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On the Formulation of the Resolvent Operator for
Compressible Flows
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This paper investigates the non-uniqueness of resolvent analysis in the context of compressible
fluid flows. Specifically, we compare two mathematically equivalent formulations of the
compressible Navier-Stokes equations (NSEs) in two sets of flow variables related via a nonlinear
transformation, which we refer to as the ‘Cubic+’ and ‘Quadratic+’ formulations. The Cubic+
formulation is based on the conventional representation of compressible NSEs using the primitive
variables of density, velocity components and temperature, whereas the Quadratic+ formulation
utilizes a representation where density and temperature are replaced by specific volume and
pressure, respectively. These formulations are implemented on a compressible plane Couette
flow for a broad range of Mach numbers. Although the Quadratic+ formulation generally
predicts higher amplifications than the Cubic+ formulation when the Chu energy is utilized
for the compressible inner product, this trend reverses if kinetic energy is instead used to
define the inner product. Furthermore, for some combinations of the streamwise and spanwise
wavenumber pairs, the two formulations predict substantially different temporal behaviors.
These range from differences in estimating the temporal frequencies for the largest gains to
instances wherein one formulation predicts a single global peak when the other predicts multiple
local peaks. In addition, the Quadratic+ results feature localized regions of wavenumber space
associated with high resolvent gains that are absent in the Cubic+ results, but are qualitatively
comparable to one another otherwise. The inconsistencies observed in resolvent analysis based
on the two formulations considered here suggest that any insights drawn from resolvent analysis
should be accompanied by computational and/or experimental studies to corroborate findings
and interpretations of the underlying physics.

I. Introduction

Developing a comprehensive understanding of the flow physics of high-speed fluid flows, which are governed by the
compressible Navier-Stokes equations (NSEs), is a key component for aerospace applications going forward. In this
regard, conducting high-fidelity numerical experiments using computational fluid mechanics tools are now a viable
option due to the advances in super-computing technology in the last few decades. Especially in the context of turbulent
flows, direct numerical simulations has proven to be a powerful numerical tool, but its applicability for a broad range of
parameters—primarily, Reynolds number and Mach number-remains somewhat limited despite recent progress [, [2]].
Alternative to the numerical experiments, model-based frameworks like input-output (I/O) methods have been successful
in providing important insight into the flow physics and have been useful in uncovering key mechanisms of instability in
the incompressible regime [3| 4] and are getting increasingly popular for analyzing high-speed compressible flows as
well [} 2} [5H8].

In the context of flow instability and transition to turbulence, the equations governing the fluid flow can be expressed
as a feedback interconnection between a linear system and a nonlinear mapping (see, for example, the schematic in
Fig. @ Now, resolvent analysis [[LO, [11], like all other linear I/O methods, removes the aforementioned feedback
interconnection and replaces the nonlinear terms by some implicit forcing on the linear dynamics (compare the Figs.
and [Ta), which greatly simplifies the subsequent analysis. We recently extended an I/O method—called the structured
I/0 analysis [12]]-to the compressible flows in Ref. [9]. Instead of removing the feedback nonlinearity altogether, the
structured I/O modeling introduces pseudo-linear approximations for the nonlinear (quadratic) terms [9} [12] (compare
the schematics shown in Figs. [Ibland [Ta). The structured I/O analysis is based upon the concept of structured singular
value [13]] from robust control theory. In Ref. [9], we implemented the structured I/O framework for compressible
flows on a compressible plane Couette flow and compared the results with those obtained from an equivalent resolvent
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Fig. 1 Stability of transitional fluid flows and the governing equations of perturbations (q) about a steady base
flow. These equations are shown in three different forms: (a) the original system with the linear dynamics in
feedback with the nonlinearity f(q); (b) the structured I/O modeling with f, (q) representing the approximated
nonlinearity (see Ref. [9] for details); (c) the linearized system obtained by removing the aforementioned feedback
connection.

analysis. The comparison revealed several contradictory aspects about the instability mechanisms associated with the
flow [9]. Although the structured I/O modeling is an obvious source of the discrepancies reported in Ref. [9]], another
possibility is the choice of variables used to describe the flow, as pointed out in Ref. [[14]. The theoretical developments
and case studies in Ref. [[14] established that resolvent analysis—or indeed any I/O analysis based on the linearization of
nonlinear NSEs about a base or mean flow—might lead to substantially different results for different choices of the flow
variables describing the same flow. This ambiguity, coupled with the discrepancies noticed in our prior work (Ref. [9]),
serves as a motivation for the study reported in this paper.

