(D ME — 351 THERMODYNAMICS OF HEAT POWER

6. Thermodynamic Cycles (Power Cycles)

6.1 Carnot Cycle

4-1: Isentropic compression

1-2: Isothermal heat addition

2-3: Isentropic expansion

3-4:Isothermal heat substraction

Problems:

" How to pump a two-phase

mixture

* How to handle the liquid at the

§1 = 54 $4= 5, s turbine exit

Prof. Dr. Faruk Aring Fall 1995
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6.2 Steam Power Plant — Rankine Cycle

i

I

I ]

I ]

: =—1— Stack

l i

] [

] 1

] [ ]

] 1

I ]

I 1

| | B

il W === _1—_—-—— -——ﬂ 1

: etp———— Combigtion gases |

! to stac :|
L i

Tuarbine

Boiler

I‘
.-;]
L

==

Ti.
vV

Prof. Dr. Faruk Aring Fall 1995



(D ME — 351 THERMODYNAMICS OF HEAT POWER

\’:i“
Boiler
Pl
3
2
q im
L. /
Turbine W turb, out
—
Pump |
4
L 4
1
Condenser

N do

Prof. Dr. Faruk Aring Fall 1995



ME - 351 THERMODYNAMICS OF HEAT POWER

Temperature (T) —»

Critical point

A

-

7

pump

oul

turbine

Prof. Dr. Faruk Aring

Entropy (S) —»

Ideal Rankine Cycle:

1 — 2. Isentropic (reversible,
adiabatic) compression in
the pump,

2 — 3. Isobaric (constant
pressure) heat addition in

the boiler

3 — 4: Isentropic (reversible,
adiabatic) expansion in the
turbine

4 — 1. Isobaric heat removal

in the condensor

Fall 1995
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Temperature (T) —

Temperature (T) —»

Criticalgoint

turbine

Entropy (S) —

Critical point

turbine

Entropy (S) —

Process 2 — 3 : Isobaric (constant pressure)

heat addition in the boiler (or evaporator)

Q, =m (h, -h,) positive

Process 4 — 1: Isobaric heat removal in

the condensor

Q =m (h,-h,) negative

Fall 1995
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Temperature (T) —

Temperature (T) —»

Critical point

turbine

Entropy (S) —

Critical point

turbine

Entropy (S) —

Process 3 — 4: Isentropic (reversible,

adiabatic) expansion in the turbine

W, =m (h, -h,) positive

Process 1 — 2: Isentropic compression

of liquid

W, =m (h, -h,) negative

Fall 1995
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Mollier-h, s Diagram

for Water Steam
L
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W =W; +W, =m [(h; -h,) - (h,-h,)] Thermal efficiency
T W la
WnetzQH+QL=m|:(h3_h2)_(h4-h1):| My = == =1- ==
Example
T | (a) Find the ideal work of expansion
600 °C 4 Constant P (b) Find the pump work
lines
P, =7 MPa
e L T, =600 °C
:/4 ‘
P, = 7.5 kPa

53 = 84 S, =S, isentropic expansion

Prof. Dr. Faruk Aring Fall 1995
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) S P, =7 MPa } h, = 3650 kJ/kg
m
T,=600°C | s,=7.0894 ki/kg.K
1 h=16879kikg s =0.5764 kilkg.K
P, =75 kPa
" h,=25748kJkg s, =8.2515klkgK
T, =600 °C
J h,=2406.0klkg s, =7.6750 kilkg.K

X, = S, =S _ 7.0894-0.5764 _ 0.849
S, 7.6750

g

h, = h, +x, h, = 168.79 + (0.849) (2406) = 2211 kJ/kg

% =w,; =h, -h, =3650 - 2211 = 1439 kJ/kg

Prof. Dr. Faruk Aring Fall 1995
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4 2
(b) %:wp=h1-h2=-IVdP = v, (P -P,)
1

= (0.001) (- 7 106 + 7.5 103) = - 7 103 N.m/kg
= - 7 kJ/kg

Note that w; is only 0.5 % of w;.

Prof. Dr. Faruk Aring Fall 1995
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6.3 Isentropic Efficiency of a Turbine

ik The ideal (isentropic — reversible and
adiabatic) expansion process is: 3 — 4s.

The real (irreversible) process is: 3 — 4.

The real process might be approximated

to be adiabatic, but certainly not

reversible. There is always friction.

