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Abstract

Visible plumes discharged by cooling towers have gained much attention due to their negative
aesthetic and environmental impact. To achieve plume abatement, many previous designs
mix warm, dry air with the hot, humid air rising from the cooling tower fill in the plenum
chamber and thereby generate an air mixture that is unsaturated upon discharge. Here, we
allow only partial mixing within the plenum chamber and the mixing continues above the
cooling tower in the form of a wet plume core shielded by a dry plume envelope, i.e. a so-
called coaxial plume. This coaxial plume structure is modeled via a three-way entrainment
formulation between the inner and outer plumes and the ambient. Theoretical results predict
that the inner plume rises quickly but shrinks until it disappears at some height. As the
dry air mixing fraction (DAMF) increases, there is less likelihood of fog formation and/or
recirculation. To further validate our theory and to inform the quantification of entrainment
coefficients whose values cannot be obtained analytically, planar laser-induced fluorescence
experiments have been performed. A pixel-by-pixel comparison of the scalar concentration
images generated respectively by theory and experiment is conducted in order to determine
the optimal entrainment coefficients. Experiments consider a still ambient, but a wind may
be included in a similar fashion to the theoretical model, assuming, somewhat optimistically,
that the axial symmetry is not broken. To this end, and in a windy environment, the inner
plume is more rapidly cut off by the outer plume with increasing wind speed. For fixed
DAMFs, the visible plume length varies nonmonotonically with the wind speed. Moreover,
nontrivial differences in the visible plume length are predicted using two different entrainment
formulations.

In contrast to a single plume, multiple plumes tend to merge and thereby the dilution
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characteristics are modified. Another major objective of this thesis is to explore the effect of
plume merger under different cooling tower configurations. Previous theoretical descriptions
of plume merger often consider nearly idealized plume sources, which are probably inappro-
priate in the case of the large area source plumes discharged by e.g. cooling towers. For two
adjacent area source plumes, a theoretical model is proposed whereby (i) the boundaries of
the merging plumes are prescribed and (ii) the entrainment coefficient varies exclusively with
the plume boundary curvature. Theoretical results (full merger height, the total volume flux,
etc.) are in good agreement with previous theoretical and experimental data.

Finally, we investigate the merging of long rows of plumes, which include (i) dual rows
of plumes in a quiescent environment and (ii) a single row of plumes in a crosswind. With a
moderate to large vertical to horizontal spacing ratio, the theory of the dual row case predicts
an intermediate line plume scaling before approaching the far-field line plume limit. The
theory describing a single row of plumes in a crosswind predicts the correct near- and far-
field similarity limits. Model results of plume trajectories agree satisfactorily with previous

theoretical and experimental data.
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The Master said, in the morning, hear the Way; in the evening, die content.
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Image effect of the free surface on the vortex pairs A-B. The free surface acts
as an image plane in which the vortex pairs A-B are mirrored, thus creating
the image vortex pairs C-D. The velocity induced at vortex A (or B) by the
other vortices B, C and D (or A, C and D) is vectorially represented using the
corresponding lower-case letters. Note that the resultant horizontal velocity
vectors at vortex A are opposite to those of vortex B, which leads to the
separation of the vortex pairs. (Ernst et al., 1994) . . . . . . . .. .. .. ..
(a): Plume trajectories from Lucas et al. (2010), Meroney (2006), the 1977
Chalk Point Dye Tracer Experiment and Briggs’ plume rise formulae. (b):
Drift deposition rates (mass/area/time) from Lucas et al. (2010), Meroney
(2006), the 1977 Chalk Point Dye Tracer Experiment and the Industrial Source
Complex (ISC3) Dispersion Models. The definition of drift deposition rate in
CFD simulations is given in Meroney (2006). (Figure taken from Lucas et al.
2010) . . .

Schematic of a PPWD counterflow cooling tower. The white arrows denote
the ambient air. The black and light gray arrows denote, respectively, the hot,
saturated air from the wet section and the warm, dry air from the dry section.
The dark gray arrows at the top of fan shroud denote the resulting well-mixed
air stream (We assume complete mixing within the plenum chamber.). In the
dry section, t, is the ambient dry-bulb temperature, ¢, is the ambient wet-
bulb temperature, t; is the temperature of the sensibly heated air from the
dry section (also called the dry cooling temperature), Tp; is the dry section
inlet water temperature, Ty is the dry section outlet water temperature,
Rp = Tp1 —Tps is the range temperature in the dry section and Ap = Tpo—1,
is the approach temperature in the dry section. For the wet section, t,, is the
temperature of the saturated moist air discharged from the drift eliminator,
Ty is the wet section inlet water temperature where, ideally, Ty, = Tps.
Moreover, Ty 9 is the wet section outlet water temperature, Ry, = Ty — Two
is the range temperature in the wet section and Ay = Ty — typ is the
approach in the dry section. Finally, ; is the temperature of the well-mixed
air at the top of the fan shroud/base of the (uniform) plume. . . . . . . . . .
The coordinate system associated with a (four cell) cooling tower in a still
ambient. The z axis points upwards, i.e. out of the page. . . . . . . .. . ..
[Color] Non-dimensional plume excess temperature (panel a) and relative hu-
midity (panel b) as functions of height where Z = z/Dy = 0 corresponds to
the top of the fan diffuser. Panel ¢ shows the plume temperature, specific
humidity and the corresponding non-dimensional elevations on the psychro-
metric chart. Ambient and operating conditions are specified in table 3.1. . .
The hybrid cooling tower design of Koo (2016a, 2016b). Visible plume abate-
ment is achieved by enveloping the wet air stream within a sheath of drier

As in Figure 3.1 but with a different fill configuration and internal structure
inside the plenum chamber. A limited amount of dry air is mixed into the wet
air inside the plenum. The remaining fraction is assumed to leave the tower
without mixing so that it envelopes the core of wetter air upon discharge to
the atmosphere. . . . . . . ...
Coaxial plume structure. Entrainment from the outer plume to the inner
plume, from the inner to the outer plume and from the ambient to the outer
plume are parameterized by entrainment velocities w,, wg and w.,, respectively.
Meanwhile, r; and ry are the respective characteristic radii for the inner and
outer plumes. w,, ws and w, are defined by equation (3.24). . . .. ... ..
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[Color] Non-dimensional plume radii (panel a), vertical velocities (panel b)
and reduced gravities (panel ¢) as functions of height. The solid black curves
in panel ¢ denote the non-dimensional body force (g1 g5+ U2%42) /g in the
inner plume. Labels of 5% and 95% denote the dry air mixing fraction (DAMF). 72
[Color] Non-dimensional plume temperature (panel a) and relative humidity

(panel b) as functions of height. Solid curves show the results of a single
cooling tower cell, with blue for the inner plume and red for the outer plume.

Labels of 5%, 50% and 95% denote the dry air mixing fraction (DAMF). . . 75
[Color] As in figure 3.7 but with 24 = 0.3 and 5% DAMF. . ... ... ... 76
[Color] As in figure 3.8 but with md =03 ... 7

[Color] (a) plume velocity vs. relative humidity. (b) resistance factor vs. height.
(c) resistance factor, averaged over height, vs. DAMEF. For the single cell case,

5%, 50% and 95% DAMFs are presented, while for multiple cells only 5%
DAMEF is shown in panels (a) and (b). In panel (c¢), the maximum relative

humidities are specified for select DAMF. . . . . .. ... ... ... ..... 80
[Color] As with figure 3.11 but with ambient temperature t, = —10°C, and
other input parameters remain the same in table 3.3. . . . . . . ... .. .. 82

Regime diagram indicating the combinations of ambient temperature and rel-
ative humidity for which a coaxial plume structure is (to the right of the
curves) and is not (to the left of the curves) advantageous. Only single cell
results are presented; results for multiple cells are qualitatively similar. . . . 83
A cross-sectional view of the merged plume shape. The dashed circles rep-
resent the individual plumes at the moment that the merging criterion is
satisfied and the solid curve shows the geometry of the merged plume. . . . . 85
A cross-sectional view of the modified shape of the merged plume. The cal-
culated plume cross-section shape (dashed line), defined by a and b, shows
discontinuities at the junctions of the slot and round plumes. A modified
smooth plume cross-section (solid line), defined by A and B, is proposed ac-

cording to equations (3.54) and (3.55). . . . . ... ... 86
A cross-sectional view of four coaxial plumes upon merging. The solid curves

or circles represent the merged coaxial structure. . . . . . . . . ... .. ... 87
The dry section calculation diagram. . . . . . . . ... .. .. ... ..... 88
The wet section calculation diagram. . . . . . . .. ... ... ... ..... 89
The PPWD crossflow tower calculation diagram. Figures B.1 and B.2 corre-

sponds to figures 3.17 and 3.18, respectively. . . . . . . .. ... 91

(a): Schematic of a coaxial plume in a stationary ambient. The cone-shaped
region bounded by the dashed black line is the inner plume. Dy = 279 and
Dsy = 2ry are the respective source diameters for the inner and outer plumes.
Pa, p1 and po are the densities of the ambient fluid, the inner and outer plumes,
respectively. The entrainment velocities (w,, wg and w.) are labeled and the
corresponding directions are indicated by the solid arrows. (b): The cone-
shaped regions bounded by the dotted lines are the inner and outer potential
cores, respectively. z, and z, are, respectively, the inner potential core height
and the cut-off height of the inner plume; these are defined in section 4.4.3. . 94

[Color] Effects of varying Iy (a, ¢ and e) and Uyq (b, d and f) on plume radii,
vertical velocities and flux-balance parameters. The letters I, O and U repre-
sent the inner and outer plumes and the merged uniform plume, respectively. 102
Schematic of a turbulent fountain. The flow is initiated by a negatively buoy-
ant jet, which grows in size and slows down due to its negative buoyancy (left
sketch). After reaching the initial (or maximum) fountain height, the flow
reverses its direction and a plume-like downflow surrounds the jet-like upflow
(right sketch). . . . . .. 103
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Schematic of the PLIF experimental set-up including the laser optics. The
coaxial plumes consist of an inner circular plume (shaded gray) and an outer
annular plume (shaded black). . . . . ... ... o000
A cross-cut view of the coaxial nozzle. The inner nozzle and outer shell were
connected by a threaded connection and were 3D printed using PLA and ABS
plastics, respectively. The locations labeled with crosses show where the wire
crosshairs were inserted. Note that the inner diameter of the inner nozzle is
8 mm and the inner slot has a thickness of 0.1cm. As a first approximation,
the source diameter for the inner fluid is D;p =09cm. . . . ... . ... ..
[Gray scale] Instantaneous images showing vortex roll-up for the coaxial plumes
of experiments A3, B3, C3and D3. . . . . . . ... .. ... ... ... ..
[Gray scale] As in figure 4.6 but showing time-averaged rather than instanta-
neous images. In each case, images are generated by averaging together 500
snapshot images, collected over a time interval of 255s. . . . . . . . . . . ..
Log-log mean centerline concentration with corresponding “-5/3” dashed line
(panels a and b) and log-log centerline standard deviation with corresponding
“-5/3” dashed line (panels ¢ and d) of coaxial plumes in experiments A3 (left)
and D3 (right), respectively. The “-5/3” relationship is anticipated from the
work of Papanicolaou & List (1987, 1988). . . . . . .. . . ... .. ... ..
Radial concentration profiles at successive downstream distances for experi-
ment A3. . . ...
Radial concentration profiles (panels a and b) and radial standard deviation
profiles (panels ¢ and d) for experiments A3 (left) and D3 (right) at successive
downstream distances, i.e. z/Dg = 2, 4, 6, 8 and 10. The radial mean concen-
tration and standard deviation are non-dimensionalized by the corresponding
maximum radial mean concentration, ¢,,. . . . . . . ...
$-minimizing values of By, (panel a), v, (panel b), By, (panel ¢) and vy, (panel
d) for experiments A, B, C and D. The legend indicates the number within each
experimental category, e.g. Al, A2, A3, A4 and A5. The different symbols
thereby show the effect of changing the source velocities of the inner vs. the
outer plume. The horizontal lines denote the mean entrainment coefficients
in each panel. A representative error bar is shown in panel d.. . . . . . . ..
[Color] Comparison of the centerline concentration profiles in experiments A1,
A5, B1,B5, C1,C5, Dland D5. . . . . .. .. .. ...
[Color] Comparison of the radial concentration profiles in experiments A1, A5,
B1, B5, C1, C5, D1 and D5 with the same sequence as in figure 4.12. . . . .
Uniform and coaxial plumes in the cooling tower context. The black arrows
(above the drift eliminator) and white arrows (close to the heat exchangers)
denote the hot, humid air from the wet section and the warm, dry air from
the dry section, respectively. The light gray arrows at the fan exit denote the
air mixture formed by complete or partial mixing within the plenum chamber.
The variables t,, and t; denote the respective temperatures of the wet and dry
airstreams. We consider z = 0 as coinciding with the top of the fan diffuser.

