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IV. RECENT RESULTS OF MEASUREMENTS

Plume rise estimates for electric generating stations

By F. W. Tuowmas, S. B. CARPENTER AND W. C. CoLBAUGH
Air Quality Branch, Division of Health and Safety, Tennessee Valley Authority, Alabama, U.S.A.
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The Tennessee Valley Authority, under sponsorship of the Public Health Service, National Air Pollution
Control Administration, initiated a comprehensive study titled ‘Full scale study of plume rise at large
electric generating stations’ in 1963. The variability of plant sizes, stack heights, and stack configurations
accommodated full scale assessment of plume rise over a wide range of meteorological and operational
conditions.

INTRODUCTION

There are three principal requirements for determining the potential ground level pollution
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from large industrial stack emissions such as those at electric generating stations. These factors
are: (1) an estimate of the rate of emission from the stack (emission rate) which is normally
available from operations information, (2) the degree of dilution of the pollutant with the
surrounding atmosphere (rate of dispersion), and (3) the sum of actual stack height and vertical
displacement of the plume (effective stack height) which is influenced by the diameter of the
stack nozzle, the temperature of effluent gases with respect to surrounding air, the specific heat
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capacity at constant pressure, and the average vertical efflux velocity.

The excellent work of Sutton (1953) and Pasquill (1962) in England, along with investigations
in the U.S., has led to the development and verification of mathematical formulas which are
considered suitable to estimate diffusion rates for principal meteorological dispersion models.
Diffusion is generally represented as a 2-phase problem—the first is the initial rise of the efflux
by virtue of its kinetic and thermal energy and the second when it begins ist spread downwind
from the effective source height it has attained.

As pointed out at the Round Table Discussion of dispersion, convened by Concawe at the
Hague, November 1967, much ambiguity exists with respect to the numerous formulas postu-
lated to approximate effective plume height for defined meteorological and operational con-
ditions. The elevation of effective stack height, H,, is the sum of the actual height of the stack,
hg, and of the plume rise, Ah. The equations used in this paper for calculation of A2 may be

:é . summarized as Ak = Afus, (1)
= where 4 is some function of the kinetic and thermal energy of the plume and « is the wind speed.
® = gy P P
M

= O BASIC WORKPLAN

o

— 8 The objective of this study was to collect, compile, and analyse data for documentation and

definition of plume rise and related meteorological parameters at a range of generating plants.
Six generating plants were chosen for the study with unit ratings from 173 to 704 MW and stack
heights from 76.2 to 182.9m.

The first two years of the study, completed in the spring of 1965, were devoted primarily to
collection of field plume rise and meteorological data. Field work, totalling about 311 h of actual
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sampling, was scheduled in seasons when frequencies of desired meteorological régimes were
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expected to be the highest, i.e. high winds and neutral stability in the spring (March to April)
and low winds and stable or inversion conditions in the fall (September to October). A third
régime, i.e. low winds and unstable conditions, was also documented whenever possible. Pro-
cedural aspects of the study were presented in an interim report (Leavitt, Carpenter & Thomas

1965).

DATA COMPILATIONS

A comprehensive data collection programme was devised. The three general categories of
data included: (1) plant design and operational factors, (2) meteorological information, and
(3) plume profile, elevation of plume top and bottom.

Plant design and operational factors

Principal plant design and operational factors for the six steam plants are shown in table 1.

For each field study period the amount, power rating, and approximate analysis of coal
burned for each unit and the unit level of operation were obtained for determination of stack
effluent velocity and heat emission rate. Gas temperatures at the stack outlet were also obtained
from a sampling programme developed especially for the study.

TABLE 1. PLANT DESIGN AND OPERATIONAL DATA

Paradise Gallatin Shawnee  Johnsonville Colbert  Widows Creek
plant number 1 2 3 4 5 6
number of units 2 4 10 4 4 1
rated capacity,
per unit/ MW 704 314 175 172.8 206 575
stacks: number 2 2 10 2 4 1
height/m 182.9 152.4 76.2 121.9 91.4 152.4
diameter/m 7.9 7.6 4.3 4.3 5.0 6.3
spacing/m 61.9 77.4 25.2 49.4 30.2 —
temperature of flue
gas leaving
stack/K 413.2 409.9 413.2 424.9 443.8 414.3
orientation N 38° E N 39° E N 56° W N 5°W S 45° E —_

Meteorological information

Wind direction, wind speed, and temperature profile data were collected routinely. Wind
profile data were obtained at approximately 30 min intervals by the double theodolite technique.

Vertical temperature profiles were obtained from a Bell Model 47-D-1 helicopter equipped
with a Cole-Parmer model 8425 temperature indicator. Temperature profile runs were made at
45min intervals in the immediate plume area about 1.6km from the power plant. The 305
individual temperature profiles were taken at 30.5 m vertical intervals from surface to about 150 m
above the plume top and involved a total helicopter time of 188h.

Additional meteorological information, i.e. surface wind direction, wind speed, and dry-bulb
and wet-bulb temperatures, was recorded before each pibal release at the primary station. Also,
cloud coverage and other pertinent meteorological or plume observational information was
recorded.

General synoptic weather information from U.S. Weather Bureau radiosonde observations
and surface and upper air charts was also compiled for analysis and evaluation.
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Range of plant operational and meteorological conditions covered

The range of principal plant operational and meteorological conditions spanned by these
observations is summarized as follows:

stack gas velocity 7.7 to 29.2ms™,

volume emission rate 136 to 663 m3s—1,

stack gas temperature 379 to 418K (106 to 145°C),

heat emission rate 22.1 to 103 MJ s~ (5.28 to 24.6 Mcals™1),
wind speed, # 1.0 to 16.8ms™1,

ambient temperature 273 to 304K (0 to 31°C),

potential temperature gradient — 5.3 to 37.4 Kkm™1,

Plume profile

In the course of the study, 1580 photographs were taken for definition of the plume profile.
In addition to excellent quality control, infrared film was found to provide superior plume
delineation in most cases and was used in preference to standard black and white or Polaroid
film. The photographs were taken at 5 min intervals.

