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ABSTRACT

In hypersonic flows, turbulence critically influences mass and momentum trans-
port, mixing, heat transfer and acoustic noise generation. In contrast to incompress-
ible flow, in high speed flows pressure is a true thermodynamic variable and flow-
thermodynamic interactions render the investigations extremely challenging. Most
studies to date have been performed on steady, uniform or homogeneous shear flows
leading to important insight on the flow physics. In most real world applications,
flows of practical importance will exhibit unsteadiness and strong inhomogeneity. To
date, investigations of unsteadiness and inhomogeneity in high-speed flows are rare.
The goal of this dissertation is to study and understand these non-ideal effects when
pertinent to shear flows. Towards this goal, we perform three distinct studies: (a) ex-
amination of time reversal characteristics of linear inviscid mass, momentum, energy
and state equation in compressible flows; (b) Linear analysis (RDT) of compress-
ibility effects on instabilities in temporally periodic (unsteady) homogeneous shear
flow; and (¢) Numerical investigation of small perturbation evolution in compressible
Kolmogorov (inhomogeneous) shear flow.

The first study shows that even with the additional governing equations required
in the high-speed regime, the inviscid flow field is still reversible. This justifies the
use of temporal periodicity to investigate the effect of unsteadiness. The second
study presents a detailed analysis of the pressure equation in temporally periodic
homogeneous shear flow. The analysis and numerical results show unsteady uni-

form shear exhibits two stages of evolution due to the changing behavior of pressure.
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These stages are analogous to the first two stages of evolution established in steady
shear. The third stage seen in steady shear is not achieved by periodic shear flow.
The final study shows that the evolution of small perturbations in spatially periodic
Kolmogorov flow is influenced by: i) the initial compressibility parameter, My, ii)
the initial perturbation orientation, and iii) the stream normal location. Ultimately,
the final study supports the postulate that all shear flows exhibit perturbation sta-
bility boundary classifications seen in homogeneous shear flows. The findings of this
research further our understanding of the effects of unsteadiness and inhomogeneity

in realistic flows, which will aid in the development of improved computational tools.
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CHAPTER 1

INTRODUCTION

Ever since the Wright brothers made the first powered, controlled human flight
over a century ago, mankind has sought to fly faster and higher. In recent decades,
hypersonic flight is being considered for space access as well as atmospheric trans-
port. Hypersonic flight presents many challenges and opportunities to scientists and
engineers. Turbulence is crucial in several aspects of hypersonic flight - mass flow
at the intake, heating in the boundary layer, mixing in the combustor and acoustic
noise generation are all critically influenced by turbulence. The quintessential ele-
ment that makes hypersonic flow, and more specifically compressible turbulence, so
complex is the change in the nature of pressure. Over the past several years, several
investigations have been performed to examine the influence of compressibility in a
variety of flows. The goal of these studies is to develop improved closure models
and control strategies to predict and control transition and turbulence in different
high-speed applications.

In incompressible flows, pressure can be considered a Lagrangian multiplier with
the sole purpose of imposing the divergence-free condition. Under these conditions
the velocity field is purely solenoidal. However, in high-speed flows pressure is a full-
fledged thermodynamic variable evolving according to a wave equation. As a result,
the dilatational mode of velocity fluctuations becomes more prominent in high-speed
flows. This introduces new energy exchange mechanisms such as pressure dilatation,
which is responsible for energy exchange between dilatational and pressure fields.

Understanding these thermodynamic-velocity interactions will help develop improved
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computational tools for design and development of high-speed flight vehicles.

Studies of high-speed shear flows show that compressibility has a stabilizing ef-
fect on the evolution of turbulence. Experiments of high-speed mixing layers observed
reduced production rates [1-3]. Computational studies of high-speed homogeneous
shear flow performed by Sarkar [4] and Simone et Al [5] conclude that compress-
ibility has a ‘stabilizing’ effect on the growth rate of turbulent kinetic energy. This
stabilizing effect is found to increase with the gradient Mach number, M,. More re-
cent studies have identified multiple stages of turbulent kinetic energy evolution [6-8]
in compressible homogeneous shear flows and analysis of the pressure equation has
pinpointed the onset times of each stage which are functions of M, [9]. The extensive
investigations performed on high-speed homogeneous shear flows and mixing layers
has led to the hypothesis that all shear flows exhibit similar qualitative behavior in
the compressible regime.

Most of the fundamental analysis and investigations to date address homoge-
neous and steady shear effects in high-speed flows [9-11]. Practical applications
often involve spatial and temporal variations in shear. It is therefore critical to un-
derstand the consequences of these ‘non-ideal conditions on transition and turbulence
in high-speed shear flows. Even in incompressible flows, the effect of unsteady shear
is complicated. Girimaji et al [13] and Yu and Girimaji [12] demonstrate that un-
steady shear leads to a phase lag between the frequency of the shearing rate and the
evolution of the shear anisotropy, b15. The precise degree of phase lag depends on the
timescales of perturbation and shear unsteadiness. Some combinations of timescales

lead to out-of-phase oscillations between stress and strain resulting in suppression



Girimaji et al. (2006) Lavin et al. (2012)
Rotating Shear Compressible Shear

Yu & Girimaji (2006) Bertsch et al. (2012)
Periodic Shear Compressible Shear

Present Dissertation
Studyl: Time reversibility of inviscid compressible flow equations
Study 2: RDT of high-speed homogeneous periodic shear
Study 3: DNS of compressible Kolmogorov flow

Figure 1.1. A schematic of previous studies that paved the way for the
studies presented in this dissertation.

of the perturbations. Figure 1.1 shows a research roadmap of previous studies and
highlights where the studies in this dissertation will improve current understanding
of high-speed shear flows by examining combinations of effects.

The objective of this thesis is to examine the effects of shear unsteadiness and
inhomogeneity on transition and turbulence in high-speed flows. We perform DNS
and RDT studies of spatially and temporally periodic shear flows to build upon our
comprehension of the stabilizing effects of compressibility on transition to turbulence.
Our main goals are to (a) provide extended validation of the qualitative behavior of
all compressible shear flows in respect to pressure evolution and classification of
stability boundaries and (b) investigate the effects of inhomogeneity (implemented
through a spatially periodic mean flow) and unsteadiness (implemented through a

temporally periodic mean flow field) on compressible high-speed shear flows. The
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thesis is comprised of three studies:

1. Investigation of the reversibility characteristics of compressible mass, momen-

tum and energy equations.

2. Analysis of implied periodic unsteadiness in the rapid distortion limit of high-

speed homogeneous shear flow.

3. Direct numerical simulations (DNS) of the compressible Kolmogorov flow.

A brief introduction to each of the studies is presented next.

I.A. Study 1: Time Reversibility of Compressible Flow Equations

The property of the governing flow equations under time-reversibility transfor-
mation is important for inferring the behavior of the system when subject to unsteady
forcing. It is well known that incompressible Navier Stokes equations are irreversible
solely due to the action of viscosity. However, investigation of the low-speed invis-
cid Euler equations [14] has shown flow reversal is theoretically permissible under
certain conditions. Some studies have attempted to utilize this analysis in order to
improve existing modeling approaches [15]. The first short study of this dissertation
will apply the time-reversal transformation to high-speed flow equations. The time-
reversibility analysis in compressible flow is rendered much more complicated than
in incompressible flow due involvement of additional equations - mass conservation,

energy balance and thermodynamic state equation.



1.B. Study 2: Rapid Distortion Analysis of Turbulence Subject to High-

speed Periodic Shear

The combined effects of compressibility and unsteady (periodic) shear on a high-
speed homogeneous turbulence flow field are investigated in the linear rapid distortion
limit. In particular, the effect of unsteady shear on flow-thermodynamics interac-
tions is examined. Simplified linear analysis of the perturbation pressure equation
reveals crucial differences between steady and unsteady shear effects. The differences
are confirmed by numerical simulations of the governing equations at the inviscid
rapid distortion theory (RDT) limit. Unlike steadily sheared compressible flows,
the unsteady case does not exhibit a final perturbation growth stage. Further, the
parametric resonance phenomenon found in incompressible unsteady shear turbu-
lence is absent in the compressible case. Overall, the stabilizing influence of both
unsteadiness and compressibility are compounded. The underlying flow mechanisms

are investigated and a simple physical explanation is developed.

I.C. Study 3: Direct Numerical Simulations of Compressible Kolmogorov

Flow

By construction, Kolmogorov flow features a spatially periodic mean flow. Thus,
it incorporates a range of velocity gradients and hence is the archetypal inhomoge-
neous flow. This flow is of simple geometry and yet provides an ideal test-bed for
examining the inhomogeneity effects in low and high-speed applications. In this
study, direct numerical simulations of the Kolmogorov flow were performed to inves-

tigate the flow physics of individual perturbation modes as well as that of a collection



of isotropically distributed modes. It is demonstrated that the behavior of pressure,
and consequently the evolution of the flow field, is dependent on three factors: (i) the
initial Mach number at the maximum shear plane, (ii) the initial orientation of the
perturbation wave in the shear plane, and (iii) the magnitude of effective Mach num-
ber at different vertical planes. The degree of stabilization, if any, compared to an
equivalent homogeneous shear flow is quantified. The difference between streamwise
and spanwise perturbations is examined. The evolution of dilatational fluctuations
as a function of initial orientation is examined. The stability characteristics as a
function of initial orientation are established. Comparing the stability characteris-
tics at different locations of shear levels isolates the inhomogeneity effect. Overall,
this study presents a clear analysis that shows the stabilizing influence of compress-
ibility is somewhat modified by mean shear inhomogeneity, but the fundamental
characteristics remain.

In summary, the different studies performed in this dissertation seek to clearly
isolate the influences of unsteadiness and inhomogeneity in high-speed shear flows.
In the subsequent chapters each of the three studies are presented in detail. The

summary of the dissertation findings is presented in the Conclusion section.



CHAPTER I1
TIME REVERSIBILITY IN LINEAR, INVISCID FLOWS:

LOW-SPEED VS HIGH-SPEED

This chapter will serve as a prelude to the extensive analysis in Chapter III that
will examine the influence of forced periodic unsteadiness on a compressible uniform
shear flow. The time reversibility characteristics of the low speed Euler equations
have been established and studied [14,15] for its implications in modeling. However,
analysis of time reversibility in high-speed flows, where pressure is governed by state
and energy equations instead of Poisson’s equation, needs to be performed. In this
chapter, full analysis of time reversibility in the inviscid, Navier-Stokes equations will
be presented for both low-speed and high-speed flows highlighting the key differences.
The final section of this chapter will discuss implications of the effects of unsteadiness

in high-speed shear flows.

II.A. Low-speed Governing Equations

The analysis for the low-speed or incompressible regime begins with the instan-

taneous mass, momentum, Poisson and wave vector evolution equations:

Op | 0lpu;)

T oz, =0 —= V-u=0 (2.1)

(9uz- 8u1 _ 1 8p 82ui

d . =__ 2.2
ot T Ox; p ox; * y&cjaxj (22)
Ou; Ou;
p=— L 2.

