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CHPTER FOUR

Fluid Dynamic

4.1 Introduction

In the process industries it is often necessary to pump fluids over long distances
from storage to processing units, and there may be a substantial drop in pressure in both
the pipeline and in individual units themselves. It is necessary, therefore, to consider the
problems concerned with calculating the power requirements for pumping, with designing
the most suitable flow system, with estimating the most economical sizes of pipes, with
measuring the rate of flow, and frequently with controlling this flow at steady state rate.

It must be realized that when a fluid is flowing over a surface or through a pipe, the
velocity at various points in a plane at right angles to the stream velocity is rarely uniform,
and the rate change of velocity with distance from the surface will exert a vital influence
on the resistance to flow and the rate of mass or heat transfer.
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4.2 The Nature of Fluid Flow

When a fluid is flowing through a tube or over a surface, the pattern of flow will vary with
the velocity, the physical properties of fluid, and the geometry of the surface. This
problem was first examined by Reynolds in 1883. Reynolds has shown that when the
velocity of the fluid is slow, the flow pattern is smooth. However, when the velocity is
quite high, an unstable pattern is observed in which eddies or small packets of fluid
particles are present moving in all directions and at all angles to the normal line of flow.
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The first type of flow at low velocities where the layers of fluid seen to slide by one
another without eddies or swirls being present is called “laminar flow” and Newton’s law
of viscosity holds.

The second type of flow at higher velocities where eddies are present giving the fluid a
fluctuating nature is called “turbulent flow”.

4.3 Reynolds Number (Re)

Studies have shown that the transition from laminar to turbulent flow in tubes is not only a
function of velocity but also of density (p), dynamic viscosity (u), and the diameter of
tube. These variables are combining into the Reynolds number, which is dimensionless

group.
pud
y 71

Re =

where u is the average velocity of fluid, which is defined as the volumetric flow rate
divided by the cross-sectional area of the pipe.
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Where,

Q: volumetric flow rate m%/s

m: mass flow rate kg/s &

G: mass flux or mass velocity kg/m?s

for a straight circular pipe when the value of Re is less than 2,100 the flow is always
laminar. When the value is over 4,000 the flow be turbulent. In between, which is called
the transition region the flow can be laminar or turbulent depending upon the apparatus
details.

Example -4.1-

Water at 303 K is flowing at the rate of 10 gal/min in a pipe having an inside diameter I.D.
of 2.067 in. calculate the Reynolds number using both English and S.I. units
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Solution:

The volumetric flow rate (Q) = 10 gal/min (1.0 ft*/7.481 gal) (min/60 s) = 0.0223 ft/s

Pipe diameter (d) = 2.067 in (ft/12 in) = 0.172 ft

Cross-sectional area (A) = n/4 d° = n/4 (0.172)* = 0.0233 ft*
Average velocity (u) =Q/A = (0.0223 ft*/s) / 0.0233 ft2 = 0.957 ft/s
At T = 303 K The density of water (p = 62.18 Ib/ft®),

The dynamic viscosity (i = 5.38 x 10™) Ib/ft.s

_ pud 62.18 Ib/ft°(0.957 ft/s)(0.172 ft)

Re )
u 5.38x10 " lb /ft.s

=1.902 x 10* (turbulent)

Using S.I. units

At T = 303 K The density of water (p = 996 kg/m®),

The dynamic viscosity (i = 8.007 x 10™) kg/m.s (or Pa.s)
Pipe diameter (d) = 0.172 ft (m/3.28 ft) = 0.0525m
Average velocity (u) =0.957 ft/s (m/3.28 ft) = 0.2917 m/s

996 kg/m3(0.2917 m/s)(0.0525 m)
e =

8.007 x 10™* kg/m.s
= 1.905 x 10* (turbulent)

4.4 Overall Mass Balance and Continuity Equation

In fluid dynamics, fluids are in motion. Generally, they are moved from place to place by
means of mechanical devices such as pumps or blowers, by gravity head, or by pressure,

and flow through systems of piping and/or process equipment.
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The first step in the solution of flow problems is generally to apply the principles of the
conservation of mass to the whole system or any part of the system.

INPUT — OUTPUT = ACCUMULATION
At steady state, the rate of accumulation is zero
INPUT = OUTPUT

In the following Figure a simple flow system is shown where fluid enters section (1) with
an average velocity (ul) and density (p1) through the cross-sectional area (Al). The fluid
leaves section(2) with an average velocity (u2) and density (p1) through the cross-
sectional area (A2).

Thus, At steady state
U IDT Process ﬁ@ﬂ,
e, 1 "4 pj

P
ml — mz
U1 Aq p, = U242 p,

For incompressible fluids at the same temperature [p, = p,]
u1A1 = uZAZ

Example _4.2_ *kkkkkkkkkkkikkik*k

A petroleum crude oil having a density of 892 kg/m3 is flowing, through the piping
arrangement shown in the below Figure, at total rate of 1.388 x 10 m%/s entering pipe ).
The flow divides equally in each of pipes €. The steel pipes are schedule 40 pipe.

Calculate the following using Sl units:
The total mass flow rate in pipe € and pipes €.
The average velocity in pipe @ and pipes €).

The mass velocity in pipe @) .
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Pipe @ 1.D. = 0.0525 m, Al = 21.65 x 10” m?
Pipe @ 1.D. = 0.07792 m, A2 = 47.69 x 10 m’
Pipe € 1.D. = 0.04089 m, A3=13.13 x 10 m?

The total mass flow rate is the same through pipes € and @ and is:-

iy =Q,p, =1.388x10°m3/s(892kg/m?) = 1.238kg/s

Since the flow divides equally in each pipes 9

m
1 = 71 = (1.238/2) = 0.619 kg/s

_ my 1.238kg/s
m=Q,p=ud1p=>u = A.p = (21.65 10_4m2)(892 kg/m3)
_mz 0.619kg/s
~ Azp  (13.13107*m?)(892 kg/m3)
Gy =uy p, = 0.641m/s*892kg/m3 = 572 kg/m?.s
my  1.238kg/s
A; (216510 *m?)

= 0.641m/s

us = 0.528 m/s

or G = =572 kg/m?.s

4.5 Energy Relationships and Bernoulli’s Equation

The total energy of a fluid in motion consists of the following components: -

Internal Enerqy (U)



http://www.tracker-software.com/buy-now
http://www.tracker-software.com/buy-now

¥ JAPTEREIGHT Fluid Dynamic Dr. Salah N. Fari Qg#”

This is the energy associated with the physical state of fluid, i.e. the energy of atoms and
molecules resulting from their motion and configuration. Internal energy is a function of
temperature. It can be written as (U) energy per unit mass of fluid.

Potential Enerqgy (PE)

This is the energy that a fluid has because of its position in the earth’s field of gravity. The
work required to raise a unit mass of fluid to a height (z) above a datum line is (zg), where
(9) is gravitational acceleration. This work is equal to the potential energy per unit mass of
fluid above the datum line.

Kinetic Energy (KE)

This is the energy associated with the physical state of fluid motion. The kinetic energy of
unit mass of the fluid is (u%/2), where (u) is the linear velocity of the fluid relative to some
fixed body.

Pressure Energy (Prss.E)

This is the energy or work required to introduce the fluid into the system without a change
in volume. If (P) is the pressure and (V) is the volume of a mass (m) of fluid, then (PV/m
= Pv) is the pressure energy per unit mass of fluid. The ratio (\V/m) is the fluid density (p).

The total energy (E) per unit mass of fluid is given by the equation: -
E=U+zg+P/p+u%2

where, each term has the dimension of force times distance per unit mass. In calculation,
each term in the equation must be expressed in the same units, such as J/kg, Btu/lb or
Ibf.ft/lb. i.e.

(MLT?)(L)(M™) = [L*T?] = {m?/s?, ft?/s’}.

A flowing fluid is required to do work in order to overcome viscous frictional forces that
resist the flow.

