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PREPACE

This report describss the results of a program to dovelop and evaluate a
transport/diffusion model for estimating ambient ground-level concentrations
from point sources in arecas of complex terrain.

At the begimming of the investigation, development of two modified
Gaussian-type plume models was proposed, as guided by regulatory requlrements%
The first model was to be a worst-case, single-point-source mogel to be used
as a screening tool for estimating hourly-averaged ground-level air quality
impact on a variety of individual terrain features; the second model was to be
an extemsion to handle multiple terrain features. At the conclusion of a
project technicgl review held at the Meteorology Laboratory om 20-21 July 1978
at the request of the govermment project officer, it was mutually agreed that;
"iplegentation of the worst-case screening mbdel'woul&’bé'premaﬁdfé;m Iﬁé%éad;
the progrem was directed toward furt, °r model refinements and extensions, and
included detailed comparisons of modes predictions with field measurements and
leboratory experiments.

In the execcution of this program, ' Environmental Research § Technelogy,
Inc. (ERT) has:.

® adaptéd the potential flow theory aspproach for meutral situations by
including the effects of terrain-induced perturbations on plume
trajectory, and on vertical and crosswind dispersion;

® developed empirical approximstions to the potential flow theory to
address both:

- $lightly stable flows; and
- obstacles of arbitrary krosswind aspect ratio;

© implemented and documented a computer algorithm to perform these
potential flow theory calculations; snd investipated the variatiomns
of results with changes in effective stack height, obstacle height,
dlstaﬁce to obstacle, stability, and aspect ratio; and

] made a preliminary assessment cf the model through a comparison of |
model results with U.S. Envirommental Protection Agency tow temk and
wind tunnel experiments and with atmospheric data from TVA's Widows
Creek Power Plant.
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ABS

The theory lof turbulent plumes embedded within potential flow fields is
liscussed for flows moldified by special complex tervain situations. Both two-
lizensional and 'three-dimensional isclated terrain obstacles are comsidered.
loncentration edtimates zre evaluated ¢sing a Gaussian selution to the eppro-
rriate difrusios equation; dispersion {oefficients are modified to account fom
terrein-induced 'kinematic constraints, |and plume centerline trajectory is
»btained frem a streem line of the potémtial flow. Specific limitations to
the theory and its applicability are reviewed.

A coaputer algorithm is developed and documented to perforn these cal-
sulations. Dispersion estimates and groumd-level concentrations ave givem for

variety of meterolegical situations.' Parameters of the problem_include.
ggéxaﬂle height, effective source helght, distance betwsen source and obstacle
crosswind aspect ratio of the ghstacle, and atmospheric stability. The
poténtial flecw theory, originally applicsble to neutrzl flows, is extended by
an empiriczl eppronrimation to slightly stable flows. Additionally, an inter-
polation scheme i3 proposed for cbject$ of arbitrary crosswind aspect ratio
between the limiting cases of a hemisphere and a half-circular cylinder.

For neutral znd slightly steble flows over two-dimensional cbstacles,
predicted maxizum ground level concentrations are similar to these expected
over flat terrain. For flcws over three-dimensionzl obstacles, however, the
model predicts an order of magnitude increase in the ground level concen-
tration. Model computations are compared to laboratory experimental results
for neutral and stable flows over an isclated obstacle with & crosswind aspect
ratio equal to that of the hemisphere, 'and for neutral fliows over obstacles
with aspect ratios that vary between those of the hemisphere and the citvoular
cylinder. Peak concentrations at the erests of these obstacles are found to
be overpredicted by no more than & factor of two. A preliminary test of the
nodel against field measurements indicates that the model computations
generally bracket the observed concentrations, with the major uncertainty
being the specification cof the dispersion parareters.

The perforizance of the potential flow model differs markediy from that
of the level plume and the terraim-followinz plume approaches to predicting
ground-level concentrationz in complex terrain. The level plume predictions
characteristically overpredict by one to two orders of magnitude, ond the
terrzin-following plume predictions characteristically underpredict by several
orders of magnitude at small zspect ratio. Consequently, the potential flow
approach provides a real potential for simulating physical interactions of a
plume with terrain features in complex terrain under conditions where the
atmospheric stratification is neutral to slightly steble, and where direct
plume impingement on the hill side is snot expected.

Recommendations are made for extcadimg the applicability of the modeling
epproech, and for providing additicncl data for adequate validation. Several
pf the areas cited for enhancement and extemsion include alternate turbulence
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typing schemes,&mn algorithm for estim?ting concentrations in hill wakes,

generalized potential flow stream functions for additional terrain shapes, an#

sdditional laborvatory data for stable flow over a variety of obstaclo shapes.
This report is submitted in fulfillment of Contract No. 68-02-2759 by

Environnental Rosearch § Technology, Ihc. under the sponsorship of the U.S.
Enviromsental Protection Agency.
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SECTION 1
INTRODUCTION

This study hes been motivated by the reguirement for a treatment of
plume dispersion in complex terrain that is practical for regulatory use,
yet retain- much of the essential physics of the problem. For regulatory
purposes, the modaling approach should emphasize cases with potential for
high ground-leVﬁl concentrations. Theﬁe include:

!
¢ stable conditions and low wind speeds, under which direct piume
impact or blocking by nearby terrain obstacles may occur, and

® neutral or slightly stable conditions and moderate or high wind
speeds, umder which the plume centerline trajectory passes over
and c?ose to the terrain surface.
] ?

This report anddresses the developsent of modeling methods for neutral
and slightly stable conditions. The goneral approach employed follows the
theory of turbulent plumis embedded within potential flew fields as develcped

by Hunt end Mulhearn (1973) and Hunt and Snyder (1578). The theory is

iapplied to the calculacion of ground-level concentrations using a2 Gaussian

orm of solution to the diffusic~n equation. Streamfunctions proper to
gotentlal flow over a cylinder (aspect ratio = ») and to potential flow over
a sphere (aspect ratio = 1) form cornerstones of the model. These are
extended to describe flows over terrain features of intermediate crosswind
aspect ratio by a weighting of the two limiting streaefunctions. This
weighting scheme was derived in part using results from wind tummel experi-
ments for flows over obstacles of 1nt»rmed1&te aspect retio (Smyder et al.
1979).

In addition, although the medel is strictly applicable omnly to neutral
flows, an empirical approximation scheme is included to define stresmline
lowering caused by imcreased stratification. The empirical tasis for this
portion of the model is derived from stratifled tow-tank experiments (Smyder
1977 and Snyder '1978). !

Other restrictions in the use of the model have not been addressed.
These limitations to the model arise frem the neglect of boundary layer
phenomena such as flow separation, unsteady wake effects, time-dependent
effects of stability (e.g., lee wave gemeration), and surface heating
effects. In addition, the theory is applicesble in a strict mathematical
.sense only for thin plumes. l

This report discusses the rationals for selecting particular modeling
approaches, provides full technical documentation for the algorithms developed

‘and presents, for a rumber of specific test situations, the results of
‘eomparisons between model calculations and lsboratory and field observations.



The reportéponsists of tuelve sections and four appendices., Section 2
presents a summary of the study smd its comclusions, and Section 3 states
recommendations for future lsboratory and/or fieid experiments to further
define and validate the modeling approdches. Section 4 briefly overviews
the technical aspects of complex tarrain modeling.

Section 5 describes the theoreticgl basis for applying potential flow
teory to the modeling of plume transpdrt and diffusion in complex terrain.
ﬁvmﬁm;m&pplica:btnty;“'anmﬁﬁgnatwwof*the"mem*y““dévme'pw“ﬁiy”
Hunt and coworkers ere reviewed snd approximatioms are imtroduced for prac-
tical application of the theory. A method is presented for calibrating
model dispersiom coefficients to varia@s diffusion paremeter systems. Im
Section 6 the theory ir applied to the jcalculation of ground-level and
centerline concentrat’ .ns for a variety of cases that illustrate the medel's
behavior, under meut.al stratification, with variations in effective stack
height, obstaclg size, and relative stack/cbstacle position. These cal-
culations are compared with U.S. Envircnmental Protection Agency (EPA) Fluid
Modeling Facility (FMF) wind tunnel experiments in Section 7.

The effect of stratification has been paremeterized, using data from
FMF laboratory tow tank experiments, by an approximation incorporated within
the -potential- flow model; this technique is described -in-Section 8. —The —!
limitations of the techmique are reviewed, and recommendations are proposed
for handling cases that are inappropriate to the potential flow theory
approach. Comparisons of model calculations with stratified tow tank
experiments are made im Section 9.

In Section' 10 a technigque based on theoretical arguments and wind
tunnel experiments is propesed to generalize the model to objects of arbi-
trary crosswind aspect ratio. The technique is evaluated in Secticn 11,
where the model is compared in detail to laboratory experiments simulating
neutral atmospheric flow over obstacles of triamgular cross-section with
crosuwind aspect ratios between 1 and infinity.

Preliminary tests of the model against field data are described in
Section 12. A total of seven test cases are presented, so the analysis does
not constitute 4 validation of the model. The cowparison does, however,
highlight a procedure for applying the model to the atmosphere, and illu-
strates the need for complete and detailed observations in any future
validation programs. i

Finally, a description of the coaputer model that has been developed to
perform the computations is provided (Appendix A), including a flow chart
(Appendix B), full program scurce listing (Appendix C), and an example of
the output (Appendix D).



SECTION 2

SUMMARY AND;CONCLUSIONS

In complex! terrain, two classes of meteorological conditions often are
associated with'the likelihood of large ground-level concentrations:

(1) low wind speed, steble cases, and {2) moderate or high wind speed,
neutral or slightly steble cases. The first class of conditions genevally
leads to high concentrations through direct plume impingement or terrain
blocking. The present medel does not treat direct plume impingement or
terrain blocking under stsble conditions. Specific recommendations for
é§e§§igg_plu@g,@ispegsign under stsble atmospheric_conditions are presented.
in Section 3. ,

The second' class of situations promotes high concentrations because, as
the plume is traensported over terrain features, it is forced to pass clese
to the terrain surface. Physical mechanisms relevant to this class of
conditions include terrsin-induced alteration of the plume centerline tra-
jectory and kinematic comstraints on horizontal and vertical dispsrsion.

The dispersica process in these situations is modeled as & Gaussian plume
embedded in a potential flow field. Thie eppreach falls between the two
extremes found in present modeling approaches in neutral situations:

;

[ i
a) the terrain-following method: where the plume rises everywhere over
the terrsin at e local elevation equal to the height of the plume

aboveithe stack base; and !

b) the level plume method, where the local terrain height is sub-
tracted from the effective height of the plume.
i |

In Case a, maximum ground-level concentrations are about the same as over
flat terrain, while im Case b; near-plume axis concentrations are predicted
at ground level for terrain elevations: approximately equal to eflective
stack height. HNeither extreme deels with terrain-induced changes in plume
trajectory and plume dispercion rates.

Various model modifications bave been adopted (e.g., the CRSTER model
with terrain truncated at the height of the stack top) to remedy this situa-
tion. However, such treatments are ad: hoc; by contrast, the potential flow
theory as described here appears to offer a practical and more physically
justifiable method for incorporating these effects within a Gaussisn plume
model.
A researchlcomputer algorithm basgd on the potential flow approach
computes ground-level pollutant concentraticns; plume centerline concentra-
tions; height of plume trajectory above the surface: and horizontal and



‘vertical disperéion coefficients. In the method used, for exemple, the
equation of the'plume centerline for flow over a hemisphere provides the
plume traj@ctorx in neutral flow by:

2 0. ____éf_m__._. «n? f1- o’ (2-1)
} x? + 224 32 g s x 2 z, . i, ) v/z

In this equaticn, x and z are the horitontal and vertical cartesian cosrdinate
of a point on the streamline relative to the center of the chbstecle, X_ and |
H_ ere the position and height of the stack, and & is the height of th

hill. The velocity along the plume trajectory, u(s), is determined by the

gradient of the stream function, y3D, describing the trajectory of the plume
centerline, such that:

3D 1/2
u(s) = éﬁ% e @LH? (2-2)
where E .
P2y = 0.5 vz? f1- ? 2 (2-3)
I = (X 2) 3/2

and U_ is equal to the veloclty far upstream of the hill. A Gaussian form
of the dispersion equation using coordinates along and normal to the
trajectory:

2

nf - £, () v ] (-9

J N - !
x*'(s,n,Y) T 205) exp | fl (s)‘n

!
provides dimensionless concentration estimates, x' = (xU“gZ/Q), where by
definition,

£10) = [ERE]Y[H06)] (2-52) -
£(5) = VUTE)] (2-5b)
g(s) = 4nfe(s)T(s)] "2 (2-6).
and
: !
4(s) = }f b (s*) R*(s") u(s')ds’ (2-7)
o
I s |
T(s) & éf [D,(s*)/ [u(s*R*(s")]1ds | (2-8)



*A similer sequence of Equstions (see Séction 5, Equations 5-7 through 5-13)
for flow over two-dimsmsionsl ocbstacles uses the two-dimensional stream
function for flﬁw GVSE 8 half-cylinderf

r°

2
*i (X.Z) = U_z(l- -lf1=—-—- (2-9)

(xi + zz)
! i '
To account 'for the effects of stabllitv, an approximation comsistent
sith lzboratory cbservations is adopted to lower the neutral stresmline
(Section 8, Equations 8-1 through 8-8), The height of the neutral streaam-

line within two obstacle heights of the obstacle center is lowered by an
mmount, §: ' '

}.
i

§(x) = Afl- %gl , for |x]<2a (2-10)

_8(x). =_0, for |x|>2a_

1
A i? Zc = Zeps and .
20 Zep -are the streamline heights above the crest in neutral flow,
agd in a flow characteriged by Froude mmber Fr, respectively.
a ;
A second approximation is Jderived' (Sectiom 10) to account for an
obs :acle with avbitrary crosswind aspect ratio, A. In this case, two and
. three-dinensional stresmlines are weighted to provide an intermediate plume
centerline trajectory: !

-1. 1,

o= [ spa(*' x) = Zoy, ) x)JA7 Zoyp (4:X) (2-11)

and the velocity components are weighted by the aspect ratio dependent
speed-up factor, S (Equations 10-13 and 10-14):

l }

U(x,z42) = 2.0[€02] - 1.5] U;

fYL(x,ZJ
+2.012.0 - S(N) Vg, (x,2) (2-12)

Medel covputat1ons indicate that maximum concentrations very signi-
-ficantly with obstacle size, effective stack height, and relative distance
between the stack and the obstacle (Setction 6). Comparisons of model
predictions with available cbservations test the model performance for a
limited mmber of possible combina‘ions of these and other factors. Table 1
summarizes the range of model parametefs involved in the comparisons. Nete



Froude number characterizing the importance of density stratification in
defining the flow (Sectiom 8), X /a is |the distance between the stack and
the ot-tacle normalized by thu cBstacle height, and H_/a is the e¢ffective
stack height normalized by the cbstacle height. s

*that A is the c%bsswind éspect ratio 0; the obstacle (Section 10), Fr is the.

TAéLE 1. RANGE OF MODEL éARAMETERS EVALUATED IN
~ |LAEORATORY AND FIELD TESTS OF THE POTENTIAL

! FLOW MODB,
|

Comparison?Study A Fr X/a H/a
Smooth Tunnel v 1iee 999 3.7 0.4,0.6
(Section 71 {
Tow Tenk | 1 0197 3.7 0.4
(Section 9) %
Rough Tunne’ 1,2,5,» 999 3.7 0.5,1.0
(Section 11)
Widows Creek 4 1.3-1.7 32 >1
(Section 12) © 0.4-1.0 12 >1

The "smooth tunnel" comparisons (Section 7) and the ''tow tank" com-
parisons (Section 9) test the model under conditions that minimize the
influence of processes not contained in the model. They show that the model
is able to predict the observed maximum surface concentration within a
factor of two (generally, overpredicting), depending om the interpretation
of the cobserved plume properties in the absence of the chs*acle.

The "rough 'tunnel" comparisons (Section 11) include tne effects of a
strong boundary layer on flow over obstacles with a triangular cross sectiomn.
Model predictions of maximum surface concentrations are again within a
factor of two (ocverprediction) for obstacles of aspect ratio 1. However, as
the crosswind aspect ratio increases, the concentration predictions fall '
below the chservations. The data indicate that the plume size is signi-
‘ficantly enhanced upstream and over hills with the larger aspect ratios.

The deformations included in the potential flow field approximation are only
partly responsilile. A better understanding of plume dispersion in a deforming
boundary layer flow is likely to be needed to describe these experiments :
more accurately. !

The "Widows Creck" full-sczle comparisens (Section 12) also show the
importence of accurately describing plume dispersion in the atmosphere. In
most cases, predicted sarface concentrations are extremely sensitive ¢o the
dispersion param-ters assumed. The limited comparisons of the modal with
field data show that most of the cbservations fall between model predictions
'when the two most appropriate dispersion paremeter classes are used. But,
much more field:data will bs reguired to adequately evaluate the model for

full-scale appl%cations in the atmosphere.



The comparisoas with laboratory data are put into perspective by
compering the obierved peak concentrations with predictions of a level plume
approach and a terrain—follow1ng appropch., For the level plume approach,
the predicted concentrations in the cases studied equal the centerlins

o

ions.

concentrations [in the absence of reflection), which range from a factor of
5> to two orders|of magnicude greater than the observed surface concentra- _
In the #ase of the terrain-following appiroach, predicted concen-

trations are esguatially zero. In terms of a "partial height correction”
apprcach, whichfis an intermediate approach between the level plume and the
terrain-following plume approaches (Section 7), the cbservations as well as
the potential flow model indicate that a plume path coefficient of 0.35 is
needed te simulate unstratified flow over the symmetric hill (not a ridge)
in the smooth tunnel, and a plume path coefficient of 0.1S5 to 0.18 may be an
approxim..te choice for a moderately stiratified flow (Froude number nearly
1.0) over a symmetric hill in the tow tank. In the rough tunnel, plume path
coefficients based on the observations; and the potential flow model pre-
dictions vary between 0.46 and 0.76. |

These preliminary assessments suggest that with verification and
-refinement, the, approach may be applicable to the following situations:

s k3 s i - 3
1solated, single tercain obstacles of arbitrary height, of cross-
section approximately circular in a plane parallel to the wind

dlrectlon, and of arbitrary aspect ratio in the crosswind direc-
t1ogﬁ and

neutrzl to slightly stable stratlflcatlon (depending on effective
stack!height).

A nunmber of limitations arise maihly from physical effects that are not
described by the potential flow model. The model should not be applied to
the following 51tuat10ns

stabl? flow cases in which the plume may directly impact the
hill;

dlsper51on cases dominated by suvface boundary layer effects;

unstable cases (e.g., strongly cenvective situations) for which
potential theory is unsuitable; and

cases dominated by wake effeéts.

The range of suitablie applications of the model is also limited by the
theoretical approximations made, and by the limited configurations studied
experimentally.i These limitations include:

the "thin plume" approximation (o /n << 1.0 where n is the
height of the plume center11ne abdve®the hill crest),

the sgrface boundary layer effects not considered in the model;

the Gaussian behavio. assumed in the model in comtrast to non-

' Gaussian behavior seen in some of the experimental results;



] restrittion of the available'experiments to a small number of
stack heights, and to fixed configuration of obstacle relative to
stack;! and ‘

°

the hill shapes used in the laboratory experiments, as compared to
the sp@ericml hill shape assumed in the theoretical calculations.

Fowever, Fich the prelisinary compariscns of thé model with lzboratory data,
fit is noted that the "thin plumse" approximation may effectively be relaxed
to o /n_ <0.3. Indeed, the errors introduced by such a relaxation are not
as sériﬁus 2s those introduced with either the level plume or the terrain-
following plume zpproaches.

I



SECTION 3

RECGSENDATIONS

The following recommendations are(proposed for extending the applica-
bility of the model and for its verification.

The complex terrain model uses the PGT diffusion coefficients
derived from observations made in flat terrain to predict what
will happen in complex terrain., The accuracy of the model might
be improvcd by using updated dispersion curves. These updated
curves would include, for exemple, changes with roughness length

‘or intensity of the wind direction fluctiatioms. — — T T T &

The changes in the properties of the boundary layer over a hill
are not well understosd theoretically. Further laboratory studies
of the behavior of the boundary layer could lead to better engi-
neering approximations to suvae of the effects.

Developing an zpproximate treatment for computation of ground-
level concentrations in the wake of a hill would extent the
applicability of the present model.

The applicability of the model could also be extended by incor-
porating known solutions to the potential flows around bedics of
different shapes, e.g., a bluff, or an elliptical ridge. The
problem of very stable flow around sn ellipsoidal hill, or of a
stack positioned away from the plane of symmetry, might z2iso be
addressed. Specific laboratory experiments of these {lows would
be importent in testing the generalized model.

The present model does mot treat a situation im which the wind
direction is oriented at some arbitrary (mot perpendicular) amgle
to an elongated terrain chstacle. Experiments should be made to
gather the data to model the effect of nonnormal wind incidemce.

The effects of varying aspect ratio and of varying stratification
have been independently incorporated into the model amnd ave
assumed to be additive. This superposition of effects seems
reasonable in the absence of any data to the contrary. Experi-
ments including stratification and varying aspect ratio would
provide useful data froa which the approximation could be refined.



Althchph not discussed in tlie present work, it is recommonded that
the igdeling techniquu used for stable cases should incorporste
recent suggestions to include (1) effects of enhenced crosswind
plume meander, (2) buoyency effects, (3) modified turbulence
typing schezes, and (4) physically realistic treatment of surface
reflection. A complementary set of simple modeling elgorithms
should be linked to the present model to handle those cases not
Eppropriate Tor the notenticl Fluow apbroach. Fleld verificstios
of such modifications would enhance the credibility of the
approaches substantially.

Rcutxne spplication of the model in the stmosphere requires the
deterimination of the Froude mumber for the flow at the terrain
elevation, Where only limited data are avgilsble at this height,
it may be necessary to infer the Froude mmber from surface
cbservations. Observational data should be analyzed to reveal
the uncertainties in correspondence smony Froude nusbers obtained
from data at terrain elevation and those inferred from standerd
airport cobservations; and model semsitivity to these uncertaiaties
should be evaluated.

i
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SECTION 4

CG%PLBX{TERR&EN MODELING: TEQHNICAL ISSUES AND CURRENT STATUS

The current Guideline on Air Quality Models (EPA 1978) lists no wmodel
es being genmerally cnplichble to complex terrain situstions, leaving the
matter to the discretion of the EPA Regionazl Administrator and to “expert
advice."” Becaude modeling is used to ascertain whother a proposed pellutant”
source will m20% azbient air quality starderds [e.g., Mational Ambient Air
Quatity Standards (HARGS) end prevention of significant deterioration (PSD)
increments), th¢ decision to permit new or expsnded industrial and energy
production facilities in complex terrain aress may be highly sensitive to
’ﬁﬁfféremces‘In*éaﬂpleﬁ terrain modeling techiniques.

As background to the modeling approach adopted, this section provides a
brief overview ¢f the present state-of-the-art for complex terrain modeling,
including key technical areas of intergst, recent advances and current
research, end.recont field and leboratory experiments.

Physical pgecesses of interest in complex terrain include:

e terrain-inéuced perturbations on wind speed end direction and
plume |trajectories for different stability conditioms;

e terrain-induced perturbatiané on the kinematics of plume shape,
spread, and growth for aitfer@nt stability conditions;

8 augnmented atwmospherie turbulenca levels and increased plume dis-
persidn coefficlents;

& effecés on plune rise owing to buoyant entraimment and vertical
shearq and, therzfore, on estimates of maximm ground-level impact
in complex terrain; and

Qo speciél eerodynemic effects, Lsuch as plume stagnation on the wind-
ward side of terrain features under stable flow conditions, and
wake ¢ffects on the lecward side of terrain festures.

4.1 Terrain-Induced Kinemaiic Comstraints on Dispersion and Plume Tra-
jectories

As a result of distortion due to éir flow arcund terrain obstacles, a
plume will pass. through phases of acceleration and deceleration along its
trajectory. To 'first order, these effocts are independent of the effects of
turbulient diffusion. Im particular, fér an incompressible fluid, mass con-
tinuity requires that an increase in velocity along a streamtube will result
in a decrease if streamtubs cross-sectiomal area, and vice versa. Thus, for

: example, a plumq passing up and over ah elevated ridge is expected to
sincrnzse velocity over the crest; correspondinyiy, the plume vertical spread

1



%ifl decrease. jziunt and Mulhearn (1973) applied two-dimensional potential
flou theory to qusntitatively describe the resulting ground-level concentra-
tion distribution. Their methed imvolved superimposing diffusion effects

to streamline trajectories defined by the potential flow theory. The

ethods used included both simple gredient-transfer (K-theory) assumptions
egnd the statistical theory of turbulent diffusion extended to deforming
§lows. The results for flow over e cylindrical hill showed that for a
source & fow W1l heights upwind; the ground-level concentrations spproached
those expected in the absence of the hill. Egen (1975) used potential flow

sumptions to describe the closeness of approach of a plume to ground
level, and the plume spread due to kinematic deformation effects, for two
cases: flow normal to a half-cylinier, and flow normal to a hemisphere.
i For two-dimemsional flow norzal to a half-cylinder, am elevated plume
that follows a streszmline is constrained to pass nearest to the ground just
absve the crest of the cylinder. tHowever, zbove the crest the strezmline
spacing is narrower than elsewhere, which tends to decrease o_ over the
crest. These two effects tend to compensate, such that the gFound-level
poncentrations B3y not be markedly larger than those expected in the absence
of the hill. This result should apply qualitaiively to flow normal to
&ﬁége—type terruin features.
% For three-dimensional neutral flow normal to a2 hemisphere, the strezm-
lines approach the surface more closely, and converge more than in the flow
over 2 half cylinder. Axial symmetry results in distortion of a streamtube
element as it passes over the crest. The flow kinsmatics cause a marked
local increase of o, and a marked local decrease of o  over the crest, and
the effects combine’ to increase ground-level concentritions significantly in
the vicinity of the hill top.
; Hunt and Mulhearn (1973) could not extend their statistical theory
approach to predict the concentrations at the surface; rather, they developed
en asymptotic thin plume solution to the advection-diffusion equation. This
solution forms the basis of the method adopted for this analysis.
? In more recent work, Britter et al. (1976) generzlized the Hunt and
Mulhearn model to calculate dispersion im inhomogeneous turbulent flows
around hills and other obstacles. They showed that wakes downwind of terrain
can produce a 30% increase in ground-level concentrations at dowmwind dis-
Rances as great as 30 hill heights. They investigated dispersion over low
h1115 and compared theoretical results with experimental lsboratory measure-
Be1ts to show that hills with small slopes may have a large effect omr surface
concentrations. In genergzl, they concludvl, terrain-induced comvergence and
divergence in the flow field will dominate small-scale turbulent diffusion
in controlling plume spread. Hunt and Snyder(1978) provided further evidence
bf the increase of ground-level concentrations for three-dimensional flows
pver obstacles.

k.z Enhanced Dispersion in Complex Terrain
' i

Field studies (e.g., Miller 1978) suggest that the routine use of the
dispersion estimates in complex tcarain situations can lead to erroneous
estimates of ground-level concentrations. Systematic errors are noted both
En near-field and far-field regimes. It appears that dispersion coefficients .
‘ should often be modified toward less stable values. A number of investigators
i
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ave suggested that, in complex terrcin settings, a shift of one stability .
lassification toward umsteble is apprdpriate (Hinds 1970, Leahey et al.
g973, Leahey 1974, MacCready et al. 1974, lramer 1975, Start et al. 1975,
tart et al. 1976, and Shearer et al. 1977},
r During stable conditions the effeet of terrain upwind of an elevated
source is primarily to increase the crdsswind sprezd or meander of the .
plume, perhaps because of cddies created in the horizental plame. Airborme
measurenents of plume growth under differing wind direction-terrain con-
igurations (Schiermeier and Niemeyer 1970) show that upwind terrain is
" portent in increasing the crosswind spread, but has lesser effect in
enhancing vertical dispersion rates. For settings in which the upwind fetch
does not include high terrain capable of creating eddy flows, one does not
ect to cobserve large crosswind me:nder at high elevations. Crosswind

meander is observed to be largest, othq. things be equal, for low horizontal
?ind speeds. { f
h.S Bucyant Entraimment Effects on Peak Plume Impact in Complex
Terrain
~&t —Convective activity may cause buoyant plumes to grow rapidly by entrain<’
ment of ambient air. This buoyancy-induced growth becomes less important as
the plume travels dowawind; end ultimately, the effects of ambient tur-
bulence dominate the plume growth. ‘
{ Over level terrain, the maxtimum ground-level concentration occurs at
downwind distances where the vertical spread of the plume is a large fraction
of the final plume elevation. At such distances the dimensiorns of the plume
Pre largely the result of awbient turbulence and are largely independent of
ithe initial buoyancy-induced entrainment. For this reason, buoyancy effects
on the plume growth rates are often ignored in air quality impact analyses;
rather, use is made of dispersion coefficients based on experiments with
passive, nonbuoyant plumes {e.g., the PGT or American Society of Mechanical
Engineers (ASME 1968) coefficients].
f For a plume traveling toward complex terraim the location of maximum
ground-level impact mey not be far downwind, and plume dimensions in the
region of maximum impact may be dominated by buoyancy effects rather tham by
ambient turbulence levels, ;
i The growth caused by buoyancy can be estimated on the basis of assump-
tions in the Briggs plume rise formulae (Briggs 1869). Specifically, Briggs
noted from cobservations of rising plumes that the radius, r, is about one-
half the plume centerline rise. This implies that plume growth is pro-
portional to plume rise. Cramer (1975) incorporated this observation into
estimates of plume expansion by defining a virtual scurce distance using an
initial plume dimemsion of Al/4.3. Pasquill (1978) suggested that the
growth is about AH/Y10 and that it can be incorporated by summing the squares
of buoyant growth and ambient turbulent growth.
i Egan et al.’ (1976) present examples of the difference between ¢_, the
passive (nonbuoyant) PGT vertical dispersion coetficient, and (0 ) ,"the
buoyancy-enhanced dispersion coefficient, for a typical 1,000 megawatt
ossil-fuel fired power plant under various atmospheric stability conditions.
_The largest differences occur for stable atmospheric conditions and low wind
‘speeds; at a downwind distance of about 1,900 m (zbout the location of finaji-
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plume rise), significant differences in ground level concentration estimates
would be expected on high terrain.

The potential flow model results with and without buoyancy enhzncerent
aro compared with tho Widows Creek Power Plant date. But the FMF laboratory
experiments used only neutrally buoyant plumes, so for those comparisons
only the no-enhﬁncement calculations ave appropriate.