Elevation of top and bottom of the plume was also recorded about every 45min at 0.8 and
1.6km, and at 3.2km when possible, by visual observation and helicopter altimeter readings.
The helicopter was also used during each study period to maintain continuous surveillance on
the direction of plume travel. These observations were obtained by references to established
ground control points,

DATA PROCESSING AND TABULATION

All data from photographs, pilot balloon observations, and temperature soundings were
programmed for computer analysis and graphic display. Plume profile data from photographs
were resolved by means of special template overlays constructed to coincide with the particular
camera lens. Elevation of plume top and bottom observed from the helicopter agreed closely
with corresponding points on the plume profile obtained from the photographs.

For each series of photographs the mean height of top and bottom of the plume was determined
as a function of distance from the plant; and from these values a plot of the centreline position
was derived, the centreline being defined as the arithmetic mean between the top and the bottom.
From these plots, rise of the centreline as a function of distance was determined. Figure 1 illus-
trates a portion of the 1 April 1965 field data, including the plume photograph taken at 07.15,
along with concurrent wind and temperature profiles and computer resolved plume profile plots.

The 1580 separate plume rise observations taken at 5min intervals at the six plants were
consolidated into 133 composite observations, each covering time periods of 30 to 120 min.
Duration of composite periods was determined by the constancy of principal meteorological
and operational parameters. Therefore each of the composite observations represents from six
to twenty-four 5 min consecutive observations. The composite observations were next classified
into stability groups based on the temperature gradient from stack top to plume top. The stability
classifications and ranges were:

stability classification temperature gradient range K/100 m group
inversion AB/Az > 1.00 1
stable 0 < Af/Az < 1.00 2

neutral and unstable AOIAz < O 3
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Ficure 1. Data from typical day of field operation at the Paradise steam plant on 1 April 1965. (a) Plume
photograph at 07.15 h; (4) wind speed and direction profile at 07.16 h, and temperature profile at 07.20 h;
(¢) plume profile derived from photographs: the stack height is 183 m.

The sixty-six composite observations for single stack operation classified according to these
stability groups and average wind speed classes are compiled in table 2. Also included in this
table are heat emission rate, flue gas velocity, and average plume rise at nine specified downwind
distances out to 1.219km.


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

225

PLUME RISE ESTIMATES

0ST (491 LOT 66 98 GL 9¢ 9¢ (44 0
991 S0T €6 g8 oL 3G9 Ly 98 eI 0
- - 901 01T €6 8L €9 1574 98 0
91 8¢C1 1291 911 01 ¥8 49 98 14! 0
- - ¥6 98 LL ¥9 19 0g ¥€ 0
1298 LIT §C1 159 0Tt 98 oL 8¢ a8 0
12498 1341 1€1 eIl 98 99 8¢ o¥ Lg 0
- 161 GLT 129! 881 901 88 G9 LE 0
0ST 681 ¢gl GIl G6 VL 94 1£3 81 0
¥0g G61 8LI @91 LyI1 9g1 c01 1L 9% I
612 102 (4:31 6S1 0¥l GIT G6 4 g€ 0
881 G81 gLI 991 §S1 981 Gll 08 6< (4
082 ¥93 98¢ 81¢ S61 VLT 6€1 06 129 9
- - (4:31 91 171 LET 131 L8 139 0
808 683 092 Leg Y61 991 61T ¥L 144 0
L8T €81 €61 61 161 g81 091 P01 LS 0
62¢ 60¢€ G628 gLZ Lye 1449 691 LOT 99 €
€6¢ CLG eeg 0€e €0g 991 921 LL 8P 144
ELE ¢9¢ 1448 L3¢ 00¢ §LS 8€¢ 691 LTI €€
£€9¢ 1239 LOg LLZ Lve 1449 GLT izq! 08 4
LSy LYY 1354 LTV ¥6¢€ 8¢¢ (484 0%3 8LI ¥6
£€9¢ 8€¢ €18 €8¢ 0¢g L1 €08 541 @6 ¢l
LOg 0€¢ €c¢ 1€¢€ L0g G0¢ 192 891 181 14!
- - - LLE 1529 9¢¢ 1449 4trd 061 GL
ILT 891 991 €91 9¢1 (44! 601 L9 9% Gg
4! P11 01 16 LL 3G9 8% 0¢ 91 0
G0T <6 98 18 gL ¥9 9g 8¢ 9% 0
eIt 701 86 001 96 78 99 144 1€ 0
68 98 PL (4% 6% 144 9% a8 0g 0
6121 L901 ¥16 GIL 019 LSV c0¢ 4491 9L 0

(w) purmumop aouelstp 1e (w) asur swnyd

—~—

L'01 L'LT 90°0 91°3 a8eroae
P11 9°G1 4 8T°0 8°1 GG
8°01 0'8T 4 10°0° 81°G 93
9°01 I'61 4 0’0 792 (U4
0'01 0'8T (4 G0°0 81'¢ 8%
¢'8 ¢'61 8T°0 [ A4 a8e1sae
'8 61 4 60°0 ¥9'¢ 184
0'8 g6l 4 Lg'0 9%'¢e (474
8°¢1 161 4 LE0 ¥9'¢ 6¢€
69 091 LGS0 c]'1 a8eIoAe
LL 9°¢1 4 820 ¥8°1 44
0'9 791 H4 Gg8°0 98°'T g
L'y ¥LT cz'0 $0°G 98eIoA®e
G's G61 4 110 9%°'G 1574
¢'¢ 791 (4 80°0 00'2 0€
L'y 91 4 10°0 98’1 L
@y T'LT 4 6S°0 L8'T It
'y 8°LT 4 %0 20°'g 8
e QLT 830 e6'T EYAEIN]
L'g LT 4 €9°0 L8'T 44
¥'¢ T'LT 4 0€°0 L8'T g1
g€ 8°LT 4 LT°0 60’3 6
6°T 8°LI 4 10°0 20'e (121 T
¢'¢ 6°ce I Ge'1 6L'T i 9
9y 8¢l T 9°01 LL'T 12 4
8'91 T'61 1 eIt ¥9'¢ 8¢
g8 091 ce'l SL'1 a8eIoAe
'8 91 1 LE'T 98°'1 i
'8 9°¢G1 1 gL' oLt 1 1
-sw/n L swf?q ldnois WOOT /2V  1-ST® suonjearssqo Iaquinu
Aqess oV 20 -01 Jo uerd
juarpesd Iaqunu weals
arnjeradwa)

