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profile (Simpson et al. data, ref. 1)
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Vg Non-dimensional wake amplitude, eq. (5-23)
Vo Non-dimensional shear velocity, eq. (5-24)
v Fluctuating velocity component in transverse, y-direction
\ﬁﬁf RMS transverse turbulence component
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FLOWFIELD MEASUREMENTS IN A SEPARATED AND REATTACHED
FLAT PLATE TURBULENT BOUNDARY LAYER

William P. Patrick

SUMMARY

An experimental investigation of turbulent boundary layer separation with
reattachment on a flat plate test surface was conducted in the United
Technologies Research Center Boundary Layer Wind Tunnel. The objective of the
study was to provide a comprehensive set of data for use in assessing the
accuracy and assisting the further development of computational procedures for
predicting boundary layer separation phenomena. The approach was to conduct a
large scale, two-dimensional flow simulation of an airfoil turbulent separa-
tion bubble at low subsonic Mach number by imposing a strongly adverse and
subsequent favorable pressure gradient. A combination of laser Doppler veloc-
imetry, hot-wire anemometry, pneumatic probing techniques, and flow visualiza-
tion were used as diagnostics.

The boundary layer separated and reattached over an axial distance of
approximately 55 cm. The maximum bubble thickness, measured to the height of
the mean dividing streamline, was 17 cm, which was twice the thickness of the
inlet boundary layer. A strong backflow region in which the flow moved
upstream 100 percent of the time was measured near the test surface over the
central 35 percent of the axial extent of the bubble, A laminar backflow
boundary layer having pseudo-turbulent characteristics including a log-linear
velocity profile was generated under the highly turbulent backflow. Velocity
profile shapes in the reversed flow region only matched Simpson's universal
backflow profile at the upstream edge of the separation region where the back-
flow was intermittent. A smoke flow visualization movie and hot-film measure-
ments revealed low frequency nonperiodic flapping at reattachment. However,
forward flow fraction data at reattachment and mean velocity profiles in the
redeveloping boundary layer downstream of reattachment correlated with
backward-facing step data when the axial dimension was scaled by the distance
from the maximum bubble thickness to reattachment,

Other principal observations concerning the separation bubble flowfield
were that an outer inviscid rotational flow can be defined which essentially
convects over the blockage associated with the inner, viscously dominated
bubble recirculation region. In the outer flow region, velocity profiles were
similar over the axial extent of the bubble while significant profile altera-
tion occurred within the inner flow region, including the development of the
reversed flow boundary layer at the base of the recirculation zone. The
identification of this three-tiered structure is believed to have important
implications relative to the numerical modeling of the flowfield.



CHAPTER 1

INTRODUCTION

Development of reliable numerical procedures for predicting compressor
and turbine airfoil boundary layer separation is important to the gas turbine
design process since the potential for occurrence of separation is high, when
it occurs its effects are usually large, and present empirically based predic-
tion methods have significant shortcomings.

The adverse pressure gradient responsible for boundary layer detachment
can arise from local surface curvature effects or be imposed on the boundary
layer by the outer flow (flow deceleration or incident shock waves). Depend-
ing on the strength of the adverse pressure gradient and the boundary layer
characteristics (whether laminar or turbulent and the boundary layer shape
factor) separation can occur on either the airfoil pressure or suction surface
and at various axial positions. The boundary layer may remain deattached or
reattach after a short or long distance (as a percent of chord) and it may
undergo transition to turbulence if initially laminar.

A schematic of a turbomachinery blade showing several of the possible
separations in terms of location, source and downstream development is given
in figure 1-1., A closed leading edge bubble (termed a transitional bubble) is
shown on the suction surface where typically deceleration of a laminar
boundary layer causes separation, and tramsition to turbulence in the bubble
shear layer fosters reattachment. Under a sufficiently adverse pressure gra-
dient imposed by the outer flow, reattachment may not occur and the
phenomenon of massive stall will result. A second form of suction surface
separation encountered in the outboard regions of supersonic fan blades is
shown further aft. This shock-induced phenomenon usually involves separation
of a turbulent boundary layer and arises from interaction of the boundary
layer with a bow shock from a neighboring blade. Depending primarily om shock
strength and the degree of downstream diffusion, reattachment may or may not
occur. Another region of surface separation is the airfoil trailing edge
where the thick, blunt geometries required for structural and durability
reasons invariably result in a surface curvature-induced separation. A fourth
separation phenomenon is shown on the pressure side where surface curvature
can induce a turbulent boundary layer ("cove') separation which subsequently
reattaches under the influence of a favorable pressure gradient. Complicating
these isolated phenomena is the possibility of interaction where, for example,
a boundary layer weakened by negotiating the pressure rise of a shock may
separate upstream of the trailing edge under the influence of diffusion and
hence alter the trailing edge separation.

PRECEDING PAGE BLANK NOT FILMED
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It is therefore clear that the potential for occurrence of separation is
high and that once separated, the subsequent downstream development can have a
significant impact on the aerodynamic performance (and for the turbine appli-
cation, also the surface heat transfer). While the prediction of the incep-
tion of separation is important, and in some cases reasonably well treated by
existing methods, the ability to predict the subsequent downstream flow devel-
opment is equally important. Existing airfoil design procedures typically
rely upon an inviscid transonic cascade calculation to predict the overall
flowfield and a coupled boundary layer calculation to account for near surface
viscous effects. 1In the absence of separation the procedures are generally
satisfactory for design purposes. When separation occurs, however, lack of a
reliable calculation method requires the use of approximate methods derived
from test data and past experience. This empirical approach, while successful
in many applications, not only limits the designer to interpolation within the
experience base but also presents problems in the application of the available
codes. For example, in treating either a closed leading edge or shock-induced
separation bubble, it may be possible to use correlations to define the
approximate extent of the separation region. Uncertainty exists, however, in
boundary layer characteristics aft of the bubble. Since these are required to
initiate an attached boundary layer calculation over the remainder of the
airfoil surface, the accuracy of the overall airfoil calculation procedure is
impacted,.

The focus of the present study was the pressure side "cove'" separation
depicted in figure 1-1. The approach was to conduct a large-scale, two-
dimensional flow, low Mach number simulation on a flat plate test surface.
The flat plate geometry was selected since it provided the simplest test case
for code assessment purposes. There have been no previous investigations of
this turbulent separation bubble geometry using non-intrusive laser
velocimetry although Simpson (refs. 1-4) has performed extensive research
relative to flat plate turbulent boundary layer separation without downstream
reattachment. Simpson's work has provided significant information regarding
both the mean and turbulent velocity fields within the separated flow region
and some of his results apply directly to the leading edge region of the
bubble investigated in this study. Although a number of other investigators
have conducted closed separation bubble studies which have indirect relevance
to the problem considered here, test geometries invariably involved rapid
surface curvature and salient edges which produced fixed separation points and
also affected the development of the reversed flow region within the bubble.
Only Perry and Fairlie (ref. 5) and Cutler and Johnston (ref. 6) have reported
investigations of flowfields comparable to the current study. Their studies,
described in Chapter 2, used pitot and hot-wire traverses to obtain data
within the separation bubble and, in addition, Cutler and Johnston used
thermal tufts at the wall,




For the near future, computer codes providing numerical solutions of the
Reynolds-averaged equations will continue to be the most useful engineering
approach for the solution of flowfields having turbulent separation bubbles
(ref. 7). Such codes use numerical correlations and zonal modeling to divide
the flowfield into several regions, each dominated by a particular type of
flow, and to analyze each region by the computationally optimum numerical
technique for that region (ref. 8). Current codes use flow models which have
been derived from open separation bubble data for the separation region and,
primarily, from backward-facing step data for the flow at and downstream from
reattachment. Within the separation bubble Gosman (ref. 9) noted that insuf-
ficient reliable data exists to define the structure of the backflow region.
He suggested that future experiments should be on large-scale models using
laser anemometry or other quantitative directionally sensitive techniques.
The present study was undertaken to provide such detailed data for the entire
flowfield of a separated flow configuration relevant to gas turbine airfoil
design. The overall objective was to provide a comprehensive data base from
which the accuracy of existing models could be assessed and improved models
could be developed.

The author wishes to acknowledge helpful suggestions and comments from
M. J. Werle (UTRC), R. W. Paterson (UTRC), A. J. Strazisar (NASA), J. E.
Carter (UTRC), M. F. Blair (UTRC), D. E. Edwards (UTRC), E. M. Greitzer (MIT)
and the late W. D. NcNally (NASA). In addition, the author notes that the
laser velocimeter error analysis in Appendix C was derived from a comprehen-
sive study of LV system errors conducted as part of UTRC's independent
research activities in gas dynamics.
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CHAPTER 2

REVIEW OF PREVIOUS INVESTIGATIONS

Detailed measurements of turbulent boundary layer separation and
reattachment on a rotating compressor or turbine blade are unavailable because
of the obvious difficulties of obtaining high resolution measurements in an
operating engine environment. As noted in the previous chapter, only two
experimental studies of the more tractible problem of turbulent boundary layer
separation and reattachment on a stationary flat plate at low subsonic speed
have been reported in the literature (refs. 5 and 6). Each of these studies,
which yielded partial data bases, will be described below. To date, flow
modelers have had to rely on the extensive body of literature which exists for
both reattaching and separating turbulent flows.

Subsonic turbulent flow reattachment has been reviewed by Mueller (ref.
10) , Bradshaw and Wong (ref. 11), and more recently by Eaton and Johnston
(ref. 12). Eaton and Johnston noted that at the time of Bradshaw and Wong's
review in 1972 very few reliable data for reattaching flows were available.
Al though details of reattachment length and mean flow profile development
downstream of reattachment were known with good accuracy, turbulent stress
data required to develop turbulence models were sparse. Since that time the
development of laser velocimetry and pulsed-wire anemometry has enabled
several investigators (refs. 13-17) to obtain reliable, quantitative
reattachment data. Details of these investigations will not be reviewed in
this section although pertinent studies such as those by Chandrsuda and
Bradshaw (ref. 18), Driver and Seegmiller (ref. 14), and Westphal, et al.
(ref. 17) will be discussed in Chapter 5, "Analysis and Discussion".

Ota and his colleagues (refs. 19-21) have studied separation bubbles
having turbulent reattachment which form at the leading edge of blunt flat
plates and circular cylinders aligned with the flow. These flows have a
negligible boundary layer thickness at separation and therefore are unaffected
by upstream boundary layer history as can be the case for backward-facing step
flows. Ota, et al. studied the redeveloping boundary layer downstream of
reattachment and found strong similarities between their data and the .backward
facing step data of Bradshaw and Wong (ref. 11), Mueller, et al. (ref. 22),
and others.

Between the pioneering efforts of Sandborn and Kline (ref. 23) in defin-
ing turbulent separation criteria and the recent definitive experimental
studies of Simpson and his colleagues (refs. 2-4), numerous studies of turbu-
lent boundary layer separation have been reported in the literature. These
studies have been reviewed by Simpson (refs. 8 and 24) and except for the



studies of Simpson and his colleagues (refs. 1-4) and a later study by Smith,
et al. (ref. 25) will not be discussed in this section. However, as noted
above for the turbulent reattachment data, pertinent studies will be included
in the data comparisons presented in Chapter 5, "Analysis and Discussion".

Little reliable quantitative data was obtained within turbulent separated
boundary layers prior to 1974 due to a lack of proper instrumentation.
Simpson, et als. (ref. 1) pioneering effort in applying a one-component
directionally sensitive laser velocimeter to the study of separating turbulent
airfoil-type boundary layers revealed several new features of these flows
including the following:

(1) Law-of-the~wall velocity profile scaling is valid up to intermittent
separation.

(2) 1Intermittent separation occurs when the wall static pressure grad-
ient begins to diminish.

(3) Normal stress terms in the momentum and the kinetic energy equatioms
are important near separation.

(4) The separated flowfield shows some similarity of the streamwise mean
velocity, the streamwise turbulence component, and the forward flow
fraction.

Later studies by Simpson and his colleagues using a two—component LV
system culminated in a series of three papers (refs. 2-4) which presented
fundamental mean flow and turbulence structure data from which improved models
of the backflow region could be developed. Several significant conclusions
resulted from these studies including the following.

(1) The backflow velocity profiles are not consistent with law-of-the-
wall type scaling. Simpson (ref. 26) postulated a universal mean
backflow velocity profile scaled on the maximum negative mean veloc-
ity Uy and the distance, N, of the maximum negative mean velocity
from the wall.

(2) Within the backflow the turbulent velocities are comparable to the
mean flow velocities although the turbulent shearing stresses are
low.

(3) Mixing length and eddy viscosity models are physically meaningless
in the backflow and have reduced v-tues in the outer region of the
separated flow. Reynolds shearing stress must be modeled by
relating it to the turbulence structure and not the mean flow




gradients because the mean backfow velocities are obtained by time-
averaging large turbulent fluctuations and are not related to the
source of the turbulence.

(4) A three-tiered structure was apparent in the backflow. It consisted
of a viscous layer closest to the wall, a wider flat intermediate
layer, and an outer backflow region which was part of the large-
scaled outer region flow.

Later work by Simpson has been directed toward obtaining an understanding of
unsteady separating turbulent boundary layers (ref. 27).

Smith, Hastings, and Williams (ref. 25) studied the structure of an
equilibrium separated boundary layer on a flat plate with a single component
LV system. The boundary layer was first accelerated and then decelerated such
that the boundary layer edge velocity varied with distance according to a
negative power law (i.e., U = Cx ™). Mean axial velocity and turbulence
intensity profiles were measured at several axial stations and one pair of
profiles of the mean transverse velocity and turbulence intensity were
weasured in the separated region. Static pressures were measured on the test
surface centerline. Forward flow fraction and shear stress profiles were not
measured.

Equilibrium separated flow was maintained for 1.1 m before the boundary
layer on the test surface and tunnel ceiling merged. Some flow asymmetry was
noted and measurements indicated that the flow was not in strict two-
dimensional equilibrium. However, boundary layer displacement and momentum
thickness grew linearly as expected for equilibrium flow.

Limited measurements of backflow velocity profiles were presented. Data
scatter appeared to be considerable near the test surface although no estimate
of measurement error was presented. Smith, et al. corroborated Simpson's
finding that the backflow velocity profile could not be modeled using the
universal law-of-the-wall. They also concluded that normal Reynolds stresses
were considerably more important in the momentum integral equation than would
be expected on the basis of equilibrium attached flow.

In addition to the separated turbulent boundary layer studies of Simpson
and his colleagues and Smith, et al., only two experimental studies of turbu-
lent boundary layer separation with reattachment on a flat plate have been
reported in the open literature. These studies were conducted as Ph.D.
dissertations by B. D. Fairlie under A. E. Perry at the University of
Melbourne in 1973 (ref. 5) and by A. D. Cutler under J. P. Johnston at
Stanford University in 1984 (ref. 6).



Perry and Fairlie (ref. 5) separated an equilibrium turbulent boundary
layer to generate a large separation bubble (41 cm long x 8 cm thick at the
maximum height of the dividing streamline) on the floor of a low speed open-
return wind tunnel. The test section had a rectangular cross section measur-
ing 61 cm long x 11 cm high at the inlet. It was 2.5 m long with a specially
constructed flexible roof, allowing any desired streamwise pressure gradient
to be obtained. The variable tunnel outlet height was set at approximately 60
cm for the two test cases reported in ref. (5). A false roof mounted below
the flexible roof was used to provide a starting point for a new roof boundary
layer thereby inducing the flow to preferentially separate from the flat test
surface. Smoke, tufts and surface flow visualization indicated moderate
three-dimensionality in the flowfield.

Mean velocity, flow angle, and surface static pressures were measured
throughout the flowfield. Neither forward flow fraction, turbulence, nor
shear stress data were reported. The surface static pressures obtained on
the floor centerline showed a pressure plateau over a 37 c¢cm long region under
the bubble with pressure maxima at the separation and reattachment points.
Velocity traverses were made normal to the plate on the duct centerline
throughout the flowfield. Data was obtained with flattened pitot probes
upstream of separation. Near separation and within the separation bubble a
twin hot-wire probe was used to obtain mean-velocity and flow angle measure-
ments. Flow angles were obtained by traversing a temperature sensitive wire
through the wake of the velocity sensitive wire. As reported by Perry and
Fairlie, this intrusive hot-wire probing technique is inaccurate in highly
unsteady flows or regions having intermittent flow reversals due to signal
rectification by the velocity sensitive wire. Reported velocity profiles
showed discontinuities at the edge of the backflow region. The velocity
profiles indicated strong backflow within the separation bubble. However, the
strength of the backflow could not be quantified without forward flow fraction
data.

Cutler and Johnston (ref. 6) studied the effect of the state of equi-
librium or disequilibrium of the inlet turbulent boundary layer on separation
and reattachment on a flat plate. Tests were conducted in a low speed closed-
return wind tunnel having a 30.48 cm wide rectangular tests section which
diverged over a 1 m length from an inlet height of 10.16 cm to an outlet
height of approximately 40 cm. Boundary layer bleed slots on the upper
diverging wall caused the flow to preferentially separate from the lower wall
flat plate test surface. Measurements were made of wall static pressure
distributions, forward flow fraction at the wall using a thermal tuft, total
pressure profiles with pitot probes, and mean velocity and turbulence param-
eters using normal and crossed hot-wire probes.

10




Complete detachment of the boundary layer was not achieved in the Cutler
and Johnston test cases. The test surface boundary layer passed through
incipient detachment, closely approached detachment, and then fully
reattached. The minimum value of the forward flow fraction measured at the
wall was 0.59. Careful conditioning of the flow ensured excellent flow two-
dimensionality in the inlet flow., Nevertheless nonnegligible three-
dimensional effects were evident near detachment and reattachment when the
terms in the two-dimensional momentum integral equation were evaluated using
exerimental data.

Cutler and Johnston drew several significant conclusions from their study
including the following:

(1) A tripped boundary layer which had not recovered to an equilibrium
profile separated further downstream than a boundary layer having an
equilibrium profile at the same operating conditions.

(2) Since mean streamline angles to the wall are not small near the
separation region even though the wall is flat it becomes important
to model flow quantities, particularly turbulent shear stress, in
coordinates locally orthogonal to the streamline,

(3) Mean streamline convex curvature becomes significant between the
detachment and reattachment locations, even though the wall is flat.
The effect of the streamline curvature is to reduce the shear stress
and the entrainment of the freestream fluid into the boundary layer
and to induce nonnegligible static pressure gradients normal to the
flat wall.

(4) To calculate flows downstream of a reattachment, the development of
mean-velocity-profile quantities and of turbulence quantities must
be modeled separately because there is no unique relationship
between these quantities.

11



CHAPTER 3

DESCRIPTION OF THE EXPERIMENT

3.1 Experimental Arrangement

3.1.1 Wind Tunnel Arrangement

The experiment was conducted in the UTRC Boundary Layer Wind Tunnel which
is shown schematically in figure 3-1. It is a low speed wind tunnel of recir-
culating design and consists of a blower, settling chamber/plenum, contraction
nozzle, boundary layer bleed scoop, boundary layer test surface, downstream
diffuser, coarse air filter, temperature control heat exchanger, and return
duct. This tunnel has been designed to produce large scale two-dimensional
boundary layers with Reynolds numbers, freestream turbulence levels and pres-
sure coefficient distributions typical of turbomachinery blades. A thorough
calibration of the flow characteristics of the tunnel (ref. 28) has shown the
flow to be highly two—dimensional and steady. The freestream turbulence level
can be varied between 0.25 percent and 10 percent with the addition of turbu-
lence generating grids.

