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Calculation of Supersonic Turbulent Reacting Coaxial Jets
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and
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North Carolina State University, Raleigh, North Carolina

The mixing and subsequent combustion within turbulent reacting shear layers is examined. To conduct this study,
a computer program has been written to solve the axisymmetric Reynolds-averaged, Navier-Stokes equations.
Turbulence is modeled using three algebraic turbulence models, and the chemical kinetics is modeled using a
seven-species, seven-reaction, finite-rate chemistry model. Three separate flowfields are investigated. The effect of
turbulent mixing upon the extent of combustion is demonstrated. No single turbulence model considered accurately
predicted the degree of mixing for all three cases.

Introduction

R ESEARCH is currently underway to develop advanced
propulsion systems capable of sustaining hypersonic

flight within the atmosphere. Due to the limitations of ground-
test facilities and to the increase in computer capabilities, com-
putational fluid dynamics (CFD) promises to play an integral
role in the development of supersonic combustion ramjet
(scramjet) technology.

The flowfield within a scramjet combustor is characterized
by the interaction of several physical processes including
turbulent fuel-air mixing and kinetically controlled combus-
tion. The present study considers the problem of two coaxial
streams mixing and burning within a free shear layer, which
simulates the parallel injection of hydrogen fuel in a scramjet
combustor. Though this flowfield does not possess the com-
plexities arising from the geometry of a scramjet combustor,
nevertheless, it does possess the fundamental physical interac-
tion of a turbulent flow mixing and burning within a chemi-
cally reacting environment. This study of reacting shear layers
is made in conjunction with a current experimental project at
the NASA Langley Research Center to quantitatively exam-
ine the combustion of supersonic coaxial streams, and
thereby, to provide a test of present numerical modeling <
capabilities.

Reacting flowfields are described by the Navier-Stokes
equations augmented with appropriate species continuity
equations that provide for the convection, diffusion, and
production of each chemical species. Combustion within a
supersonic stream is marked by short residence times. Hence,
assuming complete or equilibrated combustion is often inac-
curate. The finite rates of reaction are accounted for by
introducing a multistep chemistry model to describe the reac-
tion mechanism and then applying the law of mass action to
determine the rates of production for each species.
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Turbulent flows are considered in this work. The range of
length scales and time scales present within a turbulent flow-
field with finite-rate chemistry necessitates making simplifica-
tions in both the turbulent and the chemical kinetic
formulations. In previous studies, a variety of turbulence
models and chemical kinetics models for supersonic H2-air
reacting flows have been suggested. Evans et al.1 employed a
two-equation turbulence model and a one-equation (eddy
breakup) chemical kinetics model based on the concept of
unmixedness. The authors found that adjustments in the
initial profiles of the turbulent kinetic energy and its dissipa-
tion were necessary between cases to achieve satisfactory
agreement with experimental data. Adjustments to the con-
stant in the eddy breakup model of over an order of magni-
tude were also found necessary to yield agreement with data.

Evans and Schexnayder2 modified the computer program
employed in Ref. 1 by replacing the eddy breakup model with
alternately a 12-species, finite-rate chemistry model and
Spiegler's seven-species3 model. They found that the expanded
reaction system was superior for the prediction of ignition.
However, when ignition was known to be fast, the two kinetic
systems gave nearly identical results.

Rogers and Chinitz4 developed a global, five-species, two-
step model for H2-air combustion. Underprediction of the
ignition delay period was observed using the global two-step
model; however, when the ignition delay period was not long,
good agreement was achieved between the global model and
Spiegler's seven-species model.

Hitch et al.5 made calculations for premixed flow in a
one-dimensional adiabatic stream tube to isolate the kinetics
effects. Calculations were made using the global two-step
model developed by Rogers and Chinitz and also obtained
using an eight-species model. The global model was shown to
underpredict the ignition time and overpredict the reaction
time.