NOLLVYEdO MDV.LS ATONIS SISSVTID ALITIEVIS X9 I0INOS WOIL IONVISIA HLIM ISIY INNTd IOVIIAY °G T1gv T,

ALITOO0S

RO B S N

40

ALIIDOS gy oiovsnvaL

Yy TVAOY 1H.L 1vDIHdOSOTIHd


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

F.W. THOMAS, S. B. CARPENTER AND W, CG. COLBAUGH

226

—_— 671 8G¢ LLT 691 71 0G1 a8 09 it L'y (%44 91°0 ¥9°'1 SSerase

— — — 8¢1 1294 661 9¢1 98 €9 ST G'¢ 6°CGe G g0 Le'1 8

_— 671 ac1 ec1 0¢1 g01 08 LS LE g 8P 6°GG ¢ c0'0 LL'T g

— —_ 10€ 8€¢ ¥1¢ 061 291 I11 18 81 'y 6°Ge G geo LS'1 6

— — — SLG 01¢ L83 879G $0G 091 69 L'G 6°GS 120 oLl DALY

— — — — 08 £¥¢ 80¢G €91 021 9¢ ¥'¢ 6°Ga G 6%°0 6L'T 4

— — — 8L3G 918 98¢ G0G 9861 101 44 ¥'e 6°GG 4 60°0 LS (8

— — — — — 888 1€¢€ yi¢ 86¢ 081 ' 6°GC G #0°0 6L'T 9 9
- e91 §71 601 801 16 GL 9% 9¢ 0 701 8F1 4 g1°0 0S'1 LG

081 LI L91 acl iz41 €6 29 1€ 91 0 69 ¥'c1 G 0€°0 SL'T (8

(454 61¢ ¥03 ¢8I 8¢1 a8l 96 8¢ 199 9 €'¢ L'el S%°0 L9'1 9Seioae

a91 acl 91 081 701 8L 44 9¢ eI 0 6°C 191 G GL’0 PL'T 9

194 661 €81 9¢1 ¢el 76 G9 1€ 91 0 8'¢C 191 G I1°0 PLT 8

803 861 681 GLI 8¢1 €01 69 i 49 LT 0 ¥'¢ 791 G 68°0 GL'T 6

69¢ age 01¢ § 24 0S¢ 0¢g §81 LST 18 g Y 8F1 4 19°0 0¢'1 ¥G

[t44 [ ¥4 80G 61 781 GLT GS1 9L 6% 13 I'c 9°¢1 G yL0 L1 91

(44 013 ¥61 I81 891 91 811 89 154 61 0°g g'¢1 G 89°0 99°'1 61

L0g G61 SLI 6¢1 L3G1 6 g9 8 91 0 0'¢ 191 G G0 PLT L

693 VA 74 Lég 61 TILT 8G1 06 99 1554 0 9% 8 %1 4 (1] 0¢'1 e

§234 L1 063 8L¢G 16¢ 81a LI9T 171 11 $01 9°C €¢1 68°0 L1 98erase

8G% 8% €¥¢ 1844 6%¢ §244 81 iz <6 99 G¢'¢ €¢l ¢ L6°0 LL'T 44

gag i %% 98¢ Gage G8% i 449 LT LIT GL LG 1°¢ 8¢l G €60 oL'1 4!

093 (1144 961 991 gel Gl €8 €9 LY I 1'¢ a9 | 4 90°0 el 8¢

00¢ LTS 99¢ 663 8¥3C 863G 81 601 oL 149 6°C 9°¢1 4 70 LT LT

Glg 9LG (354 ¢03 191 131 18 1§74 (114 0 8'C ¥e1 14 £€9°0 IL'T g

0LgG L83 (444 L¥¢ 1§29 00¢ 836G 0S1 Gll €L Gg'C €¢l G 96°0 LL'T 144

£0¢ 9LT 873 913 SLT 081 L8 187 t44 0 a'c i 24 ¢ %0 9L°'1T ¥

0S¥y 09% LT i 4747 i284 e8¢ t443 G61 it 9¢ GG €¢I 4 60°0 oL'1 19 |

— — — — — — — (1157 Ie% 9LV 1'g €¢I G 0€°0 oLt SI G
6131 L9011 $16 29L 019 LGY Q0g 26T 9L 0 -sw/n o swf |dnoi§ WOOT /2V  1-ST¥  suonesissqo roquunu

s % g Aqers v D ,-01 Jo yuerd
(w) purmumop aduessIp e (wr) ast1 swmjd juarpeId Joqumnu ure9ls
smjeradw)
(*qu02) g w1av],
140 40
ALIIOOS SNOILDVSNVIL ALITOOS SNOILDVSNVIL

1 TVAOY dH L 1vDIHdOSOTIHd Yy TVAOY 1H.L 1vDIHdOSOTIHd


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

227

PLUME RISE ESTIMATES

86

86
LET
1289

1444
129

€9¢

§€9¢

LLT

681

(449
541
6LT

8LI
8LI
gLE
9¢1

61T

611

601
801
60T
601

¢4
0€1
LG
0€¢
162
1g¢

1249}

991

881
(91
LIT

14%4

TLT
98¢
1254

LTT

gel

gel

€01
€01
G0l
601

8¢¢
111
8¢t4
12§
8¢¢
8¢¢

€€l

42

LT
écl
1341

161

091
|84
07€

LTT

4 4
égﬁn%ogaow%

€

dnoi8 uoneomissepo Lqeis |

€01 66 LL 89 8¢ ye
— - — €L 1L 114
€01 66 LL €9 144 €%
86 6L ¥9 8¢ (44 96
LOT 68 L9 4] 1574 114
88 69 09 129 84 Lg
86 66 18 €9 v ¥e
003 PLL g€l 76 t4Y 1€
€6 yL gg LE 61 6
038 961 LGT 60T 4% LE
98¢ 19¢ ¥61 g€l 9L 9
908 PLT I¢T 611 78 (4%
861 ILT (441 I11 FL 69
i4%4 9L1 091 LZ1 €6 ¥9
SI1 eIl 78 <9 144 <14
9c1 901 €8 <9 44 Lg
8¥1 921 G0l 8L 129 7€
111 96 9L 0g 65 91
611 g6 1L L9 0g 1€
891 161 131 811 76 6S
GSl 291 Gel LTI 76 69
781 Lyl (U R 601 €6 69
LGg ¥08 692 8¢¢ 091 L6
€01 €6 LL 19 (44 12
7 ALI1DO0S -~

