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Don’t try this at home!
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Determine the variation of pressure in a fluid at rest

Calculate pressure using various kinds of manometers, the barometer,
and pressure measurement devices.

Calculate the forces exerted by a fluid at rest on plane or curved
submerged surfaces.

Analyze the stability of floating and submerged bodies.

Analyze the rigid-body motion of fluids in containers during linear
acceleration or rotation.

4 Prof. Dr. Ali PINARBASI Chapter 3: PRESSURE AND FLUID STATICS




Pressure only deal with a gas or a liquid. / 4
The counterpart of pressure in solids is normal stress. ’

Pressure: A normal force exerted by a fluid per unit area. /’ﬂ\ (/ )

| Pa = 1 N/m?

| bar = 10° Pa = 0.1 MPa = 100 kPa
]l atm = 101.325 Pa = 101.325 kPa = 1.01325 bars

| kgf/cm? = 9.807 N/cm? = 9.807 X 10* N/m? = 9.807 X 10* Pa

Ht Ht ~ 0.9807 bar

0.23 kgf/cm? 0.46 kgf/cm?
P=68/300=0.23 kgf/cm?

= (0.9679 atm
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Pressure in a Fluid

» The pressure is just the weight of all the fluid above you
Atmospheric pressure is just the weight of all the air above on
area on the surface of the earth

* Inaswimming pool the pressure on your body surface is just the
weight of the water above you (plus the air pressure above the
water)

« So, the only thing that counts in fluid pressure is the gravitational
force acting on the mass ABOVE you

* The deeper you go, the more weight above you and the more
pressure

* (o to a mountain top and the air pressure is lower
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Pressure in a Fluid

Pressure acts
perpendicular
to the surface

and increases
at greater
depth.
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Pressure in a Fluid

Copyright © 2004 Pearson Education, publishing as Addison Wesley.
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The actual pressure at a given position. It is measured relative to
absolute vacuum (i.e., absolute zero 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.

Pressures below atmospheric pressure.

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

otherwise.
& I 1
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Vacuum vacuum
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EXAMPLE 3-1
A vacuum gage connected to a chamber reads 99.97 kPa at a location where the
atmospheric pressure is 39.8 kPa. Determine the absolute 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;

P — Pabs o Palm

gage

P vac — P atm P abs

P.bs = Patm = Pyac = 99.97-39.8= 60.17 kPa

vac

Discussion Note that the local value of the atmospheric pressure is used

when determining the absolute pressure.
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Pressure at a Point

From Newton’s second law, a force balance in the x- and z directions, gives

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

[ scalar quantity
| X

pyAA sina

Az = Al sina

_---——-.—-——-—

(pn Ay Af) sina = py (Ay AL sin o)
= Pn = Dz
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pyAA sina

Az = Al sina

Force balance in the z-direction:

Pressure at any point
in a fluid is the same

in all directions.

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

Pressure has
magnitude but not a

specific direction, and
thus it is a scalar
guantity.

—(pn Ay Aé’) cosa + p, (Ay Afcoscu) — %f}f Al cosa Al sina Ay =0

Vertical force on AA Vertical force on Total weight of wedge element
lower boundary

Y= pg = specific weight

Prof. Dr. Ali PINARBASI Chapter 3: PRESSURE AND FLUID STATICS




—(pn Ay AE) cosa + p, (Ay Al cos cu) — %fy Al cosa Al sina Ay =0

Al Ay cosa

1
—Pn + Pz — i"}fﬁf =0

Now shrink the element to a point: Al — (0

= Pn = D=

This can be done for any orientation a, so
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FLUIDS IN RIGID-BODY MOTION

aP dz .
Pressure at a given point has the same magnitude in all ) ‘ (P+a—z ;)"'x“‘-"
directions, and thus it is a scalar function. 12 lv

|
|
|
In this section we obtain relations for the variation of pressure | dz
|
|

in fluids moving like a solid body with or without acceleration
in the absence of any shear stresses (i.e., no motion between
fluid layers relative to each other). 4 dx

M dy ‘
T - S oP dz
oF = ém - a om = pdV = pdx dy dz x)—v (P_a_ﬁ)d”-"

pg dx dy dz¥ PH 32

—_—g——T————
e
#

. 0P dz 0P dz oP
oFy .=\P———)dxdy —\P+——|dxdy=——dxdvdz
- Z 2 dz 2 0z
- P - P
oF ¢ ., = —dxdydz and oFg, = ——dxdydz
’ 0x - ay

%

SFy = 8Fy,i + OFs ,j + 8Fs .k
oP—- oP—- oOP-

= —(— i +—j +— k) dx dydz = —%ded}-*dz
0x dy 0z
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> )P~ OP-  JP- = N >
vep=0 087 8% oFp ., = —gomk = —pg dx dy dzk

ax ay’ 0z

SE = SFs + 8Fy = —(VP + ng) dx dy dz

Substituting into Newton’s second law of motion

P - — —
OF =om-a=pdxdvdz-a

The general equation of motion for a fluid that acts as a rigid body (no shear
stresses) is determined to be;

Rigid-body motion of fluids: VP + pgk = _f’r’

oP- oP- OdP- - - = -
+——J t—k+ pgk=—plai +a,j + a.k)

- 1

0x ay 02

oP oP P

Accelerating fluids: — = —pa,, — = —pa,. and
X dv

= —p(g + a,)

0z
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For fluids at rest or moving on a straight path at constant velocity, all
components of acceleration are zero, and the relations reduce to

JdP dP dP
—=0, —=0, and —= —pg
0X ady dz

Fluids at rest:

The pressure remains constant in any horizontal direction (P is independent of x and
y) and varies only in the vertical direction as a result of gravity [and thus P=P(z)].
These relations are applicable for both compressible and incompressible fluids.
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. Special Case 2: Free Fall of a Fluid Body _

A freely falling body accelerates under the influence of gravity. When the air
resistance is negligible, the acceleration of the body equals the gravitational
acceleration, and acceleration in any horizontal direction is zero.

