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ABSTRACT

The purpose of the thesis work is to study the influence of pressure temperature,

steam/natural gas ratio on reforming process for ammonia production.

The thesis work is divided in two steps. In lirst step, a solution for calculating

equilibrium composition of the products of the steam reforming at particular

pressure, temperature and steam/natural gas ratio has been found out from the

graphical representation of InK vs. I/T involve in the process. A large number of

data representing conversion analysis of steam reforming of methane at different

pressure, temperature and steam/natural gas ratio have been calculated and

graphical representation showing influence of pressure, temperature and

steam/natural gas ratio has been plotted. From the calculated values and graphical

representation it can be seen that conversion of natural gas increases with the

increase of temperature and steamING ratio, and decreases with the increase of

operating pressure. If operating pressure has to be increased, for maximum

conversion of natural gas both temperature and steam/natural gas ratio or any of

them should be increased to compensate the decrease of conversion of natural gas

at high pressure.

In second step, for testing the validity of the theoretical analysis of steam

reforming of natural gas, process conditions of primary reformer and secondary

reformer of seven fertilizer factories in Bangladesh have been used to calculate the

theoretical outlet compositions of the reformers. The fertilizer factories whose data

have been used arc Zia Fertilizer Company Ltd. (ZFCL), Jamuna Fertilizer

Company Ltd. (.TFCL), Polash Urea Fertilizer Factory (PUFF), Natural Gas

Fertilizer Factory (NOFF), Urea Fertilizer Factory Ltd. (UFFL), Chittagong Urea

Fertilizer Ltd. (CUFL), and Karnaphuli Fertilizer Company Ltd (KAFCO). A

comparison has been performed showing the theoretical values and the actual



outlet equilibrium compositions of reflmners of different processes. A small

discrepancy of theoretical values and actual values have been observed and the

causes for these discrepancy have also been described.
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CHAPTER-l

INTRODUCTION

There are seven urea fertilizer factories in Bangladesh. In ammonia process of these

factories, the process of steam reforming of natural gas requires natural gas and steam

to produce CO, C02 and H2. Design parameters of the reforming processes of these

fertilizer factories are different from each othcr. But operation and control technique

and some other features of reforming processes are same. The findings of this thesis

work will help to give a clear idea of reforming process to the people involved with

urea fertilizer production.

The reforming of natural gas is completed in two steps. The first step is known as

primary reforming where natural gas reacts with steam at certain temperature and

pressure to produce carbon monoxide, carbon-dioxide and hydrogen. Steam/natural

gas can be used at different ratios. The second step is known as secondary reforming.

The exit gases from thc primary reformer react with air in the secondary reformer top

chamber. Air is added in this chamber where hydrogen reacts with oxygen to produce

steam. Unreacted methane again reacts with steam at the bottom chamber of the

secondary reformer to complete reforming of natural gas.

The amount of steam and air needed can be determined from stoichiometry. In

practice, amount of steam used in reforming is more than the stoichiometric amount.

Excess amount of steam is used in order to get morc conversion of natural gas and to

prevent carbon formation on the catalyst surface. The reactions which are

thermodynamically favourable may occur at inconveniently slow rates. But the

reaction will reach the equilibrium state. The equilibrium conversion of reaction does

not depend on catalyst; it depends on the thermodynamics properties.

•



The maximum possible conversion of natural gas in steam refonning can be kno~n

by using theory of chemical equilibrium [I, 2, 6, II, 12, 13, 15, 21, 26]. The chemical

equilibrium of reforming reaction depends on temperature, pressure and composition

of the reactants (i.e. steam/natural gas ratio). The intluence of pressure, temperature

and steam/natural gas ratio on reforming process for ammonia production has been

studied in this research work.

The objectives of the thesis work are:

(i) To study the intluence of temperatures on reforming reaction of ammonia

process.

(ii) To study the intluence of steam/natural gas ratio on reforming reaction.

(iii) To study the intluence of pressure on reforming reaction.

(iv) If high operating pressure is selected for reforming process, how other

variables have to be adjusted.
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CHAPTER-2

LITERATURE REVIEW

2.1 INTRODUCTION

In this chapter conversion of higher hydrocarbon to methane, usage ratio of reforming

li'om stoichiometry, operating variables of rcforming, development of equation ofthe

chemical equilibrium constant of reforming reaction, reforming problems and

favourable conditions of reforming, selection technique of operating variable of

reforming, influence of secondary reformer top chamber combustion on reforming

reaction and basic control of ammonia plant have been described.

2.1.1 Conversion of Higher Hydrocarbon to Methane

In the reforming process for ammonia production, a small amount Hz gas is recycled

with feed natural gas. So, all higher hydrocarbon of alkane group will be converted to

methane at low temperature in presence of nickel catalyst [4, 5, 23].

CzH6 + Hz = 2CH4

C3Hg + 2Hz = 3CH4

C4HIO + 3Hz = 4CH4

So, thcoretical calculation of natural gas reforming products can be performed on the

basis of mcthanc.

3



2.1.2 Calculation of Usage Ratios from Stoichiometry of Reforming

Reaction

In the process of reforming, natural gas, steam and air are converted to CO2, H2 and

N2.

Reformed gas

CH4 = I mole

Steam =M1 mole

{
M2 mol 0

Air:
3.76 M2 m

Assumptions:

Reforming

{

C02 nl mole
H2 n2 mole
N2 n3 mole

I. Methane is completely converted

2. Air composed of 21 % mole O2 and 79% mole Nitrogen

3. The reactions are happening according to the following equations

CH4(g) + H20(g) -7 CO(g) + 3H2(g)

CO(g) + H20(g) -7 CO2(g) + H2(g)

2H2(g) + 02(g) -7 2H20(g)

Now, from stoichiometry,

(
H OJ2 =2.0
CH 4 stoic

4



(~:) =2.0
S/OiC

(NZ) =3.79l02 Stoic in the (Ii,.

For ammonia production: (Nz+ 3Hz = 2N(3)

(~:) . =3.0
StOIC

Lct, the limiting reactant = CH4

Basis: 1 mole CH4

So, Steam (HzO) requirement = 2 mole according to the reaction

Hz production = 4 mole according to the reaction

As, methane is completely converted (assumed).

So, COz produced, n) = I mole

Let, the extent of reaction = I:

Oz at the inlet of reforming process = I:mole

Nz at the inlet of reforming process = 3.76 I: mole

HzO (steam) at thc inlct of reforming process = (2 - 21:) mole

Hz at the outlet ofreforming process = (4 - 21:) mole

Now, (~:)

."toic

= 3.0 (for Ammonia Production)

Or,
4-2c
~-=3.0
3.76c

5



Or, 4 - 2£ = 11.28£

Or. 13.28£=4.0

4.0c;=----
13.28

= 0.30

So, O2 at the inlet ofrcfonning, M2 = £ = 0.30 mole

N2 at the inlet of reforming, n) = 3.76 M2 = 1.13 mole

Steam at the inlet ofreforming, M\ = 2 - 2£ mole

= 2 - 2 x 0.3

= 1.4 mole

H2 at the outlet of reforming, n2 = 4 - 2£

= 4 -2 x 0.3

= 3.4 mole

Now.

CH4 = I mole

Steam = 1.4 mole

Reformed gas

Air:

--,------- .•
{
0.3 mol Oz
1.13 mol Nz

Reforming

6

• {COz = 1 mole
Hz =3.4 mole
Nz =1.13 mole

•'I,
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2.1.3 Reforming Operating Variables

The operating variables for reforming arc pressure, temperature, and steam/natural gas

ratio. Natural gas and steam are supplied in the primary reformer inlet. Air is supplied

1<)1' the requirement ofN2 during secondary rel<mning.

(i) Pressure:

From the reforming reactions, it call be seell that the total moles of products is

higher than the moles of reactants. and the reaction is also reversible. So,

according to Le-Chatteliere principle [8] the conversion of natural gas will

increase with the decrease of pressure. Ever since an increase in the primary

reforming pressure has made possible reductions in the cost and energy

consumption of ammonia plants. the extent of that increase. that is, the

optimum pressure, has come under considerable study. Because this pressures,

when coupled with contemporary energy management systems, have afforded

a reduction in both plan investment and fuel (or feed) costs. The key to the

success of these systems is the pronounced increase in equilibrium constant

brought about by increasing re1<mning temperatures to the limits of

contemporary tuhe alloys. The consequent equilibrium constants permit

reaction rates high enough for sat isl~lctory reforming in a single pass through

the catalyst-tilled tubes.

The kinetics of high pressure steam ~ methane reforming have been studied by

Atrochenko and Zviaginzev [22] at pressures up to 41 atm, temperatures of

873 - 1073 K, steam-to-methane ratios of 0.5 - 4.0, and space velocities of

3,000 - 50.000 hr"l, in a lahoratory reactor with a diameter of 25 mm. The

diameter of the catalyst pellets was 3 - 4 mm. the free space was 70%, and the

catalyst volume was 10 cm"'. The space velocity corresponding to this contact

time indicates the effects of increase in pressure.

7



The contact timc 1: (in scc), was determined by:

where.

3600
r=--X

1000
mV"P273

TQ?"

m = the free space between the catalyst particles, fraction;

VI' = the useful volume of the reaction zone, em3;

P = the reaction pressure, atm;

T = the reaction temperature, K and

Qcpo = the arithmetic average of the volumes of the incoming and

outgoing stcam - gas mixtures at standard conditions.

Thc authors reported that at prcssures of 6, I I, 26 and 41 atm, the

corresponding space velocity was about 3000, 8000, 12,000, and 19,000 hr"l,

Under thcse conditions of study, equilibrium can be achieved in about 0,20 -

0.25 sec.

(ii) Temperature:

Reforming reaction is an endothermic reaction. So a large amount of heat is

requircd to shi ft the reaction in (he I(Hward direction. Again, the conversion of

natural gas will be increased with the increase of temperature. On decreasing

refonning temperature, the effect is reversed.

(iii) Steam/Natural Gas Ratio:

According to the low of mass action, the rate of chemical reaction is population

to the active mass of each of the reactants present in the system. In the

reforming process, maximum amount of steam is introduced for maximum

8



conversion of natural gas. Again. sunicient steam is required to prevent coking

the catalyst. At the same time. uti Iity consumption will increase. So, in the

modern process steamiNG ratio is kept 1.4 to 3.5 [14].

