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Abstract

The present work focuses on a strategy for optimizing mono pressure weak nitric acid plants. The optimization strategy addresses important
processes which include oxidation of ammonia to nitric oxide, heat recovery from product stream of ammonia oxidation reactor and absorption
accompanied by complex chemical reactions of multi-component nitrogen oxide gases into water. In design and optimization of nitric acid process,
it is essential to understand the rate controlling step for ammonia oxidation process, strategy to be adopted for heat exchanger network design,
rates of mass transfer and chemical reaction for nitrogen oxide absorption and the combined effects of several equilibria. The work addresses these
issues taking through the complexities in the above mentioned processes.

The parametric sensitivity of few parameters such as ammonia to air ratio, excess oxygen/air, selectivity, power recovery based on the performance
efficiency of compressor and expander, inlet and outlet nitrogen oxide composition in condenser and absorption column have been a part of our
investigation either explicitly or implicitly. Further, for the absorption column, the effects of geometrical parameters, excess air, extent of absorption,
product acid concentration, temperature and pressure have been analyzed for the purpose of optimization of nitric acid plant. All parameters having

major influence on annualized cost of product acid have been analyzed and presented.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In making nitric acid, as in most other products, there is no
single “right way”. It would be difficult to cite a process so
common to industrial chemical scenario and yet posing so severe
achallenge to our comprehension of its fundamental mechanism
as that of absorption of nitrogen oxides in water to produce
nitric acid. The manufacture of nitric acid process comprises of
oxidation of ammonia to produce nitrogen oxides, followed by
gas phase oxidation of nitric oxide by oxygen, and subsequent
absorption and reaction of the higher nitrogen oxides into water
to produce nitric acid. In this work the focus is on mono high
pressure processes. A typical process flow diagram is presented
in Fig. 1 [1].

In a mono high pressure process, the absorption column
plays a dual role: (a) HNO3 manufacture and concurrently (b)
NOx abatement. Hence, the understanding of the mechanism
of NOx absorption holds the key to nitric acid manufac-
ture. Considerable research efforts have been expended [2-7]
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to bring out the following aspects of NOx absorption: (i)
NOx gases consists of several components NO, NO;, N»>O3,
N>O4, HNO,, HNOs3, etc. and the liquid phase contains
two oxyacids (i.e. nitric acid and nitrous acid), (ii) several
reversible and irreversible reactions occur both in gas and
liquid phases, (iii) absorption of multiple gases is accom-
panied by chemical reaction, (iv) desorption of gases occur
preceded by chemical reaction, (v) heterogeneous equilibria
prevail between the gas and the liquid phase components,
(vi) heat effects of the absorptions and the chemical reac-
tions. All these aspects make the process of NOx absorption
probably the most complex with respect to other absorption
operations.

In addition to these attempts made in the past [8—10], the fol-
lowing important features have been considered in the present
model for absorber. (i) The rates of absorption of NO,, N2O3
and N,Oy in nitric acid are different from those in water. The
rates decrease with an increase in concentration of nitric acid.
(ii) Carberry [11] in his work has shown that, for a given set of
partial pressures of NO, NO, and N»O4, there exists a certain
limiting concentration of nitric acid beyond which no absorption
of either N,O4 or NO; occurs. This heterogeneous equilibrium
substantially reduces the rates of absorption of NO,, N»O3 and
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wire area per gauze cross sectional area (m? m~2)
surface area per unit volume (m?m3)
concentration for species i (kmol m)

diameter (m)

efficiency

friction factor

molar flow rate for species i (kmol s
acceleration due to gravity (ms~2)

inert molar flow rate (kmols~1)

height of column (m)

mass transfer coefficient (ms™!)

backward rate constant for reaction Eq. (5)
(kmol kKN~1s~1)

forward rate constant for reaction Eq. (5)
(kmol kN~ !s~1)

forward rate constant for nitric oxide oxidation
(kPa~1)

equilibrium constant for reaction Eq. (5)
heterogeneous equilibrium constant (kPa~2)
equilibrium constants for reactions tabulated in
Table 1 (n=2-5) (kPa—2s~!)

parameter defined by Eq. (2.22) (kPa~!/?)

molar flow rate of water (kmol s~ 1)

molecular weight of species i (kg kmol™!)
number of catalyst screens

partial pressure of species i (kPa)

operating pressure (kPa)

power (kW)

power factor

flow rate (m3 s~ 1)

rate of mass transfer of ammonia on catalyst sur-
face (kmolm—3s~1)

rate of platinum oxidation (kmolm—3s~!)

gas constant (kJ kmol~! K~ 1)

volumetric rates of mass transfer for species i
(kmolm—3s~1)

reynold’s number

cross sectional area (m?)

thickness (m)

temperature of operation (K)

fluid approach velocity (ms~—!)

volume (m?)

weight percentage of nitric acid

conversion of ammonia to nitric oxide

moles of reactive nitrogen per mole of water
moles of species i per mole of inert

moles of water per mole of inert

moles of reactive nitrogen per mole of inert
moles of divalent nitrogen per mole of inert
length (m)

Greek letters

AP
€

pressure drop (kPa)
volume fraction

0 density (kgm™3)
T tortuosity factor
Subscripts

G gas phase

i inlet

L liquid phase

n stage number

o outlet

S screen

S side stream
Superscripts

b heterogeneous equilibria value
o bulk

S surface

N>y, and the extent of reduction increases with an increase in
the nitric acid concentration and finally approaching the equi-
librium value. (iii) Substantial quantity of nitric acid is formed
in the gas phase, at high temperature and pressure. (iv) The
heat effects due to absorption and oxidation. (v) 1/3 mole of
NO desorbs for every mole of NOx absorbed. This shows that
the rate of oxidation and absorption/desorption are linked. (vi)
Absorption rate of NO is negligible, however in the presence
of NO», the NO forms N>O3 and subsequently HNO; because
of the presence of H,O vapor in the gas phase. The rates of
N>O3 and HNO; absorption are very high as compared with
even NO;. Therefore the presence of NO; enhances the rate
of absorption of NO. (vii) Maximum permissible concentration
of nitric acid decreases with an increase in the mole fraction
of nitric oxide. As the absorption continues, mole fraction of
NO increases due to the absorption of N2O4, N»O3 and HNO3,
Therefore, multistage absorption is needed to get the desired
concentration of nitric acid where, each stage comprises of an
absorption section and an oxidation section. The plate spacing
depends upon the gas phase composition and the desired extent
of oxidation, also the extent of absorption on a stage is a variable.
(viii) The effect of temperature is multifold. The rate of NO oxi-
dation decreases whereas the rate of absorption increases with
an increase in temperature. The equilibria (for the formation of
N>0O4 and N> O3) are favored at low temperature. Moreover, for a
given NOx composition in the gas space, the maximum permis-
sible nitric acid concentration increases with fall in temperature.
(ix) Total pressure influences both the rates: NO oxidation and
the NOx absorption.

In addition to the process of NOx absorption, ammonia oxi-
dation and platinum losses from the catalyst screens also play a
major role in optimization process. The heat recovery and power
recovery are important aspects that need attention while devel-
oping a strategy for optimizing the process parameters for nitric
acid process. The objective of the present work is to provide
a strategy for improvement of production capacity and product
quality in an operating plant, along with proposing an optimiza-
tion strategy. The need was felt to develop models for all the units
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Fig. 1. Process flow diagram (PFD) (A: steam turbine, B: compressor, C: expander, D-L: heat exchanger, M: platinum filter, N: cooler/condenser, O: ammonia
vaporizer, P: ammonia super heater, Q: absorber, R: oxidizer, S: reactor, T: static mixer, U: bleacher).

in the plant as they are interrelated and the operating parameters
are strongly interacting.

