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~ John Ninomiya flying a cluster
~of 72 helium-filled balloons over
Temecula, California in April of
2003. The helium balloons
" displace approximately 230 m?
of air, providing the necessary
buoyant force.
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Pressure Measurement Devices

Introduction to Fluid Statics

3? Hydrostatic Forces on Submerged Plane
Hydrostatic Forces on Submerged Curved Surfaces
Buoyancy and Stability

Fluidsin Rigid-Body Motion
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Pressureisdefined asanormal force exerted by a fluid per
unit area. W

N

P =6 psi

_ W _ 150 Ibf
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1 bar = 10° Pa = 0.1 MPa = 100 kPa
I atm = 101,325 Pa = 101.325 kPa = 1.01325 bars
1 kef/cm* = 9.807 N/cm* = 9.807 X 10* N/m? = 9.807 X 10*Pa
= 0.9807 bar
= 0.9679 atm
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absolute pressure- gage pressure

I:)WaIer — PO + pgh Pwater = pgh
Pair — I:)0 - pgh Pair = —pgh

Po.=P__+P

gage atm.




. P gage i abs F, atm
PR Rp) L B p p p
L ovac — Latm abs
A A
gage
_________________ A Patm Y U
Pvac Pabs
\J
A
Patm Patm
Pabs
Absolute Absolute
P, =0
vacuum abs vacuum



P, (absolut) =10° Pa =100 kPa

Prua (9ag€) = +6 kPa
Py.iq (@bsolut) =106 kPa P (vac)=—6kPa

Pi.iq (0age) = -7 kPa

Pi.iq (@solut) = 93 kPa
Piq (Vac.) = +7 kPa
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x——dx X+ — dx
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Fy A

@ p: pi @ The area ratio A,/A, is called the ideal mechanical advantage of the hydraulic
lift. Using a hydraulic car jack with a piston area ratio of A,/A; = 100, for

example, a person can lift a 1000-kg car by applying a force of just 10 kgf
(= 90.8 N).
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P gage, arm =F abs P atm pgharm—bottle

=(1020kg/m3)(9.81m/s2)(1.20m)( L )( lkpa)

1000 kg-m/s? /\ 1 kN/m?
= 12.0 kPa
harm—bottt]e = Pgage’ —
pg
B 20 kPa (1000 kg-m/sz) (1 kN/mz)
(1020 kg/m)(9.81 m/s?)\ 1 kN | kPa

= 2.00 m
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the top of the gradient zone

| kN
1000 kg-m/s’

P, = pgh, = (1040 kg/m*)(9.81 m/s?)(0.8 m)( ) = 8.16 kPa

Sun Increasing salinity
and density

po = 1040 kg/m%
Surface zone =%

Gradient zone

P
O,




In the gradient zone
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A simple U-tube manometer, with high pressure applied to
the right side.
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p = SG (pyo) = (0.85)(1000 kg/m?) = 850 kg/m’
Then from Eq. 3-13,

P = Py, + pgh

[N | kPa
= 96 kPa + (850 kg/m®)(9.81 m/s2)(0.55 ( )( )
SEN L i L T

= 100.6 kPa
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Some manometers use a danted or inclined tube in order to increase the
resolution (precision) when reading the fluid height. Such devices are
cdled inclined manometers.



atm

1<

Fluid 1

Pyn + p18hy + pgh, + pighy = P,
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A flow section

: or flow device
Fluid " Y il

S

Py + pigla + ) — psgh — pga = P,y
P, — P, = (p, — p)sgh



Oil
1 e r P-F=7
waer | \_
| ? UT > R-R=R-R+R-R+R-FR+FR-FR

Pl o I32 = _pwg(hl + hz) + pwghz ~ Poil ghz + pmercurygr

P




LS (55 03I (1 2 559 Jalug

elical Various types of Bourdon tubes used to measure
pressure. They work on the same principle as

party noise-makers (bottom photo) due to the
flat tube cross section.




