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SUNMARY

This report summarizes results of studies of the effect of shock
waves impressed on air filters ia a direction opposite to normal air flow.

Moderate damage to Dust-Stop prefilters occurs at shock over~
‘pressures greater than one inch of mercury, severe damage occurring at
pressures greater than three $nches of mercury. At oné’ inch over-pressure
large amounts of dust are removed from the filter but physical damage is
slight. Pleated L.B.C. No. 1 filters (2L x 24 x 6 inch) were found to sus-
tain moderate damage at a pressure of six inches of mercury and a pressure
of ten inches caused complete destruction. Pressures of five inches of
mercury or less caused no apparent physical damage. A filter with
perforated alumimum plates nailed to both faces had no additional strength
to resist blast pressure.

Reentrainment studies have indicated large amounts of dust will be
dislodged from a filter by the action of a shock wave.

This study was made under Contract No. AT(30-1)8lL1 between the U. S. Atomic
Energy Commission and Harvard University. Opinions expressed are those of
the authors and do not necessarily represent the views of the U. S. Atomie
Energy Commission.
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At the request of the Division of Engineering, U.S,.
Atomic Energy Commission, Washington,'D. C. an investigation
into the effects of shock waves on ailr cleasning devices has
‘been undertaken at the Harvard University Air Cleaning
Laboratory. Major objectives of this study are:

1. To determine what structural damag; occurs to air
cleaning devices when they are subjected to a shock wave in
a direction opposite to normal air flow;

2. To determine how much captured dust may be reentrained
from the air cleaner and its connecting ductwork by the blast
effect;

3. To develop inexpenslve metbods for reducing damage
and minimizing reentrasinment.

This report discusses expected damage to Dust-Stop
roughing filters and A.E.C. No. 1 filters (and reentrainment
of dust from A,E.C. No. 1 filters) at various blast over-i‘
ﬁressure levels.

1. Tesf Equipment

A 20 inch diameter shock tube has been constructed with
a transition to and from a 2L x 2l inch square section to
provide for location of test equipment as shown in Figure 1.
The shock tube 1s attached to a 20 inch diameter air lock on
an 8 foot diemeter by 10 foot long compression chamber, A
steel ring and clamp at the inner face of the lock hold
layers of brown Kraft wrapping paper which burst at prede-

termined tank pressures. Rupture of this paper disc creates
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a shock wave‘which is propagated down the tube to the'ﬁest
section. The wave 1is dissipated in a pressure relief chamber
at the end of the tube (about 20 feet from the test area) by
a double layer cinder block wall, The pressure is relieved
through a perforated wall of the relief chamber, Over-
pressures are recorded by a sensitive Béllows placed in the
wall of the tube just prior (6 inches) to the test section,
A mirror mounted on the rear of the bellows defletts a light
beam and the trace is recorded on photo-sensitive paper.

Before testing a filter, a number of.layers of paper
were ruptured to determine the magnitude of the wave produced.
Prom this calibration, which varies somewhat due to weather
conditions, a reliable estimate could be made of the strength
of the shock wave to be ilmpressed on the filter, With a filter
in place the over-pressure is substantially increased at the
test section as indicated by shock wave theory.

2. Test Results

a. Blast Damage

Initial tests were made on damage to Dust-Stop pre-
filters at various over-pressure levels, These are 20 x
20 x 2 inch Fiberglas mats held in a cardboard frame with
~light gage metal retaining screens on each face, The results
of this series are presented in Table 1, tests 1 to 5.
- These filters will not withstand over-pressures greater than
about one inch of mercury without sustaining some damage.

Pressures near 3 inches of mercury caused complete failure




282

and the Fiberglas media was carried down the tube into the
receiving chamber. It was observed that substantial dust‘
was reentrained from the filter even though structural
damage was slight at lower pressure levéls.

| Several 2} x 2l x 6 inch "absolute" type (A.E.C. No. 1)’
pleated space filters were tested for damgge levels iIn the
same manner (Table 2). Slight structural damage‘occurs when
over-pressure% reach about 6 inches of meréury. Complete
failure occurs at pressures of 10 inches of mercury. Typical
failure is shown in Figures 2 and 3. Three filters (tests
10, 11, and 12) were tested to determine air flow character-
istics before and after blast, and also to check mechanical
strength of perforated aluminum plates nailed to both faces
(es supplied by manufacturer in some cases,) A standard
24 x 24 x 6 inch filter tested at 6.2 inches of mercury over-
pressure showed moderatedamage. The pleats were pushed away
‘from the blast about 1/l; inch over about one<half the face
‘area. Air flow resistance (at rated 500 cubic feet per
minute) fell from an initial value of 0.80 inches of water
to 0.76 inches of water after testing. The same test conditions
(test 11) applied to a filter with perforated aluminum plates
on both faces showed about the same emount of damage, The
filter media and the rear plate were pushed back about one
inch over about one-third of the area as shown in Figure I,
Alr flow resistance fell from 1.30 (initialiy) to 1,06 inches
of water after test. A third filter tested at 4.3 inches of

mercury {test 12) showed no physical damage but its resistance
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was decreased from 0.88 to 0.80 inches of water by the test.,
It is concluded that moderate to severe damage will be sustailned
by 24 x 24 x 6 inch pleated "absolute” (A.E.C. No, 1) filters
at blast over-pressures greater than 5 inches of mercury.
'Filters subjected to moderate over-pressures may suffer some
damage but may be suitable in emergency disaster situations.
b. Dust Reentraimment

