DRAG MEASUREMENTS ACROSS PATTERNED SURFACES IN
A LOW REYNOLDS NUMBER COUETTE

FLOW FACILITY

by

TYLER JAY JOHNSON

A THESIS

Submitted in partial fulfillment of the requirements
for the degree of Master of Science in the
Department of Aerospace Engineering
in the Graduate School of
The University of Alabama

TUSCALOOSA, ALABAMA

2009



Copyright Tyler Jay Johnson 2009
ALL RIGHTS RESERVED



ABSTRACT

Understanding fluid dynamic drag, and its reduction, has always been a topic of primary
concern. Direct drag measurements can be difficult to obtain with low viscosity fluids such as
air or water. For this study a new low Reynolds number Couette facility was constructed to
investigate surface drag. In this facility, mineral oil was used as the working fluid to increase the
shear stress across the surface of the experimental models. A mounted conveyor creates a flow
within a Plexiglas tank. The experimental model of a flat or patterned surface was suspended
above the moving belt. The experimental plate was attached to linear bearings on a slide system
that connects to a force gauge used to measure the drag. Within the gap between the model and
moving belt a Couette flow with a linear velocity profile was created. Digital particle image

velocimetry was used to confirm the velocity profile.

A patterned surface, in this case consisting of 2-D cavities, was embedded into a large
portion of a Plexiglas plate. First, the drag across a flat plate of the same size was measured and
compared to theoretical values for laminar Couette flow. These results were found to be within
5% of predicted values following Cp = 2/Re. The drag for a 2-D embedded square cavity model
was then measured and compared to the flat plate results. A drag reduction of up to 20% was
found for the lateral rib model at Re ~ 10 or less, with increasing drag reduction as the Re
decreases. Lower drag reduction was found up to Re ~ 50, where the difference becomes

negligible. Finally, the flow over the 2-D cavities was modeled with a partial slip at the bottom



wall. Modeled average partial slip velocities were calculated from the drag measurements and

reached values of 10-22% of the belt speed for Re < 10.
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LIST OF ABBREVIATIONS AND SYMBOLS

Surface area of experimental model

Non-dimensional gap height over cavity width

Coefficient of friction

Cavity depth

Drag force

Specific gravity

Channel half-height

Cavity width

Dynamic viscosity

Density

Volumetric flow rate

Reynolds number based on channel height

Surface shear stress

Belt velocity
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Partial slip velocity

Average velocity
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Location from channel centerline
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1. INTRODUCTION

1.1 Drag Reduction and Couette Flow

Drag reduction is an important and often studied area within fluid mechanics. By
reducing the drag over an object less power, and therefore fuel, is required to move the object. It
has been estimated that a drag reduction of just 1% on an airplane could save $200,000 per year.
Across the airline industry this would mean billions of dollars of savings and help curb

environmental pollution and dependence on foreign oil.

Surface patterning, such as dimples on a golf ball, is a simple, passive means of drag
reduction. In this method, embedded or protruding geometries manipulate the flow and create
vortices that either delay transition to turbulent flow or cause an early transition to prevent
separation of the boundary layer. In this study embedded geometries were used in a completely
laminar flow to examine the surface drag resulting from 2-D embedded cavities within which

vortices form that allow the outer flow to “slide” over the geometry.

The primary intent of the work performed was to construct a new facility to measure drag
forces across the surface of a plate. Water has a low viscosity and does not create enough force
to effectively measure drag. In the water tunnel only velocities and Reynolds stresses can be
measured which is an indirect method of measuring the drag of abody. Simple Couette flow isa
good model for both a laminar boundary layer flow close to the surface of an object, as well as

for a time-averaged turbulent flow within the viscous sub-layer. The increased viscosity of the



oil causes a substantial increase in the force across the surface of the plate making the surface
force exerted on the plate by the flow measurable; total forces are on the order of 1 N instead of

1 mN.

The new Couette flow facility provides a way to study the area-averaged surface stress
imposed by the flow on the experimental models. The shear driven Couette flow created by the
viscosity of the oil has a linear velocity profile along the height of the channel. The stress across

the surface of the plate creates a net drag force which can be measured by a force gauge.

In this research, both a flat surface and another consisting of 2-D embedded cavities were
positioned in the oil tank above a moving belt. A Couette flow was then created in the channel
between the model and the belt. The shear stress across the surface of the plate was measured
using a force gauge at different belt velocities and channel heights. Finally, the results were
compared to discern whether the formation of embedded vortices in the 2-D cavity model for
low Re laminar flow could achieve sub-laminar flat plate shear stress. Previous research by
Scholle (2005) shows that rotation of embedded vortices within cavities in laminar flows can
reduce skin friction drag by creating a sort of fluid roller bearing within the surface geometry.
Gatski and Grosch (1985) also computationally found that surface drag across an embedded

cavity was less than that of aflat plate.

1.2 Objectives

The goal of these experiments was to find a means of reducing drag by using embedded
geometries. The inspiration of this research stems from the work done in previous experiments.
Bechert et a. (1989) built a Couette flow facility and compared drag across longitudinal and

lateral ribs. However, the lateral ribs created a smaller gap height than for the longitudinal ribs



and caused flow blockage. The research described in this paper tested lateral ribs embedded
within a plate and observed its effect on surface drag. Experiments performed in this new
facility can be used to compliment data obtained from the University of Alabamawater tunnel as

similar geometries can be placed in both facilities and studied.

The first objective of this research was to build a Couette flow facility to experimentally
generate a theoretical Couette flow, or a linear velocity profile, between a moving belt and a
stationary plate. Variations of similar facilities have produced a true linear velocity profile such
as Reichardt (1956) and Leutheusser and Chu (1971). A Time-Resolved Digital Particle Image
Velocimetry (TR-DPIV) system was used to measure the velocity profile. A dye could not be

used because it would permanently color the oil which is not readily replaceable like water.

Because few facilities of this kind exist, knowledge learned from previous work was
limited. Those facilities conducting similar research are much larger, using thousands of gallons
of oil or glycerine. This facility would show that research in drag reduction can be done on a

smaller scale and with considerably fewer costs.

The second objective of this research is to measure the drag force of a Couette oil flow at
various velocities across a flat plate and compare it to the drag force across embedded
geometries, specifically for this study across a geometry consisting of 2-D lateral embedded
square cavities. The total drag force across the surface of the experimental models can be
measured; these measurements were the first of their kind to confirm whether sub-laminar drag is
achievable across embedded cavity geometries as has been computationally predicted at low Re

by Scholle (2005) and Gatski and Grosch (1985). However, the local types of drag occurring



across the geometry composed of both pressure and skin friction drag, which combined define to

total surface drag, could not be differentiated with this measurement technique.



