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I. ABSTRACT 

The rates of the simultaneous absorption of N02 and NO into 

water were measured experimentally, using a five-sphere, laminar film, 

laboratory absorber. The data indicate that the two compounds enter 

the liquid film as N
2
o4 and N2o

3 
respectively, the rates of solution per 

unit interfacial area in each instance. being governed by the solubility 

of the unreacted oxide and by its chemical rate of reaction with water. 

The data indicate 

approximately 34. 

that the half-lives of dissolved N
2
o4 and N2o

3 
are 

-4 and 0.59 x 10 sec, respectively, and that n2o4 is 

much more soluble than is N
2
o

3
• The result is that the rate of 

absorption ~er unit interfacial partial pressure is about the same for 

the two oxides. 

Industrial applications of the new data are discussed. 
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II. PRELIMINARY DISCUSSIONS 

A. Introduction 

Over the past four decades there has been considerable interest 

in the absorption of oxides of nitrogen due to their importance in the 

industrial manufacture of nitric acid. Nearly all nitric acid is 

produced by absorption of these oxides into water. In the case of N02 

and its dimer, N2o4, it has been shown experimentally that N2o4 is the 

active species of tetravalent nitrogen which dissolves in and reacts 

with water. Industrially, however, the more common situation in an acid 

absorber is one in which a variety of oxides are present, primarily as 

NO, N0
2

-N2o4, and N
2
o

3
, in the gas phase. To date little work has been 

done to elucidate the mechanisms controlling the rate of absorption when 

a mixture of these oxides is present in the gas phase. 

In more recent years, there has been a renewed interest in 

nitrogen oxides due to their increasingly evident presence in the 

atmosphere surrounding large urban areas. Discharge of these oxides is 

attributed primarily to the exhaust of internal combustion engines and 

to stack exhaust from fixed site sources such as conventional power 

plants. The presence of these oxides in the atmosphere represents a 

serious health hazard. The American Conference of Governmental 

. . " Hygi~hi.sts recommend a maximum allowable concentration of N0
2 

in air of 

.· 5 parts per million. Sustained exposure to even very low N02 concen

trations can cause serious inflammation of epithelial tissue and the 

respiratory tract. 

It was with these interests in mind that the present work was 

initiated, concerning the mechanisms of the absorption of nitrogen oxides 
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into water. The first step toward these general objectives must be a 

basic understanding of nitrogen oxide chemistry in gas ~d aqueous 

solutions. This is discussed briefly in the following section. 

• 
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B. The ChemistrY of Nitrogen Oxides 

In the gas phase there are three reactions, all quickly 

equilibrated, which are of primary interest in this study. These are 

2N02 = N204 , (II-B-1) 

NO + N02 = N203 ' (II-B-2) 

and when water vapor is present, 

NO + N02 + H
2

0 = 2HN02 . (II-B-3) 

Reaction 3 indicates that N2o
3 

(or NO + N02 ) reacts with water 

vapor to form nitrous acid vapor. It should be noted that this reaction 

has not been taken into account in any nitrogen oxide absorption study 

found in the literature. Under the experimental conditions of this 

investigation the partial pressure of HN02 was of the same order of 

magnitude as the partial pressure of N2o4 , when significant amounts of 

NO were present. It will be subsequently shown that this gaseous 

nitrous acid pl~s a significant role in the overall rate of absorption 

of nitrogen oxides into water. 

The equilibrium constants for reactions 1, 2, and 3 have been 

determined by several investigators. IS_, the equilibrium constant for 

reaction 1, as determined by Verhoek and Daniels, 19 is approximately 
. . 

6. 76 at1n"'1 at 25°C. K
3

, t.he equilibrium constant for reaction 2, as 

determined by Beattie and Be11, 20 is 1.916 atm at 25°C. They noted a 

small decrease in K
3 

as the partial pressure of N0
2 

increased, However, 
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e.ll the experiments in this research were done at dilute gas concen-

trations such that the correction of K3 was not necessary. K2, the 

equilibrium constant for reaction 3, as calculated by Wayne and Yost, 17 

6 . -1 
is l. 5 atm • 

The reactions in the liquid are decidedly more complex. However, 

in the dilute solutions encountered in this study, the following reactions 

are of greatest interest. 

(II;_B-4) 

( II-B-5) 

It was shown in the course of this work that the slow decompo-

sition of nitrous acid in the liquid, for which the overall stoichiometry 

is 

(II-B-6) 

did not occur to an appreciable extent, due to the dilute liquid 

conditions and fairly short nitrous acid life before being neutralized 

with an excess of NaOH. 

For an in-depth review of all available data on nitrogen oxides, 

particularly N2o
3

, the interested reader is referred to the article by 

Beattie. 22 

[1 
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C. Problem Approach 

Several different kinds of laboratory absorbers have been used 

in previous studies of the absorption of nitrogen oxides. For instance, 

10 11 Wendell and Pigford used wetted wall columns~ Kramers and co-workers 

used a laminar jet absorber. Designed and operated properly, both of 

these types of laboratory absorbers are excellent devices for analytic 

study of gas absorption. The two main disadvantages of these absorbers 

are end effects and build"up of surface-active impurities on the liquid 

surface. 

An alternative type of absorber in which both of these 

disa~vantages are minimized is the wetted-sphere absorber. Entrance 

effects are minimal, and exit effects can be confined to the sphere 

support rod. Moreover, surfactant build-up on the liquid surface is 

confined to the liquid surface flowing down the rod, when sufficient 

21 length of support rod is exposed to the gas phase. Therefore, 

absorption occurs only on the surface of the wetted sphere. 

The main disadvantage of a wetted-sphere absorber is that 

experilnental results are difficult to interpret mathema~ically except 

in the cases that the absorbing gas reacts quickly with the absorbent 

liquid or not at all. This is not a serious complication in the case 

of the absorption of nitrogen oxides because the rates of reaction with 

water for this system are relatively fast. 

With these considerations in mind, it was decided that a wetted-

sphere would be built and used in this research. since dilute gas 

concentrations of nitrogen oxides would be used, it was thought 
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necessary to use not one but five spheres in series so as to produce 

liquid concentrations of nitrous and nitric acid that could be easily 

analyzed. 

Using a multi-sphere absorber adds another dimension to the 

problem, however. One must be able to determine the degree of liquid 

mixing which occurs at the junction between adjacent spheres. This can 

be determined by absorption of co
2

, as has been shown by Davidson and 

Cullen.
4 

It will be shown in a subsequent section that this mixing of 

the liquidbetween adjacent spheres gives some unexpected advantages 

in using a multi-sphere absorber for the study of the absorption of 

nitrogen oxides. 

The reason that dilute mixtures of nitrogen oxides were to be 

used in this study is that at high N0
2 

partial pressures a condensed 

acid mist is formed in the absorber gas space. Since the object of 

this work was to study the liquid-side mass transfer effects, this acid 

mist was an undesirable camplication, and was avoided by performing 

experiments at low N0
2 

partial pressures such that no mist was visually 

evident anywhere inside the absorber, 

Experimenting at low partial pressures of N02 presents added 

difficulties, however, There is a finite amount of gas-phase mass 

transfer resistance, In order to determine this resistance, it was 

necessary to perform a separate set of experiments in which the gas 

being absorbed had a negligible amount of liquid-phase resistance, 

compared to that in the gas phase. Ammonia is a good example of such a 

gas, owing to its very high solubility in water. 

, .. 
.. 
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With these main objectives in mind. the following experimental 

design was developed. 

1. Determine the degree of liquid mixing by C0
2 

absorption rate 

measurements • 

2. Determine the gas-phase mass transfer resistance by observing 

· . BH
3 

absorption rates. 

3. Determine the liquid~pha.se mass transfer resistance for the 

system Nb2~N2o4 • 

4. Apply penetration theory to the data tram 3 and compare the 

calculated results with those of previous investigators. 

5. Experimentally determine the liquid-phase mass transfer 

resistance for the system B0
2

-N2o4-No.-N2o3-HNo2 • 

6. Apply penetration theory to the data from 5 and interpret the 

results. 

Penetration theory. as mentioned in 4 and 6 above, is a 

simplified mathematical description of the phenomenon of gas absorption 

through.a gas-liquid interface. It relates the rate of absorption to 

interfacial gas concentration and to various physical properties of the 

dissolved unreacted gas. This theory and its applications to the 

geometry of the vetted-sphere absorber are discussed in the following 

section. 
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D. Theoretical Development 

1. Penetration Theory 

In this work, Higbie's penetration theory, a mathematical 

description of the process of gas absorption into a falling liquid film, 

was assumed to be valid. It will be shown that the application of this 

theory to the geometry and characteristic fluid motion of the wetted-

sphere column leads to very simple mathematical relationships .either when 

the absorbed gas does not react or when the absorbed gas reacts very 

quickly in solution. The assumptions upon which this theory is based 

are as follows: 

a. The fluid near the interface is in laminar flow, and the fluid 

velocity parallel to the interface is constant. 

b •. At the gas-liquid interface, gas and liquid are in equilibrium. 

c. The depth of penetration of dissolved gas into the liquid film 

is small compared to the total liquid film thickness. 

d. Gas is absorbed into the liquid by unsteady-state molecular 

diffusion, 

With these assumptions, the concentration of dissolved unreacted 

gas, c, within the laminar film near the gas-liquid interface can be 

described by the differential equation 

(II-D-1) 

with the boundary conditions 



.. 
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c(x,o) = c 
0 

c(O,t) = ci 

c(x,t) finite as x ~ oo 

(II-D-2) 

2 D = diffusivity of dissolved unreacted gas in the liquid (em /sec) 

c = concentration of dissolved unreacted gas (moles/cm3 ) 

ci = concentration of dissolved unreacted gas at the interface 

(moles/cm3 ) 

c = initial concentration of gas in the bulk of the liquid 
0 

x = perpendicular diStance into the liquid from the interface (em) 

t time of exposure of the liquid element to the gas phase (sec) 

r =rate of reaction of dissolved gas (moles/cm3-sec) 

2. Physical Absorption into a Falling Liquid Film 

When r = 0 in Eq. II-D-1 , the solution with the above boundary 

conditions is 
J 

{ .: - ::) = erfc(x/2 .rot') 

From this concentration profile, the instantaneous rate of mass transfer 

at any point on the interface is 

N = ... n U j = In /TTt' ( c . - c ) 
3 X x=O l. o 

(II-D-4) 



'For slightly s-oluble gases and short times of contact, this 

fairly simple theory quite accurately predicts the rate of absorption. 

However, for longer exposure times and/or moderate solubility, assumptions 

a and c above are no longer valid, The variation of fluid velocity 

with depth into the liquid film must be taken into account, Assuming a 

half""'parabolic velocity profile in the liquid, the differential equation 

describing the concentrationof dissolved gas at any point in the liquid 

film is 

with the boundary conditions 

c(x,O) = c 
0 

a c 
fY 

0 for all y . 

where 

ui = interfacial liquid velocity, 

6 = total film thickness, and 

y = longitudinal distance down the falling film, 

( II~D-5) 

( II-D~6) 

Eq. II-D-5 can be put into dimensionless form by the following 

transformation of variables. 

• 
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X = x/1::. 

a = (c - c )/(c. - c ) 
0 l. 0 

Then Eq. II-D-5 becomes 

with the boundary conditions 

a(X,O) = 0 

a(O,Y) = 1 

~I = ax X=l 
0 for all Y 

(II-D-7) 

(II-D-8) 

(II-D-9) 

·. Emmert and Pigford1 found a series solution of the above partial 

differential equation which can be expressed in the form 

00 

f(Y) = 1 .... L Bjexp(J.JY) 

j=l 

(II-D-10) 

where f = the degree of film saturation. The overall rate of absorption 

~ i~ related to the degree of saturation, f, by 

~ = fL(c - c ) i 0 

where L = the liquid voiumetric flowrate. 

(II-D-11) 
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They calculated the first four coefficients and exponents in the 

above ·series. 2 Recentlys Olbrich and Wild extended the computation to 

include the first ten pairs of (Ajs8J).) Their results are summarized in 

Table I. 

j 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

·Table I. Values of (Ajs8j) calculated by Olbrich and Wild. 

" Aj eJ 

3.414446 .7897026 

26.440559 .09725511 

70.832821 .03609362 

136.57071 .01868637 

223.64880 .01140i76 

332.06472 .00767597 

421.81720· .005517943 

612.90545 .004157034 

785.32896 .003243974 

979.08735 .002601795 
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3. The Effect of an Irreversible Pseudo-First Order.Chemical Reaction 
on the Rate of Absorption into a Falling Liquid Film 

Often a dissolving gas, A, also reacts with the solvent or with 

a nonvolatile solute, B, to fonn a product, C. That is, 

A + B = C (II-D-12) 

If the overall kinetics of this reaction indicate that it is 

essentially irreversible and first-order with respect to the dissolved 

concentration of unreacted A, c, and if reactant B is in large excess, 

then the rate of reaction, r, in Eq. II-D-1 is given by 

r = kc (II-D-13) 

where k is the pseudo-first order rate constant for reaction II-D-12. 

The solution to Eq. II~D-1 , with boundary conditions II-D-2, 

when r is as indicated in Eq. II-D-13 and c = 0 is 
0 

c • C~) lexp(x lk7ii'lerfc [(x/2/Dt) +lkt'] + 

exp(-x lk/D)erfc [(x/2 /Dt') -lkt']l (II-D-14) 

The instantaneous rate of mass transfer through the interface is 

N = -D~ 
.A ax 

But for kt >> 1, 

lx=o • c1 l'kii' [erf( /kt) + exp(-kt)/ lnktJ ( II-D-15) 
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erf ( /kt') 9:' 1 , and (II-D-16) 

exp(-kt)/ 11Tkt':::!!! 0 (II-D-17) 

Therefore, the instantaneous rate of solution for high values of kt is 

(II-D-18) 

Eq. II-D-18 indicates that the rate of absorption into the 

liquid film is independent of both time and position. This result is of 

considerable importance, as will be discussed in subsequent sections. 

? 

4. Spherical Film Hydro9Yna.mics 

It should be fairly obvious that to interpret absorption data 

from a laboratory absorber using diffusion calculations based on the 

theory of gas absorption into a falling liquid film, the hydrodynamics 

of the liquid film must be known~ priori. If end effects can be 

neglected, the fluid motion in both the wetted-wall column and the 

laminar jet absorber are well understood. 

This is not precisely true in the case of the wetted~sphere 
I 

absorber, although the uncertainty is probably insignificant. At the 

present time there is no general, exact solution to the equations of 

continuity and momentum for flow over a sphere. However, for the size 

of sphere used in this study and in the range of flow rates from 0.5 to 

3 4.0 em /sec, the following assumption appears to be valid: that the 

fluid shear stress-tangent to the surface at any latitude on the sphere 

varies linearly with respect to radial distance from the solid surface 

and at every point the viscous drag on the fluid film is exactly 

.. 

