Newton's Laws and Conservation of
Momentum
Sample Questions and Answers
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EXAMPLE 6-22
A 90° elbow is used to direct water flow at a rate of 25
kg/s in a horizontal pipe upward. The diameter of the
entire elbow is 10 cm. The elbow discharges water
into the atmosphere, and thus the pressure at the exit
is the local atmospheric pressure. The elevation aeoer
difference between the centers of the exit and the inlet  ~ %,
of the elbow is 35 cm. The weight of the elbow and
the water in it is considered to be weightless.

Assumptions 1 The flow is steady, frictionless, incompressible, and irrotational
(so that the Bernoulli equation is applicable). 2 The weight of the elbow and the
water in it is negligible. 3 The water is discharged to the atmosphere, and thus the
gage pressure at the outlet is zero. 4 The momentum-flux correction factor for
each inlet and outlet is given to be 8 = 1.03.
Properties We take the density of water to be 71000 kg/m?.
m, = m, =m 30kg/s
m = pAV, the mean inlet and outlet velocities of water are

! 7l 25 kgls

h=r=V= = SN = ——=3.18m/s
pd  p(xD-/4) (1000 kg/m”)[7(0.1m)~ /4]
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Noting that V, = V, and P, = P_,,,, the Bernoulli equation for a streamline going
through the center of the reducing elbow is expressed as

7 7

PV B Vs -
;{‘Fi‘l‘: :j+i+:j — H_Pj:ﬂg{:j_—_l.}_} ﬂ_gage:ﬂg(—_z_:l}
Substituting,

| | “ 1kN o,
B gage = (1000 kg/m}(9.81m/s°)(0.35 m) _ | =3.434kN/m” = 3.434 kPa
- 1 1000 kg - m/s™ |
(b) The momentum equation for steady one-dimensional flow

> F = ZoutﬁrhV — Yin ﬁmV . We let the x- and z- components of the anchoring
force of the elbow be Fg, and Fg,, and assume them to be in the positive
directions. We also use gage pressures to avoid dealing with the atmospheric
pressure which acts on all surfaces. Then the momentum equations along the x
and y axes become

Fao + Py yuec 4y = 0— Biit(+V,) = — pinV’
Fp. = Bil(+V,) = pinV’

Solving for Fg, and Fg,, and substituting the given values,
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Water
25 kg/s |
1
FR‘C — —ﬁfﬂ‘.’ If _Pl gﬂgﬂ'zil
,. 1IN L o
=—1.03(25 kg/s)(3.18 m/s) — (= (3434 N/m " )[7x(0.1m) "~ / 4]
. 1kg-m/s™
=—109 N
Fp, = pmV =1.03(25kg/s)(3.18 m/s) — |=819N
‘ L 1kg-m/s” )
[ -2 2 / 2 2 4 Py 1 81.9 -0 o
and Fp = 1."FR;1- +Fg, =4(-109)" +81.9° =136N. f=tan” —=tan” ———=-37"°=143
‘ Fr. —109

Discussion Note that the magnitude of the anchoring force is 136 N, and its line
of action makes 143° from the positive x direction. Also, a negative value for Fg,
indicates the assumed direction is wrong, and should be reversed.
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EXAMPLE 6-23 @g

Repeat Prob. 6-22 for the case of another (identical) .
elbow being attached to the existing elbow so that the ‘[
X

fluid makes a U-turn.

Water
25 kg/

®
Assumptions 1 The flow is steady, frictionless, one-dimensional, incompressible,
and irrotational (so that the Bernoulli equation is applicable). 2 The weight of the
elbow and the water in it is negligible. 3 The water is discharged to the
atmosphere, and thus the gage pressure at the outlet is zero. 4 The momentum-

flux correction factor for each inlet and outlet is given to be g = 1.03.
Properties We take the density of water to be 1000 kg/m3.

