Fuel and Combustion 18 3 (2025)

Iranian Combustion Institute

Online ISSN : 2008-3637
Fuel

and

Combustion

Fuel and Combustion
<

Journal homepage: www.jfnc.ir

Investigation of The Effect of Using Unit Waste Gases As a Fuel In a
Methane Reformer Furnace on Syngas Production

Azadeh Mirvakili'”

! Corresponding author, Chemical Engineering Department, Faculty of Petroleum, Gas and Petrochemical Engineering, Persian Gulf
University, Bushehr, Iran, Email: mirvakili@pgu.ac.ir

ARTICLE INFO

ABSTRACT

Article type
Research Article

Article history

Received 2025.07.10

Received in revised form 2025.08.07
Accepted 2025.09.15

Available online 2025.09.26

One of the effective methods for reducing fuel consumption in furnaces is the utilization of
surplus gases in petrochemical complexes. In the steam methane reforming furnace of Zagros
Petrochemical Plant, 1252 kmol/h of fuel is consumed for syngas production of which 115 kmol/h
is methane and the remainder consists of surplus process gases. This study investigates the effect
of changing the fuel composition in the reformer furnace of Zagros Petrochemical Complex on
its performance and syngas production. The furnace and catalytic tubes were simulated using
computational fluid dynamics (CFD) and validated against industrial data. Five scenarios for the

Keywords fuel composition using surplus process gases were defined and analyzed. Results showed that
Steam reforming while the furnace outlet gas temperature remained stable (within +5 K) due to similar fuel lower
Furnace heating values, changing the fuel composition significantly impacted the combustion pattern,
Fuel flame length, and radiative heat transfer proportion. Scenarios with a higher hydrogen fraction
Hydrogen produced a shorter flame where convective heat transfer was dominant. In contrast, increasing
Radiative Energy the methane content resulted in a longer flame and a higher share of radiative heat transfer.

Consequently, Case 5, with a 16% reduction in natural gas consumption and an approximately

2% increase in hydrogen production, was identified as the optimal fuel composition. This study

concludes that using surplus process gases as furnace fuel requires careful consideration.

Introduction

Fuel economy is one of the most important challenges for the petrochemical industry sector as it faces a
shortage of fossil fuels and rising prices. A significant portion of the country's energy consumption in process units
such as refineries, power plants, and petrochemical complexes is used as heat in furnaces and burners, which
usually have a thermal efficiency of less than 60%. Therefore, fuel economy and optimal use of energy in these
sectors can play a decisive role in reducing operating costs and controlling environmental pollutants. Most studies
conducted on reformer furnaces have focused on optimizing fuel consumption, reducing pollutants, and increasing
thermal performance [1-12].

In recent years, several studies have been conducted in the field of optimizing fuel consumption and improving
thermal efficiency in industrial furnaces. Changing the fuel composition and examining its effect on combustion
characteristics and pollutants has been one of the main axes of Samai et al. [13]. In this study, the performance of
a high-speed burner connected to the furnace was numerically investigated using ANSY'S software and the effect
of changing the fuel from methane to propane on combustion parameters was analyzed. The results showed that
despite the reduction in the volumetric flow rate of the fuel, the flame structure and combustion characteristics
change in such a way that the burner performance remains within the range of high-speed burners and at the same
time, the production rate of nitrogen oxide (NOx) with propane fuel increases but remains in the low-NOx range.
These results indicate the importance of the type of fuel and its composition in controlling the combustion quality
and thermal efficiency of furnaces.