2. REVIEW OF LITERATURE

2.1 Previous Oil Facilities

Very few facilities have been built where high viscosity oil is the working fluid. Those
oil facilities that have been constructed are primarily used to study boundary layers and drag
reduction. The high viscosity of oil increases the thickness of the boundary layer and size of the
viscous length scale as compared to a boundary layer within water or ar flow. With this
increased thickness, the small scales occurring in boundary layer transition and separation are
more easily visualized. The increased kinematic viscosity of oil, combined with a density similar
to that of water, causes a much larger shear stress across surfaces within an oil flow. The
increased shear forces can be measured with typical force balances and gauges. Different
geometries and surface patterning can then be studied within an oil flow for drag reduction

research.

Choosing a particular fluid for high viscosity facilities is extremely important and
specific for each experiment. In almost all cases the fluid must be safe for human touch and use
in laboratory settings. Oil with low flammability is recommended as heat is often added to
flowing oil by a motor, pump, impeller, or drive shaft. Using this knowledge the Pennsylvania
State University Boundary Layer Research Facility uses glycerine as the working fluid
(Bakewell 1966). Glycerine is in use at the facility because of its high viscosity allowing
measurements to be taken more easily within the boundary layer. Glycerine also possesses low

toxicity making it safe to use in a laboratory and easily obtainable without special permits.
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Bechert et al. (1992) working on the Berlin oil channel realized that certain oils have a
high sensitivity to light and become dark after exposure to ultraviolet light. Flow visualization
via dye or particle image velocimetry (PIV) is not possible with an opaque fluid. Studying drag
reduction Bechert et al. also required a fluid that would meet four requirements for the facility:
first, produce a thick viscous sublayer that would allow 5 mm for lateral rib spacing; second,
create shear stresses greater than 1 N/m?; third, allow for integration times of a few minutes with
flow above 0.5 m/s so that turbulent fluctuations can be accounted for; and finally, support hot
wire measurements. White paraffine oil (baby oil) was found to best meet these facility

requirements.

Material compatibility is another concern in the use of oil facilities. Esther based oils
react with plastics which could change the physical properties of the fluid. Various oil based
products also tend to react with rubber products which would contaminate and possibly color the
oil. The Cdlifornia Institute of Technology also employs the use of an oil channel for research
with small low-aspect ratio wings in low Reynolds flow (Munson 2009). This facility uses
Chevron Superla white mineral oil which reacts with some forms of metal as well. Copper and
bronze were found to react with this oil and leave it a deep yellow color preventing flow
visualization. In these oil facilities, the particular choice of viscous fluid is important on the

range of experiments that can be performed and materials that can be used.

2.2 Couette Flow Experiments

Most studies of Couette flow have been performed theoretically by solving the Navier-
Stokes equations. Few experiments have actually taken place trying to create the linear velocity

and shear stress profile of Couette flow in alaboratory setting. However, many ideas exist asto



how to produce Couette flow. The first method is to loop a belt around two cylinders and
immerse the device in a liquid as done by Reichardt (1956). By moving the belt at a constant
speed Couette flow was created within the belt from the centerline to the belt. The center had
zero velocity as the belt moved in opposite directions on either side. Reichardt searched for the
point of transition for Couette flow within his system and determined the critical Reynolds
number to be approximately 750. Likewise, Tillmark and Alfredsson (1992) used this same
approach as they investigated the transition Reynolds number for plane Couette flow. With this
experimental configuration the investigators found it difficult to achieve a linear velocity profile
within the channel even for laminar flow. The resulting velocity profile was often an S-curve
which could have been aresult of turbulence in the system. Through experimentation, Tillmark

and Alfredsson found a transition Reynolds number of approximately 360.
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Figure 1. Tillmark and Alfredsson apparatus. (1) floated glass plates, (2) polyester belt, (3)
driving cylinder, (4) belt support and speed measuring cylinder, (7) belt steering cylinders,
(8) liquid jet injector (Tillmark and Alfredsson 1991).

In almost an identical experimental setup to Tillmark and Alfredsson, Daviaud et al.
(1992), found similar results. They concluded the transition Reynolds number to be

approximately 370.



Figure 2. Schematic of Daviaud apparatus. (a) Large cylinders, (b) tank, (c) water,
(d) clear plastic belt, (e) small cylinders, and (f) glass plates (Daviaud et al. 1992).

Robertson (1959) used the belt loop but instead placed a stationary plate above the
surface of the belt. Focusing on the air flowing between the belt and plate, Robertson was able
to get results closer to true Couette flow. The flow was mostly linear except very close to the

plate and belt where it had curvature as previously found by Reichardt.

Leutheusser and Chu (1971) found another way to approach Couette flow. A moving
water surface was used as the moving surface of a Couette channel while a rigid, plastic-coated
piece of plywood was the stationary surface. Air flowing between these surfaces would create
the linear velocity profile associated with Couette flow. The water sat upon a tilting laboratory
flume which could be used to vary the velocity of the moving surface. This setup could produce
accurate results but as the water velocity increased so did the possibility for inaccuracies due to
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rippling within the water. For laminar flows, Reynolds numbers (based on center-line velocity
and channel half-depth) below approximately 280, linear velocity profiles seemed to exist. As
this critical Reynolds number differs from that found by Reichardt, the researchers believed that

the transition point varies within each experimental setup.

Aydin and Leutheusser (1979) experimented with Couette flow by moving one rigid
Plexiglas plate over another stationary glass plate. The top plate was attached to a mechanical
carriage that moved across the stationary plate at a constant velocity causing air, the working
fluid, to move between the plates. Since two identical rigid walls were used the effect of wall
roughness could be studied with this system. The group was able to replicate a linear velocity
profile for laminar flow within the apparatus. For turbulent flow, the S-shaped velocity profile,
as discovered by previous researchers, was also found. Experimentally the critical Reynolds

number was found to be approximately 280.
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Figure 3. Experimental setups (a) Reichardt apparatus, (b) Reichardt apparatus,
(c) Robertson apparatus, (d) Leutheusser and Chu apparatus (L eutheusser 1971).

2.3 Riblet Drag and Drag Reduction

Surface patterning, such as dimples on a golf ball, is one way to reduce drag on an object
within a flow. Riblets, one example of surface patterning, have been found to reduce skin
friction drag by up to 10% in turbulent flow. The drag reduction in a laminar flow has not been

studied extensively.

