Calculation of Smoke Plume Opacity from
Particulate Air Pollutant Properties
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Caleutation of smoke plume opacity from the properties of the particulate emission
is facilitated with the use of a parameter K (specific particulate volume cm3fm3/
extinction coefficient m™!) computed from theory. Graphs of K vs. the geometric
mass mean particle radius ot geometric standard deviations from 1 {monodis-
perse) to 10 are presented for particle refractive indices of 1.96~0.66i {carbon),
2.80-0.02i, .33 [water} and 1.50 at o wavelength of light of 550 nm. Experi-
mental data of K for various sources are reported. Application to the estimation
of the Ringelmann number is discussed and illustrated with an example.

Nomenclature

b extinction coeflicient per volume of
aerosol

(r)  particle number fraction frequency
distribution

I intensity of transmitted lght

To intensity of incident light

I/Ty  light transmittance

Z (13t

K specific particulate volume /extine-
tion coefficient ratio

L illumination path jength or di-
ameter of plume

" refractive index of particle relative
to air

ny real part of refractive index

T2 imaginary part of refractive index

n(r} particle number frequency distribu-
tion, which, multiplied by the
radius inerement, dr, is the num-
her of particles between » and r
- dr

@& extinction efliciency factor

7 particle radius

7an  geomeiric number mean radius

raw  geometric mass mean radius

Sp  specific projected area or the specific
extinction area .

W tolal particulate mass concentration

{ireek Symbols

o size parameter, 2ar/A

A wavelength of light

T 3.14159

p average particle density

oy particle size geometric standard
deviation
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introduction

Air Pollution Regulations

Regulations to control particulate air
pollution from sources are usually of the
following types:

1. visible  emissions  (Ringelmam
Na.);

2. particulate matter concentration
grain loading (grains/scf);

3. process weight code (Ib particu'ate
emission/1b process weight);

4. boundary line atmospheric aerosol
concentrations {(micrograms/cubic
meter).

A detailed discussion of the various
air pollution regulations and the com-
munities implementing them can be
found in Stern.! The regulation of
sources by visible evaluation of the
emission plume opacity (Ringelmann
No. limit) is the least time eonsuming
and least expensive method for a control
agency to  implement. Tor these
reasons Ringelmann number observa-
tions are frequently used to control
sources. In Table T the Ringelmann
number, plume opacity, and fractional
light transmittanee are compared.

Ringeimann numbers are used by an ob-
server to deseribe black smoke plumes,
and equivalent opaeity is used for white
or colored plumes.

A relationship between the plume
opacity and the particle physical prop-
erties (especially mass concentration)
would aid in the design of contrel equip-
ment and indicate correspondence be-
tween the various types of regulations
for particulate air pollutants, Often an
emission source will meet the particulate
matter eoncentration reguirement but
not the visual standard (plume opacity).

Previous Work

Correlations of particle mass concen-
tration to light transmittance have been
reported for a few air pollution seurces.
Stoecher? and Hurley and Bailey?® re-
ported measurements of particulate
mass concentration and opaeity from
coal combustion.  Stern! reported the
Ringelmann number expected for var-
ious fly ash eoncentrations from. a coul
fired power plant. Simultaneous mea-
surements of particulate mass concentra-
tion and plume transmittance for white
and black (fuel oil) smoke sources were
reported by Conner and Hodkinson
Ganslerd reported smoke meter measure-
ments of stack transmittance and mass
concentration for the emissions from a
Kraft recovery furnace. These studies
indicated that in a single source the light
extinction of the particles is directly re-
lated to the particie mass concentration,
Scatter in the experimental data can be
attributed in part to changes in the
particle size distribution, The inability
to contrel the particle size digtribution
was cited by Engdahl® and by Mitehell
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Table 1. Light extinction relationships of
plumes.

Equivalant
opacity
Per cent

Fractional
transmitted Ringelmann
light number
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and Engdah!? as a problem in developing
an empirical relationship.

The fwo general theoretical ap-
proaches have been (1) to assume a
monodisperse size distribution (or a
mean effective particle size) or (2} as-
sume o mathematical relationship for a
polydisperse size distribution. Hawks-
ley et al. Breported relationships between
plume light extinetion and mass con-
centration for an average rmonodisperse
size much smaller than the wavelength of
light and for an average monodisperse
size much larger than the wavelength of
light. Good agreement was reported
with the data of Stoecher for the small
particle case®  Conner and Hodkinson*
reported the use of a mean effective
particle diameter to explain their data
and presented caleulations relating mass
concentration o plume transmittance
for average particle sizes in black and
white emissions. Robinson® reported
the use of size distribution data for iron
foundry emissions: to caleulate nu-
merically the effeet of control equipment
on the plume opacity. The Bay Area
Pollution Control Board Regulation 2%
has a provision limiting the concentra-
tion from sources with a relationship
developed from a Ringelmann No. 2.
Robinson reperted that this regulation
was developed assuming an 0il aerosol
with a geametric mass mean radius of
0.234 and a geometric standard devia-
tion of 3.4, Pilat and Fnsor?! presented
general relationships of partieulate mass
concentration to plume transmittance
for fog-normal particle size distributions
and black and white emissions.

