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Jarities (€) on the pipe surface. When
rojections are of the same size and
e fhe roughness is known as uniform
shape,l r wall roughness. Physically the
anu zss of a pipe-surface increases with
rouglt‘;’ in absolute roughness. Frequently, the
v ce condition is quantitatively specified
surfe sof relative roughness which is defined
iﬂtg:lratio of the absolute roughness ¢ and
8 ipe radius R. Two pipes are said to haye
g:z .fame hydraulic roughness when they haye
ual value of friction coefficient f for flowg
:? equal Reynolds numbers. Pipe A with smal]
relative roughness is considered to he
hydraulically smooth in comparison to pipe B
with a higher value of relative roughness St
isirrespective of the fact that pipe A may have
a greater value of absolute roughness.
Hydraulic behaviour of a pipe surface is
characterised by the absolute roughness and
the thickness y, of the laminar sub-layer.
Experiments indicates that even for the most
highly turbulent flows, there does exit a region
of small thickness immediately adjacent to the
pipe surface in which the fluid flows much
slower and without mixing. The fluid is of

laminar character and the thin layer is called
laminar sub-layer.

‘

!
all th

j Turbulent boundary
layer
=

Y 4 ! Laminar sublayer |

Roughness
projections

.' £ P ‘II'[,'

(&) Hydrauically smooth sufaceely, <025

TURBULENCELKNfoUR_E_unew;:

LOW THROUGH PIPES < J

sublayer : they do not shed eddies and there-
fore, can have no effect on the main turbu-

lent flow, The resistance to flow depends only
on the flow Reynolds number,

£
* When — 5 g the pipe surface is

w
f:lassiﬁed hydraulically rough. The surface
rregularities protrude through the sublayer
and generate additional turbulence in the
main flow, The resistance to flow is governed
essentially by the relative roughness,

* When 0.25 <y—€-

w

< 6.0 the pipe surface

is called boundary in transition. The friction
factor is g function of both the Reynolds
number and the relative roughness.

Laminar sublayer diminishes in thickness
with growth in Reynolds number. Accordingly
a pipe may be hydraulically smooth at low
Reynolds number but rough at high Reynolds
number,

Two other well-known criteria for
prescribing the smoothness and roughness of
a pipe surface are -

® For hydraulically smooth surface,
Re \J4f

' (Rtg) <17

* For hydraulically rough surfaces

u*e

u*e “ Re \J4f
—>170 ; (R1%) <400

* For surface behaving as in transition,

Re 4

(R/¢g)

.:3‘-<u—v§' <70; 17<

<400

nguish between
gg boundaries?
r has average
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Smooth or rough. Take kinematic viscosity of
water as 0.01 stokes.
Solution : Kinematic viscosity, v

= 0.01 stokes

= 0.01 cm?%s = 0.01 x 104 m?/s

By definition shear velocity u*

To 4.9
= \/-E = \/ﬂ)—% =0.07 m/s
Roughness Reynolds number
u*e
Ty
0.07x(0.165x10™°) _ 1 o=
0.01x107*

lies between 3 to 70, the

Since
boundary of the pipe surface is in transition.

EXAMPLE 9.53
Water flows through a 30 cm diameter pipe
with characteristic roughness € = 0.02 mm.
There occurs a pressure drop of 4.0 kN/m?
over a length of 50 m. State whether the pipe
will act as hydrodynamically smooth, in
transition or rough. Assume suitable value for
the mass density and kinematic viscosity of
water.

Solution : An equilibrium between the
accelerating force due to pressure difference
and the retarding force due to shea:: stress on

pipe wall gives ) ¢

ﬁ?ﬂ'ﬁf 0 Z‘iﬁ% Py ,;

"f‘

€ 0.02

Yuw m = 0'1336

Since — < 0
ince 7 < 0.25, the Pipe

w

behave as hydraulically Smooth,

9.17. PRANDTL UNIVERS
DISTRIBUTION i VELogp,

From Prandtl mixing length thegr ;
shear stress is prescribed by tﬁ?;h”.‘“«

(2]

Prandtl assumed that near 5 Pipe
shear stress is constant and equa]toﬂl:d'

shear stress 7, ; and that mixing Ieng:h
given by [/, = ky. With these assu:mphmﬂ:
above relatlon can be written:

du:FZyky

This expression can be integrated togi

u i1 Q0
SR lc_>ge y+C «.(9..

