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ABSTRACT
The use of dry cooling towers for dissipating waste heat .
produded from-electric power generation can significantiy_
A reduce both the need for water and the stress on the envi:oh—
ment caused by plant operation. However, effective arrangement
of these coolihg towers at a power plant site can be é critical
design-problem. |

The present study was conducted(lf tb develop a'two~
dimensional mathematical simulation model for determination
of plume dispersion and recirculation from an existing code;
(2) to investigate experimentally and mathematically the re-
circulation and temperature distributions of plumes from two
"dry cooling towers at the Wyodak Plant in Wyoming; and
(3) to elucidate the effects of wind velocity, temperature
of heated effluent, adjacent cooling towers and local

topography on plume dispersion and recirculation.

The mathematical model is based on solution of the steady
flow momentum and energy equations'using the stream function-
vorticity technique. Experiments were conducted in a 10-foot-

wide hydraulic flume, using water as a model flow.

The study shows that plﬁme recirculation and dispersion
are strongly influenced by local topography and nearby struc-
tures such as adjacent cooling towers and.buildings, as well
as by the ambient wind velocity and effluent exit temperature.
In the present study, nearby codling towers and- local topog-
raphy produced up to approximaﬁely 18 percent of the recircula-
tion ratio, which is a nondimensional temperature rise in :the -
cooling tower's withdrawal air. This caused a 7 percent
reduction in the cooling tower's ‘heat rejection capability.. -
This reducltion of heat rejection cébacity céuld'be two to |

three times more for wet cooling towers. The study also



revealed very strong nonuniform distributions of cooling tower 1
inlet alr temperature within the cooling tower, implying that

it may not be approprlate to assume that the ambient ‘air

temperature is ‘the true inlet cooling air temperature, as'is

commonly done ' to evaluate coollng tower performance.

'
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'MATHEMATICAL AND EXPERIMENTAL INVESTIGATIONS ON DISPERSION
AND RECIRCULATION OF PLUMES. FROM DRY COOLING TOWERS-
’ AT WYODAK POWER PLANT IN WYOMING -

1.0 INTRODUCTION

Dry cooling towers use air-cooled heat exchangers for

rejectlng waste heat from thermal power plants and the chemlcal

N process industry. As compared with once—through and wet cool-

ing methods, the use of the dry cooling tower can signifioantly
reduce water use and stress on the environment'! and could make
plant site selection easier. Dry cooling towers have been used
in the United States process industry for decades. However,
only a few electric power plants in Europe and one in the
United States (Wyodak Plant, Wyoming) useée the dry coollng

system.

Large—scale electrlc power plants requlre many dry cooling
tower modules to handle the guantity of heat generated by the
power plant. Proper arrangement of these cooling towers on a
power plant site can be a critical design problem. Improper
arrangement can lead to rec1rculat10n of hot exhaust air 1nto
the intakes of the coollng tower or nearby cooling towers.
and cause an increase in the condenser temperatures.?’?® This
‘temperature rise in turn increases the turbine back—pressnre
and thereby reduces turbine efficiency and the plant's output

~of electricity.

- During certain meteorological conditions, cooling tower
performance can be adversely affected by the tower itself,
adjacent towers, buildings, and the surrounding terrain."’3%'°®
When crosswinds are present, the heated effluent plume is
deflected, or bent over, and the plume trajectory is shifted
close to the intake faces of the cooling tower, resulting in

recirculation of the plume into the tower intake. Recirculation



can become a'significant problem if the tower or'a_ﬁertion:of
the plume is situated in a wake caused by adjacent structures
and/or the local terrain. If one tower is ‘located downwind
of another, some of the effluent from the upwind tower may

be ingested into the intake of the downwind tower, causing

interference.

'Severe recirculation and interference will occur if a
“captlve eddy forms and persists between the coollng ‘towers.’
When re01rculatlon and/or interferencé occur, the true coollng
" air temperature available to the air-cooled heat exchangers

increases and reduces coollng tower performance:

‘Little is known about the recirculation characteristics
of 1arge dry cooling towers for a power plant. The pﬁrpoée of
the present study has been (l) to develop a mathematlcal 51mula—
.tlon model for plume dispersion and re01rculat10n studles from
- an existing code; (2) to investigate experlmentally and mathe-
-~ matically the plume recirculation and distributions of '
temperature and flow in the vicinity of the 330 MWe generating
plant dry cooling tower at Wyodak, Wyoming, and the nearby
50 MWe ERDA dry cooling tower; and (3) to identifly the effcots
of wind velocity, temperature.of heated effluent, adjacent
cooling towers, and local Lopography on plume dispersion and

‘recirculation.




2.0 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

2.1 SUMMARY AND CONCLUSIONS

A two-dimensional slmulation model for dispersion of plumes
from dry cooling towers was evolved in this study. .Dispersion,
recirculation and interference of the plumes from the 50 MwWe
ERDA and the 330 MWe Wyodak plant dry ‘cooling towers at Wyodak,

Wyomlng, were 1nvest1gated both experlmentally and mathematlcally,
considering effects of various wind velocities, effluent exit

temperatures, nearby cooling towers and local topographies.

The study reveals that the flow characteristics.in the
vicinity of the dry cooling towers at the Wyodak plant indicate
strong three-dimensionality. The plume recirculation, and hence
the cooling tower performance, are strongly affected by the
adjacent cooling towers and local topography as well as by the
velocity ratio of the heated effluent to the ambient flow, K,
and the effluent densimetric Froude4number,iFD. Two-dimensional
heated jet experiments were also conducted to examine the validity

of the numerical code developed in this study.

The main conclusions drawn from the investigation may be

summarized as follows:

1) When K decreases (the ambient flow velocity increases),
: orZFD increases (effluent exit temperature decreaseS),
the plumes from the cooling towers are deflected more
closely to the ground. The mixing between the plumes

and the ambient flow was also enhanced when K decreases.

2) Centerline trajectories of plume from both the Wyodak
plant and the ERDA dry cooling towers reveal their
strong dependency on the local topography and are
expressed by Equation 4.4: '

3 Fuu3
YA XVa b 2/3

a =l S — L ; —
F - 13 F eXP 3



3)

4)

Where X and 2 are longitudinal and vertical distances,
respectively. Va and F denote the ambient flow veloc-
ity and buoyancy flux of the plume, respectively. The
distance between the cooling tower and the coal mine
pit are represented by "a" and "b" is the depth of

the coal mine pit at the Wyodak plant site. Hence, .
the plume rise is proportional to "2/3 power" of the

longitudinal distance X.

The prevailing wind at the Wyodak plant site is north-

westerly. When this is the case, the plume from the

-upwind ERDA dry cooling tower merges with the plume

from the downwind Wyodak plant dry cooling tower,
resulting in a higher plume rise of the merged plume
and a lower temperature near the ground.  Hence, the
existence of the ERDA tower In LLis casc may reduce
the recirculation ratio, R (nondimensionél temperature
rise of cooling tower's inlet air flow defined bY‘

Equation 4.1) for the Wyodak plant cooling tower and

: may‘improve its performance. When the wind is south-

easterly, the plume from the Wyodak plant tower covers
the downwind ERDA tower. A'fairly strong interference
occurs in this case;;caﬁéihd'higﬁermtécirculétion ratios
for both the Wyodak plant and the ERDA dry ¢ooling tuwers.
It was found that there was severe nonuniform distribu-

tion of the cooling tower's withdrawal flow temperature

(i.e., recifculation ratio, R) within the Wyodak plant

,cobling tower (see Figures 4.35 through 4.38). 1t 1s

expected that the availability of the conling air
temperatufe varies for each module Within a conling
tower. This implies that it may not be appropriate
to assume the ambient air temperature to be the true
inlet cooliny air tempcrdture, as is commonly done to'

evaluate the cooling tower performance.




5)

6)

7)

The recirculation ratio, R, is small when K is large
(or the ambient velocity:is relatively small as com-
pared with the heated effluent exit velocity). R
first increases as K decreases (or the ambient wind
velocity increases) from a large value of K and reaches
its maximum value as K decreases. R then decreases as
K further decreases (see Figure 4.40). This.may be
explainéd as follows: the4plume‘rises relatively -
straight upward at a large value of K, resulting in

a small recirculation ratio. When K decreases the
plume is deflected more closely to the ground and R
increases. As K further decreasées, the plume is bent
over more. However, mixing between the plume and .the

ambient flow is also greatly enhanced, resulting in

~ the significant dilution of the plume and large reduc-

tion in temperature rise. Moreover, the strong ambient
flow can supply more withdrawal flow from the upstream
side intake face rather than withdrawing the flow from

‘the wake behind the tower. Hence, R starts to decrease

as K further decreases.

As shown in Figures 4.43 through 4.46, the recirculation

ratio, R, for both cooling towers monotonically increases

as the effluent densimetric Froude number, F_ increases

D
(or the temperature difference between the effluent and
the ambient flow, ATo decreases) for the range covered

by this study.

A large differenice of R between the southeasterly wind.

with flat ground case (Run C) and the northwesterly

- wind with flat ground case (Run A) was found for both

the Wyodak plant and the ERDA towers (see Figures 4.40
and 4.42). The maximum R values of the ERDA tower for

Runs C and A were 19 and 1 percent, respéctively.- This

19 percent recirculation ratio is due to the strong



8)

interference caused by the upwind Wyodak plant tower. .

The maximum R values of the Wyodak plant tower for

Runs.C and A were 6 and 2 percent, respectively. These

differences were due to the locations of the. nearby

cooling towers (the Wyodak plant tower location for the

. ERDA tower's recirculation ratio and the ERDA tower loca-

tion for the Wyodak plant tower's recirculation ratio)
with respect to the wind direction. Actual topography
in. the vicinity of the Wyodak plant site reduced values

6f R for the southeasterly wind case (Run TD), but

increased values of R for the northwesterly wind case

(Run TU).as compared to those for the flat ground cases

(Muns C and A).

" A dry cooling tower performs poorly during the hot

"summer months. At the Wyodak plant site, northwesterly

and southeasterly winds prevail in the summer. Figures

4,39 and 4.42 show thatAthe worst performances of both
‘the Wyodak plant tower and the ERDA tower are expected
"to occur .at 10 mph and 37 mph southwesterly winds,

respectively. The recirculation ratios in these cases

.are 6 and 19 percent. If the ambient wind temperature
- 1s.assumed to be 85°F, reductions in the cooling, '

capacities of the Wyodak plant and the ERDA towers

are estimated at 2 and 7 percent, respectively. For
conventional wet coolinyg towers, which usually have a
much smaller initial temperature differencé, the loss

of heat rejection Ldpdblty due to recirculation could

“be two to three tlmes more severe than that of a dry

cooling tower for the same recirculation ratio. ”In

both cases, proper arrangement of cooling towers can

be a critical design problem.



9)

10)

As discussed in Conclusion 8, the worst recirculation
conditions for the Wyodak plant and the ERDA towers
,occur at different ambient wind veloéities. Moreovér,
the Wyodak plant tower, which has a much smaller }
recirculation ratio than that of the ERDA tower, will
be used. to reject 85 percent of tne total plant exhaust
heat. The overall cooling performance obtained by the -
two dry cooling towers is expected to perform most
poorly when the wind is at 30 mph from the southeast
during summer. However, even for this case, the loss
of the overall plant's cooling capacity due to recircu-
lation is only 2 percent. If the Wyodak plant,tower

is used to reject all the plant exhaust heat, without
using the ERDA tower, the cooling capacity loss‘due‘
to‘recirculation is only i percent. Hence, locations
of the Wyodak plant and the ERDA towers have been
properly arranged with respect to spacing, orientation
and actual topogfaphy, so that plume recirculation
causes almost no interference to the Wyodak power

plant's overall operation.

The numerical simulation model evolved in this study
demonstrated its capability to calculate temperature
distribution of the plume from cooling towers and the

flow patterns including wakes behind the towers,

recirculation and interference. Comparison of the .

calculated and experimental results for . the Wyodak
plant dry cooling tdwer case revealed that plume
heights agreed reasonably well. However, the com-.
puter results showed a large circulation pattern in
the wake of the Wyodak tower and significant recircu-
lation. This disagreement may be explainéd by the
fact that the cqmpﬁter model is th—dimensidnal,
whereas the hydraulic model revealed significant

three-dimensional effects. These included significant .



edge effects, such as lateral withdrawal and entrain- ‘]
" ment, because of the dry cooling tower's short length
as compared to width. These effects ténd to decrease

temperatures within the plume.

11) Comparisons between computer and éxperimental results
» _fbr the two-diménsiénal heated jet'cases revealed that

the waﬁer femperature aistrubugions yield good agree-
ment and that the simulation model is able to predict
both flow pattern and temperature distributions for a
plume dispersion study. However, thesé comparisons
must be regarded as prelimihafy and‘further detailed
‘tests are needed to verify the numeriéal model.

i

2.2 RECOMMENDATIONS

Local topography and nearby structurés (e.g., adjacent cool-
ing towers and buildings) are revealed to be importanf factors
"in recirculation, interference and plume rise. These factors
may also .cause a strong maldistribution of true cooling air
temperature within a cooling tower. .Since little is known about
these problems, it is recommended that these recirculation and
interference problems be studied numeriéally and expefimentally
" for Qarious.tnpographies and nearby structures and that generalized .
" cooling tower siting criteria be obtained. ASStudy for deter-
‘mination of detailed flow and temperéture distributions within
a cooling tower is also needed. Interaction among plumes from
a large nﬁmber of cooling towers, such as those at possible
~energy centers, is extremely complex. Further experimental and
mathematical studies are recommended to.obtéin accurate velocity
and temperature distributions in Lhe near ficld, which is strongly
affected by the iﬁteraction among many.cooling towers and by the

' local topography.



3.0 DESCRIPTION OF HYDRAULIC MODEL

3.1 DIMENSIONAL ANALYSIS AND MODELING CRITERIA

For fixed cooling tower geometry, surrounding tbpogréphy
and adjacent structures, the spatial distributiqn of the temp-
eréture difference, AT, where AT is defined as the difference
between the temberature T at any point in the flow field and

that of the ambient flow,‘Ta, can be expressed by

. . AT
. _ _ a .
. AT = £(X, ¥, Z, 9, Var ¥y Pa Apgr Var Vyr 577 Yar ATy, L,D)
where
X, Y, Z = Cartesian coordinates in the longitudinal,
lateral and vertical directions, respectively
g = gravitational acceleration
.Va’ vj = kinematic viscosity of the ambient fluid
and tower discharge, respectively
pa‘= referénce ambient fluid density
“Apo = density difference between the tower dis-
' charge and the reference ambient fluid
Va, Vj-= velocities of the ambient flow and tower
discharge, respectively
ATa/ AZ = vertical temperature gradient of ambient
‘ flow
Yg = dry adiabatic lapse rate

ATO = temperature difference between the tower

' discharge and the ambient flow

L = characteristic length scale of the ambient
flow '

D = cooling tower stack diameter

(3.1)



Dimensional analysis with the Il theorem yields the follow- ‘

ing expressions from Equation 3.1:

. : D | V. AT. AT
v V,L VD Bp, Vj AT,

AT _ X Y z J ' ] , —2,
Ki = f D’ D' D’ Apo \)a ’ \)j ' pa' Va"YdAZ YdL (3.2)
Pa d

Since the effect of the déﬁsify difference between the ambient
flow and the tower discharge is incorporated in the';erm of
Va/-v%Apb/pa)gD, the term Apo/pa iﬁ Equation 3.2 can.be déléted.
The Lerm AT, /v L is important only if T. is a vertical distance.

