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COMPUTER SIMULATION OF THE VISUAL EFFECTS OF SMOI03 PLUMES
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Abstract

Ulth recent changes plovided by the Clean Alr Act Amendment of 1977, the effect of indus-
trial smoke plumes on scenic landscapes assumes heightened importance. The impact of large
coal-fired power plants is most easily understood through the use of before-and-after
photographs. A technique has been developed to modify a clean “before” scene as dictated by
solutions to the radiation tranafer problem in a polluted atmosphere. This allows one to
produce simulated “after” scenes, which can illustrate the visual effects of pollutants
emitted under a variety of circumstance. Application of this techniquo to very large conl-
fired power plants suggests that such facilities may impair scenic vistas under some circum-
stances, unless stricter pollution controls and standards are enforced.

Introduction “

Existing and projected coal-fired power plants in the West have sparked considerable con-
troversy about their possible impacts on the environment. One of the principal areas of
concern has been the effect on tho individual’s enjoyment of scenic vistas. A Nntional Park
Service study’ identified this problem as a major area of concer,l over the ill-fated
Kniparowits plant. Furthermore, a multi-agency study2 on impacts of power plants in the
Southwest also identified lose of visibility as a major concern.

Recently, the Cic?n Air Act was amended to address these concerns. Section 169A3 states
“Congress hereby declares as a national goal the prevention of any future, nnd the remedying
of any existing Impairment of visibility in mandatory class I federal areas which impairment
results from man mnde air ~ollution.” In this context, visibility impairment is defined as
!Ireduction in visual range and atmospheric discoloration.” Mandatory Class I areas include
national parks and wilderness arena larger thun a specified minimum size. The goal is to
be achieved through & clean-up program for existing plante and stricter control of future
plants and other pollution sources. These chnnges in the Act make it more important to
develop techniques that can be used to predict visibility effects. A technique that permits
visualization of the effects of smoke plumee, therefore, would be most useful,

Coal-fired power plants emit particulate (primarily fly ash) and gases (e.g., oxides of
nitrogen and sulfur). At the stack top, fly ash and perhaps nitrogen dioxide will be tho
only visible components. Sulfur oxides convert to visible particulate sulfntes, however,
and nitric oxide converts to nitrogen dioxide and particulate nitrate.
faint white plume,

This results in a
which may become an obvious brown one downwind under conditions of

restricted dispersion. The appearance of tho plume will depend upon the changes in l~ght
transmission and scattering produced by the mnterials as a function of wavelength. It will
aleo depend upon the background against which the plume appears.

At large distances downwind, the contribution of several sources reflybc important and
the role of any ainglc source may be difficult to determine. While this regionnl haze may
be treated with technique~ used herein, this paper will not deal with thmt aspect of the
problem. Instead, thie paper will focus on the effects of coherent plumes on aroae within
60 milee of the mource, This circumstance is frequently kinown as “plume bliaht.”

Problem Appronch

The simulation of plumes Ie nccumplished throu~h a multi-stop process, First, a color
❑lide ie processed to produce information about the background scene. This sccno 18 then
modified to provide the VIOW as obrserved with tho ~moke plume. The second major etcp re-
quiret? the computor simulation of the background ntmosphero in terms of its brightncs~ in
each of threa wnvelenuths repromcntntivc of the colors red, blue, nnd green. Third, n cal-
culation of concentrations of llf;htscrt:terin~ nncl/or absorbin~ mnteriltls along onch line of
might is performed. In the fourth step, a solution iF3 constructed to thu rudiatlvo trur,sfcr
problsm for a eerles of infinite pianos oriontod normal in the line of sight, The boundury
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conditions are derived from the background atmosphere. The solution provides plume light
scattering (TRAD) and licht trnnsmi~sion (TR) for each line of sight. Next, the transmis-
sion and scattering values nre Interpolated over the entire photographic field of vision.
This is followed by modification of film densities to provide revised film densities for the
simulated scene. Finally, the densities are converted to equivalent brightnesses and dis-
played on a TV console. The screen is photographed to provide the picture of the simulated
ecene.

Original Slide Processin6

The original 35-mm color slide of Canyonlands Nationnl Monunent was scnnned on a flatbed
❑icrodensitometer using a 40-micron aperature. Three separate images were digitized,
scanning 512 lines of 825 picture elements through standard red, blue, and green filters.
The digitized pictures were expressed in photographic densities of O to 5.12.

