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5. REPORT ON ATDL RESEARCH ON METEOROLOGICAL EFFECTS OF THERMAL 
ENERGY RELEASES, AUGUST 1, 1976-5EPTEMBER 31, 1S77 

S. R. Hanna* 
K. Shankar Rao* R. P. Hosker* 

5.1 INTRODUCTION 

Several different projects were carried out during this report period. 
The ATDL plume and cloud growth model, developed in previous years, was 
applied to new sets of data from four separate sites and to contrived 
data as part of a sensitivity study. A chapter entitled "Atmospheric 
Effects of Energy Generation" was written for the book Atmospheric Science 

and Pouter Production. An experimental program was conducted in which time 
lapse photographs of cooling tower plumes in Oak Ridge, Tennessee, and 
Paradise, Kentucky, were taken and analyzed in order to determine the 
magnitudes of secondary motions. In addition, plume cross sections were 
drawn and analyzed using raw data from the Chalk Point Cooling Tower 
Project. The results of all these studies are summarized. 

5.2 APPLICATIONS OF ATDL PLUME AND CLOUD GROWTH MODEL 

The ATDL plume and cloud growth model agrees with Briggs* (1975) 
plume rise theory near the source and Weinstein's (1970) cloud growth 
theory at greater heights. It is fully described by Hanna (1976) and 
has been validated using several sets of cooling tower plume observa-
tions. During the past year the model was further applied to data from 
the John E. Amos plant (year 2), the Chalk Point plant, the Paradise 
plant, oil refineries in Los Angeles, and several contrived sets of ini-
tial and boundary conditions. The contrived data were used in a sensi-
t-ity analysis of the model. 

5.2.1 John E. Amos Plant 

The cooling towers at the John E. Amos plant were described by Hanna 
(1976), who used data from the winter of 1974-1975 as input to the ATDL 

*Air Resources Atmospheric Turbulence and Diffusion Laboratory, 
National Oceanic and Atmospheric Administration, Oak Ridge, Tenn. 
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model. During the past year data from the winter of 1975—1976 were re-
ceived from Mark Kramer of Meteorological Evaluation Services, Inc. The 
resulting model estimates of plume rise for these cases are compared with 
observations in Fig. 5.1. The scatter of the data points is similar to 
that obtained using data from the previous winter. Since the results of 
this study are nearly identical to those of the previous study at the 
John E. Amos plant, no further work with the data from the winter of 
1975-1976 is planned. 

Snow was observed in a plume-shaped sector 40 km downwind of the 
cooling towers on January 18, 1976, by Kramer et al. (1976). The plume 
and cloud growth model was run for this day using the profiles in Fig. 
5.2. Entrainment rates of 0.4 and 0.3 were used for two separate model 
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Fig. 5.1. Observed and predicted cooling tower plume rise for the 
John E. Amos plant. 
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Fig. 5.2. Dry bulb and wet bulb profiles and modeled and observed 
cloud depths for the snow case at the John E. Amos plant on January 18, 
1976. The modeled cloud is based on an entrainment rate of 0.3. 

runs; the value 0.4 is valid for most smoke plumes (Briggs, 1975) and 
had been used in all model runs up to this date, while the value 0.3 has 
been found by Slawson et al. (1974) to provide a better fit to Paradise 
cooling tower data. The plume remained just barely below saturation for 
an entrainment rate of 0.4 and produced a cloud with the dimensions shown 
in Fig. 5.2 for an entrainment rate of 0.3. Because ice microphysics is so 

important for this one day and the ATDL model does not include a detailed 
ice phase, an agreement was made with Dr. R. Koenig of the Rand Corpora-
tion that he would run his model, with detailed ice microphysics, for 
this case. 

u 
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5.2.2 Los Angeles Oil Refineries 

NOAA requested us to look into the possibility of weather modifica-
tion by oil refineries in Los Angeles. The results of this study are 
given in Appendix A, which is a paper published in the Proceedings of 

the 6th AMS Conference on Inadvertent and Planned Weather Modification. 

December 1975 test 

Visible plume observations at the Chalk Point cooling tower for the 
December 1975 intensive study period were reported by the Environmental 
Systems Corporation (1976). Atmospheric soundings for these days were 
given by Meyer et al. (1976). Using these data, the plume and cloud 
growth model was run in order to estimate the visible plume length. Ob-
served and estimated visible plume outlines for four specific experiments 
are given in Figs. 5.3 to 5.6. The model sometimes overpredicts and some-
times underpredicts, although agreement is generally within a factor of 2. 

5.2.3 Chalk Point Plant 
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Fig. 5 .3* Observed and modeled visible plume outlines for the Chalk 
Point cooling tower plume on the morning of December 15, 1975. 
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Fig. 5.4. Observed and predicted cooling tower plume rise for the 
afternoon of December 15, 1975. 

ORNL-DWG 77-19016 

Fig. 5.5. Observed and predicted cooling tower plume rise for the 
afternoon of December 16, 1975. 
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Fig. 5.6. Observed and predicted cooling tower plume rise for the 
afternoon of December 17, 1975. 

In the case of the December 17 experiment, the observed plume evaporated 
at about 400 m downwind of the tower but recondensed to form a long visible 
cloud beginning at a distance of about 1000 m from the tower. The model 
cloud, on the other hand, evaporated at 400 m but did not recondense. 

The downwash of the plume is quite significant in Figs. 5.3 to 5.6. 
No means of accounting for the effect are presently available for the 
model. However, wind tunnel work at ATDL in the coming year should pro-
vide some data for incorporating a parameterization of this phenomenon 
into the numerical modeling schemes. 

June 1976 test 

Data from the June 1976 intensive study period were used to test the 
sensitivity of the model to slight changes in atmospheric profiles. De-
tailed soundings were reported by Meyer et al. (1977) at intervals from 
30 min to 2 hr, beginning near sunrise. The model is steady state but 
in reaiity can be applied to atmospheric soundings which are steady for 
more thaa about 5 min. This time estimate is made by calculating the 
time required for a plume rising at a speed of 4 or 5 m/sec to rise 
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through a vertical depth of about 1000 m. The results of the model ap-
plication, using an entrainment rate of 0.3 in one set of calculations 
and a rate of 0.4 in another, for 11 soundings taken on June IS, 1976, 
are given in Table 5.1. Plume dimensions and liquid water contents are 
listed in the table, showing the progression from long plumes in the 
early morning to short plumes in the afternoon. During the afternoon, 
when atmospheric conditions are expected to be nearly steady, there is a 

Table 5.1. Predicted plume parameters for a series 
of environmental profiles at Chalk Point 

on June 18, 1976 

Plume rise, 
Visible plume „ ' Maximum 

Time u , , T u . liq. wat., 
.(., Length " S T 

Entrainment rate =0.3 

604 807 Plume condensed at 2.28 
742 1035 all points in 2.36 
842 720 model 2.21 
930 1350 2.21 
1010 422 410 250 2.00 
1110 906 200 268 1.98 

Reforms at 350 Top 
1312 887 125 70 
1408 697 156 75 
1449 672 148 75 
1545 544 182 100 
1640 547 177 60 

Entrainmen? rate = 0.4 

604 445 i-P 2.27 
742 684 Top 2.42 
842 540 Top 2.23 
930 440 Top 2.21 
1010 314 200 140 
1110 313 160 110 
1312 500 84 45 
1408 359 109 50 
1449 304 114 50 
1545 459 150 70 
1640 437 126 40 
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variation in predicted visible plume length and plume rise of ±25%. It 
is found that slight variations in temperature profiles, especially high 
above the ground, can have great influence on plume rise. 

Sensitivity test with varying initial plume temperature 

The question has often come up as to whether accurate measurements 
of initial plume parameters are necessary. Consequently, the model was 
run using the December 1975 data but varying the initial plume tempera-
ture T by ±5°C. The results are given in Table 5.2, assuming an en-

Po 

trainment rate of 0.3. In the case of a uniform vertical temperature 
gradient on December 15 (a.m.) and 19, the variations in plume rise are 
just what one would predict using basic plume rise theory. However, when 
a strong capping inversion is present, the plume rises to this level and 
quickly stops, nearly independent of T . Variations in visible plume 

Po 
height are nearly the same for all five cases, with an increase of about 
70% in visible plume height as T increases by 10°C. 

Po 

Table 5.2. Sensitivity test using Chalk Point data 
for three different initial plume temperatures 

T , +5°C T -5°C po P»* 
Run Plume Visible Plume Visible Plume Visible 

rise height rise height rise height 
(m) (m) (m) (m) (m) (m) 

12/15/75 310 200 270 150 228 120 
562 160 557 125 381 85 

12/16/75 990 120 980 90 973 65 
12/17/75 851 700 810 600 783 450 
12/2.9/75 576 220 509 170 418 130 

5.2.4 Paradise Plant 

The type of analysis described above was also applied to data from 
TVA's Paradise, Kentucky, cooling towers. March 4, 1971, was selected 
by Slawson et al. (1975) for detailed analysis because of the long per-
sistent visible plume which was observed on that day. Temperature and 
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dew point profiles were measured by radiosondes, ana wind profiles were 

measured by pilot balloons. Table 5.3 summarizes the results .of the 

model application, using an entrainment rate of 0.3. At midday, plumes 

were calculated to be highest and longest due to high humidities and a 

well-mixed boundary layer. For the period 1050 to 1517, calculated plume 

rise varies by only ±8% from 1110 m because of a persistent isothermal 

layer capping the well-mixed layer at a height of 800 m. 