For this test program several modifications were made to the tunnel as
shown in figure 3-2. The major modification was the installation of a new
test section, described below, which was designed to produce a large two-
dimensional turbulent separation bubble. Another major modification was the
addition of a submicron filtration system downstream of the diffuser section
to permit LV seeding in the test section without contamination of the fine
mesh screening in the settling chamber.

The 1.83 m x 1.83 m cross-section submicron filtration system consisted
of nine filtration modules arranged in parallel in a 3 x 3 matrix. Each
0.61 m x 0.61 m cross-section filtration module consisted of a prefilter, a
bag filter, and an absolute HEPA filter. Tests of a single filter module
indicated that the filtration system was extremely efficient. Under condi-
tions of heavy LV seeding the air in the return duct was found to be two
orders of magnitude cleaner than the ambient unseeded air circulating in the
unmodified tunnel. The filtration system had a nominal 3 cm H,0 pressure drop
at the 283 SCMM (10,000 SCFM) tunnel operating condition used in the test
program.

Several other modifications were made downstream of the contraction noz-
zle. The leading edge bleed scoop was covered by a contoured wall section
(see inset in fig. 3-2) and the original boundary layer test surface was used
as a boundary layer development section. The downstream horizontal variable
angle diffuser was then replaced by the new diffusing test section. An
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0.64 cm square bar was installed downstream of the contraction nozzle to pro-
vide a two—dimensional boundary layer transition process. The axial location
of the trip was 245 cm upstream of the test section inlet (i.e., x = 0).

3.1.2 Test Section Arrangement

The test section consisted of a constant area approach section which
functioned as a continuation of the boundary layer development section, a
diverging section to produce the large adverse pressure gradient required
to separate the turbulent boundary layer from the test plate, a converging
section to force its reattachment and a constant area exit duct. The fixed
dimensions of the test section were: length, 152 cm (60 in.); width, 86.4 cm
(34 in.); inlet height, 21.3 cm (8.38 in.); exit height, 15.2 cm (6 in).

The upper wall test surface was fabricated from 1.27 cm thick aluminum
tooling stock. The plate was machine ground and hand buffed with steel wool
to ensure surface smoothness. The lower wall was fabricated from 1.27 cm
thick aluminum plates joined by flexures. The joints between the flexures and
the aluminum plates were fabricated to eliminate steps in the surface contour.
The lower wall was moveable by means of jack screws. During shakedown testing
the lower wall geometry was adjusted over a wide range until a large separa-
tion bubble having a minimum amount of three-dimensionality and unsteadiness
was achieved on the test surface. Photographs of the final test section con-
figuration selected for the experiment are shown in figures 3-3 and 3-4.

Boundary layer bleed on the test section diverging wall was used to pre-
vent the preferential separation of the turbulent boundary on this surface.
Test surface corner bleed was also used to improve two-dimensionality of the
test section flowfield. The bleed system was driven by natural suction caused
by a static pressure differential between the test section and the inlet to
the submicron filtration system. A 22.9 cm H,0 pressure differential was
created by installing two 40 percent open perforated plates in series just
upstream of the turning vanes ahead of the vertical diffuser section to raise
the static pressure in the test section.

The diverging lower wall was equipped with two bleed scoops which spanned
the width of the test section as shown in the photograph in figure 3-3. The
scoops were designed to force the lower wall boundary layer to remain attached
throughout the strong adverse pressure gradient field required to produce
two-dimensional separation on the test surface. The first scoop, which had a
fixed height of 2.87 cm, could be moved axially, parallel to the lower wall,
over a 22.9 cm. range. The second scoop which could be moved axially and
vertically as well as rotated was found to be unnecessary and remained closed
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during the experimental program. Approximately 30 percent of the flow
entering the test section was removed by the operational lower wall bleed
scoop.

The upper wall bleed system consisted of two .32 cm wide, 152 cm long,
suction slots on either side of the test surface at the corner between the
test plate and side wall. The purpose of these bleed slots was to improve the
two-dimensionality of the flow near the test surface by removing low momentum
fluid caused by the sidewall boundary layers. Each bleed slot was connected
to a plenum located above the test section (fig. 3-5) by fifteen 2.54 cm dia.
holes drilled through the test plate support structure. Partitions in the
bleed slots and the plenums divided each suction slot into three axial seg-
ments each having independent control of suction strength by means of valving.
Bleed flow was ducted from the plenums to the filter inlet by a 10 cm dia PVC
pipe. Less than one percent of the flow entering the test section was removed
by the upper wall bleed system. Prior to installing the corner bleed slots,
sidewall fences were used in an attempt to improve flow two-dimensionality in
the test section. The fences, made of 20 cm x 70 cm float glass, were mounted
approximately 3 cm from the sidewalls on standoffs which permitted adjustment
during rig operation. The fences were found to be only moderately successful
in reducing flow three-dimensionality.

3.1.2.2 Test Section Instrumentation

The test section instrumentation consisted of 140 wall static pressure
taps and 75 0.63 cm dia. probing ports. Of these 120 of the wall static taps
and 55 of the probing ports were located on the test surface. As shown in
figure 3-5, the static taps were arranged in three rows of forty located on
the test section centerline and 15.2 cm to either side of the centerline. 1In
addition 35 of the probing ports were located on the centerline and 10 on
either side of the centerline (figs. 3-6 and 3-7). The remaining 20 wall
static taps and 20 probing ports were located along the centerline on the
lower wall of the test section. The probing ports on the test surface were
used for traversing total pressure probes and hot-film probes normal to the
test surface to obtain flowfield data. Specific locations of the ports, which
were machined into the test surface after the position of the separation
bubble was established during shakedown testing, are described in detail
below. Probing ports on the lower wall were used for traversing total
pressure probes normal to the surface. These data permit calculation of the
displacement thickness development and hence define the lower bounding stream-
line for CFD codes. Additionally, one sidewall of the test section was fabri-
cated from float glass to facilitate LV measurements.
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3.2 Test Program Definition

3.2.1 Selection of Measured Variables

Directly measured and derived variables were selected based upon code
assessment requirements. A viscous—inviscid calculational procedure for pre-
dicting two—-dimensional boundary layer separation and reattachment on a flat
plate requires input data to permit calculation of both the potential flow-
field within the test section and the viscous flow along the test plate. The
freestream velocity at the test section inlet and the location of the bounding
streamline along the lower wall opposite the test surface were required as
boundary conditions for use in the potential flow solution. The integral
boundary layer parameters (displacement thickness and momentum thickness) and
the Reynolds number based on momentum thickness at the test section inlet were
required to define the initial station for the viscous calculation. Depending
on the complexity of the turbulence model used, the Reynolds stress distribu-
tion at the test section inlet may also be needed to initialize the model,

The desired output of the calculational procedure is a complete specification
of the mean velocity field and static pressure distribution throughout the
test section, and depending on the turbulence model used, some turbulence
field properties.

Based on these and experimental considerations, axial and vertical mean
velocity components, total pressure, wall static pressures, and inlet total
temperature were selected as the mean variables to be measured directly.
Turbulence quantities measured directly were: the axial component of turbu-

lence intensity,\Ju?; the vertical component of turbulence intensityﬁJa;; and
the Reynolds stress, uwv. Turbulence spectra were taken to document the
unsteady nature of the separation bubble. 1In addition, the forward flow frac-
tion, Yp.» the fraction of the time the flow moves downstream, and the trans-

verse flow fraction, Yp.» the fraction of the time the flow moves away from
v

the test surface, were selected for measurement to define the zones of separa-
tion and reattachment and to delineate the regions where hot-film and total
pressure measurements would be reliable.

3.2.2 Tunnel Operating Conditions

The test conditions for the experiment were selected based upon two cri-
teria: the turbulent separation bubble should be large enough to provide high
resolution of bubble details and the Reynolds number of the turbulent boundary
layer on the test surface at the test section inlet should be in the range
applicable to gas turbine airfoils. Establishment of a large separation
bubble was achieved by providing a diverging-converging test section of 150 cm
axial extent and a suitably scaled test section height. Reynolds number
simulation was established by producing a turbulent boundary layer having a
Re ynolds number based on momentum thickness of 15,000 at the test section
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inlet at the inlet velocity of 27 m/sec. This value is typical for aircraft
turbine blades at the onset of cove separation.

Separation bubble reproducibility (stationarity) throughout the duration
of the test program was ensured by adjusting the operating conditions to
achieve the same Reynolds number for each test run. This was achieved by
adjusting the tunnel dynamic head, Q, to compensate for changes in barometric
pressure and tunnel temperature. The dynamic head was determined from the
difference between the total pressure measured with a kielhead probe located
in the core flow of the boundary layer development section and a wall static
pressure measured at the same axial location. Tunnel air temperature was
measured with a Cr-Al sheathed thermocouple inserted through an insulated plug
in the tunnel sidewall. The tunnel dynamic head was adjusted mainly for
changes in barometric pressure and to a lesser extent for tunnel temperatures.
The tunnel temperature varied from 22 to 27 deg C between winter and summer
testing but on any given day the tunnel temperature could be maintained con—
stant to within * 0.5 deg C.

3.2.3 Selection of Measurement Locations

To meet the code assessment objectives, a "benchmark" study of two-—
dimensional turbulent boundary layer separation and reattachment on a flat
plate must, as a minimum, provide the input data required to perform the
computation and sufficient flowfield data at relevant locations to determine
prediction accuracy. Supplementary data should also be obtained to assess
experimental accuracy and to document flow two-dimensionality.

To perform the calculation, data must be obtained at an initial measure-
ment plane to start the computation and at a sufficient number of stations to
define a bounding streamline. A plane normal to the upper wall, located in
the boundary layer development section 24 cm upstream of the test section
inlet, was selected as the initial measurement plane. The wall static pres-
sure on the test surface and a 70-point total pressure traverse normal to the
test surface were used to define the one-dimensional mean velocity profile at
this location. A 34~-point hot—film traverse was also used to determine the
axial turbulence intensity profile. To determine the coordinates of a bound-
ing streamline, wall static pressures and total pressure profiles normal to
the wall were measured at 20 stations along the lower wall on the tunnel cen-
terline (fig. 3-6). The measurement increment normal to the wall was chosen
to yield a minimum of 20 points in each total pressure traverse.

To assess the accuracy of the code predictions and to acquire a detailed
understanding of the flowfield upstream, within, and downstream of the separa-
tion bubble, a dense array of static pressure taps and traverse locations was
provided on the test plate as shown in figure 3-7. Wall static pressure taps
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extended the length of the test plate from the upstream zero-pressure gradient
region to the corresponding region downstream of separation. Thirty-six
traverse stations were located on the tunnel centerline (Table 1), Twelve
stations were located upstream of separation, five within the intermittent
separation zone, eight within the reversed flow region, five within the
intermittent reattachment zone, and six downstream of separation. Ten
additional traverse stations were located on a line 15.2 cm to either side of
the tunnel centerline to document flowfield two—dimensionality. Two of the
off-centerline traverse stations were located in each of the five distinct
flow regions on the test plate.

On the tunnel centerline, total pressure traverses were made at each
of the 36 measurement stations, single-element hot-film probe traverses were
made at 30 stations, and LV traverses to measure axial and vertical velocity
components were made at 16 stations, as shown in figure 3-7. Along the line
located 15.2 ¢m to either side of the tunnel centerline, total pressure
traverses were made at each of the 10 measurement stations, single-element
hot-film probe traverses were made at 8 stations, and LV traverses were made
at four stations. Except for off-centerline LV data taken at the x = 26.7 cm
(x = 10.5 in) station, each LV traverse station coincided with a hot-film
traverse station, and each hot-film traverse station coincided with a total
pressure traverse station. An additional 20 LV traverses were made at 14
centerline stations and six off-centerline stations, as shown in figure 3-7,
to measure Reynolds stress.

The measurement increment normal to the test surface was varied based on
resolution requirements. Fine resolution was necessary for defining the
velocity field in the near-wall region since this is critical for code assess~
ment. Additional detail was considered desirable to demarcate the edge of the
reversed flow region. Since more than 300 traverses were planned in this
experiment, regular, fine, and extra fine increment schedules were defined to
limit the number of data points required to produce the desired resolution,
The regular increment schedule was sufficiently dense to provide a minimum of
10 LV and 20 hot-film or pitot measurements per traverse. It was used for all
hot-film measurements and LV Reynolds stress measurements and for pitot and LV
velocity measurements at off-centerline locations to document flow two-—
dimensionality. The fine increment schedule, which provided sufficient detail
in the near-wall region to produce a 30- to 40-point traverse, was used for
all LDV velocity measurements on the tunnel centerline and most off-centerline
pitot measurements. The finest increment schedule, which produced a 50- to
80-point traverse, was used for pitot traverses to define the boundary layer
throughout the test section along the test plate centerline and at off-
centerline locations near the test section inlet.
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In selecting the measurement matrix described above, it was recognized
that pitot and hot-film measurements could be inaccurate in regions of high
turbulence intensity and would not be meaningful in regions having intermit-
tent flow reversal more than a few percent of the time. The LV measurement
locations were selected to define such regions and therefore permit the pitot
and hot-film measurements to be interpreted correctly. 1In regions where the
pitot measurements were valid, finer resolution of the near-wall velocity
field was obtained. In conjunction with the LV mean velocity measurements,
pitot data provided a means to estimate the static pressure field within the
flow. In regions where the hot-film measurements were valid, turbulence
spectra were acquired to contribute to an understanding of the unsteady nature
of the turbulent separation bubble. In addition, the measured components of
mean velocity and rms turbulence intensity provided a redundant set of data to
check the LV measurements,

3.2.4 Flow Two-Dimensionality and Steadiness Criteria

Objectives were identified at the outset of the experiment regarding
spanwise uniformity of the flow at the initial measurement plane and at three
measurement planes in the test section: at the test section inlet, just
upstream of separation, and within the reversed flow region. The spanwise
uniformity criterion at the initial measurement plane was defined as deviation
of less than one percent in the measured pitot pressure at tunnel midheight
during a traverse across the tunnel (excluding a 7.6 cm region at each side-
wall). Within the test section the criterion for spanwise uniformity of the
flow at each measurement plane was agreement to within five percent of the
boundary layer integral properties measured on the test plate centerline and
at stations 15.2 cm to either side of the centerline.

Criteria were also defined relative to the two-dimensionality of the
separation line and for steadiness of the flow in the test section. A satis-
factory two-dimensional separation was defined as a separation line deviating
from a straight line by less than 5 percent of the test section span excluding
a 7.6 cm region at each sidewall. The criterion for flow steadiness in the
test section was defined as the absence of intermittent flow reversal on the
contoured wall opposite the test plate and on the test plate outside the
separated flow region as indicated by surface mounted tufts.

3.3 Instrumentation

3.3.1 Laser Velocimeter System

The LV system (fig. 3-8) is described in detail in Appendix A. The sys-
tem consisted of a 2W argon—ion laser, backscatter optical system, counter-—

19



type signal processor, computer for on-line data reduction, and a hard disk
storage device for subsequent off-line data reduction. All system components
are commercially available.

The LDV was operated in a dual beam or "fringe" mode in which light from
the intersection of two incident beams having a wavelength of 0.5145 um is
heterodyned to detect the Doppler shift from an injected seed particle, at the
local, instantaneous fluid velocity. In this mode, the LV measures the velo-
city component in the plane of the incident beams that is perpendicular to the
bisector of the beams. The effective shape of the resultant measurement
volume is an ellipsoid with major axis—in the direction of the bisector of the
beams. Sketch A below shows these features and the theoretical measurement
volume dimensions assuming that the ellipsoidal surface is defined by the
locus of points where Doppler signal amplitude is 1/e2 of its centerline
value. No direct measurements of the effective measurement volume dimensions
were made; they can be affected by signal amplitude and the signal processor
threshold level setting. To obtain maximum resolution, the major axis was
aligned in the spanwise direction. Resolution of the LV system was high when
compared to the relevant dimensions of the experiment. The minor axis of the
measuring ellipsoid, d, was 1/850 of the inlet boundary layer thickness and
the major axis, 1y, was 1/560 of the test section width.

The optical system used a 3.75X beam expander, a relatively wide angle
lens (k = 4.9 deg), and 152 mm dia. optics to produce a sufficiently high sig-
nal/noise ratio (SNR) to permit measurements to be made in the backscatter
mode. A Bragg cell was used to eliminate directional ambiguity and to provide
a 360 deg acceptance angle.

The counter-type signal processor featured user selectable measurement
mode, fringe count, validation accuracy, input gain, threshold level setting,
and large amplitude signal rejection level. The processor was operated in the
continuous (CONT) mode in which a measurement is made each time the minimum
number of fringes is counted. The CONT mode was chosen to counter the effects
of individual realization biasing (see discussion in Appendix C). Optimal
histograms and fast data rates were achieved with the fringe count selector
set at 32 and the accuracy limit for data validation set a 2%. The signal
gain and large amplitude signal rejection level were adjusted to reject 10 to
25% of the Doppler bursts to ensure that particle lag biasing (which could be
caused by large seed particles in the tail of the seed particle size distribu-
tion) was eliminated. Data rates of validated signals ranged from 20/sec to
more than 2000/sec depending on the region of the flow being measured. Based
upon the uncertainty analysis in Appendix C and the large turbulence levels
generated by the separation bubble, 2000 samples were acquired per data point
to generate velocity histograms for mean velocity and turbulence intensity
measurements. For Reynolds stress measurements the previously measured local
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turbulence intensity was used to determine whether 2000, 4000, or 8000 samples
per data point were required to obtain the desired accuracy. Additional
details concerning LV data processing are given in Appendix A.

Titanium dioxide powder having a nominal particle size of 1.0 ym dia was
dispersed into the tunnel airstream to provide highly reflective light scat-
tering centers for LV measurements using the seeding system described in
Appendix A. A mixture of titanium dioxide powder and Cab-0-Sil, a silica
deaglomerating agent was fluidized in a low pressure seeder and injected into
the tunnel just downstream of the aftermost turbulence suppression screen
using a seeder probe designed to minimize the disturbance to the tunnel
airstream. Particle lag calculations and LV velocity measurements across a
normal shock using similar seeding material (see Appendix C) indicated the 1.0
pm dia titanium seed particles would follow the mean flowfield variations with
a lag of less than 0.3 percent throughout the test section. Less than 1
percent error in turbulence intensity was anticipated for turbulence
fluctuations below 2.9 KHz.

3.3.2 Total Pressure Instrumentation

The total pressure measurement system, shown in figure 3-9, consisted of
total pressure probes described below, a probe traverse system, pressure
transducers, signal conditioners and amplifiers, averaging voltmeters, a data
logger, an on-line computer, and a micromanometer. The probe traverse system,
described in reference 28, consisted of an ball/screw traverse drive suspended
on a linear ball bearing track above the test section. Three 0-0.5 psid pres-
sure transducers were used to measure total pressure, test section wall static
pressure, and the tunnel dynamic pressure. Transducers were calibrated each
day with the micromanometer. The measured pressures were averaged for 100 sec
using averaging voltmeters and were recorded together with the tunnel tempera-
ture on a data logger.

