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Chapter 1  Introduction and Properties of Fluids

1-1.

Determine the change in the density of oxygen when
the absolute pressure changes from 345 kPa to 286 kPa,
while the temperature remains constant at 253°C. This is called
an isothermal process.

SOLUTION

Applying the ideal gas law with T, = (25°C 4 273) K = 298 K, p; = 345 kPa and
R = 259.8 J/kg- K for oxygen (table in Appendix A),

p = mRT:  345(10°)N/m’ = py(259.8 ] /kg - K)(298 K)
py = 4.4562 kg/m’
For p, = 286 kPaand T, = T, = 298 K,
py=pRTy  286(10°) N/m’ = py(259.8J kg - K)(298 K)
pr = 3.6941 kg/m’

Thus, the change in density is

Ap = py — p = 36941 kg/m’ -44562 kg/m’
07621 kg/m’ - 0762 kg/m’  AMS

The negative sign indicates a decrease in density



1-2.
An experimental test using human blood at 7= 30°C
indicates that it exerts a shear stress of 7 = 0.15 N/m’ on

surface A, where the measured velocity gradient is 16.8s !

Since blood is a non-Newtonian fluid, determine its apparent -
viscosity at A.

SOLUTION

d
Here,d—: = 1685 and r = 0.15N/m’. Thus,

T= ;.L,Tj—;: 0I5N/m* = u,(16857")
i, = 8.93(107%) N +s/m’ Ans,

Realize that blood is a non-Newtonian fluid. For this reason, we are calculating the
appareni viscosity.



1-3.

When the force P is applied to the plate, the velocity
profile for a Newtonian fluid that is confined under the plate
is approximated by u = (4.23y"*) mm /s, where y is in mm.
Determine the shear stress within the fluid at y = 5 mm.
Take = 0.630(10 ¥) N+s/m’,

SOLUTION

Since the velocity distribution is not linear, the velocity gradient varies with y.
w = (4.23y"3) mm/s

d_u = [%{423}},—2;3] S_I

dy
B (1.41) -
yz,.*a

|
du (1fjl) =048225 |
d}r 5.,-3

The shear stress is

Aty = 5mm,

du |

T = “E = [0.630(10 ) N s/m?] 048225

= 0.3038(10 %) N/m’
= 0.304 mPa

Note: When y = 0. d—tf—b = and so 7 — o,
at this point.

Hence, The equation cannot be applied at this point.



If the

viscosity of glycerin is

v = 1.15(107%) m? /s, determine its viscosity in FPS units. At
the temperature considered, glycerin has a specific gravity

of S, = 1.26.

SOLUTION

The density of glycerin is

Then,

l-"g:_-.

Pg

1.15(107%) m? /s =

py = Sgp, = 1.26(1000 kg/m*) = 1260 kg/m’

_ Hs
1260 kg/m?
N-s 11b \/0.3048 m"\?
He = (1'449 2 )(4.448 N)( 11t )
= 0.03026 Ib- s/ft*
= 0.0303 b~ s/ft*



If a force of P = 2 N causes the 30-mm-diameter
shaft to slide along the lubricated bearing with a constant
speed of 0.5 m/s, determine the viscosity of the lubricant
and the constant speed of the shaft when P = 8 N. Assume
the lubricant is a Newtonian fluid and the velocity profile
between the shaft and the bearing is linear. The gap between
the bearing and the shaftis 1 mm.

SOLUTION

Since the velocity distribution is linear, the velocity gradient will be constant.

du
T=p=
#dy
IN B (0.5 m/s)
[27(0.015 m)](0.05 m) ~ M 0001 m

u = 0.8498 N - s/n12
Thus,

8N
[27(0.015 m)](0.05 m)

= (0.8488 N 'S/mz)(o.(x:; m)

v =2.00m/s

Also, by proportion,




A plastic strip having a width of 0.2 m and a mass
of 150 g passes between two layers A and B of paint having
a viscosity of 524 N - s/m”. Determine the force P required
to overcome the viscous friction on each side if the strip
moves upwards at a constant speed of 4 mm /s. Neglect any
friction at the top and bottom openings, and assume the

velocity profile through each layer is linear. W =0.508)N

E, Fy

SOLUTION

Since the velocity distribution is assumed to be linear, the velocity gradient will be
constant. For layers A and B,

4mm/s 4mm/s
(d_u) _ /S _ st (d_“) = 5 _ 0.66675 5
dv/a 8 mm dy/g 6 mm

The shear stresses acting on the surfaces in contact with layers A and B are

Ty = p(d—u) = (524 N-s/m?)(05s71) = 2.62N/m’
dy/

i
™ = ,u(%) = (524N -s/m?)(0.6667 s™") = 3.4933 N/m?
B

Thus, the shear forces acting on the contact surfaces are
Fy = m4A = (2.62N/m*)[(02 m)(0.3 m)] = C.1572N
Fg = 13A = (34933 N/m?)[(02 m){0.3 n1)] = 02096 N
Consider the force equilibrium along y axis for the FBD of the strip, Fig. a.
+13F, =0, P —015981)N = 0.1572N = 02096 N =
P =18383N = 184N Ans.



1-7.

The read-write head for a hand-held music player
has a surface area of 0.04 mm”. The head is held 0.04 ym
above the disk, which is rotating at a constant rate of
1800 rpm. Determine the torque T that must be applied to
the disk to overcome the frictional shear resistance of the
air between the head and the disk. The surrounding air
is at standard atmospheric pressure and a temperature of T
20°C. Assume the velocity profile is linear.

SOLUTION

Since the velocity distribution is assumed to be linear, the velocity gradient will be
constant. For layers A and B,

4mm/s 4mm/s
(d—u) = / =05s"! (d—u) = / = (.66675 7!
dv/ 4 8 mm dv /g 6 mm

The shear stresses acting on the surfaces in contact with layers A and B are

T, = ,u.(d—u) = (524 N-s/mz)(O.S 5'1) = 2.62 N/m2
dy/a

1
3 = p(%) = (5.24 N -s/m%)(0.6667s~") = 3.4933 N/m’
B

Thus, the shear forces acting on the contact surfaces are
Fy=14A = (262N/m?)[(02 m)(0.3m)] = (.1572N
Fg = 15A = (3.4933 N/m%)[(0.2 m)(0.3 m)] = 02096 N
Consider the force equilibrium along y axis for the FBD of the strip, Fig. a.
+15F, =0; P -0150981)N - 0.1572N - 02096 N = 0
P=18383N= 184N Ans.



1-8.

The very thin tube A of mean radius r and length L is
placed within the fixed circular cavity as shown. If the cavity
has a small gap of thickness ¢ on each side of the tube, and is
filled with a Newtonian liquid having a viscosity i, determine
the torque T required to overcome the fluid resistance and
rotate the tube with a constant angular velocity of w. Assume
the velocity profile within the liquid is linear.

SOLUTION

Since the velocity distribution is assumed to be linear, the velocity gradient will be
constant.

Considering the moment equilibrium of the tube, Fig. a,
M =0 T—-2rAr =10

T=2u) @(Zmrl.)r

_ drpor’L
t

T

10



1-9.

=45
e rd fs

The tube rests on a 1.5-mm thin film of oil having a
viscosity of . = 0.0586 N -s/ m’. If the tube is rotating at a
constant angular velocity of @ = 4.5 rad/s, determine the
torque T that must be applied to the tube to maintain the
motion. Assume the velocity profile within the oil is linear.

SOLUTION

Oil is a Newtonian fluid. Since the velocity distribution is linear, the velocity gradient

will be constant. The velocity of the oil in contact with the shaft at an arbitrary point
g du U wr
isU=owr.Thus,— = — = —,

dy 1 t

Thus, the shear force the oil exerts on the differential element of area dA = 2#r dr
shown shaded in Fig. a is

2
wﬂwrzdr

AR ("'i')(zmdr) -

Considering the moment equilibrium of the tube about point D,

7o

(+3IMy = 0; /rdF-T=O

" 2
T=/rdF= e

T

/ rdr

2rpw (r*\|*  wpe g
- (4)"—- 2'(r‘,—r,)
Substituting the numerical values,
0.0586 N -s/m?) (4.5 rad /s
2 / _3( /s) (0.08* - 0.04%)
2[15(107) m]
= 001060 N-m = 0.0106 N-m Ans.

11



1-10.

The conical bearing is placed in a lubricating
Newtonian fluid having a viscosity w. Determine the
torque T required to rotate the bearing with a constant
angular velocity of w. Assume the velocity profile along the
thickness ¢ of the fluid is linear.

SOLUTION

Since the velocity distribution is linear, the velocity gradient will be constant. The
velocity of the oil in contact with the shaft at an arbitrary point is U = wr. Thus,

_du _ por
T de| t
From the geometry shown in Fig. a,
r dr
=  dy = — 1
¢ tan 6 ‘ tanf ®

Also, from the geometry shown in Fig. b,
dz = ds cos 6 )
Equating Egs. (1) and (2),

dr dr
— = dy cosf ds = —
tan # sin ¢

The area of the surface of the differential element shown shaded in Fig. a is

dA = 2mrds =

m . . R
P rdr. Thus, the shear force the oil exerts on this area is

r 2 2
dF = 1dA = (“—‘“ )( i mr,,) _ IO o
t sin f tsin @

Considering the moment equilibrium of the shaft, Fig. a,

M, = 0; T—/rdF=0

2 R
T=/m‘F= ”f‘"’/r%
rsind /g
_ 21:',&(0(}'4) R
" tsing \ 4
B '.'rymR4
"~ Dtsin @

0

12



1-11.

For water falling out of the tube, there is a difference
in pressure Ap between a point located just inside and a point
just outside of the stream due to the effect of surface tension
o. Determine the diameter d of the stream at this location.

SOLUTION

Consider a length L of the water column. The free-body diagram of half
column is shown in Fig. a. Consider the force equilibrium along the y-axis,

2F

y =0 20L + p,[d(L)] — p[d(L)] =0

20 = (pi = po)d
However, p; — p, = Ap.Then

Po

nﬁ.

i

770

SHEy
5
YA.VLV‘,VAY‘?AQ

/XA S

X

'RRRRR'

£ NA

N\

(@)
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Chapter 2 Fluid Statics

2-1.

If the piezometer measures a gage pressure of 10 psi
at point A, determine the height & of the water in the T
tube. Compare this height with that using mercury. Take
p, = 1.94 slug/ft* and py, = 26.3 slug/ft’

SOLUTION [ P
Here, the absolute pressure to be measured is h‘” T
P PHe |1 iy,
b \(12in.\* Ib J I
=p, + =| 10— + = (1440 + —
P =Pyt Pam ( mz)( i ) Pam = ( Pam) i
P P
@ (v

For the water piezometer, Fig. a,

P = Pam t Py (1440 + pon) ;—b: = pum + (194 slug/f)(322 ft/s%)(h + 0.5 ft)
1

h, = 22.55ft = 22.6ft Ans.

For the mercury piezometer, Fig. b,
P = Pam + Pug (1440 + pmm);—t_: = Pam + (26.3 slug/ft*)(32.2 ft /s%)(h + 0.5 ft)
t

hyg = 1201t Ans.

14



2-2.

The field storage tank is filled with oil. The standpipe is
connected to the tank at C, and the system is open to the
atmosphere at B and E. Determine the maximum pressure in the
tank in psi if the oil reaches a level of F in the pipe. Also, at what
level should the oil be in the tank, so that the maximum pressure
occurs in the tank? What is this value? Take p, = 1.78 slug/f13.

SOLUTION e

Since the top of the tank is open to the atmosphere, the free surface of the oil in the

tank will be the same height as that of point F. Thus, the maximum pressure which
occurs at the base of the tank (level A) is

(PA)g = yh
= (1.78 slug/ft’) (322 ft/s) (4f1)
b [ 1t \ A
= 29265 (12 in_) = 159 psi Ans.

Absolute maximum pressure occurs at the base of the tank (level A) when the oil
reaches level B,

(pa) abs = Vvh
= (178 slug/ft*) (32.2 ft/82)(10 fi)
16t \?
= 573.161b/ft| —— | =398 psi Ans.
/ (12in.) pst

15
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2-3.

Determine the level £' of water in the tube if the
depths of oil and water in the tank are 0.6 m and 0.8 m,
respectively, and the height of mercury in the tube is
h = 0.08 m. Take p, = 900 kg/m?, p,, = 1000 kg/m’, and
pug = 13550 kg/m’.

SOLUTION |
Referring to Fig. a, hyp = 0.6 m, hpe = 0.8 = h' and hop = h = 0.08 m. Then the
manometer rule gives

Pa t Poghas + pughsc — pugghcp = Pp

Here, py = pp = 0,since points A and D are exposed to the atmosphere.

0 + (900 kg/m*)(g)(0.6 m) + (1000kg/m*)(g)(0.8m — h')
— (13550 kg /m®)(g)(0.08 m) = 0
h' = 0256 m = 256 mm Ans.

Note: Since 0.1 m < A’ < 0.8 m, the solution is OK!

hAB =0.6m

=D
:lthD =0.08 m

e

——

hBC=0.8m—h'

(a)

16



2-4.

