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FOREWORD

This report describes the latest in a series of experimental investigations
of high-speed turbulent boundary layers carried out by the Fluid Mechanics
Section of the Aeronutronic Division of the Ford Aerospace & Communications
Corporation. Previous work has been devoted to studies of the effect of

E various parameters on transition and turbulence in the compressible boundary
layer, including Mach number, Reynolds number, heat transfer and mass addi-
tion. The most recent effort was concerned with the influence of wall temp-
erature on the structure of a zero pressure gradient, supersonic boundary
layer. The present program was directed toward examining the effects of a

continuous adverse pressure gradient produced by a curved adiabatic, isen-

tropic compression ramp. Results of detailed mean flow measurements are
described and turbulent shear stress distributions extracted from the time
averaged conservation equations are presented. Because of the large quantity
of data involved, the results are shown primarily in graphical form. However,

the interested reader may request copies of the detailed data tabulations.

The work described herein was supported by the Flight Dynamic Laboratory at
Wright-Patterson Air Force Base, Ohio., Dr. Joseph J.S. Shang of AFFDL/FXM
served as project engineer. The author wishes to acknowledge Dr. A. Demetriades
for his collaboration during the planning and preparation of the experimental
program; L. Von Seggern for his assistance during various critical phases of

the tests, and G. Hart for fabrication of the ramp models.
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SECTION I
INTRODUCTION

Solution of the supersonic boundary layer equations requires accurate models
to describe the turbulent transport of energy and momentum, The transport
coefficients cannot be derived from first principles, but must be deduced from
well-designed experimental studies. Ideally, it is preferred to measure the
turbulence terms directly, e.g., using the hot wire anemometer, although
documentation of the mean flow field is still necessary to interpret the hot
wire data. Even in the absence of direct information, the so-called "inverse"
or "indirect' method can be applied to extract the transport properties from
detailed mean flow measurements by means of the time averaged conservation
equations. Although considerable progress in this direction has been made

for the zero pressure gradient, flat plate boundary layer, there is still a
dearth of specific information concerning flows with a finite continuous
variation in static pressure, This problem arises from the fact that while
numerous experimental studies have been made of boundary layers with pressure
gradients (see, e.g., the exhaustive catalog of experimental results compiled
by Fernholz and Finleys few have been sufficiently complete and reliable to
successfully apply the 'indirect' method. In fact, for continuous pressure
gradient flows, no direct hot wire measurements of transport properties are
available and only S:urek2 has reported on turbulent shear stresses calculated

from mean flow data.,

The present study was undertaken, therefore, to systematically study the in-
fluence of a continuous adverse pressure gradient on a two-dimensional, super-
sonic, adiabatic wall boundary layer., The adverse pressure gradient was
generated using a curved ramp, located on the test section floor of the FACC
Mach 3 wind tunnel, and designed to produce an isentropic compression with
constant dp/dx. Two ramps were designed for this purpose, one corresponding
to a weak and the other to a moderate pressure gradient. While it may have
been more desirable to design the ramps for constant pressure gradient

parameter Ek = (S:/*w) (dp/dx), and thus maintain a constant influence of the
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pressure iradient on the boundary layer, the local values ot Si and T could

not be predicted prior to the experiment., On the other hand, it is shown later
that the boundary laver is in a state ot local equilibrium and, therefore, is
controlled only by local conditions, i.e., cg, My, 3, etc. Thus, maintaining
the pressure gradient constant allows the overall flow field to be characterized
by a single parameter dp/dx (or, more exactly, by #  where ‘*/Tw is evaluated
immediately upstream of the ramp) while providing the opportunity to study the
eftect of the local *, and in this sense the experiment yields greater

intormation.

The ultimate goal of this program is the direct measurement of the turbulent
shear stresses using the x-array hot wire anemometer. In preparation for this
task, detailed measurements of the mean flow field over the curved ramps have
been carried out, This report describes these measurements and the results of
the data analysis. Details of the experiment are presented in Section 2, while
the method of analysis is summarized in Section 3 and the results are discussed
in Section 4. In particular, it is shown that the mean flow profiles, when
sultanly transtormed, agree with the universal '"wall-wake' velocity profile

ind that the pressure gradient parameter ;k correlates the data with low speed
results, In addition, the distribution across the boundary layer of turbulent
shear stress, mixing length, and eddy viscosity were determined using the
"indirect" method modified by Scurek: to account for the effects of longitudinal

curvacure.




