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Prediction of Turbulent Combustion Flowfields
Behind a Backward-Facing Step

Fang H. Tsau* and Warren C. Strahlet
Georgia Institute of Technology, Atlanta, Georgia 30332

Turbulent combustion flowfields behind a backward-facing step are examined by using different boundary
conditions and various computational assumptions. The effect of combustion on the flow is also studied.
Hydrogen and methane are the two gaseous fuels chosen for this investigation. Both a conventional law of the
wall method and a recently developed low Reynolds number model are tested. Two types of statistical models
are employed in the combustion simulations to take into account species fluctuations. The results are primarily
fourfold: 1) The fluctuation of the fuel mass fraction is insignificant for the Reynolds number examined in this
paper; 2) different statistical models produce almost identical results; 3) the law of the wall model predicts a
shorter reattachment length than the low Reynolds number model does; and 4) the effect of combustion is to
shorten the reattachment length of the flowfield, and the reattachment length is more a function of the amount
of heat input to the system than a function of the type of fuel or a function of the injection rate in a reactive

flow system.

Nomenclature

= statistical mean

= Favre covariance of the mixture fraction
= specific turbulence kinetic energy, m?/s2
= (0 V)o/(Topo) "

probability density function

pressure, N/m?

= residual

= source term in an equation

= temperature, K

= streamwise velocity, m/s

= Cartesian velocity component, m/s

= Favre fluctuation of velocity component U;, m/s
= transverse velocity, m/s

= Cartesian coordinate, m

x = streamwise coordinate, m

y = transverse coordinate, m

e = turbulence dissipation rate, m2/s?

n = mixture fraction

n” = Favre fluctuation of mixture fraction
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=

= von Karman constant
= laminar viscosity, kg/m - s
= eddy viscosity, kg/m - s
Heft = p + pr
= kinematic viscosity, m?/s
= density, kg/m3
= statistical variance
= stress, kg/m - s2
= any dependent variable
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Subscripts

! = quantities inside the viscous sublayer

v = quantities at the edge of the viscous sublayer

0 = wall values

1 = first grid point outside the viscous sublayer or off
the wall
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Superscripts

+ = characteristic quantities in the near wall region
— = time-averaged quantities
~ = Favre-averaged quantities

Introduction

NCREASED interest in the application of ramjet propul-

sion systems has led to a large amount of research in
dump-type combustor flow systems. Early work of Jones and
Launder,! Launder et al.,2 Rodi,? Launder and Spalding,* and
their successors has been used by recent researchers in model-
ing isothermal turbulent flows in such dump combustor con-
figurations. Several approximations necessarily arise in the
analytical treatment of these flowfields. For one, the applica-
tion of the so-called wall-function approach in wall-bounded
flows has allowed researchers to relate surface boundary con-
ditions to points in the flowfield where the Reynolds number
is sufficiently high for viscous effects to be negligible. It is,
however, not too difficult to imagine there are instances in
which this approach may not be valid, especially considering
the assumptions incorporated in the model itself. Also, its
accuracy in a wall-bounded, reactive flow system still remains
to be determined.