Two sets of specially designed pitot probes, shown in figure 3-10, were
used for total pressure traverses. The two sets, which differed only in the
offset distance (1.27 cm or 1.91 cm) from the sensing face to the probe shaft
centerline, each consisted of a boundary layer probe for near wall measurement
and a kielhead probe for midstream measurements. The boundary layer probe was
constructed from .081 cm dia stainless steel tubing flattened to an oval
cross—section at the probe face having major and minor axes of 0.122 cm and
0.043 cm respectively. A 0.64 cm dia. brass sleeve plugged the probing port
during near wall traversing and was pushed out by and locked into the probe
shaft for the remainder of the traverse. The kielhead probe was fabricated
from a 0.159 cm dia. aspirated kielhead tube soldered into a 0.064 cm dia.
probe shaft. The aspirated kielhead tube contained four 0.038 cm dia. holes
equally spaced around its periphery at a distance of 0.191 cm downstream from
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the probe face and a concentric inner sensing tube (0.038 cm ID). The four
aspiration holes functioned in the same manner as the open back end of a
conventional kielhead probe by permitting a through flow of air past the
sensing tube. The kielhead tube was bent into alignment with the midrange of
the mean flow directions anticipated during a traverse to ensure that the flow
direction relative to the probe face was within the * 30 deg acceptance angle
determined during probe calibration.

3.3.3 Hot-Film Instrumentation

The hot-film measurement system consisted of a single element hot-film
probe, a commercially available constant temperature anemometer system
(including a fourth-order polynomial linearizer and a signal conditiomer con-
taining high- and low-pass filters), two rms voltmeters to time average the
mean and fluctuating output signals, and a spectrum analyzer. The single-
element hot-film probes (fig. 3-11) each used an 0.051 cm dia. cylindrical
sensor to measure the streamwise mean velocity and turbulence components.
Frequency response of the anemometer system was measured to be 65 KHz in a
27.5 m/sec airstream at the 1.5 overheat ratio used in the test program. The
unique design of the probe was necessitated by the desire to insert the probe
through the same wall on which boundary layer velocity profiles were to be
measured. A pin through the probe stem set the minimum stand-off distance at
0.127 cm In the unbraced configuration supplied by the vendor severe
"ringing" caused by vibration of support needles was noted during probe
calibration. Nonmetallic braces were used to stiffen the support to eliminate
ringing.

3.3.4 Flow Visualization

Flow visualization was accomplished during shakedown testing with sur-
face-mounted tufts, "tuft trees", surface flow visualization, and smoke.
Tufts were mounted on the test surface in a dense 10 x 14 array to monitor the
size and two-dimensionality of the separation bubble, on the diverging wall
opposite the test plate to check that the flow remained attached, and on the
tunnel sidewalls. A 3 x 3 array of "tuft trees" was mounted vertically
between the lower tunnel wall and static pressure taps in the test plate. The
"tuft trees" were constructed from stiff 0.089 cm OD stainless steel tubing
over which swivel-mounted tufts were slipped and secured in place by short
lengths of shrink-fit tubing. Approximately 10 tufts were positioned on each
"tree" to visualize the flow in the vicinity of the separation bubble and to
estimate the bubble thickness. Surface flow visualization was achieved by
injecting red low-viscosity fluid through static pressure taps in the test
plate. The smoke flow visualization system, described in reference 29, used a
traversible probe upstream of the test section inlet to produce ammonium
sulfite smoke by impinging gaseous jets of anhydrous ammonia and sulfur
dioxide within the tunnel airstream.
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3.4 Measurement Approach

3.4.1 Total Pressure and Hot-Film

Total pressure and hot-film traverses were aligned normal to the test
plate. The total pressure traverses were conducted using boundary layer
probes over the range 0.025 cm to 5.08 cm from the test plate and kielhead
probes were used from 2.54 cm from the plate to the vicinity of the opposite
wall. During the total pressure traversing phase, which was conducted before
the flowfield had been defined by LV measurements, the flow direction near the
reversed flow region was not known a priori at each point in space. There-
fore, two sets of traverses were conducted to obtain a complete set of data at
each measurement plane. One set of traverses was made with probes facing
upstream and the second set made from the adjacent upstream traversing port
with the probes facing downstream. Using probes with either 1.27 cm or 1.91
cm offsets to match the 2.54 cm or 3.8l cm probe port separation distance
ensured probe face coincidence in the measurement plane. Hot-film traversing
was conducted in a similar manner in the vicinity of the separation bubble.

After the hot-film anemometers were checked at the start of each day an
additional linearizer adjustment was made to offset the effects of hot-film
aging. The hot-film sensor was positioned at the x = 7.6 cm, y = 10.2 cm
location in the tunnel where the streamwise velocity was known to equal 0.9925
of the freestream velocity calculated from rig operating conditions., After
the linearizer output gain was adjusted to yield the desired velocity, the
probe was moved to the next scheduled traverse location.

3.4.2 Laser Velocimeter

The four LV beam orientations, designated 0, 90, and *+ 45 deg, used to

measure U, V,‘dﬁii \ﬁi; and uv are shown in figure 3-12. The direction of
motion of the Bragg-shifted fringes is also indicated in the figure. In the O
deg orientation the vertical fringes measure only the horizontal, U, velocity
component. In the 90 deg orientation the horizontal fringes measure only the
vertical, V, component. In the * 45 deg orientationms, Y2 (U ¢+ V), is measured
from which uv can be obtained using the equations derived in Appendix B,

Because of the 9.8 deg included angle between the laser beams, the
optical axis was inclined 5 deg relative to the horizontal test plate surface

for measurements of V,4/vZ and uv near the test surface (y < 2.54 cm). The
inclination of the fringes relative to horizontal introduced a negligibly
small uncertainty in the acquired velocity measurement due to the component of
the transverse velocity. The 90 deg orientation measured V cos 5° + W sin 5°.
The * 45 deg orientations measured v2 (U + V cos 5° £ W sin 5°). The data

reduction equations required to extract V, Vv5 and uv from these measured
quantities are derived in Appendix B.
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CHAPTER &4

RESULTS

4.1 Data Presentation

Velocity and pressure data obtained in this study are presented in both
tabular and graphical format. Velocity data have been normalized by the free-
stream velocity, U . ¢, at the tunnel reference location (x = -156 cm) in the
constant velocity approach section upstream of the test section. U.o.¢ equaled
27.05 m/sec (88.75 ft/sec) at nominal tunnel operating conditions (Tref =
22.2°C, 72°F and Pref = 780 mm Hg, 15.06 psia where p_ . was the sum of the
tunnel static pressure relative to ambient (18 mm Hg, 10 in HZO) and the
barometric pressure (762 mm Hg)). U..¢g was adjusted to maintain constant unit
Reynolds number at the reference location when tunnel conditions deviated from
nominal. Static pressures are referenced to the tunnel static pressure at the
reference location. Total pressures were normalized by the freestream dynamic
pressure, Q g, at the reference location. The coordinates used for presenta-
tion of results are x, distance downstream from the start of the test section
(see figure 3-6), y, transverse distance from the test plate, and z, spanwise
position relative to the wind tunnel centerline.

Presentation of the results in the following sections starts with a
description of the flow conditions at the initial measurement plane. Then,
the results of smoke, tuft, and surface flow visualization are presented to
provide an overall understanding of the test section flowfield. Detailed
presentations are then made of the test surface static pressure distribution,
the mean velocity field, turbulence velocity field, Reynolds stresses, and
total pressures throughout the test section.

4.2 1Initial Plane Boundary Conditions

To provide data required to start computational codes, an initial
measurement plane was chosen well upstream of the region of influence of the
adverse pressure gradient and the resulting separated boundary layer.
Although such codes should be capable of proceeding downstream from an
arbitrary initial profile, the approach geometry for the present study
produced a boundary layer having characteristics generally similar to an
equilibrium turbulent boundary layer, as discussed below. The initial
measurement plane was located in the boundary layer development section 24.1
cm (9.5 in) upstream of the test section inlet. This location, which was 2.5
duct heights upstream of the start of the diverging section, was chosen
because test surface static pressure measurements, described subsequently,
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showed that the adverse pressure gradient extended less than 1.5 duct heights
upstream of the divergence. Pitot probe traverses, both transverse and span-—
wise, were taken to define the flow uniformity in the initial measurement
plane. Hot-film anemometry was used to define profiles of the mean velocity
and the axial turbulence component in the test surface boundary layer.

The measured total pressure distribution is shown in figure 4-1. The
spanwise pitot traverse taken at the tunnel mid-heighth showed the total
pressure variation to be less than* 0.5 percent of the dynamic head over the
central 90 percent of the span which was outside the sidewall boundary layers.
A transverse (vertical) pitot pressure traverse at mid-span was used to define
the boundary layers on the test (upper) surface and the lower surface. The
boundary layer edge was dacfined as the location at which the measured total
pressure equaled 99 percent of the freestream total pressure (equivalent to
§ggg determined from velocity measurements). The boundary layer on the test
surface, which was tripped at the start of the boundary layer development
section (fig. 3-2), measured 7.67 cm (3.02 in) whereas the untripped lower
wall boundary layer had a thickness of 3.56 cm (1.4 in), leaving a 9.9 cm
(3.9 in) thick inviscid core. TIntegral properties calculated for the boundary
layer on the test surface at the initial measurement plane are tabulated
below:

Displacement thickness, §% = .799 cm

Momentum thickness, 8 = .631 cm
Shape factor, H = 1.27
Momentum thickness Reynolds no. = 11,100

The measured shape factor of 1.27 was somewhat less than the value of
1.32 quoted by Coles (ref. 30) for a constant pressure turbulent boundary
layer at the measured momentum thickness Reynolds number of 11,100. The
velocity profile of the test surface boundary layer was found to be in good
agreement with the "law-of-the-wall."” 1In figure 4-2a the profile is plotted
in "law-of-the-wall" (U* vs. y*) coordinates. To obtain figure 4-2a the fric-
tion velocity, U., was chosen to minimize the least squares fit to the
equation

+ _U _ 1 + B
U —-—-UT —mlny + 5.0 (4-1)
+ _ YU; . .
where y = —/ as recommended by Coles (ref. 30) over the log-linear region of

the profile (50 < y+ < 500). Then the skin friction coefficient could be
calculated from the equation C¢ = ZU%/U%ef since U% = Tw/p. Data in the outer
region of the boundary layer deviated from the logarithmic portion as
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expected. The maximum deviation, AU*, referred to as the "strength of the

wake component" was approximately 1.4. This was less than the value of 2.7
quoted by Coles for an equilibrium turbulent boundary layer having the same
momentum thickness Reynolds number.

The measured streamwise turbulence intensity (normalized by boundary
layer edge velocity and plotted versus y/699) is shown in figure 4~2b to be in
good agreement with the turbulence profile presented by Klebanoff (ref. 31)
for a flat plate equilibrium turbulent boundary layer. 1In addition to overall
rms measurements, spectra (0-20 KHz) were taken routinely at each hot-film
measurement point to ensure that the hot-film signal was free of discrete
frequency spikes associated with sensing element vibration.

4.3 Flow Visualization

To optimize the two-dimensionality of the separation bubble, during
initial flow visualization testing, surface-mounted tufts and tuft trees
(installed in the test section and described previously in Section 3.2) were
monitored while adjustments were made to the divergence angle of the lower
wall, the boundary layer bleed scoops, and the axial distribution of suction
in the test surface sidewall bleed slots. It became apparent that two-
dimensionality could only be achieved using a large divergence angle and
suction in both the lower wall bleed scoop and the cornmer bleed slots. This
configuration resulted in a long, thick separation bubble having minimal
three-dimensionality.

Since the technique of achieving the bubble configurations employed in
this experiment may be of interest, some initial exploratory studies will be
described. By varying lower wall divergence angle and suction arrangements
for the two lower wall slots, a range of bubble configurations could be
produced. While the overall bubble length was effectively set by the axial
separation of the lower wall divergence and convergence points, bubble thick-
ness could be reduced by decreasing the divergence angle. This tended,
however, to produce a more unsteady flow and greater spanwise variation in the
separation line. This does not imply that thinner bubbles are inherently more
unsteady, rather that a smaller adverse gradient will increase the axial
length over which the random process of intermittent separation can occur.

The configuration producing the highest degree of bubble two-dimensionality in
the present experiment was found to be one in which the divergence angle was
increased to the maximum value (o = 28 deg) for which slot suction could hold
the boundary layer attached to the lower surface. Although the resulting
thick bubble caused significant streamline curvature in the x-y plane with
resultant transverse static pressure gradients, the strong-adverse-pressure-
gradient, strong-suction configuration was considered superior for providing
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benchmark quality data for code verification and development compared to a
configuration producing a shorter, thinner bubble having unknown three-
d imensional contamination.

Tuft flow visualization of the test surface ig shown in fi

Wwad

mra Hh=2 T
ic =

n
e aiic

five zones of the separation and reattachment process (attached flow, inter-—
mittent separation, reversed flow, the reattachment zone, and reattached flow)
are clearly evident to the eye but are obscured somewhat in the photography.
The inset, taken from a movie made during flow visualization testing, shows a
closeup view of the tufts within the reversed flow region to illustrate the
strong reversed flow across the entire tunnel span within the separation
bubble. The maximum thickness of the reversed flow region within the separa-
tion bubble as indicated by the direction of the tufts on the "tuft trees"
which extended from the upper to the lower surface was estimated to be 8 cm
(3.1 in). Also indicated by the "tuft trees" is the curvature of the free-
stream flow convecting over the separation bubble. Surface mcunted tufts on
the lower wall confirmed that the boundary layer along the lower wall remained
attached throughout the test section.

In figure 4-4 the five zones of separation are depicted more clearly.
In the attached flow region all the tufts were steady and pointed downstream.
Within the intermittent separation zone, tufts fluctuated in direction between
upstream and downstream. In the reversed flow region, tufts in the central 60
percent of the span were steady and pointed upstream. In the reattachment
zone, the tufts fluctuated in direction between upstream and downstream as the
reattachment point shifted in a random, intermittent manner. In the
reattached flow the tufts again pointed downstream but jittered due to high
turbulence levels in the wake of the separation bubble.

Photographs of the smoke flow visualization obtained while traversing the
single-headed smoke probe vertically at inlet station 0 (x = -24.1 cm, -9.5
in) are shown in figure 4-5. For the first photograph (fig. 4-5a) the smoke
probe was positioned 10 cm below the test surface (yo = 10 cm) just outside of
the 7.67 cm thick boundary layer at the initial measurement plane. The smoke
filament flowed smoothly through the test section but was displaced downward
by the separation bubble on the test surface. Note that the axial extent of
the separation bubble as indicated by tufts mounted on the test surface is
marked on the photographs. At y = 7.6 cm (a location corresponding to the
edge of the boundary layer at the initial measurement plane where the smoke
was injected) the filament continued to flow smoothly around the bubble (fig.
4-5b) , indicating that it was in the low turbulence, inviscid freestream.
However, at y, = 6.4 cm (fig. 4-5c¢) the upper edge of the smoke filament
became entrained in the turbulent shear layer surrounding the separation
bubble. Near reattachment the smoke filament appears diffuse due to unsteady
flapping of the filament lines in that region. When the smoke filament

40




impinged upon the test surface it was observed that the filament would
alternately be ingested into the recirculation region at the aft end of the
bubble or be convected downstream. With the smoke probe positioned near the
upper wall (yO = 5.1 cm, fig. 4-5d) the smoke filament became more entrained
in the separation bubble. Much of the entrainment occurred in the free shear
layer surrounding the bubble as shown in the photograph where a large eddy is
being entrained into the bubble in addition to the flow being ingested into
the bubble near reattachment. Once within the bubble, the smoke dispersed
rapidly causing the smoke density within the bubble to be too low to be seen
in the photograph although the smoke was visible as a diffuse haze to the eye.

Flow directions determined from tuft trees, surface tufts, and smoke
flow visualization were used to map the streamline pattern throughout the
test section (fig. 4-6). The reversed flow region was quite large, being
approximately 50 cm long with a maximum thickness of 8 cm. Streamlines
upstream of the separation zone were steady and parallel. Near reattachment
the streamline pattern for the mean flowfield could only be approximated
because of unsteady flapping of the flow-field.

To determine the degree to which a two~-dimensional separation had been
achieved, tufts were removed from the test section and a low-viscosity red dye
was injected through static pressure taps on the test surface (fig. 3-7 shows
tap locations). The measurements confirmed the straightness of the separation
line indicated by the surface mounted tufts earlier. However, the determina-
tion of a quantitative measure of the straightness of the separation line was
difficult because the low wall shear in the vicinity of separation barely
moved the injected dye. After testing, a sheet of exposed blueprint paper was
rolled over the test surface to lift off the dye streaks for permanent storage
and subsequent analysis. The dye patterns were interpreted later with the aid
of LV measurements of the forward flow fraction (see Section 4.6.1 "Forward
Flow Fraction Measurements'") at centerline and off-centerline locations near
the test surface. Good correlation between a forward flow fraction of 0.5 and
lack of motion of the injected dye was obtained. The separation line (i.e.
location of transitory detachment) was determined from the dye patterns and
interpolation of forward flow fraction data to be straight. The angle of
inclination of the straight separation line was 7 degrees with respect to the
perpendicular to the tunnel centerline with separation occurring further
upstream on the west side of the span (z > 0) than the east side (z < 0).

This 7 degree inclination angle corresponds to a deviation from the line
perpendicular to centerline of *6 percent of the span which is reasonably
close to the +5 percent objective.
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4.4 Test Surface Static Pressure Distribution

The static pressure distribution on the test surface measured along
the tunnel centerline is shown in figure 4-7. The results are presented in
the form of a non-dimensional pressure coefficient defined as

pw(X) - pwl
Cp = —_— (4-2)
Qref

where p_ (x) is the wall static pressure at any x location, p_ is the wall
static pressure measured by the first static pressure tap in the test section
(x = 6.35 cm) and Qes is the dynamic pressure. Also shown in the figure are
streamlines determined from flow visualization testing and curves estimating
the C, distribution at separation and reattachment based on an analysis by
Perry and Fairlie (ref. 5).

The static pressure on the test surface began to rise downstream of the
test section inlet (x > 10 cm) due to the upstream influence of the 28 deg
lower wall divergence which began at x = 30 cm and created a strong adverse
pressure gradient. At x = 40 cm Cp reached a value of 0.36 and the boundary
layer separated. The wall static pressure remained constant under the separa-
tion bubble except near reattachment where the impingement and partial stagna-
tion of the reattaching flow caused Cp to increase to 0.50 on the test
surface. Downstream of reattachment Cp decreased rapidly as the flow
accelerated in the converging test section leading to the outlet duct.
the test section exit Cp approached a constant value of 0.22 due to the net
diffusion which occurred in the flow between the inlet and outlet of the test
section. As shown in the streamline patterns drawn in figure 4-7, when the
flow which was removed from the test section via the lower wall bleed scoop is
excluded from consideration, the effective inlet height, h, , of the test
section was less than the outlet height, h
diffusion within the test section.

out? resulting in a net flow

Perry and Fairlie noted that the Cp distribution near separation and
reattachment could be approximated by parabolae which were defined by the
separation (or reattachment) angle, ¢, and the nondimensional vorticity, ®
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2%c, try
tan ¢ =21 2 |- —u— w (4-3)

The parabolae shown in figure 4-7 were estimated using measured values of the
Cp distribution and separation and reattachment angles estimated from the
streamline patterns calculated below from LV data (fig. 5-3). The vorticity
was assumed to be constant along the mean dividing streamline and was
estimated to be the value which resulted in the best parabolic fit to the
measured Cp distribution at reattachment.

