Chapter 6 Momentum Analysis of Flow Systems

Solutions Manual for

Fluid Mechanics: Fundamentals and Applications
Third Edition
Yunus A. Cengel & John M. Cimbala
McGraw-Hill, 2013

CHAPTER 6

MOMENTUM ANALYSIS OF FLOW
SYSTEMS

PROPRIETARY AND CONFIDENTIAL

This Manual is the proprietary property of The McGraw-Hill Companies, Inc.
(“McGraw-Hill”) and protected by copyright and other state and federal laws. By
opening and using this Manual the user agrees to the following restrictions, and if the
recipient does not agree to these restrictions, the Manual should be promptly returned
unopened to McGraw-Hill: This Manual is being provided only to authorized
professors and instructors for use in preparing for the classes using the affiliated
textbook. No other use or distribution of this Manual is permitted. This Manual
may not be sold and may not be distributed to or used by any student or other
third party. No part of this Manual may be reproduced, displayed or distributed
in any form or by any means, electronic or otherwise, without the prior written
permission of McGraw-Hill.

6-1
PROPRIETARY MATERIAL. © 2014 by McGraw-Hill Education. This is proprietary material solely for authorized instructor use.
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or
posted on a website, in whole or part.




Chapter 6 Momentum Analysis of Flow Systems

Newton’s Laws and Conservation of Momentum

6-1C
Solution We are to express Newton’s three laws.
Analysis Newton’s first law states that “a body at rest remains at rest, and a body in motion remains in motion at

the same velocity in a straight path when the net force acting on it is zero.” Therefore, a body tends to preserve its state
or inertia. Newton’s second law states that “the acceleration of a body is proportional to the net force acting on it and is
inversely proportional to its mass.” Newton’s third law states “when a body exerts a force on a second body, the second
body exerts an equal and opposite force on the first.”

Discussion  As we shall see in later chapters, the differential equation of fluid motion is based on Newton’s second law.

6-2C
Solution We are to discuss Newton’s second law for rotating bodies.
Analysis Newton’s second law of motion, also called the angular momentum equation, is expressed as “the rate of

change of the angular momentum of a body is equal to the net torque acting it.” For a non-rigid body with zero net
torque, the angular momentum remains constant, but the angular velocity changes in accordance with l@ = constant
where | is the moment of inertia of the body.

Discussion  Angular momentum is analogous to linear momentum in this way: Linear momentum does not change
unless a force acts on it. Angular momentum does not change unless a torque acts on it.

6-3C
Solution We are to discuss if momentum is a vector, and its direction.
Analysis Since momentum (mV ) is the product of a vector (velocity) and a scalar (mass), momentum must be a

vector that points in the same direction as the velocity vector.

Discussion In the general case, we must solve three components of the linear momentum equation, since it is a vector
equation.
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Chapter 6 Momentum Analysis of Flow Systems

6-4C
Solution We are to discuss the conservation of momentum principle.
Analysis The conservation of momentum principle is expressed as “the momentum of a system remains constant

when the net force acting on it is zero, and thus the momentum of such systems is conserved”. The momentum of a
body remains constant if the net force acting on it is zero.

Discussion Momentum is not conserved in general, because when we apply a force, the momentum changes.

Linear Momentum Equation

6-5C
Solution We are to compare the reaction force on two fire hoses.
Analysis The fireman who holds the hose backwards so that the water makes a U-turn before being discharged

will experience a greater reaction force. This is because of the vector nature of the momentum equation. Specifically, the
inflow and outflow terms end up with the same sign (they add together) for the case with the U-turn, whereas they have
opposite signs (one partially cancels out the other) for the case without the U-turn.

Discussion Direction is not an issue with the conservation of mass or energy equations, since they are scalar equations.

6-6C
Solution We are to discuss surface forces in a control volume analysis.
Analysis All surface forces arise as the control volume is isolated from its surroundings for analysis, and the

effect of any detached object is accounted for by a force at that location. We can minimize the number of surface forces
exposed by choosing the control volume (wisely) such that the forces that we are not interested in remain internal,
and thus they do not complicate the analysis. A well-chosen control volume exposes only the forces that are to be
determined (such as reaction forces) and a minimum number of other forces.

Discussion  There are many choices of control volume for a given problem. Although there are not really “wrong” and
“right” choices of control volume, there certainly are “wise” and “unwise” choices of control volume.
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Chapter 6 Momentum Analysis of Flow Systems

6-7C
Solution We are to discuss the importance of the RTT, and its relationship to the linear momentum equation.
Analysis The relationship between the time rates of change of an extensive property for a system and for a

control volume is expressed by the Reynolds transport theorem (RTT), which provides the link between the system and

control volume concepts. The linear momentum equation is obtained by setting b=V and thus B=mV in the Reynolds
transport theorem.

Discussion Newton’s second law applies directly to a system of fixed mass, but we use the RTT to transform from the
system formulation to the control volume formulation.

6-8C
Solution We are to discuss the momentum flux correction factor, and its significance.
Analysis The momentum-flux correction factor fenables us to express the momentum flux in terms of the mass flow

rate and mean flow velocity as I/% p\7(\7~ﬁ)dAC = ﬁrhVavg . The value of g is unity for uniform flow, such as a jet flow,

nearly unity for fully developed turbulent pipe flow (between 1.01 and 1.04), but about 1.3 for fully developed laminar pipe
flow. So it is significant and should be considered in laminar flow; it is often ignored in turbulent flow.

Discussion Even though g is nearly unity for many turbulent flows, it is wise not to ignore it.

6-9C
Solution We are to discuss the momentum equation for steady one-D flow with no external forces.
Analysis The momentum equation for steady flow for the case of no external forces is
DY F=0=) pmv-> pmv
out in

where the left hand side is the net force acting on the control volume (which is zero here), the first term on the right hand
side is the incoming momentum flux, and the second term on the right is the outgoing momentum flux by mass.

Discussion  This is a special simplified case of the more general momentum equation, since there are no forces. In this
case we can say that momentum is conserved.
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Chapter 6 Momentum Analysis of Flow Systems

6-10C
Solution We are to explain why we can usually work with gage pressure rather than absolute pressure.
Analysis In the application of the momentum equation, we can disregard the atmospheric pressure and work with

gage pressures only since the atmospheric pressure acts in all directions, and its effect cancels out in every direction.

Discussion In some applications, it is better to use absolute pressure everywhere, but for most practical engineering
problems, it is simpler to use gage pressure everywhere, with no loss of accuracy.

6-11C
Solution We are to discuss if the upper limit of a rocket’s velocity is limited to V, its discharge velocity.
Analysis No, V is not the upper limit to the rocket’s ultimate velocity. Without friction the rocket velocity will

continue to increase (i.e., it will continue to accelerate) as more gas is expelled out the nozzle.

Discussion  This is a simple application of Newton’s second law. As long as there is a force acting on the rocket, it will
continue to accelerate, regardless of how that force is generated.

6-12C
Solution We are to describe how a helicopter can hover.
Analysis A helicopter hovers because the strong downdraft of air, caused by the overhead propeller blades,

manifests a momentum in the air stream. This momentum must be countered by the helicopter lift force.

Discussion In essence, the helicopter stays aloft by pushing down on the air with a net force equal to its weight.

6-13C
Solution We are to discuss the power required for a helicopter to hover at various altitudes.
Analysis Since the air density decreases, it requires more energy for a helicopter to hover at higher altitudes,

because more air must be forced into the downdraft by the helicopter blades to provide the same lift force. Therefore, it
takes more power for a helicopter to hover on the top of a high mountain than it does at sea level.

Discussion  This is consistent with the limiting case — if there were no air, the helicopter would not be able to hover at
all. There would be no air to push down.
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Chapter 6 Momentum Analysis of Flow Systems

6-14C
Solution We are to discuss helicopter performance in summer versus winter.
Analysis In winter the air is generally colder, and thus denser. Therefore, less air must be driven by the blades to

provide the same helicopter lift, requiring less power. Less energy is required in the winter.

Discussion However, it is also harder for the blades to move through the denser cold air, so there is more torque
required of the engine in cold weather.

6-15C
Solution We are to discuss if the force required to hold a plate stationary doubles when the jet velocity doubles.
Analysis No, the force will not double. In fact, the force required to hold the plate against the horizontal water

stream will increase by a factor of 4 when the velocity is doubled since
F=mV =(pAV )V = pAV ?

and thus the force is proportional to the square of the velocity.

Discussion You can think of it this way: Since momentum flux is mass flow rate times velocity, a doubling of the
velocity doubles both the mass flow rate and the velocity, increasing the momentum flux by a factor of four.

6-16C
Solution We are to describe and discuss body forces and surface forces.
Analysis The forces acting on the control volume consist of body forces that act throughout the entire body of the

control volume (such as gravity, electric, and magnetic forces) and surface forces that act on the control surface (such as
the pressure forces and reaction forces at points of contact). The net force acting on a control volume is the sum of all body
and surface forces. Fluid weight is a body force, and pressure is a surface force (acting per unit area).

Discussion In a general fluid flow, the flow is influenced by both body and surface forces.

6-17C
Solution We are to discuss the acceleration of a cart hit by a water jet.
Analysis The acceleration is not be constant since the force is not constant. The impulse force exerted by the

water on the plate is F =mV = (pAV )V = pAV 2, where V is the relative velocity between the water and the plate, which is

moving. The magnitude of the plate acceleration is thus a = F/m. But as the plate begins to move, V decreases, so the
acceleration must also decrease.

Discussion It is the relative velocity of the water jet on the cart that contributes to the cart’s acceleration.
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Chapter 6 Momentum Analysis of Flow Systems

6-18C
Solution We are to discuss the maximum possible velocity of a cart hit by a water jet.
Analysis The maximum possible velocity for the plate is the velocity of the water jet. As long as the plate is

moving slower than the jet, the water exerts a force on the plate, which causes it to accelerate, until terminal jet velocity is
reached.

Discussion Once the relative velocity is zero, the jet supplies no force to the cart, and thus it cannot accelerate further.
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Chapter 6 Momentum Analysis of Flow Systems
6-19

Solution The velocity distribution for turbulent flow of water in a pipe is considered. The darg force exerted on the
pipe by water flow is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The water is discharged to the atmosphere, and thus the gage
pressure at the outlet is zero.

Properties We take the density of water to be 1000 kg/m®.
Analysis Applying x-component of momentum equation,

%ijdV + I\7p\7ﬁdA=Z F.,
cv cs

R
AU e (Uae) A +pJ.U2dA= P1A — P A, —Fp
0

Recalling that U, =0.816U ,,, for turbulent flow, we write

U ave
0.816

Therefore,

u=—2e(1_r/R}" =1.22550,,,(1—r/R"

R
—pU gveAl +pJ‘1-5U§ve(1_ r/R)2’72;zrdr = (pl - pZ)A_ FD

R
pU aveAl +37U avepJ.(l_ r/ R)2/7 rdr = (pl - P )A_ FD

R
217 r

J'(l r/R?rdr =R J'[l —) r (Ej

0

Setting 1-r/R=v, we obtain

R 1 20 T 7 L !
J‘(l—r/R)z”rdr:—RZJ.(VZ’7 ~v¥T)dv = —R? —[1——] ——[1——}
3 9 R 16 R o

0

Finally we get
R
J.(l r/R)*7rdr =R?2 =
0

> 49
144
Therefore, the momentum equation takes the form
> 49
-pU aveAl +3”UavepR —ApA— Fo

R? 49

Fp =ApA+ pU zfveAi - pnJ zfve E

2 2
Fp =10,000x 222" 4 1000x 32 21" _1000,32( &2 $49 ZR77TN
4 4 2 ) 48
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Chapter 6 Momentum Analysis of Flow Systems
6-20
Solution A horizontal water jet is deflected by a stationary cone. The horizontal force needed to hold the cone
stationary is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The water is discharged to the atmosphere, and thus the gage
pressure at the outlet is zero.

Properties We take the density of water to be 1000 kg/m®.
Analysis

Water jet, Vj
—>

Considering front view of the cone , we apply the conservation of mass,

Vi
0= _QJ +jVeXiIdA:> QJ ~ 77[Dch
A

%0.0252 x40 = 4—20720.25h = h=1.25x10" m=1.25 mm

Linear momentum equation in the x direction gives
_[\7p\7ﬁdA =>'F,

h
VYA +j(v00s9)pv(;zDC)dY - F
0
Since velocity is linear, it is in the form of V =a+bY . It is given that V=0 when Y=0, and V=V; when
Y=h=1.25x10-3 m. Therefore we obtain
V =32000Y
1.25x107°
—1000x 402 %0.0252 +1000x 70.25 x (C0s60) x 320002 I Y2dY =—F
0

F=-785+262=523 N
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Chapter 6 Momentum Analysis of Flow Systems
6-21
Solution A water jet of velocity V impinges on a plate moving toward the water jet with velocity %V. The force
required to move the plate towards the jet is to be determined in terms of F acting on the stationary plate.

Assumptions 1 The flow is steady and incompressible. 2 The plate is vertical and the jet is normal to plate. 3 The pressure
on both sides of the plate is atmospheric pressure (and thus its effect cancels out). 4 Fiction during motion is negligible. 5
There is no acceleration of the plate. 6 The water splashes off the sides of the plate in a plane normal to the jet. 6 Jet flow is
nearly uniform and thus the effect of the momentum-flux correction factor is negligible, f= 1.

Analysis We take the plate as the control volume. The relative velocity between the plate and the jet is V when the
plate is stationary, and 1.5V when the plate is moving with a velocity %2V towards the plate. Then the momentum equation
for steady flow in the horizontal direction reduces to

DFE=D ANV AV > —Fp=-mV; > Fp=mV,

out n

<— 12V

Waterjet

Stationary plate: (V; =V and m, = pAV, = pAV ) - Fg =pAV?=F

Moving plate:  (V; =15V and m; = pAV, = pA(L.5V))
— Fg=pA(L5V)? =2.25pAV % = 2.25F

Therefore, the force required to hold the plate stationary against the oncoming water jet becomes 2.25 times greater
when the jet velocity becomes 1.5 times greater.

Discussion Note that when the plate is stationary, V is also the jet velocity. But if the plate moves toward the stream
with velocity %2V, then the relative velocity is 1.5V, and the amount of mass striking the plate (and falling off its sides) per
unit time also increases by 50%.
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Chapter 6 Momentum Analysis of Flow Systems
6-22

Solution A 90° elbow deflects water upwards and discharges it to the atmosphere at a specified rate. The gage
pressure at the inlet of the elbow and the anchoring force needed to hold the elbow in place are to be determined.

Assumptions 1 The flow is steady and incompressible. 2 Frictional effects are negligible in the calculation of the pressure
drop (so that the Bernoulli equation can be used). 3 The weight of the elbow and the water in it is negligible. 4 The water is
discharged to the atmosphere, and thus the gage pressure at the outlet is zero. 5 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/m?®.

Analysis (a) 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=40kg/s. Noting
that m = pAV , the mean inlet and outlet velocities of water are

V=V, =v =0 mz = 42kg/s .
PA  p(aD*/4) (1000 kg/m®)[z(0.1m)* /4]

Noting that V; = V, and P, = P4, the Bernoulli equation for a streamline going through the center of the reducing elbow is
expressed as

=5.093m/s

RVE P, V7
£+£+21:£+£+22 - R-P=pg(z,-2) > Pl gage = P9(22 — 21)

Substituting,

1kN

P, gaee = (1000 kg/m?3)(9.81m/s?)(0.50 m)) —————
b oage 1000 kg - m/s?

J =4.905 kN/m? = 4.91kPa

(b) The momentum equation for steady flow ilelE =Z/§h‘1\7—2ﬁm\7. We let the x- and z- components of the
out in

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

FRx + Pl,gage Al =0- M("'Vl) =—pmv

Fr, = AM(+V;) = gV %
Solving for Fg, and Fg,, and substituting the given values, X F
50 cm
. FRz
Fre =—pMV — Pl, gageAl |
ERX S/
1N 2 2 Water
= —1.03(40 kg/s)(5.093 m/s)| ————— |- (4905 N/m?)[(0.1m)? / 4] 40kgls |
1kg-m/s
=-2484N
. 1IN
Fry =AMV =1.03(40 kg/s)(5.093 m/s) -~ |=209.8N
1kg-m/s
F
and  Fq =[F +F2 =(-248.4)% +(2008)7 =325N, O=tan? "~ =tan! 2098 _ 000 1400

Frx —248.4

Discussion Note that the magnitude of the anchoring force is 325 N, and its line of action makes 140° 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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6-23

Solution A 180° elbow forces the flow to make a U-turn and discharges it to the atmosphere at a specified rate. The
gage pressure at the inlet of the elbow and the anchoring force needed to hold the elbow in place are to be determined.

Assumptions 1 The flow is steady and incompressible. 2 Frictional effects are negligible in the calculation of the pressure
drop (so that the Bernoulli equation can be used). 3 The weight of the elbow and the water in it is negligible. 4 The water is
discharged to the atmosphere, and thus the gage pressure at the outlet is zero. 5 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/m?®.

Analysis (a) 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=40kg/s. Noting
that m = pAV , the mean inlet and outlet velocities of water are

V=V, =v =0 mz = 42kg/s .
PA  p(aD*/4) (1000 kg/m®)[z(0.1m)* /4]

Noting that V; = V, and P, = P4, the Bernoulli equation for a streamline going through the center of the reducing elbow is
expressed as

=5.093m/s

RVE P, V7
£+$+21:£+£+22 - R-P=p9(z,-2%) > Pl gage = P9(22 — 21)

Substituting,

1kN

P, age = (1000 kg/m?3)(9.81m/s?)(1.0m) ————
boage 1000 kg - m/s?

] =9.810kN/m? = 9.81kPa

(b) The momentum equation for steady flow isZ:lE :ZﬂmV—ZﬂmV. We let the x- and z- components of the
out in

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

Fre + Pl,gage A = p(-V,) - pi(+V,) = -2pmV
l:Rz =0 @
Solving for Fg, and substituting the given values, z]
Fra =—2mV — Pl, gageAl X 50 cm
1IN 2 2 A FRZ
=-2x1.03(40 kg/s)(5.093 m/s) ————— | = (9810 N/m*)[z(0.1m)“ / 4]
1kg-m/s Water Frx

=497 N 40 kg/@
1

and Fr = Fr,=— 497 N since the y-component of the anchoring force is zero.
Therefore, the anchoring force has a magnitude of 497 N and it acts in the negative
x direction.

Discussion Note that a negative value for Fg, indicates the assumed direction is wrong, and should be reversed.
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6-24E

Solution A horizontal water jet strikes a vertical stationary plate normally at a specified velocity. For a given
anchoring force needed to hold the plate in place, the flow rate of water is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The water splatters off the sides of the plate in a plane hormal to
the jet. 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 the entire control surface. 4 The vertical forces and momentum
fluxes are not considered since they have no effect on the horizontal reaction force. 5 Jet flow is nearly uniform and thus the
effect of the momentum-flux correction factor is negligible, f= 1.

Properties We take the density of water to be 62.4 Ibm/ft®.

Analysis We take the plate as the control volume such that it contains the entire plate and cuts through the water jet
and the support bar normally, and the direction of flow as the positive direction of x axis. The momentum equation for
steady flow in the x (flow) direction reduces in this case to

DFE=DANV-D AV 5 —Fpo =iV > Fg =miV;
out in

We note that the reaction 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. Solving for m and substituting the given values,

12 Fry = 350 Ibf
0= Frx _ 350 Ibf [ 32.2Ibm - ft/s _ 4508 1bm/s @
\ 25 ft/s 11bf m Pa—
_
Then the volume flow rate becomes — Wateret
_m_ 450.8 Ibm/s 7923/
P 62.41bm/ft3

Therefore, the volume flow rate of water under stated assumptions must be 7.22 ft¥/s.

Discussion In reality, some water will be scattered back, and this will add to the reaction force of water. The flow rate in
that case will be less.

6-13
PROPRIETARY MATERIAL. © 2014 by McGraw-Hill Education. This is proprietary material solely for authorized instructor use.
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or
posted on a website, in whole or part.




Chapter 6 Momentum Analysis of Flow Systems
6-25
Solution A reducing elbow deflects water upwards and discharges it to the atmosphere at a specified rate. The
anchoring force needed to hold the elbow in place is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 Frictional effects are negligible in the calculation of the pressure
drop (so that the Bernoulli equation can be used). 3 The weight of the elbow and the water in it is considered. 4 The water
is discharged to the atmosphere, and thus the gage pressure at the outlet is zero. 5 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/m?®.

Analysis The weight of the elbow and the water in it is
W =mg = (50 kg)(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 Water

system is m, =m, =m=30Kkg/s. Noting that m=pAV , the  30KJ/3
inlet and outlet velocities of water are
v, = o 303kg/s ~—=2.0mls
PA; (1000 kg/m*)(0.0150 m*)
v, m 30 kg/s _12mls

PA, (1000 kg/m®3)(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
2 2 2 _\y2 2 _\y2
L I 7 PR Ve, z, » P-P :pg[u+z2 —zlJ = Pl gage :PQ(MJrZzJ
P9 29 P9 29 29 29
Substituting,

2 2
P, gage = (1000 kg/m*)(9.81 m/sz)[(lz MfS)” =(2m/s)” o.4]( LkN

=73.9kN/m? = 73.9 kPa
2(9.81m/s?) 1000 kg - m/s?

The momentum equation for steady flow is Z F= ZﬂrﬁV —ZﬂmV . We let the x- and z- components of the anchoring
out in

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

Fre + Ppgage Ay = MV, cos&— pmV, and  Fg, W = pmV, sin

Solving for Fgy and Fg,, and substituting the given values,

. . 1kN , ,

Fa = A (V, €080 -V )~ P, .. A =1.03(30 kg/s)[(12c045°-2) m/s][W]—UBB kN/m?)(0.0150 m*)
=-0.908 kN

. . . 1kN

Fr, =AMV, sin @ +W =1.03(30 kg/s)(12sin45° m/s)) ——————— 1+ 0.4905 kN = 0.753 kN
1000 kg - m/s
F .

