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1 Introduction

The following document is intended to overview turbulence in compressible flows. Specifically continuum
fluids with the perfect perfect gas assumption that obey the Navier-Stokes equations. The document is or-
ganized as follows: In Section the general formulation and derivation of density-weighted (Favre) averaged
quantities is presented. A brief discussion of Reynolds-averaged (non-density weighted average) is provided
in Section [3| for the conservation of mass equation. Section 4] shows the Favre-averaged governing equations
for conservation of mass, momentum, energy, and an additional turbulent kinetic energy equation. Within
Section [4] terms to model that arise from the decomposition and averaging of the governing equations are
presented and classical modeling choices discussed; however, complete turbulence models are not included
presently. Following the mathematical descriptions and turbulence modeling, the subsequent sections address
the analysis of wall-bounded turbulence. Section [5] includes both velocity and temperature compressibility
transformations for the law of the wall. Finally, Section [6] highlights the relationships between velocity and
temperature for both the mean flow and turbulent fluctuations.

Standard nomenclature is used throughout this document. Unless otherwise noted, index (summation) no-
tation is utilized where x1, x2, and x3 correspond the streamwise, wall-normal, and spanwise directions,
receptively. Likewise w1, uo, and us correspond the streamwise, wall-normal, and spanwise velocities.

Please address any questions or errors to Mateus Braga at mateus.braga@colorado.edu.
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2 Favre Averaging Formulation

The Favre-averaged quantities make use of the standard decomposition of an instantaneous value into a mean

(-) or (), and a fluctuation (-)’ or (-)”. To demonstrate the formulation, the density (p) weighted average is
shown for the arbitrary parameters ¢ or 1.

Decompositions:

p=0¢+¢ (Reynolds decomposition) ¢ =0 (1)
o= 5 +¢"”  (Favre decomposition) (2)

When Favre averaging, density, pressure, and transport properties use Reynolds decomposition, all other
variables like velocity, temperature, enthalpy, energy, etc. use the Favre decomposition.

Averaging Rules:

o+ =0+¢ (3)
- (1)
=07 (5)

o=9 (6)
pé = o (7)
po =70 )
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Favre Average, ¢:

> po
¢ = 5 B B 9)
ﬁ¢=(ﬁ+p)($+¢’)=*$ +09 +p' o+ 0P (10)
0
PO=Dd+p +¢ +0d =D o+ (11)
_ ¢’
s=¢+" 5 (12)
pd” = 0:
pod = p(+ ") (13)
pb = p(d+¢") (14)
pb =56+ pd” (15)
- pb_po_ pd"
°=7 7 16)
pP”
7
705 ¢+ 5 (17)
-0 (520) (18)
¢ =0 (19)
70
b=+ 0" (20)
b=0+9¢" (21)
T =¢—¢ (22)
i _ = _ PP
o ¢7 pi (23)
=L 0 (24)
L’ _
p
7 _"i"ﬁ/séo (27)
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P = Do+ pd "

260 = p(@+ &)@ + ") (28)

PO = poi + pd' + pd’ + pe'p' (29)

PO = pdih + pd'i + pdY + pd P’ (30)
0 0

D0 = 500 + pFG + g+ pFY (31)

PO = Do + p P (32)

3 Reynolds Averaged Governing Equations

To show the benefit of Favre averaging, the Reynolds-averaged conservation of mass governing equation is
shown next. The primary outcome of this demonstration is to show that standard averaging leads to an extra
density-velocity fluctuation correlation that would have been absorbed into the mean if a density-weighted
average had been used. In this section p is density, u; is the velocity vector, ¢ is time, and z; is the spatial
coordinate.

3.1 Continuity

Instantaneous: 9 O pu;)
ot T 0w, O (3
Decompose and Average:
TG O+ ) T )
=0 34
ot + O0x; (3
9t ot o (PTG G+ ) =0 (35)
o o { 0 0
D _ {
R puj+p%+7"u]+p’u; =0 (36)
_ — o',
op  Opu; 0P _ (37)

E 8,Tj al‘j

4 Favre Averaged Governing Equations

This section shows the Favre-averaged (density-weighted) conservation equations for mass, momentum, en-
ergy, and turbulent kinetic energy (TKE). In this section p is density, u; is the velocity vector, P is static
pressure, T is static temperature, u is dynamic viscosity, t is time, and x; is the spatial coordinate. Other
parameters will be defined as they arise.

With a focus on turbulence modeling research, terms necessary to model to close the system of equations
are identified, and classical modeling choices are presented.
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4.1 Continuity

Instantaneous:

Decompose and Average:

4.2 Momentum

Instantaneous:

Viscous Stress Tensor:

Decompositions:

o d(puy)

a 8xj =0

Ao p) , ot o)+ ) _

8t 8$j

ot o, SOz Oz
8’uk
tij = 2uSij + ATuéij
B Ou;  Ou; Ouy,

t” —H (8% + 81’1> + /\&rk 61]

A= 7%” (Stokes’ hypothesis)

1 /0u; Ou; .

Sij = 5 (83:]- + &vj) (Strain rate tensor)

p=p+p
P=P+P
p=r+u
A=A+ N

~ "
Ui = U; + Uy
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Decompose and Average:

