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» Entropy balance for Open Systems

» Reversible steady-flow work (Ideal work)

» Reversible steady-Processes

» Minimizing the compressor work

» Isentropic efficiencies of steady-flow devices
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Entropy Balance for Open Systems

» Entropyis not conserved.

» The second law states that the fofa/entropy
change associated with any process must be
positive, with a limiting value of zero for a
reversible process.

» This requirement is taken into account by
writing the entropy balance for both the
system and its surroundings, considered
together, and by including an entropy-
generation term to account for the
irreversibilities of the process.
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Entropy Balance for Open Systems

d(mS)ey '

A(Sr) -+ + SG >0
dt d t
The net rate of gain in entropy of  The time rate of Entropy changesin  The rate of entropy
the flowing streams, i.e., the change of the total  the surroundings, the ~ generation
difference between the total entropy of the fluid  result of heat transfer
entropy transported out by exit contained within the between system and
streams and the total entropy control volume. surroundings.

transported in by entrance streams

Let rate of heat transfer Q; with respect to a particular part of the control surface be
associated with 7, ; where subscript a, j denotes a temperature in the surroundings.

The rate of entropy change in the surroundings =0 -/T_ .
as a result of this transfer is BEE

» The minus sign converts Q;, defined with respect to the system, to a heat rate with respect to
the surroundings
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Entropy Balance for Open Systems

dSuw _

dt

m—  A(Sr)g + i)
dt ;

) : .
A_

Q ’
21— + Zm,.\',- e 2”"v‘? gy =

Ta.j

= dSey/dt (KW/K)

(S, — S))ev (kJ/K)

The rate of entropy change within the control volume during a process is equal to the sum of the
rate of entropy transfer through the control volume boundary by heat transfer, the net rate of
entropy transfer into the control volume by mass flow, and the rate of entropy generation within
the boundaries of the control volume as a result of irreversibilities.
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Entropy Balance for Open Systems
» For a steady-state flow process the mass and entropy of the fluid in the control volume are
constant A(SH) — Z 0O _ 56

> For single-stream (one inlet and one exit) steady-flow devices

n

Steady-flow, single-stream: Sgea = M(S, — 8;) — E—-— j\\

g :
3813;+2-T-+35m __6_

» For the case of an adiabatic single-stream device

Steady-flow, single-stream, adiabatic: Spen =

cn

S, =8, ¢ sgm?‘:' 5;

(el
m(s, — s;)

83

The entropy of a substance always
increases (or remains constant in
the case of a reversible process) as
it flows through a single-stream,
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» System that exchanges both mass and heat
with its surroundings. At the point in the
surroundings where the heat transfer occurs,
the temperature is 7,

i B Control volume
dSev
di -

S

——

o} Oow. _
_] —— - Surroundings

s :
1\ Temgeralure = Ty A/ )
N e . ——
dS)

the second law for this process

ds, Oce.
V. | . . €.V,
T T M, T S = )
df 2 eve E iV cz‘ T
the rate of change of
Ent i ?h the net entropy flow out
ntropy within the
. ply | of the control volume
control volume .
resulting from the mass
flow
Do _ D s, — D s — Cev
dt Ve i9i TU
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The Principle of the Increase of Entropy

ASyq = AS,, + ASp

Where

— Q.
AS, .. = (mzs; — nys )y, B = _7':—\_ + 2 mise 2
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Water at 20 psia and 50F enters a mixing chamber at a rate of 300 Ibm/min where it is mixed
steadily with steam entering at 20 psia and 240F. The mixture leaves the chamber at 20 psia and
130F, and heat is lost to the surrounding air at 70F at a rate of 180 Btu/min. Neglecting the
changes in kinetic and potential energies, determine the rate of entropy generation during this

process. 180 Btu/min
-
Py
T, = 50°F =r* :
300 Ibm/min | Mixing |
: chamber _lt T3=130°F
| P=20psia |
T=240F=~ :
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Example Cont.
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Example Cont.
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A de-superheater works by injecting liquid water into a flow of superheated steam. With 2 kg/s at
300 kPa, 200°C, steam flowing in, what mass flow rate of liquid water at 20°C should be added
to generate saturated vapor at 300 kPa? What is the rate of entropy generation in the process.

g .
ULV
2
[

De-superheatef
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Example Cont.
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Steam enters a steam turbine at a pressure of 1 MPa, a temperature of 300°C, and a velocity of 50
m/s. The steam leaves the turbine at a pressure of 150 kPa and a velocity of 200 m/s. Determine
the work per kilogram of steam flowing through the turbine, assuming the process to be
reversible and adiabatic.
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Example Cont.
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Transient Process

3‘% (mS)ey, = 2 ms; — E s, + E

;';V: + Sgcn

t

Integrating over the time interval £ a
J J 0 :,1_: (nrs)c.v. at = (mzfz - ”Iisl)l.‘..v.