RO B S

S OO0 O OO

—

S MO0 O OO0 O O Mo -

L°€e
¢ve
6°2¢
0°8I
0'81
‘08T
871
¢'¢e1
6l
9°¢1
g ¢l
€°¢1
Gql
€¢l
9°¢1
¢ ¢l
§¢l
9°¢1
9°¢1
0'91
¥'91
9°¢1
791
668

81°0—
8T1°0—
LT'0—

10°0—

[2clor)

€ G0'0—

L0°0~
910~
00—
00—
200~
000
€0°0—
g 00—
ero—
LT0—
€0 —
00—
900~
00—
6070~

[2c o R

oM MM [2r )

N MMM
=]

61°0

7 ALIIDOS
TVAOY IH L

89°'1 o8eroae
6S°1 L
LL'T 4
81'% a8eroae
81'¢ Lg
81°G 68
0g'1 98
oLl aSeroAe
EL'T 11
L1 81
99’1 0g
19°'1 9Seroae
6ol 6%
(U ¢l
8°1 €6
LLT 9Seroae
8L'T 13
781 ¥e
oL'1 [4
as'1 9Se1oae
00°¢ 1€
oL'1 g
98’1 9
LL'T I
40
SNOILDVSNVIL
TVOIHdOSO1IHd


http://rsta.royalsocietypublishing.org/

. \
_SE )

AL

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Y B \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

228 F. W. THOMAS, S. B. CARPENTER AND W. C. COLBAUGH

DATA ANALYSIS AND EVALUATION
Point of effective plume rise

Often the most difficult point to establish from a plume profile is the height which the rise
may attain attributable to buoyancy and momentum. A plume ascending and dispersing in
neutral or unstable conditions will continue to expand vertically because of turbulent diffusion
(eddies) after its momentum and buoyancy are spent. A number of procedures have been used by
other investigators to establish the plume height resulting from plume buoyancy and momentum.
In this study a relatively simple procedure, considered to be quite realistic, was evolved. This
procedure (Carpenter, Frizzola, Smith, Leavitt & Thomas 1968) was based on preliminary

3
L O I By B 1 B B B G B ==
- b
B o
102 _| @ inversion
= 2 -
- - % 3 O stable
- 2/1=(/1) — X neutral and unstable
"Q I '.—1
N — —
L . -
10! .
]
]_00 Lo L Lyl Lo L L LEiLil L i iiil
10t 10> 10° 10"

xl/ A
TF1gurE 2. End of initial plume rise phase.

results of limited analyses of these data. Plume rise, Ak, was defined as elevation of the plume at
the point in distance and space where rise of the plume centreline as a function of distance reached
a minimum value or became constant. This is a finite value which can be derived from the obser-
vational data. The plume often continued to ascend beyond this point. With this criterion,
effective termination of plume rise normally occurred 457 to 1219m from the source. For
uniformity, the A% values used for comparison with calculated values throughout this study were
the observed values at 1.2km. In most instances observations extended well beyond this point.

In addition, to a definition of criteria for establishing plume rise, it is desirable to determine
whether one is observing the initial phase where source effects and mean winds are important.
Difference in semantics and interests on these questions probably accounts for a large portion
of the differences in plume rise estimates. The data may be examined in respect to the initial
plume rise phase in accordance with the relation set out by Csanady (1961) who defines the initial
flux, F, due to buoyancy and momentum as

F = gV.r2AT/T. (2)
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TABLE 4. PRINCIPAL OPERATIONAL AND METEOROLOGICAL PARAMETERS

steam number

plant of
num- obser- Vs iy iy iy iy 4 AO/Az AT T 107Q, 107°Q Ak
ber wvations ms? ms? ms? ms? ms? ms? K/100m K K cals?? mis?t m

1 1 15.6 4.8 6.4 124 9.4 85 173 120 291 1.70  5.46 89
2 — 5.5 4.6 7.6 6.0 6.8 —0.05 113 298 170 5.59 179
3 — 4.7 4.6 5.5 5.0 49 —0.09 111 300 1L.70 5.63 256
4 16.4 7.9 8.8 9.3 9.2 8.1 1.37 121 291 1.86 570 115
5 — 4.8 6.0 7.3 6.7 6.0 085 120 293 1.86 5.73 188
6 —_ 2.3 2.2 3.4 2.8 2.6 000 116 297 1.86 581 375
7 —_ 5.3 5.0 3.9 4.5 4.7 0.01 114 298 1.86 5.84 195
8 17.8 5.4 4.4 2.6 3.5 41 044 119 293 202 625 295
9 —_ 2.7 2.9 3.5 3.2 3.3 0.17 117 295 2.02 6.30 363

\
—
=]

» {;Jf 3.5 1.5 2.5 2.0 1.9  0.01 113 299 2.02 6.38 331
| 11 17.1 4.3 3.5 4.7 4.1 45 059 119 293 1.87 6.02 329
— 12 —_ 2.7 3.7 4.2 3.9 3.7 065 120 292 1.87 599 363
< S 13 — 1.6 2.7 5.2 3.9 34 030 116 295 1.87 6.06 457
> 21 15.3 5.1 7.6 8.7 8.1 7.3 —0.17 120 297 178 536 242
O ~ 22 15.6 4.8 6.0 9.2 7.5 7.7 028 124 292 1.84 540 219
ez E 23 — 9.9 8.8 11.6 103 10.9 —0.04 121 294 1.84 544 177
@) 24 — 6.9 7.7 7.0 7.3 7.2 -013 118 297 1.84 5,50 145
I O 25 — 11.3 109 100 105 114 0.18 1256 291 1.84 537 135
— oA 26 18.0 103 104 9.8 102 10.8 0.01 137 275 218 593 110
27 —_— 10.2  10.0 9.8 10.0 9.5 000 137 275 218 594 108

E‘ (£ 28 —_ 9.8 7.3 10.1 8.8 100 0.02 136 277 218 5.97 94
Uo 29 — 7.4 8.0 7.3 7.6 83 —0.02 136 277 218 5.97 109
= 30 16.4 6.9 4.5 5.1 4.8 52 008 137 279 2.00 544 308
8, 5 i 31 —_ 5.9 5.8 5.0 5.4 57 —0.02 135 281 200 548 178
8< © 38 19.1 10.7 13.3 219 179 168 1.12 140 283 244 630 124
O%’ 39 — 9.6 11.3 19.1 153 138 037 137 286 244 6.35 150
= § 40 — 8.2 82 142 10.7 10.6 0.02 135 288 244 640 165
E - 41 —_ 8.2 7.5 8.2 7.8 8.4 0.09 132 291 244  6.47 154
42 19.2 5.2 5.7 9.1 7.3 8.0 0.27 145 279 246 6.23 191

