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team reforming of natural gas is a very important industrial process in refineries and ammonia and

methanol plants. Hydrogen is produced by reforming methane with steam. This hydrogen is essential in

the hydrotreating process in the refineries thus, it is important to supervise and control the performance
of the hydrogen plant. Mathematical models of refineries and chemical plants are used to simulate the behavior
of the process units. However, the models especially of reactors like reformers, are not very reliable. This paper
presents a dynamic model of a furnace-reactor. The simulation results are validated with industrial data.

El reformado de gas natural con vapor de agua es un proceso muy importante a nivel industrial en refinerfas y
plantas de amoniaco y metanol. El hidrégeno es producido principalmente por reformado de metano y es
esencial en refinerfas, en los procesos de hidrotratamiento, por esta razén es importante supervisar y controlar
el desempefo de las unidades de hidrégeno. Actualmente en las refinerfas y plantas quimicas se utilizan
modelos para simular el comportamiento de las unidades de proceso. Sin embargo, los modelos especialmen-
te de reactores como reformadores, no son muy confiables. Este articulo presenta un modelo dindmico de un
horno reactor de reformado, que considera las reacciones y los procesos de transferencia de masa y energfa,
que se llevan a cabo en este reactor. Los resultados obtenidos en la simulacién son validados con datos a nivel
industrial.
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C,; heating capacity of component i (J/mol K)

1

Ci heating capacity of the gas product (J/mol K)

Cp,, heating capacity of the material in the tube
(J/mol K)

Cpy heating capacity of the material in the furnace
(J/mol K)

d,, d;  external and internal diameter of the tube (m)

d ) equivalent diameter of the catalyst particle (m)

E,; activation energy for the production of CO
(36,750.8 J/mol)

E, activation energy for the production of CO,

(water shift) (58,150 J/mol)

Fy mass flow of fuel (kg/h)

F§, factor for the calculation of the viscosity of the
component i

G superficial mass flow (kg/h m2)

H enthalpy of the gas product (J/kg)

Hy low heating value of the fuel gas (J/kg)

; enthalpy of component i (J/mol)

s enthalpy of formation of component i (J/mol)

h; coefficient of global heat transfer (J/h m2 K)

K; K, equilibria constants (kPa).

ko pre-exponential factor (1.2534 kg-mol/kg-catal.
hkPa)

ko pre-exponential factor (30.0141 kg-mol/kg-catal.
hkPa)

Ky thermal conductivity of the gas product (W/m K)

Ky thermal conductivity of component i (W/m K)

k;, k, reaction rate constants

L length of the reactor (m)
My effective mass of the furnace (kg)
M molecular weight (kg/kgmol)

NOMENCLATURE
A cross area of the tube (m) N; moles of the component i (kgmol)
A;, B, C, constants for the calculation of the heating N; molar flow ofi (kgmol/h)
capacity of component i. P pressure (bar)

Pe;  critical pressure of component i (bar)

P, partial pressure (bar)

R gas constant (8.314 J/mol K)

R; reaction rate of component i (kgmol/
kgcatalizador h)

T temperature of the gas product (K)

Tr;  critical temperature of component i (K)

T.;  reduced temperature of component i

Ty radiant temperature of the furnace (K)

T, temperature of the external surface of the tube (K)

U internal energy of the gas product (J)

u; internal energy of component i (J/mol)
ﬁ}’, internal energy of formation of component i
(J/mol)
4 volume of the tube reactor (m3)
X global fraction of methane converted
Vi fraction molar of component i
z length from the entrance of the tube (m)

Az length of the differential element (m)

¢,;  factor for the calculation of the viscosity of the
gas product

& emissivity of the surface of the tube considered
constant

s efficiency of the unit

Y7 viscosity of the gas product (P)

7 viscosity of component i (P)

el density of the gas product (kg/m3)

density of the catalyst (kg/m3)

Py density of the material of the tube (kg/m3)

o Stefan Boltzman constant (1.38 x 10-23 J/K)

v void fraction

& factor for the calculation of the viscosity of
component i

INTRODUCTION

The changes in the legislation for fossil fuels have
affected the hydrogen balance in the refinement in-
dustry. The hydrogen demand has increased signifi-
cantly due to the high hydrotreating degree demanded
to fulfill the environmental regulations.