Tt 1il 25kg/s

Nn=r=r= N 2 4y 3 7,
pd  p(xD-/4) (1000 kg/m”)[7(0.1m)~ /4]

Noting that V, = V, and P, = P_,,,, the Bernoulli equation for a streamline going
through the center of the reducing elbow is expressed as

=3.18m/s
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B V2 P,V . ‘
;+ ,_,1‘: +4 :;§+i+_—z — B-P=pg(z,—7)—> B gage = P2(23—71)
Substituting,

. | 1kN .
B gaee = (1000 kg/m’)(9.81 m/s)(0.70 m) - |=6.867kN/m” = 6.867 kPa
o 1000 kg - m/s” |

(b) The momentum equation for steady one-dimensional flow is

YF = ZoutﬁmV — Yin pmV . We let the x- and z- components of the anchoring
force of the elbow be Fg, and Fg,, and assume them to be in the positive
directions. We also use gage pressures to avoid dealing with the atmospheric
pressure which acts on all surfaces. Then the momentum equations along the x
and z axes become

Fao + Py g Ay = iit(—V,) — Prin(+V,) = =2 finV
Fr. =0

Solving for Fr, and substituting the given values,
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Water
25 kg/

©
Fpe =20V =P, 51004,

_IN | (6867 N/m?)[7(0.1m)? / 4]
1 kg -m/s’

=—-2x1.03(25 kg/s)(3.18 m/s)

%,

=-218N

and Fr = Fr, = - 218 N since the y-component of the anchoring force is zero.
Therefore, the anchoring force has a magnitude of 218 N and it acts in the
negative x direction.

Discussion Note that a negative value for F, indicates the assumed direction is
wrong, and should be reversed.
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EXAMPLE 6-24
A reducing elbow is used to deflect water flow at a rate of 30 kg/s in a horizontal
pipe upward by an angle 6 = 45° from the flow direction while accelerating it. The
elbow discharges water into the atmosphere. The cross-sectional area of the
elbow is 150 cm? at the inlet and 25 cm? at the exit. The elevation difference
between the centers of the exit and the inlet is 40 cm. The mass of the elbow and

the water in it is 50 kg. Determine the anchoring force needed to hold the elbow in
place. Take the momentum-flux correction factor to be 1.03.

25 cm?

A
45°

4
|

150 cm?

Water —E/

Assumptions 1 The flow is steady, frictionless, one-dimensional, incompressible, and
irrotational (so that the Bernoulli equation is applicable). 2 The weight of the elbow and the
water in it is considered. 3 The water is discharged to the atmosphere, and thus the gage
pressure at the outlet is zero. 4 The momentum-flux correction factor for each inlet and
outlet is given to be 8 = 1.03.

Properties We take the density of water to be 7000 kg/m?.

Analysis The weight of the elbow and the water in it is

40 cm
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W =mg =(50kg)(9.81 m/s”) =490.5 N =0.4905 kN

We take the elbow as the control volume, and designate the entrance by 1 and
the outlet by 2. We also designate the horizontal coordinate by x (with the
direction of flow as being the positive direction) and the vertical coordinate by z.
The continuity equation for this one-inlet one-outlet steady flow system is m, = m,
=m = 30 kg/s. Noting that m = pAV, the inlet and outlet velocities of water are

m 30 kg/s ,
v, = = — ———=2.0m/s
p4; (1000 kg/m~ )(0.0150m™)
j 30kg/s
V, = mo_ £ =12m/s

P4, (1000 kg/m?)(0.0025m?)

Taking the center of the inlet cross section as the reference level (z, = 0) and

noting that P, = P_,.., the Bernoulli equation for a streamline going through the
center of the reducing elbow is expressed as

B W p Vi o (m-n ) (-
; ¥+_ £E+EE+—2 — A-BK=pg e +—'=_—1J—> A gage = P8 e +—z‘
Substituting,
- B 1) 2 ;
B, yuge = (1000 kg/m® “}(98]1115) (12m/s)” — 2 mis) +04 " L |_~39mm 73 9 kPa