We start by linearizing the compressible NSEs described in terms of two sets of primitive variables. When working
with the primitive variables of density, velocity components and temperature, the resulting linearized equations are
termed ‘Cubic+’. The other representation—which replaces density and temperature with specific volume and pressure,
respectively—leads to the ‘Quadratic+’ formulation of linearized equations. The corresponding resolvent operators are
then implemented on a compressible Couette flow for a wide range of Mach numbers. Despite qualitative similarities
between the two sets of results, we have identified several combinations of the streamwise and spanwise wavenumber
pairs where the results differ substantially, predicting significantly different temporal behaviors of the linearized flow
dynamics.

The remainder of the paper proceeds as follows: the linearized formulations of compressible NSEs are discussed in
Section[[I] Details of the resolvent analysis and simulation results for a compressible plane Couette flow are given in
Section [T} Section [[V]provides the concluding remarks and future directions of research.

I1. Linearization of Compressible Navier-Stokes Equations

In this section, we describe two sets of linearized equations of flow perturbations about a steady base flow based on
two mathematically equivalent representations of the compressible NSEs. These representations include the conventional
one typically used for I/O methods in the literature [[1} 15 6] and the specific one we outlined for structured I/O analysis
in [9]]. Let us consider a compressible fluid in the domain Q C R3,andusex € Qandt € R0 to denote the spatial
coordinates and time, respectively. The state of the fluid at any instant in time can be characterized solely based
on one of the following sets of primitive variables: (i) density p(x,t), velocity u(x,t) = (u(x,t), v(x,t), w(x,1)),
and temperature 7(x,?); (ii) specific volume &(x,7) = 1/p(x,t), velocity u(x,) = (u(x,1),v(x,t),w(x,t)), and
pressure p(X,t). Then, the fundamental principles of mass, momentum and energy conservation are applied to derive
the equations governing the dynamics of the flow in Q.
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A. Cubic+ Formulation
Let us first consider the non-dimensionalized compressible NSE in the variables q. = (p,w,T) = (p,u,v,w,T),
i.e., the conventional description widely used in the literature [1, 5, 6]]. These are given by

dp+V-(pu)=0

1 1
p(@,u+u-Vu) = —mVp+ EVH(U,T},/’.) @))]
—1)M?
p@T +u-VT) = (1 - )p(V )+ =L v (vr) + LT DM gy 2
RePr Re

with the non-dimensional equation of state for a perfect polytropic gas p = pT. Here, Re, Pr and M, denote the
Reynolds number, Prandtl number, and Mach number, respectively. Also, I1(u, , 1) is the viscous stress tensor and can
be expressed as

I(u,7,4) =p(Vu+ (Vu)T) + (V- w)I

where 1 and A are the first and second coefficient of viscosity, respectively. The term ®(u, 5, A1) in (I)) is the viscous
dissipation term given by

(7, 2) =7 (2 (@) + (8,9)% + (9ow)?) + By + 00)> 4 (D + Dyw)* + (Du + w)*) + AV - w)?
- g [Vu+ (Vo)T]* + A(V - w)2.
Also, each row of the vector V - I1(u, 17, 1) can be expressed as [5,[15]

(V-TH(w, 1, 0)x, = nVu; + dx; (A(V - w)) + 30, (V- w) + (V) - (V) + (V) - Oy,
=nV2u; + (n+ )y, (V-u) + 0, A (V-u) + (Vn) - (Vu;) + (V) - O,.u

where x; represents the three coordinates of x. Throughout the remainder of the paper, we assume A = —2/37 using
Stokes’ hypothesis. The temperature dependence of viscosity is modeled through the Sutherland’s law, given by [[15]]

T3 (1+0)

n(T) T+C

@
where the constant C = 0.5. Note that all the non-viscous nonlinear terms in (1)) are either quadratic or cubic in the
variables, with the viscosity-dependent nonlinear terms taking non-integer orders due to the Sutherland’s law in (2)). It is
for this reason we refer to the linearized dynamics obtained from () as the ‘Cubic+’ formulation in this paper.

