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Abstract—Hollow cone water sprays are used in many humidifying, cooling and scrubbing applications.
For predicting the heat and mass transfer in these spray—air flow systems a two-dimensional numerical
model simulating the conservation of mass, momentum and energy of air, and water, were developed.
Mode! inputs include drop size distribution and velocities at nozzle spray angle; inlet air DBT and
humidity ratio. The set of conservation equations are time marched numerically and conditions at various
downstrearn locations are computed. Experimental data were obtained on a horizontal once through wind
tunnel at three air velocities with each nozzle at three pressures in parallel flow configuration. Nozzles of
3.2 and 4.8 mm outlet diameter were used. Drop diameter at break-up was measured from still photographs
of the spray and these data were used in the model. Predictions of air condition at wind tunnel outlet for
given input conditions agree well with experimental data. © 1997 Elsevier Science Ltd.

1. INTRODUCTION

Water sprays are extensively used in several engin-
eering applications, such as, dust control, fire fighting,
nuclear reactor core cooling, spray drying, air scrub-
bing and evaporative cooling. In hot and dry climates,
such as the summer season in India and other parts
of the world, evaporative cooling of air is an attractive
energy efficient technique for producing a comfortable
indoor environment. Air washers employed in large
air-conditioning systems for dust removal can also be
optimized for evaporative cooling with appropriate
design modifications which can result in energy
savings.

In typical air washers, pressurized water is admitted
into nozzles arranged in an array, from where it
emerges as a thin bell-shaped hollow cone which dis-
integrates into polydisperse drops moving at different
velocities. After travelling through the air most drops
fall to the floor and some drops drift with the air. This
drop motion in air causes heat and mass transfer due
to evaporation and some sensible cooling. In this com-
plex multiphase, three-dimensional system, an under-
standing of the dynamics of drop-air interaction is
crucial for optimizing the process.

2. LITERATURE REVIEW

The study of water spray—air interaction involves
several fields of engineering, namely, fluid dynamics,
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sprays, heat and mass transfer and multiphase dynam-
ics which are encountered in a vast range of appli-
cations listed above. The literature on sprays and heat
and mass transfer is, consequently, distributed across
several disciplines. Given below is a concise descrip-
tion of literature directly applicable to the present
work.

2.1. Heat and mass transfer

The analysis of gas—drop systems involves solving
the mass, momentum and energy conservation equa-
tions for each phase. This coupled phenomenon is very
complex because of turbulence, cloud-like behaviour
and non-linear variation due to properties. Industrial
designers have, for a long time, based their designs on
empirical analyses and a summary of these is given by
Masters [1].

In some applications, the air/gas flow field is not
affected or weakly affected by the presence of drops.
The problem then reduces to calculating drop tra-
jectories and their temperature history through the
assumed flow field. In dispersed flow, the drop phase
conservation equations can be described either by
Lagrangian or Eulerian formulation and both have
been used in the past. Various equations involved in
Lagrangian motion analysis are mentioned in Yeung
[2], and Crowe et al. [3]. The drawback of the Eulerian
formulation is that it consists of a system of partial
differential equations, which makes it mathematically
unattractive as compared to the Lagrangian for-
mulation which involves only ordinary differential
equations.

Numerical solutions of the governing equations of
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NOMENCLATURE

cross-section area of the test section
surface area of drop

dimensionless parameter
Lagrangian constants (i = 0, 1,2, 3)
coefficient of drag i
coefficient of friction for flat plate
average specific heat of air

specific heat of drop

coefficient of velocity

drop diameter

volume mean diameter

hydraulic diameter

dry bulb temperature

diffusivity coefficient of water vapour
in air

maximum drop diameter

minimum drop diameter

normalized maximum drop diameter
normalized minimum drop diameter
dimensionless drop diameter

