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In this class, the two of us will teach you about
hydraulics.

First, let us consider the fields of
engineering and the applications for
which hydraulics is useful.

Hydraulics is the study of the dynamics of
water flow.

There are many areas of civil engineering
that are related to water, for example,
rivers, coasts, harbors, water supplies,
and sewerage systems. This field of
engineering is called hydraulic
engineering.

Hydraulics is used to understand the properties

of water flow, and thereby control it.

Properties of water flow include flow velocity
and pressure; we can calculate values for these
properties by applying hydraulics.

accompanying

In civil engineering,

structures are analyzed 1in most

situations, and thus hydraulics is useful for
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mechanical inspection.

Concretely, in river engineering, we can
calculate physical values such as water depth
and flow velocity.

Through

determine the forces acting on a structure;

such calculations, we can
find the discharge volume from a dam;
and design dams, weirs, hydraulic power
plants, and so on.

In coastal engineering, we can calculate
pressure, wave force, wave height, and wave
velocity.

From such calculations, we can determine
the necessary strength and height of
seawalls, for example, and design coastal
structures, ports, and harbors.

For water supplies and sewerage systems,
hydraulics can be used to calculate physical
values such as the pressure in a water pipe,
as well as the pressure and flow velocity
at any point in the water system network.
Thus, pipes

designed and water system networks can

water can be suitably
be planned.

In fields other than civil engineering, such
as mechanical engineering and
aeronautical engineering, fluid dynamics
is important, and hydraulics is closely
related to such engineering.

By applying

understand flow properties, and analyze

hydraulics, we can
the transport of soil and substances.

In this way, we can understand river
zones and sea areas.

This is closely related to understanding
the environment, a purpose for which

hydraulics is useful.
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Here, we will study fluids.
A fluid is a material, usually a liquid or

gas, that easily changes shape.

However, solids, such as a glacier, can be
treated as fluids when considering a
sufficiently long time period.

Fluids have the physical properties of
density, compressibility, and viscosity.

Density is volume per unit mass.

Density changes depending on factors

such as pressure, temperature, and
salinity.
Compressibility i1s the deformation

characteristics of a fluid under pressure.
Typically, the shape of liquid water does
not change under pressure, and thus we
can assume that the density of water does
not change with pressure.

Such a fluid 1s referred to as an
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incompressible fluid.

Viscosity is the property that shear stress
is generated when there is a velocity
differential between bodies contacting
each other.
For example, on the surface of a
stationary wall that is exposed to a
certain flow, shear stress is generated by
viscosity.

In this example, the shear stress on the
surface of the wall is in the direction of
the flow.

If the flow distribution is not uniform,
shear stress is generated between the
fluids.

For such an uneven flow, the shear stress
on the slower fluid is in the direction of
the flow, while the shear stress on the
faster fluid is in the opposite direction.

Viscosity usually cannot be ignored.

Thus,

stress

the assumption that the shear
is directly proportional to the
velocity gradient is used.

This expression is

o
“

The coefficient u is the viscosity
coefficient.

A fluid for which this relation holds true
is called a Newtonian fluid.

For some fluids, the viscosity coefficient is
unstable, but water can be assumed to be

a Newtonian fluid.

We also assume incompressibility and
non-viscosity, that is, that density does

not change with pressure and that shear
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7. stress does not change with viscosity.
21. =k 5 A BN K B e ik v 21, Such an ideal fluid is called a perfect
W, Zhk %&.}i ib ;]Lz L0 FET. fluid, and the density of the fluid is

constant under this assumption.
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Here, we will study hydrostatic pressure.
Let us first discuss pressure.

Pressure is one of the forces that act on a
body in a fluid; specifically, pressure is the
force per unit area in the direction
perpendicular to the object’s surface.

A “hydrostatic” situation refers to the case
where there in no flow and the pressure is
caused by the weight of the fluid.

Such pressure is referred to as hydrostatic
pressure.

The hydrostatic pressure at a certain
depth Z is equal to the weight of the
column of water above that position,

which is expressed as follows: p = 0gz.

Here, p is pressure, [ is density, gis
the acceleration due to gravity, and Z 1is
depth.

