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Abstract

An experimental investigation was conducted at selected loclations
of the near-wall region of a three-dimensional turbulent air boundary
layer relaxing in a nominally zero external pressure gradient behind a
transverse hump (in the form of a 30° swept, 5-foot chord wing-type model)
faired into the side wall of a Tow speed wind tunnel. Wall shear stresses
measured with a flush-mounted hot-film gage and a sublayer fence were in
very good agreement with experimental data obtained with two Preston probes.
With the upstream unit Reynolds number held constant at 3.25 x 10° £t~
approximately one-fourth of the boundary layer thickness adjacent to the wall
was surveyed with a single rotated hot-wire probe mounted on a specially
designed minimum interference traverse mechanism. The boundary layer
(approximately 3.5" thick near the first survey station where the length
Reynolds number was 5.5 x 106) had a maximum crossflow velocity ratio of
0.145 and a maximum crossflow angle of 21.875° close to the waill.

The hot-wire data indicated, in agreement with the findings elsewhere,
that the apparent dimensionless velocity profiles in the viscous sublayer
region are universal and that the wall influence is negligible beyond
y+ = 5. The existence ot wall similarity in the relaxing flow field was
confirmed in the form of a log law based on the resultant mean velocity
and resultant friction velocity (obtained from measured skin friction).

This experimental investigation addressed the question of the existence
of near-wall collateral flow field, a question that is of some relevance

in the context of defining a suitable inner boundary condition in some

presently available prediction methods (using rate eguations for Reynolds




stress). The experimental mean direction profiles indicated a relatively
smaller collateral region adjacent to the wall. The smallest collateral region
extended from the nearest point to the wall (y+ 1) up to y+ = 9,7, corres-
ponding to a resultant mean velocity ratio (local to freestream) of 0.187.
The unusual feature about these profiles was the presence of a narrow region
of slightly decreasing crossflow angle {1° or less) that extended from the
point of maximum crossfiow angle down to the outer limit of the collateral
region. This behavior was caused by small jocal transverse pressure gradients
close to the wall which opposed the crossflow. A sublayer analysis of the
flow field slightly overestimated the decrease of crossfiow angle. It is
concluded that in the absence of these gradients, the skewing of the flow
could have been much more pronounced practically down to the wall (limited

only by the resolution of the sensor), implying a near-wall non-collateral

flow field consistent with the equations of motion in the neighborhood of

wall.

The streamwise relaxation of the mean-flow field based on the decay
of crossfiow angle was found to be much faster in the inner tayer than in
in the outer layer. Although the data was not sufficiently complete to
define the beginning of flow relaxation, the presznt investigation led to
two significant observations based on the streamwise distance covered by
the measurements (34"):

(i) the relaxation of the mean flow in the inner layer and the wall shear
stress vector was practically complete in approximately 10 boundary
layer thicknesses and,

(ii) the relaxation of the turbuience was relatively slower and was not

complete over the same distance,
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Chapter 1

introduction

The notable feature of a three-dimensional boundary Tayer that distinguishes
it from two-dimensional flows is the so-called 'secondary flow' or ‘crossfiow’
(Fig. 1.}. UWhenever there is a turning of the sireamline in the main flow
(as in a curving channel ovr as in front of an obstacle in an otherwise two
-dimensional boundary layer), a radial or lateral pressure gradient is imposed
on the boundary layer by the furning flow. The resulting crossfiow skews the
boundary layer velocity vectors toward the center of curvature of the main
flow. At any Tocation in the flow field, because of continuously decreasing
velocity in the boundary layer the skewing continuously increases as the
wall is approached. Consequently, the velocity profile does not lie in a
single plane. The limited number of experiments available to date seem to
indicate that the streamwise profiles are close to two-dimensional forms,
particulariy so when the crossflow is swmall. However, there is no single
model which can satisfactorily describe even a simple crossfiow profile.

Despite the fact that three-dimensional turbulent boundary Tayers are
of areat practical interest because of their wide occurrence in nature,
theiv study has been, until recently, almost neglected in comparison to the
attention given to two-dimensional flows. The analysis of three-dimensional
turbulent boundary layers is in a state of_f1ux as compared with the analysis
of two-dimensional probiems {1, (2, p. 4), 3]. On the experimental side,
very few detailed studies of the three-dimensional problem have been
published. This is not surprising when one considers the relatively great
complexities involved in measuring the pertinent time-mean and fluctuating

quantities in a three-dimensional turbulent boundary layer. In vregard to




the phenomenon of separation in three-dimensional flows, very 1little is known
both experimentally and theovretically [4]. As a result of the recent advances
in the development of computational techniques, the success of two-dimensional
prediction methods as shown by the 1963 Stanford conference {5] and the recent
advances in experimental techniques and data processing, the interest in three
~-dimensional flows is growing steadily [{2, p. 4), 6].

1.1 Previous investigations

Two~-dimensional turbulent boundary Tayers have been understood fairly
well [2, pp. 115 and 163]. Most theoretical approaches to the solution of
a two-dimensional turbulent boundary layer depend on experimental data to
model the shear stress distribution {i.e., to wmodel the closure equation).
With three-dimensional flows, the data must in addition provide information
on the directional characteristics of the flow, i.e., the distributions of
the shear stress vector and the mean velocity vector across the boundary
layer. The prediction methods [7-12] presentiy available show some success
in treating the incompressibie three-dimensional turubient boundary layer.
A critical assessment of some of these methods may be found in references
[(2, chapter 8), 6]. The prediction method of Mellor [7] using a simple
eddy viscosity model is adeguate to caiculate the mean velocity field in many
cases of engineering interest. Nash's model [8] assumes that the turbulent
shear stress vector acts in the same direction as the mean velocity gradient
vector (as would be required by the scalar eddy viscosity assumption) whereas
the Bradshaw model [9] atlows for a misalignment between these two vectors.
Both these models use essentially the same shear stress closure assumpticn
that is based on the two-dimensional form of the empirically determined
turbuient kinetic energy equation of Bradshaw, et al. [13] suitably modified for

three-dimensional flows. Common to all of these calculation techniques is
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the need for complete and detailed experimental data to evaluate existing
theoretical models and to develop more adeguate models for the fluctuation
terms in the time-averaged equations for the mean motion (Reynolds equations)
[1l.

A numbar of experimental investigations on three-dimensional turbulent
boundary layers have been reported to date [14-36]. Many of these have
focused attention on the so-called rapidly yawing or suddenly skewed boundary
layers [14, 19, 21, 24, 291. In many of these flow configurations the presence
of a bluff body standing in an oncoming, nominally itwo-dimensional turbulent
boundary layer caused the skewing of the boundary jayer. These boundary
layers are capable of producing a wide range of crossfiows and pressure
gradients and, therefore, the experimental data from them is quite valuable
in Tooking for correlations (of mean velocity profile) based on local para-
meters [29]., However, because the pressure gradients dominate the mean flow
field, they cannot be considered as adequate +test cases to provide mean-
ingful data for studying and improving the assumptions made in turbuience
models (such as those of Nash and Bradshaw) for the distvibution of shear
stress.

The finite swept-step experimental data of Johnston [14] refutes the
assumption in the Nash model regarding the direction of shear stress., Even
the Bradshaw model fails to predict the direction of shear stress correctly.
However, in the absence of more experimental data of this kind, this test
cannot be taken as a conclusive one. Moreover, as pointed out above,
Johnston's experimental data cannot be considered as a good test case for
the Nash and Bradshaw models. In his flow configuration, the meanflow
development was influenced primarily by the pressuve gradients (induced by

a swept forward-facing step mounted on the floor of a wind tunnel) and only




to a minor extent by the shear siress gradients. In the experimental study
of Bradshaw and Terrell [15], a 45° swept wing as used to develop a three-
dimensional flow wherein the mean flow was influenced primariiy by the shear
stress gradients. The boundavy Tayer which was nominally 1.1 inches thick
had a crossfiow of .bout 7.5° at the trailing edge and re?aﬁed over a flat
plate (under nominally zero pressure gradient) attached to the trailing edge
of the wing. This data is beiter suited for comparison with the Nash and
Bradshaw models. Although these measurements, which are also partially reported
in reference [9], tend to support the Bradshaw model, both experiment aid theory
seem to confivm the Nash model in the inner third of the boundary layer [14].
The question of the correlation between the divections of the shear stress
vector and the man-velocity gradient vector, therefore, stili remains unresoived.
Another unresolved question concerns the nature of the mean-flow field
very close to the wall. Only a small number of (reliabie) experimental data
close to the wall is available. Most of the existing data in the inner region
of the boundary Tayer seems to have been somewhat restricted by the size
and/or response of the probes used, resuiting in inadequate spatial resolution
[37-39]. In fact, most of the existing data indicates near-wall collateral
flow, i.e., in the inner region very close to the wall (sometimes extending
up to local-to-freestream velocity ratios of as high as 0.5) the mean velocity
vector does not change its direction. Only the recent work by Rcgers and
Head [25] using a specially designed hot-wire anemometer device showed a
velocity profile with a skewed flow almost right down to the wall, the data
poini closest to the wall corresponding to the resultant velocity ratio
{Tocal to freestream) ob about 0.2, This is much closer to the wall than
other experimenters have been able to probe. Similar trends are also observed

in the later data of Vermeulen [281. It is, therefore, clear that more
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{reliable) data is still needed to resolve experimentally the existence (or
nonexistence) of near-wall coliateral flow field in a three-dimensional
turbulent boundary layer. This is all the wmore important because the existeuce
of such a collateral flow field is not predicted either by numerical calcu-
lations or by a sublayer analysis of the flow fieid. In fact, numerical
calculations by East and Pierce [37] indicate that the assumptions of
near-wail coliateral flow, as suggested by many experimentalists, may not be
correct [381*%, The boundary layer equations in the neighborhood of the wall
indicate a continuous skewing of the velocity vector all the way down to

the wall {just as in the case of three-dimensional Taminar boundary layers)
as long as the pressure gradient is not codirectional with the wall shear
stress {2, p. 102].

1.2 Present investigation

This investigation was undertaken to provide answers to the two basic
unresolved questions concerning the existence (or nonexistence) of near-wall
collateral flow and the angle between the shear stress vector and the mean-
vaelocity gradient vector in a three-dimensional turbulent boundary Tayer.
Although the objective of the original investigation was to obtain and analyze
such experimental data, for reasons that will become clear soon, the nature
of the data obtained severely restricted the scope of the investigation to
the form presented here. The experimental data was analyzed with particular
emphasis on the nature of the mean flow field very close to the wall and the

stroamvise relaxation chavacieristics of the wmean flow and some turbuience

*The question of the existence of a near-wall collateral fiow field is of
relevance to numerical difference solutions, such as those of Nash and
Bradshaw, where the question of inferring and defining a Timiting wall
streamline direction is of some interest [38].
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quantities in the inner layer region.

The final selection of the experimental arrangement for this investigation
was based on a careful examination of the previous investigations and the
practical problems associated with different geometries., As strongly advo-
cated by Bradshaw [1], a satisfactory test case is the flow past an infinite
swept wing [15], where the mean-flow development is primarily influenced by
the shear stress gradients. The experimental configuration of flow geometry
and flow conditions sutdied in this investigation was selected to approximate
this test case on a larger scale (but with a Tow aspeci ratio wing).

To facilitate the spatial vesoluiion of the measurements, a relatively
thick two-dimensional turbulent boundary layer was first developed on the
side wall of the University of Maryland Boundary Layer Research Tunnel
(essentially a Tow speed wind tunnel) over a vrun Tength of about 12 feet and
then allowed to flow over a transverse hump faired into the side wall. The
hump was in the form of a 30° swepi, approximately 8% thick (symmetric) 5-foot
chord wing-type model that spanned the tvnnel height. Near the trailing edge,
the boundary layer was appvoximately 3.5" thick with a wall crossflow of 21°.
It relaxed downstream of the hump under nominally zero external pressure gradient
and eventually returned to a two-dimensional state. The measurements reported
in this study were made downstream of the hump. The flow configuration down-
stream of the hump was similar to the flow vield in the experimental study of
Bradshaw and Terrell [15], the boundary layer being about three times as thick
viith nearly three times the induced wall crossflow.

In order to hold the scale effect constant throughout, all the measure-
ments reported in this investigation were made at a constant upstream reference
Reynolds number of 3.25 X 105 per foot corresponding o a local freestream

velocity of 53-57 feet per second in the relaxing region. A traverse
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mechanism specially designed for near-surface anemometer studies (to insure
minimal probe interference) enabled an investigation of the near-wall region
o7 the relaxing boundary layer at selected Tocations. The experiments
included near-wall measurements of time-mean and fluctuating velocity in
planes parallel to the wall with a single rotated hot-wire probe and wall
shear stress mzasurements with various shear stress devices (a flush-mounted
hot-film gage, a sublayer fence and two Preston probes). Two-dimensional
experiments (conducted in the absence of the hump) provided the necessary
data to estimate the wall proximity correction for hot-wire readings very
close to the wall and aiso some data on the initial state of the turbulent
boundary layer toward which the relaxing flow was expected to return asympto-
tically. The shear stress devices were calibrated in a pipe flow and the
hot-wire in a free jet.

Because of the traverse limitation imposed by the hot-wire probe and the
traverse mechanism, the hot-wire could only be traversed over a distance of
approximately one-fourth of the boundary layer thickness from the wall, i.e.,
the inner Tayer and a 1ittle protion of the adjacent outer layer. With a
conventional traverse mechanism and a conventional hot-wire probe, these
hot-wire surveys could have been extended into the outer layer as well to
complete the boundary layer traverse at each location and thus enhance the
userfulness of the data; but the available time was rather, unfortunately,
too short to permit such an extension. For the same reason, the most
important measurement, namely of Reynolds stresses, that is very crucial
to test the prediction methods could not be undertaken. In these respects,
the hot-wire surveys reported in this study are incomplete and, therefore,

could not be used to assess prediction methods.



Although some spanwise variations were expected in the flow field down-
stream of the hump (because of its low aspect ratio), the nominal two-dimen-
sional boundary layer upstream of the hump was contaminated by transverse
nonuniformities, which would be even amplified in flowing over the hump [40];
the nonuniformities would requivre a much finer spatial resolution of the initial
data (for prediction methods) than was possible in this investigation. Conse-
quently, the experimental data (even if it were complete!) would be somewhat
less satisfactory as a test case for assessing prediction methods [1]. Never-
theless, considered over a restricted spanwise region, the observed spanwise
variations did not preclude the interpretation of the data obtained from the
near-wall hot-wire measurements and the wall shear stress measurements. This
report is, therefore, restricted in its scope to the presentation and analysis
of the experimental data with particular emphasis on the nature of the mean-
flow field very close to the wall and the streamwise relaxation of the Tlow
field in the inner layer region.

The presentation in subsequent chapters is as follows. After describing
the wind tunnel facility and the selection of flow geometry in Chapter 2,
the details of instrumentation, and the calibation are given in Chapter 3.
Chapter 4 deals with the actual experiments and Chapter 5 with tiie reduction
of the experimental data. A detailed discussion of the experimental resulté
is presented in Chapter 6. Finally, some conclusions and recommendations
based or the present investigation follow in Chapter 7.

Some preliminary results of this investigation were presented at the
28th annual meeting of the Fluid Dynamics Division of the American Physical
Society [41]. This report is based in part on the Ph.D. dissertation of
Hebbar [42].
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Chapter 2
Wind Tunngl Facility and Flow Geometry

A brief description of the wind tunnel is given in the following section.
Several modifications were incorporated into the wind tunnel to improve the
quality of the flow in the test section. Some features of these modifications
are described in Appendix A. After briefly commenting on the quality of the
two-dimensional fiow in section 2.2, the configuration of the wing-1ike model
and the test wall is described in section 2.3. The details of prototype model
studies that Ted to the selection of the flow geometry for the present investigation
are given in reference L[40].

2.1 Wind_tunnel
A schematic diagram of the boundary layer research tunnel (the modified
wind tunnel) used in the present investigation is shown in Fig, 2. It is a Tow
-speed indraft-type open-circuit tunnel with a 20~-foot Tong closed test section
of nominal cross-section 18" wide x 46.5" high. Air is sucked through an air
-filter enclosure by means of a Westinghouse centrifugal ali-purpose fan driven
by a 3-phase delta-wound, 50 HP General Electric induction motor. The inlet
section consists of a bell-mouth entry section followed by a honeycomb-screen
assembly. The honeycomb structure is made Up of plastic drinking straws (0.236"
o.d., 0,007" wall and 8.25" long) stacked against a stainless steel screen
(20 mesh, 0.010 ‘inch wire and 64% open area ratio). Six inches behind this
screen are four polyester screens spaced 3 inches apart and held in a wooden
frame. Each polyester screen is 16.5 mesh, 0.0138" dia monofilament with 59%
open area ratio. A 5% -foot long three-dimensional contraction made of masonite
and of area ratio 6.9 connects the inlet section to the test section. Tripping
elements located on all four walls just at the beginning of the test section

insure early transition of the boundary layer. Each trip is made of 1/16"




thick x 1/4" wide atuminum strip glued to the surface. A 26 ', - foot long
diffuser section made of steel joins the rectangular test section to the
circular inlet of the fan by a gradual area transition. The mass flow through
the fan and, therefore, the flow through the test section is remote-controiled
by means of a motor driven actuator which varies the opening of the inlet guide
vanes of the fan. Flow velocities up to about 80 feet per second in the test
section are possible. The random fluctuations in the freestream velocity in the
test section are within + 0.3% (as observed on a micromanometer).

The test section consists of three sections of 1-inch thick plywood
sheet, the upstream section being 4 feet long (Fig. 2)., The rear side wall
of the test section is heavily braced to minimize vibration. A 1/4-inch thick
8-foot long aluminum plate epoxied tc the rear side wall of the downstream
section provides a smooth working surface (test wall).

2.2 Quality of two-dimensional Tlow in the test section

The side walls of the test section were adjustable so that a nominally
zero pressure gradient could be maintained over the entire length of the test
section. The longitudina! static pressure distribution measured on the aluminum
plate showed a very small favorable pressure gradient which was less than 0.3% of
the upstream reference dynamic head per foot, i.e., ;;E-< 0.3 x 10'?foot|:40 1.
The longitudiral intensity of freestream turbulence in the test section,

(/ulem), was 0.2% at a freestream velocity of 50 ft/sec[ 40].

As reported in reference [ 40 I, the turbulent boundary layer developed on
the aluminum plate (in the absence of the wing-like model) was not truly two-
dimensional; boundary layer surveys in a transverse direction revealed the

existence of nonuniformities even in regions sufficiently away from the corners.
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Reference [40] describes in detail several attempts aimed at improving the

quality of the boundary layer flow, these attempts finally culminating in certain
modifications to the original (unmodified) wind tunnel. Some of these modifications
and some results of a preliminary study of the nonuniformities are summarized in
Appendix A. Unfortunately, very little improvement was accomplished with

these modifications.

2.3 Configuration of wing-like model and test wall

The selection of the wing-1ike model and the number and spacing of
instrumentation ports (each 3/4" diameter) and static taps on the test wall
was based on a quantitative investigation of the flow region behind a prototype
wing-like model. The rasults of the above investigation (reported in reference
[40]) showed that the prototype wing-like model was generally satisfactory
from considerations of separation, steadiness, crossflow and boundary layer growth.
It induced a relatively storng crossflow in the thick boundary layer developed
on the wall of the test section.

In order to provide a smooth working surface and to facilitate accurate
location and machining of static pressure taps and instrumentation'ports in
the relaxing region, it was decided to use a 1/4-inch thick well polished aluminum
plate behind the hump. The ports served as predetermined stations for hot-wire
surveys and wall shear stress measurements. As indicated by Conrad probe surveys
and static pressure surveys [40,42], most of the relaxation occurred over a
distance of the first 16 inches from the trailing edge of the prototype model,
. the relaxation further downstream being asymptotic. This suggested closer
Tocation of static taps and instrumentation ports in this region (particularly
close to the trailing edge). Considered over a limited spanwise region extending
on either side of the tunnel center line, the transverse traverse survey data

indicated only slight variations in the spanwise direction. To investigate
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these variations, several instrumentation ports were located in the span-
wise direction.

rigures 2 and 3 show the design of the wing-like model and the test
wall with instrumentation ports and static taps, respectively. The final model
was constructed of contoured plywood ribs covered by masonite which provided
a smooth hump surface for the flow. The details of construction and instaliation
in the wind tunnel may be found in reference [40]. The streamwise distance
between the trailing edge and the first spanwise row of static taps was
1/8 inch and that between the trailing edge and the spanwise row of instrumentation
ports was 3/4 inch. The trailing edge thickness was estimated to be 0.0002",
In ail, the test wall contained 10 instrumentation ports (numbered 1 to 7
in the streamwise direction and 8, 1, la and 9 in the spanwise direction)
and 77 static taps. When not in use, each port was closed with a custom

-fitted plug having a static tap at its center.
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Chapter 3

Instrumentation and Calibration

The experimental investigation envisaged the following measurements
at predetermined locations {Fig. 3) in the flow field of the relaxing
three-dimensional turbulent boundary layer:
(i) time-mean and fluctuation measurements of velocity vector in the near
-wall region with a single rotated hot wire,
(i1) time-mean measurements of wall shear stress vector with a flush
-mounted hot-film gage, a sublayer fence and two Preston probes
and,
(ii1) 1local freestream velocity measurements with a conventional
Pitot-static probe.
In addition, the wall static pressure distribution was measured.
Special care to minimize flow disturbances was required in the design
of various probes and the traverse mechanism used in the present investigation.
The traverse mechanism was externally mounted on the test wall so that a
probe could be introduced through the working surface (Fig. 2). This
arrangement facilitated hot-wire measurements as close as 0.0005" from the wall
with minimum interference. The hot wire calibration was accomplished in a
small free jet facility and the calibration of wall shear stress devices in a

pipe flow facility. The details of the instrumentation and some aspects

related to the calibration are given in the following sections. Appendix B describes

the design of the flush-mounted hot-film gage. A more detailed description and
performance of the calibration facilities may be found in [42].

3.1 Traverse mechanism for near~-wall studies

For accurate measurment of time-mean velocity and direction profiles

a traverse mechanism with precise linear as well as angular movement is
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required. To minimize flow interference the traverse mechanism should be
mounted externally right behind the test wall at the point of measurement
with the probe protruding through the test wall (Fig. 2), A traverse mechanism
was designed and developed to meet the afore-mentioned requirements and at
the same time be capable of receiving differenct probes. Essentially, it is
a development of the Wills hot-wire probe [43] and is similar to that of
Rogers and Head [ 26] in principle and in operation but differs in constructional
details. A sectional drawing of the traverse mechanism is shown in
Figure 4. Figure 4a shows two photographs of the traverse mechanism mounted
externally on the rear side wall of the tunnel at port 7. A detailed description
of the traverse mechanism, its mounting and initial orientation may be found
in [42].

A Starrett micrometer head {1) serving as both a driving mechanism and
an indicating mechanism for the linear motijon is held fixed at the center
of an outer top plate (2). It has a travel of 1" with a resolution of 0.0001".
The rotating spindle of the micrometer head is secured to a short stainless
steel connecting rod {22) in such a way that only its translational motion
is transferred to the connecting rod without any backiash. Near the other
end, the connecting rod is secured tightly to a yoke (6} that guides along
two well lubricated and accurately machined stainless steel guide rods
(5) held between two inner plates (4 and 9). These guide rods, the inner
plates and the yoke together furnish a driving mechanism for the angular
motion. A rotation of 140° with a resolutibn of one minute is possible
with this arrangement. Thus a probe may be rotated if secured to the inner
bottom plate or translated if secured to the free end of the connecting
rod or both translated and rotated by a proper design of the probe assembly

as described bhelow.
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The hot wire probe assembly consists of a stainless steel probe holder
(21) that slides freely inside an inner brass cylinder (16) which rotates
i.side an outer brass cylinder (15). The design of the traverse mechanism
is such that when it is rotated, both the probe holder and the inner brass
cylinder rotate together as a single unit. This feature is very important and
critical in the case of a hot-wire probe since any relative motion between
them will distort the alignment of the hot wire support needles {19) leading to
buckling or breaking of the hot wire (18). The linear and the angular motions
of the probe can be controlled independentiy. If desired, the linear motion can
ve locked at any position by turning the lock nut on the micrometer head.
Likewise, the angular motion can be locked at any orientation by tightening
a locking screw in the vermier arrangement (see Fig. 4a).

After mounting the traverse mechanism, the probe is aligned with
respect to the normal to the local horizon by means of a small home-made |
probe alignment sighting device consisting of a 50X pocket microscope {Fig. 5).
This microscope is preset so that one of its cross-haivs aligns with the local
horizon* when the bubble of the spirit level is in the center. The mouth
of the Preston probe, the hot-wire sensor, the hot-film sensor or the sublayer
fence is aligned perpendicular to the local horizon. In the case of the
hot-wire probe, it is the sensitive portion of the wire that is aligned.
The traverse mechanism is rotated until the probe is aligned and the
corresponding angle reading taken as the reference direction for all

subsequent angular measurements.