Determine the height h of the mercury in the tube
if the level of water in the tube is A" = 0.3 m and the
depths of the oil and water in the tank are (.6 and 0.5 m,
respectively. Take p, = 900 kg/m’, p,, = 1000 kg/m*, and
pug = 13550 kg/m’.

SOLUTION

Referring to Fig. a, hyg = 06m, hge = 0.8m — 03m = 05m and hop = h.
Then the manometer rule gives

Pat poghag + pughpc — pugghep = Pp
Here, py = pp = 0,since points A and D are exposed to the atmosphere.

0 + (900 kg/m*)(g)(0.6 m) + (1000 kg/m’)(g)(0.5m)

—(13550kg/m*)(g)(h) = 0
h = 0.07675m = 76.8 mm Ans,

hﬁB =
— D
hBCZO.Sm hm:h

| ¢ | h_’f_ 03m

(@)

17



2-5.

The uniform rectangular relief gate AB has a weight
of 800 Ib and a width of 2 ft. Determine the components of
reaction at the pin B and the normal reaction at the smooth

support A.
lB}
w
800 1b <. B
(Fp); = 673921b  gpe - 3 %(6 ft) =3 ft
(Fp), = 1945.44 b
2 _
F(61f) =41t
Wt
NA
(a)
SOLUTION

Here, hg = 91t and hy = 91ft + 6 ftsin 60° = 14.20 ft. Thus, the intensities of the
distributed load at B and A are

wg = y,hgh = (6241b/f3)(9 ft)(2 ft) = 1123.21b/ft
Wa = yohab = (62.41b/f63)(14.20 ft)(2 ft) = 1771.68 Ib/ft

Thus,
(F,)h = (1123.21b/ft)(61t) = 6739.21b
(F,), = %(1??1.68 Ib/ft = 1123.21b/ft)(6ft) = 194544 b

Write the moment equation of equilibrium about B by referring to the FBD of the
gate, Fig. a.

C+IMg =0; (800 Ib)cos60°(3ft) + (6739.21b)(3ft) + (1945.44 Ib)(4ft)
=N, cos60°(6ft) =0
N, = 9733.12 b = 9.73 kip Ans.

Using this result to write the force equations of equilibrium along x and y axes,

ESF =0, B, - (6739.21b)sin 60° — (1945.44 1b)sin 60° = 0

B, = 7521.121b = 7.52 kip Ans.
-i—TEF.1H =0: 9733.121b — 800 1b — (6739.21b)cos 60" — (194544 1b)cos 60°—B, = 0
B, = 4590.801b = 4.59 kip Ans.

18



2-6.

The tide gate opens automatically when the tide
water at B subsides, allowing the marsh at A to drain. For
the water level i = 4 m, determine the horizontal reaction
at the smooth stop C.The gate has a width of 2 m. At what
height h will the gate be on the verge of opening?

D,

3
2r|':l+-i-Hrn[

25+ %415“1:

F, = 156096(10° N ; ! ,
T ! = 12017 M
ey E ) Fo= 1200070107 N

S S S | F,

w, = TRAB(10°) N/ Wy = AEAT 109 N

SOLUTION

Since the gate has a constant width of b = 2 m, the intensities of the distributed
load on the left and right sides of the gate at C are

(wo)L = pughsc(b) = (1000 kg/m’)(9.81 m/s’) (4 m)(2 m)
= 78.48(10°) N/m

(we)r = pughac(b) = (1000 kg/m*)(9.81 m/s*)(3.5 m)(2 m)
= 68.67(10°) N/m

The resultant triangular distributed load on the left and right sides of the gate is
shown on its free-body diagram, Fig. a,
F, = ;_(WC)LLBC = %(?8.48(103)N,’m)(4 m) = 156.96(10°) N

Fp = %(WC)RLAC = ;—(68.6’?(103)me)(3.5 m) = 120.17(10°) N

These results can also be obtained as follows:

F, = yh A, = (1000 kg/m*)(9.81 m/s2)(2m)[ (4 m)(2 m) | = 156.96(10°) N
Fg = yhgAg = (1000 kg/m*)(9.81 m/s?)(1.75 m)[3.5m(2 m) | = 120.17(10°)N
Referring to the free-body diagram of the gate in Fig. a,

+3IMp = 0; [156.96(103)N]{2 m + %(4 m)} - [12017(10°) N] |2.5m + %(3.5 m)| — F(6m) = 0

Fo =2527(10°) N = 253 kN Ans.
When i = 3.5 m, the water levels are equal. Since F- = 0, the gate will open.
h=35m Ans,

19



2-7.

The uniform plate, which is hinged at C, is used to
control the level of the water at A to mainfain its constant
depth of 6 m. If the plate has a width of 1.5 m and a mass of
30 Mg, determine the required minimum height h of the
water at B so that seepage will not occur at D.

SOLUTION
Referring to the geometry shown in Fig. a,
x _h 5
sy T
The intensities of the distributed load shown in the FBD of the ga
f—3m—
wy = p,ghb = (1000 kg/m*)(9.81 m/s?)(2m)(1.5m) = 294 @

w, = p,ghb = (1000 kg/m*)(9.81 m/s?)(6m)(1.5m) = 8829(10°) N
wy = p,ghsb = (1000 kg/m*)(9.81 m/s?)(h)(1.5m) = [14.715(10°)k]
Then, the resultant forces of these distributed loads are
Fy = wilcp = [2943(10°) N/m](5m) = 147.15(10°) N
E, = %(wz = w)lep = %[88.29(103) N/m = 2943(10°)N/m](5m) = 1

F = ;1_‘,“”3139 = %[14.?15(103);;](%:) = [9.196875(10°)k*] N

and act at

dy = ;—(Sm] =25m d,= %(5 m) = 33333m

dy=5m - %(%h) = (5 - 04167h) m

The seepage is on the verge of occurring when the gate is about to open. Thus, it is
required that N, = 0. Write the moment equation of equilibrium about point C by
referring to Fig. a.

(+3Mo=0; [147.15(10°) N](2.5m) + [147.15(10°) N](3.3333 m)
— [30(10%)(9.81) N]@)(z.ﬁ m)

— [9.196875(10°) k%] (5 — 04167h) = 0
3.83201° — 45.98441% + 416.925 = 0

Solving numerically,
h=35987Tm = 3.60m Ans.

20



2-8.

The wall is in the form of a parabola. Determine
the magnitude and direction of the resultant force on the
wall if it is 8 ft wide.

SOLUTION

The horizontal loading on the wall is due to the pressure on the vertical projected
area of the wall, Fig. a. Since the wall has a constant width of b = 8 fi, the
intensity of the horizontal distributed load at the base of the wall is

w = y,hb = (624 lb,’fl3)(12 ft)(8ft) = 5.9904(10°%) Ib/ft
Thus,

F, = %wh - %[5.9904(103} Ib/ft] (12 ft) = 35.9424(10°)Ib

The vertical force acting on the wall is equal to the weight of the water contained in
the block above the wall (shown shaded in Fig. a). From the inside back cover of the
text, the volume of this block (parabolic cross-section) is

V= %ﬂhb = %(]2ﬂ}(]2ﬂ}(8ﬂ) = 768 ft*

Thus,
F, =y, ¥ = (62.41b/ft*)(768 ft*) = 47.9232(10°) Ib
Then the magnitude of the resultant force is

Fr = VF2 + F2 = \/[359424(10°) Ib]? + [47.9232(10°) Ib])?
= 59.904(10°) Ib = 59.9 kip Ans.

And its direction is

F, 47.9232(10°) Ib
= tan”!{ = | = tan™! = 5313 =53.1° <} Ans.
Fy, 35.9424(10%) 1b

21



2-9.

Determine the horizontal and vertical components
of reaction at the hinge A and the horizontal normal
reaction at B caused by the water pressure. The gate has a
width of 3 m.

SOLUTION

The horizontal component of the resultant force acting on the gate is equal to the
pressure force on the vertically projected area of the gate. Referring to Fig. a,

wa = poghab = (1000 kg/m’)(9.81 m/s)(6 m)(3m) = 176.58(10°) N/m
wg = p,ghgb = (1000 kg/m?)(9.81 m/s?)(3m)(3 m) = 8829(10°) N/m

Thus,

(Fp)y = [8829(10°) N/m](3m) = 264.87(10°) N = 264.87kN

(Fp)r = %[1?6.58(103)N/m — 88.29(10°) N/m](3 m) = 132435(10°) N = 132.435kN
They act at

_ 1 1
yl=§(3m)=l.5m Vs 5(3m)=]m

The vertical component of the resultant force acting on the gate is equal to the
weight of the imaginary column of water above the gate (shown shaded in Fig. a),
but acts upward.

(F,); = p,g¥; = (1000 kg/m’)(9.81 m/s*) [ (3m)(3m)(3m) ] = 264.87(10°) N = 264.87kN

(F,)s = pug¥ = (1000 kg/m?)(9.81 m/sz)[%(3m)2(3 m)} = 66.21757(10°) N = 66.21757 kN
They act at

3 T

1 43m 4
}’1=§(3m)=].5m Ty = ( )=(—)m

22



Considering the equilibrium of the FBD of the gate in Fig. a
(+EM, =0;  (264.87kN)(1.5m) + (132435 kN)(1 m) + (264.87 kN)(1.5 m)

+ (662175m kN)(% m) — Ng(B3m) =0

Ng = 397.305kN = 397 kN Ans.
£ 3F, =0, 397.305kN — 264.87kN — 132.435kN — A, = 0
A, =0 Ans.
+13F, =0, 26487kN + 66.21757 kN — A, = 0
A, = 472.90kN = 473 kN Ans.

3m

(a)

23



2-10.

The 5-m-wide overhang is in the form of a parabola.
Determine the magnitude and direction of the resultant
force on the overhang.

SOLUTION

The horizontal component of the resultant force is equal to the pressure force
acting on the vertically projected area of the wall. Referring to Fig. a,

wy = pghab = (1000 kg/m*)(9.81 m/s?)(3 m)(5m) = 147.15(10°) N/m
Thus,

Fp = %wAhA = %[147.15(103) N/m (3 m) = 220.725(10°) N = 220.725 kN

The vertical component of the resultant force is equal to the weight of the imaginary
column of water above surface AB of the wall (shown shaded in Fig. a), but acts
upward. The volume of this column of water is

V= %ahb = %{3 m)(3m)(5m) = 30m’

Thus,
F, = p,e¥ = (1000 kg/m*)(9.81 m/s?)(30 m?) = 294.3(10°) N = 294 3kN

The magnitude of the resultant force is

Fr= VE2 + F2 = V(220725 kN)? + (2943 kN)? = 367.875 kN = 368 kN Ans.

Its direction is

Fv) B _1( 2943 kN
- 220.725 kN

) = 5313 =531° =~ Ans
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2-11.

The semicircular gate is used to control the flow of

water over a spillway. If the water is at its highest level as
shown, determine the torque T that must be applied at the
pin A in order to open the gate. The gate has a mass of 8 Mg
with center of mass at G. Itis 4 m wide.

SOLUTION

The horizontal loading on the gate is due to the pressure on the vertical projected
area of the gate, Fig. a. Since the gate has a constant width of b = 4 m, the intensity
of the distributed load at point B is

wg = pughch = (1000 kg/m?)(9.81 m/s?)(6 m)(4m) = 235.44(10°) N/m

Thus,
Fa= %""Chc - %[235-44(103J N/m](6m) = 70632(10°) N

and it acts at
y= %(6 m) = 4m

The upward force on BE and downward force on CFE is equal to the weight of water
contained in blocks BACDERB (imaginary) and CDEC, respectively. Thus, the net
upward force on BEC is equal to the weight of water contained in block BACER
shown shaded in Fig. a. Thus,

Fy, = pug¥gaces = (1000 kg/m*) (9.81 m/‘sz)[%ﬁm)z(‘tm)]

= ]?6.58(]03)7:- N
And it acts at
_ 43m) 4
= = —m
3 T

‘When the gate is on the verge of opening, Ny = 0. Write the moment equation of
equilibrium about point A by referring to the FBD of the gate, Fig. a.

C+3SM,=0; [8000(9.81)N](2m) + [70632(10°) N](4m — 3m)
-~ [1?6.58(103)11-N](%m) -T=0

T =156.96(10°) N-m = 157kN-m Ans.

25



This solution can be simplified if one realizes that the resultant force due to the water
pressure on the gate will act perpendicular to the circular surface, thus acting through
center A of the semicircular gate and so producing no moment about this point.

(+SM,=0; [8000(981)N](2m) -=T =0
T = 156.96(10°) N-m = 157 kN-m Ans.
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2-12.

Determine the horizontal and vertical
components of reaction at the hinge A and the horizontal
reaction at the smooth surface B caused by the water
pressure. The plate has a width of 4 ft.

