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Now, we will study fluid dynamics.

There are many phenomena which are governed
by fluid dynamics.

In nature, typhoons and ocean currents are some
examples.

The principle of making an airplane float and
the air resistance on a car are also governed by
fluid dynamics.

The figures in the slide are the pictures which
show two layers of flowing water with and
without dye in various velocities..

When the flow velocity is low, the flow is
laminar, that is a regular flow.

When the upper and lower flow velocities are
different, shear flow occurs.

We will study this at [5.viscosity].

When the flow velocity is high, it becomes
turbulent.

In turbulent flow, the velocity, the pressure, the
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temperature and the concentration change
irregularly in time and in space.

The critical point when a laminar flow changes
to a turbulent flow is determined by the
dimensionless parameter called the Reynolds
number.

The Reynolds number is one of the most
important dimensionless parameters which
governs the behavior of the viscous fluid. It is
determined by the average velocity V
diameter d , and kinematic viscosity V of the
fluid and definedas Re=Vd /v .

Now, let’s study the properties of fluid in a little

more detail from next page.
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unit volume.

Please look at the upper figure in the slide.

When a fluid of mass m [kg] is contained in a
cube with the side L [m],
m/ L [kg/m’].

The density of a fluid is a function of its

its density 1is

temperature and pressure.

For example, the density of a liquid decreases
as the temperature increases because the fluid
expands.

On the other hand, the density increases when
the pressure increases because the fluid gets
compressed.

Under the pressure of 1 atm, water has its

highest density of 1000 kg/m’ at 4°C.

The specific gravity of a material is defined as
the ratio of its density p to the density of
water p, at 4°C.
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9. {ﬁj X, 5 /EE 0)&, F‘ 25900 kg/m® » & x, 9. For example, an oil with density 900 kg/m’ has

7k @{:.F— % 1000 kg/m’ &3HITFD /EE D the specific gravity 0.9 which is obtained
FE 513 900 kg/m® 1000 kg/m® T 0.9 & 72 ¥ as 900 kg/m* 1000 kg/m’.
7.
10. %Z\I/:ﬁ AT, ‘méié % 45%'3;% 10. For a perfect gas, the state equation
Hob
=p/p=RT & F.
pPY=pip KonEd pv=£=RT holds.
Jo)
1. --< pl ij’inﬁ v jﬁ:ﬁ:%% T i{*@ﬁ 11. Here, p 1is the pressure, v is the specific
B AL Hob O o & .
IR % ?E Li’g". 7k, KRR & 1kg O volume, and 7T is the absolute
3;1){771( yib) .5 »H ZQ{ZME“C a;r{ﬁc;t m3/kg <. temperature. The specific volume is the

volume occupied by fluid of 1 kg and the

unit is m3/kg.

12. #*LTR @jﬂ % @’E%f@ 2 ‘7‘5 %ﬁ”%ﬂﬁ“@, 12. R is a characteristic value for each gas and
H & %iﬁ L [@@j nE. called the gas constant.

13. {éé’a/%@jjx % 1% 287.03 Jkg 'K T 13. The gas constant for air has the value 287.03

Jkg 'K

14. jj;:)%é hiﬂzta} PITO \fﬁ#< L 14. Solving the state equation for p, we obtain
p=p/(RT) &720 £7. p=p/l(RT).

15. :ODLQ NH L, &,}“ﬁx(mf‘g FVJ% DB 3@%“{ 15. This equation also shows that the density is a
H5HZ k Z)) DY ET. function of the temperature and the pressure.

16. 2‘%‘;};’:‘ ( {m)O)% %, RAA /I/O)i]”jﬁf 78 16. When the temperature is constant, this reduces
Jfééfybxm’ pl/p=const. L7320 FF. to Boyle’s law and p/ p = const.
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10.