Test surface static pressure distributions were also measured at off-
centerline locations as one of the diagnostics for establishing the degree of
flow two-dimensionality. Results of the off-centerline are tabulated in Table
IV beginning on page 192.

4.5 Mean Velocity Field

The velocity field within the test section was measured with a laser
velocimeter (LV) and a single-component hot-film probe. The LV measured axial
and transverse velocity components separately whereas the hot-film probe
measured the magnitude of the velocity vector in the x—y plane. Hot-film
measurements were made to provide a degree of redundancy in the measurement of
the velocity field and to provide information about the unsteady nature of the
flowfield. Additional hot-film measurements were made at stations upstream
and downstream of the separation bubble where optical inaccessibility pre-
vented LV measurements. All hot-film data, including data obtained in regions
of intermittent flow reversal where the measurements are known to be inaccur-
ate, are presented in Table V. The hot-film velocity data is presented
nondimensionally as Ueff/Uref and “eff/Uref where U, ¢ and u,c¢ are the mean
and rms values of the effective cooling velocity measured by the hot-film
probe which was aligned such that the sensor axis was parallel to the z-axis.

Comparison of these data to the more accurate LV data could prove useful in
evaluating separation bubble data obtained by other investigators using the
hot-wire/film technique. A comparison between hot-film and LV data obtained
at selected stations during this test program is presented in Appendix D.
Error bounds for the LV measurements determined using the error analysis
developed in Appendix C are presented in Table C-5. The complete set of LV
data including mean velocity components, turbulence components, forward and
transverse flow fractions, and Reynolds stress measurements are presented in
Tables II and III. Error bounds for pitot and hot—-film measurements are given
in Appendix D. The velocity data presented below will consist almost entirely
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of LV data except for hot-film data obtained at stations where LV measurements
could not be made due to optical inaccessibility.

Velocity vectors determined from LV measurements taken on the wind tunnel
centerline have been plotted in figure 4-8 to show the mean flowfield in the
tegt section. Several features of the flowfield are notable. First, the size
and location of the separation bubble are in agreement with the flow visuali-
zation results. Separation (i.e., U < 0 near the wall) occurred at approxi-
mately x = 45 cm with reattachment (i.e. U > 0 at y > 0) at x = 100 cm
resulting in a 55 cm long separation bubble. The strong recirculation within
the separation bubble is readily apparent. The maximum thickness of the
reversed flow region is almost 9 cm (i.e., slightly larger than the 8 cm
thickness indicated from flow visualization) causing a significant
displacement and curvature of the freestream flow. Second, near the leading
edge of the bubble at 45 cm < x < 60 cm, a strong free shear layer is evident
between the reversed flow near the surface and the displaced boundary layer.
Finally, at 90 cm < x < 100 cm, the flow vectors impinge nearly vertically
onto the test surface. This impingement caused the peak in the surface static
pressure at reattachment which has been discussed in the previous section.

4.5.1 Axial Velocity Measurements

Axial velocity profiles nondimensionalized by U_, ¢ are presented in
figure 4-9. All data were obtained from LV measurements except the data at
Station 1 (x = 2.54 cm) which are streamwise velocity components measured with
a hot-film probe.

The general mean flow characteristics of the separation-reattachment
process are evident in this figure. Retardation of flow near the wall is
evident downstream of Station 6 with detachment occurring at Station 13.
Within the reversed flow region, shown bounded by a dashed line, peak
velocities are observed near the wall although retardation of the reversed
flow at the surface is evident in the forward half of the region. Outside of
this reversed flow region significant (apparent) profile adjustments are
observed over the axial extent of the reversed flow zone. Downstream of
Station 26 reattachment occurs with the development of a new boundary layer
downstream suggested by the near-wall data points.

More detailed axial velocity profiles are presented in figures 4-10 a-d.
In these figures the axial velocity profiles are plotted in the non-
dimensional form U/U, vs. y/6§ where U, is the local boundary layer edge
velocity at y = § determined from laser velocimeter measurements and § is the
local boundary layer thickness determined from total pressure traverses as
described below in Section 4.9. The data are plotted using semilogarithmic
coordinates near the wall (y/6 < 0.1) and linear coordinates outside the near-
wall region to permit the closely spaced data points in the near-wall region
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to be presented clearly. The profiles are also displaced for clarity.

Symbols adjacent to left and right borders show individual profile ordinates
of zero and 1.0, respectively. By comparing the profiles in part (a) to the
zero values the retardation of the near wall layer between Stations 0 and 11
is evident. Part (b) of the figure shows that at Station 13 a maximum
reversed flow velocity of 0.10 U, (0.075 U__ ) has been measured. The maximum
reversed flow velocity at each station increases monotonically with distance
downstream until Station 22 (located approximately 2/3 of the bubble length
aft of the detachment location) where a value of 0.397 U, (0.202 U__¢) is
reached. As shown in part (d) of the figure, reattachment and the resumption
of downstream flow occurs between Stations 26 and 28. At Stations 15 through
24 values of U/U, greater than unity were measured within the boundary layer
(y/6 < 1). These results, caused by normal static pressure gradients produced
by flow curvature in the test section, are analyzed in Sec. 5.3.2.

4.5.2 Transverse Velocity Measurements

Nondimensional transverse velocity profiles, y/§ vs V/U_.¢, obtained
from LV measurements are presented in figures 4-11 a-c. Positive transverse
velocities correspond to flow away from the test surface. Figures 4-lla and
4-11b show that at Stations 6 through 16 in the upstream half of the test
section, the transverse velocity, V, increases monotonically with y/§ as the
flow moves away from the test surface. Positive transverse velocities within
the reversed flow region are consistent with the expected counter clockwise
bubble recirculation pattern. Downstream of Station 16 the transverse
velocity component decreases to a value near zero at Station 20. Downstream
of Station 20 negative transverse velocity components are measured indicating
flow toward the test surface. As shown in figure 4-11b and 4-1lc the compo-
nents exceed 40 percent of U, ¢ in the reattachment zone located in the vicin-
ity of Stations 28 and 30. At Station 34 in the exit duct the transverse
component magnitude has decreased to the 0-5 percent range.

In summary, the measurements show that significant transverse velocity
component magnitudes occur within the boundary layer regions defined by total
pressure measurements. As in the case of the axial velocity measurements,
profile alterations with increasing axial distance are observed to be signifi-
cant.

4,6 Intermittency Measurements

The directionally sensitive laser velocimeter was used to measure the
fraction of the time the flow was moving in the downstream direction (U > 0)
and the fraction of the time the flow was moving away from the test surface
(Vv > 0). simpson et al (ref. 1) have referred to the former measurement as
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the intermittency and/or the forward flow fraction. 1In this report the latter
terminology will be adopted and "transverse flow fraction" will be used to
denote the fraction of the time the flow moved away from the test surface. In
practice these quantities were determined from the ratio of the number of
valid samples having positive velocities to the total number of valid samples

1g each LV measurement.

4.6.1 Forward Flow Fraction Measurements

Figure 4-12 shows the distribution of the forward flow fraction through-
out the test section. Corresponding tabular information is provided in Table
2. Upsteam of separation (Stations 5 and 8) the flow fraction was unity
across the entire profile indicating that the flow was moving in the down-
stream direction 100 percent of the time. The first indication of intermit-
tent reversed flow occurred near the test surface at Station 11 where YPU

first deviated from 1.0. Further downstream the backflow region intensified
and spread outwards from the test surface. At Stations 18 through 22, a
strong steady reversed flow (YPU = 0) extended several centimeters from the

test surface. The region of the flow in which reversed flow existed for some
fraction of time (yp < 1) extended more than 17 cm from the test surface.

Notice also that the locus of points at which YPU = 0,50 corresponded closely

to the boundary of the reversed flow region. The correspondence would be
exact if the LV probability distributions where symmetric with respect to

U = 0. However, near the edge of the reversed flow region, the velocity
histograms were skewed because of the nature of the flow. Since the maximum
backflow velocity was much less than the freestream velocity, the probability
of a turbulent fluctuation having a large positive velocity was greater than
the probability of it having a large negative velocity causing a skewed
histogranm.

More details of the development of the separated flow can be seen in
figure 4-13 in which the forward flow fraction is plotted versus y/§ in log-
linear coordinates for stations within and adjacent to the separation bubble.
noted above, occurrences of reversed flow appeared i
near the test surface. Downstream of Station 11 these occurrences became more
frequent (yp decreased) and penetrated further into the viscous layer as
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defined by the local boundary layer thickness, §. At Stations 15 and 16 the
forward flow fraction distribution formed a trough near the wall with the more
intense regions of reversed flow located slightly away from the test surface
(0.01 < y/8 < 0.05).

Downstream of Station 16 the trough-shape disappeared as strong, steady

reversed flow was measured adjacent to the test surface at Stations 18 through
22 over almost 10 percent of the boundary layer thickness. These data are
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consistent with the velocity profile data shown in figure 4-10 which showed
the most intense reversed flow which exceeded 30 percent of the local boundary
layer edge velocity occurred at Stations 18, 20 and 22.

Near reattachment, trough-shaped patterns reappeared as the reverse flow
weakened. The first reoccurrence of forward flow near the test surface at the
reference near-wall measurement location (i.e. y = 0.10 cm) appeared at
Station 24 where YPU = 0.012 at y/§ = 0.0034. The near-wall forward flow

fraction increased to 0.144 at y/8 = 0.0042 and 0.714 at y/§ = 0.0050 at
Stations 26 and 28, respectively. At Station 30 the reattachment process was
completed and a steady flow profile was reestablished. The axial extent of
the reattachment zone from the occurrence of forward flow (YPU > 0) tO'YPU =

0.50 near the wall (i.e. Cg = 0) has been determined by data interpolation to
be approximately 12 cm. The complete reattachment zone extended from Station
24 to Station 30, a distance of 22.8 cm. For comparison, the boundary layer
thickness at Station 8 just upstream of separation was 11 cm. A final point
which should be noted in figure 4-13 is the absence of occurrences of reversed
flow in the outer 40 percent of the boundary layer at any measurement

station.

The trough-shaped pattern noted near separation was similar to the flow
fraction distribution measured by Simpson et al (ref. 2) at the downstream
stations in their turbulent separation experiment. They did not achieve steady
reversed flow (YPU = 0) anywhere in their test section. The minimum forward

flow fraction which they measured, yp = 0.05, occurred at y/6 = 0.023 at their
U

final measurement station. Thus, the open separation bubble data of Simpson
et al. would not be expected to correlate well with closed separation bubble
data obtained downstream of the leading edge of the bubble.

4.6.2 Transverse Flow Fraction Measurements

The distribution of the transverse flow fraction throughout the test
section is shown in figure 4-14, The transverse flow fraction data are
consistent with the mean LV flow directions presented above (fig. 4-8). Near
the test surface YPV = 0.50 except at Stations 28 through 31 where the mean

flow impinged strongly onto the test surface. The transverse flow fraction
value of 0.5 occurs when the mean flow vector is approximately parallel to the
test surface since transverse turbulence fluctuations cause the flow to have
an equal probability of moving toward or away from the test surface.

The direction of the freestream flow as indicated by the transverse

flow fraction is also consistent with the LV velocity data. 1In the upstream
half of the test section (Stations 6-18) the freestream flow moved away from
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the test surface 100 percent of the time (YPV = 1). In the downstream half of

the test section (Stations 22-31) the freestream flow moved toward the test
surface 100 percent of the time (YPV = 0).

4.7 Unsteady Flowfield

Flow visualization had shown the flowfield in and around the
separation bubble to be unsteady. Much of the unsteadiness, such as the
streamline flapping at reattachment and the oscillation of the separation
line, seemed to be of large scale and occurred at low frequency. It was not
clear from flow visualization whether such large scale fluctuations were
random (i.e. low frequency turbulence) or ordered (i.e. periodic unsteadi-
ness). In addition, to random versus periodic considerations, the question of
whether fluctuations should be considered "turbulence" or "flow unsteadiness"
is important to developers of computational procedures. This arises because
measured unsteadiness levels can be interpreted in terms of turbulence level
(and hence effect turbulence modeling) or interpreted as an unsteady flow with
lower levels of imbedded turbulence.

To obtain some information regarding the nature of the unsteadiness in
the flowfield, the frequency content of the flow was measured with a hot-film
probe during traverses at three critical regions of the flowfield. Frequency
data were obtained at Station 13 in the intermittent separation zone, at
Station 18 within the reversed flow region, and at Station 28 in the reattach-
ment zone. Typical spectra of the hot-film signal taken over the 0-500 Hz
range are shown in figure 4-15. Except for a single discrete frequency spike
in the spectrum obtained in the freestream (y = 27 cm) at Station 18, all
spectra were broadband indicating random unsteadiness. The single low ampli-
tude spike at 460 Hz was caused by blower noise generated at the blade passing
frequency. Additional 0-20 KHz spectra taken during each hot-film measurement
to check for probe vibrations revealed no flow periodicity at high frequen-
cies.

4.7.1 Streamwise Turbulence Measurements

The broadband spectra showed considerable strength in the low frequency
range (f < 50 Hz). To quantify this low frequency contribution to the turbu-
lence signal, two rms measurements of the linearized hot-film signal were
made. For the first rms average, which was performed for each hot-film
measurement made in the test program, the prefilters on the rms voltmeter were
set to average the signal over the wideband range of 5 Hz-50 KHz. In
addition, the voltages obtained at Stations 13, 18, and 28 were averaged on a
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second voltmeter to permit determination of the rms contribution in the low
frequency 5-50 Hz range.

Turbulence intensity profiles (y vs. ueff/Uref) calculated from the rms
voltage averaged over the 5 Hz-50 KHz bandwidth are shown in figure 4-16 as
solid lines. The mean square turbulence level u%ff can be considered the
turbulence level in the x-y plane associated with the local mean flow direc-
tion. Note that the turbulence intensities have been normalized by U ot
rather than U, to provide absolute rather than relative turbulence intensi-
ties. Upstream of separation the flow had a standard Klebanoff-like turbu-
lence profile as shown previously. High turbulence levels exceeding 20
percent were measured in the free shear layer surrounding the separation
bubble. These peak turbulence levels decayed somewhat downstream of reattach-
ment but remained above 10 percent at the test section outlet.

At Stations 13, 18, and 28 the portion of the overall streamwise
turbulence level attributed to the low frequency (5 Hz-50 Hz) band has been
shaded. This low frequency contribution to the overall turbulence level was
substantial across the entire profile. In the free shear layer the low
frequency (5 Hz-50 Hz) unsteadiness accounts for approximately 40-45 percent
of the overall turbulence level (5 Hz-50 KHz). Uncertainty in these measure-
ments exists within regions of flow reversal.

Turbulence data at Stations 13, 18, and 28 are listed in Table V.
Measurement points where flow reversal occurs some fraction of the time (0
Cyp < 1) are indicated in the table. At those points the rms average of the

U

hot-film voltage does not yield an accurate measurement of the turbulence
level (see Appendix D). Thus, care should be taken when using the data in
Table V.

With regard to the issue raised above regarding interpretation of
measured unsteadiness as turbulence or a basically unsteady flow with imbedded
turbulence, the above measurements were not definitive. Some form of condi-
tional sampling may be required to address this issue more directly. That
large scale turbulence with low frequency content existed within and in the
vicinity of the recirculation zone is clear based on the smoke flow visualiza-
tion movie taken as part of the study. Overall flowfield unsteadiness was
also apparent. This was particularly noticeable in the aft end of the bubble
where a previously described non-periodic flapping of the reattaching flow
occurred. This flapping phenomenon has been reported previously by Eaton and
Johnston (ref. 32), for a reattaching backward-facing step flow, Cherry et al.
(ref. 33), for a separating and reattaching flow at the leading edge of a two-
dimensional rectangular blunt plate, and Mabey (ref. 34) among others. Mabey
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showed that reduced shedding frequencies from various experiments correlated
well when normalized by the reattachment length. He suggested that a feedback
mechanism, whereby the shedding of vorticity from reattachment interacted with
the formation of disturbances near separation, controlled the separation
process. In the present experiment a characteristic disturbance length can be
estimated from the flapping frequency, f < 50 Hz, and the average freestream
velocity in the vicinity of the bubble, U, = 15 m/sec, to be greater than

0.3 m (i.e. half the length of the separation bubble).

An additional degree of unsteadiness would be expected in the current
experiment because of the intermittent nature of turbulent boundary layer
separation on a flat plate., The random upstream and downstream wandering of
the separation line due zo the lack of a salient edge to fix the location of
separation presumably added to the downstream unsteadiness. Thus, there is
sufficient evidence to conclude that the unsteadiness observed was not an
artifact of the wind tunnel test configuration employed here,

4.7.2 LV Turbulence Measurements

Accurate measurements of the turbulence levels throughout the test
section, including regions of flow reversal, were made with the laser veloci-
meter. An overview of the axial and transverse turbulence intensity profiles
determined from LV data is shown in figure 4-17. Qualitatively, the axial
turbulence intensity profiles are similar to the streamwise turbulence inten—
sity profiles from hot-film measurements presented in figure 4-16. The
transverse turbulence intensity profiles have the same general characteristics
as the axial turbulence profiles although lower in level. Peak transverse
turbulence intensities were approximately 12 percent while the corresponding
peak axial turbulence intensities exceeded 20 percent.

More detailed axial turbulence intensity profiles are shown in figures
4-18 a-d where the data are plotted in nondimensional coordinates, y/6 vs.

\ﬁivuref' At Station 0, located 24 cm upstream of the test section, the
boundary layer had a Klebanoff-like turbulence distribution with maximum
turbulence intensity of approximately 8 percent as noted previously. As the
flow moved downstream and approached separation, turbulence levels near the
test surface increased rapidly. At Station 11, the start of intermittent
separation, turbulence reached a level of 17 percent at y/§ = 0.10. Just
downstream of the mean separation location (Station 13) peaks in the turbu-
lence intensity profiles grew higher and wider, and moved away from the test
surface due to turbulence being generated in the free shear layer and
diffusing throughout the boundary layer. The peak turbulence intensity of 21
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percent was measured at Station 15 at y/§ = 0.34. Downstream of Station 15
the peaks in the profiles decayed, continued to widen, and shifted outwards to
larger values of y/8. Over the upstream half of the separation bubble the
peak turbulence intensity occurred approximately 0.1 § farther from the test
surface than the mean dividing streamline (see Table VI, Streamline No. 1 for
coordinates of the mean dividing streamline determined from LV measurements).
Over the downstream half of the separation bubble the peak turbulence inten-
sity shifted further outside of the mean dividing streamline.

At all stations the axial turbulence intensity in the freestream
approached 2 percent or less except at Station 34 at the test section outlet
where upper and lower wall boundary layers began to merge causing the free-
stream turbulence level to rise to 4 percent. The freestream turbulence level
of 2 percent is a quantitative measure of the overall unsteadiness of the
freestream flow in the test section.

