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ABSTRACT 

Wind tunnel studies of optimum sites for wind power turbines were made. 
A systematic evaluation of the flow over two-dimensional ridges is reported. 
Two-dimensional ridges with definite crests, such as ideal triangular or 
sinusoidal shapes, produce the greatest amplifications in local wind speed. 
Bluff, very steep and flat topped ridges do not produce as large an increase 
in velocity as the crest ridges. The ridges tested were of small characteristic 
size compared to the boundary layer thickne.ss. The models correspond to 
ridges of the order of 100 meters or less in the atmosphere. For these ridges 
it is found that local viscous effects are of second order and the speedup of 
velocity can be predicted by inviscid flow considerations. Only near the 
surface (corresponding to approximately one to two ridge heights) are large 
changes in velocity observed. Wind velocity increases of the order of two 
times or greater than that of the approach velocity are measured at the crest of 
the triangular ridge. A slope of 1 to 4 (14 degrees) for the triangular ridge 
gives the optimum speedup at the crest. 

The flow in the outer region of the boundary layers over the ridge was 
found to remain similar to the flow upstream of the ridge. The longitudinal 
turbulent velocity component was found to decrease slig:·,tly near the ridge surface 
as the flow progressed over the windward face of the ridge. The vertical 
turbulent velocity component increased slightly along the windward face of the· 
ridge. The variation in turbulent velocities over the windward face of the ridge 
correspond to effect of a contraction on isotropic turbulence. 
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SITES FOR WIND-POWER INSTALLATIONS 
Wind Tunnel Simulation of the Influence of 

Two-Dimensional Ridges on Wind Speed and Turbulence 

INTRODUCTION 

Selection of sites for wind power generation require a detailed knowledge 
of air flow over atmospheric terrain. Since the power from the wind is proportional 
to the cube of the speed, it is of critical importance that the wind conversion 
unit be located where maximum wind velocities occur. The atmospheric wind is 
greatly influenced by the local terrain features. It is well known that the wind 
over hills and ridges and local funneling effects can also produce high winds. 
Likewise surface roughness, obstructions, such as trees, buildings and local rock 
outcrops, will produce local reductions in the wind speed. All of these factors 
must be included in the selection of wind power sites. 

For large span wind turbine units it is advantageous to have a uniform wind 
velocity that does not vary with vertical height. Use of optimum two-dimensional 
ridges will both amplify the wind velocity near the surface and make the velocity 
nearly constant with height. These results can be achieved even in the case of 
small ridges. The initial phase of the present wind tunnel study was focused on 
documenting details of the most optimum sites. Effects of ridge shape, approach 
velocity distribution, and stratification have been considered. Also factors 
such as the effect of the ridges on the turbulent velocities have been experimentally 
evaluated. 

Details of the wind tunnel modeling of atmospheric flows are discussed 
in the present report, along with the experimental studies on flow over ridges. 

5 



Symbol 

A 

B 

cf 

c p 

El' E2 

e, e1, e2 
e2 

1[;2 

ele2 

H 

h 

m 

p 

s u 

sl 

sz 

s v 
u 

u e 
0TOT 
u u F. S., co 

u 
T 

u, v 

R,W 
uv 

LIST OF SYMBOLS 

Definition Dimensions 

constant King's Law 

constant King's Law 

friction coefficient 

pressure coefficient 

mean voltage of a hot wire, 1 normal, 2 yawed V 

voltage fluctuation V 

mean square of voltage fluctuation v2 

root mean square of voltage fluctuation v 
mean of product of e1 and e2 
form factor 

height of hill 

exponent 

pressure 

sensitivity dE/dU of a hot wire 

sensitivity dE/dU of a normal hot 

sensitivity dE/dU of a yawed hot 

sensitivity, 1/U dE/Ucp, to angle 

local mean velocity 
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total velocity 
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friction velocity 
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velocity fluctuation in x-, y-direction 

root mean square velocity fluctuations 

time mean product of u and v 
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Definition 

longitudinal direction 

vertical direction 

horizontal direction 

pressure difference 

mean velocity speedup 

boundary layer thickness 

displacement thickness 

nondimensional distance from wall, y/6 
( 

momentum thickness 

kinematic viscosity 

mass density 

characteristic mass density 

shear stress 

characteristic shear stress 

reference wall shear stress 

wall shear stress 

local wall shear stress 

angle of probe with x axis 
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OBJECTIVES OF WIND TUNNEL STUDIES 

The major objectives of the wind tunnel study of wind power sites are the 
modeling of "ideal" atmospheric flows over both basic and complex shapes. The 
shapes are related to typical hills and ridges that are encountered in field 
site terrain. The initial study was directed toward the evaluation of an ideal, 
optimum, two-dimensional ridge. The ideal case allows an evaluation of the major 
features of the flow and a check of digital techniques of modeling flow over 
atmospheric terrain. The initial results has shown that for the large Reynolds 
numbers encountered in atmospheric flows, viscous effects can be neglected in 
predicting the flow over moderately high ridges. The initial studies have been 
for ridges with heights small compared to the approach boundary layer thickness 
(~: 0.1). For atmospheric boundary layers of the order of 1000 meters, the 
model scale correspond to ridge heights of the order of 100 meters. The ridge 
cord, which for the optimum triangular shape with slope of 1 to 4 is also of 
the order of the longitudinal turbulent scale. For atmospheric flows the 
longitudinal turbulent scales can range from SO to several hundred meters depending 
on the approach topography. Detailed evaluation of both the mean and turbulent 
flow over the two-dimensional ridges has confirmed that viscous effects need 
not be included in the analysis of the mean flow . It was not foreseen in the 
initial phase of the wind tunnel study that the flow could be treated as inviscid. 
Indeed most computer models currently being developed for flow over terrain 
still employ elaborate viscous and turbulence models. 

The modeling study also included effects of surface roughness and thermal 
stability. For the two-dimensional ridges roughness effects alter the approach 
boundary layer profile, but the flow over the ridge does not have time to more 
than produce a contraction of the oncoming flow. Thermal stratification will 
also alter the approach velocity distribution, but has only a secondary effect 
on the velocity speedup over the small scale, two-dimensional ridges studies. 
Obviously, stratification is expected to be important for large scale mountains. 

The initial study documented the basic flow over optimum shapes. The flow 
over isolated, three-dimensional, ideal hills has also been evaluated . Again 
this study was made to provide a set of data from which computer modeling of 
complex terrain can be developed. The isolated three-dimensional hill does not 
produce the dramatic speedup of the ridge, since the flow both goes around and 
over the hill. 

Evaluation of flow over less than ideal shapes was also made for the two-
dimensional ridges. For very steep ridges, bluff cliffs and escarpments the 
flow fails to follow the local surface , and viscous separation regions result. 
The separation of flow leads to a reduction in the local speedup of the wind 
over these bluff ridges. An experimental evaluation of the separation effects 
is currently underway to better define the flows, so that they may be taken into 
account in selection of field sites. 

Direct modeling of actual field sites will be done in the near future. As 
noted above the wind tunnel produces i~tailed modeling of the wind field over 
hills that are small compared to eith~T the boundary layer thickness, or of the 
order of the turbulent scale. This "s-tTiall "_scale modeling produces the inviscid 
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type flow pattern. The small scale modeling can accurately identify speedup 
effects and local separation regions. Further detail of the modeling between 
the wind tunnel and the atmosphere will be covered in the following section. 
In order to model terrain features, such as mountains or hills that are large 
compared to the boundary layer height, or turbulent scales a di fferent approach 
is employed. Detailed models that include local terrain features, such as 
local roughness, trees and other obstructions are employed. Of equal importance 
is the need to specify a local pressure distribution, either associated with the 
freestream above the model, or at the model surface. The wind tunnel is 
constructed so that the ceiling can be raised or lowered to produce a desired 
pressure gradient. Note that for the small scale models the freestream flow 
was assumed to remain .nearly constant. For the large scale field sites it will 
be necessary to make parametic studies of the pressure gradient over the models. 

WIND TUNNEL MODELING OF ATMOSPHERIC FLOW 

Atmospheric wind flows are associated mainly with large scale motions . A 
basic modeling parameter for fluid flow is the Reynolds number 

Re = pUL 
~ 

(1) 

where p is the fluid density, U is the fluid velocity, ~ is the coefficient 
of fluid viscosity and L is a characteristic length. Many characteristic 
lengths can be defined for specific modeling applications. Typically a length 
associated with the distance over which the boundary layer develops can be 
used to define a particular flow. Reynolds numbers of the order of 109 to 1010 
may be obtained in the atmosphere. For the Colorado State University wind tunnel 
it is possible to obtain boundary layer Reynolds numbers along the test floor 
of the order of 108 , Zoric and Sandborn, ref. 1. The analysis of Zoric and 
Sandborn, discussed below, demonstrates that for a sufficiently large Reynolds 
number the turbulent boundary layer develops to a similarity form. Thus, £or 
Reynolds numbers greater than approximately 107 only second order differences 
are found for the outer region of turbulent boundary layers. 

In the atmosphere the wind is driven by a large scale difference in pressure, 
however, the local flow behaves very much like a zero pressure gradient flow. A 
major difficulty with atmospheric winds are that they do not remain constant with 
time. However, for those times when a steady wind is present, the velocity 
distribution above the surface will be similar to the large Reynolds number 
boundary layers produced in the wind tunnel. Figure 1 shows typical zero 
pressure gradient velocity distributions that have been reported for a number 
of different Reynolds numbers. The velocity in the outer portion of the layer 
approaches closer the freestream value as the Reynolds number increases. 

Mean Velocity Similarity - In order to simulate the atmospheric flow in the 
laboratory, a wind tunnel with a long test section was employed. The boundary 
layer at the start of the test section wa? artificially thickened with roughness. 
The thick boundary layer was then allowe~ to develop further over a smooth 
surface. The laboratory boundary layer cannot simulate the turning of wind 
direction with attitude encountered in the atmosphere. Figure 2 is a typical r . set of velocity distributions measured along the test section surface, ref. 1. 
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As can be seen on Figure 2, the boundary layer required approximately 20 feet 
of development to obtain a "similarity" shape. Eyaluation of the surface shear 
stress along the test section was used to determine the equivalant x-distance 
Reynolds numbers. Measurement of the turbulent stress terms also indicate that 
they obtain a similarity, ref. 1. Formally a similarity of the mean velocity, 
U, and the shear stress, T , can be postulated as 

where U e 

and T = T C n) e where n = 
z 

() 
e 

is a characteristic velocity (which is taken as the freestream 

(2) 

velocity), T e 
is a characteristic shear stress (local wall shear stress for 

zero pressure gradient flow and () 
e is a characteristic length (taken as the 

boundary layer thickness in Figure 2). The similarity conditions, eq. 2, can 
be substituted into the x-direction equation of motion together with the 
continuity equation to determine the conditions for which similarity can exist, 
ref. 1. In order for similarity to exist the equation of motion requires that 

do e 
dx constant (3) 

Equation 3 points out that it was not necessary to specify three different 
characteristics for the boundary layer. Also if the characteristic length were 
taken as the "momentum" thickness of the boundary layer, equation 3 is just the 
"integral" or von Karman momentum equation (where the constant is 2, T T e w 
and U U ) . e oo 

For both the wind tunnel boundary layer and for atmospheric boundary 
layers the actual Reynolds number cannot change greatly once the flow is 
established. Thus, the flow might be approximated as a constant Reynolds 
nwnber flow. For constant Reynolds number the skin friction coefficient, 

T 2 cf(= W/~pU00), WOUld be constant, and eauation ~ urenicts that the characteristic 
length can at most be a linear function of x-distance. Zoric and Sandborn 
found that the lengths; momentum, displacement and boundary layer thickness 
approached linear functions of x-distance, even though the shear stress decreased 
slightly with distance down the wind tunnel. Sufficient data is usually not 
available to evaluate the thicknesses of the atmospheric boundary layer. 

Turbulence Similarity - As noted, Zoric and Sandborn, ref. 1, also found 
that the turbulent velocity components and the turbulent shear stress obtained 
a similarity form. The distance downstream from the initial roughness to the 
point where similarity was obtained for the turbulent velocity components was 
roughly twice as far as that required for the mean velocity. The similarity 
has proven of great value in large Reynolds number flows, such as encountered at 
supersonic speeds, Sandborn, ref. 2. Use of the similarity relations, eq. 2, 
in the equation of motion leads to a relation between the turbulent shear stress 
(Reynolds stress) and the mean velocity, Sandborn and Horstman, ref. 3. The 
similarity relation for the turbulent and/or total shear stress was shown by 
Sandborn and Horstman to be an accurate means of relating the turbulence and 
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mean flow for a very wide range of zero pressure gradient boundary layers. It 
is expected that the similarity concept will be valid for the atmospheric 
boundary layer. In both the case of mean and turbulent velocities the similarity 
should apply everywhere except in the viscous sublayer. 

Figure 3 shows typical longitudinal and vertical turbulent velocity 
components measured in the large Reynolds number similarity region of the wind 
tunnel. The lower Reynolds number measurements of Klebanoff, ref. 4, which 
correspond to aerodynamic type flows, are also shown on Figure 3. With the 
exception of the region close to the surface, the longitudinal turbulent velocity 
components are similar, when ratioed to the local surface shear stress 
(characteristic shear stress), for both the low and high Reynolds numbers. It 
is expected that the equivalent smooth surface, large Reynolds number, atmospheric 
results would also agree closely with the measurements of Figure 3. For the 
vertical turbulent velocity component the lower Reynolds number data of 
Klebanoff does not agree with the larger Reynolds number results. The discre-
pancy between the measurements of Klebanoff and the larger Reynolds number 
results has not been resolved. It would appear that the discrepancy is not 
solely due to a Reynolds number effect, but may reflect such problems as local 
upstream pressure gradient effects. Sandborn, ref. 2, found that the high 
Reynolds number supersonic, zero pressure gradient flow data agree closely with 
the subsonic large Reynolds number measurements. The low Reynolds number data 
of Klebanoff appear to be more characteristic of the turbulence observed in 
increasing pressure gradient flows. 

Turbulence Scale - The demonstration of· the approach of large Reynolds 
number boundary layers to a similar form can be used as a strong point in favor 
of modeling the atmospheric boundary layer in wind tunnels. The gross features 
of relative magnitudes of the velocities are correctly modeled. However, it is 
not obvious that the magnitude of size of the turbulence in the atmosphere 
related to that in the laboratory is adequately modeled. An evaluation of the 
spectral energy content of the longitudinal turbulent velocity was made by 
Sandborn and Marshall, ref. 5. Figure 4 shows a comparison of the wind tunnel 
spectrum with similar spectra reported by Pond, Stewart and Burling, ref. 6, 
for wind over water, and by Grant, Stewart and Moilliet, ref. 7, for ocean 
flow in a tidal channel. As expected the wind tunnel spectra indicates a 
smaller scale at the smaller frequencies or wave numbers, but the higher frequency 
content of energy is identical to that of the atmospheric boundary layer. By 
comparison, Figure 5 shows the difference in spectra measured in the large 
Reynolds number wind tunnel boundary layer to data reported for typical aerody-
namic boundary layers. These spectra demonstrate that the turbulent structure 
approach a similarity form at large Reynolds number, and that the present wind 
tunnel flow facility is capable of producing turbulence very much like those of 
the atmosphere. 

Again the present discussion applies to the boundary layer outside the 
viscous sublayer. For heights of interest to wind power the turbulent spectra 
over relatively smooth terrain is nearly independent of height. Figure 6 is a 
set of spectra taken with hot wire anemometers mounted on a meteorological tower, 
Stankov, ref. 8. T.hese atmospheric spectra were evaluated by an analog 
analizer, which allowed time averaging over one hour of time for each point. 
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No apparent change in the spectrum with height could be observed. Length 
scales (calculated from autocorrelation measurements) of the order of from 10 
to 70 meters were determined from the hot wire data, ref. 8. A study of the 
spectra development in the wind tunnel was reported by Tieleman, ref. 9. 
Figure 7 shows Tieleman's measured spectra for a number of distances from the 
surface. The boundary layer was 88.9cm (35 inches) thick at the point where 
the data was measured. For the data furthest from the surface (z = 1.27cm, 
0.500 in.) which corresponds to z/o = 0.0143, the spectra are similar, and no 
further change in shape occurs at greater distances. Thus, the viscous sublayer 
effects on turbulent structure are limited to values of z/o less than 1% of 
the boundary layer thickness. 