However, for this case this term expresses the same meaning as

that of the term ATa/ydAZ. Therefore, the term AT, /Y 4L can be
deleted. For the present experiments, neutral stratification of

the ambient air flow was imposed. Hence, the ambient flow-stability
parameter ATa/yaAZ wi;l be deleted from Equation 3.2. Equafion .
3.2 then becomes

AT _ /X Y Z > -
K_T - f('D'l ﬁl 'ﬁIIF' IIR‘ rm' 7 K (3.3)
o} 4 D  a 1 .
where o
AT | - . - (3.4
F_= - , densimetric Froudc number Al
ew |
__gD
Pa
R _vvaL , ambient flow Reynolds number (3.5)
a - = .
Va
vV.D '
Ry = —%—', jet Reynolds number (3.6)
V. . .
K ::Vl , velocity ratio of the effluent to the ambient flow
3 " )
"‘(3.‘”7)
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Hence, to,obtain‘similarity between the prototype and the
model, the last four simiiarity criteria in the right hand side
of Equation 3.3, in addition to geemetric similarity, must be
satisfied However, it is not p0551b1e to exactly satlsfy all
31m11ar1ty conditions described in Equation 3.3; it is intended
to satisfy the Reynolds criteria, R, andIIR.J only to the extent.
that the ambient and jet flows in the model will be malntalned

as turbulent flows.

' In the experiments, water was used as a model fluid to
simulate the prototypic air flow movement because with water

it is relatively easier, and requires smaller models, to satisfy
the densimetric Froude number and Reynolds number criteria for
the model. Flow end temperature measurements and flow observa-
Htlons are also more readily conducted in water than in air. The
models of the two proposed dry cooling towers at the Wyodak plant
in Wyoming have a model-to-prototype length scale ratio of
1/600,‘ Actual prototype and model flow conditions and similitude
&111 be described in Chapter 4. '

3.2 EXPERIMENTAL EQUIPMENT

The principal item of equipment used in the ekperimental
study was a hydraulic flume located in the Battelle, Pacific

Northwest Laboratories.

3.2.1 Hydraulic Flume

Figure 3.1 shows the multi-purpose hydraulic fiume which
was designed for researeh in hydrodynamics and physical model
studiee of free surface flow phenomena such as thermal disper-
sibn, sediment and pollutant transport, river ahd estuary,
hydraulics, hydraulic structures, etc. This recirculating
fluhe with an open-channel section 10 feet wide, 1.5 feet deep
and 42 feet long has adjustable slope and is capable of flow

rates up to 10 cfs. As shown in Figure 3.1, one side wall of

11



the flume has three glass windows through which flow movement -
can be observed and photographed. Flow discharge is measured
by means of calibrated orifice meters in eaoh of the two 10-

inch return pipes. The flume is equipped with a motor driven
carriage which rides the full length of the flume channel on

rails. Remote sensing devices (e.g., an infrared camera) can
be installed on the carriage to take temperature distributions

of surface water at every location in the flume (Figure 3.2).

During the course of this study, three major'pieceé of
equipment have been ﬁabricated- (1) a qlass-walled hvdraullc flumc'
with an open channel sectlon 4 feet wide, 5 feet deep and 40
feet long (Figures 3.3 and 3.4) and a maximum discharge of
10 cfs; (2) a PDP 11/10 Coméuteijata Aquisition and Control
System for experimenta conducted in thé two hydraulic flumes;
"and (3) a 4- watt argon laser which can measure the flow veloc1ty
and concentratlon of various substance in the water at .any

locatlon w1th1n the glass—walled flume.

3.2.2 Water Heat ExchangerA

Three heat exchangers (two 90 kW and one 75 kW, in series).
-supplied heated water for temperature. studies. The heat input
to obtain a desired water temperature could be adjusted to any
value between zero and 255 kW by an AC power controller. Heated
water discharge was measured by flow meters, shown at the right

side of Figure 3.5.

3.2.3 Thermistors

Temperaturelmeasurements were made with thermistors and an
electronic data recording system (Figures 3.1 and 3.5). All
thermistors used for this study were caiibrated; their calibra-
tion curve is shown in Figure 3.6. The data obtained by this
system were fed into a PDP 11/45 computer and the water témpera—

ture distributions were plotted by a Calcomp Plotter 936. The

12



FIGURE 3.1 Photograph of the Multi-Purpose Hydraulic
Flume and Experimental Set Up

FIGURE 3.2 Photograph of the Multi-Purpose Hydraulic
Flume and a Remote Sensing Device
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FIGURE 3.4

Photograph of a Section of
Glass-Walled Flume

14




FIGURE 3.5 Photograph of the Data Aquisition
System and Hot Water Distributor
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electronic data recording system is presently being replaced
by the PDP 11/10 Computer Data Acquisition and Control System,
which will be connected to the PDP 11/45 computer.

3.2.4 Dry Cooling Towers

Two mechanical draft dry cooling towers were tested in this
study. One was a GEA direct mechanical draft dry cooling tower
(GEA-Air Condenser) for the 330 MWe Wyodak plant. This tower
is approximately 350 feet long, 180 feet wide and 85 feet high
and is connected to a turbine room 110 feet long, 195 feet wide
and 97 feet high. A drawing of these structures is shown in
Figure 3.7. The second tower is a proposed dry cooling tower
which will be developed for the Energy Research and Develop-
meﬁt Administration (ERDA). The ERDA tower will test the per-
formance of various dry cooling towers by accommodating up to
15 percent of the waste heat from the 330 MWe power plant.
Since the precise type of the ERDA dry cooling tower has not
yet been determined, a hypothetical 50 MWe mechanical draft
dry’cooling tower was arbitrarily selected for this study.

The assumed cooling tower is 100 feet long, 87 feet wide and
80 feet high and has two 50-foot diameter stacks. Photographs
of:two dry cooling tower models (model length scale of 1/600)

are shown in Figure 3.8.

" A schematic layout of experiments to investigate plume dis-
pefsion, reéirculation, and interference at the Wyodak plant
site is shown in Figure 3.9. In Lhis contiguration the ERDA
toWer is located upwind of the Wyodak plant cooling tower.

Waﬁér was withdrawn through tubes (one tube for the ERDA tower
and six tubes for the Wyodak plant tower) connected to the
infake faces of ‘the cooling towers. These tubes lay beneath
Lhé.sand bed with which-both flat ground and actual prototypic
qrdund were modeled. In the prototype, the air is drawn to
the tower and forced through the cooling tower heat exchanger

cells by fans. This operation was modeled by adjusting the

17
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FIGURE 3.8 Photographs of the Wyodak Plant and
: ERDA Dry Cooling Tower Models
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total effluent discharge equal to the total withdrawal. Tempera-
tures of both the withdrawn and discharged water were measured
by thermistors embedded in the effluent supply and withdrawal
water systems (Figure 3.9). Figures 3.1 and 3.10 show photo-
graphs of the actual model setup. Figure 3.11 shows locations
of the two dry cooling towers in relation to the surrounding
topography at the Wyodak plant site. The variation of the
topography along a northwest-southeast line passing through

the center of the ERDA tower is shown in Figure 3.12.

3.3 EXPERIMENTAL PROCEDURE

In order to investigate characteristics of plume dispersion
and recirculation and their effects on the cooling towers,
experiments were conducted on effluent discharged from the

dry cooling towers of the Wyodak plant site with:

1) surrounding topography assumed to be flat, and

2) the actual ground topography.

In addition, a two-dimensional hot water jet case was tested.
The jet was injected vertically into an ambient flow from the
bed through a 1/4-inch slit with a 40-inch lateral length.

Flat ground was assumed for this case. The experimental results
for this case were used to evaluate the two-dimensional simula-
tion model evolved in this study for cooling tower plume

analysis.

Figures 3.13 through 3.15 present the wind direction
measured at a Wyodak site meteorological tower. These figures
reveal that during the period September 1974 through June 1975
the prevailing wind was northwesterly, while during July 1975
dominant winds were north to northwesterly and south to south-
easterly. The main concern with the dry cooling towers is

their performance during the summer months. Hence, in this

21



FIGURE 3.10 Photograph of the Model Cooling

Towers and Model Topography
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study. northwe"sterly‘and southeasterly winds were selected as
an ambient wind, with_ velocity varying from approximately 5
mph to 40 mph. '

28



4.0 DISCUSSION OF EXPERIMENTAL RESULTS

Experiments were conducted to invéstigate effects of the
ambient wind velocity (K in Equation 3.3), effluent discharge
temperature GFD), local topography, and nearby structures on
plume dispersion and recirculation for the dry cooling towers
at the Wyodak plant site. 1In addition, temperatures of the
two-dimensional plume case were measured for three different
flow conditions. In this chapter, these experimental data afe

summarized and the results are analyzed.

4.1 DRY COOLING TOWER EXPERIMENTS

4.1.1 Summary of Experimental Data

Tables 4.1 through 4.4 summarize the experimental data
obtained for the 330 MWe Wyodak plant and the 50 MWe ERDA dry
cooling towers, together with the similitude of the model study.
In Run Av(Table 4.1) both the Wyodak plant and ERDA cooling |
,toweré were located on flat ground and the wind was northwesterly.
The ERDA cooling tower was located upstream of the Wyodak plant
tower. for this case. For Run B, only the Wyodak plant cooling
tower was considered on flat ground. The wind in this case was
also northwesterly. In Run C (reported in Table 4.2) two cooling
towers were located on flat ground.and the wind was southeasterly
(the ERDA tower was localed downwind of the Wyodak plant tower).
‘Runs TU and TD in Tables 4.3 and 4.4 included the actuél topog-
‘raﬁhy at the Wyodak plant site. The former had a northwesterly

‘'wind, while the latter had a southeasterly wind.

In Tables 4.1 through 4.4, P and M in column 2 indicate
prototype and model, respectively. W and E in column 3 mean
the wyodak plant and the ERDA dry'cooling towers, respectively.