Therefore, a,=a,=0and g, = -g.

aP _aP 9P

Jx dy  dz

Free-falling fluids: =0 — P = constant

I
I
—_—

In a frame of reference moving with the fluid, it

behaves like it is in an environment with zero
gravity. Also, the gage pressure in a drop of R R
liquid in free fall is zero throughout. I !
h| Liquid. p h| Liquid, p
Y [ Y 2
l PEZP] TPEZPI‘{‘ngh
a.=-g a,=g
(a) Free fall of a (b) Upward acceleration
liquid of aliquid with a, = +g
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Assuming the density of the fluid to be constant, a force balance in the vertical z-
direction gives;

D F,=ma,=0: PyAx — P, Ax — pg Ax Az =0

W =mg = pg Ax Az AP =P, — P, =pg Az = v, Az

P=P,,t peh or Poage = pgh
A (/_P = —pg P
dz ’ JULLELT L]
— Ax —
; AP=P,—P =—| podz | —b I, —
- T
—— e P2
) 1
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P P

above — ¥ atm

Y

P =1 atm

op

AIR

(A 5-m-high room)

Py ion =1:006-atm /31|

- T

——— Prejow = Pam + pgh
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II<1

- Water

Py=FPp=Pc=Pp=Fg=FPp=Fg=Pyy+pgh
Py =P,
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Pascal’s law: The pressure applied to a confined fluid increases the pressure
throughout by the same amount.

F, F, F, A,
P, =P, —- = — — - — =
Ay Ay F, A,
The area ratio A,/A, is called the
ideal mechanical advantage of the Fy=PA,
hydraulic lift. !

Using a hydraulic car jack with a
piston area ratio of A, /A, =10,

. O A ©
For example, a person can lift a

1000-kg car by applying a force of
just 100 kgf ( =908 N)
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I 3—2 PRESSURE MEASUREMENT DEVICES

The Manometer

It is commonly used to measure small and moderate pressure
differences. A manometer contains one or more fluids such
as mercury, water, alcohol, or oil.

PE = Patm + pgh

Gas

Pym T p18hy + pagh, + pighs = P,

F [ A flow section
atm - or flow device

Fluid 1

Fluid T~~~ 77 1
h

, . Differential C
@' manometer I(2)

Measuring the pressure
I, drop across a flow

o) section or a flow device
A B

Fluid 2

P2

P, + pgla + h) — pgh — p,ga = P,

Py — P, = (py, — p)gh
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EXAMPLE 3-2

A manometer is used to measure the pressure in a tank. The fluid used has

a specific gravity of 0.85, and the manometer column height is 55 cm. If the local
atmospheric pressure is 96 kPa, determine the absolute pressure within the tank.

Fam =96 Kba Solution The reading of a manometer attached to a tank and
el the atmospheric pressure are given. The absolute pressure
b in the tank is to be determined.
h =55 cm Assumptions The fluid in the tank is a gas whose density is
much lower than the density of manometer fluid.
SG=0.85

p = SG (pu,0) = (0.85)(1000 kg/m*) = 850 kg/m’

P = Pyy + pgh

| N | kP
= 96 kPa + (850 kg/m?)(9.81 m/s*)(0.55 m)( 2)( : 2)
I kg - m/s=/ \ 1000 N/m

= 100.6 kPa

Discussion Note that the gage pressure in the tank is 4.6 kPa.
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EXAMPLE 3-3

The water in a tank is pressurized by air, and the pressure is measured by a multi fluid
manometer. The tank is located on a mountain 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/m?3,
850 kg/m3 and 13,600 kg/m3 respectively.

Mercury -
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Solution The pressure in a pressurized water tank is measured by a multifluid manometer.
Assumption The air pressure in the tank is uniform (its variation with elevation is negligible
due to its low density), and thus we can determine the pressure at the air—water interface.

Pl T pwntergh] + Pﬂi]ghﬁ - pmercuryghB — Pﬂtm

P = Pym — .F-;'u.-'alergh] o ,”nilghl + .ije,-n::uryghj
= Pgm + gffjmeu'cur}rh?- o Fwate:rh] o .ani]h;')
= 85.6 kPa + (9.81 m/sH)[(13,600 kg/m?)(0.35 m) — (1000 kg/m’)(0.1 m)

I N 1 kP:
— (850 kg/m*)(0.2 m)]( .;-)( : ,;.)
I kg - m/s*/\ 1000 N/m

= 130 kPa

Discussion Note that jumping horizontally from one tube to the next and realizing that

pressure remains the same in the same fluid simplifies the analysis considerably.
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Atmospheric pressure is measured by a device called a barometer; thus, the
atmospheric pressure is often referred to as the barometric pressure.

A frequently used pressure unit is the standard atmosphere, which is defined as the

pressure produced by a column of mercury 760 mm in height at 0°C (p,,=13,595 kg/m3)
under standard gravitational acceleration (g = 9.807 m/s?).

N
(M) !,.Hm - I’Q/" B
el C —— =
B3 A
h h A B2 A, 22 2 A,
u»':ﬁg;_;_,q I
B
-
\ Mercury / ‘ ‘

atm
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Engine Lungs

A fan or compressor will displace 15 percent less air at that altitude for the same
volume displacement rate. Therefore, larger cooling fans may need to be selected for
operation at high altitudes to ensure the specified mass flow rate.

The lower pressure and thus lower density also affects lift and drag: airplanes need a
longer runway at high altitudes to develop the required lift, and they climb to very high
altitudes for cruising for reduced drag and thus better fuel efficiency.
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EXAMPLE 3-5

Determine the atmospheric pressure at a location where the barometric reading

is 740 mm Hg and the gravitational acceleration is g=9.81 m/s?. 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 column 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.

Pym = pgh
= (13,570 kg/m®)(9.81 m/s?)(0.74 m)( LN z)( | kP 2)
I kg - m/s”/ \ 1000 N/m
— 98.5 kPa

Discussion Note that density changes with temperature, and thus this effect

should be considered in calculations.
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EXAMPLE 3-6

The piston of a vertical piston—cylinder device vontaining a gas has a mass of 60 kg and a cross-
sectional area of 0.04 m2. The local atmospheric pressure is 0.97 bar, and the gravitational
acceleration is 9.81 m/s?.

(a) Determine the pressure inside the cylinder.

