Chapter 8: Channel and Pipe Flows (Chapter 7.1-7.2 Pope)
Part 2: Pipe Flow

In polar cylindrical coordinates (x, r, 8) for fully developed turbulent flow, velocity
statistics depend solely on 7.

The mean centerline velocity is denoted by Uj:
Uy =(U(x,0,0))

and the bulk velocity is:
_ 1 (R
U= Wfo (U)2nrdr

Reynolds number:

UD 2U6
Re = — = ——
v V
Define
Yy=R-—r

y/6 <01u” =f,(")

y*>30 ut =k llogy+ B, profiles follow log law for a range of y* that
increases with Re and above log law near pipe centerline.



Fig. 7.20. Mean velocity profiles in fully developed turbulent pipe flow. Symbols,
experimental data of Zagarola and Smits (1997) at six Reynolds numbers {Re =
32 x 107, 99 x 10°, 409 x 10°, 1.7 x 105, 7.71 x 10°, 29.9 x 10%}. Solid line, log law with
x = 0.436 and B = 6.13; dashed line. log law with x = 041, B=352
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Fig. 7.21. Mean velocity profiles in fully developed turbulent pipe flow. Symbols,
experimental data of Zagarola and Smits (1997) for y/R < 0.1, for the same values of
Re as in Fig. 7.20. Line, log law with » = 0436 and B = 6.13.



Friction factor f:
ApD
f=1—

P LV? _ _
Ah = A (; + Z) =f 5? Darcy-Weisbach equation

Prandtl’s friction law for smooth pipes:

= 2.0log,o(y/f Re) — 0.8
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Fig. 7.22. The friction factor f against the Reynolds number for fully developed flow
in smooth pipes. Dashed line, Hagen—Poiseuille friction law for laminar flow; solid line,
Prandtl friction law for turbulent flow, Eq. (7.98); symbols, measurements compiled
by Schlichting (1979). (Reproduced with permission of McGraw-Hill.)



Wall roughness
s/R no effect laminar or transition
Smooth pipe up to certain Re after

which turn upward and reach
asymptotes.

At higher Re, f is independent of Re.
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Fig. 7.23. The friction factor f against the Reynolds number for fully developed flow
in pipes of various roughnesses, Dashed line, friction law for laminar flow; solid
for twrbulent flow in smooth pipes, Eq. (7.98); symbols,
measurements of Nikuradse. (Adapted from Schlichting (1979) with permission of
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Fig. 7.24. The additive constant in the log law B (Eq. (7.121)) as a function of
the roughness scale s normalized by the viscous length §,. Dashed line, fully rough
b (Eq. (7.122)): symbols, from Nikuradse's data. (Adapted

B = 8.5; solid line, smoot
from Schlichting (1979) wi

This can be explained using extended log law:

(U)y

y Yy S

S (555)
y * 5,505,

10! 10° N
S5,

th permission of MeGraw-Hill.)

@ = universal non dimensional function # f(y/6) for (y/6) < 0.1

At high Re, two extreme cases can be considered:

1) 5i < 1 - no effect roughness

v

y

(Uhy = %(p (5

v

) sKd,andy K 6



For large al — @ = constant ~1/k and log law is recovered:
u’T

Wy =

(U, dut dy* 1
u, dytdy ky

1
u+=Elogy++B SKO, KyKd
Where:
Y dyt 1
B = lim o, (yt ——logy*
y*on I(y)y+ p gy}

2) 5i > 1 pressure drag due to s causes an increase in f.
%

Y

Uy, = Zo 5 dy < &
( )y—7 R(E) , K sandy <

Fory » s = @i # f(s):

1 y
S Z
u —klog(6)+B2 0, KsKyK6

where:

*

B, = lim, { [ o0 (2) 2 fros (g)}

A third case is given by s~§,,:

For smooth wall (s/§, < 1):

~ 1
B ((%) =B +Elog(§)

For fully rough wall (s/6, > 1):
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Fig. 7.24. The additive constant in the log law B (Eq. (7.121)) as a function of
the roughness scale s normalized by the viscous length 6,. Dashed line, fully rough
B = 8.5; solid line, smooth (Eq. (7.122)); symbols, from Nikuradse’s data. (Adapted
from Schlichting (1979) with permission of McGraw-Hill)

s/&, > 70 wall fully rough —» B, = B(x) = 8.5

s/8, < 5smooth —» B ((%) —B +%10g (%)

Fully rough:

1
[1.9910g,0(R/s) + 1.71] ?

f=
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