Table 5.3. Predicted plume parameters for a series of environmental 
profiles at Paradise on March 4, 1971 

Radiosonde Towers Plume Visible plume Liq. water 
time operating rise Length Height max. (g/kg) 

(m) (m) 

0615 1 449 1060 350 2.71 
0753 1 524 870 400 2.67 
0955 2 766 766+ 766 2.61 
1015 2 714 730+ 714 2.53 
1050 2 1196 942 1196 2.86 
1059 2 1155 895+ 1155 2.84 
1504 2 1128 711+ 1128 2.30 
1517 2 1026 548+ 1026 2.31 
1631 2 558 350 95 1.92 
1644 2 498 345 95 1.93 

5. 2.5 Sensitivity of Model to Elevated Inversions 

An environment with constant wind speed (4.45 m/s), surface tempera-
ture (20°C), and mixing rat > (7.5 g/kg) was assumed. The lapse rate was 
assumed adiabatic except for a 2°C inversion over 100 m with its base at 
Z. In the eight different runs, Z varied from the surface to 700 m. 
Initial plume conditions are constant (w = 3.4 m/s, R = 24 m, T = u P 
33.5°C). The results are given in Table 5.4. When the inversion is at 
the surface, the plume breaks through and rises through the adiabatic 
layer aloft. However, when the inversion base is at 100 m or higher, 
the plume cannot break through. The higher the inversion base, the less 
the plume AT and the less the penetration of the plume. The results 
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Table 5.4. Model t<-st with adiabatif atmosphere, 
except for a 2'' inversion over 100 ra, vith base 

at some nultij.le of ] 00 ~ 

Inversion Penetration AT at !'lur,< 
base at in inversion inversion base ri:-,i 

(m) (m) ("•(.) (nj 

700 38 0.08 7 3H 
600 Al 0.0'J 641 
500 44 0.12 544 
400 49 0.16 449 
300 55 0.25 355 
200 67 0.47 267 
100 90 * O ' 1'Ju 

Surface Breaks 
through 

H . 50 

roughly conform to Briggs' (1975) prediction that a plume will not pene-
trate an elevated inversion if the AT in the plume is less than the tem-
perature increase across the inversion. 

5.3 SECONDARY MOTIONS IN COOLING TOWER PLUMES 

A photographic study of cooling tower plumes was made during 1976 
and 1977. Photographs of the mechanical-draft cooling tower plume a 
the Oak Ridge Gaseous Diffusion Plant were analyzed during the summer 
of 1976, and photographs of the natural-draft cooling tower plumes at 
TVA's Paradise, Kentucky, steam plant were analyzed during this past 
summer. The results were combined into the paper attached as Appendix h-

5.4 CHAPTER FOR ATMOSPHERIC SCIENCE AND POWER PRODUCT 10!, 

The revision to Meteorology — 1968 (D. Slade, ed.) is to be c^jfed 
Atmospheric Science and Power Production (D. Randerson, ed.). S. 
devoted about two months during this year to preparing the first 
of a chapter entitled "Atmospheric. Effects of Energy Generatidh." it 
has 63 pages of text, 10 tables, 20 figures, and 105 references. Thfe 
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chapter is too bulky to appear as a:i appendix, but *„::>_• i:;li..c is tin-
folloving: 

1. lnt r >duct i on 
1.1 S'- ,r» L characteristics of cool in.' t •v.ri .-> 
1.2 S "irct characteristics of cooling pomis 
1.3 Source characteristics of .spray pond.s 
1.4 River, lake, and ocean cooling 
1.5 Heat releases over large areas 

2. Fumraarv of current observed effects 
2.1 Sun shading 2.2 Ground fog 
2.3 Drift deposition 
2.4 Interference with aircraft 
2.3 interactions with chemical plumes 
2.6 High winds 
2.7 Changes in cloudiness, temperature, and precipitation 

3. Estimating the effects of energy generation at a single large 
power plant 
3.1 Direct cooling by lakes, oceans, and rivers 
3.2 Cooling ponds 
3.3 Cooling towers 

3.3.1 Plume rise 
3.3.2 Fog formation 
3.3.3 Drift deposition 
3.3.4 Visible plume and cloud growth 
3.3.5 Interactions of moist plume with S02 plume 

3.4 Dry cooling towers 
4. Effects of energy generation in mesoscale power parks 

4.1 Energy dissipation in urban areas 
4.2 Models of the atmospheric effects of power parks 

5. Effects of energy generation on a synoptic or global scale 

Copies of this chapter are available from the author. 

5.5 ANALYSIS OF OBSERVED PLUME CROSS SECTIONS AT CHALK POINT 

Woffinden et al. (1977) report observations of plume parameters made 
foy dft alre^ft dtitittg the June 1976 field study at the Chalk Point cooling 
towers. Dozens of plume cross sections were drawn using the raw data in 
this report. Unfortunately, it was discovered that the only days that 
could be analyzed were June 22 and 23 because of obvious problems with 
the temperature instruments on the other days (analysis was limited to 



data from the- fast-response instruments,). Another instrument problem is 

that t he Lyirum-'J. inst ru.iient registers erroneous d<-v points far above the 

plume temperature whenever the plume is saturate/1. This problem may be 

due to condensation on the instrument or to abnormal scattering by water 

drops. 

Our major interest was determining whether the observed plume struc-
ture conformed to our idealized models. Is the cross-plume distribution 
Gaussian or top hat? Do the temperature, humidity, and water drop plume 
coincide? Do the radius and plume rise increase with downwind distance 
according to Briggs' prodict ions? Fortunately, the two days available 
for analysts include both bent-over and vertical plumes. 

5.5.1 June 22, 1976: Bent-Over Plume 

Numerous aircraft passes through the visible plume were made at sev-
eral heights at a distance of 150 m downwind of the tower. Traverses 
19—27 were averaged to produce the excess temperature AT and excess dew-
point ATj cross sections in Figs. 5.7 and 5.B. The positions of the tem-
perature and dew-point plume edges nearly coincide on these figures. The 
little piece of plume on the upper left of the AT^ plume may be the stack 
plume. Inside the dotted line on Fig. 5.8, erroneous high supersaturation 
is indicated by the Lyman-a instrument. The shape of the temperature 
excess distribution in Fig. 5.7 is definitely not top hat (sharp edged). 
The AT distribution is fairly close to Gaussian in the y direction, as 
shown by the cut through the plume in Fig. 5.8 at an elevation of 200 m 
(see Fig. 5.9). 

The centerline of the plume in these figures is at a height of about 
220 m, which is about 100 m above the top of the tower. The observed 
plume radius is about 70 m, while theory predicts a radius of RQ + 0.4z, 
or 24 HI + 40 m = 64 m. Thus the observed and predicted radii are in fair . 
agreement. 

The average observed temperature excess at this distance dawnwind is 
about 1.5°C. To calculate the predicted temperature excess, the following 
initial parameters were obtained from the report by Environmental Systems 
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Fig. 5.7. Cross section of temperature excess AT, Chalk Point 
plume June 22, 1976, 150 m downwind, traverses 19—27. Bent-over plume. 

Corporation (1977): 

wQ = 4.6 m/s, 
T „ = 36.8°C, po 

T , . = 24°C, ambient 
AT„ = T . — T = 13°C, o po a 
U = 4 m/s, 
R = 24 m. 

o 

A formula for variation of «if sur^ested by Hanna (1974) is 

AT/AT0 = [1 + O.4(z/R0)(w0/u)l/2r2 

= [1 + 0.4(100m/24m)(4.6n/s/4m/s) ] 1 / 2 1 — 2 

= 1/7.8 . 
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Tig. r}.H. Cross section of dew-point temperature excess ATj in the 
Chnlk Point plume June 72, 1976, 150 m downwind, average of traverses 
19 27. tent-over plume. 
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Fig. 5.9. Temperature excess AT in the Chalk Point plume at height 
200 m, downwind distance 150 m, traverses 19—27 on June 22, 1976. 
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Therefore, the predicted .'.1 = .M. 'T.S = 1.7°C. The theoretical tempera-

ture excess is 20". higher than the observed. A similar comparison for 

."_T. cannot be made because of the failure of the Lvman-.i instrument in d 
the visible portion of the plume. 

5- 5•2 June 23, 1976: Vertical Plume 

To permit construction of cross sections comparable to those in 
Figs. 5.7 and 5.8, several traverses in the x-y plane should have been 
made for this vertical plume. However, since the data consist of tra-
verses through the middle of the plume at various heights, the data have 
to be presented in the y-z plots in Figs. 5.10 and 5.11. It must be 
realized that the bubble appearance of the plume, with vertical wave 
length of about 70 m, is only an artifact of the manner of presenting 
the data. This is not an instantaneous cross section, but was constructed 
from traverses with turnaround times of about 2 min. In those 2 min, air 
leaving the cooling tower can pass completely through the plume and ar-
rive at the plume top. We feel that the instantaneous plume is probably 
relatively smooth but that the cooling tower does "pump" with a period 
of about 5 to 10 min. That is, the emissions fluctuate by a factor of 
2 over that period due. to some reason which perhaps the site engineers 
can give. 

As with the bent-over plume, the boundaries of the AT and AT^ plumes 
nearly coincide. Also, the distribution of AT is closer to Gaussian than 
top hat, even very near the mouth of the plume. In Figs. 5.10 and 5.11, 
the radius bi nearly constant with height. Photographs from June 23 
were also analyzed, and it was found that the visible plume radius (see 
Fig. 5.12) could be simulated by R = R0 + 0.105z. The constant 0.105 is 
about 30% less than that recommended by Briggs (1975). 