(b)If some heat is transferred to the gas and its volume is doubled do you expect the pressure
inside the cylinder to change.

P =097 bar p

atm

m=60kg

4 Prof. Dr. Ali PINARBASI Chapter 3: PRESSURE AND FLUID STATICS




Solution A gas is contained in a vertical cylinder with a heavy piston. The pressure inside the

cylinder and the effect of volume change on pressure are to be determined.
Assumptions Friction between the piston and the cylinder is negligible.
Analysis (a) The gas pressure in the piston—cylinder device depends on the atmospheric

pressure and the weight of the piston.

PA=P, A+ W

m
P = Patm + —g
A
(60 kg)(9.81 m/s?) | N [ bar
= 0.97 bar + > S 3 5
0.04 m~ I kg - m/s=/\107 N/m

= 1.12 bars

(b) The volume change will have no effect on the free-body diagram and therefore
the pressure inside the cylinder will remain the same.

Discussion If the gas behaves as an ideal gas, the absolute temperature doubles when

the volume is doubled at constant pressure.
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. 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 N

indicator needle.

Pressure transducers Use various techniques to

convert the pressure effect to an electrical effect such I

as a change in voltage, resistance, or capacitance. C-type Spiral

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 Twisted tube

pressure transducers, work on the principle that an
electric potential is generated in a crystalline substance

Helical

e : G
when it is subjected to mechanical pressure. Tube cross section

Various types of Bourdon tubes
used to measure pressure.
31 Prof. Dr. Ali PINARBASI Chapter 3: PRESSURE AND FLUID STATICS




Fluid statics: Deals with problems associated with fluids at rest.

The fluid can be either gaseous or liquid.
Hydrostatics: When the fluid is a liquid.
Aerostatics: When the fluid is a gas.

In fluid statics, there is no relative motion between adjacent fluid
layers, and thus there are no shear (tangential) stresses in the fluid
trying to deform it.

The only stress we deal with in fluid statics is the :
which is the pressure, and the variation of pressure is due only to the
weight of the fluid.

The topic of fluid statics has significance only in gravity fields.

The design of many engineering systems such as water dams and
liquid storage tanks requires the determination of the forces acting on
the surfaces using fluid statics.
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. HYDROSTATIC FORCES ON SUBMERGED PLANE SURFACES

A plate, such as a gate valve in a dam, the wall of a liquid storage tank, or the
hull of a ship at rest, is subjected to fluid pressure distributed over its surface
when exposed to a liquid.

On a plane surface, the hydrostatic forces form a system of parallel forces, and
we often need to determine the magnitude of the force and its point of
application, which is called the center of pressure.

P+ pgh

atm

pgh
(a) P, considered (b) P, subtracted

atm atm

When analyzing hydrostatic forces on submerged surfaces,

the atmospheric pressure can be subtracted for simplicity
when it acts on both sides of the structure.

ee Prof. Dr. Ali PINARBASI Chapter 3: PRESSURE AND FLUID STATICS

: Hoover Dam.|




| [\
AT v ,
[ Iy
i /]
! : = /[ Hydrostatic pressure increases alongy;
————.\_~—LH = P = PI:I + Jr:ll;[{.lrf — F[:] + pEy sIn
Fom + 08R pgh
{a) P:“m considered i) P.ﬂm subtracted
Fp= | PdA = | (Py+ pgvsint)dA = PyA + pgsiné | vdA
“A “A “A
First moment of the area is defined as;
ve =— | vdA
i A ld‘.
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Resultant force

Fp=1(FPy+ pgyvesinthA = (Py + pghp)A = PrA=F,. A

Pressure
0 v distribution

Pressure prism
of volume

P=Py+pgh \N NN\ NN

Y .Y b e
y 1

WO NN ~—— Plane surface
Y \ \
n
dA

Plane 5u1't'ﬂ-::V' T : :
of area A — W= |n“J= |PJA = Fp
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atm ~ Free surface

Centroid
of surface

e Prof. Dr. Ali PINARBAST Chapter 3: PRESSURE AND FLUID STATICS




The magnitude of the resultant force acting on a plane surface of a completely
submerged plate in a homogeneous (constant density) fluid is equal to the product
of the pressure Pc at the centroid of the surface and the area A of the surface

vpl'p = v dA

vPdA = | W(Py+ pgyvsin#)dA =Fy | vdA + pgsin#
‘A ‘A 4 :

A

\{f Line of action .""PFE = FD I"I,"{-_- ,-‘-‘[ + l||’ilr£|" f':-nin H j'r_u._ i}

Center of

ressure .
P Centroid

of area
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v* dA is the second moment of area

!.1'.1'. 0= Iy + ."'ﬁf' A

f.r.:'.{
V' — '|_'{ : . . )
| [ve + Py/(pg sin 8)]A
!_::1'_ |
\ I — I'.-I + -
II | .'..5.
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¥ v
bi2 / \
c cl r |
b ¢ X I. . .I
\ /
bi2 \ R /
al2 ai2
A=ab, I ~=ab¥12 A=mR% I ~=m7RY4
(@) Rectangle (&) Circle
-||"'
\ [ v .
A |
III l\ul
I\ 2b/3 / \
II II'..
l‘:(' Y I-’ CF-J \l -
I v, v :—. I| || i\] X
] )
—x—
al2 a2
A=abl2, I, -=ab¥36 A=mRY2, I, ~=0.109757R*
{d) Triangle (e) Semicircle
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{c) Ellipse
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L - ) 3 x
D
3T

A= abl2, I, ~=0.109757ab’

( ) Semiellipse
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Pressure acts normal to the surface, and the
hydrostatic forces acting on a flat plate of any
shape form a volume whose base is the plate
area and whose length is the linearly varying
pressure.

This virtual pressure prism has an interesting
physical interpretation: its volume is equal to the
magnitude of the resultant hydrostatic force
acting on the plate since F, = | PdA, and the line
of action of this force passes through the
centroid of this homogeneous prism.

The projection of the centroid on the plate is the
pressure center.

Therefore, with the concept of pressure prism,
the problem of describing the resultant
hydrostatic force on a plane surface reduces to
finding the volume and the two coordinates of
the centroid of this pressure prism.