Radiative Tranefer for the Background Atmosphere

The background ntm06PhcriC is idealized as a 30-layer, semi-infinite plnne, parallel
atmosphere. Both ftnyleigh and Mie scattering are considered. The radiative transfer equa-
tion is written as:

(1)

where I(T;p,~) is the intensity of radiation emerging at a level in the n’mosphere corrc.
spending to a normal optical thickness T in the direction IJ,~,and p is cosO; e is the angle
that the direction makes with the local zenith; ~ is the azimuth angle referred to an arbi-
trary meridian plane. W(T) Is the albedo of single sca”ctering, which is given by:

W(T) =
[

A.i(slm) + A~(srr)
1
/AT (2)

where A,‘s’m) refers
M~e ~catterlng and AT~:,:~a!~etlw change l,,optical depth in travc?rsing

in optical depth in traversing unit volume associated wit]]

atcd with Rayleigh scattering. The source term J(~;I.1,$)is given by:
unit volume a&fioci-

-T/po
J(T;II,$) = ~ e P(T;P,$;-IJo,+cJ)F

.

when it is assumed that F
to the incident direction

and

1
‘G H p(T; u,$;ul,+l )I(ul,+l)dv]d$ 1 (3)

-1 0

is the solar radiation flux per Ilnit nrea at T = O at rjght nnglcs
rtiprcscnted by -Po, +0. The boundary conditions are:

I(O;-IJ,+) = o (4)

I(Tb;+ll,$) = o (5)

The contribution due to grouad reflection is trcnted scparntely through n t,cchniquc dovvloped
by Chnndrusckhnr’.b Solution involves vxpunsion of the phase function in Lcgrtndrc polynomials
of the cc jinc of the unglc betwuen incident and cmcrgin~ rndintion. The rcxulting expression
can IJcwritten in terms of nH&OCiUtGd Leiwndrc pol.ynomim]s of u and IJ”nnd F%uric!r coef-
ficients of ~ nnd ~’. Fourier cxpnnsion of the intensities pcrrnits trunsformntjon of the
radintivc trunsfur cquntlon into n sot of uncoupled first order intel~ro-dlffcrentinl e{lua.-
tions for the Fourjcr cocrfici~ntu In(~;il).Thos[* equntionq nrc ~olvcd by nn itorutivn tc(:h-
nique as used by Ilrnslau nnd Dnvc.s Initially lhc!intensitlc~ arc all zero, nnd non-zero
fluxes arc produced by tho contribution of the r.lirc!ctsolnr rndiation. Thtu+c Intensities
nrc Hubstit.utcd iIJlothu source t.urm, nntinrw int.cnsities are calculntod. This procedure
ccntilluc~ until Huccussivo approxlmntion~ differ by lt?sHthnn 0.1%,



Contaminant Concentration Calculfttions

Contaminant concentrations are estimated via a GaussInn plume formulation.
formulation, the concentration at a point downwind distance x and a crosswind
mnd height.z is given by:’

where H ie the effective height of the centerline of the
the wind speed, Q is the source emission rate, uv is the

smr . plume

In this
distance y

above terrain. u is
kolL~ontnl dispersion parameter,

(6)

●nd UZ is the vertical dispersion parameter. Th& parameters Oy and Uz are dependent upon
the downwind distance and ttie stability.’ The effeczive plume height is the sum of the
etack height and the plume rise, which is calculated via Briggs’ plume rise equations, e
Equation (6) is valid for conservative pollutants. For pollutants that are converted from
other pollutants, an exponential conversion rato is assumed. For nitrogen dioxide, however,
it 18 assumed that the N02 concentration cannot exceed a value equal to 25$ of the NO con-
centration plus an amount equivalent to the background ozone in parts per million. With
equation (6), the concentration of pollutants can be calculated at each point along a line
of eight. The concentrations are then multiplied by extinction coefficients per unit mnss
concentration to determine the differential extinction coefficient along the line of sight.
Integration along the line of sight gives the optical thicknees along the path.

