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Analysis of a 50 kW Organic Rankine Cycle system

Student: Kai-Han Chang Advisor: Prof. Chi-ChuanWang
Department of Mechanical Engineering

National Chiao Tung University

Abstract

This study analyzes the system performance of a 50kW ORC system
subject to influence of various working fluids. This study proposes a
dimensionless “figure of merit” which combines the Jakob number, condensing
temperature, and evaporation.temperature.that.is-quite helpful for screening of
working fluid as far as thermal efficiency is concerned. The thermal efficiency
normally decreases with the rise of figure of merit; and the proposed figure of
merit is not only applicable for.the present eighteen working fluids but is also in
line with some existing literatures. Analysis-of the typical ORC heat exchangers
indicates that the dominant thermal resistance in the shell-and-tube condenser is
on the shell side. Similarly, the dominant resistance is also on the refrigerant side
for the plate evaporator. However, there is a huge difference of thermal
resistance in the preheating zone whereas only minor difference in the
evaporation region. A better way to resolve the extremely uneven resistance
distribution is to use a separate preheater incorporating significant augmentation
in the working fluid side and connected it to a much smaller plate heat

exchanger.

Keywords: Organic Rankine cycle, Thermal efficiency, Thermal resistance.
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(1) ke

u, = m,,
"o A (2-12)
p.mitdiv BETIEE A GHBERGFH
(2) 7 #w¥
Re = Pai d (2-13)
(3).= A

d q)k? %L Rk H AR gL B ? N %ﬁ.]‘_‘a@mﬁ' iE ¥ GnlellnSk|[27]

R~ Qe N N LI
f
- +(Re—~1000)-Pr

f =2 (2-14)
L07+12.7 | (PELD)

f =(1.58InRe—-3.28)"

Nu =

(2-15)
AR ITEIREA PR R FEPR AR TR R
A3 5 4V 7 (staggered) 0 AR L F AR b TEIREE AT R ()

R T o ¥ i % Nusselt[28]# 73k d1 g B 3 47N (5N 2-16) 5 e AF R Y
P 3 IR A ML BRNE G ARY E R 0 TR g
PpEE @ % Butterworth[29]#7 £232 e0 47 38 (54 2-17~19) -

U3
p:(p: — py)ai k?
hy = 0.655{ d J (2-16)

:ufqdo
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Nucd ~,057195
egZ=0416@A41+947F) ] o1
If — gdoluf ifg
ugkf (Tsat _Twall) (2-18)
Re. = M
° Hy (2-19)

ARG AT s REA L 4N 5 ¢ % Eissenberg[30]#7ip]

1
%i=06+042N4 (2:20)

A

0.
1 2 1 4 4 o3 : 5/6 /6
h, = Ehsh+ Zhsh+hc s (N8 = (N£1)°°)

(2-21)
kf 1/2
hsh = 059d— ReG o
0
N % ¥ .
(4) 8.4 & %8k
d
In(—>
UA h,A;, hA, 2zk,L 029
ASSafi @F 58 aft > b T JRnMe F 72353 o
P4 o

16



G)asdg

Q =UALMTD 2-20

2-3-2 FREIEE

FF BT a2 3R L 38 £ R 3% B (Plate Heat Exchanger) ¢ i d
%ﬁﬁﬁﬁﬁﬁ’ﬂ TRIL LA B A B At B 8 BoehiE B IR
BB FE SRR AE N R LN B AN R R R
A 2 A TS F e B RSl (a)i% & 47 5% (washboard) -
(b)Z = Al(zig-zag) ~ (c) L 3] & (chevron or herrmgbone) () EEHEI P
(protrusions and depressmns) ()= = 4= KKZ.3% 2 & 7% (washboard with second
corrugation) ~ (f) #g 4L ;% & 2 = 75(oblique washboard)4- ] 2-17 » & B = /I%
PHY LA R EF L o

