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CHAPTER 1

INTRODUCTION

This study is part of a program on labofatory simula-
tion of urban diffusion; One of the problems that arises
in the modeling of a city in a_laboratory wind tunnel is
the similarity of the surface characteristics in the field
and in tﬁe model. Changes in surface features such as
buildings considerably affect the flow over them, that the
problem warrants a detailed investigation for understanding
the effects of such changes. This forms the basis of the
laboratory investigatidn undertaken, the results of which
are reported here. The investigation is presently restricted
to direct measurements of the surface shear stress and mean
velécity profiles when a finite size of uniform roﬁghness :
is placed on the otherwise smooth wind tunnel floor. At
thghpresent stage only one size and pattern of roughness

has:been studied.

| &
While modeling very large areas, say over five miles

wiﬁth and moré, in a wind tunnel the length scales become
very large, making the vertical dimensions so small that
the modelAsurface may act as aerodynamically smooth surface.
The effective roughness of the different parts of the area
may not, therefore, be truly simulated in the model. This

necessitates the choice of an exaggerafed vertical scale

in order to provide an aerodynamically rough surface. It



is, therefore, necessary to know the extent of this verti-
cal distortion for proper similarity to exist between the
prototype and the model. |

A surface may be consedered aerodynamically "full&
rough" if the average height of the roughness protuberances
is significantly larger than the thickness of the viscous
sublayer, so that the viscous effects on the flow are

completely destroyed. In other words, a fully rough suf-

a 'k
2 i

face is considered to exist when the parameter
larger than about 70, though smaller values of even 55
(Hinze [71]) have been recommended. Here u, is the shear
velocity = Vio/p , k is the average height of the rough-
ness and Vv 1is the kinematic viscosity of the fluid{ On
the other hand we may also consider a surface to be fully
rough when the local drag coefficient is no longer depend-
ent on the Reynolds number of the flow. For the 0.25 in.
roughness used in this study these characteristics were
tésted fof the usual Reynoldé numbers encountered in the
wind tunnel flows. The measured drag coefficients refer
mainly to the average values for the entire area of the
rough surface and only some exploratory study for the

local drag coefficients are reported here.



CHAPTER 2

BACKGROUND

Skin-friction Formulae for Smooth and Rough Surfaces: =--

The momentum integral equation for a turbulent bound-
ary layer developing along a flat pléte at zero pressure
gradient has been shown (see Schlichting [19]) to take a
simple form:

de

to = pUi S ' (1)

or in terms of the local drag coefficient,

O A e 388 (2)
Rl - o/lip ® dx '

Using this relation and Nikuradses smooth pipe flow data

and assuming 1/7th power law velocity distribution in the

boundary layer Schlichting obtained the relation

-1/5
cg = 0.0592 [J=¥ (3)
v
Using the derived relation 1/5

wa &
8 (x) = 0.036x (—;% (4)

~ he gets another formula

Cg
v

e -k
= 0.0256 (Um ) (5)
Any change in the poﬁer_law exponent alters only the numer-
ical constant.

When a logarithmic velocity distribution was used,

Schlichting obtained an empirical best fit relation

- by =2.3
ce = (2 log R, - 0.65) (6)



: L+ B
Where Rx = Reynolds number —%— .

Schultz Grunow [21] used the universal velocity defect

law to obtain an interpolation formula

-2.584

€ = 0.37 (log Rx) - (7)

-Nikuradsei[19] uéing the similarity relation u/u°° = £
(y/84), where y is the height above the surface and &,

the displacement thickness, obtained

~0.139

g = 0.023 R (8)

>

and found that the shape parameter, H = §,/0 const
1.30.
Hama [6] has shown that most of the existing drag

coefficient formulations can be reduced to the form:

U ) | u_»o .
v 2 % ©
3 = ’__cf = A log - + B (9)

where the numerical constants A and B have average

values of about 5.75 and 4.5 respectively.