2. Mathematical model

In order to develop an optimization strategy, it is important
to identify various process parameters that influence the cost of
operation. The costing models consider pressure drops across
various equipment, compressor power requirement, pumping
power requirement for cooling water in condenser and absorber,
raw material requirements, catalyst requirements, associated
process water requirement and the power for refrigeration. The
mathematical models for practically all the equipment (which
decide the capital and operating costs) have been described

Table 1
Reactions considered in model development

below. The reactions that are considered while developing these
models are listed in Table 1, along with the various rate constants,
equilibrium constants and heats of reaction/formation.

2.1. Ammonia oxidation reactor

Catalytic oxidation of ammonia is commercially one of the
most important reactions in heterogeneous catalysis. Oele [12]
has shown that the overall oxidation rate is controlled by the
transfer of NH3 from the bulk gas phase to the platinum sur-
face. This claim has been verified, with respect to, the rate of
chemical reaction model proposed by Fila and Bernauer [13].
In the range of parameters covered in this work (as presented
in Table 2), it can be seen from Table 3, ammonia oxidation is

Reactions Equilibrium and rate constants Standard heat of reaction (25 °C, kJ x 1073)
(A) Gas phase
4NH3+50, — 4NO + 6H,O N.A. Hj =—226.60 per kmol NH3 oxidized
2NO + 02L>2N02 logio k1 =(652.10/T)—4.7470 H, =—-57.11 per kmol NO oxidized
2N02§N204 logio K2 =(2993/T)—11.2320 H3 =—57.32 per kmol N,Oy4 formed
NO + N022N203 logio K3 =(2072/T)—9.2397 Hy =—39.98 per kmol N, O3 formed
NO +NO; + HZOQZHNoz logio K4 =(2051.17/T)—8.7385 Hs=—17.71 per kmol HNO3 formed

K.
3NO; + Hy0=2HNO; + NO

Reactions

log1o K5 =(2003.80/7)—10.7630

He =—20.53 per kmol HNO; formed

Standard heat of reaction (25 °C, kJ x 1073)

(B) Liquid phase
2NO;(g) + H,0(1) - HNO3(1) + HNO, (1)
N>04(g) + HoO(1) » HNO3 (/) + HNO; (1)
N203 (g) + Hzo(l) — ZHNOQ(Z)
3HNO; (1) » HNO3(1) + 2NO(g) + H,O(1)
HNO3(g) — HNO3(1)
HNO;(g) - HNO (1)

H7 =—53.68 per kmol NO; absorbed
Hg =—50.41 per kmol N,Oy4 absorbed
Hg =—39.98 per kmol N,O3 absorbed
Hjo=+23.90 per kmol HNO; absorbed
Hp1 =—39.19 per kmol HNO3 absorbed
Hjp =—41.45 per kmol HNO; absorbed
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Table 2
Process parameters used for model validations
Units Casel Case2 Case3
Production
HNOj3 as 100% basis TPD 300 300 300
Concentration of product acid % 60.00  59.63 60.03
Compressor discharge pressure kPa 1183 1295 1241
Reactor
Ammonia selectivity to nitric oxide % 90.0

Cooler condenser
Condensate temperature °C 35 41 33
Condensate concentration % 50 49.16 49.63

Absorption column

Stages - 38
Diameter m 3.2
Absorption temperature °C 40
Chiller zone temperature °C 20

mass transfer controlled. This means that the value of ammonia
partial pressure at the catalyst surface is zero. The overall rate
is given by the following equation:

I'NH; = kGa CNH; (1)

Assuming the gas phase to be back mixed the number of
catalyst screens is given as:

FiNH; X

N = T~ A
k(;CNH3aS

where a =aNS$ 2)

The mass transfer coefficient for woven wire screen catalyst
[14], surface area per unit volume of screens, the equivalent pore
diameter (0.24 mm) and the voidage (0.81) were evaluated using

the procedures given by Armour and Cannon [15]. The pres-

Table 3
Comparison of mass transfer and chemical reaction rates for ammonia oxidation

Parameter ~ Rate of ammonia oxidation (kmol/m?s) % Increase of
Mass transfer Chemical reaction f::;zﬁairz:;z:?ai:w
controlling [12]  controlling [13] > )

Pressure (kPa)

900 1.25e-3 1.72e-3 37.60

1100 1.25¢-3 1.92¢-3 53.60

1300 1.25¢-3 2.08e-3 66.40

1500 1.25e-3 2.24e-3 79.20

1700 1.25¢-3 2.38e-3 90.40

Inlet temperature of ammonia oxidation reactor (°C)

210 1.25¢e-3 2.04e-3 63.20
230 1.25¢-3 2.08e-3 66.40
250 1.25¢-3 2.12e-3 69.60
270 1.25¢e-3 2.16e-3 72.80
Excess air to ammonia oxidation reactor (wt%)
7 1.27e-3 2.14e-3 69.17
9 1.26e-3 2.11e-3 67.46
11 1.25¢-3 2.08e-3 66.40
13 1.24¢-3 2.06e-3 64.80

Parameters considered for rate comparison (otherwise mentioned): capac-
ity =300 TPD (100% HNOj3 basis); quality of acid=60wt% (HNO3); inlet
temperature to ammonia oxidation reactor =230 °C; excess air = 11 wt%; oper-
ating pressure = 1300 kPa; selectivity of ammonia to nitric oxide =90%.

sure drop across the screen was estimated using the following
equation:

2
1
ap =12 3)
gD

where the friction factor for the screen is given by [15]:

8.61
F=22" 105 @)

Re

In order to carry out the optimization exercise, it is imperative
to evaluate the platinum losses occurring under various operating
conditions in the plant. It has been known [16] that the observed
volatility of the platinum group metals in the presence of oxygen
is higher than that for pure metal and the enhanced volatility has
been attributed to the formation of volatile oxides. At temper-
atures above approximately 1073 K, platinum oxidizes slowly
to produce a volatile species PtO; [17]. Also it has been shown
[18] that the losses due to mechanical attrition are negligible.

During the catalytic oxidation of ammonia, X-ray microanal-
ysis [19] has shown that the rhodium oxide also gets formed on
the surface of the Pt-Rh gauzes. The oxidation of platinum is a
reversible reaction. However, the product PtO; is transferred to
the gas phase which favors the forward reaction:

k
Pt + Ozk:fPtOg Q)
b

Mass transfer coefficients [14] (for PtO,) have been calcu-
lated for specific geometries [15] and flow conditions of the
catalyst screens. The equilibrium constant has been evaluated
from the experimental data of Alock and Hooper [17]. The over-
all rate of mass transfer accompanied by the chemical reaction
has been derived by Bartlett [20]. The platinum losses due to
PtO, formation can be given as [20]:

kca(2wMpio, RT) ™2 KeqCo,
{kG/RT + 27 Mpio, RT)~"/?}

(6)

rpt0, =

2.2. Heat exchanger network

The gases leave the ammonia reactor/oxidizer at about
1173 K whereas the NOx absorber operates in the range of
328-318 K. Therefore, the gases need to be cooled in such a way
that the enthalpy is used advantageously for steam generation
and for preheating various streams. These features need to be
included in the heat exchanger network which contributes to the
capital cost as well as operating cost due to pressure drop. The
present model for heat exchanger network, addresses to all these
aspects along with the chemical reaction taking place within the
exchangers.

