|6.1: PROBLEM DEFINITION

Situation:
Inertial reference frame.

Find:

Definition of inertial reference frame.

| SOLUTION

The inertial reference is any frame in which Newton’s first and second laws are valid.
It is any frame which is neither rotating nor accelerating with respect to the sun.
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|6.2: PROBLEM DEFINITION

Situation:

Centrifugal acceleration on the surface of earth.

t =24h, D = 8000 mi.
Find:

Value of centrifugal acceleration on earth’s surface and comparison to acceleration
to gravity.

| SOLUTION

The acceleration is

The angular velocity is

27 rad
w3 94 Iy % 80min o 60

1 hr 1 min

=727 x 107° rad/s

Acceleration

5280 ft

. = (7.27 x107° rad/s)® x 4 i
a (7.27 x 1072 rad/s)” x 4000 mi x e

a, = 0.112ft/ s?

The acceleration due to gravity is 32.2 ft/s? so

¢, 0112
g. 322
& 0.0035
ge

or less than 0.5%
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|6.3: PROBLEM DEFINITION

Situation:
Interpretation of Newton’s second law.
_ d(mv) o d d
F === F=m% +v3
Find:
Relationship between momentum and acceleration.

| SOLUTION I

Expressing Newton’s second law as

d
F = E(m’u)

is correct. However, Newton’s second law is valid only for a system of constant mass

so differentiation yields

dv
F — m—
i

In the differentiation by parts, the dm/dt term is zero.


http://www.mechfamily.net

|6.4: PROBLEM DEFINITION

Situation:
Examples of jets and how used in practice.

Find:
Give 5 examples of jets and applications.

| SOLUTION I

1. Water jet from a fire hose - fire suppression

2. Ink jet in a printer - produce ink letters on page

3. High pressure water jet - used from cutting in manufacturing
4. Jet engine nozzle - produce thrust

5. nozzle on lawn sprinkler - used to distribute water for agricultural needs.
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|6.5: PROBLEM DEFINITION

Situation:
A balloon is held stationary by a force F.
d=10mm, v =40m/s.

Find: Force required to hold balloon stationary (N).

Sketch:
O
T

Assumptions:
Steady flow, constant density.

Properties:
p=12kg/m3.

| PLAN I

Apply the momentum equation.

| SOLUTION

Force and momentum diagrams (x-direction terms)

A — e

Momentum equation (z-direction)

§ Fx = E movox_E mzvm
cs cs
F = nw

pAvV?

Z (1.2) (%0012) (40?)

|F=0.151 N|
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|6.6: PROBLEM DEFINITION

Situation:
A balloon is held stationary by a force.
d=1cm, p=_8in HyO.

Find:
x-component of force required to hold balloon stationary (N).

Exit velocity (m/s).
|
V<—TO<— F
Assumptions:

Sketch:
Steady, irrotational, constant density flow.

Properties:
p=12kg/m3.

| PLAN I

To find the exit velocity, apply the Bernoulli equation. To find the force, apply the
momentum equation.

| SOLUTION I

Force and momentum diagrams (x-direction terms)

—_—— —— o —_—— e

Bernoulli equation applied from inside the balloon to nozzle exit

p = 8in H,O = 1990 Pa
p_ v
o2
L _ [ _ [2x1990Pa
B p \/ 1.2kg/m3
v=>57.6 m/s




Momentum equation (z-direction)

ZFJ: - Zmovox - Zmzvm
F = 1w =pAv® = (1.2kg/m?) (% % (0.01 m)2> (57.6m/s)?



|6.7: PROBLEM DEFINITION

Situation:
A water jet is filling a tank.

m = 20kg, V=20 L.

d =30 mm, v =20 m/s.

Find:
Force on the bottom of the tank (N).
Force acting on the stop block (N).

Assumptions:
Steady flow.

Properties:
Water (15°C), Table A.5: p = 999kg/ m?3, v = 9800 N/ m?3.

| PLAN I

Apply the momentum equation in the x-direction and in the y-direction.

| SOLUTION

Force and momentum diagrams

e e ——————

Momentum equation (z-direction)

Z Fx = Z movox - Z mzvzx
F = —Cs(—mv cos 7()65)
= pAv?cos 70°

Calculations

pAv? (999kg/ m?) (%) (20m/s)?

= 2825 N

F = (282.5 N) (cos70°)
= 96.6N



F =96.6 N acting to right

y-direction
Z F, = Z MoVoy — Z M Viy
N-W = —?—frw sin 70?)
N = W + pAv*sin 70°
Calculations:

W = Wtank +Wwater
= (20kg) (9.81m/s%) + (0.02m*)(9800 N/ m?)

= 392.2N

N = W + pAv?sin70°
(392.2 N) + (282.5 N) sin 70°

N =658 N acting upward




|6.8: PROBLEM DEFINITION

Situation:
Water jet is filling a tank.
m = 25 lbm, ¥ = 5 gal.
d =2 in., v =50 ft/s.

Find:
Minimum coefficient of friction so force on stop block is zero.

Assumptions:
Steady flow, constant density, steady and irrotational flow.

Properties:
Water (70°F), Table A.5: p = 1.94slug/ ft*, v = 62.41bf/ ft>.

Apply the momentum equation in the x- and y-directions.

| SOLUTION

Force and momentum diagrams

___________________________

Momentum equation (y-direction)

Z Fy = Z movoy - Z miviy
N—-W = —(—ravsin70°)
N = W + pAv?sin 70°

Momentum equation (z-direction)

uN = —(—rwcos70°) = pAv? cos 70°
(pAv? cos 70°)
s N

10



Calculations

pAv® = (1.94slug/ ft*) (7? X (1—12 ft> 2) (50 ft/s)?

= 105.8 Ibf
W = YV
(62.371bf/ ft*)(5 gal)

7.481 gal/ ft?
41.75 1bf

W = (41.75 + 25) Ibf
= 66.7 Ibf
N = 66.71bf + 105.81bf x sin 70° =

166.1 1bf
105.81bf x cos 70°

166.1 1bf

L= 0.218

11
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[6.9: PROBLEM DEFINITION )

Situation: @
A design contest features a submarine power er
Vb = 1.0m/s, Dy =25 {/nzm . s Voo
Dy =5mm, Fp =Cp <%> Ap Vjet \
Cp=03,A4,=028 m?.

Find:
Speed of the fluid jet (m/s).

Sketch:

Assumptions:

Assume steady flow so that the accumulation of momentum term is zero.

Properties:
Water (15°C), Table A.5: p = 999kg/ m3.

The speed of the fluid jet can be found from the momentum equation because the
drag force will balance with the net rate of momentum outflow.

| SOLUTION I

Momentum equation. Select a control volume that surrounds the sub. Select a
reference frame located on the submarine. Let section 1 be the outlet (water jet)
and section 2 be the inlet. The momentum equation is

E F = E mOVO— E mlvl
cs cs

FDrag = Mgy — MM V1,

By continuity, 7, = 12 = pAjetVier. The outlet velocity is v = Vig.. The x-
component of the inlet velocity is v, = V. The momentum equation simplifies
to

12



FDrag = ijetVJTeta/jet - V;ub)
The drag force is

V2
FDrag = C’D (%) AP

s ((999kg/m2)(1.0m/s) ) (098 m?)

= 420N
The momentum equation becomes

FDrag = ijetVJTet [Vjtet - ‘/sub]
420N = (999kg/m?) (1.96 x 107> m?) Viet [Vier — (1.0m/ s)]

Solving for the jet speed gives

Viet = 46.8m/ s

| REVIEW I

1. The jet speed (46.6 m/s) is above 100 mph. This present a safety issue. Also,
this would require a pump that can produce a large pressure rise.

2. It is recommended that the design be modified to produce a lower jet velocity.
One way to accomplish this goal is to increase the diameter of the jet.

13



|6.10: PROBLEM DEFINITION

Situation:
Horizontal round jet strikes a plate.
Q = 2 cfs, F, = 200 Ibf.

Find:
Speed of water jet (ft/s).
Sketch:
< }
A —
—_—T YV
Properties:

Water (70°F), Table A.5: p = 1.94 slug/ft3.

| PLAN I

Apply the momentum equation to a control volume surrounding the plate.

| SOLUTION
Force and momentum diagrams
w X - rhvzi
i i
I I}‘_ Fx mv, _>EII
1 i

-

Momentum equation (z-direction)

ZFw = —1MUi,
F

= —(=rwp) = pQu
v et Q
' pQ
B 200 1bf
~ 1.94slug/ft® x 2t3/s
V1 = 51.5 ft/S

14



| 6.11: PROBLEM DEFINITION

Situation:
Horizontal round jet strikes a plate.
F, =600 Ibf

Find:
Diameter of jet (ft).

Sketch:

|«
—

>

Properties:

pa = 25 psig.
Water (70 °F), Table A.5: p = 1.94 slug/ft3.

| PLAN I

Apply the Bernoulli equation, then the momentum equation.

|SOLUTIONI

W X -— rhvzi
:
{il I
I F_Fx mv1—>= ]
11 it
1=l L
ta !

Force and momentum diagrams

15



Bernoulli equation applied from inside of tank to nozzle exit

P

[2pa
v = —
P

2% 25 psig x 144in?/ ft?
B 1.94slug/ ft?

= 60.92 ft/s

pa U%
2

Momentum equation (z-direction)

ZFJS = —Mui,

F, = —(—1w) = pAv}

F. 600 Ibf

pvi  1.94slug/ ft? x (60.92ft/s)
A = 0.0833 ft?

g =
s

4 x 0.0833 ft?
s



d
jet ¢
F1 ‘I _ﬂ Vpiston ﬁ/

| 6.12: PROBLEM DEFINITION |<—
F2

Situation:
An engineer is designing a toy to create a jet of water.
D = 80mm, d = 15mm.
Viiston = 300 mm/ s.

Find:

Which force (Fy versus F3) is larger? Explain your answer using concepts of the
momentum equation.

Calculate Fj.

Calculate F3.

Sketch:

Assumptions:

Neglect friction between the piston and the wall.

Assume the Bernoulli equation applies (neglect viscous effects; neglect unsteady
flow effects).

Properties:
Table A.5 (water at 20°C): p = 998kg/ m?.

To find the larger force, recognize that the net force must be in the direction of accel-
eration. To solve the problem, apply the momentum equation, continuity equation,
equilibrium equation, and the Bernoulli equation.

| SOLUTION

Finding the larger force (F; versus F3). Since the fluid is accelerating to the right
the net force must act to the right. Thus, Fj is larger than F5. This can also be
seen by application of the momentum equation.

Momentum equation (z-direction) applied to a control volume surrounding the toy.

§ Fx - mvout

Fl - F2 == mvout
wd?
n—-F =p (T) Vi (1)

17



Notice that Eq. (1) shows that F} > F5.

Continuity equation applied to a control volume situated inside the toy.

Qi = Qout
(WTDZ) Vpiston = (WTdZ> Vout
Vou = %istong—;
80 mm >
= (0.3m/s) (15“)

Vour = 8.533m/s

Bernoulli equation applied from inside the toy to the nozzle exit plane.

2 2
Dinsid + pv})iston - PV;ut
inside —

2 2
Dinsi — P (Vfut — ‘/1)2iston)
inside 5
_ (998kg/m?) ((8.533m/s)” — (0.3m/s)”)
a 2
= 36.29kPa

Equilibrium applied to the piston (the applied force F; balances the pressure force).

wD?
F = Pinside (T)

2
— (36290 Pa) (M)

Momentum equation (Eq. 1)

wd?
F, = Fi—p <T> Vi

= 182N — (998kg/ m?) (M) (8.533m/s)?

| REVIEW I

1. The force F} is only slightly larger than F5.

18



2. The forces (F; and F3) are each about 40 Ibf. This magnitude of force may be
too large for users of a toy. Or, this magnitude of force may lead to material
failure (it breaks!). It is recommended that the specifications for this product
be modified.

19



|6.13: PROBLEM DEFINITION

Situation:

Water jet from a fire hose on a boat.
d=3in, V =70 mph = 102.7 ft/s.

Find:
Tension in cable (1bf).

Sketch:

Properties:

Water (50°F), Table A.5: p = 1.94slug/ ft*.

Apply the momentum equation.

| SOLUTION I

Force and momentum diagrams

Flow rate

—> x

= (1.94slug/ ft%) (m x (1.5/121t)%) (102.7ft/s)

= 9.78slug/s

Momentum equation (z-direction)

Y F = 1n(v),
T = mV cos60’
T = (9.78slug/s)(102.7ft/s) cos 60°
= 502.21bf
T = 502 lbf

20



|6.14: PROBLEM DEFINITION

Situation:
Water jet from a fire hose on a boat.
T =5.0 kN, v =50 m/s.

Find:
Mass flow rate of jet (kg/s).
Diameter of jet (cm).

Sketch:
v
,\/\&w
Properties:

Water (5°C), Table A.5: p = 1000kg/ m3.

| PLAN I

Apply the momentum equation to find the mass flow rate. Then, calculate diameter
using the flow rate equation.

| SOLUTION

Force and momentum diagrams

—> X | = N o
i [ e
|
|
I__¥_—_?___} - .!
Momentum equation (z-direction)
Y F = 1(v),
T = rmwcos60’
T 5000N
veos60° (50 x cos60°) m/ s
m =200kg/s

Flow rate

21



4 x 200kg/ s
1000kg/ m? x 7w x 50m/s
7.136 x 107*m

22



— Vertical Cable

[6.15: PROBLEM DEFINITION = | -Pressurized Air
Situation: |L * Water

Pressurized air drives a water jet out of a tank. The thrust fof the watpr jet reduces
the tension in a supporting cable. ' Jet—diameter d

W =200N, T =10N. ’

d=12mm, H = 425 mm. L
Find:

The pressure in the air that is situated above the water.
Sketch:
Assumptions:

Assume that the Bernoulli equation can be applied (i.e. assume irrotational and
steady flow).

Properties:
Water (15°C), Table A.5: p = 999kg/ m3.

| PLAN I

Apply the momentum equation to find the exit velocity. Then, apply the Bernoulli
equation to find the pressure in the air.

| SOLUTION

Section area of jet

wd?
Ay = T
7(0.012m)>
4
= 1.131 x 107*m?

23



Momentum equation (cv surrounding the tank; section 2 at the nozzle)

Z F = m,v,
=T + W = mvg
(=10 +200) N = pAyv;

Solve for exit speed (vs)

190N = (999kg/m?) (1.131 x 10~ m?) v}
v = 41.01m/s
Bernoulli equation (location 1 is on the water surface, location 2 is at the water jet).
v? v3
Pair + % +pgz1r =p2 + p—22 + pg2s

Let v; = 0, po = 0 gage and Az = 0.425m.