The average observed temperature excess AT is plotted as a function 
of height in Fig. 5.13. It is assumed that the average AT equals one-
half the maximum AT. The simple formula recommended (Hanna, 1974) for 
estimating AT in vertical plumes is 

AT/ATq = (1 + O.15z/R0)~2 
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Fig. 5.10. y-z cross section of temperature excess AT in the Chalk 
Point plume June 23, 1976, traverses 1—12. Vertical plume. 
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Fig. 5.11. y-z cross section of dew-point temperature excess ATd in 
the Chalk Point cooling tower plume June 23, 1976, traverses 1—12. Ver-
tical plume. 
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Fig. 5.12. Plume radius as a function of height based on photograph 
of visible plume on June 23, 1976, at Chalk Point. Vertical plume. 
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Fig. 5.13. Observed (points) and predicted (line) temperature excess 
AT in the Chalk Point cooling tower plume on June 23, 1976. Vertical 
plume. 
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This formula is plotted as the solid line r i . S . M (usinr .'.T; = 1 3°C) 

and is seen to overestimate the observ.it ions b\ about a !.n tor o: 2 at all 

heights. The rate of decrease of ,'.T with height is tairiv well simulated. 

As seen from these figures and ealculations, the Chalk Point data 

are useful in answering the questions posed earlier. It can be concluded 

that the cross-plune distributions are better simulated by .1 ('..mssiar than 

a top-hat curve, the temperature and humidity plumes do coincide, the in-

crease of radius and plume rise with distance from the tower conforms 

reasonably well with theoretical predictions, and the decrease of ,\T with 
distance can be predicted by simple theories within a factor of 2. 

5.6 ANALYSES OF SATELLITE PHOTOGkAPHS 
OF MOISTURE AND SMOKE PLUMES 

5.6.1 Cool m g Towers 

LANDSAT satellite takes photographs of a given geographical area 
185 ka * 185 km, with 60 m resolution, at 9:30 a.m. every 18 days. All 
photographs of the Keystone, Pennsylvania, and Paradise, Kentucky, areas 
fr̂ tn a three-year period were ordered and examined. On only 3 out of 
about 50 photographs was the plume from the cooling towers visible, and 
on those dates the plume was very small. The reason for this "failure" 
is that satellite photographs are available only for clear days. On 
cloudy or humid days, when long visible plumes are likely, the satellite 
cannot sse through to the surface. 

5.6.2 Dispersion of Smoke Plumes 

the visible edges of smoke plumes on satellite photographs can be 
plotted to provide data for use in estimating mesoscale and large-scale 
dispersion. The reference book by Shor et al. (1976) contains hundreds 
of LANDSAT photographs, 25 of which include plumes. Sources from smoke 
•tack* to volcanoes end forest fires are represented. In addition, two 
photographs of the Northport, New York, power plant plume were available 
for analyals. A summary of the observed variation of plume width with 
downwind distance is given in Fig. 5.14, which suggests that plume width 
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F i g . 5 . 1 4 . V a r i a t i o n s o f v i s i b l e p l u m e w i d t h w i t h d o w n w i n d d i s t a n c e 

o b s e r v e d b y s a t e l l i t e f o r f o u r t y p e s o f s o u r c e s . T h e n u m b e r o f o b s e r v a -

t i o n s t h a t a r e a v e r a g e d t o g e t h e r f o r e a c h s o u r c e t y p e i s g i v e n i n p a r e n -

t h e s e s . 

is roughly proportional to distance raised to the 0.70 power for all of 
the source types. The variation in the scale of the four curves repre-
sented in the figure is probably caused by variations in the initial 
size of the plume. 

5.7 A NUMERICAL MODEL OF METEOROLOGICAL EFFECTS 
OF WASTE HEAT AND MOISTURE RELEASES 

FROM HYPOTHETICAL POWER PARKS 

This research is described in Appendix C, which is to be published 
in the Proceedings of the 2nd AIAA/ASME Theraophysics and Heat Transfer 
Conference, Palo Alto, May 1978. During the next year, this model will 
be tested using observations obtained by Argonne National Laboratory at 
the Dresden, Illinois, cooling ponds. 
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A p p e n d i x A 

MODEL P R E D I C T I O N S AND OBSERVATIONS OF CLOUDS FORMED 
BY O I L R E F I N E R I E S I N LOS ANGELES* 

Steven R. Hanna' 

1. BACKGROUND 

Inadvertanc weather modification by large 
power planes and Induscries is familiar Co many 
people who live -within a few kilometers of 
chess facilities. Under conditions when she 
capability of Che atmosphere to absorb excess 
water vapcr is low, cumulus or stratocusulus 
clouds aany kilometers long can form. These 
clouds are often noc noticed because they 
usually occur in association with natural clouds. 

During Che past few years, as our environ-
mental avarenesa has grown and as cooling towers 
are increasingly used, meteorologists have begun 
Co study and report these clouds in meteorological 
journals and reports. One of the earliest reports 
was by Culkowskl (1961), uho observed a light 
snowfall which fell from a cloud forsed by 
emissions froa the 2000 HU cooling cowers at che 
Caseous Diffusion Plant in Oak Ridge, Tennessee. 
In another study at chls same site. Hanna (1974) 
concluded that clouds formed over che cooling 
cowers 30Z of the time. A striking collection 
of color photographs o£ clouds forned by cooling 
towers at the 2900 JlUe John E. ADOS power plant 
near Charleston, Vest Virginia, was published by 
Smith et al. (1974). A 2 inch snowfall occuring 
In a strip about 5 la wide and at a distance 5 
to SO ka downwind of ,this power plant was observed 
by Kramer et al. (1976). Subsequently Ott (1976), 
of the nearby Charleston Weather Service office, 
reported 6" snowfalls downwind of the Arras plane 
on two occasions during the winter of 1975-1976. 
The snow producing stratocumulus clouds typically 
formed in a cold (~10*C) well-mixed layer capped 
by an Inversion. ^ 

Auer (1976) used a cloud physics research 
aircraft to observe a cumulus cloud forming over 
the 800 Mtf plume from the Vood River refinery 
near St. Louis. The energy release Is split 
between sensible and latent heat. Vertical speeds 
in the cloud were 4 m/s and liquid water content 
was about .6 g/kg. This cloud was the first one 
developing on a day chat was narked by thunder-
storms In the lace afternoon. The cloud base and 
top heights, vertical speeds, and excess temperature 
and moisture in the Uood River cloud were satis-
factorily simulated by Hanna (1976a) using a one-
dlaenslonal pluae and cloud model. Wolf et al. 
(1976) and Thomson et al. (1976) have also flown 
aircraft through cooling tower plumes and report 
liquid water contents in the same range as those 
found in natural clouds (.1-1 3/kg). 

2. OBSERVATIONS IS LOS ANGELES 

The main subject of this report is cloud 
formation over oil refineries in the Los Angeles 
basin. Figure 1 Is taken from Xoenxg (1976), who 
tabulated the refinery capacities and heat outputs 
in Los Angelas. He suggests the relations 10° 
barrels/day 5 7S0 MU, and sensible heat/latent 
heat = 1.8. The total heat output due to refineries 
in the basin Is 7300 IW. 3oth Koenig (1976) and. 
Stinson and 3pown (1976) photographed clouds formed 
by the heat and moisture releases from the oil 
refineries. Koenig (1976) points out that It is 
often difficult to isolate the cloud changes due 
to the refineries from the cloud changes due to 
the Palos Verdes Hills or the sea breeze conver-
gence. Stinson and Brown (1976) photographed 
refinery clouds for more than a year and concluded 
that there la "a direct connection between 
refinery sources and clouds on a variety of 
scales froa small cumulus Co 3iant thunderstorms." 
They also say that "Two cases of hail and strong 
winds, though associated with natural orographic 
clouds, ware apparently affected by refinery 
clouds." Photographs of clouds formed by four 
refinery complexes on six different days are 
given in their report. On all of these days, 
there was much natural cloudiness. The clouds 
from the refineries, however, usually farmed 
slightly below the main cloud deck. jj 

3. PLUME AND CLOUD GROWTH MODEL 
The model to be used, which is thoroughly 

described elsewhere (Hanna (19/6b)), is sceady-
scate with variables a function only of height. 
It conforms to Briggs' (1975) plume rise theory at 
low heights, where the cooling tower plume 
behaves essentially like a dry buoyant plume, and 
Co Uelnsceln's (1970) cloud model at greater 
heights, after cloud development processes dominate 
pluae dynamics. It has been tested against plume 
and cloud observations at several industries and 
power plants (e.g., Kanna, (1976a and b)). 
Visible plume length, final plume rise, maximum 
vertical speed, excess temperaturecand water vapor, 
and liquid water content are tha parameters that 
are used Eor model validation. ?rcm previous 
tests it has been concluded that the physical 
characteristics of clouds fanned Inadvertantly 
by man's activities are similar to che physical 
characteristics of natural clouds, which provides 
the required basis for the cloud physics 
parameterization. ; . 