Detailed nondimensional transverse turbulence profiles are shown in
figure 4-19 a-d. At initial measurement Station 6 the turbulence distribution
for this component again exhibited a standard Klebanoff-like profile with a
maximum intensity of approximately &4 percent. Approaching separation, trans-
verse turbulence levels increased near the test surface. At the leading edge
of the separation bubble the transverse turbulence level peaked at 8.2 percent
at y/8§ = .17. Just downstream of separation at Stations 14 through 16 the
peak transverse turbulence level remained constant at approximately 8 percent
but widened and diffused outward from the test surface.

The behavior of the transverse turbulence intensity at the next several
measurement stations provides insight into the nature of the transverse
velocity fluctuations. At Station 18 the transverse turbulence intensity
peaked at 12.6 percent. The peak declined to 9.6 percent at Station 20 before
increasing to 11.8, 12.6, and 12.7 percent at Stations 22, 24, and 26, respec-
tively. The mean transverse velocity profiles plotted in figure 4-11b
indicated positive transverse velocities at Station 18, negligible transverse
velocities at Station 20, and negative transverse velocities at Statioms 22,
24, and 26, Thus it seems possible that a major contribution to transverse
turbulence intensities originate as streamwise velocity fluctuations when the
mean streamline had a nonaxial orientation.

The high transverse turbulence levels at Stations 26, 28 and 30 near
reattachment also resulted from unsteady streamline flapping. Downstream of
reattachment transverse turbulence intensity decreased due to turbulence decay
and a more axial orientation of the streamwise flow vector. Transverse
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turbulence levels in the freestream approached 2 percent or less at all
stations.
4,7.3 Turbulence Kinetic Energy
The turbulence kinetic energy per unit mass, k, is defined as
k=2 +v2+wdn (4-4)

Although the spanwise turbulence component, w, was not measured in this
experimental program, Simpson (ref. 4) has shown that in separated flows
v = w. Thus, k can be approximated as

k= (a2 +2 v2))2 (4-5)

Turbulence kinetic energy profiles calculated using eq. (4~5) are presented in
figure 4-20. The profile shapes are somewhat similar to the axial turbulence
profiles discussed above. The profiles had sharp and growing peaks near
separation (Stations 11-13), remained at nearly constant peak amplitude but
broadened near the maximum bubble thickness (Station 18-22), and decayed
downstream of reattachment. The profile peaks occurred just outside the
location of the mean dividing streamline over the upstream half of the bubble,
whereas downstream of the maximum bubble thickness, they moved outward from
the mean dividing streamline into the bubble wake.

4.8 Reynolds Stress Measurements

Profiles of the Reynolds stress,:ﬁa
at 20 stations. Fourteen of the stations
centerline and six were located at £ 15.2
at three axial locations (upstream of the
bubble, and downstream of reattachment).

were measured with the LV system
were located on the wind tunnel

cm on either side of the centerline
separation bubble, within the
Reynolds stress data from thirteen

centerline locations is listed in Table III. Profiles obtained at twelve
stations along the wind tunnel centerline are plotted in figure 4-21. Five
features of the Reynolds stress profiles should be noted. First, at Station 6
the Reynolds stress has a Klebanoff-like profile (fig. 18.5 in ref. 35).
Second, in the freestream flow around the bubble the Reynolds stress is
negligible as expected. Third, the Reynolds stress peaks near reattachment
and remains high downstream of reattachment. Fourth, the Reynolds stress is

small in the reversed flow region. And fifth, just upstream of separation and




in the shear layer surrounding the bubble no meaningful trend is apparent in
the Reynolds stress data.

The almost random nature of the Reynolds stress profiles in the separated
flow region is not particularly elucidative. However, the Reynolds stress
data in this coordinate system can be used to calculate shear stress profiles
in a coordinate system aligned with the local mean flow direction. This
streamwise shear stress is more meaningful for developing flow structure
models, since the assumptions used in the boundary layer equations which are
used to calculate separating flows are more accurate if applied in streamwise
orthogonal coordinates (ref. 6). It will be shown below in Section 5. 7,
"Streamwise Turbulent Shear Stress Measurements" that the large values of
shear stress expected in the shear layer are masked by the effects of flow
curvature and they do not become fully apparent until the streamwise shear
stress is calculated.

4.9 Total Pressure Measurements

Total pressure traverses were made normal to the test surface at 55
stations. Thirty-five stations were located on the wind tunnel centerline and
twenty traverses were made at off-centerline locations as shown in figure 3-7.
The total pressure measurements obtained at each centerline traverse location
and at fourteen off-centerline locations are listed in Table IV.

The total pressure profiles obtained on the wind tunnel centerline are
shown in figure 4-22. For clarity, only 18 of the 34 profiles have been
plotted. The measured total pressure has been normalized by Qr g» the free-
stream dynamic pressure at the inlet station (x = -9.5 in, -24.1 cm). Several
features of the total pressure profiles are apparent.

The inviscid core, defined as the region over which 0.99 < P/Q ef < 1.00,
which is approximately 10 cm thick upstream of the location of 1nterm1ttent
separation (x < 40 cm), remained intact as it was convected around the bubble.
In the outlet channel (x > 120 cm) the thickness of the inviscid core
diminished but did not disappear until the last measurement station (x = 148
cm) where the upper and lower wall boundary layers merged.

The deceleration of the test surface boundary layer in the region
0 < x <40 cm is also apparent. The shape of the boundary layer profile
changed as the flow encountered the adverse pressure gradient until an
inflection point was measured in the profile at the wall at x = 40.6 cm just
upstream of separation.
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Within the reversed flow region 9P/dy = 0 except very near the test
surface where a reversed flow boundary layer developed under the separation
bubble. The presence of the reversed flow boundary layer is not apparent in
figure 4-22 but it can be discerned in the tabulated data in Table IV and it
is discussed in detail below in Section 5.5.1, "Description of the Backflow
Boundary Layer".

Downstream of reattachment a new boundary layer began to grow along the
test surface beneath the remnants of the upstream boundary layer which had
been convected around the separation bubble. Details of the boundary layer
downstream of reattachment are discussed in Section 5.6, '"Description of the
Reattachment Process'.

4.9.1 Determination of Bounding Streamline

Total pressure traverses were made normal to the lower wall of the test
section at 20 locations on the wind tunnel centerline to determine the loca-
tion of a free streamline required as a boundary condition for numerical
computation codes. Using wall static pressures measured at each of the 20
traverse locations and assuming that no normal static pressure gradients
existed between the lower wall and the location of the bounding streamline,
mass flow profiles were calculated from the measured total pressure profiles
at each of the 20 axial stations. After accounting for the mass flow out of
the lower wall boundary layer scoop, points of equal mass flux were connected
to define the bounding streamline shown in figure 4-23.
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a) MEAN VELOCITY PROFILE PLOTTED IN ""LAW-OF-THE-WALL" COORDINATES
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AXIAL LOCATION, x (cm)
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]

STATION NO.

79



80

020 — X
STATION NO. }—
n. cm
q 205 | 521
018 v 15 220 | 55.9
N 16 235 | 597
D 18 265 | 67.3

0.16

0.14

0.04

0.02

0 ! 1 1 I

0 0.2 0.4 06 0.8
ylé

Figure 4-18b Nondimensional Axial Turbulence Profiles (z = 0) (Continuwed)

1.4

84-8_1_41




Figure 4-18¢c Nondimensional Axial Turbulence Profiles (z =0) (Continued)
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CHAPTER 5

ANALYSIS AND DISCUSSION

Chapter 4 presented the results from direct measurements along with their
discussion. In this chapter, additional quantities derived from the measure-
ments will be analyzed and discussed. These quantities include flowfield
streamline coordinates, static pressure, skin friction, and streamwise shear
stresses. Boundary layer integral properties and law-of-the-wall plots are
also presented. The measured and derived data are then analyzed and compared
to the results and correlations developed in previous investigations. 1In
doing this the flowfield has been partitioned into eight regions or zones
because the flat plate separated and reattached boundary layer has not been
studied previously in its entirety with LV. Data in each flow zone will be
compared to available data obtained in other separation and reattachment
studies.

5.1 Flow Zones

The flow zones are defined in figure 5-1. Zone I is the attached
boundary layer upstream of separation. Boundary layer profiles in Zone I can
be compared to studies concerning the development of turbulent boundary layers
in adverse pressure gradients. The attached boundary layer flows against the
adverse pressure gradient until the kinetic energy in the boundary layer at
the wall is converted into potential enmergy at which point the boundary layer
separates from the test surface. Since the boundary layer kinetic energy at
any point in a turbulent boundary layer is proportional to the square of the
sum of the steady velocity field and the unsteady turbulence velocity field,
separation occurs over a zone rather than at a point as occurs in a laminar
boundary layer. The intermittent separation zone, Zonme II, has been studied
extensively for open separation bubbles by Sandborn, Kline, Simpson, and many
others. Hence, comparisons can also be made for this region of the flowfield.
Zone III, the turbulent separation bubble, is defined as the region between
the mean dividing streamline and the test surface. Strong backflows exceeding
30 percent of the local freestream velocity occur within this region. The
open separated flow data of Simpson et al. can be used as a basis for com-
parison in the upstream half of the bubble and the downstream half of the
bubble can be compared to separation data obtained downstream of a backward
facing step. The strong recirculating flow within the separation bubble
causes a backflow boundary layer, Zone ILIA, to originate near the
reattachment point and to develop along the test surface. No basis for
comparison exists in this zone because details of the backflow boundary layer
in a closed separation bubble have not been previously reported.
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The reattachment of the separated shear layer is an inhereutly unsteady
process which occurs within Zone IV, the reattachment zone, on the test
surface. In this zone the reattaching flow impinges steeply onto the test
surface causing a static pressure peak which drives the strong backflow within
the separation bubble. The flow is characterized by high turbulence levels
and frequent flow reversals. Boundary layer integral properties, skin fric-
tion, and forward flow fraction data in the reattachment zone can be compared
to the data of Driver and Seegmiller (ref. 14), Westphal et al. (ref. 17), and
others for reattaching flows behind a backward facing step.

Downstream of reattachment the flow recovers the structure of a flat-
plate turbulent boundary layer. This process occurs in two stages. In Zone
V, a new boundary layer begins to grow along the test surface and quickly
develops a log-linear velocity profile near the wall. The relaxation of the
outer free shear layer in Zone VI occurs much more slowly, however. Through a
complicated process of turbulence energy exchange between Zones V and VI the
turbulence structure downstream of reattachment gradually obtains the outer
wake-like structure of a turbulent boundary layer. Data in Zones V and VI
have been correlated with the recovering boundary layer profiles of Chandrsuda
and Bradshaw (ref. 18).

When properly normalized the axial velocity profiles in Zone VII, the
outer flow region, are found to be invariant throughout the test section.
Results in this zone can be compared to separated flow studies of Perry and
Fairlie (ref. 5) and Paterson and Weingold (ref. 36).

5.2 Static Pressure Field

The static pressure field within the test section was calculated at 36
stations. Twenty-six of the stations were located on the test plate center-
line and five pairs of stations were located at * 15.2 cm off the centerline.
The measured quantities used to determine the static pressure, p, were the
total pressure, P, and the mean axial and transverse velocities measured with
the LV system

2 2
P-Py_ . P N U v )

- 2 + (5"1)
Qref Qref(P) Uref(U) Uref(V)

where Q. ¢(P) is the dynamic pressure at the reference location during the
measurement of P and Uref(U) and Uref(v) are the freestream velocities at the
reference location during the measurement of U and V, respectively. As noted
in Section 4.1, U ¢ was adjusted during testing to maintain constant unit
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Reynolds number at the reference location. The results are presented in terms
of the difference between the local static pressure and the static pressure at

the reference location in the boundary layer development section, p s
Yref
normalized by the reference dynamic pressure, Qregr For these calculations

the density, p, which varied less than 0.3 percent throughout the test
section, was assumed to be constant. Calculated values of the static pressure
are listed in Table IV. Static pressure profiles at 15 stations on the test
plate centerline are plotted in figure 5-2.

The transverse static pressure gradient, 3p/dy, was essentially zero at
the inlet and outlet stations. It was negative between Stations 3 and 15 due
to streamline curvature. Within the separation bubble (Zone III) the statiec
pressure was nearly constant except at the wall near reattachment (as shown
previously in fig. 4-7) where the static pressure increased due to flow
impingement onto the test surface. Outside the separation bubble between
Stations 18 and 24, 3p/3y > O due to the concave curvature of the streamlines
in the freestream flow associated with flow around the bubble and the converg-
ing lower surface. Between Stations 30 and 33 the convex curvature of the
lower surface at Station 31 caused 3p/dy < 0 as the flow accelerated into the
utlet duct.

The normal static pressure gradients within the test section were signi-
ficant. At some stations the static presure difference between the upper test
surface and the lower wall equaled 0.5 Qref- The static pressure gradients
were caused by the streamline curvature in the inviscid flow due to the
combined effects of the tunnel geometry and the aerodynamic blockage induced
by the large separation bubble. The effect of the transverse static pressure
gradients on the calculation of the boundary layer integral properties is
assessed below in Section 5.3.3.

Spanwise variations in the static pressure were minimal at most stations.
The maximum variation in static pressure between the centerline and the off-
centerline traverse stations, which occurred near the boundary layer scoop and
at Station 34 downstream of reattachment, was less than .0l Qref/cm'

5.3 Mean Flowfield Characteristics

5.3.1 Mean Flowfield Streamlines

Axial velocity profiles measured with the laser velocimeter were inte-
grated to determine the value of the streamfunction ¥i at any point y;
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‘4)1 =/ Udy (5"2)
o]

The locus of points of equal values of y;, determined by interpolation, were
used to define the mean flowfield streamline pattern shown in figure 5-3.
Coordinates for the mean dividing streamline and eight additional streamlines
located 1.27 cm apart at initial LV measurement Station 6 are listed in Table
VI. The bounding streamline (dashed line) determined from lower wall total
pressure traverses (see Section 4.9.1) has also been plotted in figure 5-3.
Coordinates of the bounding streamline are given in figure 4-23 for use in
computing the flowfield. The displacement of the mean flowfield by the
separation bubble is quite evident. The maximum thickness of the separation
bubble, h, measured from the surface to the y = 0 mean dividing streamline was
17 ¢m (6.7 in.) as noted in Table VI. Separation bubble length was 64 cm

(25 in.). Significant streamline curvature is evident in the vicinity of the
separation bubble.

At most points within the test section the mean flowfield streamlines are
tangent to the measured mean velocity vectors as expected in a steady flow.
Nontangency between the streamlines and the mean flow vectors near the leading
edge of the separation bubble is unexplained but may arise from individual
realization bias errors (ref. 37) in the transverse velocity component
measurements in regions of the flowfield having spatially non-uniform seed
particle distributions. Such non-uniformities are noticeable near the separa-
tion bubble where the seed density in the shear layer around the bubble was
higher than the density within the bubble. Thus, positive, downward velocity
fluctuations would provide relatively fewer valid counts than negative, upward
velocity fluctuations because of the lower seed density near the test surface.
This individual realization bias would tend to reduce the magnitude of the
measured transverse velocity component.

5.3.2 1Inviscid Outer Flow

Analysis of mean velocity data acquired in the present experiments has
shown a feature of the velocity profile development which appears to have
important implications for the numerical modeling of the flow. When static
pressure variations associated with streamline curvature are taken into
account, congruence of velocity profiles outside of the recirculating region
is found over the axial extent of the separation bubble region. This feature
will be discussed in this section.

Axial velocity profiles measured on the test section with the laser
velocimeter have been shown in figure 4-9. When the profiles from the various
axial measurement stations are overlayed, station-to-statiom similarity is not
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evident. Because of the large displacement of the flow streamlines caused by
the separation bubble, the axial velocity profiles have been distorted by
streamline curvature in addition to viscous effects.

It is possible, however, to separate viscous from streamline curvature
effects by normalizing the measured axial velocity component, U, by the
inviscid axial velocity component, U;, at each point on the profile. The
inviscid axial velocity component was calculated from the freestream total
pressure, P r, the measured transverse velocity component, V(y), and the
local static pressure, p(y), discussed in the previous section.

'O|N

Jpref—pm - 20 VA (5-3)

This procedure for normalizing the axial velocity profiles by the local
inviscid velocity has been used previously by others to calculate boundary
layer integral properties in flows over curved surfaces and in shock boundary
layer induced separations where normal pressure gradients are also significant
(see Section 5.3.3.1 '"Definition of Integral Properties").

The normalized axial velocity profiles are shown in figure 5-4. These
profiles have been overlayed in figure 5-5 using y-§ as the ordinate where y
is the vertical distance from the flat plate test surface and § is the the
local boundary layer thickness. For clarity, profiles at stations 18, 20, 22
and 26 have been omitted from figure 5-5 although their profiles lie within
the envelope formed by profiles at stations 16, 24, and 28. Using the
boundary layer at station 6 (x = 26.7 cm, 10.5 in.) as reference, it can be
seen that as the flow moves downstream the inner part of the initial boundary
layer profile is eroded by the viscous processes associated with separation
and reattachment. A similar observation has recently been made in a widely
different separated flow experiment. As reported by Paterson and Weingold
(ref. 36), flow downstream of a simulated compressor airfoil blunt trailing
edge displays velocity profile congruence over the axial extent of the trail-
ing edge separation bubble. In that case profile similarity was directly
evident in the measured data since streamline curvature and associated static
pressure gradients were significantly less than that encountered in the
present experiment.

These results suggest that the outer flow can be considered basically an
inviscid, rotational flow which convects around the viscously dominated
recirculation zone. This is considered to be potentially important in the
modeling of separated flow by viscous-inviscid interaction procedures.
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5.3.3 Boundary Layer Integral Properties

§
pU
51*=f ( - )dy (5-4)
) Pele
8
pU pU
6, = / (1 - )dy (5-5)
o Pele peUe

As long as the boundary layer thickness to the streamline radius of curvature
is less than about 1 percent, the static pressure difference across the
boundary layer will be less than 2 percent of the dynamic pressure and these
definitions are adequate (ref. 38). However, in the present experiment, as
noted above, streamline curvature within the test section was significant.
Static pressure changes across the boundary layer exceeding 40 percent of the

dynamic head occurred at several measurement stations in the vicinity of the
separation bubble,

Kiock (ref. 38) has considered the interpretation of boundary layer data
when sizeable transverse pressure gradients exist across the boundary layer.
He reviewed five definitions for both the displacement and momentum thickness
and compared their calculated values in example flows having prescribed normal
static pressure gradients. In the present experiment, boundary layer integral
properties have been calculated from data using three of the five definitions
reviewed by Kiock.

The displacement thickness is defined as the thickness of the hypotheti-
cal layer in which the fictitious inviscid flow is equal to the reduction of
the real mass flow due to the boundary layer. Since the mass flux between the
displacement surface and the edge of the boundary layer in the fictitious
inviscid flow must equal the total mass flow in the real boundary layer, the
displacement thickness in the current experiment can be defined by the
following equation
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8 s
/ Ujdy = /Udy (5-6)
*
§ o}

where Uj is the local inviscid axial velocity defined above in Section
5.3.2.