SECTION 11
THE EXPERIMENT

1. WIND TUNNEL

The experiment was carried out in the FACC Mach 3 supersonic wind tunnel (SWT),
This is a continuous flow facility with a 7.87 cm by 8.64 cm test section
located 40,6 cm downstream of the throat section, The turbulent boundary layer
at the entrance to the test section is fully developed and is approximately

0.7 cm thick. All tests were conducted for stagnation conditions of .973 x

10S N/M2 and 317°K corresponding to a nominal Mo = 3 and unit Reynolds number

= 6,57 x 10%/mecer.
24 RAMP DESIGN

Using Method of Characteristics theory, and ignoring the effect of the boundary
layer, two continuously curved ramps, designated Ramp 1 and Ramp 3, were de=-
signed to produce two-dimensional, constant pressure gradient (dp/dx) flows.
Based on the boundary layer characteristics upstream of the ramp leading edge,
the pressure gradient parameter 3yo = (‘E/rw)(dp/dx) was nominally 0.4 and 1,85
for Ramps 1 and 3, respectively. The ramp contours and a sketch ot the ramp
installed in the wind tunnel test section are indicated in Figure 1. Photo-

graph of the ramps installed in the tunnel is shown in Figure 2.

The ramp models were designed to replace the floor plate of the wind tunnel
test section and to provide a smooth continuation of the lower nozzle block.
In order to avoid flow breakdown in the test section, as a consequence of
blockage introduced by the presence of the models, the maximum height of the
ramps was restricted to 1.8 cm (see Figure 1). As a result, this limited the
length of Ramp 3 to about 9 cm, although this was found to be adequate ftor the

purposes of the present experiment.

For Ramp 1, the curvature of the surface was started at the leading edge of

the model which, in turn, mated to the ctrailing edge of the nozzle block.




? \lthough a filler material was used to smooth the transition, the combined

é effects of curvature and joint misaliznment resulted in the generation of a

. weak shock disturbance at the leading edge of the ramp. This is apparent in
v )

the Spark-Schlieren photozraph of Figure 3a, which otherwise indicates a
disturbance-tree flow. Since static pressure measurements indicated that the
shock induced pressure risc was less than 10% of the total pressure increase
along the ramp, the effect of the leading edge shock on the subsequent de-
velopment of the flow was considered negligible, and the ramp was judged
adequate for use, A different strategy was adopted in the fabrication of

Ramp 3., For this model, surtace curvature was not initiated until 2,54 cm
downstream of the leading edge with the portion in between machined flat.

This separated the curved section of the ramp from the junction with the nozzle
block trailing edge. With a filler material again used to smooth the transi=-
tion from the nozzle to the ramp model, it was possible to produce a shock-
free flow over the initial portion of the ramp. This is illustrated in the
Schlieren photograph of Figure 3b. The density disturbances which are apparent
in the photograph were demonstrated by pressure measurements to represent a
continuous compression fan., Furthermore, the pressure measurements show that
the oblique shock observed in the downstream flow originates 2.5-3 cm down-
stream of the beginning of the curved ramp. The shock is a consequence of
coalescence of pressure waves generated by the ramp, and its existence, location
and origin are predicted by the Method of Characteristics solution to the flow
field.

Each ramp was provided with 0,084 ¢m diameter pressure ports aligned along the
ramp centerline at 1.27 c¢m intervals, The measured surface pressure dis-
tributions for the two ramp models are shown in Figure &, which also includes
data obtained trom the static pressure surveys discussed later. The observed
scatter in the data can be attributed to small inaccuracies in the pressure
measurements and to slight impertections in the surface contour, In both
cases, however, the measured pressure increase is sufficiently linmear that

the flow can be considered as characterized by a constant pressure gradient

with dp/dx equal to 1.2 mmHg/cm and 5 mmHg/cm for Ramps 1 and 3, respectively,




3. PRELIMINARY FLOW FIELD SURVEYS

Prior to the conduct of the final measurements, qualitative pressure surveys
were carried out to insure two dimensional, disturbance-free flow over the
ramps. For Ramp 1, pitot pressure surveys to examine the flow volume over
the ramp were made at seven axial stations ranging from 1.2 cm ahead of the
leading edge to 2.5 cm upstream of the trailing edge. At each station,
continuous pitot pressure surveys extending laterally (z) to 1 cm either side
of the ramp centerline were made at approximately one dozen vertical (y')
locations from the surface to about 1.8 cm above the surface., In addition,
at the same x stations, continuous p. versus y' profiles were traced at five
z locations (approximately = 1,0, = .4 and O cm), Typical records, shown in
Figures 5 and 6, indicate the flow is free of gross disturbances with only

marginal cross flow effects. A graphic representation of the flow field is

resented in Figure 7 where continuous p, versus y' profiles obtained at .63 cm
P t

intervals along the ramp centerline are plotted, Flow is from right to left
with the right hand profile located .63 cm downstream of the leading edge of
the ramp and the left hand profile corresponding to 14,6 cm downstream of the
leading edge. The leading edge shock (actually two closely spaced weak shock

waves also visible in the Schlieren record of Figure 3a) is clearly indicated.