And

L‘ (X msyde = 2 mgs, J; O ms)dt =X mes., f 0; Spendl = 1Syeen

‘ .
— (mysy — MyS ey, = E MmeS; — E m,s, + Jo E Q,;,'"‘ dt + \83eea
C.V.

If the temperature is uniform throughout the control volume at any instant of time

t 1 . i
f ZQ'*:"' dt = f 12 Q... dt = j Qﬂ‘"‘ dt
1 0 Z A8 0 1

0 cv

the second law for the transient process

¢ ; Qe
(353 — Mgy, = DSy — D MS, + o —f\" dt + 1S3ge0fan
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Calculation of the Ideal Work

> In any steady-state flow process requiring work, there is an absolute minimum amount which
must be expended to accomplish the desired change of state of the fluid flowing through the
control volume.

> In a process producing work, there is an absolute maximum amount which may be
accomplished as the result of a given change of state of the fluid flowing through the control
volume.

» In either case, the limiting value obtains when the change of state associated with the process
is accomplished completely reversibly.

For such a process, the entropy generation is zero

A(Srin)s — %’- -0

a

Q = Tcr A(Sm)fs
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Calculation of the Ideal Work

A[(H + 3u® + zg) ] = T, A(Stin)gs + Wi (rev)
W,(rev) the work of a completely reversible process or  ideal work, Wigeal
Wigea = A[(H + 3u® + 2g) rit ] — T, A(Srin)gy
Neglecting the kinetic- and potential-energy terms
Widea = A(Hn)gs — 1o A(Sm)gs

For the special case of a single stream flowing through the control volume.

Wideas = m(AH —T,AS)

Or per unit-mass .
P Wisead = AH — T, AS
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Calculation of the Ideal Work

» A completely reversible process is hypothetical, devised solely for determination of the ideal
work associated with a given change of state

The only connection between the hypothetical reversible process and an actual process
is that it brings about the same change of state as the actual process
When Wigeal (or Wigeal) 18 positive.,

It is the minimum work required'to bring about a given change in the
properties of the flowing streams and it is smaller than the actual work

. ideal
ne(work required) = ==
5
When Wigea1 (or Wigea1 ) is negative.
The absolute value is the maximum work obtainable from a given change in the
properties of the flowing streams, and it is larger than the actual work

5

n.(work produced) =
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Lost Work

Wiost = Wy = Wideal Or “’]ost = Ws g "-Vidcal
But Ws = A[(H + %“2 +Zg)m]fs -Q

And  Wigea = A[(H T 3u” T 28) ] — T, A(Srir)gs
—) ‘.Vlosl — Ta A(Sm)fs o Q
For the case of a single surroundings temperature 7, ,

: . Q .
S¢ = A(Snit)gs — 7. = 1,56 =T; A(Si) - 0

a
—) Wlost = Ta SG

Since SG =0 m— Wiog >0
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The Reversible Steady-State Process

» When a steady-state process involves a single flow of fluid into and out of the control volume

: 2 V2
The first law, g+ h+ 7’ +gZ,=h, + 7’ + g7+ w
QH
The second law wis, — ) = 2’ + Sgen

» If the process is reversible and adiabatic, the second-law equation reduces
S, = S;

from the property relation Tds=dh—vdP

With q = 0, ,
—) he—h,-"’:J'.UdP

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

The Reversible Steady-State Process

r 3 2

) W=k —h,)+ Vi—;!——-e- + g7, — Z,)

e 2 2
=—judP-l-V' !--- g(Z; —
‘ 2

» If The process is reversible and isothermal, the second law reduces to

m(s, = 8;) = = 2 ch ch\ — s, —s) = ch =q

m

)  7(s, - s) = (h, — h) — f vdP
{

i 2 2
Again ¢ Vi V?
g w=-—fvdP-i— ——= + 2(Z;, —
p 2
» The equation is valid for any reversible, steady-state process without the restriction that it be
either adiabatic or isothermal
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The Reversible Steady-State Process

> For the steady flow of a liquid through a device that involves
no work interactions (such as a pipe section), the work term
is zero (Bernoulli equation):

» The larger the specific volume, the greater the work produced
(or consumed) by a steady-flow device.

