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Some tips for Final Exam

1. For problems: EFD, Basic Equations Assumptions,
calculate/retrieve known properties

2. Itis highly recommended to create a state

property summary table especially for cycles:
State m(kg/s) p(bar) T(°C) v(ms/kg) u(k)/kg) h(k)/kg) s(k)/kg - K)

1 4 1 450 3.334 3049.0 3382.4 8.6926
3 5 2 200 1.080 2654.4  2870.5 7.5066
4 3 4 400 0.773 2964.4 3273.4 7.8985

3. Review Equation Sheet

4. SI (or kSI) units; avoid “bar”

« Mandatory for Ideal Gas Law, 2™ law
calculations




| BASIC EQUATIONS FOR ME 200 |
Mass Conservation, 15 Law and 2" Law Relations
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PROPERTY RELATIONS FOR ME 200 |
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Thermo in a Nutshell

1. There is a game. (0 law, thermal
equilibrium)

2. The best you can do is tie. (15* Law,
energy balance)

3. You can never tie. (2" Law, entropy
increase principal)
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Closed systems (control mass)

* A system in which the mass within the
boundary remains constant.

 No mass transfer occurs across the system

CLOSED
boundary SYSTEM

Mass NO

m = constant
e Heat and work interactions across the
boundary ARE still possible

Energy YES

Here we analyze a specificamount, or piece, of mass
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Conservation of energy for a closed system (control mass, cm)

\«r N W

by 15t Law of Thermodynamics
-1 System ;\/ (Conservation of Energy)
g 1 fi losed syst
E‘ Eeys = U+ KE + PE ';“ or a closed system
- s
-T\"i’ﬁ}‘ ”L__#,"’ = KEZ — KE]_ + PE2 — PE]_ + Uz — U1

Time rate of change

net rate at which
of the energy

net rate at which

energy is being energy is being
contained within | =| transferredin | —| transferred out AESJ/S — EZ - El — Q i W
the system by heat at by work at
at time t time t time at
dE 2 2 2
cm " : dE . .
= Q — W — f < Cm)dt=det—det
dt L\ dt L L
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Mechanical forms of work

* Acceleration work (Kinetic energy)
* Work to raise a body in a potential field (potential energy)

X2
* Springwork  w,. = j KspringXdx

X1

0

+ Shaftwork W, = j +do
6,

e Electrical work W,,.. = VI, assumingconstantpower Wg,. = VI - At

7
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Characteristics of work

* Work is done by a system on its surrounding if the sole effect on everything
external to the system could have been the raising of a weight

* Some important characteristics
 Workentersor leaves the system through the boundaries
* Workis nota property
« Workis associated with a process (change of states)
* Workis a function of the path followed throughoutthe process.

Sign Convention:
W > 0 2 workdone by the system
(workoutput)
W < 0 - workdone on the system
(workinput)
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Moving boundary work

* Assystem expands and contracts, the boundary moves.
 Work interactions between the system and surroundings
occur when the volume of a fluid changes

D1~ I
Path
W=pdVv
4 ) %
W=f Pd¥ il .
¥ Jipav
g J

v, dv V5
|
|
|

Integralrepresentsareaunder a P-v diagram TGZS_Oﬂ’ ‘ ‘ ‘
|
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Polytropic process

* Polytropic processes are described by the following relationship
for pressure and volume.

pv" = Constant an = Constant n:polytropiccoefficient

POlytl'OpiC process cases
C 1—n —C'Vl_n
nel| w=2 L C=P¥r=PY
1 —n

¥
n=1 W:CIH_,C:P1V1:P2¥2

Y
n=20 W=P(V2_V1),P=P1=P2
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Heat transfer

* Energy transfer between a system and its surroundings that is not
associated with mass transfer or work.

* Driven by a temperature difference between a system and its
surroundings.