To generalize existing turbulence modeling techniques to
resolve the viscous sublayer whenever it is necessary, research-
ers started looking into the possibility of adapting the high
Reynolds number models to account for the viscous effects.
Theoretically, one may just pick up every term that had been
omitted in the development of the high Reynolds number
model, mathematically model each one of them, and include
all of them in the modeled governing equations. However, no
models can be put forth before the physics in the near-wall
region are further understood. Alternatively, the so-called
damping terms may be added to the high Reynolds number
equations to balance the equations in the low Reynolds num-
ber region of a flow. For both of the above approaches, the
entire set of turbulence model constants may have to be re-
placed by functions of Reynolds number and/or reoptimized
so that the viscous effects can be included. Moreover, these
numerical damping functions were not rigorously derived, and
the functions lack physical bases. Such an alternative ap-
proach has been taken by Chieng and Launder,® Lam and
Bremhorst,% Chien,” and others. A third approach is to take
the high Reynolds number model as it is and curve fit the low
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Reynolds number region using evidence from the still limited
experimental information directly. This approach was first
taken by Gorski.? The ultimate goal of modeling the turbulent
flows is, of course, to have a model which is applicable to a
wide class of problems and able to produce results in good
agreement with known experimental data. The third approach
by Gorski fulfills the above general requirements and has
sounder physical bases. It is therefore adopted in this research.
It was not until about a decade ago that researchers started
trying to include chemical reactions in their fluid dynamic
calculations. Bilger,’ Kent and Bilger,!° Janicka and Koll-
mann,'! and Spalding'? are, for example, among those early
workers. Accurate chemical kinetic data is, of course, essen-
tial, but two of the most difficult aspects in developing a
combustion model are first, understanding of how the com-
bustion processes interact with the fluid problem and, second,
where and how the model can be compromised with reality so
that it is tractable mathematically. Furthermore, the theoreti-
cal development also suffers from a lack of experimental
results, which are essential for verifying and developing a
computational model. A full account of interaction between
chemical kinetics and fluid dynamics is still difficult nowadays
as far as numerical calculation is concerned. Simplified mod-
els were developed by Bilger, Spalding, and Janicka and Koll-
mann as mentioned before, and recent developments and con-
cerns were brought up, for example, by Peters and Kee,!3
Drummond,'® Rogers and Chinitz,' and Ballal and Chen.'$
The idea of Spalding!” is employed as the fundamental frame-
work of the combustion models discussed in this paper. This
research compares results from a high Reynolds number
model and a low Reynolds number model, and the effect of
species fluctuations is examined for a current experimental
configuration which models a dump-type combustor.

Theoretical Development

An idealized ramjet combustion chamber is depicted in
Fig. 1, where the region bounded by two arrows at the bottom
is the fuel port through which pure hydrogen or methane is
injected into the chamber. This configuration models an ex-
perimental apparatus of the combustion laboratory at Georgia
Institute of Technology.!® The turbulent flowfield is assumed
to be stationary and adiabatic. The chemical reaction rates are
assumed to be infinitely fast so that the mixture is in chemical
equilibrium everywhere inside the chamber. This implies that
reversible multistep reactions are considered and that chemical
reactions are not limited in a thin flame sheet. The equilibrium
assumption is very suitable for systems consisting of highly
energetic chemical elements, such as hydrogen and oxygen,
and is expected to be good around the stoichiometric line and
poorer away from it. The Favre-averaging technique (density-
weighted averaging) is adopted in the formulation due to
expected large density gradient present in the flow. Bilger® and
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Jones!® have argued that the Favre-averaging technique is
superior to the conventional Reynolds-averaging technique
from both physical and numerical points of view for variable-
density flows. A Favre-averaging quantity Q of Q is defined
by

0 =00/p m

or

0= {,0PdQ @

Bearing the above relations in mind, one may obtain the
following averaged Navier-Stokes equations:

Jd .
5—([)Ui)=0 (3)
X
- ap a 3T anﬂ
— @UU)= -—— +— — 4+
ax; ULy ax; é)x,-['um< ax;  ax;
2.9/ au,
—=¢; —I| pk n 4
3 by ax,<'° + perr 3x,,> @

in which the Favre stress term pu u 7 is modeled as in Jones!®
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and all of the correlation terms involving laminar viscosity are
neglected in comparison with both the Favre stress term and
the mean stress term. This incomplete modeling of the mo-
mentum equations is partly due to a lack of available models
at hand."

