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The behaviour of an industrial reactor for the oxidation of ammonia with Pt—Rh gauzes was simu-
lated by means of a mathematical model accounting for the axia dispersion of the components, radi-
ative heat transmission in the reactor, and the effect of temperature on the physico-chemical
properties of the reacting mixture. The effect of the preheating temperature, the input mixture com-
position, pressure and reactor load on the temperature distribution in the catalyst bed and on the NO
yield was examined. The calculated NO vyields agree well with the values actually attained in indus-
trial reactors. The effect of the reaction mixture composition and total pressure on the yield is also
consistent with observed dependences.

Reactors containing a catalyst in the form of a gauze are applied to the production of
HCN from CH,, NH; and O, (the Andrussow process) as well as to the preparation of
oxides of nitrogen during the production of nitric acid (the Ostwald process).

In dependence on the catalyst used and on the process conditions (temperature, press-
ure, gas phase composition), the catalytic oxidation of NH; can generally involve the
following reactions.

4NH;+50, ——— 4NO +6H,0 AHYg = —907.28 kJ (A)
4NH;+40, — 2N,0+6H,0 AHY9s = -1 104.9 kJ (B)

ANHz+30, —» 2Ny,+6H,0  AHY=-1269.02 kJ (©)

In addition, the following processes also play a minor role.

2NH; «—3 N,+3H,  AHY,=91.94kJ (D)
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2 NO

Ny+ O,  AH%Y%g= -180.62 kJ (E)

4 NHz+ 6 NO

5N,+6H,0  AHY,=-180828k]  (F)

The total pressure during the combustion of NH; is the most important technological
parameter of industrial oxidation of ammonia! ~4. Oxidation of NH; occurs at normal
(0.1 MPa) as well as elevated pressures. In the former case the working temperature in
the catalyst bed is about 820 °C, and increases with increasing pressure?® to reach
approximately 940 °C at 0.8 MPa.

The concentration of NH; in the entering air-ammonia mixtureistypically 9.5—-11.5
vol.%, the time of contact with the catalyst is 1073 — 10™ s. The platinum catalyst,
which is usually an alloy with rhodium (2 — 10%), has the form of gauzes made up of
wires 0.04 — 0.09 mm in diameter, the gauze density is 1 024 — 3 600 mesh cm™. The
surface density is typically?>*® 0.5 — 0.9 kg m™.

The objective of the present work was to set up an appropriate mathematical model
of areactor for the oxidation of ammonia on Pt—Rh gauzes. The model should account
for the following basic features of the process:

—increase in the NO yield if the specific surface area of the catalyst is increased;

— decrease in the reaction selectivity with respect to NO if the total pressure in the
reactor is increased;

— decrease in the NO yield if the concentration of NH; in the feed is increased.

The model should also provide data of NO yields, total NH5 conversion degrees and
reaction mixture temperatures which should agree reasonably well with experimental
data.

The reactor for the oxidation of ammonia considered is shown in Fig. 1. It can be
separated into three segments. The first segment includes a conical adapter with inlet

Fic. 1
Layout of the NH; oxidation reactor. 1 Opening
for feeding in the ammonia-air mixture, 2 perfor-
ated plate, 3 device for starting catalyst heating, 4
basket carrying Pt—Rh gauzes, 5 steam overheater,
6 outlet into steam boiler, 7 steam boiler, 8 econ-
omizer
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pipe, which serves the distribution and preheating of the input mixture. The second
segment, having a cylindrical shape, accommodates the catalyst gauzes. The third seg-
ment has also a conical shape and ends in the compartment of the steam boiler tubes to
recuperate the reaction heat.

Before entering the reactor, the air-ammonia mixture is preheated to 130 — 150 °C in
a heat exchanger. The conical part of the reactor contains a perforated plate which
facilitates a good distribution of the gas along the entire cross-section of the Pt—Rh
gauzes. The mixture, heated by radiation from the first gauzes of the catalyst, isfed into
the catalyst bed, where the reaction takes place. The nitrous gases at a high temperature
(about 850 °C) pass through a layer of afilter mass which traps platinum, to reach the
steam boiler compartment.