* Like work, heat transfer is a path function; NOT a property

Sign Convention:
Q > 0 - heatinto the system (heatinput)
Q <0 = heatleaving the system (heat output)
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Summary of phases

* Compressedliquid: to the left of the vapor
dome

» Saturatedliquid: onthe vapor dome, left of
the critical point

» Saturated liquid-vapor mixture: under the
vapor dome, two-phase region; here P, T
are dependent properties, need another
property to fix the state

* Saturated vapor: onthe vapor dome, right
ofthe critical point

* Superheated vapor: to the right ofthe
vapor dome

» Critical point: pointwhere saturated liquid
and saturated vapor co-exist; cannot
identify phases above this point

« Saturation temperature: temp. at which

phase change takes place fora given

pressure

» Saturation pressure: pressure at which

phase change takes place fora given temp.

PURDUE
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A
— Sat. liquid states
— Sat. vapor states
Critical point
SLVM
CL states states SHV states
Line of constant
temp.
>
A
— Sat.liquid states
— Sat. vapor states
Critical point
SHV states
SLVM )
CL states states Line of constant
pressure
>
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Property evaluation

* For simple compressible substances, two independent, intensive properties
are required to define a state.

* Once a state is defined ALL properties at the state can be determined.

* Propertiesarelisted in the form of tables

* Propertyinformationis available for compressed (subcooled) liquid, saturated
liquid, liquid-vapor mixture, saturated vapor, and superheated vapor for many

substances
_ . _ Enthalpy (h) is a property
* Propertytables usually list specific properties defined for convenience: used
* Specificvolume (v = V/m) ONLY for mass flow in open
* Specificinternal energy (u = U/m) systems! h=u+ Pv

* Specificenthalpy (h = H/m)
* Specificentropy (s = S/m)

13
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Property determination

1.) Think about what
2.) Determine the

PURDUE

UNTIVE

two,independent, intensive properties are available (state principle)
hase of the substance (CL, Sat. L, SLVM, Sat. V, SHV)

RSITY

3.) Select the appropriate tablebased on Step 2 - if CL. data not available, use a suitable approximation

Look up p in Saturation

Given Test to Determine Region of ‘Where/How to Obtain
Properties Vapor Dome Vapor Dome Diagram Properties
Look up.p in Saturation T, a. Compressed Liquid or
Properties - P tables: o Saturation Property - T
a, If T < Te, Compressed !1q11lld tables
Lp b IHT =.T’“' Two-phase, liquid- b. T and p are not
2T vapor misture independent: need another
¢. If T > Ta, Superheated vapor proplzl ty :
- rapor
d. If T > T, Superheated vapor ¢.&d. Superheated Vapor
tables
Look up Tin Saturation a. Compressed Liquid or
Properties - T tables: £ Saturation Property - T
a. If p > poyy. Compressed liquid pop, tables
1. p b. It p = psa. Two-phase. liquid- B = b T and p are not
2T vapor mixture s ;p = independent; need another
¢. If p < psgr. Superheated vapor Bl property
¢. Superheated Vapor
tables
Look up T in Saturation T L
Property - T tables: a. Compressed Liquid
a. If v < vz Compressed liquid . or Saturation Property -
LT b. If s < © < vz, Two-phase. i £ ]_-{ tables . o
5 Do b ors liquid-vapor mixture T Sa;urarllpn Property -
oo c. If v > vg. Superheated vapor i‘"‘Ll T,‘la 11'){) (lx)
caleulations below
3 : e I ¢. Superheated Vapor
Apply the same procedure it | [ou] [aroove] [on] | cables
u, h, or s is given. | i

F a. Compressed Liquid
Property - P tables: o or Saturation Property -
]E; . [ft: v << (3 50111p1‘evsset:1 liquid . . . P tables
Lp . I VERUS g Two-phase, P b. Saturation Property -
2. v uhoors liquid-vapor mixture P tables and quality
oo c. If v > v, Superheated vapor .
. o (x) calculations below
f H T .
Apply the same procedure if vevy)| [orever, | [, : :;'P“'h"“te‘l Vapor
u, h, or s is given. i i ables
T P
x ath v
1. T b. Two-phase. liquid vapor r ki l";'.tsas;)tllel' :a;:::_lnqﬁ:ﬁf;lt"
bl i " bt
- muixture 4 (x) caleulations below
v v oo, @
T
b
1.p b. Two-phase, liquid vapor A l; ::l':]:iit;?ln ::1‘: perty -
2. x mixture F bl s and quakity
’ (x) caleulations below
v v o7 @
Quality Calculations:
_v-vg o U e h—he h—Ff _ 5—s5p
v, — Vg g —lig hg —hg  hg S =S¢
U =0+ x(0z —Vf) u = up+ x(ug —uy) h=hs+x(hg — hg) = hg + xhg, 5=sp+ x(5, —5¢)

