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ABSTRACT

In this paper, the effect of catalyst shape and characteristics has been investigated where five types of a catalyst were
examined under the same operation conditions, where catalysts are similar in the chemical properties (Ni/MgOAl,03)
but it's different in their physical properties in the catalyst section of secondary reformer. The secondary reformer in-
volves continuation of the methane reforming reaction that began in the primary reformer to produce Nitrogen and Hy-
drogen in the ammonia plant. In order to evaluate performance of various types of catalysts in the secondary reformer
reactor, mathematical model have been created. The mathematical model covers all aspects of major chemical kinetics,
heat and mass transfer phenomena in the secondary reformer in the ammonia plant at steady state conditions. It aims to
optimize the best catalyst from five types of catalyst of the secondary reformer reactor in the State Company of Fertiliz-
ers South Region in the Basra/Iraq. The mathematical model allows calculating the axial variations of compositions,
temperature and pressure of the gases inside two reactors in series by using the atomic molar balance and adiabatic
flame temperature in the combustion section while, in the catalyst section, they are predicted by using a
one-dimensional heterogeneous catalytic reaction model. The analysis evaluation performance of the catalyst
(RKS-2-7H’) have good results than other the catalyst types (RKS - 2, ICI 54 - 2, RKS-2-7H”, RKS-2-7H”’) in catalyst
zone of the secondary reformer.
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1. Introduction reformer in the ammonia plants or Autothermal reformer
mainly Ali AL-Dhfeery and Ala’a Jassem [1], Akbar

In a traditional ammonia plant, the secondary reformer is Zamaniyan

rather used downstream of the primary reformer in order

to refgrm the unreacted methane to produce Hydrogen K BT} A
and Nitrogen. Fr.
The reactor consists of two sections, the combustion Fo,
section is the empty space above the catalyst section is IF:CO’
preferred to combust process gases with oxygen of the air Process Gdses > I? >0
to produce the Nitrogen while, the catalytic section is a ”
fixed-bed reactor, in which the hydrocarbons are finally Stream (2) Products
converted through heterogeneous catalytic reactions to Tnlet gs -
produce the Hydrogen. It is provided with Ni/MgOAI,O4 Fou, |° F;Hg
as a catalyst, Finally, the Reformat Gases leaves the Fro 0 Fl;z
secondary reformer, as shown in the Figure 1. 1;?; Fco
1) Burner; 2) Combustion section; 3) Alumina bricks Fco, I;COZ
plate; 4) Alumina balls (dia. = 40 mm); 5) Catalyst Fyx, FNZ
section; 6) Alumina balls (dia. = 40 mm, 75 mm and 120 Fy. [ | v
mm); 7) Cone. |: ——Reformat Gases
The previous studies focuses on the secondary Stream (3)
*Corresponding author. Figure 1. Schematic diagram of secondary reformer [1].
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et al. [2], A. C. Juan Ruiz et al. [3], Kayvan Khorsand
and Khadijeh Deghan [4], D. L. Hoang et al. [5], S.
Vaccaro et al. [6], Mohd Idris Shukri et al. [7], Y. H. Yu
[8], but in this study in the second reactor, bottom section,
catalyst section, filled with nickel catalysts. Each catalyst
will investigated alone then, the five different types will
compared with each other to optimize the best catalyst
from them, where catalysts are similar in the chemical
properties (Ni/MgOAl,0O;) but it’s different in their
physical properties, the originality of the work lies in this
proposal.

The results of mathematical model such as mole
fraction, temperature profile and pressure drop of the
combustion and catalyst zones of secondary reformer
reactor in the State Company of Fertilizers South Region
in the Basra/Iraq will be studied and compared relative to
five different types of Ni-catalyst.

2. Experimental Section

The type of catalyst is considered one of the most impor-
tant factors in industrial catalytic reactors which affect
the conversion of reactants and the yield of the products.

The catalyst of reformer generally uses nickel catalysts
due to high activity with high surface area to accelerate
the reforming reactions.