The model uses appropriate methods for the estimation of
pressure drop across the tube bank [21] which includes due con-
sideration of the geometric layout for the tube banks [22]. The
contribution to shell side pressure drop by, cross flow, baffle win-
dows and end zones have been considered. The shell side heat
transfer coefficient was corrected for segmental baffle window,
baffle leakage, bypass, non equal inlet-outlet baffle spacing, etc.
The shell side corrections over an ideal shell side pressure drop
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and heat transfer coefficient were estimated according to the
recommendations of Bell-Delaware [23].

The chemical reactions occurring in the heat exchanger train
were considered according to the model presented later in the
section on the oxidizer. Plug flow behavior was considered in
the tubes of the heat exchanger, as the peclet number was found
to be greater than 30. Details on mass balance, heat balance, gas
equilibria and method of solution of the model equations have
been given in Appendix A.

2.3. Condenser

Condensers are generally large surface area heat exchang-
ers. The process gas enters from the preceding heat exchanger
which contains NOx gases, N», unreacted O, and water vapor as
a product of ammonia oxidation reaction. In the process design
of nitric acid plant, the design of condenser is crucial for obtain-
ing the desired concentration of product acid from the absorption
section. A number of chemical reactions and chemico-physical
phenomena; like (i) nitric oxide oxidation, (ii) formation of
higher nitrogen oxides, (iii) water condensation, and (iv) absorp-
tion of nitrogen oxides; occur in condenser. The present model
accounts for gas-phase reactions and equilibria, condensation,
and the effect of heterogeneous equilibria on the condensate con-
centration. The model considers water entering the condenser in
the form of vapor, majority of which condenses and then reacts
to form nitric and nitrous acid in the liquid phase.

The methodology for solving the material balance of the con-
denser is as follows: (i) concentration of nitric acid in condensate
is assumed, (ii) the nitrogen mole fraction at the inlet is above
0.85. The outlet mole fraction is assumed which permits the
estimation of total molar gas flow rate at the condenser exit
(iii) from the nitric acid concentration and temperature of the
condensate, the partial pressure of nitric acid and water in the
gas phase were evaluated and which, in turn, enabled the esti-
mation of the amount of water condensed, (iv) the oxidation
of NO to NO; in the condenser tubes was calculated using the
models described in Appendix A, (v) the reactive nitrogen in
the outlet gas was estimated from the difference of the reactive
nitrogen at the inlet (to condenser) and the reactive nitrogen in
the condensate, (vi) the individual composition of NOx gases
at the condenser was estimated from the gas phase equilibria
described in Appendix A, (vii) with known quantities of NO
and N»Qy, the equilibrium concentration of nitric acid leaving
the condenser was evaluated using the procedure of Carberry
[11], (viii) the HNO3 concentration obtained in step (vii) was
replaced by the assumed concentration in the step (i) and all the
steps were repeated for convergence so as to achieve complete
balances at the elemental level on nitrogen, reactive nitrogen,
hydrogen and oxygen, (viii) finally heat balance and pressure
drop were estimated across the condenser.

2.4. Oxidizer or preconditioning zone
The NOx gases leaving the heat exchanger train contains

mainly nitric oxide and needs further oxidation prior to absorp-
tion. The oxidizer is usually a part of the absorption column

and occupies the volume beneath the bottom-most tray. The het-
erogeneous equilibrium between NO (g) and HNOj3 (1) controls
the nitric acid concentration for a given partial pressure of NOx
gases. Therefore the oxidizer is important equipment for the
manufacture of nitric acid with high concentration.

A differential mass balance for the NO oxidation is given by:

lei‘,O S 2
= ——|k 7
dz G[ 1(pNO)” PO, ] @)

The oxygen balance is given by:

dyg 1 s
2 - __ — k 2 8
& 5 X G[ 1(pNO)” PO, ] (8)

In addition to the formation of the nitrogen dioxide, other
nitrogen oxides (N2O3 and N;O4) and oxyacids are formed
according to the equilibria described in Table 1(A). Further, the
heat balance effects of these reactions result into a temperature
profile along the length of oxidizer. The method of solution of
material balance across the oxidizer along with the heat balance
is given in Appendix A.

2.5. Absorption column

The literature shows the development phases which started
with the graphical method [24] which involved a modified
McCabe-Thiele method, considering only NO, NO; and N,O4
in the gas phase, the models thereafter developed accounted for
(i) extensive heat balance [25], (ii) gas phase equilibria [26,27]
and the gas phase oxidation of NO to NO», (iii) formation [28] of
HNO; and HNO3, (iv) simultaneous absorption of NO;, N>O3
and N> O4 with chemical reaction [29] with water and the depen-
dence of these rates on nitric acid concentration and temperature,
(v) heterogeneous gas—liquid equilibria [30], (vi) HNO; decom-
position [26] in the liquid phase, (vii) desorption of NO preceded
by chemical reaction [30]. The effect of low solubility of NO
and the back pressure due to heterogeneous equilibria neglected
previously [31,32] have been accounted in the model developed
in this work.

The increasingly stringent environmental protection regula-
tions, has made it necessary to develop optimization strategies
for keeping the NOx emissions within permissible limits.

2.5.1. Absorption stage on a plate

In the present work a plate column having bubble cap trays has
been considered. The following assumptions have been made (i)
the liquid phase is completely back-mixed on a plate and the gas
phase moves in a plug flow manner, (ii) liquid hold up is uniform
throughout the plate, (iii) the gas follows an ideal behavior, (iv)
column operates under steady state.

The component balances for the gas and liquid phases are
described in Appendix B. The overall material balance for an
absorption stage is given by the following equations:

Reactive nitrogen:

G o1 = Y) = Lo X\ — Lut1 XN 1 — LsXNs 9)
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Fig. 2. Profiles for a 300 TPD plant with 60% weight product quality for different cases as presented in Table 1: (A) pressure profile in plant at various locations.
(B) Nitric acid concentration profile on trays. Case 1: (A) reported, (—) simulated. Case 2: (x) reported, (—) simulated. Case 3: (+) reported (—) simulated. (C)
Catalyst screen requirement and platinum losses for various NO selectivity. (D) Reactor outlet temperature and platinum losses for various NO selectivity. (E) Cost
of product acid and catalyst screen requirement for various NO selectivity.
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Water and water vapor:

G(Yf-klzo‘nfl - Y;ZO,n)
1+ X3, 1+ X1
1+ X3
x <2NS> (10)

2.5.2. Empty section or space between plates

The empty section or the space between plates acts as an oxi-
dizer for NO and the oxidizer model has been given in Appendix
A. The rise in temperature in empty section was based on the
heat balance. The empty section plays an important role as it
decides the relative proportion of tetravalent to divalent nitro-
gen oxides entering the next plate and hence it also decides the
maximum permissible concentration of HNOj3 leaving the plate.

2.5.3. Estimation of design parameters

The design parameters such as fractional liquid hold up, frac-
tional gas hold up, gas and liquid side mass transfer coefficients
[33], dry tray and wet tray pressure drops for the bubble cap
trays were estimated according to the procedures of Bolle and
Dauphine [34].

2.5.4. Heat balance

The heat balance for the above two parts were modeled sep-
arately. In absorption on a stage, the heat balance is accounted
for gas and liquid phase as: (i) rate of formation of N»O3 from
NO and NO3, (ii) rate of formation of N,O4 from NO,, (iii) rate
of formation of HNOs3, (iv) rate of formation of HNO,, (v) rate
of heat liberated due to oxidation of NO, and (vi) rate of water
evaporation. In the empty section, heat balance was modeled as
outlined for oxidizer. The values of heats of various reactions
have been given in Table 1.