Similar measurements were carried out for Ramp 3 and typical results are shown
in Figures 8-10. Figure 8 presents lateral surveys of static pressure at
several positions above the ramp surface, while lateral traverses of pitot
pressure are indicated in Figure 9, Both figufes indicate that the flow is
two-dimensional and relatively disturbance-free and Figure 8, in particular,
implies no cross flow near the center of the ramp model, Figure 10 is a

pitot pressure map, similar to Figure 7, which depicts the development of the
flow field along the length of the ramp. Although the crossing of the pitot
pressure traces slightly obscures the clarity of the figure, it is still
possible to detect the oblique shock formed by the coalescence of pressure

waves generated by the curved surface,




4 . INSTRUMENTATION

Measurements were made of mean profiles of pitot pressure, static pressure,
and recoverv temperature across the boundary laver, Lach probe was mounted
in the tunnel separately to avoid any possibility of mutual interference be-

tween probes and to minimize blockage caused by the presence of the probes.

The pitot pressure probe consisted of a .0152 cm O.D., tube which was acid
etched to provide a gradual taper along its tip to its .0076 c¢m I1.D, The
probe was attached to an aerodynamic strut which was soldered to a conical
body, housing a miniaturized Kulite pressure transducer (Model VQH-250-10),
located at the front of a remotely driven actuator, The close coupling be-
tween the transducer and the probe tip afforded significant improvement in
the response time of the measurement. The transducer sensitivity of approx-
imately 10 mmHg/mv was checked by calibration prior to each run, The estimated
maximum error in the pitot pressurc measurements was &%/ - when the probe was
located adjacent to the wall near the fromt of the ramp and diminished to 0.25%.
in the freestream over the rear of the ram Various probe corrections due to
rarefaction and viscous effects were found to be negligible although slight
interference effects, caused by proximity ol the urtace, were observed tor
positions very close to the wall., These eftects, however, were very small and

restricted to, at most, a tew positions and, theretore, no corrections were

made ,

Static pressure measurements were made using an ogive-cvlinder shaped probe
with a 0,051 ¢m diameter., Four static pressure ports located equally spaced
wwound the probe periphery were located at 0,63 ¢m from the probe tip. The
probe connected to o Dynisco Model TC APT 85-2 pressure transducer located

outside the wind tunnel. The estimated maximum error in the static pressure

measurement varied trom 2% with the probe positioned at the heginning of the

ramp to 0.67 at the rear of Ramp 3. Viscous interaction corrections for the
static probe werce tound to be neglicible tor the Mach number-Revnolds number
conditions of the present tests, However, the static pressure profiles in-

dicated a small (10%) interterence c¢ftect near the surface of the ramp which

_ _m4 . I‘
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extended out to about y' = .12 c¢m. Since the static pressure varied nearly
linearly through the remainder of the boundary layer, it was possible to
correct for the interference effect by extrapolating the static pressure pro-
file to the wall, This permitted a redundant determination of the surface
pressure distribution., These results are shown in Figure & where they are
seen to provide excellent agreement with the direct measurements of wall

pressure.

For both the static pressure and the pitot pressure measurements, particular
care was exercised to insure that the probe axis was parallel to the local ramp
surface prior to the survey. Both probes were found to be insensitive to yaw
for yvaw angles less than 5 degrees. Since this condition was easily satisfied
across the boundary layer, the boundary layer pressure measurements were un-

affected by yaw.

A bare wire Ch-Al thermocouple, installed in a ceramic tube and also attached
to an aerodynamic strut, was used for the total temperature probe. The thermo-
couple wires were welded to form a disc 0.013 cm thick, thereby providing
almost the same resolution as the pitot pressure probe., The probe was cali-
brated in the wind tunnel freestream to determine its recovery factor versus

Reynolds number characteristic, which can be expressed as:

meas

= 0.9151 + .4799 x 1073 *3..02302 x 10’3Re°

(Re

o,D) ,D

T -T
o
The probe Reynolds number is evaluated at the total temperature T, using a
characteristic length equal to the disc thickness., The output of the thermo-

couple could be read with a resolution of 0.01 mv, corresponding to 0.25°K.

The tunnel stagnation pressure was measured with a 0-800 mmHg Heise pressure
gauge with a least count of 1 mmHg and stagnation temperature was sensed by a

Precision Digital Temperature Indicator which read directly in degrees




Fahrenheit with a resolution of 1°F (.6°K). Although the ramps were not in-

strumented to measure surface temperature, on the basis of a similar boundary

laver study (3) performed in the same facility, it was assumed that R

<945 To, = 300°K which corresponds essentially to the adiabatic wall condition.