A Ni-catalyst support on a magnesia-alumina spinel
has used in the top of the catalyst bed in the secondary
reformer reactor because it is activity and stability at
high-temperature without breaking or shrinking where,
the top of the catalyst bed is exposed to gases with high
temperature of 1100°C - 1400°C [9].

A reforming catalyst, type RKS, is used for the steam

reforming of natural gas. This catalyst is well suited for
use in both, low temperatures in the primary reformer
and at high temperatures in secondary and autothermal
reformers for the production of hydrogen [10].

The nickel catalysts RKS-2 with one hole are packed
with the volume of 26 m’®, height of the catalyst bed 2.8
m with inside diameter of industrial secondary reformer
reactor in ammonia unit in the State Company of Fertil-
izers South Region in the Basra/Iraq, is 3.45 m. The five
various types of catalysts are used in a secondary re-
former is summarized in Table 1.

3. Mathematical Model

In this section, the evaluation of performance for five
different types of catalysts have been examined depen-
ding on the creating of a mathematical model relative to
the actual operation conditions in the secondary reformer
at Basrah Fertilizers Plant.

3.1. Modeling of Combustion Section

3.1.1. Chemical Reactions

The hydrocarbon (CH4) and oxygen in the air are mixed
and combusted in the combustion section of secondary
reformer reactor. Often the principle “mixed is burnt” is
valid, since the exothermic combustion reactions are very
fast.

The homogenous reactions are take place in the com-
bustion section. The combustion reactions are numerous
complex radical reactions, but for modeling purposes, it
is often enough to describe the reactions by an overall
one molecular reaction. In the case of natural gas, the

Table 1. Depicts types of catalysts using in secondary reformer [9-11].

Type RKS-2 RKS-2-7H’ RKS-2-7H” RKS-2-7H’” 1CI54-2
Shape Ring Cylinder with 7 holes  Cylinder with 7 holes ~ Cylinder with 7 holes Cylindrical
Dimension
0.D. (mm) 19 16 20 30 17
I.D. (mm) 9 3 4 6
H. (mm) 19 11 18 20 17
Filling 1.070 1.1+£0.1 0.9+0.1 1.1+£0.1 1.0
Density (Kg/L)

NiO 9% 9% 9% 9% 18%
Carrier MgAl,O4 MgALO4 MgALO4 MgALLO4 MgALO4
Fusion 2000 2000 2000 2000 1500

Point (°C)
Life (years) 3-5 10 10 10
Copyright © 2012 SciRes. MRC
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combustion methane reaction can be written as follows:
CH, +3/20, - CO+2H,0AH; =-519.760 kJ/mol (1)

All oxygen is consumed in the combustion section,
and the unconverted CH,; will continue down to the
catalyst section. In the case of a secondary reformer also,
H, will be burnt to steam in the combustion section
according to reaction.

H, + 1/2 0, > H,0AH: =-242kI/mol  (2)

3.1.2. Mass and Heat Balances
The compositions and temperature of the gas in the com-
bustion section is investigated by using simple mathe-
matical model. The atomic molar balance and adiabatic
flame temperature are used with assuming that the mix-
ing between process gases and air is instantaneous in
combustion section, and the conditions inside and outside
of combustion section are same.

The atomic molar balance for each gas component in
the combustion section can be derived as follows [1]:

FOUI(N2) =A (3)
Foura) =B 4)
Four(co,) =€ (&)
Four(at) =P ~Fourco (©)
Four(in,0) = E = Fourcco) O]
Foury =G—2D-E+3F, 10y (8)
Fo —(A+B+C-D+G)
Four(co) = > ©))
where,
A= FIN(NZ)’1 + FIN(NZ)’2 (10)
B= FIN(AF)’1 + FIN(Ar)‘2 (11)
C = Fincoys + Finicoy)2 (12)
D= Fm(cn4),1 + F]N(CO)’1 (13)
E= F]N(HZO)’1 + Fm(co),1 +2% F]N(OZ)’2 + F]N(HZO),2 (14)
_ 4 FIN(CH“),l +23 FIN(HZO)’l +23% F]N(HZ)’1 +2% F]N(HZO)’2

G
2

(15)

The secondary reformer is operated close to adiabati-

cally through, Adiabatic flame temperature can be de-
scribed by the following Equation [12]:

Copyright © 2012 SciRes.