Additional tests have been made on 24 x 24 x 6 inch and
12 inch pleated "absolute" type (A.E.C. No. 1) filters to
determine the amount of dust displaced by sub-damage level
blast waves, This study is presented in detail in Table 3.
The 6 inch filter held about one=half pound of dust (Calcium
Carbonate) for an increase one inch in resistance at rated
air flow (500 cubic feet per minute). The 12 inch filter held
gbout one pound of dust for a one lnch resistance rise at .
rated flow (1000 cubic feet per minute). These values were
found to check approximaﬁely with data presented by Mr.
Walter Smith (of Arthur D, Little Inc.), at the Third Air
Cleaning Seminar at Los Alamos, Filters were loaded to
various degrees with a known amount of dust and subjected to
over-pressures of I} (for 6 inch) to 5 (for 12 inch) inches
of mercury. With one exception (noted in Table 3, test 1l)
no physilcal damage was apparent from these tests,

It is concluded that at over-pressures just below
damage levels (1) filters loaded to 100% capacity lose about
90% of this dust, and (2) filters loaded to 10% of capacity
lose about LO0% of this dust. The dust was carried down the

shock tube and into the pressure relief chamber, and in fact,
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was dispersed quite generally all over the testing area. High-
volume air samples taken in the shock tube about 2 feet behind

the test filter, and at the outlet of the tube into the relief

“

chamber indicated alr concentrations ranging from 18 to 20
.grains per cublc foot for the 12 inch fllter when fully loaded
(tests 19 and 20) to no measurable amount when fllters were
loaded to 10% of capacity. A calculated value of air concen-
tration based on pressure rise in the compression chamber
before rupture of the diasphragm indicated alr concentrations
as high as 68 grains per cubiec foot are possible. Large
amounts of air-borne dust are produced by blast wave effects
on loaded filters. The pressures (lf to 5 inches of mercury)
used in thils test serles correspond to a distance of 6000
to 8000 feet from ground zero of a nominal atomic bomb, Blast
wave duration time was of the same order of magnitude for
this distance from ground zero, sbout 0.8 to 1 second.
c. Further Investigations

Further study is underway to determine the reentrainment
from pleated filters at lower over-pressures, Damage levels
for 24 x 2l x 12 inch filters will be determined. These
studies have suggested some lnexpensive methods for increasing

damage levels for filters, and these will be investigated,

N
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TABLE 1

Shock Tube Tests of "Dust-Stop™ Fibergles Prefilters - Failure Pressure

“Test Number of Diaephragm

No, Sheets Rupture Remarks
in Pressure :
Diephragm "He
1 4 6 Complete failure, Both screens and

Fiborglas carrised down tube to re=-
coiving chamber,

2 2 3 Complete fallure, Both screens remained
ettached to the filter frame but the
Fiberglas wes carried down the tube ebout

121,

S 1 1.6 Partial failure, Dovmstreem screen bent
avey from blast slightly, Large quantity
of fly ash reentrained and carried into
pressure relief chamber,

4 3 4,5 Complete failure., Upstream (blast side)
screen remained in place, downstream
screen and Fiberglas carried down into
receiving ochamber,

5 3 6 Complete failure, Yo large pieces of
Fibergles remained impinged on cinder
block wall and some penetreted through
two layers, “fost complete destruction,




TALBLE 2

Shock Tube Tests of AEC "ibsolute™ Type (No, 1) Pleated Filters® = Failure Pressure

Test Diaphregm Measured Fressure Trace Fllter Resistance® Remarks
104 Rupture Pressure Charac@gf}stics _ ine Wele
Pressure at Filter No, Time to Iniliel rinel
"He, "Hg Cycles Return
~ to Zero .
S 5.0 Ba3 1 0.80 . - - No apparent damage,
6 10.0 > 20,0 3 1,45 - - Complete failure (same filter as
' Test 5),
7 4,2 6.3 1 0,72 = - No apparent damere,
8 5.4 11.8 1 0,89 - - Partial failure over 1/3 of area,
Pleats pushed back 1/4" (seme filter
as test 7)e
9 5.0 12,4 2,5 1,22 - - . Complete failure (same filier as
Tests 7 and 8).
6.2 14,0 1 0,86 0480 . 0,76 Partial failure, rear pushed back 1/4%
1 6,4 12,2 1 2.86 1,30 1,06 Partial failure, perforated aluminum

plates nailed to each face, Rear plate
pushed back by pleats aebout 1",

12 4,3 9.0 1 0,92 0,88 0,80 No epparent damage,

13 12.0 20,0 1.5 0.86 - - Complete failure (seame filter as

- Test 12).
X 24" x 24" x 6" be At 500 cfm

: -
— .