Measurement of surtface pressure was made with the model TC APT 85-2 Dvnisco

transducer used for the static pressure surveys,

Measurement of wall shear stress was made using Preston tubes with 0.1, 0.163,
and 0.236 cm 0.D.s. The smallest and largest tmbes were sized using criteria
available in the literature for adverse pressure gradient flows to determine
the minimum and maximum probe diameters. Again, the Dynisco pressure trans-
ducer used tor the static pressure measurements was used to acquire the
Preston tube data. Since the results were found to agree within 5%, only the

data for the 0.l ¢m diameter probe are discussed later.
p

Photographs of the several probes described above are shown in Figures 11 and

2. In each case, flow is from left to right and the probe support is designed

so that aerodynamic disturbances are swept downstream of the probe tip.

S TEST PROCEDURE

Profile data was acquired by first locating the probe adjacent to the ramp

surface where the surtace was located using a 10-power microscope with a

calibrated graticle. For the pitot pressure profile, the probe was then moved

vertically upward at selected intervals until the transducer response was
sutficiently rapid to move the probe at a constant slow rate. For the other
parameters, the variations were sufticiently smal) to permit continuous tra-
versing across the entire boundary laver. A voltage signal proportional to
probe position and the sensor signal were ted to an A/D system whose output
118 recorded on tape cassette to form a permanent data tile. Probe position
intervals ranging from 0.5 mils to 5 mil (depending on the sensor and the
rate ot change ot the measured variable) were used, The recorded data was

subsequently stored in the Company's main computer where it was processed via

a time share terminal.




Although the probe actuator is provided with two degrees of freedom, it is

constrained to move in a vertical direction (normal to the tunnel centerline)

as opposed to normal to the surface. While the probe could be moved in both

the x and y' directions in order to track the normal to the surface, it was
considered more convenient to obtain the surveys along the vertical and use

a simple computer programmed interpolation routine to convert the data to
profiles perpendicular to the model surface,

6. TEST MATRIX

All tests were conducted at the tunnel stagnation conditions listed in Section
2. Mean flow surveys were conducted at the axial stations shown in Figure 13,
which also includes the location of the wall pressure ports and illustrates the

start of the ramp surface relative to the trailing edge of the nozzle block.

er———————r——

’:
]
b
i




SECTION IIl
DATA REDUCTION

The data reduction procedure was programmed for the Company's Honeywell 66/40
digital computer and all data processing was carried out via a time share
terminal. A schematic of the data reduction routine is shown in Figure 14.
The routine is actually comprised of a number of sub-routines, each designed
to complete a specific calculation. The output of each sub-routine is stored
in a DATA FILE which is used as input to subsequent sub-routines and which can
ve accessed via a graphics terminal to provide a hard copy graphical representa-

tion of the file contents.

The pitot pressure, static pressure and recovery temperature profile data are
recorded separately on tape cassette during the boundary layver surveyv. The
tape cassettes are then fed to the computer creating three data files for each
survev station. These files serve as input to Program BLSURV2 which performs
three functions. First, the data is converted from "as read" units to physical
units. Second, since the y  positions for the static pressure and recovery
temperature profiles differs from those for the pitot pressure survey, the data
for the former is interpolated to provide static pressure and recovery temper-
ature data at the same v' locations as the pitot pressure. Finally, mean flow
properties were calculated by means of standard gasdynamic equations using an
iterative procedure to account for the calibrated recovery temperature character-

istics of the T probe. The resulting boundary layer profiles were stored in
0

DATA File ZMFLXXXX, where Z denotes the ramp and XXXX represents the x station.
A typical printout from BLSURV2 is shown in Table 1. Similarly, to demonstrate
the density ot the data points and the quality of the measurements, plots of
P, /P, P./P_ and T, /T  versus y' are shown in Figures 15-17, respectively.
- (o] s o ¢ oe ’ = <
Profiles of Ymgx: and TOILI‘ for the same x station are presented in Figures
NeAS meas
18 and 19, respectively.

|
!
|
:
|

For a given ramp, the Files ZMFLXXXX serve as input to PROGRAM NEWFLOW which

uses a simple ftour point interpolation scheme to convert the profiles measured

along the vertical to protiles along the normal to the surface. At a given x

10




station the interpolation is carried out using profile data along the vertical
at that station together with vertical profile data at the nearest upstream

; station. The interpolated flow field, which includes profiles along the normal

at all x stations, is stored in a single DATAFILE NEWFLOWZ where Z denotes the
ramp. The content of NEWFLOW is shown, for example, in Figures 20, 21 and 22
where, respectively, u, P and pshave been plotted against the distance normal

to the surface, y. Similar plots for Ramp 3 are shown in Figures 23-25, 1In

| T TR (2 SRS

addition, normal profile data at each x station is stored in separate DATA FILES
ZNFLXXXX, The latter is used as input to PROGRAM VCOLES which correlates the

experimental data with Coles '"Law of the Wake.'" This calculation provides the

| g, TP G

boundary layer thickness &, the wall shear stress -~ and the wake parameter

w?
=. Furthermore, the transformed velocity profile is stored in DATA FILE
ZVCOXXXX in u+, y+ coordinates and in DATA FILE ZVDEFXXXX in velocity deficit ;
coordinates. A sample printout of the output of PROGRAM VCOLES is shown in F
Table 2, Using the value of & provided by VCOLES and either DATA FILE ;
ZNFLXXXX or NEWFLOWZ as input, ?ROGRAN TBLINDIM calculates non-dimensional i

£

profiles of y/& versus u/ue, o/o,, etc,, as well as the integral properties of

e’
the boundary layer. A sample printout of the results of PROGRAM TBLJINDIM is
presented in Table 3.

