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SUMMARY

The surface boundary layer of the buoyancy driven atmospheric vortex was
simulated in a laboratory model, and a quantitative description of the boundary
layer was obtained. A large vortex generator, eight feet in diameter by sixteen
feet tall, was constructed to simulate the boundary layer. The vortex was driven
by a variable speed fan mounted in the top. Circulation was imparted to the flow
by adjustable vertically mounted vanes around the circumference. A table mounted
horizontally in the lower half of the vortex generator formed the boundary surface.
Mean velocity profiles were measured by a V-probe hot wire anemometer designed
and built for the purpose. The tangential velocity profile was well developed, and
demonstrated similarity. The radial velocity profile developed fully over one-
fourth of the plate radius; similarity was shown not to exist. A Preston tube was
used to measure the surface shear, from which empirical shear laws were derived.
A momentum integral analysis of the data was performed; but measured, local
momentum did not balance as a result of experimental difficulties caused by flow

instability.
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NOMENCLATURE

Capacitance

Local plate diameter
Preston tube diameter

Plate diameter

Voltage

Gravity acceleration
Grashof number
Convection heat transfer coefficient
Current

Thermal conductivity
Reference length

Nusselt number
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* :
Appendix D contains a separate supplemental nomenclafure section for

its own use.
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T Temperature

u Velocity

U Voltage

v Velocity

A% Velocity magnitude

X Horizontal coordinate position

y Horizontal coordinate posifion

Z Vertical coordinate position above plate

GREEK SYMBOLS

o Temperature coefficient of resistance
i Freestream circulation
6 Boundary layer thickness
o* Velocity displacement thickness
A Difference
C Hot wire conduction heat loss fraction
n Non-dimensional wire length
6 Excess hot wire temperature
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] Kinematic viscosity
£ Hot wire damping coefficient
P Density
Resistivity

a Stefan-Boltzmann constant



T Shear stress
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CHAPTER 1

INTRODUCTION

Relevance of Work

This research contributes to the quantitative description of the buoyancy-
driven atmospheric vortices such as fire whirls, tornados, dust devils, and water-
spouts. It is designed to ultimately help predict the occurrence and strength of

storm wind disasters, and il may help to design tornado resistant structures.

The primary objective of this research is to provide a quantitative descrip-
tion of the vortex ground boundary layer by measuring velocity profiles and surface
shear. This knowledge in turn will contribute to the prediction of storm wind
disasters in terms of atmospheric lapse rate and circulation, and fo the design
criteria of storm resistant structures.

The ground boundary layer of the quasi-steady state, huoyancy-driven atmos-
pheric vortex supplies the mass to the core and oxygen to the fire whirl, it causes
the ground destruction, and if produces most of the vorticity.

Originally, when this work was proposed in 1969 by Dr. Wolfgang Wulff at
the Georgia Institute of Technology, the quantitative description of the ground boun-
dary layer did not exist. Laboratory simulation seemed to be necessary to obtain

the desired description. This research was proposed to the National Science
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Foundation and funded. In January, 1970, Ying and Chang (23)* published mean
velocity profiles measured in a model tornado boundary layer. Consequently, the
emphasis of this thesis then shifted to checking Ying and Chang's results and
measuring the surface shear stress fto verify the laws used by Rott and Lewellen
(20) in their momentum integral analysis of the boundary layer. Later in the
research, because of the existence of measured freestream radial velocity, the
Rott and Lewellen laws were replaced by the momentum integral equations derived
by Dr. Wolfgang Wulff fo include this velocity.

A more detailed deseription of the vortex, the ground boundary layer, the

thesis background, and the direction of the experiment is in the following sections.

Description of the Vortex

The vortex is driven by a strong buoyant force causing vertical axial flow
in the center of the plume. The buoyant force may be caused for example: by
combustion in a fire storm, by condensation and sublimation in a cumulus tower in
tornados, and by ground heated air in a dust devil.

The fully developed tornado has three main parts, shown in Figure 1:

1) a strongly rotating plume with a low pressure center and vertical axial flow;

2) a potential vortex surrounding the core, balancing the radial pressure gradient
with centrifugal acceleration, and supplying air to both the ground boundary
layer and the vertical core; and

3) the ground boundary layer which supplies mass and vorticity to the core.