The principle of the conservation of energy will be applied to a process of input and
output streams for ideal fluid of constant density and without any pump present and no
change in temperature.
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E 1
——1 »{ Drocess F—l

E1 — EZ
Uy +219+P1/p+ui/2=U,+2,9+Py/p+uj/2
Uiy = U,(no change in temperature)

= P/p + u?/2 + zg = constant

Pi/p+ui/2+ 219 =Py/p+u3/2+ 2,9

= AP/p+Au?/2+2g=0 (Bernollis equation)

4.6 Equations of Motion

According to Newton’s second law of motion, the net force in x-direction (Fx) acting on a
fluid element in x-direction is: -

Fx = (mass) x (acceleration in x-direction)
Fx = (m) (ax)

In the fluid flow the following forces are present: -

1- Fg --------- force due to gravity

2- Fp -----=--- force due to pressure

3- Fy -—--—----- force due to viscosity

4- Fy --------- force due to turbulence

5- F¢ --------- force due to compressibility
6- Fg --------- force due to surface tension
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The net force is could be given by:-

Fx = (Fo)x + (Fp)x + (Fy)x + (Fy)x + (F)x + ( Fo)x

Euler’s equation

Navier-Stokes equation

Reynolds Equation

In most of the problems of fluid in motion the forces due to

surface tension (Fo), and the force due to compressibility (Fc) are
neglected,

= Fx = (F)x + (Fp)x + (Fy)x + (Fy)x

This equation is called “Reynolds equation of motion” which
is useful in the analysis of turbulent flow.

In laminar (viscous) flow, the turbulent force becomes insignificant
and hence the equation of motion may be written as: -

Fx = (F )x + (Fp)x + (Fy)x

This equation is called “Navier-Stokes equation of motion” which is
useful in the analysis of viscous flow.
If the flowing fluid is ideal and has very small viscosity, the viscous

force and viscosity being almost insignificant and the equation will
be: -

Fx = (Fg)x + (Fp)x

This equation is called “Euler’s equation of motion”.

4.6.1 Euler’s equation of motion
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The Euler’s equation for steady state flow on an ideal fluid along a streamline is based on
the Newton’s second law of motion. The integration of the equation gives Bernoulli’s
equation in the form of energy per unit mass of the flowing fluid.

Consider a steady flow of an ideal fluid along a streamline. Now consider a small element
of the flowing fluid as shown below,

Let:

dA: cross-sectional area of the fluid element,
dL: Length of the fluid element’

dW: Weight of the fluid element’

u: Velocity of the fluid element’

P: Pressure of the fluid element’

The Euler’s equation of motion is based

on the following assumption: -

1- The fluid is non-viscous (the frictional losses are zero).

2- The fluid is homogenous and Incompressible (the density of fluid
IS constant).

3- The flow is continuous, steady, and along the streamline (laminar).
4- The velocity of flow is uniform over the section.

5- No energy or force except gravity and pressure forces is involved in the flow.

The forces on the cylindrical fluid element are,
1- Pressure force acting on the direction of flow (PdA)
2- Pressure force acting on the opposite direction of flow [(P+dP)dA]

3- A component of gravity force acting on the opposite direction of flow (dyw sin 0)

9


http://www.tracker-software.com/buy-now
http://www.tracker-software.com/buy-now

¢ JHPTER EIGHT Fluid Dynamic Dr. Salah N. Fari Qg® /

-The pressure force in the direction of flow :-
F, = PdA — (P + dP)dA = —dPdA

-The gravity force in the direction of flow :-

F; = —dW sin 6 {(W =mg = pdAdL g}

=—pgdAdL sinf {sin@ = dz/dL}

=-pgdAdz
-The net force in the direction of flow :-
F,=ma {m = pdAdL}
du du dL du

=pdAdLa {a:E:ﬂ*E:uﬁ}

= pdAudu

We have E, = (E‘g)x + (Fp)x

m) pdAudu=—dPdA—p gdAdz {+ —pdA}

dP du? . .
— +——+4+dz g = 0 ...Euler’s equation of motion

p 2

Bernoulli’s equation could be obtain by integration the Euler’s
equation :-

JdP/p+fdu2/2+fdzg=constant
= P/p +u?/2 + zg = constant

= AP/p+Au?/2+Azg=0.... (Bernollis equation)
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4.7 Modification of Bernoulli’s Equation

1- Correction of the kinetic energy term

The velocity in kinetic energy term is the mean linear velocity in the pipe. To account the
effect of the velocity distribution across the pipe [(o) dimensionless correction factor] is
used.

For a circular cross sectional pipe:
- o= 0.5 for laminar flow

- oo = 1.0 for turbulent flow

2- Modification for real fluid

The real fluids are viscous and hence offer resistance to flow. Friction appears wherever
the fluid flow is surrounding by solid boundary. Friction can be defined as the amount of
mechanical energy irreversibly converted into heat in a flow in stream. As a result of that
the total energy is always decrease in the flow direction i.e. (E2 < E1). Therefore E1 = E2
+ F, where F is the energy losses due to friction.

Thus the modified Bernoulli’s equation becomes,
P/ p+ul2+2,9=Pyl p+ U2+ 2,9 +F ---—-- (J/kg = m?/s%)
3- Pump work in Bernoulli’s equation

A pump is used in a flow system to increase the mechanical energy of the fluid. The
increase being used to maintain flow of the fluid. Assume a pump is installed between the
stations @ and @ as shown in Figure. The work supplied to the pump is shaft work (-
Ws), the negative sign is due to work added to fluid.

@

— Pum P

11
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Frictions occurring within the pump are: -
a-Friction by fluid
b-Mechanical friction

Since the shaft work must be discounted by these frictional force (losses) to give net
mechanical energy as actually delivered to the fluid by pump (Wp).

Thus, Wp =n Ws where n, is the efficiency of the pump.

Thus the modified Bernoulli’s equation for present of pump between the two selected
points € and @ becomes,

P u P w ; .
—1+j—1+g A= 4 g, dF | socene (Jkg= 1112.-"*32)
P p &4,

By dividing each term of this equation by (g), each term will have a length units, and the
equation will be: -

* >l
B 1y 7 Ws P 5 .
+ = + =; + =——+———+ 2, + hy| - {1}
P g g g P g <oz
where hgp = F/g = head losses due to friction.

4.8 Friction in Pipes

When a fluid is flowing through a pipe, the fluid experiences some resistance due to
which some of energy of fluid is lost. This loss of energy is classified on: -

12
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ENERGY LOSS
Major energy losses Minor energy losses
(Skin friction) (Form friction)
Due to surface skin of e sudden expantion or
the pipe contraction pipe

® Bends, valves and fittings
®An obstruction in the pipe

4.8.1 Relation between Skin Friction and Wall Shear Stress

For the flow of a fluid in short length of pipe (dL) of diameter (d), the total frictional force
at the wall is the product of shear stress () and the surface area of the pipe (= d dL). This
frictional force causes a drop in pressure (- dPss).

Consider a horizontal pipe as shown in Figure;

Force balance on element (dL)

t(n d dL)= [P— (P+dPg)] (n/4 d?) * 0 Ul p Uy
= — dPs = 4(t dL/d) = 4 (z /p u,d) (dL/d) p uZ ——---- (*)
where, (t /p u,?) = ®=J; =f/2 =f/2

< L >
T
3 P '—(Tl --—-—-—-—-_._l.t_ ___________ P+{1Pf5
Flo i o

®(or Jf): Basic friction Factor
f: Fanning (or Darcy) friction Factor

f": Moody friction Factor.

13
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For incompressible fluid flowing in a pipe of constant cross-sectional area, (u) is not a
function of pressure or length and equation (*) can be integrated over a length (L) to give
the equation of pressure drop due to skin friction:

N R (s ) NV ) IEem—————— (Pa)

The energy lost per unit mass Fs is then given by:

Fs = (~APs/p) = 4f (L/d) (U/2) ----mmmnnmmemmev (J/kg) or (m?/s?)

The head loss due to skin friction (hFs) is given by:

hes = Fo/g = (—<AP1o/pg) = 4F (L/d) (U%/2g) --------------- (m)

Note: -

All the above equations could be used for laminar and turbulent flow.
AP =P2 — P1 = -AP¢ =P1 — P2 (+ve value)

4.8.2 Evaluation of Friction Factor in Straight Pipes

1-Velocity distribution in laminar flow

Consider a horizontal circular pipe of a uniform diameter in which a Newtonian,
incompressible fluid flowing as shown in Figure:

14
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Consider the cylinder of radius (r) sliding in a cylinder of
radius (r+dr). Force balance on cylinder of radius (r)

T, (2 r L)=(P;- P,) (1t r?)

for laminar flow t,, = - p (du,/dr)

= r(P;-P,) = - u(du,/dr)2L =[(P,- P,)/(2L w)]rdr = du,
= [AP. /(2L )] r?/2 =u, +C

- Boundary Condition (1) (for evaluation of C)
atr=R u, =0 = C = [(AP, R2)/(4L p)]
= [(AP; r?)/(AL )] = u, + [(AP; R?)/(4L p)]

= U, = [(-APg R?)/(4L WI[1- (r/R)?]
velocity distribution (profile) in laminar flow

- Boundary Condition (2) (for evaluation of u, ..}

atr=o u=u_,., =U. =[(-APfsR?)/(4L u)]
= Uy = (AP, d2)/(16 L )]

S Uy [ Uy = [1=(r/R)?]