The plants that produce hydrogen by steam reforming
process diverse feeds ranging from natural gas to mild dis-
tillates (gasoils) and residuals (Chauvel and Lefebvre1989).

The steam reforming of methane is the most economic
and more broadly used process. The process gas con-
tains hydrocarbons with traces of sulfur that are elimi-
nated in the desulfurizer of zinc oxide (John Mc Ketta,
1984). The gas outgoing from the desulfurizer is mixed
with steam and is fed to the furnace (reformer) where
it is converted into hydrogen, and carbon monoxide and
dioxide, in presence of Niquel catalyst, to temperatures
between 978 K and 1143 K (705 and 870°C), pressures
between 2070 kPa and 4120 kPa (300 and 600 psi) and
molar ratios (steam/carbon) between 2 and 9. The
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reaction gas outgoing from the reformer is passed
through two converters of high and low temperature
where the carbon monoxide, by means of chromium
and copper produces more hydrogen and carbon dioxide.
Later on, the carbon dioxide is absorbed by a solution
of MEA (mono cthanolamine).

Finally, the treated gas (that contains small quantities
of carbon oxides) is passed through the methanizer
where the carbon oxides are hydrogenated to methane
in presence of a catalyst.

Many authors have developed dynamic models for
fixed bed chemical reactors. Oblad and then Grover
(Murray and Snyder, 1985), presented a model of a steam
reformer of methane, which considered the transfer of
heat and the analysis of the kinetics of the reactions.
The formation of coke is generally very small and can
be considered negligible under the industrial operation
conditions. This model assumes one-dimensional flow
(piston) for gases in the reformer’s tubes and considers
a first order kinetic equation of the rate of reaction for
the partial pressure of the methane. The equation of
the inverse reaction rate is also considered in the ba-
lance of reactions. The results are well adjusted to the
data obtained in a pilot plant.

In 1968, Hyman developed a similar model. Howev-
er, it differs in several aspects. To evaluate the inverse
reaction rate to produce methane it uses a derived
expression from the law of action of moles, instead of
a first order equation. It also considers flow piston for
the gases, and a profile of the external temperature of
the wall of the tube, instead of the flow rate of the
gases. The model can be used to analyze the reforming
of heavy hydrocarbons. Again the results of the model
adjusted well to the plant data.

In 1979, Olesen and Sederquist considered a double
tubular flow in crosscurrent (DCCF) (Murray and Snyder,
1985). This design is also described by Smith and San-
tangelo in 1980. In this design the quantity of required
heat decreases. It is considered the formation of coke.
This model keeps in mind the effects of axial and radial
mixing. The results are well adjusted to the plant data.
However, given the complexity of the model, the preci-
sion of its results is not comparable to those obtained
with models of flow piston.

In 1979, Chandra and Deoki developed a method to
calculate the heat transfer of the oven of the reformer.
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They considered the transfer of total heat of the flames
and the flue gases at the same time with the heat
transfer of the reaction gases, inside the differential
section of the tube reactor. The results obtained when
simulating the reformer reactor using this method are
adjusted very well to the plant data.

In 1978, Harth et al. introduced to the reformed
technology a novel application. This is the combination
of the methane reformer with a nuclear reactor to high
temperature, cooled with steam (HTGR) (Murray and
Snyder, 1985). It offers an excellent means for transpor-
ting thermal energy on big distances. In the catalyst,
the reforming reactions can be reverted liberating
energy. An interesting point of this study is the use of
the design DCCEF. The calculations are based on global
balances and data of the catalyst.

In 1982, Murray and Snyder developed a kinetic
model of a methane reformer with steam as a design
tool and analysis to condition systems of combustible
cells. This model includes options to consider effects
such as: reaction type, geometry, arrangement of flow,
and transfer of heat. The results of the model are adjus-
ted well to the experimental data.