joint drop size and velocity
distribution function

friction factor

constant for gravity

heat transfer coefficient

enthalpy of air

enthalpy of drop

enthalpy of evaporation

enthalpy of evaporation at duct wall
temperature

enthalpy of evaporation at 0°C

mass transfer coefficient

mass transfer coefficient of inner duct
wall

heat transfer coefficient of inner duct
wall

thermal conductivity of air

duct length

mass flow rate of air

number of drops per second

number of drops per second per unit
cross-section area of duct

Nusselt number

Nusselt number based on hydraulic
diameter

duct perimeter

Prandtl number

saturation pressure corresponding to
air

pressure at the cross-section of the
duct

pressure difference across the nozzle
actual nozzle discharge

duct Reynolds number

drop Reynolds number

relative humidity in percentage

Sc
Sh
Shp

3 .3,(/21 5,931 ot

b

T s,de

T, wall

I ~
BQI_ESéQo d

&

IITSSaS
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e

X, wall

X

Schmidt number

Sherwood number

Sherwood number based on hydraulic
diameter

dimensionless energy source term
dimensionless mass source term
dimensionless momentum source term
air temperature

temperature of air at drift eliminator
inlet

drop temperature

surface temperature of drift eliminator
water temperature

temperature of duct wall surface

time

drop velocity

nozzle velocity

maximum drop velocity

minimum drop velocity

dimensionless maximum drop velocity
dimensionless minimum drop velocity
dimensionless drop velocity

drop velocity in x-direction

drop velocity in y-direction

air velocity inside the duct

relative velocity of drop w.r.t. air
Weber number of drop

mass fraction of water vapour

mass fraction of water vapour at the
drop surface

mass fraction of water vapour at the
surface of duct wall

positive direction along the duct.

Greek letters

o surface tension

Pa density of air

£ density of water

Ua absolute viscosity of air

A ratio of air to vapour molecular weight

® humidity ratio

¢ relative humidity

Va kinetic viscosity of air.

Subscripts

a air

act  actual

av average condition

D drag

d drop

e energy transfer condition, exit

fg evaporation

i general designation, drop volume
space

in inlet

1

liquid condition
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Subscripts
m mass transfer condition
max maxiraum
min  minimum
mv  momentum transfer condition
0 nozzle outlet condition
out outlet
P constant pressure condition

NOMENCLATURE (continued)

s surface, saturation condition

v vapour

vs saturation condition of vapour
wall duct wall condition

X coordinate

y coordinate

0 zero Celsius

30 volume mean.

gas-liquid spray systems can be obtained by finite
difference methods. The domain of interest is divided
into a finite number of computational cells or grids
and gas and liquid phase equations are separately
represented in a finite difference technique over each
cell. This process finally results in a system of algebraic
equations, usually linearized, relating the unknowns
of each computational cell. These equations are then
solved to give the flow field of each phase simul-
taneously. A detailed description of such a numerical
procedure is given in Harlow and Amsden [4]. The
particle source-in-cell model, Crowe et al. [3] solves
the gas and flow fields iteratively. The drop field is
treated as sources of mass and momentum for the gas
field in each computational cell. This technique has
been extended to gas-liquid systems where heat and
mass transfer also occur. A simple numerical model
of a water spray humidifier was developed by Hiestand
et al. [5]. In this analysis, a set of one-dimensional,
ordinary differential equations based on conservation
principles was developed and numerically solved to
model the streamwise behaviour of hot flue gas and
water drops in a humidification process for sulfur
emission control. A similar simulation of hollow cone
spray and air interaction was developed by
Kachhwaha et ai. [6], which was later extended to
two-dimensional in Kachhwaha er al. [7]. An integral
analysis was proposed by Yeung [2] for the case of
negligible mass transfer and incompressible gas phase.
Yeung [8] also presented a similarity analysis of gas—
liquid spray systems (conical and flat spray) based on
a simplified set of governing equations.

