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Cﬁapfer One Fluid Flow Introduction
CHPTER ONE

Introduction

1.1 Introduction

Chemical engineering has to do with industrial prosses in which raw materials are
changed or separated into useful products.

The chemical engineer must develop, desigmand engineer both the complete process
and the equipment used; choose the propemmaterials; operate the plants efficiently,
safely, and economically; and see to it thadducts meet the requirement set by the
customers.

A _Fluid is any substance that conforms te $hape of its container and it may be
defined as a substance that dose not pegntgnresist distortion and hence, will its
shape Gases and liquids and vapoase considered to haveeticharacteristics of fluids
and to obey many of the same laws.

In the process industries, many of the materials are in fluid form and must be
stored, handled, pumped, and processed,ismécessary that we become familiar with
the principles that govern the flow of fluidsd also with the equipment used. Typical
fluids encountered include water, acids, airp,©d, slurries.

If a fluid affected by changes in pressure, it is said t6 dmmpressible fluig
otherwise, it is said to Bancompressible fluid

Most liquids are incompressible, and gasee can considered to be compressible
fluids. However, if gases are subjectedstoall percentage chges in pressure and
temperature, their densities change will $mall and they can be considered to be
incompressible fluids.

The fluid mechanics can be divided into two branches;

“Fluid static” that means fluid at rest, and
“Fluid dynamics” that means fluid in motion.

1.2 Physical Properties of Fluids

1. Mass density or density [symbolp (rho)]

_Massof fluid
P= Volume of fluid
The common units used of density is (kd)nig/cnt), (Ib/ft?).
2. Specific Volume [symbolv (upsilon)]

It is the ratio of volume of fluid to its mass (or mole);stthe reciprocal of its
Volume of fluid
Massof fluid

The common units used of density is’(lkg), (cn/g), (f/lb).
3. Weight density or specific weight [symbol: sp.wt.]

It is the ratio of mass of fluid to its volume,

density, V=

_ Weight of fluid
"~ Volume of fluid

The common units used of density is (Rynfdyne/cri), (Ibi/ft°).

It is the ratio of weight of fluid to its volume, |sp.wt

1-Ch.1 Dr. SHiedhin



Cﬁapfer One Fluid Flow Introduction
4. Specific gravity [symbol: sp.gr.]

It is the ratio of mass density or (density)lofd to mass density or (density) of water,
Physicists use 39.2°F (4°C) as the standard, but engineers ordinarily use 60°F

o _ Massdensity of fluid
(15.556°C) |sp.gr- = Massdensity of water

The common density used of water is (1000 Ryg/¢h.0g/cr), (62.43 Ib/ff).

5. Dynamic viscosity [symbolu (mu)]
It is the property of a fluid, which offergsistance to the movement of one layer of
fluid over another adjacent layer of the fluid.
The common units used of dynamic viscosityfkg/m.s), (g/cm.s), (Ib/ft.s), (poise)
(N.s/nf = Pa.m), (dyne.s/cth [poise= g/cm.s= dyne.s/crf] [poise = 100 c.p]

6. Kinematic viscosity [symbol:v (nu)]

It is the ratio of the dynamic viscosity to mass density of fuiud%

The common units used of kinematics viscosity iggm(cnf/s), (ff/s), (stoke).
[stoke= cn¥/s] [stoke = 100 c.stoke]

7. Surface tension [symbols (sigma)]
It is the property of the liquid, which enables it to resist tersdiless. It is due to
cohesion between surface molecules of a liquid.
The common units used of Surface tension is (N/m), (dyne/crjt)(lb

1.3 Useful Information

1. The shear stress [symbok (tau)]
It is the force per unit surface area thetists the sliding of the fluid layers.
The common units used of shear stress is {N/a), (dyne/cr), (Iby/ft?).

2. The pressure [symbol: P]
It is the force per unit cross sectibasea normal to the force direction.
The common units used of shear stress is {N#nPa), (dyne/ch), (Ib/ft?) (atm)
(bar) (Psi) (tore mmHg). The pressure difference between two points refersPp (
The pressure could be expresseticasd height (or head) (h) where,
IP=hpglandAP=Ahpg|
h: is the liquid height (or head), units (m), (cm), (ft).

3. The energy [symbol: E]
Energy is defined as the capacity of ateyn to perform work or produce heat.
There are many types of energy such atefhal energy (U), Kinetic energy (K.E),
Potential energy (P.E), Presserergy (Prs.E), and others.
The common units used for energy is(.m), (erg= dyne.cm), (Btu), (Ibft) (cal).
The energy could be expressed in relatjuantity per unit mass or mole (J/kg or
mol).
The energy could be expressed in head quantity [(m) (cm) (ft)] by dividing the
relative energy by acceleration of gravity.

4. The Power [symbol: P]
It is the energy per unit time. Th@ommon units used for Power is (¥ J/s),
(Btu/time), (Ih.ft/time) (cal/time), (hp).

2-Ch.1 Dr. SHiedhin



Cﬁapfer One Fluid Flow Introduction

5. The flow rate

5.1. Volumetric flow rate [symbol: Q]
It is the volume of fluid transferred per unit time.
where A: is the cross sectionatea of flow normal to the flow
direction. The common units used for volumetric flow is/&n (cni/s), (f£/s).

5.2. Mass flow rate [symbol:m]
It is the mass of fluid transferred per unit tigie= Q p=u A p|
The common units used for volumetric flow is (kg/s), (g/s), (Ib/s).

5.3. Mass flux or (mass velocity) [symbol: G]

It is the mass flow rate per unit area of flow, =%: up

The common units used for mass flux is (kg/m2.s), (g/cm2.s), (Ib/ft2.s).
6. ldeal fluid
An ideal fluid is one that is inocopressible It is a fluid, and havimg viscosity (1 =
0). Ideal fluid is only an imaginary fluidrsze all the fluids, which exist, have some
Viscosity.
7. Real fluid
A fluid, which possesses viscosity, is knownreal fluid. All the fluids, an actual
practice, are real fluids.

1.4 Important Laws

1. Law of conservation of mass

“ The mass can neither be created nostd®/ed, and it can not be created from
nothing”

2. Law of conservation of energy

“ The energy can neither be created m@stroyed, though it can be transformed
from one form into another”
Newton’s Laws of Motion

Newton has formulated three law of nawtj which are the basic postulates or
assumption on which the whole system of dynamics is based.

3. Newton'’s first laws of motion

“Every body continues in its state of remt of uniform motion in a straight line,
unless it is acted upon by some external forces”

4. Newton’s second laws of motion

“The rate of change in momentum isabtly proportional to the impressed force and
takes place in the same ditem in which the force act§fnomentum = mass x
velocity]

5. Newton'’s third laws of motion
“To every action, there is always an equal and opposite reaction”

3-Ch.1 Dr. SHdedhin



Cﬁapfer One Fluid Flow Introduction
6. First law of thermodynamics

“Although energy assumes many forrige total quantity of energy @nstant and
when energy disappears in one form it aggesimultaneously in other forms”

1.5 Flow Patterns

The nature of fluid flow is a function of the fluid physical propertibe geometry of
the containerandthe fluid flow rate The flow can be chacterized either asaminar
or asTurbulent flow.

Laminar flow is also called “viscous or streamlinewl”. In this type of flow layers of
fluid move relative to each other without any intermixing.

Turbulent flow in this flow, there is irregular random movement of fluid in directions
transverse to the main flow.

1.6 Newton’s Law of Viscosity and Momentum Transfer

Consider two parallel plates of area (A), distance (dz) apartrsiowigure (1). The
space between the plates is fllleith a fluid. The lower plate travels with a velocity (u)
and the upper plate with a velocity (u-du). The small difference in velocity (du) between
the plates results in a resisting force #€jing over the plate area (A) due to viscous
frictional effects in the fluid.

Thus the force (F) mus
apply to the lower plate tc
maintain the difference in
velocity (du) between the twyq
plates. The force per unit arg
(F/A) is known as the shes
stress¥).

A ,/ u-du R
ST ]
A / F

Figure (1) Shear between two plates
Newton’s law of viscosity states that:

re M oW
dz - Mz

Fluids, which obey thigquation, are calledNewtonian Fluidsand Fluids, don’t obey
this equation, are callechbn-Newtonian Fluid's

Note: Newton’s law of viscosity holds for Newtonian fluids in laminar flow.

Momentum (shear stress) transfers throtighfluid from the region of high velocities
to region of low velocities, and the ratermbmentum transfer increase with increasing
the viscosity of fluids.
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Cﬁapfer One Fluid Flow Introduction
1.7 Newtonian and non-Newtonian fluids

The plot of shear stress) (@against shear rate;(e%) Is different in Newtonian fluids

than that in non-Newtonian fluids as shown in Figure (2).

For Newtonian fluids the plot give &
straight line from the origin but fof A
non-Newtonian fluids the plot gives

different relations than that Af
Newtonian some of these relations
are given in Figure (2).

A- Newtonian fluids
B- non-Newtonian (pseudoplastic

~—~

C- non-Newtonian (dilatant)

>

D- non-Newtonian (Bingham) -y

Figure (2): Shear stress @gainst shear rate § = _%)

Example -1.1-
One liter of certain oil weighs 0.8 kg, calate the specific wght, density, specific
volume, and specific gravity of it.

Solution:
Weight of fluid  (0.8kg)(9.81m/ s?) N
= - — 7848—
Volume of fluid 1x10°3m? m?
(0.8kg) kg 1 L, m?
= =800 =—=125x10"—
1x10°m? m® v p X kg
Piiquid 80kg/m?
or.= = =08
P e 100kg /M’
Example -1.2-

Determine the specific gravity of a fluid\iag viscosity of 4.0c.poice and kinematic
viscosity of 3.6 c.stokes.

Solution:
_ 2c.pP2 _ 0 04poise= 0.04—9— ve 3665 3K€ _ o 036soke = 0.04°™
= 'plooc.p_ PO = B o s - TT100kes T s
g
0049
B B cm.s g kg
A B oms 449949 ~111119 gr.=11111
V= TP Y T 0036&m? /s c P me  Pd
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Cﬁapfer One Fluid Flow Introduction

Example -1.3-

The space between two large masurfaces kept 2.5 cm apart is filled with liquid of
viscosity 0.0825 kg/m.s. What force is reqdite drag a thin plate of surface area 0.5
m’ between the two large surfaces at speed®ffs, (i) when the plate is placed in the
middle of the two surfaces, and (ii) wherethlate is placed 1.5 cm from one of the
plates surfaces.

Solution:
()  Shear stress on the upper side of the plate is
_ du F N Y O
2.5an _L}
du  Au “yzl.zs_”‘y:o 0-05m/s _ 05! X

dy ~ Ay 125x102-0 1.25x102m T T T T T T T T T T T T T T

d
F, = A(—ud—;) — 05m?2[-0.0825Pa.5(~40s )] = 1.65N

Likewise on the lower surface, = Az, =1.65N
The total force requiredF, - F, = 33N
(i)  Shear stress on the upper side of the plate is
du_ F, N I I I B

|
’tlz—u—z— $ y
dy A f 1.5an

2.5an =
y=1.5_u‘ y=0 100 i * —F 5 X

du Au U -
=" = o =
dy Ay 15x10°-0 3 TT T T T T T T T T T T T T T

d 100
F, = A(—ud—;) - 05m?[-00825Pa.s(~ )] = 1375N

T :—;.Ld—u:i and d_u:O—O.S

2 dy A dy 001
F, = 05m?*[-0.0825Pa.s(-50s )] = 2.0625N
The total force requiredF, - F, = 3.4375N

Example -1.4-

The velocity distribution within théuid flowing over a plate is given by= 3/4y - y?
where u is the velocity in (m/s) and y islistance above the plate in (m). Determine the
shear stress at y=0 and at y=0.2 m. take th@t4 poise.

Solution:

=-50s™

du 3 du
_ Vs — 2 =
u=3/4y-y :>dy 7 2y=>dy

3

_ Y1

y=o= 45 u=3/4y-y’

3

du
and d_y y-02= 4~ 2(0.2) = 0.35s™ y
F 1 k
du 849(00:mIgJ L>P||||||||||||||||

T:_Md_y:x;“: “emcl m  |1000g
7],.,=084Pas(3/4s)= 063Pa and|, ,,= 0.84Pa.s(0.355*) = 0.204Pa

6-Ch.1 Dr. SHdedhin



Cﬁapfer One Fluid Flow Introduction

Example -1.5-

A flat plate of area 2xTCcnt is pulled with a speed of 0.5 m/s relative to another plate
located at a distance of 0.2 mm from it.tie fluid separated the two plates has a
viscosity of 1.0 poise, find the force required to maintain the speed.

Solution: ¢
y
du F g (10cm kg
T=-pu_—=—Wu=10 0.2 mm F
dy A cmcl m |1000g F >
du Au u,-u, 0-05m/s

—=—_ - — 25005
dy Ay vy,-y, 02x10°m-0

1T = 0.1Pa.s(2500s) = 250Pa = F = 250Pa(2m?)= 500N

Example -1.6-

A shaft of diameter 10 cm having a cla@ace of 1.5 mm rotates at 180 rpm in a
bearing which is lubricated by an oil of visity 100 c.p. Find the intensity of shear of
the lubricating oil if the length of the bearing is 20 cm and find the torque.

Solution:

The linear velocity of rotating is Lubr(i)(izlating D:S{E;\fén
7t (0.1m)180rpm
u=7nDN = . =0.9425m/s
60s/min

B _ g 100cm kg _ 1.5 mm

p=100c.p= 1'Ocm.c( - 110009 = 0.1Pa.s
du F 0.9425n/s

T= ].Ld—y = K = 0.1Pa. W =6283Pa=F =1 (TC DL) = 62.83Pa(n 0.1(0.2)) = 395N

The torque is equivalent to rotating moment

r=F %= 3.95N (%) =0.1975)

Example -1.7-

A plate of size 60 cm x 60 cm slides over ang inclined to the horizontal at an angle
of 30°. It is separated from the plane wathilm of oil of thickness 1.5 mm. The plate
weighs 25kg and slides down with a vetgcof 0.25 m/s. Calculate the dynamic
viscosity of oil used as lubricant. Whabwd be its kinematic viscosity if the specific
gravity of oil is 0.95.

Solution: 5mm

Component of W along the plane =W cos(60) =W sin(30)

=25(0.5) =12.5 kg

F=12.5kg (9.81 mf$=122.625 N

© = F/IA = 122.625 N/(0.6 x0.6) ©ir 340.625 Pa

Tt 340625Pa

H=duldy) ~ (025/0.0015s™

= 2.044Pa.s = 20.44 poise

7-Ch.1 Dr. SHdedhin
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Home Work
P.1.1
Two plates are kept separated by a fdfroil of 0.025 mm. the top plate moves
with a velocity of 50 cm/s while the bottomage is kept fixed. Find the fluid viscosity
of oil if the force required to move the plate is 0.2 Kg/m  Ans.u= 9.81x10 Pa.s?
P.1.2
If the equation of a velocitprofile over a plate is u=3%3" in which the velocity
in m/s at a distance y meters above theepldétermine the shear stress at y=0 and y=5
cm. Takeu= 8.4 poise ANg,-o = o, 1y-5 = 4.56 Pa.s
P.1.3
The equation of a velocity didition over a plate is u=1/3 y % jn which the
velocity in m/s at a distance y meters abtwe plate, determine the shear stress at y=0
and y=0.1 m. Take= 8.35 poise ANngy- =2.78,1y-0.1= 4.56 dyne/cr’n
P.1.4
A cylinder of diameter 10 cm rotatesoncentrically inside another hollow
cylinder of inner diameter 10.1 cm. Bothlingers are 20 cm long and stand with their
axis vertical. The annular space is filled witih If a torque of 100 kg cm is required to
rotate the inner cylinder at 100 rpm@@nine the viscosity of oil. Ang= 29.82poise

8-Ch.1 Dr. SHdedhin
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CHPTER TWO
Dimensional Analysis

2.1 Introduction

Any phenomenon is physical sciences asmbineering can be described by the
fundamentals dimensiongnass length time, and temperature Till the rapid
development of science and technology émgineers and scientists depend upon the
experimental data. But the rapid developtr@rscience and technology has created new
mathematical methods of solving compledtproblems, which could not have been
solved completely by analytical methoded would have consumed enormous time.
This mathematical method of obtainindpe equations governing certain natural
phenomenon by balancing the fundanaé dimensions is calle@imensional Analysis)

Of course, the equation obtained by this method is knowWirapirical Equation).

2.2 Fundamentals Dimensions

The various physical quantities used by aeegr and scientistsan be expressed
in terms of fundamentals dimensions aMass (M), Length (), Time (T), and
Temperature|). All other quantities such as are@|ume, acceleration, force, energy,
etc., are termed as “ derived quantities”.

2.3 Dimensional Homogeneity

An equation is called“dimensionally homogeneous’if the fundamentals
dimensions have identical powers of [L T KilE. length, time, and mass) on both sides.
Such an equation be independent of the systemeasurement (i.e. metric, English, or
S.1.). Let consider the commogueation of volumetric flow rate,

Q=Au
LT =L°LT =T
We see, from the above edioa that both right and left hand sides of the equation
have the same dimensions, and the egoas therefore dimensionally homogeneous.

Example -2.1-

a) Determine the dimensions of the faliag quantities in M-L-T system 1- force 2-
pressure 3- work 4- power 5- surface ten$- discharge 7- torque 8- momentum.

b) Check the dimensional homogeneity of the following equations

5
2

29(pn— P)AZ

1-u \/ > 2-Q= cd tan \/_ Z:

Solution:

a)
1- F=m.g (kg.mA = [MLT 3
2- P=F/A=[(MLT® (L?] (Pa) = [ML7'T?
3- Work = F.L=[(MLT?) (L)] (N.m) - [MLZT'Z]
4-  Power = Work/time= [(ML*T ™) (TH] (W) = [ML'T* ]
5-  Surface tension = FA [(MLT ) (L] (N/m) = [ML'T]

1-Ch.2 Dr. Salah S. Ibrahim



Cﬁa/n‘er Two Fluid Flow Dimensional ?(naﬁ/ﬂ}'

6- Discharge (Q) rits =[L°T7]
7- Torque[) = F.L=[(MLT®) (L)] N.m = [ML*T?]
8- Moment=m.u L)] N.m = [ML*T]
b) 1_u:\/2 g(pmp— p)Az
L.H.S. u=[LTY

RH.S. U= {%} — LT

Since the dimensions on both sides of the equation are same, therefore the equati
is dimensionally homogenous.

2-Q= 2 tang\/ﬁzg
15 2 °
L.H.S. u=[L°T
R.H.S. (LT) (L)*?*=[L%TY
This equation is dimensionally homogenous.

2.4 Methods of Dimensional Analysis

Dimensional analysis, which enables thealales in a problem to be grouped into
form of dimensionless groupshus reducing the effecevnumber of variables. The
method of dimensional analysis by providmgmaller number ohdependent groups is
most helpful to experimenter.

Many methods of dimensional analysi® available; two of these methods are
given here, which are:

1- Rayleigh’s method (or Power series)
2- Buckingham’s method (orII-Theorem)
2.4.1 Rayleigh’'s method (or Power series)

In this method, the functional relationshgp some variable is expressed in the
form of an exponential equation, which shdbe dimensionally homogeneous. If (y) is
some function of indeendent variables (X X, X3, ......... etc.), then functional
relationship may be written as;

Y = f(Xe, X2, X3, +vveeenn etc.)

The dependent variable (y) is one abatiich information is required; whereas
the independent variables are those, which gotree variation of dependent variables.

The Rayleigh’s method is based on the following steps:-
First of all, write the functional relationship with the given data.
Now write the equation in terms of a ctarg with exponents i.e. powers a, b, c,...

With the help of the principle of miensional homogeneity, find out the values of
a, b, c, ... by obtaining simulteous equation and simplify it.

Now substitute the values of these exposmiegnthe main equation, and simplify it.

w N
[ I |

P
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Example -2.2-
If the capillary rise (h) depends upon the specific weight (sp.wt) surface teasioin (
the liquid and tube radius (r) show that:

() . .
h=r¢ (W] where¢ is any function.

Solution:

Capillary rise (h) m = [L]
Specific weight (sp.wt) N/ (MLT?L?) = [ML T
Surface tensions) N/m (MLT? L™ = [MT?]
Tube radius (r) m = [L]

h=f(sp.wt.o,Tr)
h =k (sp.wE, ¢°, 1)
[L] = ML T [MT [ ©
Now by the principle of dimensional homaggty, equating the power of M, L, T on
both sides of the equation
ForM O=a+b
ForL 1=-2a+c a=-b

ForT 0=-2a-2b = a=-b
h =k (sp.wt®, o°, ')

b
o hergl— %
h:kr(spwt.rzj . h_m((spwt.)rz)

Example -2.3-
Prove that the resistance (F) of a spherédiaeter (d) moving at a constant speed (u)
through a fluid densityp) and dynamic viscosityuj may be expressed as:

= a=->b
=

2 d . .
_ ”7¢ (%) where¢ is any function.

Solution:

Resistance (F) N = [MLT
Diameter (d) m = [L]
Speed (u) m/s =[LTY
Density p) kg/n? = [ML "]
Viscosity 1) kg/m.s =ML T

F=1f(d, u,p, p
F=k(d L, p% %
[MLT?] = [L]? [LT (ML ML 2T

ForM 1=c+d => c=1-b e (1)
ForL 1=a+b3c-d W - (2)
ForT —-2=-b-d = b=2-b - (3)
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By substituting equations (1) and (2) in equation (3) give
a=1-b+3c+d=1-2-d)+3(1-d)+d=2-d

F=k (@ p" ) =k {(d* ¥ p) (u/pudf} ---mmmmms x{(p/ 1%/ (p/ n*}
F=K{( W p?/p®) (u/pudf u®/p)}
.o _ M (pud
e p¢[ H
Example -2.4-

The thrust (P)#£Y 558) of a propeller depends upon dieter (D); speed (u) through a
fluid density 0); revolution per minute (N); and dynamic viscosity Show that:

B s 5 Y7, DN . .
P=(pD u)f((pDu),( ' )), wheref is any function.

Solution:

Thrust (P) N = [MLT 3
Diameter (D) m = [L]
Speed (u) m/s =[LTY
Density p) kg/nt = [ML ™
Rev. per min. (N) min =[TY
Viscosity ) kg/m.s =[ML™* T

P=f(D,u,p, N,
P=k (D, P, S, N 1)
[MLT ?] = [L]* [LT ML ¥ [T ML T

ForM 1l=c+e = c=l—-e = e (1)
ForL l1l=a+b-3c-e = a=1-b+3c+e e 2)
ForT —-2=-b-d-e = b=2-e-d - (3)

By substituting equations (1) and (3) in equation (2) give
a=1-2-e-d)+3(1l-e)+te=2-e+d
P =k (Ij-e+d, uz-e+d’ pl-e’ Nd, },le)

=055 (%)

DN
g P=(pD2u2)f(( ) ,( )]

pDu u
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Home Work
pP.2.1
Show, by dimensional analysis, thidwte power (P) developed by a hydraulic

2 2

turbine is given by;  P=(p N°D%) f(('\'glf )) where p) is the fluid density, (N)

Is speed of rotation in r.p.m., (D) is thewheter of runner, (H) #he working head, and
(g) is the gravitational acceleration.
P.2.2
The resistance (R) experienced by &iply submerged body depends upon the
velocity (u), length of the body (L), dynamic viscosify) @nd densityg) of the fluid,
and gravitational acceleration (g). Obtainlimensionless expression for (R).

L
Ans. R= (U?L2p) f ((ﬁ),(u—zg)J

P.2.3

Using Rayleigh’s method to determineetinational formula for discharge (Q)
through a sharp-edged orifice freely into themasphere in terms of head (h), diameter

(d), density (), dynamic viscosityy(), and gravitational acceleration (g).

1

h
Ans. Q= (dJﬁ)f'[( : 1),(5)J'

pd? g2
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2.4.2 Buckingham’'s method (odI-Theorem)

It has been observed that the Rayleigh&thod of dimensional analysis becomes
cumbersome, when a large number of varglalee involved. In order to overcome this
difficulty, the Buckingham’s method may be conient used. It statabat “ If there are
(n) variables in a dimensionally homogene@agiation, and if thesvariables contain
(m) fundamental dimensions such as (MLT) they may be grouped(mato) non-
dimensional independehi-terms”.

Mathematically, if a dependent variable ¥epends upon independent variables
(X2, X3y X4y eennnnnn. X,), the functional equation may be written as:

X]_ =k (Xz, X3, X4, .......... Xn)
This equation may be written in its general form as;
f (Xl, Xz, Xg, .......... Xn) =0

In this equation, there are n variabléghere are m fundamental dimensions, then
according to Buckingham8-theorem;

fi (IT4, o g, .......... My =0

The Buckingham’$I-theorem is based on the following steps:
1. First of all, write the functional relationship with the given data.
2. Then write the equation in its general form.

3. Now choosem repeating variables(or recurring set) and write separate
expressions for eacl-term. Everyll-term will contain the repeating variables
and one of the remaining variablekist the repeating variables are written in
exponential form.

4. With help of the principle of dinmsional homogeneity find out the values of
powers a, b, c, ...... by obtaining simultaneous equations.

5. Now substitute the values of these exponents ifl{tegms.

6. After thell-terms are determined, write thenctional relation in the required
form.

Note:-

Any II-term may be replaced by any powsrit, because the power of a non-
dimensional term is also non-dimensional &lg.may be replaced by, II°,
| PR or by a1, 31, I1,/2, ...... etc.

2.4.2.1 Selection of repeating variables

In the previous section, we hawgentioned that we should chodse) repeating
variables and write sepaesexpressions for ea¢hterm. Though there is no hard or fast
rule for the selection of repeating variahlget the following points should be borne in
mind while selecting the repeating variables:
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1. The variables should be such that none of them is dimension les.
2. No two variables should have the same dimensions.

3. Independent variableshauld, as far as possible, be selected as repeating
variables.

4. Each of the fundamental dimensiomaist appear in at least one of the
variables.

5. It must not possible to form a dimendess group from some or all the variables
within the repeating variables. If it wes® possible, this dimensionless group
would, of course, be one of theterm.

6. In general the selectedpeating variables should ke&pressed as the following:
(1) representing the flow characteristi¢®), representing the geometry a(®)
representing the physical properties of fluid.

7. In case of that the example is held thgn one of the repeating variables should
be changed.

Example -2.5-

By dimensional analysis, obtain an exg®ien for the drag force (F) on a partially
submerged body moving with a relative velociy in a fluid; the other variables being
the linear dimension (L), swi€e roughness (e), fluid density),(and gravitational
acceleration (g).

Solution:

Drag force (F) N = [MLT 3
Relative velocity (u) m/s =[LTY
Linear dimension (L) m = [L]
Surface roughness (e) m = [L]
Density p) kg/nt = [ML¥|
Acceleration of gravity (g) m’s =[ML™* T

F=k(u, L, ep, Q)
f(F,u L,ep,g)=0
n=6,M=3,=1I=n-mM=6-3=3

No. of repeating variables =m =3
The selected repeating variables is (W)L,

I, = LM pCl F e (1)
I =L p%e e (2)
AT LTI — 3

ForIl; equation (1)
[M 0 LO -I—O] — [L -I—-l] al [L] bl[ML -3] Cl[M LT -2]
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Now applied dimensional homogeneity

ForM O0O=cl+1 = cl=-1

ForT O=—-al-2 = al=-2

For L O=al+bl-3cl+1 = bl=-2
P F

M= u’L?p'F = L= eE,

ForIl, equation (2)
[M 0 LO TO] — [L T-l] a2 [L] bZ[ML -3] CZ[L]

ForM 0=c2 = c2=0
ForT 0=-a2 = a2=0
For L 0O=a2+b2-3c2+1 = b2=-1
H2:L-le = HZZ%

ForIl; equation (3)
[M 0 LO TO] — [L T-l] a3 [L] b3[ML -3] c3[L -I—Z]

ForM 0=c3 = c3=0
ForT 0=—a3-2 = a3 =-2
For L 0=a3+b3-3c3+1 = b3=1
I;=u’Lg = m:%

_ F e Lg, _
fl(HlaH21H3)_o = fl(u2 L2 p’L! u2 )_O

: e Lg
. F=u?L? pf(t,?)

Example -2.6-
Prove that the discharge (Q) over a spillway () 2 (e sbiall (=1 Ciy pail 3l s given

JgD
by the relationQ=u D? f(gT,%) where (u) velocity of flofD) depth at the throat,

(H), head of water, and (g) gravitational acceleration.
Solution:

Discharge (Q) riis = [L3TY
Velocity (u) m/s =[LTY
Depth (D) m = [L]

Head of water (H) m = [L]
Acceleration of gravity (g) mfs =[ML™* T

8-Ch.2 Dr. Salah S. Ibrahim



Cﬁapfer Two Fluid Flow Dimensional ?(naﬁ/ﬂ}'

Q=k(u,D,H,09)
f(Q,u,D,H,g)=0

n=5m=2=>II=n-m=5-2=3

No. of repeating variables =m =2
The selected repeating variables is (u, D)

L =wD”"Q e (1)
IL=uWD”H - (2)
[=uwD®g e (3)

ForIl; equation (1)
[M 0 LO TO] — [L T-l] al [L] bl[L 3T-1]

ForT 0O0=-al-1 > al=-1
ForL O=al+bl+3 = bl=-2
—ilpy Q
Hl—ulDZQ :>H1:UD2

ForIl, equation (2)
MO LT = [L T2 [L]™L]

ForT 0=-a2 => a2=0
For L O=a2+bhb2+1 = b2=-1
M,=D"H S o=l
H
ForIl; equation (3)
[MO LO TO] — [L -I--l]a3 [L] b3 [L T-2]
ForT 0=—a3-2 => a3=-2
For L O0=a3+b3+1 = b3=1
JagD
[I;=u°Dg = H3:ng: J
u u
_ Q D 4Dg
fi (I, [T, I1g) =0 :>f1(uD2’H’ 0 )
Q=up? (02 5
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Example -2.5-
Show that the discharge of a centrifugal pump is givei@by D? f(

gH U
N’D? ' ND? p)
where (N) is the speed dhe pump in r.p.m., (D) the diameter of impeller, (g)
gravitational acceleration, (H) manometric head, (p) are the dynamic viscosity and
the density of the fluid.

Solution:

Discharge (Q) riis = [L°TY
Pump speed (N) r.p.m. =[TY
Diameter of impeller (D) m = [L]
Acceleration of gravity (g) mfs =[ML™* T
Head of manometer (H) m = [L]
Viscosity 1) kg/m.s =[ML™*TY
Density p) kg/n?’ = [ML ]

Q=k(N,D, g, Hy, p)
f(Q, N, D, g, H,},L, p) =0

n=7/7m=3=>II=n-m=7-3=4

No. of repeating variables =m =3
The selected repeating variables is (NpP,

I, = N D pQ - (1)
I = N2D2p%g  commeeeeeee (2)
3 = N*3 DP3 pC3 [ . (3)
H4 = Na4 Db4 pC4u ______________ (4)

ForIl, equation (1)
[M 0 LO -I—O] — [T-l] al [L] bl[ML -3] Cl[L3 -I—-l]

ForM O0=cl = cl=0
ForT O=-al-1 => al=-1
For L O0=bl-3c1+3 = bl1=-3
1~ Q
II,=N'D®Q = =175

ForIl, equation (2)
[M 0 LO TO] — [T-l] a2 [L] bZ[ML -3] CZ[LT -2]
ForM 0=c2 => c2=0
ForT 0=—-a2-2 > a2=-2
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For L O0=b2-3c2+1 = b2=-1
— N2 g
I,=N°D'g = T,=—3o
ForIl; equation (3)
ForM 0=c3 => c3=0
ForT O0=-a3 => a3=0
For L 0=b3-3c3+1 = b3=-1
i H
M;=D"'H = M=%

ForIl; equation (4)
[M 0 LO -I-O] — [-I--l] ad [L] b4[M L -3] c4[M L -1-|--1]

ForM 0=c4+1 = c4d=-1
ForT 0=-a4-1 = ad=-1
ForL 0=Db4-3c4-1 = b4=-2
N2 oL ___H
[ILb=N"D“p = [4= ND?

_ Q g H _
fo (IT1, 5 113,114 =0 = fl(NDs’NZD’B’NSZp)_O
Since the product of twbl-terms is dimensionlestherefore replace the terhl, and

. by 9
3 y NZDZ
Q gH H A nnd s 9H U
= {p" N2z 'ND? - Q=ND ({257 \pz )

Note:
The expression outside the bracket rhaymultiplied or divided by any amount,
whereas the expression inside the braskeuld not be multiplied or divided. e.g.
n/4 , sind, tan6/2, ....c.
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2.5Dimensions of some important variables
Item Property Symbol| SlUnits | M.L.T.
1- | Velocity u m/s LT
2- | Angularvelocity o |Rad/sDegls|] T
3- | Rotationalelocity N Rev/s T
4- | Acceleration a, g s LT™
5- | Angularacceleration « s? T?
6- | Volumetric flow rate Q Mis LTt
7- | Discharge Q fits LT
8- | Mass flow rate M kg/s MT*!
9- | Mass (flux) velocity G kg/ms | ML*T*
10- | Density p kg/m? ML~
11- | Specificvolume v m’/kg L°M
12- | Specifioweight sp.wt N/m ML T
13- | Specificgravity sp.gr [-] [-]
14- | Dynamicviscosity n kg/m.s,Pa.s| ML™T™
15- | Kinematic viscosity| v m’/s L°T™
16- | Force F N MLT
17- | Pressure P NfmPa | ML'T?
18- | Pressurgradient | AP/L Pa/m ML T
19- | Sheastress T N/m’ ML T
20- | Shearate y st T!
21- | Momentum M kg.m/s MLT
22- | Work W N.ned | MLT™
23- | Moment M N.eJ | MLT™
24- | Torque r N.meJ ML“T
25- | Energy E J MET?
26- | Power P JW | MLT?
27- | Surfacdension o N/m MT*
28- | Efficiency n [] [-]
29- | Head h m L
30- | Modulusof elasticity| ¢, K Pa ML T

EnglishUnits SlUnits

g = 32.741 ft/$ g=9.81m/s

0c =32.741 I, ft/lb;.& g =1.0 kg.m/N.§

psi= Ibf/in? Pa= Pascal = N/ bar = 1& Pa

1.0 atm = 1.01325 bar = 1.01325%Hx = 101.325 kPa = 14.7 psi = 760 torr (mmHg)
~ 1.0 kg/cn

R = 8.314 (Pa.ffimol.K) or (J/mol.K) = 82.06 (atm.cttmol.K) =10.73 (psi.filbmol.R)
= 1.987 (cal/mol.K) = 1.986 (Btu/lbmol.R) = 1545 {tibmol.R)
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Home Work
P.2.4
The resisting force (F) of a supersonic @aturing flight can be considered as
dependent upon the length of the air crajt {Lelocity (u), air dynamic viscosity, air
density p), and bulk modulus of elasticity of ait)( Express, by dimensional analysis,
the functional relationship between teasriables and the resisting force.