96ec



TABIE 3, Shock Tube Tests of AEC "Absolute” Type (W0, 1) Pleated Filters = Reentraiment Study

Jest Filter iy Presaure Trace Characteristics Filter Resistancet Filter Load load Reroved Air Concentration, Grains/auft. Renarks
Size?  Dizphrege Measured Yo, Tire to Return ine ¥.0. —
No. In, Pplure at filter  Cycles 4o Zero,sec,  Clean  leaded Grams % Gramis %  PfronFilter Qutlet of Tube Theoretical
. 5.3 5.7 3.5 1.49 - - - - - - . - - Calibration
g 6 3.4 - - - 0.9 169 06 I 1 -] la2 16 ] Test, partia) failure
p|ut3 Md bﬁ( ?.
5 - 3.6 4.5 33 133 - - - - - . - - - Calibration
1% 6 3.6 - - - - - . - - - - - - Test to recheck 45
o epparent camage
® . 3.6 4.5 3.5 142 . - - - . - - . - Calicration
8 6 34 5.2 | 0,66 0.1 1.5 5 18 152 48 LR 4,1 3 Test, ro donage
L/ S 3.6 5.2 3.5 147 . - - - . - - - - . Calftration
w6 37 5.8 | 0,72 o,n LI5 126 5 ] 59 34 ld 16 Test
B’ - 35 3.8 3 3 - . - - - . - . - Calibration
1B 6 38 9.5 | 0.5 0,64 0.92 -2 10 8 » 0 0 1.8 Test
IR e 4,6 6,9 3,5 [.47 - - - - - - . - - Calibration
I8 n 50 8.8 I 0.719 0,57 .02 29 Ko B o n 8,9 6 Test
o - 5ed 6.0 3 Je28 - - - - - - - - . - Calfbration
m 5.1 7.4 ! o.n 0,9 1,9 M W K1 ] 2 12 ] Test
M . 4.5 5.9 3.5 1,52 - . - - - - - - - Calitration
2 N 47 .4 | 9,76 1 LI 33 8 20 Sl 0 0 34 Test
5200 x 4® x dpth shon

B\t rated voluse of 50 cfa for 6 and 1000 cfa for 1

Lge



DOUBLE LAYER CINDER
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Figure 1. Experimental Shock Tube - Plan View
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Pleated Paper Filter Showing Failure-—

Fig\u‘e 2e

Frame In Test Location In Shock Tube
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PROPERTIES OF AFROSOL AGGLOMERATES
W, J. Scheffy

The process of coagulation in aerosols of both liquid ani
aélid rerticles h2s been widely studied, The effects of various factors
on the rate of coagulation have been investigate?a Less work has been
dore on the nature of the agglomerated particles formed in the process.
Coalescence of drops presents no problem in this respect, But thé
properties of solid agglomerates differ greatly from those of the pure
80l1id particles and, furthermore, vary widely with sagglomerate esize,
circumstances of formation and other factors, The density and drag
diameter are merticulerly important in many methods of air sampling
or cleaning, Measurements with a jet impactor, for instance, yield
a quantity which can be converted into a size distribution only if
the density of the prrticles is knowm, This gquantity is the impaction A

parameter

Y = oo%v,/18u D, N
a dimensionleas measure of the retio of the particle inertia to the '
resistant force of the fluid on the particle (7). It has been shown
that collection efficiency for verious impactors and conditions,

within certain limits, has a unique relationship to\+/, so that sub-~
stitution of the knowvn quantities into the expression for *fgives a
characﬁeristic article diameter for one impactor stage. With a
cascade impactor the size distribution of an eerosol may be obtained,
If p is unknown, all thet is obtained is a distribution of the quentity
CIPp, which, incidentally, is directly proportional to the free fall T
terminal velocity, This quentity is enough for some purposes, but

not for an idea of the sctunl size of the airborne particles, P
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The fact that the density of solid egzlomerates varies
extremely from the normal solid density is to be expected, 2nd early
vork with smoke perticles proves it, Whytlaw-Gray and Patterson
found perticle densities lower than ten per cent of the norme2l solid
value (9). In the present work the method used by these observers and
others (1) has been extended to the measurement of dreg diameters and
densities for agglomerntes of a number of substances, The experiments
are simply &n adaptation of Millikan's oil-drop memasurements of the
electronic charge (6), The velocities of a particle in free fall and
risins; under ~n electrical force are measured by observetion with a
lov~-power microscope, using a dnrk field and an eyepiece scale, Such
date for one particle are sufficient to calculate two of the three
varisbles involved: pnrticle drag dicmeter, particle mess, and the
value of the electronic cherge, In the original experiments with oil
drops the density of the perticle was that of the pure liguid, so the
perticle size and the electronle cherge could be obtained., Since the
value of the electronic chnrge is now fairly well estavlished, it can
be used to determine both the other vrrisbles when they are unknown,
as in the case of cgglomerates,

