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ABSTRACT

Control of Nitrogen oxide (NOx) emissions is of
increasing importance to and presents special problems for
batch process sources. These sources typically generate
varying amounts of NOx which in conjunction with a varying
NO to NO, ratio causes the femoval of NOx from these
streams to be complicated.

Models for NOx absorption into water, agueous Sodium
hydroxide and aqueous Hydrogen peroxide were developed for
evaluation for a optimal absorption solution. The Sodium
hydroxide and Hydrogen peroxide models both showed an
improvement over the use of water for the absorption
media. Comparison of the results from the models indicate
that the Sodium Hydroxide solution would be preferred for
NOx levels above 5 * 10”4 atm. Below this level the
Hydrogen peroxide solution would be recommended. Results
obtained from the model for NOx absorption into water were

found to match well with experimental data.
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[. INTRODUCTION

There are a significant number of processes in the
Chemical Process Industry (CPIl) that generate Nitrogen
oxides (NOx) as a gaseous emission to the atmosphere.
These emissions have long been addressed under the Federal
Clean Air Act which places limits on both the absolute
" discharge concentrations and the stack gas opacity which
results from the presence of NOx. New amendments to the
Clean Air Act are expected as result of increased concern
over ‘acid rain’ that will further reduce the acceptable
NOx discharge 1imits and create increased pressure on CPI
operations to reduce these emissions.

Of the CPI processes that produce NOx emissions there
are three of particular interest due to their batch
operation;

1. steel pickling;

2. precious metal processing, specifically the
recovery of these metals from substrates by leaching with
Nitric acid solutions;

3. uranium processing, again specifically for the
leaching of Uranium from substrates with Nitric acid
solutions.

Interest in these processes results from two factors
common to these processes that cause their emissions to be
difficult to control to lower standards. The first of
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these factors is the cyclic nature of their batch
operations. This characteristic results in a rapid
increase in NOx levels to a peak early in the cycle and
then decreasing through the cycle until completion. As
the absorption of NOx is highly concentration dependent
the relative removal of NOx per unit column height
decreases with a decrease in the NOx partial pressure.

The second factor is that it has been shown that the
oxidation state of NOx (NO ys, NO,) is of importance in
determining the NOx removal. This second factor occurs in
these batch systems as result of varying Nitric acid
concentrations in the process solutions. The formation of
NO, is favored at higher acid concentrations and NO

formation at lower concentrations (Harrington, 1959;

Interel, 1982), therefore as the batch progresses a
natural decrease in N02 in favor of NO will occur. This
will then result in a decrease in the NOx removal

efficiency as the chemical NO species are much less
soluble in water tﬁan the chemical NO, species.

In this study the objective was to compare the
relative efficiencies of three absorbers for gas streams
of varying NOx levels and NO/N02 ratios. - These absorbers
were modeled at identical cross-sectional area, height,
packing type and environmental conditions. Model A

utilized water as the absorbing solution, Model B a 39



Sodium hydroxide solution and Model C a 3% Hydrogen

peroxide solution.



I[1. LITERATURE SURVEY

The absorption of NOx has been extensively studied in
both theoretical and experimental studies. As such there
is a large bocdy of information available on the subject
especially relating to the absorption of NOx by water
{Counce, 1980). The purpose of this literature survey is
to provide a summary of the literature relating to the

three models that were developed for this study.

Water Absorption Model

This model is based on the absorption of N,O4 and
N203 into the liguid phase and gas phase oxidation of NO
to NO,. The absorption of other NOx components is
considered to be insignificant due to:

1. low solubility of NO and NO, (Counce, 1980);

2. liquid phase inhibition to nitrous acid (HNO5)
absorption (Carta, 1984);

3. extremely low concentrations in the gas phase for
nitric acid (HNO3) (Carta, 1984).

Absorption of N,O,4 and N,O3 has been shown (Counce,

1980) to occur with the following reactions;

N»O4 + Hp0 —HNO, + HNOg (1)
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N,O3 + Hp0 —=2HNO, (2)

In both cases the absorption of N>0O4 and N203 into
water has been found to normally be ligquid phase dependent
in packed towers (Sherwood, Pigford, Wilke, 1974). The

absorptive fluxes for these components may be defined as;

Ry = (HATD * kg + Py (3)
R4=(Hm)4*P4 (4)

Included in their definition of these flux terms by
Sherwood et al. (1974) is their independence of
concentration effects in the liquid phase for dilute
systems. This latter point from k being independent of
concentration by definition and H being a constant at the
low concentrations involved in this model. The last term,
D, in the flux equation is also independent of
concentration for dilute systems as shown by the
Wilke-Chang estimation technique (Reed, et al., 1977).

Several values have been proposed for H¥Dk for N-O4

and Ny03 from which 8.84 * 1074 was selected for N,O4
(Counce, 1980) and 0.00159 for N>O3 (Sherwood, et atl.,
1975), both in units of kmol/m2-s-atm.

The oxidation of NO to NO, in the gas phase is an
essentially irreversible reaction (5) for which the
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NO + 1/205 —= NO» (5)

reaction rate constant was found by Boderstein (1922) to

have a value of 23.49 a‘cm"ls"l at the evaluation

temperature of 300 K.
The desorption of NO resulting from the decomposition
of HNO, in the liquid phase was reviewed by Counce (1980)

and was determined to be dependent upon;

3HNO, —=HNO3 + H0 + 2NO (6)

This reaction from the work of Abel and Schmid (1929) was
developed for absorption at near atmospheric pressure and
NO™ partial pressures of less than 0.0123 atm. Though
applicable to the current model examination of typical
reaction rates for reaction (6) demonstrate that this

desorption mechanism is insignificant.

Sodium Hydroxide Modeli

The model! for absorption and reaction mechanisms into
solutions of Sodium hydroxide (Model B) is the same as
that developed for Model A above with the the addition of

an HNO, absorption mechanism. This additional absorption



path was proposed by Carta (1984) as a gas phase limited

absorption with a flux equation of;

Dle ¢ K
:*Pq+———l————-*P1*Pﬂ*Pp
T 2R T kgs B -

R5=k

Included in this equation is the assumption of
instantaneous irreversible reaction of HNO; with NaOH at
the interface. This is based upon the large NaOH
concentration as compared to HN02 at the interface which
classifies the reaction as a Case B in the nomenclature
presented by Levenspiel (1972). This approach is simular
to that proposed by Carta (1984) whose calculations of NOx

absorption into alkaline solutions agreed well with

industrial observations.
Calculation of the diffusion coefficient for HNO, may
be accomplished for dilute aqueous solutions using a

method presented by Sherwood et al. (1974);

D5 = (14.0 + 10°%) # ug™0:6 ¢ Y711 (8)

The gas phase mass transfer coefficient may also be

calculated with the method proposed by Onda et al. (1968)

being;
a*ls 0 0.7 M -0,33
K =523 oot p [ — ) o [ TR *laep? (9)
R+ 7T a */ﬁ q 3 DS p



Hydrogen Peroxide Absorption Model

The first difference between this model (C) and Model
A is the gas phase oxidation of NO, by Hy07 via the

reactions;
NOZ + OH‘-—-HNO3 (11)

This reaction sequence was proposed by Gray, et al. (1972)
along with a reaction rate coefficient for the rate
determining step, reaction (10), of 12.24 atm~ls~!. 1In
the same study a gas phase reaction was proposed between
NO and H>0, but with a rate constant of 1.28 atm~ls™!.
This reaction was considered insignificant to the model.
Another NO-H,0, mechanism is proposed by Baveja, et

al. (1979) to exist in the liquid phase. In this case the

flux term (equation 12) for NO adsorption is liquid phase
controlled and with an experimentally determined reaction

rate constant being determined of 6.6 * 10‘5.



Gas Phase Eqguilibrium

The gas phase portion of all three models utilizes a
set of three equilibrium relations for NO, NOy, N204, N2O3
and HNOZ partial pressures. Expressions for their
equilibrium constants fotllow standard format based upon

their reaction mechanisms of;

2NO> =N204 % (13)
NO + N02=N203 (14)
NO + NO, + Hs0 ZTZ=2HNO> (15)

The equilibrium constants then are;
Ky = === = 5,708 X (16)

4 | (7

Pl

be =~ - 254 (18)
P+ D‘B * Py

The values listed are those complied by Carta (1984).

