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ABSTRACT

AN EXPERIMENTAL STUDY OF AN
AXISYMMETRIC TURBULENT BOUNDARY LAYER
DISTURBED BY A PERIODIC FREESTREAM

Chithrabhanu Koodalattupuram
Old Dominion University

Director: Dr. Robert L. Ash

Behavior of an axisymmetric equilibrium turbulent boundary layer disturbed
by a propeller wake in the freestream was investigated experimentally. Tests were
conducted in a low speed wind tunnel and measurements of turbulence quantities
were made using an X wire probe and a constant temperature anemometer. The
boundary layer flow on a cylindrical body was characterized by measuring its gross
parameters and comparing them with classical values. Propeller speed was
measured using an electronic circuit whose output signal was also used to trigger
hot wire probe. Gross boundary layer characteristics of the disturbed boundary
layer did not deviate appreciably from the classical two-dimensional turbulent
boundary layer except immediately behind the propeller. From conditional

sampling it was found that the near wall periodic Reynolds stress approached 30%
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of the conventional time averaged Reynolds stress. Turbulent kinetic energy,
kinetic energy of the organized field and various kinetic energy production terms
responsible for exchange of turbulent kinetic energy between different flow fields
were calculated from the experimental data. It was found that kinetic energy was
being transferred from the organized flow field to the "random" turbulent flow
field, as expected. The variation of both periodic and turbulent kinetic energy
were governed by similar equations. A mechanism for the transport of turbulent

kinetic energy has been suggested.
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NOMENCLATURE

a = axial interference factor
a' = rotational interference factor
B = pumber of blades
¢ = blade section chord
cs = skin friction coefficient
Cq = blade section drag coefficient
C¢ = blade section lift coefficient
C, = pressure coefficient
D = propeller diameter
F = Prandtl momentum loss factor
G = circulation function
Hi, = shape factor
n = index in turbulent power law profile, propeller revolutions per second
N = propeller revolutions per minute
N¢y = number of complete cycles in one hot wire signal
Np: = number of points in hot wire signal for one complete revolution of propeller
P = pressure
P,:m = atmospheric pressure
P, = power coefficient
= u?40? $u?
q2 = 2 + v'2

62 — ,&2 +,52

xii
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torque

U? + V2

propeller radius

radial coordinate

Reynolds number

Reynolds number based on displacement thickness
Reynolds number based on momentum thickness
Reynolds stress

body radius

temperature, thrust

thrust coefficient

temperature of the air in the tunnel

hot wire calibration temperature

UU UK

hot wire sensor operating temperature

unsteady velocity in the streamwise direction

mean velocity in the streamwise direction

ensemble average velocity in the streamwise direction
fluctuating velocity component in the streamwise direction
periodic velocity component in the strezmwise direction
freestream velocity in the streamwise direction
Reynolds stress

periodic Reynolds stress

total velocity in the streamwise direction obtained from hot wire probe

effective velocity sensed by sensor 1

effective velocity sensed by sensor 2
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V = mean radial velocity

ve = ensemble average velocity in the radial direction

© = total velocity in the radial direction obtained from hot wire probe
v' = fluctuating velocity component in the radial direction, vortex displacement
velocity
9 = periodic velocity component in the radial direction
W = local total velocity
wn, = velocity normal to the vortex sheet
wy = tangential velocity

X = streamwise distance

y = transverse or radial distance

= streamwise distance

a = angle of attack

B = blade twist angle, Clauser’s equilibrium parameter
I' = circulation

6 = Dboundary layer thickness
01 = boundary layer displacement thickness
d2 = boundary layer momentum thickness

€ = drag to lift ratio

¢ = displacement velocity ratio

n = propeller efficiency

6 = azimuthal angle (co-ordinate)

A = speed ratio = Uy /R

v = kinematic viscosity

& = non-dimensional radius

£y = non-dimensional hub radius

xiv
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p = fluid density

Tw = turbulent shear stress at wall
o = local solidity
¢ = flow angle

¢: = flow angle at tip

2 = propeller angular velocity
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CHAPTER 1

INTRODUCTION

Most important flows that occur in nature are turbulent. Knowledge of tur-
bulent flows, in terms of understanding the physical phenomenon and accurate
prediction of flow quantities, is far from complete. Reynolds decomposition of
primitive variables into time averaged mean and ﬂuctu#tions in turbulent flows,
introduces additional variables. At the same time, this decomposition does not
increase the number of equations in accordance with the number of variables.
This is the classic closure problem [1]. These additional variables introduce
the need for “turbulence modeling” to get results for éngineering applications.
Analyzing practical turbulent flow using the full Navier-Stokes equations even
for the incompressible case, is not tractable today using the largest supercom-
puters. Thus, the results of a calculation for turbulent flows can only be as
good as the turbulence model used.

It is a common practice, in the analysis of turbulent flows, to assume that
the flow is in turbulent equilibrium to simplify the analysis. The discussions of
the 1968 Stanford Conference [2] revealed that there is no universal agreement
on the definition of (turbulent) equilibrium.

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Often, it is assumed that the turbulent flow is in equilibrium to simplify
the analysis, although it is not fully justified. When there is sudden removal or
application of a pressure gradient, wall suction or injecti‘on or wall roughness
the flow may not be in equilibrium. In wall bounded flows, the boundary layer
is very important, because it is this layer which controls the skin friction and
surface heat transfer rates. In many situations, a turbulent boundary layer may

not be in equilibrium and these flows need careful study.
1.1 Motivation For Present Study

As early as the 1968 Stanford Conference [2] a large number of turbu-
lent flow computer codes predicted two-dimensional turbulent flows well. It is
generally accepted that the eddy viscosity models are fairly accurate in pre-
dicting such flows [3]. However, recent reviews of turbulent boundary layers
and other flows [3-8] indicate that the state-of-the-art of turbulence modeling
is inadequate for prediction of three-dimensional and unsteady turbulent flows.