Several studies conducted for predicting the
detailed flow and thermal characteristics of spray units
especially in fire fighting applications are described
by Mawhinney ef al. [9]. Mohiuddin and Kant [10]
presented a review on the analysis of mechanical-draft
wet cooling towers and compared different numerical
models from the view point of design, computational
error, computational time, simplicity of usage and
practicability. A three-dimensional model has been
given by Palaszewski et al. [11] using which they com-
puted the local variation in the dry bulb temperature,
absolute humidity and air streamlines throughout the
flow field and their effect on local variation of drop
cooling. They treated the conservation equations as

spatially varying sources of mass, momentum and
energy, and used correlations for local drop heat and
mass transfer coefficients and turbulent mixing models
for the air vapour phase to close the set of equations.
Palaszewski et al. [12] used this model for the design,
performance prediction and improvement of spray
units for power plant spray cooling ponds. Mous-
siopoulous and Ernst [13] and Moussiopoulous [14]
developed a numerical model for predicting the ther-
mal performance of a circular spray cooling pond in
the case of zero wind velocity. The air flow is described
by partial differential equations for the vorticity and
stream function. Turbulence is taken into account by
a modified version of the k— model. Temperature and
humidity are obtained by solving appropriate trans-
port differential equations. This system of equations was
solved by a finite difference method and their results
were in good agreement with experimental observations.
A study of one- and two-dimensional water sprays
in air was performed by Ghosh and Hunt [15]. They
analytically calculated spray induced air velocity field
for a spray emerging into a quiescent environment.
They show that a two-dimensional fan spray and a
one-dimensional axisymetric spray can be modelled
mathematically as a line source of momentum due to
which surrounding air behind the jet is sucked towards
the spray centre line. This behaviour was also
observed by Abhishek {16] for a hollow cone water
spray in his flow visualization experiments. In a com-
panion paper Ghosh and Hunt [17] calculated the
induced air velocity for the same sprays in the presence
of a cross wind. They did not study parallel and coun-
ter flow configurations and their focus was limited to
momentum exchange in a non-evaporating spray—gas
system environment. Apart from these studies, there
has been considerable research related to combustion,
spray drying and fire fighting, amongst others, where
large temperature gradients occur. There are,
however, very few studies related to the topic of the
present work where temperature difference is small and
evaporation is the primary heat-mass transfer mode.

2.2. Spray characterization

An important input to the heat and mass transfer
models is the spray characteristics quantified by drop
diameter and velocity distribution at an appropriate
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location in the flow. This information is highly nozzle
specific and due to the complex nature, very difficult
to quantify. The advent of non-intrusive techniques
based on lasers has enabled collection of such data,
as described by Hishida et al. [18], Maeda et al. [19,
20}, Sellens [21], Li er al. [22], Azzopardi [23], and
Natrajan [24]. Such methods besides being expensive
still fall short of the extent of details which are
required in heat and mass transfer models. Analyti-
cally, a variety of techniques have been used to math-
ematically described the drop diameter—velocity dis-
tribution produced at the origin of the spray. Mugele
and Evans [25] reviewed the various distribution func-
tions, such as, Rosin and Rammler, Nukiyama and
Tanasawa and log probability in regard to their theor-
etical soundness and application to spray data. They
proposed a new equation, called the upper-limit
equation, as a standard for describing drop size dis-
tributions in sprays. This equation, based on the
differential equation of the normal or Gaussian dis-
tribution, is

y = In {aD/(Dyux— D)} M)