From the mathematical viewpoint, this reactor is a complex system involving several
strongly exothermal reactions as well as transfer phenomena including heat trans-
mission by radiation. When deriving equations of the mathematical model and solving
them we proceeded from the requirement that the model be as simple as possible while
meeting the above demands.

THEORETICAL

Kinetics of Ammonia Oxidation on Platinum

Older theories of oxidation of ammonia on platinum usually presumed that transient
compounds are formed” —. Such hypotheses, however, failed to prove true; experiments
indicate that the reactions of components on the catalyst surface involve no transient
compounds. The selectivity of the oxidation of NH; on Pt and the kinetics of oxidation
on Pt, Rh, Pd have been studied by Pignet and Schmidt!®!l, The authors performed
experiments in a low-pressure reactor interfaced to a mass spectrometer and, based on
the experimental data, suggested a simple series-parallel mechanism as follows, based
on the concept by Fogel and coworkers'?.

(gas phase)
IE£ )
0, (9 NH; (s)
(gas phase) ———= NH; (9) N, (gas phase)  (G)
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The following relations in ref.1! give the rates of NO and N, formation.

0079160 .,
2
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(If the partial pressures are in Pa, the reaction rates are in mol st per cm? of reacting
surface.)

The kinetic parameters in equations (1), (2) were obtained* from the experimental
data measured at low pressures (not exceeding 15 Pa). The application of the above
kinetic equations to the calculation of reactors working at atmospheric or elevated
pressures is warranted to some degree with regard to the existing strong effect of outer
diffusion on the total reaction rates and the related substantial decrease in the concen-
trations of the reactants on the catalyst surface. In conventional conditions of industrial
application of the Pt—Rh catalyst, the ratio of ammonia partial pressure in the gas phase
and at the catalyst surface is on the order of 107,

The explanation of the negative effect of total pressure on the NO yield in industrial
converters lies in reaction (F) between NH; and NO in the gas phase, whose kinetics
has been examined by Wise and Frech!®. Based on their experiments in which they
monitored the time behaviour of the total gas pressure in the apparatus due to reaction
(F) the authors derived the equation

dP _
dt = k Pnh, [N (3

where
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k = 9.527 . 10° exp(-229 018/RT) (Pa¥2s) . (4)

Equations (1) — (3) constitute the only known mathematical representation of kinetics
of oxidation of NH; on Pt gauzes at 600 — 1 200 K, and therefore we employed them
when modelling the industrial reactor for the oxidation of NH,.

Model of the Reactor

The following assumptions were made when setting up equations of the mathematical
model:

1. Temperatures and component concentrations are constant in the radial direction.

2. The gauzes follow each other closely and the total length of the catalytically active
zoneisL =ny(ry, +rJ.

3. The catalyst properties do not vary with time.

4. Preheating of the reaction mixture by partial absorption of thermal radiation from
the catalyst bed front is allowed for in the first reactor segment.

5. The gas phase exhibits ideal behaviour of state.

6. Heat transfer by radiation takes place from the catalyst bed front and end into the
space before and after the bed.

The balance of the i-th component in the gas phase (i = NH;, O,, NO) then can be
represented as

d(vec) d’c BI
T_ Ei @ = V (CS,I_ C) + ZRgJ i (5)

and the following relation applies to the gas—solid interface:

A ay
Sh chst vij + B 1_y(Ci_ G) = 0. (6)
=1

The enthalpy balance of the gas phase, including the heat transfer between the catalyst
and the gas phase, heat dissipation in the environment, and heat generation by the gas
phase reaction, can be written as

d(v pc fT) o(fc kfo
dzp (Ts=T) +

(T,- T + zRgJ (- AH), (7
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whereas the enthalpy balance of the catalyst, including the heat transfer in the catalyst
bed, heat transfer between the catalyst and the gas phase, and heat generation by reac-
tion on the catalyst surface, is

d?T, ay N ~
d2 + 1-y afc(T_Ts) + Sg pcjgle,j (_AHrj) = 0. (8)

