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Heat Recovery Modeling and Exergy Analysis of Dry Combustion
Process for Explosive Gas Treatment Using Aspen Plus
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Abstract

In the combustion treatment of explosive gases with a high heating value such as H, and NH; used in semi-

conductor and chemical processes, the heat recovery modeling and exergy analysis of the process using the Aspen

Plus simulator and its thermodynamic data were performed to examine the recovery of high temperature thermal

energy. The heat recovery process was analyzed through this process modeling while the exergy results clearly

confirmed that the rigorous reaction mainly occurs in the condenser and the chamber. In addition, the process

modeling demonstrated that approximately 95% of the exergy is destructed on the basis of the exergies injected and

the exergy being exhausted. Using the exergy technique, which can quantitatively analyze the energy, we could

understand the energy flow in the process and confirm that our heat recovery process was efficiently designed.

Key words : Heat recovery modeling, Exergy analysis, Dry combustion process, Aspen Plus, Explosive gas

treatment, Process modeling
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A 9 St olM = thEge A feivts
7} AF&-E] o] X9 (Kim and Lee, 2013; Yoo, 2007) wh}t
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A o]e] Aa A2 Il WA= BolvA|e A
ARG 71ES HES oUA dad A4 A AY A
A7} HEE oA ek (Park ef al., 2009; Fujisawa er
al.,2002).

RN AREEE 8 U4 7FA2E Hy, NH;,

SiH,, GeH, ¥ DCS (Dichloro silane) 5°] =1
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Table 1. Nomenclature of abbreviations and symbols.

Exergy = Maximum useful work available in thermodynamics
HXGAS Heat exchanger for explosive gas inlet

HXAIR Heat exchanger for air inlet

PCW Condenser for process cooling water

Rstoic Stoichiometric reactor

Ex_phys Physical exergy

Ex_chem Chemical exergy

S002 Explosive gas after heat exchanger

S003 Air after heat exchanger

S004 Gas mixture injected into the reactor after the heat exchanger
H  Enthalpy

S Entropy

H, Standard state enthalpy

S,  Standard state entropy

(Song and Kim, 2002; Kim and Hwang, 2001) gt <&F
o] #& 7IAEEA o] &3 H d2IpoA T
A 129 FoyA= I o877 SER =
2ol £ @ Aoje ojge 5& olf= fuy
H7|Ee AAold, H 4RAA A4 AHHE F5h
MelAE QolAE skt st A7t olgol
AL QJth(Choi et al., 2016; Lombardi et al., 2011,
Song et al., 2009).

ofAm Z22 (Aspen Plus, AspenTech)= &3 2
<& 4=X] (mass and energy balance)Q} 3}8t4 Bg, G
o dolg e 22 34 BALE ¥ 5 ol 229
o2 AZEo| AgatelE AEst Tl ojFolx]
1 9Jal(Lee et al., 2009), YZ+7|Q] 3|4 T4 F=
4% ste) wazolq WAL RE WAL B4
dAA oA &S wol7] 9% 2 HHe=s
N7 BAE B Tike Aol ool ek
(Noroozian et al.,2017; Wang et al., 2012).

£ AT kAW BAAT SN Th §3
600 L/ming A4 349 @3l 34 gt 222
Al 38 HAE sHseH, & 34 ZAE F
A A A 9 3 Al AHEE 5 e Edle
349 F2 ANE =ESDA stk T FPA
Q| A] Aol 7Hsdt XA 7S EEeA F
B W oAdxe 55 mos EuA} sigich & 1]
£ RN FHE 9151 A8 E ool 755
BAE A9

Aoz 3o A % L4 AATE 99
oA 2] B0 Hgo] ool T S ul, B Ao
A @34 REo] o= dAA v7tg A wrgow
Qs G372 HA g3 HYHRA=AE AAA] 7
H (exergy analysis)2 AMES|A EASE A} L
o, QNAE T4 Fo AREA pon] &AHE &
do] lerz Fojil FAHqA B 7Hsd oyA|
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AR EZo] ATt E4 0] 7Hssha,
Alo] dofut 91X Telw o wopdt
B2 oy L FYST 57} girkw & 5 9)
ofof Hksto] A3t A1 27 A2 2L 7|Hto =
L A 7 o Sl et FFE el Bajo
78RR FA0A Loyt oyA] 24S Bt o
3P T 71 ek B ALY e @
3Y B # wiE g vndozn &4l o
L ol 912 soto] Fpsstm Wk A
otk 9 odA BAe g ARgo] 7Hsst
(Hongbo et al.,2017).
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600 L/mingd Zuty 7kA
ofrql Bejag AHEAA B
3 522 BASLA ANA
o1 9} 1 17} 2L B 7
FRES THAAG. 34 THL
Aol da AP WASE Bejzoh B4(
torch), ZHHA 7}A 9] HAHEZo] o]FojX e &
o} ¥4 A (Plasma Combustion)?} H| €S 3]4=35}
AL vj7tA Sl € E7] (Heat Exchangen)® o]F
oIt

