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EXECUTIVE SUMMARY 

The purpose of this research was to increase knowledge of the physical 

processes that govern wind characteristics over ridges and, subsequently, to 

ilJlprove empirical and numerical techniques for wind velocities ov1,r ridges. 

These objectives were achieved by conducting a wind-tunnel study of the flow 
field over triangular-shaped and sinusoidal-shaped ridge models with varying 

upwind and downwind slopes under various thermal stratification conditions. 

A simple technique was deueloped to predict the velocity-amplification 
profile above a ridge crest for an arbitrary ridge slope. Largest speedups 

were measured for the steepest symmetrical ridge which did not cause flow 

s~paration. Criteria for flow separation over ridges are provided in this 
report. Effects of turbulence, surface roughness, and thermal stratification 

on speedup are generally of secondary importance. However, these effects and 
the slop·es of the ridge are significant in determining whether or not separa-

tion occurs. Applicability of the results for ridges with finite width is 
discussed. 

Th.e. separation phenomenon downwind of a ridge was investigated by 
analyzing the effects of upwind and downwind ridge slopes on the longitudinal 

extent of the separation region. It appeared that the downwind slope partic-

ularly affected the length of this region. 
The turbulence structure over ridges was investigated by analyzing the 

longit;u.d!ihal velocity fluctuations. It was found that the directional energy 

distr~bution of the turbulence above the crest is significantly different frQm 
that of the upwind turbulence. Changes in power spectra and probability 

density functions are relatively small. 
Phy;sical and numerical techniques to simulate flow over ridges were 

criticaH.y reviewed. It was shown that similarity requirements for wind-
tunnel modeling techniques were generally met. In some cases similarity could 

not be .achieved in a thin surface layer(: 3 percent of the hill length). The 
overall flow, however, was not affected. 
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1.0 INTRODUCTION 

This report is the first in a series produced as part of the Wind-Tunnel 
Wind Energy Conversion System (WECS) Siting Program. The program was designed 
to study the characteristics of the wind in complex terrain, especially hilly 
terrain, so that installation sites for WECS can be identified. This report 
identifies the topographical features of hills most favorable for siting WECS. 
Specifically it considers the role of hill slope, hill shape, surface rough-
ness, and stratification. Wind-tunnel measurements of the mean wind flow over 
model hills provide data to substantiate an empirical hill crest and speed up 
algorithm. Analysis of turbulence characteristics suggest what simplifica-
tions are permissible in analytic or numerical model procedures . 

. 1.1 THE OBJECTIVES OF THIS WIND-TUNNEL WECS SITING PROGRAM 

The objectives of this portion of the physical modeling program have been 
1. To study the wind characteristics over hills as influenced by 

a. hill shape, 
b. surface roughness and upwind turbulence, and 
c. thermal stratification; 

2. To correlate hillcrest wind conditions with upwind conditions for a 
wide range of hill shapes; and 

3. To identify the dominant physical mechanisms that govern flow 
characteristics over hills and, hence, provide guidance for the 
development or selection of analytic or numerical models for WECS 
siting. 

The information contained in this report deals primarily with two-dimensional 
flow (to be interpreted as flow over ridges of infinite width and with a flow 
direction perpendicular to the crest). However many of the findings should 
hold, at least qualitatively, for three-dimensional flow over hills. Rela-
tions between the upwind velocity profiles and velocity profiles at the crest 
have been established by varying hill and flow features. 

Mea'surements have been made of wind speed, turbulence intensity static 
pressure, probability density function, and spectra over a number of trian-
gular and sinusoidal two-dimensional hill shapes. Measurement techniques are 
described in Meroney et al. (1976a,b), Rider and Sandborn (1977a), and in this 
report. Data are tabulated in detail in Meroney et al. (1976b), and Rider and 
Sandborn (1977b) for neutral stratification measurements. A set of measure-
ments investigating the flow field when the downslope hill varies to incipient 



separation are discussed and tabulated in this report. A set of measurements 
associated with stratified flow over two-dimensional hills has been compiled 
into Appendix C, Meroney et al. (1978b). Additional measuremertts over a set 
of six 'different hill shapes are described in Rider and Sandborn (1977b). 

Three-dimensional flow field data are provided in tabulatioJl form by 
Chien et al. (1978). Their interpretation is discussed in Merony et al. 
(1978b). 

A review of physical-modeling similarity requirements has been placed in 
reports by Meron·ey et al. (19763, 1978a,b). This report emphasizes particu-
larly the similarity requirements for flow over a surface obstacle in a deep 
shear layer. 

A validation study was performed through a joint effort between Colorado 
State University and the University of Canterbury, New Zealand. The results 
of this program have been gathered into Meroney et al., 1978a. 

1.2 ORGANIZATION OF THIS REPORT 

The remaining chapters of this report are organized in the following 
manner. In Chapter 2 the physical processes that govern flow over ridges are 
discuss·ed. If the reader is familiar with the literature concerning flow over 
obstacles in shear flows, he may prefer to proceed directly to the result 
sections in Chapters 3, 4, and 5. Chapter 3.0 discusses the experimental re-
sults of the wind tunnel measurements of mean flow over ridges. The · h:Hl 
shape -a·nd flow condition are parameterized to describe the dependency of 
speedup ·over the crest on such variables. Experimental results and additioll'al 
information are presented to extend the conclusions of the two-dimensional 
analysis to flow over ridges with finite width. An empirical prediction 
technique for the velocity profile at hill crest is proposed :i:n Chapter 4.0. 
Turbulence characteristics are considered in Chapter 5. 0. In Chapter 6. 0 
there is a recapitulation of the major conclusions of this study including 
suggestions about worthwhile areas for further investigation. 

Details of experimental methodology, data analysis techniques, a review 
of the constraints of and characteristics over ridges on mathematical predic-
tion procedures, and tabulated data are summarized in a series of appendices 
at the end of the report. The tabulated data should be particularly helpful 
to those interested in the construction or validation of analytic or numerical 
WECS siting models. 
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2.0 PHYSICS OF FLOW OVER RIDGES 

The accuracy of analytical or numerical prediction techniques that 
approximate wind flow over hills depends a great deal upon 

1. An understanding of the turbulence structure over the hill and its 
interaction with the mean flow, 

2 . An understanding of the mechanism that causes flow separation and 
the development of a wake, and 

3. The sophistication and validity of current mathematical models for 
flow over hills. 

This chapter considers these aspects of flow over a hill. 
The literature on the physics of boundary layer flow over obstacles is 

not generally familiar to most meteorologists or engineers, nor has it been 
consolidate~ into any single reference. Pertinent material is reviewed in 
this sectio and is used to support the results of a perturbation analysis of 
changes in otal head as wind flows over a hill crest at various lengths from 
the surface. The analysis and review provide a context for evaluation of the 
experimental results discussed in Chapters 3.0, 4.0, and 5.0. The analysis 
also provid s a context for review of mathematical prediction procedures for 
hill flows. / Appendix E considers the constraints of wind characteristics over 
ridges on various analytic and numerical methodologies. 

The turbulent action on the mean flow is analyzed by considering flow 
over hills as a departure from the flow of an inviscid fluid. Regions are 
distinguished where the effect of turbulence on the mean flow is different. 
The most important flow and hill features affecting flow separation are con-
sidered, / and the large, separated flow region which results from the inter-
action bj tween wake and main flow is investigated. 

Thq analysis is carried out by consj dering two-dimensional flow over 
ridges. However, the general approach of the analysis justifies application 
to thrc:ie-dimensional flow over ridges . Section 4 of Chapter 3 is devoted to 
discussing quantitatively the applicability of the insights gained to ridges 
with 1 i~tite width and to other three-dimensional effects such as Coriolis 
accele ations and ridges at an angle to the flow. 

2.1 I )ENTIFICATION OF FLOW REGIONS 

F '. ow regions are identified to indicate portions of the flow field where 
the turbulence structure affects the mean flow differently. In flat plate 
bounda y layers two regions are usually distinguished, the inner and the outer 

3 



regions. In the inner region the flow is directly affected by the surfa.ce 
shear stress; in the outer region the flow closely resembles ~ree turbulence, 
with properties of the turbulence being strongly dependent on conditions far 
upstream. 

Jackson and Hunt (1975) conducted an analytical study on flo,w over low 
hills and also divided the flow field into an inner and outer region. By 
defini tion, the inertia, pressure, and Reynolds stress gradi ents in the inner 
region were of the same order of magnitude; whereas in the outer region , the 
fluid had effectively inviscid prope r.ties . Although the changes in Reynolds 
stresses in the region outside the inner region may be orders of magnitudes 
sma11er than the inertia stresses, after extended periods of t.rans·po,r,t o,ver 
long·hills they·may cause significant additional total head losses. 

In order to include the long-range effects of the turbulence on the mean 
flow over the hill, three regions rather than two need to be distinguished. 

a) An Inner Region. The inertia, pressure, and eynolds stress 
gradi ents in this region are of the same order of magnitude It may be as-
sumed, that the turbulence energy production and dissipation r tes are so large 
that they are the only dominant terms in the turbulence 
tion; thus 

energy equa-

a u uw a z = f; (Z.1) 

Under- such conditions structural similarity exists between the Reynolds 
stresses (Townsend, 1962). 

b) A Middle Region. In this region inertia stress gradients are much 
lar-ger than Reynolds stress gradients. But changes in Reynolds stresses are 
sufficiently large to cause substantial additional change in total head. 

The advective terms in the Reynolds transport equations may reach the 
same orders of magnitude or become even larger than the production and dis-
sipation terms. If longitudinal velocity accelerations are sufficiently 
large, boundary-layer approximations may not be applied. As a result, the 
prediction of the turbulence stresses may become very difficult. 
Bradshaw (1973a) pointed out that the effect of extra strain rates 

Moreover, 
additional 

velocity gradients to the simple shear au/a z) is often an order o magnitude 
larger than expected from the explicit extra terms they introduc into the 
Reynolds-stress transport equations. He indicated that the unexpec ed effects 
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of extra strain rates could be identified by classifying the flow according to 

the ratio of the extra strain rate to main shear, y. A flow is 

strongly distorted if IYI N 0.1 - 10 

a fairly thin shear layer if IYI N .01 - .1 

a simple shear layer if IYI < .01 

The significanc~ of each of the classes is that in a strongly distorted 
flow, the Reynolds stresses are locally insignificant since pressure gradients 
greatly exceed Reynolds stress gradients; in a fairly thin shear layer 
Reynolds stress gradients may become unexpectedly large; and in a simple shear 
layer the turbulence is not affected by the extra strain rates. 

The rates of extra strain in flow over hills are related to the curvature 
of the streamlines. A convenient way of defining y is by writing the strain 
rates in s-n coordinates (Castro, 1976). Different extra rate of strain 
ratios can be defined. First the following ratio will be considered: 

y = 
u 
r (2.2) 

Close to the surface the streamlines approximately follow the curvature of the 
surface. In this region the radius of curvature may be estimated by the hill 
parameters h and L. A typical value of r over the crest is 

r = crest (2.3a) 

and at the foot of the hill 

(2.3b) 

Velocities are approximately of the same order, and the length scale of 
the normal velocity gradient is typically equal to o. The extra rate of 

I 

strain ratio is then 

(2.4a) 
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(2.4~) 

Thus these extra strain rates are large for steep, short hills and small for 
long low hills. The highest values for y exist when flow separation does 

I 

not occur (h/L 0.3), and when the hill is deeply embedded in the boundary 
layer. Therefore values of I y I of interest are less than I. Streamline 
curvature decreas~s with increasing height. Thus flow close to the surface 
may be strongly distorted, further away from the surface, the flow may be 
characterized as a fairly thin shear layer. 

The change in streamline curvature with height is directly related to . the 
longitudinal acceleration. The ratio of this extra strain rate to main shear 
is 

y' = (2.5) 

The otder of magnitude of the longitudinal acceleration will be expressed in 
terms of the fractional speedup ratio, defined by 

where 
Tli'u's 

u 
0 

~= 
u (z) - u (z) 

C 0 
- (z) u 

0 

is the upwind velocity, and u 
C 

is the velocity at the crest. 

(2_, 6) 

·· The fractional speedup factor in the surface region of steep hills 
is large with respect to h/L. Therefore y' dominates the extra strains for 
steep hills in the surface region; y [Equation (2.4)] may dominate in the 
upper p'art of the middle region. The flow field over a hill should be classi-
fied according to the largest occurring extra rate of strain ratio. Thus the 
middle region contains usually two flow regimes: a fairly thin shear layer 
and a strongly distorted flow. This concept makes the mean flow prediction 
particularly difficult. 
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In some cases the prediction may be less complex as a result of the 
varying curvature of the streamlines; y is negative at the foot of the hill 
and positive over the crest. The turbulence structure does not immediately 
adjust to the extra strain rate. Therefore y is effectively less. Bradshaw 
(1973b) proposes the following lag equation to calculate the effective value 

of y 

where T is a time scale of the stress-bearing eddies: T ~ 1 
au /oz 

0 

(2. 7) 

In the flow field over a hill, a region exists where y falls in the 
range that defines a fairly thin shear layer. Suppose that in this region 
T ~ o/u

0
• The time it takes a fluid particle to travel from x = - 1/2 L to 

x = 1/2 L is the order of L/u. Suppose further that y is constant 
0 

for - 1/2 L < x < 1/2 L and y = 0 for x < - 1/2 L. Then, at the crest: 
L Yeff = y(l - exp(- 20)). (2.8) 

Ndw for L/o = 1, yeff = 0.4 y. Thus, although curvature is significant over 
this hill, this result shows that extra strain rates do not always affect the 
Reynolds stress significantly. 

It seems reasonable, based on the foregoing arguments to state that for 
short hills (L<o) in the region where 0.01 < y < 0.1 , the stress-bearing 
eddies do not change considerably due to streamline curvature. Consequently, 
Reynolds shear stresses stay approximately constant along streamlines. This 
result will be used in the next section to show that under these conditions 
the flow may be essentially inviscid. 

c) An Outer Region. In this region the flow is essentially a simple 
shear layer. Extra strain rates do not affect the turbulence structure nor 
the mean flow. The region is defined by, 

- u/r y - au/on< O.Ol and au/as < 0.01. 
ou/on 

Because the curvature changes continuously along a streamline, a better 
definition of the region would be obtained if the effective value of the extra 
strain rate were applied. 
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if 
The three flow regions are illustrated in Figure 2.1. It is noted that 

h~ < 0.01 and < 0.01 
L 

the , middle region vanishes. In case L < 6 the middle region does not 
necessarily vanish, but its size is reduced, since the effective strain rate 
is much less than y. 

Classification of the different regions in the flow will be particularly 
valuable to a discussion of closure models frequently used in numerical models 
(see Appendix E, Section E. 1) and to discuss the inviscid character of the 
flow in the middle region. 

2.2 THE INVISCID CHARACTER OF FLOW OVER RIDGES 

Turbulent flow fields may be approximated as flow with an effectively 
inviscid fluid if work done by friction is small compared to the kinetic 
energy of the flow. In stationary boundary-layer flow which is driven · by a 
pressure gradient, the work done by the pressure gradient equals the work done 
by the friction; therefore, total head loss in the streamwise direction is 
equal to the pressure drop of the driving-pressure system. Thus, if the 
pressure drop over a hill is small (short hill), the fluid can be considered 
as effectively inviscid. Over large distances the pressure drop becomes 
significant, and total head losses have to be taken into account. 

One of the characteristics of inviscid flow is that vorticity stays 
constant along streamlines. This characteristic is not restricted to inviscid 
flows alone. Along streamlines in boundary layer flow over a flat plate, for 
example vorticity (mean velocity gradient) stays practically constant over a 
distance in which the boundary layer thickness does not change significantly. 
In terms of total head, this may be interpreted to mean that total head along 
a streamline decreases at the same rate as the pressure that drives the flow. 
Since the synoptic-pressure system of flow over hills is often known, it is 
convenient to analyze a specific case by considering the departure from flow 
with constant vorticity along streamlines or, alternatively, to analyze the 
flow by considering the departure from the total head loss as given by the 
driving-pressure gradient. The latter case will be referred to as additional 
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total head loss. An initial analysis of flow over hills is most easily 
carried out by considering the additional total head loss, because the work~ng 
equations contain expressions for the Reynolds stress gradients · 'Which :are 
relatively easy to measure . Analysis of the change of vorticity requires the 
use of the full vorticity equations which contain vorticity-velocit,y correla-
tions that are difficult to measure. 

The Reynolds number for flow over a hill 1.s sufficiently large that 
viscosity terms in the equations of motion may be neglected. Thus the equa-
tions of motion for two-dimenstjonal mean flow are: 

(2.9) 

and 

(2.10) 

It is convenient to transform the Cartesian coordinates into von,. Mises 

coordinates. In the latter system the independent variables are x and the 
stream function tjJ The transformation formulae are: 

a a - a 
lax1 = lax1 w[ 0tJJJ 

z tjJ X 
(2.11) 

and 
a - a 

(az 1 = u[at)J1 
X X 

.(2. 12) 

The x, z, and tjJ behind the brackets denote that the derivatives are .taken 
when .x, z, and tjJ respectively are constant. In subsequent equations the 
subs-cript is omitted. The equations of motion become 

u aii + au2 2 auw - au - w = ox + w -- - u at)J ax ox otJJ otJJ 
(2.13) 

- aw -~ aw2 auw + auw u-+ u otJJ = - u otJJ - ox ax w otJJ (2.14) 
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The change in total head along a streamline due to the action of Reynolds 
stresses is easily derived by adding equation (2.13) after multiplication with 
ii to equation (2.14) after multiplication with w. Denoting total head by P, 
the decrease in total head over a distance from x

0 
to x1 is 

2 2 xl w2) auw + - 2 auw] [au - o(u + Ml = I ~u oljJ u(l-~ ) ax ax otlJ 
X 

0 

where = u which is the local flow direction -
w 

reference point relatively to the crest of the hill. 
The additional total head loss is then 

Ml' = Ml -

ap 

X 
0 

and X 

dx, (2.15) 

is upstream an 
0 

(2.16) 

where 0 ax is the driving pressure gradient. It is noted that for flow over 

a flat plate 
Ml' = 0 

An order of magnitude analysis is carried out to determine the maximum 
losses in the middle region as defined in the previous section. This maximum 
value is obtained by making the following approximations: Assume flat plate 
conditions exist upstream from a point defined x = -L where L is the char-
acteristic length of the hill, defined as twice the distance between the crest 
and the point where the hill height is half the height at the crest, and as-
sume changes in Reynolds stress gradients along streamlines occur a distance 
up to AL above the surface, if AL< o and up to o, if AL> o. A de-
pends on the hill shape and is to be determined empirically. The character-
istic change in Reynolds stress will be defined as R , where R may be 
either 

(2.17a) 

or 
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R = 0 [ I uwf t - uw t I ] oo cres (2.17b) 

whichever is larger. The order of magnitude of the terms of equations (2.15) 
and (2.16) for x > -L is then, 

au2 - 0 [g] ox - L 

where R is the maximum Reynolds stress in the flow field. m 

ii0-~2) auw 
op 

O[~] 0 if o < AL at)J ax -

R 
= 0[AL] if o > AL 

The order of magnitude of the maximum additional total head 
R 

Af>' = 0[ ( (1 + ! + Q) g + Q _!!!) (xl + L)] if o > AL A L L L o 
L h g + 

R 
M' = o[co + o + r) !! _!!!) (x1 + L)] if o < AL L L o 

loss is then 

(2.18) 

' (2 :19) 

The effect of the hill on fill' is illustrated by applying those 
approximations to experimental data presented by Rider and Sandborn (1977a). 
Horizbhtal and vertical turbulence intensities were measured over triangular 
hill · models where h/L = 0. 17, 0 . 25, and 0. 33, with L/ o = 0. 6, 0. 4, and 0. 3, 
respectively. Maximum local turbulence intensities were about 20 percent. It 
may be expected that for those rather steep and short hills, changes in the 
Reynolds normal stresses along streamlines are less than changes in the 
Reynolds shear stresses. The data show that R based upon Reynolds normal 
stresses is less than 30 percent of R and that A is on the order of 0.5. m 
The maximum additional change in total head at the crest is then 

fill' ;: 4%. crest (2.20) 
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Further away from the surface, LlP' decreases since the most significant 
changes in the turbulence structure occur in the lowest regions. 

The result obtained for flow over the triangular hill models should also 
be valid for hills with larger ratios of hill length to boundary-layer thick-
ness, since equation (2.18) in particular is not sensitive to this parameter. 

The inviscid character of flow over a hill is illustrated also by the 
following considerations. For weak turbulence and approximately constant 
Reynolds shear stresses along streamlines, equations (2.13) and (2.14) may be 
simplified to 

- auw 
w aljJ = u aljJ (2.21) 

(2.22) 

Eliminating the terms on the right-hand side and presuming that the total head 
along streamlines stays constant yields the following expression: 

The presumption that total head stays constant may be expressed as 

- 2 u 
[ ~] 

2 tjJ=ljJ 
1 

Elimination of p 

au aw u aljJ ax 

-2 
= [~ + p] 

2 ljJ=ljJ1 

from equations (2.23) and (2.24) leads to 
1 - 2 

+ aw f)uo 
aljJ = 

(2.23) 

(2.24) 

(2.25) 

Equation (2.25) represents another property of inviscid flow, namely that the 
mean vorticity along streamlines stays constant. This justifies the presump-
tion that the total head along streamlines stays constant. · 

2.3 FLOW SEPARATION OVER RIDGES 

The occurrence of flow separation over ridges is from the point of view 
of wind power undesirable. The wake mixes momentum across streamlines, 
diminishes longitudinal pressure gradients, and consequently reduces the wind 
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velocity over the top of the hill. Moreover, separation causes reduced 
velocities in the surface region downstream of the wake. 

At present operational models for flow separation over ridges do not 
exist. Some semi-empirical models require empirical information, such as the 
location of the separation point, reattachment point, and base pres~ure. See 
the discussion in Appendix E, Section E.4 of Kiya and Arie (1972) and Bitte 
and Frost (1976). The development of prediction techniques for velocities 
over hilly terrain must rely heavily on experimental data. 

In this section implicatio~s of theoretical and experimental separation 
concepts are reviewed and applied to flow over ridges. A general description 
of phenomena related to separation from the surface is given by Scorer (1978). 
the following discussion is a detailed review of existing insights into 
separation phenomena over ridges. Two separation regions are considered: the 
separation regions upstream and downstream of the ridge. 

The Upstream Separation Region. Upstream separation depends primarily on 
the upstream slope at the base of the hill. In contrast with the downstream 
separation region, the upstream region is never very large. The length is of 
the order of the obstacle hill height. Its effect, however, on the velocity 
field is quite important, because the separation zone in front of a hill 
reduces the favorable pressure gradient that normally provides large speedup 
effects in the lower layers over the crest. 

It was shown in Section 2. 2 that the flow over hills, if no flow 
separa.tion occurs, is approximately inviscid. Indeed, even in the presence of 
separation, the prediction of the occurrence of flow separation may be obtain-
ed by an inviscid theory presented by Fraenkel (1962). Fraenkel shows that 
corner eddies with closed streamlines can be predicted analytically from 
inviscid flow assumptions. The physical interpretation of this phenomenon is 
simply that the flow near the front of the obstacle stagnates to the extent 
that the motion is dominated by the vorticity. Once flow separation occurs, 
the viscous effects (particularly along the separation streamline) invalidate 
to some extent the inviscid flow assumption. 

A semi-analytical model, based on Fraenkel' s theory, was presented by 
Kiya and Arie (1972) for flow over a fence deeply embedded in a boundary layer 
(see also Appendix E, Section E. 4). Their model requires empirical input 
parameters to take into account the downstream wake. The flow in the upstream 
separation region, however, is predicted essentially on a theoretical basis. 
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Excellent agreement was found between their theoretical results and 
experimental measurements by Good and Joubert (1968). The success is 
undoubtedly due to the fact that the vorticity was sufficiently strong. 

Conditions similar to those discussed above apply to flow over a ridge 
embedded in the boundary layer. Hence an inviscid separation model is appro-
priate. The interaction between main flow and a separation eddy becomes 
important if the hill height is much larger than boundary-layer thickness. 
Robertson and Taulbee (1969) conducted an experimental study of turbulent 
boundary-layer flow over a forward-facing normal step. They evaluated the 
effect of ratio between the step height and boundary-layer thickness on the 
extent of the separated flow region. When values of h/o varied from 0.5 to 
2, they found that the location of the separation point upstream of the step 
extended to 0.8h for h/o = 0.5, and to I.Sh for h/o = 2. 

An important phenomenon may occur if the flow is stably stratified. The 
cooler heavier air in front of a ridge stagnates. That in turn results in a 
further decrease in temperature. This may lead to a total blocking of the air 
in front of a mountain range. This phenomenon is the main cause of Fohn 
w~nds, in which air descends from an altitude not far from that of a ridge top 
on the upwind side to the surface on the downwind side. Blocking seems to 
occur only if (Scorer, 1978) 

h > 2TI 
.Q, 

where Q is the Scorer parameter, 

1 = _g_ _! ae 
- 2 8 az u 

0 

and 8 is the potential temperature. 

The Downstream Separation Region. Boundary-layer flow over a flat ground 
plane driven by a synoptic-pressure system is in equilibrium and does not 
separate since the pressure drop in the streamwise direction is in balance 
with the surface shear stress. But the force balance in flow over hills is 
disturbep due to the increased surface shear stress over the hill. As a 
result horizontal momentum in the lowest layer is transported downward at a 
higher rate. Although the momentum along a streamline at the crest is larger 
than upstream along the same streamline, the momentum may not be large enough 
to overcome the adverse over-crest pressure gradient. Consequently the flow 
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tends to separate from the surface, and, depending on the interaction between 
wake and main flow, a large wake may develop. 

The interaction between those two flow regions can be ,described by 
considering the flow over a hill model initially at rest and then suddenly in 
motion at constant speed. (Batchelor (196 7, plate 8) illustrated• tl)e devel<i>p-
ment of the downstream wake in this way by showing a series of pictures of a 
flow visualization of the development of the flow patterns around a house 
model that is pulled in a fluid initially at rest.) In the init.ial s.tages 
when no flow separation has developed, the pressure gradient in the surface 
region is parallel to the surface. When the flow separates, there is. no force 
that p~events the development of an eddy directly after the ,separation ,p9int. 
In later stages, however, a pressure gradient across the separating streamline 
builds up so that futher growth of the eddy is prevented. The equilibrium 
that is established in the flow is mainly determined by the strength of the 
eddy ~nd the pressure gradients across the separation streamline. The order 
of .m~gnitude of those forces suggests that features like location of separa-
tion point and hill shape may significantly affect the size of the wake. 

Inde,ed, experimental evidence of the importance of the point of separation was 
given by Huber et al. (1976). They showed that significant increase in the 
dimensJons of the wake downstream of a bell-shaped hill model was created by 
tripping the boundary layer at the crest. 

•,,Depending on the shape of the hill, different flow features may dominate 
the separation phenomenon. Several aspects of flow separation may be conven-
iently.,. discussed by considering three different hill types: 

Hills with steep downstream slopes, say h/Ld~ ½ , where Ld is the 
downstream characteristic hill length. For this category of hills the 
-eddy in the separation region is not constrained by the d.owµs.t.:ream 
slope. Available information on the flow development downstream of the 
separation point from studies with vertical backward-facing steps may 
well be applied. 

