B Libray

SITES FOR WIND POWER INSTALLATIONS
TECHNICAL REPORT

BOUNDARY LAYER TURBULENCE
OVER TWO-DIMENSIONAL HILLS

by
Michael A. Rider
and
V. A. Sandborn

Civil Engineering
Colorado State University
Fort Collins, Colorado 80523

September 1977

Prepared for the United States
Energy Research and Development Administration
Division of Solar Energy
Federal Wind Energy Program

ERDA Contract No. EY-76-5-06-2438, A001

e

CER77-78MAR-VAS4

LTIV

UL8401 0074750




e
2

= S gY

Measurements °f4§?e mean and turbuléﬁt velocities for turbulent
y . i h F : Y 3‘:‘ t »
boundary layers overg%yo-dimensional hills have been made.

Triangular hills, with aspect ratios (height to vertical distance to b
% .
crest) of 1:2, 1:4, and 1:6,were subjected to two differentrapproach

turbulent boundary layer flows. Mean velocities, longitudfhal and
vertical turbulent velocities, Reynolds stress and the wall static
pressure distributions are reported for a number of positions upstr;éﬁ,
along, and at the crest of the hills. =« ou

As the flow advances up the h;lls, systematic hhanges_in the
mean and turbulent velocities occurred in the regioﬁ;near the hill
surface.: The £low in the outer region of the boundary layers above
the hills were found to remain similar to the flow upstream of the
hill. As the flow passed from the base of the hill to the crest there
was an inc;ease in mean veloéity, shear stress, an& vertical turbulent
velocity near the surface. The longi;udinal turbulent velocity was ‘.-i;f.'
found to decrease in magnitude as the flow progressed from the base to

g the crest bf the hill.
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Chapter I

INTRODUCTION

Annual mean and peak wind velocities are available for general
areas throughout the United States and the world. This information is
critical for the development of wind power. However, rarely will the
data be recorded at a proposed wind power site. It would be very
beneficial to the wind power engineer to be able to predict from general
wind data the flow characteristics at a specific location.

Needed, for a wind power site, are reliable estimates of the local
flow properties. If the available wind data for the general area is at
a station some distance from the site a means to correlate the desired
information would be required.

In general, the approach terrain will affect the mean and turbulent
flow properties. Moreover, to utilize the speedup affect of a hill, the
predicted change in the airstream properties would be required. There
are literally endless combinations of approach flow conditions and hill
configurations. This study was limited to investigating two approach
flow conditions and three two-dimensional triangular shaped model hills.

The investigation started with a turbulent boundary layer deve;oped
over a flat plate with a zero pressure gradient. The turbulent boundary
layer was then subjected to one of three triangular shaped hills. Aspect
ratios of the hills were (rise over run) 1:2, 1:4, and 1:6. Surveys
ﬁére made of the mean velocity, the longitudinal and vertical turbulent
velocities and the shear stress distributions. The méasurement gave a
reference to how these different flow properties change in magnitude
over a two-dimensional ridge. Next by adding upstream roughness a

different turbulent boundary layer was formed. The measurements during



this flow case consisted of the mean velocity and the longitudinal
turbulence.

The flat plate case represented a calibration point from which to
build. In an effort to model atmospheric boundary layers in the wind
tunnel, Zoric and Sandborn (1,2) have shown that similarity of turbulent
boundary layers does exist for large Reynolds numbers. With their
measurements in the Meteorological Wind Tunnel at Colorado State Univer-
sity, Sandborn and Zoric have documented that for_a flat plate turbulent
boundary layer with a zero pressure gradient similarity of the mean and
turbulent velocities were present. When the turbulent quantities\ffir,
\fiif and uv are normalized by dividing by the local wall shear and
multiplying by the density each of the turbulent flow properties follow

a similarity curve.




Chapter II

THEORET ICAL BACKGROUND

To utilize wind power to the fullest in a particular area the
local terrain effects must be known. Different hills or ridges will
produce different degrees of speedup of the airstream as it approaches
the summit. Thus, to take advantage of the speedup it is important to
find the most advantageous location and to choose a proper wind system
for the local conditions. The mean velocity distribution is of primary
interest, but turbulent quantities must be known to insure structural
stamina. The present 'study was directed toward evaluating the effect of
a hill on a flow. The fundamental concerns were the mean velocity and
the longitudinal turbulent velocity component distributions. Also
sought were the vertical turbulent velocity component and shear stress
distributions.

