the € equation does not contain the production of the turbulent kinetic energy by the

10




mean velocity gradients. Indeed the major modification is included in the eddy

viscosity formulation, in Realizable k-¢ model C, is no longer constant, but a

function of the mean gradients. The new form of the closure equations are,

C =—— (2.19)
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&

where A, A; and u” are the functions of the flow gradients.

2.1.5 Shear Stress Transport (SST) k-® model

The SST model combines k-o model of Wilcox [34] with a high Reynolds number k-
€ model [27]. The k- model presents a lack of sensitivity to an adverse pressure
gradient for supersonic compressible flows. The SST Menter [35] uses Wilcox’s k-
model inside the boundary layer and the standard k-¢ elsewhere. Also SST restricts
turbulent shear stress by using the Bradshaw hypothesis in the boundary layer to
prevent unrealistic values at the adverse pressure gradient situation. Within this

model three equations need to be solved, an algebraic equation relating turbulent
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kinetic energy (k-equation), specific dissipation rate of the turbulent kinetic energy

(w-equation) and the turbulent viscosity ( , ), as shown in the preceeding section,

ooty
0(_~\ O (-~ 0 ok _
—I\ok |+ —I\pku. |=—| T, — |+ SZ— fo k
at(p ) axi (p I) axj |: k axj:| Hy pﬁ gxR 0

P 20 F)po,, = <02
" w OX; OX,

The effective diffusivities are calculated by the following formulae

1 :ﬂ"‘i
k
r,=u+
O-a)
o - 1
‘ Fl/Gk,1+(1_ F1)/Gk,2
1
o

. Fl/o-w,l +(1_ Fl)/o-w,Z

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

In the left hand side of the equations, last term for the K equation and the third term

for the @ equation represents the dissipation of k and w, respectively, and needs

the calculation of following functions,

1 2 <0
* 2
fﬂ = l+680)(k2 750
1+ 400y,

where,

12

(2.31)



1 ok oo

A= @° GXJ- an

B =B+ F(M,)

ﬁi* = ,B;[

for the coefficients of

4/15+ (Re, /Ry)*
1+ (Re, /Ry)*

¢ =15, Rg =8, B =0.09
and
1470y,
7 1+80y,
7. = QiijiSki
0] " 3
(8:0)
ﬁ:ﬁ{l—‘; J*F(Mt)}

Finally functions need to be evaluated for the turbulent viscosity are,

a =a
1+Re, /R,

. (0{; +Re, /R

)

a:a—“’(%JrRe‘/R“’J

a'\ 1+Re /R,

Ret:’ok

HO

with the coefficients of
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a, = /3

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)



which are used to damp the turbulent viscosity, where for values of the high
Reynolds number becomes unity.

2.2  Reynolds Stress Model

The Boussinesq approximation in general is based on the assumption that the
momentum transfer in a turbulent flow is dominated by the mixing caused by the
large energetic eddies. However, there are some certain cases where the small scale
turbulent structures are also of greater importance for the turbulent energy as, flows
with sudden change of mean strain rate, with significant streamline curvature, with
rotation, boundary layer separation and reattachment [27]. For such cases new
models should be employed instead of the Boussinesq approximation. One well
known remedy is the solution of the Reynolds Stress Equations by deriving their
exact equations form the Navier-Stokes equation, which will be dealt in the context
of this study, and the other one, is to use non-linear eddy viscosity model [36], which

is a quite new model that includes a revised form of the eddy viscosity hypothesis.

The exact equation and its modeling for theﬁjR term is briefly outlined in the

proceeding section.

0 (=~r), O (==~ O (w0t ) 8| 07| (~g0U; —g &0,
a( Tin)+§(pukTin):__{&_JJ+ {U—J}—P(THE{TJJFT-R _J

] ox | o, ox, | ox.|" ox, ox, ox,
g P g Py e 250, (FR B + T nE ) (2.41)
pPr | 7 ox, X, : :

Here, the first term on the left hand side is the turbulent diffusion term and the
second is the molecular diffusion of the Reynolds stresses. On the right hand side of
the equation first and second terms represent the production due to the Reynolds
stresses and the Bouyancy, fourth Pressure Strain term, fifth dissipation and finally
last term is the production of system rotation. Turbulent diffusion, bouyancy

production and dissipation terms contain unclosed terms and need to be modeled.
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Production term is,