• 
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balanced by the tangential component of the force due to gravity. This 

implies that 

where 

T = shear stress 

ll = fluid viscosity 

p = fluid density 

( du 
T = ~ - x)pgsin8 = ~ -

dx 

g = acceleration due to gravity 

e = angle of inclination from the vertical 

u = liquid velocity 

(II-D-19) 

x = film depth, measured radially inward from the gas-liquid 

interface 

~ = total film thickness 

Eq. II-D-19 is an ordinary differential equation in u. With 

the "boundary condition that u = 0 at x = ~' the solution is 

(II-D-20) 

From continuity it can be shown that the total film thickness, 

at any latitude on the sphere is 

Me) 
2 1/3 

= (3llL/2npgRsin e) 

where R is the radius of the sphere, 

(II-D-21) 



-16-

Then the fluid velocity at the gas~liquid interface, ui, at any 

latitude on the sphere is 

(n ... n-22) 

Lynn, Straatemeier, and Kramers3 were the first to use the.above 

equations for the velocity profile in conjunction with a diffusion 

theory to study the physical absorption of a gas into a laminar film of 

liquid flowing over a sphere. They neglected the effect of the 

stretching of the liquid film and obtain a theoretical result that is 

only approximately correct. They concluded that the rate of absorption 

of a sparingly soluble gas into a liquid flowing over a single sphere 

is 

sine' ae ] e I I (c. - c ) [ f sinl 3q dq]l 2 1 o 
0 

(II-D-23) 

They give 2.33 as the value of the above integral, obtained by numerical 

integration. Astarita8 indicates that a more accurate estimate of this 

integral is 2.10. Therefore the combined coefficient in Eq. II-D-23 

is 1.62 x 2.10 = 3.40. 

4 Davidson and Cullen have shown, however, that the stretching 

effect can be taken into account precisely and that, by a suitable 

transformation of coordinates, the equation of transport for a single 

sphere can be transformed into the standard equation for unsteady-state 

• 

. ,. 
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mass transfer into a falling film, Eq. II-D-5 , with identical boundary 

conditions. Their result is that for a small degree of saturation, the 

rate of absorption, ~' for a single sphere is 

(II-D-24) 

It is interesting to note that the two results disagree only by 

constants, obtained in both cases by numerical integrations. When the 

stretching effect is taken into account, the theoretical prediction of 

the rate of absorption is 23% higher than that predicted neglecting the 

effect. 

When the degree of saturation becomes large, the series solution 

of Eq. · II-D-5 is to be preferred. From the series solution, the rate 

of absorption for a single sphere is 

(II-D-25) 

where 

(II-D-26) 

and 

and (SJ,Aj) are the constants as given in Table I. 

Davidson and Cullen have found that Eq. II-D-27 quite 

accurately predicts the rate of absorption of a sparingly soluble gas 

into a laminar film of liquid flowing over a single sphere. They 

consider this equation to be of sufficient accuracy to recommend the 
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wetted-sphere absorber as a general analytic device for the determination 

of diffusion coefficients of sparingly soluble gases in liquids. 

It has been shown that in the case of physical absorption into 

a spherical film, the solution of the equation of mass transport in 

which the stretching effect and the variation of fluid velocity with 

film depth has been included is a fairly simple mathematical relation

ship, Eq. n ... b ... 27 • However, this is not the case when the effect of 

a first ... order chemical reaction is additionally included. 

When the effects of the variation in fluid velocity, and the 

rate ofa first.-order chemical reaction are included, the resulting 

partial differential equation is 

D ::~ = (1 -lHu1A1
2

/R) sin·
413a: ~ + kA/ sin·

413a c 

(II-D-28) 

where y = x/~ and ~l =the equatorial film thickness. 

Astarita5 obtained an approximate solution to Eq. II-D-28 

neglecting the stretching effect and assuming that the depth of 

penetration was small. His result is that for a single sphere the rate 

of absorption when a first-order irreversible chemical reaction occurs 

in the liquid is given by 

Tl' 

~ = 2ciR2 ITrD
1 J I lkTr' erf lkt' + exp( .... kt} I /t]sin8 d8 

0 
(II-D-29) 

/ 
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where 

(II-D-30) 

u~ = (pg/2p)(3~L/2nRpg) 213 
1 

(II-D-31) 

Note that Astarita's approximate solution becomes exact for 

large values of the dimensionless time kt. For kt >> 1, Eq. II-D-29 

reduces to 

6 2 Wild and Potter neglected the term y in Eq. II-D-28 and 

solved it numerically, using the boundary conditions 

e > o, y = 0 

c = 0 e = o, y > 0 

c = 0 e > o, y-+oo (II-D.-33) 

They fitted their numerical results to simple functions of the 

dimensionless time kt, where t is maximum contact time for a single 

sphere. Their results are: 

for kt <: 1; 

(II-D-34) 

for 1 < kt < 5, 

(II-D-35) 
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for 5 < kt < 25 

¢) = (1.428 lkt' + • 54/ lkt')Lc. (ljl )1/ 2 (II-D-36) 
l. 

and for kt >> 25 

¢) = 1.428 lkt' Lei (1jl)1/ 2 (II-D-37) 

where 

1jJ = (4'1TR~/3L)(2'1JRpg/3lJL) 1 / 3 /lT. i S/3e d8 . s n 

0 
(II-D-38) 

Equation .II~D-37 , although different in expression, is exactly 

the same as the asymptotic solution, Eq. II-D-32 • Thus, for 

sufficiently high values of kt, the rate of absorption of a gas which 

dissolves and reacts with the liquid by an irreversible first-order 

kinetic mechanism is independent of spherical film fluid.motion (when 

surface rippling can be neglected) and is directly proportional to the 

total interfacial area provided by the wetted sphere; 

5. TheEffect of Liquid Mixing Between Adjacent Spheres on the Rate of 
Absorption 

It will now be shown that, except when kt '>> 1, an.!!-. ;priori 

· knowledge of the degree of liquid mixing between adjacent spheres is 

necessary in order to quantitatively analyze data obtained using a 

mult~ple-sphere absorber, Only the two extremes of complete mixing and 

no mixing will be examined. The broad spectrum of possible conditions 

between these two extremes has not been treated mathematically.· 

• 
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Lynn and his co~vorkers3 believed that there was little or no 

mixing between their spheres. However, their conclusion is invalid 

because they did not allow for the stretching effect in their rate 

equation. Moreover, they operated at a fairly high degree of saturation, 

4 
for which their approximate theory is not correct. Davidson and Cullen 

took into account both of these factors. They concluded that at moderate 

flowrates (0.6-3.0 cm3/sec) of pure water, complete mixing occurred 

between their spheres. Using water containing one per cent by volume 

Lissapol surfactant as the absorbing liquid, they concluded from their 

data .that little mixing occurred between their spheres. They suggest 

that at these low flowrates, surface rippling has a negligible effect on 

the overall rate of absorption. 

The eXtent of liquid mixing between adjacent spheres was also 

studied in this work. The experimental results on the physical 

absorption of co2 into pure water obtained in this study substantiate 

the conclusion of Davidson and Cullen. 

In the case of physical absorption, if complete mixing occurs 

between adjacent spheres in an N-sphere absorber, the overall rate of 

absorption, ~N' can be determined as follows. The amount of absorption 

on the jth sphere, Gj, is 

= L(c. - c j)f(y) 
1 0 

(II.-D-39) 

where 
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~j = the total rate of absorption for j spheres, 

f(y) = the degree of film saturation, Eq. II-;D-26 , and 

c
0

j = the well~mixed concentration of dissolved gas in the liquid 

flowing onto the jth sphere. 

")But 

(II-D-40) 

where c is the initial concentration of dissolved gas in the absorbent 
0 

liquid fed to the first sphere. 

Substituting Eq. II~-40 into II~D-39 , 

(II-D-41) 

This is a. nonhomogeneous first-order linear difference eq_ua.tion. With 

the initial condition that 

the solution to Eq. II-D-41 , for N spheres, is 

Cn-n-43) 

When the degree of film saturation is small, 

(1- f)N = l ~ Nf + N(N; l) r 2 + ... (II-D-44) 

and therefore the rate of absorption for N spheres is approximately 

( II-D-45) 
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When there is no mixing of liquid at the junction between 

spheres, Davidson and Cullen have shown that 

~N = L(c. - c )f(Ny) 
l. 0 'No Mixing · 

(rr ... n-46) 

For reasonable values of y, they have also shown that 

(II-D-47) 

Therefore, in the case of physical absorption, the overall effect of 

liquid mixing between spheres is to increase the rate of absorption 

above that which would be expected if no mixing occurred, 

It has been shown (Eq. II-D~32) that if an absorbing gas reacts 

in the liquid by a pseudo-first order kinetic mechanism, and if the rate 

of reaction is sufficiently fast, then the rate of absorption is not a 

function of the fluid motion in the spherical film and is directly 

proportional to the total interfacial surface area, Then for an N-sphere 

absorber, the rate of absorption is independent of the degree of mixing 

which occurs at the junction between spheres and is proportional to the 

number of spheres. This can be expressed as 

(II-D-48) 

6. Gas-Phase Mass Transfer 

In all the above theoretical development, the absorption rate is 

related to ci, the interfacial liquid concentration of dissolved 

unreacted gas, This concentration can be related to the gas phase in 
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interfacial partial pressure, Pi, by Henry's law 

In the major part of this work, gases were absorbed from dilute 

gas mixtures. Because of mass transfer resistance in the gas phase, 

the interfacial partial pressures are somewhat less than those in the 

bulk of the dilute gas stream, To correct for this mass transfer 

resistance, the following assumptions were made: 

1. All the gas-phase mass transfer resistance is in a thin film 

immediately adjacent to the gas-liquid interface, The thickness 

of this gas film is much less than the radius of curvature of the 

spheres. Therefore it is mathematically equivalent to a flat-

sided slab of constant cross-sectional area. 

2. Transport of absorbing gas species through the gas film is by 

steady-state mass transfer through the stagnant carrier gas. 

3. The mass transfer coefficient of any absorbing species i is 

related to the coefficient for any other absorbing species j by the 

relationship 

k = k (D /D )2/ 3 
gi gj i j (II-D-50) 

where Di and Dj are the binary diffusivities in nitrogen for 

components i and j respectively, 

4. Instantaneous chemical equilibrium exists at all points in the 

gas film among all the reactive species. 

,4, 
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5, . The partial pressure of water in the gas film ·is constant and 

equal to its vapor pressure at 25°C, the surface temperature. 

Then for a single absorbing gas, A, its transport through the 

gas film is described by the differential equation 

where 

NA = molar flux of gas A 

PA = partial pressure of A 

rr = total pressure 

z = depth into the gas film 

Solving for NA, which is constant throughout the film, 

(II-D-51 

( II-D-52) 

With the initial condition that at z = 0, PA = PAO =partial 

pressure of A in the bulk of the gas phase 1 the differential Eq. II-D-52 

can be integrated. The result is 

where Z is the total film thickness. 

In terms of the total rate of absorption, ~A' 

~ = k 1I tn A gA (
II "" PAi) 
n- P AO 

(II-D-53) 
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where kgA is the overall gas-phase mass transfer coefficient for A, and 

is related to the parameters in Eq. .II-D .... 53 by 

kgA = DAS/RTZ ( II-D-55) 

where S is the total interfacial area, 

In this work, k for ammonia was determined by absorption into 
g 

water. Then the mass transfer coefficients for all the nitrogen oxides 

could be calculated, using Eq. II~D-50 , realizing that the ratio of 

binary diffusivities is essentially a function of molecular weights only, 

In the dilute N02-N2o4 system, the following dimerization · 

reaction occurs. 

The chemical equilibrium for this reaction can be expressed as 

(II-D-57) 

where K1 is the equilibrium constant for reaction II.-D-56 . 

The equations of gas phase mass transfer for this mixture of 

reacting gases are 

(II-D-58) 

(II-D-59) 
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where ~ = dimensionless film thickness = z/Z. Due to the chemical 

equilibrium relationship, the two derivatives above are related. Taking 

the derivative of both sides of II.-D.-57 

(n ... n ... 6o) 

The steady-state assumption implies that the molar flux of 

tetravalent nitrogen is constant at every point in the gas film and 

equal to that passing through the gas-liquid interface, Thus, 

4+ where ~ is the total rate of absorption of tetravalent nitrogen in 

g...moles/sec. 

Combining the above equations results in a first-order 

differential equation in P
1

, the partial pressure of N0
2

, which can be 

solved by the method of separation of variables. With the boundary 

condition that at t; = 0, P1 = P10 =bulk N02 partial pressure, the result 

is 

where r = (1 + 4TIK )1 / 2 
1 

(II-D-62) 



-28-

Equation II~D-62 is inplicit in Pli' 
4+ 

~ and P10 are 

determined experimentally, K1 , kgl' and kg2 , are calculated or independently 

known physical constants. To solve for Pli' one must resort to an 

iterative numerical technique. In this work the well~known Newton-

Raphson method was used •. 

In the more complicated gaseous system NO ... N02'-H20, the following 

chemical equilibria exist 

as 

2N02 ~ N204 ' 
(1) (2) 

NO + N02 ~ N2o
3 

, and 

(3) (1) (4) 

N
2
o
3 

+ H
2

0 ~ 2HN0
2 

. 

(4) (5) 

(II-D-63) 

(II-D-64) 

( II-D-65) 

In terms of partial pressures, these equilibria can be expressed 

p2 
2 (II-D-66) = KlPl 

p4 = K3
P1P

3 
, and (II-D~67) 

(K' p .· p )1/2 (K p )1/2 1/2 (II-D-68) p = = = (K2K3PlP3) . 5 2 H
2

0 . 4 2 4 

Assuming that the molar flux of each component in the gas due to 

diffusion is much greater than that due to bulk flow, and that the molar 

-. 
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fluxes through the gas film of divalent and tetravalent nitrogen are 

constant, it can be shown that 

where 

~3+ = ~4+ ~2+ 

where 

(II-D-69) 

(II-D-70) 

(II-D-71) 

(II-D-72) 

(II-D-73) 

~4+ = 

~2+ = 
rate of absorption of tetravalent nitrogen due to N2o4 
rate of absorption of divalent nitrogen through the interface. 

The complete deriv~tion of Eq. II-D-69 can be found in the Appendix. 