SOLUTION

The horizontal loading on the gate is due to the pressure on the vertical projecte
area of the gate, Fig. a. Since the gate has a constant width b = 4 ft, the intensities ¢
the horizontal distributed load at A and B are

wy = yhab = (624 1b/f%)(9 ft)(4 ft) = 2246.4 Ib/fi

wg = v,high = (62.41b/f*)(15 ft)(4 ft) = 3744 1b/ft

Thus,
(Fy)y = walyp = (2246.41b/ft)(6 ft) = 13.4784(10%) Ib
(Fp)s = %(WB —wy)lup = %(3?44 Ib/ft — 2246.4 Ib/ft)(6 ft) = 4.4928(10°) Ib
and they act at
V= ;—(6ﬂ] =3ft y,= %(ﬁﬂj =4ft 7= %{6&) = 21t

The vertical force acting on the gate is equal to the weight of the water contained in th
imaginary block above the gate (shown shaded in Fig, a), but acts upward. For (F, ),

(F,)y = v Vaper = (62.41b/13)[ (6 £t)(9 ft)(4 ft) ] = 13.4784(10%) Ib

And it acts at

%, = %{6&) =31

For ( F,),, we need to refer to the geometry shown in Fig. b.
Here,

Aapp =Aappo — Aapo = (611)(6 ft) — ‘1?[7"(6 ft)*] = (36 — 9m) ft’
Then,
(F,)s = y¥aps = (62.41b/6C)[ (36 — 97) f2](4 ft) = 1.9283(10%) Ib

And it acts at

4(6 1) =
BI[(6MEL)] = =5 [I(sﬂ}z]
¥, = z = 46598 ft
(36 — 97) t
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2-13.

The truck carries an open container of water. If it
has a constant deceleration 1.5 m/s?, determine the angle of
inclination of the surface of the water and the pressure at
the bottom corners A and B.

SOLUTION

The free surface of the water in the decelerated tank is shown in Fig. a.

a, 15m/s’
tanf = — = ———
g 981 m/s’
8.

6935° = 8.69° Ans.

From the geometry in Fig. a,
Ah = (2m) tan 8.6935° = 0.3058 m

Since Ah < 0.5 m, the water will not spill. Thus,
hy=15m = 03058 m = 1.1942 mand hz = 1.5 m + 0.3058 m = 1.8058 m. Then

pa = pughs = (1000 kg/m*)(9.81 m/s?)(1.1942 m)
= 11.715(10°) N/m? = 11.7 kPa Ans.

And

Pr = pughy = (1000 kg/m*)(9.81 m/s?)(1.8058 m)
= 17.715(10°) N/m? = 17.7kPa Ans.
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2-14.

The open rail car is 6 ft wide and filled with water
to the level shown. Determine the pressure that acts at point
B both when the car is at rest, and when the car has a
constant acceleration of 10 ft/s>. How much water spills out
of the car?

a,=10ft/s?
—_ >

L 8ft— | T~ __.

9ft

75 ft

181t

(a)

SOLUTION

When the car is at rest, the water is at the level shown by the dashed line shown
in Fig. a.

Atrest:  pg = y,hp = (62.41b/fC3)(7.5 ft) = 468 b /fi2 Ans.

When the car accelerates, the angle # the water level makes with the horizontal can
be determined.

a.  10ft/s?
tanfl = — = :

= — 0 = 17.25°
g 322ft/s’

Assuming that the water will spill out, then the water level when the car accelerates
is indicated by the solid line shown in Fig. a. Thus,
h = 9ft — 18 fttan 17.25° = 3.4099 ft
The original volume of water is
¥ = (7.5ft)(18 f)(6 ft) = 810 ft

The volume of water after the car accelerates is
¥ = %(9 ft + 3.4099 ft)(18 ft)(6 ft) = 670.14 f* < 810 ft* (OK!)

Thus, the amount of water spilled is
AV = ¥ — ¥ = 810 ft® — 670.14 ft* = 139.86 ft* = 140 ft Ans.
The pressure at B when the car accelerates is

With acceleration: P = Vg = (62.41b/f13)(9 ft) = 5151.61I:s/f12 = 562 1I3~,"1‘t2
Ans.
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2-15.

Determine the maximum height d the glass can be
filled with water so that no water spills out when the glass is

rotating at 15 rad/s.
01m——01m 0.1m|01m
| =T " ImI.D mI.DI
0.2m I |
0.05|m d T
|
- ; ||
d' " i
(a) (d)
SOLUTION
From the geometry shown in Fig. a,
d’ 0.05m
= od' =02
A +02m  Olm’ m
Then

r_d+02m
0.05m 02m

r=025(d + 02)

Thus, the volume of the empty space in the container shown shaded in Fig. a is

V., = ; (0.1 m)*(0.4m) — %‘1’1’[0.25((‘1 +02)]3(d + 02)

= %«.-r[o.om — 0.0625(d + 02)3]m?

For the condition that the water is about to spill, the parabolic profile of the free
water surface is shown in Fig. b.

(I.I2
h = (E)rz
2
b= {2(]5rad/fs} } 0.1 m)?

(9.81 m/s?)
= 01147m < 02m (0.K!)

Since the empty space in the glass must remain the same, the volume of the
paraboloid shown shaded in Fig. b must be equal to this volume. Here, the volume of
the paraboloid is equal to one half the volume of the cylinder of the same radius and
height.

Vpamb = Ves
%[17(0.1 m)2](0.1147 m) = %‘rr[{).{){)él — 0.0625(d + 02)%]
d=01316m = 0132 m Ans.
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Chapter 3  Differential Relations for a Fluid Particle

3-1.

A flow field for gasoline is defined by u = (f_i) m/s,
and v = (2x) m/s where x and y are in meters. Determine
the equation of the streamline that passes through point
(2 m, 4 m). Draw this streamline.

SOLUTION

Using the delinition of the slope of streamline and initial condition y = 4 m at
x=2m

dy v dy _ 2x

de u  dx 8y

/.’I.' d_'l-' 1/\
—_— = xdx
am Y 4 2m

v 1 L]
Iny = _,-'-"J
4m 8 2m
%=1 - 4
nyTg o9
y = dest=d Ans

The values of x and the corresponding values of y are tabulated below:

ylm) | 2.43 275 4 147 179 55.2

The plot of v vs x is shown in Fig. a.

y(m}

1 i I i ,I— x ( m }
: h)
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3-2

Afluid has velocitycomponentsofu = (3x* + 1) m/s y(m)
and v = (4txy) m/s, where x and y are in meters and £ is in
seconds. Determine the streamlines that pass through point

(1 m, 3 m) at times t = 1s and = 1.5s. Plot these
streamlines for() = x = 5m.

SOLUTION

Since the velocity components are functions of time and position, the flow can be
classified as unsteady nonuniform flow. The slope of the streamline is

dv ¢ dy dxy ( X )
_—= - — — = dny -
dy  u dy 3 + 1 “Nx“+1

) d'v X X
— =4y 3 dx
imY 1w\ 30" + 1

¥

1

2t 5
Iny = ?In(l\" + 1)

im 1m

I“—'=£I (3.t:+l)
"3 3\ 4

y 2 + 1132
ln3—ln( 3 )

3.2 + 1\
y= 3(' - l) ] m
L “
Fort = 1s,
[ (32 + 1\
y=|3 m Ans,
4
Fort = 15s,
3 >
y = :(3.\" +1)m Ans.
The values of x and the corresponding values of v are tabulated below.
Forr =15,
x(m) 0 1 2 3 R 5
vim) | L1Y 3 658 | 110 | 159 | 214
Fort = 155,
m) 0 1 2 3 4 5
vim) | 075 3 9.75 21 3675 | 57

The plot of these streamlines are shown in Fig. a.

32



3-3.

Air flows uniformly through the center of a
horizontal duct with a velocity of V = [_}Tr:’ +3)m/s,
where tis in seconds. Determine the acceleration of the flow
whent = 3s.

SOLUTION

Since the flow 1s along the horizontal (x axis). v = w = 0 and u = V. Also. the
velocity 1s a function of time ¢ only. Therelore. the convective acceleration 1s zero.

av
so that V— = 0.
i v av
a=—+V—
dt dax
3,
=—tr+10
4
3 2 2
==
(4 )m/’s
Whent = 3s.
_ 3y 2 )
a= 1(3 ) = 6.75m/s Ans.

Note: The flow 1s unsteady since its velocity 1s a functuon of time.
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3-4.

A fluid has velocity components of u = (#xz_vt) ft/s
and v = (6x — f) ft/s where x and y are in feet and ¢ is in
seconds. Determine the magnitude of acceleration of a
particle passing through the point (2 ft, 1 ft) if it arrives when
t=12s.

SOLUTION

For two-dimensional flow. the Eulerian description gives
av Y av
— 4+ u— + v—

ot dx dy

q4 =

Write the scalar components of this equation along x and y axes.

du it it
ay = —+u—+v—
dt dx ay

1 1 1 1
= E.‘.’g_‘l-' + E_‘.'g_‘l-'f(g.t_‘--'f) + (6x — {}(EIQ:’)

= -1+ (i_r?;.-r)(n) + (6x — 1)(0)
16

3 2 2
= (2 — 1) 182
(s” ) /s

Whent = 2s.x = 2ftandy = 111

a, = %(2?}{1 + :‘7(2)(1?}(2?} + 6(2)(2) — 27| = 5511/s
3, 2
a, = g{Z')(l){Z) —1=21t/s

Thus. the magnitude of acceleration 1s

a=Va+al=V(550/9) + (211/s7) = 585 11/s’ Ans.
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3-5.

A fluid flow is defined by u = (6x* — 3y*) m/s and
v = (4xy + y) m/s, where x and y are in meters. Determine
the magnitudes of the velocity and acceleration of a particle at
point (2m,2 m).

SOLUTION

Since the velocity components are a function of position only, the low can be
classified as steady nonuniform flow. The x and y velocily components of the
particlesatx = 2m and v = 2 m are

w=6(2%)-3(2%) =12m/s
v=42)2) +2 = 18m/s

The magnitude of the particle’s velocity 1s

V=V + = V(12m/s)* + (18 m/s)* = 21.63m/s = 21.6 m/s  Ans.
The x and v components ol the particle’s acceleration. with w = 0. are

ot o o
a, = —+u—+ v—
ot ox v

=0+ (6x% = 3y?)(12x) + (4xy + yv)( — 6v)
= (72¢% — 60xy* — 6y%) m/s’

v av v
.= + v
: ot oy l"}_\ /

=0+ (6x? = 3y?)(dy) + (dxy + y)(4x + 1)
= (40x%y — 120" + &y + y) m/s’

The magnitude of the particle’s acceleration is

a=Va’+ n_.t.z = VI(72m/s") + (258 m/s*) = 267.86 m/s* = 268 m/s> Ans.
Atx =2mandy = 2m.

a, = 72(2%) = 60(2)(2%) — 6(2°) = 72 m/s?

a, = 40(2°)(2) — 12(2%) + 8(2)(2) + 2 = 258 m/s°
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3-6.

A fluid flow 1s defined by u = (4xy) ft/s and
v = (3y) ft/s, where x and y are in feet. Determine the
equation of the streamline passing through point (1 ft, 2 ft).
Also find the acceleration of a particle located at this point.
Is the flow steady or unsteady?

Since the velocity components are the function of position but not the time. the flow
is steady (Ans.). but nonuniform. Using the delinition of the slope of the streamline,
dy v dy 3v 3

de  u’ dx E s

f ¥ / 3 [Mdx
dy = — —
T 4/ iqx

. 3 .
¥ = —Inx
2 ft - 1ft
2= 31 :
¥ =1 nx
3
y = (Elnx + 2) ft Ans.

For two dimensional flow. the Eulerian description gives

iV iV v
a=—+u—+uv—
o dax ﬂ_l-'
Write the scalar components of this equation along x and vy axes.
et e et
a, = —+u—+v—
ar ax av

=0+ (dxy)(dy) + 3y(4x)
= [4xy(ay + 3)] 15’

o du av
a, = —+u—+ v—
: dt ox ﬂ_‘l.-'

0+ (dxy)(0) + 3y(3)

= (9y) 1/’
Atx = 11ty = 21
a, = 41)2)[42) + 3] = 881f1/s* — a, =9(2) = 181t/s*

The magnitude of the acceleration is

a=Val+a’= V(8] + (1860/5) = 89.8 /s Ans.
Its direction is

0= tan'](&) = t::lrl_](18 ft;’sj) = 11.6° 7 Ans.

a, BE /s
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3-7.

A fluid flow is defined by u = (8°) m/s and
v = (7y + 3x) m/s, where x and y are in meters and ¢ is in
seconds. Determine the velocity and acceleration of a particle
passing through pomt (1 m, 1 m)ifit arrives when ¢ = 2 s,

SOLUTION

Since the velocity components are functions of time and position. the flow can be
classified as unsteady nonuniform low. Whent = 2s.x = Ilmand v = 1 m.

u=8(2%) = 32m/s
v="T(1)+ 3(1) = 10m/s

The magnitude of the velocity is

V=Vu+=VI(32 mf:;)2 + (10 m,r’s)2 = 335m/s Ans.
Its direction 1s
v 10m/s
i, = ‘Lan'](—) = tan']( / ) = 174 0, Ans.
u 32my/s

For two-dimensional flow. the Eulerian description gives
iV v v
v

a=—+u—+
ot ax dy

Writing the scalar components of this equation along the x and y axes,

ot i ot
a, = —+ u—+ v—
ot dx ay

16t + 8£2(0) + (Ty + 3x)(0)

= (161) m/s°

o dau du
a, = + u + v
: ar ax ay

=0+ (8)(3) + (Tv + 3x)(7)
= [24 + 7(7v + 3x) | m/s?

