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Abstract

AN AIR~-VAPOR~DROPLET LOCAL INTERACTION MODEL
FOR SPRAY UNITS
by

Stephen J. Palaszewski

Advisor: Professor Latif M. Jiji

Co-Advisor: Professor Sheldon Weinbaum

A new thfee-dimensional model for predicting the
flow and thermal characteristics of spray units is presented.
The new model eliminates many of the more serious short-
comings of current theoretical approaches. In a marked
departure from present theories, which are based in the
large on the behavior of an average droplet in some uniform
average environment, the new model examines the local
variation in properties of both the air and the droplets
throughout the flow field encompassing the spray umbrella.
The model allows the air streamlines and droplet trajec-
tories to follow substantially different paths and is able
to determine the local change in the environment of the
droplets throughout their motion. The conservation
equations to determine the local absolute humidity,
velocity and dry-bulb temperature of the air-vapor phase
are written in Lagrangian form where the droplets are
treated as spatially varying sources of mass, momentum

and energy. Source strength is determined by the inter-
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action between the air-vapor and droplet phases. The
analysis takes into consideration stable and unstable
meteorological conditions, turbulent mixing in the atmos-
pheric surface layer and non-uniform upwind and local
air-velocity profiles.

To illustrate its general applicability, model
predictions of droplet return temperature along the spray
perimeter were compared with data for two substantially
different sprays used for power plant cooling. Predic-
tions of downwind wet-bulb temperature were compared
with available data. Good agreement was observed.

A parametric study was carried out to determine
an optimum spray unit design. It was found that sub-
stantial improvements in the cooling obtained for a given
spray power input can be achieved over currently used
floating spray modules. It was shown that, for summer
design conditions, the cooling obtained from a single
- spray of the Powered Spray Module can.be realized by an
alternate spray unit design reéuiring only one-half the
power input.

The new model for spray units can be extended to
predict the cooling performance of a pass of sprays aligned
in the wind direction. The performance of an entire
spray canal can be obtained by incorporating the model

for a pass of sprays into a system model.
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CHAPTER I

INTRODUCTION

l. 1. Spray Cooling Systems

During the past decade considerable interest has been
generated in waste heat dissipation from power generation.
Public pressure and concern have precipitated stringent state
and federal laws regulating traditional once-through open-
cycle cooling. Aside from these regulations, the difficuity
of waste heat management is compounded by increasing needs
for power and accelerating demands on water resources.

Recognizing these developments and trends, the power
industry has intensified its activity in exploring alternate
methods for waste heat dissipation. A closed-cycle approach
which has received favorable attention is spray canal cooling.
Although spray cooling has been in use for many years, the
type of spray system employed has changed since its intro-
duction. The system used today consists of floating modules
(as opposed to the previously used fixed sprays) each spraying
a small percentage of the condenser discharge water into the
air. Typically, a number of four-spray modules are aligned
parallel tc the edge of the canal, which can be up to several
miles long. Such an arrangement is illustrated schematically
in Figure 1.

Spray cooling systems have'a numbe: of advantages over
cooling towers. These include the ability to control the
rate of heat dissipation by selectively shutting off or

turning on any number of spray modules, economy of construction
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and ease of mqintenance. In spite of these desirable features,
the adoption of spray cooling systems for waste heat dissipation
has been very limited. The reluctance to use these systems

is partially due to the lack of reliable fheory and experiments
to accurately predict their performance. In a 1976 review

of theoretical models for spray cooling, Ryan and Myers [é]
underscore the uncertainty in current theories by an example
calculation where the number of required spray units for a
given design criteria varies by a factor of 2.5 depending on
the theoretical model used. A magnitude of uncertainty of

this order is intolerable in view of the substantial operating
costs of each spray module.

The difficulty in accurately predicting the performance
of spray systems is traced to the complexity'of the spray
cooling process which involves a two-phase air-vapor-droplet
energy and mass interaction in an unbounded region subject
to varying meteorological conditions. It is not surprisiné,
therefore, that the majority of present theories rely on
design-specific empirical factors which limit their
accuracy and applicability. This dependency of current
models on design-specific factors precludes their use in
optimization studies of spray units or spray systems. Further-
more, present models cannot be used to examine the performance
of new designs or explore the effects of novel configurations.
Another serious shortcoming of present theories is the lack
of a systematic study to identify all the parameters which

govern the performance of spray units and systems.



1. 2. Review of the Literature

Because éprays are commonly used in a wide range of
engineering applications, there is an extensive theoretical
and experimental literature on the subject drawn from several
different areas of engineering research. Attention will be
focused here on recent studies which have been motivated by
interest in the use of sprays for heat dissipation from
power plants.

Six basic models have been developed to predict the
thermal performance of spray units. These models are 1) Number
of Transfer Units (NTU), 2) Cellular, 3) Particle-Source in
Cell (PSI-Cell), 4) Soo's, 5) Spray Energy Release (SER) and

6) Berger and Taylor's.

1. 2. 1. Models of Spray Units

1. 2. la. The Number of Transfer Units (NTU) Model

One method for describing the thermal performance of a
spray unit is through a dimensionless index called the number
of transfer units (NTU). This concept is also used in heat
exchangers and wet cooling towers. The NTU approach is based
on the Merkel Equation which is derived from conservation of
energy for a droplet exchanging heat and mass with the ambient

air. Merkel's equation is given by:

Ty

Ad h £, = Coy dTd (1)
E” Cs h(Ta) - h(Tw))




where .
Agq = surface area of a representative droplet
Cpg= specific heat of water
Cg = specific heat of air-vapor mixture
h(Tq) = total enthalpy of saturated air-vapor mixture
at local droplet temperature Tg
h(T,,) = total enthalpy of air-vapor mixture at the local

wet bulb temperature Typ

h = droplet heat transfer coefficient
M = droplet mass

Ty = droplet initial temperature

To = droplet final temperaturé

tg = droplet flight time
The term on the left hand side of equation (1) is called the
number of transfer units, NTU, and is characteristic of the
water droplet. 1In theory the NTU can be determined analytically.
However, in practice the NTU for a given nozzle design is exper-
imentally established.

The integral in Merkel's equation involves the total
heat transfer to the ambient air along the entire trajectory
of the droplet. To perform the integration, the wet bulb
temperature of the ambient air as well as the local droplet
temperature must be known. Since heating and humidification
of the air takes place along virtually the entire trajectory,
neither h(Tq) nor h(Typ) is constant. However, in all NTU
models both are assumed constant.

Using the NTU approach, Hoffman [?] collected field

data and calculated NTU values for different wind speeds.



Curves for average NTU vs. wind speed were then generated for
different sbray nozzles. By assuming an average value for h(Tg)
and letting h(Tybp) be given by upwind ambient conditions, the
integral in equation (1) is evaluated and set equal to the

experimentally determined NTU. The result is given by:

Cea (T "Tc\ ' (2)

T @)+ (@) -hT)

NTU

where Typ., is the upwind wet bulb temperature. Hoffman's
empirical NTU curves together with equation (2) are used to
determine the cold water temperature T, from a spray.

The NTU approach was also followed by Porter and Chen
[}] . To determine the NTU values Porter and Chén used experi-
mental data on'existing spray systems of fixed design. Values
of NTU were assigned such that the computed canal discharge
temperatures matched those observed in the field within 0.05°F.
A curve fit of the values thus obtained gave the required NTU
vs. wind speed plot. '

In another study Porter, Yang and Yanik [}] used a
modified NTU approach to develop an analytic model for spray
units and spray systems. They assumed that the total enthalpy
of the air-vapor mixture is proportional to the local droplet

temperature and integrated the Merkel equation to obtain

Tu=Te _ | — exp(-_NTU b (3)
.re.".r-wb CFJ 7




where

Twb = The average of the upwind and downwind wet

bulb temperature

bg = dh/dTq = b(Tf¢) = constant

T¢ = f£ilm temperature = (Ty + EQb)/Z

The NTU in this model must still be determined experi-
mentally for each spray design. Measurements of local average
wet bulb temperature and cold and hot water temperatures together
with equation (3) yield the NTU value of a given spray. However,
since direct sampling of sprays is difficult, Porter, Yang and
Yanik recommend the use of spray system data with their corre-
sponding analytic system model for the determination of NTU.

Arndt and Barry [ﬁ] presented a new NTU model for spray
units and spray systems. Their unit model is similar to that
used by Hoffman. It is based on an empirically determined NTU

which can be approximated by a linear function of wind speed.

1. 2. 1b. The Cellular Model

This model is based on the assumption that the spray
consists of identical droplets each surrounded by a unique cell
of air. The temperature history of a droplet is examined from
nozzle discharge to canal surface impact. The analysis is thus
reduced to the treatment of a single droplet. This approach
was used by Elgawhary [é] to formulate an analytical method for
predicting the spray cold water temperature Tg. The major
assumptions involved in his cellular model are:

(1) The air in each cell travels with the droplet through-
out the droplet's trajectory.

(2) No mass or energy transfer takes place between cells.



(3) The water vapor concentration at the edge of each
céll is quasi-constant and equal to the average concentration in
the cell at time t.

(4) Evaporation stops when the air in the cell is saturated
with water vapor.

(5) The ratio of cell radius to droplet radius is assumed
éonstant, independent of wind speed and location in spray. |

" (6) The droplet velocity is neglected in the determin-
ation of the droplet Reynolds number, which is based solely on
the wind velocity.

Based on these assumptions, Elgawhary applied the conser-
vation principles to the droplet-cell system using empirical
equations for the heat and mass transfer coefficients. The
conservation equations were formulated in terms of an average
cell to droplet radius ratio. The cold water temperature can
be calculated using an iterative procedure for a specified
value of radius ratio. This ratio cannot be established theor-
etically. It is used as a matching parameter to obtain agree-
ment between theory and experiment. A value of 18 was found
to give the best agreement with experimental results for a
wind speed of 5 mph.

Elgawhary's cellular model was refined by Frediani and
Smith [?] by relaxing some of the asSumptions made. They based
the volume of the air cells on the rate of air flow through the
spray. This makes the water-air flow ratio in the spray a
function of wind speed and spray geometry. They also based
the Reynolds number on the droplet velocity. Furthermore, the

effect of heat transfer on raising the temperature of the air
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in the cell was taken into account. This allows more evaporation
to occur than in Elgawhary's model.

While Elgawhary used the cell to droplet radius ratio as
a matching parameter, Frediani and Smith [j] used the initial
droplet size as the matching element in their model. Performance
data for a single spray and a row of single sprays was used
to determine the effective initial droplet size. The drop
diameter was varied until agreement of the model predictions
of the downstream canal temperature with data was achieved.
The model was then applied to the analysis of large spray systems
to test its applicability. Good agreement was observed for
small values of (Tyg - Tc). Agreement for very large systems
was found to be within ¥20 percent in most cases. Ryan [E],
[?] states that it was found necessary to introduce fresh air
into the cell to prevent the downwind wet bulb temperature
from rising too quickly. No mention of entrainment is made
by Frediani and Smith [?] and no comparisons with downwind

wet-bulb temperature are made by them.

l. 2. lc. The Particle-Source-in-Cell (PSI-Cell) Model

The PSI-Cell model represents a more rational treatment
of gas-droplet flows which, in contrast to the cellular model,
does not need to assume that the air and droplet phases follow
the same trajectory. It has been introduced to deal with
drying and combustion systems. Its application to the more
complex problem of unbounded external power plant spray systems
has not yet been attempted. Applications have been limited
to one and two-dimensional internal flow systems of fixed gas

flow rate and well defined boundaries.
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The PSI-Cell model attempts to account for the mass,
momentum and thermal coupling between a gas and a cloud of
droplets within the gas. It is based on the concept of a drop-
let as a source of mass, momentum and energy to the gaseous phase.
The basic features of the model will be outlined here since
the treatment of the droplet phase is similar to that presented
herein for open systems.

The flow field in the PSI-Cell model is sub-divided
into a series of small, but not infinitesimal control volumes
called cells. As droplets move through a cell they act as
sources or sinks of mass, momentum and energy. The source
concept of the droplet was first set forth by Migdal and
Agosta [id]. They derived a system of differential equations
from the conservation laws for two-phase flow through a control
volume. The terms in the equations resulting from the presence
of particles were defined as soﬁrce terms. The formulation
of these terms was outlined as a guide for specific applications.

The field equations for conservation of mass, momentum
and energy are written in finite-difference form for each cell.
The trajectories,  sizes and temperature histories of the drop-
lets are obtained by finite differencing the equation of motion
and the equation for the conservation of energy for an indi-
vidual droplet. Empirical expressions are used for the droplet
heat and mass transfer rates.

The determination of the gas-droplet flow field is
accomplished by first solving for the gas flow and temperature
fields neglecting buoyancy, including turbulent diffusion and

assuming no drops are present. This solution is used to
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calculate droplet properties along their trajectories, giving
an initial guess of the source terms for each cell. The gas
flow and temperature fields are solved again, now incorporating
the source terms but neglecting the effect of droplets on
turbulence. The procedure is repeated until successive solu-
tions closely match.

This model has been applied by Crowe [ii] to analyze the
two-phase velocity (but not temperature) field in the vicinity
of a fuel nozzle in a gas turbine combustor. An isothermal
flow field was assumed. Calculations showed that the model
predicts greater penetration of the spray into the combustor
than is found when gas-droplet interaction is neglected.

Other attempts at using the source approach have been
limited to one and two-dimensional models. Kliegel [zé] and
Hultberg and Soo [ii] have developed models for gas~particle
flow in de Laval nozzles. These one-dimensional models have
shown a significant influence of particles on the gas flow
field. Crowe, et. al. [;{] extended the application of this
model to the analysis of two-dimensional spray cooling for
gas flow through a duct. Sharma and Crowe [lle ' E]_.E_] applied
this method to flow metering of gas-particle suspensions by

a Venturi, and gas-particle flow through an orifice.

l. 2. 1d. Soo's Model

Soo's [3{} analysis is based on the integration of
the conservation of energy equation for a droplet along its
trajectory. Correlation equations for the heat and mass transfer

coefficients are used to carry out this integration numerically.
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Soo assumes that the dry and and wet bulb temperature of the
air-vapor phasé remain constant along the trajectory and that
only the droplet temperature changes. He also neglects the
buoyancy and drag induced'veiocity field of the air-vapor
mixture.

Unlike all NTU models, Soo's model determines the NTU
theoretically using the above simplifications for the air-
vapor phase. This unique feature eliminates one of the empir-
ical factors required by the NTU models. Furthermore, Soo's
model lends itself to optimization studies of droplet size,

spray height and radius.

l. 2. le. Spray Energy Release (SER) Model

Chen and Trezek [}é] developed a new approach which
attempts to account for the change in ambient conditions as the
air moves through the spray. They introduced a new factor,
the Spray Energy Release (SER), which represents the actual
quantity of energy released by the spray per unit total driving

potential. The SER is defined as:

h Tw 4'TE;> - L,(TR@L¢>+-FQL{€) )
2 2

SER =

where wafis the downwind wet bulb temperature.

As can be observed from equation (2) and (4a) the NTU
and SER differ in the evaluation of the air total energy. The
total heats for the saturated air-vapor mixture at the droplet

surface and at the local wet bulb temperature are both calcu-
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lated in terms of average values which are the mean of the

initial and final conditions. The SER approach also requires
the experimental determination of SER as a function of wind
speed for a given spray unit using measured values for T, ¢ and

T To predict the performance of spray units using this model,

c.
an additional empirical factor, SERpins is required. SERpin is

defined as:

SER = .CPd (T-H -Tc,)

T T o ()

Measurements of T, and Ty, determine the variation of SERpyjn

> (4b)

with wind speed.