Ans. F = (p Lzuz)f((i),( £ )

Lu p’ ' *u® p
. o : dP
Note: Expressing bulk modulus of elastycin the form of an equation= —Vd—v where

P is pressure, an¥l is volume. This meare) is a measure of the increment change in
pressure dP) which takes place whema volume of fluid ¥) is changed by an
incremental amountdy/). Since arise in pressure alygacauses a decrease in volume,
l.e. V) is always negative and so the mimign comes in the equation to give a
positive value of).
where () is the fluid density, (N) is speed of rotation in r.p.m., (D) is the diameter
of runner, (H) is the working headyd (g) is the gravitational acceleration.
P.2.5
The efficiency {j) of a fan depends upon densip),(and dynamic viscosityuy,
of the fluid, angular velocitya), diameter of the rotator (Dand discharge (Q). Express

. . . y7i Q
(n) in terms of dimensionless groups. Ans: f ((p e lion D3)J

P.2.6
The pressure dropAP) in a pipe depends upon theean velocity of flow (u),
length of pipe (L), diameter gfipe (d), the fluid densitypj§, and dynamic viscosityuj,
average height of roughness on insidpepsurface (e). By using BuckinghanTk

2

theorem obtain a dimensionless expression A&).(And show that. = 4f %;—g where

(hy) is the head loss due to frictioaﬁ—%) and ¢) is the dimensionless fanning friction

factor.
P.2.7
The Power (P) required to drive the pgurdepends upon the diameter (D), the
angular velocity ¢), the discharge (Qand the fluid densityp. Drive expression for

(P) by dimensional analysis. As= »° p D° f(, (%D))
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CHPTER THREE

Fluid Static and Its Applications

3.1 Introduction

Static fluids means that the fluids are at rest.

The pressure in a static fluid is fdisar as a surface force exerted by the fluid
ageist a unit area of the wall ib§ container. Pressure also exists at every point within a
volume of fluid. It is a scalar quantity; atyagiven point its magnitude is the same in all

directions.
Po

3.2 Pressure in a Fluid

In Figure (1) a stationary column of fluid of height A .
(hy) and cross-sectional area A, where A=A;=A,, is ° T
shown. The pressure above the fluid jsiPcould be the P,
pressure of atmosphere abdawe fluid. The fluid at any l hy

point, say b, must support all the fluid above it. It can be ----
shown that the forces at any point in a nonmoving or static | ™ |
fluid must be the same in allrections. Also, for a fluid at

rest, the pressure or (forcaunit area) in the same at all hs
points with the same eletian. For example, at;hfrom
the top, the pressure is thkame at all points on the cross- v
sectional area A A,

A 4

The total mass of fluid for.hheight ang density Figure (1): Pressure in a static fluid.
is:- (hADp) (kg)

But from Newton’s 2 law in motion the total force dhe fluid on area (A) due to the
fluid only is: - (hApQ) (N) i.e. F=hApg (N)
The pressure is defined as (P = F/Ap ly) (N/nf or Pa)

This is the pressure o Alue to the weight of the fluicblumn above it. However to get
the total pressure,@n A, the pressureon the top of the fluid must be added,
ie. B=hpg+ R (N/nforPa)

Thus to calculate,;P Po=hpg+R  (N/nfor Pa)

The pressure difference between pointand® is: -
P.-P=(bpg+R)-(pg+R)

= P,—P=(hh-h)pg Slunits
P,—-P=(h-h)pg/g Englishunits

Since it is vertical height of a fluid thatetermines the pressure in a fluid, the
shape of the vessel does not affect the pressior example in Figure (2) the pressure
P, at the bottom of all three vessels is the same and equalgdg H® R).
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lPo Po l o l o

1

[ T el

Figure (2): Pressure in vessel of various shapes.

h
p p P p l

3.3 Absolute and Relative Pressure

The term pressure is sometimes agdged with different terms such as
atmospheri¢c gauge absolute andvacuum The meanings of these terms have to be
understood well before solving problemahydraulic and fluid mechanics.

1- Atmospheric Pressure

It is the pressure exerted by atmosphaiicon the earth due to its weight. This
pressure is change as the density ofvanies according to thaltitudes. Greater the
height lesser the density. Als#somay vary because of themperature and humidity of
air. Hence for all purposes of calculationg tiressure exerted by air at sea level is
taken as standard and that is equal to: -

1 atm = 1.01325 bar = 101.325 kPa = 10.328,mn=H760 torr (mm Hg) = 14.7 psi

2- Gauge Pressure or Positive Pressure

It is the pressure recorded by an instram@his is always above atmospheric. The
zero mark of the dial will have beadjusted to atmospheric pressure.

3- Vacuum Pressure or Negative Pressure

This pressure is caused either artifigiaor by flow conditions. The pressure
intensity will be less than the atmosplgsressure whenever vacuum is formed.

4- Absolute Pressure

Absolute pressure is thegalbraic sum of atmospheric pressure and gauge pressure.
Atmospheric pressure is usually considemsdhe datum line and all other pressures are

recorded either above or below it.
Gauge pressure line

Pg
[ I Atmospheric pressure line
latm + Pg Pv ) T
Vacuum pressure line
—————————————————————————— 1 atm
latm - Pv
Absolute zero pressure line
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| Absolute Pressure = Atmospheric Pressure + Gauge Pfessure

| Absolute Pressure = Atmospheric Pressure — Vacuum Pressure

For example if the vacuum pressure is 0.3 at@bsolute pressure = 1.0 - 0.3 = 0.7 atm

Note: -

Barometric pressuris the pressure that recordednfrohe barometer (apparatus used to
measure atmospheric pressure).
3.4 Head of Fluid

Pressures are given in many differests of units, such as Ninor Pa, dyne/cfn psi,
Ibg/ft>. However a common method of expressingspures is in terms of head (m, cm,
mm, in, or ft) of a particular fluid. This fght or head of the given fluid will exert the
same pressure as the pressures it representspRy= h

Example -3.1-

A large storage tank contains oil having a density of 917 k@he tank is 3.66 m tall
and vented (open) to the atrpbere of 1 atm at the top. The tank is filled with oil to a
depth of 3.05 m (10 ft) and also contains M6{2 ft) of water in the bottom of the tank.
Calculate the pressure in Pa and psi&.86 m from the top of the tank and at the
bottom. And calculate the gauge pressure at the bottom of the tank.

Solution:

P, = 1 atm = 14.696 psia = 1.01325 X F&a

Pr=hpoig+R

=3.05 m (917 kg/M9.81 m/$+ 1.01325 x 10Pa
= 1.28762 x 10Pa

P, = 1.28762 x 10Pa (14.696 psia/1.01325 x°1Ra)

= 18.675 psia

or

Pr=hipsig+R

= 10 ft m [917 kg/m (62.43 Ib/ft/1000 kg/m)] (32.174 t/$/32.174 Ib.ft/lk.S)
1/144 €/in* +14.696 = 18.675 psia

Po,=1 atm

P,=P +h Pwater J
= 1.28762 x 10Pa + 0.61 m (1000 kg/n9.81 m/8
= 1.347461 x 10Pa
P, = 1.347461 x 10Pa (14.696 psia/1.01325 x°1Pa)
=19.5433 psia
The gauge pressure = abs — atm
= 33421.1 Pa = 4.9472 psig
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Example -3.2-
Convert the pressure of [ 1 atm =101.325 kPa] to
a- head of water in (m) at 4°C
b- head of Hg in (m) at 0°C
Solution:
a- The density of water at 4°C is approximatly1000 Kg/m
h =P /pwaerd = 1.01325 x 10Pa/(1000 kg/rhx 9.81m/$) =10.33 m Ho
b- The density of mercury at 0°C is approximatly13595.5 kg/m
h =P /pmercuryd = 1.01325 x 10Pa/(13595.5 kg/fix 9.81m/$) =0.76 m Hg
or

P= (hp g)water= (h p g) mercury hHg = Nuater (pwater/ PHg)
hyg = 10.33 (1000 / 13595.5) = 0.76 m Hg

Example -3.3-

Find the static head of a liquid of sp.§r8 and pressure equivalent to 5 X P@.
Solution:

p = 0.8 (1000) = 800 kg/tn

h=P/pg=5x10/(800 x 9.81) = 6.37 m j

3.5 Measurementof Fluid Pressure

In chemical and other industrial processingns it is often to measure and control the
pressure in vessel or mess and/or the liquid level ]
vessel. o

The pressure measuring devices are: -

1- Piezometer tube

The piezometer consists a tube open at one end to
atmosphere, the other endaapable of being inserted | h
into vessel or pipe of whicpressure is to be measured. i
The height to which liquid rises up in the vertical tube /
gives the pressure head directly.

i
l.e. e g_._._T._.__.._.V_
|
|
|
|

Piezometer is used for meaisigr moderate pressures. It

IS meant for measuringauge pressurenly as the end is

open to atmosphere. It cannot be used Jyacuum

pressures Figure(3): The Piezometer
2- Manometers

The manometer is an improved (modified) form of a piezometer. It can be used fol

measurement of comparativelyigh pressuresand of bothgauge and vacuum
pressures

Following are the various types of manometers: -

a- Simple manometer b- The well type manometer

c- Inclined manometer dThe inverted manometer

e- The two-liquid manometer
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a-  Simplemanometer @ @

It consists of a transparent U-tube containing l P, l P,
the fluid A of density §») whose pressure is

to be measured and an immiscible fluid (B) A
of higher density @g). The limbs are L \
connected to the two points between which

the pressure difference (P P,) is required,;

the connecting leads should be completely ——l—
full of fluid A. If P, is greater than Pthe , him a
interface between the two liquids in lin® T
will be depressed a distance  h(say)
below that in limb®.

The pressure at thevlel a — a must be the

B
same in each of the limbs and, therefore:
P+Znpagd=R+(Z—h)pag+hipsg
= Ap=RB—-P =hy(ps—pa) g

If flud A is a gas, the densitys will

A

normally be small compared with the Figure (4): The simple manometer
density of the manometer fluid pm so that:
Ap=B—-P =hypsg @
b-  The well-type manometer lpl
In order to avoid the inconvenience of
having to read two limbs, and in order to @ Area = A
measure low pressureshere accuracy id P, T
of much importance, the well-type |
manometer shown in Figure (5) can be Area = A, T
used. If A, and A are the cross-sectional ‘ ‘ Aey
areas of the well and the column andis i l
the increase in the lelvef the column and---4------------ - -- ¥ Tiritial level
h, the decrease in the level of the well, T hy
then:
P,=Pl+(+h)pg

or: Ap=B-P=(h,+th)pg Figure (5)The well-type manometer

The quantity of liquid expelled from the weadl equal to the quantity pushed into the
column so that:

Ay hy =A.hy = hy = (AJAW) hn
= Ap=R-P=pgh (1+ AJAW)
If the well is large in comparison to the column then:
ie. (AJAw) >~0=> Ap=R-R=pgh,
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C-

The inclined manometer
Pressure

Shown in Figure (6) enables the

sensitivity of the manometers l

described previously to be increased

by measuring the length of the column ‘ ‘

of liquid. If 0 is the angle of inclinatior

of the manometer (typically about 1(

20°) and L is the movement of th

column of liquid along the limb, then:
hn, =L sin® Figure (6): The inclined manometer

If 6 =10°, the manometer readihgs increased by about 5.7

times compared with the reading, Wwhich would have been

obtained from a simple manometer.

A
The inverted manometer /\
v

Figure (7) is used for measuringressure differences it
liquids. The space above the liquid time manometer is fillec
with air, which can be admittieor expelled through the tap A
in order to adjust the level of the liquid in the manometer.

The two-liquid manometer

Small differences in pressuregases are often measured with
a manometer of the form shownhigure 6.5. The reservoir at T T
the top of each limb is of a suffently large cross-section for P P

the liquid level to remain approximately Figure (6): The inverted manometer
the on each side of the manometer. P, P,
The difference in pressure is then given by: l l

Ap =R —P =hy(Ppm1-pm2) 9

wherepy,; andpm?2 are the densities of the two manometer ‘ ‘

liquids. The sensitivity of the strument is very high if th p p

densities of the two liquids are nearly the same. To o Y %
/

accurate readings it is necays# choose liquids, which
give sharp interfaces: paraffoil and industrial alcohol are [

commonly used. %
7.

Figure (7): The two-liquid manometer
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3- Mechanical Gauges

Whenever avery high fluid pressurés to be
measured, and avery great sensitivity a
mechanical gauge isbest suited for thest
purposes. They are alsosited to read vacuur
pressure. A mechanical gge is also used fo
measurement of pressure in boilers or ot
pipes, where tube manometer cannot
conveniently used.

There are many types ghuge available in the
market. But the prinple on which all these
gauge work is almoghe same. The followings
are some of the importaypes of mechanica
gauges: -

1- The Bourdon gauge

2- Diaphragm pressure gauge

3- Dead weight pressure gauge

The Bourdon gauge

The pressure to be memed is applied to &
curved tube, oval in cross-section, and f
deflection of the end of the tube is communica
through a system of levets a recording needle
This gauge is widely used fosteam and
compressed gasesand frequentlyforms the
indicating element on flow controllersThe
simple form of the gauge illustrated in Figures

(7a) and (7b). Figure (7c) shows a Bourdon ty
gauge with the sensingeshent in the form of &
helix; this instrument has a very much grea
sensitivity and is suitable for very high pressures.

It may be noted that the pressure measui
devices of category (2pll measure a pressut
difference Ap = B — P). In the case of the Bourdo
gauge (1) of category (3)he pressure indicated i
the difference between dah communicated by the
system to the tube and the external (ambie
pressure, and this is usually referred tdahesgauge

pressurelt is then necessary to add on
the ambient pressure in order to obtain
the (absolute) pressure

Bourdon ube
s

Pinion
QeEr

Prassure nlel
cEnnect-an

Gauge pressures are not, however, uséddrsl System of units.

Frossure scabe

() Shandard mechsnism

Shat
for cabibration
djugtmant

Figure (7) Bourdon gauge
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Example -3.4- p
A simple manometer igsed to measure the l ©
pressure of oil sp.gr. 0.8 flowing in a pipeline.
Its right limb is open to atmosphere and the
left limb is connectedo the pipe. The center
of the pipe is 9.0 cnbelow the level of the T = T &

mercury in the right limb. If the difference of
the mercury level in the two limbs is 15 cm, 9
determine the absolute and the gauge cm

pressures of the oil in the pipe. -
Solution:
p = 0.8 (1000) = 800 kg/m P, —

P1=PF

P, = (0.15 —0.0 9)m(800 kg/y9.81m/é+ P,

P, = (0.15) m (13600 kg/ 9.81 m/§ + P, P (D)
P, = 15 (13600) 9.81 + P+ [(15 — 9)cm

(800 kg/n) 9.81 m/§]
= 1.20866 x 10Pa (Absolute pressure)
The gauge press. = Abs. press. — Atm. Press.

= 1.20866 x 10- 1.0325 x 10
=1.9541 x 16Pa

Example -3.5-

The following Figure shows a il Po
manometer connected to the 1
pipeline containing oil of sp.gr. 0.8.
Determine the absolute pressure of
the oil in the pipe, and the gauge
pressure. | v

Solution: . @ @ h =25 cm

pa = 0.8 (1000) = 800 kg/ P Pyl 1

P, =P, P, | h» =75 cm

PL=P—h Pa g Pa

P,=PR+h Pm g

= Pa=RP+hpmg+hpag P
= 1.0325 x 10+ (0.25) m pm Mercury U
(13600 kg/ml) 9.81 m/$ +
(0.75) m (800 kg/rf) 9.81 m/$

= 1.40565 x 10Pa
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Example -3.6-

mercury and water as shown in the Figure. When
the vessel is empty the manometer reads 0.25 m.

find the reading in manonmat when the vessel is 3.5m
full of water. ¢ P,
Solution:
PL=(025+Hpug+R
P, =0.25p, g +R, H
= (0.25 +H)p, g + R =0.25p, g +R, l !
= H= 0.25 fin—pu)/ pw PLo 25— P,
= 0.25 (12600 /1000) =3.15m

T
Pm mercury/ U

When the vessel is full of water, let the mercury
level in the left limp go down by (x) meten@the mercury level in the right limp go to
up by the same amount (x) meter.
l.e. the reading manometer = (0.25 + 2x)

P]_ = P2

P=(0.25+x+H+ 3.5, g+ R

P, =(0.25 + 2xpm g +R,

= (0.25+ x +H + 3.5p, g + R = (0.25 + 2X)pm g +R,

= 6.9+ x= (0.25 + 2X)p/ pw) = X=0.1431m
The manometer reading = 0.25 + 2 (0.1431) = 0.536 m
Example -3.7- ¢Po
The following Figure shows a

compound manometer connected to th

pipeline containing oil of sp.gr. 0.8 Pa :T /\

Calculate B Pa [ \ i
Solution: 40 cm KB
pa= 0.8 (1000) = 800 kg/fn l 30cm
P+ 0.4pag — 0.3pm g + 0.3pa g — | |l

0.3pmg—-R=0
= P,=R,+0.7p,9 - 0.6pn g
= 1.01325 x 10— 0.7 (800)

9.81 + 0.6 (13600) 9.81 u v
=1.75881x 10’ Pa

pm Mercury
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Example -3.8-
A differential manometer is
connected to two pipes as shown = p,

Figure. The pipe A is containing — 1|P5m
carbon tetrachloride sp.gr. = 1.594 Pa v e P
and the pipe B is contain an oil of pz-}_l?q p+
sp.gr. = 0.8. Find the difference of —?— P,
mercury level if the pressure
difference in the two pipes be 0.8
kg/cnt.
Solution:
P]_ = P2 u
Pr=Rs+(1+Rlpog pm Mercury

P, =Py +3.5pa0+hpng
= Pa— R =3.5p29 + hpmg - (1 + h)py, g = (0.8 kg/crf) (9.81 m/$) (10* cnf/m?)
= 7.848x10" = 3.5 (1594) 9.81 + h (13600) 9.81- (1+h) 800 (9.81)

=>h =25.16 cm.

Example -3.9- /%‘

A differential manometer is connected to Water
two pipes as shown in Figure. At B the air o
pressure is 1.0 kg/dn(abs), find the
absolute pressure at A.

Solution: 50cm

P]_ = P2

P =P+ 0.5pw g OII

P,=Pa+0.1pag +0.05mg 10(;

=>Pa = Par + 0.5pyg — 0.1pa g — 0.050m ¢ 50m P;

= Py, = (1.0 kg/cm Pe) (9. 81m/$)

(10* e/ )
= 9.81x10* Pa pm mercury

~P, =9.81x10" Pa + 0.5 (1000) 9.81 — 0.1 (900) 9.81 — 0.05 (13600) 9.81
= 9.5451%10" Pa
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A Micromanometer, having ratio of
basin to limb areas as 40, was used to
determine the pressure in a pipe g

. . Ac |
containing water. Determine the
pressure in the pipe for the manome’ 5 | A T T

reading shown in Figure. /

Example -3.10-
"

Solution:

P]_ = P2 .
P,=P,+hpmg Basin (well)

P,=Pa+hpyd @ l l @

= Pa=FR+hpng—hpwd
=1.0132%10° +0.08 (13600) 9.81—-

0.05 (1000) 9.81 AN
= 1.11507x10° Pa pm Mercury
Note:

If h, and K are the heights from initial level, the ratio(A.) will enter in calculation.

Example -3.11-

An inverted manometewhen connected to
two pipes A and B, gives the readings as
shown in Figure. Determine the pressure in
tube B, if the pressa in pipe A 1.0 kg/ch
Solution:

Pa—0.8py g +0.15:9+0.50,9g-R =0

= Pg = Py — [0.8 (1000) — 0.15 (800) — 0.5
(900)] 9.81 A

Pa = 1.0 kg/cmx 9.81x 10" =9.81x 10° Pa  \Water ———— ~ 09

~Pa = 9.5843%10" Pa o
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Example -3.12-

Two pipes, one carrying toluene of
sp.gr. = 0.875, and the other carrying
water are placed at a difference of level of
2.5 m. the pipes are connected by a U-
tube manometer carrying liquid of sp.G&.qr. = G.875l1
= 1.2. The level of the liquid in the
manometer is 3.5 m higher in the right - A Y
limb than the lower levef toluene in the 3
limb of the manometer. Find the
difference of pressure ithe two pipes.
Solution: so.ar. = 1.2

T = Toluene, W& Water, L= Liquid

PA+ 35p'|'g—35p|_ g+ 5pwg— Fé =0

= Pa— R =[3.5(1200) — 3.5 (875) -5 (1000)] 9.81
=—-3862.5 Pa

=> Pg—PBy = 3862.5 Pa (i\;)

Example -3.13-

A closed tank contains 0.5 mfercury, 1.5 m of water, 2.4---.--
m of oil of sp.gr. = 0.8 anair space above the oil. If thl.. .-
pressure at the bottom ofethiank is 2.943 bar gauge, w
should be the reading of mecl@al gauge at the top of t

tank. om
Solution:
Pressure due to 0.5 m of mercury
Pn=0.5(13600) 9.81 = 0.66708 bar NS 5 m
Pressure due to 1.5 m of water Mercury 05m

Pv = 1.5 (1000) 9.81 = 0.14715 bar

Pressure due to 2.5 m of oil
Po = 2.5 (800) 9.81 = 0.19620 bar

Pressure at the bottom of the tank, =R, + Py + Pa;

= 2.943 = 0.66708 bar + 0.14715 bar + 0.19620 bag;+ P

= P,y = 1.93257 bar
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Home Work
P.3.1
Two pipes A and B carryingvater are connected by a
connecting tube as shown in Figure,
a- If the manometric liquid is oil of sp.gr. = 0.8, find the
difference in pressure intensity at A and B when the
difference in level betweendhwo pipes be (h = 2 m)T._._._.A ______ ¥

and (x =40 cm).

b- If mercury is used insteauf water in the pipes A and
B and the oil used in the mameter has sp.gr. = 1.5,h
find the difference in pressel intensity at A and B
when (h =50 cm) and (x = 100 cm).

Ans. a- R-P, =18835.2 Pa, b- 2P, =51993 Pa SR —— B_ _—]

P.3.2

0.34 kg/cn? {vg) (;g) 0.15 kg/enf
P.3.2 A

A closed vessel is divided into two
compartments. These ropartments contain

oil and water as shown in Figure. Determing m
the value of (h). L i Wamer— T 1m
Ans.h=4.5m ' —

sp.gr.=1.6 i

P.3.3
Oil of sp.gr. = 0.9 flows through a vertigaipe (upwards). Two points A and B one
above the other 40 cm apart in a pipe@menected by a U-tube carrying mercury. If
the difference of pressure between A and B is 0.2 Kg/cm
1- Find the reading of the manometer.
2- If the oil flows through a horizontal pipe, find the reading in manometer for the

same difference in pressure between A and B.

Ans.1- R=0.12913 m, 2- R=0.1575m,

P.3.4
A mercury U-tube manometer is used teasure the pressure drop across an orifice
in pipe. If the liquid that flowing through the orifice is brine of sp.gr. 1.26 and
upstream pressure is 2 psig and the downstream pressure is (10 in Hg) vacuum, fir
the reading of manometer.

Ans. R =394 mm Hg
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P.3.5

Three pipes A, B, and C at the sameeleconnected by a multiple differential
manometer shows the readings as showigure. Find the differential of pressure

heads in terms of water column betweéeand B, between Arad C, and between B
and C.

I
[EY
w
(@]
(@)
3

20 cm-—-

«—— Mercury

Ans. Pa-Ps =1.359666 bar = 13.86 myél
Pa-Pc =1.606878 bar = 16.38 myél
PB-PC =0.247212 bar = 2.52 mzbl
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CHPTER FOUR

Fluid Dynamic

4.1 Introduction

In the process industries it is often nexary to pump fluids over long distances
from storage to processing units, and there beag substantial drop in pressure in both
the pipeline and in individual units themselviéss necessary, themafe, to consider the
problems concerned with calculating thpwer requirements for pumping, with
designing the most suitable flow system, watimating the most economical sizes of
pipes, with measuring the rate of flowndafrequently with controlling this flow at
steady state rate.

It must be realized that when a flugdflowing over a surface o through a pipe, the
velocity at various points in a plane at rigintgles to the stream velocity is rarely
uniform, and the rate changé velocity with distance frm the surface will exert a vital
influence on the resistance to flow aheé rate of mass or heat transfer.

4.2 The Nature of Fluid Flow

When a fluid is flowing through a tube over a surface, the fparn of flow will
vary with the velocity the physical properties of fluidandthe geometry of the surface
This problem was first examined by Reynoidsl883. Reynolds has shown that when
the velocity of the fluid is slow, the flow tiarn is smooth. However, when the velocity
is quite high, an unstable patteis observed in which eddies or small packets of fluid
particles are present moving in all directi@msl at all angles to the normal line of flow.

The first type of flow at low velocities wene the layers of fluid seen to slide by
one another without eddies or ig®& being present is calledlaminar flow' and
Newton’s law of viscosity holds.

The second type of flow at higher velkies where eddies are present giving the
fluid a fluctuating nature is calledurbulent flow.

4.3 Reynolds Number (Re)

Studies have shown that the transition friaminar to turbulent flow in tubes is
not only a function of velocity but also of densip),(dynamic viscosity (), and the
diameter of tube. These variables are cmmly into the Reynolds number, which is
dimensionless group.

pud
y7i
where u is the average velociy fluid, which is defined as the volumetric flow rate

divided by the cross-sectional area of the pipe.

Q Q

Re=

Where, Q: volumetric flow rate ffs

: m: mass flow rate kg/s

~ |Re.AQp _ 4m _Gd G: mass flux or mass velogikg/m?.s

rduy nw#duy u
for a straight circular pipe when thelwa of Re is less than 2,100 the flow is

always laminar. When the value is over 4,008 flow be turbulent. In between, which
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is called the transition region the flow cha laminar or tulent depending upon the
apparatus details.

Example -4.1-

Water at 303 K is flowing at the rate of 10/gan in a pipe having an inside diameter
[.D. of 2.067 in. calculate the Reynolds rgn using both English and S.I. units

Solution:

The volumetric flow rate (Q) = 10 gal/min (1.6/7t481 gal) (min/60 s) = 0.0223/&

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

Cross-sectional area (A)#4 o = /4 (0.172§ = 0.0233 ft

Average velocity (u) =Q/A = (0.0223fs) / 0.0233 ft = 0.957 ft/s

At T = 303 K The density of watep £ 62.18 Ib/ff),

The dynamic viscosityi (= 5.38 x 10) Ib/ft.s

_ pud _6218Ib/ ft*(0.957 ft/s)(0.172 ft) _
- B 5.38x10Ib/ fts = 1.902x 10* (turbulent)

Re

Using S.I. units
At T =303 K The density of watep £ 996 kg/n),
The dynamic viscosity € 8.007 x 1¢) 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

~ 996kg/ m° (0.2917m/ 5)(0.0525m) _
Re= 800710 *kg/ ms = 1.905x 10" (turbulent)

4.4 Overall Mass Balance and Continuity Equation

In fluid dynamics, fluids are in motiorGenerally, they are moved from place to
place by means of mechanical devices sugbuasps or blowers, by gravity head, or by
pressure, and flow through systemgiiing and/or process equipment.

The first step in the solution of flow prarhs 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 sysh is shown where fluid enters section
® with an average velocity {uand density ;) through the cross-sectional area)(A
The fluid leaves sectio@ with an average velocity fuand density ;) through the
cross-sectional area fA

Thus, % Process j%ﬂ,
At steady state m, = m2 P1 1 P2

Qp1=Qp2
Ur Arp1= W Az p2
For incompressible fluids @lie same temperatune = p2)

‘Ul A]_ =W AA
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Exam ple _4.2_ *kkkkkkkkkkkkk

A petroleum crude oil having a density of 892 kyis flowing, through the piping
arrangement shown in the beldigure, at total rate of 1.38810° m’/s entering pipe
®. The flow divides equally in each of pip@s The steel pipes are schedule 40 pipe.
Table{{{{}}}. Calculate the following using SI units:

a- The total mass flow rate in pifieand pipesd. ®
b- The average velocity in pig and pipesd. 1 1/2
c- The mass velocity in pipge. @
O)
Q2 3
Solution: ©,
1/2'

Pipe® I.D. = 0.0525 m, AE 21.65 x 1d m’

Pipe® I.D. = 0.07792 m, A= 47.69 x 10 n?

Pipe® I.D. = 0.04089 m, A= 13.13 x 1d n?®

a- the total mass flow rate is the same through gipard® and is
m, =Q,p = 1.388 x 10 m¥/s (892 kg/m) = 1.238 kg/s
Since the flow divides equally in each pig&’s

= rm,=m /2=1238/2= 0.619 kg/s

P _m 1.238kg/ s _
b-mh, =Qp=uAp = U= A _(21.65><10‘4m2)(892kg/m3)_0'641 m/s
m, 0.619kg/s

=0.528 m/s

YT A p T (1313x10°m?)(892kg/ M)
d- G= u p1 = 0.641 m/s (892 kg/h= 572 kg/mM.s
m, 1.238kg/s

e- or G, = A = 2L65x107 572 kg/m.s

4.5 Enerqy Relationships and Bernoulli's Equation

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

Internal Energy (U)
This is the energy assoadt with the physical state d@iuid, i.e. the energy of
atoms and molecules resulting from themotion and configuration. Internal
energy is a function of temperaturec#n be written as (U) energy per unit mass
of fluid.

Potential Energy (PE)
This is the energy that a fluid has besmwf its position in the earth’s field of
gravity. The work required to raise a uniass of fluid to a height (z) above a
datum line is (zg), where (g) is gravitatal 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 fiteysical state of fluid motion. The kinetic
energy of unit mass of the fluid is*(®), where (u) is thdinear velocity of the
fluid relative to some fixed body.

Pressure Energy (Prss.E)
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This is the energy or work requireditdroduce the fluid into the system without
a change in volume. If (P) is the pressang (V) is the volume of a mass (m) of
fluid, then (PV/m= Pv) is the pressure energy penit mass of fluid. The ratio
(V/m) is the fluid densityg).

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

where, each term has the dimension of faroes distance per unit mass. In calculation,
each term in the equation must expressed in the same ungsch as J/kg, Btu/lb or
Ib:.ft/lb. i.e. (MLT?)(L)(M™) = [L°T?] = {m?s’, ft’/s).

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

The principle of the conservation of eggrwill be applied taa process of input
and output streams for ideal fluid of comdtdensity and withoutny pump present and
no change in temperature.

E.=E
U1+Z]_g+P]_/p+U]_2/2=U2+Zzg+F%/p"‘Uzz/Z i} Process i»

U; = U, (no change in temperature)
Pip+w/2+29=Rlp+Ww72+249

= P/p + f/2 + z g = constant

= AP/p+AU/2 +Azg=0 ------m-- Bernoulli's equation
4.6 _Equations of Motion

According to Newton’s second law of motioime net forcein x-direction (k)
acting on a fluid element in x-direction is: -
F« = (mass) x (acceleration in x-direction)

Fc=(m) (3)
In the fluid flow the following forces are present: -
1- Ry --------- force due to gravity
2- Fp -mmmeeee- force due to pressure
3- Ry --------- force due to viscosity
4- R -----m-- force due to turbulence
5- R --------- force due to compressibility
6- F, --------- force due to surface tension

The net force is could be given by
Fe= (R)x + (B + (R)x + (R)x + (R)x + (R)x

Euler’s equatio}'w

Navier-Stokes guation

Reynolds Equation

In most of the problems of fluid in rtion the forces due to surface tensiog)(F
and the force due to compressibility)(Bre neglected,
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= K= (R)x + (Mx + (R)x + (R)x

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

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

Fx = (Fg)x + ()« + (R)x

This equation is called “Naer-Stokes equation of motion” which is useful in the
analysis of viscous flow.

If the flowing fluid is ideal and has vergmall viscosity, the viscous force and
viscosity being almost insignificant and the equation will be: -

Fe= (R)x + ()«

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

4.6.1Euler’'s equation of motion

The Euler’'s equation for steady state flow an ideal fluid along a streamline is
based on the Newton’s second law of motidhe 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 lualong a streamline. Now consider a small
element of the flowing fluid as shown below,

Let: Flow
dA: cross-sectional area of the fluid element, /
dL: Length of the fluid element’ +dP
dW: Weight of the fluid element’

u: Velocity of the fluid element’
P: Pressure of the fluid element’

The Euler's equation of motionis b
on the following assumption: -
1- The fluid is non-viscous (the friction
losses are zero).
2- The fluid is homogenous and
Incompressible (the density of fluigsgy
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 excegtavity and pressure forcesinvolved 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 oppoditection of flow [(P+dP)dA]
3- A component of gravity force angi on the opposite direction of flow (dW
sin0)
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- The pressure force in the direction of low
Fp = PdA — (P+dP) dA = — dPdA
- The gravity force in the direction of flow

Fq=—dW sing {W=mg=pdAdL g}
=—p g dAdL sind {sin6 =dz/dL}
=—pgdAdz

- The net force in the direction of flow
F=ma {m pdAdL}

du du dL du

=pdAdLa {a=a=IXE=UE
=pdAudu
We have
F= (R + (Fo)x
pdAudu=—-dP dApgdAdz {+=—-p dA z}
=|dP/p+df/2+dzg=0 - Euler's equation of motion

Bernoulli's equation could be obtain tegration the Euler’'s equation
JdP/p +[duf/2 +]dz g = constant

= P/p + f/2 + z g = constant
= AP/p+AU2 +Az =0 ----mmmm- Bernoulli’'s equation
4.7 Modification of Bernoulli's Equation

1- Correction of the kinetic energy term

The velocity in kinetic energy term isehmean linear velocity in the pipe. To
account the effect of the velocityistribution across the pipea( dimensionless
correction factor] is used.

For a circular cross sectional pipe:

-a=0.5 for laminar flow
-ao=1.0 for turbulent flow

2- Modification for real fluid

The real fluids are viscous and henékeoresistance to flow. Friction appears
wherever the fluid flow is surroundirgy solid boundary. Friction can be defined
as the amount of mechanical energy irrendysconverted into heat in a flow in
stream. As a result of that the total energy is always decrease in the flow directior
l.e. (& < E). Therefore E= E, + F, where F is the energy losses due to friction.

