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Abstract >> In this study, CFD model for a Heat Exchange Steam Reformer (HESR) used for a 10kW SOFC
system is developed for the design optimization of the HESR. The model is used to explore the effect of design
parameters on the performance of the HESR. In the HESR, heat is delivered from the hot gas channel to the
fuel channel to supply the heat required for the fuel reforming. In the fuel channel where the fuel is reformed,

thermo-fluid dynamics, heat transfer, and chemical reaction are considered to predict the performance of the
reformer. The model is validated with experimental data within 2~3% error. The validated model is used for the
parametric study of the HESR design. Channel length, channel diameter, and flow direction are selected as the

design parameters. The effects of the HESR design parameters on the outlet temperature, outlet H2 mole fraction,
and pressure drop across the reformer are presented using the model.
Key words : Steam Reformer(5=%7] 7]27]), Solid Oxide Fuel Cell System(2lA] AFSlE A7 AR A|AH]),

Heat Exchange Steam Reformer(€ 3+s <=%7| 7J&7]), Computational Fluid Dynamics(ZAH3-A|

3] A1), Design Optimization(t] Z}¢1 ] &3}

Nomenclature
Cp,  : Heat capacity, J/(kg'K)
i . Diffusivity, kg/(m2~s)
k : Heat conductivity, W/(m'K)
Ki  : Adsorption constant
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: Equilibrium constant

: Kinetic parameter, kmol/(kgch)
: Molar mass, g/mol

: Pressure, Pa

. Partial pressure, Pa

: Heat source, W/m’

: Mass rate of formation, kg/(m3~s)
: Reaction rate, kmol/(kgcarh)

: Temperature, K

: Velocity, m/s
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AH  : Enthalpy change, J/mol

K : Permeability /m’

i : Viscosity, kg/(m's)

p  : Density, kg/m’

o : Mass fraction
Subscripts

0 : initial condition

c : fuel

cat : catalyst

CH4 : methane

CO : mono-oxide
CO2 : dioxide
DEN : denominator

DSR : direct steam reforming reaction

h : hot gas
H2 : hydrogen
H20 : vapor

i : species index
] : reaction index

SR : steam reforming reaction

WGS : water gas shift reaction
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Fig. 1 Shell and tube type heat exchange steam reformer

Fig. 2 Cross section of steam reformer
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Fig. 3 (a) 3D geometry and (b) employed mesh of steam
reformer channel modeled in CFD
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Table 1 Boundary conditions for hot air part

Inlet u-n=v,, T, = Toih

Outlet P =P -n-(-kVT,)=0
Tube wall u=0 q=-h(T,-T)
External surface u-nm =0 -n-(-kVT,)=0
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Table 2 PParameters of intrinsic rate equations
Kinetic parameter, k; =k, Xexp(—E, / RT,)
Reaction koj [kmol/kgcath] E; [kJ/mol]
SR 4.225%10" bar”’ 240.1
WGS 1.955%10° bar 62.19
DSR 1.020%10" bar”’ 243.9
Equilibrium constant, X,
Reaction Kqj[kJ/mol]
SR 5.75x10"exp(-11476/T)
WGS 1.26x107exp(4639/T,)
DSR 7.24x10"%exp(-21646/T.)
Adsorbtion constant, K; =k, xexp(-AH, /RT))
Species Ko [bar’] A H; [kJ/mol]
CHs 6.65x10™ -38.28
CcOo 8.23x10° -70.65
H,0 1.77%10° bar -88.68
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Table 3 Boundary conditions for fuel reforming part

Inlet u-n=v, T7 T

Outlet P=F, -n-(-kVT,)=0

Tube wall u=0 q=h(T,-T,)
I
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Fig. 4 Experimental measurement locations of heat exchange

steam reformer
680
A H2exp. —& H2sim.
+ CH4 exp. —o— CH4 sim.
50 - ® COexp. —O—COsim.
® CO2 exp. —0—CO2 sim.
g4 r o
s
s []
B30 t hd
E
5
[+] *
L _ +
=20 —_
——
10 6w "
——
0 .
Casel Case2 Case 3 Cased
Fig. 5 Comparison of outlet molar fraction between experiment

and simulation

#]2] Casel= Table 40| LrERfSich.

