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EXPERIMENTAL INVESTIGATION OF TWO METHODS FOR GENERATING
AN ARTIFICIALLY THICKENED BOUNDARY LAYER
by David F. Johnson and Glenn A. Mitchell

Lewis Research Center

SUMMARY

A study has been made of techniques for generating an artificially thickened bound-
ary layer on a flat plate for wind tunnel investigations. The boundary-layer generation
was accomplished by means of locating protuberances on the leading-edge surface of the
flat plate. Two configurations of protuberances, cylindrical protuberances and biconi-
cal protuberances, were investigated.

The investigation was conducted in a Mach number range of 2.3 to 2.6 with a free-
stream Reynolds number of 2. 4><106 per foot (7. 87><106/m). Boundary-layer profiles
were measured at four stations which were spaced at distances up to 18 feet (5.5 m)
from the plate leading edge. The data obtained for the two protuberance configurations
were compared with that obtained over a smooth flat plate. The results of the investi-
gation revealed that both configurations of protuberances were effective in thickening the
boundary layer. However, the conical protuberances produced thicker boundary layers
with less flow distortion within the boundary layer.

INTRODUCTION

In the design of supersonic-cruise aircraft it can be advantageous to nacelle mount
the engines with the inlets located underneath the aircraft's wing. This type of installa-
tion may provide favorable interference between the nacelle and wing flow fields, and it
offers the inlet important shielding from changes in angle of attack. However, locating
an inlet near a wing raises the question of wing-boundary-layer effects on the starting
and operating characteristics of the inlet. ‘

Wind tunnel investigations of these boundary-layer effects require the simulation of
a realistic wing boundary layer. This simulated boundary layer has two basic require-
ments. The boundary layer must be fully developed and turbulent with a velocity profile



similar to that expected on an actual aircraft's wing. In addition, the ratio of the
boundary-layer thickness to the inlet model size must be the same as that of the full-
scale aircraft.

The natural boundary-layer growth on a flat plate may be inadequate for wind tunnel
testing of some aircraft configurations because of the excessive plate length required.
In many types of tunnel tests the leading-edge surface is roughened to ensvure a turbulent
boundary layer and to increase the boundary-layer thickness over the plate (refs. 1
and 2). However, roughening techniques are not well defined and may not produce a
thick enough boundary layer. By protruding obstacles into the free stream above the
plate a localized momentum loss is created which generates much thicker boundary lay-
ers downstream of these protuberances (ref. 3). However, sufficient length is required
between the protuberances and the station where the inlet is located so that the flow dis-
tortion created by the protuberances can be smoothed by mixing effects.

In the present study two protuberance configurations were designed to generate an
artificially thickened wing boundary layer on a flat plate for future inlet studies in the
Lewis 10- by 10-Foot Supersonic Wind Tunnel. The purpose of this test was to investi-
gate the development of boundary-layer characteristics generated by these designs and
to determine whether they are a reasonable simulation of a natural boundary layer.

APPARATUS AND PROCEDURE
Model

The test model was a flat plate 18 feet (5.5 m) in length with a sharp leading edge
which was mounted horizontally in the test section and supported by ceiling struts. A
sketch of the details of this plate and its installation in the wind tunnel are shown in fig-
ure 1. The flat-plate model had removable leading-edge sections 5 inches (12.7 cm)
deep, which were used to change the boundary-layer-generating configurations during
the investigation. The three model configurations investigated were designated as
follows: '

Configuration (1): Smooth flat plate, no protuberances on the plate's leading-edge

) sections (fig. 2(a))

Configuration (2): Cylindrical generators, an arrangement of four rows of stagger-
ed cylindrical protuberances mounted on the leading-edge sec-
tions (fig. 2(b))