In order to model turbulent flows the need for equations describing the evolu-

,.
J

tion of the transport terms ulu'u} was suggested by Davydov [9]. Many of the
models did not represent the physics of the problem. Many turbulence models
require a solution of the turbulent kinetic energy equation in a process of mod-
eling the Reynolds stresses. Although this equation can be derived from first
principles, some of the terms in this equation have new variables which require

2
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further modeling. Understanding of the transport processes is a prerequisite
to modeling of terms in the turbulent kiretic energy equation. The transport
processes in relaxing or non-equilibrium flows have not been understood com-
pletely and require experimentation. A need for a more accurate and broad
data base for comparing the numerical calculations has been stressed by many
(for example see Marvin (3] and Smits and Wood [10]). Smits and Wood con-
cluded that the available references did not have any “systematic attack” on
perturbed turbulent boundary layers, and recommended such a study.
Another motivation for the present study has been to examine the viability
of a scheme proposed by Lobert [11,12] to reduce the drag of an aircraft. His
idea was to install a wind turbine at the front of an aircraft. This would place
the fuselage in a low speed wake and create a low speed flow at the interface
between the viscous boundary layer and the outer potential flow regime. The
result is a lower skin friction coefficient and drag. Lobert’s one-dimensional
analysis was not supported by any experimental evidence. For these reasons, it
will be interesting to study the behavior of an axisymmetric turbulent boundary
layer with a periodic velocity fluctuation in the freestream. This has several
applications. For example: flow over stator blades in a turbomachine; flow
over a nacelle behind a propeller of an aircraft; and Flow in diffusers behind a

turbomachine.
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Carr’s survey [13] of unsteady turbulent boundary layer experimental data
gives information about the earlier investigations of related problems. In the
following sections we discuss related investigations dealing with axisymmetric,
oscillating or unsteady turbulent boundary layers. These provide a summary of
the state-of-the-art for the study of turbulent boundary layers interacting with

a periodic flow in the freestream.

1.2 Steady Axisymmetric Turbulent Boundary Layer

Several experimental investigations have been made to study the properties
of a turbulent boundary layer on a cylinder. Richmond [14] studied the mean
velocity profiles on a wire 0.6 mm in diameter and a cylinder 25.4 mm in diam-
eter in subsonic and hypersonic wind tunnels. He found that for large values of
transverse curvature parameter, 62/ Ry, (the ratio of momentum thickness 8, ,
to body radius Ry), skin friction reached an asymptotic value.

Rao and Keshavan [15] studied axisymmetric turbulent boundary layers
with zero pressure gradient both theoretically and experimentally. Their study
included a large range of the ratio §/ Ry and Reynolds numbers. They suggested
the existence of a new law of the wall.

Afzal and Singh [16] studied the turbulent boundary layer on a cylinder of
25.4 mm diameter and 3.6 m length at 22.75 m/s. They found that in the wall
region, the qualitative behavior of an axisymmetric turbulent boundary layer

4
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was similar to a 2-D turbulent boundary layer. In the outer region, effects due
to transverse curvature were observed.

An axisymmetric turbulent boundary layer was studied by Afzal and Nara-
simha [17] using the equations of mean motion and the method of matched
asymptotic expansions. The results thus obtained were compared with available
experimental data. They observed that two-dimensional wall and defect laws
can be used to describe axisymmetric turbulent boundary layers for large values
of friction Reynolds number and small values of 6/ Ry.

A turbulent boundary layer on a long, fine cylinder (0.9 mm diameter) was
investigated experimentally by Luxton, Bull and Rajagopalan [18]. They found
that the effect of transverse curvature was small for small §/Ry. For §/R, =
O(1) the effect was mainly in the outer region. If §/Ry >> 1 both the inner
and outer regions were affected.

The mean and fluctuating velocities in a turbulent boundary layer on a
cylinder were characterized by Lueptow, Leehey and Stellinger [19]. The ratio
of boundary layer thickness to radius (Ro= 0.15 cm) was of order 10. They
found that Reynolds stress dropped off much more quickly with distance from
the wall than for a turbulent boundary layer on a flat plate. They also showed
that the effect of transverse curvature was not significant unless §/Ry > 1, as

observed earlier by Luxton, Bull and Rajagopalan [18].
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Lueptow and Haritonidis [20] observed that previous investigations [14-
19] had not studied the structure of turbulence in an axisymmetric turbulent
boundary layer. From hot wire measurements they observed that turbulence
intensity, velocity spectra and intermittency were qualitatively similar to those
for the planar boundary layer. Wall shear stress appeared to be larger than that
for the turbulent boundary layer on a flat plate. Flow visualization in water
showed large scale structures moving from the outer region on one side of the
cylinder to the outer region on the opposite side. From this they concluded that
the wall may be less important in controlling the motion and size of coherent
structures in an axisymmetric boundary layer than in a planar boundary layer.

For streamwise locations not very far from the beginning of the boundary
layer, the ratio § / R will be very small and much less than 1. From the literature
that is available it is seen that only the study of Rao and Keshavan [15] are
for 6/ Ry in the range between 0 and 0.5, which is the range of interest in the
present work. It may be pointed out that their study was on a steady turbulent

boundary layer with constant freestream conditions.

1.3 Unsteady Axisymmetric Turbulent Boundary Layer

Schachenmann and Rockwell [21] subjected a turbulent boundary layer (in

a conical diffuser) under adverse pressure gradient, to a controlled periodic
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oscillation. Their measurements indicated that amplitudes of velocity fluctua-
tions and wall pressure fluctuations decayed rapidly in the streamwise direction.
But, the velocity fluctuations within the boundary layer sometimes exceeded
the local core flow velocity by as much as 100 percent. They found that the
mean velocity profiles, and overall time mean diffuser performance changed only

insignificantly when the freestream was disturbed.

1.4 Two Dimensional Unsteady Turbulent Boundary Layers

An early experimental study on unsteady turbulent boundary layers was
reported by Karlsson [22]. He investigated an incompressible two-dimensional
turbulent boundary layer with zero pressure gradient in the mean flow direction.
Unsteadiness was created by a sinusoidal fluctuation of the freestream velocity
at frequencies ranging from 0 to 48 Hz. The effect of nonlinear interaction
between unsteady freestream conditions and a turbulent boundary layer was
small even for fluctuation amplitudes as large as 34% of the free stream velocity.
Hence, transient, zero pressure gradient, turbulent boundary layers did not
deviate much from steady turbulent boundary layer.

Reynolds and his group [23,24,25] studied the behavior of a two-dimensi-
onal unsteady turbulent boundary layer subjected to an oscillating freestream
velocity. They made measurements in a water tunnel using a two-color, two-

component, laser-Doppler anemometer. The fluid velocity in the free stream

7
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was varied dynamically by controlling fluid suction to obtain a sinusoidal ve-
locity variation in the freestream. For small amplitudes of the first harmonic
of the disturbance, the mean velocity profile was not affected by the imposed
freestream oscillations, and the time averaged Reynolds stresses were the same
as those with steady freestream velocities. At high frequencies, application of
the law of the wall [26] did not correlate their measurements. Based on their
experiments and analysis, no “dramatic” interaction between the organized os-

cillations and turbulent fluctuations were observed.