As a precursor to the Berlin oil channel, Bechert et al. (1989) filled a small tank with
glycerine and placed a belt loop inside. A plate with longitudinal ribs was placed above the belt
while a plate with ribs aligned laterally to the flow was placed below the belt. These plates were

connected to a frame attached to springs so as to measure the shear stress across the surface of
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the plates. From these experiments Bechert et al. found that the shear stress was greater across

the lateral riblets. Below adiagram of the experimental apparatus is shown.

longitudinal riblets squirrel cage cylinder

< F,
:— _____ [ I— ———_—; con‘necf.ing
| / }/ frame
(o /)
g |
L"7—/J LLLLhL 4
F1 H \

canvas beltl lateral riblets

Figure4. Schematic of Bechert et al. experimental setup (Bechert et al. 1989).

Bechert et al. acknowledged that the decrease in gap height for the lateral ribs caused
blockage of the flow and therefore an increased shear stress. Eliminating this difference in gap
height and embedding the ribs within a plate should decrease the shear stress which may prove to

be equal or below that of longitudinal ribs.

Scholle (2006) computationally examined the effect of a lateral, sinusoidally shaped
surface on low Reynolds creeping flows. After equation manipulation and a Fourier analysis,
Scholle discovered that the surface pattern with sharper peaks could reduce drag by up to 10% as
opposed to riblets with smoother shaped sinusoidal peaks. The reduction is a result of vortices
formed within the valley of the peaks that force the moving fluid away from the surface. The
vortices and fluid within them create a roller bearing effect reducing the shear stress across the
surface. It was found that sharper peaks improve the mean transport velocity which produces a

stronger reduction in drag. As can be seen in the figure below, eddies form in the cavities
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between the peaks, the inner flow, and push the rest of the flow, the outer flow, away from the

a = 0.40m

surface of the model creating aroller bearing effect.

a=0.90x a=120m

Figure5. Eddieformation within the cavities (Scholle 2006).

The maximum increase in the mean transport velocity was found to be approximately
1%, which although small could be significant in terms of drag reduction. Wang (1994)
analytically studied the drag across a finned plate (like latera riblets shown in figure 4) in a
creeping or Stokes flow, Re << 1. He claimed to have found an increase in drag across the
finned plate when compared to aflat plate; this was due to the fact that adding the fins, or cavity
partitions, actually resulted in decreasing the gap distance which causes corresponding drag
increase. However, using the same reference point as used in this study, flat plate drag value for
the plate located at the top of the cavities, the drag actually decreases across the finned plate.

Wang also observed a greater decrease in drag for longer than wide cavities. For square cavities

12



with a gap height the same as the cavity height, they observed a decrease in drag of

approximately 20% (see Appendix 1).

Gatski and Grosch (1985) studied the drag across an embedded 2-D cavity in a laminar
boundary layer flow. They computationally examined how changing the ratio of the size of a
sguare cavity to the boundary layer thickness affected the drag across the surface of the plate for
a Re value of about 1200 based on boundary layer thickness. This research found that the
greatest reduction in drag occurred at a cavity length to boundary layer thickness ratio of %.. At
higher ratios, and thus higher cavity Re, the results showed the cavity vortex being pushed
towards the downstream side of the cavity with a corresponding decrease in drag reduction. The
authors pogtulated this trend would continue at larger ratios as at the 1:1 ratio the greater
reduction in friction drag did not overcome the greater increase in pressure drag from increased

cavity size. The table below shows the drag decrease at changing cavity sizes.

. Pressure leferentlai Total =~
Cavity .drag” friction draga differential drag?® Percent
size - (x10°%)  (x107%) - (x10-%) - reduction®
t=d=Y% 1.4 ~2.0 -0.6 -0.9
b=d="% i3 ~4.2 _ -09 -1.3
b=d=% - 4.9 . -6.8 -1.9 —2.4
t=d=1 7.5 : .—87 e -1.5 -

“Fncnonal drag with cavity minus frictional drag without cavity. Ppressure
drag plus differential frictional drag. *Total differential drag divided by fric-
tional drag on flat plate.

Table 1. Drag forcesacross embedded cavities (Gatski and Grosch 1985).

Gatski and Grosch (1985) also showed how the shear stress varied linearly across the
surface of a plate and an embedded cavity. Asseen in the figure below, the shear stress increases

at the edges of an embedded cavity but approaches zero over the cavity. The increase ahead of

13



the cavity is due to a favorable pressure gradient occurring as the flow approaches the cavity

upstream.

OE-+) A U OO RN s N R N
5,9  51.0 52.0 53.0 54.0
X .

d} {=d=1.

Figure 6. Shear stressacross an embedded square cavity (Gatski and Grosch 1985).
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3. THEORETICAL BACKGROUND

3.1 Couette Flow

Couette flow is a steady, wall-driven flow that is one of the exact solutions of the Navier-
Stokes equations. Couette flow is defined as the laminar flow between two infinite, parallel
plates where one plate is moving at a constant velocity U and the other plate is fixed. The plates
are assumed to be infinite in the z-direction and are separated by a distance of 2h, the channel

height. Below is a simple Couette flow configuration.

¥y dimension

boundary plate (2D) A )
(moving) velocity, u

-
-

shear stress, T

Fluid gradient, ™
oy

;- s Frrri i i
S LTSS T sy

boundary plate (2D)
(stationary)

Figure7. Simple Couette flow profile (Wikipedia 2009).

Viscous drag forces caused by the moving plate drive the flow. The boundary conditions
are assumed to be the no slip conditions present at the walls, so u(+h) = U and u(-h) = 0. This
leads to alinear velocity profile that varies with the channel height. The equation for velocity is

shown.
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a=$ (143

Knowing that the dynamic viscosity U is constant, it can be found that the shear stressis constant

and equal to the equation below.
du U
T=px =06y 2)
The total drag acrossthe surface of a plate is then equal to:
F=1+A (3)

3.2 Reynolds Number and Transition

The transition from laminar flow to turbulent flow is an important aspect in the study of
fluid mechanics. Turbulent flows differ with respect to drag from laminar flows. Laminar flow
experiences most of its drag in the form of pressure drag and very little from skin friction drag.
The transition from laminar flow to turbulent flow occurs when disturbances in the flow grow

uncontrollably and are not dissipated by viscous effects.

One way to determine the transition point of a flow isto determine the Reynolds number.

The Reynolds number is aratio of the inertial forces versus the viscous forces of the flow. The
Reynolds number is dimensionless and is defined as Re = % where 2h is the characteristic
length. For Couette flows the characteristic length is generally chosen to be the gap or channel
height. As the Reynolds number increases for a flow, the inertial forces become greater than the

viscous forces. When turbulent eddies formed in the flow become amplified and the flow is

unable to return to a steady state transition occurs. The critical Reynolds number must be

16



determined experimentally for each different system as slight differences change the transition
point. Experimentally, Aydin and Leutheusser (1979) found the earliest transition point among

researchers for planar Couette flow which occurred at a Reynolds number of approximately 280.