1. 2. 1f. The Berger and Taylor Model

This model [}5] is the first attempt at a totally
theoretical treatment of spray cooling. The model is based
on the solution of an integral form of the Bernoulli equation
which includes the effects of pressure, buoyancy and average
droplet drag force. The equation is solved by assuming that
the local conditions in the spray field are uniform and
identical to the exit conditions of the air-vapor mixture.
For the condition of zero wind, the exit air is assumed
saturated and is a function of exit air-vapor density, which
is calculated from the model. The exit air velocity, which
has only a vertical component, is obtained from a thermal
energy balance on a control volume enclosing the spray, and
is proportional to the total heat transfer from the spray.
For a high cross wind, the solution of the Bernoulli equation,

neglecting buoyancy and vertical drag, yields the exit air
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velocity, which is horizontal. Exit-air saturated enthalpy

is determined from another energy balance. For both zero

wind and high wind regimes, the spray heat transfer is obtained
by integrating the energy equation over the average flight

time of a droplet, assuming the local air to be saturated.
Continuity is satisfied for the zero wind condition by assuring
that the air entrained horizontally through all vertical sides
of a control volume enclosing the spray, exits the control
volume vertically. For the high wind regime, the air flow

rate is given by the product of the wind speed and the spray
cross-sectional area facing the wind, as in Frediani and Smith's
model [z] . Comparison of model predictions with data on cold
water temperature for the Rancho Seco spray system showed

good agreement.

1. 2. 2. Use of Spray Unit Models for Spray System Analysis

The problem of predicting the thermal performance of
a system of sprays in cross wind is considerably more compli-
cated than that of a single spray unit. To adequately analyze
a spray system it is essential to accurately predict the air-
vapor phase properties downwind of each spray unit. The
modeling of this problem in previous studies will be examined.
Hoffman [?] assumes a uniform dry bulb temperature
throughout the system. The downwind wet bulb temperature
is arbitrarily set by adding one degree to the upwind value.
Porter and Chen [}] also assume a uniform dry bulb
temperature. However, they use experimental data from existing
spray systems to obtain correlations for the wet bulb tempera-

ture corrections. They introduced a correction factor £
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defined as:

£ = <TwL.r. “Rka)/(‘ru -TWL.o) . (5)

This form of the correction factor is suggested by the fact
that the air wet bulb temperature is driven toward the local
canal temperature. Using experimental data, they plotted £
against distance downwind on the centerline of the first
spray and obtained a reasonable correlation for £. The tests
were carried out at a single ambient wet bulb temperature and
a single condenser discharge temperature of an arrangement of
one spray per pass, and the results were extrapolated for
systems involving more than one spray per pass. This was
accomplished by superposition, i.e., the wet bulb temperature
is determined by the combined effects of the two upwind sprays.
Measurements obtained from systems consisting of two sprays
per pass showed good agreement with the correlation for £
provided the distance normal to the rows of sprays is used
independent of the wind angle to the canal. Porter and Chen's
results on the wet bulb temperature corrections yield the

following empirical relations:

TWL{; = Twbe + ©O:-18 [(TH}‘-Sr -waoo] 5 (6) -

for the air downwind of sprays in the first row, and

TWL'F = RL,O + 0.0 E(TH)(_& - WL‘]) (7)
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for the air downwind of sprays in each succeeding row, where
i is the pass number and j is the row number.(see Fig. 2).
To obtain an analytic solution for system performance
Porter 2@] utilizes an average correction factor £ for a
system of m rows. Assuming complete mixing of water across
the canal, equation (3) is integrated to yield a closed form

solution for system performance:

2 L
TH "TWLoo - e\‘P —mr;r(l—-F) |- CxP -NTU E;E}]% ) (8)

The - Twhbo
where
m = number of canal rows
P = number of passes
r = ratio of spray unit flow rate to initial canal
flow rate
THi = initial canal temperature

Arndt and Barry [5] introduced the concept of a virtual
point source of sensible heat and vapor. Both are assumed to
spread as a Gaussian distribution. Diffusion coefficients as
a function of downwind distance are obtained from published data
on atmospheric dispersion. A critical factor in modeling for
the dry bulb temperature and relative humidity distribution
is the choice of the origin of the source which is arbitrarily
established.

In the cellular model, Elgawhary [3] side steps the
problem of wet bulb temperature variation by adjusting the
cell-to~-droplet diameter ratio to obtain agreement between
theory and experiment. On the other hand, Frediani and Smith

[?] adjust the initial droplet diameter and air entrainment
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ﬁntil model prediction of the downwind wet bulb temperature and
downstream canal temperature agree with experimental data.

The PSI-Cell model which has been developed and applied
to one and two-dimensional internal flow systems should in
theory predict the air-vapor properties downwind of a spray.
Its extention to external three-dimensional spray systems
has not been attempted.

Soo [}i] assumes a uniform dry bulb temperature and
specifies the minimum wind speed needed for uniform relative
humidity throughout. Thus, the application of this model to
a spray system is limited to either a canal with a single
row of sprays or a multi-row canal under high enough wind
speeds to justify the assumption of uniform relative humidity.

In developing a spray system model based on the SER
concept, Chen and Trezek [Eé] introdgce a drop size distri-
bution function to determine the average horizontal air
velocity leaving a spray. This is accomplished through the
application of conservation of momentum of the air passing
through a spray. The empirically obtained SER versus wind
speed curve is used in an energy balance consideration to
determine the air flow rate and the downwind dry and wet bulb
temperatures.

| Using an experimental open-air spray pogd contaihing
a column of three units to obtain spray performance data,
Chen and Trezek [Eé] found that cold water termperatures were
predicted to within 2% for the first two units and 14% for
the third unit. Poor agreement for the third unit was

explained by local fresh air entrainment.
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To examine the effect of downwind spacings of spray
units in a module on the performance, Chen and Trezek [Eg]
use a mixing parameter 4~ which is a dimensionless form of
the turbulent viscosity, conductivity and diffusivity. This
parameter is obtained from measurements of the upwind psychro-
metric conditions and those downwind of the first spray unit
along with the solution to the two-dimensional boundary
layer equations. Average values of air velocity, total
heat and specific humidity can be obtained downwind of each
spray unit by integrating the boundary layer solutions over the
spray height. Using the SER versus wind speed curve, the SER
for each downwind spray unit can be determined. This boundary
layer model was used to optimize spacings of spray units
across a canal.

More recently, Chaturvedi and Porter [éi] developed
turbulence models for predicting local wet-bulb temperature
proceeding windward through the spray field. They solved
two-dimensional continuity and momentum equations, including
the effect of droplet drag as a momentum source term. The
wet-bulb temperature is obtained by integrating the convective-
diffusion equations. Sensible and evaporative heat transfer
from the droplets are accounted for by a source term incorpor-
ating the empirical factor NTU. Solutions of these boundary
layer equations give the interference factor f as a function
of distance into the spray field. The interference factor
is either constant at a given station or exhibits a vertical
profile, depending on the comprehensiveness of the model.

Chaturvedi and Porter use four approximate models: 1l)no
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wind attenuation or turbulent diffusion, 2) diffusion only,

3) attenuation only, and 4) attenuation and diffusion. Theor-
etical values of the interference factor downwind through the
spray field are plotted against data for Richards of Rockford
and Ceramic Cooling Tower Company modules and data grom the
Rancho Seco Nuclear Station (California) spray ponds using

No. 1751 Spray Engineering Company (Spraco) nozzles. In
general, £ is predicted low for the first row of sprays and

reasonably well for succeeding rows.

l. 2. 3. Evaluation of Current Models

Examination of the NTU and cellular models show that
they require two design-specific constants. All NTU
models use experimentally determined NTU values. Furthermore,
except fdr the model proposed by Arndt and Barry [3] , NTU models
require empirical wet bulb correction factors. While Arndt
and Barry theoretically predict wet bulb variation, they
introduce the source origin as an unknown factor in the
solution. This factor is arbitrarily established.

The cellular model of Elgawhary [F] uses the cell to
droplet diameter ratio as the matching parameter and does
not deal with wet bulb temperature corrections. On the other
hand, in the Frediani and Smith [ﬁ] cellular model, the initial
droplet diameter and the air entrainment rate are the
design-specific factors.

The cellular model is based on the concept that all of
the air flowing through the cross-sectional area of the spray
is entrained by the droplet and that the drop stays in the same

cell throughout its trajectory. Both assumptions are unreal-
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istic for the following reasons:

(1) The particle trajectories and the air streamlines
are ‘substantially different.

(2) The wet bulb temperature tends to rise faster than
is observed experimentally. This suggests that, if one assumes
total air entrainment, the cell volumes are smaller than the
theory requires.

(3) If indeed all the air flowing through the first
spray is entrained, in effect the downwind sprays experience
zero wind velocity.

The dependence of the NTU and cellular models on
empirical factors which depend on spray unit design and systém
configuration preclude their utilization in optimization studies.
Furthermore, they cannot be used to predict‘the performance
of new designs or to aid in the development of more efficient
units and systems.

The PSI-Cell model does not depend upon the use of
design-specific factors. It is best suited to analyze internal
flows with known air flow rates and well defined boundaries.
For external or unbounded flow systems the boundary conditions
for the air-vapor phases are much more difficult to treat
and the air flow rate is unknown. Therefore, application of
this model to sprays may require the introduction of design-
specific factors.

Soo's [Ei] model, despite its distinctive features,
is based on uniform dry bulb temperature and relative humidity
throughout thé spray system. This restriction precludes its

use for the determination of system performance as a function
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of wind speed or for system configuration studies. His model
does, however, lend itself to optimization of droplet size,
spray height and diameter for maxXimum cooling.

The SER model requires two empirically determined
functions for the prediction of system performance. In addition,
ihe model for examining spray spacings requitres the experi-
mental determination of another design-dependent coefficient.
This parameter must be increased by a factor of 135 over the
classical turbulent viscosity to fit the experimental
data [2]] .

The model of Berger and Taylor requires no design-specific
constants to predict spray performance. However, their
assumption of saturated air in the entire spray domain would
only hold true for zero or very low wind conditions, and
for the last spray in a long pass of sprays for higher wind,
where air has been progressively humidified by upwind sprays
in the pass. The model is not valid for intermediate wind
speeds and is physically inconsistent with known spray perform-
ance variations with wind speed. For a given set of ambient
conditions, the model predicts better performance at zero
wind speed than for moderate winds. Performance better than
at zero wind speed is seen for higher winds. Applying this
model to the study of optimizing the thermal performance of
sprays is problematical due to several simplifying assumptions.
The spray domain is not characterized by saturated air,
except under conditions of highly humid ambient air and
calm winds. This is the case for both a single spray and

a spray system. The model cannot account for interaction
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between sprays in a system since all sprays see saturated
air under all wind and ambient conditions, which in effect,
is specifying the wet-bulb interference factor in advance.
The model also ignores detailed spray-air interaction by
virtue of its bulk flow assumption.

Recognizing the importance of atmospheric turbulence
and boundary layer characteristics in the performance of
sprays, researchers have attempted to addresé this aspect of
spray cooling. Arndt and Barry [3] utilize published turbu-
lent diffusion coefficients that are functions of distance
downwind from a virtual source to determine the variation of
dry bulb temperature and humidity. Empiricism is introduced
by the arbitrary determination of the source origin, although
the position of the source can be varied with changes in
wind direction.

Chen and Trezek [Eé] solve the two dimensional turﬁu—
lent boundary layer equations for the mixing of parallel free
shear layers using uniform upwind profiles of wind speed,
temperature and humidity. A turbulent mixing parametef,
which appears in the equations, is measured for a pass of
three sprays that are spaced by a distance equal to the
diameter of a spray umbrella. The mixing parameter is assumed
constant for all spacings and ambient air conditions. This
parameter essentially replaces the wet bulb correction
factor as an empirical factor.

Although not used in their system model, Weinstein, et. al.
[éé] consider the effect of turbulence on the downstream

dispersion of heat and humidity from a uniformly distributed



two-dimensional spray system of finite dimensions. These
authors solve the two dimensional boundary layer equa-

tions using ambient turbulent diffusivity and wind profiles
which depend on atmospheric stability and surface roughness.
The simplified source term employed provides a reasonable
deséription of the far field dispersion of heat and humidity
and of fog formation far downwind of the spray canal where
the effects of .spray induced turbulent diffusivity and the
detailed near field interaction between the wind and the
sprays are neglected. The authors state that the good agree-
ment with field data is somewhat fortuitous in view of their
neglect of buoyancy effects in the model.

Chaturvedi and Porter [?i] use wind and turbulent
viscosity profiles of the equilibrium atmospheric surface
layer obtained from Haltiner and Martin [?é] in their model
to predict local wet bulb temperature. While reasonable
agreement with field data is obtained, the model relies on
the empirical factor NTU to formulate the energy source term.
Hence, the model is not suited.for optimization studies on
systems incorporating theoretically designed spray units.

Chen and Trezek [}é] , Chaturvedi and Porter [éi] and
Weinstein, et. al. [éé] do not use the latest information
on the wind profiles and the related turbulent diffusivitiés
in the atmospheric surface layer. Weinstein, et. al. use
an empirical formula for the velbcity profile from Sutton

[;%] which has since been substantially modified [}g].
In summary, current theories rely on design dependent

empirical factors, lack design and performance optimization

24
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capabilities and fail to adequately account for turbulence

and atmospheric surface léyer effects.

l. 3. Research Objectives

The present study will analyze the detailed local mass,
momentum and energy interaction between the air~vapor phase
and the droplets. The objectives of this comprehensive
treatment of spray cooling phenomena are:

(1) Elimination of the need for design dependent empir-
ical data such as NTU, SER, cell-droplet diameter ratio and
air entrainment rate.

(2) Rigorous treatment of meteofological conditions
such as the atmospheric boundary layer, turbulence and Reynolds
stress.

(3) Formulation of a general (as opposed to design-
specific) theorf for spray units in terms of the governing
parameters, with capabilities for design optimization.

(4) Prediction of the spatial distribution of the air-
vapor velocity, dry bulb temperature and absolute humidity as
well as the velocity, size and temperature of the droplets
for an arbitrary wind profile.

The model can be extended to examine the interaction
between neighboring downwind spray units in a system of sprays

and to predict the performance of spray units in such a system.
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CHAPTER II

AN AIR-VAPOR-DROPLET LOCAL INTERACTION MODEL
FOR SPRAY UNITS

2. 1. Introduction

The present model for a spray unit is based on a
dual Lagrangian description for both the air-vapor phase
and the droplet phase. This model examines the detailed
mass, momentum and energy interaction between droplet and
air-vapor element having widely different time histories.

An air-vapor element is a finite volume of the gas phase
that travels through the spray field within a streamtube.
The number of droplets contained within an air-vapor element
varies according to the number of trajectories passing
through the element and the number of droplets located along
the portions of the trajectories lying within the element.
Figure 3 depicts a finite element traversing the spray
domain.

The droplet trajectory and the variation of droplet
velocity, size and temperature along the trajectory are
determined relative to the local conditions of the air
velocity, dry-bulb temperature and wet-bulb temperature.
Both droplet trajectories and air-vapor element stream-
lines are determined taking into account a detailed
consideration of atmospheric phenomena including turbulent
mixing, atmospheric stability and surface roughness. Drop-
let trajectories are found for an arbitrary initial discharge

angle and size distribution using a particle momentum
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equation in which the drag is based on the local velocity
difference between the air-vapor and droplet phases. The
droplet heat transfer and evaporation rate are similarly
based on the local dry bulb temperature and absolute
humidity in contrast to previous analyses which have been
based on ambient or some constant average conditions. .