Thermal Effects - The Colorado State University wind tunnel was constructed 
so that both the air stream and the surface can be either heated or cooled 
independently. Thus, thermally stratified flows for a wide range of conditions 
are possible. A discussion of the modeling of stratified flows in the wind 
tunnel was given by Plate and Sandborn, ref. 10. For the atmosphere Monin and 
Obukhov, ref. 11, employed a "log-linear" velocity distribution to represent 
thermally stratified flow. Figure 8 show typical velocity distributions obtained 
in the wind tunnel for a number of cases. Both stable and unstable cases are 
shown. The length scale L used in Figure 8 is a stability length, ref. 10, 
and the coefficient a varies with the stability. For atmospheric flows 
McVehil, ref. 12, finds that a varies between 2 and 6 for unstable flows and 
is greater than 7 for stable stratified flows. Values of a greater than 10 
have been reported. Figure 8 shows that the wind tunnel can model at least 
the moderate range of stable and unstable flows expected in the atmosphere . 

Certain aspects of atmospheric flow are known to exist, which are generally 
not modeled in the wind tunnel. For example, cloud formation, thermal convection, 
and buoyancy can generate turbulence external from the surface boundary layer 
turbulence. Figure 9 shows typical turbulent intensity distributions reported for 
the atmosphere. Although there is considerable scatter in some of the data 
(determined from cup anemometers) it is apparent that the "outer region" level 
of turbulence is changing with time of day. As demonstrated in Figure 10, it 
is possible to introduce turbulence. into the freestream of the wind tunnel to 
model special conditions, ref. 10, although buoyancy generated turbulence 
does not appear feasible. No detailed study of these high turbulence level flows 
has been undertaken. 

WIND TUNNEL MODELING OF ATMOSPHERIC TERRAIN 

For direct wind tunnel testing of aerodynamic shapes the model Reynolds 
number is made the same as the prototype. For simulation of terrain in the 
wind tunnel the model is normally scaled in relation to the boundary layer size. 
This scaling produces models which are of the correct size related to the wind 
tunnel turbulence scales. Obviously, the Reynolds number based on model size 
is much smaller than that of the atmospheric terrain. For the initial two-
dimensional and three-dimensional hill studies a model height, H, to boundary 
layer thickness, o, of approximately, H/o ~ 0.1 was selected. The height of 
the atmospheric boundary layer can vary from as low as 300 meters (see Figure 9c 
for example) up to greater than 1000. meters. The height depends strongly on 
local flow conditions. Thus, for this initial set of measureme~ts the models 
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correspond to atmospheric hill heights from 30 to slightly over 100 meters. 
Note that this hill height is roughly of the same dimensions as the turbulent 
scales. Thus, the hill will act as a small perturbation in the flow and it is 
possible to assume that the freestream velocity is not affected. Secondly, it 
was assumed that atmospheric hills of this height would be the most likely 
candidates for small and moderate wind power sites. The results of the study 
suggest that hills with characteristic sizes of the order of the turbulence 
scale will produce a near inviscid speedup of the local wind. Thus, the small 
hills will be the most efficient amplifiers of the local wind, since larger 
hills and mountains may have correspondingly large viscous losses in wind energy. 

The boundary layer similarity aspects, which are employed to justify the 
modeling of atmospheric boundary layer in the wind tunnel, exclude the "viscous 
sublayer". For the present wind tunnel studies the thickness of the sublayer 
can be estimated from the value of the surface shear stress. From the data 
given by Rider and Sandborn, ref. 13, the skin friction coefficient of the approach 
layer is approximately,, cf ::: 0. 0025. This value of skin friction corresponds 
to a "shear stress" velocity, U ·of 0.38 meters per second. The viscous T' 
sublayer is taken as an arbitrary value of the non-dimensional length 

u 
.L____!:_ ::: 5 

v 
(4) 

For the present flow this relation corresponds to a vertical distance of 0.024cm. 
Even a more conservative value of the length limits the complete "logarithm" 
velocity distribution to a vertical distance of no more than 0.5cm. At the 
crest of the hills the skin friction coefficient is of the order of cf ::: .0035, 
which increases the shear stress velocity by roughly 18% and reduces the viscous 
region by the same amount. The complete sublayer region is limited to values of 
z/o less than 0.01 and as such, have received little attention in the present 
modeling. For the atmosphere the equivalent sublayer is also limited to very 
small distances from the surface and would be of little interest in wind power 
site studies. 

The modeling of viscous effects, such as flow separation ; is not well 
documented. Although physical understanding of turbulent boundary layer 
separation has been advanced considerably in the past decade, Sandborn, ref. 14, 
it is still not possible to predict the effect of such parameters as Reynolds 
number on flow separation. In the past it was tactful to assume that boundary 
layer separation was a unique point with a unique velocity distribution. However, 
experimental measurements, ref. 14, produce a wide spectrum of possible separation 
profiles depending on flow history and local conditions. The wind tunnel modeling 
can be expected to identify regions where separation is likely to occur, and also 
produce some information on the extent of the separation region. Further experi-
mental studies are still required to insure that this separation data obtained in 
the wind tunnel can be related directly to the field case. Certainly, studies 
of. the effect of flow separation around model buildings have proven extremely 
valuable in predicting the local pressure loads on the structures . 

. "' ... 
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RESULTS AND DISCUSSION 

Mean Flow Over Ridges - Based on the preliminary studies made in the first 
year of the research program, it was evident that the maximum wind amplification 
would be achieved over two-dimensional ridges. The preliminary measurements 
demonstrated that sharp crested, triangular shaped ridges produced the optimum 
speedup of the approach flow. Detailed evaluation of these studies of ridge 
shape were completed and formally documented during the current year. The 
results reported by Rider and Sandborn, ref. 13, on the ridge shape evaluation 
is included as Appendix A of the present report. 

During the present year detailed experimental evaluation of the optimum 
two-dimensional ridges with heights of the order of one tenth the boundary layer 
thickness were completed. The preliminary observation reported in the previous 
annual report, ref. 15, was that viscous effects appeared to be unimportant for 
the particular cases measured. It was possible to predict the magnitude of the 
speedup ratio over the two-dimensional ridges using an inviscid flow model. 
During the present year it was possible to document the fact that the inviscid 
approach was able to predict flows over the windward side of two-dimensional 
ridges, Derickson and Meroney, ref. 16. Thus, the velocity distribution at 
the crest of a two-dimensional, small, ridge can be predicted from an inviscid 
flow analysis, once .the upstream approach velocity dist r ibution is specified. 

Detailed information on the mean flow over the two-dimensional ridges 
together with a formal analysis of the justification and limits on the application 
of the inviscid flow model are currently being prepared as a doctoral dissertation 
by Mr. R. J. B. Bouwmeester. A summary paper by Bouwmeester, et al., ref. 17, 
presented at Washington, D.C., in September •overs some of the results to be 
presented in the thesis. 

Turbulence Over Ridges - A detailed evaluation of the development of turbulence 
over two-dimensional ridges was made during the present year of study. Questions 
had arisen as to whether or not the speedup of flow over a ridge would give rise 
to large increases in the local turbulence. The presence of large fluctuations 
in the wind velocity would be a major objection to a particular wind site. The 
results of this aspect of the study was presented in a report by Rider and 
Sandborn, ref. 13, attached as Appendix B of this report. The basic result of 
this study was that the small ridge has only a small, predictable effect on the 
boundary layer turbulence. The similarity analysis of the mean and turbulent 
flow discussed in the section on "Wind Tunnel Modeling of Atmospheric Flow" 
demonstrates that the turbulence can be non-dimensionalized by a characteristic 
surface shear stress. It is found that the turbulence for a very wide range of 
flow conditions can be correlated. by a similarity plot of the form shown in 
Figure 3. The data points shown on Figure 3 are taken from the results of the 
present study. If the flow conditions change rapidly it is found that the turbu-
lence cannot respond quickly to the new conditions. Thus, the inertia of the 
turbulence tends to keep the distribution similar even for large changes in the 
surface conditions. Sandborn, and Horstman, ref. 3, demonstrated that the turbulent 
shear stress changes only near the surface to meet the new pressure gradient 
requirement. The outer part of the turbulent shear stress distribution required a 

.: .... , very long time or distance before it can alter. For the present case of small 
ridges in a large boundary layer where direct viscous effects can be neglected 
it would also be expected that the turbulence cannot change appreciably. The 
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results presented in the appendix show that only near the surface does any change 
in the turbulence occur. The actual change in the turbulence appears to be that 
which could have been predicted for turbulence undergoing a contraction of strain. 
The turbulen:(r cgmp9ne11t ,1,;in the . directicm of the mean ..f~qw . ~s .:,reduced in magnitude 

. near ·.the . s\ir,face}~'~:.wJlii'I~ :~~:the : vertidiL component ! of .. turin.de'nce·;';is · s'i1ghtly . 
increased~:?:: since,.:it::·;· i '5'; '1exp~ cted that the'· horizontal ~ C'ompon~nt: · ·~·£ ··· the turbulence 
would be the most critical in wind turbine design, the results of Appendix B are 
considered to indicate that the turbulence over the upstream face of the small, 
two-dimensional ridges will not be a problem. Once the results are obtained it 
may appear obvious that the passive role of turbulence would be expected. 
However, most of the basic concepts of turbulent boundary layers and shear flpws 
are so poorly understood that, such aspects as possible similarity of turbulence 
in large Reynolds number boundary layers, are still being questioned. The 
present results are an important check on the evolving turbulence "model", as 
well as a necessary conclusion that the turbulence on the windward face of a 
ridge does not cause wind turbine problems. 

Effects of Roughness - A number of factors can and will effect the mean 
velocity distribution of the boundary layer in the atmosphere. A major factor 
will be surface roughness. Roughness which can range from smooth grass surfaces 
to large obstructions, such as trees and hills will act to reduce the wind velo-
city near the surface. Figure 11 shows the effect of roughness on the mean 
velocity profile in the special case studied; see Appendix B for identification 
of Case I (smooth) and Case II (rough surface). The mean velocities at the crest 
of the 1 to 6 slope hill is also shown in Figure llb). The speedup ratio is 
approximately the same for the two cases shown in Figure 11. Thus, the major 
effect of the upstream roughness is to remove energy near the surface, which 
would decrease the power available to a wind turbine. The speedup ratio remains 
roughly the same for a given small ridge independent of the shape of the approach 
velocity distribution. Figure 8 of Appendix A shows the effect of Reynolds 
number of the speedup over a 1 to 4 slope ridge. As noted in Appendix A there 
is roughly an order of magnitude difference in the Reynolds number for the two 
profiles shown on Figure 8 (Appendix A). There is also roughly a factor of two 
difference in the boundary layer thickness for the two flows. For the two-
dimensional, small ridges of similar shape the speedup factor is not sensitive to 
changes in Reynolds number or perhaps more general to the approach flow veloci·i:y 
distribution. Obviously, this conclusion can only be applied to the cases where 
the ridge dimensions are small compared to the boundary layer thickness. 

Thermal Effects - A set of measurements of the mean and turbulent fluctuations 
over 1 to 4 and 1 to 6 slope triangular ridges for stably stratified flow was 
also made during the current study. Figure 12 shows a typical set of upstream 
and crest profiles for flow over the 1 to 4 ridge with a surface temperature of 
0°C and a freestream temperature of 42°C. The freestream velocity was approxi-
mately 9 meters per second for both cases shown. The effect of thermal strati-
fication on the speedup ratio appears to be extremely small in the area of 
interest to wind power sites. The inviscid flow model analysis indicated that 
mildly stable conditions will tend to decrease the speedup factor, while the 
unstable conditions tend to increase the speedup factor. 

15 



CONCLUSIONS 

The present experimental program demonstrated that the two-dimensional, 
sharp crested ridge produced the optimum speedup of winds near the surface for 
a modeled atmospheric boundary layer. The results apply to ridge sizes that 
are small compared to the boundary layer height. The measurements indicate a 
slope of 1 unit rise to 4 units of length produce the maximum speedup. Steeper 
slopes produce a separation bubble or vortex at the foot of the ridge and less 
speedup at the crest. Smaller slopes fail to produce sufficient acceleration 
of the flow near the surface. The speedup ratio for the small ridges was only 
slightly altered by changes in Reynolds number, approach surface roughness or 
stable stratification. 

For the small ridge, which corresponds to heights of the order of 100 meters 
or less in the atmosphere, the experimental measurements were found to be predicted 
by an inviscid flow analysis. This result is of major interest in the development 
of numerical models. The limitations will be that viscous separation does not 
occur in the flow field analyzed. It can be implied that, since viscous losses 
are not important for the small ridge, the particular type of flow will be the 
most efficient for wind power sites. Not only does the ridge increase the wind 
speed near the surface, but it also acts to produce a more nearly uniform 
velocity distribution above the surface. The uniform velocity distribution can 
be of great value particularly for the propeller type wind turbines. Note that 
the present results are for the ideal case where the prevailing wind is normal 
to the ridge, such as might occur along an ocean coast line for example. 

Evaluation of the turbulent velocity field over the two-dimensional ridge 
was also made. The turbulent velocities respond as if the ridge acts as a 

- contraction, or the flow near the surface has undergone a small strain. The 
turbulent velocity component in the direction of the mean flow is reduced in 
magnitude near the surface. The vertical turbulent velocity component increases 
in magnitude near the surface. Since the longitudinal turbulent velocity component 
is most likely to be important in the design ofwind turbines, the effect of the 
ridge will not adversely affect turbine design . 

RECOMMENDATIONS 

The present study has demonstrated the feasibility of small two-dimensional 
ridges for wind power sites. It remains to document such details as what 
constitutes a two-dimensional ridge as opposed to a three-dimensional hill. 
Present results for the ideal (cone), three-dimensional hill show a reduction of 
nearly SO% in the speedup ratio over that of the ridge. Thus, if a wind power 
site choice is possible the two-dimensional ridge will produce far more wind 
power. A systematic evaluation of the effect of ridge length is required in 
order to determine the effect of ridge aspect ratio. The study has evaluated 
the optimum symmetrical ridge, however it may be possible to improve on the shape 
by varying the rearward face of the ridge. Since the rearward face of the ridge 
is usually a separation region, the inviscid modeling of the flow will not be 
valid over the downwind part of the ridge. 
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The obvious next step in the study is the modeling of actual atmospheric 
field sites. Both small hill and ridge sites as well as tall mountain sites 
need be modeled. For the small hills, the fact that viscous effects are unimportant 
makes it relatively easy to model the flow in the wind tunnel. For the larger 
mountain terrain where the atmospheric boundary layer and turbulence scales are 
small compared to the terrain more information is necessary in order to model 
the flow. Of critical importance are factors such as surface roughness and local 
pressure gradients. While these factors are simulated in the wind tunnel it is 
not a lways possible to specify what pressure gradient to model. The wind tunnel 
studies would be made with a range of possible freestream pressure gradients, 
for example, that might be encountered in the field case. 

t 
' 
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APPENDIX A 

MEASUREMENTS OF THE MEAN AND LONGITUDINAL TURBULENT 
VELOCITIES OVER VARYING HILL SHAPES 

by 
Michael A. Rider 

and 
V. A. Sandborn 

ABSTRACT 

A systematic wind tunnel study of flow over two-dimensional 

hills was made. A single approach velocity profile was subjected to 

varying shaped hills. The results indicated that the triangular 

and sinusoidal hills produced the greatest speed up of the airstream 

in the region near the surface. The more abrupt models produced less of 

an increase in local velocity. 

INTRODUCTION 

Site selection for wind turbine installations is a major criteria 

for the success of a wind system. Topography is known to have very 

strong effects on the atmospheric winds. Particularly, in the lower 

atmosphere, the influence of the local terrain is extremely evident. 

Different hills or ridges will produce different degrees of speed up 

of the airstream as the flow approaches the summit. Thus, it is 

important to find the most likely location for the greatest possible 

power production. 

A series of tests were conducted in a small wind tunnel to estimate 

the change in flow properties of a turbulent boundary layer as it 

moved over six different ridge models. Models of the same relief 

but different slope were investigated. The hills varied geometrically 

from triangular to sinusoidal and finally a box shape. 
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TEST SETUP 

The measurements were made in a small .37 x . 37 meter (transpiration) 

wind tunnel located at the Fluid Dynamics Laboratory at Colorado State 

University, Figure 1 . All tests were conducted with a zero pressure 

gradient. 

As the flow entered the test section a series of five fences, 2. 54 em 

in height and spaced 10 em apart were used to initiate the growth of 

the turbulent boundary layer, Figure 2. The last fence was followed by 

a 1.22 m reach of roughness. The roughness made from .5 em diameter 

spheres ended 2.54 em from the base of the models. The center of the 

models were positioned 1.35 m from the last boundary layer trip. A 

false floor covered the total test section, Figure 2. A horizontal 

hot -wire probe sampled the mean and the longitudinal velocities . 

