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Preface

Turbulent shear flows occur throughout nature and are of great

technical importance. They occur as meterological winds near the

o e

earth's surface, behind curved shock waves, and in boundary layers. In
fact, some portions of an airc;aft's wings are exposed to turbulent
shear flows developed on the fuselage.

My study was sponsored by the Air Force Flight Dynamics Laboratory
and involves the generation of a turbulent shear flow of a prescribed

velocity profile by the use of a grid of circular rods of varying

spacing placed in a uniform stream. By the method dete“led in my !
study, other turbulent velocity profiles may be generated.

I wish to thank my sponsor, Captain George Catalano, of the Air
Force Flight Dynamics Lab, for his invaluable assistance to my under-
standing of the physics of turbulence. I also wish to thank my thesis
advisor Dr. Harold E. Wright for his continual encouragement and
patience. Thanks are also due to Mr. Carl Shortt and Russ Murry for
their assistance in the construction and installation of the grid
apparatus. Finally, I would like to thank my wife, Tina, and son,

Michael, for their sacrifice and understanding through this research.

Thomas N. McKnight, Jr.
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Abstract

An experimental study was conducted to investigate the turbulent
shear flow velocity profiles generated by a parallel-rod grid with
adjustable spacing designed to produce an artificial boundary layer.
The study was conducted in a low turbulence wind tunnel with a
9 x 9 x 37 inch test cabin. Data was collected using a hot-wire
anemometer in conjunction with a correlator.

The turbulence paramete reported are the development and dis-
tribution of mean velocities, fluctuating velocities, Reynolds stresses,
microscales and integral scales at 32, 112, and 232 rod diameters down-
stream of the grid. Results show that stable power-law velocity pro-
files can be generated with negligible diffusion of the shear layer
along the length of the test cabin. Turbulence intensity plots show
that 75% of the grid generated turbulence decayed within 100 rod dia-
meters downstream from the grid. The microscale and integral scales
showed their minimum values close to the grid and increased in value
downstream. Also, the ratio of the spatial integral scale to the

spatial microscale was approximately 3.0 throughout the test cabin.
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TURBULENT SHEAR FLOW VELOCITY PROFILES BEHIND
A GRID OF PARALLEL RODS OF VARIABLE SPACING

I. Introduction

The problem of turbulent flow continues to be an outstanding one in
engineering and physics. This stems from the fact that when turbulence
is viewed mathematically, no closed form solution to the governing
equations can be obtained. Therefore, any approach to turbulent shear
flows must lean heavily on experiment to gain insight into the structure

and motion of the turbulence.

Background

Experimentally, the generation of a particular velocity distribu-
tion in a ducted flow, as in a wind tunnel, is a problem of some interest.
Several methods are available; Kotansky (Ref 1) used a shaped honeycomb,
Livesey and Turner (Ref 2) used a grid of wires, and Corrsin (Ref 3)
used a parallel rod grid with jets. These various methods use the
pressure loss associated with bluff bodies or wire grids to redistribute
the upstream flow and thereby produce the required velocity distribution
downstream.

According to Kotansky (Ref 1), the requirements for an artificial
turbulent shear flow should include the following: 1) steady flow down-
stream of the disturbance; 2) smooth variation of velocity with a mini-
mum of local small scale nonuniformities; and 3) negligible diffusion of
the shear layer through the length of the test section. In addition,
the total pressure loss through the grid and its ease of design must be
taken into account. These considerations, along with a semi-theoretical

method available and the physical characteristics of the available wind




tunnel, led to the selection of a grid composed of one~eighth inch rods

to obtain the desired turbulent shear flow velocity profiles.

Objectives

This research had as its goals a number of objectives.

1. Design and consgruct a grid of parallel rods to generate
a 1/7 power law velocity profile simulating the turbulent flow over a
flat plate in the Reynolds number range less than 100,000.

2. Document the turbulence parameters at selected locations
downstream of grids of different rod spacings and compare with those of
a flat plate.