OT R
O | 4 0T (2.42)
oX, | o, OX,
Turbulent viscosity is defined as;
k‘z
Bouyancy term is,
éij = _ﬂt 0i % +0, % (2.44)
pPr, OX; oX;
and the pressure strain term is,
(2.45)

[F..R _ gaij [ZJ (2.46)

CDij,Z :_CZ[(PU + +Gu _Clj
- = e %
®;,=-C" i(?kf;nknm&ij —Eﬁfnjnk —§?jﬁninka—
k 2 e
~3
ef~ 3~ 3-~ K
+C2 E(¢km,2nknm5ij _§¢ik,2njnk _E¢jk,2ninkj§ (2-48)

for ny representing the xx component of the unit normal to the wall, d distance to the

wall.
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3. COMPARISON OF TURBULENCE MODELS

Flow configuration chosen is an idealization of that found in a solid rocket motor.
Schematic of the computational domain is given in Figure 3.1. The length of the
channel is L =0.581 m and the height is h =0.0103 m. The channel is bounded at
y/h=0 by a permeable wall allowing the mass injection and at y/h=1 by an
impermeable wall, in accordance with the VECLA facility [23]. The upstream at
x/ L =0, head-end, is closed and the downstream at x/L =1, exit section, is open to
the atmosphere. Sidewall mass injection is used to model the normal velocity of
gaseous products generated by combustion of gasified propellant in an extremely thin

reaction zone adjacent to the degrading solid material.

Impermeable Wall
L

Head-end h

oo o e e B e s

Permeable Wall - Flow Injection

Figure 3.1 Schematic of computational domain

Set of governing equations is solved by using a commercially available flow solver
fluent 6.1.18 which employs the finite volume technique. A point implicit (Gauss-
Seidel) linear equation solver is used in conjunction with an algebraic multi-grid
method to solve the resultant scalar system of equations of the dependent variable in
each cell with a second order implicit time integration.

At the permeable wall, air is injected with a mass flux of r&=2.619 kg/m?s, and the

appropriate turbulence quantities, k =0.0001 m%/s? Z=0.001 m%/s®, &=0.4 1/s,
with respect to the employed models are specified. Inlet turbulence quantities were
set to small values following the previous studies [5,11,24]. Pressure is prescribed to

137400 Pa in the exit section and no slip boundary condition is used for the
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impermeable wall on y/h =1 and the solid wall in the head-end. Reynolds number
based on the injection velocity and the channel height, Re,, is approximately 8000.

Density was calculated by the ideal gas law, and hence air injection temperature, 300
K, was specified.

Optimum choice for the grid size was obtained by several computations performed
on different cases with varying grid sizes in x and y directions. It was observed that a
grid refinement is needed near the impermeable and particularly the permeable wall
to accurately capture the turbulence quantities and their effect on the flow field.
Here, it was also shown that the excessive grid refinement in x direction has no
significant effect compared with that in y direction. Therefore, number of grid points
was chosen 100 and 290, in x and y directions, respectively. The transverse
resolution was 0.3 pm near the impermeable wall and 0.5 pm near the permeable
wall. Grid sizing next to the impermeable wall was checked by controlling the non

dimensional distance, y* value, which was equal to 0.009.

+ ur

y =2 (3.1)
19

u = [t (3.2)
o,

3.1  Comparison of the Time Marching Approach with Steady Approach

Injection Reynolds number was selected approximately as 8000 to produce a
statistically stationary, stable flow [5,11,26], which allowed to detect the location of
the transition and velocity profiles in the steady regime. Additionally, statistically
stationary nature of the flow field made it possible to exploit the RANS equations
instead of LES which requires more computational resources.

Based on the CFL condition, time step required for an explicit time marching
solution methodology was 1E-12 sec for our first fine mesh. Since the flow field is
assumed to reach a steady state after a transient regime, it was possible to use the
steady solver feature of fluent. In order to check the compatibility of the steady
solver with the time marching solver; first, a preliminary computation was performed
on a coarser mesh, which allows larger time steps. Optimum size of the mesh, to
avoid a small time step and compute satisfactory results, was chosen to have a

maximum dimensionless y* value of 2.36, and a time step of 2E-7 sec for an implicit
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computation, where Courant number was chosen 10. Transverse resolution near the
impermeable and permeable walls was 10 pm. This was obtained by using 100x242
mesh points in x and y directions, respectively. SST k-w turbulence closure model
was selected for this study. Two computations were performed on this coarse mesh,
one by the steady feature and the other by time marching feature of the FLUENT.
Computation took approximately 160 hours on a PC with a 3.0 GHz CPU, for a time
marching solution by employing an implicit scheme with a Courant number of 10.
Time history of the longitudinal velocity, obtained at two points, x = 0.15 m and