Weights

Oil
Piidan reservoir
/ Adjustable
/ plunger

A,

Internal chamber Oil

Reference pressure port Crank
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dF = P dA= (R, + pgy) wdy

w0 F=[" (Rt pgy) wdy

Y=Y

F = Rw(y, —Yo)+ pgw[ * ydy

1
F=Pw(y,-Y,)+ pgwx§(y§ - ;)

Y Y
Y2 s olas gl sl ol Jlad gl b
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pgh

oW pgh

(a) P, considered (b) P, subtracted
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0

Centroid

Center of pressure
Plane surface

of area A
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P =B+ pegh = Py F:pgy sy

Fog= J PdA = J (Py + pgysinb)dA = RA + Pgsinf?J y dA
A A <

1 /
yczzLydA —> yCA:jydA

e S oY ad s

Feq: (o pevasii@la = (B F pehty ) =4 =0 = A

avg

—

Fa™ PagA  Fog = PgAK



atm / Free surface

b

avgzPCzpatm_l_pghC

Centroid

of surface The pressure at the centroid of a plane surfaceis

equivalent to the average pressure on the surface,
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Ve, Fu = [ y'dF = [ y'PdA

Ve, Feq = | Y'(R + PO, NG + pgy'sind )dA

ygp Foy = Poj y'dA+ pgycmsinej y'dA+ pgsinGI y'°dA
=0 y'.=0 L, cs L o el Olows

g 02 Ol



Ve, Foy = pgsinej y'?dA

/ 1 - /
Ve, :F—pgsmé)jysz>O

€q

, sIno
yCP = pg Ix’x’

F

€

cb.w JSJ.A \ch L: eK.’i.wJ BE ylcp

g S0 5 omb oS S
/ =

ycp = VY T ycp Jlw Ck.w 55 1 b o&tws s Yep



Line of action

Center of

ressure :
P Centroid

of area



X, Foq = [ XdF = [ X'PdA
Xc, Fe :jx’(F{) + pgy,,,SINO + pgy'sind )dA

Xc, Foq = POJ' X'dA+ pgy,, Sind J X'dA+ pgsind j X'y'dA

X CS:O X'CS:O Ixy . CS



X, Fuy = pgsinejx'y'dA
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b/2 R
£ (8) R
b . > . >
X X
bi2 R
al2 al2
A=ab, I, -=ab’/12 A=mR? I .=mRY4
(a) Rectangle (b) Circle

y
y
ﬁ
[ S
—R— 4r
3w
al2 al2
A=abl2, I -=ab/36 A=mRY2, I, ~=0.109757R*
(d) Triangle (e) Semicircle

FIGURE 3-31

A=mab, I, = rab3/4
(¢) Ellipse

t [

A=mabl2, I ~=0.109757ab>

(f) Semiellipse
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Pressure prism

The hydrostatic forces acting on a
plane surface form a pressure prism
whose base (left face) is the surface
and whose length is the pressure.
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hC=(s+g)sine

Fy= P.A = [P, + pg(s + b/2) sin 8]ab




b ab’/12
2 [s + b/2 + P,/(pg sin B)]ab

b2
12[s + b/2 + P, /(pg sin §)]

_ .4 b
T
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Tilted rectangular plate (s= 0):

‘=>FR = [P, + pg(b sin )/2]ab
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Vertical rectangular plate:

b Fp = [P, + pg(s + b/2)]ab

Vertical rectangular plate (s= 0):

b Fp = (P, + pgb/ 2)ab

(b) Vertical plate



F. = [P, + pg(s + bl 2)]ab

(c) Horizontal plate
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Foy = | YOF = [ yPdA=[ ypg(y'+y,)Xdy' —

y'= +1L
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dF = PdA= pgh xdy = pg ysSin0 xdy

F:dengsinm

L y=2.5

y=5.5

y=4

I xydy+ | xydy

y=5.5

F=pgsine< j (—y——)ydy j

L y=2.5

F=47/068.8 N
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h

R+y+s=h
1

x=(R*~y?*)?

