Thermodynamics
ENGR360-MEP112

LECTURE 7



MASS AND ENERGY ANALYSIS OF CONTROL VOLUMES Thermodynamics — ENGR360/MEP112

ODbjectives:
1. Conservation of mass principle.

2. Conservation of energy principle applied to control
volumes (first law of thermodynamics).

3. Energy balance of common steady-flow devices such as
nozzles, diffusers, compressors, turbines, throttling
valves, mixing chambers and heat exchangers.
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1. CONSERVATION OF MASS
J Mass and VVolume Flow Rates:

Mass flow rate, m = j pv,dA, o
A

C

L1
i
v L
m = pV.A ~.
p ll C Control surface Y
1

The normal velocity V, for a surface is
the component of velocity
perpendicular to the surface.

. m
Volume flow rate, V= — = f vh,dA, A: normal unit vector
p V: Flow velocity
A, .
y V,: normal flow velocity
V=v,A, "
A.: cross — sectional area of flow
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1. CONSERVATION OF MASS

] Conservation of Mass Principle:
The conservation of mass principle for a control volume can be expressed as:

The net mass transfer to or from a control volume during a time interval At is
equal to the net change (increase or decrease) in the total mass within the

control volume during At. That is,
( Total mass ) B ( Total mass ) B ( Net change in )

entering the CV during At leaving the CV during At mass within CV during At
m; - 2 m = Am
2 in CS out cs CV
In a rate form:
D i = " o = g
m: — m —
Mcs out| g dt
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1. CONSERVATION OF MASS

dmcv d(pVey)
dt dt  dt J (pdV + Vdp)

o The rate of change of the mass Wlthln the control volume (CV) Is
due to the change of its volume dV and the change of the density of
the fluid dp.

dl:f" = 0 If there is no change In volume dV and no change In

density dp.

O
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1. CONSERVATION OF MASS
3 Mass Balance for Steady-Flow Processes: LI
During a steady-flow process, the total amount of
mass contained within a control volume does not |
change with time (m¢,, = constant). o

Conservation of mass principle for a two-

. . let-oncult Sy e
Z Min| g = Z Hout| g
o For steady-incompressible flow, i.e p = constant:
| | i
Z Vin cs Z Vout CS s e

flow rates are not necessarily conserved
although mass flow rates are.
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2. FLOW WORK AND THE ENERGY OF A FLOWING FLUID

J Unlike closed systems, control volumes
Involve mass flow across their boundaries,
and some work Is required to push the mass
Into or out of the control volume. This work
IS known as the flow work, or flow energy,
and IS necessary to maintain a continuous
flow through a control volume.

Whow = F.L=p.A.L=pV ()

Wiiow = PV (J/Kg)
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2. FLOW WORK AND THE ENERGY OF A FLOWING FLUID
] For closed system:

e = u + ke + pe
J For open system (control volume):
The energy contained in a flowing fluid is 0
0=e+ pv = pv + u + Ke + pe
flow work
0 = h + ke + pe
J Enerqgy Transport by Mass:

o Amount of energy transport: E .. = m0 = m(h + ke + pe)

o Rate of energy transport: E ..« = mO = m(h + ke + pe)
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3. ENERGY ANALYSIS OF STEADY-FLOW SYSTEMS

. First law of thermodynamics for open-steady flow systems:
: . EEsystem
Ein — Eout — H\t

q
Zero, for steady-state

. _ steady-flow process
Ein = Eout
an + Wln + Emass 1n QOllt + WOllt + Emass out

an + Wm + z me QOllt + WOllt + 2 me

out

: : 2 : : 2
Qin + Wi, + lil(h+V7+gZ>=Qout+Wout+ lh(h+V7+gz>
in

out
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3. ENERGY ANALYSIS OF STEADY-FLOW SYSTEMS
] Special cases:

1. Single stream (m;, = m,,, = m:

vZ Vout
: . . 1n B a . ou
Qin + Wiy, + m (hin + 7 + gzin) = Qout T Wout + m (hout + 2 + gzout)
2. Single stream per unit m (single stream per unit mass per unit time):
2 2
Vin Vout

Jin T Wijn + h;, + + 8Zin = qout T Wout + hout + 2 T 8Zout

2

3. Single stream per unit_m with negligible Kinetic and potential energies:
Qin + Win + hin = Qout + Wour + hout

or
(qin — qout) T (Win — Wout) — hout — hin
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4. SOME STEADY-FLOW ENGINEERING DEVICES
> Nozzle:

* Nozzle is a device that increases the velocity of a fluid at the expense of its pressure.
* Nozzle can be used with compressible or incompressible fluid flow.