—
Operationally, this reference direction was convenient. In this investigation
the difference between the directions of the local freestream line and the local
horizon was small (see subsection 4.2.2).
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The distance of the probe from the surface is measured in terms of the
micrometer readings. To obtain the absolute distance from the micrometer reading.
it is necessary to know the exact distance of the probe from the surface at
some reference position, For the hot-wire probe used in the present investigation
the closest distance permissible was very nearly 0.0005", the limit being
imposed by the thickness of the copper coating at the two ends of the hot
wire. The approximate reference distance estimated from an optical sighting
before the beginning of a hot wire survey served as a starting point for an
electrical method of determining the reference distance that was accompiished
toward the end of the survey when the hot wire was very close to the surface.
After the hot wire has been traversed down to the optically determined
reference distance (which was 0.001" from the wall in the present investigation),
the electrical method consists of further traversing the hot wire toward
the surface in small steps of 0.0001" and very carefully observing its mean
electrical output on the sensitive range of a digital voltmeter. The output
increases until the copper coated ends just begin to touch the wall. Thereafter
the output begins to decrease because further traversing of the hot wire tends
to 1ift the central sensitive portion of the hot wire away from the wall. Once
the output just begins to decrease, the hot wire is traversed away from the
surface to avoid any possible damage to the hot wire. The micrometer reading
just before the hot wire output begins to decrease gives the reference value
corresponding to the distance that is half the diameter of the copper coated
portion. The method is quite satisfactory 5ut requires extreme care in its
execution.

3.2 Hot-wire probe

The design features of the single rotated hot-wire probe used in the

present investigation are shown in Fig. 6. Figure 6a shows a photograph of
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the probe assembly and photomacrographs of the needles and the hot wire
soldered to the needle tips. The sensor itself consists of a central
sensitive section of 3.8 um (0.00015") diameter and 1.25 mm (0.050") long
platinum coated tungsten wire with approximately 0.001" dia. copper plated

end sections* soldered to the tips of two sewing needles mounted 1/8 inch
apart in a probe holder. The needles were specially ground down [40] to taper
from 0.021" diameter at the root to 0,012" diameter at the tip. Details

of probe holder construction and hot wire soldering are given in [42].

Each of the hot wires used in the present investigation had a length-
to-diameter ratio of 333.33 and a nominal sensor resistance of 6 ohms (at 25°C).
The combined resistance of the needles and the electrical leads was nominally
0.47 @ (at 25°C)}. The hot wires were operated from a DISA 55D01 constant
temperature anemometer unit at a resistance of usually 1.8 times the cold
resistance.

3.3 Flush-mounted hot-film gage

The design features of the flush-mounted hot-film gage are shown in
Fig. 7. Figure 7a shows a photograph of the hot-film gage assembly and a
photomacrograph of the hot-film sensor. The design considerations for hot-
film gages are described in Appendix B.

The hot-film gage consists of a thin platinum film deposited at the center
of a pyrex disk mounted flush at one end of an inner brass cylinder** which
rotates freely inside an outer brass cylinder. The sensitive portion of
the film is 0.004" wide, 0.130" long and about 2000°A thick. It is coated
with alumina (about 9500°A thick). 1Its two ends are connected to two short
gold pins (positioned in the pyrex disk) by gold paste. Insulated electrical
leads (#26 gage PVC wire) soldered to the gold pins are taken out through the

open end of the inner brass cylinder. The inner and outerbrass cylinders

*ObtainabIe as a replacement sensor in cards of 12 wires from: Thermo
~-Systems, Inc., 2500 North Cleveland Avenue, St. Paul, Minnesota 55113.

#* The machined inner brass cylinder was sent, for subsequent deposition of the
hot film, to: Thermo Systems Inc., 2500 N. Cleveland Ave., St. Paul, MN 55113,

17



£
i

are machined so that their ends are flush and they fit to the traverse
mechanism.

The hot-film used in the present investigation had an aspect ratio
of 32.5 and a nominal film resistance of 14.025 ohms at 25°C. The leads,
each about 2 feet long, had a resistance of nearly 0.21 ohms. The usual
operating resistance as set on the DISA 55001 constgnt temperature anemometer
was 19.00 ohms corresponding to a film temperature of 250°C.

3.4 Sublayer fence

A sublayer fence was used in the present investigation to duplicate the
measurements of the hot-film gage so as to provide an independent check on the
performance of the latter and also to serve as a stand-by in case the hot~
film gage malfunctioned or got damaged (burnt out) during its operation*.

It was also the intention to study in some detail the directional characteristics
and the calibration of the fence and to assess its suitability as a vector meter
for surface stress measurements in a three-dimensional turbulent boundary

layer [42].

The constructional details of the sublayer fence used in the present
investigation are shown in Fig. 8. Figure 8a shows a photograph of the
sublayer fence assembly and two photomacrographs of the fence. The sublayer
fence unit consists of an inner brass cylinder that can rotate freely
inside an outer brass cylinder. These two cylinders are machined so that
they fit to the traverse mechanism. The inner cylinder serves as @ probe holder

for the fence which is located at thecenter of the working (ground) face of the

*

Only one spare hot-film gage was available. But this had developed some
problem apparently associated with contact resistance. The hot-film gages were
gquite expensive.
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inner cylinder. The fence is ground flush with the working surface except
for the center section of 0.125" length where it is stoned to a height
of 0.003" above the surface. The aspect ratio of the fence is 41.67. The
static pressure drop across the fence is sensed by two slots (each 0.003"
wide and 0.125" long) on either side of the fence. Manometer connections
are made at the rear end of the inner cylinder.

3.5 Preston probes

These probes were intended to serve as standards to check out the hot-
film gage and the sublayer fence in two-dimensional measurements. In three
<dimensional measurements, they essentilly served as overall checks on the
performance of the hot-film gage and the sublayer fence. Because of their
poor angular resolution, they were originally not intended for measuring the
direction of the wall shear stress; however, subsequently they were used in
the present investigation for measuring the direction of the wall shear stress
as well.

Figure 9 shows the constructional details of two Preston probes used
in this investigation., Figure 9a shows the photographs of the Preston probe
assemblies and some photomacrographs of the probe tips. Each probe assembly
consists of an inner brass cylinder rotating freely inside an outer brass
cylinder. These two cylinders are machined so that their ends are flush and
they fit to the traverse mechanism. The inner cylinder serves as a probe
holder. Manometer connection is made at the rear end of the inner cylinder
to monitor the total head indicated by the probe. In actual use, the wall
static tap nearest to the Preston probe is chosen for monitoring the wall

static pressure.
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The Preston probes were constructed from hypodermic stainless steel
tubing. The large prdbe with an outside dismeter of 0.032" had an inside-
to-outside diameter ratio of 0.625 and a length-to-outside diameter ratio
of 4, the corresponding figures for the small probe with an outside diamter
of 0.018" being 0.555 and 7, respectively. The bent tip was carefully
positioned in the inner cylinder so that the mouth of the prcbe rested
squarely at the center of the working surface of the inner cylinder and
then glued to it with epoxy.

3.6 Hot-wire calibration

The near-surface anemometer studies planned in the present investigation
called for a calibration facility that could provide known flow velocities

for calibrating hot wires. A small free jet facility {nozzle exit diameter =

2") was specially designed and constructed for a speed range of 1 to 55 ft/sec.

Figure 10 shows a photograph of the free jet facility with the hot-wire probe
mounted for calibration. The details of this facility and its performance
are given in [42].

The low speed calibration of the free jet facility {performed with
a smaller nozzie) facilitated the direct verification of the validity of the

extrapolated linearized hot-wire calibration curve in the low speed range

(<10 ft/sec). Figure 11 shows a low speed calibration of the hot wire in the free

jet facility. A discussion of the extrapolation of hot-wire calibration
to low speeds, related measurements and their implications also appears
in [42].

3.7 Calibration of wall shear stress devices

The wall shear stress studies planned in the present investigation

necessitated a reliable facility that could provide known wall shear stresses
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for calibration of measurement devices. A knowledge of the static pressure
gradient, (%&), and the diameter of the pipe, D, is all that is needed to
determine the wall shear stress in a fully developed pipe flow, where a
momentum balance yields the following simple relation [44, p. 5031]:
= ()3 (1)
A pipe flow facility can, therefore, serve as a primary standard for
calibration of wall shear stress measurement devices. The pipe flow facility
used in the present investigation is a modification of the set-up originally
used in reference [45] and is described in detail in [42].

Figure 12 shows a portion of the pipe flow facility with the traverse
mechanism mounted at the test section. The inside diameter of the pipe

was 8.25" and the length of the pipe between the exit plane of the inlet

'nozzle and the test section was 46' 9.25", giving an (L/D) = 68. The bluwer

was located about 8 feet downstream of the test section and the nearest
joint to the test section was 20 feet upstream. A 3/4" diameter instrumentation
port and a mounting flange provided at the test section were specially
designed to mount the wall shear stress devices and the traverse mechanism.
Seven, 0.042" diameter static pressure taps located 12" apart along the pipe
furnished data to evaluate the static pressure gradient in the test section.
The static tap (0.021" diameter) used for monitoring the reference static
pressure during calibration of the Preston probes was located in the test
section plane but was displaced 2.3" from the instrumentation port. A mount
was provided in the plexiglas observation section downstream of the test
section for installing a Pitot-static probe to monitor the pipe centerline

velocity.
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Chapter 4
Experiments

In order to hold the scale effect constant throughout, all the measure-
ments reported in this investigation were carried out at a constant upstream
Reynolds number of 3.25 x 105/foot corresponding to a freestream velocity of
53-57 feet per second in the relaxing region. The upstream reference station
was located at a distance of 5 feet from the beginning of the test section
and port 1 nearly 12 feet downstream of the reference station. A standard
Pitot-static probe permanently installed at this station was used to monitor
the tunnel speed on a micromanometer. Before setting up the speed, the
tunnel was allowed tc run for sometime to attain steady state conditions.

In the case of hot wire surveys, this time was restricted to about 20 minutes
to minimize the calibration drift due to temperature change. With the hot
-film measurements large times amounting to 2-4 hours were necessary depend-
ing on the ambient conditions inside and outside the tunnel area. With the
sublayer fence and the Preston probe measurements, about 30 minutes were
satisfactory.

Before starting with the three-dimensional wall and near-wall measure-
menté, some two-dimensional measurements were made in the turbulent boundary
layer (in the absence of the hump). Earlier measurements [40] had indicated
a thickness of nearly 3.5" for the two-dimensional boundary layer. The near
wall measurements made in this investigation were 1imited by the traverse
mechanism to 0.95" 1«0 that each hot wire survey covered the entire inner layer
region and a little portion beyond it. The survey points (i.e., y values)
in the boundary layer excluding a distance of 0.010" of the viscous sublayer

region adjacent to the wall were distributed in such a way that when plotted
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on a log scale the wall coordinates y+ were very nearly equally spaced.
Although the traverse mechanism was designed to minimize backlash, the actual
traversing was always done ir. one direction only, from the outermost position
of the hot wire toward the test wall.

Details of measurements in two- and three-dimensional boundary layers
are given in the following sections. The data obtained from two- and three
~dimensional experiments was reduced from calibration curves. Some typical
calibration curves are shown in Figs. 13-17. The details of the calibration
experiments and a brief discussion of the calibration data are given in [42].

4,1 Two-dimensional expev~iments

These experiments were performed to (i) check out various probes, the
instrumentation and the traverse mechanism and (ii) determine the angular
response of the flush-mounted hot-film gage and the sublayer fence. Those
experiments relating to the angular response are described in [42]. More
importantly, the two-dimensional measurements provided the necessary data
from which to estimate the wall proximity correction for hot wire readings
very close to the wali. These corrections were later utilized in the three
-dimensional hot-wire data very cliose to the wall (see subsections 5.3.7 and
6.3.2). These measurements also provided information on the initial state of
the boundary layer in the absence of the wing-like model. The two-dimensional
experiments described below were made at only two locations (ports 1 and 7,
Fig. 3). 1In the three-dimensional flow field port 1 corresponded to the first
streamwise measuring station in the re1axin§ region and port 7 to the last
station. They were 34" apart, port 1 being 0.75" behind the trailing edge.

4.1.1 Hot wire surveys

After calibration the hot wire the probe was positioned in the instru-

mentation port and secured to the traverse mechanism. The hot wire sensor
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was aligned to t 0.125° with the normal to the local horizon and its distance
from the wall when closest to it was estimated optically with a slanted mirror
-microscope sighting device. The hot wire was repositioned at its outermost
position before commencing the hot wire survey. At each survey point both
the d.c. compnent* of the linearized anemometer output voltage and the mean
square of the a. c. component of the filtered output voltage were recorded
with the hot wire oriented in its normal position, +45° position and -45°
position, in succession. The linearized anemometer output signal was usually
filtered at 20 KHz. Toward the end of the traverse the micrometer reading
corresponding to the reference distance was determined by the electrical
method (see section 3.1). The hot wire was then repositioned again at its
outermost position and its output checked for any drift during the actual
traverse. The hot wire probe was then taken out of the wind tunnel and
calibrated again in the free jet. When the drift was small (<3%), the
calibration curve interpolated from the initial and final calibration curves
was used for reducing the hot wire survey data; otherwise the experiment was
usually repeated in its entirety.

No directional profile survey with the hot wire was necessary in the
two-dimensional boundary layer. However, sample directional measurements
were made during the hot wire survey to check the collateral nature of the

boundary layer.

4.1.2 HWall shear stress measurements

The hot-film gage and the sublayer fence used in the present investigation
were checked against the Preston probes by making two-dimensional wall shear

stress measurements at ports 1 and 7.** Because of the two-dimensional nature

*
«% THe d. c. component was not required in +45° and -45° positions of the hot wire.

The applicability of a Preston probe in a two-dimensional turbulent boundary
layer with zero pressure gradient has been well established [46].
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of the boundary layer no direction measurement was necessary. In the case
of the hot-film gage, after the tunnel attained steady state conditions, the
readings of the two thermometers (one at the inlet to the tunnel and the
other mounted to the base plate of the traverse mechanism) were noted down
and the cold resistance of the hot-film gage measured on the CTA.* The

film operating resistance was set at 19.00 @ (as indicated on the CTA), the
anemometer output voltage passed through a zero-suppressor circuit and the

d. c. component of the suppressed signal recorded after 5 minutes. As a check
on the measurement, it was the usual practice to measure the output at other
values of the film operating resistance (18.90 9 and 18.80 @ as indicated on
the CTA). In the case of the sublayer fence and the Preston probes, the out-
put was monitored on a micromanometer after the tunnel attained steady state
conditions. The usual response time allowed was 4-5 minutes for the sublayer
fence and the larger Preston probe and 10 minutes for cie smaller one.

4.2 Three-dimensional experiments

Unlike the two-dimensional case additional direction measurements were
required in the three-dimensional experiments. Consequently, the three-dimen-
sional experiments extended over much longer periods compared 1o the two

-dimensional experiments. The direction of the mean velocity vector was required
to align the hot-wire probe for measuring the velocity. Therefore, during the
hot wire surveys of the mean velocity vector, the direction measurement preceded
the magnitude measurement. During the wall shear stress measurements, the

direction measurement did not always have to precede the magnitude measurement

*
Constant temperature aneomometer
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as the direction of the mean wall shear stress vector was often known* from

a previous hot wire survey (by extrapolation) or wall shear stress measurement.

A1l direction measurerents were accomplished by the bisector method. It
was the usual practice to check the direction by repeating the experiment with
the probe oriented at a different angle between the sensor and the normal to
the Tocal mean direction of flow.

The. following subsections describe the three-dimensional measurements
in some detail.

4.2.1 Wall static pressure measurements

It was pointed out in section 2.4 that the static taps (77 in all) in
the aluminum flat plate were intended to map out the wall static pressure
field in the region behind the trailing edge of the hump. The wall static
pressure measurements were carried out with a micromanometer with tap #22
serving as the rotference tap (Fig. 3). The static pressure difference between
the static tap at each port location and the corresponding reference static
tap for the Prestor probe measurement was measured directly. To avoid unduly
long response tiine damping tubes were not used in the pressure leads. Because
of fluctuations about 3 minutes were still needed to take a good average

reading. The initial reading of the micromanometer was checked for every tap
reading before changing taps.

4,2.2 Pitot-static probe measurements

A separate run was made to measure the local freestream velocity at each
port location with a conventional Pitet-static probe. The total-head tube of

the Pitot-static probe was 0.125 inches in diameter and had an opening of

*
It is not essential that this should be known exactly for the error involved
in the magnitude measurement is small for small misalignments of the sensors
with the Tocal normal to the shear stress vector (see [42]).
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0.043 inches. A dummy plug was used to position the probe at a port location.
The probe tip was located at a distance of approximately 8 inches from the
wall and 1.75 inches ahead of the center of the port. The probe was aligned
with the local horizon* using a spirit level. The output of the probe was
measured on the micromanometer. No damping was used in the pressure leads.

4.2.3 Hot wire surveys

Because of the direction measurements, the procedure followed in a three
-dimensional hot wire survey differed in certain respects from that for a
two-dimensional hot wire survey described earlier and is briefly described
below highlighting the essential differences.

First the procedure outlined for a two-dimensional survey was followed
up to and including the setting of the tunnel speed. At each survey point
the mean direction of the flow was determined by the bisector method. The
direction survey was continued until the Tast survey point closest to the
wall as predetermined optically was reached. After completing the direction
survey there, the hot wire was repositioned at its outermost position and the
usual hot wire velocity traverse of the boundary layer commenced. At each
survey point, the hot wire was first oriented with the normal to the local
mean direction of the flow which was known from the the preceding direction survey.
The d. c. component of the linearized anemometer output voitage and the mean
square of the a. c¢. component of the filtered output voltage were recorded.
The hot wire was then rotated in succession through +45° and -45° from its
orientation and the corresponding mean squares of the a. ¢. component of
the filtered output voltage were recorded. Towared the end of the traverse

the micrometer reading corresponding to the reference distance was determined

*The misalignment between the streamline at the edge of the boundary layer
and the local horizon is estimated to be at the most 1° in the three-dimensional
field and 0.5° in the two-dimensional field in the absence of the hump [40].
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by the electrical method (see section 3.1). The hot wire was then repositioned
again at its outermost position and its output checked for any drift during the
actual traverse., The hot wire probe was then taken out of the wind tunnel and
calibrated again in the free jet facility.

4.2.4 Wall shear stress measurements

The primary objective of these measurements was to make independent wall
measurements (direction* and magnitude of the wall shear stress vector) at the
port locations and to compare these with the extrapolated/estimated results
of the hot wire data. If the direction of the 1imiting streamiine was already
known from an extrapolation of the hot wire data or from a wall shear stress
measurement, the shear stress device was oriented with the local normal to
this direction and the procedure cutlined in subsection 4.1.2 followed for
magnitude measurement.

The direction measurement was accomplished next** When the direction of
the Timiting streamline was not known, the direction measurement preceded the

magnitude measurement. In either case, the direction was accurately determined

by the bisector method.

*
The Preston Probes were originally not intended for direction measurement.

*k
Whenever a prior knowledge of the limiting streamline was available, the magnitude
measurement was made first to keep the drift in the initial conditions to the
bare minimum, particularly with hot-film measurements.
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Chapter 5

Reduction of Experimental Data

The procedure followed in reducing various raw data is briefly described
in sections 5.1 to 5.4 and an estimate of possible experimental errors associated
with various measurements is given in section 5.5. The reduced data is pre-
sented in the form of tables and/or graphs. The results are discussed in the
next chapter.

5.1 Wall static pressure data

The reduction of the data from the wall static pressure measuvements was
straightforward. The pressure difference (between any tap and the reference
tap #22) was nondimensionalized by the dynamic head of the upstream reference
station.

5.2 Pitot-static probe data

The local freestream velocities prevailing during hot wire surveys and
wall shear stress measurements are required for nondimensionalization of the
measured flow variabTes.

The freestream velocity ratio (local to upstream reference velocity), o,
can be determined for each port location from the Pitot-static probe data.
Since the upstream reference Reynolds number was held constant for all tests,
the reference velocity Umr would be slightly different because of different
atmospheric conditions; but the area of the effective potential flow geometry
at any port location remained the same because, all other things unchanged,
constant Reynolds number implies constant displacement thickness. Therefore,
the prevailing local freestream velocity during a test run may be determined

simply by multiplying the measured velocity at the upstream reference station
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with local freestream velocity ratio o obtained from the Pitot-static probe
data.
‘5.3 Hot wire data

For hot wire surveys at each port location, a mean calibration curve was
used to obtain the resultant mean velocities from the d. ¢. components of the
linearized output volitages. The mean calibration curve was interpolated from
the initial and final calibration curves to correspond to the actual hot wire
;urvey time. Figure 13 shows the initial and final calibration curves for a
typical three-dimensional hot wire survey. The resultant friction velocity,
U*, used to evaluate the wall coordinates was based on the resultant mean
skin-friction coefficient determined from the 0,032" dia Preston probe
measurement’ at the respective port location. A wall proximity correction
curve obtained from the two-dimensional data was used to correct the mean
velocity data from hot wire surveys close to the wall (y+ < 5). The resultant
mean skin-friction coefficient was estimated from the measured velocity profile
using Bradshaw's simplified version [47] of Clauser's technique [48]. The
Timiting streamline ang1es were extraplated from the mean direction profiles.

The turbulence data was first reduced in the local axes system X1 Y7 24
and then transformed to the reference axes system xyz. Using -ﬂ;ﬁ; correlation
the mean of flow direction determined from the hot wire measurement was
corrected to estimate the mean-flow direction. Details pertaining to the
reduction of hot wire data are given in the following subsections.

5.3.1 Wall proximity corrections for hot-wire readings

A hot wire indicates an increased output as a solid wall is approached

+The choice is discussed later in subsection 6.4.1
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and, therefore, the indicated (or apparent) velocity is larger than the true
value. Although the effect is usually attributed to the increased cooling of
ihe hot wire near a colder solid boundary [49-52], the actual mechanism of the
wall influence on the hot wire is not fully understood [53]. Recent measure-
ments [54, 55] show the importance of the inclination of the probe needles to
the wall. 1In general the wall influence depends on the distance between the
hot wire and the wall, the overheat ratio, the flow velocity, the wall material
and the probe geometry. A1l hot wire readings close to the wall have to be
corrected for wall proximity effects.

There is no simple unique correction curve valid for all cases*; the
wall influence is best estimated on an individual basis for any given flow
configuration and probe geometry. It is based on the observation made by
Oka and Kostié [56] that the apparent dimensionless velocity profiles in the
viscous sublayer are universal too and that the wall influence ceases at the

same wall coordinate y+

5. From the two-dimensional law of the wall plots
shown in Fig. 18, an estimate of the wall proximity corrections could be made

for the observed readings close to the wall. Noting that vt = y+

in the Tinear
sublayer region, it is seen that the apparent or indicated velocities U+ are
higher than the true values for y+ < 5 and the wall proximity effects cease
beyond y+ = 5., Therefore, the correction AU+ is given by the difference
between Ut and true UF (=y+) at any y+ < 5, These corrections for hot wire

readings taken close to the wall at ports 1 and 7 are shown in Fig. 19. The

*

The method of correction based on extending Wills' laminar correction [50]
to the turbulent case failed to yield satisfactory results even for the
two-dimensional data {Fig. 20) and, therefore, it was not tried in the case
of the three-dimensional hot wire surveys [42].
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wall proximity correction curve shown in the figure was obtained by drawing

a mean curve to pass through these corrections. It represents the dimensionless
difference between apparent and true velocity in the two-dimensional flow versus
nondimensional wall coordinates. It is similar to the correction curve of

Oka and Kostié obtained from measurements in a fully developed turbulent

channel flow but plotted on a log-log scale. Figure 20 shows the corrected
mean velocity data close to the wall at port 7. The agreement between the
corrected velocity data and the wall velocity gradient line is quite satis-
factoyr over the entire sublayer range. All the three-dimensional hot wire
data close to the wall, y+ < 5, was, therefore, corrected using the wall
proximity correction curve.

5.3.2 Skin friction from measured velocity profiles

The Prantdl Taw of the smooth wall [44, p. 540] in the logarithmic
region of pipe flows and two-dimensional zero pressure gradient turbulent

boundary layers is

|e=

. = A+Blog (LX) (2)

et

where A and B are assumed to be universal constants. The Clauser technique
of determining skin friction from a measured velocity profile using equation
(2) is well known [48]. An equally accurate but much simpler technique in
which the velocity profile is plotted in the usual coordinates has been
suggested by Bradshaw [47]. This technique consists in choosing one suitable
reference point (U*y/v) on log Taw, equation (2}, and then plotting it on the
usual axes y, (U/U ) for different values of (U_/U*). The resulting curve
intersects the measured velocity profile at a well-defined point whose vatue

of (U/U_) determines the skin friction from the relation
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With Patel’'s values for A and B [46], namely A = 5.45 and B = 5.5, and

(U*y/”)ref = 100, equation (3) simplifies to

e = (marmrr) (-‘J—)z (3a)
f - \T35.301 ‘U 7s .

The Bradshaw technique was used (with Patel's values for log law constants
A and B) to estimate the skin friction from the measured mean velocity profile

with the log law based on the resultant mean velocity profile.

