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1- Measures of Fluid Mass and Weight

a- Density (48tsl))
The density of a fluid, designated by the Greek symbol P (rho), is defined as

its mass per unit volume. Density is typically used to characterize the mass

of a fluid system. _ Mass
P= Volume

The dimension of density in MLT system is (ML-3) and in FLT system is FL-4T2.

And the units of density p in Sl system is (kg/m?3) and in BG system is
(slugs/ft3).
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effect on the value of density p .

The small change in the density of water with large variations in

temperature is illustrated in Fig. 2.
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Figure 2, Density of water as a
function of temperature. 960

Density, p kg/m?
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e value of density can vary widely between different fluids, but for
liquids, variations in pressure and temperature generally have only a small

\

@ 4°C p = 1000 kg/m?
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Temperature, °C
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Tables 7 and 8 list values of density for several common liquids. The
density of water at 60 °F is 1.94 slugs/ft3 or 999 kg/ms3.

The large difference between those two values illustrates the importance

of paying attention to units!

Unlike liquids, the density of a gas is strongly influenced by both pressure

and temperature, and this difference will be discussed in the next section.

Dr. Ibrahim Al-Hafidh / College of Petroleum and Mining Engineering 10/28/2021



The specific volume (.= sl a3al), v (nu), is the volume per unit mass and

is therefore the reciprocal of the density—that is,
1

= _ =01
vV=_=p
The dimensions of specific volume in (MLT) system is L3M-! and if (BG)

system is F-1L4T-2 .

And the unites of specific volume in S| system and BG system are:
m3 ft3  ft3
kg ' Ib ’slug

v:

Note: The unite of force in English Engineering (EE) system is pound (Ib).
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able 7

Approximate Physical Properties of Some Common Liquids (51 Units)

Specific Dynamic Kinematic Surface Vapor Bulk
Density, Weight, Viscosity, Viscosity, Tension,” Pressure, 1'1-'lmiulus,h
Temperature P ¥ " v o Py E,
Liquid (*C) (kg/m*) (kN/m’) (N - s/m%) (m?*/s) (N/m) [N/m? (abs)] (N/m%
Carbon tetrachloride 20 1,590 156 958E — 4 603E -7 269E -2 13 E+ 4 131E+ 9
Ethyl alcohol 20 789 71.74 I.LI9E — 3 ILS51E—- 6 228E-12 59 E+4+3 1LO6E + 9
Gasoline® 15.6 680 6.67 31 E-4 46 E-17 22 E-2 55 E+ 4 13 E+ 9
Glycerin 20 1,260 124 ILSOE + 0 LLISE =3 633E-2 l4 E-=2 452E+ 9
Mercury 20 13,600 133 IL5TE =3 LISE-=7 466 E -1 16 E-1 285E + 10
SAE 30 oil* 15.6 912 8.95 IR E-1 42 E—4 36 E-2 — 15 E+ 9
Seawater 15.6 1,030 10.1 1.20E - 3 LITE—- 6 734E -2 L7TE+ 3 234E+ 9
Water 15.6 999 9.80 LLIZE -3 ILIZE—- 06 T34E -2 IL7TE+ 3 215E+ 9
“In contact with air.
Mlsentropic bulk modulus calculated from speed of sound.
“Typical values. Properties of petroleum products vary.
Table 8
Approximate Physical Properties of Some Common Liquids (BG Units)
Specific Dynamic Kinematic Surface Vapor Bulk
Density, Weight, Viscosity, Viscosity, Tension,” Pressure, Mﬂdll.llls,b
Temperature I ¥ In v o Po E,
Liquid (°F) (slugs/ft*) (Ih/ft) (b - s/ft") (ft*/s) (Ih/ft) [Ib/in.? (abs)] {Ib/in.%)
Carbon tetrachloride 68 3.09 99.5 200E -5 64TE -6 1.B4E — 3 19 E+0 I91E+ 5
Ethyl alcohol 68 1.53 493 249E -5 163E -5 1.56E — 3 85 E-1 IS4E+ 5
Gasoline* 60 1.32 425 65 E—06 49 E—-06 1.5 E-3 80 E+ 0 19 E+ 5
Glycerin 68 2.44 T8.6 3 I3E-2 1.28E = 2 4.34E = 3 20 E-6 6.56E + 5
Mercury 68 26.3 847 328BE -5 IL25E-6 3 9E-2 23 E-5 414E + 6
SAE 30 oil* 60 177 57.0 80 E-3 45 E-3 25 E-3 — 22 E+5
Seawater 60 1.99 64.0 251E-5 1.26E -5 S503E-3 256E -1 3J3I9E+ 5
Water 60 1.94 62.4 234E-5 121E -5 S503E-3 256E -1 JI12E+ 5
“In contact with ar.
lsentropic bulk modulus caleulated from speed of sound.
“Typical values. Properties of petroleum products vary.
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pecific Weight (y)

