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Abstract An asymptotic technique is
integrated with computational solution development to
study the flow-field in acoustically simulated SRM
chamber geometry. The computational solution is
carried out for a high Reynolds number and low Mach
number internal flows driven by transient side-wall
mass addition in a long chamber. This kind of flow
(transient, weakly viscous, and contains vorticity)
have several features in common with a turbulent
flow-field. Many investigations to chamber flow
turbulence modelling, based on x¢ xw and full
Reynolds stress methods, have been studied. They
revealed that the turbulence models, like x-¢and -,
that used to predict the turbulence level, are not very
successful in predicting the transverse location of the
turbulence intensity peak as well as show over
predicting turbulence level than the measured values.
The current study employ a full Navier-Stokes
equations to analyze the RMS values for a flow in
porous channel. At a higher Reynolds numbers,
transition to a turbulent velocity profile is predicted.
The comparison to the experimental data in cold-flow
indicates agreement with the laminar description for
the mean velocity profile, while the turbulence level
predicted was approximately twice than the measures
values.

Keywords Solid Rocket Motor Chamber, Unsteady
Vorticity, Transient Mass Injection, Internal Cavity

I. INTRODUCTION

The present numerical simulation is performed to
study the flow-field in acoustically simulated SRM
chamber geometry. The computational solution is
carried out for a high Reynolds number and low
Mach number internal flows driven by transient side-
wall mass addition in a long chamber. This kind of
flow (transient, weakly viscous, and contains vorticity)
have several features in common with a turbulent
flow-field.

Recent studies.[1-4], demonstrate that the boundary
conditions of the adapted cold model simulations
found to be different than the real life situation of the
combustion models. As a results, we try in the current
research to employ a full Navier-Stokes equations to
analyze the RMS values for a flow in porous channel.

The axially distributed transverse velocity on the
sidewall is a prescribed function of time with many

wave numbers, [6-12]. Many studies by Flandro [13],
Majdalani, Van Moorhem [14,15], and Smith et al. [17]
of time dependent boundary mass addition have been
surveyed. Vuillot and Avalon [16] revealed the
presence of vorticity similar model.

More intensive computational techniques have been
carried out by Tseng et al. [18] and Roh and Yang [19]
to include the reactive models.

Many investigations to chamber flow turbulence
modeling, based on k-g, k- and full Reynolds stress
methods, have been studied. Liou and Lien, [29]
revealed that the turbulence models, like k-¢ and k-,
that used to predict the turbulence level, are not very
successful in predicting the transverse location of the
turbulence intensity peak as well as show
overpredicting turbulence level than the measured
values. For example, Beddini, [30], employed a full
Reynolds stress turbulence model to analyze the flow
in porous channel. At a higher Reynolds numbers,
transition to a turbulent velocity profile is predicted.

The results by Sabnis et al., [31] using the low
Reynolds number k-g turbulence model show greatly
overpredicting turbulence levels but indicates
agreement with the experimental data for the axial
mean velocity profiles. In general, in spite of the
overpredicting turbulence level and the unsuccessful
in predicting the transverse location of the turbulence
peak, the turbulence models proved satisfactory in the
pretransition region of the mean-flow.

Related numerical calculations have been carried
out by Tseng et al. [18] and Roh and Yang [19] to
include the effect of exothermic combustion reactions
adjacent to the sidewall. The temperature variations
observed in these studies arise from flame zone effects,
rather than the acoustic disturbance-injected fluid
interaction mentioned previously. Time-dependent
numerical data by Hegab [20] and Hegab and Kassoy
[6] is used to calculate the mean axial velocity
distribution across the channel.