5.3.3 Turbulence data

The equations necessary for reducing the mean square turbulence signals
from hot wire surveys into longitudinal turbulence ;?, lateral turbulence
;? and their crosscorrelation -ﬁ;ﬁ; are given below in a local axes system
*1¥1% [42, 57]. In the case of two-dimensional surveys the local axes
system coincides with the reference axes system xyz and there is no need for
a coordinate transformation of the reduced turbulence data. However, in
the case of three-dimensional surveys these two axes systems do not usually
coincide because of the presence of crossflow and, therefore, a coordinate
transformation is required if the turbulence data is desired in the reference

axes system.

HOTWIRE
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For a 1inearized single hot wire held normal to the direction of mean
flow U1 (which is 0 in the three-dimensional surveys and U in the two-dimen-
sional surveys)

E = C U, (4)
where C is a constant of proportionality. When the hot wire is yawed

through an angle ¢ (see sketch), it can be shown that

E = C] U1 (4a)
¢ = Cleos? y + K sin? y)1/2 (4b)
- ;? + ;g ;? 1+ k2 tan2 P 2
Wy = 2 -7 7 (5)
2 C1 tan™ ¢ tan” ¥ T -k
and
;2 - ;2 1+ k2 tan2 ¥
1 2 (6)
TUgHy = 7 . 2 Y
4 C1 tan™ y 1~k

where ;? and ;3 denote the mean square output for the +y and -y orientations,
respectively. If ;2 is the mean square output corresponding to the normal

position of the hot wire (i.e., ¢ = 0°), then
o
U'I = Ez‘ (7)
I ‘
Note that for ¢ = 0°, (I-I = C. Once J? is determined from the normal
position, ;? follows from equation (5) and -uq Wy from equation (6). The

second factor in equations (5) and (6) represents the correction factor due

to tangetial cooling. The correction factor is quite substantial and increases
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with ¢ as shown in the following tabic;

Correction factors for k = 0.2
Yaw angie E +-k2 tan2 w] 2 [1 + k2 tan2 w]
v 1 - K 1 - ko
30° 1.1141 1.0555
45° 1.1736 1.0833
60° 1.3611 1.1667

During the hot wire surveys of the present investigation, the mean square
voltages were recorded for three positions of the hot wire: ¢ = 0°,

v = +45° and ¢ = -45°. Constant C was estimated from the respective mean
calibration curve. K was determined from the angular response of the hot,
wire in the free jet (Fig. 14).For a truly two-dimensional flow the
correlation of Uy and Wy is zero, by definition, i.e. E;ﬁ; = 0, With
two-dimensional surveys no coordinate transformation was necessary, i.e.,

227

= ;¥ and uw = GTW;. In the case of the three-dimensional
hot-wire surveys, the reduced turbulence data in the local axes system
X1¥,2y was transformed to the reference axes system using equations (8),
(9), and (10) derived below.

In the sketch shown below, o denotes the local flow angle with respect

to the reference axes system xyz.

Qv y,V,V
gpﬂ-\gyv‘ Yie Vlvvl}
& <
! el = - X, u,U
X;s U, U, (=0 FOR 3-D FLOW)
a

Z,W,W, z,w ,W
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From the sketch it follows that
U = Uj COS o - Wy Sina

and

W= w.| cos o + u1 sin o

Squaring and taking time averages of these equations, we obtain

;2 = ;? cos2 o = W, sin 2 o + ;3 sin2 a (8)
and
;2=\:¥cosza+u]"iﬂsin2a+;?sin2a (9)

Multiplying u and w and taking the time average of the resulting equation,

we get
~-UW = - UjWy cos 2 o - %—(;? - ;?) sin 2 o (10)
Note that equations (8) and (9) give ;2 + ;2 = ;? + ;$.

5.3.4 Mean direction of flow and mean-fiow direction

A direction sensitive instrument such as a hot wire is sensitive to
fluctuations in flow direction. Therefore, its mean response will determine
a "mean direction of flow" and not the "mean-flow direction" (using the
terminology of Rose [58]). The mean direction of flow in any plane is the
time-averaged direction of the instantaneous compoent of the velocity vector
in that plane whereas the mean-flow direction is defined by mean-velocity
components. These two directions are distinct in unsteady flows, the
difference being small for small crosscorfe]ations. As pointed out in
reference [59], it is important to distinguish between these two directions
when a directionmeasurement is accomplished by the rotated hot-wire tech-

nique as in the present investigation.
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In the sketch shown below 0 is the resultant mean velocity and a is the
: measured flow angle. Uys Wy are turbuient fluctuations referred to the local
axes system. o is the angle of mean-flow direction.
~ ] ~U
/ % Q; a /
/
/ Eiza
/r Q‘**——- Mean-flow direction
¥ J' SS—e—— Mean direction of

W Instantaneous fliow
velocity vector
in the UW plane

Rose has derived a relationship for the difference between the mean direc-
tion of flow and the mean-flow direction. The difference is proportional to
the velocity crosscorrelation and is correct to second order in the velocity
fluctuations. The same relationship is derived in [42] in a simpler way:

U
(e - um) = - —5, correct to second order (1)
U

The cross-correlations obtained from the turbulence data of hot wire

surveys were utilized to evaluate the difference between the mean direction

of flow and the mean-flow direction.

5.4 Wall shear stress data

The use of the bisector method yielded the direction without any further processing
of the data and,consequently, eliminated the need for yaw calibration curves.
Wall shear stresses were calculated from the magnitude measurements using
appropriate calibration curves (Figs. 15, 16 and 17). The power dissipated

by the hot-film gage was calculated from the voltage output and the anemometer
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bridge constants. The appropriate data from the wall static pressure measure-
ment at the port location was utilized to correct the measured Preston probe
output to refer to the local static pressure. In reducing the sublayer fence/
Preston probe data, the cutput was non-dimensionalized to obtain x* and the
corresponding non-dime:.sionalized wall shear stress y* was read off the respec-
tive calibration curves {Figs.16,17) The resultant mean skin-friction coefficients
were obtained by non-dimensionalizing the wall shear stress data by the local
freestream dynamic head.

5.5 Error estimation

A detailed error analysis will depend on the particular type of probe
used and will invoive the following considerations:
(i) probe parameters such as sensitivity, response time
(i1) accuracy of calibration
(iii1) probe positioning (both linear and angular)
(iv) ambient parameters (such as temperature) influencing calibration
(v) reading accuracies of electronic meters, etc., and
(vi) aerodynamic effects such as flow interference, turbulence, velocity
gradients, presence of solid boundary, etc.
Although some idea of obtainable accuracy can be estimated from calibration
experiments, aerodynamic effects are very difficult to estimate. A complete
analysis of errors is quite complex. However, a reasonable estimate of the
overall accuracy of the measurements is possible from a careful analysis of the
data itself. Such an analysis has been made for the present data, bearing
in mind that:
(i) the flow was unsteady (turbulent)
(ii) all1 the data was recorded by hand after allowing sufficient response

time/integration time
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(iii) the probe sensitivity was considerably lower close to the wall and
/or in regions of Tow shear stress close to the trailing edge.
The estimated cverall errors in various measurements are summarized below.
The values in parentheses refer to the regions close to the wall and/or in
regions of low shear stress typified by ports 1 and 9.

(a) Hot wire data

Data Overall experimental error
Mean flow, U angle + 0.125° (+ 0.5°)
magnitude + 0.5% (£ 1%)
2 5
Turbulence uy + 3% (t 4%)
/2 £1.75%5  (+ 2%)
Others Higher for Wy fluctuation and
much higher for ~E;W; correlation

(b) Wall shear stress data

Type of device Overall experimental error in
angle magnitude
Hot-fiim gage t 0.25° (+ 0.5°) = + 5%
Sublayer fence t+ 0.5° (f 1°) t 1% (+ 2%)
0.032" dia Preston probe + 0.25° (¢ 0.75°) + 0.5% (+ 1%)
0.018" dia Preston probe t 0.25° (¢ 1°) + 1% (¢ 2%)
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Chapter 6

Discussion of Experimental Results

Before discussing the results, some comments on the nature and limitations
of the experimental data are in order. The extensicn of the hot wire surveys
to cover the entire boundary layer region and the measurement of shear stress
vector cound not be undertaken for want of time. In this sense the hot wire
surveys are imcompiete. Finally, the nominal two-dimensional boundary layer
upstream of the hump was contaminated by transverse non-uniformities which
would be amplified in flowing over the hump* (see reference [40]). The non-
uniformities would require a much finer spatial resolution of the initial
data (for prediction methods) than was possible in this investigation.
Therefore, The experimental data (even if it were complete!) would be somewhat
less satisfactory as a test case [1] for assessing prediction methods. In
any case, the interpretation of the local three-dimensional flow phenomenon
based on local measurements will not be influenced by spanwise variations.

The hot-wire measurements and the wall shear stress measurements have
provided experimental data pertaining to the relaxation characteristics of
the mean-flow and the longitudinal and lateral fluctuating quantities in the
inner layer region. The data also allowed an evaluation of an overall corre-
Tatjon {of crossflow profile in polar form) between wall shear stress vector
and Jocal free stream conditions. The near-wall measurements have provided

experimental data bearing on the question of the existence (or nonexistence)

* Some spanwise variations were expected because of the low aspect ratio
of the hump.
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of near-wall collateral flow field. The experimental data is, therefore,
discussed with particular emphasis on (i) the nature of mean~flow field very
close to the wall and (ii) the streamwise relaxation characteristics of the
flow field in the inner layer region.

After discussing the experimental data* in detail, a study is made of
the streamwise relaxation of the three-dimensional flow field to the two
-dimensional state. An assessment of the effect of small, measured wall
static pressure gradient on the flow field close to the wall is made by means
of a sublayer analysis in subsection 6.3.5 and the experimental data compared
with the resulting predictions.

6.1 Wall static pressure distribution in the relaxing region

The wall static pressure measured in the region behind the trailing edge

of the hump (Table 4) indicates a small {less than 3% of the upstream reference

dynamic head per foot) favorable pressure gradient in the streamwise direction (Fig.

Close to the trailing edge, the streamwise static pressure field above the
tunnel centerline relaxes a little faster than that below the tunnel center-
line. At a distance of 1 inch below the tunnel centerline corresponding to
the streamwise location of instrumentation ports, the estimated streamwise
pressure gradient in the neighborhood of port 1 is -2.508% of the upstream
reference dynamic head per foot, i.e., %%? = -2,508 x 10'2/foot. The curves
in Fig. 2la indicate a small {less than 3.5% of the upstream reference dynamic
head per foot) adverse pressure gradient in the spanwise direction parallel

to the trailing edge. The spanwise pressuré gradient in the neighborhood

of the tunnel centerline is decreading with the distance from the trailing

*Nherever applicable, the two-dimensional data is briefly commented upon as a
representative asympototic state for the relaxing flow field. Appendix C,
discusses the two-dimensional data on wall shear stress in more detail.
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edge and is practically aero at x = 26.125" and 36.125" , At a distance of
0.75 inches from the trailing edge corresponding to the spanwise location of
instrumentation ports, the measured spanwise pressure gradient is within 2%
of the upstream reference dynamic head per foot. The transverse pressure
gradient in the direction of crossflow (z is positive downwards) can be
estimated from the curves in Fig. 27a by suitable interpolation. In the
neighborhood of port 1 the estimated transverse pressure gradient is 2.098%
of the upstream reference dynamic head per foot, i.e., %ﬁ?—= 2.098 x 10'2/f00t.
Taking the boundary layer thickness* at port 1 as approximately 3.5 inches
and considering only the streamwise line of instrumentation ports, it is seen
that the pressure gradients amount to less than one percent of the upstream
reference dynamic head over a distance of one boundary layer thickness and,
therefore, the relaxing region along the streamwise line of ports may be
considered to be nominally in zero pressure gradient for analysis of the
flow field not close to the wall. However, the presence of even small lateral
pressure gradients will influence the crossflow field very close to the wall.
A sublayer analysis of the flow field with the above estimated values of the
pressure gradients indicates a decrease in the crossflow angle close to the
wall (subsection 6.3.5). In fact small decreases in crossflow angle were
measured at all port locations during the hot wire surveys (subsection 6.3.1).

6.2 Variation of freestream velocity in the relaxing region

Figure 22 and Table 5 show the variation of the local freestream velocity

along the streamwise line of ports in the relaxing region behind the trailing

*In reference [40], the thickness of the two-dimensional boundary layer (in
the absence of the hump) is quoted as 3.5" and that of the three-dimensional
boundary layer along the tunnel centerline and 1/2" behind the trailing
edge as 3.7".
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edge of the hump. The freestream velocity is very nearly constant from approx-
imately 2.5 boundary layer thicknesses downstream of the trailing edge, whereas,
in the region close to the trailing edge, the measurements imply a freestream
adverse pressure gradient of approximately 2% of the upstream reference dynamic
head per foot. Therefore, the streamwise static pressure gradients in the
freestream and on the wall differ in sign. However, in terms of the magnitude,
both are small and the flow may be treated as having a nominally zero, external,
streamwise pressure gradient.

6.3 Mean-flow data from hot-wire surveys

Before discussing the three-dimensional mean-flow data, it is appropriate
to make a few comments on the nature of the two-dimensional mean-flow data
(Figs. 18-20 and Tables 1-2a) as it will be used for comparison with the
relaxing three-dimensional mean flow. The two-dimensional law of the wall
plots shown in Fig. 18 clearly show the extent of the logarithmic region
typical of profiles in a zero pressure gradient flow. The agreement with
the two-dimensional log law using Patel's constants (see subsection 5.3.2)
is very good. The measured data compared with the linear curve ut = y+
indicates that the wall proximity effects cease beyond y+ = 5. A method of
obtaining a simple and satisfactory correction curve for hot wire readings
close to a wall has already been discussed in subsection 5.3.1 (Figs. 19

and 20).

6.3.1 Direction profiles in the relaxing region

The mean direction profiles (both measured and corrected) from hot wire
surveys are shown in Fig. 23 and the pertinent data in Tables 6-8h, The resul-
tant friction velocity, 0*, used in evaluating the wall coordinates was based
on the resultant skin friction, Ef, determined from the 0.032" dia Preston

probe measurement at the respective location. The particular choice of the
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data from this Preston probe to estimate U* from among several wall shear stress
data is discussed later in subsection 6.4.1.

As described in subsection 5.3.4, the hot-wire turbulence data was used
for making angle corrections to the indicated mean direction of flow to obtain
the mean-flow direction (shown by flagged symbols). The correction is small
in the outer portions of the ‘inner layer, slowly increases as the wall is
approached until (-E;ﬁqlﬁz) is a maximum and then begins to decrease with the
decrease of (-GTW;/GZ). In the region close to the wall where the measured
crossflow angle is constant, the correction is within the estimated experimental
error in angle measurement and, therefore, not shown in Fig. 23. The maximum
correction (-0.61°) occurs for the profile at port 9 and is less than 4% of
the measured value. The angle correction is included here to show the effect
of turbulence fluctuations on the mean angular response of the hot wire |58,
591. However, in the present hot wire surveys the effect is small and,
therefore, in subsequent discussions no distinction will be made between the
mean direction of flow and the mean-flow direction.

The direction profiles (Fig. 23) indicate a small region of collateral
flow field (i.e., constant crossflow angle) adjacent to the wall, thus confirm-
ing the results of the other investigators [38]. With the exception of profiles
at the last three survey stations, which are practically two-dimensional, the
data indicates the existence of a collateral flow field up to y+ = 6.7 to 17.6,
y+ increasing with U*, The most striking feature in these profiles is the
fact that the crossflow angle is actually decreasing in a narrow region
extending from the point of maximum crossfiow down to the outer 1limit of the
collateral region. Although the actual decrease of crossflow angle itself was
saml1 (of the order of 1° or Jess) it was observed consistently during the

+ ‘ .
hot wire surveys at all port locations. The value of y at which the maximum
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crossflow angle occurs in the inner layer varies from 27.1 to 144.8, y+
increasing with U* as before. Thus the narrow region of decreasing crossflow
extends between y+ = 9.7 and 27.1 at port 9 (the lowest vaiue of U*) to y+ =
17.6 and 144.8 at port 4. It should be noted that the value of y+ corresponding
to the maximum crossflow occurs at the apex of Johnston's triangular plot and
widely different values have been quoted in the literature for its upper limit.
Further discussion of the crossflow profiles in terms of the Johnston cross-
flow model is deferred until subsection 6.3.4.

In a three-dimensional boundary layer the crossflow resuits as a conse-
quence of the impressed lateral pressure field and the crossflow angle
increases continuously toward the wall. Because of the presence of small
transverse wall static pressure gradients (see section 6.1) opposing the cross-
flow in the relaxing region, it is not unreasonable to expect some decrease
in the crossflow angle as the wall is approached. As will be shown in sub-
section 6.3.5, a sublayer analysis of the flow field with the estimated values
of the pressure gradients does indeed predict a decrease in the crossflow angle
close to the wall, the predicted decrease being slightly higher than the
measured decrease. A discussion of the spanwise variation and the streamwise
relaxation of crossflow angle is deferred until subsection 6.3.6.

6.3.2 Mean velocity profiles in the relaxing region

The shapes of the resultant mean velocity profiles in the inner Tayer
(Fig. 24) close to the trailing edge reflect the history of the boundary
layer development over the hump. These profile shapes resemble those in adverse
pressure gradient flows. The profile at port 9 which shows the maximum effect
is practically linear in the inner layer., The mean velocity distribution in
the boundary layer relaxes and becomes fuller with distance from the trailing

edge and, at the last port location, it almost approaches the two-dimensional
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distribution (in the absence of the hump}. The relaxation of the inner layer
is reflected in the extent of the wall similarity region in the law of the
wall plots which are discussed in the next subsection.

The wali influénce is brought out strikingly in Fig. 25 where the (un-
corrected) resultant mean velocity data close to the wall is plotted in wall
coordinates. The resultant friction velocity U* was obtained from the respec-
tive resultant skin friction determined from the 0.032" dia Preston probe
measurement, Because of the increased heat transfer from the hot wire in
the vicinity of the wall, the apparent (measured) velocities are higher than
the true values. Consequently, as the wall is approached, the uncorrected
data points fall farther away from the linear distribution ot = y+. The
experimental data shown in Fig. 25 indicates, in agreement with the earlier
findings of Oka and Kostié [66] and the present findings from the two-dimen-
sional data in subsection 5.3.1, that the apparent (measured) resultant velocity
profiles in the viscous sublayer region are universal (local) and that the
wall influence is negligible beyond y+ = 5. The scatter in the region
y+ < 1.5 is largely due to errors in measuring very small distances from the
wall. It should be noted here that (in the physical coordinates) the extent
of the wall proximity effects increases with decreasing U*; for example the
wall influence which is limited to approximately y = 0.005" from the wall at
port 7 extends as far as up to y = 0.008" at port 9 where U* is lowest.

This universality of the apparent profiles justifies the use of the wall
proximity correction curve shown in Fig. 19 to correct the experimental data
close to the wall (y+ < 5). The corrected data is also shown (by flagged
symbols) in Fig. 25. The agreement between the corrected data and the linear
distribution O = y+ is remarkable in the region 1.5 < y+ < 5, The scatter

of the uncorrected data carrys over in the corrected data. The effect of
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correcting hot wire readings for wall incluence is better represented and
appreciated in Fig. 26 where the corrected resultant mean velocity profiles
close to the wall are shown in the usual coordinates and compared with the
respective wall velocity gradient lines. These lines represent the resultant
velocity gradients at the wall which are obtained from the respective resultant
skin friction determined from the 0.032" dia Preston probe measurement. The
corrected data points approach the respective wall velocity gradient line as
the wall is approached and indeed tend to fall on the line in the wall
influence region that extends up to y = 0.005" at port 7 and y = 0.008" at
port 9. The agreement between the corrected data and the respective wall
velocity gradient line is exceptionally good in the wall influence region
excluding points closest to the wall which could not be precisely located
because of errors in measuring very small distances from the wall.

Lack of data on the normal component of turublence, v ;2, did not allow
correction of the hot wire readings for turbulence fluctuations. Within the
wall influence region, the present method of wall proximity correction will
incidentally include the turbulence correction {based on the validity of a
linear distribution 07 = y*, for yt < 5),

6.3.3 Law of the wall in the relaxing region

The resultant mean velocity profiles in the inner layer of the relaxing
region are shown in wall coordinates in Figs. 27 and 27a. The resdltant
friction velocity, U*, was obtained from the resultant skin frictioﬁ determined
from the 0.032" dia Preston probe measurement at the respective location. 1In
the region y+ < 5, the corrected data is shown by flagged symbols. The
correction was based on the results of Fig. 19. For purposes of comparison,
the log-law relation based on the resultant velocity profile and constants

suggested by Patel [46], 0" = 5.5 Tog y+ + 5.45, and the linear sublayer
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relation 0" = y+ are also shown in Figs. 27 and 27a.

Before discussing wall similarity in the relaxing region, a few comments
on the applicability of the law of the wall in three-dimensional turbulent
boundary layers are in order. Wall similarity hac been the subject of inves-
tigation of many research workers in the past several years. Although the
experimental studies [21, 24, 28, 29, 31, 60, 61] have supported the existence
of a wall similarity region in three-dimensional flows, none of them has shown
any overriding support for any particular form of the law of the wall. A
brief assessment of these different laws may be found in reference [31],
where it is concluded that, in practice, the different laws differ very little
from one another particularly for small crossflows and moderate pressure
gradients. Etheridge [31] estimates that the difference between values of
skin friction obtained from Clauser plots of the streamwise and the resultant
velocity profiles will only be about 4% when the wall crossflow angle is as
targe as 20°.

The existence of wall similarity in the relaxing region of the present
investigation is confirmed by the law of the wall plots shown in Figs. 27 and
27a, thus concurring with the findings of the previous investigators. The
agreement of the data with the log-law relation based on the resultant mean
velocity profile and Patel's constants is quite satisfactory at all but one
port Tocation (port 9). It should be noted that a slight vertical shift of
the log-Taw relation will bring it into closer agreement with the data at
port 9. The maximum wall crossflow angle measured was 21° {at port 1) and
the pressure gradients in the relaxing region were very small (sections 6.1

and 6.2).
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It is now appropriate to discuss the applicability of Preston probes*
in the present investigation. A more careful examination of the log-law
region in the law of the wall plots indicates that, even at port 9 where the

effect of adverse pressure gradient is felt most, there exists sufficient Jog

-law region to justify the use of even the larger Preston probe (0.032" diameter}.

The log-law region at port 9 is seen to extend up to at least y+ = 110 corres-
ponding to y = 0.1758" which is much larger than the Preston probe diamter.

In regard to angular response, a Preston probe is insensitive to small changes
in the local flow direction. The measured variation in the mean flow angle
across the mouth of the Preston probe was not more than a degree (subsection
6.3.1) and, therefore, it should not influence the performance of the Preston
probe. From these considerations it is concluded that the readings of both
Preston probes were unaffected bu the pressure gradient or the crossifow in
the relaxing region.

A complete discussion on the relaxation of the mean flow in terms of the
decay of crossfiow is deferred until subsection 6.3.6. Some features of the
relaxation can be identified in the law of the wall plots. It was mentioned
in the preceding section that the resultant mean velocity distribution in the
boundary layer becomes fuller with distance from the trailing edge. This is
very clearly seen in terms of the extent of the log-law region in the law of
the wall plots. As the flow field relaxes in the streamwise direction (port
1 to port 7), the Tog-law region continuously grows and, at port 7, almost

approaches the two-dimensional distribution in the absence of the hump {compare

*
An illuminating discussion on the qualitative effects of pressure gradients
on the law of the wall in two-dimensional flows and consequently on the
readings of a Preston probe appears in reference [46]. Similar qualitative
effects of pressure gradients on the log law region in three-dimensional
turbulent boundary layers have been observed in references [31, 28 and 29].
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log plots for port 7 in Figs. 18 and 27a). Thus the three-dimensional boundary
layer is gradually relaxing toward a two-dimensional state behind the trailing
edge. Furthermore, the relaxation is seen to be relatively faster in the
region close to the trailing edge.

6.3.4 Polar plots of mean velocity profiles

Johnston's crossflow model [19] is the simplest polar plot often used to
represent the crossfiow field in three-dimensional studies [2, Chapter 7].
Sketched below is a typical Johnston's model, where the tip of the velocity

vector follows the two sides of a triangle {in the hodograph plane).
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Sketch of Johnston's triangular model

Although the experimental results of several investigators [21, 24, 30, 31, 28]
support Johnston's model but with widely different values of the apex location
(15 < y+apex < 221}, measurements of crossover profiles made by Eichelbrenner
and Peube [361, Klinksiek and Pierce [26] and others do not support the model
at all. In short, Johnston's Model cannot adequately represent all situations.
But, it gives perhaps the simplest and yet fairly accurate representation of

the crossflow velocity profiie. The representation of the present data in
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terms of Johnston's model is discussed below. A detailed discussion of the
nature oi the flow field close to the wall corresponding to region I of
Johnston's model is presented in the following subsection,

The experimental mean velocity profile data at various port locations is
presented in polar form in Figs. 28 and 28a. Three vertical arrows labeled
on each polar plot identify different locations in the boundary layer. The
vast region between the outermost point ((U/U_) = 1, (W/D_) * 0) and the middle
arrow represents the region of increasing crossflow angle. The narrow region
between the middle arrow and the leftmost arrow represents the region of
decreasing crossflow angle. Finally, the small region between the origin
and the leftmost arrow represents the region of collateral flow (constant
crossflow angle). Because of the absence of a well-defined apex and the
availability of only a few data points in the outer region -- between the right-
most arrow and the outermost point -- the construction of Johnston's triangle
was somewhat arbitrary. The triangles were constructed by simply drawing a
Tine that passed through the origin and the data points in the collateral
region and a mean line that passed through the outermost point and the few
available points in the outer region. The predicted profile shapes close to
the wall (shown by dotted lines for ports 1 and 2) were based on a sublayer
analysis described in the next subsection. As already mentioned in subsection
6.3.1, y+ values at which the maximum crossflow angle occurred varied from 27.1
to 144.8 (excluding the profiles at ports 5, 6 and 7). The maximum crossflow
velocities occurred at slightly higher values of y+, which compare with the
upper 1imit of the apex quoted as 16 by Joknston [19], 160 by Hornung and
Joubert [21] and 220 by Swamy [30].