Objectives of This Paper

The ohjectives of this paper are: (1)
to extend the general mathematical re-
latiouships between plume opacity and
particulate air pollutant properties as
reported by Pilat and Ensor to a wider
range of variables, (2) to indicate the
effect and range of values of particle re-
fractive index and density, and (3) to
present recently recorded simultaneous
measurements of the plume opacity and
particulate properties.

Optical Properties of Particulate Matter

Light Scattering Theory

The attenuation of a cellimated beam
of light through a turbid medium over

August 1971 Volume 21, No. §

a path length L is given by the Bouguer
law (Lambert-Beer law)

I/l = expi{—bL} {13

where I /I, is the fraction of transmitted
light and b is the extinetion coefficient of
a valume of aerosol (m™t). Equation
(1}, in a slightly different form, has also
been used to relate light transmittance
of particle suspensions in liquids.  Skin-
nér and Boas-Traube!? reported an equa-
tion in the form

/Iy = exp{—SpWL} (2)

where Sp is the specific projected par-
ticle extinction area (m?%/g) and W is the
particulate mass concentration (g/m?.
Skinner and Boas-Traube verified equa-
tion (2) for a wide variety of conditions
for a transmittance range of about
80-10%. Equations (1) and (2) do not
desceribe the effect of multiple light
seattering which may be found in highly
concentrated suspensions or over long
path lengths. Hodkinson!? reported
that multiple light scattering is rarely
important in extinction measurements
of aerosols.

The light extinction coefficient & is
well defined theoretically and can be
used to develop relationships for the
specific projeeted particle extinction
area Sp.  The extinction coeflicient for
a volume of aerosol composed of spher-
ical particles is given by

b=r f " Qe (3)

where

= gize parameter, 2rr/A

r = particle radius

A = wavelength of light

m = refractive index of the
particles relative to air

nir) = sige frequency distribu-

tion, number of parti-
cles of radius r per
volume per Ar

Qrp(am) = particle lght extinction
efficiency  factor, the
total light flux scat-
tered and absorbed by a
particle divided by the
light Aux inecident on
the particle.

The light extinetion effciency factor

@ r for spheres, ellipsoids, and cylinders
can be computed using the Mie equa-
tions as described by van de Hulst,'s
For pure scatterers with typical refrac-
tive indices @z can vary {rom near 0 for
very small particles, to about 4 when the
particle diameter is near the wavelength
of light, and approaches a theoretical
limit of 2 for very large particles.

The particulate mass concentration W
for spherieal particles is given by

TQ
W o= 4/31rpf rin(ridr (4)
where p is the average particle density.
The particle size frequency distribution
n(r) is related to the total particle num-
ber concentration N and the particle
number fraction frequeney f(r} by

n(r) = Nf(r) 3

The [raction of particles between r and
» -+ dr is obtained by multiplying f(r)
by the particle radius increment, dr.

Heorvath and Charlson'® reported that
the ratio of particulate mass concentra-
tion to the extinetion coefficient W/b is
useful for correlations of atmospheric
visibility data. The theoretical W/b
ratio from equation (3) and (4) is

; f ‘n(r)d
- renir)dar
3* ).

Wib = —
fNQ;;-(a,??'L)Tin(T)dT'

(6)

The ratio can be made concentration
independent {or single particle scattering
by substituting equation (5) into equa-

tion: (6}
4 {77
3 f rif{rydr
Wb = p| el L (7)

f * Qulaym)rfrydr

For convenienee, Pilat and Ensor
{1971 assigned the name parameter
K to the integral ratio in brackets
{(specific particulate volume, em?®/m¥/
extinetion coefficient m™3). The pa-
rameter K is dimensionally similar to the
volume surface characteristic size de-
seribed by Herdan (1960).% K is pri-
marily a function of the particle size
distribution, refractive index, and to a
less degree, the wavelength of light.

497




Table lf. Selected air pollutant size distribution data.