where, ais a dimensionless parameter, D is drop diam-
eter and D,,,, is the maximum stable drop diameter.
The upper limit equation has been successfully applied
to a wide variety of experimental data on sprays. Lekic
et al. [26] compared the upper-limit function and chi-
square distribution and concluded that the deter-
mination of the best estimates of the parameters for
upper limit function is easier and the convergence is
faster than in the case of the chi square distribution.
Lee and Tankin [27] used upper limit distribution for
simulation of hollow cone spray. One of the most
promising approaches is based on the use of the
maximum entropy principle developed by Jaynes [28]
from Shannon’s [29] concept of entropy. This
approach has now been developed into the generalized
maximum entropy principle [30, 31], which states that
the most appropriate probability distribution is the
one which maximizes Shannon’s entropy subject to
the given constraints imposed upon a physical pro-
babilistic system (or process). For sprays, the most
probable drop size and velocity distribution can be
obtained by maximizing Shannon’s entropy under the
constraints of the partial information known about
the atomization process, i.e. the conservation laws.
Sellens and Brzustowski [32], and Sellens [33] used this
technique where they assumed that the direct kinetic
energy and surface energy are separately conserved
during the break-up process of the liquid sheet, along
with the conservation of liquid mass and momentum
during the same processes. Li and Tankin [34] derived
an expression for the joint drop size and velocity dis-
tribution using the MEP and the physical con-
servation laws of mass, momentum and total energy
(the sum of direct kinetic energy and surface energy).
The expression for conservation of energy results in an
explicit dependence of the PDF on the Weber number.
The constraints imposed on liquid atomization are
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conservation of mass, momentum, and total energy
(the sum of kinetic energy and surface energy). In
addition there is the requirement that the sum of the
joint probabilities be unity. On non-dimen-
sionalization, this gives:

mass conservation

Dmu Umax _ - _ -
J J fD*dU0dD =1+ 8, )
Do Omin
momentum conservation
Drvax (Omax  _ . -
f J fD*UAUdAD = 1+ S, 3)
Dmm Umin

energy conservation

ﬂmu Umax
f J SO0 +BDHAUAD = 145, (&)
D U

‘min min

normalization

Dy [ Vrin
J f fa0dD = 1 ®)

D, g,

min min

Here S, S.., S. are the non-dimensional mass,
momentum and energy source terms, respectively, and
‘f’ is the joint drop size and velocity distribution func-
tion which maximizes Shannon’s entropy subject to
the constraints of equations (2)—(5). Thus, /” can be
shown to have the following form [34] :

f=3D*exp{—ay,—a,D*—a,D°U
—ay(D*U* +BD%)}  (6)

where D = D/D,, is the dimensionless drop diameter,
U=U/U, is the dimensionless drop velocity,
B = 12/We; a,, a,, a, and a; are Lagrangian multi-
pliers, and Weber number We = p, U2D,,/0. Equa-
tion (6) shows that for any particular drop size, the
velocity distribution is Gaussian. The system of equa-
tions governing the distribution function, equations
(2)~(5), are highly non-linear for which no analytical
solution exists and a numerical procedure must be
implemented. As shown by Li et al. [35), the solution
not only exists, but is unique as well, provided that
each source term in equations (2)-(4) takes value
between —1 and infinity.

The drop number-based size distribution (or more
frequently called drop number distribution) can be
determined by integrating equation (6) over the vel-
ocity space from minimum to maximum velocity.
Thus, the drop number distribution, which is usually
denoted by dN/dD, becomes

b

dN Fena 3 12
i |, ra0=3(2) ettt - et

2
X exp [—ao—a3B173 - (al - Z‘:—)ﬁ’] )
3
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where erf(X) denotes the error function, N the nor-
malized cumulative drop number, and

_ 4 312
Xow = (Ot 2 @DV 80

Xmin = (Umm+ )( 53)1/2 (8b)

Likewise, the number-based drop velocity distri-
bution, dN/dU, can be obtained by integrating equa-
tion (6) over the drop size space from the minimum
to maximum drop diameter :

AN [Pau
0= J;m fdb. )]
The above integration can be performed numeri-
cally using maximum and minimum values of dimen-
sionless drop diameter from zero to infinity; and
dimensionless drop velocity between 0 and 2.0, 0.5
and 1.5, 0 and oo and O-stability limit. Using the above
procedure, the joint PDF for an atomizing spray can
be determined. The inputs required for the solution
of the above system of equations are maximum and
minimum values of drop diameter and velocity, nozzle
exit velocity, volume mean diameter and source terms.
Li and Tankin [34] obtained the Lagrangian mul-
tiplier by solving the constraints equations by a modi-
fied Newton-Raphson method. They obtained a set
of Lagrangian multipliers that yielded S, = S, = 0,
S = —0.05. The selected values for Uy, and U,,,,
based on the experimental measurement were 0.5 and
1.5, respectively. Li er al. [22] made a comparison
between experiments and predictions based on MEP
for sprays of a pressure atomizer. The agreement
between the measurements and the prediction was
satisfactory. Thus, the MEP formalism has the poten-
tial for providing the joint drop diameter and velocity
distribution function from minimal experimental data
on drop diameter or velocity and hence, this was used
in the present work.