Of specific interest was how far up into the boundary layer would
the impression of the hill be evident. Due to inertia of the flow, the
outer reaches of the boundary layer were expected to remain similar to
that upstream. The only portion of the flow expected to change was the

region closest to the wall.

It was known prior to the test that there would be a speedup %?W
the mean velocity in the region nearest the wall. Furthermore, the
increase in velocity gradient would produce an increase in surface
shear stress. Not as obvious was the change in the turbulent components.
A report by Ribner and Tucker (3), which discussed turbulence in a con-
tracting stream gave some insight. Although the report dealt with
isotropic turbulent flows which were undergoing simple contraction, it

was felt the results could give an insight to the present problem.



Ribner and Tucker showed that when a flow was subjected to a contraction
the longitudinal turbulent velocity component decreased and the lateral
component increased. Regarding the hill as a local contraction, it

was anticipated that similar results would be found.

Surface Shear Stress Evaluation

Two methods were used to determine the skin friction. The empirical
Ludwieg-Tillmann equation and the "law of the wall."

The Ludwieg-Tillmann skin friction relation reads

T
R ST 10—.678H(U;-\‘:9_)-.268 )
i e . -

where: the momentum thickness is
8
- R
e:JU(l o)
[+ =]
o
the form factor is
]
H:8
the displacement thickness is

8
U
- E) dy

&
(=c]
1
Q+——

and & is the boundary layer thickness.

Justification for using this relation is based on earlier work
reported by Tie{éﬁ;n (4). During his experiments Tieleman required
skin friction measuﬁements at several points in the wind tunnel. To
check the reliability of the Ludwieg-Tillmann equation, Tieleman
compared direct measurements from a floating element shear plate and

values determined from the Ludwieg-Tillmann equation (1), Figure 13



The agreement shown on Figure 1 demonstrated that the Ludwieg-Tillmann
equation was adequate for the flat plate--zero pressure gradient
boundary layers.

The "law of the wall", credited to Prandtl (5), applies to the
region nearest the wall where viscous effects are important.

Nondimensionally the '"law of the wall' reads

Uy
L= T
g - f(_\) ) (2)
T
: T
where U2 sl
T p

Patel (6) gives the following definitions of f for the given
flow conditions

(a) a linear sublayer

Ufu. =Ry (3a)

(b) a fully turbulent region

Uy
5 T
U/UT = A logloﬁ—G—J + B (3b)

(¢) a transition zone

Uy
= peliis
U/UT A 1og10 [( = )+ C] + B (3c)
Where the constants A, B and C are believed universal. From
his work and other investigators, Patel assigns the following values

K
ffr

for the fully turbulent region. e
A = 5.5 and B = 5.45

The "law of the wall" is limited to zero and moderate pressure

gradients. Patel suggests the "law of the wall" may be used to

. R'P:i-%,i-a?:.l
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determine the surface shear stress for pressure gradients in the range

¥ AP Gy (4)
( Us) dX
i T

0 >

within approximately 6%. For the zero and moderate pressure gradients,
both the Ludwieg-Tillmann and the "law of the wall" give approximately
the same value for the shear stress. Figure 2 gives values of Cf

evaluated for the flat plate flow of the present study.

Shear Stress Distribution Evaluation

The following similaritf method reported by Sandborn and Horstman
(7) to evaluate turbulent boundary layer shear stress distributions of
the approach flow was used for the present study. This theoretical
model accurately predicted the shear stress distributions over a flat
plate--zero pressure gradient flow. Figure 3 is a comparison of the
shear stress measured by Zoric and Sandborn and another by Klebanoff
with the similarity predictions. The solid line is the shear stress
distribution evaluated directly from the mean velocity profile.