7
As shown later, the streamwise derivatives of the flow variables u, pu, ou”,

and p are needed to extract the turbulent transport properties from the mean

flow data. To accomplish this DATA FILE NEWFLOWZ is input to PROGRAM RAMSHER. f
An x survey station is selected as a reference location and the associated y :
values are denoted as ¥o! The remaining profiles are then interpolated to find ;
o 1s easily determined %>
knowing the axial location x of the survey station and the local surface

u(s,yo), pu(s,yo), etc., The streamwise distance s at v

curvature., For each y, the flow properties are curve-fit by the method of

least squares to the expression:

3
F(s,yo) = Fl + Fzs e F3s

where F = u, pu, 0u2, or p. With Fl, F2 and F3 determined, the streamwise

11




i A U

derivatives are given by:

SF

— =F, +2F,s
- 2

o8

computes ~/7 ~versus v
c

the streamwise derivatives,

¥ 3 ou -
selected To O Y vutiet Peurvetit
fitted flow field which is convenient
the data or the adequacy of the curve
A listing of the programs used in the

s
A

Once the derivatives are determined for a
and creates DATA FILES ZSHERXXX,
and ZEDYXXXX,

and eddy viscosity as a function of v,
modified to create a data file storing

etc., versus S,

given protile, PROGRAM RAMSHER

storing y, =/~,, and
File

storing y, =, © and ou/ay.

ZEDYXXXX is input finally to PROGRAM EDDY which calculates the mixing length

PROGRAM RAMSHER can also be easily

either u,

Rl y €tc., VS s for
o a

ou .
data
Accessing these files

via the graphics terminal provides a plot of either the experimental or curve

for visually assessing the quality of

fike

data reduction can be found in Appendix




SECTION 1V
EXPERIMENTAL RESULTS

1.  CHARACTERIZATION OF THE PRESSURE GRADIENT

In his treatise on the incompressible turbulent boundary laver, Clauser4
concluded that the proper parameter to use for characterizing equilibrium
profiles in a flow with pressure gradient is 2 = (8%/7y)dp/dx. For compress-
ible flows, Alber and Coats5 suggested replacing = with Ek = (f:/'w)dp/dx and
in their study at M« = 4, Lewis, et alb found indeed that using ik provides an
improved correlation with the low speed data, For the present experiment, the
variation of 3, with axial poéition x is plotted in Figure 26, It is shown
later that 7, increases with x much faster than EE and, since dp/dx is

a

constant, then, as indicated in Figure 26, Sk decreases in the axial direction,
particularly for RAMP 3. Figure 26 includes the data of Sturek and D:mberg7
which also obtained for constant dp/dx using a curved ramp similar to that
involved in the present tests., While a direct comparison cannot be made since
the axial coordinate x has not been properly normalized, their data also show
that 2| decreases with increasing x confirming the present findings. Further-
more, the magnitude of 8 in their experiments indicates that the relative

influence of their pressure gradient should be much larger than in the present

case. This point is addressed later in this report. The data of Lewis, et al,6

is also shown in Figure 26 to demonstrate the similarity in the magnitude of

the pressure gradient parameter 3, with the present results. Since their test
was carried out for an increasing pressure gradient, dp/dx, their values of B
increase in the streamwise direction. However, for equilibrium boundary layers,
this should be immaterial and only the local value of 8k is significant., Ref-
erence to the results of Lewis, et 31,6 will be made in the next section when

the present data is compared with the low speed correlations,

2, CORRELATION OF THE VELOCITY PROFILES

It has become common practice to compare experimentally measured velocity

profiles to a well-defined law (e,g,, Coles composite 'wall-wake' correlation)®

13

PR —— ,.,,_..____-_.-——-—M B



il

that describes the behavior of an equilibrium turbulent boundary layer. Using
an appropriate transformation to convert the compressible data to an equivalent
incompressible form, this comparison permits an assessment of the quality of
the data, represents a means for evaluating the characteristic boundary layer
parameters (e.g., &, Cgs etc.), and, in the non-constant pressure case, assists
in isolating the effects of pressure gradient on the development of the bound-
ary layer and provides a basis for comparison with other experiments. The
comparison of the experimental data to the classical boundary layer profile
involves curve-fitting the transformed data to the classical profile, while

iterating the values of the unknown parameters until the rms deviation of the

curve-fit is minimized, Details of the curve-fitting procedure and a discussion

of the results are presented below.
Starting with the conventional mixing length expression:

T, - 0% (du/dy)? 1
and combining with the Prandtl hypothesis:
L =ny 2

yields the following relation:

%

V2 du 1 4

du+-=‘(\£'— _._=.__Z 3
Dw u. n, ¥

Integration of the above expression gives

ot

1
-}:Lny++C 4

vhere:

«
!