In primary reforming natural gas and steam passes through the nickel catalyst

where natural gas is partially relim1ll:d. The partially reformed gas from the

primary rc1imller enters the secondary relimllcr inlet chamber. Air is supplied

in this chamber for combustion, where chromium oxide catalyst is used. From

the stoichiometric calculation it is seen that AirING ratio is to be 1.43 for the

requircmcnt of I-liN] = 3 li,r ammonia production. From the combustion zone

of the sccondary rclimncr the now passcs through a bed of nickcl catalyst to

complete thc rc1ixming reaction. Maximum efl'iciency of thc overall reforming

operation rcquircs that as much rciimning as possible be done in this partial -

combustion step. Utilization of combustion energy reduces the fuel gas

requirement in the primary reforming furnacc. However, the amount of air

charged to the secondary reformer is set by the nitrogcn requirements, so the

degree of ovcrall reforming will be rcgulated by variation of primary reformer

temperatures. Increasing thc air flow will raise the temperature and a decrease

firing rate in the primary reformer furnace should be used to compensate as

conditions dictatc. Whcn conditions arc at an optimum and a changc in fced

gas flow is neccssary. a proportional changc in the same direction of the air

rate will be requircd to maintain thc H]/N] balance.

2.1.4 Problem of Reforming

Again possible carbon formation reaction during relimning proc~ss is as li)lIows [3.

14]:

2CO ~ C + CO]

l)



The carbon formation reaction is Jelinitely unwanted since it lorms carbon, increases

the pressure drop through the reformer, and coats the surface of the catalyst, thereby

rendering it inactive. The equilibrium constant for the carbon lormation reaction is

P("o,
K I' =----

p2
co

PX("o2
2P.P.X
("()

The requirement for carbon reaction quite clear, namely, carbon will deposit on the

catalyst ofthe composition of the gases is such that

Thus carbon deposition can be prevented in the 1()lIowingways.

i) Reducing pressure

ii) Increasing temperature to reduce the values of K"

iii) Increasing the ratios of steam to hydrocarbon to shift more carbon monoxide

over to carbon dioxide.

2.1.5 Favou rable Conditions of Reforming Process

Maximum steam/Natural gas ratio. high temperature and low pressures are favourable

conditions for maximum conversion ,)1'natural gas and it will also prevent carbon

deposition on the catalyst surlil<.:e.

10



2.2 CHEMICAL EQUILIBRIA OF REFORMING REACTIONS

'rhc gcncral equilibrium for stcam reforming of hydrocarbon [25] is

2n+m
CnHm +nHzO B nCO+ 2 Hz (Endothermic)

For mcthane.

-ill-l = 49.3 Kcallmol

At the same time, water-gas shift equilibrium is established

1'>1-1 = - 9.84 Kcallmol

A mixturc of Hz. CO. CO2 and CI-L, is conscqucntly obtained. thc composition of

which is defined by appropriate chemical equilibrium.

Thermodynamic and Kinetic considerations suggest that the conversion of methane to

carbon monoxide requires low pressure and high temperature [9, 10]. Pressure have

no effect on the shift conversion of CO to CO2• but this shift conversion is favourable

at low temperatures. Both thesc reactions require presence of catalyst.

Favourable conditions of reforming reaction and shift conversion reaction can be

found from the analysis of the relation among equilibrium constants, extent of

reaction, pressure and temperatures.

2.2.1 Relation between Equilibrium Constant and Tcmpcrature

The standard property changes of a reaction. such as I'>Go and -ilHo. vary with the

equilibrium temperature. The dependence of I'>Go on T is given by [7, 21]:

I I



-!1H"
RT

But !1G"
-- = -InK
RT

Therefore,
dOn K)
dT

(I)

Equation (I) gives the effect of temperature on equilibrium constant, hence the

equilibrium yield.

Ir i'll-I" is negative, thc reaction is exothermic. the cquilibrium constant decreases as

the temperature increases.

Conversely, K increases with T for an endothermic reaction. If L'.H", the standard

enthalpy change (Heat) of reaction IS assumed independent of T, integration of

equation (I) leads to a simple result

In: =_!1~"U-;J
1

(2)

This approximate equation implies that a plot of K vs. reciprocal of absolute

temperature is a straight line. A plot of InK vs. Iff for a number of common

reactions, shown in Fig. 2.1 illustrates this linearity. Another plot for reforming

reaction has been shown in Fig. 2.2. Thus the equation (2) provides a reasonably

accurate relation for the interpolation and extrapolation of equilibrium - constant data.

12
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2.2.2 Equilibrium Constants of Reforming Reaction

Some common reactions related to reforming reaction are as follows:

C + \1202 -7 CO

H2 + \1202 -7 Hz{)

C + 21-12 -7 CI-I4

By adding equations (2) and (3) we find

Subtracting equation (4) from equation ( I). liT lind

Therefore, CH4 + H20 -7 CO + 3H2

(I)

(2)
(3)

(4)

(5)

If t-.GJ, t-.G2, t-.G, arc the Gibbs free energyl()r reactions (I), (2). and (3) and t-.G is

the Gibbs free energy I()r reforming reaction.

Let. the equilibrium constants of equation (1), (2) and (3) be KJ, K2 and K,

respectively, and the equilibrium constant relorming is K.

- InK = - InK, + InK2 + InK,

or. InK = InK1- InK1 - InK1

or.

Therefore,

15
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From the graph of InK vs. liT : K I, K2 and K, of three different reactions at dilferent

temperatures can be known and finally from equation (6), the equilibrium constant for

the reforming at the respective temperature can be calculated.

Now, assume I: is the extent of reaction for the equation CH4 + H20 -7 CO + 3H2

(i) If I mole (-Ii) (steam) and I mole CI-I"arc available for reforming; then,

n = no + VI: = 2 + 21:

( J
'& 38

"-------- . ------
2+28 2+2& 2

= U:-i;JU:;8 J P

2784 p2
=
(2'+ 28)2 (1- &)2

(ii) 11'2mole H20 (steam) and I mole CH4 are available.

27&4 2

Krclorm = (3+2&)2 (1-c)(2-8{

(iii) If 3 mole H20 (steam) and I mcle CI L, arc available, then

2h.4K p2
reform = ( )4 ( X )4+28 1-& 3-&

(iv) 11'4 mole H20 (steam) and I mole CH4 are available, then

16



27&4.p2

K reform = ( )4 ( X )5+ 2li 1- li 4 - li

(v) If 5 mole H20 (steam) and I mole CH'I arc available. then

K = 27&4.p2
reform ( )4 ( )( )6 + 2s I -li 5 - s

(vi) If 6 mole H20 (steam) and I mole CH4 are available, then

27&4.p2

K re/in-m = ( )4 ( . )( . )7 +2;;' I - & 5 - ;;.

2.2.3 Equilibrium Constant of Water Gas-Shift Reaction

Let, E is the extent of reaction for the equation CO + H20 <::::> CO2 + H2

(i) If I mole H20 (steam) and I mole CO arc available for shift reaction, then-

nco=l-s,

n = no + v!: = 2 + 0 = 2

Mole fraction in equilibrium are-

I-se
y('() =

2

lie
YC02 =2'

I-liev - ---.' "'2° - ')~

Sc
YII =-/

2 2

17



2 2
(1-&(') (1-&(')

....-.- ----~_.-
2 2

=

(ii) If2 mole H20 (steam) and I mole CO are available, then

(iii) If2 mole H20 (steam) and I mole CO are available, then

2
&('

K,"hifi = (I _. X3 - )
&(' &e

(iv) If 4 mole H20 (steam) and 1 mole CO arc available, then

(v) If 5 mole H20 (steam) and I mole CO arc available, then

(vi) If 6 mole H20 (steam) and I molc CO arc availablc, then

2&e
K shift = (I - & X6 _ & )C C

18



2.2.4 Influence of Secondary Reformer (Top Chamber) Combustion

on its Reforming Process

Let, initial moles at 800°C, methane = I mole, air = 1.43 mole, steam = 4 moles and

pressure 30 bar. So the composition of primary reformer outlet will be as follows:

Component moles

CH4 0.35

H2 1.95

CO 0.33

CO2 0.32

H2O 3.35

N2 1.13

O2 0.30

[From theory based calculated values of table 4.4 and from stoichiometric calculation

of section 2.1.2]

Now, assume the following two combustion reactions occur at the top chamber of the

secondary reformer. K1 and K2 are equilibrium constants of these reactions

respectively.

H2 + '1202 -7 H20

CO + '1202 -7 CO2

Stoichiometric numbers Viz can be arranged as follows:

(I)

(II)

.T CH4 H2 CO CO2 H2O N2 O2 Vi

1 0 -1 0 0 I 0 -'12 -'/:,

2 0 0 -I -1 0 0 -'/:, -'12

19



1 .95 - 8 I

Y H 2 - 7. 87 - \I, 8 1 - \I, 8 2

0.33-82
Yco 7.87-Y281-\I,&2

0.32+82
Yco2 7.87-\1,81-\1,82

3.35+82
YH20 7.87-\1,8\ -\1,&2

0.3 - ,Yz 81 -~ 82

Y02 7.87-\1,81-\1,82

1.13
Y N2 7.87 - ,Yz81 - ,Yz82

0.35
YCH4 7.87 - )~ &1 - }~ 82

(3.35+&IX7.87- Y28\,Yz82)J~

K1
- (1.95-81X0.3- ,Yz81- ,Yz82)

(0.32+&2X7.87- J~81/~82)~
K2 (0.33-81XO.3-)128\-,Yz82)

20



Data for chcmical equilibrium constant

Tcmpcrature (0C) Chemical equilibrium constant

K, K2
600 8.77 x lO" 7.2 x 1010

700 0.26 x lOll 3.23 X 1010

800 0.13 x lO" 0.37 x 1010

1000 0.14x 1010 0.79 x 109

The values of K is so large that the quantity (0.3 - Y,EI - !liE2) which appears in the

denominator of the expression for each K to be nearly zero.

This means that mole fraction of oxygen in the equilibrium mixture is very small. For

practical purposes, no oxygen will remain unreacted after combustion in the

secondary reformer top chamber.

Now. the equation which have been Supp(ised to occur at the top of the secondary

rcformer arc

I-h+ !li02 ~ H20

CO + Y,02 ~ CO2

Thc above cquations can bc included in the formation reaction of reforming product

CO and CO2• This has been discussed in the sed ion 2.2.2.

21



2.3 SELECTION OF THE OPTIMUM OPERATING VARIABLES

OF STEAM REFORMING

Selection of a best operating variable depends on the economic balance of ammonia

yield. production capacity. utility consumption, catalyst life etc. [16, 17, 18, 19,20,

23 I. Bul in this research work. optilllulll "per,lting variables arc discussed by the

analysis of reaction characteristics.

2.3.1 Operating Pressu re Seleetion

The reforming reaction is lessl~lvourable at high pressures. In synthesis of ammonia,

synthesis-gas (mixture of hydrogcn and nitrogen) arc compressed at high pressures.

Since the volume of the Iced gas is much smaller than the volume of the reformed

gases. it is easier and cheaper to compress the gases before reforming. If pressures of

the synthesis gas production units (primary and secondary reformer) are increased, the

energy for synthesis gas compressor will be required in a lower amount.