Dair = p—;b—pgAz
_ (999kg/ m3)2<41‘01m/ )" (999 kg/ m?) (9.81m/ s?) (0.425 m)
— (835,900 Pa) (%)
Pair = 8.25 atm|

24



|6.16: PROBLEM DEFINITION

Situation:

Free water jet from upper tank to lower tank, lower tank supported by scales A
and B.

Q=2cfs, d; =4 in.

h=1ft,H=9ft

Wr = 300 1bf, Ay = 4 ft2.
Find:

Force on scale A (Ibf).

Force on scale B (Ibf).

Sketch:
=
H @
= 9 Fo
h 2
te,
Properties:
Water (60 °F): p = 1.94 slug/ft?, v = 62.4 Ibf/ft>.
|PLAN I
Apply the momentum equation.
| SOLUTIONI
Force and momentum diagrams
Who +Wr y \rhvz
v

25



Flow rate

mo= pQ
= 1.94slug/ ft* x 2.0t/
= 3.88 slug/s

Q _ 4Q

A, wD?

4x20ft3/s
T x (4/12)2 ft?
= 229 ft/s

V1 =

Projectile motion equations

Vop = w1 =229 ft/s

Uy = 29H
= /2 x322ft/s x 9ft
= 24.11t/s

Momentum equation (z-direction)

Y = ), — (v),]
—F

B — —-m (U2;c)
—Fp = —3.88slug/s x22.9ft/s
| Fp = 88.9 Ibf|

Momentum equation (y-direction)

SO, = m|w), - w),)
Fo—=Wo —Wr = —1i(vgy)
Fy = Wyoo + Wrp — 1 (vgy)
Fy = (62.41bf/ft® x 4ft* x 1ft) + 3001bf — (3.88slug/s x (—24.1ft/s))
| Fu = 643.0 Ibf|

26



|6.17: PROBLEM DEFINITION

Situation:

Gravel flows into a barge that is secured with a hawser.
Q =50 yd?/min = 22.5 ft3/s, v = 10 ft/s.

Find:
Tension in hawser: T

Sketch:

Gravel
2007

—‘|z|_/\_

Assumptions:
Steady flow.

Properties:
v = 120 Ibf/ft3

Apply the momentum equation.

| SOLUTION

Force and momentum diagrams

x|

Momentum equation (z-direction)

ZFSL’ = m (UO)J: —m (U%)x
T = —m(vcos20) = —(v/g)Q(v cos 20)

120 Ibf
T = 32.207&1;52 x 22.5ft3 /s x 10ft/s x cos(20) = 788 Ibf

1T = 788 lbf

27



|6.18: PROBLEM DEFINITION

Situation:
A hemispherical nozzle sprays a sheet of liquid through an arc.

Find:
An expression for the force in y-direction to hold the nozzle stationary.
F,=F,(p,v,rt).

Sketch:

/'

Apply the momentum equation.

| SOLUTION

Momentum equation (y-direction)

F, = / v,pV -dA
= / (vsin 0)pv(trdd)
0

= pvztr/ sin 0df
0

F, = 2pv?tr

28



|6.19: PROBLEM DEFINITION

Situation:
The design of a conical rocket nozzle.

Find:
Show that T = mvelﬂ%.

| PLAN I

Apply the momentum equation.

| SOLUTION I

Momentum equation (z-direction)

>F = / vpv - dA
T = / Ve €0s Opv2mr sin Ordf
0

T = 2mr?pv? / cos 0 sin 0df
0

= 2mr?pv?sin’ o /2
(1 — cosa)(1 + cos )
2

= pv22nr?
Exit Area N
A, = / 2nrsin Ordf) = 2mr?(1 — cos a)
0

T = pv?A(l+cosa)/2
T = 1we(1 + cosa)/2

29



|6.20: PROBLEM DEFINITION

Situation:
A fixed vane in the horizontal plane.
vy =18 m/s, vy = 17 m/s.
Q =0.15 m?/s, S = 0.9.
Find:
Components of force to hold vane stationary (kN).

Sketch:

30°

N

v

Apply the momentum equation.

| SOLUTION

Force and momentum diagrams

Mass flow rate

mo = pQ
= 0.9 x 1000kg/m* x 0.15m*/ s
= 135 kg/s

Momentum equation (z-direction)

Z F, = m (UO)I —m (Ul)a:
F, = 1m(—vycos30) — vy
F, = —135kg/s(17m/scos30+ 18 m/s)

F, = —4.42kN (acts to the left)

30



Momentum equation (y-direction)

Y F, = (v, —m(v),
F, = m(—vysin30)
= 135kg/s(—17m/ssin 30)
= —1.15 kN

F, = —1.15kN (acts downward)

31



|6.21: PROBLEM DEFINITION

Situation:
A fixed vane in the horizontal plane.
vy =90 ft/s, vo = 85 ft/s.
Q=20cfs, S=0.9.

Find:
Components of force to hold vane stationary (Ibf).
Sketch:
30°
7
|PLAN I
Apply the momentum equation.
| SOLUTIONI
Force and momentum diagrams
y 1

Mass flow rate

m=pQ = 0.9 x 1.94slug/ ft> x 2.0ft>/s = 3.49 slug/s

Momentum equation (z-direction)

ZFI = 1m (o), — 1 (v3),
F, = m(—wvycos30) — muv,
F, = —3.49slug/s(85ft/scos30 + 901ft/ s)
F,=-571 Ibf (acts to the left)

y-direction

32



m (v,), — m (vi),
m (—wvy sin 30) = 3.49slug/s (=85 ft/ssin 30) = —148 lbf
F, = —148 1Ibf (acts downward)

33



|6.22: PROBLEM DEFINITION

Situation:

A horizontal, two-dimensional water jet deflected by a fixed vane.

vy = 40 ft/s, wy = 0.2 ft, wy = 0.1 ft.
Find:

Components of force, per foot of width, to hold the vane stationary (Ibf/ft).
Assumptions:

Neglect elevation changes.
Neglect viscous effects.

Properties:
Water, Table A.5: p = 1.94 slug/ft3.

| PLAN I

Apply the Bernoulli equation, the continuity equation, and finally the momentum
equation.

| SOLUTION I

Force and momentum diagrams

Bernoulli equation

v = vy =v3 =0 =40 ft/s

Continuity equation

wiv1 = WV + W3v3

Momentum equation (z-direction)

Z B, = Z it (o), — i (Vi)
—F, = 1hyvcos60 + mz(—vcos 30) — v
F, = pvQ(—AQ cos 60 + Az cos 30 + A;)
F, = 1.94slug/ft® x (40ft/s)® x (—0.2ft cos 60 + 0.1 ft cos 30 + 0.3 ft)

F, =890 Ibf/ft (acts to the left)

34



Momentum equation (y-direction)

Y F, =) i (v),
F, = 1hovsin60 + ri3(—vsin 30)
pv?(Ay sin 60 — As sin 30)
— 1.94slug/ ft3 x (40ft/s)* x (0.2 ft sin 60 — 0.1 ft sin 30)
F, = 382 Ibf/ft (acts upward)

35



|6.23: PROBLEM DEFINITION

Situation:
A water jet is deflected by a fixed vane.
vy = 20 ft/s, . = 25 Ibm/s = 0.776 slug/s.

Find:
Force of the water on the vane (Ibf).
Sketch:
VvV, —
@

Apply the Bernoulli equation, and then the momentum equation.

| SOLUTION

Force and momentum diagrams

Bernoulli equation

vy =vy =v =20 ft/s

Momentum equation (z-direction)
Z Fy = 1 (vo), — 1 (vi),,
—F, = rmwvcos30 — v
F, (1 — cos30) = 0.776 slug/s x 20ft/s x (1 — cos 30)
F, = 2.08 Ibf to the left

y-direction

Y F, = 1, (v),
—F, = m(—vcos60) = —0.776slug/s x 20ft/s x sin30
F, = 7.76 Ibf downward

Since the forces acting on the vane represent a state of equilibrium, the force of water
on the vane is equal in magnitude & opposite in direction.

F = —Fi-Fj
= |(2.08 Ibf) i + (7.76 1bf) j

36



|6.24: PROBLEM DEFINITION

Situation:
A water jet strikes a block and the block is held in place by friction.
vy =10 m/s, i = 1.5 kg/s.
pw=0.1 m=1kg.
Find:
Will the block slip?
Force of the water jet on the block (N).

Sketch:
Q.
A 30
_@‘Z:
Assumptions:

Neglect weight of water.
Neglect elevation changes.
Neglect viscous forces.

Properties:
p = 1000kg/ m3.

| PLAN I

Apply the Bernoulli equation, then the momentum equation.

| SOLUTION

Force and momentum diagrams

Bernoulli equation
vy =vy =v=10m/s

Momentum equation (z-direction)

Z Fy = 1o (vo), — i (vi),
—Fy = 1wcos30 — mw
Fy = rw(l — cos30)
= 1.5kg/sx 10m/s x (1 — cos 30)
Fy = 201N

37



y-direction

Y F, = 1me(v),
N—-W = r(vsin30)
N = mg+ m(vsin30)
= 1.0kg x 9.81m/s®> + 1.5kg/s x 10m/s x sin 30

Analyze friction:

e [ (required to prevent block from slipping) = 2.01 N

e [y (maximum possible value) = uN = 0.1 x 17.3 =1.73 N

| block will move |

38



|6.25: PROBLEM DEFINITION

Situation:
A water jet strikes a block and the block is held in place by friction.
m = 1kg/s, m =1 kg.

pw=0.1,0=30°.
Find:
Maximum velocity such that the block will not slip.
Sketch:
@~
A0
%
Assumptions:

Neglect weight of water.

Properties:
p = 1000kg/ m3.

| PLAN I

Apply the Bernoulli equation, then the momentum equation.

| SOLUTION I

Force and momentum diagrams

Bernoulli equation
V1 =V =70

Momentum equation (z-direction)
Z Fa: = Z MoVoz — Z M Vig
—uN = 1hwvcos30 —mou
N = 71w (1—cos30)/u
y-direction
YOI SRS S
N —-W = ra(vsin30)
N = mg+ m(vsin30)

39



Combine previous two equations

mo (1 — cos 30)
i

= mg + 1 (vsin 30)
mg
[ (1/p — cos 30/ — sin 30)]
1kg x 9.81m/ s?

[1.5kg/s x (1/0.1 — cos 30/0.1 — sin 30)]
v="779 m/s
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|6.26: PROBLEM DEFINITION

Situation:
A water jet strikes a plate with a sharp edged orifice at its center.
v=30m/s, D=>5cm,d=2cm

r
Ve
T f '
1
Find:

Force required to hold plate stationary (N).

Assumptions:
Neglect gravity.

Properties:
p = 1000 kg/m?

Apply the momentum equation.

| SOLUTION

Force and momentum diagrams (only x-direction vectors shown)

I
I 1 |
1 I_'X 1 |
| 1 |
! . 1 v ;
le—F my ——| :—> myv
I
I |
I |
1 |
1 _I

Momentum equation (z-direction)

SE = Y- Y
—F = mg'l)—ml’l}
F = pApw? — pAy?
- W

— 1000kg/m? x (30m/s)? x % x ((0.05m)* — (0.02m)?)

F =1.48 kN (to the left)
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|6.27: PROBLEM DEFINITION

Situation:
A 2D liquid jet impinges on a vertical wall.
v =vy =0, 0 =45°.

Find:
Calculate the force acting on the wall.
Sketch and explain the shape of the liquid surface.

N
e

|v

Assumptions:
Steady flow.
Force associated with shear stress is negligible.

Apply the momentum equation.

| SOLUTION

Let w = the width of the jet in the z-direction. Force and momentum diagrams

Momentum equation (z-direction)

Z Fa: - Z movox - Z mzvza:
—F = —rhw;sin45°
F = pwtv®sin45°

The force on that acts on the wall is in the opposite direction to force pictured on
the force diagram, thus
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F/w = ptv*sin 45° (acting to the right)

y-direction

Z Fy = Z movoy — Z mﬂ]iy
-W = 1m(—v) —m(—v)cos45’
W = 1w(l — cos45°)

| REVIEW I

Thus, weight provides the force needed to increase y-momentum flow. This weight
is produced by the fluid swirling up to form the shape show in the above sketches.
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|6.28: PROBLEM DEFINITION

Situation:
A cone is supported by a vertical jet of water.
W =30N, V; =15m/s.
dy =2cm, § =60°.

Find:
Height to which cone will rise (m).

Assumptions:
Speed of the fluid as it passes by the cone is constant (V5 = V5).

| PLAN I

Apply the Bernoulli equation and the momentum equation.

| SOLUTION

Bernoulli equation

Vi = (Vi)*—2gh
Vi = 225-—19.62h

Momentum equation (y-direction). Select a control volume surrounding the cone.

Y F, = el — vy
W = M(v3y—v2)
—30N = 1000kg/m® x 15m/s x 7 x (0.01m)*(V5sin 30° — V3)

Solve for the V5
Vo =12.73 m/s
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Complete the Bernoulli equation calculation

Vi = 225—19.62h
(12.73m/s)* = 225—19.62h
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|6.29: PROBLEM DEFINITION

Situation:

A fluid jet strikes a vane that is moving at a speed.
vy =20m/s, v, =7 m/s.
D1 =6 cm.

Find:
Force of the water on the vane.

Sketch:

Vv,

45:?\ ‘ ’
— X
—_—
Vl
| SOLUTION

Force and momentum diagrams

Select a control volume surrounding and moving with the vane.

frame attached to the moving vane.
V2 \

—>>—> vy =7m/s

vq=20m/s

Momentum equation (z-direction)

Z Fx = mvgm - m@lz
—F, = —1wvycos45° — rh;
Momentum equation (y-direction)
Y F, = 1wy, — 1y,
F, = 1hvysin4d®

Velocity analysis

e v is relative to the reference frame = (20 — 7) = 13 m/ s.
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e in the term 1 = pAv use v which is relative to the control surface. In this case
v=(20—-7)=13m/s

e 1, is relative to the reference frame vy = v; = 13 m/s
Mass flow rate

m = pAv
= (1,000 kg)(r/4 x (0.06m%)*)(13m/s)
— 36.76 kg/s

Evaluate forces

F, = n1wi(1+ cos4b)
36.76kg/s x 13m/s(1 + cos45) = 816 N

which is in the negative x—direction.

F, = rwvysin4d
= 36.76kg/s x 13m/ssin45 = 338 N

The force of the water on the vane is the negative of the force of the vane on the
water. Thus the force of the water on the vane is

F = (816i—338j) N
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|6.30: PROBLEM DEFINITION

Situation:
A cart is moving with steady speed.

Find:
Force exerted by the vane on the jet: F

| PLAN I

Apply the momentum equation.

|SOLUTION Make the flow steady by referencing all velocities to the moving vane
and let the c.v. move with the vane as shown.

