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THE EFFECT OF SURFACE ROUGHNESS OGN SKIN FRICTION
AND TURBULENCE IN TWO DIMENSIONAL FLOW

summery

This investigation is divided lnto two parts. Part I deals with the effect
of roughness and pressure drop and skin friction, and Part I covers the effect
of surface roughness and the turbulent velocity fluctuations, and the correlation
between these fluctuatlions in the direcitlon of the mean flow and those normal to
the channel walls,

The voughness for both investigations was the same, and consisted of cor-~
rugated paper glued to the inside walls of a channel of 4.9 cms‘wide by 85 cm.
{inside dimensions). The roughness was changed 5& yemaving every other one of
the corrugations, as illustrated in Fig. 6.

Pressure and velocity distribution measurements were made at various stations
and the resulis compered to Karman's eguation, %;é A. + B log y/k for rough walls,
where u is the velocity in the chemnel, v, is the friction velecity = VFE;;; s
y = distance from wall, U = the kinematic viscosity, k = the roughness height.

Karmaen's analysis showed B to be & uaiversal constant in@epéndeut of the wall
roughness. Some investigestors have given glightly different values to this constant.
Their resulbts were carried out in pipes or chamnels of near sguare cross sectlon.
These results appear to fall within 3% of those of Nikuradse as far as the value
of B lg coucerned. However, a value of B a little less than 5.75 would fit the
points better,

These experiments were undertaken to add some information to this subject
with flow in deep narrow chanunels and with other types of rough surfaces which
had not besn investigated.

The turbulence measursments were determined with a hol-wire anemometer

relation coefficient z»@;ﬁf- increasses with speed for smooth walls and varies
-Qf

materially with the type of roughness with no definite systematic trend as to

this change.



THE EFFECT OF SURFACE ROUGHNESS OW SKIN FRICTION
AND TURBULENCE IN TWO DIMENSYONAL FIOW
By Halph D. Bsker
PART 1
Skin Friction end Pressure Drop

Introduction

In showing the vesults of this investigation the author wishes
to present them in two paris. Firet, that porition relating o
pressure drop and skin Ifrietion, and second, the meteriel which
deals with velocity fluctuations in turbulent flow.

Fluid resistance has been & problem Tor discussion &nd re-
sgarch sinee the first deys when the “eraltsmenship of the arti-
san builder began to crystallize into the art and science of engig»
eering.”® Harly scilentiste developed the mathematical relationships
gavarniﬁg the laws of frictiocnal resistance for whalt iz now termed
“laminer® flow. This type of flow, which occurs at very low velo-

ities, is characterized by the steady, even flow of the fluid par-
ticles in congruent rectilinear paths, without perceptibls moleeculsar
interchange. Only & smell portion of the problems of fluid flow are
in this class.

Inersasing the velocity ehanges the character of the fisw into
a definite "turbulent™ étateg in whieh a2 thorough mizing of the par=
$igles oceurs., Any colored fluid introduced into a flow of this type
is quickly diffused throughout the whole fluld. The individusl per-

tieles appear to have & very irrsgular and inordinate motion &s they

3



are tossed gbout in the fluid. This type of flow counstitutes, by far,
the major £luid problems in Hydraulies and Aeronautics.

Kot until ILudwig Prandtl's ides of the ¥boundery layer" was much
progress made in formulating the laws governing turbulent mﬂtién,
later notable contributions have been made by Theodore von Karmen, &
gstudent of Prandtl's, with his "similarity law,”™ and statistical theory
of turbulence (1)* and by = G. I. Taylor (2) with his statistical

theory of Isotropic Turbulencs.

Previous Work

In the study of the effect of surface roughness on fluid flow Nik-
uradse (3) has performed some very extensive experiments, using differ—
gnt sizes of sand grains placed on the inside surfece of pipss. He used
the diameter of the sand grsins as & measure of the roughness, and the
ratio g‘waa designated as the "relative roughness,”™ whers k = height of
the roughness, or diameter of the zand grains, and v = redius of pipe.

Sehlichting {(4), (published efter this work was begun) has recent=-
ly made sn eitended iﬂV%stig&tian of the effect of roughness, using |
verious kinds of rough surfaces. From Schlichiing's experiments 1t is
seen that the frietion coefflicient dogs not only Qspen& upon the height
of the roughness, but also on thaVSp&cingg which, of course, should be
sxpected. However, most any height and spucing may be reduced to an
sgulvalent sand grain roughness.

These results confirm the theory that for a particular rough sur-
face the pipe fricblon coefficient at high Reynolds Number is indepen-
dent of Reynolds Number, and that its valus is determined by the rela-
tive roughness,

*Note:~ Numbers in () refer to bibliography at the end of this paper.



From Farman's analysis the veloclity distribution in the fully desv=
eloped reglon for smooth walls in pipes is given by v = ?*(ﬁﬁa lag%&?}
Wheres
u = velocity at a point in the pipe.

¢ . &1 % & ey g -2
Vel {%; called the friction velocity.

11

& constant depending on the roughness of the wall.

B = & universal constent independsnt of the wall roughmess
(i; = shearing stress at the wall.
¥ « the distance from the wall to the point where the ve-

locity is measured.

i

@ = mass density of the fluid.
0 the kinematic visecosity of the fluid.
log = logarithm o base 10.
For smooth walls the value of A is given as 5.9 and of B, as 5.%5.
Using these values the equation then becomss ig;: 5.5 & 5.75 log {%?&{sma@th}

which fits the experimental values for log é%?ﬁ:?l@@.
2

. < e . R s L =
In hydravlics the friction coefficient £ is defined as h = fiai?
where h denctes the head loss in height, L, the leangth, 4, the diameter
of the pipe, u, the mean velocity, and g, the acceleration of gravitby,
32.47. Following Kerman's deductions Nikuradse and Prandil gave ths
following formuls for I,
3‘1 “%‘t
5= 2 log (Rf®) =0.8 (smooth)
. T - " :
where B g_:r.: Reynolds Number, and d = the diameter of the plps.
The prdblem of the effect or influence of surface roughness on
the frietion coefficlient is somevhai complex, Numerous experiments

heve been performed in pipes and chamnels with rough walls, notable of
3

which are thoese of Nikuradze and Schlichbing. In pipes with geomeitri-



eel similer surface conditions, but diffevent dlamebers the frietion co=-
gfficlent varies with Beynolds Humber and the "relative roughness.” The
relative roughness is the ratioofalength which is characteristic of the
rough surfece, say the height of the projeetions, and the radiuvs of ths

pipe. I the charscteristic length of the rough surface be denoted by

¥

k, and the vipe redius by v, then £ = f {R,k/r}c
Fxperiments seem to indicabte that 8t high Beynolds Number snd large

ralative xa&ghn%s&,kf is igd@pﬁﬁé@nﬁ of the viscosity and alse indepen~
dent of Heynolds MNumber, Hikursdse's experiments show that for surfseces
made rough with sand grains the velocity distribution is given by the
ecuation

us g {by + B leg~%i {raugh}

wherey=
Ar = Agp (EE} {rough)
<7
B = B,75 the same as for smooth walls.
 From Kerman's relaetionships

= {2 lcg'i ¥ arﬁg {rough}

5

where: &, = & é:y) {(roveh)

For geometricel similar types of roughness Ar and ey sre independent

o

or different

of k and Reynolds Fumber, st large velues of k and B, Bub £
types of roughness Ar and sp will very with k, depending upon the char-
seteristic length chosen to represent k. However, ait large velues of
Reynolds Number the velocity distribution and the frietion coefficlent
appear to be independent of R.

