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LARGE-EDDY SIMULATION OF NASA LaRC COAXIAL He-O2/AIR JET

Mahdi Mohebbi, M.S.

University of Pittsburgh, 2007

Large-eddy simulation (LES) is conducted of a coaxial jet flow configuration. This configura-

tion was previously considered in the laboratory experiments at the Hypersonic Air-breathing

Propulsion Branch at the NASA Langley Research Center (LaRC). It consists of a coaxial jet

discharging into stagnant air with a main stream of He-O2 (95% helium and 5% oxygen by

volume) and a coflow of air. The objective of this work is to investigate the performance of

conventional LES models for supersonic flows. In the simulations, the filtered, compressible,

3-dimensional Nevier-Stokes equations for a multi-species system are solved. The subgrid

scale closure is attained using the generalized Smagorinsky13,14,25,41 model and the dynamic

model.29 The predicted results are assessed via comparison with data from the NASA LaRC.

iii



TABLE OF CONTENTS

1.0 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2.0 FORMULATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1 Governing Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2 Subgrid Scale (SGS) Closure . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.0 CONFIGURATION AND COMPUTATION . . . . . . . . . . . . . . . . 10

4.0 RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

5.0 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

iv



LIST OF TABLES

1 Model constants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Summary of flow and calculations parameters. . . . . . . . . . . . . . . . . . 12

v



LIST OF FIGURES

1 Schematics of the coaxial jet facility . . . . . . . . . . . . . . . . . . . . . . . 11

2 Average filtered velocity profiles . . . . . . . . . . . . . . . . . . . . . . . . . 14

3 Profiles of average filtered mass fraction of center jet . . . . . . . . . . . . . . 15

4 Computed values of Smagorinsky coefficient from dynamic Simulations . . . . 16

5 Computed SGS Prandtl and Schmidt numbers from dynamic Simulations . . . 16

6 Resolved and residual portions of turbulent stresses and fluxes . . . . . . . . 17

7 Contour plot of the instantaneous values of 〈p〉
l
(kPa) at t+ = 71.67 (Simula-

tion III). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

8 Contour plot of the Reynolds averaged values of the Mach number (Simulation

III). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

9 Contour plot of the instantaneous values of the filtered density (kg/m3) at

t+ = 299.13 (Simulation I). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

10 Contour plot of the Reynolds averaged values of 〈Y
He−O2

〉
L

from Simulation I. 22

vi



NOMENCLATURE

C
I

Yoshizawa coefficient.

Cp Mass specific heat of mixture at constant pressure.

Cs Smagorinsky coefficient.

Dα Diffusion coefficient of species α.

E Total energy.

G LES filter function.

Lref Reference length.

Leα Lewis number (= λ/(ρCpDα)).

Mα
i Mass flux vector of species α (2.3).

Ma Mach number.

Mα
i SGS mass flux vector of species α (2.10).

Nx, Ny and Nz Number of grid points in x-, y- and z-directions, respectively.

Pr
T

SGS Prandtle number.

Qi Energy flux vector (2.5).

Qi SGS energy flux vector (2.12).

Q(c)
i SGS chemical energy flux vector (2.29).

Q(k)
i SGS turbulent diffusion vector (2.30).

Q(s)
i SGS heat flux vector (2.28).

R Specific gas constant of the mixture.

R(fi, fj) Resolved portion of the correlation between fi and fj (4.1).

Re
D

Reynolds number based on inlet jet properties.

Sij Rate of strain tensor.

Sc
T

SGS Schmidt number.
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Sij SGS stress tensor (2.11).

S(D)
ij Deviatoric part of the SGS stress tensor (2.21).

S(I)
ij Isotropic part of the SGS stress tensor (2.22).

T Absolute temperature.

Uref Reference velocity.

x, y, z Spatial Coordinates.

