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A Quick Look

» Thermofluid Components
%, Shaft work machines
%, Nozzles & diffusers
%, Throttles
%, Heat exchangers

» Thermofluid Plants

% Closed plant: the same fluid processed in a cycle
% Open (or process) plant: a stream of fluid is processed once through
the plant
—7steam power plants (Rankine Cycle)
—7gas turbine power plants (Brayton Cycle)
—refrigeration plants
—7energy sources
—thermodynamic plant cycle

Thermofluid Plants
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» Introduction
% steady flow, control volume, 1 inlet- lexit port

. . 2 2
st Q—Wihaﬁ :(h+\%+gzj —(h+v?+gzj
out in

m m

bznd Sout ~ Sin 2 Z((?/m]
J

= T
L, apply to
—7ideal gas flow, incompressible flow, pure substance 2 phase flow
% apply to each of a classes of steady flow components
—7shaft work machines, nozzles and diffusers
—7throttle, heat exchanger

Thermofluid Plants
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» Shaft Work Machines
%, expander or turbine (+) vs compressor or pump (-)
G 1st
(.Q W sha “h h Adiabatic work transfer is too rapid to attain
;_ . — out — Tlin thermal equilibrium in the fluid

% For a reversible, adiabatic process

=W shatt = rn(hout - hin)
% For an irreversible, adiabatic process

N ° pout
—W shaft — m Vdp

pin

I:W shafti| — |:W shafti| = r;]|: o TdS:|
rev irrev Sin Pout

Thermofluid Plants
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» Shaft Work Machines

% the adiabatic turbine(or expander) efficiency

n. =W act/W rev = (hin - hout )act /(hin _ hout )rev
% the adiabatic compressor(or pump) efficiency

n- :W revlw act = (hin o hout )rev /(hin - hout )act

positive shaft negative shaft
work machine  p;, work machine  p_,
h h
out,irrev
hin hout,rev
out,irrev
hin
out,rev
Sout,irrev S Sout,irrev S
S. =S S. =S

in~ out,rev in~ out,rev
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» Shaft Work Machines
% Shaft work machines processing ideal gas
~W gt = r.n(hOut ~h. )= m > vdp pv' = const.
Pin
. v _____ The equation holds for all adiabatic machines
= —y 1 ( PoutVour — pinvin) whether reversible or not
[ ] L
-1
_my 0.V, [pout]y _1 only for a reversible machine
Y -1 pin
n, = (Tout _Tin)act n = (Tout _Tin)rev
(Tout ~ lin )rev (Tout B in)act

Thermofluid Plants
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» Shaft Work Machines

% Shaft work machines processing incompressible fluid

1st —W shaft = m(hout - hin)

= mC(Tout _Tin)+ mV( Pout — pin)

T
2nd Sy = Sin = cln 'Fm =0, Toy =Ti,

in for a reversible adiabatic machine
= —W shat = mV( Pout — pin)

:Wact :1+ C(Tout _Tin) :Wrev

n —1— C(Tout _Tin)
W rev V( Pout — pin) .

n. :
W act C(Tout _Tin)+v( Pout — pin)

Thermofluid Plants
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» Shaft Work Machines

% Shaft work machines processing a pure substance 2 phase flow
—7positive shaft work machine

Thermofluid Plants
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» Shaft Work Machines

% Shaft work machines processing a pure substance 2 phase flow
—7negative shaft work machine

out pout

Thermofluid Plants
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» Nozzles and Diffusers

no shaft work low KE — convergl go e high KE

0= ;;ajy:jtez]z e hlgh; //////// jow p

2 2
Vout Vin — _ h
in out

h
2 _ .2 t :
Vout —Vin _ (_ J Pos Vdp) (reversible)
2 Pin Sin

2 2
VOUt _Vin _ pout . Sout
S - Ipm vdp Lm Tds (actual)

J

— ideal gas

_

" )
BUTEA
(o =Ty

c(T. : : :
=14 (T —Tow) — incompressible fluid
in — Mout
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» Nozzles and Diffusers

