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could be used to generate flowfield density profile. Note that
in Fig. 4 the reference hologram was made with model out,
tunnel off, and the scene hologram was made with model in
and tunnel on.

During this test series, runs were also made to determine if
an interferogram could be made that reflected only the change
in flowfield due to gas injection. This would facilitate both
qualitative and quantitative determination of the effects of
surface blowing. For these tests, the reference hologram was
made with tunnel on, model in, but no surface blowing.
Figure 5 shows infinite and finite interferograms of this case
and clearly demonstrates that the effect of the mean flowfield,
common to both cases, can be completely negated.

The asymmetry on the upper nose corner was traced to a
slight leak in the porous material joint at this location. The
effect of this leak on the asymmetry of the shock can be seen
in Fig. Sb (upper right). It is seen that this test series
demonstrates both system insensitivity to vibration and wide
versatility in realistic applications.

Conclusions

Advances in technique and several new applications have
been enumerated. These advances are seen as part of a
continuing program to develop an automated production-type
holographic interferometry system capable of three-
dimensional quantitative flow-field measurement. Future
work will be directed toward completion of the computerized
reader scanner system described in Ref. 1.
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Prediction of Turbulent Boundary
Layers on Cones at Incidence

Kalle Kaups* and Tuncer Cebecit
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Introduction

N this Note, we discuss the prediction of turbulent

boundary layers on circular cones at incidence by an
efficient numerical method. The method employs the eddy-
viscosity concept to model the Reynolds shear stress terms and
has been previously used to compute two-dimensional
boundary layers! and recently three-dimensional boundary
layers.2* Our method differs from the others®S in that it
utilizes a recent suggestion of Bradshaw et al.”; rather than
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using the y/Vx-similarity variable to reduce the governing
equations to a similarity form as is done for laminar flows, we
use the y/x-similarity variable for turbulent flows. Our study
shows that this scaling provides better agreement with ex-
periment than the ‘‘old”’ procedure.

Governing Equations

The governing boundary-layer equations for compressible
laminar and turbulent flows on a conical surface are given by
the following equations:

Continuity:
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Here pv=pv+p’v’; 6 denotes the polar coordinate in the
developed plane; x the coordinate along the generators; and y
the coordinate normal to the surface; with w, u, v the
velocities in the 8, x, and y directions.

At the windward stagnation line, §=0, the cross-flow
momentum equation is singular since w=0. Taking into
account the symmetry conditions and differentiating Eq. (3)
with respect to 6, we can write it as
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Noting that w=0, Egs. (1, 2, and 4) can be simplified and
written as
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It is well known that for laminar flows with nonporous
walls and wall temperatures independent of x, or adiabatic
wall conditions, Eqs. (1-4) have similarity solutions if we
define the similarity variable n by

U
dn= ( ¢
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In addition, if we introduce a two-cvomponent vector potential
such that
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and dimensionless functions y and ¢ by
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then it can be shown that the two momentum equations, (2)
and (3), and the energy equation (4) can be written as
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where primes denote differentiation with respect to 5. Here we
have used the eddy viscosity and turbulent Prandtl number
concepts and have written the turbulence terms by®
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Similarly, Eqgs. (5-8) can be transformed and expressed in a
form similar to those given by Egs. (12-14) by using the
transformations given by Egs. (9-11) with slight modification
to the following parameters,
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The usual procedure that has been followed in predicting
the boundary-layer development on cones at incidence is to
solve the system of equations given by Eqs. (14-21) for =0,
and Eqs. (12-14) for >0 for both laminar and turbulent
flows with a mixing-length or eddy-viscosity formulation w1th
the following boundary conditions:

f =g=f'=g’'=0 E, orE, given

f=g'=E=1

n=e (222)

N=7w (22b)
In those calculations it is assumed that the square-root
variation of boundary-layer thickness for laminar flows also
applies for turbulent flows.

Here, in this Note, we do not follow this procedure for
turbulent flows; instead we follow a recent suggestion by
Bradshaw et al.”” and assume that the velocity profiles u/u,
and w/w, are similar if we define Y =y/x, rather than y/Vx. It
follows then that for any quantity g
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To have similarity (dg/dx) y=0; then noting that dY/dx= -
y/x? and dY/38y=1/x, from Eq. (23) we can write
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With this assumption, it can be shown that Eqs. (1-4) can be
written as
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Similarly, the windward stagnation-line equations can be
written as
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If we now apply the transformation given by Eqgs. (9-11)
with p0x defined by

. v 1 3¢
pPUX= —2; — ; ?07 (35)

to Eqgs. (26-29) and the transformation given by Eqs. (17) and
(18) with pdx defined by
; ¥ _
X
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to Eqgs. (31-34), it can be shown that the resulting transformed
equations are almost identical to those given by Eqgs. (12-14)
for the general case and to those given by Egs. (19-21) for the
windward stagnation line case. The only difference appears in
the coefficients of ff”, fg” and fE’; instead of 3/2, the new
equations have a coefficient of 2. It should be noted, however,
that the resulting equations for turbulent flows are not strictly
similar like the laminar flow equations because they were
derived under the assumption of constant x. Thus the
equations are valid for a fixed x and no scaling of solutions is
allowed.

Comparison with Experiment

We have used the numerical method of Ref. 10 and the
eddy-viscosity formulation of Refs. 2, 3, and 4 (see also Ref.
8) to obtain a solution of the system of equations given by
Eqgs. (19-21 and 12-14) subject to Eq. (22). Figure 1 shows a
comparison of calculated and experimental results for the
data of Rainbird, !! which is for a 12.5-degree half-angie cone
at an angle of attack of 15.78 degrees in supersonic stream
with freestream Mach number 1.8. The Reynolds number of
the cone, based on its axial length, was 25 x 10°, which in-
dicates that the possible effect of flow nonuniformities caused
by variable transition location upon the measurements at
0.85L can be neglected.
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Fig. 1 Comparison of measured and calculated turbulent velocity
and temperature profiles for the data of Rainbird.!! Data at 0.85 x/L
from the cone tip for:2) 9 =0°;b) ¢ =45°;¢) ¢ =90°; and d) ¢ = 135°.
Dashed lines denote calculations where the ‘‘old’’ procedure differs
from the present one.

The computed results shown in Fig. 1 were made by using

- both the “‘old’’ and the ‘‘new’’ procedures. According to the

comparison of results with experiment, we observe that the
results obtained with the new procedure give better agreement
with experiment than the old procedure. For circumferential
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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) onan IBM 370/165 computer.
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Analytical and Experimental Study of
Turbulent Methane-Fired Backmixed
Combustion

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

Nomenclature
D =combustor diameter
K =constant in effective viscosity expression
L =length of flowfield

r =radius

T =temperature

V =velocity

p = viscosity

p =density (F/A) actual

= equivalence ratio, — -
¢ q (F/A) stoichiometric

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 SImm 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!:

P«effzKD%L l/Jp%(’:nV2) 1%] (1)

Exchange coefficients for turbulent energy and mass
transport are related to u.¢ 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-
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