Define isentropic turbine efficiency:

_ Work from actual (real) expansion _ h; -h,
" Work from isentropic expansion h, -h,

Prof. Dr. Faruk Aring Fall 1995
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h
$ On Molier Chart
1 Lost work or
. VT wr, Reducion in available energy
7 ¢ 3 ‘/
4
’ Energy is really NOT lost. What happens to it?
3
T
See the previous example problem.
Constant P
V.VTs
— = 1439 kJ/kg If 7,=0.85
m
' W
W o n, —= = (0.85) (1439) = 1223 kJ/kg
S m m

Prof. Dr. Faruk Aring Fall 1995
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W,
m

Actual enthalpy of the
h4 = h3 -

= 3650 - 1223 = 2427 kJ/kg }
steam at State 4

h, -h, _ 2427 -167.79
h, 2406

g

Xy = =0.939 Higher quality

Increase in available energy

Wy, -W; =h, -h, =2427-2211 = 216 kJ/kg

,S

Or «Lost Work»

Same value

Find (T, As) as if heatis lost 1 Ag = (40.29 + 273) (7.783 - 7.0894) = 216 kJ/kg

at T, from state 4 to state 4s

Prof. Dr. Faruk Aring Fall 1995
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6.4.1 Rankine Cycle with Reheat

Recheating

@
>

High-Pressure
Turbine
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Condenser
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W, =m (h, - h,)
5 i Wz =n (hs . h6)

W, =m (h,-h,) O v, (P -P,)
'negative

V.Vnet =W1 +W2 +WP

Q, =m (h, -h,) +m (h, -h,)

Prof. Dr. Faruk Aring Fall 1995
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6.4.2 Rankine Cycle with Reheat and Regeneration
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é/
! -y — L
‘ 5 MPa ) 13

(R S5kPa

~ Closed N

" FWH . \
Mlllllg 1
chamber | -‘%} . Yy /

o 1 - - T Condenser

_E ] © ®

[
Pump 111 Pump LI Pump 1 ':
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6.5 Gas Cycles

Gas turbine engines - Brayton cycle (Joule cycle)

Fuel—, !'EH
Combustion | st
chamber \{ exchanger
>
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INTAKE COMPRESSION COMBUSTION EXHAUST
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Basic Types of Jet Engines

3. IGNITRON

5. EXHAUST
2. COMPRESSION i,
. Propeller
Ramjet Turboprop
ngh Spﬁed* SUPEIEUﬂiC PI"[.)PU'Sil:II'I, Passive Low to Intermediate Subsonic
Compression/Expansion Small Commuter Planes

Diffuser— Compressor — — Combustors — Turbine — Nozzle

Fan q{jf By-pass flow

M

Turbofan

Larger Passenger Airliners TUI'bOj ct

Intermediate Speeds, Subsonic Operation High Speeds Supersonic or
Subsonic Operation

Prof. Dr. Faruk Aring Fall 1995
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Ideal Brayton Cycle

P

Prof. Dr. Faruk Aring

(a) T-s diagram

(b) P- vdiagram

Fall 1995
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George Bailey Brayton
American Mechanical Engineer

1830 - 1892

Prof. Dr. Faruk Aring Fall 1995
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Internal Combustion Engines — Otto Cycle (Gasoline Engine)

Spark Plug

Cylinder

Piston

Connecting Rod

Crankshaft

Crank Case
Sump

T T rErrrrr.
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Nicolaus August Otto
German Engineer

1832 - 1891
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Internal Combustion Engines — Diesel Engine

exhaust valve  Fye| Injector intake valve

exhaust port intake port

cooling fins

piston

connecting rod

crankcase

crankshaft

Prof. Dr. Faruk Aring

Fall 1995



(D) ME - 351 THERMODYNAMICS OF HEAT POWER

Rudolf Diesel
German Engineer

1858 - 1913

Prof. Dr. Faruk Aring Fall 1995
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Ideal Gas PV=mMRT or Pv=RT

PV=nR, T R, =Universal gas constant
= 8.314 kJ/kmol.K

For an ideal gas, u, h, c,,and c, are functions of temperature, but not pressure.