*Reprinted from Preprint Volume: Sixth Conference on Inadvertent and JPlanned Weather Modification, 
Oct. 10—13, 1977; Champaign-Urbana, 11. Published bv die American Meteorological Society, Boston, Mass. 

t •>/ 
Air Resources Atmospheric Turbulence and Diffusion Laboratory, National Oceanic and Atmospheric Ad-

ministration, Oak Ridge, Tennessee. 
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Fig. 1. Locations of petroleum refineries in the Los Angeles basin. The unit K represents thousands 
of barrels per day. This figure is taken from Koenlg (1976). 
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4. INPUT FOR .MODEL 

The Initial. radius and vertical speed of 
the plunas from the Los Angeles oil refineries 
tr« assumed to be 250 a and 1 a/a, respectively. 
Thasa values vara used successfully Is the Wood 
aivar refinery analysis (Hnima, 1976a). Sensitivity 
testa show that, as long as eha total anargy 
flux In tha pluaa la constant, variations of a 
factor of flv* In Initial radius do not altar 
fin*1 pluaa tlsa by nora than about 10X. The 
valuaa of Initial axcasa temperature, AT, and 
aoisture, Aq, In labia 1 vera estimated foe 
tha four refineries studied by Stinson and Brown 
(1976) using Koenlg's (1976) data on the oil 
production at each refinery and aasualng that 
the ratio of sensible to latent heac Is 1.8. 

Photographs of clouds produced by the 
raflsarlea were published by Stlnson and 3rown 
(1976) for tha dates,5/|Feb. 75 (1. 2, 3, 4), 
16 April 75 (1, 2), 17 April 75 (1, 2), 27 Oct. 
75 (1. 2, 3. 4), 5 Feljy 76 (3). and 3 March 76 
(4). Numbers Is pacanthases rafar'-L- tha 
refinery number aa noted in Table 1. In 

Tabla 1 

Initial pluaw data for four refineries In 
Los Angeles; 

Refinery Energy Loss AT(*C) Aq<g/kg) 

(1) El Segundo 1600 MW 1.04 
(2) Torrance 900 Mtf 2.4 .59 
(3) Carson 2100 Mtf 5.5 1.36 
(4) Harbor Clsy 830 MW 2.2 .54 

addition, tha modal was run for 11 April 76, 
a day on which Koenig observed cloud formation 
over tha refineries. The aodel requires profiles 
of aablent temperature, dew point, and wind speed 
as Inputs. These ware based on rawinsonde and 
surface weather observations from Los Angeles 
International Airport for these seven days. The 
profiles are too extensive tc reproduce here, 
but are available upon request froa the author. 
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5. MODEL RESULTS 

The node! was run for tvo different: 
entrainaenc races, a 2 3R/3z, that have been 
proposed for bant-over pluses. The value of .4 
vaa suggested by Brlgga (1975) after aa analysis 
of hundreds of stack pluses, and che value of 
.3 vas suggested by Slavaon et al. (1974) based 
on their studies of cooling tower plumes at TVA's 
Paradise, Kentucky, steaa plant. For the 28 runs 
(4 refineries x 7 days) In Los Angeles, the 
value a - yielded a cloud on 17 runs, and 
the value a - .3 yielded a cloud on 22 runs. 
Average final pluaa rises for the entrainaent 
rates .4 and .3 vere 910 a and 1090 a, respec-
tively. For the purposes of this study, the 
results using an enrrainnent rate of .3 vill be 
analyzed, since this value was derived using 
data from cooling covers. 

Predicted values of ruaTlnmm vertical speed 
H.„, aaxiaua liquid vater content, Qaax* c*oud 
base, and final pluae rise (also cloud top if 
liquid vacer is present) for Che 29 runs are 
Listed in Table 2. 

H Table '2 

Model predictions for Los Angeles refinery clouds 

Pluae Cloud Qmax "max 
Date Refinery Rise(a) Base(a) (g/kg) (o/s) 

2/05/75 1 1300 250 .82 4.2 
2 1150 200 .65 3.0 
3 1360 350 .33 4.9 
4 320 200 .58 2.9 

4/16/75 1 1920 950 .94 5.2 
2 1710 950 .80 , , 4.0 
3 2070 950 1.05 5.9 
4 1690 950 .77 3.9 

4/17/75 1 1060 550 .49 4.4 
2 660 500 .19 3.2 
3 2240 550 .95 5.0 
4 610 -; 500 .14 3.0 

10/27/75 1 410 350 .07 3.5 
2 300 230 .04 2.5 
3 450 350 .07 4.0 
4 280 270 .01 2.4 

2/05/76 1 2100 850 1.23 3.9 
2 750 no cloud 2.6 
3 2180 NN. 850 1.27 4.7 
4 ^ 660 "no cloud 2.5 

3/03/76 1 X10B0 1050 .04 3.0 
2 950 no cloud 2.2 
3 1160\\ 

690 
1050 .12 3.5 

4 
1160\\ 
690 cloud 

X o 5 0 
* 

*/U/76 1 770 
cloud 

X o 5 0 .23 3.7 
2 570 no-cloud 2.7 
3 910 650 .43 4.2 
4 540 no cloud 2.6 

/r 

The aaxiaus liquid uates content is 1.27 g/kg; 
the maximum vertical speed is S.9 a/a; and the 

pluae rise or cloud tap is 2240 a. These 
values are all within che range of small co sedium 
size natural clouds (Fletcher, 1962). In che si* 
runs chat produced no cloud, the pluses scopped 
rising before the lifting condensation level vas 
reached. Since the entrainaent rate Is so great, ' 
by che time the pluae reaches a height of about 
500 o it consists aostly of entrained environmental 
air. Consequently the pluaa acts as a lifting agent 

for environmental air, and the cloud base in the 
plane is close Co the natural cloud base. 

The only evidence of rapid canvectiv» clau/d 
developaeot in che aodel results is for refinery 
3 on 17 April, 1975. For this case che piuae 
broke into a conditionally unscable layer of air 
at heights between about 1000 and ;000 3 and 
achieved a plus* rise of 2240 a, "hich is =ora 
than twice chat of the pluice froa refinury 1. 

6. CONCLUSIONS U 

Photographs on seven occasions indicate 
cloud developocnt over Los Angeles oil refineries. 
The pluae and cloud growth model successfully 
simulated these clouds In about S0Z of these 
cases. In all of che model predictions, the 
cloud is equivalent in physical characteristics 
to saall to medium size natural clouds. Of 
course it is possible in che real vorld for the 
heat Input froti oil refineries to trigger natural 
clouds or to interact wich topography or the 
Seabreeze co create large store clouds; but the 
staple ooa-disensioaal aodel used In this work 
cannot creac chese effects. Furthermore, 
enrralnsent processes are aore complicated In 
large developing clouds than the simple a - .3 
assumption used here. 

The Los Angeles refinery clouds are no m n 
spectacular, either in photographs or in coaputer 
model output, Chan similar clouds photographed 
and aodeled over power plants and industries in 
other parts of the country. The conclusions of 
other investigators that the Lea Angeles refineries 
cause unusually severe phenooena such as hail 
should be very carefully studied by aeans of 
comprehensive field programs. 

Acknowledgements: L. R. Koenig of the Sand 
Corporation provided much Information regarding 
the oil refineries in Los Angeles. Moac of the 
coaputer operations were handled by Lee Hipper 
of this laboratory. This research vas performed 
under an agreement between che Macional Oceanic 
and Acnospheric Administration and Che Energy 
Research and Development Adainistracion. 
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Appendix B 

SECONDARY MOTIONS IN COOLING TOWER PLUMES 
A 

I 2 Steven R. Hanna, Martin Pike , and Keith Seitter 
Air Resources Atmospheric Turbulence and Diffusion Laboratory 

Oak Ridge, Tennessee 

O 

Abstract 
Tine—lapse photography was used to estimate the speed of the 

secondary motions in the condensed plumes from a hyperbolic natural 
draft cooling tower and a bank of mechanical draft cooling towers. 
At a distance of about 30 m from the towers, the median tangential 
speed is about 2.5 n/s in the downward direction, for ambient wind 
speeds of 7 to 13 m/s. 

1. Introduction <.< 
/y 

Drift deposition, that is deposition on the surface bf large, 

mechanically generated droplets, is a major environmental effect 

of cooling towers. Current models of the transport of drift 
v) 

droplets in plumes do not account for the'influence of turbulence 

or secondary^motions in the plume (see Cooling Tower Environment - 1974), 

As suggested by Chen and Hanna (1977), it is possible that the 

centrifugal forces exerted on the drops by secondary motioas, as 

in a strongly bifurcated ordownwashed plume, may be sufficient 

to eject the drops from the plume. The secondary motions are 
also of interest for'understanding the internal dynamics of 

.'̂ Oak Ridge Associated Universities summer trainee from Union 
"College, Schenectady, New York. 
, 2 , - o 

Oak Ridge Associated Universities summer trainee from The 
Pennsylvania State University, University Park, Pennsylvania. 
o 
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buoyant plumes. Since there have been no reported measurements of 

the magnitude of these secondary motions, an experimental program 

was carried out at sites where typical mechanical draft and hyperbolic 

natural draft cooling towers were in operation. 

2. The Experiments 

.11 2.1 Mechanical Draft Cooling- Towers 

Three banks of mechanical draft cooling towers dissipate about •b*. 

1000 to 2000 MW of waste heat at the Oak Ridge Gaseous Diffusion 

Plant. Hanna (1974) reported a series of drift deposition and 

fog experiments that were performed at these towers. Because of u 

their bluff shape and their orientation perpendicular to the 

dominant wind direction, these towers are plagued by dovnwash about 

a third of the time. During moderate to high crosswinds, a ° 

strong secondary vortex forms in the plume near the edge of the 

towers, as diagrammed in Figure 1. 

