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EXPERIMENTAL LAMINAR, TRANSITIONAL, AND
TURBULENT BOUNDARY-LAYER PROFILES ON A WEDGE AT LOCAL
MACH NUMBER 6.5 AND COMPARISONS WITH THEORY

By Michael C. Fischer and Dal V. Maddalon
Langley Research Center

SUMMARY

In order to provide test cases for computation methods and to examine the structure
of laminar, transitional, and turbulent hypersonic boundary layers, pitot surveys were
obtained on a wedge placed at 10° total incidence in helium flow at a nominal free-stream
Mach number of 20, The tests were conducted over a range of local unit Reynolds num-
ber per centimeter of 0.056 X 108 to 0.255 x 106 at near-adiabatic wall conditions with the
total temperature varying slightly from 345° K to 354° K and with a ratio of wall temper -
ature to total temperature of about 0.85. The local Mach number varied from 6.2 to 6.7.

Mach number, density, and velocity profiles computed from the pitot surveys and
the assumption of a Crocco relation between total temperature and velocity indicate that
the boundary layer varied from laminar to fully turbulent along the wedge surface for all
but the lowest of four unit Reynolds number test cases (Re/cm = 0.056 X 106 to 0.255 x 106),
For the lowest unit Reynolds number case, the boundary layer was still in a transitional
state near the rear of the wedge. Experimental Mach number, density, and velocity pro-
file shapes along the wedge at the lowest and highest unit Reynolds number test cases
showed fair agreement with profiles predicted by a finite-difference computation method.
Agreement of predicted and experimental boundary-layer-thickness parameters was not
so good, These comparisons show that a need exists for improved eddy viscosity models
through the transition region to represent better the high-intensity turbulent fluctuations
which apparently exist in this region at hypersonic Mach numbers. Theoretical predic-
tions of laminar displacement and momentum thickness were approximately 30 percent
and 35 percent, respectively, below experimental results. The downstream effect of a
finite leading-edge thickness on boundary-layer-profile shape and growth may have caused
this discrepancy.

INTRODUCTION

The development of a boundary layer from laminar to turbulent flow has received
considerable attention both experimentally and theoretically in the past. In recent years,



nonsimilar computation methods have been developed which can compute the downstream
development of transitional and turbulent compressible boundary-layer flows with initial
laminar profiles and pertinent free-stream and local conditions as inputs (refs, 1 and 2).
In order to model the turbulence terms in the transition region, the eddy viscosity func-
tion is biased with a streamwise intermittency factor which varies from 0 to 1.0 through
the transition region. To test and to improve the accuracy of these and other computa-
tion methods (refs. 3 to 5) require accurate experimental test cases. However, only a
limited number of test cases have been obtained on axisymmetric or two-dimensional
bodies at hypersonic Mach numbers (Mg > 5) and these test cases typically include only
a few surveys in the transitional and turbulent regime. (See refs. 6 to 16.)

This need gave impetus to initiation of the present investigation to provide detailed
test cases for the development of computation methods and the examination of the struc-
ture of a hypersonic boundary layer developing from a laminar to a turbulent state.
Boundary-layer pitot surveys were obtained at numerous stations on a 5° half-angle wedge
with the test surface placed at 100 incidence to a nominal Mach 20 helium free-stream
flow. Local unit Reynolds number per centimeter varied from 0,056 X 105 t0 0.255 x 106
for a range of stagnation chamber pressure from 3.55 to 20.79 MN/m2. Stagnation tem-
perature was essentially constant, varying only between 345° K and 354° K.

SYMBOLS
Ct skin-friction coefficient
d diameter of circular pitot probe
h height of oval pitot probe
M Mach number
Npr Prandtl number
p pressure
R Reynolds number
Re, 9 Reynolds number based on momentum thickness
T temperature



P

Subscripts:

E,tr

local velocity in the x-direction
distance along wedge surface from leading edge
perpendicular distance from wedge surface

intermittency function (used in computation method of ref. 1)

boundary-layer thickness determined from pitot profile, dpt 9 / dy =0
]

boundary-layer displacement thickness

angle between shock wave and free stream

boundary-layer momentum thickness

viscosity

density

behind normal shock

end of transition

conditions at boundary-layer edge

initial conditions at x=10

local conditions within boundary layer

stagnation conditions

start of transition

wall

free stream, ahead of shock



TEST FACILITY

The experimental investigation was conducted in the Langley 22-inch helium tunnel
which has an axisymmetric contoured nozzle and a nominal test-section Mach number
of 20. The diameter of the test section is 55.9 ¢cm and the free-stream Mach number
varies with stagnation pressure from about 16.1 at 0,517 MN/m2 to 21.7 at 20.79 MN/mz.
For this pressure range in unheated flow, the free-stream Reynolds number per centi-
meter varies from 0.020 x 106 to 0.556 x 106, Free-stream stagnation temperature can
be varied over the range of 300° K to 450° K. A detailed description and calibration of
the facility is presented in reference 17.

MODELS

Two separate models were used in this investigation: a pressure model and a
boundary-layer survey model. Both models were fabricated from inconel with a
0.0051-cm leading-edge thickness; the skin thicknesses of the pressure and survey
models were 0.160 cm and 0.076 cm, respectively. The pressure model was a smooth
50 half-angle wedge with a width of 27,94 cm and a length of 40,64 cm and was instru-
mented with 12 pressure orifices along the model center line. The orifice tubing of
0.152 cm outside diameter (o0.d.) and 0.102 ¢m inside diameter (i.d.) was stepped up to
tubing of 0.317 cm o.d. and 0.229 cm i.d. a short distance from the surface. A detailed
measurement of the surface of the pressure model revealed a local depression in the
center-line region beginning at about x = 30.5 cm and ending at about x = 38.1 cm.

The maximum depth of this depression was about 0.038 cm. The effect of this depression
on the pressure measurements is discussed in a later section. The initial boundary-
layer survey model was identical in external geometry to the pressure model and was
instrumented with thermocouples along the center line, Heat-transfer studies indicated
that the boundary layer did not become fully turbulent on the 40.64-cm-long wedge model;
therefore, a 20.32-cm-long extension was added for a total length of 60.96 cm. Boundary-
layer surveys were obtained at three stations on the 40.64-cm-long wedge, and surveys
were also obtained at four stations on the rearward half of the 60.96-cm wedge configura-
tion. Measurements of the surfaces of the 40.64-cm and 60.96-cm wedge survey models
indicated excellent surface uniformity. In an effort to maintain uniform two-dimensional
flow on the model surface, swept end plates were used and the wedge models were side
mounted to the tunnel wall. A sketch of the 60.96-cm survey model mounted in the tunnel
is shown in figure 1(a), and the locations of the survey and pressure measuring stations
are presented in figure 1(b).



TEST CONDITIONS, PROCEDURE, AND INSTRUMENTATION

Pitot pressure surveys through the boundary layer were obtained in a heated free-
stream flow with near-adiabatic model wall conditions, Tw/ Tt, o = 0.85. A total of seven
stations were surveyed along the 40.64-cm- and 60.96-cm-long wedge surfaces from
x=991cm to x=59.94 cm. Surveys at x=9.91 cm, 18.03 cm, and 22.86 cm were
obtained on the 40.64-cm wedge while surveys at x = 43.18 cm, 48.26 cm, 53.34 cm,
and 59.94 cm  were obtained on the 60.96 -cm wedge configuration. Local unit Reynolds
number per centimeter varied from 0.056 X 106 to 0.255 x 106 for a range of stagnation
pressure from 3.55 to 20.79 MN/m2. Free-stream Mach number on the tunnel center
line varied from 19.1 to 21.7, depending on the unit Reynolds number., Stagnation temper-
ature was essentially constant with values between 345° K and 354° K. Details of the test
conditions are given in table 1,