Brereton and Reynolds [25] used the laser Doppler anemometer measure-
ments to compute turbulent kinetic energy production terms for the transfer
of energy between mean, organized and turbulent velocity fields. They found
that the major term accounting for the transfer of the kinetic energy to the
turbulent velocity field was invariant with frequency and was of the same order
of magnitude as in the steady case. Net transfer of kinetic energy was always

from the organized field to the turbulent velocity field.

The unsteady turbulent boundary layer on the upper surface of an NACA
0012 airfoil subjected to an external oscillating flow was studied by Covert and
Lorber [27]. Ensemble averaged velocities and Reynolds stresses were measured
over a range of frequencies from quasi-steady to a reduced frequency (chord
times angular velocity normalized with freestream velocity) much larger than
1, for different pressure gradients. For moderate adverse pressure gradients,

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the mean profiles were found to be independent of frequency. Periodic velocity
profiles had large increases in amplitude in the boundary layer as compared to
those in the external flow, but phase differences were small. The profiles were
highly dependent on the mean pressure gradients for low frequencies, whereas
for high frequencies, the profiles approached a universal shape, independent of
both frequency and pressure gradient. A periodic part of the Reynolds stress
was measured and it was found to be dependent upon the amplitude of the
periodic velocities, the normal gradients of the mean velocity and the mean
Reynolds stress.

A starting point to understand unsteady turbulent flows may be the study
of how the rate processes take place in steady flows. In this context data
obtained from direct numerical simulation becomes relevant. Mansour, Kim
and Moin [28] computed the budgets for Reynolds stress and for the dissipation
rate of turbulent kinetic energy using direct simulation data of turbulent channel
flow to provide guidelines for model developers and for model testing. They have

shown that the production of the triple correlation, suggested by Davydov [9],

’
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for fully developed channel flows will affect the T%;; and T3;2 components only.
They computed these correlations using different models for channel flow for
yT < 180. From their calculations it appears that the values of these terms go

to zero asymptotically.
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In an attempt to model turbulence near the wall in a fully developed chan-
nel flow, Mansour, Kim, and Moin [29] computed different terms in the equa-
tions governing turbulent kinetic energy k, and its dissipation rate e. The
production rate was balanced appraximately by the dissipation rate over most
of the boundary layer. However, near the wall, the turbulent transport rate and
viscous diffusion rate were not negligible. In all these studies the fluctuations of
velocity in the freestream was created by changing the streamwise velocity peri-
odically. There was no wake of a propeller or an organized vorticular structure

in the freestream.

1.5 Unsteady Turbulent Boundary Layers Perturbed By A Rotating

Component

Three-dimensional turbulent boundary layers provide a good test bed for
turbulence models. By investigating experimentally the response of a turbulent
boundary layer to a sudden change in boundary conditions or rapidly changing
mean rate of strain, some of the flow phenomena may possibly be understood.
For this reason, Bissonnette and Mellor [30], Lohman [31}, Higuchi and Rubesin
[32,33] and Driver and Hebbar [34,35] made mean velocity and turbulence field
measurements in an axisymmetric turbulent boundary layer which was skewed

by an axially rotating cylinder.
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Bissonnette and Mellor [30] tested a cylindrical model with a stationary
section followed by a spinning afterbody in a low speed wind tunnel. Hot wire
techniques were used to obtain mean velocity and turbulence quantities. It was
concluded that the assumption of effective eddy viscosity as a scalar property
of turbulent fluids was not correct (at least in principle). The variation in eddy
viscosity with direction was attributed to the streamline curvature caused by the
cylinder. They observed that the mean flow data did not satisfy the universal
form of the law of the wall for which curvature was considered to be the cause.
In response to rapidly changing mean rate of strain, the redistribution processes
reacted rapidly to alter the turbulence structure.

Lohman’s [31] investigation was similar to that of Bissonnette and Mellor
[30]. He found that the transverse strain rate imposed on the (initially) axial
boundary layer, increased the intensity of all components of the Reynolds stress
tensor. The axial component of the Reynolds stress changed the axial mean
velocity distribution in the boundary layer. He observed that when a high rate
of strain was applied, the wall layer region of the boundary layer readjusted
rapidly to a new state of turbulent equilibrium. The transverse strain rate
altered the structure of turbulence. Large eddies were broken up and the num-
ber of eddies having characteristic dimensions an order of magnitude smaller,

increased.

11
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Higuchi and Rubesin [33] used four turbulence models to predict numeri-
cally the turbulent flow field studied by Bissonnette and Mellor [30] and Lohman
[31]. Results using a simple mixing length model agreed with the gross measured
features of the mean flow. Their second order models were found to respond
too rapidly to transverse shear but showed improvement. The representation
of shear stress by the Reynolds stress equation rodels was found to improve
the calculations, but not because of an accurate representation of the physics;
rather, improvement was from model tuning which emphasized the Reynolds
shear stresses in establishing the mean flow. They found that in the region after
the transverse shear has set in, the experimental data were least accurate. Also
measurements sufficiently downstream were not made which was necessary to

characterize boundary layer behavior in equilibrium with transverse shear.

Higuchi and Rubesin needed additional data to characterize non-equilibri-
um boundary layers due to transverse shear, to evaluate their turbulence mod-
els. Hence, they studied experimentally [32] the boundary layer on a cylindrical
body with a rotating section. The rotating section was modified to insure an
equilibrium swirling boundary layer at the test zone (stationary region just
downstream of rotating section). They compared experimental results with
those using different models. They observed that even the simplest models
showed the general features of the data. Agreement with the experimental data
was improved through the use of complex models. But, even the best model did

12
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not fit the data well. The authors concluded that improvements in modeling
have to be made for better prediction of flow and turbulence quantities.
Driver and Hebbar [34] studied the relaxation of a three-dimensional shear
driven turbulent boundary layer to a two-dimensional boundary layer using the
same wind tunnel model used by Higuchi and Rubesin [32]. They used a newly
developed three-component laser Doppler velocimeter to measure all compo-
nents of mean flow, Reynolds stresses and triple-product correlations. The per-
turbations produced strong anisotropies in the eddy viscosities. The anisotropy
was predicted to some extent by full Reynolds stress transport equation models.
Recently, Driver and Hebbar [35] studied the effects of adverse pressure
gradient on a three-dimensional turbulent boundary layer in an axisymmetric
forward-facing step geometry. Using almost the same model and the same
wind tunnel and instrumentation as before [34] they determined from their
measurements all the terms in the turbulent kinetic energy equation. The
production rate in the step flow with a rotating spinner was significantly larger
than when the spinner was stationary due to the extra rate of strain from the
transverse flow. They found that the Boussinesq approximation was not valid
and the stress direction lagged the mean strain rate direction by as much as