The gas ph~se mass transfer coefficients, kgj' are calculated 

constants. K1 , K2 , and K
3 

are physical constants available in the 

2+ 4+ 3+ literature. P
10

, P
30

, ~ , ~ , and thus ~ , are determined 

experimentally. Equation II ... D-69 is a nonlinear first .... order 

differential equation in P1 , In this work, this equation was solved for 

the interface value of P1 , Pli' and thus the interface value of P3 , P
3
i' 
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using the fourth~order Runge-Kutta numerical technique. The step size 

in ~ was .05. From the interface values of the partial pressures of 

N0
2 

and NO, all the other component partial pressures can be calculated. 
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E. Experimental Equipment and Materials 

1. The Gas Absorber 

A five-sphere, laminar-film absorber was constructed and used in 

this study. Figure 1 is a section drawing of this apparatus. 

The absorber was constructed of Luci te, with stainless steel 

support and takeoff rods. o~ring seals were used at all material 

interfaces to prevent gas or liquid leakage. The spheres (superior 

quality "Halex" table tennis balls, 3.78 em in diameter) were strung 

concentrically upon a stiff 1/32'' diameter stainless steel rod. The 

lower end of this rod fitted tightly into the 3/16".-diameter takeoff 

rod, The upper end of the sphere rod extended above the spheres 

through the 1/B" ... diameter nozzle aperture and two l/16"P'Othick liquid 

distributors, which fitted tightly inside the nozzle channel. This 

arrangement adequately aligned the central axes of the nozzle and the 

sphere column. The nozzle and the column of spheres were supported by 

three stainless steel rods secured to an 8" ... diameter Lucite base plate. 

This base plate contained channels for charging water to the nozzle, for 

receiving the gas-rich absorber water, and for charging absorber gas to 

the enclosed space surrounding the sphere column. The column was 

enclosed by a 16" length of 6" diameter Lucite cylinder, 1/16" thick. 

This cylinder fit~ tightl1 over a. O~ring and groove in the base plate. 

The upper end of the cylinder fitted onto a second Lucite base plate, 

which had channels to collect and remove the absorber gas. 

2. Attendant Apparatus 

The liquid level in the absorber liquid receiver was controlled 

by a gravity leveling bottle located in the exit liquid line. The 
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sampling system was located in this line, between the leveler and the 

absorber. It consisted of a short length of rubber tubing into the 

middle of which the needle of the sample syringe coUld be inserted. 

Figure 2 is a flow diagram of the assembled absorption apparatus. 

Figure 3 is a photograph of the system. Except for the large gas 

cylinders and the water reservoir, the entire system was situated in a 

large ventilated hood. 

There were three constant.-temperature water baths used in this 

work. The temperature of each bath was individually controlled by a 

mercury switch and a mercury contact thermoregulator which activated a 

250~watt heating assembly. Each water bath was equipped with a 

variable speed propeller type stirrer to facilitate rapid circulation 

within the bath. These water baths were used to control temperatures 

of fluid streams which passed through coils of tubing immersed in the 

bath.s. · 

·Immediately before entering the absorber, inlet water passed 

through a 20~ft length of 3/8.-in. copper tubing, coiled in a 6-in. 

diameter helix, immersed in the first of the water baths. This system 

controlled the temperature of the inlet water at approximately 25°C. 

The inlet absorber gas was passed through a 24.-ft length of 

l/4~in. diameter stainless steel tubing wound in a 4-in. diameter helix, 

then to the absorber. This coil was immersed in the second of the water 

baths. The temperature of this water bath was set such that the gas 

entering the absorber was at approximately 25°C, 

The small nitrogen dioxide cylinder was partially immersed in the 

third water bath, whose temperature was held at 48°C. Because N02 
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exista mostly as a ~iquid at atmospheric conditions, its cylinder was 

heated to increase the Yapor pressure and to supply an ample flow of 

gaseous N0.2 . To further insure against condensation of N02 , the 2-ft. 

section of 1/4-in. stainless steel tubing coming from the N02 cylinder 

needle valve was heated along its entire length by electrical heating 

tape. Immediately after this section of tubing, the N02 stream was 

diluted with nitrogen. 

·Water was 'llletered through a 150""'llllll Brooks E/C 'Flowmeter. Gas 

streams were metered through a bank of four 150-mm·dual.-float Matheson 

flowmeters, All gas and liquid flows were controlled by needle valves 

located on each flowmeter, 

In the nitrogen oxides experiments, the stream of N02 diluted 

with nitrogen, a second diluent stream of nitrogen, and the NO stream 

were mixed together in a stainless steel 4-tube cross fitting. This 

mixed stream then passed through the gas heat exchanger coil and through 

the absorber. 

In the NH
3 

experiments, a stream of NH
3 

and a diluent stream of 

nitrogen were mixed together in a stainless steel t-fitting. This 

mixed stream then passed through the gas heat exchanger coil and then 

through the absorber. 

In the C02 exper~~nts, the physical situation was as follows. 

A cylinder of co2 was connected to the gas heat exchanger coil by·a 

length of polyethylene tubing. This connection was a stainless steel 

t.-fitting which a stream of co
2 

to be bled to the atmosphere and to pass 

into the heat exchanger coil. co
2 

passed through the heat exchanger, 

through a soap film flowmeter, and then into the absorber. 
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All stream temperatures were measured with calibrated copper

constantan thermocouples. Where corrosion was likely, a thermocouple 

junction was covered with a thin layer of epoxy cement. The reference 

thermocouples were immersed in an ice bath, Millivolt readings from 

these thermocouples were taken with a Model 2730 Rubicon Potentiometer. 

A constant-head tank was situated approximately three feet in 

elevation above the absorber. This device provided a nonfluctuating 

flowrate of water to the absorber. Water was pumped up to the constant

head tank from a five-gallon reservoir tank. Overflow from the head 

tank drained by gravity to the reservoir. The entire constant-head 

tank and reservoir system was slightly pressurized by a blanket of 

nitrogen from a nearby cylinder, both to compensate for frictional 

pressure drop through the system and to avoid contamination by 

atmospheric co2 • 

3. Equipment for Gas Analysis 

The freezing flask consisted of a l~liter round-bottom Pyrex 

flask fitted with a thTee.-hole rubber stopper. A toluene-filled 

thermometer, graduated in .5°C, was inserted through the stopper to a 

depth such that the thermometer bulb was situated approximately one inch 

below the neck of the flask. Inlet and outlet glass tubing was inserted 

in the remaining two stopper holes. Each of these lines was fitted with 

a glass stopcock situated immediately above the rubber stopper. All 

glass-rubber interfaces were sealed with Dow-Corning Silastic Cement. 

During an N02 freezing experiment, the inlet line was closed, and the 

outlet line connected to a glass capillary u-tube manometer, filled with 
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mercury. The freezing flask itself, containing a dilute mixture of 

nitrogen and N02-N
2
o4, was immersed completely in a dry ice-acetone 

mixture contained in a Dewar flask. 

4. Apparatus for Liquid Analysis 

Samples for liquid analysis were collected as follows. The 

needle a~tached to the sample syringe was inserted directly into the 

tubing which carried off the liquid from the absorber. About 20 m1 of 

liquid was slowly drawn out for analysis. The volume of a liquid sample 

was determined by weighing the syringe before and after injection of the 

sample into a beaker containing an excess of NaOH. All weight 

determinations were.done on a Mettler Type H6T digital balance. Sample 

volume was calculated as the sample weight divided by sample density. 

This d~nsi ty was taken as that for pure water. 

All acid-base determination were performed with a Beckman Model 

G pH Meter equipped with a Beckman fiber junction electrode in conjunction 

with a general purpose glass pH electrode. A l~in. long Teflon-covered 

magnetic stirring bar was used to mix the titrant with the sample. 

1 
The eerie ammonium nitrate and sodium oxalate solutions were 

prepared from analytical grade reagents. Distilled water was used as 

diluent in the preparation of all stock and standard solutions. The 

color indicator used in the nitrite determinations was a .01-M solution 

of 5-ni tro-1, 10-phenanthroline ferrous sulfate (ni troferroin) , which 

is commercially available. Standard NaOH solutions were prepared by 

quantitative dilution of co2o:-free Harleco NaOH 'Volumetric Concentrate. 

In all experiments, dry Matheson gases of at least 99.5% purity 

were used, 

\ 
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F. Experimental Procedure 

The following is the step-by-step method used in all nitrogen 

oxide experiments. Modifications of this basic method to the co2 and 

NH
3 

experiments are discussed subsequently. 

1. The set point and the temperature of each water bath was checked and 

adjusted if necessary. 

2. Atmospheric temperature and pressure were observed and recorded. 

3. The reservoir and constant~head tank were filled with fresh distilled 

water, then purged and pressured with nitrogen. 

4. The water flowmeter was opened and set at the desired flowrate. 

5. The liquid level controller was set at an elevation relative to the 

absorber such that one inch of take-off rod was exposed to the gas 

phase. 

6. The spheres were brushed with a soft artists' brush until all the 

surface area was wetted by the flowing water. 

1. The clear Lucite cylinder and upper base plate were lowered over the 

wetted spheres and secured to the lover base plate. 

8. The needle valve to the larger nitrogen flowmeter was opened and the 

absorber purged with this stream. 

9. While the absorber was being purged with nitrogen, the N02-N2 line 

was disconnected from the mixing cross and connected to the freezing 

flask. Both freezing flask stopcocks were opened. The N02 diluent 

nitrogen, measured by the smaller nitrogen flowmeter, was set at the 

desired flowrate. The N02 cylinder valve was opened and the desired 

N02 flow was set by adjustment of the diluted N02 flowmeter needle 
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valve. This mixed gas stream passed through the f.reezing flask and 

was vented up the hood, This purged the flask of atmospheric gases. 

In all experiments the freezing flask was purged for at least ten 

minutes. 

10. The freezing flask was disconnected from the flow line, both stopcocks 

closed, and the outlet line connected to the mercury manometer. The 

temperature inside the flask was noted and recorded. Then the flask 

we.a immersed in the dry ice,...acetone mixture in the Dewar flask. 

11. The diluted N02 line was reconnected to the mixing cross. 

12, After passing the twice dilute~~±xture of nitrogen oxides through 

the· absorber for 15 ... 20 -minutes. it was assumed that ~Steady~state 

conditions had been achieyed, and sampling of th.e liquid was started. 

All samples were taken with a 20 ... m1 syringe, and e.dd.ed to an excess 

of NaOH in a 250 -ml glass beaker. 

13, A preliminary sample was taken to deter,mine the volume of NaOH 

necessary to produce a mixed sample solution pH of at least 10.5. 

This preliminary sample was injected into a beaker and NaOH was 

added until a pH of 10.5-11.3 was reached. 

14. Samples for analysis were taken as follows; 

a, The sample was slowly extracted from the exit water line at a 
rate such that the water level in the absorber did not change 
appreciably. 

b. The weight of the full syringe was measured and recorded. 

c, The sample was injected into a beaker containing an excess 
volume of NaOH, as determined in 13 above, 

d, The empty s-yringe weight was ·measure~ and recorded~ 

e, Exactly two minutes was allowed between the beginning of sample 
extraction with the syringe and injection of the sample ;tnto the 
excess NaOH. 
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15. The freezing flask temperature and differential pressure were 

measured and recorded. 

Four samples were taken for each data point, two samples for 

nitrite analysis, and two samples for total acid analysis. 

To analyze a sample for nitrite, it was first diluted with 

distilled water such that the total solution volume was approximately 

100 ml. To this solution 5 ml of iO% perchloric acid was added, then a 

2-5 ml excess of standardized eerie solution. Two drops of nitroferroin 

indicator were added and the excess eerie determined by back titration 

with standard sodium oxalate solution. A very sharp color change from 

colorless to pink was observed at the end point. Stubblefield9 discusses 

this technique and compares it with the more difficult permanganate 

method. 

To analyze for total acid, the sample pH was measured and recorded 

for each additon of 0.1 El of standardized HCl, from a solution pH of 

9.5 to 5.0. A graphical titration curve was constructed from these data. 

The inflection point of a smooth curve drawn through the data was taken 

as the equivalence point of the titration. 

There were several deviations. from the above procedure in the 

co2 and NH
3 

absorption experiments. At the commencement of a C02 

experiment, the absorber gas exit line was opened, the bleed line was 

closed, and the absorber was purged for about fifteen minutes with dry 

co2 • ·Then the flow from the co2 cylinder was greatly reduced by adjusting 

the gas regulator, the bleed line was opened, and the absorber gas exit 

line was closed. Then co2 was drawn through the heat exchanger coil and 
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soap film meter at a rate about equal to the rate of absorption inside the 

absorber. No liquid analysis was performed. Instead, the rate of 

absorption was determined by measuring the time required for a single 

bubble to rise through the soap film meter through which the C02 was 

passing. In the ~3 experiments, the absorber was purged with the 
.'''' 

desired NH
3

-N2 mixture for 15 minutes before any liquid samples were 

taken. Liquid samples were then added to an excess of HCl in a 250-m.l 

beaker, and NH
3 

content determined by back-titration with standard NaOH 

to a pH of 4.1. 
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III. RESULTS AND CONCLUSIONS 

A. co2 Absorption 

The primary purpose of the experiments described in this section 

was to determine the amount of liquid mixing which occurs between adjacent 

spheres in a mulit-sphere absorber. In this respect, only the two 

extremes of complete mixing and no mixing are of serious interest. If a 

situation' intermediate between these two extremes should appear to exist, 

the multi-sphere absorber would be essentially useless as a quantitative 

experimental device. However, if either of these extremes can be shown 

to occur, then quantitative .studies of gas absorption can be performed 

using this type ot absorber. 

'Figure 4 is a plot of the experimental rate of absorption of co2 

as a fUnction of L, the flowrate of water over the 5-sphere column. 

Figure 5 is a plot of the reduced absorption rate, ~R' as a fUnction of 

L, ~R is defined as 

where 

(III-A-1) 

~exp = the experimentally determined rate of absorption of C02 , and 

f(y) = the calculated degree of film saturation (Eq. II....D-26 ) . 

The values of the physical properties used to calculate f(y) are 

as follows: 



D = 1.92 x 10-5 cm2/sec •• 

~ = .01002 poise 

g = 980.6 cm/sec2 
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PR = 1.89 em and 

ci = 3.284 x 10-5 (gm moles/cm3~atm) x Pt' where Pt = co2 partial 

pressure. 

~R is a measure of the degree of liquid mixing. If there is 

complete mixing, then the theoretical rate of absorption is 

(III-A-2) 

therefore the theoretical prediction of ~~ is 

~R = L 
'Complete Mixing 

(III-A-3) 

The diagonal line in Fig. 5 is the graphical representation of 

Eq. Ili-A-3 . 