2.3.2 Adjusting Steam/Natural Gas Ratio and Temperatures

Natural gas is considerably more valuable than steam. So, it is usual practice to feed

less expensive steam in excess than the valuable natural gas to increase its conversion.

Selection of high reforming pressure decrease the conversion of natural gas. Again, if

there is a slip of natural gas through outlet of secondary reformer, it acts as an inert in

the synthesis loop and decrease the ammonia yield. So, steamiNatural gas ratio and

temperatures are to be adjusted in such a way so that maximum conversion of natural

gas is possible [14, 17].
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2.4 BASIC CONTROL OF AMMONIA PROCESS

The whole ammonia plant has three basic controls [23]:

I. Feed gas determines the production rate and is set by steam/feed gas ratio.

2. Air rate determines the hydrogen/nitrogen ratio and is set by air /feed gas ratio

3. Suction pressure of the synthesis gas compressor sets the operating pressure of the

circuit from primary reformer to synthesis gas Compressor.

To protect the primary reformer and other elements from carbon deposition and to

increase or decrease production rate, process steam is adjusted accordingly and the

ratio controller will automatically adjust the feed gas rate. The design setpoints of the

ratio controller of steam to feed gas ratio is based on a feed gas composition with a

molecular weight. If the composition changes, the operators should adjust the

setpoints accordingly. The process air rate is set by the air to feed gas ratio controller.

The pressure in the circuit from the primary reformer to the synthesis gas compressor

suction is set by the suction pressure of the synthesis gas compressor and the pressure

drop in the equipment within the circuit. The synthesis gas compressor suction

pressure is maintained on pressure control which adjusts the speed of the machine to

compress all of the gas coming to the machine into the synthesis loop. The operating

pressure of the synthesis loop is set by the amount of synthesis gas going to the

synthesis gas compressor and other operating parameters in the synthesis loop.
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CHAPTER-3

PROCESS DESCRIPTION

3.1 INTRODUCTION

There was no experimental setup In the laboratory to investigate the individual

influence of prcssurc, temperature and steam/methane ratio on rcfi.lfIning reaction.

Operating data of reforming units of sewn fertilizer factories existing in different

parts of Bangladesh and their lahoratory analysis data have been collected. Based on

these data primary reformer outlet and secondary reformer outlet equilibrium

compositions have heen calculated. Individual inl1ucnce of pressure, temperature and

steam/methane ratio on reforming reaction has been analyzed by theory hased

calculation.

A simplified flow diagram of reforming process, schematic diagrams of primary

reformer and secondary reformer, and a description of primary reformer and

secondary reformer have been included in this chapter.

3.2 DESCRIPTION OF REFORMING PROCESS

A simplified flow diagram of reforming process is shown in Fig. 3.1. Description of

this flow diagram is given below:

The sequence of the process for the production of rcforming can he simplilied as:

Cleaning of raw material. Desuiphurization and Reforming.

Primary raw material for ammonia is natural gas. Other than natural gas the raw

materials for the ammonia production arc water for steam production. and

atmospheric air is as the source of nitrogen. Ammonia is produced from hydrogen and
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nitrogen. Nitrogen can be easily obtained from air, but hydrogen can not. The

reforming process used in most of the ammonia plant is the steam reforming process.

Natural gas contains a little amount of oil particles, dust particles and moisture etc.

For the purification of this gas, the gas passes through knock out drum, cyclone

separator, dust separator, filter etc. This gas is first preheated (90-100"C) in the

preheater and then heated in the coil of flue gas duct convection section (390-400"C).

Natural gas contains compounds. which can poison catalyst, must be trcatcd properly.

Hydrogen sul1ide is easily removed by Zinc Oxide in presence of cobalt molybdenum

catalyst.

ZnO + HzS = ZnS + HzO

In the reforming process for ammonia production, a small amount Hz gas is rccyclcd

with feed natural gas. So, all higher hydrocarbon of alkane group will be converted to

methane at low temperature in presenc..: of nickel catalyst [4,23].

CzH6 + Hz = 2CH4

C3Hs + 2Hz = 3CH4

C4HIO + 3Hz = 4CH4

The treated natural gas is then mixed with steam and reformed at 700 - 800 "c over a

nickel based catalyst in primary reformer. The following reactions occur.

CH4 + HzO = CO + 3Hz

CO + HzO = COz + Hz

The reforming reactions are highly endothermic where heat is supplied by combustion

of a mixture of purge gas, cracked gas and undesulphurised natural gas. The products

of primary reformer, Hz. CO and COz together with some amount or unconverted
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methane and steam, enter into the secondary reformer. Air is added to provide

nitrogen and oxygen. The reactions occurring over nickel oxide catalyst are

CH4 + 202 = CO2 + 2H20

2CO + O2 = 2C02

2H2 + O2 = 2H20

The reformed gases leaving the secondary reformer at 900 - 1000 "C. are cooled by

generating high-pressure steam and partly preheating boiler feed water before entering

to high temperature shift converter.

3.3 DESCRIPTION OF PRIMARY REFORMER

The primary reformer is shown in Fig. 3.2. The primary reformer is designed as a

box type furnace with usually some vertical rows of 40-50 tubes each. To ensure

uniform heating of reformer tubes, forced-draught burners are arranged in the ceiling

of furnace. The burners can also be arranged at two sidewalls.

Flue-gas ducts are arranged between the tube rows on the reformer bottom. The Hue-

gases are withdrawn through slots in the sidewalls of the ducts. These gases are fed

to the waste heat recovery system. To compensate for varying pressure drops of flue

gas streams across the height and length of the reformer box, the number of slots per

unit of length over the length of the Hue-gas ducts is not uniform.

The feed (natural gas plus process steam) is fed in to the reformer tubes through an

inlet manifold system arranged above the reformer ceiling. The feed Hows through

the catalyst beds from top to bottom. The process gas flows from the reformer tubes

into the refractory-lined header system, the tubes being directly mounted on and

welded on the headers.
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Typical dimensions of the box type chamber are [25]:

Height: 10 m

Width: 15 m

Length: 19 m

3.3.1 Burner System

The burners are arranged in rows, running parallel to the reformer tube rows. They

are of forced draught type and designed for burning natural gas, tail gas or a mixture

of tail gas and natural gas in the same burner. The burners are designed for 110%

capacity Le. reformer capacity is not reduced even if several burners fail

temporarily. The burners can be operated within a range of 1:4. This means that

reformer load may be reduced to about 30% without having to shutdown any

burners.

Atmospheric air IS used as combustion air and is supplied to the burners by

combustion air fan via a preheater and a pipeline in which the flow metering and

regulating devices are arranged.

3.3.2 Reformer Tubes

The reformer tubes are made of alloys containing about 25% Cr, 20% Ni, 0.35% C

and 1.5% Nb and balance Fe.

Typical criteria can be summarized as follows [25]:

Design pressure: 35 bar

Design temperature: 900°C

Inside diameter: 100 mm

Wall thickness: 15 mm
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Ikaled length: 10m

Tot,d length: 12 m

3.4 DESCRIPTION OF SECONDARY REFORMER

Schematic diagram of the secondary reformer is given in Fig. 3.3. The process gas

from primary reformer enters the vessel through a central tube which flows upward

and is discharged via slots. Then it passes through the open end of the tube into the.

upper cylindrical section of the secondary reformer. Devices for diverting the gas

stream are installed at the open end of the central tube. The gas is mixed with air and

burnt. The flame develops in the conical section. The heated gas passes through the

catalyst bed and another layer of inert materia!. It is then discharged via slots into the

annular arch at the bollom of the vessel. where the gas flows via nozzle to the waste

heat boiler.

The secondary reformer has a multi-layered brieklining wall. Because of the reducing

nature of the gas atmosphere. all bricks combing into contact with the process gas are

made of refractory material with a high allumina content (99% AI20J). The Si02

content is less than 0.60%, the re20J content being smaller than 0.2%. The

remaining layers serve as thermal insulation and take up any thermal expansion.

While the temperature in the combustion chamber is 1300"e. the shell temperature is

only 100"e. The entire secondary reformer is provided with a water jacket, in order

to ensure adequate cooling in case of l1aws in the brick lining, thus obviating the need

to shut down the unit. The level in the water jacket is controlled automatically and

displayed in the control room.

30



I

j. InM no:r3'e..
,2. unUuL !ube. .
3. &f'fle.r-
l.J. (w;} fnM toCmnbJ~

Chol'll6eP .
5 S.AnnulQr A~ Gamber>.

6. Outlet NoS'5
'
e..

6 7. Ai,. Inkt .

H.S.3'3 A SCJ-lEMATIC DJA6RAM OF SECONDARY REFORMER

31



3.5 OPERATING DATA OF REFORMING UNIT OF

DIFFERENT FERTILIZER FACTORIES OF BANGLADESH

The operating data which have heen collected from different fertilizer factories of

Bangladesh arc:

Process parameters of pnmary reformer such as stcam/natural gas ratio,

pressure, temperature and natural gas composition of primary reformer inlet

and outlet, comparison of primary reformer inlet natural gas composition,

comparison of primary reformer outlet reformed gas composition.

Secondary reformer inlet airflow i.e. Air/natural gas ratio,

Secondary reformer outlet pressure. temperature and composition and

comparison of secondary reformer outlet composition.

The ahove mentioned data have been included in the appendix - B.
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CHAPTER-4

RESULTS AND DISCUSSIONS

4.1 INTRODUCTION

The thesis work was carried out to investigate the intluence of pressure, temperature,

and steam/natural gas ratio on reforming process. In the calculation of usage ratios

from stoichiometry of reforming process, it is found that lor complete conversion of

each mole of methane 1.4 mole steam should he used. If theory of chemical equilibria

is applied for linding out the usage ratio of steam/methane, it is found that at constant

pressure and temperaturc, conversion of methane increases with the increase of

steam/methane ratio. Ifhigh temperature and low opcrating pressure is applied, higher

conversion can be achieved with low steam/methane ratio. Al1these data related to the

influence of pressure, temperature, and steam/natural gas ratio on reforming process

have been arranged in the tabular form in Appendix - A.

From collected data of different fertilizer factories in Bangladesh, it is seen that

operating data of reforming process arc different from each other. So individual

intluence of pressure, temperature and steam/methane ratio can not he observed. But

the validity of the thcory-hased calculation can be justilied by the collected operating

data. These data also show that low pressure has been used for maximum conversion

of natural gas in older reforming process. But in modern reforming process, high

pressure has been used for reforming of natural gas.
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4.2 ANALYSIS OF THEORY BASED CALCULATED DATA

In theoretical calculation, theory of chemical equilibrium has been applied for finding

out the maximum conversion of natural gas in steam reforming process. In the

calculation of equilibrium conversion. the inl1uencc of catalyst on the reforming

reaction has not been considered. because the equilibrium conversion of the reaction

depends on the thermodynamic properties and not on the catalyst behaviour.