Op + o)+ uf) O+ p")(ui +ui)(u; +uj) P+ P) L Ot (54)
Ot 8xj a ox; 6$j

) e ——
S T

0
+ 8— [puluj + puiug + plugiy + p'uiug + puiny + puiul + pluull + p'ulul
0

a |= Oty
= — P g -
z; + + oz, (55)
) O 1 op or
pi; + p] +7~i + f Pty + pl! u] + AUy + pdui + puulf | = 52+ 8; (56)
Ly i j
9 ) ——] 0P | 0t
e [pui] + =— oz, [puzu7 + pug } = oz + oz, (57)
5 ST P ot O(pddl
o(pu;) N O(pu;uj) _ oP n Otij (pui'uf) (58)
ot 8l‘j 8 8o:j 8azj
Mean Viscous Stress Tensor, tj:
— Ou;  Ou, Ouy,
tz] (8{17] + (9 ’L> + A(Q).’L'k 523 (59)
= () (u; +uf) N O(uj + uf) Gt )\,)8(17;; + u%)(g,, (60)
i = HTH O0x; 0x; Oxy, +
T _Ou; +78u§’ n ,@ n ,ouy +78u~]» T 3U;' n ,0u; /%
il L e e O L Pl L e e L v
—Ouy, —oul ouy, ou!!
Sij [ Ag— + A E 4 N = Nk 1
+ oxr Tk + 8$k + 8$k al’k (6 )
— ou;  oull " gu Bu ou! 7,817 ; —Ouy, 8u Ug
ti; = | L ¢ J — — Gij A— + k 62
J Maxj Zﬂ 8:@ Maxi + 8:r + J axk 8(Ek Xg@xk ( )
— _(Ou;  Ou; Ouy, ul! 3U” 8%’
t’J_M(awj+0xi>+/\8 51]—|—u( (5” (63)
tis £
ti; =ti; (assuming Itij| > |télj\> (64)

Favre-averaged Reynolds stress tensor, 7;:

—pu/.’u/.’

Tij = ﬁl ’ (65)
4.3 Energy
Instantaneous: 5 9 O(u;t 0
il e 5] i o (125 = 2 G *
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Specific internal energy (e) and specific enthalpy (h):

P
h=e+ —
P

e =c,T (calorically perfect, ¢, constant)

h =c¢, T (calorically perfect, ¢, constant)

Heat Flux Vector from Fourier’s Law q; and thermal conductivity x:

9T pw Ok
= al'j N P?“L aLL'j
—— A (Pryp, is laminar Prandtl number)
PTL
oT oT
qr; = —na—m A2 —E{)Tj (molecular heat flux)
; T
88(1;; = _8Zj {/«ing (molecular diffusion/transport of heat)
Viscous stress tensor:
Ouy,
tij = 2155 + Aa?,i‘s”
ou; Ou; Oouy,
/ N(@xj+8xz>+ 85% J

2
A= —gH (Stokes’ hypothesis)

Sij = 1 (aui + Ouy ) (Strain rate tensor)

2 81‘j 8331'
Decompositions:
p=p+p
P=P+P
p=7p+
A=A+
kK=F%+r

~ "
U; = Ui + Uy

e=¢+e”
h=h+h"
T=T+T"

4G =qr; +4q; (40 =G)

0 o o ‘o
=~ o = O
Je g2k LeE

A~ N N N N N N N/
oo oo
o w
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Decompose and Average:

a > 1" 1'\/ " - 1 i
o oro (Fre s p@ran@ran)] + 2

J

()54 ) (ot 1)+ 5+ )T+ ) )|

0 7——— 0 T
= —|(u; tig]l — 5 |az; + 4 88
a Sl / 1 =17 .7 —, ", e 1,1
En pe+ pe’ + p'e+ ple + (puiui—ﬁ—?pulu + puful + p'uu + 2p" w4+ plull ) )
9 =% == L (e — = 07
+ . pujh + puh' + 3 (pujuiui +2pujuzu eru U; U, ) +
J
_— 1
pufh + puh' + (pu uit; + 2pulugul + pu”u”u”) +
1
pujh—l—pujh” <p WU + 20/ wuuy + pu; u”u”) +
= 1
p/,u/-/j/h + plu./j/hl/ + 5 (plu;‘/ulul + 2p u//u U + ,D u//u//u//):|
8 _ - 6 -
= a—xj [uitij + u;/tij} - 87% qr;j —|—%‘ (89)
9 0
e pe + pe’ —|—7e—|—f puzu,—&—QpTz; u1—|—pu” "+ Fuiug
0 0 0
0 o~ ~ o~
+ e pu;h + ph'i; + pij'h —|—ﬂfujhj + pufh"+
J
0 0
1 =~~~ QW’V' 0+ PN Fed 11, 00,17 20t " P ied
5 PU ;U UG + i Uil + puy w Uy er Uy + puju; u; + PUG UG U + pujuiug +
O [ 7
= [Uz‘tij +u; tz’j} o, - [q15] (90)
J
8 _7"’ 1 o // ST 1 "y, 11, 11 11,11
o pe+§ (puzw + pulud pu]thpu n 4 3 (pujuzuq + pujui g + puluivl + 2pulfu] u1)
O [ 7
= 50 [Uz‘tij + uj tij} - ax‘ [qLJ] (91)
J J
o [ (o @m\, puul| 0 [ (G @, - pul]
el e P2 7 o
ot |” 2 2 ox; |7 2 )T
O (e D | o
= (97551 [uZ ( ij pu”u”)} — a—xj qr; + pu;-'h” —ullty; + T (92)
Turbulent kinetic energy per unit volume, k:
YT
=Pt (93)
2p
Favre-averaged Reynolds stress tensor, 7j;:
ul/ull
Tij = pj J (94)
D
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Turbulent transport of heat,

oqrT; ,
E)xj *

qrj = pu;’ A" (turbulent heat flux) (95)

4.4 Ideal Gas Equation of State

Instantaneous:

Decompositions:

Decompose and Average:

P =pRT (R is perfect gas constant) (96)
p=p+7p (97)
P=P+P (98)
T=T+T" (99)
(P+P)=G+p)RT+T") (100)

J— 0 —— ~
P+7 = (PT +pT" + p'T + p'T")R (101)

_ 0
P=(pT +Wf'+ P'T)R (102)
0

P=(pT+ 7R (103)
P =7pRT (104)

4.5 Turbulent Kinetic Energy

The Favre-averaged governing equation for the turbulent kinetic energy (TKE) is found by multiplying the
Favre fluctuation for velocity to the momentum equation in primitive variable formulation, and then decom-

posing and averaging as usual.