3. HEAT AND MASS TRANSFER MODEL

3.1. The approach

The heat and mass transfer model was adopted
for drop diameter and velocity data from the MEP
formalism. For using the latter, sprays were produced
in quiescent air, and photographs were taken at break-
up. These pictures were analyzed manually for obtain-
ing drop diameter distribution from which the volume
mean diameter was calculated. This data along with
calculated liquid sheet velocity at break-up was input
to the MEP formalism and the joint drop diameter and
velocity distribution was obtained. This continuous
function was discretized into five drop diameter ranges
(referred to as categories) with a unique velocity
assigned to each based on MEP formalism at the sheet
break-up point. The conservation equations were then

applied to each drop category individually which were
then summed up for the five categories to obtain the
complete behaviour at a given location. A description
of the conservation equation used in this analysis is
given below.

3.2. Model development

In the present model, the three-dimensional axi-
symmetric spray originating into 2 0.6 x 0.6 x 2 m long
wind tunnel has been modelled as a planar two-dimen-
sional system with drops originating at two angles
(Fig. 1), which interact with a uniform one-dimen-
sional laminar flow in parallel configuration. This
geometry has been adopted for all the simulations.
Half the drops are modelled as being ejected above
the spray centreline and the other half below it. Some
drops hit the tunnel walls and are removed from the
simulation and some others attain free stream velocity
and are carried by air, i.e. drift. The drop size dis-
tribution at break-up was obtained by the maximum
entropy formalism [22] details of which are given in
Section 2.2. For simplicity and ease of simulation,
these drops have been re-distributed in five distinct
diameter categories, each characterized by its mean
diameter and a mean velocity.

Figure 1 also shows the control volume for analysis.
As the flow proceeds downstream, perfect transverse
mixing is assumed at each location. Thus, heat and
mass transfer from a drop in the control volume is
assumed to spread immediately and uniformly every-
where in the control volume (see Fig. 1). The duct
wall is assumed to be adiabatic, but heat and mass
transfer due to evaporation from wet walls is included
in the model. The duct pressure is assumed to be
constant and equal to the ambient pressure as a result
of which momentum transfer between drops and air
is neglected. This assumption simplifies the com-
putations considerably without any major effect on
heat and mass transfer calculations. Finally, at the
wind tunnel exit, a drift eliminator was provided to
remove the drifting water drops; its surfaces were wet
and hence, their contribution to air cooling has also
been included.

3.3. Conservation equations

The mass, momentum and energy conservation
equations which comprise the model, are described
below.

3.3.1. Conservation of mass. The conservation of
water vapour mass in air can be expressed as under
where the increase in mass and mass fraction of water
in the air water mixture (X) occurs due to evaporation
of drops, wet tunnel surfaces and wet surfaces of the
drift eliminator.

n hm XAS I(XS i X)
dx - Z U,
hm,wallP.(Xwall -

* Au Tuwdx T p, dx
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dx , Control volume

T -

Air

Longitudinal view

End view

Fig. 1. System for flow modelling.

Similarly conservation of mass for air can be written
as:

p.(1—X)ud = Constant. (10b)

The drop evaporation causes mass loss which is
reflected in their decreasing diameters. For drops of
category “i”’, the conservation of drop mass can be
written as:

dDi hm,ipa(Xs.i _X)
dx nUy; '
3.3.2. Conservation of momentum. For air, the con-
servation of x-momentum represents the balance of
air acceleration with momentum addition from drops,
change of mass (due to evaporation from drops), pres-
sure gradient in duct and wall shear stresses [36]. In
the present model air pressure in the wind tunnel was
assumed constant throughout the duct. Momentum
exchange between air and drops has also been
assumed to be negligible and, therefore, the air
momentum equation is not used in the simulations.
The deceleration of “i” category drops in x-direc-
tion can be expressed as follows:

0.75Co,p. WUy, —w)  3U,, dD;
Uﬁpdl Di dx.