15°.
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1.6 Turbulent Boundary Layers In Turbomachines

The unsteady boundary layer development on an axial flow compressor
stator (with 15 blades), downstream of a rotor with 24 blades, was studied
by Evans [36]. He measured the mean and the instantaneous unsteady velocity
profiles, using an ensemble averaging technique. He observed that the boundary
layer was transitional up to 50% of the chord length. The correlation between
the boundary layer on a cascade blade and on an actual turbomachine blade
was poor. Cascade tests with artificially induced turbulence did not give the
correct picture of turbomachinery blade performance.

Abd-Elkhallek et al. [37] investigated the boundary layer in an annular
passage when it was subjected to a rotating wake. Wakes were produced by
circular cylinders mounted on a rotor. The hub wall boundary layer proper-
ties deviated considerably from the natural turbulent boundary layer. Abd-
Elkhallek et al. found the flow to be highly three-dimensional and observed
three distinct regions of interaction. They defined a strong interaction region,
located at a streamwise distance from the rotor which was less than 20 to 25
times the rod diameter, where the boundary layer_thickn%ses decreased and
friction coefficient increased. In that region, shape factor and coefficient of fric-
tion were found to increase. Subsequently, a natural wall turbulence region was
defined at a streamwise distance of more than 80 to 100 times the rod diameter.
In that region, although the measured properties agreed with the values for a
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natural turbulent boundary layer, the boundary layer was thinner than a cor-
responding undisturbed one. A zone separating these two regions, was termed
the weak interaction region, and here the coefficient of friction and shape factor
decreased to natural turbulence levels. The universal velocity profile was found
to be applicable to the mean velocity profile with periodic disturbances in the

inner layer.

In the Abd-Elkhallek et al. investigation [37], an axisymmetric flow was
disturbed by the wake from a row of rotating cylinders. The cylinders produced
wakes since they were in cross flow. Also, due to the rotation, vortex sheets and
tip vortices were generated. Hence, their study was of an axisymmetric flow
disturbed by a wake, tip vortices and a vortex sheet emanating from a rotating
cylinder. It was difficult to separate the effects in their study. The tip vortex,
which was very strong, was not allowed to spread outward and this complicated
the flow further. The studied flow field appeared to be too complex to draw

definitive conclusions from the experiment.

Inoue and Kuroumaru [38] measured the three-dimensional flow field be-
hind an axial-flow rotating blade row. From their hot wire measurements, they
calculated vorticities by numerical differentiation. The structure of different
kinds of vortices generated by the rotor (such as a leakage vortex and a tfailing
vortex) were studied. The decay of the vortices was investigated in relation
to the distribution of turbulent stresses. Their investigation was to study the
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flow field behind a turbomachine rotor, and not to see how the periodic flow
produced by a turbomachine rotor would alter the behavior of a boundary layer.

Miley, Howard and Holmes [39] studied the effects of a propeller slipstream
on a laminar boundary layer over a wing. They observed that propeller blades
introduced turbulence, even in laminar flow. From in-flight measurements and
hot wire measurements in a wind tunnel, they found that the boundary layer
became turbulent when blades passed. After the blade passage disturbances, the
flow returned to its original laminar condition. This oscillation between laminar
and turbulent states was at the frequency of the propeller blade passage rate.
The length of the turbulent state increased as the laminar flow approached its
stability limit. This cyclic variation was found to be similar to a relaminarizing
flow with external disturbances.

Pfeil and Going [40] made hot wire measurements in the turbulent bound-
ary layer of a diffuser behind an axial compressor. Their measurements were
intended to study the nature and development of the turbulent boundary layer.
The boundary layer between two stator blades was found to be two dimensional.
It was observed that three-dimensional effects caused by the compressor blades
had a significant effect on the nature of the boundary layer. They could not
ascertain whether the flow across the blade spacing was periodic between each

pair of adjacent blades and further investigations were found necessary.
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They found that flow predictions in a diffuser behind a turbomachine, based on

boundary layer theory, were not very accurate.

1.7 Turbulent Boundary Layer - Wake Interaction

Tsiolakis, Krause and Mueller [41] studied the interaction of a two-dimensi-
onal incompressible turbulent boundary layer on a flat plate with the plane wake
of a circular cylinder. They found that the wake retained the self preserving
characteristics in the outer part of the boundary layer. This was almost true
in the inner layer.

The interaction of a wake created by an airfoil and a turbulent boundary
layer was studied experimentally by Zhou and Squire [42]. In the initial merging
region, they found that there were distinct vortices. The sign of the Reynolds
shear stress was opposite to that of the mean velocity gradient, resulting in
negative eddy viscosity.

The above discussion provided a justification for this investigation of the
behavior of an axisymmetric turbulent boundary layer subjected to a periodic
freestream perturbation produced by a2 wind turbine wake. The sudden appli-
cation and removal of the blade wake creates a periodic pressure and veloc-
ity distribution in the freestream above the boundary layer. This can create
a nonequilibrium turbulent boundary layer. A numerical solution of three-
dimensional turbulent flows is generally very difficult. The present problem has
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additional complexity due to the periodic nature of the freestream conditions
and a theoretical analysis or numerical solution appears too involved and com-
plex. Hence, a method of experimentation is adopted in this study. The study
of such a nonequilibrium turbulent boundary layer is of interest in the design of
turbines and turbomachirery diffusers and for understanding flow over aircraft

nacelles.
1.8 Discussion Of Terminology
1.8.1 Equilibrium

Clauser [43] defined equilibrium layers as those in which similarity existed
with the proper choice of velocity and length scales for the mean velocity dis-
tribution in the outer part of the boundary layer. McDonald [44] defined an
equilibrium turbulent boundary layer as one in which velocity profiles at various
streamwise stations were similar in shape, scaled by a characteristic {but vary-
ing) length and velocity. Narasimha and Prabhu [45] defined a turbulent shear
flow to be in equilibrium if the distribution of mean velocity and the turbu-
lent shear stress exhibited similarity with the same scales, at every streamwise
station. Fernholz [46] considered a shear layer in which the local rates of pro-
duction and dissipation balanced each other in local energy equilibrium. He

considered local equilibrium as a special case of self preserving flows.
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In equilibrium turbulent boundary layers the rate of production and rate
of dissipation of turbulent energy are very large compared with those in other
parts of the flow. Townsend [47] described an equilibrium layer as having the
following features:

1. The thickness is only a small fraction of the total thickness of the turbulent
flow.

2. Turbulent advection terms in the turbulent kinetic energy equation are
small compared with the production term.

3. Variation of shear stress across the equilibrium layer is small compared

with wall shear stress.

