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Introduction

T HE main goal of this investigation is to study some
of the properties of turbulent boundary layers with the in-

fluences of wall blowing and combustion. The principal
tool utilized is "numerical experiments" with the use of the
k-e turbulence model.1 These numerical experiments have
been closely coupled to experimental resutls, but they were ex-
tended into regions where it is difficult to perform experi-
ments. It is shown that the influence of blowing and combus-
tion is dramatic on the boundary-layer flow, but that existing
turbulence models can be used in a semiempirical way to
model many features of such complex flows.

The basic flow geometry is the turbulent flow over a plate
with a mixture of hydrogen and nitrogen injected at the wall.
The conditions were the same as in two sets of experiments,2'5
which contained detailed measurements of mean and turbu-
lence quantities in an H2/airflow. For both of the experiments
it was reported that there was no mean pressure gradient, but
it is quite plausible that an induced pressure gradient existed in
the results of Ueda et al.,2~4 as will be seen from the results in
this paper. The k-e turbulence model was supplemented with
the diffusion flame approximation along with the assumption
of chemical equilibrium.6 In this model the conservation of in-
jected atoms from the wall, the level of the concentration fluc-
tuations, and a probability density function (PDF) (a beta
function PDF has been used in the present study) for injected
atom concentration determine in a unique way the mean and
fluctuating temperatures in the boundary layer.

Results
The present paper will only present the results for combus-

tion in the boundary layer, although a series of other calcula-
tions7 were carried out for the isothermal injection experi-
ments of Senda et al.5 Initially,the calculations were carried
out with the k-e turbulence model1 and low Reynolds number
corrections were applied to resolve the near-wall region of the
flow. The low Reynolds number damping terms are

where

and
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i = 0.09 exp[-

= 2.0[1.0-0.3exp(-JRr
2)],

All attempts to carry out calculations at high-blowing rates
were unsuccessful, and it was determined that the low
Reynolds number terms had to be modified. In order to obtain
some insight, a study of the corrections made in the mixing
length model of Cebeci and Smith8 was carried out. In this
model the size of the damping region is decreased for blowing
and increased for suction. The wall damping factor A+ is
modified as an exponential function of the dimensionless
blowing velocity, and is given as

where vj = (vw/v *), c' = 5.9, and v * is the wall friction veloc-
ity.

The physical interpretation is that the turbulence length
scale is damped less by the wall with increasing blowing. This
result is consistent with the boundary-layer velocity profile be-
ing retarded and made more unstable with wall blowing.
Therefore, for large amounts of wall injection the mixing
length model is applied completely to the wall without damp-
ing due to viscous influence. The model can then be said to be
a high Reynolds number one without a low Reynolds number
correction.

The correction applied to the k-e model with wall blowing
followed almost directly the concepts developed for the mixing
length model. All of the low Reynolds number terms were
damped directly by the factor

and the high Reynolds number form of the model was ob-
tained for large blowing rates. The boundary conditions for
the k-e model were not changed as a function of blowing, and
it was possible to utilize the low Reynolds number boundary
conditions for large wall blowing.

The initial attempts to model the experimental combustion
conditions were begun with an effort to calculate the cold
isothermal injection results of air into a 10 m/s air boundary
layer at a large wall blowing velocity ratio of F= vw/ue = 0.01 .
For this condition the calculated flow tended to develop nega-
tive shear stress, and a large displacement thickness was calcu-
lated. The experimental results of Refs. 2-4 did not report a
large displacement thickness, and also did not report an in-
duced pressure gradient caused by displacement-thickness
blockage. It appears from the present investigation that the in-
duced pressure gradient caused by the displacement-thickness
influences of blowing and combustion was not measured or re-
ported in the experiments performed in Refs. 2-4.

In order to account for a displacement-thickness interaction
with the main channel flow, an axial pressure gradient based
on the boundary-layer displacement thickness was introduced
into the simulation. The magnitude of the axial pressure gradi-
ent was determined from a calculated boundary-layer dis-
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placement thickness, and the resulting freestream velocity in-
crease was approximately 10 m/s/m. With the induced
pressure gradient included in the calculation both the mixing
length and the wall blowing modified k-e model gave similar
results for the mean velocity profiles.

The velocity profile for a typical space location in the
hydrogen combustion experiment is shown in Fig.l. It is seen
that the agreement with experimental measurements is good.
The overshoot in the velocity profile is very unusual for
boundary-layer flows and it is predicted quite well by the
modified model. However, this overshoot in velocity has very
little to do with the turbulence model and is primarily caused
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by the pressure gradient acting on the flame. The low-density
fluid in the flame is given an additional acceleration by the
freestream pressure gradient, and the net result is a velocity
overshoot. The fact that a pressure gradient was not reported
in the experiments does raise some questions about these
results (all attempts to calculate overshooting velocity profiles
have failed without a favorable pressure gradient); however,
related results of Wooldridge and Muzzy9 do indicate that the
velocity overshoot and the pressure gradient are closely con-
nected.

