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1 Fluid Properties

In this chapter, the definition of a fluid™ is mentioned. The units of force, mass, length
and time are reviewed. The main physical properties of the fluid and the force acting on the
fluid are expatiated (7£iR). The continuity, viscosity and bulk modulus of fluid are the key
terms in this chapter.

1.1 Definition of a Fluid

Fluid may be divided into liquid or gas. As compared with solid, the intermolecular
attraction of fluid is very small and its molecular motion is very intense, so the arrangement of
its molecules is very loose. This gives the common character of fluid: fluid can not maintain
certain shape and has the fluidity (#izh1%).

Withstanding the pressure, tension and shear force, it is the characteristic of solid. So a
small deformation of solid occurs under the action of external forces. Fluid can only resist the
pressure, and can not resist any small tension and shear force. For this reason, fluid can not
maintain its certain shape. No matter how small the shear force is applied to a fluid, the fluid
will deform continuously. In addition, there is no static friction in fluid.

The distance between molecules of liquid is almost equal to the effective diameter of
molecule. So liquid is often called incompressible fluid. Generally, the distance between the
molecules of gas is very large, for example, at normal temperature and pressure, the distance
between the molecules of air is 3107’ centimeter, the order of magnitude of its molecules’
effective diameter is 107® centimeter. Consequently, gas is often called compressible fluid.

When the compressibility is not referred, the laws in fluid mechanics are suitable to liquid
as well as gas. When the compressibility is involved, the problem of gas and liquid must be
dealt with individually. In this book, liquid is mainly discussed.

From the physics viewpoint, fluid and all substances are consisted of molecules,
obviously there are gaps between the molecules. In fluid mechanics what really interested is
not the microscopic motion of individual molecules, but the macroscopic motion of fluid under
action of external forces (such as gravity, pressure difference, etc) because the macrofluid (%
M%) is consisted of a large number of molecules™. The physical quantities of macrofluid
(such as pressure, velocity and density) are the statistical average and the behavior of most
fluid molecules.

The continuous media was first proposed as macrofluid model by Euler (RBkHz, A 4) in
1753. That is, the real fluid is considered as no-gap continuous media, called the basic
assumption of continuity of fluid or the continuum (GE£E4k, HEL:4) of fluid, in which the
continuous fluid is consisted of fluid particles which are composed of a sufficiently enough
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number of molecules™. The fluid particle is considered as an element volume of fluid. The
definition of continuum of fluid shows that the volume of particle is sufficient small and can be
neglected as compared with the dimensions of flow field; but it is large enough compared with
both of the dimensions of molecule and the distance between molecules. The number of
molecules is 2.7x10' in one cubic millimeter of air at standard conditions™ (Fr#EIRE), so the
neglect of the gap between molecules is valid and feasible.

Of course, the continuity assumption of fluid is relatively applied. For example, in a
vacuum pump, the air at 133.336x10™ Pa (10~ mmHg) and 293K, the distance between
molecules is about 4.5 millimeter; the value can be compared with the dimension of vacuum
pump. In this case, the flow is the molecular flow of rarefied gas (% #4%), and the gas can
not be considered as continuous media.

Exercises 1.1
1.1.1 What is the concept of fluid? What is the fluid composed of?
1.1.2 Can the fluid resist tensile stress?
1.1.3 A fluid is a substance that can not be subjected to:(a) tensile forces; (b) shear
forces; (c) tensile forces and shear forces; (d) tensile forces and shear forces but can only resist
the pressure.

1.2 Units and Conversion

1.2.1 System of units

In fluid mechanics, consistent units of force, mass, time, etc are helpful to simplify the
solutions. The consistency of mechanics units system is that unit force accelerates unit mass at
unit acceleration.

The International System of Units (SI, EFx#47%]) has the newton (N) as unit of force,
the kilogram (kg) as unit of mass, the meter (m) as unit of length, and the second (s) as unit of
time™. This system has been adopted by our country and many other countries. With the
kilogram, meter, and second as defined units, the “newton” is derived from Newton’s second
law of motion.

IN= 1kglszE (1.

In the United States the U.S. customary system of units™, an Inch Units, is still in use.
The consistent set of units is pound (Ib) force, the slug (AT¥4%, B E H47) mass, the foot (ft)
length, and the second (s) time. The slug is the derived unit; it can be determined from
Newton’s second law of motion, i.e., one pound force accelerates one slug at one foot per
second squared.

