Thermodynamic
process and cycle




Efficiency

- W, from energy balance is isentropic work.

« Real turbine or pump(compressor) is not
reversible(isentropic)

« Use the efficiency

0=0Q+W,—1mAh

Q=0

7%

. S,real
Nturbine =
S,isentropic
__ " 'S,isentropic .
Ncompressor = W W, = mAh W, = mAh
S, real
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Example 2.5

Steam P, = 1bar
Py =10 bar Saturated vapor
T; = 500°C

m = 10kg/s W; = —6981 kW = —7.0MW

Enthalpy (kJ/kg)

Steam Hysys
table

Adiabatic

> >

Stream 1 33736 -12550.1 Steam P, = 1bar
Stream 2 -13249.5 Py =10 bar
T | 25755 | T, =500°C s ¢ Canyou
Ah(=w) -698. 1 -699.4 m, = 10kg/s calculate work?
W,(MW)  -6.98 -6.99
W, =w-m
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Degree of freedom

 The number of variables which can vary freely in given

condition.

— A variable increase DOF by 1, and an independent
relation(equation) decrease DOF by 1

— DOF=number of variables -number of equations

A system defined with
2 variables and 1 equation:
x+y=1

DOF=2-1=1
One variable is still free.
(We need to specify one
more variable; If we decide
X, Yy is decided. If we decide
y, X is decided)
We call this system

J “underdetermined.”

7 >No unique solution.

A system defined with
2 variables and 3 equation:

x+y=1

2x+y =2

x+2y=4 If you want to specify all
DOF=2-3=-1 ¢ beey

variables (unique
solution), you must make
the DOF=0 in your system!

We call this system
“overdetermined” or
“Inconsistent”

—->No feasible solution.
Or no consistency




Underdetermined (DOF>0)

. : :
Adiaba
Variables (8)
Any two intensive property in stream 1 >
Any two intensive property in stream 2 Steam P, = 1bar
Extensive property: mq, m, P; = 10 bar W
0, W, T, = 500°C "s Q
Equations (7) my = 10kg/s
Stream condition(intensive):
P, = 10 bar, State Postulate:
T, = 500°C, I you specify any two intensive
P, = 1bar properties of a stream, you can
Stream condition(extensive): decide all other intensive properties.
my = 10kg/s
Mass balance
Ti’ll — Ti'lz

Energy balance
0=0Q+W,—nmh; —1,h,
Process condition (adiabatic)
Q=0
% DOF=8-7=1  nderdetermined.
AR TOUNSUD LT vy must have one more relationship(equation) to specify this system.
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Overdetermined (DOF<0)

S
Variables (8)

Any two intensive property in stream 1
Any two intensive property in stream 2

m]_; mz; Q.l WS‘
Equations (9)
Stream condition(intensive):

P; = 10 bar

T; = 500°C

P, = 1bar
S1 = S2

Stream 2=saturated vapor
Stream condition(extensive):
my = 10kg/s
Mass balance
my = my
Energy balance
0=0Q+W,—1nh; —1,h,
Process condition (adiabatic)
Q=0
- DOF=8-9=-1

ﬁ"}_l Consistency Error E (=] @

isentropic

>
P, = 1 bar
Saturated vapor

Steam
P; =10 bar |
T, = 500°C Ws Q

my = 10kg/s

& conziztency emor haz occured

A conzistency eror haz occurred. This can arize either when two objects calculate differing values
faor the zame vanable or one object's calculations are conflicting with exristing specifications.

In general. thiz means that the simulation iz overspecified.

Howerver, if the dizcrepancy iz small and one of the values iz caloulated by a column flowshest,
tightening the column salver talerances may eliminate the inconsistency.

Wanable [nformation

M ame af |nconsistent Y ariable Adiabatic efficiency
Marme of Object f-100
Object Type E xpander

Calculation Source |nformatiorn

0ld Calculation Mew Calculation
7a00 | Yalue | 1261
Calculated By Object Mame | f.-100
Calculated By Object Type | E xpander
Specified | Specification / Calculation | Calculated
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P-fhrdiagram for water
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Ph diagram

isentropic

P, = 10 bar % T, = 183°C
T, = 500°C

m = 10kg/s Ah =-636.7k]/kg

apdPa ||

| | | I
Lon 1000 1500 2000 2500
Enthalpy[kJ ! kqg]




examples

isentropic
Steamlo ; Pz = 1 bar
= ar o
T1 = 500°C = 183°C
= 10kg/s "W=Ah= 637

Steam Steam
table table
Stream 1 34784 7.7621
Stream 2 2843.0 7.7621
Ah(=w) -635.4
P=1bar T h S
gt T 150 27764 7.6133
200 28753 7.8342
Interpolation 183.6804 2843.02 7.7621
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Enthalpy (kJ/kg) | Entropy (kJ/kgK)

isentropic
Steamlo b P, = 2 bar
= ar .
= 10kg/s
Ah=-479
St
table. | hkike)
500 Stream 1 -12446.4
183.7 Stream 2 -12925.4
Ah(=w) -479