% Diffusers

fixed h -h.

out, re

high v W low v

highKE — —  low KE

low p /////////////////m high p

Essentially the inverse of the nozzle
Deceleration is inherently unstable

Vzt_V'2 (h' —h t)
ou in _ hin . hou Ng = in out Jrev
t ° (hin B hout)

act
Tout = Tin reu .
o~ ET::I _T:n;act ed -

Ny = O(Toue = Tin) incompressible
D :
C(Tout _Tin)+v( Pout — pin) fluid

Thermofluid Plants
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» Throttles
— decelerate

low v + high v
low KE high KE
high p low p
low s high s

in accelerate out

%> a device also known as control valve, expansion valve, Joule-Thomson valve, etc.
that controls pressures of a flowing stream
% looks like a nozzle/diffuser in a series

Thermofluid Plants
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> Throttles

% Typically values of the inlet and outlet let v’s are such that KE’s are negligible
compared to enthalpy

vi=v: =0<<h, h =h, — dh=0

dh=Tds+vdp=0 (st law) — Tds=—vdp

% Since dp<0, then Tds>0 or ds>0 thus the process irreversible
/—This is the only engineering device that calls for large ds>0 for high efficiency

idealgas T =T

out In

In?

out

TOU
incompressible Sout ~ Sin =CIN 5> 0
fluid :
(u+pv), =+ pv) orT  >T,

out

Thermofluid Plants
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» Throttles
N The source of this
Ideal or T Increase Is the
gas T Ath upke irreversibility in
retpreible the diffuser section
of the throttle

h. =h

in~ ' out

Incompressible  h
fluid

Thermofluid Plants
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» Throttles
%, Different from either IG or IF
%> The pure substance T may increase
or decrease

%, given dp<0

Joule-Thomson coefficient L =

u>0, dT <O0(refrigeration)
u=0, dT =0(adiabatic)
u<0, dT > 0(heatup)

Even in the absence of
throttle valves, the pipe flow
will experience Ap due to
viscous shear, which is
completely analgous to the S S
mechanism of throttle

Thermofluid Plants
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» Heat Exchangers 0
-Fluid moves through device relatively _ WN solid wall

slowly (Ap is small) so the residence — low v —> Ap=0 74
time of fluid within the device is large Z
_____

AKE ~0, APE ~0 W gra ~ 0

1st law Q=m(h,, —h ) (6 c’gj/ m = dh

% Ideal Gas constant p
negative

h heat transfer

(cooling)
dh=c,dT T

(.2 = r;]Cp(-rout _Tin)

pout

out
constant p positive

) heat transfer
In (heating)

S

Thermofluid Plants
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» Heat Exchangers

% Incompressible fluid (v constant)

Q=mc(T,,~T.) Now dh=Tds+vdp=Tds
If dh>0 (i.e.heating), ds>0
dh <0 (i.e.cooling), ds <0

%, Pure substance

* . heating
Q = m(hout o hin) T in
° sat
— m[Cg (Tout B sat) + Ahfg sub
cooling
+Cf (Tsat _Tin) ' \\

Thermofluid Plants
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» Heat Exchangers

% Two-stream heat exchangers (adiabatic)

parallel flow
Ta,in r}]a Qa Qb r;]a Ta out
ya \
ATin N ATout
\Tb,in My Qa :_Qb My Tb out/

éa — r;]""(ha,in _ ha,out): r;]a Cp,a(Ta,in _Ta out)

= r;]b(hb,out - hb,in): r;]b Cob (Tb,out b In) Qb /

Thermofluid Plants

For const. p
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» Heat Exchangers

% Simplest model for kinetics
—7Approach to thermal equilibrium depends upon the resistance to heat transfer
between the streams

Qb :U(Ta _Tb)AT

AT, — AT
AT, ., = 1 — 2
-M [In(ATllATZ)

j (regardless of flow direction)