Recently, Jachimowski6 developed a 13-species, 33-reaction
model for H2-air combustion studies. Calculations were per-
formed for quasi-one-dimensional combustor flows with
Mach numbers of 8, 16, and 25. Mixing of fuel and oxidant
was determined by a mixing routine, which set a prescribed
schedule of mixing along the combustor. Results showed that
the HO2 chemistry had an important effect upon the calcu-
lated combustion efficiency of the Mach 8 nozzle (initial
temperature equaled 670 K). However, the effect upon the
chemical efficiency from the species HO2 and H2O2 was only
6% for the Mach 16 nozzle (initial temperature equaled
1500K) and was unappreciable for the Mach 25 nozzle
(initial temperature equaled 2800 K).
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Drummond et al.' and Drummond and Hussaini8 con-
ducted a detailed study of the structure of a spatially develop-
ing and reacting mixing layer and its associated flame. The
chemical kinetics were modeled using a nine-species, 18-reac-
tion model (Spark chemistry model) developed by Jachi-
mowski.9 Turbulence was not modeled in their study, but a
multicomponent diffusion model was used to accurately
model molecular diffusion.

In this study a computer program has been developed for
predicting the combustion within supersonic coaxial jets. The
H2-air kinetics model of Drummond et al.7 is employed.
However, the reacting flows considered here have an initial
temperature that enables rapid ignition. Hence, the species
HO2 and H2O2 plus the 11 reactions involving them are
neglected. Turbulence is modeled using algebraic eddy viscos-
ity turbulence models or mixing length models. Despite limi-
tations inherent in these models, this study sought to
investigate their performance over a variety of conditions.
The numerical method adopted employs a central-difference,
finite-volume approach and advances the solution forward in
time using a Runge-Kutta scheme. The chemical source terms
are treated in a point implicit manner to alleviate the stiffness
in the equation set arising from the disparate time scales
within the flowfield.11-12

In the first phase of this work, several turbulence models
are evaluated for their ability to model the turbulent mixing
of nonreacting supersonic coaxial H2-air jets.10 The aim of
this phase is to eliminate those models that are unable to
predict the experimental measurement from further consider-
ation. The models selected were those of Eggers,10 Cohen,13

and Baldwin-Lomax.14

The second phase of this work was 1) to examine turbulent
reacting flowfields using the kinetics model developed by
Jachimowski9 and 2) to assess the capability of the computer
program developed to model these flowfields. Two experi-
ments were chosen for comparison purposes. They are the
reacting jet flow experiments conducted by Evans et al.1 and
by Jarrett et al.15 at the NASA Langley Research Center.

Analysis
Equations of Motion

The equations describing viscous, chemically reacting
flowfields are the Navier-Stokes equations augmented by ap-
propriate species continuity equations. In an axisymmetric
coordinate system, these partial differential equations can be
written as

ydy y (1)

where x and y are the streamwise and radial coordinates,
respectively, and
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p is the density, u and v are the velocities in the x and y
directions, p is the pressure, e is the internal energy, Yt is the
mass fraction of species /, and Vt and Vt are the diffusion
velocities of species i in the x and y directions. The enthalpy
h and the stagnation enthalpy H are defined by
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where n and X are the first and second coefficients of viscosity.
The bulk viscosity is assumed negligible; hence,

(10)

Neglecting the heat flux created by concentration gradients,
the diffusion of energy contains two terms: the transport of
heat according to Fourier's law of heat conduction and the
transport of enthalpy due to mass diffusion.16 Thus,

(H)

where T, k, and ns are the temperature, coefficient of thermal
conductivity, and the number of species in the mixture, re-
spectively, and V i is the diffusion velocity of species /.

The fluid of interest is a mixture of perfect gases. Hence,
the equation of state takes the form

p=PRT, (12)

where W{ is the molecular weight of species /. The specific
heat of each species is evaluated as a function of temperature
from polynomial curve fits given in Ref. 17. The temperature
is recovered from the internal energy by lagging values of the
specific heat from the previous iteration.

