Property Data Use in the
Closed System Energy Balance

Example: A closed, rigid tank consists of 1 kg of air
at 300 K. The air is heated until its temperature
becomes 1500 K. Neglecting changes in kinetic
energy and potential energy and modeling air as an
ideal gas, determine the heat transfer, in kJ, during

the process of the air.
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Property Data Use in the
Closed System Energy Balance
Solution: An energy balance for the closed system is

AKE + APE +AU=0 W

where the kinetic and potential energy changes are neglected
and W =0 because there is no work mode.

Thus OQ=m(u,—u,) Substituting values for specific
internal energy from Table A-22

0 =(1kg)(1205.41 — 214.07) kJ/kg =991.34 kJ

Ideal Gas Properties of Air

T(K), h and u(k}/kg), s° (kJ/kg-K)

when As =0 when As = 0
T h u s° p: Ur T h u s° p: Ur

250 250.05 | 178.28 51917 | 0.7329 979. | 1400 1515.42 | 1113.52 | 3.36200 | 450.5 8.919
260 260.09 | 185.45 .55848 | 0.8405 887.8 | 1420 1539.44 | 1131.77 | 3.37901 478.0 8.526
270  270.11 192.60 .59634 | 0.9590 808.0] 1440 1563.51 | 1150.13 | 3.39586 | 506.9 8.153

1

1

1
280 280.13 | 199.75] 1.63279 | 1.0889 738.0 ]| 1460 1587.63 | 1168.49 | 3.41247 | 537.1 7.801
285 285.14 |]203.33 | 1.65055 | 1.1584 706.1 L1480 __1611 79 L 118605 1 3 4289) SORR 7468
290 290.16 | 206.91 )| 1.66802 | 1.2311 676.1 | 1500 1635.97 | 1205.41 | 3.44516 | 601.9 7.152
205 205,17 1210491 1.68515 | 1.3068 647911520 1660.23 | 1223.87 | 3.46120 | 636.5 6.854
300 300.19 |214.07) 1.70203 | 1.3860 621.2 | 1540 1684.51 | 1242.43 | 3.47712 | 672.8 6.569
305 505.22 | Z217.6/7| 1.71865 [ 1.40806 596.0 | 1560 1708.82 | 1260.99 | 3.49276 | 710.5 6.301
310 310.24 L221.251 1.73498 | 1.5546 572.3 11580 1733.17 L1279.65 1 3.50829 | 750.0 6.046




Polytropic Process

» A polytropic process is a quasiequilibrium process
described by
pV" = constant (Eq. 3.52)

» The exponent, n, may take on any value from
—o0 to +oo depending on the particular process.

» For any gas (or liquid), when n =0, the process is a
constant-pressure (isobaric) process.

» For any gas (or liquid), when n = o, the process is
a constant-volume (isometric) process.

» For a gas modeled as an ideal gas, when n =1, the
process is a constant-temperature (isothermal)
process.



Chapter 4

Control Volume Analysis Using
Energy



Learning Outcomes

» Demonstrate understanding of key
concepts related to control volume
analysis including distinguishing between
steady-state and transient analysis,
distinguishing between mass flow rate and
volumetric flow rate, and the meanings of
one-dimensional flow and flow work.

» Apply mass and energy balances to
control volumes.



Learning Outcomes, cont.

» Develop appropriate engineering models
for control volumes, with particular
attention to analyzing components
commonly encountered in engineering
practice such as nozzles, diffusers,
turbines, compressors, heat exchangers,
throttling devices, and integrated systems
that incorporate two or more components.

» Use property data in control volume
analysis appropriately.



Mass Rate Balance

Dashed line defines
the control volume
boundary

Inlet ¢

time rate of change of time rate of flow of time rate of flow
mass contained within the|= mass in across — | of mass out across
control volume ar time t inlet i af time t exit e at time t

Vo m.—m. (Eq.4.1)



Mass Rate Balance

In practice there may be several locations
on the boundary through which mass enters
or exits. Multiple inlets and exits are
accounted for by introducing summations:

dm . .
=N — Y, (Eq.4.2)
dt ; -

Eq. 4.2 is the mass rate balance for
control volumes with several inlets and
exits.



