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| Recap = é‘%/q, %}Q/ !

Reynolds transport theorem (RTT) for a fixed, nondeforming control volume (CV)

0
dt

(B,,) = %(jcvﬁpd\#) T jcsﬂp(V-ﬁ)dA

This relation permits to change from a system
approach to control volume (CV) approach.

where

B, = any property of fluid (mass, momentum, enthalpy, etc.)

£ = intensive property of fluid (per unit mass basis)
o = density of fluid
dV* = elemental volume
(\7-ﬁ)dA: elemental volume flux

o =volume integral over the control volume (CV)

o =surface integral over the control surface (CS)

Similar expression adopted by other books:

D) = 2l mev) + [Lelv-)on
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- Conservation of Mass | y?fq, %\(W

A system is defined as a fixed quantity of mass, denoted by m. Thus, the mass of the system is
conserved and does not change exceptnuclearreaction ' gg the conservation of mass principle for a
system is simply stated as

m,,; =Cconst.
dm :
c—X =0 (i)
dt
Reynolds transport theorem (RTT) with B = mass and so, 8 = 1; accordingly
5= mass _,
mass

%(Bsyst) _ %(Lvﬂpd\%) ; jcsﬂp(V-ﬁ)dA

—

:%(msyst) - %( [ V) _ p(V-h)da

d ( ) -
=L, )+ [ p(VA)JdA =0 | | |
Control volume expression for conservation of
mass, commonly known as continuity equation.
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Conservation of Mass | é‘?f/}o @W

For steady flow i.e. i( )=0

dt -7
=0 ‘,\; | xv‘ﬁ“:n
dt _pd¥ + [ p(V-A)dA =0
— CSp(*-ﬁ)clA 0 (i) vfﬂ

The integrand in the mass flow rate integral represents the product of the component of velocity, V
perpendicular to the small portion of the control surface and the differential area, dA.

As shown in figure (dot product)

(\7-ﬁ ):+ ve  +ve for flow out from the control volume

(\7-ﬁ) —=—Vve : -ve for flow in to the control volume

Equation (ii) states that in steady flow, the mass flows entering and leaving the control
volume (CV) must balance exactly.
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| Conservation of Mass

When all of the differential quantities are summed over the entire control surfaces;

[ p(V-A)dA =0 =3 (pAV),, ~ 3 (pAV),

:Zmout_zmin =0

— Zmin — Zmout

—

Mass continuity equation

For incompressible flows, (o =constant through the flow system)

= > (AV), = D (AV),,

— ZQin — ZQout
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| Problem

| A worker is performing maintenance in a small rectangular tank with a height of 3 m and square base
1.8 m by 1.8 m. Fresh air enters though a 200 mm diameter hose and exists through a 100 mm
diameter port on the tank wall. Assume the flow to be steady and incompressible.

(a) Determine the exchange rate needed for the ventilation safety of the worker inside the tank. A
complete change of air every 3 minutes (Air Change per Hour, ACH = 20) has been generally
accepted by industry as per ventilation requirement.

(b) Determine the velocity of the air entering and existing the tank at this exchange rate.
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| Problem (Unsteady flow) | é‘%/q, %}QJ

The tank in Fig. is being filled with water by two one-dimensional inlets.
Alir Is trapped at the top of the tank. The water height is h.

(a) Find an expression for the change in water height dh/dt.

(b) Compute dh/dt if D, = 25 mm, D, = 75 mm, V, = 0.75 m/s, V, = 0.60
m/s, and A, = 0.2 m?.

Tank area A;

=~ o
R — R
Fixed CS
Solution:
General Continuity Equation in integral form applied to the shown control volume
d V -7 d dv- = 0
— J‘ pd‘vL + I p(V-n)dA: 0 Unsteadly, pm Icvp #
dt Jov cs
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d Tank area A;
E(J‘C\/pdv_)_plAivl_pZAZVZ =0 :——u——7/ —————— —:
=0 I fa :
Now, (air is trapped, no change : |
J j ; ; ; of air mass with time) i H . i
h ' 3
E( pdV> = 72 0ma) = 77 (PwAeh) + - [BaAc(H = )] = p
CV E{? “ l jri'g
d dh T Eedcs
= a(jcvpd)vL) :pWA E
Thus,
dh _ PAV, + P, AV,
dt PuA
_dh_ AV, +AV
dt A
dh  Q,+Q,
— =
o A Ans. (a)
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_dh_Q+Q i
dt A | [
|

- [ €
_dh_ m/4D2V, + /4D2V, O] I T— ‘,!
dt A Fixed CS
dh

— 520.015 m/s  Ans. (b)
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Problem (Unsteady flow) P

| A 1.5 m high, 1 m diameter cylindrical water tank whose top is open to the
atmosphere is initially filled with water. Now, the discharge plug near the Air
bottom of the tank is pulled out, and a water jet whose diameter is 0.01 m T
streams out (Fig.). The average velocity of the jet is given by:

|
Viet =4/2gh (m/S) Fr[]_L_i
i

where h is the height of water in the tank measured from the center of the

. . . . . h- -
hole and g is the gravitational acceleration. Determine “[ ] |V
() How long it will take for the water level in the tank to drop to 0.75 m 0 . k

from the bottom?
(i) How long it will take to empty the tank?
Solution:
General Continuity Equation in integral form applied to the shown control volume
d Vi d 1 ,av =0
[ pdv+ [ _p(V-A)da=0 Unsteady, - [, pdV- =
dt Jcv Cs
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IProblem (Unsteady flow) | %}/A’ @W