Profiles were taken at locations 10.16 em in front of the crest at the 

foot of the hills and at the crest of the hills . 

The hill models were constructed from . 32 em masonite, Figure 3. 

All of the models were 43 em in length. A traverse mounted on the 

underside of the tunnel was used to survey the flow. The traverse 

entered the tunnel behind the models and along the center line of the 

tunnel . 

FLOW VISUALIZATION 

To aid in the investigation several photographs were taken of 

smoke .Passing over the hills . The smoke, titanium tetrachloride, was 

released a few centimeters upstream of the foot of the hill models . 

All of the photographs were taken with a tunnel velocity of about 3 m/s. 

The shutter speed was varied to give different perspectives of the f l ow . 

The more revealing photographs are shown in Figure 4. 
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RESULTS 

Of the shapes tested the triangular hill produced the greatest 

speedup at the crest. Table I lists the measured mean and turbulent 

velocity profiles for each hill. The approach profile was measured 

only once and was assumed to remain the same for all the tests. 

Figures Sa to Sf are plots of the measured non-dimensional mean velocity 

distributions. For all the figures the initial upstream profile is 

the ·same. With the exception of the rectangular hill (bluff body) 

there is always a decrease in velocity at the foot of the hill and 

a speedup at the crest. The boundary layer upstream of the foot of the 

hills experience an increasing pressure gradient, which can be seen in 

the smoke pictures to produce a local separation bubble for the bluff 

body. (Note that the smoke pictures of Figure 4 can be somewhat 

misleading due to shadow effects both along the upstream and downstream 

junctions between the model and the floor.) 

Figure 6 is a plot of 
- y U(-) -

~S = lOH crest 

the fractional speedup 
- y 
U(lOH) approach 

- y 
U(lOH) approach 

The triangular and sinusoidal hills produce the greatest speedup 

(1) 

effect. It is somewhat surprising that hill No. 4 shows considerably 

less speedup than the same slope triangular hill. The smoke pictures 

indicate that the separation effect in the lee of the triangular 

hills acts to in effect make the triangular hill appear to the flow to 

be higher. 

Figure 7 is a plot of the longitudinal turbulent intensity distri-

butions for the six hills. With the exception of the rectangular hill 

the turbulent intensities are greatly reduced at the crest of the hills. 
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It was noted by Rider, ref. 1, that a reduction in the longitudinal 

turbulent velocity component could be predicted from the theory for 

turbulence undergoing a contraction. The reduction in the longitudinal 

turbulence will be accompanied by a proportional increase in the vertical 

turbulent component, ref. 1 . 

The present study made in a small wind tunnel was limited to 

the use of boundary layer trips and roughness to increase the equivalent 

Reynolds number approach velocity profile. The equivalent Reynolds 

number estimated from the value of skin friction coefficient for the 

approach profile in - 107. A comparison of the present results 

for the triangular hill with similar results reported by Rider, ref 1, 

for a much longer boundary layer development length (Re - 108) are 

shown in Figure 8. The fractional speedup for both cases is quite 

similar . The larger flow facility velocity profile is somewhat fuller 

than the one employed in the small wind tunnel. 

CONCLUDING REMARKS 

Evaluation of the velocity speedup over different shaped hills 

show that triangular and sinusoidal geometry is preferred for wind 

power sites. The flat top hill does not give as large a speedup at 

the crest, due apparently to the absence of the separation that occurs 

for the "sharp" crested models. The present feasibility study suggests 

that reasonably small scale flow systems may be employed to determine 

the gross features of hill shapes on the speedup. 
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Table I. Measured Mean and Turbulent Velocity Distributions 

a) Initial Approach Profiles 
POSITION IO.I6CM FROM CREST 

FREE STREAM VELOCITY 17.B7M/S HARO~ETRIC PRESSUqE 24,70IN HG 
TUNNEL TEMP, 73,0F DATE 4/26/7f> TIME 2.30 
DENSITY ,91;196E+OO KG/CM 

(,N 
~ A= 11.533 B= 3,333 C= o50 Y= 25,40 

y E RMS Of./OIJ u RMSU YN U"' CM VOL 15 MV ,../5 M/5 .too 4,4fll:l 1n.zo .0719 6.1>7 2.3!!1 .016 .373 
}.<17 4. 713 141,00 .0~52 10.26 2.5~5 .058 .574 
1.•2 4,8('1 115.00 • 0492 IZ.J4 2.3J7 .135 .l:>'l1 
6.17 4,tl'>6 100.20 .04!>6 13.'12 2,1\17 .243 ,77'1 
8.11 4.946 92.00 .0434 IS.OS 2.11B .343 .842 

11 •• 7 4,999 79.50 ,0413 16,30 1,925 .451 .912 
14.<16 5.034 57,70 ,0400 I 7.16 I ,444 .561 .960 
16,64 5.054 3f,10 ,OJ92 17.67 ,!!'15 .&55 .989 
19.99 5.062 1 • 90 ,OJ!!9 17.87 ,4b0 .787 1.000 
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Table I. (Continued) 
b) 

A= 11.533 

y 
C"' ,,3 

\,63 
4,42 
~, ~ ;> 
9,ell 

ll. u 3 
12. 3<1 
)4,4? 
12.!>3 1 • ~4 
20,00 

A= 11.334 

y 
CM 
.17 
,.l6 

i. 51 
3.0'1 
5,9A 
8.41 

II. 08 
13.64 
16,19 
18,55 
20,43 

FOR HILL 

FREE STREAM VELOCITY 17,&7M/S 
TUNNEL TEMP, 72,0F 

DENSITY ,98YbE+OO t<G/cM 
B= 3,333 C= j~O Y= 25,40 

E 
VOLTS 

4.3~1 
4.bc \l 
4,803 
4,!HI 
4,Y41l 
4,'11>3 
4, 99 1 
5.019 
5.041 
5,04tl 
5,U'J4 

RMS nEIDU 
MV MIS 

187,!!0 ,Otl63 
155,1:!0 ,Ob09 
113, I 0 .u~ot 
95,00 ,0468 
A9,20 • 04 34 
80.40 ,0427 
73,10 ,0416 
57,40 ,0405 
38. l 0 ,OJ97 
23, I 0 ,OJ94 
19,80 .0392 

FOR HILL 

FREF. STREAM VELOCITY 18,15M/5 
TUNNEL TEMP, 73,0F 

DENSITY ,9fi44E+OO t<G/CM 
B= 3,333 Co: ,so Y= 25,40 

E RMS DEIDU VOLTS HV MIS 4,91;7 83,00 .0~36 4,927 85.00 • 0 1+36 4,927 9'1,00 ,04)6 
4,Y43 88,00 ,0429 
4,9b8 84,0U .0419 
5,005 79,00 ,0405 
5.024 64,00 ,O.iYB 
li. 0"4 42,00 ,0390 
5.051 23.00 ,0:188 
5,052 16.00 .OJB7 
5. 053 13,00 .OJ87 

• 

POSITION IO,I&CM FROM CREST 

BAROMETRIC PRESSURE 24,741N HG 

DATE 4/26/7& TIME 11.30 

u RMSU 
M/5 

4,9J 2 ,I lb 
!1,7"> 2. ~;.., 1 

11,98 2,i:''J6 
13,31:1 2.031 
15.09 i',O>;fl 
1'>,44 1, 8H2 
1b,ll 1,7 ':> 7 
16,79 1.411) 
11. J4 .960 
17 .':d ,':>Ho 
17.b7 .~o~ 

POSITION O.OOCM fROM CP.FST 

BAROMETRIC PRESSURE 24,66IN HG 
DATE 4/27/76 TIME 11, 0 

u P.MSU 
M/5 

15.08 I, Y06 
1'>.08 1. 9~2 
I~.OH 2,1,1'1 
l~.·~ <'.0~2 lb,04 2,006 
IF,,94 I,Y'13 
I 1, 41 ).6)0 
17,92 I. o 16 
113. I 0 ,5'13 
18,12 ,413 
18,15 ,336 

YN UN 
.021 .279 
,Ob• • 4 9 <; 
• 174 ,1>78 
.?1>1:1 ,1')7 
,357 • f3')4 
,434 . 874 
,4BH ,911 
.56fl . 950 
.6':>1 • 91! I 
.730 ,9YI 
.788 I. 000 

YN UN 
.007 .831 
.014 ,A31 
.0 59 ,1:\31 
.126 .851 .23b .884 
.331 .933 
.4)6 .959 
.537 .987 
,637 • '19 7 
.730 ,998 
.804 1.000 



V-1 
0'1 

. .,., 

Table I. (Continued) 
c) 

.. ~ 11.533 

y 
CM 
,]Q 
,1.5 

Z,"lO 
J.ll] 
!:i.61 
1, Q I 
9,58 

11.75 
1~.V6 
16.0 I le.•s 
19,97 

A= 11,334 

v 
CM 
,17 
,46 
.~8 

z.:l5 
'1,38 
6,35 
9,10 

11. ~3 
13,19 
16 ,lo7 
20,'13 

FOR HILL 2 

FREE STREAM VELOCITY 17,75MIS 
TUNNEL TEMP, 72.UF 

OfNSITY ,9696E+OO KGit~ 

a~ 3,333 c~ 150 y, 2!>,40 

E 
VO!,.TS 

4,2~J 
4,501 
4,6'Y4 
". 1tll 
4.8~2 
4,61!1 
4.'142 
4,98b 
5,liJU 
5,0J9 
5,050 
5,057 

PMS DE IOU MV MIS 
16<'.~0 ,1012 
16Z,60 ,Ql01 
130,50 ,0564 
114,60 ,0513 98, I 0 ,0417 
93,00 ,0463 
8b,JO .0436 
76,70 ,0418 59,40 ,040'1 
4), '10 ,OJ98 23,00 ,OJ94 
1'1,JO ,O . .l91 

FOR MILL 2 
FREE STREAM VELOCITY 18,56MIS 
TUNNEL TEMP, 73,0F 

DENSITY ,9844E•OO KGI(m 
B• ],3JJ C= •50 Ya 2~.40 

E RMS DE IOU VOLTS MV MIS 4,\120 81:1,00 ,0439 4,9<'6 88,00 ,0416 
4,941 9LOO ,0430 
4,\1~2 95.00 ,0425 4,9b4 87.00 .o•20 4,9Y4 83.00 ,Oit09 
5.016 7ij.OO .o~oo 5.04H 6 .oo ,O.l89 5,0!:>) 43,00 ,OJ84 5,0!\6 24.00 ,OJ83 5, Ob9 11.00 ,OJB~ 

' "*"¥.· 

.. 

POSITION 10,16CM FROM CREST 
BAROMETRIC PRESSURE 24o74IN HG 
DATE 4126176 TIME 12. 0 

u 
MIS 

RMSU 
3,77 1,606 
6.85 <'.J02 
'1,92 ;>,3!6 

11.54 2,<'J4 12,9tl c,O'>I:l 
13,60 2,009 
14~'15 1,\179 
1~.'1'1 I ,IUS 16,57 I ,4'">4 
17.2\1 1,0'">3 
17,5b .~H4 
II, 74 ,4'13 

POSITION O,OOCM fROM CREST 
BAROMETRIC PRESSURE 24,66IN HG 
DATE 4127176 TIME 10,30 

u RMSU 
MIS 

14,92 1,961 
15,05 ?,018 
15,40 2,118 
1'>.66 2,234 
1~.94 2,069 
1!:>,6& 2. o :n 
17.21 1,H f3 
1d,02 I .~43 
l!l,Jb 1.119 
18,4'1 • bi' 1 
1!!,51:1 ,446 

:~:t~~ 

YN UN 
,012 .212 
,0)0 ,386 
,0'19 .559 :- ,~ ....... 
• IS I ,6':i0 
.221 .731 
.276 ,766 
,377 ,tl4] 
.46? ,'tO I 
.5~4 ,9]] 
,1>30 .9.74 
.726 ,989 
.786 1,000 

YN UN 
,007 ,804 
.018 • tlll 
,0]5 ,630 
,OA9 .84't 
.172 ,859 
.250 ,698 
.3'if! ,927 
,456 ,971 
.543 .989 
,648 ,996 
.804 1,000 



~......,,. 

V-1 
-...) 

Table I. 
d) 

A= 11,533 

y 
CH 
,J5 

L2b 
2.11 
4,19 
6,91 
•). 7 3 

12,Q9 
1J.~fl 
15.~5 
18,15 
H.'il8 

A" 11,334 

y 
CM 
.14 
,37 
,62 
.76 

!.ll3 
i!,76 
4,72 
6,!3 
8,74 

11.07 
13.71 
15.0 
18.07 
20.41 

(Continued) 

fOR HILL 3 
fREE STREAM VELOCITY 17,75M/S 
TUNN~L TtM~, 73,0F 
OfNSITY ,9891>E•OO KG/c;1'\'\ 

Bz 3,333 Cc o50 y,. 25,4u 

E 
VOLTS 

~.<'Jb 
~.56~ 
4,714 
4,801 
4,888 
4,941 
4,'>9'5 
5,024 
5,03H 
5.047 
5,uo;7 

RMS DE IOU 
MV MIS 

167,40 ,10<:'3 
151!,30 ,01>55 
123,40 ,0551 
106,90 ,0502 
94,60 ,0460 
88.20 .04.lb 
7l,JO ,0414 
60,40 ,0403 
43,70 ,O.J'IH 
26.20 ,OJ 9 5 
17,40 ,OJ91 

fOR HILL 3 

fHEE STNEAM VELOCITY 18,46M/S 
TUNNlL TEMP, 73,0F 
DENSITY .9H44E+UO KG/CM 

R= 3.333 C= ,50 Y= 25,40 

E RMS DE IOU 
VOLTS MV M/S 

5. Oil 81.00 ,0402 
4,<;90 8~.00 ,0410 
4.'1bb 85,00 ,0420 
4,'1':>7 90.00 ,0423 
4,934 94,00 .o .. :n 
4,943 90,00 ,()429 
4,961 a:..1o ,0422 
4,'112 R1,'ol0 ,0417 
5. 00 7 7~. 3 0 ,0404 
!i,OJ1 1:>2.50 .Oj"::';) 
5. 0!':>4 4J. I 0 ,Qji!J 
5.0.,7 21'1,10 ,O Hlb 
5.~63 20,'10 ,(ljH4 
5.065 1Z.j0 ,O.J83 

-~), 

POSITION I0,16CM fROM CREST 
BAROMETRIC PRESSURE 24,72IN HG 
DATE 4/2h/76 TIME 12,45 

u RMSU 
M/S 

3, TO l,bJ1 
7,78 2,418 

10,?8 2,?Jfl 
II. '14 2 ,I ~8 
IJ. 75 2,057 
1'• .93 2,0<'1 
16,20 I , 7 <' 0 
16,91 1 ,4Y7 
17.2b 1,0'18 
I 7,49 ,664 
1 7. 74 ,445 

POSITION O,OOCM FROM CREST 
84RJMETR1C PRfSSURE 24,b6lN HG 
DATE 4/27/76 TIME 9,10 

u RMSU 
MIS 

17,01! 2.013 
lb.57 1,9'1'1 
15,99 2,oco 
15,77 2 ,I t!.7 
15.24 2,173 
15.45 2,0<,18 
15.1!7 2. OJ3 
16,13 1,91:>3 
1b.<,iB I. 1.11:> 5 
1 7. 59 1. ~ 1!2 
18 .I 7 1. 1 14 
1!l.25 .'1 ~ 9 
IH.41 .~4'5 
18.46 .Jcl 

YN UN 
,01~ ,208 
,050 ,43H 
.1 0 7 ,579 
,16~ ,673 
,272 ,775 
.3tl3 ,IHI 
,476 .913 
,546 .'1 5 3 
,628 ,972 
,714 ,9!15 
.787 1.000 

YN UN 
,006 ,925 
.015 ,897 
.024 ,866 
.030 ,!!55 
,072 ,A25 
.I 09 ,837 
.186 ,!!bO 
,261 ,87'+ > .344 ,920 
,436 • 95 .1 
,540 ,985 
,607 ,989 
.712 .'l 9 7 
,604 1.000 



(.N 
00 

Table I. 
e) 

A= 11,533 

y 
CM 
,77 

Lfi.>O 
3,,0 
5.16 
7.50 
9.!15 

11.•17 
lit,11 
16,!12 
11~.45 
19,9'1 

A" 11,334 

l' 
CM 
.h 
• 'l3 

l. 12 
3,44 
5,72 
1,60 
9.96 

12.211 
14, ~I 
16,l6 
18,U 
20,43 

(Continued) 

FOR HILL ~ 

FREE STREA~ ' VfLOCITY 17,5cM/S 

TUNNEL TEMP, 73,0F 

R= 
DENSITY 

3,333 Co: 

,9896E +00 KG/( M 
~50 y .. 25,40 

E 
VOLTS 

It, I A'i 
4,45.l ... 11"' 4,A13 
4,8Hb 
4,9]b 
..... bll 
5.012 
5,0J6 
5,U44 s.o .. t! 