Fa =+F2 1+ F2 =4/(0.908)% + (0.753)% =1.18KkN, O =tan™ "R —ant C 7538 =-39.7°

Rx

Discussion Note that the magnitude of the anchoring force is 1.18 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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Chapter 6 Momentum Analysis of Flow Systems
6-26
Solution A reducing elbow deflects water upwards and discharges it to the atmosphere at a specified rate. The
anchoring force needed to hold the elbow in place is to be determined.
Assumptions 1 The flow is steady and incompressible. 2 Frictional effects are negligible in the calculation of the pressure
drop (so that the Bernoulli equation can be used). 3 The weight of the elbow and the water in it is considered. 4 The water
is discharged to the atmosphere, and thus the gage pressure at the outlet is zero. 5 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/m?®.
Analysis The weight of the elbow and the water in it is

W =mg = (50 kg)(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 F
one-outlet steady flow system is m, =m, =m=30kg/s. Noting that Re 150 m?

m = pAV , the inlet and outlet velocities of water are Fr

110°

25 cm?

_m 303kg/s _—20mis \:;\(/]alier/S W
PA, (1000 kg/m®)(0.0150 m?) 9
m 30 ka/s _12

PR, (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

2 2 2_ 2 2_ 2
i+\i+zl:&+\/—2+z2 - F’l—PZ:pg[V2 Vi +22—21J—> Pl,gage:/?g(u”zj
A 29 A 29 2g

12 m/s)? — (2 mis)? o4 1kN
2(9.81m/s?) | 1000 kg - m/s?

1

V, = m/s

O, B} gage = (1000 kg/m®)(9.81 m/sz)[ ] =73.9kN/m? = 73.9 kPa

The momentum equation for steady flow is Z F= ZﬂmV - ZﬁmV . We let the x- and y- components of the anchoring

out in
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

Fre + Prgage A = MV, cos@— pmV,  and  Fg, —-W = MV, sin@
Solving for Fgy and Fg,, and substituting the given values,
Fre =AMV, €0s0 V) =Py gage v
1kN

=1.03(30 kg/s)[(12c0s110° - 2) m/s] P pU—
1000 kg - m/s

}— (73.9kN/m?)(0.0150 m?) = -1.297 kN

1kN

Fr, = MV, sin 8 +W =1.03(30 kg/s)(12sin110° m/s)) ——
" 2 1000 kg - m/s?

J+ 0.4905 kN = 0.8389 kN

Fr = F2 +F2 =4/(-1.297)% +0.83892 =154 kN

and =
0—tan? TR 150108389 _ 45 50
Fry 7
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 Fg, indicates assumed direction is wrong, and should be reversed.
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Chapter 6 Momentum Analysis of Flow Systems
6-27
Solution Water accelerated by a nozzle strikes the back surface of a cart moving horizontally at a constant velocity.
The braking force and the power wasted by the brakes are to be determined.

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, f= 1.

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

Vi =Vijet —Vearr =35-10=25m/s

Waterjet

Therefore, we can view the cart as being stationary and the jet moving
with a velocity of 25 m/s. Noting that water leaves the nozzle at 20 m/s
and the corresponding mass flow rate relative to nozzle exit is 30 kg/s,
the mass flow rate of water striking the cart corresponding to a water jet
velocity of 25 m/s relative to the cart is

. vV, | 25m/s
mr :V__rmjet :m(30 kg/S) = 2143 kg/S

jet

The momentum equation for steady flow in the x (flow) direction reduces in this case to

SE=SAWV-D IV > Fp=-mV, o Foge =-MV,

out in

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,

Forae = —,V, = (2143 kg/s)(+25 /)| — |~ 5358 N =536 N
1kg-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

. 1w
W = Fbrakevcart = (5358 N)(lO m/s)(m

j =5358 W = 5.36 kW

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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Chapter 6 Momentum Analysis of Flow Systems

6-28
Solution Water accelerated by a nozzle strikes the back surface of a cart moving horizontally. The acceleration of the
cart if the brakes fail is to be determined.
10 m/s
Analysis The braking force was determined in previous problem —>
to be 535.8 N. When the brakes fail, this force will propel the cart 35 mis
forward, and the acceleration will be e Fry
—”
Waterjet

F  5358N(1lkg-m/s’
My 400Kkg 1IN

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.

): 1.34 m/s?
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Chapter 6 Momentum Analysis of Flow Systems
6-29E

Solution A water jet hits a stationary splitter, such that half of the flow is diverted upward at 45°, and the other half is
directed down. The force required to hold the splitter in place is to be determined.

Assumptions 1 The flow is steady and incompressible. 2
The water jet is exposed to the atmosphere, and thus the 18 fifs /
pressure of the water jet before and after the split is the
atmospheric pressure which is disregarded since it acts on all

surfaces. 3 The gravitational effects are disregarded. 4 The \ A Fr:
flow is nearly uniform at all cross sections, and thus the effect 100 ft/s 45° E
of the momentum-flux correction factor is negligible, f= 1. —> s >

Properties We take the density of water to be 62.4 Ibm/ft®.

Analysis The mass flow rate of water jet is \
= pV = (62.4 Ibm/ft>)(100ft3/s) = 6240 Ibm/s

We take the splitting section of water jet, including the splitter as the control volume, and designate the entrance by 1 and
the outlet of either arm by 2 (both arms have the same velocity and mass flow rate). 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 momentum equation for steady flow is z F= ZﬁmV —ZﬂmV . We let the x- and y- components of the

out in
anchoring force of the splitter be Fr, and Fg,, and assume them to be in the positive directions. Noting that V, =V; =V and
m, =< m, the momentum equations along the x and z axes become

Fry =2(3 M)V, cos@—mV, =mV (cos & -1)
Fre = M(+V, sin 0) + 1 m(-V, sing)-0=0

Substituting the given values,

1 Ibf

F.. = (6240 lbm/s)(18 ft/ 45°-1)) ————
w = mis) (18 ftfs)(cos )(32.2Ibm~ft/52

j =-1021.67 Ibf =-10201bf

F, =0

The negative value for Fg, indicates the assumed direction is wrong, and should be reversed. Therefore, a force of 1020 Ibf
must be applied to the splitter in the opposite direction to flow to hold it in place. No holding force is necessary in the
vertical direction. This can also be concluded from the symmetry.

Discussion In reality, the gravitational effects will cause the upper stream to slow down and the lower stream to speed
up after the split. But for short distances, these effects are indeed negligible.
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Chapter 6 Momentum Analysis of Flow Systems

6-30E

Solution The previous problem is reconsidered. The effect of splitter angle on the force exerted on the splitter as the
half splitter angle varies from 0 to 180° in increments of 10° is to be investigated.

Analysis The EES Equations window is printed below, followed by the tabulated and plotted results.

g=32.2 "ft/s2"

rho=62.4 "lbm/ft3"

V_dot=100 "ft3/s"

V=20 "ft/s"

m_dot=rho*V_dot
F_R=-m_dot*V*(cos(theta)-1)/g "Ibf"

0,° m, lbm/s Fg, Ibf 8000
| ]
0 6240 0 2000 P
10 6240 59 /
20 6240 234 6000 p
30 6240 519 /
40 6240 907 >000 7
50 6240 1384 o 4000 /
60 6240 1038 S . /
70 6240 2550 uf‘ 3000 A
80 6240 3203 2000 /
90 6240 3876 /
100 6240 4549 1000 )
110 6240 5201 L _/ IR
120 6240 5814 0 20 40 60 80 100 120 140 160 180
130 6240 6367 0, °
140 6240 6845
150 6240 7232
160 6240 7518
170 6240 7693
180 6240 7752

Discussion  The force rises from zero at = 0° to a maximum at &= 180°, as expected, but the relationship is not linear.
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Chapter 6 Momentum Analysis of Flow Systems
6-31
Solution A horizontal water jet impinges normally upon a vertical plate which is held on a frictionless track and is

initially stationary. The initial acceleration of the plate, the time it takes to reach a certain velocity, and the velocity at a
given time are to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The water always splatters in the plane of the retreating plate. 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 The track is nearly frictionless, and thus fiction during motion
is negligible. 5 The motions of the water jet and the cart are horizontal. 6 The velocity of the jet relative to the plate remains
constant, V, = Vje = V. 7 Jet flow is nearly uniform and thus the effect of the momentum-flux correction factor is negligible,

p=1.
Properties We take the density of water to be 1000 kg/m®.

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

m = pVA = (1000 kg/m*)(18 m/s)[(0.05 m)? /4] = 35.34 kg/s
The momentum equation for steady flow in the x (flow) direction reduces in this case to

Zﬁ:Zﬂm\i-Zﬂm\i - Fg =-MV, — Fg =-MV

out in

where Fg, 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

Folae = —Fry =MV = (35.34 kg/s)(18 m/s) LZ =636 N
1kg-m/s
Then the initial acceleration of the plate becomes
1000 kg
_ Fplate _ 636 N (1 kg- m/s? J —0.636 m/s2 Waterjet
Myae 1000kg( 1N : Fr
This acceleration will remain constant during motion since the force Frictionless track

acting on the plate remains constant.

(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

_ AV _ (9-0)m/s _
a 0.636 m/s?

At 14.2 s

(c) Noting that a = dV/dt and thus dV = adt and that the acceleration a is constant, the plate velocity in 20 s becomes
Viiate = Vo, plate + At =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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Chapter 6 Momentum Analysis of Flow Systems
6-32E

Solution A fan moves air at sea level at a specified rate. The force required to hold the fan and the minimum power
input required for the fan are to be determined.

Assumptions 1 The flow of air is steady and incompressible. 2 Standard atmospheric conditions exist so that the pressure
at sea level is 1 atm. 3 Air leaves the fan at a uniform velocity at atmospheric pressure. 4 Air approaches the fan through a
large area at atmospheric pressure with negligible velocity. 5 The frictional effects are negligible, and thus the entire
mechanical power input is converted to kinetic energy of air (no conversion to thermal energy through frictional effects). 6
Wind flow is nearly uniform and thus the momentum-flux correction factor can be taken to be unity, g= 1.

Properties The gas constant of air is R = 0.3704

psi-ft*/lbm-R. The standard atmospheric pressure at sea level is 2000 cfm
1 atm = 14.7 psi.

p >
Analysis (a) We take the control volume to be a
horizontal hyperbolic cylinder bounded by streamlines on the —_— >
sides with air entering through the large cross-section (section @

1) and the fan located at the narrow cross-section at the end
(section 2), and let its centerline be the x axis. The density,
mass flow rate, and discharge velocity of air are

P 14.7 psi 3
p=—= =0.0749 Ibm/ft | I
RT  (0.3704psi-ft3/lbm-R)(530 R) T2 NS :

= pV =(0.0749 Ibm/ft*)(2000 ft*/min) = 149.8 Ibm/min = 2.50 Ibm/s

V. V. 2000ft*min
A, D214 z(2f)? /4

) =636.6 ft/min =10.6 ft/s

The momentum equation for steady flow is Z F= Z LV —Z SV . Letting the reaction force to hold the fan be Fg,

out in
and assuming it to be in the positive x (i.e., the flow) direction, the momentum equation along the x axis becomes

1 Ibf

F., =m(V,)—0=rhV = (2.50 Ibm/s)(10.6 ft/s)| ——~—
e =M(V,) =0 =mV = (2.50 lom/s)( s)[32.2Ibm-ft/sz

j=0.820 Ibf

Therefore, a force of 0.82 Ibf must be applied (through friction at the base, for example) to prevent the fan from moving in
the horizontal direction under the influence of this force.

(b) Noting that P; = P, = P4y and V; = 0, the energy equation for the selected control volume reduces to

(P Vv - (P, V7 : : : V2
m _1+L+ 9z, +Wpump,u =m _2+_2+ 9z, +Wturbine + Emech,loss - Wfan,u = m_2
p 2 p 2 2
Substituting,
2 2
Wfan L= mV_z — (2.50 Ibm/s) (10.6 ft/s) 11bf [ 1w j _591W
’ 2 2 32.2Ibm - ft/s? A 0.73756 Ibf - ft/s

Therefore, a useful mechanical power of 5.91 W must be supplied to air. This is the minimum required power input required
for the fan.

Discussion ~ The actual power input to the fan will be larger than 5.91 W because of the fan inefficiency in converting
mechanical power to kinetic energy.
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Chapter 6 Momentum Analysis of Flow Systems
6-33E

Solution A horizontal water jet strikes a bent plate, which deflects the water by 135° from its original direction. The
force required to hold the plate against the water stream is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 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. 3
Frictional and gravitational effects are negligible. 4 There is no splattering of water or the deformation of the jet, and the
reversed jet leaves at the same velocity and flow rate. 5 Jet flow is nearly uniform and thus the momentum-flux correction
factor is nearly unity, = 1.

Properties We take the density of water to be 62.4 Ibm/ft®.

Analysis We take the plate together with the curved water jet as the control volume, and designate the jet inlet by 1
and the outlet by 2. We also designate the horizontal coordinate by x (with the direction of incoming flow as being the
positive direction), and the vertical coordinate by z. The equation of conservation of mass for this one-inlet one-outlet
steady flow system is m; =m, =m where

= pVA= pV[2D? | 4] = (62.4 Ibm/ft)(140 ft/s)[z(3/12 ft)* / 4] = 428.8 Ibm/s

The momentum equation for steady flow is Z F= ZﬂmV —ZﬁmV . We let the x- and z- components of the anchoring

out in
force of the plate be Fg, and Fg,, and assume them to be in the positive directions. Then the momentum equations along the
x and y axes become

Fry =M(-V,)cos45° —m(+V;) = —mV (1+ cos 45°) @\
135°

Fe, = M(+V,)sin 45° = mV sin 45° AR
Substituting the gi lues, Fry
upstituting the given values it \l/ 140ft/s_>
F., = —(428.8 lom/s)(140 ft/s)(1+ cos45°) (—Zj
32.2 Ibm-ft/s 3 in'I\CDWaterjet
= -3182.64 Ibf = -3180 Ibf
F., = (428.8 Ibm/s)(140 ft/s)sin45° __Llbf > | =1318.29 Ibf =1320 Ibf
32.2 Ibm - ft/s

and

F
F,=+F2+F2 = \/(—3182.64)2 +1318.29° =3444.86 Ibf =~3440Ibf, O=tan' =L = tan'l% =157.50° = 158°

Rx

Discussion Note that the magnitude of the anchoring force is 3440 Ibf, and its line of action is 158° from the positive x
direction. Also, a negative value for Fg, indicates the assumed direction is wrong; the actual anchoring force is to the left.
This makes sense when we think about it; with the water jet striking the plate from left to right, one would have to push to
the left in order to hold the plat in place.
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Chapter 6 Momentum Analysis of Flow Systems
6-34
Solution Firemen are holding a nozzle at the end of a hose while trying to extinguish a fire. The average water outlet
velocity and the resistance force required of the firemen to hold the nozzle are to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The water jet is exposed to the atmosphere, and thus the pressure
of the water jet is the atmospheric pressure, which is disregarded since it acts on all surfaces. 3 Gravitational effects and
vertical forces are disregarded since the horizontal resistance force is to be determined. 5 Jet flow is nearly uniform and
thus the momentum-flux correction factor can be taken to be unity, f= 1.

Properties We take the density of water to be 1000 kg/m?®.

Analysis (a) We take the nozzle and the horizontal A Frz
portion of the hose as the system such that water enters the =
R . . Rx
control volume vertically and outlets horizontally (this way .
the pressure force and the momentum flux at the inlet are in >D= 12 m*/min

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

V.V 12m®min
A D?/4 7z(0.08m)*/4

= 2387 m/min =39.79 m/s = 39.8 m/s

= pV = (1000 kg/m*)(12 m*/min) =12,000 kg/min = 200 kg/s

(b) The momentum equation for steady flow is Z F= ZﬁmV —Z,BmV . We let horizontal force applied by the firemen
out in

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

Fre =MV, —0=mV = (200 kg/s)(39.79 m/s) 5
1kg-m/s

] =-7958 N

Therefore, the firemen must be able to resist a force of 7958 N to hold the nozzle in place.

Discussion  The force of 7958 N is equivalent to the weight of about 810 kg. That is, holding the nozzle requires the
strength of holding a weight of 810 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.

6-23
PROPRIETARY MATERIAL. © 2014 by McGraw-Hill Education. This is proprietary material solely for authorized instructor use.
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or
posted on a website, in whole or part.




Chapter 6 Momentum Analysis of Flow Systems
6-35
Solution A horizontal jet of water with a given velocity strikes a flat plate that is moving in the same direction at a
specified velocity. The force that the water stream exerts against the plate is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The water splatters in all directions in the plane of the plate. 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 The vertical forces and momentum fluxes are not considered
since they have no effect on the horizontal force exerted on the plate. 5 The velocity of the plate, and the velocity of the
water jet relative to the plate, are constant. 6 Jet flow is nearly uniform and thus the momentum-flux correction factor can
be taken to be unity, g= 1.

Properties We take the density of water to be 1000 kg/m®. 10 m/s

Analysis We take the plate as the control volume, and the flow
direction as the positive direction of x axis. The relative velocity
between the plate and the jet is

VI’ :Vjet _Vplate = 40—10 = 30 m/S

Therefore, we can view the plate as being stationary and the jet to be
moving with a velocity of 30 m/s. The mass flow rate of water relative
to the plate [i.e., the flow rate at which water strikes the plate] is

2

D 2
e = AV, A= pV, =, —= (1000 kg/m®)(30 mjs) £@05 M)

=58.90kg/s

The momentum equation for steady flow is Z F= Z,BmV - ZﬁmV . We let the horizontal reaction force applied to the
out in
plate in the negative x direction to counteract the impulse of the water jet be Fr,. Then the momentum equation along the x
direction gives
1IN

—Fpe=0-mV; — Fg, =m\V, =(58.90 kg/s)(30 m/s){lk—

/2]:1767N
g-mfs

Therefore, the water jet applies a force of 1767 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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Chapter 6 Momentum Analysis of Flow Systems

Solution The previous problem is reconsidered. The effect of the plate velocity on the force exerted on the plate as
the plate velocity varies from 0 to 30 m/s in increments of 3 m/s is to be investigated.

Analysis The EES Equations window is printed below, followed by the tabulated and plotted results.
rho=1000 "kg/m3"
D=0.05"m"
V_jet=30 "m/s"

Ac=pi*D"2/4
V_r=V_jet-V_plate
m_dot=rho*Ac*V _r
F_R=m_dot*V_r "N"

Vpiate, M/S V., m/s Fr, N
0 30 1767
3 27 1431
6 24 1131
9 21 866
12 18 636
15 15 442
18 12 283
21 9 159
24 6 70.7
27 3 17.7
30 0 0
1800
1600
1400
1200
= 1000 - |
JE 800
600
400
200
0
0 5 10 15 20 25 30

Vplate, m/s

Discussion ~ When the plate velocity reaches 30 m/s, there is no relative motion between the jet and the plate; hence,
there can be no force acting.
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Chapter 6 Momentum Analysis of Flow Systems

6-37E

Solution A horizontal water jet strikes a curved plate, which deflects the water back to its original direction. The
force required to hold the plate against the water stream is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The water jet
is exposed to the atmosphere, and thus the pressure of the water jet and 90 ft/s <€— — N
the splattered water is the atmospheric pressure, which is disregarded
since it acts on all surfaces. 3 Friction between the plate and the surface it
is on is negligible (or the friction force can be included in the required
force to hold the plate). 4 There is no splashing of water or the
deformation of the jet, and the reversed jet leaves horizontally at the same 3in \L
velocity and flow rate. 5 Jet flow is nearly uniform and thus the W0t~ S5 —
momentum-flux correction factor is nearly unity, g= 1.

Properties We take the density of water to be 62.4 Ibm/ft®.

Analysis We take the plate together with the curved water jet as the control volume, and designate the jet inlet by 1
and the outlet by 2. We also designate the horizontal coordinate by x (with the direction of incoming flow as being the
positive direction). The continuity equation for this one-inlet one-outlet steady flow system is m, =m, = m where

Waterjet

m=pVA= pV[D? | 4] = (62.4 Ibm/ft3)(90 ft/s)[ z(3/12 ft)? / 4] = 275.7 lbm/s

The momentum equation for steady flow is z F= Zﬂ’mV —ZﬂmV . Letting the reaction force to hold the plate be Fgy

out in
and assuming it to be in the positive direction, the momentum equation along the x axis becomes

Fay = M(-V,) - M(+V,) = —2mV

Substituting,

Fre =—2(275.7 Ibm/s)(90 ft/s)(¢] = —1541Ibf = -1540 Ibf
32.2 Ibm - ft/s?

Therefore, a force of 1540 Ibf must be applied on the plate in the negative x direction to hold it in place.

Discussion Note that a negative value for Fg, indicates the assumed direction is wrong (as expected), and should be
reversed. Also, there is no need for an analysis in the vertical direction since the fluid streams are horizontal.
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Solution A helicopter hovers at sea level while being loaded. The volumetric air flow rate and the required power
input during unloaded hover, and the rpm and the required power input during loaded hover are to be determined.
Assumptions 1 The flow of air is steady and incompressible. 2 Air leaves the blades at a uniform velocity at atmospheric
pressure. 3 Air approaches the blades from the top through a large area at atmospheric pressure with negligible velocity. 4
The frictional effects are negligible, and thus the entire mechanical power input is converted to kinetic energy of air (no
conversion to thermal energy through frictional effects). 5 The change in air pressure with elevation is negligible because
of the low density of air. 6 There is no acceleration of the helicopter, and thus the lift generated is equal to the total weight.
7 Air flow is nearly uniform and thus the momentum-flux correction factor can be taken to be unity, = 1.
Properties The density of air is given to be 1.18 kg/m®.
Analysis (a) We take the control volume to be a vertical hyperbolic cylinder bounded by streamlines on the sides
with air entering through the large cross-section (section 1) at the top and the fan located at the narrow cross-section at the
bottom (section 2), and let its centerline be the z axis with upwards being the positive direction.

