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Introduction

In statics (fluids at rest) there is no relative motion between
adjacent fluid layers:

— Shear stress is zero; only pressure can be acting on fluid
surfaces

— Gravity force acts on the fluid (body force)

Whenever a liquid (such as water, oil etc.) is contained in a
vessel, it exerts force at all points on the sides and bottom of the
container.

This force per unit area is called pressure.

If F is the total normal force acting on some finite area A, then
the average intensity of pressure is,

p=F/A (N/m? or Pascal, Pa or bar, (1 bar = 10° Pa))

The direction of this pressure is always at right angles to the
surface with which the fluid at rest comes in contact.



Pressure Head

Pressure head (also static pressure head or static head) is the internal

energy of a fluid due to the pressure exerted on its container.
Consider a vessel containing some liguid with no pressure
acting on its surface as shown in the Figure.

Let, vy = specific weight of the liquid

h = height of liquid in the vessel

A= area of cylinder base

A little consideration will show that there will be some
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pressure on the vessel base due to the weight of the liquid in it, therefore,

pressure,

p = weight (as force) of liquid in the vessel / area of the vessel base (W / A)
p=yV/A=yhA/A=yh or h=p/y h(m)=(kN/m?)/9.81=0.1020 kPa
This equation shows that the intensity of pressure at any point in a liquid is

proportional to its depth (h) from the surface.
Therefore the pressure can be expressed as:
i.  As aforce per unit area (N/m?) or

il. As a height of the equivalent liquid column (m) i.e. pressure head




Neglecting the pressure on the surface and the compressibility of water, what is the pressure in kPa at a
depth of an instrument 4600 m below the surface of the ocean? The specific weight of ocean water under
ordinary conditions is 10.05 kN/m’.

Eq. 3.4: p = yh = 10.05(4600) = 46 700 kN/m? <«

A pressure gage at elevation 4.8 m on the side of a storage tank containing oil reads 34.7 kPa. Another
gage at elevation 2.2 m reads 57.5 kPa. Compute the specific weight, density, and specific gravity of the
liquid.

Ap _ (515 - 34.7 kN/m?)
F . 3.3: = = = 8.77 kN/m*> < —n. = -v(z —
rom Eq YT an @8 - 22 m) PPy =-viz-2))
- for elevations
3 N 2 3

Eq. 2.1: v _ 8770 N/m® _ 8770 (kg'mjs)m’ _ o, ke/m® 4

g 9.81 m/s? 9.81 m/s?

8.77
Sec.2.3: s = L =27 =08 <
2.3: s 5. O8I 94

If air had a constant specific weight of 12 N/m’ and were incompressible, what would be the height of air
surrounding the earth to produce a pressure at the surface of 101.3 kPa abs?

Eq. 3.5: h = p/y = 101.3/12.00 = 8.44 km «




An open tank contains water 1.40 m deep covered by a 2 m thick layer of oil (s = 0.855).

What is the pressure head at the bottom of the tank, in terms of a water column?

Voi = S Vi = 0.855x9.81 = 8.39 kN/m?3
Pressure of oil at interface = p_, = v, h,; =8.39 x 2 = 16.78 kPa

Pressure head of oil in terms of water column = h_, = p.,/ v, = 16.78/9.81 = 1.71 m of

water

Pressure head at bottom =h, =h_, + h, =1.71 + 1.4 = 3.11 m of water

An open tank contains 5.0 m of water covered with 2 m of oil (y = 8.0 kN/m’). Find the gage pressure (a)
at the interface between the liquids and (b) at the bottom of the tank.

(@) Eq.3.4: p = yh = (8kN/m*2 m = 16 kN/m? = 16 kPa at interface =~ <«
b)) p, =16 + (9.81)5 = 65.1 kN/m? = 65.1 kPa at tank bottom <4




Pascal’s Law

It states that “the intensity of pressure at any point in a fluid at rest, is
the same in all directions”.

Pressure is the normal force per unit area at a given
point acting on a given plane within a fluid mass.

Unlike in solids, in a fluid at rest, no tangential stresses . &
can exist, and the only forces between adjacent surfaces  gice pasca,(1623_162)

are pressure forces normal to the surfaces.
p dl dy

Consider a very small wedge-shaped element of
fluid at rest whose thickness perpendicular to p, dy d:
. A
the plane of the paper is equal to dy.
Let p be the average pressure in any direction I
in the plane of the paper, p, and p, be the l y(1f2) dx dy dz
p_dx dy

average pressures in the horizontal and vertical
directions, respectively.
For simplicity, the forces in y direction are not considered as they cancel.
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p is average pressure inthe x, y, and z direction.