Plume Radiative Transfer Solution

Once the total optical thickness and tho absorption optical thickness are calculated, the
radiative transfer problf:m for the plume cnn be solved. The total optical thickness is di-
vided into n number of sl?gments. Each segment represents the value associated with an infi-
nite plann normal to the line of sight. A new coordinate system \vith the z axis along the
line of sight ie defined. The light intensities incident upon the outermost layer are given
by:

I(o;-114) =

while the light intensities incident upon

Io(Tb;-U~)e
‘Ob Dmax

the innermost layer.are

I(?max;+BZ) = Io(lu;P4)e
-ub dmino

where Io(Tb;l.l”)is the zero
th Fourier coefficient of the intensity for radiation trnveling

outwnrd. Dmax Is the physical distance to the far cdgo of the plume from the observer,
while dmino la the distance to l.henear edge. Ob IH the background ext.inctlon coefficj.ent.

The values Io(Tb;~”) are obtained from the Intennlties found for the background ntmos-
pherc through a coordinate transformation and expansion in a Fourier series about the trans-
formed nzimuthnl coordinate. Only the zeroth order term ie needed to determine the inten-
eity along the llne of sight.

The radiative trnnsfer equations are solved by an iteration technique eimilnr to that
used for the background atmosphere. Thie solution ie provided by the code PVISN. The out-
put of this etep is m plume transmission (Tit)nnd total radiance (TRAD), which are used to
modify the original picture.

Picture Element Manipulntjon

The digltizod imnga~ were processed on a CDC 7600 c~mputer using the Los Alamos Digital
Image Enhancement System (LADIES), a user-oriented subroutine pncknge for ima[:eproccssin~.
The computer progrnm POI.I,UTused the LADIES pnckn~o to superimpose the power plnnt plurnc nn
thu originnl clenn scene. The ljght trnnsmittnnc.c through the plume nnd tho totnl rndiance
from plume!pnrticlcR wore cnlculnted by code PVISN for 10 clevntion angles from the horizon
and 10 bearing angles from nn aesumed observer. l’hemjnimurn hGnring anglo of the culculntod
transmittnncu and rndiance dat.n correspond to tho left side of tho clcnn scone; the muximum



bearing angle to the right side. The code POLLUT was given the image line numbers thnt cor-
responded t~ the elevation range of the data. For each picture element where the power
plant plume was to be added to the original clean sccnc, an elevation nnd a hearing angle
were clctermined by a simple rectan~ular approximation. Given an elevation and bearing
anglo for each picture element, the l.ransmittancc and total radiance of the plume at that
element were calculated using a two-dimensional, linear interpolation.

The basic equntion dafining tho new picture brightness for each picture element with
superimposed pollutant data is:

Bnew - TR x Bold + Trad

where

Bold = picture brightness from
the clean scene,

The corresponding film densities aro obtained through the relation:

D m -y log (a Bnew)

where a is the factor representing th’?equivalent ex~osure. a is given by:

Dref.—
~lo ya = Bref

where Dref is obtained from the original slide. Bref is the brightness calculated for the
background atmosphere for the same portion of the Rky. The value of “a” i~ taken for the
bluo wavelength only; values of “a” for red and green are drawn from film characteristics.
This Is necessary because the actual aerosol conccnl,ration in the background sky is not
precisely known, and the Intensities for green nnd red light arc sensitive to this vmluc.

The new film density is given by:

D o -Y log (a Tr Bold + a Trad)

where Dold is given by:

and Dold is tho originnl slide density.

Image Displny System

The Digital Image and Annlysis Display System (DIADS) is the LASL imngc proccssin~ sYs-
tem. l)IAllSconsists of n PDP-11 computer, a CO!ITAL Imnge processor, control nnd d~splny
devices, and the computer softwnre required to provide a user \vith Intcractivc capability
to analyze and enhnncc iniagodata.