L PlumeJisporsionard Transport Under Stable Flow Conditions

f

Stably stratified flow experiments in the lshoratory demonstrate that
the flow properties determining the trajectory of the plume arcund an
obstacle are sensitive to the ratio of 'inertial and buoyancy forces. Flow
normal to a two-dimensional ridge undef stsble atmospheric conditions may
iass over the ridge--if stratification .is weak and wind speed 1s surficiently
high. If the temperature inversion is 'strong and winds light, the flow may
"block" upwind of the terrain; that is, a plume mey not have sufficient
kinetic energy to flow over the ridge.: These situations require special
trestment of crosswind dispersion and reflection from the ground surface.
Different modeling approaches have been tsken to characterize enhanced
herizontal dispersion by plume mesnder during light wind conditions.” These ™
include: (a) explicit sector averaging with a variable stability-dependent
sector width (e.g., EPA VALLEY mod=l); (b) multiple sector sveraging (e.g.,
ERT ERTAQ model); and (c) statistical sector aversging using randomized wind
fields (e.g., EPA CRSTER model). i

In flat terrain, the zerc surface flux boundary condition leads to the
image source argument (Csanady 1973), implying a doubling of ground-level
concentrations at large downwind distances. This deubling factor may be
incorrect in many complex terrain situations. A number of investigators
(Briggs 1973, Cabe 1977, and Willizms 1977) have suggested that in abruptly
rising terrain Gaussian models should be used without doubling the surface
concentrations (the 'reflection effect®). Britter, Munt and Putteck (1976)
and Hunt, Puttock and Snyder (1979) report, on the basis of physical model
studies of terrain objects, that the peak surface concentration is close to
the peak plume centerline vezlue upwind of the obstacle; doubling of com-
centrations is not observed. Egan et al. (1979) have recently developed an
algoritha for quantitative estimates of the reflection ccefficient as a
function of terrain slope, plume height, and downwind distance. This
i1gorithm gives a veflection coefficient of one for flat terrain, and zero
or the limit of direct incidence on a vertical bluff. The algorithm has
mot yet been tested with field or physical model experiments.

The potential flow theory described in Sectiom 5 does not address these
stable flow incipence situations,
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SECTION §

APPLICATION OF POTENTIAL FLOW THEORY

S.1 Modeling Uditeria and Rationale

As a practical matter, it is neither feassible nor necessary to model
all possible combinatiors of topography and meteorological flow. For regu-
latory purposes, the required modeling approach should emphasize those cases
with a demonstraved potential for high ground-level concentrations.

. The modeling approach described in this report addresses the develop-
ment of methods for neutral and slightly stable conditions. For neutral
Hrosphéric stebility conditions, potential flow theory predicts that flow =
close to the surface and perpendicular ito an infinite, semicircular ridge (a
two-dimensicnal terrain obstscle) will 'accelerate and will 1ift cver the
ridge. A typical streamline is only ahout one-half as high above the ridge
crest as it is gbove the surface upwind of the obstacle. (Streamlines for
potential flow over a cylinder are shown in Figure 18b in Section 8).

Because the flow accelerates, streamline spacing d:creascs and the

gertical dimensions cf a non-diffusing plume decrease bv approximately a
actor of two. 'Thus, the ratio of plume centerline height to vertical

dispersion coefficient °, remains approximately the same as the ratio over
lat terrain. '

But when the flow approaches a sphere under neutral flow conditions,
the comparable streamline approaches the surface much more closely, and (it
can be shown) this ratio is much smaller. This results in much larger
ground-level concentrations.

5.2 Gaussian Formulations in Complex Terrain

Many of the' characteristics of flow fields in flat terrain cre zimifi-
antly altered by the presence of terrain obstacles. Flow field assumptions
licit to the application of Gaussian diffusion models include:
i
uniform (non-accelerating) velocity fields,

constaht plume centerline height (equal to stack height plus plume
rise) gbove a flat surface, and

° dispersion coefficients (o ,foz) determined by ambient turbulence
levelslindependent of the hean’flow.
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Pecause thgse assumptions are not|generally valid in complex terrain,
use of a Gaussian plume model requires|thought as to how to include these
fectures in a terrain-influenced situation. This section discusses the
modifications mdde in order to kesp a Gaussian description of plume disper-

£i0n.

Teble 2 ilﬁustrates the form of tﬁe vertical distributicn of concen-
-'“ti@n, x(x,2), and the scale of the vertical spreed (proportiomal t~ o )
aplied-by-solutions—of-the parsboticdiffusionmequation for-
crosswind line source. In Case 1 (flat terrain), both the diffusivity, X
and the wind speéed, U, are assumed constent in thezdownuind direction, x.
‘The solution is [the familiar Gaussian foram with o, = 2Kx/U. If it is
assumed that the diffusivity varies with dowmwind Zdistance (again for flat
terrain), the solutions have the form ghown for Case 2 im Table 2, with
factors expressed as line integrals along the plume trajectory. Finally,
consider flow over a terrain obstacle {Case 3, Table 2) with the wind speed
undergoing regions of deceleration and acceleration. Here, the downwind
distance, s, is ‘along the plume trajectory. Although the forms of the
solution and scale of the vertical spryad are not immediately familiar, it
can be seen that they reduce to the comstant wind speed and diffusivity
satuation-{Case-1}-in the limit of filat-terrain.— Such-solutions will becouns”
more familiar id Section 5.4 (Equations 5-11 and 5-23).

Strictly, the Gaussian form of theé solution to the diffusion equation
does not require that the wind speed b¢ constant along the trajectory of the
plume. A non-uniform velocity field can be accommodated withim the Gaussian
framework by evaluating a simple integral if U(s} is known.

Plume deformation and variable trajectory height can also be accommo-

dated. Assume, for example, that the Gaussian dispersion equation for a
complex situstion is written as:

2.2
e © 29 exp '_"22__._2_ (s5-1)
((Zm:ryozU)f (ayaz) 2(0z )faz

X is ambient pollutant concentration,
Q is eamission rate of pollutant,
denotes "flat" terrain values,

9, is o /(o the ratios of complex terrain to flat terrain
y 1sp¥t31onycoe§f1cientsi(the coefficients differing because
df plume deformation inithe presence of terresin cbstacles),

(-]

z 15 height of plume centerllne in flat terrain, and

n is ratio of height of plume centerline above surface of
terrain obstacle to the height of pi.me centerline above the
surface in the flat terrain case.
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TABLE 2. FORM OF VERTICAL DISTRIBUTION AND VERTICAL SPREAD IMPLIED BY SOLUTIONS OF THE CLASSICAL
PARAROLIC EQUATICN OF DIFFUSION*

Wind Speed Form of B in Scale of
Case Diffusivity u x(x,z) = x(x,0) exp(-B) Vertical Spread
(1) flat K U uz%/ [4xx] 2(l<x/U)1/2
(constant) (constant)
x X 1/2
(2) flat K(x) U u22/4 J K(x')dx"® 2[% J K(x')dx'J
(constant) ° o
t , 2.2 s 2_ | ks
(3) terrain K(s) U(s) [U(s)]“z°(s)/ |4 f K(s”)U(s”) ds” ie) f K(s“)U(s”) ds~
o ]

.‘EZ = 9 X
v ax 9z [K 292
1's = distance along piume centerline trajectory.

Adapted from Pasquill (1978), p. 4.



This is an sssué@d form, not a derivation; note that the choices
mM=as= 1. reduce Ecuation 5-1 tp the flat terrazin Gaussian model.
This ¥orn&1a conceptually distinguishes: (a) plume spresd (increase in o)
or shrinkage (décrease in 0 ) by flow deformation and (b) change of the Y
plume centurline trajectory owing to the presence of a terrain obstacle.
Changes in the concentration due|to the accompanying changes to the
Yyolocity field dre not explicitly accounted for in Equation 5-1 because
these—cniy—enter*iﬁtU“tﬁa“cvﬂtentrattvﬁ’scﬁtiﬁg‘fﬁéf@??‘“saal1 changes in
the transport velocity will result in small, inverse changes ts the scaling
factor or centeriine concentration.

The plume denterline concentrations will also depend on the product of
the parameters g and o 2 The groundslevel concentration, on the other
hand, will vary with thé ratio (n/a_ )} !in the exponential term. Egam (1975)
has argued that!|for neutral flow ovér two-dlmens1ona1 obstacles--where
n/a_ = 1.0--floy deformation has little or no effect on ground-level values;
for“flous approachlng a three-dimensiohal obstacle, however, n/a_ < 1.0,
leading to ground-level concentrations|larger that those in analgous flat
terrain situations.

In the discussion in Section 5.4, |the quantity nz, the height of the
phune centerline asbove the-terrain;isTevaluated by a particnlnr Ttwo= 0P
three-dimensiondl stream function (see;Section 5.4.3) and the values of
@ _,&_in Equation 5-1 are defined (see%Equations 5-56, 5-57; Section 5.5) in
td of particular line integrals. Thus, the method adopted is essentially
a modified Gaqsg%gp dispersion model.

i
5.3 Modeling Approach, Applicability, and Limitations
j .

This technique applies potentiel Jlow theory to a Gaussian point source
model. It permits explicit evaluation|of the terrain-induced kinematic
constraints and {trajectory variations.| In adopting the present technique,
an attempt has been made to breaden its applicability. Approximations have
been developed to extend tho neutral formulation to slightly stable cases
‘and to allow for terrain obstacles with crosswind shapes intermediate between
those of a cy11nder and a sphere. Thesa appror1mat1ons are based both on
theocretical and'semi-emp1r1ca1 grounds| As presented in the following
sections, the zpproach mav be suitable for the following topeographic and
meteorological situations:

) isolated, single terrain obstacles of arbitrary height, with
approx1mate1y circular cross<section in the downwind direction and
arb1trary aspect ratio in thé crosswind direction; and

9 neutrﬁl to slightly stable s{rat1f1cat1ons.
i
At the outset, the limitations oflthe present model should be clearly

stressed. These limitations arise malnly from physical effects that are not
described by theé potem¢i:> flow model.| The following cases are excluded:

o stable flow cases, where plumes are constrained to flow around
rather than over the cbstacle;

® cases idominated by surface bqundary layer effects;
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., ® unstelile ceses (e.g., convactive situations); and
@ caseslduminated by wake effefts.

Specific recommqndations based on thes? limitations were presented in
Section 3

‘S.4—Theoreticali-Basis-of Potential Fléw-Algopithne-—Neutral-Flows—

The potentﬁal flow complex terrain model incorporates the theory
developed by Hunt and Mulhearn (1973) énd Hunt and Snyder (1978) for tur-
bulent plumes eﬁ bedded within potential flow fields. They developed solu- ‘
tions te the diffusion equations describing flow fields over two-dimensional
and three-dimengional axisymmetric tervain obstacles. Qualitatively, these
solutions are g% Gaussian form, with crosswind and vertical dispersion
coefficients evzluated as line integrals of the velocity field along the
plume centsrling trajectory. Because the mathematics used are not immediately
familiar, some jetalls of the derivatida are presented; the reader is urged
to consult the originzl references.

5.4.1 TWojDimensional Obstacles

The startiﬂg point for the calculution is the two-dimensional advection
diffusion equation in the streamline ccordinate system (s,m,y):

9-1/8""
! 2.
' v oy’ ) 3
MO thwm am T RO e 69

Here, s, n, and are dimensionless dirvectional coordinates in the along
plume, normal, énd crosswind directiong relative to the plume trajectory.
When the terrain is flat and the trajectory is level, the s and n directions
correspond to tae downwind distance, x| and the vertical distance from plume
centerline, z. In Equation 5-3, u and v are velocities along and normal to
the trajectory,,and Dl(s) and Dz(s) are diffusivities in the n and y direc-
tions thet vary lalong the trajeCtory. |x' is the dimensionless concentration.
The variables im Equation 5-3 are nondimensionalized by the height of the
obstacle, a, and the uniform velocity upwind of the source, U_, such that:

x' = x Ul a%q (5-4a)
u(s) = U(s)/U (5-4b)
v(s) = V(s}/Um (5-4¢)
DI(S) ‘= Kl(s)/[auuj (5-44d)
D,(s) = K,(9)/[aU.] (5-4e)

:where Q is the %ource strength (mass/unit time), U(s) and V(s) are the
wdimensional velocities (length/unit time), and K, (s) and K,(s) are the
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Himensional diffusivities (length squa#ed/unit time}. The relationship
betwsen these diffusivities and the PGY dispersion coeff sients (Turner
1970) is explored in Section 5.5.

Substituting the continuity equatfon:

v ou -
into Equation 543 yields:
2 2.,
X' . ook, ax X -
ul) 35 1 "3 D, () N D(8) =3 (5-6)
n ay
Solutions to Eqiation 5-6 are sought that are Gaussian in form:
smjy) = —e exp [ - 3(5) 0l - £, (s) ¥7I (5-7)
XTSIy 2(s) P 1 2

|
and also satisfy the additional constriaint that the mass flux across the
ﬁﬁmgisémﬁtﬁgrifaf

4+ 4o

i I J u(s) x°'dndy = 1.0 (5-8)
9-1/R"

l -0 -0

This constraint requires that:

1/2
g(s) = mu(s) / £,(s) £,(s)] (5-9
Substituting Eqdation 5-7 into 5-6 yie.ds:
£,6) = IU(S)IZ/,[4 ¢(s)] (5-10a)
£,(s) = 1/[4T(s). (5-10b)
where:
S
¢(s) = J D, (') u(s')ds” (5-11)
o
and
S
T(s) = J [DZ(T')/UCS')]ds' (5-12)
[+]
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®py_Equation S-Qé

1/2

g(s) = 4nlé(s) Ts) ] (5-13)

In more familiar terms, the dispersion coefficients ir the Gsussian form of

::ihe diffusion eé;uation solution, o an o, are given by:
£,06) = 1[0 7 (5-142)
£,(s) = 1/[;;0},2] (5-14b)
ko) o
o’ = U2 £)]] = 20 (5)/[u(s))? (5-15)
oyz = 1Y[2 fz(sz)] = 2T(s) (5-16)

|
5.4.2 Three-Dimensional Axisymmetric Obstaclas.
|

. . ] .
The arguments for three dimensions proceed m:ch the same as in the
previous section. Tre appropriate non-dimencional diffusion equation is:

{
9-1/8" i 2 2
32;.' ! .31 3yt - a3y 3! .
u(s) 2s +‘ n - —x——an Dl(s] —5 ¢+ Dz(s) —5 (5-17)
{ an Y
shere the coordfnate system is TnoW with respect to (s,n,y). Here, vy is the
angular, azimuthal coordinate from the ‘axis of symmetry along the flow witn:
i

y = YR(s) (5-18)
#here R(s) is the distance from the axis of symmetry of the obstacle to the

plume centarlinq& and y is the cross-wind distance from the plume center-
liae. The continuity equaticn in this coordinate system becomes:

3—}2 + R—%)- = [iu(s)R(s)] =0 (5-19)

The trial solution sought is of the form:
wlem,y) = 5 expl-#, () n® -£,(s)v] (5-20)
TR g(s) 1 2

subject to the constraint:

2n +o0
! J u(s) x’(s,n,y}R(s) dndy = 1.0 (5-21)
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Subscitution -, Equation 5-20 into 5-17 yields:

£,(s) = NBWGPZ/HMQJ (5-223)
£,(s) = 1/18T(s)] (5-22b)

@IETE'
H - ! 2
¢{s) = J D, (s") [R(s")] u(s') ds’ (5-23)
(]
) (3 ;
TfS) = I [Dz(s')/[u(s') Rz(s')]]ds' (5-24)
i [} t

and substitution of Equations 5-20 and 5-22 into 5-21 gives:

1/2 (5-25)

g(s) = 47 [4(s) T(é)]

The forms of the familiar Gaussian dlsper51on coefficients are cbtained by
‘substituting Equation S-22 into Equation 5-14a and b:

i

|
o) = 26 (5) / [u(s) RGN (5-26)
oyz = 2 [R(s]]z T(s) (5-27)

5.4.3 Role of Potential Flow Theory

Values of the dispersion coefficients (Equatlons 5-15, 5-16, 5-26,
and 5-27) are determined at a particular distance, s, along the plume center-
line by line integrals (such as Equations 5-23 and 5-24) which are functioms
of the velocity along the plume centerline streamline, u(s), and (in the
three-dimensional case) by the distance, R{s), from the axis of symmetry.

In the potential flow approach adopted, s, u(s), and R(s} are detecrmined for
a particular terrain shape by a stream function, ¢. That is, the variation
of velocity alomng the plume centerline and the distance of the plume center-
line froa the surface (defining the plume traJectory) are evaluated apaly-
tically using the streamline equation.

It is assumed that the plume centerline follows the streamline through
the point source at the effective source height, H . Along a streamline,
the value of the streum function is constant, and The particular value of
the plume centerline stream function is denoted by ¢_. The vatue of by is
determined by three parameters: (1) effective source height H_ ; (2) helght
of the obstacle, a; and (3) distance along the x-axis from the base of the

source to the center of the cobstacle, Xs. The streamline associated with a
[
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particular strefa function, ¥, is dete&mineﬂ by the shape and dimension of
the terrain obstacle. The streamline taken to be the plume ceaterline is:

v(x,2) = 9 (X, H) (5-28)
-$§is gives the ﬁeight of the plume centerline sbove the surface at any down=
5usu14iistancer—§T—~$henve&ee§%y~£ie%d;k&ao;—ishde%efmiﬂe&~&y—the—stream
function, V¥, su?h that the along-streawline velecity, u(s), is:

!

2 2] 172
u(s) = (g;}‘(i] +|; [%] (5-29)

| . s 1 . a
The cases examined in subsequent sections include flow over a two-

dimensional ridge and over a three-dimensional axisymmetric hill. In the
two-dimensional' case, the stream function (Milne-Thomson 1960, p. 156) is:

2D % a2
. 34;1*'52__?_~Pm3 {gf__z._,_ . (5-30)
X+ z

where U_ is the:magnitude of the uniform wind velocity far upstream of the
source. The value of the stream function through the source is then:

a8

v ® x,n) = unli- _or (5-31)
$ s’ s @S X 2z, H 2
| (3 s
and the equatica of the plume centerline is:
}
|
2 &
a 12D
uzjl - ———s| = ¥ " (X ,H]}
© [ XZ . 22J F Ss° s (5'32)

For example, thé height of the plume centerline, z_, at x = 0 (over the
crest of the ri@ge) is given by solving the quaﬂra%ic egquation:
2 b
a”| _ D
umzc[l - ) ] - wsi (g.H) (5-33)
c

Analogous equations are valid in three-dimensions for flow over a
hemispherical hill. The stream function in this case (Milne-Thomson 1960,
p. 464) is: '

a>

i
3D 2

Vi (x,2) = 0.5U 2" 11 - = (5-34)
! [ 2 + 24572 ]
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+The value of tﬁg—stream function through a scurce at (g, H) is:

3

13D 2 a
*3 (xs,us) 0.5U, Hs 1- 3 7372 (5-35)
(X,” + H.%)
] ]
and the equatie§ of the plume centerlipe is:
3 ' 3
21, a 2 a
2% |i- - = H 1 - (5-36)
2+ 29 3/2J s (xsz R Hsz) 3/2J
!

5.4.4 Reduction of Solutioa to Fﬁat Terrain Case

To clarify the discussion in the previous secticns, consider the
situation of uniform flow with velocity U_ over flat terrain. Thae equations
developed in Sections 5.4.1, 5.4.Z, and 5.4,3 are gppliczble, and the solu-p,.
tion reduces to a recognizable fors. :

The starting point is the appropriate stream fumction, ¥, which in this
case (Milne-Thomson 1960) is:

i

o1 g v(z) = (U z (s-37) -

Note that there: is no dependence on x, and stresmlines are thus pasrallel to
the z-axis. The value of the stream function through the source, ws’ is

b)) = U H (5-38) -
!

.and, therefore,ithe equation of the plume centerline is:
¥(z) = W (H) (5-392)
or

z = H$ (5-395)
This is 21so equal to the distzncs from the x-axis to the plume centerlire,
so that R(s) = ﬂs. ‘
Substituting Eqration 5-37 into Equation 5-22, the velocity alomg the
pluze trajectorx is constant and equal;to: ‘
u(s) = const = U (5-40)
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?ﬁ,saiution in the form of Fquation 5-2D can now be evaluated. In flat terrain
the along-stresmiine coordinate, s, is| just the downwind distance from the
source, X, and the normal to the strezmline, m, is just the vertical distance

from the pluse centerline, z. The lin> integrels ¢, T, (Equations 5-23 and
5-24) reduce toi ’

¢ = D) HZ U x (5-41

T(x) = Dy(x) x/[u, Hsz] (5-42)

and fl’ fz, and g are by substitution:!
l ‘
fl(x) = U@/[4Dl(§)x] (5-23)

£,60 = UH /14, (x)x] (s-44)

- g(x) = amx {v, (x) D, (xi]“ 2~ 1545

iNoting that the crosswind distence from plume centerlinme, y, is given by:

y = HS Y; (5-46)
end substituting Equations 5-43 through 5-46 into Equation 5-20:

i

i . U, (2 2
X s —E e e {2 (5-47)
’ an xp,)2 4x by D,

1
This is the solution given by Sutton (1953) for a continuous point scurce.
The familiar Gaussian dispersion coefficients o »9, (see Equations 5-26 and
5-27) become: y

o = ,(xx/u, (5-48)
o,f = (5-49)

5.4.5! Limitations

Although iﬁportant features of the terrain-influenced flow field are
reproduced by the potential flow theory approach, inherent limitations

remaine ¢
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the péese:ce of a realistic Furface boundary layer is ignored;

relevent physicsl phencaenon such as velocity shear, radiative
heating, and flow seperation sre cmitted; end

] the theorstical model requires that the plume remain "thin"
compeged to its height abeve the terrain. For short stacks this
criterion is often violated mear the hill crest.

i
[Strictly speaking, the first two of these limitationms also restrict the
theoretical vslidity of a copventional Geussian soluticn in flat terrain
situstions {Pasquill 1978), unless the set of dispersion coefficients assumed
specisically account for these effects.] It is prudent to zpply the poten-
tial flow theory spproach only to the windward side of obstacles and not to
situstions dosinated by lee wake or separaticn effects not trezted in the
model. In many;of the results to be presented, the computed plume dimension
will violate the restriction to “thin plumes®, but it is not unreasonzble to
'push' the theoretical formulation in these cases (Hunt, Puttock, and Snyder
1973).

555 PGT Scaling of Dispersion Coefficients

Evaluating the terrazin-influenced dispersion coefficients (Equations 5-23

-and 5-27) with this formulation requires specifying the crosswind and the
normal diffusivities, D, and D,. To compare model calculations with
analogous flat terrsin Situatidns, an approximation scheme was implemented,
using the PGT dispersion coefficients (Turner 1970) as a calibrating scale.
Qualitatively, the diffusivity at a given distance from the source aloag the
plume centerline stresmline is taken as that for the same transit time in
flat terrsin. The consecuence of this assumption is that model calculations
of dispersion coefficients reduce to flat terrain values in the limits of
large downwind distances or small obstacles.

Newer and possibly superior formulations of dispersion coefficients
have been suggested (e.g., Pasquill 1578 and Trwin 197%), but have not yet
been adopted in EPA regulatory models.! Therefore, for ease of ccmparison,
the familiar PGT vaiues have been used in the calculations discussed in this
report. Other dispersion coefficient systems can be easily incorporated
within the basit¢ methodology used here.

Substituting Equations 5-23 and 5-24 into Equations 5-26 and 5-27
gives explicit expressions for o amnd o, . (From here on, the dispersion
coefficient in the normal directfon is denoted as o .} At a distance, s,
from the sourcealong the streamline, the dispersiofi coefficients are given

by:

5 2 ﬁi(s) s
o,f(s) = 5——=— [ R°(s') u(s')ds’ (5-50)
u“(s) R°(s) o

!

‘26



S
o, (5) = 2R%(s) B,(s) ﬂds'/[Rz(s') u(s") (5-55F
[+

where D,, D_ aré typical mean diffusivity values at distance s. _
Thése %alues are assumed to be given by the PGT values (ozf, cyf):
— |
171' B = ’”o“zzf‘fi EY72¢ {5-32) -
D e g 2 -
D,(s) = O (s)/2t (5-53)

‘where s is the integrated path length along the plume trajectery and t is
the advection time:

s = I is? (5-54)
[o]
-« -

t = [ S5 (5-55)
o )

Substituting Equations 5-52 through 5-55 into Equation 5-50 and 5-51 yields
the final form 9f the dispersion coefficients:

ui R%(s') u(s*)ds’ |
2 _ 2 rl-l_z(_sl " ds'
o, = o S g m (5-57)

The bracketed ghantities approach 1 as!streamline deformation becomes
negligible, and|o_,o reduce to their flat terrain values.

Figures 1 and 2¥illustrate the plime spread statistics o and o_,
respectively, for neutral flow over a circular ridge. The riﬁge is 7.0 ka
‘high; the point source, 200 m high, is/4.5 ka from the ridge center.
Calculations are shown for diffusivities scaleua to reproduce the PGT neutral
stability class|values for ¢_ and ¢_ in the flat case. This illustrates
that only the vertical dimenfions of the plume (as characterized by o )

differ from flat terrain values in floW over two-dimensional obstacles. (In

each of Figures}l through 4, the centetr of the ridge is indicated by a short
vertical bar at'the dowmnwind distance 4.5 lm; the horizontal bar extending
frem 3.5 km to 5.5 km denotes the windward-leeward extent of the ridge.)
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Figure 1. Horizontal dispersi'on coexficients for neutral flow
over a circular ridge.
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Figure 3. Horizontal dispersion coefficients for neutral flow
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As streamlines diverge to the leeward and windward side of the hill, a,
“ifMtreases. Ovey the ridge, vertical c¢mpression of the streamlines leads €0
a drastic decrease in o_. Over the ridge crest the vertical plume thickness
is about equal fo the h%ight of the plume centeriine above the surface
This mavginally obeys the thin plume spproximation.

Retaining ﬁhe same source-obstacl¢ geometyy, but changimg the terrain
ebstacle type from a circular ridge to|a hemispherical hill, Figures 3 and 4
display-tho—th: tmensional-neut tow-results—developed—From—Eous-
tions 5-26 and 3-27. In this case, both o_ and o_ are affected by the
potential flow field, as evidenced by ma¥ked infrease in o_ over the hill
top. Comparing|o_ values in Figures 2;and 4 at x = 4.5 knm réveals that the
vertical thicknes§ of the plume is more severely restricted in three-dimen-
sional flow than two-dimensional flow.[ In fact, as indicated in Figure 4,
ydownwind of the]hill o_ never recovers| from the deformation over the hill
top. At the crest, thé quantity o_/n %is approximately 2, clearly violating
the thin plume ¢riterion. The potént1§1 flow theory would not, strictly, be
applicable in this situation; however,)at least to the hill crest, useful
estimates should be obtained. Downwind of the crest, o_ is affected by two
factors that tend to increase its value over that prediéted by potential
£ow_calculatiogs_algvwey These -are:- -{l)-increased -diffusion across—streamu
lines because of smaller streamline spacing, and (2) terrain separation
phenomena, whicli enhance turbulent mixing over that given by ambient tur-
bulence rates. |Because of these effects, the model should only be applied
to the upwind side of terrain obstacles. ’

Figure 5tshows the evolution of the velocity speed up factor (the ratio
of the source streamline velocity in the presence of the hill to that in the
absence of the hill) for potential flows over the circular ridge and over
the hemispherical hill. Both streamline patterns upwind and downwind of the
obstacle crests are symmetric, so the speed-up factor has beer plotted only
from source to c¢rest. The theoretical|speed up value at the surface of each
of the crests ié 2.0 for the cylindrical ridge, and 1.5 for the hemispherical
hill. Because the source streamline does not touch the surface at the
crest, the surface speed up values arejapproached, but not attained, in
Figure 5. Note 'that the influence of the cylindrical ridge extends farther
upstream (and ddwnstream) than does the influence of the hemispherical hill.

s ns.
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SECTION 6.

NEUTRAL FLOW

6.1 Ground-Leveél and Centerline Conce?trations for Neutral Flow

The terrain-influenced dispersion|estimates developed for neutral two-
and three-dimendional flow cases were used to compute the plume centerline anc
ground-level concentrations shown in Figure 6. For the two-dimensional
cases, concentrations are computed by substltutlng Equations 5-11 and 5-12
into Equations 5-10a and 5-10b and Equatlon 5-13 followed by Equation 5-7.

two-d.menszonal streamline equation_for a given source-obstacle geometry
is calculated fgom Equation 5-32. For, the three-dimensional cases, concen-
trations follow from substitution of Equations 5-23 and 5-24 into Equa-
tions 5-22a, 5-32b and 5-25, followed By Equation 5-20. The three-dimen-
sional streamline equatien is given by Equetion 5-36. For the flat terrain
case, Equation. 5+47 was used. In Figure 6, curve 1 is the plume centerline
cencentration in the flat-terrain case; and curve 2 is the centerline con-
centratien in the three-dimensional hemispherical hill case.

In this flgure and subsequent figures, results are presented in dimen-
sionless form (see Section 5.4.1) withi!downwind distance from the source, X,
normallzed by the obstacle height, 2, and concentration, ¥, normalized by
U a /Q (Equationt 5-4a). Note that results are not independent of obstacle
helght a. Intrgduction of the PGT calibration of diffusivities (Section 5.5)
which ere not 1;near in the length scale, require that all results are
ispecific for theé particular obstacle height cited.

At plume ceénterline, the concentrations for the three-dimensional case, -
as well as for the two-dimensional case (not shown) are not appreciably
different from the flat-terrain case. |But they are strikingly different at
ground level; compare curve 3, the ground-level concentration in the flat-
terrain case, with curves 4 and §, the;ground level concentrations in the
three-dimensiongl and two-dlmen51onal ¢cases.

For the two-dlmen51ona1 ridge the magnitude of the maximum ground-level
concentration is about equal to the maximum in flat terrain, but the maximum
occurs at about r1dge top (4.5 km downwind from the source), whereas in the
flat terrain case the maximum occurs about 9 km downwind.

For the three-dimensional case the maximum ground-level concentration is
roughly 10 tlme% larger than in the flat terrain case, and occurs at the
leading edge of ithe hemispherical h1117 the concentrations remain very high
as the plume pagses over the hill, i

The ground-level concentrations for the two-dimensional flow are similar
to those for thd flat case because of flow acceleration effects: the reduc-
tion of o_ in the vicinity of the two-dimensional ridge crest is largely
Lompensateéd by d reduction of about equal magnitude in the closeness of
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Figure 6. Centerline and ground-level concentrations for cases
shown in Figures 1 through 4 (neutral flow).
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P agproach of theipluze to the ridge. In three-dimensional flow over the
.healspherxcal hill, however, the plume:approaches much closer to the hill top:
, and maximum ground level concentratxons can substantially increase.

6.2 Dependence on Stack Height and Position

The ground- level concentrations, sacwn in Figure 6 as a function of
dowmwind distance for the hemispherical hill and the cylindrical ridge, were
cosputed for a particulsr geometry; that is, hill (or ridge) height of 1 im,
'stack height = 0.2 [hill (ridgz) height], and stack located 4.5 = upwind of
,the hill (ridge). For each choice of geometry, the maximm ground-level
jconcentration occurs at a unique location downwind. Calculations of maximm
ground-level concentration, as well as the _position cf the maximm, were made
ifor various combinations of stack height, H_, and distance betwc .n stack and .
'hill center X_, both normalized by hill hexéht a. Figures 7 and 8 illustrate;
‘the regions id parasoter space in which calculations were performed for the
,tuo— and three-dimensional cases, respectively. For example, in the case of
‘the hemispherical hill (Figtre 8), assuming a hill height of 0.5 ka and a
d‘zensxonless effective stack height of H = 0.6, calculations were done __
varylnv “the dimensionless distance bnteeég stack and hill center, as, frea
‘values of 10 to 100. Results of this series of rmodel calculations are shown
in Figures 9 and 10 for the cylindrical ridge and in Figures 11 and 12 for
.the spherical hill, respectively.