(11a)

(10c)

du,,

dx

Here, the right-hand side represents drag force and
inertia forces occurring due to changing drop mass.
For y-momentum, the deceleration is balanced by
buoyancy in addition to the two terms appearing on
the right-hand side of equation (11a).

au,; glpi—p.) 0.75Cp,pWU,; 3U,, _CB
dx U,.p DU, D; dx’
(11b)

Drop trajectories can also be expressed in terms of
coordinates and X- and Y-velocity components by

dy i Uy,i
FT (11c)
3.3.3. Conservation of energy. Change in air tem-

perature occurs due to mass and heat transfer from

drops and from the walls which can be expressed as
follows:

dT,
dx
[nihfg,inD 12 hm,iPa (X, s, -X _nihinDiz (T,-T,)]

2 C

i p,avp a3 u Ux,i

+ [hfg,wallhm,wallpa (Xwall - X)

P
~ o (T — Toan)] [m]
b [1du  1dp,] hyo dX
Com [u & dx] Cpy x (122)

Energy balance on ith category of drops represents
the rate of change of drop temperature, and the mass
and heat transfer occurring with air.

d7y; _ 6[h (T, —Ty,) _hfghmipa (X, —X)]
dx D,p, Ux,icpd,i
3hy; dD;
—_—— . 2
Coa;:D; dx (12b)

3.4. Correlations used

3.4.1. Drag coefficient. Here each drop is assumed
to behave like a rigid sphere for which drag coefficient-
Reynolds number relations are available. For ease of
computation, the correlations of Lin et al. [37] have
been used :

Cp =24/Re; forRey <2 (13a)

Cp = 18.197/Re§>*° for2 < Rey < 500 (13b)
and

Cp =044 for500 < Rey <2x10°. (13¢)

Here, Re, is the drop diameter Reynolds number
based on velocity of drops relative to the air which is
expressed as:
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(14)

W= [(U,—u)*+ U2 (15)

3.4.2. Mass concentration properties. The mass con-

centration of water vapour at the drop surface is given
by:

— Pvs
ToAp—(1=A)py

where, A is the ratio of the air to vapour molecular
weight, p,, the partial pressure of water vapour and p
the total atmospheric pressure. For air water vapour
mixture, 4 is equal to 1.608. In general, p,, can be
approximated by the saturation pressure cor-
responding to the drop temperature.

The mass fraction of water vapour in air can be
expressed as:

(16)

P

w
X=—

+w an

where, © is humidity ratio, which is related to the
saturation pressure, p,,, and relative humidity, ¢, at
the drop temperature by the following expression [38].

_ 0.62198FS(T)¢p.s

p—FS(Tép., {18

where

p = 101325.0 N/m?
FS(T) = 1.0046 for T > 0.0
FS(T) =1.0044 for T3> 4.0
FS(T) = 1.0044--0.0002/{11(7-16)} for T > 16.0
FS(T) = 1.0046-+0.0004/{11(T-27)} for T > 27.0
FS(T) = 1.0046-0.0004/{11(T-33)} for T > 38.0.

Temperature T is in °C. Saturation pressure of water,
Dys» corresponding to temperature, T is given by

Dvs = €xp[—5800.2206/T
+1.3914993 —0.048640239T
+0.41764768 « 10417
—0.14452093 , 10777

+6.5459673 log T1. 19)

3.4.3. Heat and mass transfer correlations. The heat

and mass transfer coefficient for drops have been

determined from the correlations developed by Ranz
and Marshall [39]:

hoD

Sh = —'—@— = 2.0+0.6RelS S>3 (20)
hD

Nt == = 2.0+0.6Re}* Pr*** @1

a

where, Sc is the Schmidt number
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Ha
= 22
Sc 0.5 (22)
and, Pr is the Prandtl number
Ha
Pr=0C,, r 23)

where, u, and k, are dynamic viscosity and thermal
conductivity of air at temperature, T,, and have been
determined from the property data given by Dewitt
and Incropera [40].