Boundary-layer pitot surveys were conducted with two different size probes. For
the 40.64-cm-long wedge, a 0.102-cm-o0.d., 0.051-cm-i.d. probe was used to survey
the boundary layer at three stations: x = 9.91 em, 18.03 cm, and 22.86 cm. For the
60.96-cm-long wedge configuration (20.32-cm-long extension added to 40.64-cm-long
wedge), a 0.229-cm-o0.d., 0.178-cm-i.d. probe was used to survey the boundary layer at
four stations: x =43.18 cm, 48.26 c¢cm, 53.34 cm, and 59.94 cm. Details of the survey
apparatus are given in figure 2. Once the pressures settled out at any given station and
a reading was obtained, the probe was traversed to a new position at that station. Typical
run time was about 30 sec. During this test run time, the model wall temperature varied
a maximum of about 4° K. Additional runs were made to obtain wall static pressure on
the 40.64-cm-long wedge pressure model. Pressure transducers with a capacitive
sensing circuit were used to measure pressures less than about 6000 N/mz, with an
accuracy of about +1.0 percent of full scale; whereas all pressures greater than about
6000 N/m2 were measured with strain-gage diaphragm-type pressure transducers, with
an accuracy of +0.25 percent of full scale. Tunnel tolal pressure was measured in the
settling chamber with both strain-gage diaphragm-type pressure transducers and a
Bourdon gage. Free-stream total temperature was measured in the test section with a
0.317-cm-o.d. shielded iron-constantan total-temperature probe. Corrections to the
temperatures measured with this probe were insignificant since the recovery factor was
approximately 1.

DATA REDUCTION PROCEDURE

Corrections to Pitot Data

The measured pitot data were analyzed for possible real gas, viscous interaction,
and rarefaction effects. Viscous interaction and rarefaction effects may be significant



in low-density regions within the boundary layer, as shown in reference 18, The mag-
nitude of the viscous and rarefaction effects depends primarily on the local Mach number
and local Reynolds number based on probe diameter. For this investigation, the smallest
local Reynolds number in the boundary layer based on probe diameter was R; ,d= 44
which occurs at M; = 0.74. K the viscous interaction and rarefaction correction curves
presented by Beckwith, Harvey, and Clark (ref. 19) for nitrogen and air test gases are
assumed to be roughly applicable to the present helium case, the corrections to the pitot
data near the model wall of the present study were less than 2 percent and are therefore
neglected. Probe interference effects are discussed in a later section of this report.

Real-gas effects are a function of the total -pressure and total-temperature level.
Local total pressures at the boundary-layer edge are small because of the strong wedge
shock. The real-gas corrections to the pitot data near the boundary-layer edge were
therefore less than 1 percent (ref. 20) and are considered negligible.

Static Pressure

The measured values of wall static pressure are presented in figure 3. As pre-
viously mentioned, the wedge pressure model was only 40.64 cm long. From the pres-
sure distributions in figure 3, it is evident that the surface depression near the rear of
the pressure model, discussed in a previous section, causes the pressure expansion and
subsequent compression measured near the rear of this model.

Measured surface pressures were considerably higher than inviscid predicted val-
ues (fig. 3). The laminar viscous interaction predictions of Bertram (ref. 21) are gen-
erally in good agreement with the measured pressures at the two highest unit Reynolds
numbers. Pitot pressure profile data obtained at each of the four unit Reynolds numbers
were reduced to Mach number profiles with constant static pressure across the boundary
layer being assumed. Static pressures used for this purpose were obtained from faired
curves (shown in fig. 3) through the measured pressure data ignoring the last three mea-
sured wall pressures, which were apparently affected by the surface depression. These
fairings were extended to x = 59.94 cm, which was the last boundary-layer survey station.

Boundary-Layer Profile Parameters

As stated, Mach number profiles were calculated from the measured pitot data by
using the static pressures obtained from fairings through the measured wall static pres-
sures. Velocity and density profiles were computed from the calculated Mach number
profiles by assuming a Crocco total-temperature—velocity distribution
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since this type of distribution is typical of zero-pressure-gradient flows with constant
wall temperature (refs. 3 and 22). The edge of the boundary layer was taken as the loca-
tion where dpt 2 /dy 0. A summary of the free-stream and local test conditions and

the computed boundary-la.yer parameters 6* and 6 are given in table 1. Free-stream
unit Reynolds numbers were calculated from the measured stagnation conditions and the
viscosity corrected for quantum effects (ref. 23). Local unit Reynolds numbers at the
boundary-layer edge were calculated by using the measured pitot pressure at the edge of
the boundary layer and the faired wall static pressure. For each of the four unit Reynolds
number test cases, the local pitot pressure at the boundary-layer edge varied slightly

