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Abstract A mathematical model s developed and lested with plant data for the smmonis cold
sholconverier of Razi Pefrochemical Comples. The model is based on a macerial and energy balance
in & differential element of beds and is subgcted (o the assumpticns of aniform disiribation of
lemperafure snd composiiion through o geperal cross section and negligible mass and heat ransfer
i axial direction. The governing differential eguations are solved by Runge-Kutta of fourth arder
io obiain temperatare and concentration profiles through the reactor. The agreement batween
calculated tempersture and composiion with plent deta conflirms the validity of the developed
miodel.
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INTRODUCTION

Amimona synthesiz, one of the oldest commercial
high-pressure processes, consists of reacting a
hydrogen-nitrogen mixture over a catalyst ol
elevaied iemperatuncs and pressures, The reaction is
exothermic and the high temperature inthe reactor is
sustmined by the heat of reaction throughout the
reactor length. The temperature is controlled
between the catilyst bazket beds by the cold feed gas,
This prscess has been the subjoct of numercus
studies and, with the aid of compute rs, mathematical
models have proved 1o be adequate for prediction of
plant data,

Several swdies have considered the effects of
various pertinent variables upon ammonia
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production and convener stability, Van Heerden
calculated emperature and pressure profiles in a
NEC-TVA (Nitrogen Eng. Corp.- Tenncssee Valley
Authority) converier by the concept of sutothermic
processes [1], Baddour, et. al. used a steady-siate
simulation of the T.V. A, reactor o determine the
effects of design and operting parameters upon
reactor stability, production rate, and the temperature
profile of catalyst beds [2]. Dyson and Simon derived
the mte expression of ammonia formation, with
diffusion comection for an industrin]l catalvst, st
pressures mnging from 1500 300mm. [3]. Porubszky,
and hiz coworkers simulated the TV A-converter by
o mathemtical model in which they obtained the
concentrution profile in the reactor [4].

Ciaines developed a steady-stte model for o
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quench-type ammonia converter | 5], Singh and Saraf
considered diffusion effects within catalyst pores o
describe the synthesis mte equation for catalysts of
different types [6].

Reddy and Asghar Husain simulated the
synithesis loop of a special ammonia synthesis
converer called Caszal [7]. Singh developed s
generalized method for calculating an effectivencss
frctor. The amminia synthesis reaction was utilized
for testing the applicability of the procedure [8].

In the present work. a mathematical model has
heen developed for an ammonda cold shot convener.
The ammonia plant chosen for this study is the Razi
Petrochemical Complex, with 1000 TPD capacity
with a design of Kellog, using a two stage
reciprocating compressor, The plant is located in
Tmam Khoaainy Bandar which sorks under a low
pressure {140 am},

AMMONIA SYNTHESIS CONVERTER

In the above mentioned plant, the converter feed gas
15 split into five fractions. The bulk of the gas emers
the bottom of the converter and Mlows opwand aroand
the outside of the catalyst section o the exchimnger
the top of the converter as shown in Figure 1. The gas
i% heated in the exchanger and passes (o the Tirs
quench zone where it is mixed with cold feed gas
before entering the first bed, Ammonia is formed
socording 1o Equation | as the gas Nows through the
b,

I2H,+ 12 N,=NH, (13

The repction s exothermic and the heat released
increases the energy of the reaction mixture, The
first bed is followed by three quench zones and
bedds, each recieving portion of the feed, The hot gas
ot of the forth bed alfter passing through the nseris
cooled on the tube side of the exchanger before
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Figure 1. Synthoss converies,

leaving the converter, This transfer of heat is
necessary 1o bring the cold feed gas to reaction
IEmpeTatire.

HATE EXPRESSIONS

The intrinsic rate of reaction used in this study is a
miodified form of the Temkin-Pyshev equation [9].

m}:hlﬂﬂ{lg;&hn“ﬁiflbl-“] '-2]

where Ryg, = reaction rate (Kg - Mole of NH, / Hr.
M* Catalyst), K, = velocity constant Tor the NH,
decomposition, o is a parameter which shoold
have o value between 000 and 1.0, and &, a,, and a,
are the sctivities of nitrogen, hydrogen, and
ammonia respectively. K. equilibrium constant. is
caloulated from the equation of Gilles pie and Beattie
(o).
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LOG K =-2691122LOG, T-5 519265E-5 T
+1, B4B863E -T TP+ 2000, &/ T
+2,.6809 (3

where T 15 in K.