Evidently the velocity varies directlywit?

the logarithm of distance from the bﬂ“l;h"‘
the veloclty dlstnbutmn in turbulent Ho¥

' of mtesratl‘m “nl ,h
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Yinars L 1 ey
=—F+k logER
u* y

u= Vmu+ k lOge E

ing from natural to commgp

0banE" '3 taking k = 0.4

+hms an
Wthm +5.76 u* lo .
u= dex 2 glO R

+(9.41)

qation 9.41 is k‘nov\fn as Prandtl

. rsal velocity distribution for flow in

,,muth and rough pipes. The equation is,

ow°zver, valid only over the turbulent core

4 not close t0 the pipe wall where the

gnd ° is very small, i.e., where the flow is
scous and no longer turbulent.

tion 9.41 may be recast in the non-

dimensional form :
et

i *
Theterm (V. — u) is called the velocity
defect and the equation 9.42 is referred to
2s the velocity deficiency equation.
Evidently, except in a very small region near

the wall,

...(9.42)

R
=5.75 ].Oglo ;

Vm—u . . y
s a function of =—.
u* ; R

EXAMPLE 9.54

Whatis o velocity defect ? Derive an expression
f"]’ the velocity defect for turbulent flow in

v

max — U

u* =675 log,, (E]
y

25-2

o s 6 logm[-lgo-]

Solution gives : y* = 0.289 m/s

By definition, y* = |20
p
Wall shear stress, 1,
= y*2 p
(0.289)2 x 1000 = 83.5 N/m?2

9.18. VELOCITY DISTRIBUTION IN
SMOOTH PIPES

(i) Laminar sublayer : Even with highly
turbulent flows, there does exist a peripheral
annulus of fluid adjacent to the wall which is
in laminar motion. In this viscous sublayer
velocity rises from zero at the wall to a finite
value over a minute distance y, equivalent
to the thickness of sublayer ; here the velocity
gradient is rather sharp. Assuming the
velocity distribution to be essentially linear,
the shear stress at the pipe wall may be
computed as :

T
Y= pdy ¥z y
Dividing both sides by p :
Foey I8
P PY
= u*® (the
(the kinematic
...(9.43)
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u " . ;
The T and LA are dimensionless
u \Y

terms : i* is a ratio of the point velocity,
u

*
and u—vl is modified Reynolds number

involving the friction velocity, the distance
from the wall and the kinematic viscosity of
fluid. At the outer edge of the laminar
sublayer ;

y=y, o1 u=u,

Uy, u¥y,
u* v
For turbulent flow in smooth pipes,
u *
2 Yw _ 11.6,
Y

and, therefore, for the laminar sublayer:

3 |
ﬁ; = e 1116 Sl alconStanbiE

u V
...(9.44)
- Vmax > J
B
ZCentreline "
of pipe
i '. V..' o ! "
—u—
, té'?f‘n'lgf -
{_ > _.‘vr_Aia" A
TR WY

tum change) are gjgn:
analysis of the velo(f:;,lfggant. T
made by neglecting t, Ofile ;

he

Orgy,
8, bl
€ buffy, zoh:“;:

presuming a value of 1*_3@_ S

1 4 v = 11,6 f
laminar thickness. From Py or
velocity distribution, we by, :?dtl ‘lniv%

U=V, . +575
. log,, &
or e = -—-.Vm“x
u* u*

At the commencement of turhy -4
Cor

y=yw and uzuw

u, V.
T sz +5'751°g10%
Uy _u*y,
But — % = —% =116 a congtay
. Cv
v, u*
b C= —BE 45751,
= i +5.75l0g,,C
v
+5.75logyy =
or ;‘;“ = C—5.75log;,, C
) WELY e A X
el — 575 1ogy 7
7‘ ‘*I .L"-lf . T. [ . ‘
= (C —5.75 logy C) o
'habaflﬁ logy 5
jant terms I
v
Vines i
u®

pr
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+5.75 log,, %
E

yu
_ A+5.75l0gyg ——

. 1ogarithmic equgtion for the
g8 outside the laminar sublayer.
“mleﬂtwith experimental data is obtained
A""f i 5.50. Therefore :
o 5.5+ 5.75 log yur
o = 9. - 10 7%
...(9.46)
ation 9.46 1is known as karman-—
;on for the velocity distribution
o the fully developed turbulent core of flow

shydrautically smooth pipes.

u u*y
Figure 9.39 gives a plot of = x for

# laminar sublayer, and

*

&+ =55+ 5.75 log,g— for fully

&veloped turbulent core.