Instantaneous:

Viscous Stress Tensor:

pu! 5:; + pui u; g: = —u] 23]; + uy gilj (106)
by = 21+ A5G (107)
tiy = n (ZZ] + ZZJ) + Ag%:éij (108)

A= —%u (Stokes’ hypothesis) (109)
Sij = % (gf:; + ZZZ) (Strain rate tensor) (110)
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Decompositions:

Decompose and Average:

p=7+p (111)
P=P+P (112)
p=Tq+ (113)
A=A+ N (114)
ui = + uy (115)

, O +uf)

A(u; + uy) //8(? + ) + u”%

/ "o 1" - _ / 116
u// " a"" // a’ //
pu; 5t — -+ puiu Ja + puju; 8 -+ pu;’u”a + pu;’u;’a
- oP oP’ 6u’»’ ti; oul!
— " o AV » 2 117
i ({91'1 i 8% 8{Ej J &rj ( )
e — O ~
uz 1 8,u/// // ~ a //
Wi/éat*a o P+ e e
8P ou'! P’ 8u’f ou't;; ou”!
_ i / [ A i 2 118
i 8:}6z ox; ox; + Oz J Oz (118)
8p1 " // B 1 "o 5p 1 E)u” // - aul
a Tor P2 o, Mgy,
— 8P ou!! P’ ou!  ou't; ou!!
= L P — i 4 — b= 119
ui 8351 ox; ox; + Oz J O0x; (119)
a(ﬁk) lu// ;/@ aPQUHUHUJ _ lu;/uél 8(puj) _ ﬁT’L]%
815 Bt 81:j 2 an ij
8P oul! P’ ou!  oullty; oul!
_ i et B I i e 2 120
i 8:61 8%1 8;81 + alL'j J ij ( )
8(pk;) 1 // 1" ap 3,0211,” ”(u] —|—u ) — 1u’.’u’,la(louj) . (9171
ot 2 arn O0x; 270 Oxy Y Ox;
— (‘3P oul! P’ oul!  oul'ty; ou!!
— 7 / 7 Y . et 121
i 5‘:1:1 ox; ox; + O0x;j 7 Oz (121)
(k) 1 L 9  Opyuiudy Opywivini T 0(pu;) O
875 v 815 axj ij 2 v al'j “ al'j
— 8P oul' P’ ou!  oul't; ou!!
_ i Pt} i ij — b= 122
—uy axl ox; o0x; + Ox;j J Oz, (122)
9(pk) lu/./ //@ + 8p2u”u”u] 1 Opuiuf H B lul/ul/a(puﬁ — 77 %
6t g 6t 6.13]' 2 81‘]‘ 2 v 6xj * 6xj
8P ou' P’ oul!’  oul'ty; ou!!
= —u Uy / U + U J t” Uy (123)
or; Oy ox; Ox;j Oz
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k) _ 1,00, OkT) | DR T, 6w 0
815 2 i 3t ij 2 axj 2 " a{L'j * a{L'j
— 0P  Ou'P’ ou!  oullty oul!
_ gt i P YR i — 124
i axi 8$Z + 81‘1‘ + 8xj J al‘j ( )
_ 0a/—yg ~ T -
k) 1 (9, OpusPy Olky) | 1O o
ot 2 vt 833j 8l‘j 2 axj 8xj
— 0P Ou'P’ ou!  oull'ty; ou!l!
_ 7 7 7 I 2
B 8581 8!177' + P (9177' + 8a:j t” 3mj (125)
o(pk)  O(pku;) 10pujufu] _  ou; —6P U oull  Oulty; ou”!
i = p— ot — 126
o " om, T2 om, Pan - Yom  ow Uen T om, las, U120
o(pk)  O(pku;) 10pujuwiuy 9w, — OP 8u;’P ! ou;  oullty; ou!
+ = Png —uy + P’ : + - tl] (127)
ot O0x; 2 Bz Oz L Oz O0x; Ox; 0x; Ox;
d(pk)  O(pkuj) _  Ouy ou 8 s =] 0P 8u”
— o 2 i _ _z _ 1
9 + oz, PTij oz, tij o 9z, + oz, ug'ty; — P QPU U | i e (128)

Simplifying the left-hand-side of Eq. with the Favre-averaged continuity equation results in a TKE
equation in primitive variable form.

ok ok ou; ou! 0 1 — 0P oul!
- 7~'7:7i' g —ta v ﬂ/ti__ TP o — P 129
Pot TP e, = PTige, e, T o, [ g = U g P “f} Yo T Ba (129)
ok Ok o oul Oulty; OuiP 1 0puluiui 9P - Oul
F *fizfi,il_ti, [ v _ o pr=—i 130
P ot + U 8.’£j PTij 8xj J &cj 89cj 8xj 2 &cj i al’z + 8%2 ( )
k pe t k w d
Turbulent kinetic energy per unit volume, k
1,1
=2l (131)
2p
Favre-averaged Reynolds stress tensor, 7j;
]
D

Turbulent kinetic energy budget terms:
e P.: Production

e pe: Viscous dissipation

D: Molecular (viscous) diffusion

II;: Pressure diffusion

Ty: Turbulent transport

II,,: Pressure work

II;: Pressure dilatation
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4.6 Terms to Model

By allowing for mean density variation (p) and density fluctuations (p’), which introduce density fluctuation
correlations in the Favre-averaged governing equations, at a minimum four terms must be modeled in order to
close the compressible-flow equations for continuity, momentum, energy, and the equation of state, namely:
the Reynolds stress tensor, the turbulent heat flux, and molecular diffusion and turbulent transport of TKE.
An additional four terms to model arise when considering a transport equation for the TKE itself, notable are
three pressure terms and the addition of a TKE dissipation. Since TKE production and dissipation are simply
transfers of energy from the mean to the turbulent fluctuation and then to internal energy, respectively, they
cancel each other and are not present in the total energy equation in Eq. As a reminder, the terms in
the transport equations, the transport/diffusion term itself, is usually the divergence of the quantity which

we model. As an example, the turbulent transport of heat is a;:? , but we model the turbulent heat flux gr;.
J

In this section, unless otherwise cited, the closure approximations are from the following sources:

e NASA Langley Turbulence Modeling Resource: Implementing Turbulence Models into the Compress-
ible RANS Equations [I]

e David C. Wilcox, Turbulence Modeling for CFD 3rd Ed. [2].
The closures provided herein are the classical examples, recent developments or other “direct” or “high-order”
stress closure approximations are also possible (like the full second-moment Reynolds stress models).
4.6.1 Reynolds Stress Tensor

The Reynolds stress tensor closure approximation makes use of an eddy viscosity pur and the Boussinesq
approximation to relate the turbulent stress tensor to the mean strain rate tensor.