Yα Mass fraction of species α.

e Sensible energy of mixture (= RT/(γ − 1)).

h0
f Mass enthalpy of formation of mixture at 0 K.

h0
f,α Mass enthalpy of formation of species α at 0 K.

l Characteristic filter length (= (∆x∆y∆z)
1

3 ).

p Thermodynamic pressure.

t Time.

t+ Non-dimensional time.

ui Components of velocity vector.

~x Position vector.

Ω The entire flow domain.

∆x, ∆y and ∆z Grid Spacing in x-, y- and z-directions, respectively.

γ Ratio of specific heats of mixture at constant pressure and constant volume.

λ Heat conductivity of mixture.

µ Dynamic viscosity of mixture.

ν
T

SGS viscosity (2.25).

ρ Mass density.

σij Stress tensor (2.4).

τR(fi, fj) Residual portion of the correlation between fi and fj (4.2).

f Average value of f .

〈f〉
l

Filtered value of variable f .
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〈f〉
L

Favre filtered of variable f .
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1.0 INTRODUCTION

It is now widely accepted that the optimum means of capturing the detailed, unsteady physics

of turbulent combustion is via large-eddy simulation (LES).20,30 A serious issue associated

with LES is accurate modeling of the subgrid scale (SGS) quantities.1,30 The filtered density

function (FDF) methodology20,32 has proven particularly effective for this closure. The FDF is

the counterpart of the probability density function (PDF) methodology in Reynolds-averaged

simulation, commonly referred to as Reynolds-averaged Navier-Stokes (RANS) of turbulent

reacting flows.27,32

The idea of using the PDF method for LES was first suggested by Givi.19 But it was

the formal definition of FDF by Pope31 which provided the mathematical foundation of

LES/FDF. Within the past several years, steady progress has been made in developments

and applications of the FDF methodology. In its simplest form, the “assumed” FDF method

was suggested by Madnia et al.,15,28 where all of the drawbacks of this simple approach were

highlighted.

Similar to PDF methods, there are different ways by which the FDF can be considered.

These differ in the flow variables which are being considered (e.g. the scalar variables de-

scribing the thermochemistry, or additionally the components of the velocity), and whether

the method is applicable to constant density or variable density flows. The marginal scalar

FDF (SFDF) was developed by Colucci et al.2 This work demonstrated, for the first time,

that solution of the transported FDF is possible. The encouraging results obtained in this

work motivated further research on this methodology. The scalar filtered mass density func-

tion (SFMDF), which is the variable density form of SFDF was developed by Jaberi et al.24

and Garrick et al.16 The marginal velocity FDF (VFDF) was developed by Gicquel et al.17,18

The joint velocity-scalar FDF (VSFDF) was developed by Sheikhi et al.36 The work on joint

1



velocity-scalar FMDF (VSFMDF), which is the variable form of VSFDF has just been com-

pleted.8,35 The first LES of a realistic flame (Sandia’s piloted diffusion flame D) was recently

conducted via SFMDF.37 Prediction of the more complex field of a bluff-body (Sydney Flame)

by LES/FDF has just been finished.7,8

Work is underway at the University of Pittsburgh to develop the FDF method for LES of

high speed turbulent reacting flows. This work is part of a joint collaboration with the NASA

LaRC.12 The ultimate goal is to develop a high fidelity LES/FDF method with inclusion of

realistic chemical kinetics models. This thesis, is focused on investigation of conventional

hydrodynamic LES models in high speed flows. These flows are of significant interest to

NASA and have long been the subject of computational and experimental research in the

Hypersonic Airbreathing Propulsion activities there.3,5,9–11,39 The models appraised in this

Thesis are appropriate to use in LES via SFMDF.
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2.0 FORMULATION

2.1 GOVERNING EQUATIONS

The governing equations for a compressible turbulent flow involving N , non-reacting species

are30:

∂ρ

∂t
+

∂(ρui)

∂xi

= 0,(2.1a)

∂(ρYα)

∂t
+

∂(ρuiYα)

∂xi

=
∂Mα

i

∂xi

,(2.1b)

∂(ρui)

∂t
+

∂(ρuiuj)