The sctivity of various components are ohtained
by the application of the Lewis and Randall rule [11].
The activity coefficients of the gases involved in the
synthesis of ammonia can be easily found in the
literature, This information for hydrogen, nitrogen
and ammeonia is provided by Cooper [ 12], Show, e,
al, [13), and Newton | 14] respectively.

The fugacity of acomponent may also be colcul med
from an equation of state [5]. But in this reseanch the
egpuations given by Cooper, Shaw et al,, and Newton,
tor fugacity of hydmgen. nitrogen and ammonin wre
used,

Twotypes of catalys (Iron Oxide) have been used
in the converter of this study, both manufaciured hy
Cialysts and Chemibcal Inc. (C- 73-1-01 and © - 73-
2-07} They are similar in composition except for the
vimscentration of promotors which give dilfereni
rnges of empersture application, Therefore, the C-
73-2-001 catalyst is being used mainly at the topof the
reacior, oecupying around 15% of the otal voluane,
while the rest is being filled in by the C-73-1-0].
From the experimental data given by Guacei, e al
[15] for many catalysis, the cormesponding values for
o, E, Log K were estimmted for the C-73-1-01 and
C-73-2-01 types. Here the velocity constant, K. is
estimited by an Arthenius relmion of the fom K, =
K. cxp (E, / R.T) The respective values for the C-
T3-1-01 catalyst were = 55, E, = 44W3 Kj / Kg -
maobe, Log (K ) = 162380 and for the C-73-2-01
were =55, E, = 39057 Kj/Kg - mole and Log K
= 14.7102. Where K, has the unit of Kg.Mole / Hr. /
M and T i in K.

Since the catalyst partiches are 6-12 mm in size,
evidently there exists intemal pore diffusion tha
reduces the reaction mte. This effect is tiken care of
by an effectiveness factor £ and is calculstion is dome
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Iollowing the procedure recemly reponted by Singh
and Saraf |6] using an expression of the type

= #f{ll'fmh-"lﬂ T=l AR F(1 +Yung) Reass / C Doy, (1
-]l (4

where ¥, s the ammonia mole fraction at any poim
in the pellet, £ is a dimensional radios given by |=
/R R is the radius of a spherical panicle, gy, is
the mmmonia mole fraction in the gas bulk phase, C is
the total concentration of the reacting gas mixuire (Kg
-maobe M) Depy, is the effective diffusion coe flicien
for amumonia in the panicle, e is the void fraction of
packed bed. and Ry, is the mie of reaction given hy
Equation 2.

From Equation 4 an effective rte of formation of
NH, per wmikt volume is defined a5

R s, = { R, (5)

For the deactivation of catalyst after prolonged
e, 4 menn activity coefficient, v, is incorporatsd into
Equation 5. Therefore, Equation 5 can be written as
follows

Rty = ¥ Resrsti,y (31

The cawmlyst activity. v. deteriormes st high
temperatures because of changes incatul yst structure,
Here the activity is defined as the ratio of the mte
which the pellet is forming NH, 10 the rie of reaction
with a fresh pellet A concentration - independent
deactivation was asguimed and the value of v
[2.16,17.18.19] iz adjusicd in each bed for the steady
- st simulition of the reactor ot the actunl operating
etnaditions,

MATHEMATICAL MODEL

The comverter contains ihree concentric wbes. The
catnlyst basket 15 kept in the middle tube. The other
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tubes, outer and inner tobes ang called annalus and
riser respectively. The catalyst basket is coated with
insulation 0 minimize hem wansfer from the hot
ciutalyst to the cold feed gas. Anuninsulmed fzerwbe
trauwksports gas from the last bed e the beat exchanger
secton. Minmal heat transfer 1o the nser gas is due
to i sl | heat transfer area and due to the fact thit the
niser gas has been heated to nearreacton temperatune.
The catnlyst section 15 nearly adiabsine and an
nszumption of wniform radial iemperature is made. A
uniform velocity profile in the bed may also be
sssumed since the bed dinmeter 1= much lurger than
the catalyst dizmeter, The assumptions of unifonm
padial tempernure and velocity reduce the equations
o an easily usable from while retnining the desined
accuracy of the model,