Theoretical prediction of the relative humidity, excess temperature, radius
and vertical velocity of the inner and outer plumes for the example considered
in section 4.6. Note that the inner plume disappears when z/Dy = 4.8. . .

Variation of the mean pixel intensity within a mask from 1000 calibration
images taken in a duration of approximately 8.5 mins. The dashed white line
denotes the time-averaged intensity over the time interval in question. . . . .
Schematic of the calibration tank that contains a homogeneous concentra-
tion of Rhodamine 6G. The dimensions of the tank were 6 cmx6cmx 20 cm
(lengthxwidth xheight). The incremental dye concentrations were 0, 0.01,
0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.12, 0.14, 0.16, 0.18, 0.20,
0.22,0.24, 0.26, 0.28 and 0.30 mg/L. . . . . . . .. ... ...
Laser light attenuation in the calibration tank of figure 4.17. . . . . . . . ..
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®-minimizing entrainment coefficient as a function of Iy. The horizontal line
denotes the average entrainment coefficient of 0.106. Error bars are of a size
comparable to the marker symbols and are therefore omitted. . . . . . . ..
®-minimizing entrainment coefficient as a function of varying Zac. . . . . .

Definition sketch. s and n are the streamwise and normal coordinates, respec-
tively. x and z are the horizontal and vertical coordinate axes, respectively.
Ab (A > 1) and b are the respective major and conjugate radii of the elliptical
Cross section. . . . . . . Lo e
Non-dimensional plume excess temperature (panel a) and relative humidity
(panel b) as functions of plume rise height. Panel (c) illustrates the plume
temperature, specific humidity and the corresponding non-dimensional ver-
tical elevations on the psychrometric chart for the case of single cell with
U,/Uy = 0.5. The environmental and operating conditions are specified in
table 5.1. . . . . L
Non-dimensional plume centerline trajectories (panel a), vertical velocities
(panel b) and streamwise velocities (panel ¢) as functions of plume rise height.
The source conditions are the same as in figure 5.2. . . . . . . . .. .. ...
Surface plots of visible plume length for different ambient temperatures, rel-
ative humidities and wind speeds. . . . . . . .. . ... L.
Variations of entrainment velocity (left panel) and entrainment flux per unit
height (right panel) with streamwise distance for different wind speeds. The
ambient temperature and relative humidity are t, = 2°C and RH, = 60%),
respectively. . . . . . ..
Schematic of a coaxial plume in a windy ambient. b; and b, are the conjugate
radii of the inner and outer plumes, respectively. The respective streamwise
velocities for the inner and outer plumes are Uy and Us. . . . . . . . . . ...
[Color] Non-dimensional plume centerline trajectories (panels a and b), con-
jugate radii (panels ¢ and d) and streamwise velocities (panels e and f) as
functions of plume rise height. Panels a, ¢ and e correspond to an EI entrain-
ment formulation whereas panels b, d and f correspond to an EII entrainment
formulation. . . . . ...
[Color] Non-dimensional plume excess temperature (panels a and b) and rela-
tive humidity (panels ¢ and d) as functions of plume rise height. Panels e and
f illustrate the dilution curves for the inner (blue) and outer (red) plumes on
the psychrometric charts. . . . . . . . .. ... ... o
[Color| Non-dimensional plume centerline trajectories (panels a and b), con-
jugate radii (panels ¢ and d) and streamwise velocities (panels e and f) as
functions of plume rise height. The thick dashed curves denote the results for
multiple cooling tower cells. . . . . . . . ... ... o
[Color] Non-dimensional plume excess temperature (panels a and b) and rel-
ative humidity (panels ¢ and d) as functions of plume rise height. Panels e
and f illustrate the dilution curves for the inner (blue) and outer (red) plumes
on the psychrometric charts. The thick dashed curves denote the results for
multiple cooling tower cells. . . . . . . .. ... 0oL
[Color] Contour plots of the inner visible plume length (AS)) as a function of
a and f assuming an EI formulation. The reference entrainment coefficients
are ager = 0.039 and Bes = 0.065. . . . . ..
[Color] Contour plots of visible plume length (AS;) under various dry air mix-
ing fractions (DAMF's) and for different wind speeds assuming an EI entrain-
ment formulation. Panels a, ¢ and e correspond to the same ¢, but different

133

139

RH,, whereas panels a, b, d and f correspond to the same RH, but different ¢,.149
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The velocity differences between the inner and outer plumes as functions of
streamwise distance for different wind speeds. The solid curves are labeled
with values of U, /Uy with the dashed curve corresponding to the special case
U,/Uy = 1.4. The other parameters are t, = 7°C, RH, = 70% and DAMF =
30%. .
[Color] As in figure 5.12 but assuming an EII entrainment formulation.

Surface plots of visible plume length under varying ambient temperature and

relative humidity with md = 0.3 and DAMF = 30%. The regions above the

upper sawteeth in panels b ¢ and d correspond to conditions where fog forms
in the outer plume. Note the difference of vertical axis limits between the top
and bottom panels. . . . . . ... ..
(a): Schematic of a line array of four tower cells that is perpendicular to
the wind direction. (b): Top view of the cooling tower configuration with ¢
denoting the angle between the wind direction and the cooling tower axis. . .
A cross-sectional view of the merged plume in a crosswind. The dashed el-
lipses show the cross sections of individual plumes. The solid curve shows the
geometry of the merged uniform plume. . . . . . . . .. .. ... ...
A cross-sectional view of four coaxial plumes upon merging in a crosswind.
The solid curves and ellipses show the geometry of the merged plume. . . . .

[Color online| Surface plots illustrating plume merger from small (panel a, py =
0.1) and large (panel b, py = 0.6) sources with Iy = 1. The parameters, po,
Iy, /R, y/R and Z, are defined in section 6.3 below. The plume boundaries
are shaded according to the height between 0 and 1, and these contours are
also projected onto the bottom plane. Note that these results are produced
using a so-called curvature method, which is outlined in section 6.4. . . . . .
[Color online] Evolution of the plume cross section as described by Wu & Koh
(1978). Panel (a) denotes the initial stage of two individual plumes. Panel
(b) denotes the stage of first contact, however, no plume interaction occurs
until full merger, which is depicted in panel (¢) and which is defined as the
elevation where the area of the central rectangle (shaded red) equals the sum
of the areas of the two half round plumes (shaded blue). Panel (d) denotes a
stage of the combined plume post merger. Panel (e) shows an axisymmetric
plume in the very far field. . . . . . . ... ...
Sketch of two plumes from an area source of radius ro. As ro — 0, the flow
becomes identical to the n = 2 case exhibited in figure 1 of R16. . . . . . . .
Contours of velocity potential in Z’-space. The numerical values of k are
labeled. For closed contours with & < 1, the dashed (solid) curves represent
the negative (positive) square root in (6.3). . . . . . . . ... ... ... ..
Evolution of w (panel a) and I, (panel b) as predicted by the original model
(dashed curve), revised model with S = 0.1 (solid curve) and with S = 1
(dash-dotted curve). The dotted lines in (a) denote the near- and far-field
self-similarity solutions. . . . . . . . . . ... L
The evolution of f,, and I, in the original model (dashed line or curve),
revised model with S = 0.1 (dash-dotted curve) and with S = 1 (dotted
curve) and the curvature method using (6.31) (solid curve). In contrast to
figure 6.5 b, a virtual origin correction is not included because the small offset
by Z,, does not significantly alter the positions of the curves. . . . . . . . ..
As in figure 6.4, but with py > 0. (a) po = 1/3, (b) po = 2/3. The closed
black circles in both panels denote the plume source. . . . . . . ... .. ..
Plume cross-sectional area as a function of £ for different source radii, i.e. py =
0.1, 0.4, 0.8 and 0.99. The stars indicate where k =1—p2. . . . ... .. ..
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6.9 Non-dimensional vertical velocity (panels a and b) and volume flux (panels
¢ and d) as functions of height for the original model (dashed curve), the
revised model with S = 0.1 (solid curve) and with S =1 (dotted curve) and
the curvature method (solid curve). The thin dotted lines denote the far-field

similarity solutions for w and @), respectively. . . . . . ... ... ... ...
6.10 Evolution of I, for po = 0.1 and pg = 0.6 with I, =1. . . . . ... ... ..
6.11 Evolution of F for pp = 0.1 and py = 0.6 with Iy = 0.2, 0.4, 0.
6.12 Effective entrainment with Iy = 1 and pg = 0.1, 0.3, 0.5, 0.7 a .
thin dashed vertical line denotes the far-field hnnt o-12
6.13 Comparison of the curvature method with the experimental data of Davis et al.
(1977). The solid curve denotes the curvature method with o = 0.14. The
open diamonds correspond to volume flux measurements made at z/Dy = 10,
20 and 30. The dashed curve is a curve fit to all the experimental data of
Davis et al. (1977). . . . . . . . .
6.14 [Color online] Plume volume flux for the limiting case of py =1 and Iy = 1. .
6.15 [Color online] Height of full merger, Zrm, as a function of the source flux-

balance parameter, Iy, with 74 = 0.3. Note that the variation in Iy corre-

sponds to the variation in the coohng tower exit velocity, wy. Meanwhile all
other parameters correspond to the values given in table 6.3. . . . . . . . ..
6.16 [Color online] Non-dimensional plume reduced gravity (panels a and b), verti-
cal velocity (panels ¢ and d) and relative humidity (panels e and f) as functions
of height above the stack exit. The stack exit velocity is wg = 6m/s.. . . . .
6.17 [Color online| As in figure 6.16 but with a stack exit velocity of wy = 10m/s.
6.18 Schematic illustrating the geometric details associated with (6.34). The left
and right circles are centered at C; (-1, 0) and Cy (1, 0), respectively and
both have radius py. From the point N, the straight lines NN; and NN, are
tangent to the circles centered at C; and (5, respectively; N7 and Ny are the
respective tangent points. . . . . . ... ..o Lo
6.19 Flux integral as a function of k for various py. Dashed curves follow (6.68)
whereas the solid line follows (6.73). . . . . . .. ... ... .. ...

7.1 Velocity potential contours for a range of p, i.e. p = 0.1, 0.4, 0.7, 1, 1.2, 1.5,
2 and 5. The thick curve, which corresponds to p = 1, represents the height
of first contact. . ., . . . . ...