Rotta [18] showed that if a mean velocity profile
composed of the universal law of the wall and a one para-
meter velocity defect law is adopted, the local drag co-

efficienf will then have the general fﬁnctional form
U_o
£ ( v

» B , k/0) (10)

which reduces, for a smooth surface, to

Ce = Cg (— , H) e k)



The experimental results of Schubauer and Klebanoff [20]

and Ludwieg and Tillman [13] shows that Ce decreases when

" the shape parameter H increases. The latter authors

derived the approximate formula

5 U8 _
- 0,546 ¥ 1070-6T0E: =\ ~0.268 (12)

cf N

u_e

whicﬁ yields, for >1000 and H <2'essen£ially the same

results as Rotta's formulation. 4
For boundary layer flows over a uniformly rough plate

a convenient method for finding ouf its behaviour is to

use an equivaleﬁt sand grain rbughness,‘ks; This has been

defined as that value of the standard (Nikuradse) sand-grain

roughness height wﬁich gives the same'resistance as the given

roughness. Using Niquadses formulations for the velocity

distribution over the standard sand-roughened surface it

is possible to correlate any homogeneous rough surface

with the standard one. However the validity of this

correlation is questionable when the roughness is not

" homogeneous over the surface such as in the present case

of a finite size of rough area on an otherwise smooth floor.
Clausers [4] analysis is based on the observation
that the légarithmic part of the velocity profile undergoes

a parallel downward shift due to surface roughness, and

the amount of shift %H is a function of the parameter

*
u, k/v, and is directly related to the increase in surface



shear stress due to the roughness. This latter relation
is found to be logarithmic, so that for a fully rough

 situation the velocity distribution becomes

Zerivel gfu, = 5.6 log % + const (13)

which is independent offthe viscosity and consequently

of the Reynolds number. Using Clausers analysis Hama

has further shown that the local draé coefficient is
independent of the Reynolds number for a constant value of

84 Sorbonnd=Eey s 3
—% OF % instead of the ratio % in the Prandtl-Schlichting

reSLStance chart. It may be noted that since the boundary

. layers are usually made turbulent art1f1c1ally near the

leadlng edge, its orlgln does not coincide with the

leadlng edge." Thus the parameters §, and 6 appear to be '

more meanlngful than the rather arbltrary distance x.

Rotta [18] has further shown that for aerodynamically

smooth surfaces drag coefficient is independent of k/6.

Wlth 1ncrea51ng helghts of roughness the ratio k/e gains
more and more 1nfluence relative to Uwe, until flnally for
- e v

the llmltlng case of the fully rough surface, Cg is a

e A

o -

functlon of k/e and H only.

Flow Modlflcatlon due to an abrupt roughness change: --

The analy51s referred to so far considered only

homogeneous rough surface starting from the leading edge.

However such situations only seldom arise in practice

particularly in atmospheric flows. Any abrupt change in

surface roughness modifies the flow pattern downstream,



and its stmdy is of considerable practical interest in

meteorology, air pollution, aviation and so forth. 1In

~  recent years some analytical treatments using simplified

models and much less experimental studies and field
measurements have been made for the two-dimensional
situation. We shall brieflf review some of the important
findings of these investigations.

One aof the earliest works along these lines was due
to Elliot ES5]. He assumed that close to the wall the
adjusﬁments of flow takes place almost immediately, but in
the cuter part the effect is not felt at least in the
earlier stages. Downstream of the roughness change an
.internal layer grows as the 4/5th power of the distance
downwind and is independent of the windspeed. Inside this
internal layer the mean vélocity is assumed to have a
logarithmic profile corresponding to the local wall shear‘
stress and the roughness length, but outside of this ’
layer the originél unperturbed mean velocity profile
is assumed to be retained. His théory predicts a wall
.shear stress which increases or decreases with distance
downwind depending on whether the roughness length
decreases or increases at the discontinuity. This is in
qualitative agreement with observations.

Panofsky and Townsend [ISj modified Elliots analysis
and obtained the slope of the interface of the order of
1/10. Townsend [25,26,27] observed that the development

of the flow modification is self-preserving. Blom and



wartena [2] recehtly extended and supposedly corrected
some discrepancies of Townsends theory to obtain nearly

© same wihd.profiles but greatly different values of surface
shear stress. They extended the theory to two or more
‘subsequent changes in surfgce roughness. Taylor [23] used
the mixing length concept to relate the shear stress to
fhg velocity pfofiles. His results are mostly qualitative
in nature.

Peterson [16] used a slightly different approach
and assumed that the shear stress is‘proportional to the
turbulent energy. The momentum, cdntinuity and turbulent
energy equations were solved numerically. The surface
"shear stress distribution downstream of the roughness
change agrees fairly well with some field data observed
by Bradley [3]. The Veloéity profileé were found to have
an inflexion point in the transition region which is also
in agreement with some field and wind tunnel data.