; Figure 9 shows that the maximm ground-level concentrations are not
'affected very =zich by the cylindrical ridge, especially for stack heights
szaller thzn 0.5 times the ridge height. (In each instance, the dashed line
'is the value of the concentration for flat terrain.) For a nondimensional
'stack height of 0.8, and for stacks pOSlthﬁed between about 20 and 100 times:
the ridge height upwind of the ridge, the maximm ground-level concentratiocn
‘increases somewhat above the value corresponding te flat terrain. The
position of the maxiem shifts from leewards of the ridge crest to the crest,
as shown in Figure 10, as X_goes froa 20 to 100.

A spherical hill exertS a much stronger influence on ground-level rencen-
‘trations thzn does a cylindrical ridge. For short stacks not far fro= the
hill, the maximum occurs on the crest of the hill and can be considerabiy
‘greater than in the flat terrain case {see Figures 11 and 12). Farther froa
the hill, the maximum ground-level concentration occurs before the plume
'reaches the hill. This limiting behavior is shown in Figure 11, where, for
the smaller stack heights, all the maximum ground-level concentrations are
iconstant for large X . The hill exerts negligible effect on the maximum
‘groumd-level concent¥ation when the stack is a distance of approximately 10
hill heights or more zway from the hill center.

! For the higher stacks, the behavior is considerably different. Figure 11
‘shows that vhen the taller stacks are fairly close to the hill, the maximum
ground-level concentration is inmsensitive to stack position. When the stack
‘is positioned farther froa the hill, however, the concentration increases by
as much as an order of magnitude before decreasing to its value for flat
terrain. This behavior can be understcod by looking at the variation in
position of the ground-level maximum, as shown in Figure 12. For tall stacks
relatively close to the hill, the maximum occurs far dowmwind of the hill.
However, when the stack is farther froa the hill, the maximm shifts to the
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<rest of the hifl. A notable feature pf the taller stacks is that the

maximum concentration occurs at the hill crest, even for stacks as far away
as 100 hiil hexﬁhts from the hill center.

v.3 Effect of Cbstacle Size

In one setiot calculations the obstacle size was changed with all other
variebles-held—¢onstant.—The—400-mstack-was-held-at-ea-fired-distance
(4.5 kn) upwind of the spherical hill, and computations were made for hills
varying between 500 m and 2,000 m in height. Variations of maxismm ground-
level concentration are shown in Figure 13. Fcr these hill heights greater
than the stack height, the maximum ground-level concentration increases

rapidly. The position at which this maximum ground-level concentration
occurs is showniin Figure 14.
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Figure 13.

Figure 14.
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SECTION 7

COMPARISON WITH LABORATORY EX?PERIMENTS--NEUTRAL FLOW OVER
A SINSLE MOUND

7.1 Background

. Model computations were compared with experiments conducted at the EPA
Fluid Modeling Facility (FMF) (Hunt et:al. 1978) (o study the flow and
diffusion of pollutants in idealized cbmplex terrain under neutral conditions
. (and also stably stratified conditions--see Section 9). The primary purpose
of these neucral and stably stratified) flow experiments was to understand the
effects of stablllty on_the flow structure over a bell-shaped hill. The hill
Was placed neat' the entrance to the wind turnel where the fiow was essen- =
tially uniform and non-turbulent except for a thin boundary layer small
compared with the hill height. (The thickness of this boundary layer in the
wind tunnel matched that observed over| the baseplate in the towing tank, so
that the approath flow structures in bpth the tank and the tunnel were
essentially idemtical except for the stability--see Section9.) In later
experiments (Snyder and Britter 1979) the hill was placed in a simulated :
-atmospheric boundary layer, but the earlier experiments are more suitable for
the model compayisons because (a) the potential flow model is expected to
more accurately predict the behavior of a uniform, non-turbulent air stream
and (b) the '"thin plume' assumptions are more closely met. Calculations were
performed using the complex terrain model for the characteristic dimensions
used in the EPA experiments (on the centimeter scale). Therefore, it was
first necessary!tr determine the appropriate dispersion estimates on the
laboratory scale i.a the absence of terrain features, so that the line
integrals ¢(s) and T(s) could be evaluated. Details of these calculations
and the results|are presented in this section.

7.2 DispersioniCoefficients, Flat Terrain

The wind ténnel experiments for néutral flow in flat terrain (no
obstacle present) were used to derive the dispersion parameters oy, 0,, as
functions of downwind distance. These, experiments were performed w1th stack
heights of 3.0 ¢m and 12.5 cm. But the potential flow model is not suitable
for stacks immersed im the boundary layer (about 3 cm deep in the experi-
ments), so only the experiments using the 12.5 cm stack (well above the
‘boundary layer) jwere used to specify the plume spread.

The concen;ration profile (horizontal and vertical) was measured at
three downwind distances. At each distance, a Gaussian profile of the form

| 3 Ye %( ) ez(uﬂ)l (7-1)

x(ys, 2) = Z0,0 0 e2




uas fitced to the data. The measured Jata are catalogued by Snyder and Mareh
(1977) as experiments HHSWIN.398, .401, and .403 for the vertical profiles at
the three duwnwind distances 39.2, 84.7, and 130.2 cm. These data points are
shown in Figure% 15a, 15b and 15c, aloag with the curves given explicitly by
Snyder and Marsh as best Gaussian fits to the data points. Using these
sigmas, a lineaT functional form, o0 = 2 + bx, was fitted to the three points_
nand used in the .model.

According to the Gaussian plume ejuation, at the plume centerline
(y =90, z=H the normalized mass flut parameter B defined by:

| 2no o, U
Me —ri b - (7-2)
is equal to unity. According to the data, M varied from 0.88 to 0.93. In
other experiments, M varied from as muth as 1.3 to as littlc as 0.74;
departures from|the Gaussian form are therefore apparent.

7.3 Boundary L&yer Enhanced Dispersioh

The vertical and horizontal dispersion coefficients used were derived by
fthfiﬁg“é‘Géﬁs§iaﬁ“prafile”fd"gll:tﬁe’défé’ﬁﬁiﬁf&.”"EiémIﬁéfidﬁ'éf’Figﬁies 158,
15b, and i5c¢ shéws, however, that the measured concentration profiles deviate
systematically from the best-fit Gaussian curves [as given by Smyder and
Marsh (1977)] as the terrain surface is approached. The reason for the
difference isnp#abably associated with|the presence of the boundary layer
near the surface where the dispersion is enhanced. Also, the best-fit curves
are dominated by the few points closest to the centerline, so the measured
values closest to the surface carry little weight. As a first approximation
in dealing with|the enhanced dispersiom near the surface, a second Gaussian
profile was fitted through the centerline concentration and the measured
concentration néarest to or at the surface level, at the three downwind
distances shown;in Figures 15a, 15b, and 15¢. Again, a linear fit was made,
g2 = a’+ b”x, and these alternative boundary layer-enhanced dispersion
eStimates were used in the model along with the best-fit dispersion esti-
mates o_.

z

7.4 Comparison[with Flat Terrain Resu.ts

The results of computations usinggthe originally derived sigmas fitted
to all the data points, and using the boundary layer-ennanced sigmas, are
compared in Figures 15a, 15b, and 15c.! The figures show, as expected, that
the predicted centerline values fall within the scatter of the observations
when either set of sigma values is used. Had the actual values of o_ and o
been used at each of the three downwind distances, instead of the avgrage
linear trend, the predicted centerlineivalues would have been closer to the
best-fit curve in all cases. Using th¢ best-fit sigmas, the model reproduces
the Gaussian fit away from the centerline. Using the alternative o~ dis-
persion curves, the model does better in reproducing the actual measurements
closer to ground. )

The agreement shown in these figures, when using either the o or o~
‘dispersion parameters, suggests only that the model calculations are being
iferformed in a consistent manner, and that the algorithm is functioning as -
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Figure 15a. Vertical concentration profile 39.2 cm downwind of a
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%%E:endédf(§ince‘the cbserved sigmas are input to the calculation, the
erved comcentrations must be repreduced) The crucial test of the )
'potential flow model must come froam cozparison with experiments in w*«ch 2
terrain obstacle is present.
b
7.5 Comparison in Presence of Terrain Obstacle

¥hen 2 ‘polynomial hill? was introduced in the wind tunnel, the con-
centration prefiles differ substantially from those measured in flat terraim.
,The resulting profiles at several downwind distances from the stack are shown
‘in Figures 16a, '16b, and 16c. The three profiles were measured upstream of
:the hill, on the »ide of the hill, and at the crest of the hill, respec-
tively. The curves drawn agre givem explicitly in Sanyder and Marsh (1977),
‘drawn smoothly ¢hrough the experiwental data points. Using the dispersion
parzaeters derived from the flat terraim experiments, the centerline and
‘ground-level coacentrations computed with the model are indicated im
'Figures 16a, 16b, and 16c. The fundamental equaticns used include 5-20
through 5-25, 5-56, and 5-57.
! Centerline values sre predicted within a factor of two using either o s
of ¢7 at all positions; the centerline concentraticns predicted using o “fie
‘very“close to the observed values at distances 39.2 and 84.7 ca from the
‘stack. At the most upstream position (Figure 16a) the ground-level value is
‘not well predicted becsuse of the boundary layer. The corresponding flat
terraln measurement (Figure 15a) did net extend close encugh to the ground to
enter the boundary layer (height of lowest measurement was 7.5 cm).

The next measurement is part-way up the hill. Using the origimal values
‘of o_, the model predicts am essentially zero ground-level concentration.
However, using the flat terrain boundary layer-enhanced az‘ gives a value
‘more than double the experimental value.
; At the crest of the hill (84.7 cm) where the ground-level concentration
‘is highest, the predictions bracket the observed concentration. The observed
‘concentration at the crest is the average of four measurements which ranged
‘from 0.298 to 0.506, made through the sampllng port at the center of the
hill.
§ The predlc;ed concentration using ‘the best-fit o_is 1/3 of the nbserved
‘value, while that computed with the enhanced o, * is about five times the
observed value. The difference in shape betweén the polynomial hill used in
the laboratory experiments and the hemisphere used for the computations could’
jcontribute to some of the differences in concentrations predicted and
‘observed away rom the hill crest, but the difference in shape alone cannot
?explain the discrepancy observed in the surface concentrations over the
.crest.
i Further inspection of the plume profiles in the absence of the hill
{(Figures 15a-c) reveals that the centerline of the plume does not remain at
‘the release height of 12.5 cm. Instead, the profiles suggest the effective
;plume centerlire height is about 11.5 ecm. Because this is evident 45.5 em
iupwind of the location of the hill center, it is reasonable to assume that a
isimilar depression also affects the plume in the presence of the hill.
‘ Results of additional computations using o, (best-fit) with an assumed
‘stack height of 11.5 cm are summarized and compired with the observations and
the previcus calculztions im Table 3. Predictions of the centerline

\
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TABLE 3. COMPARISON dF PREDICTED AND OBSERVED
NORMALIZED CONCENTRATIONS AND PLUME CENTERLINE
HEIGHT FOR THE 12.5 CM HIGH STACK IN THE
PRESENCE OF THE 22.9 (G HIGH POLYNOMIAL HILL

Cbserved Value

Predicted Value

Parameter Hs=12.5 -Hs=11.5
X=84.7 cm (hill crest):

Surface Concentrtion 0.391 0.118 0.520
Centerline Concentration 47.9 53.2 51.4
Centerline Height (cm) 2.3 2.2 1.9
X=68.2 cm:

Surface Concentration <0.007* - -
Centerline Concentration 60.4 91.4 1.1
X=39.2 cn:

Surface Concentration 0.003* - -
Centerline Concentration 181.8 187 187

*These concentrations were not measured right at the surface,

but 2 to 3 mm above.
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concentrations #emain nearly the same,(but the surface concentration at the
crest has increased considerably. ' the predicted value has risen from 30%
of the observed value, to 133%. Surface concentrations at the two locatioms
upwind of the crest remain too small fpr a meaningful comparison.

Also inrcluded in Table 3 is the centerline height over the hill crest.
Hhen the model assumes the upwind plume height equals 12.5 cm, the predicted
ghelght over the crest @grees closely with the observation. But when the
assuned height is 11.5 cm, the predlcted height over the crest is 80% of that
observed. |

In the absence of the obstacle, the dispersion parameters for release
points above the boundary layer were determined using a stack height of
12.5 em. To determine whether these flat terrain dispersion parameters for
the 12.5 cm stack can be used for other stacks, calculations were made for a .
9 cm stack with the best-fit o_. The results are compared to experiment in
‘Table 4. The centerline concefitration. is overpredicted by 50%, the surface
‘concentration is umnderp.=dicted by 50%, and the centerline height is over-
predicted by 30%. It is expected that the predicted comcentrations would be
closer to the observations if specific plume spread data for the 9.0 c» stack!

in the absence of the hill had been obtained and incorporated in the calcula-|
Floa.

TABLE 4. COMPARISON OF PREDICTED AND OBSERVED
., NORMALIZED CONCENTRATIONS AND PLUME CENTERLINE
HEIGHT OVER THE HILL CREST FOR THE 9.0 CM HEIGHT STACK

1

Parameter Observed Value Predicted Value
X = 84.7 ca: i
Surface Concentration i 16.6 8.0
Centerline Concentration | 30.0 45.5
Centerline Height (cm) ' 0.9 1.2

§

Assessment ' of model performance begins by comparing predicted concen-
trations with observed concentrations.' In comparing results from the model
and laboratory experiments, sources of:uncertainty are present. One measure
of their effect is the change in the ratio R of ground level to centerline
concentrations. From the basic Gaussiam plume equation, the ratio R is:

oyl

where n_ is the height of the streamllne above the surface and o_ is the
vertical dispersion coeff1c1ent For a typical wind tunnel expe%lment o,

84.7 cm; a, 23.5 cm; - 12.5 cm; and aspect ratio, 1) the model calculations
predict, at the crest of the hill:

o, =i 0.58 cm, n, = 2.16 cm.
{The gatjo R is then computed by Equation 7-3.
iss




R

= _ Now assume} for example, that n_ gnd o_ may be as much as 10% too high
or teco low. Th¢ new retio R* is computed from Equation 7-3 with o * =

(1 £0.1)0, andn* = (1 +0.1)n_. More generally, if o * = (1 + {)o_ and
n* = a s Cz)n', then the error ratiolk*/R from Equatiofi 7-3 can be wfitten
as:

| 1 (Ps)2 [’ +C,)2
* = 1.2 R A2 _Sz:ﬁl._
M&T—-m (TI(JL*“ F‘-

‘Note that this ratio is sensitive not only to the size of the errors repre-
sented by C, and C,, but also to the value of (n_/o_].

Several compu%ations were made for the part%cufar values of n_ and o
given above (n 2/0 2 = 14). The effects of the errors are shown iR Table”s.
Note that 10% €rrors in ¢, and n_ can easily produce order of magnitude
errors in ground-level concentra%ions.; 1f a second situation is considered
(the vertical plume spread is twice as large) for which nszloz2 equals only
3.5, 2 10% error in n_ or o_ has less influence on the error made in pre-
dicting ground-level Zoncenfrations. Error ratios R*/R for this case are
also presented in Table 5. S
<% —A-source of differences among modsl “computations and eXperimentil
results is the difference in hill shape, Because ground-level concentrations
are sensitive to n, the difference in shape between the polynomial hill
(used in these éxperiments) and the spherical hill (assumed in the model) can
result in significant differences fur points away from the crest of the hill.
‘In addition, important differences in ¢_ and n_ can develop because of
boundarxy layer effects discussed previously.

Another way of assessing a model's performance is to compare its results
with results from other modeling approaches. A useful way of comparing the
jpotential flow modél with others withim a Gaussian plume framework is to
compare the effecfive terrain correction factors. This factor relates the
terrain-influencéd ground-level concentration to the corresponding flat
terrain value. ' i _

The definition of the terrain correction factor begins from the equation
for the normalized ground-level concentration:

X =] 2% exp[ z (H/az)z] (7-5)
f

where the assumption is made in evaluating x. that plume reflection is
negligible at plume centerline height.: (This assumption requires that the
plume be narrow in the sense already discussed.) When the plume is affected
by terrain, flow deformations and accelerations will act to alter the height
and vertical dimension of the plume (H, ¢_), as well as its centerline
concentration (x.). The terrain correctiGn factor (Tc) accounts for all
effects of plume distortion upon ground-level concentration on the terrain
feature, by modifying the exponential term in equation (7-5):

1 | 2
Xn 3 2 xgg e |-3 TCHF/ozF) (7-6)
: |

} )
¢ where flat-terrain values are labeled with the subscript F and complex-
mterrain values with the subscript H. |
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TABLE 5. ERROR RATIO R*/R FOR 10% ERRORS IN o, AND n

Case I: (n /oz)2 = 14+

0.9 o, o, 1.1 o,
0.9 n, 1.0 3.7 9.2
n, 0.20 1.0 2.3
1.1 ns 0.033 0.23 1.0
. 2
Case II: (n /o )" = 3.5
0.9 ¢ (o4 1.1 ¢
z z z
0.9 n 1.0 1.4 1.8
n, 0.66 1.0 1.4
1.1 n 0.42 0.69 1.0
[ns*]z ns 2
-1/2 -1/2]—
R* = e oz* R = e %2

1‘Case I corresponds to the specific choices n .= 2.16 cm,
az = 0.58 cm.

57



*The tcrrain corfection factor is all that is needed to predict the surface.
concentration in the presence of terralin from surface concentrations pre-
dicted in the agsence of terrain, The|terrain correction factors can be
derived from the potential flow model ?esults by solving Equation 7-6 for T
in terms of the|known flat terrain disjercion parameters, and the ground-
level concentraﬁlon cslculated in the »resence of the terrain (yx H)

7-7

Similarly,!if an observed terrain-influenced surface concentration is
known (as in the wind tunnel experiments), an observed terrain correction
factor may be calculated using Equation 7-7. Fur example, Table 6 lists
ground-level concentrations as observed at the hill crest; as predicted with
.the potential flow model (also as predicted by the "half-height assumption" to
be discussed shortly); and the corresponding terrain correction factors.

Note that if thé source-obstacle rela»ionship is fixed, a smaller surface
factors based on the observed ground concentrations vary roughly from .33 to -
.35, while those based on the potential flow model vary from .36 to .34. It

is seen that swall differences in the terrain factors are derived from much

greater differences in the maximum surface concentration.
c‘(’Q
TABLE 6. COMPARISGN OF NORMALIZED CONCENTRATICNS AND DERIVED
1 TERRAIN CORRECTION FACTORS AT THE HILL CREST

| 5

7ic Normalized Concentration
Observed Data:
s = 12.5 cm 0.325 0.391
= 11.5 gm 0. 353 0.391
i
)
Potential Flow Model:
H, = 12.5 i 0.357 0.118
Hs = 11.5 | 0.?44 0.520
|
Half-Helght Assumption:
H = 12.5 ! 0.5 0.0001
HS = 11.5 ; 0.$ 0.0011

l }
Two modeling approaches can he reédlly compared with the wind tunnel

data: (1) a level trajectory, ana (2) a specific paruvial height trajectory.

In the level trajectory model the plume centerline does not rise over terrain .

features. When the terrain exceeds the plume height (as is the case in these

wind tunnel expdriments) the centerline concentration is assumed to represent
Ethe highest ground concentration (no surface reflection doubling is
"4ncluded) .
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__ The partia} height trajectory appfcach assumes that the plume rises over.
the hill. The plume's height sbove thé surface is described as a fraction of
the initial plume height. The fractiop (which »ay vary continuously with
downwind distance--see below) depends ¢n the initial plume height H_; on the
terrain height H_; and on an assumed 'plume path coefficient,' C. e
fractional displdcement of the plume above the terrain enters into Equa-
JHion (7-5) as a'multiplier of the ratio H/o_--that is, as a terrain correc-
110ﬂ'fattvr4ﬁ;ﬁfbr‘pIUMEs'tnttiaIly"1§wer“%hﬁW1ﬁﬂrtérfain (H,<HT®

!

| Tc = C (7-8)
and for plume heights greater than theiterrain height (Hs > ht):
T = 1- Pe (1-C) (7-9)
c H

<

The plume path coefficient may vary be%ween 0 (level trajectory) and 1
(terrain following trajectory). One common choice for the plume path
coefficient is the "half-height' assumption: C = 9.5,

. Predicted ground-level concentrations from the potential flow nodel are..
‘compared with those based on the half-height assumption in Table 6. The
‘half-height assumption underpredicts the surface concentrations at the crest
of the hill by two to three orders of magnitude. (If a plume path coeffi-
cient of 0.35 is used instead, the partial height approach gives a concen-
tration of 0.153 for H_ = 12.5 cm, and(0.432 for H_ = 11.5 cm. These con-
centrations lie ‘much cioser tc the observed concentration, and to the con-
centrations calculated with the potential flow model.)

These additional comparisons of surface concentration predictions using
level plume and half-height assumptions emphasize the sensitivity of this
particular plume configuration to the ratio (H/o_ ). (It appears the thiu
plume restriction (0,/n_ <<1) is not a serious festriction even for ratios
as large as o_/ni_ ~ 0.3, which is the case in the laboratory experiment with
the 12.5 cm release height.) 1iIn light of this semsitivity, the performance
of the potential flow model in reproducing the laboratory observations is
acceptable, and demonstrates the usefulness of this approach to complex
terrain problem% where the potential fliow approximation is applicable.

-
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|
MODIFICATICNS FOR EFRECTS OF STRATIFICATION

8.1 Qualitativb Observations from La%oratory Modeling

Ambient stratlflcatlnn can 51gn1ficant1y affect plume behavior and
resultant atmospherlc pollutant concentrations. For moderate plume heights
relative tu hill size, and for moderately stable stratification, laboratory
experiments suggest that the plume will go over the top of the hill, but the
path of the plume will be closer to the surface, and the flow over the crest
will be faster than in peutral flow. For small plume heights under strong .,
'?tratiflcatlon, the plume will tend to go around the hill rather tham over
it. If the hill is a long ridge, the flow may be 'blocked' and stagnate
upwind. To approximate first-order effects of moderate stratification,
results of FMF experiments on plume behavior in a stratified water chamnel
fiow over a po;&namial hill (Snyder 1978) have been imcorporated into the
complex terrain; model.

8.2 Incorporat%ng Stratification Effects

Experimental results of the FMF tow-tank experiments on plume behavior
in stratified flow over a polynomial hill are reproduced in Figure 17 (Hunt
et al. 1878). The height of a streamline at the hill crest (n_) is shown as
a function of stack height (H_) for various stratifications defioted by Froudel
number, Fr, including the neutral flom case, Fr = », For any given stack
height and Froude number, the height of the streamline at the hill crest can
be compared with the neutral flow case. To calculate the streamline displace
ment at p051t1ohs upwind of the hill crest an approximation is made.

The approxlmation begins from the streamlines for neutral flow over a
sphere (shown in Figure 18a), and over a circular cylinder (shown in Flgure
18b). HNote that the effect of the sphere or the cylinder on the flow is
negligible for distances greater than about two hill radii from the hill
center; it is assumed that this remains true in the stratified case. Hence,
the difference between the plume centerline streamline heights for neutral
and for stratified flows is a maximum at the hill crest and is negligible at
| a distance approximately two hill radii from the center of the hill.

In the absence of additional experlmental data and a more complete
theory, a linear interpolation scheme is applied to compute the height of the
streamline at iptermediate distances from the hill. This linear approxima-
tion should be adequate; however, the interpolation scheme can easily be
changed in future refinements of the mpdel. The procedure is incorporated
linto the model in the following way.

= i
|
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Source: Hunt et al. 1978

Figure 17. Height of the source streamline (ng) above the hill crest
(height = a) for various stack heights (Hg) and Froude
numbers (Fp).
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Hsamispherical Hill

Figure 18a. Streamlines over a hemisphere.

Circular Cylinder

Figure 18b. Streamlines over a half circular cylinder.
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- As describéd in Section 5.4.3, th? streamline associated with the plune
centerline is given by:

1

W(X,Z) = ¢f

> where y is the dtream function for thespecific 1ill shape investigated

%ireﬁer»tc~Equations45130,-5134”for_theitwo—wandﬁthree-dimensi@naL*st#eam
functions, respectively). At any downwind position, x, the height above the
flat surface, z. can be found by solving the equation:

(X, H) (8-1)

z =z E(‘Ps,x) (8-2)

(e.g., Equationé 5-32, 5-36). In particular, the height of the streamline
at the center o§ the terrain obstacle,gzc, (at x = 0.0) is given by
1

ZC = Z§(WS,0) (8'3)
i
A.similar relationship can be formed from the_ data in Figure 17 for the. __y

Froude number dependent height of the streamline over the terrain obstacle
center, z ! i

CF'
' !
t '
9%?:“ 20p = Ny (Fr,iﬂs, a) + a . (8-4)
| ,
and fitting the data in the figure for the range of data shown (Eg < 1) by
second-degree polynomials of the form:. a
H H_ 2
ZCF/a = C0 + le—sa + C2 (E-J (8-5)
where the coefficients depend on the Ffoude number, Fr.
Define: ; i
A = iC - Zgp (8-6)

i
The height of the streamline, Zps for the stable flow is then computed by
i

1

zg =z - § (8-7)

|

where z is computed for neutral flow according to Equation 8-2, and § is
given by: ‘ i
l
6 (x)

0; |x| >j2a

or
8(x) A[l - 151]; |x| < 2a (8-8)

2a

_ The net effect of modifying the neutral streamline is to lower the
“f height of the plume centerline in the region within two obstacle heights

63



fof the obstacle.center. The plume centerline is depressed most at the crest.
of the obstacle,

This streamline depre551on schcme is, strictly, limited to flows similar
to that invest.gated in Figure 17. The coefficients for Equation 8-5 have
.been derived for seven Froude mumber ranges, and for stack heights less than
.or equal to the height of the polynomial hill. In practice, the model uses
this scheme for any stack height and any hill shape.

T Where Tquation B-3 is applied to stack heights cutside the range of
experlmental data, two physicsl constraints are imposed on the calculated {
‘vaiue of z First, the streamline must not pass through the surface of the'
‘sphere. If xt does, Zrn /e is set egual to 1.001. Second, the depressed {
streamline must not dv¥ép below its original height at the socurce. If it does,
the strezmline height is set egual to the stack heighi. Note that this
latter condition only becomes important for stack heights much greater than
the hill heights. Alse, extrapolation of the curves contained in Figure 17
for stack heights above the hill height possibly introduces errors signi-
‘ficant for the more stzble applications. More observations are needed to
'refine the algorithm for taller stacks.

‘ An extension of Equations 8-5 through 8-8 from flow over an isolated
thres-dimensional mound to flow over & two-dimensiocnal ridge must€ await
additional experiments to redefine the coefficients of Equation 8-5. Con-
sequently, the model now uses the same depression for 211 crosswind aspect
'ratio hills. in practice, 6(x) (obtaired from Equations 8-5, 8-6, and 8§-8)
for the two-dimemsional hill is set egual to §(x) for the three-dimensional
hill. This depression is then subtracted from the socurce streamline asso-
ciated with the two-dimensional hill.

' In addition to the lowering of the plume conterline streamline, changes
in the along streamline velocity., U(s), must be computed. It is cbserved
-that stratification speeds up the flow over the obstacle. The velocity
change owing to stratification is modeled by assuming that the along stream-
line velocity is given by the gradient of the neutral flow stream function,

Vv, (Equation 5-29) defined along the lower streamline computed by the
stability modification described azbove. Since the gradient of the streamline
function increases nearer the surface, the along streamline velocity, U(s),
-increases as stability lowers the plume centerline.

f A final point concerns the case of direct plume impact on the obstacle.
.The potential flow theory approach can only be applied when the plume center-
line streamline goes over the obstacle. The EPA tow tank experiments have
sbown that as the stratification is made stronger and the stack is made
‘shorter relative to the cbstacle height, a point is reached at which the
‘plume mo longer goes over the obstacle, but impacts and/or goes argund the
obstacle. Usirg the cata in Figure 17, 2 minimm relative stack height,
H_/a, can be determined for a given Fruude mumber im order that the plume go °
‘over the obstacle., Ttis is the vaiue of Hs/a (in Figure 17) for which a '
given Froude number cuarve intersects the ordinate (i.e., its height above the
.crest of the cbstacie is zero). Note that as stratification increases '
(smaller Fr), the height of the minimum H /a required for passage over the
obstacle increases.

Table 7 summarizes the plume lmpact criteria currently incorporated 1nto
the model., If H /a is less than the given value for a specified Froude

- smber, it is assumed that the plume impacts the cbstacle and the case is
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~flagged, but not otherwise trested. The plume impact criteria have beem
TTiicorporated in.a discrete form, not a continuous form, because the model is
.set up to use discrete Froude mumber classes in determining the streamline
depression associated with the particular curves shown in Figuve 17. If
future refinements to the model allow a continuous depression algorithm, a
-continucus foram of the impact criteria will be appropriate.

TABLE 7. PLUME IMPACT CRITERIA BASED ON FIGURE 17

Froude MNumber Plume impacts if
(Fr) ‘ H /a less than:

Fr < 0.4 | 0.82

0.4 < Fr < 0.7 0.75

0.7 < Fr < 1.5 0.375

1.5 f;FE— T assumed neutral

"(no plume impact)

i

8.3 Application to the Atmosphere

To apply this approximate model of stratified flow over a hill to the
atmosphere, the atmospheric stratification as described by the Froude number
Fr must. be known. The Froude muber is defined by:

and N =V£ 2 (8-9)

U
R =¥ 3z

Note that a length scale, H, is incorporated into Fr. Ordinarily the
atmospheric stratification is specified for routine air gquality modeling
purposes by the Pasquill stability class, rather than by the Froude mumber.
The classification of stratification by stability class and the applicatien
of the PGT o, and 0, curves for all stack heights are approximations that
ignore the variations with height of atmospheric stratification and turbulent
diffusion. These approximations are not as good in the presence of a hill,
because of the rew length scale that is introduced into the problem. The
‘program is written in such a way that the user must supply Fr if known, with
H in Equation 8-9 corresponding to the hill height, a. If no Froude mumber
is specified, the prograzm assumes flow kinematics corresponding to neutral
flow conditions. [Application of the model at Widows Creek (Section 12)
provides an example of the use of vertical temperature and velocity profiles
in defining Froude mumbers.]

For routine application of the =cdel using near-surface observations,
accurate Froude mumbers are not available. Under these circumstances,
default potential temperature gradients may be assumed throughcut the over-
lying layer of the atmosphere influenced by the terrain feature. The tem-
perature gradient could be specified for each of the neutral to stzble
stability classes in much the same way that the gradiemt is specified in
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current stable plume rise algorithms. 'Similarly, the stability-dependent
wind shear algorithms used teo infer stack height wind speeds could also be
vied to infer a mean elevated wind speed for use im calculating a Froude
mmber. To the extent that plume rise, transport, and diffusicn can be
reughly characterized in this way, the Froude mmaber-dependent streamline
depression way also be characterized. 'But such an approach should be fully
'analyzed for model sensitivity to cach assumption.
r—Additional-approaches will have to be developed for Tases where Both the
plume and terrain are sbove a confined surface layer. This is the problem of
'a true two-layer flow. Over level terrain, the importamce of such a condi-
‘tion is reduced since ground-level impects would cobviously be small. In
.complex terrain, however, the model would be required to make reasonable
.assumptions about plume rise, transport velocities, plume spread, and Froude
mumber in order.to calculate a concentration on the elevated terrain surface.