_ Pressure
prisin

Surface
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. Submerged Rectangular Plate

Tilted rectangular plate:

Fr=PcA =[Py + pg(s + b/2) sin Blab

hp = vp sin 0

b ab?/12
Vp=§ T = - - :
2 s+ b2+ P,/(pgsinB)lab
b b*
=5+ —+

2 12[s + b/2 + P, /(pg sin 6)]

Tilted rectangular plate (s = 0):

Fr =[Py + pg(b sin 6)/2]ab Fr =[Py + pg(s + b/2) sin fab

(a) Tilted plate
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- :‘;]‘

|-
A A 3
L=
-

Fy = [P, + pg(s + bi2)|ab

(b) Vertical plate

Vertical rectangular plate: Fp= [P, + pg(s + b/2)]ab

Vertical rectangular plate (s = 0): Fp = (P, + pgb/2)ab

42
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'='T "TTLF L L]

= |

(c) Horizontal plate

Horizontal rectangular plate:  Fr = (P, + pgh)ab
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EXAMPLE 3-8

A heavy car plunges into a lake during an accident and lands at the bottom of the lake on
its wheels. The door is 1.2 m high and 1 m wide, and the top edge of the door is 8 m
below the free surface of the water. Determine the hydrostatic force on the door and the
location of the pressure center, and discuss if the driver can open the door.

Solution A car is submerged in water. The hydrostatic force on the door is to be determined, and
the likelihood of the driver opening the door is to be assessed.

Assumptions 1 The bottom surface of the lake is horizontal 2 The passenger cabin is well-
sealed so that no water leaks inside. 3 The door can be approximated as a vertical rectangular

plate. 4 The pressure in the passenger cabin remains at atmospheric value since there is no
water leaking in, and thus no compression of the air inside. 5 The weight of the car is larger than
the buoyant force acting on it.

Lake

Pye = Pc = pghc = pg(s + b/2)

1 kKN
= (1000 kg/m’)(9.81 m/s*)(8 + 1.2/2 m ( )
(1000 kg/m)( ) (1000 ke - e

= 84.4 kN/m*
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the resultant hydrostatic force on the door becomes
Fr=P,.A = (844 kN/m*) (1 m X 1.2 m) = 101.3 kKN

b b? 1.2 [.22
+ — + = 8.61 m
2 12(s + b/2)

2128 + 1.272)

Discussion A strong person can lift 100 kg, whose weight is 981 N or about 1 kN.
Also, the person can apply the force at a point farthest from the hinges (1 m farther)
for maximum effect and generate a moment of 1 kN - m. The resultant hydrostatic
force acts under the midpoint of the door, and thus a distance of 0.5 m from the
hinges. This generates a moment of 50.6 kN - m, which is about 50 times the

moment the driver can possibly generate. Therefore, it is impossible for the driver to
open the door of the car. The driver’s best bet is to let some water in (by rolling the
window down a little, for example) and to keep his or her head close to the ceiling.
The driver should be able to open the door shortly before the car is filled with water
since at that point the pressures on both sides of the door are nearly the same and
opening the door in water is almost as easy as opening it in air.
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I 3—5 HYDROSTATIC FORCES ON SUBMERGED CURVED SURFACES

Curved

surface

UL

Horizontal projection ———
of the curved surface -

| Vertical projection
of the curved surface g .

of the enclosed / [
liquid block L] |

o = Fy/IFy Fr= VFZ + F}

Horizontal force component on curved surface: Fy=F,

Vertical force component on curved surface: F,=F, +W

46
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Pressure
forces \
Curved -}
surface
|
| / Resultant
| force -
E S
—
| W

Fr

[

Circular /
ﬁ- surface
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In a multilayered fluid of different densities can be determined by considering different

parts of surfaces in different fluids as different surfaces, finding the force on each part, and
then adding them using vector addition. For a plane surface, it can be expressed as

If\’ - Z l.‘l\'.I : Z l‘)(_'.r "\{

Plane surface in a multilayered fluid:

- Oil
Pe i = Py + pighe b, o
Ry
-
Water
b,
2| \ e,
B \
L | A\
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EXAMPLE 3-9

A long solid cylinder of radius 0.8 m hinged at point A is used
as an automatic gate. When the water level reaches 5 m, the
gate opens by turning about the hinge at point A. Determine (a)
the hydrostatic force acting on the cylinder and its line of action
when the gate opens and (b) the weight of the cylinder per m
length of the cylinder.

il —s=42m

Solution The height of a water reservoir is controlled by a cylindrical
gate hinged to the reservoir. The hydrostatic force on the cylinder
and the weight of the cylinder per m length are to be determined.

Assumptions 1 Friction at the hinge is negligible. 2 Atmospheric
pressure acts on both sides of the gate, and thus it cancels out.

Horizontal force on vertical surface:
FH = Fx = PaveA = PghCA: pg(S + RXZJA

1 kN
= (1000 ke/m>)(9.81 m/s?) (4.2 + 0.8/2 m) (0.8 m X 1 m ( )
( g/m”)( ) ) ) 1000 kg - /s’

= 36.1 kN
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Vertical force on horizontal surface (upward):

F}‘ = Py A= pghcA= pghyomA

1 kKN
= (1000 kg/m*)(9.81 m/s?*)(5 m)(0.8 m X 1 11( )
( /)81 m/s(5 m)(O.81 "™\ 1000 kg - m/s?

= 39.2 kN
Weight of fluid block per m length (downward):

W =mg = pgV = pg(R* — mR*4)(1 m)

| kN
= (1000 ke/m>)(9.81 m/s>)(0.8 m)*(1 — 7/4)(1 111)( )
- 1000 kg - m/s

= 1.3 kN
the net upward vertical force is

Fy=F, —W=392—13=379kN

The magnitude and direction of the hydrostatic force

Fp = V/F% + F2=\/36.1> + 37.9 = 52.3 kN
tan = Fy/Fy = 37.9/36.1 = 1.05 — 6 = 46.4°
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(b) When the water level is 5 m high, the gate is about to open and thus the
reaction force at the bottom of the cylinder is zero. Then the forces other than
those at the hinge acting on the cylinder are its weight, acting through the center,
and the hydrostatic force exerted by water. Taking a moment about point A at the
location of the hinge and equating it to zero gives

FrRsin — Wy R =0 — W, = Fgsinf = (52.3 kN) sin 46.4° = 37.9 kN

Discussion The weight of the cylinder per m length is determined to be 37.9 kN.