Finally, w{ is the production rate of species L The concen-
trations of the reacting species are evaluated by integrating a
continuity equation, and the mass fraction of the inert species
N2 is determined from the conservation of mass statement

(13)

Transport Properties
The mixture coefficient of viscosity depends upon the tem-

perature as well as the chemical composition of the gas. It is
obtained from the following procedure. First, the species
coefficients of viscosity are calculated from Sutherland's law

(14)
T + S,

where /%, T0h and Sf are the reference viscosity, reference
temperature, and Sutherland coefficient of species /, respec-
tively. The reference values for the individual species are
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Table 1 Abridged Spark chemistry model

Reaction
number

1
2
3
4
5
6
7

Reaction

H2 + O2->OH + OH
H + O2-»OH + O

OH + H2->H2O + H
O + H2->OH + H

OH + OH->H2O + O
H + OH-»H2O + M

H + H-+H2 + M

A

0.170^4-14
0.142^4-15
0.316^4-08
0.207£+15
0.550£ -f 14
0.221^4-23
0.653£+18

b

0.0
0.0
1.8
0.0
0.0

-2.0
-1.0

Ta

24233
8254
1525
6920
3523

0
0

Units of A are a multiple of cm3 • mole ] • s"

tabulated in Refs. 18 and 19. The mixture coefficient of
viscosity is then obtained by combining the species coefficients
according to Wilke's formula.20 Similarly, for the mixture
coefficient of thermal conductivity, Sutherland's law is used to
evaluate individual conductivity coefficients, which are then
combined using Mason and Saxena's formula20 to yield the
mixture coefficient of thermal conductivity.

The diffusion of mass is determined by the diffusion veloc-
ities. Calculation of the diffusion velocities is simplified in this
work by employing Pick's law of diffusion. As a consequence
of Pick's law, the diffusion velocity of each species is directly
related to the gradient of the concentration

d_
^ (15)

where D is the binary coefficient. Although, Pick's law is not
an accurate approximation for an H2-air mixture, in the
following turbulent calculations, molecular mixing (and any
errors in its calculation) is typically one to two orders of
magnitude smaller than mixing due to turbulence. The molec-
ular binary diffusion coefficient in Eq. (15) is obtained by
specifying a Le number, which is defined as

Le =
PCPD (16)

Chemistry Model
The chemistry model used in this work is a modified

version of the Spark model developed by Jachimowski9 and
employed by Drummond et al.7 and Drummond and Hus-
saini.8 It contains six reacting species: H2, O2, H2O, OH, H,
and O, plus an inert species N2 that interacts through a
seven-step reaction mechanism. The reactions together with
the constants appearing in the Arrhenius expression for the
forward rate coefficient kfj

(17)

are listed in Table 1.
The backward reaction rate coefficients kb are obtained

from the equilibrium constant Kj where

±4
X

(18)

The equilibrium constants in the Spark chemistry model are
obtained from the delta Gibbs function for each reaction AG°
according to the relation21

-AG° (19)

where An, is the change in the number of moles going from
the reactants to products, and R'u is the universal gas constant
in 1-atm/kg-mole-K. (The Gibbs function is evaluated as in
Ref. 22.) The chemical production terms are evaluated from
the reaction rates and the chemical composition of the gas by
using the law of mass action as given in Ref. 16.

Turbulence Models
Equations for the mean motions of the turbulent flow are

solved in this work. Following Favre,23 the dependent vari-
ables are decomposed into mass weighted averages

/=/+/", (20)

where the overbar represents averaging with respect to time.
The decomposed variables are substituted into the instanta-
neous equations, which are then averaged over time to yield24

(21)

The vectors U9 F, G, and H above are equivalent to the
corresponding vectors in Eqs. (2) and (3) except that the
dependent variables represent mean rather than instantaneous
values. The vectors Ft and Gt contain the additional un-
knowns introduced by averaging that represent the effect of
the turbulent fluctuations upon the mean flow. Ft is given by

F t -

0
pu u
pu"v"

upu"u" 4- vpu"v" 4- pu"h" — pD
U I ;

•'*'-aT + ''
_pu"Y"i

where

and

r, = pw w

-pD

(22)

(23)

(24)

(Gt is given in Ref. 26.) In this work, the terms given in Eqs.
(23) and (24) are neglected. The remaining terms are modeled
using an eddy-viscosity formulation.

