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[0050]

[0051]

[0053]

[0054]

[0055]
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Ax 10 Fujje] F]

A2 2wl Cu/Zn0/Al,0s(Dalian Reak Science, RK-05)E 3}z
M Fvl= Cu/Zn/Al = 60/30/102] EW &S 7HAH, F39 D= (bulk density) 1.1
7]

J

~
2
!

o 3 WA 1.3 kg/LY
45 FAG mm A4 2 5 m =oD)olth. FRaHE & ASS WAE] Yot vber] FHo| X5
Aol derE g4 Zu(0.77 kg)E 1.60 kg a-&Fu|; E(5 mm 27A)I Sz 38T, 7] &3
H E0E Fuy wgr)d XA, W A M, FHE Z0E NL,E AT 5% H, &5 dlollA

250Col A 5A17F Fot SAAFATE,

AA o 1: A X (experimental setup)

L ole] i odbge] whE el ] wEhe A Al=ES AgH o m yehgith. 7] vkeTle VR AR
T8 43 F23Y D7) (tube heat exchanger)®] TFF 7MW, FA3 FA yid wes A v
7h FXEAL ol A FH Fodle 3ty Eo] A I wkgolA dAsks 98 xstE BE A"
ol ~dlg A, JtEE B AR ofF dudr|E T3 WAEo] ¥ (vater vessel) O F o] F¥ITh.
2l @zt 3 Al ~El(closed cooling loop system) WollA AZF2] Alxdl JEHE ZATgozHN H-e 2=
A 24 5 Jdut. AAE By 2 Y A A 2" (internal recycling)S 7H]E £ WkS7)o A wkd
g R Wee J4 AdS YR H(E 1 #FFR). 2d 4 7FaM, 0 €0 COp 2 Ny =58.4 1 6.0 1 9.1
1 26.5 B0 E V7 st vkErldl FYsATE. Y 7F2=(inlet gas)E oGt Y-8 HEE FA )
7V 2R AT WA dEEdvt. 5 €3 A4 E(resulting product mixture, UI‘E’}% Ty, e
< 2 ) ¥AA7IA, 50 bare] &+E sl AA BAHAES WA T F, A Ao ek A% ga=
o]ttt AAALe Wwks 2 E& ¥¥shs wAA WS (crude methanol)® 3| 53kqiTt. —rﬁlﬂ et
=g 4%7](recycle compressor)dll o3 A|edEo] whg dn 7k} 23k & wh-grlo] FYEJTt. v
of &4 7IACH, 2 N, 5)9 F3& WA fatd Aed 725 FE4om HA 5.

AAY 2: BreEe2A Bl (kinetic modeling)

ool wE vgE e A vke dEes vt gk

o)
o
l~>

3} (hydrogenation): CO + 2H, < CHsOH (1)
C0; 943} (hydrogenation): CO, + 3H, < CHsOH + H,0 (2)

A=A 7~ A 8k (Reverse water-gas shift): €0, + H, < CO + H,0 (3)

N

W SR vt 2ol Aitd 4 Ak

d

5 5
kKco [fCOlez_fCHjoH/(KPAfDHZ)]
(U+Keof co)X VK5 f 1+ K o f o)

Yeo™

(4)

kBK coz[fcosz _fCOfHZO/KP,B]
(HK o feo JAFK 5215 K 1.0 fi1.0)

Yriwgs™ ™

(5)



[0056]
[0057]

[0059]

[0060]

[0061]

[0062]

[0063]

[0064]
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5 5
_ kCK6‘02[fCOsz_fHIOfCHEOH/(KP,CleI)]
© (1Ko foo XAHK 5l 5+ K o f0)

Yco
(6)

o714, ¥, AN FPix A (fugacity coefficient, Introduction to Chemical Engineering
Thermodynamics, 7th ed., McGraw-Hill, New York, 2005)°] tis] <%3slsl  Ar33A (generalized
correlations)& ©|&3std ALtEE, A= (fugacity) & HEHHY, L& v-§ H3 A& Yehdn.