---velocity distribution (profile)in laminar flow----

15
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2-Average (mean) linear velocity in laminar flow

Where, (u) is the average velocity and (A) is the cross-
sectional area = (t R?)

dq = u,dA where u, = u,. [1-(r/R)?], and d, = 2t r dr

max

= dQ = U, [1-(r/R)?] 2r r dr

0 R 7'3 r2 7‘4 ;
fo dQ = 2T Upqy [0 (r B ﬁ) dr =2n “maz ? - 4R?
Q= Upygy/2 (0 R?) e 2)

By equalization of equations (1) and (2)

= U = U, /2 = [(-AP R?)/(8L w)] = [(-AP d?)/(32 L w)]
& —=AP. =(32Lpu)/d? Hagen—Poiseuille equation

3-Friction factor in laminar flow

We have —AP;, = 4f (L/d) (pu?/2)-----------=-------——- (3)
and also —AP; = (32 L p u) / d? -—--—--mmmmmmmmee- (4)

By equalization of these equations [i.e. egs. (3) and (4)]
= (32 Lpu)/d?=4f (L/d) (pu?/2) =f=16 u/(p ud)
~((f=16/Re))

Fanning or Darcy friction factor in laminar flow.
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4-Velocity distribution in turbulent flow

The velocity, at any point in the cross-section of
cylindrical pipe, in turbulent flow is proportional to the
one-seventh power of the distance from the wall. This
may be expressed as follows: -

u,/ U, = [1-(r/R)]¥7

Prandtl one-seventh law equation.
velocity distribution (profile)in laminar flow

5-Average (mean) linear velocity in Turbulent flow
Q=UA--—m - (1)

dq = u, dA where u, = u,,, [1~(r/R)]7, and dA = 2r r dr
= dQ=u,,, [1-(r/R)]Y7 2t r dr

a 2 " r %d
6{ Q = u,,.ox 11-]; r(l _E) r

Let M = (1-r/R) dM = (-1/R) dr
orr=R(1-M)dr=—RdM
atr=0 M=1

atr=R M=0
Rearranging the integration

0 1
Q= 'umax21tRf (1—MM7(—dM)
1
8

L [t 1 r
— u,,, 27R? f (M'f _ m—) dM
0 R

=Q =49/60 u,, ,, (Tt R?) —————mmmmmmmme - (5)
By equalization of equations (1) and (5)

u=49/60 u,,, = 0.82 u,, .,

17
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Friction factor in Turbulent flow

A number of expressions have been proposed for
calculating friction factor in terms of or function of (Re).
Some of these expressions are given here: -

B 0.079
Re%> for 2,500 < Re <100,000
f15 = 4log(Ref®) - 0.4
and, for 2,500 < Re <10,000,000

These equations are for smooth pipes in turbulent flow. For rough
pipes, the ratio of (e/d) acts an important role in evaluating the
friction factor in turbulent flow as shown in the following
equation.-

(f/z)—O-S =—-2.51In [0.275 + 0. 885Re‘1(f/2)—0.5]

18



http://www.tracker-software.com/buy-now
http://www.tracker-software.com/buy-now

” JHPTEREIGHT Fluid Dynamic Dr. Salah N. FariQg® /

Table of the roughness values e.

Planed wood or finished concrete 0.00015 0.046
Unplaned wood 0.00024 0.073
Unfinished concrete 0.00037 0.11
Cast iron 0.00056 0.17
Brick 0.00082 0.25
Riveted steel 0.0017 0.51
Corrugated metal 0.0055 1.68
Rubble 0.012 3.66

7-Graphical evaluation of friction factor

As with the results of Reynolds number the curves are in three regions (Figure 3.7 vol.l).
At low values of Re (Re < 2,000), the friction factor is independent of the surface
roughness, but at high values of Re (Re > 2,500) the friction factor vary with the surface
roughness. At very high Re, the friction factor become independent of Re and a function
of the surface roughness only. Over the transition region of Re from 2,000 to 2,500 the
friction factor increased rapidly showing the great increase in friction factor as soon as
turbulent motion established.

19
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Example -4.3-
Water flowing through a pipe of 20 cm I.D.

at section @ and 10 cm at section Q The
discharge through the pipe is 35 lit/s. The
section o is 6 m above the datum line and
section Q is 2 m above it. If the pressure at
section @ is 245 kPa, find the intensity of
pressure at section Q Given that p = 1000
kg/m3, p= 1.0 mPa.s.

— __ Datumline [ 4

Solution:

Q = 35 lit/s = 0.035 m3/s

u=Q/A = u;=(0.035 m3/s) / (0.22 n/4) m? = 1.114 m/s

= u,=(0.035 m3/s) / (0.12 n/4) m? = 4.456 m/s

Re = pud / u = Rel= (1000 kg/m3x 1.114 m/s x 0.2 m) / (0.001Pa.s) = 222,800
Re = pud / u = Re2= (1000 kg/m3 x 4.456 m/s x 0.1 m) / (0.001Pa.s) = 445,600
The flow is turbulent along the tube (i.e. al = a2 =1.0)
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uj U3
;+—+gzl +/r1/V{ —+—+gzz+//

P —Pl + + _H% —u%' 253.3 kP
- 7 -1 - =253,
= ) 9(z -1 (Zal 20(2) ]

H.W.
If the pipe is smooth and its length is 20 m, find P,.
Ans. P, = 246.06 kPa

Example -4.4-
A conical tube of 4 m length is fixed at an

inclined angle of 30° with the horizontal-
line and its small diameter upwards. The
velocity at smaller end is (u; =5 m/s),
while (u, =2 m/s) at other end. The head
losses in the tub is [0.35 (u,;-u,)?/2g]. / 3
Determine the pressure head at lower end /\/
if the flow takes place in down direction 3\

and the pressure head at smaller end is 2 ' 3

m of liquid.

Solution:
No information of the fluid properties.
Then assume the flow is turbulent, (i.e. al = a2 =1.0); z, = L sin8=4 sin 30 =2 m

P u? w, P u3
Gt I SR L LS +zz+/
pg 2a:9 9 pg 2mg

P, P wl_ul B 25-4_ 0.355-2)°
E=E+Zl+(ﬁ »_2.0+2.0+(2*9‘81)— Z-9.80 =49m
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Example -4.5-

Water with density p = 998 kg/m®, is flowing at steady mass flow rate through a uniform-
diameter pipe. The entrance pressure of the fluid is 68.9 kP, in the pipe, which connects to
a pump, which actually supplies 155.4 J/kg of fluid flowing in the pipe. The exit pipe from
the pump is the same diameter as the inlet pipe. The exit section of the pipe is 3.05 m
higher than the entrance, and the exit pressure is 137.8 kP,. The Reynolds number in the
pipe is above 4,000 in this system. Calculate the frictional loss (F) in the pipe system.

Solution:
Setting the datum line at z; thus, z=0,z,=3.0im Qu,

i ;’4{ p ot ;Z F
—+ot g =4 E L+
p BAN e W5m

=F= llp P+;;]T5 b::J

J(_'.'
/\
=(68.9- 1378}X1000998+1“4 9.81(3.03) —l-ln-@
~{
—563JLgnrm /5 E

Example -4.6

A pump draws 69.1 gal/min of liquid solution having a density of 114.8 Ib/ft* from an
open storage feed tank of large cross-sectional area through a 3.068"1.D. suction pipe. The
pump discharges its flow through a 2.067”1.D. line to an open over head tank. The end of
the discharge line is 50" above the level of the liquid in the feed tank. The friction losses in
the piping system are F = 10 ft Ibf/Ib. what pressure must the pump develop and what is
the horsepower of the pump if its efficiency is n=0.65.