So far, the impact of fuel changing in furnaces using surplus unit fuels has rarely been studied. Mirvakili et al.
[20] previously investigated the effect of fuel changing in the reformer furnace on the thermal performance of the
furnace, without considering the tubes and their impact on the syngas reaction. The best thermal performance of
the furnace occurs when the amount of hydrogen in the replacement fuel is lower. They found that a 64% reduction
in hydrogen content in the furnace fuel led to a 10% increase in flame length and a 14% increase in the share of
radiative heat transfer. However, the effect of fuel composition changes on the syngas reaction inside the tubes
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has not yet been studied. In this study, the main objective is to investigate the impact of fuel switching on the
chemical reaction performance of methane reforming.
Geometry and boundary conditions

This furnace is of the high-fire type and its dimensions are approximately 5 m wide, 15 m long and 12 m high.
In the reaction section, 184 vertical tubes with a height of about 12 m and an internal diameter of 12 cm are
installed, through which the input feed, consisting of a mixture of natural gas and water vapor, passes. Due to its
highly endothermic nature, the steam reforming reaction requires a significant supply of heat, which is provided
by the combustion of fuel in 70 burners embedded in the walls. The geometry of the reformer is shown in Table

1.

The furnace consists of a total of 5 tunnels, in which about 750 outlet openings are installed to discharge hot
combustion gases. Such a design allows for better control of the flow of hot gases, reducing pressure drop and
increasing the thermal efficiency of the furnace. Due to the geometric symmetry of the furnace and in order to
reduce the volume of calculations, only half of the furnace, consisting of 92 tubes and half of the burners, has been

simulated in this study.

In this study, six different scenarios for the fuel consumed by the reformer furnace have been investigated. The
first scenario represents the actual operating conditions that, after about ten years of operation, have gradually
deviated from the initial design conditions (scenario six). The other five scenarios have been introduced as
proposed cases that are compared with the operating and design conditions. These scenarios have been defined

based on the use of side streams and waste gases available in the petrochemical complex.

The gases used in the proposed cases include:

Purge gas: Part of the unreacted gas flow in the methanol synthesis reactor that is removed from the process

cycle.
Expansion gas: The flow that is released after generating electrical power in the expansion turbine.

OFF gas: The outlet flow of the hydrogen separation unit from unreacted gases.

All six cases used in this study are presented in Table 2. Compared to the design case (sixth), in the operating
case (first), the total fuel consumption including natural gas and purge gas has increased. In the second scenario,
compared to the operating case, natural gas consumption is reduced and part of the energy required is provided by
expansion gas. In the third scenario, natural gas consumption is reduced to the design level and the share of
expansion gas in energy supply has increased. In the fourth scenario, the natural gas consumption is similar to the
second case, with the difference that part of the purge gas is reduced and expansion gas is replaced by it. In the
fifth scenario, the entire purge gas flow is eliminated and a combination of expansion gas and excess gas is used
as an alternative fuel. It should be noted that the minimum calorific value of fuels in all scenarios is approximately
within the same range, and the air required for combustion in each case was calculated with an additional 20%,
and the results are presented in Table 2.

Results and Discussion

To validate the numerical model, simulation results were compared with design and operational data. As shown
in Table 5, the temperature difference between the furnace and the tubes in the simulation is very small compared
to the experimental values, with an absolute error of less than 1%. Additionally, the comparison of the outlet gas
composition shows that the molar fractions of hydrogen, methane, carbon dioxide, and carbon monoxide are in
good agreement with the reference data, with the maximum error limited to a few percent. These results indicate
a high accuracy of the numerical model in reproducing real process conditions and its capability to analyze the
behavior of the reformer furnace under various operational conditions.

Table 6 shows the comparison of simulation outputs 1 to 6. As can be observed, the outputs of the different
cases do not show significant differences; this is because the selected fuels have almost the same lower heating
value. The temperature difference in the furnace exhaust gas is about +5°C, and in the best case, hydrogen
production has increased by up to 5%. The comparison of the fuel flow rate entering the burners (Table 6) indicates
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that scenarios 6, 3, 4, and 5 consume less natural gas compared to the operational case (Scenario 1). The highest
reduction in gas consumption is observed in scenarios 6 and 5; such that in scenario 5, natural gas consumption is
16% less than the operational case, while hydrogen production has increased by about 2%. Although the exhaust
gas temperature in scenario 5 is slightly lower than in case 1, an increase in hydrogen production and a decrease
in residual methane are simultaneously observed. The reason for this behavior can be seen in the analysis of the
profiles related to hydrogen production, the gas temperature inside the tubes, and the tube surface temperature,
which are presented in the following.