Momentum equation (z-direction)

Fy = mave, — vy
m = pAV =1000kg/m® x (7/4) x (0.1m)* x 17m/s = 133.5 kg/s
. 450
F, = (%v cos 45° — 1mw) = mv(COS " 1)
= 133.5 kg/s x 17 m/s x (0.3535 — 1)
= —1470N

Momentum equation (y-direction)
Fy = mgvgy — mvgy
= v sin 45° — SV = Ev(sin45° —1)

1335 k
- Tg/s x 17 m/s x (0.707 — 1)

= —332N
F(water on vane) = (14701 + 332j) N
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|6.31: PROBLEM DEFINITION

Situation:
A cart is moving with steady speed—additional details are provided in the problem
statement.

Find:
Rolling resistance of the cart: Fyoping

| SOLUTION Let the control surface surround the cart and let it move with the cart
at 5 ft/s. Then we have a steady flow situation and the relative jet velocities are
shown below.

Momentum equation (z-direction)
Z Fy = maovs, — 1y
Calculations (All calculations need o be fixed)

my = pAiVi
= (1.94 slug/ft*) (/4 x (0.15%ft?) x 55 ft /s
= 1.886 slug/s
my = 1z = (1.886 slug/s)/2
= 0.943 slug/s
Foning = ™01 — 11905 cOs 45°
= 1.886slug/s x 55ft/s — 0.943 slug/s x 55ft/ s cos45°
Fioning = 67.1 1bf (acting to the left)
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|6.32: PROBLEM DEFINITION

Situation:

A water is deflected by a moving cone.

Speed of the water jet is 25m/s (to the right). Speed of the cone is 13m/s (to
the left). Diameter of the jet is D = 10 cm.

Angle of the cone is 6 = 50°.

Find:
Calculate the external horizontal force needed to move the cone: F,

Assumptions:
As the jet passes over the cone (a) assume the Bernoulli equation applies, and (b)
neglect changes in elevation.

| PLAN I

Apply the momentum equation.

| SOLUTION

Select a control volume surrounding the moving cone. Select a reference frame fixed
to the cone. Section 1 is the inlet. Section 2 is the outlet.
Inlet velocity (relative to the reference frame and surface of the control volume).

vy = Vi1=(25+13) m/s
38m/s

Bernoulli equation. Pressure and elevation terms are zero, so
Vi=Vy=vy=38m/s
Momentum equation (z-direction)

Fx = m(vgl- — Ul)
= pA;Vi(vgcosl — )
= pA V3 (cosf —1)

_ (1000%) X <%1m)2> x (38m/5)* (cos 50° — 1)

= —4.05 kN

F, =4.05 kN (acting to the left)
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|6.33: PROBLEM DEFINITION

Situation:

A jet of water is deflected by a moving vane—additional details are provided in the

problem statement.

Find:
Power (per foot of width of the jet) transmitted to the vane: P

Apply the momentum equation.

| SOLUTION

Select a control volume surrounding the moving cone. Select a reference frame fixed

to the cone.

Density
 62.41bf/ ft?

320f1/ 2 — 1.94 slug/ft?

Velocity analysis

vy = V3 =40 ft/s
vy = 40 ft/s

Momentum equation (z-direction)

ZFx = m(v%—vl)

F, = 194slug/ft® x 40ft/s x 0.3ft* x (40ft/scos 50 — 40ft/s)

—332.6 1bf/ ft
Calculate power

P = Fo
= 332.61bf/ft x 60ft/s
= | P =19,956 ft-1bf/s/ft= 36.3 hp/ft
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|6.34: PROBLEM DEFINITION

Situation:

A sled of mass mgs = 1000 kg is decelerated by placing a scoop of width w = 20 cm
into water at a depth d = 8 cm.
Find:

Deceleration of the sled: a;

| SOLUTION I

Select a moving control volume surrounding the scoop and sled. Select a stationary
reference frame.

Momentum equation (z-direction)

0= E(msvs) + 1wy, — Thoy,
Velocity analysis
V1, = 0
Vi = 100 m/s
Vo = 100 m/s
vy = 100 m/s[— cos 60i + sin 60j] + 100i m/s
vey = 50 m/s

The momentum equation equation simplifies to

0 = mgsas + mus, (1)
Flow rate
m = pAWy
= 1000kg/ m® x 0.2m x 0.08m x 100m/ s
= 1600 kg/s
From Eq. (1).
vax
a, = —
Ms
~ (~1600kg/s)(50m/s)
N 1000 kg
= |as = —80 m/s?

92



|6.35: PROBLEM DEFINITION

Situation:
A snowplow is described in the problem statement.

Find:

Power required for snow removal: P

Apply the momentum equation.

| SOLUTION

Momentum equation (z-direction)
Select a control volume surrounding the snow-plow blade. Attach a reference frame
to the moving blade.(Snow is 4 in deep)

ZFx - pQ(UQx - Ul)

Velocity analysis

Vi = v =40"1t/s
ve, = —40ft/scos60°cos30°
—17.32 ft/s

Calculations
Z F, = pVdWS(ve, — 1)

1
= L94slug/ft" x 0.2 x 40 t/s x 2f6 x 5 fi(~17.32f6/ s — 40 £t/ 5)
—  —593.1 Ibf

Power

P = FV
593.11bf x 401t/ s
= 23,723 ft-1bf/s

P =43.1hp
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|6.36: PROBLEM DEFINITION

Situation:
The flow over an airfoil is modeled as the flow in a circular stream tube which has
a diameter equal to the wing span and is deflected by an angle of 2°.New

Find:
The lift and the drag forces.

Assumptions:
Assume the pressure is constant far from the airfoil.

Apply the component form of the momentum equation.

| SOLUTION

Draw an outer volume that encloses the airfoil far from the airfoil and one around the
airfoil as shown in the diagram. The space between the two volumes is the control
volume

cv
L cv

s 8
- — —— N

—r———

Foce diagam "~ U : ™
9 Momentum diagram

The force diagram shows a lift force and drag force produced by the airfoil and act
on the control surface. There is no net pressure force on the outer surface since
the pressure is constant. The momentum diagram shows an inflow and outflow of
momentum. From continuity, the mass flow rate in is equal to the mass flow rate out.
The sum of the forces in the x-direction is

> F,=D
Y F=1L

The component momentum equation in the x-direction for steady flow is

and in the y-direction

ZF;E =m (Ucosf —U)
The component momentum equation in the y-direction is

> F,=m(~Usinf —0)
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The mass flow rate is

2
m = pUA = pU (%)

The density is obtained from the ideal gas law

P 14.7 psi x 144 in? /ft°
~ RT 1716 ft-1bf/slug-R x (460 + 60) R

p — 0.00237 slug/ft*

The mass flow rate is

2 ft2
i = 0.00237 slug/ft® x 300 ft /s x % = 502.6 slug/s

Solving for the drag force

D = rmU(cosh —1)
= 502.6 slug/s x 300 ft/s x (cos2° — 1)
—91.8 Ibf

Solving for lift force

L = —mUsinf
= —502.6 x 300 x sin 2°
= —5260 Ibf

The values calculated are the force of the airfoil in the fluid. The force of the fluid on
the airfoil which are the actual definitions of lift and drag would have the opposite
sign so

[D =918 Thf
[ = 5260 Ibf
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|6.37: PROBLEM DEFINITION

Situation:
A clam shell thrust reverser is deployed on an aircraft engine.

Find:
(a) The thrust under normal operation.
(b) the reverse thrust.

Assumptions:
Engine is stationary.
Exit gas velocity unchanged at deployment.
Pressure is atmospheric at exhaust plane.

Apply the component momentum equation.

N =2 o .-
£ T—nr. " ol —~%
= I: r:w_. _— (LY
L . I =
I B __/ = T R
Force diagram Momentum diagram
T i mv,
L 20, ¢
— - !
= ___"_l___-_._ . 2 ;.-’ i :___!'___5
. A .\i f — “‘: mv,
: _/,5' =\ [______ ,l
f P IR . I‘.- TR e =
',
Force diagram Momentum diagram

(B)

| SOLUTION

The control volumes for both cases are shown in the diagram. For case (a) the sum
of the forces in the x-direction is

Y F=-T
> F, =Ty

From the momentum diagrams for case (a) there is an influx and outflow of momentum
in the same direction. For case (b), the outlet direction of the momentum is altered
by the vane of the thrust reverser.

The component momentum equation in the x-direction is

Z F, = % / pud¥ + Z MoVUgo — Z MM Ui
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The motor is stationary so there is no unsteady term. Also the mass flow rate in is
equal to the mass flow rate out, 7; = 1, = . For case (a)

-T = m[_Uo_(_Ui)]
T = U, —U)

The mass flow rate is

1 slug

= 4.658 slug/s

The thrust for case (a) is
T = 46508 (1400 B 300 f—t>
S S S
= [[C=51201bf
For case (b)

TR = m[UO sin 20° — (-Uz)]
= 1m(U,sin20° + U;)

The reverse thrust is

1 ft ft
Tp = 4.6587-2(1400— x sin20° + 300—)
S S S
= [[C=36301bf
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|6.38: PROBLEM DEFINITION

Situation:
Hot gas flows through a return bend—additional details are provided in the problem
statement.

Find:
Force required to hold the bend in place: F)

| PLAN I

Apply the continuity equation, then the momentum equation.

| SOLUTION
100 ft/s —
oy )
4—‘

m =1 lbm/s = 0.0311 slugs/s
At section (1):

vy = 100 ft/s
p; = 0.021bm/ft® =0.000621 slugs/ft*

At section (2):
py = 0.06 Ibm/ft> = 0.00186 slugs/ft*

Continuity equation

prvids = pyvady
v = &(é) "
pa \ Az
o (0.021bm/ft3) (l)u
? 0.06 Ibm/ft3 ) \1/
— 33.33 ft/s

Momentum equation (z-direction)

E F, = E movoz—g m;v;,
Cs cs

m(UQ — Ul)
F, = 0.0311slug/s(—33.33ft/s — 100{t/s)
| F, = —4.15 Ibf|

o8
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|6.39: PROBLEM DEFINITION

Situation:

Fluid (density p, discharge @, and velocity V') flows through a 180° pipe bend—
additional details are provided in the problem statement.. Cross sectional area of
pipe is A.

Find:
Magnitude of force required at flanges to hold the bend in place.

Assumptions:
Gage pressure is same at sections 1 and 2. Neglect gravity.

| PLAN I

Apply the momentum equation.

| SOLUTION I

Momentum equation (z-direction)

ZFw = Zmovox_zmiviw

(] Ccs

AL+ A+ F, = vy —vy)

thus

F, = —2pA —2mV
F, = —-2pA —2pQV

Correct choice is (d)
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|6.40: PROBLEM DEFINITION

Situation:
Water flows through a 180° pipe bend—additional details are provided in the
problem statement.

Find:
External force required to hold bend in place.

Apply the momentum equation.

| SOLUTION

Flow rate equation

Q 20 ft*/ s
_ X — %55 f
U A T Tx05f <05k 0t

Momentum equation (z-direction)

g Fx - g movox_g M;Vig
cs cs

AL+ pAs+ F, = 1mm(vg —vy)

thus

F, = —2pA— 2w
= —2(15psi x 144in?/ ft* x % x (1£t)%) + 1.94slug/ ft3 x 20t*/s x 25.5ft/s)
= —5,370 Ibf

Momentum equation (y-direction)

SE =0
_Wbend - WHQO + Fy =0
F, = 2001bf + 3ft* x 62.41bf/ ft* = 387.2 Ibf

Force required

F = (—5370i + 387j) 1bf
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|6.41: PROBLEM DEFINITION

Situation:
Water flows through a 180° pipe bend—additional details are provided in the
problem statement.

Find:
Force that acts on the flanges to hold the bend in place.

| PLAN I

Apply the continuity and momentum equations.

| SOLUTION I

Flow rate

Q

vT = —

A
4 x0.3m?/s

7 x (0.2m)?
= 955 m/s

Continuity. Place a control volume around the pipe bend. Let section 2 be the exit
and section 1 be the inlet

Q = A = Ay,
thus v; = vy

Momentum equation (x-direction). Place a control volume around the pipe bend.
Let section 2 be the exit and section 1 be the inlet.

E Fx - § movox_E M;iVig
cs cs

2pA+F, = pQ(—v2) — pQu;
F, = —2pA—2pQu

Calculations

A = (2)(100,000Pa)(%)(0.2m)2
= 6283N
20QV = (2)(1000kg/ m®)(0.3m?/s)(9.55m/ s)
= 5730N
F, = —(2pA+2pQu)
— —(6283N +5730N)
— —12.0kN
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Momentum equation (z-direction). There are no momentum flow terms so the mo-
mentum equation simplifies to

Fz - Wbend + Wwater
500N + (0.1m*)(9810 N/ m?)
1.481 kN

The force that acts on the flanges is

F = (—12.0i + 0j+1.48k) kN
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|6.42: PROBLEM DEFINITION

Situation:
A 90° pipe bend is described in the problem statement.

Find:
Force on the upstream flange to hold the bend in place.

Apply the momentum equation.

| SOLUTION

Velocity calculation

Q  128°/s
A p/ax (L0ft)?

— 15.28 ft /s

Momentum equation (x-direction)

Z F:r - Z movox - Z mzvm
pA + Fx = pQ(O - U)
F, = 194slug/ft® x 12£t3/s(0 — 15.28ft/s) — 4 psi x 144in2/ ft> x % x (1ft)2 = —808 Ibf

y-direction

Fy = pQ(_U - 0)
F, = —194slug/ft> x 12ft*/s x 15.28ft/s = —356 Ibf

z-direction
S ho

—1001bf — 4 ft* x 62.41bf/ ft* + F, =0
F, = 4350 Ibf

The force is

F = (—808i —356j + 350k) Ibf

64



|6.43: PROBLEM DEFINITION

Situation:
A 90° pipe bend is described in the problem statement.

Find:
x—component of force applied to bend to hold it in place: F),

Apply the momentum equation.

| SOLUTION

Velocity calculation

_Q 10m?/s
A 7/4x (1m)?

Momentum equation (z-direction)

E F, = E mvoz—g Ty
CS CS

pA+I, = pQ(0—v)

=12.73 m/s

300,000Pa x m x (0.5m)* + F, = 1000kg/m® x 10m®/s x (0 —12.73m/s)
F, = —362,919N
| F, = —363 kN|
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|6.44: PROBLEM DEFINITION

Situation:
Water flows through a 30° pipe bend—additional details are provided in the problem
statement.