“The computational results in the present work
elucidate the transient variation of the spatially
distributed vorticity and temperature distribution in a
channel after time-dependent mass addition from the
sidewall is initiated. = These results verify that
relatively large vorticity and temperature gradients are
present throughout the flow field although the
temperature disturbances themselves are small at both
resonance and non-resonance frequencies. Reflection-
preserving numerical boundary conditions are used to
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ensure that the computed acoustic field is an accurate
solution to the posed initial-boundary value problem.
In particular, the present acoustic response includes
eigenfunctions predicted by Staab et al. [9] as well as
the forced modes seen in Kirkkopru et al. [7] . All
earlier computational studies cited here are missing
eigenfunction responses that are predicted by
analogous acoustic analysis for the semi-confined
systems considered.

Results are given for a nondimensional sidewall
injection distribution composed of a steady spatially
uniform part and a similar amplitude oscillatory part
that is axially distributed with different wave numbers.
The amplitude of the latter is large enough to ensure
that fully nonlinear fluid dynamics is evolving in the
flow field (Staab et al [9]). Comparisons of time-
evolution of temperature gradient, and  vorticity
distributions for non-resonant, near resonant, and at
resonance oscillation frequencies are used to show
how relatively large amplitude disturbances evolve in
the latter case. The results of the present study show
that surprisingly large transient vorticity and
temperature gradients are present on the sidewalls and
in the interior of the channel, at the resonance
frequency and low wave number even when the
transverse fluid injection is isothermal. This
unexpected phenomenon arises from an interesting
interaction between acoustic disturbances present in
the low Mach number internal flow and the isothermal
fluid injected from the boundary.

The observed axial variation in the radial
temperature distribution is explained in terms of the
acoustic-injected fluid interaction derived in the
asymptotic analyses of Staab et al. [9], Rempe et al.
[10] and Zhao et al. [11,12]. Related ideas are used to
show why the axial distribution of the temperature,
temperature gradient, and vorticity is sensitive to the
wave numbers of the axial variation of the injection
velocity.

This document is a template. An electronic copy
can be downloaded from the conference website. For
questions on paper guidelines, please contact the
conference publications committee as indicated on the
conference website. Information about final paper
submission is available from the conference
website[27,32].

Il. THE PHYSICAL AND MATHEMATICAL
FORMULATION

The mathematical model is written as;

, @
where;

Q=[p. pu, pv.E. ]

1
E= {Mpu, Mpu’® +W p,Mpuv, M{E; +(y -1)pju

5*M , o 75*M

F=| Mpv,Mpuv - ——u, ,Mpv* + — p,M{E; +(y - pv - ——T
{p\/pu Reypvﬂvlp{r(y )} T
ET is the total energy

equation of state for a perfect gas is;

P=pT @
with the non-dimensional quantities;
p=p/p,p=plp, T=TIT,
b= 10, =V 19
=X/L, y=y/H, t=t/t,
X X/ ! y y/ ’ /a (3)
U, C. U, L R
= p"kp R =" g R, =
0 0 :uo (4)

Parameters ranges of interest include M< O(10-1)
and Re=0(10°-10°)

A. The Initial and Boundary Conditions

The axial variation, time-dependent injection
transverse is imposed with the boundary and initial
conditions for the steady and unsteady flows can be
written as follows;

x=0; u=0, v=0. (5)
x=1; p=1, “pressure node” (6)
=0;
-0, u_9ar_op_op_g
N N N o o
y=1; u=0, T=1,
and
_ Viws (X) t <0,
N Vs (X)—&p,, 1-coswt) t>0, ®

t=0; u=v=0, p=T=1
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9)
The Analytical Approach
Staab et al. [9] show that;
wmapjpwywaﬁ%uy{azﬂﬁf)(l
0)
The asymptotic expansions for the velocity

components and the thermodynamic variables in the
limit M—0 are;

MV, (,y 1)

n=0

W0 Y0 =0 0,y )+ D IM G, 6,y D,V (X, 1,0 =V, (,Y) +

(11)
POY 0~ Py (6, )+ M6,y 0, T (V.0 ~To (6, XM T, (,.0),
Py 1) =P,y DT (X, Y1), P, =4, +T,
(12)

The final derived form can be written as follows;