This research uses the well-known, two-equation k-¢ model
to close the fluid dynamic problem. The k equation in this case
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in which the velocity-pressure gradient term u 7 (0p)/(3x;) is
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The € equation is directly taken over from the constant density
version and interpreted in a Favre sense
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This direct transformation of the dissipation rate equation is
due to a lack of information on the dissipation rate, especially
for a reactive flow system. In the case of combustion, two
additional variables are introduced into the formulation of the
problem, namely the mixture fraction » (a conserved scalar)
and its covariance 4”2 (g). The mixture fraction may be phys-
ically interpreted as the mass fraction of material in the mix-
ture, which originates from the fuel stream, with (1 — ) orig-
inating from the air (oxidizer) stream. In this regard, the
system is mathematically modeled as a binary chemical system
that has only one relevant molecular diffusivity. It can be
shown, with the assumption of equal diffusivity for all the
species, that all conserved scalars in a reactive flow system are
linearly related. Furthermore, if one assumes the Lewis num-
ber to be unity and the Mach number of the flow to be small,
the solutions to the energy equation and the species conserva-
tion equation are fully similar.?! For this reason, only the
equation of the mixture fraction is included here

s O [ (utur)dn
wo- 22

[N

9
3xj

)
Oy

in which the turbulent Schmidt number is assumed to be 0.7,
and a gradient diffusion model is employed to model the
turbulent flux term pu;n. The equation for the covariance is
taken over from Spalding!’ as
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Table 1 summarizes all relevant dependent variables and
model constants associated with turbulence models.

Several cases are studied and summarized below.

1) For cold flow simulation without side-wall injection,
Eqs. (3-6) are solved simultaneously with the divergence of the
velocity vector being equal to zero, i.e.,

au; 0
3x,-

2) For cold flow simulation with side-wall injection, Eqgs.
(3-7) are solved simultaneously with the assumption that den-
sity gradients are negligible inside the chamber. This is justi-
fied by the fact that the fuel injection rates are very small.
Local density and laminar viscosity are uniquely determined
by the local mixture fraction from the perfect gas law.

3) For combustion simulations neglecting species fluctua-
tions, Egs. (3-7) are solved simultaneously. Local density,
temperature, and laminar viscosity are only functions of the
mixture fraction. Fluid properties are obtained from a chemi-
cal equilibrium computer code by Gordon and McBride.2
Both a law of the wall model and a low Reynolds number
model are tested for this case.

4) For combustion simulations with species fluctuations
taken into account, Egs. (3-8) are solved simultaneously.
Local density, temperature, and laminar viscosity are func-
tions of mixture fraction and its covariance. Two types of
probability density functions (PDFs) are presumed in this
research. Tables of density, temperature, and laminar viscos-
ity in terms of mixture fraction and its covariance are con-
structed by utilizing chemical equilibrium data and the as-
sumed PDFs in order to facilitate calculations. Only the low
Reynolds number model is explored for this case.
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Table 1 Dependent variables and model constants

U Vv k € i g
C. 009 C,009 o5 0067 C 1.44 gy 0.7  Cgq 2.8
k 0.42 k 0.42 oap 1.54 Cy 1.92 Cp 2.0
or 1.0 g 1.3 ag 0.7

Model and Numerical Details

The law of the wall model relates surface boundary condi-
tions to points in the flowfield where the Reynolds number is
sufficiently high. In essence, this model assumes that at a
point outside the viscous sublayer (usually it is the first grid
node off the physical wall boundary in the high Reynolds
number model calculation), the streamwise velocity compo-
nent follows the logarithmic law of the wall and that the
turbulence is in local equilibrium such that the production of
turbulence energy equals its dissipation. If one neglects the
pressure gradient effect and the streamwise convective and
diffusive transport in addition to the above assumptions, the
following near-wall model can be established?
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in which FE is an integration constant taking on the value 9.5°
for a solid wall. For a permeable wall, E is evaluated accord-
ing to the method developed in Ref. 23 and is usually less than
9.5. A corresponding V', 7, and no with respect to the vertical
step can be obtained by setting V, equal to zero and substitut-
ing x and V for y and U respectively in Egs. (9-11).
Equations (5), (6), and (8) are only valid in a high Reynolds
number region.!”!? That is why the law of the wall model is
necessary to bridge the gap between a wall boundary and the
logarithmic region in early work. As the information inside
the viscous sublayer becomes more available, it is tempting to
try to resolve the flowfield completely. The main theme of the
low Reynolds number model adopted in this paper is to nu-
merically curvefit the region inside the viscous sublayer with
known turbulence behavior while the region of sufficiently
high Reynolds number (assumed to be 20 and above which
corresponds to a characteristic length y * ~ 12 and above in
this research) is still governed by Egs. (4-8). Current experi-
mental data shows that the turbulence kinetic energy is pro-
portional to the square of the distance from the wall, and the
dissipation rate is roughly constant inside the viscous sublayer.
Gorski® made another curve fit for the eddy viscosity inside
the viscous sublayer and found that the eddy viscosity is
proportional to the cubic power of distance from the wall. The
above observations can be mathematically expressed as