P.is the average pressure on the surface

& is the plane inclination

& is the length is each coordinate direction. X, y, z
s is the length ofthe plane

visthe specific weight




Pascal’s Law
Applying the equations of static equilibrium to the fluid particle:

>Fx=pdldycosa—p,dydz=0 ol
p dl dy cosa = p, dy dz mw
Since, cosa. =dz / dl =>dz =dl cosa
|

I ¥(1/2 ) dx dy dz
>Fz=p,dxdy—p dl dysino—v (dx dy dz)/2 =0 Py dr ey
neglecting 37 term of higher power, W=yV=yAdy
p dl dy sina. = p, dx dy w:yy((ll//zz) 313?3!

Since, sinot=dx /dl =>dx=dlsina
P=Dp,
In other words, “the pressure at a point in a fluid at rest, or in motion,

/s independent of the direction as long as there are no shearing
stresses present”.



» Pressure at any point 1s the same 1n all directions.

* In a fluid confined by solid boundaries, pressure acts
perpendicular to the boundary.

TWO important principles about pressure

Fluid surfaces

/ ) e
I e \II R .'A f )'\ p :
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Figure Pressure acting Figure Direction of fluid
uniformly in all directions pressures on boundaries
FRESSURE CONCEFPTS:
PRESSURE ACTS ON A POINT PRESSURE INCREASES
IN ALL DIRECTIONS EQUALLY WITH DEPTH

FRESSURE CAUSED
B EXTERMAL FORCE

PRESSURE ACTS PERPEMDICULAR
TO THE SURFACE

IM A STATIC FLUID PRESSURE IS THE SAME
AT ALL LOCATIONS WITH THE SAME DEFTH



Absolute, Gage, and Atmospheric Pressures

If pressure is measured relative to absolute zero, it is called absolute
pressure.

Absolute pressure is the actual pressure at a given point.

All values of absolute pressure are positive, since a negative value would
indicate tension, which is normally considered impossible in any fluid.

When measured relative to atmospheric pressure as a base, it is called gage
pressure.

This is because practically all pressure gages register zero when open to the
atmosphere and hence measure the difference between the pressure of the
fluid to which they are connected and that of the surrounding air.

The gage pressure is the pressure measured with the help of pressure
measuring instrument, in which the atmospheric pressure is taken as datum.
Gage pressures are positive if they are above that of the atmosphere and
negative if they are vacuum

If the pressure is less than atmospheric, it is called vacuum pressure and the
gauge pressure value is negative.
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Absolute, Gage, and Atmospheric Pressures

Absolute pressure is the algebraic sum of the gauge and atmospheric
pressures:

pabs = pgauge+ patm

Atmospheric pressure, sometimes also called barometric pressure, is the
pressure exerted by the weight of air in the atmosphere of Earth (or that of
another planet).

In most circumstances atmospheric pressure is closely approximated by the
hydrostatic pressure caused by the weight of air above the measurement
point.

It varies with the altitude and also, at a given place it varies slightly from
time to time because of changes in meteorological conditions.

P.m @t MSL at 15°C = 101.325 kPa = 1013.25 mbars = 10.34 m of water
=760 mmHg = 14.696 psi = 33.91 ft of water = 29.92 inHg



The absolute pressure on a gas is 41 psia and the atmospheric pressure is 965 mb abs. Find the gage
pressure in psi, kPa, and mb.

Inside front cover: p,, = 41 psia(6.894 76 kPa/psi) = 282.7 kPa abs

Inside front cover: p,, = 965 mb abs = (965 mb abs)(0.1 kPa/mb) = 96.5 kPa abs
Eq. 3.7: Gage pressure = Pype — Pam = 282.7 — 96.5 = 186.2kPa <

Gage pressure = (186.2 kPa)(10 mb/kPa) = 1862 mb 4

186.2 kPa

Gage pressute = o o5176 KPalpsi

=27.0psi 4

What will be the gauge pressure and absolute pressure of water at a depth 12 m below the
surface? Take p, o, = 1000 kg/m3 and P, .. = 101 kN/m?

Solution:

P.age = Pgh = 1000 x 9.81 x 12
=117.7 kN/m?

