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model. The program runs more slowly, but the present
tapered-wing version should certainly be competitive with in-
tegral methods needing several span wise stations.

To a good approximation (neglecting the effect of the span-
wise variation of Reynolds number based on chord) <5 at given
x is proportional (Fig. 1) to r0 -z and, for any function/, df/
dz at constant y is equal to y/r0 df/dy. Thus in the trans-
port equation for /, Vdf/dy and Wdf/dz combine to
yield (V+ Wy/r0)df/dy. As in Ref. 9, pV is augmented by
the turbulent mass flux in the y direction, ~prv. If we de-
note__V+~prv/p+Wy/r0 by V the equations for 'u, V, W,
-puv and -pvw are the same as for an infinite wing except
for the rotation of axes terms.

The program contains a large number of options for input,
output, and physical effects, selected individually by choosing
nonzero values of integer control parameters so that default
operation is obtained with two essential control parameters
and a row of blanks.7 The number of y profile points must be
chosen by the user, but in general the program is no more
complicated to use than an integral method. Aerodynamic op-
tions include surface roughness11 and allowances for the ef-
fects of surface curvature,12 lateral convergence/divergence,
bulk dilatation13 and freestream turbulence on the turbulence
structure. The program contains just under 1000 Fortran
statements, executes in 8,500 (decimal) words plus computer
library space and marches in the x direction at about 8 boun-
dary-layer thicknesses per second on a CDC 6400 (this is
about two-thirds the speed of the two-dimensional com-
pressible heat transfer program or half the speed of the in-
compressible isothermal program).

The empirical data used by the program are all obtained
from two-dimensional flow; with the exception of the
allowance for bulk dilatation effects and the effect of Mach
number on the additive constants in the logarithmic inner-
layer profiles, the data all come from incompressible flow and
those of Ref. 9 and 13 in two-dimensional compressible flow,
while in the later case, the Reynolds analogy factor in con-
stant-pressure flow is close to 1.16. The results in zero
pressure gradient are acceptable up to a freestream Mach
number Me of at least 10 although the Morkovin hypothesis14

justifying the turbulence modeling requires that the local
Mach number M shall satisfy (7 —7)M2£>1. The Reynolds
analogy factor in constant-pressure flow remains close to 1.16
over the range 0.25 < Tw/Toe <4. There is no explicit limit on
sweep angle, but the assumption of radial isobars and the
neglect of influence spreading through the boundary layer
from other parts of the wing are likely to fail in many cases
where the sweep angle exceeds, say, 45° and are certain to fail
in most cases near the root and tip of the wing. It is likely that
the assumption (which can be checked) will in practice fail
before the neglect (which cannot). The program will run to
within one x step of separation: van den Berg et al.15 have
recently found discrepancies between existing calculation
methods (including the present one) and their measurements
of a separating boundary layer on an infinite yawed wing, but
it is not clear that the descrepancies are connected with the
three-dimensionality.

Fortran card decks are available from the first author for
the cost of reproducing and mailing. Subsets of the full
program, e.g., two-dimensional compressible heat transfer,
are also available.
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Effect of Velocity Gradients on
Measurements of Turbulent

Shear Stress

V.A. Sandborn*
Colorado State University, Fort Collins, Colo.

Introduction

IN a recent Note Johnson and Rose1 demonstrated that
both laser velocimeter and hot wire measurements obtained

in a supersonic boundary layer fail to give the expected values
of the turbulent shear stress near the surface. In the outer por-
tion of the boundary layer both instruments agree ap-
proximately with the general flat plate similarity shear
distribution proposed by Sandborn.2 While a question on the
use of piw~as the total shear stress was posed by Johnson and
Rose, it is likely that a probe measurement difficulty exists
near the surface.

Measurements in regions of large mean and turbulent
velocity gradients can produce correspondingly large errors.
For the boundary layer studied by Johnson and Rose, the
thickness was of the order of 2.5cm, with the mean velocity
varying from zero to 550 m/sec over this short distance. The
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Fig. 1 Longitudinal turbulent velocity evaluation.

gradient is largest at and near the surface. The measuring in-
struments, both the laser and hot wire, have a finite length in
the vertical direction (.13cm yawed wire, or approximately
.06cm in the vertical direction). Very near the surface the
mean velocity across the yawed wire could vary by as much as
100 m/sec. The problem can be further complicated by the
presence of gradients in both the longitudinal and vertical tur-
bulent velcocity components.

Experimental evaluation of the velocity gradient effect on
hot wires was reported by Tielman and Sandborn3'4 for a
thick, low speed, turbulent boundary layer (70cm thick). For
this flow the mean velocity gradient was small, and the tur-
bulent gradient appeared to be the more important effect. The
present Note demonstrates the effects of normal velocity
gradients on hot wire measurements in a subsonic boundary
layer of the same size as the flow investigated by Johnson and
Rose.1 The results demonstrate that major errors are en-
countered due to the gradients.

Experimental Study
The measurements were made 282cm downstream from the

inlet of a 10.2-by-15.2cm, smooth aluminum channel.5 The
flow is accelerating and approaching a fully developed chan-
nel flow. The nominal measured boundary layer parameters
were: edge Mach No. 0.22, boundary layer thickness 3.8cm,
and momentum thickness Reynolds No. 16400. Velocity and
pressure distributions for the flow are reported in Ref. 5. The
study was made at a Mach number of 0.22, so that density and
temperature fluctuations could be neglected.