For a reversible and isothermal process: P v = Constant

For a reversible and adiabatic (isentropic) process: P v' = Constant

Yy is the isentropic index of expansion or compression

Prof. Dr. Faruk Aring Fall 1995
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. . 1
For an isentropic process: =

) -

Definition of specific heat for an ideal gas: R =¢, - ¢,

Prof. Dr. Faruk Aring

R
CV=—
y -1

Fall 1995
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Assumptions for an ideal gas cycle:
= An ideal gas with the above relaltions is the only working fluid

= c,and c, are constants

* The working fluid is non-viscous (no firiction)
Real gas cycles are reasonable close to ideal cycles.

Only the efficiency of a real cycle is slightly less.

Distinguish between close cycle and open cycle.

In an open cycle (such as internal combustion engines and gas turbine-compressor

combinations), the fluid is thrown out at some point and fresh fluid is taken in.

Prof. Dr. Faruk Aring Fall 1995
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Open Cycles

Spark Plug

Cylinder

Piston

Crankshaft

Crank Case
Sump

Adr Products
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Air Standard Cycle

In order to carry out a simplified analysis, the following are assumed:

= Air with ¢, = 1.0035 kJ/kg.K and y = 1.4 is the only working fluid that behaves like
an ideal gas.

= It is called standard because the properties such as ¢, and y values for air are at
standard conditions of T = 25 °C and P = 100 kPa.

= All the processes that make up the cycle are internally reversible.

* The exhaust process is replaced by a heat-rejection process that restores the
working fluid to its initial state.

* The combustion process is replaced by a heat-addition process from an external

source.

The actual open-cycle efficiency may differ a great deal from an air-standard cycle.

Prof. Dr. Faruk Aring Fall 1995
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6.5.1 Carnot Gas Cycle

1 — 2 Isentropic compression

T
pressure and temperatre increases
2 in 3 2 — 3 Isothermal heat addition
o P = ° :
, , press. decrases, vol. increases
- < 2
=4 ¥ = 3 — 4 Isentropic expansion
E .E temp and press. decrases, vol. incr.
Tf, ————— . -+
1 ., 4 4 — 1 Isothermal heat removal
oul
Note that all these reversible (ideal)

§ processes are in the gas region.

Prof. Dr. Faruk Aring Fall 1995
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Ps

Prof. Dr. Faruk Aring

<V

Isentropic compression ratio

Obviously, neither the IC nor the
gas-turbine cycles can work like
this. At least, the addition and
removal of heat cannot

isothermal.

Fall 1995
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6.5.2 Air Standard Otto Cycle

Spark Plug

Cylinder

Piston

Crankshaft

Crank Case
Sump

Prof. Dr. Faruk Aring

Simulate the operation of the engine with
a closed cycle where air is the working
fluid.

Operate under the same pressure and
temperature states, and qualitatively

determine the change in other

parameters.

Fall 1995
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Actual Operation

Air + Fuel mixture gets in during the

intake (downward motion) of the piston

Piston moves up, compressing the air

fuel mixture

Spark ignites the air fuel mixture and

combustion occurs

Piston moves down in tge power stroke

expanding the gases of combustion

Piston moves up and throws outthe

exhaust gases

Prof. Dr. Faruk Aring

Ideal Operation

Pure air at standard state (c, = 1.0035

kd/kg.K and y = 1.4) exists at State 1

Isentropic compression of air to State 2
Heat is added externaly at constant
volume to State 3 (not constant temp.)

Isentropic expansion of air to State 4

Heat is removed at constant volume to

State 1 (not at constant temp.)

Fall 1995
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Ideal Otto Cycle

1-2: Isentropic compression A
4 2-3: constant volume heat sddition
3-4: 1setropic Expansion
3 4-1: Constant volume heat rejection
Qin w{ruf
T | T
P| 2 T
Wi 4 "1
» H
'!'rz — 'l'l vi ":I-In 51 . -\5] 53 — b.l,
V— s —>
— net — ZQ =1 - r1 /4
77'[h Q Q
in in

Prof. Dr. Faruk Aring Fall 1995
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2Q3 =U3 'Uz =mc, (Ts 'Tz) =Qin
T, -T
.Q=U,-U,=-mc, (T4'T1) - = -T4-T1
3 2
Wnet n 2Q3 B 4Q1 -mg, [(T3 B Tz) B (T4 B T1)] ]
. : : V, Vv,
Define compressionratio r= — = —
2 3
— 7/_1 BN
T, — \ = 7 Therefore
Isentropic process T, V,
in an ideal gas 4 L _T
L = ﬁ = r71 B T1 T4
_ T, V, 1
77th=1' r7—'1 =1-I’1_7

Different from Carnot efficiency

Prof. Dr. Faruk Aring Fall 1995
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Example

An engine operates on air-standard Otto cycle. The conditions at the start of

compression are T, = 27 °C = 300 K and P, = 100 kPa. Heat added is 1840 kJ/kg.
The compression ratio is 8. Find the temparture and pressure at each state of the

cycle, thermal efficiency n,,, and the mean effective pressure.