On three days during the winter 1975-1976 it was possible to 

obtain gooa photographs of the visible plume from these towers, 
ft 

when puffs of condensed plume easily could be followed through the 

trajectories associated with the secondary motions. A. 16 mm movie 
(i 

camera with a one-second time lapse was set up perpendicular to the 
o 

plume at a distance of about 400 m. The sequence taken on 30 January 
/ u 

1976 was chosen for detailed analysis. West winds of. abut 7 m/s 

occurred and the ambient air temperature was 5°C. ^ ^ 

Natural Draft Cooling Towers if 

'"On 6 April 1977, time-lapse photographs were taken of the 
- ' " a f t 

natural-draft cooling towers at the Paradise Power Plant, 
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it 

VVj , . ^ V Fig. 1. Secondary motions in ORGDPxbooling tower plume. 

/J 

Paradise, Kentucky. Cooling tower no.c3 was photographed because 

it was the upwind tower on this day and was therefore less likely 

to have its plume influenced by turbulence caused by the other 
^ * Ci 

two towers. Figure 2 contains a schematic drawing of the cooling 
o - ° ° = „ \ \ tower and the typical secondary motions in the plume. Three >\ 

sequences of l/2-second "tiae-lapse>photographs (930, 1000, and 1020 CST) 

.were made with a 35-nm time-lapse camera designed to use bulk roll 
jp; » ' 0 » 

film, allowing about 250 consecutive pictures for each run. Two 
more runs (1035 and 1105 CST) were made, using>the same 35-inm camera, 

in which only 35 time—lapse pictures were obtained for each .run. 
J Cj 

The camera was located perpendicular to the plume at a distance of 
about 400 m. 
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F i g . 2 . S e c o n d a r y m o t i o n s i n P a r a d i s e c o o l i n g t o w e r p l u m e . 

The average temperature during the runs was about 4.5°C and 

the dewpoint was about \r3 C. The average .wind speed was about 13 m/s 
<i 0 O t " £t Cower top. £he visible plume was short and its radius remained o 

nearly constant throughout its length. The average rate of plume ... 
b o . 

rise (determined from the photographs) was approximately 4.3 m/s. 

The generating'load on cooling tower no. 3 at this time was 855 MWe. 
\s 

Analysis 6 

Successive pictures were projected onto a gridded screen and 
*c 

the trajectories of individual puffs of condensed plume were 

plotted. The trajectories near the middle of the plume were % 
to 

o 

considered the iaost important since they could best give the 

magnitude of the mention and were leas tyaf fee ted by geometric 
O -

corrections and projection error. Puffs were tracked in the 

region of the plume between 20 m and 110 m downwind of the tower. 

"CT 
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The plume centerline was found by plotting the position of 

the plume edges over a period when the plume angle remained 

relatively constant (generally about 30 seconds). The best-fit 

line between the plume edges was then determined and taken as 

the plume centerline, and the centerline angle, a, was found. 

Vectors were inferred from the trajectories,, and horizontal-

vertical components were obtained in the cartesian coordinate (*„ 

systea determined by the gridded screen. However, since the plump 

angle was variable, the components of the resulting vectors were 
V-converta.1 to a coordinate system based on the olume centerline. 

_ * J r 

The known' cooling towelvradius was -used as a length scale, /o 

permitting the magnitude of"the trajectory components to be 

converted into speeds by dividing by the time increment. « 
4. Results /) " * 

-4.1 Mechanical Draft Towers 
• , ' & ' 1 The trajectories of 35 plume segments were analyzed and 

' a 
92 individual estimates of tangential speed were made. The calculated 

vertical speed of the plume's axis ranges from .0 to 2. m/s, with 
a 

O II 

a median of .20 m/s. An example of "a,puff trajectory is given in 

Figure 3. The tangential speed of,the secondary motions, relative 

to the plume's axis, ranges from -15 m/s to +4 m/s, with a median 
of-5-2 m/s. The minus sign indicates downward motion. ^Figure 4 

" O 
containsothe frequency distribution of the tangential speeds, 

* o 

showing that two thirds of the observations are within about' 
VN 0 0 

1.8 m/s of the median. It is expected that this»distribution 
' ' ' ' - ' • \ would approach a Gaussian form if the number and accuracy of the ' 

f? ~ ' ' <• ->< • ' observations were to increase. " 7' „ .•> , r 

O 
O 
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9 F i g . 3 . T h e t r a j e c t o r y o f p u f f 2 , w i t h p o s i t i o n s p l o t t e d e a c h s e c o n d . 

W 
o 

o 

4.2 Natural Draft Tower (Hi V r « 

A total of 293 trajectories of plume segments were plotted and 
<1534 vectors were resolved. The frequency distribution of the 
t * ^ " -

velocity components perpendicular to the plume axis is shown as 

.fi'gure 5.; The distribution appears to be nearly Gaussian, vith 

a mean of -2.6 m/s and °a range from -9.1 m/s to +1.6 m/s. The o ' • ' " v a „ 

standard deviation of the distribution is the same (1.8 m/s) as 

the standard deviation of the velocity components measured at the 

o , 

o 

Ir* 

.--mechanical draft tower. * 
o 

5 b 
O 

n 
o 
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5. Implications for Drift Drops 

The(ratio, A, of centrifugal to gravitational force for a 

drop near the edge of a plume is: 

A - CV2/R)/g , (1) 

Our experiments suggest that the tangential speed, V, is about 

2 m/s. Therefore the ratic>A equals .02 for a radius ofv20 m, 

implying that centrifugal forces are not very important for the 

average tangential soeed. However, Figures 4 and 5 show that 
- I ' '' - C? ; A ^ j<i i J about 15% of the observed tangential speeds are greater than 

4 m/s. In this case the ratic A equals .08 and (the centrifugal 

force is marginally important. Occasionally tangential speeds 
V> * ' _ ° ° " o " 9 

of 10 to 15 m/s were 'observed, for which the centrifugal force 
is nearly equal to the gravitational force. ' , ,, i\ <• 

" ^ ' " % ' . c ^ ' \ \ 

The strength of the secondary vortex is probably related to « 
the wind speed. Although these experiments were limited to moderate 

• - ' " " * \' ""' 1 -

wind speeds, it is''expected that the vortex would not exist in 

calm, winds, would reach maximum intensity., during .moderate winds, « " 

and' would be broken up by very high winds. o a
 c „ r; ° 0

 J 
, u CI' • V ' - 9 • 

•0 ,, <> ° it ,, „ O D „ ^C 
' J - " - V ' ' < " ° ,<•„ , ^ 
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Appendix C 

A NUMERICAL STUDY OF METEOROLOGICAL EFFECTS OF WASTE HEAT 
AND MOISTURE RELEASES FROM HYPOTHETICAL POWER PARKS 

K. S. RAO and R. P. HOSKER 
Atmospheric Turbulence and Diffusion Laboratory 
National Oceanic and Atmospheric Administration 

Oak Ridge, Tennessee 37830 

ABSTRACT 

A two-dimensional nonprecipitating shallow cloud model has been 
developed for the Meteorological Effects of Thermal Energy Releases 
(METER) program'. This second-order-closure turbulence model utilizes 
a full set of"equations for mean wind velocities, potential temperature, 
specific humidity, and liquid water content, as well as equations for 
the corresponding turbulent fluxes which are closed approximately. f. 
Vapor-liquid water phase changes are included in tens of saturation 
adjustments. 

The hypothetical power park was treated as an area source with 
idealized distributions of waste heat and water vapor fluxes from 
several cooling towers. These fluxes were directly input as additional 
boundary conditions to che model. Numerical experiments were performed 
for a 10,000 Mwe power park in a convective atmosphere with variable 
surface relative humidity.- Mean wind direction, was allowed to vary 
with respect to the cooling tower alignment. The total waste heat 
flux over the power park area was also arbitrarily varied. 

The model provides information on C U E M I U S cloud formation due 
to power parks. Results presented include typical vertical profiles 
of mean potential temperature, specific homidity, and liquid water 
in the atmosphere, as well as perturbatic is in,, the surface temperature 
and humidity due to the power park. Some areas,for future research 
and modeling are outlined. 

1. INTRODUCTION 
0 

Inadvertent weather modification due to the dissipation of waste 
// 

energy from large (10,000 to 50,000 Mwe) power parks is a topic of 
•• 1} current research interest, though such large power parks are still 
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only in the conceptual stage. Hanna and Gifford (1975) discussed 

possible meteorological effects of the power parks and recommended, 

among other things, the development of mathematical models of cloud 

growth due to large, continuous, latent and sensible heat plumes from 

multiple fixed sources, and of their interactions with the environment. 

Hanna (1976) and Lee (1976) developed steady-state one-dimensional 

models of wet cooling tower plumes and the growth of induced connective 

clouds. Hanna's model has been tested against plume and cloud 

observations at several industrial and power plant sites (see 

Hanna, 1976, 1977). Trepp (1975), 3humralkar (1976), and Wolf et al. 

(1977) applied time-dependent too-dimensional deep convection models 

to cooling tower plumes from power parks. In their models, the 

nonresolvable subgrid-scale turbulent fluxes were parameterized in 

terms of eddy diffusion coefficients (see, e.g., Lilly, 1962), and 

the waste heat from the power park was introduced into the model in 

the form of perturbations in the mean potential temperature and 

specific humidity. 