Next, we consider the dynamics of perturbations about a steady base flow (pg, o, po, 7o, 70) with ug = (Up(y), 0,0).
The steady base flow equations are given by

d ( dUp) _,
dy nody -
d
dLyO=0=>Po= 3)
. d (| dT, dUp \*
Prot— (po— -DM?no | — | =
r dy(nody)+(7 )rno(dy) 0

along with the equation of state pgTy = 1 (since we have scaled the constant pressure as pg = 1). The linearized
dynamics of the perturbed flow states about this base flow are summarized in the following:

0ip = =Updcp —vpy— poV - u+ fe,

! 1 TO ’ ! 4 44
O = ~Uodt = VU = — 5 (200 + 0T ) + 22 (nrn TUT + 1 Ugdy T + 0 Ug T
r

+ 70V + (170 + A0)Ox (V - ) + 170, (Bv + Dyur) ) +for

r

1
o =~Uodev = — (305 + TopTy + ToTp + 6,T)



Downloaded by University of Minnesota on January 5, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2024-0286

T 4 /’ !
+ —2 (qTo UL0.T + 1092 + (0 + A0)dy (V - u) + 2 (V - u) + znoayv) + fo (4)

1 T ,
ow = =Uydyw — W (Tozazp + 6ZT) + R—(; (n()Vzw + (170 + 20)0;(V - u) + 1, (sz + ayw)) + feu
T 1’ 7 7
0T = ~Uod,T = vI§ + To(1 = y)(V - u) + = ; (UTOTO + 077, (T2 + 20,y +nov2) T
Toy(y — )M} , ,
+ — Re (ZT]OUO(axv +0yu) + nTO(UO)zT) + fer

where all the nonlinear terms are collected in f(.)s and 5y, 777, are the first and second derivatives, respectively, of
n(T) with respect to T and evaluated at T = T. Also, (-)’ and (-)”" respectively mean d(-)/dy and d*(-)/dy? for the
associated base flow quantities. The linearized perturbation dynamics @) can be expressed in a more compact form as

3:% = chc + fc (5)

where f, = ( Jeps Jews feus fews ch) denotes the forcing and the linear operator L. is

LCP/’ Lcﬂu chv chw LC/’T
Lcup Lcuu Lcuv Lcuw LCuT
LC = Lc\p chu chv chw LCVT
Lcwp Lcwu Lcwv Lwa LCWT
LCTp LCTu LCTV LCTM LCTT
with each sub-operator given by
1
Lcm, = -Up0y, chu = —po0x, Lva = _p6 - p03y5 Lpr = —pody, ch-r =0, Lcup = ——2T02(9x,

r

’ T ’
L = ~Undh+ 2 (1077 + (0 % A0)0s + 14y ) L = ~Ug + 25 (00 + A0)y + 15

1 T ’ 4 ! 44
Ley, = E ((mo+40)0xz) , Lo,y = —max * 2o (71, T5Ug + 1, Uy + 11, U ) o
- (r2 A 20)By + A0
Le,=—1 (To b #1075 ) s Ly, = 2o (0 +A0) 0y +20x)
Ley, = ~Upds + -2 (nyv? A0)dyy + A0y +20,0, ) Loy, = 2 20)8y; + A
evy = ~U00x + 5\ 10 + (170 + 0)Oyy + A0y + 2130y |, L, _R_e((n0+ 0)dyz +30z) ,
TO , 1 2 To
L = =75 (Top 4 80) + 30 (mUin) Lo, = = (T50:) L, = g (0 + 00 ®)
_ TO ’ _ TO 2 ’
LCWV = R_e ((77() + /l())ayz + T]Oaz) , LCWW = —anx + R_e 770V + (770 + /l())azz + 7]0(9), s
1 TO)’(?’ I)Mz ’
Loy = _yMEaZ’LCTP =0,Lep, =To(1=79)0x + e (2n0U40y)
Toy(y - M}
LCTV = TO(I - ')’)ay + T (2 OUOa ) ()7LCTW - TO(I - y)627
TO 2 y(y - 1)1‘4r2T0 "2
crr = ReP (777"0T + 77T7"()(T ) + 27706 +1n0V ) Re TIT()(UO) = UyOs.
It should be noted here that (n9 + 19) = 1/3n9 due to Stokes’ hypothesis.
B. Quadratic+ Formulation
The compressible NSEs can alternatively be described in terms of the set of primitive variables q, = (£ := 1/0,u, p)