22
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Solution: 3
No information of the type of fluid and SE it
then 1ts viscosity, therefore assume | @

the flow 1s turbulent.

P; = P, = atmospheric press. /—‘%
u; = 0 large area of the tank
o)
' LD.=2.06in
LD.=3.008 in
B/ u 7 B/ u, ig
F+ +—+ W =F+——+—+F
Ya, g 7 g, p la g &

=':;Hs={ . + g{hﬁ}
Q=69.1 gal/mum (ff ’1148 gal)(min/60 5) 0.154 £
A; (area of suction line) = /4 (3.068 in)” (f/12 n)* = 0.0513 £
A=Ay (area of discharge Ime) /4 (2067 in)’ (R/12 in)* = 00233 &
i=Q/A=(0.154s) /(0.0235 ) = 6.55 fils
u;=Q/A;=(0.154 £5) / (0.0513 ) = 3.0 fils
g 0 (6555

2.1?41’5}}?.{!@}. 57 2x3217406 1 H:' 5
Ws =nWs/n =60.635/0.65 =933 [b; ft/lb
Mass flow rate i=0p=0.1539 ff's (1148 Ib/ft’) = 17.65 Ib/s
Power required for pump = m 5 = 17.63 Ib/s (93.3 ft Ibg/1b)(hp/330 ft Ibss)

=30hP

To calculate the pressure that must be developed by the pump. Energy Balance
equation must be applied over the pump itself (points @ and @)
w=w=03ft/s andum=3ft/s

+1071b,/15=60.635 ft IgTo
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AL 4
—t——+74

p lag

? P+ !Ili }g{ ;
I}HEEHH: gl,+ : +/f/

=y T = G654 (050)=60 By
- =013 b (143 b5 =003
=41 % ps
=32 bar

Example -4.7-

A liquid with a constant density (p) is flowing at an unknown velocity (u;) through a
horizontal pipe of cross-sectional area (A;) at a pressure (P;), and then it passes to a
section of the pipe in which the area is reduced gradually to (A,) and the pressure (Py).
Assume no friction losses, find the velocities (u;) and (u,) if the pressure difference (P;-

P,) is measured.

\
/
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Solution:

From continuity equation 1t =1ily =1ty = p;Qy = p,0;
And for constant density >Q =Q; = Q,

= UA=u A =U,A,

=>u, =u, A;/A,

—+u—‘+}/+/ﬁ —+u—2+///

Assume the flow is turbulent (a,=a.,)

l I

us = '|(P1—P2) 2 0y = ;(Pl—Pz) 2
N p AN o p A2
A (2) -1 \4' 1- (A—;)
Example -4.8-

A nozzle of cross-sectional area (A;) is discharging to the atmosphere and is located in the
side of a large tank, in which the open surface of liquid in the tank is (H) above the
centerline of the nozzle. Calculate the velocity (uy) in the nozzle and the volumetric rate of
discharge if no friction losses are assumed and the flow is turbulent.

Solution:

Since A; is very large compared to A, (=u; = 0).

f—»

The pressure P is greater than atmosphere pressure T
by the head of fluid H.

The pressure P, which is at nozzle exit, is at

o

atmospheric pressure . =%
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Proti, g4 W, —P2+—l% + 2,9 +F
Z1g+n 59
P 2a p 2a

o vl

) 2> — \/Z(Plp_ £2)

But we have:-

(Py—P3) =Hpg - u; =/2Hg > @, = 4;\/2Hg

Or by :- P, 1
oty MO g oy

Example -4.9-

¥ PHPTEREIGHT Fluid Dynamic Dr. Salah N. FariQg® /

98% H,So, is pumped at 1.25 kg/s through a 25 mm inside diameter pipe, 30 m long, to a
reservoir 12 m higher than the feed point. Calculate the pressure drop in the pipeline. Take

that p = 1840 kg/m®, p= 25 mPa.s, e = 0.05 mm.

12m

Datum line—%
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Solution: o
=Qp=udp-u= T =u =(1.25 kg/s) / (/4 0.0252)(1840 kg/m?3)

=>u=1.38m/s
= (1840 x 1.38 x 0.025)/0.025 = 2546
e/d =0.05x 103 /0.025 = 0.002
From Figure (3.7)- Vol.l
O =0.006=>f=20=0.012

Fs = (=AP/p) = 4f (L/d) (u?/2)
Fs = 4(0.012) (30/0.025)(1.382/2) = 54.84 m?/s?

S U}/ﬁ. “+ 5 uz ~+ 229 +F
— — — — Z
g+ 70 29

If the kinetic energy at point 2 is neglected

PI_PZ lll
=29 + F—
P 2a,

F=Fs =54.84 m2/s?

gz, =9.81(12) = 117.72 m?/s?

u,2/2a, = 1.382/2 = 0.952 m?/s?

=(P,-P,) = 1840 [117.72+54.84-0.952] = 315.762 kPa
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4.8.3 Figure (3.8)- Vol.l

For turbulent flow, it is not possible to determine directly the fluid
flow rate through a pipe from Figure (3.7) —Vol.l. For a known
pressure drop, the method of solution to this problem is as
follows:

O=)f=1t/puZ =T=® puU? ———————mmmmmmmm - (1)

But from force balance for fluid flow through horizontal pipe
trudL = -AP, (1t/4 d?)

=T =-AP /L (d/4)------mmm e (2)
By equalization of equations (1) and (2)
=Dpu, =-AP. /L (d/4) -------------- x pd?/pu?

=@Pp2 u? d? /u?=-APfs/L (d3p /4 pn?)

or @ Re? = -AP. /L (p d3 /4 Y?) ----=mmmmmmmmmmmmmee (3)

This equation dose not contains the mean linear velocity (u) of fluid. This can be
determine through using Figure (3.8)- VVol.I as follows:

1- Calculate the value of ®Re? from equation (3) of (APs, p, d, L, and p).
2- Read the corresponding value of Re from Figure (3.8) for a known value of (e/d).

3- Calculate U from the extracted value of Re.
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. Rifp —AP &P 09 oPF o g
Equation{3}——«¢ Re” = 2" il 7 o ,__;,e.. = ﬁ,‘?l;r - “ﬂjﬁ
- - Al o el o
g’ o oo
w1 l:;,"'ﬂI
. L}*’Eﬁ
ot
=k}
- 107
=
=
-::-:
g
= [
"1 % il
g 10|
li' =
1L i T O T T I T I T _,__,_.,,,:__! LaLidail & deslill Ll l bk
104 {0 10% 10 10° 10" 14 10" 10 10" 107

Friction group (¢ Re”)

Figure (3.8) Pipe friction chart ®Re?2 versus Re for vanious values of e/d

Example -4.10-

Calculate the pressure drop in Pa for a fluid flowing through a

30.48 m long commercial steel pipe of I.D. 0.0526 m and a pipe

roughness (e = 0.045 mm). The fluid flows at steady transfer

rate of 9.085 m3/h. Take that p = 1200 kg/m?3, u= 0.01 Pa.s.

Solution:

Q =9.085 m3/h x h/3600s =2.524 x10 -3 m3/s

u=Q/A=(2.524 x10 3 m3/s) / (/4 x 0.0526%) = 1.16 m/s
=(1200 x1.16 x 0.0526)/0.01 = 7322

e/d =0.000045/0.0526 = 0.000856

Figure (3.7) ® =0.0042 =>f=2 ® =0.084

g/A/M+/ZL /W'+F 0

=-AP, = p Fs = 4 f (L/d)( pu?/2) = 4 (0.0084) (30.48/0.0526) (1200 x 1.162/2)
= 15719 Pa
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Example -4.11-

Repeat the previous example with the following
conditions, the volumetric flow rate (i.e. the
velocity) is unknown and the pressure drop in the
pipe is 15.72 kPa.

Solution:

®Re? =(- AP /L)(pd3/4n2?)
=[(15720)/(30.48)][(1200)(0.0526)3/(4)(0.01)]
=2.252 x 10°

e/d = 0.000856 =Figure (3.8) Re = 7200

=u = 7200(0.01)/(1200 x 0.0526)= 1.141m/s

Example -4.12-

Repeat the previous example with the following conditions, the
diameter of the pipe is unknown and the pressure drop in the pipe is
15.72 kPa and the velocity of the liquid is 1.15 m/s. Estimate the
diameter of the pipe.