Whent = 2s.x = Ilmand vy = 1 m.

a, = 16(2) = 32 m/s’

a, = 24(2%) + 7[7(1) + 3(1)] = 166 m/s’

The magnitude of the acceleration 15

a= Val+ a_,_.g= V(32m/s?)? + (166 m/s?)? = 169 m/s’ Ans.
Its direction 1s
ay 166 m/s’
f, = tan'](—") = tan'](—fj) =79.1° <40, Ans.
a, 32m/s
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3-8.

Fluid particles have velocity components of
u= (2x)m/s and v = (4y) m/s, where x and y are in
meters. Determine the acceleration of a particle located at
point (2 m, 1 m). Determine the equation of the streamline
passing through this point.

SOLUTION

Since the velocity components are independent of time, but a function of position.
the flow can be classified as steady nonuniform flow. For two-dimensional flow,
(w = 0). the Eulenian description is

v iV oV

— Tt u—+v—

a ax iy

q =

Writing the scalar components of this equation along the x and v axes,
e i i)
— +

a, = +u—+v
' dt fiAy ay

=0+ 2x(2) + 49(0)

= (4x) m/s’
filh dv dv
a, = —+u v
: ot X v

=0+ 2x(0) + 4v(4)
= (16y) m/s’
Atpommtx = 2mandy = 1 m.
a, =42) =8m/s* —
a, = 16(1) = 16 m/s* |

The magnitude of the acceleration is

a=Val+ a_,_.?= VI(8m/s?) + (16m/s’)* = 17.89m/s” = 17.9m/s> Ans.

38



Its direction is

a, 16 m/s?
o= mn'l(—}) = tan'l(ij/z) = 6343° = 3.4°

a, Sm/s

The slope of the streamline is
dy v dy 4y 2y

dc  u

3

dr  2x x
Y dy Y dx
;=2f -
1mY 2m X
}' X

In y = 2(Inx)
Im 2m

X

1 =2In-

ny Il2
2

X

Iny=In|| =
= (5)
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3-9.

A fluid flowing between two plates has a velocit
profile that is assumed to be linear as shown. Determine the
average velocity and volumetric discharge in terms of 1.
The plates have a width of w.

SOLUTION
The velocity profile in Fig. a can be expressed as
v=0 Upyx=0 _ 2
_}_1— G_}i 3 U_Umu(l hy)
) 2

The differential rectangular element of the thickness dy on the cross section will be
considered. Thus, dA = wdy.

0= /A'u = dA
- 2/0%[ U (1 ~ %y)}(wdy)
-t [ 2o

U nazht
== ;“ Ans,
Also,
0= /v'dA = volume under velocity diagram
A
Upaxh
= S0 (U ) = 222 Aus.
Therefore,
v 2 Wnuh _ Uns A
AT 2w 2 s

40
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3-10.

A fluid flowing between two plates has a velocity
profile that is assumed to be parabolic, where

u= T(hy — y?). Determine the average velocity and

volumetric discharge in terms of u,,,,. The plates have a
width of w.

SOLUTION

The differential rectangular element of thickness dy shown shaded in Hg. a having
base area of dA = wdy will be considered. Thus,

h

_ 4wum,( hyz y3)

w\2 3

0

2
= gwham, Ans.
Also, since the velocity profile is a parabola,

0= f V-dA = volume under the velocity diagram
A

2

= (209t

= zwhamm Ans.
3

Therefore
hit
V= g = gw - = zu Ans.

A wh 3 e
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3-11.

The liquid in the rectangular channel has a velocity
profile defined by u = (3y'/?) m/s, where y is in meters.
Determine the volumetric discharge if the width of the
channel is 2 m.

SOLUTION )
The differential rectangular element of thickness dy shown shaded in Fig. a having 2.846m/s
base area of dA = (2 m)dy will be considered. Thus, |
0= / vdA _L'_u_+_
A 0.9m T |
dy
09m )|1

- / 3y ady)

0

0.9m
=6 / ydy
0 (a)

2 09m
= f| — 3f2)
(3y

=3415m’/s = 342’ s Auns.

0

Also, when y = 09 m, u = 3(0.9'%) = 2846 m/s. Since the velocity profile is a
half-parabola,

Q= /V *dA = The volume under the velocity diagram
2
= {5(0.9 m)(2.846 m/s) |(2m)

=3415m’/s = 3.42m’/s Ans.
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3-12.

Air flows through the gap between the vanes at A0 \imﬂ
0.75 m*/s. Determine the velocity of the air passing through 200 mm
the inlet A and the outlet B. The vanes have a width of | S -
400 mm and the vertical distance between them is 200 mm. 4&\/ 3\120"
SOLUTION
The discharge can be calculated using
0= / V, - dA
cs
Here, the average velocities will be used. Referring to Fig. a,
04 = Vi-Ay: —-075m*/s = (V4 cos 140°) [ (0.2 m)(0.4 m) |
Va=122m/s Ans.
05 = Vg Az 0.75m*/s = (V cos20°)[ (0.2 m)(0.4 m) |
Vg =998 m/s Ans.
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3-13.

The flat plate is moving to the right at 2 m/s. Water
is ejected from the nozzle at A at an average velocity of
4m/s. Outline a moving control volume that contains the
water on the plate. Indicate the open control surfaces, and
show the positive direction of their areas through which — — il 2m/s
flow occurs. Also, indicate the directions of the relative 'A*S—Wﬂ—“‘
velocities through the control surfaces and determine the
magnitude of the relative velocity through the inlet control
surface. Identify the local and convective changes that {
occur. Assume water to be incompressible. For the analysis, '
why is it best to consider the control volume as moving?

SOLUTION

If the control volume is considered moving with the plate, then the flow can be
considered steady as measured relative to the control volume. No local changes
occur. Also, the water flows in and out through the open (inlet and outlet) control
surfaces. This causes convective changes.

(Vw ,fT:s )out
Aout
Vyses)in = 2 m/!s Outlet control
A. surface
mn
Inlet control
surface
l AOU[
(Vw Jes )out
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3-14. N\

Water flows through the pipe at A at 60 kg/s, and
then out of B with a velocity of 4m/s. Determine the
average velocity at which it flows in through C.

100 mm

SOLUTION

The fixed control volume considered is shown in Fig. a. Since the flow is steady, there
is no change in volume, and therefore no local changes occur within this control
volume. For the flow at A,

my = pV,Ay
60 kg/s = (1000 kg/m’*) (V,4A,)
VAAA = 0.06 m3/5

Since the fluid is water, which has a constant density, then the continuity equation
can be simplified as

d
— pdi"Jr/pV-dA:O
at v cs

0+ VBAB_ VAAA— VcACZO
(4m/s)[7(0.08 m)%] — 0.06 m¥s — V[ (0.03m)%] =0

Ve=7224m/s = 7.22 m/s Ans.
VA
AA
> —
Ap Vi
e Ac
Ve

(a)
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3-15.

With every breath, air enters the trachea, its flow split
equally into two main bronchi, and then passes through about
150 000 bronchial tubes before entering the alveoli. If the air
flow into the 18-mm-diameter trachea is 12liter/min.,
determine the velocity of the air in the trachea and the main
bronchi, which have a diameter of 12 mm. Note: The diameter
of the alveoli is about 250 pm, and because there are so many
of them, the flow is reduced to practically zero, so gaseous
exchange is carried out by diffusion.

SOLUTION

The fixed control volume considered is the air contained within the trachea and
two main bronchi shown in Fig. a. Since the volume of this control volume does
not change with time, no local changes occur within this control volume. Here, the
density of the air is considered constant, and so the continuity equation can be

simplified as
—fpdV+ /pV dA =0

- VA +2V,Ay =0 1)
_ litet 1m’ )(l,n‘mf) B a3 _
Here, Q = (12 miﬁ)(l()ﬂﬂlut—ef cs )= 0.2(107) m’/s. The volumetric flow

rate gives

Q =VA; 02(107) m’/s = V,[7(0.009 m)?]

V, = 0.7860 m/s = 0.786 m/s Ans.
Then Eq. (1) gives
—0.2(107%) m’/s + 2V, [7(0.006 m)?]
V, = 0.8842 m/s = 0.884 m/s Ans.
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3-16.

The cylindrical syringe is actuated by applying a
force on the plunger. If this causes the plunger to move
forward at 20 mm/s, determine the velocity of the fluid
passing out of the needle.

SOLUTION

The deformable control volume considered is shown in Fig. a. If the volume of the
control volume is initially ¥, then at any instant its volume is

V=¥ - %(0-01 m)Zx = [V(] — 25(10_6)1”] n

‘With the fluid assumed to be incompressible. p is constant. Since V,, and A 4 are in

the same sense, @4, = VA4, = VA{%(O.DODS m)z} [62.5(107°)7wV, ] m’/s.

Then, the continuity equation can be simplified as

3
—/pdv+/pv-dA:0 Ay Yy
af v [+

pE(V) + VAAA} -0

j—r[ﬂ] - 25(10°)mx | + 62.5(10°)wV, = 0

-25(107%) 7 % +62.5(10) 7V, =0

However,
dx
i 20mm/s = 0.02m/s
Then
[—25(107°) 7 |(0.02) + 62.5(10°) 7V, = 0
V,=800m/s Ans.
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3-17.

4in. | 21t/s

3ft/s

Kerosene flows into the rectangular tank through

pipes A and B, with velocities of 3ft/s and 2 ft/s,

respectively. It exits at C with a velocity of 1 ft/s. Determine

the rate at which the surface of the kerosene is rising. The

base of the tank is 6 ft by 4 ft. Ignore the effect of gravity on
the falling kerosene.

SOLUTION

The control volume is the volume of the kerosene in the tank including the two
downflows. Thus its volume changes with time.

3
—f pred¥ +fpk£V'dA =0
& o¥ [=1

Since py, is constant (incompressible), it can be factored out of the integral.

av
pkf?-{- pkt-/v'dA =0

Here, we will use the average velocities.

% =V Ay = VgAg + VA= 10
¥ _ s ftfs){z(ift)z] - (2 ﬂ;s){i(iﬂy] +(1 ftfs)[z(l ft)l] =0
dr 4\12 4\12 4
— =it i)

The volume of the control volume at a particular instant is

_ 71 \2 72 \? _ S 5w .4
¥ =(61ft)(4ft)y + I(; ft) (6-y + I(g ft) (6-y = KQA - E)y + ?] ft

Thus

a¥ Sar \dy
R VR hed
= (- %N

Substituting this result into Eq. (1),

(=T

dy
— = 000816 ft/s Ans.
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3-18.

For the velocity distribution u =- B y,
v=+ B x,w =0, evaluate the circulation I"

about the rectangular closed curve defined by
(x, v)=(1,1),(3,1), (3,2), and (1,2). Interpret your
result, especially vis-a-vis the velocity potential.

SOLUTION

Given that I' = J[V*ds around the curve,

divide the rectangle into (a, b, ¢, d) pieces as shown.

I = fuds +fvds+fu ds+fvds= (=B2)+B B+ (-2 B(2)+(- B(1)= +4B Ans
a b ¢ d

The flow 1s rotational. Check |curlV|= 2B = constant, so I' = (2B)Aeeion = (2B)(2) =4B.
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Chapter 4  Integral Relations for a Control Volume

Anideal fluid having a density p flows with a velocity
V' through the horizontal pipe bend. Plot the pressure
variation within the fluid as a function of the radius r, where
ri=r=r, and r, = 2r. For the calculation, assume the
velocity is constant over the cross section.

SOLUTION

Since the fluid is inviscid (ideal fluid) and the flow is steady (constant V) and along
the circular bend, Euler’s differential equation in the n-direction can be applied

dp dz _ pV?

Tan " Pan T R
Since the pipe lies in the horizontal p ane, the elevation term (second term on the
left) can be excluded. Also the n axis and r are opposite in sense thus, dn = —dr.
withR=r
dp _pV?
dr — r
r
fon [
n r
Ap = szlnL

1

The tabulation for r; = r = 2r;is calculated below.

r r; 125, L50 r, L75r, 2r,
Ap 0 0223 pV? | 0405 pV? | 0560 pV? | 0.693 pV2
The plot of this relation is shown in Fig. a Ans.

AP
0.8pV>
0.6pV2 T
04pV: 1=
02V 1

——F———-

0 no 1255 15; 175 24
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4-2.

The water in an open channel drainage canal flows
with a velocity of V4 = 4 m/s into the drainpipe that
crosses a highway embankment. Determine the volumetric
discharge through the pipe. Neglect any head losses.