1.8.2 Present Definition and Assumption of Equilibrium

As there is no agreement in the definition of equilibrium, it is important
that the definition of equilibrium in the present context be clearly understood.
In the context of turbulent flows, the term equilibrium should refer to turbulent
quantities. It is not sufficient to define a flow which is merely similar (even if the
scales of length, velocity or shear stress are turbulence related), as equilibrium
flow. Again defining a turbulence equilibrium in cases where non-turbulent
quantities are as important as turbulent quantities, might cause ambiguity or
confusion. Hence in this dissertation we will adopt the following definition for

equilibrium:
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A turbulent flow may be said to be in equslibrium sf all the non-turbulent
quantities in the turbulent kinetic energy equation are small when compared
with turbulent quantities and the rate of production of turbulent kinetic energy

13 balanced by its rate of dissipation.

1.9 Overview Of Remaining Chapters

The second chapter begins with a brief description of the wind tunnel fa-
cility. The instrumentation used for the experiment and the data acquisition
system are described. The philosophy of design of wind tunnel models is dis-
cussed and the models are described. The initial set of experiments is discussed
and so also the evolution of the second model based on the experience with the
first model. The procedure adopted in the calibration of the hot wire probe
is discussed. The experimental procedure for making pressure surveys, mean
velocity and hot wire measurements are described. Some of the major technical
difficulties faced during the experimentation are indicated.

The procedure used in data reduction are explained in the third chapter.
Qualification of the axisymmetric flow around the model is discussed in the
fourth chapter. The characteristics of the boundary layer obtained from the
measurements are compared with those of a classical turbulent boundary layer.

The results from the experiments are presented and discussed in the fifth
chapter. Variations of various turbulent quantities including Reynolds stresses

20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and periodic Reynolds stresses are discussed. Turbulence transport terms, tur-
bulent kinetic energy and rate of transfer of kinetic energy between periodic
and turbulent velocity fields are also discussed. A mechanism for transfer of
kinetic energy between the periodic and turbulent velocity fields is presented.
Conclusions drawn from the present study and recommendations for future

work are presented in the sixth chapter.
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CHAPTER 2

EXPERIMENTAL FACILITIES, SET UP AND PROCEDURES

For the present study, experiments were conducted in the low speed wind
tunnel at the Old Dominion University. In this chapter the wind tunnel and
associated equipment are described. Instrumentation used for semi-automatic
data acquisition and data reduction are discussed. A preliminary model and the
tests conducted with it are described so that the evolution of the final model de-
sign and the experiment can be better appreciated. A fairly detailed description
of the philosophy of model design, fabrication and assembly are presented. The
problems involved in the various stages of experiment are described briefly. The
procedures for calibrating the hot wire probe and conducting the experiment

are also described in this chapter.

2.1 Old Dominion University Los Speed Wind Tunnel

Tests were conducted in the 1.2 X 0.9 m ( 4 x 3 ft.) low speed wind tunnel
at the Old Dominion University. The layout of the tunnel is shown in Fig. 2.1.
This tunnel was manufactured by AEROLAB Supply Company, Hyattsville,

MD and is a closed circuit wind tunnel [48]. The tunnel is built in sections with
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bolted joints. The wind tunnel is made primarily of steel with plexiglas windows
in the test section. The impeller is a Westinghouse size L1072 “Axiflex” axial
fan, driven by a three phase 93 kW (125 hp) electric motor running at 1775

r.p.m.

The transition from circular section downstream of the fan to rectangu-
lar section at the beginning of the settling chamber is obtained using a very
long (10.2 m) section to reduce local wall divergence angles. The flow nonuni-
formity and turbulence created by the fan and the vanes are reduced with a
settling chamber, screens, high aspect-ratio honeycomb and a contraction. The
settling chamber is rectangular in cross section. Two 20X20 mesh bronze anti-
turbulence screens of 0.43 mm (0.017 in.) diameter wire are located in the
settling chamber, and the contraction ratio for the high speed test section is

6:1.

The tunnel has two test sections. The low speed test section is 2.1 m X
2.4 m cross section. The high speed test section, which was used in this study,
is 2.4 m long with a nominal 0.9 m X 1.2 m cross section. The test section
diverges slightly to compensate for wall boundary layer growth. It operates
at ambient pressure without temperature control. The maximum speed in the
high speed test section is 49 m/sec (110 m.p.h.). The high speed test section
has four plexiglas windows which can be opened. These windows are used for
model installation and for observation during testing. There are two windows
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on the top which are used for illuminating the test section. At the bottom
of the test section, a circular aluminum plate is bolted to the tunnel floor for
better access to the model and easy installation and removal of instruments.

The tunnel speed was controlled by a set of adjustable louvre control vanes
which are fully open for maximum speed. For speed control, the control vanes
are driven by an electric reversible geared motor and can be operated remotely.
An indication of the approximate air speed is obtained from a manometer lo-
cated adjacent to the vane control system beside the test section. Speed is
controlled remotely from the test section using control buttons to actuate the
electric motors which drive the louvre vanes.

The tunnel was calibrated by Sargionis [49] in 1986. Subsequently, it was
discovered that the honeycomb in the diffuser section had settled and separated.
The cardboard honeycomb was replaced with an aluminum honeycomb in 1986.
Hence, Sargionis’ measurements no longer characterize the facility accurately.
However, since wind tunnel performance should have improved, Sargionis’ mea-
surements can be interpreted as upper limits or worst case estimates.