Both hot wire and film anemometers were used to measure
the boundary layer turbulent properties. Platinum-8%
tungsten, 0.001cm diam, hot wires were used. A commercial
*'split film" probe, 0.015cm in diameter was also evaluated.6
A special ^f-wire probe with one wire vertical and the second
wire at an angle of approximately 40° to the flow was used to
demonstrate the gradient effects. Although the overall error
of this special ̂ T-probe, will not be the same as that of the con-
vectional X-probe, the vertical wire indicates directly the error
due to the gradients.

Figure 1 compares the measurements of the longitudinal
turbulent component (u2)1/2 made with a horizontal hot wire,
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Fig. 3 Turbulent shear stress evaluation with a X-wire, hot wire and
a split film probe.

two different length vertical hot wires, and the split film
probe. The horizontal hot wire was assumed to be a good
estimate of the actual value of (u2)Vz. The vertical hot wire
values are in error due to the velocity gradients along their
length. Figure 2 shows the mean voltage output versus the
mean velocity at the center of the 0.076cm vertical wire as it
was traversed across the boundary layer. The mean velocity
was evaluated independently with a total pressure probe. The
"bars" shown on Fig. 2 indicate the variation in velocity
across the wire length. Both the mean andjninimum curves
drawn on Fig. 2 were employed to evaluate (u2)1/2, as noted on
Fig. 1. The shorter wire (g=0.033cm) data on Fig. 1 was
evaluated only from a mean flow calibration.

The split film results agree closely with the horizontal wire
values. Only very close to the wall was a deviation noted. The
longitudinal component was evaluated assuming the sum of
the heat transfer from the 2 films was a function of the mean
velocity only.5 A slight dependency on the yaw angle was ob-
served (ratio of vertical to longitudinal velocity sensitivity «
0.18), however, it proved to be neglectable for the present
measurements. A special rotation mount was employed to
evaluate the angle sensitivity.

The major difficulty in hot wire measurements is the
evaluation of the turbulent shear stress, since a vertical yawed
wire must be used tp_sense the f-component. Figure 3 shows
the evaluation of uv made with the Jf-wire and split film
probes. A momentum balance was made from mean velocity
and pressure measurements5 to determine the total shear
stress distribution shown on Fig. 3. The probe measurements
were taken slightly downstream (10cm) of the point where the
balance was made.

Use of calibration curves for the vertical and yawed wires of
the e=0.076cm probe, obtained from the mean velocity
traverses (shown for the vertical wire on Fig. 2), resulted in
the open circles shown on Fig. 3. The technique of evaluating
the X-wire data is discussed in Ref. 5. The disagreement of the
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measured and expected values of shear stress near the surface
is quite large. A "correction" that increases the vertical wire
sensitivity to that necessary to force a correct value for the u-
component was applied to both the vertical and yawed
wires.4 The correction (shown as the solid points on Fig. 3)
was an improvement in the agreement, but still not adequate.
It is not obvious that one could expect the sensitivity of the
yawed wire to be affected identically to that of the vertical
wire. For the case of the low speed boundary layer,3 where the
turbulence gradients were more important, this form of
correction was reasonable. As opposed to the present results^
the uncorrected low speed results gave too great a value of uv
near the wall.

Figure 3 also shows the split film probe measure of the
shear stress. The output was evaluated by assuming each film
can be treated similar to a yawed hot wire.5 Attempts to em-
ploy the difference or the ratio of the heat transfer from the
two films6 were abandoned, since these functions were found
to depend both on flow direction and velocity. The split film
results indicate an improvement in the evaluation of uv over
that of the^f-wire. However, the gradient problem is still im-
portant near the surface. It is doubtful that the probe size can
be further reduced to completely overcome the gradient ef-
fects at high speeds.

Conclusions
It is demonstrated that major errors are encountered when

mean and turbulent velocity gradients exist along the length of
hot wire sensors. Although the problem is also present in low
speed measurements it is more pronounced at the high speeds.
For the present case evaluated the errors are too great to be
corrected accurately. Although the split film sensor results
showed a significant improvement over the Jf-wire sensor
results, further reduction in the space resolution of sensors by
approximately an order of magnitude would appear to be
necessary to reduce the error to acceptable values near the
wall.
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Production of Diamonds from Graphite
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Introduction
"ATURAL diamonds have been used by man since
antiquity as charms and ornamental objects. Its al-
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Fig. 1 Operation of UTIAS implosion chamber facility, a) Ignition
and outgoing detonation wave, b) Detonation of explosive liner and
detonation wave reflection, c) Strong imploding shock wave, d) Im-
ploding shock wave reflection and compression of graphite powder at
the origin.

Fig. 2 Scanning electron micrograph of unshocked graphite powder
(8400 x).

lotropic form of carbon was established by Tennant in 1797,l
and led to several attempts to produce it synthetically.
However, it was not until 1954 that synthetic diamonds, in the
100- to 1000-jLt range, finally were produced at General Elec-
tric by Bundy et al.2 They applied a large hydraulic press
( > 50,000 atm) for about 5 min to a graphite cartridge that
was heated simultaneously to high temperatures ( > 2000° K)
by an electric current. Such physical conditions3 were not at-
tainable before in the laboratory, and this prevented the early
experimenters from synthesizing diamonds from carbon. In
1961, diamonds were produced by explosive shock com-
pression and heating of graphite powder in a cartridge.4 In
this case, the pressures of 200 to 300 kbar were applied only
for microseconds in order to produce diamond aggregates of
0.05 to 0.1 p. The foregoing types of processes now are used
commercially for producing industrial diamonds suitable for
lapping and polishing.

Diamonds also have been produced by using multipoint
detonators to initiate a spherical shell of explosive, thereby