SECTION 9

CGMPARISON WITH LABORATORY EXPERIMENTS--STRATIFIED FLOW

P.l Intreduction

, The approach used to test the validity of the potential flow model
rodified for stratification effects is the scme as that used for neutral
flow. In the modified potential flow model, calculations are performed using
Equations 5-20 through 5-45 as in the neutral case, exccpt that the piume
centeriine trajectory is speC1f1ed using Equations 8-2 through 8-8 to modify
the vertical displacement in neutral flow (Equatlon 8-1). In the absence of
Wéll documented field experiments, the model is tested by performing cal-
culations designed to simulate the EPA tow-tank experiments.

| * :

9.2 Dispersion Coefficients, Flat Terrain

t

The modeling approach used to compute the concentrations over a hill in
stratified Tlow requires knowledge of the dispersion coefficients for flat
terrain in stratified flow. The EPA FMF experimental tow-tank measurements
psed in the comparison [catal.gued as experimemnts SBF3-9-0, BF3-9-0, PF3-9-0
in Snyder (1977) and Snyder (1978)] are for a 9 cm stack height in a strati-
fied flow of Froude mmber 0.97 (considered moderately stable). Gaussian
profiles were fitted by Snyder to the plume at the two downwind distances,

50 cm and 84.7 cm. These data points and profiles as provided by Snyder are
shown in Figures 19 and 20. [These graphs were changed to x versus z, rather
than z versus X, to conform to the manmer in which the experimental results
Vere presented in Snyder (1977)]. The values of o, obtained by these Gauss1ad
its (in Figures 19 and 20) at the two downwind distances, 50 c¢m and 84.7 cm
respectxvely. were used to specify a linear relationship to interpolate o, to
other dotmwind distances, for use in the model calculation. The computed
concentrations (shown by the circular symbols) on and off the centerline
closely follow the fitted curve.
l Just as was the case for neutral flow, however, the effects of the
boundary layer are significant; as seen in Figures 19 and 20 the concentra-
‘tion measured closest to the surface is much greater than would be predicted
by the Gaussian profile. Again, as a first approximation for this effect,
new boundary layer enhanced sigmas (deroted by o¢') were obtained by fitting a
cau¢51an profile only to the centerline value and to the near-surface value
(in the manner descvibed in Section 6.3). The corresponding concentrations |
computed with the modified sigmas are shown by the square symbols in Figures 1
and 20. Close to the ground, they represent the vertical dispersion more
accurately.
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Figure 19. Vertical concentration preofile 50 ca downwind of a
9 cm stack for stratified flow in flat terrain.
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Figure 20. Vertical concentration profile 84.7 cm downwind of a
9 cm stack for stratified flow in flat terrain.
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9.3 Results iniPresence of Terrain Obstacle

Vertical concentration profiles were not measured in the EPA experiments
on stratified flow. Instead, the ground-level concentrations were measured
along several lines from the crest of the hill, at various angles to the mean
flow. Figure 2la shows the measured ground-level concentrations along the
Iine on the surface going directly from the hill crest to the stack. In this
cooTdinate systen,; the hilI ¢rest 15 Ipcated at § = U.0 and the stack base at
s = 84.7 cm. The results of the model; computations using the originally
derived sigmas {circular symbols) and the boundary layer-enhanced sigmas
(square symbols) are also shown in Figure 2la. In the vicinity of the hill
(s <20 cm), thg concentration estimates based on the boundary layer-enhanced
dispersion parameter, o', are within a factor of two of the experimental
data. At the crest of the hill, the ground-level concentrations are 173% and
208% of the observed concentrations using o_ and o_', respectively, while
close to the upwind edge of the hemisphere, concenfrations are underestimated
by nearly a factor of four. In interpreting these results, it should be
noted that the ground-level concentration varies exponentially with the
square of the distance between plume centerline and surface, and that the
wtdel calculations are based on-z hemispherical—hill shape, different frow &
the shape of the polynomial hill used in the laboratory experiments. The
hemisphere, for instance, meets the flat surface at s = 23 cm, while the
polynomial hill used in the experiments remains significantly above the flat
surface beyond s = 30 cm. Therefore, the model underestimation with
increasing distance from the crest is directly related, in part, to the
differences in hill shape. Under these circumstances, the comparisons are
encouraging. ! o

The highest impacts occur at the crest. The predicted and the observed
concentrations at the crest -of the obstacle are shown in Table 8 for the 9 cm
stack case. The terrain correction factor derived from the observations is
0.183, and that derived from the model; computations using o_ is 0.147. These
are extremely low values, indicating that both the predicteé and the observed
surface concentrations are much larger than those that would have been pre-
dicted by a terrain-following model, or by a partial height model using
terrain correction factors of 0.5 or 0.35. Concentrations predicted by each
of these three approaches are also compared in Table 8. It is seen that the
potential flow model offers considerable improvement in predicting the peak
concentration cempared to these other models. (Finally, if direct centerline’

impingement is assumed, the predicted concentrations are 3 to 4 times larger
than the observed concentration.) ‘ '
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Figure 2la.

Ground-level concentration for stratified flow as a
function of distance upwind along the ground
from the hill crest for a 9 cm stack and 23cm hill.
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TABLE 8.

CONCENTRATIONS AT HILL CREST FOR THE 9 CM
STACK TO¥ TANK EXPERIMENTS

COMPARISON OF PREDICTED AND OBSERVED

Normalized Surface Concentration at Crest

, Model Predicted Observed
Potentlalﬁgigw (o ) o i 63.4 36
Potential Flow (o ") 76.9 36
Level Plume 125.0 36
Terrain Fo;lowing 1 x 10727 36
Partial Height (0.5) 1x107° 36
Partial Height (0.35) | 0.1l 36

=& -—-Measuremerts ané computations (using both sets of sigmas) were also

|compared at ground level, outward from the crest at 90° to the flow.
results are shown in Figure 21b.
Ppredicting the maximum concentration close to the hill crest.

These
Again, the model is seen to work best in

concentrations, though underpredicted, are less important in regulatory
appllcatlons since these concentrations are an order of magnitude smaller

ithan those at the crest.

Other phenomena are active in the experiment,

@erhaps producing (by recirculation?) the secondary peak beyond the

margin of the experimental hill.

It is not clear to what extent concen-

itrations closer to the hill are influenced by these phenomena.

| Overall, the approximations used to account for the effects of strati-
ification in the potential fiow model predict ground-level concentrations
'along the downwind plume trajectory within a factor of two; but the results

point to the need for further consideration of surface beoundary layer effects
Indeed, more experiments with the same hill configu-

and other hill shapes.

ration, but a wider range of stack he1ghts, would aid the evaluation of the

model®s performance.
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A (Ground Level}

a Experiment
@ Computed Using o
@ Computed Using o’

Source:

Figure 21b.

Crosswind Distance eleng the Greund from Hill Crest (cm)
Snydar 1978

PRI

Ground-level concentration for stratified flow as a
function of cross-wind distance along the ground
irom the hill crest for a 9 cm stack and 23 cm hill,
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_SECTIN 10 _

MODFFICAIIONS FOR ARBITRAR{Y CROSSWIND ASPECT RATIO

10.1 Approach

The treatment of potential flow in previous chapters deals with spheri-
cal or circular!|ridge shaped hills. Tie model has been generalized to allow
for intermediate shapes by using an aporoximation technique based on an
interpolation of two-dimensional end tairee-dimensional flow field properties.
The parameter chosen to characterize the obstacle shape is the crosswind
aspect ratio, A, defined as the ratio of half of the crosswind breadth of the
“Bbstacle, b; to' the cbstacle height, a. Shapes for several different values
of A, where:

A = b/a (10-1)

are illustrated;in Figure 22,

Because streamlines are not easil’ defined analytically for non-
axisymmetric shapes in three dimensions, an approximate procedure was
developed. Thi§ procedure uses the anglytical description of the streamlines
for flows over a sphere and over a cylinder, as well as theoretical results
(J.C.R. Hunt, pzrsonal communication to R. G. Isaacs, 20 July 1978) that
describe the changes in velocity at the crest of the hill as the aspect ratio’
is changed, and experimental results that show the changes in the source
streamline above the crest as the aspect ratio is changed.

Changes in/hill shape affect the flow field in two ways. First, the
shape of the plume centerline is altered and its form is found to be inter-
mediate between|the limiting two-dimensional and three-dimensional cases.
Second, the velécity along the plume trajectory is changed. The approach
used here to treat hill shapes intermediate between that of a circular ridge
and that of a sphere is to weight the flow fields of the two extreme cases to
produce an approximation for intermediate cases.

10.2 Adjustmenrs to Plume Centerline Trajectory Streamline

As descriﬁgd in Section 5.4.3, the height of the Streamline, z, is
specified by th? streamline through thr source, ws, such that:

z = z(x,fs) (10-2)

where the particular functional dependénce changes with the stream function,

¥, determined by the shape of the obstacle. Two complete analytic sclutions

-are available: 'flow over a sphere and; flow over a cylinder. For a cylinder
t

{as-n-Fquationi5-32)
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Figure 22.

Definition sketch for aspect ratio Azb/a for hills of
spherical, intermediate, and cylindrical shapes.



- - 2

a’ ‘ -2 (10-3)
zZil -« ~o— = 1 1l - -
x2+z2 s X§+H§
'-and for a sphere (as in Equation 3-35)

e et 3 3

2 a 2 a
-] 21— (10-4)

‘ (x2+22)3/2 S (X H2)3/2
i L

where z is the height of the streamlin: at position x.

As defined!above, the sphere corresponds to an aspect ratio of unity,
A = 1, and the ¢ylinder (circular ridge) corresponds to an infinite aspect
ratio, 2 = =, For a general aspect ratio the height will be a function of A
‘and may be written as: '

JONERY (10-5)

a tms

Experimental data (Snyder et al. 1979b) suggests that the streamline
‘height, 2z, is some weighted average of the heights of the streamline appropriate
to flow over a cyllnder, and to flow oVer a sphere.

The plume centerline height, evaluated from experiments with stack heigh:s
equal to the obstacle height and to one half the obstacle height, is a strong
function of the,aspect ratio for A4, &nd is a weak function for larger aspec:
ratios. This behavior is descrlbed by| a simple power law form for the aspect
ratio weighting, function (A~ dy;

z = [gspﬂ %) =2y, )] X 2o (9,30 (20-6)

where Z is the streamIine height over the sphere, and Z cY is the stream-
line helggt over the cylinder. For large aspect ratins the %hlrd term
dominates, and the twodimensional flow, over the cylinder is recovered. Wkhen
A=1, the threedimensional flow over th# sphere is recovered.

Data from the wind tunnel experimgnts are used to determine the value of
the exponent in|Equation 10-6. Streamline heights above the tunnel floor at
a downwind dlstance of 84.7 cm (at the: location of the hill crest) are non-
dimensionalized jwith the hill height, 23.4 cm, and introduced into Equa-
tion 10-6 to solve for "d". The mean values obtained lie between 1 and 1.2,
fitting the observed data to within 0. 25 cm.

: The value ¢urrently used in the model algorithm for the aspect ratio
exponent is -1.1, so the equation for the source streamline height for an
obstacle with a|crosswind aspect ratio! A is:

z = f[zSPH W) - 2y, (w,%)] NRLLIRS AN (7 (10-7)
]

A description of the wind tunnel experiments used to define the neutral flow
streamlines over obstacles of arbitrary aspect ratio is contained in
Sertion 11. —
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303 Adjustmenis to Velocity Field

Changes in;the aspect ratio of th: hill also, affect the speed of flow
along the stre llns. An approximate scheme, which incorporates theoretical
results of Hunt has been developed to account for this effect. One way to
characterize th$ flow is hy the so-calied "speed-up factor," S, defined as___
the ratio of the velocity at the crest of the hill, U Ues to the velocity far
upstreanm, U :

$ = U/u (10-8)
¢/ oo

The speed-up faétor (Hunt et al. 1978) S will depend on the shape of the hill.
In particular, for A = 11 = 1, (the spaerical hill), potential flow theory
shows that :

= = 10-9 ‘
Ssph s(x, 1.5 ( )

3%9_595‘5_7_52‘? o (tqe circular ridge :

S

CYL = S(A,) » 2 (10-10})

2)
For intermedi§f€f§hapes, the theory (H?nt et al. 1978) shows that:

S(A) = 2/[& - B8] (10-11)

where
\

1 A V2
) = 1+ - = In [k+ A -IJ (10-12).
? a1 ks

Some representative values of B(A) and:S (A) are tabulated in Table 9;
note the asymptotic behavior as A»1. These vesults apply only to the surface:
velocity at the|crest of the hill. To!use this result in approximating the
velocity field 3t other points, let the velocity ot any point be considered
as an appropr1ate1y weighted average of the velocity corresponding to the
flow over a h11} and that over a spher?
|

U(x,z) = GCYL(A) UCYL (x%z) + GSPH(A) USPH (,z) (10-13)
where the welghflng functions G and: G are yet to be determined. These
functions are fqund by using thé kheoretlcal expression for the speed-up
factor to find the weighting functionsiat the crest of the hill, and by
assuming that the weights determined are applicable everywhere in the ©low
field. In addition, the proper limiting forms for flow over a sphere and
over a cylinder are again required. _JJS
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TABLE 9. REPRESENTATIVE VALUES OF SPEED-UP FACTOR S

A B(2) S(x)
1.000 0.666...* 1.500*
1.0001 0.66675 1.50009
1.001 0.6669 1.5003
1.01 0.669 1.502
1.05 0.680 1.515
1.1 0.692 1.529
1.2 0.714 1.555
1.5 0.767 1.622
2.0 0.826 1.703
3.0 0.891 1.803
5.0 0.944 1.894

10.0 0.980 1.961
20.0 0.993 1.986
100.0 0.99957 1.99914

*Asymptotic value as A+l; when A+l, B+ 2/3 (1+0(r-1))
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S(A) - S . S - §(») .
U= Ud0) = et |1 ¢ s | Ugpy (10-14)
. { CYL ~ “SPH CYL ~ “SPH
' i ‘ = =
JSubstltutmg SSP.‘H 1.5 and SCYL 2.0 results in
Bz ) =20 {S () =151 U

51 Ui fx,a; + 2.0 1270 ="S(x)} Uspn 6. 4%9|

Therefore

GCYL = 2 (S(A) - 1.5)

GSPH = 2 (2-S(A)) (10-15)
where S(}) is ddtermined from Equation:; 10-11 and 19-12. This correction is
applied to eachlcomponent of the veloc:ity separately. Thus having modified
both the velocity field and the plume tra;ectory (streamline shape), the

program-proceeds as proviously- fer sph@rzcal—an&cyhndncai-hﬂ s —Note~ =
that because the speed-up factor for A#10 is within 2% of its value at A=o,

the interpolatmn algoritham, for convenience, equates two dimemsional fiow
with all aspect ratios greater than or ‘equal to 10.
{

9-1/8"
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SECVION 11

t
|COMPARISON WITH LABORATORY EXPERIMERTS--REUTRAL
FLOW OVER HILLS OF INTERMEDIATE ASPECT RATIO

11,1 Background
|

Potentiel £low model cslculatione for hille of aspect ratios 1, 2, 3,
and 10 {effectively infinity) are compared to cbserved leboratery
concentrations under reutral flow wied tumel conditicns.

The wind tunnel esperiments were coanducted at the FMF (by W. H. Sayder
end R, E. Britter). Reeslts of that study were wade gvailgble to ERT in the
~Zorer of on intersml 'data repovt (Sayder &t a1, I979B).

Yodel computations retain the dimersions employed in the data wveport,
except for the definitiomn of the aspect ratio. Az in the eerlier
cezparisons for;the polynomial hill, linear vertical snd hovrizemtal spread
statistics mesr' the hill location are developed from the wird tummel data
obtained for the no-terrain case (Sayder et al. 197%a). This smounts to
epecifying diepersion rates present or the laboratory scale vather tham
attempting to scale down dispersion tﬁf@@ obegerved in the atwmosphere.

‘ ' i
11.2 CGﬂpgriaoh of Will Shapes
i

Pour idealized hill models are used in the wind tumnel ezperiments.

All heve a trigngular longitudinal crosz-section. WHill *C2' is & cirecular
cone, with surface slope of one haif. | Rille "C4' and 'C6' are fabricated by
inserting triangular ridge pieces between the origimal come halves, and hiil
'CX' is a simple triarmgular ridge thet spans the width of the tumel.
Dimensions of these hills are swmmsrized in Figure 23,

Snyder and’ Britter (1979b) define aspect ratios for these hill ghapes
to be the crossyind length of the hill between the two half-height pointe,
divided by the hill height. 1In this report, however, the defimition of the
aspect ratio usés ome half the full crosswind hill dimensien divided by the
hi:l height (see Pigure 22). Por the two limiting hill shapes contaimed in
the model, the full crosswind dimension of the hill is either well defimed
and sherp (sphere), or effectively infinity (cylinder).

In the case of the sphere, the surface slope varies from gero at the
crest to infimity at the base, and so the crosswind dimensioa has distinmet
end sbrupt end points. Uhen this idealized hill form is used to represent
hill shapes with considerably emaller slope discontinuities at their basas,
gome gmaller croesvwind dimension should be salected that would incresse .the
similarity of the physical hill to the| spherical hill. Por the wind tummel
experiments of Snyder end Britter, the half hill height crosswind dimensicn
of the cone coigcides identically withithe base of a spherical hill of equal-

1
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Figure 23. Details of hills used in EPA wind tunnel experiments.
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~height., Therefpre, acpect raties for|the hille studied by Sayder and

- Bricter are dafimed in this repert to ibe one-half the values defimed by
Snyder and Britter. This definitica ¢akes the longitudinel base of t@@
erperizmental hilles to be the distanca{betE@an the half hill heipght points,
end the espect jratio to be the hill height divided by ome half this base
dimension. Consequently, the hill shepes used im the wind tuamel

T@aperiments correspond to wmodel aspect vatios of 1, 2, 3, and 10

= '

} Ferrivaty e my’_.

{$ferences between the cireular |cross-secticns employed in the model
end the trieagdlsr secticns uwsed in the wind tummel will undoubtedly produce
discrepancies Hetween predicted and observed comecentratiens. The charp
slope éiccontinuity at the crest of hille €2, C&, C6, and (X will certainly
lead to flow sepsration end incressed iturbulence downwind of the crest.
Howsver, moTe dubtle effects of elopa]diff@reac@s upwind of the erest are
wot intuitively sppareat. Comparisont between predicted smd cbserved

| concentraticns ‘are therefore counfined to leboratory datas obteined st the
crest of the olstacles.

- 11.3 Dispersién Coefficients, Flat Taerrain

Wind tumel experiments for relezse heighes equal te 11.7 cm and
23.4 cm sre corpared with model caleulations, Because all of the obetecle
heights equal 23.4 cm, these two reledse heights represent fimel plume
elevetions equdl to 0.5 and 1.0 hill keights. Separate discpersion
cosfficients {¢5,0,) are derived for each relesze height, based on
experisents with no hill present.
Verticel concentraticn profiles im the ahsence of hilles were takenm at
" dovmwind disteneces of 33, 84.7, and 2%3 cm from the releage point. The hill
crests in later experiments were positioned at the secend distance,
" 84.7 cm. Snyder amd Britter (197%9a) fit a Caussisn eurve to each
' cemcentration profile to produce a bedt fit to all of the data peimts. Im
the cese of 11.7 cm release height, the plume intercepts the ground before
 the 854.7 cm dowmwind distence is veached, 80 e reflected Caussianm ie it te
the data., The %ffective atack height in each case is ascumed to be equal to
the release height. ] :
Although qauaaian parameters areiused to deecribe the verticsl
profiles, it is evident that the obsezved profiles are met Gsussism. Sayder
gnd Britter point out that the cbeervéd profiles are not symmetrie, and that
the concentretions decresse much too flowly in the "tails®. Im addition,
their obeervaticns of manimm ground ¢oncentrations indicate that the plume
from the lowest release (0 cm) is subject to reduced tramsport velocities,
and that the plume from the highest relezse (23.4 cm) spparently experiences
lower turbulence iantemsities, compared to the pluze from the 11.7 ca release
height. Both flow reterdstion and gradients in turbulence intemsity
throughout the |surface boundery leyer |would temd to distort a vertical
Gaugsian plume profile.
Latersl plume concentratica profiles are also obtsined at 33, 84.7, and
293 cm dietances from the source. Thase cbservations sre gemerally takem at
the height sbove the surface corresponding to the manimum concentratiom in
the vertical profile. Becsuse the lateral dispersion is measured in the
:_horizental plene, factore thet tead t9 produce a non~Gaugsien concentratiocm
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-profile are nof preseat, snd so the cjosswind distributicne sve mearly
G@sﬂiﬁn.

Analysis §f vertical plume spread togp) with downwind distance from
33 em to 193 cg suzgests that its limber veriation with = for the vegion
neer ® = 84.7 dm can be edequately rwgresanted by the trend frem x = 33.0 cam
to x = 84,7 em, Curvatuse in og(x) i very small over the rzuge of :

servations. The bast £it Gasceisn bigmas derived by Smyder et al. (1§7%=)

re-obtained-bi-veing datefrom-the—eavire verticel-profites
A sccond approsch useful in this|compericoa study is the celeulaticn of
Gauesisn sigmad which deseribe ecmcentrsticns sdequately et the surfece and
at plums cemterlime height, but not neccssarily sbove the cenmterlims

height, These signas use only twe da%& pointss Che surfece comcentratiea,
and the centerline maximum concentration. Such sigmas (28 in Secticas 7

and 9) srve used to reduce discrepsnciés between wmodeled end obsepved
ceacentrations resviting from the nontGaussian shape of the cheerved
vertical distributicn, especially neas the surface.

Compariscis are msde between caléulated concentrsticas emd observed
concentrations along the center of the tumel fleor in the region resr z =
84.7 cm using plume egpresd valuse derived by Smyder et 2l. (19792) and the

2~poiat valuesibesed ©g ths conterling- msximuam-and-the nesr-susfeceplume-
concentration. ' It was found that an average of the two ¢, valuez provided
the best match . to the observed concentrations near x = 84.7 cm.
Consequently, the linear fumction of = used to deseribe oz(x) (for the
11.7 cm release heighet) iz based on the average op from the twy methods at

. 84.7 cm, and e Snyder and Britter's value at 33 cm (becsuse the two sigmas
differed caly By 2 wa at this distence). The emprassion for the 23.4 cm

" release height|also uses the average 6, at 84.7 cm because the 2-poimt
signs is very clese to the reported sigms. At z = 33 em, the troiling edge
of the plume is well sbove the surfecd (10 em);, &6 enly the reported sigme
is used.

Review of the horizcatal plume epread (oy) values derived by Sayder
et al. (1979z) aleo imdicates thet its lineer veriatiom with x mear

‘2= 84.7 ca cen be adequately represeated by the tremd from z » 33 cm to
84.7 cn. Wo additiomal sigma computeticas are needed for hovizemtsl spresd
beceuse the cbgerved stendsrd deviatium in the comceatration distributiems
is resrly Goussian.

The finsl epecificatica of the dispersion parsmeters is as follows:

o

CTE LR %

(a) =S i 11.7 em o

y = 0.409 + 0.097% ca
[ (11-1)
Op = 0.738 + 0.048% cam
I
) B + 234 ca 0y = 0.119 + 0.031% cm
' (11-2)
O = 0.82 + 0.03%K ca

gote that /increased dispersion oé the lower plume relative to the upper
is evidemt in the o; relaticns. This!is not as apparent in the Oz
relaticne. The sighe of relesse height (b) at = = 0 is quickly compansated

_by a sealler distance coefficient. By % = 33 em, the sigma for (e) is
~s8lightly grester tham the sigma for (B).
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Cue correcfion must be mede to th¢se concentratiomas before they can bg
compared to the predicted concentrati@ns. In both eystoms, a normalized
comcontration ll@ veed, based on the sdale QQ:Z/Q. The mm@med
concentrations reported by Suyder end [Britter, and listed im Teble BOE use
&30 em/s for the scaling veloseity. 1is is the free stream velocity im the
wind tuonel. The modal ccmputaticmeT§5®um@ the scaling velocity is equal to
the frece stresmlime velocity at soureg heighe, censistent with the wsual
%ﬂnﬁiﬁu&%@ﬁﬂafﬁﬁh&‘ﬁaﬂﬁﬁimﬁ"ﬁtﬁﬁ§'éﬁﬁ&tIﬁm@. ThereTore, the scaliag ractor
for the wind tumnel observations has lieen changed so that the scaeling velocit
is that observed st ccurce height witﬁ no obstacle im the tumnsl, 356 cm/s.
The new mormalized concentrations ere |listed im Table il.

TABLE 11. COMPARISON OF |PREDICTED AWD OBSERVED
KORMALIZED SURFACE CONCEWTHATIONS FOR

1 STACK FRIGHT TOUAL TO RILL REICHT®

o

-
e

Predicted Concentratica |

Hill Crest Rill ﬁaxiﬁum Observed Concentration
L 0.3%9 o2 o — 284 -8 162
2 0.b103 0.037 0.034
3 0.b035 0.015 0.019
5 9,0015 0.008 -
10 0.0005 0.003 0.015

*The observed vhlues are normalized uzing the source height veloeity.

Hozmalizedzceﬁcentraticaa prediceed by the complex terrain model
incorporate verticsl and horizontsl plume spread parameters derived im
Section 11.3, epd the gsspect ratio weighting fumction derived in
Section 10. Computations are mede for aspect ratios of 1, 2, 3, 5, and 10.
The results arejalso listed in Table 1l.

Comparing predicted and observed waluse shows that the hill crest
computation overpredicts by 40% at espect ratio equal to 1, and quickly
underpredicts f?r aspect ratic egual to or greater tham 2. Over the ridge,
the model prediction iz caly 3.4% of the observed value. Ghen the mswmimum

‘predicted comcentration for any positipn on the hill is compared with the
observed comcentration at the crest in' the wind tumel, better agreement is
fourd at most ebpect ratios. Overpredictions of 100% and 9% are found for
‘aspect vatics 1and 2; underpredicticns of 25% and 80% et amspect ratics of 3
and 10. 8cill éhe trend is evident: predicted ground-level concentraticns
fall off wmuch mire rapidly with ﬁapectifatio than do the observed
ground-level coacentrations. This trend is viouelly apparent in Figure 24.

The potential flow medel concentrations mey alco be compared with
cbservations and other modeling methodd using the terrain correctica factor
(as in Sectiom 7). Toble 12 summarizos surface concentrations end fuplied
terrain correction factors for: the wind tummel observatione; the potential
flow wedels and the surface concentratiocns resulting from the half-heighe
assumption model; the flat terraim asetwption model (i.e., terrain-follewing
pleme); and the 'level plume sssumption)model (no surface reflection e

; ~The comparison—iliustrates;the oensitivity of menrimmsurface
&5
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Predicted and observed concentrations for stack height

equal to hill height (23.4 cm).
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TABLE 12. COMPARISON OF SURFACE CONCENTRATIONS AT HILL CREST
BETWEEN THE POTEWTIAL PLOW MODEL, THE WIND TUIEL OBSERVATIORS,
THE HALP-ENEIGET ASSHPTION, TRE FTIORAIE-FOLLCWIKG FLUIME

- ~ ASCIRPTION, AMD THZ (LEVEL PLGIE

. ASSUMPTION FOR A STACK EXIGHT BoZL TO HEILL FRIGIE®

A A e R A IR A O IR R A1 N T e
Aspect Surface Concentration at Rill Crest Terrsin Correction Factors
Ratio Model Observed 1/2-Height Wo Rill Level Model Observed  1/2-Height Ho Hill level
0.199 0.142 0.108 10-6 3.03 0.460 0.483 0.5 1.0 0.0
2 0.0103 0.034 0.108 i 10'6 3.03 0.629 0.567 0.5 1.0 0.0
3 0.0035 0.019 0.108 10-6 3.03 0.680 0.598 0.5 1.0 0.0
6.0005 0.015 0.10 10-6 3.03 0.764 0.610 0.5 1.0 0.0

AP O R R B R T
T e I Ol

tThe terrain correction factors associated with the potential flow model end the observaticus are
darived frem the congentrations that sre predicted by the model and cbzerved in the tumael (see
Equation 7=7). Those correctien factors for the othar approsches ave assumed values, &nd the
corresponding surface concentraticns sre caleulated from Squatiom 7-6.



concentrations to the terrain correctjon factor. Terréin COrrection LHCLUEE
Jerived from tha observations very befween 0.48 and 0.61 depsnding on the
crosswind aspect ratio.

11.4.2 ther Plume Characterist#cs

The algorithm used to predict plime centerlime height at the hil% cregt-
imwpbgsa,d@@égq@d.zowm@psaﬂs@a-th@—ob@@zned—u&xiaai@ns~@£w&h&maamt@slama_
height with aspect ratio. However, ﬁ%e limiting cases, in vhich the aspect
ratio equals either 1 or 10, are completely specified by the theoretical
solution to potential flow over a gphére end over a eylinder. Therefore,
the overall magritude of the pre&icteﬁ centerline height for thezse cases
must be compared to the cbservations lecause only relative variations with
aspect ratic hss beem fined. Hote th%t pluzme epread statistics are
completely determined by the spreadin$ equatioas, by the theoretical
* ptreemline soluticns for sphere and cylinder, and by the weighting for

streamline position end velotities as|functions of aspect ratioc.

Pigures Zﬁ end 26 compeare ptedic%e& with observed values of vertical
plume spread, d;, end plume centerline height, zg, over the crest. Two

-Lhserved z¢ medsurea gre plofted, and!three observed o, meggures 2ve _ __ pp.
shewn., Each oﬁ these represents a different interpretation of the vertical
profiles.

The plume {centerline height may ée defined either as the height at
which the mazimmm concentrstion ocecurd, or as the height associated with the
centroid of the'wbserved vertical condentration distribution. These two
heights are shewn in Figure 27 for thé griangular ridge. The results of
these two possibilities yield the two|illustrated curves marked “centroid”
and "meximm" in the comparison figurds.

Similarlyy oy is sensitive to the centerline definition used. The
first choice (lebeled as "Snyder et al." om Figure 25) is derived by fitting
a reflected Cauesian curve to the vertical profile. The other two oy
curves (lsbeled by "centroid" amd "maximm") are calculated using s 2-point
reflected plume equation similar to that uged in Section 11-3. The surface
concentration is takem to be the averége of the surface observations, and
the elevated cdancentration is taken either near the centroid height, or at
the height of maximm concentratiom. |In the case of the centroid
calculation, tﬂe concentration used ig the aversge of the concentrationm at
the centroid height, end the meximum ¢oncentration.

The resulting curves show that the predicted behavior of the plume
centerline at the hill crest is bounded by the interpretstions of the
experimental ddta and, for aspect ratios larger than 2, the predicted
vertical spread tends to fall below all of the values derived from the
observaticas. The shape of the predig¢ted zp curve begins to level off
quickly at aspect ratio 3 but, overall, the predictions of plume centerline
hzight above tge crest ave within 15Z{of the observed heights. The shape of
the predicted Iz curve only weakly echioes that of the observed curves.

Por aspect ratios less than 3, the wmodel overpredicts 0, by as much as 50%
in the case of 0; (waximum), snd overpredicts the corresponding centerlime
height by 50% 4s wall.