£ AplE
dF[N]
p[Pa] = ZA[m?]
[AREEETS
®E v v +dv
EA p = p+dp \ J— L
R AR A R SN
_dp
~ —(dv/v) 'E—|_:$[L
K dp
r 73 tix, 5 fr X0 ;1‘% ﬁ %) ng{ﬁ %%‘% 1. Pressure is the magnitude of force per unit
{’Eﬁﬁﬁ‘ V) jj 7‘551/ YE9. surface area of a material.
2F Y, dA O)%%‘%@: dF @t%6ﬁ§75)75)o < 2. That is, when a force dF is applied on
W5 L X, “ff)jtj p it dF/dA ’C%g Xh¥ the area dA, the pressure p is defined
+. as dF /dA.
jﬂj? @%u IN/m> T, 2% Pa ’C%)% LE 3. The unit of pressure is N/m” and is also denoted
7. by Pa.
j}wj? ) f/ﬁiﬂﬂﬁ‘é }j i, %ﬁc Z 0)%)% 4. The force exerted by pressure on the surface is
Gi%f;ﬁ foc(i ; ‘n:) Iz %JJ X F4. always in the direction perpendicular to that
surface.
F7-, %ﬂ: LTW3 {,.L 1'21: EIII 0)*,: =D fn% 5. The pressure acting at a point in a fluid at rest is
IH 5 E)jﬂ"J e B hoTWET. the same in all directions.
/ﬁ( \_, AT7A4 K @.@J: 212, (,,Lj{fjg %FL%%S 6. Next, we consider the case when the fluid is
L/f\_H%EOD T HE % ZET. compressed as shown in the figure.
REY D v+ dv 2720 , TE 7 i p /5 7. The volume changed to v+dv from v, and
p+dp iz £ the pressure changed to p +dp from p.
ZZ 7T, ﬁi%biiﬁio TWADTdy @iéﬁ:“@j}; 8. Note that, since the volume decreases in this
HZ & ZE%‘ LTL7EE0. case, the sign of dv is negative.
T5HL fﬁ%é%é@#%( K30 7. 9. We can find the bulk modulus of elasticity K .
?Zﬁzééﬁi({%ﬁ%ﬁ I, %O)%’féf N ENTT }: Hé 10. The bulk modulus represents the resistance to

71



ShAMERLET

1. koA, KRR R s
VT2 X 10° [N/m?] .

m.{wwmr%émég EN Y. =AY i
30, Eﬁﬁf?i“@ﬁﬁﬁit%‘ziﬁ‘. 2%V, K
Y T

13, 2 E KO R EE, TE )38 VRE D
5 350051 2 2 & R2fEic e 0 £

14, 7, RSO W BT 5 B LI
OEF

15. ﬁmbrwémm£$%£%ﬁﬂﬂéfé
LE% EIL ?U\ij— -

16, L, T OB L BEEEORTE Sh
£

17. %ﬁ&pv—l T bbb vdp + pdv = 0% i
CEWFB L, a=+[Kip &0, ik
B BEEORTE T LN TEET

P AT LT S i o Lwg

18. oi@,%%%‘%i# I S
K<w%ﬁfm ﬁiﬁ<@@ e
xR RS EE RS 225 2 Lot
S

F——F

SRR ERE B

=g

X‘] r%’)&)&

ES TS Wﬁ]@%@* Lo,
lm%) 1T F;fEJ %9&‘ Lfb\ia“ zz ﬁx%ﬂ@%ﬁfl/u
T&f L ({5

b A At

BEND D END. A FAEAL LSBT,

72

11.

12.

13.

14.

15.

16.

17.

18.

rﬁJk“9%$@W04%

Th

[ m . R, R, E, e ) .

P

gdoo0oo0ooooouooooo
00000 Nagoya University 2010

compression of a substance.

The bulk modulus of water is about 2.1 10’
[N/mz] under the standard conditions.

When a fluid is compressed, its molecules
become more tightly spaced and its resistance to
further ie., K

increases.

compression  increases,
For example, the bulk modulus of water gets
almost doubled as the pressure increases from 1
to 3500 atm.