S 15

(13)
The thermodynamic variables in the limit M—0
are;

WO Y0 ~ U 06,V )+ MU, (6, Y0,V 0,V .0) =V (6,3 + S M Y, (6,3 1),
(14)

PO Y. =P 00 Y)+ SM ™ (0,0, T (6,y,0) =T 06,y)+ M, (x,,0),

POGY D) =P(X,Y,DIT(x,y,),B =4 T,
(15)
The resultant equation can be written as follows;

(51503

(16)

! g ‘mu .f) =-pu 0l -cos{ ef)), p.) = ic cos fix
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T=0, 4 =0 '
i = . :
ab (%15 ) oo
W v
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Figure 1: The boundary conditions for  the

perturbed flow variables that superimposed on the
converged steady state solutions.

t=0, P, =0, % _o
o (17)
—o, Pog x-1 P =
OX (18)
y=0;
v, = 07 (19)
y=1
v, =—-¢p,,(Ll-cosat) t>0, (20)
Using the boundary conditions at y=0,1, the
equation (16) can be written as;
82P a P w € @, (X)sin ot
atz OX 7/ (Drw (21)

Equation (21) represents the wave equation for the
acoustic pressure fields.

B. The Computational Approach

The present study employs higher order accuracy
difference equations in  MacCormack[21], Gottlieb et
al.[22], and Poinson, et al. [23] is used to solve the
2-D, unsteady, compressible Navier-Stokes equations
at the interior points and at the boundaries.

The mass conservation is satisfied using the
condition:

(47—, =10" (22)

where ¢=(u,v,p,T) and k is an arbitrary coefficient
based on the solution precision. Typical values of k <
10, More details about the computational approach
is found in [27,32].

ISSN: 2231-5381

http://www.ijettjournal.org

Page 53



http://www.ijettjournal.org/

International Journal of Engineering Trends and Technology (IJETT) — Volume 27 Number 1- September 2015

I11. RESULTS AND DISCUSSIONS

The objective of this work is to study the influence
of different flow parameters and their RMS values
on the nature of the flow field inside the SRM
chamber.

A. Code Validation

The current code has been verified in figure (2) by
comparing our results with the analytical and the
experimental results by Deng, etal. [24, 25] for
the steady state solution. The results shows good
agreement with a certain deviation between the
experimental and the theoretical approach..

Figure (2) : Normalized axial velocity profiles at the
midlength of the chamber for the steady state flow,
[27,32].

The steady state velocity vector map at t=0 is
presented in Fig. (3). It is noted that these vectors is
qualitatively closer to the experimental flow pattern
by Deng, and the coworker in particular in case of less
turbulence with the pore size 1/8" honeycomb.

Figure(3) : Instantaneous velocity vector map at t=0.0

3 End

Close

A comparison of the analytical temperature time

history (T ), with the numerical solution in figure(4)
show reasonable agreement between the analytical and
computational solutions.

Moreover a comparison of the asymptotic analysis
perturbed pressure time history with the computational

one at and near resonance frequencies is presented in
Fig. (5). For t< 10 the results show good agreement
between the two approaches even with the asymptotic
beat condition

(a):ﬂ'/2—0.0018)

which is very close to the resonance frequency. While
for t>10 the asymptotic solution show linear growth
with time based on the linear theory for the derived
wave equation, where

w=p.=xrl2

In contrast, the computational solution show beats at
the resonance condition due to the nonlinearity and the
asymptotic beat solution have a smaller amplitude
than the resonance one. The beats appear due to the
interaction between the deriving frequency mode

w=r/2-0.0018

and the first eigenfunction mode ( 7/2)”.
Figure(4) : Comparison between the computational

Camrup st o bt vl
Aarpre o

and the asymptotic solutions for the perturbed
temperature time history with o =1 (hon-resonance),
€=0.4, M=0.02, and Re=3*105 at the half-length of the
chamber, [27,32].