∂xj

= − ∂p

∂xi

+
∂σij

∂xj

,(2.1c)

∂(ρE)

∂t
+

∂(ρEui)

∂xi

= −∂(pui)

∂xi

+
∂Qi

∂xi

+ Φ,(2.1d)

where ρ(~x, t) is the mass density of the fluid, ui(~x, t) (i = 1, 2, 3), is the i-th component of

velocity, Yα(~x, t) (α = 1, 2, . . . , N) is the mass fraction of species α, p(~x, t) is the thermody-

namic pressure and E(~x, t) is the total energy of the fluid. In the above, ~x is the position

vector and t is the time coordinate. The mass flux, Mα
i , the stress tensor, σij , the energy

flux40, Qi, and the viscous dissipationl Φ, are given by

Φ =
∂(σijui)

∂xj

,(2.2)

Mα
i = ρDα

∂Yα

∂xi

,(2.3)

σij = µ
(∂ui

∂xj

+
∂uj

∂xi

− 2

3

∂uk

∂xk

δij

)

,(2.4)

Qi =
λ

Cp

(

∂E

∂xi

+
∂(p/ρ)

∂xi

− 1

2

∂(ujuj)

∂xi

)

,(2.5)
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where Dα is the diffusion coefficient of species α in the rest of the mixture and µ, λ and

Cp are the mixture dynamic viscosity, heat conductivity and mass specific heat at constant

pressure, respectively. Equation (2.3) implies the Fick’s law. In the energy flux, the Dufour

effect is ignored and the Lewis number, Leα = λ/(ρCpDα), is assumed to be unity for all

species. These equations are supplemented by the equation of state:

(2.6) p = ρ R T,

where R is the specific gas constant of the mixture and T (~x, t) denotes the temperature.

The relation between the total energy, E, and the sensible energy, e, is:9

(2.7) e = E − ho
f − uiui

2
,

where ho
f is the mass enthalpy of formation of the mixture at 0 K and e = RT/(γ−1), with

γ being the ratio of mixture’s specific heats at constant pressure and constant volume. It is

assumed that the mixture properties do not change with temperature.

In LES, the above equations are filtered:26

(2.8) 〈f(~x, t)〉
l
=

∫

Ω

f(~x′, t)G(~x− ~x′, t ; l) d~x′,

where G is a spatially homogeneous, temporally invariant filter function with the property:

∫

Ω

G(~x − ~x′, t ; l) d~x′ = 1.

Here l denotes the characteristic filter length and the integration is carried out over the entire

domain, Ω. In compressible flows, it is more convenient to use the density-weighted (Favre)

filtering:22

〈f〉
L

=
〈ρf〉

l

〈ρ〉
l

.
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Application of the filtering operation to (2.1) yields:

∂〈ρ〉
l

∂t
+

∂(〈ρ〉
l
〈ui〉L

)

∂xi

= 0,(2.9a)

∂(〈ρ〉
l
〈Yα〉L

)

∂t
+

∂(〈ρ〉
l
〈ui〉L

〈Yα〉L
)

∂xi

=
∂〈Mα

i 〉l

∂xi

+
∂Mα

i

∂xi

,(2.9b)

∂(〈ρ〉
l
〈ui〉L

)

∂t
+

∂(〈ρ〉
l
〈ui〉l

〈uj〉L
)

∂xj

= −∂〈p〉
l

∂xi

+
∂〈σij〉l

∂xj

+
∂Sij

∂xj

,(2.9c)

∂(〈ρ〉
l
〈E〉

L
)

∂t
+

∂(〈ρ〉
l
〈E〉

L
〈ui〉L

)

∂xi

= −∂〈pui〉l

∂xi

+
∂〈Qi〉l

∂xi

+ 〈Φ〉
l
+

∂Qi

∂xi

,(2.9d)

where the subgrid scale (SGS) mass flux, Mα
i , the SGS stress tensor, Sij , and the SGS heat

flux, Qi, are defined as:

Mα
i = −〈ρ〉

l

[

〈uiYα〉L
− 〈ui〉L

〈Yα〉L

]

,(2.10)

Sij = −〈ρ〉
l

[

〈uiuj〉L
− 〈ui〉L

〈uj〉L

]

,(2.11)

Qi = −〈ρ〉
l

[

〈uiE〉
L
− 〈ui〉L

〈E〉
L

]

.(2.12)

Similarly, the filtered equation of state and the relation between filtered total energy and

filtered sensible energy are:

〈p〉
l
= 〈ρ〉

l
〈R T 〉

L
,(2.13)

〈e〉
L

= 〈E〉
L
− 〈ho

f〉L
− 〈ui〉L

〈ui〉L

2
+

Sii

2〈ρ〉
l

.(2.14)

The filtered mass flux, the filtered viscous term and the filtered heat flux and viscous dissi-

pation are approximated as follows:14,29

〈Mα
i 〉l

≃ 〈ρ〉
l
〈Dα〉l

∂〈Yα〉L

∂xi

,(2.15)

〈σij〉l
≃ 〈µ〉

l

(∂〈ui〉L

∂xj

+
∂〈uj〉L

∂xi

− 2

3

∂〈uk〉L

∂xk

δij

)

,(2.16)

〈Qi〉l
≃ 〈 λ

Cp

〉
l

(

∂〈E〉
L

∂xi

+
∂(〈p〉

l
/〈ρ〉

l
)

∂xi

− 1

2

∂(〈uj〉l
〈uj〉l

)

∂xi

+
1

2

∂(Sjj/〈ρ〉l
)

∂xi

)

,(2.17)

〈Φ〉
l
≃ ∂(〈σij〉l

〈ui〉L
)

∂xj

.(2.18)

The filtered material properties (Dα, µ, λ and Cp) should also be approximated, if they are

not constant.

5



The pressure-velocity gradient, ∂〈pui〉l
/∂xi, can be transformed to the following alterna-

tive form:

∂〈pui〉l

∂xi

=
∂〈ρRTui〉l

∂xi

=
∂(〈ρ〉

l
〈(γ − 1)eui〉L

)

∂xi

≃ ∂
(

〈γ − 1〉
L
〈ρ〉

l
〈e〉

L
〈ui〉L

)

∂xi

− ∂(〈γ − 1〉
L
Q(s)

i )

∂xi

,

(2.19)

with the SGS sensible energy flux, Q(s)
i , given by (2.28). Finally, we assume,

〈RT 〉
L

= 〈(γ − 1)e〉
L
≃ 〈γ − 1〉

L
〈e〉

L
,

so that the equation of state can be written as

(2.20) 〈p〉
l
≃ 〈γ − 1〉

L
〈ρ〉

l
〈e〉

L
.

In (2.19) and (2.20), the approximation is exact if γ is constant. Otherwise, we assume

〈γ − 1〉
L

= 〈γ〉
L
− 1 ≃ 〈Cp〉L

〈Cv〉L

− 1.

6



2.2 SUBGRID SCALE (SGS) CLOSURE

The SGS stress tensor is first decomposed into the isotropic, S(I)
ij , and the deviatoric, S(D)

ij ,

parts:

Sij = S(D)
ij + S(I)

ij ,

where

(2.21) S(D)
ij = Sij −

1

3
Skk δij

and

(2.22) S(I)
ij =

1

3
Skk δij .

The deviatoric part is modeled via the Smagorinsky model:14,34

(2.23) S(D)
ij = 2〈ρ〉

l
ν

T

(

〈Sij〉L
− 1

3
〈Skk〉L

δij

)

,

where

(2.24) 〈Sij〉L
=

1

2

(∂〈ui〉L

∂xj

+
∂〈uj〉L

∂xi

)

,

is the filtered rate of strain and ν
T

is the SGS viscosity. The latter is modeled by

(2.25) ν
T

= Cs l2
(

〈Sij〉L
〈Sij〉L

)
1

2

,

where l = (∆x∆y∆z)
1

3 and ∆x, ∆y and ∆z are the grid spacings in x-, y- and z-direction,

respectively.34 Here, x, y and z refer to stream-wise, cross-stream and span-wise directions.