The function {%%J mey  he ﬁhbaghﬁ of as a dimensionless roughness

characteristic of the Reynolds type.



For the Hikursdse experiments with sand roughness, the velue for
Apis given &S 8,48, and for &y is l.%4. Experiments by Hopl (5} and
Fromm (8} on different types of roughness gave values of ap from 0.96
to 1l.48. Values of A, given by Schlichiing®s experiments range from
2.88 to 13.8,

Prasent Work

Chanrel and Motor

Thies invesitigation was ecarried ocut in s smell wind tunnel at the
Californie Institubte of Techunology, shown schemeticslly in Fig. 1.

The channel wes the same one used by Wattendor? (14) in bhis investigs-
tion of curved flow. However, apncther straight section was added, mek-
ing the length of the sirelsght portion double the length of the old pard.
The chamnel had a breasdth of about 4.9 cm snd & depth of 85 em, giving

& ratio of depth to breadth of 17.55. The large ratic was used in order
to avoid a0 far s& possible the disturbing effect of the top and botlbom
walls, simuleting wore or less two dimensional flow.

The bell-shaped inbake was bullt with a honeycomb in the entrance
to straighten out the eddies entering from the room. The straight por-
tion consisted of &/8" plywood covered on both sides with metal. It
wag 530 cm long, with the measuring stetions located as shown in Fig. 1.

The curved section was the éam@ as the old tunnsl, but was of no
importance for this investigation.

" The exlt cone consisted of & tramsition porition from rectangular
t0 clreular cross—-section, and & propeller sechion 85 om in diametsr.
A 10, H, P. D. C. notor at the exit end furnished the necessary power

for the sir veleocity through the channel. The speed was controlled by
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& portable rheostel on whesls, 8% the operator’s tabls nesr the Doint
of messuremsnis.
Pi%¥ot Tubes and Manometers

The tube used for msasuring t@tal‘h%aé congisted of a small cop-
ver tube 2.3 mm outside dizmebter with about 1.5 mm inside dlameter.

The sketech in Pig. 2 indicetes the approximete dimensions. Static pres-
sure was obtained with a2 tube of the same $ize having the uvpsiream end
clesed with soldsr znd rounded off to give & good streamlined nose.

L% &8 section 8 mm from the noze Tour small holes at 90° from each other
were drilled normel to the sxis of the tube. This staﬁié tube was cal-
ibrated in the center of the chennel against & wall orifice in the
smooth pordion of the funnel. A special double micrometer scresw was
used to move the tubes across the channel. BHach micrometer had & travel
of 2% mm and could be read to 0.0l mm. Fig., 4 illustretes thie instru-
ment. it was so made that it could be bolted to the cubside wall of

the channel at easch ststion for meking measuvements. This instrument
was also used o debermine the sxact widith of the channel at each
station.

The manometer, Fig.39consisted of a vertical screw thread and
liguid ressrvoir mounted on a brass base. 4L rubber tube connected the
regervolr with an inclined glass tube mounted on the vertical serew.

A hair line in front of the glass tube was used o accurabtely tell

when the liquid height was in balence with the pressure. By means of

a small hand wheel the height of the glass tube could be adjusted fo
balanee ths éresgur@, The height could be read accurately on a counter

to 0,01 mm. Two of these instruments were used in meking the pressure
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9.

Double Micrometer Instrument
for
Velocity and Hot Wires Surveys
Across the Channel

Fig. 5

View of Channel With
One Side Removed
Roughness R-1



drop measurements and velocity traverses. One was used to measurs the
reference pressure, the other ﬁe measure the difference between the to-
tal head st a sistion and the sitatic pressure ot the reference station.
Alechoel was used as the liguld in the manometers.

Testing Procedurs and Measurements

Seven different roughnesses were invesiigated, smocth walls belng
listed as one of the degrees of roughness. +he different types of
roughness are designeated as B=-1, R-2, R~3, B~4, R-0, H-6, and kK=Y, the
latter beling smooth walls,

The first degree of roughness was obbtained by removing the two walls
of the straight porticn of the chanmnel and glusing to the inside surfacs
ief sach a i&ysr of corrugated paper. Fig. O shows a phct@grapﬁ of the
gbraight part of the channel with one side removed. & cross-section of
the corrugated peaper as used for the Tirst roughness ls shown in the
sketech, Fig. 3.

Buccessive roughnesses were obtained by using a razor blade and cub-
ting out every other one of the peaks in the original peper. In Fig. &
is shown how these types of roughness were obtained. Figs. 7 and & show
views of the second amd third roughness respechiively. HRoughnsss R-5
had all the coprrugstions removed from the base papsr, leaving only a
layver ¢of roughened paper to which the carﬁuga%ions hed been giluved. In
Fig. & the appearance of this surface is shown bebtween the ridegss.

The width, b, of the channel in this instance wes 56.7 mm.

For roughness, BR-8, the same well surface was maintained as for B=B,
but the width df the channel was decrsased %o 49,0 mm, which was about the

width of the chanuel at the crest of the corrugations before they were
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removed . In roughnesses 1 0 4 inclusive, the width of the channel was
taken as the distsnce between the crests of the corruzations on opposite
walls. Ueasuvements of pressure and velcocity distribution were also
taken scroses the channel at the crest of the corrugations. In cases B=3
and B-4, messurensnts were also taken at points longitudinally between
the cregts at Stebion K. For this purpcse a slot was made in the chan-
nel wall, and & third micrometer screw was added to the pitot tube in-
sbrument to zive & motion of 50 mm parallel o the wind tunnel. 4 pho=
tograph of this arrengerent is shown in Fig. %

Measurements were made of the pressure & each of the stations as
located on the skebeh in Fig. 1 for each type of roughness., In the én-
trance section the gtations were closely spaced in order to show the de~
velopment of the boundary layer for the differvent roughnesses, &nd to in-
dicate the change in the veloclity distribution in the transition region
between the laminer and fully develepsd burhulent regions.

Velccity traverses were made at ssch gtation from 4 $o D inclusive
for each roughness except R-3 and 8-4, and at stations G and K for all
roughnesses, .

In meking the measurements, the exact width of the channel was dg-
termined &t each station. A4 Wspéaé run® was then made at station K,
this siation beling the reference for veloelity. Station N was used as
the statlc pressure reference. The speed run consisted of placing the
total head ftube in the center of the channel, connecting It to one side
of the manometer. The other side of the menometer was conuected to the
refersnce pressure at Station N, This arrengement gave a dypamic presg-

8Ure, Qgn, With totel pressure head et station K and static pressure Py
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at stastion M. With station N, alsc conunected %o a second manonster,

values of qy, were deternined at severél values of P,. Another run

was then made placing the static prsssure tube in the center of sta-

tion K, and comnecting to the first menometer so as o read (Po-Py),

the difference betwesn the pressure at N, end the pressure st K. In

order to determine the dyi&mic pressure q at K, we have gyy == Hy = Py
and gy = B - Pke Subtracting these two equations we have qp = an%(Pn“?ké
and (B =P} is a negative quantity.

Where Hy is the total pressure head at stetion K; snd the other
berms have the seme significance as defined sbove. The veloclity was
then determined by the relationship g = %f%?

Where © denctes the mass density of the air,

77, the specific gravity of alcohol and
v, bthe velocity.