43 —_ 4.6 4.6 6.8 5.8 52 0.11 144 280 246 6.25 182

2 3 15.4 3.7 6.1 1.8 4.0 28 063 111 299 1.76 5.11 312

4 —_ 2.9 2.6 2.2 2.4 2.5 041 114 296 176 5.07 303

6 16.1 3.8 4.9 8.2 6.5 59 072 116 294 1.74 5.26 165

7 — 4.8 3.2 6.6 4.9 5.0 022 114 296 1.74 529 207

8 —_ 5.2 5.8 4.8 5.3 58 0.1 111 299 1.74 534 215

9 16.4 2.5 5.2 8.6 6.8 54 039 113 297 175 541 208

10 15.4 5.8 6.8 9.4 8.2 69 030 112 298 1.73 5.11 180

11 — 6.5 6.4 7.4 7.0 6.9 —0.16 109 301 1.73  5.16 130

12 15.3 3.8 2.9 4.1 3.5 3.8 —0.03 110 300 1.70 5.09 214

13 —_ 2.4 1.8 2.1 1.9 22 009 109 301 170  5.11 460

14 —_ 2.6 2.2 1.7 1.8 2.1 023 110 300 170 5.09 555

g 15 —_ 2.8 —_ 1.4 — 2.1 030 110 300 1.70 5.10 476

> < 16 15.6 2.8 4.6 6.5 5.5 51 074 114 296 1.71 515 226
-~ 17 —_— 1.8 3.8 3.7 3.7 29 044 112 298 171 518 317
— 18 _ 5.3 4.6 8.7 6.7 6.1 —0.02 107 203 171 526 314
< P 19 15.5 3.3 3.6 8.6 6.2 50 0.68 113 297 165 513 220
> — 20 —_ 4.6 5.2 6.1 5.7 58 —0.04 106 304 1.65 525 354
O 29| 21 15.3 1.7 4.8 4.3 4.6 46 1.06 115 295 177 5.03 171
=% o 22 — 1.6 4.2 3.0 3.6 3.2 097 113 297 177 5.06 251
S5N @) 23 —_— 2.7 2.6 1.9 2.3 2.5 036 111 299 1.77 5.09 347
E O 24 14.8 2.8 4.0 5.3 4.7 52  0.61 124 282 1.50 4.67 359
~ o 25 —_ 4.1 6.0 3.6 4.8 46 010 121 286 1.50 4.73 259
26 —_— 8.2 7.9 1L3 9.8 9.9 0.00 117 289 1.50 478 137

2“2 27 — 6.7 11.6 11.7 11.7 104 013 117 290 1.50 4.79 165
o 0o 28 15.2 2.7 3.3 5.1 4.3 31 006 133 273 1.52 4.66 250
T = 29 —_ 4.8 4.2 5.7 4.9 44 0.00 131 275 1.52 4.69 263
SU v 6 1 22.9 4.7 5.1 5.7 5.4 65 019 119 283 1.77 5.08 136
mﬁ 0 2 — 6.6 6.4 5.3 5.8 6.0 —0.17 116 286 1.77 514 125
9 Z 3 — 6.0 6.8 4.1 5.5 48 0.02 115 287 1.77 516 155
T é 4 —_ 1.5 3.3 4.3 3.8 2.5 132 121 279 179 5.04 377
B = 5 — 1.9 3.5 4.1 3.8 34 049 117 283 179 512 304
6 — 3.5 1.6 2.2 1.8 2.2 0.04 110 290 1.79 5.24 333

7 24.5 5.9 6.0 6.2 6.1 6.2 —0.18 118 280 1.59 5.44 73

8 22.9 5.7 6.1 4.8 5.5 52 022 126 275 1.567 497 138

9 — 3.3 3.2 5.7 4.4 41 025 122 278 1.567 5.03 301

10 —_ 2.0 2.9 2.7 2.8 2.4 009 118 281 1.57 5.09 316
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Dividing this flux by the cube of the horizontal wind speed, #3, obtains a length,

{ = F|@s. (3)
The distance variables divided by /, i.e. z/l and x//, are dimensionless and
z[l = f(x/[1), (4)

where z is plume rise and x is distance downwind. At the point #,// where the plume levels off,
z[l becomes constant. Values of z/l and x// were calculated for the principal wind speed and
stability groupings at the nine distances out to 1.219km. In most instances, a levelling of z//
values is evident as x// approaches the 1.219km distance. The values of the distance variables
where z|l becomes constant for the twenty-six summary observations in table 3 are plotted in
figure 2. Here a two-thirds slope, as observed by Csanady (1961) for the ‘2 power law’ relation,
fits the data quite well z|l = (x1)3. (5)

Compilation—estimates of quantities for plume rise calculations

Either direct measurements of reliable estimates of every quantity needed for computation
of plume rise according to principal formulas now in use were compiled for each of the composite
observations along with observed plume rise. Values of these parametres for the sixty-six com-
posite observations based on single stack operations are shown in table 4.

Comparison between observed and calculated Ah values from major plume rise_formulas

The observed plume rise was examined for correlation with principal existing plume rise
formulas. Formulas selected for comparison were Holland (1953) ; Bosanquet, Carey & Halton
(1950); Davidson-Bryant (1949); GCsanady (1961); Concawe (Brummage et al. 1966); and
Lucas, Moore & Spurr (1963). The formula was applied in each case as recommended by the
author without benefit of adjustment factors suggested by later investigators. Plume rise was