AR AT e S AR VT AL LAl 2-18 AT o A R)IR AR HE
AN A e e e SRR C R R T A BRI
CEAEB A PP 51008 F EAE S 04mm-E B 5 Alloy 316
SR L 203MER R ) P RE S LAE RE LA R R EE(P,)
L5.2mm - 7 8 R dRtE(b) S 2.5mm -~ G A A L l(g) E 117 xR
ME(B)S 60" tpM LHIH 219 LAFEY FRIMMR LS Ak 1
ﬁﬁéﬁw%ﬂ’gﬁﬁﬁééﬁiﬁT;ﬁlﬁm@#@ﬁﬁﬁﬁﬂi
G AR A AT o B S T o SN A AR 2
EFERITE AR 222097 F 2 G F SR EFRH Aok T A D
ERF O TVARETE A STHT  FE R ERE
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dONESRIMEY AR RN GRAEPR LT o 5
inenig s b [30-35] 0 ¥ 4 5 gk 2R Eik * R134a 2 R410A - A
TR R S R E e R fREARY K€ TR TS Sl N

(1)-k+ 2w

D, =2 b-Lw
b+glLw (2-25)

b & LAlRiRtg » Lw s P EA

(2) % 8 % Be(le A 8) 5ok N

dOATFHREY S RIS E g A ER G E p g g
:5@’\‘ T Klm[36]’“rift g 5@‘-\—‘.1-5 ik‘n}m;}'m

_ 0.64 082 ¢ L (7 0,09
Nu =0.295Re" ™ Pr (2 S) (2-26)
BAEEEY FOERUMCK) Z HApIEAE o T T R bR
J7\'.; ]Fl el ,gi’?(*[ Iffi\ﬁ‘f‘)?/igﬁ_#g ,L,;«Lrlj #5_&’;} 4’\57}qu_‘5€, A,
* = & * Hanetal.[37]#74& J eni5 ok 5V

Ert

Nu = Ge,Reg;? Bog; Pr (2-27)

Ge _ 2 81( co )70041( ,B)7283

D, (2-28)
Ge. =0 746(ﬁ)—o.082 (Z_ﬂ)o.sl
2 =Y D, > (2-29)
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G..D
ReEq_ Eq ~h
Hi
q
Bo =—
" Gyl
P+ &
Gg =G| 1-x+Xx| —
Py

(2-30)

(2-31)

(2-32)

(2-33)

he 52 ieina e d s N, SRk e ot S Y R R K B
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% 2-1 1 i’tjﬁﬁgﬁgi']&?% [25]
R236fa | R245fa | R600
Dry fluid | Dry fluid | Dry fluid

n-Pentane | HFE7000

R134a

Isentropic
Fluid Type | Dry fluid ) P
fluid

Working Fluid| R123

Dry fluid | Dry fluid

Critical
Temperature | 183.68 | 101.06 | 12492 | 154.01 | 151.98 | 196.55 165
(C)
3796 3370 2478

Critical
3661.8 | 4059.3 3200 3651
Pressure (kPa)
Normal
Boiling
27.823 | -26.074 -1.44
Temperature
(C)
Molecular
Weight
(kg/kmol)
ODP 0.02
GWP 77

15.14 -0.49 36.06 34

152,93 | 102.03 |.152.04-| .134.05 | 58.122 | 72.149 200

~20 ~20 370

1430 9810 1030

%022 B A

CO; 25%
N 67%
O, 3%
H,0O 5%
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# 2-3 HREHM A

T [°C]

Tube Length (mm) 2300
Shell Diameter (mm) 558
Tube Diameter (mm) 19.05
Number of Tubes 300
Number of Rows 16
Wall Thickness (mm) 1.07
Thermal Conductivity of 300
Tube (W/m-K)
Water Pass 4
3 o
- -
s [kJ/kg-K] s [kJlkg-K] s [kJ/kg-K]
(a) (b) ()

Jar o4&

B 2-1 1 (Eondg ek fE(a) % Fon

21
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Liquid Viscosity (uPa-s)

Latent Heat (kJ/kg)

300

o —— e —— R245fa
o] e O vnnnn R123
250 o ——-w——  n-Pentane
o. —..—A-—---  R134a
O‘~.O — -m —  R236fa
o — —O—— R600
200
:k\-\l
150 - V\w;l\
AL
O=A,
100 - O
o
A
50 -
O T T T T T
40 60 80 100 120 140 160
Temperature (°C)
()
—— @ —— R245fa
........ O~ R123
400 ———w—— n-Pentane
—-—A.-—-- R134a
— —m —  R236fa
V- -v—
=R o S —-—O——  R600
300 O~ vy — —e— —  HFE7000
it N
200
100 -
0 T T T T T
40 60 80 100 120 140 160