Only wvery féw fiéld observations of wind profile
‘modification and shear stress distribution have been
reported so far. Direct observations of surface shear
"stress for homogeneous surfaces have been made by Sheppard,
Pasquill; Vehrencamp, Rider and others, some of which are
Briefly reported in ref. [11]. John Hopkins University
Laboratory of Climatology used a duplicéfe of Sheppards
original design with some alterations. University of
California has also used an.instrument for measurements

with grass surfaces. These are also reported in ref. [11].



All these instruments essentially consisted of a floating
plate flush with the surface and attached to a spring
- element. |
Bradley [3j has reported some field measurements of
velocity profiles and surface drag downstream‘of abrupt
changes in surface conditions. His measurements indicate
a rather rapid.return of the surface shear stress to the
coﬁstant downstream value. The velocity profiles agreed
fairly well witﬁ those predicted by Panofsky and Townsend
[15] except for an inflection point in the smooth to
rough transition which is predicted by Peterson [16].
Laboratory investigation gives a better understanding
of the problem since measurements can be made under
controlled and stationary conditions. Some wind tgnnel
studies have been reported using essentially two dimensional
changes in surface roughness. Jacobs [10] was the first
to study this problem experimentally for pipe flow with
an abrupt change.in surface roughness. The shear stress
~ was found by fitting the velocity profile into a logarithmic
distribution. He found that the shear stress attains its
equilibrium value almost immediately after the change of
roughnesé. Measurements made by Logan and Jones [12] for
pipe flows, Taylor [24] and Makita [14] in wind tunﬁels
ihdicate that the wall shear stress overshoots the
equilibrium value downstream and gradually returns back

to the equilibrium value.
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~-- "Antonia and Luxton [l] have analysed their results from
wind tunnel measurements in a different manner. Instead
of ‘using the law of the wall they found that the velocity

1/2 using dimensional arguments. The internal

varied as y
boundary layer, defined as the distance from the wall to
the kneepoint between the two linear parts of the U versus

Y1/2 plot, is found to grow as XO.S. Estimation of the

wall shear stress is not reported. ' -
-~ Thus the results of the above investigations along
with the field measurements made by Bfadley [3] gives a
definite indication that the surface shear stress at the
_roughness change overshoots the equilibrium value to
which it returns gradually.

"SIt is to be noted, however that aii these investiga-
Eidﬁs'Were‘applied'td‘fhe!caSe“Wheré‘fﬁlly developed flow
had been established before the change in surface roughness.
The purpose of these investigations was to obtain informa-

- tion on the flow modifications downstream of a two

~ dimensional roughness discontinuity. The wall shear stress
was estimated by fitting the mean velocity profiles into
Iogarithmic distribution. Only_the fully rough situation
was studied and the effects of Reynolds number and three
dimentional changes in surface roughness were not studied.
Also no direct measurement of shear stress on rough

surfaces has been reported so far. The present investi-

gation is an attempt to use a shear plate to measure the

surface shear stress directly when a finite size of
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roughness is placed in an otherwise smooth floor of the
wind tunnel. The measurements were made by keeping the
rough éurface at.different locations in a developing
boundary layer using different veiocities, so as to
obtain a large variation in the Reynolds number of the
flow. Chapter 3 describes the experimental arrangement
and methods of measurements used in the present

investigation.



CHAPTER 3

- -~  EXPERIMENTAL EQUIPMENT AND PROCEDURE

ﬁind Tunnel: --

: The experiments were conducted in the Army Meteoro-
logical Wind Tunnel at théAColorado State University Fluid
Dynamics and Diffusion Laboratory. The tunnel has a 90 ft.
long test section and a nominal cross-section of 6 ft. by
6 ft. Fig. 1 shows plan of this wind tunnel. The

movable ceiling can be adjusted to obtain zero, negative
or positive longitudinal pressure gradients. A large
contraction ratio of 9:1 along with four damping screens
'give a free stream turbulence level of about 0.1%. The
tunnel is of the recirculating type but can be used for
open loop operation also. Mean velocities from 0 to 120 fps.
can be attained in the test section. A detailed descrip-
tion of this wind tunnel facility has been given by

P;ate and Cermak [17].