The air-vapor streamlines are found for an arbitrary
initial turbulent wind profile by integrating the equations
of motion for an air-vapor element considering the local
buoyancy force, droplet drag and turbulent diffusion along
each air-vapor streamline. In this Lagrangian formulation
for the air-vapor elements, the equations for conservation
of species and energy are integrated along the streamlines
of the air-vapor phase to determine the local variation in
the dry bulb temperature and absolute humidity. In the
species conservation equation, the local droplet evaporation
rate along an air-vapor streamline is treated as a source
term. Similarly, the convective and evaporative droplet
energy transfer along an air-vapor streamline serve as
source terms in the conservation of energy equation for the
air-vapor element.

Turbulent diffusion of momentum, water-vapor and
energy arising from mechanical shearing stresses and atmos-
pheric instability is accounted for in the momentum, species
and energy conservation equations for the air-vapor phase.

A complete description of the air-vapor field can
thus be obtained by integrating these equations along

selected streamlines across the spray umbrella. Since the
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local properties of the air-vapor continuum and the dréplet
temperature and mass are all unknown initially, an iter-
ative solution scheme must be developed as described in
Chapter III.

The model uses no design-dependent empirical factors
such és NTU, SER, effective initial droplet diameter and
wet-bulb correction coefficients, which are obtained from
experiments on sprays. The above mentioned empirical factors
attempt to account for air-Vépor-droplet interaction in an
average sense. The present model involves the solution of
the conservation equations that govern the local interaction
between the air-vapor elements and the droplets. Hence,
it obviates the need for design-specific empirical constants
which are found necessary in previous models that do not
attempt to satisfy all of the conservation laws for the
two-phase spray field.

Empiricism is introduced in the present model to
account for the heat and mass transfer from the droplets
and turbulent mixing in the atmospheric surface layer.
Correlation equations obtained from experiments on individ-
ual droplets falling in air are used to evaluate the droplet
heat and mass transfer coefficients. Empirical turbulent
mixing parameters (e.g. eddy viscosity, conductivity and
diffusivity) are used to account for diffusion of momentum,
heat and water vapor to or from the air-vapor elements in

the atmospheric boundary layer.
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2. 2. Meterological Considerations

Turbulence in the atmospheric surface layer (0-150m.)
affects the shape of the ambient wind, temperature and
humidity profiles. 1In particular, the diffusion of momentum,
heat and water vapor from sprays is determined by the degree
of turbulence in surface winds. While absolute humidity
and dry-bulb temperature vary within the atmospheric
surface layer, their variation is small over heights typical
of sprays (5m.). Consequently, this temperature and
humidity change with height can be neglected in the initial
upwind profiles. However, turbulent mixing of these
quantities within the spray itself is important. The
initial upwind velocity variation over the spray height
affects all subsequent transport processes occurring in
the spray. The velocity profile in the turbulent surface
layer takes on diffetent forms depending on atmospheric
stability. The stability of the atmosphere is characterized

by the adiabatic lapse rate [,; = 9.8° C/km:

Neutral conditions: deb/dZ = = |ad
Unstable conditions: dT4,/dZ2 < - [u4

Stable conditions:  dTg4,/dZ > -y

where Z is the height above the surface of the earth and

Tgp 1s the dry bulb temperature.



This wind velocity profile is given Ez&jas:

U:(E") = &g Eén (’;_,%'H) + \P(Eﬂ y 12

where
U;*:—: U,,/U,,,am
Zz¥ = E/Lm
zZ) = Zo/L.,,o
4 = v /k'Uean
and

L{, = wind velocity

&Loam = wind velocity at Z = 2m

N
o
]

surface roughness height

friction velocity

C
¥
0

_
I

von Karman constant

3
o
[

Monin-Obukhov length scale
3
= Fa CFQTJL Ug
k'g Ho

gravitational acceleration

(&1 ]
[

QPQ = gpecific heat of dry air

¥4° = vertical heat flux

31



32

The/aw term in equation (12) is mechanical shear-
produced turbulence whereas the second term is due to natural
convection instabilities arising from thermal stratification.

The function K‘I(Z'b in the velocity profile takes on
different forms depending on the stability céndition of

the atmosphere. For neutral air:

W(z*} =0 . a3)

orq;lzszi) iaj:ln [x(+ %m)] - a2 (14 %p:ﬂ
+2T‘“-‘<'/¢m) - W (14)

where
¢, = (I - 15 2*)-'A (15)

For stable air:

L\"(E"‘>'= F=* (16)

Prediction of the turbulent diffusion of momentum,
energy and water vapor in the air passing through a spray
requires a knowledge of the turbulent mixing coefficients in
the air. For neutral air the ratio of turbulent thermal
conductivity to turbulent viscosity Kn/Kym is approximately
equal to unity \:25] :

Kn _ Kwy

~ A (17a)
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where Ky is the turbulent diffusivity of water vapor in air.

The turbulent air viscosity Kyn is given by

Km = U*Z/JU/Jz 5 (17b)

where u is the longitudinal (in the wind direction) velocity
component of air-vapor mixture within the spray.

For unstable air [25:]

K K | /4
X = = (\— 152> . (17¢c)

For stable air the behavior of turbulent thermal

conductivity Khn is uncertain EZS] .

The atmospheric turbulent boundary layer can differ
markedly from the familiar mechanical turbulent boundary layer
profile when the Monin-Obukhov length is either negative
or positive and of the order of the spray height or
smaller. The wind profile has a profound effect on air-
vapor—-droplet interaction, controliing, along with the
droplet drag and buoyancy, the process of momentum exchange.

The effect of the turbulent conductivity and diffus-
ivity on the spray is to enhance (or retard, depending on
atmospheric stability) the interchange of heat and water
vapor among air-vapor elements and promote the mixing of
ambient air with that undergoing energy exchange with the
sprays. The inclusion of turbulent entrainment in the model
enables one to examine the effect of the spacing of sprays

in a spray module. The mixing of the heated and humidified
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air downwind of a spray unit with ambient air is a function

of spray spacing. Consideration of turbulent diffusion
enables the model to predict the amount of wet-bulb
depression as a function of such spacing, eliminating.

empirical mixing factors which are design specific.

2. 3. Assumptions

The major assumptions inherent in the theoretical
analysis to follow are:

(1) Droplet mass is assumed constant in the total
derivative terms of both the air and droplet momentum and
energy equations. This is a reasonable approximation
since the change in mass is less than 1% over the entire
trajectory.

(2) saffman, buoyancy, Basset and virtual mass forces
are neglected in the droplet momentum eqguation. This can
be justified by order of magnitude dimensional analysis
(see Appendix).

(3) Droplets are always at a uniform temperature.
This is true if the internal thermal relaxation time of
the droplet is small compared to the flight time of the
droplet. The thermal relaxation time depends on the
intensity of fluid circulation within the droplet. Winnekow
and Chao {}é] observed experimentally that the amount
of circulation within a droplet depends upon the value of:

A
b +3 4

LA\ [ a4
f«  Ha



where

Md

Ma
4
fa

For b<¢ 2.4, vigorous internal circulation was observed

viscosity of fluid in droplet

viscosity of ambient fluid

density of fluid in droplet

density of ambient fluid

in the droplet. For the air-water system considered here,
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the value of b is approximately 0.57. Hence, one can assume

fully developed internal circulation.

The magnitude of the fluid velocity inside the droplet
can be bracketed by calculating both the circulation velocities
obtained from the inviscid flow solution (Hill's spherical
vortex) and the Hadamard-Rybczynski velocity field for
creeping flow. Both solutions are given m@?] . The
inviscid flow solution gives a velocity at the center and
surface of the droplet of -3-}"— Ul , whereV = droplet
velocity in the ambient fluid and U = velocity of ambient
fluid. 1In the creeping flow regime, the circulation
velocity is given by ,V-Ul Z(H-/u//a“)] . For a water
droplet whose diameter is 0.6 inches (1.524 cm) moving at
11.6 meters per second in air, the time required for the
fluid in the droplet to complete one circulation is of
the order of 10~3 seconds in the inviscid flow regime,
and 0.25 seconds in the creeping flow regime. Since the time of
flight of a droplet is apprﬁximately 2 seconds, and the

internal flow field of the droplet is expected to approach



the inviscid flow solution (high Reynolds number), sufficient
internal mixing exists to justify the assumption of an
instantaneous uniform-droplet temperature.

(4) Conduction in the air energy equation is neglected
in comparison to convection, evaporation and turbulent
thermal diffusion.

(5) The air pressure figld is hydrostatic.

(6) The mass of water vapor in the air is small
(typically less than 5%) and is neglected in the air
continuity equation.

(7) Droplets can be treated as volumetric sources of

mass, momentum and energy.

2. 4. Conservation Equations

2. 4. 1. Conservation of Mass for a Droplet

To determine the amount of evaporation that a droplét
experiences during its time of flight, one relates the time
rate of change of droplet mass to the 'evaporative flux

across the concentration boundary layer of the droplet:

-g__= _’qub,“\.Az[ws <Td>““"]' (18a)

Equation (l8a) can be written in the following dimension-

less form:
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2 Feo 2 Cp \/ShD¥ [ ¥ ]
T - wt|  (18b)
<3c°Re St 8,/ 4% ot (W) - o )

where the superscript * denotes a dimensionless quantity

and the subscript o denotes an initial value at the spray

discharge.

Bowen ratio = CPq, (TJo —TWLoo)/EJ ("“s ('EI) - UJS]

specific heat of air

specific heat of water

Cea /Q ed

mass diffusivity of water vapor in air
b/o,

initial mean droplet diameter

d [de

Froude number = Voa'/ 9 do

acceleration due to gravity

mass transfer coefficient

latent heat of vaporization of water at'T:l°

Ao Ve s //««

HMa [ 4a Do

Stefan number = L| CPJ (TJ, ~Twb _,)
Sherwood number = h, J//D

dimensionless time = 3‘t

droplet temperature

T - Tobn) /(T -Tun )
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Twbo = wet-bulb temperature of the ambient air

Vo = initial speed of the mean size drop

>

ailr viscosity

air density

O
n

droplet (water) density

X = A/t

A
B
"

W = local absolute humidity of air
w¥ = (w - w.o)/(ws <TJ¢> - w,,)
ws(‘ra> = absolute humidity of saturated air at Td
wek = (ws(T) - “"b /(""s (Tat) - W—o}
w, = ambient absolute humidity

The Sherwood number Sh is determined by empirical

correlations given by Ranz and Marshall [?é] :
JE \/3
Sh =2+ 0.6 (Re) (565 . (19a)

where

>
U
Il

Reynolds number = -fqol ‘V-Ul //aq

air velocity

Se = schmidt number = /‘lq/«fq D

The dimensionless mass diffusivity, D*, is given in [éé]:
175
D¥ = (_1d+273.2

Tdo +2723.2 )
where Ty and Ty, are in °c.

cl
i
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2. 4. 2. Conservation of Droplet Momentum

Droplet velocities are determined by applying Newton's
law for a particle. Consideration is taken of gravitational
forces and the drag induced by the local vector-velocity
difference between the droplet and the air-vapor continuum. .

The resulting equation is:

M E'__‘L. = M7 - Q;*.fqﬂraztvfo‘l (’\7-—‘6> (20a)
dt
In dimensionless form, equation (20a) becomes:

"'"'Ve‘( U"‘V> (20b)

dTF -3 ~

= T t CboF%,

dt#¥
where
C,, = drag coefficient for Re > /000 5 Cro = 0.44
¥y _ Co .5'+ 54— 687
S = o L1015 Re""") Re £ 1000 [3]
k = unit vector in vertical direction
U = total air velocity =U_ + v’ , where U.o is the

wind velocity and v’/ is the induced air velocity

T¥- U/U.oam

V)

wam= wind speed at a 2m. height
V ¥ = dimensionless droplet velocity = Ti/‘vo
Ve- = velocity ratio = Voozy, /v,

A droplet trajectory is found from:

d 5*
d-ﬁi = V* ) (21a) -




where gh is the displacement vector of the droplet:’
sF = 243 (21b)
Vo =

2. 4. 3. Conservation of Enerqgy for a Droplet

Taking into consideration surface convection and
evaporation, and assuming that the dropiet is at each instant

at a uniform temperature, the energy balance gives:

—MCPJ %{i = mahé—d ‘-ul)+ma-{’a "'o@s (73) —LU)LI (22a)

The terms on the right hand side are the energy given
up by the droplet due to convection and evaporation, respect-

ively. Non-dimensionalizing equation (22a) yields:

o
JT%*:: —CFro 9 Cp \ Nu (—D*__-DL*) + (22b)
dt*  Re, (d9)*/ Pr

nF
Zt,beob [os* (rar ‘“”"—.]} y
where |
h = convective heat transfer coefficient
kq = thermal conductivity of air

L* - L /L.

Nu Nusselt number = ‘\d/kq
Pr

TdL = local dry bulb temperature of the air

Prandtl number = Mq Cpaq kq

40
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Ta* = (m —TWL..,) / (Tu. ‘TwL.o>

The latent heat of vaporization' of water, L, is given

by Chow and Rowe [3]] as:

L = 232([1093.3258 - 0.57709483 (1.8 Ty +33) +

2 - ' J
2.289 37)(/0"4'(!.%13 +3a§ - /. 11305610 "(l. %T4+32>j E“

where Tq is in €C.

The Nusselt number Nu is obtained from empirical

correlations for a droplet given by Ranz and Marshall @!ﬂ :

Mu= 2+ 0.6 (Re),lz (h}'/a . (23)

Equation (22b) when integrated along the droplet
trajectory reduces to the Merkel equation (1) if one
assumes a unit Lewis number, h/hb CPs =4 and introduces

the total heat function h(T) of the air.

2. 4. 4. Water Vapor Continuity Equation

To determine the variation of absolute humidity along
any air-vapor streamline in the spray field, species conserv-
ation along a streamline is required. Conservation of

mass for the water vapor in a fluid element gives:

~—)2 a
AE TR TN NG EMUNZ OV
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where
Jw/Jt is a Lagrangian derivative
V o= volume of a finite air-vapor element

n

number of droplets in an air-vapor element

The first term on the right hand side of equation (29)
is a source term giving the total amount of water vapor
released by all droplets within the air-vapor element at
any given time. The second term is the net efflux of water
vapor across the boundaries of the element due to turbulent
diffusion. It is seen that there is no net efflux of water
vapor in the longitudinal and lateral directions, (for
coordinate system, see Figure 3) as is also the case for
turbulent transport of momentum and energy. This is true
since there are no upwind gradients of wind velocity,
absolute humidity and dry-bulb temperature in the longitud-
inal and lateral directions. It is these gradients that
give rise to the turbulent viscosity, diffusivity and
conductivity as can be seen, for example, from equation
(17b). In the spray domain, lateral and longitudinal
gradients will be produced by air-vapor-droplet interaction.
It is assumed that these gradients are small compared to
the vertical gradients. |

If an element is considered to have the shape.of a
rectangular parallelpiped, the volume of an element can be
characterized by an equivalent cube, whose side dimension

is some multiple of the initial mean droplet diameter:
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V = <°'°°'°>3 (30)

where

G, = number indicative of the length scale of an
element at any location in the spray field.

The element volume is determined by continuity consid-
erations and is given .by the streamtube cross-sectional
area multiplied by a constant longitudinal dimension which
is set arbitrarily. These considerations are explained in
section 2.4.6.