The reciprocal of the bulk modulus is called the
bulk compressibility [3.

The speed at which pressure wave propagates
through a fluid at rest is the speed of sound.

The speed of sound is the ratio of the change in

pressure to the change in density.
By rearranging this equation using the relation

pv=1,
a=+/K/p, which is the ratio of the bulk

that is vdp + pdv =0, we obtain

modulus to the density.
Namely, the speed of sound is high in a fluid
which has large bulk modulus and is difficult to

be compressed. If the density of fluid

increases, the speed of sound becomes lower.
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4. SEEHRA

TEHR
—2_ T4 %R K]
5 p e R:AATEH [J/kg K]
ZRELDIZE, MEEIEDIEE,
pv = const pv¥* = const
P
e k(= cp/cy) : LB
VTS ! cp : FEFELEEA
c, - EFRLLER
vdp _ t vhdp k=1 —
= +p=0 i + kpv =0
RIEEE RO v AEHEREO
EBEAND EHEAMND

%%ﬁ A !ié%’m EHAD, %2’%7‘; L O)ﬂﬁg 1. Although the perfect gas does not exist in real,

“C{?ﬁzg{ E Xnb H( ﬁ;‘é VNS Lﬁivﬁg\h ‘%*n’c Wi we can consider the gas as a perfect gas if the

o 11/: BHALIHIT N TEETS. state is sufficiently away from being liquefied.

%@ﬁ{%@ﬁ IASA KR J: ODL t%f@? 2. The change of perfect gas is governed by

?}E’ WET. the topmost expression written in the
slide.

s

5 A Croda

JE )N — = % D L T ;H—E/gé H A ﬁx 6% L 3. Under the condition of constant
DAl

[ini

Lw< {i A‘uh

Nl
N

JE A E 4 %, pv=constant (2721 F temperature, perfect gas expands or

El contracts following pv =constant.

ZDkxH fgéf E?‘f%iﬁﬁv E L %1/ YET. 4. Such a change is called the isothermal
change.

T THE, ATA ]\“0)0) Loy b This change is given by the graph shown

£ in the slide.

pv= constant % v T f;‘%fﬁjl\ 4 A L 6. Differentiating pv = constant by v

Vdp+p 0&L720 F9. gives @+p20

1 dv
T5 & Hi%é;%/“ 1;%6 ﬁ@%f%atz XLy, K=p T Then, from the definition of the bulk
A= B modulus, we obtain, K =p.
El %gjﬁ & @}F;%fﬁlgﬁ@ 55%75) foCU\Eé %, 8 In the case of the adiabatic change where
[}ﬁ%ﬁ ﬂ;{/vq’flg A Tjjgn J) %%% ”a: ;Lﬁ there is no heat exchange between the

75
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system and the surrounding, the relation
pv" =constant holds.

This change is given by the graph shown
in the slide.

Where k 1is the ratio of specific heats
and givenby K =c,/c,

And ¢, is the specific heat capacity
under constant pressure and ¢, is the
specific heat capacity under constant
volume.

For example, those for air are ¢, =1007
[J/kg-K] and c¢,=718[J/kg*K]. Then the ratio

of the specific heats is K .

Similar to the case of the isothermal
change, we differentiate pv" =const by
V.

Then we obtain V“dp/dv+Kxpv*™" =0

Rearranging this expression, we obtain
dp/dv=—xp/v. Using the definition of
the bulk modulus, we obtain K =«p .

CEEREEN EA A

K TEE T Kok %ET 2L Kk 12720
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du

wlPal = g

u[Pa-s]: ¥HFE
v[m?/s]: BN¥EE

= v —E

p

w;%ﬁ{%@&ﬁ“ %, ﬁhﬁtﬁjﬁm% \z %j” %A 1. Viscosity of a fluid is the characteristic
V)%")‘flb‘ TWIH BB U')le‘ HULo . . .
R OO R X X FRET AL T, which determines the resistance of the

fluid to the shear force.