Instrumentation:

Shear Plate: Drag measurements were made using a shear
plate consisting of a floating aluminum plate of size

23.6 in. x 23.45 in. # 0.25 in. thick. Three 0.25 in.
diameter hard steel balls separated this plate from the
foundatioh plate. The two plates were connected together
by means of two spring arms on each of which wére installed
two semiconductor strain gauges. This instrument was

designed and built by J. H. Nath at the Colorado State
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University. Det;ils of the construction and working of
the shear plate as well as the strain gauge force
dynamometer are explained in the reports by Hsi and
Nath [8,9]. A ;table five-volt D.C. power supply was
used to excite the strain gauges and the output was read
using a D.C. Microvoltammeter after passing it through a
circuit bridge arrangement. The arrangeménts were
essentially the éame as used by Hsi and Nath.

Force Dynamometer: Exploratory studies have been made

using the strain gauge force dynamometer used by Hsi and

Nath. They used this instrument for measuring the drag

- on a single model tree attached to its top. For the

present study it was slightly modified by attaching a
thin 3 in. x 3 in. smooth horizontal brass plate on its
top. The circuit bridge used by them was also modified

for better operation at low drag forces, as shown in

Fig. 3. The rest of the arrangements were again éssentially

the same as used by Hsi and Nath.

Pitot-static Tube: --

A 1/8 in. diameter Pitot-static tube was used for
all velocity measurements in the present.investigation.
This was connected by plastic tubing to a Transonics
Equibar Type 120B electronic manometer which gave the‘
difference in static and dynamic pressures. The output
of the pressure meter was connected to the Y of an X-Y
recorder. The X of the recorder received the output

voltage of the potentiometor device attached to the wind



14

tunnel carriage on which Pitot-static tube was mounted.
Thus a continuous velocity signal with distance could be
recorded.

Surface Roughness: --

'~ The rough surface in the present investigation
consisted of 0.25 in. masonite board cut. into 0.5 -in.
square elements and carefully stuck on to a vinyl cloth
witﬁ 0.25 in. space between each element. There were 31
rows and columns making up a size of 23.25 in. square
area to fit on top of the shear plate.almost exactly.

Fig. 2.a shows the arrangement of the roughness elements.

.For making measurements with this rough surface in position

a large number of double stick tapes were placed across
and along the surface of the shear plate on which the
rough surface was carefully stuck in position.

Calibration: -- )

The shear plate and the force-dynamometer were

- calibrated in the manner described by Hsi and Nath [9].

- Good repeatability was observed for the calibration curves

which were wvery linear. The shear plate was calibrated
before setting it up in the seven different locations along
the wind tunnel floor. The differences if they existed
were very-insignifieant. The calibration curves for the
shear plate and the face dynamometer are”shoﬁn in Figs. 4

and 5.
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Procedure: -—-

OGne of the major objectives of the investigation
involved the determination of whether the roughness used
in the present étudy behaved like a fully rough surface
under the normal testing conditions in the wind tunnel.
For this purpose it was necessary to obtain a wide range
of Reynolds numbers.. Seven different locations along
the wind tumnel floor and five different free-stream
velocities for each location were used. The X-distances
measured from the end of the trip device to the centre of
the shear plate were X = 3, 10, 20, 30, 45, 60 and 85 ft.
. (called stations 1 through 8) and the.velocities were
u_ = 10, 206, 30, 40, and 50 fps. The general arrangement
of the setup is shown in Fig. 2.b.

At each of these locétions the shear plate was
aligned along the centerline of the floor at the measured
disgance. 0.75 in. thick particle boards 3 ft. long'and
2‘fP¢ wide and having a smooth finish were placed across
. the entire tunnel width both upstream and downstream of
the shear plate. The upstream floor extended up to about
16 ft. from the shear plate where a gradual transition
was provided by means of an 8 in. ramp. The downstream
floor extended to about 6 to 9 ft. All joinfs were
carefully taped to provide a smooth-surface.

The Pitot-static tube was mounted on the wind tunnel

carriage directly over the shear plate and well above the

boundary layer. The shear plate (smooth) was now ready for
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operation. 1In this position with no flow in the wind tun-
nel the circuit bridge was adjusted to obtain a null
readingvof the microvoltameter. The air flow was then
‘adjusted to lo'fps. ambient velocity and the output was
read. The flow was shut off and zero reading was checked.
An average value of velocity and drag was obtained from
two or three repetitions. This procedure was used for the
five velocities. The roughness was then placed over the
shear plate and similar drag measurements were made.