There is a close agreement between the
“perimental and theoretical velocity

distributions_ e i | itional reicn
! e » €xcept in the transitiong] region
T 30. The actual conditions are

Tepresented by the dotted line.
In the turbulent region prescribed by

70 <2’_’£ i ]
s 700, equation 9.46 is generally

approximated by :
u T
o+ =874 (yv ] .(9.47)

which is called the one-seventh power law.
At the centre line of the pipe y = R and

‘u=V_  and, therefore,

Vv %R 1/7
mai _ g 74 (“ J
u \
Dividing equation 9.47 by equation 9.48,
one obtains the so called Blasius one-seventh
power velocity distribution equation,

1/7 1/7
) )
e (RJ ( R]
.(9.49)

On the basis of a series of experiments
conducted by Nikurdase for determining laws
for velocity distribution for turbulent ﬂo.w in
smooth pipes, equation 9.49 can be rewritten
by replacing the index 1/7 by 1/n.

..(9.48)
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e (1) -

Variation of n with Reynolds number is given in Table 9.4.

'u(lh

Table 9.4. Variation of index n with Reynolds number

- 4x108 3310

6.0 6.6

EXAMPLE 9.55
An oil of specific gravity 0.85 and kinematic
viscosity 0.125 cm?2/s flows in a 30 cm
diameter smooth pipe at the rate of 0.1 m3/s.
Calculate (i) flow velocity at a point 10 cm from
the pipe centre, (it) shear friction velocity,
(iii) thickness of laminar sublayer, and
(iv) maximum permissible height of the
roughness projection for the pzpe to act as
smooth.

0.3164

Use Blasius equation .4f = W to
compute the friction coefficient. |
Solution : Mean velocity, V.=

R
Z (03)2 :‘.7 roOMIIR
oy p! ralw ‘J,d. 3 Ty e ..:qtﬂ \Ed

Reynolds number, B = —

(iz) For turbulent flow in Mm

= 5.5+ 5.75 log, "7
v
Aty = (R r)=(15-10)=5cme
0.0765 =P -
+5.75 logm(%’i.._
0.125x 10 |
= 19.79 o2
and u = 0.0765 x 19.79 = 1L.51 ms
Thus the velocity at a point, 10 em fim

the pipe centre equals 1.5 m/s
(:u) Thlck.ness of laminar sublayer &
prescnbed by :

_ o 100 Hiie
uw yl:)‘ v‘:=],’]:-6'. ’

arli neswagl=
fJ|| '_m "

¢3iv0 T@v Isotswr000s DOR

L, L usxy
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G ,
MPLE gfn derstand by §mooth pipe flow?
g do)% ., grom rough: pipe flow.
W}‘”.tﬂgu ; oefficient for turbulent flow

18
. 5 . c
D”t}he Wc:?: pipes can be determined by

th ro dtl gquation s
_Pran
2

/17 = 210819 %+ L=
‘ ;rictwﬂ coefficient, R, z:s pipe radius
w},gre[lsave rage roughness of pipe.
Mdk I8 - reservoirs with surface level
The , of 20 m are to be connected by
differen’ ter pipe 6 km long. What will be the
I md“’m: when a cast iron pipe of roughness
Mggg m is used ? What will be the
g o increase in discharge if the cast
 pipe were £0 be replaced by a steel pipe of
e iness p=0.1 mm ? Neglect all local losses.

;‘;ﬁon: Case (i) When the pipe is made of
cost 4701
1 0.5
IR Fra g Scus
& ¥1°0.0003
=2x3.2218 + 1.74 = 8.1837
- Friction coefficient

- 1(;
~ 4(8.1837

+1.74

2
J =0.00373

The difference in reservoir levels

represents the total head loss hf. Invoking the
relation, S

n 71

Substituting the values in the relation

f1Q*
h,=
f 3d5

90 - 0:003 x 6000 x @
3x (17
Solution gives : @ = 1.826 m%s
~ Percentage increase in discharge
¢ 1.826 -1.637

