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1.1. INTRODUCTION

Hydraulics:

Hydraulics (this word has been derived from a
Greek work ‘Hudour’ which means water) may be
defined as follows :

“It is that branch of Engineering-science, which
deals with water (at rest or in motion).”

or

“It is that branch of Engineering-science which
is based on experimental observation of water flow.”
Fluid Mechanics:

Fluid mechanics may be defined as that branch of
Engineering-science which deals with the behaviour of

[fluid under the conditions of rest and motion.

The fluid mechanics may be divided into three
parts: Statics, kinematics and dynamics.

Statics. The study of incompressible fluids under static conditions is called hydrostatics and
that dealing with the compressible static gases is termed as aerostatics.

Kinematics. It deals with the velocities, accelerations and the patterns of flow only. Forces or
energy causing velocity and acceleration are not dealt under this heading.

Dynamics. It deals with the relations between velocities, accelerations of fluid with the forces
or energy causing them.

Properties of Fluids—General Aspects:

The matter can be classified on the basis of the spacing between the molecules of the matter as
follows:

1. Solid state, and
2. Fluid state,
(7) Liquid state, and

(ii) Gaseous state.
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In solids, the molecules are very closely spaced whereas in liguids the spacing between the
different molecules is relatively large and in gases the spacing between the molecules is still large. It
means that inter-molecular cohesive forces are large in solids, smaller in liquids and extremely small
in gases, and on account of this fact, solids possess compact and rigid form, liquid molecules can
move freely within the liquid mass and the molecules of gases have greater freedom of movement
so that the gases fill the container completely in which they are placed.

A solid can resist tensile, compressive and shear stresses upto a certain limit whereas a fluid has
no tensile strength or very little of it and it can resist the compressive forces only when it is kept in a
container. When a fluid is subjected to a shearing force it deforms continuously as long as the force
is applied. The amount of shear stress in a fluid depends on the magnitude of the rate of deformation
of the fluid element.

Liquids and gases exhibit different characteristics. The liquids under ordinary conditions are
quite difficult to compress (and therefore they may for most purposes be regarded as incompressible)
whereas gases can be compressed much readily under the action of external pressure (and when the
external pressure is removed the gases tend to expand indefinitely).

1.2. FLUID

A fluid may be defined as follows:
“A fluid is a substance which is capable of flowing.”
or
“A fluid is a substance which deforms continuously when subjected to external shearing
force.”
A fluid has the following characteristics:

1. It has no definite shape of its own, but conforms to the shape of the containing vessel.

2. Even a small amount of shear force exerted on a liquid/fluid will cause it to undergo a de-
formation which continues as long as the force continues to be applied.

A fluid may be classified as follows:

A. (i) Liquid,  (ii) Gas, (i) Vapour.

B. (i) Ideal fluids  (ii) Real fluids.
Liquid

@ Aliquid is a fluid which possesses a definite volume (which varies only slightly with tem-
perature and pressure).

@ Liquids have bulk elastic modulus when under compression and will store up energy in the
same manner as a solid. As the contraction of volume of a liquid under compression is extremely
small, it is usually ignored and the liquid is assumed to be incompressible. A liquid will withstand
a slight amount of tension due to molecular attraction between the particles which will cause an
apparent shear resistance, between two adjacent layers. This phenomenon is known as viscosity.

@ All known liquids vaporise at narrow pressures above zero, depending on the temperature.

Gas. It possesses no definite volume and is compressible.

Vapour. It is a gas whose temperature and pressure are such that it is very near the liquid state
(e.g., steam).

Ideal fluids. Anideal fluid is one which has no viscosity and surface tension and is incompressible.
In true sense no such fluid exists in nature. However fluids which have low viscosities such as water
and air can be treated as ideal fluids under certain conditions. The assumption of ideal fluids helps
in simplifying the mathematical analysis.



Real fluids. A4 real practical fluid is one which has viscosity, surface tension and compressibility
in addition to the density. The real fluids are actually available in nature.

Continuum. 4 continuous and homogeneous medium is called continuum. From the continuum
view point, the overall properties and behaviour of fluids can be studied without regard for its
atomic and molecular structure.

1.3. LIQUIDS AND THEIR PROPERTIES
@ Liquid can be easily distinguished from a solid or a gas.
@ Solid has a definite shape.
@ Aliquid takes the shape of vessel into which it is poured.

® A gas completely fills the vessel which contains it.

The properties of water are of much importance because the subject of hydraulics is mainly
concerned with it. Some important properties of water which will be considered are:

(/) Density, (i) Specific gravity, (iif)  Viscosity,
(iv) Vapour pressure, (v) Cohesion, (vi)  Adhesion,
(vii) Surface tension, (viii) Capillarity, and (ix) Compressibility.

1.4. DENSITY

1.4.1 Mass Density
The density (also known as mass density or specific mass) of a liquid may be defined as the

x

m .
mass per unit volume [ j at a standard temperature and pressure. It is usually denoted by p (rho).

Its units are kg/m’, i.e., p= % (1)
1.4.2 Weight Density
The weight density (also known as specific weight) is defined as the weight per unit volume at
the standard temperature and pressure. It is usually denoted by w.
w=g L2y
For the purposes of all calculations, relating to Hydraulics and hydraulic machines, the specific
weight of water is taken as follows:
In S.1. Units: w
In M.K.S. Units: w

9.81 kKN/m”® (or 9.81x 107° N/mm°)
1000 kg, /m’

1.4.3 Specific volume

It is defined as volume per unit mass of fluid. It is denoted by v.

Mathematically, v = 4
m

(1.3)

o |~

1.5. SPECIFIC GRAVITY

Specific gravity is the ratio of the specific weight of the liquid to the specific weight of a standard
fluid. 1t is dimensionless and has no units. It is represented by S.



For liquids, the standard fluid is pure water at 4°C.

Specificweightofliquid  Wiguia

Specifi ity = - - =
peciiic gravity Specific weightof purewater w

water
Example 1.1. Calculate the specific weight, specific mass, specific volume and specific gravity
of a liquid having a volume of 6 m® and weight of 44 kN.
Solution: Volume of the liquid = 6 m®
Weight of the liquid = 44 kN
Specific weight, w :
Weightof liquid _ 44

3
T Nt lid - 2 e A .
v Volumeofliquid 6 7.333 kN/m” (Ans.)

Specific mass or mass density, p :

p= %": w =747.5 kg/m® (Ans.)
; 1 1 3
fic vol = —=——— =0.00134 Ans,
Specific volume, v > = TaTs 0.00134 m/kg (Ans.)
Specific gravity, S :
- wh'r,ruid 7.333
§ = ——S=—"= = (.747 (Ans.)
Wyater 9.81

1.6. VISCOSITY

Viscosity may be defined as the property of a fluid which determines its resistance to shearing
stresses. It is a measure of the internal fluid friction which causes resistance to flow. It is primarily
due to cohesion and molecular momentum exchange between fluid layers, and as flow occurs, these
effects appear as shearing stresses between the moving layers of fluid.

An ideal fluid has no viscosity. There is no fluid which can be classified as a perfectly ideal fluid.
However, the fluids with very little viscosity are
sometimes considered as ideal fluids. Upper layer

Viscosity of fluids is due to cohesion and ————— Lower layer
interaction between particles.

Refer to Fig 1.1. When two layers of fluid,
at a distance “dy’ apart, move one over the other
at different velocities, say u and u + du, the + A utdu
viscosity together with relative velocity causes a / >
shear stress acting between the fluid layers. The f
top layer causes a shear stress on the adjacent du
lower layer while the lower layer causes a shear i ﬁ Solid boundary

stress on the adjacent top layer. This shear stress
with respect to y. It is denoted by t (called Tau).  Fig. 1.1 Velocity variation near a solid boundary.

is proportional to the rate of change of velocity

Mathematically T oC du
dy
or T = U du ..(1.4)



where, i = Constant of proportionality and is known as co-efficient of dynamic viscosity or only
VISCOSIty.

du _ Rate of shear stress or rate of shear deformation or velocity gradient.

du
dy

Thus viscosity may also be defined as the shear stress required to produce unit rate of shear
strain.

From Fig. 1.1, we have n = ﬁ ..(L.5)

Units of Viscosity:
In S.I. Units: N.s/m?
In M.K.S. Units: kgr.sec/m2

_ force/area _ force/length® _ force x time
- : I 1 - {length)2
(length/time) x length length
The unit of viscosity in C.G.S. is also called poise = w. One poise = 1_16 N.s/m’
cm

NI The viscosity of water at 20°C is 700 poise or one centipoise.

Kinematic Viscosity :
Kinematic viscosity is defined as the ratio between the dynamic viscosity and density of fluid.
It is denoted by v (called nu).

Mathematically, v = VILOF,’IW =k (1.6)
2 Density p

Units of kinematic viscosity:

In SI units: m*/s

In M.K_S. units: m%/sec.

In C.G.S. units the kinematic viscosity 1s also known as stoke ( = cmza’sec.)

One stoke = 107" m?/s
1
WOIH Centistoke means —— stoke.
100

1.6.1. Newton’s Law of Viscosity
This law states that the shear stress (t) on a fluid element layer is directly proportional to the
rate of shear strain. The constant of proportionality is called the co-efficient of viscosity.

Mathematically, T = u% (1.7)
y

The fluids which follow this law are known as Newtonian fluids.
1.6.2. Types of Fluids

The fluids may be of the following types:
Refer to Fig.1.2.



1. Newtonian fluids. These
fluids follow Newton’s viscosity Elastic solid
equation (i.e. eqn. 1.7). For such
fluids u does not change with rate
of deformation.

»
>

Examples. Water, kerosene, air
etc.