7.2 Evolution of w and @ as a function of Z. The horizontal dashed lines denote
the height of first contact, 2y, = 0.340. The solid straight lines denote the
near-field (p < 1) and far-field (p > 1) similarity scalings. . . . . ... .. ..

7.3 [Color] Surface plot illustrating plume merger in a long row of plumes. The

plume boundaries are shaded according to the height between 0 and 1, and

these contours are also projected onto the bottom plane. . . . . . ... ...

Schematic of two non-offset parallel rows of an infinite number of line sinks. .

Velocity potential contours for & = /2. The contours start from (0, 7/2)

and expand outward with p selected from the set {1, 2, 4, 8, 10, cosh 2’ — 1,

11, sinh 2V, 12, cosh 20’ + 1, 15, 20, 30, 40, 50}. The thick half solid and

half dashed contour corresponds to p = cosh2b’ — 1, the thick dash-dotted

contour corresponds to p = sinh 20" and the thick solid contour that extends
into the corners corresponds to p = cosh2b’ + 1. Within the dash-dotted
contour (p < sinh 20'), the solid and dashed parts of the contours correspond,
respectively, to the positive and negative roots in (7.29). . . . .. .. . ...

7.6 ' and A’ as a function of p for b/a = 0.5. The horizontal line denotes a

constant value of 7. . . . . . .. ..

7.7 Evolution of w and @ as a function of Z for b/a = 0.25, 0.5 and 1. In all cases,
To=1.. .
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[Color] Surface plot illustrating plume merger in case of two parallel rows of

non-offset plumes with b/a = 0.5. The plume boundaries are shaded according
to the height between 0 and 2, and these contours are also projected onto the

bottom plane. . . . . . ..o 198
The contact heights Z.; and Z.. plotted as a function of b/a. In all cases,
To=1. . 198

Schematic of two parallel rows of an infinite number of line sinks with an offset.198
Velocity potential contours for ¥ = 7/4. The contours start from (0, 7w/4)
and expand outward with p selected from the set {0.5, 1.5, sinh 2, cosh 2V,
3, 4, 5, 8, 10}. The thick half solid and half dashed contour corresponds to
p = sinh 20’ and the dash-dotted contour corresponds to p = cosh 2. The
solid and dashed curves correspond, respectively, to the positive and negative

roots in (7.54). . . . . . 199
' and A’ as a function of p for b/a = 0.5. The horizontal line denotes a

constant value of 7. . . . . . .. .. 200
Evolution of w and @) as a function of Z. In all cases, [, =1. . . .. .. ... 201

[Color] Surface plot illustrating plume merger in case of two offset parallel
rows of plumes with b/a = 0.5. The plume boundaries are shaded according
to the height between 0 and 2, and these contours are also projected onto the

bottom plane. . . . . . . .. 202
As in figure 7.9 but in case of offset plumes with an offset distance of a/2. In
all cases, [h =1. . . . . . . . 203
Effective entrainment perimeter as a function of p. For two rows of plumes,
the vertical to horizontal spacing ratio is fixed as b/a =0.2.. . . . . . . . .. 203

Evolution of plume trajectory (a), volume flux (b), horizontal (¢) and vertical
(d) velocities. The horizontal dashed (solid) line denotes the height of first
contact for @ =0.2 (@=1). In both cases, Iy =1. . . . .. ... ... .... 208
Contact height as a function of @. In all cases, [h, =1.. . . .. ... .. ... 209
Effects of varying Frg (a), R (b) and a/D (c and d) on the plume trajectory.
The experimental data are taken from Appendix A of Kannberg & Davis (1976).210
Top view of single and dual rows of cooling tower cells. The black circles
denote cells at the center and the gray half circles denote the half cells at the

twoends. . ..o 210
Relative humidity profiles for single (a and b) and dual (¢ and d) rows of
plumes. The model input parameters are specified in table 7.1. . . . . . . .. 212

Comparison between the present irrotational flow theory and the theory of Wu
& Koh (1978). The horizontal solid and dashed lines denote the respective
heights of first contact for the above theories. In all cases, I[x, =1. . . . . .. 215

Solar collector assisted plume abatement in a PPWD cooling tower. The fan
directly drives air through the solar collector (a) or induces air through the
solar collector (b). The filled rectangles on the two sides of the fan shroud
denote solar collectors. . . . . . . . . ..o 220
Thermosyphon system for plume abatement in a PPWD. The portion of the
thermosyphon that is bounded by dashed rectangles denote the porous media
structure. . . . ..o oL e 221
Coaxial plumes in a stratified ambient. For small values of N, coaxial plumes
behave like a uniform plume and the merged uniform plume spreads out hori-
zontally at a height above the cut-off height. By contrast, and for large values
of N, the peeling height of the outer plume may be below the cut-off height
thus the inner plume rises continuously to its own maximum height then falls
to the neutral buoyancy height. . . . . ... ... ... 000000 222
Cross-cut view of the nozzles needed to produce the closed core and open
core annular plumes. Solid and dashed lines denote forced and induced flows,
respectively. . . . . . Lo 223
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Schematic of an axisymmetric plume in a homogeneous ambient. b = b(z)
is the plume radius and W = w(r, z) is the time-averaged vertical velocity.
Wy, = Wy(2) is the mean vertical velocity assuming a “top-hat” profile (the
plume properties e.g. velocity and buoyancy are taken to be constant within
the plume and zero outside). . . . . . .. ... 243

Schematic of a coaxial plume in a homogeneous ambient. w; and ws are the
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Chapter 1

Introduction and overview

1.1 Background

Turbulent buoyant plumes are ubiquitous in either the natural or man-made environment.
A comprehensive summary for the applications of buoyant jets or forced plumes is given
by Jirka (2004). Moreover, studies of turbulent plumes have been reviewed by a number of
different authors, such as Linden (2000), Lee & Chu (2003), Kaye (2008), Woods (2010),
Hunt & Van den Bremer (2011) and Hunt & Burridge (2015). On the basis of these reviews,
this section gives a basic introduction on several theoretical models of turbulent plumes and
(laser-based) laboratory modeling of plumes. We restrict our focus on Boussinesq plumes
for which density difference is only important in the buoyancy force.
Turbulent plumes are usually characterized by the following nondimensional numbers:

ud

Reynolds number :  Re : (1.1)
v
Apd?
Rayleigh number : Ra = g=r : (1.2)
KV
. . gd
Richardson number : Ri= ik (1.3)

where U is a characteristic velocity scale, d is a characteristic length scale, ¢ is the gravita-
tional acceleration, v is the kinematic viscosity, Ap is the density difference across distance
d, k is the thermal diffusivity and ¢’ is the reduced gravity that is defined in section 1.1.1.1.
Physically, the Reynolds number, defined as the ratio of inertial forces to viscous forces, is
large thus the flow is turbulent; the Rayleigh number, defined as the ratio of the destabilizing
effect of buoyancy to the stabilizing effects of viscosity and of thermal or mass diffusion, is
large thus the convection is turbulent; the Richardson number represents the relative impor-
tance of natural convection resulting from density differences and forced convection resulting
from the source momentum flux (Hunt & Van den Bremer, 2011).

1.1.1 Turbulent plume models

For turbulent plumes in a homogeneous ambient, it was generally accepted in the past
that the primary mechanism of entrainment is turbulent “engulfment” by large-scale ed-
dies (cf. Turner 1986). Some more recent literature, e.g. Westerweel et al. (2009), argued



that another process, i.e. small-scale “nibbling”, plays an important role in the overall rate
of entrainment into turbulent jets. To be precise, we follow the respective definitions for
engulfment and nibbling by Burridge et al. (2017).

“Engulfment is defined as the transport of ambient fluid to within the envelope of the
turbulent flow at scales larger than the Taylor micro-scale!. Nibbling is the process wherein
vorticity is imparted to the entrained fluid from the ambient due to viscous stresses at the
interface between turbulent and nonturbulent flow at a length scale close to Taylor micro-
scale.”

By simultaneous measurements of the velocity field and the scalar edge of a high Péclet
number turbulent plume, Burridge et al. (2017) concluded that the turbulent engulfment
of ambient fluid by large-scale eddies at the plume edge comprises a significant portion of
the turbulent entrainment process. Building on the aforementioned conclusion, we review
several theoretical models of turbulent plumes as follows.

1.1.1.1 Morton et al. (1956)

On a timescale much greater than the eddy (of the largest size) turnover time?, G.I. Taylor’s
entrainment hypothesis states that the mean horizontal inflow velocity, u., is proportional
to the mean vertical velocity, w, at the same height. In mathematical terms, we write

Ue = QW , (1.4)

where a ~ 0.1 is an empirical entrainment coefficient. Note that (1.4) is consistent with the
similarity theory which implies that u. and w have the same height dependence, i.e. oc z~1/3
(Batchelor, 1954; Rooney & Linden, 1996). As pointed out by Batchelor (1954), (1.4) is a
fundamental consequence of the similarity arguments. The volume flux (@), momentum flux
(M) and buoyancy flux (F') for a vertical axisymmetric plume are defined as follows:

Q= 27r/ rwdr = 7b*w, (1.5)
0

M = 27r/ rwdr = 7b*w?, (1.6)
0

F = 27r/ rgpa — P wdr = nb*wyg | (1.7)
0 Pref

where w = w(r, z) and p = p(r, z) are the vertical velocity and density, respectively; p, =
pa(z) is the ambient density and pef is a reference density; b is the plume radius, w is the
“top-hat” vertical velocity and ¢’ = g%ﬁ is the top-hat reduced gravity with p denoting the

'In isotropic turbulence, the dissipation rate can be estimated as € = 150/ 2 /A% where v is the kinematic
viscosity, u’ is the r.m.s. velocity and A is Taylor micro-scale (Taylor, 1935). At high Reynolds number, the

Taylor micro-scale, )\, is intermediate in size between the Kolmogorov micro-scale, n = (V3 / 6)1/4, and the
integral scale, I, which represents the size of the largest eddies or the width of the flow (Tennekes & Lumley,
1972; Pope, 2001).