However, if the "centroid" versign of the observed o, is adopted for

- aspect ratios less than or equal to 2, the predicted vertical plume spread
.—and the centerline height agree with ¢hose observed to within 20%.

a8
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Figure 25. Vertical plume spread at hill crest for stack height

equal to hill height (23.4 cm).
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Figure 26. Predicted and obserVé&"plume height at hill crest for

stack height equal to hill height (23.4 cm).
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Fer aspecf%retnos of 3 and larger, the model predictions of ¢y are
too small. Values of verticsl spresd are underpredicted by 27% at sspect
ratio 3, and 57% st aspect ratic 1. Therefore, gome of the
concentration underpredictions with irvcressing aspect ratie may be directly
related to quslfitative snd quantitative differences in 0y. Wote, for
exemple, thet the obeerved vertical e#te@d over the rxd@@ (4.7 cm) euceeds
that wezsured at the eome downwind dimtance over flat terrain (4.0 cm)
m&mﬁmmummm@mww?@Mm@a
potential flow over a two-dimemsicnal ridge acts to compress stresmlines im
the vertical, this enhanced 0, must result from increased dispersiou inm
the presence of] the terroin festure, 7

A siwmilar camcluenca may be drewn from the horizontal spread, 0.
Figure 28 shows that the shapes of thy predicted snd observed curves are
dissimiler. Thie overlap st aspect ra is 1 is virteally exact, but the sharp
rise at aspect patio 2 is missing Erﬁq the model resuwlts. Deyond aspect
ratic 3, the trbnds again agree, but the predicted curve lies sbout 25%
below the chbserved. Over the two—dxménglanal ridge the cbserved value
exceede the flat terrain value by Q@&u Hote that the observed oy, values
are tsken frua Ebe 1atetal profile in .a herigontsl plame through the

11.4.3 H&Fe Plux

A measure of how well the cbserved plums conforms to a Gauesiszn
dageription r@l&&e value of ite noreslized wass flux. The ideal CGsussiaa
plume has unit wass flun defined by the relatioa:

|
B o= 22°772
Q

CL (11-3)

where both the Eeleclty U and comcentration X ere centerlime valwes.

How well the wind tunnel experiments preserve a mass flux of 1.0
sugzests how well the model predictiocns may egree with the observatioms.
Thre2 curves of' the observed mormalized mess fluz ave plotted in Figure 29.
The observed."”Shyder et al." curve uses the 0, and cemterlinme
concentration velues derived by umy&ef and Britter (197%b), while the other
two curves sre pesed on the o, and comcentration wmeximums derived for the
centroid height, and the height of maximm concentration. Overall, the
centroid interpretation of the observed profiles yields the mass fluxm
clesest to umity. All thres give much the same result for aepect ratio
greater than or equal to 3. Figures 25 and 26 indicate thet the centroid
interpretation bf the observations matiches Che pradicted valuce of plume
depth and he1ght better then the oth@r interpretatiocns for smell aspect
ratio.

11.5 Comparisop for Plume Height Equal to Half the Cbstacle Height

) The complexn terrain model iz now zaﬁp@red to observatione with the half
hill height stack. Predicted normalized coacentratiome 1ne@xp@°@t@ the
~veft1cal &ﬁﬂ h@?zzeﬁtal plume sprezd w@r&m@ters dcrnved nn Section 11.3 emnd—
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Figure 28. Lateral plume spread at hill crest for stack height
equal to hill height (23.4 cm).
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Normalized Mass Flux at Hill Crest

as # 2L M e T T
5 T T T )\
N A —
! N
[ - o o
a7 (_' + — —
J __L — : LEGEND o
e i D= Predicted
B - 7! O = Observed<centroid> N
|- . LI i & = Observed<maximurm> ;_
: ‘ + = Observed<Snyder et al>
08 = — :
I ui _ ——— e
05 44— ——t—— —— —— _— —
04 e ; (i
c 2 4 6 € 10
Aspect Ratio

Figure 29. Predicted and observed Gaussian mass flux for stack
height equal to hill height (23.4 cm).
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-wnode for scpect ratios of 1, 2, 3, S, end 10. The recults, listed in
{able 13, reprosent the wmewisom predicted concentrstione mesr the crest se
vell as these predicted right at the hLill crest.

TABLE 13. PREDICTED AMD DBSTRVED KOTMALIZED SURFACE
CORCPRTRATIONE FOR A STACK FZICIT POUAL TD WALY FILL IHICHT

1

Predicted Comeentration Cheerved
Rill A Hill Crast Bill Menirum Concentration
c2 1 2.50 2.61 2.09
C4 2 1.30 1.43 1.25
c6 3 0.99 | 1.18 1.18
- 5 0.78 0.97 _—
cx 10 . 0.57 0.73 6.98

Observed concentraticns m@asutedﬁat the hill crests, and corrected for
source streamlinme velocity, are alco listed im Table 13. These values
reprasent the sverage of the obaerw*tx@ma taker from vertical, Iateral; ard
longitudinal profiles throuzh the hlll crest. These surface choervaticas
egree very well (within 5Z). The obsgrved concentrations zre coumpared
directly to the predicted ccncentrgtnﬁma in Pigure 30. The complex terrain
model averpz@dlcEQ the observed comcentraticms by as wuch as 25Z for aspect
ratios betuwzen l and 2, and underpredicts by as much as 427 at aspect
ratio 10, 1 ;

Tnlike the previous experiment in which the stack height was equal teo
the hill height (Sectionm 11.3), verticsl profiles of the plume over the hill
crasts showed virtuaily ne elevated c@neem*ratxc& manizwens, Apparently the
pleme is so gxgatly influeaced by the b@unﬁary ilsyer that the pluﬂe
centerlive cgonot be rveadily xdeatzflgd over Che crest. This i3 especially
the case for the profile over the cong. At larger aspect ratios, @ weak
drop in concentration dozs become discerneble im 2 shalleow layer meer the
surfece (Figurd 27).

Al though dhe predicted and obaer%ed plume spread statistiecs cemmot be
compared directly (because the model is mot designed to simulate the phyaics
of the eczperimemt) it is imstructive €o highlight the differences betwsen
the cbeervaticns end the predicted vajues.

The disp 1ty between model predictione end observed plume
charscteristics is showm by coap@flmggthe plume spread p&t&m@&ers and
ceaterline height evaluated at the crést. These are plotted im Pigures 31
theough 33. Figure 31 compares the pﬁedacted centerlive height sbove the
hill creets ag@ir+t the height of the lcomtroid of the observed vertical
ceacentration distributica. This comperison caly illustrates that the
predicted height iies betwsen an absolute upper bourd and the hill surface.
Presusably, the true scuree atzw&mlxa? in the wind tuanel lies somevhere

_balow the predicted values. The greatest guslitetive disegreceent between.
ropredicted and opserved qusntities is fourd in the gy comperison. The wost
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Normaolized Ground-Level Concentraotion
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Figure 30. Predicted and observed concentrations for stack

height equal to half the hill height (11.7 cm).
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Figure 31. Predicted and observed plume height at hill crest for

stack height equal to half the hill height (11.7 cm).
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Figure 32. Vertical plume spread st hill crest for stack height

equal to half the hill height (11.7 cm).

.98




Sigma-Y<cm>

Loteral PlLume Spread Parameter

15.0

-~ -
-~ -

If
12.5-—-——% —_ EERALLLIYY |
— — ————{ LEGEND |
O = Predicted 17
10.0 _§h§ — O = Observed
- N:at‘“‘“l':-mt_ _%
7.5 —_
5.0 -
2.5 _— ]
0.0 f i ey
0 2 4 6 8 10
Aspect Ratio
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-potable quentitative disagreement is found in the verticel plume epread,

more pronsunced. Apparently, iscreased turbulemee levels im the wind temnel

boundary layer lstrongly affect plume dispereion mear the ebotacles. Thie is
boraz out by the turbulence measurcmerts conducted im the wind tummel.
In ecnjunction with their tracer expwrhmemtu, unyd@r end Britter

; Fvelovicy fioldenbove theuprind-beses ot h C2-through—CR—

(Sﬁy&er et al. ,1@7%1 and observed thets

This trend is similar to the og %@aults in Sectiom 11.5, although

1) Mean elocities @yet@@@ticaily dacresse at all clevaticms with
imcreasnng aspect ratio. Very close to the surfoce the mesn
velocity is independent of the hill's aspect ratio end is ebout
1/6 Gf that in the vmdisturbed boundary layer. The larger the
sopect rvatic, the greater is the height to which the hiil's
influ@nee extenda.

2) Because of the hills, longitudinal turbulence is decreased end
verticsl turbulence is (congxderebly) increased very close to the
surfsce. Surfoce turbulenc@ increases systesaticslly with
incrcdosing- kipect Tﬁtrﬁ‘—«lfeﬁ@aeed turbuleace, especielily --
lcnwgﬁuuinal, is cboerved o 3 to 4 hill heights above the
surfgoee, the incresse being lerger for the larger-aspect-ratic
hilld.

3) FHRegstive Reynolidas stressea, qunte large in wmagnitude, sre observed
bei@w”half the hill height. Although the scatter of the data is
qunte large, it is apparent that the sagrituwde of the ansgative
Revnalds stress increases with aspect ratio.

Measuremsnts over the crests of the hills shows

1) Ia very erude terms, hills with aspect vatio of 2 and asbove show
gimilar flow behavior, wherdas the come (C2) chows distimetly
different behavior. For exdople, the epeed-up factors are 1.15
for the cone and 0.95 to 1.0 for the other hills. Yet the changes
are fot mouotonic with aspedt ratio.

2) Changes in turbulence relative to the unibastructed bouwedary layer
increased with elevation and (in this case, systematiecally) with
increasing aspect ratio.

3) Very 'large negative Reynolds stresses sre observed; negative
valu@a are observed to ome~kalf hill heights sbove the crests.

In summary, thé cbservations indicate that vertical turbulenece near the
surface upwind lof the hille increages considerably over the unobstructed
flow, zncrealxﬂg systematically with sspect ratio. Large negative Reyaolds
stresses associated with the incressed turbulence are getive wp to ons-half
the hiil height amd, consequently, have a profound effect on the development
of vertical plﬁﬁﬁ apread over the hill. Because the turbulemce imcreszes
with aspect ratiic, o, rises gt@pﬁxc&lﬁy as showa iu Pigure 32. This

aepect retio dependence of turbulence intenmsity is mot accounted for in the
model.
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=1l Humzsry %gd Conclusicns

leboratory cbscrvatione of flow over four hill shspes with espect ratio
vaeying from R’to 10 (effectively to iufinity). All hills are the ceme
height with the same dovavied cross-scetions a triasgle with e slepe of
-@«5. SEEQR &elgheg Leeﬁ in the camp&siw@n eorreepond to full hill heighe,-

The p@tenéial flow complax terragn model haes besn coxpared with

A: @mail %spﬁat f@ti@@ aud’ f@r either steck height, the model
overpredicts ccncentrations at the creot: by 40%Z for the higher stack, aad
by 20% fer the |iower stack. The maxisium predicted concentrstion near the
crest is 1007 larger them the observeq value at the erest for the higher
stack and 25% larger for the lower etsck. At large gepect ratios the model
voderpredicte in both cases, C@mpariéﬁng with surface concentraticns using
the level plu@g and terrain-following plume assumptions show that the level
plume approach overpredicts observed concentrations by two orders of
magnitude, and [the terrain~following plume approach underpredicts by four
orders of msgaltud

Por aspect ratics grester thes 1, 0z is consistently

Jmderpredicted In the presence of the hills gy e@&_gz_boﬁh_ﬁhaﬁ,mgrhed._,mb
echancement over their flat-terrsin velues. Por erample, the ratio of Oy
over the ridge /(A = 10) to oy over flde terrain is 1.45 for the
haif-hill-height stack, eund 1.40 for the full-hill-height stack. The
regpective 0, raties sre 2.06 and 1. Eg These enhancements ere not
observed to wesult from flow deformatioms. Such changes eertainly cenmot be
reproduced by gotential flow deformaticms alona,

Table 14 cozperes observed Co pfﬂﬁzcted 6, end 0y ratios for all
four aspect raties and for both ﬁtawk|h@1ghtae Also imcluded in the teble
sre retios of cbserved to predicted speed-up facters. ‘fhese facteors are
based on velgecities along the scurce étr@amlxme. The ratiog cbtained appear
to be roughly imverse to the horla@atél epread ratios. If the model iz to
compare favorably with these wind tuntel resulte, the mechanisms comtrolling
the observed p%um, shape must be better understood.



TABLE 14, OOMPARISCK OF OBSERVED TO PREDICTED
RATICS OF FLUME SIZE PARAMETERS AND SPEED-UP
PACTORS(S) AZ A FIMCTION OF ASPECT PATIO

Parsmeter Aspect Ratio
1 2 3 10

Stack = 0,5 Hill:

9y (obs.)
oy (pred.) 0.65 1.27 1.43 1.46

Oz (Sanyder et al.)

og (pred.) 1.3 2.43 2.76 3.19
5 (obs.)
S (pred.) 0.89 0.76 0.70 0.69

Stack = Hill:

Oy (cbs.)
Oy {pred.) 0.99 1.23 1.3% 1.3%

Oz (Snyder et al,)
O {pred.) 0.84 1.2} 1.27 1.53

O'2 (centroid)

o, (pred.) 098 1.21 1.40 1.53
8 (obs.)
8 (pred.) 0.94 0.78 0.76 0.73




SECTION 12

MODEL COMPARISON WITH FIELD O3SERVATIGNS (WIDOWS CREEK DATA)

12.1 Backgroun?

Measured shlfur dioxide (S02) concentrations near the Tennessee
Valley Authority (TVA) Widows Creek Steam Electric Power Plant in Alebama
are compared with concentrations predicted by the potemtial flow crmplex
terrain model. ' The routine meteorological deta from two towers, the
occasional temperature and velocity profiles, and the continuous S09
measurements at five monitors on a nearby ridge and one monitor on 2 mearby
-@5und make the Hidows 'Créek dats—base-g promising testing ground —for the — s~
complex terrainimodal., Comparizon of the model predictione with the
obgervations at: Widows Creek tests the model's asbility to predict
concentrations on real terrain features under complex, uncontroiled
atmospheric f}qaﬁgcnditions.

12.2 The Widow% Creek Steam Rlectric Fower Plant

The 2,600 megawatt (Mw) coal-firéd power plant operated by the TVA at
Widowe Creek, Alsbama, is currently composed of eight individual boilers uind
three mzin stecks. Boilers 1 though 6 feed a single 304.8-meter (m) stack;
boilers 7 and 8 esch feed a 152.4-m stack. The 304.8-m stack has been in
use for all six boilers since early 1978. Prior to this time, boilers 1
through 6 fed sgparate 82-m stacks thet were subject to frequent dowmwash
events., To avoid the complicating effects of downwash end mulitiple plume
interactioms, ohly data commencing in Janvary 1978 is used.

Figure 34 dieplays the topography of the area. The terrain feature of
greatest interest is the bluff located to the southesst of the plant. TIts
face rises 840 feet (255 m) in a distance of 0.9 kilometers (km), yielding a
nearly uniform slope of about 1:4 (v16°). At the top of the rise, roughly
2.6 km from the| plant, the terrain levels at the plateau called
Sand Mountain, 275 m above the power plant elevation. Atop this plateau,
five S0 monitors are positiened in an arc with a mean distance of 3.5 lm
from the olent., The two monitors closest to the crest are 3.2 km from the
plant, and that at the center of the érc is 4 lkm away. Two meteorological
tovers are identified in Pigure 3. One is near power plant elevatioa on
the valley floor, and the other is near the central monitor of the plateau
sampling arc.

Other terrpin features are locatad to the northwest of the power
plent, Two of these—-Summerhouse Mountain and Cumberland Platesu--have
single S04 monitors at their crests. Only Summerhouse Hountain (275 w) is
_isolated emoughl to be considered a second suitsble terrain feature for

)

~comparing predicted and observed comcentrations,
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Figure 34. ' The Widows Creek 'steam electric power plant and - - .
* surrounding features |




b The Sand m&untaxn ridge iz shown lin cross-section in Flgure 3s5.
Epplication of the complex terrain model to this feature requires selecting
en appropriste circulsr cylinder end placing it at an sppropriate dietence
from the source, The selection made ih this report is compared ¢to the
actual terrain fin Figure 35. The helg,t, or raalua, of the cireular
cylinder is takem to be 275 m, and its| center is placed 3.2 im from the
-source, This source-to-crest distance places the model crest receptor at -
Eﬁw—@ﬂ@@sgym5§e¢av@@@ﬁa—dmuﬁwz@ﬁ—dﬁ@sdmmyﬁ&;eheAm@@%%@%@—&m—&he—@b@e?w&n@
are, slthough tta aetual ridge crest 1lies as close to the source s 2.6 km,
In effect, the ridge is modeled as if Et curved through the sempling arc.
If the sctusl gpometry had been preseried, the medel crest would ceincide
with the true cr@st, ead the monitors tould lie on the downwind side of the
cireuler cylimdér,

Applicatica of the model to Sumzerhouse Mountain followe in similar
fashicn., Por this comparison, the hill crest is set a distance of 8.7 i=m
from the Widows! Creek facility. The hblght is the game as that used st
Send Hountain, 275 w. However, the croegwxnd shape lies between that of &
simple sphere aud cylinder. The approxxmate crogswind distance through the
meaitor from onk 0.5 hill-height point! to the other is 2.2 km. The aspect
Zatio defined in the: complexz_terrain wodel is one=hslf this length divided .
by the he1ghﬁ of the hill, Therefore Ehe crosswind aspect ratio for the
model hill is set at &,

12.3 Case Selection for Model Comparisons
9-1/8" ‘
12.3.1 Anhlysis of the Temnessee Valley Authority Sulfur Dioxide
Hcpitor Data

Digitized éoz concentrations and meteorological data (temperature and
vinds at 10 a aad 61 m) collected at the TVA Widows Creek Steswm Electric
Power Plent were supplied by the TVA Alr Guality Branch, Muscle Shoals,
Algbema. The cbmputer tape coutalmed,elm part, hourly SOQ concentrations
froa the five monitors on Sand Mounta&h and the single wonitor on
Summerhouse Hountain for the period January 1, 1978, to September 30, 1978.
This ie the perfod of most interest as the last of boilers 1-6 was tied into
the new 304.8-m stack in late Decemberl, 1977.

The first azep in selecting the hnurs best suited for model comparisons
was to search for those hours with at ﬂeast one monitor reporting am 509
ccnceﬂtr&txon g%eater than or equal td 0.10 parts per million (ppm) or
570 ug/m3. A total of 73 hours was identified for ridge impacts (Sand
Hountain), and 58 hours for mound impects (Summerhouse Mountaln).

Hext, hours with unstable stebility classifications were ruled out.

The stability wms assessed primarily from the temperature gredients between
10 m and 61 m st the tower atop the ridge. Because the laver between 61 and
10 m may not be, entirely representative of conditions st stack heights of
150 and 3090 u, Ehe cut-off value for temperature differences was set at

1.5 times the dry sdiabatic lapse rate, or ~0.75°C/51 m (-1.359%/51 m).

This criterion reduced the number of cbmpar1eon cases to 27 hours of ridge
impact, and 15 hours of mound impact. xFor almost all of these hours, the
eource-receptor| trajectory corresponded readily with the wind direction
recorded by the 61-m sengor on the ridge. Table 15 and 16 list the selected
héurs and carregpondxng §09 concentrations for Sand Mountain and

Swrrprhouse Houhraiasr
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TAELE 15. HOURS SELECTED FOR HODEL COMPARISORS
AT SARD MOUNTATHR (RIDGR)

S0, Coacentratiocns (1(‘)-3 pEm) at Ridge Womitors

Year Day Hour M1l M 6 M3 M9 M 10
78 3 1300 50 140 150 00 50
78 3 1400 0 0 330 310 210
78 3 1500 0 126 140 200 170
78 11 1360 130 310 0 e 99959
78 11 14660 270 450 20 ()} (i
78 11 1560 150 310 300 0 /]
78 22 1400 150 90 60 110 160
78 22 1500 220 270 2060 270 240
78 22 1660 170 220 240 260 280
78 22 1760 110 200 210 220 150
78 22 1500 80 120 150 170 130
78 22 1900 140 120 100 100 o
78 40 1360 ] 0 160 210 166
78 126 1600 110 170 160 90 30
78 190 960 (] 220 180 90 20
78 214 1800 20 160 130 20 °
78 226 1000 6 200 850 600 200
78 226 1100 150 220 180 150 (]
78 226 1200 200 160 120 120 80
78 230 1600 ) 230 140 10 0
78 230 1360 (] 0 30 160 220
78 232 200 200 100 70 110 20
78 232 1400 60 170 80 129 10
78 232 1500 10 150 150 170 0
78 238 1300 50 190 80 140 120
78 263 1400 ¢ 240 150 420 370

40

78 263 1500

200 150 230 270
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TABLE 16.

EOURS SELECTED POR MODEL COMPARIEZUNS AT
DTSR MOUTTATY (ICOLATED HOWY

80, Coucentratica (10‘3 rpm) at Menitor 13

Year Day Hour M 15
78 6 - 2060 160
78 4 2109 450
78 25 1630 130
78 143 60 140
78 1543 700 120
78 165 2360 120
78 166 24590 140
78 167 160 140
78 220 €560 190
78 222 2400 150
78 223 1¢0 138
78 258 900 170
78 260 2380 260
78 260 2400 260
78 262 260 100
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801

Sand Mounteain Ridge

{m)

Figure 35. Comparison of the idealized cross-section of Sand Mountain
to the southeast of Widows Creek power plant with the
circular cylinder assumed in the complex terrain model.



For eech of these hours the TVA Air Quality Bramch furmished all
gvailable tmemtum, and velocity prpfiles, and hourly emigsicus date.

12.3.2 Andlysis of Selected Enispions and Atmoopheric Data

Gpon receipt of the available temperature end wind profiles for the

'dave identified, the hours of mgnifiqmt izpact were compared againet the
"imss-of-prefile-cbscrvaticnes ——G@sw»%\:w -gore-conalidered -forfevthor
gnalyeis if they could be matched to tcmperature profiles taken within ome
hour. Table 17 lists all hours that shtisfied this criterien.

The vertical tesperature end velopity profilees are essential to compute
firel plusme rise snd the Frovde musmber), so that the model may use the best
eveiiable informaticn im deterciminmg the plume centerlime height over the
hill crest. The cases lihely to produre the largest predicted
concentrations have the pluze centerlime ~losest to the hill height.
Therefore the caees eseclected im Table 17 are analysed firet for fimal plume
rice height.

Finzl pluse rise is caleculated ugmg the revised Brigge plume rise
equatiocns (Briggs 1973). Heasrly all csoes are sssociated with cstable
Lsiraetification in the leyer through which the plume travels. Fimal pise
under these conditions follews the relations:

i

ih -’1 2.6 (¢/us)/3

9-178""

! 2 TsnTa Qa )
4 -l 8 Ry vs—-Tr—:—m 2=1
E
2 28
s -Q ‘l'. '} 4

where
T, " mient average temperature °x),
T, - at@ék exhsust temperature (OK),
v, = stack exheust velocity (m/a),
R, = stack top radius (m),
g8 = acceleratica due to gravity = 9.8 m/s,
28 = veq:ical potential teﬁpem;ture gradient (°R/m),
oz and,
u = average wird speed in the ;ayer (m/s).

¢ Temperature end. velocity profiles, supplemented where necessary by the tower
kﬁa, provide values for Tz, 86/%z, and u. Host other quantities are

o
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TABLE 17. CASES OF SICWIFICAET DMPACT TWAT BAVE ASSDCIATED
VERTICAL PROFILED OF TRMPERATURR

Ridge Impact Hours
Profile Observation Tima

Julisn Day Month Day Bour Temoeraturs Telocity

3 1 3 1300 1227 1332

&0 2 1360 1228 i312

190 ? 9 G960 0851 6700
226 8 14 1280 1247 1340
230 8 18 1000 6920 6925
230 8 18 1360 1223 1305
232 8 20 145-1560 122541638 16390

Mound Impect Fours

Profile Cheervatiom Tise

Julien Day Month Day Hour Temperature Velocity
4 1 4 20-2160 2030 2355
166 6 15 256GD G805 2340

222 8 10 2609 0004 ‘ 232
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sietorsingd fox dach stack and, with the czception of the steck radius,
"épent on the i?dividuai boiler leads For each hour. Boiler logde for esch
wnit snd howr under study ave listed ih Taeble 13,

TABLE 18. MOYREY GROSS LOAD i4w

P —

§

pdulian , Bnit
bBate Month !Day  Bowr 1 2 3 4 5 6 7 8

3 61 T 63 1300 160 73 114 163 104 106 o0ff 311

&0 02 69 1300 46 60 47 55 51 S3 Off 364

- 180 07 62 0%00 123 123 130 125 129 128 Off 456

226 08 14 1260 111 Off 129 131 128 123 526 Off

230 03 18 1000 112 59 Off 130 122 128 271 281

23 68 I8 1300 112 61 Off 133 132 130 250 281

232 o8 20 1500 oOff S5 129 133 132 127 480 Off
332 08 — 20 5-11580— GFE - 60-— 120 — 120 — 130 — 127 — 480— OfE-,

& o1 64 2060 94 90 110 S0 98 101 398 Off

4 01 66 2160 96 88 110 90 163 104 413 OFf

166 65 15 2400 101 ST 96 89 59 69 Off 241

222 68 10 2200 82 Off 88 66 8  S1 244 297

==

{

i
Treliminary calculaticas for the &all gteck indiecate that the
izpact of cmissions from this stack duking the hours vmder study ave
very small ca the ridge. Consequently, only plume rise frem uwnits 7
end 8 is diccusbed im deteil. Egquaticas for exit temperature and
velocity for builer umits 7 end 8 were provided by the TVA Air Quality
Branch., Those éﬁt unit 7 ares

Bo Sc%ubbez Scrubber
Bo Serubber | Scrubber
T = 3958 (°n) ¢ = 365 °R)
V = 0.047G + 1.0 (a/s) V = 0.042G (m/s)
i

end those for ugit 8 ares

Ko Scrubber Scrubber
T = 389 (%) T = 367 (°R)
VvV = 0.03%C ¢+ 0.494 (m/a) VvV = 0.030C + 0.624 {u/a) -
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tIn Table 18 thefgquantity "G" is ihe grues lcad of the boiler im Hw. Results
‘of the pluse ri%@ calculstions are givmm im Teble 19 as final plume height.
The fival plume height o the sum of the steck height snd the fimel plums
rise, &h.

}
TAELE 12, VIRAL PLIIE HEZIGHTS OF Eﬁlgﬁiaﬁﬁ FROM BOTLERS 7 AMD 8
{ BOTH WITH AWD WETEOOT ?@LL SCRIODING

e T
T

T i

2 Mpemar-mecCTr
SR A

“Berubbed Plume
Plume Height (m) Beight (=)

. |
Julien Bay Henth Day Hour Talit 7 Tnit 8 Unit 7 nie 8
{

3 1 1360 - 445 - 422
40 2 1360 - 432 - 439
150 7 9 0200 - 325 - 307
226 8 14 1260 1,083 - 855 -
£30- - -8 16— —1060— - 3%0-— — -365— — —319- — — 326
239 8 18 1309 833 802 736 733
232 8 20 14-1500 600 - 533 -
) 2 ¥ 4 20-2100 309 - 289 -
166 6 15 2403 - 335 - 317
222 8 10 2400 L 368 374 335 352
= :

Of the seveh hours identified for impact on the ridge (Sand Mountain)
ealy four were gelected for comparison with the model:s day 3 heour 1300,
day &9 hour 1308, day 190 heur 0300, &Eﬂ day 230 hour 1000. Plume
heights during t%@ﬁ@ hours varied Emﬁ; 325 meters to 445 m. For the
other three haufa, plume heights varicl between 600 = and 1,085 m, vhich
exceed twice the height ef the rnﬁﬂe.;

The three hours identified for impect om the issleted mound
(Su=merhouse Mstintain) saw similer fiwal plume heights (309 to 375 w).

Tem@@rgtufe profiles for esch of the geven case houra remeining
(after @cfee?1ﬁg for plume rise) are presented in Piguves 36 thr@urh &2,
The dashed linep identify the mean tewperature gradient useed in the pluse
rise calculation, and Che horizontal line is the resultant finel plume
height from the! 152.4-m stacka. In &ll cases plume rise is seen to take
place entirely ¥ithin the layers described by the indicated mean
temperature gradieats. bL

The 809 emibeion rates from esch boiler unit were calculated from
hourly boiler lpads, weekly sulfur cortent and hiet value of the coal for
esch unit, and mﬁn?%ly averages of the gross energy ocutput of the
feeility per heht input as fuel. The sulfur content had been adjusted by
TVA to reflect 50Z% comversiom of the sulfur content to 802. To compute
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Halght (m)

2 8 8 8 8

g 8 8 8 & #

180

6§.8m/s
o
. \ 3.3m/s
= = Swec Final Plume Height
S
AT o -1"1_‘
u iz =-0.0038

'. m/g

_ Temperature Profile Cbservation: 1227 LT

Velocity Profile Obssrvation: 1332 LT

] | ! i L
4 -3 -2 -1 0
Temperature {(°C)
Figure 36. Temperature profile used to calculate plume rise and

Froude number on day 3, hour 1300, 1973.

113




Helght (m)
B 8 8 g &8 & 8 2 &8 8 8 4§
|

Final Piume Height

50 — Tomperature Profils Observation: 1223 LT
Velocity Profile Cbservation: 1312 LT

0 | 1 | |

1 2 3
Temperature (°C)

Figure 37. Temperature profile used to calculate plume rise and
Froude number on day 40, hour 1300, 1978.
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Helght (m)
8 B 8 8 8 8 8 8 8 8 & 4o

8

8.

Final Plume Height

AT . 0.0008 (°C/m)

~y 2.0 m/s
Temperature Profile Observetion: 0341 LT
Velocity Profils Obssrvation: 0700 LT
l L | | N !
25 23.0 235 24.0 24.5 25.0
" Temporature (°C)
Figure 38. Tumperature profile used to calculate plume rise and

Froude number on day 190, hour 0500, 1978.
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Figure 39. Temperature profile used to calculate plume rise and
Froude number on day 230, hour 1000, 1978.
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Holight (m)’
8 ¥ 8 8 & & &8 § 8 8 8 4
[

Final Plume Height

4.3 m/s

|
[

180 —
%ZI = 0.0011 (°C/m?
100 —
_03 /s
50 R Temperature Profile Observatiun: 2030 LT
Velocity Profile Observation: 2355 LT
0 i l | : 1
4 5 6 7 8
Temporature {(°C)
Figure 40. Temperature profile used to calculate piume rise and

Froude number on day 4, hour 2100, 1978.
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Helght (m)
5 8 8§ # &8 & 3 § 8 B 3 ¢d

g

8

\ 10.5m/s

AT _ o
v -0.0345 (°C/m) \

-
1.3m/s
Temperature Profile Observation: G005 LT
Velocity Profile Observation: 2340 LT
! 1 ] ' |
20 21 2 3 24
Temperature {(°C)
Figure 41. Temperature profile used to calculate plume rise and

Froude number on day 166, hour 2400, 1978.
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Helght (m)

8 ¥ 8 8 § § 8 8 8 8 8 4
T

74 m/s

Final Plume Height

AT _ 0.0085 (°C/m)

g
1

8
l

Temperature Profile Observation: (304 LT
50 |— velocity Profile Observation: 2322 LT

oLt | | | |

18 19 2 21 n
Temperaturs (°C)
Figure 42. Temperature profile used to calculate plume rise and

Froude number on day 222, hour 2400, 1978.
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vthe hourly emiszion rate, the sulfur dnd heat contenmt messuremants msde
‘on samples tsken once a week at each boiler were averaged (over
units 1-6, and over uaits 7-8 sepsrately) for each week to minimize the
varigbility found among individual a&mplas. In addition, the weekly
averaged sulfur content of the coal uvged in units 7 and 8 were plotted im
tizme end emosthed to reduce the veriasbility observed im the smsll number
-of sezples. Resulting eunissicn rates for all units ave swwmarised ia
«?&ble«t@«ﬁe@~&h@»@evﬁﬂ~eﬁ@e»hoﬂr®u~~

mmizo. BOURLY UHC@NT’ROKLED 509 EMISSICHS FROM BACH
EDILER UHLIT FURING EOURS SELECTED FOR IOUVL ARALYSIS

| 8G9 Emissions (gfe) from Each Boiler
. {

Julian |
Day Henth ! Day  FHour 1 2 3 4 5 & 7 8
3 1 | 3 1300 529 386% 603 545 S50 561 o 1,986
40 2 .{ 9 1300 221 288 225 264 245 254 0 1,756
«d90 7 . _9.1:0900. 217 217 229.. 220 227 225 _ O 3,442
230 8 | 18 1000 204 1033; 0 237 222 233 2,09 2,171
| |
4 1,. & 2100 508 466. 582 476 572 550 2,536 0
166 6 i 15 2400 208 117 185 183 121 142 0 1,672
222 8 | 10 2660 165 0 178 130 170 103 1,842 2,242

These cmissicas represent uncontrolied conditions, Operation of
scrubbers on unite 7 and 8 with a manionm efficiency of 807 was intermittemt
doring this peried. i

12.4 Predicteé and Observed Concentrations
i ;

12.4.1 Applzcatncn of the Complex Terrain HModel

Six physlcal quantities. wmust be speclfled before the wmodel canm be rume
Xy, the distance from the source to the hill crest; Hg, the height of
final plume vige; a, the height of the hilly , the crosswind aspect ratio
of the hill; SC, the atmpaspheric stability class; and Pr, the Froude number
based on the hill height. The first four quantities have slready been
eddressed for impacts oam both the nearby ridge (Send Mountain) and the
isolated mound (Sumserhouee Mountain), The remaining two are derived hera.