Find:
Vertical component of force exerted by the anchor on the bend: F,

Apply the momentum equation.

| SOLUTION

Velocity calculation

=[O

31.41t%/s

mx 1ft x 11t
= 9.995 ft/sec

Momentum equation (y-direction)

Z Fy = pQ(vay — v1y)
F, — Wiater — Whena — p2A2sin30° = pQ(vsin30° — vsin0°)
F, = mx1ftx1ftx 4ft x 62.41bf/ft*> 4+ 300 1bf
+8.5 x 144in?/ ft* x m x 1t x 1t x 0.5
+1.94slug/ ft* x 31.4t*/s x (9.995ft/s x 0.5 — 0)
F, = 3310 Ibf|
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|6.45: PROBLEM DEFINITION

Situation:
Water flows through a 60° pipe bend and jets out to atmosphere—additional details
are provided in the problem statement.

Find:
Magnitude and direction of external force components to hold bend in place.

Apply the Bernoulli equation, then the momentum equation.

| SOLUTION

Flow rate equation

Dy\? 30cm
(Dl) Vg (60cm) Om/s 5m/s

Q = Ay =7x03mx03mx25m/s=0.707 m*/s

Bernoulli equation

po= p2+g(vg—vf)
1000 kg, m?

= 0+ 5 (10m x 10m —2.5m X 2.5m)

= 46,875 Pa gage
Momentum equation (z-direction)
F,+pA1 = pQ(—vycos 60° —vq)
F, = —-46,875Pax 7 x0.3m x 0.3m

+1000kg/ m*® x 0.707m?/s x (—=10m/scos60° — 2.5m/ s)
— _18,560 N

y-direction

F, = pQ(—vysin60° — vy)
F, = 1000kg/m* x 0.707 x (—10m/ ssin 60° — 0)
—6120 N

z-direction

Fz - WH20 - Wbend =0
F, = (0.25m® x 9,810N/m?) + (250 kg x 9.81m/s?) = 4,905 N

Net force

F = (—18.6i — 6.12j + 4.91k) kN
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|6.46: PROBLEM DEFINITION

Situation:

Water flows through a nozzle—additional details are provided in the problem state-
ment.

Find:
Vertical force applied to the nozzle at the flange: F,

| PLAN I

Apply the continuity equation, then the Bernoulli equation, and then the momentum
equation.

| SOLUTION I

Continuity equation

7]1141 = UQAQ
Ay
= vy— =65 ft
U1 UzAl /S
Q = vA; = (130 ft/s)(0.5 ft?)
= 65 cfs
Bernoulli equation
2 2
By, =252,
v 29 v 29
1301t/ s)? 651t/ s)*
po_ g, (8085 (65f/s)
g 29 2g

p1 = 62.41bf/ft*(262.4 + 2 — 65.6) ft
pr = 12,400 Ibf/ft?

Momentum equation (y-direction)
plAl - WH20 - Wnozzle + Fy = PQ(UZ sin 300 - Ul) (1)

Momentum flow terms

pQ(vysin30° —v;) = (1.94slug/ ft*)(65ft*/s) [(130 ft/ ssin 30°) — 65 ft/ 5]
= 0 1Ibf

Thus, Eq. (1) becomes

Fy = WH20 + Wnozzle - plAl
= (1.8ft* x 62.41bf/ ft*) + (100 Ibf) — (12400psf x 1ft*)
= —12,190 Ibf

F, =12,2001bf (acting downward)
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|6.47: PROBLEM DEFINITION

Situation:
Gasoline flows through a 135° pipe bend—additional details are provided in the
problem statement.

Find:
External force required to hold the bend: F

Apply the momentum equation.

| SOLUTION

Flow rate

Q = vA=201t/sx /4 x (1ft)?
= 15.71 cfs

Momentum equation (z-direction)

Y F = pQ(var — v1a)
p1A; + paAscosds® + F, = pQ(—vqcos45° — vy)

F, = —pA(l+ cos45°) — pQu(1 + cos 45°)
= —(1440 psf) x (7/4 x 1?)(1 + cos 45°)
—(0.8 x 1.94slug/ ft*)(15.71ft*/s) (20 ft/ ) (1 + cos 45°)
= —2760 Ibf

Momentum equation (y-direction)

D Fy = pQuy —vy)
paAssindb® + F, = pQ(—vysin4b® —0)
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F, = —pAsin45® — pQu,sin45°

F, = —(1440 psf)(r/4 x (1ft)*)sin45° — (0.8 x 1.94slug/ ft*)(11.78 ft*/s)(15 ft/ s) sin 45°
E, = —994 Ibf
Net force

F = (—2760i — 994j) 1bf
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|6.48: PROBLEM DEFINITION

Situation:

A 180° pipe bend (6 in. diameter) carries water.

@ = 6 cfs, p = 20 psi gage
Find:

Force needed to hold the bend in place: F), (the component of force in the direction
parallel to the inlet flow)

Assumptions:
The weight acts perpendicular to the flow direction; the pressure is constant
throughout the bend.

Apply the momentum equation.

SOLUTION Momentum equation (z-direction)

ZFQ: = Zmovo:c - Zmzvzx
2pA — F, = —CSQmU B

Calculations

pA = (20 psig x 144in’/ ft*) (7/4 x 0.5%) = 565.5 Ibf

pQ?  1.94slug/ ft* x (6£t°/ 8)2
A m/4 % (0.5 ft)?

F, = 2(pA+nw) =2 x (565.5+ 355.7) Ibf

F,=1840 lbf (acting to the left, opposite of inlet flow)

= 355.7 bt
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|6.49: PROBLEM DEFINITION

Situation:
Gasoline flows through a 135° pipe bend—additional details are provided in the
problem statement.

Find:
External force required to hold the bend in place: F'

Apply the momentum equation.

| SOLUTION

Discharge

Q = 8x7/4x0.15m x 0.15m
= 0.141 m*/s

Momentum equation (z-direction)

ZFx = m(vzx - le)
1AL+ peAscosdh® + F, = pQ(—wvycos45® — vy)
F, = —pA(1+cosd5”) — pQu(1 + cos 45°)
—  —(100,000Pa)(7/4 x (0.15m)*)(1 + cos 45°)
—(1000kg/ m* x 0.8)(0.141m?*/s)(8m/ s)(1 + cos 45°)
— —4557TN

Momentum equation y-direction

Y oF, = Qv —vyy)
paAgsindd® + F, = —pQu,sin4b®
= —(100,000Pa)(r/4 x (0.15m)?) sin 45°
—(1,000kg/ m* x 0.8)(0.141m*/s)(8 m/ s) sin 45°
= —1,888 N

Net force

F = (—4.56i — 1.89j) kN
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|6.50: PROBLEM DEFINITION

Situation:
Water flows through a 60° reducing bend—additional details are provided in the
problem statement.

Find:
Horizontal force required to hold bend in place: F),

Apply the Bernoulli equation, then the momentum equation.

| SOLUTION

Bernoulli equation

V1 = UgAl
50m/ s—
== m —_—
"10
= bm/s
2 2
UL,
p1+ 5 P2 + 5
Let po = 0, then
1,000k 3 1,000k 3
o= — (%) (5m/s)? + (%) (50m/s)?
p = 1237 kPa
Momentum equation (z-direction)
ZFz = m(ng - le)
mAL+ F, = pAsve(vgcos60° — vy)
F, = —1,237,000Pa/m?* x 0.001 m?
+1,000kg/ m® x 0.0001 m? x 50m/s(50m/ s cos 60° — 5m/s)

| F, = 1140 N}
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|6.51: PROBLEM DEFINITION

Situation:
Water flows through a tee—additional details are provided in the problem state-
ment.

Find:
Pressure difference between sections 1 and 2.

| PLAN I

Apply the continuity equation, then the momentum equation.

O C
e

| SOLUTION I

Continuity equation

my + 500 kg/s = 1hy
iy = (10 m/s)(0.10 m?)(1000 kg/m?) = 1000 ke /s
my = 1000kg/s+ 500kg/s = 1500 kg/s
g 1500 kg/ s

V2 pA; — 1000kg/m? x 0.1m? m/s

Momentum equation (z-direction)

Z F, = 1ovyy — myv1, — Mavs,
1AL+ p2As = 1hovy — v — 0
A(py —p2) = (1500kg/s)(15m/s) — (1000kg/s)(10m/s)
(22,500 — 10, 000) Pa

pr—p = 0.10 m?
— 125,000 Pa

P1— P2 = 125 kPa
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|6.52: PROBLEM DEFINITION

Situation:
Water flows through a wye—additional details are provided in the problem state-
ment.

Find:
x—component of force to hold wye in place.

Apply the momentum equation.

(@
7 S
i

Flow rate
v = %:20&/5
Vg = %:12 ft/S
Qs = 20—12=8 ft*/s
V3 = %:32 ft/S

Momentum equation (z-direction)

> F

Fy +p1Ar — pa Ay

F, + (1000 psfg)(1 {t*) — (900 psfg)(1 ft?)
F,

[0)

Moy + M3v3 cos 30° — vy

(20p)(—20) + (12p)(+12) + (32 cos 30°)(p)(8)
—400p + 144p + p(8£t>/5)(32ft/ 5)(0.866)
—1001bf + 1.94 slug/ ft(—34.3 ft*/s)

F, = —167 Ibf (acting to the left)




|6.53: PROBLEM DEFINITION

Situation:
Water flow through a horizontal bend and T section—additional details are pro-
vided in the problem statement.

iy = 12 lbm/s

ThQ = mg =6 lbm/s
Al = A2:A3:51n2
p1 = O psig
p2 = p3=0
Find:
Horizontal component of force to hold fitting stationary: F),
PLAN
Apply the momentum equation.
|SOLUTION
Velocity calculations
o =
1= oA
B (12 1bm/32.2 1bm/ slug)
~ [(1.94slug/ ft)(5in%/144in?/ ft%)]
= 5.531 ft/s
2 = oA

(6 Ibm/32.2 1bm/ slug)
[(1.94slug/ ft*)(5in®/144in?/ ft%)]
= 2.766 ft/s
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Momentum equation (z-direction)

E F, = —1gvy — v
pA+F, = —1igus — v
F, = —piA; —1ave — 1y

= —(5 psig x 5in%) — (6 1bm/32.2 Ibm/ slug)(2.766 ft/ )
—(12 Ibm/32.2 1bm/ slug)(5.531 ft/ s)
| F, = —27.6 Ibf|
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|6.54: PROBLEM DEFINITION

Situation:
Water flows through a horizontal bend and T section—additional details are pro-
vided in the problem statement.

y
r,x

0]
Q—F
€]

vy = 6m/s p1 = 4.8 kPa
vy = wvg=3m/s p2=p3 =0
A = Ay = Ay = 0.20 m?

Find:
Components of force (F, F,) needed to hold bend stationary.

| PLAN

Apply the momentum equation.

| SOLUTION

Discharge

Q= A =02x6=12m"/s
Qs = Q3=Awy=02x3=06m’/s

Momentum equation (z-direction)

Z Fz = —mg’l}z — mﬂ]l
A+ F, = —p(Qavs + Qiv1)
F, = —piAi — p(Qav + Q1v1)

—4800 x 0.2 — 1000(0.6 x 3 + 1.2 x 6)
F, = —9.96 kN (acts to the left)

y-direction
Z Fy = mg(—vg)
F, = —pQsvs = —1000 x 0.6 x 3
F,=-1.8 kN (acts downward)
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|6.55: PROBLEM DEFINITION

Situation:
Water flows through a horizontal tee—additional details are provided in the problem
statement.

Find:
Components of force (£, F}) needed to hold the tee in place.

| PLAN I

Apply the momentum equation.

| SOLUTION I

Velocity calculations

0.25m?/ s
(7 x 0.0751m x 0.075m)
— 14.15m/s

0.10m3/s
(m x 0.035m x 0.035m)
= 25.98 m/s

(0.25 —0.10) m?/ s

(m x 0.075m x 0.075m)
= 849 m/s

‘/2:

‘/3:

Momentum equation (z-direction)

Fy 4+ p1Ay — psAs = gV — i V)
Fp = —p1 Ay + p3As + pV3Q — pV1Q
F, = — (100,000 Pa x 7 x 0.075m x 0.075m) + (80,000 Pa x 7 x 0.075m x 0.075m)
+ (1000 kg/ m* x 8.49m/s x 0.15m*/s) — (1000kg/ m* x 14.15m/s x 0.25m?/s)

F, =—-2617TN
Momentum equation y-direction
Fy+psAs = —pV3Q
F, = —pV3Q) — p3As
F, = —1000kg/m® x 25.98m/s x 0.10m*/s — 70,000 Pa x 7 x 0.035m x 0.035 m
—2867 N
Net force

F = (—2.62i — 2.87j) kN
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|6.56: PROBLEM DEFINITION

Situation:
Information of fire hoses and nozzles

Find:
Information of operational conditions and typical hose sizes and nozzles.

| SOLUTION I

Information depends on source.
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|6.57: PROBLEM DEFINITION

Situation:
High speed water jets.

Find:
Estimate water speed for 60,000 psig pressure

Assumptions:
Inlet velocity is negligible and viscous effects are not important. Assume the exit
pressure is atmospheric

| PLAN |

Apply the Bernoulli equation.

| SOLUTION

The Bernoulli equation between the chamber and nozzle exit

2 2

Pot V% + P = Pe Yz F

The pressure difference is much larger than the pressure due to elevation change so
2p.

p
v _ . [260,000 psi x 144 in?/ft

‘ 1.94 slug/ft?

VZ o=

e

— 2980 ft/s

This velocity is less than the speed of sound in water (~ 5000 ft/s) so the exit velocity
is subsonic and the exit pressure will equal the atmospheric pressure.
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|6.58: PROBLEM DEFINITION

Situation:
Water (60 °F) flows through a nozzle.
d1 = 3in, d2 =1in..
p1 = 2500 psfg, p2 = 0 psfg
Find:
(a) Speed at nozzle exit: vy
(b) Force to hold nozzle stationary: F'

Assumptions:
Neglect weight, steady flow.