The formation of clouds by effluents from cooling towers in a 

typically convective atmosphere characterized by high relative humidities 

is well-documented experimentally (Smith tit al., 1974; Hanna, 1974). 

These clouds are often not noticed since they usually occur in 

association wi£li .natural clouds. In addition to cumulus cloud 

formation and reduction of visibility, meteorologists are interested 

in the increase of average„temperature and humidity of the atmosphere, 

loss of sunshine due to increased cloud cover, modification of the^r 

,A surface energy balance, arid the'resulting climatic changes due to 

the power parks (see, e.g., Moore,0 3;y76). To obtain such information n 
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for as-yet hypothetical power production centers, one must model 

the modification of the convective atmosphere due to the expected 

large waste heat and vapor emissions. Further, it is desirable to 

input the known sensible and latent heat fluxes from the power 

park directly into the model rather than to rely on estimated perturbations 

of temperature and humidity. 

This paper presents preliminary results of a numerical study, 

basedvon a higher-order turbulence closure theory, of the meteorological 

effects of waste heat and aoisture releases from a hypothetical 

10,000 !-fwe power park. Through higher-order closure models, one 

hopes to obtain a better representation of the turbulence in moist 

convection than is possible with eddy diffusivity approximations. This 
'j 

should lead to more accurate mean field predictions, ana to so-far 

unavailable information on the behavior of the turbulence field. Thus, in 

addition to cumulus cloud formation due to the power park, the model 

predicts the modification of the vertical,profiles of mean potential 

temperature, specific humidity and liquid water in the atmosphere,, as 

well as the turbulent flux distributions. 

2. THE MODEL 

2.1 EQUATIONS 

The analysis holds when the time-averaged motion of the 

turbulent flow is steady. We assume the power park is operating 

at a constant load factor and can be represented as a continuous 

source emitting waste heat and vapor fluxes independent of time. 

"The incompressible flow consists of a mixture of two perfect 

gases, dry air and water vapor, with liquid water droplets in J 
c? 



108 

suspension. Incompressibility is a good approximation for shallow 

convection problems where the pressure perturbations are usually 
' t 

small compared to the reference-state pressure (Button and Finhtl, 

1969). For simplicity, we assume the flow is in geostrophic 

balance with the synoptic flow. Neglecting the molecular 

contributions to the fluxes, and the horizontal variation of 

turbulent fluxes compared to the vertical variation, the mean 
* 

field equations for a steady two-dimensional flow, within 

Boussinesq approximations, are 

U(3U/3x) + i;(3U/3z) = -(3uw/3z) + A' (V-V ) g 
U(3V/3x) + W(3V/3z) = -(3w/3z) + a' (U -U) & 

(3U/3x)'̂  + (3W/3z) = 0 (1) 
i I 'i 

U(30/3x) + V(3S/3z) = -(3«w/3z) + (3G/3t) c 

U(3Qv/3z) + V7(3Qv/3z) = -(3^qv/3z)-(3Qv/3t)c 
0 

U(3Q 2/3Z ) + W(3Q a/3z) = -(3wqa/3z) + (3Q£/3t)c 

Here,the-'coordinates x, y, z or x ^ x
2» X3 r eP r e s e n t t h e along-

wind, cross-wind, and vertical directions, respectively; (U, V, w) 

or OJĵ , U2» is the mean wind velocity vector, 0 is the mean 

potential temperature, Q^ is the mean specific humidity and Q^ 

is the mean specific liquid water content. The corresponding 
o 

fluctuating quantities are denoted by (u, v, w) or (û j- u2» u.j) » 

3, qv and q^ respectively; & = 2ft sin $ is the Coriolis parameter, 

where fl is the .earth's rotation rate,and $ is the latitude 

(taken as 45"N). The terms (30/dt^, (3Qv/3t)c and (SQ^/St^ 
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are saturation adjustments, to be described later on, representing the 

rate of change of 3, Q^ and Q^ due to condensation (or evaporation); 

U and V are geostrophic wind components defined by 
8 § i , 

( 
> > 

U = -(l/a')(3P/3y) , V = (1/a') (S?/3x) , 3 o 

where P is the mean kinematic pressure. We do not perait 

precipitation of liquid water droplets, thus conserving total 

moisture content while allowing for changes of state due to 

condensation and evaporation. This assumption is justified 

sinc2 precipitation is not significant when liquid water 

concent (LWC) is less than about 1 g kg ^ (Takeca, 1966). Thus 
o 

all the liquid water is assumed to exist as suspended cloud 

droplets. (' 

The transport equations for the turbulent fluxes of 

momentum, heat, water vapor and LWC are written as 

V; 
U. (u.u, ) , . + u.u, U. . + u.u.u, .-(g/0 ) (u, e 5_. + U.9 o,, ) j x K 'j j fe X,J j i k,j o/v IT V 3x 1 ty 3k 

n 

+ 2n(e..n n. u n + e, .. n. u.u.) = 
i j Z j ZTx. kj2 j I i 

- ( 5 i V ? 'j + V ^ P " 2 5 5ik/3 (2) 

V 

U^fu^,. + fu.U.^ ^ V j F , j - ( 8 / V f 9 v 5 3 i + 2fl Eijk fUk 

o - - ( f u ^ J ^ - f p ^ u .. ( 3 ) 

where differentiation is indicated by a comma, and repeated indices 

indicate summation; i" is mean viscous dissipation rate of turbulent 
ft J 1 

kinetic energy (E = 1/2 uTuT) , p is fluctuating., kinematic pressure, 

9 = 9 + 0.61Qq qv~0oq^ is fluctuating virtual potential temperature, 
o 
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3q is the mean reference potential temperature, is the unit 

vector along the earth's rotation, axis, and g is the acceleration 

due to gravity. In Eq. (3) , F = 3 and f = S for heat flux 

equation, F = Q^ and f = q^ for water vapor flux equation, and 

F = Q^ and f = q^ for liquid water flux equation. 

The calculation of the buoyancy terms in Eq. (3) requires 

the variances and the covariances of the scalar quantities 1 

0 
5, qv and q^. The variances are given by the. equation, 

u j C f 2 ) * j + 2 V F ' j = " ^ V ' j ~ 2 £ f ( 4 ) 

— ~~2 
w h e r e e ^ i s t h e r a t e o f d e s t r u c t i o n o f f b y m o l e c u l a r e f f e c t s . 

T h e e q u a t i o n f o r c o v a r i a n c e i s , 

V 8 qv>'j + V ^.J + Uiqv = " ^ V ' J " 2Eeqv (3) 
, 0 

where Eg^ is the molecular destruction,rate of 3q^. The eq„ 

equation is analogous, and can be obtained by replacing Q^ and 

qv in Eq'. (5~)jjby Q^ and respectively. ° 

2.2 CLOSURE 
••• ' o 

All terms on the right hand side of the second moment 
tj 

equations (2) to (5) are unknowns; the latter are of three 
i ^ 

types: (i) velocity (or scalar) and pressure-gradient covariances 

(ii) third-moment divergence (turbulent transport) terms, and 

(iii) molecular destruction terms. -To close the equations, we 

approximate these unknowns in terms of dimensionally-consistent, 

physically plausible,- semi-empirical expressions involving the 

mean field variables, the second moments, and a turbulence 

relaxation time r = 2E/e; the latter is determined by the model 
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itself, not specified a priori, since the model carries a 

dynamical equation for e. These approximations constitute the 

higher-order closure technique discussed by Lumlay and 

Khajeh—Nouri (1974), Wyngaard et al. (1974 a, b), and 

Wyngaard (1975). Reference should be made to these papers for 

details of the turbulence closure models. 

The closed 2-D model consists of six mean field (U, V, W, 
~~2 ~2 ~~2 — — 

QJ Q )̂ equations, five Reynolds stress (u , v , w , uw, vw) 

equations, two heat flux (w5, u=) equations, two water vapor flux CwqvJ uq^) equations, one liquid water flux (wq^) equation, 
~2 2" 

two scalar variance (8 , q^ ) equations, two scalar covariance 

equations, and one equation for the energy dissipation 

rate (e). In order to simplify the model, we;dropped the 

equations for the turbulent moments uv, v3, vq , uqo, vq , ci " V k A . . q q., and q0 ; preliminary calculations established that these ' 
V Jb Xi 

^ -

variables can be eliminated without altering the results significantly. 
>) 

This gives"a set of 21 coupled partial differential equations which 

are solved as discussed in Section 3. 

2.3 POWER PARK FLUX INPUTS 

Let us consider a power park with a 10,000 Mwe generating 

capacity utilizing a series of mechanical draft evaporative 
O ;> , ( 

cooling towels (height =10 m) for the rejection of waste heat 

to the atmosphere. For an overall plant efficiency of 33%, the 

total waste heat released from this park is about 2p,000 Mw. Of 0 J , ' ft 
thisabout 80% or 16,000 Mw will be in the form of latent heat 

>i 
which is released to the atmosphere only when the water vapor 

condenses. The remaining 20% or 4000 Mw is^sensible heat 

• - # / 
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which is immediately available for atmospheric heating. We 

assume the total waste heat is distributed over the power 

park area at an average flux of 1000 Mw km . This figure is, 

by way of comparison, about three times greater than the average 

flux of solar energy (340 Mw km ) at/;the outer edge of the earth's atmosphere 

(Hanna and Gifford, 1975). This would give an emission area A = 20 km" 
- 1 _ 9 for the power park, with a latent heat flux Gq = 800 Mw km (or 192 cal m ~s ) 

- 2 - 2 - 1 and a sensible heat flux H =* 200 Mw km (or 48 cal m s ). 
o 

The power park is assumed co be rectangular in shape with 

sides a = V I o " km and b = 2 v T o km, chosen suchx that a-b = A. The 0 
( * ^ • cooling towers are assumed to be located along the centerline 

W 

of the park parallel to the side b. Then the effective length 

I of the power park in the direction of the mean wind is " 

2 9 2 2 1/2 I = (a sin a + b cos a) (6) 

M 

where a is the angle between the mean wind vector and the cooling ''' 

tower alignment. If the wind is perpendicular to the cooling 

tower alignment (a = TT/2) , then £ = a = /l0 km; if the wind is 

along ("the cooling tower alignment (a = 0), then Z = b = 2*̂ 10 km. 

