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MAIN TOPICS

+* Conservation of Mass

* Newton’s Second Law — The Linear Momentum
Equations

** The Moment-of-Momentum Equations
¢ First Law of Thermodynamics — The Energy Equation

** Second Law of Thermodynamics — Irreversible Flow



Learning Objects

=>Select an appropriate finite CV to solve a fluid
mechanics problem.

=> Apply basic laws to the contents of a finite CV to get
important answers.

How to apply these basic laws?
How to express these basic laws based on CV method?



Review of Reynolds Transport Theorem

This 1s the fundamental relation between the rate of
change of any arbitrary extensive property, B, of a
system and the variations of this property associated
with a control volume.

dB,. OB -
dty = afv | j ~<pbV -ndA

0
ot

cvpbdV + | pbV - HidA



Conservation of Mass —
The Continuity Equation /4

+* Basic Law for Conservation of Mass
System method I, il &= 57 E 1) 7 FE

de =0 M = dm = pdV
system

dt System M (system) V(system)

** For a system and a fixed, nondeforming control volume
that are coincident at an instant of time, the Reynolds

Transport Theorem leads to % > fy# - ¥

d 0 S
B=M and b =1 ajsys pdV = ajcv pdV + jcs pV -ndA

Time rate of change Time rate of change of the Net rate of flow of
of the mass of the = mass of the content of the + mass through the
coincident system coincident control volume control surface

i Chapter 4#E%&Reynolds transport theoremf) &



Conservation of Mass —
The Continuity Equation 24
Chapter 4: systemEZCVAEAN[AJIREE] T B R R

System Control Volume The instant time considered

(a) (b) (c)

System and control volume at three different instances of time.
(a) System and control volume at time t — o t. (b) System and
control volume at time t, coincident condition. (¢) System and
control volume at time t + ¢ t.



Conservation of Mass —

The Continuity Equation 34
B CVAE [t HAERIE
** For a fixed, nondeforming control volume, the control
volume formulation of the conservation of mass: The

continuity equation z . ;
Inout _Z min

P
d_Mj Eﬁj pd¥-+ [ pV - fidA =0
sy i 2 dt system at v 3
EJZ—E‘%J'FRI::PIF/U Y
Rate of increase _ Net influx of
Of mass in CV mass

%LV pdV =— LS oV -idA




Conservation of Mass —
The Continuity Equation 44

Special case

o Incompressible Fluids
Id¥+pJ‘V ndA =0 —-> — ‘ d¥+ [ V-fidA =0

@t JCS

4

1)

* For Steady flow > mg, - my,

. pV ndA =0 The mass flow rate into a control volume
must be equal to the mass flow rate out of
the control volume.

*




Other Definition

IN—"p — »ép"
et

** Mass flowrate through a section of control surface

h=pQ=| pV-idA =) m,, - m,

¢ The average velocity
v [APV -ndA
pA e

%

XY




Fixed, Nondeforming Control Volume 12

. Special case .
** When the flow 1s steady

O . .
ngVpdSVL:O -_— zmout:Zmin

** When the flow is steady and incompressible

Z Qout - Z Qin

** When the flow is not steady

a_ j pdSVl -+ O “+” : the mass of the contents of the control volume is increasing
t JCV

“-» : the mass of the contents of the control volume is decreasing.

10



Fixed, Nondeforming Control Volume 22

. Special case . . o .
** When the flow 1s uniformly distributed over the opening

in the control surface (one dimensional flow)

m =pAV

** When the flow is nonuniformly distributed over the
opening 1n the control surface

m = pAV

11



Example 5.1 Conservation of Mass —
Steady, Incompressible Flow

® Secawater flows steadily through a simple conical-shaped nozzle at
the end of a fire hose as illustrated in Figure ES5.1. If the nozzle exit
velocity must be at least 20 m/s, determine the minimum pumping
capacity required in m3/s.

Section (1) (pump discharge)

/ Section (2) (nozzle exit)

‘ L < *Control volume

Figure ES5.1

12



Example 5.1 Solution

The continuity equation
Steady flow

0 S
¥+ICSpV-ndA =0

ot Jey
| PV -fidA =1, —th, =0 o
p,Q, =p,Q,

With incompressible condition

p=p,=>Q =0Q,=V,A,=...=0.025Im’ /s

S¥minimum pumping capacity

13



Example 5.2 Conservation of Mass —
Steady, Compressible Flow

® Air flows steadily between two sections 1n a long, straight portion of
4-1n. nside diameter as indicated in Figure E5.2. The uniformly
distributed temperature and pressure at each section are given. If the
average air velocity (Nonuniform velocity distribution) at section (2)
1s 10001t/s, calculate the average air velocity at section (1).

Control volume Pipe

Flow %T» § % (%
Ksection (1) V)i JE e J\
Section (1) D =D,=4in Section (2)
p1 =100 psia po = 18.4 psia
T;=540°R T, =453 °R
V, = 1000 ft/s

Figure E5.2

14



Example 5.2 Solution

The continuity equation

Steady flow

M jCSpV ndA =0

pV ndA =m,-m,=0=m, =m,

p1A1V1 = p2A2V2 e s S 25 T A S i
_ T _
. _ vl p_— V. = P4y Vv
Since A=A, » T V, » 1 p T, 2
The 1deal gas equation
p
P===

RT

=...2191t/s

15



Example 5.3 Conservation of Mass —
Two Fluids

® Moist air (a mixture of dry air and water vapor) enters a
dehumidifier at the rate of 22 slugs/hr. Liquid water drains out of the
dehumidifier at a rate of 0.5 slugs/hr. Determine the mass flowrate
of the dry air and the water vapor leaving the dehumidifier.

K EE mass flowrate

m m A . _
4 5 Cooling coil >/

Y Control volume

e

|
|
Condensate :
|

(water) ™~

Section (3)

. Figure E5.3 16
my = 0.5 slugs/hr



Example 5.3 Solution

The continuity equation
Steady flow

0 -
Wd¥+JCSpV-ndA—O

p C§/~ﬁdA:—rh1+rh2+m3:0

m, =m, —m, = 22slugs /hr — 0.5slugs / hr = 21.5slugs / hr

17



Example 5.4 Conservation of Mass —
Nonuniform Velocity Profiles

@® Incompressible, laminar water flow develops 1n a straight pipe
having radius R as indicated in Figure E5.4. At section (1), the
velocity profile is uniform; the velocity is equal to a constant value
U and 1s parallel to the pipe axis everywhere. At section (2), the
velocity profile is axisymmetric and parabolic, with zero velocity at
the pipe wall and a maximum value of u,_ . at the centerline. How
are U and u_,, related? How are the average velocity at section
(2), V,,and u . related?

18



Example 5.4 Solution

The continuity equation

Steady flow

0 =
a—t/J'CV/p(v1¥+J‘CSpV-ndA =0

_p1A1U+_[A pV-ﬁdA =0 —p1A1U+p2j01i1227TI‘dI' =0

With incompressible condition P1 = P> % —u |1- (

R r ’ B
}—A1U+2numaxj 1—(—) rdr =0

0

u =2U V,=u__ /2

max




Example 5.5 Conservation of Mass —
Unsteady Flow

@® A bathtub 1s being filled with water from a faucet. The rate of flow
from the faucet 1s steady at 9 gal/min. The tub volume is
approximated by a rectangular space as indicate Figure E5.5a.
Estimate the time rate of change of the depth of water in the
tub, oh /ot , In in./min at any instant.

SRR HA IRy ] S 3 2

q\ Control volume
ji A; / 3

— — — g —— —————
ya | / P4 2.5
-z I Z7
z | k=3 za | c
7 - E
- [ J Z7 | =
1 -

z =
T o —:;4_—:_—_—::::::_1_{___ _jl &3 (1 in., 1.44 in./min)
I F I 7 s
1.5 ft i 7 X [l > / 0.5
| 2 |
____________ . 2 ft 0
0 10 20 30
B 5 ft " ) Dj, in.
Figure ES.5 (b)

(a) 20



Example 5.5 Solutioni

The continuity equation

%jcvpd¥+jcspV-ﬁdA =0

0 0 : .
- a air volume p air dSVLair + ajwater volume | ater dSVLwater B mwater + mair
== ,
I o

@t air volume

21



Example 5.5 Solution??