1.637
= 11.54%

9.19. VELOCITY DISTRIBUTION FOR
ROUGH PIPES

The ?randtl velocity distribution is universal,
L.e., 1t applies equally to smooth and rough
surfaces.

x 100

¥

o e

U Vmax
I *

+5.75 logy =

...(9.51)

At the outer edge of the viscous sublayer,
i.e., at the commencement of turbulent core

y =y, and p =y . Therefore,

N

s u*
Prandt] assumed that for rough surface,
y,, is dependent on the wall roughness ;
¥, = € where & is the mean height of the

Yy _ Ymax | 575 logm%

- wall bumps/protrusions and « is constant

V $0l L eg ag
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= (—EL 65.76 10810 a]
u

R
+ 5.75 logy, - + 5.76 logyg s

= A +5.75 logy, %

Evidently the velocity distribution in a
rough pipe is not influenced by the Reynolds
number.

A best fit with experimental data is
obtained with constant A = 8.5.

u o
= = 85+5.75 logls 'E
...(9.63)

EXAMPLE 9.57
What do you understand by the hydraulically
smooth and rough pipes ¢

A pipeline 12 cm in diameter and 100 m
long conveys water at the rate of 0.075 m3/s.
The average height of the surface protrusions
is 0.012 em and the coefficient of friction is
0.005. Calculate the loss of head, wall shear-
ing stress, centre line velocity and nominal
thickness of laminar sublayer.

For water p= 1000 kg/m3, v=0.01 stokes
Solution : Mean velocity, V

(i) From Darcy equation, the head loss is
givenas: e

s e g lew

Since u* = ’

is T, is given by,

(iii) Assuming the f]
turbulent, W lobe

ur = 850457510 ¥

; g
As the pipe centre :

y=R=6cmfmdu=V

= 8.50 +5751og,, 6 __
10,013 4
Vmax = 0.332 x 24 =7-958m{,
(iv) Thickness of laminar .
prescribed by : Shlager

*
B WP 16
u v
v 0.01x10*
R
=349x10%m
p 3 3 0.012 .38
A gt 349 %10
which is greater than 60. Hence an s
tion of rough turbulent flow is
9.20. AVERAGE VELOCITY I

DISTRIBUTION FOR $
__AND nouen PIPES |
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F'; ischarge through this ring ig, O 0 How ‘m
dQ = area of the ring x flow velocity matters as the ﬂiw il'; the l‘:’;’» that hardly
=2nrdrxu i‘in"ﬂniﬁcantandcmbemg]z:dw“
Tot,al dischal‘geu Q intl'oducing any ameciabh error n:iﬂum
of integration is ; e

R
4 J'dQ - Izu wrdr
5 V., = u* (1.764— 5.75 log,e EE:J
Average flow velocity V- v
total discharge through the pipe
= cross-sectional area of the pipe

v
or <2 175 4+ 575 Ru*
u* by, &

~A9.55)
(b) F""Mpfm:'l'hepoi:uv i
lﬁyf‘.’”“"b“‘mﬂwharmmhm

n

u
= - (8.50 45,75 logy, %)
tm‘ - - -
A - gnftakmg substitution in equation 9.54,
' 0
Fig. 9.40. Average velocity for turbulent flow V.w= —1~2- I2x u* (8.504»5.151,‘” .’_)
The distance of the ring from pipe wall is, 5 e 5
y=R-r; dy=-dr | x (R —y)dy
; R The result of integration is
V= —=|-2nuR-y)d
Y nR? -! y) dy V. =u* (4 75+5.75 logy, E)
3
1 & : 174
= -_nRzizﬂ:u(R-y)dy or u%=4,75+5,75hgm%
(G)F ‘ [ Y W o s o,d,-q(’9-54) ( ) Diﬂ of t '“(9“)
¥or smooth pipes : The point velocit c erence of point velocity and
“far [ R o i LI = pql,n.'.ve ¥ ty
bys tﬂl‘bulent:asmoot];-;p;. 5 given ;lmpufi'e volocij:y for smooth and rough
CEal : (i) For turbulent flow through smooth
mm%wqq at any point is
L F
BHRE s i yu*
wh L *"&"I‘%.h‘m v
. Ru*
1.75 + 5.75 log,, :
' veen u and V_ for a
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i

I u*

| v  Va _ [5.5 +5.75 logo AR }
| u* ut ] %

Ru™
_[1.75+5.7510310 - ]