SOLUTION

Since the water can be considered as an ideal fluid (incompressible and inviscid)
and the flow is steady, Bernoulli’s equation is applicable. Since point B is exposed
to the atmosphere, pp = p.m = 0. Here, V4, = 4 ft/s with reference to the datum
set through point B, z, = 8 ft + 3 ft = 11 ft and zz = 0. The pressure head at A is
(3 ft). Applying the Bernoulli’s equation between points A and B,

Pa V42 PB Vg
—+ —+ =—+—+
ou > 834 ou > 8<p
(4 ft/s)? 175
(3 1t)(32.2 ft/s?) + — (322 ft/s?)(11 ft) = 0 + - 0

Vi = 3029 ft/s

Thus, the volumetric flow rate is given by

2
Q = VA = (30.29 ft/s)[qr(%ft) } =9516ft/s = 952ft’/s  Ans.
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4-3.

Water flows out of a faucet at A at 6 m/s. Determine
the velocity of the water just before it strikes the ground at B.

SOLUTION

If the datum is set at B, then z4 = 1.75 m and zz = 0. Since the flow from A to B is
in the atmosphere, p4 = pp = 0. Applying Bernoulli’s equation between A and B,

V2 2
‘E)A__l_i_'_ ZA=@+—B+S'ZB
P 2 w 2
6m/s)’ Vg
0+ % + (981 m/s?)(1.75m) = 0 + TB +0
Vg =8387m/s = 839m/s Ans.
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4-4.

A fountain 1s produced by water that flows up the
tube at 0.08 m’ /s, and then radially through two cylindrical
plates before exiting to the atmosphere. Determine the
velocity and pressure of the water at point A.

SOLUTION

Since the water can be considered as an ideal fluid (incompressible and inviscid) and
the flow is steady, Bernoulli’s equation is applicable. Writing this equation between
points A and B on the radial streamline,

Since point B is exposed to the atmosphere, pg = p,,, = 0. Here, points A and B
have the same elevation since the cylindrical plates are in the horizontal plane. Thus,

4= Zp~—ZL-

2 2
mmp;g/m_3 + Vzi +gz=0+ 1;—0 + 8z

pa = S00(Vy* = V) (1)
Continuity requires that
0=V, A, 0.08 m’/s = V4 [27(0.2 m)(0.005 m)]

Vy=1273 m/s = 127 m/s Ans.
Q= VzApg 0.08 m’/s = Vg[2m (0.4 m)(0.005 m)]

Vg = 6.366 m/s

Substituting these results into Eq. (1),
pa = 500(6.3667 — 12.73%)

= —60.79(10°) Pa = —60.8 kPa Ans.

The negative sign indicates that the pressure at A is a partial vacuum.
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A river has an average width of 5 m. Just afte
its flow falls 2 m to the lower elevation, the depth become
h = 0.8 m. Determine the volumetric discharge.

SOLUTION

Since the water can be considered as an ideal fluid (incompressible and inviscid)
and the flow is steady, Bernoulli’s equation is applicable. Applying this equation
between points A and B on the streamline along the water surface,

Since the surface of water is exposed to the atmosphere, p4 = pp = pym = 0 with
reference to the datum set through point B, z4, =2m + 1.2m — 08m = 24 m
and zz = 0.

VAZ 3 VBZ
0+ T+ (9.81m/s”)(24m) =0 + 7'*'0

Vg2 — V42 = 47.088 m?/s? (1)

Consider the fixed control volume that contains the water between the cross sections
of the river through points A and B. Since the density of the water is constant and
the average velocities will be used, the continuity equation can be simplified as

d
—/pdV+ /pV'dA=O
6t cv cs

)= VAAA + VBAB =0
=V4[5m(12m)] + Vg[5m(0.8m)] =0

V4 = 0.6667Vy (2)
Solving Egs. (1) and (2)
Vg = 9206 m/s V4 =6138m/s
Thus, the discharge is

Q = VA, = (6138m/s)[Sm(1.2m)] = 36.83m’/s = 36.8m’/s Ans.
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4-6. 300 mm

Air at a temperature of 40°C flows into the nozzle at 6m/s
6 m/s and then exits to the atmosphere at B, where the -
temperature is 0°C. Determine the pressure at A.

Ta

SOLUTION

Assume that air is an ideal fluid (incompressible and inviscid) and the flow is steady.
Then Bernoulli’s equation is applicable. Writing this equation between points A and
B on the central streamline,

Pa VA2 Pg V32
+ —+ gz
(P)a 2 (s 2 ?

From Appendix A, (p,)4 = 1.127kg/m’ (T = 40°C) and (p,)p = 1292kg/m’
(T = 0°C). Since point B is exposed to the atmosphere py = p,, = 0. Here the
datum coincides with central streamline. Then z, = zz = 0.

6 m/s) 175
P4 OmA)  o—0+ Y 4o
1127 kg/m’? 2 2

pa = [0.5635 (V5" = 36) | p, @

Consider the control volume to be the air within the nozzle. For steady flow, the
continuity condition requires

d
5/2d¥‘+ /eV-dA={)

0 = (pa)aVaAa + (pa)s VeAp = 0
— (1127 kg/m*) (6 m/s) [7(0.15m)*] + (1292 kg/m?) (Vi)[ w(0.05 m)*] = 0
Vg =47.10m/s
Substituting this result into Eq. 1,
pa = 0.5635 (47.10° — 36)

= 1229.98 Pa
= 123kPa Ans.
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If the difference in the level of mercury within the
manometer is 80 mm, determine the volumetric flow of the
water. Take py, = 13550 kg/m’.

hpp=a+ 0l

SOLUTION

Referring to Fig. a, the manometer equation written from A to B along the centerline is

Pa t pughac + pugghen — pwghen = pg
pa + (1000 kg/m?) (9.81 m/s?) (hye) + (13550 kg /o) (9.81 m/s%) ( 0.08 m)
— (1000 kg/m*) (9.81 m/s?) (hse + 0.08m) = pg
Pr = P4 = 9849.24 (51

Since the water can be considered as anideal fluid (incompressible and inviscid) and
the flow is steady, Bernoulli’s equation is applicable. Applying this equation between
points A and B,

V2 Vg
p_A‘i‘i"‘gZ,q =E£+_B+gzs
A 2 Pe 2
with reference to the datum set to coincide with the horizontal streamline connecting
Aand B,z4 = zg = 0.

V2 Vil
pi‘“_j‘ + L-F (] = p78+ _B+ 0
1000 kg/m 2 1000 kg/m 2
e — pa =S500(V,2 = V5 2)

The fixed control volume considered contained the water within the transition.
Since the density of the water is constant and the average velocities will be used, the
continuity equation can be simplified as

3
;]pdV+/pV'dA=ﬂ

0_ VHAB+ VAAA:(}
—Vg[m(0.05m)?] + V,[=(0.02m)*] = 0
VA = 6.25V3 {3]
Substitute Eq. (1) into (2)

V2 — Vi = 19.69848 4
Solving Egs. (3) and (4)
Vg =07194m/s V, = 449 m/s

Then the discharge is
Q = VA = (0.7194m/s) [#(0.05 m)?]
= 0005650 m*/s
= 0.00565 m* /s Ans.
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4-8.

Determine the velocity out of the pipes at A and B
if water flows into the Tee at 8 m /s and under a pressure of
40 kPa. The system is in the vertical plane.

SOLUTION

Continuity Equation. Consider the water within the pipe to be the control volume.

p
§/p4v+/pv-m=n

0- V(AC + V.BAB + VAAA =10
—(8m/s)[ m(0.025 m)*] + V[ #(0.015m)?] + V[ #(0.015m)?] = 0

VA + VB = 2222 (1)

Bernoulli Equation. Since the water discharged into the atmosphere at A and B,
pa = pp = 0. If we set the datum horizontally through point C, zz = 5m and
Iy = —=3m.

V2 V2
0+ 73 + (981 m/s?)(5m) = 0 + :zi + (9.81 m/s*) (=3 m)

Vi = V' = 156.96 )

Solving Egs. (1) and (2) yields
Vy=146m/s Ans.
Ve = T758m/s Ans,

Note: Treating A and B as if they lie on the same streamline is a harmless shorteut.
Officially, the solution process should proceed by considering rwo streamlines that
each run through C
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4-9.

Determine the velocity of water at B and C if the
pressure of the water in the 8-in.-diameter pipe at A is 15 psi
and the velocity at this point is 9 ft /s. The water is discharged
into the atmosphere at B.

SOLUTION

Since the water can be considered as an ideal fluid (incompressible and inviscid)
and the flow is steady, Bernoulli’s equation 1s applicable. Applying this equation
between A and B,

Since the water 1s discharged into the atmosphere at B, pg = 0. With reference to
the datum set through points A and C,z4 = Oand zp = 12 ft.

(s2)(50)
in2/\ 1ft (9 ft/s)? Vg
n B 2
+ +0=0+—+ (3221ft/s?) (12 ft
(62.4 l;‘f13) 2 2 T /s)(121)
32.2 ft/s?

Vg = 3921 ft/s = 39.2ft/s Ans.

The fixed control volume considered contains the water within the pipe bounded by
cross sections at A, B and C. Since the density of water is constant and the average
velocities will be used, the continuity equation can be simplified as

d
§/pdv+/pv-m=o

D - VAAA + VBAH + V(A(' =D

susmfa( )] + s el o(Se) ]+ v )] =0

Ve = 6549 ft/s = 6.55 ft/s Ans.
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4-10.

Water drains from the fountain cup A to cup B. If
the depth in cup B is # = 50 mm, determine the velocity of
the water at C and the diameter d of the opening at D so
that steady flow is maintained.

SOLUTION

Since water can be considered as an ideal fluid (incompressible and inviscid) and the
flow is required to be steady, Bernoulli’s equation is applicable. Since A, B, C,and D
are exposed to the atmosphere, p4 = pp = pc = pp = 0. To maintain the steady
flow, the level of water in cups A and B must be constant. Thus, V4 = Vi = 0.
Between A and C with the datumat C,z- = 0and z4 = 0.1 m.

9 VC2
0+ 0+ (9.81m/s?)(0.1m) =0 + - +0

Ve=1401m/s = 140 m/s Ans.

Between B and D with the datum at D, zz = 0.05m and z,, = 0.

2
B Pp D
e e X 4 Tty st 2 5
Pw 2 pw 2

2

V_
0+ 0+ (9.81m/s?)(0.05m) =0 + TD +0

Vp =0.904m/s = 099 m/s

The fixed control volume that contains the water in cup B will be considered.

Continuity requires that
d
= /pd‘V+ /pV-dA=0
at cv cs

0- V('AC + VDAD =0

—(1.401 m/s)[ (0.01 m)?] + (0.9904 m/s)(%doz) =0

dp = 0.02378 m = 23.8 mm Ans.
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4-11.

Carbon dioxide at 20°C passes through the expansion 4 o
chamber, which causes mercury in the manometer to settle — : I )
as shown. Determine the velocity of the gas at A. Take 150 \J 150 mm
prg = 13550 kg/m’. >y
K j mm
woss
SOLUTION
Bernoulli Equation. From Appendix A, pep, = 1.84 Iy:_g/rn2 at T = 20°C. If we
set the datum to coincide with the horizontal line connecting points A and B,
74 = 25 = 0.
Pa VAz Pr Vs
St gy = —+ —+ gz
pco, 2 & peo, 2 &
2 2
1.84 kg/m 2 1.84 kg/m 2 . .

pe — pa = 0.920( Vi - ng) (1)

Continuity Equation. Consider the gas from A to B to the control volume.

d
5]pdf‘+fpV’dA=U

G_VAAAJFVHAB:G

0.1 m sin30° 0.04 m

(a)

—Va[7(0.075 m)?] + Vg[#(0.15m)’] = 0
VB = 0.25 VA (2)

Manometer Equation. Referring to Fig. a, h = 0.1 msin 30° — 0.04 m = 0.01 m.
Then, neglecting the weight of the CO,,

Pa+ puggh = pg
pa + (13550 kg,fm3} (9.81 m/sz)(ﬂ.{}l m) = pg
P — pa = 1329255 (3)
Equating Egs. (1) and (3),
0.920( V& — V*) = 1329.255
Substituting Eq. (2) into this equation,
0.9375V,% = 1444.84

Thus,
V4 =393m/s Ans,
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4-12.

Determine the average velocity and the pressure in
the pipe at A if the height of the water column in the pitot

tube is 9 in. and the height in the piezometer is 3 in. |

SOLUTION

Since the water can be considered as an ideal fluid (incompressible and inviscid ) and
the flow issteady, Bernoulli's equation is applicable. Applying this equation between
points C and B.

pc Ve pa Vi
w2

Sinee point Cis a stagnation point, Ve = 0, with reference to the damm set through
the horizontal central sireamline, 2y = 2, = 0. The pressures al points 5 and C are

5
P = yohy = (62.4 u:;rtij(ﬁn) = 26 b/’

Pc = vuhic= (624 lbf!’tﬂ(%ft) = 468 Ib/i’
Thus,
468 b /e 26 Ib/ft* v
—'rr + 0= —'rr + _H + 0
(52.4 u:,rnz) (52.4 u:;ni) 2
32.2 fi)s? 22 ffs

Vg = 403311 fs

The fixed control volume considered contains the water within the cross sections
through A and B. Since the density of water is constant and the average velocities
will be used, the continuity equation can be simplified as

ifp(ﬁ‘+ fpv-dA =0
a (53 [+

0— Vedy + Vagdg =0

1\ 2 ¥
—vd[ﬂ(ﬁn) ]+ (4.633 rus)[ﬂ[:ﬁn) ] =0
V, = I8.53 fils = 185 fuis Ans.