= yuT/vw
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Equation 4 is the conventional "Law-of-the-Wall' which, following Coles, has
been replaced by the more general '"Law-of-the-Wake' formulation of the mean
velocity profile, i,e., by:

~

L. m
U+=-_-’.zny++c+f\\’ (y/8) 5

In Equation 5 ¥ is a parameter representing the strength of the wake component
of the boundary layer, W is coles tabulated wake function which can be approxi-

2
mated by 2 sin” (-y/28) and the constants » and C are given their incompressible

values 0.41 and 5.0, respectively,

Equation 5 contains three unknowns: &, u- and <., Substituting the edge

conditions into Equation 5 yields:

g 3y o R 2 ¥ 6
u =<=4n—+C+=—
e v \/w r

which can be used to express T in terms of u. and 6. This reduces the number
of unknowns in Equation 5 to two, whose values are adjusted until the data
fit the equation such that the rms error is a minimum, Data near the wall and
near the edge of the boundary layer are excluded from the curve-fit and only
data for which y+ 2 50 and y/& < 0.9 are used to determine the boundary layer

parameters.

Although the curve-fit procedure is restricted to the wall-wake region, it is
instructive to compare the experimental data to the '"universal' velocity profile

across the entire boundary layer. In the sub-layer region, the velocity profile

is commonly expressed as:

u =y 7

The transition between the sublayer and wall regions of the boundary layer has
been examined by Spalding9 (and later by Kleinsteinlo using a more formal

approach) who suggests that the velocity profile in this zone can be
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described bv:

+
.\-+ = u + exp(-«C) "uxp(.‘.u+) - X(U+)
where

+ + 1 +. 2 1 ; 1 /
fCu' ) = 1 + «u + = (20 )' +-; (,,u-{_)j +T_': (.‘u.*.)4

) - . + .
Note that Equation &8 reduces to Equation 7 as #«u - 0 and that Equation 4
: -+ ¥ " A g
is recovered when .u - > 1,0, Equations 8 and 5 are used to represent

the universal velocity protile across the boundary layer,

Typical plots of the experimental velocity profiles in transformed coordinates

are shown in Figures 27 and 28 for Ramp 1 and Ramp 3, respectively. The values

+ 4 Y ; , R .
of u have been determined directly from Equation 4.3 using the measured density

profiles to carry out the integration., This avoids reliance on analytical
transformations and their approximations. The Van Driest Transformation, for
example, which has been successfully used for flat plate boundary layers,
assume constant pressure and relates the density to the velocity via the
Crocco relation. Equation 8 has been represented by dashed lines. For
clarity, a plot of Equation 5 has been omitted since the differences between
the experimental values of ut and the theoretical values cannot be resolved
within the scale used in the figure., In the region y+ < 50, the data tend to
lie above the theoretical curve (a teature common to a considerable body of
experimental data) with the discrepancy reaching a maximum in the range

10 < y+ < 20, This portion of the velocity profile has been replotted to a
larger scale in Figure 29 where for each ramp data from the dp/dx = 0 survey
station and the most tarther downstream station on the ramp have been included,
together with the theoretical profiles given by Equations &, 7, and 8.

The dp/dx = 0 data for Ramp 1 is seen to be in excellent agreement with Equation
8 while for Ramp 3, the data lies slightly above Equation 8. In addition,
it is observed that when dp/dx > 0, then for both ramps there is a small but
definite increase in the discrepancy between the experimental u+ and Equation

8 in the streamwise direction. The reason for this is not immediately




obvious, but it reflects in the mixing length calculations in Section IV-6,
and is discuss ed further in Appendix B,

For both ramps, a plot of the wake function W, for the same survey stations
shown in Figures 27-29, is presented in Figure 30, where it is compared to
Coles' approximation 2 sin2 (my/28). Although the agreement between the ex-
perimental and theoretical wake function is considered reasonable, there is

a systematic increase in the difference W-2 sin2 (my/28) in the streamwise
direction, with the sign of this difference changing from - to + as the outer
edge of the boundary layer is approached. Furthermore, in contrast to the
sine function which vanishes as y/5 = 0, W remains finite as the wall is

approached.