Process 1 -> 2. Isentropic compression

y-1
gl [i} =" => T,=T,r" =(300)(8)"*" =689.2K
T1 V2

Y
. (hj =/ => P, =P’ =(100)(8)"* = 1837.9 kPa
V2

|0

Prof. Dr. Faruk Aring Fall 1995
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Process 2 -> 3; Constant volume heat addition

Qin — U3 -U2 = Cv (T3 -T2) = 1840 kJ/kg
m

T, = Q/M g o 1840 a0 - 30535k
c 0.7176

P, =P, % +T, = (1837.9) 3628593'25

2

=8676.1 kPa

Process 3 -> 4. Isentropic expansion

y-1
[ﬁj =7 = T,=T,r" =(3253.5)(8)"“ = 1416.2K

e
P [kj =r7 => P, =P r7 =(8676.1) (8)"* = 472.1 kPa
V4

Prof. Dr. Faruk Aring Fall 1995
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Thermal efﬁciency M= 1 - r1_7 =1 - 80'4 = 0.565 56.5 % qUite hlgh

Mean Effective Pressure, mep (used in conjuction with reciprocating engines)

It is defined as the pressure that, if acted on the piston during the entire power
stroke, would do an an amount of work equal to that actually done on the piston.The
work done for one cycle is found by multiplying this pressure by the area of the
piston (minus the area of the rod on the crank end) and by the stroke.
= RT, _ (0.287)(300)
P, 100
Vv 0.861

S =
r

Wnet — Qin

=0.861 m°/kg

= 0.1076 m®/kg

= (0.565) (1840) = 1039.6 kd/kg  per cycle

Prof. Dr. Faruk Aring Fall 1995
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I W _ W,/m _ 10396

= — =1379.9 kPa
Displacement volume v, -v, 0.861-0.1076

P_ is a useful measure in comparing engines operating on different cyles. The

m

greater the P_, the smaller may be the engine for a given work output.

For Carnot cycle, P is quite low, seldom exceeding 138 kPa.

The maximum temperature and pressure are quite high. So is n,,. Note that the

variation in cv is neglected, there is no dissociation, and heat is added at constant

volume. In an actual engine, these are not true.
In the solution of the above problem, alternatively air table can be used instead of the

ideal gas relations. Note that, in this case, 7 * 1-r7 since ¢, and y are no longer

assumed to be constant.

Prof. Dr. Faruk Aring Fall 1995
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6.5.3 Air Standard Diesel Cycle

exhaustvaive  FuelInjector intake valve

exhaust port \ I intake port
:]% cooling fins

piston

connecting rod

crankcase

crankshaft

Prof. Dr. Faruk Aring

No spark plug

Air only is compressed to high
pressure and temperature.
Then, the fuel is injected. As the
fuel mass is entering the
chamber, it burns, small mass
at a time while the piston is
moving down. So the volume
and temperature increases. This
process is approximated as

constant pressyre heat addition.

Fall 1995
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Actual Operation

Air is taken in during intake

(downward) motion of the piston

Air is compressed to high pressure and

temperature as the piston moves up

Fuel is injected. It burns as it enters the
combustion chamber while the piston is

moving down

Piston completes its downward motion

expanding the gases of combustion

Piston moves up and throws out the

exhaust gases

Prof. Dr. Faruk Aring

Ideal Operation

Pure air at standard conditions exists

at State 1

Isentropic compression of air to State 2

Heat is added externaly at constant

pressure to State 3

Isentropic expansion of air to State 4

Heat is removed at constant volume

back to State 1

Fall 1995
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Ideal Diesel Cycle

1 -2 Isentropic compression 3 — 4 lIsentropic expansion
2 - 3 Constant pressure heat addition 4 — 1 Constant volume heat rejection
P4 T4
{fll'l
3
5 4
ql.'rlll
J'l:-'rlﬂ-l.ll. I
¥ l;':l' - ) 5
(a) P-uvdiagram (b) T-5 diagram

Prof. Dr. Faruk Aring Fall 1995
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,Q; =H; -H, =mc, (T,-T,) =Q

n

Q=Y -U,=-mc, (T4'T1) M=

Wnet n 2Q3 - 4Q1 =m Cp (Ts 'Tz) -mc, (T4 'T1)

L

V1 V1 V4

Compression ratio r v, Note that v, v,

For the same Q,, n,, is slightly less than that of the Otto cycle.