Apply the continuity equation, then the Bernoulli equation, and finally the momen-
tum equation.

| SOLUTION

Force and momentum diagrams

Combining Egs. (1) and (2)
2 4
= 2 (1= (22
o7 < 2 ) ( (dl) )
v2 n\*
2500 psfg = 1.94slug/ ft> x (72) x [1— <§)

vy = v, =05111t/s
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From Eq. (1)

Flow rate

dy\?
Ul:v2d_1

1 2

= 5.675 ft/s

mpy = Mg =1m

= (pAv),

1.0 . \?
= 1.94slug/ ft* x <£ X <1—§ft> ) x 51.081ft/s

= 0.5405 slug/s

Momentum equation (z-direction)

e
F+piAy
F

F

m[(vo), = (vi),]
m (UQ — Ul)

—p1Ar + 1 (vg — vy)

2
_ 2o (T (2 2
(25001bf/ ft*) x (4 X (12) ) ft

+ (0.5405 slug/ s) x (51.08 — 5.675) ft/ s
—98.26 1bf

| Force on nozzle = 98.3 Ibf to the left |
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|6.59: PROBLEM DEFINITION

Situation:

Water (15 °C) flows through a nozzle.

dy =10 cm., dy = 2 cm., vy = 25 m/s, p = 999 kg/m3
Find:

(a)Pressure at inlet: p;

(b)Force to hold nozzle stationary: F

Assumptions:
Neglect weight, steady flow, p, = 0 kPa-gage.

| PLAN I

Apply the continuity equation, then the Bernoulli equation, and finally the momen-
tum equation.

| SOLUTION

Force and momentum diagrams

Continuity equation

Ay = Ay

dy\”
V1 = V2 d_l

1.0 m/s
my = 1y
= (pAv),
02m)?
— 999kg/m® x <—”x (040 m) ) x 25m/ s
= 7.85kg/s

Bernoulli equation applied from 1 to 2
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= 3.117 x 10° Pa

p1 = 312 kPa

Momentum equation (z-direction)

"
F+pA
F

F

i [(vo), — (0i),]

m (U2 — Ul)

—p1A1 + 10 (ve — 1)

—(311.7 x 10° Pa) (W) +(7.85kg/s) (25 — 1)m/ s

—2259. 7N

| Force on nozzle = 2.26 kN to the left |
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|6.60: PROBLEM DEFINITION

The problem involves writing a program for the flow in a nozzle and applying it to
problems 6.59 and 6.15. No solution is provided.
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|6.61: PROBLEM DEFINITION

Situation:
Water flows through a converging nozzle—additional details are provided in the
problem statement.

Find:
Force at the flange to hold the nozzle in place: F

| PLAN I

Apply the Bernoulli equation to establish the pressure at section 1, and then apply
the momentum equation to find the force at the flange.

| SOLUTION

Continuity equation (select a control volume that surrounds the nozzle).

Q1=Q2=Q:15ft3/5

Flow rate equations

Q 4xQ 4x(15ft%/s)

v =

Ay aD? 7r(1ft)2
= 19.099 ft/s
Q 4xQ 4x(15ft%/s)
U = _— = =
2 Ay, wD? T (9/121ft)?
— 33.953 ft/s
Bernoulli equation
2 2
pPUr )
P+ 5 D2 + 5
P = 0+P(U§2—U%)
1.94slug/ ft3((33. 953 ft/s)* — (19.099 ft/s)*)

2
= 764.4 Ibf/ ft?

Momentum equation (z-direction)

plAl + F= mvg — mvl
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Calculations

mA = (764.41bf/ ft%)(7/4)(1ft)?
= 600.41bf
PQ (v2 —v1)
(1.94slug/ ft*) (15 ft*/s) (33. 953 — 19.098) ft/s
= 432.31bf

m’UQ — mvl

Substituting numerical values into the momentum equation

F = _plAl + (mvg - mvl)
= —600.41bf + 432. 31bf
= —168.11bf

F = —168 1bf (acts to left)
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|6.62: PROBLEM DEFINITION

Situation:
Water flows through a converging nozzle—additional details are provided in the
problem statement.

Find:
Force at the flange to hold the nozzle in place: F,

Apply the Bernoulli equation, and then the momentum equation.

| SOLUTION

Velocity calculation

3
v = 0.5m — 4.244 m/s
mx0.15m x 0.15m

vy = 4244m/s x 9 = 38.196 m/s

Bernoulli equation

1000kg/ m3
pr=0+ Tg/m(ss.weﬂ —4.244*)m?/s* = 720 kPa

Momentum equation (z-direction)

F, = —720,000Pa x 7 x (0.15m)* + 1,000kg/ m® x 0.3m*/s x (38.196 — 4.244) m/ s
F, = —40.7 kN (acts to the left)
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|6.63: PROBLEM DEFINITION

Situation:
Water flows through a nozzle with two openings—additional details are provided
in the problem statement

Find:
x-component of force through flange bolts to hold nozzle in place.

Apply the Bernoulli equation, and then the momentum equation.

| SOLUTION

Velocity calculation

16ft? /s x 144in?/ ft

YA = YB T /4)(4in x 4in + 4.5 x 4.51n)]
= 80.93 fps
— 16 ft°/ s
LT 7 x05ftx 05ft
= 20.37 fps
Bernoulli equation
1.94slug/ ft*
=0+ +g/(80.93 ft/s x 80.93ft/s — 20.37ft/s x 20.37ft/s) = 5951 psf

Momentum equation (z-direction)

F, 4+ pA18in30° = —1mavq — mpvpsin30°
F, = —5,951 psf x 7 x 0.5ft x 0.5ft x sin30° — 80.93ft/ s x 1.94slug/ ft x 80.93ft/s x 7
2in X 2in

Tone  20-3716/s x 1L.94slug/ ft x 16.016%/ s sin 30°

| F, = —3762 Ibf|
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|6.64: PROBLEM DEFINITION

Situation:
Water flows through a nozzle with two openings—additional details are provided
in the problem statement.

Find:
x-component of force through flange bolts to hold nozzle in place: F

Apply the Bernoulli equation, and then the momentum equation.

| SOLUTION

Velocity calculation

0.5m?
v4 = VB = m/s =26.1 m/s
X 0.05m x 0.05m+ 7 x 0.06m x 0.06 m
0.5m?
v, = m’/s =7.07 m/s

X 0.15bm x 0.15m

Bernoulli equation

_1000slug/ ft*

I ((26.1m/s)*> — (7.07m/s)*) = 315,612 Pa

Momentum equation (z-direction)

> " Fy = tigUos — Mivia
F, + p1A;sin 30 = —rhwy — mw; sin 30
F, = —315,612Pa x m x (0.15m)* x sin 30° — 26.1m/s x 1,000 kg/ m* x 26.1m/ s
x7 % (0.05m)* — 7.07m/s x 1000kg/m® x 0.5m>/s x sin 30° = —18,270 N
| F, = —18.3 kN|
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|6.65: PROBLEM DEFINITION

Situation:
A rocket nozzle is connected to a combustion chamber.

Mass flow: 1 = 220kg/s. Ambient pressure: p, = 100 kPa.
Nozzle inlet conditions: A; = 1m?, u; =100m/s, p; = 1.5 MPa-abs.

Nozzle exit condition? A, = 2m?, uy =2000m/s, p, = 80kPa-abs.

Assumptions:
The rocket is moving at a steady speed.

Find:
Force on the connection between the nozzle and the chamber.

| PLAN I

Apply the momentum equation to a control volume situated around the nozzle.

| SOLUTION I

Momentum equation (z-direction)

Z F:c = movox - mzvzx
F+piAy —pAs = vy —vl)

where F' is the force carried by the material that connects the rocket nozzle to the
rocket chamber.

Calculations (note the use of gage pressures).

F = m(vy —vl) 4+ psAs — p1 Ay
= (220kg/s) (2000 — 100) m/s + (—20,000N/m?) (2m?)
— (1,400,000N/m?) (1 m?)
= —1.022x10° N
= —1.022 MN

The force on the connection will be

| F=1.02 MN|

The material in the connection is in tension.
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|6.66: PROBLEM DEFINITION

Water flows through a nozzle.
The nozzle is bolted to a pipe flange with 6 bolts.
Dy =0.30m, Dy = 0.15m, p; = 200 kPa gage.

Sketch:

Find:
Tension in each bolt (in Newtons)

@I Since force is the goal, start with the momentum equation. Then, apply
continuity and the Bernoulli equations to find terms needed to calculate force. The
steps are.

1. Apply the momentum equation to relate force to properties at 1 and 2.

2. Relate vy and v; using continuity.

3. Solve for vy, vy, and @) using the Bernoulli equation and the flow rate equation.
4. Calculate force.

| SOLUTION

1. Momentum equation (z-direction)

Z F;r - movo:c - mzvzx
Foois +p1A1 = pQ(v2 — v1)

2. Continuity equation (apply to cv shown above; accumulation is zero).

7 A, ' \015m) Tt
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3. Bernoulli equation

2 2

R T
Y29 Y29
2 16 2
DyOio = 0424 490
Y29 2g
200000Pa 1507
9810N/m3 2g
v; = 5.16 m/s
v = 4v; = 20.66 m/s
Flow rate equation.
0.3m)>
Q= Ay = TO3M) 5 6 8) = 0.365m° /s
4. Calculate force
Foois = —pi1Ar+ pQ(v2 — 1)
Fows = — (200,000 Pa) 7 (0.15m)” + (1000 kg/ m®) (0.365m*/s) (20.66m/s — 5.16 m/s)

= —8480 N

Force per bolt = 1410 N
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|6.67: PROBLEM DEFINITION

Situation:

Water jets out of a two dimensional slot.

Flow rate is () = 8 cfs per ft of slot width. Slot spacing is H = 8in. Jet height is
b=4in.

Find:

(a)Pressure at the gage.

(b)Force (per foot of length of slot) of the water acting on the end plates of the
slot.

| PLAN I

To find pressure at the centerline of the flow, apply the Bernoulli equation. To find
the pressure at the gage (higher elevation), apply the hydrostatic equation. To find
the force required to hold the slot stationary, apply the momentum equation.

| SOLUTION I

Continuity. Select a control volume surrounding the nozzle. Locate section 1 across
the slot. Locate section 2 across the water jet.

8ft*/s
ft

Q=Q:=0=
Flow rate equations
Q _ 8ft?/s
A (8/12) ft
= 12ft/s
Q 8ft?/s
‘/2 s _— = —
Ay (4/12) ft
= 24ft/s

Bernoulli equation
p
po= 20—

1.94slug/ ft* _ 5 ft°
- e 1)

p1 = 419.0 Ibf/ft?

Hydrostatic equation. Location position 1 at the centerline of the slot. Locate
position 3 at the gage.

]2 + zZ1 = 12 + zZ3
v v
419.0 1bf/ ft? P3 (8/12) ft
VYT YRR + 0 - 3 +
62.41bf/ ft 62.41bf/ ft 2

ps = 398.2 psf
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ps = 398.2 1bf/ ft* = 2.771bf/ in?

Momentum equation (z-direction)

ZFx — mVy —mV;
F,+pA = pQ(Voa—1)

F, = —pAi+pQ(Va— W) (1)
Calculations
mAr = (419 1bf/ %) (8/12ft)
= 279.3 1bf/ft (a)
pQ(Va— Vi) = (1.94slug/ ft*) (8£t?/s) (24.ft/s — 12.1t/s)
186.2 1bf/ ft (b)

Substitute (a) and (b) into Eq. (1)

F, = —(279.3 Ibf/ft) + 186.2 1bf/ ft
Ibf
= —-93.1 —
93 m
The force acting on the end plates is equal in magnitude and opposite in direction
(Newton’s third law).

Fiater on the end plates = 93.1% acting to the right

96



|6.68: PROBLEM DEFINITION

Situation:
Water is discharged from a two-dimensional slot—additional details are provided
in the problem statement

Find:
(a)Pressure at the gage.
(b)Force (per foot of length of slot) on the end plates of the slot.

Apply the Bernoulli equation, then the hydrostatic equation, and finally the momen-
tum equation.

| SOLUTION I

Velocity calculation

0.4m3/s
= ————=15.71
U= Gorae TS
0.4m3/s
el AL}
Up o 00 m/s

Bernoulli equation

~ 1000kg/ m®

5 ((5.71m/s)* — (2.00m/s)?) = 14.302 kPa

Hydrostatic equation

Peage = 14,302kPa — 9810N/m® x 0.1 m?
Peage = 13.3 kPa

Momentum equation (z-direction)
Z F:L" = MUy — MV
Fy+ppAp = pQ(vp — vp)
thus

F, = —14,302kPa x 0.2m? 4 1000kg/ m® x 0.4m?3/s x (5.71 — 2.00) m/s
= 1,376 N
F, = —1.38 kN/m
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|6.69: PROBLEM DEFINITION

Situation:
Water flows through a spray head—additional details are provided in the problem
statement.

Find:
Force acting through the bolts needed to hold the spray head on: F,

| PLAN I

Apply the Bernoulli equation, and then the momentum equation.

| SOLUTION I

Velocity calculation

4£t°
. US90.37 s
A1 w/4 x (0.51t)
Bernoulli equation
p
o= L@g-ad)
1.94 slug/ ft
- +g/ ((65ft/ )2 — (20.37ft/5)?)
= 3696 psf

Momentum equation (y-direction)

Z Fy = movoy - mﬂ)iy
F,+piAr = pQ(—vysin30° — vy)

E, = (—3696 psf)(r/4 x (0.5ft)%) + 1.94slug/ ft> x 41t3/s x (=65 ft/ ssin 30° — 20.37 ft/s)

F, = —1140 Ibf
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|6.70: PROBLEM DEFINITION

Situation:
An unusual nozzle creates two jets of water.
d=1lin,vy = v3 = 80.2ft/s.
D = 4in.p = 43 psig.
Find:
Force required at the flange to hold the nozzle in place: F

| PLAN I

Apply the continuity equation, then the momentum equation.

| SOLUTION

Continuity equation

V1 = Q

A

2% 80.2ft/s x /4 x (1ft)?
T/4 % (4ft)?

= 10.025 fps

Momentum equation (z-direction)

ZFI = Zmox _mzvm

P11+ Fp = v, + 1Mzvge — 1101,
F, = —43 psigx 7 x (2in)” + 1.94slug/ ft> x (80.2ft/s)* x 7 x (05—&)2
"= bsig ESS ' 14402/ 2
(0.5 ft)? .
—(194slug/ ftg X 802ft/s X m X m X 802ft/s x sin 30
—(1.94slug/ ft* x 10.025ft /s x 7 x (0.1667 ft)*) x 10.025ft/s
= —524.11bf
Momentum equation (y-direction)
Z Fy = moy — mﬂ]z’y
F, = r1hgvs, = pAvs(—vscos30°)
—1.94slug/ ft3 (/4 x (1/12)? ft2) (80.2 ft/s)? cos 30°
—58.94 1bf

Net force

F = (—524i — 58.9j) Ibf
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|6.71: PROBLEM DEFINITION

Situation:
Liquid flows through a ”black sphere”—additional details are provided in the prob-
lem statement.

vl/ 30° Tv

Find:
Force in the inlet pipe wall required to hold sphere stationary: F

| PLAN I

Apply the continuity equation, then the momentum equation.

| SOLUTION

Continuity equation

Ajvy = Agvy + Asvs

V3 = UV1—— — Uy——

22 12

= 100ft/s
Momentum equation (z-direction)
F, = 1mgvs,
= —pAsv3sin 30°

7 (1/12) ft2

= —(1.94slug/ ft* x 1.2) ( 7

= —63.49 Ibf

) (100 ft/ s)* sin 30°

y-direction
Fy - W —|—p1A1 = m2U2y + mgi}gy — mlvly

thus
Fy =W — plAl + mQUQ — 1N3v3 COS 30° — mll)l
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Calculations

W —

p1A1

MoV2

1hzvs cos 30°

thus,

Net Force

myv;

200 — 60 x 7 x 12
11.50 1bf
PA2U§

(1.2 x 1.94 slug/ ft*) (W) (100 ft/s)?