Utilizing the above definition of element volume,

equation (29) can be written in the following dimensionless

form: B

dw¥ YIWFFOSHJ*D [* A ']

= w TA“> - w*
dt¥ 0o Sc,ﬁco SC +
<
Tovewam Kaw ' | 0 w* (31)
Reg Fv-o . J 24‘2

where

ij = KWV/vaaoam

KWVw.am = turbulent thermal diffusivity upwind of the spray

at 2=2wm.
.
N = number of droplets in an element
TUwv.oam = diffusivity turbulent number = va-oam Vq
2% = dimensionless vertical coordinate = 2%/\/,2
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Equation (31) is integrated along the gas-phase
streamlines to determine l&r*. These streamlines are
obtained from the momentum equation for the air-vapor

element.

2. 4. 5. Conservation of Air Momentum

The velocity of an air-vapor element is found from a
Lagrangian form of. the momentum equation, as is done for the
droplet velocity. Forces on the element are droplet drag,
naéural convection buoyancy and turbulent diffusion. The air

momentum equation can be written as:

fqvit_g_ - LR v-0](F-9) -

fo Vg (=) + VK ¢ 02
d=*

where

Br
Vy

coefficient of thermal expansion of air

longitudinal (in the wind direction) air-
- vapor velocity

The dimensionless form of equation (32) is:

('\7 ¥ _Ve 'J*> +

JU* = naﬁ‘QDoFro Qp*a‘*zl\—/—#vea*
dt¥
e, Ve

Fro —
Qe <"2\,*—'m,j> k +

Ve Re*
+

Tumeoam km éa‘u;‘ -—
&

Reo Fro Ve J 2+ (33)




where

G-
Kn* = Kn /Ko

Km.oam = turbulent viscosity of air upwind of spray at

% = 2m.

T‘-’mooam = momentum turbulent number = Km -oam/\)q

Va

kinematic viscosity of air

2. 4. 6. Air Continuity Equation

The continuity equation for the air-vapor phase is
formulated for a rectangular streamtube. The cross-
sectional area of the streamtube upwind of the spray is
given by the frontal area of an air-vapor element. The
frontal area is the area of the face of the element perpen-
dicular to the wind direction. This area changes as the
element moves through the spray domain according £o the

following equation:

fa vy A = fa Uo A (34)

where
A; = cross-sectional area of a streamtube

A.o = cross-sectional area of a streamtube upwind of

the spray
o = wind speed in the streamtube upwind o e spray
U ind d i h b ind of th
Lhy = air-vapor velocity in the streamtube at any

longitudinal distance y

, 3 _
Grashof number = Coaﬁ-‘- 3°(° (Tolo"' wLA/qu
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If the cross-sectional area of a streamtube is given

A=Adm (35)

where
/8 = lateral dimensioﬁ of streamtube (dimension
perpendicular to the wind direction and parallel
to the X-axis)
M = vertical dimension of streamtube

equation (34) becomes:

Am = Uo p o | (36)
v
4
Defining
/Q'*-‘: m¥ = m__ U i‘= U-O
vﬁbﬂi ) v°i/% > T U am

equation (36) can be written:

(37)

(X"' ¥ 2'5 l* ¥ o= u),#
Equation (37) is solved for A#(X"')y") E;) along each
streamtube.

Since the continuity equation (37) contains the two
unknowns l#and m¥ , one additional equation is necessary
to solve for the streamtube dimensions. Such an equation can

be derived from conservation of air momentum.



The streamtube dimensions ,2" and m"‘ depend upon the
magnitude of the forces on the element in. the lateral and
vertical directions. By taking a ratio of the lateral and
vertical components of the air momentum equation (33),
one can formulate the additional equation needed to find
,L’and m¥ .

Equation (37) requires the solution of only the
longitudinal component of the air momentum equation (33),
which .is integratéd stepwise in the wind direction. Hence,
the ratio of the lateral and vertical components of

equation (33) will be a function of longitudinal distance:

dux*/dé“ d
duz.y/d.ti\‘ = al:: = #(y > (38)

se>Ve (;& —A/e|5‘§ﬂ
E e |9 Ve | (- Veosd) +

Gr Fro T)
— (T ne — #
Ve Reo> < db® = Tav. ] (38a)

Figure 4 depicts the change in streamtube dimensions

where

'F“()"') _ | nl Qo, Fro Il

T¥-VeT?

as the air-vapor element moves through the spray field.
As one proceeds from station 1 to station 2, ,Z* and m ¥

change by the increments dL¥and dm?¥ .
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> X

Figure 4. Change in Streamtube Cross-Sectional Area
Along a Streamline.
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Hence, one can write:

dar *
P =dug* and jr* =dua¥ (39a,b)

Dividing (39a) by (39b) and using (38) one gets:

dL¥
k)

Therefore, the ratio of the incremental changes of
the lateral and vertical streamtube dimensions can be
obtained from the ratio of the lateral and vertical com-
ponents of the air momentum equation.

The change in streamtube area is given by:

¥
% = A(’“m"> = A¥dm* ¥ der
dt* dt* dt*

Multiplying through by dt*, one obtains:

dA* = L*¥ dm¥ + medL? (42)

Solving equations (40) and (42) simultaneously gives:

Loe _ _dAT £e(y¥) .
/e4‘+'hf*-p#(y*>




and
dA¥
T OA® o .F#(y4=> (43b).

dm#*

The incremental area dA* is obtained from the
numerical solution of equation (37) along a streamline.
-F’(y’») m¥ and ,e.* are known from the preceding streamline
station. Having dL¥ and Jm* at the new station, the new

streamtube dimensions are calculated from:

42.*.1 = ’e'#c: +dLY (44a)
and
m¥e s =mipdmt (44b)

New vertical and lateral air-vapor velocities are given by:

¥

Uk ¢pr = Uxt‘ + d uyt (45a)
¥

Valir = Uz¥% + duy¥ (45b)

where, Jb** and Juzf are obtained from equations (39a,b)
and Uxﬁ:.)!JE*t are known from the previous streamline
station. The air-vapor streamline itself is found from:

ds. ¥ —
— = U* (46)
d+i¥
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2. 4. 7. Air Energy Equation

Neglecting conduction in comparison with turbulent
diffusion of heat, one can write for conservation of energy

along an air-vapor streamline:

-fq cpa VATJL = hﬂ-Ja‘\ (Td "ﬂl:) +

4t
nTel*Lhg fa (05 () -0 ) +
faCra VK, 02Ty

dz* (47)

Taking Kh = kwv ,)‘ one can write equation (47) in

dimensionless form as:
dTa*
hl'Fr —r )
= d"=Tdb*) +
dt* = G 3PeRe (

ShA*L*w< (Ta*)-— >

SQ. -]
TUWV.O am \(wv a 2 -rdl;*
Re, F'r- a 3-82' (48)

The terms on the right hand side of equation (48) represent
.convective and evaporative heat transfer from the droplets

and turbulent diffusion of heat in that order.
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CHAPTER III

SOLUTION OF MODEL EQUATIONS

In this chapter, the detailed solution procedure
for determining the droplet trajectories, sizes and tempefa-
tures, the air-vapor streamlines, and the dry-bulb tempera-
ture and absolute humidity in the spray domain and downwind
of a single spray unit will be presented. The iterative
solution technique used in solving the conservation equations

for the air-vapor-droplet, two-phase system is described below.

3. 1. Iterative Solution Technique

Figure 5 depicts the general method utilized to
solve for the two-phase flow, temperature and humidity fields
of a spray. In obtaining the lowest order solution for
the droplet velocities, locations, temperatures and sizes,
one considers the local environment of the drops to be that
of the ambient air-vapor phase. However, the first order
solution for the air-vapor velocities, streamlines, tempera-
tures and humidities yields a correction to the local environ-
ment of the drops. The corrected air-vapor phase solutions
are utilized in the next iteration on the droplet phase
as detailed below.

Droplet trajectories and air-vapor streamlines cross
at many locations in the spray domain. The velocity, tempera-
ture and humidity of the air-vapor element as it crosses a

~given droplet trajectory is the local environment of the



(o)

ASSUME VELOCITY, TEMPERATURE
AND ABSOLUTE HUMIDITY PROFILES
FOR THE AMBIENT AIR-VAPOR PHASE

CALCULATE DROPLET VELOCITIES,
LOCATIONS, TEMPERATURES AND SIZES

|

CALCULATE RATE OF HEAT
TRANSFER FROM SPRAY

YES

END )

NO

EVALUATE DROPLET MASS, MOMEN-
TUM AND ENERGY SOURCE TERMS

| |

CALCULATE AIR-VAPOR PHASE VELO-
— CITIES, STREAMLINES, TEMPERATURES
AND ABSOLUTE HUMIDITIES.

Figure 5. Flow Chart for Spray Unit Analysis.
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droplets at this location. By assigning the new air-
vapor properties to locations along each droplet trajectory
where the trajectories and streamlines cross, one obtains
the first order corrections to the air-vapor phase along
each trajectory. One can now solve the droplet eguations
again, using the corrected local values of the air-vapor
properties instead of the ambient values given by the upwind
velocity, temperature and humidity profiles of the air-
vapor continuum. The resulting solutions for droplet
location, velocity, temperature and size are utilized in
the evaluation of the mass, momentum and energy source
terms appearing in the air-vapor phase equations. Hence,
one can obtain the second order solution for the gas phase
and again assign the air-vapor properties obtained to the
droplet trajectories where they cross the gas-phasé stream-
lines. This would complete the second order solution for
the two-phase system.

The above iterative solution procedure is repeated
until successive iterations on the droplet phase yield
values of the rate of heat transfer from the spray that

fulfill the following convergence criteria:

Qu — Q-
kK~ k-t 2 g (49)
Q-
where
ék = rate of heat transfer from the spray calculated

for iteration k
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€ = prescribed tolerance

The total heat transfer from the spray is given by:
™
- --_-L_derdfr Z " 3 2
Rk G nd} E-"Jk ""Tci‘ de_} (50)
it

where, subscript c refers to the value of the variable when
the droplet returns to the canal, and
T = total nuﬁber of trajectories

ﬁdj = number of drops of size d} ejected per unit time
along a given trajectory

The following sections describe how the droplet and
air-vapor phase conservation equations are solved for each

iteration.

3. 2. Solution of the Droplet Equations

3. 2. 1. Droplet Momentum Equation

Since the model takes into consideration the local
two-phase interaction between the drops and the air-vapor
phase, the spatial distribution of the droplets throughout
the flow field must be found. The droplet trajectories are
determined by integrating equation (20b) for conservation
of droplet momentum, and the distribution of droplets along
the trajectories is found from the auxiliary equations
derived below. |

The water ejected from the nozzle is assumed to
immediately break up into drops of either a single size or

a discrete distribution of sizes.
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Knowing the mass flow rate of water through the
nozzle, ﬁo, one can determine the number of drops ejected

per unit time from:

(51)

Niw = . 7

where
Ngq; = number of drops of size di ejected from the
nozzle per unit time

fraction of nozzle flow rate discharged as

¥
drops of size d;
di = diameter of droplet of the ith size
If it is assumed the drops are discharged at a finite number
of sites around the circumference of the nozzle, the number of

drops of size d; ejected from each of these sites per unit

time is

¢ oA (52)
where
ol = number of discharge sites around the circum-
ference of the nozzle (See Figure 7).
For the coordinate system shown in Figure 6, the initial

velocity components of each drop are:

* Ve ¢
Vye -..-.<V:">cos cf cos © (53a)
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Figure 6. Coordinate System for Spray Unit Analysis.
Origin is at the Water Surface Directly Below
the Nozzle.
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PLAN VIEW

Figure 7. Spray Nozzle Showing Droplet Discharge Sites.
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"V .VQ' .
de =<V:> QOSCP Sin€© (53b)

* Voo !
Vye, =(——2.\9sIn
= (Vo { (53c)
where
Vv.: = initial speed of drops of size 1i.

o1l

The solution of the droplet momentum equation requires
the specification of the turbulent wind profile. The wind

velocity profile given earlier is
¥ 2 ¥
U, (i% = O(SE(.n (_z—:* + J> + (.P(z*)] (12)

The surface roughness height 2,5, and the Monin-Obukov
length scale Lpg, can be obtained from {éé] for given
surfaces and weather conditions. This gives the value
of the dimensionless parameter ®d == Lme - Equation (12)
can then be solved forqxs by specifying the wind speed at
a two-meter height and using the appropriate expression for
LI/(E‘) depending on atmospheric stability (equations
(13), (14), or (16) ).

During the first iteration on the droplet phase,
the velocity profile given by (12) is assumed to exist
throughout the spray field. For subsequent iterations,
the air-vapor velocity profiles used are those obtained by

considering air-vapor-droplet momentum exchange.
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Using boundary conditions (53, a, b, ¢), one
integrates equation (20b) to determine the velocity as a
function of time for each size droplet throughout its
trajectory. For example, if one specifies 36 sites around
the nozzle circumference where drops are ejected, and five
different droplet sizes, then there will be five trajec-
tories originating at each site, one for each s}ze drop,
for a total of 180 trajectories. The trajectory of the
droplet is found from equation (2la) once the velocity
history of the droplet is known.

The spatial distribution of the drops along a
given particle trajectory is found by the method described
below.

The numerical solution of equations (20b) and (21la)
gives the time of flight for a droplet on any given traject-
ory. Multiplying the number of drops of size dj ejected per
site per second by the time of flight of the droplet gives
the total number of droplets of size d; in flight along a
given trajectory. The droplet momentum equation is now
solved again to locate each droplet. This is done by
requiring that drops be positioned along the trajectory at
equal time intervals Asf?i in the solution of equations

(20b) and (21a), where At%. the time interval between

, ‘)
droplets, is given by:

aty; = ti /() (s4)
Nde:
¥
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where
teig = time of flight of droplet di in flight along

trajectory j

ngij total number of droplets of size dji in £flight

along trajectory j = ﬁ"d}t#&}‘
This procedure is repeated for each trajectory to obtain the
complete description of the instantaneous positions of all
droplets in the spray domain. At each particle location, one
knows the droplet velocity components (from the solution of

equation (20b) ) needed to evaluate the momentum source term

in the air-momentum equation.

3. 2. 2. Conservation of Energy for a Droplet

The numerical integration of equation (22b) along each
particle trajectory gives the temperature of a droplet in
flight along that trajectory. At each iteration, one assumes
that the droplet trajectory is known from the procedure
outlined in section 3. 2. 1. The convective and evaporative
terms in equation (22b) require the evaluation of the local
Reynolds number which appears in the empirical correlations
for the Nusselt and Sherwood numbers. The Reynolds number
is found from the known distribution of dréplet velocities
obtained in section 3. 2. 1., and the local values of air
velocity obtained from the previous iteration on the air-
vapor phase. The local dry-bulb temperature and absolute
humidity used in evaluating the driving potential for con-
vection and evaporation from the drops, are also obtained

from the previous iteration on the air-vapor phase.
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In the immediate vicinity (boundary’ layer) of the
drops, the environment is one of air saturated with water
vapor. The difference between the absolute humidity of
this saturated air and the local absolute humidity of the
air-vapor fluid element containing the drops is the driving
force for evaporative heat transfer. The absolute humidity
of an air-vapor mixture can be found from the Carrier

Psychrometric Equation E’.?:l :

w = 0. CIQEDWVS —(F-Pwvs><1:|b'1—wg X

-y e
<153l.7 -1.1-33'1';@:-, k3 it r (55a)
. ka dry Qir

where
Pyvs = vapor pressure of saturated air (atm)
P = total air pressure (atm)

The vapor pressure of saturated air is found from:

Pwves 4
Fwvs = —;\fﬁ—- [1.000775‘- 3.13X /0 TWEI atm (55b)

where

RIFH+T,,

l: 1750. 286
8.10765
Fuves =10 mm Hg (55¢)

The dry-bulb and wet-bulb temperatures in equations (55a,b,c)
are in degrees Centigrade. The air-vapor mixture in a thin

boundary layer surrounding the droplet can be assumed satur-
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ated at the temperature of the drop. Setting Tgp = Tybp =

Tg in equations (55a, b, c¢) one obtains

w$<Td) —4 8./8+Xl°-4.PWV°sE.OOO77£ -

.03 X(°-+TJ ‘(3 water (56a)
k3 er alr
: 1750 .2 %6
8.,0765 - 235+ -’-d
vaos = /0 mm Hq (56b)

All drops exiting from the nozzle are assumed to be
at the same temperature, Tgpo. In dimensionless form (T5z=l)
this temperature is used as the initial condition to solve

the droplet energy equation along each trajectory.