1 1b=1 slug—l—zfz (1.2)
s
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Centimeter-gram-second system of units, universal CGS unit (i Fi #8474, XHKRE
K—T—Fbikl), is also adopted in fluid mechanics. The consistent set of units is dyne (i5[X)
force, the gram (g) mass, the centimeter (cm) length, and the second (s) time. One dyne force
accelerates the unit mass at one centimeter per second squared, or

lecm

ldyne=1g (1.3)

SZ
1.2.2 Unit Conversion
In practical application, many physical parameters and technical data may be in the
International System of Units or the Inch Units. In these two systems of units, in order to use
and calculate them correctly, the units of physical quantity and conversion (¥£) for SI units
and U.S. customary units are shown in Table 1.1.

Table 1.1 SI units, U.S. customary system units, and conversion
Quantity (WHEE) SI units (EFFRAHD
U.S. customary .
Name symbol Chinese Intermational symbol | Basic unit system (C ﬁ?ggésﬁ%o)n
o 4 1R 3 %
g | (e | Symeel (AR (k) | CREIRRED
(PXRSD
Length ) * m m ft (R 1ft=0.3048m
Mass m Tr kg kg slug (Hr¥iig) 1slug=14.59kg
Time t G s s s (B) 1s=1s
Force F #* N mkgs? b (B 11b6=4.448222N
. 3 3 3 Sll.lg/ﬂ3 3_ 3
Density P TRk kg/m mokg | B R ) I1slug/ft’=515.4kg/m
Specific 3 3 3o ft'/slug 3 3
volume v KT m’/kg m’kg CER YR 1t°/slug=0.001940m>/kg
Specific | K N/m? m2kgs? I GBER® | 1Ib/A°=157.1N/m?
weight
Pressure p K2, N/m?, Pa m ™ kgs? [ Ib/fP CBE/EER D) 11b/f°=47.88Pa
Work w ok, & N-m, J mikgs? | flb GER-E 1ft-1b=1.356)
Power P =8, K Vs, W mikgs? | b 1ft1b/s=1.356 N-m/s
CRR-BE)

1.2.3 Abbreviations of SI units
Abbreviations of SI units are written in lawercase letters (/N5 5~ }) for terms like hours

(h), meters (m), and seconds (s). When a unit is named after a person, the abbreviation (but not
spelled form) is capitalized; examples are watt (W), pascal (Pa), and newton (N). Multiples and
submultiples (£9%0) in powers of 10’ are indicated by prefixes, which also are abbreviated.
Common prefixes are shown in Table 1.2. Note that prefixes may not be doubled up'’”: the
correct form for 107 is the prefix n-, as in nanometers; combinations of millimicro-, formerly
acceptable, are no longer to be used.
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Table 1.2 Selected prefixes for powers of 10 in SI units
Muttiple SI prefix Abbreviation Multiple SI prefix Abbreviation
(B%0O (SIEIATZD (A5 (H¥O (SIHIATE) (FHia)
10° giga (TJ6) G 107 milli (2 m
10 mega k) M 107 micro (#0 n
10° kilo (F) k 107 nano (4, ZH n
10 centi (JE) c 1072 pico (T, MO p

Exercises 1.2
1.2.1 Convert 1000psi into SI units.
1.22 The weight, in newton, of 4kg mass on a planet where g=10m/s’ is: (a) 0.40; (b)
4.44; (c) 39.2; (d) 40; (e) none of these answers.
1.2.3 A pressure of 10° Pa may be written: (a) lLPa; (b) kPa; (c) MPa; (d) GPa; () none
of these answers.

1.3 Fluid Properties

1.3.1 Force on the fluid

Force causes the motion of fluid. The forces acting on fluid consist of mass forces and
surface forces.

1.3.1.1 Mass Force

Mass force acting on the center of mass in a substance is directly proportional to the mass.
A free body (isolated body, 43 E4%) of volume ¥ is taken from the fluid in motion or relative
balance as shown in Figure 1.1. The density of fluid is p and the mass of free body is m=pV.