AR AT Ede 452 Fig 50 Ye itk
A B e Soikt fdE= Hy, HO, CHa,

@ ok’é“E H]-A ] 7
Table 4 Operating conditions of 4 cases
Cases
1 2 3 4
Temperature | Hot gas 574 593 636 738
inlet (0) Fuel 428 | 473 | 471 | 456
H2 0.162
H20 0.41
Fracfi/i(ﬁeinlet cH4 0.152
CcOo 0.053
co2 0.223
Mass flow Hot gas 7.0
(NLPM) Fuel 4.67
Length (mm) 360
Flow direction Counter flow

CO, CO2 = UANE, A7 HolE7} Sl Hy,
CHs, CO, CO2 HFsI3ith COE A9l |
2589 o= 10%HE A HoR H|SF 4
2 HEFH UL CO= Case 4904 °F 18%2] 24}
7F @Akt T2y of= CO9l &&
FEo] A or ex 7t A Yg7] wiZel, 44
AR whE eI AFE gtk Hlol 24
FF= AA =tk
Z} Case®] AL 7|45} A= fdRe] 2= 3
A= Fig. 6] eIt 7} cased] A= 714
Bt 2~3%9] 2AE YRStk A&7t
373 WA HHEL HHEEY} HYo]
Wz AgRity dAEEe} HES Rk,
Z/gu)of wp2bA ull-p- B35 Hef a2
‘5P7l offth o]= Qlsf & Aol H& N
2=of tigt exprt dAye Jlofzt dehETh

80 1147-"_2_

IN

ks

[

=

L
.
Cls

._'

rﬂ%?g

A]
=

—{n:

Céé E’ii}/\lﬁ

A27H8 A1z 2016 2¥Y



8 AALGAHA L 0l g3t G

700 -
® Fuelexp.
650 ——Fuel sim.
A Hot gasexp.
g 600 | ameee Hot gas sim.
g [
3 550
2
Pl &
400 } } } } t t t {

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Tube length (m)

(a) Case 1
750 ¢
® Fuelexp.
700 + .
Fuel sim. ;‘
a0 | i Hotgase.xp. ','
----- Hot gas sim. S
0
.
600 .

Temperature {"C}

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Tube length (m)

(c) Case 3

27] 74719 Bl wetul A

700
® Fuelexp.
650 ——Fuel sim,
4 Hotgasexp.
g6 | - Hot gas sim. N
¥
3 e
3 550
@
o
£
L
i
400 } } f f f f t {

0 005 01 015 02 025 03 03 04
Tube length (m)

(b) Case 2
750 -

4
0 @ Fuelexp. !
[ ——Fuel sim. /

/

650 L 4 Hotgasexp. /;

----- Hot gassim. J

Temperature {°C}

0 005 01 015 02 025 03 035 04
Tube length (m)

(d) Case 4

Fig. 6 Comparison of fuel and hot gas temperature between experiment and simulation

ok 32 7)Aol & HERe] PR 7
L Table 49] Case 32 7|FC 2 3%tk F2 2

o], ZIES Fig. 20 YeRQlaL, ofof digt Hsks

7_'1-

= R Feolil B3R feo= vHty] fls) 1L
Z 7AYot 9] BAEAS FEHY siA
SheitE. A QAo WhE Aso] ¥skE o] 8l
A AR AR S Homi&0] HSE v]astgl
ot oEEE2 H, H,0, CHs, CO, CO2 FA4E A
=of| thgt EE-Eolct

N

>>

ot

SRS

AdoluAets] =24

4.1 RE Zole| B

Fig. 7(a)= Lo=360 mm= 7l§2§ Zo|s}e]

79 2% AvE UEhd Jojth 9%
o] d 7% duglo] o] A= o]F
Ao e dugkefo] IA 71| g=th ol= AL
2 AR F2wel An HERY ?J-?%Eﬂ
v 7] wZolch. A= 7Rl SENSo

2 a8 5 0] £} o ol v
Ho] o 2 dfol fUH o2 A3 FHY



540

530

520

—&— Hot gasout
—e— Fuel out
- — =Fuelin

510

500

450

Temperature {°C)

