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insure this; hence, if B,=5.0 the wake strength parameter I1
must equal 0.35 (see Fig. 2), which shows Au . Note the
excellence of Nikuradse’s data. At values of k. > 40, the
curve tends well to the line of slope 5.616. Evidently, if data
for smooth pipes with the same bore and discharge rates as
those of the rough pipes had been available, x could have been
found from measurements of the discharge rate and pressure
gradient alone.

Discussion

Hinze (Ref. 2, p. 718) suggests that the constant A in
u, =Afz, +B varies with R, in the case of pipes: ‘‘Not
withstanding the great scatter of the data a trend of the values
of A and B as a function of R, appeared noticeable. The
general trend of the parameter A is to increase with increasing
R, for both smooth and rough pipes, with a tendency to level
off at R, =108.”

Tennekes and Lumley (Ref. 6, p. 176) also suggest that A in
a pipe increases at large Reynolds numbers toward a limiting
value of three. Their experimental data reach values of ru, /v
of 5% 10°, corresponding with Colebrook’s measurements on
the penstocks of the Niagara Falls power station. Yet a
reanalysis of Colebrook’s measurements’ up to R, =3x 10’
shows that they are consistent with a Coles-type velocity
profile with k=0.41.

Hinze’s conclusion was based on Nikuradse’s pipe work. It
is suggested that the trend in A was due to nothing more
unusual than that the influence of the wake term and of the
inevitable errors in the origin has not been taken into account.

Conclusions

1) Nikuradse’s results for pipes coated with sand are
consistent with Coles’ velocity profile and with the value 0.41
of the Karman constant. :

2) Nikuradse’s measurements on rough pipes give no
evidence for a Karman constant that varies with Reynolds
number.

3) Accurate values of the Karman constant cannot be
determined from the slope of the logarithmic part of the
velocity profile since there is no independent way to find the
errors of origin.
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Prediction of Transonic
Separated Flows
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Introduction

LTHOUGH considerable advances have been made in

the prediction of the flow over supercritical airfoils, the
accuracy deteriorates as the shock wave becomes stronger and
eventually separates the boundary layer with increasing angle
of attack or Mach number. A recent investigation by the
authors! provided a detailed comparison between a
thoroughly documented transonic flow with shock-induced
separations and solutions of the flow using the Navier-Stokes
equations. Although the overall flowfield was reasonably
predicted, there were several deficiencies in the computations;
namely, the failure to predict shock location and the proper
extent and size of the separation. New experimental data in a
larger wind tunnel have been obtained with the same test
model for a wider range of freestream Mach numbers. The
recent results indicate that the former data were free from
wind tunnel wall effects and have caused the authors to re-
examine the previous numerical solutions which employed
solid wall boundary conditions. Futhermore, the new data
provide a more realistic test for the computation method since
they provide trends with varying Mach number.

The purpose of this Note is to inform the reader of the new
data, to show results of new Navier-Stokes computations
using more compatible boundary conditions, and to assess the
effects of the turbulence model choice on predicting Mach
number trends.

Experiment

The test model described in Ref. 1 consisted of thin-walled
cylinder, 15.2 ¢m o.d., with an axisymmetric circular arc
bump attached 61 cm from the cylinder leading edge. The
buimp had a thichness of 1.9 cm and a chord length ¢ of 20.3
cm. The streamwise distance x referred to in this Note is the
distance from the leading edge of the bump. The present data
were obtained in the Ames 6 X 6 ft Supersonic Wind Tunnel,
at Mach numbers from 0.4 to 0.925, at a unit Reynolds
number of 10’m’!. The data obtained included surface
pressure distributions from the midpoint of the bump aft,
boundary-layer separation and reattachment locations using
surface oil smear and oil dot techniques, and limited LDV
profile data at the trailing edge of the bump.

Computations

The partial differential equations used to describe the mean
flowfield are the time-dependent, Reynolds averaged, Navier-
Stokes equations for axisymmetric flow of a compressible
fluid. For the turbulence closure, the algebraic Cebeci-Smith?
and the two-equation k-¢* turbulence models were used. A
longitudinal curvature correction®* was used with the k-e
model to determine whether its inclusion could improve the
results. The numerical procedure used is the basic explicit
second-order, predictor-corrector finite difference method of
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MacCormack, modified by an efficient implicit algorithm.?
The computational domain extended in the flow direction
from — 140 to 90 cm and in the vertical direction from the
model surface to 90 cm. A 129 x 45 mesh was developed that
allowed a variable point spacing in each coordinate direction.
In the streamwise direction, mesh spacing varied from 0.16
cm near the shock wave to 12 cm at the downstream bound-
ary. Normal to the surface, an exponentially stretched
spacing was used with the first mesh point from the model
wall selected small enough so that the solutions are in-
dependent of spacing (¥, <1).

The upstream boundary conditions were prescribed by
uniform freestream conditions holding total pressure con-
stant. At the downstream boundary all gradients in the flow
direction were set to zero. No-slip bottom boundary con-
ditions were applied at the model surface, along with a
prescribed constant wall temperature. At the outer boundary,
uniform freestream conditions were used, assuming the wind
tunnel results were simulating free air results.

The computed results in Ref. 1 were made for solid-wall
outer boundary conditions and a different numerical
algorithm. At that time it was felt that axisymmetric solid-
wall boundary conditions corresponding to a flow equivalent
to that of the wind tunnel test best represented the wind tunnel
data. However, the new data suggest that the wall interference
was negligible and that a better outer boundary condition is
free air. A new algorithm was used for the present solutions
because it is easier to program and requires less computer
CPU time for convergence. Solutions using the two
algorithms, obtained for identical boundary conditions and
turbulence models, were essentially identical.