In 1989, Plehiers and Froment published the develop-
ment of a heterogeneous unidimensional model for a
steam reforming reactor. The model considers the pres-
ence of partial intraparticle pressure gradients and the
distribution of temperature in the furnace and in the
reactor simultaneously. For heat transfer in the furnace,
it uses a simulation program of a standard furnace,
based on the area method. To determine the view fac-
tors it applies Monte Carlo simulation techniques. It
considers the location of burners, the absorption and
the radiation emission. The distributions of temperature
in the furnace and the composition simulated are excel-
lently adjusted to the industrial data.

In 1989, Alatiqi, Meziou and Gasmelseed, published
the development of a heterogencous one-dimensional
model for a steam reforming reactor. The model estab-
lishes the heat transfer by radiation and convection.
The model assumes uniform temperature in the catalyst
particle and is the same for the process gas. The model
does not assume coke formation in the reformer. The
predictions of temperature and the composition of the
model are adjusted satisfactorily to the industrial data.

To analyze the dynamic behavior of the reforming
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reactor, in this work a mathematical model is developed.
Such model represents the physical and chemical pheno-
mena that take place in the process. The dynamic sim-
ulation of the tubes and the furnace of natural gas
reformer is carried out, using a heterogeneous one-di-
mensional model. To evaluate the reaction rates, the
kinetic expression proposed by Haldor Topsoe (Chandra
et al, 1979) is used. To determine the temperature of
the process gas, three energy balances are applied:
mside the control volume, in the wall of the tube, and in
the furnace. For the energy balance in the metallic wall,
it is assumed that the furnace area is much bigger than
the tubes area and that these are completely inside the
furnace (Smith, 1985).

These models are essential in the study of industrial
units where the experimental tests to analyze the effect
of disturbances or changes in the manipulated varia-
bles or controlled are very limited, undesirable and they
can drive to severe alterations of the performance of
the unit. The results of the model were validated with
industrial information.

DEVELOPMENT OF THE DYNAMIC MODEL

In the development of the model, the following consi-
derations are taken into account (Elnashaie et al., 1988):

- The multitubular furnace-reactor is vertical and the
heat is transferred by radiation and convection of
the combustion gases.

- The operation conditions in all the tubes are similar.

- Flow piston of the process gas in the tubes (length
to diameter, L/d;>100).

- The axial dispersion is insignificant for all the flow-
rates along the reactor.

- The heavy hydrocarbons are transformed into meth-
ane at the entrance of the tubes.

- The gradient of the profile of radial temperature is
insignificant.

- The temperature of the catalyst particles is uniform
and similar to that of the process gas (relationship
diameter of the tube to diameter of the catalyst
particle, d; /dp =10).

- There is no coke deposition in the catalyst.

The simplified process sketch is presented in the
Figure 1.

Reactions
Under the operating conditions of the commercial

Steam Heacor
kg/h
H—>
Natural gas
J@), kg/h,T; (1), k
‘ Reaction gas
o | Tk i
Alr 7‘
Fuel gas
Ju(V), kg/h

Figure 1. Process sketch of the steam reforming of natural gas.

units, the following reactions are usually considered:

- Production of monoxide of carbon from methane

- Production of dioxide of carbon, water gas shift
Reaction:

CH4+H20 = C02+H2
- Conversion of paraffin’s to methane:
CiHoji 2+ (k-1)Hy = kCH,

- Equivalent methane. If the feed is composed of 7,
moles of Cj, H;, , per hour, then:

NCH4, equiv. :z knk (1)

- Equivalent hydrogen. The moles of hydrogen, after
hydrotreating, are obtained by:

NHZ, equiv. :NHZ, inicial _z (k-1) g3 2)

Because the temperature and the concentration of
the gas vary continually with the distance from the
entrance of the reactor, a section of the tube of a length
Az is considered as control volume. In it the properties
are assumed constant, see Figure 2.