Kooi (ref. 39) has shown that equation (5-6) can be solved to obtain the
true definition of §* in the presence of normal static pressure gradients as
the sum of the displacement thickness evaluated from classical boundary layer
theory, 61*, and a correction term to account for the effects of normal static
pressure gradients

8 8
* U U.
62=f(1-—dy- 1 - - \dy (5-7)
U. U.
A iw A iw
where U;_, the inviscid velocity at the wall calculated from the local wall
static pressure and the inlet total pressure, equals U, when 3 p/dy = O.

Another definition of the displacement thickness, referred to by Kiock
(ref. 38) as the "pressure-based" displacement thickness,
p

U
55 =f( _—) dy (5-8)
Ui

has been used by So and Mellor (ref. 40), Mayle, et al. (ref. 41), and others
to account for normal static pressure gradients due to streamline curvature.

Kooi has shown that the true definition of the momentum thickness can be
expressed as the sum of the momentum thickness evaluated from classical
boundary layer theory, 61, and a correction term to account for the effects
of the normal static pressure gradients.

6 U 2 U U
U . .
92=/_._ —-———dy—/ L 1 - 2-)ay (5-9)
Ui Uiw Ui Uiw

(o) [o]

The "pressure-based" momentum thickness for incompressible flow has been
defined (ref. 38) as
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U (1 U )d ( )
6, = — |1 - — 5-10
3 y
/ Uy U;

The boundary layer shape factor; H; defined as the ratio between the displace-
ment thickness and the momentum thickness can be calculated for each of the
three definitions of the integral properties defined above,

Kiock (ref. 38) used examples to show that when U; increases monotoni-
cally across the boundary layer 6; > 63 > 61, 6,9 > 04> el,*and H, < H3< Hy.
When U; decreases monotonically across the boundary layer §, < 63 < 61, 8, <
85 < 81, and Hy > Hy > H;. The equatlons of c1a351ca1 theory hold when U; is
constant across the boundary layer and 61 = 52 = 53, 81 =6, =63 and Hy= H2 =
H3.

Each of the three values of the displacement thickness, momentum thick-
ness, and the shape factor defined above were calculated at each LV traverse
location within the test section. Plotted values of the displacement and
momentum thicknesses on the wind tunnel centerline are shown in figure 5-6a.
The displacement thickness increased rapidly downstream of the start of the
intermittent separation zone (x = 40.6 cm, 16 in) until it peaked at x = 74.9
em (29.5 in.), the location of the maximum thickness of the separation bubble
(see fig. 5-3). The shape of the displacement thickness curve is almost
symmetric about the center of the bubble. The momentum thickness increased
much more slowly as the boundary layer approached separation. Within the
separation bubble the momentum thickness remained relatively constant before
decreasing downstream of reattachment.

Values of the shape factor are plotted in figure 5-6b. The true value of
the shape factor, H,, increased from 1.38 at x = 26.7 cm (10.5 in.) to 2.09 at
= 40.6 cm (16.0 in.) near separation, then to a peak value of 16.1 at x =
74.9 cm (29.5 in.) before declining to a value of 1.23 in. the accelerating
flow in the outlet duct. Peak values of H; and H, also occurred at x = 74.9

cm and equaled 11.8 and 7.5 respectively.

The results follow the trends shown in Kiock's example boundary layers.
Upstream of separation (x < 48 cm, 19 in.) and downstream of reattachment
(: > 113 cm, 44.5 in.), where 3U. /ay > 0 across the boundary layer, 62 < 63 <
8§y, 8y < 65 <8, and Hy, > H4 > Hl Ne ar the center of the separatlon bubble
(48 cm < x < 90 cm), 3U.;/3y < 0 across the boundary layer and 62 < 63 < 61,
8,< 84 < 6y, and H, > H3 > Hy Yy At x = 48 cm, 19 in., 3U;/3y = 0 across the
boundary layer and 51 = 62 63, 6, = 6, =03, and Hy = H2 = Hj. At the
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remaining measurement stations the sign of 3U;/3y varied across the boundary
layer. Although Kiock demonstrated the relationships between classical, true,
and pressure-based integral parameters with simple mathematical models of the
boundary layer, the agreement shown here demonstrates that these trends hold
equally well in complex flowfields of interest.

5.3.4 Skin Friction Coefficient on Test Surface

Law-of-the-wall velocity profiles were calculated from pitot data and LV
velocity data in the attached flow upstream of separation and downstream of
reattachment. The skin friction coefficient was determined from the friction
velocity, U

Ce =2 (5-11)

ref

Within the separation bubble the skin friction coefficient was determined from
backward facing pitot data. At all stations within the bubble C¢ was
evaluated from the normal velocity gradient at the wall estimated from pitot
data. Where possible Cg¢ was also calculated from friction velocities

obtained from law-of-the-wall plots of the backflow velocity profiles.

Details of the calculations are given in Section 5.5.1.

The skin friction coefficients in the test section are presented in terms
of the upstream reference velocity (i.e., Ce = ZTw/pU%ef) and also in terms of
the local freestream velocity (i.e., C¢ = 21“/pUe2). Values of the skin

L

friction coefficient based upon the upstream reference velocity, Cg¢, will be
used to quantify wall shear stress variations in the test section. Cg , based
L

on the local freestream velocity, will be used to compare to Swafford's corre-
lation of skin friction in attached and separated turbulent boundary layers
(ref. 42).

Values of Cg on the test plate centerline are plotted in figure 5-7a.
At the reference station 24 cm upstream of the test section inlet C¢ equaled
0.00267, a typical value for a zero-pressure gradient turbulent boundary layer
having Reg = 11,100. Cg decreased in the decelerating boundary layer
upstream of separation until it reached a value of 0.0001 at x = 40.6 cm just
upstream of detachment. The negative value of Cg¢ calculated from the
backflow velocity profiles within the separation bubble indicated that the
wall shear stress within the separation bubble was approximately 1/10 as large
as the wall shear in the attached flow wall upstream of separation. Down-
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stream of reattachment C¢ increased rapidly until a value of 0.00282 was
reached at the last measurement station in the exit duct.

Swafford (ref. 42) has proposed the following empirical correlation which

number, Ree, to egtimate Cf in both attached and separated flows.
L
-1.33H _
cp =236 e ¢ (1.1 x 107% |tanh (4 - ) (5-12)
L (logloRee) : : .875

The first term in Swafford's correlation is the skin friction correlation
given by White (ref. 43) for attached turbulent boundary layers. Swafford
added the second term to correlate the negative skin friction coefficients in
reversed flows. Experimentally determined values of Cg on the test plate
centerline have been plotted in figure 5-7b together with Swafford's correla-
tion. Experimentally determined values of 8, and H, were used to evaluate

eq. (5-12). The agreement between the correlation and the data is very good
up to separation. The correlation correctly predicts the length of the
separation bubble but significantly underpredicts the skin friction in the
backflow boundary layer. The maximum negative value of skin friction coeffi-
cient (i.e., Cg = -0.00022) which can be obtained from eq. (5-12) limits

its ability to correlate the wall shear in energetic backflow boundary layers.
Downstream of reattachment the Swafford correlation underpredicts the rapid
monotonic increase in skin friction by 20 to 40 percent. Swafford anticipated
that his correlation would not be universally applicable to all flow situa-—
tions since it was developed largely from the open separation bubble data of
Simpson et al. (ref. 1) and Alber et al. (ref. 44). The Swafford correlation
has not been compared previously to separation bubble data through reattach-
ment.

5.3.5 Demonstration of Flow Two-Dimensionality

The criterion to measure the spanwise uniformity of the flow at the
initial measurement plane, test section inlet, just upstream of separation,
and within the reversed flow region have been defined in Section 3.2.4 "Flow
Two-Dimensionality and Steadiness Criteria'". The attainment of the spanwise
uniformity criterion at the initial measurement plane, which was defined as
deviation of less than one percent in the measured pitot pressure at tunnel
midheight, has been described in Section 4.2 "Initial Plane Boundary Condi-
tions". The attainment of a straight separation line which deviated from a
line perpendicular to the tunnel centerline by +6 percent of the test section
span excluding the sidewall regions has been described in Section 4.3 "Flow
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Visualization". This +6 percent deviation only slightly exceeded the *5
percent criterion. Satisfaction of the remaining criterion that the boundary
layer momentum thickness at each spanwise measurement station (i.e., z = =15.2
cm, 0, +15.2 cm) deviate from the spanwise average by less than 5 percent will
be discussed in this section.

First, however, the spanwise uniformity of the total pressure profiles
within the test section should be noted. In figure 5-8 nondimensionalized
total pressure data are plotted vs. transverse distance from the test plate at
three spanwise locations for each of six axial stations: two stations
upstream of separation, two stations within the separation bubble, two
stations downstream of reattachment. The profiles at Stations 2, 11, 18, and
24, encompassing the region from upstream of separation to the aft end of the
bubble, show good spanwise uniformity with the maximum profile difference
being on the order of .05 P/Qref‘ Downstream of reattachment at Station 31
(fig. 5-8e) the total pressure profile on the centerline has a larger defect
at 2.5 em < y < 7.5 cm than the off-centerline profiles. This difference is
almost eliminated at Station 34 (fig. 5-8f) in the exit duct.

i igure 5-9 with the ordinate normal-
ized by the boundary layer thickness. Minimal spanwise skewness is evident in
the profiles at Stations 18 (fig. 5-9¢) and 24 (fig. 5-9d) indicating that the
skewness observed in figure 5-8c and 5-8d resulted from small spanwise varia-
tions in the boundary layer thickness within the separation bubble. The vari-
ation in the boundary layer thicknesses measured at the z = +15.2 cm and

z = -15.2 cm locations at stations 18 and 24 were 11.6 percent and 7.0 percent
of the boundary layer thicknesses on the centerline, respectively.

The spanwise variations in the momentum thickness at the same six axial
stations has been assessed. Values of 81, the momentum thickness derived
from classical boundary layer theory, and 65, the pressure-based momentum
thickness (see Section 5.3.3.1 "Definitions of Integral Properties')
normalized by the spanwise average are plotted in figure 5-10. At stations 2
and 11 upstream of separation and Stations 18 and 24 within the reversed flow
region 8, varied less than 5 percent across the span. Downstream of
reattachment at stations 31 and 34 the momentum thickness peaked on the wind-
tunnel centerline and varied from the spanwise average by 8 and 13 percent,
respectively. The pressure-based momentum thickness, 65, showed similar
trends to 6, except at station 18 where 6; was 8 percent less than the
spanwise average at z = 0. The slight three-dimensionality in the flowfield
downstream of reattachment, apparent from the spanwise variations in momentum
thickness, is consistent with the inward skewness of the surface tufts shown
above in figure 4-4.
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5.4 Description of the Separation Process

5.4.1 Nature of the Decelerating Boundary Layer

The streanwise mean-velocity distribution in a turbulent boundary layer
can be expressed as a linear combination of wall and wake functions as shown
by Coles (ref. 45).

I y
ot = (5 + - w(&—) (5-13)
K

where k is a constant to be determined from experimental data and w(y/G) is a
universal wake function. The near wall flow is dominated by viscosity whereas
the wake flow represents the cumulative effect of the pressure gradient. When
the inner layer (or wall) structure is in equilibrium with the outer layer (or
wake) structure the turbulent boundary layer is said to be in equilibrium.

Coles showed that the wake parameter I could be expressed as

(5
I=x{—]|—]}-1 (5-14)
7))

He further noted that when II is constant the turbulent boundary layer is in
equilibrium and there is a certain balance between the constraints imposed by
inertia (i.e. Up) and viscosity (i.e. U;). A balance also exists between

the large-scale and small-scale mixing processes (ref. 45). This concept of
equilibrium is useful in zero, favorable, and slightly adverse pressure-
gradient, turbulent boundary layer flows whose mean-velocity profile and
turbulence structure are dominated by the effects of the wall (ref. 6).

Another equilibrium parameter, which characterized the flow in the outer
layer, was derived by Clauser (ref. 46).

*
s 4
g = — —Pe (5-15)

Ty dx

Clauser showed that a turbulent boundary layer with variable pressure
gradient, but B constant, is in equilibrium.
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White (ref. 43) studied 13 near equilibrium flows presented at the 1968
Stanford Conference (ref. 47) and proposed the following empirical relation-
ship between I and B for equilibrium flows

I~ 0.8 (8 + 0.5)0-75 (5-16)

To determine the nature of the boundary layer upstream of separation,
velocity profiles were plotted in law-of-the-wall coordinates (fig. 5-11),
The velocity profiles at Stations 0-5, were determined from pitot traverses
with the assumption that transverse static pressure gradients were negligible.
At Station 6 (x = 26.25 cm) profiles were determined from both pitot and LV
data. Only LV data is presented at Station 8 (x = 31.75 cm) because of
significant transverse static pressure gradients at that station.

Values of skin friction, Cf, and the wake parameter, I, were calculated
at each station from the profiles. The skin friction decreased monotonically
from a value of .00267 at Station O (x = -24.1 cm) to .00077 at Station 8.

The wake parameter, T, equaled 0.33 at Station 0 where the boundary layer was
nearly in equilibrium (see Section 4.2). (Coles suggested a value of 0.55 for
a flat-plate zero-pressure-gradient boundary layer.) The wake parameter
remained relatively constant through Station 3 (x = 13.34 cm) before
increasing rapidly to a value of 3.4 at Station 8 (x = 31.75 cm) as the flow
encountered an increasingly adverse pressure gradient as shown previously in
figure 4-7.

The Clauser equilibrium parameter, B, was also evaluated at the same
measurement stations after eq. (5-15) was transformed into the following
form.

dC
B = — — (5-17)
dx

The calculated values of B and I are plotted in figure 5-12 together with the
empirical curve, eq. (5-16), defining the relationship between I and § for
equilibrium flows. As shown in the figure, although the boundary layer was
nearly in equilibrium at Stations 0, 1 and 2, neither I nor 8 remained
constant between Sections 3 and 8 as the boundary layer lost its equilibrium
structure when it encountered the strong adverse pressure gradient,

Some insight into the reasons for this loss of equilibrium can be
obtained by differentiating eq. (5-17) with respect to x
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B 6" ach 1 acpaa* §* 3c, 3Cg
— =+ — - — (5-18)
9xX Cfax Cfax 9xX Cf dX 9X

Thus, it should not be surprising that given the shape of the measured static
pressure distribution upstream of separation (i.e. 32C,/3x2 > 0) that the
decelerating flow was not in equilibrium. Since 36%/3x > 0 and 3Ce/ax < 0
upstream of separation, all the terms on the rhs of eq. (5-18) are positive,
thereby precluding 38/3x from equaling zero, the condition for equilibrium.
In decelerating flows, equilibrium can only be achieved when ach/ax? < 0.

Cutler and Johnston (ref. 6) have noted that in strongly adverse pressure
gradient and detaching flows the concept of equilibrium is not too useful.
The boundary layer loses profile and structural self-similarity when the inner
layer cannot adjust fast enough to changes imposed on the outer layer by the
adverse pressure gradient,

A measure of the strength of the gradient can be obtained from a ratio of
the boundary layer thickness, §, and a characteristic length scale of the
adverse gradient, Ua/(3Ug/9x).

Qo
(=}

e
X

R

|

(5-19)

Q

8
Ue

This non-dimensional gradient strength, R, usually can be calculated from
experimental data when detailed profile information is not available to evalu-
ate the wake parameter, I. In the following section values of R have been
calculated for the experiments of Simpson et al., (ref. 2) and Sandborn and Liu
(ref. 49) and are compared to the non-dimensional gradient strengths
calculated from data measured in the current study.

5.4.2 Analysis of Data in the Separation Region

In the absence of a salient edge, turbulent boundary layer separation
occurs over a region rather than at a single streamwise location as occurs in
laminar boundary layer separation. This process of turbulent boundary layer
separation on a faired surface has been described by Sandborn and Kline
(ref. 23) as follows:
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"...separations of a turbulent shear layer do not usually begin in a

steady or two-dimensional fashion on a faired surface. Instead they more
often commence with intermittent streaks of backflow extremely near the
surface. At the present time the onset of these streaks of backflow is
not well correlated; indeed, the onset apparently depends on the nature
of the fluctuations in the free stream. However, this is probably not of
crucial importance, since these streaks of backflow are now known to be
only an evidence of the existence of islands of hesitation which form a
portion of the inherent flow model of the wall layers of the turbulent
shear layer described by Kline and Runstadler (ref. 48). 1In favorable or
mild adverse pressure gradients these islands of hesitation merely move
more slowly than neighboring fluid layers; backflows are not observed.
However, as the adverse pressure gradient is increased, these layers of
very small inertia begin, relatively soon, to show upstream motions and
to create local intermittent flow separation with streaks of backflow
near the surface of a very small length scale. As the adverse pressure
gradient is increased still further, these local backflows begin to
accumulate slow moving fluid near the wall faster than it can be removed
by the through flow. This leads to large transient three-dimensional
stall patterns wherein the slow moving fluid is removed by intermittent
adjustments in the over-all flow pattern and pressure distribution.
Finally, upon still further increase in adverse pressure gradient, this
process leads to a complete breakdown of the boundary-layer potential
flow pattern and a fully established stall."

The following terminology has been defined (refs. 6 and 8) to quantify

the process of turbulent boundary layer separation.

Detachment (D) - the locus of points where the limiting streamline of the
time-averaged flow leaves the wall; a location of zero mean skin fric-
t iomn.

Incipient Detachment (ID) - the point upstream of detachment having back-
flow at the wall 1 percent of the time (yp = 0.99).
U

Intermittent Transitory Detachment (ITD) - the point upstream of detach-
ment having 20 percent instantaneous backflow of the wall (YP = 0.80).
U

Transitory Detachment (TD) - the point in the region of detachment having
50 percent instantaneous backflow at the wall (YPU = 0.50). This point

is usually coincident with or very close to the detachment point (D).

The locations of incipient detachment, intermittent transitory detach-

ment, and transitory detachment for the current study occurred at x = 32,
35.5, and 42 cm, respectively, as shown in figure 5-13. Thus, the axial
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extent of the separation region between incipient detachment and detachment
was 10 cm which was less than the 1l cm thick boundary layer at Station 8

(x = 31.75 cm) just upstream of incipient detachment. Sandborn and Liu

(ref. 49) who studied a turbulent separation bubble on a curved surface also
achieved separation over one boundary layer thickness whereas Simpson et al
separated the flow more gradually over 4.4 boundary layer thicknesses. Cutle
£f. 6) did not t al {ref. 25) ar
e (ref. 5) did not measure the forward flow fraction.
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To compare the forward flow fraction data in the separation region with
data obtained by other investigators, YPU has been plotted vs. a shape factor,

h = (H,~-1)/H,, in figure 5-14. The shaded region represents the range of
turbulent boundary layer separation and reattachment data surveyed by Kline et
al (ref., 50). All the turbulent separation cases surveyed were near equili-
brium. The data obtained upstream of detachment in the current study lies
outside and to the left of the envelope of the equilibrium separation data
surveyed. Transitory detachment was achieved in the current study at h =
0.55, significantly less than the 0.69 < h < 0.77 range of the surveyed data.
This result could have occurred because of the nonequilibrium nature of the
decelerating boundary layer in the current study. The strong adverse pressure
gradient caused detachment to occur before the profile could adjust to an
equilibrium shape.