The fluid is under the action of acceleration of gravity g (g=9.806m/s%), the gravitational
force is ‘

G=mg (1.4)

In the solution for dynamics problems by the statics, a D' Alembert’s force (IEBA{H17)
must be added. For example, a container filled with liquid is in a linear motion with a constant
accelerationa, as shown in Figure 1.2, the inertia force / is

z

—dy Qx

X g

Figure 1.1 Free body in the fluid Figure 1.2 A container filled with liquid in a linear motion
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I=-ma, (1.5) z
Another example is that a container filled with liquid (
rotates on its center shaft z with a constant angular velocity @, w\i"
as shown in Figure 1.3. The centrifugal acceleration (Z5.Uy NIk ‘
J&) for point A of mass m is &/ and its centrifugal force is —a?r| 4
R=maw’r (1.6) e !
in which r is the radius of point 4. g Z—m % '

The above three kinds of forces are directly proportional to
the mass of fluid m and act on the center of mass. So they are  Figure 1.3 A rotating container
mass force (or volume force). If the three mass forces exist at the same time, and the total mass
force and resultant acceleration are expressed by W and ¢ respectively, so
W =m(g +a+ &'r) = mqg =m(Xi+Yj+7K) a.n
in which X Y, Z are components of ¢q in the x, y, z coordinates respectively. i, j, k are the unit
vectors for the x, y, z coordinates respectively.
From Equation (1.7) the component of resultant force W in the x direction can be
expressed as
W,=m(g+a+a'r), =m(q), =mX (1.8)
In fluid mechanics, mass force is often expressed by the components of force per unit
mass, as follows

X=(g+a+a'r), = W,
m
|
Y=(g+ta+ow'r), =— (1.9)
m
Z=(g+ta+ao'r), _¥
m

The above equations state that the component of force per unit mass in a direction (such
as in the x direction) is just the projection of resultant acceleration (such as the X in the x
direction) in the same direction. In other words, the force per unit mass is the resultant
acceleration, and the axial component of force per unit mass is acomponent of the resultant
acceleration in each corresponding direction.
If the mass force acting on the fluid is only gravity and inertia force, in the coordinates as
shown in Figure 1.2, the components of force per unit mass are
w, w,

74
—2=X=-q, X=Y=0,
m m m

1.3.1.2 Surface Force
Surface force is the force acting on the surface of isolated body, and it is directly

proportional to the area of surface. Surface force is the force acting not only on the outer
surface of fluid (external force), but also on any internal surface (internal force). In fluid, the
surface forces on the surfaces which contact with each other are a pair of action and reaction.
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The isolated body is gotten from the fluid, and the forces acting on the surface of isolated body
is the external force.
Figure 1.1 shows a element force AP acting on the element area A4. If the surface is a
plane, the total pressure will be
P=7pA (1.10)
inwhich p is average force per unit area, or pressure stress (J5/% 77), usually called pressure (JE5%).
Because of viscosity, on the surface of isolated body, the distributed friction must be with
a kind of law. The element friction force AT acting on the element area A4 is shown in Figure
1.1. If the surface is a plane, the total friction is
T=T4 (1.11)
in which 7 is mean friction force per unit area, or mean shear stress.
The above two forces acting on the surface are called the surface forces and they are
directly proportional to the surface area of isolated body A.
If there is no relative motion between the surface of isolated body and the surroundings,
or the fluid is ideal fluid, the friction force 7=0.
1.3.2 Density, specific weight, relative density
1.3.2.1 Density
The mass of an object is a fundamental property of the object. Density is the mass of a
unit volume. For homogeneous fluid, density is the ratio of the mass of fluid to its volume.
m
P=y (1.12)
in which pis the density of fluid, kg/m®; m is the mass of fluid, kg; and ¥ is the volume of fluid, m’.
In thermodynamics and aecrodynamics, the measurement of volume of gas is expressed by
specific volume (LLAAFR). The specific volume is the volume occupied by unit mass of fluid.
For homogeneous fluid, specific volume v is the ratio of the volume of fluid to its mass.
v= r.t (1.13)
m p
The specific volume is the reciprocal (f5£7) of density, so the unit of vis m’/kg.
1.3.2.2 Specific weight
Under the action of gravity, an object has gravitational force or weight. The specific
weight (&) of fluid is its weight per unit volume. For homogeneous fluid, specific weight is
the ratio of the weight of fluid to its volume.
r=1 (1.14)
in which yis the specific weight of fluid, N/m®; G is the weight of fluid, N.
It may also be expressed as the product of density p and acceleration of gravity g.
y=pg (1.14a)
1.3.2.3 Relative density and specific gravity
The relative density (#%}% &) RD of a fluid is the ratio of its density to the density of a
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given reference material.
rD=_ P
Pret
in which p is the density of the fluid being measured, and p.¢ is the density of the reference.