The Proude mumber is defined as?'

Fr = -— (12-2)

R o=, '/ﬁ 28 (12-3)

—B—ie-the-msen velosity-of Eh@-fﬁﬁﬂkﬂﬁﬁéﬁmk(m¢§)v-

vhere



a ieg;he height of the hill [{wm),

T lthe sverage tempersture (%),

28/3z 1is the potentiel temperature lapse rate (OR/m)9
4 islthe ezceleration due t$ gravity, 9.8 w/s%.

Knewledge of the temperaturs profile é\lom allovs the calculation of W, the
@rtmt-?&xw@l@ ﬁr@qmcy, &end the fwe+etmm velacity way be determived frowr
polats 3 hre-meteoroliopical-towee vied-date-
if the xvailable wind pm&ﬂes sTe mt tepmsenmtwe of the cace bomr. The
particular veldeities choeen were aubjectwely gelected withinm the height
range of 300 td 400 m. Table 21 presents the Froude number vesults for
those seven hcmvs selected for medal ewpmnson. Por gll three bours
ghowing slgmfr-_csmt impects on Swamerhouse Mountain (mouad), flow conditicms
are closest to meutral flow; two of the four hours showing significant
impscts on Sand Moumtain (ridge) are tending to stable stratificastion.

TABLE 21] STRMARY OF PE‘EULTS 0P FROUDE HIMBER CA&C@“}Z&ATY(’WS

Julien Ray Esut Ul{=is) 28/3z (‘W/ﬂ) Pr
- 34 — &/ 1305"_"“’f77'“"—~ T T0.0832 T T 6.8
40| 1300 3.1 0.0034 1.02
190 | 6900 2.6% 0.0196 0.37
230 1600 2.5 0.6053 0.52
9.1/’
& 2100 7.0 0.06109 1.30
166 2460 4.5 0.G053 1.24
222 | 2460 5.0 0.6013 1.73 1

*Extrapolated from tower data.

Dispersica stability claeses for!these hours are mot directly
measured, The |tower data give stability claes estimates for the layer below
the stacks based on the tempersture gradiemt (Table 22). Data more
appropriate Lo 'the elevation of the plumes cem be takem from the temperature
profiles, and dtability class csm be determined again from the temperature
gredient. Reither of these methods, however, takes ececonnt of the wind
gpeed, or the inflvence of upwind tertain festures.

TdpLs 22. STABILITY CLASSIFICATION SYSYEM
] : B b s

Temperature Change

with Height
Stability Descripticn Stability Cigss (Cc/ 180 =)
' .

Extremely Uastable 1orA < =-1.9
Hoderately Unstable 2cr B -1.9 te -1.7
Slightly Uasteble 3orC -1.7 to -1.5
Heutral 4dorD -1.5 to -0.5
Slightly Stabld SorE -0.5 to 1.5
Hoderately Stable 6or ¥ +1.5 to +4.0
Extremsly Stable 70 C > +4.0

—— 5 s
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a@abiltty clas@*an& th@ nezt °less @t&%l@ elema. The cese p@rn@d on daym~3—
end 40 ere both|hour 1380 with low wxm§ speeds. Under these conditioms, the
diepersion class wmay fall between the fnferred class (D) emd the mezt less
etable class (Ci The other two perisde, hour 0200 on day 3190 end hour 10CO
on day 230, have much more steble tcmgﬁrature gradients end slightly lower
wind speeds, so|the inferrcd stability class (B) may be rmpm@m@mﬁmtnve;
Beability cises D calculstiong were alpe perfermed for comparison.

411 three twound impect cases have moderste wind speeds and tempersture
gradients that &orrespend to gtabilitibe between claes D end E at night
(hour 2100 or 2600). Bscsuse of the wind specde end terrain roughmese,
stability class D wmoy be more appropribte; both elses B snd class D
caleulations wove made. Table 23 summarizes these choices for the seven
case hours.

TAYIE 23.| RAYGES OF DISPERSION s'mxsmf? CLASS DESICRATIONS
APPRDPRIATE TO THE CASE ﬁwgas BASED OW TEMPERATURE
|  PROTTIRS, WINPS, AND TIND OF DAY
—— — = L7 .- —Gtability-Clase— — — — —
Julien Dsy Heur Profile AT Ronee Modeled
i3 1360 c-p
&0 1300 c-b
915G 0500 D-E
230 1060 F D-E
i
(& 2100 D=R
166 2400 D-E
222 2600 D-E

The complexz terrazinm model was ruq'fer 28 cases, four runs for each of
the seven cszee hours. The four zums per casce hour arise from the four
posgible combinations of two plume heights and two stability classes. (The

“gerubbed” end fPunscrubbed” stack perauseters give differvent glu@@ rises.)
Predicted coaceﬂtratlcas sre normalized by the quantity 0/U0a‘, where ¢ is
the emission t&té, U the steck tep veloeity, end a the hill height.

Table 24 lists the results of the wodel computatioms for the four ridge
ispect cases; ahd Table 25 the results for the three mound impact cases.

In the two cases characterized hy very low Proude numbers (deys 190
end Ziﬁ)y gr@mﬂd-level eoncentrations increace with plume height. This
effect is spuricus; it resulte from ueimg the empirically—derived stresmline
depression elgorithm for cases not supported by the emperimentel data {see
Section 8). It‘empha51zes that the potential flow model may mot epply to
stable conditions.

Tebles 246 znd 25 also list the terrain correction facters calculated
from Bguetion 77 and the pluze path coefficicnts cr.lculated from
Bguaticn 7-9. These factors sare hxgﬂly gensitive to Froude mumber: for
Froude nuwsbers bzgﬂzficamtly greater them 1.0 the pluse path coefficient is
epprozimecely 0.6, for Provde mmbers less them or cqual (e 1.0, the
: coefficient varies from appronimately B 2 to 0.4. (The plume lowere with

_Fitreasing e .atification.)

r
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TABLE 24. RESULTS OF MODEL CALCULATIONS FOR ROURS SHOWING
IMPACT OF THE NEARDY RIDGE

Julien Plume Stability Froude Normalised Infarred Terrain Inforved Pluze

Day Beight (m) Class Kunbor Concentration Correstion Pactor Path Coefficient
3 645 4(p) 0.91 0.0008 0.597 0.349
3 645 3¢¢c) 0.91 0.1497 0.598 G.349
3 422 4 6.91 0.0017 0.598 0.383
3 422 3 0.91 0.1656 0.5%99 6.383
40 432 4 1.02 0.0009 0.611 0.390
40 432 3 1.62 0.1514 0.613 6.3%0
40 4609 4 1.02 0.06018 0.617 0.430
40 46389 3 1.02 0.1671 0.618 0.4630
150 325 4 6.37 0.4663 C.344 0.225
150 325 5(E) 0.37 0.1459 0.344 0.225
180 307 & 0.37 0.4371 0.372 0.299
1990 307 ’ 5 0.37 0.1248 0.372 0.2%9
230 347 4 0.52 C.1931 0.412 6.258
230 347 3 0.52 0.0182 0.412 0,258
230 322 4 0.52 0.1814 0.452 0.358
5 0.632 6.338

230 322 .52 0.0153

e e D T T
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TABLE 25. RESULTS OF MODEL CALCULATIONS POR HOURS SHOWINRG
IMPACT ON THE ISOLATED MODND (SWMERNCUSE MOUNTAIN)

Julisn Plume Stability Froude Koxmalized Iaferred Terrain Iaferred Plume
Day Beight (a) Clsss Number Concentration Correcticn Pactor Path Cesfficicnmt
&4 309 4(D) 1.30 0.1040 0.658 0.616
4 309 5(E) 1.30 0.06260 0.653 0.616
4 289 4 1.30 0.1195 0.668 0.631
4 289 5 1.30 0.0296 0.666 0.651

166 335 5 1.24 0.08%6 0.658 0.571

166 335 5 1.24 G.0116 0.649 0.571

166 317 4 1.24 0.0982 0.655 0.602

166 317 5 1.26 G.0170 0.655 0.602

222 370 4 1.73 0.0429 0.708 0.607

222 370 5 1.73 0.0016 0.708 0.607

222 344 & 1.73 0.0558 0.715 0.643

222 344 5 1.73 0.0034 G.715 0.643




12.4.2 Ccigparison with Obeerved Concentratioms

The concentraticns predicted at i1l creet bomeath the plume centerlime
are coxpsred to the moxiwsn observed ¢omcentraticns. $Stack-top wind speeds
sre cetimated £ velocitios messured at 61 » on both the valley end
wountain ﬁm&@@zpicgicﬂl towers, snd coupered ageinst speeds obtained from
~the vertical pr@ﬁzﬁ@s. In wmost caees, the sverage of the speeds from the
Ttovore—eouny &va@a%%y—ﬁm&h«waﬁﬁk4b&m@@—%m~%%@—&0%3@—@@@%&@@~@f £hg———
verticsl wind 5?@%11@3‘ this aversge %lﬁd speed ig used in the concentration
normsligatien factor.

. Derived emission rates and wind gpeeds, and the resultant mormslizstiocn
fsctors for cach of the zevem test cese hours are swmarized im Table 26,
The normalization factore ecsavert moddl concentrations to umits of ugfu”

Only the two 152-m stacks (boiler unigs 7 end 8) are included because the
meact from tha 304-m stack is s@@ll.l Hote that normalization factors ere
given for uncentrolled emiscions only. The TVA Air Quslity Branch zeports
that ©o scrubbing cccurred om unit 7 éwrxwg these hours, and either three
quarters or full zerubbing (£0% removal efficieney) occurred om Unit 8. Im
additica, slightly different groess ledd values (@) were reported for both
galza_ﬁur;ﬁg.theaa EONTs. ._Tblﬁ_lnfﬁrﬁﬁtiQMLh&ﬂ_b@Qﬂ_lﬂtﬂgﬁaﬁed with the - '
previous data,»and revised comissions for uaits 7 and 8 sre presented inm
Table 27 sleag with the new normaslizstion factors.

Additicanal plume rize computatichs asve besn made for the eseven case
hours using a multiple~layer plums ride extension of the stable Briggs plume
rise equa:xcﬁ@ntﬁolzwwrth 1978). Por |hours vhea uwnit 7 does not operate,
the serubbed plume risze h@igﬁt is caleulateds for all other hours,
unscrubbed plume height is calcul&t@dl Wher beth units 7 and 8 are
oparating, the Exgher pluze elevation | corfespom@1ng to unit 7 is used
becsuse 05 coumcentretions of the un@erwbbed unit 7 plume ere more than
twice those of the scrubbed wait 8 pleme. The multilayer plume heights are
C@ﬁ?&f&d with tﬁe single layer plume heights in Tables 28a and 28b. Both
give nesrly the sceme values for days 3, &, and 40. The greatest difterence
occcurs for day 166, wvhere the ney plwga rise exceads the previcus value by
56 m. Concemtrations predicted using (the multilayer plume heights are also
coapared with ghe observed values. !

For the hours of impact on the tidne (Sand Vounmtain) the model ean
overpraedict Ln!all cases. On day 3, a diepersion vate somewhere between
class C gnd clges D is required to mateh the cbserved concentraticon. The
class D computation overpredicts Sy 118%. On day 40, however, the class C
result overpredicts by less them 207, (snd wmay therefare be considered @
match, On day 190, the model overpredicts by €0% under class B, the best
the model can éo on that hour. On éaé 230, s dispersion clase slightly more
stable then Cla@a E is required to re@roduce the observation. (The class E
value overpredicts by enly 18%.)

The three |cases of impact on Susmerhouse Mounte ‘w produce ore hour of
virtual sgrecment, ome hour of underprediction, and ome hour of agreement
for e st&bllxtﬁ class between stabilitics D and E.

Plume size enhancement due €O inereased turbulen.e and miziag
associated with the riee of busoyant piumaa should improve the vesults for
the more stabld dispersicn classes. taleulations with plume enhancement are

. preseated im T%ble 29. As expected, #eaults for the more stable diaspersiom
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TABLE 26. UNCONTROLLED 802 CONCERTRATION HWOHMALIZATIOW

FACTORS FPOR TEST CCHPARISCK HOURS

I

80, Emissicns

Julia- Terrein Haight toit 7 & 8 Stack Top 2 3

Day aln) Q (g/s) Velecity U (=/s) Normalization Pactor = QIR (uz/=m”)
3 27 1984 2.0 13,117
40 275 1756 2.5 9,288
190 275 3442 1.2 37,928
230 275 4265 © 1.8 37,598
4 275 2536 3.0 11,178
166 275 1672 6.5 4,913
222 275 4064 1.4 38,574
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TABLE 27. REVISED 302 EMISSION RATES FOR UWITS 7 AWD 8
AND COMBINED CONCENTRATION WORMALIZATION FACTORS
THAT TNCLUDE SCRURBER OPURATIONS

Julian 018 Ezissions (g/s) Kov Load/Old Locd Uaic 8 Few Emissicns (g/a) Bormalization
Day Unit 7 Unie 8 Upit 7 Tois 8 Scrubbing Factort Uale 7 Unit 8 Factor (ug/a3)

3 [} 1,984 - 0,987 0.4 0 783 5,177
40 0 1,756 - 1.027 0.4 0 721 3,314
19¢ 0 3,442 - 0.991 0.2 0 682 7,513
230 2,058 2,171 1.036 1.041 0.4 2169 204 27,690
[ 2,536 0 0,995 - - 2,523 0 11,121
166 [} 1,672 - 1.048 0.2 0 356 1,028
222 888 29,8611

1,842 2,242 1.220 0.9%0 o 2,247

*Serubbing factor = } ~ gerubber utilizatica x scrubber sfficiency.
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TABLE 28a. COMPARISON OF PREDICTED AND OBSERVED 80, COHCENTRATIONS ( ug/m3) AT WIDGWS CREER“ i

2

Complex Terraian Modal Predicticne

Julian Siogle-leyer Multilayer Modal Observed
Dsy Pluwme Height (8) Plume Weight (m) T-Factor Stability € gtebiliey D Stability B Concentration
Ridgs Impact
3 422 422 0.599 857 9 - 393
40 409 402 0.618 656 8 - 550
190 307 320 0.352 - 3427 1039 576
230 347 . 370 0.373 - 6158 711 603
Hound Impact
«
[ 369 301 0.663 - 1234 260 1179
165 k1 %) 373 0.640 - 65 5 387

222 370 392 0.705 - 999 24 393
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TABLE 28b. COMPARISON OF PREDICTED AWD OBSERVED S0, CONCENTRATIONS (y:g/m3) AT WIDOWS CRZER

Julian ™ roude Plume Obsarved Half-Height Assumption Predictions Leval Plume Model Predictions

Day Husber WHeipht (m) Concontration  Stsbility € Seability D Seodility B Stebilicy C  Stabilizy D Stabiliey E

Ridge Impact
3 0.91 422 393 6554 1 - 1,648 890 -
40 1.02 402 550 576 3 7, - 1,334 1,192 -
190 0.37 320 576 - 362 5 - 10,961 16,633
230 0.52 370 603 lo- 136 o . - 18,386 9,672

) _

- Mound Izpact
4 1.30 301 1,179 - 1,887 854 - . 4,400 9,496
166 1.26 373 © 38y - 67 6 - " 306 386

222 1.73 392 393 - 1,459 70 - 7,672 7,632




TAELE 29. COMPARISON OF OBSEPVED CONCENTRATIONS (ug/md)

AT WIDOWS CREERK AND PREDICTED CORCERTRATIONS B.LSED
OF THE POTTNTIAL FLOW MODEL WITH BUOYANT PLUME EIMAWCEMENT

Maltilayer
Julian Plume Height Observed Complex Terrain Model Predictions
Day (m) Concentratien Stability € Seability D Stability E
Ridge Impact
3 422 393 982 270 -
40 402 550 729 157 -
150 320 576 - 4,599 3,354
230 ! 603 - 12,038 7,711
Mound Impact
4 301 1,179 - 1,529 531
166 373 367 - 99 16
222 392 393 - 2,123 246
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. Toger o the observed concentraricns
overpredicted b2fore are now even further off.

Additionall perspective on the model's perforimance is gained by
comparing it with a level plume model end with the half-height model under
the same cand1t&cus. Predictions by the level plume model and haif-height

model are presented in Teble 28b parallel to those by the potentisl flow
complex terrain| model.

= For the half-height model, the irpsct om days_ 3, 40, 4, 166, and 222
are generally similar to those of the potentisl flow model. On days 3

and 40, the half-helght concentrat1on@ are smaller, and overpredict the
observed ccncentr&txons by 2 smaller matgxn under stability class C{(3); on
days 4 end 222, the half-height predlctlons are larger. 1Im all four cases,
both medels br“cket the observations. !

On days 160 snd 230 {very low Froude numbers), the behavior of the
half-height model is markedly different from the potential flow model.
Insteed of a tendency to overpredlct,;the model gignificantly
underpredicts. | If the plume is assumed to approach closer to the terrain
crest  (i.e., a plume path ccefficient of 0.35 instead of 0.5), the partial
height model gives results similar to the potential flow model,

Egg_}eg§§_plum§ model pr@dxctioms differ Bh&rplv from the other two
“Hedels in ail cases, end from the obsarvaticns in six out of the sevem
cases. On day /166 the level plume model predicticns are 83% and 105Z of the
observaticne for etahility classes D gnd E. Day 166 is significantly
underpredzcted by the potential flew snd half-height models. Im the other
six cases tha, level plume medel overpfedlcts by factors €rom 2 to 30.

Table 30 summarizes these comparisons as a function of the magnitude of
the observed comcentration. For the largest observed concentr@tiom, only
the level plume approach is clearly 1mappropr1ate. For the remaining cases,

. the level plume result is usually very highs the half-height approach
generally brackets or underpredicts the obgervations; and the potential flow
model (with and without bucysney erhancement) brackets or overpredicts the
obgerved concentrations. The complex ‘terrain model geems a distimct

improvement over the level plume model, especially if some shift inm
stability clags is used.

e P

TAREE 30. SUMMARY OF COMPARISONS OF THE POTENTIAL
FLOH HG?EL WITH PALF-AEIGHT AKD LEVEL PLUME ASSUMPTIONS.*

! Level Half-

i Hodel with
Observed | Plume Feight | Model Buovaucy
1,176 ‘,496»4,4@0 1,837-864 1,236-260 1,529-531
603 1@,385—9,672 136-0 6,158-711 12,038~7,711
576 16,633-10,941  362-5 3,427-1,039 4,599-3,354
550 E,354“19192 574-3 656~8 729-157
393 1, 648-890 654-1 857-9 982-270
393 b,672-7,632 1,459-70 999-24 2,123-246

367 | 286-3004 67~6 65=5 99-16

*Obgezved comcentrations (ug/m3) z&nkgd accord1ng to size.
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Given the grreducible wncertannt%@a in the cwmissions and the
| atmospheric data at plwme height, more detsiled compariscms of the predicted
and cbaerved co;lcentratmns for these seven cases are not warreated.
i

12.5 Summary ahd Conclusicns

|

Ylume intersctions with two terrzin features mear the Widows Creek
Svesw Eleviric Pover Phot twve besn wodeted with the potentiat—fiow compiez—
terrain wodel. : Meteorological cemditions used in the model correspond ¢o
scven hours selected from nine wonths 'of hourly S0y snd meteorological
data collected by the TVA Air Quality Branch. The hours selected for
cozparison were derived by matching hours of high measured S09
concentrations oa the two terrain features with neutral-to-stable
atmospheric conditiens. Im addition, only those hours with nearly
coincident vertical temperature and velocity profiles were comsidered. Of
the seven hours finally selected, four sre associated with impacts on the
ridge, and three are associated w1th impacts on the isolated mound. The
highest measured S0, ccncemtratxcm on the ridge dering the 9-month peried
was 0.85C ppm (2,227 ug/m ) observed on dey 226, and that on the mound wus

@50 ppm- (14179 -ug/m3) obeerved ca-day 4. - T

The hour sssociated with the greatest ridge impsct was not selected for
model sznalysis becsuse no suitable velocity snd temperature profiles exist
for that period. Consequently, the model’s ability to simmlate the greatest
observed impect on the ridge is mot kmown. The case hour of greatest impact
on the mound {dzy &4, hour 2100) was simulated; ome choice of predicted
concentration was mearly equal to that observed.

A partigl height model usirng a plume path coefficient of 0.5 performed
about as well as the potential flow model for all Froude numbers greater .
than 0.6. For lower Froude numbers a path coefficient of 0.35 produced
resules similar to potential flow model. The level plume model greatly
overpredicted wost of the time, and matched observed concentraticis for the f
one hour in which the other wmodels markedly underpredicted.

Uncertainties in the meteorological conditions at plume height, and im
the emigsicas from the facility, cloud the comparison of model predictioms
with observatieas. Given the range of data, reasconable combinztions of
assumptionsz can produce good correspondence between the concentrations inm
g8ix of the seven cases. This dezs not, however, consritute an adequate

. evaluation of the model because of the uncertainties underlying these
agsumptions. The three greatest uncertainties lie in the specnfleatlon of
the dispersion parameters, the final plume height, and the actual emission
rate. Dzata are not available for more accurate estimates of diffusion rates
and plume elevatiom.

Honetheless, the prellmnnary comparzson for the hour of greatest impect

. on Summerhouse Wountain is encouraging and the bracketing of observed
concentrations (in many of the other cases) suggests that better
observations mﬁy well improve model p%rformance.
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APPENIIX A

PROGRAM DESCRIPTICN - CMPLX MODEL

Al. Introduction

i

This section summarizes the essential operating features of the com-
puter model CMPLX developed during the:initial phase of this work. Because
of the research nature of this computer code, it is expected that signi-
ficant revisions may evolve based on subsequent experimental and theoretical
developments. Therefore, no attempt has been made to produce comprehen51ve
<%xoggam documentation at. this_time, particularly with respect to the speci-

'ied input/output format chosen. However, the overview presented here will
engble the potential user to become thoroughly familiar with the fundamental -
programming aspects of the code and orient him to its use.

The QMPLX program is a Gaussian peint-source diffusion model applxcable ‘
to isolated terrain obstacles of arbitrary crosswind aspect ratio in the
flow field downwind from the source. |The plume is assumed to be czbedded
in a potential filow field determined by the specific source/obstacle con-
ZJiguration involved. This geometry determines: (1) the plume trajectory
above the surface, and (2) the kinematic constraints on plume dispersionm
imposed by the spatial dependence of the velocity field. The theoretical
aspects incorporated within the code have been previcusly described (Sectiom
5) and will be zeferenced by equation number. Since the formalism adopted
has been pursued rigorously only for neutral flows and the limiting aspect
ratio cases of a three-dimensional axisymmetric hill and a two-dimensional
circular ridge, certain approximations have been incorporated to extend the
model to & broader class of potential field situatiens, including the effects
of stratificaticn and intermediate aspect ratios. These features are dis-
cussed in Sectioms 8 and 10, respectively, and will not be repeated here.

The code in its present form consists of a main program, four sub-
routines, and two function subroutines. In the course of the discussion to
follow, reference will be made to the program flowchart (Appendix B) by
FORTRAN statement numbers in parentheses and flowchart page mumber and to
the computer preogrem listing (Appendix C) by compiler line number (gt the
far right of each printed record). Comment cards have been used extensively
in tke listing, .and essential data presented there will not be repeated.
Var’iable and subroutine names are capitalized by convention. A sample
output listing is illustrated in Avvendix D.

A2. Main Program

A flowchart of the main program (Appendix B, p. 148) illustrates the
=Jf0lloving fzatures of the calculations performed for each case.
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] read Emput values for a partfcular situation (XS, HS, HA, XL,
ALAM,|DELINT, RKST, FROUDE),

specify necessary constants,
definé relevant nondimensiontl parameters,

compu%e streamline and velec

ty Field aspect ratio weighting
A£ac£ovs_fgz_neutra1_£leu~LA)

e speci§y two- and three-dimentional streamline for neutral flow and
weight for given aspect ratl? (B),

] compute empirical streamllneilowerxng for stable stratification
effects (),

perform along-streamline line integrals (D), and

ccmpute dispersion coeff1c1e1ts, centerline and ground-level
concentrations; print out results (E)

(Progrem elements followed by capital ietters are explained in the following j
Sgctions )

P

A2.1 Aspect Ratlo Weighting Factors (A)

As descrlbed in Section 10, the effects on a flow field of a hill with
intermediate aspect ratio ALAM, falling between the twe- and three-
dimensional limits, ALAM = 10.0, ALAM = 1.0, are defined by streamline (WZ)
and velocity field (WV2, WV3) weighting factors. If the specified value of
ALAM is less than or cqual to unity (601) a three-dimensional computation is
made (WV2 = 0.0 WZ, WV3 = 1.0). Conversely, all aspect ratios greater than
or equal to 10.0 are assumed to characterize two-dimensional situations
(602), and the values (WV2 = 1.0; WZ, WV3 = 0.0) are assigned. If neither
condition is satisfied, a general weighting of streamline height based on
one set of wind tunnel experiments is adopted:

gz = 1.0/ALAM®*1.1

while velocity fields are defined based on the speed-up factor SUP (Equation
10-13), and weights are given by (Equation 10-17):
i

W2 + 2.0 * (SUP - 1.5)

WV3 T 2.0 * (2.0 - suUP)
A2.2 Neutral Streamline Evalnation (B)
| x

Beginning with statement 603 (Appéndix B, p. 150}, two- and three-
dimensional streamlines are evaluated through the source as (XX,2Z) pairs
assuming the obstacle to be one of these limiting cases. The code sequence
to statement 625 i: performed twice: once for ND = 2 wud once for RD = 3.
.The value of the stream function through the source PSIP, determined by
(parazmeters XS, MS, HA, is first computed by calling function subroutines
lPSIPZD or PSIPID. Since this value must remain constant along the trajectory‘

=Lxhe streamline Equation 5-28 is solved: for each ZZ value to yield a unique |
T
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XX velue definiflg the stresmline (see discussion in Section 5.4.3). Only
positive XX valites are computed, since the streamline is symmetric about the
origin at the opstacle center.

The upper and lower limits to possible ZZ values are given by the
height of the s¢reamline Hl above the crest ZC (at XX=0.0) and that at
XX = 100.0 (taken as infinity), respeciively. Appropriate ZZ values are
Selected within this range at two vesclutions. A total of NINC values are
cagputed with IhTZ values iIn the range: o

l-lh < 2Z < (ZC+HS)/2.0

and NINGMI (=NINC-IKC2) values such that:
{zceHs)/2.0 < 22 < 2C

Dual resolution is adopted since the streamline becomes relatively flat in
the region determined by INC2. Nominal values of NIRC = 550 and INC2 = 150
have been selected to provide adequate|resolution in each region. Thus a
total of 550 (XX,ZIZ) pairs are computed.

<& —Compnted (RX;22) pairs are “stored| (1ine 8, Appendix B, 151) and~indexed™
by an integer value from 1 to NINC in arrays (FITX(ND,II), FITZ(KD, II)),
respectively. They are placed in common with subroutine ZITRPL (Appendix B,
p. 163 ), which provides a z-value foriany givea x-value by linear inter-
-polation. Once the two- and three-diménsional streamlines are evaluated,
the aspect ratig streamline weighting factor (WZ) is used to compute a
weighted neutral streamline storved as (FITX(1, II), FITZ(1, II)). The
x-resolution chosen is that of the three-dimensicnal stresmline (i.e.,
FITX(1, II} = FITX(3, II)) necessitatimg a call to ZITRPL to find the height
of the two-dimepsional streamline ZEE2, corresponding to each new x-value
(two- and three<dimensional stresmlines have differemt (x,z) resolutions].
The weighted z-walue is given by:

FITZ(1, II) = (1.0 -WZ)*ZEE2+WZ*FITZ(3, II)
i
| {
This sequence terminates on statement $05.
H

A2.3 Streamliné Lowering Because of Srable Stratification Effects (C)
[

As previouély discussed (Section B), the predominant effect of stable
stratification is assumed to be a lowering of the streamline below the value
it would sttain at the crest of the obstacle in neutral flow. The magnitude
of the effect is based on experiment for the three-dimensional case and |
assumed to extend proportionally to the general case. This aspect of the
calculation (statements 605 to 610) is|illustrated in the flowchart in
Appendix B, p. 152. !

If PGT stability class (KST) of 4'or less (A=1,B=2, C=3,D=4)
is specified, no stability effect is computed. For stably stratified
cases, a correction is applied to the neutral streamline with a maximum
depression at the crest (XX = 0.0), decreasing linearly with increasing
|XX| to no depression for all |XX| > 2.0*HA. For each KST, a value of the
-stzeamline height above the crest ZCF *s computed as a function of HS and -—

Froude rumber Equations, 8-1 to 8-8._  For other XX within two hill heights, .
’ i K
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"the streamline Hepression DELTA3 and;fractional streamline depression FRAC3.
are evaluated with respect to the neutral threc-dimensional streamline.
Although data ig available only for thp three-dimensional effect, it is
assumed that a Similar depression is aspplicable to two-dimensional and
aspect ratio welghted streamlines. For the two-dimensional case, a frac-
tional weighting FRACZ appropriate to @ach two-dimensional XX value (=FITX(2
LIT)) is evaluated. Finally, each streamline value is multiplied by the
“appropriate Tracttional depréssion?

FITZ(&, II)
FITZ(2, 1I)
FITZ(3, 1I)

FITZ(1, II) ¥ FRAC3
FITZ(2, 1I) [* FRAC2
FITZ(3, II) [ FRACZ

se s |
(Note: it is necessary to retain and weight the two- and three-dimensional

streamlines at this point since they axe used in TKER to compute the final
velocity f1e1ds|)

A2.4 Along Streamline Line Integrals (D)

! -~ s
=% ~—Theline integrals’ ¢ and T (see Section 5 Equations 5-11; 5-12; and ¥
5-23, 5-24) determining the magnitude of crosswind and normal dispersion are
evaluated by the coding between statements 610 and 101 (See Appemdix B, pp.
153 to 155 for flowchart.)