;
AH = 3" F.(AH{ + [ Cp(T)dT)
OouT 298

i (16)
~ > F(AH; + [ Cp(T)dT)=0.0

298

3.2. Modeling of Catalyst Section

3.2.1. Chemical Reactions

The product gas from the combustion section is directed
to the catalytic section of the secondary reformer. The
catalyst bed involves three reversible reactions, which
were thoroughly studied by Xu and Froment (1989). The
first reaction is known as a Steam Methane Reforming
reaction while the second and third reactions are called as
Water Gas Shift reaction and Carbon Dioxide Reforming
reaction respectively. Anyway, the following equations
can be written as follows:

CH, +H,0 <> CO +3H, (S.M.R)AH; an
= +206.10 kJ/mol

CO+H,0+ CO, +H, (W.G.S)AH:
=—-41.15 kJ/mol

CH, +2H,0 + CO, +4H, (C.D.R)AHi (19)
=+165 kJ/mol

The C-H bond of the stable methane molecule (CHy)
has a high binding energy (439 kJ/mol) therefore, the
dissociation reaction of steam methane reforming needs a
high process temperature to shift the equilibrium com-
positions to the right side so the steam methane reform-
ing reaction is endothermic [7].

(18)

3.2.2. Kinetics of the Reforming Reactions

The kinetics for the reforming reaction of methane on the
Nickel catalyst based on the Alumina is according to
study of Xu and Froment given in [1].

3.2.3. Effectiveness Factor Analysis
The effectiveness factor is an important parameter to
predict the temperature and composition profiles for re-
alizing the actual reaction rate with pore diffusion in the
heterogeneous reaction. The effectiveness factor can be
calculated by using the following equation [13]:
[(36)Coth(36)-1]
M= 30 (20)

The Thiele Modulus can be estimated by the following

equation [13]:

D |k, o (1+K
9, :?5 vk lfb (D e,k) @1
ek " ek

The catalyst pellets are assumed as spherical catalyst
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pellet with an equivalent volumetric diameter (D):
(R?=N-R?)-H,
[(R*=N*R?)+R *H, |

D, =0.5% (22)

3.2.4. Mass, Heat and Momentum Balances

The concentration and temperature gradient is assumed
to occur only in the axial direction while, the radial gra-
dients temperature and composition are ignored because
the reactor operates under adiabatic conditions. Through,
the adiabatic one dimensional heterogeneous catalytic
reaction model can be applied in the catalyst section by
the following equations [8]:

(6Fi/a£):zui,k]7k'Rk'pc (1_‘95)'A' (23)
k=1

The change in the temperature gas on the length of re-
actor has been given [13]:

(aT,jot)=
(Z(—AHf,k)-nk ‘Re-pe(1-&5) A’]/(Fg Cog Py )

k=1
24

The catalyst surface temperature has calculated rela-
tive to the bulk gas temperature [8]:

T, =T ﬂ[[(i(—AH:’k)-nk -RkJ

k=1

Pe (l—gB)-DSJ/(6~h~(1—gB))

In the gas phase of packed bed catalytic reaction sys-
tem, pressure drop is one of the important parameters.
The pressure drop of outlet gases from catalyst section
will be evaluated by using Ergun equation as follows [8]:

Z_IZ = (((150(1—53 ) ﬂgu)/(gé D; ))
H((1750-20) o) (4204

The solution procedure of mathematical model for five
different types catalysts is solved equations of the heat
and mass balances by Euler method.