The mass diffusivity of water vapour in air, 2, has
been estimated from the relation developed by Bird et
al. [41]:

T 2.334
- -5 a
2 =2.495x10 (292.88) . 24)
3.4.4. Specific heat of air and water. Using the tabu-
lar property data given by [40], the property equations
were developed for specific heat of water, vapour, air
and specific enthalpy evaporation of water.

3.5. Effect of drift eliminator

The surfaces of the drift eliminator capture the drif-
ting drops and are, consequently, wet ; its surface tem-
perature can, therefore, be assumed to be same as the
drop temperature. While passing through the drift
eliminator, the air is, therefore, cooled by sensible and
evaporative cooling. The drift eliminator geometry
has been modelled as a rectangular channel formed
by two consecutive parallel drift eliminator plates.
The plates are assumed to be straight (19.5 cm
length x 64 cm height) in the flow direction with 3.6 cm
spacing between them. Therefore, the cross-sectional
area of this duct is 3.6 x 64 cm, and, the hydraulic
diameter is:

cross-section area

D, =4 :
h Perimeter

25

The Reynolds number based on this dimension is:

ReD = .
Va

(26)

The Nusselt number based on hydraulic diameter can
be calculated using the expression given by Gnielinski
[42].

_ (fi/8)(Rep—1000) Pr l:” &yﬂ
T+ 12.7(f/8) 2 (Pt —1) <L ]
@7

for 0.5<Pr<2000 and 2300 < Rep < 5x10°,
where, the friction factor is given by

D

£i =(0.791n Rep, — 1.64) 2. (28)

The Sherwood number based on hydraulic diameter
is calculated according to the Gilliland correlation
[41] for Rep > 2000:
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Duct

Spray sheet

Nozzle 1{xX

Cone angle

Water | Break-up :
length

Five categories of drop sizes originating from point 2

Fig. 2. Spray configuration used in solution technique.

Shp = 0.023Rep,*#38c044. 29)

Finally, for this type of configuration, axial variation

of mean air temperature, 7,(x), can be estimated by
the following analytical expression [40] :

exp l:—

where, T, . is surface temperature of drift eliminator.

Ts,de - Ta (X) -
T s,de T, a,in

Px
o h} (30)

3.6. Boundary conditions

The simulations have been performed for steady
state and the various boundary conditions which are
representative of the experimental conditions
(described later). The duct dimensions were
0.6x0.6x2 m (long). The air velocity and tem-
perature as measured at duct inlet during the exper-
iments were used for simulations. The simulations
have been performed for two nozzle diameters
namely, 3.2 and 4.8 mm, each operating at water sup-
ply pressures of 1, 2 and 3 bar(g). Drop size and
velocity distribution for five discrete drop diameters
were obtained as mentioned in Section 4.1. Spray
angle and water temperature were same as measured
during experiments. Location of spray origin points
(Fig. 2) were calculated from the break-up length and
spray angle. During computations, if the drop y-coor-
dinate attained a value of 0.3 m, i.e. half the duct
height, then further calculation were stopped as the
drop hits the duct wall. The detailed boundary con-
ditions used a model inputs and the outputs of the
simulations are shown in Fig. 3.

3.7. Simulation procedures

A total of 52 ordinary differential equations
describe the air-water interaction: two for con-
servation of air mass and energy, 10 each for con-
servation of drop mass, energy and momentum in two
different directions ; and 10 for drop trajectory of each
of the five drop diameter categories in the two halves
of the duct. In addition, the correlations described in
Sections 3.4 are also used.

4. EXPERIMENTAL SETUP

The experiments were conducted in two phases with
two nozzles in each : first, for characterizing the spray
and second, for determining the heat and mass trans-
fer in a wind tunnel. The nozzles of outlet diameter
3.2 and 4.8 mm were used and their construction fea-
tures are shown in Fig. 4.