Mass Flow Rate
(One-Dimensional Flow)

» Flow is normal to the boundary at locations
where mass enters or exits the control volume.

» All intensive properties are uniform with
position over each inlet or exit area (A)
through which matter flows.

N =——(Eq. 4.4b)
v

where
V is velocity

v is specific volume




Mass Rate Balance
(Steady-State Form)

p Steady-state: all properties are unchanging
In time.
» For steady-state control volume, dm_ /dt = 0.

2 mi — Eme (Eq. 4.6)
I e

(mass rate in) (mass rate out)



Energy Rate Balance

Energy transfers can occur
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= QW + 1 (u; + =+ gz;) — 1, (u, +Te+gze) (Eq. 4.9)
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Evaluating Work for a Control Volume

The expression for work is
W =Wey + titg(peve) — iy (pvi)  (Eq. 4.12)

where

» W, accounts for work associated with rotating
shafts, displacement of the boundary, and electrical
effects.

> m,(p,v,)is the flow work at exit e.

> m;(p;v;)is the flow work at inlet i.



Control Volume Energy Rate Balance
(One-Dimensional Flow Form)

Using Eq. 4.12in Eq. 4.9

%) 2
dE : : . V: : V.
d;V = Qoy —Woy +m; (u; + p;v; + 71 +82;) — (U + PeVe + Ze + 8Z)

(Eq. 4.13)

For convenience substitute enthalpy, 72 =u + pv

o 2
JdE . : , V; : V
8= Oy Wy +1ii(hy + -+ g2j) = ttg (e + -+ g2

(Eq. 4.14)



Control Volume Energy Rate Balance
(One-Dimensional Flow Form)

In practice there may be several locations
on the boundary through which mass enters
or exits. Multiple inlets and exits are
accounted for by introducing summations:

dE., . . . V7 . V2
y =Qcy —~Wey + X1 (hi + — + gz;) = Y e (he + —— + g2,)

t ,- 2 . 2

(Eq. 4.15)

Eq. 4.15 is the accounting balance for the
energy of the control volume.



Control Volume Energy Rate Balance
(Steady-State Form)

p Steady-state: all properties are unchanging
In time.
» For steady-state control volume, dE_ /dt = 0.

. . Ve Ve
O=QCV _WCV + Emi(hi +7l+gzi)_2me(he +76+gze)
l e

(Eq. 4.18)



Control Volume Energy Rate Balance
(Steady-State Form, One-Inlet, One-EXxit)

» Many important applications involve one-inlet,
one-exit control volumes at steady state.

» The mass rate balance reduces to my =ny =m.

i ) ) i
. : . Vii -V Eq.
0=0y —Wey +m (hl_hZ)"'( 1 ) 2)+g(zl—22) {4.2%3}

or dividing by mass flow rate

: : 2 2
W Vi -V Eq.
0= QnC/lV — ’;;V +(—h) + M 5 2) +8(z1 - 23) [4.20[1}




Nozzles and Diffusers

| P2 <p P2> P N
s

Nozzle Diffuser

» Nozzle: a flow passage of varying cross-
sectional area in which the velocity of a gas
or liquid increases in the direction of flow.

» Diffuser: a flow passage of varying cross-
sectional area in which the velocity of a gas
or liquid decreases in the direction of flow.



Nozzle and Diffuser Modeling

O=/Q'({;—%+m-(h1—h2)+(V12;V22)+g(21//Z'2)-

> W, =0.

negligible, g(z, — z,) drops out.

Eq.
4.20a

» If the change in potential energy from inlet to exit is

» If the heat transfer with surroundings is negligible,

O.v drops out.