The momentum equation for steady flow is Z F= Z,BmV —ZﬂmV . Noting that the only force acting on the

out in
control volume is the total weight W and it acts in the negative z direction, the momentum equation along the z axis gives
\ Yo,

where A is the blade span area,
A=7D?/4=7(18m)%/4=2545m?

Then the discharge velocity, volume flow rate, and the mass flow rate
of air in the unloaded mode become

V2, unloaded = \/m: (12,000 kg)(9-81m/s”) =19.80 m/s
2,unloade A (1.18 kg/m3)(254.5 mz)

Vinioaded = AV unioaded = (254.5m?)(19.80 m/s) = 5039 m°/s

munloaded = pvunloaded = (1-18 kg/ms)(5039 mS/S) =5946 kg/S 14,000 kg

Noting that P; = P, = P, V1 = 0, the elevation effects are negligible, and the frictional effects are disregarded, the energy
equation for the selected control volume reduces to

Sea level

(P V2 : (P, V2 . : : V7
m _1+L+ 9z, +Wpump,u =m _2+_2+ 9z, +Wturbine + Emech,loss - Wfan,u = m_2
p 2 p 2 2
Substituting,

2 2
Wunloaded fanu = [m%] = (5946 kg/s) (1980 mfs) { LkN ]( Lkw J =1165kW =1170 kW
unloaded

2 1000 kg - m/s? \1kN-m/s
(b) We now repeat the calculations for the loaded helicopter, whose mass is 12,000+14,000 = 26,000 kg:

Vo = [Mioaded @ _ | (26,000 kg)(9.81m/s?) _29.14m/s
2 loade PA (1.18 kg/m®)(254.5m?)

Mioaded = PV ioaded = PAV2, oaged = (1.18 kg/m®)(254.5m?)(29.14 m/s) = 8752 kg/s
2 2
V\'/Ioaded fanu = [mVsz = (8752 kg/s) (29'142m/3) [ 1kN 5 J(l klNkW ; ) —3716 KW = 3720 KW
loaded 1000 kg - m/s -m/s

Noting that the average flow velocity is proportional to the overhead blade rotational velocity, the rpm of the loaded
helicopter blades becomes

\Y n \ .
Vo =k — Zloaled . —loated = Nigaged = _ Zloaded Nunloaded = ]2_9%(550 pm) =809 rpm

V2,un|oaded r.]unloaded 2,unloaded 9.
Discussion  The actual power input to the helicopter blades will be considerably larger than the calculated power input
because of the fan inefficiency in converting mechanical power to kinetic energy.
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Solution A helicopter hovers on top of a high mountain where the air density considerably lower than that at sea

level. The blade rotational velocity to hover at the higher altitude and the percent increase in the required power input to
hover at high altitude relative to that at sea level are to be determined.

Assumptions 1 The flow of air is steady and incompressible. 2 The air leaves the blades at a uniform velocity at
atmospheric pressure. 3 Air approaches the blades from the top through a large area at atmospheric pressure with negligible
velocity. 4 The frictional effects are negligible, and thus the entire mechanical power input is converted to kinetic energy of
air. 5 The change in air pressure with elevation while hovering at a given location is negligible because of the low density
of air. 6 There is no acceleration of the helicopter, and thus the lift generated is equal to the total weight. 7 Air flow is
nearly uniform and thus the momentum-flux correction factor can be taken to be unity, = 1.

Properties The density of air is given to be 1.18 kg/m? at sea level, and 0.928 kg/m® on top of the mountain.

Analysis (a) We take the control volume to be a vertical hyperbolic cylinder bounded by streamlines on the sides
with air entering through the large cross-section (section 1) at the top and the fan located at the narrow cross-section at the
bottom (section 2), and let its centerline be the z axis with upwards being the positive direction.

The momentum equation for steady flow is Z F= Zﬂmv Z,Bmv Noting that the only force acting on the

out
control volume is the total weight W and it acts in the negative z dlrectlon, the momentum equation along the z axis gives

w
PA
where A is the blade span area. Then for a given weight W, the ratio of discharge velocities becomes

2 mountain _ w /pmountam Psea 1.18 kg/m ~11276
V2,sea /psea pmountam 0.928 kg/m

Noting that the average flow velocity is proportional to the overhead blade rotational velocity, the rpm of the helicopter
blades on top of the mountain becomes

“W=m(-V,)-0 >  W=mV,=(pAV,)V, =pAV; —> V,=

N, Voo
A=KV, — _mounain _ T2mounain g o T2mountdn (1 1576)(550 rpm) = 620.2 rpm = 620 rpm

mountain
nsea V2,sea e V2,sea
Noting that P, = P, = Py, V1 = 0, the elevation effect are negligible, and the frictional effects are disregarded, the energy
equation for the selected control volume reduces to
V2

. Pl V12 y . P2 V22 g = y .
m —+——+0z7; +V\/pump,u =m—+ +97; +Wturbine + Emech,loss - Wfan,u =m
p 2 p 2 2

‘ A V7 A TRY w e wis
or Wfanu:m_zszVZ_zsz_zz%PA — :%pA_ =

Then the ratio of the required power input on top of the mountain to
that at sea level becomes

mountam fan,u 0. 5\Nl S /\lpmountam Psea 1.18 kg/m -1.128

Wsea fan,u 0.5W*° /1/,05% U Pmountain V 0.928 kg/m
Therefore, the required power input will increase by approximately
12.8% on top of the mountain relative to the sea level.

Sea level

Load
14,000 kg

Discussion Note that both the rpm and the required power input to the helicopter are inversely proportional to the
square root of air density. Therefore, more power is required at higher elevations for the helicopter to operate because air is
less dense, and more air must be forced by the blades into the downdraft.
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Solution Water flowing in a pipe is slowed down by a diffuser. The force exerted on the bolts due to water flow is
to be determined.

Assumptions 1 The flow is steady and incompressible. 2 Frictional effects are negligible (so that the Bernoulli equation
can be used). 3 The water is discharged to the atmosphere, and thus the gage pressure at the outlet is zero.

Properties We take the density of water to be 1000 kg/m®.
Analysis

d=10 cm Diffuser

-
I:bolts |

—_—— e ——

Writing Bernoulli equation between 1-2 ;
P, +%,on2 +1, =P, +%,0V22 + 72, + negligible losses

Vy :0—'12=12.73 m/s, V, __ol 3.18m/s
,,0.14

0.22
702,
P = %P&zz vy )= %1000(12.732 ~3.187)= 75970 Pa
Applying linear momentum to the CV gives;
a — — -
EIVpdV + IVpV ndA = Z Fo and  Vyp(=Vy)A +V,p(+V, )A; = PLA — Fogps
cv cs
pQ(VZ _Vl) =PRA — Foors
0.1%
Fooits = 75970;;7—1000><0.1><(3.18—12.73)

Foois =1552 «— ,fluid force on bolts 1552 N to right.

6-29
PROPRIETARY MATERIAL. © 2014 by McGraw-Hill Education. This is proprietary material solely for authorized instructor use.
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or
posted on a website, in whole or part.




Chapter 6 Momentum Analysis of Flow Systems
6-41
Solution The weight of a water tank is balanced by a counterweight. Water enters the tank horizontally and there is

a hole at the bottom of the tank. The amount of mass that must be added to or removed from the counterweight to maintain
balance when the hole at the bottom is opened is to be determined.

Properties We take the density of water to be 1000 kg/m?®.
Analysis

I:H-Inle: =4 cm

The flowrate from the hole, just after the valve is opened,

2
Q =CA,/2gh =0.90n0'34 V2x9.81x0.5 =3.54x107° m3/s

Viore =0.90x4/2x9.81x0.5 = 2.82 m/s

Reaction force due to momentum change
F = pQV,, =1000x3.54x107°x2.82 ~10 N

Therefore the tank will sink just after the valve is opened, thus m = % = 1 kg must be removed from the counterweight.
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Chapter 6 Momentum Analysis of Flow Systems

Solution A wind turbine with a given span diameter and efficiency is subjected to steady winds. The power generated
and the horizontal force on the supporting mast of the turbine are to be determined.

Assumptions 1 The wind flow is steady and incompressible. 2 The efficiency of the turbine-generator is independent of
wind speed. 3 The frictional effects are negligible, and thus none of the incoming kinetic energy is converted to thermal
energy. 4 Wind flow is uniform and thus the momentum-flux correction factor is nearly unity, g= 1.

Properties The density of air is given to be 1.25 kg/m®.

E—
Analysis (a) The power potential of the wind is its kinetic Wind
energy, which is V?/2 per unit mass, and mV 2/2 for a given mass v @ @
1

flow rate:
D Va
. ] 4+
v, = @0 kmim) — ™S | _g 333 N
t 36kmh)

aD? 2 e -

M= Py = piVs —— = (L25 kgim*) (8333 mis) ZEOM” _ 29 452 kgis >
R

2 2
W, = riike, = YL = (29,452 kg/s) &2 /S) LkN [ Lkw j —1023 kW

2 2 1000 kg - m/s® \1kN-m/s

Then the actual power produced becomes

Wact = Nwind turbineWmax = (0-32)(1023 kW) =327kW

(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,

\Vj 2 2
ke, =mke; (1= 7ying wibine)  —> M 72 =m % (A= wind turbine )

or
Vo =V VL= Zwind wrbine = (8-333M/s)y/1—0.32 = 6.872 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 flow is

Z F= ZﬂmV —Z,BmV . Writing it along the x-direction (without forgetting the negative sign for forces and velocities

out in
in the negative x-direction) and assuming the flow velocity through the turbine to be equal to the wind velocity give

Fgr =mV, —mV; =m(, —V;) =(29,452 kg/s)(6.872 — 8.333 m/s) L =-43.0kN
1000 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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Solution Water enters a centrifugal pump axially at a specified rate and velocity, and leaves in the normal direction
along the pump casing. The force acting on the shaft in the axial direction is to be determined.

Properties We take the density of water to be 1000 kg/m?®.

pemeee L
Assumptions 1 The flow is steady and incompressible. 2 The forces | i

acting on the piping system in the horizontal direction are negligible. 3 X !

The atmospheric pressure is disregarded since it acts on all surfaces. 0.09 ms :

Analysis We take the pump as the control volume, and the inlet 5m/s —

direction of flow as the positive direction of x axis. The momentum mv

equation for steady flow in the x (flow) direction reduces in this case to

DFE=D AWV -D AV > —Fp=—ilV, > Fg =MV = pW,

out in

Note that the reaction 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,

1IN

Forake = (1000 kg/m®)(0.09 m*/s)(5 m/s) ————— |=450N
1kg-m/s

Discussion  To find the total force acting on the shaft, we also need to do a force balance for the vertical direction, and
find the vertical component of the reaction force.
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Solution A curved duct deflects a fluid. The horizontal force exerted on A

the duct by the fluid is to be determined. Ccv

Assumptions 1 The flow is steady and incompressible. 2 The momentum-
flux correction factor for each inlet and outlet is given to account for
frictional effects and the non-uniformity of the inlet and outlet velocity
profiles.

Properties  The density of the liquid is p = 998.2 kg/m®. Viscosity does P ducton i

not enter our analysis.

Analysis (a) We take the fluid within the duct as the control volume

(see sketch), and designate the inlet by 1 and the outlet by 2. We also

designate the horizontal coordinate by x (with the direction of flow as being V,
the positive direction). Conservation of mass for this one-inlet one-outlet b

steady flow system is m =, =m,. The mass flow rate is

P
m = pV,A = pV,A,, and the average speed at the outlet is thus 2020

= m _AWA _ViA . Since A; = A; in this problem, V,= V,. The momentum equation for steady flow in the x-
A PA
direction is Z Freoncy = Zﬁmu —Z/}mu , where u is the horizontal velocity component: u; = V; and u, = -V;. The total

out in
force on the control volume consists of pressure forces at the inlet and outlet plus the total of all forces (including pressure
and viscous forces) acting on the control volume by the duct walls. Calling this force Fy quct on fiuie» @nd assuming it to be in
the positive x-direction, we write

Pl,gage Al + Pz,gageAZ + Fx, duct on fluid — mIBZ (_Vl) - mﬂlvl

Note that we must be careful with the signs for forces (including pressure forces) and velocities. Solving for Fy guct on fiuids
and plugging in m= pV, A , we get
Fx, duct on fluid — _( Pl,gage + Pz,gage ) Al - leZAi (ﬁl + IBZ)

Finally, the force exerted by the fluid on the duct is the negative of this, i.e.,

Fx = Fx, fluid on duct — _Fx, duct on fluid — (Pl,gage + Pz,gage ) Ai + pV12A1 (ﬂl + ﬂz )

(b) We verify our expression by plugging in the given values:
2
F =(78470ﬁ2+ 65230%)(0.025 m2)+(998.2k—g3j(10mj (0.025 m*)(1.01+1.03) LZ
m m m S kg-m/s

=8683.3 N=8680N
where we give the final answer to three significant digits in keeping with our convention.

Discussion  The direction agrees with our intuition. The fluid is trying to push the duct to the right. A negative value for
Fy fiuid on auct indicates that the initially assumed direction was incorrect, but did not hinder our solution.
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Solution A curved duct deflects a fluid. The horizontal force exerted on A

the duct by the fluid is to be determined. Ccv

Assumptions 1 The flow is steady and incompressible. 2 The momentum-
flux correction factor for each inlet and outlet is given to account for
frictional effects and the non-uniformity of the inlet and outlet velocity
profiles.

Properties  The density of the liquid is p = 998.2 kg/m®. Viscosity does P ducton i

not enter our analysis.

Analysis (a) We take the fluid within the duct as the control volume

(see sketch), and designate the inlet by 1 and the outlet by 2. We also

designate the horizontal coordinate by x (with the direction of flow as being V,
the positive direction). Conservation of mass for this one-inlet one-outlet b

steady flow system is m =, =m,. The mass flow rate is
m=pV,A = pV,A,, and the average speed at the outlet is thus

M A VA e momentum equation for steady flow in the x-directionis »_F, o, = > Amu->_Amu,
pAz pAz Az out in

where u is the horizontal velocity component: u; = V; and u, = -V,. The total force on the control volume consists of

pressure forces at the inlet and outlet plus the total of all forces (including pressure and viscous forces) acting on the

control volume by the duct walls. Calling this force Fy guct on fiuia» and assuming it to be in the positive x-direction, we write

Pl,gageAi + Pz,gageAQ + Fx, duct on fluid — m:BZ (_VZ ) - mﬂlvl
Note that we must be careful with the signs for forces (including pressure forces) and velocities. Solving for Fy guct on fiuids

Pz,gage

2

and plugging in m= pV,A and V, :VlA1 , we get
F =—P_..A-P_.A —pV} A
x, duct on fluid — 1,0age 2,9age p 1 Al ﬁl +ﬂ2 AZ
Finally, the force exerted by the fluid on the duct is the negative of this, i.e.,
F =F . =-F =P A+P A2+pv2Al(ﬂ+ﬂﬁ}
X X, fluid on duct x, duct on fluid 1,0age 2,gage 1 1 2 AZ

(b) We verify our expression by plugging in the given values:

F, =(88340%(0.025 m2)+67480%(0.015 mz)j

2 2
* (998-2k—gaj[209) (0.025 m?)| 1.02+104222™ | N
m s 0.015m? )\ kg-m/s

=30704.5 N 230,700 N to theright
where we give the final answer to three significant digits in keeping with our convention.

Discussion  The direction agrees with our intuition. The fluid is trying to push the duct to the right. A negative value for
Fy fiuid on auct indicates that the initially assumed direction was incorrect, but did not hinder our solution.
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Solution The curved duct analysis of the previous problem is to be examined more closely. Namely, we are to
explain how the pressure can actually rise from inlet to outlet.

Analysis The simple answer is that when the area ratio is greater than 1, the duct acts as a diffuser. From the
Bernoulli approximation, we know that as the velocity decreases along the duct (since area increases), the pressure
increases. Irreversibilities act counter to this, and cause the pressure to drop along the duct. For large enough area ratio, the
diffuser effect “wins”. In this problem, the pressure changes from decreasing to increasing at an area ratio of around 1.3.

Discussion The curvature does not affect the fact that the duct acts like a diffuser — the area still increases. In fact, some
diffusers are curved, e.g., centrifugal pumps and the draft tubes of hydroelectric turbines, as discussed in the turbomachinery
chapter.
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Solution A curved duct deflects a fluid. The horizontal force exerted on

the duct by the fluid is to be determined. Vi cV
Assumptions 1 The flow is steady and incompressible. 2 The momentum- 2

flux correction factor for each inlet and outlet is given to account for frictional P1 gage

effects and the non-uniformity of the inlet and outlet velocity profiles. A

Properties The density is given as p = 998.2 kg/m®. Viscosity does not Fx. duct on fluid

enter our analysis.

]

[}

E
Analysis (a) We take the fluid within the duct as the control volume (see +.
sketch), and designate the inlet by 1 and the outlet by 2. We also designate the AN
horizontal coordinate by x (with the direction of flow as being the positive
direction). Conservation of mass for this one-inlet one-outlet steady flow
system is m =m, =m,. The mass flow rate is m = pV,A = pV,A,, and the

Y V H y P H
average speed at the outlet is thus V, = = AMA YA The momentum 2 Por Pagage
PA,  pA,
equation for steady flow in the x-direction is > F,, o, = > Amu—>" gmu , where u is the horizontal velocity component.

out in
The total force on the control volume consists of pressure forces at the inlet and outlet plus the total of all forces (including
pressure and viscous forces) acting on the control volume by the duct walls. Calling this force Fy quct on fiuis» and assuming it
to be in the positive x-direction, we write

Pl,gageAi - Pz,gageAZ Cos 0 + Fx, ducton fluid — mﬁzvz Cos 6 - mﬁlvl
Note that we must be careful with the signs for forces (including pressure forces) and velocities. Solving for Fy guct on fiuids
and plugging in m= pV, A , we get
Fx, duct on fluid = _Pl,gage Ai + P2,gage AZ Cos 9 + leAi (IBZVZ cos 6 - ﬂlvl)
ViA

where V, =2

Finally, the force exerted by the fluid on the duct is the negative of this, i.e.,

Fx = Fx, fluid on duct — _Fx, ducton fluid — ' 1,gage Ai - Pz,gage AZ cosé + leAi (ﬂlvl - ﬁzvz Ccos 0)
VIA

where V, =—%

(b) We verify our expression by plugging in the given values:
2
V, = Vi A _ 6 m/s)(0.0ZE; m<) _3ms
A, 0.050 m
and

F, = (78,470 N/m?)(0.025m?) — (65,230 N/m?)(0.050 m?)cos(135°)

+(998.2 kg/m?®)(6 M/s)(0.025 m2)[(L.01)(6 mis) — (1.03)(3 m/s)cos(l&k;O){%j
1kg-m/s

=5502 N 25500 Nto theright

where we give the final answer to three significant digits in keeping with our convention.
(©) We predict that the force would maximize at 8= 180° because the water is turned completely around.

Discussion  The direction agrees with our intuition. The fluid is trying to push the duct to the right. A negative value for
Fy fiuid on auct indicates that the initially assumed direction was incorrect, but did not hinder our solution.
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Solution A fireman’s hose accelerates water from high pressure, low velocity to atmospheric pressure, high velocity
at the nozzle exit plane. The horizontal force exerted on the duct by the water is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The momentum-flux correction factor for each inlet and outlet is
given to account for frictional effects and the non-uniformity of the inlet and outlet velocity profiles.

Properties The density of the water is p = 998.2 kg/m®. Viscosity does not enter our analysis.

Analysis (a) We take the fluid within the duct as the control volume (see sketch), and designate the inlet 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).
Conservation of mass for this one-inlet one-outlet steady flow system is m =, =m,. The mass flow rate is

m=pV,A = pV,A,, and the average
speed at the outlet is thus
__m _ A :V1A1 The

PA,  pA A

momentum equation for steady flow in
the x-direction is

ZFxonCV =ZﬁmU—Zﬂmu ,Whereu CV.

out in
is the horizontal velocity component: u; =V, and u, = V,. The total force on the control volume consists of pressure forces
at the inlet and outlet plus the total of all forces (including pressure and viscous forces) acting on the control volume by the
duct walls. Calling this force Fy qucton fiuis» @nd assuming it to be in the positive x-direction, we write

I:?l,gageAi - PZ,gageAZ + Fx, duct on fluid — mﬂz (VZ ) - n.’]IBlVl
Note that we must be careful with the signs for forces (including pressure forces) and velocities. Solving for Fy auct on fiuid,

ViA

2

and plugging in m= pV,A and V, = A , We get
Fx, duct on fluid — 2,gage % Ai - Pl,gageAi + pV].ZAi (ﬂz % - ﬂl)
Finally, the force exerted by the fluid on the duct is the negative of this, i.e.,
A A
Fx = Fx, fluid on duct — _Fx, duct on fluid — (Pl,gage - Pz,gage N A1 + pvlei ﬂl - 182 S
A A,
=A {( Pl,gage - Pz,gage %j + pvlz (ﬂl -5, %]:|

(b) We verify our expression by plugging in the given values:

2 2 2
F =Z(0.10 m’ 123,000%—0%[%j +(998.2k—93j[4mj 1.03—1.02[ 010) N_
4 m m<\ 0.10 m S 0.050 kg-mi/s

=583.455 N 2583 N to theright
where we give the final answer to three significant digits in keeping with our convention.