2.6. Compressor and expander

For the estimation of compressor power an isothermal con-
dition has been assumed (as the compression heat is removed
during the stages) and is given by:

Po/Pi>

e P

P = P;Qln ( an

Compressor efficiency and power factor have been taken as
65% and 75%, respectively.

The high pressure low temperature gases emitted at the exit of
absorption column, are heated and passed through the expander
for power recovery. A certain percentage of the power recovery
(70%) was incorporated in the cost calculations.

2.7. Pump

The process water required for the absorption and the cooling
water required on trays are pumped to their respective loca-
tions. The pumping power requirement for the process water

was estimated based on the height of absorption column:

_ HpgQ
e

P (12)
For the estimation of power for cooling water, the pressure
drops in the water line were suitably calculated.

3. Results and discussion

The models developed in this work are aimed at providing a
strategy for optimization of the capacity and/or the HNO3 prod-
uct concentration. The cost calculations are presented for per
ton of product acid. The components of fixed cost include: (i)
reactor/catalyst, (ii) heat exchangers, (iii) oxidizer, (iv) absorp-
tion column, and (v) compressor or expander. The fixed cost was
annualized at 25% towards depreciation, interest, maintenance,
etc. The operating cost includes (i) ammonia consumption, (ii)
power required for compressor, (iii) chiller load, (iv) power for
pumping, (v) catalyst loss, (vi) process water, and (vii) cooling
water requirements. The power is recovered in the plant by the
expander and the steam turbine. Additional operating expenses
like, overheads, insurance, etc. were also included in the overall
cost calculations.

A typical weightage of various parameters contributing to
total cost of production per ton of product acid is as follows:
ammonia 45%, power 29.5%, water 2.2%, chiller 1%, cata-
lyst replacement 7%, column 5.5%, heat exchanger 4%, catalyst
0.8%, and additional costs 5% which mainly includes overheads.
It may be noted that the first five parameters are of recurring type
whereas the next three are of capital in nature and have been
suitably annualized.

Table 4
Plant simulation results
Process parameter Unit (per ton Reported Simulated
100% HNO3) value value
Reactor
Conversion in NHj3 reactor - 90 90
Number of screens in NH3 - 28 24
reactor
Platinum losses in NH3 mg - 40.24
reactor
Waste heat boiler
Steam generation tonnes 14.4 12.81
Condenser
Heat duty kW 487 313
Reactive nitrogen in gas kmol h~! 107 106
outlet
Reactive nitrogen in liquid kmolh~! 87 91
outlet
HNO3 concentration in wt% 50.12 49.75
condensate
Absorber
Cooling water m3h~! 637 537
Power
Compressor power kWh 6527 7165
(consumption)
Expander power kWh 5421 5363
(generation)
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3.1. Plant simulation

Table 2 presents the process parameters of an operating plant
used for the model validation. The pressure profile predicted by
simulation is compared with the plant data in Fig. 2A. A good
agreement (within 3.5%) can be observed between the model
predictions and the plant data. The comparison of model predic-
tions for the HNOj3 concentration with the plant data is presented
in Fig. 2B. These predictions are also in good agreement with the
plant data, within £5%. The other parameters obtained from the
simulations have been compared with the plant data in Table 4,
which shows an agreement within +10 to 15%. The effect of
NO selectivity on platinum losses is depicted in Fig. 2C and
Fig. 2D. It can be observed that the reactor outlet temperature
drops with an increase in the NO selectivity. This observation has
main effect on the catalyst screen requirement which increases
with an increase in the extent of NH3 requirement for desired
NO selectivity. Fig. 2E shows, the effect of percentage fixed
capital contribution to annualized product acid cost for vari-
ous NO selectivity. It has been observed that, for a 300 TPD
(100% basis of HNO3) and 60% product quality, NO selectivity
above 92% makes the annualized catalyst cost to be prohibitively
high.
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3.2. Strategy for optimization

Process parameters like pressure, excess air, absorber tray
temperature and chiller zone temperature have a profound effect
on the cost of production. Hence, it was thought desirable to
develop an optimization strategy for designing a nitric acid plant
with a capacity of 300 TPD (100% HNO3 basis) and 60% prod-
uct quality. For this purpose the outlet NOx has been considered
at 200 ppmV. Two strategies adopted for the optimum design of
absorber have been discussed below:

3.2.1. Absorber with equi-spaced plates

The empty space (here in after, termed as gas space) in every
stage was considered to possess the same volume throughout the
length of the absorber, in this discussion.

Fig. 3A shows that the operating pressure plays a dominant
role on the gas space volume. Low height increases the fixed
capital contribution as more number of stages is required to
achieve the desired outlet NOx of 200 ppmV. As the height of
the gas space increases, the conversion of divalent to tetravalent
nitrogen oxide increases, which in turn, increases the absorp-
tion efficiency thereby, reducing the number of stages. Further,
increase pressure increases the operating cost and decreases the

7520
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Fig. 5. Effect of outlet NOx (ppmV) on optimum divalent nitrogen conversion: (A) 150, (B) 200, (C) 250, (D) 300.
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capital cost because of the lower number of stage requirement.
A comprehensive parametric sensitivity analysis has shown that
for the case of 3% (wt) excess air, the optimum height of gas
space is 0.50m, the operating pressure is 1125kPa, and this
results into the product acid cost to be 75.05 $/ton.

Fig. 3B shows that the optimum excess air was 6.5% (wt)
and optimum height of empty space was 0.40 m, for an operating
pressure of 1125 kPa. Increasing the percent excess air, increases
the partial pressure of oxygen, leading to enhanced oxidation;
thus reducing the number of stages required to achieve the con-
strain of 200 ppmV NOx at the absorber outlet. The total cost in
this case works out to be 75.00 $/ton.

In addition to the above two results, simulations were per-
formed over a wide range of excess air (3—15% (wt)) and total
pressure (900-1700 kPa). The results are shown in Fig. 3C. For
7% (wt) excess air, the optimum height was found to be 0.42 m
and the optimum pressure to be 1100 kPa, respectively. For this
case the capital cost was annualized at the rate of 25%. However,
if we take 20% as the basis, the optimum gas space height was
found to be 0.5 m whereas for 30% case, the optimum height was
0.38 m, as shown in Fig. 3D. Therefore, for a 50% variation in
the fixed cost contribution, the variation in the optimum height
of gas space works out to be 30% and the variation in the total
product acid cost is 5%.
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The temperature plays a pivot role in the equilibria of
gas phase reactions, thereby, influencing the composition of
NOx gases. The equilibrium constant correlations provided in
Table 1A shows that the gas phase equilibria are favored by low
temperature operation. Fig. 3E shows the effect of absorber tray
temperature for an operating pressure of 1125 kPa on the opti-
mum gas space height. For a temperature of 40 °C the value was
0.40 m and the excess air was 7% (wt). Similarly, for 50 °C the
optimum gas space height was 0.42 m and the excess air was 7%
(wt). Also, for 55 °C the optimum gas space height was 0.52 m
and the excess air was 5% (wt). For a 10 °C raise from 40 °C to
50 °C, the height increased by 5%; however, a 5 °C raise from
50°C to 55 °C showed an increase by 25%. It is therefore rec-
ommended to operate the absorber at tray temperatures below
50 °C which is retainable easily obtainable by the cooling water
from cooling towers.

Fig. 3F shows the effect of chiller zone temperature on the
optimum gas space height at an operating pressure of 1125 kPa.
For a temperature range of 5-15°C, the optimum height was
0.50 m, however, when operated at 20 °C the optimum height
was 0.42 m. The reduction of temperature increases the rate of
NO oxidation and hence reduces the empty space height. The
fixed capital contributing to the annualized product cost thereby
reduces and compensates for the higher chiller operating cost
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at reduced temperatures. At 20°C, to meet the constrain of
absorber outlet NOx, more stages were required, the decrease
in chiller cost here was compensated by high fixed capital con-
tributed by increased stages, giving an optimum at reduced gas
space height of 0.42 m.