2. Non-Newtonian fluids.
Fluids which do not follow the
linear relationship between shear
stress and rate of deformation (given
by eqn. 1.7) are termed as Non-
Newtonian fluids. Such fluids are
relatively uncommon.

Real plastic

Examples.  Solutions  or
suspensions (slurries), mud flows,
polymer  solutions, blood efc.
These fluids are generally complex
mixtures and are studied under
rheology, a science of deformation Velocity gradient 9%, & >
and flow. ) 2

3. Plastic Ruids. Tn thechse of Fig. 1.2. Variation of shear stess with velocity gradient.

a plastic substance which is non-Newtonian fluid an initial yield stress is to be exceeded to cause a
continuous deformation. These substances are represented by straight line intersecting the vertical
axis at the “yield stress” (Refer to Fig. 1.2).

An ideal plastic (or Binigham plastic) has a definite yield stress and a constant linear relation
between shear stress and the rate of angular deformation. Examples: Sewage sludge, drilling muds
efc.

Ideal fluid (n = 0)

— Yield stress —»1 Shear stress T, N/m2 —>»
%4:
Pt
O,
A
%
¢’o'

A thyxotropic substance. which is non-Newtonian fluid, has a non-linear relationship between
the shear stress and the rate of angular deformation, beyond an initial yield stress. The printer s ink
is an example of thyxotropic substance.

4. Ideal fluid. An ideal fluid is one which is incompressible and has zero viscosity (or in
other words shear stress is always zero regardless of the motion of the fluid). Thus an ideal fluid is
represented by the horizontal axis (1 =0).

A true elastic solid may be represented by the vertical axis of the diagram.
Summary of relations between shear stress (1) and rate of angular deformation for various types

of fluids:

(i) Ideal fluids: t=0, (if) Newtonian fluids: t= . Z—;,
(iii) Ideal plastics: T = const. + | . Z—; , (iv) Thyxotropic fluids: t = const.+ u(j’—;j , and

n
(v) Non-Newtonian fluids: T = (%) .
y
In case of non-Newtonian fluids, if n is less than unity then are called pseudo-plastics
(e.g., paper pulp, rubber suspension paints) while fluids in which 7 is greater than unity are known
as dilatents. (e.g., Butter, printing ink).



Ostwald-de-Waele Equation. It is an empirical solution to express steaty-state shear stress as
a function of velocity gradient, and is given as

du|""" du
dy| dy
If n =1, this reduces to Newton’s law of viscosity, with oo = p
Example 1.2. (@) What are the characteristics of an ideal fluid ?
(b) The general relation between shear stress and velocity gradient of a fluid can be written as
n
T = 4 (ﬂj + B
dy

where A, B and n are constants that depend upon the type of fluid and conditions imposed on
the flow. Comment on the value of these constants so that the fluid may behave as:
(1) an ideal fluid,
(if) a Newtonian fluid and

T, = o

(iif) A non-Newtonian fluid.
(c) Indicate whether the fluid with the following characteristics is a Newtonian or
non-Newtonian.
()1=Ay+Bandu=C,+ Cy + Cy?
(@ t=4"""VYandu ="
Solution. (a) An ideal fluid has the following characteristics:
@ No viscosity (i.e., u=0)
@ No surface tension.
e Incompressible (i.e., p = constant)
An ideal fluid can slip near a solid boundary and cannot sustain any shear force however small
it may be.

) © = A(@]” +B
dy

() An ideal fluid.

Since an ideal fluid has zero viscosity (i.e., shear stress is always zero regardless of the

motion of the fluid), therefore.
A=B=0

(ii)y A Newtonian fluid:

Since a Newtonian fluid follows Newton’s law of viscosity;

T = M%, therefore:
y

e n=1land B=0
@ The constant 4 takes the value of dynamic viscosity p for the fluid.
Air, water, kerosene etc. behave as Newtonian fluids under normal working conditions.
(iii)y A non-Newtonian fluid.:
Depending on the value of power index 7, the non-Newtonian fluids are classified as:

@ Ifn>1and B =0 ... Dilatant fluids.

Examples: Sugar solution, aqueous suspension and printing ink.

e Ifn<1and B=0.. Pseudo plastic fluids.



Examples : Blood, milk, liquid cement and clay.

e Ifn=1and B=r,... Bingham fluid or ideal plastic.

An ideal plastic fluid has a definite yield stress and a constant-linear relation between shear
stress developed and rate of deformation:

. du
ie. T = Tyt P
dy

Examples: Sewage sludge, water suspension of clay and flyash, etc.
(¢) (h)t=Ay+Bandu=C,+C,y+ Cy)*

Now, du _ d (C,+Cy+Cy,)=C, +2Cyy
dy dy
For Newtonian fluid, T = uﬂ
dy

-
Il

& W, +2Cy) =2uChy + nC,
which can be rewritten as

v = Ay + B where 4 =2uC; and B = nC,
Since this has the same form as the given shear stress, therefore the fluid characteristics
correspond to that of an ideal fluid.
(i) t=4"" Vandu=0C
du

N ; ety
ow. dy

= i o AU
& (CY")Y = Cn(y)

For a Newtonian fluid T = plj—i =uCn(y)"~!

This expression does not conform to the value of shear stress and as such the fluid is non-
Newtonian in character.

1.6.3. Effect of Temperature on Viscosity

Viscosity is effected by temperature. The viscosity of liguids decreases but that of gases
increases with increase in temperature. This is due to the reason that in /iguids the shear stress
is due to the inter-molecular cohesion which decreases with increase of temperature. In gases the
inter-molecular cohesion is negligible and the shear stress is due to exchange of momentum of
the molecules, normal to the direction of motion. The molecular activity increases with rise in
temperature and so does the viscosity of gas.

For liquids: Wy = AT ..(L.8)
12
For gases: puT = IIJ)rTW ..(1L.9)
where, u, = Dynamic viscosity at absolute temperature 7,
A, B = Constants (for a given liquid), and

a,b = Constants (for a given gas).

1.6.4. Effect of Pressure on Viscosity

The viscosity under ordinary conditions is not appreciably affected by the changes in pressure.
However, the viscosity of some oils has been found to increase with increase in pressure.

Example 1.3. A4 plate 0.05 mm distant from a fixed plate moves at 1.2 m/s and requires a force
of 2.2 N/m® to maintain this speed. Find the viscosity of the fluid between the plates.



Solution: Velocity of the moving plate, u= 1.2 m/s
Distance between the plates, dy = 0.05 mm =0.05x 10~ m
Force on the moving plate, F = 2.2 N/m’

Viscosity of the fluid, p:
We know, 1 = u.ﬂ
dy Moving pl
oving plate _
where 1= shear stress or force per r = l'i m/s
unit area = 2.2 N/mz,
du = change of velocity
=u-0=12m/sand
dy = change of distance 7 L
=0.05%10"m. Fixed plate
= 1.2 = Fig. 1.3
0.05x10
3
or, n= 220053197 =9.16 x 10°N.s/m? '.'lpoiSfJZL]\I—‘zS
1.2 10 m

=9.16 x 10~ poise (Ans.)

Example 1.4. A4 plate having an area of 0.6 m” is sliding down the inclined plane at 30° to the
horizontal with a velocity of 0.36 m/s. There is a cushion of fluid 1.8 mm thick between the plane
and the plate. Find the viscosity of the fluid if the weight of the plate is 280 N.

Solution:  Area of plate, 4 =0.6 m’

Weight of plate, W = 280 N
Velocity of plate, u =0.36 m/s
Thickness of film, t=dy =18 mm=18x 107 m
Viscosity of the fluid, p:
Component of W along the plate = J¥"sin 0 =280 sin 30° = 140 N

6=30°

Fig. 1.4

.. Shear force on the bottom surface of the plate, /= 140 N and shear stress,

- F_140_ 2

T 1-06 233.33N/m
We know, T = u.ﬂ
dy

Where, du = change of velocity = u—0=0.36 m/s



dy = t=18%x10"m
0.36
23333 = px—220
H T 8x10
-3
or, p = 23333xL8XI07 4 0en o/m? = 11.66 poise (Ans.)

0.36

Example 1.5. The space between two square flat parallel plates is filled with oil. Each side of
the plate is 720 mm. The thickness of the oil film is 15 mm. The upper plate, which moves at 3 m/s
requires a force of 120 N to maintain the speed. Determine:

(i) The dynamic viscosity of the oil,

(i) The kinematic viscosity of oil if the specific gravity of oil is 0.95.

Solution. Each side of a square plate = 720 mm =0.72 m
The thickness of the oil, dy = 15 mm =0.015 m
Velocity of the upper plate = 3 m/s
.. Change of velocity between plates, du = 3-0=3 m/s
Force required on upper plate, F = 120N
y force 120 2
St tress, T = = =23 15N/
1CATSHESS, T rea  0.72x0.72 m
(/) Dynamic viscosity, p:
We know that,
T= au
o
3
2315=p.——
H-0015
U= M =1.16 N.s/m” (Ans.)

(if) Kinematic viscosity, v:
Weight density of oil, w = 0.95 x 9.81 kN/m? = 9.32 kN/m’ = or 9320 N/m’

Mass density of oil, p = g = %3_82-12 =950
Using the relation: v = % = %Sig = 0.00122 m%/s
Hence v =0.00122 mzfs{ Ans.)

Example 1.6. The velocity distribution for flow over a plate is gives by u = 2y — y* where u is
the velocity in m/s at a distance y metres above the plate. Determine the velocity gradient and shear
stress at the boundary and 1.5 m from it.

Take dynamic viscosity of fluid as 0.9 N.s/m>.