Eddy-viscosity models relate the turbulent stresses and
fluxes directly to the gradients of the mean flow through an
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eddy-viscosity coefficient \it. For example,

; dv
pu v
pu"h" (25)

where

k - C —Kt ~ c/> „„ '
kt

pCpLet
(26)

and Prt and Let are the turbulent Prandtl and Lewis numbers,
respectively.

Note, the equations associated with the chemistry models
are assumed to also apply to the turbulent mean values.
Hence, the effect of fluctuations in the concentration values
on the chemical production terms, the effect of temperature
fluctuations on the reaction rate coefficients, as well as the
effect of the concentration and temperature fluctuations on
the equation of state are ignored.

From the above, the Reynolds-averaged equations become
equivalent to the instantaneous Navier-Stokes equations ex-
cept for modifications to the transport coefficients. The effec-
tive viscosity coefficient, for example, takes the form

H=Hi + Ht (27)

where the subscripts / and t refer to the laminar and the
turbulent components, respectively.

Models for the evaluation of the eddy viscosity \it for jet
flow take the general form first proposed for incompressible
flow by Prandtl25

(28)

where c is an empirically determined constant, K is a charac-
teristic velocity scale, and L is the width of the mixing layer.
Individual models differ primarily in how the characteristic
scales are evaluated.

Eggers Turbulence Model
The Eggers algebraic mixing length model10 is defined as

cepuQz (29)

where ce is a constant, u0 is the stream wise velocity on the jet
centerline, and z is the width of the mixing layer. This width
is defined as the radial distance between the points in the
profile where the local velocities ul and u2 are given by the
following equations:

(30)

(31)"2 = "a + 0.5(t/0 - u J

where ua is the velocity in the external flow of the outer jet,
and MO is tne centerline velocity.
Cohen Turbulence Model

Cohen modified PrandtFs model to formally account for
density variations across the mixing layer and to account for
the turbulence initially present in the jets.13 His model is
defined by the following equations:

z, (32)

A+K!

V 2

m>ml (33)

where z is the width of the mixing layer, m is the velocity ratio
ua/u0, n is the density ratio pa/p0,fis an additional empirical
constant, and m{ is a velocity ratio fixed by the turbulence
level which, as in Ref. 10, was set equal to 0.4. The value of
«! is calculated at the axial location where m—mv Two
modifications were made to the Cohen model. First, following
Eggers, a single leading coefficient cc was used through both
the potential core and the far flowfield, and second, the
definition of the mixing length used in Eggers model was also
used in the Cohen model. For flowfields where the velocity
ratio m is everywhere greater than ml9 which is true for all of
the cases considered in this work, the Cohen turbulence model
reduces to Eq. (33).

Baldwin-Lomax Turbulence Model
The Baldwin-Lomax model14 for the outer region of turbu-

lent-wall boundary layers was designed to be used in wakes as
well. It is defined as

(34)

where FWake is defined as the smaller of the following two
expressions

*• Wake (35)

(36)

FKieb(y) is tne Klebanoff intermittency factor, wdiff is the
difference between the maximum and minimum total veloc-
ities in the profile, and Cwk is an additional empirical constant
equal to 0.25. The function F is defined as

F(y)=y\co\ (37)

where co is the vorticity. The quantity Fmax is the maximum
value of F(y) that occurs in a profile and >>max is the value of
y at which it occurs. Hence, the distribution of vorticity is
used to determine the length scale.
Solution Technique

The stiffness associated with the chemical production terms
is counteracted in this work by treating the source term
implicitly, and then linearizing to form a preconditioning
matrix S. That is, writing the source term implicitly and
linearizing