(see Ref. [9] for details). The resulting non-dimensional equations can be expressed as [9]

GéE+u-VE-EV-u=0
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ou+u-Vu=-

: H(u’ n, /l) (7)

-1)M
6tp+u-Vp+7pV-u=7(7R#<D( 77,/1)+
e

V (nV(pé))

with the associated non-dimensional equation of state for a perfect polytropic gas p& = T. Similar to our earlier remarks
on the governing equations for the Cubic+ formulation, all the non-viscous nonlinear terms in (/) are quadratic, while
the viscous nonlinearities are of fractional order due to the viscosity modeling through the Sutherland’s law in ().
Therefore, we refer to the linearized dynamics obtained from as the ‘Quadratic+’ formulation here.

Now, for a steady base flow with (&o, Up(y), 0,0, po, To, 170), the base flow equations are given by

d dUo o
ay\"ay |~
dpo
=0 =1
dy = po
dU\> ., d ( d&
— DMy | —2| +Pr7!
(v )rno(dy)+r d(ndy

along with the equation of state &y = Tj since the constant pressure is again scaled as po = 1. Thus, the above base
flow equations are the same as in (3). In Ref. [9], we only allowed the viscosity associated with the base flow to be
a function of the base flow temperature (i.e., 79 = 170(7p)) and perturbations to the base viscosity 7o were neglected.
This simplification was made so that the nonlinearity in the perturbation equations were quadratic in the perturbed
flow variables. This was crucial in the pseudo-linear structured I/O modeling and the subsequent analysis in Ref. [9].
However, it should be noted that no such assumption is made here and we allow viscosity perturbations as dictated by the
Sutherland’s law in (2. After carrying out a similar set of calculation as we previously did for the Cubic+ formulation,
we can express the linearized perturbation dynamics about the base flow as

0:qq = Lgyqq + 1, (8)
where £, is the forcing (see f. in (@) for comparison) and the linear operator L, takes the following form:

L L

Lgee Lgew Lagey qéw qép
Lowe L Law Laww Lau,

Ly=|Lsve Lgu Lo Lgn Lq,
LQw.f quu quv L2ww L2wp
L L L L L

dpé& dpw dpp

with the sub-operators given by

Lyee = —Uo0Ox, Lg,, = &00x, Lg,, = €00y — f('),ngw =&00;, Lg., =0,

Ly, = %(m +120y), Lg,, = —UpOx + Ii—o (no (v2 + %axx) + n{)ay) .Lq,, =-Uy+ % (Snoaxy + noax) ,

Ly, = %&Q,qu = »y 503 + Ii (m&o + m&l +méody) . Ly, = Ié;(; 11, Uy0x,

Lg,., = Ié;()e (37706xy §7766X) s Lg,, = —Uodx + % (770 (V2 + §5yy) + g”éay) Ly, = i_(; (%anyz - %’7(’)‘%) ’
Levy = _m&)a + Ii 11, Ugé00x, Ly, =0, Ly, = é%ax& L, = Ié;_o (37700yz + 77062) ; ©
Lg,.. = -Uodx + % ( 10 (V2 + §azz) + n(’)ay) .Lq,, = —ﬁgoaz,

Ly, = 7(7;—;)]‘42 7(U))* + P (77on + 100y + 13 + N1, €00 ) o = ~VOx + ﬂy;—j)M’Z (2n0U5dy) .
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y(y - )M} ,
L‘[pv = _yay + Re . (ZUOUOBX) > Lqu = _yaz’
y(y - )M} ,
Ly,, = —UoOx + T Re L1y (U éo
’)/ ’ 24 ’ 7 ! !
* RoPr (UO§OV2 +2n0& 0y + no&y + g (&) + E00y) +m3éo + n1yoéldy + 111y (fo)z)
where

m =nrr, ToUgy + Uy
m =npUj
n3 = UT()T(;, + 77TT0(T(;)2'

C. Chu Energy Expression for the Quadratic+ Formulation

Chu energy [16]] has been extensively utilized for the inner product in resolvent analysis of compressible flows
[L1L15L16]. The expression of Chu energy in terms of the Cubic+ variables (q.) is well known [[17]. Here, we derive an
expression for the Chu energy in terms of the variables used in Quadratic+ formulation (q) based on the principles
outlined in Ref. [14]. We start by defining the nonlinear transformation between q. and q as