With 9y measured in mm of aleochol and in;Eg_%gﬁﬁﬁi, the velocity
iz obtained in meters per second. The velooity ab other stations was
obtained in this mennsr. In obteining a veloelty traverse it was assun-
ed that the static pressurs was constant across the channel. This was
not strietly true for B-3 and R-4. In these two cases the wall pres-
gure was 2 to 4% larger in absolute walue than at the center of the
channel. ¥or other roughnesses the variation of pressure from center
4o wall wes less than & of 1%.

it L= 0,35 the pressurs varistion for RB-3 was about 0.5%, while

™

T
for R=-4 it was nscessary to go %o g.: 0.65 to obtain only 0.5% varia-
b

tion in the static pressure. Here y is %he distance from the wall fo

the poiunt of measurement, and r is half the channel width. Because of
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The sine wave at the right wall for Bel
ative megnituds of mp

and B=Z shows the rsle-

4 %o half the channe

ves is plobbed the curve

width. On esach sheet of this groun of cur
T Py b
corresponding to the souetion =Hewmes éﬁﬁgléﬁge { }:]Nﬁ?f@ keappa
Ve
ig Karman's unlversal constant and its value is teken as 0.40,
The devistion from this equation appears to be more ai largsr
raelative roughnsss, The experimentsal curves would be In better agres-
ment if the value of Kapps wers incressed slightly for sach lncrease

in roughness,

The parellelism of the curves in Tthe wide cenitral reglon cleap-
1y illustretes the broad featurss of the flow patbern &s brought out

by Karmen®s un ersal velocity deficlency law

U

[0g,{1-(2~ D3} + (- a;};z] (

[y

2/l S 3}
Kappa
which reduses to
o E}Tﬂ l W e o .
= = 2l § —eBee Jog & for smell values of y/r
T Ve Kap T
R ayﬁa
where Kappe is a universal constant.
In the squs 0 for f as given on pags 4 the faclor 2 corres=-
vonds to the value 0.403 for Kavpa.



‘here appears to be some spread for the different typss of
[ i oy wny o] s e o bt - B he 4 B! 7 < ,/’.
roughness, part of which may be dus to bhe dstermination of a e
; o . Ve § na . ]
4s mentioned sarlier in this paper (o = 3 %%s and,b,is the dis-
tance measured bebwesn the crests of the corrugediocns. Then ths
sorrugations are spaced differently slong the walls 1% appsars ss

though there should be an effecbive width which would talke into

aocount the incressed ares not coversd hy the corrusations.

—
. e . o Lo e 8 o n . .
Fig. 132 is a plot of z =va={Uy}* that for each btype

&

/‘
o , . . (& . N . o
of rouvghness the reatic of wgéﬁ%? is constant for different speeds.
i

n,.
7]
et

o E
3

o

@®

s g -
=& very close
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&
i
pes
o

b

&

cughnegs

£

£

verying the roughness by changlng the width of the cf

by

regult o
nel, &ven though 1t was only 2 change of 7.6 mn.

The effect on the veloeity profile of & traverse across the

ERRats

channel at the orest and at the valley of the corrugaticns is shom
in Pigs, 36 and 37 for Roughness A-l and k-2,

ationg up o

of the sorrugatious. However, the spacing for =8 which was 36.4
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Conclusions
It appesrs that within the scoursey of thess experiments, that
" jhe friction factor for this type of rough surface may be computed
from Nikuradse's squation for sny relative roughness, providing that
the equivalent sand grain roughness is known for that pariicular sur-
Tace.

Even though this work and Schlichbing'®s work shovs the valid-
ity of the logarithmic velocity éisﬁri% vbion law for varied types of
roughness, still more experiments should be performsd in larger pipes
and various recbtangular conduilts, with the thought in mind of a more
precise determination of the mumerical valus of the Kermsn consthant,
kappa. Doth the friction lasw and the velocity destribution law have
the forth =-~ = 4 4 B Jlog~~ - the A coefficlent varies over a wide
range with the condition of the surfacgs,

The szxbtent and chersmcter of the wide verlation of thisg coeff
clent shovld be investligated further.

L

The B coefTiclent appesrs bo be constant, directly dependent on
the valus of kappa.

The friction coefficient increased with increase in the spacing
of the corrugations until B-4,when it decreased to a value between R-2
and R=3. Fig. 14 illustrates this very él@aflv The spacing of the
corrugations in the order from high friction coefficient to low value
care as follows:
R~3 - 36.4 mm.
Redy, = 72,8 mime

R""‘;’Z - 13.2 Me
R““l has 9‘&1 mie
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TABIE I

' Static Pressure ¥ Measuremsnts at Various Stations
Uy = Meximum velocity at center of channel, meters per sec.

Static Pressure at Various Stations
U {(rm of water)
n/see A B B 7] G 7] E ¥ G
Aoughness B=1

6.84 2.45 3.18 < B.78 4,20

875 4,96 o351 T84 B.53
il.82 759 Qo34 1i.12 12.71

14.58 10,97 12,86 16.82 18.90

16,70 12.00 14,288 16,57 17.92 2l.20 24,95 28.61 32.81
17.97 13.81 16.61 19.20 20,78 24,65 28.98 33.23 358,13
19.13 15.85 18.84 21.82 23,60 27.98 052.90 37.87 43.60
20,20 17.74 21.10 24,45 26.30 3le23 36,90 42.40 48,70
21.23 19.58 23.34 27.00 29.20 34,54 40.80 46,80 BI.70

*Notes= All pressures sre measured helow atmosphere and are thersfore
negative.

Lir density, F, = 0.1200(Kg-sec?)/m*

Kinemetic viscosity, W, = 0.154 em®/see,

Roughness R=2

5,62 1.25 L 72 2,20 2440 2,63  3.08 3,77 4.47 5,20
9.87 5,980 B.29 G.62 7,287 7.95 9,20 11,31 13.34 15.82
14,00 7,96 10.40 13,08 14.34 15.85 l8.21 22.28 26.50 30.80C

17,77 13.11 17.03 2l.2
25,3

85,40 28,78
19.3% 15.58 20.20 a7

29,78 36,50 43.45 60,23
85 50,57 35,40 43,80

51.80 B%.80

Airy density = 0.1190 Kg-secl/mé
Kinematiec viscosity = 0.156 cmd/sec.



TARIE I (continued)

Statiec Pressure lisssuremsnits at Various Stations

Static Pressure at Verious Statiocns
m {mm of water)
n/sec Cq 5] E F G
Boughness B=3

G308 Bedl 286 3,57 4,86 5,00
7ell 4,80 5,66 7,06 8,52 10.04
8,70  7.83 8,54 10.68 18,74 15.00

10,88 11.287 18,70 15,90 18,15 22.40
12.18 14.21 1l&.78 21.10 25,37 29.83
13,97 18.71 22.25 2Y.986 33.72 39.87

18.55 23.25 27,70 34.95 42.03 48,30
16, 0 27,79 33,00 4l.44 50,20 58,90

4ir density = 0,1190 Ke-sec®/m®
Kinematic viscosity = 0.155 em?/sec.