2
k = k@) (12)

ak*\? 20k
g,=2u<—> Bl (13)

y, 3
wr, = MTU<;/> (14)
122

and the shear stress on the wall is simply, by a forward

and
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differencing scheme,

U,
To = po — (15)
Bg
where
- 70
k, =
pOVCp.

is based on local equilibrium turbulence assumption. The
same treatment can be applied along the vertical step. In fact,
Patel et al.?* had shown that, by using Launder’s description
of the variation of the instantaneous velocity components
inside a viscous sublayer, Eqs. (12-14) are indeed good ap-
proximations in the near-wall viscous region. There is no
available theoretical model or experimental evidence to
demonstrate how g varies inside a viscous sublayer so far. The
authors propose the following relationship in light of the
source terms of Eq. (8)

3
&= gv@ﬁ) (16)

which might be the maximum possible covariance as far as the
exponent is concerned. One advantage of employing the above
low Reynolds number model is that one may have as many
numerical grid points in the near-wall region as possible with-
out encountering a numerical stiffness problem arising from
using other low Reynolds number models.!’

To solve the system of equations simultaneously, a hybrid
discretization scheme? is employed. A general discretized
equation can be written as

Apdp = Andn + Asds + Apdr + Awodw + S¢ 17

where P is the point in question and E, W, S, and N are its
surrounding neighbors with respect to the same dependent
variables concerned. The A are coefficients resulting from the
hybrid discretization scheme. A solution procedure named
SIMPLE,? which uses a tridiagonal matrix solver to solve the
discretized equations of the entire flowfield, is chosen to ac-
complish the iterative procedures. A basic grid system, which
has 31 grid lines in the streamwise direction with an expansion
ratio of 1.15 and 41 grid lines with constant spacing in the
transverse direction, is adopted from Richardson.? When the
low Reynolds number model is used, 20 more grid lines are
buried into the region between the bottom wall boundary (the
fuel side) and the first transverse grid line of the basic grid
system. A 31 by 37 grid system is employed for combustion
simulation using the law of the wall model. The expansion
ratio in the streamwise direction for the 31 by 37 and 31 by 61
grid systems is 1.07.
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The boundary condition at the outlet (which is 32 step
heights downstream from the inlet) of the combustion cham-
ber is that the gradients are zero for all of the dependent
variables. Experimental measurements from our laboratory
are taken to be the boundary conditions at the inlet. Pertinent
shear forces from Egs. (11) or (15) are used as boundary
conditions for momentum equations on wall boundaries. For
the simulation employing the high Reynolds number model,
Eq. (5) is solved at the first grid off the wall by using an
averaged € and production term estimated from Egs. (9) and
(11) to accurately represent the wall region. The dissipation
rate is simply set to be C/*k}’2/(xy;). For simulations using
the low Reynolds number model, the first grid point outside
the viscous sublayer is determined frist, and the setup of the
governing equations at this grid point proceeds in exactly
the same way as in the high Reynolds number model. The
covariance of the mixture fraction will be set equal to
Cglfclpr(aﬁ/axj)z/(cgzﬁg) if it solved. Linear extrapolations
can be applied to estimate %, and g, and values of k, ¢, and g
inside the viscous sublayer can then be found from Egs. (12),
(13), and (16) respectively. The boundary conditions of the
conserved scalar 7 are the same regardless of what model is
employed, namely the normal gradient being zero at the solid
wall boundary (in fact the total flux is zero) and the total flux
(convection plus diffusion) at the porous wall boundary equal
to the preset influx of fuel in our experiments.