V12 - sz

0= (l’ll — hz) + (Eq 4.21)




Turbines
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» Turbine: a device in which power is
developed as a result of a gas or liquid
passing through a set of blades attached to
a shaft free to rotate.



Turbine Modeling
_ ) 2 _
0=/Qg—ch+m(hl—h2)+(vl/2/<72)+g(21//2'2)

negligible, ¥4(V,?> — V,?) drops out.

Eq.
4.20a

» If the change in kinetic energy of flowing matter is

» |f the change in potential energy of flowing matter is

negligible, g(z, — z,) drops out.

» If the heat transfer with surroundings is negligible,

O.v drops out.

WCV = m(hl — h2)



7+ Compressors and Pumps

Outlet
(a) Reciprocating

» Compressors and Pumps:
devices in which work is done
on the substance flowing
through them to change the
state of the substance, typically
to increase the pressure and/or
elevation.

» Compressor: substance is gas
» Pump: substance is liquid




Compressor and Pump Modeling

i > 2 _
0 =%, — WCV +m|(h —hy)+ (Vl/z/GZ) + g(ZVéz) [4122%3}

» If the change in kinetic energy of flowing matter is
negligible, 2(V,> — V,?) drops out.

» |f the change in potential energy of flowing matter is
negligible, g(z, — z,) drops out.

» If the heat transfer with surroundings is negligible,
Ocv drops out.

WCV = m(hl — h2)



Heat Exchangers

(a) (b)

» Direct contact: A mixing chamber in which hot and
cold streams are mixed directly.

» Tube-within-a-tube counterflow: A gas or liquid
stream is separated from another gas or liquid by a
wall through which energy is conducted. Heat
transfer occurs from the hot stream to the cold
stream as the streams flow in opposite directions.



Heat Exchanger Modeling

oot Yot s )

> WCV _0. (Eq. 4.18)

» If the kinetic energies of the flowing streams are
negligible, m;(V?/2) and m1,(V 2/2) drop out.

» |f the potential energies of the flowing streams are
negligible, r;gz, and 71, gz, drop out.
» If the heat transfer with surroundings is negligible,

Ocv drops out. . .
C 0= ity ~ S itgh,
l e



Throttling Devices
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» Throttling Device: a device that achieves
a significant reduction in pressure by
introducing a restriction into a line through
which a gas or liquid flows. Means to
iIntroduce the restriction include a partially
opened valve or a porous plug.



Throttling Device Modeling

Eq.
4.20a

O=/ZC; —%’+m-(h1—h2)+(V127/<;2)+g(z/

» ., =0.

» If the change in kinetic energy of flowing matter
upstream and downstream of the restriction is

negligible, ¥4(V,?> — V,?) drops out.

» If the change in potential energy of flowing matter is

negligible, g(z, — z,) drops out.

> If the heat transfer with surroundings is negligible,

Oy drops out. hy = hy (Eq. 4.22)



System Integration

» Engineers creatively combine components to
achieve some overall objective, subject to
constraints such as minimum total cost. This
engineering activity is called system integration.

» The simple vapor
power plant of Fig 4.16
provides an illustration.




The Mass Balance
(Transient Analysis)

» Transient: state changes with time.

» Integrate mass rate balance (Eq. 4.2) from time
0 to a final time .

S f;(zm]dfj:[Edet

This becomes  Mev (1) = Mgy (0) = zmi —2Me (Eq. 4.23)
i e

where

*m; IS amount of mass entering the control volume through
inlet 7, from time 0 to «.

'm, is amount of mass exiting the control volume through
exit e, from time 0 to .



The Energy Balance

(Transient Analysis)

» Integrate energy rate balance (Eq. 4.15), ignoring
the effects of kinetic and potential energy, from
time 0 to a final time +.

o X O D T

When the specific enthalpies at inlets and exits are
constant with time, this becomes

Ucv(t) - UCV(O) = Oy —Wey + Emzht - Emehe (Eq. 4.25)
z e