- Round-crested hills with downstream slopes ¾ < h/Ld < ½ For this 
category, location of the separation point as affected by surface 
roughness affects the velocity field significantly. 

- Sharp-crested hills with downstream slopes ¾ < h/Ld < ½ For this 
hill type, the separation point is fixed. The effect of the ratio 
h/Ld on the extent of separation region is most marked. 
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Hills with Downstream Slopes, Say 1 
h/Ld > 2 

Once separation occurs, two flow regions can be identified. One includes 
the region around the separation streamline defined as the new shear layer, 
the other, the region downstream of the reattachment point. 

The new shear layer is a free turbulent shear flow similar to the mixing 
of a uniform-freestream and a quiescent-flow region; hence turbulent half-jet 
theories are relevant. Some of the first researchers who investigated the 
flow in this manner were Korst, Page, and Childs (1954) and Chapman, Kuehn, 
and Larson (1957). Following their methodology, Chang (1966) analyzed the 
velocity distribution in the new shear layer behind a wedge-shaped hill model 
with a frontward-facing vertical slope and backward-facing slope of 1/1. He 
found that the velocity profiles in this layer could be described successfully 
by the half-jet theory except for the region close to the separation point. 

Chang noted that according to half-jet theory the velocity profiles along 
the separation region may be described by 

u 1 = 2 (1 + erf ri), (2.26) 
u 

0 

where fl is a dimensi onless coordinate equal to a z'/x', in which a is a 
similarity parameter and z' and x' are the coordinates of an intrinsic 
system. The z' coordinate is determined from measurements, whereas the xi 
coordinate is the distance from the crest. Experiments have shown that values 
of a are approximately constant in ideal flow cases such as the half-jet . 
In the separated flow region behind a wedge-shaped hill, however, it appears 
that a varies with downstream distance from the crest. This deviation may 
occur because the half-jet theory assumes a uniform incident velocity profile, 
whereas in the present cas e a nonuniform velocity distribution exists. Fol-
lowing Kirk (1959), Chang showed that a may be modified to a constant value, 
if one displaces the origin in the upstream direction by a distance x 

0 
determined expe rimentally. Incorporating these considerations into the 
original equation leads to the following expression for the velocity field 
downstream of the wedge-shaped hill: 

u 1 z' = - (1 + erf (a--) 2 x+x u 
0 

0 

(2 . 27) 
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where the curve is a function to be determined experimentally and o and X 
0 

are empirical constants. 
Bradshaw and Wong (1972) reviewed a series of experiments conducted by 

other researchers [ (Tillmann ( 1945), Arie and Rouse (1956), Tani et al. 
(1961), Mueller and Robertson (1963), Plate and Lin (1964), and :eetryk and 
Brundrett · (1967)]. Based on their results Bradshaw and Wong showed that a 
strong dependence exists between the length of the downwind separation region 
and the configuration of the surface upstream of the separation point. The , 
distance between ,separation and reattachment point varies from 5 to 20 hill 
heights. The distance is small for simple backward-facing steps and is lar.ge 
for bluff surface obstacles such as fences. 

As is well known, the turbulence structure in the new shear layer changes 
significantly from upstream conditions. Downstream of the separation region 
the turbulence in the boundary layer is strongly disturbed over the part of 
the boundary layer that has been exposed to the new shear layer. The thick~ 
ness depends primarily on the length of the separation region. The longer the 
separation region, the larger the disturbance of the turbulence and, conse-
quently, the larger the departure of the velocity from the velocity distribu-
tion in an equilibrium boundary layer. The return of the boundary layer to · an 
equilibr,ium structure occurs only after a long di,stance downstream of the 
reattachment point. 

So~ quantitative information on reestablishment of equilibrium flow,,,t s 
presented by Bradshaw and Wong (1972), who further analyzed the data of Petryk 
and Brundrett (1967). Value·s of h/o quoted were in the range of 0.18 andr 
0.53 wheTe h is the height of a single fence; h as well as o were varied 
in Petry.kt! s experiments. Bradshaw and Wong used -the•, Clauser parameter to 
measure · the departure of the boundary layer from equilibrium. The Claus·er . 
parameter is defined as: 

J0 (u (o) - u (z)) 2 dz/u_; o G=~o ___________ _ 

f~ (u (o) - u (z)) dz/¾ o 
(2.28) 

According to the data of Coles (1962), G is about 6. 8 in an equilibrium 
constant-pressure boundary layer at high Reynolds numbers. Values of G 
downstream of the reattachment point decreased sharply and then increased 
slowly to an equilibrium value. The distance xG where G reaches its 
minimum could be expressed by the empirical relation 
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(2.29) 

implying that two length scales are to be considered. This is reasonable, 
since on one hand the disturbance is caused by the length of the separation 
region, h whereas on the other hand, the recovery of the boundary layer 
depends on the scale of the turbulence, say o. The proportionality constant 
in Equation (2.29) is equal to 100 for a fence , but is certainly less for any 
hill shape. 

Depending on h/ o, the minimum value of G changes, i.e. , for h/ o = 
0.18, G . = 5.6 whereas for h/o = 0.53, G . = 4.5. min min 

Round-Crested Hills with 1/4 < h/Ld < 1 

The force balance in the flow over round-crested hills with 1/4 < h/Ld 
< 1 is such that the mean flow field may change significantly due to simple 
surface features. Flow separation over a hill may be caused by a salient 
edge; however, if the hill has no salient features, change in surface rough-
ness or significant increase in surface shear stress may affect the location 
of flow separation and thus the velocity field over the crest. 

A popular method to predict the separation point of a turbulent boundary 
layer in an adverse pressure gradient was developed by Stratford (1959) and 
Townsend (1962). The basic assumption of the method is that the boundary 
layer can be divided into two distinct and adjacent regions. The flow in the 
region adjacent to the wall is determined by the local shear stress distribu-
tion and is otherwise independent of the past history of the flow. But the 
flow in the outer region develops nearly independently of the Reynolds stress, 
implying that the total head stays constant. In addition it is assumed that 
the Reynolds shear stress stays constant in the outer region. 

Unfortunately, application of the Stratford-Townsend method to predict 
the point of flow separation over a hill is not possible, since a middle 
region (see Section 2.3) exists which does not possess the characteristics of 
the inner and outer region as given above. In the middle region, the flow is 
locally ~nviscid, but Reynolds shear stress may change significantly due to 
the strong flow distortion. Only if the Reynolds stresses could be predicted 
in the lowest layer of the middle region, and if the velocity profile in the 
inner region at the locati on of the pressure minimum is known, can a similar 
approach to that of Stratford and Townsend be developed to predict the 
separation point. 
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The prediction becomes even more complicated if the surface roughness 
changes upstream over the hill. Qualitatively the effect of changing surface 
roughness on the flow is well understood. For some simple flow cases, analyt-
ical solutions have been obtained (Townsend, 1976). In general an increase in 
surface roughness in the flow direction introduces higher shear s~resses in 
the flow. In turn this causes a larger total head loss in the layer adjacent 
to the surface and consequently an earlier flow separation. A streamwise 
decrease in surface roughness has the opposite effect. It may be noted that 
the installation of extensive windmill hardware on a hill may itself induce 
earlier flow separation and consequently less speedup of the wind. 

The effect of surface . roughness on flow separation over a circular 
cylinder was investigated by Giiven, Patel, and Farrell (1976). Although their 
semi-analytical approach may seem not directly applicable to flow over hills, 
the experimental results show the effect of surface roughness. Since their 
approach turbulence is weak and of a large-scale, their results may be inter-
preted as being the effect of increased surface roughness over a hill relative 

7 to upstream conditions. Some of their results for a Reynolds number of 10 
are presented in the table below. 

z u 
0 

Cpb C <j>W 
_E_I!! a pm UCO 

10-5 -0.62 -2.04 111.5 1. 74 

10-4 -0.80 -1. 91 105 .6 1.71 

where z is the equivalent roughness height, 
0 

d is the cylinder diameter, 

Cpb is the base pressure coefficient, 
C is the minimum pressure coefficient, and pm 
<j>W is the approximate angle of beginning of the wake region measured 

from front stagnation point. 
Upm/U

00 
is the relative velocity increase at the pressure minimum. 

The effect of a change in <l>w of 6° causes a 2 percent change in maximum 
velocity over the cylinder. Although this is not a significant effect over 
cylinders, for hills the effect of surface roughness on the location of separ-
ation point may be much larger because the hill slope at the downstream side 
decreases in the flow direction. 
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An interesting illustration of the effects of upwind turbulence (e.g., 

due to large upwind 
Halitsky (1965). He 

~ 3 (h/o = 3, h/Lu ~ B, 

surface roughness) is offered in an investigation by 
noticed that in boundary-layer flow over a ridge 

h/Lu: ¾) downwind flow separation occurred for upwind 
freestream turbulence intensities of 1 percent, whereas for large upwind 
turbulence intensities of 15 percent periodic collapse of the wake occurred. 

For smooth surfaces, the Reynolds number also influences flow separation . 
Flow separation is essentially due to viscous effects; thus the separation 
point will depend on the Reynolds number. Model results may require correc-
tion for the effective Reynolds number variation between field and laboratory. 

Other than the material previously reviewed, little further material 
speaks to separation over shapes with salient corners or crests. 

Hills with a Salient Edge and with Slopes, Say¾< h/Ld < ½ 

The strength of the eddy in the separation region, of course, has an 
important effect on the size of the wake. If the downstream slope is small, 
then the eddy stays small causing a weak interaction between wake and main-
flow. Quantitative information about the important effect of hill slopes on 
wake size and velocity speedup over the hill is not available in the litera-
ture. In Chapter 3 data is presented that systematically shows the effect of 
hill slope on the size of the separation region. 

2.4 SUMMARY 

The following summary of the most important conclusions made in this 
chapter serves as a review of present understanding of flow over an isolated 
ridge and provides a basis for the experimental program discussed in the 
following chapters. 

1. Three regions in the flow are distinguished 
a. An Inner Region. In this region Reynolds shear stress 

gradients are of the same order of magnitude as pressure or 
inertial gradients. Production and dissipation rates of turbu-
lence are the dominant terms in the turbulence kinetic energy 
equations. The large mean velocity gradi ents are character-
istic of this region. 

b. A Middle Region. In this region Reynolds stress gradients are 
locally insignificant but may cause substantial changes in 
total head downwind of the first flow disturbance. The changes 
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in total head may be large since extra rates of strain affect 
Reynolds shear stresses, often one order of magnitude larger 
than expected. Nevertheless, for relatively short hills 
(L < o) with large extra strain ratios, changes in Reynolds 
stresses are small since it takes time for the stre~s-bearing 
eddies to adjust to the mean flow conditions. An order of 
,magnitude analysis and experimental data show that for such 
flow cases total head changes over the crest are usually less 
t.han 4 percent. Generally, the order of magnitude analysis 
indicates that the flow field upwind of the ridge crest can be 
predicted accurately by assuming the fluid to be inviscid. 

c. An Outer Region. Extra strain rates are small and do not 
affect the turbulence nor the total head losses. 

2. The upwind separation region is small compared with the downwind 
separation region because interaction between upwind wake and main 
flow is impeded by the presence of the ridge. For sufficiently 
large vorticity in the approach flow (in other words, for a suf-
ficiently small ratio h/o), the upwind separation region is not 
affected by the interaction between wake and main flow. Otherwise 
interaction takes place and, with the present understanding of such 
flow cases, empiricism has to enter analytical-prediction proce-
dures. No quantitative information is available on the amount of 
vorticity required to avoid interaction. 

3. A large wake resulting from main-flow wake interaction affects the 
mean flow over a hill and downwind of a hill dramatically. The new 
shear layer causes the boundary layer downwind of the reattachment 
point to be in strong nonequilibrium. Up to distances of the order 
of IOO.Jiio the Clauser parameter decreases, after which a return to 
equilibrium flow conditions takes place. Therefore prediction of 
the flow field over a group of ridges is extremely complex. The 
occurrence of flow separation over downwind ridges may be strongly 
affected. 

4. Existing prediction techniques of flow separation over ridges are 
not adequate. There exists some experimental evidence that changes 
in surface roughness affect the occurrence of flow separation over 
steep ridges (h/L: .3) significantly. Qualitatively, the effects 
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of surface roughness are understood, i.e., an increase in upwind 
surface roughness causes earlier flow separation whereas a decrease 
in upwind roughness causes a later flow separation. 

S. The length of the downwind separation region is reduced by shallower 
downwind slopes since the eddy development in this region is impeded 
by the presence of an elevated surface in the separation region. 
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3.0 MEAN FLOW OVER RIDGES 

The following three chapters discuss laboratory data measurements made 
under this program and describes quantitatively the effects of ridge shape, 
turbulence and surface roughness, and moderate stable s~ratificat~on on the 
mean flow over ridges. Data are utilized to prepare an empirical wind speed 
prediction relation in Chapter 4.0. Changes in the turbulence structure over 
the ridge as a result of the distortion by the mean flow are interpreted using 
rapid distortion principles in• Chapter 5.0. A brief review 011i the limitations 
of the physical modeling techniques employed is provided in Appendix F. Flow 
conditions and hill shapes h,we been characterized by simple nondimensional 
parameters defined in that Appendix. 

Section 3.1 evaluates the influence of ridge shape on wind speedup over 
hill crests. The important role of separation on speedup is identified and a 
criterion for flow separation is provided. The data are used to validate the 
inviscid approach identified in Section 2.2. 

Section 3.2 examines the influence of turbulence and surface roughness on 
wind speed over hills. An inviscid numerical program described in Appendix E, 
Section 3. 3 was used to extend the results beyond those measured in the 
laboratory. The influence of turbulence on wind profiles was suggested by the 
analysis in Chapter 2.0 to be significant only in an inner and middle region 
near the surface. Comparison of model data against a recent field study 
revealed the unexpected influence of relaminarization on the inner regions 
durin~~model measurements. 

Section 3.3 considers the influence of stable stratification on the mean 
velocity profile, the character of the hill crest turbulence, and the extent 
of separation. Mild stratification appears to result in rather modest pertur-
bations. 

Section 3.4 examines the validity of the assumption of two-dimensionality 
when dealing with real finite-length ridges. A finite hill length reduces 
hill crest and speedup, modifies the separation region, and results in lateral 
wind field variations. Nevertheless for the cases considered perturbations 
were modest. 
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3.1 EFFECT OF RIDGE SHAPE ON VELOCITY PROFILES 

The ridge shape is characterized by 3 parameters, namely h/Lu, h/Ld and 
h/o. In addition to these three parameters, the presence of salient features 
on a ridge is considered in this section. 

The effect of ridge shape on wind flow will be considered separately in 
terms of upwind and downwind slopes, the height of the hill with respect to 
the atmospheric boundary layer, and the detailed hill profile . 

Upwind and Downwind Slopes. The highest ridge in hilly terrain is not 
necessarily the site where the largest speedup of the wind occurs. At ridge 
crests where flow separation is present the wind speedup is less than at ridge 
crests that avoid flow separation. Hence, speedup depends also on the upwind 
and downwind slopes. 

Figures 3 .1 to 3. 9 show the dramatic changes in mean velocity, static 
pressure and longitudinal turbulence intensity that accompany flow separation. 
In these figures and subsequet plots the distance from the crest to the base 
is 2.5 times the height of the hill (except for Figures 3.7 and 3.9 where it 
is 5 times the height of the hill). Similar, but enlarged, contour plots of 
mean velocities and static pressures are presented in Appendix D. 

Flow separatio1. occurs for h/L = 1/2 and 1/3; however, no flow 
separation occurs for h/L = 1/ 4. Static pressure perturbations for the 
ridges with h/L = 1/2, 1/3 and 1/20 penetrate deep into the boundary layer, 
causing slightly higher velocities in the upper region of the boundary layer. 
Note that the contour lines of the static pressure distribution at the down-
wind side of the crest for h/L = 1/2 and 1/3 approximately follow the 
streamlines. This phenomenon 
shows clearly that pressure 
than the gradients in the 

is typical for flow separation over ridges. It 
gradients across streamlines may be much larger 
streamwise direction. Therefore, mathematical 

models in which the ap/az term in the equations of motion has been 
neglected, such as the model of Frost et al., 1977 (see Appendix E, Section 
E.4) do not represent the flow accurate ly. 

Measurements over various ridge models were performed for two different 
I 

freestream velocities to identify any Reynolds number flow dependence. 
Figures 3.1, 3.3, 3.5, 3.7, and 3.9 show contour plots for uoo = 9.14 m/sec . 
Figures 3.2, 3.3, 3 . 4, and 3 .6 show contour plots for uoo = 15.24 m/sec. No 
significant changes in the flow field occur for different wind velocities. 
Figures 3.10 to 3.13 a re contour plots over two round-crested hills (half-sine 
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FIGURE 3.8. Contours of Flow Characteristics Over a Triangular Ridge, 
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shaped) for U~ = 9.14 m/s and U~ = 15.24 m/s. 
by h/Lb are 1/3 and 1/4; those defined by h/1 

The average slopes defined 
are 1/4 and 3/16. Flow 

separation does not occur in any of these cases. No Reynolds number effects 
are noticeable. The mean flow fields closely resemble the flow field over the 
triangular hill h/1 = 1/4, but do not resemble the triangular hill h/1 = 
1/3. Apparently the definition of L characterizes the hill length better 

than Lb. 
Flow separation that may occur upwind of a hill is different from flow 

separation that may occur downwind. The eddy in the downwind separation 
region interacts strongly with the main flow, producing an extended wake in 
the downwind direction. For steep downwind slopes the separation region may 
extend to a distance of 10 to 20 times the obstacle height. The interaction 
between eddy and main flow at the upwind side is constrained by the presence 
of the hill. The upwind separation region, which depends slightly on the 
parameter h/o, does not extend further than two hill heights upwind. Flow 
separation occurs if h/1 > 1/2. u 

High velocities over the crest result in large static pressure gradients 
across streamlines just above the separated flow region. These large pressure 
gradients result in 
Indeed, Figure 3.14 

earlier reattachment of the separating streamline. 
suggests the separated flow region for h/1 = 1/2 u 

extended beyond a distance of x = 9h, but that the flow reattached at x = 9h 
for h/Lu = 1/4 and 1/6. Figures 3.15 and 3.16 display similar trends. 

The extent of the downstream separation region depends on the strength of 
the eddy just downwind of the separation point, which in turn are dependent on 
both upstream and downstream hill slopes. Figure 3. 14 shows vertical mean 
velocity profiles over the crest and downwind of the crest for three different 
ridge shapes. In all cases there is a backward-facing step. The upwind slope 
varies: h/Lu = 1/2, 1/4, and 1/6. Speedup is largest for h/Lu = 1/4, and is 
slightly less for h/1 = 1/6. The speedup is smallest for h/1 = 1/2. For u u 
relatively gentle downwind slopes only weak eddies can develop. This causes 
early reattachment of the separating streamline. The effect of h/Ld on the 
mean veiocity field is illustrated in Figure 3 .17 by superimposing vertical 
velocity profiles at different locations downwind of the hills. For all cases 
h/Lu = 1/2; the downwind slopes were h/Ld = 1/0, 1/3, 1/ 4, and 1/6. The 
boundary layer recovers faster for the smaller values of h/Ld. A signifi-
cantly larger speedup over the hill crest occurs for h/Ld = 1/6. Similar 
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effects may be noticed in Figure 3.18 where vertical velocity profiles are 
presented at the crest and downwind of hills with h/Lu = 1/4, h/Ld = 1/0, 1/2, 
an 1/3. 

A given hill may cause quite different crest profiles depending on the 
approach direction (see Figure 3.19). Although a "jet" effect occ4rs for the 

case h/Lu = 1/3, h/Ld = 1/4, the velocity distributions indicate that a 
separation cavity has developed downwind of the crest. 

All data measured in the current series of measurements to study the 
effect of upwind and downwind 5lopes were for h/o = 0.1. A wider range of 
conditions was not examined because ·Huber et al. (1976) found that the 
separation phenomenon is not affected by the upstream velocity distribution or 
boundary layer depth. He observed essentially identical downwind separation 
regions for approach velocity profiles, where h/o = 0.2 and 0.5. Since the 
occurrence of flow separation then depends primarily on h/Ld and h/Lu, a 
generally applicable separation criterion for flow over ridges may be derived 
from the wind-tunnel data obtained over the triangular r idges. Figure 3. 20 
suggests an empirical envelope determined between h/1 and h/Ld that 

ll 

governs the occu rrence of flow separation. 

Height of the Ridge. It is also desirable to l~now the effect of hill 
height to shear layer depth on wind speed when separation does not occur. 
Jackson and Hunt (1975) define a speedup parameter called a fra ctional speedup 
ratio: 

ucrest(z ) -
----

u (z) 
0 

t.S = crest 
u (z) 

0 

where u is the upstream velocity distributon, u is the velocity o crest 
profile above the crest, and z is the distance from the surface. By non-
dimensionalizing the speedup parameter with the upstream profile, they 
anticipated that the fractional speedup ratio would not depend strongly on the 
approach velocity distribution. This would imply that the fractional speedup 
does not depend strongly on h/o. 

In Chapter 2 and Appendix E it was concluded that mean crest velocities 
could be predicted accurately with an inviscid flow model. An inviscid model 
was constructed by Derickson and Merony (1977) and compared with the 
laboratory data discussed in Sections 3.1 and 3.2. The numerical and 
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laboratory and fields were essentially identical. Numerical calculation, 

using the inviscid flow model as described in Appendix E, Section E. 3, can 

thus give accurate velocity distributions over the crest of a bell-shaped hill 

with constant h/L and varying h/o. The hill shape and upwind velocity 

distribution are defined by Equations (E.20) and (E.21), respectiyely. The 

parame_ters considered to predict the influence of the height of the ridge were 
combined in numeFical calculation runs 1, 3, 5, and 14 (see Table E.l). Given 

a hill slope, h/L = 0.2, the values of h/o used are 0.012, 0.04, 0.4, and 
4.0. The surface roughness iml)osed in, each case is approximately the same; 

hence its perturbation effect on the fractional speedup is assumed to be 

negl;i.gi.ble. Upwind approach velocity profiles and corresponding fra·ctional 

speedup _ ratio profiles are given in Figures 3.21 and 3.22. 

The calculations suggest that the fracitonal speedup ratios decrease with 
incre,a.sing h/o. Changes seem to be most significant close to the surface. 

For h/1Q. < 1 and z/h < 1, fractional speedup ratio LlS is approximately 30 

percen:t- larger than the uniform velocity profile case (h/o » 1). For 

z/h > 1 differences approach zero. 

Detailed Hill Shape. The effect of detailed hill shape for a given h/L 
on the velocity field was investigated by comparing velocity fields over 

symmetric triangular hill models with those measured over sinusoidal-shaped 

hill models (Figures 3.5, 3.6, 3.10 and 3.11). Almost identical velocity 
field's were measured. Rider and Sandborn (1_977b) in a separate series ,of 

tests •associated with this test program considered a number of alternate hill 

shapes with the same height and with the same distance from crest to the ~a,se 

of th.Eh• hill (Lb). The models include full sine·;-wave, half sine-wave, 
triang:u,lar, trapezoidal, and box-shaped hills. Speedup effects. over the crest 

of the ·different hill models varied substantially. For a triangular hill the 

fract ~onal speedup factor at a height h above the crest was O. 35; for the 
box-shaped hill this facto,:r was O. 15. This shows again that Lb does not 
characterize the hill length accurately. The hill length L varied by a 

factor 2; moreover, separation regions exist upwind and downwind of the box--
shaped-hill. 

3.2 EIDCTS OF TURBULENCE ·AND SURFACE ROUGHNESS ON VELOCITY PROFILES 

The upwind surface roughness induces different approach velocity 

profiles. The approximate effects of such profile changes on the fractional 
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speedup were examined utilizing the inviscid flow model described in Appendix 
E, Section E.3 as well as performing laboratory experiments. The experimental 
measurements are interpreted in terms of the inner and middle regions 
previously identified in Chapter 2.0. 

The hill shape and upwind velocity distributions are defined, again by 
Equations (E.20) and (E.21), respectively, The cases considered are listed in 
Table E. 1 as runs I to 9. The upwind velocity distributions are given in 
Figure 3. 23 and fractional speedup ration profiles are presented in Figure 
3.24. Most values of z /o were too small to represent realistic surface 

0 

conditions. Nevertheless, the calculations do show some interesting trends. 
There is only a slight decrease in ~S as the surface roughness decreases. 
This change is most significant for small values of h/o. The latter seems 
reasonable, because for small values of h/o, velocities do change signifi-
cantly with roughness over a surface layer with a thickness of the order of 
the hill height. 

The effect of surface roughness was investigated experimentally by 
considering the Cases 5 and 14 as listed in Appendix A, Table· A.I. In both 
cases the slopes are 1/4 but surface roughness has changed from z /o = 1.2 x 

0 
10-4 (Case 5) to z /o = 1.6 x I0- 3 (Case 14), representing terrain types 

0 
varying from crops to rural woods. The fractional speedup ratio profiles at 
the crest are provided in Figure 3.25. The profiles show the same trend as 
suggested by the inviscid profiles given in Figure 3.24; however, for these 
larger, more realistic surface roughnesses the changes are much larger. 

The Inner Region. As a result of the large longitudinal pressure 
gradients developed in the wind-tunnel study, a realistic inner region did not 
develop. This section identifies the discrepancy through a comparison with 
recent field data. An examination of the phenomenon reveals that the loss of 
an inner region may be associated with an relaminarization process previously 
identified by aerodynamicists. 

Bradley (1978) conducted a field study to measure the wind 
characteristics over a ridge with a shape similar to those tested in the 
Meteorological Wind Tunnel but with a larger ratio of hill height to boundary-
layer thickness. The ridge height was 170 m, the upwind ridge length (L ) u 
was 550 m, and the downwind length somewhat longer, Ld = 600 m. The hill was 
covered with trees; surface roughness and the displacement thickness were 
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estimated at 1.0 m and at 7.0 m respectively (typical tree height was 10.0 m). 
The boundary-layer thickness was estimated at 600 to 800 m. Although the 
ridge was not strictly two-dimensional, it presented a broad face of uniform 
slope. Data were recorded during periods in which the mean wind direction was 
within 15° of the normal of the ridge. Bradley obtained wind data ,at various 
heights up to 100 m above the crest under neutral conditions. Vertical 
velocities were measured, and streamline inclinations determined at the top of 
the ridge. The results indt cate that a separation region exists downwind of 
the crest. 

Bradley's measurements have been compared to several laboratory cases via 
fractional speedup ratio profiles in Figure 3. 26. Close to the surface the 
field data is quite different from the laboratory data. Bradley suggests ttiat 
an inner region should exist up to a height (h-d) of 28 m, which corresponds 
to a value of 0.17 on the vertical axis of Figure 3.26. This would imply that 
in this region 

Bradley measured Reynolds shear stresses at the crest. Values of the shear 
stress at 9 m were 2. 6 times as large as the upwind shear stress, but at 25 m 
were about the same as • upwind values. The upwind shear velocity was O. 52 
m/sec. Hence 

a-uw N 2 az:-- .04 m/sec . 