This group of equilibrium components are related to the

NOx partial pressures by first defining chemical NO (NO*)

and chemical N02 (NOZ*) (Sherwood et al., 1974);
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»

NO = NO + N203 + I/ZHNOZ

NO>* = NOp + 2N204 + N2O3 + 1/2 HNO2

with NOx then defined by;

NOx = NO™ + NOZ”

10
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[TI. THEORETICAL

Generail

For this study the absorber models utilized consisted
of packed towers filled with random dumped rings; these
towers being described in Section [IIl, Implementation. The
absorption of NOx in the simulated towers utilized several
common assumptions:

1. the NOx-Air mixture follows l[deal Gas behavior at
the concentrations under consideration (see Appendix B);

2. the gas flow rate was considered to be constant
for the low NOx concentrations involved in this study;

3. the absérption process for NOx is isothermal due
to the low concentrations inveolved and the relatively
large heat capacity of the water present (see Appendix D);

4. the partial pressure of water in the gas phase
was assumed to be at 100% saturation for the prevailing
temperature;

5. the absorption process in the tower can be
represented by a series of difference calculations
beginning at the bottom of the tower.

In considering the absorption of NOx the specific
oxide form involved is critical. Considering NOx sources
such as discussed in Section | the absorption process
involves gaseous NO and NO, and other equilibrium related
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species. The equilibrium species that were considered in
this study were N203, N->O4 and HNO-. Other equilibrium
relations such as with HNO3 also exist but at levels that
were considered insignificant for inclusion in this model.
The species that were considered can be related to NOx by
the definitions of chemical NO (NO") and chemical NOo

(NO,") as given in equations (19) and (20);

*

NO" = NO + N5O3 + 1/2 HNO»

»

N02 = N02 + 2N204 + N203 + I/ZHNOZ

With these relations for NO" and NOZ* being used to define

NOx as in equation (21);

NOx = NO" + NOp"

These representations of NO’, NOZ* and NOx were used as

the absorbing species in the three models studied.

Water Absorption Model

Model A which describes the absorption of NOx into

water is of major significance as it is the foundation for

both the Sodium hydroxide and Hydrogen peroxide solution

12



towers (Models B and C) as well as the basis of comparison
for the study. This model is simular to that used by
Counce (1980) to describe NOx absorption into packed

towers; a schematic of this model is given in Figure (1).

N204 N204 + Hzo——’- HN02 + HNO3
)

2NO5

NO + NOZ + Hzo_"" ZHNOZ

NO + N02 N203“"{"’N203 + Hzo_—ZHNOZ
]
]
Z2NO + Oy i
f :
NO H
Figure 1. NOx absorption in water model.

In this model NOx absorption was considered in terms
of NO" and NOZ', the absorption flux terms for these

species being definable as;

a*aVER#T
P10,0 = P10,1 'R4*—'—G - Ppr Xy (22)

R ataV+R*T
Pl = Priy - 2 Ry w Ry ==+ Fy * (23)

Both equations (22) and (23) are in the form of the
general material balance for a gas stream flowing through
an incremental absorber section;

OUT = IN - ABSORPTION +(-) REACTION

13



The absorption flux terms for NZOA and N203 the flux

terms were given in equations (3) and (4) as;

Rr = (H VD*k’)?*Pg

0
=
1}

HAYT 2 Fly « Py

Equations (3) and (4) are based upon experience that the
absorption of N,O4 and NpO3 is usually liquid phase
dependent in packed towers with the gas phase contribution
being negligible. Where the absorption for the above
species is normally liquid phase controlled HNO>
absorption is generally gas phase transfer limited as
result of its high solubility in water. In this model
though its absorption is negligible due to the presence of
the stronger acid HNOg3 which impedes its disassociation
(Carta, 1984) and thus iﬁs absorption into water. The last
species to be considered is NO which is of negligible
importance to adsorption in this model. Though it is
theoretically a factor for desorption from the absorber
ligquid its importance is again negligible in this model.

In equations (22) and (23) for NO" and NOZ* there is
a reaction term included to account for the oxidation of
NO to NO, via reaction (5);

14



2NO + 05 —=NO,

with;

TrEkaR R (24)

Solution for the conversion of NO is then accomplished
using techniques for evaluating a plug flow reactor such
as given by Levenspiel (1972) which permits expressing the
reaction rate in terms of conversion;
.‘ Py
‘f‘1=k*(P1*(1‘Xl)\;*(Pg*‘l‘T*Xl” (25)
9
Defining the material balance for an incremental segment

for NO to be;

NO out = NO in - Disappearance by reaction
which assumes that no absorption of NO is occurring in the
increment. This equation is then expressable in derivative

form as;

R | - Y (26)

15



Then upon integration and rearrangement of equation (26)
as detailed by Counce (1980) a polynomial in Xyo is

obtained;

L KtPirre ey ! ! M ELERS
= - # + 4 ln  —
1 G pem o {1-xg 1+ L (27

where;

The gas-liquid interfacial area is important to the
determination of NOx absorption. For this study it was
assumed that the surface area of the packing was fully
available for contacting so that the published values

could be utilized in the model.

Sodium Hydroxide Absorption Model

Development of Model B for the absorption of NOx into
an aqueous solution of Sodium hydroxide parallels that in
Model A. This model is shown in Figure (2) in which the
gas phase portion is identical to that of Model A with all
liquid phase changes being related to the acid-base

reactions;

HNO, + NaOH —= NaNOy + H20 (28)
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N204 'FNzoA + Hzo—"'-HNOZ + HNO3
) :

2NO > HNO3 + NaOH— NaNO3 + H20

]
'
NO + NO, + Hp0—= 2HNOp == HNOz + NaOH
[}

NO + NOZ N203—"'N203 + Hzo'——-ZHNOZ

NaN02 + H20

}
1
ZN}O + 02 i

)

NO

Figure 2. Model for NOx absorption in Sodium hydroxide
solutions.

HN03 + NaOH——’-NaNO3 + Hzo (29)

The first of two significant results of these reactions
is that HN02 is removed from the absorber solution thus

preventing the decomposition reaction;
3HNOp —==HNO3 + Ho0 + 2NO » (30)

The second result of these reactions is that as the
stronger acid, HNO3, is neutralized the major resistance
to the absorption of the weaker acid HNO,. This results in
a significant flux for HNO, especially at low NOx partial
pressures where N>03 and N>O4 contributions tend to
decrease (Carta, 1984). In a study by Carta (1984) a flux
equation was proposed for HNO, based on the assumptions
that an instantaneous irreversible reaction occurs at the
interface and that the hydroxy! ion concentration at the

17



interface is much larger than that of HNOZ. The resulting
flux equation is then equation (7);
Rs=‘<gs*P5*Ni_*T—i‘k—;*F‘1*?2*P1z
g5
Besides the two flux changes mentioned Model B is
simular to Model A in all other aspects. This includes an
assumption that flux terms for N204 and NoO3 are not
affected by the concentration of nitrates and nitrites in
the dilute absorbing solution. Based 06 the assumption
that the equations developed for Model A apply with only
the addition of a flux term for HNO> give absorption
equations for NO" and NOZ* of;

a*taV#R*T
P1o0 = P10,i - Re * Yy % R # - Pty (31)

. ataV +R#T
P“'0=P1111 - (2*R3+R4+ A/ziRS) !———G +F‘1* Xl (32)

Hydrogen Peroxide Absorption Model

Model C for the absorption of NOx into an aqueous
Hydrogen peroxide solution again is a modification of the
Model A with three changes in flux equations being
required. A system outline is given in Figure (3) which
shows these changes which can be compared to Model A.

18



™N>04 + Hp0 ——=HNOo + HNO3
'
i

N02 + Hzoz'_’OH + HNOz3—F———

NO, + OH HNO 3 —+———

NO4

NO + NOp + HpO—= 2HNO,

[}
|
)
’
i
t
]
'
1
i

2NO5
NO + NO, =~ N5O3—+ N5O3 + H50 —== 2HNO>
2NO + Op ?
,
Né - 2NO + 3H05, —= 2HNO3 + 2H20

Figure 3. Model for NOx absorption in Hydrogen peroxide
solutions.