2(9.81m/s?) 1000 kg - m/s” |
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The momentum equation for steady one-dimensional flow is ¥ F = ¥, BV — Y. BinV. We

let the x- and z- components of the anchoring force of the elbow be Fg, and Fg,, and
assume them to be in the positive directions. We also use gage pressures to avoid dealing

with the atmospheric pressure which acts on all @
surfaces. Then the momentum equations along N\
the x and z axes become 23 em®

Fre + Py gage 4y = BV, cos @ — pmVy and Fp. —W = fmV, siné
Solving for Fg, and F,, and substituting the given 45°
FR‘{' = ﬁ]”(yz cos 9 _Ifl ] _‘Ipl.gﬂgﬂ'"‘{l

1kN
1000 kg -m/s? |

=1.03(30 kg/s)[(12c0s45°-2) 11L-"s]l

Water

—(73.9kN/m?*)(0.0150m?) 30 ke/s

=—0.908 kN

¢ %

1kN
— |+0.4905 kN = 0.753 kN
1000kg-m/s~

Fp. = mV, sin8+W =1.03(30 kg/s)(12s1n45° m/s)

— : - - Fg, 0.753
Fp=+Fa +Fz =4(-0.908)% +(0.753)> =1.18KkN. @ =tan”' —= =tan™ =-39.7°

& = Ve +Fre =o( )" +(0.753) Fo. e
Discussion Note that the magnitude of the anchoring force is 71.78 kN, and its line of action
makes —39.7° from +x direction. Negative value for Fg, indicates the assumed direction is
wrong.
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EXAMPLE 6-25
Repeat Prob. 6—-25 for the case of u 110°.

Properties \We take the density of water

to be 1000 kg/m?.

Analysis The weight of the elbow and

the water initis Water

150 m2

W =mg = (50kg)(9.81m/s?) = 490.5 N =0.4905 kN

We take the elbow as the control volume, and designate the entrance by 1 and
the outlet by 2. We also designate the horizontal coordinate by x (with the
direction of flow as being the positive direction) and the vertical coordinate by z.
The continuity equation for this one-inlet one-outlet steady flow system is m, = m,
= m = 30 kg/s. Noting that m = pAV, the inlet and outlet velocities of water are
mo 30 kg/s
o4, (1000 kg/m>)(0.0150m?)
V. — 1t _ 30kg/s

2 e4, (1000 kg/m>)(0.0025m?)

V= =2.0nvs

=12m/s
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Taking the center of the inlet cross section as the reference level (z, = 0) and
noting that P, = P_,.,, the Bernoulli equation for a streamline going through the
center of the reducing elbow is expressed as

A Vlz _ P 2 IrV”'E_VlE -Viz_Vlz

—t—+5 t——+I, > RA-P=p8 h——l'—_j_:l‘_} ‘Dl.gage:pg
pe  2g pe  2g . 2g _. |

fe) )

+2 |

e

£ o
&

, [ (12 m/s)? = (2 m/s)?
of. B ... = (1000 kg/m®)(9.81m/s?) (12 ovs)” — (2 ms)
o __ 2(9.81m/s”)

1 kN ,
£04 ‘l - [=73.9KN/m® =73.9 kPa
) 1000 kg - m/s” |

The momentum equation for steady one-dimensional flow is
YF = Zoutﬁml_f — Yin 5m17. We let the x- and y- components of the anchoring
force of the elbow be Fg, and Fr,, and assume them to be in the positive
directions. We also use gage pressures to avoid dealing with the atmospheric
pressure which acts on all surfaces. Then the momentum equations along the x
and z axes become

Fp +P

1. gage

Ay = pmV,cos@—pmV, and Fp —W = fiilV,siné

Solving for Fg, and Fg,, and substituting the given values,
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Fao =V, cos0-V)— P 00y
[ 1kN )
—(73.9KN/m*)(0.0150m?) = —1.297 kN

=1.03(30kg/s)[(12cos110°-2) m/s] =
L 1000kg-m/s~ |

/

AN 1104905 kN = 0.8389 kN

Fp.=pmV,sin8+W =1.03(30kg/s)(12s1n110° m/s)
L1000 kg -m/s”

