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2-1 Reynolds Transport Theorem (RTT) (1)

B Conservation of Mass:

cy System it D
\ boundary o SPI‘?}"?d :
M
am — ()
dt system
Before M J d j d_‘?z
spraying spraying e —_— ’ i?? — p '
system . _
FIGURE 11-38 3 M (system) ¥(system)

A spray can can be analyzed by taking
either the contents of a can (a closed
system) or the interior volume of the can
(a control volume) as the system.
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2-1 Reynolds Transport Theorem (RTT) (2)

(c) 2002 Wadsworth Group / Thomson Learning
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2-1 Reynolds Transport Theorem (RTT) (3)

Buet = Bowr— Bin = f pb(ﬁ°;l) dA  (inflow if negative) (11-41)
CS

Be, = [pbdV
cv

dB,,,
dt

General :

478

CHAPTER 11
Bernoulli, Energy,
and Momentum
Equations

_)FIG URE 11-40

The integral of bp('V' - /i) dA over the
control surface gives the net amount of the
property & flowing out of the control
volume (into the control volume if it is
negative), per unit time.
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d - A
bdV + | pb(V-n)dA 11-43
dtcjvp ngp( ) (11-43)
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2-1 Reynolds Transport Theorem (RTT) (4)

m Interpreting the Scalar Product:

Ve dd = Vidd cos a Ve dl = +VdA Ve dd = —VidA
fal General inletfexit it Normal exit it Mormal inlet

Fig. 4.3 Evaluating the scalar product.
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2-1 Reynolds Transport Theorem (RTT) (5)

1 Special Case 1: Steady Flow

dB.. A
Steady flow : dty = j pb(V-n)dA (11-44)
CS

1 Special Case 2: One-Dimensional Flow

One - dimensional flow :

dB d
> = bdV + bV A, - bV A 11-45
dt dt C'[/p ; pﬁfr eicheexite ; i)lr e;chlexitl ( )

dB,, d : *
dt _dtc'[,pde+Zmebe_zmibi (11-46)

out n
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2-1 Reynolds Transport Theorem (RTT) (6)

B Extensive and Intensive Properties:

Noystem = -[M{S}fstem) m dt =I¥(S}*5teln) np d¥
N=M,n=1
N=P n=V
N = H, n=rxV
N=LE n=e¢
N=3§, n=s
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2-2 Continuity Equation (1)

d An Application: The Continuity Equation

d
Continuity equation: 0= 7
{

Steady flow : Zme = Zml (11-48)

out in

[pdV +[p(/-myda  (11-47)
cv CS

Single stream, p = constant :
PV A =pV,A,orV,4, =V, A4, (11-49)

dBgys 4 e | ey — > =
@ = Jou PRIV Jos PV - ) dA Y
E ! ’ § S=—— -~
= i = ;1— b= ’l dV | \\
@ ' - )
10 i : dm p
N — — 1 dA
\I—§ n ey I // -
= : h Control o v
{&3 Tonir »:.,2 ::: . i o fiow ‘\ VOlume (CV) o
iGU 1 ~
/
R E
seiecied normiai fo jiow at aii iocations it
crosses fiuid fiow to avoid compiications. COHtrOl Surf'dce (CS) 7
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2-2 Continuity Equation (2)

Conservation of Mass:

v" Incompressible Fluids

J -
— | pd¥+ | pV-dA=0 L
or Jev cs | veai=o0
CS
I paw = ~[ PV - dA
it ovt® - ks v" Steady, Compressible
Flow
Rate ot increase ~ Net influx of - _
of massinCV ~ — mass J. pV -dA =0
CS
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2-2 Continuity Equation (3)

B The amount of mass flowing through a
control surface per unit time 1is called
the mass flow rate and is denoted

B The dot over a symbol is used to
indicate time rate of change.