with x as did the wall pressure so that the local computed values of Mach number and
Reynolds number also varied slightly. Average values of local Mach number and Reynolds
number are presented in table 1 for simplicity. However, table 2 presents the profile data
at every station for each of the four unit Reynolds numbers and also lists the actual local
Mach number and Reynolds number for each survey station. The boundary-layer dis-
placement thickness and momentum thickness were calculated from the expressions

o e
- o e

RESULTS AND DISCUSSION

Mach number, density, and velocity profiles calculated from the pitot surveys
obtained at Re/cm = 0.056 X 106 are shown in figure 4. Also shown are theoretical
laminar profiles obtained by the method of reference 1. All experimental data have been
normalized by the experimentally determined displacement thicknesses, whereas the theo-
retical solution results were normalized by the theoretical displacement thicknesses.

In figure 4(c) a 1/15-power-law velocity profile is shown which is typical of velocity
profiles at the end of transition for the local Reynolds number, Mach number, and wall
temperature ratio of this investigation. (See ref. 24.) The N-power-law velocity profile
typically peaks in value at the end of transition and then decreases downstream of this
location as the boundary layer relaxes (ref. 24). The boundary layer apparently was lam-
inar at the first three stations for this lowest unit Reynolds number case (fig. 4), with
transition occurring after 22.86 cm. The start-of-transition location determined from
heat-transfer data for this unit Reynolds number (reported in ref. 25) is 25.40 ¢m, which
agrees with the location indicated by the profile data. The velocity profiles measured at
the most rearward stations are in reasonable agreement with the 1/15-power-law turbulent



profile in the outer part of the boundary layer. Hence, the outer part of the boundary
layer at these stations is apparently near fully turbulent conditions.

For the next unit Reynolds number test case, Rg / cm = 0.101 X 106, shown in fig-
ure 5, comparison of the profiles indicates that the boundary layer was laminar at the
first station, and the beginning of transitional flow occurred near x = 18.03 cm. This
result is in agreement with the heat-transfer data of reference 25 which further indicate
that the end of transition occurred at x = 51.60 cm. Once again the velocity profile data
at the rearward stations show reasonable agreement with the 1/15-power-law turbulent

profile.

Boundary-layer profiles obtained at the highest unit Reynolds numbers,
Re/em =0.149 X 108 and Re/cm = 0.255 x 105, are shown in figures 6 and 7. The
profiles at both unit Reynolds numbers indicate a laminar boundary layer at only the first
survey station, x = 9.91 cm, and a fully turbulent boundary layer over the last half of the
wedge surface. As with the previous test cases, the approximate location of the start and
end of transition determined from the profiles agreed with the transition locations deduced
from the heat-transfer data of reference 25. In addition, the 1/15-power-law turbulent
velocity profiles again display reasonable agreement in the outer part of the boundary
layer with the computed velocity profiles (figs. 6(c) and 7(c)). Note, however, that the
velocity profiles measured at the last three survey stations at Rg /cm = 0.255 x 108 are
less full than those measured at the last three survey stations at Re/cm = 0.149 x 105,
In both cases, the three surveys were obtained in a fully turbulent boundary layer, but for
the Re /cm = 0.255 x 105 case the last three velocity profiles are farther downstream of
the end of transition location so that the furbulent boundary layer has relaxed somewhat
(higher Re, 9) with a subsequent reduction in the N-power-law profile, (See ref. 24.)

The distribution of the experimentally determined displacement and momentum
thickness along the wedge surface for each of the four-unit Reynolds number test cases
is presented in figure 8. Displacement and momentum thickness obtained from the data
on the 60.96-cm wedge configuration show a continuation of the trend obtained from the
data measured on the 40.64-cm wedge configuration.

Assessment of Probe Interference Effects

Numerous factors could be adversely influencing the measured pitot pressures.
The effects of viscous interaction and rarefaction (low Reynolds and Mach number effects)
as well as real-gas effects were analyzed for the present test conditions in a previous
section of this paper and found to be negligible. With a probe placed in a boundary layer,
there will be some disturbance to the flow and a resulting error in pitot pressure regard-
less of how small the probe. Such effects are generally largest near the wall (possible



boundary-layer separation) and are evident in the laminar velocity profile data closest to
the wall (solid symbols in figs. 4(c), 5(c), and 6(c)). As a check on the determination of
the boundary-layer thicknesses, the laminar boundary-layer velocity profiles at the low-
est unit Reynolds number (fig. 4(c)) were recomputed by neglecting the pitot data near the
wall (solid symbols in fig. 4(c)) and fairing the pitot profile into the measured wall static
pressure value. The resulting effect on 6* and 6 was negligible.