0.55 m at mid height, y =0.00515 m, and the outlet to inlet mass flow rate ratio are

given in Figure 3.2 and Figure 3.3. It can be referred that statistically steady state is
achieved after approximately 0.06 sec that corresponds to approximately 36
longitudinal acoustic times (t=L/a, where a is the speed of sound). Here, the
computation is carried up to 72.

Comparison of the normalized longitudinal velocity profiles obtained by both
methodologies is given in Figure 3.4 and Figure 3.5. The longitudinal velocity is

normalized by the mean velocity.
h
U, =(/h) j Udy . (3.3)
0

Non dimensional longitudinal velocity profiles match perfectly at all cross sections.
However, there are some discrepancies between the computational and experimental

velocity profiles especially in the early section of the channel.

N
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o
?
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0.15m
0.55m
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1

Longitudinal Velocity [m/s] at x=0.

94.5

240} - a0l .

Longitudinal Velocity [m/s] at x

935 .

T R S R KR YT R B TR S 78
Flow Time [sec] Flow Time [sec]
a) b)
Figure 3.2 Time history of longitudinal velocity at sections a) 0.150 m, b) 0.55 m at mid
height
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Figure 3.3 Outlet to inlet mass flux ratio, obtained by time marching approach.
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Figure 3.4 Comparison of the normalized longitudinal velocity distributions obtained with
time marching and steady schemes at sections a) 0.031 m, b) 0.120 m., c¢) 0.220 m.,
d) 0.350 m.
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Figure 3.5 Comparison of the normalized longitudinal velocity distributions obtained with
time marching and steady schemes at sections a)0.400 m., b) 0.450 m., ¢) 0.50 m, d) 0.57 m.

3.2 Comparison of Turbulence Models

Computations were carried out on the fine mesh that was initially created for this
study, and the steady feature of FLUENT was employed. Comparison of the
normalized longitudinal velocity profiles with experimentally obtained profiles at
eight sections, a) 0.031 m, b) 0.120 m., ¢) 0.220 m., d) 0.350 m., €)0.400 m., f) 0.450
m., g) 0.500 m. and h) 0.570 m. is made in this current section. First set of
computations dealt with the laminar case without employing a turbulence model, and
is introduced in Figure 3.6 and Figure 3.7. A common feature valid in all sections is
that the laminar profiles do not differ much in the longitudinal direction. Since the
early sections of the flow has a laminar character, computational results seem to

match with the experimental data in the first few sections. Experimental longitudinal
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velocity distributions tend to exhibit fuller profiles due to the turbulence effects.
Profiles obtained by the Spalart Allmaras turbulence closure model are given in the
same figure. It is seen that the model failed to capture the laminar velocity profile in
the early sections. The computed profiles seem to approach those obtained
experimentally, farther downstream. However, the discrepancy is still bothering.

Figure 3.8 and figure 3.9 represents the normalized longitudinal velocity profiles
obtained with k-¢ based closure models, Standard k- ¢, RNG k-¢ and Realizable k-¢,
respectively. The results show that the transverse location of the maximum value of
the dimensionless longitudinal velocity cannot be predicted correctly by all models.
However, the standard k- ¢ and RNG k-¢ turbulence closure models calculate the
maximum velocity values close to those obtained by experiments. Realizable k-¢

model even underestimates the maximum velocity value.
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Figure 3.6 Normalized longitudinal velocity profiles obtained with the Laminar approach,

Spalart Allmaras turbulence closure model and from experiment [11] at sections a) 0.031 m,
b) 0.120 m., for the fine mesh.
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Figure 3.7. Normalized longitudinal velocity profiles obtained with the Laminar approach,
Spalart Allmaras turbulence closure model and from experiment [11] at sections., ¢) 0.220
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22



Standard k- ¢ model producing fairly good results for the fully turbulent flow cases,
Is known to be failing for the cases where laminar to turbulence transition occurs as

suggested in [20].