Mean -.Jelocities were approximately 6 m/sec so that longitudinal velocity 
accelerations should be on the order of 1/136 sec-l Typical measured 
accelerations were on the order of 4/550 sec- 1, which does suggest that the 
inner region extends to about a distance of 28 m. 

However, in the wind-tunnel experiments no inner layer was observed for 
the steeper hills. If we assume that the hill length is the governing length 
scale, the inner-layer thickness over the steeper hill models should have been 
on the order of 0.8 cm. Local destruction of this layer at the sharp-crested 
triangular hills is unlikely since the fractional speedup ratio profiles over 
the crest of the sinusoidal hill models are similar. Only for the triangular 
hill with h/L = 1/20 is an inner layer of 0.2h apparent (see Figure 3.26). 
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The discrepancy between the field and wind-tunnel data is disconcerting. 
It may be explained by boundary-layer relaminarization: A turbulent boundary 
layer reverts towards a laminar state when it undergoes a rapid acceleration 
through a strongly favorable pressure gradient. The effect is most 
significant in the surface layer where eddies are sufficiently, small to 
dissipate after being stretched by the longitudinal strain. The result is 
that above a smooth surface a thickening of the viscous sublayer reduces 
surface shear stresses. Although relaminarization effects have not been 
investigated over rough surfaces, it can be argued intu,itively that the 
increased dissipation rate impedes an increase in Reynolds stresses over a 
rough surface. 

Several investigators have sought to explore the relaminarization process 
in detail. Kline et al. (1967) and Badri Narayanan and Ramjee (1968) found 
that a critical value of the nondimensional pressure gradient for relaminar-
izati,on was 

where dp/dx was the longitudinal pressure gradi~nt which was constant across . 
the boundary layers. 

Blackwelder and Kovasznay (1972) conducted an experimental study to 
investigate the turbulence structure of a boundary layer in a strongly 
favorable pressure gradient. Typical values of RP were also on the order of 

-6 4 x 10 . They measured Reynolds shear stresses close to the surface but 
above the viscous sublayer and showed that the shear stresses rem~ined 
cons,t;.a;i;tt along streamlines. Similar results were reported by Rider and 
Sandborn (1977a). They presented Reynolds shear stress distributions ov~r the 
crest .of ridges (Cases la, Sa and 7a). 

It is appropriate to consider the laboratory study of flow over ridges in 
rega~d to the parameter suggested by Kline et al. (1967) because pressure 
gradients across the boundary layer are not constant in flow over low ridges, 
R has been redefined by the following expression: p 

R = p 
'V 

u 3 
00 

Pcrest 
L 
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It should be pointed out that the velocity scale is evaluated at a height 
above the crest; therefore, the critical value of R according to Equation 
(3.1) is likely to be less than 4 x 10-6 . p 

Values of R calculated for the different wind-tunnel flow cases are 
p -6 

R 3.7 x 10 (Case 5) for h/L = 1/4, 
p -6 

R = 1.9 x 10 (Case 14) for h/L = 1/4, 
p -6 

R = 2.2 x 10 (Case 3) for h/L = 
p -7 

R = 3.1 x 10 (Case 9) for h/L = p 

1/3, and 
1/20. 

These values of R suggest that the flow in the inner region may revert to a p 
laminar state for the wind-tunnel study, except for the 1/20 ridge. 
Longitudinal pressure gradients in the field study of Bradley (1978) are less 
by a factor of 3000, so that no reversion was likely to take place. 

It was shown in Section 2.2 that for constant shear stress along 
streamlines and for weak turbulence the flow is effectively inviscid. This 
theoretical result, combined with the experimental evidence that the shear 
stresses remain constant, explains the large speedups close to the surface in 
the flows over the steeper hills when the inner region decays. 

An indication of the thickness of the inner layer may be obtained by 
applying Jackson and Hunt's (1975) formula [Appendix E, Equation (E.12)]. In 
terms of z and L the inner-layer thickness is 

0 

Q = 0.067 z O.l 1°·9 
0 

Computed values of Q for Cases 5, 14, 3, 9, and Bradley (1978) are 0.6 cm, 
0.8 cm, 0.5 cm, 2.6 cm, and 19.6 m. respectivlfy. The "measured" value of Q 
is 0.5 cm for Case 9 and 28 m for Bradley's case. Although these are limited 
data to validate Equation (E.12), it seems that Jackson and Hunt's expression 
for Q is not unrealistic. 

No research has been conducted to stu<ly the effect of a stable thermal 
stratification on boundary-layer relaminarization in a wind-tunnel modeling. 
Stable stratification may accelerate the relaminarization because velocities 
in the wind tunnel are usually much less than under neutral test conditions. 

In ,summary, it may be concluded that for large pressure gradients in the 
wind-tunnel study, a realistic inner region does not always develop. Further 
research is required to validate or modify Equation (E.12), and to investigate 
the constraint the relaminarization phenomenon places on wind-tunnel 
simulation. 
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The Middle Region. Above the inner region the interaction between, 

perturbations of the turbulence and the mean flow are locally insignificant . 

The effects of the interaction become significant for an air parcel when 

nonequilibrium* flow conditions persist long enough. The following paragraphs, 
consider whether turbulence significantly influences mean velocity over the· 

middle region for the cases examined. 
In Section 2.2 an order of magnitude analysis was presented to estimate 

the total head losses caused by the distortion of the turbulence. The 

additional total head losses at the crest can be expressed [~quations (2.18) 
and (2.19)) as follows: 

LiP' = 0 [R + + h R] if h < _!!_ 
crest A o m o AL (3.2) 

u 
RL 

LiP' = 0 [R + u + R] if h > _!!_ 
crest o o m o AL (3.3) 

u 
where R is the maxi•mum characteristic change in any of the Reynolds stresses 
along a streamline between a point upstream and a point at the crest, and 

where R is the maximum Reynolds stress existing in the flow field. (An m . 
adequate ·estimate for R is the square of the·. longitudinal turbulence m 
intensity close to the surfa:ce.) 

To evaluate LiP' for a particular hill shape, detailed information· ·of 
the Reynolds stresses over the hill is required. Rider and Sandborn (19,7i7a) 

present; data on the longiitudinal and vertical turbulence intensities .. and 

Reynolds', shear stresses over ridges (Cases la, Sa and 7a). Their data show 
the fol1o.wing: 1) o > AL ; 2) the longitudinal turbu,lence intensity increases u 
toward the base of the ridge, then decreases over the crest; 3) the vertical 

turbulence intensity shows a decrease at the base of the ridge and inc1reases 
over the crest; and 4) changes in Reynolds shear stresses are small. Based on 

this information, R should be evaluated by considering only longitudinal 
Reynolds normal stresses, and LiP' should be calculated from Equation (3. 2). 

Contour plots of longitudinal turbulence intensities with the streamline 

pattern superimposed for triangular hill models h/o = 0.1, h/L = 1/2, 1/4, 
1/6, and 1/20 are provided as Figures 3.27 to 3.30. (These models are similar 

*Equilibrium flow conditions are defined here as equal momentum transfer to 
and from a particular streamline. 
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FIGURE 3. 29. 
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Contours of Longitudinal Turbulence Intensity Over Trianglar 
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to those considered by Rider and Sandborn.) The figures show that the 

decrease in 
surface is 

R between the base and the crest along streamlines close to the 
33 percent of R for the 1/2-hill, 47 percent for the 1/4-hill, m 

42 percent for the 
A varies between 

1/6-hill, and 27 percent for the 
0.3 and 1.0. R = 0.6 percent m 

1/20-hill. The 
of ii (o) 2 . 

0 

parameter 
Resulting 

R. Increases in m changes in additional total head are then at most two times 
dynamic head may be as large as 300 percent; even for the 1/20-hill the 
increase in dynamic head is 100 percent. Supposing that the change of 
additional total head causes an equal change in dynamic head, it may be 
concluded that the effect of turbulence on the mean flow at the crest is not 
significant at least for h/o < h/AL . The effects of turbulence may be u 
expected to be somewhat larger for hills with h/o > h/AL (long hills). u 

An increased surface roughness will further increase the additional total 
head losses. If z

0
/o = 1.6 x 10-3 , then R = 63 percent of Rm, and 

R = 0.1 percent of u (o) 2 (see Figure 3.31). However, since R and R m o m 
do not change by orders of magnitude, it may be concluded that the inviscid 
flow theory will predict the mean flow field outside the inner region 
accurately upwind of the crest even for a large surface roughness. 

Downwind of the crest, turbulence production increases, and turbulence 
intensities in this region exceed upwind intensities. As a result, additional 
total head changes become larger. The relative effect of the turbulence 
perturbations on the dynamic head increases downwind of the crest, since the 
dynamic head returns to values approximately equal to upwind values. 

The effects of turbulence downwind of the crest are illustrated by 
considering flow over a symmetric hill. According to inviscid flow theory, 
the velocity and static pressure fields over a symmetric hill are also 
symmetric. Therefore, the measured degree of flow symmetry indicates the 
effects of turbulence on the mean flow. 

Contour plots of mean velocity and static pressure over symmetric hill 
models are presented in Figures 3.1 to 3.13 and in Appendix D. Excluding the 
first four cases for which flow separation occurs, slightly asymmetric contour 
plots 111py be observed. At the downwind base of the hills, velocities are 
smaller than they are at the upwind base, and the positive static pressures 
downwind are smaller than they are upwind. The static pressure plots indicate 
that the downwind static pressures return very slowly to upwind values. Some 
of the apparent static pressure variation may be caused by the turbulence, 
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FIGURE 3.31. Contours of Longitudinal Turbulence Intensity Over Triangular 
Hill h/L = 1/4, with Superimposed Streamlines. Contour 
Interval ~u'/u (6) = .0060. Test Case 14 
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since static pressures were not corrected for the relatively large turbulence 

intensities downwind. For example, for the 1/6-hill (Case 8) downwind 

turbulence intensities are O. lu
0

(o). The resulting errors may be as large 
as 10 percent of the static pressure variation at the base over a surface 
layer of thickness h. 

The downwind mean flow is strongly affected by the upwind turbulence 
intensities. This is demonstrated in contour plots of mean velocities for 
1/4-hills with different surface roughness conditions (Figure 3. 32). 
Asymmetry is more significant for the rough flow case. The ratios of the 
upwind to the downwind maximum turbulence intensities are 1.33 for the rough 
surface case, and 1.11 for the smooth surface case. One concludes that wind 
fields downwind of a hillcrest are not governed by an inviscid physics; 
nonetheless, in the absence of separation the inviscid numerical model may 
give quite adequate results. 

3.3 EFFECTS OF THERMAL STRATIFICATON ON VELOCITY PROFILES 

A stably stratified boundary layer was simulated to study its effect on 
the velocity field over ridges. Triangular ridges with h/L = 1/ 4, 1/ 6 and 
h/o = 0.1 were used. The freestream approach velocity was varied from 2.8 to 
8.9 m/sec with a corresponding variation in Richardson number, as defined by 

Ri = & t.T h 
T t.U2 ' 

z 
from 0.004 to 0.021. Details of the measurements of the mean and turbulent 
velocities and temperatures are given in Meroney et al. (1978b, Appendix C). 

The effect of stable thermal stratification on the fractional speedup 
ratio above the crest is shown in Figures 3.33a and b for the 1/4-hill and the 
1/6-hill, respectively. There is some evidence that the experimental LlS 
increases slightly as the stratification becomes more stable. However, it is 
probable the effect is caused by changes in approach profile shape with 
stability. Similar effects were found for different approach profiles under 
neutral thermal flow conditions. Calculations by Derickson and Meroney (1977) 
suggest that t.S will normally decrease slightly with stability for a given 
approach profile. 

It is likely a wider range of experimental stability conditions must be 
considered to resolve this discrepancy. Since stable stratification also 
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FIGURE 3.32. Comparison of Mean Velocity Fields Over a Triangular 
Hill h/L = 1/4 in the Smooth and Rough Surface 
Boundary Layers. Test Cases 5 and 14 
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influences. the approach wind profile it will be difficult to separate the 
influence of profile and buoying in the laboratory. 

The effect of stably stratified flow on the turbulence is to further 
reduce the longitudinal velocity component over that originally observed in 
the neutral flow case for the same ridge shapes. The temperature fluctuation 
behaves as a passive scalar quantity and does not change as it is convected 
over the ridge (see Meroney et al. (1978b, Appendix C). 

The effect of stratified flow on the extent of a separation region is 
significant, although speedup over the crest is not strongly affected. 
Measurements of mean velocities downwind of a triangular hill with h/L = 1/4 u 
and h/Ld = 1/0 (an escarpment) show that the downwind separation region is 
much longer under stable conditions than under neutral conditions (Figure 
3.34). The temperature in the separation region is low as a result of the low 
wind velocities in this region; therefore, the heavier air in the separation 
region resists reattachment of the separation streamline. 

3.4 EFFECT OF FINITE RIDGE WIDTH ON VELOCITY PROFILES 

In the previous sections, ridges with infinite width were considered. 
Additional experiments were conducted over ridges with limited lateral extent 
to study the effects of finite width. The ridge shapes were identical to 
those employed in the two-dimensional ridge study, namely: h/Lu = 1/4, h/Ld = 
1/3, and h/Lu = 1/4, h/Ld = 1/0. Total ridge widths (2b) were 9h and 18h. 
Sets of velocity profiles at the crest of these ridges are displayed in 
Figures 3.35 to 3.38. The deviation from the two-dimensional velocity 
profiles at the crest is indicated by the solid curve at each measuring 
station. In all four cases, the velocities at the center of the ridge are 
less than for the two-dimensional case, especially if a large separated flow 
region exists downwind. At the extreme ends, the velocities are about equal 
for the case h/Lu = 1/4, h/Ld = 1/0. The large speedups at the ends of the 
ridge crest for h/Lu = 1/4 and h/Ld = 1/3 apparently result from a reduced 
separated flow region at the sides of the downwind slope. 

Th~se data confirm the calculated conclusions of Hunt (1978) who reported 
amplification factors over the top of an ellipsoid based on a potential flow 
model. Hunt's results suggest that for b/Lb > 5 the amplifications are 
essentially constant regardless of the slopes, and that for b/Lb < 5, changes 
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in the amplification factor become increasingly less as 
e.g., the parameter, A increases from 1.055 to 1.062, as 
1 to oo, for h/Lb = 0.1. 

decreases; 
varies from 

Speedups over a finite-width ridge in a stable stratified boundary layer 
are significantly less than those over the same ridge under neutral 
conditions. Figure 3.39 shows a set of velocity profiles at different 
locations at the crest. The ridge shape is identical to that of Figure 3.35 
(h/Lu = 1/4, h/Ld = 1/0). Particularly at the ends of the crest the speedup 
is much less. This is caused by the tendency of the air to go around the 
ridge rather than over it. Relatively large speedup effects are obtained 
above the center of the crest. 
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4.0 A PREDICTION TECHNIQUE FOR THE VELOCITY PROFILE AT A RIDGE CREST 

Analysis of the measured data indicates that wind speedups at hill crest 
is a complicated nonlinear function of approach profile, upwind hill slope, 
and downwind hill slope. Neither linearized perturbation analysis nor primi-
tive equation numeral models are currently capable of predicting speedup ef-
fects over a wide range of these parameters. In this chapter an emperical 
model has been prepared to perform the prediction task of hill crest wind 
speed prediction. In section 4.1 the empirical model is developed and adjust-
able constants specified. In section 4. 2 the model is tested against the 
independent field data of Bradley (1978). Probable error bands are specified 
based on the scatter of comparisons against the laboratory measurements. 
Section 4.3 recommends a step-by-step procedure for the use of this new model. 
Two example cases are produced. 

4.1 EMPIRICAL MODEL FOR HILL CREST VELOCITY AMPLIFICATION 

It is common practice to approximate boundary-layer velocity profiles by 
a power law distribution. This approach has been very successful particularly 
over flat terrain. In the present study the crest profile has been approxi-
mated by a power law formula to obtain a simple relation between upwind condi-
tions and ridge shape on the one hand and crest profile on the other hand. 
This implies that certain crest-profile features, such as local maximum velo-
cities ("jets"), cannot be reproduced, but that the large features of the 
profile will be predicted. 

The factorial increase in velocity is defined by an amplification factor 

A(z) = 
u (z) 

C 

u (z) 
0 

Substitution of the power law expressions into this equation give 
ex -ex 

A(z) = A(z ) (-2 -) c 0 
ref z f re 

(4. 1) 

(4.2) 

where <X
0 

and cxc are the power law exponents of the velocity profiles at 
the crest and upwind, respectively, and zref is the reference height where 
velocities are known. 
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By defining variables, s and a , as 

z 
s = h and a = 

2 ref 
-h-

and by selecting a value, s , such that 

A(sh) = 1 

the following expression is derived from equation (4.1): 
Ci -Cl 

A(ah) = (~) o c 
a 

(4.3a,4.3b) 

(4.4) 

(4.5) 

a -a 
0 C 

Let 
and 

a = 
A 

l; then it appears from test cases selected from Table A.l that 
are highly correlated (see Figure 4.1). The relation between 

as defined by equation (4 .5) is displayed for s = 7 and A(h) and Ci -a 
0 C 

s = 10. Almost all data fall in this s-value range, implying that speedups 
are practically zero for heights larger than 7h . Selecting s = 8 . 5 yields an 
expression for A(z) which only depends on the difference in power law expo-

(4.6) 

If the amplification factor would be known at the reference height, the 
exponent, Ci, can be calculated from equation (4.5), namely 

C 

Ci = Ci log A(ah) 
C O l 8.5 og a 

(4. 7) 

An alternative expression for A(z) may be obtained by the following 
relation between Ci -a and A(h) (see Figure 4.1): 

0 C 

Ci -Cl = A(h) - 1 (4.8) 
0 C 2.3 

Substitution of equation (4.8) into equation (4 .2) gives 

1 - A(h) 
A(z) = A(ah) C!h) 2 ·3 

where A(h) can be calculated iteratively from the expression 

A(h) = 1 + l~~
3
a log(!~~~)) 
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The power law profile approach may also be applied to establish a 
criterion for the height at which the streamlines are approximately horizon-
tal. For numerical calculations, such a criterion may be of practical value 
for the specificiation of the height of the top boundary condition. Stipulat-
ing that at a height th, the streamlines are not affected by the topography 
(streamlines are horizontal), the following expression is obtained after 
integrating the upwind and crest power law profiles: 

Since t>>l and a < 0.25, the factor t may be approximated by 
C 

t 
l+a 

0 
a -a 

0 C 

(4.11) 

(4.12) 

Expression (4.12) suggests that for large differences between a and 
0 

ac (large speedup) t is relatively small. Hence, low hills require a rela-
tively much larger spatial domain during numerical calculations than steep 
hills with the same height (provided no flow separation occurs). 

It has been shown that the speedup over a hill can be characterized by a 
single parameter, namely the amplification factor at a selected height, pre-
ferably above the inner region. By relating this amplification factor to the 
three most important characteristics, namely a h/L and h/Ld , it is 

0 U 
possible to predict the amplification distribution from the upwind velodty 
distribution (a) and ridge characteristics. 

0 
The dependency between a and A is given in• Figure 4.2 for two sets 

0 

of values of h/Lu and h/Ld. These data suggest the following relation 
between a and A. 

0 

(4.13) 

where a
0 

and a
0

' are two different upwind power law exponents. For more 
gentle hills, however, the effect of a on A decreases. Note that for 

0 
flat terrain A(a1) = A(a

0
'). 

The relations between A(h) and different combinations of h/L and u 
h/Ld for a

0 
= 0.13 are given in Figures 4.3 and 4.4. Measured amplifica-

tion factors for a 'f 0.13 were corrected using equation (4.13). Since 
0 
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there is considerable scatter in the data, the curves given in Figure 4.3 and 
4.4 were selected on the basis of the available data and an understanding of 
the effects of flow separation on the mean flow over the hill. 

In this section a methodology has been developed to predict the mean 
velocity distribution above a ridge crest. The prediction techniquq has been 
applied to an example problem in the following section. 

4.2 MODEL COMPARISON AGAINST FIELD DATA 

The amplification factors calculated from Bradley's (1978) velocity 
measurements were compared with· predicted amplifications using equations (4.6) 
and (4.7), and, alternatively, using equations (4.9) and,· (4.10). A 
representative upwind velocity distribution was obtained for Bradley's case by 
extrapolating the velocity data upwards from 25 m by assuming, a logarithmic 
velocity profile. A power law exponent was then estimated by fitting the 
power law formula over a layer between 10 m and 100 m. It was found that 
a = 0. 26, which is in good agreement with Counihan' s estimate of O. 24 for 

0 

flat terrain with a roughness length z = 1 m. Values of a and A(z) 
0 C 

have been calculated for various reference heights. Results are presented in 
Tables 4. 1 and 4. 2. The amplification distributiom was also calculated using 
equations (4. 9) and (4. 10). Results for various reference heights are given 
in Table 4.3. 

A~, comparison betweem predicted and measured amplification factors . 
indicat.:es that equation ( 4. 6~) leads to an average error of about 15 percent. 
Better results were obtained with equation (4.9), particularly for reference 
heights . above the inner region. The errors in pred:i.A:~ed<amplification factors 
are less than 10 percent. For reference heights above the inner region, 
errors . are less than 5 percent. When equation (4.9) was applied to the wind-
tunneL data, average errors in the predicted A-values deviated less than 5 
percent from the measured amplification factor. 

4.3 EXAMPLE CALCULATIONS 

In Section 4 .1 of this report empirical expressions were developed to 
predict mean velocities above a ridge crest. The following paragraphs suggest 
a rate · methodlogy to follow when estimating wind speed over hill crests. 
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TABLE 4.1. Field Data of Bradley (1978) and Calculation of A(ah) and 
Ci 

C 

- -u u 
z 0 C 

(m) (m/s) (m/s) A(ah) Ci a C 

9 2.84 5.45 1. 92 0.055 0.13 

17 3.70 7.16 1. 94 0.104 0.11 

28 4.36 8.13 1.86 0.172 0.10 

40 4.82 7.93 1.64 0.245 0.12 

55 5.25 8.29 1.58 0.337 0.12 

70 5.57 8.50 1.52 0.429 0.12 

89 5.89 8.66 1.47 0.546 0.12 
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'llABLE 4. 2. Comparison of Measured and Calculated Amplification Factors, A, 
Using Equation (4.6) 

Field Data Calculated A Using Equation (4.6) 
z 

'(m) A(z) Ci = 0.13 Ci = 0.11 Ci = 0.10 Cir!= 0.12 
C C C 

9 1. 92 1.92 1. 74 1.57 1.83 

17 1. 94 1. 77 1.62 1.55 .1.70 

28 1.86 1.66 1.54 1.48 1.60 

40 1.64 1.59 1.48 1.43 1.53 

55 1.58 1.52 1.43 1.38 1.47 

70 1.52 1.47 1.39 1.35 1.43 

89 1.47 1.43 1.35 1.32 1.39 
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TABLE 4.3. Comparison of Measured and Calculated Amplification Factors, A, 
Using Equation (4.9) 

Field Data Calculated A Using Equation (4.9) 
z ah 

(m) A(z) 9 m 17 m 28 m 40 m 55 m 50 m 89 m 

9 1.92 1. 92 2.14 2.25 2.04 2.07 2.06 2.07 

17 1. 94 1. 76 1. 94 2.02 1.86 1.88 1.87 1.88 

28 1.86 1.65 1. 79 1.86 1. 73 1. 75 1.74 1. 75 

40 1.64 1.57 1.70 1. 75 1.64 1.66 1.65 1.66 

55 1.58 1.51 1. 61 1.66 1.57 1.58 1.58 1.58 

70 1.52 1.47 1.55 1.60 1.51 1.52 1.52 1.52 

89 1.47 1.42 1.50 1.53 1.46 1.47 1.47 1.47 
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Prediction Procedures 

a) Available data: ridge shape, upwind surface roughness, and upwind 
topography. 
1) Determine characteristic ridge lengths Lu and Ld. 
2) Determine the upwind power law exponent a 

0 

For a uniform and homogeneous upwind surface roughness, a good 
estimate of the power law exponent may be obtained from Counihan 
(1975). He proposed the following relation between surface rough-
ness z and a: 

0 0 

The following values of 
types: 

snow and short grass 
crops 
rural 
rural and woods 
woods 

z 
0 

Alternatively, a may 
0 

velocity distribution to the 
stable conditions, given by 

(4.14) 

are typical for different terrain 

0.1 cm 
5 cm 

20 cm 
so cm 

100 cm 
be obtained 
atmospheric 

by matching the powerlaw 
velocity distribution for 

(4.15) 

where L mo 
exponent a 

0 

is the Monin-Obukhov length parameter. 
as a function of height is then 

The powerlaw 

z 1 + L 
mo a = -------

0 ln~+~~ z L 

(4.16) 

o mo 

A representative value of z is z = 0.7h, so that 

1 + h 0.1 1 
a mo = 

0 ln 0.7h h 
z + 0.1 1 

(4.17) 

0 mo 

If upwind topography is close to the ridge, it creates high turbu-
lence levels; hence, one has · to increase a to say a = 0. 3. 

0 0 
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Generally this correction must be applied if the upwind topography 
has steep downwind slopes h/Ld < 1/4 and if the distance to an 
upwind hill is less than 15 times the height of the upwind hill. 
3) Determine the power law exponent correction factor from 

A(ex) 
f - 0 = 

= A(ex =0.13) 
0 

1.28 
1.15+ex 

0 

4) Estimate A(h· ex = 0.13) for 
' 0 

and 4.4, and multiply this value with 

(4.18) 

from Figures 4. 3 

5) Calculate the amplification distribution using the following 
expression 

A(z) = A(h) (~) 
1-A(h) 

2.3 

6) Determine the velocity profile from 

u (z) 
__ c __ = A(z) (-z-) 
- ( ) 2 ref uo 2 ref 

ex 
0 

(4 . 19) 

(4.20) 

b) Available data: ridge shape, upwind surface roughness, and upwind 
topography, and u

0
(zref) and uc(zref). 

1) Determine ex as indicated under a, point 2. 
0 

2) Calculate 

A(z f) = re 
~(zref) 

uo( 2 ref) 
(4.21) 

The reference height, zref , should be preferably above the inner 

region: (z > 0.067 z O. l 1° ·9 ). ref o 
3) Calculate the amplification distribution 

A(z) = A(zref)(~) 
ref 

where A(h) follows from 

1-A(h) 
2.3 
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A(h) = 1 + (4.23) 

Examples 
a) The following data is available: 

L = 550 m· L = 600 m; h = 163 m; u ' d 
uniform surface roughness, woods; no upwind hills. 
(,Bradley, 1978). 