1
qc = (P,“’ V’W’T) = (E’u’v’ W’pf) =g(§’u’ v, W’p) =g(qq)

We need the expression of the Jacobian of g(-) with respect to q,, which is given by

—éo 0 0
0 100 0
d,8=|1 0 0 1 0 0f.
0 001 0
p 0 0 0 ¢

Let the Chu energy expressions in terms of q. and g, be denoted by &, and &, respectively, with &, given by [17]]

&E. = diag (

Do o000 L)
METTTT T y(y = )M,

PoOY

The equivalent expression for &, is then given by

Eq = (aqflngq:qqo)* & (aq"ngf‘lqo)

where (-)* stands for Hermitian transpose, while g4, denotes the base flow described in terms of q,. Carrying out these
calculations leads to the following expression:

T Pépo Po
EyMz T y(y-)M}ET, y(y-1)MZTy
0 00 0 0 0
Eq= 0 0 po O 0
0 0 0 po 0
'Y('y_ll);)MrZTO 00 0 V(V—f;)MfTo ]

I1I1. Resolvent Analysis: Compressible Plane Couette Flow
In this section, we provide an overview of the resolvent analysis and discuss results pertaining to compressible
plane Couette flow. This flow provides a convenient canonical setup for investigating compressible flows and has been
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Fig. 2 Steady base flow profiles of compressible plane Couette flow for different Mach numbers.

utilized quite extensively in the literature [} 15 [18-20]. The base flow profiles for this flow can be computed relatively
easily (see, for example, Refs. [5,[9] for details). Sample base flow profiles for different Mach numbers are shown in
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Fig. 2} We utilize a Fourier-Chebyshev-Fourier spectral discretization for the perturbation equations, i.e., we assume
solutions of the form q; (x, y, z,1) = 4 (y) exp(i(kyx + k,z — wt)) where i = V-1 is the imaginary unit, i = ¢, ¢ is used
to designate the formulations (i = ¢ for Cubic+ and i = ¢ for Quadratic+), and w, k, and k are the temporal frequency,
streamwise wavenumber and spanwise wavenumber, respectively. The discretized versions of the perturbation dynamics
(3) and (8) can be expressed as

A -1,
= (—ia)I—Ll-(kx, kz)) £,

where R; (ky, k,, w) = (—iwI - I:,-(kx, kz)) : € C"™" are the associated resolvent operators. Here, we have n = 5N,
where Ny, denotes the number of Chebyshev collocation points in the wall-normal direction. Expressions for the
discretized linear operators I; are provided in Appendix [A| Resolvent analysis focuses on the maximum singular value
and the associated singular vectors of this operator [5,[10,[11]. In the subsequent discussions, we utilize the following
two notions of the resolvent gain:

OR; (kx, ks, ‘U) =0 (Ri(km kz, a))) >
o, (ks g) = sup & (Ry (kx, ke, ) (10)
w€ER
where (M) denotes the largest singular value of a matrix M. A system-theoretic interpretation of og, (ky, k;)—which
are the H,, norm of the associated linear perturbation dynamics—is that these provide the worst-case (i.e., largest) gain
induced by the nonlinear forcing terms f; on the perturbed flow variables §;. Note that computation of og, (kx, k;)
essentially boils down to computing the maximum of o, (ky, k., w) over an appropriate grid of w € R.

A. Code Validation

According to the discussion in Section 2.1 in Ref. [14], the discretized linear operators I:i associated with the
two formulations discussed here are guaranteed to share the same eigenvalues because of the steady base flow. The
eigenvalue spectra obtained through our numerical implementation are shown in Fig. 3] These results demonstrate that
the eigenvalues for two formulations match closely, as theoretically expected. The “Y’ shape of the eigenvalues in Fig.
@] are consistent with the existing literature [S, 18] [19]. Note that these eigenvalues are associated with the viscous
eigenmodes, i.e., modes that arise due to the viscous terms in the momentum and energy equations [18]]. In addition, the
shape/pattern of the eigenvalues depicted in Fig. [3a]away from the imaginary axis is also expected (see, for example,
similar trends reported in Ref. [19]). These eigenvalues belong to the inviscid or acoustic eigenmodes [5} |18} [19].