MATERIAL BALANCE

The ammonia produced in o differential element of a
catalyst bed is given by

Fy 8% =Roar, A 6Z = Roar, 8V (N

Fi: My ]

i X

Tar Tat |
Ta Ta

1|| 1 J

Flgwre L, Block diagmm ol synibesis converier
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where A is the cross-sectondl area of the bed in MF
amd 8X 15 the change in the conversion of ammonia
withinthe increment. F, is the flow rate of NH, into the
bed, in Kgz.maole MHr, Figure 2 is a gsimplified diagrom
ol e synthesis converters which shows flows ud
temperaures used m the following equations.

The Mow of othgr components at any poant i the
bed may be computed from inlet Aow rate by:

Fi = F, - 5F, BX.
Fi=F, {1 +8X),

F:= Fi - I-SF,E:-:
F= F-, B= F! (B}

where F F,, F F, mnd F, are molir flow rates of
mitrogen, hydmogen, ammonia, methine and argon
respectively. The pressuns b5 assumed i vary linearly
thircigh the beds with the fraction of catal yst which is
traversed. It could be said that:

P=P -WV =N (%

where, W = (P,- P} /V, =8P/ V (10}

In which the units of pressure and W are in
atmosphene and wim, [ M respectively,

EMNERGY BALANCE

Thie converier may be divided inio three ouagor seclaons:
colnlyst beds, quench xones, and heat exchanger. The
energy balonce for the converter may be obiained from the
energy hakiance equations for the three sections by combinang
thiem in the proper order, The energy balance equations for
ench major section are developed. The energy halance for
a horizonenl differentind element of citalys bed involves
Toner heat terms.

40, +dQ, +dQ,_ +dQ, =0 (1

of whach the Iast two are small as already indicated bat
are included in the moadel, The nalised equation is a9
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fial v

dT / dV = [(-8HRwm,) /M, C,, 1 + (U, / (M, C, )}
® {|:|AD||'{!"|’]- (T, =Ty=+ (U, f(M C'_n]}
* (dA V) (T, -T) (12}

where:

dA /dV = 4D,/ (Dfi- DE) and
dA, /dV = 4D, / (Dk- Di) (13)

The heat transfer from the bed o either the gas
Mowing in the annalus on the metside of the caalyse
hasket or the gas in the nser is compated a5 follows:

dQ__ =U dA (T, -Ty=f{ M C__(T.P)dT,
14y
where

LI*=1I&IK'= AR {15
Therefomne, we have:

dT, /dV = (K (T, - T /81, M, C__ (T, F))
widA, / dV) = (K ‘-T:. ~-Thfaf M,
C_. (T, PY4D,/(Di-DE) (16}

Since the primary resistance o heat transfer is the
caalyst hasket ingulation, neglecting all other hea
tramsfer resistance reduces computational effomn
without substintially affecting the aceecy of the
simulation, For conveners withowl insulation, heat
transfer to the feed gas would be considerabde i an
oviernll bean transfer coefMickent would be necessary,
Since the riser is uninsulated, an overall heat transier
coefficient L, is considered in calculating this heat
e,

dQ,  =U dA (T, -T)= M,,C_“_ (T,. Pr‘lth {17
Therefore we hove:
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4T,/ dv=(U, /M, C,,, (T, P)) (T, - T)
* (4 D, / (D& - D)) (18)

The overnll heat trunsfer coefficient is given by:
WU =1+ 1 /b +ir Lair/e) /K J+R, (19

h, is caloulated for heat rransfer inside packed ubes
a5 described by Leva [201].

h=tnQ® (240

whaere £2 iz the mass flow in Lb / HR, The geametnc
factor € is culculated from

t=3.5exp (4.6 D, /D) (D, /A)/ D, 21

where D, i= the catalyst dismeter in feet and ﬂ‘ is the
bed diameler.