The Milliken cell used was o standard model dbuilt for the
Central Scientific Comprny, The plate spacing wns three millimeters,
with bettery voltages ranging from 90 to 270, depending on the
average particle mass of the aerosol used. 3By 2 number of precautions,
such as filtering the light from the source 2nd keeping the room
temparature constant, convection and photophoretic effects were reduced

to very low levels even without a constont-temperature bath surrounding
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the cell, The prrticles were introduced into the cell b& sprrying
from an éspirator or from a glass nebulizer which, although mnde for
solutions or liquid suspensions, was found quite useful far dry powders,
For one particle the free fall velocity and from five to ten different
velocities of rise under the electric field were me~sured, the
different electrical velocities corresponding to different particle.
chrrges, The calculations require these velocities for verious charges
becsuse, although the mpgnitude of one electronic chnrge is known, it
cannot be s2id a priori how mony unit cherges the porticle has, The
nurivers of electrons corresponding to the various observed velocities
con only be deduced by comparison of the velocities; the smallest
observed difference between two velocities then corresponds to a
difference of one electronic charge, if enough mezsurements have been
made,
The equations involved are simple force balances, 3Both in
free fa1ll and in rise under the electric field & termincl velocity
is reached in a matter of microseconds; the sum of the Ferces acting
on the perrticle is then zero, In the first case,
mg = 3mmDvg/C (1)
If the oparticle is rising in the electric ficld, |
neX-mg = 311/.4Dve/0 - (2)
The two unknovms D a2and m cnn be obtained from these two independent
equations, It should be noted that the D calculated here is actuwlly
the drag diametcr, defined by Howksley (4) as the value of D vwhich
satisfies the Stolzes law of resistance, It is perhnps nlso noteworthy

that the rrss of the particle can be obteined without assuning anybthing
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cbout the resistont force except ttmt it is proportionnl to the
velocity and has the same form with or without the elecirical force
acting, For, by dividing (1) by (2) amd rearranging, ve obtain

m = nerg/g(ve+vg)
All the coefficients of Ve and v, cancel in the division, The
calculrtion of D, of course, requircs the explicit form of Stokes!
law, and much of the scatter in the deta is attributable to this
approximation, When D and m are knbwn, an approximate density can be
calculated.

As a check of the method and apparatus, uniform Dow
poiystyrene spheres were measured, The dicmeter of thespheres wns
knowm ver& accurately from electron microscope observetions by the
manufacturer. The standard devietions for 0,514 and 1,171 micron
spheres werc 0,011 and 0,013 micron, respectively, The average error
in the density of these spheres determinced by the method above wes
less than five per cent, The deviations arc probably duc to convection,
the difficultices of obscrvation introduced by Brownian motion, and
the uncertainty of the values of the Cunninghon slip covrection to
Stokes! law, -Scveral choices arc possible for the Cunninghem correctiong
those used here were based on expérimcnts (2, 5, 8) with prrticles
ineluding sizes of the seme order of mognitude as the meon free path
of thc gas molecules, the range of intercest in this work.

Dispersal of morc concentrated suspensions of the polystyrene
produced.agglomerates contaiﬁing from two to thirty single spheres for

the 0,514 micron particles, and up to 500 for another latex of 0,132
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diametcr spheres, Photomicrographs reverled two types of agoregnte:
spheroidnl clumps and chains of moderate length, For agglomeratces

of unifornmlyr sized particles of knotm mass, the number of prrticiles

per agglomerate can be casily ascertained by dividing the two mnsscs,

In this wey four of the 0,514 micron ogglomerates verc shown to bé
doublets, and five of them/triplets, The doublets all had drag
dirmetcrs between 0,67 and 0,73 micron, the tripfﬁts betveen 0,80
and 0,84 micron, The exnct significance of these vrlues might be
found by calculations similer to thet of Fexen (3), who obtoined a
theoretical Stokes dismeter for symmetricnl doublets felling with

their line of centers in a vertical position,

"

Teble 1 shows all the substances measured, with their normnl

80lid densitics and the range of apparent densities of the agglomerates,

calculated from the experimentally determined drag diameter and mass,

Only for the polystyrcne and the aluminum oxide were the primory

marticles homogeneous in size, The results have been plotted on log

paper in the form CD2p versus mass (Figures 1 to 5), The equation of

the lines is*
('.31)2p=mB

*Note added Jrmu~ry 1€, 1956

The discovery of an error in the cnlculabtions indicrtes
that this equation should read