480

470

460 T . .

286

284

282

27.8

276

H2 Molar fraction (%)

274 -

27.2

1.2

1 .
Length ratio

120

80 r

60 -

Pressure drop{mbar)

0 T T T T 1
0.6 1 1.2
Length ratio

(©

Fig. 7 Effect of tube length on (a) the temperature and (b)
H2 mole fraction of outlet, and (c) pressure drop

=

5 . HRAlE .

e}

FER - vy

Ne)

pal

Fig 7(0)& Zolulsle] e 27| 12HE 2
32 el Aolth. U ZololA] Zof S 2
Hgo] PASAT FAE FA5 Lolvt F
4 HBEge] ZIAT &7 B
sk

Fig. 7(c)& Zo|wake
212 hebd Aotk th3A o)

o~

ol
ol
N
N

i
A
2
>
r
)
i)
o

4m
[is
pal
O
lo
02

2!:

=
Fo

Fig. 8(2)< D=18.4 mmE 7]
sho] A& vlgo] 0.89A4 1.2714] Hh=
=79 2k AYE UEhd Aojth A5e] A
AR

Aol 2 ewl sl Zrlekglct o] 9

E
£H

=

R

2
;f:._]

N

N
N
lo
o

A27d8 A1z 2016 2¢



10 A A S o] 83 Hughy
540
520
—a— Hot gasout
%) 500 | —e—Fuel out
"é' w b T Fuelin
a ____________________________
2 460 |
o
E
o440
420 -
400 T T T T T
0.8 0.9 1 11 1.2
Diameter ratio
@)
29
285 -

[
oo
T

[
~l
T

[ae]

(=3}

i
T

H2 Molar fraction [34)
a2
=
I
T

O

0.8 0.9 1 1.1 1.2
Diameter ratio

=)
o

160 -
140 -
120 -
100 -
80
60

‘10 O

0 \ T T T ——

0.8 0.9 1 1.1 1.2
Diameter ratio

Pressure drop {mbar)

Fig. 8 Effect of tube diameter on (a) the temperature and
(b) H2 molar fraction of outlet, and (c) pressure drop

e A vkl Zloloh §Y -2 stof A
o] =717} 74;“—,—% Am AR Qdo] ZolS
A A= Aty v 2150 27|17} ol

N

2 ou

>> @Res 9 A uA e =8

-l>
olN

7 H4719] EiA}e) shebule] g

$0] AX L

=

ololl wzkA grel A7} 27 27}

ok Jl-ﬂ.l

4.3 73 HHE0 e Ft

Fig. 9(a)= & WEol Whe 79 &=5 UE
W Aot digk:t -5(Counter-flow) wlj el H|s|
B3 8-%(Co-flow) A= dmgto] elojd uf A=
MNEF) S5 2oe HEE 8}‘2‘1 ARk, A2 7| A5
o] & 2%k F7ISIL Fig. 9b)= -5 widol
g S hEdes 14"5}1_ ot} o714
el &5 St G 5l i 43
freo] WA &9 o
71 o]8+= Fig. 10&

s
ol 4530l ssick

600
580
560
540
520
500
480
460
440
420
400

A Counter-flow

Co-flow

Temperature {°C)

Hot gasout Fuel out

—

a)
29.8
29.6
29.4
29.2

29
28.8
28.6 |
284
28.2

28
278 |
27.6

H2 Molar Fraction {%)

Co-flow

Counter-flow

—

b)

Fig. 9 Effect of Flow direction on (a) the temperature and
(b) H2 molar fraction of outlet



550

530 L Co-flow

----- Counter-flow

Temperature (C}
=y [5,]
[Vel =
[=] =]
T
AY
N
A
S

§
[=}
7

F=y

193]

[=]
T

430 f f f {
0 0.1 0.2 0.3 0.4
Length (m)

Fig. 10 Gas temperature distribution in fuel reforming parts
depending on flow directions