It was found from Sargionis’ tests using a single hot wire probe that the
turbulence intensity in the open test section (in the axial direction) varied from
1.5% to 1.7% at speeds of 11 m/s and 20 m/s. Later measurements using an X
probe during the course of present investigation indicated freestream turbulence

levels of 0.4 to 0.5% at a speed of 21 m/s.
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2.1.1 Traverse Mechanism

A three axis traverse mechanism has been fitted in the test section. The
traverse mechanism uses electric motors that drive worm gears in all three
mutually perpendicular directions for independent movement of the traverse in
the test section. The traverse is mounted on lead screws and each lead screw
has an optical encoder. The rotations of these optical encoders are measured
using digital counters and an electronic circuit converts these “counts” into
linear distances. The location of the traverse in the test section with reference
to an initial location is indicated by digital displays with a resolution of 0.025
mm (0.001 in.). Using a manual switch, the traverse can be controlled remotely.
It can be driven at two speeds in the vertical direction: fast (0.37 m/min.) and
slow (0.22 m/min. ). In the streamwise direction, the traverse can be moved
at a speed of 0.22 m/min. The maximum traverse distances in the streamwise,
vertical and lateral directions are 1.56, 0.42 and 0.63 m respectively.

The traverse mechanism and the digital readout were calibrated with a
cathetometer. Both the cathetometer and the traverse mechanism may have
back lash because they both use screw drives for their movement. Hence, during
calibration, they were moved only in one direction, as in a boundary layer
survey. It was established from the calibration that the traverse mechanism
and readout has an accuracy of better than 0.5% of the reading in the vertical
direction.
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2.2 Instrumentation For Data Acquisition

When this investigation was started, the wind tunnel was not being used
on a regular basis and research quality instrumentation did not exist. It was
therefore necessary to develop a computer controlled semi-automatic data ac-

quisition system to facilitate accurate, rapid measurements.

2.2.1 Computer

An Hewlett Packard computer (HP 9845B) with an HPIB (Hewlett Packard
Interface Bus), RS-232 interface, a floppy disc drive and a pen plotter was
the initial basic data acquisition system. The sensor output was measured
either with a multimeter or digital oscilloscope via the HPIB and the data thus
acquired were stored on cartridges and floppy discs.

Unfortunately, the HP 9845 was found to be unreliable, requiring a great
deal of maintenance and repair. It was determined finally that the 9845 system
was not reliable. In addition, the computer processing speed was too slow. A
COMPAQ 286 computer with 2 Mb RAM (only 640 kb could be used during the
course of the present investigation), a 1.2 Mb and a 360 K floppy disk drive,
a 40 Mb hard disk, a Math Coprocessor and an RS-232 port, running at 12
MHz clock rate, was ultimately selected as the computer for data acquisition
and data reduction. The computer has a tape backup for the hard disk. The
back up capability is especially useful for the digital hot wire data which was
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developed in this study. An IEEE-488 card manufactured by National Instru-
ments, namely GPIB-PC II, was used for interconnecting the electronic devices
with the computer. An HP 7475 plotter and OKIDATA Microline 192 Plus dot
matrix printer were connected to the COMPAQ computer. The computer was
connected to the University computer network using a line capable of transmit-
ting data at a 19200 baud rate using a CDC 180 system and then to an IBM
3090 computer.

Several problems were encountered which were related to interconnecting
the instruments and programming the computer to receive and process the data

from the instruments.

2.2.2 Instruments for Pressure and Velocity Measurement

The dynamic pressure head was measured using a pitot probe which was
attached to an MKS Baratron pressure transducer type, 310CD-00010 (10 torr
range) and its associated electronics unit (170M-6C). The transducer and the
electronics unit were re-calibrated by the manufacturer using an MKS transfer
standard that had been calibrated with a CEC Air Dead-Weight tester which
was traceable to the National Bureau of Standards. It had an accuracy of 0.08%
of the reading.

Another Barocell pressure transducer (570D-10T-2A1-V1X 10 torr range)
along with electronic manometer model 1174 was also used for some of the
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pressure measurements. This unit has an accuracy of better than 0.006 torr for
the pressures used in the present investigation.

The voltage output from the sensor and from associated electronic circuitry
was measured with a Fluke programmable digital multimeter, model 8520A.
The multimeter was capable of taking up to 999 readings at a maximum rate
of 240 readings/s. It had ranges from 0 to 0.1 V through 0 to 1000 V, with
autoranging capability and was capable of executing 14 different mathematical
programs. A Scanivalve with 48 ports was used to interface the pressure taps
on the model with the pressure transducer. The scanivalve was switched to
different channels manually.

Tunnel speed was measured approximately using the manometer provided

with the tunnel.

2.2.3 Temperature Measurement

Tunnel temperature was measured using a Fluke digital thermometer,
Model 2176A, with a type T copper-constantan thermocouple. The thermo-
couple was calibrated using an ice bath and boiling water. The thermocouple

had an uncertainty of 0.6°C.
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2.2.4 Oscilloscope

A Nicolet digital oscilloscope, model Explorer III 206, was available for
data acquisition. It could store 4096 points at a rate of 2 million/sec. The
ranges of voltages are 100mV to 35V. The oscilloscope had a 5.25 in. floppy
disk drive which enables eight oscilloscope signal traces (4096 points long) to
be stored on eight tracks of each floppy disk. The oscilloscope had a GPIB
(General Purpose Interface Bus) port and an RS-232 port. The GPIB was used

for communication with the computer in this study.

2.2.5 Hot wire anemometer

The bridge output of the hot wire anemometer was read and stored via the
Nicolet digital oscilloscope during wind tunnel tests. The hot wire data thus
generated, could be read later by the computer through the IEEE-488 interface
bus.

A four channel, constant temperature hot wire anemometer system, manu-
factured by Thermo Systems Incorporated (TSI Intelligent Flow analyzer model
IFA 100-158) was used to measure two components of instantaneous velocity
in turbulent flows. This anemometer system is a computer controllable micro-
processor based unit with a signal conditioner (model 157). The unit has an
RS-232 port for direct connection to a computer. Although this could avoid
the use of the Nicolet storage oscilloscope for transfer of hot wire data from
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the anemometer to the computer, the data transfer rate was only two readings
per second. This low data transfer rate limited the use of this communication
option for hot wire measurements. Hence, this unit was connected to the oscil-
loscope and the computer obtained the stored hot wire signals from the Nicolet
oscilloscope.

Some of the earlier measurements were obtained using a TSI 1050-2 con-

stant temperature hot wire anemometer system.