TABLE 5. OBSERVED AND CALCULATED PLUME RISE—PRINCIPAL FORMULAS

calculated plume rise/m

number ‘ A \
steam of wind  observed Bosanquet, Lucas,
plant  obser- stability speed/ plume Carey & Davidson- Moore &
number vations class ms™t rise/m  Holland Halton Bryant Csanady Concawe Spurr
1 4 1 8.1 115 116 142 27 310 157 147
1 1 8.5 89 102 121 24 245 145 132
38 1 16.8 124 72 47 13 59 104 115
10 2 1.9 331 536 6000 231 23382 486 1058
9 2 3.3 363 309 1061 107 4768 321 395
13 2 3.4 457 280 831 97 4471 302 332
12 2 3.7 363 257 589 87 3656 284 262
8 2 4.1 295 249 580 80 2581 273 280
11 2 4.5 329 211 456 66 1998 245 243
7 2 4.7 195 200 898 58 1401 236 659
30 2 5.2 308 191 602 52 1661 227 379
43 2 5.2 182 233 643 66 2241 252 369
5 2 6.0 188 156 257 42 734 197 192
22 2 7.7 219 120 198 28 348 162 223
42 2 8.0 191 151 237 36 624 183 238
41 2 8.4 154 143 234 33 423 175 305
28 2 10.0 94 109 188 24 28¢ 145 395
40 2 10.6 165 113 170 24 218 147 395
26 2 10.8 110 100 170 22 230 137 452
25 2 11.4 135 81 95 16 109 121 205
39 2 13.8 150 87 75 16 102 121 167
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TABLE 5 (cont.)
calculated plume rise/m

number E A N
steam of wind  observed Bosanquet, Lucas,
plant obser- stability speed/ plume Carey & Davidson- Moore &

number vations class mst rise/m  Holland Halton Bryant Csanady Concawe Spurr

6 3 2.6 375 361 2256 133 8434 369 584
3 3 4.9 256 177 111 51 1081 219 303
31 3 5.7 178 174 381 46 1233 212 271
2 3 6.8 179 127 194 32 451 171 218
24 3 7.2 145 128 273 30 391 171 210
21 3 7.3 242 122 167 29 393 166 206
29 3 8.3 109 131 144 31 497 167 190
27 3 9.5 108 114 103 26 338 151 166
23 3 10.9 177 84 18 17 118 125 139
2 21 1 4.6 171 192 331 52 1207 234 205
14 2 2.1 555 407 1503 155 10827 414 440
15 2 2.1 476 407 1339 155 10827 414 412
13 2 2.2 460 388 2033 145 9310 399 544
4 2 2.5 303 352 1007 124 7358 369 352
23 2 2.5 347 353 1037 122 6977 370 364
3 2 2.8 312 314 730 105 4902 339 299
17 2 2.9 317 297 814 102 4393 326 319
28 2 3.1 250 252 1573 93 6509 292 493
22 2 3.2 251 276 540 87 3473 308 251
25 2 4.6 259 167 598 51 1319 216 355
7 2 5.0 207 176 430 50 1007 218 290
19 2 5.0 220 167 324 47 - 905 213 216
16 2 5.1 226 169 311 46 845 213 211
24 2 5.2 359 148 327 43 977 197 212
9 2 5.4 208 164 333 46 826 207 242
8 2 5.8 215 164 360 40 605 195 320
6 2 5.9 165 149 253 40 632 193 199
10 2 6.9 180 126 212 30 368 171 228
27 2 10.4 165 74 103 16 105 117 221
12 3 3.8 214 225 600 68 1827 265 391
29 3 4.4 263 178 658 57 2039 225 328
20 3 5.8 354 144 252 38 500 190 254
18 3 6.1 314 141 225 36 424 186 244
11 3 6.9 130 126 156 30 349 171 216
26 3 9.9 137 78 69 17 125 121 145
6 4 1 2.5 377 373 565 182 11471 372 264
6 2 2.2 333 424 2492 213 14186 410 675
10 2 2.4 316 352 1772 192 13734 360 510
5 2 3.4 304 274 614 118 4304 296 290
9 2 4.1 301 206 595 91 2864 241 303
3 2 4.8 155 196 706 78 1495 227 542
8 2 5.2 138 162 418 66 1458 201 277
1 2 6.5 136 142 274 48 638 181 265
2 3 6.0 125 154 217 53 778 192 250

calculated with these equations (table 5), and plotted against observed values for single stack
operations (figures 3 to 8). Points in these plots are coded according to wind speeds less than
3ms~! and equal to or greater than 3ms~1,

The relation of observed plume rise with calculated plume rise shown by the various formulas
is as follows:

(1) Holland formula (figure 3) shows fairly good agreement with a tendency to slightly
underestimate plume rise.
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Davidson-Bryant formula (figure 5) seriously underestimates plume rise.

b}

(2)
(3)
(4) Csanady formula (figure 6) seriously overestimates plume rise, but with moderate scatter.
(5) Concawe formula (figure 7) shows good aggrecment.

(

6) Lucas et al. formula (figurc 8) has a tendency to overcstimate the plume rise and induce
moderate scatter.
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Trcure 3. Relation between observed plume rise and that calculated by the Holland formula:
Ah = (1.5 V,d+4x 10-5Q,/i.
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Ficure 5. Relation between observed plume rise and that calculated by the Davidson-Bryant formula:
Ak = d(V, i)+ (1+AT/T))
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o a Ficure 6. Relation between observed plume rise and that calculated
O by the Csanady formula: Az = 250 F/i3.
E 8 Individual points shown in these plots represent specific observations averaged over periods

when some variability in meteorological parameters was inevitable and some fluctuation would
normally be expected in the results.

Optimization of formulas based on observed plume rise

On the basis of relation shown in table 5 where observed and calculated plume rise values are
listed and in figures 3 to 8 where these values are plotted, the Concawe and Csanady plume rise
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FIGURE 8. Relation between observed plume rise and tlhat calculated by the Lucas, Moore & Spurr formulac:
(1) Ah=(0.7%/a) (Qx/Gy)¥ and (2) Ak = aQi/i, where @ = 475+ 2(h, — 100) m? st MW-14,
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formulas were selected for optimization by the process of multiple regression for best conformance
with the plume risc values observed in this extensive study. In this process the basic elements of
cach formula were retained, but coefficients and exponents were modified to yield best agreement
with observations. Fit of the basic formula with observed values, amenability to the regression
technique, and inclusion of significant meteorological parameters were the bases of this selection.