According to Figure·s 4. 3 and 4. 4 
equation (4.14) it follows that 

A(h; a = 0.13) = 1.20. 
0 

Ct 
0 

correction factor is then 1.09, so that 

A(h) = A(h; a = 0.13) f = 1.31. 
0 

= 0. 24 (z = 1 m). 
0 

Thus the velocity distribution at the crest is 

u (z) 0.24 
_c __ = 1.31 (-z-) 

zref 

b) The following data is available: 

From 
The A 

L = 550 m· L = 600 m; h = 163 m; uniform surface roughness, u ' d 
woods; no upwind hills; u (17 m) = 3.70 m/sec; u (17 m) = 

0 C 
7.16 m/sec. 

The amplification factor at z = 17 m is 

A(h) = 1.36, 

so that (equation (4.22)) 
-0. 16 

A(z) = 1. 94 Cf7) 

The velocity distribution at the crest is then 

u (z) -0. 16 0.24 
C 1.94 Cf7) (-z-) = 

uo(zref) 
z ref 

The velocity distribution is expressed in terms of 
zref to indicate that any height may be selected. 
may select the annual mean velocity at 10 m. 
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5.0 TURBULENCE CHARACTERISTICS OVER TWO DIMENSIONAL RIDGES 

The implications of ridge presence on boundary layer turbulence structure 
is discussed in Section 5.1 in terms of rapid distortion theory. Section 5.2 
reveals that the terrain influence of turbulent energy distribution over 
narrow eddy scales is small for inseparated flow fields. 

5.1 DIRECTIONAL DISTRIBUTION OF TURBULENT ENERGY OVER RIDGES 

The turbulence structure over a ridge is distorted by the additional 
strains induced by the ridge. In the inner region the turbulence interacts 
strongly with the mean flow, whereas in the middle region the turbulence-main 
flow interaction is weak. The inner and middle regions will be considered 
separately to discern this difference. 

The Inner Region. Section 3.2 indicated that the Reynolds stresses in a 
thin layer adjacent to the hill-model surface did not always accurately 
simulate field conditions. Nevertheless, it is possible to approximate the 
shear stress distribution at the crest by making a number of assumptions, 
namely: 1) equation (E.12) provides a realistic value for the inner-layer 
thickness, 2) the Reynolds shear stress at the outer edge of the inner layer 
is constant and equal to its unwind value, 3) the decrease of shear stress 
with height is linear, and 4) the longitudinal inertial stress gradient at a 
height 1 is of the same order of magnitude as the vertical shear stress 
gradient. The shear stress distribution above the crest may then be expressed 
as 

uw(z) = 
u (1) 

0 

2 u 
Q-z "'k 
1 llS(!) + 

0 
0 < z < 1 (5. 1) 

Turbulence shear stresses measured by Bradley (1978) above the crest of a 
prototype ridge correspond closely to those predicted from equation (5 .1). 
Bradley also reported measurements of the three components of the turbulence 

I 

intensity in the inner region. His data suggest that all turbulence compo-
nents above the crest are approximately 50 percent larger than at comparable 
heights upwind. 

The Middle Region. In the middle region the turbulence is affected by 
the history of the airparcels. Particularly, if the eddy-decay time-scale is 
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less than the time it takes an airparcel to travel over a distnace L , 
history or rapid distortion effects dominate turbulence production and 
dissipation effects. In Section 2.1 it was shown that this is generally the 
case if L < 6. 

Figures 3.ld, 3.5d, 3.7d, 3.9d and 3.27 to 3.31 show contour; plots of 
longitudinal turbulence intensities. In all cases a slight increase exists 
along streamlines toward the upwind base and a decrease exists towards the 
crest. Rider and Sandborn (1977a) reported measurements of vertical turbu-
lence intensities for almost id~ntical flow cases. Their data show that the 
relative vertical component of turbulence increases at hill crest. 

For all flow cases considered herein L < 6. Therefore the turbulence is 
"rapidly distorted" by the mean flow. An increase in vertical turbulence 
intensity and a decrease in longitudinal turbulence intensity were predicted 
around a circular cylinder by a Rapid Distortion Theory (Hunt, 1973). Hunt's 
approach flow was irrotational; whereas the approach boundary layer in the 
wind tunnel is rotational. Apparently the mean vorticity of the boundary-
layer flow is, at least qualitatively, not different from irrotational distor-
tion. Even in the surface region, where the vorticity is relatively large and 
the eddy-decay time-scale relatively short, a continuous decrease of 
longitudinal turbulence towards the crest is noticeable (except for the 
1/20 hill). For L > 6 the effects of turbulence production, dissipation and 
diffusion become more significant. These effects reduce the degree of 
anisotropy of the turbulence. 

5.2 TURBULENT SPECTRAL DISTRIBUTION OVER RIDGES 

vhe turbulence eddy structure was investigated by measuring the frequency 
distribution of the longitudinal fluctuating velocity component. Power spec-
tra •of the velocity signal were generated at several locations along stream-
lines over the 1/4-ridge (Case 5) . The locations are indicated in Figure 5 . 1. 
The spectra are reproduced in Figures 5.2 and 5.3. (After normalization, the 
spectra were shifted in the vertical for ease of comparison.) The differences 
between the spectra are not large. The only systematic deviation noted was 
irregularity of spectra along the streamline going through the points 1, 2, 
and 3. 
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Probability density functions of the longitudinal velocity fluctuations 
'were generated for the points 0, a, b, 1, 2, and 3 (Figure 5.1). The density 
functions as displayed in Figures 5.4 and 5.5 show clearly the effects of in-
crease and decrease of turbulence intensities along streamlines. The shape, 
however, remains essentially the same, except for point 3. Sk~wness and 
flatness factors of the probability density function are provided in Table 
5.1. The skewness factor decreases at the upwind base of the ridge and then 
increases over the ridge to values approximately equal to those upwind. The 
initial sharp decrease is caused by changes in minimum peak velocities and not 
by those in maximum peak velocities. The flatness factor at the crest is 
about 3 and less at the upwind and downwind base. This indicates that the 
extreme velocity fluctuations in these regions are relatively small. 

In summary it may be concluded that the directional redistribution of the 
turbulence kinetic energy along a streamline is the most significant phenome-
non. The frequency distributions and probability density function of the 
velocity fluctuations change only slightly. 
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TABLE 5.1. Statistical Characteristics of Longitudinal Velocity 
Fluctuations (Case 5) 

Point Turbulence Skewness Flatness 
(Figure 5.44) Intensity Factor Factor 

0 0.080 0.33 3 . 15 

a 0.079 0 . 26 3 . 09 

b 0.058 0.30 3.12 

1 0.074 0 . 18 2.80 

2 0.058 0.23 2.95 

3 0.096 0.27 2. 74 

99 



6.0 CONCLUSIONS 

In this chapter final conclusions are drawn concerning the implications 
of this experimental program for WECS-siting procedures. The conclusions, 
listed here are general rather than specific, which reflects the c9mplicated 
and nonlinear behavior of the phenomena studied. Many specific sub-
conclusions which will be valuable to meteorologists, engineers, and numerical 
specialists are contained within the subsections of Chapters 3.0, 4.0 and 5.0. 

Some of the remarks includ~d below may seem obvious or trj vial; however, 
the reader should recall that due to the lack of data many perturbations 
proposed have been only conjecture until now. Indeed, the most recent review 
on flow over topography prepared by the World Meteorological Organization 
(Davidson, 1964) was unable to conclude with any assurance whether speedup or 
speeddown was most likely to occur over ridges. The conclusions are grouped 
in three sections to reflect the objectives of this study as listed in Section 
1.1. 

6.1 WIND CHARACTERISTICS OVER RIDGES 

Wind characteristics over ridges are affected to some degree by ridge 
shape, surface roughness and upwind turbulence, and thermal stratification. 
Specifically this study reveals: 

1. The occurrence of flow separation at the downwind side of a ridge 
depends on both upwind and downwind slopes and is independent of the 
ratio of ridge height to boundary-layer thickness. Flow separation 
is delayed if upwind surface roughness is larger over the ridge, or 
if turbulence levels in the approach wind are high due to upwind 
topography. Flow separation may occur for more gentle slopes if the 
upwind surface roughness is less than that over the ridge or if the 
flow has a stable stratification . 

2. The downwind separation region is in general large as a result of a 
strong interaction between the main flow and the separated flow 
region. Crest velocities are reduced significantly. Static pres-
sure gradients above the separated region are largest across stream-
lines. If no flow separation occurs the static pressure gradients 
are largest parallel to the streamlines. 
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3. The downwind separated flow region may extend to a distance of 15 h 
from the crest. For relatively gentle slopes the separation region 
is shorter. The downwind flow remains in nonequilibrium after 
reattachment. Return to equilibrium flow conditions depends on the 
length of the separation region; it is on the order of 100 h for 
steep downwind slopes. 

4. Upwind flow separation depends 
Separation will occur for h/L u 

primarily on the upwind slope. 
< 1/2. The separated flow region 

upwind is generally much smaller than the separated region downwind 
because the interaction between wake and main flow is impeded by the 
presence of the ridge. The interaction may vanish for sufficiently 
large vorticity. 

5. The effect of the turbulence on the mean flow is very small, except 
for the inner region. In the inner region Reynolds shear stress 
gradients are the same order of magnitude as pressure gradients. A 
realistic estimate for the inner-layer thickness could be obtained 
from 

Q = 0.067 z O.l 1°·9 
0 

(Jackson and Hunt, 1975). 

However, it is recommended that further research be conducted to 
validate this expression (see also point I in Section 6. 3). The 
turbulence above the inner region, downwind of the crest affects the 
mean flow most significantly. An estimate for total head losses re-
sulting from nonequilibrium flow conditions over a hill may be ob-
tained from equations (2.18) and (2.19). 

6. The turbulence structure changes along streamlines in the flow field 
over hills. In the inner region, where turbulence length scales are 
small, the turbulence dissipation and production rates are the domi-
nant terms in the turbulence kinetic energy equation. Consequently, 
the turbulence intensities and shear stresses increase towards the 
crest. In the middle region for L < o the turbulence character-

, istics at the crest behave as those predicted for turbulence under-
going a contraction. The longitudinal turbulence intensity reduces 
in magnitude towards the crest, while the vertical turbulence inten-
sity increases. For L > o distortion effects are still important; 
in addition turbulence production, dissipation, and diffusion affect 
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the turbulence structure. In general, turbulence characteristics in 
the middle region, other than turbulence intensities, do not deviate 
significantly from upwind conditions. 

6.2 FUNCTIONAL DEPENDENCY BETWEEN UPWIND AND RIDGE-CREST MEAN VELOCITIES 

A simple relation has been obtained for upwind and ridge-crest mean 
velocities by systematically varying the pertinent ridge and flow character-
istics (see Section 5. 4 and Appendix E). The method incorporates the most 
important parameters which affect the wind velocity amplification at a ridge 
crest. The following conclusions may be drawn with respect to speedup: 

1. Largest speedups occur over ridges which just avoid flow separation 
and which are symmetrically shaped (See Figures 3.20, 4.3 and 4.4). 

2. Amplification (not necessarily speedup) is largest for large upwind 
power law exponents. 

3. Measurements and theory suggest that mild stable or unstable 
stratification decrease or increase wind velocities slightly at hill 
crests, respectively, for equivalent approach velocity profiles. 
This, of course, assumes no elevated inversion of "lid" that lies 
directly above a hill crest. When airflow is constrained to move 
between a ridge and an elevated inversion then exactly opposite wind 
effects are likely. 

4. Speedup over round-crested and sharp-crested ridges are essentially 
equal for ridges with the same parameters, h/Lu and h/Ld. If 
flow separation occurs speedups may be larger over round-crested 
ridges because of later flow separation. 

5. Speedups over ridges of finite width (b = 9 h and 18 h) are 
approximately the same as those over infinite-width ridges. Under 
neutral flow conditions, wind velocities are slightly larger at the 
ends of the crest and slightly less at the center. Under stable 
flow conditions speedups are larger in the center and significantly 
less at the ends of the ridge. Potential flow calculations (Hunt, 
1978) suggest that for b/L > 5 the amplifications are essentially 
constant irrespective of the slopes and for b/L < 5 changes in the 
amplification factor become increasingly less as h/L decreases. 
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6.3 PHYSICAL AND NUMERICAL MODELING 

Physical modeling requirements of the turbulent approach flow were met as 
specified in Appendix F. As a result dynamics and kinematics in the middle 
region replicated the atmosphere accurately. It appeared, however, that 
physical similarity in the inner region could not be met under certain 
conditions. 

Based on a categorization of flow regimes criteria for the applicability 
of simple closure models were developed. In Appendix Ea comparison was made 
between mathematical models to investigate the effects of the turbulence 
closure 
modeling 

equations on 
techniques 

discussed. 

the surface shear stress. In addition mathematical 
of flow over ridges including flow separation were 

In this section conclusions are drawn that summarize the most significant 
limitations of specific modeling techniques. 

1. The flow in the inner region over ridge models may be affected by 
boundary-layer relaminarization if pressure gradients are suffi-
ciently large. It appears that in the present wind-tunnel study the 
pressure gradients over the steeper ridges were such that this 
phenomenon affected the thickness of the inner region. Further 
research is required to investigate the constraint the relaminariza-
tion phenomenon places on wind-tunnel simulation. 

2. Realistic representation of the turbulence effects on the mean flow 
in the middle region by simple closure models, i.e., mixing length 
model, modified mixing length model taking into account streamline-
curvature effects (Bradshaw, 1969), and the turbulence kinetic 
energy model, is rather limited. In Appendix E, Section E. 1 the 
conditions are summarized under which the closure assumptions may be 
applied. 

3. A comparison between surface shear stress distributions over 
bell-shaped hills computed by different mathematical models showed 
considerable discrepancies. No clear correspondence existed between 

' numerical nonlinear models. Research is required to establish 
criteria for the proper discretization of the mathematical model in 
the surface region. 

4. Linear models may be applied to flow over low hills. Results of 
Jackson and Hunt (1975) suggest that linear models may be applied to 
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hills with h/L < 0.01. However, Jackson and Hunt found also agree-
ment between theory and experiments for hills with slopes too steep 
for the theory to be strictly valid. 

5. Existing mathematical models of flow over surface obstacles that 
include flow separation require a substantial amount of, empirical 
information and are difficult to apply to other than very simple 
surface obstacle shapes. 
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APPENDIX A EXPERIMENTAL PROGRAM AND INSTRUMENTATION 

A.O INTRODUCTION 

Laboratory simulation permits the systematic evaluation of the influence 
of simple combinations of approach flow wind characteristics and of topo-
graphical features on the resultant flow field over model topography . In this 
Appendix the test conditions, the methods used to make measurements, and the 
techniques employed in converting raw measurements to meaningful physical 
quantities are discussed. Attention is drawn to the limitations in the tech-
niques in order to prevent misinterpretations or misunderstandings of the 
results. 

A number of reports have been prepared under this research prograqi 
(Meroney et al., 1976a, 1~76b, Rider and Sandborn, 1977a, 1977b, and Meroney 
et al., 1978a, 1978b). A large portion of the data was obtained in the flow 
field over two-dimensional ridges. In this Appendix such information is con-
solidated by reviewing test conditions, measuring techniques, etc. 

A. 1 TH,E WIND-TUNNEL FACILITY 

The experiments were performed in the Meteorological Wind Tunnel (MW'I') 

locat~d in the Fluid Dynamics and Diffusion Laboratory at Colorado . State 
University. A plan view of the wind tunnel is shown in Figure A. I. The 
tunpel is a closed-circQit facility driven by a 250 hp variable-pit~h, 
vari~ble~speed propeller. The test section is nominally 2 m square and 47 m 
loni {~,4 through a 9:1 contraction ratio. The test ..... §Jt•~t ion walls diverge 0.01 
m/m .,.1t_d' the roof is adjustable to maintain a zero pressure gradient along the 
test ~~ction. The mean velocity can be adjusted continuously from O. 3 to 
37 m/~ec. The wind speed in the test section does not deviate from that set 
by the speed controller by more than one percent. The tunnel is equipped with 
a heating and cooling system to simulate thermally stratified boundary layers . 
The floor is cooled by circulating brine through coils insulated in the floor. 
Thermocouples imbedded in the floor were used to maintain a uniform prese-
lected temperature. The freestream temperature was controlled by a heat 
exchanger in the return-flow leg of the tunnel. Under neutral flow conditions 
the heat exchanger was used to maintain the air temperature at a constant 
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level (± ½ ° C). All tests reported in this report used a neutral or stable 
boundary-layer stratification. The facility is described in detail by Plate 
and Cermak (1963). 

At the entrance to the wind-tunnel test section a 0.038 m high saw-tooth 
boundary-layer trip was installed to insure prompt formation and g,rowth of a 
turbulent boundary layer. The boundary-layer thickness increases with dis-
tance from the entrance. Over the smooth plate the thickness of the boundary 
layer increases in proportion to x0 ·48 (Zoric 1969). 

A.2 TEST CONDITIONS 

A series of 15 hill models were constructed for tests in the 
meteorological wind-tunnel: 

symmetric triangular hill models with a width of 1.83 m, a height of 
5.08 m, and slopes (h/Lb) of 1/2, 1/3, 1/4, 1/6, and 1/20; 

- symmetric sinusoidal hill models with a width of 1.83 m, a height of 
5.08 cm, and slopes (h/Lb) of 1/3 and 1/4; 

- triangular hill models with a width of 1.83 m, a height of 5.08 cm, 
one vertical face, and one slope (h/Lb) of 1/2, 1/3, 1/4, and 1/6; 

- triangular hill models with a width of 0.90 m, a height of 5.08 cm, 
one vertical face, and one slope (h/~) of 1/3 and 1/4; 

- triangular hill models with a width of 0.45 m, a height of 5.8 cm, one 
vertical face, and one slope (h/~) of 1/3 and 1/4. 

]he symmetric models were constructed by placing a 0.32 cm thick 
Plexiglas skin over 9 support ribs. The models were _equipped with static 
pressare holes and pres ton tubes. The asymmetric,:models were constructed in a 
similar manner, but the material was wood and masonite, 0.32 cm thick. 

The experiments were carried out in three phases. In each phase, 
somewhat different experimental procedures were applied as suggested by dif-
fering accuracy or resolution requirements (see next section). Upwind condi-
tions for Phase I were different from Phase II and III. 

Upward Conditions, Phase I. The hills were mounted in the wind tunnel 
with a false floor upstream. The false floor was placed 5. 60 m directly 
downwind of the initial boundary layer trip and was 10.75 min length, (Figure 
A.2a). The false floor consisted of three sections: an approach ramp, a 
plywood testing base, and a trailing ramp behind the hill. The horizontal 

114 



-

I-" 
I-" 
Vt 

CD 
0 
C 
::::, 
C. 
Q .., 
'< 

I 

b 
'< 
(b .., 
-i .., -· -0 

CD 
0 
C ::::, 
C. 
C .., 
'< 

I r 
Q 
'< 
(b .., 
-i .., 
-0 

1-

en -0 .., -0 -(') 
0 
0 
::::, 

10 
"'U 
0 -(b 
(II 

1.8m 

rn (') 
::::, .., 
C. (b 

(II 
0 --(') 0 -0 
Q. ::c 
::::, 

10 
"'t) :ii:: 
Q 0 

C. - (b CD -u, (II 

9.6m 7.2m 
- ---- - -- ·· - --- ·- -- -- --- --

FIGURE A.2a. Tes t Configuration during Phase I 

en en (') rn rn - - .., ::::, ::::, Q Q CD C. C. .., .., u, - - - 0 0 
0 a 0 - -- - .,, ::0 
::0 

.,, ::c Q Q 
0 Q -· u, 3 3 u, - CD - -0 CD -0 :ii:: .,, .,, 

0 0 0 C. 0 
0 CD .., .., 

u, 

. I. .!. 
5.6m 1.3m 7.lm 

-----·-- · --- --- ·-· 

FIGURE A.2b. Test Configuration during Phase II and III 



length of approach ramp was 1.3 m. The plywood testing base was that section 
of false floor positioned adjacent to and flush with the approach ramp. 
Plywood, 1. 91 cm thick, was used to maintain a horizontal surface on which 
designated models could be placed. The testing based covered 8. 55 m in 
length. The trailing ramp was the final section of false flopr located 
furthest downstream. The ramp was positioned flush with and sloping downward 
from the testing base. This final section of false floor was O. 90 m in 
length. The approach and trailing ramp formed an angle of about 1° with the 
horizontal. The center of the model was set 14.0 m from the entrance (Figure 
A. 2b). During Phase I freestream wind velocities were set at 9 .1 m/sec and 
15. 2 m/ sec. For a detailed description of the upwind flow characteristics; 
the reader is referred to Section A.6. 

Upwind Conditions Phase II and III. The models were mounted directly on 
the aluminum floor of the wind tunnel. During stratified flow measurements, 
cooling plates were installed beginning at 1.83 m from the saw-tooth fence and 
ending at 11. 93 m. The surface of the cooling plates was varigated as a 
result of cooling channels. The coolant channel ribs were 0.16 min height 
and we;re spaced both normally and parallel to the flow. The center of the 
models was set at 18.6 m from the entrance. 

For one of the runs in Phase II, a uniformally rough surface was obtained 
by glueing graded rock particles, having an average diameter of 0.25 cm spaced 
approximately 1.0 cm on center, to 1.91 cm plywood support boards. The par-
ticle s:i.ze and distribution was designed by the method of Gartshore and 
de Croos (1976) to produce a z /o ~ 1.5 x 10-4 . Roughness was also applied 

0 

to the hill utilizing double-sided sticky tape. Tfie1 'roughness extended 7. 2 m 
upwind of the hill crest and 2.4 m downwind of the crest. On the upwind side 
of the rough boards, an approach ramp was installed flush with the board. 

During all tests (Phases I, II and III) the wind tunnel ceiling was kept 
horizontal, including the section in which the hill models were installed. No 
measurable changes in static pressure gradients along the ceiling were observ-
ed before or after installation of the hills. 

An overview of all test conditions is presented in Table A.1. For 
detailed information on upwind flow characteristics, the reader is referred to 
Section A.4. 
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TABLE A. I. Identification of Test Cases Including Locations of Tabulated Data 
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tr 
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tr 

tr 

tr 

tr 
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13 
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S4 
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II 
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IV 

VI 
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IX 

Xl 
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xv 
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xx 

tr 

tr 

tr 

tr 

tr 

tr 

tr 

tr 

tr 

tr 

tr 

tr 

tr 

tr 

tr 

tr 

tr 

tr 

tr3) 

4) 
tr 

lr 
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1/4 
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1/3 

1/4 
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1/2 
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1/4 

1/4 
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1/2 
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.09 
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,:,~~~-,:d_Y·•~..:l_~~ !·.,I ·'-~: 
! . l1t'rn,w ~ 1• t ,1l . ( \ 1J 7t',h ) 
1.. ,\ p p •·11, l 1,c II o f lh1 s 1,·po rt 
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II 
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II 

II 

II 

II 
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A.3 MEASURING PROCEDURES 

All measurements in the flow field over the hill models were carried out 
over a grid of points determined by vertical surveys (z-direction) at particu-
lar longitudinal points (x-direction) along the center of the tunnel. The MWf 

carriage can be positioned at any desired point in the x-direction. 'A control 
unit outside the tunnel monitors the vertical movement of the probe support 
and probes through the boundary layers. This actuator system provided a 
constant voltage change for a particular change in height. The probe support 
was attached to the carriage by a 1.00 m extension bar. The length of this 
bar was sufficiently long that the flow distortion due to carriage was negli-
gible at the measuring location (Figure A.3a). 

In the tests, a stop rod attached tightly to the probe support made 
contact with the floor prior to the other instruments. The purpose of the 
stop rod was to protect the probes from being driven into the floor and to 
accura·tely determine the vertical distance between the surface and the probes. 
During Phase I an electric indicator triggered when the stop rod contacted the 
floor. During Phases II and III a 0.00254 cm dial indicator was employed to 
determine more accurately the z-locations of the probes within 0.5 cm of the 
wall. A schematic of the probe support is given in Fi gure A.3b. 

The freestream velocity was monitored throughout the tests with a 
pi tot-static probe affixed to the ceiling upstream of the hill locations. 

Th'E! , instrumentation empl oyed during Phases I, II and III is listed in 
Table A.·2 ~. 

Mean Velocity Measurements. During Phase I, mean .velocity measurements 
above the hills were made with commerical probes. · Dynamic pressures were 
measured from the pressure differential between the total-head hole of a kiel 
probe 0.16 cm in diameter and the static holes of a pitot-static tube 0.18 cm 
in diameter. The kiel probe is insensitive to flow angles over a range of at 
least± 40 degrees. For the range of velocities measured in the present study 
the kiel probes agreed with the total pressure measured by the laboratory 
standard probe. In the region near the hill surface where relatively large 
flow angles were encountered the pitot-static pr-obe was pointed ill' the 
direction of the flow. However, due to uncertainty about the precise flow 
direction, misalingment of the probe has occurre.d. Errors in mean velocity 
caused by misalingment may have been as large as 4 percent of the local mean 
velocity. 
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TABLE A.2. Instrumentation 

PHASE I 

A. PROBES 

Freestream: 

- Total and static pressure: pi tot-static tube (United Sensor, Type 
PAC) 

Flow Field over Hills: 

- Total pressure: kiel probe (United Sensor, Type KB) 

- Static pressure: static holes of a pitot~s•tatic · tube ' (United 
Sensor, Type PBA) 

- Velocity signal: single hot-wire probe and x~wire probe (both 
non-commerical): wires 80 percent platinum and 20·· percent iridium, 
1.2 x 10-3 cm in diameter, length: 0.16 cm. 