The extraordinary nature of the combustion boundary-layer
flow is easily illustrated with the use of a standard semilog plot
(Fig. 2). The large values of u+ , u+ = u/v*9 the lack of a law
of the wall region, and the overshoot in the velocity profile
give this plot a truly extraordinary appearance. The retarda-
tion of the boundary layer, due to expansion of the gas near
the flame and wall blowing, causes the maximum values of y +

to be very low. The temperature profile and the distribution of
kinetic energy are presented in Figs. 3 and 4, and it is seen that
the agreement with experiment is good. The predictions for
the kinetic energy distribution are somewhat high with respect
to the experimental data, but the double maximum in the pro-
file is predicted by the computations.

Conclusions
The major conclusions of the investigation are:
1) The use of the low Reynolds number form of the k-e

model in flows with large wall blowing leads to an underpre-
diction of the near-wall turbulent kinetic energy, and incorrect
shapes for the mean velocity profiles.

2) The extension of the concepts of mixing length studies to
the low Reynolds terms in the k-e model improves the predic-
tive capability for flows with wall blowing.

3) The model has been successfully extended to a boundary
layer with hydrogen injection and combustion. The numerical
calculations indicate that an induced pressure gradient existed
in the experimental results of Ueda et al., and this induced
pressure gradient is responsible for the velocity overshoots
that were observed.
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Introduction

C ONTRACTION sections form an integral part of all
wind tunnels, whether designed for basic fluid flow re-

search or model testing. The main effects of a contraction are
to reduce both mean and fluctuating velocity variations to a
smaller fraction of the average velocity and to increase the
flow mean velocity.1 The most important single parameter in
determining these effects is the contraction ratio c. Contrac-
tion ratios of between 6 and 10 are found to be adequate for
most small, low-speed wind tunnels—defined here as tunnels
with a test section cross-sectional area of less than about
0.5 m2 and freestream velocities of less than about 40 m/s.

The wall shape design of a contraction of given area ratio
and cross section centers on the production of a uniform and
steady stream at its outlet. These conditions generally can be
met by making the contraction section sufficiently long. On
the other hand, another desirable flow quality, namely a min-
imum boundary-layer thickness (in a laminar state) at the
contraction exit, suggests that the contraction length should be
minimized. However, the risk of boundary-layer separation
near the two ends of the contraction increases as the length is
reduced. In general, the boundary layer is less liable to sepa-
rate at the contraction exit, due to its reduced thickness caused
by passage through the strong favorable pressure gradient.
Also, the concave curvature at the contraction inlet has a
destabilizing effect on the boundary layer, in contrast to the
convex curvature near the exit that has a stabilizing effect.2 In
addition to unnecessary thickening of the boundary layer,
separation also generally leads to flow unsteadiness, which
cannot be easily eliminated from the test section flow. A
design satisfying all criteria will be such that separation is just
avoided (implying a minimum acceptable length), and the exit
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nonuniformity is equal to the maximum tolerable level for a
given application (typically less than 1% variation in mean
stream wise velocity outside the boundary layers).

Several papers have been published on the design or choice
of contraction wall shapes using a variety of analytical and
numerical techniques (see Ref. 3 for a review). Most recent
studies have involved the calculation of the wall pressure
distributions, using some potential flow numerical scheme,
and then the application of a boundary-layer separation crite-
rion based on a critical value of the pressure coefficient. The
most popular separation criterion used is that due to Strat-
ford4 for turbulent boundary-layer separation. We propose in
this Note that a boundary layer in a small, low-speed contrac-
tion is more likely to start in a laminar state and remain so, for
the most part, in passage through it. The normally applied
Stratford's criterion for turbulent boundary-layer separation
therefore may be too liberal for these designs.

Computational Approach
A three-dimensional potential flow code (VSAERO) was

used to compute the velocity distributions along the contrac-
tion walls.3 VSAERO uses a singularity panel method employ-
ing sources and doublets to solve the Laplace equation.

It was hypothesized in this study that for small, low-speed
wind tunnels the boundary layers enter the contraction in a
laminar state. In most small wind tunnels, the flow entering
the contraction comes through a honeycomb and a series of
screens (usually at least three). The effect of a screen on a
turbulent boundary layer is to significantly reduce its thickness
and turbulence stress levels and scales, as shown by Mehta.5
The results from that investigation showed that a turbulent
boundary layer at moderate Reynolds numbers (Re0~1600)
was effectively relaminarized immediately downstream of the
screen. Note that the typical Ree encountered in small, low-
speed settling chambers is likely to be lower by at least an
order of magnitude. However, "forced" transition may still
occur through either the effects of the Taylor-Gortler instabil-
ities in the regions of concave curvature or a separation bub-
ble. In either case, the strong favorable pressure gradient,
encountered in contractions with reasonable area ratios
(c — 6-10), would invariably relaminarize the boundary layer

1.2 r

1.0

>
H
CJ

Q
LU
N

.8

.6

CURVED WALL

I
-.5 .5

X/L
1.0 1.5

Fig. 1 Typical calculated wall velocities.


