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Abstract

Steam methane reforming is a chemical synthesis for producing syngas (hydrogen and carbon monoxide)
from hydrocarbon such as natural gas and is mostly used in ammonia production. To ensure optimal
efficiency, the ratio of steam and methane should be high to obtain more of hydrogen needed for ammonia
production. A detailed mathematical models were developed for steam reforming by applying the principle
of conservation of mass and energy , the model equations were. integrated numerically using the 4™ order
Runge- Kulta algorithm. Simulation of functional parameters was performed using Aspen Hysys. The
model predictions shows a percentage derivation of 0.019% minimum and 8.7% maximum, which depict
that the model results were in agreement with literature data. The effect of steam to methane ratio on the
primary reformer was studied and the result was compared to literature plant data in other to test the
validity of the model. From the result the conversion of methane was dependent on the operating condition
such as temperature and pressure and inlet composition. The result showed that as the steam to methane
ratio increases there is a slight increment in the conversion of methane which had a huge effect on the
amount of hydrogen produced for ammonia production. This worked showed clearly that ammonia
production was favoured by high steam to gas ratio.
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1. Introduction

Ammonia is a colorless, pungent, suffocating, highly water soluble gaseous compound usually
produced by the direct combination of nitrogen and hydrogen gases, used chiefly for refrigeration
and in the manufacturing of commercial chemical and laboratory reagent. Ammonia is crucial in the

manufacturing of fertilizer, and is one of the volume synthetic chemicals produced in the world.

1.1 Process Description

The inlet temperature at the normal operating conditions is 320°C. The process gas is heated to this
temperature partly by passing through a feed/effluent/gas exchanger, E 3311, and partly through E
3209, a trim heater. The for seen gas composition will have a temperature increase of 18-19°C
corresponding to an outlet temperature of 339°C. The gas/gas exchanger, E 3311, cools the
purification of gas to 92°C. To remove as much water as possible from the purified gas, it is further
cooled to 38°C by the final gas cooler, E 3312. The condensate is separated from the purified gas in

the final gas separator, B 3311.

The purified gas oulet, B 3311, contains N, H, and approximately 1 mol% of inert as Ar, CH, and

H20. The ratio of H, to N is approximately 3:1.

1.2 Ammonia Synthesis Section

General Process Description

The ammonia synthesis takes place in the ammonia synthesis converter, R 3501, according to the

following reaction scheme:

3H, + N, — 2NH; + heat
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The reaction is reversible and only a part of the hydrogen and nitrogen is converted into ammonia
by passing through the catalyst bed. The conversion of the equilibrium concentration of ammonia is
favored by high pressure and low temperature. In R 3501 only about 30% of the nitrogen and the
hydrogen are converted into ammonia. To get maximum overall yield of the synthesis gas, the

unconverted part will be recycle to the converter after separation of the liquid ammonia product.

After the synthesis gas has passed through R 3501, the effluent gas will be cooled down to a

temperature which the main part of the ammonia is converted.

The circulation is carried out by means of the re-circulator, which is an integrated part of the

synthesis compressor, K 3431.

As the reaction rate is very much enhanced by high temperature, the choice of temperature is

based on a compromise between the theoretical conversion and the approach to equilibrium.

The ammonia synthesis loop has been designed for a maximum pressure of 245kg/cm2 g. The

normal operating pressure will be 220kg/cm2 g depending on load and catalyst activity.

The normal operating temperatures will be in range of 360-525°C for the 1st bed and 370-460°C

for the 2nd bed.

The heat liberated by the reaction (about 750kcal/kg produced ammonia) is utilized for high
pressure steam production (in the loop waste heat boiler, E 3501) and preheat of high pressure

boiler feed water.

As illustrated in diagram, the converted effluent gas is cooled stepwise, first in the loop waste heat

boiler, E 3501, from 456-350°C. Next step is cooling to about 269°C in the boiler feed water
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preheated, E3502. And then the hot heat exchanger, E 3503, where the synthesis effluent gas is

cooled to 61°C by preheating of converter feed gas.
The synthesis gas is cooled to 37°C in the water cooler, E 3504 and to 28°C in the heat exchanger.

The final cooling to 12°C takes place in the ammonia chillers. The condensed ammonia is
separated from the circulated to the ammonia converter through the cold heat exchanger, the re-

circulator, and the hot heat exchanger.