It can be shown that this corresponds to a mass of 3863 kg per m length and to
a density of 1921 kg/m3 for the material of the cylinder.
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Buoyant force: The upward force a fluid exerts on a body immersed in it. The buoyant
force is caused by the increase of pressure with depth in a fluid.

)
I

The buoyant force acting on the plate
is equal to the weight of the liquid
displaced by the plate.

For a fluid with constant density, the
- ™~ buoyant force is independent of the
distance of the body from the free
surface.

| It is also independent of the density of
pr8ls + A the solid body:.

Fp = Fooom — Fiop = Pr8(S T M)A — prgsA = p,ghA = pgV
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EI Stability
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Net upward
force is
called the
buoyant

forcelll

Easier to
lift a rock in
water!!
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'ﬂ Buoyancy
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Archimedes’ principle: The buoyant force acting on a body immersed in a fluid is
equal to the weight of the fluid displaced by the body, and it acts upward through the
centroid of the displaced volume.
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For floating bodies, The weight of the entire body must be equal to the buoyant force,
which is the weight of the fluid whose volume is equal to the volume of the submerged
portion of the floating body:

. ‘ V‘\HI\ /)ll\l =, b 'LI‘\
/-!’f — \‘ —7 l’f ‘“\I V"~l||‘ : [’_I’\ e. body g k'/IHI‘.1| 7 -
| V[V[\M Py

Floating
|' o <8 'I body

v Fluid
If/ \ Suspended body

P = (neutrally buoyant)

f/ \ Sinking

Py \ P>Pr | body

[k
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Flotation

* A floating object displaces a weight of fluid

equal to its own weight.

A
Buoyant force —

o

» Weight of iron ¥

/
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Flotation

Copyright © 2004 Pearson Education, publishing as Addison Wesley.
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. Stability of Immersed and Floating Bodies

(@) Stable

@,

(i) Neutrally stable

For floating bodies such as ships, stability is an
important consideration for safety.

)

() Unstable

Stability is easily understood

by analyzing a ball on the
floor.
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'x Stability of a Model Barge
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| A floating body an immersed neutrally
\ buoyant body

Fluid
tFB FB
ol G$B
i
14
Weight
(a) Stable (b) Neutrally stable (¢) Unstable
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Restoring moment

Fluid
Fp
Gy B
w
Weight
(a) Stable (D) Neutrally stable (c) Unstable
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Metacenter ~

v
f:";’
Jll _ I-.
f \
{D/’ﬂ I|| |.'Ill | | | 1| | III'.I Il
/ B
FBi

. : / Overturning

J Loty ' moment

| moment /

(a) Stable (b) Stable (¢) Unstable

Metacentric height GM:

The length of the metacentric height GM above G is a measure of the stability: the
larger it is, the more stable is the floating body.
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'x Balancing Ball

e o]
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aP aP 0 ; oP o+ a)
—=—pa, — =0, and —= —p(g + a.
0x P ady 0z pLs N
P = P(x, 2) B
lg
Free
dP =(0P/ox) dx + (0P/0z) dz Az 1 surtace
~max
dP = —pa,dx — p(g + a,) dz a, .
h, Liquid f a |
Z """J‘"J
P,— P, = —pa(x, —x;) —plg +a)z, — 2;) *
r - - -
- ; .

Pressure variation: P = P, — pa.x — p(g + a.)z
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Free

' / surface

Vertical rise of surface:

_ da, _
Azy=2p—2g=——7 (% —x)
g +a,
Constant
pressure
lines
. . - (/: isobar a Y
SHI_'f(I('("\' (.{f constani pressure: — = —— = constant
dx g +ta,
. dziscrhzar “.1‘
Slope of isobars: Slope =———=————= —tan ¥
dx g +a,
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EXAMPLE 3-12

An 80-cm-high fish tank of cross section 2x0.6 m that is initially filled with water is to be transported
on the back of a truck. The truck accelerates from 0 to 90 km/h in 10 s. If it is desired that no water
spills during acceleration, determine the allowable initial water height in the tank. Would you
recommend the tank to be aligned with the long or short side parallel to the direction of motion?

Solution Afish tank is to be transported on a truck. The
allowable water height to avoid spill of water during

acceleration and the proper orientation are to be determined. Az
Assumptions 1 The road is horizontal during acceleration so

that acceleration has no vertical component (a,=0). 2 Effects of
splashing, braking, driving over bumps, and climbing hills are Water 80 cm
assumed to be secondary and are not considered. 3 The
acceleration remains constant.

&
L

AV (90 — 0)km/h( 1 m/s , b
a, = - = 2.5 m/s
At 10s  \3.6 kmvh
ﬂx
tan 6 = = ().255 (and thus 6 = 14.3%)

e+a, 981 +0
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Case 1: The long side is parallel to the direction of motion:

Az, = (by/2)tan 8 = [(2 m)/2] X 0.255 = 0.255 m = 25.5cm

Case 2: The short side is parallel to the direction of motion:

Az, = (by/2)tan 8 = [(0.6 m)/2] X 0.255 = 0.076 m = 7.6 cm

Discussion Note that the orientation of the tank is important in controlling the

vertical rise. Also, the analysis is valid for any fluid with constant density, not just
water, since we used no information that pertains to water in the solution.
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. Rotation in a Cylindrical Container _

Consider a vertical cylindrical container partially filled with
a liquid. The container is now rotated about its axis at a
constant angular velocity of w. After initial transients, the

liquid will move as a rigid body together with the

container. There is no deformation, and thus there can be
no shear stress, and every fluid particle in the container

moves with the same angular velocity.