£
Numbers in parenthesis refer to bibliography.
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Figure 1. Vortex Regions.

Shear at the ground retards the tangential flow, creating an imbalance of
radial forces. Air is accelerated into the core, but surface shear also slows the
radial flow, thus the ground boundary layer forms a "leaky stopper" for air supplied
at the ground end of the vortex '"tube." This radial inflow in the boundary layer
supplies mass for the vertical flow in the core. The effect of the boundary layer

on the strength of the vortex is significant since the axial and azimuthal velocity



fields in a strongly rotating core are closely coupled (14).
Three sources of vorticity may contribute to the vertical rotating core:
1) wvertical circulation originating in the atmosphere as a result of the earth's
rotation, not usually significant in tornados;
2) vorticity from stretching and tilting of vortex lines, significant when cross
wind accompanies a tornado;
3) vorticity created by non-symmetric pressure-density variations in the hori-
zontal plane, caused by mixing of hot and cold air masses.
The last two sources deserve more atiention. Examine the incompressible,

constant viscosity, vorticity equation (4, 15)

3 . = § 2
Dt w'Vu“—EVp@VD'P vvuw, (1)

©

where w ZVQII.

The first term on the left hand side is the material rate of change of the
vorticity with reference to an inertial axis. It includes vorticity convection.

The first term on the right hand side is the vorticity producing stretching
and tilting of vortex lines. The significant contribution to a tornado vorticity comes
when a cross wind creates vorticity lines in the ground boundary layer. Morton (14)
showed this effect in Figure 2.

The second term on the right hand side is the creation of vorticity by density
and pressure variations. Production of the vorticity depends on the inclination of

the surfaces of constant pressure to the surfaces of constant density. Nielson (15)
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Figure 2. Vorticity from Tilting Vortex Lines.

shows how this mechanism may produce weak vertical vorticity in a fire whirl,
Vorticity is also produced in this manner when hot and cold weather fronts move

together.

The third term on the right hand side is the diffusive transport of vorticity

to and from the surrounding elements.

Background and Previous Work

In 1969 a quantitative description of the turbulent boundary layer of a vortex

in contact with a stationary flat surface appeared not to exist.



Mathematical solutions to the Navier-Stokes equations for the laminar
boundary layer were available, first from Boedewadt (21) in 1940, and later from
Schwiderski (22), Kidd, and Farris (8). Rott and Lewellen (20) dealt with the tur-
bulent boundary layer using the momentum integral equations. Assuming self-
similar velocity profiles and flat plate shear laws they arrived at an estimated
solution of air supplied to the core by the boundary layer. They did not allow
for back flow in their velocity profiles as King and Lewellen (9) had earlier indi-
cated. Further progress in studying the boundary layer appeared to require
the experimental simulation.

The importance of the work of Ying and Chang was discussed in the
objective.

In 1971 H. L. Kuo (10) published a detailed analysis of the vortex-surface
boundary layer by solving the Navier-Stokes equations with semi-empirical shear
laws allowing for turbulent flow. His work did not eliminate the need for the experi-

mental description sought by this thesis.

Advances Required

The advances required in this research are a quantitative description of the
vortex-surface turbulent boundary layer, including velocity profiles and surface

shear stress.

Scope

The scope of this thesis in pursuit of the quantitative description of the

boundary layer is an experimental and analytical investigation, with emphasis on



mean velocity profiles, boundary layer thickness, surface shear stress, and mass
supply to the core.

In the experimental investigation the turbulent boundary layer is simulated
using a large vortex generator. The velocity profiles are measured with a two-
dimensional V-probe hot wire anemometer. The surface shear is measured with
a Preston tube using Patel's calibration (17). These measurements are made at
different radii, while varying flow and vorticity characteristics.

The analytical investigation consists of evaluating the characteristics in
the momentum integral equations, i.e. the characteristics thicknesses 61‘_", qf‘, Br.
61, 52, and testing their solution.

The boundary layer equations are tested for similarity, and the empirical

shear stress laws are derived.



CHAPTER I

EXPERIMENTAL EFFORT

The purpose of the experimental effort is to obtain a quantitative description
of the vortex-surface boundary layer. It consists of flow simulation, velocity pro-

file measurement, and surface shear stress measurement.