126.97 1bf
pAsv; cos 30°

2 02
(1.2 x 1.94slug/ %) (W) (100 £t/ )2 cos 30°

109.96 1bf
PAW%

(1.2 x 1.94slug/ ft*) (M) (50 ft/ s)?

126. 97 1bf

(W — p1A1> —+ Thgl)g — (m31)3 COS 300) — mlvl
(11.50) Ibf + 126.97 Ibf — (109.96) Ibf — 126.97 Ibf
—098.46 1bf

F

(—63.51 — 98.5j) Ibf
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|6.72: PROBLEM DEFINITION

Situation:
Liquid flows through a ”black sphere”—additional details are provided in the prob-
lem statement.

Find:
Force required in the pipe wall to hold the sphere in place: F

Apply the continuity equation, then the momentum equation.

| SOLUTION

Continuity equation

10 x 52 — 30 x 2.52
(2.5u)°
= 10 m/s
p = Sp,=15x1000kg/ m*® = 1500kg/ m?

V3 =

Momentum equation (z-direction)

F, = —yv;sin30° = —p;A;v? sin 30°
— —10sin30° x 1500kg/m® x 10m/s x 7 x (0.0125m)>
— —368N

Momentum equation (y-direction)
Fy = —PzAz + Wt - mﬂ)z + mOUO - ijj cos 30°
= —400,000Pa x % x (0.025m)* + 600N + (15007)

x(—(10m/s)* x (0.025m)* + (30m/s)* x (0.0125m)?
—(10m/s)* x (0.0125m)? cos 30°)
= 119N

Net Force

F = (—36.8i + 119j) N
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|6.73: PROBLEM DEFINITION

To verify the analysis the quantities @), v, v2,b, 1, y2 and Fg; will have to be mea-
sured. Since a laboratory is available for your experiment it is assumed that the
laboratory has equipment to obtain (). The width b can be measured by a suitable
scale. The depths y; and y, can be measured by means of piezometer tubes attached
to openings in the bottom of the channel or by means of point gages by which the
actual level of the surface of the water can be determined. Then v; and vy can be
calculated from v = Q/A = Q/(by).

The force on the gate can be indirectly evaluated by measuring the pressure distribu-
tion on the face of the gate. This pressure may be sensed by piezometers or pressure
transducer attached to small openings (holes) in the gate. The pressure taps on the
face of the gate could all be connected to a manifold, and by appropriate valving
the pressure at any particular tap could be sensed by a piezometer or pressure trans-
ducer. The pressures at all the taps should be measured for a given run. Then by
integrating the pressure distribution over the surface of the gate one can obtain Fg.
Then compare the measured F; with the value obtained from the right hand side of
Eq. (6.11). The design should be such that air bubbles can be purged from tubes
leading to piezometer or transducer so that valid pressure readings are obtained.
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|6.74: PROBLEM DEFINITION

Situation:

Water flows through a sluice gate

statement.
Find:

Force of water (per unit width) acting on the sluice gate.

| PLAN I

additional details are provided in the problem

Apply the Bernoulli equation, and then the momentum equation.

| SOLUTION

Bernoulli equation

5|ft ‘""I @)
0.6 ft
2 2
U1 _ n
29 + z1 29 + 29
0.6\ v2 v3
) 245 = 2406
( 5 ) 29 2 "
vy = 16.96 fps
(A 2.03
Q = 10.176 cfs/ft

Momentum equation (z-direction)

S

PQ(UM - vl:r)

Fy + D1 A1 — Dy Ay = pQ(vy — v1)

Fy

—62.41bf x

% (16.96 — 2.03) ft/ s

Fy

474 1bf/ft

5.0ft x 5.0ft

+ 62.41bf x
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0.6ft x 0.6 ft

+ 1.94slug/ ft* x 10.176 cfs/ft



|6.75: PROBLEM DEFINITION

Situation:
A flow in a pipe is laminar and fully developed—additional details are provided in
the problem statement.

Find:
Derive a formula for the resisting shear force (F,) as a function of the parameters
D7 P1,P2; P, and U.

| PLAN I

Apply the momentum equation, then the continuity equation.

| SOLUTION

Momentum equation (z-direction)

ZF"” = /pv(v-dA)

Ccs

piAL —peAs — F, = /pu%dA — (pAuqy)uy
Az

pLA—pA—F., = —pulA+ /pugdA (1)
Ao

Integration of momentum outflow term

Uy = Umax(1 — (r/10)?)?

Uy = Upa(1— (r/10)%)?

T0

/pu%dA = /pufnax(l — (r/r0)2)227rrdr
Ay 0

T0

= —pul 7wl /(1 — (r/ro)?)*(=2r/r§)dr

To solve the integral, let

Thus
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The integral becomes

Continuity equation

UA = udA

Umax (1 — (7/70)?)27 rdr

S — T

0

= —UpaxTTh /(1 — (r/ro)*)(=2r/rg) dr

0
—tmax71 (1 = (r/10)*) /2]

umaxﬁrg /2

Therefore
Umax = 2U

Substituting back into Eq. 2 gives
/pugdA = 4pU?mrg /3
Ao

Finally substituting back into Eq. 1, and letting uy; = U, the shearing force is given
by

Fr =22 [p, — py — (1/3)pU?)
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|6.76: PROBLEM DEFINITION

Situation:
A swamp boat is powered by a propeller—additional details are provided in the

problem statement.
Q---------------I

vy

Find:
(a) Propulsive force when the boat is not moving,.
(b) Propulsive force when the boat is moving at 30 ft/s.

Assumptions:
When the boat is stationary, neglect the inlet flow of momentum—that is, assume
vy = 0.

| PLAN I

Apply the momentum equation.

| SOLUTION I

From Table A.3, p = 0.00228 slug/ft3
a.) Boat is stationary

Momentum equation (z-direction) Select a control volume that surrounds the boat.
Z F, = 1wy —mu;
Fyop =~ 1y
Mass flow rate
m = pAgvg
= (0.00228slug/ ft?) (

= 1.612slug/s

™ (3ft)?

> (100 1t/ s)

Thus

Fstop - mUQ
(1.612slug/s) (100 1t/ s)
= 161 1bf
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Force (stationary boat) = 161 1bf

b.) Boat is moving

Momentum equation (z-direction). Select a control volume that surrounds the boat
and moves with the speed of the boat. The inlet velocity is v; = 30 ft/s

Z Fx = m (Ug — Ul)
= (1.612slug/s) (100 — 30) ft/s
= 113 Ibf

Force (moving boat) = 113 Ibf
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|6.77: PROBLEM DEFINITION

Situation:
Air flows through a windmill—additional details are provided in the problem state-
ment.

Find:
Thrust on windmill.

| PLAN I

Apply the continuity equation, then the momentum equation.

| SOLUTION I

Continuity equation

3m \°
Vg = 10111/8 X (“—m) =4.44 IIl/S
Momentum equation (z-direction)

ZFx = M(Ug—vl)
F

» = 1(v2 — 1)
= (1.2kg/s)(r/4 x (3m)*)(10m/s)(4.44 — 10) m/ s
F, = —1415.0 N (acting to the left)

T = 1415 N (acting to the right)
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|6.78: PROBLEM DEFINITION

Situation:
A jet pump is described in the problem statement.

Find:

(a) Derive a formula for pressure increase across a jet pump.

(b) Evaluate the pressure change for water if A;/A, =1/3, v; = 15 m/s and v, = 2
m/s.

Apply the continuity equation, then the momentum equation.

| SOLUTION

Continuity equation

UOD%
_ Wb 1
T - p? M)
DR + v, D2
_ U 2
"2 D2 2

Momentum equation (z-direction)

ZFI = ’I’;’L(UQ — U1>
D} pvin(D2 — DJQ) pv]?ﬂDJQ- N pvam D2
4 4 4 4

(pl - pz)

thus,

202 2 2

pvi(D§ — D?) D

(p2_p1):—1 10)2 . +ﬁU?X—D]2_PU§ (3)
0 0

Calculations

1= (1/3)
= 3m/s

D;
Vg = g+ Ujﬁ

1
= 2+15( 2
“5(3)

= 7m/s

110



from Eq. (3)

= 1000kg/m’ {(3111/ 5)? <1 — %) +(15m/s)? (%) — (Tm/ 8)21

p2 — p1 = 32 kPa
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|6.79: PROBLEM DEFINITION

Situation:
The problem statement describes a jet pump.
6v’/2g
Q.__..9
- —
— A = XY
e T T
— e
[7 7 7 7 7 77777
Find:
Develop a preliminary design by calculating basic dimensions for a jet pump.
PLAN
Apply the momentum equation, then the continuity equation.
| SOLUTION

Momentum equation (z-direction)
Carry out the analysis for a section 1 ft wide (unit width) and neglect bottom friction.

ZFQC = mQUZ — mli}l - ’I?"Lj?)j
W2 =93/2 = —1p(1 % (4= Ay)) = vip(v;Ay) + v2p(vays) (1)
but yo = 4 ft + 6 v?/2g
— 44 6/29 = 4.0932 ft

Continuity equation

voyp = vi(4—Ay) +v;Ay
(4 —Ay) N v; Ay

Vg = U1
Y2 Y2
Assume
Ay =0.10 ft
Then
vy = 1(3.9)/(4.093) 4+ v; x 0.1/4.0392 = 0.9528 + 0.02476v; (2)

Combine Egs. (1) and (2)

vF — (0.9528 + 0.02476v7 x 40.932 = 5g(y; — y;) — 39.0
= 82.44 ft?/s?

Solving:
v; =121 ft/s A; =0.10 ft?
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If circular nozzles were used, then A; = (7/4)d3; d; = 4.28 in. Therefore, one could

use |8 nozzles of about 4.3 in. | in diameter discharging water at |12.1 ft /s

Like most design problems, this problem has more than one solution. That is, other
combinations of d;, v; and the number of jets are possible to achieve the desired
result.
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|6.80: PROBLEM DEFINITION

Situation:
Lift and drag forces are being measured on an airfoil that is situated in a wind
tunnel-—additional details are provided in the problem statement.

T y lp
— =P peemeseeeeesesssssssmmmemememmemma—
— > ]
—i —
] 0.25|m 4
— T L —> 8mis
1 1
B =TS 70
© —i S $—*D i
_ 1 ]
i 0.25|m E 12 mis
. —
i IR U [ Qe ——
AY

Find:
) Lift force: L
) Drag force: D

(a
(b

Apply the momentum equation.

| SOLUTION

Momentum equation (z-direction)
NF =) riwg —1mn
CcS

—D 4+ p1Ai —pAs = vi(—pviA) + v,

v, A vp A
p +pr b

2 2
D > Pla  PU
A s N
where
1 = pulr=0)=p(z=0)=100 Pa, gage
pa = pulr=1)=p(z =1) =90 Pa, gage
then

= 90Pa — 100Pa + 1.2kg/ m® x (=100 + 32 + 72) m?/ s*

= —5.2

wirSIekN v

— 5.2Pa x (0.5m)’
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Momentum equation (y-direction)

> F,=0

2 1
—L+ / peBdx — / puBdr = 0 where B is depth of tunnel
1 0

1 1
—L+ / (100 — 10z + 20z (1 — x))0.5dx — / (100 — 10z — 20z(1 — 2))0.5dz = 0
0 0
—L + 0.5(100x — 52* + 102” — (20/3)2%)|5 — 0.5(100x — 52* — 102* + (20/3)2°|5 = 0
thus,

40
~L+05x (20~ ) = 0
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|6.81: PROBLEM DEFINITION

Situation:
A torpedo-like device is being tested in a wind tunnel—additional details are pro-
vided in the problem statement.

E Drag E E/ ¢s
1
Force of device on air= -Drag
Find:
(a) Mass rate of flow.
(b)Maximum velocity at the outlet section.
(c)Drag on the device and support vanes.
| PLAN I
Apply the momentum equation.
| SOLUTIONI
Mass flow rate
m = pA
01t)?
= (0.0026slug/ ft*) x (120ft/s) x (W)

= 2.205 slug/s

m = 2.205 slug/s

/OovdA:Q

But v is linearly distributed, s0 v = Vpax(r/79). Thus

T0 r
/ (vmax—) 2rdr = TA
0 To

At the outlet section

2Vmax’p _
—3 0 = 1}7“(2)
3U
Umax = &
2
~3(120ft/s)
= f

Umax = 180ft/s
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Umax = 1801t/ s

Momentum equation (z-direction)

ro
Z I, = / pvgdA —
0

a.) Forces analysis
Z By =piAi —p2As — D
b.) Outlet velocity profile

U2 = 7VUmax—

c.) Outlet momentum flow

To 0 — 2
[t [o[(8) ()] s
0 0 2 To

Substituting Eqns. (a) and (c) into the momentum equation (1) gives

To
ZF“” = / pv%dA—mvl
0

30> 2 .
p1AdL —pAs — D = 2mp 7 Z — mu

3\ 2 /r2 ,
D = piAy —pAs —2mp (7) (Zo>+mv1

Calculations (term by term)
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p1A1

P2

70
/ pvadA
0

’ﬁ’LUl

2
(144 x 0.24) x (” x5 )

1
244.31bf
2
(144 % 0.1) x (” 23 )
101. 9 1bf

(3 ()

3(120)\* /1.52
zw(0.0026)< 5 ) ( 4
297. 71bf

(2.205) (120)
264. 6 1bf

Substituting numerical values into Eq. (2)

30\* /12 ,
AT —peAy — 2mp | = n + muy

D

2

244.31bf — 101. 9 Ibf — 297. 71bf + 264. 6 Ibf

109.3 1bf

D = 109 Ibf
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|6.82: PROBLEM DEFINITION

Situation:

A jet engine (ramjet) takes in air, adds fuel, and then exhausts the hot gases
produced by combustion.

vy =225 m/s

py = 0.25 kg/m?, Ay = 0.5 m?

fuel

— hot exhaust

Find:
Thrust force produced by the ramjet: T’

Assumptions:
Neglect the mass addition due to the fuel (that is, 1y, = 1o, = 1 = 60 kg/s).
2.) Assume steady flow.

Apply the momentum equation.

| SOLUTION

Force and momentum diagrams

where F'is the force required to hold the ramjet stationary.

Calculate exit velocity

me = pyAavs
s 60kg/s

- - — 480
V2 po Ay 0.25kg/m® x 0.5 m? m/s

Momentum equation (z-direction)

Z F, = Z MoVoz — Z MV
F = m(vy —v1) =60kg/s(480m/s — 225m/ s)
T = 15.3 kN (to the left)
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|6.83: PROBLEM DEFINITION

Situation:
Air flows through a turbofan engine. Inlet mass flow is 300kg/ s.
Bypass ratio is 2.5. Speed of bypass air is 600m/ s.
Speed of air that passes through the combustor is 1000 m/s.

