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FLUID MECHANICS
SUMMARY

In internal flow, a pipe is completely filled with a fluid. Lam-
inar flow is characterized by smooth streamlines and highly
ordered motion, and furbulent flow is characterized by veloc-
ity fluctuations and highly disordered motion. The Reynolds
number is defined as

Re = Inertial forces Vang . pVanD

€=
Viscous forces v N

Under most practical conditions, the flow in a pipe is laminar
at Re < 2300, turbulent at Re > 4000, and transitional in
between.

The region of the flow in which the effects of the viscous
shearing forces are felt is called the velocity boundary layer.
The region from the pipe inlet to the point at which the
boundary layer merges at the centerline is called the hydrody-
namic entrance region, and the length of this region is called
the hydrodynamic entry length L,. It is given by

Lh, laminar = 005 Re D and Lh, turbulent = IOD

The friction coefficient in the fully developed flow region
remains constant. The maximum and average velocities in
fully developed laminar flow in a circular pipe are
Vo APD?
N 32ulL

u max = 2 Vavg and

The volume flow rate and the pressure drop for laminar flow
in a horizontal pipe are
APmD* . 32UV,

V= VA, =
wefle = ogur M D

These results for horizontal pipes can also be used for inclined
pipes provided that AP is replaced by AP — pgL sin 6,

_ (AP — pgLsin 0)D?

Vive = d
avg 32ML an
. (AP — pgL sin )wD*
B 128ul

The pressure loss and head loss for all types of internal flows
(laminar or turbulent, in circular or noncircular pipes, smooth
or rough surfaces) are expressed as
2 2

ap, = LAY hL:ﬁ BV
D 2 JJ4 D 2g
where pV??2 is the dynamic pressure and the dimensionless
quantity f is the friction factor. For fully developed laminar
flow in a circular pipe, the friction factor is f = 64/Re.

For noncircular pipes, the diameter in the previous rela-
tions is replaced by the hydraulic diameter defined as D,
= 4A_/p, where A_ is the cross-sectional area of the pipe and
p is its wetted perimeter.

In fully developed turbulent flow, the friction factor
depends on the Reynolds number and the relative roughness
e/D. The friction factor in turbulent flow is given by the
Colebrook equation, expressed as

L:—2010 (@+ 2'51)
Vi BT Re VS

The plot of this formula is known as the Moody chart. The
design and analysis of piping systems involve the determina-
tion of the head loss, flow rate, or the pipe diameter. Tedious
iterations in these calculations can be avoided by the approx-
imate Swamee—Jain formulas expressed as

2 0.9 -2
h, = 1.07\/—2{11{ & +4.62(£) }}
gD’ 37D Vi

107 < /D < 1072
3000 < Re < 3 x 10®
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107 < ¢/D < 1072
5000 < Re < 3 X 10°

The losses that occur in piping components such as fittings,
valves, bends, elbows, tees, inlets, exits, enlargements, and
contractions are called minor losses. The minor losses are
usually expressed in terms of the loss coefficient K;. The
head loss for a component is determined from

e
K -

L 2g
When all the loss coefficients are available, the total head
loss in a piping system is determined from

LV} v
hL, total — hL, major + hL, minor — Z .fla i + jz KL,ji

If the entire piping system has a constant diameter, the total
head loss reduces to

L v?
hL, total — (fB + E KL)%

The analysis of a piping system is based on two simple prin-
ciples: (1) The conservation of mass throughout the system
must be satisfied and (2) the pressure drop between two
points must be the same for all paths between the two points.
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CHAPTER 8

When the pipes are connected in series, the flow rate through
the entire system remains constant regardless of the diameters
of the individual pipes. For a pipe that branches out into two
(or more) parallel pipes and then rejoins at a junction down-
stream, the total flow rate is the sum of the flow rates in the
individual pipes but the head loss in each branch is the same.
When a piping system involves a pump and/or turbine, the
steady-flow energy equation is expressed as
P Vi
% + a % + 21 + hpump,u
Py Vi
= E + aZg + 22 + hlurbine,e + hL
When the useful pump head h,,,,, ,, is known, the mechanical
power that needs to be supplied by the pump to the fluid and
the electric power consumed by the motor of the pump for a
specified flow rate are determined from

pvghpump, u p\./ghpump, u

Wpump, shaft — Wclccl =

M pump pump-motor
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turbines, including their operation principles and performance
parameters, is given in Chap. 14.

1. H. S. Bean (ed.). Fluid Meters: Their Theory and
Applications, 6th ed. New York: American Society of
Mechanical Engineers, 1971.

2. M. S. Bhatti and R. K. Shah. “Turbulent and Transition
Flow Convective Heat Transfer in Ducts.” In Handbook of
Single-Phase Convective Heat Transfer, ed. S. Kakag, R.
K. Shah, and W. Aung. New York: Wiley Interscience,
1987.

3. C. F. Colebrook. “Turbulent Flow in Pipes, with Particular
Reference to the Transition between the Smooth and
Rough Pipe Laws,” Journal of the Institute of Civil
Engineers London. 11 (1939), pp. 133-156.

4. C.T. Crowe, J. A. Roberson, and D. F. Elger. Engineering
Fluid Mechanics, 7th ed. New York: Wiley, 2001.

5. F. Durst, A. Melling, and J. H. Whitelaw. Principles and
Practice of Laser-Doppler Anemometry, 2nd ed. New
York: Academic, 1981.

6. R. W. Fox and A. T. McDonald. Introduction to Fluid
Mechanics, 5th ed. New York: Wiley, 1999.

7. Fundamentals of Orifice Meter Measurement. Houston,
TX: Daniel Measurement and Control, 1997.

8. S. E. Haaland. “Simple and Explicit Formulas for the
Friction Factor in Turbulent Pipe Flow,” Journal of Fluids
Engineering, March 1983, pp. 89-90.

9. L. E. Idelchik. Handbook of Hydraulic Resistance, 3rd ed.
Boca Raton, FL: CRC Press, 1993.

10. W. M. Kays and M. E. Crawford. Convective Heat and
Mass Transfer, 3rd ed. New York: McGraw-Hill, 1993.

11. R. W. Miller. Flow Measurement Engineering Handbook,
3rd ed. New York: McGraw-Hill, 1997.

12. L. F. Moody. “Friction Factors for Pipe Flows,”
Transactions of the ASME 66 (1944), pp. 671-684.

13. B. R. Munson, D. F. Young, and T. Okiishi. Fundamentals
of Fluid Mechanics, 4th ed. New York: Wiley, 2002.

14. O. Reynolds. “On the Experimental Investigation of the
Circumstances Which Determine Whether the Motion of
Water Shall Be Direct or Sinuous, and the Law of
Resistance in Parallel Channels.” Philosophical
Transactions of the Royal Society of London, 174 (1883),
pp. 935-982.

15. H. Schlichting. Boundary Layer Theory, 7Tth ed. New
York: McGraw-Hill, 1979.

16. R. K. Shah and M. S. Bhatti. “Laminar Convective Heat
Transfer in Ducts.” In Handbook of Single-Phase
Convective Heat Transfer, ed. S. Kakag, R. K. Shah, and
W. Aung. New York: Wiley Interscience, 1987.

17. P. L. Skousen. Valve Handbook. New York: McGraw-Hill,
1998.

18. P. K. Swamee and A. K. Jain. “Explicit Equations for
Pipe-Flow Problems,” Journal of the Hydraulics Division.
ASCE 102, no. HYS5 (May 1976), pp. 657-664.