Discussion  The direction agrees with our intuition. The fluid is trying to push the duct to the right. A negative value for
Fx fiuid on auct iNdicates that the initially assumed direction was incorrect, but did not hinder our solution.
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Chapter 6 Momentum Analysis of Flow Systems
6-49
Solution A 90° reducer elbow deflects water downwards into a smaller diameter pipe. The resultant force exerted on
the reducer by water is to be determined.
Assumptions 1 The flow is steady and incompressible. 2 Frictional effects are negligible in the calculation of the pressure
drop (so that the Bernoulli equation can be used). 3 The weight of the elbow and the water in it is disregarded since the
gravitational effects are negligible. 4 The momentum-flux correction factor for each inlet and outlet is given to be g=1.04.
Properties We take the density of water to be 1000 kg/m?®.
Analysis We take the water within the elbow as the control volume (see
sketch), and designate the inlet 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,. Noting that m = pAV , the

mass flow rate of water and its outlet velocity are @
m=pV, A = pV, (#D7 1 4) = (1000 kg/m*)(8 m/s)[(0.25 m)? / 4] = 392.7 kg/s F. Y
. , ! 15cm |«
F
v, = m o m2 _ 3932.7 ka/s . —2222m/s Rx
PP, paD3 14 (1000 kg/m®)[z(0.15m)* /4] —3 TTeee L
The Bernoulli equation for a streamline going through the center of the Py 3’& _ 5 \\
reducing elbow is expressedas 7 TTT=—l - \
2 2 2 _\y2 S \
AV, -V, p2:p1+pg[vl \ +21—22J z Control ™\ ll
A9 29 A9 29 29 volume LV
Using gage pressures and substituting, the gage pressure at the outlet becomes TTKT P,

2 2
P, = (300 kPa) + (1000 kg/m*)(@.81m/s2)| &) (22'25 M) o5 LkN _ [ LkPa _ j — 90.04 kPa
2(9.81m/s*) 1000 kg-m/s® \1kN/m

The momentum equation for steady flow is Z F= ZﬂmV—ZﬂmV . We let the x- and z- components of the resultant
out in

of the reaction forces exerted by the reducer elbow on water be Fg, and Fg,, and assume them to be in the positive

directions. Noting that the atmospheric pressure acts from all directions and its effect cancels out, the momentum equations

along the x and z axes become

FRx + Pl,gageAi =0- ﬁlmvl
I:Rz + Pz,gageAZ = ﬂzm(_vz) -0

Note that we should not forget the negative sign for forces (including pressure forces) and velocities in the negative x or z
direction. Solving for Fg, and Fg,, and substituting the given values,

. 1kN 2. 7(0.25m)?
Fg, =—pmV, — P =-1.04(392.7 kg/s)(8 m/s)) —————— |- (300 kN/m“) —————=-17.99 kN
Rx m 1 1,gageA1 ( g )( ){1000kg-m/32] ( ) 4
2
Fre ==PMV, + Py gaqe Ay =—1.04(392.7 kg/s)(22.22 ms) Lz +(90.04 kN/mZ)M =-7.484 kN
’ 1000 kg - m/s

The force exerted by the water on the reducer elbow is the negative of this, i.e.,
Fy, water on reducer = 18.0 KN and F, water on reducer = 7.48 KN
The magnitude of the resultant force exerted by the water on the reducer, and its line of action from the +x direction are
Fr =JF.§X +Fg =J(-17.99)2 +(~7.484)% =19.5kN

f=tan™ Fee _ tan™ — 7484
RX _1 .

=22.6°

Discussion  The direction agrees with our intuition. The water is trying to push the reducer to the right and up. Negative
values for Fg, and Fg, indicate that the initially assumed directions were incorrect, but did not hinder our solution.
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Chapter 6 Momentum Analysis of Flow Systems
6-50
Solution The flow rate in a channel is controlled by a sluice gate by raising or lowering a vertical plate. A relation for
the force acting on a sluice gate of width w for steady and uniform flow is to be developed.
Assumptions 1 The flow is steady, incompressible, frictionless, and uniform (and thus the Bernoulli equation is
applicable.) 2 Wall shear forces at channel walls are negligible. 3 The channel is exposed to the atmosphere, and thus the
pressure at free surfaces is the atmospheric pressure. 4 The flow is horizontal. 5 Water flow is nearly uniform and thus the
momentum-flux correction factor can be taken to be unity, S 1.
Analysis We take point 1 at the free surface of the upstream flow before the gate and point 2 at the free surface of the
downstream flow after the gate. We also take the bottom surface of the channel as the reference level so that the elevations
of points 1 and 2 are y; and y,, respectively. The application of the Bernoulli equation between points 1 and 2 gives

P V2 P, V72
$+$+V1:£+i+yz - Vi-Vi=29(y1-y,) (1)

The flow is assumed to be incompressible and thus the density is constant. Then the conservation of mass relation for this
single stream steady flow device can be expressed as

V,=V,=V o AV, =AV,=V > V,= v

v and V2=—:V— (2)
Wy Ay Wy,

Vo_
Ay
Substituting into Eq. (1),

. 2 . 2

\% \% . 2 - . 2 _
(—] —(—] =200y, -yy) > V =w [ 28UV oy, PO0YR) g
Wy WY1 1y, -1/y; 1-y5 1yi

Substituting Eq. (3) into Egs. (2) gives the following relations for velocities,

2 - 2 -
_Y2 @J(yl2 yg) and V= g(yl2 yg)
1-y51y; 1-y51y;
We choose the control volume as the water body surrounded by the vertical cross-sections of the upstream and downstream
flows, free surfaces of water, the inner surface of the sluice gate, and the bottom surface of the channel. The momentum
equation for steady flow is Z F= ZﬂmV —ZﬂmV . The force acting on the sluice gate Fg, is horizontal since the wall

out in
shear at the surfaces is negligible, and it is equal and opposite to the force applied on water by the sluice gate. Noting that
the pressure force acting on a vertical surface is equal to the product of the pressure at the centroid of the surface and the
surface area, the momentum equation along the x direction gives

—Fre +PA P Ay =mV, —mV; - —Fg, +(,09 %)(Wyl) —(,09 %}(Wz) =mV, -V,)

Rearranging, the force acting on the sluice gate is determined to be @
. w
Fre =mM(Vy —V2)+_P9(Y12_Y§) ®) A
2 I:Rx
where V; and V; are given in Eq. (4). Thus, V,
Y1 Sluice gate
Y2 290 —Ys) 29(y, - Y,) w 2 2 >
F, =m| = — +— - y
" {yl\/l—yilyf 1-y; 1y 2790 =) @ —
\4 4 >

Y, 29(Y, —Y,) W 2 2
=1 [ +—=pa(y; - ¥5)|
Vi J 1-yily: 200

Discussion Note that for y; >> y,, Eq. (3) simplifies to V = y,w./2gy, or V, =./2gy, which is the Toricelli equation
for frictionless flow from a tank through a hole a distance y; below the free surface.

or, simplifying, | Fs, = m[
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Chapter 6 Momentum Analysis of Flow Systems

Angular Momentum Equation

6-51C
Solution We are to discuss how the angular momentum equation is obtained from the RTT.
Analysis The angular momentum equation is obtained by replacing B in the Reynolds transport theorem by the

total angular momentum I—TSys , and b by the angular momentum per unit mass ¥ xV .

Discussion ~ The RTT is a general equation that holds for any property B, either scalar or (as in this case) vector.

6-52C

Solution We are to express the angular momentum equation in scalar form about a specified axis.

Analysis The angular momentum equation about a given fixed axis in this case can be expressed in scalar form as

D M ="V =" rmV | where r is the moment arm, V is the magnitude of the radial velocity, and m is the mass
out in

flow rate.

Discussion  This is a simplification of the more general angular momentum equation (many terms have dropped out).

6-53C
Solution We are to express the angular momentum equation for a specific (restricted) control volume.

Analysis The angular momentum equation in this case is expressed as Ig =—FxmV | where @ is the angular

acceleration of the control volume, and F is the vector from the axis of rotation to any point on the line of action of F .

Discussion  This is a simplification of the more general angular momentum equation (many terms have dropped out).

6-54C
Solution We are to compare the angular momentum of two rotating bodies
Analysis No. The two bodies do not necessarily have the same angular momentum. Two rigid bodies having the

same mass and angular speed may have different angular momentums unless they also have the same moment of inertia I.

Discussion  The reason why flywheels have most of their mass at the outermost radius, is to maximize the angular
momentum.
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Chapter 6 Momentum Analysis of Flow Systems

6-55
Solution Water is pumped through a piping section. The moment acting on the elbow for the cases of downward and
upward discharge is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The water is discharged to the atmosphere, and thus the gage
pressure at the outlet is zero. 3 Effects of water falling down during upward discharge is disregarded. 4 Pipe outlet diameter
is small compared to the moment arm, and thus we use average values of radius and velocity at the outlet.

Properties We take the density of water to be 1000 kg/m?®.

Analysis We take the entire pipe as the control volume, and designate the
inlet by 1 and the outlet by 2. We also take the x and y coordinates as shown.
The control volume and the reference frame are fixed. The conservation of mass
equation for this one-inlet one-outlet steady flow system is m; =m, =m, and

V; =V, =V since A; = constant. The mass flow rate and the weight of the
horizontal section of the pipe are

= pAV = (1000 kg/m®)[z(0.15m)?/4](7 m/s) = 123.7 kg/s

1IN

W =mg = (15 kg/m)(2m)(9.81m/s?) ———— | = 294.3N/m
1kg-mi/s

(a) Downward discharge: To determine the moment acting on the pipe at point A, we need to take the moment of all

forces and momentum flows about that point. This is a steady and uniform flow problem, and all forces and momentum

flows are in the same plane. Therefore, the angular momentum equation in this case can be expressed as

Z M = Z rmv —z rmV where r is the moment arm, all moments in the counterclockwise direction are positive, and all
out in

in the clockwise direction are negative.

The free body diagram of the pipe section is given in the figure. Noting that the moments of all forces and
momentum flows passing through point A are zero, the only force that will yield a moment about point A is the weight W of
the horizontal pipe section, and the only momentum flow that will yield a moment is the outlet stream (both are negative
since both moments are in the clockwise direction). Then the angular momentum equation about point A becomes

Solving for M, and substituting,
. 1IN
M, =W —r,mV, = (1m)(294.3 N) — (2 m)(123.7 kg/s)(7 m/s)(WJ =-1438N-m
g-m/s

The negative sign indicates that the assumed direction for M, is wrong, and should be reversed. Therefore, a moment of 70
N-m acts at the stem of the pipe in the clockwise direction.

(b) Upward discharge: The moment due to discharge stream is positive in this case, and the moment acting on the pipe at
point A is

M 5 = EW + 1,0V, = (Lm)(294.3 N) + (2 m)(123.7 kg/s)(7 m/s)(ﬁ) ~2026N-m
g-m/s

Discussion Note direction of discharge can make a big difference in the moments applied on a piping system. This
problem also shows the importance of accounting for the moments of momentums of flow streams when performing
evaluating the stresses in pipe materials at critical cross-sections.

6-41
PROPRIETARY MATERIAL. © 2014 by McGraw-Hill Education. This is proprietary material solely for authorized instructor use.
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or
posted on a website, in whole or part.




Chapter 6 Momentum Analysis of Flow Systems
6-56E

Solution A two-armed sprinkler is used to generate electric power. For a specified flow rate and rotational speed, the
power produced is to be determined.

Assumptions 1 The flow is cyclically steady (i.e., steady from a
frame of reference rotating with the sprinkler head). 2 The water is
discharged to the atmosphere, and thus the gage pressure at the nozzle
outlet is zero. 3 Generator losses and air drag of rotating components
are neglected. 4 The nozzle diameter is small compared to the moment
arm, and thus we use average values of radius and velocity at the outlet.

Properties We take the density of water to be 62.4 Ibm/ft®.

Electric
generator

~

Analysis We take the disk that encloses the sprinkler arms as the
control volume, which is a stationary control volume. The conservation
of mass equation for this steady flow system is m; =m, =m. Noting

that the two nozzles are identical, we have mM,g,,=m/2 or TTK---3 _

Viosze =Viotal /2 since the density of water is constant. The average
jet outlet velocity relative to the nozzle is

/ 3
Viet _Viome 25 gal/32 G EPYE TN
A [7(0.5/12ft)% /41| 7.480gal

The angular and tangential velocities of the nozzles are

= 2711 = 272(180 rev/min)| L1
60s

j =18.85rad/s

Viozzte = o = (21t)(18.85rad/s) =37.70 ft/s

The velocity of water jet relative to the control volume (or relative to a \ >
fixed location on earth) is N l
V; =Vier —Viozale = 245.1—37.70 = 207.4 ft/s MhozzieVr

The angular momentum equation can be expressed as Te----- -
ZMzZrmV—ZrmV where all  moments in the

out in
counterclockwise direction are positive, and all in the clockwise
direction are negative. Then the angular momentum equation about the
axis of rotation becomes

M ghate = -2rm nozzleVr or M ghate = r'mtotalvr

Substituting, the torque transmitted through the shaft is determined to be

1lbf
M =My, V, =(2ft)(41.711bm/s)(207.4 ft/s)) —————— | =537.3Ibf - ft
shaft total V' r ( )( )( )[322 lbm - ﬁ/Szj
since  Mygy = Voo = (62.4 1bm/ft®)(5/7.480 ft3/s) = 41.711bm/s . Then the power generated becomes

1kwW
737.56 Ibf - ft/s

Therefore, this sprinkler-type turbine has the potential to produce 13.7 kW of power.

W = 271M o = OM g = (18.85 rad/s)(537.3 Ibf - ft)( j =13.7kW

Discussion  This is, of course, the maximum possible power. The actual power generated would be much smaller than
this due to all the irreversible losses that we have ignored in this analysis.
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Chapter 6 Momentum Analysis of Flow Systems
6-57E

Solution A two-armed sprinkler is used to generate electric power. For a specified flow rate and rotational speed, the
moment acting on the rotating head when the head is stuck is to be determined.

- ~

Electric
generator

~

Mshaft ‘\
\
1
........... ST USS—————— . __
\J \/
) r=2ft 7/
3 |
‘ [
\ /7
\\ /,
\\ ,m/nozzlevr

Assumptions 1 The flow is uniform and steady. 2 The water is discharged to the atmosphere, and thus the gage pressure
at the nozzle outlet is zero. 3 The nozzle diameter is small compared to the moment arm, and thus we use average values of
radius and velocity at the outlet.

Properties We take the density of water to be 62.4 Ibm/ft’.

Analysis We take the disk that encloses the sprinkler arms as the control volume, which is a stationary control
volume. The conservation of mass equation for this steady flow system is m; =m, =m. Noting that the two nozzles are
identical, we have M, =m/2 or V. . =V, /2 since the density of water is constant. The average jet outlet velocity
relative to the nozzle is
% : 3
Vi = nozzle _ 2 5gal/s2 1ft — 245 1fi/s
Aiee  [#(0.5/12ft)* /4]\ 7.480 gal

The angular momentum equation can be expressed as ZM =Zrmv —Zrmv where all moments in the
out in
counterclockwise direction are positive, and all in the clockwise direction are negative. Then the angular momentum
equation about the axis of rotation becomes

M ghatt = _Zrmnozzlevjet or M gpatc = rmtotalvjet

Substituting, the torque transmitted through the shaft is determined to be

11bf
32.21bm - ft/s?

SinCe Mgy = PV o = (624 lom/ft®)(5/7.480 ft*/s) = 41.711bm/s .

M et = MooV jet = (2 ft)(41.71|bm/s)(245.1ft/s)[ ] =635 Ibf - ft

Discussion  When the sprinkler is stuck and thus the angular velocity is zero, the torque developed is maximum since
Viozzle =0 and thus V, =Vijer = 245.1ft/s, giving Mgnarmax = 635 Ibf-ft. But the power generated is zero in this case since

the shaft does not rotate.
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Chapter 6 Momentum Analysis of Flow Systems
6-58

Solution A centrifugal pump is used to supply water at a specified rate and angular speed. The minimum power
consumption of the pump is to be determined.

Impeller

Impeller

blade Impeller region

Assumptions 1 The flow is steady in the mean. 2 Irreversible losses are negligible.

Properties We take the density of water to be 1000 kg/m?®.

Analysis We take the impeller region as the control volume. The normal velocity components at the inlet and the
outlet are
/ 3
VA 015m/s — 4.5910 m/s
T 27mrb 277((0.13/2) m)(0.080 m)
/ 3
Vyy = 0.15ms — 4.54728 m/s
T 2zrb, 272'((0.30/2) m)(0.035 m)
The tangential components of absolute velocity are:
Q,l:Oo: Vl,t :Vl,n tan a, =0
o, = 60°: V,, =V, tana, = (4.54728 m/s)tan 60° = 7.87613 m/s

The angular velocity of the propeller is

1min

60s
= pV = (1000 kg/m*)(0.15 m>/s) =150 kg/s

Normal velocity components Vy, and V,,, as well pressure acting on the inner and outer circumferential areas pass through

the shaft center, and thus they do not contribute to torque. Only the tangential velocity components contribute to torque, and
the application of the angular momentum equation gives

w =2 =27(1200 rev/min)( ) =125.7 rad/s

1 kN

T = MKV, —1V,,) = (150 kg/s)[(0.30 m)(7.87613 m/s)-O][—1000 kg - m/s’

j =0.354426 kN-m

Then the shaft power becomes

1 kw

W = 0T, = (125.7 rad/s)(0.354426 kN - m)| —————
1 kN-m/s

) =445513 KW = 44.6 kW

Discussion Note that the irreversible losses are not considered in analysis. In reality, the required power input will be
larger.
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Chapter 6 Momentum Analysis of Flow Systems
6-59
Solution A centrifugal blower is used to deliver atmospheric air. For a given angular speed and power input, the
volume flow rate of air is to be determined.

Impeller

Impeller
blade

Assumptions 1 The flow is steady in the mean. 2 Irreversible losses are negligible. 3 The tangential components of air
velocity at the inlet and the outlet are said to be equal to the impeller velocity at respective locations.

Properties The gas constant of air is 0.287 kPa-m®/kg-K. The density of air at 20°C and 95 kPa is

P 95 kPa B
~ RT  (0.287 kPa-m3/kg-K)(293 K)

P 1.130 kg/m*

Analysis In the idealized case of the tangential fluid velocity being equal to the blade angular velocity both at the
inlet and the outlet, we have V,, = wr; and V,, = ar,, and the torque is expressed as
—n o2 L2\ _ N2 2
Tohatt = M1 Vo —1Vy) =Ma(ry —1°) = pVao(ry —1;°)
where the angular velocity is

o =2m = 27(900 rev/min)(lmm
60s

j =94.25rad/s
Then the shaft power becomes
Wshaft = OTghatt = pva)z ("22 - r12 )

Solving for V and substituting, the volume flow rate of air is determined to

Y 2
_ 2\Nshzt.,\ft - . 120N ~2m/s . . 1kg-m/s” | _ 0.2075 m3/s
po(ry —r°)  (1.130 kg/m*~)(94.25 rad/s)“[(0.30 m)~ — (0.18 m)“] 1IN

The normal velocity components at the inlet and the outlet are

/ 3
- \ _ 0.2075m"/s _301m/s
’ 2mb,  27(0.18 m)(0.061m)

/ 3
n \Y 0.2075m">/s _324m/s

" 2ar,b,  272(0.30m)(0.034m)

Discussion Note that the irreversible losses are not considered in this analysis. In reality, the flow rate and the normal
components of velocities will be smaller.
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Chapter 6 Momentum Analysis of Flow Systems
6-60
Solution Water enters a two-armed sprinkler vertically, and leaves the nozzles horizontally. For a specified flow rate,
the rate of rotation of the sprinkler and the torque required to prevent the sprinkler from rotating are to be determined.

Assumptions 1The flow is uniform and cyclically steady (i.e., steady from a frame of reference rotating with the sprinkler
head). 2 The water is discharged to the atmosphere, and thus the gage pressure at the nozzle outlet is zero. 3 Frictional
effects and air drag of rotating components are neglected. 4 The nozzle diameter is small compared to the moment arm, and
thus we use average values of radius and velocity at the outlet.

Properties We take the density of water to be

1000 kg/m® = 1 kgl/L.

Analysis We take the disk that encloses the Vie 1 4 Water Water ™~/ .
sprinkler arms as the control volume, which is a A jet )
stationary control volume. The conservation of mass ! iet let
equation for this symmetrical steady flow system is

My +MMy =M 0F Vi ; +Vier 5 =V Since the

density of water is constant. Both jets are at the same
elevation and pressure, and the frictional effects are

said to be negligible. Also, the head losses in each ‘
arm are equal, so that mass flow rates in each nozzle | | |
are identical. Then,

V'totey 3
, 2 (35/2)LIs [1’“ J=58.33m/5

ri=50 cm | r,=35cm |

jet,r1 =

A1 3x1074 m? (1000 L
V.totay 3
Vi g =22 =D | M |5 00 g
"2 Ag,  5x107m?(1000L

Noting that V ;e = or = 2a11r and assuming the sprinkler to rotate in the clock-wise direction, the absolute water jet
speeds in the tangential direction can be expressed as
Viet.1 =Viet r1 +Vozzie1 = Vier, ra + @ty (N0zzle and water jet move in the same direction).

Viet,2 =Viet r.2 = Vnozzle,2 = Vet r,2 — @r; (Nozzle and water jet move in opposite directions).

The angular momentum equation about the axis of rotation can be expressed as Z M = Z rmv — Z rmV where r is the
out in

average moment arm, V is the average absolute speed (relative to an inertial reference frame), all moments in the

counterclockwise direction are positive, and all moments in the clockwise direction are negative. Momentum flows in the

clockwise direction are also negative. Then the angular momentum equation becomes

Tshaft = _rlmjet,lvjet,l + rzmjet,zvjet, 2> Tshaft = _rlmjet,l (Vjet, rl + a)rl) + rzmjet,z (Vjet, r2 a)rz)
Noting that mje = pAV . and rearranging,

M jor1 = AV =1000x17.5/1000 =17.5kg/s = o ,

(8) Inthe case of free spin with no frictional effects, we have Tsar = 0 and thus 0= (r; Ay — 1 A Vet r — (r2A +17A)o.

Then angular speed and the rate of rotation of sprinkler head becomes
0=-0.5x17.5%(58.33+ 0.5w) + 0.35x17.5% (35— 0.35w)

w =—45.41rad/s = 434 rpm (counterclockwise)

(b) When the sprinkler is prevented from rotating, we have o= 0. Then the required torque becomes
Tohatt = T1Mjet1Vjet, r1 + F2Miet2Vijer r.2 = —0.5x17.5x58.33+0.35x17.5x35=-296 N-m

Discussion  The rate of rotation determined in (a) will be lower in reality because of frictional effects and air drag.
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Chapter 6 Momentum Analysis of Flow Systems
6-61
Solution Water enters a two-armed sprinkler vertically, and leaves the nozzles horizontally. For a specified flow rate,
the rate of rotation of the sprinkler and the torque required to prevent the sprinkler from rotating are to be determined.