The specific weight (.~ c.is) of a fluid, designated by the Greek symbol

Y (gamma), is defined as its weight per unit volume. Thus, specific weight
is related to density through the equation:

¥ = Pg

Where g is the local acceleration of gravity.
Just as density is used to characterize the mass of a fluid system, the
specific weight is used to characterize the weight of the system.

Under conditions of standard gravity (g = 9.807m/s2 = 32.174ft/s?) water at
60°F has a specific weight 9.80 kN/m? and 62.4 Ib/ft3.
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The dimension of Specific weight (y) in MLT system is (ML-2T-?) and in FLT
system is FL-3. (F = MLT-?2) and (M = FL-1 T?).

And the units of Specific weight (y) in SI system is (kN/m?3) and in BG
system is (Ib/ft3).

Tables 7 and 8 list values of specific weight for several common liquids
(based on standard gravity).
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c- Specific Gravity (SG)

The specific gravity of a fluid, designated as SG, is defined as
the ratio of the density of the fluid to the density of water at

some specified temperature. Usually, the specified temperature é A

is taken as 4°c (39.2°F), and at this temperature the density of
water is 1.94 slugs/ft3 or 1000 kg/m? In equation form, specific
gravity is expressed as

p
PH,0 @ 4°c

SG =
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Specific weight is
weight per unit vol-
ume; specific grav-
ity is the ratio of
fluid densiry to the
density of water at
a certain tempera-
fure.
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11
s = —7L

PH0 @ 4% =t
Since it is the ratio of densities, the value of SG does not iy s the rato of
depend on the system of units used. e
For example, the specific gravity of mercury at 20°c is 13.55. e
This is illustrated by the figure beside. ]
Thus, the density of mercury can be readily calculated in either L\ é

BG or Sl units through the use the equation above. -
ng = (13.55) x (1000 kg/m?3) = 13.6 x 10° kg/m?
Pug = (13.55) x (1.94 slugs/ft’) = 26.3 x 10° slugs/ft

It is clear that density, specific weight, and specific gravity are
all interrelated, and from a knowledge of any one of the three e
the others can be calculated. | Tl
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- |[deal Gas Law

Gases are highly compressible in comparison to liquids, with changes in
gas density directly related to changes in pressure and temperature
through the equation

P = Rr
Where P the absolute pressure, p the density of gas, T the absolute temperature,

and R is a gas constant.
The equation above commonly termed the ideal or perfect gas law, or
the equation of state for an ideal gas.
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A gas is considered ideal if its particles are so far apart that they do not
exert any attractive forces upon one another. In real life, there is no such
thing as a truly ideal gas, but at high temperatures and low pressures
(conditions in which individual particles will be moving very quickly and
be very far apart from one another so that their interaction is almost zero),
gases behave close to ideally; this is why the Ideal Gas Law is such a

useful approximation.
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Pressure in a fluid at rest is defined as the normal force per unit area
exerted on a plane surface (real or imaginary) immersed in a fluid and is
created by the bombardment of the surface with the fluid
molecules.

P = Force / Area
The dimension of Pressure that comes from definition is (FL-2).
The unite of pressure in S| units is N/m? (newton/square meter). And
1N/m?2 defined as pascal (Pa).
While in BG unites is expressed as Ib/ft? (psf) (Pounds Force per Square
Foot) or Ib/in? (psi) (pound-force per square inch).
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The pressure in the ideal gas law must be expressed as an absolute
pressure, denoted (abs), which means that it is measured relative to
absolute zero pressure (a pressure that would only occur in a perfect
vacuum).

Standard sea-level atmospheric pressure (by international agreement) is
14.696 psi (abs) or 101.33 kPa (abs).

For most calculations these pressures can be rounded to 14.7 psi

(pound per square inch) and 101 kPa, respectively.
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In engineering it is common practice to measure pressure
relative to the local atmospheric pressure, and when measvured
in this fashion it is called gage pressure. Thus, the absolute
pressure can be obtained from the gage pressure by adding
the value of the atmospheric pressure.