Soluton. u =2y —)* ..(given) .. % —2-2y
'y
(i) Velocity gradient, Z—;:
At the boundary : Aty =0, (%) =257 (Ans)
v ), -0

At 0.15 m from the boundary:

Aty=0.15m, (ﬂ) —2-2x0.15=1.7s" (Ans.)
y=0.15

dy



(ii) Shear stress, T:

() o= . (%j ~0.9 x 2 = 1.8 N/m? (Ans.)
v ), o
and, (T)y—p1s= K (% =0.9 x 1.7 =1.53 N/'m” (Ans.)
Y )y=0.15

[Where p=0.9 N.s/m? ... (given)]

Example 1.7. A lubricating oil of viscosity | undergoes steady shear between a fixed lower
plate and an upper plate moving at speed V. The clearance between the plates is t. Show that a linear
velocity profile results if the fluid does not slip at either plate.

Solution. For the given geometry v
and motion, the shear stress T is constant
throughout. From Newton’s law of
viscosity, we have

du 1

—— = — = constant >/
@ —>

oru=ly+m {

Moving plate

u=u(l)
The constantS [ and m are evaluated
from the no slip conditions at the upper
and lower plates.
" _ 2l : i S— ——— =0
At _}'—O,LI.—O ..m—O F F i Y A 777
At y=tu=V Fixed plate
Fig.1.5

V=!r+00r£=%

.. The velocity profile between plates is then given by:

[/
u= %Z and is /inear as indicated in Fig 1.5 (Ans.)

Example 1.8. The velocity distribution of flow over a plate is parabolic with vertex 30 cm from
the plate, where the velocity is 180 em/s. If the viscosity of the fluid is 0.9 N.s/m® find the velocity
gradients and shear stresses at distances of 0, 15 em and 30 em from the plate.

Solution. Distance of the vertex from the Y
plate = 30 em. A

Velocity at vertex, u = 180 cm/s

Viscosity of the fluid = 0.9 N.s/m’

The equation of velocity profile, which is
parabolic, is given by

u=h*+my +n (D)
where [/, m and n are constants. The

values of these constants are found from the
following boundary conditions:

() At y=0,u=0,
(i) Aty=30cm,
u =180 cm/s and

u=180 cm/s = Vertex

‘7‘7/— Velocity distribution

(Parabolic)

»,
>

Plate

<«—30cm ——»
y

Fig. 1.6



equal to —

du
d_y =0
Substituting boundary conditions (i) in eqn. (1), we get
0=0+0+n ..n=0

Substituting boundary conditions (i) in eqn. (1), we get

180 = I x (30> +m =30 or 180=900/+30m
Substituting boundary conditions (iii) in eqn. (1), we get
‘;—; —2yp+m - 0=20x30+m or 0=60l+m

Solving eqns. (2) and (3), we have [ =—0.2 and m = 12.

(i) Aty=30cm,

Substituting the values of , m and 7 in eqn. (1), we get u =— 0.2 y* + 12y

Velocity gradients, ‘i” :
ay
© du
B o 02512 =—0Ry+12
& 02x2 0.4y
At AR (@] = 12/s (Ans.)
dy y=10
At y = 15cm, (@j =_04 % 15+ 12 = 6/s (Ans.)
4y ), 1s
At y = 30cem, (Eﬁj =_0.4%30+12=0 (Ans)
dy y=30
Shear stresses, T:
du
W k ’ = i
€ Know, T udy
At ¥ =0, (%), =p.[%] = 0.9 x 12=10.8 N/m* (Ans.)
y=0
At ¥ = 15,0, 5= u,(i—ijj =0.9 x 6= 5.4 N/m? (Ans.)
< y=15
At ¥ = 30, (1), 5= p,(j—”j =0.9%0=0(Ans)
Y /)y =30

Q)

.03

Example 1.9. 4 fluid has an absolute viscosity of 0.048 Pa-s and a specific gravity of 0.913.

Solution. (i) Linear velocity distribution:

If velocity distribution is linear, du is same at every point within the boundary layer and is

dy

du _ 1.125
dy 0.075

For flow of such a fluid over a solid flat surface, the velocity at a point 75 mm away from the surface
is 1.125 m/s. Calculate the shear stresses at the solid boundary and also at points 25 mm, 50 mm
and 75 mm away from the surface in normal direction, if the velocity distribution across the surface
is (i) linear, (it) parabolic with vertex at the point 75 mm away from the surface.



Shear stress for all the locations,

du _ ) 048x 1123 _ 9 72 N/m (Ans.)

TR 0.075
(@) Parabolic velocity distribution:
For parabolic velocity distribution, let the velocity profile be u = ly2 +my+n
where the constants, /, m, and n are found from the boundary conditions.

At y=0, u=0,givingn =0
At y=0.075 m, u = 1.125 m/s, giving
1.125 = (0.075)*1 + 0.075 m ()
or 1.125=5.625x 10 [+ 0.075 m
At y=0075m, % —0=21y+m
dy
or 0=2/x0075+m orm =-0.157 .. (i)

Substituting (ii) in (i), we get
1.125 =5.625 x 10731 -0.075 x 0.15/

=/(5.625 x 107 = 0.075 x 0.15) =—0.005625 /

1.125

~ ~ 005625 - 2%
and from (i7), we have m = 30.
Hence the velocity distribution becomes u = — 200y” + 30y, and % =30-400y
Hence the shear stresses at the required locations, y, are determined in the table below:
v (m) 0 0.025 0.05 0.075
%(persecond) 30 20 10 0
Shere stress = p% N/m? 1.44 0.96 0.48 0

(Ans.)
Example 1.10. 4 400 mm diameter shaft is rotating at 200 r.p.m. in a bearing of length 120 mm,
If the thickness of oil film is 1.5 mm and the dyvnamic viscosity of the oil is 0.7 N.s/m®, determine:
(i) Torque required to overcome friction in bearing;
(i) Power utilised in overcoming viscous resistance.
Assume a linear velocity profile.
Solution. Diameter of the shaft, d = 400 mm = 0.4 m
Speed of the shaft, N =200 r.p.m.
Thickness of the oil film, 7=1.5mm=1.5 x 10° m
Length of the bearing, /=120 mm =0.12 m
Viscosity, = 0.7 N.s/m>
ndN _ mx0.4x200

Tangential velocity of the shaft, u = 0 - %0 =4.19 m/s




(/) Torque required to overcome friction, 7 :

_du
T—M.d—y

where du = change of velocity =u — 0 =4.19 m/s

We know,

Bearing Oil film

< 400 mm |

1.5 mm

Fig.1.7
dy=t=15x%x10"m

= 07x 419
1.5x10°

1955.3 N/m?.
Shear force, F = shear stress x area
=t-ndl
=19553 xtx 0.4 x0.12
294 85N

|l

Hence,  viscous torque = F x d/2 =294.85 x 02—4

= 58.97 Nm (Ans.)

(if) Power utilised, P:

g 2EN
P=Tx
60

watts, where 7'is in Nm

P =58.97 x % =1235W or 1.235 kW (Ans.)
Example 1.11. A 150 mm diameter shaft rotates at 1500 rp.m. in a 200 mm long journal
bearing with 150.5 mm internal diameter. The uniform annular space between the shaft and the
bearing is filled with oil of dynamic viscosity 0.8 poise. Calculate the power dissipated as heat.

Solution. Given: dshaﬁ =150 mm; dbearmg =150.5 mm; /=200 mm=0.2 m

N =1500 r.p.m.; u = 0.8 poise = 0.8 x 0.1 = 0.08 Ns/m*

Power dissipated as heat:

(150.5 - 150)/2
1000

-3
Tangential velocity of the shaft, u = mdN - _ mx (150 x10 7) x 1500 =11.78 m/s

60 60

Radial thickness of the oil, dy = m = 0.00025 m




.. Change of velocity, du= u—-0=11.78 m/s
Tangential stress in the oil layer,
T= U du
Iy
_ 11.78 2
t= 0.08x 0.00025 ~ 3769.6 N/m

Power dissipated as heat = shear force x tangential velocity of this shaft
=[tx(nd)]*u
= 769.6 x 1 x (150 x 10°) x 0.2 x 11.78
= 4185 W or 4.185 kW (Ans.)

Example 1.12. 4 vertical cylinder of diameter 180 mm rotates concentrically inside another
cylinder of diameter 181.2 mm. Both the cylinders are 300 mm high. The space between the cylinders
is filled with a liquid whose viscosity is unknown. Determine the viscosity of the fluid if a torque of
20 Nm is required to rotate the inner cylinder at 120 r.p.m.

Solution. Given: Diameter of inner cylinder, d = 180 mm = 0.18 m
Diameter of outer cylinder, D = 181.2mm=0.1812 m
Length of each cylinder, /= 300 mm=0.3m
Speed of the inner cylinder, N = 120 rp.m.
Torque, 7= 20 Nm.

1
|
= T )
= | == Liquid
L I _—/-
— | rs
I i > < 0.6mm
= 55 I — |
S ! | | Outer cylinder
2 B | g
it =] | —:/
= | =
— | I — | Inner rotating
== | =] lind
y | ]’d/ cylinder
= | | Jier
5= WY
| €«———180 mm dia. ——»
«— 181.2 mm dia. ———p

Fig. 1.8
Viscosity of the liquid, p:
Tangential velocity of the inner cylinder

_ nmdN mx0.18x120
U= = 0 =1.13m/s

Surface area of the inner cylinder,
A =mndl=mx0.18x0.3
0.1696 m*

Using the relation:
_ du
l“l" dy



where, du = u—-0=1.13-0
= 1.13m/s
and dy = w ~0.0006 m
1.13
= ~1883.33
"7 H70.0006 H
Shear force, FF = 1 x4 =1883.33 ux0.1696 N
Torque, T = FXFX%
— 1883.33 1 x 0.1696 x 0‘218
or 20 = 1883.33 pu x 0.1696 x 0.09
20 2
= : = 0.696 Ns/
g H 188333 % 0.1696 x 0.09 sm
ie., n = 6.96 poise (Ans.)