Fr=yFa +Fa =4(-1.297)> +0.8389> =1.54 kN
and | Fa , 0.8389 110°

150 1112
F

Discussion Note that the magnitude of the anchoring force is 1.54 kN, and its line
of action makes —32.9° from +x direction. Negative value for F, indicates
assumed direction is wrong, and should be reversed.
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EXAMPLE 6-26
Water accelerated by a nozzle to 15 m/s strikes the vertical back surface of a cart
moving horizontally at a constant velocity of 5 m/s in the flow direction. The mass
flow rate of water is 25 kg/s. After the strike, the water stream splatters off in all
directions in the plane of the back surface. (a) Determine the force that needs to
be applied on the brakes of the cart to prevent it from accelerating. (b) If this force

were used to generate power instead of wasting it on the brakes, determine the
maximum amount of power that can be generated.

] 35 m/fs
|5 mfs
—-

i~
~Water jet

Assumptions 1 The flow is steady and incompressible. 2 The water splatters off the sides
of the plate in all directions in the plane of the back surface. 3 The water

jet is exposed to the atmosphere, and thus the pressure of the water jet and the splattered
water is the atmospheric pressure which is disregarded since it acts on all surfaces. 4
Fiction during motion is negligible. 5 There is no acceleration of the cart. 7 The motions of
the water jet and the cart are horizontal. 6 Jet flow is nearly uniform and thus the effect of
the momentum-flux correction factor is negligible, 8 = 1.
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Analysis We take the cart as the control volume, and the direction of flow as the positive
direction of x axis. The relative velocity between the cart and the jet is

V, =V —Veaq =15-10=10m/s S s
| . —>
15 m/s
Therefore, we can assume the cart to be stationary > |
and the jet to move with a velocity of 710 m/s. The ) 1
momentum equation for steady one-dimensional Waterjet Fr
flow in the x (flow) direction reduces in this case to e OmmOL &

ZF Z,{J’mV ZﬂmV — Fp o =-mV, — Fg.=-mpV,
out
We note that the brake force acts in the opposite direction to flow, and we should not forget

the negative sign for forces and velocities in the negative x-direction. Substituting the given
values,

Fipke =MV, =—=(25kg/s)(+10 m/s) L’) |- —250N
L lkg-m/s” )
The negative sign indicates that the braking force acts in the opposite direction to motion, as
expected. Noting that work is force times distance and the distance traveled by the cart per

unit time is the cart velocity, the power wasted by the brakes is
1kW

—F =250 N)(5m/ i; =1.25kW
brake cart ( } j 1[}0(}N .1m/s | |

Discussion Note that the power wasted is equivalent to the maximum power that can be
generated as the cart velocity is maintained constant.
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EXAMPLE 6-27 3 ms

Reconsider Prob. 6-27. If the mass of the 15 /s —

cart is 300 kg and the brakes fail, determine - > Nl 200 e Fa.
the acceleration of the cart when the water — Waterjet 1 ) —
first strikes it. Assume the mass of water 1560 0

that wets the back surface is negligible.

Analysis The braking force was determined in previous problem to be 250 N.
When the brakes fail, this force will propel the cart forward, and the accelerating
will be

250N ( 1kg-m/s? |
g= £ PON ARG M| 6 o33 m/s?
m 300kg| IN

cart

Discussion This is the acceleration at the moment the brakes fail. The
acceleration will decrease as the relative velocity between the water jet and the
cart (and thus the force) decreases.
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EXAMPLE 6-28
A horizontal 5-cm-diameter water jet with a velocity of 18 m/s impinges normally
upon a vertical plate of mass 1000 kg. The plate is held in a nearly frictionless
track and is initially stationary. When the jet strikes the plate, the plate begins to
move in the direction of the jet. The water always splatters in the plane of the
retreating plate. Determine (a) the acceleration of the plate when the jet first
strikes it (time = 0), (b) the time it will take for the plate to reach a velocity of 9
m/s, and (c) the plate velocity 20 s after the jet first strikes the plate. Assume the
velocity of the jet relative to the plate remains constant.