_ — —~ 10uy 2_
PTij = Puélu;! ~ 2ur (Sz — 381'kéw> — gpkéij (133)
~ 1 /0u; Ou;
Sij == : ! 134
J 2 <83}J + 8331) ( )
For subsonic flows, the —25k6;; is sometimes ignored. Additionally, it is required that the trace of 7;; = —2k;
3 J j

therefore, the “second eddy viscosity” must be — % wr, similar to Stokes’ hypothesis for the molecular viscosity.

4.6.2 Turbulent Heat Flux

Relating momentum and heat transfer (classical Reynolds analogy [3]), the turbulent heat flux is assumed
proportional to the mean temperature gradient. The closure makes use of a turbulent Prandtl number Prp,
which may vary spatially, but is often set to be Prp ~ 0.9 for boundary layers and Prp = 0.5 for free shear
layers.

Turbulent transport of heat:

56]Tj
(135)
an
Turbulent heat flux: — ~
- T h
ar; = pill e P22 0T i Oh (136)

PTT 8.’17j P?“T 8:r:j

Definition of Turbulent Prandtl number without modeling, if you had data from experiment or direct nu-
merical simulation (DNS), where direction z; is streamwise and x2 is wall-normal:

7 0T

Pry = % (137)
1
pT"ug 5t
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4.6.3 Molecular diffusion and turbulent transport of turbulent kinetic energy, D and Ty:
Molecular transport of turbulent kinetic energy:
(i)
D= 871:] (138)
Molecular diffusive flux of turbulent kinetic energy:
tijuf (139)

Turbulent transport of turbulent kinetic energy:

10 (pu;’u;’u;’)

T, = (140)
2 8xj
Turbulent transport flux of turbulent kinetic energy:
L ———7
— o PUF U U (141)
These two terms are often modeled together as follows:
1 _ ur ok
tijui — gpujuiu ~ (M + %) oz, (142)

where oy is a coefficient associated with the modeling equation for k, see [2] for the exact k — w model
coefficients. For zero-equation models and subsonic flows, these terms are often neglected.

4.6.4 Pressure diffusion, II;:

The pressure diffusion term acts to transport TKE like the molecular diffusion and turbulent transport
terms. Therefore, pressure diffusion is often modeled/absorbed with the turbulent transport triple product.

Pressure diffusion of turbulent kinetic energy:

ou'! P’
= 143
¢ 61’j ( )
Pressure transport flux of turbulent kinetic energy:
—ujj P! (144)

As mentioned previously, this term is often lumped in with the other diffusive/transport terms. By combining
the turbulent transport with the pressure diffusion, the pressure diffusion is effectively ignored. Looking at
just the fluxes, all three diffusive/transport terms can be modeled together as follows:

1 _, pbr) Ok
tijuy — §Pu;-’u/i/uli/ - u;-’P’ ~ (,U + > 57303 (145)
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4.6.5 Pressure dilatation, I1;:

The pressure dilatation term has been shown to be small relative to the other TKE transport terms [4; [5; 2]
and is often neglected for low Mach flows. However, for high-speed flow it has been shown to be important
[6]. Sarkar [6] proposed the following model based on the turbulent Mach number (M;):

- -
Iy =P 6; ~ a2pnngMt + azpeM} (146)

as = 0.15 (147)

az = 0.2 (148)

M, = g (149)
G =\/YRgasT  (Favre-averaged speed of sound) (150)

where + is the ratio of specific heats and R4 is the specific gas constant. According to Wilcox [2], this model
(and many other proposed models) have not received general acceptance. Pressure dilatation modeling is an
active research area.

Turbulent Mach number aside:

/ it / it .
Mi(z;,t) = 1&(3@ ) = ui(@i,t) (Local, instantaneous, Reynolds form) (151)
a(wi,t) ’YRgasT(xia t)
M t M. t
My(z;,t) = = (s, 1) = u (@i t) (Local, instantaneous, Favre form) (152)
a(l.’h t) ’ngasT(xia t)
aus@) _Vut
Mi(z;) = —= = = (Time averaged, RMS, Reynolds form) (153)
a(wi) \/fYRgaST \/’YRgasT
u!! xi u’? pulul! /p
Mi(x;) = z’IiMS( ) = . = (Time averaged, RMS, Favre form) (154)
N T Y AT Iy

4.6.6 Pressure work, II,:

Modeling the pressure work term is primarily concerned with modeling the non-zero mean of the Favre-
fluctuation for the velocity u}'.