Fig. 102 Hi&wet B9 +& 44 9= i
T4 =5 AlEdolAd g Aol

7F Qug sh= St FEolMe B
[e23

widol A o etk agolE BY
HoEEgo] o £7 Usieh ol dmas
Fo} 7Pk BN vesEnth dHg o] o
WhE ) o, FAlo] HyERae By mge
7] Foll Z7ol Usp] wEolck webd Ameh
A7) AR 270 HEEgo] ¥ B et
Aolc.

a2 E
B e Qe 57] A7l viAle 9

S skl ol

D =g
et A= A LY d5e s 2=

B8 A dolelg olga) AEaol Aot
wfo] Pk ASE HAL olg3te] A o

(

T
olX H‘JL Bz
Tl
4y e M
Dgf.{ Ir olN

N

Y H =]
i e
N o2t
© N
X >
N B
ox

2

R

fr

olj JS\ELI lo
o 2o

2

1w

O‘r‘

ofr

)

S~

>

©

lo

m

o)

o

I&

rlo

H1

i

ki

in)

%

o
e

2)

=i
s?
N
ol
fllo
olN
N
>
i)
=
e
il
=
i)
i
1o
%.
L rfo

iﬂ
flo rlr
o|N
N
s
v
o
r’l
rg
U
X
i)
4z
1o
i
jos
il
;

A5 2717 ARGE FIAT, S74
HRT ABo] MoldsE dm AR

w7k S uhel et s 2

4

3)

2 H 2 1o o8 o) W ro o
o o
o P
o
g
— ol
X

%.
1o
&
il

i
ko
flo
=
otk

R
of,
odll

o
&
1o
oM.
o
N
=
otk
=il

o
&
1o
o,
o
17
)

CEdrisey

o
N

2 At AR RS YR g A] 7
=H7FAKETEP) Y] A|¢s -2 “10kWH &8
SOFC(TLAAIHE AmAR]) A28 AZ(No.201430
10031810)” A dgko g2 P UAFHTE

A274 A1E 20161 24



12

AALGAHA L 0l g3t G

References

. Patric O. Graf et al. 3, “Comparative study of

steam reforming of methane, ethane and ethylene
on Pt, Rh and Pd supported on yttrium-stabilized
zirconia”, Applied Catalysis : General 332, 2007.

. O’Hayre, R.P., Cha, S., Colella, W., “Fuel cell

fundamentals”, Wiley Press.

. James Larminie, Andrew Dicks, “Fuel cell Systems

explained” John Wiley & Soms, LTD, 2000.

. D. H. Shin, H. G. Seo, H. C. Lim, S. D. Lee,

“Computational Fluid Dynamics Analysis of Plate
Type Reformer for MCFC” Transactions of the
Korean Hydrogen and New Energy Society,
2006, v.17 no4.

. J. S. Lee, K. H. Lee, S. S Yu, K. Y. Ahn, S.

G. Kang, “Numerical Analysis of Steam methane
Reforming Reaction for Hydrogen Generation
using Catalytic Combustion” Transactions of the
Korean Hydrogen and New Energy Society,
2013, v.24 no.2.

. Mohammad Irani et al. 4, “CFD modeling of

5> a9 Al U R 8HE] =R

10.

519 457 718719] Tl shetele Qi

hydrogen production using steam reforming of
methane in monolith reactors : Surface or volume-
base reaction model?”, International Journal of

Hydrogen Energy 36 , 2011.

. J. G. Park, S. K Lee, S. K. Lim and J. M. Bae,

“Numerical Study on Operating Parameters and
Shapes of a Steam Reformer for Hydrogen
Production from Methane”, Trans. Korean Soc.
Mech. Eng. B, 2008, v.33.

. J. Xu, G. F. Froment, “Methanation and Water-Gas

Shift: 1. Intrinsic Kinetics” Journal of AiChE.,
1989, Vol. 35 No. 1.

. D. L. Hoang, S. H. Chan, and O. L. Ding,

“Kinetic and Modeling Study of Methane Steam
Reforming Over Sulfide Nickel Catalyst on a
Gamma Alumina Support,” Journal of Chemical
Engineering, 2005, Vol 112 No. 1/3, pp. 1-11.
Keyur S. Patel, Aydin K. Sunol, “Dynamic behavior
of methane heat exchange reformer for residential
fuel cell power generation system”, Journal of
Power Sources 161, 2006.