Solution:

-AP¢, = p Fs =4 f (L/d)( pu?/2) =d = (4 p f L u?/2)/ -AP
=d =6.154 f —cmm (1)

Re = pud/p = 138000 d -----==-==—=-=-eemmm (2)

e/d = 0.000045/d —-———--——-mmmrmmemme -

@ Figure (3.7) _f=2¢D Eq (1) Eq.(3)
e/d

0.001 0.006145 0.0073

0.01 0.02 0.123 16985 0.00036
0.0037 0.007 0.045 6284 0.00099
0.0045 0.009 0.0554 7643 0.0008
0.0043 0.0086 0.0529 7303 0.00085
0.0043 0.0086

=d =0.0529 m
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Example -4.13-

Sulfuric acid is pumped at 3 kg/s through a 60 m length of smooth
25 mm pipe. Calculate the drop in pressure. If the pressure drop
falls to one half, what will new flow rate be? Take that p = 1840
kg/m3, u= 25 mPa.s.

Solution:
m 3kg/s
u= % = E = kg ng/ =3.32m/s
» . 2 2
(1840W) (4 0.025 ) m

Re = (1840 x3.32 x 0.025)/0.025 = 6111

Figure (3.7) for smooth pipe ©® =0.0043 =f = 0.0086
APy = pFs = 4 (L/d)( pu?/2)
=4(0.0086)(60/0.025)(1840 x 3.32%)/2 = 837.209 kPa

The pressure drop falls to one half (i.e. -APfs = 837.209 kPa/2 = 418.604kPa
®Re? = (-AP./L)(pd3/4p?)=[(418604)/( 60)][ (1840)(0.025)3/(4)(0.025)?]
=8.02 x 104

From Figure (3.8) for smooth pipe Re = 3800 =u = 2.06m/s

m = puA = 1.865kg/s

Example -4.14-

A pump developing a pressure of 800 kPa is
used to pump water through a 150 mm pipe, h
300 m long to a reservoir 60 m higher. With
the valves fully open, the flow rate obtained
is 0.05 m3/s. As a result of corrosion and
scalling the effective absolute roughness of

0 fim

the pipe surface increases by a factor of 10 by P Datum line—+
what percentage is the flow rate reduced. :\'/'

u=1 mpPa.s

Solution:

The total head of pump developing =(AP/pg)
= 800,000/(1000 x 9.81)= 81.55 mH,0

The head of potential energy = 60 m
Neglecting the kinetic energy losses (same

diameter) AP A
— A Zz— F=0
p + gAz + p nw;+
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=AP/pg+ Az +hF=0

= hF =— AP/pg— Az =81.55-60=21.55m

u=Q/A =(0.05m3/s)/( (r/4) 0.152) =2.83 m/s

hFs = (-AP./pg) = 4f (L/d) (u%/2g)

=f=h. d2g/(4Lu?) = (21.55) (0.15)(9.81)/(2 x 300 x 2.832) = 0.0066
® =0.0033, Re = (1000 x 2.83 x 0.15)/0.001 = 4.23 x10°

From Figure (3.7) e/d = 0.003

Due to corrosion and scalling the roughness increase by factor 10
i.e. (e/d)new =10 (e/d)old = 0.03

The pump head that supplied is the same

(-APg) = h, pg = 21.55 (1000) 9.81 = 211.41 kPa

ORe? = (-APy/L)(pd3/442) =

[(211410)/( 300)][(1000)(0.15)3/(4)(0.01)?] = 6 x 108

From Figure (3.8) Re = 2.95 x105 =u =1.97m/s

The percentage reduced in flow rate = (2.83-1.97)/2.83 x 100 % =
30.1 %.

4.8.4 Form Friction

Skin friction loss in flow straight pipe is calculated by using the
Fanning friction factor (f). However, if the velocity of the fluid is
changed in direction or magnitude, additional friction losses occur.
This results from additional turbulence, which develops because of
vertices and other factors.

1- Sudden Expansion (Enlargement) Losses

If the cross section of a pipe enlarges gradually, very little or no extra
losses are incurred. If the change is sudden, as that in Figure, it
results in additional losses due to eddies formed by the jet expanding
in the enlarged suction. This friction loss can be calculated by the
following for laminar or turbulent flow in both sections, as:

D 6
OO ——17 ()
______ - _::_1_—9_&*:;':_:‘:;_':_____ll_:,_:“_’_'____
A ot __—_"'_1—-__\\ E —_— i
£ :{ >\.—>\:‘-' —— l"\/"
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Continuity equation u;A; = u,A, =u, = u,(A,/A,)

ui  ul
Momentumbalance g — —1 _ 2 442 4 4,

€ 2(11 20’2

For fully turbulent flow in both sections

2 2

C (uy —up)?* uj [1 (Al)]
€ 2 2 A,

u?
2

= [1-G)

2- Sudden Contraction Losses

The effective area for the flow gradually decreases as the sudden
contraction is approached and then continues to decrease, for a
short distance, to what is known as the “Vena Contacta”. After the
Vena Contracta the flow area gradually approaches that of the
smaller pipe, as shown in Figure. When the cross section of the pipe
is suddenly reduced, the stream cannot follow around the sharp
corner, and additional loses due to eddies occur.

oo Fe:Ke

\ ! —— ¥ —

! .2 P - S RS (X (. T
T iy i

| 1
T
! J— =

\ e — 1] { :

NV ena
Contracta

u3 A,
F, = Kc7 where K. = 0.55 [1 —A—l]
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3- Losses in Fittings and Valves

Pipe fittings and valves also disturb the normal flow lines in
a pipe and cause additional friction losses. In a short pipe
with many fittings, the friction losses from these fittings
could be greater than in the straight pipe. The friction loss
for fittings and valves is:

u? L, u?
e : .
Ff_KfZ' Ff—4 12 wherer,asmtablebelow
Table of the Friction losses in pipe fittings

Fittings K Le/d
45° elbows (a)* 15 0.3
90° elbows (standard radius) (b) 30-40 0.6-0.8
90° square elbows (c) 60 1:2
Entry from leg of T-piece (d) 60 1.2
Entry into leg of T-piece (d) 90 1.8
Unions and couplings (e) Very small | Very small
Globe valves fully open 60-300 1.2-6.0
Gate valves: fully open 7 0.15
3/4 open 40 1
1/2 open 200 4
1/4 open 800 16

= See Figure below

(a)

(b) (c)
45° elbow 90° elbow 90° square elbow

gate valve

- 2 G S
sl s é

o

Figures of standard pipe fittings and standard valves

34
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4.8.5 Total Friction Losses

The frictional losses from the friction in the straight pipe (skin

friction), enlargement losses, contraction losses, and losses in

fittings and valves are all incorporated in F term in mechanical

energy balance equation (modified Bernoulli’s equation), so that,
2 2 2

luy uj us u
Fe :4’fa7+Ke_+Kc_+Kf7

If all the velocity u, u,, and u, are the same, then this equation
becomes, for this special case;

u?

l
F = [4fE+ Ké,+KC+Kf]7

If equivalent length of the straight pipe for the losses in
fittings and/or valves, then this equation becomes;

Pl (G 2a) v e ]y

Example -4.15-

630 cm3/s water at 320 K is pumped in a 40 mm I.D. pipe through a
length of 150 m in horizontal direction and up through a vertical
height of 10 m. In the pipe there is a control valve which may be
taken as equivalent to 200 pipe diameters and also other fittings
equivalent to 60 pipe diameters. Also other pipe fittings equivalent
to 60 pipe diameters. Also in the line there is a heat exchanger
across which there is a loss in head of 1.5 m H,o. If the main pipe
has a roughness of 0.0002 m, what power must supplied to the

pump if n = 60%, u= 0.65 mPa.s.

|
£
e /
/
f /"‘. B
— 1 { I
\ ’7

9]
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Solution:
Q=630cc/s (m/100cm)3® =6.3 x 10* m3/s
u=(6.3x10*m3/s)/(rn/4* 0.042) = 0.5 m/s
Re = (1000 x 0.5 x 0.04)/0.00065 = 30,770
e/d =0.0002/0.04 = 0.005
From Figure (3.7) ® = 0.004, =f = 0.008
L=150m+10m=160m

Au? nw

+ Az + >+ hs+ (R)gpe =0
pg 2ag g T

I I\1] u?
ny=[ar (g + ZE)]E
=4 (0.008) (160/0.04 + 200 + 60) x 0.5%2/(2x9.81)=1.74 m