P, aP_

_— = r . f—
ar pre a6

0P _

0,
02

and —pg

P = P(r, z) dP = (dPlor)dr + (0P/0z)dz

dP = pro* dr — pg dz

2

dzisobar ra

dr g

Surfaces of constant pressure:. i pa =

71 Prof. Dr. Ali PINARBASI

Axis of
rotation

bk

Free
surface

-y
|
-

¥

Rigid-body motion of a liquid
in a rotating vertical cylindrical
container.
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z,=—1r"+h,
20
R
R (w* [ @’R?
V= 2z dr = 21 — 7~ + h,|rdr = wR" h,
=8 g
r=0 r=0 < '
V = mR%h,
/ (LJZRZ
1. =h
C 0 45;3_
. '5'-}: . . .
Free surface: 7z .= h, — — (R° — 2r°)
4g
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Free
surface

\H“x___ : Az S, nlﬁ/
\ _ ___%___ f“/‘
T
T
\\_H - i P
—_—
\5 i____d, //

74
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Maximum height difference: AZ, max = Z(R) — 2,(0) = — R°
28
— 2 _ 7.
dP = prow* dr — pg dz. o’
_ 2 _ 2
P,— P = 5 (r3 = r1) — pgay — 2y)

o /)(r):

Pressure variation: P=P,+ — " — pgz

Note that at a fixed radius, the pressure varies hydrostatically in the vertical direction,
as in a fluid at rest.

For a fixed vertical distance z, the pressure varies with the square of the radial distance
r, increasing from the centerline toward the outer edge.

In any horizontal plane, the pressure difference between the center and edge of the
container of radius R is

AP = pw?R?/2
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EXAMPLE 3-13

A 20-cm-diameter, 60-cm-high vertical cylindrical container is partially filled with 50-cm-high liquid
whose density is 850 kg/m3. Now the cylinder is rotated at a constant speed. Determine the
rotational speed at which the liquid will start spilling from the edges of the container.

Solution A vertical cylindrical container partially filled with a liquid is

rotated. The angular speed at which the liquid will start spilling is to be | w
determined. @
Assumptions 1 The increase in the rotational speed is very slow so |
that the liquid in the container always acts as a rigid body. 2 The bottom 5‘;;1 :
surface of the container remains covered with liquid during rotation (no THEEN
dry spots). BK?:ﬂ_—_;:w“_\_Y:f“‘/: 3
!
I
2 2p2 Z i
S, w R s
2 =ho = o (R =2 g(R)=ho+ i o
I
[4g[z(R) — ho] [4(9.81 m/s*)[(0.6 — 0.5) m] f 2
w = .| 3 =4/ 3 = 19.8 rad/s ]
A R \ (0.1 m) ' !
: r
. @ 198rad/s [ 60 s _1 |
n = = — | = 189 rpm g i
27 27 rudfrev\l min

Discussion Note that the analysis is valid for any liquid since
the result is independent of density or any other fluid property.

We should also verify that our assumption of no dry spots is
valid. The liquid height at the center is;
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Hydrostatics — Interactive question

The density of seawater is 1030 kg/m3.
Which of the following values is correct for
the hydrostatic pressure at a depth of 10
000 m?

(a) 101 bar
(b) 1010 bar
- (c) 10101 bar

Z = loooOom YL \??
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Principle: Ap = pgAz

Hydrostatics — Interactive question

Application: Calculation of pressure due to a column of liquid supporting a
weight and subject to external pressure.

A vertical cylinder of inside diameter 50 mm is
sealed at the bottom and filled to a depth of 500
mm with mercury of relative density 13.6. The
barometric pressure is 1.1 bar. If the mercury

supports a piston of mass 5 kg (a perfect fit in the
cylinder with no leakage or friction), what is the
pressure at the bottom of the cylinder?

(@) 2.02bar (b) 1.32bar (c) 0.2 bar

Would the answer be different if the cylinder were
inclined to the vertical?

0 =13.6 x 103 kg/m3 (a) yes (b) no

B=1.1x10°Pa
?
v
W m = 5kg
H=0.5m
. p?
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Hydrostatics — Interactive question

Application: Calculation of pressure due to a column of liquid supporting a
weight and subject to external pressure.

A vertical cylinder of inside diameter 50 mm is
sealed at the bottom and filled to a depth of 500
mm with mercury of relative density 13.6. The
barometric pressure is 1.1 bar. If the mercury

supports a piston of mass 5 kg (a perfect fit in the
cylinder with no leakage or friction), what is the
pressure at the bottom of the cylinder?

(a) 2.02bar (b) 1.32bar (c) 0.2 bar

Would the answer be different if the cylinder were
inclined to the vertical?

0 =13.6 x 103 kg/m3 (a) yes (b) no

B=1.1x10°Pa
?
v
W m = 5kg
H=0.5m
. p?
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Hydrostatics — Interactive question

Principle: Ap = pgAz

Application: Calculation of pressure due to a column of liquid supporting a
weight and subject to external pressure.

B=1.1x10°Pa
?
v
W m = 5kg
H=0.5m
2

A vertical cylinder of inside diameter 50 mm is
sealed at the bottom and filled to a depth of 500
mm with mercury of relative density 13.6. The
barometric pressure is 1.1 bar. If the mercury

supports a piston of mass 5 kg (a perfect fit in the
cylinder with no leakage or friction), what is the
pressure at the bottom of the cylinder?

(a) 2.02bar (b) 1.32bar (c) 0.2 bar

Would the answer be different if the cylinder were
inclined to the vertical?

0 =13.6 x 103 kg/m3 (a) yes (b) no

N
| S
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Hydrostatics — Interactive question

1
!
?
I v
W m = 5kg 4
p=B+W[—2j+ng

H=0.5m 7D
J p=1.1x105+5( 4 2)+13.6x103x9.81x0.5
T 7.0.05
=13.6 x 103 kg/m?3
p? g ° p =2.02 bar

Prof. Dr. Ali PINARBASI Chapter 3: PRESSURE AND FLUID STATICS




Hydrostatics — Interactive question

B=1.1x10°Pa
m = 5 kg
W cos 6
p=B+W( 42jcosﬁ+pgl-[cosé’
0.9.V. cos 6 i
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Manometry (pressure measurement)

A
S

F—DL Sm <s——}>+5f>

p.A — (p+op)A=dm.a=0 A5p=0

FLUID AT REST — ISOBARS HORIZONTAL

(EQUAL PRESSURES AT SAME LEVEL IN SINGLE FLUID)
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Hydrostatics — Interactive question

Principle: Hydrostatic pressure increases in proportion to depth in a uniform
density fluid at rest
Application: Pressure variation in a vessel containing an object submerged within

a liquid.