Temperature (OC)

(b)
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110
—~ —@—— R245fa
¥| ........ o NEET R123
g 100 A _ ———w——  n-Pentane
2 V\‘w\ ——A —-- Rl134a
= o w — . — R236fa
< 90 4 O v - —
> o A o R600
>
S 80
S
©
c
o
@) 70
©
£
5] 60
e
|_
i)
> 50 +
g
-

40 T T T T T

40 60 80 100 120 140 160

Temperature (°C)

()

EA%
[o=3
DM
1’3-‘.-

B 2-2 1 Eia S g @RI (@) AR I ke e

(b) # FEAE“THREDERE; C) P FEARTHREDERERDE
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0.0035

——@&—— R245fa O
........ o RERTTIN R123 /
00030 4 —— V¥ —— n-Pentane ,/
— —A-— - RI134a A
— - — R236fa P
—-—O—-— R600 o
0.0025 1 __ & — HFE7000 .U'U

Liquid Specific Volume (m®/kg)

0.0020 -
0.0015 -
0.0010 -
0.0005 . : : ; ;
40 60 80 100 120 140 160
Temperature (°C)
()
0.18
— e R245fa
0.16 - ‘\ ........ O vennne R123
a \ —_—— n-Pentane
% 0.14 ~ —_— A — - R134a
= \‘ — -m—  R236fa
S 012 4 \ — —O—— R600
g ¥ — —e— —  HFE7000
= 0.10
(@]
> 008
[&]
=
S 0.06 -
&
~’0.04 1
o
& o
> .
0.00 -
T T T T T
40 60 80 100 120 140 160

Temperature (°C)
(b)
B 2-3 1 i AL

@) # R R ATt o 0 F 5 (D) A FOR R ST b ot 0
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T [°C]

150

100

50

— — - AU AfE
AT & HiEE
3 _ 3'
\
|
\
/\
2 / 4'
1
4
1.00 1.20 1.40 1.60 1.80
s [kJ/kg-K]
) 24738 o B R AT R,
Assume an quality(X) <«
i, —i, 0.7 No
i3 - i4,id
i3 = i(|-3, X3)
i4,id = i(T4’ 53)
S3 = S(|'3, X3)
Yes

Figure out the properties of the state 3

Bl 2-5 sz & F2 AR
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Working Fluid

Condenser

AN
N

Cooling Water

Water Cooling Tower

B] 2-6. 44 w3k 3, B

RAE

AR o

#HAKE

B 2-7 4 4r-k[39]
26



To Smokestack Flue Gas

L

To Smokestack Flue Gas
Design Heat
W Exchanger Heat Transfer Fluid
F\ Evaporator —l W
To Turbine Evaporator T
Working fluid To turbine
(a) (b)

W 2-8 Aekr fc 2l 7 A Fp@e BBk () B> R

Working fluid

WS

Evaporator

Steam or
Hot Water
] To Smokestack
Water
« Exhaust gas
Boiler

B 2-9 éhpwicky: 7 LB
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Bl 2-11 # 2 # B= & 5 ##[39]



,,,,,,,,,,

Section 1

Section 2

Section 3

29
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A

R4 A

: E & LE
Stationary head types : Head types
R
- i i
U=
A B FIXED TUBESHEET
ODE pass ﬁe]l LIKE "A" STATIOMARY HEAD
" s
Channel HH
and removable cover M
orp LU TUREREET
T“'q pass '_h,e]l LIKE "E" STATIONARY HEAD
with longitudinal baffle L
5 ) i
N
Fixed tubesheat
like "N" stabonary head
BONNET (integral cover)
Split flow

(]

+ [Famovablal
Tuba
Bexdls
Qaly

Channel mtegral with tube-
sheet and removable cover

==

Double sphit flow

==

N Duvided flow
T
Channel integral with tube-
sheet and removable cover
a1 1
Eettle type reboiler

P
Outside packed
floating head
s
Floating head
with ':-zzflig device
T m

Pull through floating head

Special hugh pressure closure

Triansular Pitch

5=5

Bl 2-14 # @ F & 750

30

132p P =l.414Pr P

; * P =05B .

P =0366F e =0707p P =t P =_F}
r r z ! P =0866P !