The maximum environmental impact of the cooling towers is w 
expected for this latter wind direction. For 0<a<7r/2,' 

a<2.<b; for example, for a, = TT/4, we get % =(?5 ka. 
o 

° Finally, to account for the edge effects of the power 
O a 

park along the mean wind direction (x-axis), instead of using 

uniform flux distributions over length the latent and « 

sensible heat fluxes (G and H) are specified by equivalent i". 
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sinusoidal distributions: 

G(:<) = t/2 • G sin(TC/2) 

H(x) = ~/2 • Hq sinCnx/i) 

n 
0 £ x < I (7) 

The corresponding specific huaidity flux and specific heat flux 

are given by 
__ 

wq (x) = G(x)/pLv , (x) = S(x) /oCpd (8) 

where p is density of air, c ^ is specific heat at constant pressure 

of dry air (0.24 cal g , and L is latent heat of 

vaporization (597.2 cal g . The peak fluxes thus occur over 

the mid-point of the power park. The peak sensible specific 

heat flux due to the power park is tt/2-I^/pc^ = 0.26 K m s \ 

which is about the same as the typical peak surface heat flux 

in the atmosphere at midday due to radiative heating from the 
o 

sun (see Wyngaard, 1973). The peak humidity flux due to the 

power park is TT/2-G^/PL^ = 0s 42 m g kg \ which is about 

16 times larger than the typical peak humidity flux in the 
natural convective atmosphere. 

To study the meteorological effects of the power park, the 

turbulent flux distributions given by Eqs. (7) and (8) are 
' u % 

directly utilized as additional boundary conditions to the 

model. 
3. NUMERICAL SOLUTION f 

The closed equation set, together with the specified boundary and 
0 

initial conditions, was numerically integrated on an IBM 360/91 
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digital computer using a Dufort-Frankel (1953) explicit finite 

difference scheme, with forward marching in the x direction. To 

obtain a fine computational mesh, a logarithmic transformation of the 
4 

vertical coordinate z was used from the lower boundary z^ = 10 m 

to a height of 421.7 m, where it changed smoothly to a linear grid,; 

up to the.upner boundary at 2 kn, with a total of 41 points, 

3.1 BOUNDARY AND INITIAL CONDITIONS « 
The lower boundary conditions for the convective atmosphere 

were based on the equilibrium flux-profile relations (Businger 

et al.,'1971), recent measurements (Wyngaard and Cot£, 1974b), and 

numerical experiments (Deardorff, 1974). At z = z^, the lower 
O 

boundary, we set 

- 1 uw/u^2 fw/fAu ?|= -1 

0 - 1 / 4 (kz/uA) 3U/3z = (1-15?) = \ 

(kz/f^) 3F/.3z = 0.74(1-95) -1/2 = 

vw/u^2 = 0 (kz/uj 3V/3z = 0 

o 

w2/Ujfe2 =* 1.75 + 2(-C)2/3 3 U 2 / 3 Z = 0 - 3 V 2 / 3 Z 

f u / f ^ - 4 0 m $ h , f 2 / f * 2 - e q v / 6 ^ v J k - 9 q ~ / 8 , q j l - 4 ( 1 - 8 . 3 0 
w 

7 = - w 313/3z + (g/eo) (9) 

o-, _ 2 
U/uA * {£n(z/zo)-[2 £n((l + «m ) / 2 ) + l n ( < 1 + $m ) / 2 ) 

-2 tan"3"^ ~1) + tt/2] }/k , m 
O 

-2/3 

V 
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V / u j . = 0 = 

(F-FQ)/fA = 0.74{£n(z/zQ)—2 £n[(l + (<>h/0.74)"1)/2] }/k 

• 7 w: where 5 = z/L, L = u.9 /kgS .is the Monin-Obukhov length for Q 

moist convection, 9 . = 9. + 9 (0.61 q ^ - q„.), k =>0.35 is the v* ' * o v* Z* 
Von Karman constant, Zq is the surface aerodynamic roughness 

length, taken as 0.01 a, and ? is the surface (at z ) value o o 
i ; 

of the scalar variable ?. ' 

At the upper boundary (2 km), which lies within the upper 

level inversion, all turbulent quantities and mean gradients 
' c were set to zero. 

'cJ . 

To start the computations, the initial distributions of the 

variables in the atmosphere upwind of the power park, located 

//at x = 0, must be specified. The initial profiles, for the 

present study were generated by integrating the same model, 

together with the appropriate 'oimndary conditions, but excluding 

the power park, until steady-state equilibrium distributions c 

typical of a convective daytine atmosphere were established. 

The initial surface heat flux is 0.2;3 K m s , surface humidity 

flux is 0.023 B s ^ g kg \ the geostrophic wind is 5 m s 

u^ 31 0.3 m s ̂  and L = -10 m. Three sets of^initial profiles 

were generated for RH = 60, 75 and 90%, where RH is the initial 

surface relative humidity." For simplicity, we assumed the q 

initial liquid water content to be zero. . " 
3.2 SATURATION ADJUSTMENTS ̂  ° /j' 

o — — — — — — — a 
- IV 

The source terms for condensation or evaporation, indicated 
~ G * ° 1 

byGsubscript c in Eq. (1), are incorporated through a saturation 
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adjustment procedure. In general, for each integration step, 

some imbalance exists between the calculated humidity and the 

saturation humidity corresponding to the calculated temperature. 

If the air is supersaturated, some excess vapor has to be 

condensed (cloud formation); if the air is in a subsaturatea 

state, some of the previously formed liquid water must be 

evaporated (cloud dissipation). In either case, this instantaneous 

saturation adjustment process occurs adiabatically,and isobarically, 

and is accompanied by potential temperature, specific humidity 

and liquid water changes that are calculated as follows: 

6Q0 = (Q "Q )/[l + (L 2/R C )-(Q /T2)] 

a V VS V V p vs 

but 60^ = - Q r if < Qvs and Q£ < 
5 0 ^ , ( 1 0 ) 

and 60 = (G/To)(Lv/cp)6Q2 

where c = (1-0 -Q0)c . + c Q + c.Q. " (11) p ^v 2, pd pv v £ 1 

is the specific heat of moist air, Tq is the temperature of the „ o reference state, is the specific heat at constant pressure 
of water vapor (0.45 cal g-1K_1), c0 is the specific heat of Xr a 

- 1 - 1 " water (1 cal g K ) and R is the gas constant for water 
- 1 - 1 V 0 

vapo-S-1 (0.110 cal g K ). The temperature T and the saturation 
o r <> 

specific humidity are computed from 

T/e = (?/1000)VCPd
 w , (12) 

and 0 = 0.622 e /(P - 0.378 e j , (13) -, vS s S 
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where eg = 6.1078 exp{cT/(d + T)} , (14) 

with c = 17.2694, d = 237.29 for T > 0°C, and 

c = 21.8746, d = 265.49 for T < 0°C. 

Here, P (in mb.) is atmospheric pressure taken to he hydrostatic, 

eg (in mb.) is saturation vapor pressure, and Rj is the gas 

constant for dry air (0.069 cal g ̂ K " 

3.3 RUN PARAMETERS 

In this preliminary study of the meteorological effects of ^ 

power parks, seven computer runs were made, sequentially 

varying the initial surface relative humidity (RH = 75, 60, 90%), 

the wind direction with respect to cooling tower alignment 
k' 

(a = u/2, 0, ir/4), and the total waste heat flux from the 
- 2 

power park (GQ + HQ = 1000, 500, 2000 Mw km ) . The various 

parameters for these numerical experiments are shown in 

Table 1. 