The water vapour concentration in the make-up gas is in the range of 200-300 ppm, depending on
the operating pressure in the loop. The water is removed by absorption in the condensed ammonia.
The carbon dioxide in the make-up gas will react with both gaseous and liquid ammonia, forming

ammonium carbanate:
2NH3 +CO; — NH4-CO-NH;

The formed carbamate is dissolved in the condensed ammonia. As the water deactivates the
ammonia synthesis catalyst, the content of carbon monoxide in the make-up synthesis gas should

be kept as low as possible. Inert Gases

The make-up gas enters the loop between the two ammonia chillers. This gas contains small
amount of argon and methane. These gases are inert in the sense that they pass through the
synthesis converter without undergoing any chemical changes. The inert will accumulate in the
synthesis loop, and a high inert level, i.e. high concentration of inert gases will build up in the
circulating synthesis gas. The inert level will increase until the addition of inert gases will make

the makeup gas in the same as the amount of inert removed from the top.

GSJ© 2021
www.globalscierﬁificjournal.com



GSJ: Volume 9, Issue 8, August 2021
ISSN 2320-9186 586

The low temperature outlet of the 1st ammonia chiller means that the partial pressure of ammonia
in the gas phase is relatively low. Only a minor amount of ammonia will be removed together with
the purge gas. The purge gas is further cooled in the purge gas chiller, E 3511, and the liquid
ammonia is separated in B 3512. The liquid ammonia is sent to B3501. Approximately 98% of
ammonia is currently produced with natural gas as feedstock using steam shifting, though a
minority obtain hydrogen from coal or through the catalytic reforming of naptha. Interestingly, as
hydrogen is mixed with air at the start of the reaction, many molecules of atmospheric oxygen

react with hydrogen to form water, removing the oxygen gas which comprises 21% of air.

1.3 Hydrogen/Nitrogen Ratio

By the synthesis reaction, 3 volumes of hydrogen reacts with 1 volume of nitrogen to form 2
volumes of ammonia. The synthesis loop is designed for operating at H,/N, ratio of 3.0, but
special conditions may make it favorable to operate at a slightly different ratio in the range of 2.5-
3.5. When the ratio is decreased to 2.5, the reaction rate will increase slightly, but decrease again
for ratios below 2.5. On the other hand the circulating synthesis gas will be heavier. Therefore, the
pressure drop and ammonia concentration at the inlet of the ammonia synthesis converter will

increase.

1.4 Ammonia Converter

At the top of the converter, the gas passes the tube side of the inter bed heat exchanger, where the
inlet gas is heated up to the reaction temperature of the heated up the reaction temperature of the

1st catalyst bed by the heat exchanger with gas leaving the 1st catalyst bed. The gas inlet
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temperature to the 1st bed is adjusted by means of the so-called “cold shots” which is cold

synthesis gas introduced through the transfer pipe of the center tube.

The gas, which leaves the 1st catalyst bed, is led through the 2nd bed and into the center tube from

which it is returned to the ammonia loop.

The two catalyst bed contains a total of 109.3 m3 of KMIR catalyst, which is a promoted iron

catalyst containing small amounts of non-reducible oxides.

15 Reaction Temperature

At the inlet of R 3501, 1st catalyst bed, the minimum temperature of approx. 360°C is required to
ensure a sufficient reaction rate. If the temperature at the catalyst inlet is below this value, the
reaction rate will become so low that the heat liberated by the reaction becomes too small to
maintain the temperature in the converter (Schnitkey, Gary 2014). The reaction will quickly

extinguish itself if properly adjustments are not made immediately.

On the other hand, it is desirable to keep the catalyst temperature as low as possible to prolong the
catalyst life. Therefore, it is recommended to keep the catalyst inlet temperature slightly above the
minimum temperature. It is anticipated that the synthesis gas enters the 1st catalyst bed at a
temperature of max. 400°C. As the gas passes through the catalyst bed the temperature increases to
a maximum temperature in the outlet from the 1st bed, which is normally the highest temperature
in the converter, called the “hot spot”. The temperature of the hot spot is upto 510°C, but should
not exceed 520°C.The gas from the 1st bed is cooled with some of the cold inlet gas to the 1st bed
in order to obtain a temperature of approx. 370°C inlet 2nd bed. The gas outlet temperature from

the 2nd bed is about 455°C.
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2. Materials and Methods

2.1 Materials

The research adopts analytical techniques. The materials component to accomplish the research is:

I.  Materials and Energy Balance.
ii.  Appropriate Kinetic model literature.
iii.  Thermodynamics principle and data.
iv.  Model simulation computer package (matlab and aspen hysys).
v.  Feed composition.

vi.  Process flow diagram for inlet and outlet component.