Example 1.13. A circular disc of diameter D is slowly rotated in a liquid of large viscosity (1)
at a small distance (h) from a fixed surface. Derive an expression of torque (T) necessary to maintain
an angular velocity ().

Solution. The arrangement is shown in Fig. 1.9.
1

2
Sl et
——

D

" ¥ Statjonary surface

Fig. 1.9

Consider an elementary ring of disc at radius » and having a width dr. Linear velocity at this
radius is or.

du
Torque = shear stress x area x r

TX2nrdr Xr

Shear stress, T

= uﬂ X 210 % dr
dy

Assuming the gap 4 to be small so that the velocity distribution may be assumed linear.
du _ or

dy h



.. Torque on the element

dT = u%xanz x dr =—2Tch“0)r3 x dr

/2
Total torque, 7 = I zn%r} x dr
0
4102 4
or T - 2num[r_} _2muo 1(2)
h 4 Jo h 4\2
nuooD4
or T = TV which is the required expression. (Ans.)

Example 1.14. 4 120 mm disc rotates on a table separated by an oil film of 1.8 mm thickness.
Find the viscosity of oil if the torque required to rotate the disc at 60 r.p.m is 3.6 x 10~ Nm.
Assume the velocity gradient in the oil film to be linear.
Solution. Given: Diameter of the disc, D = 120mm=0.12 m
Thickness of oil film, 7 = 1.8 mm=1.8x 10~ m
Torque, T = 3.6 x 10~ Nm
Speed of the disc. N = 60 r.p.m.
2aN _ 2m %60

Angul d of thedisc, 0 = —==
ngular speed of the disc, ® 60 60

=2n rad/s
Viscosity, p:
We know that when the velocity gradient is linear,

du u

dy t

Oil film

I e (t=dv)

VA A A AV i A A v 4 ///!’////// ///// 77 /+/
le—— 120 mm 44\

Table
Fig. 1.10
. _u
Shearing stress, T = u.; .
Shearing force = Shearing stress x Area
= u.%.an dr (considering an element at radius 7 and thickness dr)

2npor’.dr

= u.%.an dr = (where u = or, ® being the angular velocity)



Viscous torque = Shearing force x r

_ 2nu(nr2 .dr ,e 2nu(nr3 .dr
t T t

-. Total viscous torque,

{omporidr  2mpo f R
T = J’ Tuortdr _ Tcu(nJ‘rgdrznp,(o
0 t t 0 2t

_ nucoR4

ie.,
2t

Substituting the values, we get:

x pux 21 x (0.12/2)*
2x1.8x107°

3.6x104x2x1.8x107

1 x 2mx (0.06)*
Hence, 1 = 0.0506 poise (Ans.)

3.6x10°* =

or no= =0.00506 N.s/m* = 0.0506 poise.

Example 1.15. 4 solid cone of maximum radius R and vertex angle 20 is to rotate at angular
velocity . An oil of viscosity n and thickness t fills the gap between the cone and the housing.
Derive an expression for the torque required and the rate of heat dissipation in the bearing.

Solution. Given: Maximum radius of the cone = R

Vertex angle =20
Viscosity the o1l =
Thickness of oil = ¢
Refer Fig. to 1.11.
Consider an elementary area dA4 at radius r of the cone.

dA =2nrds x .dr
sin®
(0]
Solid cone : '
R |
. _'L I +| i S
a1 ! 1
Ker? i -__:.’.: i
W : I >q./\[
I
oil 10,/ )
i , ds = S0
(@) (b)
Fig. 1.11
Shear stress T = uﬂ = uz
dy t

Shear force = shear stress X area of the element
uz ( 2nr x dr )
t sin®

Viscous torque on the element, d7 = uz (an X ,dr ) xXr
t sin 6




Since the cone rotates with angular velocity o rad/sec., the tangential velocity, u = @r

dr 2TU® 3
: dT = ﬂ(z 4 ) = ZH®,3 g
or ut “rX51ne xr lsmer d

R
27:}10) ¥ dr
tsin® Jo

Total torque, T =

. 2npw R TUO 54
.e., T = - — =—"—"_R" (Ans.
e tsin® x 4  2tsin® (Ans.)

Power utilised in overcoming the resistance (or rate of heat dissipation in the bearing),

2
P=To=|2F _p* (Ans.
® [Ztsine (Ans.)
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Example 1.16. Two large fixed parallel planes are 12 mm apart. The space between the surfaces
is filled with oil of viscosity 0.972 N.s/m*. A flat thin plate 0.25 m* area moves through the oil at a
velocity of 0.3 m/s. Calculate the drag force:

(/) When the plate is equidistant from both the planes, and

(if)y When the thin plate is at a distance of 4 mm from one of the plane surfaces.

Solution. Given: Distance between the fixed parallel planes =12 mm=0.012 m

Area of thin plate, 4 = 0.25 m’ Fixed parallel plane
Velocity of plate, u = 0.3 m/s >, / SO I IELE LG ILELS
Viscosity of oil =0.972 N.s/m’ T
Drag force, F: Plate O mm
(i) When the plate is equidistant from both the planes: E X 0.3 mis >
Let, F, = Shear force on the upper side of the =
thin plate, 6 mm
F, = Shear force on the lower side of lht.. l ¢
th]n p]ate ¥ AT A ST P S T A
F = Total force required to drag the plate Fig. 1.12
(= Fiths),
The shear 1, on the upper side of the thin plate is given by:
r (8]
dy ),

where, du = 0.3 m/s (relative velocity between upper lixed plane and the plate), and dy =
6 mm = 0.006 m (distance between the upper fixed plane and the plate)

(Thickness of the plate neglected).
0.3

= 0.972x —=>_=48.6N,
T = 0.972x 5 oo = 48.6N/m?

Shear force, F';, = 1,4 =48.6x0.25=12.15N
Similarly shear stress (t,) on the lower side of the thin plate is given by

du 0.3 2
= u.|— | =0972x——=48.6 N/

R (dy)z *0.06 m

F, =1,.4=486%x025=12.15N

F = F,+F,=12.15+12.15=24.30 N (Ans.)

(ii) When the thin plate is at a distance of 40 mm from one of the plane surfaces: Refer to Fig. 1.13

and



The shear force on the upper side of the thin £4¢

plate, T T

du 8 mm
F1=11.A=u.d— x A é
Vi S 0.3 m/
— . S
0.3 > F

= 0.972x x0.25=9.11N A

0.008 L 4 ?m
The shear force on the lower side of the thin plate,
Fig. 1.13

du
F,= A=p.| — A
27 T2 X u(dy)zx

_ 0.3 B
0.972 x (_0_004) x0.25=18.22N

.. Total force F = F| + F,=9.11 + 18.22 =27.33 N (Ans.)

Example 1.17. In the Fig. 1.14 is shown a central plate of area 6 m* being pulled with a force
of 160 N. If the dynamic viscosities of the two oils are in the ratio of 1:3 and the viscosity of top oil
is 0.12 N.s/m* determine the velocity at which the central plate will move.

Solution: Area of the plate, 4 =6 m’

Force applied to the plate, ¥ = 160 N
Viscosity of top oil, u=0.12 N.s/m’
Velocity of the plate, u:
Let F, = Shear force in the
upper side of thin
(assumed) plate,

—» 160N

F, = Shear force on the
£ lower side of the thin
plate, and
F = Total force required to drag the plate
(= Fl T Fz)
Then, F =F+F=1gx4+t,%x4

( where 7, and 1, are the shear stresses on the two sides of the plate)

160=0.12 x —%—x6+3x0.12x ——x6
6x10" 6x10"
or 160 = 120u + 360u = 4801 or u =92 =0.333 m/s (Ans.)

480

Example 1.18. 4 metal plate 1.25 m x 1.25 m X 6 mm thick and weighing 90 N is placed
midway in the 24 mm gap between the two vertical plane surfaces as shown in the Fig. 1.15. The
gap is filled with an oil of specific gravity 0.85 and dynamic viscosity 3.0 N.s/m>. Determine the
force required to lift the plate with a constant velocity of 0.15 m/s.

Solution. Given: Dimensions of the plate = 1.25m x 1.25 m X 6 mm
Area of the plate, 4 = 1.25 x 1.25=1.5625 m>



Thickness of the plate = 6 mm % Vertical
Plane

t1=12=#=9mm

(Since the plate is situated midway in the gap)
Specific gravity of oil =0.85
Dynamic viscosity of oil =3 N.s/m?
Velocity of the plate = 0.15 m/s
Weight of the plate =90 N
Force required to lift the plate:
Drag force (or viscous resistance) against the motion of
the plate,

<« —> t,—>

Oil

Plate

F=1.4+1,.4
. < 6 mm
(where 1, and 1, are the shear stresses on two sides of the 4
plate) d g
— 24 mm—

du du
= fh == XA+JJ(—] x A Fig. 1.15
[d}’l ') 2

or F=3x15625=0.15 L = 1 3
9x10~ 9%10~

=3 % 1.5625 x 0.15 x 20_3:156.25N

x|

Upward thrust or buoyant force on the plate = specific weight x volume of oil displaced
=0.85x 9810 = (1.25x1.25 % 0.006 )=78.17N

Effective weight of the plate =90 —78.17=11.83 N

- Total force required to lift the plate at velocity of 0.15 m/s = I + effective weight of the plate
=156.25+11.83 = 168.08 N (Ans.)

Example 1.19. 4 square metal plate 1.8 m side and 1.8 mm thick weighing 60 N is to be lifted

through a vertical gap of 30 mm of infinite extent. The oil in the gap has a specific gravity of 0.95
and viscosity of 3 N.s/m™. If the metal plate is to be lifted at a constant speed of 0.12 m/s, find the

force and power required.
Solution.  Area of metal plate, 4 = 1.8 x 1.8 =3.24 m?
. . _ . _30-1.8
Thickness of the oil film, r = dy %1000 — 0.0141
Speed of the metal plate, u = 0.12 m/s.