If the pitot probe diameter is large compared with the boundary-layer thickness,
distorted boundary-layer profiles will result and an overshoot or peak in pitot pressure
occurs at the boundary-layer edge (refs. 26 to 28). The distortion in the measured profile
may cause 6 and 6&* to be greater than the true value (refs. 26 to 28) and the over-
shoot or peak in pitot pressure at the boundary-layer edge may be accompanied by an
apparent increase in & (ref. 26). The magnitude of the increase in 6* and ¢ from
the true value depends primarily on the ratio of the probe height h or diameter d to
the boundary-layer thickness &. Results of reference 29 indicate that, with an oval probe
of height h and width 5h, the ratio of probe height to boundary-layer thickness h/s
could be as large as 0.22 without adversely affecting the pitot pressure reading in the
laminar boundary layer on a hollow cylinder at M, = 2.41. Blue and Low (ref. 28)
showed that on a flat plate at M, = 3 accurate surveys could be obtained with an oval
probe of height h and width 5h with h/6 wup to 0.26. Monaghan (ref. 26) analyzed
the data of Blue and Low and formulated a correction for ¢ and &% of the form

* _
9meas . O meas _ < ) Q) 0.18
Otrue % true

Substituting the values of d/6 for the present investigation indicates that the measured
values of 6* and 6 could be from 3 percent to 8 percent greater than the true values
due to probe size effects. One questions the applicability of this correction factor to the
present hypersonic results since the formulation was based on supersonic results with
oval-shaped probes; therefore, no corrections of this type were made to the integral
parameters 5* and 6. However, the boundary-layer surveys of the present investiga-
tion did exhibit overshoots or peaks in pitot pressure at the boundary-layer edge when
d/s6 2 0.19; thus, the presence of either probe effects or a nonuniform inviscid flow due
to viscous-inviscid interaction is indicated, Based on the study of reference 26, the pitot
pressure profiles of this investigation were faired at the boundary-layer edge to eliminate
these peaks as shown in figure 9. For the lowest unit Reynolds number test case, only
the pitot profile at the first survey station was faired at the boundary-layer edge. Pitot
profiles at both the first and second survey stations were faired for the three remaining
unit Reynolds number test cases.



Comparison of Experimental Profiles With Results of Numerical Solutions

The pitot profiles measured along the wedge surface provide test cases for nonsim-
ilar finite-difference computation methods which predict the development of a boundary
layer through the laminar, transitional, and turbulent regions given initial laminar pro-
files and downstream boundary conditions. The finite-difference computation method of
Harris (ref. 1) was used to compute profiles for the lowest and highest unit Reynolds num-
ber cases. This method uses a two-layer eddy viscosity model. In the inner region of
the boundary layer, the conventional Prandtl mixing length slope of 0.4 is used in conjunc-
tion with the van Driest damping function evaluated at wall conditions; the eddy viscosity
in the outer layer is based on the Clauser model. An intermittency function I' biases
the eddy viscosity through the transition region. Inputs required for this computation
method are given in table 3 and include the measured wall pressure distribution, the ini-
tial edge Mach number (computed from pitot pressure data), and transition locations
determined from heat-transfer data of reference 25. A subroutine of the program cal-
culates similar laminar profiles which are then used as initial profiles at the origin.

The numerical method underpredicted &, 6% and 6 in the laminar region. In
order to match the predicted 6* and the experimental 6* at the last laminar profile
station, laminar numerical solutions were obtained over the entire length of the wedge
for both unit Reynolds number cases. An x-coordinate system was then established for
the numerical method so that the predicted 6* and the experimental 6* at the last
laminar survey station were equal. The resulting increases in the lengths of laminar
flow for the numerical method were 10.6 cm and 11.6 cm for the low and high Reynolds
number cases, respectively. The pressure distributions in figure 3 were not shifted to
match the new coordinate system since the pressure gradients are small in the regions
where the profiles are compared.