From Tahle 4.1 it can be obserwd that al a constant steam/methane ratio ( I ). methane

conversion increases with the increase of temperature. At thc samc steam/methane

ratio and at constant pressure (lObar), methane conversion is higher at 700"C than

that of the conversion at 600"C. This conversion increascs gradually at soo"e. 900"e

and 1000oe. If pressure is increased such as 30 bar, 40 bar or 50 bar, methane

conversion at each constant pressure increases with the increase of temperature. But at

each operating temperature conversion of methanc gradually decreases at 20 hal'. 30

bar, 40 bar or 50 bar pressure than the conversion of methane at lObar pressure.

From Table 4.2 it can be seen that at constant pressure (lObar) and constant

steam/methane ratio (2), conversion of methane increases from 0.22 to 0.99 with the

increase of temperature from 600"e to Iooo"e. At the same steam/methane ratio, and

temperature at 600"e, conversion of methane decreases li't,m 0.22 to 0.06 with the

increase of pressure Irom 10 hal' to 50 bar. At each temperatures of 700"(:. 800"(',

900"e and Iooo"e, conversion of methane decreases with the increase of pressure

from 10 bar to 50 bar. But as the steam/methane ratio has been increased, methane

conversion is higher than the methane conversion at steam/methane ratio = I.

Prom Table 4.3 it can be seen that if steam/methane ratio = 3. methane conversion

increases from 0.275 to 0.992 when temperature increases from 600"e to 1ooo"e and

methane conversion decreases li'om 0.275 to 0.11 when pressure increases Illr 10 hal'

to 50 bar i.e.; methane conversion increases with the increase of temperature while it
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decrease with pressure. But as the steam/methane ratio has been increased, methane

conversion is higher than that oCsteam/methane ratio = 2 or I.

From Table 4.4 and 4.5 it can be seen that if steam/methane ratio IS 4 and 5

respectively, methane conversion decrease with the increase oC pressure. Although

methane conversion to carbon l\Iolloxidc decrcases with thc illcrcase or pressure, it is

possible to attain greater conversion oC methane at higher pressure. iC steam/methane

ratio or temperature is increased.

Table - 4.1 Fractional conversion or methane during steam reI()rming at di Ilcrent

pressures and temperatures. when steam/methane ratio = I

(CH4 +1-120 = CO + 31-12,when steam = I mole)

Fractional conversion at diCCerent temperatures oCthe reforming unit

Pressure 600°C 700"C 800"C 900"C IDDO"C
(Bar)

10 0.15 D.31 D.515 D.84 D.89
---

20 0.10 0.22 0.39 0.74 0.82

30 0.09 D.16 0.29 D.64 0.76
--

40 0.075 0.15 D.28 0.62 D.70

50 0.06 0.12 0.26 0.53 0.67
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Table - 4.2 fractional conversion of methane during steam reforming at different

pressures and temperatures, when steam/methane ratio = 2

(CH4 + HzO = CO + 3Hz when steam = 2 mole)

Fractional conversion at different temperatures of the reforming unit
- _.

Pressure 600"C 700"C 800"C 900"C IOOO"C
(Bar)

10 0.22 0.41 0.705 0.975 0.99
- --_ .._-_._- ----

20 0.155 0.30 0.55 0.92 0.965

30 0.10 0.25 0.50 0.895 0.905

40 0.085 0.215 0.41 0.81 0.895
-

50 0.07 0.195 0.375 0.75 0.855

Table - 4.3 Fractional conversion of methane during steam reforming at ditTerent

pressures and temperatures, when steam/methane ratio = 3

(CH4 + HzO = CO + 3Hz when steam = 3 mole)

fractional conversion at different temperature of the reforming unit

Pressure 600"C 700"C 800"C 900"C IOOO"C
(Bar)

10 0.275 0.505 0.80 0.99 0.992

20 0.205 0.375 0.66 0.94 0.985
.

30 0.140 0.31 0.575 0.905 0.965

40 0.120 0.29 0.51 0.90 0.935

50 0.110 0.245 0.50 0.86 0.930._-
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Table - 4.4 Fractional conversion of methane during steam reforming at different

pressures and temperatures, when steam/methane ratio = 4

(CH4 + H20 = CO + 31-12whcn steam = 4 mole)

Fractional conversion at different temperature of the reforming unit

Pressure 600°C 700°C 800°C 900°C JOOO"C

(Bar)

10 0.325 0.59 0.875 0.992 0.993

20 0.23 0,49 0.745 0.985 0.99\

30 0.16 0.395 0.65 0.96 0.985

40 0.15 0.32 0.58 0.945 0.965

SO 0.14 0.28 0.525 0.920 0.945

Table - 4.5 Fractional conversion of methane during steam reforming at different

pressures and temperatures, when steam/methane ratio = 5

(CH4 + H20 = CO -;-31-12when steam = 5 mole)

Fractional conversion at different temperature of the reforming unit

Pressure 600°C 700°C 800"C 900°C 1000"C

(Bar)

JO 0.365 0.65 0.915 0.997 0.999

20 0.270 0.50 0.785 0.991 0.996

30 0.220 0.41 0.71 0.978 0.991

40 0.180 0.36 0.65 0.960 0.985

50 0.170 0.33 0.59 0.945 0.976
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During reforming process a water-gas shin reaction occurs, which is exothermic in

nature. From Table 4.6 it can be seen that if steam/CO ratio = I, CO conversion

gradually decrease at temperatures 200"C, 400"C, 600"C, 700"C, 800"c. 900"C and

IOOO"C;but if steam/CO ratio is increased CO conversion at higher temperature can

be inercased.

Although CO conversion to CO2 decreases with the increase of temperature, it is

possible to attain greater conversion of CO to CO2 at higher temperature, if steam/CO

ratio is increased.

Table - 4.6 Fractional conversion of CO to CO2 at different temperatures during shin

reaction (CO + 1-120~ CO2 + 1-12)

Fractional conversio:l of CO to CO2 at different temperatures

Moles of 200"C 300"C 400"C 700"C 800"C 900"C Iooo"e
steam

I 0.92 0.879 0.78 0.56 0.50 0.47 0.444

2 0.99 0.98 0.93 0.73 0.65 0.629 0.598
------

3 0.996 0.99 (J.96 (J.81 (J.72 (J.714 (J.MI
- --

4 0.997 0.993 0.974 0.85 0.82 0.766 0.679

5 0.998 0.995 0.98 0.88 0.87 0.868 0.775

6 0.999 0.996 0.992 0.92 0.89 0.85 0.83
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4.3 GRAPHICAL ANALYSIS OF STEAM

OPERA TING VARIABLES

REFORMING

By the graphical analysis of thc thcorclical valucs, the inlluencc of pressurc,

temperature and steam/methane ratio on the reforming proecss of methanc can be

explained easily.

4.3.1 Influence of Temperature on Reforming Reaction

From Fig. 4.1 it is sccn that wht:n pressurt: = \0 bar and stt:am/mt:thanc ratio =

rcmain t:onstant, methant: t:onvt:rsion is 12'X, at tt:mperature 600"C. Conversion of

methane is 35'Vo, 75%, and 88% at temperatures 700"C, 900"C and \OOO"C

respectively! When steam/mcthane ratio is 2, mclhane conversion is 21% at

temperature 600"C. Conversion of methane is 45%, 87%, and 97% at temperatures

700"C, 900"C and 1000"C respectively.

From Fig. 4.2 it is seen that when pressure (20 bar) and steam/methane ratio =

remain constant, methane conversion is 10% at temperature 600"C. Convcrsion of

methane is 21%, 72%, and 82% at temperatures 700"C, 900"C and \ ()()()"C

respectively. When steam/methanc ratio is 2, mcthanc conversion is \4% at

temperature 600"C. Conversion of mt:thunt: is 30%, 80%, and 9\ % at tt:mpt:ratures

700"C, 900"C and IOOO"Crespectively.

So at constant pressure and constant stt:am/mt:thane ratio, conversIOn of mt:thant:

incrt:ase with tht: int:reasc of tcmpt:raturt:. On dt:creasing tcmperature, tht: t:lTect is

revcrscd, Iflow temperaturt: is st:lt:clt:d for any rt:/'orming system, otht:r variabks such

as pressure should be decreased or steam/methane ratio should be increast:d It)!" higher

conversion of methane.
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4.3.2 Influence of Steam/Methane Ratio on Reforming Reaction

From Fig. 4.3 it is seen that when temperature (1000 "C) and pressure (lObar) remain

constant, methane conversion is 8!Wo at steam/methane ratio = I. Conversion of

methane is 98%, 99%, 99.2'Yo and 99.5% at steam/methane ratio = 2, 3, 4, and 5

respedively. When pressure is 30 bar. methane convcrsion is 76'Yt, at steam/methane

ratio = I. Conversion of methane is 91'X" 96.5'Y<"98% and 98.5% at steam/methane

ratio 2, 3, 4, and 5 respectively.

From Fig. 4.4 it is seen that when temperature (700 "C) and pressure (10 bar) remain

constant, methane conversion is 31.5% at steam/methane ratio = 1. Conversion of

methane is 42%, 51%, 58% and 65% at steam/methane ratio 2, 3, 4. and 5
(

respectIvely. When pressure is 30 bar. methanc conversion is 15.5% at steam/methane

ratio = I. Conversion of methane is 25%, 32%, 39% and 44% at steam/methane ratio

2,3,4, and 5 respectively.

So, at constant temperature and constant pressure, methane conversion increase with

the increase of steam/methane ratio. It is known that sufficient amount of steam is

needed in reforming to prevent coking of the catalyst. At the same time, utilities

consumption will increase. For other than minor deviations, the operation is usually

most economical at closely approaching design steam to natural gas ratio 1.4 to 3.5.

42



654

I
._----------~

I---- ----.--- --...-- --------------1

I
---------1

I
i
t

----------~--------

21 3
Steam/methane ratio

4.3 Conversion of methane vs. steam/methane ratio for reforming at temperature 1000 CFig.

0.75 i-

i __ __
I .~-=::-;--I07l------ - ---7-------- ..----------- .. l=~:;::;~
I . . i C = 30 bar I I
I 'I D = 40 bar I iI , I065 , 1_E = 50 bar I

i
0.6 '

o

1 I

0."1 ..
10.9 I

~ I
fij 085 i
~ IE

t • __
' _.-••..• I _~_g 08 1-----

o ..~
~
>c:o
l)

~
\»



1 2 3 4 5
Steam/methane ratio

Fig. 4.4 Conversion of methane vs. steam/methane ratio for reforming at 700 C

0.5~---

6

i

I-1'-----------'
i-A= 10bar'
I-B=20bar
'-C=30 bar
-D=40 bar
I-E= 50bari

I

,._,.-- ---_._-------

I:1_
--- I

-----r
I

I
----------+-------------------

o
o

0.1

0.6

0.7

Q) I
ffi I£; I
E

Q)0.4,' "------'6 I ----:---~-

5 I
'i!! I
Q) 0.3 L_

~ Io '() ,
I

0.2 t--

.t'..r



4.3.3 Influence of Pressure on Reforming Reaction

From Fig. 4.5 it is seen that when temperature (1000 "C) and steam/methane ratio = 1

remain constant methane conversion is 89% at pressure lObar. Conversion of

methane is 85.5%, 82%, 77% and 72% at pressures 20 bar, 30 bar, 40 bar, and 50 bar

respcctively. Whcn steam/mclhal1l: ralio is 2. mcthanc convcrs ion is 97'1<. at prcssurc

10 bar. Conversion of methane is 95.5%, 93'Vo. 90% and 86% at pressures 20 bar, 30

bar, 40 bar, and 50 bar respectively.