3.3Drag

Drag is the sum of the forces acting parallel to the direction of the flow. Many forms of
drag on a body exist such as pressure, induced, skin friction, wave, and interference drag. The
most prevalent form of drag over a body in a laminar flow is pressure or form drag. Pressure
drag results from the shape of a body moving through a flow. Different shapes result in varying
drag forces on an object. The surface drag across embedded geometries will differ and may be

lower than the surface drag across aflat plate.

Skin friction drag results from the viscosity of a fluid flowing across the surface of an
object, and the only form of drag present in planar Couette flow over aflat plate. A shear stress
is created within the boundary layer formed by the fluid. Greater shearing stresses result from
fluids with higher viscosities; therefore, higher viscosity fluids create more drag on objects than

fluids with low viscosity. This leads to the equation for viscous forces below.

dF, = tdA (4

3.4 Couette Flow Partial Slip Velocities

For Couette flow with aflat plate the no slip condition is assumed at the non-accelerating
plate surface. However, partial slip velocities occur above embedded cavities in a flow. Even
though the flow takes on a zero velocity at the cavity partitions to subsequently accelerate and

decelerate after reaching a maximum value over the cavity, an average slip velocity can be

17



approximated to model the flow over the embedded cavities which results in a decrease in drag.

A simple model for 2-D embedded cavity Couette flow is shown in figure 8.

velocity,

shear stress, T

Figure 8. Simple 2-D embedded cavity Couette flow.

The equations for Couette flow can be manipulated in away similar to that performed by
Watanabe et al. (1999) with Poiseuille flow in apipe. Since the velocity profile is sill linear the

velocity at any height can be found by the equation below.

_ Up—us

U=—"=y+u )
By using the ratio:
Z—Z =a (6)
The velocity equation then reduces to:
u= My + aU, @)

2h

Then the equation for volumetric flow rate can be introduced.
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Q=w f02h udy = A (8
After solving the integral with the velocity equation inserted the average velocity reduces to:
7 =2 (1+a) (9)

Now using the equation of the drag coefficient and shear stress

CD= = = 1 = (10)

where:

du _ Up(1-a)
dy 2k

(11)
The equation can then be reduced to:

Cp=—1-a) (12)

From this final equation it can be found that a is a function of the Reynolds number. Asthe Re
increases o becomes smaller. For this research, the slip velocity must be found from the drag
measurements and known test model surface area. Also, for o = 0 the friction coefficient results

in a predicted behavior of Cp = 2/Re which will be used to evaluate the flat plate results.
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4. EXPERIMENTAL SETUP

4.1 Couette Flow Facility

All experiments were performed in the newly constructed Couette flow facility at the
University of Alabama; the design and construction of this facility congitutes a major portion of
the work performed under thisthesis. The tank is 30 inches wide, 49 inches long, and 23 inches
deep giving it a capacity of approximately 150 gallons. The tank is held in a steel frame made of

2 inch angle iron with a 3/8” thickness and was filled with high viscosity oil.

To create an oil flow within the tank a Dorner MPB series conveyor was used. The
conveyor is 12 inches wide and 24 inches long with a variable speed motor. The belt on the
conveyor is a plastic chain so that oil can pass between the cracks of the belt, however presents a
solid moving surface when flat. This prevents the belt from slipping caused by oil build up
between the rollers and the belt. Chain guides are in place on the bottom of the conveyor to
prevent belt sag. The 12 mm drive shaft on the conveyor is attached to an extension by a flexible
coupling. The extension runs through a seal in one side of the tank to connect to the gear reducer
as the motor and gear reducer are not to be submerged. An MPB series side mount drive
package for standard load is used with a 90 degree hollow shaft gear reducer. The motor is a
three phase asynchronous motor with a squirrel cage rotor and slip ring rotor distributed with the
conveyor by Dorner. As a further description, it is a 60 Hz gear motor capable of 0.25

horsepower at 345 rpm. A Pacesetter Model 2997 adjustable speed drive controls the speed of
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the motor and conveyor. This speed controller is mounted on one corner of the tank near the

motor.

Figure9. Motor, gear reducer, and drive shaft outside of tank.

The conveyor is suspended in the tank by steel bars attached to mounting plates on the
side of the conveyor. The bars are L-shaped and bolted to the steel frame holding the tank. The
bars are reinforced by 1 inch square hollow steel rods. This increases the rigidity of the
suspended structure and reduces the wobble and vibration caused by the moving conveyor. The
conveyor is located 5 inches from the side of the tank near the motor, 11 inches from the front of
the tank, and 12 inches from the top of thetank. This setup is removable as well so that the tank

can be used for other purposes if necessary.

The velocities were determined by marking a place on the belt and recording a video of
the belt for approximately one minute at each mark on the speed controller. Multiplying the
distance traveled by the belt by the number of revolutions and dividing that by the time gave an
average belt velocity. The conveyor was turned off and on twice and three videos at each speed

were analyzed to ensure constant belt speed.
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Figure 10. Side view schematic of Couette flow facility.

4.2 Working Fluid

The fluid chosen for this facility must meet many requirements. The fluid needs to have
a high viscosity to increase the shear stress, and therefore the total drag force, across the surface
of the plate. The preferred viscosity range was on the order of 50-250 centiPoise. The fluid
needed to be transparent so that PIV measurements could be taken to determine the velocity of
the flow within the tank. The fluid must not vaporize at ambient temperatures. The fluid must
also be safe for laboratory use. This means that the fluid is not carcinogenic, has little to no

flammability, and is safe for skin contact.

Oil was found to best suit these requirements. However, material compatibility is a
concern with most oils. Many oils, particularly ester based oils, react with plastics, which could
cause a change in the properties of the oil like viscosity. Almost all oils react with rubber and
cause it to break down over time. Many oils also have sensitivity to light and eventually change
colors, often becoming black, after long exposures to light. Also, some metals such as copper

and bronze tend to react with oil and cause it to take on an orange or yellowish color.
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After addressing these concerns, Crystal Plus Oil 500T processed and sold by STE Oil
Company, Inc. was chosen for the University of Alabama Couette flow facility. This oil is
allowed for food contact by the United States Department of Agriculture so it is safe for human
contact and even incidental ingestion. The oll is classified as only slightly combustible by the
Occupational Safety and Health Administration. Unlike many oils the Crystal Plus oils possess a
low reactivity. This oil is not light sensitive and is only reactive with rubber. According to the

manufacturer the oil has y = 0.86. Therefore, p = 857.9 kg/m® at the lab temperature of 22.6°C.