With smooth as well as rough surfaces velocity

profiles were obtained at the centre of the plate for

the five velocities. At one representative station 4

(X = 30 £ft.) and U_ = 30 fps. velocity profiles were
taken along tﬁe centerline of the shear plate for the
smooth and rough surfaces'at intervals of 3 ins., and
downstream of the shear plate at 6 ins. intervals at four
locations. |

. At station 7 (X = 85 ft.) some exploratory measure-

ments were made using the 3 in. square force dynamometer
plate in order to find the variation of local shear stress
along the rough surface. The force dynamometer was fixed
under thé floor of the wind tunnel, the 3 in. square plate
reaching up to the surface through a properly aligned
square hole. The gap around the pléte was about 1 mm.
Drag measurements were made with the smooth plate for
U = 30 fps. and 40 fps. The two feet square roughness was

cut into proper sizes and arranged around and on the plate



17

such that the plate was at fhe centre of the leading edge
of the rough area. Drag was measured in this position for
two velbcities, 30 and 40 fps. Kéeping the plate in the
same position, £he roughness around it was successively

moved 3 in. upstream, each time measuring the drag force.

Since the flow in this region was very nearly fully

developed, this procedure could be expected to indicate
the variation of local wall shear stress along the centre
of the rough area. i

The results obtained from these éxperiments are

discussed in Chapter 4.
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CHAPTER 4

RESULTS AND DISCUSSIONS

The method of analysis of the data and discussions on
the results are given in this chapter. Most of the coﬁpu-
;gtions for reducing the data obtained from the experiments
were done using the CDC 6400 computer facility available
at the Colorado State University. |

Local Drag Coefficient: --

: b
The local drag coefficient Ce = 2 » was calculated
' 50U,

ffom the oﬁtput of the shear plate strain gauge device
using its calibration curve.. The surface shear stress
T, Was actually taken as the average for the entire surface
area of the shear plate without considering the va;iations
along and acrosé the smooth or rough surface. The justi-
fication for this stems from the reaéonable assumption théﬁ
these variafions'are rather small. The effects of this
variation on the average value for different flow condi-
tions are, however, proposed to be examined at a later
stage.

In order to find out whether the roughness used in
this study beha§es like an aerodynamically rough éurface,
it is necessary to obtain the variation of the'local drag

coefficient with the Reynolds number of the flow. For

this purpose a Reynolds number R.x was defined as
e
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Umxe

based on the effective distance xe from a virtual

origin of the turbulent boundéry layer. Because of the
6 £t long rough surface provided at the entrance to the wind
tunnel for artificially thickening the boundary layer, true
flaf'plate conditions are not obtained in the wind‘tunnel.
This makes it necessary to obtaih the virtual origin. There
is no method which gives the exact location of this vir-
tual origim. The method adopted in the present study was
based on the variation of the momentum. thickness with x
for a flat plate boundary layer. Equation (4) obtained
_by Schlichting [19] using 1/7-power law velocity distribu-
tion was used. The smooth surface velocity profiles
exhibited such distribution in the present study. A typ-
ical profile is shown in fig. 13.a,

The velocity profiles were integrated numerically
using Simpsqns rule to.obtain the momentﬁm thickness 6
at ?ach station.A The effective distance X, were then
caléulated using equation (4) . The Reynolds numbers were
thus obtained for the smooth and rough cases using the

same value of Xg - Fig. 6 shows a plot of the local drag

coefficient variation with Rx for the smooth and rough
e

surfaces. It may be observed from this plot that for the
smooth surface the drag coefficient follows the curves of
Schlichting and Smith and Walker fairly closely. The

scatter may perhaps be due to errors in the evaluation of
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cf; However, the‘results obtained at the first station
(x = 3 ft) fall much below the rest of the values, suggesting
débeﬁdeﬁée—oﬁ énbther parameter. On closer examination this
appears'to be the shape parameter H. The values of H at
; = 3 fF argkmuch higher (about 1.48) than at other stations
(average about 1.27). There ié an apparent'decrease in
the drag coefficient with increase in‘_H. This dependenée
is in reasonable agreement with the results of somé of the
earlier'investigations. (see Rotta [18]).

For.the rough surface the scatter is again marked,
althougﬁ an average constant value of about 7 x 10'"3 may
" be observed, ana_this fact may be taken to mean that the
surface is fully rough. However, a;rfq; the smooth sur-
éace the functional dependence on the shape parameter H
is again valid for the rough surface too. Yet another par-
ameter; the ratiq k/9 also influences the drag coefficient.
It is observed that for a given value of the shape par-
aﬁeter H, the drag coefficient tend to increasé with an
" increase in the ratio k/9.