From Fig. 4.6 it is seen that whcn tempcraturc (900 lie) and steam/mcthane ratio =

remain constant, methanc conversion is 86°;', at constant pressure lObar. Conversion

of mcthane is 77%, 69.5%. 62% and 55% al pressures 20 bar, 30 bar, 40 bar. and 50

bar respectively. Whcn steam/methane ratio is 2. methane conversion is 94% at

pressure 10 bar. Conversion of methane is 89%. 84%. 80% and 76% at pressures 20

bar, 30 bar, 40 bar, and 50 bar respectively.

So, at constant temperature and constant steam/methane ratio, methane conversion

decreases with the increase or pressure. Thc increasing pressurc has an effect similar

to dccreasing temperature. i.e. conversion or methane will decrease with incrcasing

pressure.
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4.3.4 Adjustment of Temperature, Pressure and Steam/Methane Ratio for

Getting Different Conversion of Methane

From Fig. 4.7 iris seen that when steam/methane ratio remains constant, for a specific

convcrsion of methane (50'%) differcnt operating pressurcs such as lObar, 20 bar, 30

bar, 40 bar etc. can be applied. When lObar pressurc is applied for 50% convcrsion

operating temperature should bc 725"e. II' 20 bar, 30 bar, 40 bar and 50 bar prcssures

arc applicd, tcmperatures should be 760"e. 793"e. !l20"e and !l55"e respectively I<lr

same conversion of methanc in steam rel<)I"Jning.For 60% conversion of methane

operating pressure can be selected as lObar. 20 bar. 30 bar. 40 bar and 50 bar; but

operating tcmperature should be 760"e. XIO"e, X45"e, X75"e anti 91o"e respectively.

From Fig 4.8 it is seen that whcn steam/methane ratio is 2, for a specific conversion of

methane, different pressures such as lObar, 20 bar, 30 bar, 40 bar and 50 bar can be

selected for reforming reaction; but temperature should be 695°e, 725"C. 750°C.

nO"e and 800°C respectively. For 60% conversion of methane operating pressure can

be selected as I0 bar, 20 bar, 30 bar, 40 bar and 50 bar; but operating temperature

should be 7l2"C, 745"e, 772"C, 800"e and 837"C respectively.

So, at a specific steam!lncthanc ratio high operating prcssurcs can bc scleclcd I(lr lhc

proccss hut operating temperaturcs must bc high I(lr lhe same convcrsion of mclhanc.

In modcrn process high operating pressure is selectcd for rcforming due to economic

reasons.
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4.4 COMPARISON OF PLANT DATA AND THEORY BASED

CALCULATED DATA

As there was no experimental arrangement in the laboratory to investigate individual

influence of pressure, temperature and steam/methane ratio on reforming rcaction,

operating data of refonning units of differcnt fertilizer faetorics havc been eolleetcd.

By thc dcveloped equation of the chemical equilibria for reforming reaction, outlet

equilibrium compositions of primary rcformer and sccondary rcl<JrI11erof Zia

Fertilizer Company Ltd., Urca Fertilizcr Factory Ltd., Polash Urea Fertilizer factory,

Natural Gas Fertilizer, Chittagong Urea Fertilizer Ltd. and Karnaphuli Fertilizer Co.

Ltd. have been calculated. A comparison of the theoretical values and actual outlct

composition of the mentioned factories havc bcen made. Thesc theory bascd

calculated data have been compared with thc actual data for tcsting thc validity of the

equation of chemical equilibria for reforming reaction. Comparison of the reformers

actual outlet compositions with the theory based calculated compositions are

presented in Tables 4.7, 4.8, 4.9, 4.10, 4.11, 4.12 and 4.13. From the theory based

calculated data, it is seen that thc outlct compositions of the primary rcformer and

secondary reformer are similar with the actual data. A small discrepancy has been

observed in the theory based cakulation of the reformer outlet composition and actual

composition, because in thcoretical calculations, all gascs have bcen considered as

ideal, but practically it is not correct. Again, thc graph InK vs. liT which has becn

uscd for theory based cakulation, is the representation of approximatc equation.

In is- = _ D. H " [. _I __ 1_]
K I R T T

I

However, the main objectivcs of this thcsis work are to study the inllucnce of

pressure, temperature and steam/natural gas ratio on thc reforming process for
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Table 4.7: Operating data of reforming units of ZFCL and comparison of the

actual outlet composition with the theory based calculated composition

Parameter Primary Primary Reformer Secondary Reformer
Reformer Inlet outlet

.
AiriNG 1.43 (Inlet)

Pressure (bar) 35.4 31.85 31.0 (Outlet)

Temperature <"C) 455 788 982
. ------------

Steaml NG 3.8 - -

Composition Actual Theoretical Actual Theoretical

CH4 (%) 98.24 9.59 10.42 0.3 0.24

CZH6 (%) 1.44

C3Hs (%) 0.01

C4HlQ (%)

CO (%) 9.0 9.2 12.08 11.49

COz (%) 0.01 10.68 10.5 8.04 8.67

Hz (%) - 70.16 69.42 56.89 57.1

Nz (%) 0.30 0.56 0.45 22.42 23.15

Ar (%) 0.01 0.01 0.009 0.27 0.02
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Table 4.8: Operating data of reforming units of JFCL and comparison of the

actual outlet composition with the theory based calculated composition

Parameter Primary Primary Reformer Secondary Rcformcr
Reformer Inlet outlet

AiriNG 1.43 (Inlet)

Pressure (bar) 34.7 31.30 31.0 (Outlet)

Temperature ("C) 520 696 997
----- - -

SteamiNG 3.30 - -

Composition Actual Theoretical Actual Theoretical

CH4 ('Yo) 92.26 11.46 11.55 0.25 0.24

C2H6 (%) 1.71

C3Hg (%) 0.48

C4HJO (%) 0.19

CO (%) 9.13 9.55 12.95 13.48

CO2 (%) 0.29 10.36 9.77 7.36 6.89

Ich ('Yo) 3.53 68.56 68.60 55.58 55.95

N2 ('Yo) 1.53 0.48 0.48 23.58 23.43

Ar (%) 0.01 0.01 0.03 0.28 0.20
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Table 4.9: Operating data of reforming units of CUFL and comparison of the

actual outlet composition with the theory based calculated composition

Parameter Primary Primary Reformer Secondary Reformer
Reformer Inlet outlet

AiriNG IA3 (Inlet)

Pressure (bar) 36.76 32.80 31.9 (Outlet)

Temperature (<Ie) 520 819 1001

SteamiNG 3.00 - -
Composition Actual Theoretical Actual Theoretical

CH4 (%) 90.64 10.52 12A4 0.25 0.28

C2H6 (%) 3.26

C3Hg (%) 0.77

C4HIO (%) 0.57

CO (%) 9AO 9.39 12.83 13.34

CO2 (%) OA8 10.63 9.82 7.75 6.74
--

1-12(%) 2.88 69.04 67.75 56.39 56.00
.

N2 (%) 1.88 OAO 0.58 22.50 23.60

Ar(%) 0.01 O.O! 0.01 0.28 0.04
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Table 4.10: Operating data of reforming units of PUFF lllld comparison of the

actual outlet composition with the theory based calculated composition

Parameter Primary Primary Reformer Secondary Reformer
Reformcr Inlet outlet

AirING 1.43 (Inlet)
-

Prcssure (bar) 23.00 20.00 19.50 (Outlct)
.- _.- ____ .____ ._____ 0._. "~_' __ -------------_.

Tcmperature ("C) 450 780 980

SteamING 3.50 - -
Composition Actual Thcoretical Actual Theoretical

CJ-l4 (%) 99.50 9.95 9.39 0.30 0.20

CzJ-l(,(%)

CJHg (%)

C4HIO (%)

CO (%) 8.25 9.24 11.40 12.5

COz (%) 0.21 11.75 10.79 9.08 7.70
--

Hz (%) 70.00 70.57 57.00 56.4

Nz (%) 0.28 0.01 0.01 22.22 23.05
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Table 4.11: Operating data of reforming units of UFFL and comparison of the

actual outlet composition with the theory based calculated composition

Parameter Primary Primary Reformer Secondary Relimller
Reformer Inlet outlet

AirING 1.43 (Inlet)

Pressure (bar) 33.00 29.50 28.50 (Outlet)

Temperature ee) 400 788 997

Steam/ NG 3.8 - -
Composition Actual Theoretical Actual Theoretical

CH4 (%) 97.11 11.21 9.25 0.22 0.14

CZH6 (%) 1.77

C3Hg (%) 0.38

C4HIO (%) 0.25

CO (%) 8.71 9.63 12.59 11.84

COz (%) 0.21 11.02 10.89 7.80 8.64
-~

Hz (%) 68.98 70.13 55.39 56.45

Nz (%) 0.28 0.08 0.07 23.69 22.9

Ar (%) 0.30 0.10 0.07 0.30 0.10
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Table 4.12: Operating data ofreforming units ofNGFF and comparison of the

actual outlet composition with the theory based calculated composition

Parameter Primary Pri mary Re former Seeonuary Rel<mm:r
Reformer Inlet outlet

AirING 1.43 (Inlet)
-

Pressure (bar) lU 6.3 6.2 (Outlet)

Temperature ("C) 380 655 730

SteamiNG 6.1 - -
Composition Actual Theoretical Actual Theoretical

CH4 (%) 95.00 7.50 6.66 0.70 0.80

C2H6 (%) 3.1

C3Hs (%) 0.70

C4HIO (%) 0.20

CO (%) - 5.00 5.23 7.00 5.52
--

CO2 (%) 0.60 14.00 14.50 12.00 13.36
--

H2 (%) - 73.30 73.45 59.70 58.00

N2 (%) 0.40 0.20 0.11 20.60 22.32
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Table 4.13: Operating data of reforming units of KAFCO and comparison of the

actual outlet composition with the theory based calculated composition

Parameter Primary Primary Reformer Sel:ondary Rd'ormer
Reforml:r Inlet outlet

AirING 1.43 (Inlet)

Pn:ssurl: (bar) 37.5 33 32 (Outlt.:t)
. --_.-- ----------_._---- -~--------------~

Temperature 520 780 950
(tlc)

Stealn/NG 2.86 - -

Composition Actual Theoretical Actual Theoretical

CH4 (%) 90.00 14.7 14.88 0.75 0.572

C2H6 (%) 3.44 -

C3Hg (%) 0.73

C4HIO (%) 0.10

CO (%) - 7.0 9.13 11.60 12.88
.