= (5.5 - 1.75)

vitag
+5.75[10310 o BT

= 3.75 + 5-75 loglo
s %
. (yu ® Ru ]

u Ru*)

v \J
u-Y, : '_3_’_
or ——l-‘*—a"— = 3.75 + 5.75 logy, R

..(9.67 @)

(ii) For turbulent flow through rough
pipes, the velocity at any point is

u o,
and the average velocity is
V, R
ﬁ = 4.75 + 5.75 logy, ekt
- Difference between u and V_, for a
rough pipe is
e . i y
T u": = [8.5 +5.75 +logyg E:l

1.[

,-.'».H;tti?l—-’-‘l‘_"‘ L b
3 = [4..75 +5.75 +logyg %]

| e

- 1hb

laminar sublayer is indepen

conditions and that is pre(:f:thf the%

that surface roughness doeg noj:i the gy
Ppegy

expression for average velgg; h
The average velocity dlsz]w

prescribed by equation 9,57 May e m::.

u v, a
- ﬁ =3.75 +5.75 log,, %

R

u*

Multiplying both sides by ur
v

’wﬁu

W e [3 7545 |
= 15+ 5,
Vs Vio Blogy 1

Making substitution for frictioy Veh;

p¥=yV ﬁ,
V8
u 4f
] + —-(3-.75+5.75h,,l]
T z

= 1+\/4f (1.32 +zolng,i}

The numerical constants appearingini

above expression require slight mndm
in order to conform with experiments ¢
Nikuradse, '

|

!

L1, JBF (14320605
i 18 R m@ﬂ
=
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L-'."T,' o ETBULENT FLOW THROUGH pipeg

P 475 logyg € * 5.75 log,, €
o = -2.66 +5.756 ' 0.477

1,726 1ogo € = 0.1934
0

0.1934 4
o 10B0€ = 1725 T 1121

.ves : Pipe roughness e
Thot e 07725 om

. FRICTION FACTOR FOR SMOOTH
** AND ROUGH PIPES

(’)E; average velocity distribution for
i

oooth pipes is governed by equation 9.55 :

sk
Yoo _ 175+ 5.75 log;, 2%
u* v

Substituting the value of friction velocity

4
ut=Vy Jg

Vo _y754575 logl(,lrw""’\/tF
V,, {48 043198

= 1.75 + 5.75 log,

, (Vav D
v
1

1 :
o 7= = —=[175+5.75log,, Re /4
@ "R 00T Snlees)

JE+2J§]

~5.75 log 28]
= 0.618 + 2.03 log,, Re @” 4

- 20810828
r =

S\l D
- y»
o

reduce

el
477

The average velocity distribution for

turbulent flow in rough pipes
equation 9.56. s %

o — 3

<

Vs R
o = 4.75 + 5,75 log,, -
Substituting the value of friction velocity

af
u¥ = \Z5, e and then simplification results

. R
\/Zf = 1.68 +2.03 log,, —

=

The accepted formula for rough pipes
based on experimenta] results is

—1——174 2.001 x
‘JE— . + 4. ogloz

--(9.61)
Equation 9.61 is known as karman-
Prandtl resistance equation for turbulent flow
in rough pipes. Apparently the friction
coefficient depends only upon the roughness
and is independent of Reynolds number. This
stems from the fact that shear turbulence in
rough pipes is essentially due to surface
roughness.
Finally a semi-empirical equation linking
up smooth with rough turbulence has been
developed by Colebrook and White.

R
_1._ =20 logm— +1.74
Jaf 5

- R/e
- 1+18.7
gt ( RAT J
' : -.(9.62)
When &R is very small, equation 9.62
duces to equation 9.58 for smooth pipes. At
umber, the second term on
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9.22. FRICTION FACTOR CHARTS

Consider the friction factors A = 4f to depend
upon the fluid density p, the flow velocity V,
pipe diameter d, fluid viscosity p and the
roughness €. Then dimensional analysis

would reveal that:
| €
l= 4f=\lf (Re,c—i')

i.e., the friction factor A is a function of the
Reynolds number and the relative roughness.

The relationship between A , R, ,3 is

graphigaﬂy represented in Fig. 9.41. The plot
is the outcome of extensive experimental work
done by Nikuradse on ar ificially roughened
pipes, Several different pipes o/
had been segregated by sieving so as to

i i
1708 OT P Ils U1l !
A ol _P._"J.'T *—? e f_:;:l. ¢ bAAL AW
N i A A 4 »
<1 M R g e A Tl ety = .