-Since the Wyodak plant dry cooling tower contains 69 stacks

and the effluent jets disdharged from all stacks are expected
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TABLE 4.1 Summary of Experimental Data of the Wyodak Plant
and ERDA Dry Cooling Towers for Northwesterly
Wind anid Flat Ground Case
Densi-
Tower metric Jet A’:?;:"t Recircutation Ratio
dyodak Ambient Flow et Veloc-  Tempereture Stack Flow velocity :2::_ Reynolds  Reynolds P"_“"t .
Pracotype  Plant or Ve ocity, / ty, Y., D-fference Diameter  Jepth, Ratio [ v Number.3 Numher.4 Up- Down- Aver-
Rue No or #odel ERDA Tower mph 2 fps? lTo. °F 0, ft 3, ft K P lj x 10 la x 10 stream  stream age
1) £2) {3) ) (6) (7} (8) (9) (10) Qi {12) (13) (14) (15)  (16)
p " 18.5 10.9 35.) 180 690 3.40 0.53 10500 45000
" W 0.144 36.4 0.30 1.5 .40 0.58 6.1 16.4 i
At P 4 18.5 5.0 35.0 50 690 1.07 2.93 7800 45000
H 3 €.384 36.4 0.083 115 1.0 2.93 4.5 16.4
—
[ " %1 4.2 0.9 35.0 - 180 600 D.26 0.58 10500 59000
M " ).B4E 0.142 36.4 0.30 1.00  0.26 0.58 6000
25 P £ 8.1 etz 9.0 35.0 50 600 0.70 2.93 7800 59000
H 3 J.546 9.384 36.4 0.083 100 0.70 2.93 4500
P W 3.8 2.5 0.3 35.0 180 480 0.2 0.36 10500 60000
- M W 0.693  0.145 36.5 0.30 0.80 0.21 0.38 6.1 2en
-6 P E 5.8 2.5 29.0 35.0 50 480 0.55 2.9 7800 60000
¥ £ 0.593 . 0.384 36.5 0.083 0.80 0.5 2.93 4.5 22.1
P N 4.8 - 733 0.9 35.C 180 678 1.55 0.53 10500 11000° -
M w 0.0%3 0.144 37.€ 9.30 13 1.55 0.53 6.1 $.2 1] 2.1 1.1
a-7 P E 4.8 7.03. 290 38 50 678 413 2.93 7800 11003 !
M E 0.053 0.384 31.6 0.083 13 4.13 2.93 4.5 9.2 0.1
P . 7.2 805 10.9 5.0 180 678 1.0 0.58 10500 17000 .
M . . 0137 0.142 3.8 0.30 113106 0.58 0 6.1 0 2.6 1.3
A-8 P 1 7.2 105 29.0 35.0 50 678 2.76 2.93 7800 170c0
N L 0.137  0.378 3.6 0.083 113276 2.93 4.4 6.1 0.4
P : 9.7 143 109 35.0 180 678 0.76 0.58 10500 23000 ' I
M N S0.138  (.142 37.4 0.30 .13 0.76 0.58 . .4 0.1 30 1.6
A-9 P H 9.7 143 25.0 3.0 50 678 2.03 2.23 7800 23000 ‘ !
] H 0.%E  0.38) 7.4 0.083 113 2.03 .9 4.5 8.4 0.6
p W 14.2 10.9 35.0 180 684 0.52 0.58 10500 34000
M W 6.141 36.7 0.30 1.14  0.52 0.58 . 12.2 0 3.4 1.7
A-10 [ £ 14.2 29.0 5.0 50 684 1.39 2.9 . 7800 34000 :
] 3 .36 36.7 0.083 104 1.39 2.93 4.4 2.2 0.6
P " 9.0 27.3 10.9 5.0 180 606 0.39 0.58 10500 16000
M W 2.372 0.145 aris 0.30 1.01  0.3% 0.58 6.1 1 0 4.0 2.0
A1) P £ 9.0 223 29.0 35.0 50 606 1.04 2.93 7800 16000
M. 3 ‘D372 0.387 37.8 0.083 1,00 1.04 2.93 a8 0.6
P " 206 0.3 10.9 35,0 180 690 0.36 0.58 10500 50000
M W 0-3%  0.142 3.0 0.30 RIS 0.36 0.58 6.0 8 4 3.9 2.0
A-12 p 3 0.6 303 29.0 35.0 50 690 0.96 2.93 7800 50000
M, 3 036 0379 3.0 0.083 1.1t 0.96 2.93 4.4 1180 0.7
[ " 29.0  42.5 10.9 35.0 180 490 0.26 .58 10500 5C000
" W ®52  0.147 33.0 0.30 0.8 0.26 . 0.5 6.2 18.3 0.1 35 1.8
A-13 P 3 29.0  42.5.  29.0 35.0 0 430 0.68 2.93 7800 50000
H £ asz  0.390 8.0 0.08% 0.8, 0.68 2.93 4.6 8.3 0.8 ,
. P W 5.5 SE.); 10.9 5.0 180 470 0.21 .58 10500 58000
[ W C.704,  0.147 8.0 0.30 0.21 3.58 6. 0.4 2.4 1.4
A-14 P £ 35.5 - 5.0  29.0 35.0 50 470 0.56 2.93 7800 58000
[ £ #.303  0.392 8.0 0.083 0 0.5€ 2.93 4.6 22 0.9
P W 27.5 4. 0.9 35.0 180 600 0.27 0.58 10500 58000
8 M " 3,530 0.182 35.5 0.30 1.00 0.2 0.58 6.0 20.6
.
. ‘.
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TABLE 4.2 Summary of Experimental Data of the Wyodak Plant and ERDA Dry
: . Cooling Towers for Southeasterly Wind and Flat Ground Case
Densi- : o ’
Tower . metric Jet A’;‘?:’S"t Recirculation Ratio
Wyodak Amtient Flow  Jet Veloc- Temperature Stack Flow  Velocity ﬁ:;ggf. Reynolds  Reynolds Percent
B P-ototype. Plant or Velocity, V. ity, V., Difference Diameter Depth, Ratio [ * Number, Number, Up- Down- Aver-
Run No . or Model ERDA Tower ‘mph‘_JLEfp fps aT , °F p, ft d, ft K P By x 107 B x 10" stream stream  age
i1) (2) (3) (4) (5) (6) (7) (8) {9) (10} () (12) {13) _(14) (5) {16)
p W 18.5 27.1 10.9 35.0 180 708 0.40 0.58 10500 46000
M W 0.359 0.144 36.6 0.30 ‘1.18  0.40 0.58 6.1 16.9
4 P 3 27.1 29.0 35.0 50 708 1.07 2.93 7800 46000
M 3 0.359 0.384 36.6 0.083 1.18 1.07 2.93 4.5 16.9
P W 28.0 41.0 10.9 35.0 180 606 0.27 0.58 10500 59000
M W 0.546 0.145 36.7 ©0.30 .01 0.27 0.58 6.1 22.1
C-3 P £ 28.0 41.0 29.0 35.0 50 606 0.7 2.93 7800 59000
M E 0.546 0.386 36.7 0.083 .01 0.7 2.93 4.5 22.1
P ' W 36.0 52.8 10.9 35.0 180 430 0.21 0.58 10500 62000
R M W 0.695 0.143 36.3 0.30 0.82 0.21 0.58 6. 22.8
C-¢ P £ 36.0 52.8 2.0 35.0 50 430 0.55 2.93 7800 62000
M E 0.695 0.382 36.3 0.083 0.82 0.55 2.93 4.5 22.8
P W 4.7 6.9 10.9 35.0 180 630 1.58 0.58 10500 11000
M W 0.091 0.144 39.2- 0.30 1.15 1.58 0.58 6.1 4.1 0 5.4 2.7
c-7 P E 4.7 6.9 29.0 35.0 50 690 . 4.20 2.93 7800 11000
M E 0.09 0.382 39.2 0.083 1.15  4.20 2.93 4.5 4.1 2.4
p W 9.& 14.4 10.9 35.0 180 678 0.76 0.58 10500 23000
M W - 0.192 0.145 38.9 0.30 1.13  0.76 0.58 6.1 8.6 0 n.7 5.9
C-& P E 9.¢& 14.4 29.0 35.0 50 678 2.00 2.93 7800 23000
M E 0.192 0.386 38.9 0.083 1.13 2.0t 2.93 4.5 8.6 3.5
P W 14.2 20.8 10.9 35.0 180 690 0.52 0.58 10500 34000
M W 0.280 0.147 39.2 0.30 1.15  0.52 0.58 6. 12. 0 9.8 4.9
¢-9 4 £ 4.2 20.8 29.0 35.0 50 690 1.39 2.93 7800 34000
M E 0.280 0.390 39.2 0.083 1.15 1.39 2.93 4.6 12.6 11.5
P W 19.2 28.1 10.9 35.0 180 590 0.39 0.58 10500 39000 .
. . M W 0.384 0.149 39.8 0.30 0.99 0.39 0.58 6. 14.9 0 7.1 3.6
Cc-12 p 3 19.2 28.1 29.0 35.0 50 590 1.03 2.93 7800 39000
M E 0.384- 0.396 39.8 0.083 0.99 1.03 2.93 4. 14.9 18.2
P W 28.0 a 10.9 35.0 180 480 0.27 0.58 10500 47000
M W 0.572 0.152 1 40.3 0.30 0.80 0.27 0.58 6.4 17.9 0 5.0 2.5
c-ti p E 28.0 411 29.0 35.0 50 480 0.7 2.93 7800 47000
M E 0.572 0.404 40.3 0.083 0.80 0.7 2.93 4. 17. 18.6
P W 34.3 50.3 10.9 35.0 180 470 0.22 0.58 10500 56000
M W 0.699 0.151 | 40.0 0.30 .0.78 0.22 0.58 6.4 21.4 0.1 4.4 2.3
c-12 P E - 34.3 50.3 29.0 35.0 50 470 0.58 2.93 7800 56000
M 3 . 0.699 0.403 40.0 0.083 0.78 0.58 2.93 4.7 21.4 18.5
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TABLE 4.3 Summary of Experimental Data of the Wyodak Plant
and ERDA Dry Cooling Towers for Northwesterly
Wind and Actual Topography Case

Consi-

Ant:ient
Tower :E";: Jet Flow R“'r;u‘:::z:nfn'o
Wyodak Jet Veloc- Temperature Stack Fiow Velocity r::t:her Reynolds Remnolds ————A———
Prototype  2lant or 3 _ iy, V., Difference Diameter  Depth, Ratio N ther,3 Runder , Up- Oown- Aver-
Run N or Model  E3DA Tower mphi ?pi "usJ AT, °F D, ft d, ft X £ § x 10 L x 10 stream stream age
) - (@) (3) (@) (5) (6) °() (8) (9) (10) Q1) (12) 2n3) (ta) _(15) (16)
P W 5.4 7.9 10.9 35.0 180 666 1.38 10500 13t00
M W 0.102 0.141 38.2 0.30 1.1 1.38 5.8 4.0 0.8 3.4 2.
Ty-1 P E 5.4 7.9 29.0 35.0 50 666 .67 7800 13600
M E 0.102 0.374 38.2 0.083 1.1 3.67 4.3 4.0 : ’ 1.0
P W 9.5 13.9 10.9 35.0 180 666 0.78 10500 22000
M W 0.178 0.140 37.5% 0.30 L1 0.78 5.8 7.0 0.9 3.7 2.3
Tu-2 4 £ 9.€ 13.9 29.0 35.0 50 666 2.09 7800 22000
L4 E 0.178 0.372 37.% 0.083 .11 2.09 4.2 7.0 1.0
P W 13.€ 20.2 10.9 35.0 180 696 0.54 10500 33m00
M L 281 0.141 38.6 0.30 116 0.54 . 10.7 1.4 4.6 3.0
TU-3 4 £ 13.€ 20.2 29.0 35.0 50 696 1.44 7800 33000
M € 0.261 0.376 38.6 0.083 1.6 1.44 4.3 10.7 1.0
P L] 19.€ 28.8 10.9 35.0 180 660 0.38 ».58 10500 45400
M W 0,359 0.136 37.2 0.30 0 0.38 #.58 5.6 14.0 1.6 5.4 3.5
Tu-4 14 E 19.¢ 28.8 29.0 35.0 50 660 1.0t -.9 7800 45300
M E 0.359 0.361 3.2 0.083 10 .01 t-.93 4.1 14.0 0.9
L W 29.¢ 43.8 10.9 35.0 180 580 0.25 105C0 60300
H W 0.545 0:136 7.7 0.30 0.96 0.25 5. 18. 1.5 4.9 3.2
TU-5 4 E 29.% 43.8 29.0 35.0 0 580 0.66 7800 60200
M E 0.5¢5 0.360 na 0.083 0.96 0.66 4 18.5 0.8
P W 39 57.3 10.9 35.0 180 < 480 .19 10500 65300
L] W 0.697 0.133 35.7 0.30 0.80 0.19 19.7 1.5 4.0 2.8
TU-6 4 E 39 °57.3 29.0 35.0 50 480 0.51 7800 65300
M £ 0.697 0.353 35.7 0.083 0.8 0.5 4.0 19.7 0.9
P W 18.% . 26.5 10.9 35.0 180 666 0.4 10500 .~ 42J00
M W 0.346 0.142 39.5 0.30 1.1 0.4 5. 1 1.6 5.2 3.4
w-7 [ E 8.1 26.5 29.0 5.0 50 666 1.09 7800 42200
M E 0.346 0.377 39.5 0.083 .11 1.09 ' 4.3 13.6 0.9
P W 18.2 26.5 10.9 24.6 180 666 0.41 .68 10300 4200
M W “0.336 0.1482 30.6 0.30 .1 0.4 .68 13.6 1.8 5.8 3.8
Tu-€ 4 E 18 26.5 29.0 24.6 50 666 1.09 3.42 8100 42200
M E 0.316 0.377 30.6 0.083 1.1 1,090 3.42 4.0 13.6 128 B
4 ® 8.1 26.5 10.9 15.3, 180 666 J.86 11200 4200 .
M W 0.346 0.142 23.8 0.30 .11 0.41 J.8s - - 4.7 - 1.6 2.2 7.2 -4
Tu-9 P . E 18.2 26.5 29.0 15.3 666 1.09 1% 8300 42300
oM E 0.346 0.377 23.8 0.083 1.1 1.09 1% 3 0.9
P ] 18 26.5 10.9 13.8 180 666 0.41 J.9%0 11300 42000 -
M w 0.336 0.142 21.2 0.30 o 04 J.9%0 4.7 . 13.6 2.5 1.5 5.0
Ty-ie P E 8 26.5 29.0 13.8 S¢ 666 1.09 1.5 8300 42000 .
L] E 0.3a6 0.377 21.2 . 0.083 109 3.53 3.5 13.6 1.0
P W 18.C 26.5 10.9 6.6 180 666 0.4 - 1.28 ¢ Hseo 43000 .
N W 0.346 0.142 12.1 0.30 L1 0.4 4.28 4.2 13.6 4.0 10.6 7.3.
To-1 P E 18.c 26.5 29.0 6.6 50 666 1.0 5.48 8500 43000 :
M € 0.346 0.377 121 0.083 L LI 5.48 L 13.6 . 1.3
P W 8¢ 26.5 10.9 1.6 180 666 0.41 2.8 131700 42000 .
M W 0.346 0.142 5.1 0.30 1.1 0.4 2.38 3.6 13.6 9.0 4.5 n.7
TU-12 4 E g 26.5 28.0 1.6 S0 666 1.0% ©.(0 8600 42000 .
L] E 0.246 0.377 5.1 0.083 Lioh.0s ».C0 2.6 13.6 2.1,
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TABLE 4.4 Summary of Experimental Data of the Wyodak Plant
and -ERDA Dry Cooling Towers for Southeasterly
Wind and Actual Topography Case
Densi-
) Tower metric Jet A';‘?:’S"t Recirculatfon Ratio
wyodak Ambient Flow  Jet Veloc-' Temperature Stack Flow  Velocity Nmﬁﬁ Reynolds Reynalds ——R Percent
Prototype Plant or velocity, ¥ ity, V., Difference’ Diameter DOepth, Ratio T Number, Number, Up- Down- Aver-
Run No  or Model  ERCA Tower mph fp§ f;zsJ ATo °F D, ft d, ft K P l‘j x 10 l x 107- stream stream age
_y (2) (3) ~_(8) (5) (6) (1) (8) (9) (10) M) (12) *(3) (a) (15} (16)
P L] 5.5 8.1 10.9 35.0 180 666 1.35 0.58 10500 13000
. M L] . 0.099 0.133 35.4 0.30 1.1 1,35 0.58 S. . 1.7 2.4 2.1
-1 P £ 5.5 8.1 29.0 35.0 50 666 3.58 2.93 7800 13000
} M 3 0.099 0.354 35.4 0.083 .10 3.58 2.93 4.0 4.0 1.3
P W 10.3 15.1 10.9 35.0 180 672 0.72 0.58 10500 24000
L] w 0.183 0.132 4.8 0.30 1.12 0.72 0.58 5.5 1.5 1.6 6.1 3.9
T0-2 P £ 10.3 1521 29.0 - 35.0 50 672 1.92 2.93 7800 24000 .
M £ 0.183 0.35) 34.8 0.083 .12 1.92 2.93 4.0 1.% 1.1
P W 15.6 22.8 10.9 35.0 186 660 0.48 0.58 10500 36000
M W 0.279 0.133 35.1 0.30 1.10  0.48 0.58 5.5 n.2 1.5 6.2 3.9
T0-3 P E i5.6 22.8 29.0 35.0 50 660 r.27 2.93 7800 36000
. M E 0.279 0.355 35.1 0.083 1.10 1.27 2.93 4.0 n.2 3.8
P w "19.8 29.0 10.9 35.0 180 660 0.38 0.58 10500 46000
M W 0.357 0.134 35.4 0.30 1.10 0.38 0.58 5. 14.3 1.5 5.8 3.6
TD-4 4 E 19.8 29.0 29.0 35.0 50 660 1.00 2.93 7800 46000
M E 0.357 0.357 35.4 0.083 1.10 1.00 2.93 4.1 14.3 8.3
4 ¥ 29.2 42.8 10.9 35.0 180 580 0.26 0.58 10500 59000
. M W 0.542 0.138 35.8 0.30 0.96 0.26 0.58 5.7 18.9 1.5 3.7 2.6
T2-5 P £ 29.2 42.8 29.0 35.0 S0 580 0.68 2.93 7800 59000
M E 0.542 0.367 35.8 0.083 0.96 0.68 2.93 4.2 18.9 16.6
P L] 37.1 54.4 10.9 35.0 180 470 0.20 0.58 10500 6\000
M w 0.692 0.139 35.9 0.30 79 0.20 0.58 5.7 9.9 1.6 3.2 2.4
T0-6 P £ 37.% 54.4 29.0 35.0 50 470 0.53 2.93 7800 61000
M E 0.692 0.369 35.9 0.083 0.79 0.53 2.93 4.2 9.9 18.2
P W 19.8 29.0 10.9 23.6 180 660 0.38 0.64 10900 46000
M W @.357 0.134 29.8 0.30 | 10 0.38 0.64 5. 14.3 1.9 6.9 4.4
T0-7 P 3 19.8 29.0 29.0 23.6 . 50 660 1.00 3.33 8100 46000 .
M E 0.357 0.357 29.8 0.083 1.0 1.00 3.33 3.9 14.3 10.3
P M 19.8 29.0 10.9 18.3 180 660 0.38 0.78 oo 46000 B .
N ] 0.357 0.134 2).3 0.30 1.10 0.38 0.78 4.7 14.3 2.4 6.9 4.7
10-8 P E 19.8 29.0 29.0 18.3 50 660 1.00 4.10 8200 46000
M E 0.357 0.357 21.3 0.083 1.10 1.00 4.10 3.5 14.3 14.4
P L] 19.8 29.0 10.9 16.8 180 660 0.38 0.82 11300 46000
M L] 0.357 0.134 20.3 0.30 1.10 0.38 0.82 4.7 14.3 2.6 7. 4.8
TD0-9 P € 19.8 29.0 29.0 16.8 50 660 1.00 4.27 8300 46000 :
M E 0.357 0.357 20.3 0.083 1.100 1.00 4.27 3.5 14.3 - 13.7
P W 19.8 N 29.0 10.9 9.6 180 660 - 0.38 1.07 - 11500 46000 . .
LI L] : 0.357 0.134 13.5 0.30 1.10 0.38 1.07 . 14.3 4.0 8.8 6.4
TD-10 P 3 19.8 29.0 29.0 9.6 50 660 - 1.00 5.58 8500 46000
M £ 0.357 0.357 13.5 .10 1.00 §.58 3.2 14. 16.4