We commence the derivation with a decomposition of the flow field variables.
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The variables are decomposed into their mean/background component (denoted by

f) and their fluctuation/perturbation component (denoted by (f')):

p=p+p, Ui=U-+u', p=p+p. (2.4)
Substituting the expansion into the equations leads to:
oU; +u) — OU; +ul) 1 o@p+7p)
———Y + (U; + = — 2.5
TR CER Yy G+p) oz (25)
_ _ aﬁi—l—u; a(U'—Fu'-)
V@t p) = —(p+ o) A AT, (26)

&rj 8@

We subject the instantaneous equations (2.5 and 2.6) to averaging to construct the

mean/background field governing equations:

ou, — 871- 1 op g 8p , 0u;
, — 2.
ot Ui dr;  pox;  (p)20x, ox; (2.7)
oU; 0U;  Oul, Ouj Ou;oU
D=— L : 2.
v p (8% Ox; Lt Oz, 8:&) 8% Oz; (28)

The mean field equations (2.7 and 2.8) are subtracted from the instantaneous de-
composed field equations (2.5 and 2.6) to reveal the governing equations for the
perturbation /fluctuation field:

ou, — ou} 10p P Op P op p oy

= _ = - 2.
o Vi, 50m, " (520m; | 520w (7)o, (29)
o U, o ou; o ou;
J ij J 81‘]‘ J 0xj ’
ou,; ou; o, OU ou. ou’;  Oul, Ou;
2,0 _ — i i J _ t_ J v_J 2.1
B oU; 0U;  9U; Ouj  Quj U, duj Ouj  duj Ouj
Oxj Ov;  Oxj Ox; Oxj Ox;  Ox; Ov;  Oxj Ox;
,ou; aU
20 H.O.T.
8:63 8x, +



Now we reduce the governing equations to their linearized form. All terms that are
higher than first order in perturbation/fluctuation variables are neglected:

o — o 1op o op 00,
oup o Oow _ Llop o p op ., 2.11
o Y Oz p 0 " ()2 0z, 70 24y

2,7 .

(2.12)
Next, we restrict our attention to a homogeneous mean flow field. The homogeneous

condition implies that the mean velocity gradient and thermodynamic variables are

uniform throughout the spatial domain leading to:

oP  0p
= = 2.1
oU; U,
T, t) = t 2.14
5o (5.0 = 5.() (214

where i # j. Applying these assumptions the linear fluctuating equations become:

Ouj — Ouy  duy _1 op ,0U;

LY e R Y] 2.15
ot gz, dt  pom o, (2.15)
Gﬁlau'
Vi = —2p5 &Lj (2.16)
J %

Using the homogeneity assumption permits us to transform the governing equations

into spectral space via Fourier transforms of the flow field variable:

T(T ) =D LW OT (@) =Y a0 O Y (T ) = D p(0)e O,
(2.17)
where K is the wave number vector. This step transforms the set of partial differential
equations (PDEs) in physical space to a set of ordinary differential equations (ODEs)
in spectral space:

du; T .
di = —5/%]9 — ujSij7 (218)
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A _UR;

In this linearized, spectral form, equation (2.19) can be plugged into equation (2.18)

to get reduce the set of equations that govern the flow field:

di; 1 1K ~

dt = —5:%,(—2,0?%51]) — ujSij- (220)
dlii 8UZ
— = —Rj— 2.21
dt HJ &rj ( )

With the governing equations in this form, we perform the following transfor-
mations [44]:

Applying these transformations to (2.25) and the wave-vector evolution equation

(2.24):
d(—fbl) 7 _ilﬂil % ~ x ~
e —5%2‘(—2/)?(—%)(—%)) — (=1;)(=S4), (2.23)
dlii =
dt = _Kfj(_Sji)a (2'24)
which reduces to:
di; i R - di;
i (—ﬁm(—%ﬁuﬁu) - ujSij) =— (2.25)
d/%l ~ dlﬁi
o = — (—IiijZ) = — dt . (226)

Thus, we recover the well known result that the inviscid perturbation equations are
fully reversible in incompressible flows. Several studies have examined the implica-
tions of time reversibility of the Euler equations for developing closure models. The
purpose of the low-speed derivation here is to set up the ground work for comparison

with the high-speed derivation that follows.
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II.B. High-speed Governing Equations

For high-speed flows, we begin with the conservation equations for mass mo-

mentum, and energy along with the ideal gas law:

dp  Olpu;) _
5% + on, 0, (2.27)
dpu;)  O(pujuy) dp 0
= — 2.2
O(pT) | 9(pTw;) — p Ou;
ot + or; ¢, 0x; (2.29)
— pRT. (2.30)

Once again, we restrict our consideration to inviscid ideal gas flow. The momentum

equation can be written as:

8p 8p (’9u]
o T = P (2.31)
E + Uja—mj = —axi, (2.32)
8p ap B @uj
% Yan P (2.33)

We decompose the field into the mean/background and fluctuation/perturbation

parts in the same manner as the low-speed case:

p+p) . ., 0@+p) . 0@ +uy)
oU; +ul)  — L OU; +ul) 1 9p+p)
5 T (Uitu) o oxp) an (2.35)
op+v) 7, n00+p) _ N OU; + uj)

11



Reynolds averaging applied to the high-speed field equations leading to the mean /background

governing equations:

op ap _oU; op o
e . — o o 2.
o T Uins = Por, Yo P ony (2.37)

ou;, — an 1 0p P op o,

| ooy o 2.38
ot "%ioz, T "pom  (pRorn oz, (238)
op — Op _0U,; ou; op/

9 7o __ -0U; i 2.39
ot T Viow; = T Pon, T Won, T Yiaa, (2.39)

Subtracting the mean field equations (2.37-2.39) from the instantaneous field equa-

tions (2.34-2.36) reveals the fluctuating field equations:

op/ o' ,9p  ,0U; 0wy 9 Oup 9y Ou
LT, - - = / 2.40
ot " ar = Yan, "o, Pan Yiaw P an, T an, T an, 240
ou, — oul 10p P Op o op p op
Y 5 i R S 2.41
ot g, con  @ron T @Ron  @Rom M)
_ u, 8UZ B u, 8u; i o 8u;
J (%j J 856]' J 8xj ’
op' (‘)p o, U’ (‘)p ,o0u ou; op' op/
— U ! —~Np—L— —p = U ! . (242
ot VUi, = T Pan, T an s T o, T, e, e, (342
The linearized fluctuation equations are:
op' op’ ,0U ,0p  _Ouj
L7, S Ry - 2.43
ot * J@xj 7 Oz, 4 z;j p8$] (243)
ou, — ou 19p s ap ,8U ;
i ) Rt A . 2.44
ot + Jaxj ﬁaxl e ( )2 81‘ 8:cj’ ( )
op' d(p ) /an —au; , Op
L 4T, = L At 2.45
ot "% n, T T on, T Por, T Yo, (2.45)
For a homogeneous shear flow this reduces to:
op  — Op dp’ _ o}
hatudl R 2.4
ot "Vioe, = T Pon, (2.46)
ou, — Ou du, 1 ap oU,
4 U;— = —t= L 2.47
ot dx; dt — pox; — T 0x;’ (247)
o' — op dp’ ou;
= — . 2.48
ot 7 ox, i~ P 83:] (2.48)
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Transforming the linear, fluctuating field equations to spectral space, the set of PDEs

become ODEs:
dp

% = —’l'pfij'LALj, (249)
di; T
di = —%K)ip - UjSij, (250)
dp o
o = ~O/PKs;. (2.51)

This is the final form of the high-speed inviscid governing equations. The wave vector
evolution equation remains unaltered from the low-speed limit (2.24). It is important
to note that unlike the low-speed case where the momentum equation is independent
of the mass and energy equations, here all the equations are interconnected.

Applying the time reversibility transformations (2.22) to the high-speed equa-

tions:
dp — x
o = —zp/ij(—uj), (2.52)
d(—ﬁi) T = ~
= i = (i)(=5), (2.58)
dp . X
which reduces to:
dp = dp
o —(—ipryi;) = T (2.55)
du 7 ~ di,
L (o 0;S;;) = ——, 2.56
dp = dp

Evidently, the high-speed inviscid linear equations are time reversible, even with the
added complexity of compressibility, which has a strong influence on the behavior of

pressure.
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II.C. Implications for Unsteady Flows

With the knowledge that the linear inviscid equations for both low-speed and
high-speed flows analytically show flow field reversibility is possible, we deduce what
this will imply for studies examining unsteady flow. Since time reversibility of a flow
requires the flow field variables return to their initial state, this concept can be con-
sidered highly stabilizing when considering transition to turbulence. Most real world
applications will never actually exhibit an instant reversal of all flow field veloci-
ties like that theorized in time reversal. However, almost all flow types experience
some level of unsteadiness. To gain insight on the overall effects of unsteadiness,
it is possible to implement rapid velocity changes in flow fields through use of un-
steady forcing in numerical methods or experiments. This concept has been tested
in low speed shear flows [12,13] where a strong suppression of the initial perturba-
tions was witnessed. In the chapter that follows, we will utilize this knowledge of
time reversibility in high-speed shear flows to simulate a temporally periodic forcing
mechanism on a compressible homogeneous shear flow hypothesizing that a similar

form of flow field stabilizing action will occur.
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CHAPTER III
RAPID DISTORTION ANALYSIS OF HIGH SPEED HOMOGENOUS

TURBULENCE SUBJECT TO PERIODIC SHEAR

III.A. Rapid Distortion Theory of Periodic Compressible Flows

To derive the inviscid RDT equations for an ideal gas, we begin with the instan-
taneous conservation of mass, momentum and energy equations [16].

8p dp 8U

5 Uja 8:15] (3.1)
oU; oU; 10P
R § St 3.2
ot * T Ox; paxZ (32)
oT T oU;
P LU = (TS .
ar T Uiy, = 0= DTG (3:3)
P = pRT. (3.4)

Here p, U, T, P and 7 represent the instantaneous density, velocity, temperature,
pressure and the ratio of specific heats. The variables ¢t and x denote temporal and
spatial coordinates.

The instantaneous variables are expanded into their Reynolds-averaged (denoted
by (-)) and fluctuating parts (denoted by (.)): p=p+p, Ui=Ui+u; , T =T+ T
and P = P +p. By subjecting the instantaneous equations to Reynolds averaging,

the governing equations of the mean field quantities are obtained:

ap ap 8U 8p’uj’

o "V = o, on, (3:5)
U, o0, —duw 10P 1 9P (7)FoP
oU; , 00, Ol _ 10P oF ()0 5)

o "Vige, VY on, T 50w T 0 (5)° Ox
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or 0T 0T _ 0T, oy’

- L (v — -7 — 1~ J
gt " Uigy, Ty, = T - UG - (= DT

(3.7)
P =RpT + RpT'. (3.8)

The mean field set of equations (3.5 -3.8) are subtracted from the instantaneous
set (3.1-3.4) to obtain the fluctuating field equations, which results in the following

system of equations:

o'  —0p 9 O ,0p' 0uk’
at * UkaZL’k n Uk a$k al‘k * uk axk 8xk
,8@ ,8uk’ lﬁuk'

paxk —f oxy, P oxy’

ou;’ _i_—(?uZ ,0U; B Uk,au/ e (‘9uZ
oxy, 6xk

0P _(9)0P (7P oP

(p)? 0z (p)® 0z, (p)? O,

R OpT” op'T

- 5" T on)

ﬁaa (pI" + p'T + p'T' — pT")
T

Ry 0
(p)? O

(pT" + p'T), (3.10)

oT’ +76T’ _ ,0r 0T tu T
ot kal']g N b 8[Ek b (%k ﬁmk
8uk’ 6Uk
—(y=-1)T'=—
é)xk ( ) 6xk
,Guk 8uk
— - 1T ! .

- (y=-1)T

/

+(y-1) (3.11)

At the RDT limit, which focuses on the linear interaction between mean and

fluctuating fields, the terms nonlinear in perturbation quantities are neglected. In
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this work, we examine a temporally periodic homogeneous shear flow:

0 Spcos(wt) 0
oU;
= . 3.12
o~ |0 0 0 (3.12)
0 0 0
In such a flow, it can be shown that:
p(t) =p(0); T(t)=T(0); Bp(t)=p(0), (3.13)

at the linear limit, which infers that the mean field variables do not evolve beyond

their initial values. The fluctuating field equations simplify to [6,7,9,16]:

dp ~_Ouy’
&= Paa (319
du;’ ,0U; oT"  RT 9p'

_ _ - 3.15
dt h Oxy, Ox; p Ox; (3.19)
dp/ _8uk’

Fourier transforms are applied to the fluctuating governing equations as in the

uniform RDT approach:

ui/(?; t) _ Zdl(t)ezﬁ(t)?’
P(T 1) =D pt)e ™07,
P(T 1) =D p)e O (3.17)

where ® is the wavenumber vector and u;, p, and p are the Fourier amplitudes of

velocity, density and pressure fluctuations. The RDT equations in spectral space are
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given by [10]:

dp .

o = TP, (3.18)
du; i, .

dt = —ﬁp,‘ii — UjSij, (319)
dp - 3.20)
—_— = —1 Ui R .