Results obtained with the realizable k-¢ and RNG k-¢ models exhibit interesting
results in the laminar and turbulent regions. Realizable k-¢ model predicts the
velocity profiles in the fully turbulent region better than the RNG k-¢ model does. It
is observed that the velocity profiles computed with the Realizable k-¢ model are
qualitatively similar to those obtained experimentally in the upper half of the channel
where the effect of the impermeable solid wall is dominant. However, close to the
injecting surface the computed profile decays faster than the experimental profile.
Computations with the Realizable k-¢ model underpredict the longitudinal velocity
values in the post-transition region denoted in figures ¢ to h. For example, a relative

mp

error defined as ——— *®1 takes values up to 33 and 17 percent in the profiles at

exp
section g and h, respectively. This error increases further in the laminar region as
seen in figures ato c.
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Figure 3.8. Normalized longitudinal velocity profiles obtained with the Standard k- &, RNG
k-¢, Realizable k-¢ turbulence closure models and from experiment [11] at sections a) 0.031
m, b) 0.120 m. for the fine mesh.
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Figure 3.9. Normalized longitudinal velocity profiles obtained with the Standard k- ¢, RNG
k-¢, Realizable k-¢ turbulence closure models and from experiment [11] at sections c) 0.220
m., d) 0.350 m., €)0.400 m., f) 0.450 m., g) 0.500 m. and h) 0.570 m. for the fine mesh
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Computational profiles obtained with the RNG k-¢ model are in good agreement with
the experimental velocity profiles in the laminar region as sketched in figures a — c.
However, they begin to deviate from the experimental profiles in the turbulent region
where the profiles seem to get closer to those computed with the Standard k-¢
turbulence closure model. Additionally, the location of the maximum value of
longitudinal velocity moves towards the injecting surface, as we proceed in the
downstream direction. The velocity profile seems to agree fairly well with the
experimental profile at section b, and this is the only profile among those obtained
with the k-¢ based models.

Normalized longitudinal velocity profiles calculated with the Reynolds Stress
turbulence closure model are given in Figure 3.10. There exists a discrepancy
between the computed and experimentally obtained profiles especially in sections b
and c. In this region the value of the maximum longitudinal velocity is overpredicted
by the Reynolds Stress Model calculations. However, as we proceed in the farther
downstream direction, both profiles agree well except for some minor differences
close to the impermeable wall. In general, the agreement obtained by the model is

satisfactory, as it was reported in previous studies [5,26].
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Figure 3.10. Normalized longitudinal velocity profiles obtained with the Reynolds Stress
turbulence closure model and from experiment [11] at sections a) 0.031 m, b) 0.120 m., for
the fine mesh.

0.0000 0

25



o0 T | e T oo T T =

[ ——=—— Experimental ] [~ Experimental 1

I RSM ] I RSM 1

0.0075 |- E 0.0075 |- -

E | i g | |

= o R = o g
= =

(<% B 1 (<2} B 1

L0.0050 |- - L0.0050 - E

[} - . [<5} - B
=4 c

=4 | a c - i
© [
= =

(8} 3 b (8} 3 1

0.0025 |- — 0.0025 |- -

J ™

00000, 0.3 0.6 09 12 15 18 0.0000; 0.3 0.6 09 12 15 18

Normalized Longitudinal Velocity Normalized Longitudinal Velocity

oot T T T T T oot T T — T T T

| E);[’);rimental | |  ———— Experimental |

| | L RSM |

0.0075 |- - 0.0075 |- -

E | 1 E | |

z o g <] I g
= =

(%) B 1 (<5} B 1

L0.0050 |- E L0.0050 - E

[ - B [<5) - B
=4 c

= | N c - i
< [+
F= =

(8} 3 1 o I 1

0.0025 |- - 0.0025 |- -

| | L - |

ol IR R ANRNEEIN R SR wuarill IR ERENEE AN SRR ST
0.0000 0.3 0.6 09 12 15 18 000005 03 0.6 09 12 15 18
Normalized Longitudial Velocity Normalized Longitudial Velocity
c) d)

oot T T oot00 T T T

F B I ——=—— Experimental 1

[ ——=—— Experimental B I RSM 1

o RSM R o g

0.0075 |- — 0.0075 [~ -

E | 1 E | |

= o R £ I 1
2 2

<% B 1 5] B 1

L0.0050 - - L0.0050 |- E

[} - a [} - u
= =

f=4 - i = - i
o o
= =

(8} 3 b o 3 1

0.0025 |- E 0.0025 [ -

i o ] i - ]

oot IR R SNRNETEIN RSN SR sl AR ERENEEN EATTI SRR S
0.0000; 15 18 0.0000 15 18

0.6 09 12 .3 0.6 09 12
Normalized Longitudial Velocity Normalized Longitudinal Velocity

e) f)