Roughrness H-4

D45 245  2.92 .66 4,35 4,99
7,68 4,91 5,86 T.28 @ 8.67 9.8%
e84 T7e43 B,69 10,81 12,94 14.98

1l.40 1l.12 12.96 16.15 19.33 22.28
13,31 14,70 17.23 21.48B 25.62 29.60
15,00 19.44 22.74 2B.49 34,10 39.35

16,70 24,15 28,32 35,35 48,30 48,90
18.19 28.83 33.80 42.25 50.70 858.50

ALir density = 0,1188 Kg-secd/mt,
Kinematie viscosity = 0.156 cmZ/sec.
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TRIE I (conbinued)

Static Pressure Messuremsnbs at Various Stations

Statie Preasure at Varicus Stations
! {mm of water)
m?aec A B By G G D B 3 G
" Roughness R=5H

Te7d  Be75 2,90 3,21 343 3.85 3.85 4.32 4.85 5.16
10,95 5.48 5,84 8.53 7.13 7,71 8.68¢ 9,65 10.34
15.48 8,20 8.82 2.85 10.26 10.68 11.86 13.02 14.47 15,58

16.42 lz.28 15.17 14.65 15,98 17.27 19.46 21.863 23,18
18.97 16,18 17.85 19.54¢ 20.40 21.81 22,95 25.86 28,69 30.85
21.90 21.70 23.37 25.93 27.06 28,25 30.42 34.28 38,14 40.90

2h.41 27,00 29.068 32,35 38,04 B7.90 42,70 47,50 50.85
26,70 32.34 34.80 38,60 40.30 42,00 45,85 Bl.00 56.75 60.75

Air density = 0.1178 Kg~sec®/mt,
Kinematic viscosity = 0.159 cnf/sec.

Rouvghness B8

7.87 2,60 2.9l 3.29 3,38 362 3,90 4.83 B.20 D.64
11.20 5,12 5.69 8.50 7.34 8.028 9.20 10.44 1l.29
13.70 7.68 8,58 9.75 10.25 11.04 12.03 13.87 15.64 16.98
16.80 11.85 12,90 14.62 16,52 18,04 20,71 23.48 25.42
19.41 185,35 17.14 19.52 20.60 22.08 24,10 27.52 31l.20 33,80
28,40 20,48 22.78 25,80 287.86 28.27 32.050 36,55 41.32 44.90

24,99 25,30 28,39 32,20 36.67 39.90 405.55 B51.B8 55.80
27,20 30.37 325,90 38,40 4045 43.658 47.60 054.40 61.85 66.85

Alr density = 00,1157 Kg—seeg/mé.
Kinematic viscosity = 0.164 cm®/sec.
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TABIE I (continued)

Static Pressure Messurement at Various Stations

Static ?ressur@ at Varicus Stations

Uy {mm of water)

r/ sec A B Bo ¢ [+ D

%
i

Roughness R-7 (Smooth Walls)

0.080 3,96 4,00 4,11 4,38 4,80 4.74
18,00 8,08 &.23 8.56 F.22 9.78
16.03 12.15 12.39 13.12 13.60 13.98 l4.81

1e.88 18.58 18.70 20,00 21.280 82,35
28,84 20.08 25,37 26.84¢ B27.55 28.41 20.94
26.40 32.50 35,90 36,00 56.84 57,85 40.10

20,44 41.60 42.855 45.10 4T7.44 49.97
32010 49.80C 51.10 54,00 B55.40 56,920 59.80

Air density = 06,1175 Kgmseggfmé.
Kinematic viscosity = 0.159 cm?/sec.

Eguivelent Sand grain Roucghness

5.19
10.57
16,04

24.14
82630
43,10

83.80
64,40

Type of 100 ¢ a Ka

Houghness ¢
=5 5,88 3.65 0.111
B8 4o ld 358 0,120
R=-1 5,66 B.87 0.8%2
B=2 2.68 1.9C¢ 0.831

S 56
11.35
17,07

23,88
54..40
45.80

57,30
68,50

€.12
12.40
18,67

28,08
37,50
42,90

62,20
7440
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TARIE IIT {conbinued)

Frietion Coefficlent

T p/dE TP e WUy TpEl0e Ryxl0 C £xl0° Rxl0S
n/sec  ke/m° {w/sec)® m/sec x102
Houghness R~-8
G.70  0.98 0.889 (.49 6.19 2.87 §SL.8 3.85F 44.8
Fe45 L1885 0.445 0.666 6.08 279 73.1 3.%2  83.2
1l.686. 2,80 0.889 0,888 6.19 2,90 90,0 E.87 V7.9
14,20 .58 L.0B0 1,085 6.24 2.92 110,00 Z.88 9B.1
16,40  B,78 1,368 1.170 6.17 2.86 126.7 Z.81 108.6
18.84 7,65 1.84% 1.358 6,20 2.88 148,00 3,84 138.0
2l.1L  2.60 2,317 1.581 6.83 2.91 183.0 3,88 141.0
25,10 11.45 760 1.6681 8.82 2.8l 178.86 .88 1B4.5
0.1175 kg-sec®/m~ 0 = 0,159 en®/sec
5.67 em WUy, 865 me 2.66 cm
Rough =5
6.97 1e20 0,254 Qoﬁﬂé 840 3,09 45.0 4,18 38,7
<03 240 0.50Y « TLE B8.%68 3,09 83,28 4,18 54,3
11.78 3.60 0,763 G,%?& G, 37 3,08 76,1 4.18 65.2
14,45 5,30 1.121 1.088 8.30 3,03 94,2 4.09 81.6
16.8% %.10 1.500 1.285 6.31 3,00 110.0 4,06 94.6
19.28 Y.25 1.909 1.398 6,28 Z2.98 127.0 4,058 108.2
2L.49 11.B5 2.462 1.370 6,28 2.8% 141.8 4.04 121.6
23,59 13,90 Z.938 1.713 8.30 3,01 188,1 4,07 138.0
0.115% {gwﬁwz,fmé D = 0,164 or’/see
g cm ‘ﬁ}fﬁm = Ce&%@ o= 2@52 123
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TARIE IITI (continued)

Friebion Coafficient

ki dp/d

Uy x G/f Ny YUp Irl0% Bgxi0-B  £xi0P Bxi0C
m/sec m/sec  ke/wmS /! 2

émfsee} m/see  x10

g.06 8,11 0,925 0.198 0,439 4.8 1.781 52,7 2o B2 47 2
15.00 11.68 1.780 0,365 0,804 4,65 1,828 | .78.8 B 03 87,
18,03 14,36 2.585 0.339 0,734 4,58 1.588 BB 1.97 B3.8
12.88 17.81 3,70  0.%772 0.878 4.42 1,502  115.%7 1.87 108.7
28,84 20.46 4.88 1l.0L7 1.008 4.4& 1l.4%2 133.2 1.83  11%.3
£26.40 23,65 6,38 1,325 1.152 4,38 1,435  154.0 1l.79 138,
29.44 28,34 7,80 1.685 1.274 4,38 1,418 173.0 176  18B%.7
32,10 288,96 9.80 1l.902 1.392 4,30 1.300 187.0 75 167.8

7 = 0.1175 kg-sec®/m* D = 0,159 cnd/sec
§7Uﬁ = 0,008 b e 4.9 om e 2.32 an
Up = Maximum velocity at center of the chamel
T = meen veloclby, %% = pressure 4rop, ?; = ? = shearing stress

at the wall, b = width of channel, .= ?%g7 = friction veloclity

/= mass density of alr, K = {%ﬁ = Reynolds number based on

=L

the mesn velocity, m = S&& = hydra ul‘c redius,

‘p@flﬁ@ﬁéﬁnu

. . . . . 4m ot e X .