In Reference 8, Coles discusses the effect of pitot probe errors on velocity
measurements near the wall. These errors, which arise from a variety of
sources and include probe interference effects, uncertainty in probe position,
and the influence of locally high turbulence levels, are difficult to diagnose
and to correct., This, in fact, is the main reason why the curve-fitting
procedure is restricted to data for which y+ > 50, For the present tests, the
discrepancies between the data and the universal correlation as illustrated in
Figure 29 and for particularly y/8 < 0.2 in Figure 30, are similar in trend and
magnitude to those associated with the numerous experiments examined by Coles8
and are not considered unusual, Consequently, the curve-fitting procedure is
assumed to provide an accurate determination of the parameters &, u, and 7.

A summary of the boundary layer parameters obtained from the curve-fitting

process is presented in Table 2.

/,
Clauser” defines an effective displacement thickness of the turbulent boundary

layer in terms of the transformed velocities as:

N CHERB R TV 94
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and the corresponding shape factor as:

-] il

G = (v = ut ¥ alsis) 9b

where tor constant pressure lavers G and _./f have the values 6.8 and 3.6,
respectively. UWritten in the velocity defect form used in Equation 9,
Equation 8 becomes:

-~

et e S e 10
Typical plots of u+ - u: versus v/_ for survey stations located just upstream
of, at the midpoint, and at the rear of the ramp, are shown in Figure 31 for
Ramp 1 and Ramp 3 in order to illustrate the effect of the pressure gradient
on the shape of the velocity profile., For Ramp 1, the pressure gradient is
relatively weak and I} is nearly constant and the velocity profiles are in-
dependent of streamwise location. The pressure gradient for Ramp 3 is stronger
and initially the velocity profile is distorted (compare x = 5.08 cm station
to x = 0 cm station). However, since ;k decreases with x, the effect of the
pressure gradient diminishes and the shape of the velocity profile at the

rear of the ramp is almost identical to that where dp/dx = 0.

A plot of the boundary laver thickness ! versus axial position x is shown in
Figure 32 which includes values ot © obtained from the curve-fit to the Law-
of-the-Wake correlation and those determined directly trom the measured vel-
ocity profile. The latter were evaluated from visual inspection of the profile
by selecting the v location where the boundary laver data merged with the data
in the external stream and denoting this position and the associated velocity
as the edge conditions, The thickness ° was defined then as the y position
where u = 0,995 u_ . With the exception of the forward portion of Ramp 3, the
esults derived from the correlation are in excellent agreement with those
obtained from the profile data. The values of ° used subsequently in this

report are those determined from the curve-fit of the velocity profile,
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Figure 33 presents a plot of the wake parameter ¥ versus axial station x. For

both ramps, = jumps to a peak value then similar to Sk, decreases as the rear
| of the ramp is approached. However, while %} is a maximum at the leading edge
of the ramp, the variation of ¥ with x in this region is much slower, with =

’

not reaching its maximum value until x = 3 or 4 cm, Since the pressure waves

generated by the curved ramp surface are swept downstream, then just behind the
leading edge of the ramp the outer portion of the boundary laver retains a
memory of its upstream history (i.e., the flow here is still characteristic of

dp/dx = 0). This is also the wake portion of the boundary layer which con-

tributes largely to the value of =, Therefore, just downstream of the leading
edge, the boundary layer is not in equilibrium with the local value of ke

(Strictly speaking, the procedure for curve-fitting the data to the 'Law-of-

the-Wake" is not valid for these first few survey stations since the velocity
correlation is restricted to equilibrium flows), This is indicated in Figure 34
where ¥ is plotted versus ). The lack of correlation between ¥ and - at the
first two ramp survey stations for Ramp 3 is quite apparent. Figure 34 also
includes the data of Sturek & Danberg7 and Lewis, et 316, and the results of a
number of low speed experiments examined by Coles & Hirstll and correlated by
Lewis, et a16. Interestingly enough, the data of Sturek and Danberg7 lie near
the upper bound to the spread of the low speed data while those of the present
tests fall near the lower bound of the low speed data., For Ramp 1, the values
of 3 are too small to identify any specific trend of = with 5k« Finally, a
plot of Clauser'sa shape factor G versus Sk is shown in Figure 35. Again, the
present data for Ramp 3 lie near the lower bound of the spread of the low speed
data, although the general trend of increasing G with increasing 8k is apparent.

The results for Ramp 1 lie within the low speed data spread while, for compari-

son, the results of Lewis, et 316 are near the upper bound of the low speed
data and in slightly better agreement with the theoretical results of Mellor H
and Gibsonlz. Excluding the flow just downstream of the ramp leading edge, i
the results shown in Figures 34 and 35 are in agreement with the earlier |
findings of Lewis, et alb; namely, that the boundary layer is in approximate :
local equilibrium throughout the adverse pressure gradient region. Thus, !
the boundary layver profiles are characterized by local conditions only and }

unaffected by the fact that % is not constant,
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A plot of the wall shear stress s determined ftrom the curve-fit to the '"Law-
¢

of-the-Wake,'" versus axial station is shown in Figure 36 which includes wall

shear measurements made with the 0.1 c¢m diameter Preston tube. The Preston

. e ; 13 )
tube data was reduced using the Bradshaw=Unsworth correlation:

ap r 12
;: = 96 + 00 loglo(u‘d/SO:w) + 2357 ;loglo(u_d/SOIW)_
0.2 '