CIPp = AmB,

where A v2ries from about 1,1 to 2,2 for the substances used, ALlso,
B varies so widely among these substances and otheres subsequeantly
measured that the use of an average value is no longer Justified,
The range of variation of B is approximtely 0,3 to 0,67, Figures
1l to 10 are still useful for showing the 61rections and orders of

magnitude of the differences in behavior,
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The solid line on each graph isihe best linec through the data for
that substance, The dashed linec represents the equatiqn when the
average value of B (0,644) for all the substances is used, The
average deviation of the experimentally determined massfrom this line
is 32 per cext, The degrce to which all the materials fit the same
line is a2 measure of the similarity of both.the densities nnd shapes
of their agglomerates, In other words, it is a measure of the
constancy of the relationship between mass and drag diamcter for
various real particles,

Figures 6 to 9 show the dats obtained by previous observers
(1,9) calculated in the same manner. The averzage equation

0% = nP- o4k
thus may be said to hold, within the deviation noted, for mterials
with a range of normal density from 1,05 to 19.3 g./cc. and & range
of primary particle size from 0,02 to 0,5 micron, dispersed in the
ﬁanner of these experiments, ’

The behavior of particularly abnorml agglomeretes is
irdicated by the curve for cemphor smoke particles, which are well
known to have a very open brenched-chain structure (Figure 10). The
© data here fall 90 per cent below the average linej; it may be significant
that the slope is not greatly different, & tendency toward.this type
of behavior should be shown by agglomerates formed in the presence of
excess electric charges, which promote chain formation,

As hes been noted, the wide scetter of the data may be
attributed to the wide variations in the ove:all shape of the
agglomerates even of one substance, The smaller constant deviations

shown by each material, however, &re probadbly due to reasl differences
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in the packing of primary perticles in an agglomerate, There is no

obvious correlation between these uniform deviations and any common

properties of the substances, such as density, primery particle size,

erystal habit, etc, The effect is of course & composite of more than

one such factor, Further experiments are being carried out to shed

light on the problem, ,particunlarly on the relzstionship of crystel form

and surface structure to the packing,

Referring to the first yroblém discussed, size distributions

of airborne agmlomerates, the graph of CDEb versus mass may be used

with the jet impector to obtain drag diameter distributions for such

eerosols, From the CDEp distribution measured by the impactor the

distribution of perticle masses can be obtained simply by reference to

the curve, 4llowance may be macde for any available informotion on the

general shape of the particles, Then m can be substituted into

00%p = 6mC/mD = 6m(1 + 24 %/D) /D

to obtain D. 4 limitation is that the primary particles mus+® not bve

80 inhomogeneovs that agglomerates widely different in size can heve

the same mass,
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Nomenclature

&  Factor in Cunninghom correction, dimensionless

B Exponent in empiricel equation, dimensionless

C =1+ _2%45 » Cunningham slip correction, dimensionless

D Drag diameter of particle, cm,

D, Characteristic dimersion of collector in jet impector, cm.
e ilectronic cherze, electrostatic units

g Accelerstion of gravity, cm./sec?
m Mass of particle, gm,
n VJumber of charge units on particle

v, Velocity of 2ir flow in Jjet impactor, cm./sec.

v_ Terminal velocity of particle under electrical force, cm./sec.

v_ Terminal velocity of particle in free fall, cm,/sec,
X Electric field strength, electrostatic units/cm.

> lean free path of air molecules, c¢m,
A Viscosity of air, gm. [er, éec.

3.1416

3

p Density of prrticle, gm,/cc.

2 .
q’ = -DP¥g | impaction poraneter, dimensionless

18D
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Tablo 1

Normal Density, Primary Perticle Apparent Density of
Substonce Eo/CCe Size, microns o Agglomerates, g./cc.
Polystyrene 1.05 0.132 ‘ 0.26-0,76
Polystyrene 1,05 0,514 0.15—0.97'
Aluminum 2.70 less then 1 0,14-1,94
Aluminum oxide 3499 0,02 0,141,445
Zinc oxide 5,61 0.05-0.1 0.86-2,50
Zinc 7.14 less than 1 0.57-3.27
Carbon 2.25 . 0,0091-0,04£0

(camphor smoke)

10 AR I T T TTTTd .1 1
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0 0,514 micron primexy particles
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=
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Figure 1. Relationship between mass and inertial parenmeter for
polystyrene aggregates
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ABSORPTION (F NITROGEN OXTDES FROM WASTE GASES

By Max 8. Peters

Engineering Experiment Station
University of Illinois
Urbana, Illinois

Introduction

Many industriel processes evolve gases containing nitrogen
oxides, and it 18 often necessary to effect removal or recovery of these
oxides. In some cases, the gases must be cleaned before they can be
released to the atmosphere, while, in other cases, efficient recovery of
the nitrogen oxides is a direct and essential part of the manufacturing
process,

The removal of nitrogen oxides from gases becomes particularly
difficult at low concentrations because the efficiency of most removal
equipment decreases with reduction in oxide concentration. It 1s neces-
sary, therefore, to understand the controlling mechanisms in the process
before attempting to develop improved methods for removing nitrogen
oxides from dilute gases.