Aet

The boundary conditions for the component concentrations are based on the equal com-
ponent fluxes at the two ends of the catalyst layer, z= 0 and z= L (Fig. 2), and can be
written in the form

?ﬁ% _ AV N v(0) ¢(0) )
oz, MNr2yE E;
@B =0 (10)
9zg., ,
where
AT(0)
v(0) I'I r% yo U (12)
B
T
1/nw‘
Fie. 2

Layout of the gauzes. A Section, B view in the gas flow direction
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The reaction mixture entering into the conical part of the reactor is preheated by the
radiant heat flux from the Pt—Rh gauzes. Thisfact is expressed through Eg. (12), which
allows the starting gas phase temperature T(0) at the catalyst layer front (z = 0) to be
calculated:

TO) = T° +

2 -
Nr2(-y)ope %40)4— ;rrOE +Ts(o>gE_ 2

~0
n°c, 2

The boundary conditions for the catalyst temperature express the equal heat fluxes at
z=0andz=L.

T, od T+ T0) 4
oo = 3(0)4 -0 g (13
09Z0., A« O 2 0

i
E“FTSB - 9% V+TS(L)D - T(L)* (14)
mdzg_, o 2 g

The concentration of component i in the gas phase was expressed via the mass fraction
w;, and the system of equations (5) — (8) was converted to a dimensionless form:

dw,  dw
B, 42 Y@ T B,Csi — Bsw + By (15)
ar _
O = By(T- ) + By* By(Tp= ) a7)
T
@‘*Bn(T_TQ‘FBlz = 0, (18)

where the B;'s are as follows:
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d
B, i B, = B M AL
Pe, L yG
1 N
B, = 5 M AL Y Ry v,
i=1
a
;= 0 BL Bs = M, AB
yv V
ay 1
By = G —
6 BI 1_y VCiO
B = Mi A § Pc(Vig Rs1t Vis Rs))
7 = @
_ Qagay LA LA N
B = oG = o6 Z o (AHr)
_ 2KkoL A . Lay
By = m Bn = @-V) Ay Qe

_ S P L’
B, = Ay Tt ZlRSJ( AHV)

The boundary conditions (9), (10) take the form

(19)

(20)

(21)

(22)

(23)

(24

(25

(26)

27
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kS
Nou[m]m!
1]
o

and Eqg. (12) becomes

70 + T(0) 4
T0) = TO+ Bis S(O)4 - O—F0
O 2 O
with
_ Nri(l-y)odeTy
13 G Cpf .

The following holds true for Eqgs (13), (14)

M0 opLTS % 0 10+ T(0) 4

Oo0 = O——>"0

Hzg_, At 0O 2 0

T.0 opLT 09 + T(1) 4

%Esg - _ ¢)\ ref %S(1)4_ Elv 23( )D
=1 ef

|

(28)

(29)

(30)

(31)

(32

Reactions (A) and (C), occurring on the catalyst surface, and the homogeneous reaction
(F) are involved in the model with the bulk reaction, whereas reactions (A) and (C)

solely are involved in the model without bulk reaction.

The following relations for the rates of the chemical reactions (A) and (C) (Rs;, Rs)

follow from their stoichiometries.

Rs1 = o
Rs2 = 21y,

Relations (1) and (2) were employed to calculate the r values.
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Equation (3) was applied when calculating the rate of the homogeneous reaction (F),

Ry 1-
0l

The effective conductivity Ay, involving the effect of radiation in the catalyst bed,

was calculated by using the relations recommended by the authors'**5, viz.

A OAgO DA,
S 5+ 0707NQE S0 (35)
Ao oM, oM O

whereas the effective axial thermal conductivity without allowing for radiation,
()\ef/)\f)NNuzo, was calculated by employing the recommended correlations'.

In view of the high axial concentration gradients we can assume that axial disper-
sions of the reaction components play an important part in this system, and therefore
this effect was taken into account in the model used (Egs (15) — (18), (27) — (32)).
According to Carberry!’, the dispersion coefficient obeys the relation

vd
E = P

i ?% , (36)

2
Pe, v
The mass transfer coefficients 3; and heat transfer coefficients o, for the gas phase and
Pt—Rh gauze system in Egs (15) — (18) were calculated from the j-factor following
Sattefield and Cortez'®.