2The eddy turnover time is defined as 7(I) = [ /u(l) where [ is the eddy size and u(l) is the corresponding
characteristic velocity of size I. (Pope, 2001)



top-hat density. On this basis, Morton et al. (1956) (hereafter denoted MTT) formulated the
conservation equations of volume, momentum and buoyancy, which are given, respectively,

by

d

d—f = 2ar2 M2 (1.8)
dM  QF

e (1.9)
dF

1/2
where N = (—idﬂ> is the buoyancy frequency. A full derivation of (1.8)-(1.10) is given

Pref dz
in Linden (2000). For a point source plume i.e. source conditions Q(z =0) = M(z=0) =0

and F(z = 0) = Fy > 0, in a neutral ambient with N = 0, (1.8)-(1.10) yield the following
analytical solution

6 5 (9aFy\"? 5F, (9aF,\ /?
b=-az, W= — a0 B g =20 aro PR (1.11)
5 6 \ 107 6ra \ 107

Assuming Gaussian profiles of vertical velocity and reduced gravity that read, respec-
tively, as follows:
.\ 2
w (1, z) = wg exp [— (—) ] : (1.12)
b

2
r
(Abc>
where b¢ is the Gaussian characteristic plume radius, wg = we (2) and g = g (2) are the
Gaussian characteristic vertical velocity and reduced gravity, respectively, and A is the ratio

of the half-width of the buoyancy profile to the half-width of the velocity profile (i.e. bg).
Hence, the flux parameters are given by

g (r,2) = ggexp ; (1.13)

B A2
A2+
From (1.5)-(1.7) and (1.14), the relation between top-hat plume radius, vertical velocity and
reduced gravity and their Gaussian counterparts is given by

Q = mhrwg, M= gbéwzg, bawage - (1.14)

A2
— / /
b:\/§bG, ’UJ:’UJG/Q, g :A?—-HgG (].].5)
Analogous to (1.4), the Gaussian entrainment assumption reads
Ue = QqWG , (1.16)

where ag is the Gaussian entrainment coefficient. By equating the rate of entrainment per
unit height (denoted by F) using, respectively, the top-hat and Gaussian properties that
reads

E =2wbaw = 2wbgagwg , (1.17)



we obtain the following relation between the top-hat and Gaussian entrainment coefficients
a=V2ag . (1.18)

In a linearly stratified ambient, i.e. N = Constant, the plume behavior is shown schemati-
cally in figure 1.1. The plume in question overshoots its neutral buoyancy level (z,;,) at which
the plume density is equal to the ambient density, then reaches its maximum rise (2yax) With
zero velocity. Thereafter, the plume fluid falls back and spreads horizontally around its
neutral height. Referring back to the governing equations, (1.10) implies a decreases in F,
which in turn decreases the rate of increase in M as implied by (1.9). The evolution above
the neutral buoyancy level is essentially a turbulent fountain type behavior, for which MTT
cannot apply. Nonetheless, MTT gives good estimate for 2y, — see equation (6.4.6) and
figure 6.18 of (Turner, 1973). The numerical solution to (1.8)-(1.10), upon integrating up to
Zmax, 18 illustrated in figure 1.2.

Maximum height of rise (zero velocity)

Neutral buoyancy level

Figure 1.1: Schematic of an axisymmetric plume in a linearly stratified ambient.

1.1.1.2 Priestley & Ball (1955)

Compared to the numerous attention received by MTT, the slightly earlier model of Priestley
& Ball (1955) (hereafter denoted PB) has gained much less recognition. However, recent
and not-so-recent literature, such as Fox (1970), Kaminski et al. (2005) and van Reeuwijk &
Craske (2015), have indicated that PB may reveal more insights into the physics about the
entrainment coefficient for jets or plumes in unstratified environments.

In contrast to MTT, PB formulates the integrated conservation equations of momentum,
kinetic energy of vertical mean motion and buoyancy. Derivation of the governing equations
in the PB model is given in section 1.5, which follows the procedure in Kaminski et al. (2005)
but uses the standard top-hat definitions for the plume properties. The closure condition is
a Reynolds stress assumption in the kinetic energy equation. Morton (1971) compared PB
and MTT models and pointed out the difference in parameterizing turbulent entrainment,
mathematically by

aRW , (MTT)
() =9 —_ _,dW (1.19)
2IRW + de—W , (PB)

z
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Figure 1.2: For a point source plume in a linearly stratified ambient, panel a shows the solutions of
fluxes of volume, momentum and buoyancy and panel b shows solutions of plume radius, vertical
velocity and reduced gravity. Results are obtained with Fy = 1 m*/s3, N =1 s7! and o = 0.13
(from MTT).
where R and W denote the local radial and vertical velocity scales, respectively; I = %
is a constant related to the shape functions of vertical velocity, reduced gravity and the
Reynolds stress term w/w’. The upper expression in (1.19) (i.e. MTT) relates turbulent
entrainment to the local mean flow and a constant of proportionality. By contrast, the lower
expression in (1.19) (i.e. PB) relates turbulent entrainment to both the mean vertical velocity
and the vertical acceleration (Baines, 2014). Furthermore, MTT predicts that R — oo
when z — 2.y (cf. figure 1.2b) whereas PB predicts a conical plume with linear spreading.
Morton (1971) concluded that MTT and PB yield similar results in the flow below the neutral
buoyancy level, but remarkable differences in the flow of negative buoyancy (i.e. above the
neutral buoyancy level).

van Reeuwijk & Craske (2015) generalized the PB model to include the contributions
due to pressure and turbulence® in the governing equations. They predicted that

5

» = 3%

o (1.20)
where the subscripts p and j denote a pure plume and a pure jet (see the discussion in section
1.1.1.3), respectively. This relation, which has been validated by the experimental results of

Wang & Law (2002), is consistent with the PB model (cf. section 1.5).

1.1.1.3 ['—approach

The flux-balance parameter (also called the Morton number in Mingotti & Cardoso 2019),
I', is defined as
5Q%F
= Sanl/Z)BR

3Compared to the original PB model, the pressure term and the vertical transport of momentum and
buoyancy due to turbulent fluctuation are included in van Reeuwijk & Craske (2015).

(1.21)




where I" is proportional to the local Richardson number defined as Ri = bg' /w?. Specifically,
I' = 1 represents a pure plume balance, I' > 1 (I" < 1) represents a lazy (forced) plume
with a deficit (excess) of momentum flux compared to a pure plume. I' = 0 represents a
pure jet with zero buoyancy flux. I' < 0 represents a negatively buoyant jet for which the
buoyancy acts against momentum. With different I'y = I'(z = 0), the corresponding plume
behaviors are sketched in figure 1.3. Important to note is that, a pure plume represents a
state of local equilibrium with height, which allows spatially invariant parameterizations of
turbulent entrainment, i.e. a constant entrainment coefficient (Ciriello & Hunt, 2020).

T T it

0<Iy<1 F0>5/2 Iy <0
(a) Forced plume (b) Lazy plume (c) Fountain

Figure 1.3: Schematics of plume behaviors in unstratified environments with different I';. The
arrows denote the flow directions. Panel (b) illustrates that a contraction occurs near the source
for a lazy plume with Iy > 5/2. Panel (c) illustrates the upflow and downflow in a turbulent
fountain.

Hunt & Van den Bremer (2011) argued that the advantage of introducing I is that,
a solution of I'(z) indicates the departure of the plume from a pure plume balance at all
heights. To this end, (1.8)-(1.10) can be reorganized as follows:

dr  r(i-r)

d_C_T’ (1.22)
db 1/(5

T3 (5 — p) , (1.23)
di 21 5

oo (p - Z) , (1.24)

where ¢ = 4az/by, b = b/by and @ = w/wy. The analytical solutions to (1.22)-(1.24) with
source conditions I' = [ and Z)O = wy = 1 are referred to section 3 of Hunt & Van den
Bremer (2011). For a lazy plume with Iy > 5/2, (1.22) indicates that the far-field solution
is I' = 1; (1.23) indicates that the minimum plume radius occurs when I' = 5/2; (1.24)
indicates that the maximum vertical velocity occurs when I" = 5/4.

Consistent with (1.20), the entrainment coefficient for a forced plume is given as (List &
Imberger, 1973)

¢=¢;+ (1 —¢)I", (1.25)
where ¢ = o/a;, ¢; = oj/a, = 3/5 and «; and «, are the entrainment coefficients for pure
jets and pure plumes, respectively. Kaye (2008) gave a physical explanation for why plumes



have greater entrainment over jets. This is accomplished by looking at the variable-density
vorticity equation as follows:

%—L;+u-Vw:w-Vu+%Vprp+VV2w, (1.26)
where the symbols in bold denote vectors. u and w = V X u are the velocity and vorticity
vectors. According to Kundu et al. (2015), the first term on the right-hand side denotes
vortex stretching and tilting; the second term on the right-hand side denotes the rate of
generation of vorticity due to baroclinicity (baroclinic torque); the last term on the right-
hand side denotes the rate of change of w due to viscous diffusion. For steady and large
Reynolds number flows, the time dependent term on the left-hand side and the diffusion term
on the right-hand side can be neglected. Adopting index notation, and assuming u; ~ w,
w; ~w/b and g—i ~ pg', scaling analysis yields

2oy (1.27)

and because u, ~ w,

Ue ~ W+ — (1.28)

where the first term on the right-hand side represents the effect of shear and the second
term represents the effect of baroclinic torque. Correspondingly, the second term on the
right-hand side of (1.25), i.e. (1 — ¢;)I, is due to baroclinic torque.

1.1.1.4 Lagrangian approach

In this context, we only discuss the Lagrangian approach proposed in Lee & Chu (2003).
Two key underlying assumptions are listed as follows:

(i) Spreading hypothesis: the change in the width of the shear layer, in a frame of reference
moving with the eddies, is assumed to be proportional to the relative velocity between
the plume element and its surroundings. Mathematically, this is expressed as

db
— = 1.2

where 3 is a spreading coefficient with 8 = 0.17 for both jets and plumes (Chu, 1994).

(ii) Concept of dominant eddy: the irrotational ambient fluid and the smaller eddies are
drawn into and remain within the dominant eddies, i.e. the largest eddies.

As shown in figure 1.4, we follow the motion of the shaded material volume. At time
instant ¢, the plume element has mass of pA (wAt) where A = 7b? is the cross-sectional area,
momentum of pA (wAt)w and buoyancy force of (p, — p) gA (wAt). Applying Newton’s
second law on this plume element yields

% (pA (wAL) w) = (pa — p) gA (WAE) (1.30)
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Figure 1.4: Schematic of a plume element under Lagrangian frame of reference.

thus
dM

At
where M = Aw? is the kinematic momentum flux and F = Awg%ﬁ is the buoyancy flux.

For an unstratified environment, F' = Fy = F(t = 0). Integrationaon both sides of (1.31)
yields

=F (1.31)

Y

where My = 0 for an ideal source plume. Solving (1.29) and (1.32) produces the following
results:
48\ 2 [ Fy\ M
b=|— =) & 1.33
()" ()" .
48\ V2 /o 1/
w = (—B) (—0) 14 (1.34)
3 ™
48\ V2 7\ 1/
v= (_ﬁ) <_0) =, (1.35)
3 ™
23\ M2 /o M4
z= (—ﬁ) (—0) 3/ (1.36)
4 T
where § = 924 = ¢ = fw thus z = % Equations (1.33)-(1.36) are identical to (1.11)
provided that
6

1.1.2 Laboratory experimental modeling

A review of laboratory experiments on atmospheric plumes is given in Chapter 2. Here
we restrict our attention to laser-based experiments, particularly particle image velocimetry



(PIV) and laser-induced fluorescence (LIF), the latter of which is adopted in Chapter 4.
Both PIV and LIF are non-intrusive techniques that are used to measure velocity and scalar
concentration fields, respectively. Specifically, PIV involves seeding small tracer particles to
the flow of interest, and subsequently, the region of interest in the flow field is illuminated
twice within a short time interval by a laser light sheet. Therefore, the velocity field is
determined by the tracer particle displacement between two successive images. Detailed
calibration, evaluation and post-processing processes are referred to a well-written book on
PIV by Raffel et al. (2018). LIF, on the other hand, makes use of a fluorescent dye as a
scalar proxy, which is also illuminated by a laser light sheet. The fluorescence light emitted
by the dye is related to the dye concentration through some calibration processes. Details
of LIF calibration and post-processing are referred to the review article of Crimaldi (2008)
and Chapter 4 of the present thesis.

For turbulent plumes in which density variation plays a significant role, the variation in
density is associated with variation in the refractive index. This affects the determination
of particle positions in PIV and results in attenuation of light intensity in PLIF (i.e. planar
LIF). The error associated with the change in refractive index can be enlarged by the distance
over which the laser light travels in the dyed flow (Mishra & Philip, 2018). For PLIF, in
particular, the concentration of fluorescent dye also increases the light attenuation. In the
following, we will discuss PIV and PLIF experiments of turbulent plumes separately.