=P _ +P

s gage atm

=117.7 + 101
=218.7 kN/m?

I:)ab




Barometer

The first mercury barometer was constructed in 164.3-1644 by Tomicelli. He
showed that the height of mercury in a column was 1/14 that of a water barometer,
due to the fact that mercury is 14 times more dense that water. He also noticed
Evangelista Torricelli | that level of mercury varied from day to day due to weather changes, and that at

(1608-1647) the top of the column there is a vacuum.

Torricelli  studied a theory Torricelli's Sketch Schematic:

formulated by Aristotle (384-22 e

BC) stating that nature abhors a S Pam = Y+ Puapor
vacuum. e

This theory is known as “horror
vacui”.

This suggests that nature does
not favor absolute emptiness
and therefore, draws in matter
(gas or liguid) to fill the void.

Torricelli’s study led to the
discovery of the manometer.

I
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Note, often p,.p.is very small
0.0000231 psia at 68" F, andg
Pam 15 147 psi, thus:

Pam = Yh




Barometer

The absolute pressure of the atmosphere is measured by the barometer.

If a tube has its lower open end immersed in a liquid which is exposed to
the atmospheric pressure, and if air is exhausted from the tube, the
liquid will rise in it as shown in the Figure below.

If the air were completely exhausted, the only pressure on the surface of
the liquid in the tube would then be that of its own vapor pressure and
the liquid would have reached its maximum height.

The pressure at ‘O’ within the tube and at ‘@’ at the surface of the liquid
outside the tube must be the same;i.e., p, = p, = P.im-

From the conditions of static equilibrium of the liquid above ‘O’ in the
tube of cross-sectional area A (i.e. 2F = 0),

Foi = Fuanor = W =0

vapor Mo
path_pvaporA_yAy=O aSW=yV L'_FL
patm - y Y + pvapor - crn;-;bs:c:':rnnal
If the vapor pressure on the surface of the liquid in ’ area 4
ekl Fatm
the tube were negligible, then l E

.T —_—H—
Patn =7 Y wherey =h OI -




Barometer

The liquid used in barometers is usually mercury, because its density is
sufficiently great to enable a reasonably short tube to be used, and also
because its vapor pressure is negligibly small at ordinary temperatures.

If some other liquid were used, the tube necessarily would be so high as
to be inconvenient and its vapor pressure at ordinary temperatures
would be appreciable; hence a nearly perfect vacuum at the top of the
column would not be attainable.

The height attained by the liquid would consequently be less than the
true barometric height and would necessitate applying a correction to
the reading.

When using a mercury barometer, to get as accurate a measurement of
atmospheric pressure as possible, corrections for capillarity and vapor
pressure should be applied to the reading.



Problem:

What would be the reading on a barometer containing carbon tetrachloride at
68°F at a time when the atmospheric pressure was equivalent to 30.26 inHg?

Solution:

Pam = 30.26 (inHg) x 14.7 (psia)/29.92 (inHg)
P.m = 14.86 psia

For carbon tetrachloride at 68°F (Table A.4):
p = 3.08 slugs/ft3
Pyapor = 1.90 psia

h = (Patm = Puapor) / P8 since,h=p/y=p/pg
h=(14.86—1.90) x 144 / (3.08 x 32.2)

h = 18.82 ft of carbontetrachloride



Devices for Measurement of Fluid Pressure

The principles on which all the pressure measuring devices are
based, are almost the same.

However, for convenient, we may split up the same into the
following two types:

1. By balancing the liquid column (whose pressure is to be found out) by
the same or another column; these are also called tube gages to
measure the pressure.

2. By balancing the liquid column (whose pressure is to be found out) by
the spring or dead weight; these are also called mechanical gages to
measure the pressure.

The different devices used for measuring the fluid pressure are:
1. Bourdon’s gage

2. Piezometer tube

3. Manometer

(i) Simple manometer (ii) Differential manometer

(iii) Micromanometer (iv) Inclined manometer



Bourdon’s Gage

The pressure, above or below the atmospheric pressure may be
easily measured with the help of a Bourdon’s gauge.

In its simplest form, it consists of an elliptical tube, bent into an arc
of circle.

When the gage tube is connected to the fluid (whose pressure is
required to be found out) the fluid under pressure flows into the
tube and as a result of the increased pressure, the tube tends to
straighten itself.

Since the tube is encased in a circular cover, therefore it tends to
become circular instead of straight.