0 ] 0.2
O Quadratic+
x  Cubic+ 0 & o o
-50 o
X S
3 -0.2
®e ®® :
o~ -100 - ®® 8 ®® G 04 <: Qua.drat|c+
® 8 ® Cubic+
@@ g @8 -0.6
-150 ¢ 8
®
ve s ©® 0.8
®
®
-200 ® : : L -3 -1 . |
-1 -0.5 0 0.5 1 -0.5 0 15
4
C, x10 c,
@ ®)

Fig. 3 Eigenvalue spectra of the linear operators for k, = k, = 0.1, Re = 2 x 10°, M, = 2, Pr = 0.72,
N, =200. The eigenvalues are plotted in terms of complex wavespeeds c,, = ¢, +ic; = w;/k, where w; satisfies
L;(ky, k;)q; = —iw;q; for i = ¢, c. The two sets of eigenvalues match up, which is expected due to the steadiness
of the base flow, as discussed in Ref. [14].
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Fig. 4 The log-scaled values of resolvent gains og, (ky, k) over the wavenumber pair grid for Re = 2 x 10°,
Pr =0.72, N, = 200. Note that the Chu energy is utilized for the compressible inner product. Despite the
qualitative similarities overall, the Quadratic+ formulation predicts larger hotspots and features localized oblique
regions of high gain.
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B. Resolvent Gain Variation in the Wavenumber Space

To study the variation of the resolvent gains o, (kx, k) over the wavenumber pairs, we choose a 60 x 80 grid of
ky x k, with logarithmically spaced values of k, € [1073,10%] and k, € [107#, 10°]. The temporal frequency grid
comprises of 50 logarithmically spaced points between -10 and 10, i.e., w € [—-10, 10]. The results for three different
Mach numbers are shown in Fig. i] A closer inspection of the results reveals that the Cubic+ formulation predicts
lower amplifications than the Quadratic+ formulation at more than 99.5% of all (k,, k,) grid points for each of the
three Mach numbers considered here. The hotspots in the Quadratic+ results are also much larger compared to the
hotspots in the other set of results. There are oblique waves/structures of relatively larger gains approximately for
ky € (1071,10), k, € (1072, 10) in the Quadratic+ results for all three Mach numbers. These, however, are absent in
the Cubic+ results. While it is possible that these oblique structures signify some mechanisms of instability, it is also
possible that these do not represent the actual flow physics and that the Cubic+ results indeed capture the true system
behavior. In terms of similarities, both formulations predict several horizontal bands of high gains for wavenumbers
in the region k, € (1072,1071), k, € (107%,107"). These potential mechanisms of instability are dependent on the
Mach number as these high-gain bands start to disappear as the Mach number increases. At a large fraction of the
wavenumber pairs on the grid in Fig. [4] the resolvent gains decrease with an an increase in the Mach number for both
the formulations-more so in the Quadratic+ results. This is consistent with the results reported in Ref. [5]. Also, as
remarked by the authors in [5]], this variation with Mach number is also consistent with the results reported on transient
energy growth for the compressible Couette flow [15] [19].

108} 1108
3
<107} 110°
8
=
€
10t Quadratic+ 110" 1020 ! Quadratios] ™ N2
--- - Cubic+ Ll Cubies N
-1 -0.5 0 0.5 1 15 2 -1 -0.5 0 0.5 1 1.5 2
c ¢,
@ky=1,k; =1 (b) ky = ky = 0.1
108} 110°
3 3
- 2L 2 -
<& 10 10 &
& s
= =
3 3
b ; ; (<)
10 10 — Quadratic+
——Quadratic+| - ~~ -~ Cubic+ .
- --- Cubic+ e
-1 -0.5 0 0.5 1 1.5 2 -1 -0.5 0 0.5 1 1.5 2
cr c,
(€) kx =5, k; =0.001 (d) kx =0.001, k; =3

Fig. 5 The resolvent gains o, (k., k., w) as functions of ¢, for Re =2 x 10°, M, = 2, Pr = 0.72, N, =200. Note
that the variation in ¢, for a fixed £, means variation in w since w = k,c,. The Chu energy is used for the
compressible inner products. The results are qualitatively similar in (a), (b) but start to differ more in (c¢), (d).
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C. Temporal Behavior of Resolvent Gains at Fixed Wavenumber Pairs