B Flow rate across the entire cross-
sectional area of a pipe or duct is
obtained by integration

= |om= | pV,d4
A, A,

4 B While this expression for  1s exact, it
3 is not always convenient form
Control surface \ engineering analyses.

29
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2-2 Continuity Equation (4)

Average Velocity and Volume Flow Rate:

V |

avg I

v'Integral in 72 can be replaced with average values of

pand V, ng=1andAc
A

c A,

v'For many flows variation of r is very small: 7= pV,, A,
v'Volume flow rate jzis given by

AC
' v'Note: many textbooks use Q instead of ¥ for
volume flow rate.
v'Mass and volume flow rates are related by

— = p¥-

Cross section 2-10
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2-2 Continuity Equation (5)

Conservation of Mass Principle:

B The conservation of mass principle

can be expressed as
. . dmyg,
m in mout R
dt

Computer-Aided Analysis on Energy and Thermofluid Sciences Chapter 2: Basic Equations in Integral Form

Y.C. Shih Fall 2011 for a Control VVolume



2-2 Continuity Equation (6)

Steady—Flow Processes:

my = 2 kg/s m, = 3 kg/s
l l v'For steady flow, the total amount of
J | I I_ mass contained in CV is constant.
_______________ il v'Total amount of mass entering must be

equal to total amount of mass leaving

I
| |
|
: |
| I
| CV I in out
| | ’
| |
| I

f;“l3=f;’1|+f}’12=5kg/8
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2-3 The Linear Momentum Equation (1)

N T _
F=ma=m—="(mV) o
Z dt dt ( ) \ @ =rf_[ PO dV+ J PV + i) da
21? _4 j VodV (11-51) KZ l o
dt " 1 mmn
d(m I_/)) . d r - —> A
= = Vdv + [pV(V-n)dA 11-52
dt dt 2, P J pr(V-n) ( )
General : Y F = j oVdV + j oV (V -n)dA (11-53)
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2-3 The Linear Momentum Equation (2)

PP +F, =% Vpd¥+ | Vpv-di

Fo=Fy = o[ upd+ [ upi-di

Fy=F +Fp = % L UPd¥+ LSU pV - dA

I::. — Fg: + FB: — %J.C\fmgpdy+,"cgwyp‘7.(j£
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2-3 The Linear Momentum Equation (3)

(c) 2002 Wadsworth Group / Thom son Leaming

Stress vector acting on the control surface. 215

Computer-Aided Analysis on Energy and Thermofluid Sciences Chapter 2: Basic Equations in Integral Form

Y.C. Shih Fall 2011 for a Control VVolume




2-3 The Linear Momentum Equation (4)

1 Special Cases

= > A

Steady flow : ZF jp V(V-n)dA (11-54)
One - dimensional flow :

ZF_—ijdmZmeVe Zm v, (11-55)

out

Steady,one - dimensional flow :

S F=YmV.- Zm v, (11-56)

out
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2-3 The Linear Momentum Equation (5)

Steady,one - dimensional flow

(one - inlet, one - exit) : ZFzm(Vz—Vz) (11-57)

Along x coordinate : ZFX =m(Viox-Vix) (11-58)

2 i Rate of
Rate of ] 483
momentum flow momentum flow
into the CV out of the CV
(), - (V) The Linear
\ B P ~_ Momentum
P T e /(\ Equation
) )
f ‘:I
P : FIGURE 11-48
e \ The net force acting on the control
7 volume during steady flow is equal to
- . = net the difference between the outgoing and
Freo= 0V — n V), the incoming momentum fluxes by mass. 2-17
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2-3 The Linear Momentum Equation (6)

B Choosing a Control Volume:

m CV is arbitrarily chosen by fluid dynamicist,
however, selection of CV can either simplify or
complicate analysis.

Clearly define all boundaries. Analysis is often
simplified if CS is normal to flow direction.

Clearly 1dentify all fluxes crossing the CS.

Clearly 1dentify forces and torques of interest
g acting on the CV and CS.

_ Moving conrolyolume _ | 7 B Fixed, moving, and deforming control volumes.
— ~73 B For moving CV, use relative velocity,

— —

V=V —Vov

B For deforming CV, use relative velocity all
deforming control surfaces,

— —

V, =V —Ves
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2-3 The Linear Momentum Equation (7)

m Forces Actingon a CV.:

B Forces acting on CV consist of body forces that act
throughout the entire body of the CV (such as gravity, electric,
and magnetic forces) and surface forces that act on the control
surface (such as pressure and viscous forces, and reaction
forces at points of contact).