Z 1
Parameters Units Values Remarks
-113,711
ky mol/ (kg s*MPals)  5.95x10%exp( —————)
RT
ks mol/(kges*MPa)  1.16x 1011exp(ﬂ)
RT
68,252 k5
k. mol/(kges*MPals)  2.24x106exp( — )
RT
B MPal 3.80x 10-10exp(M)
RT
58,015
Koz MPa-! 8.00x106exp(———~ ) [17]
RT
67,439
Koo MPa-? 1.02x106exp( ———)
RT
6,201 il
Koy MPa-! 271x102exp( — 2~ )
RT

[15]: Fuel Process. Technol. 125 (2014) 139-147,
[17]: Chem. Eng. Sci. 43 (1988) 3185-3195,
[18]: Chem. Eng. Sci. 49 (1994) 209-221.

71 & 1o YEldt upkel ol whg H3IY AAGFE A sta
Honeywell 1Inc.)ollA Y53 o] dlolg HAsld <3|
parameters)E& 74 §lo] A3 T}

TA AlE# o E (UniSim Design Suite,

dojxl, Rauw HEE=EZH WS (kinetic

1ong,A:£7}7-9.83

(7)

2090

logK p z=- -2.018

(8)

logKp-=logKp  ,+1logKp z (9)

oluf, T&= AW (Kelvin), L D L= BF WPa 9o, L= 219 (dmensionless)o]t}. v+ s

Ly
a

4
o

el FEA (validity) & PU-3d8 WS Aol e 4 doleE Agste] AFHATHE

—

).

_10_
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[0066] AAe] 3: CFD =

[0068] COMSOL Multiphysics 5.3(COMSOL, Inc.)S AR&sle] Whg-7]e] (FD REH-S Fdsta, 2714 ¥ke7]e] F+A4&
T 20 YeEbAEl. 27FX) WS BE A B thel 50 kg/dayd] &S 2= 2
W o ). 598 299 d5S 93 AgFH Aole v FH ukgI)E A}
2 Ao dojH 2ALLFE A& g B AFEEHE o=

ok, ey, 7129 wkgrlelA ¥z Ao AdE &

[«0

==
3
= 3R wEAG. 92 Surt SXE FH SolA FdHon A Fe
(e}
o

2
olo
N
H
[N}
\J
rlr
w
=
nt
T
fi
-
ox
i,
)
o
fo
)

|
ful
jins
23

\a

> ;lm
z
=2
ofl
= folr
o,
32
Aui
1(2
b
)
>

lo
r E oX tm ol e
of M of Hr N4 N
I |
>k

rr
T
B
I
o
2
oL

N

N
=
2
1o
%
ok
N
o

[0069] W85 585 Ald(reactant flow channel)e] A, oux], 2 =y #3& 717 18357 93ke] COMSOL
MultiphysicsZH-E9] t©go HWES EES ALtk "sFH T o]¥(Transport of Concentrated
Species)" "FA W €d<(Heat Transfer in Fluids)", % "#8 % tt34 w2 S5 (Free and Porous Media
Flow)". Z#lQle]2 2="(SUS 316L) 2 RHEolxl whg7] 245 & d=e] A4S 7H4%, =, WAH(radiation)
of 9%t dALS wiAS, "mA|NA DHAD(Heat Transfer in Solids)" EEE AMgsle] B3t 4 &
of ek AAE nA WAAS F 2, AES F 30 UERIT.

_11_
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X2
Name Balance equations Remarks

Transport of V:ji+ V- (pom) = R; Mass balance for the
concentrated where catalytic bed
species . . M, .V

Ji = —|pDVw; + pa, D+ Dy

4 -
m( ) Z Xk Z wj
Di— 1-w; ka 'Mﬂ_ _M;‘
k=1 i
(mixture-averaged diffusion model)
1
0.00143T45(M =2 4 M3A) 72
D= 1 1/3)2
P{riE+vE)

R = Z( stoichiometry - Iil MW,

(r;: j-th reaction with j = CO. CO,, RWGS)
Heat transferin = pCp- VT =V - (kVT) + Q Energy balance for the
fluids where catalytic bed

Q= XH,;-r; (heatof reaction )
Heat transferin 0=V (xVT) + Q Energy balance for the
solids (with heat transfer by radiation negligible) reactor body

Free and porous

P u u
;P((u : V)E—P) =B~ (Fh- * Qbr)u

Momentum balance for

media flow the catalytic bed
2
4+ [—PHi(Vu +vu’) ——”(v : u)l]
&p 3Ep

V:(pu) =0Qp

(Brinkman equation 1s for porous media region,

while “Laminar flow™ equation 1s used for free

media region)

Boundary conditions Remarks

Inlet of catalytic _

u=-Ugpn For momentum
bed

P =50 bar Constant pressure

2

ol - pl+u(yu + L_!lzl:zﬂ.(_-ﬁl!l_i =73
Outlet of j For momentum
catalytic bed Po=po.u-t=0