Q, =UAT ,A;  for both parallel + counterflow

U: overall heat transfer coefficients
A;: heat exchanger surface area normal to Q
T,-T,=LMTD (logarithmic mean temperature difference)

Thermofluid Plants
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» Heat Exchangers

% Simplest model for kinetics

IN

IN

parallel
flow

counter
out

IN

Thermofluid Plants
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» Heat Exchangers

% Temperature distribution for the two streams

—parallel flow
T -T, = Tal_Tb? 1—exps— ,1 + _1 UA
1+myc,, /m.c,, M.C,. My

—counter flow m.c _
T,-T,=—F Tal Tb? 1—exp{—( . L + .1 )UA}
m.C,, 1+myc,, /m.cc, Mm.C,, MCp

Ty =Ty =~ Tal_.Tbl 1-expi— .1 ~ .1 UA
m,C,, /M., —1 m,C,, M,y

m,C —
Ty-T,= .b = : La .Tbl 1_exp{_( [ 1 - 1 }UA}
m.C,. MC,, /M. —1 Mm.C,, M,Cp

Thermofluid Plants
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» Heat Exchangers

%> Heat exchanger effectiveness

Approaches unity only for a counter flow
exchanger with equal capacity rates and
‘QmaX‘ an infinite UA product

: (or AT=0 throughout).
‘m Cpa(Ta out _Ta in]

\mbcpb (Tb,out —Tb,in] Temperature
— 17 effectiveness
‘(mcp )min (Ta,in _Tb,inX equation

Thermofluid Plants
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» Steam Power Plants

stack gas
A
s s - 5
5 o} — W, (shait power)
i Y\ y E. ............
- : : o - .
My, fuel > : Meieam Q_:> : My
: E - E E .
v 1 ] ] .
min,air . : _________ o Vo ' Moyt
energy heat energy
source engine sink
steady- steady- steady-
flow flow flow
combustion steam cycle coolant

Thermofluid Plants
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» Steam Power Plants
%, Rankine-Cycle Steam Plant

1hipsatV

|4 5 r—

turbine — W,
— \
Q boiler 1~ 2loplsv
<
— dooling
fluid
A , pump Q >—
chemical or T :
nuclear A ! condenser
energy hi p sat L 3
source : T lo psat L
Wa_,

Thermofluid Plants



409.319A

Aero Thermo Hydro Engineers Nexus Application

Department of Nuclear Engineering, Seoul National University

» Steam Power Plants
%, Rankine-Cycle Steam Plant

Engine Power W1_2 =M
Condenser Load Q2_3 =m
Pump Power V\./3 4= I‘h(h3 —

h
Boiler Load Q._, =m(h,—h,)

Energy Wnet Wl—z +W3—4 hz . h3
conversion M= — = : =1-
efficiency Qboiler Q4_1 h1 - h4
Net  NWR = Ve g NPy
. W h, —h
ratio +ve 1 2

Thermofluid Plants
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» Steam Power Plants
% Superheat-, Reheat-, Regenerative Rankine Cycle

| >
. 3

Q -t rehdater 9
R "
1

QS ? ' HP LP ’
superheater |
Turbine Turbine > WT

QBS + 1 \-\
QB —t=> boller !

condLnser(—— QC
‘ \ 5
pump I
W,

Thermofluid Plants

O) m=m

X\
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» Steam Power Plants
% Superheat-, Reheat-, Regenerative Rankine Cycle

Engine Power WT = m(h1 —h, )+ m(h3 — h4)
Condenser Load Q. =m(h, —h,)=mT,(s; -s,)
Pump Power WP = m(h5 — h6)
Boiler+ superheater Load Qgg = m(h, —h,)
Reheater Load Qg =m(h,—h,)
Energy_ . . h —h
conversion 1) =W/ Qs = W+ )/(Qgs +Qu)=1- e K5
Net h4 — h3
\;\;(chl)( R WnEt /W (hl -, )"" (hs B h4)