For a turbulent boundary layer the equation of motion in the
x-direction is

oU 9U _ 9p , 3t

gl S oV o n e (5)

where the shear stress t is made up of two parts. The two parts are

the mean and the turbulent stress
U
Sy T— + puv (6)

The boundary conditions require that at the wall

: dr _ dp
T = Tw and dy e

I

where p is the surface static pressure. Also at the outer limit of

the turbulent boundary layer the shear stress approaches zero.



Sandborn assumed for a compressible flow (although for the present

study an incompressible flow is assumed) the following similarity

pU = peUepr(n)
W= Uer(n)

= 7
T =t (n) (7)

where peUe is a characteristic mass flow, Ue the characteristic
velocity and T, as the characteristic shear stress. n 1is a non-
dimensional variable resulting from dividing the vertical distance ¥y

by the characteristic length Ge. Evaluating the differentials in terms

of the similarity variables gives

3U of WU
aU e Hes e eds
T anan T el 5x C & dax 1y (8)
U
gy e !
iy 9)

and from continuity

n n
GES 5 el wp U ST gl nds (10)
PV SR 0X ou®" e e dx pU

)

o

Substituting in the similarity values into the equation of motion yields

n

aUe Ue dsé ! Ue ! apeUe
-& —— — e - —
Pttty 57 - T & "t Tl Y e J £oudn
(o]
n T
dé : - A Wy 11
% peUe dx J prndn] 3% % v 3 (1)
(o]

Solving for ¢' and integrating gives




P8 U, dU_ a 8,U, do U,
Ve ?; = dx (J prfUdn n( dx
0
peUi dée : 3
e 1 ]
+ 5 = J {fU J prdn }dn + C (12)
o )

For similarity it is required that the equation (11) be independent

of x. Requiring that for compressible flow

6epeUe due
Basades A (a constant independent of x) (13)
e
and
2
GeUe dpeUe peUe dé
T e T T B (a constant independent of x) (14)
Gpe
For incompressible flow, o 0, thus the similarity requirements
are
GUe dUe
B (13a)
e
U_i_ 46 _ 3 (14a)
T &
e
To evaluate equation (12) the following similarity characteristics
were used: U =U,p =p , 1T =1, and & , the characteristic
e ©’ Te o’ e w e

length, was equal to 8 where & =y at T = 0. The final form of
equation (12) for an incompressible flat plate flow, with a zero pressure
gradient is

2 n &

” e d(u/u,) U

vet-i-oR| | gitear, S0
T

0 (o}

o
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where Ui = 7?— and the boundary condition at n = O(EL = 1) was used
W

to evaluate the constant of integration.

TURBULENT VELOCITY COMPONENT SIMILARITY

Work by different experimenters show that similarity does exist in
the total shear stress and the turbulent velocity terms. Measurements
by Zoric (2) at high Reynolds numbers and Klebanoff (8) at low Reynolds
numbers demonstrate this within experimental limits, (10). Figures 3
and 4 show the agreement of the total shear stress distribution when

referenced to the wall shear stress and the boundary layer thickness.

2
When referenced similarly, the longitudinal component, E%——, compares

W

well for y/8 > .05, Figure 5. The vertical turbulent component, \/g%§ 3
distributions do not agree as well as the total shear stress or the
longitudinal turbulent component, Figure 6. The measurements of Zoric
do not show the drop in the v2 as did that of Klebanoff. An additional
set of data recorded by Tieleman (4) very close to the wall reveal a
very distinct maximum followed by a sharp decline in the vertical
turbulent component.

It is important to point out that the turbulent quantitiesTJ:=_,
\fii_ and uv will be presented, unless indicated, nondimensionalized
by multiplying by the density and the furthest upstream estimations of
the wall shear stress. The study of Sandborn and Horstman (7) suggest
the characteristic wall shear stress may be the upstream value when
rapid pressure changes occur. Also, as the flow continues over the
hills direct quantitative changes in the turbulence terms can easily be
compared. In the derivation of the similarity relation between the

shear stress and the mean flow the characteristic values are not defined.