Hn ffn 1 flffn ?\Jln

y y y dU dt
Substituting Eq. (38) into Eq. (1) then yields

where

y

(38)

(39)

(40)

The preconditioning matrix S acts to rescale the time step so
that each equation is advanced at its own characteristic time
scale.12 Evaluation of the Jacobian matrix dH/dUis simplified
by neglecting the temperature dependence of the source term.
This procedure has been found to be an efficient treatment of
the preconditioning matrix.27
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The finite volume or integral method for solving Eq. (39) is
performed by first integrating around an arbitrary cell

M S"l-U» + -l-F" + ~yG» = —~]y*ydxM (41)
dt dx ydy y J

Applying Leibniz's rule to the time derivative and taking the
value at the cell center to be the average value for U and H
yields

where V is the volume of the cell divided by 2rc, and A is the
area of the cell in a constant 0 plane. Applying the divergence
theorem, integrating in the clockwise direction, and discretiz-
ing using the midpoint integration rule yields

s» — un= —
dt A , yc

where

-— (43)

(44)

The inviscid portion of the flux is calculated from the
dependent variables at the midpoint of the cell sides. The
values at the cell sides are determined by averaging the values
at the two adjacent cell centers. On rectangular grids, this
finite volume treatment is equivalent to second-order central
differencing. Calculating the flux of the viscous or diffusive
terms requires evaluating derivatives at the cell sides. This is
achieved by again employing the divergence theorem and the
midpoint integration rule.29 The calculation is simplified by
making the thin layer approximation, which states that the
viscous gradients in the streamwise direction are negligible
compared to the viscous gradients in the normal direction.

Once the flux balance is evaluated, the residual is obtained
by matrix inversion using a Householder routine modified for
the Cray computers by Lambiotte.30 The result is a system of
differential equations at each grid point of the form

Fig. 1 Schematic for the coaxial jet flowfields considered in this study.

Table 2 Exit conditions for the Eggers experiment

Exit conditions Hydrogen jet Outer jet

Mach number
Temperature, K
Velocity, m/s
Pressure, MPa
Mass fractionYH2

Y02
Y^
^H20

0.9
260
1107
0.101

1
0
0
0

2.5
140
609

0.101

0
0.233
0.767

0

Fuel injector inner diameter = 0.0116 m.
Lip thickness = 0.00055 m.
Nozzle diameter = 0.152 m.

—— Eggers model
- - - - - Cohen model

O Experiment (Eggers)

U = R(U,t) (45)

The solution is advanced using a modified, four-stage,
Runge-Kutta scheme with the maximum allowable local time
step. The local time step is calculated by combining the
convective time scale, Afc, and the diffusive time scale, &td,
according to31

- = -
At A

(46)

The individual components of the convective and the diffusive
time steps are based on the stability limit for solving the
advection equation and the heat equation, respectively, using
central differences.

Results
Eggers Nonreacting Mixing Layer

The theory and the numerical method described in the
previous sections were applied to three H2-air coaxial jet-flow
experiments. The first experiment considered was conducted
by Eggers10 and was used in this work to evaluate the
eddy-viscosity turbulence models detailed earlier. The sche-
matic of the coaxial jet flowfields examined in this work is
shown in Fig. 1. The Eggers flowfield was a cold flow so that

Fig. 2 Centerline distribution of the hydrogen mass fraction for the
Eggers flowfield calculated using the Eggers and Cohen turbulence
models.

a mixing layer but not a flame develops. The temperature and
the other exit conditions for the nozzle are given in Table 2.

The computational grid used for the following calculations
is 61 x 61 with grid stretching in the transverse direction at
the interface between the coaxial jets. The grid extended 22.5
fuel-injector inner diameters (D = 0.0116 m) in the flow direc-
tion and 3 diam in the transverse direction.