3. 2. 3. Conservation of Mass for a Droplet

The change in droplet diameter during its flight
is found from the integration of equation (18b). Drops of
a given initial size which are ejected from the same site
along the nozzle circumference, follow the same trajectory.
Since droplets of one or more discrete initial sizes in
the drop size distribution are ejected from each site, a
different trajectory will be generated for each initial
size. The initial droplet diameter, scaled to the diameter
of the mean size drop, is used as the initial condition
in solving equation (18b). This yields the diameter of each

drop along its entire trajectory.
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One now has the complete solution for the droplet

phase for a given iteration.

3. 3. Solution of Air-Vapor Phase Equations

3. 3. 1. Conservation of Air Momentum

The air-vapor streamlines are obtained by solving
equation (33). The initial velocity for each air-vapor
streamline enterihg the spray is given by the turbulent
wind profile upwind of the spray. The frontal area (area
normal to the wind difection) of a thrée-dimensional air-
vapor element is obtained by specifying the number of stream-
lines to be computed laterally and vertically. This tech-
nique is described below.

From the solution of the droplet trajectories, one
can find the furthest lateral distance from the nozzle that
a drop has traveled before striking the canal surface.

In addition, one can find the maximum height of the spray
umbrella. The product of these two dimensions gives the
cross—-sectional area for air-vapor flow through half the
spray field. One only needs to determine trajeétory and
streamline solutions for half the spray domain due to
symmetry considerations. If one wishes to calculate 20
streamlines vertically and ten streamlines laterally for
half the flow field, the frontal area of each air-vapor
element is 1/400th of the total frontal rectangular cross-

sectional area for the entire flow. A streamline originates
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from each corner of the rectangle forming the frontal area
of an air-vapor element. The longitudinal dimension of
the element is arbitrarily taken to be equal to about
1/100th of the longitudinal extent of the spray

field.

As an air-vapor element enters the spray, it sees
a non-uniform field of droplet velocities, temperatures,
number densities and sizes. These droplets are the sources
of mass, momentum and energy to the air—vapdf phase. The
momentum source term in equation (33) is evaluated as des-
cribed below.

The solution of the droplet momentum and trajectory
equations gives the velocity of each drop in flight and
its location in the spray field. Hence, the identity of
droplets within any air-vapor element as it traverses the
spray is known. The drop velocity used in the momentum
source term is taken to be a weighted average of all drop
velocities in the moving control volume of the air-vapor
element. The weighted average drop velocity components

are found from:

pr
¥ __ ne ¥
V¥ = X - Ve (57a)
(=l
T
¥ o— ne ¥
Vy Z o Vye (57b)
=i
Z * (57¢)
Vit = Z _'_r':_.:-_ Ve ©

(3]
|
| od
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where
I = total number of different droplet sizes in the
air-vapor element ’
n; = number of droplets of size dj in the element
n = total number of droplets in the element
Ve e ‘
V;E )= velocity components of drop size d; in the

element

The droplet size d* used in the momentum source term
is a weighted average size obtained in the same manner as
the velocity components. |

The second term on the right hand side of equation
(33) gives the buoyancy force on the air-vapor element
arising from the elevation of the local dry-bulb temperature
over ambient. The local dry-bulb temperature is obtained
by solving the air energy equation simultaneously with
the air momentum equation. The arbient dry-bulb temperature,
"Tdbeo ¢ 1S given byﬂits uniform‘profile upwind of the spray.

Turbulent diffusi n of momentum from the air-vapor
element is given by the last term in equation (33). The
evaluation of this term requires a knowledge of the local
air velocity profiles in the spray domain. As the air-
vapor element enters the spray, this profile is given by the
turbulent wind velocity profile. Local momentum interaction
disturbs the upwind profile, creating local profiles with

bumps and valleys. These profile irregularities tend to



be washed out due to the smoothing effect of turbulence.
In solVing the air momentum equation, the second derivative
in the diffusion term is calculated from the local air
velocity profile immediately upwind of the present position
on the streamline. This forward marching technique allows

equation (33) to be solved explicitly.

3. 3. 2. Air Continuity Equation

The method used for satisfying conservation of mass
for the air-vapor phase was detailed in section 2. 4. 6.
The determination of the local streamtube dimensions
requires the solution of equation (33) for the longitudinal
component of the air-velocity. This longitudinal component
is used to determine the cross-sectional area of the stream-
tube through the use of equation (37). The new vertical
and lateral streamtube dimensions are obtained from
equations (44a, b) along with equations (43a, b). Whereas
the longitudinal component of the air velocity is given
by the solution of the air momentum equation, the lateral
and vertical components are obtained from equations (45a)
and (45b), respectively. Equations (45a, b) are solved
with the help of equations (39a, b) and (43a, b), which
reqﬁire evaluation of the remaining two components of the

air momentum equation, which were unused up to this point.

3. 3. 3. Air Energy Equation

The droplets act as sources of heat and water vapor

to the air-vapor elements. The number of droplets of each
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size that are contained within a given element at a given
time is known from the spatial distribution of the droplets
in the spray field. The weighted average temperature of the

droplets within the air-vapor element is obtained from:

e oy
* _ ng ¥
¢=L

Knowing n and T; , the convective and evaporative source
terms in equation (48) can be evaluated.

The seéond derivative of the dry-bulb temperature
with respect to height, which appears in the diffusion
term of equation (48) is evaluated from the dry-bulb temper-
ature profile immediately upwind of the current station.
The turbulent diffusivity 'K;; + is calculated from equations
(17a,c). The dry-bulb temperature profiles are uniform upwind
of the spray. As the air enters the spray, boundary condi-~
‘tions are imposed on the profiles. At the canal surface,
the dry-bulb temperature is equal to the water temperature.
At the top of the spray, the dry-bulb temperature is ambient.
The thermal boundary layer grows with increasing longitud-
inal distance and the streamlines tend to rise. The upper-
most streamline at the top of the spray is at the ambient
dry=-bulb temperature. The air energy equation is solved
simultaneously with the air momentum equation and the water

vapor continuity equation along each air-vapor streamline.
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3. 3. 4. Water Vapor Continuity Equation

The evaporative source term in equation (31) is
evaluated in the manner described in the preceding section.
The second derivative of absolute humidity with respect to
height, contained in the diffusion term, is ewvaluated from
the local absolute humidity profile immediately upwind of
the current streamline station. Boundary conditions are
imposed on these profiles. The absolute humidity at the
canal surface is given by the saturated absolute humidity
evaluated at the canal temperature. The uppermost stream-
line is maintained at the ambient absolute humidity.

This completes the solution for the droplet and air-

vapor phases for any given iteration.



CHAPTER IV

SPRAY CHARACTERISTICS AND MODEL VERIFICATION

The present model is capable of predicting the
air-vapor velocity, absolute humidity and temperature
fields of a spray unit, in addition to the droplet trajec-
tories, velocities, temperatures and sizes. To demonstrate
this ability, the characteristics of the spray field are
shown for a selected spray unit design operating under
typical summer environmental conditions. Verification of
the predicted flow fields awaits more extensive experi-
mental investigations. .

The validity of the present model was tested by
comparing model predictions of cold droplet temperatures,
downwind air wet-bulb temperatures and downwind air
velocities for a single spray unit. The data were obtained
from the literature for two different types of sprays used
for power plant cooling. These sprays are the Powered
Spray Module (PSM) manufactured by the Ceramic Cooling
Tower Company and the Spraco 1751 manufactured by the

Spray Engineering Company.

4. 1. Spray Characteristics

The model was used to calculate the detailed two-
phase flow field for a unit of the Powered Spray Module
(PSM) .

The PSM is composed of four individual nozzles

spaced 12.2 m. apart and connected by a manifold. The
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module is supported on the water surface by floats,

one located at each spray nozzle, one between each set of
~ two nozzles, and one supporting the pump at the center

of the module. The module is aiigned parallel to the
canal edge (see Figure 1l). The pump is powered by a 56kw
electric motor directly coupled to the pump's impeller.
Each nozzle sprays approximately 9470 liters of water

per minute. The nozzles are located three feet (0.92 m)
above the water surface. The maximum spray height is 6.1
meters and the radius of the spray pattern is 6.1 meters
at the water surface in the absence of wind.

The initial droplet velocity (V, =[1.{4 m/s) '
and the spray discharge angle (Cf==79f> , were obtained
from Wilson [5%] . In the model, droplets were discharged
from 36 sites around the nozzle perimeter, producing a
droplet trajectory every 10 degrees. The model was appiied
to only half the spray domain due to symmetry considerations,
as explained in Chapter 3.

The spray was assumed to be monodisperse since no
data are available on the droplet size distribution of the
PSM. The value of the initial droplet size exiting the
nozzle was obtained by varying the drop diameter until the
single particle momentum equation (20b) yielded a trajectory
of 6.1 m height above the canal surface, and 6.1 m from the
nozzle in a horizontal plane, for the condition of zer§ wind.

Figures 8-15 show model predictions of the detailed

air-vapor-droplet flow fields of a spray unit. All results



are for summer ambient design conditions. These conditions
are given in section 5.2.

Figure 8 shows the trajectories of droplets ejected
from the PSM at initial angles of &, = -85° and &, = 85° in
the x-y plane for the condition of low wind (Ve=0.10).

Also shown are a number of air-vapor streamlines traversing
the spray domain near the centerline (y-axis) of the PSM.
The effect of the upwind droplets in blocking the éir-
vapor flow is seen by the rising of the streamlines upwind
of the nozzle. Continuity demands that the streamlines
rise due to the reduced air-vépor velocity and the small
lateral forces of the droplets on the air (the streamlines
are not deflected very much laterally). Downwind of the
nozzle, the droplets speed up the air and force the stream-
lines to descend.

Figure 8 also reveals the effect of buoyancy on the
streamline pattern. Near y*=-0.39, the droplets following
the upwind trajectory have a horizontal velocity component
which is small compared to the vertical component, since
the droplets are falling almost vertically. One would
therefore expect little blockage of the air-vapor flow
near the lowest streamline in Figure 8, and consequently,
little rise of this streamline hear y*=-0.39. These
expectations are borne out in the figure. However, at
y*==0.39 the other streamlines, which have not as yet

interacted with the spray, are seen to rise substantially.
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This effect is due to the buoyancy force produced by the
heated air near the lowest streamline which has undergone
thermal interaction with the droplets ﬂéar y*=-=0.39.

The streamlines at y*=0.0 have not seen the downwind
droplets. As stated above, the effect of the dpwn&ind
droplets is to speed up the air and cause the streamlines
to descend. However, one notices the streamlines descending
before the air-vapor elements interact with the downwind
droplets. This results from turbulent diffusion of heat
from the hot air-vapor elements near the top of the spray
to the cooler ambient free stream.

Figure 9 is a plan view of the PSM spray field at
low wind. Droplet trajectories are plotted for half the
spray domain. Air-vapor streamlines initially at a 2
meter height are also shown. One can readily see the small
effect of drag on the droplets at low wind since the droplet
trajectories lie essentially in vertical planes. The lateral
entrainment of air by the spray is revealed by the
compression of the streamlines downwind of the nozzle.

This effect is also seen in Figure 10, where the air-vapor
velocities are higher downwind of the spray than upwind.
Vertical air entrainment can be seen from Figures 8 and 10.
In these figures, the uppermost streamline is lower down-
wind of the spray than upwind, indicating the tendency

of the spray to pull ambient air downward. Entrainment of
ambient air is required to satisfy continuity. In Figure 9,

the closer streamline spacing downwind of the spray-is due
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exclusively to momentum interaction between air-vapor and

droplets. The higher air-vapor velocities downwind of the
nozzle demand a smaller flow area to conserve mass. Since
the flow area downwind of the nozzle is less than the spray
cross~sectional area (which is also the initial area for
air-vapor flow), ambient air is drawn from the surroundings to
replace that which has been drawn closer to the centerline
of the nozzle. For the case of vertical entrainment,
cooling of the air-vapor flow due to turbulent diffusion
of heat from the air-vapor elements,as well as the acceleration
of the air-vapor flow by the downwind droplets can cause
ambient air to enter the spray domain in satisfaction of
continuity. The lateral and vertical entrainment by the
spray at low wind indicates that more air participates in
the local mass, momentum and energy interaction with the spray
than ihitially enters the spray domain with the ambient wind.
The ability of the model to predict this effect obviates
the necessity of empirical entrainment coefficients used
by other investigators.

Figure 1l shows typical absolute humidity profiles
near the PSM centerline for low wind. Upwind of the spray,
the absolute humidity profile is uniform. As air enters
the spray, it is progressively humidified, and exhibits
the developing profiles depicted in Figure 1l1l. The lower
boundary condition on the profiles is the saturated humidity
at the temperature of the canal water. One notices that
the humidity boundary layer that develops at low wind is

substantially different from the momentum boundary layer
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(Figure 10). Dry-bulb temperature profiles exhibit similar

behavior to the absolute humidity profiles.

Figures 12-15 show PSM dropiet trajectories, air-
vapor streamlines, air-velocity profiles and absolute humidity
profiles for high wind conditions. Figures 12 and 13 reveal
the substantial distortion of the droplet trajectories
at high wind, while the air-vapor streamlines are little
affected by the droplets. Streamline spacing is wider
_ downwind of the spray than upwind indicating that no signifi-
cant entrainment has taken place. "Rather, slightly less
air interacts with the spray than initially enters the spray
domain via the wind. The growth of the momentum and humidity
boundary layers is depicted in Figures 14 and 15. The
blockage effect of the spray is seen in Figure 14 where the
air-velocities downwind of the spray are lower than the
upwind ambient air-velocities. Comparing Figures 11 and 15,
one notices that the humidity profiles develop more rapidly
at low wind than at high wind. The greater air flow through
the spray at high wind results in local conditions closer
to ambient conditions and accounts for the smaller increase

in local humidity.

4, 2. Comparison of Model Predictions with Experimental Data

4. 2. 1. The Powered Spray Module (PSM)

The present model for a single spray unit was compared
with data [35] for one spray of the PSM. The data were
obtained from field measurements at Dresden-and Quad-Cities

Nuclear Stations of the Commonwealth Edison Company. Data
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on ambient wet-bulb and dry-bulb temperatures, wind speed,

wind direction to the canal and initial droplet temperatures
were used as input to the model to predict the following:
(1) temperature of the droplet upon its return to the canal
at any point along the spray perimeter; (2) the air wet-
bulb temperature downwind of the spray unit and (3) the

air velocity downwind of the spray unit.

The theory was compared with data only for the -
operating spray units nearest the canal upwind edge, since
the most upwind sprays are the only ones that see ambient
air. Sprays downwind of the first row see air that has
‘been slowed, heated aﬂd humidified by the upwind units.

The model for a single spray unit cannot be applied to
these downwind sprays since no data are available on

the air-velocity, absolute humidity and dry-bulb tempera-
ture profiles downwind of the first row of sprays.
Measurements of air-velocity wet-bulb and dry-bulb
temperatures were taken only at one height (2m) between
downwind sprays on their longitudinal centerline. This
data is insufficient to predict performance of downwind
sprays from the present model for a single spray. However,
the extension of the model to the case of a pass of sprays
will enable prediction of downwind-spray performance.