) = kinematic viscosity, © = =B Eﬁ = friction coefficient based
on the mean veloeity, g ﬁ'%f7ae The subscript {(m) for B, ¥, and g,
refers to the values based on the maximum velocity in the center of

the channel.
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TABIE IV

Veloclity Distribubtion Msasurements
Station K
Houghness H-1

i-y/r u w/Uy  N© i-y/r u /Uy
m/ see m/sec
Vf': Geaﬁg Vx.: ﬁe?l%
0,952 4,32 0.544 6,36 0,852 B.47 0.547
0.918 Lo %3  (,588 5,64 0,916 5,91 0.59%91
0.8%4 5,06 0,637 5,06 0. 874 6,46 0,848
0,832 B.42 0.883 442 0.832 6.85 0.883
0,742 5,84 0.748 381 0.748 749 (G.748
0,868 6,37 0.803 2.%76 0,664 7.97 (.797

0,582 §.68 0.842 3Z.21 0.580 8,40 0,840
0,498 6.98 0.880 l1.68 0.496 B.79 0.879
0,373 7.36 0.927 1.0% G.570 9.28 0.928

7.684 0,983 G.53 C.244 .87 0,867
0,121 97.85 0.988 (.18 0.160 9.88 0,988
0,038 7.20 0,980 0,07 0.034 9.96 0.998
0,004 7,94 1.000 ¢ 0 10,00 1.00
L= 1.071 Ty = l.422
0.952 B.24 0.8551 6&.29 0.950 10.79 0.540
0.916 8.05 0.803 5,83 0.814 11.85 0.583
0. 873 .70 0.548 4,91 0.873 18.71 0G.838
0.831 10.38 0.883 4.28 0.820 13.81 0.881
Q.747 11.38 0.7860 3,38 C.744 14.94 0.74%
G.662 12.12 0.81l0 2.66 0,659 16,08 0.803
0.8Y8 12.70 0.84% 2,11 0.5%4 16.95 0.843
G494 13,30 0.888 1.586 0.488 17.73 0.887
0,367 14,00 0,938 0.90 0,361 1B.66 0,933
0.241 14,53 0.%872 0,41 0833 19.38 0.959
0,114 14.83 0,980 0.13 0,108 19.84 0.992
] 14,97 1,00 o) 0 20,00 1.00

]

*H = (U - ﬁ%/ﬁ*
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TABLIE IV (continusd)

Velooity Digtribution Measuremsnts
Station K
Roughnesas He-2

l-y/r wu W/ Uy i 1=v/z  u u/ Uy i
m/sec m/see
= 0.66% ez 0.942
0,988 3.62 (.B00C 5.48 0,282 4,856 0,488 5,48
0,918 3,88 0.535 5,09 0.916 5,38 0.034 4,99
0.874 4,15 0,573 4,868 0.873 5,80 0.582 448
0.832 4,54 0.628 4,09 C.831 G.34 0.638 Bo91
0.748 5,06 (.,700 331 0,747 7.1l 0.714 3,08
0.664 5.46 0,958 2.70 0,682 7,71 0.774 Be 3D
0,580 5.8% 0.814 2,05 0,598 8.21 0.825 1.82
0. 496 6.20 0.888 1.5%9 0.494 8.85 0.869 145
0. 370 6,66 0.920 0.89 C.36% 9,282 0.925 0.74
0.244 6.96 0.962 O 44 G.241 9.62 0,972 0.35
G.118 7.15 0.987 0.18 0,114 2.90 0,995 G.13
0,013 7.285 1.00 o 0,021 10,08 1.00 O
V= 1,570 ez 1.806
¢.981 7:45 0.495 5,53 0,850 10.02 ©.502 BeB3
0.915 8.21 0,548 4,98 0,914 15.82 0.542 5,08
C.8%2 8.96 0,538 4,43 G.870 1l.94 0,587 448
. 830 2.68 0.844 G690 0,828 18.82 0.6428 398
C.745 10.74 0.714 T C.742 14,36 0,718 BSelB
0.8580 11l.84 0O.775 2e47 0.855 1B.81 0.781 & 45
0.574 12.42 0.828 1.9% 0.568 1l6.82 0,834 1.83
0.488 13,10 0.870 l.41 0.482 17.50 0.874  1.38
0.388 15.98 0.928 G.81 05584 18,66 0,933 0. 74
0,234 14.55 0,268 0.35 0.284 19.47 0,975 0.30
0.106 14.94 0,998 0. 07 0,084 19.79 0.988 8,12
O 15,05 1.000 ¢ 0,013 20,00 1.00 O
"‘E\E = {E}‘m i u}/f?*



TARIE IV {continued)

Velocity Distribution Measurements

Station X

Houghness R~

1-y/r u 1/ Uy i
n/ sec
Y= 0.430
0.95 4,87 0.603 G40
0. 929 4,588 0.843 D76
C.595 4,78 0.895 5e84
0.531L H.82 0Q.757 &g 2k
0.771  B.53 0,781 3,53
0.682 5,82 0,832 2,71
0.593 B.14 0.887 o
0. 505 8.3%9 0,900 1.82
0,399 603 0,982 25
0,893 6.76 0,955 Q.73
0,152 6,95 0,999 0,54
0 e 100 G
Tew 0,930
0.958 8.82 0.580 6,85
0.988 G55 0,819 &.17
0.883% 10,08 0,4867 5.40
0,848 10.86 0,721 4,53
0.766 11.67 0.774 500
0.631L 12.48 0.824 2. 585
0.581L 13.02 0,864 2. 80
0,508 13.49 0.885 1.70
0,585 132.98 0,828 1.17
0.288 14,39 0,955 2,93
0.146 14.85 0,986 e B4
G 15,07 1.00 G

o= (T - ul/vy,

5

I=y/r wu WUy i
SE&C
V*g Geégg
0.958 5,81 0.580 6.79
0,928 6.33 0,832 5,95
0.895 8.%6 0.875 5.26
0.841 7.29 0,728 4,40
0.771 7.78 0,776 Ge B
0,682 8,13 0.811 5308
0. 593 8,63 0.8681 Be bk
0. 505 2.88 0,898 1.68
0,399 .58 0,986 i.19
0.203 2.83 0,961 0.83
0.152 9.90 0.988 0,19
O 10.02 1.00 O
V*: legf}ﬁ
G.858 11.53% 0,573 8,97
0.888 12.48 0.822 6,15
0,803 15.44 0,869 5,38
0,842 14,54 0,724 4,48
0.768 15,67 G.%7%8 S.57
0.831 18,61 0.827 2.81
0.591 17.41 0,887 2,18
0.502 18,00 0.896 1.69
0,595 18.68 0.930 113
0.288 19.20 0.956 0 .71
0,146 18.81L 0.987 .88
G 20,08 1.00 O



TARIE IV {continued)

Veloelty Disbribubion Measuremsnts

Station K
Roughness R-6

T

870
Ged
10.10

10.67
11.68
12.31

12.87
.30

13.91

14,40
14.%72

14,91

@

[ ]

o ]
b= o0 (0

4o 14
3.23
Z.54

1.98
1.08

0.67
0.28

1i.62
12.50
15,46

ide 3L
15.6%
16.48

17.18
17.81
18.58

1g.18
1g.¢6z
19.87

iﬂgﬁm
B4 O
e et 1O

L

L3
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TABIE IY (continued)

Velooity Distribubion Msssurements

Station ¥

I=-y/r u /Oy, N*
n/sec
= 0.338

0. 954 4,84 (0.669 T 18
0.21l2 B.828 0.721 6,08
0.8%¢ 5,48 0. 758 5,28
U.838 5.68 0,788 4,88
0. 757 5,98 0.828 576
G.876 G.86 0,868 2.93
G.5%95 $.47 0.884 850
C.5l4 8.65 0.918 1.76
(.58 8.88 0,950 1. 0%
G.271 7.08 0,971 0,83
0,180 7:18 0,989 G.2