3. Evaluate the effect of grid geometry on the turbulent
flowfield downstream from the grid.

4. Demonstrate that other turbulent velocity profiles may be
generated by the method presented.

The organization of this report is as follows: Section II covers
the theoretical background including a definition of the grid para-
meters, the expression for the rod spacing distribution needed to pro-
duce a certain velocity profile, and the limitations and applicability
of the analytical method. Sections III and IV describe the experimental
apparatus and instrumentation used in this study. Section V explains
the techniques used in calibrating the hot wire sensors along with the
methods used to calculate the selected turbulence parameters. Section
VI includes the discussion of the results and Section VII contains the

conclusions and recommendations.




II. Grid Theory and Design

The following section will include: a brief look at previous grid
theories for velocity profile generation; a list of the important grid
parameters; and the method used in this report for determining the rod-
spacing distribution for one~seventh and one-fourth power law velocity

profiles.

Previous Work

Early methods of profile generation and flow control were largely
accomplished by trial and error, the profile being produced downstream
of some distribution of blockages whose precise shape was determined by
laborious experimental work. This method was not only time consuming,
but afforded little or no control of the turbulence structure and the
profiles themselves often suffered from rapid decay rates and large
scale flow instabilities.

The earliest theoretical analysis of the flow through grids was due
to Owen and Zienkiewicz (Ref 4). Their analysis resulted in an expres-
sion fqr the spacing of a circular rod array graded to produce a linear
shear distribution. Subsequently, Livesey and Turner (Ref 2) extended
the method to cover the generation of a symmetrical linear shear pro-
file. However, probably the most complete work in this area is that due
to Elder (Ref 5), who derived a linear relationship between the non-
uniform grid properties and the velocity distribution in the upstream
and downstrean flows. This method was used by Cockrell and Lee (Ref 6)
to produce a power law velocity distribution downstream of the grid
assuming the upstream flow to be uniform. Following Cockrell and Lee's

basic approach, the rod-spacing distribution in this study was based on




their method. A more complete analysis of the method used to design the

grid is contained in Appendix A.

Grid Parameters

In the idealized model considered in Figure 1, the grid represents

Fig. 1, Flow Through a Grid

a surface across which a discontinuity in the pressure and velocity dis-
tribution occur. The fluid must obey continuity and also obey certain
conditions at the grid which are specified in terms of geometrical and

empirical parameters. A list of these parameters is given in Table I.

Rod-Spacing Distribution

From expressions of the loss coefficient, K, the resistance para-
meter S, and the lift coefficient B, the following relationship can be

obtained for power law velocity profiles downstream of a grid.

1

n+1 (y_)“ _ L . _2K0 - BKO .788 - KO(1 - B)°
n \H 2(2 ¥ KO - B) 0 - )2

(1)

4




Table I

Grid Parameters

Symbol Description
d Rod diameter
'3 Rod center-line spacing
S Grid resistance parameter
H Tunnel height
B Porosity (open area/total area)
P Static pressure
P2 - P
K = Loss coefficient
1/20U1
KO Resistance constant
Y,y Distance from bottom of test section
X Distance along test section
U Mean velocity through tunnel
1,2 Sections immediately upstream and downstream
of grid
L Sections far from grid
B=1-u0 Lift coefficient
U Local velocity at height Y along tunnel axis
v Tangential velocity at grid
o \PIASY




where B = d/% and KO is the resistance constant to be determined. This

equation is derived in Appendix A. Eq (1) includes a modification to
the loss coefficient expression used by Cockrell and Lee (Ref 6) based
on more recent experimental results. Therefore, all grids based on Eq
(1) will be noted as based on the modified method. Consequently, any
power law velocity distribution may be obtained for a grid of rods of a
given diameter. The solutions to Eq (1) for d = .125 in (.318 cm) and H
= 9 inches (22.86 cm) are shown in Figures 2 and 3 for n =7 and n = 4
for different values of KO. The curves for n = 7 will be used to gen-
erate the one-seventh power law velocity profile approximating the

turbulent flow over a flat plate.