— 0P
I, = —u/ 155
o (155)
The mean of the Favre-fluctuation of velocity is known as the turbulent mass flux:
_ —o'u
i —— (156)
D

It is possible to model the turbulent mass flux according to a gradient diffusion hypothesis (with some
turbulent diffusivity Dr) [7; [8 Q]

ap
al’i
where the turbulent diffusivity can depend on k, pe, 7;;, and M, [2]. For perfect gas compressibility, isobaric
evolution, and isothermal mixing of two non-reactive species a model for the turbulent mass flux can be

—p'uj = Dr (157)
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obtained from the respective equations of state [9]. For the perfect gas scenario, the turbulent mass flux is
linearly linked with pressure-velocity, temperature-velocity, and mass-fraction-velocity correlations via the
equation of state as follows [9]:

/ / / / T/ /
e N (158)
0 P T

4.6.7 Viscous dissipation, pe:
The Favre-averaged dissipation rate is as follows:

ou’ 1 ou!  ou’ —
De=tii—t = —t;: [ —L L) =¢;:8" 159
pe ]aajj 2 J (81‘] * 8a:z> jsw ( )

where s/ is the fluctuating strain rate tensor. When modeling, the dissipation can be split into solenoidal
(es) and dilatational (e4) components:

pe = pes + ped (160)
pe. = L pul] (161)
P

_ 4m Ouy Ouf
pea = g%"&xl 8.131

(162)

where w!’ is the fluctuating vorticity. This decomposition relies on several assumptions as outlined by Wilcox
[2] - the correlation between velocity-gradient fluctuations and kinematic viscosity fluctuations are neglected
gﬁ ?;;J ~ ?;;{ gﬁ/ is invoked to separate solenoidal and dilatational contributions. When modeling, the
dissipation rate may be solved via its own transport equation, as in two-equation models such as k — € or
k —w, or modeled algebraically, typically as a function of k and a turbulence length /time scale. Furthermore,
a distinction between a transport equation for the solenoidal or dilatational dissipation is common. ¢, may
be treated as the primary dissipation variable and ey is modeled as a function of €5 and the turbulent Mach

number.

and

4.7 Compressible Turbulence Models

With the list of terms to model outlined and closures/model forms identified, the compressible turbu-
lence modeling follows closely to the well-established incompressible turbulence modeling framework. Two-
equation models (e.g., k — € or k —w), one-equation models (e.g., Spalart-Allmaras with compressibility cor-
rections), or algebraic zero-equation models (e.g., Prandt]’s mixing-length model) can be employed. However,
these models must be appropriately extended to account for compressibility effects, such as variable density,
dilatational contributions to dissipation, and pressure—velocity correlations, consistent with the compressible
turbulent kinetic energy budget.

The NASA Turbulence Modeling Resource [10] provides a central resource for Reynolds-averaged Navier-
Stokes (RANS) turbulence model documentation.

4.8 Temperature Dependent Transport Properties

For compressible flows, not only does the density vary, but also the transport properties like molecular
viscosity (p) and molecular thermal conductivity (k). These transport properties are considered functions
of temperature. A commonly used viscosity-temperature relationship is Sutherland’s law:

(163)

T \*? Tpp + S
/'L(T) = Href (Tref> T+S
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For air, fiyer = 1.789 x 107° kgm~'s™!, T;.y = 288.2 K, and S = 110.4 K [II]. Thermal conductivity is
related to the molecular viscosity via the molecular (laminar) Prandtl number as in Eq. Sutherland’s
law also assumes thermally and calorically perfect gas, i.e. chemistry cannot strictly be accommodated. A
more rigorous approach to obtaining transport properties that involves solving Boltzmann equations is the
Chapman-Enskog theory. Additional details may be found in Nagnibeda and Kustova [12].

5 Compressibility Transformations for the Law of the Wall

Historically, incompressible turbulent flows have been studied extensively; for an overview see the books
from Pope [13] and Kajishima and Taira [14]. Extending from the body of knowledge for incompressible
turbulence, computational studies concerning compressible boundary layer turbulence have predominately
been concerned with assessing Morkovin’s hypothesis [I5], which states that differences between compress-
ible and incompressible turbulence can be accounted for by the mean property variations, such as density
and viscosity, as long as the turbulent Mach number is small and dilatation effects are negligible [16]. As a
consequence, a variety of velocity and temperature scalings have been developed with the aim of collapsing
the compressible statistics to their incompressible counterparts.

Note that in this section the notation has changed from the directions denoted with subscripts one through
three to the classical cartesian notation of z, y, 2z, u, v, w to avoid the over use of subscripts and simplify
the notation.

5.1 Velocity Transformations

Classically, fully turbulent, high-Reynolds number (Re, >> 1), no pressure gradient incompressible boundary
layer flows collapse to the law of the wall when the mean velocity and wall-normal distance are normalized
in inner scaling as follows:

[

ut = — (165)

Uy

where Re, = du,py /T is the friction Reynolds number, ¢ is the boundary layer height, u, = \/7w/pw
is the friction velocity, 7, is the wall shear stress, and subscript w denotes a ‘wall’ quantity. Note that in
incompressible flow p and p are assumed constant so p, = p = p and u = p,, = . For compressible flow,
the idea is to scale the velocity profile and wall coordinate by the mean property variation such as density
and viscosity, such that you get an equivalent ‘incompressible’ form y; and wy, which then can be normalized
and collapsed to the incompressible law of the wall (y; = %T;‘Tw and uj = +L). The functional form for
accounting for the mean property variation in terms of mapping functions f; and g; for wall distance and

mean velocity, respectively, is taken from Modesti and Pirozzoli [17]:
Y
Y1 =/ frdy (166)
0

ur :/ gr du (167)
0

A number of velocity transformations are available in the literature. Here six will be considered:
1. van Driest (1951) [I8]

e Compressibility effects are mainly due to mean density variation, so if a log-law structure already
exists you can correct the velocity using a density weighting so that compressible data collapses
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onto the incompressible log-law. This is done by assuming compressible wall-bounded turbulence

+ ~
obeys Prandtl’s incompressible mixing length assumption (Bg% = (p+)1/ 2 %)

e Shown to work well for adiabatic walls, but breaks down when there is strong wall heating or
cooling and large property variations (like viscosity or pressure gradients).
2. Zhang et al. (2012) [19]

e Sought a velocity transformation that is Mach number invariant.

e Replaced van Driest’s mixing length assumption with the more general proposition of turbulence
equilibrium, where the turbulence production and dissipation are approximately equal. This is
usually only valid in the log-layer but they make the assumption for the entire inner layer.

e The result ends up being a transformation that is viscosity weighted.

e Like van Driest, also breaks down when there is strong wall heating or cooling (non-adiabatic).
3. Trettel and Larsson (2016) [20]

e Derived a transformation based on a “log-law” condition to match velocity gradient in the log-
layer between the raw and transformed states, and a stress balance condition to match total stress
(sum of viscous plus turbulent stress equals wall shear stress) between the raw and transformed
states. (i.e. log-layer scaling and near-wall momentum conservation)

e Derived the semi-local scaling (previously presented by [21; 22]) and unified the scaling of the
velocity, the Reynolds stresses, and the wall-normal coordinate.