,f 4. RESULTS AND DISCUSSION 

Figures 1 and 2 show the modification of the vertical profiles 

of potential temperature and specific humidity by the power park as 

a function of downwind distance. The initial (x = 0) equilibrium 

profiles show a typical convective mixed layer capped by an inversion 

(Deardorff, 1974; Wyngaard and Cot£, 1974b). The well-mixed layer 

is characterized by an unstably stratified surface layer at its base, 

and vertical gradients of Q and Q^ aloft which are small in comparison 

with those occurring in the inversion just above. The initial thickness 

of the convective boundary layer, defined as the height z. of the 



TABLE 1 

PARAMETERS FOR NUMERICAL EXPERIMENTS 

RUN < 
NO. INITIAL ATMOSPHERIC CONDITIONS POWER PARK PARAMETERS 

Surface 
relative 
humidity 

(*) 
RH 

Wind 
direction 
angle 
(radians) 

a 

* 

-zjL 

Total 
waste heat 
flux „ 
(Mw k m ) 
G + H 0 0 

Area 
(km2) 

Sides 
(km) 

Effective 
length 

(km) 
I 

Peak haat 
(cal nf2s 

flux 
-1) 

Surface 
relative 
humidity 

(*) 
RH 

Wind 
direction 
angle 
(radians) 

a 

* 

-zjL 

Total 
waste heat 
flux „ 
(Mw k m ) 
G + H 0 0 A a b 

Effective 
length 

(km) 
I sensible latent 

. ^ /To 2/10 
r 

1 | 60 t/2 107 1000 20 /To 2/10 3.162 75.4 301.6 

2, I 75 IT/2 59 1000 20 /lO 2/10 3.162 75.4 301.6 

3 
" A 

90 IT/2 30 1000 20 /To 2/10 3.162 75.4 301.6 

4 75 ,,/2 59 2000 10 / ? /20 2.236 150.8 603.2 

5 75 ii/2 59 500 40 2/20 4.472 37.7 150.8 

6 75 0 59 1000 20 /To 2/10 6.324 75.4 301.6 

7 75 TT/4 59 1000 20 /To 2/10 5.000 75.4 301.6 

* L = - 1 0 m 
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ORNL-DWG 7 8 - 5 7 7 7 

Fig. 1. Calculated vertical profiles of mean potential temperature 
showing modification due to power park (Run 2). 

ORNL-DWG 78-5778 

Fig. 2. Calculated vertical profiles of mean specific humidity 
showing modification due to power park (Run 2). 
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lowest inversion base, is 580 m. For x>0, the convective heating 

from the power park increases both z^ and the temperature in the 

mixed layer. The maximum surface temoerature gradient occurs in the 
/"J 

middle of the power park (x = 1.6 km) where the heat flux is maximum.'' 

Away from the power park, the surface temperature gradient decreases 

until a new equilibrium convective mixed layer with a larger z^ is 

established. At x = 18 km, z. is 737 m, a 27% increase over the i 

initial value. The mean specific humidity (Fig. 2) in the mixed 

layer also increases due to the vapor emission from the power park; 

the maximum Q^ occurs at x = 1.6 km where the vapor flux from the 

park is maximum. For x>3.2 km, the vapor diffuses upward and the 

humidity near the surface decreases until a new equilibrium humidity 

profile is established in the rising mixed layer. At x = 18 km, 

the temperature increase (A0) due to the power park at elevation 

z = 200 m is 1.5°C, while at z = £00 m, AG=1.26°C. The corresponding 

AQ^ values are 0.3 and 0.2 g kg \ respectively. 

The vertical profiles of sensible heat flux and specific 
\\ v 

humidity flux are shown in Figures 3 and 4. The initial flux profiles 

are similar to those given by Wyngaard and Cotd (1974b) for a 

convective boundary layer. The top of the mixed layer, z^, can be 

defined as the height where the virtual heat flux w9v reaches its 

negative maximum. The initial heat flux profile is essentially 

linear in the region z<0.85 z± with its maximum positive value near o 

the surface. The initial humidity flux, however, is not larger in 

magnitude at the surface than at z T h i s is due to the eihtrainment 

of dry air aloft down into the mixed layer accompanied by rapid 

upward movement of the more humid mixed layer air, giving rise to 
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Fig. 3. Calculated vertical profiles of sensible heat flux showing 
modification due to power park (Run 2). 

ORNL-DWG 78-5780 
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Fig. 4. Calculated vertical profiles af specific humidity flux 
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a substantial upward moisture flux in the vicinity of z^ (Deardorff, 

1974). The maximum surface heat and humidity fluxes, 0.5 K m s 1 and 

0.45 g kg ^ m s ̂  respectively, occur over the center of the power 

park. Downwind of the park (x>3.2 km), the surface fluxes return 

to their initial values, but the fluxes aloft in the mixed layer 

remain larger than their earlier values, producing the above-described 

increases of 0 and Q̂ . in this region. The top of the mixed layer 

rises as,the warmer humid well—mixed air penetrates the inversion 
U 

above. The extent of penetration diminishes, however, as the 

mixing layer gradually thickens, lifting the base of the inversion 

layer. 

The calculated surface (at £q) perturbations in Q and Q^ due 

to the power park are shown in Figure 5 as functions of the initial 

surface relative humidity RH. The maximum surface perturbations 

naturally occur in the middle of the park where its emission 

fluxes are maximum. The magnitude of the surface perturbations 

increase with RH, since the depth of the mixing layer must decrease 

as RH increases, with L kept constant. For example, for RH =» 90%, 

z^ is only 290 m (~z^/L=30); the maximum perturbations in 0q and Qvq v\. 

respectively are 9.7°C and 15.7 g kg 1 at x = 1.6 km. The corresponding 

values at x =» 18 km are 3.2°C and 0.3 g kg"1. These values indicate 

the typical increases in 9q and Q ^ that can be expected downwind of 

a 10,000 Mwe power park. 

Figure 6 shows the spatial evolution of the vertical profiles 

of mean liquid water content. At x = 0, the model is initialized 

with Q^ = 0 and q^w = 0 at all z, so thatjonly the liquid water 

created by the power park appears in tha5results. For x>0, the 
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Fig. 5. Calculated ground level values of mean potential temperature 
and mean specific humidity showing perturbations due to power park (RunH>) 

vapor emissions from the park,diffuse upward and condense upon 

reaching the lifting condensation level. The LWC increases downwind 

and peaks at x = 12 km with a maximum Q^ of 0.24 g kg \ Thereafter, 

the liquid water diffuses upwards and the maximum Q decreases. 

Figures 7a, b, c show the mean LWC isopleths iii the convective 
« . cumulus clouds spawned by the power park for three values of RH. 

' ' " - 1 ^ " "ts> f For convenience, the 0.05 g kg LWC contour was taktii as the cloud 
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6. Calculated vertical profiles of mean specific liquid water 
content in the cumulus clouds formed by power park emissions (Run 2). 
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boundary. All clouds form downwind of the park, as has been frequently 

observed at existing power plants, at a height determined by the 

ambient relative humidity when all other factors are the same. For 

RH = 60%, the cloud base is at 1020 m ar„i,/the cloud top at about 1400 m. 

For RH = 90%, the cloud base is at only 340 m and the cloud top at 

about 700 m. For RH = 75%, the cloud is in between. In all three 

cases, the mean LWC peaks within the investigated range of x, with 

a maximum value of 0.225 to 0.3 g kg \ These values are in 

agreement with typical maximum LWC reported by Hanna (1976, 1977) 

and Auer (1976) for large power plants and industrial cumulus, and 

by Fletcher (1962) for natural cumulus clouas (0.1-1 g kg . 

Figures 8a, b, c compare the modification of the vertical 

profiles of 0, 0 and Q at x = 12 km as a function of the mean wind 

direction (a) with respect to the cooling tower alignment. The 

initial profiles are also shown for convenient reference. The 
S maximum increases in 0, Q and occur when the wind is parallel 

• v V / to the cooling tower alignment-/ the minima when the wind is 
A ' 

perpendicular. For a = TI/4, they are in between. 

Figures 9 a, b,Jc compare the modification of 0, and Q^ 

profiles at x = 12 km as a function of the total waste heat flux , 

from the power park; the initial profiles are again indicated. The 

largest increases in 9, Q^ and of course, occur for the largest - 2 

heat flux (2000 Mw km ) used in the study. 

^ 5. CONCLUSIONS 

The meteorological effects of waste heat and moisture releases 

from a large power park were numerically simulated using a higher-order 
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turbulence closure model. The simulation presented in this paper for 

a 10,000 Mwe power park has not been quantitatively verified with 

actual observations since there are no existing power facilities 

of this size. The model predictions, however, show good qualitative 

agreement with available observations for similar smaller industrial 

sources, and the calculated mean and turbulence quantities have 

physically realistic distributions. 

Among the areas for future research work are model simplification 

and validation, and improvement of the source (power park) representation. 

In a nonprecipitating shallow-cloud model, it Is convenient to use 

conservative variables such as Betts' (1973) liquid-water potential 

temperature (Q^) and total moisture content (Q^) : 

e. = G-(L 0 /c T )Q I v o p o 

V 

Qvs + Q£ (saturated) 

Qy. (unsaturated) 

Some advantages of the —Q^ system are (see Deardorff, 1976) that 

one need not carry Q^ as a separate independent variable since it 

becomes a derived quantity. This saves computer time and storage. 

Further, supersaturation does not occur during a given integration 
0 

step so that there is no question of releasing the right amount of 

'ent heat through saturation adjustments. 

It is possible to quantitatively test the model predictions 

utilizing weather modification data from smaller existing power 

plants. However, there are few field observations with sufficient 

detail to provide^ a demanding test of even the mean profiles, let a 
alone the turbulent flux predictions. 

(15) 
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The representation, of the power park as a finite area source 

might be more appropriate for large cooling ponds^than cooling 

towers. For the latter, it is desirable to improve upon the source 

characterization in the model to handle directly flux inputs of 

momentum, heat and moisture from multiple, finite—sized sources with 

a given horizontal spacing at a given elevation. In such models, 

presumably, the local updrafts and vertical accelerations would 

become important, and one should also take into account the dynamic 

mean pressure perturbations. Tower-effluent interactions such as 

plume merging and downwasn could conceivably be significant for 

such a representation. Development of such a model, based on a 

second-order—closure theory, will be very complex and challenging. 
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