Figure 3.11. Normalized longitudinal velocity profiles obtained with the Reynolds Stress
turbulence closure model and from experiment [11] at sections, c¢) 0.220 m., d) 0.350 m.,
€)0.400 m., f) 0.450 m., g) 0.500 m. and h) 0.570 m. for the fine mesh.
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Results obtained with the SST k- closure model are given in Figure 3.12 and Figure
3.13. For all sections it is possible to state that satisfactory agreement between
computed and experimental velocity profiles is obtained. In the fully turbulent region
of the flow, the maximum relative error is found to be less than 4 %. Most important
point is that the error is not magnified in the laminar region as it happened in the k-¢
based computations. Location of the peak velocity was acquired correctly even in the
profiles obtained at sections a to ¢, where laminar effects are dominant.

Turbulence intensity profiles computed with the closure models in this study and
measured in the experiment reported in [11] are shown in Figure 3.14 and Figure
3.15. Experimental profiles exhibit maximum values located at approximately
y =0.0025 m close to the injecting surface. The maximum value of each turbulence
intensity profile increases towards the exit of the channel. It is also noticed that the
maximum value of turbulence intensity is less than 2 % in the laminar region of the
channel (sections a - c). Turbulence intensity profiles obtained from the k-¢ based
computations exhibit no relation with those obtained in the experiments. The
maximum levels for turbulence intensity are twice as much as the experimentally
obtained one. k-¢ based computational profiles suggest that the level of turbulence
intensity does not change along the y axis, where a gradual decrease towards the
upper impermeable wall is detected from the experiments. Turbulence intensity level

predictions obtained with
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Figure 3.12. Normalized longitudinal velocity profiles obtained with the SST k- turbulence
closure model and from experiment [11] at sections a) 0.031 m, b) 0.120 m., for the fine
mesh.
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Figure 3.13. Normalized longitudinal velocity profiles obtained with the SST k-w turbulence
closure model and from experiment [11] at sections c) 0.220 m., d) 0.350 m., €)0.400 m., f)
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the Reynolds Stress model is given in the same figure, where the maximum levels of
the turbulence intensity are seem to be satisfactory compared with the experiments.
However, turbulence intensity distributions in the turbulent region appear to be

overlapping and the maximum values are overpredicted by the computations for
sections 4 and 5.

The computations with the SST k-w model yielded turbulence intensity profiles in
close agreement with the experimental turbulence intensity profiles at each cross
sections. However, a second peak, very close to the impermeable wall, in each
section is observed. This second peak appears in the computations with all turbulence
closure models. The accuracy of the experiment can be questionable in this region

[11], because the existence of the impermeable wall is expected to increase the
turbulence intensity levels.

0.0100 T ] 0.0100 T
—=—— x=0.031m | L i
———— x=0.120m | L i
| ———— x=0220m | i / H i
3 ———— x=0.350m
=000 £ P i:o 400m | 00y ¢ 1; 7]
£ R H : 1 £ HER b 1
=" | M b s ——+—— x=0450m | =" R 1 t 7 ¢ ‘;‘ ]
= [ ! e x=0500m = IR 1 b
< 3 1 [ x=0. E < Fii 1 t $§ f E
K= i 1 3 1 ) — = x=0.570m K= I Y [3 i ° [
L B M P11 i 1 :‘E )y 1 [ SR i ! T
b ottt g 1 ™0 b j
3 P M i R
e | § i ;;111 i s [t 3 Pid i xo0m]
g ity "., 1 I E R it} x010m]
(@] | 1 1 E kY ] O JE z 14 $ 8 1 ——— x=0.220m |
0.0025 |- i I b - 0.0025 |- P o x=0350m
L § i i 3 i | i P L x=0.400m |
i 3 N I3 - x=0450m |
| | —e—— x=0.500m |
J || ——=—— x=0.570m |
TR N R ri IR NI IR
00000, 10 20 30 40 50 00000y 10 20 30 40 50
Turbulence Intensity Turbulence Intensity
a)

b)
Figure 3.14. Turbulence intensity profiles obtained with the a) Standard k-g, b) RNG k-¢, ¢
turbulence closure models, at eight sections in the computational domain
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Figure 3.15. Turbulence intensity profiles obtained with the c) Realizable k-¢, d) Reynolds
stress, €) SST k-w turbulence closure models and f) Experimental, at eight sections in the
computational domain