— Ss=h-R-y

dM, =dF x(R-Yy) =

dF = PdA = pgsx 2xdy



dM , = dF x(R—-Y) = pgsx 2xdy x (R— )
1

dM,, = pg(h— R-y)x 2(R* — y*)2dyx (R-y)

y=h-R 1
M, =2pg [ (h—R-y)x(R-y)x(R*-y?)2dy

y=-R /\ h-R
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Hydrostatic forces on submerged curved surfaces
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Pressure
forces

Resultant

force
Ny

Circular
surface

The hydrostatic force acting on a circular
surface always passes through the center
of the circle since the pressure forces are
normal to the surface and they all pass
through the center.
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dF = PdA = Pxdy = pgyxdy
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x=(R*~(R-y)")”

y=R 1
F,=pg | Y(R*—(R-y)*)2dy
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Fy = fluid force- W

1 1 4
F = pgRx=nR* - pgx=x—nR’
y = PY 4 PY 5" 3
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Horizontal force on vertical surface:
Fa=F =P, A= pgncA= pgls + RI2)A

1 kN
= (1000 kg/m*)(9.81 m/s?)(4.2 + 0.8/2 m)(0.8 m X 1 ( 7)
(1000 kg/m*)(9.81 m/s?)( m)©.8 m X 1 M)\ 1000 kgm/s?
= 36.1 kN

Vertical force on horizontal surface (upward):

F'_r - Pm'gA - pghf‘q = ﬂg'J"'I:I-I:nti:nm"L'l

1 kN
= (1000 kg/m*)(9.81 m/s%)(5 m)(0.8 m X 1 ( )
( g/m’)(9.81 m/s7)(S m)(08 m X 1 m) 1000 kgm/s®
= 39.2kN

Weight (downward) of fluid block for one m width into the page:
W = mg = pgV = pg(R* — wR*/4)(1 m)

1 kN
= (1000 kg/m*)(9.81 m/s?)(0.8 m)*(1 — w/4)(1
( g/m”)(9.81 m/s)(0.8 m)*(1 — 7/4)( m](lﬂ[}[}kg-mfsz)
= 1.3 kN

Therefore, the net upward vertical force is
Fp=F-W=392~ 13 =319kN



Then the magnitude and direction of the hydrostatic force acting on the
cylindrical surface become

F, = VF% + F3 = \V/36.12 + 37.92 = 52.3kN

tan @ = F,/F, = 379/36.1 = 105 — 6 = 46 4°

(b) When the water level is 5 m high, the gate is about to open and thus the reaction
force at the bottom of the cylinder is zero. Then the forces other than those at the hinge
acting on the cylinder are its weight, acting through the center, and the hydrostatic
force exerted by water. Taking a moment about point A at the location of the hinge and
eguating it to zero gives

FrRsin® — W, R =0 — W, = Fgsin8 = (523 kN) sin 46.4° = 37.9 kN
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dF, = dF, —dF, = (R, — R)dA=[(R, + pay,) — (
dF, = pg(y, — y;)dA= pg(hdA) = pgd\—~ _ _
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—e(a) a) Fg=mg—p,gV'=pgV
Vi<V — Pw > Po

(b) b) Fg=mg— p,gV' =pgV
- V=V — Pw = Po

QC) c) Fg<mg—p,gV'<psgV

V=V _)pw<p0
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XF =Fg — Wy,

4
Voattoon = 5 (02 m)* = 0.03351 m?

kg 3 m
F5 = PairVoattoond = (1293 | (0.03351m ) (98 5_2) = 0.4236 N

kg 3 m
Wae = prcVoattoong = (0179 ) (0.03351m ) (9.8 5_2) ~ 0.05878 N

YF =0.4236 N —0.05878 N = 0.3648 N

m
SF = Fgx = WyeX — Wingn =0 — (0.3648 N)x — (80 kg) (9.8 5_2) =0
— (0.3648 N)x =784 N - x = 2150 balloons
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ppearanceweight — Y Vreal weight