2.2 Methods

The methods used in this work are as follows:

2.2.1 Steam Methane Reforming Kinetic Model

Xu and Froment (1989) Investment steam methane reforming over NilmgA1204 catalyst in a
tubular reaction. There result shows that three main reactions should be consider in other to have a
whole aspect of the process defining the specific rate equations based on Langmuir Hinshe wood

mechanism.

o

CHy ) + Hy0(g) © CO(gy + 3Hy | AH , = 206.1kj/mol (2.1)
o .
CO(g) + Hzo(g) d COz(g) + Hz(g)AHR = 415k]/m0l (22)
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o

CHy ) + 2Hy0(g) © COy(g) + 4Hy , AH

= 164.9kj /mol (2.3)

The associated rate as proposed by Xu and Froment (1989) can be written as follows:

3
T 1_(1HZ((PCH4.PH20——P ‘1’(3’;“’) 2
1= (DEN)2 '
s 29
2= (DEN)?2 '
4

. PKTI‘:’IZ((PCHL;.PHZO—%) (26)

37 (DEN)2 '
DEN =1+ K. Pco + Key, + KHy0 + =2 2.7)

2
In terms of mole fractions the rate expression can be written as:
Py, =P (2.8)
Substituting (3.8) for the partial pressure in the rate equation we obtain:
K1 <( CHavH 0_P3y3H2.yco)
.= P25 P05 yeAe YU (2 9)
1= (DEN)?2 '
Y7 (0002024002
rn = (DEN)Z (210)
K3 ( CHav2H 0_P2y4H2-yC0)
. 735, p0s\OCHaY “Hy K, 3 (2.11)
37 (DEN)2 '
y

DEN =1+ P. (KCO'YCO + KHZ + yHZKCH4'yCH4) + KHzoX yHszO (212)
Where;
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Ki: Rate Constant for reaction i

Ke,i Equilibrium Constant for reaction i
Kj Adsorption Constant for component j
Pj partial Pressure for Component j

The dependences on temperature of Kinetic rates constants, K2, adsorption parameters, Kj were

expressed.

The pre-exponential factors for K;,0 and K;,0, activation energy for reaction i, Ei and the enthalpy
of adsorption for component jAH; were determined by Arrherius equation and Van’t Hopp

equation.
i: forreactions

j:  forreaction components of species

= e[ o1
K =Ko exp [ (75| 214
Kei = exp () 215
G° = AA; + AB;.T + AG;. T? (2.16)

2.2.2  Ammonia Synthesis Kinetic Model

The most widely used rate expression for ammonia synthesis as the Tenkin — Pyzhev equation,

was first proposed in 1940 (citation).
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The Tenkin — Pyzhev equation has been used successfully by various investigators t fit

experimental data for both ammonia synthesis and ammonia decomposition.

The heart of this equation is the replacement of the Langmuir isotherm for nitrogen by a Frukin

Isotherm which assumes a heart of adsorption which changes linearly with coverage.

For the overall reaction for ammonia synthesis, they proposed by:

Nz(g) + 3H2 g 2NH3(9) (217)

2.2.3 Mass Balance
A packed bed reactor is a cylindrical tube which consists of an immobilized bed of catalyst.

Figure 3.1 shows the geometry of a packed bed reactor, the inlet parameter and the outlet
parameter. If an infinitesimal section or control volume of the reactor is considered and a material

balance is taking about the volume, the mass balance model will be established

Taking component balance about the control volume:

Rate of infow Rate of infow Rate of outfow Rate of generation
of component j _ of componentj | of component j of component j (2 18)
into volume into volume from volume element within volume '
element per time element per time per time element per time

In this model, the following assumptions will be made:

Steady state operation
Axial and radial dispersions are negligible
Inter-phase mass resistance is negligible

Radial velocity gradient is neglected
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[ Rate of accumulation
of component j dN;
ithi =2 =0 2.19
within element volume dt (2.19)

| per time in mols/time

Rate of infow of
component j into volume
element per time
inmols/time

=Fl, (2.20)

[ Rate of infow of
component j into
volume element per
| time in mols/time

= Fl 4, (2.21)

Rate of generation
of component j
within volume element
| per time in mols/time

= P_B(Zi.jvi.jrl)AV (222)

Substituting equations (3.24), (3.25), (3.26) in equation (3.23), we have:

El, = Fl,4p, + Pp(Z5jVimim )V = 0 (2.23)
~F I, = Elya; + Pg(2;, jVijmimi)BV = 0 (2.24)
AV = A,. Al (2.25)

Substituting equation (3.30) in (3.29), we obtain:
—Fl, — Eln, + P (50, jVimimi)AV = A, AL = 0 (2.26)
Dividing through by Al and taking limit as Al — 0, we have:

dF, ,
- PpAc(2;,jVijmir) = 0 (2.27)

GSJ© 2021
www.globalscieﬁtificjournal.com



GSJ: Volume 9, Issue 8, August 2021
ISSN 2320-9186 593

% + Py A (3;,jVimim;) (2.28)
Equation (3.28) is the one dimensional steady mole for a packed bed reactor.