The variables along the inflow plane, which corresponds to
the jet exit, were determined from values for T0, u, v, />, and
Yf. All values were specified except the pressure. The pressure
was specified along the boundary of the supersonic outer jet
and extrapolated from the interior of the computational do-
main along the boundary of the subsonic inner jet. Also, the
velocity was specified from a spline fit of experimental values.
The treatment of the upper, outer, and centerline boundaries
was identical for each of the three cases considered. Values
along the upper boundary and the outer boundary were
obtained by extrapolation assuming a zero gradient. Values
along the centerline boundary were also obtained by extrapo-
lation assuming a zero gradient, except the transverse veloc-
ity, which was set equal to zero. Values at each axial station
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X/D = 4 —— Baldwin Lomax model
- - - - Modified Baldwin Lomax model

O Experiment (Eggers)

Fig. 3 Hydrogen mass fraction profiles at four axial locations for the
Eggers flowfield calculated using the Cohen turbulence model.

of the computational domain were initialized equal to the
values along the inflow boundary.

The integrations were advanced 2500 iterations, for this
case, after which the LI norm of the residual taken over the
entire solution domain dropped between five and six orders of
magnitude.

Calculations were first made using the turbulence models
developed by Eggers and Cohen. As in Eggers' study,10 the
leading constant in the Eggers model was taken to be 0.0164,
and the turbulent Prandtl and Lewis numbers were set equal
to 0.9 and 1, respectively. In the Cohen model, the leading
constant was taken to be 0.0024, and the turbulent Prandtl
and Lewis numbers were both set equal to one.

Comparison of the H2 mass fraction distribution along the
centerline using the Eggers and Cohen model is shown in Fig.
2. Both models provide a good prediction of the extent of
mixing within the shear layer; although, the Cohen model
provides slightly better agreement with experimental data.
Figure 3 shows the computed hydrogen profiles using the
Cohen model at four axial locations. A calculation was re-
peated using a refined 99 x 99 grid. The solutions on the two
grids were very similar indicating that the 61 x 61 grid pro-
vided sufficient resolution for this case.

Calculations were then made using the Baldwin-Lomax
model with coefficients taken from Ref. 14. The resulting mass
fraction predictions along the centerline are shown in Fig. 4.
The vorticity is very large within the initial profile. Hence, the
characteristic length scale, obtained by dividing the velocity
difference by the maximum vorticity, is small. Consequently,
the mixing is greatly underpredicted in the early portion of
the solution. This problem was addressed by artificially limit-
ing the calculated value of the vorticity. Results from this
modified Baldwin-Lomax model are also shown in Fig. 4. The
plot of the centerline distribution of the hydrogen mass
fraction indicates that even when sufficient mixing is predicted
initially, the extent of the mixing is still underpredicted at the
last two experimental locations. Consequently, the Baldwin-
Lomax model was not used for the two reacting coaxial
jet-flow calculations.

0.8

0.6

0.4

0.2

0.0

O
I

10 15
X/D

20
_I

25

Fig. 4 Centerline distribution of the hydrogen mass fraction for the
Eggers flowfield calculated using the Baldwin Lomax and a modified
Baldwin-Lomax turbulence model.

Table 3 Exit conditions for the Beach experiment

Exit conditions Hydrogen jet Outer jet

Mach number
Temperature, K
Velocity, m/s
Pressure, MPa
Mass fraction

YH2
YOI
Y»2
^H20

2
251
2418
0.100

1
0
0
0

1.9
1495
1510
0.100

0
0.241
0.478
0.281

Fuel injector inner diameter = 0.006525 m.
Lip thickness = 0.0015m.
Nozzle diameter = 0.0653 m.

Beach Reacting Coaxial Jet Case
The first reacting, coaxial, jet-flow case considered was the

experiment conducted by Evans et al.1 The conditions at the
exit of the burner lip are given in Table 3. The computational
grid used for this case is 61 x 71. A finite thickness lip was
assumed in these calculations, and grid stretching was em-
ployed at the lip edges. The grid extended 30 fuel-injector
outer diam (D = 0.009525 m) in the flow direction and 2 diam
in the transverse direction.