4:,%? Z%){%O)/E}N MI%'; OD%Bafi ;El g kA 2 Viscosity is mainly due to the mutual
HDTT. interaction of the molecules in the fluid.
%%f( <X, 3. Please look at the figure.

%@fﬁf i%%bﬂ; LTCWAIHE : ﬁgﬁ,f“(, @Z:z;t 4, Lower wall is at rest and upper one is moving

z < E

U <) < @@JE*’CT with a velocity U .

B T 1B o & 5 HE B a8l 7= ST 5. The space between the walls is filled with
WET viscous fluid.

%Fi?ﬁ%j{lebz qﬂé,%a:?‘iéw LETMHD, Z%E@ 6. Since viscous fluid adheres to the walls, the
)ié @jgé L %J L“,i< ;—EO) UT i :%, f%ﬁ %O)%%Z topmost layer must move with the same
ES AN velocity U as the moving wall while the

bottommost layer remains at rest.

%”71( yibs %%LJJ; LTW3 I ﬁ%\‘f}) ) i.; & 3 :75) L 7. If the fluid was at rest before the wall started
“5&57‘: i;';/ab\, 3,: ;—ik z:t;}'%;h @ﬁﬂ%liﬁ ):n) @:%%”2 moving, the velocity varies linearly over the

cross sectionas u =U(y/h)

LT, ?}Tﬁ%@ﬁ}igﬁ” E)),:) f))#é’@/u@ﬁ 8. And the shear stress between adjacent layers of
BHY

% 3T = p(dul dy) <. fluidis 7 = p(du/dv).
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That is, the magnitude of the shearing stress is
proportional to the velocity gradient, and the
proportionality constant is called the viscosity
of the fluid.

The viscosity is represented by f and its unit
is [Pass].

The value of u changes remarkably
with the kind of fluid and the
temperature.

In the share stress expression, if the
coefficient p of the fluid is independent of
dV /dyand is a constant value, the fluid
is called a Newtonian fluid and the rest
which do not satisfy this condition are
called non-Newtonian fluid.

This simple type of flow is generally called

coquette flow.

Many equations of fluid mechanics include the

ratio ft/ p as a parameter.

Because this ratio appears frequently, it is

defined as kinematic viscosity.

For example, the Reynolds number, which is
an important parameter in fluid dynamics, also

has this value v = i/ p in its denominator.

B RERE s =a— Rk

iz L3, BlxE, SO S
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1. Each particle of a fluid at rest is subject to
molecular cohesive forces generated by its
environment.

2. If a particle has sufficient distance from any
boundary as shown in the figure, these forces
act uniformly from all directions and hence are
canceled by each other, therefore the particle is
not affected.

That is, the forces are in equilibrium.

4, However, for a molecule which is near to the
boundary, the situation is different.

5. Since no force works to pull the particle
upwards, the summation of forces has the
direction downwards.

6. These molecular cohesive forces create a
tension in the surface of the fluid which is
called surface tension.

7. Due to this surface tension, a fluid always tends
to shape itself into a body of minimum surface

arca.
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For example, when a glass is filled with
water, the water can keep its position
higher than the edge of the glass due to
this surface tension.

Next, I will explain about the capillary
action.

If a capillary tube of small radius is inserted
into a liquid, the liquid rises or depresses in the
tube to a certain amount.

This is a phenomenon caused by the
surface tension.

Please look at the figure.

The surface of the liquid inside the tube forms
an upward concave surface.

Let the density of the liquid be p, that of
surroundings be p’, the inner diameter
be d,

contact angle be

the average height be /A, the
0 and the surface
tension be o
The upward force pulling the liquid in the tube
to level higher than the reservoir level
isond cosO .