Thermofluid Plants
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» Steam Power Plants
% Regenerative Feedwater Heaters

H o
1 ml L — |
HPT | 2 [ MPT | 3 | LPT = W_
\ o
1~ Qs
B+S
10 (Hpp }—p<
9
WHPP 7 heaterdripc@lve

Thermofluid Plants
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» Steam Power Plants
% Regenerative Feedwater Heaters

m, =m,, +m_ +m,, continuity
mes(hs B h? ) = (mes + rhe4 )(hs B hG) CFWH
mez(hz — h9 ) = (ml - mez )(h9 - hs) OFWH

WT - ml(hl - hz)"‘ (ml - mez)(hz - h3)
+ (ml — Mg, —Meg )(hz B hs)

Thermofluid Plants
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» Steam Power Plants
% Influence of boiler pressure on Rankine cycle efficiency

0.4

0.3

0.2

0.1

L
=
Condenser Pressure = 7 X 10> N/m?
Engine Efficiency = 100%
1 | | |
0 5.0 10.0 15.0 20.0

Boiler Pressure—lO6 N/m2

Thermofluid Plants
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» Steam Power Plants
% Influence of superheat on Rankine cycle efficiency

s
p=18% 10’ N/m
il > % 10° NJm’
y p=35X10 B
Q?‘i? /—\ |
2
031 o =710 Nin?_
. & _
" &
S
0.2 5,
0.1F Condenser Pressure = 7 X 10° N/m”
| Engine Efficiency = 100%
0 | | I 1 |
0 100 200 300 400 500

Steam Temperature — C

Thermofluid Plants
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» Steam Power Plants
% Influence of boiler pressure on quality of steam at turbine exit

I
530 C =

x=0.75

11

Thermofluid Plants
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» Steam Power Plants
%> Nuclear powered steam plant with a pressurized water reactor

——————————————— — - — — ——

/reactor enclosure,

nuclear containment

moisture
separator

control
rods

steam

596 F

nuclear
reactor

core

284 C

15.5 X 10° N/m?
17.3 X 10%kg/s

generator

s pump

s e an o ool i el 6 2
radiation shielding &~ 1 475x10° N/m

T 0.25% moisture
|
|

H. P. turbine

1465 kgfs steam to steam reheater

L. P. turbine generator
1013 MW

feedwater

pump

/

coolant

a

H.P.
feedwater L. P. feedwater heaters,
heater 5 stages

Thermofluid Plants

cooling
water

condenser

i ~L.P. condensate pump



409.319A

Aero Thermo Hydro Engineers Nexus Application

Department of Nuclear Engineering, Seoul National University

» Steam Power Plants

% Nuclear powered steam plant with a boiling water reactor

Lreactor enclosure

[ adiation shielding & ~~ 1 h
| nuclear containment | steam to steam reheater
| | 7x105Nm? 2859°C
| moisture l 739 kgfs L. P.'
| separators | '\ turbine generator
& dryers i 515 MW
l nuclear & H.P. /
| reactor 150 C L®1 turbine
| | A
| | - cooling
I water
l recirculation feedwater >
control pumps
| rods == total flow | pump
L 7702 kg/s I condenser
L.P. condensate
H.P. Y
feedwater ~® 7 pump
heater L. P. feedwater

heaters

Thermofluid Plants
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» Gas Turbine Power Plants

->2<|——R-eaet-e-r |3—¢

«— Compressor : Turbine >
W, J W, W
\ T
4
— Heat-Exehanger =
H |

G,

Thermofluid Plants
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» Gas Turbine Power Plants
%, Summary

(h
Turbine power W, =m(h, -
Heat rejection  Q, =m(h —h,)=rc (T,-T,

Energy conversion Wnet WT +Wc h, —hy T, -1

efficiency Q.. Q. h,—h, T,-T,
Net work ratio NWR = W”et — WT _.l_WC —1— h2 B hl —1— Tz _T1
W+ve WT h3 o h4 T3 _T4