Zupyg ka0 A4 dale] EEE da 2
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N, (30L/min) ——— Plasma
torch

Heat

Plasma recovery

combustion
Heat

recovery

Heat «—— Air(500L/min)
exchanger 1

Heat NH; (20 L/min)
exchanger 2 H> (30 L/min)

Iy

Fig. 1. Schematic diagram of explosive gas dry combustion process.
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B oopad %E%E AR A4 da AH2EA
2d3e 93t A7 A} 7t2AE= N, (30 L/min), Air
(500L/min)E 71Z202 &S 1A T, A7 it
Zur4 7} 2E NH; (20 L/min), H, (30 L/min) & 7]1&
oz g8 248 xFstgon, B A A gH &
W] RIS PA7EA 2l V|EoR FA HAL
£ st

x~

2.2 ofAH SHAZ AE 8

ZE
2 Aol APE G35 Tt 7x I BAE
Qste] ofAd Z7| A (Aspen Plus, AspenTech) S A
ste] BARFR Y 34 S 93l Peng-Robinson &

K40] AHEEIT

2 A7 R84 ARelA AR ASE ks Fo
A ofaml el oA BEAT AT 1.9 NHE
WO ST, H, Y ko) 399} Hoek NH, &
g 7has) A9z FESI B4 BAR S,
o1& 9fa AN 7]¥ (exergy analysis)& ol-&3 o
HA 3] thigk BARS $357] s 2ad =4
A2A &=, 48, dERY, Ay, I3 A2 A

e 3_2}01 sk
dAzA I 29 2L AUA F¢ FHEE
?‘@5}93\2“1, AAl A 4L 2ARH] st T

r&"
oH

B3|

A9 gue] wEsk $57) (PCW) ZdL A3
t}. HXGAS (Heat exchanger for explosive gas inlet)+«=
sk ol 7bA, el HEy kel W4E
ST Fofl Hkg FHolA AP E Yo s HEES
s%stel W WHE BB FHAE Thest) 913
A AHgEgTh o A AL W Fhac BT
fre 34 22" Al 2AE 4 Qe HoldAd &
We7] &9 A2A (crossing)S Alolst7] Ao,
H[Zg 7hao)7]of A shikgole HofstAl g7
o A= St

HXGAS] sl Au=3e ot e £
o) £EE 600°CE 1AL, BE Fof B
2= 535°CE2 1ASHY T 18|32 HXAIR (Heat
exchanger for air inlet)= AW oA dojut= ASHES
o A14E 2718 Fhesr) g3 dner)E mAEA
oh 98 LEL HXGASS] Bh A4 7hao] 9 £
Q1 535°C7F AREEH UL, Fudt Fof &8 ==
200°C2 RSt GEII|E A g AHE
ol A & 225 A flash DS ARG
A =3 7FAE 100% B8, oY) HF ==
60°CZ 1AsE o H,0¢ GASZ Z+ZF ZA =9
EAH] otk B3] 540} gmjote] AThSS
BAFS}7] ¢34 Rstoic (stoichiometric reactor) H}4] 9]
shsteres] whgy] mUe ASSIE, I setae
oheu}t ok T uke m 5 AARALE (steady-state) 2t 7F
e, Aule) LEE AY Avelq 48E g
5l7] Al d 2HE 600°CE AFgatglon], gele
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Fig. 2. Flow chart used for process simulation using Aspen Plus (HXGAS: Heat exchanger for explosive gas inlet,
HXAIR: Heat exchanger for air inlet, PCW: Condenser for process cooling water).

Table 2. Stream temperatures and reaction heat depending on gas flow condition of the heat recovery process.