In the experiments, measuremehts were made of the
droplet return (cold) temperature at four positions around
the spray perimenter and of the horizontal air velocity and

wet-bulb temperature two meters above the canal and 6.1
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meters from the upwind spray ‘nozzle along a line perpend-
icular to the canal edge. Table 1 lists the experimental
conditions. Comparisons between theoretical predictions
and the data‘are given in Tables 2 and 3. In Table 2,
the square or circle underneath each experiment number
along with the catch pan number, indicates where the
droplet temperature measurement was made. The drawing in
Table 2 indicates the location of the catch pans and the
direction of the wind . Agreement between the theor-
‘etical and measured values of the droplet cooling range is
generally within the reported experimental error of 0.2° C.
Droplets ejected on the upwind side of the nozzle are
expected to experience a greater amount of cooling than
droplets ejected downwind of the nozzle. This is due to
the progressive humidification and heating of the air
flowing through the spray. Upwind droplets see air close
to ambient conditions, while downwind droplets see air
that has undergone substantial interaction with the
spray. The data and theoretical predictions in Table 2
clearly indicate this trend. For experiments 2 and 3a,
the upwind catch pans are #2 and #3 and the downwind
catch pans are #l1 and #4. For both of these experiments,
the sprayed water dollected by pans 2 and 3 show a greater
cooling range than the water collected by pans 1 and 4.
For experiments 5b, SbES and 5bS, the upwind pans
(1 and 2) also collected cooler water than the downwind

pans (3 and 4).
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Table 3 shows comparisons between predicted and

measured values of the change in wet-bulb temperatur.e

at a two-meter height (ATWLZM,L ) of the air passing
through the spray, and the air-velocity at a two meter
height downwind of the spray. For most of the experiments
the measured wet-bulb temperature rises faster than the pre-
diction. The discrepancy results from the fact that the
model assumes the spray unit to be isolated from any neigh-

boring sprays. The experiments were carried out for a spray
TABLE 1

PSM EXPERIMENTAL CONDITIONS

Exp. # Cmo (m) Tao (°c) Taboo (°c) Twb 0o (°C) UooZm (m/s)
2 -4.5 34.4 22.5 14.0 4,27
3a -8.5 30.2 ’ 21.0 16.2 4.64
3bl -4.5 31.3 22.3 15.5 2.30
3b2. -4.5 31.4 22.7 14.9 2.50
5al -4.5 25.7 15.5 11.9 1.28
5a2 -2.5 25.9 16.3 13.3 1.80
5b -13.5 26.4 17.5 13.6 2.43
5bES -4.5 26.0 17.5 13.8 2.02
5bs -13.5 - 26.0 17.5 13.5 2.68

Note: 2z, = 0.04 m for all experiments

Data from Reference ESFE]
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TABLE 2

COMPARISON OF THEORY AND EXPERIMENT

FOR DROPLET COOLING RANGE OF PSM

Droplet Cooling Range (°C)
‘Catch Pan No.

Experiment No. §° 1l 2 3 4
2 10 experiment 1.5 1.8 2.7 2.2
m] theory 1.7 2.1 2.2 2.0
3a 19 experiment 0.9 1.2 1.5 1.2
] theory 1.2 1.4 1.4 1.3
SbES 73 experiment 1.0 1.1 0.8 0.8
o theory 1.0 1.0 0.8 0.8
5bs 79 experiment 1.2 1.2 1.0 1.0

) ’ theory 1.0 1.0 0.9 0.9
5b 83 experiment 1.0 2.9 0.7 1.0
o theory 1.0 1.0 0.9 0.9

Note: Data from Reference [35]




TABLE 3

COMPARISON OF THEORY AND EXPERIMENT FOR PSM

DOWNWIND WET-BULB TEMPERATURE AND AIR~VELOCITY

ATszmL (° C-) UZ"‘«Q' (h'/ S>

o
Exp. # _g_ experiment theory experiment theory

3b2 14 3.8 3.2 1.50 1.68
3bl 27 3.1 2.8 1.40 1.57
S5al 29 . 2.7 4.0 1.26 0.80
5a2 62 3.9 3.6 1.20 1.15
5bES 73 3.3 2.8 1.75 1.25
5bs 79 3.0 4.8 2.41 1.40
5b 83 - - 1.74 1.60

Note: Data from Reference EBS]
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in a module, where the measured spray is bordered by other
sprays on both sides. Air entering the spray field at an
angle less than 90° sees parts of the neighboring spray
before seeing the measured spray. This results in a larger
rise in wet-bulb temperature than for an isolated spray.

The predicted and measured values of local air
velocity show good agreement for the experiments in which
good results were obtained for the rise in wet-bulb
temperature . This observation is consistent with expected
behavior. If the predicted air velocity is lower than'the
data, the predicted 1ocai wet-bulb temperature is expected
to be higher than shown by the data. The lower the local
air velocity, the less ventilation'the spray experiences
and the greater the buildup of heat and water vapor in
the spray domain. For experiments 5al and 5bS, predicted
air velocities substantially lower than the data result
in local wet-bulb temperatures substantially higher

than the data.

4. 2. 2. The Spraco 1751 Nozzle

The present model was compared with data E,G:l
obtained for the Spraco 1751 nozzle in an outdoor labor-
atory facility located at the Richmond Field Station,
University of California, Berkeley. The nozzle was mounted
five feet (1.52m) above the pond surface. The flow rate
of water through the nozzle was 53 gallons per minute
(200.6 liters/minute) at a nozzle pressure of 7.4 psig

(0.51 bar). The height of the spray above the pond at
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this nozzle piessure and zero wind speed is four meters, and
the spray radius at the pond surface is about 4.9 meters.

To collect the sprayed water, seven catch pans were placed
on the pond surface along the nozzle centerline in the

wind direction (y=-axis). Cold spray temperatures were
measured in the cétch pans for different wind speeds,
ambient psychrometric conditions and droplet discharge
temperatures.

The droplet size distribution was measured for the
nozzle. Five discrete droplet diameters fraom the size
distribution, and the mass fraction of the total spray
flow rate for each size, were used as input to the model.

It was found [?g that droplets of different sizes were
ejected from the nozzle at different angles . Photographic
measurements of droplet discharge angle were attempted,

but insurmountable difficulties were encountered in trying
to take pictures at the nozzle exit. Instead, photo-
graphs: of the descending droplets were taken at the

pond surface for low wind to determine the drop trajec-
tories. Chen [éal assumed values of the discharge angle

for 14 different drop sizes in the range 0.05 em < d

' 0.54em. He used a particle trajectory equation
including drag to calculate where the drops hit the pond.

He varied the discharge angle-until the calculated and
measured trajectories matched for each drop size. His
results showed a range of discharge angles for each discrete

size. For the present predictions, the average value of
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the discharge angle (p was taken for the five sizes

used as model input. For a given drop size,(f is different

for drops ejected upwind and downwind from the nozzle.

Table 4 lists the drop diameters, maés'fractions of total

spray flow rate and discharge angles used as model input.
In the model, droplets were discharged from ten

sites around the nozzle perimeter. 2ll five Qroplet

sizes were discharged from each site. The discharge

velocity Ve , for each droplet size is given by:

Von

Vo, —
Sin <

¢ (59)
where
Voz = initial vertical component of droplet velocity.

The initial vertical velocity component of the dréplets
discharged by ramp-bottom swirl nozzles (e.g., Spraco
1751) is a constant for all droplet sizes at a given spray
flow rate, and is found éempirically. .For the Spraco 1751
nozzle discharging 200.6 1/min, v4,=8.093 m/s, as given by
Chen E%g_] . Just as for the PSM, the model was applied
to only half the spray domain due to symmetry.

For all model predictions, the atmosphere was assumed
to be unstable under strong solar insolation. The surface
roughness was set at z,=0.04 meter (30 cm high weeds) .

These assumptions were made in the absence of any specifica~

tion of atmospheric turbulence conditions in the data.



92

TABLE 4

DROPLET SIZE DISTRIBUTION FOR SPRACO 1751

NOZZLE USED AS MODEL INPUT

Drop Diameter Mass Fzéaction Discharge Angle L{)(degrees)
dg (cm) Spray ;low Rate Upwind Downwind
0.102 ' 0.140 80.0 80.0
0.178 0.220 73.5 64.5
0.254 (mean) . 0.220 70.0 60.5
0.368 0.315 68.0 57.5
0.533 (maximum) 0.105 63.0 54.0

Note: Data from Reference E&G—_‘
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The effect of using a value of z4 equal to 0.02 m. is to
increase the upwind velocities by about 5% for heights
below 2m., and to decrease the upwind velocities by about
5% for heights above 2 m. The reverse is true if one
uses z,50.06 m. These observations indicate that the
choice of a value for z, other than 0.04 m. will not have
a significant effect on model predictions.

Figures 16-33 compare predicted and measured
values of dimensionless cold spray temperature <‘|:"= (Tc“ wb..>
/(T]o "'-T;L.o) of the water collected by the catch pans
versus dimensionless distance (y*: YS/V.’> along
the nozzle centerline in the wind direction (y-axis).
Also shown is the same data corrected for heat and mass
transfer losses from the water in the catch pans. The
corrections were necessary due to the design of the catch
pans. The pans were one foot in diameter and four inches
deep and were equipped with an overflow line. A ther-
mistor was mounted at the mouth of the overflow line to
record the water temperature in the pan. Chen [§6] states
that it appeared the thermistors measured the temperature
of the collected spray water instead of the temperature
of the droplets as they struck the pond. He developed
expressions to account for the difference in temperatures
and used them to calculate the droplet cold temperatures
taking into account heat and mass losses from the collected

spray water,
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For wind speeds below 1.1l meters per second,Figures

16-18, both the local interaction and no-interaction
cooling curves show apparent symmetry for the upwind and
the downwind cold droplat temperatures. The no-interaction
theory, depicted by the dashed curves, gives the maximum
amount of cooling that can be experienced by the dropleis
under the given ambient air conditions and wind speed. That
is , the environment of the drops during their entire time
of flight is ambient=-air absolute humidity, dry-bulb temper-
ature and velocity profile. The no-interaction predictions
were obtained from the first iteration on the droplet phase
in the computer generated results.

In general, the local interaction theory shows
good agreement with the corrected data, while the no-
interaction theory underpredicts the measured data. Since
the local air in the spray domain is progressively heated
and humidified as it passes through the spray, it is
expected that the droplets do not experience the amount of
cooling predicted by the no-interaction theory. This is
indicated by the data.

Equal size droplets ejected upwind and downwind
from the nozzle at the same discharge angle will not be
cooled by equal amounts. The droplet ejected upwind
will experience a large relative velocity to the wind
and see air close to ambient conditions. A large relative
velocity translates into a large Reynolds number and

greater convective and evaporative heat transfer from the



95

upwind droplet. Local air close to ambient conditions
also results in greater heat transfer from the upwind
droplet. The downwind droplet experiences a smaller
relative velocity to the local wind and substantially
heated and humidified local air. It therefore experiences
less cooling. Table 4 shows that droplets of the same
initial size were not discharged at identical angles up-
wind and downwind from the nozzle. Since the downwind
droplets were discharged at a lower angle, one would
expect even less cooling than for equal upwind and downwind
discharge angles. This results from the shorter time
of flight at small discharge angles. Figures 16-33 show
the cooling experienced by a droplet of initial diameter
equal to 0.254 cm. (mean size drop) by the up and down
arrows. In each case, the downwind drop experienced less
cooling (higher Tg*) than the upwind drop. It may also be
noticed that the points at which the droplets strike the
pond surface are shifted to the right (against the wind)
if one takes local interaction into account. This effect
is due to the blockage of incoming air by the spray,
slowing down the air due to momentum exchange with the
droplets. The decrezsed drag on the drops resulting
from the lower air velocity causes the drops to strike
the pond further upwind.

The predictions of the local interaction theory

show that the cooling curves have a steeper slope upwind
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of the nozzle than downwind. This is due to air drag
causing the droplets discharged upwind to land closer to
the nozzle than the downwind drops. The windward component
of the air velocity is in the same direction as the
horizontal velocity component of the drops ejected down-
wind. Hence, the air drag "stretches out" the trajec-
tories of these drops resulting in a flatter downwind
cooling curve. This trend exhibited by the predicted

cooling curves agrees with the experimentalydata.
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Figure 16. Centerline Droplet Return Temperature for Spraco 1751
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Figure 17. Centerline Droplet Return.Temperature for Spraco 1751
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Figure 19. Centerline Droplet Return Temperature for Spraco 1751
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Figure 20. Centerline Droplet Return Temperature for Spraco 1751
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Figure 21. Centerline Droplet Return Temperature for Spraco 1751
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Figure 22. Centerline Droplet Return Temperature for Spraco 1751
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Figure 24. Centerline Droplet ‘Return Temperature for Spraco 1751
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Figure 25. Centerline Droplet Return Temperature for Spraco 1751
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Figure 26. Centerline Droplet Return Temperature for Spraco 1751
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Figure 27. Centerline Droplet Return Temperature for Spraco 1751
(Uzmeo =1.92m/s)
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Figure 28. Centerline Droplet Return Temperature for Spraco 1751
(Uzymes =1.92m/s)
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Figure 29. Centerline Droplet Return Temperature for Spraco 1751
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Figure 30. Centerline Droplet Return Temperature for Spraco 1751
(Uzmeq =2.25m/s)
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Figure 31. Centerline Droplet Return Temperature for Spraco 1751
(Uzmes =2.67m/s)
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Figure 32. Centerline Droplet Return Temperature for Spraco 1751
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CHAPTER V

PARAMETRIC AND OPTIMIZATION STUDIES:

DESIGN AND PERFORMANCE CHARTS

5. 1. The Governing Parameters

Formulation of the governing equations and boundary
conditions for the present model in dimensionless form
reveals the parameters which affect the performance of spray
units. Since the present model. contains no design dependent
factors, optimization studies can be performed for design
considerations.

Of primary interest in sprays is their cooling
effectiveness within the constraints of power requirements
and mass loss due to evaporation. The dimensionless depend-
ent variable é/('%v‘z/(zﬂe)) represents the ratio of
the heat removed from the spray to the theoretical power
needed to operate it. Examination of the governing equations
and boundary conditions shows that for the general case of
a liquid spray in atmospheric air, this ratio depends on
the sixteen parameters listed in Table 5. For the special
case of water sprays in atmospheric air, the Prandtl number

L 4

Pr, Schmidt number Sc, specific heat ratio Cp and density ratio
%; are approximately constant. In addition, the diffusiv-

ity turbulent number is equal to the momentum turbulent

number times a constant given by equation (17a) or (l7¢),

depending on atmospheric stability. These considerations

reduce the number of governing parameters to eleven.
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TABLE 5

GOVERNING PARAMETERS FOR LIQUID SPRAYS

Po

Pw
Re,
Se,

St

To

Moo 2m

wveelm

Bowen ratio=ratio of convective to evaporative
heat transfer

= CP“’ (-uo "TWLo;/EUS (TJO - w;]LO
Specific heats ratio = CP«/C?J
Froude number = V.:' 3°'o

Grashof number=ratio of buoyancy to viscous
forces

- 0.2 B 94 (T - Tora)

Power ratio=ratio of theoretical power input to
spray to a reference power input= r}.ovol/(zag

Prandtl number= Mg CP@/kq Cref

Reynolds number= {q vodo//t‘q
Schmidt number=/¢4q/fq Do

Stefan number=latent to sensible heat

= Lm/[ced (T;l,— w‘,,,ﬂ

Momentum turbulent number=ratio of turbulen
viscosity to kinematic viscosity= ™ eo2m \)q
Diffusivity turbulent number=ratio of turbulent

thermal diffusivity to kinematic viscosity= KWVeozm

Vq
Velocity ratio= Uca:.m /Vo

Wind shear velocity ratio=ratio of friction
velocity to wind velocity at (Z2=2m)= U-t/k’uoozm

Discharge angle

Density ratio= Aq /’N
Turbulent length scale ratio= 2°/L'mo
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Thus:

LS. I :
R 7T HCLALTLY

' *
Re°7 S-F,T:)m”zm,\/e) 0(57 ('?) 2°> (60)

Of the eleven parameters given in equation (60), only five
can be controlled by design considerations. These are:
Fr, Po, Rey, Ve and Cf . The power ratio, Po, is the ratio
of the theoretical power input to the spray to a specified
reference power input. The reference power input used
here (10.7kw) is the theoretical power required to operate

a single spray of the PSM. Power ratio can be expressed

as:
. 2
me v/ (2 40)
Fo = = (60a)
ref
where
Ei-ef' = reference theoretical spray power input.