Configuration (3): Conical generators, an arrangement of two rows of staggered

&

biconical protuberances mounted on the leading-edge sections
(fig. 2(c)) :
A leading-edge section of each configuration is shown in figure 3.
The design of these boundary-layer generators was based on equating the drag or



momentum loss of the protuberances with that of the desired wing boundary layer.  The
two protuberance configurations were designed with the philosophy to distribute the initial
momentum loss (a) in the manner of a one-seventh-power-law boundary layer profile and
(b) in an equivalent step profile (fig. 4). In order to estimate the distance required be-
hind the generators to achieve a well developed turbulent boundary layer, a Sasman and
Cresci turbulent boundary-layer program (ref. 4) was used to investigate the turbulent
boundary-layer development on a flat plate. The theoretical growth of the compressible
shape parameter is presented in figure 5, for two boundary layers with equal initial mo-
mentum losses. Curve A is initially a well-developed turbulent profile (HI = 1. 3), where-
as curve B is initially at the point of boundary-layer separation (HI = 2.6). As c,atn be
seen in the figure, the boundary-la.yer‘ profile is independent of its initial proﬁlg for
plate lengths greater than 100 inches (254 ¢cm). Therefore, the initial momentum loss
distribution of the generators would not be expected to affect the boundary-layer profile
at distances greater than 100 inches (254 cm).

The desired boundary layer that was selected for the design of the boundary-layer
generators was a turbulent boundary layer with a thickness of 3.1 inches (7.88 cm) and a
one-seventh-power-law velocity profile. Thus,

1/N
u_(y
- (5> (1)

e

where N = 7. (Symbols are defined in appendix A.)
The drag (per unit width) of a boundary layer on a flat plate is defined as

i}
Drag =/ pufug - w)dy (2)
0

Thus, the boundary-layer drag is a function of the free-stream conditions and the mo-
mentum thickness of the boundary layer:

0 )

e . dy (3)
u, ug .

Drag =p u2 P
ee

Pe
0
In order to simplify the integration of the momentum thickness integral and, moreover,
the design of the protuberances, an assumption of incompressibility was made (P =p e)‘
With the design of the protuberances based on the incompressible momentum thickness,
a thicker compressible boundary layer would be expected. However, with both pro-



tuberance configurations designed with the same incompressible premise, relative com-
parisons are considered reasonable. Combining equations (1) and (3) and using the in-
compressible assumption, the following relation was obtained:

o}
1/N 1/N
D = 2 .y_ [1;_ Z ]
rag = pug / (6) <5> dy (4)
Upon integration, -
D = 2 N ’
rag = (p ud) [(N pETYe 5] | (5)

The cylindrical protuberance configuration was an arrangement of right-circular
cylinders mounted normal to the plate surface. The drag of each cylindrical protuber-
ance can be calculated by ‘ '

2

1
Drag —Epeue

CpA (6)

where CD was assumed to be 1,25 for a cylindrical protuberance and A is the frontal
area of the cylinder. Therefore, the total drag per unit width is

Drag = 2 p_uC(2Rh) (1)
2

where

R radius of cylindrical protuberances

h height of cylindrical protuberances

n number of cylindrical protuberances per unit width

- Equating the boundary-layer drag (eq. (5)) to the cylindrical protuberance drag (eq. (7))
yields ’

nRh N 5 (8)

C =
(N + 1)(N +2)

D

For a given boundary-layer thickness 6 anda boundary-layer Velocity profile N, a
series of cylindrical protuberance configurations could be used to generate the desired
boundary layer.
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According to reference 5 a supersonic flow separation and a local subsonic reverse-
flow zone are formed upstream of cylindrical protuberances. The shape and extent of
this separation are a function of the diameter of the cylindrical protuberances. In an
attempt to minimize these separation effects, the diameter of the cylinders was chosen
to be 0,125 inch (0.317 cm). In order to avoid local overcontraction of passages between
cylinders, adjacent cylinders were located on 1.0-inch (2. 54-cm) centers with rows 1.0
inch (2. 54 cm) apart.