Thermofluid Plants
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» Gas Turbine Power Plants
% Influence of Operating Parameters on the Plant Performance

n= (1_1)/1% TNy (1_1/T)T3 /Ty
T, /T, -1-(t-1n,

meT1 Ne T, T

—7where the isentropic temperature ratio is vl

1= (p2/ pl)yy

note: n. =0.85~0.90, n; =0.90~0.95
—The max. performance of the Brayton Cycle is obtained when

Moo (8_11) -0 , (NWR)_,: (a(NWR)j _0
aT T3/Tynemr

ot

T3/Tymc mT

Thermofluid Plants
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» Gas Turbine Power Plants
% Influence of Pressure Ratio and Component Efficiency on the Brayton Cycle

\ 17
\
\ -1 8
%
o T
T”‘n
tad
" S
1w
- o
on
IS 1.
&
S
- N
| l A i
o~ \O
o o

LIdow/p 1o b
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» Gas Turbine Power Plants
% Influence of Overall Temperature Ratio on Max. Performance of the Brayton Cycle

o
I \
& \
S \\
o =, <]
I ;ﬁ E \
by &~ =
£ e 3 \
S | o=
S Sl A .
E e %
S oS E
2 N . -
Sl x S
5]
Sa” £ =
% 55l kg 3
g 2| & S
= = § Z.
=
| ! I | n l | | T~ X
< ) xQ L3 O ta < on 9\ - o
= o o o o o o o o o

“w(IJJOIy/M) 10 XBUW)y,
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» Gas Turbine Power Plants
%, Model for a Turbojet Plant

: equivalent
diffuser Q burner

nozzle

-------------------------
...............................
--------------------
----------
-----------------------
---------------------------------
........

-------
----------------------------------
-----------------------------------
----------------------------------
...................................
----------------------------------
----------------------------------

ooooooooo
0000
-------------
................
........................................
0
.........

OO »
oooooo
------
oooooo
ooooo

U0

compressor turbine
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» Gas Turbine Power Plants
%> Model for a Regenerative Gas Turbine Plant

heat
b exchanger equivalent burner
i
|

compressor

turbine

Thermofluid Plants
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» Gas Turbine Power Plants
% Performance of a Regenerative Gas Turbine

-l N
K
o S g
on
ool
PR - I Y- o0
S S i
= I
~
5 g &
o)
o
o I
oy =
b g
[l
&
~
//
~ \
/
e I
© "
(e} (@]
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» Reciprocating Internal Combustion Engines
% Control volume for reciprocating internal combustion engine plant

fuel

air * exhaust
; a5
| v

:, I-_—-» Wnet
L | '

control volume
Y (cyclic state)

cooling
fluid

Thermofluid Plants
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» Reciprocating Internal Combustion Engines

cylinder
coolant

piston
crank shaft

—n ¢xhaust

exhaust valve

inlet valve

inlet

Thermofluid Plants
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» Reciprocating Internal Combustion Engines
L, Otto Engine
—7spark-ignition engine ( p vs v) diagram
— two constant s processes+ two constant v process

=
(e}
I

1-2:compressed to min.v

2: spark ignites

2-3: equivalent con. v heat addition
3-4: hot gas expanded to max. v

4. exhaust valve opens

4-1:hot gas expands to exhaust pressure
1: fresh charge of premixed air+fuel

Pressure P/P;
5 8 8
| I |

w
o
|

)
o
I

._..
o
[

0 0.2 04 0.6 0.8 1.0
Cylinder volume V/V

I hermofluid Plants
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» Reciprocating Internal Combustion Engines
L, Otto Engine

Wnet :W1—2 "'W3—4 = MC, (Tl _Tz)"' mc, (Ts _T4)

Q2—3 = MC, (Ts _Tz)
N=W,/Q,; :1_(T4 _Tl)/(TS _TZ):l_Tl /T,

—7For the rev. adia. process 1-2

TIT, =V, /V, ) =1/r""
r =V, /V, :the compression ratio
n=1-1/r""