The purpose of this paper is to present an analysis of the
basic principles governing the absorption process and to show the results
obtained when various types of equipment are used for removing nitrogen
oxides from waste gases,

Controlling Mechanism

Nitrogen oxides are commonly removed from gases by aqueous
absorption accompanied by chemical reaction., The important nitrogen
oxides 1n processes involving reactions with aqueous solutions are NOp,
K204, and NO, Small amounts of NpO3 and N205 are also present in the
gases, but these compounds repidly come to equilibrium with NO and ROo
and represent only a small fraction of the total oxides at room or higher
temperatures (6, 7).

The essential chemical reactions occurring in the removal
process are:
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2 W0, (or z-raou) + H0 —-——"HI'03 + HNO, (&)
2 B0, £ H,0 + 10 + W0, (or 1/2 Np0p) (3)
2 M0 + 0p 32 X0y (or Kp0) (¢)
2 No, = N0 (D)

Reaction (D) attains equilibrium rapidly and the equilibrium constant
for this reaction is known as a function of temperature between 0°C and
90°C (8). The oxidation of NO proceeds relatively slowly although the
reaction goes essentially to completion.

Reactions (A) and (B) are reversible and proceed at a finite
rate., It is possible, therefore, that the rate of aqueous absorption
is controlled by the rate of the chemical reactions. Diffusional
resistance or & combination of diffusional resistance and chemical re-
action rate could also control the rate of the acqueous absorption,
The following integrated rate equations have been obtalned for the two
limiting cases of chemical reaction rate controlling (2) and gaseous
diffusion controlling (4%): (See table of nomenclature for notation)
Chemical reaction rate controlling,

Y
(v, ) M2 (Poy, g, Ps
Gaseous diffusion controlling,
1.86
(p /2 Jo.7a (p y1/2 =

iy

6
. 1/2("0.715 /2| 18

@) The following assumptionse were mede in deriving Egs. (1) and
2): '

1. Chemical reactions occur under irreversible conditions.

2. Constant temperature and constant gas rate prevail.

3. Instantaneous equilibrium exists between NOo and NoO).

4, Contact time is sufficiently short so that there is no
appreciasble oxidation of NO.

The theoretical and experimental results can be interpreted
on the basis of plate efficiency. With this approach, the practical
significance of the results is immediately apparent. Plate efficiency
1s defined as the amount of nitrogen oxldes removed from the gases
divided by the amount of oxides which would have been removed if the
plate were theoretically perfect.
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By choosing one experimental point as a basis, Egs. (1) and
(2) can be used to predict theoretical curves of plate efficiency versus
eNO, (i.e., NOp + 2 NpOy) content of the entering gases for the two
possibilities of chemical reaction rate controlling and diffusion con-
trolling. These two theoretical curves are presented in Figure 1.

Bxperimental tests were conducted to determine the controlling
factors in the aqueous absorption of nitrogen oxides. The experimental
deta were obtained with a bubble-cap plate column under conditions of
constant temperature, constant gas rate, irreversible reactions, negli-~
gible oxidation of NO while the gas was in contact with the liquid, and
essentially instantaneous equilibrium between NOp and NpoOy. A dense
mist was observed in the gas phase in all the rums.

The experimental results are presented in Figure 1 for com-
parison with the theoretical curves. As shown in Figure 1, the exper-
imental plate efficiencies decrease with reduction in gaseous eNO» con-
centration and follow the theoretical curve predicted for the case in

‘which the controlling mechanism is the rate of the chemical reactions,
In general, if operating equipment or operating conditions can be
obtained which tend to eliminate chemical reaction rates as the con-
trolling factor, the upper limit on the plate efficiency would be
represented by the diffusion-controlling curve in Figure 1.

Effects of Operating Variables

Figure 2 shows the effect of temperature on the efficiency
of nitrogen oxides removal from gases. As the operating temperature
is increased, the removal efficiency decreases. If the rate of the
chemical reactions controls the rate of the nitrogen oxides removal,
the reduction in efficiency with increase in temperature can be at-
tributed partly to the decrease in the fraction of eNOs present as
N2O4. On the same basis, an increase in operating pressure should
‘ give improved removal eff101enc1es.

The material used as the absorbing medium may affect the
removal efficiency. Experimental results are presented in Figure 2
comparing the removal efficiencies for the cases in which water (or
dilute nitric acid) and 20 per cent by weight agueous sodium hydroxide
were used as the absorbing media. As indicated in Figure 2, the
removal efficiencies with aqueous sodium hydroxide as the absorbing
medium are lower than those obtained when water or dilute nitric acid
is the absorbing medium. Tests have been made with catalysts in the
sbsorbing medium in an attempt to increase the rate of the controlling
chemical reactions; however, no effective catalysts for this purpose
have been reported (1).