The heat transfer between the outer reactor jacket and the environment was assumed
to proceed through free convection, and the empirical correlations'® were used to calcu-
late the heat transfer coefficient k;, in Eq. (9).

Equations (37) and (38) have been derived® for the calculation of the outer geome-
trical surface area and volume of a gauze with a simple rectangular net with a surface
area of 1 m?and height of 2 (r,, + rJ).

mo

|s = (rs+ rw)2+ O (37)
s

= Vi s mg (39)
'W

The geometrical surface area and volume of the catalyst (per m? of the gauze) then are

S = 20 ngn, (ry 1, + rsly (39)
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Vg = 20 ngn, (r2 1, + r2ly. (40)

Solution of the Model Equations

The system of Egs (15) — (18) along with the conditions (27) — (32) is a system of
strongly nonlinear algebraic-differential equations with boundary conditions.
The system was solved by the method of global orthogonal collocation??.

An approximate solution is assumed in the form

N
yx) = D 500 yx), (41)
i=1

where Ij(x) is the Lagrangian interpolation polynomial and y(x) is the value of the
dependent variable (composition, temperature) in collocation point x;.

_ Py(X) _ N :
|j(X) - (X_Xj) PN(X]) PN(X) - kl:ll(x Xk) (42)

The first and second derivatives of y(x) in the collocation points {x} - 1y Can be
expressed as linear combinations of y(x) = ;.

Loy :
hd = AdY (43)
Bl:xk j=1
Ce2y0 N
O =) BgY (44)
%Qﬁ(k jgl kj Yj

The coefficients A,; and B, j, along with the collocation points { X} - 1y, Were gener-
ated by means of the published programs JCOBI and DFOPR (ref.?!). Nine internal
collocation points (N = 11) within the interval of x O (0,1) corresponding to the roots
of the Legendre polynomial of the 9-th degree, were used in all calculations.

The physical properties of the gas mixture were calculated in each collocation point
in dependence on composition and temperature using available correl ations?.
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By inserting the relations (43), (44) in the initial algebraic-differential equations
(15) — (18), (27) — (32) we obtain a system of strongly nonlinear algebraic equations,
which is solved by the modified Gauss-Newton method.

RESULTS AND DISCUSSION

The results given in this section were calculated, unless stated otherwise, for the fol-
lowing input parameters corresponding to a medium-pressure nitric acid production
unit:

Input mixture temperature 150 °C, pressure in reactor 0.4 MPa, reactor diameter 3.2 m,
NH; content in the entering air—ammonia mixture 10.5 mole %, reactor load 0.095 kg
NH; per second and m? of sieve (which corresponds to a daily output of 200 t of
HNO;), catalyst layer: 5 Pt-Rh gauzes (L = 0.6 mm; gauzes 1 024 mesh cm™, wire
diameter 0.06 mm, specific surface area 0.105 m? gb).

Simulation of the behaviour of the reactor provided information concerning the ef-
fect of operating parameters (starting feed temperature and composition, total pressure)
on the nitric oxide yield Xyo.

Effect of Specific Surface Area

Typical morphological changes in the surface of the platinum catalyst are known to
take place during the technological process of oxidation of NH; (ref.?), leading to
increase in the catalyst surface area and in the NO yield. This phenomenon istaken into
account in practice so that new, unused gauzes are inserted at the end of the reactor and
in some time are moved towards the reactor head. In the model this fact was simulated
by increasing the specific surface area of the catalyst (parameter §)). The results ob-
tained are consistent with data from practice, the NO yield increasing with increasing
specific surface area of the catalyst (Figs 3 and 4). Thisincrease in the NO yield can be
explained in terms of reduction of the partial pressure of NH; at the catalyst surface due
to a higher reaction rate and thereby a reduction in the rate of the catalytic reaction
between NH; and NO giving rise to nitrogen.