Instrumentation and Equipment

The instrumentation and equipment discussed in this section provide the
flow generation, velocity profile measurement, and surface shear measurement.

The Vortex Generator

The vortex generator, shown in Figures 3 and 4 (construction drawings in
Appendix A), was constructed to generate the vortex-surface turbulent boundary
layer. It consists of the following major parts.

1) An overhead 42 inch diameter, 12, 600 cubic feet per minute capacity attic fan,
with a variable speed direct current, one horsepower motor, drives the vortex.

2) A cylindrical array of 24 vertical vanes, each 10 inches wide and 12 feet long,
whose trailing edges form a cylinder of 48 inches in diameter, are hung from
the ceiling by means of a 55 inch diameter ball bearing which permits the
synchronous rotation of each vane about a vertical axis near its trailing edge
through the angle of +75 degrees from the radius.

3) The working surface, representing the stationary ground below the vortex, is



Figure 3. Vortex Generator Installed.



Figure 4. View Into the Vortex Generator from Below the Table

During Attempted Flow Visualization.

0t
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a horizontal clear plexiglass table top, 48 inches in diameter. The surface,
positioned four feet above the floor, permits visual observation of the vortex
from below it. Instrumentation is accessible (inserted) from under the table.
The air is drawn through two wire mesh screens surrounding the vanes,
then through the vanes at the vane angle, then upward through the fan orifice in the
ceiling, and out through the fan. During operation a cardboard baffle surrounds the
vortex generator to increase the vortex stability. It extends from 2% feet to 9% feet
above the floor and is positioned three feet from the vortex generator outer radius.
A polyvinyl plastic sheet covers the upper portion of the vortex generator down to
five feet above the table top to adjust the radial air supply to the potential vortex.
The vortex generator was made large to obtain a fully developed turbulent
boundary layer over a large part of the ground radius. The characteristic dimen-
sions during operation are
a) the core length to diameter ratio

L~

20,
D 0.

b) the boundary layer thickness to radius ratio
_6__ Ead
7 > 0.25 ,

c) and the ratio of hot wire diameter to boundary layer thickness

Q

0.0002 .

oo

The boundary layer was assumed to be turbulent for tangential Reynolds



number

This number is thought to be conservative based on the following consideration.

Transition to turbulent boundary layer on a rotating disc begins at (21)

4
4x 10

Q

Re

Ignoring the effect of radial flow, we see this value corresponds to the two-

dimensional flat plate transition (21)

where the distance along the plate, x, corresponds to the circumference, 2 mr, in
the tangential flow direction.

Thus it appears the transition to turbulent flow in the boundary layer will
occur at

Ret < 104

The tests in this research will be run at I{et > 104.
The operating conditions for the vortex generator may be characterized as

1) angular momentum variations corresponding to a range of tangential Reynolds

numbers based on the free stream circulation of the potential vortex,

B E
Tl rv,c.00 i 16, 000 < Ret s < 47,000 |,
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2) radial inflow corresponding to the directionsl change of the intake velocity for
vane angles of 60. 0 degrees to 75. 0 degrees measured from the radius.
The final configuration of the vortex generator and its operating range were
established experimentally. The fan orifice size, the height of the plastic covering,
and varying screen installations were tested.

Hot Wire Anemometer

To measure the two-dimensional time mean velocity profile of the boundary
layer, an inexpensive, constant temperature, V-probe hot wire anemometer was
selected, designed, and built. Figures 5, 6, and 7 are pictures of the probe.
Appendix B contains the schematic wiring diagram in Figure 49 and the details of
the design, the analysis, the construction, and the calibration of the probe.

The hot wire anemometer relation between current, velocity, wiré tempera-
ture, and ambient temperature occurring when a current heated wire transfers
heat to an ambient fluid environment is used.

A balanced Wheatstone bridge gives constant wire temperature. The fluid
ambient temperature is measured with a mercury thermometer to +0. 1 degree.