Selection of KO

From Figures 2 and 3, it is apparent that the same non-dimensional
velocity profile may be obtained analytically for differing values of
KO, the resistance constant. Hence, the effect of altering KO will be
to produce the same velocity profile with different rod spacings, and
the effect of this will be a variation in the turbulence characteristics
of the downstream flow.

The choice of KO, however, is not entirely arbitrary. The minimum
value for KO can be determined by assuming that d/2 = 0 for y = H (Ref 4).
This would imply a minimum value of KO of .33 for the one-seventh law
profile. The maximum value of KO is limited by B, the porosity, by the

following relation (Ref 7)

.52(1 - 8%)
8

KO = (2)

2
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Bradshaw (Ref 8) recommends that values of B be greater than ,57 to
avoid flow instability downstream of the grid caused by neighboring jet
flows either coalescing or diverging in a random manner. Using the
minimum recommended value for B of .57 in Eq (2) limited the maximum

value of KO in this study to 1l.1l.

Limitations and Applicability

The above equations assume small transverse displacements of the
velocity streamlines. In addition, it is necessary to restrict the

dux

dimensionless shear, H ai— , to values less than .5 gince the variation
in resistance across the grid and the variation of velocity across the
test cabin is assumed small (Ref 5). Also, the above relations neglect
the non-uniformity of the incoming stream due to the boundary layer.
This section has introduced the grid parameters and the expression

used to calculate the rod-spacing distribution for the grids described

in the next section.




ITI. Test Apparatus

This section describes the flowfield, the turbulence parameters
used to characterize the flow, the wind tunnel and its traversing

mechanism, and the grid apparatus used to produce the velocity profiles.

Flowfield

The flowfield to be provided by the test apparatus consists of an
approximately turbulence free, i.e., within the electronic noise of the
instrumentation and neglecting the turbulence in the tunnel boundary
layer, uniform flow upstream of the grid and a turbulent shear flow of a
one-seventh power-law velocity profile downstream (Fig. 4). The uniform
stream was held constant at 30 ft/sec for all wind tunnel rumns. Thus
the Reynolds number, based on rod diameter, was held constant at 2000.
This Reynolds number is in the range where the boundary layer geparation

of the circular rods is laminar although the wake is turbulent (Ref 3).

Parameters of Interest

The turbulence parameters to be determined for this investigation
are shown in Table II. These parameters are commonly used to initially
characterize a turbulent flowfield with the aid of a hot wire ancmometer

system.

Wind Tunnel

The AFIT 9 inch (23 cm), low speed, open circuit wind tunnel with
a 9 inch (23 cm) by 37 in (.94 m) test cabin, provided the controlled
flow for this study (Fig. 53). The tunnel is located in room 142,
building 640 of the AFIT School of Engineering. This tunnel is powered

by a 27 volt D.C., 1 1/2 HP, 6500 rpm motor, The maximum velocity

10
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Table II

Turbulence Parameters

Symbol Description

U Mean streamwise velocity

v Mean velocity in y direction

u” Velocity fluctuation in streamwise direction
v’ Velocity fluctuation in y direction

u’v” Cross product terms related to Reynolds Stress
u‘ v)

T U Turbulence intensity quantities

At Time microscale

XL Spatial microscale

At Time integral scale

Spatial integral scale



Fig. 5 AFIT 9.0 inch Wind Tunnel

Fig. 6 Grid Templates and Rods
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attainable in a clean test cabin on a standard day is 67 ft/sec. By the
use of the fine and vernier controls on the tunnel, the velocity in the
test section could be maintained to within #*.5 ft/sec. The tunnel has

a contraction ratio of 25 which provided a measured turbulence level
(u”/U) of .00l in the clean test cabin. The measured boundary layer on
the floor of the test cabin was .98 inches (2.49 em) at the design

velocity of 30 ft/sec.