RMS DE/DU 
MV M/S 

193,30 , Ill 0 
17!1.tl0 ,0152 
124,40 ,0551 
103.70 .0496 
93,00 ,0461 
ll'),60 ,04]11 
78.<!0 ,IJ425 
61,40 .o~oa 
39,60 ,OJ')'l 
23,50 ,OJ\16 
19,20 ,OJ91+ 

FOR HILL .. 
FREE STREAM VELOCITY 18,23M/S 
TUNNtL TEMP, 73,0F 

DENSITY ,IIBHE•OO KG~H 

R" 3, ]3::1 C= ,50 y .. 25,40 

E PHS Ot/OU 
VOLTS MV HIS 

4,680 12o.co .05t>2 
... 7Y4 liB. 00 ,114'H 
1+.85!! 107.00 .0'<66 
4,912 'i'),OO ,0442 
4,954 86,00 ,0424 
4,<;[1') 80,00 .0412 
S.OO!l n.oo ,0403 
'),041 56.00 ,OJYI 
5,0'oB 3\1,00 ,u :.Hw 
5,051 26.00 ,OJBil 
5,05.3 16.00 ,OJH7 
5,00:.6 14,00 o0JH6 

POSITION l0ol6CM fROM CREST 

BAROMETRIC PRF.SSURE 24,721N HG 

DATE 4/26/76 TIME 1.15 

u RMSU 
HIS 

3.22 1. 742 
b ,Ill 2,JIIl 

10,30 2.<'~9 
1?,18 ?.,090 
13,11 2.0111 
\4,1!2 l,Y52 
1~.51> J,tlJ9 
\6,62 1,505 
17.21 ,9YJ 
I 7, 41 ,5'}4 
17 ,')1 ,41!7 

POSIT ION O,OOCM FROM CRF.ST 

BAROMETRIC PRESSURE 24,66IN HG 
DATE 4/27/76 TIME 10,10 

u RHSU 
HIS 

10.05 2,141 
lc.21 2,313 
13.54 2,2'16 
)4,7] 2,150 
15,70 2,0c6 
)6,45 1,'141 
17.01 1,760 
I 7. 84 1,4Jl 
IH,02 1,003 
1!!.10 ,610 
1H,I5 ,465 
ltl.~3 ,363 

