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angles ¢ =0and 45° (Figs. 1a, 1b), however, there is very little

difference between the computed results obtained by either

procedure; as ¢ increases, so does the difference as shown in
Figs. Icand 1d.

A note should be made of the discrepancies in the tem-
perature and velocity profiles at ¢=135°. Because of the
relatively high angle of attack, the flow beyond about ¢
=120° is subject to adverse pressure gradient, which even-
tually leads to separation defined by zero shear stress com-
ponent normal to the generator. Although our calculations
with either procedure predict separation at about ¢ =161°,
close to the measured value of ¢=159°, the measured
boundary layer shows a more rapid thickening than is
predicted by calculations. This can be traced to vortex for-
mation, in which case the ordinary boundary-layer equations
are no longer valid anyway. ’

In summary we conclude that the similarity variable
proposed by Bradshaw for turbulent flows over tapered wings
is also applicable to the calculation of high Reynolds number
turbulent boundary layer on cones at incidence with local
similarity assumptions.

Although the improvements obtained by the ‘‘new
procedure may seem small in comparison with the empiricism
contained in eddy-viscosity laws and viscous/inviscid in-
teraction effects, they are nevertheless encouraging that the
local similarity will work for other similar shapes as well. In
principle, the procedure is strictly applicable to conical bodies
with arbitrary cross-section provided that the radial pressure
gradient is very small.

The computer time (CPU) for the present case with 1894 net
points in the cross-flow plane was 7.86 sec (0.0042 sec/net
point) on an IBM 370/165 computer.
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Analytical and Experimental Study of
Turbulent Methane-Fired Backmixed
Combustion

R. E. Peck* and G. S. Samuelsent
UCI Combustion Laboratory,
University of California, Irvine, Calif.

Nomenclature
= combustor diameter
= constant in effective viscosity expression
=length of flowfield
=radius
=temperature
= velocity
= viscosity
= density

: . (F/A) actual
= equivalence ratio, -

(F/A) stoichiometric

ST E <N R

I. Introduction

HE present results are from a continuing investigation

designed to improve the prediction of reacting,
recirculating flows and to clarify the mechanisms of pollutant
formation in continuous combustion systems. The combustor
configuration is a Slmm diameter axisymmetric duct con-
taining an aerodynamic (opposed-jet) flameholder as shown
in Fig. 1. The opposing, high-velocity jet stream serves to
stabilize the flame by backmixing hot combustion products
with fresh reactants (premixed methane/air).

The analytical model of the opposed-jet combustor (OJC)
flowfield is founded on extended versions of the PISTEP
method of Gosman et al.! The numerical procedure solves
simultaneously the governing elliptic partial differential
conservation equations with the corresponding dependent
variables as follows: conservation of mass—stream function,
¥; conservation of momentum—vorticity, w/r; conservation
of energy—enthalpy, A; species continuity—mass fraction,
m;. A simplified effective viscosity model for turbulent
momentum transport is adopted for the present in-
vestigation': :

Meff=KD%L ‘/spz/s(’:nVZ) Vi (1)

Exchange coefficients for turbulent energy and mass
transport are related to u.j by effective Prandtl and Schmidt
numbers. The OJC geometry was initially incorporated into
the computational procedure by Samuelsen and Starkman for
an ammonia/air fired system.? A numerical solution for the
methane/air system including the formation of the poliutant
species CO and NO was later incorporated.? The present
study compares the numerical prediction of local flowfield
properties for the methane/air system with experimentally
determined values.

II. Approach

Cold Flow

Consideration of cold flow conditions enables a
preliminary evaluation of the transport models incorporated
into the numerical procedure. The cold flow solution is ob-

Received July 15, 1976; revision received Jan. 17, 1977.

Index categories: Reactive Flows; Combustion in Gases; Air-
breathing Propulsion, Subsonic and Supersonic.

*Research Assistant; present address Department of Mechanical
Engineering, University of Kentucky, Lexington, Ky.

tAssociate Professor, Mechanical and Environmental Engineering.



MAY 1977
FLAME FRONT RECIRCULATING, PARTIALLY
\Y IOR COMPLETELY BURNT GAS ;1
__.. —————————————
¥ - BE %
STAGNATION JETI 4
POINT EXIT

Fig. 1 Opposed-jet combustor schematic.

tained by numerically solving the governing equations for the
two dependent variables y,w. The predicted spatial
distributions of the time-average (mean) velocity are available
for comparison to the experimental measurements. Pitot tube
data for cold flow velocity are used as a reference base for
evaluating the system hydrodynamics and the associated
models of turbulence.

The effective mass exchange model is evaluated by con-
sidering an isothermal flowfield with a nonuniform con-
centration. The nonuniform concentration is established by
introduction of a tracer into the jet. Spatial distributions of
tracer concentrations are predicted numerically by solving an
additional species conservation equation containing the
appropriate mass exchange coefficient. Experimentally, a
carbon monoxide (CO) tracer is introduced through the
opposed-jet. Local CO concentrations are measured by NDIR
analysis of gas samples extracted by conventional probing.

Reacting Flow

Calculated distributions of temperature and species mass
fraction are compared to experimental results to assess the
coupled models of turbulence and kinetics for the condition of
reacting flow. The chemistry model incorporates kinetic
mechanisms for methane, carbon monoxide, and nitric oxide.

A two-step quasi-global reaction mechanism is adopted for
the methane oxidation*

CH, +0, — CO+H,0 @)
CO +0, — CO, 3

An initial solution for the reacting flowfield was obtained
using published reaction rates that were later refined to more
closely resemble the experimental data.