The components of a wavenumber vector evolve as:

dlﬁi 87
it =0, (3.21)

Equations (3.18-3.21) are now solved numerically employing the particle representa-
tion method of Kassinos and Reynolds [17]. This method of solution constructs the
governing equations of the required Fourier covariances directly. These covariances
represent the moments conditioned upon given wavenumber vectors. Similar equa-
tions for steady high-speed homogeneous shear flow were presented in detail by Yu
& Girimaji [16] and Lavin [18]. The final set of equations for the simulations consist
of 26 ordinary differential equations (ODE).

The initial gradient Mach number, based on an integral length scale, has been
recognized as a relevant compressibility parameter in DNS [4] and RDT [9] studies

of steady homogeneous shear flows:

SoL
M, ===, (3.22)
a
where Sy is the initial mean velocity gradient (S = g—g;) and L is an integral length-

scale. The quantity a represents speed of sound based on mean temperature. The
relevant length scale in an RDT analysis is one that is distinctive of the mode under

consideration. This length scale is inversely proportional to the magnitude of modal
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wavenumber, so a relevant Mach number for RDT analysis is given by [10]:

So

allx]|

My,

(3.23)

where ||k|| represents a norm of the wavenumbers under consideration. The modal
Mach number (M,,) is a direct measure of the relative significance of pressure effects

to inertial effects in the Fourier-transformed fluctuating momentum equation.

IIILA.1. Numerical approach

We employed a high-fidelity fourth-order Runge-Kutta scheme to solve the RDT
equations. Each simulation is implemented with an incompressible and statistically
isotropic initial velocity field. Initial conditions for the wavenumber vector and 25
covariances are specified in Fourier space. More details of the initial field setup can
be found in Yu et al. [16], Lavin et al. [10] and Girimaji et al. [19]. The wavenumber
?(t = 0) and corresponding velocity covariance < ﬁzﬂj\? > are chosen by first dis-
tributing the wavenumber vectors uniformly on a unit sphere to render a statistically
isotropic initial field. Next, the velocity vectors are selected to be perpendicular to
their respective wavenumber vector to ensure an initially incompressible field. The
mean temperature and density are 300K and 1 kg/m?. Finally, the RMS (root mean
square) of density and temperature fluctuations are specified as percentages of the
mean density and temperature, respectively. All wavenumbers are distributed on a
unit sphere, initially ||<|| = 1. The magnitude of initial shear strength (Sp), sound
speed and initial length-scale of perturbation determine the initial modal Mach num-

ber (3.23).
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IIT.A.1.a. Validation of numerical method

Grid (modal) resolution and time-step studies, along with several other valida-
tion investigations of the present RDT scheme, have been presented in Yu et. al [16]
and Lavin et al. [10]. The RDT computations recover the analytical Burgers results
at the very high Mach number limit when the periodicity of shear is zero. The low
Mach number incompressible limit behavior is also confirmed. Inviscid and viscous
RDT lead to nearly similar findings — specifically the so-called three-stage behavior
is seen for small enough viscosities. Yu et al. [16] show that the present RDT code
captures the results of Simone et. al [5] very precisely. Most significantly, Lavin et
al. [10] compare RDT anisotropy evolution of steady high-speed homogeneous shear
with the DNS data of Sarkar [4] leading to reassuring support of this approach.

Detailed convergence studies have been performed in Bertsch et al. [9]

III.B. Individual Effects of Compressibility and Unsteadiness

Before we present our analysis and results, which combine the effects of com-
pressibility and unsteadiness, we summarize what is currently understood about the
individual effects. Low-speed or incompressible steady homogeneous shear flow will
be used as a base flow to compare the individual effects. Figure III.1 shows the
evolution of turbulent kinetic energy for an incompressible uniform shear flow. The
evolution at the incompressible limit is deemed unstable because the turbulent ki-
netic energy continues to grow in magnitude. The unstable growth is caused by the
evolution of the turbulent shear stress, (uju,), which evolves to a large (in magni-

tude) negative value in the incompressible limit, seen in Figure I11.2, leading to large
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Figure III.1. Evolution of turbulent kinetic energy for incompressible
(M,, = 0.1) homogeneous shear flow.
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Figure IT1.2. Evolution of turbulent Reynolds shear stress, (uju,), for
incompressible homogeneous shear flow.
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turbulent production. We will use Figures III.1 and III.2 to compare and contrast
the evolutions of the turbulent kinetic energy and shear stress for flows subject to
compressibility and unsteadiness individually.

In previous studies of compressible steady homogeneous shear flows [9-11, 16],
the turbulence field was shown to undergo three stages of evolution due to the chang-
ing nature of pressure. This pressure behavior ultimately has a stabilizing influence
on the growth of turbulent kinetic energy, as seen in Figure II1.3. The three dis-
tinct regimes of pressure evolution are summarized. Regime 1: When the pressure
timescale is significantly large in comparison with shear time scale, pressure exhibits
no influence and turbulent kinetic energy evolves along Burgers (or pressure-released)
limit. Regime 2: The timescales of pressure and shear are of the same order so di-
latational waves are created in the flow normal direction and as a result, pressure
works to counteract growth in (uju,), as seen in Figure II1.4. Regime 3; The small
pressure timescale (or the acoustic frequency) can quickly respond to any change in
the velocity field due to the shear magnitude and the Reynolds stresses evolve analo-
gous to the incompressible limit. Clearly, pressure action is the stabilizing influence
in high-speed /compressible homogeneous shear flows. Based on the aforementioned
studies, the physics of compressible homogeneous flows with zero shearing periodicity
seem reasonably well understood.

Studies of nonzero periodic [12] and rotational [13] shearing rates have been
conducted at the incompressible limit. Both of these studies examine the influence
of temporally varying shearing effects. In Yu and Girimaji [12], a DNS study of

a periodically varying homogeneous shear flow, examined the effect of an unsteady
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Figure IT1.4. Evolution of turbulent Reynolds shear stress, (uju,), for
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shearing rate. In Figure III.5, we utilize our RDT approach to simulate the same
shearing rate frequencies as Yu and Girimaji at a low Mach number. Our com-
parison of RDT to DNS results do not show quantitative agreement since the DNS
approach encompasses dissipation and turbulent transport terms whereas RDT does
not. However, qualitative agreement between Yu & Girimaji’s DNS results and our
RDT simulation can be seen as the influence of increasing periodic frequency ap-
pears to stabilize the growth of turbulent kinetic energy. Upon examination of the
turbulent shear stress in Figure II1.6, it is clear the rapidly oscillating shear rate
is responsible for the reduction in (ujus). For higher periodic frequencies, the sup-
pression of the turbulent shear stress evolution is stronger. The stabilizing influence
of increased unsteadiness is illustrated and evaluated against a constant (or steady)

shearing rate.
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Figure II1.5. Evolution of shear magnitude (S) and stress (uuy) for steady,
incompressible (M,, = 0.1) shear.
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Figure II1.6. Evolution of shear magnitude (S) and stress (u;u;) for incom-
pressible (M, = 0.1) shear flow with an intermediate periodic frequency,
w/Smaz = 1.0

Sufficient studies, like the ones summarized, have clearly established the sta-
bilizing influence of unsteadiness on incompressible flow. This paper will provide
evidence the stabilizing effect continues well into the compressible regime. In the
study that follows, a broad range of forcing frequencies (Table III.1) were chosen to

fully examine the influence of periodicity on a high-speed homogeneous shear flow.
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Table III.1. Forcing Frequencies

Regime w/S
Zero frequency 0.00
0.10

Low frequency 0.33
0.5

Intermediate frequency  1.00
2.00
High frequency 3.00

10.00

II1.C. Combined Effects: Analysis of Pressure Fluctuations in Com-

pressible Unsteady Shear Flows

In incompressible flows, the nature of pressure imposes the divergence free con-
dition throughout the field. For compressible flows, the role of pressure is more
complex due to its evolution as a thermodynamic variable governed by the wave
equation. The nature of pressure at high-speeds is further complicated when the
mean flow field becomes time dependent. Following a similar approach to Bertsch et
al. [9] and Kumar & Girimaji [11], an analysis of the wave equation for pressure in
the compressible unsteady RDT limit will be presented.

Before we begin the pressure equation analysis, we will present the differences in

the evolution of the wave-vector in steady and unsteady shear flows. In steady homo-
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geneous shear flow, the wavenumber-dependent length scale and the corresponding
instantaneous modal Mach number decrease with time as seen in Lavin et al. [10]
and Bertsch et al. [9]. The approximate evolution of the modal Mach number for
steady homogeneous shear is:

M (t) ~ =2 (3.24)

which clearly decays with time.
For the temporally periodic homogeneous shear case, the instantaneous modal

Mach number is distinctly different. From (3.21) and (3.12), we can write:

k1(t) = k1(0);  k3(t) = k3(0), (3.25)
dlig
— = —Sp cos(wt)ky (t). (3.26)

The solution to equation (3.26) can be written as:

Ka(t) = K2(0) — Spk1(0) cos(wt). (3.27)

Based on this evolution of the wave vector components for the periodic shear case,

the instantaneous modal Mach number evolves according to:

M,
(3.28)
\/1 =5 sm
The normalized modal Mach number can never exceed the limits of:
M,y (t)
1< < 1/4/1 2 /w2, 2

Figure III.7 shows the evolution of the modal Mach number for steady and
unsteady shear flows. The steady case decays to incompressible values quickly due

to the rapid growth of the wavenumber vectors. As suspected, the modal Mach
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numbers of the unsteady cases get trapped in a periodic growth/decay state that
never quite reaches low speed values. The significance of the wavenumber and modal
Mach number evolutions will be presented later. In this paper we will use the symbol
M, to denote the initial value of modal Mach number in a simulation and the symbol

M,,(t) to denote its instantaneous value (3.28) at a later time t.

Figure 1I1.7. Evolution of the modal Mach number for zero and nonzero
periodic shear. (—),w = 0S5 : Steady; (—),w = 0.15; (--- );w = 1.

We begin with the linearized equation of pressure fluctuation in a homogeneous

shear flow derived by Livescu et al. [20] for the steady case:
3 A

d _ dp R
%f = —ypRT (IiQd—ZZ — 4:‘411/1252?) . (3.30)

We differentiate equation (3.20) twice to obtain the equation of pressure fluctuations
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in an unsteady periodic homogeneous shear flow:

d*p 24D
ap_ —WﬁRT[ﬁzd_YZ —  4K1£25) cos(wt)p
+ 2R1q2p50wsin(wt)]. (3.31)
i

Even with the added complexity of unsteadiness, (3.31) is still similar in form to the
constant shear pressure equation (3.30).

Despite the linearization, equation (3.31) is still too complicated for any analyt-
ical treatment. To draw meaningful insight into the pressure evolution process for
periodic shear flows, we subject this equation to further simplifying assumptions. In

a periodic homogeneously sheared flow field, the wavenumber vector evolves as:

k1(t) = Kk1(0);

Ko(t) = Ka(0) — % sin(wt);
/€3(t> = /i3(0). (332)

It is evident that the pressure fluctuation behavior will depend on the magnitude of

the ratio of the initial shear rate to periodic frequency Sp/w.