1.1.2.1 PIV

In the saline plume experiment of Burridge et al. (2017), the seeding particles were approx-
imately neutrally buoyant so that the Stokes settling velocity was small and sedimentation
of particles was avoided. The refractive index difference between the plume fluid and the
ambient fluid was estimated as

g ~ 2 = Ap ~ 273 (1.38)

where An denotes the refractive index difference. Because the measurement region of the
plume was 64 < z/ry < 130 where ry is plume source radius, the corresponding An ~ 1074
thus the effect of refractive index mismatch was negligible. Although refractive index match-
ing (hereafter denoted RIM) was not performed, their PIV measurements were validated by
checking the self-similar velocity profiles and the entrainment coefficient. One of the ap-
proaches to estimating the entrainment coefficient is to measure the plume radial growth
rate, as expressed by the first equality in (1.11). A best fit to the data in their figure 3
yielded that v = 0.11 4 0.01, which lies within the range of « reported in previous studies.
One of the novel contribution in the PIV measurements of Burridge et al. (2017) is that the
flow within the plume and in the surrounding ambient fluid is significantly influenced by the
absence or presence of large-scale eddies — see figure 1.5. When eddies are present, the verti-
cal velocities near the plume are small and essentially all the vertical transport is within the
plume. However, and when eddies are absent, large vertical velocities are observed outside
the plume which indicates that ambient fluid is engulfed into the plume by eddies.



Figure 1.5: [Color] Two instantaneous images of a turbulent plume. The dark regions denote the
dense plume fluid and the surrounding small dark spots denote the small particles in the PIV
experiments. The red arrows denote the two-dimensional velocities measured on the centerplane of
the plume. The green circles indicate the small velocities just outside and inside the plume edge at
the locations where eddies are locally present. By contrast, the red circles indicate the relatively
large velocities at the locations where eddies are locally absent. (Copied from figure 1 of Burridge
et al. 2017 with permission)

1.1.2.2 PLIF

Vanderwel & Tavoularis (2014) carefully examined the possible errors associated with PLIF
experiments of slender plumes. These include the non-negligible laser sheet thickness, laser
light attenuation and re-emission of the primary fluorescence of the dye. Their approach
to estimating the attenuation coefficient using Beer-Lambert law is adopted in Chapter 4.
For buoyant jets or plumes in crossflowing environments (Tian & Roberts, 2003; Diez et al.,
2005), RIM is required to avoid image distortion and laser intensity nonuniformities. In the
experiment of Diez et al. (2005), potassium phosphate was added to the source saline fluid
with an increase in plume density; ethyl alcohol was added to the crossflowing water with
a decrease in ambient fluid density. Thus the refractive indices of the source fluid and the
ambient fluid were matched. The instantaneous PLIF images are shown, in sequence, in
figure 1.6. It is evident that the cross section of the plume in a crossflow consists of two
counter-rotating vortices at the two sides of the plane of symmetry. Moreover, these vortices
are largely distorted due to the entrainment of ambient fluid.
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Figure 1.6: [Color| Instantaneous PLIF images (labels denote the sequence of images with a constant
time interval) of the cross section of a turbulent plume in a crossflow. (Copied from figure 8 of Diez
et al. 2005 with permission)

1.2 Atmospheric plumes and their relation to cooling
towers

Atmospheric plumes exhibit complex behaviors due to the changeable ambient conditions,
such as wind, ambient stratification (e.g. a temperature inversion layer) and turbulence in
the atmospheric boundary layer. A sketch of an atmospheric plume, e.g. from a smoke stack,
is given in figure 1.7. The vertical plume scenario described in section 1.1.1 is a special case
assuming no wind in the atmosphere.

Briggs (1975, 1984) gave a comprehensive review of plume behaviors in the atmosphere.
Some arguments made by Briggs are presented as follows:

(i) Plume rise can be considered as an adiabatic process assuming no significant heat
transfer other than that via turbulent mixing. Considering the compressibility, the
entrainment equation, i.e. (1.8), can be rewritten as

_d@_ﬁ _|__;; 1.39
2mbu, > (1.39)

where z, = T,/(9/R — g/c,) ~ 10 km is the scale height of the atmosphere where T},
is the ambient absolute temperature, R is the gas constant for air and ¢, is the heat
capacity at constant pressure. The second term on the right-hand side of (1.39) is only
important when the plume rise height is a nontrivial fraction of zg, say, 1 km or beyond.

(ii) The buoyancy frequency, N, in a compressible atmosphere, is expressed as

de 1/2
N:(g ) , (1.40)

Q_de

where 6 = T (ps/ p)R/ “ is the potential temperature where p, is a standard pressure;
the subscript a denotes the ambient. 6 remains constant as air is adiabatically lifted.
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Figure 1.7: Schematic of plume rise in a stably stratified and windy environment. The three stages
of plume rise, i.e. quasi-vertical, quasi-horizontal and final rise stages, are labeled.

(iii) For bent-over plumes, approximately half of the theoretical models reported in litera-
ture include a drag term in the momentum conservation equation, whereas the other
half do not. This drag force assumption, or alternatively, an added mass concept, is
discussed in Chapter 2.

(iv) The most commonly used set of conservation equations is continuity-momentum-buoyancy
i.e. the MTT type model (cf. table 1 of Briggs 1975).

(v) For moist plumes, e.g. cooling tower plumes (see figure 1.8), the effect of latent heat
release on plume rise is modest. This argument is justified in Appendix E.

The aforementioned arguments summarized by Briggs provide a good theoretical basis for
atmospheric plume modeling. The effect of ambient turbulence on plume rise is reviewed in
Chapter 2.

In the context of evaporative cooling towers that achieve cooling mainly via latent heat
transfer from water to air, the exhaust air is assumed to be saturated with respect to water
vapor (Lindahl & Jameson, 1993). This hot, humid air mixes with the cold ambient air by
turbulent entrainment and a visible plume ensues if the plume temperature drops below the
dew-point temperature. Whereas Briggs discussed the calculation of cooling tower plumes in
Appendix B of Briggs (1975), the prediction of plume visibility was only briefly mentioned.
More sophisticated models, which carefully integrate the thermodynamics of moist air, have
been formulated by Schatzmann & Policastro (1984) and Janicke & Janicke (2001).

In the past, visible plumes above cooling towers were regarded as an unavoidable conse-
quence of industrial activities and a sign of thriving manufacturing industry (Fisher, 1997).
More recently, the release of visible plumes is of great concern to the public. Though essen-
tially comprised of water, visible plumes are often confused with air pollution by laypeople.
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Figure 1.8: Visible plumes above a single row of cooling tower cells. (Photo used with permission
of International Cooling Tower Inc.)

Moreover, and under adverse weather conditions, these plumes may persist for long distances
and reduce visibility on nearby roadways. Since 1960’s, various cooling tower designs have
been proposed to achieve plume abatement (cf. Chapter 2). The most commonly used ap-
proach is to add a dry cooling section by which the ambient incoming air is sensibly heated,
and thus the relative humidity is greatly reduced. This dry air is mixed with the more
humid air from the wet section, and as a result, the air mixture is at least unsaturated.
Strategies of this type have been proved to effectively abate visible plumes, however, their
efficiency depends on the quality of the air mixture at the tower exit. In order to achieve a
homogeneous mixture upon discharge, mixing devices are usually added within the plenum
chamber to enhance mixing, however, at the cost of increased pressure drop.

On the other hand, Houx Jr et al. (1978) proposed a tower design that consists of a
central wet section and four surrounding dry sections. Though designed primarily for water
conservation and prevention of recirculation, this design partially or completely eliminates
fog in that the central hot, moist air is enveloped by the surrounding dry air, i.e. a coaxial
wet/dry plume structure is formed. Several advantages of this coaxial plume structure are
summarized as follows:

(i) The hot, humid air at the core is prevented from low level deflection and spreading
which may cause corrosion on nearby structures.

(ii) Due to the indirect contact between the hot, humid air and the ambient fluid, the
former is expected to be more buoyant and thus rise more rapidly.

(iii) Under windy environments, the inner, wet and the outer, dry plumes are mixed more
effectively thus reducing the possibility of condensation.

(iv) Even without premixing, the coaxial plume structure serves to adequately prevent fog
formation.

Note that the arguments (i)-(iii) made by Houx Jr et al. (1978) are only qualitative. Argu-
ment (iv) is most likely due to the large dry sections and the relatively small wet section,
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which produces a coaxial plume structure dominated by the dry plume. Similar coaxial
plume structure has been observed above a crossflow wet/dry cooling tower (Lindahl &
Jameson, 1993). They found a converging cone-shaped visible plume that persisted for two
or three stack diameters above the tower.

1.3 Knowledge gaps

Further to the description of coaxial plumes in section 1.2, we are aware of the fact that
this nontrivial flow phenomenon has not been completely understood. As compared to the
numerous studies of uniform plumes, plumes issued from unevenly distributed sources of
buoyancy, e.g. coaxial plumes, are rarely investigated. Whereas Hunt & Van den Bremer
(2011) suggested that computational fluid dynamics is apt to incorporate complex source
conditions as such, the high computational costs associated with the so-called “numerical
experiments” restrict their wide applicability. Therefore, we aim to explore the possibility of
the MTT-type theoretical models to describe the bulk properties of coaxial plumes. In the
context of cooling towers, on the other hand, plume merger is expected to occur and modify
the dilution rate compared to an isolated plume. All of these topics merit better insights
and improved understanding. To be clear, we propose the following knowledge gaps:

(i) The fluid dynamics and thermodynamics associated with the evolution of coaxial moist
plumes in the atmosphere are incompletely understood. Double plume models have
been formulated for coaxial jets (Morton, 1962) and turbulent fountains (Bloomfield
& Kerr, 2000), however, a similar theory for co-flowing coaxial plumes has not been
formulated.

(ii) The coaxial plume model, on the basis of a three way entrainment assumption, incorpo-
rates three undetermined entrainment coefficients. Similitude laboratory experiments
are expected to give some insight into how to determine the entrainment coefficients in
theoretical models. For uniform plumes, the entrainment coefficient, i.e. « in (1.4), is
generally determined by measuring the growth rate in plume radius or the volume flux
at different vertical locations (Kaye, 2008). For coaxial plumes, however, it is not at
all obvious how to define the boundary between the inner and outer plumes. A proper
method to determine the entrainment coefficients in the case of coaxial plumes is yet
to be proposed and validated.

(iii) In awindy environment, it is unknown whether arguments (ii) and (iii) made by Houx Jr
et al. (1978) are quantitatively correct. Whereas the theoretical formulation of uniform
plumes in windy environments has been well established (Briggs, 1984), the counterpart
“windy” theory for coaxial plumes has not been formulated.

(iv) Most of previous irrotational flow models consider merger of ideal plumes (Kaye &
Linden, 2004; Rooney, 2016), which cannot be directly applicable for cooling tower
plumes characterized by large sources. The recent work of Rooney (2016) proposed
that velocity potential contours can be approximated as boundaries of two or more
merging plumes at different elevations. An extension of Rooney (2016) to the merger
of two nonpoint source plumes remains to be explored.
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(v) Plume merger has not been studied thoroughly in the context of a back-to-back tower
configuration. This configuration consists of two parallel rows of cooling tower cells
connected by a common central wall (cf. Chapter 7). Of parallel importance are the
dynamics of a single row of plumes in a crosswind. Rooney (2015) studied the merging
of a single row of plumes in a quiescent environment using his irrotational flow theory.
Analogous to (iv), possible extensions of Rooney (2015) to dual rows of plumes and a
single row of plumes in a crosswind have not been explored.