14
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Quality (summary) : anintensive thermodynamic property

* Quality (x) ofthe SLVM is defined as mass of vapor divided by the total mass

of mixture m,
X =

Meotal

e Xx lies between 0 (saturatedliquid) and 1 (saturatedvapor)
* Quality is notrelevantoutside the vapor dome (i.e. no quality associated
with either compressed liquid or superheated vapor states)

\
x = U—Uf
.« At int inside th dome: e
any point inside the vapor dome: u-u
u—u
* v=vp+x(vy —Vp) h—hf
©ou=up+x(ug —up) = by = I,
o h=hs+x(hy— hy) 9_.7
_S—5f
* s=s+x(s;—Sf)
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CL tables

* Tables are organized by pressure and corresponding sat. temperature

* Properties are listed at various temperatures for a given pressure

Internal Internal
Temp. Volume | Energy |Enthalpy| Entropy Volume | Energy | Enthalpy| Entropy
(€) (m*/kg) | (ki/kg) | (ki/kg) |(ki/kg/K) (m’/kg) | (ki/kg) | (ki/kg) |(ki/ke/K)
p =25 bar, T_,,= 223.95°C p = 50 bar =5.0 MPa, T_,=263.94°C

20 9.9956E-04| 8361 | 88.61 | 02954 |
40
s0 [ 10279E-03| 334.39 | 336.96 | 1.0740 [ 1.0267E-03| 333.82 | 338.95 | 1.0723_

* Compressed liquid approximations (only use as lastresort, i.e. no table exists)
* Liquid can be considered incompressible if AP barely changes v and u
* Under this assumption, properties at the saturated liquid state can be used as
approximations:

u= uf(T)
v = vp(T)
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Thermodynamic Plots: Example T-v
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Thermodynamic Plots: Example P-v
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Thermodynamic Plots: Example T-s
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Specific heat

» Specific Heat: Heat (energy) requiredto rise the temperature of a unit mass of
a substance by one degree.

 We will consider two types of specific heats:
 Specificheatat constant volume (c,,)

 Specificheatat constant pressure (cp)

Specific heat at constant volume (c,)

d
Cy = <a—1;,) In general,u = f(P orv,T)
v=constant

¢, is related to change in internal energy per unit change in temperature at constant volume

Specific heat at constant pressure

dh
Cp = <6_T> In general, h = f(P orv, T)
p=constant

“* ¢, isrelated to change in enthalpy per unit change in temperature at constant pressure

20
- ____________________________________________________________________________________
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Summary: Incompressible substances

* Substances where volume changes are negligible
« Valid assumption for liquids and solids, NOT GASES

* u= f(T) onlysince v is constant

cp=cp=c
* Uy — Uy =f;;2 c(T)dT

® h2 - hl - f;;z C(T)dT + v(PZ - Pl)
» Additionally, if we assume constant specific heats:
U, —uy =c(T, —Ty)

hz_hlz C(TZ_Tl) +U(P2 _Pl)
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|ldeal Gas

* For a compressible substance, volume changes are substantial when
pressure changes

 Ideal gas is an “imaginary” substance that has certain characteristics
* Negligible particle volume
* Negligible particle forces

* Is this possible? Not really! However, we can get very close to such
behavior at very low density

* Usually applicable for high temperature and low pressure

/

Relativeto critical point P < P,y and T > T
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Ideal gases — internal energy and enthalpy

* Forideal gases, internal energy depends only on temperature,u = u(T):
du

Cy (T) =—=  ideal-gas specificheatat constant volume

T, |
[UZ (Tz) — Uq (Tl) = f Cv(T)dT]OI' Au = Cv(TZ — Tl) Only when ¢, is

T, constantfrom T; to T,

» Forideal gases, enthalpy also depends only on temperature, h = h(T):
h =u(T)+ pv =u(T) + RT,R constant,so h = h(T)