4. Volpiani et al. (2020) [23]

e Considered mapping functions with power-law dependence on the density and viscosity ratios:
fr=(p")"(u")"* and g7 = (p7)"(u*)' "

e Used DNS data to calibrate the values of the parameters a and b (goal to minimize the difference
between the transformed mean velocity and incompressible reference).

e Because this is a data-driven “fit” the model may not work for all conditions or applications.
5. Griffin et al. (2021) [24]

e Presented a velocity transformation that is valid across the entire inner layer by using a total-
stress-based balance to combine a viscous (near-wall) stress-based transformation like Trettel and
Larsson [20] and a quasi-equilibrium-based transformation like Zhang et al. [I9] in the log-layer.
(total shear stress is the sum of the viscous and Reynolds (turbulent) shear stresses).

e The transformation reduces to the near-wall or log-layer portions only at the locations where the
assumptions underlying each transformation are valid.

6. Hasan et al. (2023) [25]

e All the previous transformations only accounted for mean property variation.

e This work accounts for both variable-property and intrinsic compressibility effects — extending
the Trettel and Larsson [20] transformation for intrinsic compressibility effects.

e Identified the friction Mach number M, = \/ﬁ as an important transformation parameter.
The wall distance and mean velocity mappings are tabulated in Table [1|following a similar format to [I7; [26].
Griffin et al. [24] and Hasan et al. [25] only provide velocity transformations — no unique wall-distance
transformation like Trettel and Larsson [20]. Therefore, in Table[T} their wall distance function f; is given as

vry/Tu/p(y) _

1 (similarly presented in [26]). For plotting results, the semi-local wall-normal coordinate y* = e =
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yi, = MT;@ is used, consistent with the original publications. In contrast, van Driest [I8] and Zhang et

al. [19] wall-normal coordinates utilize the local scaling (wall-based scaling) y* = Z“ZT”’T For clarity, the

full length terms shown in Table [I| are provided after the table. Effort was made to preserve the notation
from the original publications where appropriate without conflict or loss of clarity.

Table 1: Velocity Transformations

Transformation Acronym  Wall Distance f; Mean Velocity g
van Driest (1951) VD 1 (p")'"?
Zhang et al. (2012) Z 1 iz
+\1/2 +\1/2
Trettel and Larsson (2016) TL a% [y(plﬁ) ] ,u+a% y(pw) }
+\1/2 \1/2
Volpiani et al. (2020) A% E;gwg EZ+31/2
Criffin et al. (2021) G 1 S g *
Hasan et al. (2023) H 1 (iizzg) ( _ %%) (pT)V/2
+_ P
Pw (168)
+_ K
How (
1 out
Sy =—— 170
2= o (170
2 9 1/2
() s am)
92 = 1—(ut)? Sy
1 du*
St — — 172
eq Iqu ay* ( )
out
T+ = T;;sc + T;;rb (174)
S
S = “ (175)
™t + 84, — S5,
k=041 (von Kdrmén constant) (176)
AT =17 (177)
F(M,) = 19.3M, (178)
M, = ——2* (179)
YRyasT,
=
wt = e 180
) e0)
. _ _Ay)
0y = — 181
©py)ur sy
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. y* 2
Y ’
D¢ =|1- - 183
1o ()] s

«y is the ratio of specific heats and R, is the specific gas constant.

5.2 Temperature Transformations

Similarly to the momentum (velocity) boundary layer, the thermal (temperature) boundary layer can also
be scaled in inner units. Early work addressing temperature scalings are Kader [27] and Bradshaw and
Huang [28]. For low-speed flows, conventional mean scalar scaling often assumes the scalar to be a passive
admixture that does not influence the flow dynamics [27]. Relevant scalars are temperature or concentration.
For the temperature analysis a mean temperature difference is defined as follows:

0=T,—T (184)
0=T,—T (185)
For very cold walls you can get a negative temperature difference and a negative wall heat flux ¢, = ,H%_

Ensuring consistent sign convention is necessary to for the negatives to cancel in the normalization. A friction
temperature analogous to the friction velocity is based on the wall heat flux q,,:

0, = —1v (186)

PwCpUr

where ¢, is the specific heat at constant pressure. Normalizing the mean temperature difference by the
friction temperature results in the conventional scaling, where the normalized wall-normal distance is the
same as Eq. [164}

ot = (187)

S| =

For incompressible flow, the density is constant and the wall subscript, w, is redundant. Eq. [I87] presents a
couple of challenges for compressible flows, namely:

1. This scaling does not account for mean property variations.
2. The friction temperature normalization is undefined for adiabatic flow that has zero wall heat flux.