2.3 Preliminary Model And Mean Flow Measurements

A preliminary wind tunnel model was designed to study the interaction
between a turbine (propeller) wake and an axisymmetric turbulent boundary
layer in the wind tunnel. The objective in the design, fabrication and testing
of this model was to understand, and identify the key design and measurement
problems for the follow-on study. For this reason, it was important that the
model be simple, inexpensive and easily fabricated. The development model
is shown in Fig. 2.2. It consisted of two cylindrical parts made of PVC pipe,
with diameters of 60 mm (2.37 in). The nose of the model was an ellipsoid of
revolution with a ratio of major to minor axes of 3. The forward section of the
model was connected to the aft section by a shaft, on which different propellers

could be mounted. The propeller shaft was connected to a small D.C. motor
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mounted inside the model. Due to their availability, as well as ease of fabri-
cation, model airplane propellers were used originally. However, since model
airplane propellers are designed to operate at speeds in excess of 10,000 r.p.m.,
which is much faster than the speeds desired for the present study, problems
were anticipated. The model configuration was such that the model could be
tested in the wind tunnel by using different propellers. A propeller hub was
fabricated around the propeller base and the hub surface had the same diameter

as the cylindrical model.

2.3.1 Trip

Due to limitations in the length of the model, with respect to the wind
tunnel test section, it was not possible to allow the boundary layer on the model
to develop naturally from laminar to turbulent flow. A thick, fully developed
turbulent boundary layer in the vicinity of the propeller could be produced
only by using a forward mounted boundary layer trip. Since two-dimensional
trips have been found to be effective in the incompressible flow regime [26], a
trip wire (ring) mounted immediately behind the elliptic nose was selected for
this study. Calculations showed that a wire diameter of 0.92 mm was sufficient
to trip the boundary layer. Commercially available wires of diameter .25, .5,
1.0 and 2 mm (.01, .02, .04, and .08in) were tested as trips. The turbulent

boundary layer created on the model using the different trips were surveyed
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with a boundary layer pitot probe. The shape of the velocity profiles thus
obtained were examined to determine when an appropriate power law profile
(characteristic of an equilibrium turbulent boundary layer) was produced. From
the profiles obtained at various streamwise locations, the growth of the bound-
ary layer was compared with that of an equilibrium turbulent boundary layer.
Shape factors were calculated and compared with published data [26]. Based
on these considerations, it was determined that a trip wire of 2.0 mm (0.08 in.)
diameter was appropriate to obtain a fully developed turbulent boundary layer.

When tripped, a boundary layer becomes an equilibrium turbulent bound-
ary layer, in terms of the mean flow, within 80 to 100 trip heights. It was
observed that the boundary layer had developed over a distance of 337 trip
diameters before it is disturbed by the propeller.

Velocity profiles for the tripped boundary layers compared well with clas-
sical turbulent boundary layer profiles. Also, the shape factors H;o defined

as

where §; is the displacement thickness and §, is the momentum thickness com-

pared well with the classical values [26].
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2.3.2 Pressure Surveys

For tests with the development model, data was acquired using the HP
9845 computer. Figure 2.3 shows a schematic of the instrumentation setup
used for both pressure and velocity measurements. All the devices except the
3-D traverse system and digital thermometer were driven by the computer.
Output from these two devices were input manually into the computer during
testing.

When the propeller was mounted on the model, and the tunnel was run-
ning, both the hub and the blades rotated. In this configuration, the behavior
of the turbulent boundary layer could be affected by the rotation of either the
base or the propeller or both. The objective of these experiments was to use
the propeller slipstream to alter the freestream edge of the turbulent boundary
layer. Hence, the two effects had to be separated. The rotating hub could im-
part a tangential velocity component which was approximately 20 to 30 percent
of the tangential velocity component at the tip. This created a rotating surface
beneath the boundary layer flow. However, the rotating hub does not produce
any strong organized vortex like the tip vortex of a propeller. Since the hub
length was small (12 mm), the boundary layer was ’disturbed’ by the rotating
hub only for a short distance in the streamwise direction. This effect has been
studied by Bissonnette and Mellor [30], Lohman [31], and Higuchi and Rubesin

[32]. Their studies indicated that for a small length of rotating hub (12 mm),
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the effect on the boundary layer flow was negligible. However, it was desirable
to ensure that this was also the case in the present study, since it was physically
impossible to have a propeller/turbine without a rotating hub.

To study the effect of the rotating hub on the boundary layer flow, a
modified model was used in which the propeller and hub were replaced by a
smooth hub of the same diameter and length. The smooth hub was driven
by a small D.C. motor. Boundary layer surveys were made at 25, 140 and
280 mm downstream of the hub when the upstream boundary layer thickness
was 11 mm. The range of hub rotational speeds was 600 to 1700 r.p.m. and
the freestream velocity was varied between 20 and 40 m/s. By comparing the
velocity profiles (Fig.2.4) thus obtained with those of the undisturbed flow, it
was determined that there was no measurable effect of the spinning hub on
the turbulent boundary layer over surface rotational speeds ranging from 1.9
to 5.3 in terms of skin friction velocity, v,. In the present experiment the
ratio of azimuthal velocity to freestream velocity was between 0.094 and 0.133
compared to ratios between 0.9 and 2 of Bissonnette and Mellor [30] and Higuchi
and Rubesin [32]. The ratio of the length of the rotating unit to its diameter was
0.2 compared with ratios of 6 and 6.52 of Bissonnette and Mellor and Higuchi
and Rubesin respectively. From these, it was concluded that a small rotating

hub is unlikely to disturb the flow appreciably.
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Since the preliminary model did not have surface pressure taps, pressure
surveys could only be made away from the body. It was found from a pressure
survey in the radial direction, that the static pressure was not constant along
a radius. This was expected, due to the radial variations in flow direction
produced by the rotating propeller. Hence, static pressure surveys were made
in the radial direction at various streamwise locations. Figure 2.5 shows a
typical radial static pressure survey behind the propeller. It was observed that
variations in static pressure were most significant near the blade tip region.

Helical vortices are shed from the tips of propeller blades and the pressure
in the regions where these vortices exist are expected to be lower than at other
locations. Later, the results from this pressure survey were used in the velocity
surveys to correct for the static pressure variations. The correction was made
on line during the velocity surveys.

The flow around the propeller blades is highly three-dimensional due to
the fact that a rotational component is introduced by propeller rotation and
vortices were generated by the blades. This created another problem in pres-
sure measurement. In a pitot static probe there are four holes located on the
circumference, 90 degrees apart, for sensing the static pressure. When the fluid

flow is along the axis of the pitot static probe, these holes sense the local static
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Radial static pressure survey behind the propeller.
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pressure. In the present case, since the flow has a rotational component, at least
one of the static taps would sense tota! pressure effects. This would result in
incorrect measurement of both static pressure and dynamic head. To prevent
this, the holes which would sense a local dynamic head were blocked to allow

the probe to sense only the local static pressure.