Thus the modified Bernoulli’'s equation becomes,

Pip+wi2+29 =RBlp+Wi2+2g+F - (I/kg= MY/s’)
3- Pump work in Bernoulli’s equation

A pump is used in adlw system to increashe @)
mechanical energyf the fluid. The increase being
used to maintain flow of the fluid. Assume a pump is
installed between the statiois and@ as shown in
Figure. The work supplied to the pump is shaft work
(— W), the negative sign is due to work added to

fluid. 0, T
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Frictions occurring within the pump are: -
a- Friction by fluid
b- Mechanical friction
Since the shaft work must be discountgdthese frictional force (losses) to
give net mechanical energy as actually delivered to the fluid by purgp (W
Thus, W,=nW; wheren, is the efficiency of the pump.
Thus the modified Bernoulli’'s equati for present of pump between the two
selected point® and® becomes,

i+ 4 +gz+ Ws—&+ Uy +9z,+F (Jlkg= m?/s)
» | 2a, 9z, +71 =) 20!292 9=

By dividing each term of ik equation by (g), each terwill have a length units,

and the equation will be: -

R ul2 nWs P uz2
+ +2z+ = +

pg 209 T g " pg 2,9

where he = F/g = head losses due to friction.

+2,+h. | —=-mmm- (m)

4.8 Friction in Pipes

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

Energy Losses

Major energy losses Minor energy losses
(Skin friction) (Form friction)

Due to surface skin e Sudden expansion or
of the pipe contraction pipe

e Bends, valves and fittings
e An obstruction in pipe

4.8.1Relation 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 ishe product of shear stregs X and the surface area of the
pipe @ d dL). This frictional force causes a drop in pressure {s.dP

Consider a horizontal pipe as shown in Figure;

Force balance on element (dL)

t(n d dL)= [P— (P+dR)] (w/4 of)

= L dRs= 4@ dL/d) = 4 ¢ /p u®) (dL/d) p U -------mmmmmmmmmmmeeeee (*)

where, | € Ip u°) = ®=J =f/2 =f'/2

o P T L PPy
®(or J): Basic friction Factor Flo l i

f: Fanning (or Darcy) friction Factor
f’: Moody friction Factor.
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For incompressible fluid flowing in a pip# constant cross-sectional area, (u) is
not a function of pressure tangth and equation (*) can lirgegrated over a length (L)
to give the equation of pressure drop due to skin friction:

N Y N (W) YT ) e m—— (Pa)

The energy lost per unit massi§then given by:

Fs = (AP/p) = 4 (L/d) (WP/2) --mmmmmmmmmmmmmev (J/kg) or (M/S)

The head loss due to skin friction=dhis given by:

hes = FJg = (APi/pg) = 4 (L/d) (ff2g) -----------=-- (m)
Note: -

¢ All the above equations could beedsfor laminar and turbulent flow.

¢ APs=P,— P = -APs=P,— P, (+ve value)
4.8.2Evaluation of Friction Factor in Straight Pipes

1. Velocity distribution in laminar flow

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

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

T (201 L)= (P= P) (1)
for laminar flow Tx = — W (du/dr)
= 1 (P-P) =-p (du/dr) 2L = [(P- P)/(2L w)] rdr =dy
=  [APJQRLW]r2=u+C
- Boundary Condition (1) (for evaluation of C)
atr=R w=0 =  C=[(APs R)/(4L W)
= [(APs r?)/(4L w)] = u, + [(APs R?)/(AL )]

= u, = [(-APs R)/(4L w][1- (r/RY] velocity distribution (profile) in laminar flow
- Boundary Condition (2) (for evaluation of ya.y)

atr=o0 W = Unax = Umax= [(_Apfs Rz)/(4 L “)]

= Unax= [(-APs /(16 L )]  ---------- centerline velocity in laminar flow
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Uy / Upax = [1—(r/RY]| --------- velocity distribution (profile)in laminar flow

2. Average (mean) linear velocity in laminar flow

Q:UA ---------------- (l)

Where, (u) is the average velocityda(A) is the cross-sectional arear=RF)
dQ = ydA where Y= Una[1—(/RY], and dA = Z r dr

= dQ = Yhaf1—(r/RY] 2 r dr

I‘3 I‘2 r4 R
de: 2 UmaxZ(r —?) dr =27 umax7— pree O
=Q = Unad2 (1t RP) —--mmmmmmmmeemme e (2)

By equalization of equations (1) and (2)

= U = Una2 = [(-AP, R)/(BL w)] = [(-AP, ?)/(32 L] average velocity in
laminar flow

. FAPs = (32 Lu u) / f Hagen—Poisedille equation

3. Friction factor in laminar flow

We have APy = 4f (L/d) (pU/2)-----m-nnmmmmmmmmmemev (3)
andalso  AP=(32Lpu)/f -mmmmmmmmmmmmmmmeeeee (4)

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

.. [f =16/ Re Fanning or Darcy friction factor in laminar flow.

4. Velocity distribution in turbulent flow

The velocity, at any point ithe cross-section of cylindrical pipe, in turbulent flow
Is proportional to the one-seventh poweth# distance from the wall. This may be

expressed as follows: - pyantl one-seventh law equation.
\Ux | Umax = [1—(r/R)]17\ velocity distribution(profile)in laminar flow
5. Average (mean) linear velocity in Turbulent flow

Q= U Ao (1)
dQ = ydA where Y = Unax [1=(r’/R)[Y", and dA = 2 r dr

= dQ = Ypax [1- (MR 2n r dr

TdQ: o umajr - LR)”7 dr

0 0

Let M= (1-r/R) dM = (-1/R) dr
or r=R(1-M) dr =— R dM
at r=0 M=1

at r=R M=0

Rearranging the integration

Q = umax27z' RZT(].— M )M 1”(—CIM) = umax27z' RZT(M ur _ M 8/7) dM

1 1

|M8/7 M15/7|1 |'7 7]
8/7 15/7|  ‘me 8 15
| o

Q=u,,27 R
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=Q = 49/60 Yy (T RP) ==--mmmmmmmmmmmmmenees (5)
By equalization of equations (1) and (5)
.U = 49/60 Whax™ 0.82 Yhay| ------------ average velocity in turbulent flow
1 o i i _fi!_ruurrl.'llr:ru
s a0l i;;-:ua:x.li 38 - 09'
g g 1082
= Turbuwlent How S
_E [eepuation 3 64 \9/ i
e 8 07
o >
% i0 3
L 2 06
i 05
-] .
&
T 04 | ¢ [l Lo Ll L bl
N L 02 468100 2 4 681" 2 4 681°
L 3 ! Revnolds number (Re

Position m cross-spchion (s/7)

Figure of the shape of velocity profiles Figure of the Variation of (uf) with
for streamline and turbulent flow Reynolds number in a pipe

6. Friction factor in Turbulent flow

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

f =%&7j for 2,500 < Re <100,000

and, f®=4log(Ref)-04 for 2,500 < Re <10,000,000

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

1

(f/2)%=-25 In[0.27§+ 0885Re *(f /2)** |

Table of the roughness values

Surface type ft mm
Planed wood 0.00015 | 0.046
or finished concrete
Unplaned wood 0.00024 [.073
Unfinished concrete (.00037 .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
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7. Graphical evaluation of friction factor

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

Z0Ne

- | OO

Critical

0.01

.rm Independent of RHa

88883}

00070}

|
'.:'_‘

0.0060 £
0.0050 \, =
0.0040
0.0030f @ =
0.002% |
0.0020

r i

Smooth pipes

Reynolds number (Re =

7 3 4 5 B 780,04 ?

3 4 5678 9400 ]

uti_u]
jL

Figure (3.7) Pipe friction cha® versuske

Example -4.3-

Water flowing through a pipe of
20 cm 1.D. at sectio® and 10 cm
at section @. The discharge
through the pipe is 35 lit/s. The
section® is 6 m above the datum
line and sectior® is 2 m above it.
If the pressure at sectiah is 245
kPa, find the intensity of pressure
at section2. Given thatp = 1000
kg/m®, p= 1.0 mPa.s.

/

4/'
\ @ /'/

v Datum line
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Solution:
Q = 35 lit/s = 0.035 fits

u= Q/A = W= (0.035 n¥/s) / (0.Z n/4) nt = 1.114 m/s
= u,= (0.035 n¥/s) / (0.F n/4) nf = 4.456 m/s
Re=pud/p = Re= (1000 kg/mx 1.114 m/x 0.2 m) / (0.001Pa.s) = 222,800

Re =pud /n = Re= (1000 kg/m x 4.456 m/sx 0.1 m) / (0.001Pa.s) = 445,600
The flow is turbulent along the tube (ig.= a, =1.0)

P Ul2 }/«7 P, Uz2 7

—+——+ + =—+ +QgZ +

p Zal gzl S p Zaz g 2/
2

rPl u; u’ ]
=>P,= p[;+ 9(21—22)+(2a ~o )J= 253.3 kPa
H.W.

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

Example -4.4-

A conical tube of 4 m length is fixed at arclined angle of 30° with the horizontal-
line and its small diameter upward$e velocity at smaller end is;(a 5 m/s), while (u
= 2 m/s) at other end. The hebmbses in the tub is [0.35,{u,)?/2g]. Determine the
pressure head at lower end if the flokds place in down diréon and the pressure
head at smaller end is 2 m of liquid.

Solution: aQ

No information of the fluid properties.
Then assume the flow is turbulent, (bg=a, =1. O)

Z; =L sim
=4 sin 30
=2m
Datum line
P uf . 7
——+— + he
pg 20,9 ° 5 g ZaZg
Pz I:)1 ulz_us (1_ 2)
=— 4tz +——2-035——=
pg pg 2 2g 29

= 2.0+ 2.0 + (25— 4)/(2 9.81) — 0.35(5-2) (2x 9.81) = 4.9 m

Example -4.5-

Water with densityp = 998 kg/mi, is flowing at steady mass flow rate through a
uniform-diameter pipe. The entrance pressurtheffluid is 68.9 kPa in the pipe, which
connects to a pump, which actually supplies 498kg of fluid flowing in the pipe. The
exit pipe from the pump is the same diameterthe inlet pipe. The exit section of the
pipe is 3.05 m higher than the entrance, thiedexit pressure is 137.8 kPa. The Reynolds
number in the pipe is above 4,000 in thisteyn. Calculate the frictional loss (F) in the
pipe system.
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Solution:

Setting the datum line at thus, 2=0, 2 =3.05m

i+ZUZ{+9 +77W—&+ZUZ+QZ +F ®
P ! “ C P 2o, ’ U2>

:>F—[—P1_ 2+ Ws— z1 SOISm
—[ P n g 2J .
- (68.9 - 137.8X 1000/998 +155.4 - 9.81(3.05) i

= 56.5 J/kgpr m?/s?

Example -4.6

Ul'@) f Z

A pump draws 69.1 gal/min of liquid lsion having a density of 114.8 Ibffirom an
open storage feed tank of large cross-sectional area through &1.806&8ction pipe.
The pump discharges its flow through a 2/047. line to an open over head tank. The
end of the discharge line is"=5bove the level of the liquid the feed tank. The friction
losses in the piping system are F = 10 fibbwhat pressure must the pump develop and
what is the horsepower of the pump if its efficiency=+6.65.

Solution:

No information of the type of fluid and ;¢
then its viscosity, therefore assumed _ v

the flow is turbulent.

P, = P, = atmospheric press. @
u; = 0 large area of the tank
‘@5

1 —10

I.D. =2.06 in
[.D. =3.068 in

[gz, U

= nWs:[g—+—+ F

¢ 20

P 2 P u? z
%%J/ﬁmm: R S LRy
0(1 gc gc p 20{2 gc gc
2

:
|

Q = 69.1 gal/min (f¢7.48 gal)(min/60 s) = 0.154°f$

A; (area of suction line) #/4 (3.068 inj (ft/12 in}’ = 0.0513 ft

A, = A, (area of discharge line)®4 (2.067 inj (ft/12 in}’ = 0.0235 ft
u, = Q /A = (0.154 ff/s) / (0.0235 fi) = 6.55 ft/s

us = Q/ As = (0.154 ft/s) / (0.0513 ) = 3.0 ft/s

32.174ft/s* x50 ft (6.55 ft/s)?

= nWs=

321741 ft/lb, s ' 2x32.174b ft/lb, s

~+10ft Ib, /b= 60.655 ft IRlb

Ws =nqWsh = 60.655/0.65 = 93.3 {lit/lb
Mass flow ratem=Qp= 0.1539 fi/s (114.8 Ib/ff) = 17.65 Ib/s

Power required for pump mws = 17.65 Ib/s (93.3 ft ldb)(hp/550 ft Ik/s)

=3.0hP

To calculate the pressure that must be developed by the pump, Energy Balanc
equation must be applied over the pump itself (p&@nnd®)

Uy=Ww=6.55ft/s

anddF 3ft/s
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P 2 g’ P, U 4
LT B + W, = Y +Z‘yg/+/lz/

p 2 al gc gc IO 2 0(2 gc gc

2 2

P4

= p Sop Wst+———* Zg = 60.655 + (- 0.527) = 60.13 ftsblb
= AP = 60.13 ft Iblb (114.8) Ib/ff = 69.03 IR/t

=47.94psi

=3.26bar
Example -4.7-

A liquid with a constant density) is flowing at an unknown velocity {uthrough a
horizontal pipe of cross-sectional area)(At a pressure (P and then it passes to a
section of the pipe in which ¢harea is reduced gradually to,JAnd the pressure P
Assume no friction losses, find the velocitieg) @nd (u) if the pressure difference P

P,) is measured. P,
Solution: ﬁ% ﬁ% P,
N L R R B U O ...........
A1 A2

From continuity equatiom=r, =, = p Q =p; Q1 =p> Q
And for constant densitp Q = Q = Q> UA=UL A= WL A

=>U2 = U1A1/A2
By gl =" i
p +2a1+ Z, +

Assume the flow is turbulendx{ o)

(A} |
w2 | -1
P-PF u22_u12 LAZ J (Pl_PZJ 2 (RL_PZ) 2
= = = = U= 2 Uy = 2
A, A,

Example -4.8-

A nozzle of cross-sectional areayjAs discharging to the atmosphere and is located in
the side of a large tank, in which the omemface of liquid in the tank is (H) above the
centerline of the nozzl€alculate the velocity @) 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).
The pressureHs greater than atmosphere pressurg
by the head of fluid H.
The pressure Rvhich is at nozzle exit, is at A
atmospheric pressure .

T —»
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P U P, U [2(P,-P
_1+5Z+}4+7&=_2+ 24//22% :>UZ=M
p 2o p 2a, P

but, (P:-P3) =Hpg= u,=42Hg = Q=A,,/2Hg

or i+ Uy +ﬁ{+7ﬂ_&+iu2£/+ Z, 4 u, =/2H
- p 20(2 2 s_p 0{3 g 3 = 2 g

Example -4.9-

98% HSq, 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 feeoint. Calculate the pressure drop in the
pipeline. Take that = 1840 kg/m, p= 25 mPa.s, e = 0.05 mm.

X

Solution: )
= Qp=UAp = U= p—mA =u =(1.25 kg/s) /#/4 0.0253)(1840 kg/n) T
12m
=>u=1.38 m/s
Re = (184 1.38x 0.025)/0.025 = 2546 )
Datum line

e/d = 0.05¢ 10°/0.025 = 0.002
From Figure (3.7)- Vol.I

® = 0.006=>f=2® = 0.012
F = (-APy/p) = 4f (L/d) (Lf/2) = 4(0.012) (30/0.025)(1.88) = 54.84 s

P /g/ 7\//\7 P, U
—+—+ g2+, =——+_—+09Z7,+F
p 20 P 2a,

If the kinetic energy at point 2 is neglected
Pl_ Pz ul2

—=9gz,+F+ 2ar,

F =R =54.84 M/s

gz = 9.81(12) = 117.72 f&°

w220, = 1.38/2 = 0.952 /s

=(P;-P,) = 1840 [117.72+54.84-0.952] = 315.762 kPa
4 .8.3Figure (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:

ORI IR TN () U S — (1)
But from force balance for fluid flow through horizontal pipe
t7 dL = -APg (/4 of)

=T = -APi/L (d/4)-------mmmmmmmmm oo (2)
By equalization of equations (1) and (2)

=QpU* = -AP/L (d/4) -------------- x pd/y?
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=0p? ¥ & /u’= -AP/L (d°p /4 1?)
or [0 RE=-APJL (p F /417)]  —mrmememeee e 3)

This equation dose not contains the meagdinvelocity (u) of fluid. This can be
determine through using Figure (3.8)- Vol.l as follows:

1- Calculate the value dR€” from equation (3) ofAPs, p, d, L, andy).

2- Read the corresponding value of Re froguieé (3.8) for a known value of (e/d).
3- Calculate U from thextracted value of Re.

10 . S - S
. = e
., Rdip -AP;d% 30 o0 o
Equation(3)------ ¢ Re® = ld:-' il ? F aﬁﬁl!.:.':-:'.""z.’?l"' - n':‘t'q?\
- = W WO oW
= L 107 ¥ e
= .;:.'-.’:I‘:l'.-a
o
& ]
T 10°
&
o
= 1gb
_.*\'.:'.I-
g
-
g o
H‘]!E? ebapnd j i I IR AT TT7T. G RTSAR I 17| S SATASE T S WETO W e
10 10*  10* 107 1w0® 10t 10" 10 10" 10 0™

Friction group (¢ Re®)

Figure (3.8Pipe friction chartbRe2 versus Re for various values of e/d

Example -4.10-
Calculate the pressure drop in Pa fo fluid flowing through a 30.48 m long
commercial steel pipe of I.D. 0.0526 m amg@ipe roughness (e = 0.045 mm). The fluid

flows at steady transfer rate of 9.08%tm Take thap = 1200 kg/m}, p= 0.01 Pa.s.
Solution:

Q = 9.085 nh x h/3600s =2.52410 > m’/s
u=Q/A = (2.52410°m%s) / (/4 x 0.0526) = 1.16 m/s

Re = (120(1.16x 0.0526)/0.01 = 7322
e/d =0.000045/0.0526 = 0.000856

Figure (3.7)0 = 0.0042=>f = 2® = 0.084

A—P+9A{+/éz %F—o
P 20 B

=-APs =p F; = 4 f (L/d)(pu?/2) = 4 (0.0084) (30.48/0.0526) (12R0..167/2)
= 15719 Pa
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Example -4.11-

Repeat the previous exampath the following conditions, the volumetric flow rate
(i.e. the velocity) is unknown and the pressdmep in the pipe is 15.72 kPa.

Solution:

DR =(-AP/L)(pd®4p?)=[(15720)/(30.48)][(1200)(0.0528)4)(0.01f]= 2.252x 10°

e/d = 0.000856> Figure (3.8) Re = 7208 u = 7200(0.01)/(1208 0.0526)= 1.141m/s

Example -4.12-

Repeat the previous ample with the following conditions, the diameter of the pipe is
unknown and the pressure drop in the pipE5g2 kPa and the velocity of the liquid is
1.15 m/s. Estimate the diameter of the pipe.

Solution:

~APs =p Fs= 4 f (L/d)(pu?/2) =d = (4p f L u%2)/ —AP

=0 =6.154f ~—--cmmmmmmmm e (1)
Re =pud/u = 138000 d -----------=-==-==---- (2)
Vs 001010107157 o S —— (3)
) f=20  Eq.(1) Eq.(2) Eq.(3)
Figure (3.7) f d Re e/d
Assumed > 0.001 | 0.006154 849 0.0073
0.01 0.02 0.123 16985 0.00036

0.0037 0.0074 0.045 6284 0.00099
0.0045 0.009 0.0554 7643 0.0008
0.0043 0.0086 0.0529 7303 0.00085

~d=0.0529 m 0.0043 0.0086

Example -4.13-
Sulfuric acid is pumped at 3 kg/srdhugh a 60 m length of smooth 25 mm pipe.
Calculate the drop in pressure. If the pressop falls to one half, what will new flow
rate be? Take that= 1840 kg/m, u= 25 mPa.s.
Solution:
~Q m 3kg/s
A pA  (1840kg/m®)(r /4% 0.025)m?

Re = (184(x3.32x 0.025)/0.025 = 6111

u =3.32m/s

Figure (3.7) for smooth pip®& = 0.0043=f = 0.0086

~APs = p Fs = 4f (L/d)( pu?/2) = 4(0.0086)(60/0.025)(18403.3%)/2 = 837.209 kPa
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The pressure drop falls to one half (k&P = 837.209 kPa/2 = 418.604kPa
ORE = (-AP/L)(pd*/4p*)=[(418604)/( 60)][ (1840)(0.025)4)(0.0255]= 8.02x 10"

From Figure (3.8) for smooth pipe Re = 3800 = 2.06m/s
m= pu A=1.865 kg/s.

Example -4.14-

A pump developing a pressure of 800 kPaised to pump water through a 150 mm
pipe, 300 m long to a reservoir 60 m higherthiAthe valves fully open, the flow rate
obtained is 0.05 f¥s. As a result of corrosion and scalling the effective absolute
roughness of the pipe surface increases by arfa€tlO by what percentage is the flow
rate reducecu= 1 mPa.s

Solution:

The total head of pump developingA&/pg) .2
= 800,000/(100( 9.81)= 81.55 mkb T

The head of potential energy = 60 m 300 60 m

Neglecting the kinetic energy losses (same
diameter)

—+0Az+ - JWs+F =0 I |
P o

=>APlpg +Az +h: =0

= he = APJpg —Az = 81.55 — 60 = 21.55 m
u = Q/A = (0.05 n¥s)/(n/4 0.15) =2.83 m/s
hes = (-APy/pg) = 4 (L/d) (1/2g)

=f= hd 2g/(4L4) = (21.55) (0.15)(9.81)/(® 300x 2.83) = 0.0066
@ = 0.0033, Re = (10002.83x 0.15)/0.001 = 4.2310°

From Figure (3.7) e/d = 0.003

Due to corrosion and scalling the roughness increase by factor 10
l.e. (e/d)ew=10 (e/d)q=0.03

The pump head that supplied is the same

(-APw) = hespg = 21.55 (1000) 9.81 = 211.41 kPa

ORE = (-AP/L)(pd*/4p?) = [(211410)/( 300)][(1000)(0.1%)4)(0.01f] = 6 x 1C°

From Figure (3.8) Re = 2.98l0° =u = 1.97m/s
The percentage reduced in flow rate = (2.83 - 1.97)/ 2 B3 % = 30.1 %.

4.8.4Form Friction
Skin friction loss in flow straight pipes calculated by using the Fanning friction
factor (f). However, if the veloty of the fluid is changed inlirection or magnitude
additional friction losses occurthis results from additional turbulence, which develops
because of vertices and other factors.
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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,

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:
Continuity equation W= WA,  =>U = W(AJA)Y)
2

2
u u
— 2 4u?-uu,

Momentum balance F =——-
20, 2,

For fully turbulent flow in both sections

F - (ul_u2)2 :u—zlz{l—(ﬁ T
A
1_(& )J

e 2 ’A2
2- Sudden Contraction Losses
The effective area for the
flow gradually decreases as the
sudden contraction is approached
and then continues to decrease, ,

u2
wFo=K, &
e 62

r
; wherek, :L

known as the “Vena Contacta”. . .
After the Vena Contracta the ; ;

flow area gradually approaches O l l

that of the smaller pipe, as Vena

shown in Figure. When the cross Contracta

section of the pipe is suddenly

reduced, the stream cannot follow around thersitorner, and additional loses due to
eddies occur.

©
1 ___________O
o

|
o

|
N

us | ~ [ i]
F. =K,—=| whereK, = 0.55[1— AlJ

C C?

3- Losses in Fittings and Valves

Pipe fittings and valves also disturkethormal flow lines in a pipe and cause
additional friction losses. In a short pipgth many fittings, the friction losses from
these fittings could be greatéran in the straight pipe. The friction loss for fittings and
valves is:
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F. =K, u—22 : whereK; as in table below.
F, =4f %u—;; where% as in table below.
Table of the Friction losses in pipe fittings
Fittings Ks 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

QA

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

coupling

Figures of standard pipe fittings and standard valves

20-Ch.4 DrSSHadthim



Cﬁapfer Four Fluid Flow Fluid ﬁynamig
4.8.5Total Friction Losses

The frictional losses from the friction ithe straight pipe (skin friction),
enlargement losses, contraction lossesgd dosses in fittings and valves are all
incorporated in F term in mechanioahergy balance equation (modified Bernoulli’'s
equation), so that,

L u? u? us u?
F=4f 674- Ke7+ KC7+ Kf 7

If all the velocityu, u;, andu, are the same, then this equation becomes, for this
special case;

u2
2

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

[ L 1
F=L4fa+Ke+KC+KfJ

2

F =[4f&+ Z%)+ K, + K]u?

Example -4.15-
630 cni/s water at 320 K is pumped in a 40 mm 1.D. pipe through a length of 150 m in
horizontal direction and up through a vertitaight of 10 m. In the pipe there is a
control valve which may be kan as equivalent to 200 pigkameters and also other
fittings equivalent to 60 pipe diameters. Alsther pipe fittings equivalent to 60 pipe
diameters. Also in the line ¢he is a heat exchanger acregsch there is a loss in head
of 1.5 m Ho. If the main pipe has a roughnes90d002 m, what power must supplied
to the pump ify = 60%,u= 0.65 mPa.s.
Solution: >
Q =630 cc/s (M/100 cryF 6.3x 10* m*/s f
u = (6.3x 10" m¥/s)/(n/4 0.04) = 0.5 m/s
Re = (100 0.5x 0.04)/0.00065 = 30,770
e/d = 0.0002/0.04 = 0.005 |
From Figure (3.7Yp = 0.004, |

=f=0.008
L=150m+10m =160 m n
e >T<
|

-
AP n B
pg+AZ+i%_7%g +h:+(h) g =0

2
h ={4f(5+2%ﬁ;—g = 4 (0.008) (160/0.04 + 200 + 60)0.5/(2 x 9.81) = 1.74 m

=(-APlpg) =Ah=10+1.74+1.5=13.24 m
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= The head required (that must be supplied to water by the pup)=$3.24 m
and the power required for the watenW's = QAP = Q Ah pg)

= nWs = 6.3x 10* m¥/s (13.24x 1000x 9.81) = 81.8 (N.m/s J/s= W)
The power required for the pump is (Ws)Ws /n =81.8/0.6 =136.4 W.

Example -4.16-
Water in a tank flows through an outlet 25oelow the water level into a 0.15 m I.D.

horizontal pipe 30 m long, with 90° elbow aétbnd leading to vertical pipe of the same
diameter 15 m long. This is connected weaond 90° elbow which leads to a horizontal
pipe of the same diameter, 60 m long, eamihg a fully open globe valve and discharge
to atmosphere 10 m below the leveltbé water in the tank. Calculatiee initial rate
Take thaju= 1 mPa.s, e/d =0.01

Solution:

L=30+15+60=105m

S S

P, u? Ws P u
—1+—1+21+77 =—2 1 —2—4172 +h
P9 2ag 9 P9 2a,0

2

=> z, —u—2+h
4 2 290,

h [41‘( Y Le)J”

Agsg%(%&M)i&MOHZSO] 42 x 9.81)

Assume turbulent flowo; =1.0)

10 .
= (25-15) = y¥(2x 9.81) + 210 ff  =u,= o5 210r
This equation solved by trial and error
Eq.(*) Figure (3.7)
f Us Re )

0.01| 2.16 3.23%10° 0.0046

0.0092 2.246 3.3%10° 0.0046

= Wy(t=0) = 2.246 m/s, Re = 3.305 (turbulent)>Q=0.04 ni/s ; m = 40 kg/s
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Example -4.17-

An elevated storage tank contains wateB22°C as shown in Figure below. It is
desired to have a dischargete at point 2 of 0.223%s. What must be the height H in ft
of the surface of the water in the tank relatte discharge point? The pipe is schedule
40, e = 1.510" ft. Take thap = 60.52 Ib/ff, p= 2.33x10" Ib/ft.s.

1

2"
] + ——Datum line— 10—'1— I

] rjf«—50 ———

fpe——TI —»

jf’ - 4"

4

Solution:

7/ 7L 921/ W/f
a’/lgc p 2“2 c

z1 0 g+F ,where z=H

gC
for schedule 40
dy = 4.026/12 = 0.3353 ft, A= 0.0884 f,
dy = 2.067/12 = 0.1722 ft, A= 0.0233 f,
uy = (0.223 fi/s) / (0.0884 ff) = 2.523 ft, w = (0.223 ft/s) / (0.0233 fi) = 9.57 ft,
The F-term for friction losses in the system includes the followings:
1- Contraction losses at tank exit.  2-Friction frstraight pipe.
3- Friction in 4’ elbow. 4-Contraction losses ifi b 2’ pipe.
5- Friction in 2 straight pipe. 6-Friction in the twd 2lbows.
1- Contraction losses at tank exit. (let tank areg #Apipe area = A

u; | _osgl1_ ]
F. =K, whereK, _0.55L1— AlJ

c27
= F. = 0.55 (2.523/2 x 32.174) = 0.054 ft.|ib.
2- Friction in 4 straight pipe.
Re = (60.5% 2.523x 0.3353)/ 2.3%10* =2.193x10°

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

F. =4t =Y =4 (0.0047) (20/0.3353%) 2.52%/(2 x 32.174) = 0.111 ft.Wgib.

d 29
3- Friction in 4 elbow.

F. =K, 7 : whereK; = 0.75= F; = 0.074 ft.I/Ib.

4- Contraction losses if'40 2’ pipe.

~ 0.5

c
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2 Al
F = Kc%; whergK, = 0'55[1_% ||=0.55 (1- 0.0233/0.0884) = 0.405

= F. = 0.405 (9.57/2 x 32.174) = 0.575 ft.|ib.
5- Friction in 2 straight pipe.
Re = (60.5% 9.57x 0.1722)/ 2.3%10" = 4.28x10°

e/d = 0.00087%& Figure (3.7)f =0.0048

Fo =4f gzug =4 (0.0048) (185/0.3353) 9.572/(2 x 32.174) = 29.4 ft.lglb.
6- Friction in the two 2 elbow.
F, = 2(K, “7 - whereK; = 0.75= F; = 2.136 ft.IWlb.

F (total frictional losses) = 0.0540t111 + 0.575 + 29.4 + 2.136 =32.35 fillb

= Hg/g. = (9.57 /2x 32.174) + 32.35= 33.77 ftdib
H = 33.77 ft= 10.3m (height of water levabove the discharge outlet)
Example -4.18-

Water at 20°C being pumped ffnoa tank to an elevated tank at the rate of 0.005. m
All the piping in the Figure below is’4chedule 40 pipe. The purhps an efficiency of
n= 0.65. calculate the kW powaeeded for the pump. e = &460° m p = 998.2 kg/m
u=1.005x10°Pa.s

i: 10m—=— 5
+ L
15 m T
l 5m 15m
1 4_.| |<—50 m—» | L
=) '
Solution:
For 4’ Schedule 40 pipe d=0.1023 m, A = 8.219° n?’
u = Q/A = (5x10° m%s)/ 8.219%10° m* = 0.6083 m/s
% gAz%—nWy F=0~=> nWs=F +g\z
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.
u2 [ Al
F =K_—=| whereK,=055/1-—=[|=~ 0.5
C C 2 Cc [ AiJ

= F. = 0.55 (0.6083/2) = 0.102 J/kg or ffs”.
2- Friction loss in straight pipe.
Re = (998.% 0.6083x 0.1023)/ 1.00%10° = 6.181x10"
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e/d = 0.00045> Figure (3.7)f = 0.0051
L = 5+50+15+100 = 170 m

2
F. = 4f %“7 =4 (0.0051) (170/0.1023) (0.6083/2) = 6.272 J/kg or Afs”.
3- Friction in the two elbows.
F, =2(K, UEZ : whereK; = 0.75=> F; = 0.278 J/kg or Ats’.

4- Expansion loss at the tank entrance.

e 2 A2

2 [ 2
F. =K, 2| wherelK, le_[ﬁh ~1.0= F.=0.185 J/kg or Ais’.

F (total frictional losses) = 0.102 + 6.272 + 0.278 + 0.185 = 6.837 J/k§sr m

= nWs = 6.837 + 9.81(15) = 153.93 J/kg offsh
The power required for pump (Ws)¥s/Ws = 153.93/0.65 = 236.8 J/kg of/sh
The total power required for pummiVs) = Qp Ws
= (5x10° m*/s) 998.2 kg/m(236.8 J/kg) = 1.182 kW.
Example -4.19-

Water at 4.4°C is to flow through a horizahtommercial steel pipe having a length of
305 m at the rate of 150 gal/min. A head otevaf 6.1 m is available to overcome the
skin friction losses (). Calculate the pipe diameter. e = 480° m p = 1000 kg/m,
u=1.55x10°Pa.s.

Solution:

. =[4f(§ﬂ% =6.1m

Q = 150 gal/min (ff 7.481gal)(min/60s) (m/3.28 ftF 9.64x10°m®/s
u = Q/A = (9.64x10°m*s)/@/4 &) = u = 0.01204 8.
= 6.1 = 4f (305/d)(0.01204 &)/(2 x9.81)

> f=676.73d > d=¢/676.73}° = e (1)
Re = (1000 (0.01204 &) x d)/ 1.5%10°% = 7769.74 & ------------mmmm-nmm- (2)
e/d = 4.6x10°d* e (3)

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

f d Re e/d f=20
Assumed——»p
0.00378 0.089 8.7810° 0.00052 0.0052

0.0052 0.095 8.17810' 0.000484 0.0051
0.0051 0.0945 8.2210" 0.00049  0.0051
= d =0.0945 m.
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Example -4.20-

A petroleum fraction is pumped 2 km frondistillation plant to storage take through a
mild steel pipeline, 150 mm 1.D. at 0.04/mrate. What is the pressure drop along the
pipe and the power supplied to the pumpurgt if it has an efficiency of 50%. The
pump impeller is eroded and the pressure aatwery falls to one half. By how much
is the flow rate reduced? Take that: sp.gr. = 0.469).5m Pa.s e = 0.004 mm.

Solution:

u = Q/A = (0.04m%s)/(/4 x 0.15) = u = 2.26 m/s
Re = (705 2.26x 0.15)/ 0.%x10° = 4.7&10°

e/d = 0.000027> Figure (3.7f = 2® =f = 0.0033

2
_AP., :[41{5)] P 2“ = 4 (0.0033) (2000/0.15) (7052.26/2) = 316876 Pa.