The values' of these integrals PHID and TEED, respectively, are stored
in arrays indexed by integer values JJ corresponding to a given position
along the x-axis, S2(JJ), and downwind, distance from the source, DDW{JJ).
These are related by DDW (JJ) = S2(JJ) - XS. Since these integrals are
continuous functions of along streamline distance, s, it was decided to
sample their values at a discrete number of points determined by a user-
specific dimensional resolution, DELINT (nondimensiomally, DEL). The total
number of values sampled, JF, is restricted only by the total array size
(dimension) of the affected variables within the region of interest along
the x-axis: |

JF = AINT((XL-XS)/DEL)
l

where XS is the stack position from obstacle center and XL is an arbitrary
point chosen downwind of the obstacle.; (These arrays are currently
subscripted for 50 values.) }

The integration is performed by Simpson's rule along streamline

. segments with upper limit BB and lower limit AA corresponding to one DEL

interval. The fine resolution within each segment is selected by specifying
MN. The integration mesh size is thenf

H= (BB-AA)/FN DEL/FN

(FN is the floatxng point value of NN. )

When JJ = 1, the lower limit is set as XS; the source position and the

.upper limit is taken as:
|

BB = S5 = AINT(XS) + DEL
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=0n subsequent iferations, the upper liait is chosen as:
BB & %s = AINT(XS) + JJ * DEL
and lower limit}

S Ax= bs - DEL

]
For each JJ, the values of the ¢ and T integrals for the specified DEL
interval are computed as follows:
l
i BB
PINT: f P dx

| AA

| BB
TINT # S Tax -
AA

!

The respective kernels P, T are evaluated at each grid point x by calling .
a sequence of two subroutines TKER andi D1D2 (see Appendix B, pp. 158, 159,
16%).:.. .Returned values from those subroutines include the P and T
kerneis; along streamline velocity UUU and slope M and the diffusivities

in each direction D1, D2. (Subroutines will be described in more detail

in the following section.) The segment of the integrals for each JJ value
are summed iteratively in arrays PHI(JJ), TEE(JJ):

PHI(Jﬁ)
TEE (JJ)

PINT + PHI(JJ-1)
TINT + TEE(JJ-1)

These arrays arL the line integral valies along the streamline from the
source XS to the position S2(JJ) along the x-axis without multiplication

by the diffusivities D1, D2. As described earlier (Section 5.5, Equa-

tions 5-6 and 5:17), effective diffusivities are defined at each downwind
distance (or comstant values are prescribed, Cl, C2). The ¢ and T integrals
at distance S2(JJ) along the x-axis are given by:

PHID(JJ)
TEED (3J)

PHI(JJ) * D1
TEE(JJ) * D2

This procedure Lontinues for JF iterations and proceeds along the x-axis to
a position of S2(JF) = AINT(XS) + JF*DEL. By choosing an appropriate value
of XL (say, one hill height along the positive x-axis), calculations are
performed along! the windward trajectory and terminate after passing the
obstacle crest Fo the leeward side.

A3.5 Compute Sigmas, Centerline and GFound-Level Concentrations (E)
|
Beginning Ln line 101, parallel calculations are begun to compute

dispersion coefficient estimates and centerline and ground-level concentra-
tions as a funcfion of downwind distance from the source for two cases:
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. ]
1) a fla% terrain situation, with the given stack paremeters and

stability class (left branch in flowchart, Appendix B, p. 156 and
157 )P and

2) the apalogous situation with the obstacle centered at downwind
distance DDW(JJ) = -XS (right branch).

fBey_%he—£i¥s%—e§sey~£he~diﬁpersisﬂ-eee@fieieﬂ%s~used—are~thevceﬂven%ioﬁa%‘
PGT "flat" terrain values evaluated as; SIGZNH(JJ) and SIGYIH(JJ), respec-
tively, while cénterline and ground-le?el concentrations are computed using
the Gaussian solution (Equations 5-7 apd 5-20) with height above the surface
taken as a constant value given by the] effective stack height HS.

To evaluate the functions in the presence of the obstacle, Equations
5-20 through 5-25 are used with the difpersion coefficients SIGZH(JJ) and
SIGYH(JJ) given in terms of the ¢ and T integrals and along streamline
velocity, US(JJ). Centerline concentrations, CCLH(JJ), are the cosfficients
of the exponential term in the Gaussizn solution and ground-level values are
computed by multiplying the centerline] values by a factor equal to 2.0 times
the exponential' term using the appropriate SIGZH(JJ) and height of plume
-egnterline above surface, ANS{JJ}.--This-height-is-dstermined by -subroutine.
SURF, which computes the distance from@the surface along the normal to the
streamline at a given x-value. This subroutine will be described further in
the next sectioh. ’

After printing out the required tables of the values described sbove,
(see test case, Appendix D), the program computes off-axis, ground-level
concentrations CGL(JJ,K) by multiplying centerline concentrations by a
crosswind exponentisl expressed in fractional increments of SIGYH(JJ) up to
two standard deviations off-axis. An integer flag, IY, is set to facilitate
this additionalicalculation if required.

If new data is encountered by the read statement 555, the entire
sequence is repeated commencing at start. Otherwise, the program proceeds
to line 999 where the job ends (EQCJ means end of joo).

i
A3. Subroutines
1

I
This section briefly describes susroutines D1D2, PSI2D, PSI3D, TKER,
SURF, and ZITRPL.

!
A3.1 Subroutine D1D2

This subro&tine computes the required values of along-streamline
diffusivities in the vertical (D1) and crosswind (D2) directions. Basic
features of D1D2 are schematically presented in the flowchart on pp. 158
and 159 of Appéndix B. It consists of a number of branches that perform
the following functions: '

® If thé branching parameter IFLAG = 0, the calculations are per-
formed f£c. constant diffusivity values (statement 80) specified as
Cl and C2, for the normal and crosswind diffusivities, respec-
tively. '
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e If a éiffu51vity is sought £r the "flat" case, such as in

Sectidn E of the main prograa (see Section A.2.5 above), the value
of th? parameter H is set:

H=20.0

and dispersion coefficients are read directly from the PGT curves

as a function of stability ciass KST for a given downwind distance
T(XX-X8) (statement 99).

@ If IFLAG # 0 and H # 0.0, the calculation continues, and the
distance along the streamlin: PS and the advection time PT are
compu}ed by DID2 using a Tayior series of the form:

%i+1 =8 ¢ ﬁsﬂ &x

fi = & * G o
]

each éime b1D2 is called during the Simpson's rule integration
‘scheme (Section AlZ.4) Forieach JJ interval, it is necessary €o
keep ¢ount of the integration loop counter I. When both JJ and I
are zero (at point -XS), diffusivities are set identically equal
to ze:o (statement 75). For each subsequent I = 0, the initial
valves of PS,PT are set equal to the values PSA(JJ-1), PTA{JJ-1)
from the previous DEL interval integration. Note that calls to
D1D2 are arranged to increase the x-argument linearly from -XS to
BB (the upper limit for any integration segment.) Therefore, when

= BB (statement 97), i.e., the upper limit for a particular DEL
integration limit is reached, the value of PS and PT are, respec-
tively, the along-streamline distance and time. The PS value is
dimensionalized and used at the downwind distance x (statement 98)
to evaluate dimensional vertical and horizontal dispersion
coefficients for the flat case using the PGT prescription for a
specified KST. Dimensional diffusivities are then computed
(beginning at statement 71) using the dimensional advection time
Pl. These are non-dimensionalized for return toc the main program
(stat?ment 90). :

j B
In this manner the diffusivities from D1D2 are returned as functions of
downwind distance at a resolution equ1va1ent to DEL, scaled with respect to
the "flat" PGT values. ;

'A3.2 Statcment Functions: PSI2D, PSI3D
l
For given élmens10n1ess x- and z-arguments, the statement functions
PSI12D and PSI3D, (see Appendix B, p. 160 ) return the dimensionless values of

the two~ and three-dlmen51ona1 stream functions for flow over a half cylinder
and an axisymmetric hemisphere, respec;ively.
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“A3.3 Subrouting§ TKER

This suoroutine computes the aspelct ratio weighted velocity field
(UY,VV), which is used to evaluate slope (M), along streamline velocity
(UUQ), and the P and T kernels for a given x-value.. It is called repeatedly

~during the Simpson's rule integration scheme described in the previous

s.section. The following steps are followed (see Appendix B, p. 161 and
“162 Y for eachi-g=valuer

|
© Velocity components for two-dimensional flow (U2,V2) are computed
from an analytical expression derived from the two-dimensional
streap function for given x &nd z. (Subroutine ZITRPL is called
by setting argument ND = 2 to obtain the appropriate z-value along
the two-dimensicnal streamline).

e An anélogous computation is %erformed for the components of the
corresponding three-dimensional velocity field, first calling

ZITRPL (X, NINC, 3, Z) to provide the height along the three-

dimensional streamline. i

'0~"*“The'aﬁpect"fati0“weighted“veiocity'field“iswcomputed“from’weightiﬁg
factoys WV2, WV3 (see Section 5.2.1):
|
uu

\A'l
9-1-0

WV2 * U2 + WV3 * U3
WV2 * VZ + WV3 * V3

R
e Slope M:
v = W/UuU

° Finaliy, the kernels P and T are computed for each x within the

integration, in addition to along-streamline velecity.
) }

A3.4 Subrouting SURF

SURF is called during evaluation of ground-level concentrations to
compute the distance between the plume centerline given by the streamline
equation for a given x-value and the surface. This distance is defined as
the length of the line segment normal to the streamline at point (S3, ZEE)
and intersecting the surface. The point of intersection with the surface
may fz1ll into ome of two regions: i
) i
(1) before the windward and after the leeward edge of the obstacle

(AXINT > 1.0); i.e., in the flat part of the topography; or

(2) on the obstacle AXIRT < 1.0

In the first case, the intersection point XINT obeys the equation of
the line normal to the streamline at peint (S3, ZEE) (l.e., has the negative '
reciprocal slope SLO) and has a zero z-value. For the second case, the
intersection point XT,ZT obeys the equation of the same line and also the
¢ equation of the circle defining the surface in the X,z plane. For both o
s.cases, the value ZNS is calculated from the basic geometric relationship for
fthé‘gistaﬂce‘between‘two‘points:“
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*A3.5 Subrouting ZITRPL

This is a simple linear interpola&ion routine that returns the z-value
(ZEE) for any given x-value (SX) within the range defined by arrays FITX(ND,
11}, FITZ(WD, IL) of NINC discrete, x- i and z-values, respectively, defining
; the ND-dimensional streamline (ND equals 1 is the aspect ratio weighted
rStreamline). Since omly positive defimite values are stored in these arrays
and symmetry about the x = 0<axis is assumed, the absoluté valué XX = ABS{5X)
of the argument -is taken. A DO loop searches down the FITX(WD,II) array in

order of descending x-magnitude by incrementing the argument umtil the
condition: ‘

FITX(ND, KP1) < XX < FITX(ND,K)

is met at which ‘point control passes to statement 2 and the DO loop is
terminated. At this point, a linear interpolation for the appropriate z-
value ZEE is performed, and ZEE is returned to the calling program.

146



APPENDIX B

PROGRAM FLOW CHART
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\ Read Input Values Enter Calling
5 XS, HS, HA, XL, ALAR, Program —
DELINT, RKST, FROUDE | Specify Constants
§ w7
Define Relevant
Dimensionless
Parameters
s

Compute Streamiine
end Velocity Field
Aspect Ratio
Weighting Factors
for Neutral Flow:
W2, WV2, Wv3

2

Specify Both 2D
and 3D Stresmiine
through Source for

Nautral Flow.
Weight by Aspect
Ratio

@

Compute Empirical
Streamline Depression
Due to Stability

W

Perform Along
Swreamline Line
Integrels Using
Simpson’s Rule

s

Compute Sigmes,
Canterline and
Ground-Level

Print Qut
Resuits
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A. Computs Streamline and Velocity Field Aspect Ratio
Weighting Factors for Neutral Flow.

Test for 20/3D
Limiting Cases

= 100

%

Aottt Rt ) e a4

Strezmline Weighting

WZ = 1.0/ALARM »= 1.1

9

Velocity Weighting

Compute BETA
Compute SUP

WV2=20° (SUP-1.5) |~
WV3 = 2.0° (2.0 - SUP)
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Bi. Specify Both 20 & 3D Streamline through Source for Neutral
Flow; Weight by Aspect Ratio

ND=23
(2D & 3D)

Compute Value of
Stream Function through
Source:
PSIPZD (XS, HS, U, A)
PSIP3D (X8, HS, U, A)

@

Compute Z2C:Z Value
of Maximum Streamline
Deflection above Crast
at XX =0.0

Jy

Compute H1:Z Value
of Streamline at
XX = 1000

@7
Solve Streamline Egn:
XX = XX {ZZ, PSIP)
Using NINC Values of 22

e With INC2 Values:

H1 < 2Z < {ZC + HS5)/2.0
o NINCRH ! Values:

(ZC + HS)/20< 2Z2< ZC .
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B2. (Continued)

Store Streamling
Values in FITX.2

FITR(2, 1) = XX
FITZ({2, ) =22

|

FITX(3, 1) = XX || FITX (20r 3, NINC)
FITz(3, th =22 |* =0.0

Weight Neutral Streamling
by Aspect Ratio

7

Let FITX(1, th) = FITX(3, 1)

< Call

Cali Subroutine ZITRPL
Find € Value ol 20 S.F. ZEE2
Corresponding to FITX(1, ii)

¢y Return

WEIGHT 2D/30 Z Values
ZZ = (1.0-W7Z) * ZEE2 + W2 ° FITZ{3,i)

Store Weighted S.L.
FITX(T, 1) = XX
FITZ(1, 1) = 2Z
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C. Compute Empirical Stresmline Depression Due to Stabilicy

| Weight S.L. Depression
“1 by Froude Number Class

Neutral or
Unstable/
No Weighting
For Each Il
XX =FITX (1,11)
. Assume No
IXX1>20° HA Effoct

Compute Froude #
Corrected Z at
Crest Based on
Fit to Empirical

Data : ZCF (3D)

7

Compute Depression
at Other XX

@

Compute Fractional _
D ion at FITZ(3, 1) =
xi"??é‘fé{‘ég | FITZ(3, 1) * FRAC3 a“

% -
Assum%Same ' O RTZ(2, 1) =
Fractional Depression e FITZ(2 1) * FRAC2 af’
for 2D and .- 1
Aspect Ratio FITZ(1, Ii) _
Weighted S.L. FITZ(1, 11) * FRAC3
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D1. Perform along Streamline Line Integrals

% Set Up Integration Parameters:
" DEL= Mondimensional Resolution

of Qutnut

JF = # of integrations Given by
Region of Interest from
Source {2t XS) to Downwind
Pasition {X{L)

FN = # of Resolution Points within |
Each DEL interval '

@

Begin integration {JJ) = 1, JF)

<7

Upper Limit on X Axis
& BB = AINT(XS) + DEL x JJ

Lower Limit
AA=XS
Lower Limit
AA =8B -DEL
o >

integration Interval
H= (BB - AA)/FN

&

Zero Summation
Variables
SUMB=0.0,;5UM6=0.0
SUMB =0.0;SUM8=00

s

Initialize L.oop
Counter
=0
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D2. {Continued)

Evaluate Integral r nl
Kernel Values at ‘ l
Lower Limit AA
7 L Cait
Give X lts Starting S " 1 I
Value for Loop uorouting
X=AA+H TRER |
Kemels : P,T |
s Velocity : U =}
Slope : M i
Continue Return '
) ‘ Call '
Subroutine -
XPH=X+H DiID2 _ l
Diffusivities : |
7 D1, B2 |
Evaluate Integral Along S.L. l
Kernel Values at Integration
X, XPH . I Return |
PX, TX, BXAPH, TAPH &
<7 l
SUMbB = SUMS + PX '
StURSE = SUMS + PXPH _.I
SuUM8=SUMB+TX
SUMY = SURO + TXPH
Evaluate integral =pf
Yes - Kernel Values at -
|>(FN-3) % BMH:B_H, !
BB
No %;
Compute Final
I=1+2 integrals
X=X+2+H PINT, TINT
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D3. (Continued)

Add Previous lteration
& PHIlSS) = PINT + PHIJS - 1)
TEE{LS) = TINT + TEE(W - 1)

o] PRI = PINT
1 TEE(S) = TINT

L
Bultiply by Effective
Diffusivity :
PHID{AS) = PHI{4J) * D1
TEED{LJ) = TEE(JJ) * D2

<7

Velosity at J4 = US{4D)
Siose st JJ = SLOPE (JJ)
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E1. Compuse Sigmat, Cantrtng, sod Ground-Laval Concenoations

for Each Dowewaiad Distne:
DDWL) ;4% 1, IF

Evetuats Diffurvitin:
Gt 9102

"Cah Subroutins SURF.



Compute Sigmas, Centerline, and Ground-Leve! Concentrations (Continued)

X

Compute Off-Axis
Ground Level
Concentrations

v
Print Cut

Off-Axis
Concentrations
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Data Statements
for Disparsion
Coefiicients

Constant Diffusivities
n D1=C1/(HA * UO)
D2 = C2/{HA * UQ)

Flat Case
i X =XX-XS
PT = X/U
; D1=0.0
. D2=00
| PS=0.0
" PT=00

PS=PS+SORTI.+ N """ 2)*H
PT=PT +SCRT{L.+ M ** 2) * H/U

PSA(JS) = PS
PTA) =PT
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Subroutine D1D2 {Continued)

Dimensionalize X:
X=X"*HA

2

Go to (10, 20, 30, 40, 50, 60}, KST

W

Compute PGT Siemas:
For Appropriate Class
SZ = SZ{KST, X)
SY = SY({KST, X)

Convert M to K
SZ =SZ/1000.
SY =8Y/1000.

v

Dimensionalize PT
P1=PT * HA/UO

v

Compute Dimensional
Diffusivities D1, D2

v

Nondimensionalize
Diffusivities

« Return |
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Statement Function PSI2D (X, 2, U, A)

v20=Uz(1 -A2(x2+22)] o Rewm)

Statement Function PSI3D (X, Z, U, A)

¥3D =-;- uz2[1 -A3/x2 + 2277 |
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Subroutine TKER (X, Z, A, Y, P, T, RX2, UUU, M, W22, WZ3, Wwv2, wv3)

Evaluate Z2{X) zlong 2D
Streamiine:
Call ZITRPL {X, NINC, 2, Z)

%y

Evaluate (U2, V2) Components
of 2D Velocity Field
Given Z{X)

2

Evaluate Z(X) along 3D
Streamline:
Call ZITRPL (X, MINC, 3, 2)

@

Evaluate (U3, Y3} Components
of 3D Velogity Ficld
Given Z{X)

&

Weight Velocity Fields
According to Aspect Ratio
UU) _ éuz ua} éwvz}
\'A"Y V2 V3 [WV3

v

Slope M = YV/UU

Weight RX2 Factor:
RX2=WZ*RX2+1-WZ

2

Evaluate Kernels:
P=(UU+R ®VV)®RX2
T=(1.0+08*° 2}/P

s

Aleng S.L. Velority:
UUU =SART(UU °* 2+ VV ** 2)
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" Subroutine SURF (S3, ZEE, SLD, A, ZNS)

Evaluate X Value of

’ \ o Intercept of Line L to
¥ S.L.at XVAL =83:
XINT

4

AXINT = [XINT|

Does not Intercent
Surface of Ghstacle oo

ZNS = SORT(ZEE**2
+ {83 - XINT}**2

Solve for Point {XT, ZT}):
Intersection of 1 to S.L.
and Circular Surface

, &
ZNS = SQRT ({XVAL - XT)**2
+ (ZEE - ZT)**2)
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Subroutine ZITRPL (SX, NINC, ND, ZEE)

21 Enter XX = ABS (SX)

2

NINCM1T = NINC - 1

v

DO 1 K =1, NINCM1

-2

KPi=K+1

XD = (FITH(ND, K) - XX}/
{(FITX(ND, K} -
FITHIND, KP1D

v

ZEE = FITZ(ND, K} +
XD * {(FITZ(ND, KP1) -
FITZ{ND, K})
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APPENDIX C
SOURCE PROSRAM LISTING
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// MSGLEVEL=], CLASS=B, TIME=20
/=ROUTE PRINT RMT22

// EXEC FTGICLG, REGION. GG=1001, TIME. GO=20, 22 ¢ ‘
7/FORT. SYSIN DD & = PARM= - NOSOURCE, NOMAP

g ::::: ERT MODEL “CMPLX" : CAUSSIAN DIFFUSION MODEL, COMPLEX#ae#®
TERRAIN. Yy

C VERSION UPDATE 2.1 JANUARY 1980

(of bt A A g A St RS 2 T R R R Y TR S S R R TR S

[ THIS PROGRAM COMPUTES THE POTENTIAL FLOM PARGMETERS OF aN OBSTACL

c OF ARBITRARY ASPECT RATIO IMBEDBED IN A HEAN FLOW OF VELOCITY UD

C WITH GIVEN STABILITY CLASS: KST.

¢ A TURBULENY PLUME IS IMBEDDED IN THE POTENTIAL FLOW (HUNT AND

[ MULHERN, 1973)

¢ - ———————— _— - ———

g R. G. 1SAACS, ERT, INC. 1978

C MODIFICATIONS ACCOUNT FOR WIND TUNNEL DATA FOR INTERMEDIATE

C ASPECT RATIOS BETWEEN SPHERE(CONE) AND CYLINDER(TRIANGULAR

C RIDGF ).

C e e : - - ————

g D. G. STRIMAITIS, ERT INC. 1979

C INPUT PARAMETERS REGUIRED

C XS = DISTANCE OF SDURCE UPWIND 0OF THE CENTER OF THE OBSTACLE (M)

c HS = PLUME HEIGHT (KM)

C Ha = HEIGHT OF OBSTACLE (KM)

C XL = UPWIND DISTANCE OF RECEPTOR FROM CENTER OF GRUTACLE (KM

[ ALAM = OBSTACLE ASPECT RATIO

C DELINT= DOKWNWIND RESOLUTION (KM)

C NOTE: ((XL-XS)/DELINT]. LE. SO

C RKST = PET STABILITY CLASS (REAL)

Cc FROUDE= FROUDE NUMBER (U/NH)

C —— ——— -

C OTHER DEFINITIONS

Cc uo = FREE STREAM VELOCITY

C ND = DIMENSION (2 OR 3)

[ ¥S a DISTANCE OF SOURCE DISPLACEMENT FROM AXIS OF SYMMETRY

C PSIP = VALUE OF STREAM FUNCTION AT SOURCE

C PSI = STREAM FUNCTION FOR OBSTACLE (PSI2D OR PSI3D)

C 1IFLAG = SHITCH CONTROLLING DIFFUSIVITY CALCULATION

C IFLAG = 1 : DIFFUSIVITY VARIES W/ Xi = 0 : CONSTANT

C p1 = DIFFUSION COEFFICIENT IN ‘N’ DIRECTION (COMPUTED)

[ b2 = DIFFUSION COEFFICIENT IN ‘caMMA’ DIRECTION (COMPUTED)

[ Cct = DIFFUSION COEFFICIENT IN ‘N’ DIRECTION (CONSTANT)

[ c2 = DIFFUSION COEFFICIENT IN ‘CarmMa’ DIRECTION (CONSTANT)

[ 1Y = SWITCH FOR OFF AXIS CALCULATION; =0(NOT COMPUTED): =1 (COMPU

C PRSP NP PR S PP - e 2=y 2 Y-S P PR L2 PR R S L T 2t

C

CALL ERRSET(Z208,400.-1,1)
Cc SPECIFICATION STATEMENTS

COMMDN FITX(3, 600),FITZ(3, 600}

COMMON NINC

CoMMON ZC, XS

DIMENSION PHI(30), TEE(50),US(50),R25(50)

DIMENSION PHID(50), TEED(50)

DIMENSION S2:50), DDW(S50), ANS(50), SICZNH(S50), SIGYNH(50), LCLNH(50),
1CGLINH(50), SIGZH(S0), SIGYH(50), CCLH(50), CGLH(50), FNH(50)Y, FH(50)
DIMENSTON FLUXNH(50), FLUXH(50), TFACNH(50)., TFACH(30)

DIMENSION R(20)

DIMENSION SLOPE(SO)

DIMENSION YD(11),C6L(50,11),YYD(11)

DIMENSION AO(7)-A1(7),A2(7), ICF(7)
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200
<01
202
203
204
209
206
207
208
209
210

211

212

213
214

215

216
217

2a3
224
230
231

REAL MX, HXPH, MA, MB, MBMH

DATA A0/-0. 070, ~0. 040, -0. 042, -C. 052, -0. 040, ~0. 533, -0. 474/

DAYA A1/0.189.0. 105, 0. 105, 0. 103. 0. 052, 1. 047, 0. 924/

DATA A2/0.174,0. 185, 0. 142, 0. 141, 0. 173, -0. 418, -0. 409/

FORMAT STATEMENTS

FORMAT (GF10. 3)

FORMAT (10X, 8(1PE12. 2))

FORMAT (10X, 13, 4(1PE12. 3, 5X))

FORMAT (2(1PE12. 9) )

FORMAT (1RO, 3X, ‘COEFFS. = /, 1P10E11. 4, /, 35X, 1P10EL1. 4, /)

FORMAT (10X, 2(1PE12. 5))

FORMAT(I1)

FORMAT (10X, 1PE12. 5)

FORMAT (30X, 12)

FORMAT( ‘1)

FORMAT (45X, ‘DIFFUSION EQUATION SOLUTIONS‘, /, 15X, ‘SIGHA 2. SIGHA Y
IPLUME CENTERLINE AND QROUND LEVEL COMCENTRATIONS,/, 15X,
2'FOR AN OBSTACLE OF ARBITRARY ASPECT RATIO’.////)

FORMAT (10Y, 'FLOW PARAMETERS . //,T15, ‘O8STACLE HEICHT =/, F5. 1,738,
1 ‘WIND SPEED = ‘,F3. 1, 760, ‘SOURCE HEIGHT = ‘,F4. 2, T97, ‘CROSSWIND DI
25P=‘,F3.1,//,T15, ‘DIST. SOURCE FROM OBSTACLE CENTER='.F6. i, T60,
3'DIST. OF FINAL RECPTR= ‘,FS.1,T97, ‘ASPECT RATID’, '=",F4.1,//T15,
4°‘VERTICAL DIFFUSIVITY = , 1PE10. 2, T60, CROSSWIND DIFFUSIVITY = -,
SIPEL10. 3, T97, 'KST = *,13,///)

FORMAT (T10, 'DISTANCE’, T25, ‘DISTANCE ’, T40, ‘DISPLACEMENT *, T55,
1/SIGMA Z°, T70, ‘SICMA Z'.T85, ‘SIGHA Y’, T100, ‘SIGMA Y’, T115, ‘UIND SP
2EED’. /.
3T10. ‘FROM OBSTACLE’, T25, ‘FROM SOURCE’. T40. ‘ABOVE SURF. . T55, ‘ (NO O
4BSTACLE) ‘, T70, ‘(OBSTACLE) /, TES, / (ND OBSTACLE) ‘. T100,

S’ (OBSTACLE) /, /)

FORMAT (1X, 1POBE1S. 3)

FORMAT(//, T10, ‘DISTANCE /', T25, '‘DISTANCE’, T40, ‘DISPLACEHENT *, T35
1 'CENTERLINE *, T70, ‘CENTERLINE ‘. T85, CROUNDLEVEL *, T100, *GROUNDLEVEL
2. 7,
3T10, 'FROM DBSTACLE‘, T295, ‘FROM SOURCE’, T40, ‘AROVE SURF. *, T55,
4/CONCENTRATICH . T70, 'CONCENTRATION', T85, ‘CONCENTRATION, T100,

5 ‘CONCENTRATION’, /, T55, /(NO OBSTACLE) ’, T70, ’ (OBSTACLE) *,
&6TB5, ‘(NO GBSTACLI) ‘. T100. /(OBSTACLE) *, /)

FURMAT(//, T10, ‘DISTANCE ‘. T25, ‘HASS FLUX‘, TA0, ‘MASS FLUY’, TS5,

1 ‘RATIO GL/CL‘, T70, ‘RATIO GL/CL’, T8S, ‘T FACTOR’, T100, ‘T “ACTOR’, /
2710, ‘FROM OBSTACLE ‘. T25. ‘ (NO OBSTACLE) ‘, T40. ‘ (OBSTACLE) 7, T55,

3/ (ND OBSTACLE) ‘. T70.  (OBSTACLE) *, TBS, ' (NO OBSTACLE) *,

47102, '(OBSTACLE) ‘. /)

FORMAT (1X, 1PO7E15. 3)

FORMAT (45X, 'DIFFUSION EQUATION SOLUTIONS’, /. 15X, ‘SIGMA Z, SIGMA Y
1FLUME CENTERLINE AND GROUND LEVEL CONCENTRATIONS’, /. 15X,
2'FOR AN OBSTACLE OF ARBITRARY ASECT RATIO’. ////)

FORMAT(/, T2, ‘PRINT OUT FITX AND FITZ DEFORE CONSIDERING THE MGT ¢

1ASS, //)
FORMAT(//. T2, 'PRINT OQUT FITX AND FITZ AFTER CONSIDERING THE PGT C
148S°, //)

FORMAT(/, T2, ‘DOWNIND ‘., T6O, "OFF AXIS DISTANCE’. /.,

172, ‘DISTAKNCE ‘', T12, 1PL1IELQ. 2. /D

FORMAT (2X, 1P12E10. 2)

FORMAT(//, 3%, “XS=’,F8. 1, 3%, ‘HS=',F8 1.3X, ‘HA=",F8 1.3X,
1'KGT=", 12. //, 3%, ‘ALAM=",F5 1, 3X, '‘FROUDE=",F& 2, 3X, 'IFLAG=".
212, 3x, 1YY=/, 12, //)

FORMAT(//, 3%, "PLUME IMPACTS HILL AND DUES NOT GQ OQVER TOP'. /)

FORMAT (//. 3%, 'FROUDE NUMBER CLASS=IFR=‘.1%, /)

FORMAT (15X. ' INPUT STREAM CONSTANTS’, /)

FORMAT(LX. XS, 8X, 'HS’, 8%, 'HA', 8X, ‘XL’. 7X, ‘ALAM’, &X. DL INT ',
16X, '"RKST“, 6%, ‘FR ")
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603

SO0O

PI=3. 14159

Ci=2 0E-3

Ca=2. OE-3

Y8=0. 0

ROOT=0. 0

AA=Q. 0

BB=0.0

A=1.0

IFLAG=1

1y=}

ASSUME DIMENGIOMLESS VALUE FOR BOTH FREE STREAM VELGCITY UO
AND HORIZONMTAL WIND SPEED U

Uo=1.0

U=1.0

READ (S, 200. END=999} XS, HS, HA, XL, ALAN, DELINT, RKST, FROUDE
HRITE(S, 230)

WRITE (6, 231)