For a given discharge velocity, vg, the power ratio
distinguishes between sprays having different mass flow
rates. The remaining six parameters in equation (60),

B, Gr, Sf, Tupeo2m’ Xg and Zo* depend on meteorological
conditions and water temperature. Therefore, for optimum

design we have
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Q* = f£(Fr, Po, Reg, Ve, ) (61)

Parametric optimization studies of equation (61) define .the
optimum spray design. Although the number of parameters
is large, such a study is nevertheless feasible due to the
additional considerations detailed below.

The phenomenon of liquid jet breakup into droplets
has been extensively studied. It has been shown by Gordon,
et. al. E'a that the breakup length for jets of Newtonian
fluids is a function of jet velocity and jet diameter.
Correlations have been developed for the mean droplet
diameter resulting from the breakup of jets issuing from
nozzles, many of which are given by Masters Elg__l . Extensive
work has been done in the development of empirical correla-
tions for the méah droplet size formed by centrifugal spray
nozzles ES] . It is generally known that the velocity
head or pressure head exerts a major influence on the size
of droplets produced by spray nozzles. Masters [gg] suggests

correlations of the form:
Cx
de = ¢4 H (62)

where

Ci1 and C2 are constants and

H = velocity head of spray nozzle = \g‘/QCzé)
Soo E.'/] shows that for two "test" sprays, droplet

diameter is affected by head. Little work has been done
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to develop correlations for the mean drop size of sprays
formed by cone impact diffusers (e.g. Powered Spray Module).
Fof the purposes of the present optimization studies, the
author developed reasonable correlations based on avail-
able. information. Substituting the definition of velocity

head H in equation (62) yields:

Cc 2¢
do = . R 2.

(2—330_—{ Vo (63)

Equation (63) reveals the interrelationship between discharge
velocity and mean droplet diameter. The dependence of dg

on v, further reduces the number of independent parameters
governing spray cooling efficiency. In particular, the
Reynolds number and Froude number cannot be varied independ-
ently of each other, reducing the number of independent
dimensionless parameters to four. Equation (61l) can now

be written:
C:\) = '{2(‘: Re Ve. (.?
°7 L) pj (64)
Ri

5. 2. Parametric Studies

A theoretical study of equation (64) was carried out
for summer aesign conditions. These conditions are:

Tdo=51.79C, Tgp,, =28.99C, Typ, =25.60C, U,  =2.236

m/s (5mph), 2,=0.04m (atmospheric surface layer over

30 cm weedsL Lno=~2.5m (strong daytime solar insolation:

. extremely unstable air).



120

Values of z5 and Lpg were obtained from EZ] . The

velocity ratio V= lénk”/vo was not held constant in this
study since the nozzle discharge velocity, vo, varied

with mean droplet diameter. The results, therefore, are
valid only for the design wind speed. The correlation
between dg and vgo used in this study was found as described
below.

If one assumes that the mean droplet diameter of a
cone~diffuser spray is given by an expression of the form
of equation (62), one can use the values of drop diameter
and spray head given by Soo E'a to determine the constants
c1 and cy. Solving the two simultaneous equations resulting
from substitution of the test-spray data into equation (62)
gives: ;

J =2 H-3.!8
° = 2.4 ™ (65)
where H is in meters.

Since the discharge velocity, spray flow rate and
mean drop diameter are kngwn for a unit of the Powered Spray
Module (PSM), one can perform a check on the validity of
the derived correlation equation (65). Calculating the

value of dg for the known head of the PSM one gets:

. -3. 19
4 (.64 m [s)

= 2.4
do= 2 2(2.9066 m/s2)

= 0.008523 m
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which is about one~-third the mean drop diameter for the PSM.
Assuming that dy varies as the -3.18 power of the head,

.one can correct equation (65) to reflect designs similar

to the PSM by basing cj on PSM data. The resulting

correlation is:

do = 7.114r3-18 (66)
where H is in meters.
To express the relationship between d, and v,, one
can write equation (66) in the following form:
4 -6.36

dg = 9.17x107° vg m. (67)

where v, is in meters per second.

o
Figure 34 shows the effect of mean droplet diameter
(or Reg), Power ratio (Po) and discharge angle (CP) on
spray cooling efficiency. The reference theoretical power
input (10.70kw) is of one unit of the PSM, representing

a pump efficiency of 76.4%, where pump efficiency is the
ratio of theoretical power input to the actual power input
to the pump. The chart does not reveal a set of parameters
giving optimum spray cooling efficiency (Q*). Cooling
efficiency rises with increasing discharge angle and
decreasing droplet size. Maximum efficiency occurs at a
90° (vertical) discharge angle for any size of droplet.

A droplet discharged vertically undergoes the largest
temperature change due to maximum contact time with the air.

Also, there is little buildup of local humidity or air

dry-bulb temperature in the spray domain at large discharge
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angles since there is insufficient tiﬁe for humidity and
thermal boundary layers to develop in the horizontally
compressed spray field that is formed at these large
discharge angles. |

At a given mean droplet diameter, cooling efficiency
increases with decreasing power ratio. Lower power ratios
’result in lower spray flow rates. At a given discharge
angle, the lower the flow rate the fewer droplets there are
in the spray domain and the lower the rise in local wet-bulb
temperatﬁre. Lowerpoma:.ratios exhibit improved efficiency
due to local conditions that are closer to ambient conditions.

It is seen from Figure 34 that the curves for power
ratios of 0.25 for a given droplet size are higher than
the P,=0.5 curves for the next smallest droplet size in
the figure, over a certain range of Cf'. For example, the
Po=0.25 curve for d4o=1.524 cm is above the P,=0.5 curve
for dp=1.27 cm and discharge angles of 45° to 64°. This
indicates that even for sprays with large drops, there is'a
range of the governing parameters where such sprays are more
effective dissipaters of heat than sprays having smaller
drops. An additional consideration, however, is the cost of
a spray system incorporating efficient sprays versus a second
system incorporating less efficient sprays with a higher rate
of heat dissipation. This aspect of the optimization problem
can be analyzed with the help of Figures 34 and 35.

Using the example cited above, a spray unit with a

discharge angle of 649, a droplet diameter of 1.524 cm and
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a power ratio of 0.25 has the identical cooling efficiency

of a unit with the same discharge angle, a drop diameter of
1.27 cm and a power ratio of 0.5. Although having the same
cooling efficiency, the second unit dissipates twice as
much heat as the first unit. For any given spray system,
half as many units of type 2 are ﬁecessary to dissipate a
given amount of heat as of type 1, thus greatly reducing
the length of the spray canal and the cost of the sprgy
system. These conclusions, of course, are not based on

an analysis of interactions among spray units in a system.
The stated conclusions are valid for a system consisting

of a single file of spray units down the length of the canal,
with the wind perpendicular to the canal edge.

The dependence of total heat transfer from a spray
unit on the governing parameters can be seen more clearly
in Figure 35. For a given power ratio, total heat transfer
increases with decreasing droplet size. The curve for Pe=
1.0 and d,"1.524 cm is for the PSM. It can be seen that the
performance curve for Po=0.50 and d,=0.762 cm crosses the
PSM curve ath =73°, Thus, the total cooling achieved
by the PSM can be obtained with half the PSM's power input
by a spray unit producing drops of diameter 4,=0.762 cm,
which is half the droplet diameter of the PSM. This
suggests that substantial savings in the power cost of
operating a spray system can be realized by the use of
this alternate spray unit design. It should be noted that

the spray cooling efficiency of the PSM at a discharge



124

angle of 739 is Q*=105, whereas the efficiency of the
alternate design is Q*=210, as is seen from Figure 34.

This corroborates what was stated earlier: efficiency
considerations alone cannot determine the most cost effective
design of spray unit.

The' alternate design would be unacceptable were it
to produce excessive loss of water through evaporation.
Figure 36 shows that atC?=73°, the PSM evaporation is
0.51% of the sprayed water whereas evaporation is 1.25%
for the alternate design, which is well below the criteria
given by Soo E.?] of 2.5% evaporation for summer operation.
The evaporative mass ratio r%,/ﬁﬁo for a spray unit is

given by:
. [ v

-
r:: _ ::i Z' r’;JJ. (alf- th (68)

J=1

whereu%e‘is the evaporation rate from the spray unit.

An additional observation on performance can be made
by considering the curve for Pe=1.0, dp=0.5in (1.27cm) in
Figure 34. This curve suggests that greater cooling can
be achieved for the PSM for the same power input by a change
in pump design. A pump that produces a larger head will
result in smaller droplets, at the expense of flow rate.

A nozzle discharging 1.27 cm droplets will increase the
PSM efficiency at Cf =74° by about 28%. Performance curves
are not shown for smaller values of dy for Pe=1.0 because

droplet number densities become so large at small drop sizes



125
and high spray flow rates that the air-vapor flow field
cannot be described by the present Liagrangian formulation.
A pronounced upwind influence exists that is evidenced by
the crossing of the air-vapor streamiines. The streamlines
cross when the average longitudinal air-vapor velocity in
a streamtube becomes negative, resulting in a negative
streamtube cross-sectional area. Large droplet number
densities upwind of the nczzle can produce drag forces on
the air in the negative y~direction of such a magnitude as.
to produce a negative y-component of the air-vapor velocity.

Figure 37 shows the capability of a spray to produce
the méximum possible cooling under the specified summexr

design conditions. The parameter'?/ is defined as:

f}L = Q./.qux - (69)

where Qp., is the maximum possible rate of heat transfer from

is given by:

the spray. émax

Qm“ = m, de (Tdo -TWL¢> ©(70)

and states that the maximum rate of heat transfer is achieved
when the sprayed water is cooled to the ambient wet-bulb
temperature. One notices the poor performance of the PSM
(lowest curve) compared with sprays producing smaller droplets.
At a discharge angle of 749, a spray of 0.762 cm drops having

a power ratio of 0.25 performs 2.8 times better than the PSM.
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A study was conducted to illustrate the effect
of varying the discharge angle and the velocity ratio on
the performance of the PSM. The results of the study are
presented in Figure 38. It is seen that no optimum dis-
charge angle exists for any given velocity ratio. Perform-
- ance increases with both discharge angle and velocity
ratio. Figure 38 also shows the effect of the rise in local
wet-bulb.temperature on cooling efficiency. At low velocity
ratios, actual efficiency is considerably less than the
maximum possible efficiency. The maximum efficiency is that
obtained with no air-vapor-droplet interaction: no elevation
of local wet-bulb temperature above the ambient value and
no effect of the droplets on the ambient wind velocity
profile. At low velocity ratios, the wind speed is insuffi-
cient to ventilate the spray and maintain ambient conditions
in the spray domain. For example, at a velocity ratio of
0.2 and a discharge angle of 70°, the local interaction
theor§ gives a cooling efficiency 31% lower than the no-
interaction theoxry. At higher velocity ratios, ventilation
is more complete, resulting in improved performance. At
discharge angles of 60°, 70°, and 80°, the efficiency
obtained from the local-interaction theory asymtotes to
the no-interaction efficiency at high velocity ratios.
At a 50° discharge angle, spray ventilation is insufficient,
even at high Ve, for the spray to perform at its maximum

possible efficiency.



——POWER INPUT PER SPRAY
. 10.70kw (Po = 1.0) &
5.35kw (Po =0.50) oS
——————— 2.68kw (Po = 0.25) Q¥ /
250} Vg
B = 0.146(Tys=51.7°C, Twpoo = 25.6°C) 0P
Sf = 21.8 (Typw =28.9°C) VN
Upme = 2.236m/s //
3= -0.016(20= 0.04m,
Lmo = —2.5m)
m /7 c.“‘\ |
200}~
é*
150~
100|-
50 L1 | | | | |1 |

Figure 34. Cooling Efficiency for a Single Spray.

Design Chart.
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——POWER INPUT PER SPRAY
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Figure 35. Total Heat Transfer for a Single Spray.
Design Chart.
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——POWER INPUT PER SPRAY
2.0} - -— 10.70kw (Po = 1.0)
' 5.35kw (Po =0.50)
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Figure 36. Evaporation as a Percentage of Spray
Flow Rate for a Single Spray.
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——POWER INPUT PER SPRAY
- -— 10.70kw (Po = 1.0)
, 5.35kw (Po =0.50)
——————— 2 68kw (Po =0.25) Q
0.20}| 2°
' B = 0.146(Tyo 51.7°C, Twpeo= 25.6°C)
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Figure 37. Cooling Effectiveness of a Single Spray.
Design Chart.
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5. 3. Performance Charts

For sprays of fixed design, the number of independent
parameters is reduced to six: B, Sf, Types2n, Ve: O(S ' 25%.
The Grashof number is not an independent parameter since it
is a constant multiple of the Stefan number for a fixed
design. The turbulence parameters TumcoZm"*S and z,* are
determined by the stability of the atmosphere and the roughness
of the earth's surface. Atmospheric stability depends on
the amount of solar insolation and the wind speed. 1In
the present study, the atmosphere was assumed to be unstable
with strong solar insolation, and the earth's surface to
be covered with 30 cm high weeds (z,=0.04m). For these

conditons, Tumeo2m’ *s and z_* are determined by wind speed

o
and are not independent of velocity ratio, Ve. Additional
performance charts may be constructed for different amoﬁnts
of solar insolation, different atmospheric stabilities and
surface roughnesses. With the specification 6f atmospheric
stability and surface roughness, the performance of a fixed
design depends on Bowen ratio, Stefan number, and.velocity
ratio.

The fixed design analyzed in this study is one unit
of the Powered Spray Module. 1In Figure 39 the spray cooling
efficiency is plotted versus the Stefan number Sf for
values of the velocity ratio Ve and the Bowen ratio B.

The range of the Stefan number Sf, covers the normally

encountered atmospheric conditions and condenser discharge
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temperatures. Lower Stefan numbers reflect a greater
potential for heat transfer due to a larger temperature
difference between the initial droplet temperature and the
ambient'wet-bulb temperature. For a given Stefan number,
the Bowen ratio B indicates the influence of evaporation
on performance. Figure 39 shows that at a given velocity
ratio, a low Bowen ratio (high percentage of evaporative
heat transfer) is associated with improved spray efficiency
over a high Bowen ratio. For a given Bowen ratio, efficiency
improves with velocity ratio over the entire range of Stefan
number. It is interesting to note, for example, that for
a Bowen ratio of 0.4 and a velocity ratio of 0.1, spray
performance is better than for a Bowen ratio of 0.7 and
velocity ratios of 0.10 and 0.25. This shows that, contrary
to the results obtained from both the NTU and SER models,
spray efficiency is not solely a function of wind
speed, but depends on the difference between the total
enthalpy of the air and the enthalpy of saturated air at
the droplet temperature. This consideration helps to
explain the spread in NTU values in Figure 3 of [13 between
the "best fit" curve of Porter and Chen and their summer data.