Cp (T) - ideal-gas specific heatat constant pressure

dT

T,

constant from T; to T,

Cp (T) dT]OI‘ Ah = c, (T, — T) Only when ¢, is
51

[hz (Tz) - h1(T1) — j

23
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Evaluating internal energy and enthalpy changes for an ideal gas

» Use tabulated data: most accurate, we haveideal gas tables on BLACKBOARD

Au = uy(T,) —u (Ty) valuesat T, and T, fromideal
Ah=hy(T;)—hy(T) ~ gastables

* Use constantspecific heats: only works for very small temperature ranges,
usually not a good assumption for ideal gases

Au = ¢, (T, — Ty) Only when c, and c,, are
constantor almost constant
for the temperaturerange

Ah = CP(TZ - Tl)
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Energy transfers can occur
by heat and work Energy ex1t1ng the
. control volume in the

~ forms of kinetic energy,
potential energy, and
enthalpy (h=u + pv)

Energy entering the
control volume in
the forms of kinetic ;.
energy, potential __
energy, and
enthalpy

Dashed line defines
the control volume boundary

2 2
d(Ej;:V :Q_W_I_Zmin(hin +\gn +gZ ) Zmout( out T VSUt +gzoutj

At steady-state, ——
dt 25
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V, >V,
Assumptions: (1) adiabatic,Q =0 | P2Ep

(2) no volume changes, W =0
(3) steady-state,d/dt=0
(4) changein potential energy negligible

dE4y A \; . \V4 . V2
tv :%_ +Zmin (hin +2+ﬁ/inj_zmout(hout + 2t +7/outJ
Nozzle

V2 V2 p2>Pl 2
hin + Zm _hout+ ;ut ]
or
2 2
Ah h h \/in _Vout

out in ~
2 2 Diftuser




\Nozzles and Diffusers \ PURDUE

Nozzle Efficiency:

P

h
Compares the performance of r
a real nozzle or diffuser to the L Actual
performance of an ideal, oo i it
. . . = \ .
isentropicnozzle or diffuser Ay = s r— Isentropic
i - expansion
operating between the same / x 2
pressures ~ =
Accessible
lwes
P>
S
Actual process
M oomle = Ah actual _ ( outlet |nlet )/ 2 Isentropic process with
OZE - Ah. 2 . same initial state and
ideal outlet s |nlet .

final pressure 27
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&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ DN \\\\\\\ \\\\\\

Assumptions: (1) adiabatic,Q =0

(2) change in potential energy negligible
(3) steady-state,d/dt=0
(4) changein kinetic energy negligible

dﬁé:}/—\/mem(hm +%+%J—Zmom(hm +%+7/Omj

——

- I
I

I

I
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Turbine and compressor/pump efficiencies both compare the performance of an
actual device to the performance of an ideal, isentropic device operating
between the same pressures

e Turbine Efficiency: In turbines,

the actual power generation will be
less than the ideal power generation

——]
- WCV
n, = Ahactual _ (hinlet houtlet )actual
t
Ahideal (hinlet o houtlet,s)S
~isentropic
e Pump/Compressor Efficiency: Isentropic

In pumps/ COmPpressors, the actual Ah.,., (h et — N et < )S /
power consumption will be greater 77, = =

than the ideal power consumption AN i (h outiet. — Minet )actual

29
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Assumptions: (1) adiabatic,Q =0
(2) no volume changes, W =0
(3) steady-state,d/dt=0
(4) changein potential energy negligible
(5) change in kinetic energy negligible

%7{_ | +me(hm +}/2£+%n}_zmom[hom +%7/"“tj

—_——_———————

=h

— —===x h.