The variations of the resolvent gains with the temporal frequency are depicted in Fig. [5]at four different wavenumber
pairs. As mentioned earlier, the peak values in the Quadratic+ results are higher overall compared to the ones in the
Cubic+ results. The patterns of variations are qualitatively similar for wavenumber pairs with similar values of &k, and
k. (i.e., potentially representing oblique structures, see Figs. [5a| [5b). However, as shown in Figs. [5d] [5c] the variations
in the gains start to differ if either k, or k. is significantly different from the other. Upon a closer inspection of the result
in Fig. the largest value in og, (kx, k, w) occurs approximately at ¢, = 0.82, whereas the largest in og, (kx, k2, w)
corresponds to the peak approximately at ¢, = 1.41. Therefore, not only are the magnitudes of amplification predicted
by the two formulations different, but also the estimated temporal frequencies for largest amplification are different
across these two formulations. Moreover, the results shown in Figs. [5¢| [5d]indicate drastically different predictions by
the two formulations. In Fig. although both the formulations feature two distinct peaks at ¢, = 0 and ¢, = 1, the
local behavior of the gains are quite different for ¢, € (0, 1). Finally in Fig. [5d] while o'g_(kx, k-, w) showcases a
single global peak, og, (kx, k7, ) features two distinct peaks with a local minimum (at ¢, ~ 0.55) that approximately
coincides with the global peak in og_. (ky, k;, w). Sample results for the resolvent response mode shapes—obtained from

1 u 1 v 1 L 1 T
0.9 1 09y 1 097¢ 1 09
0.8 1] 1 08¢ 1 087
0.7} 1 0.7y 1 0.7¢
0.6 1 06 1 06
051 1 05 051
0471 1 04p 1 04r
0.3 1 03¢} 1 03¢
0.2 1 02¢ 1 02¢
011 1 01 1 01¢f

0 ' ' 0 ' 0 ' '

0 05 1 0 0.005 0.01 0 05 1

(a) Cubic+ formulation

1 T u T 1 Y 1 T w
0.9 1 09¢ 1 09¢
0.8 i 1 08¢ 1 08¢
0.7 p 1 07¢ 1 07¢
0.6 1 06 1 06
051 1 05 051
0.4r1 1 047 1 047
0.3 1 03¢} 1 03¢
0.2} 1 02¢ 1 02¢
0.1 1 01¢ 1 01p
0 ' ' 0 ' 0 ' ' 0 '
0 05 1 0 0.005 0.01 0 05 1 0.1992 0.1994

(b) Quadratic+ formulation

Fig. 6 The response mode shapes (absolute values) corresponding to both the formulations for £, = £k, = 0.1
and ¢, = 0.5. The Chu energy is used for the compressible inner product.
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the left singular vectors associated with og, (k«, k-, w) (see Eq. (I0))—for both the formulations are shown in Fig. [6]
The velocity mode shapes appear to be similar across the two sets of results. Our future work will focus on studying the
resolvent modes in more detail.

—_
o
©

—_
o
[e2]

1073, k., w = 0)

r =

=
>
(o)
10*; ——Ma=5
10 1072 10° 102 10 1072 10° 102
k. k.
(a) Cubic+ formulation (Re = 2 x 10°) (b) Quadratic+ formulation (Re = 2 x 10%)
10°
104 F 1 Ma=0.5
B S —Ma=1
I I —Ma=2
3 3 ——Ma=5
<& <&
] - 2 o™ -
I [
o <
(<) 100 (<)
: : 10° : :
10 1072 10° 102 10 1072 10° 102
k. k.
(¢) Cubic+ formulation (Re = 103) (d) Quadratic+ formulation (Re = 103)

Fig. 7 The resolvent gains o, (ky, k,, w) as functions of &, for k, = 0.001, w = 0. Results are shown for four
different Mach numbers and two different Reynolds numbers. While there are qualitative similarities between
the two sets of results for Re = 2 x 10°, the implications are quite different for Re = 10°.

