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SUMMARY

For fully developed turbulent flow, in smooth
or rough, straight circular Dipes, using one veloc-
ity reading at any distance from the boundary by
a velocity measuring instrument (MSR Mag-
flowmeter, pitot-static tube or any other similar
device), the mean velocity and hence, flowrate,
can be directly computed using a method pre-
sented in this paper.

NOTATION

diameter of pipe

Darcy-Weisbach friction factor
Nikuradse equivalent sand roughness
volumetric flow rate

Reynolds number, equal to Vd/v
Reynolds number, equal to ud/v
radius of pipe

value of axial velocity on axis of pipe
axial velocity at a normal distance y
from wall

Prandtl shear velocity

mean velocity of flow

normal distance from the wall
ratioof uto V

ratio of y to r,

kinematic viscosity of fluid
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p mass density of fluid’
To wall shear stress
INTRODUCTION

The measurement of volumetric flowrate or
discharge of fluids flowing in pipelines is
important in municipal and industrial instal-
lations. As a result, a number of methods have
been developed for measuring the discharge
[1,2]. In this paper, we confine our attention
to the turbulent motion of Newtonian liquids
in straight circular pipes. A recent development
in this field is the MSR Magflowmeter [3]
which measures the velocity at a point in the
pipe. This meter is rugged and is ideally suited
for use in large pipelines carrying a wide range
of liquids. This meter is generally placed with
its sensor at a radial distance of 0.22 r, (where
ro 1 the radius of the pipe) from the pipe wall
(or 0.78 r, from the axis of the pipe). In this
position, the time-averaged axial velocity u
measured by the meter is equal to the mean
velocity- V. The mean velocity V is, of course,
equal to the discharge @ divided by the cross-
sectional area of the pipe. This value of 0.22 r,
from the wall is slightly less than the value of
(.24 r, obtained by Aichelen from Nikuradse’s
measurements [1]. The value of 0.22 r, is
obtained based on the idea that the axial veloc-
ity profile in fully-developed turbulent flow in
a straight circular pipe with a smooth or rough
wall is well-described by the defect law [4]
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U

=5.75 logr—o (1)
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In eqn. (1), u is the time-averaged axial
velocity at a radial distance of y from the wall,
U is the maximum value of u occurring on the
axis of the pipe and w. is the Prandtl shear
velocity, equal to /7,/p where 7, is the wall
shear stress and p is the mass density of the fluid
[4]. Equation (1) is valid from the axis of the
pipe to y/r, as small as 0.02 [4.5].

Let us now assume that for some reason, the
velocity measuring device (which could be a
pitot-static probe or current meter or Magflow-
meter) is placed at a distance of y from the wall

‘which is not equal of 0.22 r,. Let u be the veloc-
ity at this probe location. We are interested in
predicting the mean velocity V from the
observed local velocity u. To perform this oper-
ation, for turbulent flow in a circular pipe,
smooth or rough, we can write eqn. (2) as fol-
lows [4]:

V:U—3.75LL* (2)

Schlichting [4] suggests changing 3.75 to 4.07
to agree with Nikuradse's experiments for
smooth pipes, whereas for rough turbulent flow
the value of 3.75 is retained. If we adopt this
procedure, in any general plot such as the
Moody diagram, or the diagrams we are going
to present later in this paper, the curves for dif-
ferent relative roughnesses do not join the
smooth turbulent flow line asymptotically, but
cut across it. Further, the difference between
using either 3.75 or 4.07 in our calculations was
less than about 3% for smooth turbulent flow.
Hence we retain the value of 3.75.

Let u=aV and y=pfr,. We can rewrite eqn.
(2) as

V(il—«)

U

+3.75=5.75 1ogfy9 (3)

To i)redict Vor a from eqn. (3), we have to
use a trial and error method [3']. We present,
herein, a direct method of solution for this

problem for turbulent flow in smooth or rough
circular pipes.

THEORY OF THE METHODS AND CHARTS

Turbulent flow in smooth and rough pipes can
be divided into three regimes of smooth turbu-
lent, rough turbulent and transition from
smooth to rough turbulent regimes [4]. For
smooth turbulent flow, the Darcy—Weisbach
friction factor f, which is related to V by the
relation

= /= (4)
is given by the Prandtl equation [4]

1
—=2log R —0.8 5
J 2l /i (5)

where R is the Reynolds number equal to Vd/v,

d being the pipe diameter and » the kinematic

viscosity of the fluid. For rough turbulent flow
0

1
W:Q.o 19gk5+1.74 (6)

wherein £, is the Nikuradse equivalent sand
roughness of the pipe. The Colebrook-White
equation

1 k, 18.7
—=1.74-2.01 4+ — 7
\/]} o8 |:7'0+R\/}}] ( )

describes the transition region from smooth to
rough turbulent flow. Equation (7) merges
asymptotically with eqn. (5) on one end and
with eqn. (6) at the other end.

Let us consider the Colebrook—White equa-
tion. We can rewrite it, after some rearrange-
ment as

k, 187
A=1.74-20 log 25 + @A (8)
Vo
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Fig. 1. Chart for predicting mean velocity from single-point velocity observation for turbulent flow in circular pipes; y/r,=0.04.
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Fig. 2. Chart for predicting mean velocity from single-point velocity observation for turbulent flow in circular pipes; y/r,=0.3.
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Fig. 3. Chart for predicting mean velocity from single-point velocity observation for turbulent flow in circular pipes; y/r,=1.0.

where

A [3.75+5.75 logﬂ:l

V8 (1—a)

For a pipe of given relative roughness k./d,
for a particular location of the velocity meas-
uring instrume{t, we know £ and ud/v; the

(9)

problem is to predict . Equations (8) and (9)
were solved by the method of bisection and the
results can be 'plotted with cw=u/V versus
R, =ud/v for different values of the parameter
k./d or d/k, and f=vy/r,.

Before looking at the computed results, let us
consider eqn. (8) for smooth turbulent flow. For
this regime, eqn. (8) can be rewritten as:

R, 1
A=2, — = | -0. 10
Olog[aA:| 0.80 (10)
with A defined by eqn. (9). Equation (10) was
solved in a similar manner to that of eqn. (8).
For practical purposes, it is not necessary to

consider eqn. (6) separately as eqn. (7) pre-
dicts the rough turbulent regime adequately.
The computations were performed for
f=0.04, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18,
0.20, 0.30, 0.40, 0.5 and 1.0 for a wide range of
d/k, as well as for the smooth state. Three typ-
ical sets of curves are shown in Figs. 1-3 for
f=0.04,0.3 and 1.0. These diagrams and others
not reproduced herein showed the change in the
geometrical configuration of these curves as f
increases past 0.22. The range of R, included
increases from 10* to about 10%. Using these
diagrams (a more extensive set of Figs. 1-3 is
available from the authors), for any position of
the velocity measuring instrument (for the
given f3, pick the proper diagram), using the
curves in the proper diagram, the mean velocity
V and hence the flow rate @ can readily be found.
For this single velocity method to predict the
flow rate @ correctly, the flow has to be fully
developed; the pipe should be straight or have
enough straight length after either bends or



valves, and there should be no residual swirl in
the pipe. In any situation, one precautionary
measure would be to choose either two sym-
metric locations or compute @ with the obser-
vations from any two locations

CONCLUSIONS

A convenient method has been presented to
compute the flowrate from one-point velocity
observation for turbulent flow in circular pipes.
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