Assumptions 1The flow is uniform and cyclically steady (i.e., steady from a frame of reference rotating with the sprinkler
head). 2 The water is discharged to the atmosphere, and thus the gage pressure at the nozzle outlet is zero. 3 Frictional
effects and air drag of rotating components are neglected. 4 The nozzle diameter is small compared to the moment arm, and
thus we use average values of radius and velocity at the outlet.

Properties We take the density of water to be
1000 kg/m® = 1 kg/L. @ @

Analysis We take the disk that encloses the Vie 1 4 Water Water Viet, 2
sprinkler arms as the control volume, which is a A ' jet o Jet A,
stationary control volume. The conservation of mass ! iet et

equation for this symmetrical steady flow system is
My +My =M or Vig 1 +Vier 2 =Vioral since the

density of water is constant. Both jets are at the same
elevation and pressure, and the frictional effects are
said to be negligible. Also, the head losses in each
arm are equal, so that mass flow rates in each nozzle
are identical. Then,

V.to'[al/ 3
y 5 (50/2)Lis ( 1m J:83,33m/s

jet,rl =

Ajrs  3x1074 m? | 1000 L
V.totaV 3

Vi = 2 _ (50/22L/52 1m _50.0m/s
o Ajer,2  5x107" m< (1000 L

Noting that V,,e = @r = 2a10r and assuming the sprinkler to rotate in the clock-wise direction, the absolute water jet
speeds in the tangential direction can be expressed as
Viet.1 = Vet ra +Viozzie1 = Vier, ra + @t (N0zzle and water jet move in the same direction).

Viet.2 = Viet r.2 = Vnozzie,2 = Viet,r,2 — @F; (Nozzle and water jet move in opposite directions).

The angular momentum equation about the axis of rotation can be expressed as Z M = Z rmv — Z rmV where r is the
out in

average moment arm, V is the average absolute speed (relative to an inertial reference frame), all moments in the

counterclockwise direction are positive, and all moments in the clockwise direction are negative. Momentum flows in the

clockwise direction are also negative. Then the angular momentum equation becomes

Tshaft = _rlmjet,lvjet,l + rzmjet,zvjet, 2> Tshaft = _rlmjet,l (Vjet, rl + a)rl) + rzmjet,z (Vjet, r2 a)rz)
Noting that M, = pAV . and rearranging,
Miet1 = PV =1000x 25/1000 = 25 kg/s = Mjet 2

(@) Inthe case of free spin with no frictional effects, we have Tquq = 0 and thus 0 = (r, Ay — 1 A Ve, , — (P A + 17 A)) @

Then angular speed and the rate of rotation of sprinkler head becomes
0=-0.5x25x%(83.33+0.5w) + 0.35x 25x (50 — 0.35w)

® =—64.89 rad/s =620 rpm (counterclockwise)

(b) When the sprinkler is prevented from rotating, we have o= 0. Then the required torque becomes
Tshaft = —rlmjet'leet’ ri + I’2 mjet‘zvj'et] r.2 = —05 X 25 X 8333 + 035>< 25 X 50 = —604 N-m

Discussion  The rate of rotation determined in (a) will be lower in reality because of frictional effects and air drag.
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Solution A centrifugal blower is used to deliver atmospheric air at a specified rate and angular speed. The minimum
power consumption of the blower is to be determined.

Impeller

Impeller

blade Impeller region

Assumptions 1 The flow is steady in the mean. 2 Irreversible losses are negligible.

Properties The density of air is given to be 1.25 kg/m®.

Analysis We take the impeller region as the control volume. The normal velocity components at the inlet and the
outlet are
/ 3
oY 0I0MTS g g3y
" 2mb;,  27(0.20 m)(0.082 m)
/ 3
pp— 070m™s 4 4210

" 2an,b,  272(0.45m)(0.056 m)
The tangential components of absolute velocity are:

oy =0° Vit =Viptana; =0

ay=60°: Vo =V, tanay = (4.421m/s) tan 50° = 5.269 m/s

The angular velocity of the propeller is

= 27 = 272(700 rev/min)(lmm
60s

j =73.30rad/s
m=pV = (1.25kg/m?>)(0.7 m®/s) = 0.875 kg/s
Normal velocity components V; , and V,, as well pressure acting on the inner and outer circumferential areas pass through

the shaft center, and thus they do not contribute to torque. Only the tangential velocity components contribute to torque, and
the application of the angular momentum equation gives

Tanae = M(rV,, — V3, ) = (0.875 kg/s)[(0.45 m)(5.269 mis) - o{%} =2.075N-m
g-m/s

Then the shaft power becomes

. 1w
W = T, =(73.30rad/s)(2.075N-m =152 W
Tt = X s

Discussion  The actual required shaft power is greater than this, due to the friction and other irreversibilities that we
have neglected in our analysis. Nevertheless, this is a good first approximation.

6-48
PROPRIETARY MATERIAL. © 2014 by McGraw-Hill Education. This is proprietary material solely for authorized instructor use.
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or
posted on a website, in whole or part.




Chapter 6 Momentum Analysis of Flow Systems

Solution The previous problem is reconsidered. The effect of discharge angle a, on the minimum power input
requirements as «, varies from 0° to 85° in increments of 5° is to be investigated.

Analysis The EES Equations window is printed below, followed by the tabulated and plotted results.

rho=1.25 "kg/m3"

r1=0.20 "m" 1600
b1=0.082 "m" .
r2=0.45"m" 1400 }
b2=0.056 "m" i /
V_dot=0.70 "m3/s" 1200
V1n=V_dot/(2*pi*ri*bl) "m/s" i /
V2n=V_dot/(2*pi*r2*b2) "m/s" 1000
Alphal=0 g I /
V1t=V1n*tan(Alphal) "m/s" & 800
V2t=V2n*tan(Alpha2) "m/s" |- I
n_dot=700 "rpm" g” 600
omega=2*pi*n_dot/60 "rad/s" I /
m_dot=rho*V_dot "kg/s" 400 e
T_shaft=m_dot*(r2*V2t-r1*V1t) "Nm" i /
W._dot_shaft=omega*T_shaft "W" 200 P

0 T

0 10 20 30 40 50 60 70 80 90

o2
Angle, Vay, Torque, Shaft power,

o m/s Tshatt, NM Wy, W
0 0.00 0.00 0
5 0.39 0.15 11
10 0.78 0.31 23
15 1.18 0.47 34
20 1.61 0.63 46
25 2.06 0.81 60
30 2.55 1.01 74
35 3.10 1.22 89
40 3.71 1.46 107
45 4.42 1.74 128
50 5.27 2.07 152
55 6.31 2.49 182
60 7.66 3.02 221
65 9.48 3.73 274
70 12.15 4.78 351
75 16.50 6.50 476
80 25.07 9.87 724
85 50.53 19.90 1459

Discussion ~ When a, = 0, the shaft power is also zero as expected, since there is no turning at all. As «, approaches 90°,
the required shaft power rises rapidly towards infinity. We can never reach o, = 90° because this would mean zero flow
normal to the outlet, which is impossible.
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6-64E

Solution Water enters the impeller of a centrifugal pump radially at a specified flow rate and angular speed. The
torque applied to the impeller is to be determined.

Impeller

Impeller
blade

Impeller region

Assumptions 1 The flow is steady in the mean. 2 Irreversible losses are negligible.

Properties We take the density of water to be 62.4 lom/ft®,

Analysis Water enters the impeller normally, and thus V;, =0. The tangential component of fluid velocity at the
outlet is given to be V,, =110ft/s. The inlet radius ry is unknown, but the outlet radius is given to be r, = 1 ft. The angular
velocity of the propeller is

w =2 =27(500 rev/min)(lmln
60s

) =52.36 rad/s

The mass flow rate is
= pV =(62.4 Ibm/ft3)(45/60 ft>/s) = 46.8 Ibm/s

Only the tangential velocity components contribute to torque, and the application of the angular momentum equation gives

Tohart = MLV, — V) = (46.8 Ibm/s)[(1ft)(110 ft/s) - 0][%) =159.9Ibf - ft = 160 Ibf - ft
’ ' 32.21bm - ft/s
Discussion  This shaft power input corresponding to this torque is
W = 27T, o = T = (52.36 radls)(159.9 Ibf - )| ——V_}_11 3kw
shaft = 77 shaft A5 ' 737.56 Ibf - ft/s '

Therefore, the minimum power input to this pump should be 11.3 kW.
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Solution A three-armed sprinkler is used to water a garden. For a specified flow rate and resistance torque, the
angular velocity of the sprinkler head is to be determined.

Assumptions 1 The flow is uniform and cyclically steady (i.e., steady from a frame of reference rotating with the
sprinkler head). 2 The water is discharged to the atmosphere, and thus the gage pressure at the nozzle outlet is zero. 3 Air
drag of rotating components are neglected. 4 The nozzle diameter is small compared to the moment arm, and thus we use
average values of radius and velocity at the outlet. |

Properties We take the density of water to be 1000 kg/m® = 1 kg/L.

Electric
generator

~

Analysis We take the disk that encloses the sprinkler arms as the
control volume, which is a stationary control volume. The conservation
of mass equation for this steady flow system is m; =m, =m. Noting

that the three nozzles are identical, we have m,y,,e =m/3 or

Viozzte =Viorar /3 Since the density of water is constant. The average jet
outlet velocity relative to the nozzle and the mass flow rate are

Vooe 60 L/s ( 1m®

a 1000 L

ot = > =113.2m/s
At 3[7(0.015m) /4]

Mygtal = Vo = (1 kg/L)(60 L/s) = 60 kg/s

The angular momentum equation can be expressed as
DM =D mv =" mv
out in

where all moments in the counterclockwise direction are positive, and
all in the clockwise direction are negative. Then the angular
momentum equation about the axis of rotation becomes

Ty = —3rm nozzleVr or To =My Vy

Solving for the relative velocity V, and substituting,

v.—_To __ 50N-m 1kg - m/s*
" Mgy (0.40m)(60kgls)| AN

J =2.08m/s

Then the tangential and angular velocity of the nozzles become
Viozzte = Vijet =V =113.2-2.08 =111.1m/s

Vaozzle _ 111.1ms

= =278rad/s
r 0.4m
f =2 _ 278radis 60s = 2652 rpm = 2650 rpm
2 2r 1min

Therefore, this sprinkler will rotate at 2650 revolutions per minute (to three significant digits).

Discussion The actual rotation rate will be somewhat lower than this due to air friction as the arms rotate.
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Solution A Pelton wheel is considered for power generation in a hydroelectric power plant. A relation is to be
obtained for power generation, and its numerical value is to be obtained.

Assumptions 1 The flow is uniform and cyclically steady. 2 The water is discharged to the atmosphere, and thus the gage
pressure at the nozzle outlet is zero. 3 Friction and losses due to air drag of rotating components are neglected. 4 The nozzle
diameter is small compared to the moment arm, and thus we use average values of radius and velocity at the outlet.

Properties We take the density of water to be 1000 kg/m® = 1 kg/L.

Analysis The tangential velocity of buckets corresponding to an angular velocity of @ =21 is Vy,ye =r® . Then
the relative velocity of the jet (relative to the bucket) becomes

Vr :Vj _Vbucket =V,-ro

]

We take the imaginary disk that contains the Pelton wheel as the control volume. The inlet velocity of the fluid into this
control volume is V,, and the component of outlet velocity normal to the moment arm is V,cosg. The angular momentum

equation can be expressed as z M = Z rmv —z rmV where all moments in the counterclockwise direction are

out in
positive, and all in the clockwise direction are negative. Then the angular momentum equation about the axis of rotation
becomes

~Mgpare = rmV, cos f—rmV,  or M g.q =rmV, (1-cos ) =rm(V; —re)(1-cos j)

Noting that W, = 220M g = @M gue @nd = pV , the shaft power output of a Pelton turbine becomes

Wt = pVrao(V | - ro)(1-cos )

which is the desired relation. For given values, the shaft power output is determined to be

1MW

Wy = (1000 kg/m*)(10 m3/s)(2 m)(15.71 rad/s)(50- 2x15.72m/s)(1- cosl60°)(m
-m/s

] =11.3 MW

where w =2 =27(150 rev/min)(lggIn
s

j:15.71rad/s

Discussion ~ The actual power will be somewhat lower than this due to air drag and friction. Note that this is the shaft
power; the electrical power generated by the generator connected to the shaft is be lower due to generator inefficiencies.
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6-67

Solution The previous problem is reconsidered. The effect of S on the power generation as S varies from 0° to 180° is to be
determined, and the fraction of power loss at 160° is to be assessed.

Analysis The EES Equations window is printed below, followed by the tabulated and plotted results.

rho=1000 "kg/m3"

r=2"m"

V_dot=10 "m3/s"

V_jet=50 "m/s"

n_dot=150 "rpm"

omega=2*pi*n_dot/60

V_r=V_jet-r*omega

m_dot=rho*V_dot
W_dot_shaft=m_dot*omega*r*V_r*(1-cos(Beta))/1E6 "MW"
W_dot_max=m_dot*omega*r*V_r*2/1E6 "MW"
Efficiency=W_dot_shaft/W_dot_max

Angle, Max power, Actual power, Efficiency,
ﬂa Wmax , MW \Nshaﬂl MW d
0 11.7 0.00 0.000
10 11.7 0.09 0.008
20 11.7 0.35 0.030
30 11.7 0.78 0.067
40 11.7 1.37 0.117
50 11.7 2.09 0.179
60 11.7 2.92 0.250
70 11.7 3.84 0.329
80 11.7 4.82 0.413
90 11.7 5.84 0.500
100 11.7 6.85 0.587
110 11.7 7.84 0.671
120 11.7 8.76 0.750
130 11.7 9.59 0.821
140 11.7 10.31 0.883
150 11.7 10.89 0.933
160 11.7 11.32 0.970
170 11.7 11.59 0.992
180 11.7 11.68 1.000

12 —

Wmax /

8 W /]
%. shalt/
% 6 /
= /

4 //
2 gy
e

0O 20 40 60 80 100 120 140 160 180
B,°

Discussion  The efficiency of a Pelton wheel for £=160° is 0.97. Therefore, at this angle, only 3% of the power is lost.
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Chapter 6 Momentum Analysis of Flow Systems

Review Problems

6-68

Solution Water is deflected by an elbow. The force acting on the flanges of the elbow and the angle its line of
action makes with the horizontal are to be determined.

Assumptions 1 The flow is steady and incompressible. 2 Frictional effects are negligible (so that the Bernoulli equation
can be used). 3 The water is discharged to the atmosphere, and thus the gage pressure at the outlet is zero.

Properties We take the density of water to be 1000 kg/m®.
Analysis
7 Flange
o | B2
D
_—. ] . Y
o | 2 ; h
\ j
Bolts !
_ f{ N
d
Writing Bernoulli equation between 1 (elbow entrance)-2 (exit) ;
P+ %pvf +92, =P, + %,ovz2 + 72, + negligible losses
0.16 _ _ -
V = = 226 m/S ’ VZ = 2037 m/S y Zl—O.5m y Zz—om ,P2—0

! ,,0.3%
P=2 o2 -vi2)- 2, - 1000(20.37% - 2.26% ) 981005

P, =20010 Pa = 200 kPa

Linear momentum equation for the CV gives;
a — — -
EJ.VpdV + J.VandAz S'F,
cv cs
X component
Vio(=Vi)A + (=, cos0) pVy)A, = PA +R,
- PQV% - pQV; cos&— P A =R,

- PRV, —VF cosd) — PLA =R,

2
~1000x0.16(2.262 + 20.37% cos60) - 200010;1% R,
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Chapter 6 Momentum Analysis of Flow Systems
R, =—48150 N (left)
y component
0+ (=V,sin@)oV,o Ay = “Wiaer o + Ry
— pQVS sin@+W,, =R,
—1000x 20.372sin 60 +9810x 0.03 = Ry
R, =-359052 N (down)

These forces are exerted by elbow on water confined by CV. The force exerted by water on elbow is therefore;

Z = —R =+/481502 + 3590522 = 362266 N =362 kN

and

R
tanﬂ:_yzwz7.457_>ﬂ:82_4°
R 48,150 N

X
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Solution Water is deflected by an elbow. The force acting on the flanges of the elbow and the angle its line of
action makes with the horizontal are to be determined by taking into consideration of the weight of the elbow.

Assumptions 1 The flow is steady and incompressible. 2 Frictional effects are negligible (so that the Bernoulli equation
can be used). 3 The water is discharged to the atmosphere, and thus the gage pressure at the outlet is zero.

Properties We take the density of water to be 1000 kg/m®.
Analysis
7 Flange
g Y
D
_— ] B ,."\_
g i h
\' Bolis
_ f{ N
d
Writing Bernoulli equation between 1 (elbow entrance)-2 (exit) ;
P+ %lez +2, =P, + %,ovz2 + 72, + negligible losses
0.16
V,=———=226m/s , V,=20.37 m/s , 2,=0.5m, z,=0m ,P,=0

1 2
0.3
=03,
P, =% ,;6/22 —vlz)— ;/zl =%1ooo(2o.372 - 2.262)— 9810%0.5
P, = 20010 Pa = 200 kPa
Linear momentum equation for the CV gives;
a — - >
EJ.VpdV + J'vandA_z F,
cv cs
X component
Vip(=Vi)A +(=V,c0s0) p(V,)A, = RA +R,
- pQV,2 — pQV cosd - P A =R,
- (VY —V5 cos6)—P A =R,

2
~1000x 0.16(2.262 +20.37% c0s60)- 2000107[—0'43 =R

X

R, =—48150 N (left)
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Chapter 6 Momentum Analysis of Flow Systems
To include elbow weight we must modify y-momentum equation as follows:

y component:

0+ (_VZ sin 9):0\/2 A2 = _Wwater,cv _Welbow + Ry
- pQVZZ sind +Wwater,cv +Welbow = Ry
—1000x 20.372 5in 60 + 9810 x 0.03+5x9.81 = Ry
Ry ~—359003 N (down)

These forces are exerted by elbow on water confined by CV. The force exerted by water on elbow is therefore;

7 =—R =+/481502 + 3590522 =362266 N =362 kN

and

R
tan g=—L = 39008N _ 7457 | 5_go40
R, 48150N

Therefore we could neglect the weight of the elbow.
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Solution A horizontal water jet is deflected by a cone. The external force needed to maintain the motion of the
cone is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The flow is uniform ine each section.
Properties We take the density of water to be 1000 kg/m?®.

Analysis
Af- -

. V=10 m/s
Water jet, V; <

R

We chose a CV moving with V. to left. W; and W, are the relative velocities with respect to the CV. Conservation of mass
gives

Conservation of momentum gives

0 -
F=’ ijdv T ijWndA .............................. 2
cv cs

From Eq. 1

Wi A + WAy =0
Wy A, =W A = (VJ- +V, )AJ- , therefore A; =A; =A;

Fromeq.2

Fy= —lep-(—Wl JdA, + J.(chos 0)p(+W, JdA,
A A
W, =W, =V +V, =25+10=35m/s

Then, F, =—pW,.A; + pW,*.A;Cosé
= (Cos@-1)pW,° A,
=(COS4O—1)><1000><352%0.122

F,=-3241 N
Therefore,
Fy = 3241 N to left
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Solution Water enters a two-armed sprinkler vertically, and leaves the nozzles horizontally at an angle to tangential
direction. For a specified flow rate and discharge angle, the rate of rotation of the sprinkler and the torque required to
prevent the sprinkler from rotating are to be determined. VEES

Assumptions 1 The flow is uniform and cyclically steady (i.e., steady from a frame of reference rotating with the
sprinkler head). 2 The water is discharged to the atmosphere, and thus the gage pressure at the nozzle outlet is zero. 3
Frictional effects and air drag of rotating components are neglected. 4 The nozzle diameter is small compared to the
moment arm, and thus we use average values of radius and velocity at the outlet.

Properties We take the density of water to be 1000 kg/m® = 1 kg/L.

Analysis We take the disk that encloses _
the sprinkler arms as the control volume, =160

which is a stationary control volume. The @
conservation of mass equation for this V‘-\<
symmetrical steady flow system is et \' S\
m, = m, =m. Noting that the two nozzles [ A B
are identical, we have My =My /2 or \’\_-//)

S _ _ _ rn=40cm [ T, F=40cm @
Vet =Viora / 2 since the density of water is
constant. The average jet outlet velocity ! |6=60°
relative to the nozzle is

AL 1000 L

v Vi 102us [ am?
T Ay 2(0.012m)2 /4

J =44.21m/s

The angular momentum equation about the axis of rotation can be expressed as Z M= Z rmv —Z rmV where r is the
out in

average moment arm, V is the average absolute speed (relative to an inertial reference frame), all moments in the

counterclockwise direction are positive, and all moments in the clockwise direction are negative. Momentum flows in the

clockwise direction (as in this case) are also negative. The absolute water jet speed in the tangential direction is the

difference between the tangential component of the water jet speed and the nozzle speed V ;. = @r = 2ar . Thus,

Viett =Vijet.r.t ~Vnozzte =Vjer,r €0S& —ar . Then the angular momentum equation becomes
_Tshaft = _rlmjet,lvjet,t,l - erjet,ZVjet,t, 2 - Tshaft = rlmjet,l (Vjet, r1 COS 91 - wrl) + I’ijet,Z (Vjet, r,2 COS 92 - a"’z)

Notingthat 1, =r, =1, 6, =0, =0, Ve 11 =Vjer,2 =Vjer,r » and, the angular momentum equation becomes

Thatt =V iotal (Vjet, r C0S 0 —ar)

(a) In the case of free spin with no frictional effects, we have T = 0 and thus Viet,r COSO—ar =0. Then angular speed
and the rate of rotation of sprinkler head becomes

V.., Ccosé o
jet,r _ (44.21m/s)cos60 55 o6rad/s and e 2 - 55.26 rad/s( 160.5
min

=528 rpm
r 0.40m 2r 2r

(b) When the sprinkler is prevented from rotating, we have @ = 0. Then the required torque becomes

1IN

Toare = VotV jet,r €080 = (0.4 m)(1kg/L)(10 L/s)(44.21m/s) cos 60°(W
g-m/s

]:88.4N-m

Discussion  The rate of rotation determined in (a) will be lower in reality because of frictional effects and air drag.