=(-AP/pg) =Ah=10+1.74+1.5=13.24 m

= The head required (that must be supplied to
water by the pump) is Ah =13.24 m

and the power required for the water is nWs = Q AP
= Q (Ah pg)

= NnNWs =6.3x10%m3/s (13.24 x 1000 x 9.81) = 81.8
(N.m/s=1J/s = W)

The power required for the pump is (Ws) = nWs / n
=81.8/0.6=136.4 W.
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Example -4.16-

Water in a tank flows through an outlet 25 m below the water
level into a 0.15 m I.D. horizontal pipe 30 m long, with 90°
elbow at the end leading to vertical pipe of the same diameter
15 m long. This is connected to a second 90° elbow which
leads to a horizontal pipe of the same diameter, 60 m long,
containing a fully open globe valve and discharge to
atmosphere 10 m below the level of the water in the tank.
Calculate the initial rate. Take that u=1 mPa.s, e/d =0.01

Solution:
A
T 10m
= PLZ

L=30+15+60=105m

u? P
p%g 742 Vo og 4] p/;/ 27 +z2+h.f
u3

’_[4 l Zl u?
Zga2+hf = f(E+ 3)2_

hy =210f uj

_22:

|
10
Assume turbulent flow (a, =1.0) = u; = (— —————
(0 =1.0) =1, J0.05+210f ®)
This equation solved by trial and error
Eq.(*) Figure (3.7)
f u, Re )
0.01 216  3.235x10° 0.0046
0.0092 2.246 3.37x10° 0.0046

= U,(t=0) = 2.246 m/s, Re = 3.37 x10° (turbulent) =Q=0.04 m3/s ; m = 40 kg/s

37
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Example -4.17-

An elevated storage tank contains water at 82.2°C as shown in Figure below. It is
desired to have a discharge rate at point 2 of 0.223 ft*/s. What must be the height H in ft
of the surface of the water in the tank relative to discharge point? The pipe is schedule
40, ¢ = 1.5 x10™ ft. Take that p = 60.52 Ib/ft’, p= 2.33 x10™ Ib/ft.s.

-

-T il 4"

2'}* z L

J N §  —Datumline— m_'f:l

I 50" —

e 125 >
Solution:

O

+F,wherez;=H

g B
g 23}:

for schedule 40

d-=4.026/12=0.3353 ft. A, =0.0884 ft’,

dy =2.067/12=0.1722 ft, A4 =0.0233 ft’,

ug = (0.223 ft’/s) / (0.0884 ft’) = 2.523 ft, u,=(0.223 ft’/s) / (0.0233 ft’) = 9.57 ft,
The F-term for friction losses in the system includes the followings:

1- Contraction losses at tank exit.  2-Friction in 4" straight pipe.

3- Friction in 4" elbow. 4-Contraction losses in 4" to 2" pipe.

5- Friction in 2" straight pipe. 6-Friction in the two 2" elbows.

I- Contraction losses at tank exit. (let tank area =A,, 4" pipe area = A;)

F=K2Z|wh K—G‘Srl 4l ~0.5
= ‘.2-.w ere |K_= 'Jl_J.J

—

—

= F.=0.55(2.5237 /2 x 32.174) = 0.054 ft.Ib/1b.
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2- Friction in 4" straight pipe. )
Re = (60.52 x 2.523 x 0.3353)/ 2.33 x10™ =2.193 x10’

e/d = 0.000448 = Figure (3.7) f=0.0047

F_ = 4_;%;—' =4 (0.0047) (20/0.3353) x 2.523%/(2 x 32.174) = 0.111 ft.Ib/Ib.
0 gl

3- Friction in 4" elbow.

F,=K,—; where K;=0.75 = Fy=0.074 ft.1by1b.

4- Contraction losses in 4" to 2" pipe.

u;
B R ? where

4,
K = ﬂ.SS[] _A__J‘ =0.55(1- 0.0233/0.0884) = 0.405

= F.=0.405 (9.57% /2 x 32.174) = 0.575 ft.Ibylb.
5- Friction in 2" straight pipe.
Re = (60.52 x 9.57 x 0.1722)/ 2.33 x10™* =4.28 x10°
e/d = 0.00087 = Figure (3.7) /= 0.0048
F. = 4_;'5% =4 (0.0048) (185/0.3353) x 9.57%/(2 x 32.174) = 29.4 ft.Iby/Ib.

6- Friction in the two 2" elbow.

where K= 0.75 = Fy=2.136 ft.lbglb.

I,
Fo=2(K, =)

F (total frictional losses) = 0.054 + 0.111 + 0.575 + 29.4 + 2,136 =32.35 ft.lby/1b

= H g/g. = (9.57° /2 x 32.174) + 32.35=33.77 ft.lby/lb
H =33.77 ft = 10.3m (height of water level above the discharge outlet)
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Example -4.18-

Water at 20°C being pumped from a tank to an elevated tank at the rate of 0.005 m’/s.
All the piping in the Figure below is 4" Schedule 40 pipe. The pump has an efficiency of
n=0.65. calculate the kW power needed for the pump. e = 4.6 X10” m p =998.2 kg/m’,
u=1.005 x10” Pa.s

| 1000 m N
| o 2
3 e | |
15m IT'-'r
1 Sm; o S J{15m
1 - 1 'L
i, .

i

Solution: )
For 4" Schedule 40 pipe  d=0.1023 m, A=8.219 x10” m’
u=Q/A =(5x10" m"/s)/ 8.219 x10™ m* = 0.6083 m/s

%gﬁ:+%—ql&ﬁc+F=ﬂ:‘> NWs =F +gAz
i Fa

The F-term for friction losses in the system includes the followings:

1- Contraction losses at tank exit.  2-Friction loss in straight pipe.

3- Friction in the two elbows. 4- Expansion loss at the tank entrance.
1- Contraction losses at tank exit.

0l l A
F =K —}w K =055]1-—/||= 0.
: i : where |K_ J:n[! 4J 0.5

= F.=0.55 (0.6083° /2) = 0.102 J/kg or m’/s”.
2- Friction loss in straight pipe.
Re = (998.2 x 0.6083 x 0.1023)/ 1.005x10~ = 6.181 x10°
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e/d = 0.00045 = Figure (3.7) = 0.0051
L = 5+50+15+100 = 170 m
F. = 4_%% =4 (0.0051) (170/0.1023) x (0.6083°/2) = 6.272 J/kg or m’/s’.

3- Friction in the two elbows.

F, = 2K, =), where K;=0.75 = Fy=0.278 J/kg or m’/s’.

4- Expansion loss at the tank entrance.

H!
E.=K¢,?';where

F (total frictional losses) = 0.102 + 6.272 + 0.278 + 0.185 = 6.837 J/kg or m’/s”.
= NWs = 6.837 + 9.81(15) = 153.93 J/kg or m’/s’
The power required for pump (Ws) = nWs/Ws = 153.93/0.65 = 236.8 J/kg or m’/s’
The total power required for pump (/i Ws) = Q p Ws
= (5 x10™ m’/s) 998.2 kg/m’® (236.8 J/kg) = 1.182 kW.

[ (4] 2.2
K"'Z[I_IJ 1.0 = F.=0.185 J/kg or m7/s".
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Example -4.19-

Water at 4.4°C is to flow through a horizontal commercial steel pipe having a length of
305 m at the rate of 150 gal/min. A head of water of 6.1 m 1s available to overcome the
skin friction losses (hg). Calculate the pipe diameter. e = 4.6 x10° m p = 1000 kg/m’,
u=1.55 x10™ Pa.s.