| Air

d S v
Now, hall A — T =
dt J‘cvpdv + J‘CS'O(V n)dA . i Water |
i |
d | |
= —(mCV) + PAVje =0 No inflow; only one outflow through the } |
dt hole (+ve) Ry | |
| |
T N2 h hy i : lfﬁm
mCV :pv:p(z Dtanthj h:h(t)’ mCV:f(t) [r r I :
0 | Dlnnk | X
T [y
/OAjethet = p(z Djzetj‘\/ 2gh Vjet =y2gh = 1(t)
Then, .
T T
— a{p(z Dtimk oS hj}+ p(z Djzetj 2gh =0
d 2 . 2 ) /
~dt {(Dtank ) h)}_ (Djet 2gh Unsteady, % jcvpdV = 0

D2

tank

D?
= % = —[ 3l }/Zgh
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Problem (Unsteady flow)

Air
— dt = — 1 thank dh N i—————;r;t;'——E—_:
\ g Djet \/ﬁ i i
‘ |
Now, integrating from t = 0 at which h = h, to t =t at which h = h, o — i |
| |
, dh | i
dt = — tank | |
2 |
-‘- g Djet J‘ho \/ﬁ | ﬂmnk | x
_ —h,
—£+l
— I=— 1 D'tzank h 2
/ 2
2
2 h,
—t=— 1 Dtank \/ﬁ

\ g/2 Djzet o
\// \/( Dtank

V9/2 Djzet Time required to reduce the water height from h, to h,
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Problem (Unsteady flow)

| Air
Time required for the water level in the tank to drop to 0.75 m from the bottom: g%+

Jho R D2, ;
\ g/ 2 Djzet hy — i

~/ — A/ 2 h hy
N i Y ONE =1619.7s=27min | (—— [

g/2 0.01° ok

D

tank

Time required to empty the water tank:

_J15-40 12
= Jg/2 007

ot =55305=92 min C—

Time requirement is NOT linear (rather non-linear)
(AN UNSTEADY PROBLEM)

Homework:
Plot the water height, h versus time, t
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Problem (Unsteady flow)

Methane escapes through a small (107" m*) hole in a 10 m’
tank. The methane escapes so slowly that the temperature in
the tank remains constant at 23°C. The mass flow rate of meth-
ane through the hole is given by m = 0.66 pA/ VRT, where p
is the pressure in the tank, A is the area of the hole, R is the gas
constant, and T is the temperature in the tank. Calculate the
time required for the absolute pressure in the tank to decrease

from 500 to 400 kPa.

« There is no mass inflow:
D=0
cs
« Mass out flow rate is
- PA
m, = 0.66 —
2‘ ° VRT

Substituting terms into the continuity equation gives

dp PA
¥—= —0.66——
dt VRT

B. Equation for elapsed time:

« Use ideal gas law for p:

d A
¥— (p) = —0.66 L
di \RT VRT
« Because R and T are constant,

dp PAVRT
— = —0.66
dt Aa

« Next, separate variables:

—0.66

dp AV/RTdt
JVF_

« Integrating the equation and substituting limits for
initial and final pressure gives

 _182¥  p
AVRT P
4. Elapsed time:
(10~ mz)(SISkg—-Kmm 1\)

Review the Solution and the Process

1. Discussion. The time corresponds to approximately one
day.

2. Knowledge. Because the ideal gas law is used, the
pressure and temperature have to be in absolute values.
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Problem | Afn, fg}w

Consider a highly pressurized air tank at conditions (p,, P, To) and volume V,. It is known from
compressible flow theory, that if the tank is allowed to exhaust to the atmosphere through a well-
designed converging nozzle of exit area A, the outgoing mass flow rate will be

, Where a = 0.685 for air

i apoA
m =
JRT,

This rate persists as long as p, is at least twice as large as the atmospheric pressure. Assuming
constant T, and ideal gas,

(a) Derive a formula for the change of density py(t) within the tank.

(b) Estimate the time required for the density to decrease by 25%.

P A RT,) A T
Solution: i = ﬂlf’o - ”"(Plu L ap, A\RT,
x'IRTﬂ‘ M‘IRTH

Now apply a mass balance to a control volume surrounding the tank:

dm d ) dp
— =0 =—(p,v,) + My, = v,— + ap,ART,
t |s_}.r.xrem df(PD u} ol o dt Pa a

—adRT
P2 _ expl———=(t, —1;)]  Ans.(a)
pal vﬂ
0.288
At = Yo Ans(b)
ad\RT,
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Problem By QW

| An incompressible fluid is being squeezed outward between two large circular disks by the uniform
downward motion V, of the upper disk. Assuming one dimensional radial outflow, use the control

volume shown to derive an expression for V(r).
Vo

¥ ¥ Y
BSOS SO N SO RN ]

CV CcVv

| I

| |

| |

| |— r —]
Y ———] —V(r)?

| |

|

. . . . o . NN N N SRR | N S
Solution: General Continuity Equation in integral form applied to the shown Fixed circular disk

control volume:

d f AV + f (V-f)dd =0
—_ ‘n =
dt cvp csp

%(pnrzh(t)) + p(2rrh(®))V(r) =0

dh
T'E + (Zh)V(T') =0

dh
r(=Vo) + CHV(@) =0 = =Vo Upper disk velocity — h(t) = hy =Vt

V() =V, (%)
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