Figure 6a shows the methane profile inside the reformer tube. In scenario 5, methane is consumed more rapidly
in the first four meters due to the increased share of radiative heat transfer in this region; this behavior is also
observed in the temperature profile. Overall, only scenarios 4 and 5 show better performance than the operational
case, with higher methane consumption. In scenario 6 (design condition), due to higher emissivity coefficients, the
highest methane consumption is observed. Figure 6b shows the molar fraction profile of hydrogen in different
cases. In scenario 5, hydrogen production increases significantly in the first four meters and then remains almost
constant along the rest of the tube. The reason is the supply of energy required for the endothermic steam methane
reforming reaction at the beginning of the tube and the system reaching equilibrium conditions further along the
path. In other scenarios, the hydrogen production slope in the first four meters is lower and the hydrogen

concentration increases gradually until the end of the tube Figures 6¢ and 6d show the molar fraction profiles of

carbon monoxide and carbon dioxide, respectively. The variations of these two components in different scenarios

remain within about 0.01 molar fraction, and no significant differences are observed between them.

Conclusions

In this study, the effect of changing the fuel composition of the methanol unit reformer furnace on the thermal
performance of the furnace and the behavior of the reforming reactions inside the tubes was investigated. Six
different scenarios, including the operational condition, the design condition, and four proposed cases based on
the use of by-product gases of the unit (blowdown gas, expansion gas, and surplus gas), were simulated and
compared.

The results showed that due to the similarity in the lower heating value of the fuels, the temperature of the
furnace exhaust gas remains within a narrow range (about £5 K) in all scenarios. However, the fuel composition
has a significant effect on the flame length, the heat distribution between radiative and convective mechanisms,
and ultimately on the temperature and gas composition inside the tubes. Scenarios with higher hydrogen content
(such as 2 and 3) caused an increase in the tube surface temperature in the lower region and a shortening of the
flame length. This phenomenon occurs due to the high reactivity of hydrogen and the dominance of convective
heat transfer, which has an adverse effect on the distribution of the reforming reaction along the tube. In contrast,
the increase in methane share (Scenario 5) led to an increase in flame length and the expansion of radiative heat
transfer, which increased methane consumption and hydrogen production in the initial section of the tubes.

In terms of energy efficiency, the results showed that natural gas consumption in scenarios 4, 5, and 6 decreased
significantly. Particularly in scenario 5, a 16% reduction in natural gas consumption was recorded along with a
2% increase in hydrogen production. This indicates that the substitution of methanol unit by-product gases can not
only reduce the consumption of the main feedstock but also improve the performance of the reforming process.
Finally, the comparison of the design condition (Scenario 6) with other cases showed that the role of the furnace
emissivity coefficients in determining thermal conditions is much more significant than the fuel composition
change; such that even with similar compositions, an increase in emissivity coefficients can lead to higher
temperature and methane consumption.

In general, it can be concluded that the use of by-product gases in the fuel composition of the reformer furnace
not only provides the possibility of reducing natural gas consumption but can also lead to an improvement in
hydrogen production efficiency. However, the selection of the optimal composition should be made by considering
the balance between flame length, heat transfer mechanisms, and reforming reaction conditions to ensure both cost
reduction and process stability and efficiency.
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Figure 1- the schematic of steam methane reformer
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Table 1- specification of reformer geometry

Parameters Zagros
Length (m) 15
Width (m) 5
Height (m) 12
Tubes number in a row 46
The number of rows 4
Outer diameter of tubes (cm) 14.1
Length of tubes (m) 12
The number of burners in a row 14
The number of burner rows 5
The number of outlet tunnels 5
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Table 2- comparison of fuels in different cases