10

Thus, the characteristic shear stress and characteristic length need
not be the local wall shear stress and the local boundary layer thick-
ness. For rapid distortion the turbulent properties apparently cannot
change quickly, so they will be convected along by the mean flow with-
out undergoing major changes. As noted, the work of Sandborn and
Horstman suggested that an upstream value of the surface shear stress
may be a possible choice for the present flow cases. For the present
evaluation a value of wall shear stress at a specific upstream location
(x = 55.8 cm from the crest for smooth surface case, and x = 50.8 cm
from the crest for the rough surface case) was used for the character-
istic shear stress. The particular locations are somewhat arbitrary,
but were selected to be upstream of where the flow is disturbed by the
presence of the hill.

The characteristic length must reflect the distortion of the
boundary layer coordinate system as the layer develops. If it is
assumed that the hill models influence only the part of the boundary
layer near the surface and not that of the outer part of the layer; then
a characteristic length equivalent to the layer development without the
hill might be employed. This assumption of neglecting the perturbation
of the hill on the boundary layer thickness length obviously would only
be valid when the approach layer is thick compared to the hill height.
For the present study it was found that t?e boundary layer thickness
develops nearly linear with x-distance, Z%ric and Sandborn (1). The
present undisturbed boundary layers for bath the smooth and rough sur-
faces appeared to grow at a rate of 1 cm f&r every 10 cm in the
x-direction. Thus, the characteristic length, Ge, was taken as the

extrapolated boundary layer thickness (in the ratio of 1 to 10) from %

{
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the measured approach profile thickness. Again this selection of a
characteristic length is somewhat arbitrary. It is mainly justified in
that it appears to produce a good correlation of the turbulence data
over the hills in the outer part of the boundary layer. Other coordi-
nate changes, such as following streamline paths, have been suggested,
however for rapid distortions the boundary layer thickness appears to

produce the most consistent correlation.
BOUNDARY CONDITIONS

In the atmosphere a wide spectrum of possible approach conditions
might exist. In general the effect of a small hill in a deep boundary
layer will depend on the energy distribution within the approach flow.
The thicker the boundary layer the less the energy will be distributed
in the region near the surface; thus the less will be the speedup effect
of the hill. Local roughness of the approach surface will also act to
remove more enérgy near the surface (which will also be seen in a
thickening of the boundary layer). It is apparent that the higher the
hill compared to the boundary layer thickness the larger will be the
speedup. Likewise for boundary layers of the same thickness, but
different surface roughness, the one over a smoother surface will
produce the greater speedup. Two different approach turbulent boundary
layers are considered in the ﬁresent study. The first case is that of
a smooth surface, while the seéond is produced by a long fetch of
roughness. ﬁ

Classical boundary layer theory generally employs a coordinate
system whi~h is perpendicular to the surface at all points along and
nsaT the surface (curvilinear coordinates). Over the hills this require-

ment of a curvilinear ccorvdinate can also be expected to be valid.
7
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However, for engineering applications of velocity distributions for
wind power use, surveys and data in the vertical direction are desired.
For the present study a simple rectangular coordinate system was
employed, both for measurements and analysis. The x-distance coordi-
nate originated at the crest of the hill and was measured positive in
the upstream direction along the tunnel floor. The y-direction coordi-
nate was measured positive from the local surface of the model at each
x-location.

Evaluation of the local surface shear stress from equations (1)
or (2) requires the curvilinear-boundary layer coordinate system be
employed. As a demonstration of the deviation from boundary layer
theory in the use of a vertical coordinate, an estimate of the surface
shear from the law-of-the-wall concept was made for both a vertical and
a curvilinear-coordinate evaluation, Figure 7. The deviation shown in

Figure 7 is mainly important in the lower portion of the hill.



Chapter III

EXPERIMENTAL SETUP

The measurements were taken in the Meteorological Wind Tunnel
located in the Fluid Dynamics and Diffusion Laboratory at Colorado
State University. The purpose of the experiment was to make surveys of
flow characteristics over models of hills emersed in deep turbulent
layers. The following sections will discuss the experimental facility

equipment and technique.