The experimental data can now be examined in terms of an overall correlation

of Johnston's triangular model proposed and verified by East and Hoxey [24].
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The correlation between the magnitude and direction of the wall shear stress
vector and the local freestream conditions is readily obtained by applying

the sine rule for the triangle (see the sketch):

sin (aw + y)

= (1K) -V (2/E) (12)

C:t‘ <
* |8

1
sin vy K

_nt
where K = Uapex'

Fig. 29 shows the degree of correlation of the experimental data with this
equation for different locations of the apex and different values of K. The
values of Ef were obtained from the 0.032" dia Preston probe data’ and y from
appropriate polar plots (Fig. 28 and 28a refer to one particular representation
of apex location). In examining this correlation it should be remembered that
for < 5° (corresponding to the data at ports 5, 6, and 7), the maximum
crossflow is less than 5% of the local freestream velocity and, therefore,

the corresponding data points can hardly be considered as satisfactory test
cases for three-dimensional profile analysis.

The best agreement between the experimental data and equation (12} is
obtained with the apex located at the start of the collateral region (left-
most arrow in Figs. 28 and 28a). However, such a model will not be able to
adequately represent the data points in the remaining region that is well over
90% of the bounddry layer thickness and, therefore, will result in a very bad
representation of the complete crossflow profile. Of the remaining three apex
representations, the one corresponding to the maximum crossflow angle (middle

arrow in Figs. 28 and 28a) gives a poor correlation of the data with equation

(12) whereas the other two representations -- one based on maximum crossflow

+The choice is disucssed later in section 6.4.1,
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W shown by rightmost arrow and the other obtained by drawing lines as in Figs.
28 and 28a -~ give reasonable correlation of the data with equation (12} for
K= 18.0 and 17.5, respectively. These K-values compare favorably with those
quoted in the literature, namely 17.5 by East and Hoxey [24], 16.7 by Swamy
[30] and 14 by Johnston [19]. The apex representation as shown in these
figures appears to give the best overall representation of the measured cross-
flow profiles. To conclude, Johnston's crossflow model correlates the relaxing
profile data reasonably weill.

6.3.5 Analysis of flow field close to the wall

The very presence of a unusually large number of data points in region I
and a‘re1ative1y few points in region 11 makes the polar plots (Figs. 28 and
28a) conspicuous when compared with the experimental polar plots of other
investigators referred to in the previous subsection. This was of course
expected because of the emphasis placed in this investigation on the study of
the flow field close to the wall; the traverse mechanism specially designed
(to minimize flow disturbances) for surface anemometer studies made it possible
to probe the region very close to the wall, y+ < 1 (much closer than has been
reported hither to. With wall proximity corrections, the corrected resultant velocity
ratios closest to the wall were as low as 0.01. It is, therefore, appropriate to discuss
in some detail the nature of the flow field close to the wall corresponding to region
1 of Johnston's model and to interpret the implications of the present findings in
regard to a question that is still open in the literature [38], name the question of the
existence (or nonexistence) of near-wall collateral flow field in a three-dimensional
turbulent boundary tayer.

A careful examination of various experimental polar plots (see, for
example, reference [2, Chapter 7]) reveals the fact that region I between
the wall and the apex can extend as far as one-tenth of the boundary layer where

Tocal-to-freestream velocity ratios may be as high as 0.5. In most of
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these plots, region I was constructed by drawing a mean line through the origin
and a few available data points (as low as two in some cases) near the apex
[37]. Most of the existing data, therefore, indicates collateral flow in this
region, i.e., the mean velocity vector does not change its direction. However,
recent measurements of Rogers and Head [25] and Vermeulen [28] both using
specially designed hot-wire anemometer devices showed skewed flows almost
right down to the wall, the data points closest to the wall corresponding to

a resultant velocity ratio (local-to-freestream) of about 0.2.

It is important to note that the existence of a collateral flow field is
not predicted either by numerical calculations or by a sublayer analysis of the
flow field. 1In fact, numerical calculations by East and Pierce [37] indicate
that the assumptions cf near-wall collateral flow, as suggested by many
experimentalists, may not be correct [38]. A careful study of the boundary
layer equations in the neighborhood of the wall leads to the following relation

[2, p. 102].

2
3 W n 3}p T 3ap
-...—-2 = --—-..2 . L] — - -------—‘NZ L (]3)
ot T 9z =t X

In a collateral flow field (3 W/aU) = constant, i.e., (3°W/3U%) = 0. Thus,
equation (13) implies collateral flow field only when either the resuitant
pressure gradient is zero as in a two-dimensional flow or it is in the
direction of the resultant wall shear stress. Therefore, in general, it
implies a non-collateral flow field. |

In terms of cp, Ef, L and ﬁm, equation (13) can be rewritten as

2

3
= D (14)
au?
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where
o ac
D=5 . - ] 5+ | =2 tana - —£ (15)
05 & - cos (O /U,) [.az aX

D has dimensions of sec/ft and may be treated as a local constant (with respect

to U) in the neighborhood of the wall for a given velocity profile. Integrating
W

equation {14) using the wall boundary condition on sﬁ-and U, there results

3

(B~ tane) = DU (16)
or

(tar - tanz ) = DU (16a)

"
The change in crossflow angle within the sublayer region, Ao = (o - aw), may

therefore be estimated from equation {16a). Integrating equation (16) using

the wall boundary condition on W and U and non-dimensionalizing the resulting

equationby U_ we obtain
(W/T,) = (0/2)0, (/)% + tanay, (U/0_) (17)

which is a parabolic representation of the polar plot very close to the wall,
The crossflow profiles at ports 1 and 2 which had appreciable wall cross-
flow angles qualified as suitable test cases for the analysis because the
~estimates of the wall pressure gradients at these locations were considered
to be more accurate and reliable (in view of better spatial distribution of
static taps near these ports, see section 6.1, Figs. 3, 21 and 21a). Inci-
dentally, both the hot-wire extrapolation and the hot-film gage data predicted
the same wall crossflow angle at either Tocation. The local pressure gradients
estimated from the static pressure distribution were: acp/az = 2.0979 x Io”zlft

and ac,/ox = -2.5080 x 1072/¢t at port 1; b, /22 = 2.7529 x 1072/t and
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acp/ax = -2.5080 x 10'2/ft at port 2. With these values and Ef obtained from

the 0.032" dia Preston probe data, the estimated D values for hot wire surveys

at ports 1 and 2 were 2.4816 x 10'3 sec/ft and 1,9836 x 10'3 sec/ft, respectively.

Some typical values of change of crossflow angle, Ac, predicted by the analysis
are compared with tha experimental data in Table 9. The predicted shapes of
the polar plots are shown in Figs. 28 and 2Ba. Although the analysis is strictly
valid only very close to the wall, i.e., y+ < 5, the predicted values are shown
to higher values of y+ in order to see the trend and to compare with the
maximum decrease of ciossflow angle measured during the hot wire survey.

Referring to Table 9 and Figs. 28 and 28a, it is seen that the analysis
predicts the observed trend of the flow field close to the wall, i.e., the
unusual behavior of decreasing crossflow angle in a narrow region close to
the wall. Because the analysis is restricted to the sublayer (y+ < 5), only
rough estimates can be expected from the analysis outside this region. The
analysis predicts conservative results {overestimates), the overestimation
increasing with distance from the wall. This is to be expected as the effect
of the wall static pressure field decreases with distance from the wall. The
overestimation is seen in the predicted profile shapes which have a slight
curvature upwards. With these considerations in mind, it may be concluded
that the estimates of decrease of crossflow angle compare qualitatively with
the measured values of ports 1 and 2,

With the above considerations of the near-wall flow field in mind, it
is concluded here that in the absence of the small local transverse pressure
gradients close to the wall, the skewing of the relaxing flow could have been
much more pronounced practically down to the wall (limited only by the resolution

of the sensor), implying a near-wall non-collateral flow field consistent with

the equations of motion in the neighborhood of the wall.
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6.3.6 Relaxation of mean flow

A discussion of the streamwise relaxation of the mean flow in terms of
the decay of crossflow is more meaningful and pertinent as it is the presence
of crossflow that distinguishes a three-dimensicnal flow from a two-dimensjonal
case. The polar plots of Figs. 28 and 28a show how the three-dimensional
flow field returns to a two-dimensional state. In terms of the local free-
stream velocity the maximum crossflow velocity is 14.5% at port 1, Tess than
one~half this value downstream of port 4 and less than one-third downstream of
port 5. Thus the crossflow decay is relatively faster in the region close
to the trailing edge and asymptotic far away from the trailing edge. The
polar plot at port 7 is practically a straight line indicative of a two-dimen-
sional state. The polar plots of Fig. 28 give an estimate of spanwise varia-
tions in the flow field. The maximum crossflow velocities at ports 8 and 9
are 13.5% and 12.5% respectively, both being lower than the corresponding
value at port 1. A better physical picture of the presence of spanwise
variations in the resultant mean velocity vector can be obtained by comparing
spanwise profiles at ports 8, 1 and 9 in Figs. 23 and 24. Considered over a
span of 15 inches between ports 8 and 9, the maximum spanwise variation in
the crossflow angle is less than 2.5°. The maximum spanwise variation in the
measured resultant mean velocity is approximately 17% or nearly 10% of the local
freestream velocity. These variations may be expected to be considerably smaller
over a restricted span of, say, 7 inches or approximately 2 boundary-layer
thicknesses about the streamwise 1ine of instrumentation ports. Comments
regarding the spanwise variations of the wall shear stress vector appear in
subsection 6.4.2,

A clearer quantitative picture of the relaxation of the mean flow field

is conveyed in Fig. 30 and Table 10 which show the decay of normalized crossflow

angle with downstream distance from the trailing edge for various normalized wail
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distances. Table 10 was based on values estimated from the direction profiles
of Fig. 23. For each normalized wall distance y+, the crossflow angle has
been normalized by the corresponding crossflow angle at port 1. Therefore,
all the graphs start with the same ordinate {unity) at port 1, The dash-dot
Tine shown in the figure represents the outer limit of the inner layer, i.e.,
the locus of the y+ values denoting the end of the log region in the law of
the wall plots of Figs. 27 and 27a. With this 1ine as the boundary, it is
safe {conservative) to consider the lower half of the graphs (y+ < 200) as
completely representing the inner layer region. The upper half of the graphs
(y+ > 200) show mixed regions, all of them representing the outer layer region
upstream of port 2 but still the inner layer region downstream of port 6.

The slope of each graph represents the local rate of decay of crossflow
angle. Thus the rate of decay in the inner laye is much faster in regions
close to port 1 and is practically asymptotic in regions close to port 7.

At any given location in the region of appreciable crossflow, i.e., upstream
of port 4, the local rate of decay decreases away from the wall, being maximum
close to the wall. In the region of small crossflow namely downstream of port
4, the opposite trend is apparent. Ports 1 and 7 were located 34 inches apart.
For purposes of comparison, the boundary layer thickness at port 1 may be taken
as approximately 3.5 inches {see footnote in section 6.1)}. Considering the
relaxation along the limiting y+ Tine for the inner layer region (dash-dot
line), it is seen that 50% of the measured decay of crossflow takes place in
the first 6 inches or nearly 2 boundary-layer thicknesses, 75% in the first

14 inches or nearly 4 boundary-layer thicknesses and 90% in the first 20 inches
or nearly 6 boundary-layer thicknesses, Two significant observations can be
made from these graphs: (i) the relaxation of the mean-flow field based on

the decay of crossflow is much faster in the inner layer than in the outer layer
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and (i1) based on the streamwise distance covered, the relaxation is almost
complet: in approximately 10 boundary-layer thicknesses.

Before closing this section a few comments on the existing experimental
data on relaxation studies and the choice of relaxation Tength scale are in
order. These comments equally apply to discussions on the wall shear stress
and the turbulence field described in subsections 6.4.2 and 6.5.2, respectively.

Even the two-dimensional data on relaxation studies is limited. Some
experiments are described in reference [62] to demonstrate the response of
a turbulent boundary layer to disturbances introduced in the layer. A
review and comment on some of the experimental investigations (in two-dimensional
and pipe flows) on the response of a turbulent boundary layer to sudden changes
of surface conditions or of pressure gradients appears in reference [63]. It
is concluded there that the response of a turbuient boundary layer is almost
instantaneous in the inner part near the wall, but rather slow in the outer
part with a relaxation distance of scores of boundary layer thicknesses (for
profiles of turbulent intensity and shear stress). The available experimental
data on the response of three-dimensional turbulent boundary layers to sudden
perturbations is extremely limited. Bradshaw and Terrell [15] studied a relaxing
flow field behind a swept wing; the present flow configuration downstream of the
hump is similar to that of Bradshaw and Terrell (see section 1.2). Bissonnette
[27] studied the response of an axisymmetric turbulent boundary layer to a
sudden circumferential strain. Most of the data in [15, 271, unlike the
present data, pertains to the outer layer and consequently no attempt has been
made to compare the relaxation characteristics of the present study with them.
Moreover, the present data {unlike the data in [15, 27]) are not sufficient
to define the beginning of flow relaxation and, therefore, any comparison would

be very speculative.
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In these studies, the boundary layer thickness has been used as a basic
relaxation length scale (see also discussion on ‘memory' and Tength scales by
Bradshaw [64, pp. 58-59]). Although it may not be an appropriate length scale
for the inner layer, it is used in the present study so that the relaxation
of the inner layer can be compared with that of the adjacent portion of the
outer layer covered by the hot wire surveys. The non-dimensionalized stream-
wise distance x' of each port location, based on the length scale (v/U*), is
also included in Fig. 30.

6.4 Wall shear stress data

In subsection 6.3.3 the applicability of the Preston probes in the present
investigation was discussed and justified on the basis of the existence of
wall similarity region much larger than the diameter of the Preston probes.
In the following subsection the experimental data on wall shear stress obtained
from three-dimensional measurements is briefly discussed and compared with the
hot wire data., A detajled discussion of the wall shear stress data and an
assessment of the relative performance of various shear stress devices may be
found in reference [42]. The mean velocity data obtained from the two-dimen-
sional hot wire surveys predicts skin friction values that are in good agreement
with direct measurements (see Appendix C).

6.4.1 HWall shear stress vector

Tables 11 and 12 and Fig. 31 show the local timiting streamline angle
(measured from the local horizon) and the resultant mean skin friction coefficient
Ef determined from the wall shear stress measurements in the relaxing region
behind the trailing edge of the hump. Also shown for comparison are the wall
crossflow angles extrapolated from the hot-wire direction profiles at the
respective port locations (subsection 6.3.1) and Ef estimated from the resultant

mean velocity profile data using Bradshaw's simplified version of Clauser's
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technique (subsection 5.3.2). Although the actual direction of the local free-
stream could not be determined because of the partial traverse of the hot wire
survey, this direction may, for ail practical purposes, be assumed to coincide
with the local horizon (see the footnote in subsection 4.2.2}. The resulting
error, if any, would be a very small additive constant and, therefore, would
have negligible effect on the analysis of the data.

A1l direction measurements were s.complished by the bisector method (see
section 4.2) and, therefore, independently of the respective yaw calibration
curves of various devices., However, yaw calibration experiments established
the aerodynamic symmetry of various probes on which the accuracy of the bisector
method depends [42]. Estimates of probable overall experimental errors associated
with the different types of measurements are given in section 5.5.

The data on Tiniting streamline angle o, shows very good agreement between
the measurements of the hot film gage and the sublayer fence. As both the
devices are based on sublayer similarity such an agreement is not entirely
surprising. But what ic remarkable is the excellent agreement between the
not film results and the results obtained form extrapolating the hot wire
data to the wall. As can be seen in Tabie 11 and Fig. 31, this agreement is
within 0.25°, the hot-film gage predicting slightly higher values in the region
of high shear stress. The nature of the agreement attests to the consistency
of the experimental data from these probes.

The Preston probes were originally not intended for measuring the direction
of the wall shear stress and, therefore, their yaw characteristics were not
studied in the two-dimensional boundary layer (in the absence of the hump).
However, while measuring the wall shear stress with the Preston probes, the

direction also was determined by the bisector method. Surprisingly enough,
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as seen in Table 11 and Fig. 31, the values indicated by the 0.032" dia Preston
probe agree with those of the hot-film gage to within % 0,25° except at port 5
where the data of the Preston probe is 0.5° lower. Considering the usually
poor directional sensitivity of a Preston probe and the spatial averaging of
teh output over its mouth, this remarkable agreement was least expected. In
the case of the 0.018" dia Preston probe, the measured angies were apparently
consistently lower than those of the hot-film data by about 2° except at port

7 where it was lower than 2.75°. The biased indication of the 0.018" dia Preston
probe was traced to its mouth not being well defined and, therefore, to its
initial orientation {(with the local horizon) which was uncertain* to + 2°,

The data of the 0.018" dia Preston probe shown in Fig. 31 includes a uniform
correction of +2° to the measured angles.

Regarding the skin friction, the agreement between the data of two Preston
probes and that between the 0.032" dia Preston probe and the hot-film gage is
within the estimated precision of the measurements [42, 65]. The hot-film gage
generally indicates higher Ef-va]ues. In regions of higher shear stress (ports
5, 6 and 7), the Ef-va1ues estimated from the resultant mean velocity profile
data are higher than those obtained from the 0.032" dia Preston probe data,
whereas in regions of low shear stress they are lower. The data of the 0.032"
dia Preston probe {considered more relijable) represents a sort of average of all
the data.

Based on the above considerations and the earlier observations tnat the
hot-wire surveys indicated a narrow region of near-wall collateral flow and

an appreciable wall similarity region even in low shear stress regions, the

*
The uncertainty regarding the initial orientation could have been better
resolved by making measurements in a known two-dimensional flow field.
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skin friction from the 0.032" dia Preston probe measurement and the limiting
streamline angle from the hot-film gage measurement are taken as the reference
values in the present investigation.

6.4.2 Relaxation of wall shear stress

The ensuing discussion on the relaxation of wall shear stress vector behind
the trailing edge of the hump is based on the direction of the limiting stream-
1ine indicated by the hot-film gage and the skin-friction coefficient indicated
by the 0.032" dia Preston probe, shown in Fig. 31. Fo:' comparison the data
from the wall shear stress measurements in the two-dimensional boundary layer
(in the absence of the hump) is also shown in the figure. It may be noted
here that sample directional measurements made during the two-dimensional hot
wire surveys confirmed that the boundary layer was collateral, i.e., the
Timiting streamline angle was zero, A few comments about the measured spanwise
variation of the wall shear stress vector are appropriate before considering
its streamwise relaxation.

The measured spanwise variation close to the trailing edge is indicated
in Fig. 31 by data points corresponding to the spanwise ports 8, 1 and 9.

These ports which are 0,75" away from the trailing edge span a total distance
of 15", port 1 being a little closer to port 8. The angle of the limiting
streamline at port B is 2° lower than that at port 1 but that at port 9 is

only 1° Tower. Compared to the skin friction at port 1, the measured Ef at
port 8 is 6.6% higher, whereas, at port 9 it is 13.8% lower. Thus, over a span
of 15", the overall variation in skin friction is 20.4% of the skin friction
at port 1. This may be compared with the results of preliminary studies of
the two-dimensional flow field [40] which indicated a skin friction variation
of nearly 23% over a span of 15" about the tunnel centerline and nearly 5%

over 4", It appears that in regions close to the trailing edge, hoth the
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angle and the skin friction tend to decrease toward the lower end of the span.
This tendency is to be expected from the wall static pressure field shown in
Fig. 2la, where relatively stronge: adverse pressure gradients are seen to
prevail below the tunnel centerline.

Because of the low aspect ratio of the hump, some spanwise variations were
expected in the flow field downstream of the hump. But the nominal two-dimen-
sional boundary layer upstream of the hump was contaminated by transverse
nonuniformities, which would be even amplified in flowing over the hump [40].
With these considerations in mind, it is estimated that, over a restricted span
of 7 inches or approximately 2 boundary-layer thicknesses about the streamwise
Tine of ports, the spanwise variation* in the direction and the magnitude of
the wall shear stress did not exceed 1° and 10%, respectively, the variations
being smaller in regions away from the trailing edge.

Now turning to the streamwise relaxation of the wall shear stress vector,
the slope of the curves in Fig. 31 indicates the local rate of change of the
wall shear stress with downstream distance. The limiting streamline angle
decays rapidly in the region close to the trailing edge, but the rate of decay
decreases with downstream distance. The measured angle at the downstream most
port is 0.25° which is also the estimated experimental error associated with
the hot-film measurement (section 5.5). The skin-friction coefficient increases
rapidly in tne region close to the trailing edge, the rate of increase decreasing
with downstream distance. The measured skin-friction coefficient at the down-

streammost port is 2,1% Tower than the corresponding two-dimensional value**,

*A detailed study of these variations appears in reference [40].

**The three-dimensional c.-value will be slightly lower because of the increased
boundary layer thicknesg.
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Taking the difference between the measured values at ports 1 and 7 as the total
reltaxation (decay of O and increase Ef) in a streamwise distance of 34 inches
between these ports and the thickness of the boundary 1ayer+ at port 1 as
approximately 3.5 inches {see footnote in section 6.1), the following obser-
vations may be made:
(i) 50% of the relaxation of the direction of the mean wall shear

stress vector occurs in the first 4 inches or a little more

than a boundary-layer thickness, 75% within the first 10 inches

or nearly 3 boundary-layer thicknesses and 90% within the

first 19 inches or nearly & & boundary-layer thicknesses.

The corresponding relaxation of the magnitude of the resultant

mean wall shear stress occurs within 21, , 5 and 7', boundary

-layer thicknesses, respectively.

(ii) The mean wall shear stress vector {(both direction and magnitude)
almost relaxes to a two-dimensional state in approximately 10
boundary -layer thicknesses.

These observations are comparable to those given in subsection 6.3.6 for the
relaxation of mean flow in the inner layer region, particularly the region
close to the wall.

6.5 Turbulence data from hot-wire surveys

Because of the non-availability of any method to estimate the wall influence
on hot-wire turbulence output and lack of time to investigate it, no attempt
has been made to correct the turbulence readings for wall proximity effects.
Compared to other possible sources of errors, the wall proximity effects on
turbulence readings may be expected to be negligible as the turbulence itself

decays very rapidly after the peak point. Any small difference arising from

+See comments in subsection 6.3.6 on the choice of relaxation length scale.
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the omission of this correction in the turbulence data should have 1ittle
effect on the interpretation of the relaxation characteristics of the tur-
bulence field. The two-dimensional turbulence data from hot wire surveys, shown
in Tables 2-2a and Fig. 32 provided information on the initial state of tur-
bulence in the boundary layer {in the absence of the hump) and, kence, it may
be treated as a representative asymptotic state of the relaxing turbulence field.
It is, therefore, appropriate to assess it before discussing the turbulence data
pertaining to the relaxing field.

A representation of two-dimensional turbulence data* in wall coordinates
is more appropriate because, close to the wall, the profile is universal
being independent of the Reynolds number [67, 68]. Besides, such a representation
reflects the effect of pressure gradient. In Fig. 32, where the two-dimensicnal
turbulence data in wall coordinates is compare: with the data from other sources
[67 - 69], the indicated maximum values are: 2.52 at y+ = 17 for the longitudinal
intensity (v EZ/U*) and 1.50 at y+ = 40 for the lateral intensity (¥ ;Q/U*).
In Laufer's pipe data [68] the corresponding maximum values are approximately
2.625 at y+ = 17 and 1.75 at y+ = 55, Measurements reported by Thinh [54] and
Laufer's channel data [67] show a maximum in (v leu*) of nearly 2.35 and
2.50, respectively, both at _y+ = 17. 1In Eckelmann's oil channel data (¥ JE/U*)
reaches a maximum value of nearly 2.72 at y+ = 13.5 and decreases to 2.60 at
y+ = 17. Thus the two-dimensional profiles of longitudinal and lateral turbu-
lence, particularly the former, are in good agreement with other data available
in the literature. The crosscorrelation is practically zero {less than 0.12
U*Z), as it should be in a two-dimensional turbulent boundary layer.