Prof. Dr. Faruk Aring Fall 1995
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Example

An engine operates on air-standard Diesel cycle with inlet conditions of 300 K and
100 kPa. The compression ratio is 16, and heat added is 1400 kJ/kg. Determine the

maximum temperature and pressure and 1,

=16 => v2=ﬁ Ideal gas: Pv=RT

v, 16

r =
. : 14 _
Isentropic compression P v = Constant

Process 1 — 2: Isentropic compression

Y
% . (h] =7 => P,=P r’ =(100) (16)"“ = 4850.3 kPa
1

=1
% _ (h] = => T, =T, r" =(300) (16)°* = 909.4 K
1

Prof. Dr. Faruk Aring Fall 1995
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Process 2 — 3. Heat addition at constant pressure

P, =P, =4850.3 kPa maximum pressure

Qin — Q —_ — —
8= 222 =h -, =c, (T, -T,) = 1400 kilkg
e 1490, 909.4 = 23045k

1.0035

Process 3 — 4. Isentropic expansion

y-1
Vv \'
L = & + r7'1 r= 1 r # _4
T3 V, v, vV,

Process 4 — 1. Heat rejection at constant volume VY

Prof. Dr. Faruk Aring
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. A R, T, v, _ RT, /P,
Ideal gas equation: Vs P, v, RT /P
V. =V, = R1 T1 3 — T3 I:,1
4 1
P1 4 T1 P2

v-1 y-1 y-1
L = h = L i => T T T— E
T, v, T, P T, P,

v-1 0.4
T, =T, (% gj = (2304.5) (2?3%‘85 4;283) =1102.7 K

Y
i = & => P _P T P
P, v, T P,
2304.5 100
300 4850.3

Prof. Dr. Faruk Aring Fall 1995
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2 Qs

Heat addition: == = 1400 kJ/kg
49 .Q, _ _
Heat rejection: = -c, (T, -T,) =-(0.7176) (1102.7 - 300) = - 576 kJ/kg
W t
—net = 1400 - 576 = 824 kJ/kg
m
Ny = 824 _ 589 => 58.9%

1400

Prof. Dr. Faruk Aring Fall 1995
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Two-Stroke Diesel Engine

] Fuel Injector

-
ek,
-

Exhaust

Intake
Air

{2) SUCTION STROKE (P} COMPRESSION (c) EXPANSION (d) EXHAUST
STROKE STROKE STROKE

Prof. Dr. Faruk Aring Fall 1995
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=

Fuel valve closes

' Fuel valve
E._) 5 : opens
=
:g : Exhaust port opens
E Start'ginjection Intake port opens
a : .4
| Exhaust port 4 3\

! closes Intake port

: closes

Top dead center Bottom dead center

Volume

Prof. Dr. Faruk Aring Fall 1995
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6.5.3 Air Standard Brayton Cycle

Prof. Dr. Faruk Aring

Q.in

—_—
|

Heat exchanger

e — —— —

Fall 1995
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1 4

Prof. Dr. Faruk Aring

p-V diagram

i/

T-5 diagram.

Fall 1995
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W Q h,-h,)-(h, -h
Thermal efficiency o = —~° = 2.2 _ (ha ) - (i =)

Qin Qin (h3 B hz)
Ny =1 - s L for constant c,
T -1,
Heat addition and rejection P, =P, } T, _ T,
T, T
occur at constant pressure P,=P, 1 .
— P2 —_ PB
Define Pressure Ratio » = 5 = 5
1 4
’ 1 n,;, depends onr.
My =1 - Y 1- r'p_y/y :
r’ The maximum temperature T, does not have an

effect on the optimum performance.