0

For water — | dV, .. =m
ot

ater volume p water water water

CYPIZKIBERE  oer voume Pwater Vvater = Paer [N(2)(5FE) + (1.5ft = h)A ]

2 ch .
— pwater (IOft _Aj)a: mwater
oh Quuer  (9gal /min)(121n./ft)

- 3 2
ot (lOf‘[2 —Aj) (7.48gal /ft”)(101t")

A, <<10ft’

22



Films

Flow through a
Vacuum filter contraction

e

Sink flow




Moving, Nondeforming Control Volumel/2

CVEXE), AEE
“* When a moving control volume is used, the fluid velocity
relative to the moving control 1s an important variable.

=W 1s the relative fluid velocity seen by an observer
moving with the control volume. iz uitcv -5 3k

= Vev 18 the control volume velocity as seen from a fixed
coordinate system. i T g R F M CV RS Bl L

?V 1s the absolute fluid velocity seen by a stationary
observer 1n a fixed coordinate system.

i;{ﬁi%
AR £

Flfjjfh%% @
B (GEEP)

24



Moving, Nondeforming Control Volume?2

= [ copdV+ [ pW-idA =0

ot ERS IOV F 03— 520 b
Velocities seen from the control V Voy
volume reference frame (relative
velocities)



Example 5.6 Conservation of Mass - Compressible
Flow with a Moving Control Volume

@® An airplane moves forward at speed of 971 km/hr as shown 1n
Figure E5.6a. The frontal intake area of the jet engine is 0.80m? and
the entering air density is 0.736 kg/m3. A stationary observer
determines that relative to the earth, the jet engine exhaust gases
move away from the engine with a speed of 1050 km/hr. The engine
exhaust area is 0.558 m?, and the exhaust gas density is 0.515 kg/m?.
Estimate the mass flowrate of fuel into the engine in kg/hr.

Determine the mass flowrate of fuel

y -
ppppp

into the engine in kg/hr 71 i

CVEEAEB IR 52

W, = 1050 + 971 =
2021 km/hr




Example 5.6 Solution

The Continuity equation The intake velocity, W,, relative to the moving
control volume. The exhaust velocity, W,, also
a =0 needs to be measured relative to the moving

Vp(PVZ + j Cs. pW ndA = () control volume.
T TEC VIR 498 31 [ e S 58
ROV B HE ek

ot

Assuming one-dimensional flow
] T R 542 ) P IR S B | 8 P ol

—1 A, A,
mfuel in pl W +p2 W O }k*}k}k{Tﬁr—
— Mg =AW, —p AW,

W,=V,-V_ __ =1050km/hr+971km/hr = 201km/hr

plane

—m, . =(0.515kg/m")(0.558m")(2021km/hr)(1000m/km) —... = 9100kg/ hr

W, A2 16 CV IR 52 1] ()l o o i 27



Example 5.7 Conservation of Mass -
Relative Velocity

&

CVISE LT BN A HUK a4 78 o

® Water enters a rotating lawn sprinkler
through its base at the steady rate of
1000 ml/s as sketched in Figure ES.7. N
If the exit area of each of the two X
nozzle is 30 mm?, determine the
average speed of the water leaving
each nozzle, relative to the nozzle, if
(a) the rotary sprinkler head is ‘
stationary, (b) the sprinkler head

mtf}tes at 60 rpm, and (c) the Determine the average speed
sprinkler head accelerates from 0 to of the water leaving each

600 rpm. nozzle, relative to the nozzle...

A, =30 mm?
Section (2)

W,
Sprinkler head

Figure E5.7

CV R & 5] 28

¥ 0= 1000 miss



Example 5.7 Solution

W AH B 155 [1)Noz z 1 e [P 1E &

The continuity equation J—
a =0 Sei;on (2)
aj‘ C pd¥ + j CSpW | ndA — O eefon E \Sprinkler head "

j C.S.pW -ndA = _Ihin + Ihout =0 ‘
Ii/lou‘[ — 2pA2WZ — min — pQ

W - Q _(1000m1/s)(0.001m3/liter)(106mm2/mz)
P 2A, (1000ml/ liter)(2)(30mm?)

S 0= 1000 mifs

=16.7m/s =W,

The value of W, 1s independent of the speed of rotation of the sprinkler head
and represents the average speed of the water exiting from each nozzle with

respect to the nozzle for case (a), (b), (¢). i



Deforming Control Volume */2

CVEETE, CSEREL IR E)
¢ A deforming control volume involves changing volume
size and control surface movement.

** The Reynolds transport theorem for a deforming control
volume can be used for this case.

dM %

Sys

dt ot
V=W +V,

j cvpdV + J- c.s.pW -ndA

Vs 1s the velocity of the control surface as seen by a fixed observer.
W 1s the relative velocity referenced to the control surface.

30



Deforming Control Volume 22

dM, _ 0

dt ot

/W - ABHA S ) control volumeZ [f]
Rt i (I . VT FE A — B
SREFERRE 2R MBS R
i, MR, DAL, AHEHRE (SR 20

HlE o

31



Example 5.8 Conservation of Mass —
Deforming Control Volume 12

@ A syringe 1s used to moculate a cow. The plunger has a face area of
500 mm?. If the liquid in the syringe is to be injected steadily at a
rate of 300 cm?/min, at what speed should the plunger be advanced?

The leakage rate past the plunger 1s 0.01 times the volume flowrate

out of the needle.
Leakage rate

Determine the speed /
of the plunger be Oleak =
0.1 0, ¢ 4"“ o
advanced Plunger e 27
motion | A, = | 300 cm™/min
a > 500 mm® fT=—=2% >
p |

_____ ‘< —— Section (2)

Section (1) Control volume

Figure E5.8 32



Example 5.8 Solution

A=A SN N4 SR = CSHE OV B
o p

L : 0 =S
The continuity equation % j ovPdV + j cspW-ndA =0

o .
—> aj CVpCPvZ + My + leeak =0 I CVpdSVZ — p(ZAI + Svlneedle)

m, = pQ,
o1 -/
Let — F V.= —pAV, +m, +pQ,, =0
_pAlvp +pQ2 +leeak — O
V. = Qs+ Queu = ...= 660mm/min

p
1

33



The Linear Momentum Equations 4

“* Newton’s second law for a system moving relative to an inertial
coordinate system. F[JF|System methodfiiNewton’ s second law

Time rate of change of
the linear momentum of —

the System
dP
F F F =— _ar
TF, -XF T[S

— — —

M (system) V(system)

Sum of external forces
acting on the System

system

34



The Linear Momentum Equations 24

“* When a control volume is coincident with a system at an instant of
time, the force acting on the system and the force acting on the
contents of the coincident control volume are instantaneously

identical. = =
Z Fsys — Z Fcontents of the coincident control volume
FD
¥ comonoume  TEREH t (BRI, /EFAIZECV L fexternal
N forceFEMEH fEsystend . FEIRIE B
F, \ G, A HEARE] e
\
[\ 80 A—#H, ZAf[Continuity equationPNEEIE
/\k FOEAE? (REZER: WEBHFR0)
F
F; ’

External forces acting on system and
System coincident control volume



Review of Reynolds Transport Theorem

This 1s the fundamental relation between the rate of
change of any arbitrary extensive property, B, of a
system and the variations of this property associated
with a control volume.