Geometric mean

Source, radius, Geometric standard

tUncontrolled Feuw.u deviation, oy Reference
Wood stmoke 0.035 1.7 18
Qil firad power

plant 0.5 3 - 19
Electric steel

furnace 1.1 8.2 20
Automobile tail

pipe 4.8 3t 21
Cement dust 8.5 3 22
Pulverized coal

power plant 3.5 4 23
Hot mix asphalt 17 2 20
Spreader-stoker

coat furnace 35 5 23

From equations (1) and (2), the ex-
tinction coefficient b is related to the
specific projected area Sp and particle
mass coneentration by

b = SpW (8)

By substituting equation {7) into equa-
tion (8), the specific projected area is
given by

Spmt/g) = g (0)

A working equation car be developed
from equations (2) and (9} to calculate
the expected mass concentration for
varipus values of plume transmittanee
(or opacity), average particle density,
and plume diameter

W= —K }’ In (/) (1)

Range of important Variables

Particle Size Distribution. The iog-
normal particle size distribution model
can be used to deseribe a wide variety
of polydispersed systems such as those
resulting from comminution of solids or
spraying of lguids. A complete de-
seription of the use of the log-normal
size distribution is given by Herdan
and by Smith and Jordan.” ‘The log-
normal size distribution for a number
frequency distribution is given by

) = = o X

In2 r/r.,
#xp - [21;1'** o’,,] (1)

where r,. 13 the geometric number mean
particle radius and ¢, 1s the geametric
standard deviation (& measure of the
polydispersity or bresdth of the particle
size distribution). Log-normal distri-
butions of particle number, area, and
mass are related mathematically. The
geometric standard deviation remains
the same for these distributions. The
relationship between geometric number
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and mass mean radii, r;. and r,, respee-
tively is

mrey =Inr, — 3lvie, (12)

Bize distribution data can be redueced
graphically by plotting “smaller than”
cumulative size frequency versus size
on logarithmic probability paper. 7,
for mass distribution dats, is the radius
at the 309 size and o, is given by

_ 84.13% size _ 50Y, size
7T TROY, size 15.879, size

Particle size distributions reported for
air pollutants indieste that both the
geometric mass mean rading and the
geometric standard deviation ean vary
over wide ranges. The particle size
distribution in the emissions from a
given source depends on the nature of
the source {combustion, metallurgieal,
ete.), and the degree of eollection.
Hopefully, similar sources should have
similar particle size distributions. A
summary of typical size distributions is
presented in Table II. The extremes
in the geometric mass mean radius were
from 0.04x for wood smoke to 35u for
fly ash from an uncontrolled coal stoker.
The extremes in the geometric standard
deviation are 1.0 {monodisperse) to 31
reported for automaobile emissions.

Refractive Tndex. The optical prop-
erties of the particles are described by
the refructive index. The refractive
imdex is & complex number, = 71, — in,.
The real part, n:, deseribes the light
seattering properties and the imaginary
part, #s, describes the light absorption
of the particle material. In Table IIT
refractive indices for pure erystalline
solids and various liquids are presented.
Air poilutant particles may bhe composed
of & mixture of materials.

Particle Density.  Densitics of pure
materials which may be found in air
pollutants are also presented in Table
IT1. For actual pollutants the particle
density may, be much smaller than ex-
pected from the pure substance due to
unhomogeneous eomposition of the

particle, For example, centospheres
(hollow particles) with a dessity less
than 1 g/ec are sometimes found in
power plant emissions.?

Calculations

The equation for parameter K is ob-
tained by substituting equation (11} for
the size frequency distribution f(r) into
the integral ratio in equation (7) re-
sulting in

£ In? v/,
2oy — | — LT .
4 j:. riexp [2 e Jg:! dr

K=--
3 " _ In®r/ro,
f: rlds(a,miexp [2 Tz ag:}dr

X (13)

The parameter K was caleulated using
equation {13} with equation (12) to ob-
tain rg, from 7,..  The efficieney factor
Qele,m) was caleulated by forwar]
recursion methods and was in agreement
with the results reported by Penndorf.#
Bquation (18) was integrated with the
trapezoidal rule, reported by Deirmend-
i1an® to be suitable for integrations of
light seattering functions over particle
sige,  The value of Ar was about 197 of
r ovor the wide range of particle sizes.
The theoretical limit @ = 2.0 was used
for values of « greater than 75. This is
a good assumption if the aeceptance
angle of the instrement used to measure
light extinction iz very small (for ex-
ample, the aceeptance angle should be
less than 0.7 if the largest particle in the
duct is 3 pm in dizumetert),

Resuits
Calculation of K versus rpw and o4

The results for refractive indices of
1.38, 1.50, 1.96-0.662, and 2.5-0.027 are
presented in Figures 1-4 respectively.
These results, as indicated in Table 111,
cover the range of refractive index which
should be important. The refractive
index 2.5-0,02¢ ig a value assumed to
represent a material such as iren oxide
with a weak Hght absorbing component.
A wavelength of light of 850 nm was
used as an average for visible ight. Tt
is approximately the wavelength of
maximum sensitivity for the human eye.
The range of 74 and o, 15 0.01 to 100,
and 1.0 (monodisperse) to 10.0, respec-
tively, and should include the values
expected for most air pollutants.