If no liquid mixing occurred between adjacent spheres, then the 
\ 

theoretical rate of absorption should have been 

and the theoretical prediction of ~R for the no mixing situation is 

~R = Lf(Ny)/ {1 - Il - f(y)JN} 
· ·•No Mixing 

(III-A-5) 

** 4 . Determined by Davidson and Cullen using a l~sphere absorber. 
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The lower curve in Fig. 4 is the graphical representation of 

Eq. III~A-5 . Note that f(y) and f(Ny) were calculated from known 

physical constants, there being no arbitrary parameters. 

As can be seen in Fig, 5, the data obtained in this research fall 

almost directly on the line corresponding to complete liquid mixing 

between adjace~t spheres. The data begin to deviate from the straight 

line above a flowrate of about 2.3 cm3/sec, During the collection of 

these data it was noted that slight rippling of the liquid surface was 

visually evident above a flowrate of about 2.5 cm3/sec, These deviations 

in the data at the higher flowrates from the theory based on complete 

liquid mixing between spheres are therefore attributed to this surface 

rippling. 

It is therefore concluded that at flowrates below 2.5 cm3/sec, 

complete mixing occurred between the spheres. This conclusion is in 

agreement with the more detailed study by Davidson and Cullen. 4 Complete 

mixing between spheres will be assumed in the analysis of subsequent 

nitrogen oxide absorption experiments • 
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B. NH
3 

Absorption Experiments 

The purpose of these experiments was to determine the gas-phase 

mass transfer coefficient for ammonia in the five-sphere absorber. From 

this coefficient, the mass transfer coefficients for the gaseous nitrogen 

oxides can be estimated. 

The results of all ammonia experiments are summarized in Fig, 6. 

A complete tabulation of all ammonia absorption data ia included in the 

Appendix. It can be seen that the results are well represented by the 

relationship 

(III-B-1) 

which was derived in Section II~D, and in which 

~ = NH
3 

absorption rate (gm moles/sec') 

kg NH
3 

gas-phase mass transfer coefficient (g. moles/sec-atm) 

P
0 

= average·bulk NH
3 

partial pressure (atm) 

Pi = "back-pressure'' of NH
3 

at the interface (atm) 

rr = barometric pressure {atm) 

In all experiments reported, the flowrates through the absorber 

of inert carrier gas and water were held constant at 7.0 x 10-3 g. moles/sec 

and 1.84 cm3/sec, respectively. NH3 flowrates were calculated using 

flowmeter air-calibration charts. Corrections for viscosity and density 

were taken into account. P
0

, the bulk average partial pressure of NH
3

, 

was taken as the arithmetic average of the inlet and exit partial 

pressures. The average back~pressure P. was taken as that partial 
l. 
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pressure of NH
3 

which would be in equilibrium with water having a 

dissolved ammonia content of one half that leaving the absorber. P. was 
~ 

very small compared to P • 
0 

A least-squares analysis of the data, based on Eq. III~B-1 , 

gives the mass transfer coefficient for ammonia to be 
~ ... 3 

6.62 x 10 g. moles/sec .... atm. From this mass transfer coefficient, the 

mass transfer coefficients :for the nitrogen oxides can be estimated. 

The mass transfer coefficient for a nitrogen oxide, j, is related 

to the mass transfer coefficient for ammonia, k , as 
g 

k = k (D /D )2/ 3 
gj g j NH3 

( III.-B-2) 

The ratio of the diffusivity of component j to that of ammonia is taken 

to be 

(III-B-3) 

where Ma is the ~olecular weight of ammonia, and Mb is the molecular 

weight of nitrogen. The results of these calculations are summarized in 

Table II. 

& 
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Table II. Nitrogen Oxide Mass Transfer Coefficients 

j Component kgj(moles/sec-atm) X 103 

iw' 

1 N02 5.61 

2 N204 5.23 

3 NO 5.96 

4 N203 5.32 

5 HN02 5.60 

L = 1.84 cm3/sec, T = 25°C, Fit -= 6.5 x 10-3 g. moles/sec. n regen 
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Figure 7 is a graphical summary of the results of the N02-N2o4 

absorption experiments performed in this study. Each data point is the 

average of several liquid analyses and freezing flask measurements. A 

complete tabulation of all data is included in the Appendix. 

The rate of absorption was determined by chemical analysis of 

the exit liquid. In preliminary experiments, analyses for both nitrite 

and total~acid were performed. In t~ese preliminary experiments it was 

found that the ratio of total acid content to nitrous acid content in 

the exit liquid varied from 1.97 to 2.07. This indicated that very 

little, if any, HH0
2 

decomposed during the short contact time in the 

absorber and the two minutes required for sample weighing. before being 

added to 'excess NaOH. Therefore it was concluded that either a nitrite 

or a total acid analysis was sufficient to determine the rate of 

absorption of tetravalent nitrogen. The nitrite analysis was chosen 

because of its speed and simplicity. 

The bulk partial pressure of N02 was taken as the arithmetic 

average of the inlet and exit N02 partial pressures. The relationships 

required to calculate these partial pressures are derived in the Appendix. 

Knowing the average bulk partial pressure of N02 , P10 , and the rate of 

4+ absorption of tetravalent nitrogen, ~ , the problem of determining the 

N02 interfacial pressure, Pli' is reduced to the mathematical problem of 

determining a Pli such that 

.. 
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+ 1 + 

+ 1 ... 

(III ... C-1) 

This equation cannot be solved explicitly for Pli' The iterative 

numerical Newton ... Raphson method was . therefore used to calculate P li. The 

required derivative in this numerical method was approximated by finite 

differences. Knowing P l.i, the N2o4 interfacial pressure P 2i can be 

calculated from the equilibrium relationship 

In all nitrogen oxide absorption experiments, the liquid flowrate 

was held constant at 1.84 cm3/sec, and the molecular nitrogen carrier gas 

flowrate held constant at 6.5 x 10-3 g. moles/sec. The temperature of 

the inlet gas and inlet water was held constant at 25°C. 

The data shown in Fig. 7 indicate a direct proportionality 

between the rate of absorption and N
2
o4 interfacial pressure, indicating 

that N
2
o4, rather than N0

2 
is the species of tetravalent nitrogen which 

dissolves and reacts most readily with water. This proportionality can 

be expressed as .. 

.. 
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/ 

4+ 
~ = m p2i + b (III-C-3) 

A least-squares calculation using the data of Fig. 7 indicates 

that b = -.28 x 10-5 moles N2o4/sec. This calculation estimates the 

variance in b to be .91 x 10-5 moles N
2
o4 .sec. At-test using this mean 

and variance indicates that the null hypothesis b = 0 cannot be rejected 

at any reasonable level of significance. It is therefore concluded that 

b = 0. With this zero intercept, the least-squares value for m is 

1.06 X 10-2 g. N 0 I moles .2 4 sec~atm. This slope m in turn can be related to 

absorber geometry, and to certain physical properties of dissolved, 

unreacted N2o4. 

For an N-sphere absorber, the total rate of absorption of a gas 

which dissolves in and reacts with the absorbent liquid by a pseudo-first 

order reaction mechanism is 

~ = 4rrNR~ /kD P. (III-C-4) 
l 

assuming that the depth of penetration into the spherical film is small 

and that kt >> 1. 

Comparing Eqs. III-C-3 and III-C-4 , it is obvious that if 

b = 0, then 

In this study, N = 5 and R = 1,89 em. The slope, m, was calculated 

as indicated above. Therefore the numerical value of the group can be 

calculated. Thus, 
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. This product of physical constants has been determined independently 

10 11 by Wendel and Pigford, and by Kremers, Blind, and Snoeck. Table III 

is a summary of the published values of this group of constants. 

Table III. Comparison of values of H
2 

/k2D; (g. moles N204/sec-cm2-atm) x 105 

Investigators T, oc 
20 25 30 . 40 

Kramers~ Blind, Snoeck 7.7 8.9 

Wendel, Pigford 5.8 5.4 - ' 

This work 4.7 
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Both of these previous groups of investigators found that there 

was more nitric than nitrous acid present in the exit liquid. Both 

interpreted this as being due to the decomposition of nitrous acid. This 

is somewhat in contradiction to the results of this investigation, in 

that nitrous and nitric acid were found to be in approximately equimolar 

proportions in the exit liquid from the absorber, It has been shown 

earlier in this work that nitrous acid is indeed stable in the gas phase. 

Then an equally valid interpretation of these previous results is that 

nitrous acid did not decompose in the liquid but did desorb from the 

surf&ee of the liquid. Herein one can see an advantage of using a 

multi-sphere absorber for the study of NO absorption. Because of 
. X 

complete mixing of absorbent liquid between adjacent spheres in the 

absorber, the nitrous and nitric acid? formed mainly on the outer edge 

of the spherical film, is uniformly mixed throughout the liquid volume 

between adjacent spheres. Therefore there should be less accumulation 

of nitrous acid near the gas-liquid interface and therefore less a 

driving force for the desorption of nitrous acid in a mulit-sphere 

absorber than in a laminar jet or wetted-wall column of comparable 

length and contact time, 

These previous investigators attempted to take into account gas-

phase mass transfer resistance in a variety of ways. Kramers and co-

workers, using a laminar-jet device, absorbed tetravalent nitrogen into 

water from a pure N02-N2o4 gas stream flowing through their absorber at 

reduced pressures. They assumed that there was no gas-phase mass transfer 

resistance. Wendel and Pigford, using a wetted-wall column, absorbed 
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tetravalent nitrogen into water from a gas stream of N02~N2o4 diluted 

with nitrogen, passing through their absorber at about atmospheric 

pressure. However, they found that this measured gas~phase mass transfer 

resistance amounted to approximately 41% of the total mass transfer 

resistance. 

Chambers and Sherwood12 found that in N2o4 absorption the gas

phase mass transfer resistance could be significantly reduced by 

increasing the flowrate of gas through the absorber, In this present 

study, the gas throughput was large enough that only about 14% of the 

mass transfer resistance was in the gas phase. 

All experiments reported in this work were performed at N2o4 
partial pressures an order of magnitude smaller than those of Wendel and 

two orders of magnitude smaller than those of Kramers. The reason that 

the experiments in this research were run at such low partial pressures 

was that a considerable amount of an acid mist was observed when the , 

N2o4 partial pressure was greater than about .006 atmospheres. This 

acid mist increased the measured overall rate of absorption above that 

attributable to N204. 

There is a voluminous amount of literature (Refs. 12-16 are 

good examples) discussing the effect this acid mist has upon the rate of 

absorption but there is little agreement on this subject. No attempt 

will be made here to discuss all of these conflicting reports. The 

experiments reported in this present work were run at low enough N
2
o4 

partial pressures that no mist was visually evident anywhere in the 

absorber gas space. It is assumed that any gas-phase reactions 
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involving N02-N
2
o4 and water vapor which may occur have a negligible 

effect on the absorption rate at these. low partial pressures. 

As can be seen in Table III, there is a general decrease in the 

reported value of H2 lk2D; as the average partial pressure at which the 

experiments were performed decreases. However, this trend does not 

adequately explain the low value of H
2 

lk2D
2
' found in this research, 

compared to that determined by previous investigators. It was 

originally intended to avoid the acid mist controversy by performing 

the experiments at low N2o4 partial pressures. Due to the unaccountably 

low value of H2 lk2D; it is indeed questionable if the controversy has 

been avoided at all. 
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D. Divalent Nitrogen Absorption Studies 

Figure 8 is a graphical summary of the dat.a obtained in this 

research for the system NO-N0
2

-H
2

0, Appendix IX is a numerical tabulation 

of these data. Figure 8 indicates a direct proportionality between the 

2+ 
measured rate of absorption of divalent nitrogen, ~ , and interfacial 

partial pressure of N
2
o

3
, P

41
• This suggests that w2o

3 
is the species of -

divalent nitrogen which is absorbed most readily into water. 

All experiments were run at a gas and liquid inlet temperature 

2+ 
~ was determined by nitrite and total acid analyses of the 

exit liquid. The experiments were performed by varying the flowrate of 

NO to the absorber, keeping the flowrate of N02~N2o4 constant. No 

condensed acid mist was visually evident during any of the experiments. 

Average partial pressures of all components in the bulk of the gas phase 

were calculated from freezing~flask data and flowmeter calibrations. The 

details, of these calculations can be found in Appendices I and II. With 

a knowledge of these individual component partial pressures in the bulk 

of the gas phase and the rates of absorption of divalent and tetravalent 

nitrogen, the interfacial partial pressures of all components can be 

calculated. This calculation procedure is discussed briefly in section 

II-C.-6 of this work. A detailed derivation of the equations necessary 

for this calculation can be found in Appendix III. It was found that by 

taking into account the gas phase mass transfer resistance in the above 

manner, the partial pressure of N
2
o

3 
from the b~k of the gas phase to 

the gas-liquid interface decreased by about 17%. 
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The gas phase equilibrium 

(III-D-1) 

was taken into account in the calculation of bulk and interfacial partial 

:pressures, Wayne and Yost17 ha~e shown that this reaction has a half-

life on .the order of ,01 seconds. Therefore the assumption of 

instantaneous chemical equilibrium for this reaction is essentially 

valid. However, since nitrous acid is present in the gas phase as well 

as in the liquid, it is of considerable interest to determine the effect 

the interfacial pressure of HN02 has.on the Overall Tate of absorption 

of divalent nitrogen. In terms of equations, this question canbe put 

in the :form 

(III-D-2) 

where m1 and m2 are constants. The terms on the right represent the 

rates of solution of N
2
o

3 
and HN02 , respectively. 

Equation III-D-2 can be put in the alternate form 

since nitrous acid partial pressure, P
5
i, is proportional to the square 

root of N2o
3 

partial pressure, 

Figure 9 is a plot of ~2+ IP4i' versus /p4i'. 
... 

A least-squares 

calculation of this data the value of the intercept m2 in th~ above 

8 .. 4 1/2 equation to be 0.1 x 10 moles.sec-atm , and the estimate of the 

• 
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· ~4 I 1/2 standard deviation of m2 to be 0.91 x 10 moles sec-atm . A t-test 

with this mean and variance indicates that the null hypothesis m2 = 0 

cannot be rejected at any reasonable level of significance. Therefore 

it ~s concluded that nitrous acid vapor, as HN02 , has a negligible effect 

on the rate of absorption of divalent nitrogen compared to that due to 

N
2
o

3
• However, this does not i1nply that if there were no nitrous acid 

in the gas phase, the rate of absorption would be the sa:me. It means 

that very little diYalent nitrogen passes through the ·interface as HN02 . 

Nitrous acid is transported through the gas filln in quantities such that 

equilibrium with N2o
3 

is maintained. At the interface d.iYalent nitrogen 

is removed primarily as N2o
3

• Thus, HN02 is removed at the interface as 

its decomposition product N
2
o

3
• The presence of nitrous acid at the 

interface increases the availability of N2o
3

. 