The first issue has been addressed by mimicking the idea of an equivalent incompressible mapping, as seen in
Eq. (0T = 0;/0,). van Driest type or semi-local type transformed temperatures are common place, and
a recent number of temperature transformations have been proposed and assessed [29; B0} BT} B2} 33} B34].

ot

o
9[ = / h] do or Hj;ans = / h[ d9+ (188)
0 0

The second issue has only recently received attention. Recent efforts by Chen et al. [32] and Zhang et al.
[34] have been to define a friction temperature that accounts for the diffusive flux from the Favre-averaged
energy equation in addition to the wall heat flux, such that the temperature transformation applies for both
isothermal and adiabatic walls. A list of the temperature transformations presently considered is provided
in Table 2
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Table 2: Temperature Transformations

Transformation Acronym  Wall Distance f; Mean Temperature h;
patet et al, (07) VP ! ()"
pate el (017) S 1 (09" [1+ e 2557
Chem ot ol _<2t£26) VDe 1 (0:0)"
Chen o ol (o02) _ S1* ! (0.0 [+ e 5]

In Table 2| no unique wall-distance transformation is provided, therefore the wall distance mapping function
is set at one. Nevertheless, when plotting, the local (y™) or semi-local (y*) wall-normal coordinate should
be used appropriately. The last two rows in Table [2| with acronyms ‘c’ are ‘corrected’ terms to allow for the
adiabatic condition. They follow a slightly different mapping notation than Eq. because they remove
any explicit dependence on the wall heat flux only friction temperature:

0
0 ans.c = / hr df (189)
0
as opposed to the isothermal only mappings (first two rows):
5 ~
0; :/ hr df (190)
0
0

The full definition of the various components in Table [2] are as follows:

T = E 192
=L (192)
Re: = Reyy | 2222 (193)
Pw T

-
ul =4/ = 194
: (194)

* '
0 = 195
P e (195)
o, = Lo t1 (196)

’ pCpus

7 =Tau; — poufi, - (197)

g collects all the diffusion (transport) terms of the kinetic energy, both mean and turbulent, from the Favre-
averaged energy equation, Eq. Moreover, it makes use of the assumptions that the flow is steady and
the boundary layer is thin, where the boundary layer thickness §(z) < = such that 3 < u7 and 8%1 < 8%2.

Unlike velocity profiles that generally follow a similar wake/defect form in the outer layer, the temperature
difference @ in the outer layer may have large variation depending on the wall temperature relative to the
freestream temperature (T, — Ti ), causing the 8T profiles to diverge in the outer layer. Additionally, g, +q
may be zero (or sign change) near the outer layer leading to a ‘divide-by-zero’ situation, potentially leading
to an unbounded value of the normalized #*. Consequently, 7 profiles are occasionally truncated shortly
after reaching log-layer.
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5.2.1 Thermal Sublayer

In the near-wall region, analogous to the viscous sublayer, a thermal sublayer can be defined. It is also
known as the conductive or molecular transport sublayer because near the wall the molecular conduction
dominates the heat transfer. It depends on the Prandtl number at the wall as follows:

0% = Proyt (198)
or (199)
0" = Pryy* (200)

Using the correct local or semi-local wall-normal coordinate depending on the mean temperature mapping.
The molecular Prandtl number at the wall is Pr,, = C’;i” (caution with the repeated use of notation for

being both the thermal conductivity and von Karméan cgnstant).

5.2.2 Thermal Log-Layer

In the vicinity of the velocity boundary layer’s logarithmic layer, the temperature distribution is expected
to also follow a logarithmic profile. The logarithmic scaling of the mean velocity and the Reynolds analogy
suggest a logarithmic scaling of the temperature of the form [27]:

1
0" = —1Iny* + B(Pr) (201)
KT
or (202)
6" = Ly’ + B(Pr) (203)
KT

Using the correct local or semi-local wall-normal coordinate depending on the mean temperature mapping.
kr = 0.47 is a thermal counterpart to the von Karmén constant x ~ 0.41. If a turbulent Prandtl number
of Pry ~ 0.87 is used, 1/kp = Pry/x. For compressible flow, the offset B is a function of the Prandtl
number. In contemporary studies, the semi-local-scaled molecular Prandtl number Pr* = 2% is used for
the function B, as opposed to the molecular Prandtl number at the wall (in the definition of Pr, x is the

thermal conductivity, not to be confused with the von Kdrmén constant  in the log-law).

5.2.3 Kader’s Relation

Combining the various regions of the boundary layer for a scalar like temperature, Kader [27] suggested the
following equation:

1.5(2—y/R)

+ _ prt _ +
07 = Pry™exp ( F)+{2.121n[(1+y )1+2(1—y/R)2

] + B(Pr)} exp (—1/T) (204)

for a tube or a channel and
2.5(2 —y/d)

0" = Pryt exp (1) + {22 (14 222U

] + B(Pr)} exp (—1/T") (205)
for a boundary layer.

The function B(Pr) that determines the temperature difference between the wall and the lower edge of the
logarithmic layer was based on experimental data at the time.

B(Pr) = (3.85Pr'/3 —1.3)2 + 2.12In Pr (206)
Lastly IT" is as follows:
_1072(Pry*)*

207
1+ 5Pr3y+ (207)
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Lee et al. [35] adapt Kader’s formulation to include local variations, making use of semi-local values. Showing
the boundary layer form:

2.5(2 —y/d)
T = Priy* -T 2.12In | (1 +y*)—+~— 2| + B(P -1/T 2
o = oy esp (-0 + {212 |0+ G0 L Ben) e (1D (208)
B(Pr,) = (3.85Pr}/3 —1.3)2 + 2.121n Pr, (209)
Pr, = Pr*(y* =~ 30) (210)
1 —2 P *, x\4
po 0B <”3{) (211)
1+ 5Pr* y*

6 Velocity-Temperature Relationships

Contrary to the previous section regarding the velocity and temperature transformations, in this section we
return to the subscript index notation for the streamwise, wall-normal, and spanwise coordinates (z1, z2, z3)
and (u1, ug, us).