D. Effects of Mach Number and Reynolds Number

Next, we study the effects of varying the Mach number and Reynolds number on the resolvent gain og, (ky, k7, )
in a manner similar to the analysis done in Ref. [S]]. Therefore, we fix the values of &k, and w, and focus on the variation
of the resolvent gain over a grid of k, values for different Mach numbers and Reynolds numbers. The results of this
analysis are shown in Fig. [7] where we have utilized a 100-point grid of k, with logarithmically spaced points between
10* and 10?. Similar to the observations made in [S]], the Cubic+ results feature localized peaks for k, ~ (3, 5) across
the different Mach numbers considered for Re = 2 x 10° (see Fig. . As shown in Fig. the Quadratic+ results
indicate a similar trend as well. Overall, the two sets of results for Re = 2 x 10° are qualitatively similar but that is not
the case for Re = 103, as depicted in Figs. While the Cubic+ results suggest a significant overall reduction in the
gains as k, increases, the Quadratic+ results show a slight increase in the gains as &, increases, which is true for all
Mach numbers except M, = 5. For M, = 5, there is a sharp spike in the gain at k, ~ 43.
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E. Choice of Energy Norm for Compressible Inner Product

Finally, we study the effects of the energy norm/expression utilized in the compressible inner product. To highlight
the differences brought about solely by the energy norm used, we recompute the results provided in Fig. [5| with the
Chu energy replaced by the kinetic energy for the inner product. The results we obtained are shown in Fig. [§] It is
noteworthy that the Cubic+ formulation now predicts higher resolvent gains at almost all temporal frequencies (i.e., ¢,
values) depicted in Fig. [§] It is also interesting that the qualitative behavior of the gains do not alter significantly when
ky and k, are equal (compare Figs. [5a] [5b] with [8a] 8b). Furthermore, the discrepancies highlighted in Fig. [5d] persists
even when kinetic energy (a semi-norm) is utilized in the inner product definition (compare Figs. [5d|and [8d).

‘ ‘ ‘ ‘ — ‘ ‘ ‘ ‘ —
, : ) f ——Quadratic+ "
10 f - - -~ Cubic+ 10 i n
3 1 JPELRRRRENUNE | 3 106 B e 10°
o] S | - e 10° & A AR A
& ,1 N ,’ \\ //I ‘\\ @N ’ e N
o : - . 5 .
10% 10°
10%¢ 10*
-1 -0.5 0 0.5 1 1.5 2 -1 -0.5 0 0.5 1 1.5 2
Cp Cr
@ky=1,k; =1 (b) kx = k; =0.1
6L : . |——Quadratic+ E 1.6 .
10 \ E -~~~ Cubic+ ; 10 . .
N \ ' ) AN
3 o g 107
<£10° / .
5
4 —Quadratic+
10 -~~~ Cubic+
-1 -0.5 0 0.5 1 1.5 2 -1 -0.5 0 0.5 1 1.5 2
cr cr

(©) kx =5, k; =0.001 (d) kx =0.001, k; =3

Fig. 8 The resolvent gains o, (ky, k., w) as functions of ¢, for Re = 2x 10°, M, = 2, Pr = 0.72, N, =200. These
results are a re-computation of the results showcased in Fig. [5| with kinetic energy replacing the Chu energy for
the compressible inner products. Therefore, any differences with the equivalent plots in Fig. [5|are solely due to
the choice of energy norm.

IV. Conclusions
In this paper, we exploited the non-unique nature of resolvent analysis—that arises if different sets of variables,
even when related via some nonlinear transformations, are used to describe a given flow [14]]-to reveal conflicting
predictions and discrepancies regarding instability mechanisms associated with a compressible plane Couette flow. Two
resolvent formulations are implemented and the results are compared over a broad range of Mach numbers, which
indicate substantially different temporal behaviors of the linearized flow dynamics at some values of the streamwise and
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spanwise wavenumbers. It is, therefore, crucial to substantiate these contradictory observations through high-fidelity
numerical simulations and/or experimental studies in the future. While the study here focused on the resolvent gain
(with two variations studied), our future work will involve investigating the resolvent mode shapes provided by the two
formulations. Furthermore, we will implement these formulations to study turbulent wall-bounded flows going forward.
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A. Details of the Discretized Linear Operators
Discretization of the linear operators require an expansion using Chebyshev polynomials in the wall-normal direction
and Fourier modes in the streamwise and spanwise directions. The resulting discretized sub-operators (see (6) and (9)
for the continuous forms) for both the formulations are summarized in the following where D, and D, denote the first
and second derivatives in the wall-normal direction.

A. Cubic+ formulation
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B. Quadratic+ formulation
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