The V-probe has two 0.001 inch diameter wires mounted in a 90 degree "V"
to operate parallel to the surface in the plane of the two-dimensional velocity field.
The probe height is adjustable to the nearest 0. 001 inch in a range of 0.200 inch to
6. 000 inches above the surface. The direction of the velocity is indicated by rotating
the probe into the velocity vector until the probe direction bridge circuit in Figure 50
is balanced. The direction bridge is sensitive to +0.5 degree. The velocity magni-

tude is determined by varying the current to balance the Wheatstone bridge



Figure 5,

Vortex Generator Table with the Hot Wire Anemometer

and the Preston Tube Mounted.

P



Figure 6. Installation of the Hot Wire Anemometer and the Preston Tube

in the Table Surface.

ST



654 THS

| &
\ T

oY

Figure 7. Hot Wire Probe Tip Close Up.
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(magnitude bridge). The velocity magnitude bridge is sensitive to 0. 01 foot per
second. The velocity direction measurement is not affected by small changes in
direction bridge current, I, in Figure 50, or by small changes in the velocity. The
velocity magnitude measurement is insensitive to the probe direction for +5 degrees
from its null position.

Calibration furnished the most dependable current-velocity-temperature
relation. Analysis was used to support the calibration.

The velocity magnitude of the probe was calibrated on a variable speed rota-
ting arm, shown in Figure 8. The velocity direction was calibrated in a small one-
dimensional wind tunnel. Details are given in Appendix B, the results are presented
here.

In the calibration, the shunt voltage, which is related directly to the current
in a single wire, is used instead of the wire current. The shunt voltage, from the

analysis in Appendix B, is about

Figure 9 is the plotted data from the velocity magnitude calibration. These
data were then reduced to a single analytical expression for the velocity-temperature
current relation. Based on the plotted ambient temperature dependence in Figure 10,
and on the expected heat transfer relation expressed in equations (3), (4), and (5);
the current was assumed to vary exponentially with the driving potential tempera-

ture difference, Tw - Too’ for all velocities, that is

2
Ly ~ (T -T )" - (2)



Figure 8. Hot Wire Anemometer Calibrator.
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From Figure 10 the average power, n, was calculated to be n = 0.61. The data of
Figure 9 were then reduced to an 80 degree ambient temperature for the known
operating wire temperature, ’I‘W = 266 degrees, and plotied in Figure 11. The
results show a single current-velocity calibration curve which was fitted with a
seventh order polynomial, shown in Figure 11. The calibration data then show a
maximum scatter of the smaller of 0.4 foot per second or four percent in the velo-
city about the velocity magnitude calibration.

The probe was designed to have its reference angle point directly into the
velocity vector when the direction bridge was balanced, but this result was not
achieved in the construction. The error, called the velocity reference angle, was
determined from calibration. The results are presented in Figure 12. The velo-
city reference angle was found fo be, \T:o = -2, 8 degrees. The direction calibration
shows the probe sensitive to + 0.5 degree in measuring the velocity direction. Also
shown in Figure 12, from Appendix B, is the estimated response of the probe direc-
tion bridge. Further details of this calibration are in Appendix B.

The analysis of the hot wire response is now presented. The primary heat

transfer mechanism is convection, giving the relation

2 2
Iy By = 70 (T, - T ) (3)

From the analysis in Appendix B the hot wire response is calculated using the follow-

ing empirical convection heat transfer relations for infinite wires:
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a) {ree convection (6)

1
12.5
Nl.xf = [PrfGrf] ; (4)
~5
for 10 < PrGr.<1 |,
ff
b) forced convection (1)
iy “Rl¥ 0.45
S et = Ly B s 5
Nuf (T ) 0.24 + 0.56 {Ref) ; (5)
a0
for 0.2 <Ref < 44,
where
Tw ¥ Tcx)
the film temperature Tf = 5 (6)
ud
the Reynolds number Ref = 4 (7)
f
hfd
the Nusselt number Nu, = — ' (8)
£ kf
g (Tw—Tm} 3
the Grashof number G == —p—~ d . 9)
f Tf Ve
.C
and the Prandtl number ~ Pr, = %_12 . (10)
f

The hot wire response was calculated for convection only, and for convection with

conduction end losses. The radiation heat losses were also calculated and found to
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be about two percent of the total heat transfer, so radiation was neglected in the

final calculations. Figures 13 and 14 present the results of the calculations com-

pared to the calibration. As shown in Figure 13, the conduction end losses are

significant. The calculated hot wire response may be in error +5 percent in the

shunt voltage due to

a) uncertainties in the wire physical and electrical properties, and

b) simplification of the circuit for the analysis, for example, assuming both the
wires have the same resistance.