O Teld 1,00 O

Yz 0,665

0,988 10,30 0.684 7ol
G.218 10.98 0,728 6o 20
0.878 11.B8 (.765 G531
0,837 11.20 0.7921 4o 4
0.788 18,80 0,837 568
0,673 Zeodd 0.872 .89
0.592 13.5% 0,809 £.29
0.810 13.83% (.31¢9 1.83
0.388 l14.32 0,945 1.10
. 865 14,70 0.997 055
C. 143 14,93 0,888 0.18

o 15,06 1,00 0
o= (T - ul/vy

-7

Smooth Walls &

I=-v/r L ﬁf!gm N*
m/sec
Y;* = & © éﬁﬁg‘

0,983 B.70 0.862  7.42
G.818  ¥.,30 0,718 6.24
0,878  %.90 0,785  H.58
G. 838 793 0. 77% 4,88
J.758  B.87 0.821 3,84
0.898 8.79 0.882 3,08
0,594 9.0 0.801 2.3@
0.812 9.31 G.218 1.92
0,391  9.87 0.948 1.14
0.268  §.87 0.988 0.71
0,147 10.1% ©.993  0.15

4] 10,20 1.00 O

Ve = 0.875

0,883 135,798 0.68% 7.12
C.Bl8 14,70 0,738 8,08
0.8%7¢ 15,47 0,794 B.18
0,856 16.08 0.808 4051
0,753 16,90 0.848  3.B5
0.671 17.5% 0.87¢ 275
0.588  18.10 0.808 2,17
0.506 18,55 0,988 1l.66
0.382 19.18 0.859 G.94
G.2589 18,80 0,880 0,45
0,135 16,90 ¢.998 0.1l

G 20,00 1.00 O
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TABLE ¥V

Dimensionless Veloeclity Distribution
Station K

K = 4,35 mm = height of ecorvugeations.

Ve 0.569 n/sec ez 1.422 mfsec V= 0.622 m/sec U= 1,086 m/sec

v/k U u/ e u /T w u/ Ve u WV

/sec m/ sec n/ see n/sec

, Roughness A=-1 Houghness R=Z
0.26 4.32 7,59 10.64 7.48 26 3,62  5.47 10.02 5,55
0.46 4,73  8.32 11.57  8.1% .46 B.88 5,87 10.82  5.99
0.89 6,05 8.88 1265 8.90 69 4,15 6.28 11.94  6.8Z
0,92 5.48 9.53 15.55  9.52 4,54 6,76 12,82 7.10
1.38 5.94 10,44 14,85 10.43 5,06 7.84 14,36 7,95
1.84 6.37 11.3 16,00 11.20 546  8.25 15.61 8.85
2,30 6.68 11.74 16.89 11.90 5,80  8.90 16.96  9.39
2.76 6.98 12.28 17,67 12.40 8.20  9.36 17.50 0,69
BedB 7.36 12,94 18.60 13.10 6,66 10,05 18.66 10.33
4,14 7.64 13.43 19.37 13,63 8,96 10.51 19.47 10,78
4,83 7.85 1%.80 19.82 13,93 7,15 10.80  19.79 10,95
5,42 7.94 14.00 20.00 14,07 7.25 10.95 20,00 11.07

Houghnesg Heh Houghness B8

V= 0.439 m/sec Vez Le235 m/sec Yz 0.477 m/sac v*-; 1.254 m/sec

0.88 4,27 9.73 11.53  9.33 0,26 4.25 9,50 11.62 9.26
Do 4,55 10.36 12,48 10.10 0.46 4,57 10.22  12.50 9.07
0.89 ¢.,78 11.12  13.44 10.87 0.69 4,84 10.82  13.46 10.73
1.0l 5.22 1189 14.54 11.78 0.92 5,06 1l.32 1431 11.40
1.49 5,53 12,60  15.87 12.70 1.38 5,48 12.36  15.67 12.50
2,07 5,80 13.42 16,61 13,45 1.84 5,80 12.97 16.48 15.13
2084 6,14 18,98 17,41 14,10 2.50 6,06 13.56 7.18 15,69
§@4f 8.37 14,80 18,00 14.57 2.76 6,30 14,10 17.81 14,20
$e9l  B8.B3 14,87 18.88 15.13 3,45 6,48 14,50 18,58 14,80
460 6,76 15,40  19.20 15,55 4,14 6,67 14,82  18.19 15,
§e§§ 6,93 15.78 19.81 18.04 4,83 .85 15,52 19.62 15,75
.51 7.08 16.13 20,08 16,25 5,38 .08 15,81  19.87 15,84
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Turbulent Veloeity Fluctuaticns
¥

Introduction

Irrsgular Tluctuating motion superimposed on & meen Tlow is
termed bturbulent flow. Osborne Reynolds (13}, expressed the shesr-
ing stresses for a parallel mean Tlow in the x-direction as

Txy = -puwe, Txz=-puowe
whare u', v’ and w' sre the fluctuations in the velocity in the dip-
sctlon and perpendiculsr Lo the mean flow, rvespeciively, and,/éi is
the mass densiby of the fluid. The bar dencbes the time asversge of
the product

A .. .
tuations have Desn delermined, thai is, (%)% with the various

ments only the root-msan-square value of the

o

i

avold so meany exponsents and subscripbs ths

8

lowing notabion will be used:
u¥ = root-mean-sguars valus of the veloclty fluctuations in
the dirscebion of measn flow.
vY = rootemsan-scuare value of the velocity fluctustionz per-

pendicular to

-,

the walls of the channel.

27':'~(9 u'v? = shearing stress in the direction of mean Tlow.

u = mean velooclty of flow et sny point in the cheannel as
messured by & pilot tubs,

u?

# = per cent turbulence.

The same number and type of rough surfaces were used for the tur-

bulence measurements as for the pressure drop experiments, as shown in
Fig. 8.



68

@

This invesbigalbtion was underbaken To show the effect of roughe
L'y’
ness on the relabtlioushin of, L ETETET ) at different positicns in an air

mg)

stream, or o what corrsla

tion existed between the vt and v°

fluctuations in turbulent flow caused by diffdrent types of rough sur-
feces. Also to show the magnitule of the fluctuvations parsllel to the
air stream caused by the copdition of the wall surface.
suremsnts of the veleocity flucituvation in an alr stream

have been mede, including messursments in wind tunnels, plpes, and
channels and also in the fres atmosphere.

Mention may be made of only & Tew of the investigators in fthis
field, such as Vattendorf? and Kusthe, (7), Dryden and Kuethe (8},
Fage (9), and others in the experimental field, and Prendtl (10},

Karman (1), G. I. Taylor (2}, and Gebelein (11}, in the theoretical
field.