Change of speed,
du=0.12-0=0.12m/s



Viscosity, p=3 N.s/m? F

We know, shear stress, T Metal plate
T=p du S S R, oil
————a - 1o
dy n= 3N.s/m2
_ 0.12 ) 3
T 3x0.0141—25.53 N/m ¥
Force required, F: -___-i
F=W+2(t.4) -1 <— 30 mm

[ where W = weight of the plate
=60 N (given)]
=60+2x2553%x324=2254N
Hence F=2254 N (Ans.)

Power required, P:
P=F xu=2254x0.12=27.05 W W=60N
Hence P =27.05 (Ans.) Fig.1.16

Example 1.20. A thin plate of very large area is placed in a gap of height h with oils of
viscosities ' and | on the two sides of the plate. The plate is pulled at a constant velocity V.
Calculate the position of plate so that :

(7) The shear force on the two sides of the plate is equal
(i) The force required to drag the plate is minimum.
Assume viscous flow and neglect all end effects.

Solution. Given : Height of the gap=h
Viscosities of oils = u' and u"
Velocity of the plate = I
Position of the plate, y:

N R o i i

T_ : ¥ Thin plat
j r : ¥ in plate z

Lety = The distance of the thin plate from one of the surfaces of the gap.
Force on the upper side of the plate,
Frper = 0oy
e dy (h =)

Force on the lower side of the plate, F),,,, =u" x iy
y

.

"

n

€<

Fig. 1.17

A

(7)) Since the forces on the two sides of the plate are equal (given) we have,
ie, F_ . =F

upper lower



(@)

' |4 V

T A=u"x—4

(h—y) y

or, BB o wy=wheny
h—y y
_ _Wh
y=——= (Ans)
n+p
Total drag force = sum of the forces on the upper and lower surfaces of the plate.
Le, F= Fupper + Flower
or, F=pu x 4 ><A+].L”><KA
h— y

For the drag force to be minimum é—F =0

v

: d V ¥
ie., — u'x x A+ p x—A]zG
@{ R~y y
Ff ”/
6t ulAz_uI?A:O
(h—y) g
' e 2
or, L {h_zy} - +)2 Zhy:h—zﬂ—%
H ¥ ¥ y b
2
h—z—&+(l+%]
y Y
h 2+ J4-4(1-p'/y o
or, T ; i) 4 W'/ u")

Since, % cannot be less than unity, therefore

Tl W or = e (A

1+ p/py

1.7. THERMODYNAMIC PROPERTIES

The thermodynamic properties need to be considered when a fluid is influenced by change of

temperature. The following equation, known as the characteristic equation of a state of a perfect
gas, 1is used for this purpose.

pV = mRT ..(1.10)
where, p =Absolute pressure, m = Mass of gas,
V= Volume of m kg of gas, R = Characteristic gas constant, and

T'= Absolute temperature.

The characteristic equation in another form, can be derived by using kilogram-mole as a unit.

The kilogram-mole is defined as a quantity of a gas equivalent to M kg of the gas, where M is the
molecular weight of the gas (i.e., since the molecular weight of oxygen is 32, then 1 kg mole of
oxygen is equivalent to 32 kg of oxygen).

As per definition of the kilogram-mole, for m kg of a gas, we have:

m = nM (1.11)

where, n = No. of moles.



I\ Since the standard of mass is the kg, kilogram-mole will be written simply as mole.

Substituting for m from eqn. 1.11 in Eqn. 1.10 gives:

oV = nMRT or MR= 2L
nT

According to Avogadro’s hypothesis the volume of 1 mole of any gas is the same as the volume

of 1 mole of any other gas, when the gases are at same temperature and pressure. Therefore, v is
n

p;{ is a constant for all

the same for all gases at the same value of p and T That is the quantity £—
n

gases. This constant is called ‘universal gas constant’, and is given the symbol, R,

ie, MR = R0=% or pV=nR,T (1.12)
n

, R

Since, MR = R, then R=ch_ +(1:13)

It has been found experimentally that the volume of 1 mole of any perfect gas at 1 bar and 0°C
is approximately 22.71 m’. Therefore from eqn. 1.12,
pV  1x10° x22.71

R.= BX _JHW XLATl oid 3 Nuvmolo K
0" T 1x273.15 0

Using eqn. 1.13, the gas constant for any gas can be found when the molecular weight is known.

Example. For oxygen which has a molecular weight of 32, the gas constant

_ Ry 8314 _
AN T 259.8 Nm/kg K.

If the value of R is known, the specific weight of any gas can be computed at any temperature,
The density can be changed by changing temperature or pressure.

(/) When the change in the state of the fluid system is affected at constant pressure the process
1s known as isobaric or constant pressure process.

x

Here LF= constant; (Charle’s law) or %= constant or % = plT

(i) When the change in the state of the fluid system is affected at constant temperature the
process is known as isothermal process.

= constant L(1.14)

Here pv' = constant; (Boyle’s Law) or pv =£ = constant ~(1.15)
p

(iiiy When no heat is transferred to or from the fluid during the change in the state of fluid
system, the process is called adiabatic process.

Here, pv' = constant or pv' = %= constant .(1.16)
p
c

where y= L,
CV

¢, = Specific heat of gas at constant pressure, and
¢, = Specific heat of gas at constant volume.
v depends upon the molecular structure of the gas.



Example 1.21. The pressure and temperature of carbon-dioxide in a vessel are 600 kN/m” abs.
and 30°C respectively. Find its mass density, specific weight and specific volume.

Solution. Given:

Pressure of CO, = 600 kN/m? abs.

Temperature of CO, =30 + 273 =303 K
Molecular weight of CO, =12+ 2 x 16 = 44
Universal gas constant, R, = 8314.3 Nm/mole K

.. Characteristic gas constant, R =

(i) Mass density, p:

We know,

or,

ie.,
(ii) Specific weight, w:

(iii) Specific volume v:

R, 83143
o aa =189 Nm/kgK
= m__p
pV =mRT V- RT
=L=M=1014k/ 3
P T RT T189x313 - EW

p =10.14 kg/m’ (Ans.)

pg=10.14 x 9.81 = 99.47 N/m> (Ans.)

1 1

S 0.0986 m*/kg (Ans.)

1.8, SURFACE TENSION AND CAPILLARITY

1.8.1. Surface Tension

Cohesion. Cohesion means intermolecular attraction between molecules of the same liguid. Tt
enables a liquid to resist small amount of tensile stresses. Cohesion is a tendency of the liquid to
remain as one assemblage of particles. “Surface tension” is due to cohesion between particles at the

free surface.

Adhesion. Adhesion means attraction between the molecules of a liquid and the molecules of a
solid boundary surface in contact with the liquid. This property enables a liquid to stick to another

body.

Capillary action 1s due to both cohesion and adhesion.
Surface tension is caused by the force of cohesion at the free surface. A liquid molecule

in the interior of the liquid mass 1s
surrounded by other molecules all
around and is in equilibrium. At the
free surface of the liquid, there are no
liquid molecules above the surface
to balance the force of the molecules
below it. Consequently, as shown in
Fig. 1.18, there is a net inward force
on the molecule. The force is normal to
the liquid surface. At the free surface a
thin layer of molecules is formed. This
is because of this film that a thin small
needle can float on the free surface (the
layer acts as a membrane).

Some important examples of phenomenon of surface tension

Free surface

Molecule

are as follows:



(7) Rain drops (A falling rain drop becomes spherical due to cohesion and surface tension).
(if) Rise of sap in a tree.
(7ii) Bird can drink water from ponds.
(iv) Capillary rise and capillary siphoning.
(v) Collection of dust particles on water surface.
(vi) Break up of liquid jets.
Dimensional formula for surface tension:
The dimensional formula for surface tension is given by:

23]

It is usually expressed in N/m. The value of surface tension depends upon the following factors:
(i) Nature of the liquid,

(ii) Nature of the surrounding matter (e.g., solid, liquid or gas), and

(iif) Kinetic energy (and hence the temperature of the liquid molecules).

WITTO As compared to pressure and gravitational forces surface tension forces are generally negligible but
become quite significant when there is a free surface and the boundary conditions are small as in the
case of small scale models of hyvdraulic engineering structures.

Surface tension of water and mercury when in contact with air:

Water-air .. 0.073 N/m at 20°C; Water-air ... 0,058 N/m at 100°C;
Mercury-air .. 0.1 N/m length.

1.8.1.1. Pressure Inside a Water Droplet, Soap Bubble and a Liquid Jet

Case 1. Water droplet:
Let, p = Pressure inside the droplet above outside pressure (i.e., Ap = p — 0 = p above
atmospheric pressure)

d = Diameter of the droplet and
o = Surface tension of the liquid.

From free body diagram (Fig. 1.19 d), we have:

(a) Water droplet (b) Pressure forces (¢) Surface tension
Atmospheric G
¢—
pressure i
V-
d o7
° B
3N\
. G
(d) Free body diagram

Fig. 1.19. Pressure inside a water droplet.



(i) Pressure force = p x %d % and

(if) Surface tension force acting around the circumference = ¢ x 7 d.
Under equilibrium conditions these two forces will be equal and opposite,

P -
ie., p><%a’2 =oxnd
_oxnd _4c (1.17)
T2 d
4
Eqn. 1.17 shows that with an increase in size of the droplet the pressure intensity decreases.
Case II. Soap (or hollow) bubble: ——§ g
Soap bubbles have two surfaces on which :__
surface tension o acts. B
From the free body diagram (Fig. 1.20), we d ——
have AL «—
‘._._
— Sy —
px%d2=2x(cxnd) :tg

_2oxnd _8c (1.18) Free body diagram

T 42 d
Ed Fig. 1.20. Pressure inside a soap bubble.