PHILOSOPHICAL
TRANSACTIONS
OF

In optimizing these formulas, only observations where analyses indicated that full rise attributable
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TABLE 6. OBSERVED AND CALCULATED PLUME RISE OPTIMIZED
AND TWO-THIRDS POWER LAW FORMULAS

steam number wind observed calculated plume rise/m
plant of stability speed/ plume Concawe Csanady % power

number observations class m s~ rise/m (optimized)  (optimized) law

1 4 1 8.1 115 164 141 140

1 1 8.5 89 152 128 128

38 1 16.8 124 111 88 76

o 10 2 1.9 331 465 523 645

@ 9 2 3.3 363 317 333 374

— 13 2 3.4 457 300 317 354

< 12 2 2.7 363 283 289 323

— 8 2 4.1 205 273 274 298

OH 11 2 4.5 329 247 248 266

M= 7 2 4.7 195 239 246 255

b 30 2 5.2 308 230 241 249

= O 43 2 5.2 182 252 254 266

O 5 2 6.0 188 202 189 194

Hw 22 2 7.7 219 169 163 156

T 42 2 8.0 191 187 177 172

52 41 2 8.4 154 180 167 158

=0 28 2 10.0 94 152 146 134

== 40 2 10.6 165 153 140 127

025 26 2 10.8 110 144 138 125

8«1: 25 2 11.4 135 129 120 106

=:§ 39 2 13.8 150 128 110 96

e 6 3 2.6 375 360 400 464

3 3 4.9 256 223 235 239

31 3 5.7 178 216 225 227

2 3 6.8 179 178 181 173

24 3 7.2 145 177 176 167

21 3 7.3 242 173 175 165

29 3 8.3 109 173 171 162

27 3 9.5 108 157 154 142

23 3 10.9 177 133 126 111

2 21 1 4.6 171 237 218 234

1 2 1.0 1025 682 800 1114

2 2 1.3 488 569 657 859

5 2 1.3 777 569 649 859

o 14 2 2.1 555 402 440 528

<l 15 2 2.1 476 402 437 526

. 13 2 2.2 460 389 428 506

< 4 2 2.5 303 361 381 447

— > 23 2 2.5 347 362 378 442

ol 3 2 2.8 312 334 336 389

= = 17 2 2.9 317 322 336 383

— 28 2 3.1 250 292 252 396

A, 22 2 3.2 251 305 293 335

O 25 2 4.6 259 220 243 252

~w 7 2 5.0 207 222 224 230

o 19 2 5.0 220 217 211 220

<z 16 2 5.1 226 218 208 216

Yo 24 2 5.2 359 202 211 219

== 9 2 5.4 208 211 207 211

02 5 8 2 5.8 215 200 199 197

D5 6 2 5.9 165 198 188 190

oz 10 2 6.9 180 177 168 162

T 27 2 10.4 165 125 124 110
o=

24-2
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TABLE 6 (cont.)

steam number wind observed calculated plume rise/m

plant of stability speed/ plume Concawe Csanady % power

number observations class m st rise/m (optimized) (optimized) law

2 12 3 3.8 . 214 267 279 305

29 3 4.4 263 229 265 278

20 3 5.8 354 196 196 192

18 3 6.1 314 192 189 183

11 3 6.9 130 177 174 164

26 3 9.9 137 130 ‘ 130 116

6 4 1 2.5 377 364 360 443

6 2 2.2 333 398 439 520

10 2 2.4 316 353 418 492

5 2 3.4 304 294 302 337

9 2 4.1 301 247 270 290

3 2 4.8 155 230 237 243

8 2 5.2 138 207 226 231

1 2 6.5 136 187 185 181

2 3 6.0 125 197 202 198

to momentum and buoyancy had been attained were considered ; thus the optimized calculations
shown in table 6 were based on the twenty-six summary observations according to wind speed
and stability classification.

The Csanady formula with the #® term in the denominator is obviously not useful with low or
high wind speeds. However, it was selected for optimization because it contains the significant
meteorological parameters required for evaluating the effect of ambient conditions, especially
stability. The simple Concawe formula was selected because of its superior agreement with
observations. It is considered that optimization of these formulas over the broad range of plant
designs, operational factors, and meteorological conditions encompassed in this study should
either confirm the efficacy of the formula as initially presented or result in some improvement
for application to large power plants.

When programmed for optimization the original Csanady formula

Ah = 250Fu? (6)
became
Ah = 133 m®73(F|u3)0-7 (7
for the full range of stability conditions.

Data falling into each of the three stability classes were then reprogrammed by means of the
following formula:

Ah = Cy(Fa?)0%, (8)
from which the following values of C; were determined:

Stability class 1 (0.013 K m~1, average potential temperature gradient); C; = 119,

Stability class 2 (0.003 Km™!, average potential temperature gradient); C; = 131.

Stability class 3 (—0.0006 K m~1, average potential temperature gradient); C; = 137.

A linear variation of C; with temperature gradient permits interpolation of C; values for inter-
mediate gradient values.

By using the final formula with the appropriate C; values, the values of A were calculated
and are plotted against observations in figure 9. The optimized formula reduced the scatter
considerably from that shown in figure 6 based on the original formula.
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29 Figure 9. Relation between observed plume rise and that calculated
EI— by the optimized Csanady formula: Ak = C,(F/a®)%¥.
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e = Ficure 10. Relation between observed plume rise and that calculated by the optimized Concawe formula:
—
0.444 1694
E 8 Ah = 041425 [ T
= uw

The original Concawe formula derived by multiple regression from observations of Raugh
(1964) in Europe showed very good agrecment with observations at T.V.A. steam plants,
figure 10. When this formula Ak = 0.175[Q}, ut] (9)
was optimized for best conformity with T.V.A. data, it took the form

Ak = 0.414[ Q%444 /i0694]. (10)
This optimization resulted in slightly less scatter.
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‘TWO-THIRDS POWER LAW’ RELATION

Returning to the relation shown between the distance variables in figure 2, the ‘two-thirds
power law’ plume rise formula can be derived as

Al = CFhu—148, (11)
[ L I TTTT [ TTTT I TTTT I T TT I L I TTT1T l TTTT l —TTT l TTTT
o 600 3
< - o ]
‘ g F $7 ]
2 = - é/\}‘f’ a 1 A=30ms™
— > < - A ,\v(,’%” o” 4 O <3.0ms?
olm q r & ]
a8 L 400 yad ]
m (== g - AA A ,A oo 4
— - ,/ a o —
E 8 = L a0 o4 B o P .
(5] | P .
& 5T s M a4 ]
2 - A A a ]
2”2 © 200 A é : n 2 -
=0 . “ "‘gA A .
= F A T40% ]
s Ou - 7]
(7 < o o ,” .
O 7] B ,/’ .
o Z /I a1t I | - I L1l l L1 1.} [ L1 11 I 11 L1 I 11 11 [ | . [ 111 I L1l ]
TS 0 500 1000
O = calculated plume rise Ak/m

Ficure 11. Relation between observed plume rise and that calculated
by the ‘¢ power law’ relation: Ak = C(114 m3¥) F¥/a.