Comparison of Navier-Stokes
Solutions with Experiment

The experimental and computational results from Ref. 1
using solid wall boundary conditions are shown in Fig. 1. To
demonstrate the effect of the outer boundary conditions, two
additional computed results are shown using the same tur-
bulence models and algorithm, but with free air boundary
conditions. The new solutions show a forward movement of
the shock wave and a change in the downstream pressure
plateau level. These changes are significant because the new
boundary conditions relieve the requirement of a locally high-
speed flow over the bump. Although not shown here, results
for the k-e turbulence model differ little from the k-w? results
shown. The k-e model was chosen for this study since the near
wall analytic terms in the k-w? model are not compatible with
this algorithm.

The new experimental surface pressure coefficients are
shown in Fig. 2 for freestream Mach numbers of 0.80; 0.85,
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Fig. 1 Comparison of measured and computed surface pressure
distributions using different farfield boundary conditions, M=0.875.
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0.875, 0.90, and 0.925. The experimental separation and
reattachment locations are shown in Fig. 3 for the same range
of Mach numbers. Compared with these data are the com-
puted results using the two-equation k-¢ turbulence model
with curvature (solid lines). Also shown in Fig. 2 for M=
0.875 and 0.90 are the computed pressure distributions for the
k-¢ model with no curvature corrections and the algebraic
model.

The experimental pressure coefficient data show an in-
creasing shock strength and subsequent pressure plateau with
increasing Mach number. The shock wave location remains
approximately the same. The separation length also increases
with Mach number. Although the computed results show the
same trends, it may be seen that the relatively good agreement
between experiment and computations at the lower Mach
numbers deteriorates. at the higher Mach numbers. The
computed shock wave location moves downstream from the
experiment, and the pressure plateau is much less
pronounced. Comparing separation lengths (Fig. 3), the
computation shows no separation at M= 0.80, while the
experiment shows a significant region of separation. The
initial failure to predict the separated region for subcritical
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Fig. 2 Comparison of measured and computed surface pressure
distributions.
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Fig. 3 Comparison of measured and computed separation zones.

conditions probably contributes to a general underprediction
of the extent of separation for all subsequent higher Mach
numbers. As the Mach number increases to 0.875 where
shock-wave-induced separation is present, the computed
separation locations are in good agreement with experiment.
However, the experimental reattachment location is always
significantly downstream of the computed values.

The turbulence model comparisons for the M=0.875 and
0.90 cases show that the curvature correction is not im-
portant, but the differences between the two-equation and
algebraic models are. The algebraic model predicts a shock-
wave location significantly downstream of the two-equation
result but the shape of the pressure plateau is not too dif-
ferent. This is because the reattachment point for both models
is nearly the same and the displacement thicknesses at x/c=1
only differ by 10%.

Conclusion

New data have been presented for a transonic shock-
wave/boundary-layer interaction flow with separation for a
range of freestream Mach numbers. Computed results using a
two-equation eddy viscosity turbulence model showed
reasonable agreement with the measured pressure distribution
at the lower Mach numbers, but as the Mach number in-
creased and the separated zone began to dominate the
flowfield, the computations could not accurately predict the
flowfield. For all Mach numbers, the length of separated zone
was substantially underpredicted. Computed results using an
algebraic turbulence model clearly showed these results to be
inferior to the two-equationr model computations.
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Nozzle Flow Using the Galerkin
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Nomenclature
A = cross-sectional area; or two-dimensional domain of
solution
{ =coordinate index; =0 Cartesian or =1 cylindrical
coordinates
L,,N; =shape functions
m =mass flow rate
n =number of nodal points
P =pressure
rnz =radial and axial directions (Fig. 1)
R, =throat radius of curvature (Fig. 1)
S =¢lement boundary
t,n =unit vectors tangential and normal to the surface
u,w,V =radial, axial, and total velocity
vy = specific heat ratio, =1.4
0 = fluid density
W = density correction factor*
v =divergence operator
Subscripts
Lk =node number
in =inlet, face AB (Fig. 1)
0 = stagnation condition
Introduction

HE Galerkin technique has opened up the application of
the finite element method (FEM)! to fluid flow.?
Consider the well-known problem® of steady, inviscid,
compressible perfect gas flow in an arbitrarily shaped,
axisymmetric nozzle. Many recent FEM solutions*® to fluid
flow problems have adopted the velocity potential (¢), or
stream function (¥), as dependent variables in the governing
equations. Reference 7 simplifies the differential equations in
each element by a local linearization process; Ref. 8 used
groups of (primitive) variables, namely (ou, pw, puw), giving
a system of nonlinear equations; and Ref. 9 employs a least-
squares criterion on a system of two first-order equations,
continuity and irrotationality, written in terms of (o, 1, w).
Here, we report the results of the Galerkin FEM applied
with linear shape functions to the equations of motion, Egs.
(1-4), in the primitive variables (po,;,w), combined with the
irrotationality condition, Eq. (5).

Basic Equations and Assumptions

The nozzle (Fig. 1) is made up of a constant diameter inlet
length and simple convergent-divergent cones, interconnected
by sections whose wall shapes are circular arcs. In cylindrical
(r,z) coordinates, the governing equations under steady-state
conditions are as follows.
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