—n:pDTyw; =0 Eor mass

-n-(kVT)=0 For heat transfer
Solid boundary

== -n-(kVT)=0 For heat transfer

condition -

— 12 —



[0071]

[0072]

[0073]

[0075]
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A heat transfer area, m’

Cp heat capacity, J/(kg'K)

D diameter, m

D mixture-averaged diffusion coefficient of species i, m%/s

BT thermal diffusion coefficient of species i, kg/(m-s)

D; multicomponent Maxwell-Stefan diffusivities of species 7 and k, m*/s
F volume force, N/m?
I identity matrix
i i ko/(m2
ji mass flux of species 7, kg/(m*s) Greek letters
M, mean molar mass, kg/mol & porosity, dimensionless
heat source term, W/m? .
Q K thermal conductivity, W/(m'K)
Qs mass source term, kg/(m’-s) - ) .
Kby permeability of the porous medium, m*
r radius, m
U dynamic viscosity, Pa's
R; reaction rate of species 7, mol/(m?s)
p fluid density, kg/m?
sV space velocity, mL/(g.,h)
@; mass fraction of species 7, dimensionless
u velocity vector, m/s
X; mole fraction of species i, dimensionless
z packing depth. m

0 AgeE 2 w9 zZEads Aer] 98k, 22 (Galerkin's method)S 48313 27 (The
mathematical theory of finite element methods, 2nd ed., Springer-Verlag, New York, 2002), @ A}HA
I8 =(free tetrahedral grids)E #AHYsttt. FF WEY (shared-memory) 2 AF wx2 g (distributed-
memory) T2 A (multiprocessor) Aol W& A4 W (parallel computing methods)S &3l #HE =
A 39t A=} A o] ~(parallel direct sparse solver interface; PARDISO)Z ©]-&3&}o] (Future Gener.
Comp. Sy. 20 (2004) 475-487) @ WAA & =Fsta At H8 FEA717] Al AHgskalnt.

¢

Z3lE B9 Fdo] Yo AlgHEg, W4 Ae #3d 3 1y flo] & X (isothermal condition)
9l Aoz 7R whd, Ev] =9 Yzto] 7]oddls A7l YR gk mHy " oy 78 WA
FHE ukg7)o] Y FB YA slaEdeol FE5 dart Aok, 53, Whds Ao T ¢ e B
S ANE deEE feke FAYE AEQ AoZ sHAEA.

- N,
e e MT100XL ZXG Y ooV ienlVN (g delge) sm ges A A wa B

i~ 2
" mew[zf@mm%@]KNJJi;qugywﬂgﬂ

o] Ad] ®F HA(relative standard deviation of individual errors; RSDE)$} #e TAE w2t Ad3
HMEM Algdlolde A ko] MEE 9 2% ZRIS Bluste] JERATE wkg7] Bl A thE kel

Zul Wz} Wz A Alole] HA AY AS=(overall heat transfer coefficient) o™, o] Zh2
#RAE YA AeE ex Tavtde] eE HzsgoRM 70 Win KR ARHUT. o=, = 3o
LERG whel o], C0 ST C0./H, A& Alolol 73 (trade-off)o] EAEE Yehll= Aow, @y da)

(mean of absolute relative residuals; MARR),

_13_
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[0077]

[0079]

[0080]

[0081]

[0082]
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W, C0 AFE X7t T7Ee=EA (0, 2 H, AEgo ugh A7t 24T + ASES grsrt. (0 HAE&9
AE7E v W] njE) om0 HEEo] Wrh FEWa vk, whebA, (0 A&l Ao eate thE
Hazol Hls] AR o A Z2AFAJY. =3, A 947 B4 QA (objective elements)ol] wEl Abo]ghol =
ETeta, A3A dolEREH AlEd ol e Aol AAR AHojx= Hdl 2XH%P, percent point)T
AV A AW, CO, €0, E H, AskEo] A .2, 5.4, H 4.9 %P . o]= AlEHIAE Ay
7F SAE dolge XS vERY, MEdd R fFEads Y4Fshe 3ol