+10° L (u da/v ) g0

i
where _p is the Preston tube reading, d is the tube diameter and M_ = u-/nw.
The two sets of results are in very good agreement although the Preston tube
measurements are generally lower than the data obtained from the velocity
correlation with a maximum difference of 9% at the rear of Ramp 3. Both re-
sults, however, show a continuous increase in " In the downstream direction.
To be consistent with the selection of the boundary laver thickness &, the
wall shear stress determined from the curve-fit to Equation 5 is used sub-
sequently in this report. A plot of the local skin friction coefficient cg
versus Re, is presented in Figure 37 which includes, for comparison, the skin
friction coefficient for dp/dx = 0 calculated from the Karman-Schoenberg
equation together with the Van Driest transformation as outlined in Hopkins
and Inouyelg. For a given M, and Rea, the maximum deviation between the
measured ¢y and that calculated for dp/dx = 0 is about 107 with the measured
values somewhat larger. This contrasts with earlier findings which indicate
that ¢y decreases as 5 is increased. Nevertheless, it appears that the in-
crease in the local wall shear stress is the consequence of increases in the

'ocal dynamic pressure brought about by the pressure gradient,
3.  NON-DIMENSIONAL BOUNDARY LAYER PROFILES

As indicated in Section 3, the boundary layer protfiles measured along the

!
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vertical to the surface of the ramp (i.e., perpendicular to the tunnel axis)
were interpolated to provide profiles normal to the surface. With the boundary
layer thickness 0 now determined as described in Section IV-2, the boundary
layer profiles along the normal can be non-dimensionalized. At each survey
station, the velocity u at the position y = § was arbitrarily assumed equal to
0.995 ue, providing a means for specifying u,. The profile data was searched

to find y = y, at u = Ugs and the edge values of the remaining properties were
defined as their values at Yer The edge conditions Ugs Pas and My and the
integral properties 6* and 6 and listed in Table 2. Because of the variation

of static pressure across the boundary layer and the lack of a freestream region
of uniform flow, it was necessary to modify the conventional expressions for the
integral properties. The definitions used here were suggested by McLafferty and
Barberls, and recommended by Sturek and Danberg7, and take into account the flux
deficit appearing within the boundary layer referenced to 'ideal" properties
calculated with the experimental static pressure profile. The integral thick-
nesses are referenced to the ideal properties at the wall and in the case of
constant static pressure reduce to the classical definitions. According to

this interpretation, the integral profiles are given by:

u"*ék* - fo (u* - u)dy

pw*uw* 6% = [o (o*u* -~ pu)dy

¥

Py uwfze = fo Pu(u* - u)dy

7

where the ideal properties p’ and u* are calculated using the measured static
pressure profile assuming constant total temperature equal to the freestream
Toe value and constant stagnation pressure equal to the test section total

pressure p,.

Profiles of u/u, versus y/6 at each survey station along the curved surface

are shown in Figures 38 and 39, for Ramps 1 and 3, respectively, Similarly,
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protiles of Mach number, M, versus v/’ tor Ramps 1 and 3 are shown, respectively,
in Figures 40 and &41. These tigures indicate that for each ramp, the development
of the boundary laver is gradual and continuous and free of discontinuities, For
Ramp 3 in particular, the profile plots reveal gradual changes in the sublayer

thickness which occur along the length of the ramp,

In a recent paper, Whitfield and Highl6 examined the effect of non-unity Prandtl
number on the total temperature-velocity relationship for zero pressure gradient
flows. The classical Crocco relation H = u/ue is restricted to unity Prandcl
number, an assumption made to eliminate the turbulent shear stress terms from
the combined energv~momentum equation, As a consequence, the Crocco relations
fail to predict the well-known total temperature overshoot observed in non-
unity Prandtl number, adiabatic boundary lavers. To overcome this problem,
Whittfield and Highlb introduced an approximate model ftor the turbulent shear
stress distribution and derived an analytical solution which provides a reason-
able agreement with experimental observations (e.g., see Reference 3), For the
present experiments, it was found that the H versus u/u, relation is insensi=-
tive to the pressure gradient although, as shown later, the shear stress dis-
tribution apparently is strongly dependent on “ke 1t is of interest, therefore,
to examine more closely the Whitfield and Hignlv solution, The combined energy

momentum equation can be expressed as:

d~h 1 d_ dh £
— + (1 =P _)~— —~— 4P  (\=1) M~ =0 11
du” mo- 4 do = :

where, using the Whitfield-High notation, the overbars represent normalization
with respect to the fre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>