dB,. OB -
dty = afv | j ~<pbV -ndA

0
ot

cvpbdV + | pbV - HidA

36



The Linear Momentum Equations 34

¢ For the system and a fixed, nondeforming control volume that are

coincident at an instant of time, the Reynolds Transport Theorem

leads to  ##EChapter 44 Reynolds transport theoremft) B
mass flow rate

o d, -
_ L —[ Vvp zde¥+jVVndA
BPand bW ], Ved¥ =g, Vedve | Ve
Z Fcontents of the coincident control volume
> F
sys d =
% —j Vpd¥ = —j Vpd¥+j VoV -8dA”  wamsem s
ey dt S v cs 5198 1 BRI A
Time rate of change Time rate of change of the Net rate of flow of
of the linear = linear momentum of the =+ linear momentum
momentum of the content of the coincident through the control

coincident system control volume surface

37



The Linear Momentum Equations 44

BHEE . ANEBIBRICVITS
** For a fixed and nondeforming control volume, the control
volume formulation of Newton’s second law Flow out

Linear momentum equation H_}

0 - Lo .
_t -[CV Vp dSVl + ICS Vp V : IldA - Z FContents of the coincident >

mass flow rate control volume Flow in

Control volume

SALIEIACY method, A4S 5k e )y fi st " /

38



Linear momentum equation written
for a moving control volume

39



p
}

Moving, Nondeforming Control Volumel®
HEB, T“ﬁ%wﬁm

4

equation f( r a control v
AN O franctant
moving with constant y

—[ Vpdv=— jCVVpd¥+ jc pr ndA

dtdss = oteev IS T e

WM"'J fmbp v‘vf i,j‘%

mass flow rate

_t -[CV {/pdlvl + -[CS va -ndA = Z F Contents of the coincident

control volume

VWY,

3 o = B )
“4. aj‘cv (W + VCV )pd¥ + J‘CS (W + VCV )pW ] ndA — Z F Contents of the

coincident
control volume

40



Moving, Nondeforming Control Volume??
5l

For a constant control volume velocity, V,, and steady
flow 1n the control volume reference frame
o L
= I (W+V,, pd¥ =0 STEADY FLOW .
u) (W Ve pW-idA = [ WpW-idA +V, [ pW- %A
For steady flow, continuity equati /
CS pW -ndA =0

dM.. o L
i :at%d¥+IC-S-pW'ndA:O

STEADY FLOW

41



Moving, Nondeforming Control Volumes®

“ } For a moving, nondeforming control volume, the
~ 7 linear momentum equation of steady flow

e

JCS Wp W : ndA = Z FContents of the coincident
control volume

mass flow rate

42



Vector Form of Momentum Equation

¢ The sum of all forces (surface and body forces) acting on a
Non-accelerating control volume 1s equal to the sum of the
rate of change of momentum inside the control volume .
and the net rate of flux of momentum out through the
control surface.

chontents of the coincident control volume - ZFS T Z FB

0 - o
- . Vpdv+| VpV-ida

F, - °]§dm:LV]§de

. . Where the velocities are measured
g = W pdA Relative to the control volume.

114
t

il

O

s

sl

43



FILMS

2 4
Smokestack Force due to
plume momentum a water jet Fire hose

- e N T ~

M NAHE 7 Running on Jelly fish
Marine propulsion  water 7K Bk

44



Linear Momentum Equations

B* 2 IZER

0:025{@%:%‘ N 2 _;E'_ - r‘g-.ok___ > __,‘E'_ﬁ é ,Q Vo Vi s 0
FEEYE ST i
SR RENCV BAR R RS Tl
2mizeew > v.q( + for flow
out of the CV » — for flow into the it

volume

[

X

CV) o

_>-=>
~

I ~ff—
<~ f—

Vp V<0

D) ~aff—

X —



Application for FIXING CV

5.10~5.16



Example 5.10 Linear Momentum — Change In
Flow Direction

@® As shown in Figure E5.10a, a horizontal jet of water exits a nozzle
with a uniform speed of V=10 {t/s, strike a vane, and is turned
through an angle € . Determine the anchoring force needed to hold
the vane stationary. Neglect gravity and viscous effects.

B FIGURE E5.10a-c

Determine the anchoring
force needed to hold the
vane stationary.

— e

47
(b) (c)



Example 5.10 Solution

The x and z direction components of linear momentum equation

o ¢ =
)%dqu CSupV-ndA—Z:FX

at e
o r ~

a.Cywédsvujcswpv-ndA =>'F,

Vip(=V))A, +V,cosOp(V)A, =F,,

(0)p(=V)DA, +V,sinbp(V)A, =F,,

—F,. =—pViA,(1-cos0)=..=—-11.64(1-cos0) Ib
—F, =pV%A,sin0=...=11.64sin0 b

V =u1 +wk

48



Example 5.11 Linear Momentum — Weight,
pressure, and Change in Speed

@® Determine the anchoring force required to hold in place a conical
nozzle attached to the end of a laboratory sin faucet when the water
flowrate 1s 0.6 liter/s. The nozzle mass is 0.1kg. The nozzle inlet and
exit diameters are 16mm and Smm, respectively. The nozzle axis is
vertical and the axial distance between section (1) and (2) 1s 30mm.
The pressure at section (1) 1s 464 kPa. to hold the vane stationary.
Neglect gravity and viscous effects.

49



Example 5.11 Solution'/3

__— Control volume

Section (1)

Section (2)

Wo

‘rnﬁz

Control volume

F, = anchoring force that holds
nozzle in place

W, = weight of nozzle

W, = weight of water contained in

the nozzle

py = gage pressure at section (1)

Ay = cross section area at
section (1)

p, = gage pressure at section (2)

A, = cross section area at
section (2)

wy = z direction velocity at
control volume entrance

w, =z direction velocity at
control volume exit

50



Example 5.11 Solution?3

The z direction component of linear moment equation

0 o
ajcv wpdV + jcs wpV-ndA=F, - W, -p,A, - W_ +p,A,

—

V-1idA = +w|dA

With the “+ used for flow out of the control volume and - used
for flow 1n.

Il

.

h, =th,=m 1 =m,=mn=pwA, =pQ=..=0.599kg/s

} (—m,)(—w,)+m,(-w,)=-W, —p A, —W_ +p,A,
F,o=m(w, —w,)+W, +p A + W, —p,A,

51



Example 5.11 Solution?/3

\N/ j— Q — r Q N — j—
Q. Q

W =m_g=(0.1kg)(9.81m/s*)=0.981N
W, =p¥ g= p{énh(Dzl + D% + DlDz)}leg =...=0.0278N
”_} F,=m(w, —w,)+ W, +p A + W, —p,A,
=(0.599kg/s)(...)=...=77.8N

52



Example 5.12 Linear Momentum — Pressure ,
Change In Speed, and Friction

® Water flows through a horizontal, 180" pipe bend. The flow cross-
section area is constant at a value of 0.1ft> through the bend. The
magnitude of the flow velocity everywhere in the bend is axial and
50ft/s. The absolute pressure at the entrance and exit of the bend are
30 psia and 24 psia, respectively. Calculate the horizontal (x and y)
components of the anchoring force required to hold the bend in

place.

Pipe bend

F
and water \ Az
A

P 1A |

53



Example 5.12 Solution!/?

The x direction component of linear moment equation

0 .
= J. %{d&u upV-idA =F,

At section (1) and (2), the flow 1s in the y direction and therefore
u=0 at both sections.

F,.=0

The y direction component of linear moment equation

0 S
a-[?//pdSVZ ] vpV-ndA =F, +pA +p,A,

54



Example 5.12 Solution??

For one-dimensional flow
(+v,)(—m,) + (=v,)(+m,) = FAy +p A+ DA,

| } —m(v,+V,)= FAy +PpA +DP,A,
F,,=—m(v,+Vv,)—p,A, —p,A, =...=—13241b

, ==
m,=m, =m=pv,A, =...=9.70slugs/s




Example 5.13 Linear Momentum — Weight,
pressure, and Change in Speed

® Air flows steadily between two cross sections 1n a long, straight
portion of 4-in. inside diameter pipe as indicated in Figure E5.13,
where the uniformly distributed temperature and pressure at each
cross section are given, If the average air velocity at section (2) 1s
1000 ft/s, we found 1n Example 5.2 that the average air velocity at
section (1) must be 219 ft/s. Assuming uniform velocity
distributions at sections (1) and (2), determine the frictional force
exerted by the pipe wall on the air flow between sections (1) and (2).