Then the conclusion based on the data shown in Figs. 8 and 9 is 

that the rate of absorption of divalent nitrogen is best represented by 

an equation of the form 

(III .. D-4) 

' ' -2 
The least-squares value of n is 3.57 x 10 g. moles N203/sec .. atm. This 

slope n in turn can be related to absorber geometry and several physical 

constants of dissolved unreacted N2o
3

. Assuming that N2o3 
reacts 

essentially irreversibly with H20 by a pseudo-first order kinetic 

mechanism, 

(III-D-5) 

.. 



.. 

where 

R = sphere radius = 1.89 em 

N = number of spheres = 5 
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k4 = pseudo-first order rate constant 

n4 = N
2
o3 diffusivity in H20 

H4 = solubility of dissolved, unreacted N2o3 

In Eq. III-D-5 , Rand IV are known. H4 can be calculated as follows. 

Consider a gas-liquid mixture of N
2
o

3
-HN02-H20. The distribution 

of components in each of the two phases can be described by the gas-phase 

equilibrium 

(III-D-6) 

and the liquid phase equilibrium 

(III-D-7) 

K
2

, the equilibrium constant for reaction III-D-6, has been determined 

by Wayne and Yost. 17 Assuming that the partial pressure of water is 

equal to its vapor pressure at 25°C, the value of K
2 

is .099 atmospheres. 

P4, the equilibrium partial pressure of N
2
o

3
, is related to P

5
, the 

equilibrium partial pressure of HN0
2

, by the equilibrium requirement that 

( III-D-8) 

K4, the equilibrium constant for reaction III-D-6, has been 

determined by Turney. 18 Assuming that the molar concentration of water 

6 
3 . 

in solution is that for pure water, K4 is .27 g. moles/em . At 
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equilibrium, the liquid phase concentration of N2o
3

, c4, is related to 

the liquid phase concentration of HN02 , c
5

, by the equilibrium 

requirement that 

(III~-9) 

The solubilities of N2o
3 

and HN02 are defined as 

(III-D-10) 

(III-D-11) 

Dividing III_.D ... 8 by rrr .. n.,..9, and substituting in III-D-10 and III-D-11, 

17 8 -2 I 3 Wayne and Yost give H
5 

as 3.2 x 10 g. moles em ... atm. Therefore, 

Solving for k4 in Eq. III-D ... 5 , 

(III-D-12) 
': J. 

. _,.: 
,X~,, .. :.·:\. 5 2 

n4 is estimated to 'be .. "l x }.~9:) em /sec. All the other quantities on the 

right hand side of Eq. III-D-12 are known. Therefore, 

4 -1 = L 70 x 10 sec 



.. 

• 

It is of interest to compare the above values of solubility and 

rate constant for N2o
3 

with those for N2o4• The solubility and rate 

constant for the absorption and reaction of N2o4, as determined by 

11 Kramers and co-workers, are estimated at 25°C to be 

1.3 x 10~3 g. moles/cm3~atm and 2.9 x 102 sec-1 , res~ectively. This 

indicates that N
2
o

3
,is less soluble in water than is N2o4 but that in 

solution N2o
3 

is much more reactive with water than is N2o4 . 
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E. Summary of NO Absorption 
X 

It has been shown that absorption into water of a gas containing 

dilute quantities of NO and N02 takes place via two parallel mechanisms. 

Divalent nitrogen is removed at the gas-liquid interface primarily as 

N2o
3

, which reacts very quickly in solution to form nitrous acid. 

Nitrous acid in the gas phase increases the amount of divalent nitrogen 

available at the gas~liquid interface by providing a parallel mechanism 

for the transport of divalent nitrogen through the gas film adjacent to 

the interface. Tetravalent nitrogen is absorbed both as N2o
3 

and N2o4. 

N2o4 reacts very quickly in solution to form equimolar quantities of 

nitrous and nitric acid, 

It is fairly obvious that the data obtained in this research are 

directly applicable to industrial design of the top stages of a nitric 

acid tower. 23 In lower stages, Andrews and Hanson suggest that there 

are several additional mechanisms controlling the absorption process. 

A more novel application of these data would be the design of ah 

absorber for the stripping of nitrogen oxides from a stack gas, such as 

from a conventional power plant, 

A very simple example can best illustrate this latter application. 

It will be shown that injection of small amounts of N0
2 

into a dilute 

-. 

stream of NO, followed by passage through an absorber, very effectively ~ 

strips ~he gas stream of nitrogen oxides. More active nitrogen .is 

retained in the liquid stream leaving the absorber that is injected. 

Figure lOa is a schematic diagram of a simple stirred tank 

abSorber. The following is a list of the definitions of process c 

variable~ and parameters. 
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S = total interfacial surface area provided by the absorber 

V = constant total molar flowrate of gas through the absorber 
m 

n = mole fraction of nitrogen oxides in gas stream before injection 

n = mole fraction active nitrogen leaving absorber · 
0 

f = injection rate 

= moles N0
2 

injected/S 

~1 = H lkD for N2o4 
~2 = H lkD for N2o3 

P10 = exit N02 partial pressure 

P
30 

= exit NO partial pressure 

'V = V /TIS m 

TI = absolute pressure 

It is assumed that before N02 injection the gas stream contains 

only NO, and that the exit gas partial pressures are the driving forces 

for the various absorption mechanisms. 

Overall material balances on divalent and tetravalent nitrogen 

indicate that 

(III-E-1) 

and that 

( III-E-2) 

Eqs. 1 and 2 above are nonlinear in P
10 

and P
30

, and must 
,, 

be solved numerically. Having determined P
10 

and P
30

, n
0 

is then given 

by the relationship 

\' 
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(III-E-3) 

The percent removal is defined as 

r = 100(1 - n /n) 
0 

( III-E-4) 

The results of the numerical solution are shown in Fig, lOb as 

a·:f'unction of the injection rate f, for various values of the operating 

partuneter v, The product IIn was taken as l x 10-5 atm, It can be seen 

that there is a lllaxinrum achievable r for each value of the operating 

parameter v, and that the exit gas concentration of nitrogen oxides is' 

less than that of the original stream before injection of N02 • More 

active nitrogen is being absorbed into the liquid than is being injected, 

and therefore N02 effectively strips the gas str.eatn of NO, For fairly 

small values of v, this injection rate at the maximum r amounts to a 

small.percentage of the NO flowrate to the absorber, For instance at 

V = 5,0 X 
-12 2 10 moles/em ~sec-atm, the maximum r achieved corresponds to 

f = 3.5 X 
-16 2 10 moles N02/cm -sec, This injection rate is only 7% of 

the flowrate of NO in the original gas stream. Injection results in an 

85% decrease in exit gas nitrogen oxide content. 

It should be obvious that the above problem also describes the 

performance of a well-mixed plate in the top stages of a nitric acid 

tower. The value of v would undoubtedly be somewhat greater and one 

.would prefer to present the solution graphically in terms of a plate 

efficiency rather than a removal efficiency. Andrews and Hanson23 

suggest a viable definition of plate efficiency and present several 
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graphical solutions for various controlling mechanisms of absorption. 

However, they could not quantitatively take into account the effect of 

N20
3 

absorption because of a lack of data. The required data are now 

available. 
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NOMENCLATURE 

dimensionless concentration, Eq. (II~D-7) 

concentration of dissolved unreacted gas in the liquid (g, moles/cm3) 

diffusivity (cr.m2/sec} 

degree of film saturation, Eq. (II-D~25) 

molar flowrate, component j (g, moles/sec} 

2 
acceleration due to gravity = 980.6 em/sec 

gas-phase mass transfer coefficient, component j (g. moles/sec-atm) 

pseudo-first order reaction rate constant (sec~1 ) 

chemical equilibrium constant 

solubility, component j (g. moles/cm3-atm) 

liquid flowrate (cm3/sec) 

number of spheres 

partial pressure, component j 

sphere radius (em) 

percentage removal, Eq. (Ili~E~4) 

total interfacial surface area (cm2) 

contact time (sec) 

T temperature, (°K) 

u liquid velocity (em/sec) 

molar flowrate of divalent nitrogen (g. moles/sec) 

molar flowrate of tetravalent nitrogen (g. moles/sec) 

x distance into the liquid film (em) 

y dimensionless distance into the liquid film 

z .distance into the gas film (em) 

Z total gas film thickness (em) 

.io' 
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GREEK LETTERS 

coefficient for series solution, Eq. (II-D~lO) 

dimensionless distance, Eq, (n....n ... 26} 

total spherical film thickness (em) 

liquid density (gm/cm3 ) 

exponent in series solution, Eq, (II~D ... lO) 

liquid viscosity (poise) 

angular coordinate of the sphere (radians) 

. dimensionless gas film thickness 

total pressure 

absorption rate (g. moles/sec) 

rate of absorption of divalent nitrogen (g, moles/sec} 

rate of absorption of tetravalent nitrogen as N02 (g. moles N02/sec) 

2 equipment parameter, Eq. (III-E-1) (g. moles/sec ... cm -atm) 
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APPENDIX I 

Calculation of Tetravalent Nitrogen Flowrates and 
Partial Pressures from Freezing Flask Data 

The freezing flask was a device used to determine the nitrogen 

carrier gas partial pressure P in a mixed gas stream of nitrogen and 
a 

N02-N2o4 in which only Fa, the molar flowrate of nitrogen is known. The 

freezing flask encloses a volume of this mixed gas stream. When the 

flask is placed in a dry ice-acetone mixture, all the ni tr.ogen oxides will 

be "frozen out". Then to a good approximation the pressure inside the 

flask will be due solely to the "unfrozen" molecular nitrogen. 

Experimentally, T1 and T2 , the ambient temperatures in the flask before 

and after freezing, II, atmospheric pressure, and Pd, the differential 

flask pressure were measured, The flowrates and partial pressures of all 

three components are related to these experimentally determined quantities, 

as indicated below. 

The absolute pressure P inside the flask after freezing is 

P = II - P {A-1) 
d 

which is the pressure due to nitrogen at temperature T
2

• Correcting this 

pressure to stream conditions, 

which is the partial pressure of nitrogen in the mixed gas strea.ni. We 

also know that 

{A-3) 



and 

where 

P1 = N02 partial pressure 

P2 = N2o4 partial pressure 

Substituting A-4 into A-3, 
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Solving for P1 using the quadratic formula, 

(A-4) 

(A-5) 

(A-6) 

~he total molar rlowrate of gas FT is related to Fa and Pa by 

(A-7) 

The flowrates of the nitrogen qxides are related to P1 and FT by 

(A-8) 

and 

(A-9) 

The total molar flowrate of tetravalent nitrogen W is 

(A-10). 
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Note that although F1 .and F2 may subsequently vary after additional 

dilution with nitrogen, w4 will remain constant. 

Before entering the absorber, this stream of gases is further 

diluted with a second stream of nitrogen of known molar flowrate F new 

Then the total molar flowrate of nitrogen F' is 
a 

F' = F + F A A new 

After mixing, the material and equilibrium requirements are 

and 

w4 = F 1 + 2F 1 

1 2 

F I = IlK (F I) 2 /F I 
2 1 1 T 

F' = F' + F' + F' T a 1 2 

Solving this set of equations for Fi, 

Then from A-12, 

and from A-14, 

F 1 = F 1 + F 1 + F 1 

T a 1 2 

(A-ll) 

(A-12) 

(A-13) 

(A-14) 

{A-15) 

{A-16) 

(A-17) 
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The bulk partial pressures of the nitrogen oxides entering the 

absorber are related to the above flowrates as 

P ' = IIF ' /F ' and 1 1 T (A-18) 

P' = ITF' /F' 2 2 T (A-19) 

To calculate the exit partial pressures, w4 in Eq. A-15 is 

4+ replaced by w4 - ~ and the series of calculations repeated. 
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APPENDIX II 

Calculation of Flowrates and Bulk Partial Pressures for the System 
N02-N2o4-NO-N2o3-HN02 

When NO is present in the gas stream entering the absorber, in 

addition to the dimerization equilibrium 

2N0
2 
~ N

2
o4 

(1) (2) 

the following additional chemical equilibrium reactions occur. 

NO + NO ~ N 0 
2 2 3 

{3) (1) (4) 

N2o
3 

+ H20 ~ 2HN0
2 

(4) . (5) 

These three equilibria can be expressed in terms of molar 
'~ 

flowrates as 

and 

where 

./ 

K2 = equilibrium constant for reaction A-20c 

K3 = equilibrium constant for reaction A-20b 

I 

(A-20a) 

(A-20b) 

(A-20c) 

(A-21) 

(A-22) 

(A-23) 



-83-

The molar balances on divalent and tetravalent nitrogen are 

and 

where 

w4 = molar flowrate of tetravalent nitrogen 

w2 = molar flowrate of divalent nitrogen 

(A-24) 

(A-25) 

w2 is a constant, determined by calibration of the NO flowmeter. 

w4 is calculated from freezing flask data using Eq, A-10 . 

The overall mole balance is 

(A-26) 

There are therefore six equations (A-21 through A-26), and six 

unknowns (F l , F 2 , F 
3 

, F 4 , F 
5 

, and F T) • 

Define w
3 

as 

(A-27) 

Substituting A-21, A-22, and A-23 into A-26 for F 2', F4, and F 
5 

respectively, and rearranging, 

(A-28) 
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Solving for FT, 

Substituting A-21 into A-27, 

Substituting A-22 and A-23 into A-25, 

1/2 

)112]
2 

+ 4TIF1 (IS_F
1

+K F ) 

(A-29) 

(A-30) 

(A-31) 

The system of six equations, six unknowns has now been reduced 

to a nonlinear system of two equations {A-30, A-31) in two unknowns 

(F1 , F
3

), where FT is a function of F
1 

and F
2 

as defined in Eq. A-29 

In this work these two equations were solved numerically using the 

iterative Newton-Raphson method for two independent variables. The 

required first partial derivatives were calculated by finite differences. 

The complete FORTRAN IV program used in the analysis of divalent nitrogen 

absorption experiments is shown in Appendix IV. It shoUld be noted that 

this program also calculates interfacial partial pressures for all 

species of nitrogen oxides. The equations describing the interfacial 

partial pressures are derived in Appendix III. A sainple output from the 

program is included as Appendix V.' 
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APPENDIX III 

Determination of Interfacial Partial Pressures for the System 
NO .. N02.-H20 

At all points in the gas film it is assumed that all reactions 

are in chemical equilibrium, For the system NO-N02-H20, the three 

equilibria can be expressed in terms of partial pressures as 

p2 
2 = KlPl 

p4 = K3PlP3 

and 

p5 = {K2K3PlP3) 
1/2 

(A-32) 

(A-33) 

(A-34) 

The equations governing mass transport through the gas film can 

be expr~ssed approximately as 

Nj 
= _ (ksgJ) dPJ d~ ' j = 1 , 2 , 3 , 4 , 5 

where. 