Anderson? observed specific surface areas of old Pt—-Rh gauzes which were about 20
to 30-fold higher than the geometrical surface area of new gauzes. Our model calcula-
tions were performed for specific surface areas approximately 50-fold larger than the
geometrical surface area. In this case the simulation program provided NO yields and
temperatures which approached reasonably well those obtained in industrial practice.

The temperature profiles of the gas phase change with increasing specific surface
area of the catalyst (Fig. 5), which is due to the fact that if the specific surface area is
low, the reaction of NH5 with O, giving mainly N,, which has a considerably higher
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—AHr value, occurs preferentially. The gas temperature increases monotonically in de-

pendence on Z over the region examined.

The temperature profiles of the catalyst change appreciably with increasing specific
surface area (Fig. 6). At low §, values the catalyst temperature increases in the direc-
tion of the axial coordinates to attain its maximum on the last Pt—-Rh gauzes. By in-
creasing S, the temperature peak shifts towards the beginning: the first Pt-Rh gauzes
are hottest and the predominating fraction of NH; reacts on them (Fig. 3).

100

NO
Yo

40}

0 0-50 ya 1-00

Fic. 3
Dependence of NO yield on the dimensionless
axia coordinate (Z). Catalyst specific surface
area §; (m*g™): 1 0.055, 2 0.060, 3 0.065, 4
0.155

900

150 . . :
0-00 050 Z 1:00

Fic. 5
Gas temperature profiles for various catalyst
surface areas. Curve numbering as in Fig. 3

100

YNO'XNH:

%o

82

0-05 on Sar ngvw 015
Fic. 4

Dependence of NO yield (1) (z = L) and con-

version (2) on catalyst specific surface area

1050

&

630 1

350 . . ‘
0-00 050 Z 100

Fic. 6
Catalyst temperature profiles for various cata-
lyst surface areas. Curve numbering as in Fig. 3
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Effect of Input Mixture Composition

The effect of the concentration of NH; in the entering mixture on the NO yield has been
determined experimentally by Atroshchenko and Kargin® for the ammonia—air mixture;
the values are shown as squares in Fig. 7. The shape of this dependence was simulated
both taking into account the NH5 + NO bulk reaction and ignoring it (Fig. 7, curves 1
and 2, respectively). The plot demonstrates that the calculated dependences agree well
with the experiment, exhibiting a rapid drop near the air-to-ammonia stoichiometric
point in reaction (A) (X°= 14.4 mole % NHy).

The temperature profiles change as the entering mixture composition is varied. The
development of temperature profiles in the catalyst bed is shown in Figs 8 and 9. The
gas temperature increases monotonically in dependence on the relative coordinate in
the catalyst bed. An inexpressive maximum in the gas temperature curve devel ops start-
ing from concentrations in excess of 14 vol.% NH; (Fig. 8, curve 3).

Figure 9 demonstrates that the catalyst temperature is significantly dependent on the
axial coordinate in the reactor; the assumption of an isothermal course of the reaction,
which is frequently applied, is apparently incorrect. Investigating losses of platinum on
the gauzes, Zabryeski and Zmyslony?* found the losses highest on the first gauzes,
which is probably due to a higher temperature established in that part of the reactor.

100 : . : 1100
Ko
%
70
50 . . ! " ’
7 2 Omolee N, V7 0 050 VA 1-00
Fic. 7 Fic. 8
Dependence of NO yield (z = L) on entering Gas temperature profiles for various entering
mixture composition for a daily output of 100 t mixture composition values X° (mole % NHs):
HNO;, p = 0.1 MPa, 3 Pt-Rh gauzes. Rec- 18,211,314

tangles: empirical data, curves: 1 model taking
account the bulk reaction, 2 model ignoring the
bulk reaction
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Effect of Preheating Temperature on Yield

As the preheating temperature is increased, the NO yield as well as the total NH; con-
version grows (Fig. 10), which is consistent with experimental observations (ref.%, p. 53).
If the preheating temperature is additionally increased to above 250 °C, the Yy vaue
in industrial reactors decreases (ref.8, p. 51). This may be due to a subsequent catalytic
decomposition of NO at the gauzes as well as to areaction of NH; at the metallic parts
of the reactor body before coming in contact with the Pt—Rh gauzes. The calculated
dependences of Yy 0n the preheating temperature are shown in Fig. 10 both taking into
account and ignoring the NH; + NO reaction in the bulk (curves 1 and 2, respectively).
The shape of curve 1 approaches the experimental shape?® and approximates well the
preheating temperature optimum (about 250 °C). It can be thus concluded that the
model involving the bulk reaction of NH5 with NO fits the Yyo(T% well, athough the
reasons for the possible decrease in Yygo may be more complex.