- Energy balance for single stream:

2

. . . Vin . . . O

Qin T Wjy + My, (hin T 2 T gzin) — Qout T W{)ut T Mgy (hout T
ZEero Zego

2
(Qin - Qout) =m [(hz —hy) + (Vz > V1) + 8(z; — Z1)]

For single stream and neglected change in potential energy:
Vo — Vl

2 2
(Qin — Qout) = m [(hz - hl) + < 2 2 )]

For single stream, neglected change in potential energy and adiabatic nozzle:

_(vi—v;
o= (2%
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4. SOME STEADY-FLOW ENGINEERING DEVICES
> Diffuser:

* Diffuser is a device that increases the pressure of a fluid by slowing it down.
* Diffuser can be used with compressible or incompressible fluid flow.

- Energy balance for single streanle: -

. . . V; . . . Vo
Qin + in + m;, (hin + % + gzin) — Qout + W{)ut + Mgyt (hout +— 2 + gzout)
ZEero Zego

2
(Qin - Qout) =m [(hz —hy) + (Vz > V1) + 8(z; — Z1)]

For single stream and neglected change in potential energy:
Vo — Vl

2 2
(Qin — Qout) = m [(hz - hl) + < 2 2 )]

For single stream, neglected change in potential energy and adiabatic diffuser:

_(vi—v;
o= (2%
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4. SOME STEADY-FLOW ENGINEERING DEVICES
> Turbine: PrToViz

* Turbine is a device that produces power from the fluid.
» Gas turbine, steam turbine and wind turbine use a compressible fluid flow.
 Water turbine uses an incompressible fluid flow.

- Energy balance for single stream fluid flow:
Vout

2 2 a

- - . Vin . o . Py Ty, Vo, 22

Qin + %n T My, (hin T 7 T 8Zip | = Qout T wout T Mgy (hout T T + gzout)
ZEero 5 )

. : : , V5 — Vi
(Qin - Qout) — Woue =m [(hy —hy) + 2 +8(zz —z4)
For single stream and neglected change in potential energy: , ,

. : : . vV, — Vi
(Qin o Qout) o Wout = m (hz R hl) + ( 2 )]

For single stream, neglected change in potential energy agd adziabatic turbine:

: . Vi —V
Wout = m (hl_h2)+< 1 2 2)]
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4. SOME STEADY-FLOW ENGINEERING DEVICES
> Turbine:
* Energy balance for single stream-incompressible fluid flow:

A
Ah = —2
p
2 2 P, Ty, V
. . . /p2—p Vs —V
(Qin_Qout)_wout:m[( 2 0 1)"‘( C 2 1>+g(Z2_Z1)]

For single stream and neglected change in potential energy:

. 2 2
(Qin T Qout) T Wout — Iil [(pz pl) + (VZ 2 V1 )]

p
For single stream, neglected change in potential energy and adiabatic turbine:

2 2
: . |(P1— P2 Vi —V
Wou, =1 (21202 ) 4 (1)
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4. SOME STEADY-FLOW ENGINEERING DEVICES

» Compressor: H Lm
« Compressor Is a device that delivers power to a compressible fluid. Compreses [EEED
* Energy balance for single stream-compressible fluid flow: PR
2 2 ﬂ‘l' Py, Tq and ¥
. : . V; : : . Vo
Qin + Win + m;, (hin + % + gzin) = Qout + }/out + Mgyt (hout +— 2 + gzout)
Zero

L . | vZ _y2
(Qin — Qout) + Wi, = m|(h, —hy) + 9 +g(z; —z4)
For single stream and neglected change in potential energy:
o o vZ — v
(Qin — Qout) + Wj, = m (hZ — hl) T 2
For single stream, neglected change in potential energy and adiabatic compressor:

2 .2
Wi, =m [(hz —hy) + (vz - )]

2
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4. SOME STEADY-FLOW ENGINEERING DEVICES
> Pump:

* Pump is a device that delivers power to an incompressible fluid.
* Energy balance for single stream-incompressible fluid flow:
2 2
: : , V; : : , Vg
Qin + Win + m;, (hin + — + gzin) — Qout + WOllt + Mgyt (hout +— 2 + gzout)