Control volume Vo =

\ Y1 N 1000 ft/s \‘
pl; 1 (e T T T T T T T T
% _R} # + >

——_——————— - —.— — | P242  Flow ’
_ N |
Section (1) Pipe Section (2)
p1 = 100 psia po = 18.4 psia

T, = 540 °R T, =453 °R >



Example 5.13 Solutiont/?

The axial component of linear moment equation

o =
afc/df’d’vl +] upV-idA =R, +pA ~p,A,

(+u)(—m,) +(+u,)(+m,) =—-R +p A —p,A,

“_‘__} m(u, —u,)=-R _+A,(p,—p,)
“4* R, =A,(p,—p,)—m(u, —u,)

2
iy =, =m=| L2 [ T2~ 0.297slugs/s
RT, | 4

57



Example 5.13 Solution??

R, =A,(p,—p,)—m(u, —u,)
“—r} R, =A,(p,—p,)—m(u, —u,)=...=7931b

58



Example 5.14 Linear Momentum —
Weight, Pressure,...

. Flow
@ [f the flow of Example 5.4 1s 4
vertically upward, develop an oz
expression for the fluid pressure drop ., -z.[1- (i L) . —section @
. | —
that occurs between sections (1) and | |
— |
(2). i R IJ/Control volume
A
Fluid only‘i__,_: K :
| l |
| |
| |
/’”__h\'\|
Wlt%i - L ;l:j‘/ Section (1)
PiAy
Z‘W
H/_fb_\

59



Example 5.14 Solution

The axial component of linear moment equation
0 ST
o Mpd‘vl + ICS wpV-ndA=pA, —-R, —-W-p,A,
= (+w,)(—m,) + Ics (+W,)p(+w,dA,) =p A —R, - W-p,A,

W, =2W1|:1—(I'/R)2:| W2_2W1|:1_(];j :l
R / » R
j (+w,)p(+w,dA,) = pj w, 2nrdr = 4npw,” —
Cs 0 3
- leanz T §W12P7TR =piA —R, =W-p,A,
=, — —pW12+Rz+W
P1 = P> 3 A, A -




Example 5.15 Linear Momentum - Trust

@® A static thrust as sketched in Figure E5.15 is to be designed for
testing a jet engine. The following conditions are known for a
typical test: Intake air velocity = 200 m/s; exhaust gas velocity= =
500 m/s; intake cross-section area = 1m?; intake static pressure = -
22.5 kPa=78.5 kPa (abs); intake static temperature = 268K ; exhaust

static pressure =0 kPa=101 kPa (abs). Estimate the normal trust for
Wthh tO deSign. Control volume

—_
A
—_—

X u
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Example 5.15 Solution

The x direction component of linear moment equation

o -
O [ upde s [_upV-dA = piA, T, - DA, - A, - A))

= (+u))(=m,) + (+u,)(+m,) = (p; = Po)A; — (P2 = Pas ) A, + Fy
m=m; =pAU =m, =p,AU,

— Ih(uz - ul) =pA, —PA, +Fy

F, =—p,A, +p,A, +m(u, —u,) =...=83700N

P .
p, = Rr}l m=p,Au =...=204kg/s
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Example 5.16 Linear Momentum —
Nomuniform Pressure

@® A sluice gate across a

Open sluice

Closed sluice
gate

channel of width b is shown  conrolvoume %7 control volume
in the closed and open VTF‘_“—% VT}"“
position in Figure 5.16a and . i "
b. Is the anchoring force N LK
required to hold the gate in w "
place larger when the gate 1s
closed or when it is open? Lo ey

iy

[Bro)ee) ~

—— — — —

() (d) 63



Example 5.16 Solution

When the gate 1s closed, the horizontal forces acting on the contents
of the control volume are identified in Figure E5.16c.

4 - _1 2 _1 2
Lsup -ndA—EyH b—R =R, —EyH b

When the gate 1s open, the horizontal forces acting on the contents of
the control volume are 1dentified in Figure E5.16d.

= — _1 2 1 2
LsupV-ndA—EyH b-R, ——yh’b—F,
—pu,"Hb + pu,’hb = %szb ~R, - %yhzb ~F.

ForH>>hand u, <<u, >R = %szb - %yhzb —F. —pu,’hb
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Application for MOVING CV

5.17



Example 5.17 Linear Momentum -
Moving Control Volume /2

@® A vane on wheels move with a constant velocity V,, when a stream
of water having a nozzle exit velocity of V, is turned 45 by the vane
as indicated in Figure E5.17a. Note that this 1s the same moving
vane considered in Section 4.4.6 earlier . Determine the magnitude
and direction of the force, F, exerted by the stream of water on the
vane surface. The speed of the water jet leaving the nozzle is 1001t/s,
and the vane 1s moving to the right with a constant speed of 20 ft/s.

CVIZ B JEV,
V e S B B Noz z 1 e 1 46 S5 8 5

66




Example 5.17 Linear Momentum -
Moving Control Volume /2

B FIGURE E5.17

/ _)"VCV:VU ————————————————
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Example 5.17 Solution'/?

The x direction component of linear moment equation
o W pW -1idA =-R_
= (+W,)(—m,) + (+W, c0s45°)(+m,) =—-R
m, =p,W,A, m, =p,W,A,
The z direction component of linear moment equation
| W,pW-idA =R, - W,
= (+W,sin45°)(+m,) =R, —-W_

m, =p,WA, =m, =p,W,A,
W,=W,=V -V, =_.
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Example 5.17 Solution??

R, =pW, A (1-cos45%) =...=21.8Ib
R, =pW A, sin45°+ W, ::&m
R=yR’+R =..=573lb W, =pga,l

LR

o = tan

X
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From the Proceeding Examples

“*A flowing fluid can be forced to change direction,
Speed up or slow down, have a velocity profile change, do
only some or all of the above, do nobe of the above.

“* A net force on the fluidis required for achieving any or
all of the first four above. The forces on a flowing fluid
balance out with no net force for the fifth.

“*Typical force considered include pressure, friction,
weight.
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Moment-of-Momentum Equationt/4

X Applying Newton’s second law of motion to a particle of fluid

5y AR e $IH—{EParticle
%f; e (V pSSVZ) 6 partlc e . The Yelocity measured i.n an inertial reference system
= Acting on the particle
E o T akmg moment of each side with respect to the origin of an inertial
)\ coordinate SyStem i B S R 2
)i df & UV
N« r =
¥ r X — (VpS%}l)—Q SFpartlcle dt =V V xV O
/
A7 [(r X V)p6¥] — >< VPOV +1 x— (VpSV)
=17 SF,,

_____ J;, "’ “4‘ [(r X V)p6¥] =1 x OF F articte



Moment-of-Momentum Equation4

[(I' X V)pSSVZ] =T X 6 part1c1e U 1 # frfiparticles

fis IL* j o g [(f X V)pd¥] = d j s (T X V)pd¥ \ T=rxF

= L Ex VPN =T FxF), T

WA, SRS ten \
The time rate of change of the Sum of external torques
Moment-of-momentum of the system Acting on system

“_} d J-(I' X V)pSSVZ Z(I’ X F) Based on system method

sys 72



Moment-of-Momentum Equation?4

** When a control volume is coincident with a system at an
instant of time, the torque acting on the system and the
torque acting on the contents of the coincident control

volume are instantaneously 1dentical

fERER ¢ FIBERED, 1ERIZECY R
> (txF), =Y (fxF), external forcofE £ 5t
YEH#Esystem® . ZIRIEEEL
. A BEARE] - -
¢ For fixed and nondeforming control volume, the moment-

of-momentum equation:

jcv (T x V)pd¥ + Jog (T X V)pV -ndA = Y (T x F)

Contents of the coincident

control volume
Based on Control Volume &



Review of Reynolds Transport Theorem

This 1s the fundamental relation between the rate of
change of any arbitrary extensive property, B, of a
system and the variations of this property associated
with a control volume.

dB,. OB -
dty = afv | j ~<pbV -ndA

0
ot

cvpbdV + | pbV - HidA
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Iy

= o

IR S

Moment-of-Momentum Equation®4

#HE Chapter 4 #E3E Reynolds transport theorem MU EE

» For the system and the contents of the coincident control
volume that 1s fixed and nondeforming, The Reynolds
transport theorem leads to syl EARSBMICY = SYSTEM

d . L el o
aLys(r x V)pd¥V = —jcv (Fx V)pd¥ + [ (FxV)pV -idA

Time rate of change Time rate of change of the Net rate of flow of

of the moment-of-  moment-of-momentum of moment-of-momentum
momentum of the ~  the content of the + through the control
system coincident control volume surface

b

b=rxV B=bm=7rxVm
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Application®
CVR Bl E I » 1= B, S

¢ Consider the rotating sprinkler. a9 J' (T x V)p dM =0
- = The flows are one-dimensional. ot ¢y,

_15;% =The flows are steady or steady-in-the-mean.

bR . .