Inindustrial practice the feed temperature is a compromise having regard to the plati-
num loss increasing with temperature?*2®; preheating temperatures of 150 — 200 °C are
typically chosen.

Figure 11 shows that the gas phase temperature profiles are similar in all cases exam-
ined, whereas the solid phase temperature profiles exhibit a pronounced dependence on
the axial coordinate (Fig. 12). According to ref.%, the adiabatic temperature increase per
mole % NH; in the entering mixture is about 70 °C. In al cases simulated, the gas

1450 ‘ T ‘ 100
I Ko
aC 3 0/o
1000
7
700 - g * *
0-00 050 Z 1-00 50 150 70 300
Fic. 9 Fic. 10
Catalyst temperature profiles for various enter- Dependence of NO yield (z = L) (1, 2) and
ing gas mixture compostions. Curves asin Fig. 8 total conversion (3) on entering mixture tem-

perature using models involving (1) and ignor-
ing (2) the bulk reaction (total conversion is
identical for the two models)
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temperature was 30 — 80 °C lower than the adiabatic reaction temperature due to heat
dissipation into the environment. This is consistent with the values measured in indus-

trial reactors?.

1000

°C

400

0 050 Z 100

Fic. 11
Gas temperature profiles for various entering
mixture temperatures T° (°C): 1 50, 2 200, 3
300

98

95 1

93 : ' - 5
g0 06 p,MPa 1-

Fic. 13
Dependence of NO yield (z = L) on pressure
for entering mixture containing 12 mole %
NHs, using models ignoring (1) and involving
(2) the bulk reaction

1150

750 ' ' '
000 0-50 Z 100

Fic. 12
Catalyst temperature profiles for various enter-
ing mixture temperatures. Curves as in Fig. 11

100

o Xim,
%a

97

gS 1

50 150 300

t HNO,/day

Fic. 14
Dependence of NO yield (1, 2) and total NH3
conversion (3) (z = L) on reactor load using
models involving (1) and ignoring (2) the NH;
+ NO bulk reaction (total conversion (3) is
identical for the two models)
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Effect of Pressure

Calculations ignoring the reaction of NH; and NO in the gas phase (Ry; = 0 in Eg. (7))
provided NO yields which increased with increasing pressure (Fig. 13, curve 1), and
this disagrees with reality?®. Therefore, the mathematical model was extended with a
term accounting for the reaction between NH; and NO in the bulk phase. The rate
of that reaction, expressed by means of the kinetic equation (3), was inserted in the
balance equation (5) (i = NH3, NO). The results obtained by means of this extended
model, which takes the reaction in the bulk phase into account, give NO yields
which decrease if the pressure is increased above 0.4 MPa (Fig. 13, curve 2).
Hence, the decrease in the NO yield with increasing pressure, which is observed in
practice, can be explained in terms of the bulk reaction of NH; and NO, as sug-
gested by Carberry®’.

Effect of Reactor Load

The yield decreases with increasing reactor load (daily output in t of HNO,), as curves
1 and 2 in Fig. 14 demongtrate. The total NH; conversion decreases as well (Fig. 14,
curve 3), so that in practice, unreacted NH; penetrates through the Pt—-Rh gauzes
whereby the NO yield lowers. This trend appears in both models.