Molar balance of components

The molar balance of the components can be esta-
blished since the flow and the composition of the
process gas (natural gas and steam) are known.
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T |, T |,
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N2 @ N7z+az
— N
T; Tiz+4Az
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Figure 2. Analysis of the differential element for one of the tubes.

For methane, CH,

The partial differential equation for the molar bal-
ance of methane at any point of the tube in any instant
of time, 1s:

1 Ny, )1 aNCH4 )

= — - 3
v oor — 4 oz P-VRen, &
For the equality
ONcy, (1) New, lzaz=New, 2 |

= m
o7z Az—0 Az
the equation that describes the molar balance of methane

around the control volume of length Az, at any distance
of the entrance of the tube, is:

dNCH (t) )
dt4 = fen, () ~New, z+az®+
pVa-v) RCH4 () 4)

For dioxide of carbon, CO,

The molar balance of carbon dioxide, around the
control volume of length *z, at any distance of the
entrance of the tube, is:

dNeg, ()
g = Neo, 12 ~Neo, 12440+

PC V(I - U)RCOZ (t) (5)

The reactions for carbon monoxide and dioxide
production, are used to evaluate the reaction rates
according to the kinetic expressions proposed by Haldor
Topsoe (Chandra, 1979):

%m%m]
K (1) B0 (1)

Py, (t) Feo,(t) ] )
K> () Puyo (1)

The constant of specific rate for R, and RC02>

&wm:hm@wm—
Rcoz(t) = kz(t)[Pco (t)_
Vol. 1 Ndm. 5
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are obtained from the following expressions:

_ £ _

k@) =k - 8)

1) =k, exPi RT () | (
_ i _

k() =k - )

5 (1) 02 expi RT(t)i

The equilibrium constants for the production of
carbon monoxide and dioxide are calculated by:

~50,753.7
M) =exp| 227200131506 (10)
1= exp { 0.55T (1) +424 }
o =exp| — 9312 3501 < 503
| 0.55T(1) +428

7,448.64

b () = exp| 44864
’ Pl 0.551(0) +428

+3.81} —T>593°C (11)

For the stoichiometry, it is assumed that the moles
of each component accumulated in the control volume
are insignificant. The moles of steam at the exit of the
control volume of length Az can be calculated by:

Niyolz+a:() = Nipol-() =X (1) = Nco, |z +a-(0) (12)

X(¢) is defined as the converted moles of equivalent
methane:

X@) = NCH4 1-(t) — NCH4 Iz +Az (13)

The moles of hydrogen to the exit of the control
volume can be calculated by:

NHZ |z +Az(t) = NH2|z(t) + 3X(t) +NC02|Z +Az(t) (14

The moles of monoxide of carbon to the exit of the
control volume are determined by:

NCO‘Z +Az(t) = NCO |z(t) +X(t) - NC02|Z +Az(t) (135)

The total moles leaving the control volume are
obtained by:

Ntot lz+Az = NCH4 ‘Z+NHZO Faa NH2 |Z+NC0 Faa
NC02 |z+2X(t) +NN2 (16)
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N; lzis the molar flow of component i at the entrance
of the differential element and is given by the previ-
ous element. N;|,14- is the flow molar of compo-
nent 7 leaving the differential element and is obtained
by:

Nilz 4+a-() = y; () Nt +a- (1) (17)

It is assumed that the gas product is an ideal gas for
the industrial conditions of temperature and pressure
of these processes. The fraction molar of component i
can be calculated by:

N )

L VN

For the equation of ideal gases:

POV
RT()

Noa(t) = (19)

Unsteady state energy balance

To evaluate the temperature of the process gas, it is
necessary to develop three energy balances: inside the
control volume, in the wall of the tube, and in the
furnace.