0.11=015F, — F,=0.04N
F, 004

Fo=pgvV —» V=-B-= =4x10°m’ = 4cm’
3 = PY pg 10°x10
ereal %
p=n-_9 __10 _ 015, 10° = 3.7x10° kyg
V.V  4x10 4 m
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(a) Stable

O

(b) Neutrally stable

(¢) Unstable
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Fluid

B (a) Stable
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G¢B (b) Neutrally stable
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A glass of water at rest is a special case of afluid in rigid-body

motion.

any direction,

If the glass of water were moving at constant velocity in




Zf = 1:pres's,ure_l_ 1:gravity J)G}QSJ}
> f=-VP-pg] L;\oﬂm:sf}
pa=-VP—pgj — VP=-pa-pg]
— VP=—p(a+gj)

y“
P _
aax pa,
P
«—=—p(a,+
oy p(a, +9) >
P pa
R



4=0 — S Jlw (A

°_ 0 — P(x)=constant

OX y

oP 1

—=-P9 dy — dP=-pgdy
oy

oP

= 0 — P(z)=constant

\

lides o

e



i=(0-g0) — 3T b giw (o

| @=o —  P(X) = constant
OX
<%:—p(—g+g):0 — P(y) = constant
oP -
| E:O — P(2) = constant ‘ P = constant

ool UL Jls 3 Slel )l asn s HLlis = 0K 51 e DLlS LS




YU Cuow 49 G315 il b 25 > (g

a=(0,+g,0 -
E=O — P(X) = constant
OX y
oP A
< E:-p(+g+g):0 —  P(y)=-2pg dy — dP=-2pgdy
(2—P=O — P(2z) = constant }
| 0z
)L.fm C’a.w
93 v 6550 gl Y o HLES oDl | . X

el Sl L
Z



Xym)é Jlﬂﬂ)‘“m “}? (é
a=(a,a, 0 —

oP_

OX P9 XY 5l mb e
= p(a,+0)

oy PR

oP

8—:0 — P(z)=constant  Z ;| Ja. L
| 0Z

OP oP oP
dP = —dx+—dy+—dz=—-pa.dx—p(a dy+0
- oy Y+, padx—p(a, +g)dy+



dP = —pa,dx— p(a, + g)dy

2 2 2

[dP=—[pa,dx—p(a, +g)dy

1 1 1

P,— P =-pa (X —X%)-p(@, +9)(¥,— Y1)




Jlews 5151 Cb.w dales 33551 S

Pz - Pl =0 > - pax(XZS_Xls)_ P(ay + g)(yzs_ Y1s) =0

—  Yos— Yis :(_—aX\|(X25 _ Xls)
\ay + gl

\~,

S

Ll sl s o —tano =

— 0 =tan( al
a, +9 a, +9




%)
a, +g

— 0 =tan"(




‘sw\JwBmeo.GmCzsﬁca«jBOcmﬁw,\@fupoﬁ@um
Sl o Slme Lol 5 3 O Sl g 03,5 Sl el 5o el STk s

AS
—tan0 = — % 5 0 =tan(—x)
ay+g ay-|-g
a, =0
a=? V-V,=at — %leaX —> aX:2.5m2
. S

0 = tan ' (— Y= tan(ZD) - 0-14.3
a,+g 0.8



0.80 m| om
060m
—
0.80m

2m

%).60 m

Ayzz%tane — Ay, =25.5Ccm



—

VP=-pg ]

Jhw 13T Zaw (590! g (9




VP||(d+9])

(Jl..im cﬁw) UT J\J'T CEM

b 5 55l ol al s O3l ge 4 5Lis OLsl S
375 4 Jow 3131 o Il e o (5 S0
35 5508 5Lid 0L S LS S o (6,8 Cans