The moving end of the tube rotates a hand through a simple pinion
and sector arrangement, i.e. the elastic deformation of the
Bourdon's tube rotates the pointer.

This pointer moves over a calibrated scale, which directly gives the
pressure.

A Bourdon’s gage is generally used for measuring high pressures.
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Bourdon’s Gage

A pressure and vacuum gage combined into one is known \,,’ '
as a compound gage. o f‘\ i
The pressure indicated by the gage is assumed to TR K‘/)> '
be that at its center. —

Bourdon gage.

If the connecting pipe is completely filled with
fluid of the same density as that in A in Figure,

In SI, p, (kPa) = gage reading (kPa) +y h

Figure 3.8
Compound pressure and vacuum gage.

. . . Pressures in pounds per square inch, vac S
In FPS, p, (psi) = gage reading (psi) + yh (Ib/ft3)/144 | e otmereunCommes ot Duyer

[nstruments, Inc.)

A vacuum gage, or the negative portion of a compound gage is normally
graduated to read in ‘mm’ or ‘inches’ of mercury.

h, (vacuum in mmHg) = gage reading (mm) —h (mm)
h (inHg vacuum) = gage reading (inHg) - yh (Ib/ ft3)/144 x (29.92 inHg/14.7 psi)



Piezometer Tube

A piezometer tube is the simplest form of instrument, used for measuring,
moderate pressures.

It consists of a tube, one end of which is connected to the pipeline in
which the pressure is required to be found out.

The other end is open to the atmosphere, in which the liquid can rise
freely without overflow.

The height, to which the liquid rises up in the tube, gives the pressure
head directly (p =7 h).

To reduce capillary error the tube diameter should be at least 12 mm.

For measuring pressure of a flowing fluid, care should always be taken that
the tube should not project inside the pipe beyond its surface.

All burrs and roughness near the hole must be removed, and edge of the
hole should be rounded off, and hole should be small (at most 3 mm).

It may be noted that piezometer tube is meant for measuring gage
pressure only as the surface of the liquid in the tube is exposed to the
atmosphere.

A piezometer tube is also not suitable for measuring negative pressure; as
in such a case the air will enter in the pipe through the tube.



Piezometer Tube

. Open
"Pl’ﬁﬁﬁlll’i‘ can be estimated Po
: : : =
by measuring fluid elevation Disadvantages:
A 1)The pressure in the container has to
r.,u'l.:n,rgl_]p the be greater than atmospheric pressure.
Closed End “Container” N Tube 2) Pressure must be relatively small to
maintain a small column of fluid.
A (ab 3) The measurement of pressure must
be of a liquid.
.4_*  —] q

Moving from left to right:  Pagaps) - 11y = P,

Rearranging: :ipd — pf;: 7ih,
I \Gage Pressure

Then in terms of gage pressure, the equation for a Piezometer Tube:

pPa = il

Note: p, = p, because they are at the same level



Simple Manometer

A manometer is an improved form of a piezometer tube with the help of which
we can measure comparatively high pressures and negative pressures also, as
the piezometer tube is too tall and cumbersome for high pressures.

A simple manometer, in its simplest form, consists of a tube bent in U-shape,
one end of which is attached to the gage point and the other is open to the
atmosphere.

The liquid used in the simple manometer is, generally, mercury which is 13.6
times heavier than water.

To determine the pressure at A in terms of the liquid :
at A, one may write a gage equation based on the /ﬁ\\_\
fundamental relations of hydrostatic pressures. *
Let s,, be the specific gravity of the fluid F whose |
pressure is being measured, and R_ be the i
manometer reading (height OC). il

If y’ is the height of a column of measured fluid that S | \_/ h
would exert the same pressure at C as does the ( (- ﬁ Ko
column of manometer Fluid OC (height R,,), then " \\_\//




Simple Manometer

P: = Pp

Pc=Ym R =YY since, p=7vh

Y = (Ym/Ye) Ry = (Pw/Pr) Ry = (S/se) Ry

Pe =7 (Sm/Se) Ry
This is also the pressure at B because the fluid is in balance (same level).
The pressure at A is greater than this by yh.