Within the limitations of the analysis, the calibrated results are well supported.

Preston Tube

Available Techniques. The Preston tube was used to measure the wall

shear stress, but in its selection the following methods were also considefed.

1) A "floating element" balance (2) measures directly the shear force on an
isolated element of the boundary surface. This method is presently widely
used. Its chief advantage is that it gives a direct measurement. Its main
disadvantages are that air may flow around the edges of the element when used
in a flow with pressure gradients, and it is susceptible to erratic behavior

caused by shock and vibration.

2) A "heated element'" (13) works on the principal of Reynolds analogy and measures

the heat transfer through an element of the boundary surface., This method
requires constant Prandtl number and a small temperature difference between
the free stream and the heated element.

3) The "Stanton tube" (5) used a flat sharp edged tube to measure total pressure



4)

6)

7)
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in the laminar sublayer next to the boundary surface. The difference between
this pressure and the static pressure at the same location yields the skin
friction. The Stanton tube gives much lower pressure differences than the
Preston tube and must be mechanically more precise.

The "razor blade" (sublayer fence) technique (3, 5) uses a ""razor blade' ex-
tended a few thousandths of an inch above the surface, perpendicular fo it and
perpendicular to the flow in the laminar sublayer next to the surface. The
skin friction is a function of the difference in static pressure on each side of
the blade. The pressure difference signal from the '"razor blade' is larger
than the Stanton tube signal but smaller than the Preston tube signal.

The momentum integral (wake transverse) method (16) uses the change in
momentum calculated from two velocity profiles measured abhove two points
on the boundary surface. This method is not considered very accurate or
reliable due partly to inaccuracies in the measurements and partly to the fact
that the flow may be slightly three-dimensional when the velocity profiles are
assumed to be two-dimensional. When calculating the surface shear stress,
taking the difference between the two velocity profiles of approximately the
same magnitude increases existing errors.

The velocity profile slope method uses the velocity profile slope at the surface

calculated from the measured velocity profile. It works best if velocities can

be measured in the laminar sublayer. If is unreliable, differentiation compounds

the errors in the measurements.

The Preston tube (17, 18) senses the pressure difference between the pressure
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from a total pressure tube resting on the boundary surface and the pressure
from a static pressure tap at the same location. It is simple to construct.
It must be totally in the boundary layer where the '"law of the wall'" applies.

Preston Tube Considerations. Irom the methods considered the Preston

tube offered the greatest accuracy combined with simple construction, but the

vortex boundary layer presented several problems. The boundary layer is three-
dimensional (The Preston tube was calibrated in a fwo-dimensional boundary Iayer. );
it has a radial pressure gradient, and the Preston tube differential pressure signal
is small enough to make detection difficult.

An electronic manometer solved the latter problem, allowing measurement
of all but the smallest signals encountered.

To be used in rotational flow the probe, shown in Figure 15, was made to
rotate into the flow, so that at impact the velocity vector was perpendicular to the
face of the total pressure tube. To get the static pressure at the face of the total
pressure fube, two static pressure taps were placed to each side of the face, far
enough out so that the static pressure would not be affected by the presence of the
tube. This effect was checked by a similar Preston tube plug with the total pres-
sure tube removed. Two taps were used to compensate for the pressure gradient
parallel to the face of the total pressure tube, the average of the pressure differ-
ences between each static tap and the total tube being used. In operation though,
no significant difference between the two pressure differences could be detected
except at the smallest radii. Initially, the two static taps were to correct for the

pressure gradient completely. However, as later noficed, they corrected only
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for the pressure gradient parallel to the face of the total pressure tube but not for
the pressure gradient perpendicular to it. This effect will be considered later.

Patel's experiments supported the law of the wall for turbulent boundary
layers, whether external or internal, as long as the pressure gradient on the
boundary layer was within certain limits. His experiments indicated that with a
symmetrical bore for round Preston tubes the ratio of inside to outside diameter
has a negligible effect on the calibration for diameter ratios larger than 0.2. The
Preston tube used here has a ratio of 0.6. Additionally, earlier experiments by
Smith and Walker (17) suggested that the law of the wall is valid for z/8 < 1/86,
where § is the boundary layer thickness. The Preston tube as used here stays
well within that range.