In concept, the conical protuberance configuration was derived from contoured teeth
mounted normal to the plate surface. The contoured design was based on the incremental
drag (or momentum loss) as a function of distance from the surface y. Hence, at Yy
the drag increment in the boundary-layer profile is obtained from equation (3). |

2(% % | '
ADrag = p u, (—> (1 - _>Ay _ (9)
Ye Ye

The drag increment of the protuberance can be obtained from equation (6) by considering
a small increment of the contoured protuberance to be approximated by a cylinder with
radius R and height of Ay.

ADrag = % peu2Ch(2R; AY) (10)

The total incremer_xtal drag for n protuberances per unit width is
ADrag =2 p _u2
rag = -z-peueCD(zRi Ay) (11)

Therefore, by equating the boundary-layer drag increment (eq. (9)) and the contoured
protuberance drag increment (eq. (11)), the radius of the contoured protuberance at ¥;
is

»

) u. U,
R, =__1__<_1_> - _1_> - (12)
nCD ug u, :

Using equation (1), the radius of the contoured protuberance can be defined as a function
of y.:
i



\I/N YN
R, = - <y_1> 1 -<fl> (13)
nCp \5 5 g

It was again assumed that CD = 1.25. To simplify the fabrication of the contoured pro-

tuberance, the desired contour was closely approximated with the biconical shape shown

in figure 2(c), which provided the same protuberance drag. The biconical protuberances
were located on 2.0-inch (5.08-cm) centers with rows 2.0 inches (5.08 cm) apart.

Instrumentation

¥

The flat-plate model was instrumented with four boundary-layer measuring rakes at
the model stations shown in figure 1(a). The details of the rakes are shown in figure 6.
Boundary-layer rakes at stations A, B, and C were removed when data were taken

with the boundary-layer rake at station D.
Each configuration was tested at three different nominal Mach numbers, Mw = 2.3,

M, = 2.5 and M, = 2.6. The free-stream Reynolds number was approximately
2. 4x10°% per foot (7. 87x108 /m).

Data Reduction

The boundary-layer-rake data were reduced with the assumption that the wall static
pressure was constant through the boundary layer. Mach number profiles were com-
puted the usual way: In subsonic flow from the isentropic relation,

P v/(y-1)
._t_= 1 + Y- 1 M2 (14)
P 2
In supersonic flow from the Rayleigh pitot formula,
s v/(v-1) _1/(r-1)
‘ Pt (7 +1 M2> (r+1) (15)
P\ 2 2M?% - (y - 1)

Velocity and density profiles were calculated assuming a temperature distribution
through the boundary layer. According to reference 6 a temperature distribution in a
compressible turbulent boundary layer can be approximated by

6



T T (T Tw\e (Tr _2> (16)
Te Te Te Te Ue Te Ue
where
T
—£=1+r7'1Mg : : (1)
Te 2

This temperature distribution can be simplified by assuming an adiabatic wall tem-
perature (TW = Tr) and the velocity distribution relation

1/2
u :.1\1(1 (18)
Ue M, Te
Therefore,
1+r Y= typ?
T _ 2 (19)
Te 1+rX=- 1 M2
2

* ,
The boundary-layer displacement thickness 6§ and the boundary-layer momentum
thickness 6 were determined by integrating the following ekpressions:

8

5% = _PY \gy (20)
0 peue

0
0 = / pu (1 - i)dy (21)
0 Pele Ue

The subscript e refers to the conditions at which y =§. The boundary-layer thickness
5 was determined by the method developed in the appendix of reference 1, where
[1 - (u/u e) ]1/ 2 is a linear function of y3 2. According to the reference this method
gives a more realistic & so that the displacement thickness and momentum thickness in-
tegrations include almost all the momentum loss in the boundary layer.

" A starting point of the effective plate length x, was determined from the Reynolds
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number based on the momentum thickness Re 6 at that station. Reference 7 presents a
relation between Re, and Reynolds number based on distance from the effective start of
the turbulent boundary layer Re, . This relation is

‘ Te Te e -2.58
Rey = 0.228 p— Rey <log ol — — Re, (22)

The asterisk indicates an intermediate enthalpy condition where

T*=0.35T, +0.65T, o | (23)

The local skin friction coefficient was calculated by the method also reported in ref-
erence T:

T T w -2.45

C, =0.288 & {log,n| S —E Re (24)

f 10 X
T T* % |

This method was developed for a compressible turbulent boundary layer, assuming a re-
covery factor of 0.890.