(25)

(26)

4. Results and Discussion
4.1. Combustion Section

The actual operating conditions such as feed concen-
tration, temperature and pressure have tabulated in Table
2. These data have used for modeling and evaluating the
theoretical performance of industrial secondary reformer
reactor. In addition to, there is no industrial data avail-

Copyright © 2012 SciRes.

able in this section therefore they are not comparable.

4.2. Catalyst Section

In this section, the theoretical results predication from
mathematical model have compared with the industrial
data which collected from the manual and daily log sheet
of Basra Fertilizer Plant where, the catalyst characteris-
tics have been calculated from mathematical model for
five different types catalysts as summarized in Table 3.
The results depicted high accuracy between Simulation
results and Plant Data [1].

4.2.1. Molar Flow Rates of Reactants and Products
In this section, the influence of the different types of
catalysts is discussed with respect to the molar flow rates
of reactants and products in the catalyst zone of the sec-
ondary reformer at Basrah Fertilizers Plant.
The relation between molar flow rates of gases as a func-
tion of the axial coordinate of catalyst bed has been de-
scribed in Equation (23).

Figures 2-7 depict the effect of molar flow rates of
methane, steam, Hydrogen, Carbon monoxide, Carbon di-

. B
Catalyst Zone

—+—RKS-2

——RKS-2-7H'

—=— RKS-2-7H"

—=— RKS-2-7H"

1|+ ICI54-2

Figure 2. The influence of the difference types of catalyst on
the molar flow rate of methane as a function of reactor
length relative to inlet operation conditions (T = 1369.644 K
& P =32 bar).
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Figure 3. The influence of the difference types of catalyst on
the molar flow rate of steam as a function of reactor length
relative to inlet operation conditions (T = 1369.644 K & P =
32 bar).
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Figure 4. The influence of the difference types of catalyst on
the molar flow rate of Hydrogen as a function of reactor
length relative to inlet operation conditions (T = 1369.644 K
& P =32 bar).

Figure 6. the influence of the difference types of catalyst on
the molar flow rate of CO, as a function of reactor length
relative to inlet operation conditions (T = 1369.644 K & P =
32 bar).
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Figure 5. The influence of the difference types of catalyst on
the molar flow rate of CO as a function of reactor length
relative to inlet operation conditions (T = 1369.644 K & P =
32 bar).

Figure 7. the influence of the difference types of catalyst on
the total molar flow rate of outlet gases from catalyst sec-
tion as a function of reactor length relative to inlet ope-
ration conditions (T = 1369.644 K & P = 32 bar).

Table 2. Depicts the actual operations conditions of industrial secondary reformer in S.C.F.S.R. in Basra/lraq with the simu-

lation Data of the combustion section [14].

Output of combustion section

Parameters Input feed process gas Input air (Simulation data)
Temperature ("C) 795 550 1096.644
Pressure (Bar) 32 32 32
Molar flow rates of the components (kmol/hr)
CH, 426.040 183.699
H,0O 3684.010 11.190 4182.983
H, 2932.100 2929.004
(¢[0) 403.460 645.806
CO, 537.440 0.520 537.947
N» 15.990 1357.360 1373.380
Ar 5.830 16.350 22.180
0, 365.080

Copyright © 2012 SciRes.
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oxide and total molar flow rate of outlet gases respec-
tively, as a function of length of catalyst section by using
various types of catalysts (RKS - 2, RKS - 2 - 7H’, RKS
-2-7H”, RKS -2 - 7TH”’, ICI 54 - 2).

All the previous figures depict the catalyst (RKS-2-
7H’) was the best one relative to any other types. This is
due to it appears more methane and steam consumption
with more Hydrogen and carbon monoxides production.

4.2.2. Temperature Calculation for Gases and
Catalyst Surface

The temperature is considered a very important factor
due to the nature of chemical reactions on the catalyst
section. These reactions are extended from endothermic
to exothermic. The relation between the temperature of
gases and surface of catalyst as a function for axial coor-
dinate of catalyst bed has been described in Equations 24
and 25.