6.1 Mean Flow

It has been shown that the mean temperature is proportional to the square of the mean streamwise velocity.
In the context of laminar boundary layers Busemann [36] and Crocco [37] independently derived:

T o Tw Tc,oo - Tw Uy Too - Tc,oo Ui 2
e () 2
2
Tevo = Too + kS (213)

2¢,

where ¢ = 1 in the original Crocco-Busemann relation. Later that factor was modified to the recovery factor
r by Walz [38]. Resulting in Eq. being equivalent to Eq. if ¢ is set to the recovery factor r. Uy, Too,
M, are the freestream velocity, temperature, and Mach number respectively, and  is the ratio of specific

heats.
T T, — T, [ w -1, ur \?
Sl I A e M2 (11— ([~ 214
. T (UOO >+T 9 e Use (214)

The recovery temperature is defined as follows, where r = 0.9 for a boundary layer:

1
T, = To (1 +r2 > M§O> (215)
2
T, =T + rUﬁ (216)
2¢,

Presently, these equations are written in terms of instantaneous values; however, they are applicable for mean
temperatures and velocities. Although the Walz relation improves upon the Crocco-Busemann relation for
non-adiabatic flows, recent work has focused on further modifying these “quadratic” velocity-temperature
relationships. To account for the effects where Pr # 1 and diabatic walls, Zhang et al. [39] developed a
generalized Reynolds analogy (GRA) with the same quadratic form as the Crocco-Busemann relation and
Walz’s equation, but adopting the general recovery factor r4. They introduce a generalized analogy between

the total enthalpy and streamwise velocity E—Hw = Uyuy, where Hy = cpT+rgu%/2 and Uy, = —Prgy, [T
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A key assumption in their work is that the effective turbulent Prandtl number is constant and equal one,

Pr.~ 1.
mm e et () B () @)
f ((}‘;) = (1 - sPr) <[20>2 + sPr ((}‘;) (218)
ry = 5;;0/_(27;;") - ?Z% =r[sPr+(1—sPr)@] (if Pr, =1) (219)
T, — Ts

o=Te Tx (220)
s = QCC,;L = 7&% (Reynolds analogy factor) (221)

where Cp, = m is the Stanton number and Cy = piLUEO is the skin friction coefficient.

6.2 Fluctuations

Based on the similarity between the momentum and energy equation (when written in total enthalpy form),
relationships also exist between the correlations of streamwise velocity fluctuations with temperature fluc-
tuations. First identified by Morkovin [I5], a set of velocity-temperature fluctuation correlations referred to
as the strong Reynolds analogy (SRA) arises from a ‘strong’ analogy between total enthalpy and velocity:
H' = Uyu}, where U, is a proportionality constant with dimension of velocity as shown in the previous
section. One of the most common forms (from the collective set of equations identified by Morkovin [15]) is
a root-mean-square form as follows:

- T =1 (222)
/u/z
(’7 - 1)M2 Tll
Numerous modified forms of the SRA have been proposed over the years, most taking the general form:
T2
7 B 1
[z Ty
(y - M2 @ ‘1 ~or

(223)

2 f—— A—
where Ty = T + 2% is the total temperature and a is a ratio between velocity mixing length u’faa’—:/l and

the temperature mixing length \/ﬁ ?9%' An absolute value is used in the denominator to ensure the root-
mean-square form takes a positive value regardless of the sign of total temperature gradient term. Table
lists different choices for a from Gaviglio [40] (GSRA), Rubesin [41] (RSRA), Huang et al. [2I] (HSRA), and
Zhang et al. [39] who suggest a modified turbulent Prandtl number for the HSRA (MHRSA). The SRA row
is N/A because it does not take the modified form with the total temperature denominator excluded based
on the assumptions that Pr =1 and 7}y = 0.

Table 3: Modified Strong Reynolds Analogy Parameters

Reference Acronym a
Morkovin (1962) SRA N/A
Gaviglio (1987) GSRA 1
Rubesin (1990) RSRA  1.34

Huang et al. (1995)  HSRA Pry
Zhang et al. (2014) MHRSA  Pr,
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The GRA from Zhang et al. [39] was also shown for the fluctuation correlations. In fact the GRA gets
is name by ‘generalizing’ the SRA to have a generalized recovery enthalpy that depends on a generalized

recovery factor: H; + ¢p¢’ = Uy, where Hy = ¢, T + 145 5. Note that the SRA and GRA total enthalpy
and streamwise velocity relationships hold for the mean flow, even though they are shown presently for the
fluctuations. In root-mean-square form the GRA is as follows:

1
Pr,

(T’ +¢') 2 = ’ ‘ VuR (if Pro=1) (225)

The instantaneous definition gives insight into how the temperature fluctuations are not directly tied to the
velocity fluctuations. The first term on the right-hand-side of Eq. suggests temperature fluctuations are
in part due to the velocity fluctuations; however, they define an additional residual temperature fluctuation
¢’ that encompass the features that break the SRA etc.

.1 o7

z

(GETE 7 (224)

T _— = —y 226
Pr, 61Tlu1 0 (226)
An aside on the effective Prandtl number is included below, due to its importance in setting up the GRA:
Pry
Pr. = ~1 227
T Tte (227)
Pr = () o :PrT1+%ﬂ/% (228)
( )T % 3u1 1+ wp' T pubT"
i, 2L
Prr= =g (229)
,OUQT Ox2
1 A
e = o) (230)
(puz) T
/ P’rqiw Tgm li /
O (kT uhy —T (231)
CpTw Cp
2 (7 7 Prgw__
- Ty —T — 4w 232
=25 ( e ) (232

Substituting the above equations, Eq. 227 to 232} into Eq. 225 results in a simplified equation for the GRA
that depends purely on mean quantities:

A
|aT| =1 (233)
our
A = z(ﬁ_f)_Prqj _ |20 Pray (234)
P CpTw Cp CpTw

It is worth noting that the sign of the relationship (correlation) between the velocity and temperature fluc-
tuations may be positive or negative. Ejection and sweep events advect fluid across the mean temperature
field, and their net contribution depends on the relative thermal state of the near-wall and outer flow (e.g.,
wall heating or cooling).

In general, all means and fluctuations listed in this section should make use of the Favre decomposition

even though they are not listed with a double quote (-)” or tilde (AS explicitly in the literature and present
formulations.
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