Case 1 Case 6
Parameters Operational Case 2 Case 3 Case 4 Case S Design
Natural gas molar flow rates (Kmol/h) 170.227 148.23 115.416 148.23 148.23 154
Purge gas molar flow rates (Kmol/h) 1036.46 1036.46 1036.46 915 0 959.9
Expansion gas molar flow rates (Kmol/h) 0 126.878 126.878 126878 | 126878 | 1767
OFF gas molar flow rates (Kmol/h) 0 0 0 0 806 0
Air molar flow rates (Kmol/h) 4910 4910 4600 4580 4050 4834.6
Molar feed flow rates (Kmol/h) 6116.68 6221567 | 5878.753 | 5769.9 51309 | 60868
CO2 Mole fraction 0.0201 0.03 0.0323 0.0305 0.0535 | 0:026
CO Mole fraction 0.0094 0.009 0.0105 0.0095 00175 | 0005
H2 Mole fraction 0.1138 0.117 0.1241 0.1123 0.056 0.1070
CH4 Mole fraction 0.04053 0.037 0.0351 00393 | 00512 | 0:0460
N2 Mole fraction 0.6132 0.624 0.5975 0.605 0.62 0.612
02 Mol fraction 0.1607 0.15 0.1566 0.1589 0.158 0.156
H20 Mole fraction 0.0073 0.034 0.0346 0.0351 0.0349 | 0:04%0
C2+ Mole fraction 0.0354 0 0.0093 0.0094 | 0.0089 | 90083
Temperature (K) 367 535 524 537 537 540

1 Purge gas
2 Expansion gas
3 OFF gas
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Table 3- inlet and outlet of tubes

Parameters Tubes inlet Tubes outlet
Molar flowrates (Kmol/h) 9129.6 _

Mass flowrates (kg/h) 155491 155491
CO, mole fraction 0.0172 0.0913
CO mole fraction 0.0002 0.054
H, mole fraction 0.0589 0.5022
CH,4 Mole fraction 0.3259 0.3265
N, Mole fraction 0.0152 0.0304
H,0 Mole fraction 0.5826 0
Temperature (K) 793 983
Pressure (bar) 40 _
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Table 4- Governing Key Equations of the Process
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No. | Category Equation
1 Continuity V(ipv) =0
2 ier-Stok do Jat at
Navier-Stokes 9% Ot _
0x; 0%, 0%Xj
do Jat Jat
2z Ot OTs2 _
0x, 0%y O0%X3
do d d
33 T3 n T32 -0
0x; 0%y 0%,
3 Turbulent model ( k-g) 0 ( 0 [( N ut> 68] . E(G £ GuGy) - C g2
6Xi pEVi) _aXi [ o, 6Xi 1sk k 3eYb 2eP k
d(pkv;) 5} < Ko\ 0k
—_ = — +—)=—|+ G+ G, —pe—Y,
0x; axi[ " ok) axi] k5 = PET
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Energy equation

V.(v(pE + P)) = V.| kegVT — Z hyJi + (Tegr. v)
j

Radiation (P1)

oT*
V.(I'VG) + 41 (an2 -+ Ep) —(a+ap)G=0

Combustion equations

(Finite—Rate/Eddy-Dissipation
(EDM))

R
CH4(g) + 1.50, (g) = CO(g) + 2H,0(g)
R, = 101522[CH,]*%[0,]%2"7 exp (—20643/Tgy,r)
R.
CO(g) + 0.50,(g) = CO,(g)
RZ — 1014.902[C0]1.6904[02]1.57exp (_11613/TFur)
R3
CO,(g) = CO(g) + 0.50,(g)
Rs = 10*3%9[CO,]exp (—62281/Tgyr)
Ry
H,(g) + 0.50, (g) —» H,0(g)

R, = 4.61 x 10'5[H,] [0,]exp (—10080/Tzy)

Kinetic equation of steam
reforming

CH,(g) + H,0(g) S co (g) + 3H,(g)

kq 4PH2 ) (Ptube) Ptube)/DENz

R5= Hy 25( tube” tube
( tube)

CO(g) + H,0(g) © CO,(g) + Hy(g)

co
ky 3p 2

_ co pH20 (Pt be) tube 2
Rs = i (PP tibeuube) /DEN
tube

CH,(g) + 2H,0(g) ‘_’ CO,(g) + 3H,(g)

Ky 4 pH20y2_ (p tuzbe) Prute 2
W( cube (Prube) ™~ )/DEN
tube

R, =

+KCO l:)tube—"_KHz l:)tube + KCH4 1)tube

K ,0 pH20
DEN=1+ tube

tube

Pressure drop equation

Al:)tube — 1Soutube (1 - Y)z 1-75ptube (1 - Y)Z 9
Ltube D]z) y3 oo,tube DP Yg oo,tube

D ¥?