Thus, the distribution of pressure is a
triangular distribution.

Hydrostatic pressure is the gage pressure

excluding atmospheric pressure; in
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hydraulics, this gage pressure is typically
used.

The pressure including the atmospheric
pressure is called the absolute pressure.
Pressure acts in  the direction
perpendicular to the surface; thus, equal
pressure acts on every surface of a
miniature body.

This equal distribution of pressure is
referred to as “isotropic”.

A body in a fluid gains buoyancy due to
hydrostatic pressure.

Buoyancy results from the difference of
pressure between the upper and lower
surfaces, since hydrostatic pressure
increases in proportion to depth.

As depth the

pressure increases; thus, buoyancy is a

increases, hydrostatic
force in the vertical direction.
Furthermore, that magnitude of buoyancy
is equal to the weight of the fluid that
would occupy the volume of the body in
the fluid.

This is Archimedes’ principle.

Buoyancy is expressed as follows:

Fy=pgV.

From here, my colleague will be in charge

of the class.

)

CE)E, #IE (95D, D) :dynamical pressure / static pressure
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Now, I will take charge of the class.

In this lesson, we will study Bernoulli’s
principle.
Bernoulli’s principle can be applied to the
steady flow of a perfect fluid without
viscosity, when the fluid velocity does not
change over time.
This theorem 1is defined as follows:
z+£+i=const.

pg 28

Here, v is fluid velocity, p 1is pressure,
p 1is the density of the fluid, g the
acceleration due to gravity, and z is the
height from a reference plane.

The first term, z, is the elevation head,

the second term, —, is the pressure

Pg
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2
—, 1s the

head, and the third term,
2g

velocity head.

The units of these terms are length. They
are expressed in meters or centimeters.
Bernoulli’s principle gives the total
energy of a fluid. In the case of a solid, the
total energy consists of kinetic energy and
potential energy.

As you may know, kinetic energy is given
1 . .
by E = Emv2 , and potential energy is

given by E =mgz.

Fluids,

energy and potential energy, but also

however, have not only kinetic

pressure energy.

Changing p = pgh to h= P , the fluid
rg

energy can be expressed as follows:

E =%mv2 +mgz+mg£.

Pg

By dividing this equation by mg ,
Bernoulli’s principle is obtained.

Now, please look at the figure on the
right. This figure shows a pipe. Water
flows in the pipe from left to right; let us
assume the discharge is constant at any
section.

Please look at sections 1 and 2.

The potential head of section 1 is lower

than that of section 2, because section 1 is

lower than section 2.
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16. UL, Wrmi1l 1[2)/?@ 2 }:EEJ\ [ﬁﬁi 23/ 16. However, section 1 has a higher velocity
él,\@“(;i};é?; é ij(?:% < IpoTUWET. head, Dbecause 1t has a smaller
cross-sectional area.
17. —h gg 7J<FE fé;“éicr_ jjz;% ;L_é)%;j]ﬁ 17. The total energy, which consists of the
% 7= i::z\jl/«*\i 1%, TR LF¥— VC%Z? Iy potential, velocity, and pressure heads, is
r@‘% ’%*L/< R FE. constant according to the law of the
conservation of energy.
18. —©Fn, . %*;ﬁyﬁnj’w” ek Eg@ Bernoulli%éli 18. Therefore, for the pipe shown in the
Z 4 D +_2 - Py Y ; (%o -t F figure, we obtain the following relation by
pg 2g pg 2g applying Bernoulli’s principle:
TR mevAn BT 7T I
=VA ) TAAT= % AE—n rg 2g rg 2g
k= 7?X RSP /t4% 77
2 =Y 45y /74’%ﬁ%]k7ﬁibiﬁ‘
19. = =73, Lﬁﬁ 1 }:Lﬁﬁ 21 /j: E [/“Cjonﬁ 19. In the preceding example, although I

L LFELENR, if@mﬁ’f“iizﬂ/ﬂ?‘—
ARV

focused on sections 1 and 2, the total

energy is assumed to be constant for any

section of the pipe.