Wind Tunnel Facility

As mentioned above the measurements were performed in the
recirculating Meteorological Wind Tunnel, Figure 8. The flow rate in
the tunnel is controlled by a variable-pitch, variable-speed propeller
and can be set between 0.3 and 37 m/s with no more than one-half percent
deviation from the desired velocity. The test section is approximately
1.8 m square, 27 m in length, and is proceeded by a 9:1 contraction. A
zero pressure gradient along the length of the test section was main-
tained with the adjustable ceiling. The ambient temperature was kept
at a constant within +1/2°C by the tunnel air conditioning system.

The experimentation was scheduled in two parts. Each of the two
parts had different upstream conditions, however, there were features
which were similar to both. At the entrance to the test section during
both tests a 1.22 m long section of 1.27 cm gravel fastened to the floor
followed by a 3.80 cm high sawtooth fence spanning the width of the
tunnel was used to prompt the formation and growth of a large turbulent
boundary layer.

In the initial test, a false floor was installed to which the

models were secured, Figure 9. The false floor was comprised of
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three sections--the approach ramp, horizontal test section, and the
trailing down ramp. The floor originated 5.60 m from the sawtooth
fence. The approach ramp, constructed from .32 cm masonite, was at an
angle of 0.84° with the horizontal and had a length of 1.30 m. Fol-
lowing the upstream ramp was a 8.55 m long test section. This section
was built from 1.91 cm plywood. The models tested were mounted directly
on the plywood. Masonite, .32 cm thick, was then used in assembling

the trailing ramp. This ramp was .90 m in length and formed on angle

of -1.21° with the horizontal.

During the second test there was no false floor. However, a
roughness beginning at 1.83 m from the sawtooth fence and ending at
11.43 m gave a different approach velocity profile, Figure 10. The
roughness was made up of aluminum sheets with ribs .16 cm in height.
The ribs were randomly spaced normal and parallel to the flow. " In this
phase of the experimentation the models were mounted directly on the
aluminum floor of the wind tunnel.

As mentioned above, a sawtooth boundary-layer trip was used to
prompt the growth of turbulent boundary layer. A similarity velocity
profile was attained within 6.1 m of the test section entrance. During
the initial test the models were set 14.0 m from the entrance and during
the second 18.6 m. For both flows the ceiling of the wind tunnel was
adjusted to produce a near zero pressure gradient in the free streams

of the test section. A slight acceleration occurred along the approach

ramp.

Model Description

A series of triangular-shaped hills were designed and used for the

tests, Figure 11. The models were constructed using 9 cross-section



15

ribs made of 1.27 cm Plexiglas. The hill surface was placed over the
ribs, and was made of .32 cm thick Plexiglas. The crest height of each
was 5.08 cm and with aspect ratios of 1/2, 1/4 and 1/6. All models
were 183 cm in length. Each of the models were equipped with static

pressure taps.

Instrumentation

Actuator and Carriage

The measurements for this experiment required vertical surveys
(y—directioﬁ) of the flow at particular longitudinal points (x-direction)
along the center of the tunnel. To accomplish this the existing carriage
of the wind tunnel was employed. The carriage had been constructed on
a rail and wheel system. The rails 101.6 cm from the floor run the full
length of the test section. This allows the carriage to be positioned
at any desired point in the x-direction. A control unit outside the
tunnel monitors the vertical movement of the probes and probe support
through the boundary layer. This actuator system, with a total traverse
of 65 cm, provided a constant voltage change for a particular change in
height.

In both tests a stop rod attached tightly to the probe support
would make contact with the floor prior to the other instruments. The
purpose of the stop rod was to protect the probes from being driven
into the floor and possibly damaged. In addition, because the vertical
distance between the bottom of the stop rod and the probes were known,

Y, Wwas known, Figure 11. An electric indicator was triggered when the
stop rod contacted the floor. During the second set of tests a
.00254 cm dial indicator was employed to determine more accurately the

y-locations of the probes within .5 cm of the wall.