Correlations have been developed in the H-A plane, where A = §*/5§, to
demarcate the regions of unseparated flow, intermittent separation, and fully
developed separation. Sandborn (ref. 51) defined the line of demarcation
between unseparated flow and intermittent separation in a turbulent boundary
layer by the following equation

H = 1 +  —— (5—20)

Sandborn and Kline (ref. 23) demonstrated that eq. (5-20) correlated all known
intermittent separation data available at that time. Sandborn (ref. 51) also
defined a line in the H-A plane to denote the location of laminar boundary
layer separation. Sandborn and Liu (ref. 49) later showed that the laminar
separation line could be generalized as a zero wall shear separation line

since it also demarcated the regions of intermittent and fully developed
turbulent separation.

The correlations of Sandborn, the present experimental data, and the data
of Simpson (ref. 1), Perry and Fairlie (ref. 5), Smith et al (ref. 25), and
Sandborn and Liu (ref. 49), are shown in figure 5-15. Equations (5-7) and
(5~9), which include the effects of normal static pressure gradients within
the boundary layer, were used to determine the boundary layer integral
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properties from the current experimental data. The Sandborn curves correlate
the experimental data of both Simpson and the current experiment very well.
In the current experiment, intermittent separation (ITD) commenced just
upstream of Station 11 and separation (i.e. detachment (D)) occurred down-
stream of Station 13. The locus of data points from the present experiment
also passes through the range of all experimental separation data surveyed by
Sandborn. The location of intermittent and fully developed separation in
Simpson's experiment were also predicted by the Sandborn correlation.

The data of Smith et al and Perry and Fairlie generally follow the trends
of Simpson's data which lie to the right of the data obtained in the current
study. The data of Sandborn and Liu show intermittent and fully developed
separations occurring near the boundaries predicted by Sandborn's correla-
tions. However, their data lie significantly to the left and outside the
range of data surveyed by Sandborn and Kline.

Values of R, the non-dimensional strength of the deceleration gradient,
were calculated at the point of incipient detachment and transitory detachment
for the current riment and for the studies of Simpson et al and Sandborn
and Liu. At incipient detachment, R, was calculated using eq. (5-19) to be
0.022, 0,052 and 0.061, for the data of Simpson, the current study, and
Sandborn and Liu, respectively. At detachment, the same relationship existed.
R equaled 0.026, 0.033, and 0.097 for the data of Simpson, the current study,
and Sandborn and Liu, respectively. Thus the deceleration gradient imposed by
Sandborn and Liu was larger than the gradient imposed in the current study,
which in turn was larger than Simpson's deceleration gradient. These data
tend to indicate that increasing R causes the locus of data points in a given
experiment to move up and to the left in figure 5-15. A consequence of this
movement is that §° /6 at separation varies inversely with R,

Kline, Bardina, and Strawn (ref. 50) have developed an improved correla-
tion for detachment for any boundary layer having a velocity profile which
satisfies the modified Coles' wall-wake profile (ref. 30).

1 n(x) ™
Ut =—1n yt o+ 1 - cos —Z) +C (5-21)
K K 8

where NI(x) is the wake amplitude. Equation (5-21) has been extremely effec-
tive in correlating the vast majority of turbulent boundary layers. The
correlation becomes inadequate only for those boundary layers in which the
inner and outer layers are far fromequilibrium (ref. 50). Kline et al. cast
eq. (5-21) into the following form
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"
=1+ Vg ln (g) - Vg cos? ;g (5-22)

c
Rl

where Vg (the nondimensional wake amplitude) and Vp (the dimensionless
shear velocity) are defined as

Vg = 20, T(x)/kU, (5-23)
Vo = U /U, (5-24)

respectively. The shear velocity, U;, is defined to be positive in both
attached and separated flows.

Using eqs. (5-4) and (5-5) to define the momentum and displacement thick-
nesses, eq. (5-22) can be integrated directly to yield

- _ 2 _ _ 2 _
= Vg + 0.5 Vg - 2V, 1.5895 V. Vg .375 Vg (5-25)

o | @

rt 0.5 Vg (5-26)

Solving eq. (5-26) for the wake strength, Vg, and substituting the result
into eq. (5-25) yields the correlating equation

2

h v v
—=1.5+0.179 —L + 0.321 I (5-27)
A A A
where
*
§ -9 H-1
h = % = (5"28)
s H
6*
A [ J—— (5-29)
8
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For equilibrium boundary layers the dimensionless shear velocity, Vg, is
given implicitly by

_ 1 - 27
Vp = (5-30)

Vel
in . * 1n (k Regy) + 0.05

The correlation of Kline et al. (eq. (5-27)) is plotted in figure 5-16
along with the data of Cutler and Johnston, Sandborn and Liu, and the present
experiment. The shaded region represents the range of near-equilibrium
separation data surveyed by Kline et al. The data obtained in the current
study upstream of separation (i.e., Stations 6, 8, and 11) and in the upstream
half of the separation bubble (i.,e., Stations 13-15) lie near the Cutler and
Johnston data above the Kline correlation for equilibrium turbulent boundary
layers and near the boundary of the shaded region. The data of Sandborn and
Liu, which was obtained in a strong adverse pressure gradient on a convex
surface, lie significantly above the correlation line and outside the shaded
region. Data obtained in the downstream half of the separaiion bubble (i.e.,
Stations 18, 20, 22, 24 and 26) and downstream of reattachment (i.e., Stations
28 and 31) lie on or near the Kline correlation.

Deviation of data obtained by Sandborn and Liu, Cutler and Johnston, and
at Stations 6~-15 in the current study from the correlation line is not
surprising since the Kline correlation is restricted to the special case of
equilibrium turbulent boundary layers. As discussed in Section 5.4.1 above,
the decelerating boundary layer in the present experiment which was near
equilibrium at the test section inlet lost its equilibrium structure when it
encountered the strong adverse pressure gradient. To estimate the effect of
boundary layer nonequilibrium on the Kline correlation, eq. (5-27) was
rederived for a boundary layer having no wake component (i.e., I = Vg= 0).
For a zero-wake boundary layer eq. (5-27) becomes

h = 2A (5-31)

As shown in figure 5-16 the data from Stations 6-15 generally lie between the
equilibrium correlation (eq. (5~27)) and the zero-wake correlation (eq. (5~
31)). As the flow moves downstream the data approaches the equilibrium
correlation as the strength of the deceleration gradient diminishes. Note
also in figure 5-16 that the Sandborn-Kline correlation not only predicts the
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beginning of intermittent separation between Stations 11 and 13 but the
reattachment location between Stations 26 and 28 also.

In the fully developed separation region Simpson et al. (ref. 1) demon-
strated that a similarity existed in the forward flow fraction profiles by
normalizing and plotting

Y -
Py " TPy .,
min y
n vs. o (5-32)
- Yp
Unin
where YP was the minimum value of y in the profile near the wall and M
Unin Py

was the distance from the wall to the peak in the axial turbulence profile.
The data in the present experiment were normalized in the same manner and very
good profile similarity was obtained. However, better similarity was obtained
when the profiles were normalized with M chosen as the distance from the wall
to the peak in the transverse turbulence profile. The profiles normalized by
the distance from the wall to the peak in the transverse turbulence profile
are plotted in figure 5-17. Data scatter is very small, being well within the
bounds of Simpson's data which are based on M chosen as the distance from the
wall to the peak in the axial turbulence profile.

5.5 Description of the Separation Bubble

Downstream of separation a large separation bubble, defined as Zone III
in figure 5-1, having a maximum thickness, h, of 17 cm was formed between the
mean dividing streamline and the upper wall test surface. The flow within the
bubble was characterized by vigorous recirculation and high turbulence levels.
As shown in figure 5-18, Zone III can be partitioned into three transverse
subzones: Zone IIIA, the backflow boundary layer in which U < 0 and 3U/3y <
0; Zone IIIB, the backflow shear layer in which U < 0 and 3U/3y > 0; and Zone
II1IC, the forward flow shear layer, in which U > 0 and 3U/3y > 0. The
backflow in Zones IIIA and IIIB was strong and steady. Mean backflow
velocities exceeding 30 percent of the local freestream velocity have been
measured within these subzones. Steady backflow (i.e., YPU= 0) was measured

over a large portion of zones IIIA and IIIB. As indicated in figures 4-13,
5-13, and Table II, the region throughout which the forward flow fraction was
zero extended along the test surface from Station 18 (x = 67.3 cm) to Station
24 (x = 90.2 cm). The maximum thickness of the steady backflow region was
2.5 cm at Station 20 (x = 74.9 cm). Measurements of YPU = 0 in a separated

boundary layer have not been reported previously (ref. 24).
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As a result of the strong steady backflow within the separation bubble a
well developed thin backflow boundary layer (Zonme IIIA) grew along the test
plate. The boundary layer, which had both laminar and turbulent characteris-
tics, will be described in more detail in Section 5.5.1 below.

Zone II11B, the backflow shear layer, was approximately an order of magni-
tude thicker than the backflow boundary layer. The backflow shear layer con-
sisted of an inner layer having a relatively flat velocity profile (Zone
IIIBl), which connected the viscous near wall region with the outer shear
flow, and the outer backflow region (Zone I11B2) which was part of the outer
shear flow. Zones IIIA, IIIBl, and IIIB2 are components of the three-layer
backflow model proposed by Simpson (ref. 1). Zone IIIB was characterized by a
nearly constant turbulence level approximating 8 percent of the inlet free-
stream velocity as shown in figure 4-18.

Zone IIIC, the forward flow shear layer, defined as the region between
the locus of U=0 points and the dividing streamline (¢ = 0) contained higher
normal velocity gradients, 3U/3y, and turbulence levels than Zone IIIB. In
fact, the largest values of 3U/3y within the reversed flow region between
Stations 13 and 26 occurred at the outer edge of Zone ITIIC. As discussed
below in Section 5.8, "Shear Stress Correlations" the largest values of the
streamwise shear stress, EE} also occurred at the outer edge of Zone IIIC near
the dividing streamline. As shown in figure 5-19, Zone IIIC was slightly
thinner than the combined thicknesses of the backflow zones (Zone IIIA + Zone
IIIB) at all stations. The thicknesses of the backflow zones and the forward
flow shear layer (Zone IIIC) increased linearly over the upstream half of the
separation bubble. The origin of the linear growth region was the point of
transitory detachment (i.e., YPU = 0.50 at the wall).

5.5.1 Description of the Backflow Boundary Layer

Although the existence of a steady backflow boundary layer was not
anticipated at the outset of the test program, the measurement matrix was
sufficiently dense to permit a limited analysis of the structure of the back-
flow boundary layer. Backflow velocity profiles are plotted in figure 5-20.
The profiles were calculated from backward-facing pitot data. The limited
number of LV measurements made within the backflow boundary layer indicated
that the backflow was steady (YPU = ) between Stations 23 and 18 (i.e. over

the central 35 percent of the axial extent of the bubble) and only slightly
intermittent (yp, < 0.12) at all other locatioms. LV velocity measurements
U

were in good agreement with the pitot data.
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The boundary layer appeared to originate near the reattachment point
(xg = 103 cm) just downstream of Station 27. The boundary layer grew until
it reached a maximum thickness of approximately 0.76 cm at Station 15 near
Zone II, the intermittent separation zone. The pitot data obtained at Station
15 are not presented in figure 5-~20 because values of YPU as high as 25 per-
5 .

15 could make the data unreliable,

=]

cent measured near the wall at Statioc

r

With the understanding that the accuracy would be less than desired
because of the small number of data points obtained within the backflow
boundary layer, boundary layer integral properties were calculated for each
profile presented in figure 5-20. Calculated values of the momentum thickness
Reynolds number, Reg, the shape factor, H, and other backflow boundary layer
parameters are listed in Table VII. Boundary layer parameters determined by
Coles (ref. 30) for a zero pressure gradient turbulent boundary layer are also
listed in Table VII for comparison. Although the maximum calculated value of
Reg, which was 184, was much lower than the value of 425 required for
transition in low-freestream-turbulence, zero-pressure-gradient boundary
layers (Table 2 in Appendix A of ref. 30), the calculated value of H was
transitional. The shape factor decreased from 1.98 at Station 25 to 1.48 at
Station 16. The values are between the shape factor of 2.59 for a laminar
boundary layer having a Blasius velocity profile (ref. 35) and the value of
1.47 given by Coles (ref. 30) for a turbulent boundary layer for which Reg
equals 855.

To gain additional insight into the nature of the backflow boundary layer

the local axial turbulence 1eve1s,‘fﬁEYU, measured within Zone IIIA with the
LV system were plotted in figure 5-21. The turbulence level was uniformly
high across the boundary layer, varying from approximately 50 percent near the
wall to 40 percent at the "freestream." The turbulence was dominated by low
frequency large scale eddies (see Section 4.6). The turbulence profile
measured by Klebanoff (ref. 31) for a flat plate turbulent boundary layer
having a low level of freestream turbulence has been shown for comparison.
The local turbulence levels in the Klebanoff profile are less than 10 percent
over the outer 90 percent of the boundary layer. Because of the low free-~
stream turbulence level, the Klebanoff boundary layer is dominated by
turbulence which is generated near the wall and diffused outward. If such
turbulent transport exists in the backflow boundary layer it is masked by the
large scale turbulent eddies.

The turbulence levels within the backflow boundary layer exceed the
turbulent boundary layer values measured by Klebanoff at all points in the
profile. 1In this respect, the backflow boundary layer is clearly turbulent.
However, it could be argued that the LV turbulence measurement resulted from
averaging highly unsteady laminar flow at the wall which is driven by the
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large scale turbulent eddies in the "freestream." Therefore, the backflow
boundary layer can only be referred to as pseudo-turbulent until its exact
nature can be determined from more detailed measurements.

Simpson (ref. 26) has proposed that the backflow velocity profile in
Zones IIIA and IIIB has a universal shape defined by the equations

U
— =alZ-1n |Z|-1 -1 (5-33)
|uyl N N

where N is the value of y at the transverse location of the maximum backflow
velocity, Uy. The present LV data are compared to the Simpson correlation
in figure 5-22. Setting A = 0.3 as suggested by Simpson, eq. (5-33)
correlated only the profile data at Station 15 just downstream of detachment.
Setting A = 0.2 provided a better correlation for data in Zone III A (i.e.,
y/N < 1). Considering the scatter in the profiles in Zone IIIB when plotted
in y/N vs. U/UN coordinates, eq. (5-33) could not correlate the Zone IIIB
data for any value of A. Simpson also noted difficulties in using eq. (5-33)
to correlate Zone IIIB profiles.

The flow at Station 15 most closely approximated the flow conditions used
in the test cases surveyed by Simpson in developing eq. (5-33). The velocity
at Station 15 was intermittent having a minimum value of‘yPU of 0.08. All

other profiles presented, except the Station 16 data, had steady backflow
(i.e., YPU= 0) throughout the profile. None of the profiles surveyed by

Simpson had steady backflow at any point in the profile.

Because of the highly turbulent nature of the backflow boundary layer, an
attempt was made to plot the backflow data in U* vs. y* law-of-the-wall
coordinates. Simpson had suggested (ref. 1) that such a scaling was not
possible in the backflow boundary layer because the law-of-the-wall length
scale v/U; varies inversely with its velocity scale U; which differs from
the behavior of N and Uy which both increased in the downstream direction.

In the present data, the behavior noted by Simpson occurred over a short
region just downstream of detachment (Stations 13-15) where yp > 0 as shown

in figure 5-14. In the steady backflow region (Stations 18-24), however, N
increased in the direction of the backflow while Uy remained relatively
constant (see Table VII) which is exactly the behavior attributed to boundary
layers which can be modeled in law-of-the-wall coordinates,

113



Backflow boundary layer data plotted in law-of-the-wall coordinates are
presented in figure 5-23. The data are characterized by a short log-linear
region (11 < y* < 60) and a negative wake. Data scatter is minimal. The
absence of a wake component in the backflow boundary layer is not surprising.
Coles has plotted the strength of the wake component in equilibrium turbulent
flow vs. Reg in figure 12 of reference 30. Coles's plot shows that the
magnitude of the wake component is zero at Reg = 425 and increases to its
equilibrium value at Reg = 5000. The maximum value of Reg in the backflow
boundary layer was 184. Coles also noted in figure 15 of reference 30 that
increasing freestream turbulence decreased the strength of the wake component.
Kline et al. (ref. 52) showed that the wake component in an equilibrium
turbulent boundary layer, which was normal at a freestream turbulence level of
1.8 percent, decreased tu zero when the freestream turbulence level increased
to 4.5 percent. As shown above in figure 5-21 the backflow boundary layer had
a "freestream" turbulence level of 40 percent.

The friction velocity, U, and the skin friction coefficient, C¢ = -2
(Ur/Uref)z’ were determined from the law-of-the-wall plots. The skin friction
values, shown in figure 5-23, were approximately an order of magnitude lower
than the values measured in the attached boundary layer upstream of separa-
tion. However, when localized by the local maximum backflow velocity, Uy,
rather than the inlet reference velocity, the skin friction coefficient, Cf' =
2 (UT/UN)Z, was quite large. Cg' has been plotted vs. Re,., in figure 5-24
where Re . = UNx'/v and x' = xp=x where xp, the axial location of reattach-
ment, equaled 103 cm.

Also plotted in figure 5-24 are values of C¢' estimated from the normal
velocity gradient at the wall at each station within Zone III using the
following equation

aU
u 3y |y=0 Ree Ay 3Uy
Cf' = 2 + - (5"34)
p UN /2 2 6 9x

The second term on the rhs of eq. (5-34) is a correction term to be used in
flows having axial pressure gradients (ref. 53). The correction term did not
exceed 12,5 percent at any station within Zone III.

C¢' calculated from eq. (5-34) decreased from 0.022 at Reyr = 2.1 x 1¢
near reattachment to 0.0074 at Re v = 1.1 x 10° near detachment. Very good
agreement was obtained between values of Cf' calculated using eq. (5-34) and
the values determined from the law of the wall plots. Values of Cg'
correlated reasonably well with the equation

114




C} = 3.29 Re, /2 (5-35)

which has the same Rex._l/2 dependence but which is 400 percent higher than
zero pressure gradient laminar skin friction coefficients at the same Reynolds
number.

Two possible explanations for the high skin friction coefficients
measured in the backflow boundary layer could be the favorable pressure
gradient and the high turbulence levels impressed upon the backflow boundary
layer by the external flow field. The effect of the favorable pressure
gradient on the shear at the wall can be estimated using the Pohlhausen
parameter, A, (ref. 35, p. 245)

U Uy A
Tw=u——|=u—2+— (5-36)
3y y=0 N 6
where N
dp N°
dx' uUy

The effect of the pressure gradient on the skin friction can be estimated from
eq. (5-36) as
]
Cg, A
—t— =1 + — (5-37)
Cg' (A=0) 12
A

The maximum value of A within the backflow boundary layer occurred at Station
23 (x = 86.4 cm) where A = 13.9. Thus, the effect of the favorable pressure
gradient could account for as much as 100 percent of the 400 percent increase
in skin friction at some points in the backflow boundary layer.