YN 
,030 
,063 
.142 
,?OJ 
,2'15 
,376 
,4?2 
,555 
,650 

. • 11'6 
.7!!7 

YN 

.oos 
,021 
.068 
,)36 
.225 
.299 
,392 
,484 
.'>60 
,640 
,735 
,A04 

UN 

,184 
,)5lt 
,5Hil 
.695 
,162 
,A4f> 
,1'118 
,'148 
,'182 
,'194 

1,000 

UN 

.sF ,b 0 
,HJ 
,808 
,8!,) 
,902 
,933 
,9711 
,'lA~ 
,\1'1] 
.1196 

I, 000 

~~~~ 

~~:·.-
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Table I. 
f) 

II= 11.533 

., 
Cl'4 
• •1 t .94 

3.42 
s.<;3 
8.63 

11. or; 
13.1>?. 
,5.85 8 • . )4 
19.99 

A= 11.334 

y 
CM 
.24 
.~3 

1.58 
3.25 
5.31> 
7.113 
10.~0 
12.91 
15.114 
11! •• 9 
20 •• 3 

(Continued) 

FOR HILL 5 
FREE STREAM VELOCITY 17.85M/S 
TUNNEL TEMP. 7J.OF 
DENSITY o989bE+OO KG/CH 

B= 3.333 C= .so Y= 2!>.~U 

E RMS OI:.IDU VOLTS HV MIS 
~.21!2 196.00 .0954 4.637 15".>.00 .Ob01 4.749 124.00 .o~J1 4.848 102.00 .04/9 4.917 90.70 .0447 lt.968 BI.OO .0425 5.015 6&.90 .0407 
5. 04lt 4".>.30 .0396 s.oso 2~o10 .o:J92 5.061 2 .oo .0390 

FOR HILL 5 
FREE STREAM VELOCITY 1B.23MIS 
TUNNEL TEMP. 73.0F 
DfNSITY .9844E+UO KG-'C.M 

B• 3.333 C= .so Ya 25.40 

E RMS DE/DU 
VOLTS I'V MIS 

~.!!&4 90.00 .0463 
4.854 90.00 .0461! 
~.862 100.00 .0464 
4.905 94.00 .0445 
4.9.33 88.00 .0433 
4.974 eo.oo .041f> 
5.009 68.00 .0403 
5.042 50.00 .O.J'I1 
5.0~2 2tt.OO .o.Jttl 
i.055 1~.b0 .OJilt\ 
5.0~6 1 .~o o031l6 

POSITION 10.16CM FROM CREST 
BAROMETRIC PRESSURE 2~.70IN HG 
DATE ~llbl1b TIME 2.50 

u RMSU 
MIS 

4.16 z.o~~ 
8.94 2.!>79 

10.93 2.336 
12.90 2.1J1 }4.39 2.030 
15.56 1.905 
16.69 1.645 
17.41 1.144 11./l .692 
17.84 .513 

POSITION OoOOCM FHOM CREST 
BAROMETRIC PRESSURE 24.&6IN HG 
DATE 4127176 TIME 1 o .• 0 

u RMSU 
MIS 

l3.b1 1.943 
13.46 1.923 
13.&3 2.1 ~4 
14.58 2. II J 
15.21 2.032 
16. I B 1.9ll 
17.03 1.f>H7 
17.1i7 1.219 
1H.l2 .7i'3 
18.20 .4~6 
111.23 .350 

YN UN 
.016 .233 
.076 .501 
.135 .612 
.234 .722 
.340 .AO& 
.435 .A72 
.536 .935 
.624 •'l15 .722 .993 
.787 1.000 

YN UN 
.009 .750 
.021 .7311 
.062 .748 
.128 .AOO 
• "11 .H35 
.308 .AIHI 
.406 .934 .SOB .980 
.t\24 .994 
.7211 .998 

.ot:l·:.·,.:; 

.804 1.000 
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Table I. 
g) 

A: 11.533 

y 
CM 

2,119 
3.Jo 
5,39 
ll.l4 

10.62 
12.~8 
14,!>2 
1~.64 
1P.,07 
19,99 

A= 11.334 

y 
CM 
.29 
,68 

1,!13 
3,11 
4,81 
6,95 
9, 0 I 

11.60 ) • 16 
16.21 
18.~? 
20,42 

(Completed) 

fOR HILL 6 
F~EE SIHEAH VELOCITY 17,75H/S 
TUNNEL TEMP, 73,0F 
DfNSITY ,'1896!::+00 1\GI'M 

B= 3.333 C: .!>0 y., Z!>.40 

E RMS DEIDU 
4~~bP MV MIS 

88,00 .o~oo 
4,1l <: 1 94,00 ,049l 
4,871! 97.10 .0464 
... 930 89,!l0 ,0'+41 
4,474 BI,JO .0~23 
5,005 H,BO • 0 ~ 11 
5.032 5'1,70 ,0400 
s.o~o 4U.20 ,OJ94 
5.0!>5 27,10 .u i92 
!>,11!>7 U,10 • 0 Jill 

FOR HILL 6 
FREE STREAM VELOCITY l8,5IM/S 
TUNNEL TEMP • 7:l,Of 
DENSITY ,9ij44E•OO 1\G/t.M 

B= 3,333 .~= o50 Y= 25,40 

E RMS DE IOU 
VOLTS MV M/5 

4,!>110 196,00 .01>29 
4.b41J 200,00 .0~117 
4,7/U 1!i3,00 .0~10 
4,bt!l 121),00 ,0456 
4,940 100,00 ,0430 
4,'H7 t!7,UO ,0415 
5,/JUb 76,110 ,0404 
5. 041 64,00 .OJ91 
5.0~4 46,00 ,O..!tH 
5,065 30,00 ,OJII) 
5,01)6 19,(10 ,OJH3 
5,067 1~.oo .0.18.! 

~ 

POSITION IO.I6CM FROM CREST 
BAROMETRIC PRESSURE 24,70JN HG 
DATE 4/26/76 TIME 2,10 

u RMSU 
HIS 

1?.,04 1,761 
12,J4 I,'JIO 
13,53 2,091 
I4,6M 2,036 
1~.70 1.923 
16.44 1. 749 
17. I. I 1,4'11 
17.~6 I, Ot 1 
17,69 ,b'l1 
I 7. 74 ,'+1:18 

POSITION O,OOCM fROM CREST 
BAROMETRIC PRESSURE 24,661N HG 
OATt .4/27/lb TIME 9.30 

u RMSU 
MIS 

8,37 3,117 
9.36 3,407 

II. 74 3.~1:19 
14.04 2.766 
1~.31:1 2,..lc5 
16,25 2,0'1<; 
11:>.'11:> l,flllO 
17.1:14 1,bJ'i 
18. 17 1,11:19 
18,46 .lfl4 
11:!.49 ,4'17 
18.51 ,392 

YN 
• II A 
• I J 0 
.212 
.320 
• 4 18 
o'+99 
.572 
.6')5 
,127 
• 7tl1 

YN 
,012 
.027 
.060 
.123 
,I fl9 
• 2 74 
,35S 
,457 
,54<' 
,638 
.729 
.804 

UN 
.67!l 
,695 
.762 
.1127 .ass 
,926 
• '1b~ 
,9119 
,997 

1,000 

UN 
.452 
,SOb 
,634 
• ·759 
.fl11 
.1178 
,'II I> 
.4f..l. 
.'182 
,997 
,999 

1. 000 

~1~ 

.jol!'; 
,~·~· 
J.~A 
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HILL SHAPE 

~ ~ 
Full--Sine Wave 

~ ~ 
Half Sine Wave 

~ 
Triangular 

L 
Trapezoidal 

~ 
j, 
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Ramp 

Box 

,figure 3. Hill Shapes 
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a) Full Sine Wave 

.~ 

i 
b) Half Sine Wave 

c) Tri anguJ. ar 

Figures 4a , b, c. Flow Visuali zation 
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d) Trapezoidal 

e~ Ramp 

f) Box 

Figures 4d , e·j· f . Flow Visualization (Completed) 
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Figure Sa. Velocity Profile for Hill Models 
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Figure Sb. Velocity Profile fo r Hill Models 
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APPENDIX B 

BOUNDARY L~YER TURBULENCE 
OVER TWO-DIMENSIONAL HILLS 

,'/ by ., 
ft;, .• 

Michael A. Rider 
'J and · .~ 

v. A. Sandborn 

Measurements of the mean and turbulent velocities for turbulent 
•.• ;i~·· •. 

1 boundarr layers over two.,.dimensid~~~~: hills have been ma~e::.):. 

Triangular hills, with aspect ratios (height to vertical distance to 

crest) .of 1:2, 1:4, and 1:6,were subj~cted to two diffJt ent approach 
' :. ' , ~, 

turbulent boundary !aye~ flows. Mean velocities, longitudinal and 

vertical turbulent velocities, Reynolds stress and the wall static 
. ':: ~ 

pressure distributions are reported for a number ~:$.'position's upstream, 

~long, and at the crest of the hills. - ~ 
·~; 

As the flow advance.s up the ·hills, systematic changes in the 

mean and turbulent velod ties occurred in the region.'· near the hill 

surface. The flow 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 th~ crest there 

! 
l 

was an increase in mean velocity, shear stress, and vertica:t turbulent 

velocity near the surface. The longitudinal turbulent velocity was 
\ 

found to decrease in magnitude as the fl~ progressed from the base to 

the crest of the hill. 
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.Chapter I 

INTRODUCTION 

Annual mean wind velocities are available for general 

areas throughout the United States and the world. This information is 

critical for the developmept of wind power. However, rarely will the 
. ·.. •.;:r 

.. ;.',~ . ·· 
data be recorded at a pirbpOS,~~d wind power site. It would be very 

;- ~·~ ~- . 

beneficial to the wind po~~~ engineer to be able to predict from general .· \[ 

wind data the flow charact~{~stics at a specific location. 

Needed, for a wind pp~:~· site , are reliable estimates of the local 

flow properties. If the available wind data for the general area is at 
cii. 
it 

a station some distance from the site a means to correlate the desir ed · 

information would be , required. 

In general, the approach terrain will affect the mean and turbulent 

flow properties. Moreover, to utili ze the speedup affect of a hill, the 

predicted change in the airstream proper ties 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 developed 

over a f'lat plate with a zero pressure gradient. The turbulent boundary 

layer was then subjected to one of th~ee triangular shaped hills. Aspect 

ratios of the hills were (rise over , run) 1 : 2, 1:4, and 1:6. Surveys 

were made of the mean velocity , the longitudinal and vertical turbulent 

velocities and the shear stress distributions. The measurement gave a 
... 

reference to how these·':different flb w properties change in magnitude 

over a two-dimensional ridget Next by adding upstream roughness a 

different turbulent boundary layer was formed. The measurements during 
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this flow case consisted of the mean velocity and the longitudinal 

turbulence. 

The flat plate case represented a calibration pqi'n~ · from which to 
'* t~·~ ' 

build. In an effort to model atmospheric boundary l~yers in the wind 

tunnel, Zoric and Sandborn (1,2) have shown that s~rnilarit~ of turbulent 

boundary layers does exist for large Reynolds /~umber,!?. With their 
f ··:.· .. 

measurements in the Meteorological Wind Tunnel "at· Colorado State Univer-
1· 

sity, Sandborn and Zoric have documented that fo~'a flat plate turbulent 

boundary layer with a zero pressure gradient sifuHa:hty of the mean and 
'' 'j 

turbulent velocities were present. When the turbulent quantities~, 

~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 . ~ · 

·~ · 

.. 

:i 



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 ta~e advantage of the speedup it is important to 

find the most advantageous location and to choose a proper wind system 

for the local conditions. T~e 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 i nto the boundary layer would 

the impression of the· hill be evi dent . Due to inertia of the flow, the 

outer reaches . of the·'~ boundary layer were expected to remain similar to 
- ,~, 

that upstre.am. The 'bnly portion of the flow expected to change was the 

region closest to the wall. 
i.· 

It was known prior t o the test that ~there would be a speedup of 

the mean velocity in the region near.est the wall. Furthermore, the 
.1. - ~.~~~f 

increase in velocity gradient would produce an increase in surface 

shear stress. 
. ;i~ 

Not as obvious was the change in the tur,bulent components. 

A report by Ribner and Tucker '>t3) , which discussed -turbulence in a con-

tracting stream gave some insight. Al t hough the report dealt with 

isotropic turbulent flows which were undergoing ~ simple contraction, it 

was felt the results could give an insight to the present pr oblem. 
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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 

where: the momentum thickness is 

the form 

0 

8 - I 
0 

factor is 

o* H::: e 

u (l - J:!_) u u 
co co 

t he displacement thickness is 

0 

(1 - J!..) dy u co 

dy 

} 

and o is the boundary layer thickn$~~ -

···'j-:. 
' 

Justification for using this relation is based qn earlier work 
' ~ 

repor ted by Tiele~an (4). During his expe~iments Tieleman required 
"':-..·· 

skin friction measurements at several poin't·s in the wind tunnel. To 

check the r eliability of the Ludwieg-Tillmann equation, Tieleman 
I 
' 

compared direct measurements from a floating element shear plate and 

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

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 
f 

region nearest the wall where viscous .effects are important. 

Nondimensionally the "·:raw ' of the wall" reads 

where 

u y 
u - f (-'-) u- \) 
'[ 

'[ \ . 
w :':'!/ 

p 

I 

·t;.Patel (6) gives ~he1 following definitions of 
1~; · flow . cond~.tl:~ns 

·-:£! . ~ 
(a) A linear sublayer 

1' 

(b) 

(c) 

U/U = U y/v 
'[ '[ 

a fully t;t,lrbulent region 

U/U 
c}; '[ 

~,, . lt 

~ u y 
A rbg 10 (+) + 8~ . 

~' 
-~.~ . 

a t ransition 

f for the given 

·I 
i 

• 

t 

(2) 

I • 

, 
(3b) 

(3c~ 

Where the constants A, B and C are believed universal. From 1 

his·;~\"ork and other inv~stigators, Pat el assigns the followiljg, values 
: ' .'·-.'!':· 

for the fu.lly turbulen'l; region. 

A = 5.5 ~~d lf B = 5. 45 

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

gradients. Patel suggests :the "law of the wall" may br used to · 
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. .,;· 

determine the surface shear stress for pressure gradients in the range 

v dP 0 > -- - > -. 007 
(pU~) dX 

(4) 

within approximately 6%. For the zero and moderat.e pressure gradients, 

both the Ludwi eg-Tillmann and the "law of the wall" give approximately 

the same value for the· shear stress. Figure 2 .&ij~S values of Cf 

evaluated for the flat plate flow of the present _study. 
·~ . 

Shear Stress Distributiorr Evaluation 

The following similarity method reported by · S~n~porn and Hqrstman 
" 

(7) to evaluate turbulen~ boundary layer shear stress distributions of 
. t;,; .. 

the approach flow was used for the present study : _; This theoretical · .. 
.. -.~·· ·. r 

mo.;_Iel .fliC CUrately predicted the shear stress distributions 0 a flat 

plate--iero pressure gradient flow. Figure 3 is . a ~c omparison':~£ the 
.· ... \. 

shear l tress measured by Zoric and Sandborn 
" t . . 

and an~ther by Klebanoff 
"'·. 

with YJ;~ similarJty predictions. The solid line is the shear stress 
·~~-

distriMtion evaluated directly from the mean velocity profile . 
'J~\ it> ' ..... 

·;;f , ., 

-~ Fo,rl a turbulent boundary layer the equation of motion in the 
_, \ . 

x-direction is · ~ ' 

. 1' .. 
(5) 

where the ~hear stress T is made up of two parts. The two par~s are 

the mean and the turbulent stress 

au -
T :: lJ - + puv ay 

... _.~ . ~· 

The boundary conditions require that at the wall · 

T = T w and dr ~ 
dy = dx 

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

.t 
the turbulent boundary layer the shear stress approaches· zero. 
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r 

' 

Sandborn assumed for a compressible flow (although for the present 

study an incompressible flow is assumed) the following similarity 

pU = p u f u (n) e e p 

T = T 1jJ ( n) e 

where p U is a characteristic mass flow, U the characteristic e e e 
v,elocity and T e as the characteristic shear stress. n is a non-

(7) 

dimensional variable resulting from dividing the vertical distance y 

by the characteristic length 0 • e 
of the s:iimil_arity variables gives 

'· au afu ·' ·;, ~'U e -= fu ax+ u --= ax 
''"'tit e ax 

~ f • 

au u I e 
ay = T fu 

and from continuity .... 

pV = -

0 

Evaluating the differentials in terms 

au u e e do I 

fu ax- T dx nfuU ~ (8) 

(9) 

,!' . 

(10) 

0 

Substituting in the similarity values into the equation of motion yields 

n 
+ P u do J e e dx 

0 

= -

Solving for 1jJ 1 and integrating gives 
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p 0 u dU n 0 u dp u 
ljJ T e e e e 

cJ fP 0 f0dn - )(~~ - -= dx n T dx T T e e e 
0 

P u2 do n n' 
+~~) J {f' J f dn'} dn + c (12) 

T dx u pU e 
0 0 

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

of x. Requiring that for compressible flow 

and 

are 

o p U dU e e e e ---------=A (a constant independent of x) 
T dx e 

0 u dp u e e e e ------- - + 
T dx e 

2' 
P u do e e e 
--T-- dx = 

e 
B (a constant independent of 1 x) 

op , 

(B) 

(14) 

e For incompressible flow, --- = 0, thus the simi l aritY requi rements ox 

oU dU e e _ A 
P -T-- dx - (13a), 

e 

(14a) 

To evaluate equation (12) the following similarity characteristics 

were used: = p , T = T , and 
oo e w o , the characteristic e 

length, was equal to o where . o = y at T = 0. The final form of 

equation (12) for an incompressible flat plate flow, with a zero pressure 

gradient is 

u: dO ( d(U/U00 ) 

nl 
T 

J (_Q_) dn 1} dn (15) ljJ - -:: 1 - -- { 
T 02 dx dn u w 00 

T 0 0 
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where · ~' and the boundary condition at 

to evaluate the constant of integration. 

T n = 0(-- = 1) was used 
T w 

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 

'·:t numbers demonstrate . this within experimental limits, (10). Figures 3 
~ . 

. and ·4 show the agreement of the t?tal shear stress distribution when 

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

When referenced similarly, the longitudinal component,~, compares 

well for y/0 > .OS, Figure 5. The vertical turbulent com::nent,~, 
distributions do not agree as well as the total shear stress or the 

,.; ..... · .. .,_, 

longitudinai~. ;urbulent component, Figure 6. The measurements of Zoric 
··, :·~·".<~- ~ \ 

do ·~·~;t,- show the dro~ in theW as did that of Klebanoff. An additional • . ?.i 

set '~:.f. · ~ata recorded by Tieleman ( 4) very close to the wall reveal a 
) ·. 

very disvinct maximum followed by a sharp decline in the vertical 
il· 

turbulent component. 

to point out that the turbulent quantitiesW, 

presented, unless , indicated, nondimensionalized 
.'1~~- ~ . 

.. _, 

It is impo]tant 

\[if: and uv w{ ll be 
l by multiplying by the density and the furthest upstream estimations of 

the wall shear stress. The study of Sandborn and Horstman (7) sugge,~t 

the characteristic wall shear stress may be the upstream value when 

rapid pressure changes occur. ~lso, as the flow continues ' over the 

• hills direct quantitative ,changes ~n 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. 
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Thus, the characteristic shear stress and charact~ristic 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 speciftc upstream location 
... .-. 

(x = 55.8 em from the crest for smooth , surface cas·e, and x = SO. 8 em 

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 refle..:t the distortio\ ·_jof the 
•5; 

boundary layer coordinate system as the layer develops. If it is ;t' , ' 
t , ,·. I: 

a:ssumed that the hill models influence only the part of the bound~y 
~-. . 

:~-·. 

layer near the surface and not that of th~ outer partf of the layer; then 
.· . ... o~--~ : 

a characteristic length equivalent to the layer development without the 
' 

'. \ ,· 
hill might be employed. This assumption of neglecting t~e perturbation 

. ~~ 

of the hill on the boundary lay~t: 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 tltat the boundary layer thickness ,. 
develops nearly linear with x-distance, Zoric and Sandborn (1). The 

' present undisturbed boundary layers for both the smooth and rough sur-

faces appeared to grow at a rate of l ~ cm for every 10 em in the 

x-direction . Thus, the characteristic length, o , was taken as the e 
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 wide spectrum of possible approach conditions 

might exist. In general the effect of a small hill in~ deep boundary . 
layer wiut'! P:~.pend on the energy distribution within the approach flow. 

· The,- thic,ker the boundary layer the less the _energy will be distributed 
·1-" 
' ' 

·if! ·· 
in-·' he re 

f._. ' .- r·. 
near the surface ; thus the less will be the speedup effect .. ~ -

: Local roughness of the appr oach surface will also act to 
di. 

~~mov~ more energy near the surface (which will also be seen in a 

thickening of the boundary layer). It i s apparent that the higher the 

hi 11 compared to the boundar y ·-''iayer thicknes? the larger will be the 
"'t ! 

.· 't 
speedup. Likewise for boundary layers of the same .thickness, but 

. ., 
different surface roughness, the one over a smoother surface will 

produce the greater speedup. 
_ .. '1; 

Two different approach turbulent boundary 
~ layers are considered in the present study~ The first case is that of 

;~ 

a smooth surface, while the second is produced t~ a long fetch of 

roughness . ~-

l 
Classical boundary layer theory generally employs a coordinate 

system which is perpendicular to the surface ~~ all points along and 

near the surface (curvilinear coordinates). Oy~r the hills this require-
... ~ 

;/ ment of a curvilinear coordinate can also be e~pected to be val id . 
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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-

nat e was measured positive from the local surface of the model at each 

x-location. 

Evaluation of the local surface shear str · from · equations (1) 
~-· :. 

or (2) requires , the curvilinear-boundary layer coordinatt system be 

employed . As a demonstration of the deviation from boundarf; flayer 
·.:.·· 

theory in the use of a vert j cal coordinate , an estimate of the surface .. 
shear from the law-of-the~tall concept was made for both a ,.<:y.ert i ca 1· .and 

.:iii·· . '~? . 
deviat~on shown in 

-"!' 1' 
a cur vilinear-coordinate evaluation, Figure 7. The 

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

f' .. · 
•.' 
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Chapter III 

EXPERIMENTAL SETUP 

The measurements were taken in the Meteorological Wind Tunnel 

located in the Fluid Dynamics and Diffusion Laboratory at Colorado 

State Unive~sity. The purpose of the experiment was to make surveys of 

flow characteristics over models of hills ernersed in deep turbulent 

layers. The following sections will discuss the experimental facility 
4r1J/ · . 

equipment and techni:fi\le. ·.; ·:>:l-;; . 

Wind Tunnel Facility 
· ·.· ~· 

As mentioned above the measurements were performed in the 

recirculating Meteorological Wind Tunnel, Figure 8. The flow rate in 

the tunm:il .is controlled by a variable-pitch, variable-speed propeller 
'·.;'4s~.·~ 

and can btf~et between 0.3 and 37 rn/s with no more than one-half percent 
-~ '; 

! deviation from the desired velocity. The test section is approximately 

1.8 rn square, 27 rn in ;length, and is proceeded by a 9:1 contraction. A 

zero pressure gradient alo~g the length of the test section was main-

tained with the adjustable ceiling . The ambient temperature was kept 

at a constant within ±l/2°C by the tunnel air conditioning system. 
'.(!-. 

The experimentation was scheduled in two parts. Each of the two 

parts had -different upstream condi tions, however, there were features 

which were similar to both. At the entrance to the test section during 
'I' 

both tests a 1.22 rn long section of 1.27 ern gravel fastened to the floor 

followed by a 3.80 ern high sawtooth fence spanning the widt h 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 f l oor 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 em 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 em plywood. The models tested were mounted directly 