Uniform conditions were used at the inflow boundary for
both the inner and outer jets. Along the jet lip, no-slip and
noncatalytic wall conditions were assumed. Also, the tempera-
ture was assumed to vary linearly along the lip between the
inner and outer jet values and the pressure along the lip was
obtained by extrapolation.

Calculations were performed using the abridged Spark
chemistry model and both the Eggers and the Cohen turbu-
lence models. The coefficients for the two models were left
unchanged from the values used in the previous case. The
integrations were advanced 6000 iterations after which the
residual dropped approximately five orders of magnitude. A
calculation using the Cohen model was also made on a refined
151 x 101 grid. Differences between the solutions on the two
grids were small.

Figure 5 compares with H2 mass-fraction distribution along
the centerline using the two turbulence models. The mass
fraction of H2 calculated along the centerline using the Eggers
turbulence model is smaller than the experimental values. The
calculated mass fraction using the Cohen turbulence model
remains 1 along the centerline until x/d exceeds 25. As
evidenced by the centerline distribution of H2, the Eggers
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model overpredicts the extent of mixing, and the Cohen
model severely underpredicts the extent of mixing.

Figure 6 compares the combustion efficiency for the two
solutions. The combustion efficiency is defined as 1 — (wft2/
Wftr)/(wfl2//wftr)o where m^2 is the mass flow rate of diatomic
hydrogen, m&T is the mass flow rate of hydrogen in all forms
and the subscript 0 designates the inflow plane. Hence, the
value of the combustor efficiency scales from 0 to 1. Figure 5
indicates a greater degree of combustion for the solution

1.000Q

0.750

0.500

0.250

—— Cohen model
- - - - - Eggers model

O Experiment (Beach)

O

using the Eggers model. As expected, increased mixing results
in increased combustion.

Figures 7 and 8 show the calculated profiles of four species
vs experimental data taken at three axial locations using the
Eggers and Cohen turbulence models, respectively. The three
calculated profiles with positive values at y/D are, from left to
right, the mass fraction of O2, H2O and N2. The calculated
profile with a value of zero at y/D = 2 is the mass fraction of
H2. In Fig. 7, at the axial location x/D = 8.26, the profile of
the H2O mass fraction reveals a knee. This knee indicates the
presence of combustion in the solution using the Cohen
turbulence model. The knee in the calculated H2O mass
fraction obtained using the Eggers model, shown in Fig. 8,
has approximately the same peak but is broader than the knee
at the corresponding axial location in Fig. 7. At succeeding
axial locations the knee in the H2O mass fraction grows and
spreads faster in the solution using the Eggers turbulence
model (see Fig. 8) as compared to the solution using the
Cohen turbulence model (see Fig. 7). The mass fractions of
H2 and N2 are also seen to spread faster in the Eggers
solution.

0.0 7.50 15.00 22.50 30.00
X/D

Fig. 5 Centerline distribution of the hydrogen mass fraction for the
Beach case.

1.000

0.750

CEFF 0.500

0.250

—— Cohen model
- - - - Eggers model

0.0 7.50 15.00 22.50 30.00
X/D

Fig. 6 Axial variation of the combustion efficiency for the Beach case.

—— Calculated
o O2
o H2
* H2O
a N2

0.2 0.4 0.6 0.8 1.0
Mass fraction

Fig. 7 Mass fraction profiles at three axial locations for the Beach
case calculated using the Cohen turbulence model.
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Fig. 8 Mass fraction profiles at three axial locations for the Beach
case calculated using the Eggers turbulence model.
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Fig. 9 Schematic of the apparatus for the Jarrett experiment.
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Table 4 Exit conditions for the Jarrett experiment

Exit conditions Hydrogen jet Outer jet Ambient jet

Mach number
Temperature, K
Velocity, m/s
Pressure, MPa
Mass fraction

YH2
Yol
Y^2
YHlo

1
545
1772

0.112

1
0
0
0

2.02
1250
1441
0.096

0
0.254
0.572
0.174

0
273
0

0.101

0
0.233
0.767

0

Fuel injector inner diameter = 0.00132 m.
Lip thickness = 0.00145 m.
Nozzle diameter = 0.01778 m.