The situation becomes easier for comparison with

Rotta's [18] formulation when the Ce values are plotted

u_o

~against the momentum thickness Reynolds number Re T

Such a plot is shown in Fig. 7. The drag coefficient for
the rough surface is thus a function of at least three

U o
independent parameters, —%— , which shows no influence for
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the fully rough situation, H , and the ratio k/68 the
influence of which increases for larger ratios. For the
presegf case, at least two more factors may find their
influence in séhe manner. On the one hand, the effect of
fhg abrupt change from smooth to rough surface and on the
othér,.the effect of three;dihenéional.nature of the fough
‘greaAnegd_to be-investiéated.; Yét énother factor whiéﬁ
needs to be stﬁdied is the error involved because of the
averaging of the shear stress over the entire rough area

instead of considering the true local shear stresses.

Local Surface Shear Measurements Along Roughness: --

The results of the exploratory drag measurements using
the force dynamometer are shown in Fig. 8. The local drag
coefficient measured by this instrument for the smooth
case is about 15% larger than the value obtained by using
shear plate;'aﬁd for the rough surface, the average value
is over 25% smaller than the shear plate value. The reason
for these large differences may be that even small dif-

. ‘ferences in the levels of the plate and the tunnel floor
may increase or decrease the measured drag. However, for
‘the two mean velocities tested the definite trend in the
variation of the local drag coefficient downstream of the
:yquhnessrchange can be noticed. Just at the roughness
discontinuity the drag coefficient overshoots to a

~ much larger value than the average or equilibrium
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value. There is then a rapid drop in the drag coeffi-
cient. Most of the change seems to occur in the first
;hree ér four inches. This shows that the averaged value
obtained by usiﬁg the shear plate is fairly repfesentative
of the local drag coefficient except in the vicinity of the
roughness change. The force dynamometer as well as the
‘measuring techniqueé need to be improved for making some
reliable measurements along these 1ineé.

Velocity Profiles: --

As mentioned in Chapter 2 most of the reported shear

stress measurements on rough surfaces were done by fitting
_ the lower part of the velocity profile into a logarithmic

distribution. This possibility was checked for the present

case for comparison with the direct measurements. Fig. 9

shows such a plot at tﬁe center ofvsmdoth and the rough
éérfaees:ét_Stéﬁiqé S:kx = 44 ft) for an ambient velocity
ﬁ;”§"30fés.i~5imilar plots were made at other stations and
f@;hggge;§eiocities. They show thét the logarithmic dis-

tribution no longer exists over the rough surface. More

detailed plots are shown in Figs. 10. a & b, which show

the semilogarithmic plot of the velocity profiles taken at
different distances along the centerline of the rough sur-
face and downstream at station-4 (x = 30 ft) for U_ = 30 fps.

and for the same situation over the smooth surface. While

the smooth surface profile clearly shows a logarithmi

. U ¥ S
region of the form, e 5.57 log et & 4.83 (14)
*
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for the rough surface a straight line portidn in the wall
region is hardly discernible. Even along the smooth floor
adwnstkeaﬁ of the rough surfaée, (Fig. 10.b) the velocity
profiles continue to have the same shape even at about 20 in.
frdﬁ the last row of roughness elements. One possible
,éxplanation for the absence of a lég profile over the rough
area in the present study is that all these profiles weré
taken betisen  Ews roughness elements which may not be truly
representatiVe of the general velocity distribution over
the entire rough surface. An average mean velocity taken
ééross two roughness elements at different heights above
: fhe surface may give a mdre significantrvelocity distribu-
tion.

Fig.rll is a combined plot of all such profilés over
the rough surface and downstream of it. The dimensionless

velocity U/U_ has been used for comparison. It may be o

noticed tha£ above about 1.5 in. all £he profiles almost
merge on to the smooth surface profile. The deviations of
the profiles below this height are somewhat similar to the
form predicted by the theories of Townsend [26,27], Peter-
son [16] and others and to the profiles measured bleradley
[3]. However the straight line portion appear to be below
0.2 in. where accurate measureménts of velocity could not
be made.