1.4 Thesis scope and outline

The present document is written to fill those knowledge gaps described in section 1.3. All of
the studies are closely tied together in the context of atmospheric plume modeling. Notwith-
standing the fact that cooling towers are of particular interest, we have explored several novel
and fundamental aspects of generic Boussinesq plume dynamics. In this spirit, the thesis is
divided into two parts with Chapters 3, 4 and 5 examining the dynamics of coaxial plumes in
stationary and windy ambient environments and Chapters 6 and 7 examining plume merger
with applications to cooling towers.

Prior to those chapters describing novel research outputs, Chapter 2 gives a comprehen-
sive overview of plume abatement approaches and atmospheric plume modeling. The history
of cooling tower plume abatement is elaborated in detail and the approaches from different
principles are summarized. On the other hand, the review of atmospheric plumes covers
almost all aspects of modeling approaches, which can be analytical, or computational or
laboratory experimental. Some specific topics are also included, such as plumes in turbulent
environments, bifurcation instability and cooling tower drift deposition.

Chapter 3 explores the dynamics of coaxial plumes above hybrid crossflow wet/dry cool-
ing towers with particular reference to a stationary and unstratified ambient. This purely
theoretical study reveals that, compared to uniform plumes, coaxial plumes allow a higher
rise velocity of the inner plume accompanied by a possible delay in the onset of conden-
sation. However, some empirical entrainment coefficients in the theoretical model are left
undetermined. To resolve this ambiguity, in Chapter 4 we conduct similitude laboratory
experiments and perform a pixel-by-pixel comparison of theory vs. experiment, this in the
interests of estimating the value of these entrainment coefficients. Further in Chapter 5, we
investigate theoretically the dynamics of coaxial plumes in a windy environment.

Chapter 6 extends the irrotational flow analysis of Rooney (2016) to describe the merging
of two plumes arising from area sources. We define the height at which two plumes fully
merge and compare the irrotational flow prediction with the merging criteria of Wu & Koh
(1978). Moreover, we propose a correction factor to the constant-entrainment-coefficient
model that is purely dependent on the plume boundary curvature. Further to the analyses
in Chapter 6, which focuses on the merging of two plumes, Chapter 7 examines the merging
of plumes situated within one or two long rows. Specifically, Chapter 7 extends the theory of
Rooney (2015) to describe (i) the merging of dual rows of plumes in a quiescent environment
and (ii) merging of a single row of plumes in a crosswind.

Key conclusions (future topics) obtained from (related to) the present analyses are sum-
marized and discussed in Chapter 8. Moreover, detailed derivations of uniform and coaxial
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plume theories, experimental procedures and other related discussions are included in the
appendices. In particular, Appendix A presents a derivation of uniform plume theory follow-
ing the studies of Wu & Koh (1978) and Linden (2000). Appendix B presents a derivation
of coaxial plumes following the studies of McDougall (1978) and Bloomfield & Kerr (2000).
Unlike Appendices A and B, which focus on a stationary ambient, Appendix C considers
a uniform plume in a windy ambient and the derivation of governing equations in question
follows a control volume approach. Also presented in Appendix C is a comparison of theories
using different entrainment formulations with the experimental results of Contini & Robins
(2001). Appendix D derives the scaling of plume rise height and vertical velocity for point
vs. line source plumes on dimensional grounds. Appendix E gives a rigorous justification for
the fact that moisture effect on the plume dynamics is modest. Appendix F incorporates
the finite source effect in the case of two area source plumes in a linearly stratified ambient.

Several parts of the thesis have been accepted or submitted for publication as journal
papers, which are summarized in table 1.1. Note that the theoretical formulation for a
uniform cooling tower plume in Chapter 3, originally adopted from the model of Wu & Koh
(1978), was first implemented using MATLAB by Ali Moradi.

Table 1.1: Publications arising from the thesis.

Chapter | Journal Status Authors

2 J. Wind Eng. Ind. Aerod. | Submitted | S. Li & M.R. Flynn

3 Int. J. Heat Mass Transf. | Published | S. Li, A. Moradi, B. Vickers & M.R. Flynn
4 Int. J. Heat Mass Transf. | Submitted | S. Li & M.R. Flynn

5 J. Wind Eng. Ind. Aerod. | Published | S. Li & M.R. Flynn

6 Phys. Rev. Fluids. Published | S. Li & M.R. Flynn

7 Phys. Rev. Fluids. Submitted | S. Li & M.R. Flynn

1.5 Appendix A: Entrainment coefficient for plume in
a stationary ambient

Reviews on entrainment coefficients can be found in Kaminski et al. (2005), Carazzo et al.
(2006) and Kaye (2008). The conclusion made by Kaye (2008) is quoted here: “In conclusion,
entrainment coefficient models are appropriate for fully developed self-similar flows and can
also be used (with care) in some flow development regions such as the forced plume to pure
plume transition. However, entrainment coefficient models are unlikely to be valid whenever
the vertical length scale of a change is not significantly larger than the plume radius.”

The entrainment coefficient model discussed by Kaye (2008) is originally credited to the
seminal work of Morton et al. (1956) (MTT hereafter), which is based on the conservation
equations of mass, momentum and buoyancy and G.I. Taylor’s entrainment hypothesis as
the closure condition. Recent publications on entrainment coefficients, e.g. van Reeuwijk
& Craske (2015), seem to justify that the model of Priestley & Ball (1955) (PB hereafter)
provides better physics underlying the entrainment assumption than the MTT model. The
PB model imposes energetic restrictions on the entrainment coefficient introduced in MTT.
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The derivation of PB model is given below following part of the notations in Kaminski et al.
(2005).
1.5.1 Connection between PB and MTT models
The assumptions made in the PB model are as follows:
(i) The flow is steady, axisymmetric and fully turbulent.
(ii) The Boussinesq approximation is valid.
(iii) Pressure is hydrostatic everywhere.
)

(iv) The vertical transport due to turbulent fluctuations are small compared to the hori-
zontal transport due to turbulent fluctuations.

(v) The covariance in (1.55) is a quadratic function of vertical velocity, which serves as the
closure condition for the kinetic energy conservation equation.

With the above assumptions, the volume, momentum and buoyancy conservation equations
are as follows:
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The conservation equation of kinetic energy of the axial mean motion can be derived from
(1.41) and (1.42), which is expressed mathematically by
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Substituting n with 0 and 1, we respectively obtain the momentum and mean kinetic energy
conservation equations, which are written as follows:

d oo oo o
&, rw? dr = / rg dr, (1.46)
z 0
d = 1 © — 7
&, 57"@3 dr = /0 rwg’ dr + /o Tu’w’a—zﬁ dr. (1.47)
Integration of (1.43) yields the buoyancy conservation equation as follows:
d o0 o oo
— rwg’ dr = —NZ/ rwdr, (1.48)
dz J, 0

where the buoyancy frequency is N = /— pg ddp ¢« = () for an unstratified ambient. We further

define the volume, momentum, buoyancy and mean kinetic energy fluxes of the plume as
follows:

Q= 27?/ rwdr, (1.49)
0
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M:27T/ rw? dr, (1.50)

0

F= 27?/ rwg' dr, (1.51)
0
> 1

K= 27r/ —rw’dr. (1.52)
0 2

Meanwhile, we introduce three shape functions, f (r, z), h (r, z) and j (r, z), which are defined
as follows:

?(r, z) =wy (2) f(r,2), (1.53)
g (r,2) = gp (2) h(r,2) , (1.54)
uw' (r,z) = —%wm (2)%j(r,2) , (1.55)

where w,, (z) and ¢/, (z) are the characteristic vertical velocity and reduced gravity, respec-
tively. Substituting the above shape functions into (1.46)-(1.48) yields

% =21 L b2 (2) g, (), (1.56)
K
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aF o,
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where M = 2nI3b% (2)w?, (2), K = wlLb? (2)wd (2), F = 2rLb? (2) w, (2) ¢, (2) and
by, (2) is a characteristic radial length scale. The integral parameters, i.e. I; to I5, are
defined as

I = / r*f(r* z)h(r*, z) dr*, (1.59)
0

I, = / r*h(r*, z) dr*, (1.60)
0

I —/ rrf (%, 2)% drt, (1.61)
0

I, = / rf(r, 2) dr* (1.62)
0

I :/0 r*j(r ,z)a—:;dr , (1.63)

where r* = r/b,, (z). The volume flux, @, can also be expressed using the above integral
parameters
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Equation (1.65) is similar to the relation, i.e. equation (3.37), proposed in Linden (2000).
b (2), Wy, (2) and ¢/, (2) can be expressed in terms of ), M and F

4%
—_— 1.
o (2) =\ Srr3tan (1.66)
]gM
Wy, (2 1.67
=15 (1.67)
LI F
/
_ sl 1.
Thus (1.56) can be rewritten as
dM  FQ
= ) 1.69
dz M (1.69)

To connect the PB model with the MTT model, the kinetic energy conservation equation,
(1.57), is used to derive a volume conservation equation. The LHS of (1.57) is rewritten as
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Replacing A = % on the RHS of (1. 57) is obtained as
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where C' = 121; ST The counterpart volume conservation equation in MTT is mathemati-
cally as
d
dQ =2VrtMa, . (1.72)
z
Therefore, the entrainment coefficient is explicitly given in the PB model as follows:
1 RdlnA 1
=Rill-—= — = 1.
Qe Rl( A>+2 P —|—20, (1.73)

where Ri = % is the local Richardson number and R = ﬁ is defined as the top-
hat plume radius. Equation (1.73) indicates a linear dependence of «, on Ri. The integral
parameters, A and C, can be rewritten as
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where W = X is defined as the top-hat plume vertical velocity. C'is interpreted as the ratio
of the energy transferred from the mean motion to the turbulent fluctuations, over the total
flux of the mean kinetic energy, which also indicates the fraction of the mean kinetic energy
responsible for turbulent entrainment. A indicates the influence of the shape of the velocity
profile on entrainment. For top-hat profiles, the shape functions are equal to unity, thus
A = 1. For Gaussian profiles, the velocity and reduced gravity are respectively as follows:

(1.75)
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where A is the ratio of the half-width of the buoyancy profile to the half-width of the velocity
profile. Thus A is simplified as
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1.5.2 Further discussion

On the basis of laboratory experimental results in related literature, Kaminski et al. (2005)
obtained different values of A and C'. Their table 3 showed that there are modest variations
in C' but large variations in A. Moreover, they found a systematic increase in the value
of A as a function of downstream distance, which was referred to as a so-called similarity-
drift. This similarity-drift may help reconcile the various results on entrainment coefficient
measured by different groups.

van Reeuwijk & Craske (2015) extended the work of Kaminski et al. (2005) and proposed
the general entrainment relation, i.e. their equation 3.1. The effects of mean flow quantities,
turbulence and pressure on entrainment are included. Specifically, the universal entrainment
coefficient is composed of contributions from the ratio of turbulence production to energy
flux, the net effect of buoyancy and the similarity drift, respectively. One of their findings
is that the enhanced mixing in plumes compared to jets is primarily associated with the
mean flow of the plume and not buoyancy-enhanced turbulence. The more recent work of
Ciriello & Hunt (2020) has referred to the linear dependence of the entrainment coefficient
on Richardson number as a universal entrainment function, which is given as

a. =71 + 1Ri, (1.79)

where v, and -, are constant coefficients that are summarized in table 1 of Ciriello & Hunt
(2020).
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Chapter 2

Cooling tower plume abatement and
plume modeling: A review

2.1 Abstract

Visible plumes above wet cooling towers are of great concern due to the associated aesthetic
and environmental impacts. The parallel path wet/dry cooling tower is one of the most
commonly used approaches for plume abatement, however, the associated capital cost is
usually high due to the addition of the dry coils. Recently, passive technologies, which make
use of free solar energy or the latent heat of the hot, moist air rising through the cooling
tower fill, have been proposed to minimize or abate the visible plume and/or conserve water.
In this review, we contrast established vs. novel technologies and give a perspective on the
relative merits and demerits of each.