The type of equipment used for the removal operation deter-
mines the magnitude of the contact area between the gas and the absorb-
ing liquid. ZExperimental tests have shown that the rate of removal of
nitrogen oxides from gases with aqueous absorptlon media is independent
of the bulk liquid volume or bulk gas volume and is directly propor-
tional to the interfacial area between the gas and the liquid (2). The
controlling chemical reactions, therefore, must take place in the region

e
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of contact between the gas and liguid phases,

Bquipment for Removal of Nitrogen Oxides from Waste Gases

The preceding discussion indicates that two factors are of
major importance in the development of improved methods for removing
nitrogen oxides from waste gases: (1) Since the rates of the chemical
reactions may control the rate of nitrogen oxides removal, a reasonably
long time of contact between gas and liquid should be maintained, and
(2) it is desirable to supply the meximum amount of gas-liquid contact
area.

The chemical reactions involved in the removal process produce
NO, and the absorptlon equipment must provide sufficient space for the
occurrence of the slow oxidation of NO. However, this paper is con-
cerned primarily with methods for obtaining the maximum removal effi-
clency for each gas-liquid contacting stage, and it is assumed that
sufficient free space can be provided for the NO oxidation.

A variety of types of eguipment can be used for the contact-
ing operation. Bubble-cap towers, spray towers, packed towers, fritted
bubblers, and Venturi atomizers are used for absorption operatioms.
Removal of nitrogen oxides from gases can also be effected by adsorption
on silica gel.

Although Venturli atomizers give a large interfaclal area be-
tween the dispersed liquid droplets and the gas, this type of absorption
unit is not effective for removing nitrogen oxides from gases because
of the short contact time (;). Fritted bubblers permit a relatively
long contact time and also give a large amount of contact area between
the dispersed gas and the liquid. Therefore, despite the disadvantage
of the high pressure drop involved in the operation of a fritted bub-
bler, this type of absorption unit could be useful for removing nitrogen
oxides from dilute gases.

Experimental Results with Various types of Removal Equipment

Experimental data were obtained with a fritted bubbler, a
packed tower, a spray tower, and a bubble-cap tower at gaseous concen-
tration of eNOo ranging from 0.2 to 2.0 per cent by volume. The es~
sential information on the characteristics of the experimental equip-
ment is presented in Table 1.

Water was fed to the units at a constant rate, and the flow
rate was measured by a calibrated rotameter and checked by volumetric
measurements. Gaseous nitrogen dioxide, obtained from cylinders con-

taining NOp and NpO),, was diluted with air and admitted at a steady

rate to the lower section of the towers. The gas flow rates were
measured by calibrated Venturi meters.

The towers were operated under steady conditions until
equilibrium was attained as indicated by a constant acld concentration
in the liquid product. Temperatures, pressures, and flow rates were
read, and samples of the inlet gas, inlet liquid, and product liquid
were taken. The liquid samples were analyzed by titrating a known
volume with standard NaOH solution. The gas samples were taken in
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evacuated bulbs containing hydrogen peroxide. The amount of gas
sample was determined by weighing, and the amount of nitrogen oxides
present was determined by titrating the nitric acid formed from the
reaction between HpOp and NOp and NpOy. From a knowledge of the flow
rates and concentrations, it was possible to calculate the removel ef-
ficiency, expressed as the per cent of entering oxides removed.

The variables, such as gas rate, tower height, and liquid
rate were chosen of magnitudes which would permlt a fair comparison
among the removal efficiencies of the various types of equipment.

The values chosen represent as closely as possible those which would
be used in corresponding industrial units.
‘The removal efficiency was found to b¢ independent of the
liquid rate in the bubble-~cap tower and the fritted bubbler as long
as the concentration of the liquid did not increase above 10 per cent
by weight nitric acid. The spray tower was operated at a ligquid rate
which would give & finely dispersed mist, while the packed tower wes
operated at approximately 90 per cent of the liquid flooding velocity.
A slot gas velocity of 1.17 ft/sec was used in the bubble-cap tower,
while the gas rate used in the fritted bubbler was the rate at which
well diﬁpersed bubbles first appeared. Superficial gas veloclties of
1.84 ft/sec were used in both the packed and sprey towers.
' Air was used as the diluent gas for all the test runs. The
gas-liquid contact time in the bubble-cap and fritted-bubbler units
was not sufficient for any appreciable oxidation of the NO formed in
the chemical reactions. Some of the NO formed was oxidized to NO» in
the packed and spray towers; however, this difference in the operation
is necessary in order to make a fair comparison among the various types
of equipment.,
Comparative results are presented in Figure 3 showing the
effect of entering oxide concentration on the removal efficiencies for
the different types of equipment. A reduction in oxide concentration
causes & decrease in removal efficiency for all the types of equipment.
Thus, as the gases become more dilute, the removal problem becomes
more difficult,
o The results obtalned with the single-nozzle spray tower
indicate very poor removal efficlencies at gaseous oxide concentrations
less than about 1 per cent. At higher concentrations, the spray-tower
efficlencies are camparable to those obtained in the other types of
equipment. The use of multiple spray nozzles would, of course, cause
a definite lncrease in the removal efficlency.