Fig. 10 Calculated pressure contours for the Jarrett case.
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Fig. 12 Oxygen number density (xlO~ 1 8) profiles at four axial
locations for the Jarrett flowfield.
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Fig. 11 Nitrogen number density (xlO~ 1 8) profiles at four axial
locations for the Jarrett flowfield.
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Fig. 13 Temperature (K) profiles at four axial locations for the
Jarrett flowfield.

Jarrett Reacting Coaxial Jet Case
The second reacting jet-flow case considered was the exper-

iment recently conducted by Jarrett et al.15 at the NASA
Langley Research Center. The burner with the flow from right
to left is depicted in Fig. 9. At its exist, the nozzle has an angle
of 4.3 deg with respect to the centerline. The walls of the
nozzle of the burner were conical. The geometry of the tip of
the fuel injector was a cone connected to a cylinder as shown
in Fig. 9. A shock wave emanates from this juncture, which
lends uncertainty to the jet exit conditions which are given in
Table 4.

The computational grid used for this case is 61 x 61. The
computational domain extended beyond the nozzle lip into
the ambient air 3.65 in. The thickness of the burner lip, but
not the nozzle lip, was accounted for in the computational

domain. Grid stretching in the transverse direction was em-
ployed at the interface of the inner jet and the jet lip, at the
interface of the jet lip and the outer jet, and at the interface of
the outer jet and the ambient air. The grid extended 4 in. or
86 inner diam in both the flow direction and the transverse
direction.

The inflow boundary was treated like the inflow boundary
in the Beach case except for the region in the ambient air. In
this region the streamwise velocity was extrapolated from the
interior, and the other variables were specified.

Calculations were performed using a modified Eggers tur-
bulence model. Because the computational domain extended
into the ambient air, the definition of the mixing length given
by Eqs. (30) and (31) was adjusted. Rather than base the
mixing length on the profile of velocity, the mixing length was
determined from the profile of diatomic hydrogen. That is,
Eqs. (30) and (31) were retained, but the velocity was re-
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placed with the mass fraction of H2. The leading coefficient
was also increased to 0.032.

Figure 10 shows the pressure contours for the calculated
solution. The flow is from left to right. The interaction of the
expanding outer jet with the ambient air produces a shock
wave emanating from the corner of the nozzle. This shock
wave hits the centerline producing a series of expansion and
compression regions. Figures 11 and 12 show the profiles of
the number density of N2 and O2, respectively, vs experimen-
tal data (circles) at four axial locations. (Density values were
not experimentally obtained; therefore the experimental mass
fractions could not be determined.) The extent of the mixing
is reasonably well predicted using the modified Eggers turbu-
lence model. Figure 13 shows the temperature profiles vs
experimental data at the same four axial locations. The tem-
perature peak is underpredicted at the fourth axial station in
this solution. It is suspected that the strength of the shock
structure near the rear of the computational domain is not
accurately predicted in the solution.

Concluding Remarks
A computational program has been developed for modeling

turbulent reacting flowfields. Three turbulent coaxial jet
flowfields were calculated. Several algebraic, eddy-viscosity
turbulent models were investigated. The Baldwin-Lomax tur-
bulence model was found to be ill suited for predicting the
turbulent mixing within free shear layers (especially in the
near-jet region); however, no single turbulence model accu-
rately predicted the extent of mixing for all three cases. The
chemical reaction mechanism was described using a seven-
reaction model involving seven chemical species. The extent of
combustion was found to depend upon the extent of turbulent
mixing predicted. The chemistry model yielded qualitative
agreement with experimental results when the mixing was well
represented.
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