Nj = molar flux of component j 

kgj = mass transfer coefficient for component j 

~· = dimensionless film thickness 

Pj = partial pressure of component j 

S = total liquid surface area exposed to the gas film 

Due to the above chemical ·equilibria, the partial pressure 

(A-35) 

gradients of components 2, 4, and 5 (N
2
o4, N

2
o

3
, and HN0

2
) are related 
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to the partial pressure gradients of components 1 and 3 {N0
2 

and NO). 

Thus, 
• 

{A-36) 

{A-37) 

dP 
=.2, = 1. {K K )1/2 
d~ 2 2 3 

(A-38) 

The steady state criteria for this system are 

R4+ = N + 2N + N + 1. N , 
1 2 4 2 5 (A-39) 

(A-40) 

where 
4+ . 

R ·· = molar flux of tetravalent nitrogen 

2+ R = molar flux of divalent nitrogen 

R3+ is defined as 

R3+ = R4+ ~ R2+ = N 2N N 1 + 2 - 3 (A-41) 
4 \ 

These molar fluxes are related to the observed absorption rates through 

the interface by 

(A-42) 

(A-43) 
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and thus that 

(A-44) 

Combining Eqs. 35, 36, 41, and 42 

dPl = -k -,... 
gl d~ 

(A-45) 

Integrating Eq. 45 .and rearranging, 

(A-46) 

Solving for P
3 

(A-47) 

This equation relates the partial pressures of NO, P
3

, at a depth 

~ into the gas film, to the bulk partial pressures of N0
2 

and NO, P10 

and P
30

, to P1 , the partial pressure of N0
2 

at that point in the film, 

4+ and to ~ , the rate of absorption of tetravalent nitrogen through the 

gas-liquid interface. 
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dP3 
.Solving ford~ in Eq. 45 , 

(A-48) 

This equation relates .:he NO ·partial pressure gradient at any 

point in the gas film to the rate of absorption of tetravalent nitrogen, 

and to the partial pressure gradient and partial pressure of N02 at that 

point. 

where 

Combining Eqs. 43, 40, 38, 37, and 35 , 

Substituting Eq. 
dPl 

48 into 49 and solving for d~ 

(A-49) 

(A-50) 

(A-51) 

(A .... 52) 

• 
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The N0
2 

partial pressure at the interface can be determined by 

solving Eq. 52 for P1 at ~ = 1. P
3 

is related to P1 through Eq. 47 

P2 , P4, and P
5 

are related to P1 and P
3 

through Eqs. 

it is not possible to solve Eq. 50 analytically. 

32-34 . However, 

The approximate 

solution of this equation was achieved using the fourth-order Runge

Kutta numerical method. 
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APPENDIX IV 

FORTRAN IV PROGRAM LISTING 

CALCULATION OF BULK AND INTERFACIAL PARTIAL PRESSURES IN N
2

0
3 

ABSORPTION EXPERIMENTS 
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C THIS PROGRA~ CALCULATES BU(K ANC INTERFACIAL PARTIAL PRESSURES FOR 
C ALL NITROGEN CXICES, GIVEN THE RATES OF ABSORPTION CF DIVALENT ~NO 
C TETRAVALENT NITRCGEN, FREEZING FLASK ~EASUAE"E~TS OF PO, T1, A~C T2, 
C ANC THE MOLAR FLCwKATE Of NO THROUG~ ITS FLOW~ETERr F30. 

REAL K1,K2,~3,K4,~5,KPl,KP2rKP3 
CO~MON/ONE/~1.~2,K3,K4,K5,KPl,KP2,KP3 
CC~MCN/TWO/F1,F2,F3,F4,F5,FT,FA,P1rP2,P3,P4,P5,FF2,Ff4 
CC~MCN/THREE/F10,F30,P10,P20rP30,P40,P5C,P,R1,R2,R3 

C READ IN OF GAS-P~ASE EQUILieRIU~ CONSTANTS 
READ 1rKP1,~P2,KP3 

1 FOR~AT13F20.10l 
C READ IN OF GAS-P~ASE MASS TRANSFER COEFFICIENTS 

READ 2rK1rK2,K3,K4,K5 
2 FCRMATI5El5.5) 

C READ IN OF CC~STANT NITROGE~ MOLAR FLOWAATES 
READ 3, FA, FANEW 

3 FOAMATI2E20.10l 
READ 4, N 

4 FCAMATCI5l 
DO 100 I= 1, N 

C READ IN OF FREEZING FLASK DATA 
READ 23 , PO, T1, T2, P 

23 FCR~ATC4f15.5l 
PAINT 5,KP1,KP2rKP3,K1rK2,K3,K4,K5 

5 FOR"ATC1Hlr* KP1=*f10.4* ATM-1•fQUIL. CCNST. FOR REACTION 2N02•N20 
14*1* KP2~*F10.4* ATM • EtUIL. CCNST. FCR REACTION N203 + H2C•2~NO 
22*1* KP3•*Fl0.4* ATM-1= EtUIL. CCNST. FCA REACTION NO + N02=N203*/ 
3//* GAS· P~ASE "ASS TRANSFER COEFFICIENTS-G. MOLES/SEC.-ATM.- ARE*/ 
4/* N02•*E12.4/* N204•*E12.4/* NO•*E12.4/* N203•*EL2.4/* HNC2=*E 
512.4///) 

PRINT 20rPD,Tl,T2,P 
20 FORMAT( II* FREEZING FLASK DATA ARE*//* PD•*fl0.5* =fREEZING FLASK 

1 DIFF. PRESSURE-INCHES HG.•I* Tl=*Fl0.5* •FREEZING FLASK TEMP. BEF 
20RE FREEZINC-OEG. c.•l• T2•*Fl0.5* •FREEZING FLASK TEMP. AFTER FRE 
3EZING-OEG. C.*l* P=•Fl0.5* =ATMOSPHERIC PRESSURE-ATM.*///) 

PC= 25.40Cl•P0/760. . 
PA= IT1/T2l*IP-PDJ 
F1•1-1.0+SQRTI1.+4.*KPl*IP-PAllt/12.*KP1l 
P2= KP1*P1**2 
FT• FA*P/PA 
f1• FT*Pl/P 
f2• fT*P2/P 
FA• FA + FA~EW 
W• fl + 2.*F2 
PK• P*KPl 
fl•l-fA+StRTIFA**2+2.*W*I2o*FA+Wl*I2.•P~+.5lll 
fl• f1/14.*PK+1.l . 
f2• IW-Fll/2.0 
P• P-23.8/7t0. 

C REAC IN Of RATES Of ABSORPTION AND FlOWRATE Of NO 
READ 8rRl,R3,F30 
R2• R3 + R1 

8 FCRMATilE15.5l 
PRINT 6,FA, Fl, F2, FlO 

6 FORMAT!* FLCWRATES/GM. MOLES/SEC.-BEFORE ~IXING ARE*//* NZ=•E12. 
14/* N02•*E12.4/* N204•*E12.4/* NO•*E12.4///l 

FF2• Fl + 2.*F2 - flO 
FF4= F1 + 2.•F2 
fl• flO 

C CALCULATION OF PARTIAL PRESSURES AND MOLAR FLOWAATES ENTERING ABSORBER 
CALL MIX 
PRINT 7,Fl,F2,F3,F4,F5 

7 FORMAT( * FLOWRATES-GM. MCLES/SEC.-AFTER MlXlNu AMt•tt• ~u~=•tl~. 

14/* N204•*E12.4/* NO•*E12.4/* N203•*E12.4/* HNOZ=•E12.4///l 
P1C= Pl 
PJC= PJ 
PRINT q, P1,P2,P3,P4,P5 

q FORMAT! • PARTIAl PRESSURES-ATM.- ENTERI~G ABSORBER ARE*//* ~02•* 
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1El2.4/* N204•*El2.~/* NC•*El2.4/* N203•*El2.~/* ~N02=• Ell.~///1 
FFP= F3 + F4 +F5/2.0 - Rl 
FF2= FFit - FFP 
FF4• FF4 - ~3 - Rl/2.0 

C CALCLLATICN OF PARTIAL PRESSURES •NC ~OLA~ FLOWRATES LEAVING ABSORBER 
CALL "IX 
PRINT 10 1 Pl~P2oP3,P4oP5 

10 FORHATI * PARTIAL PRESSURES-ATM.- LEAVI~G ABSORBER •RE*/1* ~C2•* 
1El2.4/* N20~•*El2.~/* NC•*El2.~/* N203•.El2.4/* ~N02•*E12.4///I 
PlC= IPl+PlCI/2. 
P 20= KPl*P 1C .. 2 
P3C• IP3 + PlDI/2.0 
P40• KPl*PlC*PlO 
P5C• SQRTIKP2*KPl*PlD*P301 

C CALCULATJCN OF INTERFACIAL PARTIAL PR~SSU~ES 
CALL JNTERIFlloP21oP31 1 P4IoP511 
PRINT lloP11,P21oP31~P~I,P51oRloR3 

11 FORMAT! • INTERFACIAL PARTIAL PRESSURES-ATM.-ARE*//• N02••EL2.4/* 
1N20~•*E12o4/* NO•*El2.~/* N203•*El2.~i• HN02•*El2.4///* G. ~OLES 
2 DIVALENT NITROGEN ABSORBED PER SECONO•*El2.4//* G. MOLES QUACRIVA 
3LENT NITROGEN ABSORBED PER SECCND•*EL2.41 
fAa FA - FAHW 

1CC CCNTJNUE 
HOP 
ENC 
SUBROUTINE ~IX 

C THIS PROGRAM CALCULATES THE PARTIAL PRESSURES AND MOLAR FLOWRATES 
C AFTER MIXING 1 GIVEN THE FLOWRATES OF All STREAMS BEFCRE BEING MIXED 
C TOGETHER. CALCULATION IS ACCOMPLISHED BY SOLVING TWC NONLINEAR 
C EQUATIONS IN TWO UNKNOWNS. ITERATIVE NEWTCN-RAPHSON METHOD IS LSEO. 

REAL K1oK2oK3oK~oK5,KP1oKP2,KP3 
CC~MCN/ONE/KloK2oK3oK~oK5oKPl,KP2oKP3 
CC~MCN/lWC/FloF2 1 F3,F~,F5oFT 1 FA,Pl 1 P2 1 P3,P~,P5,FF2 1 FF4 
CCMMCN/THREE/FlOoF30oP10 1 P20,P30,P~O,P5C,P,R1oR2oR3 
CHU• .OCOC1 
DO .100 I• 1o 20 . 

C CALCULATION OF PARTIAL DERIVATIVES BY FINITE DJFFERE~CES 
CALL. FUNIG1, Hll 
Fl• Fl*lloO+DELTAI 
CALL FUNIG2,H21 
F1• Fl/11.0•DELTAI 
F3• F3*1l.O•DEL1AI 
CALL FUNIG3 1 H31 
F3• Fj/C1.0•DELtAI 
Gfl•IG2-G11/IOEL1A*fll 
HF1•1H2-H11/IDELTA*Fll 
GF3•1G3-GII/IDELTA*f31 
HF3=1~3-Hll/IDELTA*F31 
WRCN• GFl•HFl-GFl*HFl 
CELF1•1Hl•GF3-GI*~F31/WRON 
DELF3•1Gl•HFl-Hl*GFli/WRON 
CRIT• l.OE-CB 
11• ABSIDELFl/Fll 
T2• ABSIDELFl/Fll 
F I= Fl + CELFl 
F3• F3 • CELF3 

C TESTING FOR CCN~EKGENCE 
IFITl.LE.CRIT.AND.T2.LE.CRITI GO TO llC 

1 OC CCNTJNUE 
110 CCNTJNUE 

f2• P*KPl•F1**2/FT 
Fit• P•KP3•FI•F3/FT 
F5• SQR11KP2•KP3*F1*F31 
PI• P•FI/FT 
P2• P•F21FT 
Pl= P•F3/Fl 
P~= P•F4/FT 
P5• P•F5/FT 

.. 



~· 

c 
c 

c 
c 
c 

RETURN 
END 
SUBROUTINE FUNIG,HI 
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THIS SUBROUTI~E CALCUlATES THE VAlUES OF THE TWO EQUATIONS BEl~( 
SOlVED SIMULTANECUSlY BY SUBROUTINE MIX 

MEAL Kl,K2 0 K3 0 K4 0 K5oKPloKP2oKP3 
CC~MCN/ONE/Kl,K2,Kl,K4oK5,KPl,KP2,KP3 

CC~MCN/TWC/Fl,F2 0 F3of4,F5 0 FT,FA,Pl,P2,P3,P4,P5,FF2,FF4 
CC~MCN/THREE/F10oflOoP10,P20,P3C,P40,P50,PoR1oR2,R3 
B= FA + Fl + F3 + SQRTIKP2*KP3*fl*f31 
FT•IB+SQRTie••2+4.*P*F1*1KPl*F1+KP3*F3lli/2.0 
F2= P*KP1•F1**2/FT 
F4• P•KP3•Fl*F3/FT 
F5= SCRTIKP2*KP3*f1*f3l 
H= FF2-F1-2.*F2+F3 
G= Ff4-Fl-2.*F2-f4-F5/2. 
RETURN 
END 
SUBROUTINE INTERIP1I,P21,P31,P41,P51l 

THIS SUBROUTI~E SOlVES THE FIRST CROER DIFFERENTIAL EQUATION DESCRIBINC 
THE PARTIAl PRESSURE OF N02 AT ANY POINT I~ THE GAS FILM. SOlUTION 
IS BY FCURTH-CRDER RUNGE-KUTTA WITH STEP-SIZE S = .C5 

lCC 

REAL KL,K2 0 K3,K4,K5oKPL,KP2,KP3 
CC~MCN/ONE/KloK2,K],K4,K5,KPL,KP2,KP3 
CO~MCN/TWC/Fl,F2oFlof4oF5,FT,FA,Pl,P2oP3,P4,P5,FF2,Ff4 
CC~MON/THREE/F10,F30oP10,P20oP30oP40,P5C,P,R1,R2oR3 
XOz 0.0 
S; 1.0120.0 
P1= PlO 
X• XO 
Pll= PlO 
OC 100 I= 1, 20 
XC• X 
CAll PRESSU,Y1l 
01z S•Y1 
1(,. XC + S/2. 
P lz Pll + 01/2. 
CAll PRESSIX,Y21 
cz,. s•Y2 
P 1= P11+02/2.0 
CAll PRESS(X,Y3l 
03= s•Yl 
l(= XC + S 
P 1.z Pll + 03 
CAll PRESS IX, Y 41 
0 .... s•v4 
P11= P11' +IC1+2.•D2+03•2.+04l/6.0 
P 1• Pll 
CONTINUE 
P3I•P30+IR3+K1•1P1I-P1Cl+2.*KP1*K2*1P11••2-P1C**2ll/K3 

P21= KPl•Pl**2 
P41.,. KP3•Pl*P3 
P5I= SQRTIKP2*P41l 
RETURN 
ENC 
~UBMOUTINE PRESSIX,Yl 
REAL K1 0 K2,K3 1 K4 0 K5,KP1 0 KP2,KP3 
CC~MCN/CNE/K1,K2 0 K3,K4,K5,KP1 0KP2,KP3 
CC~MCN/TWO/F1 0 F2,Fl,F4,F5,FT,FA,P1,P2oP3,P4,P5oFF2,Ff4 
CC~MON/THREE/FlO,F30,PlO,P20oP3C,P40,P5C,P,R1oR2oR3 
P3•P3C+IR3*X+Kl•IPl-P10l+2.*KP1*K2•1P1**2-PlC**2ll/K3 
A1• K4*KP3*P3+K5*SQRTIKP2*KP3•P3/P1l/2.0 
A2•K3+K4*KP3*P1+K5•SQRTIKP2•KP3*P1/P3l/2. 
B1= -IR1 + A2*Rl/Kll 
S2= A1 + A2•1K1+4.*K2•KP1*P1l/Kl 
Y• B1/R2 
RETURN 
ENC 
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.APPENDIX V 

S»D?LE PROGRAM OUTPUT 

N
2

0
3 

ABSORPTION EXPERIMENT Ill 



.. 