Gas Stream Reaction heat
H, (L/min) NH; (L/min) S002 (°C)” S003 (°C)” S004 (°C)* kW % 10°kW/(L/min)
1 20 0 587.1 4127 4339 -3.50 -6.7
2 30 0 5263 4172 4319 —-545 -103
3 20 10 505.3 422.8 4347 —-6.13 —11.6
4 20 20 448.8 432.8 4354 —-8.75 -16.2
5 30 10 462.5 4272 4327 —-8.07 —-149
6 30 20 416.6 4372 4335 -10.69 -194

9S002: Explosive gas after heat exchanger. ”S003: Air after heat exchanger. “S004: Gas mixture injected into the reactor after the heat exchanger.

g71te g 7hYstAt. ol B 3 HAbAM AME
H fugr|o] Aot ko Apolrt gloka 7pEE
Adt ARSI & 4= Qlet.

H,+1/20,® H,0 1)
4NH, +30,® 2N, +6H,0 )
Ao A AFEE AA Z7)9] ko] B ofAm =g

& 34 2dgo] FHEHJol. saeh dEyot 7t
AL 100% ¥FS-S 3lo] I8 WSt TEROoE oFf
Aol o] AAHTD AAH B BEdtr] YsiA &
o] AF3e AAY S A (flash) ZHA-E A&}

D71 INA A 33 A A5 &

3. 2t H ¥

3.1 OfAH EAE AR5 3|4 2H
DY ZAn Hlw
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ok TRAs 229 WEEE
Z)9] Mgz A0 R R 29} o] FEaI] 25t
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Fig. 3. Correlation between temperature of S002 and
temperature of S003.
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Fig. 4. Correlation between temperature of S002 and
temperature of S004.
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* 201]/“ HoZ= AAY o5 49 AeEY
RUots EFA AHgSte o—r7} A E= §t
o] HxlH oz F71HS BT =, No. 1 vs. No.
vs.No.4: —3.50kW vs. —6.13kW vs. —8.75kW=
hEE & 4 Uk AR EE TaBe Bt 95
122 257 FA, T 2] ALE
has Rl 3 IEOR REAU A4l
: 28 8 T 4 Uk

,No. 1 vs. No. 3 vs. No. 4 : —6.7 % 10°kW/(L/min)
vs. —11.6 X 10°kW/(L/min) vs. —16.2X 10°kW/(L/
min) e g F713E & 4 Qloh gdEYoptAE £
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Fig. 5. Correlation between S002 of temperature and
reaction heat (kW).
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Fig. 6. Correlation between of S002 temperature and
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L 9o HLOl 27 olf A 17} 4] 20]
go] —316.9kJ/mol¥} —241.9 kJ/mol2]
7] wjzolth.
4 W8Z =5 © AAstA £A435H7] SlsiA
2ol ofz] A BAZ vlme uelet. 19 3
13 2REs1E AN F B0l A8 WA
(S002)%} F71(S003)2He] AHLAE HAFI e
U, 5 AEgY L5vt AulAEe RolRT At 1
d 49 ALoAs ER7E AA §HE Ao 3¢
He 25__—@'7]'—/—5 (S004)8] &= Ho 433°CE gAst
A FAEE B Qo
o ABBAE v Ay, 3 59f o] Ko 7
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3.2 M X| EM (Exergy analysis)

AX ] BAL QA= 1234 22 physical exergy
(Ex_phys)®} chemical exergy (Ex_chem)E AAls||of
% st=H, Ex_phys =(H—H,) = To(S = S) & AR&-3}o
otrdl FHAE FIA Aol 7Hssith H & S=
28 229 4o oEsh= AEH (enthalpy)et Al
E 29 (entropy) S UEMH, H,@ S;&= 25°C, 1 atmo]|
A AAFE ®Z ey (standard state enthalpy)Q} ¥
Sl E 23] (standard state entropy) %t¢]th. Total exergy
= o ol ALtd

Table 3. Calculated total energy in kW.

Total exergy = Ex_phys + Ex_chem 3)

B oAz HEZE A £4 ©U7FAQl H,-40
(H,=40L/min®] £71) 121 E3}7t24] H,-20/NH;-
20 (H, =20 L/min+NH, =20 L/min®] 27A)% A&
71&o 2 AXE 35t

B 32 O9 29 34 ZEEE 7IRE A
dd7tA 27 H,-409F £k~ 27 H,-20/
NH;-200] th3 AA4tE 2 2EF (steam)of] Tt A
A FES A Aol o] 7Hte R A AA
A BAFH WiE S Atste] & 4o Fstit

olnf 7H} 883 AR o= th9ZA (unit opera-
tion)of| A AX 2|7} AMEE]O] AL, o= FAH oA F
A E AR A] =R E FAE 4= ks Aotk & 4
o o] 124 22 ARG H = 7FA &0l 71 dlA
Z|e} vh-EH oA AREE= & (heat)o] F82 A
2 9ol 38 e ok 281 wiEEE AA