CONCLUSIONS

The suggested mathematical model of a reactor with metal gauzes for the oxidation of
NH; alows the behaviour of an experimental or industrial facility to be predicted, par-
ticularly with respect to the effect of composition and temperature of the starting reac-
tion mixture, flow rate, and total pressure on the yield of nitric oxide and the total
conversion of ammonia. An estimate of the temperature distribution in the reactor is
also obtained, showing that the assumption of isothermal reaction course, which is
generally adopted, is actually incorrect. Comparison of the calculated NO yields with
published empirical data indicates a good agreement. The basic trends of dependences
of the NO yields on the starting concentration of NH; and total pressure are in a reason-
able agreement with published data as well. The adverse effect of total pressure on the
yield can be explained in terms of increased rate of the consecutive homogeneous reac-
tion between NH; and NO.

SYMBOLS
A area of the free cross section of the catalyst bed (I rfy), m2
AL area of the inlet tube cross section, m?
av specific outer surface of catalyst (ay = Sc(1 — y)YVk), m™?t
Csi dimensionless concentration of component i at the catalyst surface (Csi = Csi/cP)
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Ci concentration of component i in the gas phase, mol m™

c? concentration of component i at the reactor inlet, mol m™
Csi concentration of component i at the catalyst surface, mol m=
Cp gas thermal capacity, J mol™ K1

Cpf gas thermal capacity, J kgt K1

Di diffusion coefficient of component i, m?s™

dp characteristic dimension for the caculation of Pe, (mean wire diameter rs + ry), m
Ei dispersion coefficient of component i, m?s™?

FRH, molar flux of NH3 at the reactor inlet (z= 0), mol s

FNHa,z molar flux of NH3 a site z, mol st

Frno,z molar flux of NO at site z, mol st

G mass flow rate of ammonia-air mixture, kg s

hy radiative heat transfer coefficient (h = {0.1952/[(2/y) — 0.264]}(T~3/100)), Im2 K 1s1
kfo coefficient of heat transfer through the reactor wall, W m2 K1
L catalyst layer height, m

lw length of tightening wire per gauze mesh, m

Is length of closing wire per gauze mesh, m

M molar mass of component i, kg mol™

NnNu modified Nuselt number for radiation (Nny = hrdp/Ac)

n° molar flow rate at reactor inlet, mol s

n number of gauzesin catalyst bed

Ns number of closing wires per m of gauze, m™t

Nw number of tightening wires per m of gauze, m™

Pea Peclet number (Pes = vdp/E;)

p pressure in reactor, Pa

pi partial pressure of component i, Pa

R gas constant, K mol ™t K1

Rsj rate of j-th reaction at catalyst surface, mol m2s?

Rg; rate of j-th bulk reaction, mol m=s?

ri reactor radius, m

rs gauze closing wire radius, m

fw gauze tightening wire radius, m

S catalyst specific surface area, m? kg™

S outer geometrical surface area of catayst per m? gauze area, m? m>2
T gas temperature, K

T = Tt dimensionless temperature

TO gas temperature at reactor inlet, K

Ts catalyst surface temperature, K

Tref reference temperature (Tref = 750 K), K

79 gas temperature at reactor outlet, K

To temperature of reactor surroundings, K

Vi catalyst volume per m? gauze area, m3 m2

v interstitial velocity, m s

Wi mass fraction of component i

XNH3 total NH3 conversion (XHg = (FR]H3 - FNH3,Z)/FRIH3)

X0 NH3 content in the entering mixture, mole%

Z=12L dimensionless axial coordinate

Yno NO yield (Yno = Fnod(FRH; ~ FaHs2)
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Ofc
Ofo
Ofw

Bi

spatial axial coordinate, m

fluid-catalyst heat transfer coefficient, W m2 K™
wall-environment heat transfer coefficient, W m2 K™
fluid-wall heat transfer coefficient, W m2K™?

i-th component mass transfer coefficient, m s

gauze hole rate

—AHTr; reaction enthalpy of j-th reaction, J mol™*

Ac
Aet
At

As

Pc
Vi,

thermal conductivity of catalyst, W m™ K™

effective thermal conductivity in catalyst layer, W m™ K™t
thermal conductivity of gas, W m™1 K1

thermal conductivity of solid, W m™ K™

gas mixture density, kg m™

catalyst density, kg m™

stoichiometric coefficient of component i in j-th reaction
radiation constant

integral gas absorbahility

blackbody emission constant, W m2 K™
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