6.5.1 Turbulence profiles in the relaxing region

The three-dimensional turbulence data reduced from the hot-wire surveys

is shown in Figs. 33-35 and in Tables 8-8h, 13. The profiles in Figs. 33-33b

*
For a comparison of the present data with the Kiebanoff data [66, (44, P. 467)],
see reference [42].
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show, in wall coordinates, the turbulence distribution in the inner layer at
selected locations of the relaxing region. The root-mean-square values of

the longitudinal and lateral turbulence in the local axes system X1¥1Z7>

v/ EE and v ;?, have been nondimensionalized by the Tocal skin friction velocity
U*, and their correlation UTW; by the square of U*. Also shown for comparison
in each of these figures is the corresponding two-dimensional profile at port
7. It should be noted that, for the two-dimensional case, both the axes
system X1¥124 and xyz coincide.

The point of interest in Fig. 33 is the magnitude and location of peaks

of longitudinal turbulence intensity in the relaxing field compared to the
two-dimensional data. Although, noquantitative conclusion can be drawn, the
increase anc shift (away from the wall) in the peaks are clearly seen at all
port locations, the effects being more pronounced in the region very close to
the trailing edge. This is not surprising in view of the fact that the mean
-velocity profiles shown in Fig. 24, particularly those close to the trailing
edge, resemble those in two-dimensional flows with adverse pressure gradient
where similar effects on turbulent fluctuations have been noticed [70]. Similar
trends are noticeable also in the distribution of lateral turbulence intensity

in Fig. 33a. Of more significance is the presence of Uy, correlation* in the
relaxing boundary layer particularly close to the trailing edge (Fig. 33b}.

If the flow field behind the trailing edge were truly an infinite swept flow,

the crosscorrelation (in the local coordinate system) would be zero. But, because
of the presence of spanwise variations in the relaxirg field (caused by the low
aspect ratio of the hump), the crosscorrelation is nonzero. An estimate of the

spanwise variations in the turbulence field is given in the following subsection.

*
This correlation was utilized to apply correction to the measured crossflow
angles in the boundary layer; see subsections 5.3.4 and 6.3.1.
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As regards the location of the peak, more measurements at higher values
of y are needed to extend the present range to help in defining the exact
location. The outward shift in the peaks in regions close to the trailing
edge is very pronounc-:d and appears to extend into the outer layer of the
boundary layer. Moreover, in these regicns, the maximum values are attained
gradually and the peak characteristics of a two-dimensional flow disappears.
In the wall coordinates, the maximum values are indicated by the turbulence
data at port 9, which is expected from the nature of the mean velocity profile
at port 9 (Fig. 24). There does not appear to be any siwilarity region close
to the wall which the Prandtl hypothesis predicts for two-dimensional flows
[67]. The indicated maximum values are compared in the following table with
the corresponding two-dimensional vajues at port 7.

Table: Maximum values of turbulence fluctuations

in the wall coordinates

Port 9 Port 7
(two-dimensional)
Longitudinal turbulence, (v ;?/U*) 5.00 2.52
Lateral turbulence, {V ;EIU*) 3.79 1.50 -
Crosscorrelation (—ﬁ{ﬁ;/ﬂ*z} 1.77 <0:12

The hot wire turbulence data transformed into the reference axes system
Xxyz is shown, partially, in Tables 8-8h. This was obtained from the data in
the local axes system using equations {8), (9) and (10). Because the crezsfliow

—
= 21.875°}, ;2 and w° do not differ appreciably from
Z 2

;? and ;?, respectively. The general trend of variation of v u”~ and v w™ in

2

the inner layer follows that of Uy and v ;3, respectively; therefore, they

angle o is small (amax
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have not been presented graphically. But, as can be seen in Tables 8-8h, the
variation of the crosscorrelation -uw in the inner layer is significantly
different, both in magnitude and direction, from that of -ﬁ?ﬁ; discussed earlier,
Figure 34 shows, in wall coordinates, the variztion of -uw correlation in the
inner layer of the relaxing region. The most striking feature in this figure
is the sign reversal of the correlation as the wall is approached, This occurs
at all port locations except port 7. The y”‘r value corresponding to zero ¢ross-
correlation increases with decreasing U*, the maximum y+ value being 40 at port
9. In other words, close to the trailing edge, the sign reversal occurs at
greater distances from the wall., It is strongly suspected that the sign
reversal is caused by the presence of the slight adverse pressure gradient

in the transverse direction that was observed in the spanwise wall static
pressure data discussed in section 6.1. Another notable feature is that in

the measured range the negative peaks are of the same order of magnitude as

the positive ones.

6.5.2 Relaxation of turbulence

Compared to the mean flow field disucssed in subsecijon 6.3.6, the turbulence
field relaxes slower as can be seen by comparing the three-dimensional and two
~dimensional turbulence data at the downstreammost port location (port 7) in
Fig. 3%, where the maximuym turbulence flucutations in the boundary layer are
piatted againsi downstream distance. A1l the fluctuations have been nondimen-
sionalized by the respective fluctuations at port 1. These values are also shown
in Table 13. 1t should be noted that (i) the maximum values occur at different
distances from the wall, this distance decreasing with increasing downstream distance frc
the trailing edge and (ii) although they correspond to the same upstream reference
Revnolds number, the upstream reference velocity in each case is slightly

different  Nevertheless, the representation in Fig, 35 is considered to be
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appropriate for relaxation studies.
The slope of each curve in Fig. 35 indicates the local rate of decrease of
maximum turbulence. The decrease is rapid in the region close to the trailing
edge, but the rate of decay decreases with downstream distance. The measured
maximum values at ihe downstreammost port are higher than the corresponding
two-dimensional values* by 11.16% in (v ;?) and 271.30% in Vv ;?. Taking the
difference between the measured maximum values at ports 1 and 7 as the total
relaxation (decay) of turbulence in a streamwise distance of 34 inches between
these ports and the thickness of the boundary 1ayer+ at port 1 as approximately
3.5 inches (see footnote in section 6.1}, the following observations may be made:
(1) 50% of the relaxation in (Y u2) _ ((/ w2) . (-TW))0,)
occurs in the first 6,25" (9", 6,75") or nearly 2(2.5,2)
boundary-layer thicknesses, 75% in the first 13.28" (18.5",
15.75") or nearly 4 (5.5, 4.5) boundary-layer thicknesses and
90% in the first 22.25" (25", 24.25") or nearly 6.5 (7, 7)
boundary-iayer thicknesses.
(11) Compared to the streamwise relaxation of the mean flow discussed

in subsection 6.3.6, the relaxation of the turbulence is slower
and is not complete in 10 boundary-layer thicknesses.

This relaxation length may be compared with the observations of Bissonnette

[27] where the 'history' of turbulence seems to persist for more than 20 boundary

layer thicknesses,

Finally, the spanwise variations in the turbulence flow field can

* ——
The two-dimensional value of {uw) correlation is practically zero.

+See comments in subsection 6.3.6 on the choice of relaxation length scale.
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be obtained by comparing the maximum values at ports 8, 1 and 9 quoted 1in
Table 13. The lowest values are indicated at port 8 and the highest at port
1, the measured values at port 8 being lower than those at port 1 by 5.42% in
1 L} '—2 » Snasa——
(v ul)max’ 7.63% in (v wl)max and 14.78% in (-u]w])
figures at port 9 are 2.15% and 2.53% and 13.30%. The spanwise variations

max® The corresponding

in the turbulent fluctuations considered over a restricted span of, say, 7"
or two boundary-layer thicknesses about the streamwise line of ports may be

7% in (v ;g) and 12% in

expected to be not more than: 5% in (v ;$) max

max?

('ulwl)max'

n



Chapter 7

Conclusions and Recommendations

The measurements reported in this investigation have provided
experimental data pertaining to the characteristics of the flow field
in the near-wall region of a three-dimensional incompressible turbulent boundary
layer relaxing in a nominally zero external pressure gradient.
The data from the three-dimensional wall and near-wall measurements was
analyzed with particular emphasis on:
(i) The nature of the mean-flow field very close to the wall and
(i3} the streamwise relaxation characteristics of the mean flow
and some turbulence quantities in the inner layer region.

7.1 Conclusions of the investigation

The findings of the present investigation based on the discussions
in the preceding chapter are given below:

(i) Wall proximity corrections: The experimental data indicated,

in agreement with the findings of Oka and Kostic [567, that the
apparent dimensfonless velocity profiles inthe viscous sublayer
region are universal {local) and that the wall influence is
negligible beyond y+ = 5. The agreement between the corrected
data and the velocity gradient line at the wall determined from
the measured skin friction was exceptionally good in the wall
influence region excluding points closest to the wall (y+ < 1.5)
which cculd not be precisely located because of errors in
measurement of very small distances from the wail. Wiils'
correction [50] did not yield satisfactory results even for

the two-dimensional cdata.
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(i1)

(1i1)

(iv)

Angle corrections: The maximum angle correction was -0.61°

which was less than 4% of the indicated angle. The hot-wire
turbulence data (G;WT correlation) was used to calculate second
order angle corrections to the indicated "mean direction of flow"
to obtain the "mean-flow direction".

Mean direction profiies: The experimental mean direction

profiles exhibited the usual features characteristic of a simple
crossflow profile but with a relatively smaller collateral region
adjacent to the wall (the smallest extending up to y+ = 9.7).

The unusual feature about these profiles was the presence of

a narrow region of slightly decreasing crossflow angle (one
degree or less) that extended from the point of maximum cross-
fiow angle down to the outer limit of the collateral region.
Based on a sublayer analysis of the flow field, it is concluded
that in the absence of the small local transverse, adverse
pressure gradients close to the wall, the skewing of the

flow could have been much more pronounced practicaily down to the
wall (Tlimited only by the resolution of the sensor), implying

a near-wall non-collateral flow field consistent with the

equations of motion in the neighborhood of the wall.

Wall similarity region: The existence of wall similarity in

the relaxing flow field was confirmed in the form of a log
law, thus concurring with the findings of othé&ér experimental
studies on three-dimensional flows. The experimental data

supported the log law based on the resultant mean velocity
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(v)

(vi)
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and resultant friction velocity (obtained from measured skin
friction). Patel's log law constants {46] were adequate. The
maximum crossflow angle was 21.875° and the maximum crossflow
velocity ratio was 0.145.

Polar representation of crossflow: The experimental polar

plots were conspicuous by the presence of an unusually large
number of data points in the inner region and relatively few
points in the outer region. The closest distance probed was
0.0005" from the wall (much closer than has been reported
hitherto); lowest y+ values were less than 1. The corrected
resultant velocity ratios closest tg the wall were as low as
0.01. The apex representat’on shown in Figs. 28 and 28a appears
to give the best overall representation of the measured cross-
flow profiles in terms of an overall correlation between wall
shear stress vector and local freestream conditions.

Wall sheay stress data: The consistency of the experimental

data was indicated by the excellent agreement of the data

(within experimental precision) from different measurement
techniques including the velocity profile method. Compared

to other devices, the construction and operation of the 0.032"

dia Preston probe wa~ much easier and consequently its results
were more reiiable. The directions of wall shear stress indicated
by the hot-film gage were more accurate and reiiable. They were
in excellent agreement (to within 0.25 ) with wall crossfiow

angles extrapolated from hot wire surveys.
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{vii)

(viii)

Turbulence data: The two-dimensional turbulence data (in the

absence of the hump) on longitudinal and lateral turbulence,
particularly the former, is in good agreement with the well
established data available in the literature. The increase and
outward shift (away from the wall) in the peaks are clearly
seen in the ihree-dimensional turbulence profiles at ail port
locations, the effects being more pronounced in the region

of low shear stress close to the trailing edge. In these
regions the mean velocity profiles resemble those in two-dimensional
flows with adverse pressure gradient which exhibit similar
effects on turbulent fluctuations. The experimental data does
not appear to indicate any similarity region close to the wall
which the Prandt]l hypothesis predicts for two-dimensional flows.
Compared to the two-dimensional peak values, the maximum long-
itudinal turbulence intensity, (/;?}U*), is doubled and the
maximum lateral turbulence intensity, (fg?)U*), is increased

to two and one half ti~ns. But the maximum values are attained
gradually and the sharp peak characteristic of a two-dimensional
flow disappears. Of more significance is the presence of ETWT
correlation which should be practically zero in the local axes
system in a truly infinite swept flow.

Spanwise variations: Considered over a restricted span of

approximately one boundary-layer thickness on either side of
the streamwise locations, the spanwise variations are expected

to be not more than 10%.
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{ix)

Streamwise relaxation: The streamwise relaxation of the mean

fiow field based on the decay of crossflow angle is much faster
in the inner layer than in the outer layer. Although the data
are not sufficient to define the beginning of flow relaxation,
they lead to some significant observations based on the stream-
wise distance covered by the measurments {34"): The relaxation
of the mean flow in the inner layer is almost complete in
approximately 10 boundary-layer thicknesses. The wall shear
stress vector almost relaxes to a two-dimensional state in
approximately the same distance. However, compared to the
streamwise relaxation of the mean flow, the relaxation of the
turbulence is stower and is not complete in 10 boundary-layer

thicknesses,

7.2 Recommendations for further work

o a—————

The recommendations suggested below follow directly from the limitations

of the present data discussed earlier.

(i} Completion of boundary layer surveys: The partial hot wire

survey reported in the present study should be completed by
carrying out the measurements (preferably with a hot-wire
probe to obtain data on turbulence as well) in the outer layer

of the’boundary layer at respective locations.

Measurement of Reynolds shear stress: The distribution of shear

stress vector (both magnitude and direction) and of other tur-
bulence quantities in the boundary layer at these locations
should be determined (using a single rotated slant hot-wire

probe, a conventional X-probe or a triaxial hot-wire probe).
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(iii)

(iv}

{v)

Test of prediction methods: Measurements should be made at

more locations in the spanwise direction close to the trailing
edge so as to define an initial data plane (with finer spatial
resolution) for use in the presently available prediction
methods. The complete experimental data would then be satis-
factory as a test case for assessing prediction methods, in
particular to experimentally resolve the question of the
correlation between the directions of the shear stress vector
and the mean-velocity gradient vector.

Measurements over the hump: To study the upstream history of

the relaxing flow field, measurements are required over the
transverse hump. In particular, data is required over the rear
of the hump to define the beginning of flow relaxation. The
complete experimental data with a well defined beginning of
flow relaxation will facilitate a detailed study of the dynamics
of turbulence field and allow a meaningful comparison of the
relaxation characteristics with presently available data on
turbulence response to varying mean rate of strain.

Further investigation of mean flow field very close to the wall:

It is perhaps worth some effort to consider appropriate modifi-
cations to the wind tunnel facility/flow geometry so as to
eliminate spanwise variations in the relaxing flow field. Hot
wire measurements in such a flow field very close to the wall
should provide more definitive information (than was possible
to obtain in the present study) to resolve the question of the

existence (or nonexistence) of near-wall collateral flow field.
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Appendix A

Some Details of Wind Tunnel Modifications

As remarked in Chapter 2, several modifications were incorporated
into the wind tunnel to improve the quality of the flow in the test section.
Some of these modifications along with some results of a preliminary study
of the transverse non-uniformities are given below. Full details concerning
these nonuniformities are available in reference [40].

A.1 Air-filter enclosure

The Aerospace Engineering Laboratory area where the tunnel was located
formed a part of the general engineering Taboratory and as such the surroundings
were usually dusty, the situation often aggravating due to soot particles
resulting from welding operations in the neighboring Civil Engineering
Laboratory. In order to reduce the severity of the dust contamination
problem (especially with hot wires and hot films, viz., the problem of dust
deposition on hot wires and hot films and the resulting drift in calibration,
see reference [71,72]), it was decided to enclose the inlet region with
suitable filter media (Fig. 2) supported on a box-1ike wooden frame against
a backing of hexagonal mesh wire netting. The required surface area of
filter medi. was arrived at after conducting smoke visualization tests in the
inlet region to get a rough estimate of velocity distribution in and around
the inl<t area. About 550 square feet of filter media were required for
which the approximate calculations corresponding to a 50 ft/sec velocity
in the test section showed that the maximum velocity through the filter media
{based on its frontal area alone) would be Tess than 130 feet per minute.

The pressure drop due to synthetic filter media at this velocity would be

negligible. Microtron CA synthetic filter media* was selected for use as

- )
National Bureau of Standards efficiency =65-75%. It is obtainable from: Penn
Air Company, Pickering Creek Industrial Park, P.0.Box 206, Lioaville, Pa. 19353.
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a fine filter with Airguard polyester filter media PSF-21* as a prefilter.
Throughout the period of this investigation, the filter media performed well
and the amount of dust deposition on them was not significant enough to
warrant their replacement. A small filter-covered door was provided on the
back side of the air-filter enclosure to gain access to the inside of the
airfilter enclosure and tc the inlet section for periodic inspection.

When the tunnel was not in operation, the filter media was covered with

a thin plastic sheet to help increase its 1ife span.

A.2 Inlet honeybomb-screen assembly

Although the effects of honeycomb are not quantitatively well defined
in the literature, it is known that a honeycomb acts as a flow-straightener
and a good suppressor of disturbances due to lateral components of mean
velocity. The inlet screens essentially act as (longitudinal) turbulence
reducers. It is important to see that the inlet screen wire produces no
turbulent wake of its own. According to Bradshaw [73], the inlet screens
must have an open area ratio of at least 57% and that the last screen
should be of uniform weave and free of wrinkles over its entire cross-
sectional area. Some suggestions to improve the tunnel flow are also
mentioned in reference [741].

The honeycomb-screen assembly of the original (unmodified) tunnel
consisted of 74 -inch long, 1 %ﬁ dia. and 1/16" thick paper tubes
glued together to form a honeycomb structure 60" wide x 88.5" high

followed by two screens spaced 1" apart, each with an oper area ratio of

Eff1c1ency (discoloration-atmospheric dust) = 32%. It is obtainable from:

National Capital Filter Corporation, 5922 Georgia Avenue, N.W., Washington,D.C. 20011.
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43.6%. A preliminary survey [40] of the tunnel wall boundary layer
revealed the presence of spanwise non-uniformities even in regions
sufficiently away from the corners. A careful qualitative study of

the flow field in and around the inlet region by helium bubble tracing
technique, smoke visualization and by sprinkling flour on the floor showed
that the flow into the inlet over the upper half was quite smooth whereas
the fiow over the bottom half (bordered by the floor, Fig. 2) was rather
unsteady giving rise to regions of intermittent swirl.

In view of Bradshaw's criteria, the screens were too dense and the
honeycomb screen assembly was unsatisfactory. In order to improve the
flow, it was decided to redesign the honeycomb screen assembly with
the available information [ 73,74]. The old honeycomb structure was
replaced by ordinary plastic drinking straws (0.236" o.d., 0.007" wall
and 8.25" long) stacked against a stainless steel screen (20 mesh, 0.010
inch wire) with 64% open area ratio. The old screens were replaced by four
polyester screens spaced 3 inches apart and mounted on 60" wide x 88.5" high
wooden frames, with the first screen positioned 6" behind the stainless steel
screen. Fach polyester screen was 16.5 mesh, 0.0138" dia monofilament
with 59% open area ratio.

Fig. A.1 shows a few results of transverse boundary layer surveys made
by Winkelmann [40] on the side wall of the original (unmodified) wind tunnel.
At y = 0.5 inch above the wall and over a transverse distance of 15 inches
about the tunnel center line, the transverse nonuniformities in speed amounted
to nearly 10%. Also shown in the figure is the transverse velocity distribution
on the side wall of the modified wind tunnel. As noticed in the figure, very
1ittle improvement was accomplished with the new honeyccib-screen assembly

which merely changed the locations of peaks and valleys.
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Appendix 8
Design of Flush-Mounted Hot-Film Gages

The classical anaiyses of Fage and Falkner [75], Ludwieg [76] and
Liepmann and Skinner [77] provided the necessary theoretical background
that ultimately led to the development of flush-mounted thin-film gages
by Bellhouse and Schultz [65] and Brown [78] that can even detect the
fluctuations in the wall shear stress. In turbulent fiows, the cube

-root relationship between the heat dissipated from a heated element and
the local wall shear stress is valid as Tong as the thermal boundary
layer above the element lies entirely within the laminar (or linear)
sublayer of the flow field. This restriction imposes an upper limit
on the effective streamwise length, L, of the film. The restriction
is also essential for equivalence of calibration in laminar and
turbulent flows.

Liepmann and Skinner were the first to give an estimate of the
upper limit. From an order of magnitude estimate they derived the
following criterion:

(pLU_/u) = R <(Pr/c ?) (8.1)
They also give the following lower 1imit on L so that the boundary-layer

type analysis is val{d:

(cfPr‘RLz) s> 1 (B.1a)
Combining these two, their analysis leads to the following criterion:
(Pr/ce) > (ePrR 5)1/3 5 > 1
or {8.1b)

(Pr/ce) > (QL/KAT) > > 1 |

81



where Qw is the heat flux from the heated element, AT is the temperature

difference between the heated element and the freestream and k is the

thermal conductivity of the medium. Brown's analysis gives the criterion,
(U*L/») < 64 Pr (B.2)

whereas Pope's criterion [79] further reduces the upper bound for L:
(U*L/v) < 32 Pr (B.3)

It is important to note here that, as deduced from the slope of

calibration curve [ 78], the effective streamwise length has been found

to equal approximately three times the geometric streamwise length of

the element in turbulent flows. The lowest estimate of the upper bound

for the effective streamwise length, L, is obtained from equation (B.3):

L < 32 Pr{v/U*)

To satisfy the cube root power relationship throughout the range of

operation of the hot film gage, it is necessary to evaluate L based on

the maximum value of U* and the minimum value of v anticipated during

RS

the operation. The maximum value of U* occurs in the two-dimensional
boundary layer (i.e., in the absence of the hump). The kinematic
viscosity, v, increases with temperature and, therefore, it is safe
to base v on ambient conditions.

Preliminary measurements in the two-dimensional boundary layer at

3

a freestream velocity of U = 50 ft/sec had predicted ¢ 2.4 x 107",

f=
With these values U* = /((:f/Z)U‘:o = 1.732 ft/sec. Takingv = 1.6 X 10'4ft2/sec
and Pr = 0.72 we obtain

L < 0.02554"
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Taking geometric streamwise length (i.e., width, w) to be one-third
of the effective length, we obtain

w < 0.0085"
Practica® considerations actually dictated the safe minimum width of the
film which could be deposited with permissible tolerances on the edges of
the film. The minimum width chosen was 0.004"%*,

It was desired to have a nominal film resistance in the range of
16-20 ohms. From considerations of angular response of the film [76,80 and
81], a very high aspect ratio film was desirable. However, a high
aspect ratio implies a long film and, therefore, poor spatial resolution.
As a compromise, the film length was set at 0.125" (which is also the
distance between hot wire needles), giving an aspect ratio of 31.25.

From these values the required film thickness was estimated to be nearly
2000°A for platinum film.

The actual dimensions and characteristics of the hot-film gage used
in the present investigation are already given in section 3.3 and Figs.
7 and 7a. It was verified that, within its range of operation in the
present investigation, the hot-film gage satisfied the criterion given

by equation {B.3).

*This figure was arrived at after consultation with the Thermo-Systems
Inc., 2500 North Cleveland Avenue, St. Paul, MN 55113, who did the actual
deposition of the platinum fiim.
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Appendix C

Two-Dimensional Data on Wall Shear Stress

Table 3 presents the reduced data from the wall shear stress
measurements performed with various shear stress devices at ports 1 and 7
in the two-dimensional boundary-layer on the aluminum flat plate (in
the absence of the hump). The data is presented in the form of mean skin

=friction coefficient based on local freestream dynamic head. Table 3 also
presents the values of Ce estimated from the mean velocity profile data taken
from two-dimensional hot wire surveys at the respective port locations. These
Ce values were calculated from Bradshaw's simplified version of Clauser's
technique described in subsection 5.3.2. A1l the data refers to the same
upstream reference Reynolds number of 3.25 x 105 per foot. The values
within the parentheses were deduced from Patel's calibration curve [46].

First the Preston probe results obtained from the present calibration
curves are compared with those from Patel's calibraticn curve. The present
calibration curve for the 0.032" dia Preston probe predicts slightly different
values compared to Patel's calibration curve. Since the difference is only
less than 0.35% which is well within the experimental error (see section 5.5),
the agreement between these two predictions is excellent. This is not
surprising because the two calibration curves differ very little at the
higher end of the calibration range (Fig. 17). In the case of 0.018" dia
Preston probe, the present calibration curve underestimates skin friction
compared to Patel's calibration curve. The difference is less than 2% but
within the experimental error and, therefore, the agreement between these
two predictions is still very good. Because of the good agreement, Patel's
calibration curve will not be considered in the subsequent discussion.

The highest values are indicated by the sublayer fence data and
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the lowest by the 0.032" dia Preston probe data, the difference being

nearly 2%. Surprisingly enough, in spite of the usual calibration

probiem associated with hot-film gages, the prediction of the hot-film

gage agrees well with that of the 0.032" dia Preston probe, particularly

at port 7. The cf_va1ues estimated from the mean velocity profile

come very close to the hot-fiim estimates. It is to be noted that all

the measurements predict a slightly higher Ce at port 1, which is expected

in a two-dimensional boundary layer developing in a zero pressure gradient.
The Preston probe data was intended to serve as a standard to check

out the hot-film gage and the sublayer fence in two-dimensional measurements

{see section 3.5). The overall agreement among skin friction values determined

by these devices i{s very good and the performance of the hot-film gage and

the sublayer fence is satisfactory in two-dimensional flows. The mean velocity

data obtained from the hot wire surveys predicts skin friction values that are

in good agreement with direct measurements. The nature of agreement among

different measurement techniques points to the consistency of the experimental

data. Compared to dther devices, the construction and operation of the

0.032" dia Preston probe was much easier and consequently, its results were

more dependable. Incidentally, its results were a little conservative, too.