Thermofluid Plants
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» Reciprocating Internal Combustion Engines

L, Otto Engine
—The net work per unit mass of working fluid is important for showing the
relative weight of the engine for a given power

Wnet Wnet — T]QZ—:B _ Q2—3 (1_ ry—l)

mRT, pV, mRT, mRT,
W

net/cycle Wnet

) V1 _Vz

pmean = V

efficitive displaced / cycle Used to determine the size &

weight of the engine

—7power delivered by the engine

W=NW_=A_ YV

piston ™ piston pm.e

Wocp ., given A,V

piston? * piston

Thermofluid Plants
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» Reciprocating Internal Combustion Engines

%, Diesel Engine
—7compression-ignition engine ( p vs V diagram)
—7similar to Otto (spark-ignition) engine except the cylinder is charged with air
/—7air temperature > ignition temp. of fuel when compressed to minimum V
—fuel spray evaporates, mixes with air, ignites & burns
—7heat transfer is required to evaporate and heat fuel to ignition, the combustion
process is slow

— often modeled simply as con. p process

Thermofluid Plants
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» Reciprocating Internal Combustion Engines
%, Diesel Engine

Pressure P[Py

50

40

w
[en}

[\
o

10

3
Vmax/Vmin = Vl/VZ =15

V3/Vp =3

V3/Vy =2

PV1 4 = const.

0.2 0.4 0.6 0.8 10
Cylinder volume V[V

V.. IV . =V, IV, =15
twice as much as in Ottoengine
pV** =const. (rev. adia.)

1-2: adiabatic compression (const. s)
2-3: const. P heat addition

3-4: adiabatic expansion (const. s)
4-1: const. V heat rejection

Thermofluid Plants
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» Reciprocating Internal Combustion Engines
%, Diesel Engine

mc,T. (1 ry‘l)

me, Ty (v =Dr"(r, ~1)

mc,T,r." (rY A —1)

me, Tyr' ™ (r, —1)

W1—2 = MC, (Tl Tz)
Wz 3= mR(Ts Tz)
W3 4 va T3 T4)
Qz— =Mmc, (Ts Tz)

N

Q,.
— T. =T, )= TW-r" =1 11—
Q4—1 mcv( 1 4) mc, 1( I ) N i Q2_3 ry_l Y(rc —1)

pV, v-1 y-1 p, r-1y-1

Thermofluid Plants

net _ Y ry—l(r _:D_i(rcv_l) pm.e: r Y |:ryl(r _1)_
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» Refrigeration Plants
% Qverall control volume for a refrigeration plant

cooling
fluid 1
i e ] heat sink
Qcond '
——————— ; T ey el
- - refrigeration
Weomp ——a ﬁ Y cycle
—
e R
Qevap ! . .
, refrigeration
L ik o load
4 fluid to Y {
be cooled
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» Refrigeration Plants
% Vapor compression refrigeration plant
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» Refrigeration Plants

% receive positive HT from a low temp. fluid

% transfer heat to environment (air or water) at higher temp.

% vapor compression refrigeration plant is most common

% consist of 1-compressor, 2-condenser, 3- throttle valve, 4-evaporator

400

1-2: expansion and cools the remaining
liquid to the sat. temp.

2-3: +ve HT from refrigeration load

3-4: compression

4-1: -ve HT to energy sink

100

Freon 12
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» Refrigeration Plants
% Reversible refrigeration cycle
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» Refrigeration Plants
%, Summary

Q2—3 — Qevap = m(h3 o h2): mT (SS o S2)

W, , =Woomp = m(h3 - h4)

comp
Q1—4 = Qcond = m(hl - h4)
cop = 2w _ M=,
_Wcomp _ (h3 - h4)

—7Most commonly used refrigerants: ammonia, Freon-12 & 22

Thermofluid Plants