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

Due to impeller erosion £Pew = (-AP)d/2 = 316876 Pa/2 = 158438 Pa
ORe=(-AP/L)(pd*/4u?)=[(158438)/(2000)][(1000)(0.1&)4)(0.5¢10°)?] = 1.88%10°

e/d = 0.00002% From Figure (3.8) Re = 810> =u = 1.42m/s
The new volumetric flow rate is now ©1.42 /4 x 0.15) = 0.025 ni's.
4.9 Friction Losses in Noncircular Conduits

The friction loss in long straight channelsconduits of noncircular cross-section
can be estimated by using the same equadonsoyed for circular pipes if the diameter
in the Reynolds number and in the frictiéactor equation is t@n as equivalent
diameter. The equivalent diameter De or laydic diameter defined as four times the
cross-sectional area divided by the wetted perimeter of the conduit.

Cross- sectionabreaof channel

Wettedperimeteiof channel
e For circular cross section.
De=4@Wixd)/nd=d
e For an annular space with outside diameteardi inside g
De =4 /4 x (d* — &)}/ m (dy + @) = ch+dp
e For arectangular duct of sidesaand b. 3
De=4(a.b)/2(@a+b)=2ab/(a+bhb) b
e For open channels and pattly filled taiof y-qugid depth and b width
De =4 (b.y)/ (b + 2y)

De=4

y

1 b

4.10Selection of Pipe Sizes

In large or complex piping systems, theioum size of pipe to use for a specific
situation depends updhe relative costs of capital investmgmbwer, maintenancgand
so on. Charts are available for determgnithese optimum sizes. However, for small
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installations approximations are usuallyffeient accurate. A talel of representative
values of ranges of velocity in pip& shown in the following table: -

Velocity

ft/s m/s
Inlet to pump 2-3 0.6 - 0.9
Nonviscous liquid Proces_s line of 5.8 15_25
Pump discharg

Inlet to pump | 0.2-0.8 0.06 —0.25
Viscous liquid Proces_s line or 05-2 | 0.15—-0.6
Pump discharge
Gas 30 -120 9-36
Steam 30-75 9-23

Type of fluid Type of flow

(D

4.11The Boundary Layer

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

Laminar | Transition | Turbulent
—us_> us ) i i US >
| L
— Uy u | | Uy >
| i U
Y | |
— | | | u
y u i
X Boundary sublayer

Leading edge Buffer layer

Figure of boundary layer for flow past a flat plate
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If the velocity profile of the entrance regioha tube is flat, a certain length of the
tube is necessary for the veity profile to be fully established (developed). This length
for the establishment of fully devagded flow is called “entrance length”.

Laminar B.L. Turbulent B.L.

v

Fully developed flow

!: Le :!
Entrance legth
Figure of conditions at entry to pipe.

At the entrance the velocity profile is fla.e. the velocity is the same at all
positions. As the fluid progresses down thke, the boundary layer thickness increases
until finally they meet athe centerline of the pipe.

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

Le/d = 0.0575 Re -------------------- laminar

For fully developed velocity profile to dermed in turbulent flow, no relation is

available to predict the entry length. As approximation the entry length (Le) is after
50 diameters downstream of pipe. Thus;
Le/d=50 = —--memmemmemee- turbulent

4.12Unsteady State Problems

Example -4.21-

A cylindrical tank, 5 m in diameter, disaiges through a horizontal mild steel pipe
100 m long and 225 mm diameter connected édbidse of the tank. Find the time taken
for the water level in the ik to drop from 3 m to 0.3 m above the bottom. The viscosity
of water is 1.0 mNs/fme = 0.05 mm.

Solution:

APY AU® W 1
+AzZ+ —%hF =0 «—D—>
Py 2a g o
u;~ 0, 2 = 0 (datum line +—T z
1 % ( ) KN 1

attime=0=>z=12z7 z-dz z

attime =t=z=z2 Al vd | Il 5
: i : —2

:>zl_2a2+h,: att=

[ L _IUZ _ 2
he, =L4f(E)J£ = 90.61f u,
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attime = 0=z; = (0.051 + 90.61) b, =u, _\/0.051+ 90.61f

z

. _ _ 2 N S
attime =t, =z =(0.051+ 90.61) " =u, _\/0.051+90.61f (1)

Let the level of liquid in the tank at time (t) is (2)

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)
=(n/4 D?) [z— (z-dz)] = (19.63 dz) in

Q = dV/dt =—19.63 (dz/dt) ¥ ----mm-m-mmmmmmmmmmmmmmm oo 2)
But Q=Auy= @4 d) U= (0.04 M) Up =---mmmmmmmmmmmmmmmmmmmomemeeee (3)
Substitute eq.(1) into eq.(3) to give;
VA
Q= 0'04\/ 0051+9061f T (4)

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

__1063% - 004 z ]dt—T 49075,/0.051+ 9061 24
Q=-1963 4 =004 G051 o062 =1 o IRty T
1|3
1 2
= T = 49075,/0.051+ 90.61f jz 2dz =49075,/0.051+90.61f e

03
03

= T =1169.4,/0.051+ 90.61f

P; =R + 2pg, and P=F

= (P; — B) = (- APy the pressure drop along the pipe due to friction

From applied the modified Bernoulli’'s equation between 3 aad(2 APy = zpg
But ®R€ = (-AP/L)(pd¥41?) = [(zpg)/(L)][ (pd*¥4p?)] = 2.7%10°z

atz=3.0 m> ORE = 8.7%10°

at z=0.3 m> ORe = 8.3&%10’

e/d = 0.0002 From Figure (3.8)
=atz=3.0m Re=7£10C ——
atz=0.3m Re=22100 ——
e/d = 0.0002 From Figure (3.7)
=atz=3.0m Re=7£10 = f=0.0038

=atz=0.3m Re =2210" = f=0.004
taking a value of = 0.004, and assume it constant

S.T=752s

Turbulent
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Example -4.21-

Two tanks, the bottoms of which are at thmedevel, are connected with one another
by a horizontal pipe 75 mm diameter and 30ny. The pipe is bell-mouthed at each
end so that losses on entry and exit are niégigOne tank is 7 m diameter and contains
water to a depth of 7 m. The other tank is Sliameter and contains water to a depth of
3 m. If the tanks are connectemleach other by means of the pipe, how long will it take
before the water level in the largenkahas fallen to 6 m? Take e =0.05 mm.

Solution:

1
«—7 m——> T «——5 m—»
 dh 2
7 i X
3
i " 0

At any time (t) the depth in the larger fanl(hls. and the depth in the smaller tank is (H)
Au
72{+ Az+yZ % +h:- =0

When the level in the largank fall to (h), the level iihe 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;
=n/4x 7° (7-h) = 38.48 (7-h) I

and is equal to /4 x 5° () = 38.48 (7-h)
=>X=13.72—-1.96 h e (2)
H=3+x=3+13.72-1.96h
= H=16.72 - 1.96 h —-------mormm - (3)

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

[ (L)|u?
h—-(16.72 -1.96 h) &, :LM(E)JE

2.96 h—16.72 = 815f4° =

\/o .00363h—0.02
f
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 7 [h—(h—dh)] / dt =t/4 7 (dh / dt) --------mmmmmmmeee (4)
ButQ=Au=n/4 f=Q= % (0.079° \/ 0'0036?;h_ 002 (5)
L dh
By equalization between eq.(4) and eq.(&)dt=-871111 \/0.00363_ 502

f

e/d = 0.05/75 = 0.00067 assufme0.004
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1 (09h—5)%
Jdt——87llllj(09h 5)**dh=871111( o )—( 05)

=193581.3% — 0.4%)

6

= T=9777.67s
= [n/4 7 (7 — 6)]/ 9777.67 = 0.00393%m average volumetric flow rate

u=Q/A=(0.00393 fis) / (t/4 x 0.075) = 0.89 m/s> Re = 6.655x%10"
e/d = 0.0006& From Figure (3.7% f =0.006

Repeat the integration based on the new value=00(006)= T =9777.67 s
Example -4.21-

Water is being discharged, from a reservtiirough a pipe 4 km long and 50 cm 1.D.
to another reservoir having watevel 12.5 m below the first servoir. It is required to
feed a third reservoir, whosevel is 15 m below the first reservoir, through a pipe line
1.5 km long to be connected to the pipdiatance of 1.0 km from its entrance. Find the
diameter of this new pipe, so that the flowo both the reservoirs may be the same.

Solution:

AD + DB =4,000 m, its i.d = 50 cm 3
AD = 1,000 m= DB = 3,000 m A X
QA = QB + QC QA
= Q= Qu/ 2-------mmeee- 1 15m
S.BD L= @ TS0,
—i+(z 15)g+4f(—) U = /QC B
P A
u=4—Qz ¥ Datum line
zd C
P 16Q, \ _
- p+ZDg 159 + 4f( 05 )(2 Zd:)_
—P—;+ Z,9—1471+830Q% = 0 --------==--=--mmmmmmmm- (2)
A-B
Py 3000, 1607
- p—(ZD—15)9+4 ( 05 )(2 2d4) 0
P, )
e Z,9+ 245+ 2,490Q% = 0---------==---mmmmmmmo- (3)
A-B
P, 1,500
_7? 2d4) 0
P, Q2
—%—z[,g+389§—0 -------------------------------- 4)
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Cﬁapfer Four Fluid Flow Fluid Dynamic
Substitute eq.(1) into egs.(3) and (4)

Equation (2)- P—;+ 7,9 —1471+830Q2 = 0 ----=-=nmmmmmmmmmmmmme 2)

Equation (3}P—;— Zp 0+ 245+ 6225 Q2 = 0 =--n=mnmmmmmmmmmmmmmnnn (5)
. P, Q?

Equation (4)—7— R (6)
C

eq.(2) + eq.(5 — 122.6 + 14525 J = 0= Q. = 0.29 n¥/s
= Qg = Q- =(0.29 n/s) / 2 = 0.145 riis
eq.(5) — eq.(6) 24.5 + 622.5(0.28) 9.72(0.29)/ dc> =0 = d°=0.0106 m

= 0:=0.4m=40cm.
Example -4.21-
Two storage tanks, A and B, containingetroleum product, discharge through pipes
each 0.3 m in diaeter and 1.5 km

long to a junction at D, as shown in* T
Figure. From D the liquid is passed B
: : 6m

through a 0.5 m diameter pipe to a 4=03m l
third storage tank C, 0.75 km away. 1.5 km
The surface of the liquid in A ic 5, Q2 o osm
initially 10 m above that in C and the >Q o} A
liquid level in B is 6 m higher than _

: s Q; d=05m 10m
that in A. Calculate the initial rate of 0.75 km
discharge of liquid into tank C ! / _
assuming the pipes are of mild steer. Datum line

The density and viscosity of the C
liquid are 870 kg/hand 0.7 m Pa.s
respectively.

Solution:

Because the pipes are long, the kinetic enefdiie fluid and minor losses at the entry
to the pipes may be neglected. It mayassumed, as a first approximation, the the
same in each pipe and that the eédles in pipes AD, BD, and DC arg,uy, and y
respectively, if the pressure at D is taken gafd point D is g m above the datum for
the calculation of potential energy, the liquid level in C.

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

Py 1500, uf
A-D > +(z, —10)g+4f(—0.3 )20{1 =0
Py 1500, u;
B-D - +(z, —16)g+4f(—0.3 )20{2 =0
P, 750, Ui
DC - -(z)0+4f((5)5, =0
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Cﬁapfer Four Fluid Flow Fluid Dynamic
Assume turbulent flow in all pipes

= A-D —P—;+ Z,9-98.1+10,000f U7 = 0 -----=--=-mm-mmmmmmmmmm oo (1)
B-D —P—pD+ 2,9 —15696+10,000f UZ = 0 -----=-=mmmmmmmmmmmmmmmmee (2)
D-C —P—;—zDg+3,OOOf N 3)
eq.(1) — eq.(2)= 58.86 + 10,000 (Uy® — W?) = 0 -----nnmmmmmmmmmmmaav (4)
eq.(2) — eq.(3)= — 156.96 + 10,000(u,” + 0.34%) = 0 --------m------ (5)
Qi+ Q=Q; = [(/4 0.3) w] + [(/4 0.3) W] = [(n/4 0.5) ug]
= U+ W= 2.78 Y ------m--mmmmm oo (6)

equations (4), (5), and (6) are three dimuns with 4 unkowns. As first approximation
for e/d = 0.0001 to 0.00012 f = 0.004

= e(.(4) become 58.86 + 40 1t 1) = 0 ----m-m-mmmmmmmmmemmmemeeeae 7)
= e(.(5) become — 156.96 + 40,7t 0.34%) = 0 ----mmmmmmmmoeeemmeev (8)
Fromeq.(7) ¥ = W2 —1.47  coeeeemmeeeeeeeee 9)

Us= (U + L) = Ug” = (1/2.78F (u” + 2w b + )
= ug” = (1/2.78F [u® + (W°— 1.47) + 2¥(u,® — 1.47%7

= U = (1/2.78F [2u,° — 1.47 + 26(Uy® — 1.47§7] - (10)
Substitute eq.(10) into (8)

= — 156.96 + 40 {tf + 0.3(1/2.78) [2u,° — 1.47 + 26(u,> — 1.473} = 0
= Up(U” — 1.47§° = (159.24 — 43.28)/ 3.2 squaring the two limits
= WU’ — 1.47§° = (49.8 — 13.5 )

— 2_
S Ut — 74172 +13.68=0 Nk ”zba dac
= either y®> = 3.922 or uf = 3.488
= W, =1.98 m/s or 4= 1.87 m/s

Substituting winto eq.(9)

= u; = 1.56 m/s or u=1.42m/s
Substituting ¢, and y into eq.(6)

=> Uz;=1.3 m/s or 4=1.18m/s
The lower set values satisfies equation (8)

= U;=1.42 m/s, p=1.87 m/s, andsur 1.18 m/s
= Re =5.3x 10°, Re = 6.9x 10°, and Rg= 7.3x 10°
From Figure (3.7 f; =0.0043, =0.0036, and; =0.0038

= the assumptiorf = 0.004 is ok.
Qs = (W4 0.5) u; = (/4 0.5) 1.18 = 0.23 riis
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Chapter Five Fluid Flow Pumping of Liquids
CHPTER FIVE
Pumping of Liquids

5.1 Introduction

Pupmps are devices for supplyingnergyor headto a flowing liquid in order to
overcome head losses due tation and also if necessary raiseliquid to a higher
level.

For the pumping of liquids or gasesrramne vessel to artwér or through long
pipes, some form of mechanical pump is usually employbd energy required by
the pump will depend onthe height through which the fluid is raisdfie pressure
required at delivery pointhe length and diameter of the piplee rate of flow together
with the physical properties of the flyigbarticularly itsviscosity and density The
pumping of liquids such as sulphuric a@d petroleum products from bulk store to
process buildings, or the pumping of fluids round reaction units and through hea
exchangers, are typical illustratis of the use of pumps in the process industries. On the
one hand, it may be necessary to inject reéstancatalyst into a reactor at a low, but
accurately controlled rate, and on the othepump cooling water ta power station or
refinery at a very high rate. The fluid may &@as or liquid of low viscosity, or it may
be a highly viscous liquid, possibly with ndfewtonian characteristics. It may be clean,
or it may contain suspendedrfeles and be very corrosivall these factors influence
the choice of pump.

Because of the wide variety of requireme many different types are in use
including centrifugal, piston, gear, scremdaperistaltic pumps, though in the chemical
and petroleum industries the centrifugal type is by far the most important.

5.2The Total Head (Ah)

The head imparted to a flowing liquny a pump is known as the total headh.
If a pump is placed between poiriisand®@ in a pipeline, the éad for steady flow are
related by: -

B,

'y LEEN |

'''''''''''''''''''''''''''' =)~ -Datum line ~— "~

v

~——Suction side > Discharge side——»

Figure (1) Typical pumping system.
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Ws ([ P u? P u?
Ah=" =( 24 2 +22J—( o +21}—hp
g P9 20,9 P9 2049
AP AU?
= Ah=——-+ + Az+he
pa 2a

5.3System Heads

The important heads to consider in a pumping system are: -
1- Suction head
2- Discharge head
3- Total head
4- Net positive suction head (NPSH)
The following definitions are given inference to typical pumping system shown
in preceding Figure, where the datum line is the centerline of the pump
1- Suction head @

h +—PS (h.)
s = Zg - s
pg

2- Discharge head ¢h

h +Pd +(h,)
=27 —
d d ,09 F/d

3- Total headAh)
The total head Ah), which is required to impart to the flowing liquid is the
difference between the dischargnd suction heads. Thus,
Ah=h, - h,
P,- P,
P9

= Ah=(z, - z,)+( )+[(he) g +(he)]

where,

L Le) uj
(hF)d _4fd(d +z d )d 29

L Le) uZ
(hF)s = 4fs(a+ZF)s 2 g

The suction head (hs) decreases aral discharge head (hd) increases with
increasing liquid flow rate because of thergasing value of the friction head loss terms
(hF)s and (hF)d. Thus the total; head) which the pump is required to impart to the
flowing liquid increases with increasing the liquid pumping rate.

Note:

If the liquid level on the suction side below the centerline of the pump,ig
negative.

4- Net positive suction head (NPSH)

Available net positive suction head

NPSH= z +(PS_PV) (h.)
S pg F/s

This equation gives the head availablgéb the liquid through the suction piping.
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Chapter Five Fluid Flow Pumping of Liquids

P, is the vapor pressure of the liquid tgipumped at the particular temperature in
guestion.
The available net positive suction head (NPSH) can also be written as:

I:)V
NPSH= h, —
P9

The available net positive suction hed@PSH) in a system should always be
positive i.e. the suction headways be capable of overcorg the vapor pressure (Pv)
since the frictional head loss (hF)slieases with increasing pumping rate.

At the boiling temperature of the liquids and Pv are equal and the available
NPSH becomes [zs-(hF)s]. In this case notisa lift is possible since zs must be
positive. If the term (Ps-Pv) is sufficientlgrge, liquid can b lifted from below the
centerline of the pump. In this case zs is negative.

From energy consideration it is immatenaiether the suction pressure is below
atmospheric pressure or well above it, @sgl as the fluid remains liquid. However, if
the suction pressure is only slightly greatiean the vapor pressure, some liguid may
flash to vapor inside the puma process calledCavitation”, which greatly reduces the
pump capacityand_severe erosion

If the suction pressure is actually letben the vapor pressure, there will be
vaporization in the suction line, and no liquid can be drawn into the pump.

To avoid cavitationthe pressure d@he pump inlet must eeed the vapor pressure
by a certain value, called the “ net positaugction head (NPSH)”. The required values
of NPSH is about 2-3 m Jd for small pump; but it increases with pump capacity and
values up to 15 m H20 are recommended for very large pump.

5.4 Power Requirement

The power requirement to the pump drfvem an external source is denoted by
(P). Itis calculated from Ws by:

QAP QAh pg nmAhg
n n

The mechanical efficiencyn) decreases as the liquid viscosity and hence the
frictional losses increase. The mechanicakedficy is also decread by power losses in
gear, Bering, seals, etc.

These losses are not proportional to pusige. Relatively large pumps tend to
have the best efficiency whilst small pumysially have low efficiencies. Furthermore
high-speed pumps tend to be more effitidran low-speed pumps. In general, high
efficiency pumps have high NPSH requirements.

P=mWs=

5.5 Types of Pumps

Pumps can be classified into: -
1- Centrifugal pumps.
2- Positive displacement pumps.
1- Centrifugal pumps
This type depends on giving the liqua high kinetic energy, which is then
converted as efficiently as possible into gs@e energy. It used for liquid with very
wide ranging properties and suspensions Wigih solid content including, for example,
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cement slurries, and may be constructed feonery wide range of corrosion resistant
materials. Process industries commonlg asntrifugal pumps. The whole pump casing
may be constructed from plastics suchpadypropylene or it may be fitted with a

corrosion resistant lining. Because it operatehligh speed, it may be directly coupled
to an electric motor and it will give a high florate for its size. They are available in
sizes about 0.004 to 380 m3/min [1-100,00@ngi@] and for discharge pressures from a
few m H20 head to 5,000 kPa.

In this type of pump (Figure 2), the fluisl fed to the center of a rotating impeller
and is thrown outward by centrifugal action. &sesult of the high speed of rotation the
liquid acquires a high kinetic ergy and the pressure diffee between the suction and
delivery sides arises from the interconvensof kinetic and pressure energy.

Figure (2) Section of centrifugal pump

The impeller (Figure 3) consists of a seri

of curved vanes so shaped that the flow wit
the pump is as smooth as possible. The gre
the number of vanes onehmpeller, the greate
is the control over the direction of motion of tl
liquid and hence the smaller are the losses duy’
turbulence and circulatiobetween the vanes. || ™
the open impeller, the vasare fixed to a centrg
hub, whereas in the cled type the vanes ar

(a) (b)

held between two supporting plates and leak Figure (3) Types of impeller

across the impeller is reduced. (a) for pumping suspensions (b) standarc

The liquid enters the casing of the pun  closed impeller (c) double impeller
normally in an axial direction, and is picked up

by the vanes of the impeller. In the simpype of centrifugal pump, the liquid
discharges into a volute, a chamber griidually increasing cross-section with a
tangential outlet. A voluteype of pump is shown in Figure 4. In the turbine pump
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(Figure 4(b)) the liquid flows from
the moving vanes of the impellg
through a series of fixed vane
forming a diffusion ring. This
gives a more gradual change
direction to the fluid and more
efficient conversion of Kkinetig
energy into pressure energy than
obtained with the volute type.

Figure (4) Radial flow pumps

N _ (a) with volute (b) with diffuser vanes
2- Positive Displacement Pumps

In this type, the volume of liquid delivet is directly related to the displacement
of the piston and therefore, increasesediy with speed and is not appreciably
influenced by the pressure. It used fiigh pressure and constant ratéss type can be
classified into: -

2.1-Reciprocating Pumps, such as
a- The Piston Pump
This pump may be single-acting, with the liquid admitted only to the portion of
the cylinder in front of the piston alouble-acting, in which case the feed is
admitted to both sides of the piston. The majority of pumps are of the single-
acting type typically giving a low flow rate of say 0.02/smat a high pressure of
up to 100 Mpa.
b- The Plunger (or Ram) Pump
This pump is the same in principle t® piston type but differs in that the
gland is at one end of the cylinder kivag its replacement easier than with the
standard piston type. The piston or rgemp may be used for injections of
small quantities of inhibitors to polymeritzan units or of corrosion inhibitors to
high-pressure systems, and alsoloiler feed water applications.
c- The Diaphragm Pump
The diaphragm pump has been devedbfig handling corrosive liquids and
those containing suspensions of abrasiM&solt is in two sections separated
by a diaphragm of rubber, leather, oagilcs material. In one section a plunger
or piston operates in a cylinder in whia non-corrosive fluid is displaced. The
particularly simple and inexpensive ppmesults, capable of operating up to 0.2
Mpa.
d- The Metering (or Dosing) Pump
Metering pumps are driven by constapeed electric motordhey are used
where a constant and accurately contrallerate of delivery of a liquids
required and they will maintain this constar#te irrespective of changes in the
pressure against which they operatee pamps are usually of the plunger type
for low throughput and high-pressure hggtions; for large volumes and lower
pressures a diaphragm is used. In eidaese, the rate of tieery is controlled by
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adjusting the stroke of the piston elememd this can be done whilst the pump
IS in operation. A single-motor drivenay operate severaldividual pumps and
in this way give control of the actufibws and of the flow ratio of several
streams at the same time. The outpaly be controlled from zero to maximum
flow rate, either manually on the pumpremotely. These pumps may be used
for the dosing of works effluents andater supplies, and the feeding of
reactants, catalysts, or inhibitors ®actors at controlledates, and although a
simple method for controlling flow rais provided, high precision standards of
construction are required.
2.2-Rotary Pumps, such as
a- The Gear Pump
Gear and lobe pumps operate on thegyie of using mechanical means to
transfer small elements fpackages" of fluid from the low pressure (inlet) side
to the high pressure (delivery) side. Tdés a wide range of designs available
for achieving this end. The general dweristics of the pumps are similar to
those of reciprocating piston pumps, lthee delivery is more@ven because the
fluid stream is broken down into souch smaller elements. The pumps are
capable of delivering to a high pressusmad the pumping rate is approximately
proportional to the speed of the pumpdais not greatly influenced by the
pressure against which it is deliveringgain, it is necessary to provide a
pressure relief system to ensure thatshfe operating pressure is not exceeded.
b- The Cam Pump
A rotating cam is mounted eccentrically in a cylindrical casing and a very
small clearance is maintained betweendbter edge of the cam and the casing.
As the cam rotates it expels liquid frahre space ahead of it and sucks in liquid
behind it. The delivery ansluction sides of the pump are separated by a sliding
valve, which rides on the cam. The chagastics again are similar to those of
the gear pump.
c- The Vane Pump
The rotor of the vane pump is mounteff centre in a cylindrical casing. It
carries rectangular vanes in a serodsslots arranged at intervals round the
curved surface of the rotor. The vames thrown outwards by centrifugal action
and the fluid is carried in the spadssunded by adjacent vanes, the rotor, and
the casing. Most of the wear is on thanes and these can readily be replaced.
d- The Flexible Vane Pump
The pumps described above will not harldjaids containing solid particles in
suspension, and the flexible vane purhps been developed to overcome this
disadvantage. In this case, the roféigure 8.10) is an integral elasomer
moulding of a hub with flexible vaneshich rotates in a cylindrical casing
containing a crescent-shaped block, afhecase of the internal gear pump.
e- The Flow Inducer or Peristaltic Pump
This is a special form of pump in veh a length of silicone rubber or other
elastic tubing, typically of 3 to 25 mmiameter, is compressed in stages by
means of a rotor as shown in Figure 8.The tubing is fitted to a curved track
mounted concentrically with a rotor caimg three rollers. As the rollers rotate,
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they flatten the tube against the trackhe points of contact. These "flats" move
the fluid by positive displacement, ancetflow can be precisely controlled by
the speed of the motdrhese pumps have been particularly useful for biological
fluids where all forms of contact muisé avoided. They are being increasingly
used and are suitable for pumping emulsions, creams, and similar fluids in
laboratories and small plants wheres theedom from glands, avoidance of
aeration, and corrosion resistance amguable, if not essential. Recent
developments” have produced thick-wadlinforced moulded tubes which give
a pumping performance of up to 0.03/srat 1 MN/m. The control is such that
these pumps may conveniently be used as metering pumps for dosage processe
f- The Mono pump

Another example of a positive acting ngtgpump is the single screw-extruder
pump typified by the Mono pump, in whica specially shaped helical metal
rotor revolves eccentrically within a doulielix, resilient rubber stator of twice
the pitch length of the metal rotor. Amtinuous forming cavity is created as the
rotor turns — the cavity progressing towatks discharge, adwaing in front of
a continuously forming seal line and theesrying the pumped material with it.
The Mono pump gives a uniform flow amsl quiet in operation. It will pump
against high pressures; the higher the megupressure, the longer are the stator
and the rotor and the greater the i@m of turns. The pump can handle
corrosive and gritty liquids and is exteraliy used for feeding slurries to filter
presses. It must never be run dryeTono Merlin Wide Throut pump is used
for highly viscous liquids.

g- The Screw pumps

A most important class of pump for dieg with highly viscous material is
represented by the screw extruder usetthénpolymer industry. The screw pump
is of more general applitan and will be considered first. The fluid is sheared
in the channel between the screw andwhé of the barrel. The mechanism that
generates the pressure can be visualinerms of a model consisting of an
open channel covered by aowing plane surface. If a detailed analysis of the
flow in a screw pump is to be carried ptlten it is also necessary to consider
the small but finite leakage flow that cancur between the flight and the wall.
With the large pressure generationarpolymer extruder, commonly 100 bar
(107 N/m2), the flow through this gap, igh is typically about 2 per cent of the
barrel internal diameter, can be significafhe pressure drop over a single pitch
length may be of the order of 10 bar (106 N/m2), and this will force fluid
through the gap. Once in this region the viscous fluid is subject to a high rate of
shear (the rotation speed of the screwften about 2 Hz)and an appreciable
part of the total viscous heat generation occurs in this region of an extruder.
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5.6 The advantages and disadvantages of the centrifugal pump

The main advantages are:

(1) It is simple in construction and catherefore, be made in a wide range of
materials.

(2) There is a completbsence of valves.

(3) It operates at high speed (up to 100 Hr),aherefore, can be coupled directly to
an electric motor. In general, the highiee speed the smallthe pump and motor
for a given duty.

(4) It gives a steady delivery.

(5) Maintenance costs are lower than for any other type of pump.

(6) No damage is done to the pump i tihelivery line becomes blocked, provided it
IS not ran in this condition for a prolonged period.

(7) It is much smaller than other pumpsegfual capacity. It can, therefore, be made
into a sealed unit with the driving motor, and immersed in the suction tank.

(8) Liquids containing high proportions of suspended solids are readily handled.

The main disadvantages are:

(1) The single-stage pump will not deepla high pressure. Multistage pumps will
develop greater heads but they are vanch more expensive and cannot readily
be made in corrosion-resistant materiatduse of their greater complexity. It is
generally better to use very high speedsrder to reduce the number of stages
required.

(2) It operates at a high efficiency overyallimited range of conditions: this applies
especially to turbine pumps.

(3) It is not usually self-priming.

(4) If a non-return valve is not incorporatedthe delivery or suction line, the liquid
will run back into the suction tank as soon as the pump stops.

(5) Very viscous liquids cannot be handled efficiently.

5.7 Priming The Pump

The theoretical head develapdy a centrifugal pump depends tre impeller
speed the radius of the impellerandthe velocity of the fluid leaving the impelldf
these factors are constant, the developed tsetisk same for fluids of all densities and
is the same for liquids and gases. A ceagr@d pump trying to operate on air, then can
neither draw liquid upward from an initialgmpty suction line nor force liquid a full
discharge line. Air can be displaced by priming the pump

For example, if a pump develops a head. @ ft and is full of water, the increase
in pressure is [100 ft (62.3Ibfft(ft* / 144 irf)] = 43 psi (2.9 atm). If full of air the
pressure increase is about 0.05 psi (0.0035 atm).
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5.8 Operating Characteristics

The operating characteristics of a pump are conveniently shown by plotting the
head (h), power (P), efficiency)) and
sometimes required NPSH against the
flow (or capacity) (Q) as shown in Figure i
(5). Theses are known as characteristic h i
curves of the pump. It is important to i
note that the efficiency reaches a |
maximum and then falls, whilst the head |
at first falls slowly with Q but eventually
falls off rapidly. The optimum conditions =
for operation are shown as the duty point,
l.e. the point wherehe head curve cuts
the ordinate through the point of
maximum efficiency.

Characteristic curves have a variety
of shapes depending dhe geometry of
the impeller and pump casing Pump Q
manufactures normally supply the curvesFigure (5) Radial flow pump characteristics
only for operation with water.

In a particular system, a centrifugal
pump can only operate at one point on the
Ah against Q curve and that is the point
where theAh against Q curve of the pump
intersect with theAh against Q curve ofAh
the system as shown in Figure. e :

The system total head at a particular ’
liquid flow rate

Ah=(z, -z )+(P"_PS
R X

Duty point

Operating
point

J+[(hp)d +(Ne) ]

where, :
Le| uf v
(he)a =41, Ld Jd 2g | Q
n 0 Figure (6) System and pump total head
(he)o =413 F_ 2; against capacity

For the same pipe ty@mnd_diametefor suction and discharge lines: -
APl Le) (L Le) 1u?

Ah=Az+—+4f||=+ D> — | +| =+ 22— | |—
ello) [ d Z d ), \d Z d SJZg

Q
(z 14d?)

AP 4fl(L wle) (L wLle Q Y
= Aan= AZ%%L(E* 2?1 *(? ZFHW)
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Chapter Five Fluid Flow Pumping of Liquids

Example -5.1-

A petroleum product is pumped at a rate of 2.52B-3 m/s from a reservoir under
atmospheric pressure to 1.83 m height. & pmmp 1.32 m height from the reservoir, the
discharge line diameter is 4 cm and fitessure drop along its length 3.45 kPa. The
gauge pressure reading at the end ofiieeharge line 345 kPa. The pressure drop along
suction line is 3.45 kPa and pump efficiemgy0.6 calculate:-

(i) The total head of the systeth. (i) The power required for pumfii) The NPSH

Take that: the density of this petroleum proder879 kg/mi, the dynamic viscosity

u=6.47x 10-4 Pa.s, and the vapor pressure Pv= 24.15 kPa. @
Solution: = » Py
(M 2
2 . _—: [N, AN —
Ah=(z, - zs)+(u)+[(m>d # ()] 5 T =
r9 9o 1.83m
Us=0 1.32m
ug= (2.525x 10-3 ni/s)/(w/4 0.04)
=2m/s Ps v
Rey = (879x 2x 0.04)/ 6.47 10* ]
=1.08% 10°
The pressure drop in suction line 3.45}

= (hp)s = 3.45x 10%/(879x 9.81)
=04 m

And in discharge line is also 3.45 kBa(hg)q = 0.4 m
The kinetic energy term /22 x 9.81) =0.2 m
The pressure at discharge point Tiga + atmospheric pressure = 345 + 101.325
=446.325Pa
The difference in pressure head bedw discharge and suction points is
(446.325-101.325)x 10°/(879x 9.81) =40 m
Az =183 m

=>Ah=40m+183mM+02m+04m+04m=42.83 m

(i)
P Qﬁp _ QAN PO 2.525x 10° m¥s)(42.83 m)(879 kg/fX9.81 m/d)]/0.6
= P = 1.555 kW

NPSH= z +[mJ (h.)
S p g F/s

= (- 1.32) + (1.0132% 10° - 24150)/ (87% 9.81) — 0.4 m
=7.23m
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Chapter Five Fluid Flow Pumping of Liquids

Example -5.2-

It is required to pump cooling water frostorage pond to a condenser in a process
plant situated 10 m above the level of goad. 200 m of 74.2 mm i.d. pipe is available
and the pump has the characteristics givdovheThe head loss in the condenser is
equivalent to 16 velocity heads based oa fllbw in the 74.2 mm pipe. If the friction
factor ® = 0.003, estimate the rate of flomcathe power to be supplied to the pump
assumingy = 0.5

Q (m*/s) 0.0028 0.0039 0.005 0.0056 0.0059
Ah(m) 232 213 189 152 11.0

Solution:

ABry A
Ah=Az +Z§+ yg% [(hF )d + (hF )s + (hF )condenser]
2

(h.) .. = 4f %;—g = 4(0.006)(200/0.0742){(2g) = 3.3 @

u®
(hF)condenser= 165 - 0815 a
u=Q/A=321.26 Q
= Ah =10 + (0.815 + 3.3)(321.26 & 10 + 2. 10°Q°
To draw the system curve

Q (m¥/s) 0.003 0.004 0.005 0.006
Ah(m) 11.98 1352 155 17.92

24

From Figure
Q = 0.0054 n¥s
Ah=16.4m

14 -

12

.