Again, applving the Bernoulli's equation between points 4 and C,

-i.-2 ]{2
Pa A Pr [
5 tEa= 5t s

With reference to the same datum, z, = z- = 0

18.53 fifs)? 46.8 b/
Fa ( [ g BEBM 440
(&.4 Ib/ft* 2 (&.4 Ib,/ft*
322 nfs?) 322 ffs )
= (=286 Ib/iC (i)z— —1.99 psi Amns,
pa=| N o) = ~199msi

The negative sign indicates that p, is partial vacoum or suction.
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4-13.

Water at a pressure of 12 psi and a velocity of 5 ft/s
at A flows through the transition. Plot the pressure head
and the elevation head from A to B with reference to the
datum set through A.

6in.

N —r

12 ft

81t

21ft

SOLUTION

The fixed control volume considered contained the water within the transition and
the pipe between the cross section through A and B. Since the density of the water
is constant and the average velocity will be used, the continuity equation can be

simplified as
a
—fpdV+ /pV*a‘A =0
a'! (4 s

0- VAAA + VBAB =10

-(5 ftjsj[fr(%ft)z] + Vg{ﬂ(%ﬂ)z] =0

Vi = 20 ft/s

Since the water can be considered as an ideal fluid (incompressible and inviscid)
and the flow is steady, Bernoulli's equation is applicable. Applying this equation
between points A and B,

Pa VA2 P Vi
+—+z4=—+ —+z
Yo 28 v 2 F
with reference to the datum set through point A,z, = 0 and z = 12.
Ib\/12in.}?
12 = 5 2
in 1 ft (5 ft/s) P (20 ft/s)
3 + 3 + 0= 3 + 3 + 12 ft
62.4 Ib/ft 2(32.2 ft/s?) 624 Ib/f  2(32.2ft/s%)
pp = 615.851b/ft2
Between A and C
Pa VAz Pc ch
—+ =4z, =—+ —+zc
Yo 28 " v 28 °
Here Ve = Vi = 20ft/s. Also,z¢ = 24, = 0
( Ib )( 12 in.)f‘f
2= )| = 2 2
it /\ 11t . (5 ft/s) oo _Pc (20 ft/s)
62.4 Ib/ it 2(32.2 ft/s?) 624 Ib/fE  2(32.2t/s)

pe = 1364.651b/1t
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Therefore, the pressure head at A, B, and C are

: 2
(12£)(121n.)
,Iﬁ in® 11t

- L/ 27691t
Yoo 624 b/
615.85 Ib/ft2
ps _ SISO/ ek
Yo | 624 b/t
1364.65 1b/ft2
pc _ BOAS /T _ an

Yo 624 Ib/ft}

The gravitational head coincides with the centerline of the pipe. Plots of the pressure
head and the gravitational head are shown in Fig. a.

27.691t \ Pressure head
21.87 ft /

[T (P A ———
9.87 it
]
]
]
]
S ———————— O ————— — I
R 01t B Dawm
Gravitational
head
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4-14.

The siphon spillway provides an automatic control
of the level in the reservoir within a desired range. In the
case shown, flow will begin when the water level in
the reservoir rises above the crown C of the conduit.
Determine the flow through the siphon if h = 4 ft. Also,
draw the energy and hydraulic grade lines for the siphon
conduit, with reference to the datum set through B. The
siphon has a diameter of 8 in., and the water is at a

temperature of 80°F. Neglect any head loss.

SOLUTION

Since the water can be considered as an ideal Auid (incompressible and inviscid)

and the fow is steady, Bernoullis equation is applicable. Since points A and B are 36n

exposed to the atmosphere, py = pg = pam = 0. Also, the water 15 drawn from a
large reservoir. Thus the water level in the reservoir can be considered as constant
and so V; = 0. The height & of the crown will not affect the flow, provided the
cavitation does not occur at Cand i < 101t with reference to the datum set through
point B, z;, =380t —2ft= 31t and gz =0. Write the Bermoulli equation
between A and B,

VI
fa A

+ za=
Tw

+—+
2 o

pa Ve’
W
Ve
0+0+36f=0+——"- -—+0
2(32.2ftfs7)
Vg = 4815 fifs

Using the result of Ve = Vg = 4815015 o write the Bemoulli equation between
Aand Cwithzy, =36ftandzr =280t + 40t — 20t = 3011

4 .l
Pa Vy Pc Vi
Ay A4 =y
Yw 2 T e 28
4815t /s )"
0+0+%# = —2LC ( B L o

624 Ibfi*  2(32.21ft)s)

b/ 1 \2
= -1812=~ — —13.0 psi
Pc ( n!)(lzin.) pet

From the table in Appendix A, the vapor pressure for the water at 80°FF is
(P )an = 0507 psia. Then its gage pressure is given by

(prdam = (Pr)g + Pam: 0307 psi = (p, ), + 14T7psi (p), = —1419psi

Since p, = (p, ), cavitation will not occur at C. Then the fow rate can be determined
from

2
0= VgA = (4815 Itfs][ﬂ{% n) ]= 1681 (% fs = 168 f'fs Ak,

Since the diameter of the siphon conduit is constant, the velocity head is constant
along the conduit:

v (#8151/s)

% - 2aange oM

The plot of EGL and HGL with reference to the datum set through B s shown in
Fig. a.
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4-15.

A piezometer and a manometer containing mercury
are connected to the venturi meter. If the levels are
indicated, determine the volumetric flow of water through
the meter. Draw the energy and hydraulic grade lines. Take
YHg = 846 Ib/ft.

SOLUTION
Referring to Fg a, the manometer rule written from A to B gives
Pa + Yeltap — vaghpe — volse = pa
pa+ (624 IbfR*)(16) — (8461 /00 (050 ) (624 /i) (05 ) = py
Pa —pg =318 1y
Also, from Fig. b, the manometer rule written from C to & gives
Pe — Yulter — Yaghrc = Pam =0
po— (624 /0 (L56) — (B461b/1C)(0.75 1) =0
Ppe = T281 Ibfi*

Since the water can be considered as an ideal fluid (incompressible and inviscid )
and the flow is steady, Bernoulli's equation is applicable with reference to the datum
sel through points, A and B, 24 = zp = 0. Applyving Bemoulli’s equation between

points A and B,
pa Vi pa | Vi
S A= 2y
Yo 28 Yo 2% 0
&+E=P_ﬂ+v_ﬂz -".u.:=
Tw 2§ Tw 25
Pa—pe_ 1 3 2
AL o A
. 25(5— al
1(&2.4[1:;&3) P
—pp= o ——— (Vi - V¥,
Pa=Pa= A o )V T V)
pa— pa=09689(VF - Vi) )

The fixed control volume considered contains the water within the transition. Since

the density of the water is constant and the average velocities will be used, the F F 18
continuity equation ean be simplified as hep= 3t =108

2 paw+ [pv.da :

ar|.F i C

00—V, + Vgdg =0 &}

2 05
- VA[TT(EET) ] + VE[W(EH) ] =0
Ve = 16V, 3)

65



Substitute Eq. (1) into (2)
391.8 = 0.9689(V 7 - V.2)
Vil = V.72 = 40436 )
Solving Eqgs.(3) and (4),
Vi=125931t/s Vy=20141t/s

Then the flow rate is given by
2 2
Q=V,A, = (1259 flf’s)[fr(aft) ] = 0.1099 f'/s = 0.110ft’/s  Ans.

The total energy head is

S T 7281 1b/f2 (12593 ft/s)?
pobe VO, TBIb/R (12598

+ze= +
Y 28 ¢ Gaaljie | 2(R2fys)

= 1169 ft.

The velocity heads at A (or €) and B are

VA (12593 it /s)?
S = 5 = 00246 ft
2 2(3221t)s%)
Vit (2014 1t/s)?

2% 2(R2ft)s?) Ao

The energy and hydraulic grade lines with reference to the datum set through A, B,
and C are plotted as shown in Fig. ¢
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4-16.

Water is drawn into the pump, such that the pressure
at the inlet A is —6 Ib/in’ and the pressure at B is 20 Ib /in%.
If the discharge at B is 4 ft* /s determine the power output
of the pump. Neglect friction losses. The pipe has a constant
diameter of 4 in. Take & = 5 ft and p,, = 1.94 slug/ft’.

SOLUTION

Energy Equation. Take the water from A to B to be the control volume. Since the
pipe has a constant diameter, V, = Vi = V. If we set the datum through A,z, = 0

and z; = 5 ft. With h, = 0,
VZ
Pa 24 4 o+ h
Y 2

_63(12 in.)Z
in* \ ft

1.94———
ft*

h

slug ( ft

pump = 64.93

+—+0+ =
2g 0+ Ppump slug ft
194 2( 32

ft s

VZ
P "By et hyw +
Y 2

Ib /12 in.)?
V2 20?( ft )

pump =

VZ
+ —+5ft+h+0+0
2g

Ws = qump 'yhpump
= (4 t3/s)(1.94 slug/ft*)(32.2 ft/s?) (64.93 ft)

= 29.5hp

16225.36 ft.1b /s

Lhp
550 ft.lb/s
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4-17.

Draw the energy and hydraulic grade lines for the
pipe ACB in Prob. 5-89 using a datum at A.

SOLUTION

Discharge. Since the pipe has a constant diameter, the water velocity in the pipe is
constant throughout the pipe as required by the continuity condition.

2
0=VA: 4ftfs=V n(f—zﬂ)

V = 4584t s

Energy Equation. Take the water from A to B to be the control volume. With
reference to the datum through A,z = O and zg = 5ft. With by = 0,

2 2
Pa Vi e Vs
—_— — +h = — — +h +h
y 23 IA pump y 23 IB turb L

WLAEL A 212 )(L2in.Y
B (1.QEs|nI;23()[;zﬂz f):fs?) ’ g_; Ot = 1.9Es|.:gf29()(13;[2)ﬂ;§}

12
+—+5ft+0+0
g

Py = 64.93 1
EGL and HGL. Since no losses occur, the total head before the pump is
Ve

Pa
H=—+ —+
y 2 A

Ib Y/ 12in.}?
(_'EF)(W) , (B81ysy
[1.‘-}4slug,|’f13)[32.2 ﬂ,fsz} 2[322 f[,fsz}

+0=1880ft = 18.811

After the pump, a head of 64.93 ft s added to the water and becomes

H=18801t + 64931t = 8371t
The velocity head has a constant value of

Vo ssafs?
% 2An2fys)

The HGL is always 32.6 ft below and parallel to the EGL. Both are plotted as
shown in Fig. a

326ft
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188 ft EGL
= Datum
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4-18.

Crude oil is pumped from a test separator at A to
the stock tank using a pipe that has a diameter of 4 in. If the
total pipe length is 180 ft, and the volumetric flow at A is
400 gal /min, determine the horsepower supplied by the
pump. The pressure at A is 4 psi, and the stock tank is open
to the atmosphere. The frictional head loss in the pipe
is 0.25 in./ft, the head loss at the pipe discharge into the
tank is 1.0(V?/2g), and for each of the four elbows it is
0.9(V?/2g), and V is the velocity of the flow in the pipe.
Take vy, = 55 Ib/ft’. Note that 1 ft* = 7.48 gal.

SOLUTION
The discharge is

gal 11t 1 min X
= | 400 5= = 0.8913 f¢®
Q min || 748 gal ]| 60s /s

Thus,

2
0 = VA 0.8913 ft’/s = V w(%ﬂ)

V =10211t/s
Energy Equation.
Take the water from A to B as the control volume. Then

2 2
Pa Vi Pr Vg
Z + _2g + <A + hpump = z + —23 + ip + hlurb + h_{_

Ib\/12in.\?
=(4— = 576 Ib/ft?
Pa ( inz)( 1ft ) /

The frictional head loss is

(h)r = [W}(wﬂ ft) = 3.75 ft

There are four elbows between points A and B. Thus, the head losses due to the
elbows and the discharge into the tank is

2 V2 (1021 f/s) | | | (1021 ft/s)°

hy)y=4]09—]+ 10[ =—— | = 4{ (0.9 :
(o) 2g 2g ( )2(32.2ft/52) 2(32.2ft/s%)

= T451 ft
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With reference to the datum set through point A, z, = 0. On the outflow side, the
pressure and elevation heads together add up to 30 ft, relative to the datum through
point A. Substituting these results into the energy equation,

576 Ib/f>  (10.21 ft/s)? (1021 ft/s)?
5 A0+ By = 5 + 306t + 0 + (375 ft + 7451 ft)
5501b/i  2(32.2ft/s?) 2(322 ft/s?)
Ppump = 30.73 ft

The required output power can be determined from

Ws = QYeohpump = (0.8913 ft* /s)(55.0 Ib/ 1) (30.73 ft)
= (150627 ft1b ( Lhp )
= (150627 1 I5/9){ S35 1o /s

= 2.74 hp Ans.
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Chapter5 Dimensional Analysis and Similarity

5-1.