18 m/s
F Rx

———= N| 1000kg  qu—p
—it” ﬂ

Waterjet

ulll [1

Frictionless track

Properties We take the density of water to be 7000 kg/m3.

Analysis (a) We take the vertical plate on the frictionless track as the control volume, and
the direction of flow as the positive direction of x axis.

The mass flow rate of water in the jet is

i = pVA = (1000 kg/m> )(18 m/s)[7(0.05 m)~ /4] =35.34 kg/s
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The momentum equation for steady one-dimensional flow in the x (flow) direction
reduces in this case to

ifziﬁhﬁ—iﬂ;ﬁﬂi — Fp.=—m;V; — Fp =—-mV

out jiul

where F, is the reaction force required to hold the plate in place. When the plate
is released, an equal and opposite impulse force acts on the plate, which is
determined to

Fplm_ =—Fp. =mV =(3534kg/s)(18 m/s) = — |= 636 N
 lkg-m/s”
Then the initial acceleration of the plate becomes
F, 36 N (1kg-m/s” |
q—pae _ OON [IXEMS” | ¢ 636 mys?

Myge 1000kg|{ 1N

This acceleration will remain constant during motion since the force acting on the
plate remains constant.
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—— = | 1000kg = sfe—ip

Waterjet

|

mll I [

Frictionless track

(b) Noting that a = dV/dt = AV/At since the acceleration a is constant, the time it
takes for the plate to reach a velocity of 9 m/s is

A Vplﬁte B (9-0) n's

—=14.2s
a 0.636 m/s~

At =

(c) Noting that a = dV/dt and thus dV = adt and that the acceleration a is constant,
the plate velocity in 20 s becomes

Votate = Vo, plate T @A =0+(0.636 m/s*)(20s) =12.7 m/s
Discussion The assumption that the relative velocity between the water jet and
the plate remains constant is valid only for the initial moments of motion when the
plate velocity is low unless the water jet is moving with the plate at the same
velocity as the plate.
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EXAMPLE 6-29
Water flowing in a horizontal 30-cm-diameter
pipe at 5 m/s and 300 kPa gage enters a 90°
bend reducing section, which connects to a 15-
cm-diameter vertical pipe. The inlet of the bend
is 50 cm above the exit. Neglecting any frictional
and gravitational effects, determine the net
resultant force exerted on the reducer by the
water. Take the momentum-flux correction factor 15%m
to be 1.04. -

Properties We take the density of water to be 71000 kg/m?.

Analysis We take the elbow as the control volume, and designate the entrance
by 1 and the outlet by 2. We also designate the horizontal coordinate by x (with
the direction of flow as being the positive direction) and the vertical coordinate by
z. The continuity equation for this one-inlet one-outlet steady flow system is m, =
m, = m = 353.4 kg/s. Noting that m = pAV, the mass flow rate of water and its
outlet velocity are

i = pVy A, = pV, (zD7 / 4) = (1000 kg/m” )(5 m/s)[7(0.3 m)~ / 4] = 353.4 kg/s
1<41 1 1

i T 353.4 kgls

- > . = ——=20m/s
pd,  paDy /4 (1000 kg/m”)[7(0.15m)" / 4]

I;’) ES
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The Bernoulli equation for a streamline going through the center of the reducing
elbow is expressed as

R.W.._B.W

V.
—+——+5="+—-+z, > B=R+tpgl——+53—1,
rg 2g rg 2g ._

fe) =

Substituting, the gage pressure at the outlet becomes

/ 2 2

P 5m/s)” — (20 m/s
n :(300kPa}+(10001"3-'-"1113)(9,3]111.-'52) (Sm/s)” —( Q;n 5)
h . 2(9.81m/s”)

+0.5 “ 1kN ,, ” lkPaj |=117.4kPa
AL 1000 kg -m/s” | 1kN/m~ )