Therefore, U* values used in reducing and analyzing two-dimensional hot-wire

survey data {subsection 5.3.1 and sections 6.3 and 6.5} were based on the

two-dimensional skin friction coefficient obtained from the 0.032" dia Preston

probe measurement,
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Table 1 Tunnel conditions and wall coordinate parameters for two-

dimensional hot wire surveys

L]

Quantity Port 1 (x=0.75") Port 7 {x=34.75")
Re,,. x 107>/foot 3.26 3.25
Umr, ft/sec 53.38 53.80
Q.. 1bf/ft? 3.326 3.342
—ﬁg;gmetric Pressure P,
mm Hg 768.7 ¢ 761.4
Humidity of air W, 1b/1b 0.0040 0.0055
T . °C 23.1 23.3
3 3
(0 x 10%) ., slugs/ft 2.334 2.309
alr
(v x 10M) .., Ft¥/sec 1.636 1.655
air? ’ :
¢ x 10 (from 0.032" dia
Preston probe data) 2.496 2.476
U*, ft/sec 1.8859 1.8929
(dU/dy),» Ft/sec/inch 1.8117 x 10° 1.8042 x 10°
95
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Table 2 Experimental data from two-dimensional hot wire survey at Port 1 (x = 0.75"); Re_

= 3.26 x 10°/foot, U_ = 53.38 ft/sec

r

{refer to Table 1 for tunnel operating conditions)

Mean flow data

Tubulence data

+ + —
¥ ¥ Uneas Ucorr -H- Ueorr v 1_13 / E -uW v E <100 " E «100 =, 100

{inches} {ft/sec} (ft/sec) - COrE u* . U2 U ue
0.9385 909.20 41.60 41.60 0.779 21.87 1.74 1.23 0.13 6.20 4.38 0.016
$.8625 835.57 40.9D 40.90 0.766 21.50 1.76 1.24 .13 6-28 4.43 0.016
0.6845 663.13 39.70 39.70 0.744 20.87 1.83 1.27 0.13 6.52 4.54 0.0i6
0.5435 526.53 38.40 38.40 0.719 20.18 1.89 1.28 0.13 6.75 4.55 0.016
0.4315 418.03 37.30 37.30 0.699 19.61 1.85 1.25 ¢.10 6.94 4.46 0.013
0.3425 331.81 36.25 36.25 0.679 19.05 1.99 1.25 0.10 7.09 4.45 0.013
0.2725 263.99 35.10 35.10 0.657 18.45 2.01 1.30 0.10 7.16 4.63 0.013
0.2165 209.74 34,20 34.20 0.641 17.98 2.05 1.28 0.08 7.30 4.55 0.01
0.1715 166.14 33.25 33.25 0.623 17.48 2.07 1.31 0.08 7.37 4.67 0.011
6.1365 132.24 32.05 32.05 0.600 16.85 2.08 1.33 0.08 7.41 4.73 0.011
0.1085 105.11 31.1% 31.15 0.583 16.37 2.09 1,38 0.08 7.44 4.91 0.011
0.0855 82.83 36.15 30.15 0.565 15.85 2.10 1.38 .08 7.49 4.93 0.011
¢.0675 65.39 29.30 29.30 0.549 15.40 z.12 1.41 0.06 7.54 5.02 D.008
0.0535 51.83 28.25 28.25 0.529 14.85 2.18 1.42 0.06 7.78 5.06 0.008
¢.0425 41.17 - 27.20 27.20 0.509 14.30 2.27 1.35 0.06 8.10 4.80 0.C08
0.0335 32.45 26.05 26.05 0.488 13.65 2.34 1.47 0.06 8.35 5.24 0.008
0.06265 25.67 24.60 24.60 0.461 12.93 2.42 1.45 0.06 8.62 5.17 0.008
0.0195 18.89 22.45 22.45 0.420 11.80 2.50 1.36 0.08 8.91 4.85 0.011
0.0145 14.05 20.05 20.05 0.376 10.54 2.48 1.3 0.08 8.83 4.68 .01
0.0115 11.14 17.40 17.40 0.326 9.15 2,37 1.26 0.08 8.44 4.48 0.011
0.C0%5 9.20 15.40 15.40 0.288 8.09 2.23 1.15 0.08 7-94 4.12 p.011
0.0085 8.23 13.95 13.95 0.261 7.33 2.10 1.08 0.08 7.51 3.85 0.011
0.G075 7.27 12.85 12.85 0.241 6.79 1.48 0.86 0.06 7.05 3.05 0.008
0.0065 6.30 11.35 11.35 0.213 5.97 1.76 0.93 0.06 6.28 3.31 0.008
0.0055 5.33 10.00 10.00 0.187 5.26 1.57 0.76 0.04 5.59 2.69 £.005
0.0050 4.84 9.15 g.12 0.171 4.79 1.42 0.74 0.04 5.06 2.63 0.005
0.0045 4.36 8.50 8.36 0.157 4.39 3.32 0.50 0.02 4.6% 1.78 0.003
0.004 3.87 7.70 7.41 0.139 3.89 1.16 0.52 0.02 4.15 1.84 0.002
£.0035 3.39 7.05 6.50 D.122 3.4 1.03 0.34 0.01 3.68 1.21 0.00%
0.003 2.9 6.60 5.70 0.107 2.99 0.89 - - 3.9 - --
0.0025 2.42 5.95 4.54 0.085 2.38 0.67" 0.3 0.01 2.37 1.12 0.001
0.002 1.94 5.90 3.65 0.068 1.92 0.54 0.12 0.00 1.92 0.42 $.000
0.0015 1.45 6.50 3.08 0.058 1.62 0.36 0.22 0 1.28 0.79 0
0.00 0.97 7.60 2.63 0.049 1.38 0.28 0.18 o 1.01 - 0.85 0
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= 3.25 x 10%/faot, U_ = 53.B0 ft/sec

Table 2a: Experimental data from two-dimensional hot wive survey at Port 7 (x=34.75"}; Re_
{refer to Table 1 for tunnel operating conditions)
Mean flow data Tubulence data
+ +

’ d (eas orr earr 2 /i @ A Y100 00
(inches} (ft/sec) (ft/sec) ® COrr u* U U*i U U _af
0.939 893.74 41.90 41,90 "0.775 22.16 1.75 1.28 0.0% 6.16 4.50 0.011
0.863 821.40 41.40 41.40 0.769 21.89 1.78 1.27 0.10 6.27 4,45 0.013
0.685 651.98 39.80 39.80 0.740 21.05 1.88 1.26 ¢.10 6.60 4,42 0.013
0.544 517.78 38.80 38.80 0.721 20.52 1.93 1.29 0.10 6.78 4.53 0.013
0.432 411.18 37.55 37.55 0.698 19.86 1.96 1.36 0.12 6.90 4.80 0.015
0.343 326.47 36,55 36.55 0.679 19.33 2.03 1,38 0.12 7.15 4.86 0.015
0.273 259,84 35.40 35.40 0.658 18.72 2.06 1.39 0.12 7.23 4.88 0.015
0.217 206.54 34.45 34.45 0.640 18.22 2.10 1.38 0.10 7.37 4.84 D.012
0.172 163.71 33.40 33.40 0.621 17.66 2.12 1.39 0.09 7.43 4.87 0.01
0.137 130.40 32.25 32.25 0.599 17.06 2.12 1.41 0.08 7.47 4.94 0.010
0.109 103.75 31.25 31.25 0.581 16.53 2.13 1.42 0.08 7.50 5.00 0.010
0.086 81.85 30.00 30.00 0.558 15.87 2.14 1.46 0.08 7.53 5.15 0.010
0.068 64.72 29.10 29.10 8.541 15.39 2.16 1.49 ~ 0.08 7.60 5.25 0.010
0.054 51.40 28.00 28.00 0.520 14.81 2.21 1.49 0.08 7.77 5.23 0.010
0.043 40.93 27.10 27,10 0.504 14.33 2.30 1.50 0.06 8.07 5.26 0.007
.0.034 32.36 25.80 25.80 0.479 13.64 2.37 1.52 0.08 8.33 5.35 0.018
0.027 25.70 24.30 24.30 0.452 12.85 2.46 1.46 . 0.06 B.63 5.12 0.007
0.020 19.04 22.00 22.00 0.409 11.63 2.54 1.39 0.04 8.92 4.89 p.005
0.015 14,28 19.60 19.60 0.364 10.37 2.53 1.38 0.04 8.90 4.84 0.005
0.012 11.42 17.15 17.15 0.31% 9.07 2.43 1.34 0.04 8.55 4.70 0. 005
0.010 9.52 15,30 15.30 0.284 8.09 2.30 1.16 0.02 8.10 4.07 0.002
0.009 8.57 14.00 14.00 0.260 7.40 2.19 1.19 0.02 7.7 4.17 0.002
0,008 7.61 12.95 12.95 0.241 6.85 2.06 1.02 0.02 7.24 3.60 0.002
0.007 6.66 11.50 11.50 0.214 6.08 1.88 1.01 0.02 6.60 3.55 0.002
0.006 5.71 10.35 10.35 0.152 5.47 1.71 0.74 0.02 6.00 2.61 0.002
0.0055 5.23 9.80 9.80 0.182 5.18 1,56 0.87 0.02 5.48 3.05 0.002
0.005 4.76 9.05 9.02 0.168 4.77 1.50 0.57 0.G2 5.26 2.01 0.002
0.0045 4.28 8.05 7.90 0.147 4.18 1.30 0.77 0.02 4.56 2.70 0.002
0.004 3.81 7.40 1.07 0.131 3.74 1.21 0.56 0.02 4.24 1.96 0.002
0.0035 3.33 6.65 6.07 0.113 3.2t 0.99 0.57 p.01 3.4% 2.00 0.001
0.003 2.86 6.30 5.35 0.099 2.83- 0.88 0.16 0.01 3.09 0.55 0.001
0.0025 2.38 5.80 4.35 0.081 2.30 0.67 0.41 0.01 2.37 1.44 0.001
0.002 1.90 5.75 3.45 0.064 1.82 0.55 0.23 0.01 1.94 0.82 G.o00
0.0015 7.43 6.30 2.85 0.053 1.50 0.38 0.28 0.00 1.33 0.99 0.000
c.om 0.95 7.10 2.08 0.039 1.10 0.31 0.14 g 1.10 0.51 0
6.0005 0.48 7.60 0.60 0.011 0.32 - - - - - -
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Table3 Two-dimensional data on skin friction

Mean skin friction coeffigient,
¢, x 107 (Re, = 3.25 x 107 /foot)
Type of shear
stress device Port 1 (x=0.75") Port 7 (x=34.75")
0.032" dia 2.496 2.476
Preston probe (2.500) (2.468)
0.018" dia 2.517 2.489
Preston probe (2.564) (2.535)
Sub1ayér fence 2.545 2.522
Hot-film gage 2.535 2.484
From mean velocity 2.524 2.485
profile

Note: The values within the parentheses are based on Patel's calibration

curve [46].
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Table 4 Wall static pressure data in the relaxing region

p

Qi 3.539 to 3.557 1bf/ft, U, .: 55.98 to 55.85 ft/sec

. 5
cp = [P = Prap 422)/Qup]s Ryt 3.25 x 10° to 3.29 x 10

per foot,

%, inches from

z, inches from

Tap # trailing edge centerline p X 102
1 0.5 -17.875 -2.066
2 12.125 -17.875 -5.570
3 0.5 -11.875 -1.138
4 12.125 ~-11.875 -4,596
5 0.125. - 5.875 ~0.418
6 0.5 - 5.875 -0.534
7 1.0 - 5.875 -0.696
8 1.75 ~ 5.875 -0.975
9 2.625 - 5.875 -1.230

10 3.625 - 5,875 -1.602
11 5.125 - 5.875 -2.019
12 7.125 - 5,875 -2.575
13 9.125 - 5,875 -3.017
14 12.125 - 5.875 -3.434
15 16.125 - 5.875 ~-3.713
16 26.125 - 5.875 -3.945
17 36.125 - 5.875 -4.920
18 (Port 8) 0.75 - 5.0 -0.534
19 0.5 - 3.5 -0.441
20 5.125 - 3.5 -1.625
21 12.126 - 3.5 -2.948
22 0.125 - 1.125 0

23 0.5 - 1.125 -0.069
24 1.0 - 1.125 -0.185
25 1.75 - 1.125 ~0.395
26 2.625 - 1.125 -0.580
27 3.625 - 1.125 -0.812
28 5.125 - 1.125 -1.207
29 7.125 - 1.125 -1.741
30 9.125 - 1.125 -2.159
31 12.125 - 1.125 -2.599
32 16.125 - 1.125 -2.946
33 26.125 - 1.125 -3.523
34 36.125 - 1.125 -4.803
35 (Port 1) 0.75 1.0 0.047
36 (Port 2) 2.75 1.0 -0.301
37 (Port 3) 5.75 1.0 -0.998
33 (Port 4) 9.75 1.0 -1.903
39 12.125 1.0 -2.274
40 (Port 5) 15.75 1.0 -2.621
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Table 4 Concluded

41 {Port 6)
42 (Port 7)
43
44

56 (Port la)

73 (Port 9)

.125
125

oo

00 = e =g s g s s s e s s ] DN LR R L G G0 LD L0 G0 0 L0 L L) () LD L) L =

125
125
.125
125
.125
125

.125
125
.125
.125

.295
.618
.348
.279
.279
.163
.047
.163
441
.975
.393
.857
322
.436
.038
.580
.928

.647
. 346
.323
277
.138
. 998
743
.301
.279
.790
416
. 996

.316
.438
.622
.719
.205
. 951

100
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Table 5 Freestream velocity in the relaxing region (Pitot-static

probe data)

Corresponding x
for P-S probe

At P - S prche

locatign

Measured
velocity ratio

Port # data (inches (local velocity % increase
from trailing to reference in
edge) velocity) velocity

1 -1 1.0371 3.71
2 1 1.0297 2.97
3 4 1.0256 2.56
4 8 1.0228 2.28
5 14 1.0212 2.12
6 22 1.0216 2.16
7 33 1.0210 2.10
8 -1 1.0443 4.43
g ~1 1.0268 2.68
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Table 6 Tunnel conditions for three-dimensiona2l hot wirz surveys
Upstream reference values Loca]p::ieigzsg?oxalues at Properties of air entering the tunne?
Reynolds Oynamic | Reynolds Dynamic |Barometric
. Number |Velocity Head . Number |Velocity | Head pressure | Humidity Density | Viscosity
Station Remrxm‘s Upper le"g ﬁeﬂ,xlo-S 0. a. P W Ter:sle::a- px 10° | v x 10
Port }=x, inches | per ft | ft/sec | 1bf/ft per ft ft/sec 1bflf;2 mm_Hg 1b/1b T{°C) slugslft3 ftzisec
1 0.75 .27 55.74 3.519 3.37 57.47 3.74% 757.9 p.ongz 26.5 2.265 1.701
d 2.75 3.26 55.83 3.523 3.35 57.37 3.7119 760.0 0.0139 27.6 2.260 1.710
3 5.7% 3.23 54.41 3.382 3.30 55.66 3.539 761.7 0.0104 25.7 2.284 1.684
4 9.75 " 3.25 55.79 3.502 3.32 57.05 3.661 756.0 0.0142 27.3 2.250 1.717
5 15.7% 3.26 55,93 3.529 3.33 57.16 3.686 760.0 0.0160 27.7 2.256 1.713
6 23.75 .24 54.44 3.39 3.3 55.61 3.538 763.6 0.0132 25.4 2.288 1.680
7 34,75 3.25 56.01 3.529 3.32 57.19 3.679 757.0 0.0122 28.2 2.249 1.72%
8 0.75 3.25 54.16 3.374 3.37 56.22 -3.635 764.8 0.0107 24.6 2.30 1.667
g 0.75 3.26 54.85 3.443 3.33 56.00 3.589 764.5 0.0111 26.1 2.289 1.682
o - ] [ -»
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Table 7 HWall coordinate parameters for threg—dimensionﬂ hot wire surveys

Ef x 103 . o,
Station Re,. x 107° | O, oot | (om0 | DD ()
Port { x, inches per foot ft/sec ft™/sec probe data) ft/sec ft/sec/inch
1 0.75 3.27 57.47 1.701 1.171 1.3906 0.9473 x 10°
2 2.75 3.26 57.37 1.710 1.364 1.4981 1.0037 x 10°
3 5.75 3.23 55.66 1.684 1.614 1.5812 1.2373 x 10°
4 9.75 3.5 57.05 1.717 1.827 1.7241 1.4428 x 10°
5 15.75 3.26 57.16 1.713 2.071 1.8394 1.6459 x 107
6 23.75 3.24 55.61 1.680 2.277 1.8764 1.7864 x 10°
7 34.75 3.25 57.19 1.721 2.425 1.9914 1.9203 x 10°
8 0.75 3.25 56.22 1.667 1.248 1.4043 0.9859 x 10°
9 0.75 3.26 56. 00 1.682 1.010 1.2585 0.7847 x 10°




Table B: Experirental data from three-dimensional hot wire survey at Port 1 {x = 0.75"); Re__ = 3.27 x 105/foat.,

§_= 57.47 fi/sec

r.

(refer to table 6 for tunnel'operating conditions)

v0L

Mean flow data Tubuience data
+ = = ¥

¥ y “meas Sorr  Umeas  Ucorr % O orr y E / \E -l /g2 W
{ins) (degs) (degs) (ft/sec) (ft/sec) Umcorr = o = o o
0.940 640.37 8.75 B.49 35.60 35.50 0.619 25.60 4.58 3.60 3.01 4.66 3.50
0.686 467.33 12.0 11.61 31.30 31.30 .545 22.51 4.45 3.60 3.45 4,57 3.45
G.433 294,98 16.5 16.02 27.15 27.15 0.472 19.52 3.93 3.35 3.6 4.0 3.14
0.274 186.66 19.5 19.07 24.95 24.95 0.434 17.94 3.5] 3.19 2.42 3.69 2.98
0.173 117.85 21.0 20.65 23.25 23.25 0.405 16.72 _3.32 2.97 1.7 3.44 2.82
0.110 74.94 21.625 21.33 21.75 21.75 0.578 15.64 3.19 . 3.0 1.28 3.29 2.89
0.069 47.01 21.75 21.5. 20.30 20.30 0.053 14.60 3.15 2.97 0.83 3,22 2.90
0.044 29.97 21.875 21.:8 18.75 18.75 0.326 13.48 3.18 2.85 0.29 3.7 2.86
0.028 19.07 21.5 21.37 16.35 16.35 0.284 11.76 3.20 2.n 0.32 3.17 2.74
0.021 4.3 21.25 21.16 14.75 14.75 0.257 16.61 3.2 2.49 0.17 3.14 2.57
0.016 10.90 21.0 21.0 12.70 12.70 0.2 9.13 2.99 2.26 0.13 2.92 2.35
0.013 8.86 21.0 21.0 11.10 11.70 0.193 7.98 2.85 2.03 0.13 2.78 2.13
0.01 7.49 21.0 21.0 g.70 9.7¢ 0.169 6.98 2.62 1.85 0.19 2.50 1.92
4.014¢ 6.81 21.0 21.0 9.15 g9.15 0.159 6.58 2.51 1.77 0.08 2.44 1.87
0.009 6.13 § 21.0 21.0 8.30 8.30 ° 0.144 5.97 2.36 1.55 0.11 2.2% 1.66
0.608 5.45 21.0 21.0 7.60 7.60 0.132 5.46 2.4 1.50 -0.02 2.07 1.60
. 0075 5.1 2i.0 21.0 7.20 7.20 0.125 5.18 2.04 1.39 0.02 1,97 1.48
G.007 4.77 21.0 21.0 6.75 B.72 0.117 4.83 1.99 1.35 0.05 1.93 1.44
0.0065 4.43 21.0 21.0 6.35 6.27 0.109 4.5% 1.92 1.24 0.02 1.85 1.34
0.006 4.09 21.0 21.0 5.90 5.76 0.100 4.14 1.7 1.25 0.04 1.67 1.31
0.0055 3.75 21.0 2.0 5.50 5.26 0.0 3.78 1.62 1.1 0.02 1.57 1.18
0.0605 3.4 21,0 21.0 5.10 5.13 0.082 3.40 1.44 0.96 0.04 1.40
0,0045 3.07 21.0 21.0 4.80 §.24 0.074 3.05 1.29 .85 -0.07 1.24
0.004 2.72 21.0 21.0 4.45 3.67 0.068 2.64 1.10 0.80 0.01 1.07
0.0035 2.38 21.0 21.0 4.30 3.24 0.056 2.33 D.96 0.64 -0.01 0,92
0.003 2.04 21.0 21.0 4.2% 2.78 0.048 2.00 0.74 0.59 0.01 0.73
0.0025 1.70 21.0 21.0 4.40 2.39 0.042 1.72 0.63 0.42 -0.01 0.60
0.002 1.36 21.0 21.0 4.90 2.24 0.034 1.61 C.46 0.39 0.01 0.45
0.0015 1.02 21.0 21.0 5.45 1.99 0.035 1.43 0.38 0.30 -0.0t 0.37
0.001 .68 21.0 21.0 6.45 2.00 0.035 1.44 0.3 -- -- -
0.0005 D.34 21.0 21.90 7.2¢ 1.62 0.028 1.17 0.29 -- - -




Table Ba Experimental data from three-dimensional hot wire survey at Port 2 (x=2.75"); Re_
(refer to Table 6 for tunnel operating conditions)