Figures 8 and 9 depict that the catalyst (RKS - 2 - 7H’)
was more active than the other catalyst types (RKS - 2,
ICI 54 - 2, RKS - 2 - 7H” and RKS-2 - 7H”) respective-
ly relative to the reactions conditions because the tem-
peratures of gases and catalyst surface are lower than the
temperatures in the other types of catalysts due to end-
thermic reactions that means the rate of reactions on the
catalyst surface (RKS-2-7H”) are faster than other types
of catalysts.

4.2.3. Pressure Drop

The pressure drop gives a good indication about catalyst
performance inside the reaction shell because with a long
time of operation; the catalyst may be thermal cracking
due to high operation temperature so, the value of pres-
sure drop will increase.

When the heat load per unit area is too high, smaller
particles will be necessary in order to increase the surface
area of the catalyst but, smaller particles will lead to in-
crease the pressure drop. Therefore, selecting special
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Figure 8. The influence of the difference types of catalyst on
the temperature of gases as a function of reactor length
relative to inlet operation conditions (T = 1369.644 K & P =
32 bar).
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Figure 9. The influence of the difference types of catalyst on
the temperature of catalyst surface as a function of reactor
length relative to inlet operation conditions (T = 1369.644 K
& P =32 bar).

catalyst shapes such as rings or rings with several holes
have been developed for these applications [11].

The behavior of pressure drop has been described in
Equation (26) which depicts a decrease along the axial
distance from the top of the catalyst bed.

Figure 10 depicts the value of outlet pressure as a
function of reactor length for five different types of cata-
lysts.

5. Conclusions

Secondary reformer for Hydrogen and Nitrogen produc-
tion is mathematically investigated by a series of simula-
tion of operation conditions which have collected from
the documents of Basra Fertilizer Plant. Although, the
catalyst (RKS-2) has been using in the secondary re-
former at Basrah fertilizers plant but, the analysis evalua-
tion performance of catalyst (RKS-2-7H”) had good re-
sults than the other catalyst types (RKS-2, ICI 54-2,
RKS-2-7H” and RKS-2-7H"”’) for several reasons as fol-
lows:

5.1. Gases Molar Flow Rates, Temperature of
Gases and Catalyst Surface

This type of catalyst appears more methane and steam
consumption with more Hydrogen and carbon monoxi-
des production. Also, the temperatures of gases and
catalyst surface are lower than the temperatures in the
other types of catalysts due to endothermic reactions that
means the rate of reactions on the catalyst surface (RKS-
2-7TH’) are faster than other types of catalysts.

5.2. The Shape of Pellet

The shape of the catalyst pellet is considered a very im-
portant parameter. Rings with several holes are suitable
shape amongst secondary reforming catalysts because it pro-
vides a higher surface area per unit volume i.e. the specific
surface area of the pellets (S) as summarized in Table 3.
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Table 3. Types of catalysts characteristics used in secondary reformer.

Type RKS-2 RKS-2-7H’ RKS-2-7H” RKS-2-7H” ICI154-2
Shape Ring Cylinder with 7 holes ~ Cylinder with 7 holes ~ Cylinder with 7 holes Cylindrical
Dimension
0.D. (mm) 19 16 20 30 17
L.D. (mm) 9 3 4 6
H. (mm) 19 11 18 20 17
Surface area 15.700 8.550 15.800 29.010 13.600
Of pellet (cm?)
Volume of 4.180 1.660 4.060 10.170 3.860
Pellet (cm®)
Specific surface
Area(s) of the 3.755 5.150 3.891 2.852 3.523
Pellets (m™)
Equivalent
Diameter of 1.590 1.160 1.540 2.100 1.700
Pellet (cm)
Total surface
Area of catalyst 5695,578 7762,976 4682,222 4312,000 5336,470
Pellets in catalyst
Section (m?)
Bulk density 995.1 1000 800 1000 1000
(Kg/m’)
Porosity (%) 46.780 46.520 57.220 46.520 46.520
The rings with several holes showed higher activities per
Catalyst Zone . . .
unit volume than ordinary ring shaped catalysts.
32
S R S oz 5.3. The Total Surface Area of Catalyst Pellets in
8 A S RS2 7H Catalyst Section
2 3104 e, :‘\1 —= RKS-2-7H" ) . .
¢ I 1 H R Using the smallest of the pellet in the catalyst zone is
& 3191 . R
o osan necessary for available high total surface area of catalyst
31.88 — ‘ pellets in catalyst section as shown in Table 3.
0 0.0 0 0 v ¢ ¥ Y ¢ ooR2
© T e P © T e P © v e P
Length(m) 5.4. Volume of Pellet