HRITE (&, 200) XS, HS, Ha, XL, ALAM, DELINT, RKST, FROUDE
HBT=RKST

IF (FROUDE. €Q. 0. 0) KST=4

IF(FROUDE. EQ. 0. 0) FROUBE=969,

WRITE (&, 222) %8, HS, HA, KST ALAM, FROUDE, IFLAG, 1Y

DEFINE RELEVANT DIMENSIONLESS RATIOS
HS=HS/HA
XS=XS/HA
XL=XL/HA

[ S 2 T IR I TPt S 2 B Y 2 e P L LT R R NS N LA R R IR
COMPUTE STREAMLIME AND VELOCITY FIELD WEIGHTING FACTORS FOR
NEUTRAL FLOW BASED ON ASPECT RATIO, ALAM

WZ = COMBINED STREAMLINE WEIGHTING

SuUp = SPEED UP FACTOR

wWyva = 2D VELGCITY WEIGHTING

WV3 = 3D VELOCITY HEIGKTING

IF(ALAM. EQ. 1. 0) FLOW IS 3D AXIaALLY SYMMETRIC HILL
IF(aLAM. GE. 10. 0) FLOW IS 2D CIRCULAR RIDGE

IF(ALAM. LE. 1. 0) GO TO 60t

IF (ALAM.GE. 10.0) €0 TO &02

HEIGHT

WZ=1 O/alAMasl. 1

VELOCITIES

BETA= §.0+ 1.0/(ALAMe22-1.0) -ALAM2ALOGC(ALAM+SCRT (ALAMa22-1. 0))/
1 (ALAMHas2~1. 0)#%1. 5

SUP=2. 0/ (2. O-BETA)

WV2=2. 05 (EUP-1. 5)

WV3=2 0%(2. 0-SUP)

60 TO &03

Wi=1.0

Wwve=0 0

Wv3=1.0

GO TO 4603

WZI=0.0

Wy2=1.0

Wv3=0 0O

CONTINVE

HRITE (6. 200) WZ.WY2, WV3

P PR P e e Y X X T R T R R S ST T S A S e S el
THIS SECTION CALCULATES BOTH 2D AND 3D GBTREAMLINE THROUGH
SOURCE GIVEN XS, HS, AND HA

PSIP20= YALUE OF STREAMFUNCTION ALONG STREAMLINE IN 2D FLOW
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PSIP3D= VALUE OF STREANMFUNCTION ALONG STREAMLINE IN 23D FLOW

STREAMLINE EGUATION IN EACH CASE EVALUATED BY SOLVING:
PSI2D(X, Z) = PSIP2D OR
PSI3D(X, Z) = PSIP3D

NEUTRAL STREAMLINE STORED AS:
X = FITX(ND, I1)

z = FITZ(ND., II)

ND = 2 OR 3 (2D DR 3D

0O 504 ND=2,3 T

DEFINE STREAM FUNCTION, VALUE THROUGH SOURCE., AND B
IF(ND.GT.2) €0 YO 1

PSIP=PSI2D (XS, HS, U, A)

B=PS1IP/U

GO TO 2

PSIP=PSIZD(XS, HS, U, A)

B=a. O=PSIP/U

WRITE (&, 203) B, PSIP

COMPUTE ZC = I DIGPLACEMENT OF SOURCE STREAMLINE OVER CREST OF HI

IF(ND.GT.2) €D 7O 3
IC=. S*(B+SQRT(B4=2+4. OuA®E2))
G0 T0 4

SOLVE CUBIC EGN FOR 3D 2C
RADCL=(A#x&/4. ) -(Baan3/27.)
IF(RADCL) 310,320, 330
THTA=(ARCOS( (. 3#A=23)/(B/3. )#ul, 5))/3.
EM=2. #8QRT(DB/3.)
ZC=EM&COS(THTA)
SECONL AND THIRD SOLNS LESS THAN 2EROD
ROOT=-1.
¢0 10 4
IC=1. 58748A
ROOT=0.
G0 TO 4
AAz (. 5#A#23+SGRT(RADCL) Y#2 (1. /3.)
BB=(. 5#A423-SGRT(RADCL) Y ##(1. /3.)
I1C=AA+BDB
ROOT=1.
BETA=(ZC-A)/A

DEFINE X IN TERMS OF Z FOR CURVE FIT Z(X)
NINC 1S THE TOTAL NUMBER OF POINTS TAKEN FOR THE FIT

INC2 IS THE MUMBER OF THESE POINTS IN THE REGION AWAY FROM THE HI

WHERE THE SLOPE 1S DECREASING.
THESE CARDS CONTROL THE GODODNESS OF THE FIT

H1 15 THE VALUE OF THE STREAMLINE DISPLACENENT AT INFINITY
B 1S5 TWICE THE VALUE OF THE STREAM FUNCTION AT ANY X VALUE

- ———e = -— e s o Ao o i o o e et et e

NINC=550

INC2=150

H1=SGRT(B)

IF(ND EQ 2) Hi=Hi#H1
NINCHMI=NINC-INC2
HLFF1=0. S#(ZC+HS)
ZINC2=(HLFPT~41)/INC2
ZINC1=(ZC~HLFPT) /NINCMI
WRITE (&, 201) PSIP. B, ROOT, AA. BB, ZC, BETA, H1
NINC=NINC+1

PO 102 I=1,NINC
IF(I. GT. INC2) GO TO 9
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Jul-1
ZI=H1+J8ZINCR
. G0 TO 10

9 Ja]l-INC2-1
ZIZ=HLFPT+J#ZINC1

10 CONT INUE
IF(ND. GT. 2) G0 TO 5
IF(22.£G. H1) GO YO &1
ARG= ({222 (Z7%(B=2Z)+A=u2))/(ZI-B))

GO TO &
S IF(Z2. EQ. K1) €0 TO &1

ARG= ((Aee23/(1. 0-B/ZZ%u2))eu(2 0/3. 0)-27s#e2)
13 IFC(ARG.LT.0.0) 60 TO 7

XX=SGRT (ARG)

¢0 TO 8
C XX = 100. TAKEN AS EFFECTIVE INFINITY
61 XX=100.

GO TO 8
7 XX=0.0

IZ=1IC
8 CONTINVE

11=1

FITZ(ND, 11)=22
FITX(ND, I11)=XX
FITX(ND, NINC)=0. 00
100 CONTINUE
604 CONTINUE

C R NSRS RN P RN E S R RS R A RS ARG LA IR H NGB ER TSR EX RS FB IR E RS SES
c WRITE (4, 218)
c THIS LOCP (DO 605) WEIGHTS THE NEUTRAL STREAMLINE WITH
c ASPECT RATIO USING WZ
DO 605 11=1,NINC
XX=FITX(3, I1)
FITX(1, I1)=%X
c ZITAPL= SUBROUTINE PROVIDES Z INTERPOLATION FOR ANY X VALUE
c CIVEN STREAMLINE IN FITX(ND, I1),FITZ(ND, II) ARRAYS
CALL ZITR™i “XX.,RNINC, 2, ZEE2)
FITZ (1, 1:)=7EE2&8 (1. O-KZ)I+FIT2(3, 11)=2KZ
C WRITE(6, 200 FITX(L, ID)L,FITZ2(L, I, FITX(2, 1), FITZ(2, 11, FITX(3,
c 1), FITZ(3, I1)
605 CONTINUE
C ML EESE RSB L GO RO R LSRR TR G RE R ORI LR A AT ER P AR ERAT SRR
c FIRST ORDER EVFECT OF STABILITY TAKEN AS DEPRESSION OF STREAMLINE
C BELOW THAT EXPECTED IN WREUTRAL FLOW
C SCAL ING OF NEUTRAL STREAMLINE DETERMINED BY EXPERIMERT
€ e e e e -

IF(FROUDE. GE. 900.) GO TO 610
IF(FROUDE. GE. 1. 50. AND. FRCUDE. LT. 200. ) IFR=1
IF(FROUDE. GE. 1 1. 50} 1IFR=2
IF(FRCQUDE. GE. 0. 92. . . . 1.10) 1FR=3
IF (FROUDE. GE. 0. B3. AND. FROUDE. LT. 0 92) IFR=4
IF {FROUDE. GE. O. . . .0.82) IFR=3
1F(FROUDE. GE. 0. 40. AND. FROUDE. LT. 0. 70} IFR=6
IFCFROQUDE. LT 0. 40 )y IFR=7
IF(IFR. LE. 5. AND HS. LT 0. 275

) WRITE(6, £23)
IF(IFR.EQ. & AND HS. {.T. 0. 75 ) WRITE LR, 203
IF(IFR. EQ. 7. AND HS LT. 0 8& ) WRITE (G, 223

WRIIE/6, 224 IFR
c CALCULATE THE TOW-TAMK ZC AND CHECK THAT 1T EXCEEDS THE HILL HEIGHT
ZCF (IF)=1 +(AO(IFRI+A1(IFR)#HS+A2(IFR) «iSewd)
IF(ZOFCLFR) . LT 1) ZCF(IFR)=1. 001}
DELMAX=FITZ(3, NINC)-ZCF(IFR)
D) 606 1I=1,NINC
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XX=FITX(3, 1)

IF(ABS(XX). GE. 2. ) GO TOD 406
DELTA3=DELMAX®(2. ~ABS(XX)) /2.
FRAC3=(FITZ(3, I1)-DELTA3)/FITZ(3, ID)
FITZ(1,I11)=FITZ(1, I1)&FRAC3
XX=FITX(2, 1)

1F{ABS(XX). GE. 2. ) @D TO &08
DELTA2=DELMAX® (2. ~ABS(XX)) /2.
FRAC2=(FITZ(2, I1)-DELTAR)/FITZ(2, I1)
FITZ(2, 11)=FITZ(2, 11)&FRAC2

FITZ(3, 11}=F1TZ(3, 11)-DELTA3
CONTINUE

CONTINUE

WRITE(&, 219)

DO 609 I1=1,NINC

WRITE (6, 200) FITX(1,11).FITZ(1, ID).FITX(2, I1),FITZ¢2,11),FITX(3,

11), FITZ(3, 11)
CONTINUE

LA A AR E-2 0 2 22 22 2 22t st E S B A Xt s e Y R e e R R ey T2 2

PERFORM ALONC STREAMLINE LINE INTEGRAL

BEGIN CALCULATIONS AS A FUNCTION OF DISTANCE FROM SOURCE

DELINT= DIMENSIONAL DOWNWIND RESOLUTION

DEL = DOWNKIND RESCLUTION OF OQUTPUT IN FRACTIONAL OBSTACLE HEIG
NN = NUMBER OF RESGLUTION ELEMENTS ALONG STREAMLINE
TKER = SUBROUTINE RETURING VELOCITY FIELD AND INTEGRAL KERMEL AT

GIVEN X
DID2 = SUBROUTINE RETURNING EITHER CONSTANT DIFFUSIVITIES OR
PGT SCALED DIFFUSIVITIES AT GIVENM X
PHID LINE PNTEQRAL DETERMIMING DISPERSION NORMAL TO STREAMLINE

us
SLOPE

ALONG STREAMLIKE VELOCITY
ALGNG STREAMLINE SLOPE

DEL=DEL INT/HA
JF=AINT((XL-X8)/DEL)

DD 101 W=}, JF
SS=AINT(X8)+JJsDEL
IF(ABS(S8). LT. (DEL/2. 0}) §5=0.0
S2(JJ)=588

TEED = LIME INTEGRAL DETERMINING DISPERSION IN CROSSWIND DIRECTI

INTEGRATE FOR EFFECTIVE SIGMA Y AND I SQUARED
NUMERICAL INTEGRATION BY SIMPSONS RULE
ADAPTED FROM DORM AMD MCCRACKEN 1972

SET UP INTEGRATION PARAMETERS

NN=100

FN=NN

AA=5S-DEL

IF(JJ EQ. 1) AA=XS
BB=S5 )
H=(BDB-AA)/FN -
TWOH=2. O#H
Y=YS/HS

SUMS=:0. 0

SUM6=0. 0

SUMe=0. 0

SUMe=0. O

1=0

CALL THKER(AA, ZA, A, Y. PA. TA, RA, UA, MA. WZ. WY, WV3)

CALL D1D2(KST.UA, AA, D1, D2, X5, IFLAG, C1, C2/ MA, H. Ju. T, BD, HA, U

GIVE X 1TS STARTING VALUE FOR LOC?
X=AA+H
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{N:TIAL!ZE LOOP COUNTER
-
BEGIN INTEGRATION
CONTINUE
XPH=X+H
CALL THER(X: ZX, A, Y. BX, TX, RX) UX, M), WZ, W2, WV3)
calLL TRER (XPH, ZXPH, &, ¥, PXPH, TEPH, RXPH, UXPH, MXPH, WZ, WV2, WV3)
CALL D1D2(KST,UX, X,D1,D2, XS, IFLAG.C1,C2, MX, H, JJ, I, BB. HA, UO)
CALL DID(KUST., UXPH, XPH, D1, D2, XS: IFLAG, C1, €2, HXPH, H, JJ. 1. BB, HA, UD)
SUMS=8UMS5+PX
SUMG=EUME&+P XPH
SUMB=SUMB+TX
SUMG=SUMP+TXPH
IF(Y. GE. (NN-3)) 60 TO 28
1al+2
X=X+ TWOH
@0 T0 25
EVALUATE INTEGRALS
BMH=BB-H
CALL THKER(BB, ZB, 4. Y, PB, TB, RB, UB, MB, WZ, WV2, WV3)
CALL THER(BMH, ZBMH. A, Y, PBMH. TBHH, RBMM, UBMH, MBHH, WZ, WV2, WV3)
CALL DIDR(KST, UBMH, BMH, D1, D2, XS, IFLAG, Ci, C2, MBMH, H, JJ, 1, BB, HA, UO)
CALL. DiD2(KST, UB, BB, D1.D2, XS, IFLAG, C1, C2, MB, H, JJ, I, BB, HA, UD)
PINT=H/3. 02 (4, 0&SUMS+2. 02SUM&+PA+PBMH=4. O+PB)«U
TINT={4/3. O#( 4. QvSUMB+2. OxSUMI+TA+4. OaTBMH+TB) /U
WRITE(6, 205) PINT, TINT
IF(JJ.EQ. 1) GO T 92
PHIC(UM) =P INT+PHI(JJ-1)
TEE(JJS)sTINT+TEE(JU-1)
TEED(JJ)=TEE(JL)&D2
PHID(JN=PHI(JJI =D
60 TQO 93
TEE(JJ)I=TINT
PHI (U =P INT
PHID(JJ)=PHI (JJ) %D
TEED (U =aTEE(JJI#D2
CONT INUE
US (JJ)=UBaU
R25(JJ)=RB
SLOPE (JJ)=MB
CONTINUE
CONT INUE
AP E R ERRRR SRR B LI I SRR SR ARG R SRR LR RN D LRI LLRN YR RRELUBEREEE
COMFUTE SIGHMAS, CENTERLINE AND GROUND LEVEL CONCENTRATIONS
WITH THE OBSTACLE AND WITHOUT THE OBSTACLE AS A FUNCTION OF
DO“NNIND DISTANCE
FLAT TERRAIN VALUES
DDW = DOWNWIND DISTANCE FROM SOURCE
SIGINH= NORMAL DISPERSION COEFFICIENT (ND OBSTACLE)
SIGYNH= CROSSWIKD DISPERSION COEFFICIENT (NO OBSTACLE)
CCLNH = CONCENTRATIOMN ,» CENTERLINE (NO OBSTACLE)
COLINH = CONCEMTRATION » GROUNDLEVEL (NO OBSTACLE)
TFACNH= T FACTOR (NO OBSTACLE)
(CIDENTICALLY UNITY))
VALUES WITH OBSTACLE PRESENT
GIG/H = NORMAL DISPERSION COEFFICIENT (OBSTACLE)
SIGYH = CROSSWIND DISPERSION COEFFICIENT {(OBSTACLE)
CCLH = CONCENTRATION, CENTERLINE (DBSTACLE)
CGLH = CONCENTRATION, CROUNDLEVEL (OBSTACLE)
TFACH = T FACTOR (OBSTACLE)




75
76

17

18

72

77
73

DO 102 Jus=i, JF
DDUW L UJ)=82(JIJ)~XS
EVALUATION : NO OBSTACLE (NH)

P=PHID (JU)

T=TEED(JJ)

U1=US(JJ)

R2=R2S (JJ)

UZ2R2=R2eU1#U1

S§2JJ=82(Jh)

CALL D1D2(KST, VU, S2JJ, D1, D2, XS, IFLACG, C1, €2, 0. 0, 0. 0, 0, 0, 0. 0, HA, UD)
PHINH=D1 2HS*#28U2DDW(JU}

TEENH=D2#DDW (JJ) / (UnHS#22)
SICZNH(UJ)=8SQRT (2. O+PHINH/ (Unu2#HS##2) )

SIGYNH(JJ)= SORT(2. O#HS#s24TEENH)
CCLNH(JU)=(1. 0/ (4. OxPI<SGRT (PHINHETEENH)) )
ARG3=HE##2/ (2. O#(SIGIRH(JJ) ) #2)

IF(ARG3.GE. 179.5 ) €D YO 70

COLNH(JJ)=CCLNH (JJ)EXP (~ARG2)

COLNH(JJ)=2, O#COLNH(JJ)

GD TO 71
COLNA(IUJ)=1. {E-78
CONTINUE

EVALUATION : OBSTACLE (H)

SIGZH(JJ)=SQRT (2. 0&P/UZR2)

SIGYH(JJ)=SRRT(2. O#RZ2#T)

COMPUTE DISTANCE FROM SPHERE SURFACE ANS

83=5:1(JJ)

IF(S3.EG.0.0) 60 TO 17

CORRECTION FOR FIT MADE QVER HILL BY INTERPOLATING FROM EXACT S.F

IF(ABS(83). GT. (2. 0O#A)) GO TO 75

CAaLL ZITRPL(S3, NINC, 1, ZEE)

GO TO 76

CALLL ZITRPL(S3,NINC, 1., 2EE)

SLO=SLOPE (JJ)

SURF = SUBROUTIMNE RETURNS DISTANCE A)L.ONG NORMAL TD STREAMLINE
FROM SURFACE

CALL SURF (83, ZEE, SLO. A, ZNS)

ANS (JJ)=INS

60 70 18

ANS(JJI=FITZ(1,NINC)-A

CONTINUE

ARG2=(U2RD# (ANS(JJ) ) #22/P)

IF((2. 0O#ARG2).GE. 17v.5) GO T0O 72

1F(ALAM. GE. 10.) GO TOQ 72

CCLH(JJ)=(1. O+EXP (~ARG2 ))1/7(4. O%PI%SQRT(P#T))

COLH(JUJ)=(1. O+EXP (-2. 0%ARG2 ) )#(EXP(-PRG2/4.0 1))/ (4. 0%

1PI&#SGRT(PeT))

CCLH(UJ) =2, 0&COLH(JY)

GO TO 73

CCLH(UU)=1. O/ (4. O#P1sGART(P&T))

IF({(ARG2/4.).GT. 179.5) €D YO 77

CGLH(JUJ) = (EXP (-ARG2/4. 0) )/ (4, OxP14SGRT(F+T))

COLH(UW) =2, 04CQRLH(JJ)

GO T0 73

COLH(JJ)=1 1E-78

CONTINUE

FNHR(JJ)=CGLNH( JJ) /CCLNH(JY)

FH(JJY=CGLH(JJ) /CCLNH(JJ)

IF(FH(JJ).LT. 3 OE-76) FH(JJI=3. OE~76

IF(FHH(JY) LT. 3. 0E-76) FNH{JJ)=3 OE-76

FLUXNH(JU) =U#STGZNH (JJ) #SIGYNH (JU) *CCLNHJ))

FLUXH(AD =US (JU)4S1GZHIJJ #BIGYH Yy TCLH I

172



102

904
203

906

999

TFACNH(JJ)=SXGZNH(JJ)*SQRT(2.0iALOG(Q.O/FNH(JJ);)/HS
TFACH(JS) =S TGZNH(JJ) #BGRT (2. O#ALOG(2. G/FH(JJ) ) ) /HY
CONTINUE

PRINT OUT RESULTANT ARRAYS OF SICMAS AN
HRITE (o monE D CONCENTRATIONS

WRITE (&, 210)

WRITE(6&, 211) HA, U0, HS, YS, XS, XL, ALAM, D1, D2, KST

WRITE (&, 212)

WRITE(6, 213) (S2(0J), DDW(JJ), ANS(J), SIGINHIUJ), BIGZH(JJ),
ISIGYNH(UY), SIGYH(JJ), USCJIJ), Ju=1, JF)

WRITE (&, 214)

WRITE(6, 216) (S2(JJ), DDW(JJ) . ANS(JJ), CCLNH(JJ), CCLHIUY),
1CGLNH ()Y, COLH(JUY), Jd=1, JF )

WRITE(&, 215)

WRITE (6, 216) (S2(JJ), FLUXNH(JJ) , FLUXH(JJ)» FNH(JJ), FH(JJ) , TEACNH(J
1), TFACH(JY) , Jd=1, JF)

IFC(IV.EQ. 0) 60 TO 535

WRITE (&, 209)

DO 903 JJ=1, JF

DO 904 K=1, 11

YYD(K)=Ke. 1

YD (K)=YYD(K) /SIGYH(JM)

COL (J) K)=COLH(JJ) #EXP (~0. S#YD(K) ¥%2)

CONTINUZ

CONTINUE

WRITE (&, 220) (YYD(K), K=1, 11)

DO S04 JJ=1, JF

WRITE (6, 221) (DDW(JJU), (COL(JJ KD, K=1, 11))

CONT INUE

G0 TO 555

STOP

END

SUBROUTINE D1D2(KST, U, XX, D1, D2, XS, IFLAG, €1, €2, M, H, UJ, I, BB, HA, UO)
THIS SUBROUTINE EVALUATES THE DIMENSIONLESS DIFFURIVITIES D1 ARD
D2 IN THE Z AND Y DIRECTIONS ,RESPECTIVELY

REAL M

DIMEKSION PSA(50), PTA(50)

DIMEMSION XD(S),AD(&), BD(&)

DIMENSION XA(7), XB(2), XE(8), XF(9), AA(B), BA(8), AB(3), B1(3),
1AE(9), BE(9), AF(10), BF (10)

DATA XA/.S5,.4,.3, 25,.2,.15 1/

DATA XB/.4,.2/

DATA XD/20.,10.,3..1.,.3/

DATA XE/40.,20..10.,4.,2.,1...3,.1/

DATA XF/60.,3C.,15.,7..3..2 ,1.,.7,.2/

DATA AA/ 453. 85, 346. 75, 258. 89, 217. 41, 179 52, 170. 22, 158. 08, 122. 8/
DATA BA/2. 1166, 1. 7283, 1. 4094, 1. 2644, 1. 1262, 1. 0932, 1. 0542, . 7447/
DATA AB/109. 30, 98. 483, 90. 673/

DATA B1/1.0971,0. 98332, 0. 93198/

DATA AD/44. 053, 36. 650, 33. 504, 32. 093, 32. 093, 34. 459/

DATA BD/O. 51179, 0. 56589, 0. 60486, 0. 54403, 0. B1066, 6. B6IT4/

DATA AE/47. 618, 35. 420, 26. 970, 24. 703, 22. 534, 21 628, 21. 628, 23. 331,
1 24, 26/

DATA BE/O. 29592, 0. 37615, 0. 46713, 0. 50527 0 57154, 0. 63077. U 75660,
1 0. 81956, 0. 8366/

DATA AF/34 219,27.074,22. 651, 17. 836, 16. 187,16 823. 13, 952, 13 952
1 14:457, 15 209/

DATA BF/0. 21716, 0. 27436, 0. 32661, 0. 41507, 0 4649G.0 34503, ¢ £3227
1 0.68465, 0. 78407, 0. 81558/

IF (IFLAG. EQ. 0) GO TO 80

IF(H.EQ.0.0) GO YO 99

17 (JJ. EQ. 1. AND. 1. EG 0) 6O TO 75
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9%

96

97

98

11

12

20

21
22

30

IF(US. NE. 1. AND. 1. EQ. 0) 60 10 9%
PS=sPG+EGRT (1. O+Mew2) o
PT=PT+8GRT(§. O+Mee2)wH/U

60 TO %96

PSePSA(IJ-1)

PT=PTA(JJU-1)

CONTINUE

IF(XX.EQ. BB) €0 TC 97

G0 TO 98

PSA(JJ)=PG

PTA(JJ)=PT

CONT INUE

X=pPS

G0 TO 10t

X=XX~-X§

PY=X/U

IF(X.EG.0.0) O TO 75

CONT IHUE

X=X2HA

GO YO (10,20, 30, 40, 50, 60), KST
STABILITY A

TH=(24. 167~-2. 533424L0B(X))/57. 2938
IF(X.6T. 5. 11) €0 TO &9

00 11 iD=i,7

IF(X. GE. XA(ID)) €0 TO 12

CONT INUE

1D=8

SZ=AA(ID)e#X#*aBACID)

G0 YO 71

STABILITY B

TH=(18. 333~1. 8094624L0B(X))/57. 2958
IF(X. GT. 3%5.) 60 TO &9

DO 21 ID=i,2

IF(X. GE. XB(ID)} GO YO 22
CONTINUE

1D=3

EZ=AB(ID)uXe2BR1(ID)

¢0 TO 70

STABILITY C

TH=(12. 5-1. 0857=&L06(X))/57. 2958
SIl=61. 141aXerD. 92445

0 10 70

STABILITY D (NEUTRAL)

TH=(8. 3333-0. 723224AL0G (X)) /57. 2998
DO 41 ID=1.53

IF(X. GE. XD(ID)) €O TO &2
CONTINUE

1D=6

SZ=AD(ID)#X22BD(ID)

¢0 10 70

STABILITY E

TH= (6. 25-0. 54287=AL0G(X) ) /57. 2958
DO 51 1D=1,8

IF(X. G5 XECID)Y) 60 TO 52

CONT INVE

1D=3

S2=AFE(ID)#XeaBE(ID)

G0 TO 70

STABILITY F

TH= (4, 1667~0. 36191 %ALOG(X) ) /57, 2958
DO 61 1D=t1,°¢

IF(X .GE XF(ID)) GO TO 62

CONT INUE
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1D=t0

62 SZwAF (1D)#Xe2BF(ID)
60 TO 70

&9 62=25000.

0 10 71

70 IF(8Z. 0T. 3000. ) B8ZIu3000

71 BY=1000. #XeSIN(TH) /(2. 155COS(TH))
82=52/1000.
8Y=8Y/ 10090.

Pi=P yaikia /Y
Di=SZeal/ (2. 0#P1)
D2uSveal/ (2. QaPl)
Di=D1/{HASUOD)
D2=D2/ (HASUD)

G0 TO 90

75 Di=0. 0
D2=0. 0
P3=0.0
PT=0. D
G0 TO 90

80 Di1=C5/ (HASUD)

D2=aC2/ (RASUD)

C HRITE(&, §02) C1,C2, D1, D2, HA, VO

102 FORMAT (20X, 6E10. 3)

90 CONTINUE )

RETURN
END
FURCTION PSIZ2DIX. Z, U, &)

C 2D STREAM FUNCTION FOR FLOW OVER CIRCULAR RIDGE
PS1eD eUeZe(l. O-(Ave2/ (Zea2eriead)))
RETURN
END
FUNCTIGN PSIZD(X. 2. U, &)

C 3D STREAM FUNCTION FOR FLOR OVER AXIALLY SYMMETRIC HILL

PSI3D = EZ00enieale(l. O-Aeel/(Xes2+Za8)0ul 5)

RETURN

END

SUBROUTINE THER( X.Z, 4, V,P, T.RX2, UUU, 1, WZ. VW2, KV3)

REAL M

COFON NINC

GUBROUTINME HEIGHTS VELDCITY FIELD BY ASPECT RATIO

2D VELGCITY FIELD
uz2 = VELOCITY IN X DIRECTION
v2 = VELOCITY IN Z DIRECTION
CALL ZITRPL(X,NINGC, 2, 2)

X2uXeX

12=2«Z

R2=X2+12

[Vl ¥-%:73

REA=R2eR2

U2=(1. 0-2. O#A2eX2/R4+L2/R2)
Vv2a-2 QeaQels? R4

3D VELOCITY FlELD

U3 s YELOCITY IN X DIRECTION
v3 a VELOCITY IN Z DIRECTION
CALL ZITRPL(X,NINC,3,7)

YY=ZaY

22=7a7

X3=X#)X2

RX2272#(1. O+Y%e2)
R=(X2422)84. 50

OO0

OO0
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OOOONOOOD

R2=ReR

R3=RaeR2

R3I=R3T*R2

AZsAafrA

U3=a (1. 0+A3/7(2. ORI ~3. 0eAI=X2/ (2. 0=R3))
V3=-3. 0aXaleAl3/ (2. OsRS)

- - -

KEIGHTED VELOCITIES

(V) e YELOCITY IN X DIRECTION
VELOCITY IN V DIRECTION
HOPE

DISTANCE FROM AXIS OF SVYFHMETRY TO STRE&HMLIKNE
Uy ALONG STREAMLINE VELOCITY

P KERNEL OF PHI LINE INTEORAL
T e KERNEL OF T LINE INTEGRAL
UUstiv2eua+Nv3sU3

Weliy2eva+kV3ev3

W=\ /Uy

RX2=HZaRX2+1~WZ

Pa(UU+ReV I eRN2

Ta(i. O+dleel) /P

Uz (LUMeVV) /BRRT (L. Oeliun2)

RETURN

ErD

SUBRDUTINE BURF (83, IEE, BLD, A, IKS)
THIS SUBRDUTIAE COMPUTES THE DIST&NCE OF THE STREAMLIKRE FRORM
THE SURFA&LCE 0F THE GPHERE (OR PLAKE)
XVAL=83

XINT= VAL+SLOeZEE

AXINT=ARS(XINT)

IF(AXINT.LT.AY €O TO

DEGmIEEee2+ (AVAL-XINT ) ee
INS=SERT(DBQ)

eD 70 4

BEE=XINT/ELO

BEDM=RBEE/8L0

BDHMEG=RDr=BIN
0PoH2=1. 0+3. 0/ (ELOeeR)
B2HA=BEEea2-Aead
ROOT=BDMZR-UPORILEZNRAZ
XPL=(BOH+EART(RODT) ) /0PORI

KAl= (BA=-SCRT(ROOT) ) /0FOM2
IXPL=BEE~-XPL/ELO

ZxXMI=BEE~RKI/ELO

IF(ZXeL.8T7.0.0) 60 VO 2

AT=XMl

2T=Z 1Mt

€0 70 3

XTaXPL

ZTaZ xPL

CONTINUE
DSR=(AVAL- X1 ) 2e2¢+(2EE~TIT)we2
ZHE=SGRT(DEQ)

RETURN

END

SGUBROUTIRE ZITRPL(SX, MIKRC, ND » IEE)
COMMON FITX(2, 600).FITZ(2. 500)
XXsAES(SX)

NINCHMi=pINC-1

DO 1 A=i., NINCHL

AP 1=Ks1

IF (XY, LE. FITE(RND, K). AND. XX. GE FITY ND.HP1)) GO V0 2
CONT INUE

v
]
RY2
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- AD=AFFTR(HD. K)=-XXDZ(FITHND, M) -FITHIND, WP1))
ZEE=FITZ(ND, K)+XDR(FITZ(ND, WPL)-FITZ (KD, K))
RETURN
END

/79

//60. FYORF(0OL: DD o

=-3.2 402 . 279 -] 10.

/78

/%EQF
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APPFNDIX D

SAMPLE QUTPUT LISTING
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TEST .LASE

Hill Height e 275 km
Plume Height 2 ,402 lm
Distance Hill to Szack = 3.2 km
Stability Class = 4 (BGT "D™)
Froude Number s 1,02
Aspect Ratio = 10
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