B. Surface Static Pressure Gauges 

Static taps on models; sharp edged, 0. 064 cm in diameter, drilled 
perpendicular to the model 

- Static pressure ·probes on the wind-tunnel floor ; brass tubing 0.079 
cm i.d. and 0.139 cm o.d. (end of tubes closed and small holes 
drilled in a circle around circumference) 

C. '"i..Tna.nsducers and Anemometers 

- Pressure transduces (MKS Baratron Pressure -.Meters, Type 77) 

- Constant temperature anemometers (TS!, Model 1051-2) 

D. "'~<Readout and Time Averaging Instruments 

- Pressure meter outputs: 
outputs averaged by 10 
voltmeters 

digital voltmeters (TS!, Model 1076); 
seconds averaging circuits of digital 

- Anemometer outputs (d.c. and a.c.): digital voltmeters (TS!, Model 
1076); outputs averaged by 10 seconds averaging circuits of digital 
voltmeters; X-wire anemometer outputs (a.c.): outputs multiplied by 
an analog multiplier (non-commercial) 

E. Calibration Pressure Transducer 

- Water manometer .(Dwyer, Microtector) 
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TABLE A.2. (Continued) 

PHASE II 

A. Probes 

Freestream: 

- Total and static pressure; pi tot-static tube (United Sensor, Type 
PAC) 

Flow Field over Hills, Neutrally Thermal Stratification: 

Total pressure: kiel probe (United Sensor, Type KB) 

Static pressure: disk probe (non-commercial); disk diameter 0.62 cm 

- Mean temperature: thermistor (YSI) 

Temperature signal: hot-wire probe (non -commercial): wire 90 
percent platinum and 10 percent rhodium, wire diameter 5 x 10-S cm 

- Velocity-temperature signal: 
80 percent platinum and 20 
diameter, length: 0.16 cm 

B. Transducers and Anemometers 

hot-wire probe (non-commercial); wire 
percent i rridum, 1. x 1 ci" 3 ' cm in 

- Pressures transducers (MKS Baratron Pressure Meters, Type 77) 

Constant temperature anemometers (TSI Model 1051-2) 

- Temperature transducer (YSI, Model 42 SC) 

C. Readouts and Time Averaging Instruments 

- Pressure meter outputs: integrating digital voltmeters (DYMEC, 
Model 2401C); outputs integrated over 60 seconds 

- Anemometers outputs (d.c. and rms): digital voltmeters (TSI, Model 
1076); outputs averaged by a 10 second averaging circuit 

Temperature outputs read from needle position 

D. Spectra and Probability Density Functions 

Correlation and probability density function (Honeywell, Model SAl 
43A) 

Spectra (Honeywell, Model SAI 470) 

E. Calibration of Pressure Transducers 

Water manometer (Dwyer, Microtector) 
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A. Probes 

Freestream: 

TABLE A.2. (Continued) 

PHASE Ill 

' - Total and static pressure: pitot-static tube, (United Sensor, Type 
PAC) 

Flow Field over Hills, Neutrally Thermal Stratification: 

- Total pressure: kiel probe .,{United Sensor, Type KB) 

- Static pressure: · disk probe (non-commercial): 
0.62 cm 

disk diameter 

Velocity signal: hot-wire probe (non-commercial): wire 80 percent 
platinum and 20 percent iridium, 1.2 x 10-3 cm in diameter, length: 
0. 16 cm 

Flow Field over Hills, Stably Thermal Stratification: 

- Total pressure: kiel probe (United Sensor, Type KB) 

- Static pressure: 
0.62 cm .. . disk probe (non-commercial): 

- Mean temperature: thermis-tor (YSI) 

- Velocity signal: hot-film probe (TSI-10) 

B. Transducers and Anemometers 

disk diameter 

Pressure transducers (MKS Baratron Pressure Meters, Type 7) 

Constant temperature anemometer (TSI, Mod'el 1051-2) 

- Temperature transducer (YSI, Model 42SC) . . 
t • • 

C. ~'"'Readouts and Time Averaging Instruments 

- Pressure meter outputs: minicomputer (HP 1000); outputs digitized 
and integrated over 10 seconds 

- Anemometer outputs: minicomputer (HP 1000); outputs digitized, 
converted to velocities and integrated over 10 seconds to calculate 
mean velocities and rms of the velocity fluctuations 

- Temperature outputs: output read from needle position 

D. Calibration of Pressure Transducers 

- Water manometer (Dwyer, Microtector 
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During Phases II and III the pitot-static probe was replaced by a disk 
type probe to reduce errors in flow direction. The disk probe is similar to 
the Elliott rotating probe used for atmospheric static pressure measurements. 
The disk is positioned vertically and parallel to the flow direction. Holes 
are drilled through the center of the disk. The pressure at the holes is 
somewhat larger than the static pressure in the absence of the probe due to 
speed up effects. It was found that dynamic pressures using the kiel-disk 
system could be calculated from 

Pdyn = (ppitot - pdisk) * Cdisk (A.1) 

where Cdisk is a constant to be determined experimentally. For the range of 
velocities measured in this study, Cdisk was approximately O. 9 and was 
evaluated daily by calibration against a standard pitot-static probe in the 
freestream . 

Another error in the dynamic pressure measurements was caused by the 
effects of turbulence. In the measurements over the surface with rock parti-
cles and downwind of the crest, this error could be significant, because the 
turbulence intensity here was of the order of 20 to 30 percent of the local 
mean velocity. Thus the maximum error in the mean velocity is estimated to be 
of the order of three percent. Typical systematic errors were approximately 
one to two percent. Random errors were reduced by time averaging circuits of 
10 seconds during Phase I, of 60 during Phase II, and 10 seconds of Phase III. 

Some data is presented which was obtained in the separated wake of the 
hill using the apparatus and techniques just described. This data is pre-
sented only for completeness and for the useful qualitative view it presents 
of the flow. The values given are not accurate. 

Static Pressure Measurements. Static pressure measurements were taken on 
the surface of the symmetric hill models and on the floor of the tunnel during 
Phases I and II. Each of the models tested contained a set of pressure holes 
distributed over the centerline of the hill. On the floor of the tunnel just 
upwind of the hills static probes were constructed from 0.079 o.d. and 0.139 
o.d. brass tubing, Detailed specification of the surface pressure sensors is 

I 

given by Rider and Sandborn (1977a). 
Static pressures in the flow over the hill were measured along with the 

velocity measurements. During Phase I readings of pressure differentials be-
tween the static holes of a pitot-static tube and the surface static pressure 
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holes at the same x-location were monitored. After the vertical traverses 
were completed, the pressure differentials between the surface static pressure 
:and the freestream static pressure were measured. The static pressures, 
pt t , in the flow field over the hill were obtained simply by subtraction, s ,a 
namely 

Pstat = Pp.t. - Psurf + P~urf - Pref (A.2) 

This procedure was foi,lowed to eliminate some of the spatial static 
pressure variation. However, it turned ·out that errors in the static pressure 
measurements were still quite large because of dirt in the surface static 
pre-ssure holes. Another source of error was the misalignment of the -· pitot-
st'atic probe. Errors were sometimes as large as 10 percent ,of the freestream 

' dynamic pressure. 
·'·During Phases II and III, static pressure readings were obtained bf 

monitoring the difference between the static pressure at the · static pressure 
holes11 of• the freestr.eam pi tot-static probe and the static pres'sure at the disk 
probe. Static pressure was calculated using the following expression: 

(A.3) 

Systematic errors were caused by the ef feet of turl,ulence and are of the order 
of· two ,percent. 

l Turbulence Intensity Measurements. During Phase I constant temperature 
hot · wd.-re anemometers were employed to measure longitudinal and vertical 
velocity fluctuations. The cross wire used was not of the usual X-wire type, 
but •i,had , one wire normal and one wire yawed to the t: :fi.low. The yawed wire is 
sensitive to two turbulent velocities, u, w plus the correlation between the 
companents, uw. A detailed discussion of the experimental pr-0cedure as well 
as \•itill.e 1• evafuation of the hot-wire output is given by Rider and Sandborn 
(1977a). 

,During Phases II and III, longitudinal turbulence intensities were 
measured using constant temperature anenometers. The hot wires (Phase II) and 
hot film (Phase III) were calibrated daily by placing them in the freestream 
of the wind tunnel. The flow velocity was measured directly with a pitot-
static probe. 
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Calibration data were fit to a variable exponent form of King's Law: 

-2 -m e = A + B u (A.4) 

using a least square fitting program. From this equation it can be shown that 
the local turbulence intensity is given by 

u' (A.5) 2e e' = 
u m (e2-A) 

On many days of testing, the hot wire or hot film was calibrated several 
times per day. This was done to reduce the errors due to drifting of the 
anemometer system and also to obtain an indication of the system accuracy and 
repeatibility. Repeatibility in longitudinal turbulence intensities was of 
the order of one percent and was never observed greater than three percent. 

Some data is presented which was obtained in the downwind wake of the 
hill model. The values given are not accurate because of the low mean velo-
cities and relatively high velocity fluctuations. The data should be used 
only to determine trends along the new shear layer. 

Probability Density and Spectra Measurements. The longitudinal velocity 
signal was recorded over a symmetric triangular hill h/~ = 1/ 4 , with an 
aerodynamically smooth surface. Upwind surface was flat and aerodynamically 
smooth. The distance between boundary layer trip and the center of the hill 
model was 14.0 m. The turbulence signal was obtained with a commercial hot-
film anenometer system. The unit was operated without linearization or 
filtering. According to manufacturer's specifications the film had a 
frequency response up to 16 KR . This was more than adequate in these z 
measurements as the maximum frequency of interest was of the order of 300 H. z 

Measurements of power spectra and probability density functions were made 
with a commerical digital data acquisition system. Probability density func-
tions (p.d.f.) and spectra were computed after multiplying the a.c. signal by 
a factor 10. The system produces a 400 point p. d. f. analysis. The sample 
rate was 2000 sps and the sampling time was 33 seconds. Before the p.d.f. was 
generated, it was insured that the amplitude of signal would lie within 
selected bounds. 

Power spectra were generated by a Fourier analysis of a 400 point 
autocorrelation function (a. c. f.). The a. c. f. was determined simultaneously 
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at 400 incremental lag points. The sampling rate was 1000 sps. Hence the 
maximum time lag was O. 4 seconds. Po,int averaging was applied over 327 
cycles. The power spectrum was computed by a Fourier analysis of the averaged 
a.c.f. Although theoretical constraints dictate that from 400 available data 
points only one half as many independent frequency points can be obt~ined, the 
system incorporates an interpolation scheme which provides a 1000 point inter-
polated output. In actual frequency, the maximum value is 500 H (Nyquist z 
frequency) . 

The computed p.d.f. and .a.c.f. were available as hard copy plots in less 
than a minute after the signal was recorded. The method has the advantage 
that repeatability of the functions could be checked while the tests were 
conducted. 

A.4 DATA REPORTING 

In this section a review is given of all data of flow characteristics 
over ~two-dimensional ridges obtained in the Meteorological Wind Tunnel. T~e 
purpose is to make access to the data easier. The identification of the data 
location is organized according to the three phases of the measuring program. 
In Table A.1, the report location of all available~data is tabulated. There 
is some inconsistency in the choice of the two-dimensional coordinate system. 
The standard coordinate system is such that the origin of the x-axis is locat-
ed at the crest with its positive side pointed in the downwind direction. The 
z-axis is pointed upwards with its origin at the base of the upwind flat sur-
face. Deviant coordinate systems, etc., are indicated in the table. 

A.S DATA REDUCTION 

The reduction of data obtained during Phases I and II was directed toward 
mapping the complete pressure, velocity and turbulence fields above the hills 

' in the form of contour plots by employing the computer. The procedure in-
cludes data smoothing techniques reducing random errors associated with the 
original data. In the generation of contour plots, the original data is 
checked for internal consistency. In some cases it was necessary to exclude 
certain data points and in a few cases vertical data profiles. As a result 
the accuracy of the contour plots is at least as high as the original data. 
An unusual feature of the contour plotting route is that the two-dimensional 
domain over the hill may be specified arbitrarily. 
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All available data points are included, even if they fall outside the 
boundaries of the contour plot domain . Space increments !ix and tiz are 
equal in both x and z direction, but !ix may be different from ~z. The con-
tour plots presented in this report have been generated by 50 increments in x-
and z-direction. The generation of such contour plots is described in detail 
in Appendix C. 

127 



APPENDIX B 

TABULATED EXPERIMENTAL DATA OF FLOW OVER TRIANGULAR RIDGES 
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TABLE B.1. Locator Table: Identification of Tables for Test Condition in 
Phase III 

Case h/L h/Ld b u(lOh) Ri Table Upwind u (cm) (m/sec) number condition 
(See Table 1) 

I 1/3 1/4 180~) 9.0 0.0 B.3a A 

II 1/4 1/3 180. 9.0 0.0 B.3b A 

III 1/2 1/4 180. 9.0 0.0 B.3c A 

IV 1/4 1/2 180. 9.0 0.0 B.3d A 

V 1/2 1/6 180. 9.0 0.0 B.3e A 

VI 1/6 1/2 180. 9.0 0.0 B.3f A 

VII 1/2 1/3 180. 9.0 0.0 B.3g A 

VII'! 1/3 1/2 180. 9.0 0.0 B.3h A 

IX 1/2 1/0 180. 9.0 0.0 B.3i A 

X 1/3 1/0 180. 9.0 0.0 B.3j A 

XI 1/4 1/0 180. 9.0 0.0 B.3k A 

XII 1/6 1/0 180. 9.0 0.0 B.31 A 

XIII 1/4 1/0 45. 9.0 0.0 B.3m A 

XIV 1/4 1/0 90. 9.0 0 . 0 B.3n A 

xv 1/4 1/3 45. 9.0 0.0 i .. 3o A 

XVI 1/4 1/3 90. 9.0 0.0 B.3p A 

XVII 1/4 1/0 180. 3.0 0.07 B.3q C 

XVIII 1/4 1/0 180. 6.0 0.0012 B.3r B 

XIX 1/4 1/0 45. 3.0 0.07 B.3s C 

xx 1/4 1/0 45. 6.0 0.0012 B.3t B 

1) b = 180, this hill width represents the two-dimensional flow case. 
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TABLE B.2. Upwind Conditions in Phase III 

CASE A CASE B CASE C 
•000000• .. ••o-uoo •••••••••••••••••o••••••• ~•o••••o••••••••••o*••••• 
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TABLE B.3a. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/3, 
Downwind Slope 1/4, Surface Roughness Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 

,-: U,UU ,II.: 1u.uu 
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---------------------------- -----------------------------------!>.3~ I•'+ U • c,t, c • O'+ 1.ur,, • I'+ - • l c 
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TABLE B.3b. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/4, 
Downwind Slope 1/3, Surface Roughness Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 
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TABLE B.3c. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/2, 
Downwind Slope 1/4, Surface Roughness Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 
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TABLE B.3d. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/4, 
Downwind Slope 1/2, Surface Roughness Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 
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!- c; I ~; ; C r- ~ .. ·. ;) 1, u:-C. :. 5 JI', NI/LJM2 
.I( 1:u .. r, .. lf•Ll lJ IS l AisC.t. F~U~, Ct1EST I I'. CM z t-E I 1.; i-, I £.i:,UVi: l.Jl-'w!I\U Su~FACE-Lt. VEL l I'< CM 
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'.l'ABLE B.3e. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/2, 
Downwind Slope 1/6, Surfac-e 'Roughness ·Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 

~*~•~ooovoooooooeo•••••••••••••••••o••••••••••••••••••••o••••••o••••••••••• 
I 

,: U • 110 )(:: 1~.00 
l u IJHM5 p z u UHMS p 

-------------------------------. --- -----------------------------------!:>.3c 7 • b3 ebb - • 74 i:.b4 .i::.btl l • Ub -.2J 
!:, • 7,!:i 7 • ~tl .b2 -.18 3.lb 3.0J l.J3 -.2!:> 
:: • 4 :; ; .='1 ebb -.1!:> 3.89 4.2',I l.lb -.21 
7. l.e 7.44 ob7 - • l <t 'I.bl !:>.44 lebf -.311 
b.·64 7.4!:> • b8 - • 11 5.32 be24 1. !:,',I -.33 

11,. 4.9 7.45 .!:,9 -.oa 6.76 b.7U • 'i,4 -.33 
h.3e 7.5u .!:,6 -.07 9.bl 7.03 • .b.J -.32 
17.91' 7 • 54 • !::,6 -.1)6 12.so 1 .2 .. ebO -.3l 
21,. 5 7 7.75 .!:,5 -.us lb.v& 7.4 .. ebO -.31 
2!:> .. 15 ti• (J6 • !:>o • • U4 19.10 7.55 • !:>4 -.21 
2d. 72 ti• 24 • 55 -.04 23.26 7e6b .!:>J -.2b 
32 .• 3J+ a ... s • !:>2 -.04 2bob6 7.d3 • !:,2 -.24 
35.8,Q b • !:>5 .47 -.u3 10 . '• 7 b.04 .!:,3 -.23 
43 •. 07 d. ·1q .35 -.03 37.blt tl.2& ,;41 -.22 
s11.2s bo'i2 .c4 -.02 44.tl) bolt9 .J3 -.21 
Sb.17 t1.9b .17 -.02 s2.u2 ti.bl .i:4 -.21 

5!:>. 82 tl.b4 .2u -.20 

;1(:: Ju.uu X:: 45.00 
z u Ut:IM~ p z u Ul-<MS p 

---------------------------------- -----------------------------------• 3.0 c • <: 1 1.u5 -.os .30 J. o~, 1.Uj -.uJ 
• t,;e, 2.bl 1.12 -.u7 1.11u J.h9 1. 116 -.Ob 

1.33 J • l '+ 1.21 -.or; 1.10 3.9:, 1.22 -.01 
2, • .0 1 J.b7 1.32 -.1u 2.43 , 4.30 loJb -.08 
3.50 ... 57 l. b3 -.12 3ob8 4. 82 l.Jb -.oc,, 
<.-,~= !:, • !:>3 l. !:,8 -.1s b • ·13 :, • 6'+ 1.J<,, -.ut1 
c:, • • Jt: b.ul 1. ell - • l <+ 9ob0 t.3'+ .tH -.12 
7,.77 o.Ju 1.10 - • l !:> 13.22 bob9 obd -.l'+ 
c,;~ . ... j= C>.!:,4 • I!:> -. u, 16.7tl bo8J .!:,9 -.12 

l -~ - ., -• v c:. t- .iHl .c4 .• • 19 20 ... u ., .20 .~4 -.15 
lo .-,.J 7.15 • !:,6 - • l, c3.'il'+ 7.SJ • !:>4 -.ls 
cu • .o l 7. J(J .s5 -.19 27 .55 7 • 74 .~l -.17 
2J .• bU I• ':>9 .51 -.21 34.74 I:!. 07 o'+b -.1-, 
21. l,_t! 1.10 .SJ -.2u 4 l • <,,O i:l.37 .31:! - • li:l 
34 .• •J ,9 ti• 1.16 .48 49.12 bo5'+ .24 -.19 
41. 56 i; ... !:, .Ji:! - 20 S6.2tl ti• 59 .13 -.lb 
4b . -77 o.51:i .21 - 20 
SS.,91 ti. :J'+ .15 - 18 

u LOl,<:l lU(llNAL 'lt.UlCllY lN M/SEC 
Uk,..5 RI'!> Of L01',b. VELOClTYFLUCI • IN M/SEC 
p 51.-illl 1-'~i:SSuRt.~ IN Nl/0M2 
X OU""" l'•IJ IJl~lANCt F,W,., Cl<ESf ! I'! CM z Hluril AdVVE Ut'wlNO SURFACE-LEVEL lN CM 
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TABLE B.3£. Triangular Hill Model, Height 5 . 08 cm, Upwind Slope 1/6, 
Downwind Slope 1/2, Surface Roughness Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 

~~oooo~o•o~•••~•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••o 

.1.= u.uo X= ::, • uo 
z u UMMS p z u UkMS p 

----------------------------------- -----------------------------------::,.Jd 5.32 .oo; - 07 2.b4 .oo .34 -.10 
a.OJ o.u3 .02 - Ob 3.59 .oo • .. l -.10 
7.48 6.44 .70 - 07 4 • 4:, .77 .o3 -.10 
',I• b 7 ti.bl .o5 - 07 5.42 :, .22 l.Ju -.oo; 

11.eo 0.-,9 .ss - Ob 6.!:>4 o • 7 3 .08 -.O'I 
lt>.00 7.18 .57 - us 9.:H 1.22 • bts -.OH 
2u.4i! 7.39 .59 - 05 13.uO 7.38 .ol -.Ob 
2:;.91, 7.53 .57 - 04 16.oO 7.52 eb2 -.Ob 
2'1.57 1. 71 .55 - U4 20.18 7.91 .~9 -.Ob 
34.77 o.23 ... 9 - 03 23.11 o.o, .oo -.os 
41.YS b • .. il .37 - 02 27 .31 t!.1'7 • :,5 -.04 
.·. 'J. ! 3 l:l, b 7 • 2il - 02 34 .!:>2 t!.::,7 •'+t:I -.04 
So.:JU i,.ob .30 - U2 <t l • 7 3 b.7:, .32 -.o3 

4/j • ',12 d.94 .13 -.02 
So.04 t!. <;:, .19 -.02 

.,= ! u, U 0 x= 45.00 
l u UM~,S p z u UkMS p 

----------------------------------- -----------------------------------.Ju .uo .30 -.10 .JU 1.02 o'7b -.oo 
l • IJ 4 .uu .47 -.11 1.os 2.35 l • lo -.01 
l.7c .uu ... 7 -.10 l.? U 2. !l::i l • 21:1 -.02 
c • .:.3 . ou .46 -.10 2.10 3. J',I l.41 -.02 
3.8 .. 1.us • oil -.lu J.tHl 4.32 l • b3 -.02 
b • f 3 b,bl • I b -.10 o • .,o 5.7ts l • ,.U -.03 

• :'.: c '/ • l,. . c4 - • V '"1 9 .5!:I b • '+:, .75 -.02 
13.21 '1.35 .::,9 -.oe 13. l7 b • 71$ • t,J -.i,3 
l t> • Hi.I '·"'" .o3 -.ul lb.bJ ,.09 .58 -.uJ 
2 v, ii U 1.1s .':>1 -.ub 20.38 7, .. o .ol .. • 03 
2 :J. c; 1 7. <,':, -.u5 24.00 7.58 .02 -.03 
c 7. 5'> o,20 .-;;7 - • u:: 27.:>9 1.~o .~o -.u:; 
3,.. 7 2 t,. -.•J ... 7 -.04 34.75 o.43 • 4 ',I -.03 
.. 1 • /- c; b,75 .31 -.03 ,. l. 9 l I:!• b4 • J:, -.uc 
.. 5. <;,= d • 1::17 • U 7 -.02 .. 9.10 8.1:1~ .17 -.02 
:;I;, .<'. 4 o.95 • <:'.!:I -.u3 ::,t, • i::b d • 91 .co -.oi'. 
u LO :\G l I UL,!NAL Vc.LOClfY IN 11/SEC 
Ui•WS HM!::, Ll~ LuNG. 11ELUC1 TYFLUCl • IN M/SEC 
" ':i L\ 1 l C ;-1-:t.SSURI:.~ Ir, r-. l / iJM2 

l:Q1,,r,.-1l"i.i Ul!::,lANCt; F>-<O~ CkEST I"' CM 
L I- t. l l;., I l<bUIII:. UI-',. lf';U SuRFACE-LEIIEL lN CM 
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TABLE B.3g. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/2, 
Downwind Slope 1/3, Surface Roughness Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 

~v J~ ~ow~~o~~~9~••v~~ooo•v~§•o••••o•oooo••~ ~~~•••4*•~••~•••••ft•••••••O~•••••• 

l( : u.uu x= f • !>U 
z u \JHrl S fl l u UkMS p 

----------------------------------- -----------------------------------!>.Jt, .!JO .o9 -.03 2.b4 • uu • '+!::> -.u .. 
!>. 9 I b.J9 • ::>':I -.uu J.bc • b!:i o4b -.u .. 
b • f,:: o.36 .o9 .ou s.a l • 2=> • !::,!::, -.04 
1:1. U':I bobU • '0 • 1)0 6 .. 7 U '+ • 9 7 l • b2 -.OJ 
9.54 bobl o6b .01 9.5'+ 7 .21:j • o!::> -.oo 

l3.u9 bo'i1 .56 .,11 13.12 7.55 • !::>9 .ou 
lb.67 7.19 .ss .02 H>. 70 1.11 • !::, , .01 
20.30 7.38 .:,8 .02 20.31 7.tH .!:it> .01 
23.'15 7.73 • :,4 "L: £: 23. 9': 7.90 • !::,!::, .oc 
27. <+ :i I:!• 09 . • !>4 .oc i:!7 .!>l 1:1. lb • !::> l .02 
34.bl I:!. 4., • 48 .o3 34.c:,4 d.bl • 4 !::, .03 
4 l. !:< l 1:1. ·,2 • 42 .u3 "+ l. t,4 8.7',1 .J7 • IJJ 
4Y.Ol u.95 . . • l • 0 4 49 • t; : . ".", u 7 .13 .03 
5p.}8 'i. u .3 • :S5 .oJ !>bol 9 9.09 .cu .04 

X: l !>•!JU x= 4!::>. 00 
z u uR""S F l u U~M5 p 

---------------------------------- -----------------------------------.. Ju .uo .44 -.04 .Ju e8d • !:ib -.01 
1,. 0 u • btl ob5 -.04 • ..., 7 1.35 • 71 -.01 
~.45 .ou .sa -.04 lob9 l • 7!::> .bJ -.01 
3 -odo • cit! • c:,6 -.u4 2 ... 0 l.80 ebb -.02 
!>. 3 l c.2!::> • o l - • U't 3.b!::> .: • 55 1.20 -.01 
b.7e 4o4U 1.:,7 -.03 ti. 7 l 4. 9!> 1. ·ro -.01 
C,, • b4 1 • 3b ot>2 -,01 9,bU o.32 1.4',1 .oo 

l.J.20 l. 71 • b'+ .oo 1J.cc 1.03 olH .01 
lo.e.3 7. ot> • = tj • 0 l lb• "i ci 7.30 .bl .01 
2U 0 4U o • \.14 • !> 7 .01 20.;;5 1 .o3 .5~ .01 
24.C,2 ti.~u .52 • 0 l 23.<,,6 t1.0l obl .02 
27.S!l t!.2S .!::4 .02 27.58 1,.34 • !>'J .oc 
34 0 /jU t!. S!> .5i .OJ 34.70 o.5b o'+9 .OJ 
,. l. 97 tl.84 .37 .o3 41.94 8.91 • '+0 .03 
'-'J.ll <,,. u7 • v'+ .u3 49.ll <,, .12 • .l3 .o3 
So.30 9.07 .13 .04 5b.~t! 9.23 .24 .03 

u L.01\GITUUlNAL Vt.LUClTY 1111 M/SEC 
UM,-15 , "'M:, Of LONG. VELOClll'FLUCT. IN M/SEC 
p ST,: 1 1 C PkE.SSURt.S IN NT/UM2 
X llQwfl,wlN[J UlSTANCt. fHUM CREST lh CM z 1-1:luHI Ab<JIIE Ul-'lorlNU SURFACE-LEVEL 1 l'l CM 
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TABLE B.3h Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/3, 
Downwind Slope 1/2, Surface Roughness Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 

o~oo~o~o~~o•••••••o•••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

)(: u.ou X: :>.OU 
z u Ut-lM5 p z u UHMS .... 

----------------------------------- -----------------------------------5 • 3d 5.c;o • :>'ll -.25 2.04 .uu • 3<;1 -.37 
5. 73 e.:.;s • ::,9 - • 21:! 3 • 2U .ou • 4,. -.37 
b • 40 b.~~ .07 -.21 J.•,,3 .ou .J7 -.37 
7 • l t! bet>9 .71 -.,o 4. o2 .uu .J9 -.31:1 
d.Se o.70 .73 -.2 .. o.u9 4. Jl:I l. 11 -.40 

11 .51 -, • 13 .02 -.25 1:1.97 7.42 • f7 -.41 
14.39 7 • ,.4 ob4 -.25 11.00 ( .ou • b!:I -.35 
17.94 7.53 .59 -.23 l9.u7 1.11 .55 -.3u 
21.5/ 7. 10 .ss -.23 22.03 ., • <;14 .5b -.21 
25.13 1 • '1S .56 -.23 26.22 1:1.13 .54 -.21 
2t:i. "f 2 t,,ll:! • !::,4 -.23 t9.~2 d.Ju .51 -.2b 
32.33 1:1. 33 .47 -.22 33 ... 3 d.4b •::, l -.2s 
39.47 t:l • f b • 39 -.23 40.t>U d.81:1 • 4 l -.25 
4o.67 b • -,,9 .24 -.23 4 7. ·,o -;.ou .ld -.22 
53.84 9.U2 o!4 -.21 =~-. J O 9.U9 .c2 -. ~-· :: 
5b.!b c;. u5 • l 6 -.2 2 

>-= 1u.oo ).: 45.0U 
z u Ui(MS p l u UHMS ... 