The bed heat tmnsfer factor Mis o function of
reaction gas thermal conductivity K. and gas viscosity
and is given hy

= Kfpt (22}

The colbum [21] equation is used o caleulae the
hent trunsfer coefficient inside the riser.

h,=023GC_, (T, PN, PN (23)

G ix the mass velocity Lb- male / He, Fi® and the
Prandtl number is computed os ;

Nex = Co (TL PIWK  (24)

The thermal conductivity of the nser matenal is K,
und R, the fouling factor, was assumed to have a
value of . 001,

The energy balances for the guench zones are
developed assuming each sone 10 be adiabatic and
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perfectly mixed. The corresponding equation for the
Lih quench zone is

M, HI(T, P+ fMH(T.F=M, H (T,.L.F

(25}
M s the molar flow from the previoos bed amd H i the
enthalpy, Keal /K g- mole, The enthalpy of the quench
is obtained by multiplying the fraction of feed used
for quenched in the Lth zone by the total enthalpy of
feed. Flow rute of 0 component out of the zone is
cgual w the sum of the flows in since no reaction
DECIRS.

The energy balonce for the heat exchanger
located at the wop of the converter may be obiained
from the heat transfer equations. The cold gas
Mowing fromihe annulus passes downwarnd through
the exchanger shell side into the beds and reacted
gis Nows counter current and is cooled on the side.
Theencrgy balance forthe gas inthe heat exchanger
shiell side i

M, 1, C,, (T, P)dT,=-U A (T,-T)de  (26)

where A' is the heat transfer area in M* /M of heat
exchangerheightand T, and T, are shell side and nihe
side temperature, respectively, U, the overall heut
transfier coefficient for the heatexchanger. Theenergy
badance for the reacied gas in the exchanger tubes
yields

M,C_. (T, .P)dT,=U A'(T,-T)dz (2N

Equations 26 and 27 may be solved annlytically us
suggesed by Shah [22]if CP(T,. P ) and C, (T, P,)
are assumed 1 be constant and calculzed m averape
temperanire of shell and tube sides, The solution may
he ohtiined by letting
B=0 M, C__(T.P) (28)

and
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H=MC_ (TP (29

yiclds afier imegrating the following eguation.

T, =(-B/@&)(T, T, N+T, R0
FHYSICAL DATA EVALUATION

The hemt capacitics are taken o be a function of
tempermre and pressune. The temperatune and pressure
dependencies are expressed by Hougen and Watson
(23] as polynomials. For M., H,, CH, and Ar the
pressure dependence of the heat capacity is negligible,
Mixture enthalpies are computed using the BWR
equaton of state, Mixture constants are computed
according 1o Ried and Sherwood [24], Mixture
wiscosity and thermal conductivity are calculmted by
methods suggested by Reid and Sherwood [24]. Pure
component viscosities for N, NH,. CH,, Ar are
obtained by using the theoretical treatment of Stiel and
Thodos, but for H, are obtained by using the
theoretical treastment of Chapman and Enskog. Low
pressune mixiure gas viscosities wre then computed
by the method of Dean and Suel, and comected for
high pressure by the eqution proposed by Dean and
Stiel, Pure component thermal conductivity is
computed ns suggested by Bromley and mixture
thermad conductivitics ane computed sceonding o the
miethid of Lindsay and Bromley; the mixnre value is
then cormected for high pressure by the equations of
Snel and Thodaos.,

The basic Equations 7.8, 11, 16 and 18 have been
solved hy method of Rung-Kutta of fourth order, The
activities used in the solution of above mentioned
eruitions ane . 46, 53, .6, .61 for beds number 1,2,3.4
respectively [25],

RESULTS AND DISCUSSION

The calculstion results for an ammonia cold shot
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Table 1. Comparison between results from the simulation model and plant data of Ran Peirochemical Complex