For example, as shown by the figure, a pressure of 30 psi
(gage) in a tire is equal to 44.7 psi (abs) at standard
atmospheric pressure.
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44,7 + 30

147 = 0

0+ -14.7
(abs) (2age)
p. psi
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Foint A A = any point above Py,
Atmospheric Pressure: Is the 1 ‘P B = any point below Pyt
o hari g o
pressure of the atmosphere Atmospheric Al W=l
o o . pressure » pressure
around us, or it is a pressure in P
. P P P Point B
the surrounding atmosphere . abs| | atm am |y =
Pﬂhs
Absolute _ Absolute
Absolute Vacuum: The pressure vacuum Pans = 0 p—
iS Zero Iike a quce COmpletely Pﬂl}ﬂ = ahsolute pressure P"u"ﬂ'l: = vacuum pressure
vacuum WhiCh means no Piyy = atmospheric pressure Pil = (Jauqge pressure
pressure is extiended. The relationship between absolute, gauge and vacuum pressures.
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Absolute Pressure: Is the pressure that
measures from the absolute vacuum.

Gauge pressure: It is the pressure that

measured with measuring instruments.
And it is above Atmospheric pressure.

Point A A = any peint above Py,
L B = any point below Py,
. Pa
Atmospheric Atmospheric
pressure 1 1 pressure
|:II
vac .
Fabs Patm Fatm | 3 Point B
F
P%hs
Absolute Absolute
Ems=ﬂ
Yacuum * Yacuum
P, = absolute pressure Pyac = Vacuum pressure
Pﬂtm = atmospheric pressure Pﬂ = {Jauije pressure
The relationship between absolute, gauge and vacuum pressures.

Vacuum pressure: It is the negative pressure or the pressure measured

below atmospheric pressure.
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Exavrie 1.3 D i

GIVEN The compressed air tank shown in Fig. E1.34 has a
volume of 0.84 ft’. The temperature is 70 °F and the atmos-
pheric pressure is 14.7 psi (abs).

Dr.brahim Al Hafidh
Fluid Mechanies

FIND When the tank is filled with air at a gage pressure of 50 psi,
determine the density of the air and the weight of air in the tank.

SoLuTION

The air density can be obtained from the ideal gas law (Eq. 1.8)

P
P ®r
so that

(50 Ib/in.2 + 14.7 Ib/in.%)(144 in.%/ft®)

"~ (1716 ft - Ib/slug - °R)[(70 + 460)°R ]
= 0.0102 slugs/ft* (Ans)

p

Note that both the pressure and temperature were changed to ab-
solute values.

M Figure E1.3a (Photograph courtesy of Jenny
Products, Inc.)

The weight, ‘W, of the air is equal to

0.5 W = pg X (volume)
- = (0.0102 slug/ft*)(32.2 ft/s%)(0.84 ft)
g = 0.276 slug - ft/s’
o Q3 so that since 1 1b = 1 slug - ft /s>
I (50 psi, 0.276 Ib)
0.2 W =0.2761b (Ans)
64 COMMENT By repeating the calculations for various values of
; the pressure, p, the results shown in Fig. E1.3b are obtained. Note
/0 that doubling the gage pressure does not double the amount of air
-20 0 20 40, 60 80 100 in the tank, but doubling the absolute pressure does. Thus, a scuba
Bops diving tank at a gage pressure of 100 psi does not contain twice the
M Figure E1.3b amount of air as when the gage reads 50 psi.
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The fluid properties such as density and specific weight are measures of the
“heaviness” of a fluid. These properties are not sufficient to characterize
how fluids behave. Two fluids like water and oil can have approximately
the same value of density but behave quite differently when flowing.

So, there are certain secondary variables which characterize specific
behavior. The most important of this is viscosity, which relates the local
stresses in moving fluid to the strain rate of the fluid element.

s 0 gdill o) (all) agat ailal) daglia (ulila 1 4n g3
The viscosity of a fluid is a measure of its resistance to deformation at a
given rate.
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https://en.wikipedia.org/wiki/Drag_(physics)

2]

To add additional property, consider a hypothetical experiment in which a
material is placed between two very wide parallel plates as shown in Figure
(a) below.

The bottom plate is rigidly fixed, but the upper plate is free to move.