= 3.26 x 10°/foot, U_ = 57.37 ft/sec

S0t

. Mean flow data . Jurhulence data
Y ¥ %meas %orr Umeas Ccorr % Ueorr /v Z / w% Uy J 2 —
(ins) (degs)  (degs) (ftfsec} (ft/sec) ‘= corr L — 3 b —uv
153 o> p* 0> 0*2
0.9405 6B6.63 7.625 7.42 36.80 36.80 0.641 24.56 4.05 3.08 2.10 4.10 1.12
0.8265 603.40 8.75 8.52 35.00 35.00 0.610 23.36 4.02 3.00 2.14 4.08 1.05
0.6865 501.19 10.375% 10.10 32.85 32.85 0.573 21.93 3.88 3.185 2.30 3.97 1.24
0.5515 402.63 11.87% 11.55 30.80 30.80 0.537 20.56 3.73 3.04 2.36 3.83 1.2
0.4335 316.48 13.25 12.94 29.15 29.15 0.508 19.46 3.50 2.94 2.02 3.60 1.00
0.3515 256.62 14.25 13.93 28.05 28.05 0.489 18.72 3.38 2.83 1.93 3.48 0.88
0.2745 200.40 14.875 14.5% 26.90 26.90 0.469 17.9 3.27 2.74 1.61 3.3 0.70
0.2265 165 30 15.25 14.98 26.05 26.05 0.454 17.39 3.09 2.78 1.44 3.19 0.78
0.1735 17a2.67 15.50 15.27 25.15 25.15 0.438 16.79 3.00 2.1 1.1 3.08 0.52
0.1105 80.67 15.75 15.57 23.50 23.50 - 0.410 15.69 2.96 2.65 0.76 3.00 0.20
0.0695 50.74 | 15,625 15.47 22.00 22.00 0.383 14.68 2.89 2.70 0.59 2.93 0.22
0.0425 32.49 15.50 15.38 20.15 20.15 0.351 13.45 2.92 2.63 0.37 2.93 0.09
0.0285 20.81 15.25 15.19 17.95 17.95 0.313 11.98 2.97 2.42 0.15 2.95 -0.63
D0.0215 15.70 15.00 14.93 16.00 16.00 0.279 10.68 2.96 z2.25 0.13 2.92 ~(.80
0.0165 12.05 -1 14.875% 14.875 14.00 14.00 0.244 9.34 2.86 2.08 0.11 2.83 -0.86
0.0135 9.86 14.875 14.875 12.40 12.40 0.216 8.28 2.7 1.82 c. 1 2.68 -0.91
0.0115 8.40 14.875 14.975 11.05 11.09 0.193 7.38 2.57 1.69 0.06 2.53 -0.88
0.0105 7.67 14,875 14.875 10.15 10.15 0.177 6.77 2.43 1.61 0.02 2.38 -0.80
0.0095 6.94 14.875% 14.875 9.45 §.45 0.165 6.3 2.3 1.55 -0.03 2.27 -0.73
0.0085 6.21 14.875 14.875 8.90 8.90 0.155% 5.94 2.15 1.42 0.03 2.12 -0.63
0.0080 5.84 14.875 14.875 8.50 8.50 0.148 5.67 2.06 1.34 0.01 2.02 -0.60
0.0075 5.48 14.875 14.875 8.05 8.05 0.140 5.37 2.01 1.31 0.03 1.97 -0.55
0.0070 5.1 14.875 14.875 7.65 7.65 0.133 5.11 1.493 1.30 0.06 1.90 -0.45
0.0065 4.74 14.875 14.875 7.25 7.2} 0.126 4.81 1.84 1.04 0.06 1.81 -0.52
1.0060 4.38 14.875 14.875 6.1% 6.67 0.116 4.45 1.72 0.74 0.03 1.67 -0.57
0. 0055 4.01 14.875 14.875 £.3¢ 6.13 0.107 4.09 1.57 0.79 0.03 1.53 -0.43
0.3050 3.65 14.875 14.875 5.90 5.60 0.098 3.74 1.42 0.75 .01 1.39 -0.35
0.0045 3.28 14.875 14.875 5.45 4.97 0.087 3.32 1.30 0.54 0.03 1.27 -0.32
0.0640 2.92 14.875 14.875 5.20 4.5 0.979 3.0 1.19 0.35 $.03 1.16 -0.30
0.0025 2.55 14.875% 14.875 4.80 3.82 0.067 Z2.55 1.02 0.34 -0.0%1 0.99 -0.23
0.0030 2.19 14.875 14,875 4.55 3.18 0.056 2.13 0.87 0.34 o.M 0.85 -0.15
0.0025 1.82 14.875 14.875 4.45 2.52 0.043 1.68 0.68 0.23 0.0 0.66 -0.09
0.0020 1.46 14.875 14.875 4.55 1.93 0.033 1.29 0.57 0.22 0.01 G.56 -0.06
0.0015 1.04 14.875% 14,875 5.09 1.54 0.027 1.03 0.42 - - - -
0.0010 0.73 14.875 14.875 5.65 1.05 0.G¢18 0.70 0.35 - -— - -—
0.0005 G.36 14.875 14.875 5.85 -0.03 -0.001 -0.02 0.33 - - -- -
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Table Bb: Experimental data
U_ = 55.66 ft/sec

from three-dimepsional hot w

(refer to Table & for tunnel operating conditions)

vire survey at Port 3 (x = 5.75"); Re . . 3.23 x 105/faot,

Mean flow data

Tubulence data

+ p +
y y “meas %orr Umeas Ucorr U Ocore / o J o -Uw /2 7w =
{ins) (degs) (degs) {ft/sec) (ft/sec) Uscorr vl 1 L L L L
- o* O+ ﬁtz J+* 1] ﬁtz
0.939 734.74 5.00 5.82 37.80 37.80 0.679 23.9 A 2.80 1.79 3.75 2.75 1.14
0.825 645.54 6.75 6.55 36.20 36.20 0.650 22.89 3.83 2.87 1.84 3.68 2.8 1.22
0.685 535,99 7.50 7.26 34.10 3410  0.613 21.57 3.55 2.85 1.92 3.60 2.77 1.28
0.550 430.36 8.50 8.25 32.35 32.35 0.581 20.%6 3.42 2.8 1.85 3.48 2.73 1.21
0.432 338.03 9.25 3.00 36.80 30.80 0.553 19.48 3.26 2.69 1.67 3.33 2.61 1.08
0.350 273.86 .75 9.51 - 2%.60° 29.60 0.532 18.72 3.15 2.62 1.49 3.22 2.54 n_ga
0.273 213.61 10.00 9.76 28.50 28.50 0.512 18.02 3.07 2.52 1.36 3.13 2.45 0.75
0.172 134.58 10.25 10.03 26.80 26.80 0.481 16.95 2.90 2.58 1.09 2.95 2.52 0.71
0.109 85.29 10.00 9.84 25.10 25.10  0.451 15.87 2.82 2.53 0.7 2.B6 2.49 0.40
0.068 53.21 9.75 9.61 23.60 23.60 0.424 14,92 2.81 2.51 b.55 2.83 2.48 0.26
0.043 33.65 9.75 9.62 21.75 21.75  0.39]) 13.75 2.88 2.42 0.4 2.89 2.40 -0.02
0.027 21.13 9.50 9.40 19.20 19.20 0.345 12.14 2.93 2.32 0.25 2.93 2.32 -0.29
0.020 15.65 9.25 9.25 17.05 17.05 0.306 10.78 2.96 2.10 0.21 2.95 2.11 -0.50
.015 11.74 9.25 9.25 14,75 14.75 0.265 9,33 2.86 1.89 a.1 2.84 1.9 -0.63
0.012 9.39 9.25 9.25 12.85 12.95 0.233 8.19 2.69 7.80 ¢.08 2.67 1.82 ~0.56
a.010 7.82 9.25 g3.25 11.40 11.40 0.205 7.21 2.49 1.55 ¢.01 2.47 1.58 ~-0.59
0.009 7.04 8.25 G.25 10.60 10.60 0.190 6.70 2.36 1.4 0.03 2.34 1.44 -0.54
0.008 6.26 9.25 9.25 9.60 9.60 0.172 6.07 2.20 1.36 0.01 2.19 1.39 -0.47
6.007 5.48 9.25 9.25 8.45 8.45 0.152 5.34 1.98 1.18 0.04 1.96 1.20 -0.36
0.0065 5.0 9.25 9.25 7.95 7.9% 0.143 5.03 1.92 1.13 0.01 1.9 1.16 -0.37
0.006 4.69 9.25 9.25 7.50 7.43 0.133 4.70 1.76 1.06 0.06 i.75 1.07 -0.26
0.0055 4.30 9.2% 9,25 7.00 6.89 0.124 4,3 1.68 0.99 -0.06 1.66 1.01 -0.29
0.005 3.9 8.25 9.25 6.50 6.29 0.113 3.98 1.46 0.93 0.04 1.45 0.94 -0.17
0.0045 3.52 9.25 9.25 6.10 5.72 0.103 3.62 1.41 0.78 0 1.39 0.81 ~0.22
0.004 3.13 9.25 9.25 5.65 5.06 0.091 3.20 1.21 0.72 0.03 1.20 0.73 -0.12
0.0035 2.74 9.25 9.25 5.25 4.38 0.079 2.77 1.12 0.60 ~0.03 1.1 0.61 -0.14
£.003 2.35 9.25 9.25 4.90 3.67 0.066 2,32 0.N 0.53 6.02 0.91 0.54 ~0.07
0.0C25 1.96 9.25 9.25 4.75 2.94 0.053 1.86 0.83 0.46 -0.04 0.82 0.48 -0.07
0.0C2 1.56 9,25 9.25 4.60 . 2.04 0.037 1.2% 0.60 0.35 0 0.59 0.36 ~-0.04
0.0015 1.7 9.25 9.25 4.90 1.42 0.025 0.90 0.44 0.33 0.00 0.44 0.33 -0.01
0.001 0.78 9.25 9.25 5.45 0.77 0.014 0.49 .40 - - .- - -
0.0005 0.39 2.25 9.25 5.80 -0.30 -0.005 -0.19 0.35 -- -- .- - -




Table 8¢: Experimental data from three-dimensional hot wire survey at Port 4 {x = 9.75%); Re,,. = 3.25 x loﬁffunt,

0_ = 57.05 ft/sec

(refer to Table 6 for tunnel operating conditions)

0L

Hean flow data Tubulence data
+ = ¥
4 ¥ “meas “orr  Umeas  Dcorr U Ocorr / E / ;r? -y /2 IR m
{ins) {degs) {(degs) ({ft/sec) (ft/sec) Y=core — — 5 = L 'f"z
g+ 13 ﬂi O 11 g*

0.940 786.59 4.5 4.35 39.55 39.55 0.693 22.94 3.25 2.52 1.36 3.28 2.49 1.01
0.686 574.05 5.5 5.33 36.70 36.70 0.643 21.29 3.15 2.49 1.31 3.19 2.45 0.93
0.433 362.33 6.125 5.93 33.60 33.60 0.589 19.49 2.96 2.44 1.27 3.00 - 2.39 0.94
0.274 229.28 6.25 6.07 31.40 31.40 0.550 18.21 2.80 2.33 1.02 2.84 2.29 0.74
0.173 144,77 6.375 6.21 ©  29.75  29.7% 0.521 17.25 2.73 2.31 0.83 2.76 z.27 0.57
0.110 92.05 6.25 6.10 28.00 28.00 0.49 16.24 2.68 2.25 0.69 2.70 2.26 0.46
0.069 57.74 6.00 5.85 26.30 26.30 0.461 - 15.25 2.69 2.3 0.62 2.71 2.29 0.41
0.044 36.82 5.75 5.62 24,35 24.35 0,427 14.12 2.77 2.24 0.47 2.78 2.22 0.19
0.028 23.43 5.75 5.62 21.50 21.50 0.377 12.47 2.88 2.14 0.22 2.89 2.14 -0.15
0.021 17.57 5.5 5.5 19.55 19.55 0.343 11.34 2.9 1.94 0.20 2.91 1.99 -0.25
0.016 13.39 5.5 5.5 17.05 17.05 0.299 9.89 2.86 1.80 0.16 2.86 1.80 -0.32
0.013 10.88 5.5 5.5 15.30 15.30 0.268 8.87 2.73 1.69 0.16 2.73 1.69 -0.29
0.011 9.20 5.5 5.5 13.60 13.60 0.238 7.89 2.60 1.50 0.13 2.60 1.50 -0.30
0.010 8.37 5.5 5.5 12.85 12.85 0.225 7.45 2.50 1.49 0.02 2.50 1.50 -0.36
¢.009 7.53 5.5 5.5 11.60 11.60 0.203 6.73 2.34 1.44 0.13 2.34 i.44 -0.18
0.008 6.69 5.5 5.5 10.80 10.80 0.189 6.26 2.22 1.31 0.07 z2.21 1.3 -0.24
0.0075 6.28 5.5 5.5 10.15 10.15  0.178 5.89 2.08 1.24 o.n z.uf 1.24 -0.15
0.007 5.86 5.5 5.5 9.85 9.85 0,173 5.1 2.03 ~ 1.16 0.02 2.03 1.17 -0.24
0. 0065 5.44 5.5 5.5 9.10 9.10 0.159 5.28 i.89 1.07 G.07 1.89 1.07 -0.17
0.006 5.02 5.5 5.5 8.60 B8.60 0.151 4.99 1.82 ¢.95 -0.04 1.82 0.96 -0.23
0.0055 4.60 5.5 5.5 7.90 7.3 0.137 4,54 1.65 0.97 0.09 1.65 0.97 -0.08
0.005 4.18 5.5 5.5 7.56 7.34  0.129 4.26 1.57 0.78 -0.07 1.57 0.79 -0.i8
0.0045 3.77 5.5 5.5 6.75 6.45 0.113 3.74 1.37 0.80 0.07 1.37 0.80 -0.05
0.004 3.35 5.5 5.5 6.30 5.78 0.101 3.35 1.26 0.64 -0.02 1.25 .65 -0.11
0.0035 2.93 5.5 5.5 5.70 4.9 0.086 Z2.85 1.07 0.53 0.04 1.07 0.53 -0.04
0.003 2.51 5.5 5.5 5.40 4.22 0.074 2.45 0.93 0.44 -0.04 0.93 0.44 -0.06
0.0025 2.09 5.5 5.5 5.05 3.33 0.058 1.93 0.74 0.37 0.02 0.74 0.37 -0.02
0.002 1.67 5.5 5.5 5.10 2.55  0.045 V.48 0.60 0.33 0.00 0.60 0.33 -0.02
0.0015 1.25 5.5 5.5 5.25 1.66 0.029 0.96 0.48 -- - -— - -—
0.001 0.83 5.5 5.5 6.00 1.09 0.019 0.63 0.36 - .- -- - -
0.0005 0.42 5.5 5.5 7.95 1.34 0.023 .78 0.26 - -— - - --
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Table 8d: Experimental data from three-dimensional hot wire survey af Port 5 (x = 15.75"); Re,.= 3.26 x ]Uslfoot.
O+ 57.16 ft/sec .
{refer to Table 6 for tunnel operating conditions)
Mean flow data Tubulence data
+ = F

Y y “meas %orr  Umeas Oorr 8 Ocorr / I {;2 ~UW J 2 /e =
(ins) {degs)  (degs) ({ft/sec) (ft/sec) Uwcorr 1 l | Ll i LA e
-g g 0* B. G.Z D. U. 5,2
0.9395 840.68 3.0 2.90 40.85 40.85 0.715 22.21 2.77 2.17 0.88 2.78 2.15 0.72

0.8545 764.62 3.25 - - - - - -- - .- - - --
0.6855 613.39 3.50 3.38 38.40 38.40 0.572 20.88 2.1 2.16 0.87 2.73 2.15 0.70

{.5545 496,17 3.75 - - - - - - - - - - -
0 4325 387.01 3.75% 3.63 - 35.85 35.85 (0.627 19.49 2.60 2.1 0.80 2.61 2.09 0.64
0.3545 Nz a1 3.75 - - -- - - - - -- - - -
0.2735 244,73 3.75 3.63 33.75 33.75 0.590 18.35 2.55 2.07 0.73 2.57 2.04 0.57
0.1725 154.35 3.50 3.38 32.00 32.00 0.560 17.40 2.50 2.05 0.62 2.51 2,04 0.49
0.1095 97.98 3.50 3.3% 30.20 30.20 0.528 16.42 2.52 2.00 0.49 2.53 1.98 0.34
0.0685 61,29 3.50 3.40 28.30 28,30 0.495 15.39 2.55 2.02 0.43 2.56 2.01 0.28
0.0435 38.92 3.25 3.15 26.15 26.15 0.457 14.22 2.65 1.99 0.34 2.66 1.98 0.17
0.0275 24.61 3.25 3.15 23.25 23.25 0.407 12.64 2.78 1.88 0.28 2.78 1.88 0.04
0.0205 18.34 3.0 3.0 20.85 20.85 0.365 11.33 2.81 1.79 0.26 2.81 1.78 g.02
0.0155 13.87 3.0 3.0 18.35 18.35. 0.321 9.98 2.78 1.62 0.21 2.78 1.62 -0.05
0.0125 11.18 3.0 3.0 16.05 16.05 0.281 B8.73 2.66 1.57 6.14 2.66 1.57 -0.10
0.0105 9.40 3.0 3.0 14.40 14.40 Q.252 7.83 2.50 1.43 0.07 2.50 1.43 -0.15
0.0095 8.50 3.0 3.0 13.25 13.25 0.232 7.20 2.36 1.43 0.09 2.36 1.43 -0.10
0.00B5 7.60 3.0 3.0 12.25 12.25 0.214 6.66 | 2.26 1.26 0.04 2.26 1.26 -0.14
0.0075 6.71 3.0 3.0 11.00 11.00 0.192 5.98 2.08 1.13 0.1 2.08 1.13 ~-0.05
0.007 6.26 3.0 3.0 10.40 10.40 0.182 5.65 1.97 1.13 0.0% 1.97 1.13 -0.05
0.0065 5.82 3.0 3.0 9.80 9.80 0.171 5.33 1.87 1.01 0 1.86 1.02 -0.13
0.906 5.37 3.0 3.0 9.20 9.20 0.1861 5.00 1.77 7.03 0.09 1.77 1.03 -0.01
0.0055 4.92 3.0 3.0 8.62 8.61 0.151 4.68 1.66 0.87 -0.02 1.66 0.87 -0.10
0.005 4,47 3.0 3.0 8.00 7.89 0.138 4.29 1.50 0.82 -0.05 1.50 0.82 -0.08
0.0045 4.03 3.0 3.0 7.60 7.39  0.129 4.02 1.42 0.68 -0.05 1.42 0.68 -G.08
0.004 3.58 3.0 3.0 6.85 6.44 D.113 3.50 1.23 0.65 0.03 i.23 0.65 -0.02
0.0035 3.13 3.0 3.0 6.40 5.72 0.100 3.11 1.12 0.34 0.03 1.12 0.34 -0.02
0.003 2.68 3.0 3.0 6.00 4.93 0.086 2.68 0.99 0.36 -0.03 0.99 0.36 -0.04
0.0025 2.24 3.0 3.0 5.40 3.81 0.067 2.07 0.6% 0.30 0.02 0.59 0.30 0.00
0.9002 1.79 3.0 3.0 5.35 2.9 0.051 1.58 0.61 D.21 -0.02 0.61 0.21 -0.02
0.0015 1.34 3.0 3.0 6.00 2.43 0.04z2 1.32 0.41 0.21 0.01 0.41 0.21 0.00

0.001 0.89 3.0 3.9 6.60 1.58 0.028 c.86 0.34 -- - - .- -

0.0005 0.45 3.0 3.0 B.50 1.60 0.028 0.87 0.26 -- -- -- - -

e o i . . o a o amemmaeld o
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9% Table 8e: Experimental data from three-dimensional hot wire survey at Port 6 (x = 23.75"); Re_ = 3.24 x 105[ft,
A 0, = 55.61 ft/sec "
‘g ‘2 {refer to Table & for tunnel operating conditions)
% ‘g' Mean flow data Tubulence data
. v y o a U 0 0 o 2 2 = - -
23 (ins) (degs)  (dege) (ftfsec) (ftjseq) Uscorr | o1 YO WL e /W -
. -; (o] 9 9 14 0~ O* i g* Giz
"
} a@ 0.939 873.97 1.5 1.42 41.80 41.80 (.752 22.28 2.52 2.m 0.72 2.53 2.00 0.66
- 0.685 637.56 1.625 1.59 39.50 39.50 0.710 21.05 2.45 1.98 0.67 2.47 1.98 Q.61
0.432 402.08 1.625 1.54 37.15 37,15 0.668 19.80 2.42 1.89 0.58 2.43 1.88 0.51
0.273 254.09 1.625 _ 1.54 35.05 35.05 0.630 18.68 2.40 1.88 0.51 2.41 1.87 0.45
0.172 160,09 1.5 1.41 - 33.40 33.40 0.501 17.80 2.39 1.90 0.47 2.39 1.89 0.42
0.109 101.45 1.25 ~ 1.18 31.50 31.50 0.566 16.79 2.39- 1.9 0.34 2.40 1.90 6.30
0.068 63.29 1.25 1.18 29.40 29.40 0.529 15.67 2.85 1.89 0.31 2.45 1.89 0.26
0.043 40.02 1.25 1.19 27.20 27.20 0.489 14.50 2.57 1.84 0.24 2.57 1.84 0.17
¢.027 25.13 1.00 1.00 24.20 24.20 0.435 12.90 2.70 1.80 c.20 2.70 1.80 0.12
E; ¢.G20 18.61 1.060 1.00 21.90 21.90 0.394 11.67 2.78- 1.72 0.22 2.78 1.72 0.13
b 0.015 13.96 1.00 1.00 19.00 19.00 0.342 10.13 1.72 1.56 g.16 2.73 1.56 0.07
0.012 1.7 1.00 1.00 16.70 16.70 0.300 8.90 2.60 1.54 0.16 2.60 1.54 0.08
0.010 9.3t § 1.00 1.00 14.95 14,95 D.259 1.97 2.44 1.38 0.02 2.44 1.38 -0.05
0.009 8.38 1.00 1.00 13.85 13.85- 0.249 7.38 2.35 1.32 0.02 2.35 1.32 -0.0%
0.008 7.45 1.00 1.00 12.70 12.70 0.228 6.77 2.20 .21 -0.08 2.20 1.21 -0.06
0.007 6.51 1.00 1.00 11.490 11.40 G.205 6.07 2.04 1.10 6.02 z.04 i.10 -0.03
0. 0065 5.05 1.00 1.00 10.85 10.85 0.195 5.78 1.96 1.00 -0.02 1.96 1.00 -0.05
0.006 5.58 1.00 1.00 10.10 10.10 0.182 5.38 1.83 0.98 0.06 1.83 0.98 -0.02
{. 0055 5.12 1.00 1.00 9.50 9.50 0.171 5.ub 1.7% 0.82 -0.02 1.7% 0.82 -0.04
0.005 4.65 1.60 1.00 8.70 8.63 0.155 4.60 1.55 0.78 0.02 1.55 0.78 -0.01
0.0045 4.19 1.00 1.00 8.10 7.94 0.143 4.23 1.44 0.82 0.02 1.44 0.82 .00
0.004 3.72 1.00 1.00 7.50 7.17 0.129% 3.82 1.32 0.62 -0.02 172 0.62 -0.02
0.0035 3.26 1.00 1,90 6.90 6.29 0.113 3.35 1.16 0.47 -0.03 1.16 0.47 -0.02
0.003 2,79 1.00 1.00 6.15 5.18 0,093 2.76 0.98 0.46 0.03 0.97 0.46 -0.02
0.0025 2.33 1.00 1.00 5.80 4,28 0.077 2.28 0.81 0.25 -0.02 0.81 0.25 -0.01
0.002 1.86 1.00 1.00 5.56 3.21 0.058 1.7 0.61 0.32 0.02 0.61 0.32 +0.02
0.0015 1.40 1.00 1.00 5.70 2,25 0.040 1.20 0.49 0.18 -0.01 0.49 0.18 0.00
0.001 0.93 1.00 1.00 6.90 1.90 0.034 1:01 0.3¢ 0.23 0.0 0.34 0.23 +0.01
0.0005 0.46 1.00 1.00 7.45% 0.54 0.010 0.29 .30 - -- -- - -




Table 8f: Experimental data from three-dimensional hot wire survey at Port 7 (x = 34,75"), Remr = 3,25 x lnslfoot,
0_ = 57.19 ft/sec

{refer to Table 6 for tunnel operating conditions)

Hean flow data Tubulence data
+ = ¥
¥ ¥ “meas “corr  Umeas ﬁcorr‘ g- flcorr J ;% /W -1 Wy J ;'2 / ;2 o
{(ins) {degs) {degs) (ft/sec} (ft/sec) VY=corr o o i o = e
0.939 905.45 1.0 0.95 43.80 43.80 0.766 21.99 2.25 1.74 0.43 2.26 1.74 0.39
0.685 660.52 1.0 0.94 41.80 41.80 0.7 20.99 2.26 1.75 0.43 2.26 1.75 0.39
0.432 416.56 1.0 0.94 40.10 40.10 0.701 20.13 2.25 1.72 0.43 2.25 1.71 0.39
0.273 263.25 0.75% 0.69 37.60 37.60 0.657 18.88 2.26 1.74 0.36 2.26 1.74 0.33
0.172 165.85 4.50 0.45 35.40 35.40 06.619 i7.78 2.29 1.73 0.28 2.29 1.73 0.26
0.109 105.10 0.25 0.19 33.35 33.35 0.583 16.75 2.34 1.69 0.28 2.34 1.59 0.27
0.068 65.57 0.125 0.125 31.00 31.00 0.542 15.57 2.36 1.74 0.22 2.36 1.74 0.21
0.043 41.46 0.125 0.125 28.75 28.75 0.503 14.44 2.47 1.Nn 0.16 2.47 .71 0.15
0.027 26.03 0.125 0.125% 25.80 25.80 0.451 12.96 2.63 1.65 .10 2.63 1.65 0.09
— 0.020 15.28 0.125 0.125 23.10 23.10 0.404 11.60 2.68 1.6} 0.10 2.68 1.61 0.09
1
i 0.015 14.46 0.125 0.125 20.45 20.45 0.358 10.27 2.67 1.53 0.09 2.67 1.53 ¢.08
0.012 11.57 n.125 0.125 18.05 18.05 G.316 9.06 2.58 1.44 0.02 2.58 1.44 0.01
0.010 9.64. 0.125 0.125 16.30 16.30 0.285 8.18 2.46 1.39 0.02 2.48 1.39 0.01
0.009 8.68 0.125 0.125 15.00 15.00- 0.262 7.53 2.35 1.30 0.02 2.35 1.30 0.0
0.408 7.7 0.125 0.125 14.15 14.15 0.247 7.1 2.25 1.21 0.02 2.25 1.21 0.01
4.0607 6.75 0.125 0.125 12.60 12.60 0.220 6.33 2.08 1.08 0.03 2.08 1.09 0.02
0.0065 6.27 0.125 0.125 12.10 12.10 0.212 6.08 1.99 1.02 C.03 1.99 1.02 0.03
0.006 5.79 0.125 0.125 11.25 11.25 0.197 5.65 1.89 1.02 -(.02 1.89 i.02 0.00
0.0055 5.30 4.125 D.125 10.7¢ 10.70 0.187 5.37 1.81 0.88 G 1.8] 0.88 0.00
0.005 4,82 0.125 0.125 9.80 9.76 0.171 4.90 1.68 0.72 G.01 1.68 8.72 0.00
0.0045 4.34 0.125 0.125 2.10 8.96 0.157 4.50 1.53 0.83 -0.02 1.53 0.23 0.00
0.004 3.86 0.125 0.125 8.40 8.10 0.142 4,07 1.43 0.65 -0.02 1.43 0.65 0.00
0.0035 3.37 0.125 0.125 7.5% 6.97 0.122 3.50 1.24 0.63 0.02 1.24 0.63 0.02
0.003 2.89 0.125 0.125 6.90 5.91 0.103 2.97 1.12 0.3% 3.03 1.12 0.39 0.00
0. 0025 2.41 0.125 0.125 6.40 4,92 0.086 2.47 0.89 0.46 0.00 0.89 0.46 0.00
0.002 1.93 0.125 0.125 6.05 3.74 0.065 1.88 0.78 0.00 0.00 0.78 0.00 0.00
0.0015 1.45 0.125 06.125 5.95 2.43 0.042 1,22 0.52 0.27 0 0.52 0.27 0.00
0.001 0.96 06,125 0.125 6.60 1.41 0.025 0.7 0.38 .24 0 0.38 D.24 0.00
0.0005 0.48 0.125 0.125 7.80 0.54 0.009 0.27 0.32  0.20 0 0.32 0.20 0.00