The new imnge~ of the poll!ltant-contaminntcd sccnc produced on the CDC 7000 computer are
written on mngnctic tnpc for subsequent proccssln[; on the DIADS sysl.em. The DIADS 1’DP-11
compuimr transl’ers the Imnge dntm from ma~nctic to the refresh memory of the COMTA1. irnm~c
processor. Slnco the oripinnl l“nngewns 512 x 825 pixels und the resolution of the imn~:e
processor is 512 M 512, the DIAl)S softwaru halvccl t.hcpolluted scene image to 25G K 412
pictu-.’eolcmonts berorc displaying the image on the CONTAL video CRT,

.
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Case Studlcs

Four separate cases were examined using this system. Case 1 is representative of a 30CIO-
MW, coal-fired power plant during low-wind stable conditions with a Venturi scrubber for
particulate control. The background ozone concentration was 0.05 ppm. S02 was assumed to
convert to particulate sulfate with a 96-hour life,
trate with a 46-hour half life.

while NOX converted to particulate ni-
Nitric oxide is assumed to convert to nitrogen dioxide with

a 2-hour half life until 25% has been converted. The source is assumed to have 90% control
of S02 and 99.5% control of fly ash, while NOX j.sreleased at a rate slightly below New
Source Performance Standards. The resulting emission rates are: 120 grams per second for
fly ash, 1750 grams per second for nitrogen oxides, and 500 grams pe’ second for sulfur
dioxide. Crise 2 represents the same source except a precipitator is used instead of a
scrubber for particulate control. C?.se 3 represents the situation of Case 1 except that neu-
tral stability is assumed instead of stable conditions. For Case 4, we examined the situa-
tion when a single 3000-MW plant is replaced by three 1OOO-MW plants. All plants are as--
sumed to have scrubbers.

The geometry of Case 1 is depicted in Figure 1, while the geometry of Case 4 is shown
in Figure 2.

Figure 3 is a computer rendition of the original scene. Figure 4 depicts the situation
for Case 1 with a 3000-MW plant wjth a scrubber during stable con~itions, One notes the
marked change of brightness along the plume that results from small angle scattering as the
scattering angle is decreased. The view of the plume passing in front of the bluff on the
left is an artifice of the code which assumes that the distance to terrain only depends up<,n
the elevation angle. The code is currently being modified to properly consider jrregul:ar
terrain.

Figure 5 illustrates the effect of replacing a scrubber by a precipitator. The slightly
deeper brown color of the plume is the result of increasing the role of nitrogen dioxide as
compared with that of light scattering materials, Near the plant, the precipitator-equipped
plant would probably appear much cleaner because the relatively larger particles released by
the precipitators would scatter light m~lch less effectively.

Figure 6 shows the situnticn of Case 3 with a
in a neutral atmosphere instead of a stable one.
with three 1OOC!-MWplants emitti,lg intc n stable
tant plant is almost below the horizoriwhile the

WIND FROM \
345” ●

SOURCE 100 DSERVER OISTNCE’50km
fIEARINGTOSCNJRCE ‘325”

,.

‘\.~fllON OF
.,3UN

OBSERVER’S
o

FIELDOFVISION

PLUME CENTCRLltIE
la?” DIRECTION w FILUhIE 7RAvEL~

sUN ANGLE ”ISO”
ELEVATION ANGLE* 45”

1s5”

Figure 1. Source-observer geometry
for cases one througi~ three. ‘

single plant whose emissions are released
Figure 7 portrays the results of Case 4

atmosphere. The plume from the more dis-
thircl plant is not in the field of \fiew’.

Figure 2. Source-observer geometry
for case four.

l,), \ .
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Figure 3. Computer rendition of original
clean slide.

Figure 4. Computer-simulated picture of a
smoke :plumc from a 3000-MW plant.
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Figure 5. Computer-simulated picture of a

smoke plump from a 3000-M\V plant
fit.t,edwith a precipitator.

Ficurc 6. Computer-simulated picture of iI
smoke plume from w iOOO-MW I)lmt
emitting into a ncutrnl atmosphere.
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Figure 7. Cc)!np~ltcr-~lmul[~tcdplct,uri!of
the smoke plumes from three
1OOO-MW power plants.
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Conclusions

142A-22

A technique has boon developed for simulating the visual effects of smoke plumes on a
ecenic vista. The technique Invtilves digitizing information on a color slide and modifying
the digitized densities as indicated by the solution of radiative transfer codes. The
modified densities aro displayed on a color TV console. The picture is then photographed
to provide a picture of the simulated scene.

Application of the technique to large coal-fired power plants suggeqte that these plants
❑ay impair scenic values under some circumstances when fu~’ther control devices are
installed.
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