B
v * L With the balloon held under water, is the
) - pressure at A

b  WATER
<] (a) Higher than without the balloon

. BALLOON (b) Unchanged
(c) Lower than without the balloon?

- STRING
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v * L With the balloon held under water, is the
) - pressure at A

b  WATER
<] (a) Higher than without the balloon

. BALLOON (b) Unchanged
(c) Lower than without the balloon?

- STRING

Prof. Dr. Ali PINARBASI Chapter 3: PRESSURE AND FLUID STATICS




Hydrostatics — Interactive question

B
B Y. * N
l h |\  WATER
]
_ BALLOON
H
- STRING
AN |
Pa= o9 H Pa=pg (H +h)
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Hydrostatics — Interactive question

Principle: Lines of constant pressure (isobars) in a continuous volume of a
constant-density fluid at rest are horizontal

Application: Pressure variation in vertical and inclined tubes

In the diagram, which of the

following conditions applies to
the pressure at A, B, and C?

(@) Pa>Pe Ps < Pc
(b) p Ps < Pc
(
(d

e
e
()

C) Pa= P =Pc
) Pa>Ps Ps =~ Pc
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Hydrostatics — Interactive question

Principle:

Lines of constant pressure (isobars) in a continuous volume of a

constant-density fluid at rest are horizontal

Application: Pressure variation in vertical and inclined tubes

e

In the diagram, which of the

following conditions applies to
the pressure at A, B, and C?

a

Pa = PB Ps < Pc

e
)

C

= Pc

(a)
(b) p Ps < Pc
(c) p
(d)

d) pa>Ps Ps =~ Pc
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Hydrostatics — Interactive question

Principle: Lines of constant pressure (isobars) in a continuous volume of a
constant-density fluid at rest are horizontal

Application: Pressure variation in a manometer

In the manometer system, the

points of equal pressure are

(@)Aand D

(b)Aand C

(c)Band C

c (dyBand D
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Hydrostatics — Interactive question

Principle: Lines of constant pressure (isobars) in a continuous volume of a
constant-density fluid at rest are horizontal

Application: Pressure variation in a manometer

In the manometer system, the

points of equal pressure are

(@)Aand D

(b)Aand C

(c)Band C

c (dyBand D
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Hydrostatics — Interactive question

Principle: In a fluid at rest, isobars (i.e. lines or surfaces of constant pressure are
horizontal)

Application: U - tube manometer

The following table shows the pressures
at locations 1, 2 and 3. Which row of the
table is correct?

1 2 3
(a) P pP—pegh | B— pygH
(b) 0 Pugh PugH
(c) P prpgh | Bt pygH | p+ pegh
_} (d) P ptpgh | B—pygH | p— pegh
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Hydrostatics — Interactive question

Principle: In a fluid at rest, isobars (i.e. lines or surfaces of constant pressure are
horizontal)

Application: U - tube manometer

The following table shows the pressures
at locations 1, 2 and 3. Which row of the
table is correct?

1 2 3
(a) P pP—pegh | B— pygH
(b) 0 Pugh PugH
(c) P prpgh | B+pygH| p+ ppgh
(d) p Pt psgh | B—pygH | p— ppgh
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Hydrostatics — Interactive question

~B=1-0l bar
IB
(a) 0.361 m
] I (b) 0.365 m
H/2 (c) 0.371 m
JY (d) 0.376 m

Hint: Write down equations for p’ on

the left and right-hand sides, equate
the two and solve for H.
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(a) 0.361 m
] I (b) 0.365 m
H/2 (c) 0.371 m
/Y (d) 0.376 m

Hint: Write down equations for p’ on

the left and right-hand sides, equate
the two and solve for H.
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Hydrostatics — Interactive question

LHS p'zp—l—ng(h—l—%j RHS  p'=B+p,gH

p=B+ngH+ng(h+Zj

1.04—1.01)10° +(2.5x9.81x0.2)

(
H =
(850—2;)3&.81

H=0.361 m
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Hydrostatics — Interactive question

Principles: Equal volumes and hydrostatic pressure variation

Application: Inclined-tube manometer
!
|
B m {

- A:\"é\f

Yrea -

N

N\
If we combine (1), (2) and (3), which is correct?

\
' V oA
(@) p =B - ogH + py 0L (Sin9+7j

L.5A = 5h.A (1) (b) p =B + pygL sinb o
LHS  p'=B+ pyg (8h + L sinb) (2) (c)p =B+ pgH + p,g L?
RHS p'=p+ 09 (H+LsinG) (3) oA

(d) p=B - pgH +pyg Lj + (om — Pr)9Lsind
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Hydrostatics — Interactive question

Principles: Equal volumes and hydrostatic pressure variation

Application: Inclined-tube manometer
!
|
B m {

NSO N Sh_ _ ‘
Are Sg\* \ ‘ ——?
N N ;

If we combine (1), (2) and (3), which is correct?

\
' V oA
(@) p =B - ogH + py 0L (Sin9+7j

L.5A = 5h.A (1) (b) p =B + pygL sinb o
LHS  p'=B+ pyg (8h + L sinb) (2) (c)p=B+ pgH + pyg L—

r— I A
RHS p'=p+ 09 (H+LsinG) (3) (d)p=B - pgH +p,g L 517’4 + (o — P)9LsIinG
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Hydrostatics — Interactive question

# PREF *
fe V7 AT
diameter D /
diameter d Y /£ \\ﬂ
/ fM
.f:__._
Principle: Equal volumes

If L=400 mm, d =5 mm and D = 100 mm, which is the correct value for 7

(a) 20 mm (b) 1 mm (c) 0.2 mm
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Hydrostatics — Interactive question

# PREF *
fe V7 AT
diameter D /
diameter d Y /£ \\ﬂ
e , fm
_f:__._
Principle: Equal volumes

If L=400 mm, d =5 mm and D = 100 mm, which is the correct value for 7

(a) 20 mm (b) 1 mm (c) 0.2 mm
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Hydrostatics — Interactive question