Fig. 3G shows the effect of oxidizer volume on the prod-
uct acid cost. The importance of the role of oxidizer has been
explained earlier. Higher concentration of tetravalent nitrogen
oxides enhances the overall rate of absorption. This effect can
be clearly realized from Fig. 3G. Higher oxidation volume helps
in reducing the number of stages required for achieving a desired
constraint of NOx. As the oxidizer volume is increased to about
3 times the original volume (i.e. 3.67 m?) that is 10.09 m3, the
optimum results work out to be 0.51 m for gas space height,
1100 kPa operating pressure and 7% (wt) for excess air.

3.2.2. Absorber with equal conversion of divalent nitrogen
oxide in gas space

It was thought desirable to keep the same extent of conver-
sion in all the empty spaces. Fig. 4A shows that for an operating
pressure of 900 kPa, for a range of excess air (3-9% (wt)), the
optimum divalent nitrogen conversion that can be selected for
designing the absorber was 25%. The optimum excess air as
can be observed was 6.80% (wt). However, simulation stud-
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ies carried out for a pressure range of 900—1300kPa for the
6.80% (wt) of excess air (Fig. 4B), gave an optimum conver-
sion of 25% for an operating pressure of 1125kPa. Hence, it
was thought desirable to carry out the search for optimum diva-
lent nitrogen conversion for operating conditions over a range
of 900-1700kPa pressure and 3—15% (wt) excess air. Fig. 4C
shows that for a compressor power recovery of 70%, the opti-
mum cost of product acid was 74.83 $/ton, for the conversion
level of 14%, 1300 kPa pressure and 3% (wt) excess air.

The recovery of compressor power plays an essential role, as
power contributes 29.50% to the annualized cost of product acid
on the basis of 25% fixed capital contribution per year. Fig. 4D
and E show that the optimum divalent nitrogen conversion was
in the range of 14-16.20%, for a wide range of total pressure
(900-1700kPa) and excess air (3—15% (wt)), over a 30% vari-
ation in power recovery thus, suggesting the influence of power
recovery on the change in optima to be negligible.

Studies from Fig. 3C and D and Fig. 4C-E suggest that
designing the absorber by the method of equal conversion in gas
space, helps torealize a lower cost of product acid as compared to
the method of equi-spaced plates. By choosing the equal conver-
sion method, the volume requirement for every stage needs to be
estimated, thus providing a variable height of gas space for plate
spacing to meet the constrain of NOx at outlet to absorber. How-
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ever, by following the method of equi-spaced plates, it may be
pointed out that the resulting constant volume does not provide
optimum level of conversion which is needed for the absorption
on the next plate with its corresponding HNO3 concentration
and temperature.

Keeping the above discussion in view, the sensitivity of the
per cent annualized fixed capital was studied. It can be seen from
Fig. 4C that the optimum levels of conversion, pressure and per
cent excess air was 14%, 1300 kPa and 3% (wt), respectively.
Further, in the range of 20-30% rate of annualization, as shown
in Fig. 4F, the optimum conversion can be seen to be in the range
of 15-13% respectively.

Fig. 4G shows the effect of oxidizer volume on the product
acid cost. As against the earlier study for equi-spaced case of
absorber; as the conversion of divalent nitrogen is considered
equal in every stage, hence we get a variable volume of gas space
along the length of the absorber. Thereby, the effect of volume
variation on the performance of the column is not pronounced
as shown in the figure.

Fig. SA-D show that as the demand for outlet NOx con-
strain becomes stringent, the optimum cost for product acid
increases and so does the process conditions. For 150 ppmV
outlet NOx constrain the optimum levels of conversion, pres-
sure and per cent (wt) excess air were found to be 11%, 1400 kPa

80..
78 A
S 78
=
€ 77,
-
8 7e.
(&]
g £ 800 kP
< i
< 74 \
g |1
g 73 _
B
g 72 B
o
r 41 I . / ,
19?‘;"\} ; //
B3 1 s
13?1‘7\ e T |
Excess Air 9 Tﬁ\ it -
100 50
e 53 500 450 4CIIO 350 300 250 200 150
QOutlet NOx [ppmV]
1400 kP2
) ' 'C*\IZ?Q\DWa_
= 784. (© N5
z &%
§ 77~
4 76
o
O 75
k=]
‘G 74~
<
- 73~
o
3 72
k=]
a M
70 3 : )
191712\ Y ,,/,/ s
13 /
Excess Air i
o ’ g E\W\;. o 200 150 100 50
! rggu 500 450 400 350 300 250
3

Qutlet NOx [ppmV]

and 3% (wt), respectively. So for 200, 250 and 300 ppmV the
optimum divalent nitrogen conversion was 14%, 19% and 20%,
respectively. The respective optimum values of other parame-
ters were 1300 kPa pressure and 3% (wt) excess air, 1100 kPa
pressure and 5% (wt) excess air; and 1100kPa pressure and
3% (wt) excess air. Fig. 5 shows that, above 250 ppmV, the
optimum divalent nitrogen oxide conversion practically remains
constant (20%). Below this level of constraint from 250 ppmV
to 100 ppmV, the optimum level of conversion was found to
increase by 8%.

3.3. Strategy for capacity improvement

A 300 TPD (100% HNOs3 basis) plant, 60% by weight of
product acid, was taken as a case study to assess the model to pro-
vide for the optimum operating conditions. The objective was,
under otherwise identical conditions of the existing plant and
the environmental constrain of ppmV NOx at the outlet, to seek
the possibility of increasing the capacity and/or concentration
of product HNO3 (herein after termed as quality).

3.3.1. Effect of outlet NOx concentration

Fig. 6A-D show, as the production of the plant is increased,
for an absorber tray temperature of 40°C and chiller zone
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temperature of 10°C, the production cost per ton of product
acid reduces. Simulations have been carried out for a pres-
sure range of 800-1400kPa and excess air range of 3-19%
(wt). The shaded plane in the figures is the 150 ppmV out-
let NOx constrain, and the 3D view of the figures give
the operating conditions meeting the constrain. The optimum
observed for 300 TPD is 72.79 $/ton operating at 1000 kPa
and 6.88% (wt) excess air; for 310 TPD is 72.65 $/ton oper-
ating at 1000kPa and 7.60% (wt) excess air; for 320 TPD
is 72.55 $/ton operating at 1000kPa and 8.40% (wt) excess
air; and for 330 TPD is 72.39 $/ton operating at 1100kPa
and 4.18% (wt) excess air. Therefore, a 10 TPD capacity
increase, improves profit by 4.22% and for a 10% rise in
capacity to 330 TPD, profit margin improves by 12.71%; i.e.
1031 $/day.

Fig. 7A-D show the optimum for constrain of 200 ppmV
outlet NOx. The optimum for 300 TPD is 72.20 $/ton oper-
ating at 900kPa and 8.54% (wt) excess air; for 310 TPD
is 72.11 $/ton operating at 900kPa and 9.34% (wt) excess
air; for 320 TPD is 71.83 $/ton operating at 1000kPa and
4.32% (wt) excess air; and for 330 TPD is 71.67 $/ton oper-
ating at 1000kPa and 4.80% (wt) excess air. Therefore, for a
50 ppmV reduction in the NOx outlet constrain and a 10% rise
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in capacity to 330 TPD, improves profit margin by 13.47%; i.e.
1132 $/day.