- >

________________
I/—\.:
1
:/‘\:—’ 600 m/s
1 1

. 1

300 m/s m, E ————— 1,000 m/s

1

m—>1! E\
\wl cs

Additional details are given in the problem statement.

Find:
Thrust (7') of the turbofan engine.

Assumptions:
Neglect the mass flow rate of the incoming fuel.

Apply the continuity and momentum equations.

| SOLUTION

Continuity equation

ra = mp = 300kg/ s

also

mp = Mcombustor T Mpypass
= Mcombustor T 2-Er)wlcombustor

mp = 3 -5mcombustor

Thus

. mp  300kg/s
Mcombustor = =
bust 35 35

= 85.71kg/s
mbypass - mB - mcombustor
300kg/s —85.71kg/s
— 214.3kg/s
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Momentum equation (z-direction)

Z Fx = Z MUout — MUy
E

x [mbypass%ypass + 7/‘ncombus‘cor‘/::ombustor] - 77./LA‘/A
[(214.3kg/s) (600m/s) + (85.71kg/s) (1000 m/s)] — (300kg/s) (300 m/ s)
124,290 N

T =124 kN
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|6.84: PROBLEM DEFINITION

Maximum force occurs at the beginning; hence, the tank will accelerate immediately
after opening the cap. However, as water leaves the tank the force will decrease,
but acceleration may decrease or increase because mass will also be decreasing. In

any event, the tank will go faster and faster until the last drop leaves, assuming no
aerodynamic drag.
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|6.85: PROBLEM DEFINITION

Situation:
A tank of water rests on a sled—additional details are provided in the problem
statement.

Find:
Acceleration of sled at time ¢

| PLAN I

Apply the momentum equation.

| SOLUTION I

This type of problem is directly analogous to the rocket problem except that the
weight does not directly enter as a force term and p. = pPatn. Therefore, the appro-
priate equation is

M dv,/dt = pv?A, — Fy
a = (1/M)(pvi(r/4)d; — pWV)

where 1 =coefficient of sliding friction and W is the weight

W = 350+0.1x 1000 x 9.81 = 1331 N
a = (g/W)(1,000 x 25%(7/4) x 0.015% — (1331 x 0.05))
— (9.81/1,331)(43.90) m/s
= |W =0.324 m/s?
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|6.86: PROBLEM DEFINITION

Situation:
A cart is moving with a steady speed along a track.
Speed of cart is 5m/s (to the right). Speed of water jet is 10m/s.
Nozzle area is A = 0.0012 m?.

Find:
Resistive force on cart: F)

| PLAN I

Apply the momentum equation.

| SOLUTION

Assume the resistive force (F,) is caused primarily by rolling resistance (bearing
friction, etc.); therefore, the resistive force will act on the wheels at the ground
surface.  Select a reference frame fixed to the moving cart. The velocities and
resistive force are shown below.

5

Velocity analysis

Vi = vy=v=5m/s
m = pAWy
= (1000kg/ m*)(0.0012m?)(5m/ s)
6 kg/s

Momentum equation (z-direction)

ZFx = m<U2—U1)
—F. = 6kg/s(—bm/s—5m/s)=—60 N

F, =60 N (acting to the left)
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|6.87: PROBLEM DEFINITION

Situation:
A jet with speed v; strikes a cart (M = 10 kg), causing the cart to accelerate.
The deflection of the jet is normal to the cart [when cart is not moving].
Jet speed is v; = 10 m/s. Jet discharge is @ = 0.1 m3/s.

Find:
(a)Develop an expression for the acceleration of the cart.
(b)Calculate the acceleration when v, = 5 m/s.

Assumptions:
Neglect rolling resistance.
Neglect mass of water within the cart.

| PLAN I

Apply the momentum equation.

| SOLUTION

Select a control surface surrounding the moving cart. Select a reference frame fixed
to the nozzle. Note that a reference frame fixed to the cart would be non-inertial.

Force and momentum diagrams

1
1
1
1
1
1
1
: ® ! , d
1
X —t dr(Mv)=Ma,
1
1
1
1
1
1
1
1
1
[]

Momentum equation (z-direction)
d ) .
Z Fm = %(mUC) + mMoUg, = —M1 U1
Momentum accumulation
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Note that the cart is accelerating. Thus,

d d d
— | vypdV = / pdV = —(Mwv,)

it |, dt d
= ma.
Velocity analysis
Vi = wv; — v, [relative to control surface]
vy = vj [relative to reference frame (nozzle)]
from conservation of mass
U2y = (Uj — Vc)
ng = Ve
mg mi
Combining terms
d .
ZF,: = %(MUC) + 1 (Vg — v1)

0 = Ma,+ pAi(v; — v)(ve — v;)

(pQ/v;)(v; — v.)?
M

Qe =

Calculations

" 1,000 x 0.1/10(10 — 5)?
o 10

a. =25 m/s* (when v. =5m/s)
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|6.88: PROBLEM DEFINITION

Situation:

A jet strikes a cart and accelerates the cart from zero to one-half the jet velocity.
Find:

Time (s) to accelerate to one-half jet velocity.

Assumptions:
No resistance to cart motion and mass of water jet moving with cart is negligible.

| PLAN

Apply the momentum equation to obtain equation of motion for cart and integrate
to obtain time.

| SOLUTION

Select a control surface surrounding the moving cart. Select a reference frame fixed
to the nozzle. Note that a reference frame fixed to the cart would be non-inertial.

Force and momentum diagrams

1
1
1
1
1
1
1
1
1
1 ®e————— 4 -
X ! Gt(Mv)=Ma_
1
1
1
1
1
1
1
1
1
1

Momentum equation (z-direction)

d
ZFOE = %(mUC) + mgvgz = —m1v1

Momentum accumulation

Note that the cart is accelerating. Thus,

d d d
o i vpdV = a7V /CvpdV— %(MU(J
dv
= M-/
dt
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where M is the mass of the cart (mass of water moving with cart is negligible)
From conservation of mass

vyy = (vj — )
'UQI Ve
) my

Combining terms

d )
ZF”” = a(MUC)-I—m(ng—vl)

dv,
0 = Mch + pAi(v; — ve)(ve — vj)
dv )
M— = pA;v?(1 — =)
at pA1v; ( vj>
Ve
= (1 - =)*

Since the jet velocity is constant
d (v, ) c
() = By
dt Uy M Uy
-2 ~ M
J

Integrating and substituting in the limits, v./v; = 0 at ¢ = 0 and v./v; = 0.5 at
t = At gives

M
m
100 kg
10 kg/s
At =104
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[6.89: PROBLEM DEFINITION
Situation:

A problem in rocket-trajectory analysis is described in the problem statement.
Find:

Initial mass of a rocket needed to place the rocket in orbit.

[SOLUTION]
VoA
My = M Zo2
—
7200m/ s
— 50k A/ s
P0kgexp <3000m/s>
M, = 551 kg

129



|6.90: PROBLEM DEFINITION

Situation:

A toy rocket is powered by a jet of water—additional details are provided in the
problem statement.
Find:

Maximum velocity of the rocket.

Assumptions:
Neglect hydrostatic pressure; Inlet kinetic pressure is negligible.

| SOLUTION

Newtons 2"¢ law.

Z F = ma
T-W =
where 7' =thrust and W =weight

T = mu,
mv, —mg = mdvR/dt
dvg/dt = (T/m)—
(T'/(m; — mt)) 9
dvg = ((Tdt)/(m; —mt)) — gdt
vg = (=T/m)l (mi — 1ht) — gt + const.

where vg = 0 when £ = 0. Then

const. = (T/m)In(m;)
ve = (T/m)((ms)/(m; —t)) — gt
VRmax = (/) In(m;/my) — gty
T/m = 1w/ = v,

Bernoulli equation
(neglecting hydrostatic pressure)

pi+ P07 2 = pe + pyul /2

The exit pressure is zero (gage) and the inlet kinetic pressure is negligible. So
ve = 2pi/py

= 2x 100 x 10°/1000

= 200 m?/s?
ve = 14.14m/s
m = pue.Ae

= 1000 x 14.14 x 0.1 x 0.05% x 7/4

= 2.77 kg/s
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Time for the water to exhaust:

t = my/m
— 0.10/2.77
= 0.036s

Thus

Umax = 14.141n((100 + 50)/50) — (9.81)(0.036)

Umax = 15.2 m/s
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|6.91: PROBLEM DEFINITION

Situation:
A valve at the end of a gasoline pipeline is rapidly closed—additional details are
provided in the problem statement.

Find:
Water hammer pressure rise: Ap
|SOLUTIONI
Speed of sound
c = E,/p
= ((715)(10°)/(680))*"
= 1025 m/s
Pressure rise
Ap = puc
= (680)(12)(1025)
Ap = 8.36 MPa
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|6.92: PROBLEM DEFINITION

Situation:
A valve at the end of a long water pipeline is rapidly closed—additional details are
provided in the problem statement.

Find:
Water hammer pressure rise: Ap
|SOLUTIONI
E,
c = —
p
B 2.2 x 10° Pa,
~ |/ 1000 kg/ m3
= 1483 m/s
2L
lait = —
c
= 2x10,000m/1483m/s
= 135s>10s
Then
Ap = puc
= 1000kg/m® x 4m/s x 1483 m/ s
= 5,932,000 Pa
= |Ap =5.93 MPa

133



|6.93: PROBLEM DEFINITION

Situation:
A valve at the end of a water pipeline is instantaneously closed—additional details
are provided in the problem statement.

Find:
Pipe length: L

| SOLUTION I

Determine the speed of sound in water

E,
c = —
p
o 22x 100
B 1000
= 1483 m/s
Calculate the pipe length
t = 4L/c
3 = 41/1483
L=1112m
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|6.94: PROBLEM DEFINITION

Situation:
A valve at the end of a water pipeline is closed during a time period of 10 seconds.
Additional details are provided in the problem statement.

Find:

Maximum water hammer pressure: Appax

| SOLUTION I

Determine the speed of sound in water

E,
p
320,0001bf/ in? x 144 in?/ ft>
C _=
1.94slug/ ft?

= 4874 ft/s
Determine the critical time of closure

tcrit = 2L/C
2 x 5 x 5280/4874
= 10.83s>10s

Pressure rise

Apmax = pvc
= 1.94 x 8 x 4874
ApPmax = 75,644 psf= 525 psi
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|6.95: PROBLEM DEFINITION

Situation:
A valve at the end of a long water pipe is shut in 3 seconds—additional details are
provided in the problem statement

Find:

Maximum force exerted on valve due to the water hammer pressure rise: Fyq e

| SOLUTION I

2L

tcrit =
C
2 x 4000

1485.4
= 5.385s>3s

Fawe = AAp
= Ap(Q/A)c
= pQe
= 998 x 0.03 x 1483
| Fraive = 44.4KkN |
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|6.96: PROBLEM DEFINITION

Situation:
The easy way to derive the equation for water hammer pressure rise is to use a
moving control volume.

Find:
Derive the equation for water hammer pressure rise (Eq. 6.12).

| SOLUTION I

Vic 1 P
_.

1

1

I pHp ' c
1 V=C : E—
1

1

Lot

Continuity equation

(v+c)p = clp+Ap)
Ap=wp/c
Momentum equation (z-direction)
Z F, = Z Vepv - A
pA—(p+Ap)A = —(V+o)p(V+c)A+P(p+ Ap)A
Ap = 2pvec—EAp+v?p

= 2pvc — uplc+vPp
puc + pv2

Here pv? is very small compared to pvc

“[Ap = pvc
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|6.97: PROBLEM DEFINITION

Situation:

The problem statement describes a water hammer phenomena in a pipe.

Find:

Plot a pressure versus time trace at point B for a time period of 5 seconds.

Plot a pressure versus distance trace at £ = 1.5s.

| SOLUTION

v = 0.1lm/s

c = 148

3m/s

Dpipe = 107_Pvgipe/2
~ 98,000 Pa

>
=
I

puc
1000 x

Ap = 148,000 Pa

Thus

0.10 x 1483

98,000 4 148, 000

= 246 k Pa- gage

Pmin = P — Ap = —50 kPa gage
The sequence of events are as follows:

Pressure wave reaches pt B.

Time period of high pressure at B
Time period of static pressure at B
Time period of negative pressure at B
Time period of static pressure at B
Time period of high pressure at B
Time period of static pressure atB

Results are plotted below:

200 kPa =

100 kPa

H)

Of=

1000/1483 =
600/1483
2000/1483
600/1483
2000/1483
600/1,483
2000/1483 =

At
0.674
0.405
1.349
0.405
1.349
0.405
1.349

n n »nn v nn n wm

YAt
0.67
1.08
2.43
2.83
4.18
4.59
5.94

»n U nn nn nn nn wm



At t = 1.5 s high pressure wave will have travelled to reservoir and static wave will
be travelling toward valve.

Time period for wave to reach reservoir = 1300/1483 = 0.877 s. Then static wave
will have travelled for 1.5 — 0.877 s = 0.623 s. Distance static wave has travelled
= 0.623 s x1,483 m/s = 924 m. The pressure vs. position plot is shown below:

[ '
1 L}
1 [ ]
200 kPa = H !
1 1
1 1]
1 1
1 1
100 kPa e e s e --
0 I I 1
500 m 1,000 m
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|6.98: PROBLEM DEFINITION

Situation:
A water hammer phenomenon occurs in a steel pipe—additional details are provided
in the problem statement.

Find:
(a) The initial discharge.
(b) Length from A to B.

[SOLUTION]|
c = 1483 m/s
Ap = pAvc
t = L/
L = tc=146s x 1,483
Av = Ap/pc

— (2.5-0.2) x 10° Pa/1.483 x 10° kg/m’s = 1.551 m/s
Q = vA=1551xm/4
Q=122m3/s
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|6.99: PROBLEM DEFINITION

Situation:
Water is discharged from a slot in a pipe—additional details are provided in the
problem statement.

Find:
Reaction (Force and Moment) at station A — A
PLAN
Apply the momentum equation and the moment of momentum equation.
| SOLUTION
Ty Plan View
Q |—>x

\W

vy = —(3.1+3z) m/s

Momentum equation (y-direction)

ZFy = /vypv~dA

1.3
F, = —/ (3.1+3z) x 1,000 x (3.1 + 3x) x 0.015dz = —465 N
0.3

R, = 465N

Flow rate

1.3
Q = /vdA = 0.015/ (3.1 4+ 3x)dz = 0.0825 m*/s
0

3

v = Q/A=0.0825/(r x 0.04%) = 16.4 m/s

Momentum equation (z-direction)

Z F, = —rmn
F, —psAy — Wy = —nwy
F. =30,000 x 7 x 0.04% +0.08 x 7 x 0.04? x 9,810
+1.3 x 7 x 0.025% x 9,810 4 1000 x 0.0825 x 16.4
= 1530 N
R.=—1530 N
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Moment-of-momentum (z—direction)

T, = /rvpv‘dA

1.3
= 15/ (3.1+3r)%rdr =413.2 N-m
0.3

Moment-of-momentum (y-direction)
Ty +Wre, =0
where W =weight, r.,=distance to center of mass
T, = —1.37 x 0.025% x 9810 x 0.65 = —16.28 N - m

Net reaction at A-A

(465j — 1530k) N

F—
T = (16.3j — 413k) N - m
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|6.100: PROBLEM DEFINITION

Situation:
A helicopter rotor uses two small rockets motors—details are provided in the prob-
lem statement.