Figure(5) : Comparison between the computational
and the asymptotic solutions for the perturbed pressure

xao} 5 w0 ( “xiq =
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time history with ® =n/2 (resonance) , €=0.4, M=0.02,
and Re=3*105at the half-length of the chamber

Turbulence Characteristics Results

The complete axial unsteady velocity in the
chamber can be divided into the mean motion and
into fluctuation as,

U=<u>-+u, +U, 23)

Where
u. . . .
P is the acoustic fluctuation,
uy is the rotational fluctuation, and < > denotes the

time-averaging.

The RMS of the axial fluctuation intensity is
defined as,

. . . . /2 NN NN NN 12
[<(up+uVXup+uv)>]1 :[<upup>+2<upuv>+<uvuv>]1

(24)

The time-averages at a fixed point,

.
<cx>:1/TIadt
° (25)

are given over a long period “T” to ensure that the
vorticity fills the entire chamber. o represents the flow
parameters and the mixed products.

The total RMS intensity for ® = n/2 and £=0.4,
M=0.02, and RE=3*10° as in equations (23-25) is
presented in figure (6).

Total RMS Intensity

Y i x

Figure(6) Total RMS intensity for @ = n/2 and £=0.4,
M=0.02, and Re=3*10°

T
na : \ i‘ -] :I 2
X Piagw rotattons! (egoin

O ._Ni' _Q:»’

D2t Pure aceustic regodn

Figure(7) Pure rotational and irrotational regions
with the same parameters as in Fig.(6)

The pure rotational and irrotational regions is
presented in Fig.7 for the same parameters as in Fig.

(6).

More results for the Reynolds stress obtained from the
time-average of the mixed product of wvelocity
fluctuation, <u’v’> for Re=4*105 , M=0.02, A=20,
n=1, £=0.4, and w=1 is obtained. The product <u’v'>
represents the transport of the x-momentum through a
surface normal to the y-axis and defines an additional
stress arising from the fluctuations on the mean
motion. The stress has significant negative values at
the midchamber adjacent to the wall. If a particle with
v'<0 moves into a region where

J<u>

¥

vice versa.

<0
, then the corresponding u™>0 and

This means that the time-average of the mixed product
of the velocity fluctuation, <u’v™>, is always negative.
The transverse gradient <u'v’>  fluctuates from
positive to negative across the chamber. In addition
the maximum amplitude of the Reynolds stress
occurring adjacent to the propellant surface may also
impact the burning rate of a solid propellant.
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Figure (8) The heat transfer variation at resonance for
four eigenvalues.

et and o = o o tel]

Figure (9) The shear stresses variations at resonance
att=42.

More results about the variation of the heat transfer

effects and the vorticity variation at resonance is
presented in figures (8) and (9).
The beat response is observed at this frequency in the
case of nonlinear, weakly viscous acoustic-flow. The
beat response may arise from the interaction between
the forcing oscillation at the driving frequency and the
first fundamental mode. In addition, the oscillations
amplitude is greater than for o=1.

1VV.CONCLUSIONS

Results of the kind described here may help to
identify high heat transfer and erosional burning
location in motor chambers. The RMS values show
that the vorticity and the associated rotational and
thermal flow is generated at the side wall and fill the
entire chamber as time increases. The idea here is
account for the “scouring” effect of oscillatory shear
stress on the fizz-foam zone thought to exist at the

gas-propellant  interface. Near the resonance
frequency, the maximum amplitude of the intensive
vorticity is greater than that for @=1. This related to
the axial acoustic pressure response, induced and
sustained by the sidewall injection, which shows a
large amplitude oscillations (beat) with ©=1.5,
compared to the solution with w=1. In addition a
stronger peak shifts toward the side wall injection than
that for ®=1. Moreover, The beat response is
observed at this frequency in the case of nonlinear,
weakly viscous acoustic-flow. The beat response may
arise from the interaction between the forcing
oscillation at the driving frequency and the first
fundamental mode. In addition, the oscillations
amplitude is greater than for o=1.
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