With respect to dimensionless length z

7= é = dl = IRdz (2.29)
Equation (3.28) becomes

Z_z‘l‘PBIR(ZiJVi,jUﬂ”i) (2.30)

Considering the reaction rates, the mass balance with respect to the reactant and product species

are written as:

J: component (CHy, H,0,C0, Hy, N;)
dF
- T Pp- A 2(ni1y)

For Methane

dFCH
> == Pg.Ac. Ig (=11 — 1373)
= —Pg.A.. Iz (n;1; +1373) (2.31)
For Steam
dF Hy0

PP Pg.Ac Ig (=111 — no1y — 1373)
= —Pg.A;. g (0;1; + M1y +1373) (2.32)

For Carbon Monoxide
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dFco

— = P Ao I (mir; — n212) (2.33)

For Carbondioxide

dFC0;
dz

= Pg. Ac. I (i1 +m373) (2.34)

For Hydrogen

dFH
dzz = Pp. Ac. Iz (3n;1; + M1y + 4n313 — 3n474) (2.35)

For Nitrogen

d
Z;VZ = PB'AC'IR (7747'4) (236)

2.2.4 Energy Balance

Isothermal condition are most useful for the measurement of kinetic data. Real reactor operations
are normally non-isothermal with limits of heat exchange, the reactor can operate isothermally
(maximum heat exchange), adiabatically (no heat exchange) or non-isothermal regime (some
extent of heat exchange). These three types of reactor operations yield different profits with the

reactor.
In the energy balance model, the following assumption will be made:

I. Kinetic energy change are negligible compared to those in the internal energy.
ii. Potential energy change are negligible compared to those in the internal energy.
iii. Negligible shaft work

iv. Steady state operation
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Taking energy balance about the control volume we obtain:

[Rate of energy] _ [Rate of energy] [ Rate of _
Input output Generation of energy|
Rat A lati
[ ate ojf ecrf:rmu a lOTl] (2.37)
gy
) ] Rate of energy Rate f heat
Rate 107{ Zr;ergy = input by flow + addition by (3.38)
p © |by flow of material the surroundings
[Rate of energy]| _[Rate of energy output (2.39)
output 17 L by flow of material '
Rate of Accumulation _ dH; _ 0 (2.40)
of energy dt
[Rate of energy]|
Input Il i 3 F.HL, (2.41)
[Rate of energy] _
Output - Z]F]' o [—I] I‘U+AU (2'42)
[Rate of generation of | _ .
energy ] = PBZ] (AHR, l). U]'T’L'Ti)AU (243)
5 F . HiLyyay + P33 ((AHR,L').vjniri) Ay =0 (2.44)
5 F.Hilyiny = 5[F.H + d(F. H)] (2.46)
RHS = 3[F.H; + dH; + H;dF] (2.47)
H = Cp;(T —T) (2.48)
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dH; = Cp;dT (2.49)
Substituting equation (3.55), (3.57), (3.58) and (3.59) into (3.54), we have:

(3.60)

Divide through by dv and simplify we have:

. d
dp =U.nD.dz(T, —T) (2.51)
dv = AL = ALg.dz = D?.dz (2.52)

UnD .dz (T, —T)

dT dF .
=3 F.Cp =50y o (T = ) + Po.5, , ((AHg, i). vy miy ) T2 = 0 (3.64)

3. Results and Discursion

The effect of steam to methane gas ratio indicates that methane (CH,4) and steam gases are species
introduced into the system as inlet gases. Hence the ratio of steam to methane gas is an important
parameter since it defines the inlet flow condition. The flow of methane is a constant in own
model therefore an increase in the ratio of steam to methane implies a corresponding increase in

flow of steam in the primary reformed as shown below.

FH,0

@ H,0 = FCH 4,0

Table 4.1 Comparisons between plant data and model predictions at the primary reformer exit.