In this model a reaction between Hydrogen peroxide
and NO, in the gas phase of the absorber is added. In a
study of the gas phase reactions between NOZ and Hy0o Gray
et al. (1972) determined that this reaction is significant
at HZOZ partial pressures above 0.2 ppm. This study
further presented the reaction as actually involving
reactions (10) and (1!l) with reaction (10) being the rate

controlling step.
NO, + HoOp—=HNO3 + OH™
NO, + OH™ —=HNOg3
As these reactions occur in the gas phase a similar

technique as shown by Counce: (1980) for the oxidation of

19



NO to NO, was utilized to calculate a NOp conversion. The
conversion calculated as shown in Appendix C is then added
to the NO>™ gpsorption equation as is the NO oxidation to
NO» term. In this case the adjustment is negative
resulting in a modification to equation (23) for NOZ* of;

a3tV #RET

P 2Ryt R e Pty - Pt (33)

11,0 * P1ei
It is also assumed in this model that that the NOy-H>0,
reaction is irreversible and all HNO3 present is absorbed
as it is produced.

Both gas phase and liguid phase reactions exist for
NO with Ho0,. The rate constant for the gas phase was
determined by Gray (1972) and was considered to be
negligible for purposes of this study while a liquid phase

reaction of NO with H>0, via;

Z2NO + 3H202-—-2HNO3 + 2H20 (34)
does provide a contribution to NOx absorption. This
mechanism was proposed by Baveja (1979) as an empirically

based expression with the absorption flux for NO into

Hydrogen peroxide solutions of stated in equation (12) as:
Ry =Sy + MO+ k + ¥Cg

20



This is then used in the NO* absorption egquation of;

, atal *R#T
Pio,o = Pro,i * Ry * R ¢ =" Py ¥ Yy (35)

Gas Phase Equilibrium

The models must also account for the series of
equilﬁbrium relationships that exist between the gas phase
components of NOx. Included in these relationships are
the NO and NO, oxidation reactions discussed previously
which were assumed to be irreversible for this

development.
The group of equilibrium reactions important to NOx
absorption are reactions (13) through (15);
NO + N02~°—'-N203

with the equilibrium relationships as defined in eqgquations

(16) through (18);

21



kg = ——

-PI*P:

Pe-

e —————————

Pl % Pao# Pya

V5=

As these relationships are more useful when solved for the
products of reactions (13), (14) and (15) they may be

rearranged to give;

2
Py =Ks* Py (36)
Pg =#Kg # P + Py # P 5 (38)

These equations then may be substituted into equations
(19) and (20) for the calculation of NO* and NOZ* as

functions of the partial pressures of NO and NOZ;

Plo=Pr+Kg Py apys by sWiow Py 2 e Py (39)
Pru=Prt2eka e P kg ® P aPye 1 aWikg e Pp v ey e Py (40)

[f reaction (21) for NOx is then restated in terms of
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partial pressures a set of three equations in two unknowns

is obtained;

Fiz = Pip * Pyy (41)

Using these last three equations was shown by Counce
(1980) to provide the basis for calculating fhe
equilibrium partial pressures for NO and NO, at given NOx
(P13), NO™ (P1g) and NOo>" (P;;) levels. Upon solution of
these three equations for the two unknowns equations (36)
through (38) may be used to obtain new equilibrium partial
pressures for the N;03, N>0O4 and HNO,. For these
equa£ions constant water and oxygen partial pressures were

assumed.
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[V. ITMPLEMENTATION

To accomplish the objective of this study absorption
evaluations for all three models had to be performed at
several points. For these evaluations a standard
absorption tower was defined using the parameters of Table
(1) with a series of inlet NOx concentrations and NO/NO,
ratios. These parameters were the inputs to a BASIC
program utilizing the three models developed to determine
the exit NOx, NO” and NOZ" concentrations.

The program (reference Appendix E) approach is
outlined inm the flow sheet in Figure (4). In this program
once the inlet equilibrium conditions were established the
simulations for Models B, C then A were performed. In
these simulations the NOx absorption was determined by
using the material balance equations developed for the
individual models. As these equations are dependent upon
the NOx component (NO, NO», N>O4 etc.) concentrations
after each absorption calculation the equilibrium state
must be determined. To accomplish this equations (39)
through (41) were simultaneously solved for NO and NOp
using the Complex Method of Box with penalty functions.
This technique results in the new values for NO and NO»
being at the same NOx, NO” and NOZ* levels as at the end
of the last absorption calculation. These new NO and NO>
values were then used in equations (36) through (38) to

24



Table 1.

Fixed column conditions

Parameter Value
Gas flow 3.3 * 104 cm3/s
Liquid flow 1.3 * 102 cm3/s
Tower diameter 16.2 cm
Tower area 204.8 cm2

Packing size
Packing type

System temperature
System pressure
Sodium hydroxide
concentration
Hydrogen peroxide
concentration

1.59 cm (0.63 in)

Dumped Glitsch
Baltast Rings

300 K

0.97 atm (740 mmHg)

3% by weight

3% by weight

25
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determine the new N50O3, N»04 and HNOz concentrations.
This procedure was followed for all three models over the
assumed 200 cm packing height in 1| cm increments.

All program development and execution was
accomplished uskng HP BASIC on a Hewlett-Packard model 86A

personal computer.
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V. RESULTS

[In the current study the computer program in Appendix
D was run a total of nine times with results being
obtained for each of the three absorber models in each
run. For each of these program runs the absorber
éonditions listed in Table (1) were utilized at a range of
inlet NOx concentrations and NO to N02 ratios. The program
then calculated exit NOx, NO", NOZ“ and reagent usage
(Sodium hydroxide or Hydrogen peroxide). This data and
the NOx conversion percentages calculated from it are
presented in Table (2).

Review of the results obtained lead to several
observations of importance:

I. NOx conversion was concentration dependent as
indicated in the literature for the water system but also
for the Sodium hydroxide and Hydrogen peroxide solution
systems;

2. the NOx conversion dependency on the NO to NO»
ratio was also observed for all solutions;

3. the addition of either Sodium hydroxide or
Hydrogen peroxide is effective in improving the NOx
conversion;

4. a reduction in the absorption levels was noted as
the percent NO was increased indicating that NOx
absorption is primarily as NOZ*.
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Additional program runs were performed as well to
verify the base water absorber model (model A) against a
known results. For this comparison experimeﬁtal points
reported by Counce (1980) were selected. The point used
from that study were numbers 10-27, 10-29 and 10-31. The
results from this comparison are given in Table (3) which
demonstrate 3 good match between calculated and

experimental values.
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Table 3. Comparison of Model A to experimental data

i 10-27 ¢ 10-29 v 10-31

i EXPERIMENTAL  MODEL EXPERIMENTAL  MODEL EXPERIMENTAL  MODEL

i DATA RESULTS DATA RESULTS ! DATA RESULTS
INLET NOx (atm) ' 0.0444 0.04564 | 0,0508 0.0506 1  0.0528 0.0528
EXIT NOx (atm) : 0.0076 0.0077 ¢ 0.0165 0.0155 | 0.012t 0.0112
NOx CONVERSION (%) 1 83.7 83.4 g £7.4 69.4 ' 77.1 78.8
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VI. CONCLUSIONS

As shown in éection V the results obtained from the
models indicate a significant improvement in the
absorpﬁion of NOx into Models B and C as compared to that
for Model A. While the improvement was noted a strong
dependency of Models B and C on Model A is oﬁvious as the
three curves in Figure (5) are similar in appearance.

These observations are the result of the dependency
of all three models on the absorption of N;O4 and NzOj3
into water. It is important to note that the absorption of
both components are independent of reactions with Sodium
hydroxide or Hydrogen peroxide and represent the only
mechanisms for absorption used in Model A. For Model B
the increased absorption is due to the absorption of HNO>
(equation 7) while for Modei C the enhancément is the
result of the absorption/reaction of NO (reaction 34) and
the reaction of N02 with Hydrogen peroxide (reactions 10
and 11) with the subsequent absorption of HNO3. It can be
further concluded that the increase in NOx absorption in
Model C was primarily due to the NOZ—HZOZ reaction based
on the absorption response to higher NO levels in the
input.