P =05p, P =0.707P, n O E=h
ik ) i By i &y
(45%) (60%) (90°)

Rotated Square Pitch  Roated Trnangular Pitch Square Pitch



Working Fluid Inlet

— Section 4
Cooling Water Outlet
Section 3
Section 2
Cooling Water Inlet )
_ Section 1
Working Fluid Outlet

31



Assume an outlet temperature of cooling water

;

Q = mwatercpwater (Tout _Tin)

o

+(Re=1000). Pr

Nu =
2
| = k
1.07+12.7 ; (Pr:-1) — h = Nu_d

f =(1.58InRe-3.28)

;

= 0.416[ 13804 0/47F ) "

Nu,
1/2
eg

g gdoﬂfifg k
P — h, =Nu—
ugkf (Tsat _Twall) 0

hy =
'S =0.6+ 042N 4
i d
In(—>
1 1 1 (dﬂ
= + +
UA hwf ANf hWAN 272- kWaII L

;

Q'=UALMTD

Bl 2-16 4 3 F3- 5 B A2 R
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L*]
e

=
L 3 mw

(d)

1[39]
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W 200mm a0 mm 30

225

100

SR

Fl 51

1 &

&25

9490

AR RRY

- 160
;,e‘*/;
:5\5:
ff-_
Ll
242

Bl 2-19 ¥ 40 b T
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. e N - S S S S % P [ EOS 202 ' 2
A2 5o AT RS RN L3R R

Kﬁﬁwfs%“”ﬁ?’jE“@%%*%Fé%#iﬁ%%ﬁﬁfﬁ

A fpE- AT B FLHEERER r’f-zmgﬁﬂ%@%’if%‘ > v

A ENETFRE O ITRE R ELERA T BRERI-ER

SR Sl M R ET H R MR B S - UHR o A B
4

1

™
e
—=$
3
A%
)
L
.
&
—
N
IR
vy
=
:_\\\
B2
=
e
e
[
3
-
e
S
ﬁ N

TG MR T AR TRR BB R Y RS 2 B R
B EES

3-1 1 iEinfiiFi

< 1 & & 47 R134a~R123+R236fa~R245fa~ R600 ~ n-Pentane ~ HFE7000
S BT TR M EE D S TR Al (TR s Y > k2
ARA A - ZIREHBP T AT ERAIRE S V- FIFERB TS
A

e

ICE R RN A o A N T

Bl 3-1 5 &1 E M 50KW T 1 chf g ind » 5 2% BER(FHPB
CER)EF ﬁ%gz h1 (E AR R a2 & % 15 1 HFE7000 2 R236fa
MrE &R F E A~ 9 2=t L R134a~R123 -~ R245fa s & 5 1% R600
% n-Pentane ; ¢ Bl ¥ P & {8 Ao Z % E B 60~100°C p& 5 it vt i) 7] o o
PP SRR A 0 F RS RS A PR U 5
2 Wyg & ) %ﬂ?@m@wycHMMa&%%&ES&MmC&aﬁﬁf
FTRREELT G RDERAE B TR T B 325 %
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@««r

Tnd & BOKW T en ki sifiond - 2 F ¢ EF ZF R AR T en 2 F 5 d
BT kM R B 5 R123 - H =t 5 n-Pentane ~ R245fa ~ R600 -
HFE7000 -~ R236fa > ﬁd‘_&‘*‘ 5 Rl34a> ¥ Z% B R A TRAEARERF S H ki
Foordk P AR ¢ FRGARE B 3-3 5 50KW T & 1 (Fi A en g T R
AADIR AR X TR R i < ‘f)]*ﬁ\“’fé ﬂ‘é#’ﬁé\ﬁ‘*%
¥ iF RUIR Y B X i R134a 2 R236fa ~ H =t 5 HFE7000 ~ R245fa ~
R123 fr n-Pentane - # <5 R600 o

AR O~ T LA 4pk Ak

&?E%ﬁﬁiﬁ%i%ﬁlﬁm%&zﬁﬁﬁafwm%»rm%
B &> R134a fyptif it TORIER A ¢ LA A0 R )E 2 P]WIE Baek 0.7
%%ﬂﬁi%%ﬁﬁﬁ’mw%$>rﬂ%w_ﬁ%a,dﬂw%»r;
S fe BTk T AT Fleng & B ) RIB4a sk R H_i4F 0 STl A2 T g A
FrIE R O~ v LA dpsk AT R134a e o