The gravitational force working in downward
7Z_d2
directionis (o — p')g(Tjh .

Then, by summing these forces, we can obtain
this expression.

If, p' is small enough compared top as in
case of air and water,
approximation p—p'xp .
average height is given by the simplified

we can use the

Therefore, the
46 cosO
pgd

expression /=
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HEXIZO~0TT. of water, a smooth glass and air, contact
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In many important flow in engineering, it is less
important to know about the movement of
individual fluid elements than to know the

behavior at the boundaries of a certain

well-defined region in the flow field.
In such cases, the law of momentum is

used.

Following the law of momentum, equation
(1) can be derived, where ZF is the
vector sum of all external forces acting on
the surface S of the part of the fluid
under consideration and M is it’s
momentum.

Let the density of the fluid be p, the quantity
of the fluid per unit time be O, =0, =0, the
fluid velocities at the inlet and the outlet be
v, and Vv, , respectively. Then the mass
flowed per unit time is pQ and therefore the
right-hand side is pQ(v, —Vv,) .

Namely, (1) expresses that the rate of
change of the momentum of the mass is
equal to the vector sum of all external
forces acting on it.
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When F' is positive, it corresponds to
the force in a pump. And, when it is
negative, it corresponds to the force in a
turbine.

This expression holds true irrespective to
the kind of flow inside the zone S.

Also, this holds for both the inside flow
(as a flow in a pipe) and the outside flow
(as a flow around a flying object).

Now, let’s derive the force acting on the
curved pipe in the x- and y-
directions.

First, we consider the X -direction.

The force acting on the fluid due to the
pressure on the cross-section at the inlet
of the pipeis P4, .

At the outlet, the magnitude of the force
due to the pressure in the x -direction is
given by P,A,cos6 . Since the right side
is defined as the positive direction, the

sign “—“1is added.
Let the force working from the fluid to the
pipe be F, . Then, from the law of action

and reaction, the force —F, ~works on
the fluid.
Next we consider the momentum. The

momentum which flows inside through
the cross-section at the inlet is (p4v,)v,.
The x —component of the momentum
which come out through the cross-section

at the outlet is (p4,v,)v, cosO .
Since the amount of fluid is conserved,

the relation Ayv, = 4,v, =0 holds.
Substituting these relations into equation
(1), we obtain equation (2).

we obtain (3).
Similarly we obtain (4) for the y —

After rearranging this,

direction.
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The above equation is known as Bernoulli’s
equation.

This is a very important equation with
wide application in fluid dynamics.

For example, look at this figure.

Consider a tank filled with water whose level is
maintained constant.

There is a hole small compared to the cross
section of the tank at a depth /4 under the
water surface. The water flows out of the tank
steadily.

We derive the velocity of the fluid coming
out through this hole.

If p,and v, are the pressure and the
velocity at the water surface (A) in the tank and
pgand v, at the orifice (B) respectively, then
we can write Bernoulli’s equation for a
streamline flow in the tank which pass through

the center of the orifice.

A stream line is a line whose tangential
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direction gives the instantaneous
direction of the flow.

We consider one stream line connecting a
point A on the surface and a point B in the
orifice.

We apply Bernoulli’s theorem along this
stream line.

Let the velocity and the pressure at point
A be v, and p,, respectively, and the
height from the orifice be /, then the left

hand side of this equation becomes
2

\%

A+ gh++4 P

2 P
Similarly, the right-hand side at point B
becomes —+ Ps

Jo}

Since these values are constant on one
stream line, we can obtain this
expression.

If point A and point B are both under the

atmospheric pressure, p, = p, holds.

In addition, if the cross-section of the
orifice is small enough compared to that
of the tank, the velocity v, at the

surface is negligible.

2
Then this expression becomes ?BZ gh

and we obtain v, =./2gh
This

theorem.

result is known as Torricelli’s
In this way Bernoulli’s theorem is a very
important theorem which can be applied in

various forms.
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