& 4 gins! Hlaico oliwd 38 6 3> Jlw

Axis of
rotation
|
Q)w J}&wox‘Juuwdewabﬁng
Free |
surface \\ JL:M alises Lgbh 4.3'51 ()L:.a u‘“j"J'f UJMS Jales o= Br
1 X—\—‘";—_I—;“_74 | J-Lﬂ
T i hc
h, | VP=-p(a+g]|)




&) Gl gl Slamsee oKaws gla ad 4o
r,6,y)

[T



VP=-p(@+4])

VPx—pg | Pl Ot 5 i g

VP o« —pa S Sl ol 5l S e

J= 55 Hsmee ST ol 55 B b j e Jo O Gl sl Co e L L I )3
Lo Ol 9



VP=-p(a+g])
P
@r_pm

J P _
00
.
oy "

dP

oP oP oP
———dr+—dO +—dy = >dr —
p» P + oy dy = pro“dr — pgdy



dP = pro°dr — pgdy

pro’dr—pgdy=0 — pgdy = pro“dr

2
% y(r):m—r2+cI
29

M@L&JLULS\)‘:QTLSjJ bl dan a5 Coil o S dslas UUMC}EM )5 les
W3k o Il 3131 o LT a5



2

(6)) 2
)=—r"+¢C
y(r) 2 .

jw‘dd‘gulégibw."' JwvACjbwéjJ)w
J\)‘Jgjw‘)‘.)\lagﬁ.ﬁéj‘)cl )\J}.A \.U

Olyes b= s Jlw s\jTCb.wLSJJCi ‘)‘J\.&;ﬁ:?

Free

|

-
surface !

|

|

e

<




2

0 -
N=—r“+c
y(r) > .

o VoD =Y,(r=0)

N . —0)=
Da\)\&)ff ys(r O) C

h.=¢

Ll ol g\)ﬁduﬂdps\j@ww,q e

2

J\‘}ch.w‘d.ﬁw ys(r):(;—gr2+hc

r:OOij)j}w

<




he 9397 ey

eSS

3

L. Jlew

oo d s 5 oS

A

R°h,

V, =




),

y«(r)

dr 2mr

dV, =2x rdr y_(r)



dV, =2r rdr y(r)

r=R r=R 2
V,=2n [rdry(r)=2r [rdry,(r) . y,)=—-r’+h,
r=0 r=0 2g
r=R 2 2 4
V, =2n [ rdr (C-r?+h)=2n| 2 SR

r=0 29 29 4 2
2p2
V. :nR{“’ R +hc}
49




»°R?
49

o’ (R*—2r?%) 5150 o 4ol
b ys(r):ho_@ |

Yo(r)




7 .. 'y ",‘
r=R

[ e

ys(r)=ho—j—g(R2—2r )
Ay = Yo(r = R) =y, (r =0) =

] 2 2\1 _ _00_2 RZ—O)]Z
=[ho—j—g(R ~2RY)]~{h,

2
O o2
-2 R




b 5 e g5 oy 5 LE3 BN s

dP = pro*dr — pgdy

\/ [ dP = [ prodr - [ pgdy
R 1 1 1

(r, =12)—pg(y,— Y1)

]
d

]

I 2

I

I

I

I

I

I

%—H=p®
|y1




Y,

’

|y1

P,— B =-pg(y,-¥.)

by 93 pl e b 055 51 2L Soke



Oy iyl 53 BB G Lid Mk

2
®
Pz - P1 — pT(rzz — rlz)

®-------- ®
oo, |y

flad Ol 51 36 5Las Cinle|

PR o LSJJMQﬁJw Sl

2
PO 2
AP=P(r=R)-P(r=0="—-R
( ) ( ) 2 CULSJ‘ ;ii)b &Jjb °)U‘>."9 O‘ﬁ)’



o
|
I =
I
I

<

[N S

—_
[
o

<
=
Il
o

I el &3 o I 53 L5 I

2

®
P,-R= T(rzz - rlz) - pa(Y,— Y1)

[ =0 , y1:O v =T Yo=Y




-meter spinning liquid-mercury
of the Large Zenith Telescope
near Vancouver, British