6-59
PROPRIETARY MATERIAL. © 2014 by McGraw-Hill Education. This is proprietary material solely for authorized instructor use.
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or
posted on a website, in whole or part.




Chapter 6 Momentum Analysis of Flow Systems
6-72
Solution Water enters a two-armed sprinkler vertically, and leaves the nozzles horizontally at an angle to tangential

direction. For a specified flow rate and discharge angle, the rate of rotation of the sprinkler and the torque required to
prevent the sprinkler from rotating are to be determined.

Assumptions 1 The flow is uniform and cyclically steady (i.e., steady from a frame of reference rotating with the
sprinkler head). 2 The water is discharged to the atmosphere, and thus the gage pressure at the nozzle outlet is zero. 3
Frictional effects and air drag of rotating components are neglected. 4 The nozzle diameter is small compared to the
moment arm, and thus we use average values of radius and velocity at the outlet.

Properties We take the density of water to be 1000 kg/m® = 1 kg/L.

Analysis We take the disk that encloses the sprinkler arms as the control volume, which is a stationary control
volume. The conservation of mass equation
for this symmetrical steady flow system is 6=160

m, =m, =m. Noting that the two nozzles

are identical, we have m., =M, /2 or \< @
: : _ Jet _ ol ) Viet1 12 *\ Tshatt
Viet =Viota / 2 since the density of water is 7N\
constant. The average jet outlet velocity \_

relative to the nozzle is r, =60 cm \W/,gz 20 cm @

Vie  10/2LJs [ 1m?

Vo, =%
JeLr 1000 L

= 5 =44.21m/s
A 7(0.012m)° /4

The angular momentum equation about the axis of rotation can be expressed as Z M = Z rmv —Z rmV where r is the
out in

average moment arm, V is the average absolute speed (relative to an inertial reference frame), all moments in the

counterclockwise direction are positive, and all moments in the clockwise direction are negative. Momentum flows in the

clockwise direction (as in this case) are also negative. The absolute water jet speed in the tangential direction is the

difference between the tangential component of the water jet speed and the nozzle speed Vg, = @r = 2air. Thus,

Viett =Vjetr,t ~Vnozzle =Vijer,r €086 —ar . Then the angular momentum equation becomes
“Tohatt = 1Mjet1Vier 11 —2Mjer2Viert2 > Tshart = Mijers Vjer,ra COS Oy —aly) +1pMigr o (Vier r o COS O, —ar;)
Noting that 6, =6, =6, Ve r1 =Vjer.r2 =Vjerr » and, the angular momentum equation becomes
Tshaft = pvjet [rl (Vjet, r COS 0- a)rl) +h (Vjet, r COS 0- wr, )] or Tshaft = pvjet [(rl +r )Vjet, r COS 0- (rl2 + r22 )w]
(@) In the case of free spin with no frictional effects, we have Tsr = 0 and thus 0 = (r; +1,)V e , COS 6~ (rl2 + r22 o .

Then angular speed and the rate of rotation of sprinkler head becomes
e (i +15)Vjer, €0SO (0.6 +0.2m)(44.21 m/s)cos60°

TR > > =44.21radls
no+r; (0.60m)“ + (0.20 m)
and
-9 44.21rad’s 60_5 =422.2rpm=422rpm
2z 27 1min
(b) When the sprinkler is prevented from rotating, we have @ = 0. Then the required torque becomes
Tonae = (1 + rz)pv'jetvjet‘ , €056 =(0.6+0.2m)(1kg/L)(10/2 L/s)(44.21 m/s) cos GO{%J =88.4N-m

g-m/s

Discussion  The rate of rotation determined in (a) will be lower in reality because of frictional effects and air drag.
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Chapter 6 Momentum Analysis of Flow Systems

6-73
Solution A horizontal water jet strikes a vertical stationary flat plate normally at a specified velocity. For a given
flow velocity, the anchoring force needed to hold the plate in place is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The water splatters off the sides of the plate in a plane hormal to
the jet. 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 the entire control surface. 4 The vertical forces and momentum
fluxes are not considered since they have no effect on the horizontal reaction force. 5 Jet flow is nearly uniform and thus the
momentum-flux correction factor can be taken to be unity, f= 1.

Properties We take the density of water to be 1000 kg/m?®.

Analysis We take the plate as the control volume such that it contains the entire plate and cuts through the water jet
and the support bar normally, and the direction of flow as the positive direction of x axis. We take the reaction force to be in
the negative x direction. The momentum equation for steady flow in the x (flow) direction reduces in this case to

Zﬁ:zm\i—zlﬁm\i - Ry =-gmy, - Ry =8mV

out in

We note that the reaction 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. The mass flow rate of water is

zD?

2
=V = pAV = pZ2 v = 1000 kg/m?’)m(zs mfs) = 70.6858 /s

Substituting, the reaction force is determined to be

Fae =(1)(70.6858 kg/s)(25 m/s) =1767 N=1770N

Therefore, a force of approximately 1770 N must be applied to the plate in the
opposite direction to the flow to hold it in place.

Discussion In reality, some water may be scattered back, and this would add to the reaction force of water. If we do not
approximate the water jet as uniform, the momentum flux correction factor gwould factor in. For example, if g=1.03
(approximate value for fully developed pipe flow), the force would increase by 3%. This is because the actual nonuniform
jet has more momentum than the uniform jet.
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Chapter 6 Momentum Analysis of Flow Systems
6-74
Solution Steady developing laminar flow is considered in a constant horizontal diameter discharge pipe. A relation is
to be obtained for the horizontal force acting on the bolts that hold the pipe.

Assumptions 1 The flow is steady, laminar, and incompressible. 2 The flow is fully developed at the end of the pipe
section considered. 3 The velocity profile at the pipe inlet is uniform and thus the momentum-flux correction factor is g, =
1. 4 The momentum-flux correction factor is # = 2 at the outlet.

Analysis We take the developing flow section of the pipe (including the water inside) as the control volume. We
assume the reaction force to act in the positive direction. Noting that the flow is incompressible and thus the average
velocity is constant V; = V, = V, the momentum equation for steady flow in the z (flow) direction in this case reduces to

Zﬁ:ZﬂW—ZﬁmV
out in

Fr=(PL—P)A. +mMV (B, - 5,)
=(P,-P)A, +mV(1-2)

= (P, —P,)aD?/ 4—mV

Or, using the definition of the mass flow rate,

Fgr =(P,—P,)aD? /4 —[paD? 14NV ?
Or,

7ZD2

=T[(P1_P2)—PV2]

Fr

Discussion Note that the cause of this reaction force is non-uniform velocity profile at the end.
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Chapter 6 Momentum Analysis of Flow Systems
6-75
Solution A fireman was hit by a nozzle held by a tripod with a rated holding force. The accident is to be investigated
by calculating the water velocity, the flow rate, and the nozzle velocity.

Assumptions 1 The flow is steady and incompressible. 2 The water jet is exposed to the atmosphere, and thus the pressure
of the water jet is the atmospheric pressure, which is disregarded since it acts on all surfaces. 3 Gravitational effects and
vertical forces are disregarded since the horizontal resistance force is to be determined. 4 Jet flow is nearly uniform and
thus the momentum-flux correction factor can be taken to be unity, g= 1. 5 Upstream pressure and momentum effects are
ignored.

Properties We take the density of water to be 1000 kg/m?®.

Analysis 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 momentum equation for steady flow is Z F= ZﬂmV—ZﬂmV. We let the horizontal force applied by

out in
the tripod 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 becomes

2 2 2
Froy =MV, —0=mMV = pAVV = p”%v 2, (1800 N)(%] — (1000 kg/ma)mv 2

Solving for the water outlet velocity gives V = 30.3 m/s. Then the water flow rate becomes Nozzle
2 2 Frx
V = AV = ”'Z v = ZO0SM 46 3 mis) = 0.0595 m?/s =
D=5cm

When the nozzle was released, its acceleration must have been

Anozzle =

F  1800N (1 kg - m/s?

= =180 m/s?
Mpyozz1e 10 kg IN

Tripod

Assuming the reaction force acting on the nozzle and thus its acceleration to remain constant, the time it takes for the
nozzle to travel 60 cm and the nozzle velocity at that moment were (note that both the distance x and the velocity V are zero
attimet=0)

x=lat? 5 t= 2= /2(0'—6”2:0.08165
a 180 m/s

V =at = (180 m/s%)(0.0816 5) = 14.7 m/s

Thus we conclude that the nozzle hit the fireman with a velocity of 14.7 m/s.

Discussion Engineering analyses such as this one are frequently used in accident reconstruction cases, and they often
form the basis for judgment in courts.
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Chapter 6 Momentum Analysis of Flow Systems
6-76
Solution During landing of an airplane, the thrust reverser is lowered in the path of the exhaust jet, which deflects the

exhaust and provides braking. The thrust of the engine and the braking force produced after the thrust reverser is deployed
are to be determined.

Assumptions 1 The flow of exhaust gases is steady and one-dimensional. 2 The exhaust gas stream is exposed to the
atmosphere, and thus its pressure is the atmospheric pressure. 3 The velocity of exhaust gases remains constant during
reversing. 4 Jet flow is nearly uniform and thus the momentum-flux correction factor can be taken to be unity, S= 1.

Analysis (a) The thrust exerted on an airplane is simply the momentum flux of the combustion gases in the reverse
direction,
. 1IN
Thrust = m,,V,, = (18 kg/s)(300 m/s) —— |=5400N
1kg-m/s

(b) We take the thrust reverser as the control volume such that it cuts through both exhaust streams normally and the
connecting bars to the airplane, and the direction of airplane as the positive direction of x axis. The momentum equation for
steady flow in the x direction reduces to

DF=D ANV -D AV o Fr =m(V)c0s20° (V) - Fp, = (L+c05 20°)mV,

out in
Substituting, the reaction force is determined to be
Frx = (L+c0s30°)(18 kg/s)(300 m/s) =10,077 N
The breaking force acting on the plane is equal and opposite to this force,

Foreaking = 10,077 N = 10,100 N

Therefore, a braking force of 10,100 N develops in the opposite direction to flight.

Control
volume

Discussion  This problem can be solved more generally by measuring the reversing angle from the direction of exhaust
gases (o = 0 when there is no reversing). When a < 90°, the reversed gases are discharged in the negative x direction, and
the momentum equation reduces to

Fre =mM(-V)cosa -m(-V) — Fg, =(1-cosa)mV;

This equation is also valid for o >90° since cos(180°-a) = - cosa.. Using o = 150°, for example, gives
Fry = (1—co0s150)mV; = (1+ cos30)mV; , which is identical to the solution above.
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Chapter 6 Momentum Analysis of Flow Systems

Solution The previous problem is reconsidered. The effect of thrust reverser angle on the braking force exerted on
the airplane as the reverser angle varies from 0 (no reversing) to 180° (full reversing) in increments of 10° is to be
investigated.

Analysis The EES Equations window is printed below, followed by the tabulated and plotted results.
V_jet=250 "m/s"
m_dot=18 "kg/s"
F_Rx=(1-cos(alpha))*m_dot*V_jet "N"

Reversing | Braking force 9000 — . . . . . . |
angle, Forae, N I /,/V'
o 8000
0 0 7000 /’/
10 68 .
20 271 6000 /c/
30 603 5000'
40 1053 = . /}y/
50 1607 & 4000 7
60 2250 E 3000' /
70 2961 L . //”
80 3719 2000 A
90 4500 1000 (/”/
100 5281 ;#ﬂg’ﬁ//g/’
110 6039 0 - - - . . . . .
120 6750 0O 20 40 60 80 0100 120 140 160 180
130 7393 a,
140 7947
150 8397
160 8729
170 8932
180 9000

Discussion  As expected, the braking force is zero when the angle is zero (no deflection), and maximum when the angle
is 180° (completely reversed). Of course, it is impossible to completely reverse the flow, since the jet exhaust cannot be
directed back into the engine.
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Chapter 6 Momentum Analysis of Flow Systems
6-78E

Solution The rocket of a spacecraft is fired in the opposite direction to motion. The deceleration, the velocity change,
and the thrust are to be determined.

Assumptions 1 The flow of combustion gases is steady and one-dimensional during the firing period, but the flight of the
spacecraft is unsteady. 2 There are no external forces acting on the spacecraft, and the effect of pressure force at the nozzle
outlet is negligible. 3 The mass of discharged fuel is negligible relative to the mass of the spacecraft, and thus the spacecraft
may be treated as a solid body with a constant mass. 4 The nozzle is well-designed such that the effect of the momentum-
flux correction factor is negligible, and thus g= 1.

Analysis (a) We choose a reference frame in which the control
volume moves with the spacecraft. Then the velocities of fluid steams
become simply their relative velocities (relative to the moving body).
We take the direction of motion of the spacecraft as the positive
direction along the x axis. There are no external forces acting on the
spacecraft, and its mass is nearly constant. Therefore, the spacecraft can
be treated as a solid body with constant mass, and the momentum
equation in this case is

25,000 Ibm
2000 ft/s
stpace =

d(mv o 7 . -~
0:%+va—zﬁrﬂv —> mspaCET:_mef 150|bm/S
out in : " ;

Noting that the motion is on a straight line and the discharged gases
move in the positive x direction (to slow down the spacecraft), we write
the momentum equation using magnitudes as

stpace

stpace my¢
mspace dt

=—m.V - =— \
Vs at m f

space

Substituting, the deceleration of the spacecraft during the first 5 seconds is determined to be

av. m
Bgpace = —e =LV, = _ 1501bmfs 2000 fiss) = — 30,0 fi/s 2
dt Mspace 25,000 Ibm

(b) Knowing the deceleration, which is constant, the velocity change of the spacecraft during the first 5 seconds is
determined from the definition of acceleration agy,ce = dVy,ce / dt to be

AVepace = Agpacedt = AVipace = BgpaceAt = (-30.0 ft/s? )(55) = —150 ft/s

(c) The thrust exerted on the system is simply the momentum flux of the combustion gases in the reverse direction,

1 Ibf

Thrust = F, =-m,V, =—(150 Ibm/s)(5000 ﬁ/s)(m
.2 lom-ft/s

j =-23,290 Ibf = -23,300 Ibf

Therefore, if this spacecraft were attached somewhere, it would exert a force of 23,300 Ibf (equivalent to the weight of
23,300 Ibm of mass on earth) to its support in the negative x direction.

Discussion In Part (b) we approximate the deceleration as constant. However, since mass is lost from the spacecraft
during the time in which the jet is on, a more accurate solution would involve solving a differential equation. Here, the time
span is short, and the lost mass is likely negligible compared to the total mass of the spacecraft, so the more complicated
analysis is not necessary.
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Chapter 6 Momentum Analysis of Flow Systems
6-79
Solution An ice skater is holding a flexible hose (essentially weightless) which directs a stream of water horizontally

at a specified velocity. The velocity and the distance traveled in 5 seconds, and the time it takes to move 5 m and the
velocity at that moment are to be determined.

Assumptions 1 Friction between the skates and ice is negligible. 2 The flow of water is steady and one-dimensional (but
the motion of skater is unsteady). 3 The ice skating arena is level, and the water jet is discharged horizontally. 4 The mass
of the hose and the water in it is negligible. 5 The skater is standing still initially at t = 0. 6 Jet flow is nearly uniform and
thus the momentum-flux correction factor can be taken to be unity, f= 1.

Properties We take the density of water to be 1000 kg/m?®.

Analysis (a) The mass flow rate of water through the hose is
2 2
= pAV = p ”2 V = (1000 kg/m3)m(10 mis) = 3.14 kg/s

The thrust exerted on the skater by the water stream is simply the momentum flux of the water stream, and it acts in the
reverse direction,

AZJ =31.4 N (constant)

F = Thrust =mV = (3.14 kg/s)(10 m/s)
1kg-m/s

The acceleration of the skater is determined from Newton’s 2™ law of motion F = ma where m is the mass of the skater,

F 314N {1kg~m/sz

m 1N

= =0.523m/s?
m  60kg

Note that thrust and thus the acceleration of the skater is constant. The velocity of the skater and the distance traveled in 5 s
are

Vgater = at = (0.523m/s?)(55) =2.62 m/s
x=21at® =1(0.523m/s?)(5s)* =6.54m = 10mis

(b) The time it will take to move 5 m and the velocity at that moment are D=2cm

Hose
2
x=1at? - t:,/gz/6—m)2:4.4s
a 0.523m/s

Vgater = at = (0.523m/s?)(4.45) =2.3m/s

Discussion In reality, the velocity of the skater will be lower because of friction on ice and the resistance of the hose to
follow the skater. Also, in the MV expressions, V is the fluid stream speed relative to a fixed point. Therefore, the correct
expression for thrust is F =m(V e —Vgaeer) , and the analysis above is valid only when the skater speed is low relative to

the jet speed. An exact analysis would result in a differential equation.
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Chapter 6 Momentum Analysis of Flow Systems
6-80
Solution A water jet hits a stationary cone, such that the flow is diverted equally in all directions at 45°. The force
required to hold the cone in place against the water stream is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The water jet is exposed to the atmosphere, and thus the pressure
of the water jet before and after the split is the atmospheric pressure which is disregarded since it acts on all surfaces. 3 The
gravitational effects are disregarded. 4 Jet flow is nearly uniform and thus the momentum-flux correction factor can be
taken to be unity, S 1.

Properties We take the density of water to be 1000 kg/m?®.

Analysis The mass flow rate of water jet is

2 2
m=pV = pAV =pﬂ%v = (1000 kg/m3)m

(30m/s) =58.90 kg/s

We take the diverting section of water jet, including the cone as the control volume, and designate the entrance by 1 and the
outlet after divergence 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 y.

The momentum equation for steady flow is Z F= Z ﬁrﬁ\7 - Z,BmV . We let the x- and y- components of the anchoring

out in
force of the cone be Fg and Fgy, and assume them to be in the positive directions. Noting that V, =V; =V and
m, =m; =m, the momentum equations along the x and y axes become

o

y

Fry =MV, cos@—-mV,; =mV (cos 6 -1)
Fry =0 (because of symmetry about x axis)

Substituting the given values, u\l/
—_— A
1IN
Fr, = (58.90 kg/s)(30 m/s)(cos45°-1) ———
R = (58.90 kg/s)(30 ms)( )(1kg.m/52J X
=-518N

The negative value for Fg, indicates that the assumed direction is wrong, and should be reversed. Therefore, a force of 518
N must be applied to the cone in the opposite direction to flow to hold it in place. No holding force is necessary in the
vertical direction due to symmetry and neglecting gravitational effects.

Discussion In reality, the gravitational effects will cause the upper part of flow to slow down and the lower part to
speed up after the split. But for short distances, these effects are negligible.
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Chapter 6 Momentum Analysis of Flow Systems
6-81

Solution Water is flowing into and discharging from a pipe U-section with a secondary discharge section normal to
return flow. Net x- and z- forces at the two flanges that connect the pipes are to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The weight of the U-turn and the water in it is negligible. 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/m?®. 15 kgls T
Analysis The flow velocities of the 3 streams are ‘ ‘ @
AL S S— kIS _2801mis ©) —
PN p(aDf 14) (1000 kg/m®)[x(0.05 m)? /4] D HITNRY
. . 40 kg/s
Vy=te o M _ koS 5003
PPy p(aD5 14) (1000 kg/m*)[z(0.10 m)* /4] @
m m 15 kg/s -
Vy=—2= T . ——=21.22m/s 55 kgs
PP p(aD§ 14) (1000 kg/m*®)[z(0.03m)* / 4]

We take the entire U-section as the control volume. We designate the horizontal coordinate by x with the direction of
incoming flow as being the positive direction and the vertical coordinate by z. The momentum equation for steady flow is
Z F :ZﬂmV—ZﬁmV. We let the x- and z- components of the anchoring force of the cone be Fg, and Fg,, and

out in
assume them to be in the positive directions. Then the momentum equations along the x and z axes become

Fre T PLA + P Ay = My (Vo) -V, = Fre =—-PIA =P Ay — B(M,V, +myVy)

Substituting the given values,

Fry = —[(200—100) kN/m?]

2
m —[(150 —100) kN/m?]

7(0.10m)?
4

—1.03 (40 kg/s)(5.093m/s) Lz + (55 kg/s)(28.01m/s) L
1000 kg - m/s 1000 kg - m/s

=-2.386 KN =—-2390 N

Fr, =1.03(15 kg/s)(21.22 m/s)(lkl—sz =327.8N=328N

g-m/s

The negative value for Fg, indicates the assumed direction is wrong, and should be reversed. Therefore, a force of 2390 N
acts on the flanges in the opposite direction. A vertical force of 328 N acts on the flange in the vertical direction.

Discussion  To assess the significance of gravity forces, we estimate the weight of the weight of water in the U-turn and

compare it to the vertical force. Assuming the length of the U-turn to be 0.5 m and the average diameter to be 7.5 cm, the
mass of the water becomes

2

m=pV = pAL = p’%l_ = (1000 kg/m®)

2
M«m m) = 2.2 kg

whose weight is 2.2x9.81 = 22 N, which is much less than 328, but still significant. Therefore, disregarding the
gravitational effects is a reasonable assumption if great accuracy is not required.

6-69
PROPRIETARY MATERIAL. © 2014 by McGraw-Hill Education. This is proprietary material solely for authorized instructor use.

Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or
posted on a website, in whole or part.




Chapter 6 Momentum Analysis of Flow Systems
6-82
Solution Indiana Jones is to ascend a building by building a platform, and mounting four water nozzles pointing
down at each corner. The minimum water jet velocity needed to raise the system, the time it will take to rise to the top of

the building and the velocity of the system at that moment, the additional rise when the water is shut off, and the time he
has to jump from the platform to the roof are to be determined.