to join together immediately after discharge, the jet velocity
for this case was obtalned by d1v1d1ng the total effluent dis-
charge by the total area of the cooling tower top surface. The
stack diameter, D, for this case was assumed to be the coollng
tower width. The symbol d denotes the ambient flow depth in the
model and its corresponding height in the prototype. It was -
assumed that L = 44 to calculate the amblent flow Reynolds
'number IR in Equatlon 3.5; calculated values are shown in

column 13 The rec1rculatlon ratlo, R}'ln columns 14, 15 and

16 were defined by

R= - 2 | (4.1)

where Ty is .the' temperature of withdrawal water as discussed in’ A
Section 3.2.4. As shown in Figure 3.9, for the Wyodak plant cool-
ing tower case, there were three suction tubes for each upstream
and downstream half of the cooling tower. Columns 14 and 15 show -
values of R for the upstream and downstream rows, respectlvely
Column 16 is the average of the values shown in columns 14 and

15. Values of R in these three columns are the averages of

3 to 50 repeated experiments.

As discussed in Chapter 3, four important factors influence
turbulent dispereion of the cooling tower plume. The first is
the momentum of effluent and ambient flows. The felative inten-
sity of momentum of these two flows are dominant factors near
.the cooling tower stacks. K in Equation 3.7 is the square root
of the ratio of the effluent flow momentum to the ambient flow
momentum,-provided the Boussinesq assumption is adoptea (that
is, the density difference between these two flows is impottant
for consideration of the buoyancy force but not for the flow

momentum) .

Another important factor is the effluent buoyancy force

due to density difference between the discharge jet and the
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ambient flOws; especially.iﬁche near field. The relative
strength of the effluent momentum to the effluent buoyancy

force is expfeésed by the densimetric Froude number,]FD as

shown in Eduation 3.4. A third factor is the turbulent intensity
of the Jet flow, which is expressed by the jet Reynolds number,
IRj in Equation 3.6. This is important also in the near fiéld,,
The final factor is a combination of ambient flow characteris-
tics, including the ambient flow turbulence, wakes behind the
‘towers and topographical features, and wind shear stress.

‘Since the cooling towers selected for this study were rectangu-
lar with sharp corners, flow separation is independent of the
'Reynolds number as long as the flow is .turbulent. The wind
'shear stress in the turbulent flow is also independent of the
Reynolds number but depends on the relative size of topographical
projections. The ambient flow turbulence is the dominant = .
mechanism for dispersing the plume in the far field. However,

it is not important in this near field study.

Tables 4.1 through 4.4 reveal that these four 81mllar1ty
criteria (see Equation 3.3) were all satisfied to assure the

dynamlc similarity between the prototype and model flows.

: 4.1.2 Flow Patterns

Observation of flow patterns in the vicinity of the cboling
Q'towerswrevealed the importance of K and]FD to plume dispersion

and recirculation. When the ambient flow velocity increased

(or K decreased) the plumes from the cooling towers were deflected
* more closely to the ground on the downstream side. These plumes
also acted as solid obstacles, producing wakes behind them. More-
over, a large wake was generated by the sepération of flbw from
the edge of the rectahgularly—shaped Wyodak plant cooling tower.
This captive eddy zone continuously w1thdrew a portion of the
plume until it reached an equilibrium condition. This was the
primary cause of recirculation. Photographs of plume dispersion

N
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patterns for various ambient velocities are shown in Figures

4,1 tﬁrough<4;l9. These photographs were obtained by"injectinéz
dye into the plumes prior to their emission from the towers. - ,
Figures 4.1 through 4.11 present the TU cases (northwesterly
wind and actual topography imposed in the model; see Table 4.3);
and Figures 4.12 through 4.19 show the TD cases (southeasterly
wind and actual topography imposed in the model; see Table‘4;4).‘
These figures clearly indicate the plume deflection due to

cross winds. The plume from the ERDA tower reached a higher
elevation thHan the one from the Wyodak plant tower because

the ERDA effluent had a larger K value. The effects of K

tended to overcome the cffeccts of higher]FD, which generally
lowers the plume rise. ‘Figures 4.7 through 4.10 were obtained
by injecting dye into only one of the two plumes being discharged.
These photographs show the following different dispersion pattérns
between the two plumes; the Wyodak plant tower plume was swept i
away by the ambient flow and its' lateral dispersion was much 'Q
smaller than that of the ERDA tower plume. The ERDA tower plume
(Figures 4.9 and 4.10) was rolled up to form a pair of counter-
rotafing vortices, whereas the Wyodak plant tower plume did

not indicate this process strongly. These differences between
the two dispersion patterns are believed to be due to the A

different values of K for the plumes.

Figure 4.1 éhows the plume dispersion for a 5.4 mph north-
westerly wind. Although both ERﬁA tower stacks discharged the
same ambunt of effluent, one effluent contained more dye than
the other fof'this particular case. The plumes from the EkDA
tower and the Wyodak plant towers diépersed independently of
each other and almost no recirculation nor interference occurred.
When the wind velocity increased to 13.8 mph, the plumeé were
deflected closer to the ground and some plume recirculation
occurred fo; the Wyodak plant tower, but no interference, as
shown in Figure 4.3. Figures 4.5 through 4.11 show similar

phenomena.
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FIGURE 4.1 Photograph of Plumes from the Two Dry Cooling
Towers for Run TU-1. Va = 5.4 MPH.

FIGURE 4.2 Photograph of Plumes from the Two Dry Cooling

Towers for Run TU-2. Va =191 5 MPH,
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FIGURE 4.3 Photograph of Plumes from the Two Dry Cooling
Towers for Run TU-3. Va = 13.8 MPH.

FIGURE 4.4 Photograph of Plumes from the Two Dry Cooling

Towers for Run TU-4. Va = 19.6 MPH.
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FIGURE 4.5 Photograph of Plumes from the Two Dry Cooling
Towers for Run TU-5. Va = 29.8 MPH.

FIGURE 4.6 Photograph of the Top View for Plumes from the

Cooling Towers for Run TU-5. e 29.8 MPH.
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FIGURE 4.7 Photograph of a Plume from the Wyodak Plant
Dry Cooling Tower for Run TU-5. Va = 29.8 MPH.

FIGURE 4.8 Photograph of the Top View for a Plume from

the Wyodak Plant Dry Cooling Tower for Run
TU-5, Yo 29.8 MPH.
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FIGURE 4.9 Photograph of a Plume from the ERDA Dry Cooling
Tower for Run TU-5. Va = 29.8 MPH.

FIGURE 4.10 Photograph of the Top View for a Plume from the

ERDA Dry Cooling Tower for Run TU-5. Va = 29.8 MPH.
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FIGURE 4.11 Photograph of Plumes from the Two Cooling

Towers for Run TU-6. Va = .39, 1 MBH.
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FIGURE 4.12 Photograph of Plumes from the Two Dry Cooling
Towers for Run TD-1. Va = 5.5 MPH.

FIGURE 4.13 Photograph of Plumes from the Two Dry Cooling

Towers for Run TD-2. Va = 10.3 MPH.

43



FIGURE 4.14 Photograph of Plumes from the Two Dry Cooling
. Towers for Run TD-3. Va = 15.6 MPH.

FIGURE 4.15 Photograph of Plumes from the Two Dry Cooling

Towers for Run TD-4. Va = 19.8 MPH.
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FIGURE 4.16 Photograph of Plumes from the Two Dry Cooling
Towers for Run TD-5. Va =129.2 MPH,

FIGURE 4.17 Photograph of a Plume from the Wyodak Plant

Dry Cooling Tower for Run TD-5. Uit o 29.2 /MPH .
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FIGURE 4.18 Photograph of a Plume from the ERDA Dry Cooling
Tower for Run TD-5. Va = 29.2 MPH.

FIGURE 4.19 Photograph of Plumes from the Two Dry Cooling

Towers for Run TD-6. Va = 37.1 MPH.
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‘These photographs for the northwesterly wind cases also
reveal that since the plume from the ERDA tower merged with
fhe plume from the Wyodak plant cooling tower without being
withdrawn into the downwind Wyodak plant tower inlets, the
merged plume may have a higher temperature than it otherwise
would. Comparison of measured temperature distrubutions for
the two tower cases (Run A-4, Figure 4.2é) with those for the
Wyodak plant tower alone (Run B, Figure 4.25) élso supports
‘this observation. This additional temperature rise tends to
1ift the plume and to reduce the temperature near the ground.
Hence, the existence of the ERDA cooling tower for these cases
may be advantageous to the Wyodak plant cooling tower's per-
forhance because it reduces the plume recirculation to the

Wyodak plant tower.

However, when the wind is southeasterly, the plume from
the upwind Wyodak plant tower is.drawn into the ERDA cooling
tower, thereby generating interference and strong adverse.
effects on the ERDA cooling tower'é performance. . As will be
discussed in detail later, the ERDA tower recirculation ratio
became 18 percent for the 30 mph southeasterly wind, resulting
in a reduction of approximately 7 percent in the ERDA tower's
cooling capacity for this case. It was also observed in this
‘case that the plume frdm the ERDA tower Was somewhat sheltéréd

by the plume from the Wyodak plant tower.

Effects of tower efflueﬁt‘temperature (or]FD)'on the plume
dispersion were also clearly observed in the experiments. When -
“the tower jet temperature was higher, then the buoyanéy force
relative to the ambient flow momentum increased. This causea
a higher plume rise and less deflection of the plume; resulting

in less recirculation.

In order to identify the effects of topography, plume center—‘
line trajectories for Runs TU-3 through TU-6 were obtained from
photographs (Figures 4.3 through 4.11) for both the Wyodak plantg
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and ERDA towers. "For these cases, the winds were 13:8, 19.6;

29.8 and 39.1 mph-from the mnorthwest-and - the actual: topography . .
was installed in the model.ﬁ;Theuopen'coal.mine'pit for these..
cases was located:upwind-.of. the ERDA tower: which-was in turn..
located upwind of.the Wyodak ‘plant tower (see Figures 3.1l .and. .
3f12) - The. trajectoriés of~vplumes were defined as .the. mid- -
point“of the upper and lower plume.edges. They.are- plotted as -
ZVS/F versuS“ng/FTin-Figure,4«20,.where X and_Z»are;longltudlna11
and vertical -distances - and F ‘is -the buoyancy flux of the plume.

dEfined by o oo 2 )

In cases of flat or fairly.flat ground, Briggs® derived the.
following semi-empirical expression of plume trajectory for -

neutral stratification of ambient flow:

293 273 o
=2 = (4,2)
or C o o . _ )
. -2/3 2/3 o
g = 1.8 KTF | “(D) o o (4.3)

This equation.waSnplotte&ain-Figure 4.20 as a straight line,-
in order to compare it with-experimental results. Figure 4.20,
reveals that the trajectories of plumes from the ERDA tower
deviate 51gn1flcantly from the stralght line, whereas those”
from the Wyodak plant tower show falrly good agreement w1th:
the Brlggs expres51on. The dlfference between the ERDA tower"
and Wyodak plant tower cases 1s belleved to be attrlbutable to
topographlcal effects,hl e., ex1stence of the coal mlne plt
changed the approachlné amblent flow condltlons (dlrectlon andf
magnltude of ambient flow). This effect may be strongly felt
ih the’ plumes from the' ERDA towsr Which i's located 1mmed1ately

downw1nd of the mlne plt. Slnce the Wyodak tower is located

1 , v . .
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further downwind, this effect was considerably less intense"
in the Wyodak tower plumes, resulting in fairly good agreement

with the Briggs expression (Equation 4.3).

In order to take into account the effect of the local

‘topography on the plume trajectorles, a..simple .equation,. .
a" is the distance between the

- exp (b/a) was 1ntroduced _where
~ open plt and the coollng towers and "b" is the depth, of theiplt.
‘i~The prev1ous ‘figure was replotted using the new functlon e
(xva/r) + exp (b/a); Lhe Lesults for the ERDA and Wyodak plant
'plumes are shown in Flgure 4. 21. Tf fhe grnund is flat, ‘exp f
(b/a)‘becomes unity, resultlng in XV /F A stralght llne in %
the figure was drawn to flt the present experlmental data.
'As shown in Flgure 4,21, thc_data.p01nts for the ERDA tower
; plume indicate a better agreement with‘the'Straight line,

y showing a marked improvemeht as compared to Figure 4.20. The
"Wyodak plant~plume also shows fairly good agreément. The 1
shadowed area in the figure represents ‘the width of the scatter'
- of various wet cooling tower plume data reported by Briggs.
A':fThe straight line obtained from this study is expressed by

zv3 xv3 S
a _ 4.5 .+ exp -2 (4.4)
B : F A )
or . . o
' —2/3 | 2/3 2/3 "
z b\ <7 x). :
5= 1 5 KIF, (exp a) (—5) (4.’5)

‘Hence the plume rise is proportional to *2/3 power" of the
’ilongitudinal-distance X. Although there is a large amount of
~scatter for the.present data;iespecially the slope of the ERDA
'plume, Figure 4.21 reveals that even such a simple function, '”
exp (b/a), can'improve the results significantly, indicating
the very strong effects of local topography on the plume dis-

persion. This is one area that needs further study.