Traversing Mechanism

The pitot-tube traversing mechanism was modified to accept the hot-
wire probe support for measurement in the test section. The traversing

mechanism was located on the center-line of the test section and by the

use of four wood plugs, could be placed at set intervals along the test
section. This mechanism also permitted measurements to be read directly

to .1 inches vertically across the test gection.

Grid Apparatus

The grid apparatus was designed to facilitate the installation and
removal of several different rod arrangements. This flexibility was
achieved through the use of removable templates with 1/8 inch holes

drilled to receive the rods. These holes were drilled according to the

rod spacing pattern dictated by the power law rod-spacing curves shown
in Figures 2 and 3.

The templates and supports were made of brass with the templates 9
inches (23 cm) long by 1 inch (2.34 cm) wide and 1/16 inch (1.58 mm)

thick (Fig. 6). The size and shape of the templates and supports was

dictated by the need for the minimum disturbance to the flowfield and

yet not fail or permit large deflections. Therefore, the templates and

14
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supnorts were streamlined to the incoming stream.  The circular rods

were made of aluminum and were 1/8 inch (.3 em) in diameter (Fis. 6).

o iastall a piven grid, the templates were screwed into the

suppoerts.  Then the rods were inserted from one side and were held in

place v the plexigluass windows of the tunnel (Fig. 7). buring all

runs, no vibration of the rods was obscerved.

-
-
-
-
-
-
-
-
-
-
-
=

Fig. 7 Crid Installation




IV. Instrumentation

The primary instrumentation used in this investigation was the
Thermo-Systems, Inc. (TSI) constant temperature hot wire anemometer
system, with its associated electronic equipment and sensors, the
Hewlitt-Packard (HP) 3721A cofrelator, and the pressure measuring
equipment. This instrumentation has been used in several studies on
turbulent flows (Ref 9 and Ref 10). Figures 8 and 9 show a schematic

and photo of the actual instrumentation used in this study.

Anemometer

One TSI Model 1050 anemometer was used to process the signals from
the hot wire sensor during the calibration and wind tunnel runs. ‘Lhis
anemometer works in the constant-temperature mode with the bridge circuit
optimized for maximum frequency response (Ref 11). The output from the
anemometer consists of a d.c. voltage and an a.c. voltage corresponding
to the mean and fluctuating velocities respectively. These voltage
values were then converted to velocities directly from the calibration

curve given in Appendix B.

Sensor Probes

The single wire, Model 1214 hot wire probe was the primary sensor
used for the experimental data collection. The probe consists of a
single wire (.00015 inch diameter) aligned perpendicular to the mean and
fluctuating velocity directions. The sensor was attached to an elbow
support and then attached to the probe support which was part of the
traversing mechanism. Also, a TSI Model 1241 x-wire probe was used for
obtaining the Reynold’'s stress in the x-y plane by measuring the fluctuating

velocities in both the x and y directions. Both probes are shown in Fig 10,

16
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Voltmeters

Digital Voltmeter (CVM). A Hewlitt-Packard (HP) 3470A D.C. Volt-

meter was used to indicate the d.c. voltage output from the anemometer
bridge. The DVM was set to read to the mearest thousandth of a volt
corresponding to .1 ft per sec.

Digital Voltmeter. A HP 3440A digital voltmeter was used in con-

junction with the HP 3470A DVM. With the variable sample rate feature
on the HP 3440A, this permitted an easier determination of the mean
voltage at each reading since the voltage fluctuated rapidly.

Root-Mean Square (RMS) Voltmeter. A HP Model 3400A Voltmeter was

used to indicate the a.c. voltage output from the anemometer bridge.

This output represents the velocity fluctuations about the mean velocity.
Since an average of these fluctuations would be zero, there must take
place an RMS analysis to determine the velocity fluctuations. Since
these fluctuations were very unsteady it was necessary to observe the

RMS meter for several oscillations before estimating the mean RMS voltage.

Correlator

Model 3721A Correlator. The HP Model 3721A correlator was used to

calculate the temporal auto-correlation function from the output signal
of the anemometer bridge. The auto~correlation function was then dis-
played on a built-in cathode-ray tube and recorded on an x-y plotter for

analysis and data reduction.