N

out




\Boners Condensers, and Evaporators PURDUE

Assumptions: (1) passivedevices, W= 0
(2) change in potential energy negligible
(3) steady-state,d/dt=0
(4) changein kinetic energy negligible

dE ) ] . Vn . Vut
tgfv =Q- +Zmin (hin +]21 +7/inj_zm0m(h0u'[ +7£L +7/0UtJ

31
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Assumptions: (1) passivedevices, W= 0
(2) change in potential energy negligible
(3) steady-state,d/dt=0
(4) changein kinetic energy negligible
(5) adiabatic,Q =0

i i

~ Zminhin :Zmouthout

32
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Reversible processes and irreversible processes

* Reversible Process is a process in which both system as well as all parts of
the surroundings can be exactly restored to their respective initial states
after the process has taken place

 Irreversible Process is a process in which both system as well as all parts
of the surroundings cannot be exactly restored to their respective initial
states after the process has taken place

All actual processes are irreversible; we try to minimize factors causing
irreversibility to optimize performance
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Second law Statements

e Clausius Statement

* [tisimpossible to constructa device that operates in a cycle and
produces no effects other than the transfer of heat from a lower
temperature body to a higher temperature body

e Kelvin-Planck Statement

 Itisimpossible for any system to operate in a thermodynamic cycle
and deliver a net amount of energy by work to its surroundings while
receiving energy by heat transfer from a single reservoir

* Entropy Statement

 Itis impossible for any system to operate in a way that entropy
is destroyed
Entropy Statementis our

main focusin ME200
34




PURDUE
k\\ UNIVEIRSITY

Second law corollaries

The thermal efficiency/COP of an irreversible cycle is always less than
the thermal efficiency/COP of a reversible cycle when each are
operated between the same two thermal reservoirs.

< NMnrey Iirreversible cycle < COP,,, Iirreversible cycle
reversible cycle COP<=COP.,, reversible cycle

Nen = Mthyrev _ _
> COP,,, Iimpossible cycle

> Nenrey iMpossible cycle

All reversible cycles operatingbetween the same two thermal
reservoirs have the same thermal efficiency/COP.

Implies thatn;, a function of Toand Ty non =1 (Qc) — 1 (Qc)
th — + -+
rev,1 rev,2

only for a reversible cycles Qu Qu

35
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Second law corollaries

* Power cycle

Any real power cycle will have
a thermal efficiency less than
Mrev Ty this maximum reversible
thermal efficiency

* Heat pump cycle

Any real heat pump cycle will
COP _ Ty have a COP less than this
HPrev — o __ T maximum reversible COP
H C

* Refrigeration cycle

Any real refrigeration cycle
COP. _ Tc will have a COP less than this
Rrev — o _ T maximum reversible COP
H C
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Clausius Inequality
f 5Q defined as

_ entro
T = —Ocycle € Py
. generation

ocycle = 0, reversiblecycle
Ocycle > 0, irreversible cycle
Ocycle < 0, impossible cycle

J— * Consider two cycles between state 1
)ﬁ/ 7 %2 and state 2

* Cycle I: Process A and C (both
internally reversible)

* Cycle IlI: Process B and C (both
internally reversible)

State 1

Does the cyclic integral C_[){&] depend on the specific path?
T

b

—

—

PURDUE
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We define this
propertyto be
entropy!

A

No - it doesn’t
depend on path.
Therefore, the
integral must
representa change
in some property!
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Entropy

Based on the above, we define entropy (S)

25
1 int.rev.

Entropyis an extensive property - units ] /K
Specificentropy (s) — entropy per unit mass, units | /(kg-K)

For mostreal substances, entropyin “looked up” in tables just like
our other properties!

38
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T — ds relations

: ) :
* Evaluating ds= (TQ) not always practical
int. rev

T — dS relations are a way to obtain specific entropy from other
properties

e T — dS relations are:

" T = G - Py |
Tds = dh — vdP
\_ _J
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Ideal gas entropy lookups

* For ideal gases, entropy is a function of both T and P

T,
dT P . .
S2 751 = j Cp (T)— — Rln( 2) ¢p(T) integralis

P hard to evaluate
T

T,

T
o dT ar o
Define s (T) = j cp(T) -, then j cp(T) - =5 (Tp) —s (1)
Tr T1

) . P "(T) looked u

Theref —s = - ~ Rln( - y ;

ereiore [ Sy S1 =S (TZ) S (Tl) R ln (Pl) ] ideal gas tables
40
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Evaluating changes in entropy

« “Real” substances (i.e. water) — look up in tables just like other properties such
asu, h, v, etc.