The momentum equation for steady one-dimensional flow is

D F= ZoutﬁmV — Diin ﬁrhl_/). We let the x- and z- components of the anchoring
force of the elbow be Fg, and Fx,, and assume them to be in the positive
directions. Then the momentum equations along the x and z axes become

Fp +P

2 gage

4, =0- GV,
4, = Bir(—V,) -0

.gage

Note that we should not forget the negative sign for forces and velocities in the
negative x or z direction. Solving for FRx and FRz, and substituting the given
values,
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x(0.3 111)2

=—-23.0kN

( 1kN ‘ -
— [— (300 kKN/m~)

Fo. =—pmV; — P, A =-1.04(353.4 kg/s)(5m/s)
o ATy =y gge s ) L 1000 kg-m/s~ |

7(0.15m)?

L2 — [+(117.4 kN/m?) =528 kN

Fp. ==V, + Py o A =—1.04(353.4 keg/s)(20 nv/s)
- L1000 kg -m/s™ |

gage~1

and
[ 2 2 f 2 2 Fp-
Fgp =+ Fge +Fg, =4/(=23.0)" +(-5.28)° =23.6 kN
Fa. —5.28
f=tan' = =tan! —="=12.9°
Fa. ~9230 30 Water]

5 s>

15 cm

Discussion The magnitude of the anchoring force is 23.6 kN, and its line of action
makes 12.9° from +x direction. Negative values for Fg, and Fg, indicate that the
assumed directions are wrong, and should be reversed.
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EXAMPLE 6-30 25 km/h
Commercially available large wind turbines have
blade span diameters as large as 100 m and

m—
generate over 3 MW of electric power at peak —
design conditions. e—-
-
m—.
e—

00 m

Consider a wind turbine with a 90-m blade span
subjected to 25-km/h steady winds. If the
combined turbine— generator efficiency of the wind
turbine is 32 percent, determine (a) the power
generated by the turbine and (b) the horizontal X
force exerted by the wind on the supporting mast

of the turbine. Take the density of air to be 71.25

kg/m3, and disregard frictional effects.

|
Properties The density of air is given to be 1.25 kg/m3.
Analysis (a) The power potential of the wind is its kinetic energy, which is mVv2/2
per unit mass, and for a given mass flow rate:

1m/s
3.6 kmvh |

7, = (25 kuvh)| | =6.94 /s
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i

7D~ (90 111)12 B

m= p4 = o =(1.25 kg.--"l_u3 )(6.94 m/s) — 55.200 kg/s
- . VP (694m/s)* [ 1kN IkW )
Wopax = ke, =m L (55.200 kg/s) ( m/s) — — | =1330kW
2 2 1000 kg-m/s~ \ 1KN-m/s )/
/M
Wind

Then the actual power produced becomes
W, 1]

act — "Twind turbine ¥ max = (

0.32)(1330 kW) = 426 kW

(b) The frictional effects are assumed to be negligible, and thus the portion of
incoming kinetic energy not converted to electric power leaves the wind turbine as
outgoing kinetic energy. Therefore,
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2 2
Vy 4%
L - Vy W
mke, =mkey(1— 1 ind tubine )~ —> = =1

(1= 77 wind turbine )

or

V, =V, .‘,."'l — Nwind tabine = (6-94m/5)4/1-0.32 =5.72 m/s

We choose the control volume around the wind turbine such that the wind is
normal to the control surface at the inlet and the outlet, and the entire control
surface is at the atmospheric pressure. The momentum equation for steady one-
dimensional flowis ¥ F = ZoutﬁmV — Diin BV . Writing it along the x-direction
(without forgetting the negative sign for forces and velocities in the negative x-
direction) and assuming the flow velocity through the turbine to be equal to the
wind velocity give

Fp=mVy, —mVy=mlV, -V;)=(55.200 kg/s)(5.72-6.94 nv/s) LKN — |=—-67.3 kN
L1000 kg-m/s™ |
The negative sign indicates that the reaction force acts in the negative x direction,
as expected.