The il is stored in the original 55 gallon barrels in which they arrived. It is pumped to
the tank by a close-coupled external gear pump. The pump uses 3/8 inch inside diameter
vacuum-rated nylon tubing to pump oil to and from the tank at approximately 1 gallon per
minute. When the facility is not in use, the tank is covered by a plastic sheet to prevent dust,

bugs, hair, and any other foreign particles from mixing into the oil.

4.3 Force M easurement Apparatus

The force measurement apparatus for this facility measures the total drag across the
surface of the experimental model. Pressure drag, form drag, etc. could not be differentiated
with this setup. Through previous research and established principles it can be theorized why
one model experiences less drag, but in this facility pressure and form drag are combined to

measure total surface drag for non-planar geometries.

The force measurement apparatus begins with the experimental model. Four small 2 inch
long pieces of ¥z inch Plexiglas are glued near each corner at the top of the experimental model.
A screw is then placed through each piece attaching the model to a thin aluminum bar to hold the

model in place above the conveyor. The aluminum bars are approximately 1 foot long and rise
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out of the oil to the top of the tank. Each bar is attached to a 2 inch aluminum angle at the top.
The horizontal part of each angle is then screwed together with thin aluminum sheet to one of
four linear bearings. The linear bearings have a %2 inch inner diameter and are placed on two %2
inch polished steel rods that run parallel to the length of the conveyor. Each rod has 2 linear
bearings on it. The rods run above each side of the conveyor. The thin aluminum sheet keeps
the bearings set the same distance apart from one another as the Plexiglas pieces on top of the
experimental model. The rods are two feet in length and are supported on each end by a base
mount. The base mounts have been secured to steel bars bolted to the steel frame of the tank.
These bars give rigidity to the apparatus so that when the facility is in use the model is only
moving because of the drag created by the flow. The minimal vibration of the tank caused by the

motor and conveyor do not cause the bearings to move on the rods.

The inside of the bearings have small rolling balls in order to reduce the friction between
the rods and bearings. In addition to this the rods have been polished further reducing friction.
Cresating as little friction as possible is necessary for this experiment since the forces are on the
order of 1 Newton. Every effort was made to keep the rods as close to parallel as possible so that
the bearings do not converge or diverge as they move along the rods preventing movement. To
allow for possible deviations that may be present the screws securing the base mounts to the steel
bars are not fully tightened. Also, the rods are not tightly secured in the base mounts allowing
for slight lateral movements, on the order of a few thousandths of an inch, by the bearings along
the path of the rods. To prevent flow from entering the channel downstream of the beginning of

the belt, Plexiglas shields were attached to the sted bars on the side of the conveyor.
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Figure11. Side view of force measurement apparatus.

To measure the force created by the flow against the surface of the model a pin is
attached vertically downward through the aluminum sheet. The force gauge is mounted on an
aluminum plate attached to the steel bars holding the plate apparatus. A small 1 inch diameter
hook is screwed into the force gauge and can be pushed or pulled to measure force. The pinis
placed through the hook so that as the plate is moved by the flow the pin pulls against the hook

causing a force to be measured by the gauge.

To account for possible friction between the bearings and the steel rods calibration
masses were attached to the apparatus and force measurements were recorded. It was found that
for masses up to 200 g, approximately 2 N of force, friction accounted for a difference of less
than 5%. For forces greater than approximately 2 N, friction was non-existent in the force

measurements recorded by the gauge.
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4.3.1 Force Gauge

The force gauge is a Dillon GTX 5 model. This gauge has a5 Newton capacity with an
accuracy of £0.005 N. The gauge was tested before and after the experiments using a set of
calibration weights to ensure accuracy. Known masses of 10 g, 100 g, 200 g, and 500 g were
attached to the force gauge and the readings were within the given accuracy of £0.005 N. For
these experiments, the maximum sampling rate of 10 Hz was used. The measurements were sent
to the computer using the RS-232 serial cable offered by Dillon. The recordings can also be sent

to Microsoft Excel for analysis.

4.3.2 Post-Processing Software

The Dillon Q-Graph 1.5 software was used to analyze the data obtained from the
experiments. The software plots the data as either force vs. time or force vs. displacement. The
software also automatically gives the minimum, maximum, and average force for the length of
the experiment. Using the data from Excel the force plots from different experiments can be

placed on a single graph for comparison and analysis of drag across test surfaces.

4.4 Experimental M odéels

The goal of these experiments was to study the total drag force across the surface of flat
plates and plates with embedded geometries. The first experiment was performed with just aflat
% inch thick Plexiglas plate. The plateis 66 cm (26 in) long and 30.5 cm (12 in) wide. The plate
stretches past the edges of the conveyor so that flow hitting the square end of the plate and
causing additional drag is not measured. The flat plate was first used as a control study to
determine the forces measured over the plate are consistent with theoretically predicted values;
any deviation from this value should be due to edge effects. Also, PIV measurements were taken
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to ensure the formation of the linear velocity profile and transition to turbulence can be observed
if a sufficient Reynolds number is reached. The results of the flat plate experiment can be
compared to those done with embedded geometries to see which configuration experiences lower

drag forces.

The second set of experiments used an experimental model with embedded lateral ribs.
The model consists of a Plexiglas plate with 45 cavities embedded in the center of the plate. The
cavities are approximately 0.953 cm (3/8 in) deep, 0.953 cm wide and 25.4 cm (10.0 in) long.
The wall or rib between the cavities is approximately 1 mm (40/1000 in) or about 1/10 of the
cavity depth. The total area of the plate with embedded cavities was approximately 1202 cm? or
59.7 % of the total area. The placement and number of cavities was determined by the location
of established Couette flow with minimal side effects over the belt. The cavities were cut out of
a % inch thick piece of Plexiglas by a precise milling machine which created a round 0.318 cm
(/8 in) fillet at the end of each cavity. Although the cavity is not perfectly square the effect
should be minimal and occur only at the edges of the cavities. The embedded cavities within the

model can be seen in the figures below.

1 mm

0.953 cm

‘ 0.953 cm |

Figure 12. Dimensions of embedded cavities.
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Figure 13. Experimental model with embedded cavities.

4.5 Time-Resolved Digital Particle | mage Velocimetry (TR-DPIV) System

In order to determine the velocity profile of the region between the moving belt and the
fixed experimental model, a digital particle image velocimetry (DPIV) system was used. This
technique of flow measurement is non-intrusive. The system uses a laser sheet to illuminate a
random group of seeding particles in the flow and auto-correlates the particle displacement

between two images where the time difference is known.