KPl= 
KP2= 
KP3= 
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6.7600 AT~-1=E)UIL. CONST. FOR REACTION 2~02•N204 
.0990 AT~ EQUIL. CONST. FOR REACTION N203 + H20=2HN02 
.5219 ATM-1= EQUIL. CONST. FOP REACTION NO + N02•N203 

GAS PHASE ~ASS TRANSFER COEFFICIENTS-G. ~OLES/SEC.-ArM.- ARE 

N02= 
N204= 

NO= 
N203= 
Hi\102= 

5.6100E-03 
5.2100E-03 
5.9600E-03 
5.3200E-03 
5.6000E-03 

FREEZING FLASK DATA ARE 

PO= 13.85000 cf~EEZING FLASK DIFF. PRESSURE-INCHES ~G. 
Tl~ 300.00000 zFREEZING FLASK TEMP. BEFORE FREEZING-DEG. C. 
T2= 215.70000 =FRCEZING FLASK TEMP. AFTER FREEZING-DEG. C. 

P= .98370 =AT~OSPHE~IC PRESSURE-ATM. 

FLOWR.ATESIG"'· MOLES/SEC.-BEFORE MIXING ARE 

N2= 
N02= 

N204'= 
NO= 

7.4890E-03 
1.9710E-04 
3.3465E-05 
3.4100E-04 

FLOWRATES-GM. MOLES/SEC.-AFTER MIXING ARE 

N02= 
N204= 

NJ= 
N203= 
Hi\102= 

1.8102E-04 
2.6142E-05 
3.1628E-04 
3.5263E-06 
5.4390E-05 

PARTIAL PRESSURES~ATM.- ENTERING ABSORBER ARE 

N02= 
N204= 

NO= 
ill203= 
HN02= 

2.1363E-02 
3.0850E-03 
3. 7324E-02 
4.1613E-04 
6.4185E-03 

PARTIAL PRESSURES-ATM.- LEAVING ABSORBER ARE 

11102= 
1\1204= 

NO= 
N203= 
HN02= 

1.9811E-02 
2.6548E-03 
3.3462E-02 
3.4609E-04 
5.8514E-03 

INTERFACIAL PARTIAL PRESSURES-ATM.-ARE 

N02= 1. 7261E-02 
N204= 

NO= 
111203= 
Hlll02= 

2.0142E-03 
3.3903E-02 
3.0542E-04 
5.4988E-03 

G. MOLES DIVALENT IIIITROGE~ ABSOPBEO PER SECOND= 1.2850E-05 

G. MuLES QUAORIVALENT NITPOGEN ABSORBED PER SECOND= 1.8700E-05 



APPENDIX VI. Data Summary C02 Absorption 

# ~ L f(y) q,R 

(moles co2/sec) x 105 CID.3/sec ... ·. dimensionless cm3/sec 

-
1 4.21 1.84 .2107 1.89 

2 3.66 1.48 .2434 1.52 

3 3.06 1.10 .2961 1.15 
\ 

4 2.62 .92 .3311 .94 

5 3.34 1.29 .2666 1.32 

6 3.95 1.66 .2256 1.71 

7 4.84 2.21 .1866 2.34 

8 5.25 2.58 .1684 2.71 

9 5.66 2.95 .1540 3.11 I 
\() . 
0'. 

10 6.00 3.31 .1426 3.48 I 

11 5.38 2.76 .1610 2.87 
12 5.83 3.13 .1480 3.29 

13 1.95 5.50 .4658 6.35 . 
14 4.45 2.02 .1981 2.08 

15 4.78 2.39 .1771 2.40 

T = 25°C 

i. ·• 
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APPENDIX VII. NH
3 

Absorption Experiments Summary 

Exp # II,(atm) P ,(atm) P. ,(atm) II.tn[ (TI ... P i )/ (JI,..p 
0

) J , ( atm) ~ 4 
0 1 NH

3
,(g.mo1es/sec)x10 

1 .9739 .0156 .0011 .014b .· 1.20 

2 .9739 .0156 .0011 .0146 . 1.22 

3 .9739 .0185 .0012 .0129 1.25 

4 .9714 .0158 .0012 ,0147 1.31 

5 .9714 .0157 .0011 .0148 1.17 

6 .9714 .0164 .0011 .0154 1.18 

7 .9714 .0165 .0011 .0155 1,16 

8 .9726 .0324 .0020 .0310 2.11 

9 .9679 .0313 .0019 .0298 2.06 

10 .9679 .0317 .0019 .0302 2,06 I 
\0 

11 .9703 ~0650 .0038 .0635 4.08 -..J 
I 

12 .9703 .0652 .0038 ,0637 4.08 

13 .9703 .0650 .0038 .0635 4.13 

14 .9724 .0642 .0036 .0628 3.95 

15 .9724 ,0634 .0038 .0618 4.12 

16 .9724 .0633 ,0038 .0616 4.14 

T = 25°C, L = 1.84 cm3/sec 

kg(NH
3

) = 6.62 x 10-3 g. mo1es/sec-atm 

.... ..;._, 



APPENDIX VIII. N2o4 Absorption Data Summary 
- - - --- - - ----·--·-· -- -

# rr pd Tl T2 
pinlet 
1 

pexit 
1 

paver age 
1 

pinterface 
1 

(atm) (in Hg) ·-OK OK atmxlO 2 atmxlO 2 atmxlO 2 atmXlO 2 

1 .9758 11.80 300.2 213.2 1.62 1.53 1.58 1.32 

2 .9758 11.83 300.2 219.2 1.41 1.32 1.36 1.10 

3 .9758 11.80 300.2 213.2 1.62 1.53 1.58 1.32 

4 .9758 11.83 300.2 219.2 1.41 1.32 1.36 1.10 

5 .9758 11.80 300.2 213.2 1.62 1.54 1.58 1.34 

6 -9758 11.83 300.2 219.2 1.41 1.32 1.37 1.12 

7 .9758 12.77 300.2 208.7 1.70 1,60 1.65 1.34 

8 - .9758 12.77 300.2 208.7 1.70 1.59 1.64 1.33 

9 .9758 12.77 300.2 208.7 1.70 1.59 1.65 1.34 

10 .9647 11.13 300.2 216.7 1.26 . 1.19 1,22 1.00 

11 .9647 11.15 300.2 219.7 1.38 1.31 1.34 1.13 

12 .9647 11.05 300.2 223.7 /1.48 1.41 1.44 1.24 

13 .9647 11.13 300.2 216.7 1.26 1.19 1.23 1.02 

14 .9647 11.15 300.2 219.7 1.38 1.31 1.35 1.15 

15' .9647 11.05 300.2 223.7 1.48 1.41 1.45 1.25 

16 .9647 11.13 300.2 216.7 1.26 1.18 1.22 .98 

17 .9647 11.15 300.2 219.7 1.38 1.30 1.34 1.11 

18 .9647 11.05 300.2 223.7 1.48 1.40 1.44 1.21 

19 .9706 14.09 301.7 213.7 "2.52 2.34 2.43 1.88 

20 .9706 14.00 301.7 211.2 2.38 2.20 2.29 1.73 

.. 

pinterface 
2 

atmx103 

1.18 

.82 

1.18 

.82 

1.22 

.85 

1.22 

1.20 

1.22 

.68 

.86 

1.03 

.70 

.89 

1.06 

.65 

.83 

.99 

2.39 

2.02 

R(N2o4) 

(moles N2o4/sec 

.98 

.98 

.99 

.99 

.91 

.91 

1.18 

1.22 

1.20 

.80 

.80 

.80 

. 75 

. 75 

• 75 

.87 

.87 

.87 

2.44 

2.44 

" -·-

)Xl05 

I 
\() 
co 
I 
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APPENDIX VIII. (continued) 

# II pd I Tl T2 
Pinlet 
1 

pexit 
1 

paverage 
1 

(atm) (in Hg) OK OK atmxlO 2 atmXlO 2 atmxlO 2 

' 

21 .9706 14.09 301.7 213.7 2.52 2.34 2.43 

22 .9706 14.00 301.7 211.2 2.38 2.20 2.29 

23 .9706 14.09 301.7 213.7 2.52 2.35 2.43 

24 -9706 14.00 301.7 211.2 2.38 2.21 2.29 

25 .9726 14.65 301.7 215.2 2.85 2.64 2.75 

26 .9726 14.66 301.7 214.2 2.82 2.61 2.72 

27 .9726 14.63 301.7 216.2 2.88 2.67 2.78 

28 .9726 14.64 301.7 211.2 2.70 2.49 2.60 

29 -9726 14.65 301.7 215.2 2.85 2.64 2.75. 

30 -9726 14.66 301.7 214.2 2.82 2.61 / 2.72 

31 -9726 14.63 301.7 216.2 2.88 2.67 2.78 

32 .9726 14.64 301.7 211.2 2.70 2.49 2.60 

33 .9726 14.65 301.7 215.2 2.85 2.65 2.75 

34 .9726 14.66 301.7 214.2 2.82 2.62 2.72 

35 .9726 14.63 301.7 216.2 2.88 2.67 2.78 

36 .9726 14.64 301.7 211.2 2.70 2.49 2.60 

T = 25°C, L = 1.81~ cm3/sec, K1 = 6.76 atm-l 

pinterface 
1 

Pinterface 
2 

atmXlO 2 atmx103 

1.89 c 2.41 

1.73 2.03 

1.90 2.44 

1.74 2.06 

2.08 2.93 

2.05 2.83 

2.11 3.01 

1.91 2.47 

2.08 2.92 

2.04 .2 .83 

2.11 3.00 

1.91 2.46 

2.09 2.96 

2.06 2.86 

2.12 3.04 

1.92 2.49 

.. ,, 

R(N
2
o4) 

moles N204/sec 

2.42 

2.42 

2.37 

2.37 

3.10 

3.10 

3.10 

3.10 

3.11 

3.11 

3.11 

3.11 

3.07 

3.07 

3.07 

3.07 

)X105 

I 
\() 
\() 
I 



APPENDIX IX. Data Summary ~ N2o
3 

Absorption Experiments 

Bulk Inlet Bulk Exit Interfacial 

Exp pl p p p3. pl p2 p3 p4 p5 
No. 3 1 

atmXlO 2 atmXlO 2 . 2 atmXlQ atmXlO 2 ' 2 atmXlO · atmx1o3 atmXlO 2 atmx104 atmx103 

1 2.14 3.73 1.98 3.35 1. 73 2.01 3.39 3.05 5.50 

2 2.05 5.44 ,1.89 . 5.05 1.62 1. 78 5.08 4.31 6.53 

3 2.33 .79 1 2.20 .51 2.00 2.72 .59 .62 2.48 

4 2.28 1.41 2.14 1.12 1.94 2.55 1.21 1.23 3.48 

5 2.24 1.94 2.12 1.67 1.93 2.53 1.74 1.76 4.17 

6 .2.05 5.44 1.85 5.00 1.54 1.60 5.07 4.07 6.34 

7 2.11 4.22 1.92 3.81 1.64 1.81 3,90 3.33 5.74 

8 2.21 2.50 2.03 2.14 L78 2.15 2.26 2.10 4.56 

9 2.31 1.00 2.15 .70 1.93 2.52 .83 .83 2.87 
.... 

10 2.37 .36 2.23 .09 2.01 2.73 .21 .22 1.48 

T = 25°C, L = 1.84 cm3/sec, K
1 

= 6.76 atm-1 , K
2 

= .099 atm, K 
-1 

3 = .5219 atm 

;. 

Absontion Rates 
~2+ ~4+ 

molesN20/ moles NO 

. 6 secx10. secx1o5 

12.85 1.87 

14.46 1.87 

5.07 1.88 

5.06 1.96 

5.66 1.73 

14.96 2.42 

11.41 2.42 

6.72 2.42 

3.00 2.45 

1.90 2.47 

. .. 