HI.C.1. High frequency regime

In the high frequency limit, % < 1, equation (3.32) reveals that the wave-number
vector remains nearly constant in time. The second term in the evolution expression
for ko, which is solely responsible for the growth of the wave-number vector in steady
shear flows, is restricted by the periodic shear rate. At high frequencies this term
is small and oscillates rapidly. As a result, the magnitude of x remains close to

it’s initial value. The production and pressure-strain terms of the Reynolds stress
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evolutions do not have adequate time to evolve through the three stages found in
steady high-speed homogeneous shear flows. The turbulent quantities of the high
frequency cases will oscillate about their initial values, similar to the high frequency

cases in the incompressible study of Girimaji et al. [13]

HI.C.2. Low frequency regime

In the low frequency limit, % > 1, we can adapt the analysis outlined in Bertsch
et al. [9]. It is clear that ko is the dominant term in equation (3.32) which permits

the simplification:

|k(t)| = |Ra(t)| == |K1] %sin(wt). (3.33)

With this approximation, equation (3.31) can be written as:

d’p s o, AP : .
prEa e [ sin (wt)E — 4w cos(wt) sin(wt)p
Q—UQSOM,(O)WP sin(wt)], (3.34)

]

where ¢y = /(agk1(0)Sp/w). This quantity can be recognized as the geometric mean
of the imposed mean strain and initial acoustic frequency. Following the analysis in

Bertsch et al., equation (3.34) can be rewritten as:

d&*p  dp
*p dp . ~ 0 3.35
g Tag trprm=U; (3.35)
where:
q = cysin®(wt)
r = —dcywsin(wt) cos(wt)
2@2030)3 .
m = ————sin(wt). 3.36
%1(0)50 ( ) ( )
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Equation (3.35) is a third order inhomogeneous ordinary differential equation with
time-dependent coefficients. For the purposes of this study, we will focus on finding

the general solution of the associated homogeneous equation:

dép  dp
e 0. 3.37
T3 T Ao b (3.37)

Deriving an analytical general solution of the homogeneous part of equation
(3.37) is still not straightforward. We assume the coefficients (¢ and r) of equation
(3.37) are locally constant in order to attain qualitative analysis into the interaction
between acoustic and shear timescales. This method allows us to predict the general

solution of equation (3.37) as:

p(t) ~ poe. (3.38)
Substituting (3.38) into (3.37), we obtain a cubic equation for the unknown exponent

y:

v 4 qu+r=0. (3.39)

Continuing with the analysis outlined in Bertsch et al. [9], we define two intermediate

variables s; and sy for a periodic shear case as:

s = [—2cwsin(wt) cos(wt)
12 5106t .
(%7@) + 4cdw? sin® (wt) cos® (wt))2]3,

sy = [—2cjwsin(wt) cos(wt)

ci?sin’(wt)

27

N|=
W=

( + 4cdw? sin® (wt) cos® (wt))2]3. (3.40)
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The three possible roots for the exponent equation (3.39) are written as:

n =

Y2 =

Yys =

(Sl -+ 82),

1 Z\/_

—§<81 + 82) + —<81 — 82)

2
1 iv3
—5(31 + 59) — 7(81 — 52). (3.41)

The real parts of the equation (3.41) represent the growth rate of pressure fluctuations

and the imaginary parts represent the frequency of oscillations. Equations (3.40) and

(3.41) demonstrate that although forced periodic unsteadiness adds complexity to the

intermediate variable expressions, the overall analytical estimate remains virtually

identical to the steady homogeneous shear case found in Bertsch et al. [9].
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Figure II1.8. Evolution of |s; — so| for compressible initial modal Mach
numbers(M,, = 5) and various frequencies(w).

32



1500 . . .

—— o =0S(Steady)
—— @=SH0
1000 |
500
T
¢ 0
@ I
500}, |
1000
'15000 10 20 30 40 50
St

Figure II1.9. Evolution of |s; + so| for compressible initial modal Mach
numbers(M,, = 5) and various frequencies(w).

For the constant shear case, Bertsch et al. [9] have shown the frequency of
pressure fluctuations monotonically increases with time. For the periodic shear case,
Figure II1.8 shows that the frequency of oscillations (imaginary part of (3.41)) no
longer grows monotonically but instead departs from of the evolutionary path for
the constant shear case and exhibits a cyclic behavior dependent on the frequency
of periodicity, w. The relative magnitude of the acoustic frequencies with respect to
the time scale of mean fluid motion (S) limits the range of values in the periodic
shear cases. Figure II1.9 also demonstrates the growth rates of the periodic shear
cases behave in a different manner than the steady case. Whereas the real part of

the exponential roots in the constant shear case appears to have a large growth rate
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initially that slowly tends to an asymptotic value, the real parts of the unsteady

cases exhibit oscillatory behavior about a mean value of zero.

IT1.C.2.a. Early time behavior

Similar to the analysis in Bertsch et al. [9], we consider the limiting behavior of
s1 and s9 at very early times:

. . — o4 .
11_1)15|51 S 11_r>%|[( 2¢qw sin(wt) cos(wt) (3.42)

ci?sin®(wt)
27

NI
Wl

+ ( + 4cw? sin? (wt) cos? (wt))

—  [~2cjwsin(wt) cos(wt)

(

ci?sin®(wt)
27

NI
Wl

+ 4cSw? sin? (wt) cos? (wt)) 2] 3.

In this limit, we utilize the small angle approximation (sin(wt) ~ wt and cos(wt) ~

1— %) Neglecting terms with higher orders of ¢ reduces the approximation to:

|51 — $o| & (4céw2t)1/3

(3.43)

which is very similar to the expression for the early time behavior of this quantity

in the constant shear case. Thus the pressure field frequency evolves in time as:

1 1
~ 73 : (3.44)
|s1 — saf 417333 2/341/3
For times that are small compared to the pressure frequency:
1
(3.45)

< 41/303/3w2/3t1/3’
the pressure field can be taken to be nearly stationary. During this time, the pressure
field will not exert any influence on the velocity field. This is called the pressure-

release turbulence limit wherein the velocity field evolves solely driven by inertial
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effects. As pointed out in Cambon [21] and Bertsch et al. [9], this situation is akin
to Burgers turbulence. This time period is what Bertsch et al. refer to as the first
regime of kinetic energy evolution. Using the definition ¢y = \/(apk;(0)So/w), (3.45)
can be expressed as:

1
t < (3.46)

41/3 (aokl(O)So > 2/3 Ww2/3¢1/3 '

Further simplification and using the definition of modal Mach number (3.23), the

duration of the first regime can be expressed as:

St _ 11
Mu(t) 4 V2

(3.47)

Referring to Figure I11.5, St ~ \/W is the time at which the kinetic energy
evolution transitions from stage 1 to stage 2. Therefore, the analysis of the pressure
equation suggests the presence of a regime in periodically sheared turbulence wherein
pressure evolution is too slow to influence the velocity field (and thus the kinetic
energy). In this regime the velocity field grows solely by the effects of inertia. This

hypothesis will be investigated in the next section by performing RDT computations.

II1.C.2.b. Beyond early time behavior

Next we consider the acoustic frequencies in equation (3.39) at later times. Since

all the terms in equation (3.40) are periodic in time, it stands to reason that beyond
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the early time limit, the frequency of acoustic oscillations can be written as:

tlim |s1 — 85| = lim |[(—2cjw sin(wt) cos(wt) (3.48)
—00

t—o0
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27
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+ 4chw? sin? (wt) COS2(a}t))%]
—  [~2cjwsin(wt) cos(wt)

(

ci?sin®(wt)
27
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+ 4chw? sin® (wt) cos? (wt))

5]

The amplitude of the pressure field frequency is then bounded by:

12
1tlirn 51 — s2| < 2|(—2ciw)3 |+2](——|—4c )5 | (3.49)
—00

If we plug in our expression for ¢y, utilize equation (3.23), and note that the frequency
w is a scalar multiple of the shear magnitude, Sy, we can find the limits in terms of

the periodic frequency and initial Mach number:

1 So\F [ 1 \?
|(2chw)3| ~ 2(3‘)) <Mo So (3.50)
1

g
612 6 So
'(W“‘f ) |~ (z) (MQ,O)SO
1 2

=

In the hypersonic, low frequency case, we further have:

o >1 and Mgy > 1. (3.51)
w
Therefore,
2ckw) 3
Caw)l o) (3.52)
So
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Finally we obtain:

51— s2| __

~ O(1). (3.53)

e
The ratio of pressure to shear frequency is of order unity or smaller. This corresponds
to Regime 2 in Bertsch et al. [9] In the periodic shear case transition to Regime 3
does not occur. The pressure evolution is frozen in what Bertsch et al. refer to as

Regime 2 where the flow field and pressure timescales are of the same magnitude.

In summary, the analysis of the pressure equation leads to three vital inferences:

1. The early flow field evolution in the periodic shear flow is similar to the steady

shear counterpart.
2. At later times, the pressure and flow field exhibit Regime 2 behavior.

3. Due to the boundaries of the pressure-field frequency, Regime 3 (in Bertsch et

al. [9]) is inaccessible to periodically forced turbulence.

We will now perform RDT computations to verify the above inferences.

III.D. RDT Velocity Field Behavior

In this section, we discuss our observations from the results of the periodic shear
RDT simulations. We focus on three distinct flow field quantities: turbulent kinetic
energy, anisotropy and the equi-partition function. We also examine the evolution
of shear versus stress for compressible periodic shear. Each of these quantities are
reasonably well understood in steady compressible homogeneous shear flows, which

make them ideal for comparison with our periodic shear cases.
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III.D.1.  Turbulent kinetic energy

Since inviscid RDT entails assumptions and simplifications that result in a linear

analysis approach, the Reynolds stress evolution equation reduces to:

du/uj’

dt

In the linear regime, the Reynolds stresses are only influenced by production, F;;, of
velocity fluctuations and the rapid pressure strain correlation, II;;. In the compress-
ible regime, the production can be quite large since it is directly dependent on the

shearing rate:

oU; oU;
Pi‘ — i/ i R l_
Ui U axk Uj Uk axk

(3.55)

To counteract this rapid growth, the pressure-strain correlation must redistribute the

additional energy along the other coordinates via pressure:

aui’ i auj’)
dx;  Ox;

Utilizing equations (3.12, 3.55, and 3.56), it is clear the evolution of kinetic energy
is governed by:

dk  dulu! -
E = qzlltu’L = PH + H” = —280 cos(wt)u’lug + H“ (357)

It is evident that the periodic shear rate influences the growth rate of kinetic energy.
Figure II1.10 presents the effect of periodic frequency on three modal Mach numbers,
M,, = 1,5,10. Since the shear periodicity is dependent on the initial Mach number,
all three figures look qualitatively similar. In these figures, all the periodic shear
cases depart from the constant shear evolutionary path in a similar manner to the

different modal Mach number cases peeling off of the Burger’s limit evolution path in
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Figure II1.3. Bertsch et al. [9] explain that this departure marks the transition into
the second stage of pressure evolution where M,,(t) ~ \/M,,(0). Based on equation
(3.28), the higher the periodic frequency, w, the earlier the transition into the sec-
ond regime occurs. As seen in the analysis section (III.C), the periodic shear cases
get trapped in the second regime due to the oscillations in the velocity field. The
rapidly changing shear rate prevents the modal Mach number from achieving the
incompressible limit and therefore prevents the pressure field from reaching the third
evolution regime. Figure I11.10 shows intermediate and high periodic shear frequen-
cies exhibiting kinetic energy growth that is less than 20% of the constant or steady
shear case. For really large frequencies (w > 35p), the energy has insufficient time
to evolve and remains nearly constant. Based on these observations, forced periodic

shearing appears to be a stabilizing influence on laminar transition to turbulence.
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Figure I11.10. Evolution of turbulent kinetic energy for varying frequen-
cies for initial modal Mach numbers a)M,, = 1, b)M,, =5, and c)M,, = 10.
Legend: (—) w = 0S : Steady; (o) w = 0.15; (X) w = 0.335; (O) w = 15; (+)
w =355 (¢0) w=10S.
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II1.D.2. Anisotropy

Other flow field quantities of interest are the components of the Reynolds stress

anisotropy tensor, defined as:

w1
byi = —2L — =6;]. 3.58

The components of the anisotropy tensor measure the amount of energy contained
along each flow direction.