As was mentioned before, two different kinds of PDFs are
incorporated in the combustion model for reactive flow simu-
lations with species fluctuations taken into account. The PDFs
are depicted in Figs. 2 and 3. One should notice that the
statistical mean and variance need not be the same as the
calculated mean mixture fraction and the square root of the
covariance because of the truncations on both ends of the
regular Gaussian PDF. The truncations are necessary to ex-
clude unrealistic mixture fractions inherent in the regular
Gaussian distribution. The following relations set up the link
between the mathematical models and the calculated mixture
fraction and its covariance?®

1 1
5 y 1.
7= S Py dy = 3 j Py dn (18a)
~Jo 0
1 1 1
g= j (n—7)*Pydyp=— j 72Po dy — 72 (18b)
0 B g
1 o 1
77=511Pcdn=§ Podn+§nPodn (18¢c)
0 1 0

1 3 1
&= j (n—ﬁ)zf’cdn=j Py dn + j 7Py dn—7  (19)
0 1 0

0.0 1.0 n 0.0 1.0 n

Fig. 2 Gaussian and normalized-Gaussian PDFs.

0.0 1.0 n 0.0 1.0 n

Fig. 3 Gaussian and clipped-Gaussian PDFs.



MAY-JUNE 1990

where

o458

Py =Py/B, normalized-Gaussian PDF

o

0
Pydy + 6(1)§ Pydy, clipped-Gaussian PDF
1

PC = 130+6(0)§

1
B = j, Pod'l}
0

Tables of density, temperature, and laminar viscosity in terms
of  and 4”2 are constructed, and two-dimensional searching
and interpolating subroutinés are employed to obtain various
fluid properties for a given pair of %, g from the solutions of
the corresponding conservation equations.

A residual of an algebraic equation like Eq. (17) can be
defined in the following way

Ry = 1Appp — AnOn — Asds — Apdr — Awdw — S¢1 (20)

which is a measure of the satisfaction of the original differen-
tial equation at one particular grid point. Hence, the result of
summing up all R, through the entire calculation domain is a
measure of the satisfaction of the original differential equa-
tion for the entire flowfield considered. The overall residuals
of the momentum equations are normalized by the inlet mo-
mentum flux, and the overall residuals of the species conserva-
tion equation and the covariance equation are normalized by
- the total mass flux of the combustor. The iterative procedure
in this research carries on until the overall residual of the
continuity equation (the mass imbalance) is less than 1% of
the mass flow rate at the exit of the combustor. The situation
roughly corresponds to an overall residual of 1.0E-03 for the
U-momentum equation, 1.0E-04 for the V'-momentum equa-
tion, 1.0E-06 for the species conservation equation, and 1.0E-
05 for the covariance equation, respectively. The solutions
obtained for various cases are grid independent with respect to
the theoretical framework (i.e., the high Reynolds number
model or the low Reynolds number model) of each simulation.

Results and Discussion

Before combustion simulations were conducted, the low
Reynolds number code was validated first by doing a cold
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Fig. 4 Normalized turbulence kinetic energy vs Y/H for cold flow

simulation without side-wall injection.
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Table 2 Reattachment lengths for various test cases

Cold flow Cumbustion
High Low High Low
Reynolds Reynolds Reynolds Reynolds
no. model no. model no.model no. model

Fuel

None None CH; CHy H; H, CHu
Inj. Vel.?

0 0.0 027 — — — — —
m/s 7.26 73 — — — — —
0.477 - — 027 — — — 052
m/s — — 733 514 — — 6.05
0.155 —_ _ — — — 057 —
m/s —_ _ — — 5.09 6.33 —

2Injection velocity.