Discussion This force acts on top of the tower where the wind turbine is installed,
and the bending moment it generates at the bottom of the tower is obtained by
multiplying this force by the tower height.
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EXAMPLE 6-31

Firefighters are holding a nozzle at the
end of a hose while trying to
extinguish a fire. If the nozzle exit
diameter is 6 cm and the water flow
rate is 5 m3/min, determine (a) the
average water exit velocity and (b) the
horizontal resistance force required of
the firefighters to hold the nozzle.

Properties We take the density of water to be 7000 kg/m3.

Analysis (a) We take the nozzle and the horizontal portion of the hose as the system such
that water enters the control volume vertically and outlets horizontally (this way the pressure
force and the momentum flux at the inlet are in the vertical direction, with no contribution to
the force balance in the horizontal direction), and designate the entrance by 1 and the outlet
by 2. We also designate the horizontal coordinate by x (with the direction of flow as being
the positive direction). The average outlet velocity and the mass flow rate of water are
determined from
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% Sm’/mi .
=—=———== = 1111:1 — =1768 m/min = 29.5 m/s
A zD°/4 7(0.06m)” /4

i = pV = (1000 kg/m" )(5 m”/min) = 5000 kg/min = 83.3kg/s

(b) The momentum equation for steady one-dimensional flow is

> F= Yout ﬁml_/) — Yin ﬁn‘sz. We let horizontal force applied by the firemen to the
nozzle to hold it be Fg,, and assume it to be in the positive x direction. Then the
momentum equation along the x direction gives

. . , [ IN Fr-
Fp, =mV,—0=mV =(83.3kg/s)(29.5m/s)] ——— ‘ =2457N
L 1kg-m/s< Fp.

/_ ——— S5m’/min

Therefore, the firemen must be able to resist a force of 2457 N to hold the nozzle
in place.

Discussion The force of 2457 N is equivalent to the weight of about 250 kg. That
is, holding the nozzle requires the strength of holding a weight of 250 kg, which
cannot be done by a single person. This demonstrates why several firemen are
used to hold a hose with a high flow rate.
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EXAMPLE 6-32
A 5-cm-diameter horizontal jet of water with 10 m/s

a velocity of 30 m/s strikes a flat plate that is Dl >
moving in the same direction as the jet at a \J/ —>
velocity of 10 m/s. The water splatters in all T Syates
directions in the plane of the plate. How P | e

much force does the water stream exert on - . .
the plate?

E

Properties We take the density of water to be 1000 kg/m3.
Analysis We take the plate as the control volume, and the flow direction as the
positive direction of x axis. The mass flow rate of water in the jet is 6-20

Z #(0.05m)’
A= p¥ e (1000 kg/m”)(30 m/s) d m)

Jjet

= 58.9kg/s

M= pV ;4.
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The relative velocity between the plate and the jet is

Vi =Viet =Vplae =30-10=20m/s - -1{} 111-'5;_}
Therefore, we can assume the plate to be —> Fa
stationary and the jet to move with a velocity :: —
of 20 m/s. The momentum equation for 5 cm Waterjet
steady one-dimensional flow is o)

YF = Yout ,87?117 — Yin ,87?17. We let the horizontal reaction force applied to the
plate in the negative x direction to counteract the impulse of the water jet be Fg,.
Then the momentum equation along the x direction gives

—Fp =0—1V, — Fp =V, =(58.9kg/s)(20 m/s)| L I
| 1kg-m/s~ |

A

1178 N

Therefore, the water jet applies a force of 1178 N on the plate in the direction of
motion, and an equal and opposite force must be applied on the plate if its velocity
is to remain constant.

Discussion Note that we used the relative velocity in the determination of the
mass flow rate of water in the momentum analysis since water will enter the
control volume at this rate. (In the limiting case of the plate and the water jet
moving at the same velocity, the mass flow rate of water relative to the plate will
be zero since no water will be able to strike the plate).
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