The effect of refraetive index is rel-
atively unimportant for particle radii
greater than about 0.54.  However, for
particle radii less than about 0.5y, the
magnitude of the absorbing index (n) is
very Important. The light extinction
by pure light scattering particles {ne
light absorption ny = 0.0} decreases
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rapidly with a decrease in particle size
{(light scattering is proportional to r® for
small particles). However, for absorb-
ing or opaque materials, smell particles
extinguish light proportional to their
volume? (light extinction is propor-
tional to r®) resulting in a constant value
of K.

Experimental Data

In Table IV experimentally deter-
mined optical parameters are presented
for various sources. The more optically
active the material, the larger is the
specific extinetion area Sp{m?*/g) and
the smaller is the speecific particulste
volume to light extinetion coefficient K
{em3¥%m?. The reporting of both pa-
rameters isolates the effect of the particle
density assumption. Sp can be eom-
puted for a given source with the use of
equation (2) and measurements of the
light transmittance, particle mass con-
centration, and path length, K can be
computed from Sp with the use of equa-
tion (8) and the assuming of an average
particle density. K can also be deter-
mined with knowledge of the size dis-
tributior parameters (geometric mass
mean radius r, and the geometric
standard deviation ¢,) and the rvefrac-
tive index from Figures 1-4.

Discussion
Application of Results

The theoretical approach presented in
this paper is intended to be a guide to be
used with judgment to estimate plume
opacity [rom the basic physical prop-
erties of the aerosol. Obviously, when
there wre large deviations from the as-
sumptions used in the caleulations such
ag s non-logenormal size distribution
madel or a change in the aeroscl con-
centration on size distribution befween
the loeations of particle source testing
and the plume opacity measurement
deviations from the theoretical predic-
tions may result.  The measured K data
in Table IV indicates the magnitude of
the optieal activity of actual aerosol
emissions and may be used to supple-
ment the theorefical caleulation of
plume opacity from the particle size dis-
tribution, However, the data in Fable
1V are insufficient to verify the theoret-
ical relationghip.

Verification

Iach part of the theory should be
considered from the standpoint of
validity. A fundamental part of our
analysis is the use of Mie electromag-
netic seattering theory for spherical
particles. Mie theory has heen verified
under very carefully controlled experi-
mental eonditions for single spherical
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Table ill. Physical propetties of possible air pollutants.

Wave- o
Tempera- length of Refractive index,
Density, ture, light, m=m— N Ref-
Substance g/ce °C nm n Nz erence
Aluminum
oxide-AlO; 3.5 — 589.3 1.77 10 24
Garbon .
(amorphous} 1.8-2.1 — 436 1.80 .68
546 1.96 0.66 25
623 2.00 0.66
jron oxide
FeqO; 5.2 — 589.3 2.78-3.01 ? 26
Calcite
CaCO; 2.7 — 589.3 1.5-1.65 ? 26
Quartz, 5i0, 2.32-2.66 — 589.3 1.544 Very small 26
Na:S0y 2.7 — 589.3 1.47 ? 26
Zing oxide ZnQ 5.6 _— 589.3 2.0 ? 26
Wood smoke 1.3 — 540 1.53 0.00095 27
SuMuric acid
0% 1.811 8.3 589.3 1.437 Very smakl 26
Benzene,
CeHg 0.88 20° 589.3 1.501 Very small 26
n-Decane 0.73 20° 589.3 1.412 Very small 26
Water 1.0 200 589.3 1.333 Very small 26

Table IV. Measured optical properties of emissions.

pgiem?