0.003 0.004 0.005 0.006 0.007

Q (m/s)

Power required for pump gAthg = (0.0054)(16.4)(1000)(9.81)/0.5
=17.375kW
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Example -5.3-

A centrifugal pump used to take waterrfraeservoir to another through 800 m length
and 0.15 m i.d. if the difference in two tank8sn, calculate the flow rate of the water
and the power required, assufire).004.

Q(h) 0 23 46 69 92 115
Ah(m) 17 16 135 105 6.6 2.0
n 0 0.495 0.61 0.63 0.53 0.1

Solution:

Ah= AZ+72P§+%%[(hF)d +(hp)s]

u=Q/A=56.59Q
(). =4f =Y = 4(0.004)(800/0.15)(56.59 Q(h/3600 ¥y

d 29
= 1.074% 10° Q% - (Q in n/h)

= Ah =8+ 1.074% 10°Q?
To draw the system curve
Q(m/h) 0O 20 40 60 80
Ah (m) 8.0 8.43 9.72 11.87 14.88

20 1
- 0.9
- 0.8
0.7
- 0.6
From Figure 05

Q =60 ni/h 04’

Ah=11.8m 03
n=0.64 0.2
- 0.1

‘ ‘ ‘ ‘ 0

0 20 40 60 80 100 120
Q (n/s)
Power required for pump gAthg = (60)(1 h/3600 s)(11.8)(1000)(9.81)/0.64
=3.014kwW
Example -5.4-

A pump take brine solution at a tank and transport it to another in a process plan
situated 12 m above the level in the fit@hk. 250 m of 100 mm i.d. pipe is available
sp.gr. of brine is 1.2 and = 1.2 cp. The absolute roughness of pipe is 0.04 mni and
0.0065. Calculate (i) the rate of flow ftbre pump (ii) the power required for pumpmif
= 0.65. (iii) if the vapor pressure of watever the brine solution at 86°F is 0.6 psia,
calculate the NPSH available, if suction line length is 30 m.

Q (m’/s) 0.0056 0.0076 0.01 0.012 0.013
Ah (m) 25 24 22 17 13
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Solution:

. ARy A
(i) Ah:AZ+Z§+yg%(hF)d+s

u=Q/A=127.33Q

u2

(h,),. = 4t %Z = 4(0.0065)(250/0.1)(127.33 ¢8g

=53.70% 10°Q°

= Ah =12 + 53.70% 10°Q?
To draw the system curve
Q (mh) 0.005 0.007 0.009 0.011 0.013
Ah (m) 13.34 14.63 16.35 185 21.08

26

24 -

From Figure

Q=0.0114 s 9 |
Ah=18.9m

i —~ 20 ~
(i) :

Power required for pump =Z ;4
<
%:(00.0114)(18.9)

(1200)(9.81)/0.65=3.9 kW

16

14 —— \.
(ﬂ)— 12 T T v T
P_P 0.005 0.0075 0.01 0.0125 0.015
NPSH= z, +[ﬁ)— (he)s Q (m/s)

u = Q/A = 0.01144/4 0.7 =1.45 m/s
For datum line passes through the centerline of the puwwpO(z
L, u?

(h.), = 4f FSZ = 4(0.0065)(30/0.1)(1.45/pg = 0.84 m

= NPSH = (101.32% 10° - 0.6psi 101.325% 10°Pa/14.7psi)/(120@ 9.81) — 0.84
=7.416 m

5.9 Centrifugal Pump Relations

The power (P) required inan ideal centrifugal pump can be expected to be a
function of the liquid densitypj, the impeller diameter (Dand the rotational speed of
the impeller (N). If the relationship &assumed to be given by the equation,

Pe=Cp*NP D¢ oo (1)
then it can be shown by dimensional analysis that
Pe=GpN3D® e (2)

where, ¢ is a constant which depends on the geometry of the system.
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Chapter Five Fluid Flow Pumping of Liquids

The power (P) is also proportional to the produditthe volumetric flow rate (Q)
and the total head\f) developed by the pump.
Pe=6Q Ah (3)
where, ¢ is a constant.
The volumetric flow rate (Q) and the total heatl) developed by the pump are: -
Q=gND® s (4)
AR =G N?D? e (5)
where, g and G are constants.
Equation (5) could be written in the following form,

AR = 32 NB D? e (6)
Combine equations (4) and (6) [ eq. (4) divided by eq. (6)] to give;
Q3 = C—gi = % = CONSt ------==m=mmmmmm oo (7)
Ahz 2 Ah?
or, @ =CONSt= N, ------m--mmmmmmmomm oo (8)
Ah#

When the rotational speed of the impeller N is (rpm), the volumetric flow rate Q
in (USgalpm) and the total headh developed by the pump is in (ft), the constaninN
equation (8) is known ate specific speed of the pump. The specific speed is used as
an index of pump types and alygevaluated at the best efficiency point (bep) of the
pump. Specific speed vary in the rangé@ — 10,000) depends on the impeller type, and
has the dimensions of (L9)"“. [ British gal=1.2USgal, #£7.48USgal, i=264USgal]

5.9.1 Homologous Centrifugal Pumps

Two different size pumps are said to dmometrically similar when the ratios of
corresponding dimensions in one pump @&gual to those of the other pump.
Geometrically similar pumps are saidde homologous. A sets of equations known as
the affinity laws govern the performance of homologous centrifugal pumps at various
impeller speeds.

For the tow homologous pumps, equations (4), and (5) are given

efe)

B3] e

Similarly fsor thse tow homologous pumps etjaa (2)can be written in the form;
I —

And by analozgy wizth equation (10),

L 2

Equations (9), (10), (11), and (12) dhe affinity law for homologous centrifugal
pumps.
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Chapter Five Fluid Flow Pumping of Liquids

For a particular pump wherthe impeller of diameter D is replaced by an
impeller with a slightly different diameter,@he following equations hold

Q [N | D

Q_ZZ(N_ZID_ZJ _________________________________ (13)
Ah, (N, Y(D, Y

A_hz:(N_ZJ (D_J """"""""""""""""" (14)
PEl Nl ] Dl ]

E:[N_Z) (D_Z) """""""""""""""""" (15)

The characteristic perfonce curves are available for a centrifugal pump
operating at a given rotation speed, edqueti (13), (14), and (15) enable the
characteristic performance curves to betptb for other operatingpeeds and for other
slightly impeller diameters.

Example -5.5-

A volute centrifugal pump with an impetleliameter of 0.02 m has the following
performance data when pumping water at tret btficiency point (bep). Impeller speed
N = 58.3 rev/s capacity Q = 0.012/g) total headsh = 70 m, required NPSH = 18 m,
and power = 12,000 W. Evalgathe performance data of an homologous pump with
twice the impeller diameter operating at half the impeller speed.

Solution:
Let subscripts 1 and 2 refer teethirst and second pump respectively,
N1/N2:2, D_/Dzz 1/2

Ratio of capacities

Q_(N]D). _
Q—Z_(NZIDZJ_z(l/s) =1/4

= Capacity of the second pump ©4 Q = 4(0.012) = 0.048 i¥s
Ratio of total heads

ﬂ—(ﬁT[&T =4 (14) =1

Ah, (N, J{D,

= Total head of the second pump, = Ah;= 70 m
Ratio of powers

i:(&]g[&]s: 8 (1/32) = ¥4

I:)E2 N2 D2
P. P. 1
assume2t ===
PBZ PEZ 4

= Break power of the second pumg B 4 R;= 4(12,000) = 48,000 W

NPSH (N, (D, Y _ _
NPSH, _(Nz)(Dz) =44)=1
= NPSH of the second pump NPSHNPSH= 18 m
H.W.

Calculate the specific speed for these two pumpAns. Ns1= Ns; = 816.4
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Note: -
The break powerd’can be defined as the actpalwer delivered to the pump by
prime mover. It is the sum of liquid pew and friction power and is given by the

equation Fe

q  Fe= T,

Example -5.6-

A centrifugal pump was manufactured touple directly to a 15 hp electric motor
running at 1450 rpm delivering 50 liter/min against a total head 20 m. It is desired tc
replace the motor by a diesel engine witb0D, rom speed and couple it directly to the
pump. Find the probable discharge and hiagloped by the pump. Also find the hp of
the engine that would be employed.

Solution:
With the same impeller D= D,,
then Q_/Qz = N1/N2

= Q,=50 (1000 / 1450) = 34.5 liter/min
andAh, = Ah; (No/N;)? = 20 (1000/1456)= 9.5 m
Peo = Pe1 (N/N,)° = 15 (1000/1450)= 4.9 hp

H.W.
1- Repeat example 5.6 withy @ 850 lit/min,Ah; = 40 m, N = 1450 rpm, and Power
=15 hp.
2- Calculate the pump efficiency)(for pumping of water, and the specific speed for
these two pumps.
Ans. 1 =0.497= 0.5, and N = Ns,; =650
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Chapter Five Fluid Flow Pumping of Liquids
5.10 Centrifugal Pumps in Series and in Parallel

5.10.1 Centrifugal Pumps in Parallel

Consider two centrifugal pumps iparallel. The total head for the pump
combination Ahy) is the same as the total head for each pump,

AhT = Ahl = Ahz :r< Aht »i
U=Q+Q i S 2 Q | |
The operating characteristics curves for | || Qry,
two pumps in parallel are: - Ah —=> Q2
Solution by trail and error A

1- Draw Ah versus Q for the two pumps
and the system.
Draw horizontalAhy line and determineAhT
Ql! QZ! and Q
3- Qr (Total) = Q + @ = Qs (system).
4- If Qr # Qs repeat steps 2, 3, and 4 until
Qr=Gs
Another procedure for solution
1- The same as above.
2- Draw several horizontal lines (4 to 6)
for Ahr and determine theirQ Q0 O 0 T 0
3- DrawAhy versus Q.
4- The duty point is the intersection Affir curve withAhs curve.

2

5.10.2 Centrifugal Pumps in Series

Consider two centrifugal pumps iseries. The total head for the pump
combination Ahy) is the sum of the total heads for the two pumps,
AhT = Ahl + Ahz
Qq=Q=Q
The operating characteristics curves for
two pumps in series are: -
Solution by trail and error Ahy
1- DrawAh versus Q for the two pumpg,.
and the system.
2- Draw vertical @ line and determine
Ahl, Ahz, andAhs.
3- Qr(Total) = Q + @ = Qs (system).
4- If Ahr # Ahs repeat steps 2, 3, and 4
until AhT = Ahg Ah,
Another procedure for solution Ah;
1- The same as above.
2- Draw several Vertical lines (4 to 6)
for Qr and determine thekhy.
3- DrawAhy versus Q.
4- The duty point is the intersection sifir curve withAhg curve.
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Home Work

P.5.1

Show that for homologous pumps, the specific speeil\them is not depended on
the impeller rotational speed (N) and its diameter (D).

P.5.2

Figure 1.5 diagrammatically represents Heads in a liquid flowing through a pipe.
Redraw this diagram with a pump placed between points 1 and 2.

‘l Arbitrarily chosen bose line
Figure 1.5
Diagrammatic represenialion of heads in a liquid flowing through a pipe

P.5.3

Calculate the available net positive sectlimad NPSH in a pumping system if the
liquid densityp = 1200 kg/m, the liquid dynamic viscosity = 0.4 Pa s, the mean
velocity u = 1 m/s , the static head on the suction side & m, the inside pipe
diameter ¢= 0.0526 m, the gravitational acceleration g = 9.8F,rafsd the equivalent
length on the suction sidgLe)s=5.0 m.

The liquid is at its normal boiling point. Neglect entrance and exit losses.

P.5.4

A centrifugal pump is used to pump a liqumdsteady turbulent flow through a smooth
pipe from one tank to anotheDevelop an expression for the system total h&adh
terms of the static heads orettischarge and suction sidgsand z respectively, the
gas pressures above the tanks endischarge and suction sidgsapd R respectively,
the liquid density, the liquid dynamic viscosity, the gravitational acceleration g, the
total equivalent lengths othe discharge and suction sidesLé); and {Le)s
respectively, and the volumetric flow rate Q.

P.5.5

A system total head againsean velocity curve for a particular power law liquid in a
particular pipe system can be represented by the equation

Ah = (0.03)( 100 (u") + 4.0 for 1.5 m/s
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where, Ah is the total head in no, is the mean velocity in m/s, and n is the power law
index.
A centrifugal pump operates in this particugystem with a totahead against mean
velocity curve represented by the equation
Ah=8.0-0.2u - 1.0u for u<1.5 m/s
(This is a simplification sincah is also affected by n).
(a) Determine the operating points for the pump for
(i) a Newtonian liquid
(ii) a shear thinning liquid with n = 0.9
(iif) a shear thinning liquid with n = 0.8.
(b) Comment on the effect of slight shear thinning on centrifugal pump operation.
P.5.6
A volute centrifugal pump has the followingrfigmance data at the best efficiency

point:

Volumetric flow rate Q =0.015m3/s
Totalhead Ah =65 m
Required net positive suction head NPSH =16 m
Liquid power R = 14000 W
Impeller speed N =58.4 rev/s
Impeller diameter D=0.22m

Evaluate the performance of a homologous puvhich operates at an impeller speed
of 29.2 rev/s but which develops the same total adadnd requires the same NPSH.
P.5.7

Two centrifugal pumps are connected in &gfin a given pumping system. Plot total
head Ah against capacity Q pump and systeurtves and determine the operating
points for

(a) only pump 1 running (b) only pump 2 running (c) both pumps running
on the basis of the following data:

operating data for pump 1

Ah; m, 50.0 49.5 48.5 48.0 46.84.0 42.0 39.5 36.0 32,5 285
Qm/h, O 25 50 75 100 125 150 175 200 225 250
operating data for pump 2

Ah,m, 40.0 39.5 39.0 38.0 37.86.0 34.0 32.0 30.5 28.0 25.5
Qnt/h, O 25 50 75 100 125 150 175 200 225 250

data for system

Ahym, 35.0 37.0 40.0 43,5 46.50.5 54.5 59.5 66.0 72.5 80.0
Qnrv/h, O 25 50 75 100 125 150 175 200 225 250
P.5.8

Two centrifugal pumps are connected in falan a given pumping system. Plot total
head Ah against capacity Q pump and eysturves for both pumps running on the
basis of the following data:

operating data for pump 1 operating data for pump 2
Ah m, 40.0 35.0 30.0 25.0 Ah m, 0.0 350 30.0 25.0
Qm*h, 169 209 239 265 @ h 0 136 203 267

data for system
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Ah m, 20.0 25.0 30.0 35.0
Qm*h, O 244 372 470
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CHPTER SIX

Non-Newtonian Fluids

6.1 Introduction

For Newtonian fluids a plot of shear stregs &gainst shear ratey(= du/dy) on
Cartesian coordinate is a straight lineihg a slope equal tthe dynamic viscosityu).
For many fluids a plot of shear stress agasiear rate does notvgi a straight line.
These are so-called “ Non-Newtonian FluidBlots of shear stress against shear rate are
experimentally determined using viscometer.

The term viscosity has no meaning fon@-Newtonian fluid unless it is related
to a particular shear rate An apparent viscosity (ug) can be defined as follows: -

T

l'l'a ,Y
6.2 Types of Non-Newtonian Fluids

There are two types of non-Newtonian fluids: -

1- Time-independent.
2- Time-dependent.

6.2.1Time-Independent Non-Newtonian Fluids

In this typethe apparent viscosity depends only on the tea of shear at any
particular moment and not on the time for which the shear rate is applied.

For non-Newtonian fluids the relationsHyetween shear stress and shear rate is
more complex and this type can be written as: -
T L For power-law fluids
or as T Y ) | For Bingham plastics fluids

The shape of the flow curve for tinmedependent fluids in compare with
Newtonian fluid is shown in thee Figure, where

A
T o
A: Newtonian fluids
B: Pseudoplastic fluids [power-law n<1]
Ex. Polymer solution, detergent. B A
C: Dilatant fluids [power-law n>1]
Ex. Wet beach sand, starch in water, C

D: Bingham plastic fluids, it requirea’-o
(te) for initial flow
Ex. Chocolate mixture, soap, sewage
sludge, toothpaste.
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6.2.2ZTime-Dependent Non-Newtonian Fluids

For this type the curves of
share stress versus shear rq;té
depend on how long the shear hag
been active. This type is classified
into: - Thixotro pic
1- Thixotropic Fluids

Which exhibit a reversible
decrease in shear stress and
apparent viscosity with time at a
constant shear rate. Ex. Paints.
2- Rheopectic Fluids

Which exhibit a reversible
increase in shear stress and
apparent viscosity with time at a >
constant shear rate. Ex. Gypsum Y
suspensions, bentonite clay.

6.3Flow Characteristic [8u/d]

The velocity distribution for Newtonianuiid of laminar flow through a circular
pipe, as given in chapter four, is given by the following equation;

R —

where, u: is the mean (average) linear velocity

Rhemectic

u=QJ/A |« L N
LY AN
7= dr R/ R? A

) _ o du, Tw
- At pipe walls (r = R)y=vy, = ar Decreasirg diameter——_»

r=R
Sq =y = YFow dl/ /
’Yw - R . Yw - d d
characteristic
For laminar flow
. 8u .
Ty = WYy =B at wall Laminar Flow
The force balance on ariement of fluid >
of L length is; —v (or 8u/d)
T, mdl = %dZAP w
AP 8u . ) . )

== g Mg T (1) this equation for Newtonian fluids

A plot of 1, or AP/(4L/d) against ¥,or (8u/d) is shown in Figure for a typical time

independent non-Newtonian fluid flows in a pipe laminar flow the plot gives a single
line independent of pipe size. In turbul@low a separate line for each pipe size.
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Fluid Flow

Non-Newtonian Fluids

6.4 Flow of Genral Time-Independent Non-Newtonian Fluids

The slope of a log-log plot of shear stremsthe pipe walls against flow
characteristic [8u/dat any point along the pipe the flow behavior index (h
dint,

dint,

_ dIn[AP/(4L /d)]

“din(-y,,)

din(8u/d) _

This equation lead to,

AP
T, =7 7=Kp

4L /d
where, Kp and ri arepoint values for a particular value of thflow characteristic (8u/d).

or as’

T

_ AP
WAL /d

(5]

8u

gu)
fafs

din(8u/d)

By the analogy of equation (4) with eda (1), the following equation can be
written for non- Newtonian fluids;

T

v~ aL/d

AP

= (Ma)p (—)

where, (15)piS apparent wscosity for pipe flow.

8u
“ () = KPS

) n-1

This equation gives point value for the apparent viscosity of non-Newtonian
fluid flow through a pipe.
Reynolds number for the of non-Newtonian fluids can be written as;

pud

Re pud _
(ua)P
2—n’dn'

m
where, m = Kp(8"™)

8u_
K IO'(F) "

Equations (7) or (8) gives @oint value for Re at a particular flow characteristic

(8u/d).

A point value of the basic friction factob (or J) or fanning friction factorf() for
laminar flowcan be obtained from;

®=3}=8/Re

or

f=16/Re

The pressure drop due to skin friction daa calculated in the same way as for
Newtonian fluids,
4 (L/d) (pu?/2)

Equation (10) is used for laminar atgrbulent flow, and the fanning friction
factor { ) for turbulent flow of general timéndependent non-Newtonian fluids in
smooth cylindrical pipes can be calculated from;

_A Pfs

- Y = U< oo —— (11)
where, a, and b are function of the flow behavior indéx (n
n| 0.2 0.3 0.4 0.6/ 0.8 1.0 1.4 2.0
a| 0.0646 0.0685 0.0714 74| 0.0761 0.0779 0.0804 0.08p6
b| 0.349| 0.325 0.307 0.2810.263| 0.25| 0.231 0.213
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There is another equation to calculdté for turbulent flow of time-independent
non-Newtonian fluids in smooth cylindrical pipes;

1 4 @ 04
f12 = (n,)o.75 log[Re f = 2']- (n,)l.z

Example -6.1-

A general time-independent non-Newtan liquid of density 961 kg/hflows steadily
with an average velocity of 1.523 m/srabgh a tube 3.048 m long with an inside
diameter of 0.0762 m. For these conditiong, fiipe flow consistency coefficient Kp'
has a value of 1.48 P&%qor 1.48 (kg / m3 -9 and n' a value of 0.3. Calculate the
values of the apparentsadosity for pipe flow |{3)p, the Reynolds number Re and the
pressure drop across the tube, neglecting end effects.

Solution:

Apparent viscosityu, ), = Kp'(%)“'l

=1.48(kg/m)s™"[8 (1.523)/0.0762] s’
=0.04242 kg/m.s (or Pa .s)

pud pud = 961 (1.523)(0.762) / 0.04242

Re= =
8u_
(ua)P Kp/(F)n—l

=2629

f=a/R& fromtablen' = 0.3,a=0.0685, b =0.325

f=0.0685/262%**  =0.005202
—APs = 4f (L/d) (pu?/2) = 4(0.005202) (3.048 / 0.0762)[961(1.523)
=927.65Pa.

6.5 Flow of Power-Law Fluids in Pipes

Power-law fluids are those which the shear stresg {s related to the shear rate
(7) by this equation;

=k@)" e (13)

For shear stress at a pipe wall)(and the shear rate at the pipe wall,)

eqguation (13) becomes;

L — (14)

Equation (3) gives theelationship betweenA@) and (8u/d) for general time-
independent non-Newtonian fluids.

But for power-law fluids the parameters 'kgnd i in equation (3) are no longer
point values but remain constaover a range of (8u/d), so that for power-law fluids
equation (3) can be written as;

P K;{%) ---------------------- (15)

4L/d

where,
Kp: is the consistency coefficient for pipe flow.
n: is the power-law inex.
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Cﬁﬂpfer Six Fluid Flow Non-Newtonian Fluids
The shear rate at pipe wall for gendnale-independent non-Newtonian fluids is;

) _% '+
and forpower-law fluids

) _% o+

7, =22 an

Combine equations (14), (15), and (1t6) give the relationship between the
general consistency coefficient (K) and tlomsistency coefficient for pipe flow (Kp).

8u(3n+1Y
] 18)
The apparent viscosity for power-law fluids in pipe flow
8 n-1
()= KP(FUJ ---------------------- (19)
The Reynolds number for non-Newtonian fluids flow in pipe
pud
Re=—"—— e 20
© (ua)P ( )
For power —law fluids flow in pipes the Re can be written either as;
Re=—2d__ (21)
Kp(3)™
d
or as;
_pu*@
Re= - (22)
where, m=Kp 8) e (23)
Example -6.2-

A Power-law liquid of density 961 kgfflows in steady state with an average velocity
of 1.523 m/s through a tube 2.67 m length vathinside diameter of 0.0762 m. For a
pipe consistency coefficient of 4.46 Pdar 4.46 (kg / m.3 s, calculate the values of
the apparent viscosity for pipe flowp in Pa.s, the Reynolds number Re, and the
pressure drop across the tube for power-lemices n = 0.3, 0.7, 1.0, and 1.5
respectively.

Solution:

Apparent viscosityu,), = Kp(il—u)“‘1
=4.46(kg/m)s"?[8 (1.523)/0.0762]'s™*
= (a)p =4.46 (159.9)" oo (1)

3 pud 3 pud _
Re= = 4a6(1590)" © 961 (1.523)(0.762) / 4.46 (159'9)
= Re =25.006/(159.9} -------mmmmmmeemm e (2)

—AP = 4f (L/d) (pu?/2) = 4(16/Re) (2.67 / 0.0762)[961(1.523] for laminar
=  —APyg = 99950.56 (159.9) --------mmmmmmeeeeeeee (3)
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(ua)P Re —APss
n Eq.(l) Eq.(2) Eq.(3) (_APfS)NEW/ (_Apfs)non-New
0.3 0.1278 8724 2,865 0.0287
0.7 0.9732 114.6 21,809 0.218
1.0 4.46 25.006 999,50.56 1.0
1.5 56.4 1.97761,263,890.541 12.7

6.6 Friction Losses Due to Form Friction in Laminar Flow

Since non-Newtonian power-law fluids flovg in conduits are often in laminar
flow because of their usually high effectiwiscosity, loss in sudden changes of diameter
(velocity) and in fittings are important in laminar flow.

1- Kinetic Energy in Laminar Flow

Average kinetic energy per unit mass%#2u [m?s” or J/kg]
a=10 e in turbulent flow
(2n+1)(5n+3) _ _
o= s mmmmmmmmeee- in laminar flow
A3n+1)
- For Newtoniarfluids (n = 1.0) = a=1/2inlaminar flow

- For power-law non-Newtonian fluids (n < lo®n > 1.0)

2- Losses in Contraction and Fittings

The frictional pressure losses for non-Newtonian fluidsvarg similarto those for
Newtonian fluids at the sangeneralized Reynolds numhbarlaminar and turbulent
flow for contractions and also fofittings andvalves

3- Losses in Sudden Expansion

For a non-Newtonian power-law fluidoflv in laminar flow through a sudden
expansion from a smaller inside diametetada larger inside diameteg df circular
cross-sectional area, then the energy losses is

[ n+3 (le (d1]4 3(3n+1)1|3n+1 )

I:‘*:|‘2(5n+3) d, +2(5n+3)J2n+1ul

_d2
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6.7 Turbulent Flow and Generalized Friction Factor

The generalized Reynolds number has been defined as
dn'u2—n’p
Re=
m
where, m = Kp8"' = K 8" (3n+1/4n)
The fanning friction factor is plotted rss the generalized Reynolds number.
Since many non-Newtonian power-law fluids hdnigh effective viscositiesthey are

often in laminar flow. The correction for smooth tube also holds for a rough pipe in
laminar flow.

ot
:l [ 1
\\:_J_-,—'rz 16/Re
AN ‘
- |' ==
5 |
2 0.0 —t——H- /7
= g 0 Y I 7
S
T -
‘@ | -
= | l I
c - .. - I
= N ] L T 1 ==
& | ——Experimental regions l‘* U:“"‘ R Y o
~ =~~~ Exptrapolated regions —1—;‘ =t o] :ﬂ‘-“:??'-_
‘ II ] i|"‘.,q_ t“--_Lﬂ.EI
1 \-.. U.ﬂ T =
G‘m1 | | | ! s | ii

1000 10000 ' 100000
Generalized Heynolds number, Re'

Figure of friction factor chart for purely viscous non-Newtonian fluids

For rough pipes with various values ofighness ratio (e/d), this figure can not be
used for turbulent flow, since it is derived for smooth pipes.
Example -6.3-
A pseudoplastic fluid that follows theower-law, having a density of 961 kg/iis
flowing in steady state through a smooth circular tube having an inside diameter o
0.0508 m at an average velocity of 6.1 m/s. the flow properties of the fluid are.3,

Kp = 2.744 Pa’s Calculate the frictional pressudrop across the tubing of 30.5 m
long.

Solution:

Re=

TP = (1.523)% (6.1)"" (961) / 2.744 (8}

= 1.32&10° - the flow is turbulent
From Figure for Re = 1.32810°, " = 0.3 = f = 0.0032
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—AP = 4f (L/d) (pu?/2) = 4(0.0032) (30.5/0.0508)[961(6/P)

= AP =134.4 kPa
Example -6.4-
The laminar flow velocity profile in a pip®r a power-law liquid in steady state flow
Is given by the equation

n+1

i
3n+1 2r \n . . . .
u,=u nn:1 [1-(%) Jl where n is the power-law index and u, is the mean velocity.

Use this equation to drive the following expression

d 1 , , .

Vo =~ U _[Bu] 3Nt for the velocity gradient at the pipe walls.
dr|_da (dX 4n

2

Solution:

~ 3n+1|r ( )
ux_un+1L

dux_ 3n+1| n+1g
dar n+1 n d
1
2u(3n+1 n
n+1
- d“ 2uf3n+d X (4/4)
e Ty 4 d n
2
] du, B 8_u 3n+1
== g a (d )X 4n
2

8-Ch.6 Dr. Salah S. Ibrahim



Cﬁﬂpfer Six Fluid Flow Non-Newtonian Fluids

Home Work
P.6.1
The shear stress in power-law liquidssteady state laminar flow is given by the

equation

du, Y . e . .
T, = K(— ;rx) , show that the velocity distribution is given by the following equation

n+l
|[1 L whereu, —L ~ AP RnT+1
[ R J +1| 2KL

- AP
2L

Hint: <, (2rrL)=-AP (nr?) =, =

P.6.2
Calculate the frictional pressure gradiemiRP</L for a time independent non-
Newtonian fluid in steady state flow in a cylindrical tube if

r

the liquid density the p = 1000 kg/m3

inside diameter of the tube d=0.08 m

the mean velocity u=l0m/s

the point pipe consistency coefficient K'=2 Pa. s

and the flow behavior index n'=0.5.
P.6.3

Substitute the equation

d

du, Y 8u 32 j’

T, =K|- into equation--=—
dr d®y

and integrate to show the shear rate ptp@ wall for power law fluid in steady state

flow is
« _(8u}3n+1
a \d A 4n
2

- AP
2L

o du
—Yw=— dr

fs

Hint: 1, (2rrLl)=-AP, (nr?) =1, = r
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Cﬁapfer Seven Fluid Flow Flow Measurement
CHPTER SEVEN

Flow Measurement

7.1 Introduction

It is important to be able to measwed control the amount of material entering
and leaving a chemical and other procesgilagts. Since many of the materials are in
the form of fluids, they are flowing in piper conduits. Many different types of devices
are used to measure the fl@ivfluids. The flow of fluids is most commonly measured
using head flow meters. The operation of these flow meters is based on the Bernoulli's
equation.

A construction in the flow path is useditwrease in the lines flow velocity his
IS accompanied by decrease in pressure intensity or heamll sincethe resultant
pressure drop is a function of the flow rate of flulte latter can be evaluated.

7.2 Flow Measurement Apparatus

Head flow meters includerifice, venture meter, flow nozzles, Pitot tubes, and
wiers. They consist oprimary elementwhich causes the pressure or head loss and a
secondary elemenivhich measures it.

7.2.1Pitot Tube

The Pitot tube is used to measuhe local velocity at a given point in the flow
stream and not the average velocity ie ffipe or conduit. In the Figures below a
sketch of this simple d&ce is shown. One tubéhe impact tube, has its opening
normal to the direction of flovand the static tube has its opening parallel to the
direction of flow

= A IE
U=t e VEamlicy
T L

: : L Static—e i - - -
Simple Pitot tube with Simple Pitot tube with
T o ) .
manometer ube J— mPact  manometer provided with
: static pressure hol

Simple Pitot tube
Point 2 calledstagnation point at which the impact pressure is be apd 0.
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Cﬁapfer Seven Fluid Flow Flow Measurement
By applying Bernoulli’'s equation between points 1 and 2

P, U P, U

+ +
pg 2oclg 2 00 20c29 %

L= ( AP) —\/—— ZR(p’“ P9/ \where AP = Rom-p)g

The fluid flows into the openlng at poi@t pressure builds up, and then remains
stationary at this point, calledtagnation Point”. The difference in thestagnation
pressure(impact pressupeat this point (2) and the static pressure measured by the
static tube represents the pressure sse@ated with the direction of the fluid.

Impact pressure head = Static pressure head + kinetic energy head
Since Bernoulli’'s equation is used for idealidls, therefore for real fluids the last
equations of local velocity become:

u, =Cp /2(—pAP) chmch /2R(Pr:)—P)g

where, Cp: dimensionless coefficienttédxe into account deviations from Bernoulli's
equation and general variestween about 0.98 to 1.0.
Since the Pitot tube measures velocitpr point only in the flow, several methods
can be used to obtain theemsge velocity in the pipe;
The first method, the velocity is measured at tbgact center of the tube to obtain
Umax then by using the Figure, theemage velocity can be obtained.
The second methodreadings are taken at sevetabwn positions in the pipe cross
section and then a graphical or numericdegration is performed to obtain the
average velocity, from the following equation;
_”udi
u=-=2 A (see Problem 5.16 Vol.l)

Example -7.1-

Find the local velocity of the flow of aail of sp.gr. =0.8 through a pipe, when the
difference of mercury levein differential U-tube manometer connected to the two
tapping of the Pitot tube is 10 cm Hg. Take Cp = 0.98.

Solution:

2R(p,, — 2(0.1)(13600-1000)9.81
ux=Cp,/% :0.98\/ 0.1 800 ) =549m/s

Example -7.2-

A Pitot tube is placed at a center of a@ |.D. pipe line has one orifice pointing
upstream and other perpendicuta it. The mean velocity in the pipe is 0.84 of the
center velocity (i.e. u=0.94). Find the discharge through the pipe if: -

I- The fluid flow through the pipe is wer and the pressure difference between

orifice is 6 cm HO.

ii-  The fluid flow through the pipe is odf sp.gr. = 0.78 and the reading manometer

is 6 cm HO. Take Cp = 0.98.
Solution:
i- u, =Cp,/2gAh = 0.98,/2(9.81)(0.06) = 1.063m/ s
u=0.84 (1.063) = 0.893 m/s, Q = A.ut(0.3¥ (0.893) = 0.063 rifs
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y 2R(p,, — 2(0.06)(13600- 780)9.81
i- uX=CIOW/M=O.98\/( ) —80 P81, s6mmis

u = 0.84 (0.565) = 0.475 m/s, Q = A.ut(0.3¥ (0.475) = 0.0335 fifs

Example -7.3-
A Pitot tube is inserted in the pipe of 30 ¢M. The static pressure head is 10 cm Hg
vacuum, and the stagnation pressatecenter of the pipe is 0.981 Nftrgauge.
Calculate the discharge of water through the pipe F2410.85. Take Cp = 0.98.
Solution:

P, =-10 cm Hg (13600) 9.81 (m / 100 cm) = -13.3416 kPa

P, = 0.981 N/cmh(m / 100 cmj = 9.81 kPa

AP =R - P, =9.81- (-13.3416) = 23.1516 kPa

___[2-aP) 8\/2(23.1516>< 10°
u, =Cp B 0.9 1000 =6.67 m/s

u=0.85(6.67) =5.67 m/s, Q = A.u4(0.3Y (5.67) = 0.4 nis
Example -7.4-
A Pitot tube is used to easure the air flow rate in a circular duct 60 cm 1.D. The
flowing air temperature is 65.5°C. The Pitwbe is placed at the center of the duct and
the reading R on the manometer is 10.7 mmwater. A static pgssure measurement
obtained at the Pitot tube position is 205 miwater above atmgpseric. Take Cp =
0.98,u = 2.03x 10° Pa.s
a- Calculate the velocity ata@lcenter and the average velocity.
b- Calculate the volumetric flow rate of the flowing air in the duct.
Solution:
a-

P, = the static pressure

Pi(gauge) = 0.205 (1000) 9.81 = 2011 kPa

Pi(abs) = 2011 + 1.0132610° Pa = 1.0333& 10’ Pa

pair= Mwt. P/(R.T) = 29 (1.03338 10°)/[(8314 Pa.nYkmol.K) (65.5 + 273.15)]
= 1.064 kg/rh

[2R(p,, - 2(0.0107(1000- 1.064)9.81
u, =Cp w:o_gg\/ ( 7)(1064 P81 _ 1 40am/s= Unax

R€ax = pUmad/it = 1.064(14.04)0.6/2.08 10° = 4.41% 10°
From Figure U/Max = 0.85= u = 0.85 (14.04) = 11.934

b-

Q = A.u =n/4(0.6) (11.934) = 3.374 fifs
H.W.