2/ 

I 
1-' 
0 
0 
I 
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APPENDIX. X 

Sample Calculations 

co2 Absorption Experiment #15 

I. Data 

A, Density of co2 at 0°C, 1 atm pressure = 1.9769 grams/liter 

B. Atmospheric Pressure = .9758 atm 

C. Soap film meter 
. . 3 

1. meter volume = 40.0 em = V 

2. bubble rise time = 32.8 sec = t 

3. temperature= 24.7°C 
. . 3 

D, L = 2.39 em /sec 

II, Calculations 

A. C02 molar .density, dm' at soap film meter temperature and pressure 

d.= 1,9769 X 10~3 (273,2/297,9) X (.9758 -23,8/760) X (1/44) = 
m 
· = 3.89~ x 10""5 moles/cm3 

B. Absorption rate 

.~ ~ d (V/t) = . 
m 

= 3,892 X 10""5(40,/32,8) = 
·= 4.746 x 10""5 moles CO/sec 

C. Degree of film saturation (Eq. II-D-25 ) 
y = 2.94(rr)4/3(pg/~)l/3nR7/3/L4/3 

= 2.94(3,1416) 413 (.997 X 980.6/,01002)1' 31.92 X 10-5(1,89) 7/ 3/(2.39) 4/ 3 

= .01653, 

f(y) = 1 - ~ Sjexp(l.jy) 

= 1- .7897026 exp(-3.414446 X ,01653) "" 

.09725511 exp(-26.440559 x .01653), ..• 

= 1 - .746375 - .062826 - .0119567 - .001955 - .000283 

~ .1774 

D. Reduced absorption rate 

~R = ~ I ci{l- Il ~ f(y)J 5} 

. ~ {~46 X 10-5/.9758 X 3.284 X 10-5 
X [1- (1- .1774) 5]} 

= 2.37 cm3/sec 
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NH
3 

Absorption Experinient #3 

I. Data 

A. Flo"Wmeter Calibrations 

1. NH
3 

flowrate = 2,40 x 10~4 g. moles/sec-

2. N2 flowrate = 12,20 x 10 ... 2 g. moles/sec 

B; Atmospheric Pressure = .9739 atm 

C, - Titration 

1. 60 ml HCl {.0246-M) 

2. 10.22 ml NaOH {.01-M) 

3. 20.26 lill sample -volume 

II, Calculations 

A, Absorption rate 

~NH = (60 X,0246 .. 10,22 X ,01/20,26) X 1.84 X 10-3 

3 -4 = 1.25 x 10 g. moles NH
3 

per second 

B. Bulk partial pressures 

( -4) pin1et = ( .9739 - .03l 3 ) 2.4 X 10_ = .0185 atm 
0 12.20 X 10 2 

Pexit = (.9739 - 0313) (2.4 - 1.21) 
0 • 12.20 

X 10-2 = .0094 atm 

paverage = (.0185 + .0094)/2 = .0140 atm 
0 -

C. _ Back-pressure at the interface 

Pi = H~/21, H = 17.02 atm-cm3/g. mole, L = 1.84 cm3/sec 

P. = 17.02 X 1.25 X 10-4/2 X 1.84 
l. 

= .0012 atm 

D. Partial pressure driving-force 

= .0129 atm 

.. 
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E. Gas-phase mass transfer coefficient 

,., 

: 1.25 X 10-4/1.29 X 10-2 

= 9.69 x 10-3 g. mo1es/sec-atm 

.. 

• 
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N2o4 Absorption Experiment #20 

I. Data 

A. Freezing flask 

l. p = 
d 14.00 in. Hg 

2. T = 301.7 °K l 
3. T = 211.2 °K 2 
4. = .9706 atni 

B. ·Titration Data 

1. Volume eerie ammonium nitrate= 5.000 ml (.1018-N) 

2. Volume sodium oxalate= 2.34 ml (.1039-N) 

3. Volume of sample = 20.114 ml 

C. ·Wet test meter calibrations 

4 -4 1. F = .99 x 10 g. moles N2/sec 
a 4 

2. F = 6.99 x 10- g. moles N2/sec new . 3 D. Liquid flowrate, L = 1.84 em /sec 

II. Calculations 

A. Absorption rate 

~4+ = (5 X .1018 - 2.34 X .1039) X 1.84 X 10-3/20.114 

= 4.8 x 10-5 g~ moles N02/sec 

B. w4, tetravalen~ nitrogen flowrate, from freezing flask data 

l. pd = 14.00 in. Hg = 25.4001 X 14.00/760 

= .4679 atm 

2. p = (T/T2)(JI- Pd) = (.9706 - .4679)(301.7/211.2) a 
= .7181 atm 

[-1+11+ 4 X 6.t6( ·9706 -3. pl [-1 +ll + 4K1 (rr P a )'Jj2Kl = = 2 X .76 

= . 1330 atm 

4. p2 = Kl(Pl)
2 

= 6.76 X ( .1330)2 

= . 1195 atm 

5. FT = IIF /P = a a .9706 X 4.99 X 10-4/.7181 

= 6.74 x 10-4 g. moles/sec 

. 7181)'] 

.. 

• 
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6 .. Fl = FTP/11::: 6.74 X 10-
4 

x .. 1330/.9706 

4 -4 = .92 x 10 moles N02/sec 

7. F2 = FTPiii.,; 6.74 X 10-4 
X .1195/.9706 

8 -4 = . 30 x 10 moles N2o4/sec 

8. vl4 = Fl + 2F2 = .924 X 10-4 + 2 X ( .830 X 10-4) 

. = 2. 58 x 10-4 g. moles/sec 

Flowrates and partial pressures after second dilution with nitrogen 

1. Correcting total pressure for the vapor pressure of water, 

IT' = (II - H20 vapor pressure) = .9706 - 23.8/760 

= .9393 atm 

2. F' = F + F = 4.99 X 10-4 + 6.99 X 10-3 
a a new 

= 7.49 x 10-3 moles nitrogen/sec 

-F' + {(F') 2 
+ 2W (2F' + W )(2IT'K + 1/2)}1/ 2 

a a 4 a 4 1 
F' = --=-----~----~~~--~~--~~-----1 (4II'K1 + 1) 3. 

= 

-4 = 1.95 x 10 moles NO/sec 

4. F2 = (W4 - Fl)/2.0 = (2.58 - 1.95) x l0-4/2 

-4 = .315 x 10 moles N2o4/sec 

5. F~ = F~ + Fi + F2 = 7.49 X 10-3 + .19 X 10-3 + .06 X l0-3 

= 7.75 x 10-3 g. moles/sec 

6. pl = Fiil'/F~ = 1.95 X 10-4 
X .9393/7.75 X 10-3 

= .0237 atm 

7· P2 = IS_(Pi)
2 = 6.76 X (.0236)

2 

= .00382 atm 
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D. Absorber exit partial pressures 

4+ Calculations exactly as on the previous page, with w4 = w4 - ~ 

2. Results are 

P" = . 0220 atm · 
1 

P" = .00327 atm 
2 

E .. Average bulk partial pressures 

L P10 = (Pi + P!l_)/2 = ( .0237 + .0220)/2 

= .0229 atm (N02) 

2. P20 = K1 (P10)2 = 6.76 x (.0229) 2 

= . 00354 atm (N
2
o4) ·· 

F. Interfacial partial pressures 

1. Computer results 

a. P1i = .0173 atm (N02 ) 

b. P2i = .00202 atm (N2o4) 

2. Check for numerical consistency (Eq. II-D-62 

( k gl - k g2) ( p li - p 10) + 
[2k82 (2IT'K1 + 1) 

2K1 
g2 R.n - k ] 

+ 1 + 
R.n 

+ 1 -

[IT' - pli 2] - KlPli 

II' - plO - KlPl~ 

. -3 -3 
with kgl = 5.61 x 10 moles/sec-atm, kg2 = 5.23 x 10 moles/sec-atm, 

II' = .9393 atm, P10 = .0229 atm, Pli = .0173 atm. 

+ 

3. (kgl - 2kg2 )(Pli - P10 ) = (2 X 5.23 - 5.61) X 10-3 
X ( .0229 - .00173) 

4. 

·= 2.72 x 10-5 moles/sec 

2 X 5.23 X 10-3 (2 X ,9393 X 6.76 + 1) - 5.61 X 10-3 

2 X 6.76 

-2 = 1.018 x 10 moles/sec 

• 
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5. 

·[rr' R.n 
II' 
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= tn· [·2393 -
.9393 -

= 7.77 X 10-3 

.0173 ~ 6.76(.0173)
2

] 
.0229- 6.76(.0229) 2 

6, (4) X (5) : 1.018 X 10-2 
X 7.77 X 10-3 

-5 = 7.9 x 10 moles/sec 

7. r = (4II'K1 + 1)112 = (4 x .9393 x 6.76 + 1)1 / 2 

= 5.1379 

8. 

9. 

10. in[(8) X (9)] = -3.213 X 10-2 

11. (2 X 5.23 - 5.61) X 10-3 
X 5.1379 

= 2 X 6.76 

= 1.843 x 10-3 moles/sec 

12. (10) x (11) = -3.213 x 1.843 x 10-5 = -5.92 x 10-5 moles/sec 

13. (3) + (6) + (12) = 2.1 X 10-s + 7.9 X 10-5 - 5.9 X 10-5 = 

= 4.7 x 10-S moles NO/sec 



-108-

14. Experimental value is 4.8 x 10-5 moles NO/sec 

G. Calculation of H2 lk2D2' 

4+ 
H lkJ5:' = ell. 

2 2 2 2P (4ITNR2 ) 2i 
= 

4.8 X 10-5 = ------~~~~~~-------------= 
2 X .00202 X 5 X 4 X 3.14 X 1.892 
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N2o
3 

Absorption Experiment #1 

I. Data 

A. Titrations 

l. 15.5 ml eerie ammonium nitrate (.0575-N) 

2. 1.23 ml sodium oxalate (.09903-N) 

3. nitrite sample volume = 20.238 ml 

4. 25.5 ml NaOH (.02-M) 

5. 2.10 ml HCl (,0118-M) 

6. total acid sample volume = 20.310 ml 

B. · Freezing flask 

1. Pd = 13.85 in. Hg 

2. Tl = 300. °K 

3. T2 = 215.7 °K 
4. IT = .9837 atm 

C. Flowmeter calibrations 
. -4 . 

l. F .= 4.99 x 10 moles nitrogen/sec 
a . 

2. F = 6.99 x 10-3 moles nitrogen/sec new 

3. 
. 4 
F30 = 3.47 x 10- moles NO/sec = w2 

II. Calculations 

A, Calculation of w4 from freezing flask data 

1. Pd = 13.85 in. Hg = 25.4001 x 13.85/760 = 
= .4629 atm 

2. P =IT - Pd = .9837 - .4629 = .5208 atm 

·. 3. Pa = P(T/T) = .5208 x (300/215.7) = 
= .7244 atm 

4. 

pl = l-1 + [1 + 4K (IT- p ))1/21 /2K = 1-1 + [1 + 4 X 6.76(.~837- .7244)]
1

/
2
1 

1 a ~ 1 2 x 6.7 

= .1354 atm 

5. F = ITF /P = .9837 x'4.99 x 10-4/.7244 = 
T A a 

6 -4 = .77 x 10 g. moles/sec 
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6. 
. . . . -4 

F~ = PlFT/TI = .1354 X 6.77 X 10 /.9837 a: 

= 9.327 x 10-5 moles N02/sec 

1. F2 = K1P1
2FT/n = 6.76 x (.1354)2 

x 6.77 x lo-
4

/.9837 = 

= 8.537 x 10-5 g. moles N2o4/sec 

8. w4 = Fl + 2F2 = 9.327 X 10-5 + 2 X 8.537 X 10-5 a 

= 2.64 x 10-4 moles tetravalent nitrogen/sec 

B. Comparison o-r w4 as calculated above With computer output 

1. Appendix V -rlowrates a-rter dilution, be-rore BO addition 

. -4 
a. Fi = 1.971 x 10 moles/sec 

2 •. 

3. 

b. F' = 3.3465 x 10-5 moles/sec 
2 

C. w4 = Fi + 2F2 II: ·1.971 X 10-4 + 2 X 3.3465 X 10-5 = 

= w4 as calculated -rrom -rreezing -rlask data. 

Appendix V -rlowrates entering absorber 

F" 1.8102 X 
-4 ·. 

NOisec a. = 10 moles 
l 

b. F" = 2.6142 x 10-5 moles u2o4/sec 2 

c. F'i = 
3 

6 -4 3.1 28 x 10 moles NO/sec 

F" 
6 . 

d. = 3.5263 x 10- moles N20/sec 4 

e. F" = 5.4390 x 10-S moles HN0
2
/sec 

5 

w4 = F" + 1 2F" + F1
' + 2 4 (l/2)F'' 

5 

.. 

= 1.81 X 10-4 +.2 X 2.61 X 10-5 + 3.526 X lo-6 + {~)5.4390 X 10.;.5 = ~~ 

= 2.64 x 10-4 moles/sec • 

= w4 as calculated above.from freezing flask data 
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4. w = 2 
F" + 

3 
F" + (l/2)F" 

4 . 5 

= 3.16 X 10~4 + 3.52 X 10-6 + (~)5.4390 X 10-5 = 

= 3.47 X 10 ... 4 

= F
30 

in data input to program 

5. (3) and (4) above show that the mixing calculations done in 

the program (Appendix IV) are numerically consistent. 

C. Absorption rates 

1. Total Nitrite = (15.5 x .0575 - 1.23 x .09903)/2 x 20.238 = 
= .019014 moles/liter 

2. Total Acid = (25.5 x ~02 - 2.10 x .0118)/20.310 = 
= .02389 moles/liter 

3~ Nitrate = Total Acid - Total Nitrite = .02389 - .01901 

= .00488 moles/liter 

4. Nitrite (N2o
3 

= Total Nitrite - Nitrate = 

5. 

6. 

7. 

= .01901 - .00488 

= .01413 moles/liter 

~4+ = 2 x L x Nitrate = 2 x 1.84 x 10-3 x .00488 = 
= 1.79 x 10-5 moles N0

2
/sec 

~2+ = (1/2) x L x Nitrite (N203) = 

= (~) X 1.84 X 10-3 
X .01413 = 

= 1.30 x 10-5 moles N20/sec 

Average of all titrations 

4+ -5 
~ = 1.87 x 10 moles N02/sec 

¢2+ = 1.28 x 10-5 moles N
2
0/sec 
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5. (2), (3), and {4) above show that the calculated interfacial 

partial pressures are consistent with respect to equilibria. 

E. BUlk Average Partial Pressures (f'rom AppendiJ( V) 

1. P10 = (.0214 + .0198)/2 = .0206 atm 

2. P30 = (.0373 + .0335)/2 • .0354 atm 

F. Check of Bulk and Interfacial Partial Pressures for Numerical 
Consistency 

1. Eq. A-46 indicates that 

2. Evaluating right hand side of A~46, 

3. Evaluating the left hand side of A.:.46, 

LHS = 5.96(3.39 - 3.539) x 10-5 = -.888 x 10-5 moles/sec 

se(4; 
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4. Since LHS = RHS, the bulk and interfacial :partial :presstires 
are numerically consistent. 

G. Calculation of rate constant 
' \ 

..;4 J• 
H4 = 3.86 x 10 g •. moles/em -atm, 

2. R = 1.89 em 

3. D4 = 1 x l0-5 cm2/sec 

4. 

2 
: {1.28 X 10-5/20 X 3.1416 X 3.05 .X 10-4 

X 1.892 
X -3.86 X 10-4 ) .. X 105 
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P------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, not 
any of theit contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, cir represents 
that its use would not infringe privately owned rights. 
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