The parameter Cs is the Smagorinsky constant which is assigned a value or computed dy-

namically. For the isotropic part of SGS stress tensor, Yoshizawa model41 is used:

(2.26) S(I)
ij = −2

3
C

I
〈ρ〉

l
l2

(

〈Smn〉L
〈Smn〉L

)

δij.

with C
I

being a constant.

The SGS total energy flux is split to three components:

(2.27) Qi = Q(s)
i + Q(c)

i +
1

2
Q(k)

i ,

7



where

Q(s)
i = −〈ρ〉

l

[

〈uie〉L
− 〈ui〉L

〈e〉
L

]

,(2.28)

Q(c)
i = −〈ρ〉

l

[

〈uih
o
f 〉L

− 〈ui〉L
〈ho

f〉L

]

,(2.29)

Q(k)
i = −〈ρ〉

l

[

〈uiujuj〉L
− 〈ui〉L

〈ujuj〉L

]

.(2.30)

The term Q(s)
i is the SGS heat flux and represents the subgrid transport of the sensible

energy of the fluid, Q(c)
i represents the SGS transport of chemical energy and Q(k)

i is the SGS

turbulent diffusion which measures the SGS kinetic energy transport.

Following Eidson,13 Q(s)
i is modeled by

(2.31) Q(s)
i =

〈ρ〉
l
ν

T

Pr
T

∂〈e〉
L

∂xi

,

where Pr
T

is the SGS Prandtl number (a model constant). For Q(c)
i , we note

Q(c)
i = −〈ρ〉

l

[

〈uih
o
f 〉L

− 〈ui〉L
〈ho

f 〉L

]

= −〈ρ〉
l

[

〈ui

N
∑

α=1

ho
f,αYα〉L

− 〈ui〉L
〈

N
∑

α=1

ho
f,αYα〉L

]

=

N
∑

α=1

ho
f,α

(

− 〈ρ〉
l

[

〈uiYα〉L
− 〈ui〉L

〈Yα〉L

])

=

N
∑

α=1

ho
f,αMα

i

(2.32)

where ho
f,α is the mass enthalpy of formation of species α at 0K. In the second step we have

used the fact that ho
f,α is constant for each species. Equation (2.32) shows that there is no

need to model Q(c)
i separately. The model of Knight et al.25 is used for closure of Q(k)

i :

(2.33) Q(k)
i = ujSij .

Finally, Mα
i , is modeled similar to SGS heat flux:24

(2.34) Mα
i =

〈ρ〉
l
ν

T

Sc
T

∂〈Yα〉L

∂xi

,

where Sc
T

is the SGS Schmidt number (a model constant).

Three sets of simulations are conducted. These simulations differ in the way the model

“constants” are implemented. Table 1 provides a listing of all these constants. These are

either kept fixed or computed dynamically. In the latter, the dynamic procedure of Moin et

al.29 is used.

8



Table 1: Model constants.

Constant Simulation I Simulation II Simulation III

Cs 0.014
(Erlebacher et al.14)

Dynamic Model
(Moin et al.29)

Dynamic Model
(Moin et al.29)

C
I

0.0066
(Speziale et al.38)

0.0066
(Speziale et al.38)

0.0066
(Speziale et al.38)

Pr
T

0.75
(Eidson,13 Cutler et al.4)

Dynamic Model
(Moin et al.29)

Dynamic Model
(Moin et al.29)

Sc
T

equal to Pr
T

(Cutler et al.6)

equal to Pr
T

(Cutler et al.6)

Dynamic Model a

(Moin et al.29)

aMoin et al.
29 do not consider Sc

T
. However, a similar method to that for Pr

T
can be developed.