Oscilloscope

A Textronic, Inc. Type 535A Oscilloscope was used in checking the
stability of the anemometer bridge while maximizing the frequency response

of the anemometer circuits. The oscilloscope was also used to check the
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auto-correlation function program in the correlator by inputing a known
sine wave displayed on the oscilloscope and observing its auto-correla-

tion function on the correlator's cathode-ray tube.

X-Y Recorder
A F. L. Mosely Company, Model 2D-2 X-Y Recorder was used to record
the auto-correlation function directly from the cathode-ray tube of the

correlator.

Calibrator

A TSI Model 1125 calibrator was used in conjunction with a water
micro-manometer, which provided a direct reading to .00l inches, to
obtain the calibration curve for the hot wire sensor. The velocity
range for calibration was 0 to 67 ft/sec corresponding to approximately

1l inch of water.

Pressure Measuring Equipment

A Pitot-static tube wag used initially to check the wind tunnel
calibration and to verify the velocity readings of the hot-wire sensors.
A Merriam 4 inch inclined manometer was used to measure and control the
wind tunnel test section velocity. This manometer could measure down to

one-hundredth of an inch of water.
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V. Experimental Techniques and Parameter Calculations

The following section will describe the various techniques used to
control the test conditions and the calibration of both the sensors and
the wind tunnel. In addition, the methods used to calculate the mean

velocities and the turbulence parameters will be discussed.

Control of Test Conditions

By their nature, open circuit wind tunnels, which take in air from

their surroundings, are very sensitive to drafts. Thus during all wind

tunnel runs, the doors to the lab were closed. Also, prior to each run,
a Ap static value was obtained from the tunnel calibration plot of 4p
static versus test section dynamic pressure to obtain the correct Ap
static for 30 ft/sec on any given day.

One of the primary difficulties with hot wires is the effect of
fluid temperature on the heat transfer of the wire. Day to day tempera-
ture excursions from those used to calibrate the sensor were compensated
for by a close attention to anemometer bridge balancing prior to each
run. In fact, in air, a 1°C temperature change could produce an error
of 2% in the measured velocity (Ref 12). This problem was minimized
during the period of hot wire runs because the room temperature held

constant at around 18°C + .5°.

Calibration

Sensors. Since the results of this study are entirely dependent on
the hot wire results, the calibration of the sensors constituted the
most critical phasé of this research. During calibration, heat conduction
logses to the sensor supports and small variations in sensor temperature,

dirt accumulation, and imperfect sensor geometry are taken into account,
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Both sensors were calibrated, using standard procedures, on a %!
Model 1125 calibrator in conjunction with a micromanometer for precis.
measurement (Ref 13). The sensors were both calibrated normal to the
mean flow direction (Appendix B). Since the hot wire is sensitive (.
its orientation, fine adjustments must be made to the sensors positi.: :
on the calibrator until the response from the non-linear bridge out;:-
is a maximum along with a minimum response from the RMS meter. This
assures that the probe is located in the potential core of the jet wi’

by design is nearly turbulence free.

An overheat ratio of 1.5 was selected to give good sensor sensi-
tivity to velocity variations and a good signal to noise ratio of the
anemometer signal.

Wind Tunnel. Due to the fact that the pitot~tube traversing
mechanism had been modified to accept the hot wire support, the test
section velocity was controlled by the Piezometer ring. This neces-
sitated a calibration check of the dynamic pressure, g, in the test
section, versus, the Piezometer ring static pressure readings. Using
the calibration curve provided with the tunnel, velocities measured b:
both sources agreed within 1%. Both velocity and turbulence intensitv
surveys of the tunnel test section were run to document the flowfield
prior to installation of the grid and to familiarize the researcher wi:

the overall system. These results are given in Section VI.

Measurement Techniques

Prior to each test run, the traversing mechanism was secured at ti
proper test location and the 90° elbow attached to the