CO2 (%) 0.37 10.5 9.69 7.50 7.37
-~

H2 (%) 3.63 67.0 65.7 56.00 55.36

N2 (%) 1:73 0.5 0.58 23.50 23.79

Ar (%) 0.068 0.03 0.02 0.30 0.028
.~----
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ammonia production. From thc actual data analysis of different fertilizer factories. it

can he seen that the expcctcd thcoretical values of thc reformer outlct equilihrium

compositions have thc similarity with the aelual values of the same.

From Table 4.14 it is seen that design pressures of ZFCL, JFCL. CUFL. UFFL and

KAFCO primary reformers' outlet are 31.85 bar, 31.3 bar, 32.8 bar, 29.5 bar and 33

bar respectively. These pressures arc high Illr reforming process. So, high operating

temperatures (756"C - 819"C) have been selected il)r these reformers to compensate

the decrease in conversion of natural gas duc to high operating pressures.

Pressure, temperature and steamiNG ratio of JFCL primary reformer outlet arc 31.3

bar, 796"C and 3.3 respectively. These parameters of KAFCO primary reformer are

33 bar, 756°C and 2.86 respectively. So, the operating parameters of JFCL primary

reformer are favourable for natural gas conversion than those of KAFCO. In

composition analysis of these two plants. it is seen that conversion of natural gas in

JFCL primary reformer is higher than that of KAFCO. But the amount of fuel to

increase the reforming temperature and process steam Il)r KAFCO reilmners arc

lower than those of JFCL.

Primary reformer outlet pressure of NGFF is 6.2 bar, which is low. So. the primary

reformer outlet temperature (655"C) has been selected as low. For maxllnum

conversion of natural gas steaml NG has been selected (6.1) for this reforming

process.
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Table 4.14 Process parameters and NG conversIOn of primary

reformer and secondary reformer of seven different fertilizer

industries of Bangladesh

Process parameter ZFCL JFCL CUFL PUFF UFFL NGFF KAFCO

I" RF outlet pressure 31.85 31.3 32.8 20.0 29.5 6.3 33
(bar) _._._---- -_.- ._-- --- --_.

2" RF outlet pressure 31.0 31.0 31.9 19.5 28.5 6.2 32
(bar)

I" RF inlet temp. ("C) 455 520 520 450 400 380 520

I" RF outlet temp. ("C) 788 796 819 780 790 655 756

2" RF outlet temp. ("C) 992 997 1001 980 997 730 928

2" RF inlet airING (mole 1.43 1.43 1.43 1.43 1.43 1.43 1.43
Basis)

SteamING ratio (wI. 3.8 3.3 3.0 3.5 3.8 6.1 2.86
Basis)

I"RFNG rheoretieal 0.654 0.625 0.630 0.700 0.683 0.747 0.560
conversion --

Actual 0.640 0.623 0.655 0.670 0.640 0.720 0.540

2" RFNG Crheoretical 0.993 0.989 0.990 0.980 0.993 0.977 0.980
conversion

_.__ . -- ----
Actual 0.985 0.983 0.985 0.977 0.990 0.963 0.973
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CHAPTER-5

CONCLUSIONS

From the calculated data and graphical analysis following decisions can be made.

During steam reforming of natural gas. conversion of natural gas increases with the

increase of temperature. decrease of pressure and increase of stcam/natural gas ratio.

Design pressures of ZFCL. JFCL, CUFL, UFFL and KAFCO reformers are high. So,

high operating temperatures have been se1ceted for these reformers to compensate the

dcerease in conversion of natural gas due to high operating pressures.

Pressure, temperature and steamiNG ratio of JFCL reformers are favourable lor

natural gas conversion than those of KAFCO. So. conversion of natural gas in JFCL

rcformers is higher than that of KAFCO.

Pressure in the reforming process of NGFF is low. So. lower operating tcmperature

could be selected for its reforming process for higher conversion of natural gas.
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CHAPTER-6

SUGGESTION FOR FURTHER WORK

1. To observe the individual intluence of temperature, pressure steam/Natural gas

ratio on reforming independcntly. cxperimcntal arrangement can bc set up in

the laboratory.

2. To find optimum usage ratio of steamlNatural gas and other operating

variables economic analysis of the ammonia process can be performed.

3. To optimize the usc of fueL a study can be performed for maximum co-

generation of steam at the outlet of the secondary rcformer.

4. A study can be performcd f(ir maximum recovcry heat on basis of thc setting

up of gas burner for primary reformer catalyst tube heating.

5. A study can be performed for maximum heat recovery on the basis of thc

arrangement of different prehcater in the reformer Hue gas duct.
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NOMENCLATURE

CUFL Chittagong Urea Factory Limited

AG Free energy change

AG" Standard free energy change

l1H Enthalpy change

M-l" Standard enthalpy change

JFCL Jamuna Fertilizer Company Limited

KAFCO Karnaphuli Fertilizer Company Limited

~

K Chemical equilibrium constant

ni No. of each mole reactant

't'" No. of total moles
0"-

n

NG Natural gas

NGFF Natural Gas Fertilizer Factory Limited

P Pressure, bar

PUFF 1'01ash Urea Fertilizer Factory I.imited

T Absolute temperature, "K

UFFL Urea Fertilizer Factory Limited

Yi Fraction or moles or the species

ZFCL Zia Fertilizer Company Limited

E Extent of reaction

v Stoichiometric co-eflieienl.
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APPENDIX-A

THEORY BASED CALCULATED DATA OF REFORMING UNITS

Table - A.I: Reforming pressure at specific fractiomJ1conversion of methane

(varying with different moles of steam)

(CJ-I4+ H20 = CO + 3I-l2; Temp. = 600"C, K = 0.368, P ='1)

Fractional Pressure required at the prillwry rc/(lI"Illillg vessel with different
conversion moles of ste<llll
methane

I mol H2O 2 mol 1120 3 mol 1-120 4 mol 1-120 5 mol 1120
(Bar) (Bar) (Bar) (Bar) (Bar)

2.36 5.09 8.2 11.7 15.52

0.4 1.225 2.71 4.37 6.22 8.24

0.5 0.7 2.28 3.13 3.7 4.9

0.6 0.415 1.38 1.65 2.34 3.1

0.7 0.243 0.43 1.14 1.51 2.0

0.8 0.13 0.41 0.68 0.96 1.2

0.9 0.055 0.13 0.38 0.545 0.72

0.99 0.0047 0.06 0.1 0.14 0.19
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Table - A.2: Reforming pressure ahpecific fractional conversion of methane

(varying with differcnt molcs of steam)

(CI-14 + H20 = CO + 31-12;Temp. = 700"C. K = 5.75. P = '1)

..-

Fractional Pressurc requircJ at the primary rcforming vesscl with JifTcrcnt
conversIOn moles of steam
methane

Imol H2O 2 mol H2O 3 mol 1-120 4 mol H2O 5 mol H2O
( Bar) (Bar) (Bar) (Bar) (Bar)

------~-- ..---------_. ----------- ----_ ......-
9.33 20.13 32.44 46.21 61.38

-- --
0.4 4.84 10.73 17.21) 24.59 32.58

0.5 2.76 1).04 12.31) 14.65 11).38

0.6 1.64 4.02 6.53 9.27 12.24

0.7 0.96 2.58 4.22 6.00 7.91

0.8 0.86 1.63 2.68 3.8 4.76

0.9 0.56 0.72 1.51 1.77 2.84

0.99 0.018 0.23 0.4 0.58 0.75
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Table - A.3: Reforming pressure at specific fractional conversion of methane

(varying with different moles of steam)

(CH4 + H20 = CO + 3H2; Tcmp. = 800"e. K = 18 L P =?)

--
Fractional Pressure required at the primary rclllrlning vessel wilh different
convcrsion . moles or sleam
methanc

I mol H2O 2 mol H2O 3 mol H2O 4 mol H2O 5 mol H2O
( Bar) (Bar) (Bar) (Bar) (Bar)_._---

0.3 95.57 112.97 181.99 259.29 344.39

0.4 27.17 60.24 97.0 I 137.94 182.49
.

0.5 15.51 50.73 69.51 82.20 108.74

0.6 9.2 22.59 36.65 52.00 59.93

0.7 5.38 14.49 23.68 33.63 44.39

0.8 2.91 9.2 15.04 21.36 26.70

0.9 1.21 2.12 8.48 12.1 15.94

0.99 0.1 05 1.31 2.24 3.17 4.21
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Table - A.4: Reforming pressure at specific fractional conversion of methane

(varying with different moles of steam)

(CH" + H20 = CO + 3I-l2; Temp. = 900"C, K = 3827, P =?)

Fractional Pressure required at the primary reforming vessel with different
conversion moles of steam
methane I mol 11m 2 mol 1120 3 mol 112() 4 mol 1120 5 mol 1120

(Bar) (Bar) (Bar) (Bar) (Bar)
1-- --

0.3 240.71 519.46 836.00 1199.00 1592.00

0.4 125.00 277.00 446.00 638.00 845.00

0.5 71.34 233.00 319.00 380.00 503.00

0.6 42.32 103.00 168.00 240.00 317.00

0.7 24.75 66.00 109.00 155.00 205.00

0.8 13.41 42.00 69.00 98.00 123.00

0.9 5.58 23.00 39.00 56.00 74.00

0.99 0.48 6.06 10.29 14.64 19.50
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Table - A.S: Reforming pressure at specific fractional conversion of methane

(varying with different moles of steam)

(CH4 + H20 = CO + 3112; Temp. = IOOO"e,K = 10405. I' ='1)

Fractional Pressure required at the primary reforming vessel with dillcrent
conversion moles of steam
methane

1-120 I mol H2O 2 mol I-Il) 3 mol H2O 4 mol l-hO 5 mol H2O
(Bar) (Bar) (Bar) (Bar) (Bar)

0.3 396.00 1\56.54 1379.9 1965.80 261 J .00
- -- -----------

0.4 206.00 461.00 735.60 1045.80 1386.00

0.5 I 17.00 31\4.60 527.08 623.30 825.00

0.6 69.00 17U 277.00 394.27 521.00

0.7 40.00 109.86 179.50 255.01 337.00

0.8 22.00 69.18 114.04 162.00 205.00

0.9 9.21 22.12 64.35 92.00 121.00

0.99 0.79 9.99 16.97 24.14 31.93
--
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Table - A.6: Conversion of methane during steam reforming at different

temperature and at constant pressure (10 bar)

Conversion of methane at pressure lObar

Temperature I Mole 2 Mole 3 Mole 4 Mole :; Mole
Steam: I Steam: I Steam: I Steam: I Steam: I
Mole Mole Mule Mole Mole

Methane Methane Methanc Methanc Methane

600 0.12 0.21 0.275 0.325 0.375

700 0.35 0.45 0.51 0.575 0.65

800 0.55 0.72 0.8 0.875 0.92
.