71E9] Y FEEY 1435 w7 FE el 0 A3E 2 2% Z=291dS Yehdd. AEd ol
A& wgkEo] AAHE (production rate)©] 50 kg/daye] == ZAA 2!
5000 mL/(gcat - h)& HAHRoH, FAF+ 2 ¥ 2x&= 747 1
CO @ CO, @ Ny =66.7 1 19.6 @ 9.1 : 4.6 %= AAHJY. & I qlojx Agdd Z84 4 34 A
B HEZRYH AR, 7] & 49 YERG vie} A,

o

to
24
rlr
N
=
W

<

4

rlo rlr

PN ki

¥ 4
Symbol Unit Value
- Pa s 1.613%10°
£p - 1.397
K pr m 1.000x10
K W/ (m - K) 0.1205
G J/(kg - K) 2.525
AsEo NS wg Zrbetga wher] STl 43.2%(Hw, A ASES 51.3%)° o=}, z = 0.6 m
ol el whdoe] vEphd mpel o] FAlAML] o MErw Qg FAldAM Aege Wl si7ke 3rol|

a7l Fo Sl mEe 2k ZRidE wher] FRATREEH SUbekglaL, Hi(305.5T) ol& F, =
Tl 288.1C7HA ARashgl = mEs 0E AAAAN AP (radia
direction) Wl ol &k ol AW & LPEM%ME} TR fFdT AN, Hell 7Py 98 Thae 4
el midate] Aol ofs rtdsont, d& FHO FAA FEE AEHA Repo] TAlA ¥ v

LES YBIAT(E e o

nﬁ

e
e

=3Fo vehd wle} Zo] convex down EEAS vERH). z (packing
depth) = 0.6 moll A, WALl A FAHOZHE #oZo AsE F7t= A, 7t~ FH Ao E &
e &£ Al Skl (7] S AEEY §459 gom AAR), TAHEREHY 2 TUME
o olF, &5 Ay g ofF TAUTHE 4c W] FY Zxd YERT vEe} o] o]F
(binodal curve)S WERH). WHE7] Fo] FubioA], WAL= FL& FH U %—@E]‘}iﬂ Aol
A xol| Gats v, ¥ XM 2xE B 2% I (E 4c W)

convex up EEAS ERY).

R

it
o ook
fr o> ¥2 K

>
o
do 11

A&t viel o], 71FEo FHE g Aty AE-E % (heat transfer capacity) o2 Q3] FE A 4
ol A dol ]‘] He A4S et AE8HS 717171 98k, JlE FE2(inner tube) Wo W7Zb 9%
Zhee BE A U9 ¥ wide g8 WS Fdske, #olayl whg7](bayonet reactor)e] ¥ FHE
1871 (compact reactor)”7} AAHATHE 2b). = 5o el wvie} o], 30T YR 7= 2EE ALstal
Nz wsrlsh BAa Aol 27 dhlA Hul 17 Br(F FH, middle tube)ol A CFD AnE U}
Btk (cf. YT 225 S 7] FRY FYTAA Y 2EF YepdlE 3, 45 7t 2EFE UYF FE
o] FAFNAM L =5 LERY)

AgET HAste], FF @2 o) =Y F& wt FUEIATHET A Y Fr W& 48.4%0H, TFH
Asgo] Huojgke 49.8%2). WA} ol (radial gradient)‘f ozt d yH JFH xjolo] & zjol& U r =
rimaae1 A9 AEEo] HL)Z FH (outermost tube, rypaae) Al HlE o @A YERHT. o] e 5

_14_
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=]

HE
= =

] A Al (thermodynamic regime)©l

€0, 9Fo] (0 ®HT} ¢ Hom= H,

=
T

ERvE

. Gaol Upehd vhe} 7ol
Ad 54 wa)el A woh o

)

A e el e Age Fuld Aol AE} fA)

SFATH( = 6e).

719l B} Y& A9 A (heat transfer area)ol] 7]<]
[e)

-
It

A

[e]

H

3 30CEZFEH ¢F 130C7HA (7]

ols
LER A 2 TH(E 6b).
o}

=

=

SeER e
SEERE!

o

=
)

H

e}
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A
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=
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[0085]

A& 57

kel
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hA (cf.

=
R
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A5

d)

w W] 27

epuie

=

fAtate.

0, 2358
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A3l
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shel, svel F7kst Hol,
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Foll 4 <F

=304
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o
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=
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[0086]

- h) ol A

o]ZRE (0 2 H, A3&o] 5000 mL/(ges

7

ﬁ
ol

i
ol

ol

]:
a

o

[e)
7 ¥ 2%(240°C) e 7HEA

o s

o

FAtH(&= 7a).
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]

sl
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Eol wglel el 20) F7hsac.