During World War 11, Sir Geoffrey Taylor, a British fluid dynamicist, used dimensional
analysis to estimate the wave speed of an atomic bomb explosion. He assumed that the blast
wave radius R was a function of energy released E, air density p, and time 7. Use dimensional
analysis to show how wave radius must vary with time.

SOLUTION

The proposed function 1s R = fiE, p, t). There are four variables (n = 4) and three
primary dimensions (MLT, or j = 3), thus we expect n-j=4-3 =1 pi group. List the dimensions:

(R} = {L} ; {E} = (ML2/T2} 5 {p} = (ML} ; {1} = (T}

whence a+b=0; 1424=-3b=0; =2a+c=0; Solve a=—l;b=+l;c 2

5 5 5
Assume arbitrary exponents and make the group dimensionless:

The single pi group 1s
R o’ _
II, = # = constant, thus R, & 3 Ans.
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5-2.

In forced convection, the heat transfer coefficient / 1s a function of thermal
conductivity &, density p, viscosity u, specific heat ¢,, body length L, and velocity V.
Heat transfer coefficient has units of Wf(mz—K} and dimensions {MT’39'1}_ Rewrite this
relation in dimensionless form, using (4, p, ¢p, L) as repeating variables.

SOLUTION

From Table 5.1, plus the given definition of 4, list the dimensions:

h k p u ¢, L V

(Mre7"y (mere Tty my mc'rly (et Ly )

Four dimensions, 3 pi groups expected.

Add one variable successively to our repeating variables (&, p, ¢, L):

. . hl
m, = k“p"c; 1% h yields m o= ==
b . uc
I, = k%p’ ¢} ! yields I, = kp
Le. V
The final desired dimensionless function is
hilL uc, er:pV
— = ch Ans.
- (=L B

In words, the Nusselt number is a function of Prandtl number and Peclet number.
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Flow in a pipe is often measured with an

orifice plate, as in Fig. The volume flow Q is U-—D/

a function of the pressure drop 4p across the plate, —> —>

the fluid density p, the pipe diameter D, and the nﬁ

orifice diameter d. Rewrite this functional

relationship in dimensionless form.

SOLUTION

Write out the dimensions of the variables:

Q Ap P D d
/Ty {M/LT?y, {M/L),  {L} (L}

There are five variables (n = 5) and three dimensions (MLT), so we expect 5-3 = 2 Pi groups.
This can almost be done by inspection, although using (4p, p,D) as repeating variables will also
work fine. Only two, Q and Ap, contain time {7}, so we must divide Q/4p 2 with dimensions
{L"/M"} , to eliminate 7. Then, to eliminate {M"?}, we multiply by p'"~, giving pO/4p"?, with
dimensions {Lz}_ We finish by dividing by D’. That is IT;, and IL, is simply d/D. The final

dimensionless function 1s

PO _ Jen( %} Ans.

D*\ap
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5-4.

Under laminar conditions, the volume flow Q through a small triangular-section pore of side
length b and length L 1s a function of viscosity u, pressure drop per unit length Ap/L, and b. Using
the pi theorem, rewrite this relation in dimensionless form. How does the volume flow change 1f the
pore size b is doubled?

SOLUTION

Establish the variables and their dimensions:

Q =fen(Ap/L , wu , b))
a3 o th oMLT (L

Then n=4 and;j = 3, hence we expectn - ) =4 — 3 =1 Pi group, found as follows:

I, = (Ap/L)" (1)° (b)°Q" = { ML’ T* }{ MLT}* {L}*{L*/T} =M°LIT*

M:a+b=0; L:-2a-b+c+3=0; T--2a-b-1=0,

solve a=-1.b=+l,c=-4

Qu

= m = constant Ans.
P

I,

Clearly, 1f b 1s doubled, the flow rate Q increases by a factor of 2! = 16. Ans.
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5-5.

A pendulum has an oscillation period 7 which is assumed to depend upon its length L, bob
mass m, angle of swing 6, and the acceleration of gravity. A pendulum 1 m long, with a bob mass of
200 g, is tested on earth and found to have a period of 2.04 s when swinging at 20°. (a) What is its
period when it swings at 45°7 A simjlarly constructed pendulum, with L = 30 cm and m = 100 g,
is to swing on the moon (g = 1.62 m/s”) at 8 = 20°. (b) What will be its period?

SOLUTION

First establish the variables and their dimensions so that we can do the
numbers:

T=fen( L, m,6, g ,8)

mow
Then n =5 andj = 3, hence we expectn — j =5 — 3 =2 Pi groups. They are unique:
TJ% =fen(f) (mass drops out for dimensional reasons)

(a) If we change the angle to 45°, this changes I12, hence we lose dynamic similarity and do_not
know the new period. More testing is required. Ans. (a)
(b) If we swing the pendulum on the moon at the same 20°, we may use similarity:

2412 2 12
— 04 5)| 28I ) g3, [ LO2MS)

1/2

i

O m

or: T,=275s Ans.(b)
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5-6.

When fluid in a long pipe starts up from rest at a uniform acceleration «, the initial flow
1s laminar. The flow undergoes transition to turbulence at a time /* which depends, to first

approximation, only upon a, p, and u. Experiments by P. J. Lefebvre, on water at 20°C starting
from rest with 1-g acceleration in a 3-cm-diameter pipe, showed transition at /* = 1.02 s. Use

this data to estimate (a) the’transition time, and (&) the transition Reynolds number Rep for water
flow accelerating at 35 m/s™ in a 5-cm-diameter pipe.

SOLUTION
For water at 20°C, take p =998 kg,ﬂ’m3 and m =0.001 kg/m-s. There are four
variables. Write out their dimensions:

¥ a P u

i (Lr2 MLy MLTY
There are three primary dimensions, (MLT), hence we expect 4 — 3 = one pi group:
2
M, = p”ubat¥ yields T = r*(22)1 | or 1% = (const) (—15)'"2
u pa
Use LeFebvre’s data point to establish the constant value of T1;:

0.00lkg/m—-s

t* = 1.02 = (const)[ 3 72
(998kg / m” )(9.81m/ s )~

173 = (const)(0.00218)

Thus the constant, or I1;, equals 1.02/0.00218 = 467 (dimensionless). Use this value
to establish the new transition time for @ = 35 m/s” in a 5-cm-diameter pipe:

= (467 () = a5 2 g4 Ans.(a)
pa 998(35)
*
Re, = pYD _ p(aT*)D _ 998[35(0.44))(0.05) _ 68.000  Ans(b)
u u (0.001)

This transition Reynolds number 1s more than 300 times the value for which steady
laminar pipe flow undergoes transition. The reason is that this is a thin-boundary-layer
flow, and the laminar velocity profile never even approaches the Poiseuille parabola.
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Chapter 6 ¢ Viscous Flow in Ducts

6-1.

The Keystone Pipeline in the chapter opener photo has a maximum proposed flow
rate of 1.3 million barrels of crude oil per day. Estimate the Reynolds number and

whether the flow is laminar. Assume that Keystone crude oil fits Fig. A.l1 of the
Appendix at 40°C.

SOLUTION

From Fig. A.l1 of the Appendix, for crude oil at 40°C, ¢ = (8G)0, ... =
0.86(1000) = 860 kg/m’, and u ~ 00054 kg/m's. (a) Convert 1,300,000 barrels per day to

239 m'/s (Appendix C) and a diameter of 36 in equals 0.914 m. Then the Reynolds
number is

_pyvd 4pQ 4(860kg / n’ M(2.39m" | 5)
H mud  m(0.0054kg [ m-s)(0.914m)

Re

o

= 530,000

The flow is definitely furbulent. Ans.
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6-2.

SAE 10W30 oil at 20°C flows from a tank into a 2 cm-diameter tube 40 cm long.
The flow rate is 1.1 m'/hr. Is the entrance length region a significant part of this tube
flow?

SOLUTION

From Table A 4, for SAE 10W30 oil, read 0 = 876 kg/m” and u = 0.17 kg/m-s.
The flow rate is (1.1 m*/hr /(3600 s/hr) =0.0003056 m'/s, and the average velocity is V
= 4Q/(md”) =0.973 m/s. The Reynolds number and entrance length are thus

pVd _ (876)(0.973)(0.02)
u 0.17
FromEq.(6.5), L, =~ (0.06Re,)d = (0.06)(100)(2cm) = 12 cm

Red = =100 (fﬂmmw')

This is 30% of the total tube length, so it is indeed significant, and entrance loss should
be included.
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6-3.

Professor Gordon Holloway and his students at the University of New Brunswick
went to a fast-food emporium and tried to drink chocolate shakes (p = 1200 kg/m?,
u = 6 kg/mrs) through fat straws 8 mm in diameter and 30 cm long. (a) Verify that their
human lungs, which can develop approximately 3000 Pa of vacuum pressure, would be
unable to drink the milkshake through the vertical straw. (b) A student cut 15 ¢cm from his
straw and proceeded to drink happily. What rate of milkshake flow was produced by this
strategy?

SOLUTION

(a) Assume the straw is barely inserted into the milkshake. Then the energy
equation predicts

2 2
ﬁ=i+;l =&=V_2+Zz+hf
pg 2g pg  2g :
-3 2
=0+0+0 (3000 Pa) + Vibe +03m+h,

- (1200 kg/m’)(9.81 m/s*)  2g
Vzl
Solve for kf =0255m-03m- 2’—“*’“ <0 whichisimpossible Ans(a)
g
(b) By cutting off 15 cm of vertical length and assuming laminar flow, we obtain a new
energy equation

h; =0.255-0.15 Y M —0.105 m——V = 32(6.0)(0.15)V - =38.23V
- 2¢  ped 2(9.81)  (1200)(9.81)(0.008)
Solve for V =0.00275 mfs, Q= AV = (7/4)(0.008)*(0.00275)
3 3

0=14E7" 014 ™ Ans.(b)
A bl

Check the Reynolds number: Red = pVad/u = (1200)(0.00275)(0.008)/(6) = 0.0044 (Laminar).
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6-4.

An oil (SG = 09) issues from the pipe in Fig. at Q = 35 ft’/h. What is the
kinematic viscosity of the oil in ft*/s? Is the flow laminar?

SOLUTION
Apply steady-flow energy:
2 2
V;
Pﬂi*.__'.z] =pai+_~+zz +h1‘-
pg 28 pg 2

where V, =g=ﬂng113 E
A m(0.25/12) S
2 2
Solve h;=z -z, Y. 10- (713 _ 9211t
2g 2(32.2)

Assuming laminar pipe flow, use Eq. (6.12) to relate head loss to viscosity:

2
h, =921 fi = 120VLQ _ 12BOGI3600) =\ K 3 76p_4 U 4

mgdt  w(32.2)(0.512) 0 s
Check Re = 4Q/(7rvd) = 4(35/3600)/[7(3.76E-4)(0.5/12)] = 790 (OK, laminar)
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6-5.
Two tanks of water at 20°C are connected by a capillary tube 4 mm in diameter and
35 m long. The surface of tank 1 is 30 cm higher than the surface of tank 2.

(a) Estimate the flow rate in m3/h. Is the flow laminar? (b) For what tube diameter will
Rey be 5007

SOLUTION

For water, take p = 998 kg/m> and u = 0.001 kg/m-s. (a) Both tank surfaces
are at atmospheric pressure and have negligible velocity. The energy equation, when
neglecting minor losses, reduces to:

128uLQ  128(0.001 kg/m:s)(3.5 m)Q
apgd' (998 kg/m®)(9.81 m/s*)(0.004 m)*

3 3

Solve for Q =5.3E-6 2 =0.019 '“T Ans. (a)
&

Az=03m=h; =

Check Re, =4p0/(mud) = 4(998)(5.3E~6)/[7(0.001)(0.004)]
Rey = 1675 laminar. Ans.(a)
(b) If Red = 500 = 4pQ/(mud) and Az = hf, we can solve for both Q and d:

3
Re, = 500 = BOB kem IO 5 2 0.000394d
m(0.001 kgim-s)d

_ 128(0.001 kg/mrs)(3.5 m)Q
(998 ke/m’ ) 9.81 mis™)d*
Combine these two to solve for O=105 E6 nm/s and d=267 mm Ans(b)

h, =03 m 0 =20600d"
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6-6.

SAE 30 oil at 20°C flows in the Py = 180 kPa
3- cm-diameter pipe in Fig. ., which
slopes at 37°. For the pressure measure-
ments shown, determine (a) whether the
flow is up or down and (b) the flow rate
in m/h.

SOLUTION

For SAE 30 oil, take p = 891
kg/m® and u = 0.29 kg/m-s. Evaluate the
hydraulic grade lines:

180000 500000

HGLy =28 47, = =20 4 152356m; HGL, =m+0 -572m

pg © 891(9.81)
Since HGL, = HGL the flowisup Ans.(a)

The head loss is the difference between hydraulic grade levels:

hy=572-356=216ma= ot 1280-2D)ENQ
aped®  2(891)(9.81)(0.03)

Solve for Q=0.000518 m*/s=1.86 m*/h Ans. (b)

Finally, check Re =4pQ/(mud)= 68 (OK, laminar flow).
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6-7.
Water at 20°C is pumped from a reservoir through a vertical tube 10 ft long and

1/16" inch in diameter. The pump provides a pressure rise of 11 Ibf/in” to the flow.
Neglect entrance losses. (@) Calculate the exit velocity. (b) Approximately how high

will the exit water jet rise? (c) Verify that the flow is laminar.