2 ZEero
2 2

(an Qout) + wln — [(pz p pl) + (VZ ;V1> + g(Zz T Zl)]

For single stream and neglected change in potential energy:

. p p V2 —V2
(an Qout) +W1n - [( 2_ D 1) +< ‘ 2 1)]

For single stream, neglected change in potential energy and adiabatic pump:

Wi, = m sz - m) . (sz : V§>]
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4. SOME STEADY-FLOW ENGINEERING DEVICES
> Throttling valve:

* Throttling valves are any kind of flow-restricting devices that cause a significant pressure drop in the

fluid.
* Throttling valves can be used with compressible or incompressible fluid flow.

* Energy balance for single stream fluid flow:

2
: ' ' Vin — ; - V(%ut
Qin T in + m;j, hin +— + 8Zin | = Qout + out + Mgyt hout + T + 8Zout

ZEero 2 ZEero
. . . Vz - Vlz
(Qin — Qout) = m |(hy —hy) + > +8(z2 — z1) L
For single stream and neglected change in potential energy: (a) An adjustable valve
2 2
. . . Vz - Vl
(Qin — Qout) = m [(hz — hl) + ( 2 )] s
For single stream, neglected change in potential energy and adiabatic: (7) A porous e
Vi —v2
(hz — hl) — 2 (c) A capillary tube
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4. SOME STEADY-FLOW ENGINEERING DEVICES
> Throttling valve:

For single stream, neglected change in potential energy, adiabatic and constant velocity:

hz — h1
For single stream, neglected change in potential energy, adiabatic, constant velocity and ideal gas:
Tz — T1
-
()
() An adjustable valve
i
(£} A porous plug

() A capillary tube
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4. SOME STEADY-FLOW ENGINEERING DEVICES
> MIXINng chamber:

* Mixing chamber is a section where the mixing process takes place.
* Energy balance:

2 2
: : , V;
Qin + Win + Z m;, (hin + én + gzin) Qout + wout + Z rnout (hout + ; + gzout)
m,
* Mass balance: "1 S b ‘.
_'"_i Mixing !_
z m;, = z 11 P i chamber i —
. IS
For instance, if the mixing chamber has two inlets and one outlet: [y EEEEERees |

rh1 + mz = lilg My

2 2 2
(Qin — Qout) + (Win — Woye) = m [hs + <VZ ) + ng] my [h1 + (Vz ) + gZ1] m; lhz + ( > ) + gZz]

For neglected potential and kinetic energy, adiabatic and no work interaction:
Ih3h3 — mlhl + mzhz
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4. SOME STEADY-FLOW ENGINEERING DEVICES

» Heat exchanger:

- Heat exchangers are devices where two moving fluid streams exchange heat without
mixing.

* Energy balance: Gjn Oout
— — " t —
. ou
an + Wm z mln (hln + - + me> Qout + Wout Z Moyt <hout + 2 + gzout)
Zero ZEero Fluid B
* Mass balance: “{‘j
z m;j, = z My, Heal
oc B N Fuid A
- b 20°C
Heat

is*C
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4. SOME STEADY-FLOW ENGINEERING DEVICES

» Heat exchanger:

The heat transfer associated with a heat exchanger may be zero or nonzero depending on
how the control volume is selected.

Fluid B CV boundary Fluid B CV boundary
f ' |
{ .
O LN/ ? \ ey
I
| | /
I |
| Py l _ - — ———
-l—:— =— Fluid A -'—Il— Heat +— Fluid A
I e
[ Heat :
S 51 . \
() System: Entire heat (0 System: Fluid A (O, = 0)

exchanger (- =0)

* Energy balance:
(Qin — Qout) = Mpb; + M0, — MpOH; — M, 03
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4. SOME STEADY-FLOW ENGINEERING DEVICES
» Heat exchanger:

For neglected potential and kinetic energy:
(Qin — Qout) = mghy + myhy — mghy —myh; = my(hy —h3) - EhB(hlv —hy)

Fluid B CV boundary

C \ / QBA QBa

(5 EL____}_"’_"___T\\_ &

For neglected potential and kinetic energy and adiabatic process:

thhz + rhAh4 — mBhl ~+ mAhg
my (hy —h3) =mg(h; —hy) = Qg,
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