We analyze these components in a similar manner to Girimaji et al. [13] by
examining the low frequency and high frequency cases separately. Figure III1.11 shows
the low frequency (a) and high frequency (b) cases of by;. For the incompressible
case, Girimaji et al. observed that the steady case of b;; asymptotes to the maximum
possible value, given adequate time to evolve. This indicates all the turbulent kinetic
energy ends up in by;. They observed that low frequency forcing caused this term to
tend to the lowest possible value, suggesting that all the kinetic energy was contained
along the other flow directions. For our compressible study, the steady or zero forcing
case by value appears to asymptote around a value of 0.45, indicating that some of
the kinetic energy is aligned along one or both of the other flow field directions.
In Figure III.11a, the low frequency periodicity cases tend to near zero or negative
values similar to the incompressible case. This suggests low frequency forcing causes
the kinetic energy to redistribute along the other directions.

For high frequency forcing, Figure I11.11b shows b;; transitioning from a negative
valued asymptote to a near zero value. For higher frequencies of periodic shearing,
the value of b1; does not have adequate to evolve as the shear rate is oscillating so

rapidly and as a result, remains close to its initial value. The near zero value for the
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highest frequencies suggest that either the kinetic energy is distributed among each
of the (u;u;> components equally or the shear rate is oscillating so quickly, the flow
field does not have adequate time to evolve beyond the initial conditions. To verify
this theory, an examination of the other components is required. We also note the
decreased amplitude of oscillations for higher frequencies which qualitatively agrees
with the incompressible study in Girimaji et al. [13].

Figure II1.12 presents the low frequency (a) and high frequency (b) evolutions
of by2. Yu and Girimaji [12] refer to this component as the shear anisotropy because
it plays a crucial role in the production of turbulent kinetic energy. In Figure 111.12,
the constant shear case of by (and production by association) experiences a sudden
increase in the initial stage. After reaching a peak value, this component eventually
settles at a small positive value due to the action of pressure, which is consistent with
Bertsch et. al [9]. For all periodic shear cases, a departure or transition from the
zero frequency path occurs at times directly dependent on the magnitude of shear
frequency. This agrees with the kinetic energy evolution in Figure II1.10 as well as
the pressure equation analysis in the previous section. The low frequency (Figure
I11.12a) cases show the departure off the steady path is followed by large amplitude
oscillations that appear to develop multiple timescales of evolution. This complex
evolution could be explained by the development of a phase lag between the shear
anisotropy bio and the instantaneous shear rate, S, introduced by Yu and Girimaji.
Showing consistency with b1, the low frequency cases at late times approach a small
negative value. The high frequency cases, seen in figure I11.12b, see a reduction in

the oscillation amplitudes for higher frequencies. At late times, the highest frequency
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Figure II1.12. Evolution of b, for initial modal Mach numbers(M,, = 5)
for a) a range of low frequency w and b) a range of high frequency w.
Legend: (—) w = 0S : Steady; (o) w = 0.15; (X) w = 0.33S; (O) w = 155 (+)
w =355 (¢0) w=10S.
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cases rapidly oscillate about a mean value of zero.

The evolutions of bys and b33 for constant and periodic shear cases are presented
in Figures II1.13 and II1.14. The steady or zero frequency case for byy qualitatively
agrees with the evolution of by found in Kumar and Girimaji [11]. Our steady
simulation does not asymptote near a value of —1/3 like the case found in Kumar and
Girimaji, but their study was a DNS simulation and we utilized several linearization
assumptions. Low periodic frequency cases, seen in Figure I11.13a and I11.14a, display
transitions off the steady case that tend to more positive values of bgs and bsz. The
intermediate frequency, w = 15, starts to exhibit a decrease in oscillatory amplitudes.
Figures II1.13b and III1.14b show the high frequency cases tend toward zero beyond
the intermediate frequency. Again, we see oscillations of the highest frequency cases
exhibit the smallest amplitudes. Like the b;; evolution, this trend towards zero
suggests that either the kinetic energy is contained in all three components equally

or none of the anisotropy components evolve beyond their initial values.

II1.D.3.  Shear versus stress

In Figure II1.15, the instantaneous shear magnitude and Reynolds shear stress
are presented for the compressible constant shear case. Once again, the turbulent
shear stress tends to a lower asymptotic value than the incompressible case due to
the action of pressure. With the addition of periodicity to the compressible uniform
shear flow, the behavior of the Reynolds stress is dramatically altered in Figure I11.16.
A clear phase shift between the two evolutions exists which agrees with the phase lag

found in the low-speed case of Yu & Girimaji [12]. What is most intriguing about

47



Figure I11.16 is how the evolution of the shear stress, (u’lu;% appears to develop
multiple frequencies or periods at later times. This behavior has not been seen in

incompressible cases suggesting this could be an effect of compressibility.

15

05k

R,,, S|
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Figure III.15. Evolution of shear magnitude (S) and stress (ujuz) for
steady, compressible (), = 5) shear.

Plotting the two flow quantities against each other allows for further examination
of the evolutionary differences between the shear rate and the shear stress. In a
steady homogeneous shear case plotting shear magnitude versus stress results in a
simple horizontal line since the shearing rate remains constant. For an ideal unsteady
periodic case where both quantities maintain the same period of evolution, the result
would produce an elliptical plot. In Figure III1.17, the shear rate versus Reynolds

stress for an intermediate periodic frequency is presented at earlier times (a) St =
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Figure II1.16. Evolution of shear magnitude (S) and stress (ujuz) for
compressible (M,, = 5) shear flow with an intermediate periodic frequency,

w/Spmaz = 1.0

0 — 10, and later times (b) St = 10 — 20. At early times, an elliptical behavior of
shear versus stress is observed implying that the phase lag between them is nearly
constant during the first cycle (St ~ 27) and both quantities evolve as the stress
is evolving at the same frequency as the forced shear rate. However, Figure II1.17b
shows the turbulent Reynolds stress develops multiple evolutionary frequencies at
later times (also seen in Figure I11.16) producing a departure from the ideal elliptical
path. Plotting the evolutions in this manner shows that although the shear rate
maintains its periodicity, the period of the Reynolds stress changes with time. Figure
IT1.17 provides concrete evidence that both phase lag and period differences emerge
between the shear magnitude and the shear Reynolds stress when subject to high-

speed periodic mean shear.
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II1.D.4. Equipartition between pressure and dilatational kinetic energy

To complete this study we look at the relationship between pressure and di-

latational kinetic energy in the compressible periodic shear case to determine how it

compares with the constant shear case. We begin with the linearized equations of

pressure and spanwise velocity fluctuations:

op  —op Oy
ot U mn Yoy, _Vpascl (3.59)
and
8u2 —Ou, 10p
o T Uy, dry PO (3.60)

The second order moments of these two quantities, the derivations for which are

detailed in Lavin [18] and Bertsch [22], are governed by the following equations

dp'p’ Ou;
pp I e

]

S 61
7 g (3.61)

and

duguy 5 1 8u2

p 7 8@ (3.62)

Using equation (3.62) to replace the left hand side of equation (3.61), the two equa-

tions can be combined as:

duuyty _! —i_—dp/_p,—z w0 (3.63)
dt D vp dt 0xy D5

Integrating equation (3.63) up to time ¢, we acquire:

b d_—— )
/aﬁuguth: /——p/p'alt—Z/p/ﬂ
0

~vp dt 0x
t Oug 8U3
— . 3.64
P 5 (3.64)
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The time-integrated behavior of the pressure strain correlation tensor has been inves-
tigated by Lavin et al. [10]. One key discovery was the magnitudes of time integrated
values of II33 and Ily, for different initial modal Mach numbers tend toward the same
asymptotic values at late times when evaluated against the time integrated behavior
of I1y;:

fo H22dt 1 fo I55dt

and ~ 0. (3.65)
f Hlldt 2 f IT,,dt

Based on these findings, the late time behavior of 1I;; and Il33 are expressed as:

¢ d t 8"&2,
—Sodt 4 | p 22, .
/ dtpUQqut / PP dt + / D 0t (3.66)
Utilizing (3.62), equation (3.66) reduces to:
b d " duyus
uhundt = —— —2 244 3.67
/ dtpu2u2 / _dtpp + p/o 7 (3.67)

Integrating and neglecting the initial values of the pressure and velocity moments

and change in p, we obtain:

pubuly ~ i_p'p' = ﬁ ~ 1. (3.68)
P UgUaYPp

This implies, given adequate time, compressible homogeneous shear flows will achieve
a balance between the pressure fluctuations and dilatational kinetic energy. In Figure
II1.18 we present the computational results of the periodic shear cases against the
constant shear case and equi-partition is achieved. The steady shear case shows
a clear evolution towards the pressure-dilatational energy balance. However, the

unsteadiness in the periodic shear cases seems to require more time to reach equi-

partition for higher frequencies.
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Figure II1.18. Equi-partition between dilatational kinetic energy, uyuy/2,
and pressure fluctuations, p/p/, for initial modal Mach number M, = 5and
various frequencies. ¢, = Uy /c,(T—Tp). (w=0S): —,w=S5/10: -+, w =185
(=), w=105: (—).

ITI.E. Conclusions

The effect of unsteady-shear forcing on a compressible homogeneous turbulence
flow field is examined at the rapid distortion limit. The objective is to investigate the
stability characteristics of such flows and distinguish the combined effects of unsteady
forcing and compressibility from the individual influences. The study focuses on
flow-thermodynamics interactions under unsteady-shear forcing and the consequent
influence on velocity field.

The study commences with a simplified inviscid linear analysis of the perturba-
tion pressure equation. Two regimes of pressure behavior are identified in the case

unsteady shear in contrast to three in the steady case. The first regime corresponds to
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shear timescale being much smaller than the acoustic timescale. This regime charac-
terized by very little low-thermodynamics interactions leading to monotonic growth
of the perturbation velocity unencumbered by pressure field. In the second regime,
the pressure and shear timescales are of the same order of magnitude. This leads to
a strong coupling between pressure and velocity fields. It is important to recognize
that this pressure-velocity coupling is very different from that in incompressible flow
which is characterized by the acoustic timescale being much more rapid than that of
the flow field leading to the Poisson equation for pressure. In the second compress-
ible regime, the shear-normal velocity perturbation and pressure are coupled as in a
harmonic oscillator. This leads to oscillations in shear stress, which yields nearly net
zero production over a cycle, thus stabilizing the flow. Beyond the second regime,
the unsteady and steady shear cases differ. In the steady case, the pressure-field
frequency keeps increasing to magnitudes much larger than the shear frequency. At
this stage, the steady case transitions to a third incompressible-like regime, wherein
the perturbations grow. In the unsteady case it can be shown that the pressure-field
frequency is confined to smaller values and the second regime persists even at long
times.