As predicted in the literature regarding absorption
in Sodium hydroxide solutions (Carta, 1984) the relating
importance of HNO, absorption increases at lower
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Figure 5. NOx reduction summary for 25% NO

in inlet evaluations.
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concentrations. This is evidenced by the ratio of the
conversion of NOx in Model B to that in Model A which at

292 * 104 atm inlet NOx is 1.35 while at an inlet NOx of

4.9 * 10-4 atm this ratio is increased to 1.93. The
improvement parameters are also of increased importance in
Model C at lower NOx concentrations as evidenced by the
NOx conversion ratio of Model C to Model A. In this case
the ratio at a NOx inlet of 292 * 104 atm is found to be
1.34 whereas at 4.9 * 10~4 atm the ratio is 2.07.
Important to these conclusions are the observations
pertaining to the accuracy of the models. As Model A is
the base model for B and C its validity is of key
importance. This validity was substantiated by the
comparison to the experimental points reported by Counce
(1980) in which the calculated NOx conversions were less
than 37 above the experimental values. From this result
the validity of Models B and C may be inferred as they are
built upon Model A. Further support to Model A was also
given by the observed importance the inlet NOx and NO
levels in the system as observed by Counce (1980).
Additional verification for Model B was accomplished by
noting the increased importance of the absorption of HNOZ

at lower NOx concentrations as reported by Carta (1984).
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APPENDIXES



APPENDIX A

LIST OF SYMBOLS




Liquid-gas interfacial aresa, (cmz/cm3)
Cross sectional area of tower, (cm?)
Concentration of component j, (gmol/cm3)
Nominal packing size, (cm)

Diffusivity of component j, (cm/s)
Fugacity of component i, (atm)

Molar flow, {(gmol/s)

Volumetric gas flow rate, (cm3/s)

Height of an increment, (cm)

Henry’s Law coefficient for component j,
(gmol/cm3-atm)

Gas phase mass transfer coefficient for component
js(gmol/cm-atm-s)

Reaction rate coefficient, (1/s)

Equilibrium constant for reaction j, (1/atm)
Volumetric liquid flow rate, (cm3/s)
Molecular weight of component j, (g/gmol)
Moles of component j, (gmol)

Nitrogen oxides

Chemical NO

Chemical NOo

System pressure, (atm)

Partial pressure of component j, (atm)
Reaction rate for component j, (gmol/cm3—s)
Gas constant, 82.1 (atm—cm3/gmol—K)
Absorptive flux for component j, (gmol/cmz—s)
Solubility of component j, (gmol/cm3)
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Temperature, (K)

Volumetric flow, (cm3/s)

Partial motar volume of component i, (cm3)

Volume, (cm3)

Mole fraction of component j in liquid
Conversion of component j

Mole fraction of component j in gas

Compressibility of gas phase

Subscripts

1

2

13

NO
NO»
N0 4

N203

HZOZ

02

*

NO

»*

NO

H>0
NOx
Critical property
Component or input

component or reaction
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o output

T Total

Greek Symbols

A Difference between two values, typically initial
and final

£ Fractional volume change
n Constant
¥ Fugacity Coefficient

T Space-time, (s)
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APPENDIX B

JUSTIFICATION OF IDEAL GAS BEHAVIOR

ASSUMPTIONS




In the model presented it has been assumed that the
gases follow Ideal Gas behavior rules in all regions of
the absorbers. This fundamental assumption was used to
simplify the model by permitting usage of these gas
mixture relationships:

1. Dalton’s Law of partial pressures: The total
system pressure is the sum of all component partial
pressures in the system. In addition the ratio of a
specific partial pressure to the total pressure is equal

to the mole fraction of the component, or:;

Py = Zpj (B.1)

w

-
e |

—

(B.2)

|
n
.2
"
~
-

2. Amagat’s law of partial volumes: In this parallel
relationship the sum of component volumes is equal to the

volume of the mixture, or;

<<
s
3

1 (B.4)

:—:yi
T

<<

Usage of these relationships was the basis of
equating the parts per million (ppm) component
concentration to the component mole fraction. This
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equality greatly simplifies the model as inlet

concentrations are always given in ppm while the

absorption calculations require partial pressure values

which then need to be converted to ppm values for ‘

reporting of exhaust concentrations. !
Verification of this assumption begins with the ideal

gas equation of state with compressibility factor which is

accepted as;

pryV=14nsRT (B.5)
For this equation to describe a truly ideal gas the
compressibility factor (Z) and the fugacity coefficient
(¥) must equal one. The fugacity coefficient being

defined as;

$ -2 (B.6)

with Dalton’s law of




To verify the assumption of the fugacity coefficient

and compressibility factor equaling one the Redlich-Kwong
é
equation of state was used to calculate these terms for

the mixture components. This equation of state has the

form of;

v a p ¥V
1= - = (B.8)
v-b R*Tl'sé(v+b) n*R+T

A 4

where ‘a’ and ‘b’ are found using Redlich’s proposed

composition dependencies;

a=§J£Y1*YJ*aiJ - (B.9)
TRECTLET (B.10)
b:iylgbi (B.ll)

with component values defined as;
3 = 0y RE X T 2T w g7 (B.12)
Dj,:nb*R*Tc*pc-l (B.13)
This solution is a simplified form of a more complex
equations that have been modified by accepting the

critical temperature (T.), critical pressure (P.) and
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acentric factor to be independent of concentration in the
regime under consideration.

Once the compressibility factor (Z) is calculated
using Redlich-Kwong a proposed modification by Chueh may
be utilized to obtain the fugacity coefficient, this

equation is given as;

v b 228y % a; v-bhb
k < Yi * 4
In¥, = In + - 5 *1n
v-b v-b R#TlIsyp v
ath, v-h v pPEY (B.14)
+__,*(m-—--—- - In —
R+ 719 4 p? v v+b R*T

Solution of these equations was then performed as to
evaluate the ideality of a NOx and air system at ambient
conditions assuming the NOx mixture considered to be a
combination of the major components of NOx; NO, NO, and
N-Og4. Five evaluations on this system were performed
producing results (reference Table 4) which demonstrate
that the compressibility factor and component fugacity
coefficients satisfy the requirements for using the ideal

gas law for the dilute NOx in air system.
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APPENDIX C

REACTION OF NOy, WITH H203




For the reactions given in equations (10) and (11);

N02 + H202 —’HNO3 + OH™

NO, + OH™ —=HNO3

an incremental conversion (Xo) may be calculated in a

method similar to that used for the oxidation of NO to

NOs5.
Considering the absorber as a ideal plug flow reactor
the standard model is;
v dXp
_= - (C. 1)
FAO 'FA
for which in a series of small reactors;
Xa,1 =0
and
XA,Z = XA < 0.0001

The assumption of X, < 0.0001 permits treatment as a

constant volume system with;

%so
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Working with the reaction (10) only at this point the

reaction rate expression is;

_pA:k*CA*CB . (C-Z)

where the subscripts are defined as;

A = NO

B = H202

Defining;
Ca=Cao " Cao * % (C.3)
Cp =Cpg - Cpo * (C.4)

with
Cao * Xa = Cpo * %p (C.5)

upon substitution and rearrangement gives;

“rg =k % Cpot ¥ (1 - Xp) E (M- Xy (C.6)
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Substituting equation (C.6) into equation (C.1) gives;

v dXA
- . (C.8)
FAO k # CAO" ¥ (1 - XA) + (M- XQ)

which then simplifies to:

K # Cpgl *V di
fo z (C.9)
Fag (1= Xg) & (M- Xy :

This may then be reduced further by using the basic

relations of;

Vv T ‘
— T —— (C.10)
FAo Cao
and
v
T — (C.11)
Yo

which when combined and simplified gives;

(C.12)
Fao Vo * Cap

Fao = Vo * Lo (C.13)




The substitution of this result back into equation (C.9)

then gives;

“C“O*V=/ s (C.14)
Vg - XA) * (M- XA)

which is an integral in the general form of;

1
..ff_=_;1n(-”-) (C.15)
utv k v

where
X-XA
u=a+b*x=1-XA
v=c+d*x=H-XA
k=a*b-c#d=M-1
which upon integration is;

k + Cpn # V { M-X
Ao = # In A (C.16)
Vo M-t 1'XA

Rearrangement of equation (C.16) produces a function for

Xp may be solved directly;

k # Cpn ® (M-~ 1)
M *1exp Ao - 1)
Yo

XA= (C.]7)

k # Cpy # (M- 1)
M *{exp fo -1
Vo

The result from equation (C.17) is the conversion for

reaction (10) only which is the rate determining step for

the sequence (Gray, 1972). In determining the conversion
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for both steps it may be assumed that reaction (11) is
instantaneous in comparison to reaction (10). This then
permits setting the overall conversion to equal twice the
conversion of reaction (10) as the additive effect of

these reactions is the conversion of two moles of NO» per

mole of H202.