16

Static Pressure Measurements

Four different probes were used to measure the static pressure.
The particular probe used depended on the location of the desired
measurements. While making measurements of the mean velocity in the
boundary layer above the surface of the hill, two probes were used as
static pressure references. Commercial cylindrical pitot-static tube
was used along with a commercial disk probe. In general, cylindrical
probes are acceptable for free stream and boundary-layer measurements.
However, as this type probe nears the wall of the tunnel and in particu-
lar the surface of the hill errors occur due to the rapidly varying
flow direction. Specifically, the flow becomes something other than
parallel to the axis of the cylindrical probe. To compensate for the
error due to '"pitch'" angle between the airflow and pitot-static tube,
measurements were made with the disk probe in the vicinity of the
surface.

The disk probe samples the local static pressure through a small
static tap drilled in the center of the .62 cm thin disk. The disk
probe gave systematically lower static pressure readings, but was found
to be insensitive to "pitch" angles of +30°. The geometry of the disk
probe restricted measurements near the surface. The cylindrical probe
had a diameter of .18 cm with an elliptical nose. The static taps were
located 2.22 cm from the support stem. This probe had a .040 cm hole
for total pressure measurements.

Static pressure measurements were also taken on the surface of the
models and the floor of the tunnel. Each of the models contained a set
of static pressure taps distributed over the centerline of the hill,

Figure 12. The static taps, sharp edged and .064 cm in diameter, were
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drilled perpendicular to the model surface. On the floor of the tunnel,
static probes constructed from .079 cm i.d. and .139 cm o.d. brass tubing
were used. The end of the tubes were soldered closed and a series of
taps were drilled in a circle around the circumference of the tubing.
The probes were secured to the wall of the tunnel.

When making static pressure measurements, the reference was the
.static pressure in the free stream. A commercial pitot-static tube
.318 cm diameter was used. It was a cylindrical probe with an elliptical
nose. The total pressure tap in the tip of the nose was .079 cm in
diameter. The static taps were 5.08 cm from the support stem. The only
static pressures reported are wall static pressures upstream and on the
hills. The purposes of the other static pressure probes were to correct

the measurements of the disk probe and their use as reference pressures.

Velocity Measurements #

Three different probes were used to measure the total pressure.

Two of the probes were commercial pitot-static tubes described earlier
and the third was a commerical Kiehl probe.

The two pitot-static probes were used mainly for control and
calibration. The pitot-static tube used to survey the static pressure
above the hill was also incorporated as a standard used to calibrate the
hot-wire probes. The second, which was maintained as a static-pressure
reference, monitored the tunnel flow. This second probe was fixed in
the free stream approximately 1 m ahead of the models.

The mean velocity measurements made during the surveys were sampled
with the Kiehl probe. This probe has the capability of measuring total
pressure even when the flow angles are +*40°. The disk probe pressure

was used as a reference.
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For the range of velocities measured in the present study all
three probes agreed with the laboratory standard pitot probe. No correc-

tion to the readings were made because of the total pressure probes.

Turbulence and Shear Stress Measurements

Two types of hot-wire data were recorded. In the initial test a
cross-wire system was used, while in the second a single horizontal wire
fulfilled the requirement. The cross wire employed was not of the usual
X wire type, but had one wire normal and one wire yawed to the flow.
Both probes were constructed in the Fluid Dynamics and Diffusion Labora-
tory at Colorado State University. The wire in both cases was 80%
platinum and 20% iridium and 1.02 x 10" cm in diameter. The length of
the wires varied but all were approximately .16 cm. The wires were
soldered at each end to a support which was protruding from a ceramic
probe shielded by brass tubing. The sensor was then secured to the
actuator system. A detailed discussion of the evaluation of the hot-
wire output is given in Appendix A.

The hot wires were operated with commercial constant temperature
anemometers. The output of the anemometers was amplified and read with
mean d.c., and true r.m.s. voltmeters. The voltmeters were equipped
with R-C time constants to allow long time averages of the signals. An
analog multiplier was employed to obtain the product of the fluctuating
output of the cross wires. The multiplier circuit was checked using a
sine-wave generator.

Two capacitance pressure transducers were used for pressure
measurements. The transducers were calibrated using a standard water

micromanometer. These transducers are equipped with self-environmental
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control to maintain a constant operating temperature. Figure 13 is a

schematic of the equipment setup.