50



ZV3

IS

C1x10° F
1x10%
i © WYODAK PLANT TOWER} RUN TU-3
® ERDA TOWER -
A
10— W YODAK PLANT TOWER} RUN TU-4
- A ERDA TOWER
o Ay ¥ WYODAK PLANT TOWER} RUN TU=5
e A i ¥ ERDA TOWER '
{0 R .
7 ; O WYODAK PLAN TOWER} RUN TU-6
l/ B ERDA TOWER |
@ : 1
/ _ ‘ , [////)BRIGGS (1969) DATA
1 L Lo ol 1 o bl T EET N T
1 0 1x 107 1x10° 1x10t
. , . .4
Ya gt
F a

FIGURE 4.21. Variation of Nondimensional Plume Rise with
' ' Nondimensional Downstream Distance in the Cases
of Actual Topography and Northwesterly Wind



4.1.3 Temperature Distribution

Figures 4.22 through 4.34 in Appendix. 1 present normallzegw
temperature distributions for Runs A-4, A-5, A-6, B, C-4, C- 5/ i
c-6, TU-4, TU-5, TU-6, TD-4, TD-5 and TD-6. Numbers shown 1n§}fﬁ

these figures are values of AT/AT Plus marks (+) indicate:the

measurement points. The orlgln of the longitudinal axis 1s the
upw1nd intake face of the upw1nd cooling tower; 1.e., for Runs
A, B, and TU, the upwind intake face of the ERDA coollng tower
and for Runs C and TD, the upwind face of the Wyodak plant
coollnq tower. For Runs ‘TU and-TD, both cooling towers were
drawn in the figures. Vertical temperature distributions shown:
in Figures 4.22 through 4.34 were obtained on-a vertical plane
mhich contains the:centerline of the ERDA dry‘cooling tower.
The elevatlons in these figures were measured above the local

ground level at-each measurement p01nt.,ti

. Comparison of Figures 4.22, 4.23 and 4.24 indicates that
“when K decreases, the plume deflects more toward the downstream
direction, resulting in less plume rise. Moreover, as K decreases,
more vigorous mixing between the plume and. the ambient occurs
and’ rapidly reduces the temperature rise in the downstream area.

These phenomena were also observed for the other.set ot data.

Comparison of Runs A 5 and B (Figures 4.23. and 4, 25) shows
that when the plume from the upwind ERDA tower merges with the
plume from the Wyodak Plant tower, the resultant plume has a
higher temperature than does the plume from the Wyodak tower
alone. This higher temperature lifts the merged plume to a
higher elevation;'reSulting:in a lower temperature near the . -
ground. This effect reduces the recirculation ratio defined by
Equation 4.1 and improves the downwind cooling tower

performance.

One effecl ol the local topography on plume dispersion is

seen in Runs TU and TD (Figures 4.29 through 4.34). Comparison
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of Runs- A and TU reveals that the topography of the Wyodak plant-
site reduced mixing of the plume with the ambient. One possi-
ble reason is that a coal mine pit upwind of the cooling towers
was considered in Run TU. Hence, the ambient flow direction at
the cooling towers was somewhat upward, reducing the effeqtiVeA
ambient velocity perpendicular to the plume. This in turn |
fédﬁced the amount of mixing between the plume and the ambient .
‘f10w.

, When the wind was southeasterly, the actual topography upwihd
of the cooling tower was fairly flat. This may explain why therel
was only a minor difference between the temperature distributions
of Runs C and TD for the 20, 30 and 40 mph wind cases. However,
as will be discussed in the next section, the recirculation ratio
for Runs C and TD differed when the ambient velocity was less
than 20 mph.

4.1.4 Recirculation Ratio

In this section, effects of wind velocity (or K), effluent
exist temperature (orIFD), adjacent cooling towers and local

topography on recirculation and interference are examined. .

As mentioned above, when‘cross—winds are present, the
héated effluent plume is bent over. and the plume trajectory iéj‘
_shiftéd closer to the intake faces of the cooling tower,-causing‘
some recirculation of the plume into the cooling tower. Recir-
‘cuiatidn may become a significant prublem if Lhe Lower or a |
portion of the plume is situated in a wake caused by adjacent
éfructures and/or the local terrain. severe interference may
occur if some of the effluent from the upwind tower is‘taken

into the downwind cooling tower.

Figures 4.35 and 4.36 (Runs A and C) show the variation
in the reciraulation ratio defined by Equation 4.1 with the
velocity ratio, K for the Wyodak plant dry cooling tower
located on'flat ground. As shown in Figure 3.9, the Wyodak
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pPlant tower model had six pipes to withdraw.the ambient £1oOw.. s
into the cooling tower, three pipes located on the upstream

side and three located on the downstream side of the tower.

[ ORI W

Figures 4.35 and 4.36 show values of R measured at the upstfeamu,
and downstream sides, as well as average values for the toWer.

In both cases, the recirculation ratio, R, first increaées as

K decreases from a large value (or relatively small ambient
velocity as compared to the heated effluént velocity). R
reaches its maximum value as K decreases (or the ambient wind
velocity increases).. R then decreases as K further increases.
At large values of K the plume rises nearly straight up, as
shown in TFigures 4.1 and 4.12. IHence, there is very little
recirculation. When K decreases, the pluﬁé is deflecfed}more
closely to the ground, which is to be expected since Ehé rgtio
of the momentum of the ambient flow to the jet momentum increases:
as the wind speed increases, while the effect of buoyancy is "
kept unchanged. Hence, R increases as K decreases. As K
decreases further, the plume is bent over more and approaches

the ground more closely. However, mixing between the plume

and the ambient flow is also greatly enhanced, resulting in a
significant dilution of the plumé and large reducfion in tempera-
ture rise. Moreover, the strong ambient flow can supply more
flow from the upstream side to the intake face, rather than
withdraWing the flow from the wake behind the tower. Hence,

R starté to decrease. For'Runs A and C, R}feaches its maximum

value at around K = 0.35 and 0.8, respectively.

One striking rééult in this case is that wvalues of R for
the upstream and;dﬁwnstream éides of the tower differ sigqnifi-
cantly;jand there is” a severe maldistribution of the tempera-
ture within the cooling tower. For example, Figure 4.36 shows
that for K = 0.8, values of R measured at the dqwnstream and
upstream sides are 12 and 0 percent, respectively. This

implies that it may not be appropriate to assume that the
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“ambient air temperature is the true inlet cooling air temperature
as is commonly done to evaluate cooling tower performance. The
Aavallablllty of the cooling air temperature varies for each
module within a coollng tower. Since very llttle is known

about this distribution problem, a furtherostudy is needed- to
provide more detailed information so that power plant engineers
~can obtain more accurate evaluation of cooling tower performance.
. Figures 4.37 and 4.38 show the variation of R with K for the
'Wyodak plant tower located on the actual prototypic topography
(Runs TU and TD). These figures reveal trends of R similar to
those for the flat ground cases (Figures 4.35 and 4.36). R
reached its maximum values at approximately K = 0.35 and 0.6

for Runs TU and TD.

Figures 4.39 and 4.40 show the effects of the velocity

. ratio, K (or wind velocity), an adjacent tower and local topog-
'raphy on the average values of the recirculation ratio, R, and
hence on the performance of the Wyodak plant tower. Comparison
of R values in the southeasterly wind, flat ground case (Run C)
and the northwesterly wind, flat ground case (Run A) indicates .
that the values of R for Run C are much higher than those for.
Run A. This difference is due to the location of the small.
"adjacent ERDA tower with respect to the wind direction and the

| Wyodak plant tower location. For Run A, the plume from the
‘upw1nd ERDA tower helps to raise the plume from the downwind -
Wyodak plant cooling tower. The approaching amblent flow is-
also affected by the ERDA tower before it reaches the Wyodak
plant tower. However, for Run C, not only does the plume from;
~ the ERDA tower not enhance the plume rise immediately behind
A.the Wyodak plant tower, the existence of the ERDA tower itself
may generete a captiﬁe eddy behind the Wyodak plant tower and

thus cause stronger recirculation and interference.
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These advantageous effects of the ERDA tower for Run A and
adverse effects for Run C were, however, offset by imposing the
actual topography at the site. Comparison of the average values
of R for these four cases (Runs A, C, TU and TD), as illustrated
by Figures 4.39 and 4.40, reveals that the value of R for the
northwesterly wind case with the actual topography (Bun_TU) is
greater than for the flat ground case (Run A). This“may be due
to the fact that the coal mine pit just in front of the cooling
towers chandes the approaching ambient flow direction from tne
horizontal to the upward direction, as was discussed in
Section 4.1.2. ’

" The value of R for Run TD (southeasterly wind with actual

- topography) decreasee from that of Run A (southeasterly wind
with a flat ground) for a large K. This is again due mainly.to
the coal mine pit, which is located downwind of the two cooling
towers in this case. " The pit, however, works favorably to reduce
"R. This coal mine pit provides a larger area for an-eddy}to
cover and lowers the temperature in the eddy zone for a large K.
However, when K decreases, the mixing is enhanced and the effect

of the pit is diminished.

. Figures 4.41 and 4.42 show the variation of R with wind .
velocity and topography for the ERDA cooling tower. The trend
is basically the same as for the Wyodak plant tower. However,
the ratio of jet momentum to the amblent flow momentum (K) is
larger for this case than for ‘the Wyodak plant tower. Hence,
R for the ERDA tower does not produce the peak point for the
experimental range covered in this study. As shown in these
figures, for the southeaéterly wind cases (Runs C and TD), the
average value of R reached'l9 percent, indicating the very strong

interference causes by the upwind Wyodak plant tower.

 The plume rec1rculation affects the initial temperature

difference, ITD, which in turn controls the heat rejection
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capacity, Qp of the cooling towers. For a mechanical draft

dry cooling tower, Qp in Btu/hr may be assumed by

QD = Ki(ITD) : (4.6)

where Kl is a constant. For the two dry cooling towers being
considered, ITD is large because of a high back turbine pressure
(say, 7.4 psi). The cooling tower input water temperature, T;
is assumed to be 173.0°F.

The worst performance of dry cooling towers will be experi-
enced during hot summer days. At the Wyodak plant site, the
southeasterly wind is one of the prevailing winds during summer.
Assuming an ambient temperature of 85°F and the effluent exit
temperature of 120°F, ITD (= Ti - Ta) becomes 88°F without
recirculation. Hence, the cooling capacity of the Wyodak plant

tower without plume recirculation is
QD = K1 (88.0) : without recirculation

When the southeasterly wind becomes 10 mph (or K = 0.72), R for
the Wyodak plant tower becomes 4 pércent (see Figures:4.39,and
4.40). For this case the true cooling air temperature is
-estimated as 86.4°F, and ITD becomes 86.6°F. The cooling capacity

- for this case then becomes

Q, = K; (86.6) : with recirculation’

D

"Hence, a 4 percent recirculation ratio for the Wyodak plant tower
reduces its cooling capacity by only 2 percent. Hdwever, for the
ERDA tower, recirculation and interference become more severe
problems. For the 37.1 ﬁph (or K = 0.53) southeasterly wind
case, R for the ERDA ther becomes 18.2 percent (see Figures

4.41 and 4.42). The true cooling air temperature is’ then 91f4°F.
instead of 85°F ambient temperature. The cooling capacities for

cases without and with recirculation become
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Qp = X, (88) _ : without recirculation

QD = K, (81.6) : with recirculation R

<1

where K, is a constant which may be equal to Ky in Equation 4.6
if both towers have similar heat rejection characteristics.

The loss of heat rejection capacity due to recirculation for
this case is approximately 7 percent. For conventional wet '
cooling towérs, the turbine back pressure is much lower, result-
ing in a lower value of ITD (say ITD = 35°F). Note that for

a wet tower, wet bulb température instead of dry bulb temperature
must be used to get ITD. Hence the loss of heat rejection
capacity of a wet cooling tower due to recirculation could be
two to three times more severe than the capacity loss of a dry
cooling tower for the same recirculation ratio. Fortunately,
the worst recirculation conditions for the Wyodak plant ahd_ ,
ERDA towers occur at different ambient wind velocities. More-
over, it is planned that the Wyodak plant tower, which has a
smaller recirculation ratio than that of the ERDA towef, will
be used to reject 85 percent of the total plant exhaust heat
and the ERDA tower will reject only 15 percent of the total
heat. Hence, eveh one of the worst cases may have a rather

insignificant effect on the total power plant operation.

[ '

Example: For simplicity, assume the constant Kl in Equation 4.6
is the same for both the Wyodak plant and ERDA towers.

Assume T, = 85.0°F, AT_ = 35°F, V_ =30 mph

(or 44.0 fps) and Ti = 173.0°F

Case 1, No Recirculation

For the Wyodak plant tower

0, = 0.85 K, (ITD) = 0.85 Kl(l73.0~-'85.0) = 74.8 K

D 1
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For the ERDA tower

AL A | QD = 0.15 Kl(ITD) = 0.15 Kl(l73.0 - 85.9)

Total capacity

+ 13.2 K, = 88.0 K

QD = 74.8 K 1 1

1

Case 2. With Recirculation

For the Wyodak plant tower

_10.9 _
K = 75 = 0-248

From Figure 4.40, R = 0.0255

- ITD = 173.0 - 0.0255 x 35.0 = 87.1°F

QD = 0.85 Kl(87.l) = 74.0 Ky

For the ERDA tower

_29.0 _
K = 3375 = 0-659

N

From Figure 4.42, R.= 0.172

ITD 85.0 + 0.172 x 35.0 = 82.0°F

’QD = 0.15 Kl(82f0) = 12.3 Kl

Total capacity

Qy = 74.0 K, + 12.3 K, = 86.3 K

1 1 1

13.2 K

Case 3. The Wyodak plant tower, with recirculation, rejects

100 percent. of the plant exhaust heat (no ERDA

tower operation)
For the Wyodak plant. tower

1.00

Vj = 10.9X 0.85 = 12.8 fps
_12.8 _ )
. K = vy ol 0.291'
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From Figure 4.40, R = 0.0275
"ITD = 173;0 - 0.0275 x 35.0 = 87.0°F

QD = 1.00 Kl(87.0) = 87.0 Kl

For the ERDA tower
O = 0
Total cooling capacity

QD = 87.0 Kl + 0 = 87.0 Kl

Hence, cooling capacity losses for Cases 2-and 3, as compared
to Case 1, are only 2 and 1 percent, réSpectively, for the
present Wyodak plant operation.becagse of the reasons discussed

above.

Variations of R with Fj (or AT ) for the Wyodak plant -and
the ERDA cooling towers are shown in Figures 4.43 through -4.46.

These figures reveal that R increases as IF. increases (or ATO

increases). This is because when T decrzases, the buoyancy
force relative to the flow momentum increases and the:plume rises
higher and moVesttraight.upward. Hence, the value of ‘R decreases.
Algo, comparison ot Runs TU anthD (Figures 4.43 and.4.44) shows
that values of R for these cases are quite similar, despite'the

different wind directions.