Find:
Power provided by rocket motors.

| PLAN I

Apply the momentum equation. Select a control volume that encloses one motor,
and select a stationary reference frame.

| SOLUTION

Velocity analysis

v, = 0
Vi = rw
= 3.5 Xx2m
= 21.991 m/s

Vo = 500 m/s
vw = (500 —21.99) m/s
= 478.01m/s

Flow rate

m = pAV;
1.2 x .002 x 21.991
0.05278 ke /s

Momentum equation (z-direction)

F, = 1wy — rv;
= mUO
= 0.05278 x 478
= 2523 N
Power
P = 2Frw
= 2x2523x3.5x 27w
= 1110W
|P =111 kW|
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|6.101: PROBLEM DEFINITION

Situation:
A rotating lawn sprinkler is to be designed.
The design target is 0.25 in. of water per hour over a circle of 50-ft radius.

Find:
Determine the basic dimensions of the lawn sprinkler.

Assumptions:
The Bernoulli equation applies.
Assume mechanical friction is present.

| PLAN I

Apply the momentum equation.

| SOLUTION

Flow rate. To supply water to a circle 50 ft. in diameter at a 1/4 inch per hour
requires a discharge of

Q = hA
(1/48)7 (507 /4) /3600
= 0.011 cfs

Bernoulli equation. Assuming no losses between the supply pressure and the sprinkler
head would give and exit velocity at the head of

p
B 2 x50 x 144
— Y 1.94
= 86 ft/s

If the water were to exit the sprinkler head at the angle for the optimum trajectory
(45°), the distance traveled by the water would be

VZ
S:%

The velocity necessary for a 25 ft distance (radius of the spray circle) would be

V2 = 2gs5s=2x322x25=1610

e

V. = 40 ft/s

This means that there is ample pressure available to do the design. There will be
losses which will affect the design. As the water spray emerges from the spray head,
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atomization will occur which produces droplets. These droplets will experience aero-
dynamic drag which will reduce the distance of the trajectory. The size distribution
of droplets will lead to small droplets moving shorted distances and larger droplets
farther which will contribute to a uniform spray pattern.

The sprinkler head can be set in motion by having the water exit at an angle with
respect to the radius. For example if the arm of the sprinkler is 4 inches and the
angle of deflection at the end of the arm is 10 degrees, the torque produced is

M = pQrV,.sinf
= 1.94 x 0.011 x 40 x sin 10
0.148 ft-1bf

The downward load on the head due to the discharge of the water is

F, = pQV.sin4d
= 1.94 x 0.011 x 40 X sin4b5
= 0.6 Ibf

The moment necessary to overcome friction on a flat plate rotating on another flat
plate is
M = (2/3)uF,r,

where p is the coefficient of friction and r, is the radius of the plate. Assuming a 1/2
inch radius, the limiting coefficient of friction would be

3 M

§Fn7‘o

3 0.148
20.6 x (1/24)
= 89

M:

This is very high, which means there is adequate torque to overcome friction.

These are initial calculations showing the feasibility of the design. A more detailed
design would now follow.
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|6.102: PROBLEM DEFINITION

Situation:
Water flows out a pipe with two exit nozzles—additional details are provided in
the problem statement.

30°®/77

®

2

Find:
Reaction (Force and Moment) at section 1.

| PLAN I

Apply the continuity equation, then the momentum equation and the moment of
momentum equation.

| SOLUTION

Continuity equation equation

vp = (0.1 x 50 + 0.2 x 50)/0.6 = 25 ft /s

Momentum equation (z-direction)

Z F, = mavs, + 1mhova,
Fm + p1A1 = —p'U%Al + p’UgA;g + pngg cos 60°
F,=—20x 144 x 0.6 — 1.94 x 252 x 0.6 + 1.94 x 502 x 0.2
+1.94 x 50% x 0.1 x cos60° = —1,243 1bf

Momentum equation (y-direction)
Y F, = i1y,
F, = 1.94 x50 x 50 x 0.1 x cos 30° = 420 lbf
Moment-of-momentum (z—direction)
ratitgus, = (36/12)(1.94 x 0.1 x 50)50sin 60° = 1260 ft-Ibf

Reaction at section 1

F = (1240i — 420j)Ibf

M = (—1260Kk) ft-Ibf
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|6.103: PROBLEM DEFINITION

Situation:
Water flows out a pipe with two exit nozzles—additional details are provided in
the problem statement.

Find:
Reaction (Force and Moment) at section 1.

Apply the continuity equation, then the momentum equation and the moment of
momentum equation.

| SOLUTION

Continuity equation equation

Vi = (0.01 x 20 + 0.02 x 20)/0.1 = 6 m/s

Momentum equation (z-direction)

Z F, = Zmovoz - Zmzvzx
F, +pi A1 = r1hgvs + vy cos 30 — vy
F, = —200,000 x 0.1 — 1000 x 62
x0.1 + 1000 x 202 x 0.02
+1000 x 20% x 0.01 x cos 30°
= |F, =12,100 N

Momentum equation (y-direction)
F, — W = 1hyv, sin 30°
Weight

W = Wy, + Wpipe
(0.1)(1)(9810) + 90
= 1071 N
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thus

F, = 1000 x 20% x 0.01 x sin30° + 1,071
= |F,=3070 N

Moment-of-momentum (z—direction)

MZ - W/r'cm = r2m2v2y
M, = (1071 x 0.5) + (1.0)(1000 x 0.01 x 20)(20sin 30°)
= 2535 N-m

Reaction at section 1

F = (12.1i — 3.1j) kN

M = (—2.54k) kN - m
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|6.104: PROBLEM DEFINITION

Situation:

A reducing pipe bend held in place by a pedestal. Water flow. No force trans-
mission through the pipe at sections 1 and 2.

Assume irrotational flow. Neglect weight

Find:
) Force needed to hold bend stationary: F
) Moment needed to hold bend stationary: M

(a
(b

Apply the Bernoulli equation, then the momentum equation, and then the moment
of momentum equation.

| SOLUTION

Bernoulli equation

2 2
mot om0

Y29 v 29
v = QA =2/(r/4x0.5%) =10.19 ft/s
vy = QJA; =2/(m/4x (4/12)%) = 22.92 ft /s
p = 20 x 144 = 2,880 psf
pe = p1+pv—103)/2
= 2,880 + 1.94(10.19* — 22.92%)/2
= 2,471 psf

Momentum equation (z-direction)
Fy 4+ p1di +peAs = 1wy, — 1oy,
F, = —pidi — ppAs —m(v2 +v1)

149



where

Ay = 7/4x0.5%=0.196 ft>
Ay = m/4x0.333% = 0.0873 ft?
m = pAjv; =1.94 x 0.196 x 10.19 = 3.875 slug/s

thus
F, =—2,880 x 0.196 — 2,471 x 0.0873 — 3.875(10.19 4 22.92) = —908 Ibf
Moment-of-momentum (z—direction)

m, — rp1Ai +1rprAs = —riws + riu;

m, = r(p1As — paAs) — rm(ve — vy)
where r = 1.0 ft.

M, = 1.0(2,880 x 0.196 — 2,471 x 0.08753) — 1.0 x 3.875(22.92 — 10.19)
= 299 ft-1bf

Moment-of-momentum (y-direction)

M, + p1Airs + paAars = —r3nwg — r3niy vy
where r3 = 2.0 ft.
M, = —r3[piAi + p2As + (v + v2)]
= —2.0 x 908
M, = —1816 ft-Ibf

Net force and moment at 3

|F = —908iIbf |
M = (—1820j + 299k) ft-1bf
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|6.105: PROBLEM DEFINITION

Situation:
Centrifugal fan is used to pump air

Find:
Power (hp) required to operate fan

Assumptions:
Neglect the compressibility of air.

| PLAN I

Apply the moment of momentum equation between inlet and outlet.

| SOLUTION

The control volume enclosed the rotor but does not rotate. The flow is steady within
the control volume. Assume positive direction comes out of the page, the e, direction.

— r:n[rxv] 3
(S S—— e
// \\ '\ o =i H\
7 e 7 WX
4 ™ v\ 7/ i) \ \ w
/. N R A (R
{ ) ] | { AT |1l
| K J; (¢ : I
Uy I U
\ Al e /.
V% /
\_H__._\__ - // \ _ __l..//
Moment diagram Moment of momentum
diagram

The moment diagram shows one moment (torque)

ZM:TeZ

There is no moment of momentum inflow because the inlet velocity is radial (or the
fluid enters with zero radius). There is a moment of momentum outflow.
The moment of momentum equation is

M Z% / pr x V)AV + 3 i (r x v), — 3 i x v);

Since the flow is steady and there is not inflow of moment of moment, the equation
reduces to
Te,=m,(r X v),
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The exit radial velocity is

Q 1500 cfm x min
- s _ 4775 ft
"Dl rx1fx (212 TR/

Uy

The density of the air is

_p 147 psia x 144 in?/ft’
~ RT 1716 ft-1bf/slug-R x 520 R

p = 0.00237 slug/ft?

At the outlet

(rxv)O:§w2ez
The torque is
D? slug ft* 1 min 3600 x 27 rad/min  12ft>
T = — = 0.00237—=> x 1500
pQW £ min 60 s 60 s/min 1
= 5.584 ft-1bf

The power is

3600 x 27 rad/min

P = Tw=>5584 ft-1bf x — 2105 ft-Ibf/s

60 s/min
f-Ibf 1 hp
— 21
00 > 550 fetbts
P = 3.83 p
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|6.106: PROBLEM DEFINITION

Situation:
Arbitrary control volume with length As.

Find:

Derive Euler’s equation using the momentum equation.

| SOLUTION I

Continuity equation

% pdV + 1, — 175 = 0

For a control volume that is fixed in space
ap ) )
/adV—i—mo—mi =0
For the control volume shown above the continuity equation is expressed as

9o -
8—§AA3 + (pvA)y — (pwA); =0

where A is the average cross-sectional area between 1 and 2 and the volume of the
control volume is AAs. Dividing by As and taking the limit as As — 0 we have

ap 0
P+ Z(pwA) =0

A@t Os

In the limit the average area becomes the local area of the stream tube.

The momentum equation for the control volume is

d
Z I, = 7 /pvdV + myv, — M;v;
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For a control volume fixed in space, the accumulation term can be written as

d

0
7 pvdV—/a(pv)dV

The forces are due to pressure and weight

p1+ P2
2

ZFs =p A — paAas + ( Y(Ay — Ay) —yAAssin 6

where the third term on the right is the pressure force on the sloping surface and 6 is
the orientation of control volume from the horizontal. The momentum equation for
the control volume around the stream tube becomes

0 - _ _
E(pv)AAs + pAvguy — pAvivy = (p1 — p2)A — YAAssin 6

Dividing by As and taking limit as As — 0, we have

0 0 o Op .
Aa(pv)vL%(pAv)— aSA ~vAsin 6

By differentiating product terms the left side can be written as

0 0 oy dp 0 v v
Aa(pv) + %(pAv ) = U[AE + %(va)] + Apa + A,ov&

The first term on the right is zero because of the continuity equation. Thus the
momentum equation becomes

@—l— Qo _ 9 _ sin 0
'0875 pv@s_ 0s e

But sinf = 0z/0s and 0v/0t + vOv/0s = as, the acceleration along the path line.
Thus the equation becomes

a——g( +v2)
pas = asp Y

which is Euler’s equation.
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|6.107: PROBLEM DEFINITION

Following the same development in the text done for the planar case, there will be
another term added for the two additional faces in the z-direction. The rate of change
of momentum in the control volume plus the net efflux through the surfaces becomes

1 0 uu — P UU,_
vy a(pu)dVﬂL P x—i—Aw/QA PUUg_Az/2
X y z CcvU X
+puvy+Ay/2 — PUVy—Ay/2 i PUWz L Azj2 — PUWZ—Az/2

Ay Az

where w is the velocity in the z—direction and Az is the size of the control volume
in the z—direction. Taking the limit as Az, Ay, and Az — 0 results in

0 0 0 0

57+ 5 () + (o) + - ()

In the same way, accounting for the pressure and shear stress forces on the three-
dimensional control volume leads to an additional shear stress term on the z-face.
There is no additional pressure force because there can only be a force due to pressure
on the faces normal to the xz-direction. The force terms on the control volume become

Pz—Azx/2 = Pxt-Az/2 + Tax ‘x—kAx/Q —Tax |x—A:c/2
Ax Ax
+7—yx ‘y+Ay/2 —Tyx ‘yfAy/2 + T2z |z+Az/2 Tz |zfAz/2
Ay Az

Taking the limit as Ax, Ay, and Az — 0 results in

B @ . OT 22 N 0Ty n OT 2z
oxr  Ox Jy 0z

The body force in the x-direction is

pg AV
AzAyAz P
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|6.108: PROBLEM DEFINITION

Substituting in the constitutive relations gives
OTaa + aTyx + 0Tz =9 @ + g(@ + @) + g(@ + (9_11))
ox dy 9z Hor “ay oy O Hoz\0z T ox
This can be written as

OT N 0Ty N OTew (82u N 0%*u N 82u) N 2(@ N v N 8_11))
ox Jy 8, Mog2 oy 022 K ow \ox dy 0z

The last term is equal to zero from the Continuity equation equation for an incom-
pressible flow, so

OTpw  OTyw  OTa Pu  0u  O*u
+

Ox dy o9z u(é?x? + 0y? + 822)

156



|6.109: PROBLEM DEFINITION

Situation:
Apply the Navier-Stokes equation to direction normal to a rectilinear flow

Find:

Pressure variation in direction normal to flow

| PLAN I

Write the Navier-Stokes equation in direction normal to flow and reduce for rectilinear
flow

| SOLUTION

The Navier-Stokes equation in the y-direction is

&—_@4_ (@+a_%)+
i ~ dy M oz2 0y? Py

For a rectilinear flow as shown, v = 0, so the equation reduces to

dp
_— = 0
Dy + pgy

The component of the gravitational force in the y-direction is

Az 0z

Gy = —QA—y = —ga—y
SO

0
a—y(erpZ) =0

and
P+ vz = const
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