It is helpful to commence the equation at the open end of the manometer with
the pressure head there, then proceed through the tube to A, adding terms

zero of the first term will be replaced by the

when descending and subtracting when ascending, equating the /(l; ';:f,,m
result to the head at A, as (/-'\\‘i"; ok
||
0 + 7y (spm/se) Ry + Yh = p,y .. 1
Also, in terms of heads i } %
0+ (sy/se) Ry +h=pa/y : BR—|lc+
If the absolute pressure at A is desired, then the ' ?. )
’: \'_// !
5

atmospheric pressure of the fluid whose

pressure is to be measured.



Example — Simple Manometer

The right limb of a simple U-tube manometer containing mercury is open to the
atmosphere while the left limb is connected to a pipe in which a fluid of specific
gravity 0.9 is flowing. The center of the pipe is 12 cm below the level of mercury in
the right limb. Find the pressure of fluid in the pipe if the difference of mercury
level in the two limbs is 20 cm.

Specific gravity of fluid = S,=0.9

Density of fluid = p, =S; x 1000 = 0.9 x 1000 =900 kg/m3
Specific gravity of mercury= S,=13.6

Density of mercury = P, =S, x 1000 = 13.6 x 1000 = 13600 kg/m3
Difference of mercury level = h,=20cm=0.2 m

Height of fluid from A-A = h;=20-12=8cm =0.08 m

Pressure of fluid in pipe = P

Equating the pressure in the left and right limbs above A-A:
p+p,;8h;=p,8h,
p+900x9.81x0.08=13600x9.81x0.2
p=26683—-706=
p =25977 N/m? = 25.977 KPa




Differential Manometer

It is a device used for measuring the difference of pressures, between two
points in a pipe, or in two different pipes.

A differential manometer, in its simplest form, consists of a U-tube containing a
heavy liquid, whose two ends are connected to the points, whose difference of

pressures is required to be found out. i
If the fluids in the two pipes are of the same density, then,
pA_Yh + Y(SM/SF) R +vhg = pg — i— |

And, in terms of heads, [ ']J
pA/y B pB/ V= hA_ hB - (SM/ SF) Rm ha Ii .,:j,.',’.l-'-'-’-'-:’ Li?-'.'.t
From the diagram, l 'j..{:.., g
hy—hg=2g—2,+ Rm ,.»-,;.;-_::. ‘. B - o
PA/Y ~ Pe/Y = 25— — (sm/se) Ry & )
A/ Y- pB/ Y=2Zg—Z, t (1 SM/ SF) R ; \:/

The differential manometer, when used with a heavy fluid like mercury, is
suitable for measuring large pressure differences.

For a small pressure difference, light fluid, like oil or even air may be used.
Naturally the fluid must be one which do not mix with the fluid in A or B.



Example — Differential Manometer
(a) Two vessels are connected to a differential manometer using mercury (s = 13.56), the
connecting tubing being filled with water. The higher pressure vessel is 1.5 m lower in
elevation than the other. Room temperature prevails. If the mercury reading is 100 mm,
what is the pressure difference in m of water, and in kPa?
(b) If carbon tetrachloride (s = 1.59) were used instead of mercury, what would the

manometer reading be for the same pressure difference?

Solution: ry

r

Givenzg-z,=1.5m

()

Pa Ps SM

——— =12 — ——1|R

Y y Zp Zy + <SW ) m
13.56

Ap =15+ — 1)0.10

Ap = 2.76 m

Ap = 2.76 x9.81 = 27 kPa

(b)
Sc
Ap = zp — z, +<—— 1>Rm

Sw

1.59
2.76 = 1.5 + (T - 1) R,, - 2.76 — 1.5 = 0.59R,,,
R,, = 2.13mof CCl,




Example — Differential Manometer

Liquid A weighs 8.4 kN/m3, liquid B weighs 12.3 kN/m3. Manometer liquid is mercury. If the
pressure at B is 200 kN/m?, find the pressure at A.

Solution:

Express all pressure heads in terms of the liquid in bulb B

Pa

_(Za o Zc
VB
Pa_oyl 7
VB VB
Pa_p4f 84
Vs 12.3
VB
Pa_g6
VB
p,=8.6x12.3

Pa_1644432450=-22
12.3

Q]—i_(za o Zb)

VB

+O.4[—SM *Tw
VB

y_Mj"‘(zb_zd)(y_BJ:&
75 7/B 7/8

+5.0:&
VB

)+ 0_4(13.55x9.81j+5_0 _Ps
12.3

200

p, =106 kN / m?

VB

1.3 ft (40 cm) |

10.0 ft {3.0 m)

l d