Since the soap solution has a high value of surface tension &, even with small pressure of
blowing a soap bubble will tend to grow larger in diameter (hence formation of large soap bubbles).
Case 11I. A Liquid jet:
Let us consider a cylindrical liquid jet of diameter 4 and length /. Fig. 1.21 shows a semi-jet.
Pressure force = p x [ x d
Surface tension force = o x 2/
Equating the two forces, we have:

A
prxd=0><2f /\7
ox2 2c
= == wil(idz]
Ixd d (49 /| Y|
Example 1.22. Jf the surface tension at air-water interface | / /
is 0.069 N/m, what is the pressure difference between inside and 5
outside of an air bubble of diameter 0.009 mm? / /
Solution. Given: c = 0.069 N/m; d = 0.009 mm
An air bubble has only one surface. Hence, / /
_ 4o
d ¥
= Ax0009 54667 Njm? Semi-jet
0.009 x10

Fig. 1.21. Forces on liquid jet.
= 30.667 kKN/m” or kPa (Ans.)
Example 1.23. [fthe surface tension at the soap-air interface is 0.09 N/m, calculate the internal
pressure in a soap bubble of 28 mm diameter.
Solution. Given: o =0.09 N/m; d = 28 mm.



In a soap bubble there are two interfaces. Hence,
_ 8 _ 8x0.09

d  28x10°

= 25.71 N/'m? (above atmospheric pressure) (Ans.)

Example 1.24. [n order to form a stream of bubbles, air is introduced through a nozzle into a
tank of water at 20°C. If the process requires 3.0 mm diameter bubbles to be formed, by how much
the air pressure at the nozzle must exceed that of the surrounding water?

What would be the absolute pressure inside the bubble if the surrounding water is at
100.3 kN/m’?

Take surface tension of water at 20°C = 0.0735 N/m.
Solution. Diameter of a bubble, d = 3.0 mm =3 x 103 m
Surface tension of water at 20°C, o = 0.0735 N/m
The excess pressure intensity of air over that of surrounding water, Ap = p.

46  4x0.0735 2
We know, = —=—""—""=98 N/m" (Ans.
P T (Ans)
Absolute pressure inside the bubble, p_, :
Paps = P 4 Pam

=98 x 107+ 1003
= 0.098 + 100.3 = 100.398 kN/m’ (Ans.)

Example 1.25. A soap bubble 62.5 mm diameter has an internal pressure in excess of the
outside pressure of 20 N/m~. What is tension in the soap film?

Solution. Given: Diameter of the bubble, d=62.5 mm = 62.5 x 107 m;
Internal pressure in excess of the outside pressure, p = 20 N/m”.
Surface tension, o:

Using the relation, :%
=3
ie, 20=—3 . 5220x823X107 _ 156 N/m (Ans)
62.5x 10"

Example 1.26. What do you mean by surface tension? If the pressure difference between the
inside and outside of the air bubble of diameter (.01 mm is 29.2 kPa, what will be the surface tension
at air-water interface? (

Solution. Surface tension is defined as the tensile force acting on the surface of a liquid in contac
with a gas or on the surface between two immiscible liquids such that the contact surface behaves like
a membrane under tension. The magnitude of this force per unit length of the free surface will have the
same value as the surface energy per unit area. It is denoted by the letter o and is expressed as N/m.

p><%d2 = o (nd)

or (¢

<4
Py
0.01 x 10> m; p =29.2 x 10° Pa ( or N/m?), we get

-3
6 = 292 x 10 W= 0.073 N/m (Ans.)

Substituting the values; d

1.8.2. Capillarity

Capillarity is a phenomenon by which a liquid (depending upon its specific gravity) rises into a
thin glass tube above or below its general level. This phenomenon is due to the combined effect of
cohesion and adhesion of liquid particles.

Fig. 1.22 shows the phenomenon of rising water in the tube of smaller diameters.
Let, d = Diameter of the capillary tube,
0 = Angle of contact of the water surface,


lenovo
Note

lenovo
Note


o = Surface tension force for unit length, and
w = Weight density (pg).
Now, upward surface tension force (lifting o c
force) = weight of the water column in the tube
(gravity force)
0
nd.ccose=%d2xhxw % b<nn
4o cosO - o Capillary tube
h wd ~(1.20) h= Ca;{illary rise
For water and glass: 6 = 0.
Hence the capillary rise of water in the glass

tube,
p = 4o

- L(1.21)

h = Capillary

Adhesion > Cohesion
(Miniscus concave)

Fig. 1.22. Effect of capillarity.

< d—p
/ Glass tube

_
Mercury

‘9) 0>7/2

7 .
o Mercury
Cohesion > Adhesion
(Miniscus convex)

Fig. 1.23

i depression




Example 1.27. A clean tube of diameter
2.5 mm is immersed in a liquid with a
coefficient of surface tension = 0.4 N/m. The
angle of contact of the liguid with the glass can be assumed to be 135°. The density of the liguid =
13600 kg/m’.

What would be the level of the liquid in the tube relative to the free surface of the liquid inside
the tube.

Solution. Given: d = 2.5 mm ; o =4 N/m, 0 = 135°, p = 13600 kgfms

Level of the liquid in the tube, A:

The liquid in the tube rises (or falls) due to capillarity. The capillary rise (or fall),

_ 4o cosB "
h = e ..[Eqn. (1.20)]

4% 0.4 xcosl35°

= Cliw=
(9.81x13600) x 2.5x 10~ Pg)

=-3.39 % 107m or—3.39 mm
Negative sign indicates that there is a capillary depression (fall) of 3.39 mm. (Ans.)

Example 1.28. Assuming that the interstices in a clay are of size equal to one tenth the mean
diameter of the grain, estimate the height to which water will rise in a clay soil of average grain
diameter of 0.048 mm. Assume surface tension at air-water interface as 0.074 N/m.

Solution. Given: Diameter of the pores, d = % x 0.048 = 0.0048 mm; 6 =0.074 N/m

Assuming 0 =0°

p= 40 _ 4>0.074 ~ 6.286 m (Ans.)

wd ~ (9.81x1000) x 0.0048 x 103

Example 1.29. Calculate the work done in blowing a soap bubble of diameter 100 mm. Assume
the surface tension of soap solution = 0.038 N/m.

Solution. Given: d =100 mm or 0.1 m; ¢ =0.038 N/m.
The soap bubble has two interfaces.
Work done = Surface tension x total surface area


lenovo
Textbox

lenovo
Textbox


2
~ 0.038 x 41 x (%) %2
— 0.002388 Nm (Ans.)

Example 1.30. Determine the minimum size of glass tubing that can be used to measure water
level, if the capillary rise in the tube is not to exceed 0.3 mm. Take surface tension of water in contact
with air as 0.0735 N/m.

Solution. Given :Capillary rise, # = 0.3 mm=0.3 x 10> m
Surface tension, ¢ = 0.0735 N/m
Specific weight of water, w =9810 N/m°.
Size of glass tubing, d:
4ocosO 4o

Capillary rise, &

wd  wd
(Assuming 0 = 0 for water)
3 _ 4x0.0735
B3l 9810 x d
= Ax0OTS 5 =100 mm (Ans.)
0.3x107 x 9810

Example 1.31. 4 U-tube is made up of two capillaries of bores 1.2 m and 2.4 mm respectively.
The tube is held vertical and partially filled with liquid of surface tension 0.06 N/m and zero contact
angle. If the estimated difference in the level of two menisci is 15 mm, determine the mass density of
the liguid.

Solution. Given: Bores of the capillaries:
d, = 12mm=0.0012m
dy, = 24 mm=0.0024 m
Difference of level, i, —h, = 15 mm = 0.015 m; Angle of contact, 6 =0
Mass density of the liquid, p:

_ 4ocos0 _ 4docosO
Py = wd, and A, i
[where w (= pg) = weight density of the liquid)]
do | 1 1
hy—hy = =) ——— wig=0
R w |:d1 dy } : :
4x0.06 1 1 0.02446
0.015 = - = 416.67
0= 981 [0.0012 0.0024] b
p = 0.02446 x 416.67 _ 679.45 kg/m3 (Ans.)

0.015



Lecture 6

PRESSURE AND FLUID STATICS

Objectives

> Pressure
> Pressure Measurement Devices

> Introduction to Fluid Statics



1- Pressure:

Pressure: A normal force exerted r
by a fluid per unit area ol

| Pa=1N/m’

| bar = 10° Pa = 0.1 MPa = 100 kPa

1 atmn = 101,325 Pa = 101.325 kPa = 1.01325 bars :
| kgf/em® = 9,807 N/em® = 9.807 X 10° N/m* = 9.807 X 10" Pa 444 44
= (.9807 bar 0.23 kgf/cm? 0.46 kgflcm?

= (.9679 atm F=68/300=0.23 kgf/cm?

The normal stress (or
“‘pressure”) on the feet of a
chubby person is much greater
than on the feet of a slim

g ~ome person
5 basic i

pressure
gages.




Absolute pressure: The actual pressure at a given position. It is measured relative to absolute
vacuum (i.e., absolute zero pressure).

Gage pressure: The difference between the absolute pressure and the local atmospheric
pressure. Most pressure-measuring devices are calibrated to read zero in the atmosphere, and so
they indicate gage pressure.

Vacuum pressures: Pressures below atmospheric pressure.

P = —P

gage ~ ~ abs atm
P . P 4 4
vac T atm abs
P sage
e e Y — P oo /R
P"ril[' Pﬂhﬁ
[ 3
I 3
PHIJT.I Pﬂ[ﬂ'.l
Pnhs
Absolute Absolute
Pahs =0
Yyacuum Yacuum

Figurel. Throughout this text, the pressure P will denote absolute pressure unless specified otherwise.