Control volume (CV)
e \
oy “‘7] ~ * Body forces act on each volumetric
| @ N portion dV of the CV.
E g dA Gﬁ/\" * Surface forces act on each portion
: 7 AFgutce dA of the CS.
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2-3 The Linear Momentum Equation (8)

The most common body force 1s
gravity, which exerts a downward
force on every differential element

of the CV
dz l The different body force
" deody — ng'ram'ty — PﬁdV

i . B Typical convention 1s that
7’ X . . . .
2 acts 1n the neeative z-direction,

B Body Forces:

dy

Ry
]

[ ke Ee

- > N - E
dFyoqy = dF =pgdV g=—4g

gravity —

B Total body force acting on CV
s Y Fhody = / pgdy =mcvg
‘ C

V 2-20
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2-3 The Linear Momentum Equation (9)

B Surface Forces: Surface forces are not as simple to analyze
1‘ 7, since they include both normal and
tangential components

®m Diagonal components o;,, o,,, 0,, are called
normal stresses and are due to pressure and

VISCOUS stresses

B Off-diagonal components o,, o,,, etc., are
called shear stresses and are due solely to
viscous stresses

B Total surface force acting on CS

Zﬁsu'r‘fa,ce — /;5 043 -ndA
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2-3 The Linear Momentum Equation (10)

] Body and Surface Forces ® Surface integrals are cumbersome.

B Careful selection of CV allows
expression of total force in terms of
more readily available quantities like
weight, pressure, and reaction forces.

B Goal is to choose CV to expose only
the forces to be determined and a
minimum number of other forces.

X Out
§ Fg'ram'ty E Fp'ressu'r'e + E Fm’scous + E Fother
p— A\ ~ > —|— A ~ >y

body force surface forces
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2-3 The Linear Momentum Equation (11)

m Special Case: Control Volume Moving with
Constant Velocity:

_ _ _ o . _ ~ -
F = F; + FB = 5 v VH:‘ ,Od"i’Z + cs VHZ qu: - dA

Momentum Equation for Inertial Control Volume
with Rectilinear Acceleration

N ~ d - T i
Fg + Fp - J'C”V Ay P d¥ = g -[CV Vivz P d¥ + JCS Vipz PVsyz - dA
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2-4 The First Law of Thermodynamics (1)

m Basic Law, and Transport Theorem:

0-W=42)
N (!I system

1E - -
i) :ij e,od%‘+j epV -dA
dr Joystem ~ OF JCV CS
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2-4 The First Law of Thermodynamics (2)

B General Energy Equation:

B The energy content of a closed system

0 =3K can be changed by two mechanisms:
- heat tmnsfer Q and work transfer W.
B Conservation of energy for a closed
T T T - system can be expressed in rate form as
| | L,
: AE = (15 - 3) =+ 6 | Qnet,in + Waet,in - dt
= |
| 18 kd | B Net rate of heat transfer to the system:
| I W‘;haft in— 6 kJ
| | - ’ . . .
: ! [\ Qnet,in - Qin o Qout
: t | B Net power input to the system:
Qm =15KkJ I/I/net ,in = W VV:)ut
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2-4 The First Law of Thermodynamics (3)

V2
b=e e::u+—5—+gz

- kil
0 - —)Wm o) epdV + j epVedA

V2
e=u+—+gz
) &

W =W, AW, +W.

normal shear ‘ 1

other
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2-4 The First Law of Thermodynamics (4)

B .
Uuuulu Where does expression for pressure work
IR A0AARARLA01 come from?
= .
fr_A ________ B When piston moves down ds under the
Voison Influence of F=PA, the work done on the
syl system is OWpoyngary=PAdS.
(gas in YR m If we divide both sides by dt, we have
(@ : S
OW gy = —PdAV, = ~PdA(V - 7i
=T B For generalized control volumes:
Py \
P o, e "N o : : d.
I' = \\ P }' 5Wpressure = é‘VVbouna’my = P A?j = P A Vpiston
| dm
1 0
. ‘“ﬁg\ m Note sign conventions:
L e B 7 isoutward pointing normal
e . / . . .
———— l B Negative sign ensures that work done is
G N 2 positive when is done on the system.