This study reveals the strong effects of local topography
and nearby cooling towers, as well as those of the ambient

velocity and effluent exhaust air temperature, on plume recircula-

tion. A further study is recommended to elucidale Lhese effects

on recirculation for other cases.
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4.2 TWO-DIMENSIONAL HEATED JET DISPERSION

- A two-dimensional cooling tower plume simulation model was
developed in this study. In order to examine the validity of
this numerical code, three experiments for two-dimensional
plumes were also conducted. As was discussed in Section 3.2,
two-dimensional laminar heated'jets were directed upward into
a turbulent cross-ambient flow. Hydraulic conditions for these

three experiments are shown in Table 4.5.

.Water temperatures downstream of the jet discharge slit
were measured along six different vertical planes. The mea-
sured 6 vertical distributions of water temperature and their
average value are showh in Figures 4.47, 4.48 and 4.49 (Appen-
dix 1). Unfortunately, these figures indicate some discrep;
ancy from the true two-dimensional plume dispersion process.

Temperature distrubutions on the ground for these three

1/2 ]FD-1/4 ]le/4(X/D)~

(Figure 4.50). The water temperature on the ground decreases

average cases were plotted as AT/ATo versus K

as X increases and its variation is correlated by the equation

l‘.iTTo = 3.7k 3p /6 mj“l,/G (%) 23 (4.7)
Hence, the temperature distribution on the ground is proportional
to "-2/3 power" of longitudinal distance X.- This is somewhat
expected because of the fact that a plume centerline trajectory

is generally expected to be proportional to 2/3 the power of X
(the "2/3 law") as shown in Equations 4.3 and 4.5.

As indicated by Equation 4.7, AT/ATO is-proportidnal to
IFD but inversely proportional to K-,]Rj and (X/D). Among these
parameters, (X/D) has a dominant effect on AT/ATO, followed by
K. IFD andZRj have less effect on AT/AT0 than thqse of (X/D)
and K. The inverse effect of K on AT/ATO'is explained as
follows: For the range of K tested, the decrease in K deflects

the plume more closely to the'ground and hence AT/ATé on‘the
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"TABLE 4.5. Summary of Experim=ntal Data for Two-Dimensional Heated Jet Case

-

. - Densi- - Ambient
Embi=ant Discharge . metric Jet Flow

“low " Jet Temperature Stlit Flow Velacity. Froude “Reynolds Reynolds

. \Velocity, Velacity, Diffarence, Opening Cepth, ~ Ratio Number, Number, . Number‘,4

Run No. \aa, fps VJ-, fps ATG, °F D, ft d, ft K Ep : Rj Ra x 10
Y-1 0.465 0.335 2.8 0.0 1.09 0.72 6.7 910 19.9
Y-2 0.466 0.335 44.9 . 0.021 1.09 0.72 4.5 1130 19.9
Y-3 0.202 . 0.335 44.9 0.021 1.09 1.65 4.5 1130 8.6

-
-
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ground increase. When the buoyancy force increases {(or F,
decreases), the plume. rises more straight upward, resulting . .
in the reduction of AT/ATo on the ground. Hence, 'AT/ATo is

proportional to F as shown in Equation 4.7. The inverse .

,
effect of le on Ag/ATO may be due to the fOllowing reason:

For a laminar jet, the mixing of the jet with an ambient flow"

| will be. enhanced as -]iji'nc‘reas'es' and. thus values of ‘AT/ATO

will be reduced. If the jet is turbulent, ]Rj in Equation 4.7
will be deleted, as discussed in Section 3.1. Detailed descrip-
tions of development of the cbmputer code and testing of its

validity are given in Chapters 5 and 6.
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5.0 MATHEMATICAL MODEL

This section describes the theoretical basis and‘computa-
tional procedure of the VECTRA computer program. VECTRA (Vorticity-
Energy Code for Transport Analysis) is designed for applying.numerif
cal simulation to a broad range of cooling tower flow configura-
tions and adjacent topographical and structural influences. -The
code's computational procedure is baeed on finite-difference
approximation of the vorticity-stream function partial differen-
tial equations which govern two-dimensional steady flow of
incompressible, viscous fluids in conjunction with the trans-

port of heat and other constituents.

Hydrodynamic and thermodynamic behaviors of cooling tower
flows are inherently three-dimensional and nonlinear. They‘are
further complicated by 'such phenomena as turbulence, buoyancy,’
and ambient conditions as well as local topographical features
and adjacent structures. Because of these and other complica-
tions the possibility of resolving detailed temperature and
velocity patterns for certain systems is rather remote without
the aid of three-dimensional computatlonal techniques. Recent
developments in large core, high speed computer ‘systems make the
numerical simulation of three-diménsional hydrodynamlc phenomena
feasible’’® and have set the stage for broad praotical applica-
tion. 4 ‘ ‘ |

A working tool for tower flow assessment should.be ae eimple
. as possible, yet be able to satlsfactorlly resolve the phenomena
in question. 9'10'11'~W1th1n this framework many fluid dynamic
analyses can be adequately performed through use of two- dlmen51onal
steady or psuedo—steady flow technlques. In view of the 1nherent
numerical complexities and economics associated with three-
dimensional simulation, it seems prudent to attain the greatest
practical proficiency in dealing with two-dimensional teohniques

and to exploit”such methods to theAgreatest possible degree.
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The VECTRA code provides a foundation cbmputational tdol.v

that can be readily modified and incrementally improved to

include capabilities for analyzing a broad range of tower

external/internal flow configurations.

5.1 THEORETICAL DEVELOPMENT

The differential equations which govern momentum and. heat

transport appropriate for two-dimensional cooling tqwer flow

are based on the following three physical laws:

conservation of mass (continuity),

Newton's second law (Gongervation of momentum), aund

the first law of thermodynamics (conservation of enérgy);

In addition, an appropriate equation of state is required

to relate fluid density in terms of temperature.

The assumptions made.at this stage of the development are:

incompressible flow;

turbulent flow; : A
Reynolds stresses may be related to mean flow in terms of
eddy.diffusivities_for momentum; ‘

eddy diffusivities include molecular effects'and, in the .
absgnée of turbulence, collapse to the appropriate value
of molecular kinematic viscosity; |

local change in density, p, is small compared to the

absolute value of density (i.e., the Boussinesq

approximation, |Ap|/pf<< 1); and .
turbulent heat and mass transfer coefficients are related

to eddy diffusivities by an eddy Prandtl number.

The two-dimensional coordinate system considered is defined

as a plane (or radial gegment) normal to the geopotential surface.

The two coordinates aré defined as x and z where X lies in the

horizontal plane and z 'is vertical. Corresponding velocity

- 78
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components, u and v, are in.the x and z dlrectlons, respectlvely

The governing equations are:

“ e Continuity

< .

L2

2|

+g;§ =0

(s3]

z
Where £ is a binary function defined by:
E =1 :axisymmetriccoordihates

£ = 0 : rectangular coordinates

¢ Momentum
x—-direction:

Ju au-°u av-u u
— + = = = 99— .
ot X + 92 t g r + Fx

2 2
+e 3—% + 2 g + g1 3u 4'55
X 9z X X

S———

S —
(82}
.
)

z-direction:

v du-v V-V u-v _ - 3P° P g F
T + % + — + £ < = 5z + ; z + oz
. 0Z o
2 2
3 3"V & dv 5.3
te { X2 + 322 X ax}

* Energy
3T , 9uT , 3vT uT _ -
e tox taxm tEx=4a
2 2
3°T . 3°T £ oT
v + K { %27 3z2% % ax} 5.4
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e State

P = pRT
'.Syﬁbols
P° = P/p,
P = pressure
po = reference denSity
FX,FZ = draqg forccs
€ =
K =
R = gas conStént
- T = temperature

- A 'second state equation of the form p

modelihg in water.

eddy diffusion coefficient for heat

eddy diffusion coefficient for momentum

5.5

used in the above equations are defined as follows:

£(T) is'used‘for

The momentumreqﬁatiOnS (5.2 and 5.3). in conjunction with the

~continuity equation (5.1) are converted to the following vorticity-

stream function set:

e Stream Function, 9

e vorticity, w

dw , duw IVl  _
3E+—5(-+az—f:
.\ BFX _ an-

9z X
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The velocity field u,v is computed from the stream function

distribution using the following equations:

.”%(i —J) + 1}'%5 | : ' %, - :; 5.8

For the purpose of computer simulation, Equations 5.5, 5.6,

Il

u

\Y

 5.7, 5.8 and 5.9 are cast into dimensionless forms using the

following variablés;

X =x/L

z = z/L

ﬁ-= u/ v

V = V/VO"

¥ = W/(Lvo)‘
Q éle/vb

where Vo and L are reference velocity and length, respectively.

Dimensionless parameters used are:

REx = Vol ’ horizontal reference Reynolds nﬁmber,
€y ‘ -
_Vv.L "
REz = "o , vertical reference Reynolds number
€, :
PR = Ei , horizontal reference Prandtl number
kx ‘
PRz = EE , vertical refefence Prandtl number
" .
z
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2
- v ' . E Lo :
Fo o , reference densimetric Froude number
(pr—po)gL‘, o oo -

Po

Based on the preceding dimensionless variables and. parameters,
the steady flqﬁagbvefniné equations are
e Stream Function
2 2

3*% + 2—% - % .‘§§== -‘{E(x - 1) + 1]9 5.10
3X 3z° | . :
e Vorticity
C (UQ) +L-(§Q) =_’Al %+_l_{§2_9+§£;‘§ﬁ
X PY T F, 3 RE_ |;2 X 3% 42
+ -1 220 + Fx oF 5.11
REZ azz 9Z oxX
o Energy
2 2 gur _ 1 [ g ooT
3x (UT) + 57 (VD) + =5 REPR{ 2+§337} .
W, xn | oX .
"2
1 3°T
* 5.12
RE PR, /2 :
Where
o
A = O-p
Py =Py

G
il
|
—*
gy
—_—
e L
|
o
N
+
-
—
culco
N <
U

.13
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s,

For simplicity, eddy transport coefficients are assumed

constant in the above equations.

5.2 FINITE-DIFFERENCE GRID SYSTEM

The finite-difference grid layout consists of two grid
systems. One grid is used to calculate the stream function, Y,
which provides information to compute velocity components U and
V. This system coincides with the physical boundaries and is
illustrated by the wider lines on Figure 5.1. The stream func-
tion is calculated at the interior intersection points de51g—‘ '
nated by the solid round symbols. Solid box symbols represent
boundary points.

Velocities are not calculated at these points. U components
are cbmputed at vertical (or coordinate) midpoints, which are
"designated by open circle symbols. The V components are cém—
puted at horizontal (or x coordinate) midpoints.and designated
by open box symbols. Thus, the stream function grid layout
defines a system of cells with the stream function; ¥, computed
at each corner point (or set by boundary conditions, as thé case
may be) and velocities defined at the center of the cell face

(see Figure 5.2).

The second grid system is used to calculate vort1c1ty, Q,
and the temperature, T,'and is 1llustrated in Flgures 5.1 and 5.2
by narrow lines. This layout completely overlaps the grid (and
-physical system) with interior intersection points centeredAin A
the cells defined by the ¥ grid system. These interior grid-
points are indicated by crosses with'boundary values at cross-

and-box points.
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COMPUTATIONAL POINT LEGEND:

FIGURE 5.2 -

-y X-1,Q
o-U o-v
p j-1 p j p+l
q+1 k- <'> S <|? -
Yink | Vik o | Yk
~{} T £ . {1 €— {H*
'A:Zk Ip;q .
U, .
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- ) £ :
G-1-x X <
j-1 ] j

Typical Finite Differance Cell
Illustrating Indices
for ¢y, Q, T, U and V
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The staggered grid system is used for computational conveni-
ence in treating boundary conditions and to permit convective

transport terms to be evaluated at cell faces.

In Figure 5.2, the Y grid system is sized by NJ and NK
grid points in the x and vertical directions, respectively.
The @, T system has size NJ + 1 and NK + 1 in the‘respective
directions. Points on fhe ¥ grid are indicated by J, k whereas
points on the ©, T grid areée indicated by p, g. Grid spacing
in either coordinate system may be variable. Figure 5.2 also
1llustrates indices, computed quantities, cell size and radial

distances for a typical interior cell.

5.3 DIFFERENCING FOR CONSERVATIVE FORMS

The finite-difference methods employed in this work are
based on central differencing techniques, except for the trans-
port equation convection terms which have the conéervative forms
B(UjF)/BXj. The conservative form is in a direct result of a r
balance in terms of infinitesimal quantities and has the correct
form for proper conservation of a transported gquantity in numeri-
cal analysis. | o |

Convective balance of T in x, z coorainatés is illustrated_

.in Figure 5.3.

The steady flow convective balance equation for volume ele-

ment p is given by

ffr(’\?-;)dA= [ r($-§)dA,+f r-n)aa
Ar ! B2

+ Jf T'(ven)da + J/. F(s{n)dA = 0.
A3 Ay |
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r(v-n)dA

. . z :
_ I z+>
/I‘(wn)dA — Q?X 5 —-—'f r('\f-ﬁ)dA ,
A , ' B
1 | IR
. t bz
l : 2
. Ax fl"(V'ﬁ)dA . Ax
T2 Tay X + 57

FIGURE 5.3 Convective I' Flux for a Rectilinear
X-2 Volume.Element

In Equation 5.4 and Figure 5.3, A etc., are element

17 Bor
areas corresponding to side 1, 2, etc., and n is a unit normal
vector, with outwafdvbeing the positive sense and inward, the
negative. Like directional sense is used for the boundary

. >
velocity vector, v.

The grid system shown in Figure 5.4 has constant Ax and Az
and velocities u and v are specified at theé cell face, whereas T
is cell-centered at point p. For the donor cell difference
scheme based on Equation 5.14, the value of T at the upstream'
neighbor is convected into the cell, p, and the value of T at
p is convected out of cell, p. Thus, the value of T to be used

in Equation 5.15 is given by

T, for |5+n] = ven

‘ »> 2 > -
value at upstream neighhor far vanl # ven.
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FIGURE 5.4. x-z Finite-Difference Cell with the
' rFour Immediate Neiyhbor Cells

Using the ideas expressed by Equation 5.14, the above equation is

expressed in finite~difference form as

1 - _ '
2 {rp(|“j~l/2' uy_1/2) ri—l-"uj-l/zI * uj-l/z)}
: Ax . ' .
1. -
+ 2 {rp(luj+;/2l+-“j+1/2) - rj+1(|“j+1/2|j‘“j+1/z)}_

Ax

N

+ {Totvicazal = Vicas2) = T (vl * vica o))
Az .