3.3.2. Effect of absorber tray temperature

Fig. 8A-D show the effect of 10 °C rise in absorber tray tem-
perature for various capacities on the cost of production. For, a
chiller zone temperature of 10 °C, a constrain of 200 ppmV out-
let NOx gives optimum for 300 TPD, as 72.96 $/ton operating at
1000 kPa and 4.98% (wt) excess air; for 310 TPD, as 72.75 $/ton
operating at 1000 kPa and 5.46% (wt) excess air; for 320 TPD, as
72.58 $/ton operating at 1000 kPa and 5.91% (wt) excess air; and
for 330 TPD, as 72.41 $/ton operating at 1000 kPa and 6.33%
(wt) excess air. Therefore, if operated at 40 °C instead of 50 °C,
reduction in operating cost by 1.1% per ton of product acid is
possible; which translates into a profit enhancement of 4.74%
for 300 TPD plant. Also, when capacity is increased by 10%, a
reduction in operating cost by 1.8% per ton of product acid, is
possible; which translates into a profit enhancement by 18.84%
or 1511 $/day.

3.3.3. Effect of chiller zone temperature

Fig. 9A-D show, the effect of 10 °C rise in chiller zone tem-
perature for various capacities on the cost of production. For
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Fig. 10. Optimum operating conditions under constrain of 200 ppmV NOx at outlet (300 TPD production 100% HNO3 basis). Effect of pressure and excess air for:

(A) 60%, (B) 61%, (C) 62%, (D) 63%.

absorber tray temperature of 40 °C and constrain of 200 ppmV,
outlet NOx gives optimum for 300 TPD as 72.40 $/ton oper-
ating at 1000 kPa and 5.23% (wt) excess air; for 310 TPD as
72.19 $/ton operating at 1000 kPa and 5.69% (wt) excess air; for
320 TPD as 72.01 $/ton operating at 1000 kPa and 6.13% (wt)
excess air; and for 330 TPD as 71.85 $/ton operating at 1000 kPa
and 6.54% (wt) excess air.

Therefore when operated at 10 °C instead of 20 °C, reduction
in operating cost by 0.28% per ton of product acid is possible;
which translates into a profit improvement of 1.20% for 300
TPD plant. Also, when capacity is increased by 10% (to 330
TPD), a reduction in operating cost by 1.02% per ton of product
acid, is possible; which translates into a profit enhancement by
14.83% or 1232 $/day.

3.4. Strategy for quality improvement

The market price for various concentration of nitric acid is
presented in Table 5.

3.4.1. Effect of outlet NOx concentration
Fig. 10A-D show, as the quality of the HNO3 increases,
for an absorber tray temperature of 40°C and chiller zone

temperature of 10 °C, the production cost per ton of product
acid increases. Simulations have been performed for a pres-
sure range of 800-1400kPa and excess air range of 3—-19%
(wt). The shaded plane in the figures is the 200 ppmV out-
let NOx constrain, and the 3D view of the figures shows the
operating conditions meeting the constrain. For a 300 TPD, the
optimum observed for 60% is 72.20 $/ton operating at 900 kPa
and 8.54% (wt) excess air; for 61% is 73.70 $/ton operating
at 1000kPa and 4.12% (wt) excess air; for 62% is 75.31 $/ton
operating at 1000 kPa and 5.23% (wt) excess air; and for 63%
is 78.10 $/ton operating at 1100kPa and 3.61% (wt) excess air.

Table 5

Cost of product acids

Product acid quality (wt%) Product cost ($/ton)
60 90
61 98
62 102
63 107
64 111
66 119
68 131
98 184
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Fig. 11. Optimum operating conditions under constrain of 150 ppmV NOx at outlet (300 TPD production 100% HNO3 basis). Effect of pressure and excess air for:

(A) 60%, (B) 61%, (C) 62%, (D) 63%.

Therefore, as quality increases, from 60% to 63% profitenhances
by 3550 $/day for 61%, 4514 $/day for 62% and 5362 $/day
for 63%.

Fig. 11A-D show, the optimum for constrain of 150 ppmV
outlet NOx. For 300 TPD, it gives for 60%, 72.79 $/ton operat-
ing at 1000 kPa and 6.88% (wt) excess air; for 61%, 74.43 $/ton
operating at 1000kPa and 8.28% (wt) excess air; for 62%,
76.21 $/ton operating at 1100kPa and 4.87% (wt) excess air;
and for 63%, 79.66 $/ton operating at 1200 kPa and 4.93% (wt)
excess air. Therefore, for a 50 ppmV reduction in the NOx outlet
constrain, improvement in profit margin for 61% is 3191 $/day,
62% is 4079 $/day and 63% is 4619 $/day, taking the reference
as; 60% product quality at 300 TPD and 200 ppmV outlet NOx
constrain. The demand on outlet NOx constrain will increase the
product cost for 60-63%, by 0.8-2.0%. However, daily profit
will drop by 10.11% for 61%, 9.64% for 62%, and 13.85% for
63%.

3.4.2. Effect of absorber tray temperature

Fig. 12A—C show the effect of 10°C rise in absorber tray
temperature for various qualities on the cost of production. For
300 TPD and chiller zone temperature of 10 °C, constrain of
200 ppmV outlet NOx gives optimum for 60% as 72.96 $/ton
operating at 1000kPa and 4.98% (wt) excess air; for 61%

as 74.93 $/ton operating at 1000kPa and 6.93% (wt) excess
air; and for 62% as 78.06 $/ton operating at 1100kPa and
4.77% (wt) excess air. Therefore, if operated at 40 °C instead
of 50°C, a reduction in operating cost by 1.1% per ton of
product acid is possible; which translates into a profit enhance-
ment of 4.74% for 300 TPD plant and 60% product quality.
Similarly, for 61% and 62% product quality, by operating at
10°C higher, loss of profit by 17.04% and 29.47%, respec-
tively is observed with reference to operating 60% product
quality at 40°C absorber tray temperature. Thereby, operat-
ing at 40°C absorber tray temperature, profit enhancement
for 61% is 3550 $/day; and for 62% is 4514 $/day; for 300
TPD.

3.4.3. Effect of chiller zone temperature

Fig. 13A-D show, the effect of 10 °C rise in chiller zone tem-
perature for various qualities on cost of production. For absorber
tray temperature of 40 °C and constrain of 200 ppmV outlet NOx
gives optimum for 60% as 72.40 $/ton operating at 1000 kPa
and 5.23% (wt) excess air; for 61% as 73.91 $/ton operating
at 1000 kPa and 6.08% (wt) excess air; for 62% as 75.57 $/ton
operating at 1100 kPa and 7.44% (wt) excess air; and for 63%
as 78.49 $/ton operating at 1200kPa and 6.62% (wt) excess
air.
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Therefore when operated at 10 °C instead of 20 °C, a reduc-
tion in operating cost by 0.28% per ton of product acid is
possible; which translates into a profit improvement of 1.20%
for 60% product quality. Also, when the quality is increased, a
10°C rise in chiller zone temperature reduces profit by 2.90%
to 3447 $/day for 61%, by 2.78% to 4389 $/day for 62%, and by
3.47% to 5176 $/day for 63% product quality.

3.4.4. Effect of oxidizer volume

The importance of NOx composition entering the tray column
has been emphasized earlier. Higher concentration of tetravalent
NOx is always desired for getting higher rates of absorption as
well as the possibility of getting higher quality. In this context,
the oxidizer volume gains an important role and, therefore, it was
thought desirable to understand the sensitivity of the oxidizer
volume on the capacity and quality of HNO3 under otherwise
identical conditions.