F—"7—k (Keywords)

-Bernoulli ® & # « T < JE S3/KEE CHEEKEA (L KER

B8 FAEE (Related terminology)

JEMEETRIR (oL <D 9H720Y) :compressible fluid
FEEREMETRAE (Do L <E DI 721) :incompressible fluid
KEMEVE IR (A WD wH 721 tviscous fluid
FERGMEFRAR (O A E VW HT21Y) tinviscous fluid
B (D23 A) topen channel
FEEF W (O TWE LIV $I) :unsteady flow
HE A (NLAZE< LX) :continuity equation

H A5 fZ R

AA

X2
T T _exXx—Aa ] L3

IBernoul I i]
inﬁ‘
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%7 'm. cm]
FNEFEN, A—FV, BUFA—FLTT,

Ah

8 2% %)
I zi Hed & J:HL,_%fa“ “originally” &9 Z & T,

8 )
/'fi'bi%/f(addltmn)@n‘*%@ LT, '3[% (subtraction)@ﬁ%;ﬁﬂi 3£ LOVET,

¥9r4¥1
) %J Sl D S WP/ N B D D S B - w'éki*f

S b _
X10TEZB
« . L T rb
save, store” &9 E\%’CT Bl . Ber & 25, Ak (knowledge) & & 25
28 & o
&) tbwArEd, f#l: *'ﬂaﬂﬁ(a storage battery)

Y12 r~cH3)

(]2 L5 ok, “divide” TF26. B0 H (division) 295 2 & TF, BT 5L banEd, #
ﬁ% (multiplication) H&H N E£9,

% w%5f%é&6m@éo

R THIB ) \ﬁ%%ﬁkf WS ADESI D ES B ) AEkLET, X
E T AmES R T &85 hems, (R EoBRILs KTHA | 220X ICkEL fibh
E

NA B

Sﬁm &R
) 3. T 72) L h=nET, “pipe” O ETF, M) 12, LEEK) ©X 5 [ (road) | TF,

A 7ht
X13 TimhTHY]

mn begiN TWhawn A} N
Tk £94) X, A TWET) OTEZR (polite) VT T,

Y14  THiE)

rEﬁJ [ :f)/ib\fb\é % D (something continuous) %:JSJ U] %’%ﬁ“(to separate) Z & 75:%% L%,
@D%Lt W (surface) 4%, [l <3 T 13 (50 & batssd

{'J : EP LHj’i’ L)’T D %9 (reject an offer),

%;'J ) LT%:[fﬁ)ﬂfﬁﬁ)o 72 (I just couldn’t refuse.),

Ah vE
$19 TELL *
“oqual” VNI EERTIN, [E| L bFLET,

f)Lé' N Sl S L

B - A=B 1T, %K (equality) Ml : ABIE. F%K (inequality)
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As we discussed previously, Bernoulli’s
principle states that the velocity head,
pressure head, and potential head are
constant at any section.
However, real fluids have energy loss;
consequently, the total energy decreases
as the fluid moves downstream.
Therefore, the energy loss Ae should be
considered.
To take energy loss into account,
Bernoulli’s principle can be rewritten as
follows: z+-2— + i + Ae = const .

pg  2g

Moreover, each stream line has its own
total energy. Therefore, when an actual
flow 1s considered, it 1s convenient to
describe the average velocity of each
section.

Let us consider the integrated Bernoulli
equation along each section of the stream

tube.
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The energy of the fluid traveling through
the stream tube is given by the following

equation:

2
f 2+ v Y AelvdA = const .
4 pg 2g

This equation states that energy flux,
which is the product of energy and
discharge, is constant.

Then, we divide the equation by U
(average section velocity) and A (section
area).

As a result, a one-dimensional energy
follows:

equation is obtained as

2
Z+—+a—+h,
g 2g

= const .

Here, a 1isthe energy coefficient and /4,
is head loss. a is usually equal to about
1.1; however, o can be taken as 1.0 for

ease of calculation.

Next, let us apply the one-dimensional
energy equation to the stream tube shown
in the figure.

There are diverging and converging pipes
at the center of the system. Let us assume
that discharge is constant at any section,
as well as that the flow direction is from
left to right.

Furthermore, let us take the total energy,
which is the sum of the piezometric head

and the velocity head, to be the basis.
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,%E)& I+ 7 15. The piezometric head is defined as the

15. Z = E &
;}éﬁ@%u L fé%:?i XhTWET. sum of the potential head and the

pressure head.