12; = Using the axial component of the moment-of-momentum

equation to analyze this flow i o

Using the fixed and non-deforming e | PR
control volume which contains NG =70 | G = »
within its boundaries the spinning S A . TR l foo.
or stationary sprinkler head and N

the portion of the water flowing w S v
through the sprinkler contained in :JOD\&O]

the control volume. AT s 1

sprinkler. (b) Rotary water sprinkler, plane view.

() Rotary water sprinkler, side view ()
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Application?®

%fcv (T x V)pd¥ + [ (f x V)pV -1dA = Y (T x F)

This term can be nonzero only where fluid is
”4‘ j cS (I' X V)pV ndA crossing the control surface. Everywhere else on
the control surface this term will be zero because

t‘% Atsection (1) TxV =0 =There is no axial moment-of-

i momentum flow 1n section (1)
IH _ T R N
% At section (2) T XV = r,V, W 28 M A o P P

I —— & :
W VB VRT3 D7) Aok 52
/'/é\—:

1, is the radius from the axis of rotation to the nozzle centerline and V,, is the
tangential component of the velocity of the flow exiting each nozzle as

observed from a frame of reference attached to the fixed and nondeforming

control volume. .



Applications®

Flow out

Section (2)

B FIGURE 5.4 (a) Rotary water
sprinkler. (b) Rotary water sprinkler, plane view.
(c) Rotary water sprinkler, side view.

W. ﬁﬁ%ﬂﬂ%l\/lwing nozz1 e i AHBHE &

“2 P T e— Control volume
U 2 \\'\'— Section (2)
,_\ ,— o Y2y 2 I]-T—F‘v‘l] b Z]jﬂ_k N TF
\2 Sectlon“_)___ e i\a'l Voo VB H ME I ) 4 S
k & r_ I J"HE’
;h" 7 1[:‘2::‘2m
/ W,
o U: Moving nozzleMH¥ i il 5 Fati i) 14 &
e 10
Control vTqume @ Section (1)
}
Flow

(¢)

- U is the velocity of the moving nozzle as measured relative to
the fixed control surface.

V=W+U | Wis relative velocity of exit flow as viewed from the nozzle

V is the absolute velocity of exit flow relative to a fixed control

surface. 78



Application*®

“+ for flow out

JCS (f X {/)p{/ -ndA \_'/ T “-” for flow into
N

= (—1, Vg )(+ )

axial
@ m 1s the total mass flowrate through both nozzles. The
mass flowrate 1s the same whether the sprinkler rotates or not.
An e A 1E &

— \—'/. “+” or “-’ascertained by
I X using the right-hand rule

|1_} Joog (T % {/)p\;/ .adA




Application>®
Turbine GiHmA%) MTorque £ [ # ]
The torque term > (1 % F)

content of the control volume

=5 _ _ .
Z(I' F)content of the CV Tshaft rzvezm

axial

_ — Acting on the shaft
rxV [ 1] FoRTorque B iE Iy [ 2

The correct algebraic sign of the axial component of 7 x \/
can be easily remembered in the following way:

If V, and U are 1n the same direction, use +
If V, and U are 1n opposite direction, use -

80



Application®®

Shaft power? Acting on the CV

Wshaft:Tshaft(D — _rzvezmm Wshaft:WshaftTm :T _UZVOZ
Sprinkler speed U =10

Negative shaft work is work out of the control volume, that 1s,
work done by the fluid on the rotor and thus its shaft.

Torque B e fd 7 M AH R > TH ] WJidE>EE [& ] il
Tfj. #7~shaft work is out of the CV, Z/K [4] IhiE
Ve i A 1 - !
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Application’®

% ooy (F X VYAV 4 [ (F x V)PV - TidA = 3 (7 x F)

Contents of the
| | General cas}

Control volume
Tshaft — ( )(+ L V@m) ( | out )(_I_ I‘out\/veout) v

rV,>0
The *“-” 1s used with mass flowrate into the control
volume, m, , and the “+” 1s used with mass flowrate out .
of the control volume, m,,,, to acount for the sign of the "
— W U
dot product V - n
The “+” or “-” 1s used with the rV, product depends Vy <0

on the direction of (r X V)axial IfV, and U are in the same direction, use +
If V, and U are in opposite direction, use -



Application®®

U=ro
The shaft power W
\K]shaft_Tshaft(D ( mm )(—r (DVOm) + (mout )(—rout(DV Ollt) V, ab
:>Wshaft: ( )( U Vﬂm) ( m,, )( Uoutvﬂout) V.
rVy>0
o 4
Ve
”_} Wshaft U Vﬂln) ( Uoutvﬂout) " v
When shaft torque and shaft rotation are in the same Vg <0

(opposite) direction, power is into (out of ) the fluid.



HBTrVy & §

A simple way to determine the sign of the rV product is
to compare the direction of V, and the blade speed U.

If Vy and U are 1n the same direction, the product rV,, is positive.
If V, and U are 1n opposite direction, the product rV, 1s negative.
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Example 5.18 Moment of
Momentum =Torque 12

® Water enters a rotating lawn sprinkler through its base at the steady
rate of 1000 ml/s as sketched in Figure E5.18. The exit area of each
nozzle is in the tangential direction. The radius from the axis of
rotation to the centerline of each nozzle i1s 200mm. (a) The resisting
torque required to hold the sprinkler head stationary.(b) The
resisting torque associated with the sprinkler rotating with a
constant speed of S00rev/min. (¢) The speed of the sprinkler if
no resisting torque is applied.
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Example 5.18 Moment of
Momentum =Torque %2

Control vol l/ Nozzle exit
ontrol vo ume\dg 5 area = 30 mm2
//___---—

Flow out

(D)

O = 1000 ml/s

(a)

B FIGURE E5.18a-c

()
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Example 5.18 Solution/

(@) Tgar = —1V,,M Vg, =V,
= Tgan = —1HLV,M where V, =16.7m/s from Example 5.7

(1000ml/s)(10~°m’ /liter)(999kg / m*)

m=0Qp = =0.999kg/s
QP (1000ml/ liter) S
2
T, - (200mm)(16.7m/s)(O.999kg/s)[1(N/kg) /(m/s”)] _ _334N-m
(1000ml/ liter)

(b) V, =W, -U,
where W, =16.7m/s U, =1,

(200mm)(500rev /min)(27w rad /rev)
=6.2m/s

V,=16.7m/s— |
(1000mm/m)(60s/min) 7




Example 5.18 Solution??

Lo =T, V,m

S

~ (200mm)(6.2m/s)(0.999kg/s)[1(N / kg) /(m/s”)]
(1000ml/ liter)

=—1.24N-m

Tshaft —

© |
T = LW, —,0)m =0
W, (16.7m/s)(1000mm/m)
I, (200mm)

O = =83.5 rad /s =797rpm
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Example 5.19 Moment of
Momentum — Power 12

@® An air fan has a bladed rotor of 12-in. outside diameter and 10-in.
inside diameter as 1llustrated in Figure E5.19a. The height of each
rotor 1s constant at 1 in. from blade inlet to outlet. The flowrate 1s
steady, on a time-average basis, at 230 ft*/min, and the absolute
velocity of the air at blade 1nlet, V,, 1s radial. The blade discharge
angle is 30" from the tangential direction. If the rotor rotates at a
constant speed of 1725 rpm, estimate the power required to run the
fan.
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Example 5.19 Moment of
Momentum — Power 22

Fixed control volume

Tshaft

Dy=2r,=12in.————

Dl = 2."1 =] ].O in."