A summary of the boundary-layer parameters for all the configurations investigated
are presented in table 1.

RESULTS AND DISCUSSION
Boundary-Layer Profiles

The boundary-layer velocity profiles for the three configurations are presented in
figures 7 to 9, respectively. The data are presented such that a comparison of the
boundary-layer profiles at the four measuring stations on the plate can be made for each
nominal Mach number tested. The boundary-layer profiles generated by the cylinders
(fig. 8) were quite irregular at the first rake station but improved at further aft loca-
tions. The boundary-layer profiles of the conical generators (fig. 9) also showed a
transition to a well-developed turbulent boundary-layer profile; however, their profiles
seemed to be better developed at plate station A than those of the cylindrical generators.
The profiles at station A of the conical generators were further improved with increases
in Mach number.



For a comparison of the velocity profiles of the three configurations investigated,
the data were nondimensionalized to their own boundary-layer thickness &. Figures 10
to 12 present these data for the three nominal Mach numbers investigated - 2.3, 2.5,
and 2.6, respectively. Each figure shows the comparison of the three configurations
and the theoretical one-seventh power-law profile at each boundary-layer measuring
station,

At the four plate stations, characteristic boundary-layer profile trends were ob--
served for each of the three configurations investigated. At station A, the generated
_boundary-layer profiles differed significantly from the theoretical one-seventh power
profile, with the boundary layer generated by the cylinders having an excess of momen-
tum loss and the boundary layer generated by the cones having a deficit of momentum
loss in the boundary layer. The natural boundary layer was almost coincident with the
theoretical profile. At station B, better development had occurred in both generated
boundary-layer profiles. The profiles generated by the cylinders had completed a tran-
sition to a fully developed turbulent boundary layer; however, the profile still had an ex-
cess of momentum loss in comparison to the theoretical profile. The profiles generated
by the cones had become almost coincident with the theoretical profile.

At station C and station D, the profiles generated by the cylinders continued to
approach the theoretical one-seventh power profile; however, they never actually attain-
ed it because of a characteristic ''flatness'! to the profile. The profiles generated by
the cones became essentially coincident with the theoretical profile at station C. No
data were recorded at station D for the conical generators.

Boundary-Layer Thickness Parameters

The growth of the boundary laYers along the plate is presented in terms of three
boundary-layer thickness parameters:

(1) Boundary-layer thickness, 6

(2) Displacement thickness, 6*

(3) Momentum thickness, 0
The comparison of the three boundary-layér configurations for each of these parameters
is presented in figures 13 to 15. The three figures present results obtained at the three
nominal Mach numbers investigated - 2.3, 2.5, and 2.6, respectively.

The growth of the boundary-layer thickness parameters along the plate for the
smooth flat plate configuration was consistent with normal boundary-layer growth pre-
dictions., Also the growth trends of the thickness parameters were constant within the
Mach number range.



The boundary-layer thickness & along the plate for the ¢ylindrical generators
assumed a growth trend parallel to the natural boundary layer and was approximately
1.5 inches (3.8 cm) thicker. The displacement and momentum thicknesses of the gen-
erated boundary layer indicated an unusual growth trend at Mw = 2.3 but developed a
more consistent trend at the higher Mach numbers.

The boundary-layer thickness 6 along the plate for the conical generators assumed
a growth trend which was 4.1 inches (10. 4 cm) thicker than the natural boundary layer at
station A, 3.6 inches (9.1 cm) thicker at station B, and 3.0 inches (7.6 cm) thicker at
station C. The displacement and momentum thicknesses of the same boundary layer had
growth trends which were parallel to those of the natural boundary layer and were con-
stant within the Mach number range investigated.