The removal efficiencies with the packed tower are lower than
those found with the bubble-cap tower or fritted bubbler. It should
be noted, however, that the decrease in efficiency with reduction in
oxide content is fairly gradual, and, at nitrogen oxide concentrations
less than about 0.2 per cent, the packed tower would be nearly as ef-
ficlent as the other types of equipment,

From Figure 3, it can be seen that the fritted bubbler gives
much better removal efficiencies than the other types of equipment
tested. The pressure drop per stage for the fritted bubbler was ap-
proximately 30 times greater than the equivalent pressure drop for the
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bubble-cap tower. Unless the gases were already under pressure, it
would be expensive to add the equipment necessary to force a gas through
a number of fritted-bubbler stages.

Since the removal efficiency of the bubble-cap tower &ap-
proaches that of the fritted bubbler at low gaseous oxide concentrations,
the optimum type of absorption equipment should combine the good features
of both operations. A bubble~cap unit designed with & number of small
ges outlets in the caps should approximate the beneficlal effects of the
small bubbles and large gas-liquid contact area found in a fritted
bubbler. .
The results shown In Figure 3 indicate that the silica gel
adsorber gives the best removal efficlency of the units tested at
gaseous concentrations less than 0.4 per cent nitrogen oxides. If es-
sentially complete removal of the oxides ls necessary, the silica gel
aedsorber should be used since the removal efficiency does not fall off
rapidly at low gaseous concentrations,

NOMENCLATURE
A = gas-liquid interfaclal area, sq cm,
B = a constant at any temperature,
DNoO), = gaseous diffusivity of NpOy, sq cm/sec.
eNOp = NOp + 2 N20k.
In F = (4/75) (Dnooy/ar) L3 &,
Kp = equi%ibrium constant for the reaction 2 NOo = NpQy, atm~1,

PfNoO), = final pertial pressure of NoO), atm.

Poyo0), = original partial pressure of NpOy, atm.
t = contact time, sec.

Vg = volume of bulk of gas, ctc.
xp = effective film thickness, cnm,
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TABIE 1

TESI CONDITIONS USED FOR DETERMINING THE EFFICIENCY OF NITROGEN DIOXIDE
REMOVAL FROM DILUTE GASES WITH DIFFERENT TYPES OF EQUIPMENT

Total pressure = 1 atmosphere
Operating temperature = 25°C
Absorbert = Water, Gaseous diluent = Air

gIt

Type of Gas Rate Liquid Rate Pressure Remarks
Equipment cu ft (S.C.) cc per min Drop
per min cm H-0
Bubble-cap 1,06 Tower diameter = 7 1/2 in,
tower (slot velocity 300 1.8 Six bubble caps with 4 or 8
(one stage) = 1,17 ft/sec) 5/16-in, slots pet cap.
Liquid depth = 1 in,
Distance between dbubble-cap
plate and top and bottom
v plates = 12 ir,
Packed tower 0.53 150 2i0 Tower diamcter = 1 in,
(1/4~in, glass (superficirl per foot Packed height = U6 ing
Raschig rings) vepor velocity of Efficiency expressed as per
= 1,84 ft/sec) pecked foot of packed height.
height No channeling observed.
r&y tower 0,53 k70 1.0 Torer diameter = 1 in,
ﬁrNo. T58= (superficial Tover height = 52 in,
1 mm spray vapor velocity Finely dispersed spray
nozzle) = 1,84 ft/see) directed countercurrent
to rising gas,.
Yegligible amount of liquid
carryover in gas,
Fritted-glass 0.53 300 59.0 Tover diameter = § 1/2 in,
bubbler 12 medium~-frit glass rods,
(one stage) Fritted area = 1,03 sq in per rod.
Liquid head over frits =3 3/4
Silica gel 0,53 Packed height = 12 in,
adsorber (superficial Fraction seturated = 0,90,
(Yo, 5 commercial vapor velocit Time per cycle = 30 min,
gel - Ref, 3) = 1,84 ft/setj Efficiencies calculated from Ref, (3).
o b~ -~ ‘:«' " )
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MOLE % (NO2+2N,0,4) ENTERING PLATE

FIG.I-EFFECT OF eNO, CONCENTRATION ON PLATE
EFFICIENCY WITH ONE-PLATE BUBBLE-CAP
TOWER (PRES.= | ATM,,TEMP.=23°C.,GAS SLOT
VELOCITY =118 FT./SEC.)
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REMOVAL EFFICIENCY — PERCENT
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