flow, no injection simulation. Figure 4 shows the development
of the normalized turbulence kinetic energy in the streamwise
direction. The results are almost identical to the numerical
results of Richardson,? which were verified by Richardson et
al.’® and de Groot.*” The reattachment lengths quoted in
column 1 of Table 2 are also from Ref. 23. The fact that the
primary reattachment lengths are about the same from both
codes indicates that the high Reynolds number model is indeed
a good approximation in isothermal flow without side-wall
injection. This result was also confirmed by our experiment.?’
Furthermore, the low Reynolds number code predicts a sec-
ondary recirculation zone near the corner of the step. While
the secondary recirculation region was confirmed in our exper-
iment when there is side-wall injection, it has never been
confirmed for the case without injection.?” However, the phe-
nomenon was observed by both numerical calculation?® and
experiments®®3 at lower Reynolds numbers (5 x 10° and
2.2 x 10% which are well over the transition Reynolds number
(300-2000 based on the step height)!:32 for similar configura-
tions. It is still inconclusive at this stage whether the secondary
recirculation zone exists at a Reynolds number in the order of
10° as in our case. The low Reynolds number model predicts
longer reattachment lengths in both CHy-air and H,-air com-
bustion cases. The first transverse grid line was pushed further
away from the wall boundary in the high Reynolds number
simulation in order to ensure that it was not inside the viscous
sublayer. Numerical results (not shown here) indicate that the
high Reynolds number model predicts both lower mixture
fraction and mixture fraction gradient in the near-wall region.
One should note that the low Reynolds number model em-
ployed in this study has a much denser grid arrangement and
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Fig. 5 Velocity vector plot for no-injection case.
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Fig. 6 Velocity vector plot for Hy-air combustion with clipped-Gaus-
sian PDF.
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Fig. 7 Contour plot of mixture fraction for cold flow simulation
with methane injection.

includes known turbulence behavior in the near-wall viscous
region. Therefore, it is concluded that the results from the
high Reynolds number model is prone to be grid dependent
due to limitations built in the model itself, and it is especially
so for combustion and low injection rate simulations because
of higher fuel concentration gradient in the near wall region
for those cases.

The two injection velocities shown in Table 2 were deter-
mined so that one would have approximately the same amount
of heat input to the reactive system. The low Reynolds number
model predicts practically the same reattachment lengths for
both H,-air and CHy-air combustion simulations, whereas the
injection velocity of H, is 3.2 times higher than that of CH,.
The insensitivity of the reattachment length to the injection
velocity is also reflected in the cold flow simulation. De
Groot? observed the same insensitivity in his cold flow exper-
iments, and Richardson? indicated a higher degree of sensitiv-
ity in his numerical calculations. It is most likely that the
reattachment length is not so sensitive to the injection veloci-
ties in the range with which the calculations are concerned.
The heat addition to the system acts to shorten the primary
reattachment length and elongate the secondary reattachment
length, and the amount of heat input is the main factor that
determines the size of the recirculation zone behind the step.
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Fig. 8 Contour plot of mixture fraction for CHy-air combustion
assuming no species fluctuations.
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Fig. 9 Contour plot of temperature for CHg4-air combustion assum-
ing no species fluctuations.

The reason is that, for approximately the same mean pressure
fields, a reactive flow system with lower density experiences a
higher adverse acceleration than a nonreactive flow system
does.

Figures 5 and 6 are velocity vector plots of cold flow simula-
tion without injection and H,-air combustion with a clipped-
Gaussian PDF model. The big recirculating bubbles can be
clearly identified from the plots. The secondary recirculation
zones are not shown here. The reactive flow has not only a
smaller primary recirculation region but also a center of the
recirculation zone closer to the step such that the shear layer
initiating from the lip of the step is shifted downward. Any
disturbance that will move the separation bubble upstream is
likely to break the entire recirculation zone due to the presence
of the step and, hence, probably blow off the flame. The
separation bubble is, therefore, more stable in a cold flow
than in an exothermic, reactive flow in which the longitudinal
instability can be enhanced by heat release. The maximum
reversal velocity and the velocity in the near-wall region after
the reattachment point are increased due to the heat release
from chemical reactions. Figures 7 and 8 are contour plots of
mixture fraction of CHy-air cold flow and combustion simula-
tions without considering the species fluctuations. The mixing
process in the reactive flow is suppressed because of lower
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Fig. 11 Velocity profiles at different streamwise locations for CHg4-
air combustion with normalized-Gaussian PDF.