Boundary-Layer Shape Parameters

A comparison of the growth of the boundary-layer shape parameter H along the
plate for the three configurations is shown in figure 16. The figure is divided into three
parts, one for each of the three nominal Mach numbers investigated. The boundary-
layer shape parameter indicated characteristic growth trends for each of the three con-
figurations. By comparing the two artificially generated boundary layers with the nat-
ural boundary layer it is apparent that the boundary layer generated by the cylinders
provided a closer approximation to the natural boundary layer. However, results from
all three configurations converged near the end of the plate.

The effect of Mach number on the boundary-layer shape parameter H for a one-
seventh power-law velocity profile is given in figure 17. Because of the large variation
of H with Mach number, the absolute numerical value of H in compressible flow loses
the significance it has in incompressible flow. Therefore, a normalized boundary-layer
shape parameter KH was adopted, where

__H |
N="T

And HN=7 in the preceding equation was obtained from figure 17. This normalized pa-
rameter is independent of Mach number and also defines the shape relative to the design
one-seventh power-law velocity profile, ,

The normalized boundary-layer shape parameters for all configurations investigated
are shown in figure 18. As stated before, the boundary layer generated by the cylinders
was a closer approximation to the natural boundary layer than that of the conical genera-
tors in this type of comparison.

10



Boundary-Layer Power Profile Parameter

A comparison of the growth of the boundary-layer power profile parameter N along
the plate for the three boundary-layer configurations is shown in figure 19. The figure
is divided into three parts for the three Mach numbers tested. The power profile param-
eter of the natural boundary layer varied between a seventh~ and eighth-power profile
along this plate and showed little effect of Mach number. The power profile parameter of
the boundary layer generated by the cylinders was significantly less, but tended to con-
verge at further-aft stations toward the natural boundary-layer results. The power pro-
file parameter of the boundary layer generated by the cones indicated a better correla-
tion with the natural boundary layer, particularly at the higher Mach numbers.

Similar to the normalized boundary-layer shape parameter KH, a normalized
boundary-layer power profile parameter was defined as

_N
Ky = - (26)

The normalized boundary-layer power profile parameter for all configurations investi-
gated is shown in figure 20. The boundary layer generated by the cones shows a better
correlation to the natural boundary layer at all locations downstream of station A.

The separation characteristics of the boundary layer generated by the cylinders
were evaluated by means of a forward-facing step. The details and results of this in-
vestigation are presented in appendix B.

Effective Flat-Plate Length

Determination of an effective increase in flat-plate length produced by the artificially
thickened boundary layers is important for scaling aspects. Since a portion of the mom-
entum deficit of the generated boundary layers was artificially induced at the leading
edge of the plate, an increase in flat-plate length would be required to produce a natural
boundary layer with the same characteristic growth over the plate,

A correlation of the effective increase in flat-plate length for the three configura-
tions and the three nominal Mach numbers is shown in figure 21. The calculations for
the flat-plate configuration, which generated a natural boundary layer, indicated an aver-
age effective plate length slightly shorter than the actual plate length. However, this
calculation neglected the natural transition from laminar to turbulent boundary layer
which was expected at approximately 20 inches (50.8 cm) from the leading edge. The ef-
fective plate length for the natural boundary layer was completely independent of the

11



Mach number. However, the effective plate length using the cylindrical generators was
not independent of Mach number. At Mach 2. 3, the effective increase in plate length was
165 inches (419 cm); and at Mach 2.5, the effective increase was 207 inches (525.8 cm).
Data were insufficient for a correlation at Mach 2.6. The conical generators produced
an effective increase in plate length of approximately 312 inches (792.5 em), which
tended to be constant with Mach number.

SUMMARY OF RESULTS

Measurements were made of the turbulent-boundary-layer profiles which were arti-
ficially thickened by protuberances on the leading edge of a flat plate. Two configura-
tions of protuberances were investigated: a configuration of cylindrical protuberances
and a configuration of biconical protuberances. The Mach number range investigated
was M, = 2.3 to M, = 2.6 and the free-stream Reynolds number was 2.4><106 per
foot (7. 87><106/m) Results were compared to a natural boundary layer on the flat plate.