The variation of average turbulence intensity with the channel length is given in
figure 3.16. Laminar to turbulent transition seems to occur at x = 0.2 m in the
experiments [11]. Turbulence intensity changes nearly linearly in the k-¢ models,
which does not allow to locate the transition. Reynolds Stress Model overshoots the

transition location. In the k-o SST turbulence closure model computations, the
location of transition is estimated correctly.
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3.1 Conclusion

A computational study has been performed to identify the effect of various
turbulence closure models on the calculation of cold flow field inside a model of
SPRB combustion chamber. The injection Reynolds number was chosen as to
produce a statistically stationary flow field which allowed employing RANS
equations. The computations were carried out by using a commercial flow solver,
FLUENT 6.1.18. First set of computations dealt with the comparison of the
longitudinal velocity profiles obtained by steady and time marching features of the
solver. It was shown that the results of two features are in excellent agreement,
which allowed us to exploit the steady feature of the solver in the next step, where
Spalart Allmaras, Standard k- ¢, RNG k-¢, Realizable k-¢, Reynolds stress and SST k-
o turbulence closure models have been employed for the computations. The
calculated velocity profiles were compared with those obtained from an experimental
study reported in [11] at several cross sections of the channel. It was observed that k-
¢ based computations did not produce velocity and turbulence intensity profiles

compatible with the experimental profiles, either in the pre (laminar) or post-
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transition (turbulent) sections. Computations based on the Reynolds stress model
predicted the normalized longitudinal velocity profiles in a good agreement with the
experiments. Additionally, the maximum level calculated for the turbulence intensity
is reasonably well. However, the turbulence intensity profiles in the post transition
region seem to be overlapping. Furthermore, some discrepancy is detected in the
neighborhood of the impermeable wall. Hence, the validity of the closure model is
questionable in those regions. It was possible to acquire the longitudinal velocity
profiles in the entire channel with a good accuracy with the SST k-w model. Contrary
to the rest of the computations employing various turbulence closure models, the
agreement between experimental and numerical profiles does not degrade in the pre
or post transition regions. The turbulence intensity profiles computed with the SST k-
o model were satisfactory, except for the second peak observed in the close
neighborhood of the upper impermeable wall. Indeed, the accuracy of the experiment
can be questionable in this region [11] because the existence of an impermeable wall
may be expected to increase the turbulence levels in this region, leading to a possible

peak.

32



4. NUMERICAL SIMULATION OF TWO DIMENSIONAL NOZZLESS
SOLID-ROCKET MOTOR

Many engineering applications are related to a duct flow injected through porous
walls. The flow field of a SPRB plays an important role on ballistic predictions. The
turbulence transition and the turbulent flow field affect erosive burning.

There are several papers reporting numerical simulations in porous walled ducts. In a
keynote paper written by Beddini[18] a most complete analysis regarding turbulent
transition behavior has been investigated. Beddini has reported 3 different flow
regimes, laminar, transitional and fully turbulent regimes. Unfortunately the analysis
does not include a supersonic Mach number which is obtained in solid rocket motors.

4.1  Model and Boundary Conditions

| | | | | 7
R ' " Inflow * ' '

—Outflow——

h=0.01

| 0032m
-

L=0.48 m

Figure 4.1 Schematic of computational domain

Fluent 6.1.18 commercial flow solver is used for the computation of internal flow
simulation in two dimensional nozzleless solid rocket motor. Navier-Stokes
equations for ideal gas are solved using coupled explicit 2d unsteady solver. The k-o
SST turbulence closure model with transitional flow and compressibility effects is
used in the computation which was validated in the previous section.
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Figure 4.2 Computational mesh

The computational domain consists of 100x40 cells in the axial and vertical
directions respectively at the combustion chamber and 20x40 cells at the diverging
nozzle. A uniform grid is used for both directions at each section.

The length and height of the duct are respectively L = 0.48 m and h = 0.01 m at the
combustion chamber. The length of the expansion nozzle is 0.032 m and expansion
angle is 15°.