These measurements have been mads in the hope of understanding
moye @bout the laws which govern fluid flow in the fully developed
furbulent state. Yhe hobt wire spemometer has been used extensively
for this purpose. King (12) first showed the possibilities of an
instrument of this ¥Yype Tor measuring the burbulencs in an alr strean,

fhe principle of the operstion of this instrument is based on
the change in resistance of an electrically hestsd Tine platinun
wire, dus to the ccoling =ffeet of the flucetuating alyr stream.
King dsveloped an equation Tor the heat lost from & hot wirs of
thia type in & stendy stream of fiuid:

i%R = (K 4 CuB) (T - To)
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Fig, 41

Hot Wire Holder




Ve

ning fluctuaitions very

wao

ebermd

s

across the cheamnel and No. 2 for

nesy o the wall. A Tine olabinum wire sbout 0.0008 inch in dia=-

meber was soldered across o two terminals and then mounted on the
vibreator wire for cal on it was placed

the turbuye-

athod

Eigs; 42 and 43 and Table VI show the readings to be taken,
and necessayry curves for the hot wire ecalibration. Alter
wire was placed on vibrator wire, the alr speed in the calibrating
tunnel was adjusted to some desired valus. Then the vibrator was ad-
Justed to give a specified valus of smolitude and frecusncy. Keep-
ing the spesd constant, the compensabion resistance R, was changed

in inerem is Z 1 (5] LI I 8 L4 £ %l meuer &
in dneremenbs of BOU chms recording the reading of the I< meter ab

by

eagh change. A4 curve of I-vs-He wag then plotted for this frequsa-

A second series of I readinss were btaken with a different fre-
wueney and amplitude, keseving the product of Irecusney and applitude
the same as in the first obsarvation. Another curve was bthen plot=-
ted on the fivst graph for the sscond conditions. The intersection
of thé two curves gave the desired compensabion resistance. This
indicated that the lag of the hot wire was Tully compensated beltwsen
thess two frequsnciss.

In using this method the smplifier must be so designed to be
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TLBIE VI

Determnination of Compensation Hesistancs
Vibrator Tuansl

ﬁﬁ.; 20.00 m/sec
Amplitude of Vibrating Wire, = 12,0 mu
Frequency of v ® o, £ = 70.0 cps
Ra 0 1000 1500 2000 2500 3000
Tap 5 5 5 5 5 5
12 30.5 38 49 59 71 &7
I 5,52 8,18 7.0 7.68 8.43 8,33

Amplitude, = &.,0 m
Freguency, £ = 140 cps

1000 1500 2000 2800 3000

0
Pap 5 5 5 5 5 5
1 47 49 53 57 62 &7
T 6.85 7.0 7.28 7.55 7.87 8,18

Compensation Hesistance set at R, = 1810 ohms
Frequency 140 cps

Tap  IP T Tap I° I
122 1.22 G 45 6,93
l.64 4 21 4488 1.64 3 84 9.17
Ze B2 & 538 F.8L
310 4 % 9.11 )
477 5 338 5,68
&.00 5 55 Y 6,00 & is 5. 87
781 5 85 9.88 7,81 8 21,5 4,63
8.80 8,580 5 28,5 DB.43
Q.41 7 9.5 3.08 9.41 & 32 5.86
Eﬁ = Compensation resistance
I% = metver readiug
I =

TZ
Proportional to the amplification factor.
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A more complete and deteiled sccount of this vibrator and hot

ke

found in ¥F. D. Knoblock's bthesis.

=
pieh
.§
@
@
m‘«
=
gm)
et
o

DTseussion of Curves and Hesulis

B P’

The curves in Fig. 406 show how the turbulsnce level is increag-
gd by the increasse in the relative roughness. Por roughness H=3
the corrugations were spacsd al 36.4 mu, and for thig type of rough-

uite ervatic near the wall, and seems o

gw.l.

ness the bturbulence is

;C)

produce & sine wave parallel with the flow.

bo produce & more or less

<
i}

The effect of the wide spacing is

raestricted channsl at the crest of the corrugations and produces an
gffect similax to a converging chennel and thus has & tendency %

In &ll of +$his group of curves the greatest effect of the tur-

bulence is near the wall. Asg The condiftion of smooth walls is ap-

vroached the curves flavten oub more and have the appearance of an

Fig, 47 illustratss the correlation bebwesn the velocity com-
ponents as computed from the relationshipy that ?’ = = f7 uiye,
For smooth walls we have consbant corrslgtion throughout a wide
range of the channel width, and the m@gn’%u@é ig increased ag the

velocity 1s incrsased. Vebtbendorffe sxveriments at C. I. T. ap~

pear to have been conduched &bt & veloelty near 11 meters per second.
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In the upper set of curves for different roughnesses it is

and RB=2 with

23‘;&
g....v
o

shown that for the twe

tione, thet the correlation 1s unob as constant, bubt the other two

types exnibit similar charscteristics to that of the smooth wall.
The curves in ¥ig, 45 o 52 show the effect of longitudinel

nosition on the turbulent values, dus to the position of the crest
of the corrugations with respeet %o the hob wire position. For R-

i aeress the channel showed no aporeclabls change

b
&
el
[#)
by
ot
e
[N
w
ot
o
=
0%
(8N
<
Pt
[
e,,.!
o)
L
o0

either. H=3 and A-4 show very msrked effect

56, all of these

roughnesses ssem to sxbibit & tendency for the incrsase in turbu-

lencg with a decrease in veloccity. Smooth walls shows the greatest

The effect of Reynolds Nunber for smoolh walls is shown in Fig. 57,
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for different posl

lence near bthe wall incresses very rapidly.

x—y
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prk
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£y
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iy ¥ o Ty gz
elfect in the main

o £ Y Ty s T e et wapem o % ORI g Fe ek s . o~ o
part of the channel until we resch aboub 20 cm Irom the enbtrancs.
After this point there is sn ineresse in the burbulence level at the



center of the channel azs the roughness of the walls is increased,
The development of the boundary layer is very well shown by these
CUTVEE .

Table VII glves the per cent turbulence at points across the
channel for the various types of roughness, and Table VIII shows

3

the correlation between the velocity fluctuations. The values

tH

here have bsen computed from points teken from the falred curves

~ ua L. 13
Q1 e~ and ﬁm ®
4 n
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Coneluaions

t is observed from these experiments that the roughness
of‘the wall has a material effect on the turbulence in the
channel, the turbulence increasing as the roughness is increased.

The effect on the correlation between the fluctuations
appears to be dependent on the particular type of rough surface
on the walls. R-6 has a larger relative roughness than R-5
but both of these roughnesses are greater than for smooth walls,
but the latler shows a higher correlation cosfficlient. R-5 and
R-6 were roughnesses of very small surface projections.

While R-1 and B2 are very much different types of rough
surfaces, R-2 has the larger relative roughness of these Two
types yet its correlation seems to be the least. Thers appears
te be no definite relationship existing betwsen the relative
roughness and the correlation coeffi@ient, except that the sane
general type of rough surface gives the game general type of

curve for the correlation across the channel.
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Houghness R-l

TABIE VII

Turbulence MNeasurements

Station K

Roughness B=2

Houghness H=3

Houghness He4

1-y/r uf/u

I=v/z uw'/u
o
o

I=y/7 ut/u 1-y/z utu
% %
0,979 20,58 0. 951 35,55
0,888 20.186 0.215 35,88
0,937 19.30 5.8%2 82,59
0.918 17.94 G830 20,83
0,804 16,97 0748 24,00
C. 875 16,37 0,880 231,01
0.831 15.82 0.5%4 17,07
0,789 14,70 0,489 13,87
C.74% 13.58 (0.362 11.40
0,882 11.49 0877 10,24
0.B78 10,00 0.191 8,79
0.494 8.72 0.106  7.66
0. 587 T 4B 0,043 8,80
O 240 B,32 ] G.5%
0,114 8,10
| U, & 15.33 n/sec