-------·--------------------------- -----------------------------------,3~ .uu .21 -.12 .30 1.32 • ,.4 -.03 
.bd .~o .41 - • 12 • i:, 3 1. 4',1 .52 -.04 

l.62 • U 0 .47 - • 12 l.67 1.7!:I .oJ -.u5 
2 ., . . _,: . vu • :i l - • 12 2.34 1.96 •"fl -.05 ~.,c: .uu •::, l - • 12 3 .tj~ 3.14 .96 -.o5 
o.b3 2 • 1 tl l • J4 - • ! 4 s.21 4.01 1.cJ -.Ob 
',l,~ l) ,, • l -, • b ',i -.13 Ei.bS 5.lu .i.; :- ,;. •• • (}O 

13, (JC ... c3 .o3 - .12 9 • ::>3 b.Jl l.7J -.i15 
! :, .6<; 4 • 3b • :,tl -.11 13.12 bo'1C. 1.1u -.05 
2u.2c 4 • 4 7 .56 -.10 16. (5 7 • 41 .b4 -.05 
23.be 4.55 •:, l -.us 20.zg ·1 • ',IU ob0 -.05 
2 ·r • 4 I 4 • 63 ,52 -.uc; 23 • .,, .. 1:1 • l c: .bO -.os 
34,65 4.bJ .52 -.09 27.51 1:1.35 .59 -.05 
41 • E' l => • u l • 31:1 -.ua 3,,. -::t, ~.o~ .50 -.04 
41:l, 9-; -,, • Ob .u6 -.25 4l.b4 9oU4 .42 -.u3 
So.15 9 • 08 . ,:.:. -.24 49.ul ~.29 • 21:1 -.03 

5o.c:5 9.27 .22 -.03 

u LO i,(;l flifi!l ,.'.t. Vt:LuCITY Ir~ M/SEC 
1.J,<r--S r<":> lit- LUr-.G. ~t.LOCI TYFLUCT. 1,.. M/SEC 
p ST:.TIC 1-'f<t. SSUi-<tS IN NI/OM2 
X L: 0 ;, ,. 1 i,O Ul:,IANCt Ft-<UM Cf<ESr It. CM 
z I· !' l H~ f ,c, ~ (.) Vt:. 1Jf->,. H,u SUHFACE-LEVEL lN CM 
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TABLE B.3i. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/2, 
Downwind Slope 1/0, Surface Roughness",Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 

00000•~•••••••••0••••••0••••••••••••••••••••••••••••••••••••••••••••••••••• . I 

J/.= V • IJ U X= U.!:io 
z u UKMS p l u UkMS p 

----------------------------------- -----------------------------------
:i.31:l 5.ot:> • :,6 -.us .3u 
:, • 9 !l !::, • <:,3 • t:>2 -.us 1.uJ 
t:>.6d t:>. 30 • 71 -.u= . ·, l • , .,.. 

t!. l U 6.33 .bl:> ..... . (;lot 2 ... s 
9.57 b.l:>4 .71 -.us 3.~5 

13.16 bot!'+ .10 -.04 t>.~o 
16,. 7 2 7.u7 .57 -.04 r,, • 7 0 
20.35 7.26 • t:>2 -.03 13.27 
23.92 I• 6 V .!::>5 -.03 20 ..... 
27.52 -, . n .51 -.o3 J. I:>. t!4 
34.61, ti. l 8 • 31 -.03 24.05 
<t}.c!4 t!o47 .36 -.02 27 .t:>J 
49.05 tlo68 .35 -.o3 34.77 
St:>.21 /j • ., 0 .33 - ~ 02 42.UO 

<.9.!3 
56.3.3 

U LU NbllUUINAL V~LUClTY IN M/SEC 
Uk~S kM':> OF LU~ G. VE LUCllYFLUCT. IN ~/S EC 
P STATIC ~H~SSU~t.':> IN NI/OM2 
X OOwN,dNU UblA,~Ct. FHOM Cf-<EST JN CM 
Z ~f.IG~I AdUVE u~w1NO SUHFACE-LEVEL lN CM 
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• 0 ll .t:>J -.12 
.vu 009 -.12 
.ou • b'+ -.12 
.oo • t:>2 -.12 

l . :H • l:>t! -.IJ 
4 • 03 1. :,9 -.12 
6.9!> J. .• 0 7 -.11 
1 ... 1:> • bi+ -.10 
7.74 .!>5 -.Ot! 
7.64 .6J -.09 
7o9ll o':>1 -.07 
t!oOJ .51 -.06 
t!.36 • 4 7 -.os 
b .61:> o 42 -.04 
i:l.7:, .4J. -.04 
B.t!O o4J -.OJ 



TABLE B.3j. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/3, 
Downwind Slope 1/0, Surface Roughness Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 

eoooo••••••••~••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

x= u.oo X= 22.su 
z u UQMS p z u UkMS p 

----------------------------------- -----------------------------------.JO 
~.3& t,. 1.)6 • 42 - • CJ1 093 
S.8d 5. !::i5 .43 -.01 lob5 
6,ol b,2o 047 •oUb 2.34 
~.04 t>.57 045 -,06 3.bO 
9.46 t>.75 044 -o05 6007 

13.0b 7o03 043 -.04 9o52 
16. b4 1ol7 o4l -,U4 l3ol6 
2CJ.26 1o33 o'+3 -oo.3 16009 
23,83 7.S4 • 41 -,04 20030 

• V .... • "- l -.o3 23,91 
34.bl 8.44 • .JO -.03 27.-.5 
4 l • d 0 t:I • b2 .2d -oU3 34.65 
4':j • 00 d.so • 2'+ -.02 4l.b4 
St>,17 b, HI .22 -.02 4 8 ,99 

5b.l7 

U LO~GIIVOINAL VfLUCITY IN M/5EC 
UkPS kMj OF LUNG. ~ELUCITYFLUCT, IN M/SEC 
P STAIIL PNtSSUk~S IN NI/UM2 
X CO~Nwl~O DISTA~LE FkUM CMESr lN CM 
Z ~~! G~f UP~l~O SURFACE-LEVEL IN CM 
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.oo .49 -.11 

.oo • 40 -.11 
oOU .42 -. 11 
• (JO .44 -. 11 

lo 38 048 •oll 
4o91 lo09 -oll 
7.03 .~3 -009 
1.21 •'+I -,Ot:! 
7,49 .42 -.01 
7.74 • '+c -.o, 
7o63 .39 -.ue:, 
7.81 • '+ l -.os 
bo21 • 38 -oOS 
b.42 • 28 -.o .. 
ti, 62 , 21 -.o .. 
11 o t>U .15 -ou3 



TABLE B.3k. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/4, 
Downwind Slope 1/0, Surface Roughness Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 

0000000•••~•0~••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

x= o.uo X: 2c.':JU 
l u UHMS p z u URMS p 

----------------------------------- -----------------------------------
!:, • 3!:i o.u9 • 69 -.u, • 3 0 .l~ .oi: -.Ob 
!:>. 94 b.JS .ol -.ul 2. !11 .51 •':JI -.oc; 
t,. 5() e, . 7 0 ob4 - • {J 7 2.~() • ':12 • ':,!:, -.uo 
7 • 21:J b. 77 .03 -. u ·1 J.111 • 44 • I U -.Otl 
b.tl9 6.93 .ol -.o~ 3 • J9 1.21 .10 -.oc; 

11.20 ., • 12 .!>9 • • 0,6 3.9b l.b4 • C,,4 -.O<J 
13.25 7.c9 • !:>6 -.u~ 4.44 2.5tl 1.10 -.o.,, 
l 6 • 95 7.36 • !>3 -.us 4.C,,5 J.4J 1.32 ... 09 
20.34 7.53 • !:>5 -.o& 5.42 3. 7c; l. 41 •oOb 
27.67 8.09 ,53 -.us 5 • .,, .. ... 73 l • 4 l -.09 
35.05 d.43 ,46 -.u4 o.bO ':,. t,C,, l,lb -.Ob 
42.45 bob3 ,29 -.OJ 7.4b bo34 ,c,,!:) -.Otl 
49.tl5 o.72 .os -.03 9.Ub bocl4 ,67 1'1'007 
Sb,90 b,76 .c7 -.uJ 11.bO 7.03 ,!:)<; •,Ob 

14.91 7. ~j . ::,::, -.oo 
17 • C,,9 7.Jo • ':,4 -.o:, 
22.44 l,b'+ • !:I l -.o'=> 
2b.U9 7 .1H • !::10 -,04 
35, .. 1 tl , 25 .4 .. •,OJ 
'+2 • ':Jb o • 4b .J4 -.OJ 
49.bJ t,.bc .cJ -.02 
':Jt>.90 bo67 oCb -.oc 

1-= .,::,. OU 
z u URMS p 

---~~ ~~~~----~---------------------.Jo 1.0!:i • "t o -.01 
l.7i: 2.c1 .95 -.01 
2.28 c.s .. l • Utl -.01 
3.13 3.13 l • i:2 -.02 
3.95 J.!:ic l. 4 l ... 02 
4.7'> '+.43 1.39 ... u2 
!:>. 62 4 • uo lo42 -.02 
6.34 ':>. 20 1.31 -.02 
7.99 !:, • 92 1.11 -.02 

1u.2a 6.44 .ti~ -.02 
13.64 6.bo .64 -.02 
17.51 o.98 • t..9 -.02 
21. o~ 7.i:7 • o l -. \:.:. 
21,.24 I ;7 5 • :,3 -.02 
3!:>. 3'/ t!. 2 l .49 -.02 
43.liJ b.'+2 ,36 -.02 
1,c,,. 1; 5 b. l.d .:H -.oc 
St,• 9 U t,. t, 1 .35 -.01 

u LOllou(TUOlNAL V~L(JClrY IN M/SEC 
UHl'S HM:, Ut LO,-..u, VELUCl TYfLUCT • IN M/SEC 
p ST11T IC f'l-l!:.SSlJHt:.S IN NT/Ul'l2 
X DOwN,1 lldJ OISTANCt FHQf,\ CHEST IN CM 
z HEIGHT Al:lOVE Ul"wH,O SUHFACE-LEVEL IN CM 
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TABLE B.31. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/6, 
Downwind Slope 1/0, Surface Roughness Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 

0000000•••••0••••••••••••••••••••••••••••••••••••••••••••••••••••••••000••• 

l(: u.oo X= 22.su 
z u URMS p z u UHMS p 

----------------------------------- -----------------------------------5. 20 b. 21 .o7 -.u, .30 .oo .57 -.01:1 
5.85 b.53 .o3 -.01 1.u5 .ou .::,o -.09 
b.5b bo75 ob4 -.01 1.77 • l-' obb -.O'J 
7.31 bo79 • 71 -.01 2.54 .SJ • 9 l -.u9 
d • 0 0 1.00 .66 -.01 3.21 1.84 1.21 -.09 
9.46 7.05 .b9 -.06 3.95 t.99 1.J, -.09 

11. 61:l 7. 29 • 6 7 -.05 4.38 3.63 1.49 -.O'J 
13.13 -, .40 obit -.os 4.b9 4. l '+ 1.1+1 -.09 
lb. 75 ., • 5 1 obi+ -.os 5.u7 4ob4 l. '+3 -.09 
2u.43 7.d6 .60 -.us 5.40 5.02 1.33 -. o,;, 
2'+.07 d.Ul .oo - • 04 C.>. l 3 5. 9 7 1.15 -. Q',1 
27.71 tl • 16 .b3 - • 04 6.'11 0.12 obd -.0'1 
3:,. 02 d • 5 l • 55 -.03 7.61 7 • u 1 • l/:j -• Ol:I 
4.::.33 El.t,5 o4b -.o3 9.u2 1.10 .ob -.o, 
4 <,, • b 0 tl • tl ',I • J':l -.02 13.39 7.40 ob4 -.oo 
5b.90 9.ou .36 -.02 17.u6 7.b3 obi+ -.Ob 

2U.bb 7. 71 obl -. 05 
27od8 do l:, .59 -.o .. 
35.14 d •bl • '::, 1 -. 03 
42.40 1:1.85 • ,. 1 -.OJ 
49.bb b.93 o4l -. 02 
56. '> 0 9.03 .38 -.02 

)(: '+::l. uu 
2 lJ u~~,s t' 

-----------------------------------• 2 :j l • dtl .06 .02 
.77 2. c t 1.uo • o l 

l.t:l 2.Y5 l.u9 • 0 l 
;: • ::ib 3.39 l • 29 .ou 
3. r,<; 4.33 1.49 .ou 
5.'+c 5 • 30 l • 49 .uo 
7.6<; o • 27 1.u4 .uo 
<,. 91 t,. , <. .-;a -.uo 

13.57 o • '12 • b 7 -.01 
17.14 7. 23 .67 -.oo 
20 0 74 7.ol .o5 -.01 
27.92 do02 • b::, -.01 
35.21) 0 ... 1::1 • ::,4 -.01 
42.4'1 dob9 .45 -.01 
49.<,U [j • dl:i .30 -.oo 
5o.<iu 8 • .,, l .25 -.ou 
5o.ec, tl • o ., .25 . ')() 
So. !-1<; ti. ':I 1 .20 -.uo 
su.e e o.77 • 30 • O l 

u LOriGI JU()INAL Vt.LOCI TY IN M/SEC 
UHl"S ,.,..5 OF Lvr-.G. VELUCl TYFLUCT • IN M/SEC 
p S 111> TIC PRES5URc.S IN NT/UM2 
X [) Q~r-.w JN() 1:· !<:- 1 ~ i'<l(t FHOM Ct-It.ST I rs. CM 
z ~EluHI AdUVE U~wlND SUlff ACE-LEVEL 1"' CM 
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TABLE B.3m. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/4, 
Downwind Slope 1/0, Surfac~Roughness Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 

y: 
l 

5.24 
b • U ] 
"f.l= 
b • ~--10. 00 

l3.b2 
17 .21 
20.83 
24.,40 
2!1.ou 
3~.2b 
4,:. ,.,., 
49.71 
So.9U 

v.oo 
u 

boU2 
o ... s 
b • b 7 
7. v!:> 
7.21 
1.s1 
7ob4 
b.02 
tl • 30 
H.55 
tl.~2 
9.17 
9.3b 
~.3tl 

y: 21.25 
z u 

5.74 
b 0 7'i:. 
e. l t! 
9.Sd 

11. 9 / 
13.22 
lb o l:l5 
2v.53 

2 7. 18 
35.u7 
42.34 
4'1. f; ., 

5o. go 

6 • '+ 7 
b • 'ill 
·1 • l I 
1. 38 
1 ... .,, 
I• 49 
7. 79 
i, • u l 
~ -12 
Ii• 37 
tl.bb 
9.01 
g. ! 9 
9.24 

ob5 
obO 
obb 
• t,6 
.06 
.bl 
.1:12 
.b4 
.64 
,62 
.~4 
.4b 
.37 
• :,5 

.06 
• 6 2 
.59 
obJ 
.bl 
obO 
.co 
• ::,9 
.57 
• 54 
.50 
.41 
.37 
.33 

Y= 15. 00 
z u 

5.50 
b • l '1 
-, • l 0 
8.71 
9.74 

13.43 
17,0l 
20ob4 
24.24 
27.1:ltl 
35.13 
42.41 
4 9 • b ., 
5o.90 

Y= 2;::.so 

5.30 
6.U. 
6o9tl 
7.29 
7.38 
7.bl 
7.b4 
7.94 
8.24 
6.39 
llob4 
9.14 
9.d 
9.32 

z u 
::, • 74 
boc9 
ti. l 1 
i,,. 66 

11 • 8 l 
13.21:! 
lbobS 
2v.52 
24 • 16 
2 7. ; :i 
35,09 
42,3b 
49.65 
56,90 

b,48 
6,',13 
1.20 
7.31 
7.41 
7.~u 
7,77 
1. 'i l 
0, l•7 
L • J • 
8,71 
9.00 
'ii. l 5 
9,.::3 

U LO~ullUOINAL VELUCITY IN M/SEC 
UH~S OF LU~G. VELOCllYFLUCT. I~ M/SEC 
Y LATEHAL UlSIANCE F~OH CtNTEH C~EST IN CM 
Z ~ElGHl AbOV~ UP~lNO SURFACE-LEVEL l~ CM 
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TABLE B.3n. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/4, 
Downwind Slope 1/0, Surface Roughness Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 

y: 
z 

11.00 
u UHMS 

y,. 15.00 
z u UI-IMS 

------------------------- -------------------------!).24 5.bb .t>6 5.24 :,. 77 7b.SO 
b • 61 b.53 .08 5.b6 b.U2 70,:,U 
ti, Ot> b,b3 ,b8 b,31 6.30 7i:..39 
':I. 50 7,04 ,b5 1 ... 5 6.bO 81 • 39 

11. 72 7.31 .61 1:1.10 6.bl 74.31 
13.19 7,34 • b 0 9.63 6.90 b8, 07 
lt>.t!3 "t.b4 .t>3 11 • !:! 7 1.12 69.22 
20,48 7. tl l ,b6 13.29 7.18 68.92 
24.08 8. l 9 ,58 lbe92 1 ... 1:! bU,7!) 
21.13 8,34 • :,6 20,:il 7.59 t>:>.52 
31.41 s ... J ,:,8 24.16 7.74 bl,09 
35.02 tl • b6 • ':, l 27 ,tY+ 8,C5 ~ b .. (; i 
42.32 tl,95 .45 3!) • l O 8 • '+5 41.11 
49.61 'J. 11 .33 42,39 8,76 3b • 4 7 
5b,90 9,14 .31 49.62 8 • ':1 l 23,68 

5t>,90 a.r,,s lt1.57 

y: 30.uo Y= 43.75 
z u URMS l u UI-IMS 

-----~------------------- -------------------------5.24 b.17 ,63 5.23 6.:,3 
:, • 98 b ,b't .59 5,81 7,28 
o,66 6,78 .03 6,49 7,:,8 
7 • 42 b,9':I • !)9 7,23 7,74 
ti. lo 1.03 ,58 7.93 7,73 
9 , 5<; 7. ! 3 . ::, ., <; • 42 8 • 03 

11 • 7 c 1,23 •bl 13,04 !:!,i:4 
13 • 24 7.J5 • :, 7 16.65 8,31:l 
lo.ee 1 • :,9 • :,4 20.29 !:! • :,6 
?u '.:. J 1.12 .. :,4 23,97 o,92 
2 4 • 13 -,.n ,52 27,51 9.17 
21.10 t,. \J 7 ,!JO 34,81 9.55 
3:,, 07 t,." (J ,44 42,04 9.uo 
-'•i:: • 3b tlobb .32 4',, • 32 9,!H 
49. 65 b,b6 .2s 5b.54 9,76 
St>.90 tl • 9 l • .::o 

y: "=> • UO 
z u URMS 

-------------------------5,20 5.97 .65 
:,,73 6 • 61 ,b3 
t· . 43 '> • tl9 •bl 
7.16 !l • i;b .62 
7.91 l,03 .bJ 
9.39 7,25 ,t>5 

11. se ., • 30 ,59 
l J -~ (;S 7.38 .bl 
lt>.69 7.oo • :,9 
20.34 -, • 7 2 ,:,7 
23.99 l:!.lU • :, 7 
27.66 l:l. 30 •::, l 
3<• .CJb ":' :- • 42 
42,27 o,b6 ,28 
4':I. 61 b.91 • i: 0 
5t>,9 u !:! • oO .23 

U LU~G!IUUlN~L VtL UC!TY IN M/SEC 
UM~S U~ LUNbo ~tlUCITYfLUCT. IN M/~EC 
Y LAltHAL UlSTANCt F~UM CtNftH CHtST IN CM 
Z h£ibrll A~OVE u~-1~0 SuHFACE-LEVtL IN CM 
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• 71 
,73 
.68 
,b9 
,64 
• I'.,:, 
.67 
,68 
,btl 
• b'+ 
,62 
,49 
• 42 
.37 
• 36 



TABLE B.3o. Triangular Hill ·Model, Height 5.08 cm, Upwind Slope 1/4, 
Downwind Slope 1/3, Surface Roughness~ Smooth, F'reestream 
Velocity 9. m/sec, Neutral Thermal Stratification 

y: 
7. 

u.uu 
u UHMS 

----------------¾--------
: • 6~ 
7 • Jd 
8.11 
tl • 89 
9.55 

11.74 
13.24 
1 b • H 7 
2u.52 
2'4 • l c, 
27, 77 
3':>. (18 
4c.32 
,..,, _ 60 
5b.90 

Y= cl,25 

b.3U 
1.u3 
7 ,14 
7,37 
7 • <to 
/,75 
7,70 
7.87 
7 ;99 
b.23 
':!, 43 
• , tl 1 
'ii. u3 
.,, • '+5 
9,75 
.,,.89 
9,95 

z u 
5 • 20 
:, • i;c; 
b,bl 
7 • 34 
ll. 14 
<;,55 

13. 21 
lb.et:: 
20.46 
24.12 
27.77 
35,\13 
'•2.3:! 
4',1,63 
5b,'>0 

• 8b 
1.11 
7,95 
7,95 
8. u2 
8,u7 
d, l 6 
tl • 31 
b, • .f>d 
b • 78 
biio bb 
'ht:9 
9,bl 
<;,72 
9,IH 

.75 
• I 0 
. b7 
• 7 l 
• 72 
,71 
,72 
,b5 
,b6 
,b4 
,b9 
• b4 
eb5 
,58 
• '+5 
• 35 
.~d 

URMS 

.20 
,75 
,74 
,b8 
,69 
• t,9 
,bS 
,59 
,bl 
,bl 
,bO 
,52 
,43 
,39 
,37 

Y= l:i.00 
z u 

5,2U 
5.91 
beb<:: 
7,3t: 
8,Ub 
9.52 

11.10 
13,19 
lb,80 
20,44 
24,ll 
27,76 
35,04 
42,3'+ 
4'1. 6u 
':>6,',IU 

l,ul 
7,bl 
7. 71 
7,84 
7,95 
B,uo 
ll • U9 
a.11 
1:1,32 
8.49 
8,b9 
8,',13 
9,34 
9,65 
9,b2 
9 • <; l 

v2 22.so 
z u 

5,20 
5.76 
6,49 
7.23 
7,9b 
9,42 

11,59 
13 • :i. u 
16,71 
20,3'i 
24,04 
21.11 
35,02 
42,30 
4'>1,59 
56,90 

s.uo 
7,90 
7,,1;3 
7. <,,J 

,8.uc 
7,93 
7.98 
D. !. 0 
b,32 
ll,55 
8,61 
8,03 
9.~3 
9,!:> l 
9.10 

, ,9 '- ·77 

U LO l'<G llU(llNAL Vt.LOCITY 1111 M/SEC 
UH~S UF LUhG, VELOClTYFLUCT, lh M/SEC 
Y LATEMAL DISTA~CE F~U~ CEIIITEH CREST I~ CM 
z r[lGhl AcOVE UP~lNU SURFACE-LEVEL lN CM 
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,24 
,b'il 
• b':> 
• 1 .. 
• b 7 
.b7 • 6-, 
eb4 
0 b4 
,b3 
,61 
,b2 

·,53 
,45 
• 3tl 
.34 

,91 
,7b 
,btl 
,6b 
,6b 
,63 
,bl 
,ol 
• blo 
,60 
• b2 
,57 
,49 
,44 
,36 
,36 



TABLE B.3p. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/4, 
Downwind Slope 1/3, Surface Roughness Smooth, Freestream 
Velocity 9. m/sec, Neutral Thermal Stratification 

y: 
z 

5.23 
!:> • 78 
o.4«. 
7.2u 
., , 95 
9.4? 