Prof. Dr. Faruk Aring Fall 1995
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Let T, and T, be fixed (upper and lower tempeatures in the cycle).
Let’s find T, and T, for maximum work:

W, =mc, (T3-T2)-mcp (T, -T,)

n

T. T T, T

Substitute T, = == W, =mc, [(T,-T,)- =1 +T,
T, 5

T, and T, are fixed. The only variable is T,.

dW .. _ _ _ B
ForW,,, => a7 =0 = T,=yTiT,=T,  For maximum work output

max 2

Forindustrial use 2 0 35 4  orareratengines T, o oo o g

T, with air-cooled blades T,
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What makes the Brayton cycle ideal is the assumption that compression and

expansion are isentropic.

One may define, separately, compressor and turbine efficiencies (similar to a steam

turbine).
W. h,. -h
T‘ 770 — ideal — 2s 1
Wactual h2 - h1
- Wactual — h3 B h4
Ui
Wideal h3 4 h4s
Note the differences in the

S

1-2s-3s-4s-1: Ideal Brayton Cycle definitions

1-2a-3a-4a-1: Actual Gas_turbine Cycle

Prof. Dr. Faruk Aring Fall 1995
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Actual (real) Open Brayton Cycle

My
Fuel Products of combustion
i
2 Y3
Compressor
Fresh Exhaust 4
air gases
ma ma"' mf

In general, n,, of such a system is rather low. The temperature of the exhaust is

rather high, so a lot of unused available energy is thrown out.
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Aircraft Jet Propulsion Unit

INTAKE COMPRESSION

l‘_--

= 2

LY 32 A B
L M

I T I
-1

E_ 7T YN
- —
m-

LT A% jnmmms B

s S 131

L
|
-
iPm l
L
-

EET LS

| : | : | | . | | : |

Air Inlet Compression Combusbon Chambers  Turbine  Exhaust

| ] | |
L] I

Cold Section Hot Section
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I__Jq'—Tlu rlr:-im:

ekl

Inlet E:umprﬂsnrl Combustor 1 norzle
2000 — diffuser or burner n
= | d : b % e —

a 3l
_51509—_
2 B
2 4 &+
E B
% 1000— & 5+
= 1.2
2 TR
=
5 1E;
T o <
Eﬁm'-'-.;
L =
nd
& 1-
0

Fig. 10.35. Pressure, temperature, and vclocily changes in the pireraft jet-propul~
givn unit. = -
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6.5.5 Regeneration

enerator

o

Compressor

B

Prof. Dr. Faruk Aring

Turbine

Wnet

Such a system will increase

N, by decreasing the fuel (m,)

requirement. W, . stays the

same or even decreases a

little due to pressure effects.
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Bryton Cycle with Regeneration and Intercooling
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6.5.6 Combined Cycle Power Plant

Compressor
Wiork

_{l Fuel

COMBUSTION
CHAMBER

GT q GENERATOR

—|- GENERATOR

THR

Wiark
[ i

ST
Work

:‘:_"‘_H-

HRSG . Z
Cold gas to stack 5 Hot Gas
- INNINVINN i
=t FINININV N N .
FW PUMP d \
Pump Heat ST
Work Transfer
c b
CONDENSER _.._-:b_
[
V REjEETE‘ﬂ
Heat
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Example

A combined-cycle gas-turbine / steam power plant produces a total of 37300 kW. The
exhaust from the gas turbine leaves the steam generator at 147 °C. Staem leaves
the generator at 6 MPa and 400 °C. Air enters the gas turbine unit at 290 K and 100
kPa. Pressure ratio of the compressor is 10. The entarance temperature to gas
turbine is 1400 K. Steam condensor pressure is 13 kPa. Find the flow rates in each

cycle and the total thermal efficiency.

P=6MPa P, =13kPa T,=400°C P, =100kPa T,=290°C
T, =147°C=420K r, =10 W, =37300kW =W _, +W _,
total air steam

Find m,, m,, 7,

Prof. Dr. Faruk Aring Fall 1995
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Gas cycle Steam cycle
T4 !
o
=
Qin =— W turh, out
d Y
W pump in ) out
-]

/c h\_{

Ny
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Process 1 — 2: Isentropic compression with r = 10

P.=100kPa T,=290°C

e
B [ﬁ] =r7 => P, =P, r’ =(100) (10)"* =2511.9 kPa
I32 V1
T i
A= (V_Zj =r'"7 = T,=T,r""=(290) (10)** =728.4 K
T2 V1