= 077 ~ 8782800 m™2

_350-v

~ 1782m™?!
Dp V3




Yoo OFF) ¥ 0 lod VA 0598 (Gl yi| § &5 guw S g o 00131

Jolss <ol Ks 5 Ko g H2O Ky wde eoli Ko ez CO 5 CHy Ha i <ol Keo s Kena Kip o] 5o o
Pcrs PH2 9 Cowl Ay e olylh SO DEN o b jiaSTy ciiis col ol o ks g ko ki ol Yol sl STy
@ (S Je 2l iied dg) o bglies 13 CO 5 CO HO CHy Ha 55 sl Lid oo 5 4 peoz 5 Peo Przo
il olas o IVFIs 15 o )18 solitul & )00 Sie i, ainT 3 (5loJoe ,o el g coul ot atd pldy slos yinS j5b
Lol Lapee oSl (a3l Jole g @i i po Joleeap 5 )8 jlasl oy Jolee Bp 355

sl ooy az8 Ll Vool o g, g Cuwl 4185 18 solatul 050 o yiel )l pled (gl pgs a0 (gjledianS
ol 5 ool oo I [V Josinh (i (ig% 50 JolS j5boay a1 Pl (9051 5 a5 agi 4 bgaye Sldir
395 3 axlllae s bl .8 5 158 solatul 390 35 oy 5 00l B re Al 5L g (SaidSed 8,50, Lo calllas
Glr 2l b Glaieas (Glasle aiuje § mls cds le canlis Jobas slwl Lo 4 Ll sekee YAIA 590> L 4
s oo slrosls gl o1+ 0 ) sgam gl giloand ol Gl o, Ken Jlae i bl Lol glaggloans sl
loyiall g (Siwgey dolae g gl (29,5 )3 (9 oS 5 50)55 (Z9y% 50 OS] S 5 005 g gl (295 0 56
RVPLERK SNEEN (o

G5 Al g Sy
O Jgaz jo o5 WS len ol anlie Sllee 5 Pk laosls b giluand @l (gove Jow (i liel sl
a0y Sy 5l e e sllaz 5009 52Ul (225 polie b (g3lusands )3 laalgl 5055 (slod SIS 095 o0 cnaline

O dnS T80 (lie ¢y55 00 Jge 232 polie a5 ams oo lid 29,5 3l uS 5 anlie zen (ol oals 5138
Slo gl cpl sl ol Sgazme duoys wiz dga jo Lz o iy 5 35,10 x> e slrosle b pwlie il S oS Tgie g

Slhilos alibre Loyl i Cxd goy85 0,55 L8, Jdos o ol ‘5L3|535¢;J)é g Loyl adeisl jo goue Jow oYL cds

9 g5k gilwaned (i lael -8 Jou
Table 5- validation of simulation cases 1 and 6
Name Parameter Operating Case 1 | Absolute Error (%) | Design Data Case 6 | Absolute Error (%)
Data
Furnace | Temperature (K) 1247 1244.5 0.2 1208 1211.7 0.3
0O 0.03 0.03021 0.3 0.015 0.011 2.6
CO: 0.07 0.060 14 0.08 0.082 2.5
H-0 0.25 0.23 8 0.24 0.24 0
Ar 0.00838 0.0083 0.9 0.0082 0.0082 0
N2 0.65 0.669 2.9 0.65 0.65 0
Tubes Temperature (K) 975 973.06 0.19 983 981 0.2
Ho* 0.5182 0.5102 1.5 0.5022 0.504 0.35
CHa4* 0.3202 0.339 5.8 0.326 0.325 0.3
COz* 0.095 0.0912 0.8 0.091 0.0908 0.2
CO* 0.0477 0.0451 5.4 0.0504 0.0498 1.9
No* 0.0189 0.0145 32 0.0304 0.0304 0