In summary, the compressible homogeneous turbulence field subject to unsteady
shear forcing appears to be stabilized unconditionally. Such a field experiences nei-
ther the third-regime growth of the steady compressible case, nor the resonant growth

of unsteady incompressible field.
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CHAPTER IV
DIRECT NUMERICAL SIMULATION OF SMALL PERTURBATION

GROWTH IN COMPRESSIBLE KOLMOGOROV FLOW

Investigation on the effects of inhomogeneity in high-speed shear flows is an
area of research demanding attention. Kolmogorov flow, a spatially periodic mean
flow, is ideal for investigating inhomogeneity in a flow field. Early Kolmogorov flow
studies focused on analysis of the governing equations [23], simulations of linearized
equations [24-27] and direct numerical simulation [28-30]. In these studies, authors
considered both bounded and unbounded flows [24], the effect of unsteadiness [23]
and viscosity [25,28]. A majority of Kolmogorov flow studies have investigated
the incompressible regime and although conclusions vary depending on the focus of
the study, they agree that the normal modes exhibit nonoscillatory growth [23-25].
Several of the studies suggest that the inhomogeneity in the flow can have a stabilizing
effect even at low speeds [25,26,28]. To date, only one study exists that investigates
the effect of compressibility on Kolmogorov flow [31]. The study presented in this
chapter will focus on high-speed Kolmogorov flow to examine the combined effects

of compressibility and inhomogeneity on stability.
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IV.A. Governing Equations

The compressible, ideal-gas Navier-Stokes equations form the basis of the DNS

study:
dp | 9(pw)
Zr — 4.1
ot T om % 4
d(pui) | O(puju; + péy;) dai;
_ 4.2
a O, Oz;’ .
OF  O[(E+p)w|  O(oyu;) 0 oT
ot * ox; - Ox O Htaxi . 43)

The viscous stress tensor o;; is given by a constitutive relation:

8ui an auk
i = Aoii— |, 4.4
7 = H 8:1:'j+8:1:i+ j&clj (4:4)
and the thermodynamic pressure p is given by the ideal gas law:
p = pRT, (4.5)

where g is the coefficient of dynamic viscosity, k; is the thermal conductivity, \ =

—(2/3) is the second viscosity coefficient and R is the gas constant.

IV.A.1. Reynolds stresses

For the purpose of analyzing important turbulent quantities, the instantaneous
fields are decomposed into mean/background and fluctuation/perturbation compo-

nents:
¢=q+q. (4.6)
Some key quantities analyzed in turbulent flows are the Reynolds stresses and tur-

bulent kinetic energy. The Reynolds Stress evolution equation (RSEE) stems from
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the Navier-Stokes equations with the familiar form:

duu; 5
dtj =Py + Ry — €5 — 5—

where P;; is the production tensor defined as:

8U
Py = —ujuj - D71 — Uy, oz (4.8)
R;; is the pressure-rate-of-strain tensor:
p’ ou’ Gu;
Ry == ! , 4.9
Toop (89@ - Ox; (4.9)
€;; 1s the dissipation tensor:
0u 8u
= 4.10
€ij 8:}0 k 8:13 k ( )
and Tj;; is the Reynolds-stress flux tensor which has three components:
— 7 @) v)
Thij = Ty + Tty + Tt (4.11)

!,/
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The evolution of turbulent kinetic energy is also governed by a reduced form of (4.7)

dk  duju]

0
= P. e — — T, 4.12
dt dt 1 Rzz €z — kii- ( )

Oy,

Each term in the RSEE equation encompasses different physical processes in the
evolution of turbulence in the flow field. Investigations of individual terms and

analysis of (4.7) is crucial to understanding the effect of compressibility.

1V.A.2.  Linear analysis

To begin an in depth analysis of the governing equations (4.1-4.3) and (4.7), the

mean/background and perturbation/fluctuation field equations must be established.
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After applying basic averaging rules to equations (4.1-4.3), the mean flow field evolves

according to the following equations:

dp —0p __87j _ Op'yy’

— ¢ — p— —_— 4.].
8t + Jal'j pal'] 8[Ej ’ ( 3)
ou;  —oU; ou/ 10p 1 op  (p)?0p
LT S S ! S Y iR & 4.14
ot " %iog, Y on, om0 o @y owy
op —0p op _37]- Oou;’
.3l [t S _ — ~p! 4.1
ot~ Yida, Yo, oz, T "W ox, (4.15)

Note that we utilized the ideal gas law in the energy equation (4.15) to reduce the
number of thermodynamic properties and ignored the viscous terms. To obtain the
governing equations for the perturbation field, the mean/background field equations,
(4.13-4.15), are subtracted from the instantaneous field, (4.1-4.3). Before we present
the fluctuating field equations for analysis, we will introduce some flow field assump-
tions that are common when examining unbounded shear flows.

For Kolmogorov flow, we impose a mean or background spatially periodic ve-

locity gradient in the flow normal direction (seen in figure IV.1):

0 Spcos(xzg) 0

oU;
0 0 ol - (4.16)

(%cj -

In a similar fashion to homogeneous shear flow, this mean flow field infers that g f - =0

and g—gf = 0. In the linear limit, we ignore any terms with higher than first order

fluctuation /perturbation variables. This implies:
p~p(0); T(t)~T(0) and p(t) =~ p(0). (4.17)

Applying the above assumptions to the fluctuation/perturbation field equations,
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yields:

dp’ ouy,’
— = —p 4.1
dui’ ,8E 1 ap’

= — = 4.1
dp’ _ouy’

Through application of the previous assumptions to equations (4.7) and (4.12), the
evolution equations for Reynolds stresses and turbulent kinetic energy for linearized,

inviscid shear flows is given by:

duju
dk

IV.B. Numerical Simulation and Validation

For this study, direct numerical simulations were performed using the gas-kinetic
method (GKM). The GKM is a finite volume based numerical scheme that exploits
the Bhatnagar-Gross-Krook collision operator to solve the Boltzmann equation. The
kinetic Boltzmann equation describes the evolution of a fluid particle distribution
function. The conservative flow variables, such as density, velocity and energy, are
calculated integrating the distribution function. The gas-kinetic equation is a first
order integro-partial differential equation with a linear advection term. Details of

the numerical solution for the gas kinetic equations can be found in [32-36].
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Figure IV.1. Schematic of the mean/background field setup.

Perturbation
orientation

Figure IV.2. A typical oblique mode in modal simulations.
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1V.B.1. Initial field setup

The computational domain utilized for the majority of the simulations is a cubic
box of dimension [ = 2w. The box is discretized into N; X Ny x N3 cells with
Ny = Ny = N3 = 256 along the x1, x5 and, x3 directions respectively. We apply a
spatially periodic shear in u; along the x5 direction such that the gradient of the mean
flow field is U; ; = Sp cos(x2)d;109; where Sy is the maximum shear rate. The mean
field setup is presented in figure IV.1. Since the shear rate is periodic along the flow
normal direction, we can apply periodic boundary conditions along all directions.

In DNS and RDT studies of homogeneous shear flows, the initial gradient Mach

number is identified as the main compressibility parameter:

14
My =220, (4.23)
Qo

where S is the shear magnitude(initial mean velocity gradient), ¢y is an integral length
scale and ag is the speed of sound based on mean temperature. For Kolmogorov
flow, the shear magnitude at the inflection points in the mean flow will be used to
determine this compressibility parameter.

The simulations presented in this paper consist of two different initial field se-
tups. One set of initial conditions imposes a single wave mode perturbation oriented
within the streamwise (z1) and spanwise (x3) plane to study the influence of oblique-
ness angle. A schematic of this initial setup can be seen in figure IV.2. The reason
for choosing to orient the wave vectors is the x; — x3 plane is described in detail in

Kumar et al. [11] and is evident upon examination of the wave number evolution
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equation:
dlﬁi dU]
= — lij .

(4.24)

From equations (4.16) and (4.24), the individual components of the wave vector

evolve according to:
k1(t) = K1(0) = K Ko(t) = Ka(0) — k1(0)Sp cos(wa)t;  k3(t) = k3(0) = k3. (4.25)

The angle § seen in figure I'V.2, measures the obliqueness to the streamwise direction.
For oblique modes, the effective shearing rate experienced by individual perturbations

at different vertical planes is defined as:
S* = Sy cos(z2) cos(f), (4.26)

and the corresponding effective gradient Mach number:

S*e S*
My = — =My cos(xg) cos(f) = PO (4.27)

For modal analysis, the evolution of the perturbation is directly dependent on the
wave vector orientation and vertical location of each plane.

The second type of initial condition is constructed from a collection of three
dimensional, random, isotropic and solenoidal (V -u = 0) wave mode perturbations.
The initial energy spectra is restricted to wavenumbers in the range k € [Kmin, Kmaz)-

The velocity field is periodic and satisfies a one-dimensional energy spectra [37-39]:

E(H, 0) = % = Ak eiB,{Q, K (Z \/ ’i% + "i% + KJ%) € [ﬁmina Hmaz]a (428>

where B = 0.54, 1u; is the Fourier amplitude and @ is its complex conjugate and

k1, ko and k3 are the components of the wave number vector. The detailed steps
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for generating such a field are given in [36,38-40]. The value of A is calculated to
obtain the prescribed initial fluctuation intensity or equivalently the initial turbulent
Mach number M,;y. The kinematic viscosity v is chosen to achieve an initial Taylor
microscale Reynolds number Reyg. The initial temperature and density fields are
chosen to be uniform instead of the isentropic state proposed by [41]. This choice
of initial thermodynamic flow field variables has been utilized in a recent study [11]
and validated against previous DNS studies.

Recent studies have utilized this DNS approach with the same GKM scheme
for other types of shear flow [11,42]. For compressible homogenous shear flow, [11]
validated this numerical approach against a previous DNS study by Sarkar [4]. Ex-
cellent agreement was seen between the two DNS approaches when examining the
components of the anisotropy tensor and the correlation coefficient. In another study,
bounded shear flows were also examined using this DNS approach by Xie & Giri-
maji [42]. In their study, Xie & Girimaji [42] prove that the DNS approach being
utilized in this study, is valid for both low-speed and infinite Mach-number Poiseuille
flow. Based on these previous studies, this approach is sufficiently validated for this
Kolmogorov flow investigation.

As a first verification step of the applicability of the numerical scheme to Kol-
mogorov flow, we examine the budget of the Reynolds stress evolution equation
(4.7). Both sides of equation (4.7) are computed directly from the simulation data
and compared at specific time instances and presented in figure IV.3. By comparing
both sides of the equation, we seek to exhibit the numerical precision. Nearly perfect

agreement is seen at all time instances, thus showing that the numerical scheme is
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Figure IV.3. Validation of our DNS method where the right and left
hand sides of the Reynolds Stress Evolution show near perfect agreement
at several specific times for gradient Mach numbers(}M, = 5).

appropriate for this inhomogeneous study.

1V.B.2. Relevant previous studies and preliminary results

Before we present our results of single mode perturbations for Kolmogorov flow,
we summarize recent studies of single-mode instability in different high-speed shear
flows. The importance of investigating the evolution of individual small perturbations
in high-speed shear flow was first shown in [11]. Upon examination of the wave
equation for pressure in homogeneous shear flows [9,11] , it is evident that the
evolution of the pressure field is heavily influenced by the orientation of the initial

wave number vector in the streamwise-spanwise plane (x;x3 plane in figure IV.2).
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The single mode study [11] showed a large increase in dilatational energy when the
initial perturbation is oriented close to the streamwise direction. When oriented along
or closer to the spanwise direction, insignificant dilatational energy was observed and
the perturbation evolved nearly independent of the initial gradient Mach number (or
shearing magnitude). In a similar study of individual perturbations in high-speed
channel flow, [42] found similar results. These studies present a new parameter,
Berit, which demarcates the orientation in the streamwise-spanwise plane where the
effective gradient Mach number transitions from a supersonic to a subsonic value. .,

is defined as:

1
Bepit = cos (Mg,()) . (4.29)

In these studies [11,42], this parameter demarcates two regions of the evolution of
perturbations. At § < (.., the modes appear to be stable since they experience
suppression of the growth rate of perturbation evolution due to the effective gradient
Mach number being above unity . For 5 > (.., which are considered the subsonic
modes, the growth rate suppression disappears and the evolution becomes nearly
independent of the initial gradient/modal Mach number indicating these modes are
unstable. As these two studies both examine different types of shear flows, it is
reasonable to anticipate a similar behavior in Kolmogorov flows.