Ts diagram
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Enthalpy [kJlkg]

hs diagram

f1-g diagram for water

isentropic

P; = 10 bar T, =183°C
T, = 500°C

m = 10kg/s Ah =-636.7k]/kg
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Isentropic
Steam P, = 1bar
P, = 10 bar T, =183°C
T; = 500°C
m = 10kg/s Ah = —636.7K]/kg
Isentropic
Steam P, = 2 bar
P, = 10 bar I; = 264°C
T; = 500°C

m = 10kg/s Ah = —479K]J/kg

BB sNU NAOE
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isentropic
P, = 10 bar T; = 300°C
T; = 500°C
m =10kg/s Ah = -308 ki/kg
isenthalpic
Steam 4N_> P2 =1 bar
Pl = 10 bar T2 = 49540(:
T; = 500°C
m = 10kg/s
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Isentropic
P, = 10 bar I; = 183°C
T; = 500°C
m = 10kg/s Ah = —636.7K]/kg

n =50%

Steam P, = 1bar
P, = 10 bar T, = 342 .3°C
T; = 500°C
m = 10kg/s Ah=-318.3

BB U NAOE
Y Youngsub Lim

n=634%
P; = 10 bar T, = 300°C
T; = 500°C
m = 10kg/s Ah =-403.9
n=120%
P, = 10 bar T, = 120°C
T; = 500°C
m = 10kg/s Ah =-762.0
Impossible!

(wrong design)
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isentropic n =50%
Steam P, =1 bar Steam P, = 1bar
P, = 10 bar T, = 183°C P, = 10 bar T, = 342 .3°C
T, = 500°C T, = 500°C
m = 10kg/s Ah = —636.7K]/kg m = 10kg/s Ah=-318.3
n=50% ___--- 1
,———"'——i;entropic i
Steam 71,32_=118221é ——> 2 - Lbar =
P; = 10 bar 2~ | 2 = 342.3°C
or ! I
Ty = 500°C 1 AR = —636.7K] /kg |
m = 10kg/s |
| |
=--J.__ -3183kJ/kg |
_____ I
e v I P
BRp% SNU NAOE —318.3k
f‘“;f’ Youngsub Lim 318.3 ]/kg 13



Ah=1000kW

P1=100bar P2=10bar
T1=500°C - .
$1=118.9 J/mol 12=182.8°C
: s2=118.9
W.=1000 kW
Ah=1000
P1=100bar
T1=500°C —
s1=118.9 J/molK P2=10bar
T2=182.8°C
s2=118.9
n=60%

=400

KSBis% SNU NAOE
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P1=100bar
T1=500°C
s1=118.9 J/molKi

P1=100bar
T1=500°C
s1=118.9 J/molK

P2=10bar
— T2=285.1°C
s2=127.4

n=60%

P2=10bar
— T2=231.8°C
s2=1234
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Polytropic efficiency

* Polytropic Process
* Polytropic exponent
 Polytropic efficiency




Thermodynamic cycle

— A set of processes through which a system
returns to the same initial state

» Carnot Cycle
— Proposed by NLS Carnot in 1824
— Reversible cyclic process with Ideal gas
— Maximum efficiency of a heat engine

http://en.wikipedia.org/wiki/Carnot_cycle



A: state 122 Isothermal Expansion

Pressure P
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http://www.physics.louisville.edu/cldavis/phys298/notes/carnot_thcycle.html



B: state 2> 3 Adiabatic Expansion

EE
v

o Tc
Q

—

>

n

n

Q

| -

(o

Wa3 = kle[szz — Py, ]
= k—1 [T, — Ti]
Pv* = a(constant), k = ¢, /c,

. (Wp3 < 0)
BGBR sNU NAOE
) oungsu Lim Volume V 18



C: state 324 Isothermal Compression

B
RT 1 RT 1 b
W3y = nvz = npl
(wsgs > 0)
[l
8
7 _
d T
o H
. qcl — —
' |C[ | \ t ? Tc W34
C |
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D: state 4> 1 Adiabatic Compression

—_

Pressure P

:m[szz—Pﬂh]

=k—1[T2_T1]

Pv* = a(constant), k = ¢, /c,

(Wgq > 0)
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Volume V
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Internal Energy in Carnot cycle

[ .
1
Aucycle — Au1—>2—>3—>4—>1
—_ u1 — u1 —_ 0
D_ —
> = Qnet T Wnet
| -
2
Y, 2
D
an
4
3
.,,tg—‘
%A- iNSnZQJ%EL1m VOlume V




Total Net Q in Carnot cycle

S
Aucycle = 0 = Qnet + Wnet
1
dH
o $  Gnet =4qu T qc
= |Gnetl = lau + qcl = qu + lqcl
% 2
o
4
~ 3
lqc|
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Total Net W in Carnot cycle

N
Aucycle = 0 = Qnet + Wnet
1 Anet = qu + qc
w
al | 12' Whet = W1p T W3 + W3y + Wyq
()
—
> |Wheel = lwia| + [woz| — Wiy —wyq
% 2
2 1
Wa1 [Whetl
|W23|
4
1t 3
W34
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Efficiency of a heat engine

—
: Heat Engine
Q‘H —_— _
) 7, Qs Oc | 7.
2
- W — EE—
4 /4
4 3
Qc
. . 174
The first Carnot theorem. all ef ficiencyn = —

reversible engines operating
between the same two baths has

Qx|

the same efficiency W|=-W =Q = 10| —1Qcl
TC . 1 _ |QC|
n=1——
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http://www.physics.louisville.edu/cldavis/phys298/notes/carnot_thcycle.html

Heat Engine Example(Power Plant)

(¢

.
|14
working fluid
circulating in loop S
turbiﬁé
Qn |
TH —| boiler condenser
| 2
/A
W ;‘
hquid
pump
Wi
ef ficiencyn =

Qu

On

high P

Oc
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Refrigerator Example

W
[7(

(¢

I condenser

Q cnmprre-ﬂnr
T H I
H

evaporator

—

L

throttle
valve

refrigerant

circulating in loop

Qn

Qc

coef ficient of performance

Qc

COP = —

w

26