Fig. 14A-D show, for a 300 TPD and 63% product qual-
ity, as the volume is increased from 3.36 m? to 23.52m?3, the
cost of production shows a minima at 16.80m® oxidizer vol-
ume, where profit enhancement is 5576 $/day, with reference to
a 300 TPD plant of 60%, with 3.36 m? oxidizer volume. Fur-
ther, Fig. 15A-D show that for a 330 TPD and 63% product

quality, as the volume is varied between 3.36 m> and 30.24 m?,
the cost of production shows a minima at 10.08 m? and the profit
enhancement is 7220 $/day, with reference to a 300 TPD plant
of 60%, with 3.36 m3 oxidizer volume.

As, the oxidizer volume is increased more nitrogen tetra-
oxide formation takes place, resulting in lower cost of
production. However, after a certain oxidizer volume, as seen
in the above figures; the cost of oxidizer, though marginal, adds
to the cost of production; giving us minima for production cost
for a range of oxidizer volumes. The reduction in volume for
higher capacity is well understood from the optimum process
parameters obtained under constrain of 200 ppmV NOx at the
outlet. For 300 TPD and 63% product quality the optimum con-
ditions are 1000 kPa and 7.29 wt% excess air; while for 330 TPD
and 63% product quality the optimum conditions are 1100 kPa
and 9.56 wt% excess air. In both the cases the absorber tray
temperature and chiller zone temperature are practically at their
optimum of 40 °C and 10 °C, respectively. It is the effect of high
pressure that reduces the volume of oxidizer for 330 TPD and
63% product quality. If a similar pressure condition is used for
300 TPD with 63% product quality, though the volume reduces,
the cost of production was found to increase gradually, thereby
reducing the envisaged enhancement of profit.
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4. Conclusions

Models describing important unit operations and unit pro-
cesses have been presented in earlier section. Additional details
of modeling methodology and methods of solution have been
outlined in Appendices A and B. For nitric acid plant simulation
codes (FORTRAN) have been developed for individual equip-
ment. The data processing was in MATLAB. The important
findings of this work are presented below:

(1) The comparison of simulation code predictions with the
plant data shows that the predicted plant pressure at four
locations (1, 6, 3, and 12 as per Fig. 1) agrees with the plant
data within 3.5%. Further, the HNO3 concentration with
respect to tray number was predicted within 5%. These two
results validate the simulation codes.

(2) As the constraint on the NOx exit concentration increases,
the optimum operating pressure was found to increase. For
instance, for a capacity of 330 TPD the optimum pressure
for 150 ppmV and 200 ppmV were found to be 1100 kPa
and 1000 kPa, respectively.

(3) An increase in the absorber tray temperature was found
to demand high pressure or high excess air, to achieve
the desired level of NOx at the outlet. Thus for 300 TPD

“)

)

Q)

capacity, the optimum for 40°C and 50°C were found
to be 900kPa and 8.54 wt% excess air; and 1000 kPa
and 4.98 wt% excess air, respectively. However, though
optimum pressure for 330 TPD is 1000 kPa for both the tem-
peratures, the excess air requirement was found to increase
from 4.80 wt% to 6.33 wt% (the NOx constrain of 200 ppmV
remaining the same in all cases).

For the objective of capacity improvement, it was observed
that chiller zone temperature has minor influence as com-
pared to the absorber tray temperature. For a 300 TPD
capacity, 10°C decrease in chiller zone and absorber tray
temperatures, leads to cost reduction by 0.28% and 1.1%,
respectively.

A strategy for capacity improvement has been developed.
The optimum conditions to obtain a 330 TPD capacity for
60% product acid under a constrain of 200 ppmV NOx at
the outlet, are 1000 kPa, 4.8 wt% excess air, 40 °C absorber
tray temperature and 10 °C chiller zone temperature. This
was found to result in a cost reduction of 0.74% per ton and
profit enhancement of 13.47% per annum, which translates
to 1132 $/day profit.

Process parameters like lower outlet NOx concentration,
high chiller zone temperature and high absorber tray tem-
perature influence the cost of production and tend to bring
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down the achievable profit enhancements, for any desired
increment in the quality.

(7) Increasing oxidizer volume to 16.80 m> can help in achiev-
ing a capacity of 300 TPD with a product quality of 63%.
Also, an oxidizer volume of 10.08 m? helps in achieving a
capacity of 330 TPD with 63% product quality. The effect
of pressure is very well observed in these sets of results.

(8) Designing a plant by considering equal divalent nitrogen
conversion in the gas space of absorber reduces the opti-
mum product acid cost by 0.25% as compared to a design
based on an absorber with equi-spaced plates. Moreover, the
optimum design condition obtained by the former method
is insensitive to 30% variation in power recovery and 50%
variation in fixed capital contribution.

Appendix A
A.l. Oxidizer model

In the oxidizer or pre-conditioning zone, nitric oxide oxida-
tion to nitrogen dioxide takes place in presence of oxygen. As
can be observed from Table 1A, the nitric oxide oxidation is
accompanied by formation of higher nitrogen oxides and oxy
acids. The divalent nitrogen oxide accounts for (i) the unreacted
NO, (ii) NO participating in N, O3 formation (iii) NO participat-
ing in HNO; formation; and (iv) NO being formed due to HNO,
depletion in the as phase.

A.1.1. Oxidizer material balance
Considering plug flow in the oxidizer, the component bal-

ances for divalent nitrogen is written as:

d¥{o S 5

—— =——k 1.1
dz G[ 1(PNO)” PO, | (1.1)
The oxygen depleted in the process is accounted by means

of:

dY(S2 1 S

= —— x —[k 2
& 5 X G[ 1(pNO)” PO, ]

(1.2)

A.1.2. Method of solution

The above Egs. (1.1) and (1.2), present a boundary value
problem. Knowing, the inlet composition of gases entering the
oxidizer, the above two equations are solved simultaneously
by integrating till exit of the oxidizer, using Runge-Kutta 4th
order.

A.1.3. Formation of higher nitrogen oxides

The formation of higher nitrogen oxides reported in Table 1A
is computed by considering no formation or removal of reactive
nitrogen within a gaseous system, so far phase change is not
occurring.

The total number of moles per mole of inert is expressed as:

YT = Yno + YNo, + YN,0; + YN0, + YHNO, + YHNO;

+Yn,0 + Yo, + 1.0 (1.3)

The reactive nitrogen per mole of inert is:

YX = Yno + Yo, + 2YN,0; + 2YN,0, + YaNo, + YaNO;
(1.4)

The divalent nitrogen per mole of inert is:

Y;IO = ¥Yno + YN,0; + 0.5YHNO, — 0.5YHNO, (1.5)

The water per mole of inert which accounts for free water
vapor and water in form of oxy acids is:

Yo = Yno + YN,05 +0.5YuNo, — 0.5YhNo; (1.6)

The above Egs. (1.3)—(1.6) can be written in terms of the
quantities ¥No, YN0, and Yn,0 based on the equilibrium con-
stants for gas phase reactions presented in Table 1A. This
will lead to a set of four equations and four unknown terms
YNo. YNO,, YH,0 and YT, which can be solved simultane-
ously, by Newton-Rapson in conjunction with Gauss-Jordan,
for known values of Y, Y{q, Y}*Izo, and Yo,. The values for
YHNOs» YHNO,, YN,04 and Y, 0, are evaluated from the equilib-
rium relations.

Therefore, the oxidizer material balance, coupled with higher
nitrogen oxides evaluation through gas equilibria, will give the
values of all higher nitrogen oxides at the outlet of an oxidation
section.