A comparison of the boundary-layer velocity profiles was made at four stations
which were spaced at distances up to 18 feet (5.5 m) from the plate's leading edge. The
following results were obtained:

1. Both protuberance configurations were effective in generating an artificially
thickened boundary layer. However, the conical protuberances produced thicker bound-
ary layers with less flow distortion in the boundary layer than the cylindrical protuber-
ances.

2. The boundary layer genérated by the cylinders had an excess of momentum loss
in proportion to its height at stations upstream on the plate but approached a seventh-
power-law velocity profile with increased plate length. However, a characteristic
"flatness'' in the boundary-layer profile was apparent at all stations. In contrast, the
boundary layer generated by the cones had a deficit of momentum loss in proportion to
its height at the upstream station and became essentially coincident with the seventh-
power profile at half the plate's length.

3. The cylindrical protuberances generated a boundary layer which was approxi-
‘mately 1.5 inches (3.8 cm) thicker than the natural boundary layer. The conical protu-
berances generated a boundary layer which was 3.0 inches (7.6 cm) thicker than the nat-
ural boundary layer at the aft measuring station.

4. The boundary-layer shape parameter H exhibited individual growth trends along
the plate for the three configurations. However, a convergence of the individual trends
was apparent with sufficient length. In reference to the shape parameter development,
the boundary layer generated by the cylinders revealed a better approximation to the nat-
ural boundary-layer development.

12



5. The boundary-layer velocity power profile parameter N also exhibited individual
growth trends along the plate for the three configurations. However, the results obtained

with the conical generators generally provided a better approximation to the natural
boundary-layer development.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 25, 1970,
720-03.
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APPENDIX A

SYMBOLS
frontal area, in. 2 (cmz) u
coefficient of drag X

local skin friction coefficient

boundary-layer shape parameter,
5%*/0

incompressible shape parameter
height of protuberance, in. (cm)

forward-facing step height, in.
(cm)

normalized boundary-layer shape
parameter

normalized boundary-layer power
profile parameter

Mach number
nominal Mach number

boundary-layer power profile
parameter

number of protuberances per unit
width

pressure, lb/ft2 (N/mz)

radius of protuberance, in. (cm)

Reynolds number based on x e
pux,/p

Reynolds number based on 8, puéd/y

recovery factor 0.890

temperature, K (°R) .

adiabatic wall temperature, K (°R)

wall temperature, K °R)

velocity, in./sec (cm/sec)

distance from leading edge of plate,
in. (cm)

X, effective distance from leading edge
of plate, in. (cm)

x! distance forward of forward-facing
step, in. (cm)

y distance normal to plate surface,
in. (cm)

V% specific-heat ratio

boundary-layer thickness, in. (cm)

5*  boundary-layer displacement thick-
ness, in. (cm)

0 boundary-layer momentum thick-
ness, in. (cm)

u viscosity, Ibom/ft-sec (N-sec/mz)

p  density, bm/it3 (kg/m®)

Subscripts:

e conditions at the edge of boundary
layer (y = 6)

i conditions at arbitrary distance
normal to plate surface

P start of plateau or plateau value

s separation point

t stagnation condition

0 conditions in free stream



APPENDIX B

FORWARD-FACING-STEP INVESTIGATION

The separation of a turbulent boundary layer ahead of an obstacle such as a forward-
facing step is a phenomenon of technical importance in evaluating an artificially thick-
ened boundary layer. ‘Because the boundary layer generated by the cylinders was later
used in a wing-boundary-layer and inlet-shock interaction test, it was necessary to es-
tablish the validity of the separation characteristics of this type of boundary-layer gen-
eration, :

The installation of a forward-facing step and associated static-pressure instrumen-
tation on the flat-plate model is shown in figure 22. The forward-facing step was located
159 inches (403 cm) from the plate's leading edge. The boundary layer generated by the
cylinders had a thickness of approximately 3.5 inches (8.88 cm) at this location.