Generally the reference material is water at 4°C i.e. prer =pwaer With the exception of a
specific use.

The specific gravity (Lt ) SG of a fluid is the ratio of its weight to the weight of an equal
volume of water at standard condition and may be as a ratio of its specific weight to that of
water.

G /4

SG = =
G

water Y water
in which X is the specific weight of water.

The term “relative density” is often preferred in modern scientific usage. Relative density
or specific gravity is a dimensionless quantity and they are numerically equal.

RD="L =P8 _gG
Prt P&

The relative density of a gas RD,; is often measured with respect to dry air at 20°C and
101.325kPa absolute.
Pas
Piir
in which p,, and p,; are the densities of gas and air respectively.

1.3.3 The compressibility and expansibility of fluid

The volume of fluid changes under different pressure. This character is the compressibility
(E481%) of fluid. The volume of fluid changes with the temperature, this character is the
expansibility (JERK ) of fluid. There are apparent differences in these two characters for liquid
and gas and they will be discussed separately.

1.3.3.1 Compressibility

As the temperature is constant, the magnitude of compressibility is expressed by the

RD, =

air

coefficient of volume compressibility 3, a relative variation rate of volume per unit pressure.
P4
dp
in which ¥V is the original volume, m’; dV is the variation in volume, m’ ; dp is the variation of
pressure, Pa; and f3, is also called as the bulk compressibility, Pa’.
Because the pressure increases as the volume decreases, a minus sign is added in equation

(1.15)

above to make the coefficient f,a positive value.

The compressibility of a liquid is also expressed by its bulk modulus of elasticity (1F3#
P15 E). The bulk modulus of elasticity K is the reciprocal of the coefficient of volume
compressibility 4,. And it is the pressure needed for variation rate of a unit volume.
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1 dp
B, dvv

Since dV/V is dimensionless, the unit of K is Pa. Several bulk modulus of elasticity of
commonly used materials are shown in Table 1.3.

(1.16)

Table 1.3  Bulk modulus of elasticity of commonly used materials at 20°C

Materials| \zﬁr’ Mm:;?é oil, xg;elr :1/{!) 21;; Carbon steel| Copper | Brass All;lil’ll(l)l’}l,um Rubber
HED ok, a0 | e, aD | o, w1y | ORED | CRED N GERD | o n ) | BB
K (GPa) 2.1 1.4~2.0 0.7 210 120 100 72 0.002~0.006

From the Table 1.3, it can be concluded that the volume of water only changes 4.825
hundred thousandths for the variation of one atmosphere pressure. The compressibility of
water is very little as well as other liquid, so the liquid is considered as incompressible in
engineering. But under the special circumstances, such as in waterhammer (7Ki5) and high
pressure hydraulic power transmission system (FEKEMEZNRZ), the compressibility of
liquid must be considered.

Example 1.1 A mineral oil in cylinder has a volume of 1000cm® at 0.1MN/m’ and a
volume of 998 cm® at 3.1MN/m?. What is its bulk modulus of elasticity?

Solution
Ap _ 3.1x10°-0.1x10°
CAVIV . (998-1000)/1000

Example 1.2 A pressure gauge tester is

=1.5x10°(Pa)

shown in Figure 1.4. The cylinder is filled with
oil, ﬂp=475x10_12Pa_1. As the handwheel rotates,
the well sealed piston is screwed in and the oil is

compressed then the two pressure gauges reach a

desired pressure. The diameter of piston is
D=10mm and the screw pitch ($28F) is =2mm.
--------------- . T At the atmospheric pressure the volume of oil in
/ / the cylinder including pipeline is ¥=200cm’. For
6 5 4 3 2 1 the reading of 20.0MPa in the pressure gauge,

) how many revolutions do the handwheel screw?
Figure 1.4 A pressure gauge tester

1—handwheel; 2—screw; 3—piston; 4—cylinder; 5—oil; Solution
6—pipeline; 7—standard gauge; 8—gauge to be tested From Equation (1.15), the decrease of
volume of o1l is
dv =-4Vvdp

The variation of volume in the cylinder as the handwheel screws in is

av, =V, —V=—%D2tn
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When d¥V=dV, the desired pressure dp is reached, so
T
Zthn = B,Vdp

The desired revolution # is
e 4BVdp _ 4x475x10™ x200x107° x 20x10°
nD’t X (10x107)? x2x107
1.3.3.2 Thermal expansibility
The volume of liquid increases as the temperature rises. The coefficient of cubical
expansion (ISR R D) is the relative variation rate of volume per unit temperature
change.