Preston Tube Calibration. (17, 18) Von Karman (21) using Prandtl's mix-

ing length theory in the momentum equations proposed a unique law of the wall,

U
W wif eI
= = I*(y il (11)
-
where the friction velocity,

T

w
U=

in a region near the surface. Ludweig and Tillman (18) were able to confirm this
law experimentally. Since the function is unique, the wall shear stress, T =

2
,u(au/ay)y:o, is uniquely related to the kinetic energy, pu , in the flow. The

Preston tube pressure difference, Ap, is caused by the kinetic energy striking the
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face of the tube integrated over the tube face. Thus, Preston (18), assuming the
existence of a region near the surface in which conditions are functions only of

skin friction, the relevant physical properties (p and v) of the fluid, and a suitable
length, obtained a universal non-dimensional relation for the difference between
the fotal pressure recorded by a round pitot fube resting on the surface and the
static pressure at the wall, in terms of the skin friction. It is, using the tube

diameter, d, as the reference length,

2 T cl2
Apd w0
—— = F|—o— 12
pv ( pv £ 02 (12)

9 ©
where Ap is the pressure difference, Apd / pu’a is the non-dimensional kinetic
5
£ . 2 2
energy striking the tube face, T d /pv = (UTd/u) is the law of the wall similarity
parameter, and F is the function relation.

Patel's (17) calibration curves establishing the function, ¥, are used here.

They are
% dz
with X = IOQJ:QPW:’ s (13)
* d
= Tow , 14
and N log,[‘rw%—vg‘_—‘ (14)
*
for 0 <x < 2.9 ’
* %
y = 2x + 0,037 " (15)

*®
for ' 2.9 ©x < 5.6,
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* * * 2
y = 0.8287 - 0.1381x + 0.1437x (16)
*
- 0.0060 x i
and for 5.6 < < 7.6 ,
* * *
X =y 42 10g10(1.95 y +4.10) . (17)

Patel established error limitations for pressure gradients in the direction of the

flow. They are

1) for adverse pressure gradients,

) ('rw)

T’W

s,

Tw

< 0.03 for 0 <A < 0.01 ,

< 0.06 for 0 < A < 0.015

2) and for favorable pressure gradients with d A/dx < 0,

G(Tw)

T
w

6(r.)

where

and U =

< 0.03 for 0 > A > ~0.005 ,

< 0.06 for 0 > A>- 0,007 ,

(18)

(19)
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Patel's calibrations are empirical for pipe flow, but may be extended to external
flow. The pressure gradient effect is caused by a departure from the law of the
wall of the velocity profile. Physically, favorable pressure gradients lead to
reversion to laminar flow. Unfavorable pressure gradients lead to separation

of the flow. In severe favorable and adverse pressure gradients the Preston tube
was found to overestimate the skin friction.

Pressure Gradient (A) Limitation in Vortex Flow. An estimation of Patel's,

A, was calculated to see what error it may cause in the measured surface shear
stress. The necessary pressure gradient, dp/dx, for the A calculation is derived

from the radial momentum equation, assuming L 0,

aT
Tz

Az

op
1 + (20)

O =

Integrating this equation over the boundary layer with the boundary conditions,

atz = 8, LR R W ant:hrrz = 0, andatz = 0, Vs = rrz(0)=
T and recognizing that the vertical pressure gradient is of the order of pg and
T

negligibly small through the boundary layer, gives

o}
r oav 6r

2 by r
ﬂj‘ v dz - pl|
(8]

_ s op
j; dz=-8§ = + 71 . (21)

o

@ ® ® ®

Term @ is the radial acceleration force. Term @ is the centripedal accele-

ration force. Term @ is the pressure gradient force. Term @ is the wall
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shear force. TFree stream conditions are

v v2
v e to 1% (22)
ro or T p or

In a two-dimensional boundary layer (where Patel made his calibrations) term @
is absent resulting in Von Karman's momentum integral equation, and the pressure
gradient term @ serves only to accelerate the radial velocity. This is the pres-
sure gradient used to calculate Patel's A in a two-dimensional boundary layer.