H,-40 H,-20/NH,-20
Stream —_— —_— Table 4. Exergy inputs and emissions.
Exergy (kW) Exergy (kW)
H,-40 H,-20/NH,-20
AIR 0.467 0.467
GAS 0458 0.449 Exergy In kW) (%) kW) (%)
H, 6.430 3215 H, 643 66.1 322 279
H,0 0.029 0.036 NH, 0.00 00 4.64 404
N, 0.025 0.025 Air 047 48 047 4.1
NH, 0.000 4.643 heat 282 290 3.18 276
S001 6.455 7.883 972 1151
5002 6.779 8.207
S003 1.954 2.022 Exergy Out (kW) (%) (kW) (%)
S004 8.731 10.229 Gas 0.46 4.7 045 39
S005 3.579 3.685 H,O 0.03 03 0.04 03
S006 3.048 3.139 049 50 048 42
S007 0.920 0.948 Destructed exergy 9.23 95.0 11.02 95.8
Table 5. Exergy input and emissions related to unit operation.
H,-40 Exergy in (kW) Exergy out (kW) Destructed exergy (kW) Exergy efficiency (%) Improvement (kW)
HXGAS 10.03 9.83 0.21 979 0.00
HXAIR 3.52 2.87 0.64 81.8 0.12
PCW 0.92 0.49 3.26 529 1.54
CHAMBER 8.73 3.58 5.15 41.0 3.04
Sum 9.23 4.70(50.9%)
H,-20/NH,-20
HXGAS 11.57 11.35 0.22 98.1 0.00
HXAIR 3.61 297 0.64 824 0.11
PCW 0.95 0.50 3.63 53.0 1.70
CHAMBER 10.23 3.69 6.54 36.0 4.19
Sum 11.02 6.01(54.6%)
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AL 2AEY z7AW2 247 049kWEF 048 kWE 74
o) gARIth ol ot A a4 T U
ol e X AR (destructed exergy)2ld| Z:E% Z
Az 27 923kWet 11.02kW2A thEF 95%2] o
AA7F ARG EHA] g3 A= Aoz AL

£ 59 B AAE HHA= A A (destructed
exergy)= HEE §57] (PCW)&} W33 H (CHAM-
BER)o| A HAEE Uetli it} weks §&7]9k
TS AMEE AN E 83 AAAZ A
g 5 = A=E AYs] HaliA Improvement = (1
—Exergy Efficiency) X Destructed ExergyS A5}t
X 59 A5t H,-409] AR th= H,-20/NH,-20

o] A0 k7t =& °ﬂ§]—’r— 4 & (improvement %)

o Bk, o)t #4% 48 Agols 2AR
= w3de o g EIAE ASeL 27
A97t A Fege] o wor oled S8
AR B 5 Gl B 23 e AL T
st W, 2 TN AgHE weTtat @ 8%
Zuo)d BWhaY 24o] o §43E YehiFn
ik,
4.8 B

4 a7k B B0 distel ofxw

o
=49
Zejs 2dFe AAEle] 434 S B9,
=Rl
o]

WA 719 BN B7tel g0l 2 dofifis
99l3HoR S50 Fuige] WaAT. due|
o e Bt e oY FRAS HoEdE

o filo

9|, ©ad7}AQ0 H,-409] RAGAE 509%2] G3|<
A& (improvement %)°| 31—0151211 g7 Ad
H,-20/NH;-209] 27X a7t § &2 54.6%2 €
34 &eo] AU o]8 Edi2 AAZ AF
AR B91B AT Whg 7o) e Ao] glofd &
71de ggeTh A7t 8 HoR 4 9le 7
ot FF WEA FHAN AGHE ThR Ay
BEE 712 2Ysto] of2l BeL 34 RUY
BoRitE £ o 389 21} 227 & 9L A
Z AlZHT

[o o o

A Se2E 0§ BB 12 A4 94 RUTHY 994 vy

o,
=)
12
>
R
M
I
W
(3]
-

2t 2
2 AT SHEF FFAGARTAAY Ader
23 ¥]¢] © 1 (Eco-Innovation Project 2014000110021)
olof] ZA=HYth
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