9



3.0 CONFIGURATION AND COMPUTATION

The flow configuration4,6 is shown in Figure 1 and consists of a non-reacting coaxial ax-

isymmetric jet with a center jet composition of oxygen and helium (5% and 95% by volume,

respectively) and a coflow of air. The diameters of the center jet and the coflow are 10mm

and 60mm respectively. Measurements are provided from the nozzle exit to a downstream

distance of 261mm. These include pressure, composition, total temperature and axial veloc-

ity.

Both streams are discharged to ambient at 1 atmosphere and at Mach 1.8. The velocity

of the center jet, however, is more than that of the coflow since the jet is of a lighter gas

with a higher speed of sound. The total temperature of both the center jet and the coflow

is about 300K. A summary of important flow properties is given in Table 2. In this table

Nx, Ny and Nz denote the number of grid points in x-, y− and z-directions, respectively.

Also note that the origin of the Cartesian system is located on the centerline at the jet exit.

The Reynolds and Mach numbers are defined by Re = (U
jet

D
jet

)/ν
jet

and Ma = u/
√

γRT ,

respectively. Here, U
jet

, D
jet

and ν
jet

are jet velocity, diameter and dynamic viscosity at the

nozzle exit, respectively. The variables u, γ, R and T are velocity, specific heats ratio, gas

constant and temperature of either the jet or the coflow mixture, respectively. Constants

L
ref

and U
ref

are reference length and velocity (respectively), used in non-dimensionalization

of equations.

Computations are performed with the two-four method of Gottlieb et al.21 on a domain

of 121mm×50mm×50mm in x-, y- and z-directions with a Cartesian grid with 158×65×65

nodes, respectively.

The flowfield was initialized to the inlet averaged filtered values. At freestreams, zero

derivative boundary condition is used9. At the outlet, in the case of supersonic outflow,

10



Figure 1: Schematics of the coaxial jet facility.4,6
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Table 2: Summary of flow and calculations parameters.a

Total temperature:

Center jet: 300 K

Coflow: 300 K

Total Pressure:

Center jet: 522 kPa

Coflow: 464 kPa

Diameters:

Center jet: 10.00 mm

Coflow: 60.47 mm

Grid:

0 ≤ x ≤ 121 −25 ≤ y, z ≤ 25

Nx = 158 Ny = Nz = 65

Non-dimensional and reference parameters

ReD = 278000b, Ma = 1.8c, Lref = 10 mm, Uref = 487 m/s

aApproximate values. See Cutler et al.
4,6 for details.

bBased on jet properties.
cBased on either jet or coflow properties.

2nd order extrapolation is used; and at subsonic outflow, total pressure and temperature are

specified and velocities and mass fractions are extrapolated.6 At the inflow, the average values

from the experiment are specified for all variables, except for the inlet axial velocity, where

small perturbations are superimposed on the mean profile at fundamental jet instability

frequency and its first two sub-harmonics.23

In dynamic simulations, the “test” filter was chosen to be twice the width of the primary

filter (i.e., two grid point averages in x-, y- and z-directions). The azimuthal (θ-direction)

is considered homogeneous; thus averaging was performed on strips of 5 × dy width. For

stability, in dynamic simulations, the model constants were forced to be the same as the

average value of the constants over the whole domain.
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4.0 RESULTS

Figure 2 and 3 show the values of averaged filtered axial velocity, 〈u〉
L
, and averaged mass

fraction of center jet, 〈Y
He−O2

〉
L
. Here, the over-bar denotes the ensemble average value.

Results of Simulation II are very similar to those of Simulation III and hence are not shown.

It is seen that, in general, the dynamic model provides better agreement for velocity, while

〈Y
He−O2

〉
L

is predicted better in Simulation I. To investigate this issue, the values of Cs, Pr
T

and Sc
T

as obtained by dynamic models are given in Figures 4 and 5. It is readily seen that

Cs values from Simulation III are, in average, higher than those in Simulation I. Also shown

in Figure 4 is the value of Cs suggested by Rizzetta et al.33. This is higher than both of

the values incorporated here. Figure 5 indicates that the values of Pr
T

and Sc
T

are much

higher in Simulations III compared to Simulation I. This is the primary reason for more

accurate prediction of 〈Y
He−O2

〉
L

via Simulation I. The fact that the variations of Sc
T
, in this

jet configuration, does not affect the results of the dynamic simulations significantly, can be

attributed to the dominance of large scale mixing.