] \ A — -
/{\ : i h=
: | ] 1in.

(a)

(b)

1
T I_R_I
Fixed
Q 1 "> control volume

|
ci) Tshaft

BFIGURE E5.19
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Example 5.19 Solution

0 (V, is radial)
S

m=pQ=..=0.00912slug/s
_ (61n.)(1725rpm)(2nrad /rev)

Whaft = (_ ml) L U1V91)+ (Ih2 )(i Uzvez)

U,=r,o0= =90.3ft/s

(121n./1t)(60s/min)
V,=W,+U, V,, =U, =W, cos30°
m=pQ =pA,V, =p2nr,hV,,
>> W, =m/(p2nr,hsin30°) =... =29.31t/s
W, . =mU,V,, =...=0.972hp

S

W, cos30°=V,,
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First Law of Thermodynamics —
The Energy Equationl/®

Based on system method

% The first law of thermodynamics for a system is

Time rate of increase =~ Net time rate of energy Net time rate of energy
of the total stored - addition by heat transfer + addition by work
energy of the system into the system transfer into the system

i—“ sysepdSVl — (ZQin — ZQout )Sys + (Z : Z out )Sys - ( net/ln + Wnet/ln )sys

dlvl—(' W ) T el o T#)
or a_‘. Sysep - Qnet in T Wret in Sys “4> g()ing Into SYStem
Mg “-” coming out

e=U+—+gz
2 The net rate of work transfer

Total stored energy per unit into the system
mass for each particle in the

system The net rate of heat transfer into the systgm




First Law of Thermodynamics —
The Energy Equation?®

¢ For the control volume that is coincident with the system

at an instant of time. e t POWER], EH OV 1 Q HL W A

tH system #. Bt I, A R 5o

(Qnet in net in )sys (Qnet in net in )comcident control volume
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Review of Reynolds Transport Theorem

This 1s the fundamental relation between the rate of
change of any arbitrary extensive property, B, of a
system and the variations of this property associated
with a control volume.

dB,. OB -
dty = afv | j ~<pbV -ndA

0
ot

cvpbdV + | pbV - HidA
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First Law of Thermodynamics —
The Energy Equation3®

H<1BE Chapter 4 #EXE Reynolds transport theorem [0 EE

«* For the system and the contents of the coincident control volume
that 1s fixed and nondeforming -- Reynolds Transport Theorem
leads to  #E$E [l E HASHEMICY = SYSTEM

d
" oy sCPAV = —j ovepdV + j csepV -ndA
i
A . Net time rate of increase The net rate of flow of the
Time rate of increase total stored t of
Fthe total stored = of the total stored energy Otal stored energy out o
0 ~  of the contents of the ™ the control volume through

energy of the system control volume the control surface

b=c¢ B=¢e-m
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First Law of Thermodynamics —
The Energy Equation?®

«* The control volume formula for the first law of
thermodynamics:

0 | . . ,
AI  cpd LS epV ndA=(0.. LW )

CV
Based on Control Volume

NEXT PAGE
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Rate of Work done by CV

W = Wgnatt + Whormal + Wshear T Wother

¢ Shaft work V'VShaft : the rate of work transferred into through
the CS by the shaft work ( negative for work transferred out,
positive for work 1nput required) #fishaft{#EID)

** Work done by normal stresses at the CS:
Wit = g -V = | 0,V -GdA = —| pV-iidA
** Work done by shear stresses at the CS:
Wshear =+ ’cV ndA Negligibly small
< Other work % AN REH, W RS

”—) J‘ cvepdSVZ + ICS epV ndA _Qnet in shaft net in ICS p\_} ) ﬁdA
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First Law of Thermodynamics —
The Energy Equation®®

0

a Cvepd¥+j epV ndA = Qnet A+ W e _LS pV -ndA
|]_} Energy equation

O V2 .

a Cvepd¥+jcs(u+§ 2 +gZ)pV ndA = Qnet/ln WShaft/in

V2
e=Uu+—+gz
5 TE
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Application of Energy Equation/

When the flow is steady QJ' cvepdV =0

. ot o
The integral of
p V2 - . A Streamtube
ICS u+—+—+gz pV-ndA T~
p 2 22?2 i
N /
Y

Special & simple case Uniformly distribution

2 l 2 2
_[Cs{ﬁ+2+v7+gz}pv-ﬁdA:Z[ﬁ+£+v7+gz}'n—Z(ﬁ+£+v7+gz}h
P

out p in p

2

J.C{ﬁ-l—g+v7+gz}p\7-ﬁdA
Y

e R G ak
=|0+=+—+gz| m,/Z—|0+=+—+gz| m,
p 2 out p 2 in

Only one stream
entering and leavin

Special & simple case
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Application of Energy Equation??

If shaft work 1s involved.... & shaft work f#GiEsKk

m

N

u

N

2
out ﬁ’in + (Rj o (Rj + Vout
p out p in 2

— Qnet n +W

out

A

Enthalpy h=10+~—

N

2
Vin

shaft net in

T g(zout - Zin)

One-dimensional energy equation

for steady-in-the-mean flow

P
- of enthalpy.
V2 _V2
14 out n 4+ g(z _ 7.

n out n
2

)

The energy equation 1s written in terms

— Qnet/in + Wshaft net/1in
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Application of Energy Equations’3

If shaft work 1s zero.... %A shaft work
A . Vi —V?
m uout o uin + E o E + o 2 = + g(zout o Zin)
| p out p n |
=Q.. . , One-dimensional energy equation
net in

for steady-in-the-mean flow

2 2
A ~ V _V. ) .
(Zout — Z; o Qnet/in

The Pelton wheel 1s among the most e,
efficient types of water turbines. It & ;: &

was invented by Lester Allan Pelton
(1829-1908) in the 1870s

101



Example 5.20 Energy — Pump Power 2

® A pump delivers water at a steady rate of 300 gal/min as shown 1n
Figure E5.20. Just upstream of the pump [section(1)] where the pipe
diameter 1s 3.5 in., the pressure 1s 18 psi. Just downstream of the
pump [section (2)] where the pipe diameter 1s 1 1n., the pressure 1s
60 psi. The change 1n water elevation across the pump is zero. The
rise in internal energy of water, u,-u,, associated with a temperature
rise across the pump 1s 3000 ft-1b/slug. If the pumping process is
considered to be adiabatic, determine the power (hp) required by the
pump. MR IH Q EH RGP

102



Example 5.20 Energy — Pump Power %2

| o-
D. = 300 gal/min.
] =
i 3.51n i

Section (2)

Section (1) po = 60 psi

p1 = 18 psi

i, — 11, = 3000 ft-Ib/slug
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Example 5.20 Solution

One-dimensional energy equation for steady-in-the-mean flow

m{ -i,+[2) <[] X g(// zl)}

~ =0(Adiabatic tZIOW)
-~ }}/‘ + W,

net/in shaft net/in

(1.94slug/{t’)(300gal / min)

m = = =1.30slugs/s
PQ = 7 48al /1°)(60s/min) s

v=R_ ? Vlzg: ..... =10.0ft /s szgz...=123ft/s
A nD?*/4 A, A,

W, . . =(1.30slugs/s)|....]=32.3hp
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Example 5.21 Energy — Turbine Power
per Unit Mass of Flow

@ Steam enters a turbine with a velocity of 30m/s and enthalpy, h,, of
3348 klJ/kg. The steam leaves the turbine as a mixture of vapor and
liquid having a velocity of 60 m/s and an enthalpy of 2550 klJ/kg. If
the flow through the turbine is adiabatic and changes in elevation
are negligible, determine the work output involved per unit mass of

steam through-flow. @susrt: 24 Q #Eh FH5ML)