Of course, no assessment of the severity of a visible plume can be made without first
understanding its atmospheric trajectory. To this end, numerous attempts, being either
theoretical or numerical or experimental, have been proposed to predict plume behavior in
atmospheres that are either uniform vs. density-stratified or still vs. windy (whether highly-
turbulent or not). Problems of particular interests are plume rise/deflection, condensation
and drift deposition, the latter consideration being a concern of public health due to the
possible transport and spread of Legionella bacteria.

2.2 Introduction

Cooling towers are heat dissipation devices commonly found in industrial plants and HVAC
systems. In general, two types of cooling towers, i.e. wet and dry, are used; these exploit
evaporative and non-evaporative heat transfer mechanisms, respectively. As shown in figures
2.1 and 2.2, wet cooling towers are classified as counterflow and crossflow according to the
respective directions of the air and water streams. As defined by Holiday & Alsayed (2015),
sustainability in a cooling system encompasses efficient operation, impact on the environ-
ment, depletion of natural resources and ecology. For instance, a reduction in the fan power
consumption or pump head facilitates a more efficient operation. On the other hand, visi-
ble plumes, water conservation and drift deposition are closely related to the environmental
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impact, as is plume rise, which dictates the maximum ground concentration of air pollutants.

Modeling the heat and mass transfer in a wet cooling tower, particularly within the fill
zone, has been performed since the seminal work of Merkel (1925), followed by the e-NTU
method (Jaber & Webb, 1989), Poppe method (Poppe & Régener, 1991) and Klimanek
method (Klimanek & Bialecki, 2009). A comprehensive comparison between the Merkel,
e-NTU and Poppe methods is presented in Kloppers & Kroger (2005a,b), which concluded
that the Poppe method, being the most algebraically-involved, is also the most accurate for
the design of hybrid wet/dry cooling towers. Meanwhile, the Klimanek method is largely
equivalent to the Poppe method (cf. table 1 of Klimanek & Biatecki 2009) except that its
governing equations consider as the independent variable elevation within the tower rather
than the water temperature. In the Merkel method, the cooling tower exit air is always
assumed to be exactly saturated, which is inaccurate in case of extreme (hot dry or cold hu-
mid) conditions. The Poppe and Klimanek methods, on the other hand, avoid this deficiency
and thus improve the prediction of the water evaporation rate.

Saturated moist air
Fan diffuser
k Fan

Drift eliminator

Hot water ’ I I ‘ Hot water

>>> >>>>>>>>>>>>>>>>>> <<<<<<<<<<<<<<<<<<<<<<

¢¢¢¢¢¢¢¢¢¢¢ prey zone

Fill zone

Rain zone

Ambient air

TEE Vv
I |

Cold water basin

Figure 2.1: Schematic of a counterflow wet cooling tower. The thick white and black arrows denote
the incoming ambient air into the cooling tower and the hot, humid air coming out of the wet
section, respectively. The thin arrows denote the water stream.

The water lost due to evaporation, drift and blowdown! in a typical wet cooling tower is
3% to 5% of the circulating water (Hensley, 2009). To compensate this loss, make-up water,
where available, is required, this to avoid an accumulation of impurities and contaminants.
The source and chemistry of this make-up water have an obvious impact on the difficulty

!Blowdown is the water discharged from the system to control the concentrations of salts and other
impurities in the circulating water.
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Figure 2.2: Schematic of a crossflow wet cooling tower. Arrow types are as in figure 2.1. Note that
the fill is installed at an angle to the vertical to account for the inward motion of water droplets

due to the drag associate with the incoming air (Krdger, 2004).

of maintaining water quality. Also, although blowdown ensures that a portion of the re-
circulating water is discharged and replenished with pure make-up water, the challenges
associated with contaminant concentration increases is not restricted to engineering equip-
ment /process: water quality adversely affects the discharged air quality due to e.g. drift
contained in the moist air exiting the tower. The situation is especially significant when
considering Legionella bacteria, which may be carried by the drift. Talbot (1979) revealed
the acute effects of salt drift on vegetation from a closed-cycle salt water cooling tower, but
the damage was limited to the close proximity of the tower. A review by Walser et al. (2014)
summarized the severe health problems of legionellosis outbreaks due to the operation of
cooling towers. Even when Legionella bacteria are eradicated by appropriate chemical treat-
ments, a visible plume may be considered as a nuisance for the fact that it is perceived
as aesthetically-unpleasant and it has the potential to cause reduced visibility and/or icing
on neighboring surfaces (e.g. roadways) when the ambient temperature is sufficiently low.
Latimer & Samuelsen (1978) conducted a theoretical examination of the visual impact of a
cooling tower plume focusing on the effects of plume coloration and reduced visual range.
This work was followed up many years later by Lee (2018) who performed an environmental
impact assessment of cooling towers in a nuclear power plant. Notably, Lee (2018) quantified
the effects of visible plumes in terms of plume length and shadowing (and the commensu-
rate loss of solar energy), fogging and icing, and salt and water depositing. Moreover, these
effects were tested by Lee (2018) under different cooling tower configurations, heat load per
tower and air flow rate per tower.

In the context of plume abatement, reference is often made to the standard plume perfor-
mance testing code - CTI ACT 150 (ATC, 2011). The 150 code proposes two levels of plume
guarantee for hybrid wet/dry cooling towers, Level 1 and Level 2. Level 1 specifies that the
measured exhaust relative humidity should be lower than the guarantee relative humidity,
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determination of which comes from the plume characteristic performance curves provided by
the cooling tower manufacturer. However, Level 1 does not require complete mixing of the
wet and dry airstreams within the plenum chamber (defined as the enclosed space above the
drift eliminator and below the fan in an induced draft tower). Level 2, on the other hand, is
more stringent than Level 1, i.e. it requires satisfaction of a mixing criteria. The principle
of this mixing criteria is to check whether all measured exhaust air properties are within
an acceptable variation compared to the average properties. The measured parameters of
key interest are the relative humidity and air velocity. To achieve complete mixing, mixing
devices are commonly added to the plenum chamber as a result of which fan power consump-
tion increases. Notwithstanding the distinction between Level 1 and Level 2, recent studies,
e.g. Li et al. (2018), indicate that visible plumes can be partially or completely eliminated
even with partial mixing within the plenum chamber. Using the approach of Li et al. (2018),
fewer internal mixing devices are required and the moist air discharged to the environment is
“shielded” by a sheath of buoyant but much drier air in the manner of Houx Jr et al. (1978).

In addition to fan power, strategies for plume abatement also impact electrical energy
consumption by recirculating pumps. Traditional hybrid cooling tower designs tend to lo-
cate the dry cooling coils above the wet section, thus increasing the total pump head. Some
recent designs abandon the dry cooling coils and instead use an air-to-air heat exchanger or
a thermosyphon system — see Lindahl & Mortensen (2010) and Mantelli (2016). Alterna-
tively, the dry section may be arranged in parallel with the wet section (Libert et al., 2015).
Moreover, the dry coils, in the context of plume abating cooling towers, can be replaced with
solar collectors similar to the one shown in figure 2.5 below.

The previous discussion focuses principally on heat and mass transfer processes internal
to a cooling tower. Having set the stage, we turn for the reminder of this section to exterior
processes, i.e. plumes in the atmosphere. Cooling tower plumes are similar to, but differ-
ent than, chimney stack plumes. One obvious distinction is the presence of large amounts
of water vapor in the cooling tower case. Nonetheless, only a moderate amount of water
vapor will condense contributing, in the process, to an increase of plume buoyancy. Thus
simple analytical formulas like Briggs’s “two thirds” law, gives reasonable estimates for cool-
ing tower plume rise (Briggs, 1984). To improve model performance, more sophisticated
theoretical models have been proposed to predict the plume trajectory and dilution simulta-
neously. These integral-type theoretical models are efficient and useful tools, but are limited
to boundary layer type flows in unbounded environments. Some phenomena are beyond on
the reach of these models, e.g. recirculation, which occurs when a strong wind blows over a
line of cooling tower cells, leading to a one-sided increase in the wet-bulb temperature for
the incoming air. To resolve these more complex flow interactions, guidance is sought from
CFEFD simulation and/or similitude laboratory experiment. A similar appeal must be made
when examining the details of plume bifurcation or the complicated manifestations of plume
rise through a turbulent environment.

The main goals of this review are two-fold: (i) to summarize the strategies for plume
abatement and to describe some of the physics that underlie these strategies, (ii) to give a
selective description of plume modeling approaches that are necessary to better understand
plume abatement strategies. These two goals serve to improve efforts to design and construct
cooling towers that are more sustainable and less energy intensive.

The rest of the review is organized as follows. Section 2.3 discusses the frequency and
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severity of plume visibility. Section 2.4 describes various plume abatement approaches.
Section 2.5 focuses on plume modeling with emphasis on theoretical, CFD and laboratory
experimental approaches. Special topics such as plume rise in a turbulent environment,
plume bifurcation and drift deposition are discussed in sections 2.5.4, 2.5.5 and 2.5.6, re-
spectively. Finally in section 2.6 we draw conclusions and outline knowledge gaps/areas for
future research.

2.3 Plume visibility

Winter (1997) reviewed the influence of increasing public awareness of visible plumes on
cooling tower selection for combined cycle gas turbine power stations in the UK. He suggested
that the fogging frequency be used to evaluate plume abated towers; this can be calculated by
making reference to a fogging frequency curve on a psychrometric chart as shown in figure
2.3a. According to the 150 code (ATC, 2011), and for a given operating condition, the
fogging frequency curve is defined as a curve that divides the psychrometric chart according
to whether a visible vs. invisible plume is expected. [llustrated in figure 2.3 b is the method
for generating such a curve; this method references the collection of ambient conditions (for
a given operating condition) that allow the fan to ambient mix-lines to be exactly tangent
to the saturation curve. Given site-specific weather statistics, it is possible to determine the
fogging frequency at a given location, which can be expressed as the proportion of operating
hours wherein visible plumes may occur. The 150 code argues that a typical plume abatement
design point should allow 15% to 20% visible plume occurrence based on full year day-night
weather statistics. Although theoretically any point on the fogging frequency curve can be
chosen as the design point, a design point above the freezing point is recommended in order
to test the cooling tower. For example, and in figure 2.3 a, the plume abatement design point
corresponds to an ambient temperature of 5°C and relative humidity (RH) of 90%.

Saturation curve Saturation curve /" Effluent 3
Effluent 2
90% RH
2 Effluent 1 £
& 5
2 2
£ £
2 Z
Fogging frequency curve W
Design point &~ Ambient 2 Fogging frequency curve
Ambient 1
5°C
Dry-bulb temperature Dry-bulb temperature

(a) (b)

Figure 2.3: (a): A fogging frequency curve from Winter (1997). Similar curves can be found in
figure 15 of Lindahl & Jameson (1993) or figure 2 of Lindahl & Mortensen (2010). (b): Method of
generating the fogging frequency curve.