Energy balance in the control volume

Taking as reference state, for the enthalpy and
internal energy, the elements that constitute the reactants
and the products to 298 K (25°C) and the elements
that do not react to a convenient temperature, and the
pressure of the system, the energy balance in the
differential element Az, can be written by:

% = Hiz(t) ~Hlz+az(0) +
hindiAZ[Tw(t)*Tk +Az(t)] (20

Calculation of the heat transfer coefficient

The model uses a heat transfer coefficient 4;(1),
calculated from the correlation of Beek (Hyman, 1986):

hi(t) = {2 58 (Zp(gjl/s {M(tl)gffg(t) J1/3+

dpGJM [u(t) G(t) j(ﬂ]

0ooli) ey

40

Balance of energy in the wall of the volume of
control (Smith, 1985)

If it is assumed that the area of the furnace is much
bigger than the tubes area, and that these are completely
inside the furnace, the energy balance can be expressed
by:

dT,, |-(t)

[d -d; jAZCpM a - E0Td. Az

L
M 4
[7;34(t)_TMf|Z(t)] - hi(t)nd[AZ[Tw(t) _T|Z +Az (t)] (22)

Balance of energy in the furnace

dTC(1)

ar FyHp 1y =2 eomd,

MBCPB
(T340 — Ta)dz (23)

Drop pressure through the bed of catalyst
Using the equation of Ergun (Hyman, 1986):

£ )
LL(t
[(];30 )] 8.83]4e” (29

Results of the model

The dynamic simulation of the furnace - reactor of
steam reformer of natural gas, is carried out using the
software MATLAB (version 5.2) and the toolbox
SIMULINK (version 2.0). The tube reactor was divid-
ed into 8 sections of the same length. To solve the
differential equations, variable step method ODE23S
(Stiff/Mod Rosenbrock) was used.

To verify the results of the model, the conditions of
an industrial plant were used. There are presented in
Table 1. The composition of the gas fuel and feed is
the same.

Figures 3 and 4 present the results obtained by the
simulation. Figure 3 shows the distribution of the molar
composition along the tube. The molar fraction of the
methane and steam decrease continually through the
reactor. The amount of hydrogen, monoxide and dioxide
of carbon increases with the length of the tube reactor.
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Table 1. Conditions of operation of a methane reformer unit.

Conditions of operation October 8, 1994
Feed (m3std/n) 3,228.12
Steam (kg/h) 13,617.19
Steam - feed ratio (mol/mol) 4.31
Inlet temperature (K) 672.00
Inlet pressure (kPa) 1,859.60
Feed composition (% vol.)

Hydrogen 21.857
Methane 77.394
Ethane 0.659
Propane 0.011
Monoxide of carbon 0.014
Dioxide of carbon 0.010
Nitrogen 0.055

Variation of the molar composition with the leng of the tube

0.8

0.7 1

0.6
-O—CH4
& 057 — KO0
© R
S 04 Ho
= ] e co
2 031 —4cCo

Figure 3. Variation of the molar composition

Figure 4 shows the variation of the temperatures of
the wall of the tube, of reaction, and the pressure along
the tube. The external temperature of the tubes increa-
ses continually with the length of the reactor. the Same
behavior is observed in the reaction temperature. The
pressure decreases along the reactor. The profile of
these variables obtained by simulation is adjusted to
the operation conditions observed in this process.

Table 2 shows the comparison between the plant
data and the results of the model.
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Variation of the temperature and pressure
with the leng of the tube

1750 |
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L (m)
Figure 4. Variation of the temperature and the pressure

The temperatures and the composition of the dry
gas product obtained by the model are adjusted excel-
lently to the conditions of the industrial plant. The
pressure drop through the catalyst bed can be used to
test the activity of the catalyst.

The verification of the dynamic part of the model
will be presented in a next paper in which different
control strategies will be analyzed like cascade, feed-
forward and multivariable control to optimize the
process of industrial reformers.