In a three-dimensional vortex boundary layer, the radial pressure gradient pri-
marily balances the centripedal acceleration term @ . The difference between
term @ and term @ remains to accelerate the radial velocity. The pressure
gradient for Patel's A in the three-dimensional vortex boundary layer is the com-

ponent in the flow direction of the difference just mentioned. It is, using equation

(22) and neglecting v dvr a , Which is small compared to v2 /T,
e too
dr
dp me I Vt 2 \
@ - - o2 [T1- ) Jan} cos @
(4]

where 7 = Z/Gr .

Using the above equation and evaluating A from several sample test conditions
gave, generally, A ~ - 0.002. Thus the error in e measured by the Preston

tube, due to the pressure gradient is less than three percent.
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Experimental Procedure

Flow Generation

The vortex-surface boundary layer was produced by the vortex generator.
The vanes were set at angles of 60.0, 67.5, and 75. 0 degrees measured from the
radius to produce rotating flows in the clockwise direction, when viewed in the
direction of increasing height. At each angle three fan speeds were used to pro-
duce the variation of freestream circulation, I', shown in Table 1. A pitot tube
installed directly above the fan was used to monitor the flow through the fan, which
varied, based on the pitot readings, from approximately 6, 000 to 12, 000 cubic
feet per minute for the three fan speeds.

At each vane angle and fan speed, measurements of height, indicated angle,
shunt voltage, and ambient boundary layer temperature were made at each of five
radia.l positions, 6.00, 9.00, 12,00, 15.00, and 18. 00 inches (sample data shown
in data reduction program in Appendix C). Additional radial positions of 3. 00 and
21. 00 inches were available, but they were not used because the first was too close
to the core and the sécond was too close to the edge of the developing boundary
layer. Water was injected through a small hole at the center of the table to check
the position of the center of the vortex core with respect to the center of the table.

Velocity Profile Measurement

The V-probe was inserted through the table at a radial position to measure
velocity magnitude and direction versus height. The probe reference angle was
established by aligning the probe pointer (mentioned in the calibration in Appendix

B), which was below the table and coincident with the probe reference angle, with
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the line of centers of the plug positions at each radius, shown in Figure 16. The
reference height of the probe V above the surface was established with a finely
honed stop, mounted to the probe and extending 0. 021 inch below the mean wire
"V'" plane. The probe was then adjusted to the desired height to within +0. 0005
inch with a modified lathe cross feed bed. Close to the surface a dial indicator
permitted changes in the probe height to within +0. 0001 inch.

After the angle referencing and height adjustment, the V was pointed approxi-
mately into the velocity direction using a small pennant mounted three inches above
the probe V. Then the magnitude bridge was balanced to provide the proper vol-
tage to the direction bridge. The direction bridge was then balanced by rotating
the probe, and the indicated angle was recorded from a protractor and pointer
mounted below the table, the first to the probe and the second to the feed bed.
With the probe pointing into the velocity direction, the magnitude bridge was re-

balanced and the shunt voltage recorded. The room temperature was read from a
mercury thermometer, to +0.1 degree Fahrenheit accuracy, mounted at the edge

of the table and extending into the boundary layer air supply. Initially a thermo-
couple installed in the probe {ip was to be used to measure the ambient temperature,
however, the heated wire interfered with the thermocouple readings. Attempts to
eliminate or work around this problem by moving the thermocouple away from the
wire and by calibration of the thermocouple with the heating éffect included failed,
so the mercury thermometer was used.

Surface Shear Stress Measurement

For the surface shear stress measurement the Preston tube was mounted
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HOLE RADIUS o
PROBE ANGLE NO. R(IN) (DEG)
REFERENCE LINE 1 3.00 90.0
2 6.00 58.6

3 9.00 34.6

4 12.00 202

5 | 15.00 20.0

6 18.00 16.5

. 7 21.00 14.1

/— PROBE PLUGS

Figure 16. Probe Installation Positions in Table Top.
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in the same plug positions as the hot wire probe. It was then rotated into the
velocity direction until 2 maximum pressure differential between the tube total
pressure and the surface static pressure was noted and recorded.