2 it

16. [%f?% 2 TiI, fli‘)/'r?ﬁe 1& EEJ\’C %%@%ﬁﬁﬁé 16. The velocity in section 2 is faster than

yip ;}JL\\ VDT, }nii)% 733‘%% <7ph, ;%};@;ﬁéﬁ that in section 1, because the
Li?@% 7 F9., cross-sectional area of section 2 is smaller

than that of section 1.
. Therefore, the velocity head of section 1
is also higher than that of section 1.
17.  Zi i, o0 [Es k%ﬁgﬁ L 7z Bernoulli @%i&é 17. The one-dimensional energy equation is
v Jl%j Lod. UL, 9 x < ;{;__;i 5 :‘jﬂ\/{li, %\5@ very similar to Bernoulli’s principle.
;Ré,é h, 73§j<JEj/)o CNB = ke However, in the one-dimensional energy
equation, there is head loss #, .

18, Zoikizid, Mf{%?& Z)§2§15< Ztick-~T 18. Head loss h, consists of friction loss,
Li) I 5%%%?&:%/%55’ %E%@}ZLE{ z;s‘?jﬁ{\/" Ej—é s which occurs when the fluid flows in the
Lz ko '(L” L‘;éméuq% {;éimyﬁk nF. pipe, and form loss, which is caused by
the changing shape of the pipe.

19. ﬁ%éﬂ:, ll%ﬁ‘%f%@ 2 O@&ﬁ%@:ob\“( 19. Finally, the one-dimensional energy
L/jb\%; = 3% )L F — %é Vo %}é w5 L, equation for the two sections shown in the
2 2 . . . .
P X figure 1s obtained as follows:

Z+—rY+a—t=z,+—2+a—2+h, [ g , ,

rg 28 rg 28 it i b 2

s _ Z+—+a—=zZ,+—+0a—+h,
Yy hF TITR m—=Val ) E—AF rg  2¢ re 28

FIA =NV F =R A
IV By b= TR m—?%%/ﬁ—
= F52R = N av==% 7T
A A FT LR T

F—"J—F (Keywords)

R F—A K xR —HEk BT YUKEH -HHRKE
CEEEREL TRARIRKR

BE:E FAE (Related terminology)

B K AEAR (EDTWVIHIX W A) thydraulic gradient line
B AT+ (S5 BA) isiphon

T
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Lastly, we will study the law of the
conservation of momentum.

The two equations that you have learned
thus far are scalar; therefore, they
represent only magnitude. On the other
hand, momentum is a vector, and
therefore has both magnitude and
direction.

According to the law of conservation, the
product of flux ¢ and discharge Q is
constant.

For the law of the conservation of
momentum, ¢ corresponds to the
momentum flux M .

M is the product of fluid density and

velocity.

Let us consider the momentum flux for
the control volume shown in the figure.
Let us assume that the fluid flows from
left to right, as well as that the stream

line is the s-axis.
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Taking the left side of the control volume
to be IN and the right side to be OUT, we
denote the momentum flux of each side as

M. and M

in out ?

respectively.

As mentioned previously, momentum is a
vector; please pay careful attention to
direction when constructing the equation.

Then, we obtain the following relations:

M M, =F and M, -M =F

xout xin X yout yin y*

According to these relations, we can find
the force acting on the control volume
from the difference in the momentum flux.
Let us consider the conservation of
momentum for the control volume shown
in the figure.

For convenience, let us take coordinates
along the x-axis and y-axis, rather than
the s-axis (stream direction).

Then, we resolve B A, and P,A,, which
are perpendicular to the control volume,
into components along the x-axis and
y-axis.

Note here that the direction of the
compressive force is assumed to be
positive.

P 4, is resolved into (P1 4 )X and

(PlAl )y, and P, A4, isresolved into

(P2 4, )x and (Pz 4, )y .

In addition, F' can be resolved into F
and F.

Using these component vectors and taking
the direction of the x-axis and y-axis to be
positive, the momentum equation can be
expressed as follows, in terms of its

respective x- and y-components:
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