In the reduction of the experimental profiles, a Crocco total-temperature—velocity
relationship, which implies NPr,t = 1.0, was assumed, whereas the predicted results
(ref. 1) were computed both with a Rotta turbulent Prandtl number distribution (ref. 30),
NPr,t = 0.95[1 - 0.5(y/6)2:|, and with Npp ¢ = 1.0 to provide some indication of the effect
of turbulent Prandtl number on profile shape.

The experimentally determined Mach number, density, and velocity profiles at
Re / cm = 0,056 X 106 are compared with the predicted results of the computation method
in figure 10. The experimental &* is used to normalize both experimental and pre-
dicted results so that the comparisons are made on a y-dimensional basis. The first
profile shown is laminar, where the theoretical and experimental values of 6* were
matched. Transition was initiated at x = 25.4 cm (fig. 4(c)) which corresponds to
x = 36.0 cm in the calculation. Since there was no established end of transition location
for this low unit Reynolds number case, it was assumed in the computation method that
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xE,tr/ Xg tr = 1.35. This ratio is lower than normally encountered but is not completely
unreasonable and was used because it resulted in good comparison of predicted and exper-
imental 6* along the wedge. The prediction with the variable NPr’t is shown for all
the experimental stations. For comparison, two additional predictions are presented at
the last survey station; the first with the same transition zone length but with NPr,t = 1.0,
whereas the second case has Npr,t = 1.0 but a longer transition zone length with

xE,tr/ Xg,tr = 2.4, In general, the predicted profiles are in fair agreement with the mea-
sured profiles. The Mach number and density profiles are not predicted too well in the
inner and outer portions of the boundary layer (figs. 10(a) and 10(b)) with too low a pre-
dicted boundary-layer thickness at the downstream stations. The predicted velocity pro-
files are either somewhat too full or not full enough in the lower half of the boundary
layer (fig. 10(c)). Predicted results at the last survey station with XE, tr /XS,tr = 1,35
and Npy{= 1.0 and with xE,tr/xS,tr =2.4 and Npp=1.0 indicate that increasing
the transition zone decreases the agreement between prediction and experiment because
of the reduced growth of 6* and 6§ along the surface. The use of NPr,t = 1.0 instead
of Rotta's NPr,t distribution contributes only slightly to the increased disagreement and
had a negligible effect on the velocity profiles.

The highest unit Reynolds number test case (fig. 11) shows worse agreement with
the predicted Mach number, density, and velocity profiles than the low unit Reynolds num-
ber case. The predicted growth of 6* and & along the wedge is somewhat different
ifrom the experimental results, especially in the transition region, so that on a dimensional
basis the predicted profiles exhibit considerable disagreement. (See figs. 11(a) to 11(c).)
The length of the transition zone, or the ratio XE,tr /XS,tr = 2.85, used as an input to the
prediction method was obtained from heat-transfer data (ref. 25).

Also shown at the last survey station are results from the computation method with
xE,tr xS,tr =2.85 and NPr,t = 1.0 which indicate that the choice of turbulent Prandtl
number had little effect on the Mach number and density profiles and negligible effect on
the velocity profiles. The predicted values of 6* and 6 are compared with the exper-
imental results for both unit Reynolds number test cases in figure 12, In each case, the
predicted 5* was matched with the experimental 6* at the first station. The disagree-
ment between experiment and prediction is clearly evident as well as the weak effect of
turbulent Prandtl number on boundary-layer development. A possible cause for the dis-
agreement between the predicted and experimental profile shapes and integral parameter
thicknesses along the wedge may be the finite leading-edge thickness and the subsequent
curved shock—boundary-layer interaction. These effects are discussed in a later section
of this report.

The results of the comparisons of experimental and predicted profiles in figures 10
and 11 suggest that the computation method needs some modifications to give fuller pro-
files through the transition region accompanied by an increase in the growth rate of the

11



boundary layer. In the low Reynolds number computation prediction, this modification
was accomplished by shortening the transition region or zone somewhat unrealistically.
Preferably, the eddy viscosity model could be altered as discussed by Bushnell and
Morris (ref. 31) who show that in the low local Reynolds number inner portion of a hyper-
sonic transitional boundary layer, the eddy viscosity can be very large. This increase

in eddy viscosity accounts for the high intensity turbulent fluctuations which occur in the
transition region (ref. 31). The growth of 6% &, and 4 should also be more pro-
nounced if the modified eddy viscosity models of reference 31 are used.