) {rp(lvk+1/2l * Virrs2) T Traer UV ol - Vk+l/2)}
’ Az

+

9-(url) 3 (vl)
ox + 0z

<=>'
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5.4 DIFFERENCE EQUATIONS FOR RECTILINEAR COORDINATES ‘

Finite-difference models are based on'Equatidns 5.10, 5.11
and 5.12, along with the auxiliary Equations 5.13 and 5.14, which
are needed for computing velocity components. In this discussion,
only a steady flow condition will be considered with constant eddy
transport coefficients. The difference equations for a uniform
grid system (a variable grid is used in the computer code) are

summarized as follows:

® Stream Function

S 5 % S £ W0 S 19 o B 9 20
3k 2(_l7 + _lj)sz 2(—57 + —l§>Az2
AX AZ AX AZ
Q. ‘
+ J.K ' o , 5.17
1 T
=T
\ax? 1z

Vorticity, ﬁj k,-is the average value for the four surrounding
1 .

cells (see Figure 5.2) and is given as

L ~5.18

5. . = (o + Q + Q 4
ik ~4( p,d p,q+l p+l,q Qp+l,q+l)
® Velocity
U, . o= - = (v v, 5.19
i,k Z\ 3,k j,k—l) :
5.20

_ 1 _
lek B R llek \yj_lrk)
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e Vorticity
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-

-
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+

i&@%:uk|+”y¢m)*

Lil‘(lua k! ‘-'.Uj,k) i

90

2z (V5,0 * V5,6 1Yy,

/3 ]T
P.q

PRI NS

__1__’
RE, 4X j p- "q

1 1q
Reox” | PTLS

. ] |
(IVJ k- 1| ¥ VJ k- I) "“2] np,q-'i

REZAZ

1

R524224]A P»qt]

ZFAAX‘.(A p+1,q 72 p-l,g) :

1kl Yk

k11" Vj,k—])

~' R B
) 2 .
RE,PR,aX” |~ p-Tsq
— |
2
REXPRXAX .4 pel,q

.21



+ ———(lv. S )+ _ T
282\ 3k 3 kel g pR az? | PraTE
L - . zZ 2z
'1( 1
+ v, ] - V. )-+ _—— T :
247 jek j.k REZPRZAZ2 ]Ap,q+l _ 5.22

Boundary conditions are

° Free—surface,(zﬁzh)

Y = constant = 1
Q = 0 (free slip condition)
%% = 0 (adiabatic condition, for present work)

- o Specified flow boundary

Discharge/intake velocity Yy and A are assumed known from data

or empirical relationships.

Z

Y=Y, + Vv, d2z
1 o b
U v

=37~ 3%

T =T,

e No-slip boundary

7 _

=y h = =

Y = ‘il +f Vbdz constarxt . ¥
o .. . :

U Vv . ‘4
Q 7 X (no-slip condition)
oT _
3z -0 :

o TFree-flow boundary

oV

X constant (that is, streamlines dc not change -

slope as.they cross this boundary)

91



0, flow into system is irrotational
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6. CODE DESCRIPTION AND COMPUTATIONAL RESULTS

The computer program described in this section is designed
to obtain the solution of the difference equations (5.17, 5.19,
5.20, 5.21 and 5.22) for the quantities ¢, U, V, @, and T (o; r),
respectively. The program consists of subroutines and/or. func-

tions which in part are managed by the executive routine VECTRA.

6.1 COMPUTATIONAL PROCEDURE

The task of the computer program is the simultaneous solution
of one elliptic partial differential equation for the stream func-
tion, ¥, (Eguation 5.17 and parabolic transport equations for the
vorticity, f, and temperature, T, (Equations 5.21 and 5.22).
Equations for U and V (5.19 and 5.20, respectively) are auxili-
ary but are also solved simultaneously during iteration. For
neutral buoyancy, the buoyancy parameter equation need not be
solved simultaneously with the vorticity and stream function
equation. The Gauss-Seidel iterative technique is used for -all
quantities defined by second order partial differential equations.
' Liebmann acéeleiation is employed with the alternatives of both

under- and over-relaxation.

Assuming all boundary conditions are set and pertinent
variables are initialized, the procedure for solving the
buoyancy coupled equation is

1) Compute T (and T ) using Equation 5.22 based on

pP.q . ST : .

4
previously calculated values of Uj k,Vj X and appro-
14 4 .

priate transport coefficients.

2) Compute Qp q using Equation 5.21 and the previously
r

computed values of U, ,,V. ,,T and appropriate
j.k" 73,k _

o P:q
transport coefficients.

3)  Update necessary boundary values for T, ', and Q.
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4)

5)

6)

Use the newly computed values of Q to compute the
stream function distribution from Equation 5.17.
One or more iterations may be required to arrive
at a satisfactory solution for VY. -Compute'a new
velocity field V. and U

_ j, k j.k
lated ¥ distribution.

from the newly calcu-

If the eddy transport terms are not constant, compute

~multipliers FR and FZ from new velocity field (not

implcmented in present code version).

Repeat Steps 1 through 5 until a preset convergence
criterion is satisfied or a specific number of itera- .

tions has been completed.

6.2 .EXECUTIVE PROGRAM AND SUBROUTINE DESCRIPTION

The computer code consists of an executive routine called
VECTRA and. 18 subroutines and/or functions. A list of the,

primary duties served by each of these routines follows.

VECTRA Executive Routine

1)

2)

Reads case header and case set-up information.

Reads alphanumeric data for line printer output drray

optlon, plot file optlons, and program control.

Calls subroutines for data input, problem set-up and
initialization, and programAexecution. The sub-
routines called in sequence are

INPUT |

TYPE

READY

INDEXER

REST

SEMBLE

PLABAK
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STREAM (for inviscid flow solution)
SSCOMP '

4) Performs other miscellaneous tasks such as clock

initialization, presetting variables, etc.

Subroutines

Primary duties of subroutines are given below.

Subroutine INPUT

General data input routine

e Reads restart file if required.

® Reads remaining,input data from cards.

e Converts portions of input data to appropriate
quantities and units.

Subroutine is called once during execution.

Subroutine TYPE

® Sets cell corner and cell center node types.

Subroutine called once during execution.

Subroutine READY

Problem set-up routine

e Sets all computed constants.
e Sets constant boundary conditions.
e Computes boundary coordinates for plotting. -

Subroutine called once during execution.

Subroutine INDEXER

Computes boundary condition INDEX ARRAYS for hydrddynamics

computational bookkeeping.
Subroutine called once during eXecutioﬁ.

Subroutine BEST

Computes index arrays for transported quantities at free-

flow boundary and sets fixed values.

Subroutine called once during execution.
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Subroutine SEMBLE

Computes intercell conductances for heat and constituent

transport.

Subroutine called once during execution.

Subroutine PLABAK

1 . R

General information and debug output

Writes to line printer various computed and input

supplied variables and the operation modes of cur=
rent case. . '

Writes to line printer constant arrays used in the
difference equation computations.

Writes to line printer cell-corner and cell-center
node type arrangement;

Writes debug arrays.

Subroutine is called once or not at all, at the user's

option.

Subroutine STREAM (IT, NSKIP)

Solves for stream function, V¥

Compules the viscous or inviscid stream function by .
Gauss-Siedel iteration. When called, this subroutine
iterates on ¥ "IT" times. ’

Upon completion of "IT" iterations, the veloéity
components U, and V. are computed by the auxiliary

‘ J.k J.k
Cguationa 5.19 and 5.20.

Subroutine STREAM constitutes what is referred to in this

manuscrip as the "inner iteralion loop" (anbroutine SSCOMP

constitutes the "outer iteration loop") and_is'called at

least once for each '"outer iteration."

96



Subroutine SSCOMP

Calls subroutines for steady flow solution of all transport

equations. .

e Solves transport equation for {.

e Calls subroutine TRSPRT (T,T).

e Calls subroutine ROTATE (Q).

e Calls subroutine STREAM to compute velocity field.

e Calls subroutine BOUSET to compute éll boundary
conditions.

® Writes out monitor node values.

e Calls subroutine OUTPUT for either interim or final
array output.

® Generates plot data file.

This subroutine is referred to as the "outer iteration loop"
and is called only once during a case execution. The code

spends the majority of the execution time in this routine.

Subroutine TRSPRT

Computes quantities T and T.

,Subroutine ROTATE

Solves vorticity transport equation for (.

Subroutine BOUSET (JUMP)

Sets all hydrodynamic and transport boundary conditions.

Subroutine OUTPUT (MODE)

hls is the prlmary line printer output call routlne.

® The prlmary purpose of this routine is to call selec—
tively the output array writer subroutine, AROUT, :
based on the alpha~input read in through the executive
routine. The arrays and array header Holleriths are
aligned in the call list of AROUT. This subroutine
may be called selectively for array writing through

input.
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® The secondary_purpose of subroutine OUTPUT is to write
out Selectiveiy the convergence rate information com-
puted in subroutine SSCOMP (i.e., maximum changes in
and Q and the nodal location of these changes; during
successive iterations). The iteration numbers selected

for output are specified by input.

Subroutine.AROUT.(list)

This is the general array writer.

This subroutiné‘is used to write out all computed arrays
specified for printing. The appropriate array, header and
grid coordinates are.aligned in the call list at subroutine
OUTPUT. Miscellaneous computations are also performed here
as necessary. ‘

\

‘Subroutine MAPPER (list)

Prints:cell corner and cell center node type identification
to line printer.

Subroutine STATE (N)

This subroutine computes fluid density.

Subroutine ERROR

Floating point input data error check.

Subroutine IERROR.

Integer data input error check.

98



6.3 COMPUTED RESULTS AND DISCUSSIONS

As of this time, the VECTRA code has been modified for'
application to cooling tower external flows in two-dimensioénal
rectilinear and axisymmetric coordinates with constant transport'
coefficients. Preliminary results have been obtained for cases
involving single and dual towers. One computer run has been
conducted for comparison with a recent physical model test of

the Wyodak plant tower.

Results for a test case of two towers oriented perpendicular
to ‘the crosswind are illustrated in Figures 6.1-A and B. These
results illustrate the capability of the VECTRA code to predict
recirculation, interference and plume rise. Note that the two-
dimensionality of the solution allows for no edge effects, thus
the formation of a strong vortex between towers. This behavior
would be expected for long prototypic towers} but the vortex
would undoubtedly be much weaker in the case of short towers

where edge effects are sighificant.

Figures 6.2-A and B illustrate the case of dual two-
dimensional towers at the Wyodak site; the downwind tower simu-
1ates a possible configuration of the proposed ERDA test facility.
Again the two-dimensionality of the solution is apparent in'the

strong vortex formation and recirculation between towers.

Computed results shown in Figures 6.3-A and B correspond to
the physical model test case for a crosswind ot 28 mph (Table
4.1). The computer simulation used a tower discharge temperature
excess of 37°F which differs slightly from the modeled 35°F AT,

The crosswind was prescribed at the upstream boundary by
the gradient wind equation '

_ .28
Uamb (72) = C 2
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" 28 mph at a 180-ft height. The computer results show a large

where Uamb is the vertical distribution of crosswind, C is a

constant and Z is the vertical dimension. For conditions

- modeled, C = 9.4, which gives a crosswind of approximately

circulation pattern in the wake of the tower and significant
recirculation. Computed isotherms were compared with physical
model test reésults. Although the agreement is reasonably good
for height of plume rise, there is diéagréement in the down-
stream region, particularly in the region of the computed wake.
This disagreement is explained by the fact that the computef
model is two-dimensional, whereas the physical model reveals
significant éhree—dimensional effects. The length of the Wyodak
tower is short compared to its width, and thus there are signifi-
cant "edge" effects, such as lateral withdrawal and entrainment,

which tend to decrease temperatures within the plume.

The départure of the two-dimensional computed results from
the Wyodak physical mddeljsimulationé prompted further model
studies designed to establish the limitations and validity of
the two-dimensional computer ﬁrdgram; In this regard, two-
dimensional physicai tests wére'initiated as described in Section

4.2. .At‘this writing, results for thrég test runs have been ob-

tained for comparison. Thesé results are, however, preliminary

and are not considered entifely satisfactory for an in-depth

comparisén.for eventual validation of the two=dimensionual model.

Computed meah streamlines and dimensionless isotherms
corresanding to the experimental test runs Y-1, Y—2}_and Y-3
are illustréted by Figureé 6.4, 6.5, and 6.6. The computed iso-
therms do not compare as well as desired with the‘corresponding
experimental results regarding the general shape and magnitude of
the plume. In sach case the computed results give a plume of
larger magnitude; that is{ isotherms having larger énélosed areas.
An energy balance check revealed that the computer code conserves

enerqgy well within 1% of the total amount discharged.
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The results illustrated in Figures 6.4 through 6.6 were

, computed using -a "no-slip" condition at the bottom boundary
which leads to development of a near parabolic velocity profile’
in the ambient flow. To more closely simulate actual test con-
ditions the cases Y-1, Y-2, and Y-3 were recomputed usiﬁg a slip
’condition at the bottoﬁ‘boundafy. A comparison of resulting

- profiles for both situations is illustrated in Figurés 6.7 and
6.8 for Cases Y-1 and Y-3, respectively. Observe the near
parabolic velocity profile in the no-slip case as opposed to

the vefy fiat profile in the élip case. The parabolic distribu-
tion results because of using a constant value of eddy momentum

diffusivity in conjunction with the no-slip condition.

Velocity'profiles'in the physical model were not measured
during the preliminary testing but the channel flow was estab-
lished as turbulent based upon the Channel Reynolds number
(199,000 and 86,000 for Cases Y-1 and Y-3, respectively).

Based upon'theselvalues.of the.Reyno;ds'number a'typiéal channel
velocity profile is estimated for eééh case as shown in Figures
6.7 and 6.8. Note that the slip condition more accurately
appfoximates the channel fioﬁ than does the no-slip condition.
Thus, computed results obtained through use of the slip condi-
tion (see Figures 6.9 through 6.11) are in much better agreément
with the experimental data primarily because of impfoved ambient -
velocity field simulation. One should, not conclude from the
results that a slip condition at the bottom boundary is correct,
but that a slip condition more accurately'simulates a turbulent
profile than does the no-slip condition when using a constant
eddy diffusion coefficient for momentum. These results thus

indicate the need for more accurate turbulence modeling.