# P REF *
s TS AT
diameter D /
diameter d v s \\ﬂ
6 , M
.f:__._
Principle: Hydrostatic pressure variation

If pree = 0.015 bar, 6 = 30°, p,, = 850 kg/m3, p- = 2 kg/m3 and h = 0.2 m, which is

the correct value for p?
(a) 0.3 bar (b) 713 Pa (c) 3168 Pa (d) 1.7 bar
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Hydrostatics — Interactive question

# P REF *
s TS AT
diameter D /
diameter d v s \\ﬂ
P
Principle: Hydrostatic pressure variation

If pree = 0.015 bar, 6 = 30°, p,, = 850 kg/m3, p- = 2 kg/m3 and h = 0.2 m, which is

the correct value for p?
(a) 0.3 bar (b) 713 Pa (c) 3168 Pa (d) 1.7 bar

Hint: calculate p’ for the right-and left-hand side, then find p from the equation
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The pressure of water flowing through a pipe is measured by the arrangement shown in

Figure. For the values given, calculate the pressure in the pipe.

0/ 4 P, =30kPa

Air

Gage flud
SG=24
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Pgage + nghwl _ pgageghgage _ nghwz = Pwater

Pwater = Pgage + pwg (hwl _ SGgagehgage - hwz)
= Page + pPwd(hy — SGyagel1Sind — L,Sind)

0 =8/12= 0.6667

Pwater

=30 + 1000 - 9.81 - (0.50 — 2.4 - 0.06 - 0.6667 — 0.06
. 0.6667)/1000

P, arer=33.6 kPa
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The gage pressure of the air in the tank shown in Figure is measured to be 65 kPa.

Determine the differential height h of the mercury column.

|
65 kP SG=072
(\T \ 1cm
2|
T
— - Water
30 cm b }—Mercury
SG=136
(!
&/
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P; + pyghy — pHgthg — Poit9dhoit = Patm

Py — Patm = Poit9hoir + pHgthg — Pwghw

P,
I = ps,oilhoil + ps,thHg — hy,
pwg
+1000 = 0.72 - 0.75 + 13.6 - hy, — 0.3
(1000 : 9.81) T g

= hHg — 04‘7 m

i Prof. Dr. Ali PINARBAST Chapter 3: PRESSURE AND FLUID STATICS




e Prof. Dr. Ali PINARBAST Chapter 3: PRESSURE AND FLUID STATICS




A piston having a cross-sectional area of 0.07 m? is located in a cylinder containing water as
shown in Figure. An open U-tube manometer is connected to the cylinder as shown. For h,=60

mm and h,=100 mm, what is the value of the applied force, P, acting on the piston? The weight
of the piston is negligible.

. 4
1 F'. ston
,"'
}
Water } 1‘.

") Mercury”
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F =PA P+ Yyateru _Vth =0

P = Yugh — Vwaterhy = 133 % 0.1 — 9.90 * 0.06 = 1.27 kN /m?

F = (1.27x103)(0.07) = 889 N
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A 25-mm-diameter shaft is pulled through a cylindrical bearing as shown in Figure. The lubricant
that fills the 0.3-mm gap between the shaft and bearing is an oil having a kinematic viscosity of

8.0 10* m?/s and a specific gravity of 0.91. Determine the force P required to pull the shaft at a
velocity of 3 m/s. Assume the velocity distribution in the gap is linear.

Bearing Lubricant
Shatt —_—
- 0.5 m -
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TA A =mnDL

ZFx=O F=

, sothat, F = ,u% nDL u=vp

r (8.107%) * 0.91x 103 * 37 % 0.025 = 0.5

0.0003 = 285.74 N
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Pressure gage B is to measure the pressure at point A in a water flow. If the pressure at
B is 87 kPa, estimate the pressure at A, in kPa. Assume all fluids are at 20°C.

N N Y
(Yw = 9790%:Vmercury =133 10077?»]/0111 = 87205)

SAE300il~_ / Gace B\
..._‘L‘\ : T
Mercury «_ \~---_ / 6cm
5cm
Water
flow : Il cm
4 cm l
i \ | ]
\_ Y,
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Pa = YW ADw = Yl A2y — Y0ldZ)o = P
py — (9790 Nim')(— 0.05 m) — (133,100 N/m”)(0.07 m) — (8720 N/m”)(0.06 m)

= ps + 489.5 Pa — 9317 Pa — 523.2 Pa = py = 87,000 Pa

0, =%,351 Pa =964 kPa
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A 50x30x20-cm block weighing 150 N is to be moved at a constant velocity of 0.8 m/s on an
inclined surface with a friction coefficient of 0.27. (a) Determine the force F that needs to be

applied in the horizontal direction. (b) If a 0.4-mm-thick oil film with a dynamic viscosity of 0.012

Pa.s is applied between the block and inclined surface, determine the percent reduction in the
required force.
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/ﬂ - .
-7 Z E, =0: Fy — Fspeqr €0S 20 — Fy1sin20 =0

ol

.1.
;:ﬁiﬁf Fu T_)x Z E, = 0: Fr1 05820 — Fgpeqr Sin20—W =0

W=150N

Friction force: F=fFy;

. W B 150
N cos20 — fSin 20 cos20 — 0.27 Sin 20

=177.0N

F; = Ffcos 20 + Fy; sin20 = (0.27x177) cos 20 + 177 sin 20 = 105.5 N
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V=0.8 m's B |4 (0.5x0.2)0.8
Ocm ¥\ \04mm ¥ Fshear = Twhs = pAs 3 = 0.012 - — ——— = 24N
Iwﬂ

Z E. =0: Fy — Fspegr €0S 20 — Fy,sin 20 = 0

z E, =0: Fyo c0s20 — Fgpogr SIN20—W =0

Fspear Sin20+ W (2.4sin 20 + 150)
Nz cos 20 cos 20

Fy = Fspear €0s 20 + Fy, sin 20 = 2.4 cos 20 + 160.5sin20 = 57.2 N

105.5-57.2

Percentage reduction in the required force: 22100 = 100 = 45.8 %

F1 105.5
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