(b) 2-27
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2-4 The First Law of Thermodynamics (5)

Q o w]s o H/S[‘lﬁ‘-ﬂl' o Wother =

| 2
d 1% ~ -
— €pd¥+j u+ po+—+ 2z |[pV-dA
of JCV CS 2
Work Involves Recall that PV 1is the flow work,
v Shaft Work which 1s the work associated with

pushing a fluid into or out of a CV
v" 'Work by Shear Stresses at per unit mass.

the Control Surface

v Other Work
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2-4 The First Law of Thermodynamics (6)

B As with the mass equation, practical analysis 1s often
facilitated as averages across inlets and exits

Qnet,in + VI/Shaﬁ,net,in - i j ped_}L i Z m (E ’ ej B Z m (5 ' e]
dt cr out P in P

B Since e=u+tketpe = ut+V?/2+gz

d : P y? P y?
-+ W =—| ped¥+ ) m| —+u+—+gz |- E m —+u+—+gz
Qnet,m shaft ,net in dt C_"‘VIO OZM; (p 2 g ] - Ep 2 g )
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2-4 The First Law of Thermodynamics (7)

Energy Analysis of Steady Flows:

2 4 Vz
Qnetm shaftnetm Zm( +_+gzj_zm h+7+g2j

out \
B For steady flow, time rate of change of the energy

content of the CV 1s zero.

B This equation states: the net rate of energy transfer to
a CV by heat and work transfers during steady flow is
equal to the difference between the rates of outgoing
and incoming energy flows with mass.
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2-4 The First Law of Thermodynamics (8)

Energy Analysis of Steady Flows:

£ = -
O m For single-stream devices,
\{f ' mass flow rate is constant.

~
~
(% Fixed N\ yi_p?
7 control \ Qnet,in + Wshaft,net,in = h2 — h’l + 2 1 + g(22 o Zl)
( volume /'
A ; B W BV

1 1 _ 1 2
+—+—+ gz __+_+gzz+(u2_u1_qnez,in)

i 4 Wshaft,net,in
0 / il \ P2 Py 2
ut @ ' . " )
/ ant int Wshaft, net in P VZ P VZ

L+ tgz +w ——2+72+g22+wt

— +e
) P 2 e £>

urbine mech,loss
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2-4 The First Law of Thermodynamics (9)

Energy Analysis of Steady Flows:

B Divide by g to get each term in units of length

BV P,V
: + I/l Tz 1 + h pump V turbine hL
pg 28 Pg 28

Magnitude of each term 1s now expressed as an equivalent
column height of fluid, 1.e., Head
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2-4 The First Law of Thermodynamics (10)

B Limitations on the use of the

B If we neglect piping losses,

and have a system without Bernoulli Equation
pumps or turbines B Steady flow: d/dt =0
) , B Frictionless flow
A +V1 +z, = 5 +V2 +z, B No shaft work:
P& 2 g P8 2 g Wpump:WturbineZO

B Incompressible flow:

B This is the Bernoulli B
p = constant

equation
: B No heat transfer:
B 3 terms correspond to: Static, 0
dynamic, and hydrostatic Dnet,in

B Applied along a
streamline (except for
irrotational flow)

head (or pressure).
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2-5 The Second Law of Thermodynamics

dS |

_ =

dt) ¢
~ S}fStﬁlTl

sdm = j s p d¥

Ssxfstem — j | |
- M (system) ¥(system)

dS d - -

i = — Y+ - dA

dt )S}’Stel’n af '[CV P ¥ '[CS ' pv ‘
Q_.

% |

— ' od spV - -dA= —| = |dA
> Icvspd#wtjcsvpv d s T(A}d
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