Property Plant Model prediction Percentage error %
Flue gas temperature 1030 940 8.7
GSJ© 2021
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Flue gas flow rate 8195.31 8191 0.52
Process gas 784 780 0.51
temperature

Process gas pressure 32 30.8 3.8
Dry gas flow rate 4219.82 4139.02 0.019
Steam\dry gas 0.86 0.88 2.3

Figure 4.1 illustrates the plot showing the effect of high steam ratio in the primary reform for a
steam to gas ratio of 3.0. it can be observed from the graph that methane has the highest fractional
conversion. After about 15% of the reaction, the fractional conversion almost became independent
of the reactor length. About 10% of the reactor length both the methane and carbondioxide
fractional conversion attained the maximum point. However the carbon dioxide fractional
conversion assumes a sharp decrease along the reactor length to almost zero at the end of the
reactor. The nitrogen fractional conversion remains practically unaltered along the whole reactor
length. This is because the nitrogen did not take part in any chemical reaction in the reactor. This

behavior is also true when the steam to gas ratio is 3.5 and 4.0 as shown in figure 4.2 and 4.3 respectively.

Figure 4.3 which shows that the fractional conversion against the dimension reactor length for a
steam to gas of 4.0.This graphs shows that the methane conversion was on the increase. This also
indicates the production of hydrogen and ammonia in the secondary reformer will be favoured

with an increase in the steam to gas ratio of 4.0.
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Graph of fractional conversion against dimensionless length at theta(2) = 3.5
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Figure 4.1: Fractional conversion against dimensionless reactor length for a steam to gas ratio of 3.0

It can clearly be observed that the fractional conversion of nitrogen remain constant in all the cases

simulated in the primary reformer. The major conversion took place in the inlet of the reactor. The

fractional conversion of carbondioxide fall close to zero at the outlet of the reactor in all the cases

simulated.
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Graph of fractional conversion against dimensionless length at theta(2) = 3.5
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Figure 4.2: Fractional conversion against dimensionless reactor length for a steam to gas ratio of 3.5

Figure 4.2 which shows that the fractional conversion against the dimension reactor length for a
steam to gas of 3.5 This plot shows that the methane conversion was on the increase. This also
indicate that fractional conversion of carbondioxide fall close to zero at the outlet of the reactor in all

the cases simulated.
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Graph of fractional conversion against dimensionless length at theta(2) = 4.0
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Figure 4.3: Fractional conversion against dimensionless reactor length for a steam to gas ratio of 4.0

Figure 4.3 shows that the fractional conversion against the dimension reactor length for a steam to

gas of 4.0.This graphs shows that the methane conversion was on the increase. This also indicates
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the production of hydrogen and ammonia in the secondary reform will be favoured with an increase

in the steam to gas ratio of 4.

Simulation of the plant using hysys v8.6

MIi-102 L .
FTT=1AS T

y N PER-101
i = — 4

Eil . B

i ,r":, . i MIX-100

VLV-100. ;
— il ——
PFR-102 MIX-101
; s
il C
:
TEEID

Figure 4.4: Determining the effect of steam to gas ratio using ratio 3.0,3.5,4.0
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Graph of fractional conversion against dimensionless length at theta(2) = 3.0
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Figure 4.5: Fractional conversion against dimensionless reactor length for a steam to gas ratio of 3.0

Figure 4.5: illustrate the plot showing the effect of composition variation in the performance of

ammonia production using steam to gas ratios.

This reaction is a reversible process and has backward and forward reaction (the yield of ammonia

increases and the concentration of reactant of nitrogen and hydrogen decreases). Hence when the
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backward reaction increases, the yield of ammonia decreases and the yield of nitrogen and hydrogen

increases.

When the yield of ammonia reaches about 80% conversion, the yield of nitrogen and hydrogen
drops to below 10%, hence when yield of nitrogen and hydrogen increases to about 15% and 45%
conversion respectively, the yield of ammonia drops to about 10% conversion. Finally, when the
yield of ammonia reaches at about 95% conversion, the yield of nitrogen and hydrogen drops to

almost zero.
Conclusion
Conclusion

This research work on the effect of high steam to methane ratio in ammonia production involves

review of literature, investigations, model development and matlab programming and simulation.

The following conclusion can be drawn from the work carried out;

A mathematical model has been developed to investigate the effect of steam to gas ratio on

the production of ammonia.

e A simulation to evaluate the effect of steam to gas ratio on the performance of ammonia was
successfully carried out using MATLAB tool box and ASPEN hysys v8.6.

e An increase in the steam to gas ratio of 4.0 caused a corresponding increase in the conversion
of methane, thereby favouring the performance of ammonia in the secondary reformer.

e The fractional conversion of methane gas was highest when the steam to gas ratio was 4.0

e Fractional conversion of nitrogen was constant in the reactor

e The highest conversion occurs in the inlet of the reactor.
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