on the plywood. Masonite, .32 em thick, was then used in assembling 

the trailing ramp. This ramp was .90 m in length ~nd 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\ o. The 

roughness was made up of aluminum sheets with ribs .16 em in height. 

The ribs were randomly spaced normal and rarallel to the flow. In this t 

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 bounda~y 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 ~ from the entrance and during 

the second 18 . 6 m. For both flows the ceiling of the wind tunnel was 

adjusted t o produce a near zero pressure gr adient in the free s treams 

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

ramp. 

Model Descr ipt ion 

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

t est s, Figure 11 . The models were constructed using 9 cross-section 
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ribs made of 1. 27 em Plexiglas. The hill surface was placed over the 

ribs, and was made of .32 em thick Plexiglas. The crest height of each 

was 5.08 em and with aspect ratios of 1/2 , 1/4 and 1/6. All models 

were 183 em 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-direction) of the flow at particular longitudinal points (x-directioh) 

along the center of the tunnel. To accomplish this the existing carriag~ 

of the wind tunnel was employed. The carriage had been constructed on 

a rail and wfieel sy e rails 101 . 6 em from the floor run the full 

length of the test This allows the carriage ~ to be positioned ,, 
at any desired point in the x-direction. A control unit outside the 

,..,.. ' ' 
tunnel monitors the vertical movem~nt of the probes and probe support 

through the boundary layer. This 'actuator system, with 'a total traverse'S' 

of 65 em, provided a constant voltage change for a particular change in 

height. 

In both tests a stop rod aftached tightly to the probe support 

would make contact with th~ f}9or 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, becai,!se the vertical 

distance bet~een the bottom of the stop rod and the probes were known, 
·1 

Y0 was known, Figure 11. An electric indicator was triggered when the 

stop rod contacted the floor. During the second set of tests a 

. 00254 .em dial indicator was employed to determine more accurately the 

y-locations of the probes within . 5_ em of the wall. 
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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. A commercial cylindrical pitot-static tube 
~· 
i' 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-. ' 
. 1a~ 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~~j~{~. compensate for the 
. ~_;·.~·t;;'~.r .. 

error due to "pi tc;:h" angle between the airflow:' ~ri_d pi tot-static tube, 
' 

measurements were made with the disk probe in the vicinity of the 

surface. 
t 

The disk probe samples the local static pressure through a small 

static tap drilled in the center of the .62 em thin disk. The disk 

probe gave systematically lower stati~pressure readings, but was found 
\ 

to be insensitive to "pitch" angles of .±30°. The geometry of the disk 
• probe restricted measurements near the surfade. The cylindrical probe 

had a diameter of .18 em with an elliptical nose. The static taps were 
·1 located 2.22 em from the support stem. This probe had a .040 em 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 dis'tributed over the centerline of the hi·ll, 
·~. 

Figure 12. The static taps, sharp edged) and .064 em in diameter, were 
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drilled perpendicular to the model surface. On the floor of the tunnel, 

static probes constructed from .079 em i.d. and .139 em 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 df ' the tubing. 

The probes were secured t0 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 em diameter was used. It was a cylindrical probe with an elliptical< 

nose. The total pressure tap in the tip of the nose was .079 em in 

diameter. The static taps were 5.08 em 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 prob~s 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 dis~probe pressure 

was used as a reference. 
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For the r ange 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 
. ''.:. 

c· fulfilled the requirement. The cross wi r e 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 Diffus i on Labora-

tory at Colorado State University. The wire in both cases was 80% 

platinum and 20% iridium and 1.02 x 10- 3 em in diameter. The length of 

t he wires varied but all were approximately .16 em. The wires were 

soldered at each end to a support which was protruding from a ceramic 

probe shielded by brass tubing. The sensor . ~as then secured to the 

actuator system. A detailed discussion of the evaluat ion of the hot-

wire output i s given in Appendix A. 

The hot wires were operated with commercial constant temperature 

anemometers. The output of the anemomet.ers 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 obt ain the product of the fluctuating 

output of the cross wires. The mult i plier circuit was checked using a 

sine -wave generator. 

Two capacitance pressure transducers were used for pressure 
. t: 

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 . 

.. 
~· 

'· ~· ,. 
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Chapter IV 

RESULTS AND DISCUSSION 

The majo:t; ~H.ect of a hill is to increase the local velocity near 
~-\··; ~-. 

the surface. ''.This effect is of great importance in wind power applica-
,t 

tion. The alteration of the mean wind profil'et will also be expected to 
l <. 

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 flQw 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 l-'the flow, Figure 15. It is impor-
·r 

tant to note that the outer flow pres~re was fixed approximately 

constant which would help the flow tb remain similar in the outer region. 

The largest increase in vel!ocity for the first "how cas~ was recorded 

with the 1:4 hill followed by the 1:6 and finally the 1:2, Figure 16 . 

Flow case II with increased upstr~am roughness produced the same 

results for the two models: tested, 1:2 ~nd 1:6, Figure 17. 

The 1: 2 :and 1:6 model hills caused a greater mean velocity speed.up 

for flow case I than ~for flow case II. Flow case I, with a .17 power 

law profile, produced a maximum speedup, ~s. of .62 for the 1:6 model 

hill and .33 for the 1:2 model hill where 
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= 0crest(n) - 0upstream(n) 
t.S U 

F.S. 
(16) 

and ~ - n ~ 0.5. crest upstream The 1:4 model hill gave the maximum 

speedup of .68 for the same flow case. Flow case II, representing a 

. 26 power law profile, wa~;' 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 

by T w or 1 ref· As described earlier 

upstream profiles. The values used were 

case I at 

II. 

x = 5.88 em 2 and .0952 n/m at 

Longitudinal Turbulent Velocities 

T are values calculated for 
w 

2 
T = . 1074 n/m w 

x = 50.80 em 

for flow 

for flow case 

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~ 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,~' compared 

closely with that found by Zoric (2) for the first test, Figure 22. As 

expected for the second flow case the~ 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, ~ which was measured only in 

flow case I also varied as it passed over t he hill. This turbulent 

component decreased up to the base of the hill, following them was a 

continuous increase in~ to the crest. The change only involved 

the flow near the surface, Figures 24 and 25. As discussed in Chapter II 

the increase in~ was expected from results for a contracting flow. 

When compared to Zoric's data in the outer region, the values obtained 

for \Ji2 were close. However, when compared to Tieleman's data (4) 

near the wall the measurements appear to be somewhat l ower, Fi gure 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 attri buted to 

the strong velocity and turbulent gradi~nts acting on the yawed wire in 

this region . Ti eleman compensated for the gradients when he presented 

his results. A discussion of this is given by Sandborn (12) . In addi-

tion, the fi r st flow case may not be a true flat plate flow. There 

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

Shear Stress Distribution and Surface Static Pressure 

As the flow passed from the fur thest upstream station toward the 

base of the hills there was a decrease in surface shear stress and an 

incr ease in the surface static pressure. Af ter passing the f oot of the 

hill, the trend reversed and an incr ease in wall shear was present . The 

surface static pressure decreased along the reach of the hill . Figure 27 

shows the change in surface shear s t ress and surface static pressure as 

friction and pressure coefficients where 
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and 

c = p 

'wall local 
1/2 pU 2 

local 

p . - p stat1c local static F.S. 

· l/ 2 pUiocal 

The surface shear stress at each station was estimated using tHe 

(17) 

' ' 

(18) 

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 

v dP 0 > -- - > -. 007 ( 4) 
(pU~) dx 

For the present study the range was exceeded. For the 1:6 hill an 

average of about ~~.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. Howevel\, 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, 
f 

" and 30 a-ll 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 

(3T/3y jy=O = 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 ~pe 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 
r~ ,t- . r;·:~..-~ 

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 f ound in fl0w case I but still less than 

what Zoric found, Figure 30. 

The Reynolds stresse~, uv, were employed to evaluate the vertical 

turbulent velocity component ~. The cross correlation uv was the 

most uncertain term to evaluate . 
·l' 

It was believed that a multiplying 

circuit used in the measurement's did not function as well as desired. 

The result was a greater scatte.r in the data for the uv terms . 

Determination of the~ terms was also affected but since it is 

prbsi:mted as a square root the scatter 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 e~perimen-

tal evidence the following conclusions can be drawn. 

l . As the flow progressed from the upstream station to t he 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 

~reatcst speedup was for the 1: 4 hill. 

3. The longitudinal turbulent velocity, ~' increased to the 

foot of the hill then decreased as the flow passed over the hil l . The 

decrease is greater for a turbulent boundary layer with larger t urbulent 

velocities. The decrease is on the order of 12% . 

4. The vertical turbulent velocity~ 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 theoretica l r esults 

for a contracting flow . 

5 . · The shear stress term uv and the wall shear stress decreased 

from the upstream station to the base of t he hill. Over the hil l 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 
I 

when the mean velocity decreased. 
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Figure 25. P. profiles flow case I (continued). 
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Figure 25. ~ profiles flow case I (continued). 

139 



2.8~--~----~--~~---r--~~---,----~ 

IIN>I~: ~: 
~ 1.2 

1.0 

Flow Case I 
1:6 Hill 

v x•5.08cm 

0.2 

OOL----L----L----L----~~~~-0~--~ 
0.2 0.4 0.6 0.8 1.2 1.4 

y/8 

2.8 .------.-----......-----.------r-----r----,.-----, 

2.6 

0.6 
0.4 

0.2 

00 

Figure 25. 

0.2 0.4 

Flow Case I 
I : 6 Hill 

vi x=Ocm 

0.6 0.8 
y/8 

1.2 1.4 

P. profiles flow case I (completed). 

ltlO 



~ 

A 
~ 

1.6 

~oat 
0.6 

0.4 

0.2 L :o "'1. 

0 
0 0.2 

Flow Case I 
(a) I : 2 Hill 

x=30.99cm 

Zodo~ 

0.4 0.6 
y/8 

.. ~-:;, 

0.8 1.0 

1.6 

Tielemon 

~0.8 
0.6 

0.4 

0.2 

J I 
0 0.2 

Flow Case I 
(b) 1: 4 Hill 

11 = 2 2 .86cm 

I I 
0.4 0.6 

y/8 

0 

I I 
0 .8 1.0 

Figure 26. Comparison of ~ measurements to those of Zoric and Tieleman. Flow case I. 
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Figure 27 . Wall, shear stress, and static pressure distribution . 
Flow case I. 
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Figure 27. Wall, shear stress , and stat ic pressure distribution . 
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Figure 28. Shear stress distribution flow case I. 
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Figure 28. Shear stress distribution flow case I (continued). 
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Figure 28. Shear stress distribution flow case I (continued). 

147 



Flow Case I 
(b) I :4 Hill 
i x•22.86cm. 

Wall Shear Stress 
Estimation 
• Ludwieo - Tillmon 
• Low of the Wall 

(Points from similarity calculation 
equation 15) 

2.6~~--~--~~--~~~~--~-.---r~ 

-• .:-
-""' _. .. 

2.4 

2.2 

2.0 

Figure 28. 

Flow Case I 
1:4 Hill 

ii x •15.24cm 

Wall Shear Stress 
Estimation 
• Ludwieo -Tillmon 
• Low of the Wall 

Shear stress distribution flow case I (continued). 
_..:, 

148 



~ 
;~ 

2 .6 

Flow Case I 
1:4 Hill 

iii x = 7.62 em 

Wall Shear Stress 
Estimation 

- 1.6 
• Ludwieg- Tillman 
• Law of the Wa II .. 

..... 1.4 .... 
~ 1.2 ... 

-• ..... .... 
,., -.. 

1.0 

0.8 

0.4 

0.2 

0o 0 .1 0.2 0.3 0.4 0.5 0.6 
y/8 

2.6~~---.--~--~~~~---.--,---r--,---, 

2.4 

2.2 

2.0 

1.6 

Flow Case I 
1:4 Hill 

iv x= Ocm 

0o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 ' 0 .8 0 .9 1.0 1.1 
y/8 

Figure 28. Shear stress distribution flow case I (continued). 
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Figure 28. Shear stress distribution flow case I (continued). 
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151 



2.6~~---r--~--~--~~---r--,---~--.--, 

2.4 

2.2 

2.0 

1.8 

Flow Case I 
I: 6 Hill 

v x =5.08em 

Wall Shear Stress 
Estimation 

';I .6 · • Ludwieg- Tillmon 
• Low of the Wall ...... 

....... 1.4 
>-
i: I .2 .:,Jt- . 

-... 

1.0 

)' ~ · 
I 

o~~--~--~--~--·~~ ~· ·~·~~·~--~~~~--~--~ 
o 0.1 0.2 o.3 0.4 o :·5··/ o.6 0.1 .0 .. 8 . o.s 1.0 1.1 

y/8 ;~ ,t" 

2.6~~---r--,---~-.r--.---r--~--r--.---, 

2.4 

0.4 

Flow Case I 
!·I: 6 Hill 

vi x = CJcm 

0.2 

00~~--~~~~~~~~~~~~~~~. 

Figure 28. Shear stress distribution flow case I (completed). 
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Figure 32. Hot wire with respect to the coordinate system. 
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Table Ia. Tabulated data for f low case I: 1 :2 Hill model. 

FOR HILL 1.12 POSITION 30o99CM FROM CREST FREE STREAM VELOCIT 9o09M/S 

Y/DEL TA Ulyi/U F.S. RMSU CROf/T) ••.!:» RMSVCROE/TI**•5 T IYV ' REF 

.to5 .380 1.8so 1.222 ~ .792 

.012 .519 2.223 1.323 .792 

.029 .595 2.Ho 1.170 .790 

.053 .641 2.105 1o237 .786 

.084 .694 2.010 1.189 .775 
o124 .728 1.881 1o245 .755 
.196 .771 1.668 1.151 .699 
.l26 .842 1o6U6 1.144 .557 
o480 .911 ' ·i";,f h '" 1 7 1.115 .359 
.602 .949 1 0 240 .919 .208 

..... .732 .979 .sos .639 .o83 
U1 tJ<:. .875 .999 -·\"f· o443 . .356 .006 
1.0 '"'' ;;~ 

- -~i:< 1.017 1.000 .246 o.ooo -.012 
..... ~- ..,t« ...... 

· :h~;, 
.-.~ ' 

;,.,. ~· 
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Table Ia. Tabulated data for flow case I: 1:2 Hill model (continued). 

FOR HILL 112 

Y/DELTA 

. 021 

.037 

.070 

.088 

.123 

.162 

.201 

. 250 

.314 

.373 

.458 

.520 

.612 

.721 

.824 

.927 
1.033 

~-

POSITION l0el6CN FROM CREST 

UIYl/U F.s. 

.360 

.469 

.568 

.607 

.675 

.738 

.763 

.795 

.831 

.874 

.907 

.931 

.947 

.977 

.995 

.998 
1.000 .,. 

,r• 7~! 

RHSU (ROE/TI **•5 

1.877 
2.082 
2.032 
2.026 
1.823 
1.838 
1.754 
1.650 
1.569 
1.519 
l.•Utl 
1.378 
1.221 
.947 
.629 
.413 
.284 

FREE STREAM VELOCIT 9.61M/S 

RHSV (ROE/Tl**•5 

~-

1.217 
1.260 
1.199 
1.170 
1.102 
1.167 
1.154 
1.133 
1.093 
1.113 
1.055 

.982 

.894 

:~~; . .. , . 

..,.TfYIIT REF 

.550 

.549 

.545 

.541 

.531 

.514 

.493 

.461 

.412 

.361 

.282 

.226 

.147 

.073 . ;' • • 696 
.536 
.350 
.227 

_ ,.: "?;~ ~ ~~ 
} • 025 .. J&.JJ 
"' 003 "' ·~ 
.• :.o · ~ ,?-~ ~ ' 

.(,. ~-

·~~~~t~~:',. ·.~j.-.t?-~· 

.. 

.'- ''-/'~~~ .,..t . 
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Table Ia. Tabulated data for flow case I: 1 :2 Hill model (continued). 
, ..... --

,;~~- -";.1~1i·:;+·:-~;: :'>:_ -~• :~, ... 

i'<:."" ·':,:, 
~ ... , .-).> .. 

. -
FOR HILL 1/2 POSITION 2.~4CM FROM CHEST FREE STREAM VELOCIT 9.S3H/S 

Y/DEL TA 

• 022 
.041 
• 060 
.099 
ol20 
.15J 
.177 
.215 
.ass 
.3~6 
.425 
.sus 
• 568 
.653 
.746 
.874 
.954 

1.012 

.•. 

U(·y ttU F .s. 

.707 

.728 

.758 

.8os 

.823 

.841 

.85J 

.857 

.881 

.899 

.916 

.944 
o958 
.978 
.993 

1.ooo 
1.000 
1.000 

RMSU!ROE/TI**•5 

2.086 
2.004 
2.007 
2.002 
l.89~i 
1.817 
1.907 
1.694 
1.614 
1.54~ 
1.4 71 
1o3f6 
1.307 
1.100 

.926 
o4'i2 
0 3MI 
.21~ 

RMSV(ROE/TI**•S 

~ 

1.375 
- i •. 218 
1.262 
1.183 
l.l6J 
1.159 
1.185 
1o110 
1.0'i6 
1.101 
1.035 

.93'i 
o846 
.70S 
oS5'i 
.253 
.099 

o.ooo 

•, ..;~ . 

T(yl !,~REF 
' ;('~)_<".~ .l):if' 

- . -. -~fif:tl t, f<>y .. 

· ~~.:c --~ 1.<;, i 98 --" · ·· 
. :· 1'.076 '"R' 

1·.104 ' . 
1.181 
1.061 

.992 
1.194 

.845 

.720 

.656 

.626 

.475 

.394 

.254 

.zoo 

.oo3 
-.011 
-.029 

--~~-~~·-::""' 

-!' 
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Table I a . Tabulated data for flow case I: · ~ 1:2 Hill model (continued). 

\• 

FOR HILL 1/Z POSITION 5.08CM FROM CREST FREE STREAM VELOCIT 9.67MIS 

Y/DEL TA UlYIIU F .s. RMSUCROEITI**•S RMSV CROEITI**•5 TIYIIT REF 

.025 o595 1.936 1oc56 .878 

.038 .628· 2.06CJ 1.251 1.104 
.... .057 .688 2.103 1.196 1.159 
0\ ' ~~ .082 .721 1o982 1o196 1.177 
N .102 .752 1.884 1.153 .979 

.143 .789 1.655 1.125 0 719 

.181 .808 1o808 1.162 .960 

.237 .851 1 • 689 1.141 .839 

.333 .883 io631 i.150 .ao5 

.410 .912 1.521 1.031 .621 

.!:107 o942 1o31H 0 954 .504 

.636 .975 1.162 .781 • 355 ;,;.;~ . 

.775 o990 ,). o866 .soe ~ .111 

.924 loOOO o453 o243 .OJJ I 

lo034 1.000 o292 .090 -.002 

:,..~~t; 

·~;;?~~-
., 
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Table Ia . Tabulated data for flow case I : 1:2 Hill model (continued) . 

..... ;:-;_:..,r~ ;4-J. 
.. ,:~~;~~ . 

..... ,, 
FOR HILL 112 .P.QSITION O e UO~M FROM CREST FREE STREAM VELOCIT 9.68M/S 

Y/OEL TA U(yl/U F.s. RHSU (ROEITI••.~ RMSV(ROE/TI**•5 TfYI/T REF 

.005 .723 ~ 1.819 1.479 .791 

.026 • 714 1.9i!O 1.419 1.283 

.056 .825 1.997 1.359 1.766 

.095 .845 1.882 1.333 1.622 

.136 .860 1.763 1.241 1.365 

.198 .868 1.634 1.2.08 1.207 

.211 .898 1.547 1.194 1.090 

.363 .920 1.soo 1.145 1.015 

.460 .946 1.388 1.044 .837 

.455 .959 1.269 .947 .731 

.632 .979 1.108 .828 .554 

.712 .993 , .911 .737 .415 

.783 .999 .696 .614 .269 

.909 .999 .405 .391 .108 
1.028 1.000 .217 .221 .031 

' 

. ·"·; : 
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Table lb. Tabulated data for flow case I: 1:4 Hill model. 

FOR HILL l/4 POSITION 22.86CM FROM CREST FREE ~TREAM VELOCITI~.OOM/S 
,· 

Y/DELTA UlYJ/U F.s. RMSU (ROE/ TJ ** o 5 RMSV IROE/Tl **oS TIYJIT REF 

.oos .428 1.770 1.166 .979 

.010 o484 1.8~9 1.122 .979 

.019 ... .540 .. . 2.003 1.331 .979 

.028 .570 2.018 1.358 .978 

.039 .610 2.046 1.351 .976 

.046 .622 2o049 1.31t3 .974 

.054 o641t 2.058 1o357 .972 
o062 .640 1o981t 1.331 .969 
.071 .652 1.97<! 1o323 .966 
.oso .660 1o91t5 1.323 .962 
.096 .676 i.925 1.314 .953 
.113 .692 1o879 1.2~2 .943 
.147 .745 1.850 1.276 .916 
.181 .777 1o829 1.277 .884 
.215 .795 l. 771 1.267 .848 
.300 .836 1.659 1.215 .735 
.395 .865 • ~ 1.452 : 1.055 .591 
.473 .932 .. ~ 1.353 .959 .465 
.sse .955 lo099 .901 .334 
.641 .995 .922 .782 .220 
.729 1.ooo • 113 .. .679 .121 
o828 .997 olt62 · .. o442 .047 
o999 loOOO i .?J.It ...... o100 -.ooo 

1.168 .995 .141 .105 -.ooo 
1,280 ,; >::.990 .. .140 .056 -.ooo 



Table lb. Tabulated data for flow case 1 : 1:4 Hill model . (continued). 

4?· FOR HILL l/4 POSI.TION 15.24CM FROH CREST FREE STREAM VELOCIT ;o.OSH/S 

: .. 1,.... 

" 
~ 
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Table lb. Tabulated data for flow case I; 1:4 Hill model (continued). 

FOR HILL 1/4 POSITION 

Y/DEL U UIYIIU F.s. 

. • 005 ,1. 072 
.001 l.070 , 
.01:6 1.052 
~02. •·; · i .014 .• 
f. ~~ ~;'h 

o 'O'tlt~'-'··· .977 
' i0'1:i~~-· .957 
.1o4·· .941 
.148 .934 
.182 .934 
.321 .934 
.260 .932 
.297 .934 
.370 .938 
.477 .954 
.637 .977 
.122 .994 ! 

. 1. 033 . 1.oo.~ 

; 

. ··i~ir· 

... _~~~-...' \ 
.·;:tf· 

"·"'- . 

:- - ":.&f).;~~ 
·tt 

~i·"l\ . 
0 ;·~OOCM FROM CREST'' 

RMSUIROE/TI**o!:l 

1o911!0 
1.7~5 

: .. 1.718 
. . .··.1. 821 

1.762 
1.737 
1.611 
1.599 
1.531 
1.494 
1.458 
i.426 
1.344 
1.241 
l.O:J!:I 
.643 

" .220 ' 

::t{~,, 

FREL·STREAM VELOCIT 9. 70M/S 
p~ -~- \-, 

RMSV (ROE/TI**•S 

.862 
1.200 
1.374 
1.496 
1.456 
1.453 
1.414 
1.376 
1.316 
1.310 
1.267 
1.239 
1"'. 182 
1.056 

.815 

.311 

.148 

f(y)/T REF 

.109 

.434 

.737 
1.044 
1.055 
1.105 
1.046 

.984 

.834 

.861 

.806 

.775 

.685 

.551 

.291 
-.078 
-.272 
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Table lb. Tabulated data for flow case I: 
~~~tr 