Figure 12.a is a representative power-law profile

of the form
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= (/)" | (15)

C‘-["—"f

It may easily be observed that such a relation appears to
be valid for the entire boundary layer thickness. For the
present study the value of n féﬁged from about 6.8 to
7.6. Similar profiles are shown for the rough surface in
Fig. 12 (b through f). In the lower part of these profiles
there is a definite change in the slope perhaps up to the
height influenced by the roughness. The slope is much
flatter ﬁere than above it. However, a strict power law
does not seem to exist near the wall. Another way of

% instead of y , the

plotting these profiles is to use vy
height being measured above the top of the roughness ele-
ments. This gives two linear relationships, one near the
wall and one away from it. Fig. 13 shows such a plot. This
is in fair agreement with the observations of Antonia and
Luxton [l1]. The point where the slope changes has been
iakén to be the edge of the internal boundary layer by
these authérsf In the present study no further observa-
tions on these lines have been made so far; this possibly
includes the behavior of the numerical coefficients and..

constants of such a plot under different flow conditions.

General Discussion: --

A simple plot of the local drag coefficient variation

with the Reynolds number (Rx or Re) for a rough surface
e

thus does not directly show whether the surface is fully
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rough or not, since the shape parameter H and the ratio
k/e' also_influences the drag coefficient considerably.
However, for most of the wind tunnel conditions, the vari-
ation of H 1is very small except perhaps for very low
velocities. Thus for practical purposes one may use a

‘vs R plot to determine whether the surface is fully

c
4 8 u*k
rough or not. One may thus also use the

5~ Criterion.
u k

Figure 14 shows a plot of all values of -%— in this

study against the Reynolds number Rx . The variation is
similaf for all the stations, and app:rently the value of
E%E does not change much with x for a given velocity.
The lowest values are between 60 and 70 for U_ = 10 fps.
This value is consistent with the minimum value for which
a surface is fully rough. Thus these reéults show'that

as long as the velocity is above 10 fps. the rough bound-
ary used in the present study behaves like a fully rough
surface. |
| The meésured and calqulated quanﬁities and parameters

|

are tabulated in Tables 1 through 7.
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CHAPTER 5

CONCLUSIONS

The presen£ experimental study has led to the fol-

lowing conclusions:

1.

. than the one based on the x-distance (Rx =

The particular roughness size and arrangement

studied behaves like a fully rough boundary for

mean velocities over 10 fps.

There is some evidence, by means of the force

‘dynamometer measurements, to show that most of

the variation in surface shear stress after the
change of roughness occurs within the initial
3 in. or 4 in. Therefore, the shear plate measure-
ments are very nearly the same as the equilibrium
shear stress ovef the surface. Also, the shear
plate measurements for the smooth surface are in
reasonably good agreement with the predicted
values of earlier investigations. Thus the shear
plate can be successfully used for measuring drag
on smooth as well as rough boundaries.
The Reynolds number based on the momentum thickness
g (i.e., Re = E:i) appears to be a better parameter
he U x

Bl o

v
Also there is no exact way of calculating the
virtual origin of the turbulent boundary layer or

the effective distance Xe’ which also justifies
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the use of R However, the influence of the

6°
shape parameter H and the ratio k/6 also need

to be comsidered.

Velocity profiles over the rough surface do not
show iogarithmic distribution in the present

case. Therefore the wall shear stress cannot be
obtained from these profiles. However, if the
mean velocities are averaged in the lateral
direction across one or two roughness elements

at different heights a more representative velocity
distribution might result. In the present study
power-law velocity profiles showed definite
characteristics, with two distinct parts. The
point where the slope changes suddenly may be

used effectively-to define the edge of the

internal boundary layer.
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TABLE: 1

x =3 ft.
X Rt 1073 103 uk
U 5, o e R x10 el CeX CeX e X
fps. in. in. H ft. e G smooth rough )
10.25 0.833 0.550 1.513 20.4 0.104 0.235 2.77 6.73 61.9
19.8 0.801 0.542 1.480 23.6 0,232 0.45 2eo5 6.73 120
30, 35 0.810 0.545 1.486 26.4 0.40 0.69 2.13 6.42 179
40.6 0817 - 0.553 1.476 28.9 0.586 0.935 1.94 6.63 243
© 49,85 0.839 0.570 - 1.872 31.6 0.788 1,12 .85 6.56 297
TABLE: - 2
x. =010 ft
s -3
x R x107 3 cgx10 €0 - uy K
u 84 o . Xe Rgki0 smooth rough v )
fps. in, in. H £,
10.2 0.886 0.665 1.352 25.8 131 0.283 3.21 7.8 66
2025 0.867 0.667 1.299 20.7 0,311 0.563 2,92 7.95 129
30,18 - 0.86 0.672 i S | 34,25 0.517 0.845 2,68 7.37 189
40.5 0.875 0.686 1.276 37.8 0.765 1.16 2.6 7+311 248
50.5 0.84 0.663 1.265 38.25 0.961 1,59 2.58 7-23 309