densities, which decreases mass transport and a shorter, down-
ward-shifted shear layer which reduces entrainment of fresh
air into the recirculation zone. The weaker mixing in a reactive
flow, thus, results in a much higher wall mixture fraction
value compared with that of a pure mixing flow. Figure 9 is a
temperature contour plot of the CHy-air combustion case
without species fluctuations, which is the same combustion
simulation producting Fig. 8. High temperature contours
(above 1500 K) concentrate in the neighborhood of the porous
plate and the temperatures in the shear layer range from
approximately 800 K to the stoichiometric temperature, which
is about 2200 K in a contour (not shown) closer to the wall
than that of 2000 K shown, of the CH,-air system.

The symbols and lines in the following figures are to differ-
entiate profiles at different axial locations or combustion
models. They all represent numerical results. Figure 10 shows

COMBUSTION BEHIND A BACKWARD-FACING STEP 233

150
:y /\ NO FLUCTUATIONS { COLD )
? (© CUPPED-GAUSSIAN POF
1.25 ; (] NOAMALIZED-GAUSSIAN POF
3 - NO FLUCTUATIONS { COMBUSTION )
1.00{- @A
B A
YM L B A
- @ A X/H = 1.484
0.75 oA
L STAN
C =7\
.50+ B
} ..o}
3 JA'3)
0.25- VAN )
- A B
L £
0.00 L
0.0 10 20 30 40 5.0

Fig. 12 Mixture fraction profiles for various test cases with injection
of methane.

150

=g
/\  NO FLUCTUATIONS ( COLD ) |
() CUPPED-GAUSSIAN POF i
125 (-] NORMALIZED-GAUSSIAN POF
~+~  NO FLUCTUATIONS ( COMBUSTION )
1.00 %
YH
X/H = 4428
075,
TN
1Y
.50
B
-3
p.25 48
[/
a.0g £ ! :
0.0 5.0 10.0 5.0 200 25.0

Fig. 13 Mixture fraction profiles for various test cases with injection

of methane.

the development of the streamwise velocity along the chamber
for the cold flow simulation with CH, injection. The profile at
x/H = 0.08587 shows a small region of positive velocity very
close to the wall indicating a countering recirculation zone at
the lower left corner of the chamber. As one moves away from
the step, the positive velocity in the upper portion of the
recirculation zone is gradually increased by momentum trans-
ferred from the core region of the flow, and the negative
velocity in the lower portion of the recirculation zone ap-
proaches its maximum and decreases as one proceeds toward
the primary reattachment point. The flow-field relaxes into a
channel type of flow after the reattachment point as dictated
by the boundary conditions. Figure 11 shows the development
of the streamwise velocity along the chamber for CHg-air
combustion case with a normalized-Gaussian PDF model. A
countering recirculation region is again observed, and both the
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size and the strength are bigger than the one in cold-flow
simulation. The velocity deficit between the core region and
the retarded and redeveloping region is smoothed out faster
than that in the cold-flow simulations because of the heat
release and smaller densities, a secondary effect, in the react-

ing region.

Figure 12 is a combined plot of mixture fraction from
various simulated cases at x/H = 1.484, which is a station
between the inlet step and the fuel bed. A suppression of
mixing (less air entrained into the recirculation zone) is clearly
observed, which results in a leaner mixture in the upper por-
tion and a richer mixture in the lower portion of the recircula-
tion zone. Figure 13 is a combined plot of mixture fraction at
x/H = 4.129, which is a station within the fuel port. The same