Average (as- Average Ref-

Source Low) Instrument  Sp m¥/g sumed) K cm¥m?  erence

Orchard heater

(Black smoke) 0.43 Visual 20 2.0 0.025 30
Coal power plant

(Fly ash) 1.14 Bolometer 0.78 2.0 0.64 author
Coal stoker

(Black smoke) 0.30 Smoke meter 6.1 1.95 0.G84 3
Coal stoker

(Black smoke) 0.15 Smoke meter 4.6 1.95 0.11 2
Oil power plant

(Black smoke} 0.2 Smoke meter 8.7 1,95 0.659 4
White smoke

Generator 0.2 Smoke meter G.87 4

W=0.22 g/m? 2.5 0.45

W= 0.47 g/m? 3.8 0.30

W = 1.00 g/m? 5.75 0.20
Kraft mill recovery

furnace W ==

0.15 g/m? 1.52 Bofometer 1.7 1.0 0.6 3
Veneer dryer 1 Visual 2.8 1.0 G.36 32,33

particles®™ or clouds of spherical par-
tieles.*  Light extinetion by non-spher-
ical particles in random motion was re-
ported by Hedkinson® to be nearly the
same as that for spherical particles
much larger and much smaller than the
wavelength of incident light. The effect
of irregular particles with sizes near the
wavelength of light is to smooth the
light extinction efficlency factor g
curve as a funetion of the size parameter
(29
Mie theory has been used to caleulate
the light seattering of polydisperse
aercsols for many years.?® The light
seattering coefficient of a eloud of par-
ticles was reported by Holland, ef al.,®
for tale dust and by Zuev, et al.,® for
artificial fogg to be in pgood agreement
with that caleulated with Mie theory
using measured particle size distribu-
tions and refractive indices.

There remains, however, the verifica-
tion of the application of Mie theory to

the forecasting of plume opacity. Prob-
ably the most useful data of all would
be that characterizing actual air poliu-
tion sources, These data should con-
sist of simultaneous measurements of
the light transmittance (or the light
extinetion ecoefficient) over a known
path length, the particle rnass coneentra-
tion, and the particle size distribution at
various efliciencies of the control equip-
ment. It is important to measure the
particle size distribution (or characterize
it in seme way) to indicate if variations
in the Ks are due to experimental error
or o changes in the particle size distri-
bution. A feature of the theoretical
alculations  which lends  additional
credence to the source opacity correfa-
tion approach is the relative insensi-
tivity of K %o changes in the geometric
mass mean particle radius for polydis-
perse (o, > 4.) size distributions as
shown in Figures 1-4. Additionally,
the average particle density and the re-
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fractive index (the magnitude of the
imaginary part is very important for
small particles) may not he accurately
known for a given source.

Samptie Calculation

The estimation of the maximum
allowable particulate mass concentra-
tion for a given plume opacity standard
wiil be illustrated by an example cal-
culation. Let us assume that the regu-
lation specifies a maximum allowable
plume opacity of Ringelmann Ne. 1
(809 light transmittance through the
plume). It is given that the stack
diarmeter L is 32.8 £t (10 m), the exhaust
gases are at 300°F, and the particle
properties are & mass mean radius vy, of
2u, a geometric standard deviation o,
of 3, a density p of 2 g/em?, and a
refractive index m of 1.96-0.667 (carhon),
From Figure 3, 2 K of 0.6 em?/m? is
obtained. With equation (10} the
particle mass concentration which cor-
responds to the Ringelmann No. 1 is
caleulated

—-pr Il’] (I/Ia} _

W o= o RLINTAS
L
= (0.6 e/ m) 2 g/em) 1n 0.9
18 m
W == 0.027 g/em?® at stack conditions

Converting to units of gr/ft* at 300°F

W= 0027 g/ PALE

i 3
(0'3% Sm) = 0012 gr/ACF

Converting to standard econditions at
60°F

LU
CF A20°R 0.018 gr/BCF

W= 0012

Therefore for this case the maximum
allowable particulate mass concentra-
tion which eorresponds to a Ringelmann
No. 1is 0.012 gr/ACF or 0.018 gr/SCF,
It should be noted that this sample cal-
culation involved an assumption of
constant K. Actually there may be
some change in A upon the installation
of particle collection equipment due to
the decrease in the particle size. This
variation ean be taken inte account if
information concerning the particle size
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- Geometric standard deviation, 5,
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Figure 3. Parameter K as a function of the

log-normal size distribution parameters for a
black aerasol,
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Figure 8. Parameter K as a function of the
hypothetical refractive index for iron oxide.
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distribution of the controlled emission is
available (may be predicted either from
particle size measurements at similar
sources or by caleulations using particle
collection efficiencies of control equip-
ment as a function of particle size).

Conclusions

A general theoretical relationship be-
fween plume opacity and partiele prop-
erties kas been developed and compared
with experimental data. Numerical re-
sults have heen presented to include the
ranges of physieal properties expected
for air pellutants. The parameter K is
primarily a function of particle size for
particle radii greater than about 0.5 pm
and primarily a function of refractive
index for smaller particles. FPlume
opacity can be estimated for given
sotrees from the nomerical results.
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