Data Reduction

The recorded data were fed into a digital computer program, shown in
Appendix C, which reduced the data, tabulated the results, and plotted the velo-
city profiles.

Velocity Profile Reference Height Correction

The reference height was corrected to bring the surface shear calculated
from the slope of the measured velocity profile into agreement with the measured
Preston tube surface shear. The slope of the measured velocity profile was cal-
culated by inserting the velocity at z = 0 equal to zero and fitting a third order
least squares curve through the lowest five heights of the velocity profile.

The height correction was made to correct for
1) variations in the wire height in the V-probe of 0. 030 to 0. 040 inch, and
2) the surface influence on measurements.

Figure 17 shows the results of thig correction. Scatter in the data was caused by
errors in the measurements and the compounding effect on errors of taking the
derivative when calculating the velocity profile slope. The latter effect was mini-
mized by using the least squares curve fitting technique.

The resulting reference height correction used was

Az = 0.047 inches. (24)
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Data Recording Difficulties

Two major problems, flow instabilities, and the limitations of the instru-
ments to record steady state data in unstable flow conditions hampered data taking.
The flow instabilities could be seen as oscillations of the vortex core center in a
three inch diameter circle about its mean center position, and as variations in
the intensity (circulation strength) of the vortex. Two wire screens and one card-
board baffle, described in the vortex generator section, were mounted around the
vortex generator to minimize flow instabilities. To further minimize the effect of
this problem on the hot wire, an averaging filter (see Appendix B) was added to
the galvanometer used to balance the magnitude and direction bridges. Still, small
oscillations were present in the instrument indications, so a visual estimation of
the mean indicated data was made. Generally, the method for establishing the
mean data readout was to observe the band width of the oscillation and take its

midpoint as the recorded value.

Table 1. Test Conditions

Test Vane (deg.) I‘[ftz/sec)
1 60.0 2.6
2 60.0 3.7
3 60.0 4.5
4 67.5 3.0
& 67.5 5.2
6 67.5 6.3
7 75.0 4.2
8 75.0 6.5
9 75.0 7.8
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Results and Discussion

The surface shear and velocity profiles were measured at the test conditions
of Table 1.

The data reduction program and a sample of its output are included in
Appendix C.

In this section, the results are presented for a typical sample of the tests
with the remainder of the test results presented in Appendix C.

Velocity Profiles

Velocity profiles at the typical test condition of T" = 4.5 ft2/ sec and
vane angle = 60.0 degrees are presented in Figures 18 and 19. Following the
velocity profiles are plots of the tangential velocity ratio, the radial velocity ratio,
the local circulation, and the local radial inflow, presented in Figures 20 to 23.
The representative freestream velocities and boundary layer thicknesses at the
vane angle = 60.0 degrees are presented in Figures 24 to 26. Finally, Figures
27, 28, and 29 show a typical maximum radial velocity variation with circulation,
and comparison of the results obtained in this work with those obtained by Ying
and Chang (23).

The tangential velocity profiles are similar, as shown in Figure 20, having

the flat plate two-dimensional turbulent velocity profile law

L= () . (25)

The difference between equation (25) and the data points at the low z/ﬁt(z/ﬁ ¢ <0.15)
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is caused by the laminar sublayer. The radial velocity profiles demonstrate no
similarity as shown in Figures 21 and 23.
In the freestream above the boundary layer the tangential velocities have

a constant circulation,

T = Ve o (26)

as shown in Figures 22 and 24, except at the six inch radius where the flow is

beginning transition to solid rotational flow,

w = tw = constant, (27)

L}

in the core. This constant freestream circulation means the freesfream potential
vortex has been achieved in the boundary layer simulation. The radial freestream
velocities approach a constant local inflow,

14 | =
57 dz e = constant , (28)

over the center section of the plate local radius, as shown in Figure 25. The

outer radii greater than or equal to 15 inches are in the developing radial boundary
layer, and the local radial inflow is decreasing, indicating a vertical flow to the
potential vortex. In the inner radii less than or equal to six inches, the flow turns
up into the core. Thus the fully developed radial boundary layer covers a relatively
small portion of the plate radius between six and 14 inches, generally.

The boundary layer thicknesses shown in Figure 26 were measured from
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