Figure 10. the influence of the difference types of catalyst on
the pressure as a function of reactor length relative to inlet
operation conditions (T = 1369.644 K & P = 32 bar).

Copyright © 2012 SciRes.

The diffusion into the pellet is relatively slow, so that this
condition mean reaction occurs before the reactant has diffus-
ed far into the pellet. Also, the effectiveness factor [ 1
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that means only the surface near from the outer sur-
rounding of the pellet is effective, therefore, the diffusion
and effectiveness factor gave a good indication about the
shape of the catalyst that is used in the catalyst zone as a
ring without central portion because the chemi- cal reac-
tion takes place at the outer surface [1], then the volume
of RKS-2-7H’ pellet (Cylinder with 7 holes) has least
volume of pellet because it has least dimensional and thin
of walls than other pellets as shown in Table 3.
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Nomenclature

A’ = Cross section area (m?).

Cp = Specific heat capacity (kJ/kmol.K).

D, = Effective diffusivity of i-component for reaction k
is defined as De, = 1/12(1/ Dyo )+(1/ Dy, )| (m’/hr)

D; mix = molecular diftusivity of i-component in the gas
mixture (m2 / hr) .

Dk, = Kndsun diffusivity of i-component (m2 / hr) .

Dg = Equivalent pellet diameter (m). This is defined as
the diameter of a sphere with the same external surface
area per unit volume of the catalyst pellet.

D, =6(1-¢;)/Ss

F = Molar flowrate (kmol/hr).

H = Heat transfer coefficient (kJ/m”. K.hr)
h=(Nu.K/Dyg).

Hp Height of pellet (m).

AH = Enthalpy change (kJ/kmol).

AH®; = Standard enthalpy of formation of i-component
(kJ/mol).

AH?; ;. = Standard heat of reaction k (kJ/mol).

K = Thermal conductivity of gases (W/m.K).

K.x Equilibrium constant for reaction k (bar”) (except
reaction number 2 dimensionless unit).

k,x The volumetric kinetic constant for reaction k (to
convert unit of constant of reaction Rate) (m*/Kg,.hr).

¢ axial coordinates (m).

N Number of holes in the pellet of catalyst.

Nu Nessult number (dimensionless unit).

P Pressure of gases (Bar).

Q volumetric flowrate (m*/hr).
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Pr Prandtl’s number (dimensionless unit).

Ry Rate of reaction for reaction k (kmol/Kg.,.hr).

R External radius of catalyst pellet of cylindrical shape
(m).

Ri Inner radius of catalyst pellet of cylindrical shape (m).
S Specific surface area of the pellets (m™'), S =A /N,

T Temperature (K).

u Velocity of gases (m/hr) u=Q/A’

Greek Letters

&g Porocity of packed bed (m® yoi0/m,’)

0 Thiele modules (dimensionless unit).

N« Reaction effectiveness factor for reaction k (dimen-
sionless unit).

U, Viscosity of gases (Pa.s).

v; Stoichiometric coefficient of i-component in the che-
mical reactions equations (dimensionless unit).

py Bulk density (kg/m’)

p. Density of catalyst (kgc/m,’)

pe Density of gases (kg/m)

Abbreviations

C.D.R. Carbon Dioxide Reforming

IN Inlet stream

OUT outlet stream

S.C.F.R.S. State Company of Fertilizers South Region
S.M.R. Steam Methane Reforming

W.G.S. Water Gas Shift
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