Control volume

Section (1)

Vi =30 m/s

hy = 3348 kl/kg Wehatt = 7 Section (2)
V, =60 m/s

I, = 2550 kl/kg 105



Example 5.21 Solution

The energy equation in terms of enthalpy.
=0(Adiabatic flow)

PSP VA v 1 . -
m h2_h1+ : 2 1 +g(%/zl) :Qén_l_wshaft net/in

' 2 2

. . Wshaft net in . fl fl V2 — Vl

Wshaft net in =~ . — Hy +
m 2
Wshaft net out — _Wshaft net in
2 2

| N VAR,

W =h,—h,+—1—=2=...=797kJ /kg

shaft net out 2
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Example 5.22 Energy — Temperature
Change

® A 500-ft waterfall involves steady flow from one large body of
water to another. Determine the temperature change associated with

this flow. Section (1)
NV Y

= [

Control
volume

—— e —— ——

AR

500 ft
Section (2)

(7= \ ‘,,Y/\
7/

. e —
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Example 5.22 Solution

The temperature change 1s related to the change of internal energy of
the water

u,—1u
— 2 1

~—~

C
where ¢ =1 Btu/(Ibm-°R) is the specific heat of water

One-dimensional energy equation for steady-in-the-mean flow
without shaft work V=V,

/ ) ~0(Adiabatic flow)
. A A V - V :
Jomte{E L} 5 o]

— 2
T,-T =8Z72) (32.2ft/5°)(500ft)

e [78R-Ib/bm-“R)322(bm-f) (Ib-5)]

643°R
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Energy Equation vs. Bernoulll Equatlog 1/4

rrilu U, +(p} —(R] +#+g(z —z, )} Qs ¥ W e €= u+7+gz
out e p in . o
or steady, incompressible flow.. .One-dlmensmnal energy equation

A n . V2 — V2 . WA shaft work
m|:uout o uin + (pou‘[j o (pm J o + g(zout o Zin ):| = Qnet in ﬁnormal stressﬁﬁ[lﬁl‘]ljj

p P e 2

2

i V2 . V. N "
- m “—} p;ut + 2+ 8Zout = p‘;n ot &Zin ~ (uout ~ Uin 7 Qe i“)

2 2

Where qnet n — Qnet n / m

. . .« e 5“;%\%{ chapter 3
For steady, incompressible, frictionless flow...

p Vozut pvnzl ’ . .
TYZo = Pin T Bernoulli equation

2

$ — 11 — = Frictionless flow...
”4* uout um qnet n O VA JRE R o 100

p out



Energy Equation & Bernoulli Equation %4

For steady, incompressible, frictional flow...

N

U ¢ — ﬁin et in = 0  Frictional flow. ..

ou
p V2 Loss#5 4 in
Defining “useful or available energy”... —+—+gz Douti@#fH

p 2

Defining “loss of useful or available energy”... U, — U;, — Qe i = 1OSS
i 5 ki

2
”_} Pou - Vou + 07 = Pin
P

IRl 2 1> 2 BERAE K + + g7, HARMARHEA T + g7,
p 2 p 2 110



Energy Equation & Bernoulli Equation /4

For steady, incompressible flow with friction and shaft work...
A7 PEHEAE AT Tl Ty e 2

2 2
A [ " po t pin Vo t Vin _
In|:uout o uin + ( - - + - + g(zout o Zin) o Qnet in + ;Vshatf net in

p p 2

£ in > out JFEA

. 2 2
+ m “ > pout + Vout T gZOut — pin + Vin + gZin + Wshaft net in (ﬁout _ 1’:lin o qnet in)
-/ p 2 p 2

2

2
“ } pout + Vout + gZOUt — pln + Vln + me + W
LA 2 P 2

—loss

shaft net in
LN

v V2 1E in 2 out JFA

£ By dayy PeyYorg s,

out

Yy 28 Y  2g

W, W, W, loss
Shaft head h, =" oevin = " netin ™" nevin Head loss h, = ——

g mg vQ g
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Energy Equation & Bernoulli Equation 44

2
out — pin +\/in +Zin+hs_hL
Yy  2g Y 2g

2
pout 4 Vout 17

in > out HgH!

< Forturbine h,=-h;(h;>0) hris turbine head
*Forpump h,=h, hyispumphead in > out A
¢ The actual head drop across the turbine

h.=—(h, +h, ) @ wosspx
¢ The actual head drop across the pump

Energy transfer

hp B (hs o hL)p UG ElossykgE
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Example 5.23 Energy — Effect of Loss

of Available Energy

® Compare the volume flowrates associated with two
different vent configurations, a cylindrical hole in the
wall having a diameter of 120 mm and the same
diameter cylindrical hole in the wall but with a well-
rounded entrance (see Figure E5.23a). The room
pressure 1s held constant at 0.1 kPa above
atmospheric pressure. Both vents exhaust into the
atmosphere. As discussed in Section 8.4.2. the loss in
available energy associated with flow through the
cylindrical bent from the room to the vent exit 1s
0.5V,%/2 where V, is the uniformly distributed exit
velocity of air. The loss in available energy associated
with flow through the rounded entrance vent from the
room to the vent exit is 0.05V,%/2, where V, is the
uniformly distributed exit velocity of air.

Control |

\.vcvlume\j|
|
|
T
—> D,=120mm : —
Y St
M Section (2
Section (1) for : ection (2)
both vents is |
in the room and |
involves V; =0 |
py=1.0kPa |
\
\:
g e g
Vs,
— Dy =120 mm | —
P
/:/ Section (2)
/,
{
Control |
volume\xl
|
|
|
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Example 5.23 Solution

For steady, incompressible flow with friction, the energy equation
Vv, O No elevation change

2
P p /Z

V, =\/2 (pl pp2 j—lloss2

P =P,
V. =
2 \/p[1+KL/2]

Q=AV :nDzz P — P
202 4 \pll+K, /2]

gz/— loss,

loss,

=K,

V,’

2
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Example 5.24 Energy — Fan Work and
Efficiency

® An axial-flow ventilating fan driven by a motor that delivers 0.4 kW
of power to the fan blades produces a 0.6-m-diameter axial stream
of air having a speed of 12 m/s. The flow upstream of the fan
involves negligible speed. Determine how much of the work to the
air actually produces a useful effects, that 1s, a rise 1n available
energy and estimate the fluid mechanical efficiency of this fan.

Section (1)

Y
o

-
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Example 5.24 Solution

For steady, incompressible flow with friction and shaft work...

2 2
Wshaft net in _IOSS — (pz + V2 + gZZJ_(pI + Vl + gzlj

p 2 P2
p,=p,=atmospheric pressure, V,=0, no elevation change
Vs 2
”—} Wshaft net in IOSS — 72 — 720N ’ m/kg
Wshaft net in IOSS
Efficiency M=
Wshaft net in
Wh ft net 1n Wh ft net in
Wshaft net in e — i =958Nm/kg

m PAV
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Example 5.25 Energy — Head Loss
and Power Loss

® The pump shown in Figure E5.25 adds 10 horsepower to the water
as 1t pumps water from the lower lake to the upper lake. The
elevation difference between the lake surfaces 1s 30 ft and the head
loss 1s 15 ft. Determine the flowrate and power loss associated with
this flow. Sejtion (A)

[

30 ft

Section (B)
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Example 5.25 Solution

The energy equation

2 2
Pa +VA +zA=pB +VB +z,+h —h,
Yy 2g Y 28
pr=ps=0 V,=V,=0
The pump head |
W .
hs :hL —I—ZA —ZB _ shaft net/in :881/Q
vQ

Power loss W, =7Qh, =...
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Application of Energy Equation to
Nonuniform Flows 1/2

If the velocity profile at any section where flow crosses the
control surface 1s not uniform...