=12.1(r)

dvv
hi= dr

in which f, is the coefficient of cubical expansion, (‘C)™", and df is the increment of
temperature, C.

(1.17)

Experiments shows that at 1 atmospheric pressure and low temperature (10~20°C), the
relative variation of volume for water is only 1.5 ten thousandth as the temperature rises 1°C,
and the relative variation of it is 7 ten thousandths at high temperature (90~100°C). The
expansion coefficient of other liquid is also very little. So the expansibility of liquid is not
considered in actual computation except special needs.

Exercises 1. 3a

1.3.1 The bulk modulus of elasticity: (a) is dependent of viscosity; (b) increases with
temperature; (c) decreases with pressure; (d) has the dimensions of pressure.

1.3.2 For 14MPa increase in pressure the density of water has increased, in percent, by
about: (a) 2/300; (b) 2/30; (c) 2/3; (d) 1; (e) none of these answers. (The bulk modulus of
elasticity of water is K=2.1GPa)

1.3.3 A pressure of 4.1MPa applied to 10m’ liquid causes a volume reduction of 0.02m’.
The bulk modulus of elasticity in SI unit, newton per square meter, is: (a) —2050; (b) 2050; (c)
20 500 000; (d) 2 050 000 000; (e) none of these answers.

1.3.4 Viscosity (R, ®E)

1.3.4.1 Cause of viscosity

In the research of fluid dynamics, the viscosity must be considered firstly in all fluid
characteristics. The properties and characteristics of viscosity are discussed in this section.
Viscosity is a property of fluid by virtue of which it offers resistance to shear.

The viscosity of a gas increases with temperature, but the viscosity of a liquid decreases
with temperature. The resistance of a fluid to shear depends upon its cohesion (P2 J7) and its
rate of transfer of molecular momentum (53 T Z B #).

Cohesion appears to be the predominant cause of viscosity in a liquid. The cohesion
decreases as the temperature rise, so does the viscosity. A gas, on the other hand, has very little
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cohesive forces. Most of its resistance or shear stress is the result of transfer of molecular
momentum. The molecular motion of gas increases with™ temperature, so does the viscosity
of gas.

At ordinary pressure, viscosity of gas is independent of pressure and only depends upon
temperature. At very high pressure, gases and most liquids have shown erratic (A& E)
variations of viscosity with pressure.

When fluid is at rest, there is no relative motion of adjacent fluid layers, so no matter how
much the viscosity of fluid is, no shear forces can be generated. Hence, in the study of static
fluid, the shear forces should not be considered. The study of static fluid is greatly simplified
because any free body of fluid has only gravity forces and normal surface forces acting on it.

1.3.4.2 Newton’s law of viscosity and Newtonian fluid

In Figure 1.5, a substance is filled to the space between two closely spaced parallel plates

z so large that conditions at their edges may be

b b ¢ — VY _Fy  neglected. The lower plate is fixed, and a force F

e is applied to the upper plate, which exerts a shear
stress F/A on the substance between the plates. 4
is the area of the upper plate. When the force F

Figure 1.5 Deformation resulting from causes the upper plate to move with a constant
application of constant shear force

velocity ¥, no matter how small the magnitude of
F, one may conclude that the substance between the two plates is a fluid.

The fluid in immediate contact with a solid boundary has the same velocity as the
boundary; i.e., there is no slip at the boundary. This is an experimental fact which has been
verified in countless tests with various kinds of fluids and boundary materials. The fluid in the
area abcd flows to the new position ab’c’d, each fluid particle moving parallel to the plate and
the velocity u varying uniformly from zero at the stationary plate to V' at the upper plate.
Experiment shows that F is directly proportional to 4 and V, and is inversely proportional to
thickness 4, i.e.

AV

F=u=—- 1.18
H= (1.18)

in which x is the proportionality factor determined by the characters of fluid.
If the shear stress is 7=F/A, it can be expressed as

T= ,uK

h
The ratio ¥/h is the angular velocity of line ab, or it is the rate of angular deformation of
fluid. The angular velocity may also be written as du/dz, as both ¥/h and du/dz express the
velocity change divided by the distance over which the change occurs. However, du/dz is more
general, as it holds for situations in which the angular velocity and shear stress change with z.

The velocity gradient du/dz may also be visualized as the rate at which one layer moves