» When kinetic and potential energies are negligible

-«

2
Weey = J; Pdv

Weo = — | vdP
(b) Closed system

Reversible work relations
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Proof that Steady-Flow Devices Deliver the Most and Consume the Least <° -

Work when the Process Is Reversible

Taking heat input and work output positive:

Py T
08¢, — ow,, = dh + dke + dpe Actual ke o]
8¢y — OWyy = dh + dke + dpe Reyersible k Wrev = Wact
Ot = Waet = Orey — Wiy TURBINE s —
tS‘.‘IIIL‘\ - ‘S‘.l‘.lfl = ts{!"[t‘\ - Sr’l.ll[

0y =Tds ;4= 63"}" \ r

811"[;'\ o 6""'I:lrl Sq;lcl .
f:d’.\'—TEU P25T2
MWy = W, A reversible turbine delivers more
. SR o work than an irreversible one if both
H]‘e\' = W act

operate between the same end states.

Work-producing devices such as turbines
deliver more work, and work-consuming
devices such as pumps and compressors require
less work when they operate reversibly.
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2 . _ P
Wi = J Vv dP When. kinetic anq Potentlal
' | energies are negligible
- P‘) v e el R PR T
Isentropic (P =constant): ; Tsentropic (n = &)
e i g F o St Polytropic (1 <n <k)
" B fr\R( -" = l'rl ) - J’\Rh |i ( P, ) k—1 i j| Isothermal (1 = 1)
comp.in f\' = I A e l })l
Polytropic (P’ = constant): =Y .. L
1
|
| _ nR(T, —T,)  nRT, (P,_ ) =
n‘-‘nll]?.lll =g n — 1 s T I P] 7
Isothermal (Pv =constant): P-vdiagrams of isentropic, polytropic,
P, i i
Wessoss = RTT = and isothermal compression processes

The adiabatic compression (Pv% =constant)
requires the maximum work and the isothermal
compression ( 7 =constant) requires the

minimum. Why? ordan | Amman 11942, Jordan
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between the same pressure limits.

The gas is compressed in N |
stages and cooled between
each stage by passing it
through a heat exchanger
called an /ntercooler. otheansl

Intercooling

Intercooling

v s
P-vand T7-sdiagrams for a two-stage steady-flow
compression process.

_ nRT, [(p_\)(u—n,m ]] . nRT, [(Pz)(”—')f” ]]
= 1L\P, n—1L\P,

P.=(PP)"? o P. P> To minimize compression work during two-stage

Py P, compression, the pressure ratio across each stage of
the compressor must be the same.
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W =n + w
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comp ILin




Isentropic Efficiencies of Steady-Flow Devices

The isentropic process involves no irreversibilities
and serves as the ideal process for adiabatic
devices.

IDEAL | —(=s
(reversible) =

ACTUAL
(irreversible) “lwy

I

I; Inlet state P,

K

Isentropic ,,2(:__1__]:___
Efficiency of hysP===""2>4
|
Turbines :
|
|

=

Actual process ;
i _Actual turbine work  w,

[sentropic turbine work W

Uk

Isentropic process

R — s
hy, — h,,

Nr =

The A-sdiagram for the actual and
isentropic processes of an adiabatic
turbine.

S5 = 8 s
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The ~-sdiagram of the actual and isentropic

I,\'Unl]‘npiu compressor work Wi processes of an adiabatic compressor. P,
T . —_— — &
" Actual compressor work W,
h A
/15, — Iy When kinetic and potential 2a
Ne = . - R
h,, — h, energies are negligible a : ‘: —_—
w.  u(Py— P,) hosFT=—F=———" J/proccss
Np = = : For a pump ! .
W h, — h : Isentropic
17 2a | Wq
w w. process
ne = Isothermal :
W, .
efficiency P,
;II i e e b e
I | Inlet
E |l state
_e_ Compressors are sometimes Sz = 8] s
—— - -
intentionally cooled to Can you use isentropic efficiency for a
= minimize the work input. : :
| 1 € the work input non-adiabatic compressor?
3}; Cooling ) .
i wdee Can you use isothermal efficiency for an
Chemical Engineering Department | University o adiabatic compressor?
28 -7
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Isentropic Efficiency of Nozzles

ht
y - P
Actual KE at nozzle exit Vs, l
Ny = — — g s Inlet state
[sentropic KE at nozzle exit V5,
- ; Actual process
. . . . . TR
If the inlet velocity of the fluid is small relative to the L lisntropic pocess
H H H 2a 25
exit velocity, the energy balance is 5 P,
V2 hz“__l__J. _______
i 2a (T el oo 1
h[ = /?2” . 2 | 25
|
|
Then, :
h| s h:” 1 -
Nr=s—— S25 = 5 J
h| — !32\

The A~-sdiagram of the actual and

\ isentropic processes of an adiabatic nozzle.
l -HH-_"‘-..
| T

1

950 K: Actual nozzle —:- 764 K, 639 m/s
= -
AIR | A substance leaves actual nozzles at a higher temperature

I
Isentropic nozzle —— 748 K, 666 m/s
|

|

:/ (thus a lower velocity) as a result of friction.
T

-
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