*Note: The mole fractions of outlet components from the tube are presented on a dry basis (without water).*

1 Simple



Vo) e 0y 0395 30 LS g lgne a2y 3590 3B 3 oolitl pil (o) 2

3B ek 5 el a5 il oals &Sl peyhsy sla Jaio i (69959 S alie (G4l b ST Y IS o

Shles Lyl i) Jol cdl> o bl olul 5 0sd pal)d byl aslie (ISl B ail LSS L...).a.. s gw (LHV) ol
pyd Ll 5o 09h oo ooliiul 7 5B 5l ez gd BB Ly 5l Gleses jsbas g Cunl Jlade 1y SVL (x5 g (28l
VJL‘> w‘ odile ‘;Lv u.vla L.a).a.v zr )lf ] 45‘5‘19 )\) sw‘ AW u.')i'l? GELM‘ )lf La GI....JQ )lf )I 6......7:.' Pow g
zn B oz ez b o a5 b o el oals (b (blacdl B e Gialidl 5 20 55 0Lz G L ez
S 1y (PFD) (o Bl 5 s Sl el e 35 OFF-gas 5 (bl JI5 ) (oS5 b 5 3 JaS bt
oy S blae jo cnl blasl 518 og38l 51 LGU aS o )ls 0929 pgo Sl o g 0 jlade cp i a5 GBS e
Oyl sl g 5l anl B p g BB 3 e Shy ol 45 09500 Uatl.conl (59,008 0 e85 Glie cp b 1)l
Wb dwle> il Ol e g Al Jobo (ol G ge oy Cl jo e (a8l asiin ey il ails 688 o
2308 (0 0]y (FEpen Ol JUES ion e 9 S0bsS alad S 3l pgo > 50 (g y0ee Rl &S > s
Gl wilgs o (ormb S Bran (ylie p (S S 5 ogdle Cigus oS5 st A4S Gldge GLAT Y SS (gwy  cEgee
(5797 3 sl Logan )3 sam ladelos slie ggo9e nl s 1S | &l Jll slap il e 03ls5 5 12!

g2 Wy i 5 cuS 5 g bl (51> )3,

800
700
600
500
<
400 g
X
300
200
I I I I I I "
ol Bind RNm HE_R RONN NE.E
casel case2 case3 case4 case5 case6(PFD)
B CO2 Molar flowrate 122.33 190.42 176.362 173.097 271.9377 161.2
B CO Molar flowrate 57.49 62.078 58.78 5.769 92.35 31.3
H2 Molar flowrate 672.83 729.52 705.45 634.68 307.85 653.6
u CH4 Molar flowrate 244.66 232.77 205.75 230.79 256.54 264.5
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Figure 2- Fuels composition in different cases
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Table 6- comparison of tubes and furnace outlet in cases 1 to 5

Case 1 Case 6
Parameters 95/10/25 Case 2 Case 3 Case 4 Case 5 pfd
Outlet of furnace
Temperature (K) 1237 1240 1235 1234 1233 12117
Enthalpy (GJ) 335 338 332 330 328
0, Mole fraction 0.0217 0.0193 0.0204 0.0206 0.0196 0.011
CO, Mole fraction 0.0676 0.084 0.0835 0.0844 0.1269 0.082
H,0 Mole fraction 0.238 0.244 0.245 0.241 0.201 0.24
Ar Mole fraction 0.0084 0.0077 0.0076 0.0077 0.0075 0.0082
N, Mole fraction 0.66 0.65 0.64 0.65 0.65 0.65
Outlet of tubes
Temperature (K) 972 976 975.7 971 970 o81
COs Mole fraction 0.058 0.053 0.06 0.058 0.05 0.05329
CO Mol porcet 0.032 0.038 0.033 0.032 0.04 0.035
H, Mole fraction 0.294 0.31 0.3 0.293 0.3 0.315
CH, Mole fraction 0.224 0.232 0.23 0.221 0217 0.212
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Figure 3- comparison of flame length for different fuels
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Figure 4- comparison of skin tubes for different fuels
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Figure S- comparison of gas temperature profile in tubes for different fuels
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