13.03 
lb,66 
2U.33 
23.97 
27.51 
34.80 
42.10 
4'1.Jc: 
Sb.57 

u.uo 
V 

6.28 
t,,t,7 
b.7d 
7,UO 
1.2u 
1 • 41 
7.71 
7.97 
s.20 
8.47 
~.64 
9.11 
9.44 
'ii. 59 
9.59 

v= Ju.uu 
l U 

!:>. c:3 
:i.7~ 
b. 5 l 
1.c':i 
·,. <; :i 
9.37 

13.04 
}c,.1,e 
2U.3l 
23.91 
27.S4 
34 • 7 7 
4i:'..O!:> 
49.JU 
5o.ss 

Y= 4:i.uu 

ti• 13 
i • 2 l 
1 • 34 
1 • 5b 
I• 65 
l. I 4 
u.ub 
o.ue 
o. l'.6 
b.57 
Ii. b2 
9 • 21 
9,59 
9,b9 
'il.65 

L lJ 

!, • 23 
5.77 
b • 5<+ 
I• 2 u 
7.99 
9 • 3c; 

13.02 
H,.64 
2u.29 
2.j, H<; 
27,57 
34.03 
42, •Jb 
49. JI 
So. •,<; 

·, • 53 
·1 • tl l 
7.91 
7, 90 
7.9::i 
1 • 89 
b.13 
tloi::'.6 
8,55 
8.b2 
b.99 
9.43 
9. ·11 
9.14 

URMS 

• t,9 
.02 
,69 
,t,9 
.10 
.08 
• t>2 
,64 
,t,6 
.oo 
.o4 
.54 
.39 
.;:4 
• .::o 

UHMS 

.06 

.b2 

.69 

.os 
,66 
• t,J 
.02 
• o l 
• o l 
• C, u 
.59 
.49 
• 3b 
,32 
.30 

• 7 l 
.11 
• b 7 
• 11 
• ·12 
.69 
• t>6 
,b6 
.os 
.o4 
.59 
.49 
• .$9 
.32 
.JO 

Y= 15,00 
z u 

5.23 
5,80 
6.47 
7,24 
7,99 
9.41 

13.04 
lb.64 
20.30 
23.95 
27.52 
34.7d 
42.oe 
49.27 
~o,bO 

Y= 4].75 

6.52 
b.94 
1.02 
7. l'.6 
7,43 
7.o9 

8.18 
8.39 
8,60 
8,74 
9.20 
9e48 
9.66 
9,03 

z u 

5,23 
~.i:!U 
o.47 
7,24 
7.99 
9.44 

l3oU7 
16.63 
20.Jl 
23.94 
'i; "/ .:i6 
34 • 1 ·1 
4 C: • 1 0 
49,2d 
Sb.t>l 

7.51 
7.02 
7 • d4 
a.uo 
s.01 
tl,12 
ti. J,.. 
8.J9 
8.50 
ti od l 
9.uo 
9.45 
9.13 
9,74 
9,67 

U LUM,! IUlJ!NIIL Vt.LUC I TY IN M/::.EC 
UM~S HM~ U~ LONG, VELUCITYFLUCT, IN M/SEC 
Y Lult~AL UlSIANCE FkOM CENTEK l~EST IN CM 
Z ~t lG~I A~UVE U~~lNU Sl.J~FACE-LEVEL lN CM 
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URMS 

.67 

.65 

.bb 
,t,t, 
obb 
,t,4 
.64 
.sc,1 
.62 
.61 
.59 
.4':I 
... u 
• 28 
.23 

.69 
• 71 
• ·11 
.69 
,70 
.69 
.67 
.6t; 
• 6i:'. 
.bU 
o5d 
.s2 
,31 
.Jo 
.32 



TABLE B.3q. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/4, 
Downwind Slope 1. 0, Surface Roughness Smooth, Frees•tream 
Velocity 3. m/sec, Stable Thermal Stratification 

X: i), 1)0 x= 22.so 
Z T U Z T 

--------------------~----~.3t! 1s.u 1.11 
5,97 15,5 l,dO 
b.58 
7.29 
t!.35 
9,50 

13,lb 
lt>,78 
20,3~ 
24,06 
27.72 
3':>. 02 
42 • 3.: 
49. 61 
So,90 

1::,. 5 
n.o 
lt!,O 
19. (j 
21.u 
22,5 
23,5 
24.0 
2'+, 5 
2S • 2 
25 • 7 
20.c 
.co,!:, 

x= .. ::i,oo 
Z T 

i.. 21 
l. 34 
2.14 
3,35 
'+, 0 7 
<+.bu 
4.9b 
5,34 
':> .:n 
::, • 7 2 
o, 71 
b • 12 
7,91 
b • 7 ll 
9,91 

12.10 
15. l.5 
19,19 
24,27 
31.51 
41,03 
49,67 
5o,90 

12.2 
13,5 
l'+,<, 
l'+, 5 
15. O 
15,5 
15,5 
15,5 
15.5 
1 !:, , 7 
l d, 0 
17,5 
19,U 
l~.5 
20.0 
21.0 
22,t> 
23.5 
24,5 
25,5 
25,7 
cb,O 
26,5 

i.. /6 
1,90 
2,Ub 
l,98 
2,u6 
2d2 
2. :;o 
2,46 
2,56 
2,72 
2,75 
2,91 
2.~o 

u 

• lio 
.uo 
.uo 
.oo 
.oo 
.uo 

1.10 
1.10 

,60 
l,UO 
1,50 
1,50 
l,18 
l,bl 
l,c,J 
1,92 
2. t,~, 
;: • iJ',; 
2,28 
2,37 
2,53 
2,59 

· 2,69 

• JU 
2,09 
4 • 12 
4.63 
5,35 
5,73 
b,07 
ti. in 
6,43 
7,15 
7,54 
7. l!t! 
b • bU 
9,36 

13,3.: 
H,,91:! 
20,b'+ 
27,84 
35,10 
42 ,3!, 
,.._. o 2 
56,90 

T Tf,..PEt-<ATlJk':: IN OtGHEE5 CE.LCIUS 
U LOnijJlu DiNAL ~tLUCIIY IN M/SEC 
X COkNwlND Ul5TA~CE FHOM CHEST I~ CM 

3,U 
10,7 
13,2 
14 .2 
14 • !> 
15,5 
16,U 
17.u 
lb,5 
17,5 
10.u 
11!, 5 
19,0 
19,!:, 
21.u 
23,0 
24,U 
25,U 
26,0 
2b,5 
27,u 
27,5 

Z ~EltiHI AbUVE U~wlNU SUHFACE-LEVEL lN CM 
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u 

, 1) 0 
.oo 
, 5 0 
, 40 
,b6 

l • 1 I! 
1,-19 
l ,65 
1,51 
1,59 
l,8t> 
l • 77 
2.00 
l , !lo 
1,1.l"/ 
2,14 
2,20 
2.44 
2, 4 I 
2,69 
2.t>9 
2,70 



TABLE B.3r. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/4, 
Downwind Slope 1.0, Surface Roughness Smooth, Freestream 
Velocity 6. m/sec, Stable Thermal Stratification 

oo•o•oo•••••••••••••••••••••••••••••••••••••••••••••••• 

:ir.= 
z 

u.oo x= 22.so 
T u Z T 

S.31:! 
S.8u 
o.52 
1.20 
M.35 
9.44 

13. 01:! 
u,.1s 
20.39 
24.02 
27. otJ 

42.2b 
4'i.5C, 
Sb.90 

19.u 
19.5 
20 .s 
21.0 
22 .s 
23.o 
2'+.S 
cS.5 
2bo0 
2b.5 
21.0 
"27. (i 
27.:, 
ctl. o 
21:1.~ 

:ir.= 4'::>.0•J 
Z T 

.3v 
• bl• 

1.35 
<: • (Jb 
3. Ii; 
3. S'+ 
3.90 
'+ • 30 
'+.b6 
5.34 
b.76 
b.22 
9 • bt, 

U.2t 
lb.,:;,; 
2u. 4, 
2'+ • Ot! 
27 0 b', 
3 ... -; l 
42.13 
49.Je 
Sb 0 55 

12. "> 
l'+od 
l tl. 0 
19.U 
l 9 • J 
19.7 
2u.u 
2v.2 
20.3 
21.0 
21.e 
22.4 
23.3 
2 ... !:, 
2s.2 
26.l 
21.u 
n.2 
21.0 
2d. U 
21:1. 2 
2tl.S 

3 • '+ 7 
J.os 
3. t1 l 
4.0'+ 
'+ • 14 
4.27 
4.30 
4ob0 
4.7b 
4.1:17 
5.05 
So2d 
s ... u 
So32 
5.42 

u 

.uo 

.oo 

.oo 
092 

1.73 
l • b8 
co ltl 
2. '+2 
2.31 
2.72 
3.31 
3.7U 
3. <,2 
4. l 0 
4 .29 
... ss 
'+ • 71 
'+ • c,, l 
s.21 
:i.33 
:, ... 0 
5.42 

.Jo 
ob2 

1.34 
2.08 
3.lb 
3.52 
3o89 
4ob4 
4.25 
4o99 

6 • 7 ':i 
7.49 
9obd 

13.25 
lborib 
20.47 
24.10 
27eb9 
34.91 
'+2.13 
49.35 
!'ibo54 

T Tf~PE~ATUNt IN OEGA£ES CELCIUS 
U LU~Gliu~INAL V~L~CITY IN H/S~C 
X co~~wl~U DISTA~Cf FMOM CHEST IN CM 

7.0 
13.0 
14.5 
1s.s 
H,.o 
lboO 
11.0 
11.0 
11.0 
1a.o 
11,.0 
20 • 0 
21.0 
23.o 
2<11 .o 
2s.u 
2s.s 
2b.u 
2bo:> 
21.0 
27.5 
2&.o 
28.5 

z ~tlGHT AbOVt u~~lNU SuHFACE-LEVEL lN CM 
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• 00 
.oo 
.oo 
• Oil 
.oo 
.oo 
.oo 
.b2 

1.11 
2.1~ 
t.51 
3.62 
'+ • o l 
4.22 
4.42 
... &o 
'+. tj' 
!:>.02 
5.09 
!:i.14 
s.32 
S.'+2 
:i.JJ 



TABLE B.3s. Traingular Hill Model, Height 5.08 cm, Upwind Slope 1/4, 
Downwind Slope 1/0, Surface Roughness Smooth, Freestream 
Velocity 3. m/sec, Stable Thermal Stratification 

~90~~~00~00000000000•0•0••····························· 
'I'= 
z 

v • l/U Y= 15.00 
u Z T 

-------------------------5. l 0 
5.HO 
b.57 
7.28 
1:1.03 
'1.47 

13.08 
lo.67 
2U.33 
23.95 
2"1.54 
34 •Al 
42.08 
49 .Jll 
So.56 

5.20 
5. ~-. 
6.6~ 
7. 34 
c,. v 9 
9.50 

Li.15 
lo.74 
20.3:; 
23.99 
27.61 
34.86 
42.08 
49.31 
So.55 

21.u 
21.s 
21. '+ 
21 •. , 
2 1 • 8 
22 • l 
23.0 
24 .5. 
25.3 
2bo0 
26 •:, 
2 7 • ll 
27. !:> 
27.9 
28.u 

16. 0 
lc.:.5 
u.s 
1 t,. 4 
19.3 
20.J 
21.9 
23. 3 
24. l 
25.u 
25.5 
2bo3 
26.8 
?.6.9 
27.2 

1.07 
1.58 
1.04 
1. o2 
l.b4 
l • ti 0 
l.b2 
l • 92 
2.03 
2.16 
2.20 
2.13 
2.40 
2.56 
2.39 

u 

1.33 
J.. 49 
1.42 
1.49 
1.05 
l. :+3 
l • b4 
1.73 
2.u2 
2.u2 
2.09 
2.19 
2.26 
2.J8 
2o48 

s.10 
5.84 
b o 51 
7,23 
7.99 
9o44 

13.06 
lb.67 
20.32 
23.92 
27.52 
34.IH 
420 UB 
49.2S 
Sb.54 

T TE~~EHATu~E IN uEGRttS CtLCiuS 
U LO~~lTUulNAL VELUClfY IN M/SEC 
X no~~~INU DlSTA~Ct FROM CkEST IN CM 

20.0 
19.9 
2u.3 
21.0 
21.3 
21 • 9 
23.o 
24oU 
25.o 
25.7 
20.u 
26.8 
21.2 
27.S 
i!.7. 7 

Z ~El~hi MnUVE Ur~lNO Su~FACE-LEVEL IN CM 
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l.Jb 
l.63 
1.sc;, 
1.11 
1.54 
1.58 
l • 59 
1.10 
1.79 
2.01 
2.02 
2.11 
2. 28 
2.22 
2.42 



TABLE B. J t. Triangular Hill Model, Height 5.08 cm, Upwind Slope 1/4, 
Downwind Slope 1/0, Surface Roughness Smooth, Freestream 
Velocity 6. m/sec, Stable Thermal Stratification 

Y= 
z 

o.oo Y= 15.00 
T u Z T 

-------------------------5.2U 
5.95 
b.63 
7.38 
8.09 
9.55 

13. l '+ 
H,.&2 
20.3b 
2'+. O l 
27.61 
3'+,1'17 
'+2. 12 
4',I • 31 
56,54 

19,5 
2u.u 
21. 3 
a.o 
22.9 
23.7 
2'+.',I 
20.u 
21.u 
27.l 
27,6 
ctl.U 
2t!. '+ 
20.',I 
21:!.b 

Y= 2i::,5U 
2 T 

5.20 
5. 95 
0 0 64 
7. 34 
c, '; 7 
9.56 

1 3. 1 ::i 
lo.7e 
2u." l 
2". u l 
27.63 
34,87 
42.11 
49.3U 

i::2.9 
23.u 
2 .j • l 
23.4 , .., , __ , . 
~ I~• U 
25. 1 
,:::::, • b 
ce.1 
26.d 
i::b.8 
27.4 
27,8 
2d.U 
26,! 

3. us 
.Job4 
3ob4 
3obl 
3.t,O 
3.<;7 
J.20 
4o32 
4.51 
4 • -, 3 
'+o92 
5.ua 
5,i:::6 
lj,39 
s.:n 

u 

3,<,4 
4.ll 
4,u9 
4,U9 
4. ! 
4 • ii. l 
4 • ic.2 
4 • 53 

4ot!5 
4.99 
5 • 21 
5,36 
5.34 
5.32 

s.21 
5.95 
bobS 
7,35 
8.08 
9.51 

13.13 
lbo 77 
20.37 
24 • 00 
27,o3 
34.88 
40.64 
49.34 
56.54 

T TE~PE~ATUHE IN U~GREES CtLClUS 
u 1.ur,GITUlJlNAL VE.LvCllY IN M/SEC 
X oo~N~lNO DISTANCE FROM CREST I N CM 

22.s 
23.u 
23.5 
23.7 
24.U 
24.3 
25. l 
25.9 
26. l 
26,9 
27.} 
27,b 
21.a 
28,0 
2e.5 

Z ~flGMI At!OVE UPwl~U SURF~CE-L~VEL IN CM 
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3.08 
::s.78 
3.9'+ 
3,c;,7 
4.12 
4oltl 
4o3b 
4.54 
4.77 
408!:l 
s.ou 
5.22 
5.30 
5.27 
5o2b 
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APPENDIX C CONTOUR PLOTTING PROCEDURES 

When measuring flow characteristics there is always some deviation from 
the true value. The error is partly random and partly systematic. Systemati c 
errors are usually caused by inaccurate calibration data. Typical,ly random 
errors are cc used by the "drift" of the measuring system and by insufficient 
t i me-averaging. Least-square curve-fitting techniques may be used to reduce 
the degree of ~andom error provided there is sufficient data available. Thi s 
appendix describes the procedures developed to interpolate and smooth the da t a 
in order that accurate contour plots of the measured quantity could be 
gener at ed. 

C.l GENERAL PROCEDURE 

A spatial domain was selected for which contour plots are to be 
genera~ed. The domain was defined by the upwind distance from the crest, D, u 
the dpwnwind distance, Dd, and the top, H. Additional consideration was 
given to horizontal interpolation of data close to the surface of irregular 
terrain by performing a transformation of the vertical coordinates for the 
measured data points. The following transformation. was used: 

where ·z s 

H 
z = H-z (z-zs), 

s 

represents the local surface elevation. 

(C.l) 

Subsequently each vertical 
profile-. was smoothed and , interpolated by a least-squares fit using cubic 
spline functions. The computer subroutine used for the data-fitting is part 
of the Tubesna Library (IMSL) and is named ICSSCU. 

T.he algorithm of ICSSCU was developed by Reinsch (1967). The formulat i on 
is as~fnllows. Let zi, qi, (i = l, . . . ,Nk) be the transformed- vertical coor-
din~~~&. and corresponding measured magnitudes respectively, where Nk is the 
number of data points of data profile k. A smoothing function gk(z) is con-
structed which minimizes the integral 

ZN 
J kg" (z) dz k 
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such that 

(C.3) 

The constants S > 0 and dy. > 0 (i = 1, ... ,Nk) are numbers to be 
l. -

specified. The function gk(z) is taken as a third degree polynomial. The 
constant s allows for an implicit rescaling of the quantities dy. and is 

l. 
introquced only for convenience. The constants dy . control locally the 

l. 
extent of the smoothing. Choosing S equal to zero leads to interpolation by 
cubic spline functions. Some difficulty was encountered in applying this 
technique to the vertical data profiles. These problems and the subsequent 
program modifications will be discussed in Section C.2. 

Once the spline functions gk(z), (k = l, . . . ,N ), (N is the number of 
- p p 

data profiles) were specified values gk(zj), (j = l, ... ,N
2

) were evaluated. 
N z is the number of intervals in the z-direction and 

Z = j_ H . N 
J z 

(C.4) 

The same procedure as that applied to 
determine cubic spline functions h.(x), 

J 
tions were specified such that the points 

the data profiles was then used to 
(j = 1, ... ,N ) . These spline func-z 

x., g. (z . ) were smoothed and in-
1. l. J 

terpolated accurately. Once a 
(i = O, ... ,Nx), (j = O, ... ,N2) 
vals in the x-direction and 

satisfactory fit was obtained values h. (x.), 
J l. 

were calculated. (N is the number of inter-
X 

(C.5) 

Given now a uniform grid of data values in the x-z system, two-
dimensional arrays (x., z.)., (i = 1, ... ,N ) , (j = 1, ... ,N ) containing the . lh l. J s C 
coordinates of the J contour line were generated using subroutine CALCNT. 
This program was a linear contour routine in the Fortran Library available at 
the ColQrado State University Computer Center. (Ns is the array dimension, 
and N is the number of contour lines to be plotted.) Prior to plotting the 

C 

contour lines a back transformation was applied such that 
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H-z 
s -(x. ,z . ). = (x . , z + -H- (z.)) . 

l lJ l S l J 
(C.6) 

A flowchart summarizing the procedure is presented in Figure C.1. 

C.2 MODIFICATIONS 

a) Vertical Velocity Profiles 

The magnitude of the velocity changes drastically close to the surface 
and in the wake-main flow interface. These regions required the following 
special attention in the data-reduction procedure. 

Surface region: The vertical coordinates z were transformed to a 
logarithmic scale; thus the data to be smoothed was more or less equally 
spaced in the transformed space. 

Wake interface region: Smoothing of a vertical profile through a wake 
using the procedure described above results in an oscillating interpolating 
function ,. This results because at the wake-main flow interface large second 
derivatives, g" (z) are calculated. A rotation of the coordinates (velocity 
and elevation) eliminates this undesired phenomenon. 

Consistency of the velocity data is improved by including the option to 
multiply the velocity interpolating function by a factor such that at z = 10 h 
the resulting streamline is horizontal. The adjustment was made if the varia-
tion in velocities generated at that height ~orresponded closely with measure-
ments obtatned from a horizontal traverse at that elevation. 

b) Static Pressure and Turbulence Intensity Profiles 

Lar,ge second derivatives were calculated by curve-fitting the turbulence 
intensity profiles using subroutine ICSSCU. Relatively large errors in the 
original static pressure measurements did not justify the use of a sophisti-
cated curve-fitting procedure. Adequate data fitting of turbulence intensity 
and static pressure profiles were provided by simple linear interpolation. 
This procedure was followed only for the vertical data profiles. 

154 



1--v, 
V, 

Specif i cation of the top-
boundary hei ght of the I "'I 
contour plot 

Readings converted to meaningful 
phys ical quantities. Data 
s tored on Fil e I 

read File I 

z-coordinates of each datapoint 
are tra ns formed to z by equa-
tion (C. l). Poi nts of each 
vertical data profile are 
curve-fitted using cubic spline 
function s . 

read Fi le I 

Specifications of parameters, 
dyi' for l ocal smoothing 

Specifications of upwind and 
downwi nd boundary of contour 
plot as well as numbers of 
intervals in x and z 
direction (Du, Dd' Nx, NZ) 

not ok 

Spline functions, gk, and verti-
cal data profiles are output on 
hard copy plotter 

Check on data-fitting 

ok 

Coefficients of spl ine functions 
for each data profile are 
stored on File II 

read File II 

Calculation of data, gk(z·), 
at equally spaced intervals in 

t----1 the vert i ca 1. Points at each 
elevation are curve-fitted using 
cubic spline functions 

read File II 

Specification of parameter, dy . , 
for local smoothing 1 

FIGURE C.1. Flow Chart of Contour Plotting Procedure 

Spline functions, hj , and hori-
zontal data profiles are output 
on a hard copy plotter for 
every fifth elevati on 

Check on data-fitting 
not ok '--------....--------' 

ok 

Unifonn grid of data values is 
stored on File Ill. Contour 
plots are generated 
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TABLE D.l. Locator Table of Contour Plots 

Figure numbers of contour Elots 
CASE Phase h/L u(l0h) Longitudinal 

(m/sec) velocity Static pressure 

1 II 1/2 9.1 D. la D.2a 

2 I 1/2 15 . 2 D. lb D.2b 

3 I 1/3 9 . 1 D. lc D.2c 

4 I 1/3 15 . 2 D. ld D.2d 

5 II 1/4 9.1 D. le D.2e 

6 I 1/4 15.2 D. lf D.2f 

7 II 1/6 9.1 D. lg D.2g 

8 I 1/6 15.2 D. lh D.2h 

9 II 1/20 9.1 D. li D. 2i 

10 I l/4(sine) 9.1 D. lj D. 2j 

11 I l/4(sine) 15.2 D. lk D.2k 

12 I 3/16(sine) 9.1 D. 11 D.21 

13 I 3/16(sine) 15 . 2 D. lm D. 2m 

14 II(rough) 1/4 9.1 D. ln D.2n 

157 



FIGURED . la. Contours of Hean Longitudinal Veloc i ties over 
Triangular ridge h/L = 1/2. Contour Interval 
au/u(l0h) = 0.05 
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FIGURED.lb. Contours of Mean Longitudinal Velocities over 
Triangular Ridge h/L = 1/2. Contour Interval 
~u/u(l0h) = 0.05 
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FIGURE D.lc. Contours of Mean Longitudinal Velocities over 
Triangular Ridge h/L = 1/3. Contour Interval 
tm/u(l0h) = 0. 05 
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FIGURE D.ld. Contours of Mean Longitudinal Velocities over 
Triangular Ridge h/L = 1/3. Contour Interval 
~u/u(l0h) = 0.05 
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FIGURED.le. Contours of Mean Longitudinal Velocities over 
Triangular Ridge h/L = 1/4. Contour Interval 
~u/u(l0h) = 0.05 
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FIGURE D.lf. Contours of Mean Longitudinal Velocities over 
Tr iangular Ridge h/ 1 = 1/4. Contour Interva l 
6u/u(l0h) = 0.05 
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FIGURED.lg. Contours of Mean Longitudinal Velocities over 
Triangular Ridge h/L = 1/6. Contour Interval 
~u/u(l0h) = 0.05 
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FIGURE D.lh. Contours of Mean Longitudinal Velocities over 
Triangular Ridge h/L = 1/6. Contour Interval 
~u/u(l0h) = 0.05 
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FIGURE D.li. Contours of Mean Longitudinal Velocities over 
Triangular Ridge h/L = 1/20. Contour Interval 
~u/u(l0h) = 0.05 
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FIGURE D.lj. Contours of Mean Longitudinal Velocities over 
Sinusoidal Ridge h/L = 1/4. Contour Interval 
Llu/u(l0h) = 0.05 
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FIGURE D.lk. Contours of Mean Longitudinal Velocities over 
Sinusoidal Ridge h/L = 1/4. Contour Interval 
L'lu/u(l0h) = 0.05 
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FIGURE D.11. Contours of Hean Longitudinal Velocities over 
Sinusoidal Ridge h/L = 3/16. Contour Interval 
~u/u(l0h) = 0.05 
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FIGURE D.lm. Contours of Mean Longitudinal Velocities over 
Sinusoidal Ridge h/L = 3/16. Contour Interval 
Liu/u(l0h) = 0. 05 
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FIGURE D.ln. Contours of Mean Longitudinal Velocities over 
Sinusoidal Ridge h/L = 1/14. Contour Interval 
~u/u(l0h) = 0.05 
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FIGURE D. 2a Contours of Static Pressue over Triangular 
Ridge h/L = 1/2. Contour interval ~C = 0.24 p 
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FIGURE D.2b Contours of Static Pressue over Triangular 
Ridge h/L = 1/2. Contour interval ~C = 0.26 p 
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FIGURE D.2c Contours of Static Pressue over Triangular 
Ridge h/L = 1/3. Contour interval ~C = 0.23 p 
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FIGURE D.2d Contours of Static Pressue over Triangular 
Ridge h/L = 1/3. Contour interval ~C = 0.24 p 
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FIGURE D.2e Contours of Static Pressue over Triangular 
Ridge h/L = 1/4. Contour interval ~C = 0.36 p 
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FIGURE D.2f Contours of Static Pressue over Triangular 
Ridge h/L = 1/4. Contour interval ~C = 0.61 p 
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FIGURE D.2g Contours of Static Pressue over Triangular 
Ridge h/L = 1/6. Contour interval ~C = 0.26 p 
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FIGURE D.2h Contours of Static Pressue over Triangular 
Ridge h/L = 1/6. Contour interval ~C = 0.28 p 
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FIGURE D. 2i Contours of Static Pressue over Triangular 
Ridge h/L = 1/20. Contour interval ~C = 0.015 p 
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FIGURE D.2j Contours of Static Pressue over Triangular 
Ridge h/L = 1/4. Contour interval ~C = .041 p 
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FIGURE D.2k Contours of Static Pressue over Triangular 
Ridge h/L = 3/16. Contour interval ~C = .031 p 
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FIGURE D.21 Contours of Static Pressue over Triangular 
Ridge h/L = 1/4. Contour interval ~C = .037 p 

183 



FIGURE D.2m Contours of Static Pressue over Triangular 
Ridge h/L = 3/16. Contour interval ~C = .033 p 
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FIGURE D. 2n Contours of Static Pressue over Triangular 
Ridge h/L = 1/4. Contour interval ~C = .021 p 
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APPENDIX E CONSTR [ANTS OF WIND CHARACTERISTICS OVER RIDGES 
ON MATHEMATICAL PREDICTION PROCEDURES 

E.O INTRODUCTION 

The governing equations of fluid motion are given by a set of n6nlinear 
partial differential equations containing unknown Reynolds stress gradient 
terms. Approximations for the Reynolds stress gradients are required to 
complete the formulation. Usually numerical techniques are employed to solve 
for the fluid motion over a ridge. Some analytical solutions have been 
obtained by applying pert urbation techniques which linearize the equations 
once higher order terms of small quantities are neglected. None of the exist-
ing numerical or analytical models accurately predict the flow field resulting 
from the interaction between main and a separated flow . Nonetheless, semi-
analytical models have been developed that include flow separation. 

This appendix reviews mathematical models that have been developed 
specifically to predict the flow over simple-shaped topography. A discussion 
of the most common closure assumptions is given in Section E.1 and applies to 
the models reviewed here . The purpose of this chapter is to evaluate the 
physical implications of analytical and numerical results and to investigate 
the applicability of the models to WECS site selection. 

E.1 IMPLICATIONS OF FLOW PHYSICS IN SELECTION OF NUMERICAL CLOSURE MODELS 

The ·effect of turbulence on the mean velocities over the crest of hills 
is in many cases not significant because of the large inertia and pressure 
gradienr:-s. Downwind of a hill, however, those gradients may become of the 
same order as the Reynolds stress gradients. If the effects of turbulence on 
the mean flo_w are to be included, or if values of Reynolds stresses are 
desired, a turbulence closure model must be selected. 

E.2 LINEAR MODELS 

Most attempts to predict the velocity distributions over surface 
undulations have used numerical techniques. An exception is the analytical 
solution of the equations of motion carried out by Jackson and Hunt (1975). 
Application of their results is limited to cases involving small velocity 
perturbations. 
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Only occasionally have the more sophisticated closure models been applied 
to flow over hills (Yamada, 1978) . Usually mixing-length or turbulence 
kinetic energy models are selected on the basis of their simplicity rather 
than on the basis of their representation of the turbulence. In this section 
limitations are proposed for a few of the closure models most frequently used 
in numerical models for flow over hills. For an extensive discussion on a 
large variety of closure models the reader is referred to books such as 
Bradshaw (1976) or Launder and Spalding (1972). 

Many closure models are based on the eddy viscosity concept. The most 
popular version is the "mixing length" formula: 

1:~1 (E .1) 

where 1 is the mixing length. The formula is utilized when the boundary 
layer is considered as a two-layer region, consisting of an inner and outer 
region. The middle region has to vanish since curvature and history effects 
are excluded by this model. Typically the model may be applied if 

and if 

h~ < 0 . 01 
L 

~ 0 < 0.01 

(see condition for outer region, Section 2.1). 
Bradshaw (1969) extended the mixing-length model by taking into account 

the streamline-curvature effects on the Reynolds shear stresses. An algebraic 
analogy was drawn between the meteorological buoyancy parameter, the 
Richardson numbe r , and the parameters describing the effects of streamline 
curvature. The analogy proved to be a good first approximation as long as 
history effects on the turbulence structure were negligible. The effect of 
curvature on the apparent mixing length was shown to be appreciable if the 
shear-layer thi ckness exceeded roughly 1/300 of the radius of curvature. This , 
result can be applied to flow over hills if y defined in Equation (2.4) is 
the dominant extra rate of strain ratio . Supposing that the magnitude of the 
streamline curvature close to the surface extends to a height of ½ L then 
curvature effects would become significant if 
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.! L > I 12 > 2 if .! L < 6 2 300 h or L 300 2 

I L2 (E. 2) 
ho I if I 0 > 300 7i or 
12 > 300 2 L > 6. 