Problem 5.17 Vol.l
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7.2.2Measurement by Flow Through a Constriction
In measuring devices where the fluidaiscelerated by causing it to flow through a
constriction, the kinetic energy is thereimgreased and the pressure energy therefore
decreases. The flow rate is obtained by meag the pressure difference between the
inlet of the meter and a point of reduced pressure.
Venturi meters, orifice meters, andflow nozzes measure the volumetric flow rate
Q or average (mean linear) velocity u. In cast the Pitot tube easures a point (local)
velocity u..
7.2.2.1Venturi Meter
Venturi meters consist of three sections as shown in Figure;

)
Convergent

¢

) 4

Divergent

D

I

1

N

Q

L
épo| Throat

- From continuity equation A=Al = U = (AJAY) W
- From Bernoulli’s equation between points 1 and 2
P1 u_1 Pz uz

+ —+
P9 29 Py 29

P-P, ui-uf uzf
L 2 _ 2 1:_2l1_

P9 29 29

. L \/(2(—AP)I 1] 2(—AP) A,
2 P l—(A/A)zJ_ JAZ - A
or “2:\/(2% {1 (A, ] A J V2 \/ﬂ

‘ ! :\/(ZR(pm—p)gI 1| [Ren-p9__A

p 1_(A2/A1)2J_ p VA - A

o

All these equation of velocitgt throat u,, which derived from Bernoulli’'s equation
are for ideal fluids. Using a coefficient of discharget@take account of the frictional
losses in the meter and of the paeders of kinetic energy correctiananda,. Thus the
volumetric flow rate will be obtained by: -
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2(-AP) A2 ] 2(-AP) A/A,
Q=U,A, =Cy 0 =Cy D

1_(A2/A1)2J w/Alz—Azz

Az AA,
or Q=C_C, \/(ZgAh{mJ = delnghﬁ
o-c, \/(ZR(pm - p)gI A | o [Ren-pg AA,

p 1—(A2/A1)2J_ ’ P JAZ = A?

m=Q p, G=pu=—

A
For many meters and for Re >*H1 point 1
Cy=0.98 forgd< 20 cm
Cqy=0.99 forgd> 20 cm

Example -7.5-
A horizontal Venturi meter with,0= 20 cm, and gd= 10 cm, is used to measure the
flow rate of oil of sp.gr. = 0.8, thestiharge through venture meter is 60 lit/s. find the
reading of (oil-Hg) differential Take & 0.98.
Solution:

Q=wA,=60lit/s (m°’/lOOOIit) =0.06 n¥'s

0.06 =C, /2R(pm 0)g 8\/2R(136OO—800)981 (r 14§ (0.17 (02)°
\/Ai A2 800 J@ 1472[(02)" - (02)*]

= R =0.1815m Hg = 18.15 cm Hg
Example -7.6-
A horizontal Venturi meter is used to measthre flow rate of water through the piping
system of 20 cm I.D, where the diamebdf throat in the meter is, & 10 cm. The
pressure at inlet is 17.658 N/€gauge and the vacuum pressof&5 cm Hg at throat.
Find the discharge of water. Take €£0.98.
Solution:

P, = 17.658 N/crhi (100 cm / mj = 176580 Pa

P, =-35 mm Hg (m /100 cm) 9.81 (13600) = —46695.6 Pa

P, — P, = 176580—(—46695.6) = 223275.6 Pa

2AP  AA, 2(2232756) (0.2)%[(m /4)(0.1)?]
= A-> = C =09
Q=tA, p Jaz_p? 1000 (02 - (01)]
= Q=0.168 n¥s

Example -7.7-
A Venturi meter is to be fitted to a 25 cm diameter pipe, in which the maximum flow is
7200 lit/min and the pressure head is 6 mvafer. What is the maximum diameter of
throat, so that there is non-negative head on it?
Solution:

h; =6 m HO

Since the pressure head at the throaiisto be negative, or maximum it can be

zero (i.e. h = zero). Therefore;
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Ah=h-h=6-0=6mkD
Q=wA,=7200 Iit/min (rﬁ/lOOOIit) (min /60 s) = 0.12 s

(0.25)%[(r /4)(d,)?]
= 0.12 =C,./20A = 1.0,/2(9.81)6 2
J*

J©25° - (d,)*]
d; d;

— 0.0507= ——2——
{025 —(d,)* (0.25)"-d;

= d; +0.507d; —1.983x10* =0 =d; =188723%10"

= d=0.1172m=11.72 cm

Note: -

In case of usingertical orinclined Venturi meter instead of horizontal one, the same
equations for estimation the actual velocity are used.

Example -7.8-

A (80cmx 15cm) Venturi meter is provided in artieal pipe-line carrying oil of sp.gr.

= 0.9. The flow being upwards and the differe in elevations of throat section and

entrance section of the venture meter3® cm. The differential U-tube mercury

manometer shows a gauge deflection of 25 cm. Tgke@98 and calculate: -

I- The discharge of oll

li- The pressure difference betwethe entrance and throat sections.

Solution:

: 2R(pm p)g 8\/2(025)(12700)981 032 [n /4(0.15] |
- A, =Cy.|
"o \/A2 A2 900 03*-0.15" J

=0.1488 ni's
ii- Applying Bernoulli’'s equation at points 1 and 2
Pou L AP

0.225 =

pg

u, = 0.1488/f/4 0.3) = 2.1 m/s, w= 0.1488//4 0.15) = 8.42 m/<

= P— P, =900 (9.81) [0.3 + (8.42- 2.1)/2(9.81)]
= 32.5675 kPa

but PB— P, = 0.25 (13600-900)(9.81) = 31.1467 kPa
% error = 4.36 %
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Home Work
P.7.1
A Venturi meter with a 15 cm 1.D. at inleh@ 10 cm 1.D. at throat is laid with its
axis horizontal and is used for measuring tbe/fof oil of sp.gr. = 0.9. The oil-mercurry
differential manometer shows a gauge difference of 20 cmy ¥ 0.98, calculate the
discharge of oil.

Ans.Q = 0.06393m%s
P.7.2
A horizontal Venturi meter (160mm 80mm) used to measure the flow of oil of
sp.gr. = 0.8. Determine the deflection of miercury gauge, if discharge of oil is 50 lit/s.
Ans. R=29.6 cm Hg
P.7.3
A Venturi meter has an area ratio (9:the larger diameter being 30 cm. During
the flow the recorded pressuread in larger section is 6 and that at throst 4.25 m. If
Cq = 0.99, compute the discharge through the meter.
Ans.Q =0.052m%/s
P.7.4
A Venturi meter is fitted to 15 cm dianegtpipeline conveying water inclined at
60° to the horizontal. The throdiameter is 5 cm and it is placed higher than the inlet
side. The difference of pressure between theatrand the inlet which are 0.9 m apart is
equivalent to 7.5 cm of mercury. Calculate the dischargg i @98.
Ans.Q = 0.00832m°/s
P.7.5
Find the throat diameter of a Venturi metéhen fitted to a horizontal pipe 10 cm
diameter having a discharge of 20lit/s.eTHifferential U-tube mercury manometer,
shows a deflection giving a reading of 60 crg,=00.98. In case, this Venturi meter is
introduced in a vertical pipe, with the wateowing upwards, find the difference in the
reading of mercury gauge. The dimensiongipe and Venturi nter remain unaltered,
as well as the discharge through the pipe.
Ans.d, = 0.04636 m, and the same reading in case Il i.e. 60 cm Hg
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7.2.2.2 Orifice Meter
The primary element of an orifice metergsnply a flat plate containing a drilled

located in a pipe perpendicular to the dii@t of fluid flow as shown in Figure;
Sharp edged orifice

E— e
m

l Vena Contracta

smallest cross-sectional flow area Ahis point is known astlie vena contracta”. It is
occurs at about one-half to two pipe de&tsrs downstream from the orifice plate.
Because of relatively the large frictidosses from the eddies generated by the

expanding jet below vena contracta, thespuge recovery in orifice meter is poor.

- From continuity equation A=Al = U = (AJAY) W
- From Bernoulli’'s equation between points 1 and 2

P, U P, U
— =+
P9 29/ pg 29
PP _ui-ul_ui (i]ﬂ_u_gr
pPg 29 _29[ A J_ i
But .= AJA,=> A,=CA,
C.: coefficient of contraction [0.6 — 1.0] common value is 0.67
A,: cross-sectional area at vena contracta
A, cross-sectional area of orifice
Pl — PZ _u_22rl CcAo 2]_u_22r A12 _(CcAo)Z—l
P 2{ A, J_ 2 A
Using a coefficient of discharge; @ take into account éhfrictional losses in the
meter and of parameters,@,, anda,. Thus the velocity aorifice or the discharge

through the meter is;

o_c \/[2(—AP)I A2 1_C 2CAP)  AA,
0 e 1—(A0/A1)2J_ Vop Ao A

At point 2 in the pipe the fluid aitss its maximum mean linear velocity and its

T4

=

=
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Az ] A A
or Q=C, \/(ZQAh[mJ =Cy+/20AN ﬁ
o o-c, \/(ZR(pm - p)gl AL 2R, -p)I AA,

1—(A0/A1)2J_C“ p JAZ- A2

Y
m
m=Q p, G=pu= K
ud
Reo — p oYd
T
For Reg>10 C;=0.61
And for Rg > 10 Cq4 From Figure below
1{}[] S _E_.I._,[ ...|_ .!_.[T.]_...__T_____ e ..i..__._.T__?F = r
- Sharp-edged orifice - i
diameler ratio ﬁ{)’“
0.90 | %n- : 4
Orifice diam. | g, P~ {
A o 12 e __.\..,._, - .M....LI
Inside pipe diam. l
)4 010 | — !
0.80 7 0.65 11 !
% r"f',f 0.60 ! :H‘“‘x i
# %% 0.50 ] P~ NN
g 0.70 - Q. 4() ~— ‘
! TSI
[+ i Y =i L - -
g 0.60 - £ DHJD‘?; [ =
B ; 0.20
£ .
8 | |
© 650 : -
| :
0.40 V/y : | ‘. !.
ettt T ii
(.30 i_ . ! ]: i1 AR
10 20 40 60 10° 10° 10° 10

Reynolds number through orifice
Figure of the discharge coefficient for orifice meter.
The holes in orifice plates may bencentric, eccentric or segmental as shown in
Figure. Orifice plates are prone to damage by erosion.

U

Concentric Eccentric Segmental

Figure of Concentric. eccentramd segmental orifice plates

9-Ch.7 Dr. Salah S. Ibrahim




Cﬁapfer Seven Fluid Flow Flow Measurement

Example -7.9-

An orifice meter consisting of 10 cm diameteifice in a 25 cndiameter pipe has

= 0.65. The pipe delivers oil of sp.gr. = OT®e pressure difference on the two sides of
the orifice plate is measurdxy mercury oil differential manometer. If the differential
gauge is 80 cm Hg, find the rate of flow.

Solution:

o-c, /2R(pm p)g 06 5\/ 2(0.8)(13600- 800)9.81—(15 /4)(0.1)* (0.25)21
\/Al AZ | 800 RUCESRS (0.1)4]J
= Q = 0.08196 His.
Example -7.10-
Water flow through an orifice meter of 2sm diameter situated in a 75 mm diameter
pipe at a rate of 300 ¢fs, what will be the differenci pressure head across the

meter u = 1.0 mPa.s.
Solution:

Q = 300x 10° m*/s = u = (300x 10° m¥s) / /4 0.25) = 0.611 m/s

AA
Q=C IZQAhA
d VAL - A;
d 1000(0.611)(0.02
Re, _PUds oo 100000610029 _
uw 1x10°°

r 2 2]
300x 10° m¥/s = O.6L/2(9.81)Ah| (r /4)0025 (0079 J
J0079* - (0.025°]

= JAh =0.2248 = Ah =0.05m HO =50 mm HO
Example -7.11-
Water flow at between 3000-4000 ¥m through a 75 mm diameter pipe and is
metered by means of an orifice. Suggestuétable size of orifice if the pressure
difference is to be measuredth a simple water manometer. What approximately is
the pressure difference recordedhe maximum flow rate?;& 0.6.
Solution:

The largest practicable height of a water manometer is 1.0 m

QC\/—W

The maximum flow rate = & 103 m°/s

2 o |
4x 10° m¥s = 06./2(9.81 1o|(n/4)(005) (do) |
O8I | Jl©0.09)* - (d,)*] ]

=0.7665 = d}=367x10°-0587;

= 1.528x 100 = C4=0.61

d2
:>—0
J(0.05)* —d*

= 0, =0.039 m=39 mm
(P.—P) =Ahpg =1.0 (1000)(9.81) = 9810 Pa.
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Cﬁﬂpfer Seven Fluid Flow Flow Measurement

7.2.2.3 The Nozzle

The nozzle is similar to the orifice metather than that it has @nverging tube
in place of the orifice plate, as shown indwe The velocity of the fluid is gradually
increased and the contours are so designadalimost frictionless flow takes place in
the converging portion; the outlet corresponds tosérea contractan the orifice meter.
The nozzle has a constant high coefficient of discharge (ca. &/88x wide range of
conditions because the coefént of contraction isunity, though because the simple
nozzle is not fitted with a diverging cone, theald lost is very nearly the same as with
an orifice. Although much more costly tharetbrifice meter, it is extensively used for
metering steam. When the ratio of the gsige at the nozzle exit to the upstream
pressure is less than the critical pressure ragjahe flow rate is independent of the
downstream pressure and can be caledl&rom the upstream pressure alone.

i
\J _:I‘_‘\:'_‘-.'.‘"-'V\'\."‘..‘ R
. \
|
= | _-Nozile

i r * - \
P I {nl_tb“-ﬁ.—. PR \?‘ \?—hﬂd‘h e \-"L?'h‘.\ll::_ B S T Pt T
i L 18 )

d )-!

"
i‘f =51

Less /v
than 45°
For protection =~ ; =¥
pUrpases orly ' le— og_—»|— 10034,
* 0034,
(b (c)

Figures of nozzle (a) Generaltangement (b) Standard nozzle,fA,) is less than 0.45.
Left half shows construction for cornappings. Right half shows construction for
piezometer ring (c) Standard nozzle whergAA) is greater than 0.45
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Cﬁapfer Seven Fluid Flow Flow Measurement

7.2.3 Variable Area Meters - Rotameters

In the previous flow rates therea of constriction or orifice
Is constant andthe pressure drop is depaent on the rate of the
flow (due to conversions betweeretpressure energy with kinetic
energy).

In the Rotametethe drop in pressure isonstant andthe
flow rate is function of the area of constrictioWhen the fluid is
flowing the float rises until its weight is balanced by the up thrust
of the fluid. slall 4281l 38l 5 skl 58 |ts position then indicting
the rate of flow

Force balance on the float

Gravity force = up thrust force + Pressure force T

Viprg =Vipg + (-AP) A

_ppo19P P 9P, - p) i.e. constant

Af
where, V¥ p;, and A are float volume, float density, and
maximum cross- secticarea of the float.
(—=AP) is the pressure difference over the floapnR)}-=R, — P..

The area of flow is the anmud formed between the float and
the wall of the tube. This metenay thus be considered, as an A
orifice meter with a variable apture, and the equation of flow
rate already derived are thewed applicable with only minor
changes.

Q=C 2(-AP) A/A,

— d
P JAI-A;
2/f g(pf - p) A1A2

Q=C
’ pA A -A2

where, A : cross-section area of the tube when the float arrived.
A; : cross-section area of the annulus (flow area).

Float
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Cﬁﬂpfer Seven Fluid Flow

Flow Measurement

Example -7.12-
A rotameter tube of 0.3 m long with artemal diameter

of 25 mm at the top and 20

mm at the bottom. The diametaf float is 20 mm, its sp.gis 4.8 and its volume is 6
c?’. If the coefficient of discharge is 0.7, what will be the flmte water when the

float is half way up the tube?

Solution:

AL =4 d? dy = d + 2x

To find X

1- 0.25/30 = x/15 x=0.125 cm

2-tan ) = 0.25/ 30 = x/15% x =0.125 cm
= d; =2+ 2(0.125) =2.25cm

= A, =7/4 (0.0225j = 3.976x 10" n’
A, = A, — A =3.976x 10* - n/4 (0.02f
= 8.345x 10° m?

wf g(pf _p) A1A2

P A JAZ— A2

Q
26x10°(9.81)(48-1)

or

Cq

(3.976x10™)(8.345x 10°°)

2.5 ;<—20—>§ 2.5

30 cm

B 0'7\/ 7 14(0.02)?
=7.13x 10° m¥/s

J(3976x107%) - (8.345x 10°°)?

Example -7.13-

20—

A rotameter has a tube of 0.3 m long, whids an internal diameter of 25 mm at the
top and 20 mm at the bottom. The diameteitazt is 20 mm, its effective sp.gr. is 4.8
and its volume is 6.6 cinlf the coefficient of discharge is 0.72, what height will the

float be when metering water at 100°%s®

Solution:
Q=10"m¥s =c, Aol =p) A
P A JAZ - A2
= % = 1.10976x10* = AZA
1 2 1— (Kj)z

Asva
assumel—(~2)*=
A

= A, =1.10976x 10" n?’,
= A; = 4.2513 10* nv’
Correct the assumption

1-(%)2 = 0.965

1

= A, =0.965 (1.1097& 10 n) = 1.0713x 10* n?

N 2 N
25«—20—» 2.5

30 cm

Float
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Cﬁapfer Seven Fluid Flow Flow Measurement

A=A+ A = A =4.213x 10% m?
Re-correct the last value

1—(%)2 =0.967 ------------- close enough

1

= d; = (A, /©/4)°° = 0.02316 m =2.316 cm
d=2x +d = x = (0.02316 — 0.02) / 2 =0.0016 m = 0.16 cm
0.25/30 = 0.16/ L= L =19.2 cm

14-Ch.7 Or. Salah S. Ibrahim



Cﬁapfer Seven Fluid Flow Flow Measurement

7.2.4 The Notch or Weir

The flow of liquid presenting a free surfa@pen channels) can Ineeasured by means
of a weir. The pressure energy converteid kinetic energy as it flows over the weir,
which may or may not cover the full width tife stream, and a calming screen may be
fitted before the weir. Then the height oktlveir crest gives a easure of the rate of
flow. The velocity with which the liquid leaves depends on its initial depth below the
surface.

Many shapes of notch are @dahle of which three shapes are given here as shown in

Figures,
§ %

Rectangular notch Tngularnotch Trapezoidahotch

7.2.4.1 Rectanqular Notch

" : B
p h ] —
e—p—> ?\ le—p—l
=

H: height of liquid above base of the notch

h: depth of liquid from its level

b: width or length of notch

Consider a horizontal strip of liquid of thickness (dh) at depth (h).
The theoretical velocity of liquid flow through the strip/2gh

To prove this equatioapplies Bernoulli’'s equation
between points M and N as shown in Figure;

P, U2 P, U} Zy =H
Mz, =z "y
P3 29 Pg 29

The cross sectional area oWl at point M is larger
than that at notch (point N), then(& 0)

Pv = Py = P, atmospheric pressure 0
2
= Z, -2 :;—'; S Uy =4/2gh

The area of the strip dA = b.dh
The discharge through the strip dQ = u.dA & ¢2gh )(b.dh)
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Cﬁapfer Seven Fluid Flow Flow Measurement

H 3/2
:TdQ:Cdb\/Z_gTh“zdh = Q=C,by2g 2%

0 0

2
. Q=3Cuby2gH *"

Example -7.14-

A rectangular notch 2.5 m wide has a conssteead of 40 cm, find the discharge over
the notch where £= 0.62

Solution:

ngcdb\/z_gH 22 = 2/3 (0.62) (2.5) (2 x 9.815 (0.4)"
Q=1.16 n¥s

Example -7.15-

A rectangular notch has a discharge of 2138mm, when the head of water is half the
length of the notch. Find the length of the notch where C.6.

Solution:

Qzécdb\/Z_gH %2 = 21.5/60 = 2/3 (0.6) (b) (2 x 9.8D)(0.5 b2

= b’?=0572 =b=(0572§°=0.8m

7.2.4.2 Trianqular Notch

A triangular notch is also called a
V-notch

H: height of liquid above base of
the apex of the notch. Apex of the notch

0: Angle of the notch.

tan /2) = x/H =x"/ (H-h)

The width of the notch at liquid surface = 2x = 2H ¢R)
The width of the strip = 2x' = 2(H-h) tai@)

The area of the strip = 2x' dh = 2(H-h) t@&2(dh

The theoretical velocity of water through the strig’zgh

The discharge over the notch dQ = u. dAF{2gh) [2(H-h) tanf/2)dh]

TdQ =2C, tan(elz)\/ZT(th’2 —h¥?)dh

0 0

2 ]
EH5/2J

Hh3/2 hS/z]H
3/2 5/2J

2
Q=2C,tan(6/2) 29[ = 2C, tan(8/2)2g) 5 H 512 _

0

8
. Q=1:Cs tan(8/2),/2gH *'?
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Cﬁapfer Seven Fluid Flow Flow Measurement

If Cq=0.6 and) =90°= Q = 1.417 H?

Example -7.16-

During an experiment in a laboratory, b@rs of water flomng over a right-angled
notch was collected in one minute. If the head of stillb@nmm. Calculate the
coefficient of discharge of the notch.

Solution:

Q= %Cd tan(6/2),/2gH *? = 50 lit/min (m/1000lit)(min/60s) = 8.334 10* m*/s

= Cy = (8.334x 10%/[(8/15)(2x9.81%° tan/2)(0.05§*] = 0.63
Example -7.17-
A rectangular channel 1.5 m a4 is used to carry 0.2°8 water. The rate of flow is
measured by placing a 90° V-notch weirthe maximum depth of water is not to
exceed 1.2 m, find the position of the apéxhe notch from théed of channel. £=
0.6.
Solution:

Q=1.417H?% = H?=(0.2nIs)/1.417=> H=0.46 m
The maximum depth of water in channel = 1.2 m
H is the height of water above the apex of notch.
Apex of triangular notch is to be kept at distance = 1.2 -0.46
=0.74m from the bedof channel.

7.2.4.3 Trapezoidal Notch

A trapezoidal notch isa combination of
a rectangular notch and triangular noteh——
as shown in Figure;

Discharge over the trapezoidal notch,
Q=[Discharge over the rectangular notch
+ Discharge over the triangular notch]

A
o
A 4

cdle H3%+ cdztan(elz),/ H '

Example -7.18-
A trapezoidal notch 120 cm wide at topda45 cm at the bottom has 30 cm height.

Find the discharge through the notch, if the head of water is 22.5;¢m G, = 0.6.
Solution:

x = (120+45)/2 = 37.5 cm |<—-—120 cm—i—
tan(e/z) = x/30 = 37.5/30 = 1.25
30cm 22.5cm
Cdlb\/_ H 32 +—Cd2tan(9/2)\/_ H 5/2 \ /
+—45 cnr—>
Q = 2/3(0.6)(0.45)(2 x 9.8 (0.225§% +8/15(0.6) (2 x 9.8%¥ (1.25)(0.225)?
=0.1276 nis

17-Ch.7 Or. Salah S. Ibrahim



Cﬁapfer Seven Fluid Flow Flow Measurement

7.3 Unsteady State Problems
Example -7.19-
A reservoir 100 m long and 100 m wide is pd®d with a rectangular notch 2m long.
Find the time required to lower the watevdein the reservoir from2 mto 1 my€
0.6.
Solution:
Let, at some instant, the height of the watleove the base ofémotch be (h) and the
liquid level fall to small height (dh) in time (dt).
The volume of water discharged in time (dt) is:
dV =- Adh, A= 100 x 100 = Tow’

_ _ 2 32 _ dhi
Q=dVv/dt= gcdb@h = -A dh/dt X

= ].dt = A Th‘wdh

5 (2/3)C4by/2g &,
3 —A [h2]®

~2C,by2gl - 1/2J

3A f 1 1] 3x10° [ 1 1] :
' ———J =16531sec= 27min,33sec
V2

" C,by2g L\/_ JH, J 06(22x9.811 41

) I“

Example -7.20-

A tank 25 m long and 15 m wide is providevith a right-angled V-notch. Find the

time required to lower the level in the tank from 1.5 m to 0.5 i+ C62.

Solution:

Let, at some instant, the height of thguid above the apex dfie notch be (h) and a
small volume of the liquid (dv) flow over ¢hnotch in a small interval of time (dt),
reducing the liquid level by an amount (dh) in the tank.

dv=-Adh, A=25x15=375Mm

Q=dV/dt = %cd\/ﬁtan(e/z)hsfz = -A dh/dt

H

T

_A
= Jot = h~5'2dh
o (8/15)C,/2gtan(8/2) i,
15 ~A [ o2 1™
“8cC \/_tan(G/Z)L 3/2J

F 1
5
4c \/_tan(elz)L\/F rJl

375 | 1 1

- = 390sec= 6min,30sec
06v2x9.81(1) /05° +/15° |

5
4
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Home Work
P.7.6
A wier 8 m length is to be built acrossextangular channel to discharge a flow of
9 nt/s. If the maximum depth of water on the upstream side of weir is to be 2 m, what
should be the height of the weirg €0.62.

Ans.1.277m
P.7.7
A rectangular notch 1 m long and 40 cnghhis discharging water. If the same
guantity of water be allowetb flow over a 90° V-notch, find the height to which water
will rise above the apex of notchy € 0.62.
Ans. Q =464 lit/s, H =63.1 cm
P.7.8
Water flow over a right angled V-noteinder a constant head of 25 cm. 1- Find
the discharge. 2- Using principles of gesint similarity find the head required for a
flow of 1417.6 lit/s through the same notch.=00.62.
Hint
3/2 3/2
For similar notch—=—1{:::—} and for the same notc%%{:::—j

2 2

Ans.Q=443lit/s,H,=1m

&

P.7.9
A sharp-edge 90° V-notch is insertedtime side of a rectangular tank 3 m long
and 1.5 m wide. Find how longwiill take to reduce the head in tank from 30 cm to 7.5
cm if the water discharges freely over thechatnd there is no inflow into the tank; €
0.62.

AnsT =87s=1min27s
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Chapter Eight Fluaid Flow Flow of Compressible Fluid
CHPTER EIGHT

Flow of Compressible Fluid

8.1 Introduction

All fluids are to some degree compressila@mpressibility is sufficiently great to
affect flow under normal conditions only forgas If the pressure of the gas does not
change by more than about 20%, [or whendg@nge in density more than 5-10 %] it is
usually satisfactory to treat the gas as incosgbée fluid with a density equal to that at
the mean pressure.

When compressibility is taken into accoutite equations of flow become more
complex than they are for an incompressible fluid.

The flow of gases through orifices, nozzlesd o flow in pipelines presents in all
these cases, the flow magach a limiting maximum value which independent of the
downstream pressure JP this is a phenomenon which does not arise with
incompressible fluids.

8.2 Velocity of Propagation of a Pressure Wave

The velocity of propagation is a function tfe bulk modulus of elasticitfg),
where;

increaseof stresswithin thefluid dP
B resulting volumetric strain T —dv/v
. dap
= €= _Dd_l)

where,v: specific volume = 1/p).

Suppose a pressure wave tottzmsmitted at a velocity,wover a distance dx in a
fluid of cross-sectional area A, from secti®@rto section® as shown in Figure;

Now imagine the pressure wave to beught to rest by causing the fluid to flow
at a velocity y in the opposite directian

From conservation of mass law; ——dx —»
m, =, | |
UWA = (p+dp)(Uy +du,)A Uy > Uy T du)
Pl . _(pdu r;)( Uy 5 | '
» AT s du) —
O+e——0

u m m
andm=—"A =u,=—v =du, =—dv
v YA YA

Newton’s 2% law of motion stated that “The raté change in momentum of fluid
IS equal to the net force acting on the fluid between secticansd@.
Thus;

ml(u, —du,)-u,]= AlP-(P+dP)] = —rzduW = —dP

m m m dP (mY
bUtduw_Kd’D :X(Xd'o)——dp :_R_(KJ

dP € g (mY )
we have-——=— =—-=|—| =G
do v v (A
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Chapter Eight Fluaid Flow Flow of Compressible Fluid

e (u,A/vY (u,Y 5
= 52 A = T = U, =VE

u, =+ve
For ideal gases
Pv* = const. wherex = 1.0 for isothermal conditions
. . . C
k =y forisentropic conditions, y= C—p

k k k-1 K Dk dP P

dPv‘)=0 = v‘dP+Pkv“‘dv=0 = vdP=-kP—dv = ——=-k—
Vv do Q)
dP

= - E)=kp=e s u, =vkPv

- For isothermal conditions k =& u, =+/Pv
- For isentropic (adiabatic) conditions k= |= u, =YPv
The value of y is found to correspond closely tioe velocity of soundin the

fluid and its correspond to the velocity of thad at the end of a pipe uder conditions
of maximum flow.

Mach Number
Is the ratio between gas velocity to sonic velocity,

u
Ma=—
uW

where, Ma > 1 supersonic velocity
Ma = 1 sonic velocity
Ma < 1 subsonic velocity

8.3General Energy Equation for Compressible Fluids

Let E the total energy per unit mass of the fluid where,
E=Internal energy (U)+Pressure energy)ffPotential energy(zg)+Kinetic energy/@)

Assume the system in the Figure; q
Energy balance
Ei+g=B+W,
E]_ E2
S E-E=q-W ——» System ——>»

[a = 1 for compressible fluid since it almost in turbulent flo
but AH = AU + A(Pv)

= AH + gA(2) +A(U/2) = q - W,

= AU + A(Po) + gA(2) +A(U%/2) = q — W ‘&
W

For irreversible process
dw = Pd — dF ------- useful work

dH +gd(z) + ud(u) = dq — dwW dU =dgq - dwW ------- closed system
but, dH = dU + d(R)
dH =dqg + dF +wdP =dq—dwW + d®

where, ‘\m& - 54— o+ oF + P+
dF: amount of mechanical energy conv =dg - Pd + dF + Pad +vdP

into heat = dH =dq + dF ®dP
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Chapter Eight Fluaid Flow Flow of Compressible Fluid

=>udu+gdz+dP +dW+dF =0

2 P, .
u + gAzZ+ fudP+Ws+F _0 General equation of energy apply to any
2 type of fluid

Py

20X For compressible fluid flowing through4)of pipe of constant area

udu+gdz+ dP +dW+ 4D (d/d) P =0 —mmmmmmmmmeeeeeme e *)
Py P>
m u dr—
m = puA :>K:5=G ! !
\ul u ! i(u+du) | W
u — G‘D : du — G d) ————e (- > ...... — ’i ___________________ i >_._. JN DO
p 3 R
Substitute these equations into @ @

equation (*), to give
Gv (G tb) + g dz +v dP +dW. + 4 (d¢/d) (Gv)*= 0
% For horizontal pipe (dz = 0), and no shaft work (W =0)

= G’ v (dv) +v dP + 4D (d¢/d) (G V)’ =0 ---emmemmmemmmemmemoeeees (**)
Dividing by (v°) and integrating over a length L of pipe to give;

) dP General equation ofenergy apply to
G In(u_l] P17+4<|> GZ 0 compressible fluid in horizontal pipe with

Kinetic Pressure Frictional "° Shaft work
energy energy energy

8.3.1Isothermal Flow of an Ideal Gas in a Horizontal Pipe

For isothermal conditions of an ideal gas

Pv =constant Pv=P,v; = 1lh=P/(Rvy)
dP 1

2 D2 o
= 1=, !P = h (PZ-P?) (1)
Pirvi=PRv, =2v/vu=R/P, e (2)

Substitute equations (1) and (2) into tpenral equation of compressibl fluid to
give;

(P -P?)

G? In(Pz) 2P, 4<|> G2
Let v, the mean specific volume at mean pressurevBere,
Pm=(P. + P,)/2
Pm Vm = Pl vV, = P =(P1 + P2)/2 = Pll)ll Um
(P?-P2) (P,+P |P,-P Py, [P,-P,

2P, :( 2 I P.v, } [ v, I P, }

F:'z2 — I:)12 Pz — I:>1
2PV, v

m
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Chapter Eight Fluaid Flow Flow of Compressible Fluid
G2 | i ﬂ LGZ —
= n P, + v +4é 4% =
If (P.—PR) /P, <0.2the fist term of kinetic energy 2[@1(P1/P2)] is negligible.

L P | It is used for low-
d 2 | pressure dm.
(i.e. the fluid can be treated as |ncompreSS|bIe fluid at tmean pressure in the pipe.)