Inlet mass flux is set to 13 kg/m?s and the injection temperature is 260 K for the
present computation. Turbulence Kinetic energy and specific dissipation are taken
k=0.001 m?s® and @ = 10 1/s, respectively. Symmetry boundary condition is
specified at y=0. No boundary conditions are needed to be specified at the outflow
since the flow is supersonic at the exit. 139250 iterations to acquire the laminar
solution are carried out which is used as initial condition for steady turbulent flow.
Further 335750 iterations are done to acquire the converged turbulent solution as
seen in Figure 4.5. Here, 0.0698 seconds correspond to 335750 iterations, after the
steady laminar solution is obtained.

4.2 Results and Discussion

In Figure 4.3 the axial velocities at y=0 and y=0.9 vs axial distance are given. The
results are validated with experimental data of Traineau et al. [2] given in a paper by
Lien et al. [12]. In figure 4.4 wvariation of axial static pressure with
nondimensionalized axial distance is given. The results are in good agreement with
experimental data. In figure 4.4 the computed axial mean velocity and experimental
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data is compared. In the combustion chamber the experimental data and numerical
solution match perfectly.
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Figure 4.5 Time history of nondimensional mass outflow.

The computed axial velocity profiles normalized with centerline velocity are
compared with experimental data[2] in figure 4.6. The velocity profiles seem to be
satisfactory.

Experimental and numerical pressure contours are given in figures 4.7 and 4.8,
respectively. Good agreement between the calculations and measurements implies

that SST k-w turbulence closure model also works in the supersonic flow regions.

Figure 4.9 shows Mach number isolines. Maximum Mach number is close to 2.06 at
the exit.
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Figure 4.9 Mach number contours

This numerical simulation of a turbulent cold flow in a two dimensional nozzleless
solid propellant rocket motor shows the capability of the SST k-w turbulence closure
model. SST k-o turbulence closure model was chosen the most appropriate Favre
averaged turbulence model in Chapter 3 of this study for the solid rocket motor
combustion chamber cold flow simulation.
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S. ACOUSTIC EXCITATION IN SOLID PROPELLANT ROCKET
MOTOR COMBUSTION CHAMBER

In the final section, unsteady simulations are performed to investigate the effects of
traveling acoustic waves in solid propellant rocket motor combustion chamber.
Traveling acoustic waves are generated by oscillations at the aft end of the
combustion chamber. This phenomena and the effect of turbulence are important and
may enhance the understanding of unstable motions in combustion chambers. The
oscillatory flowfield enhances laminar to turbulent transition.

Laminar and turbulent simulations using the SST k-o turbulence closure model,
which was validated at the previous sections, are performed and the effect of
turbulence on the acoustic boundary layer and fluctuating axial velocities are
investigated.

5.1  Model and Boundary Conditions

Fluent 6.1.18 commercial flow solver, which employs finite volume technique, is
used for the computation of internal flow simulation in two dimensional solid
propellant rocket motor combustion chamber. Navier Stokes equations for ideal gas
are solved. A point implicit (Gauss-Seidel) linear equation solver is used in
conjunction with an algebraic multi-grid method to solve the resultant scalar system
of equations of the dependent variable in each cell with a second order implicit time
integration. Laminar and turbulent solutions are computed for comparison. The SST
k-o turbulence closure model, which was validated at the previous sections, is used
at the turbulent case.

The mesh of the computational domain is given in figure 5.1. The length of the
channel is L= 20 m and height is h= 1 m. The channel is bounded by a permeable
wall at y = 1. Symmetry boundary condition is applied at y = 0. The head end is
closed by solid wall and the exit section boundary condition at x = 20 is atmospheric
pressure.
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Figure 5.1 Computational mesh

The computational domain consists of 100x100 cells in the axial and vertical
directions respectively, in the combustion chamber. Uniform grid is used in the axial
direction and grid refinement is used near the injection surface.

Aty = 1, mass flow inlet boundary condition is defined. Mass flux is set to 2 kg/m?s
and the injection temperature is 300 K for the present computation. Turbulence
kinetic energy and specific dissipation are taken k=0.001 m%s® and © = 10 1/s,
respectively at the inlet. Pressure is specified to 101325 pa at the exit section in the
steady flow computations.

Using the converged steady flow solution as initial condition an unsteady solution is
started. Sinusoidally fluctuating pressure is defined as the exit boundary condition
used previously by Kirkkopru et al. [10], Vuillot and Avalon [37] and Tseng et al.
[38]. The boundary condition at the exit plane is then

x= 20; p=ps (1 + A sin @t), (5.1)

where ps is the static pressure boundary condition given in the steady flow
computation. A is the nondimensional amplitude of the pressure oscillation and ¢ is
the angular frequency.