Figure 40 plots evaporation from the spray as a per-
centage of spray flow rate versus B, Sf and Ve for PSM
operation in unstable air. It is seen that evaporation
from the épray is below 1% even for summer conditions

(B=0.15, S£=20) at high velocity ratios.



Ve=1.00 - — B= 0.5
\ ——————— B = 0.40
B = 0.70
150 | 1 Vo= 11.64m/s
0.50 Mmg= 9464 kg/min
\\ do= 1.524cm

100 -

0.0

Figure 39. Performance Chart for PSM Single Spray in
Unstable Air.
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Figure 40. Evaporation as a Percentage of Spray Flow Rate
for PSM Single Spray in Unstable Air.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

A three-dimensional model that examines the detailed
two-phase flow field of a spray unit has been presented.
The model is capable of predicting the local properties of
both the air-vapor and the drops in the entire domain of the
spray without recourse to design-dependent empirical factors.

The model was used to generate solutions for the
spray characteristics of a single PSM spray. Comparisons
of model predictions of droplet return temperature, down-
wind wet-bulb temperature and downwind air-velocity with
data were made for the PSM and the Spraco 1751 nozzle. A
parametric study was carried out to generate charts useful
in designing mére efficient spray units. As a part of
this study, performance charts were constructed for a
single spray of the PSM.

The following observations can be made concerning
the results obtained with the model.

(1) The model reveals the dimensionless parameters
governing the process of open-atmosphere spray cooling.

The utility of these parameters is in designing efficient
sprays for power plant cooling. It was shown in Chapter V
that the cooling obtained from the PSM can be achieved by a
more efficient spray unit design which uses half the

power input required to operate the PSM.
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(2) Theoretical predictions of the model compare

favorably with experimental data. The model can be used
. to predict the heat transfer from current spray unit designs
and more-efficient proposed designs.

(3) The performance of a fixed spray unit design
was seen to depend upon three parameters (Bowen ratio,
Stefan number and velocity ratio) for specified atmospheric
stability and surface roughness. Cooling increases with
decreasing Stefan number and increasing velocity ratio.
Lower Bowen ratios, reflecting a higher percentage of evap-
orative heat transfer, generally result in improved
cooling performance.

(4) The model fails to predict the two-phase
flow field for sprays producing droplet number densities
of sufficient magnitude to cause the average air-vapor
velocity in a streamtube to become negative. A negative
air-vapor velocity causes streamlines to cross, invalidating
the Lagrangian description of the air-vapor flow field. '
This difficulty is not encountered with current designs
of spray units.

(5) The model fails for cases of very low wind
speed, for the reasons given in item (4) above. When
very low velocity air tries to enter the spray umbrella,
its motion is reversed by the drag of the upwind droplets,
causing streamlines to cross.

(6) Since the model for a single spray can

calculate the downwind profiles of air-velocity, dry-bulb
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temperature and absolute humidity, it can predict the
performance of other downwind spray units. This is possible
upon extension of the single-unit model to handle a pass

of sprays.

(7) The performance of sprays was seen to be mark-
edly reduced at low velocity ratios due to the local
buildup of humidity and the rise in the local dry-bulb
temperature. Ventilation of the spray by the wind is not
sufficient to purge the spray domain of accumulated heat
and water vapor at low velocity ratios.

(8) High velocity ratios tend to keep local air
near ambient conditions, providing for improved spray
performance.

In all direct-contact atmospheric water cooling systems,
the prediction of thermal performance depends to a large
extent on a knowledge of the amount of air participating in
the heat transfer process. The air flow rate in a forced
draft cooling tower is known and controllable. For the
case of an open-atmosphere spray, the amount of air
participating in the heat and mass transfer with the droplets
is subject to the transient nature of the ambient wind speed
and direction which cannot be predicted. However, the
present model is capable of determining the amount of air
interacting with the droplets upon the specification of the
ambient wind velocity. Previous models rely on design-
dependent factors to account for the effect on performance

of a finite air flow rate through the spray. If one assumes
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the air to be an infinite sink of heat and water vapor,

a detailed investigation of air-spray interaction is
unnecessary. However, this assumption of the existence
of ambient air in the entire domain of the spray results
in gross overestimation of the amount of droplet cooling,
as is shown in this work. The theoretical determinétion
of the dynamics of the air participating in the spray
cooling process, including the effects of spray-air
momentum interactipn, buoyancy and entrainment, removes
the major stumbling block to the analytical design of
efficient sprays.

Tne proposed alternate spray unit design that achieves
the cooling obtained by the PSM at half the power cost,
produces a mean size drop having half the diameter of
that produced by the PSM. All sprays exhibit a size distri-
bution and the production of a smaller mean size drop '
by a spray nozzle shifts the entire size distribution to
smaller sizes. This effect could result in excessive loss
of sprayed water at high wind speed due to drift. This
loss increases make-up water requirements for a closed-
cycle spray canal. This problem can be alleviated by
decreasing the nozzle operating pressure during high wind
conditions. 'The decreased pressure reduces the droplet
exit velocity and increases the mean drop size. The larger
drop diameter spray will exhibit less cooling for high wind
conditions than the proposed alternate design. However,

the need for large amounts of cooling is not critical at
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high wind speed and it is possible to increase the mean

drop size at high wind and still achieve the cooling
obtained at low wind by a spray having a smaller mean drop
size. A study should be carried out to predict the
optimum droplet diameter necessary to achieve the cooling
obtained at summer design conditions,without excessive
drift, by a spray operating at various wind speeds. A
study of this type would require the use of spray size
distribution functions and a dynamical model to determine
the trajectories of drift size ( d, € IOOO/Jm. ) particles.
The present model shows that a fundamental approach
to the prediction of spray cooling performance is practical
and capable of extending the results of previous experi-
mental studies to investigate new design concepts and
suggest methods useful to industry to improve and economize
on future designs of spray cooling devices. To obtain
full benefit from the present model, additional research
is necessary to delineate the effect of interaction among
sprays in a canal. The modelling of spray unit behavior
in a spray system requires the detailed knowledge of the

air-vapor flow field which the present model provides.
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APPENDIX

ORDER OF MAGNITUDE ANALYSIS OF THE

DROPLET MOMENTUM EQUATION

The velocity of a droplet can be found by applying

the law of conservation of momentum to a particle:

~~ 3 — r~,3 ~ 2 o~ ,2
P Vi SR T
~,3 , -
-2 (%) 47D
dt

The first term on the right-hand side of equation (A-1l) is
due to the gravitational force. The second term is due to
buoyancy. Drag induced by the relative velocity between
the drop and the air gives rise to the third term. The
force necessary to accelerate the apparent or virtual mass
of the droplet relative to the air is given by the fourth
term. The Basset and Saffman forces are given by the fifth
and sixth terms, respectively. The Basset force [35] is
due to the viscous flow field that is established in the
vicinity of a particle when the particle is accelerated

relative to a surrounding fluid. The instantaneous flow
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field is a function of the entire previous history'of the
particle motion. The Saffman force [?é] is the transverse
force acting on a particle by a viscous £1luid in simple
shear.

To determine which terms in equation (A-1l) can be
neglected, one can nondimensionalize the equation by

defining the following dimensionless variables:

= fd * € =V %Y
‘f -:—;;-.,t VO/S)V VO)U -D-z—;:an!

ve = Utho Vo o

Substituting the above dimensionless variables into

equation (A~-1l) and dividing the resulting equation by

(1?'43{4 9 )/6 yields:

dv ¥ T I
d‘Z‘ = -k + “/;V - BCZVOZ 'V*—U*Vel(V*-U“Ve}

28 de*
t*
- 9 ”Vo Vo | cl(v*—u*\/e_> Lo*
Fd Uy M o
+ 120 U0 (g gl | da V2
'17'4-'( g \ UVe.> j;‘ (A-2)
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The magnitude of each term was calculated for the

following conditions: air at 21.19C (70°F); Ccp = 0.44
(spherical particle, Re > 1000); a droplet temperature of
37.8°C (100.09F); a typical droplet velocity of vg = 9.0
m/s; the smallest droplet diameter used in this work (do =
0.1 cm); the design wind speed of (szoo =2.236 m/s.

The magnitudes of the terms in equation (A~2) then are:

gravity ~ 1.0
buoyancy ~ 1.2%10"3
drag ~ 3.3

virtual mass ~ 6.0x10~4

Basset ~ 2.3%x1072

saffman ~ 8.7x10™2
The forces due to gravity and drag are much larger than the
other forces on the droplet, and are the only ones considered
to be acting on the droplet in the present model.

For Reynolds numbers greater than 200, the droplet

can no longer be considered spherical and the drag coefficient
of the drop differs from values given by the drag curve
for a solid sphere El(?_l . The shape of the droplet approaches
that of a flat disc at very high Reynolds numbers. Deform-
ation of a droplet results in an increase in form drag,
giving higher values of the drag coeffiéient. The data
of Gunn and‘Kinzer EI]] indicate that the drag coefficient
for a water drop deviates from that of a solid sphere by
less than 5% for Reynolds numbers less than 1,000. For

Reynolds numbers between 1,000 and 4,000, aroplet drag
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coefficients increase from a value of 0.46 to about 0.90.
For distorted flat drops at higher Reynolds numbers, Levich
[Z;'g] recommends a value of Cp equal to approximately 1.0.
In the present work, the drag curve for a rigid sphere was
used for Reynolds numbers less than 1,000, since this curve
accurately predicts the droplet drag coefficient over most
of its applicable range of Reynolds numbers. The equation
representing this drag curve is given after equation (20b).-
Since the drag coefficient for a cluster of particles (as
in a spray) is generally lower than that of a single
particle at high Reynolds numbers El-é] , the solid sphere
drag coefficient (Cp=0.44) was used for Reynolds numbers
greater than 1,000. A more quantitative analysis of
the effect of the conglomeration of droplets in a power
plant spray on the drag coefficient may be possible upon
experimental determination of spray sheet thicknesses and
void fractions in the spray domain. Knowledge of the
distribution of void fraction in a spray can be used in
conjunction with empirical drag correlations given in
ESJ to obtain estimates of the effect of drop-drop momentum

interaction.
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NOMENCLATURE

cross sectional area of streamtube
surface area of a representative droplet

Bowen ratio=ratio gf convective to evaporative
heat transfer= C,, (']";"..-rwh' L, (‘”s (T'db- w'b

Constants= glh/cl'ral ._._.\,(T_D
drag coefficient for Re 7 IOOO) Obo =0.44
drag coefficient

constant pressure specific heat

specific heats ratio= ch /CPJ

specific heat of air-vapor mixture

diffusion coefficient

droplet diameter

reference theoretical power input to a spray unit
wet-bulb temperature correction factor, defined
by equation (5)

Froude number= VQi/%Jg

gravitational acceleration

2

dimensional constant= i kg—m n't- see

Grashof n%?ber=ri;io of buoyancy to viscous
forces= o pr%do (Tdo —T‘NL&> vaz
velocity head of spray nozzle= Vufyéza

surface heat flux
droplet heat transfer coefficient

total enthalpy of saturated air-vapor mixture
at droplet temperature Ty '

total enthalpy of saturated air-vapor mixture
at spray return temperature T,
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total enthalpy of saturated air-vapor mixture at
spray supply temperature Ty

total enthalpy of air-vapor mixture at wet-=bulb
temperature Twb

'droplet mass transfer coefficient

total number of different droplet sizes in the
air-vapor element

thermal conductivity

von Karman's constant

unit vector in the vertical direction

turbulent thermal conductivity of air

turbulent viscosity of air

turbulent thermal diffusivity of water vapor in air
lateral dimension of streamtube

latent heat of vaporization of water

. : 3
Monin-Obukhov length scale = - —fq Cl’aTdL U*

k'S Ho

droplet mass

number of canal rows, vertical dimension of
streamtube

mass flow rate of a spray unit
evaporation rate from a spray unit

number of drops of size dj ejected from the nozzle
per unit time

number of droplets in an air-vapor element
number of droplets ejected from a site per unit time

number of transfer units

Nusselt number= »\J//kq
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P pressure
P number of passes in the canal

Po  power ratio=ratio of theoretical power input to
spray to a reference power input = h'ﬂoVoz/ngc)

fr Prandtl number=_J{, C‘P«v/k. Evaf
Q rate of heat transfer from a spray unit

v fraction of canal flow rate which is pumped
through each spray

Re Reynolds number= /fqd ,V" U] //u“
initial Reynolds number= ,fq Ve ol., ‘Ma

¢ distance along a streamline or drop trajectory
Seo schmidt number= /aq /{Q D
Se, initial Schmidt number= /aq/(a D,
Sf stefan number=latent to sensible heat =
= L./[CPJ (‘l‘;o_ WLo:—)]
Sl sherwood number= hoCl/D
SER Spray Energy Release
T temperature,‘total number of trajectories
T(._ spray cold water temperature at canal re-entry
T‘F film temperature= (TH + -FWL> / 2
TH 1]0 spray supply temperature

)

T:(C canal inlet temperature

'I_Ho canal outlet temperature

:‘:\;JL average of the upwind and downwind wet-bulb

temperatures
T;‘L{_ downwind wet~bulb temperature

'wav diffusivity turbulent number=ratio of turbulent
“2m thermal diffusivity to kinematic viscosity= Kwvezm

Va
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TUpon2m momentum turbulent numker=ratio of turbulent
viscosity to kinematic viscosity= mazm/\)q

e wind velocity vector

U air velocity vector

v induced air velocity (vector)

Us friction velocity

V  volume of a finite air-vapor element
v droplet velocity vector

Vo initial speed of the mean size drop
Ve velocity ratio= Uoo?.m Vo

Y horizontal space coordinate perpendicular to the
wind direction

X* dimensionless space coordinate= ’X/<V02/3>

)l horizontal space coordinate in the wind direction

)l‘* dimensionless space coordinate= )’/ V°2/3>

Z,z vertical distance above canal surface

Z* dimensionless space coordinate= 2/(V°1/3>

Z, roughness height

Greek Letters:

number of discharge sites around the circumference of
of the nozzle

olg wind shear velocity ratio= U, k'UcoZm
ﬁ_r coefficient of thermal expansion of air
r“‘d adiabatic lapse rate= 9.9 OC/km.

}2 fraction of nozzle flow rate discharged as drops
of size d;

» . . . .
A'{'.q_ dimensionless time interval between droplets along

2 erajectory= Lot /(% /s)
Ndeg




A-va,z md
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change in local wet-bulb temperature of air passing
through the spray

prescribed tolerance for convergence of spray heat
transfer from successive iterations

spray cooling effectiveness= Q/C.qux

droplet discharge angle in the horizontal plane
(measured from the x-axis)

viscosity.

kinematic viscosity

wind angle to the canal

density

density ratio= qu /fc’

turbulent mixing parameter

spray discharge angle

function defined by equations (13), (l14), and (16)

absolute humidity

Superscript

¥ dimensionless variable
Subscripts

O initial value at nozzle discharge
2m ambient value at a 2m height

c0 ambient value at any height

Qa air

d droplet

db dry bulb

C pass number, droplet size in size distribution

N o~

row number, trajectory number

iteration number



local value

maximum value
minimum value
saturated air

wet bulb

horizontal space coordinate perpendicular to the
wind direction

horizontal space coordinate in the wind direction

vertical space coordinate
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