R T



= 3.25 x 10°/foot,

"~

Table 8g: Experimental data_from three-dimensional hot wire survey at Port 8 {x = 0.75:); Re_
U_ = 56.22 ft/sec

(refer to Table 6 for tunne!l operating conditions)

Mean flow data Tubuience data
+ = ¥

¥ ¥ “meas 9%orr  Uneas  Dcorr U Ocorr / ;? J/ :% -t U O
{ins) {degs} - (degs) (ft/sec) (ft/sec) Umcorr — — —— L LS =
O* ﬂt ij* 1L 1 i*

0.940 659.90 8.0 7.88 36.80 36.80 0.655 26.20 4,23 3.08 1.87 §.27 3.02 0.63
0.864 606.55 8.875 8.68 35.55 35,55 0.632 25.31 4.26 3.21 2.17 4.32 3.13 0.86
0.686 481.59 11.25 10.95 32.35 32.35 0.575 23.04 4.29 3.30 2.75 4.38 3,18 1.10
0.545 382.60 13.25 12.89 30.00 30.00 0.534 21.36 4.17 3.25 2.88 4.28 3.1 1.06
0.433 303.98 15.0 14.60 - 28.05 28.05 0.499% 19.97 3.96 3.17 2.80 4.09 3.00 1.01
0.344 241.50 16.25 15.84 26.55 26.55 ¢0.472 18.91 3.76 3.12 2.57 3.90 2.95 0.99
0.274 192.35 17.25 16.84 25,50 25.50 0.454 18.16 3.60 3.05 2.38 .74 2.88 0.92
0.218 153.08 18.125 17.73 24.45 24.45 0.435 17.41 3.47 2.92 2.09 3.60 2.76 0.64
0.173 121.45 18.625 18.27 23,50 23.50 0.418 16.73 3.36 2.90 1.72 3.46 2.77 0.50
0.138 96.88 19.0 18.70 22.80 22.80 0.405 16.24 3.28 2.89 1.39 3.37 2.78 0.35
- 0.110 77.22 19.25 18.96 22.05 22.05 0,392 15.70 3.22 2.90 1.24 3.30 2.80 0.36
— 0.069 48.44 19.50 19.27 20.60 20.60 0.366 14.67 3.17 2.90 0.86 3.22 2.84 0.16
0.044 30.89 19.37%  15.19 18.95 18.95 0.337 13.49 3.19 2.83 D.58 3.21 2.81 -0.23
; 0.028 19.66 19.125 18.95 16.85 16.85- 0.300 12.00 3.23 2.67 0.44 3.21 2.69 -0.66
i 0.021 14.74 - 18.0 18.83 15.00 15.00 0.267 10.68 3.17 2.50 0.34 3.14 2.54 -0.90
0.016 11.23 18.75 18.75 13.1% 13.15 0.234 G.36 3.08 2.27 0.30 3.03 2.32 -1.08
0.013 9.13 18.75 1B.75 11.60 11.60 0.206 8.26 2.89 2.05 0.27 2.84 2.11 -1.05
0.011 7.72 18.75 18.75 10.30 10.30 0.183 7.33 2.70 1.89 0.17 2.65 1.96 -1.00
0.010 7.62 18.7% 18.75 9.60 9,60 0.171 6.84 2.58 1.78 0.17 2.53 1.85 -0.93
0.009 6.32 18.75 18.75 8.80 8.80 0.156 6.27 2.43 1.65 0.07 2.37 1.73 -0.91
0.008 5.62 18.75 18.75 8.00 8.00 0.142 5.70 z2.21 1.5 .10 2.17 1.62 -0.67
0.0075 5.26 18.75 18.75 7.60 7.60 0.135 5.41 2.12 1.47 0.03 2.07 1.54 -0.69
0.007 4.9 18.75 18.75 7.15 7.13 0.127 5.08 2.01 1.37 0.07 1.96 1.43 -0.60
0.0065 4.56 18.75 18.7% 6.80 6.73 0.120 4.79 1.91 1.28 D.01 1.86 1.35 -0.60
0.006 4.21 18.75 18.75 &.20 6.08 0.108 4.33 1.70 1.21 0.07 1.67 7.25 -0.38
0.0055 3.86 18.75 18.75 5.95 5.74 .102 4.09 1.65 1.10 0.00 1.60 1.17 -0.47
0.005 3.51 18.75 - 18.75 5.45 511 0.091 3.64 1.47 0.97 0.03 1.43 1.03 -0.34
0.0045 3.16 18.75 18.75 5.10 4.59 0.082 3.27 1.33 0.85 -0.03 1.28 0.91 -0.32
0.004 2.81 18.75 18.75 4.85 3.93 .0.070 2.80 1.1 0.73 0.03 1.09 0.76 -0.19
0.0035 2.46 18.75 18.75 4.45 3.45 0.061 z.46 0.95 - 0.60 0.02 0.93 0.63 -0.15
0.003 2.1 18.75 18.75 4,30 2.92 0.052 2.08 0.81 0.51 ~-0.01 0.78 0.55 -0.12
0.0025 1.75 18.75 18.75 4.35 2.43 0.043 1.73 0.59 D.42 0.60 0.58 0.44 -0.05
0.002 1.40 18.75 18.75 4,60 2.02 0.036 1.44 .51 0.72 ~-0.01 0.49 0.35% -0.05
0.0015 1.05 18.75 18.75 5.15 1.74 0.031 1.24 .41 0.19 0.00 0.39 0.22 -0.04

0.001 0.70 18.75 18.75% 5.75 1.33 0.024 0.95 0.34 - -- - - -~

0.0005 0.35 18.75 18.75 5.95 0.39 0.007 0.28 - - - - - -

PRt




Tabie 8h: Experimental data from three-dimensional hot wire survey at Port 9 (x = 0.75"); Remr = 3.26 x loslfout,
_ =56 ft/sec

(refer to Table 6 for tunnel operating conditions)

ZLL

Mean flow data Tubulence data
+ = ¥
y Y “meas Scorr  Unmeas l]c;m-v- g Ucorr / u_i J ;2 TR J 2 2

{ins) (degs)  {degs) (ft/sec) (ft/sec) Uw=corr 1 it | L L o L

) [ L A o [
0.9395 585.78 9.25 8.97 30.80 30.80 0.550 24.47 4.95 3.88 2.90 5.02 3.79 1.25
0.8635 538.40 10.25 9.93 29.70 29.70 0.530 23.60 4.93 3.85 3.07 5.00 3.75 1.22
0.6855 427.41 12.75 12.31 27.05 27.05 0.483 21.49 4.78 3.79 3.56 4,89 3.63 1.39
0.5445 339.50 14.75 14.25 25.05 25.05 0.447 18.90 4.47 3.69 3.44 4.61 3.52 1.44
0.4325 269.67 16.75 i6.14 23.35 23.35 0.417 18.55 4.22 3.63 3.65 4.1 3.40 1.77
0.3435 21417 i8.0 17.45 22.20 22.20 0.39 17.64 4.03 3.40 2.97 4.19 3.21 1.03
0.2735 170.53 19.25 18.74 21.20 21.20 0.379 16.85 3.83 3.33 2.54 3.98 3.14 0.88
0.2175 135.61 18.75 19.28 20.40 20.40 0. 364 16.21 3.68 3.3 2.13 3.82 3.14 0.82
0.1725 107.55 20.25 19.84 19.80 19.80 0.354 15.73 3.39 3.24 1.76 .n an 0.57
0.1375 85.73 20.50 20.15 19.10 19.10 0.341 15.18 3.49 3.21 1.41 3.59 3.10 0.46
0.1995 68.27 20.75 20.45 18.50 18.50 0.330 14.70 3.43 3.17 1.14 3.51 3.08 0.28
0.0685 42.71 20.875 20.65 17.20 17.20 0. 307 13.67 3.38 3.18 0.75 3.43 3.12 0.70
0.0435 27.12 21.0 20.83 15.75 i5.75 0.281 12.51 3.40 3.09 (.46 3.40 3.08 ~-0.33
0.0275 17.15 20.50 720.28 13.75 13.75 0.245 10.93 3.36 2.86 0.46 3.35 2.88 -0.67
0.02G5 12.78 . 20.25 20.02 12.20 12.200 ¢.218 9.69 3.25 2.67 .36 3.23 2.70 -0.86
0.0155 9.66 20.0 20.0 10.45 10.45 0.187 B.30 3.09 2.7 0.23 3.03 2.38 -1.18
0.0125 7.79 20.0 20.0 8.95 8.95 0.160 7.11 2.82 2.1 0.15 2.76 2.18 -1.01
0.0105 6.55 20.0 20.0 7.95 7.95 0.14z 6.32 2.60 1.89 0.08 2.54 1.97 -0.97
0.0095 5.92 20.0 20.0 7.30 7.30 0.130 5.80 2.45 1.74 0.08 2.35 1.82 -0.89
0.0085 5.30 20.0 20.4 6.75 6.79 0.120 5.36 2.30 1.55 0.00 2.23 i.66 -0.93
0.007% 4.68 20.0 20.0 6.00 5.98 0.107 4.75% 2.03 1.48 0.04 1.98 1.55 -0.59
0.007 4.36 20.0 20.0 5.7% 5.68 2.1 4,51 1.97 1.32 o.M 1.90 1.40 -01.68
0.0085 4,05 20.0 20,0 5.40 5.27 0.094 4.19 1.82 1.30 .00 V.77 1.37 -0.52
0.006 3.74 20.0 20.0 5.05 4.82 0.086 3.83 1.68 1.21 0.00 1.63 1.27 -0.44
0.0055 3.43 20.0 20.0 4.70 4,34 0.078 3.45 1.54 1.06 0.02 1.50 1.12 -0.40
0.00% 3.12 20.0 20.0 4.45 3.98 0.071 3.16 1.42 0.93 -0.03 1.37 1.00 -0.37
0.0045 2.81 20.0 20.0 4,20 3.56 0.G64 2.83 1.26 0.85 0.03 1.23 . 0.88% -0.25
0.004 2.49 20.0 20.0 4.00 3.12 0.056 ,2.48 1.11 0.69% 0.02 1.08 0.75 -D.23
.0035 2.18 20.90 20.0 3.80 2.63 0.047 2.09 0.92 0.67 0.900 0.89 0.70 -0.13
0.003 1.87 20.0 20.0 3.77 2.23 0.040 1.77 0.75% 0.49 .00 0.72 0.53 -0.10
0.0025 1.56 20.0 20.0 3.85 1.79 0.032 1.42 0.63 0.50 0.00 0.62 0.52 -0.05
0.002 1.25 200 20.0 4,40 1.76 0.03) 1.40 0.45 0.37 0.01 0.45 0.37 -0.02
0.0015 0.93 20.0 20.0 5.00 1.64 0.029 1.30 0.38 0.29 0.00 0.37 0.30 -0.02
0.001 0.62 20.0 20.0 5.50 1.31 0.023 1.04 0.33 - - - - -
0.0005 0.31 20.0 - 20.0 5.65% D.53 0.009 D.42 - - - - - -
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Table 9 Comparison of sublayer analysis withm.asured change of crossfloy angle
PORT T (x = 0.75") PORT 2 {x = 2.75"}
Aa=(&—aw), in degrees An=(a—aw), in degrees
+ _ Analysis + _ Ana1g§is
y y (u/u_) Equation | Measured y y (usu_) Equation Measured
{inches) {16a) Value (inches) (16a) Value
0.0015 1.02 0.032 0.23 0 “ 0.001 0.73 0.018 0.1 0
0.0045 3.07 0.069 0.49 0 0.004 2.92 0.076 0.45 0
0.0075 5.1% 0.117 0.83 0 W 0.007 5.1 0.129 0.76 0
0.016 10.90 0.206 1.45 ¢ 0.0165 12.05 0.236 1.39 0
0.021 14.31 0.239 1.68 0.25 0.0215 15.70 0.269 1.59 0.125
0.028 19.07 0.265 1.86 0.50 0.0285 20.81 0.302 1.78 0.375
0.044 29.97 0.303 2.12 0.875 0.0445 32.49 - 0.338 1.99 0.625
0.0695 50.74 0.369 2.17 0.75
0.1105 80.67 0.394 2.32 0.875
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Table 10 Distribution of crossflow angle in the relaxing houndary layer
a at Normalized crossfiow angle (alupm_t ]) at Port

y-l- (:2('}'5;"') e 2 . R 3 . _ 4 . _ 5 . ~ [ . _ 7 . ~ 8 . B 9 .

in degrees x=2.75") | (x=5.75") {x=9.75") | (x=15.75") | (x=23.75"} | (x=34.75") {x=0.75") {x=0.75"}
10 21,00 0.708 0.440 0.262 0.143 0.048 0.006 0.893 0.952
20 21.40 0.706 0.437 0.259 0.142 0.047 0.006 0.888 0.958
30 21.60 6.711 0.438 0.262 0.143 0.049 0.006 0.88% 0.963
50 21.50 0.721 0.451 0,272 - 0.183 0.053 0.006 0.898 0.963
100 20.95 0.737 0.477 0.294 0.167 0.064 0.009 (.893 0.955
150 19.90 0.764 0.502 0.312 0.178 0.073 0.020 0.894 0.955
200 18.50 0.795 0.530 0.335 0.195 0.081 0.030 0.903 0.965
300 16.00 0.825 0.584 0.378 0.225 0.097 0.050 0.912 $.959
400 13.50 0.867 0.627 0.433 0.267 0.115 0.067 0.933 0.963
500 11.30 0.903 0.673 0.496 0.305 0.133 0.088 0.956 0.973
600 9.30 0.925 0.737 0.559 0.355 0.156 0.107 0.957 0.968
650 8.0 0.952 0.762 0.595 0.381 0.173 0.119 0.976 0.988

Ly



Table 11 Limiting streamline {wall crossflow) angle data in the relaxing boundary layer

Station Resultant mean wall shear siress direction a in degrees, measuyed by
hot-film sublayer 0.032" dia 0.018" dia hot wire
Port | x inches gage fence Preston probe Preston proba extrapolation
1| 075 21.0 21.0 20.75 19.5 (21.5) 21.0
7 2 2.75 14.875 4.5 15.125 13.25 (15.25) 14.875
3 5.75 9.5 9.5 9.625 7.5 {9.5) 9.25
= 4 9.7% 5.75 5.5 5.5 3.5 {5.5) 5.5
m 5 | 15.75 3.25 3.0 2.75 1.0 (3.0) 3.0
6 23.75 1.25 1.5 1.25 -0.5 {1.5) 1.0
7 | 38.75 0.25 0 0.25 -2.5 (-0.5) 0.125
8 | 0.75 19.0 18.75 19.0 16.75 (18.75) 18.75
9 0.75 20.0 19.5 20.0 18.0 {20.0) 20.0

Note: The values within the parentheses include a correction of +2°.

%xm'\mwhr,,ss‘;wwu,vﬂ; A TN
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Table 12 Resultant mean skin-friction data in the relaxing boundary layer

Resultant mean skin frfction, Ef X 103. predicted by (Remr = 3.25 x 105/foot)

Ctation
hot-filim sublayer 0.032" dia 0.018" dia Mean velocity
Port | x, inches gage fence Preston probe Preston probe profile
1 G.75 1.188 1.167 1.7 1.152 1.156
2 2.75 1.403 1.365 1.364 1.369 1.329
3 5.75 1.647 1.644 1.614 1.581 1.588
4 9.75 1.856 1.828 1.827 1.841 1.818
5 | 15.75 2.099 2.025 2.01 2.011 2.080
6 23.75 2.318 2.224 2.277 2.210 2.334
7 34.75 2.429 2.411 2.425 2.369% 2.452
8 0.75 1.314 1.315 1.248 1.257 1.236
9 0.%5 1.023 1.046 1.010 7.015 0.92]
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Table 13 Distribution of maximum turbulence:fluctuations in the relaxing boundary layer

Station

Port | x, inches

(v.l)

=
(/ u1)max,

Port 1

2
(v ¥ )max

('ulwl)max

—
¢/ wl)max, Port 1

('"1w1)max, Port 1

1 0.75 1 1 1
2 2.75 0.952 0.943 0.795
3 5.75 0.922 0.907 0.721
4 9.75 0.879 0.868 0.605
5 15.75 0.812 0.798 0.447
6 23.75 0.819 0.752 0.380
. 34.75 0.838 0.696 0.257

port 7, x = 34.75"

(2-D result) 0.754 0.574 0.064
8 0.75 0.946 0.924 0.852
9 0.75 0.978 0.975 0.867

TN L P
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FIGURE 1: SKETCH OF A 3-DIMENSIONAL (SKEWED) MEAN VELOCITY PROFILE IN
STREAMLINE COORDINATES

118

IR
-



S DIMENSIONAL CENTRIFUGAL FAN
GO R TIoNG9) (AIR EXITS UPWARD

INTG THE LABORATORY

A A) ~\
TEST SECTION, 20' LONG —'l DIFFUSER AREA) ‘
3 \y
AIR
—r e+ e L] .
? 5 -
AR FILTER  INLET HONEYCOMB (e ainG-tKe,  SOHP INDUCTION MOTOR
: ENCLOSURE AND SC'R!.-:N MO EL. B?OTHICK) ¢ It”.r;nn’ I /4"THICK
- —8 1 ALUMINUM PLATE
,_ .t r ’ (TEST WALL)
e e - Y TRAVERSING
I E XA e R s'—J-F8 | MECHANISM
e a g | P
' ' fTHICK L HOT WIRE
X PLYWOOD L 'Illllllll
SECTION BB (ENLARGED) SECTION A A (ENLARGED)

FIG, 2: BOUNDARY LAYER RESEARCH TUNNEL




0L

CENTERLINE
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FIG. 4: SECTIONAL DRAWING OF THE TRAVERSE MECHANISM FOR NEAR-WALL STUDIES
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Traverse mechanism mounted on the tunnel side wall
(Fingers are operating the vernier control mecianism)

- L S T g Ty T R Trme T T

Traverse mechanism with the hot wire probe assembly secured

FIG. 4a: PHOTOGRAPHS OF THE TRAVERSE MECHANISM
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(Hot wire needles are protruding through holes
in the boron nitride plug)

FIG. 5: PHOTOGRAPH SOF THE HOT WIRE PROBE AND THE
FOR INITIAL ORIENTATION OF THE HOT WIRE

e - e - -

(Hot wire needles are reflected in the
aluminum test wall)

PROBE ALIGNMENT SIGHTING DEVICE MOUNTED ON THE TEST WALL
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Photograph of the hot wire probe assembly

' 1e™ '
‘0!0‘000'0!0'0!(

Photomacrograph (4.4 X) of the ground needles

b e i s S e h 50

Photomacrograph (25.6 X) of the hot wire (3.8 um dia tungsten
wire) soldered to the needle tips (1/8" apart)

FIG. 6a: PHOTOGRAPH/PHOTOMACROGRAPHS OF HOT WIRE PROBE ASSEMBLY/HOT WIRE
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FIG. 7: FLUSH-MOUNTED HOT-FILM GAGE FOR W/LL SHEAR STRESS STUDIES
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FIG.

‘

Photograph of the flush-mounted hot-film gage assembly

7a:

Photomacrograph (19.2 X) of the hot-film sensor (0.004"
wide x 0.130" long x 2000°A thick platinum film)

PHOTOGRAPH/PHOTOMACROGRAPH OF HOT-FILM GAGE ASSEMBLY/HOT-FILM
SENSOR

127




-t
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CONICAL HOLE, 2 DIA{MAX ,
(CONNECTS SLOTS TO 3%0.003 (30T CN EITHER
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EXAGGERATED )

FENCE DETAIL

FIG. 8: SUBLAYER FENCE FOR WALL SHEAR STRESS STUDIES
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[ L U S———

Photograph of the sublaver fence assembly

L
#
]
Photomacrograph (13.4 X) of the sublayer fence (fence height = 0.003")
g
Photomacrograph (16 X) of the fence with 0.003" wide pressure slots on either side
of it (fence is 0.003" wide x 0.125" long)
FIG 8a: PHOTOGRAPH/PHOTOMACROGRAPHS OF SUBLAYER FENCE ASSEMBLY/FENCE
B
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FIG, 9:; PRESTON PROBE_S FOR WALL SHEAR STRESS STUDIES
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Photograph of the 0.032" dia Preston probe assembly

Photomacrograph ( 24 X) of the 0.032" dia Preston probe

Photomacrograph (24 X) of the tip of the 0.032" dia Preston probe

FIG. 9a: PHOTOGRAPH/PHOTOMACROGRAPHS OF THE PRESTON PROBE ASSEMBLIES
/PROBE TIPS
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Photomacrograph (24 Y) of the 0.018" dia Preston probe

Photomacroyraph (36.3 X) of the tip of the 0.018"dia Preston probe

FIG. 9a: CONCLUDED
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PHOTOGRAPH OF THE FREE JET FACILITY WITH HOT WIRE MOUNTED FCR CALIBRATION
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HOT WIRE OUTPUT, E ,VOLTS FROM LINEARIZER —

351
WIRE: PLATINUM COATED TUNGSTEN, PLATED ENDS
a0l d=38um (0.000I5"), L=1.25mm (0.050"), R~6.430(23°C)
FLOW: SMALL. AND BIG NOZZLE IN SERIES
25l VELOCITY RANGE = I-12 FT/SEC
20
1.5 9,/
/g/
Lok v O LOW SPEED CALIBRATION POINTS
Dprp' —o— PART OF CALIBRATION (5-40FT/SEC)
o
fog
oS} ¥ ¢ ____ EXTRAPOLATION OF CALIBRATION
P-4 | (5- 40F T/SEC ) TO LOW SPEED RANGE
A
o dr L 1 L ! i 1 L Nl 1 L
0 2 a 6 8 10 12 14 16 B 20

VELOCITY, U, FT/SEC ———>
FIG. 17 : LOW SPEED CALIBRATION OF HOT WIRE IN THE FREE JET FACILITY (3-12 FT/SEC)
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FIG. 12: PHOTOGRAPH OF A PORTION OF THE PIPE FLOW FACILITY SHOWING THE TRAVERSE MECHANISM
MOUNTED AT THE TEST SECTION
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HOT WIRE QUTPUT FROM LINEARIZER,E,VOLTS

FIG.

10
HOT WIRE : PLATINUM COATED TUNGSTEN WITH COPPER PLATED ENDS
d=3.8 m(0.00015"), £=1.25mm (0.050"),R=5.76£2(25°C)
8- EXPONENT, n=0.4l;Ryor =|8Reoip
—O0— INITIAL CALIBRATION AT 26.4°C
—O-— FINIAL CALIBRATION AT 27.4°C
6 L .
4
2 -

1 1 | - i 1 |

!
0o 5 10 15 20 25 30 35 40
VELOCITY, U, FT/SEC —=

13 : TYPICAL CALIBRATION CURVES FOR THE HOT WIRE PROBE WITH TSI 3.8 um TUNGSTEN SENSOR
(TIME ELASPED BETWEEN CALIBRATIONS DURING A 3-DIMENSIONAL BOUNDARY LAYER SURVEY
= 11 HOURS)
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FIG. 14 : DETERMINATION OF K-FACTOR FOR HOW WIRE PROBE
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(CALIBRATION #1)
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FIG. 17:

—o— 0.032" DIA. PRESTON PROBE
—o— 0018" DIA PRESTON Prope ] PRESENT CALIBRATION
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0.500x% 0037, 0<¥* 29 _~  EQUATIONS me!

24 28 32 36 40 44 48
x‘: log (Ap 'dz) 52
10 4Pvz -

EXPERIMENTAL CALIBRATION CURVES FOR PRESTON PROBES
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FIG. 18: TWO-DIMENSIONAL MEAN VELOCITY PROFILES IN WAL:. COORDINATES
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e
0 1 ' — ' K
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F1G, 19: DIMENSIONLESS DIFFERENCE BETWEEN APPARENT AND TRUE VELOCITY CLOSE

TO THE WALL IN 2-DIMENSIONAL TURBULENT BOUNDARY LAYER (WALL PROXIMITY
CORRECTION CURVE); NOMINAL Recnr = 3.25 x 105/f00t
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FIG, 20 : MEAN VELOCITY PROFILE CLOSE TO THE WALL (2-DIMENSIONAL BOUNDARY
' LAYER, PORT-7, Re_ . = 3.25 105/foot)
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0 o

o

s

Z= I"' (LINE OF STREAMWISE PORTS)

L

- | M L L

I 1 R L I

O 4 8 12 6 20 249 28 32 3 40
x,INCHES, FROM TRAILING EDGE -—»

FIG 21: STREAMWISE WALL STATIC PRESSURE DISTRIBUTION IN THE RELAXING

REGION (Re,,: 3.25 x 10° to 3.29 x 10°/foot)
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2, WALL STATIC PRESSURE COEFFICIENT, cp= ( P~Prapeps }/Qeor
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