SOLUTION
For water at 20°C, Table A.3, p= 998 kg/m’ = 1.94 slug/ft’, and u=0.001

kg/m-s = 2.09E-5 slug/ft-s. The energy equation, with | at the bottom and 2 at the top of

the tube, 1s:
p W 11(144) p, Vi Vi 32uLV,
Pl B Z{ w———— g (i Qm g S8 Z+ by =0+ +10+——=
pg 2g 1.94(32.2) pg 2g ' 2g pgDh”
2 2
it 32(0.0000209)(10)V o154 F s Vxie +3.94 1,
64.4 :

or: 254 = + =}
2(32.2) (1.94)(32.2)(0.00521)~

(a, ¢) The velocity head is very small (<1 ft), so the dominant term is 3.94 V... One can

easily iterate, or simply use Excel to find the result:

o = ALY dusild) 2 Repe 200 UDHOSNO5D _ 1oy jominar diie)
s u 0.0000209

exit

(b) Assuming frictionless flow outside the tube, the jet would rise due to the velocity

head:

2 2
Hyew = Vo, GPATL S, = 0.229 ft= 2.75 inches Ans( b
2g 232211 %)
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6-8.

A reservoir supplies water through
;=35m

100 m of 30-cm-diameter cast iron pipe to a
water

turbine that extracts 80 hp from the flow. at 20°C

=5m
The water then exhausts to the atmosphere. -« _

Neglect minor losses. (a) Assuming that
f =0.019, find the flow rate (there is a cubic
polynomial). Explain why there are two solutions.

(b) For extra credit, solve for the flow rate using the actual friction factors.

SOLUTION

For water at 20°C, take p = 998 kg/m” and u = 0001 kg/m-s. The energy

equation yields a relation between elevation, friction, and turbine power:

v vy
/%/—b+z]=%‘+i+zz+ Py + hy
g 2g 2g '

2

Power LV T
zy =23 =35-5m = 30m = hy,y, + hy = + (]+jB)Z, Q=ID Vs
: Vs
0m = {80hp)§?45 TW / hp) : N [l+(0_019)100m] 3 . ]
(9790N /m” W / 4)(0.3m)~V, 03m 2(9.81m/s")

Clean this up into a cubic polynomial:

30=%+ 0373V2 ., or: V' - 803V + 231 = 0

Three roots: V = 334mis ; 68Im/s ; -=10.13m/s
The third (negative) root is meaningless. The other two are correct. Either

Q = 0481m%s . h,, = 127m . h=173m

Q 0236 m’/s . My = 258m .

42 m Ans.(a)
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Both solutions are valid. The higher flow rate wastes a lot of water and creates 17 meters of
friction loss. The lower rate uses 51% less water and has proportionately much less friction.

LT

(b) The actual friction factors are very close to the problem’s “Guess”. Thus we obtain
Re =2.04E6,f=00191; Q = 0479m%s , h =127m , h=173m

turbine

Re = 101E6.f=00193: Q = 0237m’s . h,, = 257m , h = 43m
Ans.(b)

The same remarks apply: The lower flow rate is better, less friction, less water used.
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6-9.

What level & must be maintained in Fig.

to deliver a flow rate of 0.015 ft*/s
through the %-in commercial-steel pipe?
R A [
L=80ft
D=3in
SOLUTION

For water at 20°C, take p = 1.94 slug/ft’ and u = 2.09E-5 slug/ft-s. For
commercial steel, take £ = 0.00015 ft, or &/d = 0.00015/(0.5/12) = 0.0036. Compute

voQ__oo1s
A (a/4)(0.5/12) s

Re = Y4 LIMULONOID) _ 15500 £/ =0.0036, fyyqngy =0.0301
P 2.09E-5 '

The energy equation, with p; = p2 and V1 =0, yields an expression for surface elevation:

2 2 2
h=hf+v—=v—(l+fL)=(“'0) 1+0.030|[ﬂ] ~111ft Ans.
22 2e\ Ta) Tam20) 0.5/12
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6-10.

In Fig. there are 125 ft of 2-in BE - A8 T
pipe, 75 ft of 6-in pipe, and 150 ft of 3-in =

pipe, all cast iron. There are three 90° i
elbows and an open globe valve, all
flanged. If the exit elevation is zero, what
horsepower is extracted by the turbine
when the flow rate is 0.16 ft*/s of water at

20°C? Gin 3in

2in

Open

Turbine globe

SOLUTION

For water at 20°C, take p = 1.94 s.lugfft3 and u = 2.09E-5 slug/ft-s. For cast
iron, £ =0.00085 ft. The 2", 6", and 3" pipes have, respectively,

(a) L/d =750, &d=00051; (b) Lid=150,¢/d=0.0017;
(c) L/d =600, ed =0.0034

The flow rate is known, so each velocity, Reynolds number, and f can be calculated:

— a

T a2n2a T s 2.09E-5

016 933 It e, JIHTINAD 13500 200314

Also, V, =0.82 ft/s, Re, = 37800, f. = 0.0266; V, = 3.26, Re, = 75600, f. ~0.0287

Finally, the minor loss coefficients may be tabulated:
sharp 2" entrance: K = 0.5; three 2" 90° elbows: K = 3(0.95)

2" sudden expansion: K =0.79; 3" open globe valve: K= 6.3

The turbine head equals the elevation difference minus losses and the exit velocity head:

ht =‘é‘z_2hf_zhm _fo(zg)

(7.33)
2(32.2)

=100 - [0.0314(750) + 0.5 + 3(0.95) + 0.79]

2 2
_ 082 4 0266)(150) - 329

[0.0287(600)+ 6.3 + 1]~ 72.8 ft
2(32.2) 2(32.2)

The resulting turbine power = pgQhy = (62.4)(0.16)(72.8) + 550 = 1.32 hp. Ans.
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6-11.

- InFig. all pipes are 8-cm-diameter cast iron. Determine the flow rate
reservoir (1) if valve C is (a) closed; and (b) open, with Kvalve = 0.5.

(Dz=25m

@) z=0m
Water 10’
m
at 20°C i 5 S
L=100m >/
| A & 0m
L=70m .
Valve UELal o

SOLUTION

For water at 20°C, take p = 998 ke/m® and u = 0.001 kg/m-s. For cast iron, £ =
026 mm, hence &d = 0.26/80 = 0.00325 for all three pipes. Note p1 = p2, Vi = V2 = 0.
These are long pipes, but we might wish to account for minor losses anyway:

sharp entrance at A: K1 =0.5; line junction from A to B: K2 = 0.9 (Table 6.5)

branch junction from A to C: K3 =1.3; two submerged exits: Kg = Kc= 1.0

If valve C is closed, we have a straight series path through A and B, with the same flow
rate Q, velocity V, and friction factor fin each. The energy equation yields

Zy - zy=hg +3h  +hy+3h g

2
v f&+0.5+0‘9+f£+1.0

or; 25m=
2(9.81) | 0.08 0.08

, where f= fcn[ Re,?]

Guess f = f fuly rugn = 0.027, then V = 3.04 m/s, Re = 998(3.04)(0.08)/(0.001) = 243000,
eld = 0.00325, then f = 0.0273 (converged). Then the velocity through A and B is V =
3.03 m/s, and Q = (7/4)(0.08)*(3.03) = 0.0152 m’/s. Ans. (a).

If valve C is open, we have parallel flow through B and C, with Qa = QB + Qc and, with
d constant, Va = VB + Vc. The total head loss is the same for paths A-B and A-C:

z,-zy=hp +3h p+hg+3h g=hy+3h  c+hee+Xh o
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2 2
__Va fy 100 +05+09+ Vi f31+l.0
2(9.81) 0.08 2(9.81)] " 0.08

2

Ve
+0.5+1.3|+——
2(9.81)

Vi 100
= fA
2(9.81)| * 0.08

£ 10
0.08

plus the additional relation Va = VB + V¢. Guess f = ffully rough = 0.027 for all three pipes
and begin. The initial numbers work out to

2g(25) = 490.5 = V5 (1250f, +1.4)+ V5 (625f, +1) = V; (1250f, +1.8)+ V(875 +1)
If f=0.027, solve (laboriously) V, =3.48 m/s, Vi =1.91 m/s, V- = 1.57 m/s.

Compute Re, =278000, f, ~0.0272, Reg =153000, f, =0.0276,
Re. = 125000, f. =0.0278

Repeat once for convergence: Va = 3.46 m/s, Vg = 1.90 m/s, V¢ = 1.56 m/s. The flow
rate from reservoir (1) 1s Qu = (ﬂf4)(0.08)2(3.46) =0.0174 m?/s. (14% more) Ans. (b)
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6-12.

The 1-m-diameter tank in Fig. is initially filled with gasoline at 20°C. There
is a 2-cm-diameter orifice in the bottom. If the orifice is suddenly opened, estimate the
time for the fluid level A(t) to drop from 2.0 to 1.6 meters.

AV R =2m

=

~—lm—= k)

Qi

SOLUTION

For gasoline at 20°C,, take p = 680 kg/m® and u = 2.92E-4 kg/m-s. The

h(0)=2m

orifice simulates “comer taps™ with =0, so, from Eq. (6.112), Cg = 0.596. From the energ)
equation, the pressure drop across the orifice is Ap = pgh(t), or

Q=C,A, % ” 0.596(%) (0.02)>2(9.81)h ~0.000829h

dh

dn > dh
tank dt

dt

Set the Q’s equal, separate the variables, and integrate to find the draining time:

Yinal 2{\/5_\/%}

16 dh
- f — = 0.001056 f dt, or ty.,=
J Vn J 0.001056

d T
But also Q=-d—[(vmnk)=—A =—Z(l.0 m)

=283 s=4.7min Ans.
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6-13.
40 x 40 cm square duct

Air at 20°C and 1 atm enters a 40-cm- Boundary layers

square duct as in Fig., Using the ey
“displacement thickness” concept * estimate 2mis

(a) the mean velocity and (b) the mean pressure =

in the core of the flow at the position x = 3 m. ——

(c) What is the average gradient, in Pa/m, !_ - |

in this section?

SOLUTION
For air at 20°C, take p = 1.2 kgfrn3 and u = 1.8E-5 kg/m-s. Using laminar
boundary-layer theory, compute the displacement thickness at x = 3 m:

pPUX _122)3) _ 0 (laminar), % - L721x _17213) o ooen

Re =f—-———"— =
*uw  18E-5 Re!?  (4E5)"

2 2

- [ L \ ( 0.4 ]
Then, by continuity, V., =V|——2—| =20)|———
y Yo Ve =V 55r) “CONGa 00162

~2175 ™ Ans. )
S

The pressure change in the (frictionless) core flow is estimated from Bernoulli’s equation

Pexit +§V3m =po +EV2, or p +%(2.]7-’5)2 =1 atm + %(2.{])2

Solve for p‘x_5m= 1 atm —0.44 Pa = -0.44Pa (gage) Ans. (b)
The average pressure gradient is Ap/x = (-0.44 Pa/3.0 m) = —0.15 Pa/m Ans. (c)
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6-14.

A flat plate of length L and height o is placed at a wall and is parallel to
an approaching boundary layer, as in Fig. . Assume that the flow over the plate is fully
turbulent and that the approaching flow is a one-seventh-power law

17

y
u(y) = Uo(g)

Using strip theory, derive a formula for the drag coefficient of this plate. Compare this
result with the drag of the same plate immersed in a uniform stream U,.

SOLUTION

For a ‘strip’ of plate dy high and L long, subjected to flow u(y), the force
is
0.031

combine into dF and integrate:
(pul/u)

dF =CD§U2(L dy )2 sides), where Cj, = R

g 137
dF=0031pv"1u"*"dy, or F=0.031pv"'LY" f [UD (yf&)w] dy
0

The resultis F = 0.031(49/62)pv" 'L U,""5  Ans.

This drag is (49/62), or 79%, of the force on the same plate immersed in a uniform
stream.
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6-15.

A coastal power plant takes in cooling water through a vertical perforated
manifold, as in Fig. . The total volume flow intake is 110 m?¥s. Currents of 25 cm/s
flow past the manifold, as shown. Estimate (a) how far downstream and (b) how far

normal to the paper the effects of the intake are felt in the ambient 8-m-deep
waters.

v Manifold

—| f—

Water
25 em/s 8m

O & @0 B

4

1 110 m¥s

SOLUTION

The sink strength m leads to the desired dimensions. The distance

downstream from the sink is a@ and the distance normal to the paper is pa (see Fig.
8.6):

3 2

- 0 =ll()m ”:2_19”1
2t b 2a(8m) 5

a="" 2.19m" /s =8.75m Ans.(a)
U, 025m/s

Width =m a=m(8.75m) =27.5m on each side Ans.(b)
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