A detailed description of the numerical formulation of the
reaction rate expressions may be found elsewhere.® The
dependent variables for the hydrocarbon system include
vorticity, w/r, streamfunction, y, methane mass fraction,
Mcp,, carbon dioxide mass fraction, mco,, and enthalpy, h.
Distributions of other major species H,O, CO and O, are
related to mcy, and mcq, via elemental mass conservation.

Additional calculations were conducted to predict for-
mation of the pollutant species, nitric oxide (NO). Nitrogen
oxide kinetics were based on the familiar Zeldovich’®
mechanism:

O+N, — NO+N @)
N+0, — NO+0O )

Noting that reaction (4) is the rate limiting step simplifies the
overall reaction rate to:

| d[NO]
dt

=2k,[N,] [O] ©

The O-atom concentration in Eq. (6) was first calculated by
assuming O/0, equilibrium and latter extended to consider
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Fig.2  Cold flow velocity profiles (sexperimental; — predicted).

%CO PREDICTED l.? T

5
20
\
R A PN
N2

%CO EXPERIMENTAL

e e 20 e ]

Fig.3 Cold flow tracer concentration profiles.

the ‘‘superequilibrium’ of oxygen atoms following the
method of Iverach etal.®

The experimental test conducted to complement the
numerical predictions of OJC reacting flow properties utilized
stoichiometric proportions of premixed methane/air in both
the main and jet streams. Temperature and chemical com-
position measurements were obtained at the OJC exit plane.
Temperature measurements were made using a Pt/Pt-13% Rh
thermocouple. Gas samples were extracted via a water-cooled
stainless steel probe and conveyed through a heated teflon
sample line to a packaged exhaust gas analysis system. The
instrumentation console provides quantitative analyses of CO
and CO, (NDIR), NO/NO, (chemiluminescence), total
hydrocarbons (FID), and O, (paramagnetic).

III. Results and Discussion

Cold Flow

The cold flow studies were conducted for the following test
conditions: approach velocity—V,, =7.62 m/sec; jet
velocity—V; = 130 m/sec; temperature—T7,, = T, =294 K; and
equivalence ratio—¢,, =¢; =0.0. Experimental and predicted
velocity profiles are presented in Fig. 2. The predicted velocity
profiles agree qualitatively with experimental results. The
predicted location of the stagnation point differs substantially
from the location indicated experimentally. The intense
mixing processes occurring in the recirculation zone suggest
employing a refined model of turbulence which allows the
turbulence length scale to vary throughout the flowfield. A

_thorough evaluation is currently limited by the experimental

uncertainty of measurements in the highly turbulent shear
layer between the jet and the main stream and in the recir-
culation zone itself.

Results of the tracer studies of mass transport in a tur-
bulent, nonreacting flow are shown in Fig. 3. Although the
reported trends are similar, the calculated tracer con-
centration profiles are quantitatively higher than those ob-
served experimentally. These results demonstrate possible
deficiencies in the mass exchange coefficient and more im-
portantly in the simplified effective viscosity model used in
the current study.

Reacting Flow

The conditions investigated for the reacting flow case were
as follows: approach velocity—V,,=7.62 m/sec; jet
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Fig.5 OJC exhaust CO and NO profiles.

velocity—V; = 130 m/sec; temperature (inlet)—T,, =T, = 294
K; and equivalence ratio—¢, =¢,;=1.0. Predictions of the
spatial distribution of flowfield properties are presented in
Ref. 3. The predicted location of the high temperature
reaction zone begins immediately downstiream of the
stagnation point and parallels the jet wall to the exit plane
with most of the fuel being consumed prior to exhaust.
Exhaust plane measurements of temperature and
hydrocarbon concentration are compared to predicted values
in Fig. 4. The location of the flame front, indicated by sweep
temperature and concentration gradients, coincides with
theoretical predictions. The temperature deviation may be
corrected by considering radiation losses in both the
numerical and experimental results.

Fig. S presents similar results for CO and NO con-
centrations. Significant CO concentrations persist throughout
the flame zone and reach a maximum in the transition (flame
front) region where the temperature and oxygen concentration
are relatively low. The indicated trends are favorable,
although a sharper peak is predicted for the CO concentration
profile than is observed experimentally. This result
demonstrates the need to improve the specification of
boundary conditions near solid walls as well as the basic
chemistry model. The numerically predicted NO profiles
indicate that the maximum concentrations appear in the peak
temperature zone. The nonequilibrium O-atom calculations
yield a 30-fold increase in NO production.

IV. Conclusions

Numerical predictions of the turbulent, backmixed
flowfield of a methane-fired opposed-jet combustor have
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been compared to experimental observations. Although
favorable qualitative correlation has been established, a cold
flow analysis identified deficiencies in the simplified tur-
bulence model considered and a reacting flow analysis
identified deficiencies in the coupled turbulence/kinetic
models adopted. The results from this preliminary study
provide direction for further experimental verification and
formulation of refined kinetic and transport mechanisms.
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Parametric Differentiation Technique
Applied to a Combustion Problem
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Nomenclature
A, = constants of complementary solutions
B = parameter depending on system considered
C;(Y,x) =complementary solutions of linear differential
C:(Z,x) equations
D, = first Damkohler number
m; =concentration of fuel
m, = concentration of oxidant
P(Y,x) = . . . . . .
P(Z.x) particular solutions of linear differential equations
Pr =Prandtl number
r = stoichiometric ratio
Sc = Schmidt number
T, =nondimensional activation energy
T, = nondimensional temperature
X = similarity coordinate
Y =rate variation of m, with respect to a parameter
Z =rate variation of 7, with respect to a parameter
Subscripts
+ o0 =valuesat + o

’

=derivative with respect to x
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