= —-AP=(P,-PR,)= 4<|> GD —4¢ pmum—4f

8.3.1.1Maximum Velocity in Isothermal Flow

From equation of isothermal conditions,
2 & ( 2 P ) L 2 _

G In[Pz) 2P, +4p ;G*=0

the mass velocity G = 0 when,(P P,)

At some intermediate value of,Rhe flow must therefore be a maximum. To find
it, the differentiating the abovequation with respect to,Hor constant P must be
obtained.

i.e. (dG/dR = 0),

First dividing the above equation by G

P7-P) 1 P L
:(;P—Ml)gﬂn(i}%az
Then differentiating with respect tg P
2P P?-P dG 1 (-
2P11)1262+( éplull)( WY { P2 ) 0
Rearrangement
P, 2 ((PZ-P2)\dG 1
P,v,G? +§( 2Pv, Jdp, P, 0
maximum velocity when (dG/dR 0) where, P=R,, and G =@G
P 1 Pz

Lo = Gl=—"
Pv,G2 P P,

w

but for isothermal conditions;B; = R,v, = P, = Py v/ vy

2 I:)W (UW ]2 I:)W
= GW = — = — = —
LY LY LY

w w w

u, =+P,0, =4/Pv| i.e.the sonic velocity is the maximum possible velocity.

mmaX:AquW: ] =A E ......... X P_W
: 1
=m,., = P AP, P AP, P AP, P,
To find R,, the following equation is used,
2 2
P P L
In(P—l) +1—(P—1} +8p =010 get R, at any given P [its derivation is H.W.]
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Chapter Eight Fluaid Flow Flow of Compressible Fluid

Example -8.1-

Over a 30 m length of a 150 mm vacuum loa@rying air at 295 K, the pressure falls
from 0.4 kN/m2 to 0.13 kN/m2. If the legive roughness e/d is 0.003 what is the
approximate flow rate? Take thaf, a 295 k= 1.8x 10° Pa.s
Solution:

2 P, ( A2 M) P ) L >
It is required the velocity or G facalculating Re that used to estim&efrom
Figure (3.7)-vol.l. i.e. the solution is lbgral and error_technique.
1- Assumed = 0.004
1 RT  8.314(Pa.m’/mol.K) 295K [(10° mol/kmol)]
U T R Mt (0.4x10°Pa) 29kg/kmol
= 211 434 rtikg

G (013><1o3 o.4><103) + 400042 o 2 _ g
013 2(04x10%*)211.434 015 B

= 4324 G=0.846=> G = 0.44 kg/rfis

Re=Gdiu=3686= & =0.005 (Figure 3.7)
2- Assumed = 0.005

= 1.124G+4CG =0.846= G =0.41 kg/Ms
Re=Gdju=3435= & =0.005 (Figure 3.7)

K.E. = G?In(P4/P,) = (0.41¥ In(0.4/0.13) = 0.189 Kg(m*.&")

Press.E. = (= P19 / (2 Pvy) = — 0.846 kg/(m*.s)
Frc.E.=4® L/d G* =0.6724kg%(m*.s)
[(P1=P) /P % =67.5%

Example -8.2-

A flow of 50 nt/s methane, measured at 288 K and 101.3 kPa has to be deliverec
along a 0.6 m diameter line, 3km lomagrelative roughness e = 0.0001 m linking a
compressor and a processing unit. The methateels discharged at the plant at 288 K
and 170 kPa, and it leaves the compressBBatK. What pressure must be developed at
the compressor in order to achieve this flow rate? Takeupak 293 k= 0.01x 10° Pa.s
Solution'

N LANGELYN 4 7 —o [ATIE=11°C/3000 m = 0.00366°C/m = 0.0366 °C/10 m
p2 2P0, a° = = 0.366 °(100 m = 3.66 °C1000m
m Q Q RT  8.314(Pa.m’/mol.K) 288K [(10° mol/kmol)] .
G=b—-P_~ - — 1477 /K
ATA A VT Puwm (1013x10°Pa) 16 kg/kmol m- e

= G =(50)/[@/4 0.6)(1.477)] = 119.7 kg/fs
Since the difference in temperature is rekiivsmall, therefore the processes could be

conS|der isothermal at (T =p,
= (297 + 288)/2 = 293 K ,Dﬂ = 297 J»=297K

K P, =170 kPa
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Chapter Eight Fluaid Flow Flow of Compressible Fluid

RT, 8314(Pa.m’/kmol.K) 293K
Mwt 16 kg/kmol
Re = G d ju = 119.7(0.6)/0.0k 10° = 7.182x 1, e/d = 0.0001 / 0.6 = 0.00016

= @ =0.0015 (Figure 3.7)

P (170x10° - P?) 3000
2 1 —
(1197) |n[17 o 10° ] 2(15225<10°) +4(0.0019— (1197) =0

o _ _ [Inp, +2458
= NP —2.292x 10"°P?+24.58 =0 ipl—m

Solution by trial and error
P, Assumed  20& 10° 400.617x 10° 404.382x 10° 404.432x 10°
P, Calculated 400.61x 10° 404.382x 10° 404.432x 10° 404.433x 10°

= P, =404.43% 10’ Pa

P, = =15225x10° Pa.m®/kg or(J/kg=m?/s?)

K.E. = G?In(Py/P,) = 12418 k§/(m*.&)
Press.E. =— 442253 kf{m*.s)
Frc.E. = 429842 k§(m*.§)
[(P1—P)/P]% =585%

Example -8.3-

Town gas, having a molecular weight 13kmo6l and a kinematic viscosity of 0.25
stoke is flowing through a pipe of 0.25 m I.D. and 5 km long at arate of ¥s4nd is
delivered at atmospheric pressu@alculate the pressure remd to maintain this rate
of flow. The volume of occupied by 1 kahand 101.3 kPa may be taken as Z4\What
effect on the pressure requireduld result if the gas was delivered at a height of 150 m
(i) above and (ii) below its point of entry into the pipe? e = 0.0005 m.

Solution:
P, =P, =101.3 kPa

(P -P?) 2
G’ |n(P2) T +4<|>dG =0

_m_®_Q L, m
A A Ay kmol lekg/kmoI

= G =(0.4)/[f/4 0.25)(1.846)] = 4.414 kg/fs
Re=Gdu=Gd/pv)=4.414 (0.25) / [(1/1.846) 0.26107 = 8.1489x 10,

e/d = 0.0005 / 0.25 = 0.062 & = 0.0031 (Figure 3.7)

20X As first approximation the kinetic energy term will be omitted

_DAP _ (Pll; P,) :4¢%GZ, v, = 1.846 I‘T?ng , b1 = RT /(R Mwt)

= vy = (8314) (289) / [(D 13] = 184.826¢ 10°/P;
Vm = (01 +,) / 2 = [(184.826¢ 10°/P,) + 1.846]/2 = [92413.3+0.923 PP,
(P,—1013x10%*)P, 5000

= 924133+ 0.923P, = 4(0.0033 0.25 (4414

= P? -1013x10°P, = 48319(924133+ 0.923P,) = 4.4653x 10° + 44598P,

) 1.846m° / kg
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Chapter Eight Fluaid Flow Flow of Compressible Fluid

= P?-105.76x 10°P, — 4.465% 10° = 0 Jb? —4ac
eitherP, = 109.825 10° Pa X=-bt—" —
or P =-4065.8 ------ neglect

K.E. = G® In(P1/P>) = 1.5744 k§(m*.s)

Press.E. = 4831.9 kKfm*.&)

Frc.E. =4831.9kg%(m*.s)

[(P1—Py) / P1] % =7.7%

The first approximation is justified
2 X If use the equation of the terms;

P P2 L L
Gzln[#] (P ;P ) 4¢EGZ =0------ Neglect the kinetic energy term
2 1 1

(P -P?) > _
—_— G
2P, 4¢
RT 8314(Pa.m3/kmoI.K) 289K

= = 3 = 2 2
Mwt 13 kg/kmol 184,8266x10%(J / kg=m?/s?)

P, =

=P’ =P/ + 2P11)1(4¢%Gz)= 0
= (101.3x 10°)° + 2(184.8266« 10°) [4(0.0031)(5000/0.25)(4.41%)

=P?=1.20478 10'° =P, = 109.762 10°Pa

2 X If the pipe is not horizontal, the term (g) dmust be included in equation (**) or the
term (gAzhY) to integration of this equation [i.6eneral equation of energy apply to
compressible fluid in horizontal pipe with no shaft work]
vm = 1.7644 kg, Vair = (8314x 289)/(101.3 10° x 29) = 0.8179 riikg
pm = 0.5668 kg / pair = 1.223 kg / M
2 XAs gas is less dense than ajy,is replaced by - vy, in potential energy term;

gAz 981150 o 4 o gAz
(. —v )7 (-094697 164255 kg°/m°.s and —(Dmr o) 1555Pa
(i) Point® 150 m above poir® = P, =109.76 10° - 1555 = 108.20% 10’Pa

(i) Point@ 150 m below poin® = P, =109.76 10° + 1555 = 111.31% 10°Pa

Example -8.4-
Nitrogen at 12 MPa pressure fed through 25 mameiter mild steel pipe to a synthetic
ammonia plant at the rate of 1.25 kg/s. aWtwill be the drop irpressure over a 30 m
length of pipe for isothermal flow of the gas at 298 K? e = 0.00Q6+10.02 mPa.s
Solution:
P, =12 MPa
20X First approximation [neglect the kinetic energy]
M+4¢LGZ —
2P, d
RT  8314(Pa.m’/kmol.K) 298K
Mwt 28kg/kmol

P, = =884847 (J/kg=m?/s?)

7-Ch.8 Dr. Salah S. Ibrahim



Chapter Eight Fluaid Flow Flow of Compressible Fluid

:>P2—P2—2Pu(4¢£62)—0
2 — 1 11 d -

Re = G d f1 = 2546.48 (0.025) / 0.0210° = 3.183x 1", e/d = 0.0002

=  ©®=0.0017 (Figure 3.7)
P,*= (12x 10°)* —2(88484.7) [4(0.0017)(30/0.025)(2546.48)

= P, =11.603x 1¢° Pa

K.E. = G? In(P./P>) =2.1816x 10° kg¥(m*.s)
Press.E. = —529.492 10° kg%(m”.§)
Frc.E. =529.14x 10° kg?/(m*.§)
[(P1—P) / P % =3.3%

the first approximation is justified

Example -8.5-

Hydrogen is pumped from a reservoir aMPa pressure through a clean horizontal
mild steel pipe 50 mm diameter and 500 m long. The downstream pressure is also
MPa. And the pressure of this gas is raiked.6 MPa by a pump at the upstream end of
the pipe. The conditions of the flow are satmal and the temperature of the gas is 293
K. What is the flow rate and what is th#ective rate of working of the pumpnrif= 0.6
e = 0.05 mmp = 0.009 mPa.s.

Solution:
2% First agproglmatlon [neglect the kinetic energy] P, < 2.6MPa
M+ 4(|)£GZ =0 Ho X H>
2P, d= P= 2MPa—Q P, = 2MPa
_ RT  8314(Pa.m’/kmol.K) 293K , .
P, = = 2 kg/kmol =1218x10* (J/kg=m?/s?)
P,=2.6 MPa, P=2 MPa, AP, =P, — P, =0.6x 10’ Pa

pm = 1 = Py MWE/RT = (2.3x 10°) 2 / (8314x 293) = 1.89 kg/mh
ORE=(-AP/L) (pmd®/4p)=[(0.6x10°)/(500)][(1.89)(0.05¥(4)(0.00%10°)%= 8.75x10°

e/d = 0.001=Figure (3.8) Re = 5.910° = G = 5.9x10°(0.00%10°) / (0.05)
=G =106.2 kg / rhs
Re = 5.9x10°, e/d = 0.001 = ® = 0.0025 (Figure 3.7)

2 (P, - P) (2x10%)? - (26x10°%)°
= G'= - ; = 11330
(2Pp,)(—4bL/d) ~ (2x1218x10°)[-4(0.0025(500/0.05)]

= G =106.44 Kg | MS ---=mmmmmmmmmmmmmeeee - ok
Frc.E. = 1132.94736& 10 kgZ/(m™.&) kinetic energy term is OK
[(P1—=P) /P % =3.3%

Y 4
power — TPV In(P,/P,) _ 02091218x10)In(26/2) _ o\

n 0.6
H.W. drive this eauation
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Chapter Eight Fluaid Flow Flow of Compressible Fluid

Example -8.6-

In the synthetic ammonia plant the hydrogen is fed through a 50 mm diameter stee
pipe to the converters. The pressure dvgpr the 30 m length of pipe is 500 kPa, the
pressure at the downstreamdebeing 7.5 MPa. What power is required in order to
overcome friction losses in the pipe? Assusmhermal expansion of the gas at 298 K.
What error introduced by assuming the gadéoan incompressible fluid of density
equal to that at the meg@nessure in the pipe?= 0.02 mPa.s.
Solution:

P,=7.5MPa, P=P+(-AP)= 7.5MPa+ 0.5 MPa = 8MPa =8¢’ Pa

The pressure () = (P, + P,)/2 = 7.75x 1¢° Pa

[(P1—P) /P %=6.25%

Pn-Mwt  7.75x10°(2)

— _ 3
Pn=""RT ~ g314209  025%0/M
20X For incompressible fluids
“AP Lo
S
aluit —apber g APR
= APpm—4¢du pm—4<|)dG =G = 2L /d

Assumed = 0.003
= G°=434,444.444 Kgm' S = G = 659.124 kg/fs
= Re =1.647% 10°, and® = 0.003 =  from Figure (3.7) e/d = 0.00189

= e =0.09 mm (this value is reasonable for steel)
2% For compressible fluids

(P-P) L,
GI(PZ) 2Py, TH GG =0

(75x10°%)% - (8x 10°%)°
G’ 'n(75) 28314208/2] O 009 o5 005 =0
= G°=430,593.418 Kgm".s* = G = 656.2 kg/rhs
Very little error is made by the simplifying assumption in this particular case.
mP, In(P,/P,) (6562xm /40.005)(1238786x10%) In(8/75)
n B 0.6

Example -8.7-

A vacuum distillation plant operating at 7 &Ppressure at top has a boil-up rate of
0.125 kg/s of xylene. Calculate the prassdrop along a 150 mm bore vapor pipe used
to connect the column to the condenser. Alsb calculate the maximum flow rate if L
=6 m, e =0.0003 m, Mwt = 106 kg/kmol, T = 338 K5 0.01 mPa.s.

Solution'

GZIn ( (P =P 4q>£c32 =0
P2 2P, d
G = 0.125 / /4 (0.155] = 7.074 kg/m.s
P, =7 kPa, P= Pressure at condenser

=1717 KW

Power =
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RT _ 8314(Pa.m’/kmol.K) 338K
Mwt 106kg/kmol
Re = G d 1 = 7.074(0.15)/0.01 x 1D= 1.06x 10, e/d = 0.002

= ® =0.003 (Figure 3.7)

P, = = 2651068 (J/kg=m?/s?)

7x10° 6
= In +3.769x 107 [P2 — (7x10%)%]+ 4(0.009 —— =0
P, 015

, In(7x10°*/P,)+0.48 s In(7x10°/P,)+0.48
3.769x 10" & :\/(7X10 f - S 76ex10”
Solution by trial and error
P, Assumed % 10°  6.8435x 10° 6.904x 10° 6.9057x 10°
P, Calculated 6.843% 10° 6.904x 10° 6.9057x 10° 6.9058x 10°

= P,=6.9058x 10°Pa

—AP =R - P = (7 — 6.9058% 10°= 94.2Pa

[(P1—P) /P] % =0.665 % we can neglect the K.E. term in this problem
H.W. resolve this example with neglecting the K.E. term

= P2=(7x10*)" -

For maximum flow rate calculations
m,., =AP,J1/Pv, = G,, =P, /1/ Py,
To estimate R

In L 2+1— B 2+8<]>£=
P, P, d
Let X = (P/P,)?

= InX)+1-X+8bL/d=0= X =196+ In(X)
Solution by trial and error
X Assumed 1.2 214 2.722.96 3.074 3.086 3.087
X Calculated 2.14 2.72 26 3.074 3.086 3.087 3.087

= X=3.087=(P,)> = P,=P/(3.087§°=3984 Pa
the system does not reach maximum velo¢y\. explair

= Gnax= 3984/ (26510.68} = 24.47 kg/ms

Example -8.8-

A vacuum system is required to handlegl® of vapor (molecular weight 56 kg/kmol)
so as to maintain a pressure of 1.5 kiNima vessel situated 30 m from the vacuum
pump. If the pump is able to ingain a pressure of 0.15 kN7rat its suction pointyhat
diameter of pipe is requir@dThe temperature is 290 K, and isothermal conditions may
be assumed in the pipe, whose surface cataken as smooth. The ideal gas law is
followed. Gas viscosity = 0.01 mN s/rh

Solution:
[(C) 2_
G? In(PZ) 2P, 4¢ G
__m _ 3 _ _
G=— 7= 10x10°/[n/4 (d¥] = 0.0127 &
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Re=Gdpu=1273.258 ---mrmmmmmmmmmm e (1)
RT _ 8314(Pa.m’/kmol.K) 290K
Mwt 56 kg/kmol

> 23CG-5297+12@/dG =0

= 3.733x10%d*-52.97 + 0.019UD =0

[5297-0.019d% ™"
= 95| Ta7sma0r | T )

Assume smooth pipe
Solution by trial and error

P, = =4305464 (J/kg=m?/s?)

Eq.(1) Figure (3.7) Eq.(2)
Assume d=0.%B Re=1.%10" = ® =0.0038= d = 0.0515
d = 0.0515 Re=2.%10* = ® =0.0028= d = 0.0516

d =0.0516 m.
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8.3.2Adiabatic Flow of an ldeal Gas in a Horizontal Pipe

The general energy equation of a steady-state flow system is: -

dH + gdz + udu=dqg-dwW

For adiabatic conditions (dq = 0) andhorizontal pipe (dz = 0) with no shaft
work dWs = 0)

=> dH+udu=0

_m_ . u _ dH =dU +d(R)
butG="r=pu=1 = u=16 6dT =gdT+RdT
= dH+Gvdv=0 G =GtR
we have dH =¢dT, and db = RdT =dT =dR/R =dR/(c,—q)
= dH=¢ [dPv/(c,— )] = (¢ / a) /[(cy—a)/ & dPv = [y/(y — 1)] dB
. dPv+ G2 du=0
v-1
The integration of this equation gives
X D+G—ZDZ=L D+G—202:LP'0+—21>2=K
y-1 11 27t y-12% 277 y-1 2

This equation is used to d8nate the downstream pressure P

To estimate the downstream specific voluwpéhe procedure is as follow
G’ -1k &* |
Y py=K-—=v' =P :(Y—I———DJ

P (y-1lc? (1 1 Pu(1 1) G* (v,
_ _=(Y—I_Di 1l) vPm(d 1) e u]
Y Y 4 v, v; ) Y-1 2 (v, v 2 \vy

2
=Llezrﬂ —1—2|n&]+m
4y v, v, 2

, (v, ) fdP L _,  The general equatioof energy apply to
Gonl 57 3G =0 compressible fluid in horizontal pipe with
no shaft work
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2]
Y+1 (v, ry—l P, v, L
2000 22 e e (| 2 | 1]+ 89— =
~ n(vl}L 2y 0G|\ v, J+8‘|’d

This equation is used to estnate the downstream specific volume,

8.3.2.1Maximum Velocity in Adiabatic Flow

For constant upstream conditions, thexmmum flow through the pipe is found by
differentiating (G) with respect to4) of the last equation and putting (d&/dequal to
zero.

The maximum flow is thus shown to oconhen the velocity at downstream end
of the pipe is the sonic velocity.

. dG —— \YPL / P
l.e, —= O = uW = ’YPZDZ = Gmax — Y 2Y2 — Y 2
d’UZ DZ ’02

Note: -

In isentropic (or adiabatic) flow [B; # P>v,] where, in these conditions iR’ # P, "]
8. U, =4TP, # TP,

Typical values of«) for ordinary temperatures and pressures are: -

I- For monatomic gases such as He, Ar vy =(L.67)
ii- For diatomic gases such as, il,, CO ¢ =1.4)
lii- For tritomic gases such as GO (y=1.3)
Example -8.9-

Air, at a pressure of 10 MN/mand a temperature of 290 K, flows from a reservoir
through a mild steel pipe of 10 mm diameded 30 m long into a second reservoir at a
pressure F Plot the mass rate of flow of tla@r as a function of the pressurg Reglect
any effects attributable to differences indeand assume an adiabatic expansion of the
air.p = 0.018 mN s/ y = 1.36.

Solution:

>
y+1 (v, ) [v-1 P (v L
. In(ul]+[ 2 +DlGZ o, 1J+8¢d_

RT  8314(Pa.m’/kmol.K) 290K

= = =8.314x10°m?/k
YT Mwt ~ 10x10° Pa(29kg/kmol) X g
v, [ 12028x10° | (8.314x10° Y |
= 1738in| ot o [+ 0432+ > 1]+ 24008 =0
8.314x 10 G v,
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V
1.735In| ———*—— [+ 2400
_(831ax10° Y n(8.314>< 10°? )+ ®
v, B 1.2028x 10°
0132+ ———
G
8.314x10°°
S, e e (1)
V
1.735In| ———2— [+ 2400®
L 8.314x10
B 1.2028x10°
Re=Gdiu=555.6 G  —cccmmmeemmmemmeeees 2)
Y G* Y G* Y Y G*
mPDl+7Df=ﬁPZDZ+7D§ iﬁquzzﬁPluﬁ?(uf—ug)
Pv, 7-1G?
=P, = 11)—214-2—70—2(’0% —3)
83140 G?
=P, = +0182 - (6.91X107° —12) =mmmmmmmmmmmmmmmeemeeee (3)
2 2
1- atB=P,=>G=0
eq.(2) Figure (3.7)

2- assume G = 2000 kgfra= Re = 1.1x 10°= & = 0.0028
Solution by trial and error
v, Assumed 1x 10° 9.44x 10°
v, Calculated eq.(1) 9.4410° 9.44x 10°

=  1,=9.44x10°m’’kg = P,=8.8x10°Pa

3- assume G = 3000 kgfm=> Re = 1.6x 10° = @& = 0.0028
Solution by trial and error
v, Assumed 1x 10° 11.8x 10°
v, Calculated eq.(1) 11810° 11.81x 10°

=  1,=11.84x10°m’kg = P,=7.013x 1’ Pa
G (kg/nt.s)| vy(m’/kg) | P(Mpa)
0 8.314x 10°| 10

2000 9.44x 10° 8.8
3000 11.81x 10°| 7.013
3500 16.5 10° | 5.01
4000 25x 10° 3.37
4238 39% 10° 2.04
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Example -8.10-

Nitrogen at 12 MN/rhpressure is fed through a 25 mnarditer mild steel pipe to a
synthetic ammonia plant at the rate of 0.4 kK@/kat will be the drop inpressure over a
30 m length of pipe assumingothermal expansionf the gas at 300 KWhat is the
average quantity of heat penit area of pipe surface that must pass through the walls in
order to maintain isothermal conditiond/hat would be the pressure drop in the pipe if
it wereperfectly lagged What would be the maximum flow rate in each caseWwat
would be the Mach number = 0.02 mNs/m y = 1.36, e/d = 0.002.
Solution:

(P —P’) 2 _
G? |n[P2J 2P1 1 4¢ G
RT 8314(Pa.m3/kmoI.K) 300K
Mwt 28 kg/kmol

G= /4d2 = 0.4/ t/4 (0.25] = 814.9 kg/M .s, Re=G dji = 1.02x 10°

e/ld=0.002 = ® =0.0028 Figure (3.7)
2% Neglect the K.E. term

=  P2=P%-=2Ru(4 o (L/d) G = 1.4241x 10“
= P,=11.93x 10°Pa

P, = =890786 (J/kg=m?/s?)

K.E. = G? In(P./Py) =3.885 10" kg?/(m*.&) _ :

Press.E. = 0402410 kg¥/(m".&) x the_ neglecting the_
Frc.E. =892.5x 10" kg¥(m*.) kinetic energy term is OK
[(P1—=P) /P1] % = 0.583 %

= -AP=R-P =0.07x 1’Pa

P1

isother, izontal no haft work V1 »| Plant
%.‘ /g‘k udu= o W Uy u, =0

= udu=dg = = Au2/2 = u%2 [since the veloity in the plant is taken as zero]

= = (Gvy)?/2 = [814.9(89078.6/12 10°)]*/ 2 = 18.3 J/kg

The total heat pass through the wglmq = 0.4 (18.3) = 7.32 W

Heat fluxq’=q, /A = ¢qr / (td L) = 7.32 / f (0.025) 30] = 3.1 W/

It is clear that the heat flux is very lowlua that could be considered the process is
adiabatic.

For adiabatic conditions

vl (o) fy=1 P (o) oL
Y In( J+L 2y +1)1G2:|:[1)2J —1J+8¢d_0

v, 7.423x10°
=, = =
L
LA 8¢7 1714n| -2 |+ 2688
Y . 7.423x10
Y B, 0.143+ 2434336
2y G™y,
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Solution by trial and error
v, Assumed 1&x10° 7.5x 103
v, Calculated 7.% 10° 7.46x 10°

= v, = 7.46x 10° m’/kg

P, y-1G® ) _

o, T2y v —— (W2 —12) = P, = 11.94x 10 Pa
This value of R in adiabatic conditions is verglose to the value in isothermal

condition since the actual heat flux is very small.

p,=—11

8.4 Converging-Diverging Nozzles for Gas Flow

Converging-diverging nozzles, sometimes knaag “Laval nozzles”, are used for
expansion of gases where the pressure drop is large.

Reservoir

P:: the pressure in the reservoir or initial pressure.
P,: the pressure at any point in diverging section of the nozzle.
Pe: the pressure at exit of the nozzle.
Pg: the back pressure or the pressure at end.
Periticar: the pressure at which the velyoof the gas is sonic velocity.
Because the flow rate is large foghipressure differentials, therdlittle time
for heat transfer to take place betweendhs and surroundings and the expansion is
effectivelyisentropic [adiabatic + reversible]
In these conditions,

1 1
A ol 22"
e I (e

2 P,

; +gAzZ+ IDdP +Ws+F =0 the genral energy equation for any type of fluid.
Pl

for gas flow from reservoir (u= 0) at pressure (Pin a horizontal direction, with no

shaft work, and by assuming F=0 this equation becomes

2
" fudP =0 and the pressure energy term is,

2 P,
N
1R 1 1| p'y | oy 1 oyt T
| =Dlplv(m pzv _plYJ ......... XT

-<M~

,rndP— UlPYJiPYdP— v,P §|

P P [
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Cﬁapfer Eiqﬁf

‘F/m/ Flow

Flow of Compressible Fluid

1

Fj’ Y
= JoudP =
P (7_1]

L[Fz

P]; 1J|

y-1 : :
—_2 f dp = 1 Y ]| To estimate the velocity at any pojnt
R J downstream
we have,
s m oy, A Cross-sectional area at any poirjt
2= A Tn, T m u, downstream

8.4.1Maximum Velocity and Critical Pressure Ratio

Critical pressure is the pressure at which the gas reasoesc velocityji.e. Ma =1.0].

In converging-diverging nozzlesf the pressure ratio {fP;) is less than the
critical pressure ratio (Rica/P1) (usually,~ 0.5) and the velocity at throat is thequal
to the velocity of soundhe effective area for flow psented by nozzle must therefore
pass through a minimum. Thus a converging sectiothe velocity of the gas stream
will never exceethe sonic velocity, though supersonic velocitigsy be obtained the
diverging sectiorof the converging-diverging nozzle.

Case (I) [Fﬁ hith P[ > I:)criti(:al]_ i
The pressure falls t@ minimum at throaty,=0
[lager than critical presure] and then rises tB:
a value (BR=Pg). The velocityincrease to the
maximum at throat [Es than sonic velocity]
and then decreases to a value gf)(at the
exit of the nozzle. Case (l)is corresponding
to conditions in a venturi meter operating
entirely at subsonic velocities]

Pe1
1 PEZ

®

Case (II) [Pg reduced, B > (P = Pgiticat)]

The pressure falls to @itical value at throat
where the velocity isaic. The pressure then
rises to a value @=Pg) at the exit of the
nozzle. The velocity riseto the sonic value at
the throat and then falls to a value ofJjuat
the exit of the nozzle.

Pes

Downstream Pressure

Ug3
Il

Velocity

Case (lll) [Pglow, Ps < (P, = Pitical)l

The pressure falls to @itical value at throat
and continues to fall tgive an exit pressure
(P=s=Ps). The velocity rises to the sonic value
at the throat and ctinues to increase to

supersonic in the diveilgg section cone to a

value (i3) at the exit of the nozzle.

Uge3

— >
Position along nozzle

17-Ch.8 DrSalahS. Ibrahim



Chapter Eight Fluaid Flow Flow of Compressible Fluid

With converging-diverging nozzlethe velocity increases beyond the sonic
velocity [i.e. reach supersonic velocitgply if the velocity at the throat is sonice.
critical pressure at throathndthe pressure at outlet is lower than the throat pressure

8.4.2 The Pressure and Area for Flow

In converging-diverging nozzles, theearrequired at any point depend upon the
ratio of the downstream to upstream pressugfP{R andit is helpful to establish the
minimum value of (A; = Ay).

2
.V PRy
A,=m—% = Al=m’->
u2 u2

1 [

F)
but v, = Dl(FZJ " and ul = 2—71)P101|
: U

2

[ [ ,
1) w(P,/P)y {m% v-n) 7 | P
:>A2 ('Y \F 1 — N A22= 1 — | r=-2
21 1P11)1{1—(P2/P1)v} 215 1{1—0)7“ £

In the flow stream Pfalls to B at which minimum A which could be obtain by;

)
dr r=rc B

dr 2yP,
-2 = 2 y-1] - - =) (y+1) 2
=|1-r." [—qr. " [+|r.? r,’*=0 = |—|r. " —|r. " |F0

Y Y ¥
2 = c P

I y_l. __b. " critical

= rC_(Y+1) ’ Y_CV’ rc_ Pl If/Y :|-4':> rc 0528
[

]
I
l}Jl The area at any point downstream

2/7[
P,(P
and :,mzzAgi—l[—zj [1—[

M2 2y Pl(Pz JZ”[ (Pz ]”‘”'” -
— ot a2 |q_|=2 The mass velocit
A7 (Y= v, \P [ Py J g

To find the maximum value of Bi.e. (G)max Set (szldr =0) where, r =p?P; to get
the following equation G, = \/YP, /v, .

-1/ |
) J The mass flow rate

v—\-U |N-U

and =G.=

18-Ch.8 Dr.SalahS. Ibrahim



Chapter Eight Fluaid Flow Flow of Compressible Fluid

Example -8.11-
Air enters at a pressure of 3.5 MPa an@raperature of 500°C. The air flow rate th

rough the nozzle is 1.3 kg/s and it leaves tozzle at a pressudd 0.7 MPa. The
expansion of air may be considered adiaba&i@lculate the area dlfiroat and the exit
area. Take = 1.4.

Solution:

[ ,
.2 (’Y_l) (Pz / Pl)_§

v, |
AZ = 2y [Flhl_(lePl)le}J

RT,  8314(Pa. m*/kmol.K) 773.15K

=0.0633 m®/kg

L, =

PMwt  35x10°Pa(29kg/kmol)
2 Y
r =P,/Py, lc =PuiticalP1 = Riuitica/Pr = e = m =0.528
but B = 0.7 MPa [i.,e. P<P] = The case sl )

at throat

[ ]
04( 0.06331 (0528 s I

6
28| 35x10 { (0528 14}

= the diameter of throat & 18 mm
At exit (P/Py) =0.7/3.5=0.2
[ >, 1|
I

13 %( 00633 ) (02) 7
= A= 09 28 35x10° {1_(02)14“

= A, =255x10*m?

A? = (13)°

= A, =3436x10"m’

= the diameter of exit region:& 21 mm
Or another method
u =u,=4yPv, P =1.85MPa v, =ul(Pt /P, Jur = = 0.0633(0.528'** = 0.0999M°/ kg

= U, = 14(1.85x 10° )(0.0999 = 508666m/ s (Sonic velocity)

A = rhu—— 1.3(0.0999/508666) = 255x10™*m

Or another method

2
uz _(Y 71) P.v 1- (P,/P)
Utz = 258671.99% u, = 508.6 m/s

u22 =571666.52 u, = 756.086 m/s
v, =v,(P,/P,)™" = 0.0633(02) " = 0.1998m? / kg
A, =mv,/u, = 13(0.198/ 756086) = 3.436x10*m?

Yy} 15508501 (P, / P,) ©2*]
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Chapter Eight Fluaid Flow Flow of Compressible Fluid

8.5 Flow Measurement for Compressible Fluid

For horizontal flow with no shaft wor&nd neglecting the frictional energy tem,
the net of the general energy will be: -

u; uf
- +JodP =0
20, 20, o
v, A
but m =m,=m = u=—"->2u,
v, A

2 For isothermal flow

P
J -
vdP = Py, In B

Py 1

2
v, A o P.
u?—|=+-2u, | 2+20.Pv, INn—-2=0
= 2 [,02 Al 2) al 2" 1Y Pl
2 — 20 2PlDl In(PZ/ Pl)

= U
AW
alDZAl

2 For adiabatic flow

11
v=v,P'P "

Todp = v, IS ﬁulplll(%]y -1 |

Py Py

Y ]
ZoczPlul(Y_lI(PZ/Pl)v -1
2
AR
al DZ Al

It should be noted that equatiofly and (2) apply provided thatA{P;) is greater
than the critical pressure ratiol)(r Where if (B/P) < (r.), the flow becomes
independent onJand conditions of maximum flow occur.

=ul=
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Chapter Eight Fluaid Flow Flow of Compressible Fluid
8.6 Fans, Blowers, and Compression Equipment

Fans and blowers are used for magpes of ventilating work such as air-
conditioning systems. In large buildings, blns are often used due to the high delivery
pressure needed to overcome thesguee drop in the ventilation system.

Blowers are also used to supply draft air to boilers and furnaces.

Fansare used to move large volumes of air or gas through ducts, supplying air tc
drying, conveying material suspended ie tfas stream, removing fumes, condensing
towers and other high flow, low pressure applications.

Fans are used for low pressure where galyethe delivery pressure is less than
3.447 kPa (0.5 psi), and blowers are usedighner pressures. However they are usually
below delivery pressure of 10.32 kPa5(psi). These units can either ¢entrifugal or
theaxial-flow type.

The axial flow type in which the air or gas entensan axial direction and leaves
in an axial direction.

The centrifugal blowers in which the air or gas enters in the axial direction and
being discharge in the radial direction.

Compressors
Compressor are used to handle largeunv@a of gas at pressures increase from
10.32 kPa (1.5 psi) to several hundred kPa or (psinfgessors are classified into: -
1- Cotinuous-flow compressors
1-a- Centrifugal compressors
1-b- Axial-flow compressors
2- Positive displacement compressors

2-a- Rotary compressors

2-b- Reciprocating compressors

Since a large proportion of the energy ofmgmession appears as heat in the gas,
there will normally be a considerable iaase in temperature, which may limit the
operation of the compressors unless suitabédilmg can be effected. For this reason gas
compression is often carried out in a numbestages and the gas is cooled between
each stage.

8.7 Gas Compression Cycle

Suppose that, after the compression of’ 45 B
volume V; of gas at Pto a pressure,Pthe whole P, 7

)
of the gas is expelled abnstant pressure,Rand a % '
fresh charge of gas iadmitted at a pressure.P -
The cycle can be followekas in Figure, wherB is /

plotted ardinate againsty asabscissa C A

\

Point ©® represents the initial conditions of

/
the gas of pressure and vo'Iume of V). % |
> A';(I)In(liﬁlz_)@ Compression of gas from {(N,) N / J,‘

» B-line @—>® Expulsion of gas at constant @

pressure P S ®
0 V> Vi V
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Chapter Eight Fluaid Flow Flow of Compressible Fluid

» C-line ®—@ Sudden reduction in pressuire the cylinder from Pto P.. As the

whole of the gas has been expelled.