0,052 4,69

O 4o 47

U, = 1490 w/sec

%
0.87¢ B86.7%
0.958 22,10
0,936 28.10

0,815 282,80
0.894¢ 24,00
0,872 25,40

C.2B2 26,10
0,831 26.78
G. 788 26.40
0,746 280,40
0,708 24,37
0.661 23,30

0.612 20.90
0.576 19.60
0.492 17.83

0.384 14,58
0,287 11.83
0,110 10.00

0,068 ¢
0,004 B.94

Uy = 15,00 n/sec

1 e pean-roobesquare of the veloelity Tlustusitions.
u = velocidy at a point where u' isg measured,

C.972 1l6.82
0,975 23.40
0,969 20.828

0.988 15.05
0.98% 14,56
0,916 15,08
0,885 15,80
0. 873 18.40
0.881 18.82
G, 831 7o B
0. 788 18.81
0,747 19,18
0,705 19.58
@3%5“ lgeig
0,578 18.08
D484 15,95
0.408 14,06
C.328 12.49
0.841 11.1%
C.188  9.85
0.0%2 8,97
O 8.79
U, = 15.05 n/se
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TABLE VIT {continued)

Turbulence Measurements
Station X

Roughness R-5 Roughness A-8 Roughnessg R
(Smooth Walls)
I-y/r u'u I=y/r u'/u iI=y/r u'/u
"}% . 'JG%
0.982 18.08 0,980 21.71 $.280 17.0%9
0,973 27.84 0,860 16.36 G959 13,20
0.984 2i.92 0.819 14.71 0,918 10.32
0,946 17.21 0,87 14.28 C.B78  9.90
0.928 18,70 0.838 l3.8% 0,837 9,10
0.823 15,32 0,797 12,89 C. 776 8,38
0,840 14447 0. 785 11.85 0,714  S.58
0,787 13.14 0.675 10,71 0.833 7.93
0,717 11l.81 0.B84 10.08 0.581 7.08
C.845 11.11 0.512 8.80 0,469  5.34
0,874 9,72 0,410 7.%90 0,388 5,73
0. 468  B.4% 0,308  6.80 0,506 8,14
0,362 P D7 0.228 5,97 D.B284 4,868
0,285  G.48 0,147 B.4b 0.143 4,186
0,148 D67 0.088 4.82 0,061  3.68
0 4o 57 0 e 26
0. 0%¢ B.22 3,18
5] 4,68 Uy, = 14.94 w/see Uy = 15.05 m/sec

Uy = 14,92 m/sac

vt = mean-root-sguare of the velocity

luctuations.

L
i
o= veloclty &t & polut where u' is measured,
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TABLE VIII

Corvrelation Between Turbulent
Velocity Fluctuations

Station K

1=y/T ue:ﬁf‘? gf"@j}é" uevw/f{ﬁe}g
o

Roughness Re=l
0 4,5 1.0 0
G.1 4,81 0.9892 0,228
0.2 5.6l 0.997 0.352
0e.d .50 0.958 G.410
o4 7.62 0.928 0.423
05 8,80 0.890 (0.481
.6 10,40 0.842 0,414
0.7 12.25 0.788 (.%99
0.8 14.80 0.%71% 0.388
0,85 15.85 0,693 0,398
0.90 17.45 0,823 0,403
0.925 18,30 0,595 0.418
0,95 19.35 0.555 0.438
0.875 20.80 0.B0E 0,478

Uy = 1470 m/sec )
ﬁ%?g 1.114 {n/ssec)®

Houghness R-5
0 4.7 1.0 0
0.1 8.3 0,292 0.138
0.2 G0 Q877 0,.225%
0.3 5.83 0,955 0,271
04 7.856 0,936 0.285
0.5 9.00 0.898 0,285
0.6 1G.30 0.881 0.z2%2
0.7 il.8  0.812 0.201
0.8 13.5 0,945 0,303
0.85 14.5 0.705 0,311
0.80 15.6 0.885 0,321
0:828 1B.4 0,825 0,337
Uegﬁ li?eg Qeggg‘ @,35@
0,875 . 27.2 0.545 0,182
Uy = 14.86 m/sec 5
il y

Z;é/ = 0.846 (m

s8C)

ut/ur u/U,r uivt/(ut)~
.
Roughness R=2
6,80 1.0 O
7.60 0.983 0,158
B.65 0.973 0.246
10,3 0.85 0.8%4
12,85 0.81B 0.899
14,65 0.87% 0268
17.92 0.8l 0.255
21,70 0.%5 0.231
27,0 0,875 0.211
30.4 U.835 = 206
B2.5 0,568 0.234
33,0  0.485 0.311
Uy = 19.6 n/zec .
Z777 = 3,36 {mfsee}5
ﬁ@ugﬁn@ss =8
4.7 1.0 G
Bl 0,992 0.15%7
5.8 0.977 0,850
6.6 0. 888 (0,302
746 0,938 0,317
B.75 0,825 0.%27
10.10 0.880 0.319
11.40 0.810 0.3%24
18,90 0,740 0,352
13,70 0.8496 0,396
14.6 0.645 (. 407
15,1 0,810 0,431
16,0 0.5%8 (0,445
18.2 G.B30 0,420
U, = 15,08 n/sec

ﬁ;@73 0.907 (m/sec)®

* These values are taken from fairsd curves.
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TABIE VIIT {(continued)
Jorrelation Between Turbulent
Veloclty Fluctuatious
Station K

Smooth Walls

Iy/r u/u™ oGy uivr/(w? W/ar Wit utvi/{uf)
% %
Uy = 7.04 m/ssc Uy = 15.08 m/sec _
‘g// = 0.1198 {(n/sec) /K;/ = 0.481 (m/sec}®
O 3,75 1.0 o 3,10 1.0 0
0.1 4,05 0,995 0.148 B 4B 0,995 0,181
02 4,55 0,985 0,241 ) 3,95 0,985 0,281
0.3 5.20 0,988 0,288 4,50 0,990 0,336
0.4 6,05 0,945 0,295 B.20 0.947 0,350
0.5 4,95 0,920 0.294 8,00 0.982 0,347
0.6 7,85 0,800 0,206 6,80 0,803 0,347
0,7 8,80 0.856 0,297 7,70 0.860 0,349
0.8 9,9  0.807 0,302 8,65 0.815 0,343
0.90 12,0 0.740 0.295 10.08 0.745 0.542
0.925 14,5 0.715 0.208 10.85 0.715 0,527
0.95 18,4 0.680 0,146 12.40 0,690 0.296
0,975 22,56 0.830 0,117 16.40 0,830 0,195
Uy = 30,07 m/sec. U, = 52.8 n/ssc ;
it s %3 & o 7 V2
TP = 0.808 (n/sec)® = 1.954 (n/sec)
) 2,95 1.0 0 2,70 1.0 0
0.1 .25 0,993 0.192 2.87 0,996 0.280
0.2 3,65 0,984 0,310 3.25 0,988 0.350
0.3 4.20 0,970 0.362 B3.75 0,974 0,405
G‘m% ':%‘o %3 @wgﬁﬁ Geeﬁ?ﬁ ‘grad@ ‘33955 {-}s 426
0.5 B5.5L 0.93% 0,378 4,90 0,929 0.425
0.6 6,30 0,906 0,368 5,50  0.901 0.438
0.7 7.1l 0.898 0,382 6.12 0.839 0,445
0.8 8.00 0.828 0,385 6,95 0,823 0.440
0.9 9.20 0.752 0,374 8,00 0,750 0.450
0.925 9.7  0.923 0,397 8.40 0.72% 0,449
0.85% 10.35 0.890 0,373 5,80  0.693 0.480
0.975 13.2  0.640 0,273 9,80 0,640 0.447

* These values ere taken fro
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