2.3.4 Flow Visualization

Since model airplane propellers are designed to be driven at very high
speeds (of the order of 10,000 rpm), their design operating conditions could
not be produced in the present experiment due to motor speed and model lim-
itations. Hence, the flow around the blades probably separated over a range
of conditions encountered in this study. Attempts were made to evaluate the
nature of the flow on the blade surface using different flow visualization tech-
niques.

A smoke wand and smoke tube were used in an attempt to visualize the
propeller low. However, the smoke diffused too quickly at moderate speeds.
At lower speeds the smoke did reach the propeller section. Unfortunately, this
was of no use since flow separation on the blades is highly dependent on the
stream velocity.

Holmes et al. [50] used the technique of painting liquid crystals on sur-
faces to visualize transition from laminar to turbulent flow over the wing of an
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aircraft. The color of a liquid crystal depends upon the shear stress it experi-
ences and this is a very useful technique for flow visualization. Liquid crystal
paint was applied on the propeller blades and tests were conducted. This did
show changes in color, but this did not elucidate the behavior of the propeller
flow because the shear stress between the paint and the propeller induced by
the centrifugal force of the propeller was found to be considerably larger than
the viscous shear stress. The net result was that the color of the crystal was
not entirely dependent upon the flow, but depended more on the thickness of
the coating. The fact that we do not know whether the flow is attached to
the blades, adds a major uncertainty to the flow being studied. This is one of

several reasons why it was necessary to design another model.

2.3.5 Velocity Survey

The first series of velocity surveys were performed when the propeller was
windmilling. Surveys were made starting close to the model surface and moving
out radially. Care was taken to see that more measurements were taken in the
boundary layer region than in the freestream. Figure 2.6 shows typical velocity
profiles behind the propeller, when loaded, at various streamwise locations. The
velocity profiles with the turbine windmilling at no load were similar to the one
shown in Fig. 2.6. The velocity profiles in the propeller wake region had local

maxima within the boundary layer region and measurements were taken in that
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region to capture the effect. When possible, the profile was obtained far from
the body to insure that the freestream velocity was measured outside of both
the boundary layer and the turbine wake. In some instances, when this was
not possible, velocity was measured at the limit of the traverse mechanism.
However, in most of the cases, this limitation did not occur.

The turbine was loaded using a small D.C. electric motor/generator con-
nected to the turbine shaft and housed inside the cylindrical body. Velocity
surveys with a loaded wind turbine (using the D.C. motor generator as a load)
were made in a similar manner to those described earlier. Since the electric
motor was housed inside the model, it was not possible initially to dissipate the
heat produced by the motor. Consequently, it could not be operated at constant
speed, and the turbine speed dropped steadily during the tests. This problem
was overcome by cooling the electric motor with water circulating through a
copper tube wrapped around the motor.

The following conclusions were drawn from the results of the experiments
conducted on the preliminary model:

1. The turbulent boundary layer could be clearly discerned at all the stream-
wise locations behind the propeller.
2. The radial pressure distribution varied, with minimum pressure near the

blade tip radius.
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3. The flow field immediately behind the propeller showed evidence of sev-
eral vortices, based on the velocity profile. (The velocity profiles behind
the propeller had local maxima.) This suggested the possibility of flow
separation on the blades.

4. The large vortices decayed as they moved downstream. But at all mea-
surement locations, two prominent vortices were observed. The velocity
defect produced by the turbine was visible in all the profiles.

5. Since only mean measurements were made, definitive conclusions could not
be drawn about the nature of the effect of the turbine wake on the turbulent

boundary layer.
2.4 Model Design

From the tests conducted on the development model several drawbacks
were identified :

1. The model was structurally weak and vibrated at low tunnel speeds.

2. The model used model airplane propellers at very low rotational speeds
possibly resulting in separation of flow over the blades.

3. The model had no provision for surface pressure measurement. The inside
diameter was too small to accommodate the tubes required for pressure
taps.

4. The rotor speed could not be varied independently from the tunnel speed.
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5. The strength of the vortex was possibly very low due to the small chord of

the blades.

6. The electric motor used for loading/driving the rotor had very low power
output. Moreover, it could not maintain the output for the long periods of
time required by these experiments.

These restrictions or drawbacks necessitated the design and development
of a second model and testing with better instrumentation. The new model
had to be large enough to accommodate all the instrumentation that had to
go inside and at the same time be small enough so that the tunnel blockage
due to the model was still small. Also with a larger body diameter, the ratio
of the boundary layer thickness to body diameter could be kept small (like a
two-dimensional boundary layer) for the same boundary layer thickness. The
propeller diameter was chosen such that the blade length was of the same order
of magnitude as the cylinder radius. A larger hub diameter (and consequently
larger model diameter) allowed the use of larger bearings which could reduce
the problems related to model vibration and alignment. The maximum move-
ment of the traverse and the length required to obtain an equilibrium turbulent
boundary layer with a trip, dictated the overall dimensions of the model. In
order to have a light weight, rigid and strong model, aluminum was chosen as

the material for the model.
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The second model is shown in Fig. 2.7. It consisted of two cylindrical sec-
tions, of diameter 100 mm. The nose of the model was an ellipsoid of revolution
with the same ratio of major and minor axes (3) as the earlier model. The two
sections were connected via a shaft, on which a propeller could be mounted.
The model configuration was such that the model could be tested in the wind

tunnel by using various numbers of propeller blades (from one to four).

2.4.1 Propeller Design

Commercially available model airplane propellers were not acceptable for
the reasons described earlier. Hence, it was necessary to design a propeller that
could operate satisfactorily under the conditions dictated by this experiment. A
propeller for this purpose was designed using the method developed by Adkins
and Liebeck [51]. An airfoil section for which wind tunnel test results were
available and which would operate satisfactorily under low Reynolds number
conditions was chosen, namely an NACA 4415 contour, from a catalog of low
Reynolds number airfoil data for wind turbine applications [52]. A computer
program was written for designing the blade contours for the wind turbine (see
Appendix A for a summary of the design procedure). The coordinates of the
blade cross section at various radial locations, and corresponding blade twist
angles were calculated and supplied to the manufacturer (Model Engineering

Co., Raleigh, NC).
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