— P P
[d I . > L —
|/
b1y
L
N
Ay’ op
) ) Fixed plate
(a) (b)

Figure (a) Deformation of material placed between two parallel plates.
Figure (b) Forces acting on upper plate.
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If a solid, such as steel, were placed between the two plates and loaded
with the force P as shown, the top plate would be displaced through some

small distance, éa. The vertical line AB would be rotated through the small
angle, 6p, to the new position AB'.

We note that to resist the applied Nt p P
force, P, a shearing stress 7 (0alll %2), T o & ( T
would be developed at the plate- Y

material interfface, and for equilibrium jyf-\aﬁ

—_—
L~
__|_!
5
D
Q.
©
[AV]
i
D

to occur, P= 7 A where A is the
effective upper plate area (Fig. b).
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Shear stress 7 (Tav)
S| unit Pascal (N/m?)

The formula to calculate average shear stress is force per unit area 7 =

Shear stress, Force acts parallel to the area.
Salall ) adallall (g 3 ga JSy B gAY (Gaadal (e Ly g | ol jad) Balal) adala (s (585 (alll) 3¢
For elastic solids, such as steel, the small angular

displacement 64, called the (shearing strain) s &) 3, is
proportional to the shearing stress 7, that is developed in

( B' B
the material. | i/,
) TLIL\Sﬁ 5
Fixed plate
Shear stress 2! &« Shear strain ) Ly @
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If there is a fluid such as water between the plates, what happens?
When the force P is applied to the upper plate, it will move continuously
with a velocity, U.

If a shearing siress is applied to a fluid, it will deform continuously.

U ba U - Upper plate velocity.
= 2 h — Zero velocity for the fluid which contact
= with the bottom fixed plate.
I i / u=u(y) the velocity of fluid between the
T, /,|,{\ two plates.
| A B {0 u=Uy/b
: Hredree du/du = U/b (velocity gradient)

Behavior of fluid placed between two parallel plates (;\S‘« J.u.“ J\.A;j\)
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In a small fime increment, 67 ,an imaginary vertical line AB in the fluid
would rotate through an angle, 64, so that
o)
tanédpf =~ 6f = ?a
Since é6a = U é6t...
_ Uét ) i
=3 —
I .  ——
‘ B /B
We note that in this case, 6f is a function — )/
not only of the force P (which governs U) b, [ ]
but also of time. 7 -l
' Ay op
) { Fixed plate

Behavior of fluid placed between two parallel plates
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e rate at which is changing and define the rafe of sheanng
strain, as U  du

YT T dy
Shearing stress t, is increased by increasing P (t =P/A) , and the rate of
shearing strain is increased also.

U oa
. - P
T X 7Y ] - —
3 B | '.‘Bn
d Y, L
T X —/— b . ]
dy f ., /,I /
du — : { Fixed plat
T — M plate
dy Behavior of fluid placed between two parallel plates

where the constant of proportionality is designated by the Greek symbol p (mu) and is
called the absolute viscosity, dynamic viscosity , or simply the viscosity of the fluid.
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The plots of T versus du/dy should be linear with the slope equal to the

viscosity as illustrated in figure.

Newtonian fluids: Fluids for which the
shearing stress is linearly related to the rate
of shearing sitrain (also referred to as rate of
angular deformation).

Most common fluids, both liquids and gases,
are Newtonian.

Dr. Ibrahim Al-Hafidh / College of Petroleum and Mining Engineering

Shearing stress, t

Crude oil (60 °F)

Water (60 °F)

Water (100 °F)

Air (60 °F)

Rate of shearing strain, i—?

Linear variation of shearing stress
with rate of shearing strain for

common fluids
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Non-Newtonian fluids: Fluids for which the shearing siress is not linearly
related to the rate of shearing strain.

Bingham plastics are materials that behave as
neither a fluid nor a solid. At shear stresses less
than yield stress, Bingham plastics behave as a
solid and at shear siresses higher than yield stress
it behaves as a fluid.

Bingham plastic

Shear thinning —

~— Newtonian

Shearing stress, t

The dimensions of viscosity are FTL-2,
The units of viscosity in BG system is given as Ib.s/ft? and in
SI Uniis as N°S/m2' Rate of shearing strain, %

~—— Shear thickening

. . . .« e Variation of shearing stress with
Table 7 & 8 show the value of Viscosity for different liquids. rate of shearing strain for several

types of fluids, including common
non-Newtonian fluids
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