The following is a brief description of the DPIV system in use at the University of
Alabama. A complete, detailed description of this system can be found in the dissertation by
Ardana (2008) and the thesis by Melnick (2009). The oil tank was first seeded with particles.
These particles must be very small so as not to dter the flow and according to Melling (1997)
non-toxic, non-corrosive, non-abrasive, non-volatile, and chemically inert. Because of this,
Conduct-o-Fil ® silver coated hollow glass spheres made by Potter Industries, Inc. were used.
These have been used for numerous experiments in the University of Alabama water tunnel with
good results as well. For this oil tank the same 18 um size spheres that are used in the water

tunnel were used since the density of the oil is similar to that of water. The seeding density must
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be carefully monitored because there must be enough particles for the software to track from
frame to frame, but there cannot be so many that the scattered light clouds the images from the

camera.

The laser sheet must then be fixed across the plane of the area where the measurement is
to be taken. The high speed camera must then be focused on the plane of the laser sheet so that
the illuminated particles can be seen. The camera frame speed and laser pulse rate must then be
matched so that the particles are visible in each image. The camera sends the images to the
computer for storage and processing. Each image is divided into smaller interrogation windows,
which are approximately 32 x 32 pixels. The software identifies the particles in each window
and calculates the average displacement for each particle from one frame to the next. Knowing
the time difference between each image the software is able to calculate the velocity across the
entire image. From this vector field, vorticity, Reynolds stresses, and streamlines can be found

for the experiment as well.

The components of the TR-DPIV system at the University of Alabama consist of: a
Quantronix Falcon 30 Nd:Y LF high frequency laser; an 8-bit Basler A504k high speed camera; a
Dell Precision workstation with two Intel Xeon processors a 3.2 GHz each and 3 GB of RAM
memory; and a frame grabber from National Instruments (PCle-1429) along with an extension
board (Ardana 2008). NI LabVIEW software performed the image acquisition and Pixelflow
software was used for post processing of the images. The figure below illustrates the DPIV

process used in this experiment.
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Figure 14. Schematics of DPIV technique (Dantec Corporation).

Using cross-correlation, the technique of finding displacement by comparing consecutive
images, Willert and Gharib (1991) found an uncertainty of approximately 1% in translational
displacements and 5% in rotational displacements. Because high vorticity regions are related to
high velocity regions and this technique uses averages an approximate uncertainty of 10% was
calculated for vorticity. These uncertainties are most likely lower for this system since pixel
resolution in digital cameras has improved since these numbers were calculated. The
improvement of frame grabbers has also decreased these uncertainties.

4.6 Experimental Procedure and Driving Parameters

Accurate placement of the models with respect to the conveyor and to the force
measurement apparatus is critical. Shims of equal height are placed on the conveyor near each
hanging aluminum bar where the model is screwed together with the bars. The model is placed

on the shims and secured in place at the set height of the shims. The shims are then removed
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after the model isin place. These steps ensure that the experimental model is not only parallel to
the conveyor but also that the surface of the model is at an equidistant height everywhere. This
height must be consistent when comparing different surfaces so that the velocity profile is

constant. The height can be changed though simply by producing larger or smaller shims.

Figure 15. Sideview of tank and experimental setup.

The plate must also be positioned correctly over the belt of the conveyor so as to
minimize the formation of secondary flows around the plate. With the plate positioned
approximately 1.25 inch past the edge of the conveyor where the belt comes up, flow across the
top of the plate is almost non-existent. At this position, a stagnation point is created at the edge
of the plate and flow in a backwards direction opposite the measured drag is minimized. With
the front of the plate, at the left in the figure above, positioned approximately 3/4 inch past the
edge of the conveyor, flow being sucked downward by the belt and backward against the surface

of the plate is reduced to almost zero.
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The velocity of the conveyor must then be chosen for a set of experiments using the
speed controller. In order to reduce vibration from the motor and wall effects from the side of
the tank, the velocity was kept below the maximum velocity of the conveyor. The Reynolds
number for these experiments is based on the center-line velocity and the channel height as
specified by previous researchers. The viscosity for the oil is found using a Thermo Fisher
Scientific Gilmont falling ball viscometer (GV-2301) with a range of 20-1000 cP. A
measurement is taken following each experiment to account for possible heating from the work
of the conveyor and drive shaft. Temperature changes were accounted for using a mercury

thermometer from Fisher Scientific with accuracy of 0.1°C.

The PIV system was used before the actual drag measurements were taken to make sure
the flow was a true Couette flow. The laser sheet was brought in the front wall of the tank to
avoid scattering effects caused by sloshing on the surface of the oil. Seeding particles were
added slowly to the oil in the tank until enough particles were present in the channel flow for the
software to obtain the velocity field at all points in the field of view. For these tria runs, the
camera frame rate was set at 500 fps and the laser frequency was 500 Hz. For each trial, 500
image pairs were used for the overall averaging graphs. The PIV analysis could only be used for
velocities up to about 38 crm/s because the camera frame rate was limited to 500 fps. Higher belt
velocities caused too much particle displacement from frame to frame and an average velocity
could not be found by the software. Since the Reynolds number of these experiments is well
below the transition point it is reasonable to assume that laminar Couette flow continues at the

higher velocities.
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5. RESULTSAND DISCUSSION

In this research there were two objectives set forth at the beginning. The first was
construction of the new Couette flow facility. After construction the flow through the tank was
inspected to ensure that the setup operated as theorized. The secondary flows outside the
conveyor belt, above the experimental model, and near the walls of the tank were closely
examined to prevent as much interference as possible. The second objective was to measure the

drag across embedded cavities and compare it to the drag across aflat plate.

5.1 Flow Visualization

The combination of small bubbles in the tank, caused by air pockets trapped as the oil
fills up above the conveyor, and seeding particles illuminated by the laser allowed the flow
direction to be seen within the tank. Because of the movement of the belt small vortices were
observed to form in the corners of the tank as oil flow hitsthe walls. Asthe flow comes up from
the bottom where the belt turns to the top side the moving oil hits the plate. At this stagnation
point the flow near the belt is swept into the gap between the plate and belt, while the oil outside
this point turns away from the gap. At the downstream end of the gap, flow is pulled beneath the
conveyor as the belt turns downward creating a slight flow back against the bottom of the plate.
This flow is shown as a still shot in figure 15 where the laser illuminates the particles within the

flow.
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Figure 16. Backwards flow downstream of the gap.

Also, throughout the tank, particularly in the corners, small vortices form and swirl as oil
flow hits the walls and is pulled back into the flow created by the moving belt. These secondary
flows do not have an effect on the flow within the gap. Although there is a slight flow over the
experimental model, it is very slow and located at the surface of the oil away from the model flat

plate (i.e. contributes negligible drag to the plate).