I V2 TR 0009 i HME I CSHYUHE L7345 ANk uni form
— . n e o o o
CS. 75 P | | —
For one stream of fluid entering and ‘ i
leaving the control volume.. PRI a=2
2 e 2 Parabolic
V - . V (x- V (laminar)
v adA = out n ' 1in T
J CS 7 pV nd m[ o) ) } a=1.08
V2 R Turbulent
Where a is the kinetic energy /{ [2})\/ -ndA T,
coefficient and Visthe . ... o= > 1 Sniform
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Application of Energy Equation to
Nonuniform Flows 22

For nonuniform velocity profile.......

— —>
Pout a tV t _ P; o, Vi
;;u T ou2 >+ gzout === + 1112 = + gzin T Wshaft net in IOSS
Xp )
—> —
p(l tV t _ pa‘in\fin
pout + 0112 = + yzout T pin + 2 + yzin + pWshaft net in p(lOSS)
X72 172 .
pout + Otoutvout n Zout _ pin n ain\/in n Zin N Wshaft net in B hL

Y 2g Y 2g g



Example 5.26 Energy — Effect of
Nonuniform Velocity Profile 1/2

@® The small fan shown 1n Figure E5.26 moves air at a mass flowrate
of 0.1 kh/min. Upstream of the fan, the pipe diameter 1s 60 mm, the
flow 1s laminar, the velocity distribution is parabolic, and the kinetic
energy coefficient, a ,, 1s equal to 2.0. Downstream of the fan, the
pipe diameter 1s 30 mm, the flow 1s turbulent, the velocity profile 1s
quite uniform, and the kinetic energy coefficient, « , , is equal to
1.08. If the rise in static pressure across the fan is 0.1 kPa and the
fan motor draws 0.14 W, compare the value of loss calculated: (a)
assuming uniform velocity distributions, (2) considering actual
velocity distribution.
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Example 5.26 Energy — Effect of
Nonuniform Velocity Profile 22

Turbulent .
flow ¢ ?

/ % — 7
Section (2)

o,=1.08

Control volume

Dl=60mm4

Section (1)/

Laminar flow
I;? = O]. kg/mln 122



Example 5.26 Solution/?

The energy equation for nonuniform velocity profile

ooooooo

—> —
L T OL2V2 T g2, = = T OLIVI + 87, + W shaft net/in — loss
P 2 P 2

“ > IOSS — W o p2 — pl n Otlvlz B G‘Zv;

B shaft net in p 2 2

power to fan motor

Wshaft net/in .
m
= (0-14W)IUIN - I’I.l/S)/W] (60s/min) =84.0N-m/kg
0.1kg/min
V=0 = . =0479m/s V, =™ _1.92m/s

pA1 pA2
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Example 5.26 Solution/?

172 2
P 2 2

=0.975N -m/kg(a, = o, =1)

X772 X772

=0.940N -m/kg(a, = 2,0, =1.08)
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Example 5.28 Energy — Fan
Performance

@® For the fan of Example 5.19, show that only some of the shaft power
into the air 1s converted into a useful effect. Develop a meaningful
efficiency equation and a practical means for estimating lost shaft
energy.

BFIGURE ES5.19
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Example 5.28 Solution??

2 2
B2, 22 +g22:p1 4+ +gZ, +wW

p 2 P 2 shaft net in loss

useful effect = w —loss

shaft net/in

2 2
ztpz M +g22]_£p1 Y, +g21j

Wshaft net in IOSS

Efficiency M= 3)
W

shaft net in

W =+U,V,, @

shaft net in

(D

(2)
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Example 5.28 Solution??

(2)+(3)+(4)

n={(p,/P)+ (V' /2)+g2,1-[(p,/p) +(V, /12) +g2,1}/ U, V,,
(2)+(4)

n=U,V,, —[(p,/p+V, /2+gz,)—(p,/p+V," /2 +gz)]
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First Law of Thermodynamics — For
Semi-infinitesimal CV 12

** Applying the one-dimensional, steady flow energy
equation to the content of a semi-infinitesimal control
volume

2 2
. A p D: AVA v .
mrhmum+[ ?{}{:§j+ o m+g&mu_%£%:Qmﬁn

3 o dE)o {5

semi-infinitesimal control volume

CVARFTIRA » 72 L] - g in 22

out [HJpvAgh(=I"] differencesiE




First Law of Thermodynamics — For
Semi-infinitesimal CV 22

For all pure substances including common
_ 1
S TdS — du + pd — engineering working fluids, such as air, water,
P oil, and gasoline
| 1 : 1 .
|1_} th| Tds — pd(gj ¥ d(gj ¥ d[%j +g(dz)|=80, .

| Semi-infinitesimal control volume statement of
— 7 the energy equation

2
d_p + d(%j + gdZ — _(Tds o 6qnet in)
P
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Second Law of Thermodynamics -
Irreversible Flow 13

** A general statement of the second law of thermodynamics

The time rate of increase of

the entropy of a system

| 6anet n |

d
dt

SysspdSvZ > Z

T

Sum of the ratio of net heat transfer rate into
system to absolute temperature for each
particle of mass in the system receiving heat
from surroundings

sys Based on system method

ﬁ?#ﬁ Chapter 4 #EE Reynolds transport theorem M 5%
“» For the system and the contents of the coincident control

volume that 1s fixed and nondeforming -- Reynolds
Transport Theorem leads to s[5 HAS R HICY = SYSTEM

d

dt

SyS

0

spdV = —

ot

spd¥+j C-S.sp\q/-ﬁdA
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Second Law of Thermodynamics -
Irreversible Flow 23

¢ For the system and control volume at the instant when
system and control volume are coincident

5Q 50, . FERSR ¢ (IR, M OV
Z - Z Q HFENEH system &. 1EIH
D TN, s AhesEe

«* The control volume formula for the second law of

thermodynamics
5 6Qnet in
= ovSPAV + I ~spV -AdA > Z -
CV

Based on Control Volume 131



Second Law of Thermodynamics -
Irreversible Flow 33

For one stream of fluid entering and leaving the control
VOlume---- Special & simple case

8Q1’1 n
S Sm) > Z & Steady flow

8Q net in

| | semi-infinitesimal thinCV/ thds > >

J ‘ Uniform temperature/ Tds — Sqnet . > ()
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First and Second Law of
Thermodynamics /4

v Semi-infinitesimal control volume statement of the
energy equation

dp ‘2
—-I-d — |+ dZ——— TdS—S :
k,< ( 2 j g ( qnetln)

Semi-infinitesimal CV of the second law of
thermodynamics

N
|
Tds-oq,. ., =0

|J_> - %+d(v72j+gdz > ()
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First and Second Law of
Thermodynamics %4

|3 -

dp
p

4

j+gdz

VZ

2 =l

For steady frictionless flow

dp
p

o

V2

2

]-ngz

=0

The shaft work 1s involved

dp
p

X

VZ

2

j+gdz

= 0(loss) —ow

IOSS) = (Tds _ 8qnet in)

shaft net in



First and Second Law of
Thermodynamics 34

[ 2
- @ + d(v—j + gdZ a S(IOSS) — (Tds _ 8qnet in)

P 2
) L |

- @Tds =du+ pd(l)

P

”_} du + Pd(éj —0(, in = 0(loss)

For incompressible flow du—0oq, . . = o(loss)
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First and Second Law of
Thermodynamics 4/4

When control volume 1s finite

_ _ ou |
Wouwe — Win + jin tpd[;j “petin = loss

For incompressible flow U, — Uy, — Qe i = 10SS
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Application of the Loss Form?/2

2
- dp d(\; j+ gdz | = 8(loss) — Sw
p

shaft net in

Frictionless, loss=0, no shaft work, incompressible
2 2
| N V; p, VY,

]J Integrating} A 4+ g7, = +

Frictionless, loss=0, no shaft work, compressible

2 2
J Integratmg} JQ dp + g7, = V71 + g7,

+ gz, Bernoulli equation
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Application of the Loss Form?22

For adiabatic flow of an 1deal gas

p

—-=constant

P

]JInte ratin Idez k £p2_
: g/ Lp k-1 )

k p, V,
|y g
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