900 0.76 0.87 0.94 0.975 0.985

1000 0.88 0.97 0.98 0.99 0.992

Table - A.7: Conversion of methane during steam reforming at different

temperature and at coustaut pressure (20 bar)

Conversion of methane at pressure 20 bar
..•

Temperature I Mole 2 Mole 3 Mole 4 Mole 5 Mole Steam:
Steam: I Steam: I Steam: I Steam: I I Mole
Mole Mole Mole Mole Methane

Methane Methane Methane Methane

600 0.1 0.14 0.185 0.226 0.275
..-

700 0.21 0.3 0.4 0.48 0.575
I.

800 0.42 0.575 0.68 0.76 0.845

900 0.72 0.8 0.85 0.94 0.98
._-

1000 0.82 0.91 0.95 0.98 0.99
.I
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Table - A.8: Conversion of methane during steam reforming at different

temperature and at constant pressure (30 bar)
--

Convcrsion of methane at pressure 30 bar

Tcmpcraturc I Mole 2 Molc 3 Molc 4 Mole 5 Molc
Steam: I Stcam : I Stcam : I Steam: I Stcam : I
Mole Mole Molc Mole Mole

Methane Methanc Methanc Methane Methane

600 0.055 0.1 0.12 0.15 0.22
- - - .._----

700 0.17 0.25 0.32 O.3R 0.46--'.. -'--'--- ----------~ ------~-- ---_.-
800 0.36 0.5 0.575 0.65 0.72

-- --_._----- ..._------- 1-. --
900 0.65 0.775 0.R75 0.925 0.975

1000 0.76 0.92 0.96 0.98 0.99

Table - A.9: Conversion of methane during steam reforming at different

temperature and at constant p,'essure (40 bar)

Convcrsion of mcthane at pressure 40 bar

Temperature I Mole 2 Mole 3 Molc 4 Mole 5 Molc
Steam: I Steam: I Stcam : I Stcam: I Stcam : I
Mole Molc Molc Mole Molc

Methanc Methanc Mcthanc Methane Methanc

600 0.06 0.12 0.14 0.16 0.1R

700 0.15 0.22 0.28 0.32 0.36
..-

800 0.275 0.42 0.52 0.575 0.65

900 0.575 0.77 0.8H 0.93 0.96
--

1000 0.75 0.875 0.95 0.98 0.98
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Table - A.IO: Conversion of methane during steam reforming at different

temperature and at constant pressure (50 bar)

Conversion of methane at pressure 50 bar

Temperature I Mole 2 Mole 3 Mole 4 Mole 5 Mole
Steam: 1 Steam: 1 Sleam : 1 Steam: I Steam: I
Mole Mole Mole Mole Mole

Methane Methane Methane Methane Methane

600 0.045 (l.08 0.12 0.14 0.175
-- .~ ._-

700 0.12 0.18 0.24 0.28 0.34

800 0.25 0.375 0.5 0.64 0.72
-- -------- ._--_.-

900 0.45 0.68 0.82 0.92 0.95

1000 0.67 0.86 0.93 0.975 0.98

Table - A.II: Conversion of methane during steam reforming at different

steam/methane ratio at constant temperature (1000 "C)
--

Conversion or methane at temperature 1000 "c
---

Steam/ 50 bar 40 bar 30 bar 20 bar 10 bar
Methane ratio

1 0.67 0.7 0.76 0.82 0.88
---

2 0.84 0.87 0.91 0.96 0.98
- ~----.---~

3 0.925 0.935 0.965 0.98 0.99
-- ------- ------_.-

4 0.955 0.965 0.98 0.99 0.992

5 0.975 0.98 0.985 0.992 0.995
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Table - A.12 Conversion of methane during steam reforming at different

steam/methane ratio at constant temperature (900 "C)
~~

Convl:rsion or mdhalll: at tl:mpl:raturl: 900 "c
--

Steam/ 50 bar 40 bar 30 bar 20 bar 10 bar
Methane ratio

I 0.53 0.6 0.645 0.74 0.84
.-. ----_. ._--~~ ~~------

2 0.725 0.775 0.825 0.92 0.975
--

3 0.86 0.89 0.91 0.95 0.982

4 0.92 0.94 0.95 0.975 0.986
I-~ . --

5 0.96 0.965 0.975 0.98 0.99

Table - A.13: Conversion of methane during steam reforming at different

steam/methane ratio at constant temperature (800 "C)

--

Conversion or methane at temperature 800 "c

Steam/ 50 bar 40 bar 30 bar 20 bar 10 bar
Methane ratio

----_.- "-'--
I 0.226 0.275 0.325 0.39 0.512

2 0.35 0.41 0.45 0.55 0.7

3 0.44 0.51 0.575 0.66 0.8
---~_ ..• ._----- ._~--_._-_._.

4 0.525 0.59 0.65 0.75 0.1\75
.-

S 0.59 0.65 0.71 0.78 0.92
.-
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Table - A.14: Conversion of methane during steam reforming at different

steam/methane ratio at constant temperature (700 "C)
--

Conversion of methane at temperature 700 "c
-- ----- ._---_._---

Steam/ 50 bar 40 bar 30 bar 20 bar lObar
Methane ratio

1 0.08 0.12 0_155 0.22 0.315
- . - -- ..._--- ~------_ . --------

2 0.15 0.21 0.25 0.31 0.42

3 0.22 0.28 0.32 0.4 0.51
_.-

4 0.28 0.35 0.39 0.48 0.58
---- --------- .. ---

5 0.34 0.4 0.44 0.525 0.65

Table - A.IS: Conversion of methaue during steam reforming llt different

steam/methane ratio at constant temperature (600 "C)

Conversion of mcthanc at 600 "c

Steam/ Methane 30 bar 20 bar 10 bar
ratio

1 0.05 0.1 0.14

2 0.09 0.15 0.21

3 0.14 0.2 0.275

4 0.19 0.25 0.325

5 0.25 0.31 0.375
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Table - A.I6: Conversion of methane during steam reforming at different

pressure at constant temperature (1000 0c)

Conversion or methane at temperature 1000 "c
-_._- ------~~_.

Pressure I Mole 2 M(lle~ 3 Mole 4 Mole 5 Mole
Steam: I Steam: I Steam: I Steam: I Steam: I
Mole Mole Mole Mole Mole

Methane Methane Methane Methane Methane
--------_. ._-

10 0.89 0.97 0.98 0.985 0.995

20 0.855 0.955 0.97 0.98 0.99
.

30 0.82 0.93 0.96 0.97 0.986
--

40 0.77 0.9 0.94 0.96 0.98

50 0.72 0.86 0.91 0.95 0.975

Table - A.I7: Conversion of methane during stcam rcforming at diffcrcnt

pressure at constant tcmpcrature (900 "C)
--

Conversion of mcthane at temperature 900 <lC _._--
Pressurc I Mole 2 Mole 3 Mole 4 Mole 5 Mole

Steam: 1 Steam: I Steam: I Steam: 1 Steam: I
Mole Mole Mole Molc Mole

Methane Methane Methane Methane Methane
.

10 0.86 0.94 0.96 0.975 0.99
--

20 0.77 0.89 0.94 0.96 0.985
--

30 0.695 0.84 0.915 0.95 0.975

40 0.62 0.8 0.88 0.93 0.96
--

50 0.55 0.76 0.86 0.91 0.945
._----
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Table - A.18: Conversion of methanc during steam reforming at different

pressure at constant temperature (800°C)

e

ne

Conversion or methane at temperature xoo "e
--

Pressure I Mole 2 Mole 3 Mole 4 Mole 5 Mol
Steam: I Steam: I Steam: I Steam: I Steam:
Mole Mole Mole Mole Mole

Methane Methane Methane Methane Metha
-------_.- ---~_._----- ~.'---.- ~- .- -- _. - - -_.--'--' - . . -- ---~.... . -~--- ._ .. ..

10 0.55 0.69 0.77 0.X5 0.89
.~--

20 0.46 0.6 0.675 0.745 0.78
..

30 0.35 0.5 0.57 0.63 0.67

S40 0.25 0.41 0.47 0.53 O.5X

50 0.18 0.31 0.38 0.45 0.51

Table - A.19: Conversion of mcthanc during steam reforming at diffcrent

pressure at constant temperature (700°C)

Conversion of methane at temperature 700 "c
.._--

Pressure I Mole 2 Mole 3 Mole 4 Mole 5 Mole
Steam: I Steam: I Steam: I Steam: I Steam: I
Mole Mole Mole Mole Mole

Methane Methane Methane Methane Methane
-- -_ ..-

10 0.51 0.67 0.74 0.85 0.97
..-

20 0.42 0.5X 0.66 0.76 O.X6
._ .. .__ ._---

30 0.34 0.5 0.57 0.67 0.76
..-

40 0.265 0.42 0.49 0.58 0.67

50 0.18 0.32 0.4 0.48 0.5X
-~



Table - A.20: Requirement of pressure and temperature during steam reforming

of methane at constant steam/methane ratio (1)

Requircment of temperature at steam/methane = I

Pressure 50% Methanc 60'X, Methane 70% Methane 80% Methane
Conversion COliversion Conversioll Conversion

10 725 760 800 850

20 760 810 852 910

30 793 845 895 948

40 820 875 923 968
-- ----------- ~- --

60 855 910 960 999
- -----

80 875 943 992

100 890 958

120 895 967
--
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Table - A.21: Requirement of pressure and temperature during steam reforming

of methane at constant steam/methane ratio (2)

Rcquircmcnt 01"tcmpcraturc at steam/mcthanc = 2 l
----j

Pressure 50% Methane 60'X,Methane 70% Methane RO% Methane <)0%Methane
Conversion Conversion C()llvl.:rsion Conversion Convcrsi()11

10 695 712 73R 775 ROO
- - . ---.--

20 725 745 no X20 X('()
-~--- ----

30 750 772 X20 852 1\97

40 770 800 842 880 930

60 800 837 R80 925 985 -i80 822 860 910 970
I

100 837 875 925
995=r--

120 850 895
-------_.1



Table - A.22: Requirement of pressure and temperature during steam reforming

of methane at constant steam/methane ratio (3)

Requirement of temperature at steam/methane = 3

Pressure 40% 50lVo 60% 70% 80% 90%
Methane Methane Methane Methane Methane Methane
Conversion Conversion Conversion Conversion Conversion Conversion

--

10 660 687 715 737 767 X05

20 695 720 745 775 810 855

30 727 748 780 810 840 890

40 748 770 800 835 866 925

60 776 797 832 865 910 960

80 795 820 860 895 940

100 810 830 870 910 948

.,
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Table - A.23: Requirement of pressure and temperature during steam reforming

of methane at constant steam/methane ratio (4)

Requirement of temperature at steam/methane = 4
Pressure 40% 50% 60% 70'Yo 80% 90'%

Methane Methane Methane Methane Methane Methane
Conversion Conversion Conversion Conversion Conversion Conversion

10 625 li64 698 718 740 775
-- .