A.1.4. Oxidizer energy balance

Oxidation of nitric oxide, formation of higher nitrogen oxides
and formation of oxy acids in presence of water vapor are all
exothermic reactions. The standard heat of reaction are tabulated
in Table 1A. Energy balance plays a vital role in oxidation section
as it influences the equilibrium constants for the rapid gas phase
reactions and also, governs the extent of completion of nitric
oxide oxidation.

With the known quantities of component species at the inlet
and outlet of the oxidizer section, evaluated from oxidizer mate-
rial balance and gas equilibria, the heat of formation of various
components can be evaluated based on the data presented in
Table 1A. The summation of all heats of formations of the indi-
vidual species over the integration length of the oxidizer will
give the heat generated in oxidizer section.

Appendix B
B.1. Absorber model

The absorption on a stage is modeled by dividing the process
into two parts (i) the gases bubbling through the pool of liquid,
considering it to flow in plug behavior and (ii) the pool of liquid
on the stage, considering it to be completely back mixed.

B.1.1. Gases bubbling through liquid
The material balance for the gases bubbling through the pool
of liquid is written in terms of:
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(a) Divalent nitrogen balance:

dYg}O S 2
= ——{ki(pn0)"P0,eG — Rano,G + Ran,0;,,G6
dz G
+0.5(Ranuno,,6 — Ranno;,6)} 2.1
(b) Reactive nitrogen balance:
dr},
= ——{—Rano,G + Rano,,G + 2Ran,0,,G6
dz G
+2Ran,0,,6 + Ranno,,c + Rauno,,G} (2.2)

(c) Water vapor balance:

de_‘hO S
& - _E{RGHZO,G + 0.5RapNo,.¢ + 0.5RanNo;.G}
2.3)
(d) Oxygen balance:
dYo 1 S
2 = -~ x —{ki(pn0)* P0,£G) (2.4)

dz = 27 G

The point rates of various components in the gas phase is
evaluated, based on two film theory, considering mass transfer
resistance to be dominant in the gas film. The volumetric rates
of gas phase mass transfer are given as:

Rano.G = (ka@)no(Pho — PRo) 2.5)
Rano,.G = (kc@no,(PRo, — PRo,) (2.6)
Rax,05.6 = (kG@),0,(PR,05 — PRy0;) @7
Ran,0,.6 = (kc@n,0,(PR,0, — PN,0,) (2.8)
RarN0,,G = (k6@ino, (PiiNo, — PHNO,) 2.9
RaiN0,.G = (ka@pnos (PYino; — Phinoy) (2.10)
Rap,0.6 = (k6@u,0(Ph,0 — Pho) (2.11)

In the above Egs. (2.5)—(2.11), partial pressure of a species
in the bulk gas is known, however, the interface partial pressure
is unknown. In order to evaluate the interfacial partial pressures,
with the help of equilibrium constants, the interface partial pres-
sures are expressed in terms of NO, NO», H,O and HNOs3. Thus,
following equations result:

Pr0s = K3Pho Phos 2.12)
Piyo, = Ka(pho,)’ 2.13)
P;—lNOz = (K4P§\10Pf\1021’f'420)0'5 (2.14)
Phinos = fIT. conc (HNO3)] (2.15)
Phi,0 = fIT: conc (HNO3)] (2.16)

Though the five unknowns of Egs. (2.5)—(2.11) are now con-
verted to two unknowns (i.e. NO and NO») and two known (i.e.
HNO3 and H,O); still the two unknown values need two simul-
taneous equations to be evaluated. In order to accomplish this

task, the point rates of various components in the liquid phase
is evaluated, based on two film theory. The absorption of NO»,
N>0O3 and N;QOy4 is accompanied by chemical reaction [7]. The
volumetric absorption rates for various species are given as:

2 2z 1/2
RaNOz,L = Q(HN02)3/2 |:3(kD)N02:| (pi\IOZ - plIiIOZ)

(2.17)

Rax,0,.L = a(Hn,0,)[(kD)n,0,1"* (Ph,0, — PRy0,) (218

Ran,05.L = a(HN,0,)[(kD)x,0,1"*(PRy0, — PRy0,)  (2:19)

Rapno,. L = kLa (Hino,)(Phino, — PR,05) (2.20)

Depletion of nitrous acid in the liquid phase leads to evolution
of NO; hence, the volumetric rate for NO in the liquid phase is
written as:

4 2 1 2
Rano,L = gRaNzOg,L + 5R3N204,L + gRaNOQ,L + gRaHNOZ,L
221

In the above set of Egs. (2.17)—(2.21), there are eight
unknown terms; however three terms can be expressed in terms
of NO and NO; from Egs. (2.12)—(2.16). Carberry [11] in his
work has shown that for a given set of partial pressures of NO,
NO; and N, Oy, there exists a certain limiting concentration of
nitric acid beyond which no absorption of NO4 and NO» occur;
this is heterogeneous equilibrium. Mathematically it is presented
in terms of parameter Kg:

b
)4
K¢ = %015 (2.22)
(PN204)

The correlation [29] for the equilibrium constant is:

log;o Ku = 30.086 — 0.0693T — (0.197 — 3.27 x 1074w

(100—w)} (2.23)

+1.227log; [ 5
w

For w < 5% by weight:

log o Kt = 31.96 — 0.0693T + (3.27 x 107*T — 0.4193)w
(2.24)

In the above Eqgs. (2.23) and (2.24), Ky is related to partial
pressures as:
b
—NO_ = K} Ke(101.33)

Ky = "
(PNoz)

(2.25)

In order to solve, the two interface partial pressures of NO
and NO», the following balances are written at the interface;
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(a) NO balance at the interface gives:

(Rano,L — Rano,G) = (Ran,0,,L — Ran,04,6)

1
+§(R3HN02,L — Rapno,.6) (2.26)
(b) NO» balance at the interface gives:

(Rano,,6 — Rano,,L)

= 2(Ran,0,,L — Ran,0;,6) + 2(Ran,0,,L — Ran,0,,6)

1
+§(R3HN02,L — Rayno,,G) (2.27)

In the above two Egs. (2.26) and (2.27), all values from
Egs. (2.5)—(2.21) are substituted to finally get two equations
and two unknowns pf\lo and pf\loz, which are solved using
Newton-Rapson in conjunction with Gauss-Jordan. Now, since
NO desorbs rapidly from the liquid to the bulk gas, hence,

PNo = Pﬁo (2.28)

With the aid of Egs. (2.28), (2.22) and (2.25) all, hetero-
geneous equilibrium pressure values are evaluated and Egs.
(2.12)—(2.16) helps to evaluate the interfacial partial pressure
values. This will enable in solving Egs. (2.5)-(2.11), which will
finally help us evaluate the Egs. (2.1)~(2.4). The Y, Yo, Yf'izo,
and Yo, thus evaluated will help us get the compositions of
the various gas species, by following the gas equilibria solving
procedure described in Appendix A.

B.1.2. Liquid pool on a tray

With the evaluations of all components in gas phase at inlet
and outlet of the stage, the reactive nitrogen balance in the liquid
for the stage is:

G(Yf\kl,n—l - YITI,n) = L"XKI,n - L"+1X1>t1,n+l (2.29)

B.1.3. Absorber energy balance

With the known rates of volumetric mass transfer in gas phase
from Eqgs. (2.5)—(2.11) and volumetric absorption in liquid phase
from Egs. (2.17)—(2.21), the heat of transfer on an absorber stage
can be evaluated from the tabulated data in Table 1B. The heat

transfer on every stage is then summed up for the total number
of stages in the column.
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