Process 2 — 3. Heat addition at constant pressure

P, =P, =2511.9kPa Maximum pressure in the cycle

Q :
r'nm =C, (T3 - T2) = (1.0035) (1400 - 728.4) = 673.9 kJ/kg air

a

Q,=673.9m_, m,_ isin kg air/s
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Process 3 — 4: Isentropic expansion such that P, = P, = 100 kPa
I34 V4

-
L= also P, v, =P, V]

T3 P3 V3
y 1
or i — [V_3j => V_3 — (P“j%/
P3 V4 V4 P3

1 71
T4 = I:)4 P3 %/ — i
T3 P3 I:)4 P3

7/_

—_

—_

04

N2 100 \14
T, =T, | =+ = (1400) ( j = 557.35 K
2511.9
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Process 4 — 5: Heat rejection (to steam) at constant pressure
P, =P, =P, =100 kPa T, =147 °C=420K

Q. =M, C, (T5 —T4) =m, (1.0035) ( 537. 35+420) =-137.8 m_, kW

out
air

Q, =-Q, =-137.8m, kW

out in
air steam

Work done in the gas compressor (process 1 — 2)

v_bkvi (V1—7 _Vl—y) — P, v, -P v,
1.y 1-y

< d
dev P, v/ !V

VVC N m, R(T,-T,) . (0.287) (728.4 - 290)

1-y a 1-1.4

=-314.6 m, kW
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Work done in the gas turbine (process 3 — 4)

m, R (T,-T,) . (0.287) (557.35 - 1400)
1-y ° 1-1.4

W, =

= 604.6 m_ kW

Net work in the gas cycle Wae =Wy *+ W = (604.6 - 314.6) m, =290 rh, kW

Calculations for the steam cycle

P. =6 MPa } h, = 3177.2 kd/kg steam
T, =400 °C s, = 6.5408 kJ/kg.K

Process a — b: Isentropic expansion

P, = 13 kJ/kg } h, =2101.8 kd/kg steam

s, = 6.5408 kJ/kg.K T,=51°C x,=0.7932
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Process b — ¢c: Heat removal at constant temperature
T.=T,=51°C=T_,
h; = h, = 213.67 kJ(kg steam

Process ¢ — d: Isentropic compression
d
hy=h, + [vdP = h, +v, AP

=213.67 + (0.001013) (6000 - 13) = 219.73 kJ/kg steam

Work done in the steam turbine

& =h, -h, =3177.2-2101.8 = 1075.4 kdJ/kg steam
m

S

Work done in the pump

% =h, -h, =213.67 - 219.73 = - 6.06 kJ/kg steam

m

S

Prof. Dr. Faruk Aring
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Net work in the steam cycle

V\,/”et = V,VT + V,VF’ =1075.4 - 6.06 = 1069.34 kJ/kg steam
m m m

S S S

Heat added to the steam in the steam generator

—_

Q, =m, (h,-h,)=m, (3177.2-219.73)
steam
= 2957.47 m, - 1M _ 40466 K9 Steam
. m, kg air
Q. =-1378 m, B <~

air

Solve simultaneously

Total net work e

W, =W_ +W _  =290m_ +1069.34 m_ = 37300 kW

net net net
total air steam
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m, = 109.8 kg air/s

Solve simultaneously _
m, = 5.1 kg steam/s

V.Vnet
Q,

In

_ 37300 _ 37300  _ .0

Thermal efficiency 7 = Q. (109.8) (673.9)

in,air

Ny, = 50.4 %

Prof. Dr. Faruk Aring Fall 1995



(D ME — 351 THERMODYNAMICS OF HEAT POWER

6.6 Refrigeration Cycles

Refrigeration: Maintaining a system at a temperature less than the surroundings.

WARM
WARM I :
: L [RINETE
enviroament
4
¥ gy = desired output
I . o,
-"/ W i = Tequired input -‘/ R"- W et in = Tequired input
| R - [ HP -
\ / \ ]
oy oy
£ = desired output 7
I
COLD
refrigerated COLD
space environment
{a) Refrigerator {#) Heat pump

Prof. Dr. Faruk Aring
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The purpose of a refrigerator is the removal of heat, called the cooling load, form a

low temperature medium.

The purpose of a heat pump is the transfer of heat to a high temperature medium,

called the heating load.

The performance of refrigerators and heat pumps is expressed in terms of
Coefficient of Performance, COP.