Bl 3-4 5 &1 5/ g8 aB0KW & #7 3 e g i > § AFEARA D B o 97
FEROLITEMEEIEF € R Re AR R 60~100C gt
Pz o PR FIE R Pl R L BT ﬁé%:}g 41 HFE7000 %
R236fa 1% & /7 & it ¥ —EL&«’ e H =t 5 R123 - R245fa > & b eh ;i
n-Pentane 4= R600 - B®] 3-5 5 1 1E/x %Y ;‘iﬁi%] 7 7 S50KW T ek Sugh e s o
BRI EFFEFRERDI AR ) AT EETELSOF ARG S
R123 - # =t % n-Pentane ~ R245fa ~ R600 ~ HFE7000 » # i< = R236fa - ] 3-6
E 50kW$%J:H TH T LR R AR > B P 11 HFET000 % T
Rt o+ H = L R236fa ~ R245fa ~ n-Pentane - ﬁmk&—"z = R123 4~ R600 ;
HFE7000 7 120Cz s M &g v H @ 1 ien keng NF S R F 2 v 3

BE A FAREY < > A HFE7T000 fz 38 BA%F prH 2R ¢ 4% (4 (]
-D’%u%ﬁ&l%@@%ﬁ%%wmﬁ%ﬁ°@34éSWWﬁV%ﬁ

FARMSIER N T DR C CRAEEEF AT ERLF AN F
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R BARE %%i?qﬁéé/y ;v d BY @ R123 50 A &+ » # =t 5 R245fa
R600 ~ n-Pentane -~ R236fa » & <15 HFE7000 -

d bk ﬁ:s%Hfa V= &1 feRd8 ¢ 12 R134a ~ HFE7000 2 R236fa #c
SR TR GRS F G P F TR (PR R134a d TR B
ST RS ABRS B kst r H ke (VES E(GWP) BB
AR i g AL R1234yf Bo ik o b ﬁk;fé%—;%}ﬁ/\ s ARAREE T 5 S
BEALET IR Faes M0 S afeR R AT AR ¢
g o TR FEINE R FAWRI R T Rk SRR N T X

RhAfrE IR BTG

AT EEF A FE AL A ey dod kSR T AT R 0 B AR
FARAR D BWRAT NIRRT AR GRS m P RS AR TR
BEA T E[21] 0 e R AE T LERAR O E WA B AR
ol 4 cnff B8 A 2 H4- R245fa(fefh & 5 154.0L°C)H (v 2 isfefh w10 ¥ &2
TERR R R A 3] A AR KA @A R iR 2T TR R en
GrEsrF £ A TRh B 5-10%o k EORRARE H Ok SEord AR s > ek
REpFRA §RBIEF  FEITERK RS BHITRE 0 RS AR
BOTF AR 0 T H T FRA AR TSRO Y RE S - iz 4
At F A SO A FRA M AHHF Y RG] T BT ]
B 3-8 5 R245fa i T-s B > 4o#-F & ¥ % % 156°C > @ & 4 j&_3700kPa = %
3900kPa P » Tk & S fhHE | ERESTF PR T E S ART 0§ FHE

FRA D 180CH » Al d M o R ABE T M gF RS A
2 R e o
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3-2 &g (Figure of Merit)4& %

1 ERMOEEF AR oY - £ R FF 0 ira
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Figure of Merit (FOM) = Ja’* Toomg (3-2)
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E B - (B 3-24) AU - FErA L 2N T F A ERE > J R
3-25 VB MABIIBMILILY L F Rleh 3~4 B 0 AR T B eh@HF FL
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R600-R134a-R245fa 2 R123: % + 1% R236fa 2 HFE7000-R123 2 R245fa
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4 3-1 R245fa *+ Az Tt e i T A 45 4 %

T3 R% h2 h3 h4 Wnet Q H 77

156 3700 263.5 484.5 455.5 24.9 221 11.27

3900 263.7 | 447.2 | 4247 18.14 183.5 9.89

4100 264 442 420.3 17.11 178.1 9.61

4300 264.2 439.4 | 418.1 16.53 175.2 9.44

160 3700 263.5 500.9 | 469.3 27.6 237.5 11.62

3900 263.7 | 488.2 | 458.3 25.6 224.5 114
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