Chapter IV

RESULTS AND DISCUSSION

The major effect of a hill is to increase the local velocity near
the surface. This effect is of great importance in wind power appiica—
tion. The alteration of the mean wind profile will also be expected to
alter the turbulence near the surface. Thus, the present study was
directed at evaluating the effect of the hill on the mean and turbulent

properties. Such data is needed in order to design wind power units.

Mean Velocity

Primary consideration for wind power is the change in the mean
velocity distribution. It was found as the flow proceeded down the
tunnel that similarity was maintained, Figure 14. At the windward foot
of the model hills a slowdown of the airstream near the surface was
evident. Once the flow passed over the base of the hill there was a
continuous increase of the velocity near the surface. The greatest
speedup for all models tested was recorded at the crest. The similarity
was maintained in the outer region of the flow, Figure 15. It is impor-
tant to note that the outer flow pressure was fixed approximately
constant which would help the flow to remain similar in the outer region.
The largest increase in velocity for the first flow case was recorded
with the 1:4 hill followed by the 1:6 and finally the 1:2, Figure 16.

Flow case II with increased upstream roughness produced the same
results for the two models tested, 1:2 and 1:6, Figure 17.

The 1:2 and 1:6 model hills caused a greater mean velocity speedup
for flow case I than for flow case II. Flow case I, with a .17 power
law profile, produced a maximum speedup, AS, of .62 for the 1:6 model

hill and .33 for the 1:2 model hill where
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gny- -

Ur 5.

Ucrest Uupstream(n)

AS =

(16)

and 1 = = 0.5. The 1:4 model hill gave the maximum

crest nupstream
speedup of .68 for the same flow case. Flow case II, representing a
.26 power law profile, was subjected to maximum speedups of .43 and .26
for the 1:6 and 1:2 model hills respectively.
Note that the turbulence terms are non-dimensionalized by dividing
bielisy L O T . As described earlier 1 are values calculated for
W ref W

upstream profiles. The values used were T = 1074 n/m2 for flow

case I at x = 5.88 cm and .0952 n/m2 at x 50.80 cm for flow case

i1 B

Longitudinal Turbulent Velocities

The longitudinal turbulent velocities in both flow cases varied in
the same manner. At the foot of the hill the greatest magnitudes were
recorded. This was succeeded by a continuous decrease in'\[:ﬁ— near the
surface with the decrease being greatest at the crest. A greater
decrease in the longitudinal turbulent velocity component was noted for
the second flow case with the larger values of approach turbulence. The
alteration of the turbulence was restricted to that region near the
wall, Figures 18, 19, 20, 21.

The longitudinal turbulent velocity component, \/:TE, compared
closely with that found by Zoric (2) for the first test, Figure 22. As
expected for the second flow case the'\[ﬁE component did not agree with
Zoric but was higher. In both cases the measurements of the longitudinal

turbulent velocity component were reproducible, Figure 23.
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Vertical Turbulent Component

The vertical turbulent component, \[332 which was measured only in
flow case I also varied as it passed over the hill. This turbulent
component decreased up to the base of the hill, following them was a
continuous increase in \/Tﬁi to the crest. The change only involved
the flow near the surface, Figures 24 and 25. As discussed in Chapter II
the increase in‘\[ji- was expected from results for a contracting flow.
When compared to Zoric's data in the outer region, the values obtained
for \[?? were close. However, when compared to Tieleman's data (4)
near the wall the measurements appear to be somewhat lower, Figure 26.
(The data reported by Tieleman (4) were taken at a station almost 30
meters downstream in the tunnel compared to the present data taken at a
distance of 14 meters.) The disagreement may in part be attributed to
the strong velocity and turbulent gradients acting on the yawed wire in
this region. A problem which Tieleman compensated for when he presented
his results. A discussion of this is given by Sandborn (12). In addi-
tion, the first flow case may not be a true flat plate flow. There

could have been some change in the flow because of the false floor.

Shear Stress Distribution and Surface Static Pressure

As the flow passed from the furthest upstream station toward the
base of the hills there was a decrease in surface shear stress and an
increase in the surface static pressure. After passing the foot of the
hill, the trend reversed and an increase in wall shear was present. The
surface static pressure decreased along the reach of the hill. Figure 27
shows the change in surface shear stress and surface static pressure as

friction and pressure coefficients where
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T
g wall local (17)

2
1/2 pUlocal

and

C psta‘tic local pstatic B.S.