Assumptions 1 The air resistance is negligible. 2 The flow of water is steady and one-dimensional (but the motion of
platform is unsteady). 3 The platform is still initially at t = 0. 4 Jet flow is nearly uniform and thus the momentum-flux
correction factor can be taken to be unity, S= 1.

Properties We take the density of water to be 1000 kg/m?®.

Analysis (a) The total mass flow rate of water through the 4 hoses and the total weight of the platform are

M= pAV =4

2
3 M(m mis) = 90.4779 kgls

W = mg = (150 kg)(@.81 m/s?)| —— N |-14715 N
1kg-m/s

We take the platform as the system. The momentum equation for steady flow is Z F= ZﬂmV —Z/}mV . The

out in
minimum water jet velocity needed to raise the platform is determined by setting the net force acting on the platform equal
to zero,
) . D%,
-W= m(_Vmin )-0 - W =MV iy = pPAV i Vinin =4p 4 —Vain

Solving for Vi, and substituting,

2
V= N 147150 [k MST )17 1008 mis=17.1 mis
p7D?  \ (1000 kg/m®)z(0.04 m)? | 1IN

(b) We let the vertical reaction force (assumed upwards) acting on the platform be Fg,. Then the momentum equation in the
vertical direction becomes

1kg - m/s®
AN

The upward thrust acting on the platform is equal and opposite to this reaction force, and thus F = 156.6 N. Then the
acceleration and the ascending time to rise 10 m and the velocity at that moment become

_F 157.101N [1 kg - m/s?

F, W =m(-V)-0=mV — F,=W-mV = (14715 N)—(90.4779 kg)(18 )[ J=—157.1o1 N

):1.0473 m/s?

m 150 kg 1N \
o FRv ((
1 e2 2X 2(10m) X =
X=sat - t=—=——"75=436989s=437 s
a 1.0473 m/s
and
V =at = (1.0473 m/s*)(4.36989 s) = 4.5766 m/s
(c) When the water is shut off at 10 m height (where the velocity is 4.57 m/s), L ' D=4cm
the platform will decelerate under the influence of gravity, and the time it takes 18 m/s
to come to a stop and the additional rise above 10 m become
VoV, gt=0 — t=to_ 257665 4 6ee0s
g 9.81mis

2=Vt —1gt* = (4.5766 m/s)(0.46652 s) — 1 (9.81 m/s*)(0.46652 s)* =1.0675 m=1.07 m

Therefore, Jones has 2x0.46652 = 0.93304 ~ 0.933 s to jump off from the platform to the roof since it takes another 0.466
s for the platform to descend to the 10 m level.

Discussion Like most stunts in the Indiana Jones movies, this would not be practical in reality.
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Chapter 6 Momentum Analysis of Flow Systems

6-83E

Solution A box-enclosed fan is faced down so the air blast is directed downwards, and it is to be hovered by
increasing the blade rpm. The required blade rpm, air outlet velocity, the volumetric flow rate, and the minimum
mechanical power are to be determined.

Assumptions 1 The flow of air is steady and incompressible. 2 The air leaves the blades at a uniform velocity at
atmospheric pressure, and thus the momentum-flux correction factor can be taken to be unity, = 1. 3 Air approaches the
blades from the top through a large area at atmospheric pressure with negligible velocity. 4 The frictional effects are
negligible, and thus the entire mechanical power input is converted to kinetic energy of air (no conversion to thermal
energy through frictional effects). 5 The change in air pressure with elevation is negligible because of the low density of
air. 6 There is no acceleration of the fan, and thus the lift generated is equal to the total weight.

Properties The density of air is given to be 0.078 Ibm/ft’.

Analysis (a) We take the control volume to be a vertical hyperbolic cylinder bounded by streamlines on the sides
with air entering through the large cross-section (section 1) at the top and the fan located at the narrow cross-section at the
bottom (section 2), and let its centerline be the z axis with upwards being the positive direction.

The momentum equation for steady flow is Z F= ZﬂmV —Z,BmV . Noting that the only force acting on the

out in
control volume is the total weight W and it acts in the negative z direction, the momentum equation along the z axis gives
. . W
-W=m(-V,)-0 - W=mV,=(pAV,)V, = pAVS - V,= /—A
Yo,

where A is the blade span area,

A=D?/4=rx(3ft)%/4=7.069ft> @ E
Ry
Then the discharge velocity to produce 5 Ibf of upward force becomes ?
2
v, = 5Il3f ' 32.21bm - ft/s 17 1ftfs
(0.078 Ibm/ft>)(7.069 ft~) 1lbf

(b) The volume flow rate and the mass flow rate of air are determined from their 600 rpm
definitions, |

V = AV, = (7.069 ft?)(17.1ft/s) =121 ft3/s VIV Vv

m = pV = (0.078 Ibm/ft®)(121ft%/s) = 9.43Ibm/s @

(c) Noting that P, = P, = P4, V1 = 0, the elevation effects are negligible, and the frictional effects are disregarded, the
energy equation for the selected control volume reduces to

(P VP . (P, V7 . . . V2
m _1+L+ 9z; +Wpump,u =m _2+_2+ 9z, +Wturbine + Emech,loss - Wfan,u = m_z
p 2 p 2 2
Substituting,
. V.2 _ 2
Weagy = M—2-= (9.431bm/s) (18.01/s) ( LIbt > ]( LW j =64.3W
' 2 2 32.2Ibm-ft/s“ \ 0.73756 Ibf - ft/s

Therefore, the minimum mechanical power that must be supplied to the air stream is 64.3 W.

Discussion  The actual power input to the fan will be considerably larger than the calculated power input because of the
fan inefficiency in converting mechanical work to kinetic energy.
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Solution A plate is maintained in a horizontal position by frictionless vertical guide rails. The underside of the plate
is subjected to a water jet. The minimum mass flow rate m;, to just levitate the plate is to be determined, and a relation is

to be obtained for the steady state upward velocity. Also, the integral that relates velocity to time when the water is first
turned on is to be obtained.

Assumptions 1 The flow of water is steady and one-dimensional. 2 The water jet splatters in the plane of he plate. 3 The
vertical guide rails are frictionless. 4 Times are short, so the velocity of the rising jet can be considered to remain constant
with height. 5 At time t = 0, the plate is at rest. 6 Jet flow is nearly uniform and thus the momentum-flux correction factor

can be taken to be unity, = 1.

Analysis (@) We take the plate as the system. The momentum equation for steady flow s
Z F= ZﬂmV —Z,BmV . Noting that m = pAV; where A is the cross-sectional area of the water jet and W = m,g, the
out in

minimum mass flow rate of water needed to raise the plate is determined by setting the net force acting on the plate equal to
Zero,

-W =0-mMpy,V; - W =mMyi,V; — myg= Miin (Mpin / AVy) > Min = \[pAmpg

For m >m.,;, , a relation for the steady state upward velocity V is obtained setting the upward impulse applied by water jet

to the weight of the plate (during steady motion, the plate velocity V is constant, and the velocity of water jet relative to
plate is V; -V),

Mp9
PA

PA PA

(b) At time t = 0 the plate is at rest (V = 0), and it is subjected to water
jetwith m > m;, and thus the net force acting on it is greater than the
weight of the plate, and the difference between the jet impulse and the
weight will accelerate the plate upwards. Therefore, Newton’s 2" law
F = ma =mdV/dt in this case can be expressed as

dv

my, -V)-W=mya — pAV,; -V)*-m,g =My

Separating the variables and integrating fromt=0whenV=0tot=t
when V =V gives the desired integral,

|4
M m
m_dV m_dV
jv Lk =jt it — t:jV L o
0 pAV, -V ) -mg 0 ° pA(V, -V ) -mg
Nozzle

Discussion  This integral can be performed with the help of integral tables. But the
relation obtained will be implicit in V.
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Solution A walnut is to be cracked by dropping it from a certain height to a hard surface. The minimum height
required is to be determined.

Assumptions 1 The force remains constant during the cracking period of the walnut. 2 The air resistance is negligible.

Analysis We take the x axis as the upward vertical direction. Newton’s 2™ law F = ma = mdV/dt can be expressed as
FAt
FAt=mAV = m(Vstrike _Vfinal) = Vgike =——
m (.
since the force remains constant and the final velocity is zero. Substituting, f
FAt (200 N)(0.002s) ( 1kg-m/s? A
Vstrike = = =8m/s
m 0.050 kg 1N

The elevation that will result at this value of velocity can be determined from the conservation of
energy principle (in this case potential energy being converted to kinetic energy) to be

Vi
Peinitial = K€finat —> Mgh= % mstrike - h= Szt;ée

Substituting, the required height at which the walnut needs to be dropped becomes

h= strike _ (8 m/s) 2

=3.26 m
29 2(9.81 m/s?)

Discussion Note that a greater height will be required in reality because of air friction.
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Chapter 6 Momentum Analysis of Flow Systems
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Solution A vertical water jet strikes a horizontal stationary plate normally. The maximum weight of the plate that can
be supported by the water jet at a specified height is to be determined.

Assumptions 1 The flow of water at the nozzle outlet is steady and incompressible. 2 The water splatters in directions
normal to the approach direction of the water jet. 3 The water jet is exposed to the atmosphere, and thus the pressure of the
water jet and the splattered water leaving the control volume is atmospheric pressure . 4 Friction between the water and air
is negligible. 5 The effect of the momentum-flux correction factor is negligible, and thus g= 1 for the jet.

Properties We take the density of water to be 1000 kg/m?®.

Analysis We take the x axis as the upward vertical direction. We also take point 1 at the point where the water jet
leaves the nozzle, and point 2 at the point where the jet strikes the flat plate. Noting that water jet is exposed to the
atmosphere, we have P; = P, = Py, Also, z; = 0 and z, = h. Then the Bernoulli Equation simplifies to

2 2 2 2
i+\i+zlzi+v—2+z2 - O+VL+O:O+V—2+h -V, =4V?-2gh __\_/\{ 1 -
20 T 2 29 29 ) :
Substituting, the jet velocity when the jet strikes the flat plate is determined to be V,

V, = /(15 m/s)? — 2(9.81m/s%)(2 m) =13.63m/s
The mass flow rate of water is

. 2 2
M=pV = pAV =pﬂ%v ~ (1000 kg/m?) F@L7M”

(15 mis) = 57.73kgls ®) {_\ v

We take the thin region below the flat plate as the control volume such that it cuts through the incoming water jet. The
weight W of the flat plate acts downward as a vertical force on the CV. Noting that water jet splashes out horizontally after
it strikes the plate, the momentum equation for steady flow in the x (flow) direction reduces to

DFE=DANV-D ANV 5 W=V, > W=mV,

out in
Substituting, the weight of the flat plate is determined to be

1IN

W = (57.73kg/s)(13.36 m/s)| ———
1kg

/2J=771N
S

Discussion Note that this weight corresponds to a plate mass of 771/9.81 = 78.5 kg of mass. Also, a smaller mass will
be held in balance at a greater height and a larger mass at a smaller height.
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Solution A vertical water jet strikes a horizontal stationary plate normally. The maximum weight of the plate that can
be supported by the water jet at a specified height is to be determined.

Assumptions 1 The flow of water at the nozzle outlet is steady and incompressible. 2 The water splatters in directions
normal to the approach direction of the water jet. 3 The water jet is exposed to the atmosphere, and thus the pressure of the
water jet and the splattered water leaving the control volume is atmospheric pressure . 4 Friction between the water and air
is negligible. 5 The effect of the momentum-flux correction factor is negligible, and thus g= 1 for the jet.

Properties We take the density of water to be 1000 kg/m?®.

Analysis We take the x axis as the upward vertical direction. We also take point 1 at the point where the water jet
leaves the nozzle, and point 2 at the point where the jet strikes the flat plate. Noting that water jet is exposed to the
atmosphere, we have P; = P, = Py, Also, z; = 0 and z, = h. Then the Bernoulli Equation simplifies to

2 2 2 2
i+\i+zl:i+v—2+z2 - O+VL+O:O+V—2+h -V, =4V?-2gh __\_/\{ 1 -
29 " 2 29 29 (@) :
Substituting, the jet velocity when the jet strikes the flat plate is determined to be V,

V, = /(15 mis)? — 2(9.81m/s?)(8 m) =8.249 m/s

The mass flow rate of water is

. ; D? 7(0.07 m)?
m=pV=pAV =p %

7 V = (1000 kg/m?)

(15m/s) =57.73kg/s @ '_] -y

We take the thin region below the flat plate as the control volume such that it cuts through the incoming water jet. The
weight W of the flat plate acts downward as a vertical force on the CV. Noting that water jet splashes out horizontally after
it strikes the plate, the momentum equation for steady flow in the x (flow) direction reduces to

DFE=DANV-D ANV 5 W=V, > W=mV,

out in
Substituting, the weight of the flat plate is determined to be

Lz}m

W =(57.73kg/s)(8.249 m/s)
1kg-m/s

Discussion Note that this weight corresponds to a plate mass of 476/9.81 = 48.5 kg of mass. Also, a smaller mass will
be held in balance at a greater height and a larger mass at a smaller height.
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Chapter 6 Momentum Analysis of Flow Systems
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Solution It is to be shown that the force exerted by a liquid jet of velocity V on a stationary nozzle is proportional to
V2, or alternatively, to m?.
Assumptions 1 The flow is steady and incompressible. 2 The nozzle is given to be stationary. 3 The nozzle involves a

90° turn and thus the incoming and outgoing flow streams are normal to each other. 4 The water is discharged to the
atmosphere, and thus the gage pressure at the outlet is zero.

Analysis We take the nozzle as the control volume, and the flow Fr
direction at the outlet as the x axis. Note that the nozzle makes a 90° y
turn, and thus it does not contribute to any pressure force or momentum | \Y
flux term at the inlet in the x direction. Noting that m = pAV where A ”
is the nozzle outlet area and V is the average nozzle outlet velocity, the Nozzle
momentum equation for steady flow in the x direction reduces to T

Liquid

Zﬁ:Zﬂm\i—Zﬁmv - FRx zﬁrhoutvout = pmv
out in

where Fg, is the reaction force on the nozzle due to liquid jet at the nozzle outlet. Then,

m2

: . m
m=pAV - Fg, = ANV = fpAVV = oAV 2 or FRX:ﬁmvzﬂmE:ﬁE

Therefore, the force exerted by a liquid jet of velocity V on this stationary nozzle is proportional to VV, or
alternatively, to m?.

Discussion If there were not a 90° turn, we would need to take into account the momentum flux and pressure
contributions at the inlet.
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Solution A parachute slows a soldier from his terminal velocity V+ to his landing velocity of V. A relation is to be
developed for the soldier’s velocity after he opens the parachute at time t = 0.

Assumptions 1 The air resistance is proportional to the velocity squared (i.e. F = -kV?). 2 The variation of the air
properties with altitude is negligible. 3 The buoyancy force applied by air to the person (and the parachute) is negligible
because of the small volume occupied and the low density of air. 4 The final velocity of the soldier is equal to its terminal
velocity with his parachute open.

Analysis The terminal velocity of a free falling object is reached when the air resistance (or air drag) equals the
weight of the object, less the buoyancy force applied by the fluid, which is negligible in this case,
mg
Fair resistance =W~ — kVF2 =mg - k= V_2
F

This is the desired relation for the constant of proportionality k. When the parachute is deployed and the soldier starts to
decelerate, the net downward force acting on him is his weight less the air resistance,

A Fair resistance

mg V2
Fret =W — Fair resistance = Mg —kV 2 = mg — 2_V 2= mg(l__z J

P . av .
Substituting it into Newton’s 2" law relation F,,, =ma=m— gives

v? dv
mg|l-—=m——
Vg dt
Canceling m and separating variables, and integrating from t = 0 when V = V; to
t=twhenV =V gives

\% t Parachute
T j _ Zz%j dt
A 4
Using j de 5 :ilnaﬂ( from integral tables and applying the
a‘—x 2a  a—X

integration limits,

1 Ve +V Ve +Vq gt
In —In =—
Ve Vg =V Ve =Vq VF2

Rearranging, the velocity can be expressed explicitly as a function of time as

Vi +Vg + (Vg —Vg )e 20tV
"V +Ve —(Vy —Vg e 2

Discussion Note that as t — oo, the velocity approaches the landing velocity of Vg, as expected.
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Chapter 6 Momentum Analysis of Flow Systems
6-90
Solution An empty cart is to be driven by a horizontal water jet that enters from a hole at the rear of the cart. A
relation is to be developed for cart velocity versus time.

Assumptions 1 The flow of water is steady, one-dimensional, incompressible, and horizontal. 2 All the water which
enters the cart is retained. 3 The path of the cart is level and frictionless. 4 The cart is initially empty and stationary, and
thus V = 0 at time t = 0. 5 Friction between water jet and air is negligible, and the entire momentum of water jet is used to
drive the cart with no losses. 6 Jet flow is nearly uniform and thus the momentum-flux correction factor can be taken to be
unity, g= 1.

Analysis We note that the water jet velocity V; is constant, but the car velocity V is variable. Noting that
m= pA(V; —V) where A is the cross-sectional area of the water jet and V; - V is the velocity of the water jet relative to the

cart, the mass of water in the cart at any time t is

t t t
m,, = J' it = jo PAWV, —V)dt = pAV, t— pAJ' vat (1) Cart
Mo
dm,, . A v —> v
dt m=pA(V, -V) Waterjet N
We take the cart as the moving control volume. The net force acting on \ v

the cart in this case is equal to the momentum flux of the water jet.
Newton’s 2" law F = ma = d(mV)/dt in this case can be expressed as

F= d(mtotalv)

- where F = %:ﬂmv = BV = (V) =MV, = pAN; —V)V,

out
and
A(mV) Al +mV]_ v dny) vy dm,
dt dt dt dt dt dt dt
dv
=(m, +mw)E+pA(VJ V)V

Note that in SmV expressions, we used the fluid stream velocity relative to a fixed point. Substituting,

dv av
PANV; =V )V =(m; + mw)E*‘PA(VJ VIV = pAWV; V)Y, -V) =(m + mW)E

Noting that my, is a function of t (as given by Eq. 1) and separating variables,
dv dt dv dt
AV, V) moem, oA, V) ‘
PALV, — " PALV; — m, +pAVJt—pAL\)/dt

Integrating fromt =0 whenV =0tot =twhen V =V gives the desired integral,

J-v v J" dt
2 = t
O PAVG V)T o m L oAVt - PAJ.})/dt

Discussion Note that the time integral involves the integral of velocity, which complicates the solution.
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Chapter 6 Momentum Analysis of Flow Systems

6-91

Solution Water enters the impeller of a turbine through its outer edge of diameter D with velocity V making an angle
o with the radial direction at a mass flow rate of m, and leaves the impeller in the radial direction. The maximum power

that can be generated is to be shown to be W, = znimDV sina .

Assumptions 1 The flow is steady in the mean. 2 Irreversible losses are
negligible.

Analysis We take the impeller region as the control volume. The
tangential velocity components at the inlet and the outlet are V;, =0 and

Vyi =Vsina .

Normal velocity components as well pressure acting on the inner and
outer circumferential areas pass through the shaft center, and thus they do not
contribute to torque. Only the tangential velocity components contribute to
torque, and the application of the angular momentum equation gives

Tohatt =M1V —1Vy) =mrV, —0=mD(V sina)/ 2

The angular velocity of the propeller is w=2a1. Then the shaft power
becomes

Wapatt = @Tgpare = 220MD(V sin )/ 2

Impeller region

Simplifying, the maximum power generated becomes |Wy,.;x = 201MDV sin & | which is the desired relation.

Discussion  The actual power is less than this due to irreversible losses that are not taken into account in our analysis.
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Chapter 6 Momentum Analysis of Flow Systems
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Solution A two-armed sprinkler is used to water a garden. For specified flow rate and discharge angles, the rates of
rotation of the sprinkler head are to be determined.

Assumptions 1 The flow is uniform and cyclically steady (i.e., steady from & frame of reference rotating with the
sprinkler head). 2 The water is discharged to the atmosphere, and thus the gage pressure at the nozzle outlet is zero. 3
Frictional effects and air drag of rotating components are neglected. 4 The nozzle diameter is small compared to the
moment arm, and thus we use average values of radius and velocity at the outlet.

Properties We take the density of water to be 1000 kg/m® = 1 kg/L.

Analysis We take the disk that encloses the sprinkler arms as the control volume, which is a stationary control
volume. The conservation of mass equation for this steady flow system is m; =m, =m. Noting that the two nozzles are

identical, we have M, =M/2 OF V0 =V /2 since the density of water is constant. The average jet outlet
velocity relative to the nozzle is

Voore 75L/s [ 1m?

a 1000 L

jet = 7 =119.4m/s
Ajet 2[7(0.02m)“ /4]

The angular momentum equation can be expressed as ZM :Zrmv —Zrmv . Noting that there are no external

out in
moments acting, the angular momentum equation about the axis of rotation becomes
0=-2rmyg,z¢V, COSE - V, =0 - Vjet,t ~Viozzte =0

Noting that the tangential component of jet velocity isVje ; =V, COS &, we have
Viozzle = Vjer €0S € = (119.4 m/s)cos&

Also noting that V., = @r = 2z1ir , and angular speed and the rate of rotation of sprinkler head become

1)0=0% 0= Viozze _ (119.4m/5)c0s0 _ 230rad/s and n=-"2 - 230rad/s 60? =2193rpm
0.52m 2z 2z min
2)0 = 30° g = wnoetle _ (H9AMS)COSI0® g 4y ang o2 _1997adIS[ 60S ) 4099 m
0.52m 2z 2z 1min
3)0=60° w= Viozzte _ (1194 M/S)c0s60° _ 115rad/s and 1=-2= 115radfs 60_5 =1096 rpm
0.52m 2z 2z 1min

Discussion Final results are given to three significant digits, as usual. The rate of rotation in reality will be lower
because of frictional effects and air drag.
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Chapter 6 Momentum Analysis of Flow Systems

Solution
from 0 to 90° in increments of 10° is to be investigated.