A=0.02,9=175"
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Axial velocity is split into three parts used previously by Kirkkopru et al. [10]

U=Ug +Up+U, (5.2)
Here, us denotes the steady computational flow field. The second component up
denotes the acoustic part and the remaining part u, represents the transient rotational

nonplanar component of the unsteady flow field. Similarly, the mass averaged
turbulent velocity components can be split into three parts.

u=uU +U, +U, (5.3)
5.2 Steady computation
In Figure 5.2 the axial velocity profiles for the steady laminar computation and the

Culick profiles [16] from equation (1.1) are given. Computational and analytical
solutions are identical for the laminar case.
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Figure 5.2 Normalized steady axial velocity profiles in steady laminar computation.
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In figures 5.3 and 5.4 Mach contours for the laminar and turbulent calculations are
given respectively. The flow speed is low (Ma = 0.1) for a solid propellant rocket
motor combustion chamber. The turbulent kinetic energy contours in the combustion
chamber are given in figure 5.5. Turbulent kinetic energy for this computation with
no pressure disturbance cannot reach large values. For example the maximum value
for turbulent kinetic energy is about 45 m?/s® and is obtained near the exit section.
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Figure 5.5 Turbulent kinetic energy contours for steady solution

5.3  Unsteady computation

In large combustion chambers as in the case of space boosters a thick acoustic
boundary layer occurs in the vicinity of the combustion surface. Due to larger
chamber lengths the first resonant frequency is in the order of 16-20 hertz.[39]. The
computation is performed up to 15 longitudinal acoustic times. The low pressure
oscillation frequency and the strong blowing effect arising from injection velocity
extend the acoustic boundary layer to the entire combustion chamber.[6,39]
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In figures 5.6 and 5.7, the unsteady part of the vorticity magnitude is given.
Turbulence leads to enhanced vorticity magnitude but the turbulent diffusion
smoothes the unsteady vorticity gradients and the vorticity maximums seen in the
laminar computation cease to exist in the turbulent computation. In figures 5.8 and
5.9 radial variation of u, in different times are given for laminar and turbulent
computations. One may observe the smoothing effect of turbulence on the variations
of uy.

W, =W — W, (5.4)
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Figure 5.10 Unsteady part of the axial velocities( u, + u,) at x = 10 at a) t=5b) t= 10 c) t= 15
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The comparison of fluctuating axial velocities (u, + uy) at the mid-cross section are
given at nondimensional acoustic times 5, 10 and 15 in figure 5.10 for turbulent and
laminar cases.

The comparison of time dependant part of the axial velocities (u-us) obtained at
acoustic times 5, 10 and 15 for laminar and turbulent computations are given in
figure 10. The smoothing and diffusion effect of turbulence on the radially moving
front of unsteady vorticity layer are seen clearly in these comparisons.
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6. CONCLUSION

In this study the interaction of the turbulence, combustion and the acoustic field
occurring inside SPRBs are investigated. In the first part, flow structures inside
SPRB combustion chambers have been investigated with special emphasis on the
effect of solely turbulence models for the accuracy of the computation. A
computational study has been conducted by exploiting a commercially available flow
solver, Fluent 6.1.18. Computations with several turbulence models were performed
and the SST k-o and Reynolds Stress Model have given realistic solutions. The SST
k- model is a second order model and does not solve the extra equations and is
chosen the appropriate model for combustion chamber simulations

In the second part of the study flow field in a nozzleless solid rocket motor
combustion chamber has been investigated using SST k- turbulence closure model,
chosen at the previous section of the study as the most appropriate model for the
computation of solid propellant rocket motor combustion chambers. The cold flow
simulation in a nozzleless rocket motor configuration has shown that the k-o
turbulence closure model has the capability of handling the supersonic flow
conditions. The validity of the model has been checked with experimental data and
numerical studies.[12,13]

In the third section of the study computational analysis of long narrow channel with
uniform sidewall mass addition is investigated. Transient planar pressure disturbance
at the exit plane of the channel is given as a boundary condition as the source of
acoustic disturbances. Nonlinear flow interactions have caused coupled acoustic and
rotational velocity disturbances. The acoustically generated flow field has been
reported to increase the turbulent velocity fluctuations and trigger earlier laminar to
turbulent transition.[14]
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