. (18)
P 2
172 pUlocal
The surface shear stress at each station was estimated using the
Ludwieg-Tillmann equation and the "law of the wall.'" The values found

using the '"'law of the wall'" may be somewhat questionable for the pressure
gradients obtained. Based on work done by Patel (5) which was described
earlier, the "law of the wall" applies within approximately 6% in the

range of

£ 5 L D07 (4)

For the present study the range was exceeded. For the 1:6 hill an
average of about A=.032 was computed. As a result, the values
obtained for the wall shear stress on the surface of the hill would be
expected to be consistently high. However, the numbers obtained do

give approximate values. For the 1:6 and 1:2 hills the Ludwieg-Tillmann
equation gives lower values than the "law of the wall."

The affect of the hill on the shear stress distribution was a local
one. The shear stress distribution remained unaffected in the outer
region. Near the wall the distribution changed accordingly with the
wall shear stress, Figure 28. For Figures 28 ai, aii, bi, ci, cii, 29,
and 30 all the points shown were calculated from the similarity equation
(15). For the other cases shown on Figure 28 the data points were

evaluated from the cross-wire data. The curves through the cross-wire
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data were faired using the upstream similarity distribution and an
approximate extrapolation to the known surface shear stress value. The
local slope of most of the shear stress curves at the wall

(31/3y]y=0 = 3P/3x) are very steep, and as such were not shown on the
fairings.

In Chapter II an explanation was given for the method used to
evaluate the upstream shear stress distributions. Because the analysis
depends on the mean velocity measurements and not the direct measure of
the Reynolds stresses it was possible to evaluate for both flow cases
the upstream shear stress distribution. When compared to Zoric's data,
it was found that the shear stress distribution of the first test was
repeatedly lower, Figure 29. Again this is attributed to the false
floor. The second flow case yielded a similar result. However, these
results were higher than that found in flow case I but still less than
what Zoric found, Figure 30.

The Reynolds stresses, uv, were employed to evaluate the vertical
turbulent velocity component \[?il The cross correlation uv was the
most uncertain term to evaluate. It was believed that a multiplying
circuit used in the measurements did not function as well as desired.
The result was a greater scatter in the data for the uv terms.
Determination of the\/iif terms was alsoqaffected but since it is
presented as a square root the sci%ter does not appear so pronounced.

=

¥

-
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Chapter V

CONCLUSIONS

The present investigation studied two different flow cases
subjected to three different triangular hills. These two-dimensional
model hills with aspect ratios of 1:2, 1:4 and 1:6 changed the mean and
turbulent properties of the flow near the surface. From the experimen-
tal evidence the following conclusions can be drawn.

1. As the flow progressed from the upstream station to the crest
there was no effect from the hill on the flow properties in the outer
region. The flow properties included are mean velocity and the longitu-
dinal and vertical turbulent velocities along with the shear stress.

2. For the region near the wall there was a velocity speedup as
the flow passed over the hill with the maximum above the crest. The
greatest speedup was for the 1:4 hill. ‘

3. The longitudinal turbulent velocity, \/Ei; increased to the
foot of the hill then decreased as the flow passed over the hill. The
decrease is greater for a turbulent boundary layer with larger turbulent
velocities. The decrease is on the order of 12%.

4. The vertical turbulent velocityf\[?ﬁ- decreased as the flow
approached the base of the hill then increased to the summit. Both the
increase in the vertical turbulent velocity and the decrease in the
longitudinal turbulent velocity were consistent with theoretical results
for a contracting flow.

5;  The sheér stress term uv and the wall shear stress decreased
from the upstream station to'the base of the hill. Over the hill an

increase of the shear stress was found.

»
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6. A decrease in surface pressure and increase in wall shear
coincided with the increase in mean velocity. The opposite was true

when the mean velocity decreased.
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Upstream similarity velocity profiles and velocity profiles at the crest.
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