phenomenon observed in Fig. 12 appears, and both the wall
mixture fraction value and the gradient are higher in combus-
tion cases. Figure 14 shows combined plots of mixture fraction
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Fig. 14 Mixture fraction profiles for various test cases with injection
of methane.
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at x/H = 10.24, which is well after the reattachment point. At
this station, the mixture fraction profiles of combustion cases
gradually catch up the profile of the cold-flow simulation
because fuel restrained in the lower part of the recirculation
zone is released and diffused into the originally leaner mix-
ture. For all of the combustion simulations, a stoichiometric
line is observed initiating from a position slightly ahead of the
fuel port, going away from the wall and eventually closing
itself back down at a position slightly behind the fuel port.
The covariance values are constantly monitored and corrected
if necessary in order to ensure that the solution stays within
the limit of the statistical models. This study found that the
covariance solution satisfies both Eq. (8) and the statistical
model applied everywhere except at the vincinity of the reat-
tachment point where corrections are necessary in order to
bring the solution back into realizability of the PDF model
employed. A possible explanation is that the isotropic turbu-
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Fig. 16 Temperature profiles for various test cases with injection of
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Fig. 18 Temperature profiles for various test cases with injection of
hydrogen.
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Fig. 19 Temperature profiles for various test cases with injection of
hydrogen.

lence assumption, among others, is seriously violated in that
region.

Figure 15 shows combined temperature profiles resulting
from three combustion models at x/H = 1.484 for CH,-air
combustion. The mixture is fuel lean at this station, and
temperatures from simulations with species fluctuations taken
into account are higher than the ones without considering
species fluctuations because of a higher mass transfer rate
accompanied by species fluctuations. The difference maxi-
mizes at a region slightly above the wall and decreases both
towards the wall because fluctuations are diminishing with
presence of the wall and away from the wall because the mean
mixture fractions are small there. Figure 16 shows combined
temperature profiles at x/H = 4.129. The mixture is fuel rich
on the wall and gets leaner away from the fuel bed at this
station. Temperatures from simulations considering species

TEMP./1000. ( K )

Fig. 20 Temperature profiles for various test cases with injection of
hydrogen.

fluctuations are higher than those of simulation without spe-
cies fluctuations except in the vincinity of the stoichiometric
line where the reverse is true due to higher heat transfer rates
to the surrounding fluid for simulations with species fluc-
tuations. Temperatures from the normalized-Gaussian PDF
model are smaller than those from the clipped-Gaussian PDF
model because a clipped-Gaussian PDF allows larger fluctua-
tions (hence larger heat transfer rates) in a flow. At the station
x/H =10.24, all of the three temperature profiles almost
coincide with each other because the mixture is lean, and the
turbulent intensity is low. Figures 18-20, show the same types
of behavior for H,-air combustion cases. The reactive systems
eventually relax into an identical thermal system for both
H,-air and CH;y-air cases because the amount of heat input is
the same and the fuel injection rates are small compared with
the total mass flow rate of the system. The temperature pro-
files being similar and no large temperature differences result-
ing from various combustion models suggest that the effect of
species fluctuations is small in this investigation.

Conclusion

The turbulent combustion flowfields behind a backward-
facing step were studied, and numerical results indicate that
the reattachment length is shortened by heat addition into the
system and that the amount of heat release is the primary
factor in determining the size of the recirculation zone. The
newly developed low Reynolds number model predicts longer
reattachment lengths than the conventional high Reynolds
number model does in combustion simulations. No significant
differences (except the temperatures in the vincinity of the
stoichiometric line) in the temperature and mixture fraction
profiles of the combustion simulations using different com-
bustion models suggest that the species fluctuations effect is
small for this flowfield. However, the results obtained by
taking into account the species fluctuations are believed to be
more realistic than those obtained by neglecting the fluctua-
tions. The mixing process is suppressed by the heat addition to
the system. Finally, the conventional high Reynolds number
model (boundary conditions) is considered inadequate for re-
acting flows with wall boundary conditions of the type dis-
cussed here.

The use of the present model helps better resolve the near
wall region where high temperature and concentration gradi-
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ents exist and affect the overall development of the flowfield.
Other similar models, e.g., those mentioned in the introduc-
tion section or the Reynolds-stress closure model with low
Reynolds number approximation near a wall, would also be
more suitable for the type of combustion simulation consid-
ered here. Although no comparisons are shown between dif-
ferent theoretical models, the current model is certainly supe-
rior to any higher-order closure model from an economic
point of view and is better than other low Reynolds number
models from a physical standpoint.
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