There is some overlap with the closure model discussed previous,ly. The 
curvature effect only develops after the stress-bearing eddies have adjusted 
to the extra strain rate; therefore, for hills with L < 6 streamline-
curvature effects are exaggerated if Bradshaw's analogy is followed closely. 

The eddy viscosity models described above cannot be applied to hill forms 
if history effects become important; nonetheless, several authors have used 
these models to make hill flow calculations. The turbulence kinetic energy 
equation may be used to include history effects (e.g., Townsend, 1972, Taylor 
and Gent, 1974). The equation is then given by 

where 

a!g2 a12 
2 - i4 - au a 12 -

u + w az + uw oz+ oz (iq w + pw) + e = o, (E. 3) 

12 
i4 is the total kinetic energy of the turbulence. The first two 

terms represent advection of turbulence kinetic energy, the third and fifth 
terms represent respectively turbulence production and dissipation, and the 
fourth term is the lateral transport of turbulent kinetic energy by diffusion. · 

To use Equation (2. 28) as a closure, various unknown terms must be 
approximat:ed. Townsend (1961) pointed out that turbulent flow attains a 
condition of structural similarity after prolonged unidirectional shear. If 
this is true, the local motion is determined by 

(E.4) 

and 

2 -uw = al q 

where a1 is constant and Le is a length scale proportional to the distance 
from the surface, at least in the region close to the wall. The diffusion may 
be approximated by 

189 



(E.5) 

where a2 is a constant. 
This closure model has been applied quite successfully for a variety of 

flow cases. Most notable is the work of Bradshaw, Ferris, and Atwell (1967), 
who developed a numerical model to calculate the boundary-layer development. 
This model is based on the solution of a hyperbolic system of equations by the 
method of characteristics; boundary-layer approximations are an essential 
requirement, since this makes the set of equations hyperbolic. 

Unfortunately, although history effects and diffusion of turbulent energy 
are taken into account, important turbulence production terms have been 
neglected. This is illustrated by considering the turbulence production terms 
in the· full two-dimensional turbulence kinetic energy equation. This equation 
is 

! (- al + - aq
2

) - au aw + u2 au + w2 aw 2 u ax w az uw oz+ uw ax ax az 

+~ oz ( 21 T -) a (12 -) q w + pw + ax 2°4 u + pu + e = 0 

The four turbulence production terms are 

2 au 2 aw au aw 
-u ax ' -w oz ' -uw oz ' -uw ax 

By continuity the sum of the first two terms may be written 

(E. 6) 

(E. 7) 

(E. 8) 

If this term is positive, turbulence production increases. Flow approaching 

h au t e crest accelerates, thus > 0. The difference in turbulence intensities 
I OX 

of the vertical and horizontal component changes due to the distortion of the 
turbulence structure by the mean flow. A qualitative discussion on the 
distortion of turbulence over the hill is presented in Section 5.6. For now, 
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experimental evidence is applied to pursue this discussion. Data presented by 

Rider and Sandborn (1977a) shows that 2 w increases towa1ds the crest whereas 
2 2 2 u decreases. Since the up-stream values of w - u are negative, the 

turbulence production due to those terms is negative but increases slightly 
I 

towards the crest. Measurements of intensities over hills with h/L = 0.25, 
0.33, 

2 2 w - u 

2 u 

and 0.5 and L/6 = 0.6, 0.4, and 0.3, respectively, show that 

< -1 at the foot, and that this ratio is less than -0.5 at the crest. 

Thus the effect of the first two terms on the turbulence production is 
negative, implying that turbulence kinetic energy is transferred to the mean 
flow . 

. Apparently the neglect 
ou cannot be justified if ox 

of these terms in the turbulence energy equation 

0 [~uz]. Th f h . . . = 
0 

e sumo t e two remaining terms is 

. (E. 9) 

As was pointed out in Section 2.2, the vorticity remains almost the same along 
a streamline. (Changes in vorticity of 5-10 peccent do not invalidate the 
following arguments.) Thus 

[au+ aw1 oz oz ljJ=tjJ 
1 

au 
N [~] 

oz ljJ=tjJ 
1 

(E .10) 

This equation shows that any change in au oz along a streamline is accompanied 

by an almost equal change in Data presented by Rider and Sandborn 

(1977a) shows that the magnitude of au ox changes by its own magnitude. 

Therefore, it may be concluded that in general the omission of the new term 

- aw -uw ox in the turbulence kinetic energy equation cannot be justified. 

One of the requirements for the approximation of Equations (2.29) and 
(2 . 30) is that the flow has to be strained by a unidirectional shear. As 
explained above, this is not generally the case in flow over hills. 
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All objectives against the use of this version of the turbulence kinetic 
energy closure model vanish if the distortion of the mean flow is very small, 

namely if aw aii . axlaz << 1, thus if h L « 1. 

The approach of their analysis was briefly mentioned in Section 2.3. The 
flow field over a hill is divided into two regions: an inner region close to 
the surface of the hill and an outer region, where a variation in the surface 
stress has no immediate effect on the flow. Reynolds stress gradients in the 
outer region are assumed to be negligibly small; hence the perturbed velocity 
field induces perturbation pressures governed by an inviscid flow model. It 
is assumed that the inner layer thickness is much less than the characteristic 
length of the hill. The pressure distribution along streamlines in the inner 
region are matched to the pressure distribution in the lowest part of the 
outer region. In the inner region, the Reynolds stress gradient may become as 
large as the pressure gradients. Indeed, the inner layer thickness is defined 
to include that zone where the order of magnitude of the Reynolds stress 
gradient is as large as the pressure gradient. 

The solution is obtained by introducing Prandtl' s mixing-length 
hypothesis as a turbulence closure. Velocities are matched asymptotically, in 
the inner layer as 

z/Q • oo 

where z is the vertical coordinate in the inner layer and Q is the inner-
layer thickness, and the outer layer as 

z/L • O 

where L is the characteristic length scale of the hill. 
The essential limitations to the general applicability of the Jackson and 

Hunt relations are associated with the linearization of the equations of 
motion. They argue that their assumptions allow a consistent use of the 
mixing-length hypothesis and that curvature effects on the turbulence 
structure are negligible. The basic condi tion to be satisfied is 

Q k log -
h zo 
L « 2 L log -z 

0 

where z is the equivalent surface roughness length. 
0 

192 

(E. 11) 



The expression for Q arises from the condition that Reynolds -stress 
gradients are of the same order of magnitude as the pressure gradients in the 
inner region, namely 

z 
0 

hence a limiting expression for 
written as 

h « L 

Typical values for L in the are z 
0 

for the r.h. s. of Equation (3.3) 

= _! (!'.__)0.9 . 
8 z ' (E. 12) 

0 
h 
L as a function of z 

0 
and L can be 

0.9k 2.08k (E .13) L 2 L log - log -
z z 

0 0 

range of 102 to 107. Corresponding values 

are then in the range of 0.04 and 0.02. 
Therefore, according to these theoretical arguments, application of Jackson 
and . Hunt's theory is limited to hills with very gentle slopes. However, 
Jackson and Hunt found also reasonable agreement between theory and field and 
wind-tunnel experiments for hills with slopes too steep for the theory to be 
strict;.ly valid. In the next section a few comparisons are presented between 
Jackson and Hunt's calculations and inviscid flow calculations. 

Sacre (1975) developed an analytical solution for stratified inviscid 
shear ,flow over topography. The solution is also based on linearization but 
in . th.is .case of the Euler· ,e.quations. He cited good agreement with the results 
of Jackson and Hunt (1975). Larger deviations were found when Sacre's results 
are cqmpared with nonlinear numerical calculations.,iof Taylor and Gent (1975). 
Considering the limitations predicted from Jackson and Hunt's theory, results 
of Sacre's model should be used with caution for hills with slopes larger than 
0.01. 

Early interest in shear flow over surface perturbations was associated 
with the generation and damping of water waves. The first theoretical 
contributions came from Miles (195 7). Efforts since have been directed at 
finding means to assess the role of turbulence and to incorporate an adequate 
closure model in the equations of motion. Most analytical contributions 
consider the linearized equations of motion. Notable is the work of Miles 
(1967) and Davis (1970, 1972) which has been reviewed below. 
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After several attempts to predict wave growth, Miles (1967) concluded 
that satisfactory agreement between theory and experiment had not been 
achieved. According to Miles, this was primarily because the dynamics of the 
turbulence over the waves was not adequately understood. Davis (1970) 
subsequently conducted research to investigate the importance of this 
turbulence. He applied two hypothesized turblence models to flow over a 
traveling wave of infinitesimal amplitude (this permitted the equations of 
motion to be linearized). The first model's hypothesis was based on an 
assumption that the turbulence field is not influenced by the waves. The 
second model was based on the assumption that the magnitude of the Reynolds 
stresses depends on the height above the instantaneous water surface. The 
wave-induced velocity field predicted by these two models differed consider-
ably. Thus within the limitations of the linearized theory Miles's statement 
was confirmed. 

In a later study, Davis (1972) applied more sophisticated closure models 
but continued to solve linearized equations. One new model was similar to 
that developed by Bradshaw, Ferris, and Atwell (1967). The second improved 
model was based on the assumption that the turbulent stresses are determined 
by the recent history of the strain that a fluid parcel has undergone. The 
results were compared to measurements by Stewart (1970), who measured the mean 
flow over waves in laboratory experiments, and Kendahl (1970), who measured 
mean flow and Reynolds stresses over waves. The agreement between calculated 
and measured values was not good. Townsend (1972) also used linearized 
equations of motion and a closure .model similar to that used by Bradshaw et. 
al. (1967). He concluded 

"Although the attention paid to the turbulent motion makes for a 
more realistic account for the flow, the linearized theory is not 
able to account for the considerable discrepancy between calculated 
surface pressures and those measured in recent field studies by 
Snyder and Cox (1966) and by Dobson (1971)." 

Townsend indicated that the linearized theory may be applied only to waves 
with a height-length ratio less than 0.1. 

'iwo important conclusions may be drawn from these investigations on the 
velocity field over water waves: 1) the linear theory does not predict the 
velocities and pressures accurately for larger wave height to wave length 
ratios, and 2) the turbulence closure model selected for insertion into 
linearized equations of motion affects the predicted mean veloc i ties 
significantly. 
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E.3 NONLINEAR MODELS EXCLUDING FLOW SEPARATION 

In the last 15 years nonlinear models have been introdced to study flo ~ 

over topography. Two classes of models may be distinguished: 1) nonlinea r 

inviscid flow models, and 2) nonlinear flow models that include the Reynold ~ 

stress terms in the equations of motion. The latter will be lienoted by 

"turbulence flow" models. As was pointed out in Sections 2. 1 and 2. 2, the 
Reynolds stresses affect the mean flow in the inner and middle region. The 

effect in the middle region only becomes significant when Reynolds stresses 

have had the time to adjust to the distorted flow field and when their action 

has resulted in a significant transfer of momentum across streamlines. In thv 

following portion of this section, several numerical models are discussed in 

the light of the inviscid character of the flow, or more precisely, by 

considering the effects of the approximations for Reynolds stresses. 
Alexander and Coles (1971) developed a numerical model solving th£' 

Navier-Stokes equations with a constant eddy viscosity. Deaves (1975 ) 

improved their model by including a more realistic eddy viscosity based on a 

mixing-length model. Taylor and Gent (1974) presented a solution incorporat-

ing turbulence length scale and turbulence kinetic energy equations to assist 

turbulence closure. Deaves as well as Taylor ancL ,Gent presented results for 
the flow over hills with shapes similar to those considered by Jackson and 

Hunt (.1975). 

Inviscid flow calculations have been completed herein for a~most 

idenurcal flow conditions as those considered by these 
numerical model developed by Derickson and Meroney (1977). 

authors using a 

An inviscid flow 
solution is obtained using stream function-vorti e,i£t;y ,.coupled with an equation 

for po.tential temperature to handle unstable, neutral, and stable stratifica-

tion as follows: 

where 

(0' ~) - (0' ~) = 0 ax az az ax 

u = ~-oz' W -- ax· 
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A simple coordirmte transformation was applied to solve the equation in a 
rectangular domain. The transformation is given by 

in which 
the grid. 

H x = x; z = H-z (z - zs) (E. 17) 
s 

z (x) is the topography height, and H is the height of the top of 
s 
The transformed spatial operators are thus defined in numerical 

conservative form as 

ao 1 ca./G _ o + o.,/G G13 
()) 

ax = -
./G ax oz 

(E. 18) 

and 

ao _ 1 ao 
oz - ./G oz 

(E. 19) 

z 
_! (~ 

oz 
where ./G = 1 - s d G13 - 1) s - an = ax H .jG H 

Vertical and horizontal grid expansion were applied to obtain higher spatial 
resolution at the crest. For a more detailed description the reader is 
referred to Derickson and Meroney (1977). 

This inviscid flow model has been applied to calculate mean velocity 
field over bell-shaped hills. The surface elevation is defined by 

z ( ) 
s 1.04h 1 1 

L = -L- 1 + (2~)2 - 26 (E.20) 

and approximates the bell-shaped hills considered by Deaves, Taylor and Gent, 
and Jackson and Hunt to within three percent of h. The upwind and downwind 
boundary conditions were varied according to the upwind conditions of the flow 
cases to which the inviscid flow calculations are compared. In al l cases the 
approach profile is approximated by 

u (z) u.,. e•zo) 0 " z < o = ln --u Co) ku Co) z 
0 

0 0 

(E. 21) 

u (z) 
0 1 z > o = (E.22) u Co) 
0 
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Up and downwind conditions were specified at respectively x = ±2. 5 L. The 

height of the top of the grid was varied and is indicated in Table E.1. The 

no-slip condition was applied at the surface boundary. 

Of particular interest is the thickness of the inner region where the 

shear stresses change most substantially and where by definition, a strong 

interaction between mean flow and turbulence occurs. A sensitive measure of 
the importance of a closure model may be provided by comparing surface shear 

stresses computed by the inviscid and turbulence flow models. The surface 

shear stresses of the inviscid flow model were obtained by assuming that no 

interaction between mean flow and turbulence occurs and that the mixing-length 

closure provides an accurate relation between mean flow and shear stress. 

Thus the nondimensionalized surface shear stresses were calculated by the 
following expression: 

(:~) 2 
t lim . s (E.23) - = 2 t z• O (!~o) s 

0 

where the x-axis is parallel and the z-axis is perpendicular to the surface. 

A comparison between the surface shear stress dis·tributions over a bell-
shaped• ·hill (Case I of Table E.1) as calculated by Taylor and Gent and as 

calculated with the inviscid flow model is presented in Figure E. 1. The 
asymmet,ric · surface shear stress distributions of the turbulence flow model-s 

are caused· ·by the action of ··the shear stress on the mean flow. This clearly 
shows that the mean flow is affected by the surface friction. The overall 

good agreement between the shear stress distribuUons of the inviscid and 

turbulence flow models may indicate, however, that the flow is inviscid at 
least down to a distance equal to the first grid point above the surface. In 

the invi,scid flow calculations this point was located at z = 0.04 h. In 
terms of hill length, the inner-layer thickness would be less than 0.004 L. 

Alternatively, the good agreement may be fortuitous since discretization may 
have introduced inaccuracies, particularly, in the surface region where large 
velocity gradients occur. 

Table E.1 includes 13 flow cases for which maximum surface shear stresses 
have been calculated by the inviscid flow model. Results are compared with 
the data given by both the nonlinear model of Taylor and Gent and the linear 
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TABLE E.1. Comparison of Maximum Surface Shear Stress over Bell-Shaped 
Hills Calculated with Turbulence and Inviscid Flow Models 

T 

Prediction of serest 
z u* T 

0 h h H Turbulence Inviscid 
Run Author 6 u( o) 8 L h Model Mode1l) 

1 JH2) 4.6 X 10-4 . 052 4 .2 10 . 1.81 2.8 

2 JH 4 . 6 X 10-S . 040 .4 .2 10 . 3.10 3.4 

3 JH 4.6 X 10-6 .033 .04 .2 10. 6.32 3.6 

4 JH 3.6 X 10-S .039 4 .2 10. 1.87 2.4 

5 JH 3.6 X 10-6 .032 .4 .2 10. 3.21 2.8 

6 JH 3.6 X 10-7 . 027 .04 .2 10 . 4.75 2.9 

7 JH 2.8 X 10-6 .031 4 .2 10. 1.86 2.3 

8 JH 7..8 X 10- 7 .026 .4 .2 10. 2.60 2.5 

9 JH 2.8 X 10-8 .026 .04 .2 10. 3.95 2.6 

10 TG 3) 6 .1 X 10-G .033 .003 .OS 20. 1 8 2.06 

11 TG 6.1 X 10-6 .033 . l)30 .OS 20. 1.8 1.44 

12 TG 6.1 X 10-6 . 033 .006 .1 20 . 3.2 2.55 

13 TG 6.1 X 10-6 . 033 .006 .1 10 . 3.2 4. 77 

l4 TG 6.1 X 10-6 .033 .012 . 2 10. 10.1 3.35 

1) Derickson and Meroney (1977) 
2) Jackson and Hunt (1975) 
3) Taylor and Gent (1974) 
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model of Jackson and Hunt. Taylor and Gent's results show a much larger 
increase in tmax with increasing hill steepness than the increase in tmax 
from the inviscid flow calculations. Discrepancies between calculations 
obtained with the turbulence flow models of Taylor and Gent and of Deaves were 
reported by Deaves (1975). Since there is no clear correspondence between the 
results of the nonlinear models, evaluation of the effects of the numerical 
modeling techniques used for each method would be desirable, but is beyond the 
scope of this research. 

Astley et al. (1977) have developed a numerical model applying the finite 
element method to solve the equation of motion for inviscid flow over hills 
and escarpments. Velocities were calculated over escarpments with slopes 1:1, 
1:2, and 1:4. The results were compared to wind-tunnel measurements of Bowen 
and Lindley (1977). There is in general good agreement for z > 0.5 h. In 
the surface region, z < 2 h downstream of the crest separation of the stream-
lines and the action of the Reynolds stresses cause the mean velocities to be 
significantly less than the predicted velocities. 

E.4 NONLINEAR MODELS INCLUDING FLOW SEPARATION 

Separation of the flow over hills occurs upwind and downwind of the hill 
if the slopes are sufficiently steep. A purely mathematical treatment of the 
flow is not yet possible because of the lack of knowledge about the inter-
action between the wake and the main flow. Present mathematical models that 
predict a separated flow region have included some empiricism. A number of 
existing models were developed to study the flow field over bluff surface 
obstacles such as buildings and may as well be applied to predict flow over 
hills. Other models were developed particularly for application in the 
aeronautics industry and include the usual boundary-layer approximations 
(pressure gradients across the streamlines are neglected) in the surface 
boundary layer (Kuhn et al., 1974). Application of such models to flow over 
hills embedded in a boundary layer does not seem to be justified. 

An analytical solution of the equations of motion to plane inviscid shear 
flow o~er surface obstacles was presented by Fraenkel (1961). The solution 
includes closed streamlines just upstream and downstream of the obstacle. It 
is noted that in this model the separated flow regions are not the result or 
are not affected by mean flow wake interactions (see also Section 2. 4). 
Although theoretically solutions could be obtained for a large variety of 
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conditions, at present solutions can realistically be obtained only if the 
vorticity is constant and if the physical plane can be mapped onto a complex 
plane. Application of this model to flow over hills is therefore limited and 
only justified if the interaction between the wake and the main flow is 
insignificant. 

Kiya and 
freestreamline 

Arie (1972) extended Fraenkel's model 
theory of Parkinson and Jandali (1970) . 

by including the 
The freestreamline 

theory describes the separation phenomenon resulting from the interaction 
between main flow and wake. The technique is developed for two-dimensional, 
incompressible flow external to a bluff body and its wake. The desired flow 
separation points are made the "critical" points. The stagnation streamlines 
then transform to tangential separation streamlines in the physical plane with 
separation at the desired pressure. The position and strength of the sources 
are determined by empirical parameters, namely the separation point and the 
pressure coefficient at the separation point. The flow inside the separation 
streamlines is ignored and the base pressure is constant between the separa-
tion points. One of the limitations of this freestreamline theory is that the 
wake width is finite for any downstream distance. Kiya and Arie's model 
requires two more empirical parameters in order to determine the value of the 
constant vorticity and slip velocity at the _surface. They selected the 
location and pressure at the stagnation point. 

Kiya and Arie (1972) compared experimental results of Good and Joubert 
(1968) for flow over a fence submerged in the boundary layer with their 
theoretical predictions. They showed that excellent agreement was obtained 
for the pressure distribution over the upwind face of the fence and for the 
location of the free streamline up to a distance of 4 h from the fence. The 
upwind separated flow region was also predicted accurately. 

Kiya and Arie's theory was extended recently by Bitte and Frost (1976). 
They added a sink equal in strength to the existing source to include the 
reattachment of the boundary layers downstream of the obstacle. An additional 
empirical parameter has to be specified, namely the location of the rear 
reattachment point. 

The theory as developed by Kiya and Arie (1972) and Bitte and Frost 
(1976) requires a substantial amount of empirical information and is difficult 
to apply to other than very simple surface obstacle shapes. But the theory is 
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unique in the general description of flow separation and is adequa t e for 
parametric studies such as the effect of upwind velocity gradients on the 

velocity field over hills. 
Bitte and Frost (1976) present a numerical model to analyze atmospheric 

flow over a bluff surface obstruction by applying concepts of boundary-layer 
theory. This work is an extension of the model developed by Frost, Maus, and 
Simpson (1973). Although predicted velocities are qualitatively similar to 
those calculated with other models, the model is unrealistic because it 
ignores vertical pressure gradients. 
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APPENDIX F LABORATORY SIMULATION OF WIND OVER RIDGES 

Since Meroney et al. (1978a ) reviewed similitude criteria as they relate 
to shear flow over i r r egular terrain this section only summarizes the limita-
t i ons of wi nd-tunnel modeling and discusses their implications for ~his re-
search . A number of nondimensional parameters can be derived from the full 
Navier-Stokes equations, which have to be equal for model and prototype in 
order to have exact similarity. Although equality cannot be obtained for some 
of those parameters, partial simulation seems adequate. 

Two dimensionless parameters for which models simulation of atmospheric 
boundary layer flow over complex terrain are partial or incomplete are the 
Rossby number and the Reynolds number . 

ROSSBY NUMBER 
The Rossby number represents the ratio of inertial to Coriolis force and 

may be estimated from: 

LlU 
X 

Ro= LQ 
0 

where .llU is the speedup over a distance L. Coriolis forces affect pr i-x 
marily the variation of wind direction with height and were of course not 
simulated in the experiments . They have to be taken into account, however, 
for say Ro < 3. Such small Rossby numbers exist only at large distances from 
the surface or over low hills. For example, assume that one is interested in 
correcting for speedup as small as 0 . 5 m/sec, then at a latitude of 40°, where 

-5 -1 , 
Q = 9 x 10 sec the hill length has to be larger than 2 km before 

0 

Coriolis forces affect the mean flow field. 

REYNOLDS NUMBER 
This parameter is the ratio of inertial to viscous forces. Different 

Reynolds number effects may be distinguished. For aerodynamically smooth 
surfaces the Reynolds number effects limit the capabilities of physical model-
i ng in a region close to the surface. In the present study an aerodynamically 
smooth surface had to be selected in order to scale the equivalent surface-
roughness length to realistic proportions . The surface-roughness selection 
was based on the fo l lowing approximations: 1) the atmospheric boundary-layer 
thi cknes s was assumed to be 600 m, 2) the atmospheric surface condition to be 
simu l ated varied from gr as sland to r ural wood, [ corresponding to a surface 
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roughness length variation between 0.01 m and 1.0 m (Counihan 1975)], and 3) 
the boundary-layer thickness in the wind tunnel was approximately 0.60 m. 
Hence the surface roughness in the wind tunnel should 
and 10-3 m. The smooth floor "roughness lengths" 

-5 U~ = 9.1 m/sec, and 3.5 x 10 m for U~ = 15.2 m/sec. 

-5 be modeled between 10 
-5 were 6.8 x 10 m for 

Close to a smooth surface under a turbulent shear layer there exists a 
viscous sublayer in which similitude may be violated. Its thickness may be 
estimated from 

u.,_o 
"V 

v = 10 

where o is the thickness of the viscous sublayer. This height is 0.05 cm 
V 

in the wind tunnel corresponding to a thickness of 50 cm in atmosphere. This 
layer is usually irrelevant to wind velocity predictions. 

Another Reynolds number effect that may jeopardize similitude between 
model and prototype is related to the fetch. In the atmosphere the upwind 
conditions may often be nonuniform causing a nonequilibrium boundary layer. 
In a wind tunnel, however, it is desired to have equilibrium-flow conditions 
so that changes in the turbulence structure are solely due to the surface 
obstacle. Zoric and Sandborn (1972) conducted an extensive study investigat-
ing where in the Meteorological Wind Tunnel equilibrium-flow condition would 
be established. Their analysis demonstrates that the turbulent boundary layer 
develops to a similarity form by 6 m from the entrance. Downwind of 6 m 
changes in flow characteristics were insignificant over the section where the 
measurements were made. 

The Reynolds number effect on flow separation is the final aspect that 
needs consideration. Different velocities or hill dimensions may affect the 
location of the separation point over a gently curved hill. The separation 
phenomenon was studied by employing a triangular-shaped ridge which fixed the 
separation point at the crest. When the Reynolds number based on hill length 
is sufficiently large for flow over sharp edged geometries separatioQ and 
reattJchment are independent of Reynolds number magnitude. 

The remaining similitude parameters which govern flow over terrain relate 
to geometric similarity and similarity of the approach windfield. These 
parameters can be identified by consideration of a few additional independent 
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variables. The features of the flow field and terrain which perform as 
independent variables are: 

- hill height, h, 
- hill length upwind of the crest, L, u 
- hill downwind of the crest, Ld, 

detailed hill shape (or distinction is to be made between sharp-cres t ed 
and round-crested ridges), 

- the boundary layer thickness, o, 
- the equivalent surface roughness length, z , 

0 

- the shear velocity in the upwind surface layer, u*, 
- the velocity at a height o, u (o), and 
- the thermal stratification characterized by a temperature differential 

over the height of the hill, (T(h) - T(o))/h. 
For these 9 variables, plus the kinematic viscosity of air and the 

gravitational constant, the following nondimensional parameters may be de-
veloped by inspection: 

h h h zo 
L'L'o'o u d U

~:) , Re= u~)h, and Ri = & ~T h 
u ·y T ~U2 ' 

z 

where ~U is the characteristic change in velocity over the height of the z 
ridge. The eighth parameter is the detailed hill shape. The limitations 
discussed above notwithstanding it is generally possible to simulate the 
parameters noted above. 

Physical magnitudes such as the integral length scales and Monin Obukhov 
length in the equilibrium boundary layer are not included since they are 
implicitly determined by the other parameters. For detailed information the 
reader is referred to Zoric and Sandborn (1972) and Arya (1968) . 

./ 
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