The previous problem is reconsidered. The effect of discharge angle &on the rate of rotation 1 as @varies

Analysis The EES Equations window is printed below, followed by the tabulated and plotted results.
D=0.02 "m"
r=0.45"m"
n_nozzle=2 "number of nozzles"
Ac=pi*D"2/4
V_jet=V_dot/Ac/n_nozzle
V_nozzle=V_jet*cos(theta)
V_dot=0.060 "m3/s"
omega=V_nozzle/r
n_dot=omega*60/(2*pi)

Angle, Vnozzle ) (0] n

& m/s rad/s rpm
0 95.5 212 2026
10 94.0 209 1996
20 89.7 199 1904
30 82.7 184 1755
40 73.2 163 1552
50 61.4 136 1303
60 47.7 106 1013
70 32.7 73 693
80 16.6 37 352
90 0.0 0 0

2250

1800 ™~

5 AN
= AN
450 \\\\

N

0 10 20 30 40 50 60 70 80 90
0, °

Discussion  The maximum rpm occurs when €= 0°, as expected, since this represents purely tangential outflow. When 6
= 90°, the rpm drops to zero, as also expected, since the outflow is purely radial and therefore there is no torque to spin the
sprinkler.
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Chapter 6 Momentum Analysis of Flow Systems
6-94
Solution A stationary water tank placed on wheels on a frictionless surface is propelled by a water jet that leaves the

tank through a smooth hole. Relations are to be developed for the acceleration, the velocity, and the distance traveled by
the tank as a function of time as water discharges.

Assumptions 1 The orifice has a smooth entrance, and thus the frictional losses are negligible. 2 The flow is steady,
incompressible, and irrotational (so that the Bernoulli equation is applicable). 3 The surface under the wheeled tank is level
and frictionless. 4 The water jet is discharged horizontally and rearward. 5 The mass of the tank and wheel assembly is
negligible compared to the mass of water in the tank. 4 Jet flow is nearly uniform and thus the momentum-flux correction
factor can be taken to be unity, f= 1.

Analysis (a) We take point 1 at the free surface of the tank, and point 2 at
the outlet of the hole, which is also taken to be the reference level (z, = 0) so that
the water height above the hole at any time is z. Noting that the fluid velocity at
the free surface is very low (V; = 0), it is open to the atmosphere (P; = Puy,), and
water discharges into the atmosphere (and thus P, = P,y,), the Bernoulli equation
simplifies to

2 2 2
i+Vi+zlzi+v—2+z2 - z:\Z/—J+0 -V, =20z
g

A 29 P9 29
The discharge rate of water from the tank through the hole is
D¢ D¢
m=pAV; = p—LV, = p—2 29z

The momentum equation for steady flow is z F= ZﬁmV —ZﬂmV . Applying it to the water tank, the horizontal force

out n
that acts on the tank is determined to be

2
0

2
The acceleration of the water tank is determined from Newton’s 2™ law of motion F = ma where m is the mass of water in
the tank, m= pV, = p(7D?/4)z,

F pgz(;rDOZIZ)
“m pz(zD?/4)

ﬂDz
F=mV,-0=mV, =p 40 29z = pyz

Dy

a=2007

Note that the acceleration of the tank is constant.
(b) Noting that a = dV/dt and thus dV = adt and acceleration a is constant, the velocity is expressed as

DZ
V =at - V =2¢g D—‘;t
(c) Noting that V = dx/dt and thus dx = Vdt, the distance traveled by the water tank is determined by integration to be
D? D .,
dx =Vdt - dx=ZgD—°2tdt - x=gD—‘;t

sincex=0att=0.

Discussion In reality, the flow rate discharge velocity and thus the force acting on the water tank will be less because of
the frictional losses at the hole. But these losses can be accounted for by incorporating a discharge coefficient.
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Solution The rocket of a satellite is fired in the opposite direction to motion. The thrust exerted on the satellite, the
acceleration, and the velocity change are to be determined.

Assumptions 1 The flow of combustion gases is steady and one-dimensional during the firing period, but the motion of
the satellite is unsteady. 2 There are no external forces acting on the spacecraft, and the effect of pressure force at the
nozzle outlet is negligible. 3 The mass of discharged fuel is negligible relative to the mass of the spacecraft, and thus, the
spacecraft may be treated as a solid body with a constant mass. 4 The nozzle is well designed such that the effect of the
momentum-flux correction factor is negligible, and thus f= 1.

Analysis (a) For convenience, we choose an inertial reference frame that moves with the satellite at the same initial
velocity. Then the velocities of fluid stream relative to an inertial reference frame become simply the velocities relative to
the satellite. We take the direction of motion of the satellite as the positive direction along the x-axis. There are no external
forces acting on the satellite, and its mass is essentially constant. Therefore, the satellite can be treated as a solid body with
constant mass, and the momentum equation in this case is

Fihrust = Msatellite ésatellite = Zﬁmv - z pmv
in

out

The fuel discharge rate is

_ My 100kg

PTA

=33.33kg/s

o

-

2as Satellite {-
. . .. N . n ™ Yo
Then the thrust exerted on the satellite in the positive x direction becomes -

-

1kN

Finrust =0—mM¢ V¢ =—(33.33kg/s)(-3000 m/s)) ———— -
thrust fyf ( g )( )[1000 kg~m/52

]:100 kN

(b) Noting that the net force acting on the satellite is thrust, the acceleration of the
satellite in the direction of thrust during the first 2 s is determined to be

Asatellite =

Finust _ 100kN (1000 kg - m/s?
msatellite 3400 kg 1KN

J: 29.41 m/s? =29.4 m/s?

(c) Knowing acceleration, which is constant, the velocity change of the satellite during the first 2 s is determined from the
definition of acceleration a =dV /dt,

satellite satellite

AVaelite = Asareltite At = (29.41 m/sz)(3 s)=88.2m/s

Discussion Note that if this satellite were attached somewhere, it would exert a force of 100 kN (equivalent to the
weight of 10 tons of mass) to its support. This can be verified by taking the satellite as the system and applying the
momentum equation.
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Solution Water enters a centrifugal pump axially at a specified rate and velocity, and leaves at an angle from the
axial direction. The force acting on the shaft in the axial direction is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The forces acting on the piping system in the horizontal
direction are negligible. 3 The atmospheric pressure is disregarded since it acts on all surfaces. 4 Water flow is nearly
uniform at the outlet and thus the momentum-flux correction factor can be taken to be unity, g= 1.

Properties We take the density of water to be 1000 kg/m?®.
Analysis From conservation of mass we have m; =m, =m, and thus

V, =V, and A4V, = A.,V,. Noting that the discharge area is half the inlet
area, the discharge velocity is twice the inlet velocity. That is,
ALV, = %vl =2V, =2(7m/s) =14 m/s
2

We take the pump as the control volume, and the inlet direction of flow as
the positive direction of x axis. The linear momentum equation in this case
in the x direction reduces to

DF=D ANV ANV o R =riV,co80 —mV; o Fgy =MV, —V,c00)
out in
where the mass flow rate it
m = pV = (1000 kg/m?)(0.30 m®/s) = 300 kg/s
Substituting the known quantities, the reaction force is determined to be

Az =1013N
1kg-m/s

Fry = (300 kg/s)[(7 m/s) — (14 m/s)cos?S][

Discussion Note that at this angle of discharge, the bearing is not subjected to any horizontal loading. Therefore, the
loading in the system can be controlled by adjusting the discharge angle.
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Solution Water flows through a splitter. The external force needed to hold the device fixed is to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The water is discharged to the atmosphere, and thus the gage
pressure at the outlet is zero.

Properties We take the density of water to be 1000 kg/m®.

Pl
Analysis

y
Velocities at each section are T_'
X
v 0,08

———— =7.07m/s
b 7.0.12%/4 3
) =0’—052=4.42 m/s
7.0.12%/4
V3=0’—0§’=3.82 m/s
7.0.1%/4

Applying linear momentum equation to the CV,
d -
= vadv + .[V.pV.ndA— S'F
Ccv CS
X-component:
= (Vy.cos0)o(=Vy)A +(=V,)p(V; )A, = ~PiA cosd + Py A, + Rx
— pV,CostV, — VoV, + P A CosH — P, A, =R,

0.122 0.12°
Ry =(1000)0.08.cos30)(7.07)-1000x (0.05)x (4.42)+100000z 4 C0s30-900007

Ry =230 N

y-component:
(—Vy.sin @)p(=V; )A, —V3p(V3)As =—P A sin 0+ P A + R,
Ry = pV,V,Sing — pVyVs + P A, sin 6 — PyAg

2 2
012° 0000701

R, =1000 x 0.08x 7.07 x Sin30 —1000 x 0.03 x 3.82 + 1000007~

R, =671 NT

The resultant force is then

R=+/230% + 671> =709N
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Solution

Chapter 6 Momentum Analysis of Flow Systems

Water is discharged from a pipe through a rectangular slit underneath of the pipe. The rate of discharge

through the slit and the vertical force acting on the pipe due to this discharge process are to be determined.

Assumptions

pressure at the outlet is zero.

Properties

Analysis

We take the density of water to be 1000 kg/m®.

1 The flow is steady and incompressible. 2 The water is discharged to the atmosphere, and thus the gage

; Slit width =3 mm

(@) From

F>=Tm/s

r

the conservation of mass,
0 -
—IpdV + IpV.ndA:O
ot

CS

L

p(-V3)A; + [ pVdA=0
0

V=a+bx+cx? , x=0V =V, =3m/s , a=3m/s
x=0 ﬂ:o, b+2cx=0 , b=0

dx
x=L , V=V,=7m/s

7=3+c122 5>c=277
V(y)=3+2.77x*

—pV +j‘p.(3+ 2.77X2}dx =0
0

12 1,2
V= J'(s +2.77%% )x 0.01dx = 0.005(3x + 0.923x3) |
0 0

V =0.026 m®/s

(b) Momentum equations: y-component:

L

O+I(—V)p(V)dA= R,

0
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Chapter 6 Momentum Analysis of Flow Systems

R, = —JI:pV 24l = —p.ti(3+ 2.77%2 f dx
0 0

L
R, = —ptj(9+16.62x2 +7.673x Jix
0

1.2
R, - pt[gx +5.54x° +1.5346x5] |
0

R, =-1000x0.005x (24.19) =

R,=-121 N

6-87
PROPRIETARY MATERIAL. © 2014 by McGraw-Hill Education. This is proprietary material solely for authorized instructor use.
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or
posted on a website, in whole or part.




Chapter 6 Momentum Analysis of Flow Systems

Fundamentals of Engineering (FE) Exam Problems

6-99
When determining the thrust developed by a jet engine, a wise choice of control volume is
(a) Fixed control volume (b) Moving control volume (c) Deforming control volume

(d) Moving or deforming control volume  (e) None of these

Answer (c) Deforming control volume

6-100

Consider an airplane cruising at 850 km/h to the right. If the velocity of exhaust gases is 700 km/h to the left relative to the
ground, the velocity of the exhaust gases relative to the nozzle exit is

(a) 1550 km/h (b)) 850 km/h  (c) 700km/h (d) 350 km/h  (€) 150 km/h

Answer (a) 1550 km/h

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

V_airplane=850 [km/h]

V_exhaust=-700 [km/h]

V_r=V_airplane-V_exhaust
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Consider water flow through a horizontal, short garden hose at a rate of 30 kg/min. The velocity at the inlet is 1.5 m/s and

that at the outlet is 14.5 m/s. Disregard the weight of the hose and water. Taking the momentum-flux correction factor to be
1.04 at both the inlet and the outlet, the anchoring force required to hold the hose in place is

(a) 2.8 N (b) 8.6 N (€) 175N (d) 27.9 N (€) 43.3N

Answer (d) 279N

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).
m_dot=(30/60) [kg/s]

V1=1.5 [m/s]

V2=14.5 [m/s]

beta=1.04

rho=1000 [kg/m”3]

g=9.81 [m/s"2]

Al=m_dot/(rho*V1)

P_1 gage=rho*(V2"2-V1"2)/2

Al=pi*D"2/4

F+P_1 gage*Al=m_dot*beta*(V2-V1)

6-102

Consider water flow through a horizontal, short garden hose at a rate of 30 kg/min. The velocity at the inlet is 1.5 m/s and
that at the outlet is 11.5 m/s. The hose makes a 180° turn before the water is discharged. Disregard the weight of the hose
and water. Taking the momentum-flux correction factor to be 1.04 at both the inlet and the outlet, the anchoring force
required to hold the hose in place is

() 7.6 N (b) 28.4 N (c) 166N (d) 34.1 N (€) 119N

Answer (b) 28.4 N

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).
m_dot=(30/60) [kg/s]

V1=1.5 [m/s]

V2=-11.5 [m/s]

beta=1.04

rho=1000 [kg/m"3]

g=9.81 [m/s"2]

Al=m_dot/(rho*V1)

P_1 gage=rho*(V2/2-V1"2)/2

Al=pi*D"2/4

F+P_1 gage*Al=m_dot*beta*(V2-V1)
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A water jet strikes a stationary vertical plate horizontally at a rate of 5 kg/s with a velocity of 35 km/h. Assume the water
stream moves in the vertical direction after the strike. The force needed to prevent the plate from moving horizontally is

(a) 15.5 N (b) 26.3 N (€)19.7N (d) 34.2 N (e) 48.6 N

Answer (e) 48.6 N

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

m_dot=>5 [kg/s]

V1=35 [km/h]*Convert(km/h, m/s)

F=m_dot*V1

6-104

Consider water flow through a horizontal, short garden hose at a rate of 40 kg/min. The velocity at the inlet is 1.5 m/s and
that at the outlet is 16 m/s. The hose makes a 90° turn to a vertical direction before the water is discharged. Disregard the
weight of the hose and water. Taking the momentum-flux correction factor to be 1.04 at both the inlet and the outlet, the
reaction force in the vertical direction required to hold the hose in place is

(a) 11.1 N (b) 10.1 N (c) 9.3 N(d) 27.2 N (€) 289N

Answer (a) 11.1 N

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

m_dot=(40/60) [kg/s]

V1=1.5 [m/s]

V2=16 [m/s]

beta=1.04

F_vertical=m_dot*beta*V2
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Consider water flow through a horizontal, short pipe at a rate of 80 kg/min. The velocity at the inlet is 1.5 m/s and that at
the outlet is 16.5 m/s. The pipe makes a 90° turn to a vertical direction before the water is discharged. Disregard the weight

of the pipe and water. Taking the momentum-flux correction factor to be 1.04 at both the inlet and the outlet, the reaction
force in the horizontal direction required to hold the pipe in place is

(@) 73.7 N (b) 97.1N (c) 99.2 N (d) 122 N () 153 N

Answer (d) 122 N

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).
m_dot=(80/60) [kg/s]

V1=1.5 [m/s]

V2=16.5 [m/s]

theta_2=90 [degree]

beta=1.04

rho=1000 [kg/m”3]

g=9.81 [m/s"2]

Al=m_dot/(rho*V1)

P_1 gage=rho*(V2/2-V1"2)/2

Al=pi*D"2/4

F_horizontal+P_1_gage*Al=m_dot*beta*(V2*Cos(theta_2)-V1)

6-106

A water jet strikes a stationary vertical plate vertically at a rate of 18 kg/s with a velocity of 24 m/s. The mass of the plate is
10 kg. Assume the water stream moves in the horizontal direction after the strike. The force needed to prevent the plate
from moving vertically is

(a) 192 N (b) 240 N (c) 334N (d) 432 N (€) 530 N

Answer (c) 334 N

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

m_dot=18 [kg/s]

V1=24 [m/s]

m_plate=10 [kg]

g=9.81 [m/s"2]

F_vertical-m_plate*g=m_dot*(0-V1)
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The velocity of wind at a wind turbine is measured to be 6 m/s. The blade span diameter is 24 m and the efficiency of the

wind turbine is 29 percent. The density of air is 1.22 kg/m?®. The horizontal force exerted by the wind on the supporting
mast of the wind turbine is

(a) 2524 N (b) 3127 N (c) 3475 N (d) 4138 N (e) 4313 N

Answer (b) 3127 N

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).
V1=6 [m/s]

D=24 [m]

eta_turbine=0.29

rho=1.22 [kg/m"3]

A=pi*D"2/4

m_dot=rho*A*V1

eta_turbine=1-KE_2/KE_1

KE_1=m_dot*V1"2/2

KE_2=m_dot*V2"2/2

F=m_dot*(V2-V1)

6-108

The velocity of wind at a wind turbine is measured to be 8 m/s. The blade span diameter is 12 m. The density of air is 1.2
kg/m®. If the horizontal force exerted by the wind on the supporting mast of the wind turbine is 1620 N, the efficiency of
the wind turbine is

(a) 27.5% (b) 31.7% () 29.5% (d) 35.1% (e) 33.8%

Answer (e) 33.8%

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).
V1=8 [m/s]

D=12 [m]

F=-1620 [N]

rho=1.2 [kg/m"3]

A=pi*D"2/4

m_dot=rho*A*V1

KE_1=m_dot*V1/2/2

F=m_dot*(V2-V1)

KE_2=m_dot*V2"2/2

eta_turbine=1-KE_2/KE_1
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The shaft of a turbine rotates at a speed of 800 rpm. If the torque of the shaft is 350 N-m, the shaft power is
(a) 112 kw (b) 176 kW (c) 293 kW (d) 350 kW (e) 405 kW

Answer (c) 293 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

n_dot=(800/60) [1/s]

M=3500 [N-m]

W_dot_shaft=2*pi*n_dot*M

6-110

A 3-cm-diameter horizontal pipe attached to a surface makes a 90° turn to a vertical upward direction before the water is
discharged at a velocity of 9 m/s. The horizontal section is 5-m-long and the vertical section is 4-m long. Neglecting the
mass of the water contained in the pipe, the bending moment acting on the base of the pipe on the wall is

(a) 286 N-m (b) 229 N-m (c) 207 N-m (d) 175 N-m (e) 124 N-m

Answer (a) 286 N-m

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).
D=0.03 [m]

V=9 [m/s]

L_horizontal=5 [m]

L_vertical=4 [m]

rho=1000 [kg/m"3]

A=pi*D"2/4

m_dot=rho*A*V

r=L_horizontal

M=r*m_dot*V

6-93
PROPRIETARY MATERIAL. © 2014 by McGraw-Hill Education. This is proprietary material solely for authorized instructor use.
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or
posted on a website, in whole or part.




Chapter 6 Momentum Analysis of Flow Systems
6-111
A 3-cm-diameter horizontal pipe attached to a surface makes a 90° turn to a vertical upward direction before the water is
discharged at a velocity of 6 m/s. The horizontal section is 5-m-long and the vertical section is 4-m long. Neglecting the

mass of the pipe and considering the weight of the water contained in the pipe, the bending moment acting on the base of
the pipe on the wall is

(a) 11.9 N-m (b) 46.7 N-m (c) 127 N-m (d) 104 N-m (e) 74.8 N-m

Answer (e) 74.8 N-m

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).
D=0.03 [m]

V=6 [m/s]

L_horizontal=5 [m]

L_vertical=4 [m]

rho=1000 [kg/m"3]

g=9.81 [m/s"2]

A=pi*D"2/4

m_dot=rho*A*V

Vol_horizontal=pi*D”2/4*L_horizontal
m_water_horizontal=rho*Vol_horizontal
W_horizontal=m_water_horizontal*g
Vol_vertical=pi*D"2/4*L_vertical
m_water_vertical=rho*Vol_vertical
W_vertical=m_water_vertical*g

r_horizontal=L_horizontal/2

r_vertical=L_horizontal+D/2

r=L_horizontal
M-r_horizontal*W_horizontal+r_vertical*W_vertical=r*m_dot*V
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A large lawn sprinkler with four identical arms is to be converted into a turbine to generate electric power by attaching a
generator to its rotating head. Water enters the sprinkler from the base along the axis of rotation at a rate of 15 kg/s and
leaves the nozzles in the tangential direction at a velocity of 50 m/s relative to the rotating nozzle. The sprinkler rotates at a
rate of 400 rpm in a horizontal plane. The normal distance between the axis of rotation and the center of each nozzle is 30
cm. Estimate the electric power produced.

(a) 5430 W (b) 6288 W (c) 6634 W (d) 7056 W () 7875 W

Answer (d) 7056 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).
m_dot=15 [kg/s]

V_jet_r=50 [m/s]

n_dot=(400/60) [1/s]

r=0.30 [m]

omega=2*pi*n_dot

V_nozzle=r*omega

V_jet=V_jet r-V_nozzle

T_shaft=r*m_dot*V_jet

W_dot=2*pi*n_dot*T_shaft

6-113

Consider the impeller of a centrifugal pump with a rotational speed of 900 rpm and a flow rate of 95 kg/min. The impeller
radii at the inlet and outlet are 7 cm and 16 cm, respectively. Assuming that the tangential fluid velocity is equal to the
blade angular velocity both at the inlet and the exit, the power requirement of the pump is

(a) 83 W (b) 291 W () 409 W (d) 756 W (€) 1125 W

Answer (b) 291 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).

n_dot=(900/60) [1/s]

m_dot=(95/60) [kg/s]

r1=0.07 [m]

r2=0.16 [m]

omega=2*pi*n_dot

T_shaft=m_dot*omega*(r2"2-r12)

W_dot=2*pi*n_dot*T_shaft
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Water enters the impeller of a centrifugal pump radially at a rate of 450 L/min when the shaft is rotating at 400 rpm. The
tangential component of absolute velocity of water at the exit of the 70-cm outer diameter impeller is 55 m/s. The torque
applied to the impeller is

(a) 144 N-m (b) 93.6 N-m (c) 187 N-m (d) 112 N-m (e) 235 N'm

Answer (a) 144 N-m

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values).
V_dot=(0.450/60) [m"3/s]

n_dot=(40/60) [1/s]

D2=0.70 [m]

V_2_t=55 [m/s]

r2=D2/2

omega=2*pi*n_dot

rho=1000 [kg/m”3]

m_dot=rho*V_dot

T shaft=m_dot*r2*V_2 t

Design and Essay Problem

6-115
Solution Students’ essays and designs should be unique and will differ from each other.

R>adeSt
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