Solution:

. ={4r[:—f]]; =6.1m

Q = 150 gal/min (ft’/ 7.481gal)(min/60s) (m/3.28 ft)’ = 9.64 x10” m’/s
u=Q/A = (9.64 x10”° m*/s)/(n/4 d*) = u=0.01204 d°,

= 6.1 =41 (305/d)(0.01204 d)/(2 x9.81)

= [=676.73d" = d=(/676.73)"" e 0 )|
Re = (1000 X (0.01204 d*) x d)/ 1.55x10 =7769.74 d"' ~=-emememmmmemmmmanmnn(2)
e/d=4.6 x10" d" e )|

solution by trial and error
Eq.(1) Eq.(2) Fq.(3) Figure (3.7)

f d Re e/d f=20

Assumed ———
0.00378| 0.089 | 8.73 x10° 0.00052 0.0052

0.0052 0.095 8.176 x10* 0.000484  0.0051
0.0051 0.0945 8.22x10° 0.00049  0.0051

= d=0.0945 m.
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Example -4.20-

A petroleum fraction is pumped 2 km from a distillation plant to storage take through a
mild steel pipeline, 150 mm L.D. at 0.04 m’/s rate. What is the pressure drop along the
pipe and the power supplied to the pumping unit if it has an efficiency of 50%. The
pump impeller is eroded and the pressure at its delivery falls to one half. By how much
1s the flow rate reduced? Take that: sp.gr. = 0.705, p= 0.5 m Pa.s e = 0.004 mm.

Solution:

u=Q/A =(0.04 m/s)/(m/4 X 0.15°) = u=2.26 m/s
Re = (705 x 2.26 x 0.15)/ 0.5x107 = 4.78x10°

e/d = 0.000027 = FTurc (3.7 f=2D =f=0.0033

=4 (0.0033) (2000/0.15) (705 x 2.26°/2) = 316876 Pa.

O(- AP)

Power = = (0.04 m/s)(316876 Pa)/0.5 = 25.35 kW

Due to impeller erosion (-AP)yew = (-AP)1a/2 = 316876 Pa/2 = 158438 Pa
ORe*=(-APg/L)(pd*/4p*)=[(158438)/(2000)][(1000)(0.15)*/(4)(0.5x107*)’] = 1.885x10"

e/d = 0.000027= From Figure (3.8) Re=3 x10° =u=1.42m/s

The new volumetric flow rate is now Q = 1.42 (/4 x 0.1 53} =0.025 m'/s.

4.9 Friction Losses in Noncircular Conduits

The friction loss in long straight channels or conduits of
noncircular cross-section can be estimated by using the same
equations employed for circular pipes if the diameter in the
Reynolds number and in the friction factor equation is taken as
equivalent diameter. The equivalent diameter De or hydraulic
diameter defined as four times the cross-sectional area divided
by the wetted perimeter of the conduit.

cross — sectional area of channel

De =4

wetted perimeter of channel
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For circular cross section.

De =4 (/4 x d?)/td=d - !
For an annular space with outside diameter d; = i
and inside d,.

De=4[n/4x(d,?-d,?)]/m(d;+d,)=d; +d,

For a rectangular duct of sides a and b. -
De=4(a.b)/2(a+b)=2ab/(a+Dhb) b

For open channels and pattly filled ducts of

y-liquid depth and b width v

De =4 (b.y)/ (b +2y)

b

4.10 Selection of Pipe Sizes

In large or complex piping systems, the optimum size of pipe to
use for a specific situation depends upon the relative costs of
capital investment, power, maintenance, and so on. Charts are
available for determining these optimum sizes. However, for small
installations approximations are usually sufficient accurate.
Representative values of ranges of velocity in pipes is shown in
the following table: -

- . 7 Velocity
Type of fluid Type of flow s s
Inlet to pump 2-3 0.6-09

Nonviscous liquid Process: _lme or 3 15-25
Pump discharge

Inlet topump | 0.2—-0.8|0.06 —0.25
Viscous liquid Process: line or 05-2 | 0.15-06
Pump discharge
Gas 30-120 9-36
Steam 30-75 9—

)

=
e,
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4.11 The Boundary Layer

When a fluid flow over a surface, that part of the stream, which
is close to the surface, suffers a significant retardation, and a
velocity profile develops in the fluid. In the bulk of the fluid away
from the boundary layer the flow can be adequately described
by the theory of ideal fluids with zero viscosity (4 =0). However
in the thin boundary layer, viscosity is important.

: H
Laminar Transition | Turbulent
u. H

Y

11

Y

u.

\

U, o

Boundary sublayer

Leading edge Buffer layer

Figure of boundary layer for flow past a flat plate

If the velocity profile of the entrance region of a tube is flat, a
certain length of the tube is necessary for the velocity profile to be
fully established (developed). This length for the establishment of
fully developed flow is called “entrance length”.

unt\-L- Turbulent BL.

T~ 1/ 7\
g‘ ]‘ N i Fully developed flow | |
p——— ._._._._._._._._._..:..::._::p: ........................ [ ———
" I' --o*'/ E l‘ “'
\L—" | | \/
- |
) v )
Entrance length

Figure of conditions at entry to pipe.
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At the entrance the velocity profile is flat; i.e. the velocity
is the same at all positions. As the fluid progresses down
the tube, the boundary layer thickness increases until
finally they meet at the centerline of the pipe.

For fully developed velocity profile to be formed in
laminar flow, the approximate entry length (Le) of pipe
having diameter d, is: -

Le/d = 0.0575 Re ~—--—————--meme - laminar

For fully developed velocity profile to be formed in
turbulent flow, no relation is available to predict the entry
length. As an approximation the entry length (Le) is after
50 diameters downstream of pipe. Thus;

Le/d = 50 ---—--——---———-——- turbulent

4.12 Unsteady State Problems
Example -4.21-

A cylindrical tank, 5 m in diameter, discharges through a horizontal

mild steel pipe 100 m long and 225 mm diameter connected to the
base of the tank. Find the time taken for the water level in the tank
to drop from 3 m to 0.3 m above the bottom. The viscosity of water
is 1.0 mNs/m2, e = 0.05 mm.

Solution: ]

A Au? o7, D=

+ Az + —’}i‘+hf=0 &
g 2ag g I
u; = 0, z, =0 (datum line)

attime=0=z=12, 1 N;ll )
-

attime=t=z=z
12

L
=——+hratt=0 Ly|u
A7 2, M hps = [‘U(a) ﬁ: 90.61f u3
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Z
. _ - 2 U =
at time=0=z,=(0.051+90.61f) u, = Up j0_05+90_61f

. _ _ 2 ‘ o Z
attime=0=z,=(0.051+90.61f)u,’ = wu, _V,]o.051 190617 (1)

Let the level of liquid in the tank at time (t) is (z)
and the level of liquid in the tank at time (t+dt) is (z—dz)
The volume of liquid discharge during (time =t) to (time = t+dt) is

(—dV)

= (/4 D?) [z— (z-dz)] = (19.63 dz) m?

Q = dV/dt =-19.63 (dz/dt) m3/s ~------mmmmmmm e (2)
But Q=A u, = (/4 d?) u, = (0.04 M?) U, ~-----n-mmmmmmmmmmmmmnnee (3)

Substitute eq.(1) into eq.(3) to give;

=z -
Q= 0'04\/0.051 +9061 7 0

The equalization between eq.(2) and eq.(4) gives;

. t 03
d, z Z .
0=-19635 = o'04\/0.051 +90.61 "f dy :] -490.75 ,— — 77
A R 0051+ 9061 f

\

3
~ t = 490.75,/0.051 + 90.61 f f 272d,
0.3

T
- 9U7s T 06T = 3

T =1169.4,/0.051 + 90.61 f
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P,=P,+2zpg, and P,=P,

= (P; —P,) = (— APFs) the pressure drop along the pipe due to friction
From applied the modified Bernoulli’s equation between 3 and 2

= (— APFs) = zpg

But ®Re? = (-APfs/L)(pd3/4u?) = [(zpg)/(L)][ (pd3/4u?)] = 2.79x108z
atz=3.0m = QRe? = 8.79x108

atz=0.3 m = QRe? = 8.38x10’

e/d = 0.0002 = From Figure (3.8)

=atz=3.0m Re=7.0x10°
=atz=0.3 mRe=2.2x10° -
e/d =0.0002 = From Figure (3.7)
=atz=3.0mRe=7.0x10°>= f=0.0038
=atz=0.3mRe=2.2x10°>= f=0.004

taking a value of f = 0.004, and assume it constant
~T=752s

Turbulent

Example -4.22-

Two tanks, the bottoms of which are at the same level, are
connected with one another by a horizontal pipe 75 mm diameter
and 300 m long. The pipe is bell-mouthed at each end so that losses
on entry and exit are negligible. One tank is 7 m diameter and
contains water to a depth of 7 m. The other tank is 5 m diameter
and contains water to a depth of 3 m. If the tanks are connected to
each other by means of the pipe, how long will it take before the
water level in the larger tank has fallen to 6 m? Take e =0.05 mm.
Solution:

1

Il dh 2
X
J. 3m I#
. M Iil

«—S5 m—>

~J
p—
—
—
—p
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At any time (t) the depth in the larger tank is (h) and the depth
in the smaller tank is (H)

Au r]H
2 +A_+Zl +h=0
/_ O’

= Az=h-H =hpS ------------------------------------ (1)

When the level in the large tank fall to (h), the level in the small
tank will rise by a height (x) by increasing to reach a height (H).
The volume of the liquid in large tank that discharged to small tank
is;

=11/4 x 7% (7-h) = 38.48 (7-h) m3

and is equal to = /4 x 52 (x) = 38.48 (7-h)

I I 7R -1 — (2)
H=3+x=3+13.72-1.96h
S R [ 7R -1 Y — (3)
Substitute eq.(3) into eq.(1), to give,
L
h—(16.72-1.96 h) = h,, _[4f J;
2.96 h—16.72 = 815.5 fu? :>u=\‘° 036 ’ff"om

The level of water in the large at (t=0)=7 m

The level of water in the large at (t=t) =h m

The level of water in the large at (t = t+dt) = (h—dh) m
The discharge of liquid during the timed (dt) is,

Q=dV /dt=n/4 72 [h—(h—dh)] / dt = /4 7% (dh / dt) ----------- (4)
| 3 - 2
ButQ= Au=n/4 :>O=—(007\) '0006 Lo S W)
4 \ f
o dh
By equalization betw (#) and eq.(5) = dr=-8711.1l————=
y equalization between eq.(4) and eq.(5) = dr 000363002
Vo
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e/d =0.05/75 = 0.00067 assume f = 0.004

T s L ©on-5%
[ dr=-s711.11 ) 0.9h =513 dh = 8711.11—) 221 193581305 — 0.4%%)
4 : 0.9 0.5

=>T=9777.67s

Q=[rn/47%(7-6)]/9777.67 =0.00393 m3/s average
volumetric flow rate

u=Q/A=(0.00393 m3/s) / (/4 x 0.075%) =0.89 m/s

= Re = 6.6552 x10*

e/d =0.00067 = From Figure (3.7) = f=0.006

Repeat the integration based on the new value of (f = 0.006) =
T=9777.675s

Example -4.23-
Water is being discharged, from a reservoir, through a pipe 4 km
long and 50 cm |.D. to another reservoir having water level 12.5
m below the first reservoir. It is required to feed a third reservaoir,
whose level is 15 m below the first reservoir, through a pipe line
1.5 km long to be connected to the pipe at distance of 1.0 km
from its entrance. Find the diameter of this new pipe, so that the
flow into both the reservoirs may be the same.

Solution: A

AD + DB = 4,000 m, its i.d = 50 cm e
AD =1,000 m = DB = 3,000 m o

DC=1,500 m I5m >LQB
Q,=Qg + Qc 0 B
Qg = Qc = Quf 2----wmmmemmeoes (1) ‘/

Datum line
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A1)
P—D e 1s 4 F £ .E'f_i — 0
— p+{-D— PREHIN da "y
O
P
P, 1.000 160,
- - o — 5 o #
p+—Dc, Log- il 5= }(zﬂ_zd__}} O
¥ 23 >
——2 4z, —147.1+830 Q] =0 ---——==—mmmmmmmmmeee e (2)
o,
A-B
Py - .3.000 1607
_?_(-D_]S-)g"'“llf( 0.5 }(Efrgd;)_o
PD
=z, g+ 24542490 O; =0 -———mmmmmmmmmmmm e (3)
o,
A-B
P; 1.500 O;
— 2 = 4 S 0
p Dr_-a+ .f( dc )(2 _d;)
5 3
— 2 - g +389 =5 =0 (4)
P de
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Substitute eq.(1) nto eqs.(3) and (4)

. £
Equatmu(?)—j’ R AT (] NRR——— 2)
2 PD oy -
Equation (3)—?— 29 @+ 245+622.5 0] = 0 wmmememmnmemeneeeea- (5)
. i ;
Equation (4) ——;—:D g+9.12 % s — 6)
:

eq.(2) +eq.(5) > - 122.6+1452.5Q,"=0> Q, = 0.29 m’/s

=2 Qs =Qc=1(0.29 m'/s)/ 2=0.145 m’/s

eq.(5)—eq.(6) > 245 +622.5(0.29)"=9.72(029)"/dc’ =0 = d°=0.0106
= d:=04m=40 cm.

Example -4.24-

4/ APTER EIGHT Fluid Dynamic Dr. Salah N. Fari Qg®

Two storage tanks, A and B, containing a
petroleum product, discharge through fin
pipes each 0.3 m in diameter and 1.5 km d=03m

long to a junction at D, as shown in NSk

Figure. From D the liquid is passed & d=03m
through a 0.5 m diameter pipe to a third o
storage tank C, 0.75 km away. The
surface of the liquid in A is initially 10 m , 4=03m 10m
above that in C and the liquid level in B is / WS

6 m higher than that in A. Calculate the

Datun e

initial rate of discharge of liquid into tank
C assuming the pipes are of mild steel. (
The density and viscosity of the liquid are
870 kg/m3 and 0.7 m Pa.s respectively.
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Because the pipes are long, the kinetic energy of the fluid and minor
losses at the entry to the pipes may be neglected. It may be assumed, as
a first approximation, that f is the same in each pipe and that the
velocities in pipes AD, BD, and DC are ul, u2, and u3 respectively, if the
pressure at D is taken as PD and point D is zD m above the datum for the

calculation of potential energy, the liquid level in C.

Then applying the energy balance equation between D and the liquid
level in each of the tanks gives:

AD

P
— 2 4(z, -10)g +4£(

i, 03 " 2¢,
—&+<:D—16)g+4f(1'500) 0,
P - 03 2,
F, 750 u;
~y = Cole 415 7,-=0

53
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Assume turbulent flow in all pipes

= A-D - +2,2-98.1+10.000f 1] =0 =====——==mmmmmmmmmmeeee (1)
B-D —P—;+ 52 —156.96+10.000f 7 = 0 ====mmmmmmmmmmmmmmm e 2)
. B, i :

& = gt 3.000f u2 =0 S - |
D —eq(2) => 5886+ 10007 (i~ s ) =0 wcreammimmasasns 4)
eq.(2) —eq.(3) = —156.96 + 10,000 £ (1" + 0.3u3%) = 0 =-=-mmmmmmmemm (5)

Q; +Q,=Q; = [(/4 0.3%) u;] + [(w/4 0.3%) u,] = [(a/4 0.5%) us]

=+ U = 2. 78 U3 mmmmmmm e e (6)

equattons (4), (5), and (6) are three equattons with 4 unkowns. As furst approximation
for e/d=0.0001 to 0.00017 = f =0.004

= ¢q.(4) become 38.86 140 (AL | — (7)
= ¢q.(9) become - §6 9( T (T | —— (8)
Fromeq.(7) u —112 BT N (9)

=ty 2 U= (U278) (0”4 20w + 1)
> 15 = (1278 [y + 0y - 147) 4 2yt - 147"

> 5 = (12.78) [205 - 147+ 2uyfuy” - LAT)] —eeeeeeeemem (10)
Substitute eq.(10) mto (§)

- 156.96 40 {u, FL03(12.78) [2117 ~ 1474 Jufu) - 1.47) } =()
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> wt, - LAT° =(159.24 - 43.21,)/ 3.2 squaring the two limts
> - 147 = (98- 135 w,)
. ~byb -dac
5 0y~ 7414 13.68=0 x‘,}—d”
> either, =3.922 ort, = 3488
> 1,=198ms o Wy=187ms

Substrtutmg v, mto eq(9)

> 1= 1.56 m/s or U =142ms
Substituting u,, and u, mto eq.(6)

>wi=13 ms o =118
The lower set values satisties equation (8)

= ;=142 m/s, u, = 1.87m/fs, andu; =1.18 mv/s
= Re; =5.3 X 10°. Re,; =6.9 X 10°, and Re; = 7.3 X 10°
From Figure (3.7) = f; =0.0043, £> =0.0036, and f; =0.0038

= the assumption = 0.004 i1s ok.
Q; = (w/4 0.5%) u; = (/4 0.5%) 1.18 = 0.23 m’/s
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