Vuriakles Kimulated ¥alie Mant ¥alue

Tnle Chutler Inbet Chutlet
Pressune, atm, 1401 (353 j40 .
H, / N, ratio 302 30 300 102
Ternperabure i the converter, "C. 115 - 135 '
Tortal maalar Mow rate, Kg. Male [Hr 226146 25D 22616.6 X584
% ol gross fied 10 1 st bed, 6149 3 5148 .
T af gross Toed o quench io 1 @ bed, . - 0 .
% ol grons foed us quench o 2 rd bed. 13T . J379 .
T off gross feed as guench (2 3 pd bed 14T - 1477 -
% of grons feed as quench o 4 th bed, L5 ‘ ARG .
Catalyst walume af 1st bed, M, 0. - 1.1 i
Mular composstion of 151 bed.
Gns %
Mrirogen, 21 000 19.641 21.00 19,663
Hydrogen. 3350 59348 4 350 59,355
Amiania, 2050 6,763 2.5 6,756
Argon. 3350 3,505 3350 150
Methane (0,250 10723 10250 {1
Temperalure, “C, 420 4609 41 4955
Cuialyst volume of 2nd bed, M 32 - 13.2 -
Minlar eomposition of 2nd hed
sl
Nimogen. 19.915 19T 19917 19,052
Hydmgen. &1 57514 Gl 114 57.50
Ajtarmnk, 5867 R913 5. RE2 B903
Argon, 3475 15T 3ATS 1575
Methane. 10633 LG 10633 10.53R
Tempersiare, "C. 42406 47178 4194 4755
Catalyst virlume of Y bad, M° 199 - 1.7 -
Malar composition of 3rd bed,
Oas %
Milrigen. 19,385 18600 19350 18,609
Huidropen. 5R.524 S6.1489 58,534 56208
Ameminii 1733 10,484 .17 10445
Argon, 1536 3627 1536 3426
Methane. 10821 11097 1AL 11085
Tempersture, “C. 414.8 4535 419.7 45000
Catalyst volbume of 4th bed, M* T4 . ns .
Molar composiison af dth bed,
Gaz %
Nitrogen, I&. /i 18,544 1886 18138
Hydrogen, 5k G54 54817 56968 5. Tu
Ammanin R EE] 1200 G566 12122
Argon. 1557 1680 1597 36H1
Pethane. 11,0807 11259 11005 1362
Temperiwe, "C. 41674 4521 4277 AR
Produced smmonia, (T.ENH, / DAY - 1L Gk - (UL
Product lemperalums, O . 444.73 - -

converter are presented. along with the plant data in The results in Tablel show that in general the
Tablel. calculated values are in good agreement with the

Journal of Engineering, lslemic Republic ol ran Waol. 8, Mo, 2, May 1885 - 67



2%
(R ] i
gl BED-3
! b
E BED-12
0.0
! o
g
: a0s Siwi RTEG DATA &
= PLAST DATH &
0.
B oy
I wa w00 0.0
e 3.0 nog 0.0

volmee aff Cotabpsl o

Figure 1. Conceniration profile in the ammonia coaverier of
Razs petmchernical complex & operaling condfions as shiwn im
Tablel,

plam data, Maximuom difference in plane daa and
calculied nmmoma concentralion exists ot the exit
from the second bed: nevenheless, this ermor is under
one percent and s well within expected range of
error. The difference in temperature is maximum in
outlet of the forth bed with a measured value of 11°C

higher than the calculated one which leads w 16
pnn:smcnnr.
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Figure 4. Temperature pralibe in the ammonss corverter of Kags
Petrechemical complex o operating conditions as shows in
Tahlel.
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Figuwre 5. Tempeature pmofike n the annalus and nser of
mimona converier of Razi Perochemical complex st
aperating conditions as shown i Tablel,

Omnce the validity of the proposed model is
confimmed by the plant dagn, the concentration and
temperature profiles along the beds and the
iempernture profile along the annadus amd Aser ane
obtuned, Figures, 3 and 4 show the iemperature and
ammonia concentration profiles along the beds.
Figure 5 shows the temperiure profiles along the
anmilus and niser.

* Financinl support of the Shire University
Office of Research is appreciated.

NOMENCLATURE

A = cross sectional area of bed {M*).

A' = heal trunsfer area per meter of exchanger (M7 M)

A = circwmference of riser (M7

A, = circumference of catalyst section (M)

a =actviny of component | (dimensionbess),

C = ivinl concentratsen of reacting gas mixture (Kg - Mile
Fi |

C__, = specific heat of reacting gas mixture (Keal, /Kg

- Maole K.
¥, = annalus diameler (M.
I3, = catalyst basket diameter (M.

Joumal of Emglreerng. lslamic Repulblic of lran



[l.,mj:l = effective difTusion coclhicient aof ammsosnia
(M /5L

I, = catalyss parnicle diameter (Fri.