APPENDIX D

VERIFICATION OF ISOTHERMAL CONDITIONS



In all absorption models used in this study
isothermal conditions were assumed to exist. To verify
this assumption the heats of formation for the involved
compounds were used to determine heats of reaction for the
primary reactions involved in Model B. Utilizing heat of
formation data from Perry’s sth edition (1973) these heats

of reaction were obtained in kcal/gmole;

N0 4~H»0 -3.81 (D.1)
HNO »-0H"~ ~10.73 (D.2)
HNO3~OH~ -21.66 (D.3)

N»03-H50 -8.68 (D.4)
NO, TO NuO4 - -13.15 (D.5)

NO-NO -9.29 (D.6)

Using the absorption models for N,O3 and N04 only
for the absorption of NOx as a simplification to give an
order of magnitude answer first gives total heats for each
of;

N-O3 heat = (D.6)+(D.4)+2*(D.2) = -39.43 (D.7)

NoO4 heat = (D.5)+(D.!1)+(D.2)+(D.3) = -49.35 (D.8)

Then assuming that half of the NOx absorption follows N-O3
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with the rest as N504 gives a NOx heat of -44.

kcal/gmole.

Selecting for a test point that run with
NOx absorption in which 147.7 atm was removed
temperature rise can be estimated. Using the
law and the empty tower volume of 40.95 1 the
is converted to 0.0246 gmoles. Then by using

equation for temperature rise vs. heat input;

qQ=mH* Cp *aT

Which for the case selected is;

(0.0246 gmole) (44.39 kcal/gmole) =

39

the highest
a maximum
ldeal gas
NOx removal

a standard

(D.9)

(11,135 g)(0.00! cal/g-deg)(aT) (D.10)

The result of which is a temperature rise of 0.098 degrees

which is insignificant in comparison to the 300 K

operation point.




APPENDIX E

LISTING OF COMPUTER PROGRAM



L0
1010
1320
10I0
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1240
1350
1260
1370
1280
1220
1400
1410
13420
1430
1440
145¢C
14A0
1470
1480
1490
1200
N ]
LSO
L3I0
1340
1320
1260

70

1280
1390

CLEAR
DISF "MQO.: ABSORBER EFFECTIVENESS ~ROGRAM: CALCULATES CQUTFUTE"

DIsSF * FROM WATER, SODIUM HYDRCXIDE SOLUTICN AND"
DIcp HYDROGEN PEROXIDE SOLUTION ABSORBERS."
DISF

REM THIS FROGRAM IS PART OF A THESIS FROJECT FOR THE MSChE DEGREE

REM FROM THE UNIVERSITY OF TENNESSEE, KNOXVILLE.

REM TRACY J. COATES, P.E.; DECEMBER 1986

YV LIIIIIITIPIIIIII I I I III NSNS
RANDOMI ZE

WAIT 3000

GOSUB DINPT ! DIVERTS TO DATA INPUT SUBROUTINE++++++++++t+ttdbttdttttttttr
GOSUB EMCONC ! EMISSION STANDARD CALCULATION+++tdbdddttddbrttddbddtddtttt+
GOSUB UNITS | METRIC/ENGLISH UNIT CONVERSION ROUTINE++++++++4ttttdtdtttt+
dh=1 ! INCREMENTAL STEPSIZE THROUGH TOWERS; f{cml

VSLLIIIII ISP II N IIP I PP NI PSP AT
REM DEFINE MATRICES FOR PROGRAM AND SUBROUTINES

DIM P(&4) ,CPNOX (2,35000) ' MAIN PROGRAM

DIM AHZ202 (5000) ,XFN(50) ,XNO(S0) ! TOWER CALCULATIONS

DIM DX(2),0B(35) ,RKK(5,2) ,RKL(2) ,RC(2) ,RT(2) ,RV(2) ! EQUIL SUBROUTINE
VLIPS0 0107000707777
REM EQUILBRIUM CONSTANTS, GAS PHASE

K1=.000000000394#EXP (6891.461/T) ! N204, CARTA

K2=.0000000418#EXP (486%9/T) ! N203, CARTA

KZI=.000000183#EXP (4723/T) ! HNO2, CARTA

YV SLIITIIIIII TIPS I PP AP INI I I PIN I SIPIISII N i
REM REACTION CONSTANTS

KNO=.221#EXP (1399/T) ! NO/0Z; [1/atm=-secl, INTEREL (BODENSTEIN)

KEP=EXP (Z6.4-6900/T) ' NO/H202; [cm™3/gmol-s], BAVEJA

KNO2=12.24 ! NO2/H202; [l/atm—-secl, GRAY

CLIIIIIIITIEIII IS0 700707007207 0077070077077207070707770770277072772777F7777
REM N204 AND N203 ABSORPTION PARAMETERS (H#SQR(D#k)); [(kmol/m~2-sec-atm]
HDK1=10"~(-,52-760/T) ! COUNCE EQUATION #4&6 (p.29)

HDK2=.001359 ! SHERWOOD-PIGFORD-WILKE, p.3&0

Y LLSIIIIIIP PPN P TN IN ISPl NN
REM CALCULATE TOWER PARAMETERS

AE=.2204 ! TOWER AREA [Ft~21

A=AE*929 ! TOWER AREA; [Ft~2] 7O Lcm~21

Dt=6.357 ! TOWER DIAMETER [inl

aE=108 ! PACKING SURFACE AREA {Ft 2,/F&~3I3

a=aE/30.48 ' PACKING AREA [cm™2/cm” 23

NS=5/8 ! PACKING SIZE [inl

Dp=NS*2.54 ! PACKING SIZE [cml

GV=V/A ! VAPOR RATE; [cm/s)

REM CONVERT VOLUME RATE TO MOLAR RATE, ASSUME CONSTANT

REM NEGLECT NO:x CONTRIBUTION TO ZAS VOLUME

G=GV*(sgyG/28.2) ' [gmol/s—-cm"2]

S NN NI VSV NI VNN SNV YR NI SIS PR NS EE S SN e
REM CALCULATE PARTIAL FRESSURE INLET NGx: C[atml

y=FFM, 1 GO00O00

NOc=p+v+FNO/100 ' CHEMICAL NGO SARTIAL FRESSUREZ, INMLET: Catm!
NGZz=p¥y+ (1-PNQ/LOOY ' SHEMICAL ~NOT INLET =ARTIAL PRESSURE: Tata:s
REM DEFINE OXYGEN FARTIAL “RECSURE, ASSUME CONSTANT

C2=.Z14%p ! Catml, NOTE: DOES NOT fAL_CW TCR TOMBUSTION PROCESSES
REM DEFINE HZ0Z FARTIAL FRESSURE, ASSUME CONSTANT

HZ02=FPER/100# (4/7460)
NSNS SN NS N RIS E RSN RSN SR SN
DISF

DISF "CALCULATE INLET MOx EQUILBRIUM"

DISF




1610
lale
1670
1640
1650
16460
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
18350
1860
1870
1880
1890
1900
1910
1920
1930
1940
19350
1960
1970
1980
1990
2000
2010
2020
20320
2040
2080
2060
2070
2080
2090
210¢
2utG
2120
21T
214¢

21E0

2:<
2160
2170
2180
2190

LET NGErGo @ G0=NTLC
NQ: =MCo-NIZC

GOGSUR =CLIL ! PDEFINES INLTT MNO: CONSTITUENT LEVELS++++ttdtrt—dodt toddoy oo
! ////;//////////JH///;////////////J//'/,///x////.////f////f/f/f!//,///f//
REM DEFINE GAS CONSTANT

GC=82.1 ! Catm—cm™I/gmel-#]

GLC=.0821 ' Catm—-m"I/kmol-K]

GOSUB MASS O PR R et L Dt D e ot bttt s ot st s e e S S

REM DEFINE CONSTANT PORTIONS OF ABSORRBTION EQUATIONS
ACF=100%a*GLC*#T*Axgh/V ' NOx ABSORBTION Latm-m~2I-s/kmoll
RCE=a#d#dh#*,0001/Lm ! ACID FORMATION [s/ml