A correlation of experiments describing the steady pressure field produced by the
separation of the turbulent boundary layer ahead of a forward-facing step is presented by
Zukoski (ref. 8). The general features of a typical separated flow are shown in fig-
ure 23, where a sketch of the principal flow regions is shown with a wall pressure pro-
file.

Plate static-pressure distributions ahead of the forward-facing step were measured
at the three nominal Mach numbers tested. The distributions are compared in figure 24
with correlations of the data on natural boundary-layer separation characteristics of ref-
erence 8. At Mach number 2.3, the measured pressure distribution was almost identical
with predictions for a natural boundary layer. However; there was greater deviation at
the higher Mach numbers. The plateau pressure ratio Pp/ Po of the artificial boundary
layer was independent of Mach number; whereas, the prediction is

P Mo

In addition, the separation point xé increased slightly with a corresponding increase in
Mach number, which is contrary to the prediction that it would be independent of the
Mach number and only a function of the step height.
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Station:

70.8 i 127.8 B 178.8 'C 208.8 b
‘ (180) (325) (454) (530)
320
Z(8L3)
~Location of 36.0 \SX

120 generator configuration (g1 4)™a gl Loao  4zo N
(305)~ . (61.0) (106.7)~

L - 218

! (554)

{a) Details and instrumentation of model. {(Dimensions in inches (cm).}

(b) Model installed in wind tunnel,

Figure 1, - Flat-plate model,

CD-10816-11

19



5.00

/4——' (12.70) >

/
]
{a) Leading edge of smooth flat-plate configuration.
3= rglz;r%eter. L0250
. -7 \ / N
0.9 || (0.3175) \ .
(2. f‘ﬁ)
Protuberance /,
0.0 A
{0.635) ~s=Z 3
\\;1 }

“N-0.020
(0.051) diam.

~0.182
/" 10.462)

~0.400
7 (1.016) diam.

2.00 Protuberance

(c) Leading edge of conical generator configuration,

Figure 2. - Details of boundary-layer-generating configurations. (Dimensions are in inches {cm).)
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C-70-2186

{a) Smooth flat-plate configuration.

C-70-2187

{b) Cylindrical generator configuration.

C-70-2188

{c) Conical generator configuration.

Figure 3. - Boundary-layer-generating configurations.
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Figure 4. - Design aspects of the boundary-layer generators.

Boundary-layer shape parameter;

H= 5%/

Curve Boundary Incompressible
layer  shape parameter

A Undistorted 1.3

——— B Distorted 2.6
7
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|
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\

\|

p NG

) — i
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Distance downstream of plate leading edge, x, in.

|

0

100 200 300 400 500

Distance downstream of piate leading edge, x, cm

Figure 5. - Theoretical growth of boundary-
fayer shape parameter on a flat plate. Free-
stream Mach number, 2.5 Reynolds number,
2.4x10% per foot (7.87x100/m).
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Figure 6. - Boundary-layer-rake instrumentation.
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Velocity ratio, Uity
(c) Nominal Mach number, 2.6.

Figure 7. - Boundary-laer velocity profiles with smooth flat plaie.
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Station Distance from
leading edge

of plate,

X
in.
70.8

127.8

178.8
208.8

>OEo
oo w

Figure 8. - Boundary-layer velocity profiles with cylindrical generators.
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Station Distance from
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{a) Nominal Mach number, 2.3.
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(b} Nominal Mach number, 2.5,
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Figure 9. - Boundary-fayer velocity profiles with conical generators.
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Distance ratio, y/

o Smooth flat plate
] Cylindrical generators
& Conical generators

————(ne-seventh power profile

10 T
.8 1 -
p K |
i %
/
4 /
A/ £
IR A7
s
oD ~ ,/<A
(a) Station A. (b) Station B.
L0
2
.8
i
.6
/g
.4 f/
A of
.2
/d
ol o=LF LH
4 .6 .8 L0 4 .6 .8 1.0
Velocity ratio, u/ug
(¢) Station C. (d) Station D.