1% A4 A 1 wEl % FAR Ul e, WEE Sl M= TN Y wdsle
W, ol ¥RE dYstgon ANT(E 71). o]t HFae] BHel ola] A@Hom, et 3 o
A4 @ReE MRS o A4l MU AR A, wSE Asd ST AN P
olzglom, FHel ke AA wEd] AA ¥ @

o
FEEA AANA LEE AN, oldE 5y =
o

mlo 010 U

=
FHE WS7)7F 7158 W7ol Wlsl By Trﬂ

=9
=]
~ Preheater
Cooler
“
=
2 PCcv
Synthesis : 5 4 o
Gas
Recycle - m‘ m (
Compressor \_/ 2 é
4 Boiled Water Water Vessel
Water Pump
Pu(ge ) Crude
Gas High Pressure Low Pressure Methanol
Flash Flash
=92

Coolant (shell) Reactor

effluent
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(a)

Conversion [%]

(b}

g

]

Temperature [°C]
5

&

50

40

30

20

g

&

200

2=03m

z=04m

z=09m

Temperature [C]
]

€01

MARR = 3.2%
RSDE = 1.4%

rim]

0.2

0ol

0.4

MARR i
CO7.4% W Sim
C0,33.5%

H. 30.6%

o2 H2

® Exp
—Sim
x
-2 x
0.6 08 1 12
Packing depth [m]

ua
Ha
30
i ]

Temperature [*C]

g

o 0ol oo a0
[m]
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EH5
(a) (b)
Aass A 7R
- 50
205
Cross-sectional view
—— . - 15
104
0
[x]
¥-341x307 L LN
EH6
(a) (b)
&0 W Conventional ™ Comp-30 ® Comp-60 30
E. o Comp-3%0 = Comp-130 'i‘ 25
g oo e oo s -y
I 520
i | -
315 | J gl e - M e
"o B |
0 |
i 15 2 3
1 15 2z 3
SV/5V, SV/SV,
(c) ! (d) “

3
g

£
8

H,,:mwﬂ'sion[%l
[=] [ =] o
e
Productivity [kg/day]
e ¥ 2 8
-

. 2 2 3
(e) SV i SV/SV,u

n
]
=

Inlet temperature [
s & § E §
-'E
)
]
]
1
=__
i t
i
]
=
)
1}
1}
-
I
Peak temperature [°C]
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oD2

oD1

R= V4
(a) (b)
o mco o n"‘s == — » 300
.E.SO -2 120 s - .E. 4 e : = 250 F'
- ~=|nler Tt
L co2 100 "5 a% - 00 @
- 3
80 = 3
%w 5 %i . 150 £
220 - £ § 2 100 ‘E'
10 0 1 5 . S0
a g
Q a Qo o
1 12 14 16 1 12 14 16
D/D,. D/D,y
(c} (d)
. B0 : o= SD0 - conventicnal —— Comp-1.0
Wing = Commntiona —Somp10 (N - Comp-12 Comp-1.4
= Comp-1.1 Comp-1.8 e L R
240 —Comp-1.6 p— ¥
1 - = £ 0 2o
Eso - T gm} Lo
e pgewe® A - e
3?3 ,/—’/f __,,-f/ E 0 — ”_’PF —
8 e e . L BT
0 —————me——— o
00 02 04 06 08 10 12 14 16 18 20 22 00 02 04 06 08 10 12 14 16 13 20 22
Packing depth [m] Packing depth [m]
(e) ' Azzo (0
'f g e
a0 = == Convantion s R
250 & Comp-1.0 \
D«"Dm =10 DD =12 ‘*ﬂ Comp-1.2 N
= 70 Comp-1.4
f200 c 4 \
2 &0 —Comp-1.6
e § %0 \
y ' - £ p Equilibrium line
o
100 S
50 10
D/D, =14 DD =16 0 i
¥ 10 o S0 100 150 200 350 300 350
Temperature [*C]
EH8
=X H2
3%%‘ BI_I-%7I 453 n_kojl
|+— Feed-syngas
"
3| ——*> Steam ’1 [’\ ——> Steam
ies
Catalyst : ‘ A
atalys SN
AllE
| B
Coolant =, <+—— Feed-syngas Coolant _=——,
hot water hot water — —
¥ B
b Catalyst screen “ ' Catalyst screen
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