VO LILIIIII I I LTI I TP LI P 7700800200 07707000000720000700077770077707
DISP "CALCULATE CAUSTIC TOWER OUTPUT"

DISP

P(1)=N204

P (2)=N02

P (2)=N203

P (4)=HNO2

P (5)=NC

REM INITIALIZE ACID PRODUCTION TERMS

AHNOZ=0

AHNOZ=

FOR HT=1 TO 200
LET n=HT

GOSUB NaQH ! ++
G0OSuUB EQUIL !
CPFNOX (1 ,n) =NOx
IF NOx<= ES THEN GOTD 1920 ' CHECK FOR EMISSION STANDARD SATISFACTION

IF HT=1 THEN GOTO 1900 )

IF ABS (LNOx—-NOx)/LNOx<.00001 THEN GOTO 1920 ' MINIMUM REMOVAL CHECK

LET LNOx=NOx ' SET COMPARISON TERM

NEXT HT

LET HCO=n#dh ! NaQH TOWER HEIGHT

LET EXC=NOx

CUI= (AHNOZ+AHNOZT) #Lm#T600#44»#2,.20F ' NaOH USAGE, [lb/Hrl

PECLI=NOc ' SAVES NaOH TOWER EXHAUST CONCENTRATIONS

PECZ2=NOZc

VO SIIIIIII I I LI LI P ELET IS ISP P8ISS SIS
DISF "CALCULATE PEROXIDE TOWER QUTRUT"

JISF

REM RESET TO INLET CONDITIONS

N204=P (1)

NO2=F (2}

N203=F (32}

HNQ2=F(4%;

NO=P (S}

NQc=NO+NZ20Z+HNCZ2/Z

NO2c=NO2+2*N204+N20T+HNC2/ 2

NC:«=NOc+NOZc

REM INITALIZE ACID FRODUCTION TERMS

LET ARNGZ=0

FOR CTE=1 TO 222

O LET n=C73

G05UB R202 [ R U S G VI [ D ST GREPUIR SN STV IR AP PSS il et el
GOSUE EQUIL [P AR R R R R A A et L Lol et o SR shd s s i M S
CANOX (Z,n) =NQv

IF NOx<= ES THEN 2210 ! CHECH FCR EMISSION STANDARD SATISFACTICN

IF CTS=1 THEN GOTO 219¢

IF ABS (LNOx—-NOx) /LNOx<. 00001 THEM GOTD 2210 ' MIMINUM REMOVAL CHEZE

LET LNOx=NOx ' SET COMPARISON TERM
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2240
~ey
e
———
——atd

2270
2240
2280
2260
2270
2280
2290
2300
2210
2320
2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2450
2460
2470
2480
2490
2500
2510
2520
23530
2540
2550
2560
2570
2580
JE0
2600
2610
2620
2670
2640
24650
2660
2670
2680
2690
2700
2710
2720
270
2730
2730
2760
2770
2780
2790

ME T TTO

HHE=n*dh © FEROXIDE TOWER HEIGHT

F TR0 =NOx

STNOc=NOc

PTNO2c=NOZc

GOSUB RUSAGE ' ++++¢++++++++++++++++++*++++++*+++¢++++++++++¢++++++¢++*++
' ////////////////////////////////////////////////////////////////////////
DISP "WATER ABSORBER CALCULATIONS"

REM RESET TO INLET CONDITIONS

N204=F (1)

NQZ=P (2)

N203=P (3}

HNO2=P (4)

NO=F (5)

NOc=NO+N203+HNOZ/2

NOZc=NGZ+2#NZ204+N20T+HNO2/2

NOx =NQOc+NO2c

FOR WTS=1 TO 200

LET n=WTS
GOSUB WATER !
GOSUB EQUIL !
NEXT WTS
G0SUB OPT ! 7¢¢¢¢;:::¢:¢¢4.:*::¢5:¢>:.:#f;:*"#::###4;:‘¢¢¢¢‘:::‘;*;4:‘##
STOP

éEM ##REMAINDER OF PROGRAM IS SUBROUTINES#*
]

! ////////////////////////////////////////////////////////////////////////

NaOH: ! *************************i*****i****************i*****************

REM NaOH TOWER GAS/LIGUID EQUILBRIUM

REM ROUTINE USES METRIC UNITS

REM EQUATIONS ARE FROM LEVENSFIEL, COUNCE AND CARTA

REM ABSORPTION FLUX (R TERMS) ARE IN [kmol/m~2-sl

GOSUB NO2X ' NO OXIDATION REACTION TO NOZ CALCULATION  +++rttdtbttrtbttt
RNO2=0 ' ASSUME NEGLIBLE

RN204=NZ04#HDK 1

ANZ203=N20I*HDK2

RNO=) ' ASSUME NEGLIBLE
RHN02=Kg*HN02+DCHND:*KS*NO*NDE*HZO/(T*GC*Kg)
DNOZc= (RNOZ2+2#RN204+RNZ20I+RHNOZ/2) #ACF
DNOc= (RNO+RNZ0Z+RHNOZ/ 2) #ACF
NOZc=NOZc-DNOZc+NO#NOOX
NOc=NOc—-DNOc-NO#NOOX

NQ: =NQOc+NOZc

AHNDOZ2=AHNOZ2+RCF+ (RNOZ/ 2+RNZ204-+2*RN20T4 RHNOZ!
AHNCZ=AHNOZ+RCF % (RND2/Z+RNZ04:

RETURN

! //////////////////////////////////////’/ﬁ/////f//f/!//ﬁ//.///.ﬁf/f//!/f/
HZ0Z2: ! PR TR PR DT TS S L D EL SR S S S 4SS S S

REM HYDROGEN PEROXIDE TOWER GAS/LIOUID EQUILBRIUM

REM ROUTINE USES METRIC UNIT

REM EQUATIONS ARE FROM LEVENEFIEL, SHERWOOD-FIGFORD-WILAT AMD BAVEZA
S30SUEB NO) ! +++++++++¢++++++++¢++++++++++r+++++—+«+++*‘¢¢ﬂ+++~w—»++++++¢
RNC2=C ' ASSUME NEGLIBLE

RAN2G4=N204#HDH L

ANZ0Z=N20T#HDKZ

NOS=NO#* (CWF+CF: /NQVF

RNO=SQR (DCCNO*KEF)*SRR (CF} *NOS

RHNO2=0

NOc=NOc— (RNO+RNZOI+RHNOZ/2) *ACF -NO#NOCX
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o800 RR=HIIZ. MG

2810 TERML1=EXF AENDZENO2*/edh ¢ (RR-L0 WD

2820 NOZCX=RR* (TERM1-1) / (RR#TERMi -1} CONOT CONVERSION WITH H20Z2 (LEVENSFIZLY
870 N025=N02c—cRN02+2*RN204+RN:DZ+RHNO:K2)*ACF—NDE*ND:OX+NO§NDDX

2840 NO:=NOc+NOZc

2850 AH202 (n) =NOZ*NO20X/2

2860 AHN02=AHN02+RCF*(RN02/2+RN204+2*RN203+RHN02*1.S*RNOIIOOD)

2870 RETURN

2880 ! ////////////////////////////////////////f////////////////////////////!//
2890 EQUIL: ! :::::;:::##:#::;::::-::::::;;::;.“::;::;:::::1:::;;#;::;:::;::;:*
2900 REM ROUTINE ESTABLISHES NEW NOx GAS FHASE EQUILBRIUM FOR EACH INCREMENT
2910 REM ROUTINE USES METRIC UNITS