Figure17. Vortex at corner of tank.
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After careful examination of the secondary flows, the DPIV system was used to study the
flow within the gap. With the flat plate placed above the conveyor the DPIV system showed that
a linear velocity profile was present in the gap thus confirming that a laminar Couette flow was
generated between the belt and plate. The velocity profile within the gap was averaged over 200
image pairs and is shown in figure 18. The slight velocity decrease at the top of the gap near the

plate indicates that a slight pressure gradient may exist. This profile suggests a lower pressure

upstream of the gap.
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Figure 18. Velocity profile of channd with flat plate.

5.2 Drag M easurements

5.2.1 Flat Plate Model

After the velocity profile was confirmed to be linear, the drag generated by the Couette
flow over the flat plate model was measured. Measurements were taken at six different
velocities for each of three different gap heights. The gap heights, h, were 0.635 cm (1/4 in),

0.953 cm (3/8in), and 1.27 cm (1/2 in). The gap heights were non-dimensionalized (B = 2h/l1) by
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the cavity length, | = 0.953 cm, which gave three B values of 0.667, 1.00, and 1.33. The
velocities at each height were 8.2 crvs, 15 cmi/s, 20 cni/s, 26 cm/s, 32 cm/s, and 38 cnvs. This
resulted in Re values tested over arange of 5-50 where near overlap in Re occurred for some of
the experiments (i.e. a case with small gap height and higher belt speed had a similar Re to a case

with larger gap height and lower belt speed).

The drag measurements were taken over a 10-20 second time span for each velocity and
the average was used as the surface drag. This time span was sufficient as equilibrium was
achieved after 10 seconds. The graph below shows a drag measurement taken over 100 seconds
showing that the average does not change from 10 to 100 seconds. From the data, it was found
that the average after 10 seconds was 2.778 N and after 100 seconds it was 2.770 N. The amount
was not always decreasing, and no heating occurred with the oil. The temperature of the oil was

found to be the same at approximately 22.6°C before and after each experiment.
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Figure19. Dragforcevs. timeover 100 s.
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The drag measurements for the two highest velocities at B = 0.667 could not be taken due
to the force being above the 5 N threshold of the force gauge. The measured drag was found to
be within 5% or less of the theoretically predicted values. The Reynolds number for the
following figure is based on yqi = 0.86 and the pwae a 22.6°C, which was the temperature of the
oil during the experiment. The viscosity of the oil was found to be approximately 245 cP +10 cP
(95%). The oil does not have a perfectly uniform viscosity, thus a variation in value was
observed over several samples taken; this variation is aresult of the production process and was
confirmed by the manufacturer. The measured drag force for each belt speed can be seen in
figure 19. The data appears to be linear, but when non-dimensionalized all the data falls onto the

theoretically predicted drag coefficient versus Re distribution as shown in figure 21.

6
5
4
£
% 3 =9="1/4inch
a 5 —@—3/8inch
1/2inch
1
0 T T T T T 1
0 20 40 60 80 100 120
U, (cmls)

Figure 20. Drag forcevs. belt speed for flat plate model.
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Figure21. Cp at given Refor flat plate.

In order to compare the difference between the flat plate and the embedded cavity model,
only the drag across the area of the cavities was used. The theoretical drag across the edges of
the plate where no cavities were present was subtracted from the measured drag. This was done
since the measured drag across the flat plate was close to the predicted values as shown in the
table below meaning edge effects were minimal. The drag coefficient for the entire flat plate
was then determined for each data point and compared to the drag coefficient for just the center
area where the cavities were present on the second model. The difference was found to be

minimal as shown in figure 21.
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B Belt Velocity (cnvs) | Theoretical Drag (N) [Measured Drag (N) |Drag % Difference
21 1.622 1.553 -4.241
0.667 38 2.935 2.854 -2.760
51 3.939 3.824 -2.936
66 5.098 4.958 -2.738
21 1.081 1.079 -0.206
38 1.956 1.989 1.719
1 51 2.625 2.651 0.980
66 3.397 3.431 0.998
81 4.169 4.185 0.384
97 4.992 4.958 -0.697
21 0.811 0.830 2.300
38 1.468 1.462 -0.362
1.33 51 1.970 1.983 0.691
66 2.549 2.536 -0.518
81 3.128 3.063 -2.078
97 3.746 3.778 0.847
Table 2. Theoretical and measured drag across a flat plate.
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Figure 22. Cpvs. Refor flat plate.
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5.2.2 Embedded Cavity Model

The experimental model with the embedded cavities was then placed in the tank and drag
measurements across the surface were recorded for the same test parameters as the flat plate.
The surface drag across the embedded cavity model was found to be less than that of the flat
plate model. Thus the hypothesis, that a low Re regime exists where sub-laminar drag over
embedded cavities is realized was experimentally confirmed. The difference was determined to
be negligible, (lessthan 5%) a B = 1.33. However, for =1 and 0.667 areduction in the drag

coefficient was measured at the lower Re values tested. The drag is shown non-dimensionalized

in figure 22.
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Figure 23. Cpvs. Refor both models.
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The Cp percent difference at each Re was found and graphed to see if a relationship

existed. Figure 23 shows the relation for each value of B. As can be observed, the data appears

to coalesce resulting in significant drag decrease of 10% or more below a Re ~ 10. This result

indicates that there is not a significant difference in drag coefficient reduction with the non-

dimensional gap height (B). It isinteresting to note that the reduction in Cp levels off to a value

of around 3% for Re > 30. Gatski and Grosch computationally predicted a value close to this for

asingle cavity embedded in aboundary layer for over a cavity Re ~ 900.
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Figure 24. Revs. % difference Cp for each B value.

The slip velocity could then be found for each trial after the Cp was determined using

eguation 12. First, the non-dimensional slip velocity is solved using the drag measurements, and

then using the belt speed the slip velocity at the top of the embedded cavity surface is calculated.

This slip velocity represents an average value for the whole surface; it is theorized that the flow

is decelerated to zero a the cavity partitions and proceeds to accelerate across the cavity.
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Figures 24 and 25 show Re vs. o and Re vs. us for each of the data points in the experiments.
There appears to be some dependence in that for smaller gap heights higher slip velocities are
achieved. However this difference is not as visible in the previously presented drag reduction

data where there appeared to be little dependence on gap height.
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Figure25. Re vs. a for embedded cavity model.
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Figure 26. Revs. usfor embedded cavity model.
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For Re < 15 there appears to be a large increase in o as the Re decreases. The dlip
velocity seems to be linearly dependent upon the Re for B < 1. At B > 1 the dlip velocities
appeared to remain almost constant and the drag did not seem to be significantly reduced for

higher Re values.
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6. CONCLUSIONSAND FUTURE WORK

6.1 Couette Flow Facility

The first objective of this research was to build a Couette flow facility. Through PIV
measurements it was shown that a linear velocity profile was generated between the moving belt
and fixed plate. The flow that resulted was low Reynolds number, well below the transition
point since it is known that the embedded cavity geometries would create greater drag than a flat
plate in aturbulent flow. The facility is unique in the way that the Couette flow is generated by a
conveyor and that low Re drag can be measured across the surface of the fixed plate.