Plots of the resolved and residual components of the Reynolds Stress tensor and mass

flux vector are shown in Figure 6 at selected stream-wise and span-wise locations. These

quantities are defined by:

R(fi, fj) = 〈fi〉L
〈fj〉L

− 〈fi〉L
〈fj〉L

,(4.1)

τR(fi, fj) = 〈fifj〉L
− 〈fi〉L

〈fj〉L
.(4.2)

As it is seen in Figure 6(a), the Smagorinsky model produces excessive dissipative nature

(as expected). The overall ratio of resolved to residual Reynolds stress tensor (and mass flux

vector) components are predicted better by Simulation III (and II).
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Figure 2: Average filtered velocity profiles. − Experiment, −− Simulation I, −.− Simulation

III.
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Figure 3: Profiles of average filtered mass fraction of center jet. − Experiment, −− Simula-

tion I, −.− Simulation III.
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The instantaneous contour plot of filtered pressure at t+ = 71.67 (t+ = (t Uref)/Lref),

is shown in Figure 7. As expected, Variations of pressure are small as predicted by Cutler

et al.4,6 Evaluation of the filtered Mach number, Ma, is not possible since it is a nonlinear

function of the principal flow variables; However, the following approximation can be used

to facilitate a qualitative investigation of Mach number variations throughout the domain:

〈Ma〉
L

=

(〈ρ〉
l
〈uk〉L

〈uk〉L
+ Skk

〈γ〉
l
〈p〉

l

)
1

2

.

Figure 8 shows the contour plots of the average Mach number and indicates that subsonic flow

regions are not likely to exist in the flow domain considered in the simulations. As noted

previously the mixing layers at the nozzle outlet are compressible. These compressibility

effects can be seen in Figure 9 which shows the instantaneous density contour plot at t+ =

299.13 (t+ = t Uref/Lref). As the flow propagates in the domain these effects diminish,

which is consistent with laboratory experiments where no strong shock waves were observed

in downstream regions.
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Figure 7: Contour plot of the instantaneous values of 〈p〉
l
(kPa) at t+ = 71.67 (Simulation

III).
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III).
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299.13 (Simulation I).
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5.0 CONCLUSIONS

Large-eddy simulation of a supersonic coaxial jet is conducted using the Smagorinsky and

the dynamic models. The configuration consists of a coaxial jet discharging into stagnant

air with the main stream of He-O2 ( 95% Helium and 5% Oxygen by volume, respectively)

and a coflow of air. The filtered compressible, 3-dimensional Navier-Stokes equations for

a mutli-species system are solved and the predicted results are assessed via comparison

with experimental data from the Hypersonic Air-breathing Propulsion Branch at the NASA

Langly Research Center. The objective of this work is to investigate the performance of the

hydrodynamic closures in high speed flows.

The dynamic model provides better overall results for filtered velocity. Simulations with

this model yield higher values for the Smagorinsky coefficient, Cs, than the values suggested

for incompressible flows. On the other hand, the filtered mass fraction of the center jet

is predicted more accurately via the Smagorinsky model. Here, again the dynamic model

gives higher values for model coefficients Pr
T

and Sc
T
. While computed values of these

two parameters are not equal (suggesting that the SGS heat and mass diffusions are not

comparable), the results of the dynamic model are found to be insensitive to variations of

Sc
T

when this parameter is computed dynamically (Simulation III) or is assigned a value

(Simulation II).

The predicted results are, generally, in good agreement with laboratory data as far as

first moments are concerned. The simulations suggest that the dynamic model provides a

better allocation of resolved and residual stresses.
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