Although the slip condition yields generally good comparison
with experimental data, computed isotherms still result in en-—
- closed areas that are slightly larger than experimentally deter-

mined average values. The experimental results used for comparison
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are based on average of values obtained as described in

Section 4.2. Since the discharge did not occupy the full
width of .the flume, va'lues along the edge are affected by the“
ambient and tend to reduce the overall average isotherm size.
Comparlson with isotherms more centrally located along the
diffuser indicate still better agreement between the experlments

and computations (Flgure 6.12). . | j

Based upon results of thls prellmlnary testlng, it is con-
cluded that . = ¢~ ‘ o ‘ S
1. the numerical model is capable of simuiating two-
" dimensional transport with reasonable good accuracy,
2. the accuracy may be improved by incorporating 1mproved
turbulence modellng.
With regard to the latter point above, it is planned to incorposr

rate a two-equation model for turbulence in the near future.
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APPENDIX 1
FIGURES OF MEASURED TEMPERATURE DISTRIBUTIONS




T-T
ELEVATION,

IN FEET

400

200

| F 1

e

" . +
- 1 T i 1§

3000 4000 5000 6000

LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER UPWIND
A-4-V CENTER LINE

(a) Vertical Distribution

FIGURE 4.22 Temperature Distribution for Run A-4. B, = 18.5 MPH.




il

IN FEET

LATERAL DISTANCE,

1200

-

+ +

+ +
— . b s ; —t
1000 2000 3000 4000 5000 6000

LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER UPWIND
A-4-H-1

(b) Horizontal Distribution, Ground Level



LATERAL DISTANCE,

"IN FEET

&

400

200

el - - } ’

——

v ] M L I -

2000 3000 4000 5000

- "LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER UPWIND
A-4-H-2 .

6000

(c)

Horizontal Distribution; 120 Feet Above the Ground




IN FEET

LATERAL DISTANCE,

2600 : 3000 4000 5000

LONGITUDINAL DISTANCE, IN FEET

EFRDA TOWER UPWIND
A-4-H-3

6000

(d) Horizontai Distribution, 240 Feet Above zhe Ground



IN FEET

=T
LATERAL DISTANCE,

]

600

1000 2000 . 3000 . 4000 5000 6000

" LONGITUDINAL DISTANCE, IN FEET

'ERDA TOWER UPWIND
A-4-H-L

(e) Hcrizontal Distribution,.360'Feet Above the Ground .



-1
LATERAL DISTANCE,

9

IN FEET

1200

10004

800
7

6004
400 ]

200
T

R

1000

LONGITUDINAL DISTANCE, IN FEET

ERDA_TOWER UPWIND.
A-4-H-5 )

(£) Horizontal Distribution, 480 Feet AboVve the Ground

\




L ]
r 3
+

400 . ]

E

€3]

23]

=200 |

=

H

=

@]

=

=

<

>

iJ_'JI

M0 . n ‘.
- M | 1 e | 1 ]

1000 | 2000 3000 : 4000 5000 - 6000

LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER UPWIND
A-5-V CENTER LINE

(a) Vertical Distribution

FIGURE 4.23 Temperature Distribution for Run A-5. - v, = 28.1 MPH.



1200

'LATERAL DISTANCE,

IN FEET

1000 |

€00

€00

-+ -+ ¥ + + -+

1000 - 2000 3000 4000

~'LONGITUbINAL DISTANCE, IN FEET

- ERDA TOWER UPWIND
A-5-H-1

(b) Horizontel Distribution, Ground Level



IN FEET

LATERAL DISTANCE,

ol e 'y Lo

1000 2000

3000 4000

LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER UPWIND
B9 H-2

(c) Horizontal Distribution, 120 Feet Above the Ground




Q=T

IN FEET

LATERAL DISTANCE,

1200

1000

800

600

400

200

3000 4000

LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER UPWIND
fina-H-a

(d)

Horizontal Distribution,

240 Feet Above the Ground




TI-T

IN FEET

LATERAL DISTANCE,-

1200

1000 -

800

600

400 .

200

- | 2 Lo - 1 -
* T

1000 . 2000 3000 | 4000

M

LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER UPWIND
A-5-H-1 :

~ (e) Horizontal Distributiion,' 360 Feet Above the Ground .



ZT-1°

IN FEET

ELEVATION,

+ + —— <+ . o
- e e
400 L
+ + +* L 4 + + -+

200 .

0 . ) N ’ 1 . 1;
12000 4000

LONGITUDINAL DISTANCE, IN FEET

EHDH TOWER - UPW
6-V CENTER-L

IND-
INE .

(a). Vertica:l Distrlbutlon. e e e e

a

FIGURE 4{24 .Temperature Distr:butior for Run A-6..-.V. = -33. 8 MPHs



€I-T

IN FEET

LATERAL DISTANCE,

1200

1000

800 .
600
400
200 . . i . L, . )
: M + M + LI ¥ T
1000 ... . 2000 - . 3000

LONGITUDINAL DISTANCE, IN FEET

'ERDA TOWER UPWIND
A-6-H-1 |

" (b) Horizontal Distribution, Ground Level



pT-T

TN FEET

LATERAL DISTANCE,

1200

=000

800

600

400

200

b
+
L 3
+
4
L 3

LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER UPWIND -
A-6-H-2

3000
’

(c)

-~

Horizontal Distributién, 120 Feet Aboée”the Ground

o penimer s |

:
H
£

4
;




G1-T

IN FEET

LATERAL. DISTANCE,

o]

o

o
ol

1

i - - |

+ - ~—i }o— , + }

1000 ’ 20000 3000
- LONGITUDINAL DISTANCE}'IN FEET

ERDA TOWER UPWIND
A-6-H-3 o

(d) Horizontal Distribution, 240 Feet ‘Above the Ground



91-1

FEET

IN

LATERAL DISTANCE,

1200

1000 ¥ + + + +
800 ¥ + + + *
600 b o + 3 <+ +
400 '}
3 + +* + +
200 -+ + + +« +
0 —} — ,
1000 ‘ 3000
-LONGITUDINAL DISTANCE, IN FEZT
ERDA TOWER UPWIND
A-6-H-4 S

~(e) Horizontal -Distribution,. 360 Feet Above the Ground



LT-T

ELEVATION,

200

IN FEET

+ * + s
+— + i + } } 1
1000 2000 . 3000 - 4000 5000 6000
LONGITUDINAL DISTANCE, IN FEET
WYODAK PLANT TOWER ONLY
-V CENTER LINE
(a) Vertical Distribution
FIGURE 4.25 Temperature Distribution for Run B.: Va = 27.5 MPH.



IN FEET

8T-T
LATERAL DISTANCE,

1200

1000 |

800 _
600 4
4001 . -
0 . A . . X —l / ! . l - L
v . M v v Ml | ) - - 1 o L S 1 ] L
1300 2000 3000 4000 5000 6000

LONGITUDINAL DISTANCE, IN FEET

gYHQ?K PLANT TOWER ONLY

(b) Horizontal Distribution, Ground Level



6T=T

IN FEET

LATERAL DISTANCE,

+ + +

+* +

+ + +

+* + +

+ + +
" | % 2 a1 o 1 " | b= I 1
- | & > B | = e I = 1 o I I

1000 2000 3000 4000 5000 6000

LONGITUDINAL DISTANCE, IN FEET

WYODAK PLANT TOWER ONLY
B-H-2

(c)

Horizontal Distribution, 120 Feet Above the Ground




0Z=T

IN FEET

LATERAL DISTANCE,

120

1009
800QL

600}

N
()
=

&

3000 4000

LONGITUDINAL DISTANCE,

IN FEET

WYODAK PLANT TOWER ONLY
B-H-3

(d)

Horizontal Distribution, 240 Feet Above the Ground




BZ=T
LATERAL DISTANCE,

IN FEET

1200

1000 |
r

800

600

L

L 4

4

&+

3000

-
4000

LONGITUDINAL DISTANCE, IN FEET

WYODAK PLANT TOWER ONLY
B-H-4

(&)

Horizontal Distribution,

360 Feet Above the Ground




oy

IN FEET

ELEVATION,

400

200

" i 4 i " |
+ 1 + + 1 <+ 1 + T

2000 3000 4000 5000

LONGITUDINAL DISTANCE, IN FEET

ERDA._ TOWER DOWNWIND

WI
C-4-V CENTER LINE

(a) Vertical Distribution

FIGJRE 4.26 Temperature Distribution for Run C-4. Va = 18.5 MPH.




ec=il

IN FEET

LATERAL DISTANCE,

1200

+

1000

LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER DOWNWIND
C-4-H-t1

(b)

Horizontal Distribution,

Ground Level




Fe=t

IN FREET

LATERAL DISTANCE,

1200

1000

800

600

M |

o
E 3
4
r

LONGITUDINAL DISTANCE, IN FEET

3000

+ + L
+ + -
+ + +
+ + 3
+ 4

| " |

ks | M |

4000 5000

ERDA TOWER DOWNWIND
C-4-H-2

(c) Horizontal Distribution, 120 Feet Above the Ground



Se=T

IN FEET

LATERAL DISTANCE,

1200

1000 1

800 -

600

-

LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER DOWNWIND
E-8=H=3

(d)

Horizontal Distribution,

240

Feet Above the Ground



9e=T

IN FEET

LATERAL DISTANCE,

1200

1000

800

600

400

200

|

LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER DOWNWIND
C-4-H-4

()

Horizon=zal Distribution,

360 Feet Above the Ground




La~T

IN FEET

LATERAL DISTANCE,

1200

lOOO.1
800
600 «
400

200

ZLONGITUDINAL DISTANCE, IN FEET EHEHHTgWEB DOWNWIND

(f) Horizontal Distribution, 480 Feet Above the Ground




8¢=T

IN FEET

ELEVATION,

400

200

; P //<\\\\ i

-

r 1 -+

1
3000 4000 5000

LCNGITUDINAL DISTANCE, IN FEET

ERDA TOWER DOWNWIND
C-5+¥ CENTER-LINE

(a) Vertical D.stribution

FIGURE 4.27 Temperature Distributzon for Run C-5. Va = 28.0 MPH.




6 C=

IN FEET

LATERAL DISTANCE,

LONGITUDINAL DISTANCE, IN FEET Eﬁg@HTE}WER DOWNWIND

4000 5000

(b)

Horizontal Distribution, Ground Level



0c-1

IN FEET

LATERAL DISTANCE,

1200

-

10001

800

+
-
4
4
-
-
r
L

LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER DOWNWIND
C-9-H-2

(z) Horizonzal Distribution, 120 Feet Above the Ground




TE=k

IN FEET

LATERAL DISTANCE,

1200

1000~

=

800L

600,

400

LONGITUDINAL DISTANCE, IN FEET

4000 5000

ERDA TOWER DOWNWIND
C=5"R-3

(d) Horizontal Distribution,

240 Feet Above the Ground




2E=1

IN FEET

LATERAL DISTANCE,

1200

+
’-

1000

b |
+
+

800

|
+
+

600 4 + *

400 L

200 + *

LONGITUDINAL DISTA2NCE,

IN-EFEET

3000

4000 5000

ERDA TOWER DOWNWIND
C-5-H-4

(e) Horizontal Distribution,

360 Feet Above the Ground




SiE =

IN FEET

ELEVATION,

| 6 1 > 1

1000 2000 3000 4000 5000

LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER DOWNWIND
C-&6-V CENTER LINE

(a) Vertical Distribution

FIGURE 4.28 Temperature Distribution for Run C-6. Va = 36.0 MPH.




PE =

IN FEET

LATERAL DISTANCE,

1200

1004,

804

(o))
o

L

4+
+
&

LONGITUDINAL DISTANCE, IN FEET

4000 5000

ERDA TOWER DOWNWIND
L=Bafi-1

(b)

Horizontal Distribution, Ground Level




GE-T

IN FEET

LATERAL DISTANCE,

o

5
L
i
o
+
L
-

3000

LONGITUDINAL DISTANCE, IN FEET

ERDA TOWER DOWNWIND
C-6-H-2

(c} Horizontal Distribution, 120 Feet Above the Ground




9E~T

IN FEET

LATERAL DISTANCE,

1200

1000

800

600

400

200

ILONGITJDINAL DISTANCE, IN FEET

ERDA TOWER DOWNWIND
C=B+t=3

(d) Horizontal Distribution, 24) Feet Above the Ground




Lig=i

IN FEET

ELEVATION,

400

200

1

|

+

1000 2000
LONGITUDINAL DISTANCE IN FEET

1

%%roA TOWER UPWIND

TU-4-V

(a) Vertical Distribution

FIGURE 4.29 Temperature Distribution for Run TU-4. V= 19.6 MPH.
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FIGURE 4.31 Temgperature Distribution for Run TU-6. Va = 39.1 MPH.
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FIGURE 4,32 Tenperature Distribution for Run TD-4. Va = 19.8 MPH.
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FIGURE 4.33 Temrperature Distribution for Run TD-5. Va = 29.2 MPH.
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FIGURE 4.34 Temperature Distribution for Run TD-6. Va = 37.1 MPH.
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FIGURE 4.47 Vertical Temperature Distribution for Run Y-1. 4
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APPENDIX 3. NOMENCLATURE

ITD:

K:

Dlstance between the open coal m1ne plt to the
cooling towers

Depth of the open mine pit
Constant

Cooling tower stack diameter

Ambient model flow depth and its corresponding
prototype height’

~Plume buoyancy flux

Functional relationship
Densimetric Froude number defined by equation 3.4

Reference densimetrichroudé number

Drag Force in longitudinal'direcfioﬁ

Drag Fbrce inJQertical'direction

Gravitational accélerétion

Initial temperature difference |
Velocity ratio of the heated'effluentbtd the ambient

flow defined by equation 3.7 and. eddy diffusion
coefficient for heat

Coefficient in equation 4.6

Coefficient

Reference length

Pressure

P/oo

Horizontal reféfence Prandtl number

Vertical reference Prandtlinumber

3~-1



Heat source

Heat rejection capacity of a cooling tower

“'Recirculation ratio defined by equation 4.1 and
‘gas content

Radial coordinate

Ambient flow Reynolds number defined by equation 3.5

Jet Reynolds number deflned by equation. 3.6

Horlzontal reference Reynolds number.
Vertical reference’Reynolds number

Temperature
Time .

Ambient flow temperature

Cooling tower 1nput water temperature
Wlthdrawal water temperature of a cooling tower
Nondimensional longitudinal;velocity (u/vo)
Longitudinal velocity

Nondimensional vertlcal veloc1ty (v/v )

:  Vertical ve1001ty

Ambient wvelocity
Heated effluent velocity

Reference velocity -

Longltudlnal coordinate and nond1mens1onal
longltudlnal coordinate  (x/L)

Longltudlnal coordinate

Representative,longitudinal,length = 10 feet

.,



Lateral coordinate

Vertical coordinate and nondimensional vertical

coordinate (z/L)

Vertical coordinate

Concentration of constituent

Dry adiabatic lapse rate

(po-p)/(po-pr)

Difference between the temperature at any point in

the flow field and that of the ambient flow

Temperature difference within the ambient flow at

dlfferent elevations

Temperature difference between the heated effluent

and the ambient flow

Elevation dlfference

Difference between the density at any p01nt in the

flow field and that of the ambient flow

Density difference between the heated effluent and

the reference ambient fluid
Eddy diffusion coefficient for momentum

Kinematic viscosity of the ambient fluid
Kinematic viscosity of the heated effluent

Binary. function
Fluid ‘density

Y

Reference ambient fluid density
Reference ambient deéensity
Reference density

Nondimensional steam function, (w/Lvo)
Stream function & '
Nondimensional vorticity, (mL/vo)

Vorticity
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