Tyagi et al. (2007) proposed the so-called plume potential to quantify the visible plume
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intensity, which is defined as the area between the fan to ambient mix-line and the saturation
curve on a psychrometric chart — see figure 2.4. The greater this area, which is given
mathematically by (2.1), where w is the humidity ratio in g/kg dry air, the more intense will
be the fog.
w1
A=2 Vwds. (2.1)
w2
More recently, and rather than examining intersected areas in a psychrometric chart, Cizek
& Nozicka (2016) considered the overall volume of the visible plume, which is expressed
as an empirical coefficient times the third power of the cooling tower diameter. Cizek &
Nozicka (2016) revealed that the overall visible plume volume depends sensitively on the
cooling tower diameter, the temperature and humidity of the exhaust and ambient air, but
does not depend on the plume source velocity.
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Figure 2.4: Visible plume potential defined in Tyagi et al. (2007).

2.4 Visible plume abatement

Veldhuizen & Ledbetter (1971) presented a summary of approaches to fog control: (i) pre-
venting fog formation by superheating the plume and altering the cooling method, (ii) re-
moving the fog by sedimentation after particle growth by impaction of water droplets on
cold surfaces, by chemical desiccation or by electrostatic sweeping (or related air-cleaning
methods) of droplet-nucleating particles, and, (iii) restricting the fog from reaching ground
level by elevating the plume through mechanical jetting or heating. Veldhuizen & Ledbetter
(1971) pointed out that the difficulty in fog control is the large flow rate of air containing
small water droplets.

A more comprehensive review of plume abatement technologies was conducted by Lindahl
& Mortensen (2010) — see table 2.1. The main comparisons are made between PPWD towers
and more novel approaches such as condensing module technology. Lindahl & Mortensen
(2010) argued that condensing module technology offers a means to reduce capital and oper-
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ating costs, and is especially suitable for large back-to-back towers?. The physical principles
underlining condensing module technology are detailed in section 2.4.5.

Table 2.1: The evolution of plume abatement designs as summarized in Lindahl & Mortensen

(2010).
Timeline | Tower design Advantages Disadvantages
1960’s Series  path  wet/dry | Well-mixed exhaust air | Full-time pressure drop,
(SPWD) towers widely spaced fins and
high pump head for hot
water coils
1970’s Parallel path wet/dry | Face dampers added to | Additional pressure drop
(PPWD) towers the dry and wet sec- | due to mixing devices
tions, water conserving | typically used in PPWD
compared to wet cooling | counterflow towers
towers
2000’s Condensing module | No dry section, high | Full-time pressure drop
technology water conservation ca- | due to its series air path,

pability, no mixing de-
vices, low drift rate, less
blowdown and make-up
through recovery of the
near condensate quality

increased pressure drop
due to the air ducts and
air-to-air heat exchang-
ers in the plenum cham-

ber

water, no pumping head
above the wet section,
suitable for back-to-back
tower configurations

Following the framework outlined in table 2.1, the rest of this section is structured as
follows. Section 2.4.1 discusses the method of superheating the exhaust air, which generally
occurs in series path wet/dry (SPWD) towers. Sections 2.4.2, 2.4.3 and 2.4.4 focus on
different mixing techniques in the context of PPWD towers. Section 2.4.5 reviews various
water conservation approaches and some novel tower designs.

2.4.1 Superheating the exhaust air

In a SPWD cooling tower, sensibly heating the exhaust air can not only decrease its relative
humidity, but also increase its temperature and therefore buoyancy. Research in this category
mainly focuses on the heat sources and the associated control strategies for plume abatement.
For instance, Wang & Tyagi (2006) and Tyagi et al. (2007) used heat pumps to heat the
exhaust air from wet cooling towers. The advantage is that the coefficient of performance for
a heat pump is much greater than unity. However, the inclusion of heat pumps obviously adds

2The back-to-back tower configuration combines two lines of cooling tower cells into one line, which has a
common wall located at the centerplane of the “dual row” towers. The advantage of the back-to-back tower
configuration is its reduced footprint compared to an equal number of cooling tower cells arranged in two
parallel lines.
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to the capital, operational and maintenance costs associated with the cooling tower proper.
Later Wang et al. (2009) compared three arrangements of heat pump system for plume
abatement in a large chiller plant in a subtropical region. Specifically, the evaporative side
of the heat pump can be located at the inlet or outlet side of the cooling towers to decrease the
cooling water temperature, or alternatively at the evaporative side of the chillers to reduce
the return chilled water temperature — see their figures 1 and 3. Meanwhile, the hot water
in the dry coils of the hybrid wet/dry cooling tower are provided by heat pumps. Their
study indicated that the aforementioned three arrangements have almost identical plume
control performance. Regarding the overall energy efficiency, the latter arrangement had
much better performance than the former two arrangements. More generally, heat pumps
have the thermodynamic advantage of offering combined heating and cooling.

As exhibited schematically in figure 2.5, Wang et al. (2007) investigated the application
of a solar collector to mitigate the visible plume from wet cooling towers as a case study in
Hong Kong. Their discussion revealed that water cooled collectors were more cost-effective
than air cooled collectors. They also argued that there should be some alternate heat sources
to assist due to the intermittency of solar energy during the day and its complete absence
at night.

Exhaust out

Storage/heat
exchanger

Solar
collector

Exhaust in

)
2= Pump/fan

Warm, humid air from
a wet cooling tower ‘ﬁ.
—\

Figure 2.5: A water/air cooled flat plate solar collector to heat the exhaust from wet cooling towers.

2.4.2 Enhanced mixing by static devices

Whereas the discussion of section 2.4.1 focused primarily on small-scale cooling towers
e.g. those that form part of air-conditioning systems for commercial buildings, here we return
to the larger models more typically found in industry. In a PPWD counterflow cooling tower,
the warm, dry air from the dry section and the hot, humid air from the wet section are mixed
in the plenum chamber thus reducing the possibility of condensation upon discharge. As ex-
pected, a visible plume may occur if the mixing is inadequate. Because the mixing length is
relatively short (no more than the height of the plenum plus the fan diffuser), mixing devices
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are commonly added to promote the mixing between those two (initially) perpendicular air
streams. Streng (1998) noted that “the optimal shape and arrangement of static mixers as
a function of the specific cooling tower geometry is of particular significance”.

Generally, deflecting surfaces are used to channelize the flow of dry air and to thereby
promote the penetration of at least some fraction of this dry air into the central region of
the plenum chamber. Thus the area of contact between the wet and dry air streams greatly
increases. Meanwhile, the deflecting structure, if not streamlined in the direction of the wet
airstream, tends to generate flow separation and turbulent mixing ensues downstream. Un-
avoidably, the structural expense can be heavy as can the increased pressure drop. Nonethe-
less, deflecting surfaces are particularly effective for back-to-back cooling towers where it is
difficult to convey adequate dry air to the central wall.

Kinney Jr et al. (1999) argued that the geometric orientations of the dry and wet sections
impose restrictions on the air flow patterns such that the warm, dry air from the dry section
tends to follow a path directly to the nearest lower edges of the fan diffuser. The hot, humid
air from the wet section, on the other hand, occupies the central part of the plenum chamber.
For enhanced mixing, they proposed that simple flat plates, extending from the lower part
of the dry section to the central core of the plenum chamber, are adequate for mixing the
two air streams in certain instances.

Carbonaro (1983) introduced a type of rectilinear deflecting surface (referred to as an air
channeling device) with a decreasing V-shaped cross section — see figure 2.6. As compared
to e.g. a flat plate, this V-shaped structure along which the dry air travels is expected to
impose less obstruction to the upward moving wet air. Moreover, the tapered V-shape cross
section can cause some fraction of the dry air flow to overflow and thereby mix into the wet
air all along the length of the channel.

Deflecting surface

T 1
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Side view

Figure 2.6: The tapered V-shaped deflecting surface proposed by Carbonaro (1983).

Schulze (2010) proposed the use of truncated pyramid-like mixing baffles inside the
plenum chamber. These baffles project transversely into the ascending wet air and direct the
dry air into the central region of the plenum chamber. The roof surface of the baffles can be
open or closed automatically according to the varying operation modes of the hybrid cooling
tower. In winter mode of high plume abatement demand, the roof should be closed to allow
more mixing between the wet and dry air. In summer mode when the demand for plume
abatement is less, the roof should be fully open to minimize the pressure drop. Similar air
ducts to convey dry air into the central region of the plenum chamber are applied in forced
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draft cooling towers, where the fans are located at the air inlet — see e.g. figure 2.7. Vortex
mixing occurs as the wet air flows over the air ducts.
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Figure 2.7: Schematic of air ducts in a forced draft cooling tower (Ruscheweyh, 1985).

Lee (2017) proposed an air distributor to promote mixing between wet and dry airstreams.
According to this scheme, the plan area of the plenum chamber can be divided into regions
for the wet and dry airstreams, which are separated by partition walls. Analogous to the
deflecting device in Schulze (2010), enough dry air ought to be directed to the central region
and/or, in a back-to-back configuration, the common central wall. Although this design
suffers from a significant flow obstruction experienced by the wet air, the mixture quality
can be superior to the simple baffle case.

Ruscheweyh (1984, 1985) introduced a delta-shaped vortex generator, which facilitates
enhanced mixing at the cost of moderate pressure drop. The performance of this type of
vortex generator was tested using reduced-scale laboratory experiments. In these experi-
ments, and as shown in figure 2.8, the air introduced into the plenum chamber through the
dry section is clean air and the counterpart stream from the wet section is a mixture of
smoke and clean air. The addition of smoke facilitates flow visualization and, more impor-
tantly, the quality of the mixture at the fan exit can be determined by measuring the smoke
concentration in the radial direction. Figure 2.8 a indicates that, without the benefit of the
vortex generator, the “wet air” accumulates in the central core upon discharge due to the
poor mixing. By contrast, figure 2.8 b shows a relatively uniform smoke plume as a result of
enhanced mixing caused by addition of the vortex generators.

2.4.3 Enhanced mixing by stirring devices

Moon (2017) put a number of circularly spaced guide vanes below the cooling tower fan to
induce vortex mixing. In Moon’s design, the guide vanes surround a central cylinder that
is attached to the axis of rotation of the fan, thus forming a stirring device to blend the
dry and wet air — see figure 2.9. The guide vanes are similar to the devices proposed in
a much earlier patent by Fernandes (1979), who invented a so-called vortex cooling tower.
This vortex cooling tower creates a tornado-like motion within the tower and results in low
pressure in order to induce flow through the air inlet. The fan illustrated in figure 2.9 may
be put to other secondary uses, e.g. a rotary dehumidifier in the absence of the dry section
(Golubovic et al., 2007).
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Figure 2.8: The model scaled experiment of plenum chamber without (left) and with (right) the
delta-shaped mixer (Ruscheweyh, 1985). The dashed curves denote the boundary between the wet
and dry air streams in the absence of any internal mixing device.
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Figure 2.9: The stirring vortex mixing device proposed by Moon (2017).

2.4.4 Coaxial plume mixing

Houx Jr et al. (1978) designed a type of hybrid wet /dry cooling tower with good resistance to
recirculation and almost complete elimination of visible plumes. In their design, the dry and
wet airstreams are in a coaxial configuration with the former enveloping an inner core of the
latter. It should be emphasized that their tower has a large dry cooling section and a small
backup wet section. Therefore, this type of tower is categorized as water conserving (see
section 2.4.5) as compared to a more traditional plume abatement cooling tower in which
the cooling load is mainly undertaken by the wet section.

Lindahl & Jameson (1993) argued that in crossflow PPWD cooling towers, the saturated
wet air leaves the wet section at a velocity twice that of the dry air leaving the dry section.
Thus the slower moving dry air tends to surround the faster moving wet air, which naturally
results in a coaxial wet/dry plume structure above the cooling tower — see e.g. figure 2.8 a.
They argued that at conditions where a uniform plume woul