c' .:~ 

... ~ 
-;' 

FOR HILL 1/4 P.OSITION 7 o62C~{~FROM CRE-ST< 
,·:-·.: .. 

~- . -~if~ 

1:4 Hill model (continued). 

FREE STREAM VELOCIT 9.95M/S 
I 

· Y/DEL TA' • UIYl/U F.s. RMSUIROE/T)**•S RMSV CROE/Tl**.5 TlyiiT REF 

.oos 

.014 

.OZ1 

.032 

.042 

.067 

.095 

.1ZZ 
o163 
.212 
.294 .. 

:: ~ ~,·:·~ ·;>;i.:~ 
.671 ·~·"· 
.842 

1.001 

.529 

.538 

.553 

.567 

.709 

.738 

.77Z 

.799 

.876 
o899 
.930 
.953 
.965 
.989 

1.000 
.993 

-~~l~ .. 

~- 1.341 
. 1.368 

1.455 
1.509 
1.921 
1.861 
1.766 
1.733 
1.66i! 
1.611 
1.500 
1.268 
1.114 

o8Z2 
.333 
.129 

,· 

~· 

{~,.,;.\. ( 

~; 

" 

1.289 
1.368 
1.46Z 
1.481 
1.567 
1.49-7 
1.460 
1.421 
1.366 
1o333 
1.229 

.990 

.859 

.sse 
o.ooo 
o.ooo 

-.061 
.114 
.3138 
.565 

1.26.6 
1.244 
1.216 
1.146 
1;.11Z 
1.048 

.875 

.495 

.351 

.039 
-.Z36 
-.292 

' 
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Table Ic. Tabulated data for flow case I: . 1:6 .. 
·"""·:· 

~:i: 

·•..:,~·. :·. ,·~· i: 

_{ OR HILL l/6 POSITION 

Y /DELTA U(Y)/U F.~. 

.. 
:~:r 

. , .. \i' 

55.8BCM F~OM CRE « 

. RMSU<~OE lfl**•5 
-~ 

···»':"·· 
.QU4 
.010 
.027 
.043 

-,~~ 

• 3~6 __ :}t.f ,~-~ 
• '='_3,0'" ••• _..:.-.,..,·.~ . ·---· ;_. 

.· t!.· 395· 
' z!'JJ2 
; c". ilj2 

. • 05 7 .. 
.07.':> 
.roo 
.In 
.1':13 
.• 1 '1b 
.24'! 
.21:<':1 
~ 3.33 

· ·-· . 

~ .. ,;_ .. 
-~ 

.601j 

.6':1':1 
-·~ · • "r'jlj 

.'730 

.760 
~~IHI 
.j! 14 
.B25 
• . !16<,1 

·::.';o~t><,l 
·~.,, 

.9tH! 
'~"""'''i:>i798J:...;.~~'if .. t:4\lt;,,,o."-' ... -.:-... :.'": '• 99 ( 

.9011 
1. 0 21'.-" 
1.17tf 

.. 
.. 

>o 

·;·~· · ~""":;; :'~ ~f.--

-~ 

.9q"q 
1.000 
!.000 

~ 

. ~..-\: . 

:;f. 

.. ,.~ />;!',.. 

·~ 
-,_~-

!t~ 

-~Jot 

\.: ·· . 
/'~,,:/·l!J, 

2 .u 0 
2.143 
1 .~n 
1.':107 
1. 83':1 
1.784 
1 .:624 
1 o<t '.::l ~<,l .. .... 
1.510 
1.444 
1.366 
1.1'16 
1.033 

.802 

.St!S 

.3'14 

.123 

'~-

• 
. ., 

~ 

-:-.. _r1 J 
-.:.~1··· 

"·· 

~ 

~~;~ J:> mode 1 . 
.~~::·· . 

.·, 

VELO~lT 9.48M/S ~ 

t"-·· 

RMSV(ROE/Tl*O•S T<yi/T REF 

. • 
.9·16 . r.ooo 

1.150 1.000 
1.138 .998 
1.208 .995 
1.209 .991 
1.!83 .984 
1.180. "' • 911 
1.221:1 .• 956 
1.252 .930 
1.202 .887 
1.2.06 ~823 
1.205 - "". , ....... .. ~· .'773 

'1."f74 ., . .701 
·--· 

1o"144 .sao 
1.ooo .436 

.875 .289 

.643 .187 

.441 .083 

.1':10 .035 
4;· o.ooo .ozs 

o.ooo .025 

~~· ~· 

- ~ 

'!.t 

.. 
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Table Ic. !abulated data for flow case I: 

., 
F-OR HILL 1/f:> ..!-'OSITION J0.48Ci% FROM CRf.-s,j 

~ ,.::1'0}~~ .. 
..,..... ~'It'-· 

• 

1:6 Hill model . (continued). 
~-·,· 

.. , 

FREE. S!~E.AM VELOCil 9.50M/S 
'·'* -' ...__ ~- ... 

~ 
.",J..\"-:t~¥~ • ,4,;:WM~~:;.; ;•~:t,;,~vf;DU:T~·""""'*;<'··~· .. i-'" ... .... u,l·y) tu ' F s 

·)'".,._;~~s.~~::;.1;~;;F::~- ·· - ~ ,. - - • • RMSUIROE/1) ..... 5 RMSV (ROEll 1**•5 Tly)/T REF 

.004 
> .017 

-·~"""" •. 026 
• O•d :O."'.J, • 

.OSJ '*'·;;. 

.06"> 

.Ot!4 
. '!'l'~t .0'-19 

.134 

.204 

.3i14 . ' 

.432 

.':lAS 

.740 .: 

.94!'1 

··, ,,1 1 o l~.>?v'' 

.,,,1'- t- O.:i.. ~ - ''·~······ 
51:·~' . .... ~ ., .• "' 

. ;...,_ . ;, 
. ~~: ;• 

.. ~ .... 

-~- ' :-o'fll!' ,. 

-!:; 

li!' 

32 . ~~-~· ,;;.! • ~"':-~ f«f: 
o':IOU 'ijit;: ' 
556 -''0t.;' '"'·ih'-14 ''!. 

.b30 

.653 

.~ff9 ., 

~.zo' 
~74H 

• Bi3 
~-. • 883 

.93.1 

.976 

•P 
~~ .,.. 
-~- v.;, 

* · ':0..•).~ .: 

• !? 9 ~ .... -);· ..._.->(-
1 • O'(Hi . ,....;...; ... _ .:.. ·.: · 
1 • . ooo · ,~ ;:,.;'~ ~\!' · 

.r~.?.t 

2.342 
2.01':1 
2.1Jt! 
2. 0~7 
2.074 
2 : o i' l 
1.957 
1.941 
1.867 
1.J.5i 
1.sui 
1.326 
1.052 
-.• 67.i 
;'.+i ioz 
-: ~··,;/(;' ·' . . ;.08-0 

.. 

~ ~. 

~-
:~-

~· 
'"'..#{,~-!:; ' 

.964 
1.121 
1.131:J 

·1.1-69 
1.ps 
1.~:zo 
1.186 
1.218 
1.267 
1.J02 
l.c2':1 

····1.1':10 
.894 
.537 

o.ooq 
o\ ooo 

,-'>l-~ .. ... .._"""' "" 

.,, 

.. 

,f' i' 

.867 

.866 

.865 
-.863 
.,861 
.857 
.850 
.843 
·.822 
.764 
.622 
.472 
.264 
.102 
.ooc;~ 

.~ .• . OOb '. !. 
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Table lc. Tabulated data for flow case I: ,. 1:6 Hill model (continued). 

FOR HILL 116 

YIDEL T A 

.010 

.OlH ,, 

.031 .F,;; 

.047 

.Ob3 
• OH2 · : . 
• 111 & 
.147 
.17b 
.233 
.31fl 
.405 
.Sot> 
.709 
.R12 

1. on 
1.159 

POSITION 

·•¥' 