Desired output _ Cooling effect _ QL
Required input Work input W

net,in

COP, =

COP._ = Desired output _ Heating effect _ QH
"" Required input Work input W

net,in
COP,, = COP, + 1
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6.6.1 Reversed Carnot Cycle

WARM medium !
al -|r|I'|I'

I I:_"Illll

Ty
Comdenser

[ 3

Evaporator
Ty

’f_,,.

COLD medium”
al Ty —
COP, =

E

Q T, AS T,

(T, -T)AS  T,-T,

net,in
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The compressor intake pressure (lowest in the cycle, P,) is kept higher than the

atmospheric pressure so that air cannot leak in.
A refrigerant whose boiling temperature is less than the surrounding temperature at
the atmospheric pressure is used.

Freon-12 has a boiling point of - 29.7 °C at 1 atm.

s

Difficulties with the Carnot cycle:

* Reciprocating compressurs should not operate in

the 2-phase region as lubricating oil may be

washed away during the compression process.

— * The work performed by the expander is very small

compared to the compressore work, and h cost of

an such an expander would be unnecessarily high.
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6.6.1 Vapor Compression Cycle

WARM
environment r
’ Oy
. Saturated
'Condemser | liguid
3 e 2

i oo [ -— / . L Win
valve  Compressor

4

Suturated vapor
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In refrigeration, a P-h diagram is often used rather

than a T-s diagram.

* Refrigerant receives heat until it is saturated

vapor at State 1.

= Expansion (3 — 4) is an irreversible throttling

process for which only an expansion valve is

necessary.

A ton of refrigeration is a unit of power used in some countries (especially in North
America) to describe the heat-extraction rate  of refrigeration and air
conditioning equipment. It was originally defined as the rate of heat transfer that
results in the freezing or melting of 1 short ton (2,000 Ib; 907.17 kg) of pure ice at
0 °C (32 °F) in 24 hours. It is equivalent to 3.516 kW of heat removal rate.
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2000 Ib of ice = 1 short ton = 907.17 kg
Latent heat of ice = 334.9 kJ/kg

Energy necessary to melt the ice = (907.17) (334.9) = 3.0384 10° kJ

3.0384 10°

Rate of energy to melt the ice in 24 hours = 24) (3600) _ 3.516 kW

Example

A standar vapor compression system produces 20 tons of refrigeration using
Freon-12 as the refrigerant while operating between a condensor temperature of
41.6 °C and an evaporator temperature of - 25 °C. Determine (a) refrigeration effect
in kJ/kg; (b) the ciculation rate in kg/s; (c) power supplied; (d) COP; and (e) heat
rejected in kW.
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(a) Q.i” =h, -h, refrigeration effect in kd/kg
m
T,=-25°C h, =h,=-176.352 kJ/kg
Using Freon-12 table i
P,=123.7kP = 0.7121 kJ/kg.K
(Dichlorodifluoromethane) =" KPa s, =0 J/kg

L

Saturated vapor -~ v, =0.131166 m3kg

Using Freon-12 table h, = h, = 76.17 kJ/kg
T,=41.6 °C (saturated liquid) P.=1MPa

During the throttling process, enthalpy does not change. So, h, = h, = h, = 76.17

kd/kg

(.Qi” =h,-h, =176.352 - 76.17 = 100.18 kJ/kg
m.

In

Prof. Dr. Faruk Aring Fall 1995
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(b) Given Q. = 20 tons of refrigeration = (20) (3.516) = 70.32 kW
Q _ 70.32

In

m = =
h,-h, 100.18

=0.7019 kg/s

(c) Wc =m (hz - h1)

Isentropic compression => s, =s, =0.7121 kd/kg.K

s, = 0.7121 kJ/kg.K
P, =P,=1MPa " h,=213.46 kJ/kg

Superheated table
W, =m (h, - h,) =(0.7019) (213.46 - 176.35) = (0.7019) (37.11) = 26.05 kW

Q,/m _ 100.18 _

d) COP=—
e W./m  37.11
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(e) Q,, =m (h, -h,) =(0.7019) (76.17 - 213.46) = - 96.36 kW

The size of the compressor depends on the volumetric flow rate that the compressor

must handle at the outlet conditions.

V=myv, =(0.7019) (0.131166) = 0.092 m®/s
= 92 liters/s
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