Leading-Edge Effects

The theoretical predictions of laminar §* were 25 percent to 30 percent below
the experimental values, whereas the predicted laminar momentum thickness was from
30 percent to 40 percent below experimental values, As previously discussed, the final
predicted (fig. 12) and experimental values of 5* were matched at the last laminar pro
file survey station by extending the lengths of laminar flow in the calculations. At pres-
ent, the source of the discrepancy between the former predicted and experimental values
of % and @ in the laminar flow region is not clear, but a possible cause may be the
finite thickness of the leading edge. Because of the finite leading-edge thickness, the
boundary layer near the leading edge develops under the influence of a detached curved
shock (even for the small, 0.0051-cm, leading-edge thickness of the present investigation).
A viscous-induced pressure gradient exists over the forward portion of the wedge as
shown in figure 3. The distribution and magnitude of the pressure in the vicinity of the
leading edge are unknown. Calculations indicated that the first survey station was down-
stream of the variable entropy region for each unit Reynolds number case. The free-
stream Reynolds number based on leading-edge thickness varied from 0.495 X 103 to
2.52 x 103,

Strong evidence supporting the conjecture that the finite leading-edge thickness can
significantly affect the growth of 6, 6% and 6 can be found in reference 27, where the
leading-edge thickness of a flat plate at M, = 3.05 was increased from 0.00076 cm to
0.0150 cm and finally to 0.0297 cm. The effect of the change in leading-edge thickness
from 0.00076 cm to 0.0150 cm was twofold: the laminar boundary-layer thickness
increased by a factor of about 2, and the velocity profile decreased in slope near the wall
(decrease in skin friction) while becoming less full in the outer part of the boundary layer.
A further increase in leading-edge thickness from 0.0150 cm to 0.0297 cm produced no
noticeable change in the velocity slope near the wall but did result in less profile fullness
in the outer part of the boundary layer with an approximate 30-percent increase in the
laminar boundary-layer thickness. The effect of small changes in leading-edge thickness
on downstream velocity profile shape just described (from ref. 27) may have influenced
the growth of 6, 6* and ¢ in the laminar boundary layer of the present investigation
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in a similar manner. The results of reference 27 indicate that a slight increase in
leading-edge thickness decreases the velocity slope near the wall at a downstream sta-
tion and thus decreases the skin friction. Since for a two-dimensional shape with zero
pressure gradient

Tl 2 2§<>

a decrease in C; should produce a corresponding decrease in 6. However, the corre-
sponding increase in experimental boundary-layer thickness due to a finite leading-edge
thickness would tend to increase the momentum thickness since the momentum thickness
is proportional to the boundary-layer thickness for a given profile shape. Therefore, the
net effect of leading-edge thickness on momentum thickness would be trade-off between
these two opposing factors. This same reasoning would also apply to the displacement
thickness; a reduction in the velocity profile slope near the wall due to a finite leading-
edge thickness and a subsequent reduction in profile fullness in the outer part of the

boundary layer together with an increase in boundary-layer thickness would tend to
increase the experimental displacement thickness over the theoretical zero leading-edge
thickness predicted displacement thickness.

CONCLUSIONS

Detailed boundary-layer pitot surveys were obtained near adiabatic wall conditions
on a 50 half-angle wedge placed at 10° incidence in a nominal Mach 20 helium free-stream
flow with a local Mach number of about 6.5. The following conclusions can be made:

1. Mach number, density, and velocity profiles indicate that the boundary layer
varied from laminar to fully turbulent along the wedge surface for all but the lowest of
four unit Reynolds number test cases (Re/cm = 0.056 x 10% to 0.255 x 106>.

2. Comparison of experimental Mach number, density, and velocity profiles at the
lowest and highest unit Reynolds number test cases with profiles predicted by a finite-
difference computation method indicated the need for improved eddy viscosity models to
represent better the higher-intensity turbulent fluctuations which occur in the transition
region.

3. Theoretical predictions of laminar displacement and momentum thickness were
approximately 30 percent and 35'percent, respectively, below the corresponding experi-
mental results. A possible source of this discrepancy may be the downstream effect of
a finite leading-edge thickness on boundary-layer-profile shape and growth.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., August 24, 1971,
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