[, = riser dimmeder (M),

FI = il maodar fow rabe ol componeni § o each compartmesnt
{Kg - Mole Hr).

F = ootlel molar flow mie of component 1 from esch
compantrment (K - Mobe  Hrj

i, = fraction inlet Mow {dimensionless).

G = mass velocity (Lb - Mobe / Hr / Fe%).

i{H} = molar enthalpy of mixmre (Kcal, / Kg - Maole),

GH = heat of reaction (Kcal. f Kg - Mals).

b, = ouwisidie heat transfer coeffictend (B / He.P.RR),

b, = iuhe shde het irunsfer coefficient [Riu f HrUFE)

i= 1 refers o M, 2refers io H,, 3 refens o NH,, d nefers o
CH,. § refer o A,

K = thermal condactivity of gas mixture (Bis § Hr. (s 0.
(F. /FiL

K, = equilibrium constanl in terms of activities
{demenamnlesg),

K' = thermal condectivity of catalysl basket tris i batinm
(Keal. § Hr. M®. C/M)L

K., = therimal conductivity of riser tubs (Rt / Hr, (sq. fi).
FiFth.

K, = mie constunt fior decomposition of ammonia (Kg -
Male 7 Hr / M)

L = subscript refers o converier sone (dimonseonbesc).

MZ' = mobar Mow raie :]I'fﬂd{“j, - Muole f Hr).

M, = molar flow rate oul of converter (Kg - Mobe / Hr),

M, = molar fow rate through the reactor length (Kg - Mole
i Hr}.

M, = prandi] musber (dimsnsioiles),

M, = reynelds number (dimensionless),

P = pressure {(atm).

I, = pressure of feed (atm.},

P, = pressure ad the indet of bed (atm_).

P = pressure af any poant in the bed (aim. ).

T-'_ = pressure at the ouilet of bed (afm.).

I, = pressure out of conventer (sim. ).

)= he=nt serm (Kcall).

Journal of Enginesring, lslamic Republic of iran

K = pas comtani (Keal. f Kg - Mole /K).

K, = fouling factor (dimensionless),

Hypg= reaction rate (Kg - Mole NH, f Hr f 8° Car),

Remap= effective rte of NH, formation per unit af hed

yolume (Kg - Mole NH, / Hr / M)

R, = radius of spherical particle (M)

r= edlial coondinate of spherical catalyst particls (M),

1, = inside tube diameter (M),

1, = oulside inbe dinmeter (W)

T = iemperature (K.

T, = empemmre in snmalos fK).

T, = tempemture in Lth zome (K}

T'-Erup:rulm-ufl'nd KL

T, = wmperature ow of converter (K],

T, = temperature in riser (K1

T, = wmperanare af botom of wnnadus (K).

T, = tempermture at fop of annalus (K),

T,, = temmperature &t bottom of riser (K).

T, = tfemperature al 1op of nser (K},

T, = wmpemmre on shell side of exchanger (K.

T1 = lempemire on mbe side of exchanger (K],

U, = overall heat transfer coe(Tiwnt of annalus (Keal, ¢
E.Fi'. Hrl.

U, = owernll heat transfer coefficient of exchanger (Keal, /
K. Fi®. Hr).

L, = Crverall heat transfer cosMcwnt of mser (Keal, /K. Fre.
Huj.

Y = splume of catalyst bed (M),

W = the volume of catalyst up to any point of the bed (M").

¥, = volume of bed (B},

Y = catal yet activity (dimensionless],

W = consland in Equation 9 (atm. / M)

X = mobe fraction of compoment i (dimensionbess],

X = conversion of amamonia (dimensionbess),

7 = distance from op of bed (M)

GREEK SYMBOLS

i = Kinetic parumeter (dimensonless),
P = defined by Equabon 28 (Keal. f Hre / K.
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£ = wirid fraction (dimensionbess),

o= viscosiby of gas mixture (Lb. | Er. Hr).
L) = mazx Mow mte (Lb. f Hr).

L= effectiveness [acior (dimensionless ).

T = geomaine fuclor.

= bnd seal transfer factor.

@ = defined by Equation 29 (Kcal, / Hr / K).
§ = thickness of insulatson (M.
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