Figure 10, - Comparison of nondimensionalized boundary-fayer
profiles for nominal Mach number of 2.3.
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Distance ratio, y/0

O Smooth flat plate
0 Cylindrical generators
O Conical generators

—~— —— QOne-seventh power profile

1.0
— 4
. !
.0 r
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0 Ay
y J4 g
e dd
| m v 7
i
’/&r __/XS/
0
(a) Station A. (b} Station B.
1.0 ﬂ
.0 ZQ
.6
L
. Jr: J
/,
4 {J Cr
. gy e
.4 6 .8 1.0 4 .6 .8 L0

Velocity ratio, ulue

{c) Station C.

(d) Station D.

Figure 11. - Comparison of nondimensionalized boundary-layer

profiles for nominal Mach number of 2.5.



Distance ratio, y/6

O Smooth flat plate
[} Cylindrical generators
<o Conical generators

- —— ——Q0ne-seventh power profile
1.0 ’
)
.8 -
4 .

.6 #

.4 dl

. /4

« & /:!'

0 5] ==

(a) Station A, (b} Station B.
1.0 i]
. i :
£ 5
; 4
4
0 —O’d =] .
4 .6 .8 1.0 4 .6 .8 Lo
Velocity ratio, ulug
(c} Station C. (d) Station D.

Figure 12. - Comparison of nondimensionalized boundary-layer
profiles for nominal Mach number of 2.6.
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Boundary-layer
thickness, 8, cm

Displacement thick-

Momentum thickness,

cm

ness; &+,

8, cm

O Smooth flat plate
O Cylindrical generators
< Conical generators
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Figure 13, - Comparison of thickness parameters for the three con-

figurations at nominal Mach number of 2.3,



Displacement thick-~ Boundary-layer

Momentum thick-

ness, &+, cm thickness, 8, cm

ness, 6, cm

O Smooth flat plate
O  Cylindrical generators
& Conical generators
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Figure 14. - Comparison of thickness parameters of the three config-
urations at nominal Mach number of 2.5.
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Boundary-layer
thickness, 8, c¢m

Displacement thick-

Momentum thick-

cm

ness, &
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Figure 15. - Comparison of thickness parameters of the three config-
urations at nominal Mach number, 2.6.



Boundary-layer shape parameter, H

« O Smooth flat plate
O Cylindrical generators
< Conical generators

N

e:i\
Lol

(a) Nominal Mach number, 2.3.

\n

oo
/

(b) Nominal Mach number, 2.5.

1
/

W

0 40 &0 120 160 200 240
Distance downstream of plate leading edge, x, in.

I I | [ l
100 200 300 400 500 600
Distance downstream of plate leading edge, x, cm

(c) Nominal Mach number, 2.6.

Figure 16. - Comparison of boundary-layer shape pa-
rameters.

33



34

arameter, Ky = Hity.;
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Mormalized boundary-fayer shape
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Figure 17. - Effect of Mach number on
boundary-layer shape parameter for a
one-seventh power velocity profite.
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Figure 18. - Comparison of normalized boundary-iayer shape pa-
rameters.
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Normalized boundary-iayer power
profile parameter, Ky = N/7
s
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Figure 19, - Comparison of boundary-layer power pro-
file parameters.
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Figure 20. - Comparison of normalized boundary-layer power profile
parameter.
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Mominal Mach
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Figure 21. - Effective flat-plate-length calculation.
. Static-pressure instrumentation
Station 0 Station S
159
1403)

~Location of generators

i {554}

Fiqure 22. - Installation of forward-facing step and instrumentation on model. (Dimensions are in inches (cm).)



Static-pressure

NASA-Langley, 1971 —— 12
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{b) Plate pressure distribution.
Figure 23. - Forward-facing-step flow-field profile and associated
plate pressure distribution prediction (ref, 8).
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Figure 24. - Surface pressure distribution
produced by a boundary-layer separation
ahead of a forward-facing step.
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