20 675 702 735 755 790 825
--

30 710 740 765 785 820 855
40 737 7liO 782 812 848 890
60 773 787 812 840 880 923
80 790 805 835 870 908 960
100 798 820 850 890 922 980
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Table - A.24: Requirement of pressure and temperature during steam reforming

of methane at constant steam/methane ratio (5)

Requirement of temperature at steam/methane = 5

Pressure 40% 50% 60% 70% 80% 90%
Methane Methane Methane Methane Methane Methane
Conversion Conversion Conversion Conversion Conversion Conversio

n
------ -,---------- ---- -- --- - - -_ ...__ ..... - ..._,----_ .. . .. _.-~ ----,----_ .._-- ------_._. -

10 610 645 675 710 730 772

20 653 700 732 753 775 812

30 690 730 765 787 810 837
------ -------~- -------- --

40 712 750 790 812 825 860

60 740 775 815 837 855 900
--

80 760 790 825 860 880 930

100 770 800 832 870 895 965
-

•
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APPENDlX-B

PLANT DATA OF DIFFERENT REFORMING UNITS

Table B.I.: Process parameters of primar.y reformer and secondary refonller of

seven different fertilizer industries of Bangladesh

Process ZFCL JFCL CUFL PUFF UFFL NGFF KJ\FCO
parameter

1" RF inlet 35.4 34.7 36.76 23.0 33.0 8.3 37.5
pressure
(bar)

I" RF 31.85 31.3 32.8 20.0 29.5 6.3 33
outlet
pressure
(bar)

2" RF 31.0 31.0 31.9 19.5 28.5 6.2 32
outlet
pressure
(bar)

I" RF inlet 455 520 520 450 400 380 520
temp. ("C) ._-
I" RF 788 796 S19 780 790 655 756
outlet
temp. ("C)

2" RF 992 997 1001 980 997 730 928
outlet
temp. (0C)

---
2" RF inlet 1.43 1.43 1.43 1.43 1.43 1.43 1.43
airiNG
(mole
Basis) ._---

SteamING 3.8 3.3 3.0 3.5 3.8 6.1 J2.S6ratio (wI.
Basis) -------
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Table B.2 Composition of primary reformer inlet of different plant

Comp- CH4 C2H6 CJllx C41110 CO CO2 1-12 N2 AI'
osition (%) (%) (%) (%) ('1<,) (%) (%) (%) (%)

ZFCL 98.24 1.44 0.01 - - 0.01 - 0.3 ().()I
I" RF
inlet

JFCL 92.26 1.7 I 0.48 0.19 - 0.29 3.53 1.53 0.01
I" RF
inlet

CUFL 90.64 3.26 0.77 0.57 - 0.48 2.88 1.88 0.01
I" RF
inlet

PUFF 99.5 - - - - 0.21 - - 0.28
1" RF
inlet

UFFL 97. I I 1.77 O.3R 0.25 - 0.21 - 0.28 0.3
1" RF
inlet

NOFF 95.0 3.1 0.7 0.2 - 0.6 - 0.4 -
I" RF
inlet

KAFC 90.0 3.44 0.73 0.10 - 0.37 3.63 1.73 -~l0 1"
R-F
inlet
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Table B.3: Composition of primary reformer outlet of different plant

Comp CH4 C2H6 C,!-Ix ClH10 CO CO2 1-12 N2 AI"
osition (%) (%) (%) ('Yc,) (%) (%) (%) (%) (%)

------ - "--- -_._-~--- ..~-_.---._-- ---~ ----- -----
ZFCL 9.59 - - - 9.0 10.68 70.16 0.56 0.01
I"RF
outlet

JFeL 11.46 - - - 9.13 10.36 68.56 0.48 0.01
I" RF
outlet

CUFL 10.52 - - - 9.4 10.63 69.04 0.40 (Ull
I" RF
outlet

.__ .-

PUFF 9.95 - - - 8.25 11.75 70.0 - 0.01
IU RF
outlet

UFFL 11.2 - - - 8.71 11.03 68.98 0.08 0.01
I"RF
outlet

NGFF 7.5 - - - 5.0 14.0 73.3 0.20 -
I" RF
outlet

KAFC 14.7 - - - 7.0 10.5 67.0 0.03 0.5
o I"
RF
outlet

--
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Table 8.4: Composition of secondary reformer outlet of different plant

Camp CH4 C2H6 C3HK C4HIII CO CO2 H2 N2 AI'
osition (%) (%) (%) (%) (%) (%) (%) (%) (%)
ZIOCL 0.3 - - - 12.08 8.04 56.89 22.42 0.27
2° RF
outlet

.IFCL 0.25 - - - 12.95 7.36 55.58 23.58 0.28
2" RF
outlet

CUFL 0.25 - - - 12.83 7.75 56.39 22.5 0.28
2°RF
outlet

PUFF 0.3 - - - 11.4 9.08 57.0 21.93 0.28
2" RF
outlet .

UFFL 0.24 - - - 12.59 7.8 55.39 23.69 0.3
2" RIO
outlet

NGIOIO 0.7 - - - 7.0 12.0 59.7 20.6 -
2" RIO
outlet

KAFC 0.75 - - - 11.6 7.5 56.0 23.5 -
02"
RIO
outlet
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APPENDIX - C

SAMPLE CALCULATION

Sample Calculation for Reforming Units of ZFCL

Primary reformer inlet composition:

CH4 = 98.24%

CZH6 = 1.44

C3HN = 0.01

COZ = 0.01

Nz = 0.3

Ar = 0.01

After conversion of higher hydrocarbon into methane, amount of component

becomes:

CH4 = (98.24% + 1.44% x 2 + 0.01% x 3) ~ 101.15%

Ar=

Let, CH4 = I mole,

.. COz = 0.0001 mole,

Nz = 0.003 mole, and

Ar = 0.000 1mole
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"

Steam .
Primary reformer inlet -- ratIO = 3.8 (wt. basis)

NG

Steam = 3.8 gm 16 gm I mole = 3.37 mole
NG gm 1 mole 18 gm mole

Primary reformer outlet operating conditions

Pressure = 3 I .85 bar

Tcmpcrature = 788"C = 106 I"K

Now, ~K-I x104 = 9.42
T

:. K = 164.32 (trom Fig. 2.2)

Now. The rcforming reaction is. CH4 + H20 = CO + 3H2

At the equilibrium point,

n
elf 4

=1-&, n ,=3.37-&,
IJ 0
2

n
IJ
2

= 38 ,

nco = &, n =0.0001+,-,.co
2

Diluent = 0.0031

or,

K
I'ejhrm

K
reform
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164.32 2784
or, --- = ----------

(31.85)2 (3.3732+28)2(1-8)(3.37-8)

2784
or, 0162 = ----------

(4.3732+ 28?(i -8)(3.37 - 8)

.. l:: = 0.654

The shift reaction in the primary reformer is, CO + H20 =CO2+ 1-12

At the equilibrium point of the shift reaction,

nco = 0.654-8, 11 = 2.716-",'/I () ,
2

n =0.0001+...-
( '()

2

= 1.962+c, n = 0.346-c,
C1/4.

Diluent = 0.0031

(
1.962 +_c)x(~ __O~O_1+ c)
5.6812 5.6812=----------

(0.:.~ti/)x(2.I~1t-i2 e;)

(1.962 + "")(0.0001 + ",,)=--------
(0.654 - c)(2.716 - c)

Temperature, TOK= 788°C= 1061"K, Ill' x 104/K= 9.42

Now,

Kshil\= 1.117 (from Fig. 2.1)

1.117= (1.962 + ,,)(0.0001 + 6')
(0.654 - 6')(2.716 - 6')
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:. E = 0.349

nco = 0.305

nilr = 0.0001

n Ill) = 2.367

nell = 0.346
4

nN2 = 0.0031

Primary reformer outlet composition on dry basis:

Yco = 9.2 Y ('()2 = 10.5 YII2 = 69.73

YCII
4

= 10.42 YN2 = 0.09 YAr = 0.001

Material Balance At the Secondary Reformer top chamber

Supplied oxygen = 0.3 mole

Produced steam (H20) = 0.6

H2 lost = (2.311 - 0.6) mole = 1.711 mole

Total mole of H20 (steam) = (2.367 + 0.6) mole = 2.967 moles

N2 = 1.13 moles

At the equilibrium point of the secondary reflmner bottom chamber,

=.346 - 8,

i'

n
c/l4

nco = 0.305 + e,

11 , = 2.967 - [l,
II ()

2

Diluent = 0.3521
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Secondary reformer outlet operating conditions:

Pressure = 31.0 bar

Temperature, T"K = (989 + 273)"K = 1262"K

. . I/T"K x 104 = 7.92

K,elorm.= 10938 (from Fig. 2.2)

K
reJiJrm

10938 (0.305 + &X3&+ 1.711)3
or, --=

(31Y (3.3732+2l:Y(I-I:X3.37-&)

or, 11.38 = (0.305
2
+ &)(3&+ 1.711)3

(7.11 + 2l:) (0.346 - &)(2.967 -l:)

l; = 0.339

nco = 0.644

nl/2V = 2.628 nC02 = 0.3491,

nCII = 0.007
4

The shift reaction in the secondary rc1<lI'Incr is, CO + H20 = CO2 + 112

At the equilibrium point of the shift reaction,

nco = 0.644-&, n = 2.628-l:
II 0 '
2

n = 0.3491 + l:co
2

nll2 = 2.728 +&
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(0.3491 + &)(2.728 + &)
Now, K = -(---X---)

shift . 0.644 - 8 2.628 - 8

Temperature, T"K = (989 + 273)"K = 1262"K

Irr"K x 104 = 7.92

Now,

Kshill = 0.818 (from Fig. 2.1)

0.818= (0.3491 + 8)(2.728 + &)
(0.644 - &)(2.628 - 8)

= 0.818

.. E = 0.075

nco = 0.5685,

nCIl = 0.007
4

= 1.1331

nAr = 0.0001

Secondary reformer outlet composition on dry basis:

Ym2 = 8.67%Ym = 11.49(71.

YCIi = 0.24%
4

YN = 23.15%
2

YIl2 = 57.1%

YAr = 0.02%
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