Simulation of Kolmogorov flow permits the study of ideal flow field inhomogene-
ity by forcing a range of shear rates within the same grid. Each individual plane in
the flow normal direction can be conceptualized as a uniform/homogeneous shear
flow with a unique shear magnitude. Using DNS for this study allows us to gain in-

sight on turbulent transport and dissipation effects in non-ideal inhomogeneous flows.
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In figures IV.4 and IV.5, the evolution of turbulent kinetic energy in compressible
homogenous shear and compressible Kolmogorov flow subject to a collection of initial
perturbation modes are presented. The stabilizing nature of compressibility due to
the change in nature of pressure [9,11] is clearly demonstrated in figure IV.4. Even
with the addition of non-local instabilities found in Kolmogorov flow, compressibility
still exhibits a stabilizing influence on flow field evolution (figure IV.5). Further, it
can be seen that inhomogeneity is stabilizing even in compressible flows [25, 26, 28].
Since we already established that the effective gradient Mach number and shear rate
for Kolmogorov flow have an additional factor of being dependent on the flow normal

location, (., for individual planes in this study is defined as:

ch’t = Cos_l (é) . (430)

M, o cos(z2)

The remainder of this chapter will be dedicated to examining single mode pertur-
bation evolution in compressible Kolmogorov flow to improve understanding of the

overall effect of inhomogeneity in free shear flows.
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Figure IV.4. Evolution of turbulent kinetic energy for a collection
of modes in homogeneous shear flow for various initial gradient Mach
numbers(M,). Figure previously seen in the doctoral dissertation of Gau-
rav Kumar [43].
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Figure IV.5. Evolution of turbulent kinetic energy for a collection of
modes in Kolmogorov flow for various initial gradient Mach numbers(1,).
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IV.C. Single Mode Simulations

To fully comprehend the effect of inhomogeneity on the flow field hysics, individ-
ual perturbation modes will be examined. Volume averaged quantities will be used to
determine the influence of perturbation mode orientation in the streamwise-spanwise
plane. Volume averaged quantities will also be used to investigate the influence of
initial gradient Mach number at fixed obliqueness angles to determine if a stability
boundary classification , similar to that found in [11], is present. Finally, streamwise-
spanwise planar averages will be taken in the flow normal direction to investigate

the inhomogeneity effects on different perturbations.

1V.C.1. Influence of perturbation obliqueness, (3

As in the compressible homogeneous shear study, the obliqueness angle, 3, de-
termines the effective Mach number experienced by a perturbation oriented in the
streamwise-spanwise plane. Consequently, 5 also strongly influences the evolution of
the turbulent kinetic energy within the flow field. Figures IV.6 and IV.7 demonstrate
the influence of the obliqueness angle on two different Mach numbers. In both figures
the solid line represents the streamwise (8 = 0) mode, along which the perturbation
experiences the maximum influence of initial gradient Mach number. Perturbations
oriented closer to the streamwise direction, have a smaller growth rate implying there
is a stronger stabilization effect in that region. As [ increases, and the effective Mach
number acting on the single perturbation decreases, a destabilization of the turbulent
growth rate is exhibited. As anticipated, §..; demarcates the boundary between the

stable (or supersonic) and unstable (subsonic) regions of the plane. For obliqueness
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Figure IV.6. Evolution of volume averaged turbulent kinetic energy for a
range of obliqueness angles,, with an initial gradient Mach number(}/, =

5).

angles greater than f3..;;, all perturbations evolve along a nearly identical path. This
supports the notion of a stability boundary classification similar to the homogeneous

shear case but further investigation is required.

1V.C.2. Influence of Mach number

The previous subsection examined the influence of the perturbation orientation
for fixed initial modal Mach numbers. Now we investigate the influence of initial
modal Mach number, which acts as a measure of the amount of compressibility, at
fixed perturbation orientations. Keep in mind the definition of effective shear rate

and Mach number (4.26, 4.27) as we interpret the results.
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Figure IV.7. Evolution of volume averaged turbulent kinetic energy for a
range of obliqueness angles,, with an initial gradient Mach number (M, =

10).
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IV.C.2.a. 2D or Streamwise mode: g =0

When oriented along the streamwise direction, a perturbation experiences the
full effect of the shear rate and initial Mach number. This mode is known to generate
a significant amount of dilatational kinetic energy in homogeneous shear flow [11]
due to the steady increase in the wavenumber vector magnitude. Figure IV.8 shows
the volume-averaged evolutions of a perturbation along the streamwise direction for
several initial modal Mach numbers. Since Kolmogorov flow encompasses a range
of shear rates, the influence of low and zero shear planes is reflected strongly in the
lowest modal Mach number case. As expected, we observe that higher compressibil-
ity (M,,) leads to higher energy levels. However, it is important to note that the

perturbation evolution is asymptotically stable.

IV.C.2.b. Oblique mode: § =45

As the perturbation orientation ventures toward the spanwise direction, no-
ticeable differences in the evolutions are displayed. For simplicity we examine an
oblique mode along the center of the streamwise-spanwise plane. Figure IV.9 shows
the volume-averaged evolutions of a perturbation along § = 45 for different Mach
numbers. Once again, we see increased energetics for larger M,, but we notice that
the least compressible case (M, = 1) exhibits growth instead of decay as in the
streamwise orientation. This can be explained by the equation for the effective Mach
number (4.27). Along this orientation, a perturbation is only experiencing around
70% of the Mach number or shear strength. For the M, = 1 case, the effective Mach

number is in subsonic values. Therefore, we are starting to see the destabilization in
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Figure IV.8. Evolution of volume averaged turbulent kinetic energy from
a streamwise mode (S = 0) instability for various initial gradient Mach

numbers(M,).

growth of the perturbation for this case. The destabilization for the other cases will

occur at orientations closer to the spanwise direction.

IV.C.2.c. Spanwise mode: § =90

A perturbation oriented along or near the spanwise direction experiences a small
effective shear rate and Mach number. In this thin region of the streamwise-spanwise
plane, all initial gradient Mach number cases are beyond their f..; values and the
effective shear acting on the perturbation is well within the incompressible regime.
Based on previous studies and analysis, any perturbations should evolve along the

same path, regardless of initial gradient Mach number or shear rate. Figure IV.10
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Figure IV.9. Evolution of volume averaged turbulent kinetic energy
from an oblique instability (8 = 45) for various initial gradient Mach
numbers(M,).

supports this claim as the perturbation oriented along the spanwise direction shows
unstable growth independent of the initial Mach number value. This observation is
explained by equation (4.27) which shows the effective Mach number experienced by

perturbations along the spanwise mode is nearly zero.

1V.C.3.  Influence of inhomogeneity

From the previous subsections, the effect of obliqueness angle, 8, and initial
Mach number have been established and show reasonable agreement with high-speed
homogeneous shear [11] and channel flow [42] studies. Kolmogorov flow, considered

an archetypal inhomogeneous shear flow, presents a unique opportunity to examine
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Figure IV.10. Evolution of volume averaged turbulent kinetic energy from
a spanwise mode (8 = 90) instability for various initial gradient Mach
numbers(M,).

the evolutions of a perturbation subject to different shear magnitudes. For the
investigation that follows, we examine plane-averaged values to gain a clearer picture
of the influence of inhomogeneity on individual perturbations. We will focus on three
particular planes of interest shown in figure IV.11. Since DNS was used to produce
these results, the behavior of the turbulent transport and dissipation terms found in

the RSEE (4.7) could be deduced, especially at the low to zero shear planes.

IV.C.3.a. Maximum shear rate plane

At planes of maximum shear rate (ro = 0,L/2,L; where L is the length of

the domain in the stream-normal direction) in Kolmogorov flow a perturbation is
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Figure IV.11. A schematic of the stream normal profile pinpointing the
planes of interest: 1) the maximum shear rate location, 2) a medium shear
rate location, 3) a zero shear rate location.

essentially subjected to a homogeneous shear flow. For this reason, the influence of
f on a perturbation should closely resemble results from [11]. Figure IV.12 shows
the evolutions of a perturbation for different Mach numbers at different obliqueness
angles in the maximum shear plane. In figure IV.12a, the perturbation is oriented
along the streamwise direction and the results are presented in non-dimensionalized
mixed time to align the oscillations in the kinetic energy evolution of the different
Mach numbers. The streamwise perturbation evolution shows strong agreement with
homogeneous shear results for this mode [11], supporting the claim that the maximum
shear plane is analogous to homogeneous shear flow. Any differences between this
maximum shear plane perturbation evolution and that of the streamwise mode for
the homogeneous study is due to the turbulent transport and dissipation among
neighboring stream normal planes in Kolmogorov flow. The mixed timescale also

displays evidence of the three-stage evolution common to compressible shear flows.
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Figure IV.12. Evolution of planar averaged turbulent kinetic energy from
(a) astreamwise mode instability; (b) oblique mode instability; and (c
spanwise mode instability, for various initial gradient Mach numbers(1/,
at the maximum shear location.
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Figure IV.12b presents the evolutions for a perturbation oriented in the middle of
the streamwise-spanwise max shear plane. Once again, we see the lowest initial Mach
number case shows some destabilization similar to the volume-averaged evolution in
figure IV.9. Close comparison between the streamwise and oblique mode shows a
slight decrease in kinetic energy at later times. As expected from both previous
studies and previous sections of this paper, the evolutions of the spanwise mode

perturbation are independent of initial Mach number, seen in figure IV.12c.

IV.C.3.b. Medium shear rate plane

Medium shear plane (zo = (2n —1)L/8 for n = 1,2, 3, 4) perturbation evolution
give a glimpse at what most of the stream normal planes are experiencing. In these
simulations where the mean/background flow is a single period sinusoidal function,
there are a finite number of planes subject to the maximum shear and zero shear
extremes. Figures IV.13a and IV.13b show the three-stage behavior agreement with
other shear flows as well as the alignment of the evolution oscillations in the mixed
timescale. The oblique mode evolutions (IV.13b) again show the slight destabiliza-
tion of the low Mach number case and the decrease in energetics of the higher Mach
number cases. Figure IV.13c continues the trend of showing the Mach number in-
dependence of the spanwise mode evolutions. However, we note that the spanwise
evolution for the medium shear plane is at a lower growth rate than the maximum

shear plane (IV.12c).
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Figure IV.13. Evolution of planar averaged turbulent kinetic energy
from (a) a streamwise mode instability; (b) oblique mode instability;

and (c) spanwise mode instability, for various initial gradient Mach
numbers(}M,)at a medium shear location.
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IV.C.3.c. Zero shear rate plane

Planes within Kolmogorov flow with zero shear (xo = L/4,3L/4) allow inves-
tigations of terms in the RSEE (4.7) that are not directly dependent on the shear
magnitude, such as turbulent transport and dissipation. The evolutions of a pertur-
bation in these planes are purely determined by their interactions with their closest
neighbors with nonzero shear rates. Figure IV.14 shows the evolutions of a pertur-
bation at three distinct obliqueness angles. Both figures IV.14a and IV.14b display
zero growth at early times followed by oscillatory growth and decay cycles at later
times. This indicates that significant amounts of turbulent transport take time to
develop in higher shear regions and the redistribution of energy by pressure and other
effects will not occur immediately. In the zero shear case, figure IV.14c shows that
a spanwise perturbation’s growth is strongly inhibited.