CONCLUSIONS

In this article, a review of the state of the art for the
process of steam reforming of methane was made. A
kinetic model was used to evaluate the reaction rates
proposed by Haldor Topsoe (Chandra, 1979). A hetero-
geneous model of the reactor based on the variation
equations representing the transport phenomenons is
carried out in this process. To evaluate the temperature
of the process gas three energy balances were deve-
loped: inside the control volume, in the metallic wall of
the tube, and in the furnace. In the energy balance in
the wall of the tube it is assumed that the furnace area
is much bigger than the area of tubes and that tubes
are completely inside the furnace (Smith, 1985). In the
solution of the model, the technique of differential bal-
ances of mass and energy was used.

A model based on fundamental principles can be
used to evaluate the distribution of compound and
temperature throughout a reactor, with great precision.
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Table 2. Comparison between the results of the model and plant data.

Conditions of operation
Temp. radiant section (K)
Maximum temp. wall (K)
Temp. outlet gas (K)
Pressure outlet gas (kPa)
Composition outlet gas (%Vv)
Methane
Hydrogen
Monoxide of carbon
Dioxide of carbon

Nitrogen

Plant Model
1,251.8
1,216.5 1,212.7
1,066.5 1,070.2
1,885.8 1,908.6
2.25 2.3
76.55 77.6
9.51 9.5
11.65 10.8
0.04 0.02

This makes the model a powerful tool in the design or
optimization of reaction furnaces. The valuable infor-
mation generated by the model contributes to better
knowledge of the process.
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APPENDIX

Chemical and physical properties

For the calculation of chemical and physical pro-
perties the expressions proposed by Reid, 1985 were
used.

Molecular weight

The molecular weight of the process gas is obtained
by:

M) =2 y,(OM, A.1)

Partial pressure

The partial pressure of each component can be
obtained by:

Pi(t) = y;(1) P(t) (4.2)

Internal energy

The internal energy of the process gas accumulated
in the differential volume is calculated by:

U) =2 N, (4.3)

The internal energy for the methane, assuming an
ideal gas, is obtained by the following expression:

o T
wi () =uf +R]_

Cpl"e(t) —deT (A.4)

Heat capacity

The gas mixture is evaluated by:

Cp(t) :zyicpi(t) (A.5)

The heating capacity of for the component 7 is given
by:

Coi() =A,+B,T()+C,T>(1)+ D, T-3(t) (4.6)

Enthalpy

The enthalpy of the process gas to the entrance of
the differential element, is obtained by:

H(t) =2, N.()h(0) (A.7)

CT&F - Ciencia, Tecnologia y Futuro - Vol. T Ntm.5  Dic. 1999

The enthalpy of each component can be determined
by:

~ - T Gy (1)
1) =h2 P A.8
h[(t)—hﬁ+RJ‘TO R ]dT ( )
Mass rate
The superficial mass rate, is defined as:
G Nior, 21\70 (A4.9)
Tl:dl'

Viscosity

The method of Wilkes is used to evaluate the viscosity
of the gas product:

/) = Yilti(t)
“) =L

{]jL[ Wi (1) ]().5 [M] ]0.25}2
wi (v Mi ALD

A.10)

dij(t) =
i {S[IJF Miﬂw
M
Pji(t) = ﬁig AA% 9ij(1) A.12)

The viscosity of each one of the components of the
gas product, is determined by the method proposed by
Lucas:

W0 = [0.0807T7°° - 0.357¢ "4 +

0.340¢ 710,018 Ry, A.13)
1/6
g = {7;0' } A.14)
M; Fe;
For the hydrogen:
Ry = 11708 [1+0.340(T, -12)]  (A.15)
For the other components FQOZ. =]
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Thermal conductivity

To evaluate the thermal conductivity of the gas
product used the expression proposed by Mason and
Saxena:

Kf(t) :z yiK[z'(t)

D 8,(1) .

The thermal conductivity of each one of the
components of the gas product, is evaluated by the
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method proposed by Stiel and Thodos:

K1) = “j(t)[i’;(t)_R] {1.15+

2.03R
—— | A.17
cpi(z)—R}( !

The density of the gas product, is calculated for:

M@ P()
= MOPOH A.18)
PO =" 1T
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