2920 REM OFTIMIZATION (MIN.) USING COMPLEX METHOD OF BOX

2930 JVAR=Z ! No. INDEPENDANT VARIABLES

2940 REM DEFINE N204 DISSOCIATION CONSTANT; SHERWOOD-PIGFORD-WILKE, p.J348
29%0 EA=1/SAR (1+4#K1*N0O2c)

2960 RKL (2)=NO2c*2#EA/ (1+ER) 1 INITIAL NOZ VALUE (ESTIMATE)

2970 RKL (1)=NOc/ (1 +RKL (2) #K2) ! INITIAL NO VALUE (ESTIMATE)

2980 IF RKL(1)=0 THEN DX(1)=0 @ GOTO 3000

2950 DX (1)=10~(INT (LGT (RKL(1)))~-1}

I000 IF RKL(2)=0 THEN DX (2)=0 @ GOTO 3020

3010 DX (2)y=10~(INT (L6T (RKL(2)))-1)

3020 CPS=.000001 ! CONVERGENCE CRITERA

3030 ALP=3 ! EXPENSION COEFFICENT

2040 BETA=.5 ' CONTRACTION COEFFICENT

I0%0 NPTS=4 ' No. POINTS IN A COMPLEX

2060 MAXF=100000 ' Max. No. OF FUNCTIDN EVALUATIONS

070 MAXSR=30 ' Max. No. OF CONTRACTIONS

3080 LET C=0 ! FUNCTION EVALUATION COUNTER

3090 FOR LE={ TO JVAR

2100 RV (LE)=RKL (LE)

3110 NEXT LE

3120 GOSUB MODEL ! bbb bbb bbb b bbb bbb b bbb b bbb bbb o bbb bbb bbb bbbt
3130 QDL=Q @ QDH=Q @ 0B(1)=Q

3140 FOR J=1 TO JVAR

3150 RKK(1,J)=RKL(J)

3160 NEXT J

T170 NLOW=1 @ NHIGH=1

3180 FOR I=2 TO NFTS

3190 FOR XK=1 TC JVAR

3200 AX=RND

210 RT (K) =RKL (K) +DX (K) # (Z*AX~1)

=220 IF RT(K)<0 THEN LET RT (K)=.00001

3I2T0 RV (K) =RT(K)

T240 NEXT K

3250 GOSUB MOD=L ! ++++++++++++++++++++++++++++++---L++-J~+-*-+-'—+++++++4—+-L--~-+—:-v-+--+ S
I260 OB(I)=0 @ GD=Q

270 FOR M=1 TO JVAR

I280 RKE (I,M)=RT (M}

TT90 NEXT M

IF QD>0ODL THEN S0OTO 33240

aDL=QD0

NLOW=1I

GOTO TT70

IF AD-GDH THEN 5070 770

@2DH=QD

NHIGH=1

> NEXT I

FOR N=1 TO JVAR

AX=0
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a0
TqL0
I820
3420
440
450
2460
2470
7480
3490
3500
3510
3520
I530
3540
3530
3560
3570
3580
590
3600
3610
3620
I620
3640
2650
3660
3670
3680
34690
3700
3710
3720
3730
3740
3750
3760
770
780
790
800
810
820
I8Z0
840
850
860
870
880
8ec
TF00
710
]
I9IC
940
950
3960
970
980
950

TCR O=L 7D OIRTE

IF O=NHIGH THEN GOTO 2470

AX=al+REFAQ, N

NEXT O

RC(N) =AX/ (NFTS-1)

NEXT N

ALT=ALF

NSR=0

FOR PR=1 TO JVAR
RT(PR)=ALT*(RC(PR)-RKK(NHIGH,PR))+RKK(NHIBH,PR)

IF RT(FPR)<D THEN LET RT(PR)=(RKK(NHIGH,PR)+RKK(NLOW,PR))*.01
RV (FR) =RT (PR)

NEXT PR

GOSUB MODEL ! ++++dtttrtbtdtttttt P P A S Bt g e e S i
AD=Q

IF QD<GDH THEN GOTO 33590

IF NSR>MAXSR THEN GOTO 830

ALT=BETA#ALT

NSR=NSR+1 @ GOTO 3480

OB (NHIGH)=RD

C=C+1

FOR S=1 TO JVAR

RKK (NHIGH, S)=RT (S)

NEXT S

IF GD>QDL THEN GOTO 24670

NLOW=NHIGH

@DL=@D

@ADH=QDL

FOR TE=1 TD NPTS

IF OB(TE)<Q@DH THEN GOTO Z720

QDH=CB(TE)

NHIGH=TE

NEXT TE

1F (QDH+@DL) / (2#NOx)<CPS THEN GOTO 3860

1IF C<MAXF THEN GOTO 3380 ELSE GOTOD 3820

MODEL: ! :#*#zn:::::#:::w::;::‘:#:ﬁ#ﬁ::ﬁ##*::%%:#%#:###%##%#%##::%:#%%****
ROOTS=SHR (RV (1) #RV (2) #HI0*K3)

Q1=NOC- (RV (1) +RV (1) *RV (2) *K2+R0O0OTS/2)
G2=N02c-(RV(Z)+2*RV(2)“2*K1+RV(1)*Rv(2)*K2+RDDTS/2)
IF RV (1) :NO OR RV () *NOZ THEN ADJ=100 CLEE ADJ=! ! PENALITY FUNCTION
Q=(ABS (Q1)+ABS (Q2))*ADJ

RETURN

REM NONCONVERGENCE RESET ROUTINE: EQUIL MUST CONVERGE ON NC:x
LET NPTS=5 ' INCREASE MNUMBER OF FOINTS IN A COMPLEX
5070 090

REM EQUILBRIUM COMCENTRATION CALCULATIONS

LET NO=RV (1)

LET NOZ2=RV (2}

NZ04=NOZ"2#K1

NZOZI-=NO*NOZ*KZ

HNOZ=SOR (NO¥NO2#HZ0+HT)

NOc=NO+N2OT+HNDOZ /2

NO2c=NO2 +2#NZ04+NI0T -HNDZ /L

NOx =NOc+NOZc

RETURN

YTV R RN N R NN A N IV RSN NN RN NN
OFT: ! **********************+*+*****+*****+******+***+*******4********44*
REM PROGRAM OUTFUT ROUTIME

CLEAR

FAGESIZIE 24
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MM
PAARES]
JCT0
SO0
4040
30530
3060
4070
4080
4090
4100
4110
4120
4130
4140
4150
4160
4170
4180
4190
4200
4210
422

230
4240
4250
4260
4270
4280
4290
4300
4310
4320
432
4740
4330
4360
42X70
4780
4790
4400
4410
4420
4470
4440
1450
44360
3470
3480
4490
4500
4510
4320
1530
4g54¢
45350
2560
4570
4g80
4520

pice
DISF 'SYSTEM CHARACTERISTICZ®
DISF

DISF Y"GAS FLOW='";VE;"Fr"T/min"

DISF "LIQUID FLOW=":L;"gpm"

DISF

DISP “TOWER AREA=";AE;"Ft~2"," DIAMETER=";Dt. 125 "“Ft."

DISP

DISP USING 4G90 ; 143 2096 3 6 36 26 3636 J 3 2 326 3 2 I 36 I N 06 36 I I T I I T 6 NI I TN M I NN
IMAGE 9X,S54A

DISP

DISP "COLUMN CHARACTERISTICS"

DISP

DISP USING 4140 ; "“INLET NOx","EXIT NOx ", "PACKING Ht.","REAGENT USED"

IMAGE 13X,9A,5X,8A,3X,14A,3X,12A
DISP USING 41560 ; "C(ppml","“Lppml","CFtl","Clb/Hrl"

IMAGE 15X,5A,8X,5A,9X,4A,15X,7A

DISP

DISP “PEROXIDE"

DISP USING 4200 ; “TOWER",PPM,PTNOx#1000000/p,HHP*,03281,PER

IMAGE 3X,%A,7X,5D,8X,5D,7X,4D.2D,13X,2D.2DE

DISP

DISP "CAUSTIC"

DISP USING 4200 ; "TOWER",PPM,EXC#1000000/p,HCO#*.03281,CUI

DISP

DISP “WATER"

DISP USING 4200 ; "“TOWER",FPPM,NOx*1000000/p,WTS*dh%.03281,0

PRINTER IS 401

DUMFP ALPHA 1,0

BEEP

DISP

DISP "DONE"

RETURN

VI NN R R R N R R R R R N R R R AR R R R R R R AR R A R AN N s
UNITS: | 8303093030230 352 3646 35 20 363030 2363036 36 36 TSI 300 I 33 33633 3433 330 36 I I TS I I 093 R
REM CONVERTS ENGLISH AND METRIC UNITS TO THE OTHER

V=VE#472 ! [ft~Z/minl TO [cm™I/sec]