EXAMPLE 3-1 Absolute Pressure of a Vacuum Chamber

A vacuum gage connected to a chamber reads 5.8 psi at a location where
the atmospheric pressure is 14.5 psi. Determine the absclute pressure in the
chamber.

SOLUTION The gage pressure of a vacuum chamber is given. The absolute
pressure in the chamber is to be determined.
Analysis The absolute pressure is easily determined from

Pue = Pum — Pyoc = 14.5 — 5.8 = 8.7 psi

Discussion  Note that the local value of the atmospheric pressure is used
when determining the absolute pressure.

1-1. Pressure at a Point:

Pressure is the compressive force per unit area but it is not a vector. Pressure at any

point in a fluid is the same in all directions. Pressure has magnitude but not a specific

direction, and thus it is a scalar quantity.

¢ Pressure 1s a scalar quantity, not a vector; the pressure at a point in a fluid is the
same in all directions.

This can be domenstrated by considering a small wedge-shaped fluid element of unit

length as shown in figure 2. The mean pressures at the three surfaces are P1,P2, and

P3, and the force acting on asurface is the product of mean pressure and the surface

area. From Newton’s second law, a force balance in the x- and z- directions gives:
Newton’s second law:The acceleration of a body is proportional to the net force acting on it

and 1s inversely proportional to its mass.

ZFx =ma, =0 PAyAz — PAylsm@ =0



S F, =ma, =0 PLAYAX ~ Ryl cos6) — pgAvAyAz =0

W =mg = pgAxAyAz/?2
Az =[sin@
Ax =[cosf

Substituting these geometric relations and dividing by Az and by AX gives:

- Pyl
\
PiAz | . ¥
—— e,
H“mj
Az] .
- 0~
Ax
P: Ax
{Av =1)

Figure2. Forces acting on a wedge-shaped fluid element in equilibrium



P- P~ pghz =0

Because of AZ — zero the wedge becomes infinitesimal, and thus the fluid element shrinks
to a point. . . .
R=P=P=P

We can repeat the analysis for an element in the }Z-palne and obtain a similar result. Thus

we conclude that Pressure at any point in a fluid is the same in all directions.

1-2. Variation of Pressure with Depth:

It will come no surprise to you that pressure in a fluid at rest does not change in the
horizontal direction. However, this is not the case in the vertical direction in a gravity
field. Pressure in a fluid increase with depth because more fluid rests on deeper
layers and the effect of this “extra weight” on a deeper layer is balanced by an
increase in pressure (Figure 3).

To obtain a relation for variation of pressure with depth, consider a rectangular fluid

element of height Az, length Ax, and unit depth as shown in figure 4.

Figure3. The pressure of a fluid at rest increases with depth (as a result of added weight).



L L

b
T

Figure4.Free-body diagram of a rectangular fluid element in equilibrium

Hllh
i

|

= X

Assuming the density of the fluid to be constant, a force balance in the vertical Z- direction gives:
YF, =ma,=0 P;Ax- P; Ax-pg Az Ax=0
Where Ay=1
And W=mg= pg A7 Ax is the weight of the fluid element. Dividing by 4x and rearranging
gives:
AP =P>- P1=pg Az =Y Az
For a given fluid, the variation distance A7 is sometimes used as a measure of pressure, and it is
called the pressure head (h).
We also conclude that for small to moderate distance, the variation of pressure with height is

negligible for gases because of their low density. For example the pressure in a room filled with

air can be assumed to be constant (Figure5).



Pmp = | atm

AIR
(A 3-m-high room)

P = 1.006 atm

botiom

Figure5. In a room filled with a gas, the variation of pressure with

height is negligible.

If we take point 1 to be at free surface of a liquid open to atmosphere (Figure 6), where the

pressure is the atmospheric pressure Py, then the pressure at a depth A from the free surface
becomes:

P=P, +pgh or PF,,.=pgh

gage

_1®P1=Patm+ﬂgh

Figure6.Pressure in a liquid at rest increases linearly with distance from the free surface.



Liquids are essentially incompressible substances, and thus the variation of density with depth
1s negligible. This 1s also the case for gases when the elevation change is not very large. However,
the variation of density of liquids or gases with temperature can be significant.

The gravitational acceleration g varies from 9.807m/s? at sea level to 9.764 m/s? at an elevation
of 14000 m where large passenger planes cruise. This is a change of just 0.4 percent in this

extreme case. Therefore, g can be assumed to be constant with negligible error.

When the variation of density with elevation is known, the pressure difference between points 1

and 2 can be determined by integration to be:

2
AP=P,— R, =—| pgdz
1
Pressure 1n a fluid at rest 1s independent of the shape or cross section of the container. It changes

with the vertical distance, but remains constant in in other directions. Therefore, the pressure is
the same at all points on a horizontal plane in a given fluid.

Water

Py=Pp=Pc=Pp=Pr=Pp=P5=Pyn+peh

Figure7.The pressure is the same at all points on a horizontal plane in a given fluid regardless of geometry, provided that the points are

interconnected by the same fluid.



Pascal’s law: The pressure applied to a confined fluid increases the pressure throughout by the

same amount.

A 4, F A

[\

[

The area ratio Ay/A; is called the ideal mechanical advantage of the hydraulic lift.

Flzplﬂl

N — A A;— I
(1) P, P, =

Figure8.Lifting of a large weight by a small force by the application of Pascal’s law



Lecture Seven

Measurement of Fluid Pressure

In chemical and other industrial processing plants it is often to measure and control the

pressure in vessel or process and/or the liquid level
vessel.
The pressure measuring devices are: -
- Piezometer tube

The piezometer consists a tube open at one end to
atmosphere, the other end is capable of being inserted
into vessel or pipe of which pressure is to be measured.
The height to which liquid rises up in the vertical tube
gives the pressure head directly.
re. |P D g

Piezometer is used for measuring moderate pressures. It
1s meant for measuring gauge pressure only as the end is
open to atmosphere. It cannot be used for vacuum
pressures.

- Manometers

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

measurement of comparatively high pressures and of both gauge and vacuum

pressures.
Following are the various types of manometers: -

a- Simple manometer b- The well type manometer
c- Inclined manometer d- The inverted manometer

e- The two-liquid manometer




a-

Simple manometer

It consists of a transparent U-tube containing
the fluid A of density (pa) whose pressure 1s
to be measured and an immiscible fluid (B)
of higher density (pg). The limbs are
connected to the two points between which
the pressure difference (P, - P;) is required;
the connecting leads should be completely
full of fluid A. If P, is greater than Py, the
interface between the two liquids in limb @
will be depressed a distance (h,) (say)
below that in limb @.

The pressure at the level a — a must be the
same 1n each of the limbs and, therefore:

Py +Zupag=Pi+(Zy—hy) pagthnpsg

= Ap=P,—P;=h, (pg—pa) g

If fluid A is a gas, the density ps will

normally be small compared with the

density of the manometer fluid pm so that:
Ap=P,—P,=h,ppg

The well-type manometer

In order to avoid the inconvenience of
having to read two limbs, and in order to
measure low pressures, where accuracy id
of much importance, the well-type
manometer shown in Figure (5) can be
used. If A,, and A, are the cross-sectional
areas of the well and the column and h,, 1s

the increase in the level of the column and -

h,, the decrease in the level of the well,
then:
P,=Pl+(h,+hy)pg

or: Ap=P, P =(hnthy)pg

1
T
hy,

B | a
!
U
f
P,
Area = A,

| Tnitial level

The quantity of liquid expelled from the well is equal to the quantity pushed into the

column so that:
Ay hy=A.h, = hy,=(AJ/A) hy,
= Ap=P,—Pi=pgh, (1 + AJ/Ay)

If the well is large in comparison to the column then:

1e. (AJAy) =0 => Ap=P,—-P;=pgh,



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 inclination
of the manometer (typically about 10-

5

20°) and L 1s the movement of the <0

column of liquid along the limb, then:
h,=Lsin0

If 6 = 10°, the manometer reading L is increased by about 5.7

times compared with the reading h,,, which would have been

obtained from a simple manometer.

The inverted manometer

Figure (7) 1s used for measuring pressure differences in
liguids. The space above the liquid in the manometer is filled
with air, which can be admitted or expelled through the tap A
in order to adjust the level of the liquid in the manometer.

The two-liquid manometer

Small differences in pressure in gases are often measured with
a manometer of the form shown in Figure 6.5. The reservoir at
the top of each limb is of a sufficiently large cross-section for
the liquid level to remain approximately

the on each side of the manometer.

The difference in pressure is then given by:

Ap =Py —P1 = hy (Pmi1 - pm2) €

where p,,; and pm2 are the densities of the two manometer

liquids. The sensitivity of the instrument is very high if the

densities of the two liquids are nearly the same. To obtain %

accurate readings it is necessary to choose liquids, which
give sharp interfaces: paraffin oil and industrial alcohol are
commonly used.

S

It

P

m2




2- PRESSURE MEASUREMENT DEVICES

2-1.

The Manometer:

It 1s commonly used to measure small and moderate pressure differences. A
manometer contains one or more fluids such as mercury, water, alcohol, or oil. Fluid
column can be used to measure pressure differences. To keep the size of the
manometer to a manageable level, heavy fluids such as mercury are used if large
pressure differences are anticipated.

Consider the manometer shown in figure9. That used to measure the pressure in the

tank.

Gas

Figure9.The basic manometer

As shown 1n the figure above the pressure in a fluid does not vary in the horizontal

direction with in the fluid, the pressure at point 2 is the same as the pressure at the
point 1. P;=P»

Because the fluid at point 2 is opened to the atmosphere, the pressure at point to can

P =P +pgh

atm

be measured from:

We should note that, the diameter of the tube 1s more than 1 cm to make ensure that

the surface tension and the capillary rise will not effect.