Examining individual shear planes in Kolmogorov flow shows the influence of
inhomogeneity is most prevalent near the zero shear region where the perturbation
growth is mainly due to turbulent transport between neighboring planes. From these
results, inferences can be made about the magnitude of transport at specific shear
plane locations. However, to complete the investigation, we look at the evolution of

the stream normal profile for key components of the RSEE (4.7).

IV.D. Reynolds Stress Evolution and Budget: Evolution of Planar Av-

eraged Quantities

For the investigation that follows, the focus will examine different time instances

of the stream normal profiles of the RSEE terms responsible for the evolution of the
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turbulent shear stress, ujuy. The reason for this choice is seen in equations (4.8) and
(4.12) where the uju; Reynolds stress is the main contributor to the production of

turbulent kinetic energy.

1V.D.1. Kinetic energy profile

Before an investigation of the RSEE terms is performed, it is critical to compare
the general evolution of the stream normal profile of turbulent kinetic energy for
different perturbation modes. Figure IV.15 shows the turbulent kinetic energy profile
for several time instances with an initial perturbation a) streamwise mode, b) oblique
mode, and ¢) spanwise mode. Noting that the spanwise mode horizontal axis is
nearly an order larger than the streamwise or oblique modes, all three modes present
kinetic energy profiles of the same magnitude at the St = 2 instance. From there,
the profile evolutions begin to diverge. The streamwise (a) and oblique (b) profiles
develop more detail in their profiles but their maxima growth appears stable. This is
likely due to all (or almost all) stream normal planes experiencing supersonic shear
or Mach number values, which have already proven to exhibit stable growth. The
spanwise mode (c) exhibits much larger growth rates, especially along the maximum
shear planes. Understanding how the kinetic energy profiles evolve for individual

perturbations can help deduce the influence of obliqueness on different terms of the

RSEE.
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Figure IV.15. Planar averaged turbulent kinetic energy profiles for(a) a
streamwise mode instability; (b) an oblique mode instability; and(c) a
spanwise mode instability. M, = 5.
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Figure IV.16. Planar averaged production (P;;) profiles for (a) a stream-
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mode instability. M, = 5.
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Figure IV.17. Planar averaged pressure-strain (II;;) profiles for (a) a
streamwise mode instability; (b) an oblique mode instability; and (c) a
spanwise mode instability. M, = 5.
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1V.D.2. Individual terms of RSEE
IV.D.2.a. Production

The production term in the RSEE is responsible for the increase in magnitude
of the perturbation and consequently the Reynolds stresses. This term transfers
energy from the mean/background field to the perturbation, so in locations with
large magnitudes of production, the growth of a perturbation will be large. Figure
IV.16 shows the production turbulent shear production (Pj9) for different modes. The
streamwise (a) and oblique (b) modes continue to display similar profiles for early
time instances. What is really of interest is figure IV.16¢ which shows a constant
production rate inferring the growth rate of a perturbation is constant, or nearly so,
along the spanwise direction. This explains the Mach number independent behavior
along this mode. With the knowledge of how the obliqueness influences production,

we next examine how the energy is distributed among different components.

IV.D.2.b. Pressure-Strain Correlation (II2)

The role of the pressure-strain correlation is to redistribute the energy among
different components to impose the divergence-free constraint on the velocity field.
Figure IV.17 shows the pressure-strain stream normal profiles for several time in-
stances at fixed obliqueness angles. Again, the streamwise (a) and oblique (b) modes
are similar in features. The spanwise mode (c) for this term shows a gradual increase
in strength of the redistribution term at locations of maximum shear. At zero shear
locations, this term is nearly zero for all modes. In linear theory, production and

pressure-strain encompass almost all the details of the kinetic energy evolution. In
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this DNS study, there are still terms that need to be investigated.

IV.D.2.c. Turbulent Transport

The Reynolds stress flux is better known as the turbulent transport term as it
can exchange energy between neighboring planes in Kolmogorov flow. We already
mentioned turbulent transport in the previous sections, which examined the influence
of inhomogeneity. Figure IV.18 shows the Reynolds stress flux profiles at different
times. The streamwise (a) and oblique (b) mode show complex profiles form, but
the large magnitude flux values that are found between the zero and maximum shear
planes are clearly visible. It is also important to note that the magnitudes of this
flux or turbulent transport profile is near zero for early times and only the St = 10
profile has significant values. This supports earlier results when we examined the
zero shear case that suggested the turbulent transport term is insignificant at early
times. There is one final term of the RSEE that must be examined to complete the

investigation.

IV.D.2.d. Dissipation

In the RSEE equation, dissipation behaves like a sink term which uses viscous
action to transforms kinetic energy into internal energy. In comparisons of DNS [11]
versus linear methods [9] of high-speed homogeneous shear, dissipation is responsible
for the reduced kinetic energy growth rates at later times. Figure IV.19 shows stream
normal dissipation profiles for specified perturbation orientations. This is the only

term in the RSEE (4.7) that shows a distinction in the profile evolution between
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Figure IV.18.

b —

spanwise mode instability. M, = 5.
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Planar averaged turbulent transport profiles for (a) a
streamwise mode instability; (b) an oblique mode instability; and (c) a



Figure IV.19. Planar averaged turbulent transport profiles for (a) a
streamwise mode instability; (b) an oblique mode instability; and (c) a
spanwise mode instability. M, = 5.
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the streamwise (a) and oblique (b) modes. The oblique mode also showed signifi-
cant magnitudes for all components of the dissipation tensor whereas the streamwise
and spanwise only displayed significant values for components along the streamwise
and stream normal directions. The spanwise mode shows strong dissipation at the
maximum shear locations.

The evolution of stream normal profiles for all terms of the RSEE have been
investigated to complete this study on the influence of inhomogeneity in high-speed
shear flows. The spanwise mode profiles exhibit a large constant energy production
at regions of high shear and small magnitudes of pressure-strain and Reynolds stress
flux. The streamwise and oblique modes present a gradual increase in their energy
production profiles along with high magnitudes of pressure-strain redistribution and
turbulent transport which aid in suppressing the perturbation growth. This final
investigation provides explanation for the collective mode behavior shown in figure
IV.5 where the high-speed Kolmogorov cases exhibit energies slightly higher than

homogeneous shear flow, but still show the stabilizing influence of compressibility.

IV.E. Conclusions

The main objective of the present work is twofold i) provide supporting evi-
dence that the modal stability boundaries seen in high-speed homogeneous shear
and channel flows also exist in Kolmogorov flow, and ii) investigate and identify the
qualitative influence of inhomogeneity on high-speed shear flows. The modal behav-
ior in Kolmogorov flow is consistent with the previous studies. The subsonic modes,

B > Berit, are independent of initial Mach number and exhibit unstable growth. The
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supersonic modes, § < .., have stable growth and have strong dependence on the
effective Mach numbers they experience. These results provide further credence to
the hypothesis that all shear flows exhibit the same qualitative modal characteristics.

A comprehensive investigation on the evolution of individual stream normal
planes is conducted to identify the effect of inhomogeneity in high-speed shear flows.
The profile evolutions of the RSEE terms are studied to see determine the strength
of interactions between stream normal planes with varying shear rates. The spanwise
mode profiles displayed constant high production but small pressure redistribution
and turbulent transport explaining the unstable growth of perturbations oriented
along this direction. The streamwise and oblique modes exhibit varying production
rates along with larger magnitude redistribution and transport terms, which leads
to the perturbation growth suppression seen in the stable modal boundaries. These

investigations explain the stabilizing influence of compressibility on Kolmogorov flow.
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CHAPTER V

CONCLUSIONS AND FUTURE WORK

We perform three studies examining different effects on high-speed shear flows:
(1) time-reversal properties of inviscid linear equations in incompressible and com-
pressible flows; (2) a linear analysis investigation using rapid distortion theory to
determine the influence of unsteadiness on a compressible periodic homogeneous
shear flow field; and (3) a modal investigation on the effects of inhomogeneity in

highly compressible shear flows. The contributions from each study are summarized:

V.A. Study 1

The concept of temporal flow reversal of the linearized invisicid equations is
already established for incompressible flows. Using the same criteria, we examine

time-reversal in compressible flows.

1 At the low-speed limit, the flow is governed by the Euler equation for momentum

and the Poisson equation for pressure.

(a) In spectral space the Poisson equation becomes algebraic in form and can be
substituted into the momentum equation to form a single governing equation of

the flow field.

(b) Applying the time reversal transformation produces a sign change in the time
derivative of the momentum equation exhibiting that low-speed linear, inviscid

flow fields can be reversed.
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2 At the high-speed or compressible limit, the governing equations include the mass,
momentum and energy balance equations along with a state equation, here the
ideal gas law, to properly capture the flow field. Applying time reversal trans-
formation produces sign change of all ODE’s in system proving high-speed linear,

inviscid flow fields also are reversible.

V.B. Study 2

The characteristics of transition and turbulence in high-speed compressible pe-
riodic shear flows are remarkably different than constant shear flows. This is due to
the vastly different pressure evolution in the periodic case compared to the constant
shear case. In the constant shear case, the velocity field evolves through three distinct
regimes where pressure’s ability to counteract production changes in character. In
the periodic shear case, the evolution of pressure becomes dependent on the periodic

frequency.

1 For high frequency shear flows, the wave number vector remains almost constant
in time preventing the pressure field - and simultaneously the velocity field - from

evolving beyond its initial state.

2 For low frequency cases, the general solution of the inhomogeneous pressure equa-
tion obtains a form similar to the constant shear case but with coefficients and
intermediate variables that are sinusoidal in nature. As a result, the early and late

time limiting behavior can be surmised.

(a) The early time behavior produced the same result as the constant shear case:

the transition between the first and second regime occurs at Spt/\/ M, (t) ~ 1.
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(b) At later times a coupling between the pressure and shear normal perturbation
cause a drastic reduction in kinetic energy production similar to the second

regime in steady flow.

(c¢) There is no point at which pressure evolves into the third regime found in the

steady case.

The findings of this study have the potential to be used in unsteady compressible
pressure strain correlation and Reynolds stress models. Since the majority of flow
types experience some amount of time dependence, the inferences derived from this
study could lead to possible control strategies to delay the onset of transition to
turbulence. Further investigation of compressible unsteady flow fields need to be

conducted.

V.C. Study 3

In this study we use DNS of Kolmogorov flow to i) examine the effects of inho-
mogeneity in a compressible shear flow and ii) exhibit the qualitative modal behavior
seen in other shear flows is also present in a spatially periodic mean shear flow. In-
vestigations of different modes lead to the following conclusions on the growth of

fluctuations in high-speed inhomogeneous shear flows:

1 The modal behavior present in Kolmogorov flow is similar to the behavior identified

in previous shear flow studies.

(a) Modes with § > B exhibit unstable growth that is independent of initial

gradient Mach number which is consistent with subsonic flow.

93



(b) Modes with 8 < B exhibit dependence on their effective Mach number and

smaller perturbation growth rates.

2 Examination of plane averaged turbulent quantities exposed a strong perturbation
growth rate dependence on stream normal location illustrating that inhomogeneity

in shear flows has a strong influence.

(a) Stream normal planes near maximum shear planes resemble homogeneous shear

flow evolutions

(b) Planes in the vicinity of zero-shear display no growth at early times due to
absence of production. Eventually perturbation growth occurs but only due to
transport of energy from non-zero shear planes through turbulent transport and

dissipation.

3 Evolutions of stream normal profiles of RSEE terms highlight the mechanisms

responsible for varying perturbation evolution of the different modes.

(a) Modes with larger streamwise components develop time dependent production
rates along the majority of the planes in the stream normal direction which
has an influence on the evolution of the other RSEE terms, overall leading to a

reduced perturbation growth rate.

(b) Modes with larger spanwise components maintain constant production rates cou-
pled with pressure-strain and Reynolds flux terms that are an order smaller than

the magnitudes of their streamwise counterparts.
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