The obSCrved_ Ak values at x = 1.219km are then calculated (table 6 and figure 11), as
" Ak = C(114m}) Fhu, (12)

where C is a dimensionless stability coeflicient for which the following values are determined:

Stability class 1 (0.013 K m~1, average potential temperature gradient); C = 1.07.

Stability class 2 (0.003 K m~1, average potential temperature gradient); C = 1.04.

Stability class 3 (—0.0006 K m~1, average potential temperature gradient); C = 0.98.

These values of C plotted against the potential temperature gradient, figure 12, show a straight
line relation, i.e. the coefficient C' becomes larger as the potential temperature decreases.

&

'
L2

< y .
— - o stability A6 K c
@) : Q: - 1 class  Az/km (dimensionless)
[~ g v 1 1 13 - 0.98
O S 10 7] 2 3 1.04
af@ £ F i 3 -0.6 1.07
2 r ]
=w T L ]
(),S:IIII x(|V|V|'||'|'1'['1|‘|1|||>|‘|1[‘111‘\||1||1‘|i|11|||1||||11—
- 0 4 8 - 12 16

€ntial temperature gradicn
° ) : AZ km

Ficure 12. Stability classification. Ak = C(F}/i) x5. When x = 1219 m, x¥ = 114 m?
and Ak = C(114 m¥) F3/i. C = 1.065— (6.25 m/K) AO/Az.
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The groundline concentration reaches a maximum value at a critical wind speed (Brummage
et al. 1966) given as uo = [(2a— 1) A/h,]Ya, (13)
where @ = exponent of wind velocity, /s = actual stack height, 4 = function of kinetic and

thermal energy of the plume. Applying this critical wind velocity concept, the effective stack
height, H,, at the critical wind speed, uc, is calculated as

2a
He= 51t (14)
when the value of ¢ is 1:
Hy = 2hs. (15)
CONCLUSIONS

Plume rise data plotted against calculated values of all formulas used in this report indicated
that the wind speed and heat emission rate are the principal determinants in calculating plume
rise. The effect of the stack height on plume rise is inherent in the stability factor for this analysis.
When plume observations were plotted against calculated values according to the formulas
originally presented by the author, the simple Concawe formula provided the best fit. Of the
two formulas optimized to give best fit with T.V.A. observations, both the Concawe and Csanady
formulas were good.

The Concawe formula is considered preferable for general investigation because of simplicity
and ease of calculation. But when a particular event, such as inversion breakup or limited mixing
layer fumigation, is being analysed, use of the ‘two-thirds power law’ is considered preferable,
provided information for the méteorological parameters is available. This relation embodies
the principal physical quantities normally associated with plume rise and permits some account-
ing for up to 15 9, difference in plume rise attributable to variation in atmospheric stability.

The study served to validate plume rise formulas which can be used effectively over a range of
meteorological and operational conditions. Plotting of the observed and calculated values shows
some scatter even for the two best formulas. However, the scatter is limited and is equally dis-
tributed about a line of best fit. We doubt that the scatter can be reduced unless wind speed
profiles are taken at less than 30 min intervals and related to shorter observation periods, say
5 to 10 min. However, it is unlikely that even a reduction in scatter would result in any substantive
change in the formulas that have been developed. The common agreement of the original Con-
cawe formula derived by regression analysis from several hundred observations in western
Europe with the T.V.A. observations is judged to lend strength to this simple formula.

NOMENCLATURE

exponent for mean horizontal wind speed (dimensionless)
some function of kinetic and thermal energy (m!+?s-1)
" buoyant acceleration at top of stack = g(p,—p)/p (ms~2)
stability coefficient (dimensionless)
stability coefficient (m®73)
stack exit diameter (m)
difference between ambient temperature and stack gas temperature at stack top (K)

b,&.nggg
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242 F. W. THOMAS, S. B. CARPENTER AND W. C. COLBAUGH

e Napierian base = 2.71828 (dimensionless)

F  flux due to buoyancy and momentum = gVsr2 AT/ T or Vir2h (m*s—3)

g acceleration due to gravity (ms—2)

G change of potential temperature with height from stack top to plume top (K m=1)

108 AG/Az |
172

Gy  stability parameter = (dimensionless)

hs  height of stack (m)
Ak rise of the plume above the stack top (m)
H,  effective stack height (m)

=9 1
J = (Q—uVST% [0.43 (gZé)E_ 0.28 Vgsgl] +1 (dimensionless)
| = Fla*(m)

@  stack gas emission rate converted to temperature 75 (m3s—1)
Qg heat emission (cals™?)
Qx heat emission (MW)
r stack exit radius (m)
T  ambient air temperature (K)
T, ambient air temperature (K)
Ts  absolute temperature of stack gas (K)
T, temperature at which density of flue gases is equal to that of the atmosphere (K)
AT temperature difference between exit stack gas and ambient air (K)
4,  mean horizontal wind speed at stack top (ms=!)
#3;  mean horizontal wind speed at plume bottom (ms—?)
4,  mean horizontal wind speed at plume top (m s—?)
#;  mean horizontal wind speed at plume centreline (ms—?)
u mean horizontal wind speed between stack top and plume top (ms—1)
ue  critical wind speed (ms—?)
Vs  stack gas exit velocity (ms=1)
x distance downwind from stack (m)
%,  distance downwind from stack where the plume levels off (m)
z predicted rise of the plume above the stack top for a given x (m)
o stack height factor (m2s—t MW-%)
AO[/Az  change of potential temperature with height (K/100m)
P density of effluent (g cm=—3)
po  density of atmospheric air (gcm—?)
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IGURE 1. Data from typical day of field operation at the Paradise steam plant on 1 April 1965. (a¢) Plume
photograph at 07.15 h; (b) wind speed and direction profile at 07.16 h, and temperature profile at 07.20 h;
(¢) plume profile derived from photographs: the stack height is 183 m.
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