. .. ~ ~~1~:6~-: ... 
~~~~.., 

'1>· 

12.TUCM FROM CREST 

. ..-:.:.-.-.. -"-
- i...;r 

•' ~~~;~ -~-· 
FRQ;"·~S:H<EAM VELOC IT 9. 5CJM/S 
~ .. ;~·:;'' 

U1y1tu ~.s. RMSU (ROEll) ..... ., RMSIICROE./1)""•5 T (y) /T 

.. 
.ot!O ' • 711 ~ 

• l41 ~ ~ 

.779 ). . 

.7-:!H 
0 1:!06 
.842 
.1:!6'7 
.~75 
.900 
.923 
.962 
.996 

J..<iloo -1.000 
1. uoo _ _,: .. : 
1.000 ~~ 

·~ 

.. 

. 

.. 
· ~~-··-,.. 

-

..,. 

2.052 
t -. OU2 
it;·u 4 o. 
i!.ll08 
1.950 
1.1:1!:15 
1.7b5 
1 • 7-ZS 
1.o3A 
1.'530 
1.444 
1.235 

.980 

.650 

.253 

.140 

.081 

,: --~ 

• 91 S"f'"'· .o8o 
1.163 .443 
1.J4t 

_,.,., 
.853 

1.343 .972 
1.J')9 .961 
1.394 1.008 
1.371 .939 

.;. , 1.378 .976 
1. J Tb .943 
1.313 .857 
1.279 .828 
1.097 .570 

. -~ . o852 .283 
o5fl3 .068 

o.ooo -.134 ·c.-' 
..,·~·, ~.:: ..;_~: o.ooo .,. -.136 

}~~!:;~ o.ooo -.143 

·• :~;:. .. 

.. 

. "4:. ' ... -~ 

REF 

. .. s· .. 
' - ~ t ( 
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Table lc. Tabulated data for flow case I: 1:6 Hill model (continued). 

FOR HILL 116 POSITION 2~.H~CM FROM C~ESl FREE SlREAM IIELUCIT 9.::>.t!M/S 

Y/DELTII U(Yl/U F.S. RMSUCkOE/T)<><>.S ~MSV(~OE/Tl""•5 T ly> /T 

.oos .!:11'19 1.975 ,.,, 1.~63 -.186 

.013 .602 ;::' 2.0f5 .<. 1.440 .377 

.020 .637 ·•i ' :i-;; 2. 146 > ! 1.454 .664 

.031 .1>70 . ~.oe5 ' ' 1.441 , . .749 '· .045 · .t.H 1 t.Ull~ 1.36~ .803 

.059 .702 1.~41:1 1.348 .857 

.097 .752 1.<J02 1.347 1.042 

.133 .71:J<J 1.738 1.~6d .973 

.164 .825 1.726 1.260 1.024 

.259 .876 1.619 1.217 1.022 

.342 .~09 1.442 1.0H5 .829 

.421 !!1 .933 1.254 " .~74 .651 

.527 .9h6 1.146 .!!1:17 .541 
• 675 '·"' . .991 .756 .541 .169 
.845 .999 .358 o.ooo -.053 
.991 .• ';9 f ~.....;' .144 o.ooo -.106 ~- . 

1.144 1.000 ~ t-r .o'.Ot!O o.uoo -.1 rs ·rii-
·'· 

w, ... , 
.,.. .;;;_r.q-

'• -·~ .' ... · ·~.!:;; 

"'~~ \,i,·~~"''· ..... ~ .. • .":. 
' .---~ ~ 

:r_J: 

·"' 

-..d .. ~ ~. 

REF 

I:: 

v · .. ~ .·.[;_ ~::~· # . 
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Table Ic. Tabulated data for flow case I: 1:6 Hill model (continued). 

"4~0::~ 

Fl)k HTLL 116 PU~ITION O.OOC~ FROM CREST fWE~~ THEA~ VfLOCIT ~.b8M/S 

Y/OEL TA ucy> 1u F .s. RMSU (ROE IT) 00 .5 RMSVCf.IOt/Tl 00 .5 Tty> IT H£F 

.OUt> 1.021 2.590 .9!6 .SSt! 

.014 .943 2.31t! 'l.o1e .514 

.Ol3 .'ol96 l.07b ·J:, t·. df.o2 .712 

.033 .964 1.'ol01 1.349 .747 

.04h .949 ~.063 1.'>07 1.190 

.OSR !r"! .Q44 2.021 1.479 1.1&8 ..... .01>7 .927 1.<,103 1.453 1.054 ....... .o ... s .~34 1.d26 lo'+5ti 1.033 N 

.114 .'742 1.787 1.453 1.035 

.1J4 .419 1.715 I. 392 \.051 

.1 n .'112 1.bl1 1. 348 .959 

.236 ..... 19 1.524 l.J5i .8'i1 

.331 .43'+ 1.J'1b 1. 2''U .747 

.440 .41-4 1.144 1.007 .449 

.'>4'> .4 ..... .81'10 olBZ .?54 
• 77 r: 0 4H6 .• 62& .Sr.1 .027 
.936 .Q9b '~ .345 u.uoLI -.lOS 

1.153 1.000 .191i o.uou -.113 
1.405 1.oou .144 u.uou -.110 

_ ... ,;~ 

"!::"' 



Tabl e I c . Tabulated data for fl ow case I : 1 :6 Hil l ·model (cont inued). 

FO~ HILL 1/6 Et STREAM VfLOCIT 9.66M/S 

Y/OELTA Ulyllu F.~ . RMSU I ROE IT l oo. 5 J.IMSV (J.IOE/TJH.S Tlyi/T REF 

.009 .801 2.030 o91i1 .232 

.017 .ll27 2.027 1.218 .651 

.023 .644 l.02U 1.:J2 0 .824 

.03~ .Hbl l.024 1.399 1.082 

.0~7 .585 2.029 1.4 76 1.312 

.073 .1:193 1.96~ 1.<+67 1.293 

.lOS .901 1.676 1.437 1.232 

.145 .~09 1. 71 1 1.504 1.121 
~ 

.17~ .917 1.637 1.375 1.026 
-...I .206 .924 1.633 1.J7b 1.099 
~ . 298 • 94' 1.501 1.257 .869 

.31:10 • 91> -, l. :H19 I. 1Z3 .742 

.458 .97 7 1.254 1.059 .594 

.53~ .990 1.106 .929 .422 

.701:1 1.000 .741 .571 .101 

.883 1.00 0 .l~t. o.ooo -.13b 
1 .006 1.ooo .13b o.ooo . -.162 
1.154 1.000 .101 o.ooo - 1 .27 6 



Table Ila. Tabulated 
1:2 Hill 

flow case II 

FOR HILL 112 POSITION Oo80CM FROM CHEST FREE STREAM VELOCIT 9.48M/S 

Y /DELl A ucy IU foSo RMSU(ROE/TI**o5 T<yi/T REF 

.oo1 351 2.435 .956 

.ooJ 438 2.334 .956 

.OOb 48~ 2.365 .956 

.008 ~ll 2.390 .956 

.ole 540 2.447 o956 

.016 566 2.511 . 955 

.02tl 614 2.607 .954 

.06l 11 2.460 .948 

.128 • 18 2.376 .918 
• 192 2.203 .871 
.25l 2.200 .808 
.354 2.118 .691 
0 45J 1.968 .552 
.se2 1.597 o361 
.776 .761 .117 
.983 .269 .ooo 

f OR HILL 1/2 POSITIO~ 30o48CM FROM CHEST FREE STREAM VELOCIT 9o74M/ S 

Y/ OELTA u(yl/u F.s. RMSUCROE/TI••.s Tfyi/T REF 

.DOl .294 2.297 .850 

.oo3 .390 Zo518 .a5o 

.oo~ o4l iJ 2.497 .a 5o 

.008 .432 2.409 .850 

.01'11 .490 2.578 .849 

.03b .540 2.641 .847 

.064 .612 2.664 .842 

.09J .64~ Zo555 .832 

.124 .655 2.413 .818 

.1 88 .707 2.327 .777 

.l50 . 737 2.234 .722 

.34!:1 .77tl Zol20 .616 

.457 .8J7 2.004 .469 

.563 .88!:1 1.787 .320 

.75l .IJ'f>T o963 .085 

.953 1.ooo .340 o.ooo 

174 
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Table Ila. Tabulated data for flow case I 
1:2 Hill model (continued). 

fOR HILL 1/2 . POSITION 1~.24CM FROM CREST REE STREAM VELOCIT 9.69M/S 

YIDEL TA U(yl/U f.S. RMSUCR E/11**•5 T IY•IT REF 

.001 .193 44 .702 

.ooJ .277 61 .702 

.00!:1 .• 2'1'6 22 .702 

.007 .313 90 .702 

.ole .340 l 646 .702 

.028 .418 l 862 .701 

.OSY .491 2 730 .698 

.OAY .538 2 602 .692 
• 119 .~9 '1 2 419 .683 
.181 .6!:17 l 332 .656 
.270 .739 2 250 .597 
.364 .799 2 131 .515 
.486 .arz 1 948 .388 
.646 .939 1 485 .214 
.111 .934 671 .091 
.927 1.ooo 268 .009 

FOR HILL 1/2 POSITION 10.16CH FROM CREST FREE STREAM VELOCIT 9.71H/S 

Y/OELTA ury11u F.s. RHSUCROEITI**•S T jyl/T REF 

.001 .oso .548 .601 

.ooJ .105 1.343 .607 

.oos .136 1.673 .607 

.007 .168 1.953 .601 

.012 .213 2.2~4 .601 

.022 .284 2.500 .606 

.055 .466 2.814 .604 

.o8S .532 2.022 .600 

.117 .592 2.293 .593 

. 18 7 .677 2.124 .569 

. 266 .730 1.382 .526 

.358 .820 .546 .459 

.480 .878 1.720 .352 

.625 .947 1.395 .216 

.761 .98!:1 .788 .102 

.918 .. 1.000 .286 .023 

175 
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Table IIa. Tabulated d ta for flow case II 
1:2 Hill m el (continued). 

FOR HILL 1/2 POSITION 7.62CM FROM CHEST FREE STREAM VELOCI T 9.70M/S 

Y{DELTA uCYI/U F.s. RMSU ( ROE/Tl •.s 

.oo1 .824 3.607 

.003 .277 1.709 

.oo5 .298 1. 772 

.oo7 .308 1.918 

.014 .360 c.l24 

.034 .428 2.462 

.064 .520 2.552 

.094 .589 2.386 

.155 .671 2.212 

.218 .734 2.118 

.307 .790 2 .oo · 

.398 .844 c.oo 

.520 .905 i.75 

.703 .976 .97 

.897 1.000 .29 

FOR HILL 1/2 POSITION .54CM FRQM CREST FREE STREAM VELOCIT 9e70M/S 

Y/.DEL TA ... Ufyi/U F .s. RMSUCROE/Tl**•S 

• oo1 .440 2.032 
.003 .482 1.809 

., .oos .492 i.724 
.-'9·12 .5o7 1.760 

20 .542 1 . 915 
'i033 .576 2.117 1.060 .650 2.204 
.092 .690 2.211 
.154 .734 2.158 
.217 .780 2.077 
.314 .831 c.os2 
.415 .873 1.994 
.504 .913 1.783 
.695 .963 1.096 
.900 .999 .036 

176 
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Table IIa. Tabulated data for flow case II 
1:2 Hill model (continued). 

FOR HILL 1/2 POSITION 

Y/.OELTA 

.oo1 

.ooJ 

.oo6 

.oo8 

.021 

.046 

.087 

.130 

.164 

.228 

.294 

.390 

.489 

.653 

.748 

.892 

U.OOCM FROM C~EST 

u(y>lu F.s. 

.602 

.635 

.640 

.643 

.681 

.691 

.729 

.753 

.772 

.802 

.836 

.876 

.912 

.966 

.985 
1.000 

177 

EE STREAM VELOCIT 9.71M/S 

RMSU (ROEll) ••.S 

2.011 
1.748 
1.670 
i.750 
1!.006 
2.145 
2.161 
2.0CJ4 
2.073 
2.047 
2.039 
1.946 
1.792 
1.222 

.815 

.327 



Table Ilb. Tabulated d 
1:6 Hill m 

a for flow case II 
el. 

FOR HILL 1/6 POSITION Oo80CH FROM CREST FREE STREAM VELOCIT 9 0 57M/S 

Y/OEL!A 

.001 

.OOJ 

.oo~ 

.oott 

.014 

.o2• 

.036 

.061 

.09J 

.123 

.18~ 

.Z4H 

.341 
•• 34 
.558 
.70~ 

.821 
• 946 

FOR HILL l/6 

Y/OELTA 

.OO! 

.ooJ 

.00!:1 
. • 007 
.012 
.028 
.059 
.100 
.140 
. ,184 
.'Z44 
.Jo• 
.39ft 
.486 
.608 
.731 
.92! 

U<YJ U FoSo RMSU CROEITI••.s / T(yJ/T REF .. 
. •o 2.350 < f:" 1.000 

!;;l 2.367 1.000 
83 2 . 410 --;> 1.000 

2.366 ·'1. QOO 
2.449 1.ooo 
·2.518 .999 
2.521 : .997 
2.440 .992 
2.332 .980 
2.404 .964 
2.201 .918 
2.168 .855 
-2.080 .737 
1.964 .601 
1.713 .405 
1.168 .191 

.452 .059 
1 • .221 o.ooo 

·• 

.. 
~ 

-~ 

rosiTION 35o56CM FROM CREST FR£~ STREAM VEL~fiT 9o40M/S 
.· II 

'\&· 
U(yi/U F oSo 

T 
J 

" .304 
.411 
o450 
.472 
o501 
.591 
.649 
.696 
o728 

'~ .760 
.794 
.832 
.871 
.918 
.960 
.987 

1.ooo 

178 

-

RMSUCROE/H••.s 

2.294 
2.443 
Z_.442 
2~450 
2.472 
2.604 
2.538 
2.403 
2. '282 
2.195 
2.143 
2.076 
2.031 
1.841 
1.286 
.8so . 
.314 

~ 
~: 

HyliT REF 

.925 

.925 

.925 

.925 

.925 

.924 

.918 

.905 

.884 

.854 

.803 
• . 739 
.627 
.sol 
.331 
.177 
.032 

. ,. 
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:Table lib. Tabulated data for flow case I 
1:6 Hill model (continued). 

FOR HILL 1 6 

• 

POSITION 20.32CM FROM CHEST 

Y/.DELTA 

• oo1 :.· 
.oo3 
.005 
• 008 ' 
.014 
.027 
.052 
.088 
.15 7 
.220 
.c84 
.J76 
.47 3 
.594 
• 720 . 
.919 

r.•. t" 

li(yi/U F.S • 

.356 
~.456 

.494 

.503 

.523 

.559 

.608 

.655 

.698 

.161 

.797 

.884 

.~27 

.972 1 

.992 
1.000 

.. 

REE STREAM VELOCITI0.21M/S 

RMSU CROE,-:T) ... 5 

2.432 
2.497 
2.341 
2.346 
2.48~ 

2.626 
2.637 
2.594 
2.464 
2.421 
2.356 · 
2.308 
2.087 
1.665 
1''.110 

.266 

,, 
FOR HILL 1/6 POSITION 12.70CM FROM CR,EST FREE STRE~~ VELOCITfP.78M/S 

Y[DELTA u ry11.u F.s. RMS,UCROE/TI**•5 
~ 
:~ 

.oo1 .407 2.58~ 

.003 .~20 2.542 

.oos . .. ..549 2.307 

.ooe .s7o 2.225 

.013 .591 2.214 

.026 .b33 2 . 394 

.052 .677 2.414 
•. 080 .708 2.368 
.116 .748 1· 2.327 
.181 .au 2.315 
.235 .832 2.269 
.332 .881 l.2oZ 
.460 .923 1.955 . .639 .979 i.344 '· 
.758 .995 .912 
.919 1.ooo .350 

·' 
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Table lib. Tabulated dat for flow case II 
1 :6 Hi ll mode~ (continued). 

FOR HILL 1/6 POSITION 7ob2CM FROM CREST FREE STREAM VELOCIT 9.54M/S 

Y (DELTA U(yl/U FoSo RMSUCROE/Tl 00 ois 

.oo1 .soo 2. 568 I .003 .613 2.428 

.006 .643 2.196 

.ooa .650 2.091 

.015 .685 2.176 

.027 .696 2.270 

.063 .741 2.287 

.127 .793 2.20<,1 
o209 .826 2.138 
.289 .859 2.146 
.J87 .892 2.037 
.517 .938 1.791 
.645 .994 1.306 
.777 1.ooo .751 
.919 1.ooo .320 

FOR HILL 1/6 POSIT ION O.OOCM FROM CREST FREE STREAM VELOCIT 9 0 26M/S 

Y/DEL TA Utyl/U FoS o RMSU CROE/Tl ••.5 

.001 .767 2.46 2 

.003 .860 2.264 

.006 .883 2.036 

.uoe .sao 2.040 

.014 .872 2.003 

.021 .877 2.109 

.033 .886 2.195 

.067 .874 2. 168 

.107 .860 2.107 

.174 .860 2. ,062 

.275 .870 l- .O Jc 
. :H5 .889 1 .9 11 
.!lc4 .951 1.572 
.654 .980 1.246 
.781 .995 .822 
.917 1.ooo .402 
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APPENDIX 

Turbulence Measurements 

Following is a short discussion of th general principles involved 
I 

in hot-wir1 anemometry. 

also discw~sed. 

The specifics use in the data evaluation are 

The bqsis of hot-wire anemometry is the instantaneous 

heat loss from a cylinder due to change i surrounding conditions. The 

sensing ele~nts used in this study were xtremely small metal wires. 

These wires heated above the ambient temperature by a commercial 

anemometer. s the flow conditions in th tunnel varied, the anemometer 

responded to he change in heat loss by b lancing a wheatstone bridge. 

The response s considered instantaneous p to at least frequencies of 

5,000 hert z. The rate of heat loss is in icated by the change in voltage 

required to m intain the wire at a desire temperature. 
' There is variety of conditions whi~h will cause a change in the 

heat transfer rate, 1) flow velocity, U; l) change in the ambient air 

temperature; 3) physical properties of the air; 4) the length of the 

wire; 5) orientation of the wire with respect to the flow; and 6) solid 

objects which act as heat sinks. 

Heat is lost from the wire in three ways: radiation, conduction, 

and convection. Generally in hot-wire anemometry the first two are 

considered negligible and not compensated for. The third, convection, 

is made up of two parts, free convection and forced convection. Free 

convection is important only with extremely low velocities . In this 

experiment the velocities- were great enough so that free convection was 

not a problem. As a result, forced convection governed the measurements. 
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' · ~ 

Stated earlier were six factors which wiil change the heat transfer 

rate from the wire. It was assumed that the physical properties of the 

air and the wire ~id not change . In addition the temperature ofth~ air 

was held constant . The only solid body encountered during the test;j_ng 

was that of the tunnel floor . With no flow a check was made of the heat 
• • ·t loss :to the tunnel floor. T;here was no significant heat loss for the 

' ' 

region of interest of this study, Figure 31. It was concluded that ;_the 

heat loss from the hot wire was a result of the 
* 

instantaneou~ velocities, 
~0ft~~ .. \ 

mean velocity, and the geometric positiohing of the probe. ,:'" ,,J.' 
~ ' ·,· . 

. ':.f:.; .. 
Providing that the~-wrevious assl!lmptions are valid , then vo 1 tage 

-~\ , .. 
output from the hot wire would be a function of utot and ~ 4>' the angle 

of attack . 

E = E (U , 4>). • out tot (A-1) 
.. ;.• 

~e angle 4> is that angle the wire makes with the instantaneous 
· ~ 

velocity and the x axis, Figure 32. 
~ 

. 'i!.- ... 
Following a discussion presented by Sandborn (9) where he writes } 

i t J 
'that a perturbation in the velocity results in a perturbation i n the 

I 

volta~e then the r;sponse of a hot wire for a two-dimensional £low 

dE dEv e= ·-u+ dU d<l> IT 
\ . 

This equation is the basis of the valuatiJ>p of the hot-wire data . 
.. ?' 

Squaring the equation and taking .the mean, gives 
.-J · ., 

2 = f(dE)
2 2 2 dE. dE uv (~:r v2 e u + ---+ , dU dU: d4> u 

u2 <-
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and letting 

s dE and s 1 dE = dU = iT d$ u v 

then 
-\ 

2 S2u2 s s uv S2v2 e = + a + u u v v (A-4) 

This equation c~n be used for either the cross-wire probe or the 

single hori zontal wire. The cross-wire probe application is discussed 

Jirst £9Jlowed by the horizontal wire probe. 
·::-.. !.' 

As ¢escribed earlier the cross-wire probe is made up of two 

i ndividual <wires. One mounted parallel to tl},e y-axis and the other 

lyilfg in the _, x-y plane. (This configuration makes the data redpction 

less comp1Jcated than the usual x cross wire.) A wire placed parallel 

to the y-axis or normal to the flow is i11sensitive to the velocity com-

ponent in the y-direction. As shown by Sandborn (9) the sensitivity to 

ang~e, S , varies as approximatelx the cosine of the angle. Thus for u c 

even slight misalignment up to 5° the value of s v is essentially ze~o. 

This reduces equation for a rlormal wire to 

Hencef_orth s u 
~ i 

for the normal wire will be called s1 . 

(A-5) 

The second wire of the cross-wire probe; was yawed approximately 

40° from horizontal. This wire then calls for a calibration with 

respect to the mean velocity for eich angle of incidence. The e2 of 

the yawed wire is the same as equation (A-4) or ~;· 

(A-6) 
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where s u for the yawed wire is not At this point the equations 
22 u , v governing the A.C. output of the hot wires have three unknowns 

and uv. To evaluate the flow properties a third equation was needed. 

This equation came from multiplying the A.C. output of the two wires, 

which yielded 

(A-7) 

where eney will be represented as e1e2 
The evaluation of the turbulence sensed by the horizontal wire is 

very similar to that of the normal wire on the cross-wire probe. Because 

the probe is parallel to the x-axis any rotation about the z-axis causes 

no change in the voltage due to change in angle or 

the horizontal wire 

s v is zero. For 

(A-8) 

To summarize, the turbulent terms evaluated from the cross-wire 

data were found using the following equations: 

(A-9) 

(A-10) 

(A-ll) 

For the horizontal probe data 

P=Ms u (A-12) 
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HOT-WIRE CALIBRATION 

To calibrate the hot-wire probes the carriage was moved forward of 

the model and the probes raised to the free stream. When situated in 

the free stream the probes were outside the boundary layer, which reduces 

turbulence to a minimum for calibration. The standard used was a pitot-

static tube mounted directly on the probe support. The wires were then 

subjected to a number of flow velocities ranging from 3.5 m/s to 16 m/s. 

The mean voltage required to maintain the overheat was recorded. This 

same procedure was repeated several times during the testing. Because 

the cross-wire probe needed additional calibration for angle change the 

probe was rotated in the x-y plane. The angles varied from -10° to 

+30° from the measuring position. At each angle setting chosen a com-

plete velocity calibration, as described above, was made. 

Once the hot-wire probes were heated they were not disconnected 

until the testings were complete. This helps to reproduce the same 

calibration from one time to the next. During the surveys the mean 

velocity was measured with a total pressure probe. This gave a check 

for the calibration during the actual sampling period. 

Two methods were used to reduce the calibration data. The first 

used for the cross-wire data was a graphical method. The second and 

more adaptable to computers was the application of King's Law. 

To find the sensitivity of a hot wire a relation must be known 

between the mean voltage of the hot wire for a known velocity, U. A 

plot of E versus U from the calibration was made for both wires of 

the cross-wire probe data, Figure 33. From these plots the mean velocity 

for the surveys were taken. To find the sensitivity of the hot wire for 

a given velocity a second curve was constructed. The curve was formed 
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by graphically evaluating dE dU for both wires at known velocities, 

Figure 34, and then .plotting U versus s . u 

The method used to evaluate the data digitally employed King's Law. 

This involves relating the output of the hot wire to the velocity by an 

equation. The form used was 

(A-13) 

where A represents the equivalent square of the voltage for U = 0 

and B and m are constants. Although m is different for each wire 

in most instances it is very close to .5. 

dE _ mB 
dU - 2EU(m-l) 

Differentiating gives S or u 

(A-14) 

For the data at hand, setting m = .5 to find velocity and sensitivity 

proved to be very satisfactory, Figure 34. 

The sensitivity of the wire in angle of incidence was 

done graphically. As stated earlier a complete voltage-velocity calibra-

tion was recorded for each angle setting of the probe. A series of 

velocity curves worked up. The individual curves represented different 

probe rotations. From each of the curves a voltage output for a desig-

nated velocity was read. A voltage versus angles was plotted. The 
dE relation is a linear one so the slope of the line gave d~ for the 

designated velocity. The final result is Sv for the given velocity. 

Again 

dE 1 
~=d~[ 

This evaluation was continued until the wire had a complete curve of U 

versus S . Figure 35 is an example of a sensitivity to angle curve. v 
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