L=VE/250%7.48 ' CALCULATES LIQUID RATE [gpml BASED UPON 3AS RATE (V/L=2Z0}
Lm=L#%.0000631 ' [m"3I/s]

p=pT/76G ! [mmHgl 7O [atml

T=(Tp-32)/1.8+273.15 ! [deg. FI 70 [deg. K1

REM CONVERT NOx STANDARD FROM ppm TO atm

ES=NOXS/ 1000000#p

REM CONVERT % SOLUTION INFUT TO Igmol/m™3Z1

REM FIRST CALCULATE SOLUTICN SPECFIC GRAVITY

3qCS=2. 1Z#PCAU/ 100+ (1-FCAU/ 10Dy ¢ [g/ec]

s5qFS=1.478#FFER/ 10O+ (1-FFER/ 10D ' [g/cz]

CC=PCAU/10C*2, 17%40,1076 ' [gmcl/acm™I]

CW=(1-PCAU/LO0) #1%18/10°& ! I[gmol/cm’I]

CP=PFER/100*1,43B8%*74/1076 ' Igmcl/cm™2]

CWP=(1--FFER,/ 100 #1118/ 104 ' Cgmoel/cm™T]

REM CONVERT SFECFIC ZRAVITY TC 2ENEITY

5qG=p6G*. 01602 ! [g/ccl

pL=7.48%E,70%sqCE ' [lbs#t" T2

REM CALCULATE NO AND NOZ VAPLCR “RESZURE +ie ANTOINE E2UATICH

NOVFE=940, S*EXF (8. 142411-I774. 29/ (Tp+4aZ4 1)

NQVF=NOVPE+. 06804 ' latm:

NOZVPE=146F ., 6#EXF (12,7401 7-11707. &5, (Tp+616.0304:) ! ! [gsial
NOZVP=NOIVFE*, 06804 ' Latml

RETURN
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-'4.:,(",2'
Zh10
320
44630
44640
3650
4660
4670
4680
4690
4700
4710
4720
4730
4740
4730
4760
4770
4780
4790
4800
4810
4820
4830
4840
4850
4860
4870
4880
4890
4900
4910
4920
4930
4940
4950
4960
4970
4980
4990
S000
3010
3020
SOTO
Sean
3GE0
SC60
SO70
S0g0
SO0
3100
<iic
120
S1T0
Z:140
130
$160
S170
S1iEQ
S190

DIﬁ?f:.' ;*¢¢4;+}*;***;§;*;§;;§+}4~;;1w*;*;4*§4*f;;4}**«+;¢4%;;*;§;;*}++14
SEM DaTA INPUT ROUTINE

NISF "CROVIDE REQUESTED INPUTS «++CALTION NOTE UNITS REQUESTED#*»"

DISP

DISF "SYSTEM BAS FLOW, [F&~I/minl; EXIT GAS VELOCITY (STACK); CFt/minl”j
INFUT VE,GDV
DISP

DISP "NOx CONCENTRATION Lppm] AND % NG IN THE NOx"j;

INPUT PPM,PNO

DISP

DISF "INLET GAS CONDITIONS, TEMP. [F1, FRESS. [mmHgl, DENSITY [1b/Ft~31%;
INPUT Tp,pT,pG

DISP

DISP "WATER PARAMETERS, VISCOSITY (cpl AND VAPOR PRESSURE (atml";

INPUT ulL.,H20

DISP

DISP "REAGENT STRENGTHS, SODIUM HYDROXIDE AND HYDROGEN PEROXIDE Cwt.XJ"3
INPUT PCAU,PPER

CLEAR

DISF USING "8/,28X,1SA" ; “PROGRAM RUNNING"

RETURN

! //////////////////////////////////////////////////////!/////////////////
MASS: ! ;::::w:“::_:::::::::=_:-,:::,:;::“:;:-::::':::;:::ﬁ:::::::::::::##

REM GAS PHASE MASS TRANSFER COEFFICENT CALCULATION FOR HNOZ

REM ASSUMES VALUES CONSTANT DUE TO DILUTE SYSTEM

REM ALSO ASSUMES IDEAL GAS BEHEAVIOR

REM CALCULATION FROM ONDA, J. Chem. Japan, 1968

LET VISG=.0001812 ' [g/cm-sec] ASEUMES 68 F; ERROR I% at +- 20 F

REM GAS VISCOSITY FROM FERRY 'S 6th TABLE I-311

REM FOLLOWING ARE DIFFUSICN COEFFICENTS: (cm~2/sec] (*#*ASSUMED CONSTANT**)
DCHNO“=.00014*(uL“(-1.1))*((GC*T/HNOZ)*(—.&)) ' HNOZ, equ 2.29 S-P-W
DCNO=. 000028807 ' NO, BRAVJA

TRM1=(G/ (a®*VISG)}*.7

TRMI=(a»Dp)~ {-2)

TRM2=(VISG/ (pG*DCHNO2) )~ (1/3)

TRM&=a#DCHNOZ/ (GC*T)

Kg=5.23*TRM1*TRN2*TRM3*TRM4 ! Lgmol scmZ-sec—atml

RETURN
! f////////////!///////////X/////f//f//////ﬁ////////////f//f'//f/////////f
EMCONC: ' EMISSION STANDARD ROU?IﬂE***************************************

SDIA=VE/GDV*12 ' [inl STACK DIAMETER
NOXS=2400/SDIA ' [ppml EXHAUST ZRITERA EASED ON VISARILITY STND. FOR NOZ
IF NOXS>200 THEN LET NOXS=I00 ' SETE MAX. FERMISSABLE EXIT COMCENTRATION

RETURN
) /////,,/,/,,,/,//,,,,,/,,,,/,,.,,,: N A Y Y RN YR RN
QUSAGE: ' H202 USAGE ROUTINE&++4*444*4+¢&*4,4*4*+4**4*4*f4.+***+%**+***++%

REM ACCOUNTS FOR H20Z USED WITH NG, NOT AND HNCT (TO HMGTS

LET SAHZOZ=0

FOR FUFT=1 TO n

SAHZ0S=SAHZCT+AHZOZ (FUFT:

MEXT FUFT

PER=SAH:CZ‘“/(GC*T)*:&?.Q+§HNO:¥LJ$'éC-%L.:CS+3¢ DL o

RETURM

! ;/g;;////,/////;//;/;/;;/;//,g/g;//;,;;,,/;///;/,/g/,;. R N L )
NO2X: ' NO/0Z REACTION TC NOZ, EQUATIOHN DER TOUNCE AFFEND (B “¥eetddatixs
M=—(NC/ (%02} .

TERMA=NO*0Z*#A*dh*#KNOQ /Y

TERME= (LOG {1+M) M/ (1+M)+12 .7 (1 M)

REM INTERVAL HALVING ROUTINE TO E0LVE FOR REACTION CONVERSION
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cLpG LT RMROL D
enyy TOROXR=L 7O 2T
TERMV=(_3G ((1+M¥XNO'XR)*:tl—KNC{IP)}}*N.ai*M)wiffl—XNCfXF.“. -
(FN (XR) =TERMA- ( TERMV-TERMB)

IF ABRS (XFN(XR))<.00000001 THEN GCTO SIZC

IF XR=1 THEN GOTO SIT10

IF XFN(XR}<O EXOR XFN(XR-1)#Q THEN 3070 5290

IF XNO(XR)<XNO(XR-1) THEN DH=-1 ELSE DH=1

6070 SINO

IF XNO(XR)<XNO(XR-1) THEN DH=1 ELSE DH=-1

XNO (XR+1) =XNO (XR) +DH#ABS ( (XNO (XR)-XNO(XR=1))/2)

NEXT XR

NOOX=XNO (XR)

RETURN
! ///////////////////////////////////////////////////////////////f////////

WATER: ' WATER ABSORPTION SUBRDOUTINE epnpppgegegspepaears R LR R L L L S S S
RNZ204=N204#HDK 1

RN203=NZ03#HDK2

GOSUB NO2X ! ++tbbbbdbbtdtbttbbtttttrtttsts
NOc =NOc —ACF #RN203-NO#NOOX
N02c=N02c—ACF*(RN204*RN203)+ND*NO0X
NOx=NOc+NQ2c

RETURN

! /////////////////////////////////////////////////!//////////////////////

END

PTG G N o b b e o e - e
| a2 o ol b ol oD o g o ol i i e g Al S

Latn aln ade ot e 4
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