= T
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zone

0.06—

Friction coefficient, f
o
o
(%)
|

0.01 llllll 1= llllll|

Transition rough

! Qg,ﬁu > FLUID MECJ:lANlGSaAND FLUIInF@WEFLENG_ AING

E Wholly rough
\ zone

Smooth
L1 lllllll

Ll lllllll

4
001 10’ 10
Reynolds number

5 5
10
ugDp 10

m

Fig. 9.41. Friction factor versus Reynolds number and relative roughness

(z) For values of R, < 2000, the friction
factor varies inversely with Reynolds number
and is independent of the pipe roughness. The
relationship between R, and f is represented

64

by a straight line AB, 4f = T and the region

e
corresponds to that of laminar flow.

(ii) In the region 2000 < R, < 4000, the
flow changes from laminar to turbulent flow
and in this transition region, there is an
abrupt rise in the friction factor (curve BC).
This region is, however, not of much practical
significance owing to the transient and
unstablefﬂhture'ofﬂow o S L TRSE D md hsd

0.3164

4f = —— == . For R, < 10°, the friction facur
(R,)

corresponds to the karman-Prandtl resistanes

equatlon %f = 2.0 log, (R, J;f)-ﬂ.ﬂ

for turbulent flow in smooth pipes.

(iv) When the flow is turbulent and bot2
the Reynolds number and relatlvem@“‘
are large, the friction factor is depenﬂ'ﬂlt
upon the relative roughness. Thisisin
by horizontal portion of the various
curves. The mtuatmn eqrres

R

Scanned by CamScanner



L ]

TURBULENCE |
e

the sarliest break away from the ling
cﬂusefssmooth boundm"y region. '];hlB aspect ig
o0 of 1y the dotted.hne EF which marks the
flec it of rough pipe zone.
r Between the srr}qoth and rough pipe

Y t{hereisa transition zone wherein the
i coefficient is a function of both the

W0 ughness and the Reynolds number,
adse results for artificially
d pipes do not hold good for
pipes in which both the gize and
4 {ribution of protuberances is non-uniform,
dis results, however, provide a basis for
His ishing an equivalent roughness
ter for commercial pipes. Series of
riments are conducted on the commercial
sufficient high Reynolds number
i rresponding to the horizontal portions of the
Nikuradse curves. From the measured values
of the loss of head h,, a limiting value of the
riction factor f18 determined from the Darcy
equation. This value of fis substituted in the

equation : 1/{/4f = 1.74 + 2.0 logy, (R/e), and
salue of equivalent sand grain roughness
(B/e) is computed. With the roughness
parameter thus established, Moody
summarised the work on commercial pipes in
the form of curves between f and R,. The
Moody diagram (Fig. 9.42) is similar to the
Nikuradse plot except for the transition zone
i the difference can be attributed to the non-
uniformity of roughness in commercial pipes.

Jative
ikur

follghen.e
erclal

pipes at

ess or allow.

e
ND Tl
| ‘__,,*.‘1.J7|;

Inthe artificial roughened pipes of Nikuradse,

riction factor within + 5% for 4000 <R <107
e

and
for the values of -;— upto 0.005,

1/3
f=0.001375 |1+ [10,000 €  10°
R R

e

Mhid 5o e dr ..(9.63)
pide ' 8 of 4 pipe depends upon the

pe material, its manufacturing process
érosion or encrustation with time, fluié
flowing and the environment ete. With the
passage of time, the roughness increases due
to rus.tlng and accumulation of sediments on
th‘e'plpe surface. An increase in roughness
with age is generally prescribed by the
following linear relation suggested by
Colebrook and White

€= gy+at ...(9.64)

where ¢ is the roughness of the new material,
¢ is the roughness after any time ¢ and « is the
coefficient to be determined by experiments.

EXAMPLE 9.66
What do you understand by commercial pipes ?
How would you determine the equivalent
roughness of a commercial pipe 2

A 20 cm diameter pipe has a relative
roughness (R/€ of 100. After 10 years of
service, the relative roughness drops to 80.
Determine the magnitude of the rate of
roughness increase.
Solution : At the time of installation,

REN B

ghness with time !
ted by Colebrook
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