TABLE: 3

x = 20 ft.
X R c.x10 cx107 Uk
U 5a o e R x10 % g T i * k
fps. in, in, H ft. e G : smooth rough v ]
10.03 1,231 0.978  1.26 41.6 0.208 0.41 3.37 7.88 65.6
19.71  1.389 1.101.  1.262 57.1 0.564 0.904 3.02 8.09  131.0
29.86 1.331 1.074 1,24 61.4 0.919 1.34 2.83 7.91  194.3
39.63 1.289 1.036 ~ 1.244 63.0 1.25 1.71 2.63 7.64 256
49.42  1.299 1.043 1,245 67.1 1.66 2.15 2.56 7.9 322
60.0  1.241 1.007 1,232 67.4 2.03 2.51 2,49 8.11 396
TABLE: 4
x = 40 ft,
-7 cx1070 ¢ x107° K
U Sa 5 %e R, x10 R x10~4 & £ * k
fps. in, in, H ft. e ) smooth rough v ]
10.4 1,386 1.063  1.304 46.5 0.242 0.46 3.73 7.39 65.2
20.1 1,652 1.293  1.278 70.1 0.705 1.08 3.0 7.05  123.0
30.05  1.509 1.189  1.269 69.8 1.05 1.49 2.69 6.93  182.5
40.0  1.548 1.236  1.253 78.7 1.57 2.05 2.6 6.83  241.0
50,2  1.541 1281 1.4 83,7 2.10 2.6 2.6 6.86  303.5




TABLE: 5

X = 45 ft,
X = cx1073 1070 Uk
U 5, 8 e R x10 -4 £ i * k
fps. in. in. H ft. e e smooth rough v [}
9.85 - 1,866 1.447 1.290 67.5 0.332 0.586 3.6 7.38 62.6
19.72  2.155 1.660 1.287 95.4 0.943 1.363 2.88 e 124
29,75 1.985 1.555 Y.277 97.4 B 1,926 2,62 | ‘7.09 183.6
39.89 1,893 1.502 1.260 100.4 2.01 $:5 r 8. 7.09 247
49.57 - 1,921 1,530 1,255 108.5 - 2.69 3,16 .- 2.43 . 7.37 313
59,51 1.831 1.459 1.255 107.0 3,19 3.616 " R S0 7.63 382.6
79.46 1,846 L4735 1.253 116.4 4,64 4.88 -- 8.48 099




TABLE: 6

X = 60 ft,
X -7 cx10™  cx10™ vk

U 5, 6 e R_ x10 -4 £ £ * k
fps. in. in. H ft. Xe Rgas smooth rough v [)
9.66 2.527 1.846 1.369 91.25 0.444 0.743 3.08 8.46 68.1
19.61 2,495 1.830 1.364 107,75 1.064 1.495 2.91 1,53 127.2
29.58 2,349 1.816 1.293 118.3 }.762 2.235 2.67 .29 188.5
39.73 2.404 1.854 1,297 130.7 2,615 307 2.42 .28 252.0
49,65 2.22%1 1.724 1,288 126.0 3.133 3.567 2,35 T+ 30 314.7
59.49 2.174 1,732 1.270 130.7 3.893 4,24 2.09 7.66 385.0




TABLE:

7 s
x =85 f¢t, :
X 4 B R
U 8a 8 e R x10 N £ £ * k
fps. in, in, H L, e g smooth rough v 2
10,5 2.766 2,150 1.287 1125 0.591 0.94 2,28 6.62 63
TS 3.046 2.374 1.283 148.7 1.45 1.93 1.98 6.52 114
29,53 3.021 2.359 1,281 163.6 2.416 2.9 2,28 6.23 170.5
39.62 2.945 . 2.321 1.269 172.6 3.42 3.833 2.13 6.26 229.5
49,85 - 2,862 2.265 1,263 177.3 4,42 4.71 2,0 6.39 286
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