The effect of freestream turbulence in reducing the transition Reynolds
number and increasing the skin friction coefficient is well known but not well
quantified. Dyban et. al. (ref. 54) have measured a 56 percent increase in
skin friction in a laminar boundary layer having a 25 percent freestream
turbulence. The increase in the backflow boundary layer skin friction
coefficients due to the 40 percent '"freestream" turbulence within the
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separation bubble would be expected to be large but cannot be estimated at
this time.

5.6 Description of the Reattachment Process

Reattachment of the separated shear layer is an inherently unsteady
process which occurs within Zone IV, the Reattachment Zome. Smoke flow
visualization movies showed that the Reattachment Zone was characterized by
random streamline flapping (shown schematically in figure 4-6) with large
scale eddies being convected alternately upstream and downstream from the
impingement point on the test surface. The reattaching flow, impinging
steeply onto the test surface, caused a static pressure peak which drove the
strong backflow within the separation bubble described above.

The flow within Zone IV was characterized by frequent flow reversals and
high turbulence levels. The flow reversals have been quantified by the
forward flow fraction, which is the fraction of the time the flow is moving in
the downstream direction. Values of the forward flow fraction, YPU’ near the

test surface (y = 0.10 cm) at the four LV measurement stations within the
reattachment zone have been plotted in figure 5-25 versus x*, a nom
dimensional axial coordinate

< x_xR

x = (5-38)
X"XG*
max
where xg is the reattachment location defined as the point on the test
surface where'Ef = 0 and xg4 is the axial coordinate at the location of the

max
maximum separation bubble thickness. The definition of the non-dimensional

coordinate, x*, has been chosen to permit direct comparison of data in the
reattachment zone to data obtained in backward facing step flows where the x-
coordinate has its origin at the step and x* = (x;xR)/XR (ref. 17). .
Note in figure 5-25 that yp rises from 0.02 at x = -0.44 to 1.0 at x =

"U

+0.40. If the reattachment zone is defined as the region between O'OI.S'YPU.S
0.99 and x - Xg & is approximately 1/2 the bubble length, the reattachment
max

zone can be calculated to be 40 percent as long as the separation bubble. A

correlation developed by Westphal et al. (ref. 17) for reattaching flow down-
stream of a backward facing step shows excellent agreement with the forward-

flow fraction data obtained in the present study.
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The skin friction coefficient measured within the reattachment zone has
been plotted vs. the forward flow fraction in figure 5-26. The skin friction
increased monotonically with forward flow fraction throughout the reattachment
zone. Also plotted in figure 5-26 are data from two cases investigated by
Westphal et al. (ref. 17) for reattaching flow behind a backward facing step.
The backward facing step data showed similar trends to the data in the present
study. 1In particular, for both cases studied by Westphal et al. and for the
present data the location of Cg = 0 occurred near the location at which Yp._ =

U
0.50.

Downstream of the reattachment location the reattached flow recovers the
structure of a flat-plate turbulent boundary layer. This process occurs in
two stages. In Zone V, a new boundary layer develops along the test surface
and quickly achieves equilibrium conditions. The relaxation of the outer
shear layer in Zone VI occurs much more slowly, however.

Streamwise velocity and turbulence profiles downstream of reattachment
are plotted in figure 5-27. The two-layer structure of the reattached bound-
ary layer can be seen quite clearly in the figure as the new boundary layer
grows rapidly ioward equilibrium under the relaxing outer shear layer. The
effective "freestream" turbulence level impressed upon the developing boundary
layer was quite high. The turbulence level was approximately 10-14 percent of
U.og and on the order of 25 percent of the streamwise velocity at the edge of
the new boundary layer at all measurement stations downstream of reattachment.
Recovery of the two-layer profile to a flat-plate turbulent boundary layer
profile was not complete at x = 148 cm, the final measurement station within
the test section.

To study the structure of the recovering flat-plate turbulent boundary
layer in more detail, axial velocity profiles at these measurement stations
downstream of reattachment have been plotted in law-of-the wall coordinates in
figure 5-28. At Station 28 (x* = 0.09) at reattachment the boundary layer
structure had no log-linear region. The profile was dominated by the wake-—
like structure of the reattaching outer shear layer. At Station 30 (x* =
0.36) a short log-linear region had become established at y* < 100 but the
profile dipped below the standard log-linear line before reverting to a
strong, albeit somewhat diminished from Station 28, wake component at the edge
of the boundary layer. At Station 34 (x* = 1.36) the dip below the log-
linear line persisted and the wake component had diminished to the extent that
the profile had a negative wake component.

The dashed lines in figure 5-28 represent data obtained by Chandrsuda and

Bradshaw (ref. 18) in a reattached fully developed turbulent mixing layer
downstream of a backward facing step. The profiles obtained by Chandrsuda and
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Bradshaw show the same characteristics as the profiles obtained in the present
study. Chandrsuda and Bradshaw explained that the dip below the log-linear
line occurred because the standard logarithmic law is based upon the assump-
tion that the length scale of the turbulence is proportional to y, while at,
and just downstream of, reattachment the length scale will be nearly constant,
as it was in the separated shear layer, except very near the surface.

Bradshaw and Wong (ref. 11) have shown that the dip persists for 50 step
heights (x* = 7.5) downstream before equilibrium is reached in the

turbulence energy exchange between the small length scale turbulence being
generated near the wall and the large length scale turbulence being fed into
the developing boundary layer from the reattached mixing layer. In the
present study x* = 7.5 would correspond to an axial location approximately

160 cm (i.e., 3.75 bubble lengths) downstream of reattachment.

The displacement thickness, 6%, the momentum thickness, 8, and the
shape factor, H, have been calculated throughout the reattachment region and
are plotted in figure 5-29. The open circles represent data calculated using
eqs. (5-4) and (5-5) based on classical boundary layer theory and the solid
circles represent pressure-based integral properties calculated using eqgs.
(5-8) and (5-10) (see Section 5.3.3 "Boundary Layer Integral Properties").
Also plotted in figure 5-29 are integral property data obtained by Driver and
Seegmiller (ref. 14) in flow reattaching behind a backward facing step within
an adverse pressure gradient., The displacement and momentum thicknesses have
been non-dimensionalized by h which equaled the maximum separation bubble
thickness of 17 cm in the present study and the step height in the Driver and
Seegmiller study.

The data obtained by Driver and Seegmiller for their reference case in a
nondiverging tunnel having zero pressure gradient in the reattachment zone are
plotted as squares in figure 5-29. The trends shown in their data, namely the
monotonic decrease in displacement and shape factor, and the generally
increasing value of momentum thickness with axial distance are similar to the
trends observed by Kim et al. (ref. 13) and Pronchick and Kline (ref. 16) for
zero pressure gradient backward facing step flows. For flows reattaching in
an adverse pressure gradient (a = 6 deg) Driver and Seegmiller have shown that
the displacement thickness decreases less rapidly and the momentum thickness
increases more rapidly with axial distance than the zero pressure gradient
case while the behavior of the shape factor is relatively unaffected by the
pressure gradient. Conversely, in the present study the separated shear layer
reattached within a converging channel (0 = -38 deg) having a very favorable
pressure gradient downstream of reattachment. Thus, the rapidly decreasing
displacement and momentum thicknesses downstream of reattachment in the
present study follow the trends identified by the Driver and Seegmiller study
of backward facing step flows. The behavior of the shape factor calculated
from classical boundary layer theory was uninfluenced by the pressure
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gradient (ref. 14 data), whereas the more accurate pressure-based shape factor
calculated in the present study displayed a more rapid decrease with axial
distance within the favorable pressure gradient.

5.7 Streamwise Turbulent Shear Stress Measuremeunts

As noted by Cutler and Johnston (ref. 6), when the mean streamlines are
inclined at a significant angle to the test surface, turbulent shear stress
data are more meaningful when presented in an orthogonal coordinate system
comprised of the mean streamline direction and the normal to the streamline
than in a coordinate system orthogonal to the test surface. This is because
flow history effects are important in boundary-layer flows (except near the
wall) and the streamline orthogonal coordinate system can track the flow
development along a given streamline. Cutler and Johnston concluded that the
behavior of a turbulence quantity is more likely to be modeled in "universal"
form if streamline orthogonal coordinates are used. In the current study,
flow within the boundary layer was inclined more than 30 degrees relative to
the test surface near separation and reattachment, significantly more than the
10 degree inclinations reported by Cutler and Johnston.

The Reynolds stress, ;;, data in the wall orthogonal (x,y) coordinate
system can be rotated into the streamwise orthogonal (s,n) coordinate system
using the following relation (ref. 6)

;E = uv (cos2¢ - sinZ¢) + (vZ - u2) sin¢ cos¢ (5-39)

where GB is the streamwise turbulent shear stress and ¢ = tan ! (v/u), the
angle of the local mean-flow streamline to the wall. The wall orthogonal
shear stress data presented in figure 4-21 have been rotated into streamwise
orthogonal coordinates. The resulting values of aB are tabulated in Table III
and are plotted in figure 5-30.

Trends are much more evident in the streamwise shear stress profiles tham
in the uv profiles plotted in figure 4-21. At Station 6 upstream of incipient
detachment the shear stress peaks near the wall. At Station 11 as the bound-
ary layer approaches detachment the peak increases in amplitude and moves away
from the wall. Downstream of detachment, between Stations 13 and 18, the peak
grows much more rapidly and is located near the edge of the backflow region
(i.e., locus of U = 0 points) indicating strong turbulence generation in this
region. Between Stations 22 and 28 aft of the maximum bubble thickness the
peaks broaden and decay and move farther away from the U = 0 line into the
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wake of the bubble. This decaying trend is reversed as the shear stress
begins to grow again as the flow is accelerated into the exit duct at Stations
30 and 31. No data has been presented near reattachement where highly

unsteady flow and steep flow angles make the rotated data of questionable
value.
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Figure 5-15 Comparison of Mean Velocity Profile Parameters at Separation with
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CHAPTER 6

CONCLUSIONS

Overall conclusions and observations regarding the nature of the
separated flowfield investigated in the current study are summarized here.
Following these general remarks are more specific comments regarding flow in
the various zones which comprised the overall flowfield.

The wind tunnel test configuration employed here produced a large scale
(55 cm. axial extent, 17 cm. maximum thickness) closed separation bubble on a
flat plate test surface with an incident near-equilibrium turbulent boundary
layer. Based on flow visualization and spanwise flowfield measurements, the
separated flowfield is concluded to be a good approximation to an idealized
two-dimensional flow with separation and reattachment and hence a suitable
reference case for assessing computational procedures used to predict two-
dimensional separated flow phenomena. With regard to flowfield steadiness, an
outer inviscid zone was defined in which velocity fluctuation levels were low
(approximately two percent of the reference inlet velocity). From this low
level it was concluded that the overall wind tunnel test section flow was
steady although high levels of unsteadiness were obtained within certain
viscously dominated flow zones. Lack of periodicity in the unsteady velocity
signal suggests that the intermittent separation and unsteady reattachment
process were not linked by a discrete frequency feedback loop mechanism.

As discussed in more detail below, the separated flow region at the
forward end of the bubble was found to be generally similar to that obtained
in previous open separation studies (turbulent separation without reattach-
ment). While this could be expected, an unanticipated result was that the
reattaching flow at the aft end of the bubble bore many similarities to
reattaching flows downstream of backward facing steps. In additionm to these
results regarding the forward and aft end of the separation bubble, important
features were identified in the near wall and outer flow regions. A reverse
flowing boundary layer was identified at the base of the bubble and the flow
around the bubble was found to be basically inviscid and rotational. Con-
gruence of velocity profiles was obtained in this outer flow region supporting
a similar observation in a previous separated flow study with a different test
geometry.

For the purpose of providing a more detailed analysis of the various
flowfield phenomena encountered here it was found that the overall flow could
be conveniently divided into eight flow zones. Observations and conclusions
for these various zones are given below:
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Zone I - Attached Flow Region - Flow in this incident boundary layer
region consisted of a near equilibrium turbulent boundary layer which lost its
equilibrium structure when it encountered a strong adverse pressure gradient.

Zone II - Intermittent Separation Region - Flow in this region exper-
jenced an increasingly adverse pressure gradient causing detachment to occur
within a distance equal to one incident boundary layer thickness downstream
from incipient detachment. Detachment occurred at a shape factor, H, of 2.2
in line with established separation criterion, although the boundary layer did
not track the (H-1)/H vs. 6§*/§ (i.e. displacement thickness/boundary layer
thickness) curve established by Kline et. al. (ref. 50) for equilibrium
separation.

Zone III - Separation Bubble - This zone, defined as the region between
the mean dividing streamline and the test surface, consisted of three sub-
regions: a backflow boundary layer (Zone IIIA) at the base of the bubble, a
backflow shear layer (Zone IIIB), and a forward flow shear layer (Zone 11IC).
The backflow shear layer which is approximately an order of magnitude thicker
than Zone IIIA, consists of an inner layer (Zone IIIBl), having a relatively
flat velocity profile and a constant turbulence level approximating 8 percent
of the inlet freestream velocity, which connected to viscous near wall region
to the outer backflow region (Zone IIIB2) which was part of the outer shear
flow. The forward flow shear layer, Zone IIIC, defined as the locus of U =0
points and the dividing streamline, contained higher velocity gradients and
turbulence levels than Zone IIIB. Zone IIIC was slightly thinner than the
combined thicknesses of the backflow zones (Zones IIIA and Zone IIIB). The
thicknesses of the backflow zones and the forward flow shear layer (Zone IIIC)
increased linearly over the upstream half of the bubble from the point of
transitory detachment.

Although the three-layer backflow structure defined by Zones IIIA, IIIB1,
and IIIB2 agrees with the model proposed by Simpson (ref. 1), the backflow
velocity profiles only matched his "universal” backflow profile (ref. 26) in
the intermittent flow region just downstream of detachment. This lack of
correlation can be attributed to the vigorous backflow within the closed
separation bubble driven by the static pressure peak at reattachment. A large
region of steady backflow, wherein the LV data indicated flow in the upstream
direction 100 percent of the time, existed near the test surface over the
central 35 percent of the axial extent of the bubble.

Significant normal static pressure gradients existed within the boundary
layer in the vicinity of the separation bubble due to streamline curvature
induced by bubble blockage. Changes in the blockage, measured by the
displacement thickness, which exceeded 20 cm at the maximum bubble thickness,
caused convex streamline curvature at separation and at reattachment and
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concave curvature over the central part of the bubble. The resulting static
pressure field was calculated from measured total pressures and LV velocity
data.

The inclusion of the normal static pressure changes, which were as large
as 50 percent of the dynamic head between the test surface and the lower wall
near the location of the maximum bubble thickness, was found to be very
important. Integral properties were calculated three ways: (1) the classical
definition based on the boundary layer edge velocity, (2) a pressure-based
definition which calculated the retardation of the boundary layer relative to
an equivalent inviscid field determined from the measured upstream total
pressure and the local derived (from measurements) static pressure, and (3)
the true definition (refs. 38 and 39) which was equivalent to the classical
definition with the addition of correction terms to account for the normal
static pressure gradient effects. These effects were especially evident at
the location of the maximum bubble thickness where the shape factor, H, was
calculated to be 16.1, 11.8, and 7.5 based upon the true, pressure-based, and
classical definitions, respectively.

Because of the large streamline inclination angles trends in the turbu-
lent shear stress measurements were not evident until the measurements
obtained in a coordinate system orthogonal to the test surface were rotated
into a coordinate system orthogonal to the local streamline direction. High
values of the resulting streamwise shear stress, indicative of strong turbu-
lence generation, were measured near the edge of the backflow region (i.e.,
near the locus of U = 0 points) over the forward half of the bubble. Down-
stream of the maximum bubble thickness, the peaks broadened, decayed, and
moved away from the U = 0 line into the wake of the bubble.

Zone ITIA - Backflow Boundary Layer — The region at the base of the
separation bubble is a highly unsteady laminar boundary layer having pseudo-
turbulent characteristics. The backflow velocity profiles had a limited log-
linear region with no wake component when plotted in law-of-the-wall
coordinates. Skin friction coefficients derived from the law-of-the-wall
plots (and corroborated by shear stress estimated from the normal velocity
gradient at the wall) were approximately 100 percent higher than skin friction
coefficients previously reported for intermittent backflow under open separa-
tion bubbles. The measured skin friction coefficient showed the Rex"'l’2
dependence (where x' is distance upstream from reattachment) typical of
laminar boundary layers but was 400 percent higher than values anticipated for
flat-plate zero-pressure-gradient boundary layers. Some of the increased
shear stress is due to the favorable pressure gradient experienced by the
backflow boundary layer as it moves upstream from the static pressure peak at
reattachment. It is conjectured, however, that the majority of the increase
can be attributed to the effect of low frequency (i.e., length scales on the
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order of the bubble size) turbulence in the bubble which is typically 40
percent of the maximum backflow velocity.

Zone IV - Reattachment Zone - In this zone the reattaching flow impinges
steeply onto the test surface causing a static pressure peak which drives the
strong backflow within the separation bubble. The highly unsteady flow in
this zone is characterized by random low frequency streamline flapping with
large scale eddies being convected alternately upstream and downstream from
the impingement point on the test surface. The forward flow fraction measured
near the test surface, when plotted vs. non-dimensional distance from
reattachment, matches the correlation of Westphal et al. (ref. 17) for
reattaching backward-facing step flows. The appropriate length scale for
closed separation bubble data is the distance from the maximum bubble

thickness, Xgx s LO reattachment. In addition, skin friction correlated with
max
forward flow fraction in Zone IV in the present study in the same manner as

the backward-facing step data measured by Westphal et. al. (ref. 17).

Zone V - Redeveloping Near Wall Flow - This zone encompasses the near
wall region downstream of reattachment where a new boundary layer begins to
develop along the test surface. The boundary layer, which has high turbulence
levels impressed upon it from the bubble wake, quickly develops a log-linear
velocity profile near the wall and begins to merge with Zone VI, the relaxing
outer shear layer, to obtain the wake-like structure of an equilibrium tur-
bulent boundary layer.

Zone VI - Relaxing Outer Shear Layer - The free shear layer in this zone
originated near the mean dividing streamline surrounding the bubble and was
shed into the bubble wake. It contains relatively large length-scale, high
intensity turbulence. This relaxing outer shear layer merges with the
redeveloping near wall flow (Zone V) and begins an exchange of energy which
eventually would lead to the development of an equilibrium turbulent profile
given a sufficiently long test section. In the current study, lawof-the-wall
plots of the merged boundary layer (Zones V and VI) contained negative wake
components characteristics of reattaching flows. The data correlated well

with the profiles of Chandrsuda and Bradshaw (ref. 18) when x;, - X was
Y max =
used to non-dimensionalize the axial distance downstream from reattachment

where xp was the axial location at reattachment. Tt is estimated that 3.75
bubble lengths downstream of reattachment, which exceeded the test section
length, would have been required to eliminate the negative wake.

Zone VII - Invariant Outer Flowfield - The flow in this zone is inviscid
but rotational. Velocity profiles in this region are congruent over the axial
extent of the bubble when static pressure variations associated with stream-
line curvature are accounted for. 1In effect, the outer 80 percent of the
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incident boundary layer is convected unaltered over the blockage associated
with the inner viscously dominated bubble recirculation region. The identifi-
cation of this feature of the velocity profile development appears to have
important implications for the numerical modeling of the flow.
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