» D-line ®—-® A fresh charge of the gas througlethuction stroke of the piston,

during which a volume YVof gas is admitted at constant pressure P

The Total Work Done Per Cycle

It will be noted that the mass of gastire cylinder varies during the cycle. The

work done by the compressor during eatlhe cycle is as follows: -

=

- Step (A): Compression — dev [area® ->@—-B—®]
- Step (B): Expulsion N, [area® ->®—0—-0)]
- Step (D): Suction o\ &1 [area® —0—®— D]

V.
the total work done per cycle ——f Pdv + PV, — RV,

Vi

=[area ©—->@—->B3— @]
dPV=PdVv+VdP = PdVv=dPV-VdP

—VJa PdV = TVdP - =

Vi Py PV,

but PV = RT and dPV =RdT

j(dPV R_de RT,-RT, =PV,-PV,

PV,

= —.r PdV = _deP —(PV,-PV,)

Vi Py

the total work done per cycle Ji?\/dP PZV//+ P1%+ Pz% ?/1

-deP

Py

V.
Or The total work done per cycle (W) :f PdV + APV
\

- dW:—PdV+dPV=—dV+VdP+/édV
P
= daW =dPV = W< |vep

Py

2% Under isothermal conditions

P, P,
The work of compression f@n ideal gas per cycle f:\/dP =RT fdP/ P

Py P

= RT In(#P,) = PV In(P,/Py)

2% Under adiabatic conditions

P, P
The work of compression f@n ideal gas per cycle ;:\/dP V P“YJIP*“YdP

Py

=PV, y/(y —1) [(P/P )]
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Chapter Eight Fluaid Flow Flow of Compressible Fluid
8.7.1Clearance Volume

It practice, it is not possible to expel théole of the gas fro the cylinder at the end
of the compression; the volume remaining ie dylinder after the forward stroke of the
piston is termedthe clearance volumé

The volume displaced by the piston is term#tk“swept volumé, and therefore
the total volume of the cylinderis made up ofhe clearance volumplusthe swept
volume

l.e. Total volume of cylinder = [clearance volume + swept volume]

A typical cycle for a conpressor with a finite _ ,
clearance volume can be followed by referencepg» ® B
the Figure; P2y

A volume V; of gas at a pressure; Bs
admitted to the cylinder; its condition is
represented by poirD,

» A-line ®—®@ Compression of gas from (V')

o (Pz,Vz).

» B-line @—® Expulsion of gas at constant
pressure F so that the volume remaining in
the cylinder is V. Py &

» C-line ®—® Expansion of this residual gas to
the lower pressure;Rand volume Y during
the return stroke.

» D-line @—® Introduction of fresh gas into tloglinder at constant pressure P

The Total Work Done Per Cycle
The work done by the compressor during eafcine actual cycle is as follows: -

- Step (A): Compression —\TPdV
- Step (B): Expulsion ;(vz-vs)
- Step (C): Expansion —VJAPdV
- Step (D): Suction —1VEV1-V4)

The total work done per cycle is equaltbh@ sum of these four components. It is
represented by the setted area [i.e. are®—>©@—-B®—®], which is equal to
[aredD —->@—>B®—®] less [are®— @ —>B—®]

2% Under isentropic conditions

P, P,
The work done per cycle = deP— _[VdP

[_ (y-1)/y 1 [_ (y—1)/y ]
_ v P, Y Py _
B v—lplvll( Plj 1J v—lp“v“[( PJ 1J

[ -0ry ]
_ _ _ " _ 2 _
bUt(Pl = P4) and (B = P3) = = v Pl(\/1 V41( Pl) 1J
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Now V, 0s not know explicitly, but calme calculated in terms of;Vthe clearance
volume, for isentropic conditions
V4 = V3 (PP
And ViV, = (V= Vs) + Va— Va(Py/P)™
= (Vi = Va) [1+ {V3/(V1 = Va)} = {V3/(V1— Va)} (P/P)™]

where
(V1—V3) =V . the swept volume
V3 : the clearance volume

V3/(V1—Vy =C :the clearance
= Vi—V,;=V[1+ C— C(P/P)"
.. The total work done on the fluger cycle is therefore,

y [ P, -0y T P, 1y ]
:mplvsli -1 1+C—CE J

|— 1/y
The factorll+C—C(%) Jis called ‘the theoretical volumetric efficiency, and

1

is a measure of the effect of tbkearance on an isentropic compression.

The as is frquentlycooledduring compression so that the work done per cycle is
less than that given by the last equatighjg replaced by some sither quantity (k). the
greater the rate of heat removal, the less is the work done.

Notice that the isothermal compressiorugially taken as the condition for the
least work of compression. The actual rivaof compression is greater than the
theoretical work because ofdrance gases, back leakaay] frictional effects, where,

N = Wined Wact

8.8 Multistage Compressors

The maximum pressure ratio normally obtained in a single cylinder is (10) but
values above (6) are usual. tHe required pressure ratio () is large, it is not
practicable to carry out thehole of the compression in a single cylinder because of the
high temperatures, which would be set apd the adverse effacof clearance volume
on the efficiency. Further, lubrication waube difficult due to carbonization of the oll
and there would be a risk of causing oil negplosions in the cylinders when gases
containing oxygen wereeing compressed.

The operation of the multistage compressan conveniently be followed again
on a pressure-volume diagram as shown in the Figure,

The [area®—©@—-B@®—®@] representshie work donan compressing isentropically
from P, to P, in a single stage. The [a®@a»®@—->®—->@®] represents the necessary
work for an isothermal compression.

Now consider a multistage isentropgompression in which the intermediate
pressures are;PP,, Ps, ............ etc.

The gas will be assumed to beoled toits initial temperature in an inter-stage
coolerbefore it enters each cylinder.
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» A-line ®—@ represents the suctiors 4
stroke of the first stage whe a
volume (\;) of gas is admitted at a
pressure (B. © © ©

» B-line ©@—® represents an |sentrop|c \
compression to a pressure [P

» C-line ®—®@ represents the delivery of
the gas fromthe first stage at a
constant pressure (P P,

» D-line @—® represents the ustion ®
stroke of the second stage. The voluiP::
of the gas has the reduced in the inter-|@
stage cooler to (y), tha which would P
have been obtained as a result of p11®
isothermal compression to P

I ®

—
0 Vis Vio Vi

» E-line ®—>©® represents an isentropemompresion in the second stage from a
pressure (B to a pressure (P.
» Fline ©@—® represents the delivery stroketbé second stage.
» G-line ®—@ represents the suction stroke of thied stage poif® again lyses on
the line@—® that representing an isothermal compression.
It is seen that the overall wodone on tk gas is intermediate between that for a
single stage isothermal compression and fitratsentropic compression. The net saving
in energy is shown as the shadeda in the last Figure.

The Total Work Done for Multistage Compressors

2% The total work done for compression the gas frqrioR%in an ideal single stage is,

(y-1)/
_ P, o 1 ib 1 PZP
- PV, - J
v-1

2% The total work done for compression the gas frartofin an ideal two stages is,

(y-1)/y _] r (y-1)/y 1 '
Y i 1|+ Y PV, 1 i} 1 i» 2 i»
'Y_l Pl -1 P|1

W=—"—pV

=
r

but for perfect inter-stage cooling i.e. at isothermal lipé, B B;V;;= constant

[ P (v-1)/y P (y-1)/y ]
:W:ﬁpvlt{[a) —1}+{(§1J —1}J|

2 X The total work done for compression the gas frarto®in an ideal n-stages is,

v [_ P (y-11y _l Y r P, (y-1)/7 ] Y r = (y-1/7 ]
- SES S N P B — 2 _
W - ,Y_ 1 Plvll( P]_ J 1J+ ,Y 1 Rlvll[( Pll ) 1J+ + ,Y 1 IDIn 1V|n ll(ﬂnl J 1J

i} 1 i» 2 F)i2’ 3 Pi3 >

» n | P2y
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for perfect inter-stage coolingV,= P,Vi;= P,Vj,= ------ = R,.1Vi,.1= constant

W y oy i— i (y-1)/y e i (y-1)/y e ) P, (y-1)/y . _I
- y-1"1 lL P, P P J
Y [ P, -1/ P, (y-1)/y P, (y-1)/7 ]
= W=—— P1V1 — +|—= +oennnn + -n
Y- 1 I:)1 Pil Pin—l

The optimum values of tarmediate pressureg PP, Ps, ------- P,.1 are so that
the compression ratio (r) is the same in &b stage and equal work is then done in
each stage.

i e i1 :i—i: ......... — P2 =r
e Pl F)il F)i2 Pln—l
1
Pl P, P, P P
then _2 :_'1:—'2:—|3: ......... = 2 = --=====————-- rovethat
(Pl) PP, P, Pt P
(y=1)/n (y—1)/n
:>W=LPvrn&Y Y—n] :>W:Pviriy 7—1]
,Y_l 11[ P]_ J lly_ll Pl J

The effect of clearance volume can nowth&en into account. If the clearance in

the successive cylinders arg, C, Cs, ------- C, the theoretical volumetric efficiency of

the first cylinder =l1+c, -c,(P, /P, J*7].

Assuming that the same compression ragicused in each cylinder, then the
theoretical volumetric effigincy of the first stage +c, —c,(p,/P)"™].

If the swept volumes dhe cylinders are ¥, Vs, Vg3, ----------- the volume of the
gas adhitted to the first cylinder ¥_[1+c, —c,(P,/P)"™]

The same mass of gas passes through eattte aylinders and, therefore, if the
inter-stage coolerare assumed perfectl yffieient, the ratio of the volumes of gas

admitied to successive cylinder is,(P,)"" [because lies on the isothermal line].
The volume of gas admitted to the secondrcyli de

= V32[1+C2 _Cz(PZ/ Pl)llny] =Vsl[1+C1_C1(P2/Pl)l/rwkpll Pz)l/n
v, lt+c,-c, P, /P )™
V, lt+c,-c,(p,1P)™]

In this manner the swept volume of eagtinder can be caldated in terms of
Ve, and G, G, vvvvnntn , and the cylinder dimensions determined.

(P, /R "

=

LetV, :V51[1+ C, - Cl(PZ / Pl)l/m], V, =V, [1+ C,- Cz(Pz / Pl)llnY]
Where, V : represents the volume of gas admitted to stage i.

But for perfectly cooled [i.e. isothermaip PV, = P1V1= PoVo= —------- = Bn.1Vn
= PV _li+C, -, (P, /P ™= PV, l1+C,-C,(P,/P)™]

1/n

P P

but r=—*=[->
 r-2 (2]

Va [1+ C,- CZ(P?_ / Pl)l/ny](Pz )lln
- - Ty ]l B
Vsz [1+Cl_C1(P2/P1) YJkpl
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Example -8.12-

A single-acting air compressor supplies 0snof air (at STP) compressed to 380 kPa
from 101.3 kPa. If the suction temperatur@&® K, the stroke is 0.25 m, and the speed
is 4 Hz, what is the cylinder diameteAssume the cylinder clearance is 4% and
compression and re-expansion are isentroprd..4). What are the theoretical power

requirements for the compression? e—0.25 m—»
Solution: | <-«—>
Stroke (ebiie s 4l gia" dlulude SIS ja Ao 50 4S ja) :( Ii
Volume of gas per stroke = (0.T/8)/4s" (289/273)

=0.0264m’

=2V 1—V,) =[volume of gas admitted per cycle]
P,/P; = 380/101.3 = 3.75
(V1—Va) = Vs [1+ C— C(P/P)™]

0.0264 =V {1+0.04-0.04(3.751*= V.= 0.0283 M= (V; — V) = volume of cylinder
Cross-section area of cylinder 5/Msyoke= 0.0283/25 = 0.113 M

= The diameter of cylinder = [0.113/4)]¥*=0.38 m

[ -0y ]
Y P,
=—— PN -V} 5 -1
ELRZ
for 1kg of gas that compressed per cycle]

S W = %(101.3>< 10°)(0.0264)(3.75) °*/** — 1] = 42783 / kg per stroke
The theoretical power required = 4278 J/kg'§4ser stroke= 17110 W =17.11kW

Example -8.13-

Air at 290 K is compressed from 101.3 kPa to 2065 kPa in two-stage compresso
operating with a mechanical efficiency 86%. The relation between pressure and
volume during the compression strokedaexpansion of clearance gas is (PV=
constant). The compression ratio in each efttho cylinders is the same, and the inter-
stagecooler may be assumed 100% efficidftthe clearance in thtwo cylinders are
4% ard 5%, calculate:

a- The work of ompression per kg of air compressed,;

b- The isothermal efficiency;

c- The isentropic efficiency;

d- The ratio of swept volumes in the two cylinders.

Solution:
P./P, = 2065/101.3 = 20.4
v RT  8314(Pa.m’/kmol.K) 290K

1 PMwt  (101.3x10°Pa)29kg/kmol
For 100% efficient of cooleat inter-stge, the work of compression in multistage
compressor of n-stages is;

=082 (m®/kg)

[_ (y-1)/ny ]
ny i P, 3 2(1.25) (0.28) /25 kJ
W=PV,—|| = -1 W =(1013x10°x0.82 204 —-1/=29235—
' 17—1[3] J:> (1013x10°x 082 157 (204 | kg
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The work of compressor = = Wmh =292.3/0.85 = 344 kJ/kg

For isothermal compression = §\& PV, In(P./P;) = 250.5 kJ/kg

Isothermal efficiency = (\WWy/ Wae) 100 = 72.8 %

For isentropic compressionWag, = PV y/(y 1) [(B/P)Y™7-1] =397.4 kd/kg
Isentropic efficiency = (W4 Wae) 100 = 115.5 %

Vv, =V l1+c,-c, (P, /P ™]

= 0.82=V_[1+004-004(204) %] = V_ = 0.905m* / kg

The swept volume of the second cylinder is given by:

v v +c,-c(prP)™](P " i
=" ivc,-c, P P
v, (P, /P, 0.82(1/20.4)"'?

= = — 3
2 =5 C,-C,(p,/PJ™]~ [+ 0.05- 005204 %] - 0200M /K9

Vsi/V 5= 0.905/0.206 = 4.4

Example -8.14-

Calculate the theoretical work in (J/kg) required to compress @ngdiagas initially at
T = 200 K adiabatically compressed from a pressure of 10 kPa to 100 kPa in;

1- Single stage compressor;

2- Two equal stages;

3- Three equal stages; Taken that1.4, Mwt = 28 kg/kmol
Solution:

r (y-1)/ '|
Y il P
1-  w=pry, -z _
e
P,/P; = 100/10 = 10

RT  8314(Pa.m’/kmol.K) 200K
PMwt  (10x10°Pa)28kg/kmol

V, = =594 (m®/kg)

14
=W =10(6.92 (100 °*** —1] = 19344 kJ / kg

2(1.4 kJ
14) [(10(°/28 _1] = 161.95—

n P (yl)/ny
2- wzplvl—y(—zj ~1|=>wW=594"7 g

(y-1)/ny
ny |(P 3(14 kJ
3- w=pyv, L (—2] ~1|=>wW=594""" é 4) (1072 1] = 15293,

For 100% efficient of cooler at inter-gja, the work of compression in multistage
compressor of n-stages is;

|— (y-1)/ny -l
ny i| P, B _ 3 2(1.25) (025 /25 4] _ kJ
W=PV, 1[(P ] 1J =W = (1013x10° x 082) 1[(20.4) 1= 29235 kg
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Example -8.15-

A three stages compressor is requireddmpress air from 140 kPa and 283 K to 4000
kPa. Calculate the ideal intermediate pressutee work required peég of gas, and the
isothermal efficiency of the process. Assutine compression to laliabatic and perfect
the inter-stage cooling to cool the torthe initial temperature. Taken that 1.4.

Soluti on:

1 1
P P P P, B I3 -
L2 2 _ |2 :@3:3_057 i» 1&» 2_Pi2_> 3_P2_’
P P, P, P, 140

=  P;=3.057 (140) =428 kPa
P,=3.057 (428) =1308.4 kPa

[ (y-1)/ny ]
_ ny i P2 _
W =PV, 7—1[( Pl} 1J

by, - RT__ 8314Pamkmoli) 283K /oo oo
M1 T Mt T (29kg/kmol) -k g
B 314)[(4000\** |
=W =81133 04 [[ 140) - J—32043kJ/kg

For isothermal compression = M\& PV, In(P./P;) = 272 kJ/Kkg
Isothermal efficiency = (\Wy W) 100 = 84.88 %

Example -8.16-

A twin-cylinder single-acting compressaworking at 5 Hz, delivers air at 515 kPa
pressure at the rate of 0.2/m If the diameter of the cylinder is 20 cm, the cylinder
clearance ratio 5%, and the temperatur¢hefinlet air 283 K, calculate the length of

stroke of the piston and delivery temperatuyrel(4). | % «— b
Solution: o.i m

TATy= (P/P)"Y" = T,=283(515/101.3)" 450K | I_
The volume handled per cylinder = 0.2/2 =0¥sm :(

Volume per stroke per cylinder = (0.2/8) / (5 §") = 0.02 nf
Volume at inlet conditions = (0.02%n(283/450) (515/101.3) = 0.0639’m

V1= Vs = Ve [1+ C= C(P/P)™] = 0.0639 = \{[1+ 0.05- 005(515/101.3Y*4

=  V¢=0.0718 M=7/4 (0.2] Lsyoke> Lstoke= 2.286 M

Example -8.17-

In a single-acting compressor suctiongsure and temperature are 101.3 kPa and 283
K, the final pressure is 380 kPa. If the coagsion is adiab&tand each new charge is
heated 18 K by contact with the clearanceega calculate themaximumtemperature
attained in the cylinder€1.4).

Solution: On the first stroke the air enters at 283 K and isgressed adiabatl |y

= T,=283(38/101.3)***= 415K
The clearance volume gases at 413 K which remmathe cylinder are able to raise the
next cylinder full of air by 18 K i.e. the d@emperature in the next cylinder is [18 + 283

=301 K]= The exit temperature = 301 (380/10%2:%)*= 439.2 K
On each subsequent strokg=P83 K, Teyiinger = 301 K, and Ty = 439.2 K.
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Example -8.18-

A single-stage double-acting compressor run@hd Hz is used to compess air from
110 kPa and 282 K to 1150 kPa. If the interd@meter of the cylinder 20 cm, the
length of the stroke 25 cm, and the piston clearance 5%. Calculate;

a- The maximum capacity of machine, referred to air at initial conditions;

b- The theoretical power requirements under isgmtr conditions
Solution:

The swept volume per stroke =i® (0.2} (0.25)] = 0.0157 Pn

(V1 — Vy) =V1+ C— C(P/P)*] = (V1 - V,) = 0.0157[1+ 0.05 0.051150/110¥*
=  (V1—V,)=0.0123m

Y-\ P, 04|\ 110

The power required = (3 stroke/s)(5.775 kJ/stroke) = 17.324 kW
Capacity= (3 stroke/s) (0.0123stroke) = 0.0369 s
Example -8.19-
Methane is to be compresséom atmospheric pressure ton 30 MPa in four stages.
Calculate the ideal intermediate pressumes e work required per kg of gas. Assume
compression to be isentropic and the gadebave as an ideglas and the initial

condition at STPyE1.4). . .
Solution: ’Y(_ ) i} 1 i» 2 ﬁ» 3 PiS’ 4 P, >

1 1
P, P, Ps P P, I 30 ¥
_ . P, 0.1013

[ P vy ] [ 04/14
14[(1150
W = P,(V, —v4)il(—2] - 1J W = 110(0.0123—[(—) - 1J — 5.775k] / stroke

=  P;=4.148 (101.3 kPa) =420.23 kPa
P,=4.148 (420.23 kPa) =1743.27 kPa
Ps=4.148 (1743.2kPa) = 7231.75 kPa
P,=4.148 (7231.75 kPa) = 30,000 kPa

r (y—l)/ny ]
_ ny i P2 _
W =PV, Y—ll( Plj 1J

RT  8314(Pa.m’/kmol.K) 273K
PV = = =141857 (kJ/k
PV e =t (16 kg/kmol) 857 (kJ/kg)
) a4l (300004 1
=W =141857 04 |\ 1013 —1J—99606k.J/kg
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CHPTER NINE
Liguid Mixing

9.1 Introduction

Mixing is one of the most common opgoas carried out in the chemical,
processing. The termMixing ” is applied to the processaesed to reduce the degree of
non-uniformity, or gradient of a property inetBystem such as concentrations, viscosity,
temperature, and so oMixing is achieved by moving material from one region to
another. It may be interest simply as means of achieving a desired degree of
homogeneity but it may also be used to promote heat and mass transfer, often where
system is undergoing a chemical reaction.

A rotating agitator generatesghi velocity streams of liquid, which in turn entrain
stagnant or slower moving regions afuid resulting in uniform mixing by momentum
transfer. As viscosity of the liquid iscreased, the mixing pcess becomes more
difficult since frictional drag retards the high velocity streams and confines them to
immediate vicinity of the rotating agitator.

9.2 Types of Agitators

In general, agitators can be cldiesl into the following two types: -

1- Agitators witha small blade areawhich rotate at high speed3hese include
turbines andmarine type propellers.

2- Agitators witha large blade areawvhich rotate at low speed3hese include
anchors,andPaddles andhelical screws.

Six-blade flat blade turbine Marine Propeller

The second group is more effective thaa finst in the mixing of high viscosity-
liquids.

For a liquid mixed in a tank with a rotatiragitator, the shear rate is greatest in
the intermediate vicinity of agitator. Imdt the shear rate decreases exponentially with
distance from the agitator. Thus the sheasses and strains vary greatly throughout an
agitated liquid in tank. Since the dynamic wasity of a Newtonian liquid is independent
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Cﬁﬂpfer Nine Fluid Flow L’iqm'ﬁ/ Mixing

of shear rate at a given temperature, iscosity will be the same at all points in the
tank. In contrast the apparent viscosifya non-Newtonian liquid varies throughout the
tank. This in turn significantly influences the mixing process.

The mean sharg,, produced by an agitator in a mixing tank is proportional to the

rotational speed of the agitator N

ie.¥,«N =1v =KN

where, K is a dimensionless proportionality constant for a particular system.

It is desirable to produce a particular mixing result in the minimum time (t) and
with the minimum input power per unit volumex(¥). Thus the efficiency functiorf)
can be defined as

e[ 0

9.2.1Small Blade, High Speed Agitators R P o | o N o

i i - 1

They are used tonix low to medium ~

are 6-blade flat blade turbine and the marir )
type propeller. /) ‘

Flat blade turbines used to mix liquids
in baffled tanks produceadial flow patterns
primarily perpendicular to the vessel wall
This type is suitable to mix liquids with
dynamic viscosity up to 50 Pa.s.

Marine type Propellers used to mix
liquids in baffled tanks produce axial flow
patterns primarily paralleto the vessel wall. Rradial flow pattern produced by a flat blade turbine
This type is suitable to mix liquids with

? ;

_They a s
viscosity liquids. Two of most common types ( { ) | \ k\ )\I
AN
“w

dynamic viscosity up to 10 Pa.s. f
aRp
i — Oy e 11
Aqitator Tip Speed (TS) r ol \;’t y;, s :\_‘ i,
Is commonly used aa measure of the r /’ ‘! ; ~ }
degree of the agitation in a liquid mixing '
system. l ;
TS = Do N t ! }i
Where, [Q: diameter of agitator. ; =y | g !
N: rotationalspeed. j - \\\ : fa -
Tip speed ranges for turbine agitator are | N r ’ ,
recommended as follows: ; ( B> | H
TS = 2.5 to 3.3 m/s for low agitation. | a w
TS = 3.3 to 4.1 m/s for medium agitation. %

TS = 4.1 to 5.6 m/s for high agitation.

Axial flow pattern produced by a marine
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Standard Tank Configuration

A turbine agitator of Driving Shaft
diameter (RR) in a cylindrical
tank of diameter () filled _ | | Baffle
with liquid to a height (H).
The agitator is located at a
height (H\) from the bottom @
of the tank and the baffles,
which are located immediately
adjacent to the wall, have a
width (b). The agitator has a
blade width (a) and a blade
length (r) and the blades are
mounted on a central disc of
diameter (s). A typical turbine
mixing system is the standard
configuration defined by the
following geometrical
relationships: - 6-blade flat
blade turbine |:

Tank

e

1- a 6-blade flat blade turbine

o

agitator.
2- DA = DT/ 3 H
3- HA = DT/ 3
4- a =0R/5 «——S—>
5-r = Dr/ 8 Dy, —» HA
6- H. = Dy
7- 4 symmetrical baffles l
8-b =0B/10 : H

< DT >

Figure of Standard Tank Configuration

Processing considerations sometimes swtae deviations from the standard
configuration.

Marine Type Propeller

It can be considered as a case-less pumpghis case its volumetric circulating
capacity (Q) is related to volumetridisplacement per revolution £Yby the equation;

Qa=mVpN
where, n: is a dimensionless efficiency factor which is approximately (0.6).

Vp is related to the propeller pitc(P) and the propeller diameter 5)Dby the
equation;
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_mD;P
T 4
Most propellers are squapitch propellers where (P =D so that the last equation
becomes;

7D} nrD3N
VD = 4A = QA = TA
A tank turnover rate {) is defined by the equation;
lr=Qu/V

where, V: is the tank volume and Is the number of turnovers per unit time.

To get the best mixingrIshould be at a maximum fargiven tank volume (V), this
means that the circulating capacity @hould have the highest possible value for the
minimum consumption of power.

The head developed by the rotating agitatay dan be written as;

ha=C, N°D,®> where, Gis a constant.
QA/hA =C DA/N where, C :|‘|7'E/(4C1)

but ¥, =KN
Qr  ~,Da . _
= c'— where, C* = C.K = constant
A m

9.2.2Small Blade, High Speed Agitators

This type of agitators includesnchors, gates, paddles, helical ribbons, and
helical screws They are used to mielatively high viscosity liquidand depend on a
large blade area to produce liquid moventarmughout a tank. Since they are low shear
agitators.

|
b
|

Al Ar '_.;wgt_.r:.,:,[ M
m ) !L ] \r\ ///
) - P

K

AW

sl L

Gate type anchor agitator Flow pattern in a baffled helical screw
system
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9.3Dimensionless Groups for Mixing

Some of the various types of forces thaty be arise during mixing or agitation will
be formulated: -
1- Inertial Force [Fi]
Is associated with the reluctance of a btmlghange its state of rest or motion.
The inertial force (ff = (mass) (acceleration) = m.a
d= =dm (du/dt)

but m =V =pAL y
= dm =pdV =pAdL gm:d—T:dm:mdt:pAudt
and u = dL/dt
= dF =pAdLdu/dt =pA (dL/dt)du=p Audu
F,
= F, = dei = TpAudu =pA u?/2
0 0
In mixing applications;
A oc D,2 Da: diameter of agitator
u=x DaN N: rotational speed
Therefore, the expression for inertial force may be written as;

I:IOCpDA4N2

2- Viscous ForcdF,]
The viscous force for Newtonian fluid is given by:
F =upA (du/dy)
In mixing applications;
A oc DA% duldycc m DaN /Da
Therefore, the expression for viscous force may be written as;

R o< n DA*N

3- Gravity Force [F]
The inertial force (f) = (mass) (gravitational acceleration) = m.g
In mixing applications;

m =pV =pAL  ocpDA’

Fioc p DA’ Qg
4- Surface Tension ForcgF]
In mixing applications;

FG xX o DA
In the design of liquid mixing systems the following dimensionless groups are of
importance: -
1- The Power Number(Np)

pN°D;
where,P,: is the power consumption.

Np
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2- The Reynolds NumberRe),

(Re). = Inertial Force F, pDiN?
™ ViscousForce| ~ F,  uD2N
ND;
= (Re), ="
M

3- The Froude Number(Fr)
This number related to fluid surface pidd to vortex system in mixing]

(Fr). = Inertial Force _F, pDyN°?
" Gravity Force]  F, pDig
N?D
= (Fr),, = A

4- The Weber Number(We),,
This number related to multiphase fluids fluid flow with interfacial forces]

We) = Inertial Force _F,  pDiN?
™~ SurfaceTensionForce| ~ F, oD,
N?D;
= (We) =P =2

It can be shown bylimensional analysisthat the power number (Np) can be
related to the Reynolds number (Rend the Froude number (F®y the equation;
Np=C(Re),(Fr),,
where, C is an overall dimensionless shamtadr which represents the geometry of the
system.

The last equation can also be written in the form;

Np
(Fr)y,
where,® is defined as the dimensionless power function.

The Froude number (Fr), is usually important only in situations where gross
vortexing.Since vortexing is a gravitational effect, the gHg not required to describe a
baffled liquid mixing systems. In this case the exponent of,(f®. y) in the last two
equations is zerof[Fr)? =(Fr)°=1 = [®= Np|.

Thus the non-vortexing systems.etlequation of power functiondj can be
written wither as;

®=Np=C(Re):| Oras; |logd =logNp=1logC- xlog(Re),,

b=

=C(Re)

The Weber number of mixing (Wg)is_only of importancewhen separate
physical phases are present in the liquid mixing system liquid-liquid extraction.
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9.4 Power Curve

A power curve is a plot of the power functio®)(or the power number (Np)
against the Reynolds number of mixing (Reh log-log coordinates. Eageometrical
configuration has its own power cunand since the plot involves dimensionless groups
it is independent of tank size. Thus a poweaweuhat used to correlate power data in a
1 n? tank system is also valid for a 1008 ank systenprovided that both tank systems
have the samgeometrical configuration

The Figure below shows the power curfee the standard tank configuration.
Since this is a baffled tank (non-vortexing®m), the following equation is applied;

log€ =logNp=1logC- xlog(Re),, ~  ="="======mmmmmomomomoes (X%

From the Figure it is clear &hthe power curve for the standard tank configuration
is linear_in the laminar flow region (line-ABWith slope (-1) in this region [(Rgx 10].
Then the last equation can be written in the following form;

log& = logNp=logC - log(Re),,
which can be rearranged to give;

Pa = Cpu N° Dy
C is a constant depend on the type of agitatw vessel arrangemeand if the tank is
with or without bafflesFor the standard tank configuration C = 71and for marine
type 3-blade C = 41. Thus féine laminar flow, power (R) is directly proportionato
dynamic viscosityu) for a fixed agitator speeN).

Viscous
o~ Turbulent
range 4+7Transmon range ——p range

D E
C

] L 11 | ] L 11 | ] L 11 | ] L 11 | ] L 11 |
10° 10" 16 10° 10* 10°
(Rew —»
Figure (1): Power Curve for the Standard Tank Configuration with Baffles

For the transition flow region BCD which extends up to (Rg) 10,000, the
constant (C) and the slope (x) in equatidf) {ary continuously.

In fully turbulent flow (Re), > 10,000, the curve becomes horizontal and the
power function @) is independent of Reynolds number of mixing ¢Re)
ie. ®=Np=6.3 for (Re) > 10,000

At point (C) on the power curve, fadhe standard tank configuration, enough
energyis being transferred to the liquid feortexingto start. However the baffles in the
tank prevent this.
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If the baffles were not present, vodteg would develop and the power curve
would be as shown in Figure below;

Viscous
i —  pigTurbulent
‘4— range +}<7Transmon range ’# rance

C

RN N AN N N A A M I
10° 1¢t 10° 103 10t
(Re _>
Figure (1): Power Curve for the Standard Tank Confguration without Baffles

The power curve for the baffled systemidentical with that for the unbaffled
system up to point (C) where [(Rgy 300]. As the (Rg)increases beyond point (C) in
the unbaffled system, vortexing increases #dredpower falls sharply as shown in the

above Figure.
As mentioned previously it can be shown disnensional analysisthat the
power number (Np) can be rtédd to the Reynolds number (Reand the Froude

number (Fr), by the equation;
Np=C(Re),(Fr)»,
= logNp=logC- xlog(Re), - ylog(Fr),.
For the unbaffled system
® = Np for (Re), < 300
And (@ = Np/[(Fr),) for (Re), > 300
A plot of (Np) against (Ff) on log-log coordinates issraight line of slop y at a
constant (Reg). A number of lines can be plotted for different values of {R&)plot of
(y) against log(Re) is also a straight line. lfhe slope of the line is ({1 and the
intercept at (Rg)= 1 is @/B) then
_o- log(Re),,
- p
Np Np
¢: = o—log(Re
(Fr) [(Fr). ] lqﬁ( b

The values ofd andp) are varying for various vortexing system. For a 6-blade
flat blade turbine agitatamf 0.1 m diameter §(= 1) and § = 40)]

If a power curve is available for partiaeml system geometry, it can be used to
calculate the power consumed by an dgitaat various rotational speeds, liquid
viscosities and densities. The procedure is as follows: -
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1- Calculate (Reg)
2- Read power number (Np) or power functidr) from the appropriate power

curve
3- Calculate the power £Pfrom
either |R=Npp N°Dp’ or  |B=® [(FN.)’ p N° Da?

These equations can b used to calcutalyg the power consumed by the agitator.
Electrical and mechanical losses requireditonal power, which occur in all mixing
system.

Example -9.1-

Calculate the theoretical power in Watt 808 m diameter, 6-bladflat blade turbine
agitator running at 0.2 rev/s in a tanks®m conforming to the standard tank
configuration. The liquid in the tank hasdynamic viscosity of 1 Pa.s, and a liquid
density of 1000 kg/rh

Solution:

(Re), =p N DA’/ p = (1000) (0.2) (3)/ 1 = 1,800
From Figure (1) ® =Np=4.5
The theoretical power for mixing
P.  =NppN®Dy°
= 4.5 (1000) (0.2)(3y
=8,748 W

Example -9.2-

Calculate the theoretical powier Watt for a 0.1 m diameteé-blade flat blade turbine
agitator running at 16 rev/s in a tank systesthout baffles and conforming to the
standard tank configuration. The liquidthe tank has a dynamicsaosity of 0.08 Pa.s,
and a liquid density of 900 kg/n

Solution:

(Re), =p N DA’/ p = (900) (16) (0.13/ (0.08) = 1,800
From Figure (2) ®=2.2

The theoretical power for mixing

Pa =@ [(F)u)’ p N°D,°

y:% R y:% 005638
(FNm =N Da/g=(16¥(0.1)/9.81=2.61
[(FN.  =[2.61]%%%® = 0.9479
=P = 2.2 (0.9479) (900) (18)0.1)

=76.88W
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