* For incompressible substance: dS = ng, or s, —s; =cln (%)
1

o o P
« For ideal gases, we use the relationship sz —s; = (T;) —s (Tp) — RIn (P_2>
1

For ideal gases, entropy isa function of both

temperature and pressure - the values for s (T) are

tabulated in ideal gas tables
41
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nlike mass and
General entropy balance energy, enteopy i

not conserved!

Rate of entropy transfer

_ Rate of entropy transfer
accompanying heat transfer

associated with mass
across the system boundary at leaving the system
temperature T} boundary

. [ | I
dScy 2 :Q' 2 : . 2 : . .
— = + MinSin — MoytSout T O
dt — T; . 4
\ ] l mn ou O

Rate of entropy

Rate of chan.ge of Rate of entropy transfer production
entropy within the associated with mass (generation) within
system boundary entering the system the system
boundary
42
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ds
Entropyvbalance:

(single inlet, single outlet)

d Q; . . .
it . f + MinSin — MoutSout + O
i

Q’_ Mip = Moy = M
i . . :
0= T T+ MinSin — MoytSour + 0
— 1
, Assuming only
i : .
= ? + m(sy, —Sour) + 0 one heattra

Adiabatic: no heattransfer— Q,Q = 0

Internally

Reversijble: noentropy generation— 0,6 = 0

PURDUE
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Ql . .
dt = - T Z MinSin 2 MoutSout + O
/ Controlvolume at steady-state \

out

/ Closed system (control mass) \

dS

nom
dt = — + MFiSin /(gout + 0
J J integrate

Ql Assuming constant
So—8 = T + 01, boundary temperature
K b T,

nsfer
term /

Isentropic: closed system — s, =53
open system— S;,, = Syt

2™ Law: requiresg > 0andd >0
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. ds Q; . . .
Transientprocess: E = F + MinSin — MoutSout + O
[ L in out
. 2ds 20, o o z.
Integrate T T + | MipnSin— | MoutSour T | O
1 t 1 1 1 1 1
_ Q12
MyS; —MyS1 = T MipSin — MoytSout + 012
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Isentropic processes

* For a pure substance, use As = 0 to relate isentropic exit
condition to inlet condition

* For an ideal gas

— &° ° ] PZS _
Sps =81 = Sps — Sy —RIn| —= | =

Py
Relative
P, P,y V2 Uras volume
Pl PTl vl le
Relative /

pressure
Note: All threerelationshipsare equivalentto each, other
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Isentropic device efficiencies  state“2s”hasentropys,; = s,

and pressure P, = P,

Turbine Compressor/pum

n, = (W) actuar _ hy —h, n (Wo) _ h,s — hy
‘ (Wt)s hl - hZS ¢
Ty T,

B Wo)actuar  h2 —hq
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Cycle: Series of processes that eventually brings the
system back to its original state

Power Cycle:

e Acycle that uses heat energy to do work on the surroundings

e Performance is measured by thermal efficiency, which is the ratio
of useful work output to the energy inputrequired to run the

cycle:
work done BY system
\ /work done ON system
. - W, WOut -W.

th —
Q in Q in /heat OUT OF system
Qnet Q Q out
Q in Q in =——— heatINTO system 48
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\ Hot reservoir, T}, /

Carnot Cycle:

(1) Theoretical implementation of
a cycle without any
irreversibilities

(2) Work output is the maximum
possible for any heat engine
due to reversible processes

/ Cold reservorr, T \

A to B: isothermal evaporation of saturated liquid to saturated vapor

Processes

B to C: isentropic expansion of vapor (Q = 0; As = 0)

C to D: isothermal condensation of vapor

D to A: isentropic compression of vapor (Q = 0; As = 0) 49
T




\Carnot P-v and T-s DiagramS\ PURDUE

Pl T A

Carnot Efficiency: cold reservoir

T T T /emperature
_ "H ‘'L _ 1 L
nth,Carnot T — — |
T T.. < hotreservoir
i H temperature
50
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RankineCycle: S_Q_“‘___

e Vapor-powercyclecommonly used in
power plants with water as the
working fluid

o Efficiency is ratio of useful outputto
required input:

Saturated
vapor

| mp—— Condenser —Ik— —[>
[
Wnet (hl B hZ)_ (h4 o h3) T p LT Cooling

77th — = | ,’l 121}3\ water
— 4l ) ;
Q in (h 1 h 4 ) tN

-~ 3

Processes TW“

1to 2: Isentropicexpansion of the working fluid through the turbine from saturated
vapor at state 1 to the condenser pressure (Q= 0; As = 0)

2 to 3: Heat transfer from the working fluid as it flows at constant pressure through
the condenser with saturatedliquid at state 3

3to4: Isentropiccompressioninthe pump to state 4 in the compressedliquid
region. (Q = 0; As =0)

4 to 1: Heattransfer to the workingfluid as it flows at constant pressure through the
boiler to complete the cycle 51
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Superheat: Used to increase the
temperature of the working fluid
entering the low-pressure turbine

to reduce the wear on turbine
L-;*.-w_—pr-:ssur-: blades (pOiI’lt 3)

turbine

Reheat section

N

|

=3

- —]
2

NNNA
(i /s
- l |
High- T
pressure
| turbine
\— Steam

generator

Condenser

Pump
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Air-Standard Otto Cycle: Hypothetical closed system using air as the
working fluid to simplify the chemistry due to combustion

P T

Processes

1 to 2: Isentropiccompression of the working fluid (Q = 0; As = 0)
2 to 3: Constantvolume heat addition

3 to 4: Isentropicexpansion of the working fluid (Q =0; As = 0)

4 to 1: Constantvolume heat rejection 53
_________________________________________________________________
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Compression Ratio:

I =

compression from A to expansion from C toD

Cold-air analysis thermal efficiency:

specific heatratio

Tl = 1-r"

N\

compressionratio

54
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 Air-standard Diesel cycle for CI engines: Qu

P

* Constant pressure heataddition
* Compression Ratio: \/

* Cutoff Ratio: V,

* Thermal efficiency:

u, —u
mhzl_ . :

h,—h,
* Assuming COLD air- standard A Vs, V=V,
1] rf-1
th =1~ g
r i k(rc — 1)_ 55
T




\Ideal Brayton Cycle \ PURDUE

* Isentropic compression and expansion

* Constant pressure heataddition and rejection
* Back work ratio (compressor to turbine work ratio)

w, h,— A
be —__¢c __72 hl T
w, h,—h,
* Thermal efficiency
h, —h,
M =1-
t h3 o hz
* Assuming COLD air-standard
T, 1
My =1-—==1- k-1)/k
T2 (p2/pl)( |
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e In refrigeration cycles, heat is transferred from a low-
temperature area (i.e. inside the refrigerator) to a
high-temperature area (e.g., in the kitchen)

e Since heat spontaneously flows only from high to low
temperature areas, work is required to force heat transfer

e Opposite of heat engines

e Systems:
e Refrigerator: Heatis removed from air inside

e Air conditioner: Heatis removed from air in an occupied
space

e Heat Pump: Heatis supplied to air in an occupied space

e Chiller: Heatis removed from water .
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! O Isentropic compressionin a compressor (1-2)
O Isobaricheatrejectionin a condenser (2-3)
O Adiabaticexpansionin a throttling device (3-4)

O Isobaricheat additionin the evaporator (4-1)

Compressor Condenser
L, =h—-h, d, ; =0, =h;=h,
h=h(p,x =1) h,=h(p,,s,)
» S, =8, h,=h(p;,x=0)
h, =h(p,,s,) P; =P,
h,=h, Evaporator

Expansion Valve Ps =P, Qo =G = hl o h4
Py =Py
Xy = X( Ps> h4)
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e In refrigeration cycles, the coefficient of performance
(COP) is used in place of thermal efficiency to
measure performance

e The COP is always the ratio of useful energy transfer
to the work input

heat transfer from low-

Q L ~—temperature reservoir

COP._.. =
refrigerator, AC
) W ~———workinput
_ Q H ~——_heattransfer from high-
COPheat pump T W temperature reservoir

59
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The End

" How | see it

D - liquid gas B~ jjas
condensation

vaporization

freezing C - liquid
melting

B - solidiliquid
A - solid

Heat added >

60
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