Although the tank itself isrelatively small when compared to other oil channels, the wall
and edge effects have been proven to be minimal. The flow above the plate has been reduced to
almost zero by extending the fixed plate beyond the edge of the moving belt. A slight flow on
the surface of the oil may create more drag against the hanging aluminum bars but it is no more
than 0.08 N. The mineral oil was chosen because of its high viscosity but the viscosity is not
completely constant throughout and was found to vary by +10 cP.

6.2 Drag M easurements and Partial Slip Velocities

The measured drag values for the flat plate model followed the predicted values for
surface drag in a Couette flow. Through this study, it was found that lateral embedded ribs had a
surface drag less than that of a flat plate. From the data it was discovered that alow Re regime
of sub-laminar drag exists for 2-D embedded cavities. It appears now that this sub-laminar

regime exists for Re < 50, but this range needs to be investigated further. The drag advantage of
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the lateral ribs seems to diminish as the Re increases up to approximately 50 where the drag
reduction becomes negligible. The region of higher drag reduction appears to occur for Re < 10
which corresponds with the regime where the drag coefficient begins to dramatically increase as
the Re decreases.

Partial slip velocities exist over the embedded cavities as has been shown in previous
work. Thisresearch provided equations that could be used to back out the average slip velocities
within the Couette flow over 2-D embedded cavities.

6.3 Future Work

The Couette flow facility and force measurement apparatus proved to work as planned
and predicted. More trials need to be run with varying cavity depth, cavity length, and gap
height in order to find the best combination for greatest drag reduction. The aspect ratio of the
cavities likely affects the amount of surface drag across the experimental models allowing some
width and depth to be the best combination; Wang (1994) predicts greater drag reduction for
longer cavities for Re << 1. It is therefore predicted that a greater drag reduction can be
achieved likewise in future experiments with Re ~ 1-10 with similar cavity length to depth ratios
(I/d) greater than 1. However, a single embedded vortex must be maintained within each cavity
which likely will give a maximum |/d between two and three; an increase in drag is predicted
when the flow changes such that the outer flow is allowed to move all the way down to the
bottom cavities such that positive shear stress occurs at the bottom of the cavities.

More research needs to be done at lower Re, around one or less, to see if the drag
reduction levels off and reaches a maximum value at some lower Re above that of the Stokes
flow solution analytically predicted by Wang (1994). The extent of the sub-laminar drag regime

needs to be investigated to discover future possible drag reduction techniques. The fact that the
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drag reduction appeared to be somewhat independent of B is a sign that drag reduction may also
be achievable in low Re laminar boundary layer flow, as was indicated as feasible by the
computational results of Gatski and Grosch (1985).

Other work may involve using different embedded geometries to find one producing the
least amount of drag. Shark skin models used in the University of Alabama water tunnel could
be placed in the oil tank and the surface drag can be measured to support water tunnel data.
Also, this low Re flow is applicable to the boundary layer flow over butterfly scales with

possible application to micro air vehicles. Future work should focus on these areas.
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APPENDIX 1
According to Wang (1985) an approximately 20% drag reduction can be expected from a square

cavity, wherea=0.25and b= 0.5.

FIG. 5. The drag and flow for the relative motion transverse to the fins.
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APPENDIX 2: Lateral Rib M odel Drag M easurements

Lateral Rib Model

Gap Height (cm)

Belt Velocity (cm/s)

2nd Model Measured Drag (N)

Drag over Center Area

% Drag Reduction

0.635 21 1.4085 0.760311024 9.322088457
38 2.6773 1.504386614 6.19788382
51 3.6541 2.079926772 4.435494416
66 4.7546 2.717434646 4.110196838
81
97
0.953 21 1.0036 0.571700735 6.953458187
38 1.8899 1.108367996 5.001507992
51 2.5725 1.523601784 2.946502679
66 3.3265 1.969102308 3.040107264
81 4.0939 2.428002833 2.174484456
97 4.8761 2.881136726 1.643940616
1.27 21 0.7673 0.443205512 7.520790647
38 1.4711 0.884643307 -0.601791698
51 1.9447 1.157613386 1.946251197
66 2.5115 1.492917323 0.958277467
81 3.0768 1.82672126 -0.440701205
97 3.7139 2.216892126 1.696664902
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APPENDIX 3: Drag Coefficient Data

Results Section Data for Figures

Re Cd | Cd center flat plate | Cd center new model | % diff o us 2/Re
4.6694 | 0.4102 0.3981 0.3344 15.9980]| 0.2193 | 4.6056 | 0.4283
8.4494 1 0.2302 0.2258 0.2021 10.5217] 0.1464 | 5.5614 | 0.2367
11.3400(0.1712 0.1677 0.1551 7.5394 | 0.1206 | 6.1512 (0.1764
14.6753]0.1326 0.1301 0.1210 6.9765 | 0.1122| 7.4048|0.1363
7.0078 |0.2848 0.2844 0.2514 11.5973] 0.1190| 2.4992 | 0.2854
12.6808| 0.1604 0.1622 0.1489 8.2377 | 0.0561 | 2.1321 (0.1577
17.0190|0.1187 0.114 0.1136 4.8761 | 0.0332| 1.6947 (0.1175
22.0246|0.0917 0.0923 0.0877 5.0304 | 0.0345]| 2.2778|0.0908
27.0302]0.0743 0.0745 0.0718 3.6125 | 0.0300| 2.4273(0.0740
32.3694(0.0614 0.0611 0.05%4 2.7509 | 0.0388| 3.7634 |0.0618
9.3389 |0.2191 0.2224 0.1949 12.3416| 0.0898 | 1.8866 | 0.2142
16.8989|0.1179 0.1176 0.1188 -1.0047 [-0.0040(-0.1506(0.1184
22.6801)|0.0888 0.0892 0.0863 3.2268 | 0.0211| 1.0775(0.0882
29.3507|0.0678 0.0676 0.0665 1.6016 | 0.0245( 1.6173|0.0681
36.0213(0.0544 0.0536 0.0540 -0.7445( 0.0274 | 2.2219 [ 0.0555
43.1366| 0.0468 0.0470 0.0457 2.8102 | 0.0144] 1.3956 |0.0464
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