Measuring Pressure with a Manometer

A manometer is used to measure the pressure of a gas in a tank. The fluid
used has a specific gravity of 0.85, and the manometer column height is 55
cm, as shown in the figure . If the local atmospheric pressure is 96 kPa,
determine the absolute pressure within the tank.

SOLUTION The reading of a manometer attached to a tank and the
atmospheric pressure are given. The absolute pressure in the tank is to be
determined.

Assumptions The density of the gas in the tank is much lower than the den-
sity of the manometer fluid.

Properties The specific gravity of the manometer fluid is given to be 0.85.
We take the standard density of water to be 1000 kg/m?.

Analysis The density of the fluid is obtained by multiplying its specific
gravity by the density of water,

p = SG (py,0) = (0.85)(1000 kg/m’) = 850 kg/m’
Then from Eq. 3-13,
P =P, +pgh

IN | kPa
- o miiosnf N )
96 kPa + (850 kg/m”)(9.81 m/s°)(0.55 m) kg - m/st/ \1000 N/n?

= 100.6 kPa
Discussion Note that the gage pressure in the tank is 4.6 kPa.

SG=085




Some manometers involve multiple immiscible fluids of different densities stacked on top of each

other. The system can be analyzed easily by remembering that:
a- The pressure change across a fluid column of height & is AP=pgh.

b- Pressure increases down ward in a given fluid and decreases upward (Ppattom™Prop).

c- Two points at same elevation in a continuous fluid at rest are at the same pressure.

Pil[l'l'l.
Fluid 1

Fluid 2

Figure10. In stacked-up fluid layers, the pressure change across a fluid layer of density ) and height his pgh

The pressure at the (figure 10) can be determined by starting at the free surface where the pressure
is Patm, moving downward until we reach point 1 at the bottom, and setting the result equal to Pj.
It gives:

atm + Dlghl + DZth + DSgh5 — })1

Furthermore, if all fluids have the same density the equation will be:

B =P, +pgh

atm

Manometers are particularly well-suited to measure pressure drops across a horizontal flow
section between two specified points due to the presence of a device such as a valve or heat
exchanger or any resistance to flow. This is done by connecting the two legs of manometer to
these two points, as shown in (figurel1). The working fluid can be either a gas or a liquid whose
density is p1. The density of the manometer fluid is p2, and the differential fluid height is h. A

relation for the pressure difference P1-P2 can be obtained be by starting at point 1 with Py,



moving along the tube by adding or subtracting the pgh terms until we reach point P and
setting the result equal to P :

R+pgla+h)-p,gh—pga=P

A flow section
or flow device

Figurel1. Measuring the pressure drop across a flow section or a flow device by a differential manometer

Note that we jumped from point A horizontally to point B and ignored the part
underneath since the pressure at both points is the same. Simplifying

BE—-P,=(p,—p)gh

When the fluid flowing in the pipe is a gas, then p1<< p2 and the relation simplifying to

B =P =p,gh



Measuring Pressure with a Multifluid Manometer

The water in a tank is pressurized by air, and the pressure is measured by a
multifluid manometer as shown in the figure . The tank is located on a moun-
tain at an altitude of 1400 m where the atmospheric pressure is 85.6 kPa.
Determine the air pressure in the tank if h;, = 0.1 m, h, = 0.2 m, and h; =
0.35 m. Take the densities of water, oil, and mercury to be 1000 kg/m3,
850 kg/m3, and 13,600 kg/m3, respectively.

SOLUTION The pressure in a pressurized water tank is measured by a multi-
fluid manometer. The air pressure in the tank is to be determined.

N ﬁ Oil

h,

r

Mercury

| EE NN .



Assumption The air pressure in the tank is uniform (i.e., its variation with
elevation is negligible due to its low density), and thus we can determine the
pressure at the air—water interface.

Properties The densities of water, oil, and mercury are given to be
1000 kg/m3, 850 kg/m3, and 13,600 kg/m3, respectively.

Analysis Starting with the pressure at point 1 at the air-water interface,
moving along the tube by adding or subtracting the pgh terms until we reach
point 2, and setting the result equal to P,,, since the tube is open to the
atmosphere gives

Py + puuec8hy + pag8hy — pmemurygh3 =Py = Py
Solving for P; and substituting,
P, = Pyn — pwatergkl — Poighy + pmercurygh3
= Py g(pmercuryh3 — Pwaerl — Poith2)
= 85.6 kPa + (9.81 nv/s)[(13,600 kg/m’)(0.35 m) — (1000 kg/m*)(0.1 m)

. 3 1IN ) ( 1 kPa )
(850 kg/m?)(0.2 m)](1 kg - mv/s*/ \1000 N/m?

= 130 kPa



2-2. The Barometer:

e Atmospheric pressure is measured by a device called a barometer; thus, the
atmospheric pressure is often referred to as the barometric pressure.
e The atmospheric pressure can be measured by inverting a mercury-filled tube into a

mercury container that is open in to atmosphere as shown the figure (12). The
pressure at point B is equal to atmospheric pressure, and the pressure at point C can
be taken to be zero since there is only mercury vapor above the point C and the

pressure is very low relative to Patm and can be neglected to an excellent

approximation. Writing a force balance in the vertical direction give:

P, = pgh

h

Figure 12. The basic barometer.

e Note that the length and the cross sectional area of the tube have no effect on the

height of the fluid column of a barometer, figure 13



Figure 13.The length or the cross-sectional area of the tube has no effect on the height of the fluid column of a barometer, provided

that the tube diameter is large enough to avoid surface tension (capillary) effects.

o A frequently used pressure unit is the standard atmosphere, which is defined as the
pressure produced by a column of mercury 760 mm 1in height at 0°C (pyg = 13,595
kg/ m?) under standard gravitational acceleration (g = 9.807 m/s?).



EXAMPLE 3-2 Measuring Atmospheric Pressure
with a Barometer

Determine the atmospheric pressure at a location where the barometric read-
ing is 740 mm Hg and the gravitational acceleration is g = 9.805 m/s?. B

Assume the temperature of mercury to be 10°C, at which its density is ®
13,570 kg/m3.

SOLUTION The barometric reading at a location in height of mercury col-
umn is given. The atmospheric pressure is to be determined.

Assumptions The temperature of mercury is assumed to be 10°C.

Properties The density of mercury is given to be 13,570 kg/m3.

Analysis From Eq. 3-12, the atmospheric pressure is determined to be

Pym = pgh

I N 1 kPa
= (13.570 ke/m>)(9.805 m/s>)(0.740
: g/mX X m)(l ke - m/s2)(1000 N/mz)

= 98.5 kPa

Discussion Note that density changes with temperature, and thus this effect
should be considered in calculations.



Gravity Driven Flow from an IV Bottle %
Intravenous infusions usually are driven by gravity by hanging the fluid bottle
at sufficient height to counteract the blood pressure in the vein and to force g
the fluid into the body (Fig. below) The higher the bottle is raised, the E
higher the flow rate of the fluid will be. (a) If it is observed that the fluid
and the blood pressures balance each other when the bottle is 1.2 m above
the arm level, determine the gage pressure of the blood. (b) If the gage pres-
sure of the fluid at the arm level needs to be 20 kPa for sufficient flow rate,
determine how high the bottle must be placed. Take the density of the fluid
to be 1020 kg/m?3.

SOLUTION 1t is given that an IV fluid and the blood pressures balance each
other when the bottle is at a certain height. The gage pressure of the blood
and elevation of the bottle required to maintain flow at the desired rate are
to be determined.

‘l P atm

IV bottle




Assumptions 1 The IV fluid is incompressible. 2 The IV bottle is open to
the atmosphere.

Properties The density of the IV fluid is given to be p = 1020 kg/m?3.
Analysis (a) Noting that the IV fluid and the blood pressures balance each
other when the bottle is 1.2 m above the arm level, the gage pressure of the
blood in the arm is simply equal to the gage pressure of the IV fluid at a
depth of 1.2 m,

Psaae. am = Pabs = Pam = P&Ram —boutte

1 kKN I kPa
= (1020 kg/m?)(9.81 m/s?)(1.20 ( )( )
( YN )20 MmN 1000 kg - m/s2/\1 KN/m?

= 12.0 kPa

(b) To provide a gage pressure of 20 kPa at the arm level, the height of the
surface of the IV fluid in the bottle from the arm level is again determined
from Pgage. arm = P8MNarm —bowe 10 DE

Pgage.arm
harm-botltle pg
3 20 kPa (1000 kg - m/sz) (1 kN/mz)
(1020 kg/m*)(9.81 mv/s?) 1 kN 1 kPa
= 2.00 m

Discussion Note that the height of the reservoir can be used to control flow
rates in gravity-driven flows. When there is flow, the pressure drop in the tube
due to frictional effects also should be considered. For a specified flow rate,
this requires raising the bottle a little higher to overcome the pressure drop.



Other Pressure Measurement Devices:

« Bourdon tube: Consists of a hollow metal tube bent like a hook whose end is closed and
connected to a dial indicator needle.

* Pressure transducers: Use various techniques to convert the pressure effect to an electrical
effect such as a change in voltage, resistance, or capacitance.

* Pressure transducers are smaller and faster, and they can be more sensitive, reliable, and precise
than their mechanical counterparts.

« Strain-gage pressure transducers: Work by having a diaphragm deflect between two
chambers open to the pressure inputs.

« Piezoelectric transducers: Also called solid state pressure transducers, work on the
principle that an electric potential is generated in a crystalline substance when it is subjected to
mechanical pressure.

———
Spiral

Twisted tube
Helical

&« 2

Tube cross section

Figurel4. Various types of Bourdon tubes used to measure pressure.
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