4.1. Spray characterization

Each nozzle was individually supplied with pres-
surized water at 1, 2 and 3 bar(g) from a tank and
pump system ; it discharged into ambient air and the
drops fell to the ground. At each supply pressure,
the nozzle discharge was measured with a graduated
cylinder. From the nozzle pressure, the nozzle velocity
was calculated using the expression :

24p\%
= ()

I Gh
where p, is the density of water and, C, is the coefficient
of velocity of the nozzle (taken as 0.9). Photographs
of the spray were used for measuring spray angles
which were 64 and 76° for the 3.2 and 4.8 mm diameter
nozzles, respectively. At the break up of the liquid
sheet a high speed still camera was used to photograph
the drops. At each pressure, four frames were analysed
yielding an in-focus drop count in the range from 9700
to 16 300. For this purpose, the pictures were projected
on a wall and drop diameters were measured manually
in discrete ranges, each of 0.5 mm ; with magnification
of 5 and 8 (frame dependent), these yielded actual
drop diameter resolution in steps of 100 and 62.5 um,
respectively. From this drop diameter distribution, the
volume mean diameter D, was calculated. These data
were then used in the MEP formulation. This infor-
mation also require values of the source terms for
mass, momentum and energy. These were based on
the technique given by Li ez al. [22]. At ambient pres-
sure and temperature, there is negligible variation in
the water mass from nozzle outlet to spray formation
due to evaporation (of the order of 10~ and, hence,
the mass source term, S, has been taken as zero. The
energy source term, S, consists of kinetic and surface
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energy components. The surface energy component,
$,, is a function of surface area which increases
between the nozzle exit and the location of drop for-
mation just downstream of the sheet break-up. The
kinetic energy component of S, however, decreases
between nozzle exit and break-up. Thus, overall there
is negligible energy transfer between the water and
surroundings and, hence, the energy source term, S,
is taken to be zero. The momentum source term, $.,,,

is estimated by calculating the drag force on the sheet
cone portion of the hollow cone spray. The cone
experiences slip velocity with the air on its outer and
inner surface whose magnitude is approximately equal
to the nozzle velocity, For simplifying the calculations,
the sheet cone is considered as a flat triangular sheet
experiencing an air flow of velocity U, (Fig. 5). For
this configuration, the coefficient of friction C; is gre-
ater than or equal to 0.01 on the outside surface of
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the cone. For zero external air velocity, vortical struc-
tures are formed inside the cone due to which, the
sheet cone inside experiences negligible velocity gradi-
ent. Drag on the inside surface is neglected due to this
reason [27]. Using drag on one surface, the magnitude
of S, is about 0.01. With this value, difficulties were
encountered in the MEP formulation and, hence, dur-
ing computation the value of S, was taken as —0.03
(negative sign signifying loss of momentum) in all the
cases. Physically, it means that there is a 3% momen-
tum loss of the spray sheet between nozzle exit and
break-up plane. Negligible variation in the shape of
the drop distribution curve was observed with +0.01
change in S,,,.

The experiments indicated that the values of the
non-dimensional drop diameter, i.e. drop diameter
normalized by volume mean diameter (D), varied
from 0 to 2.5. These values were taken as model inputs
for D, and D,,,, respectively. The final MEP model
inputs are the upper and lower values of the non-
dimensional velocities, U,., and U, respectively.
These values were taken from literature as 1.5 and 0.5,
respectively. Using these inputs, the constants a,, a,,
a, and a; in the MEP formulation were calculated [34]
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and an explicit joint drop size and velocity distribution
function was obtained.

This joint drop size-velocity distribution function
was separately integrated over non-dimensional diam-
eter range of 0-0.5, 0.5-1.0, 1.0-1.5, 1.5-2.0 and 2.0~
2.5 over non-dimensional velocity range 0.5-1.5. This
integration yields the number fraction of drops for
five values of dimensionless diameter, namely, 0.25,
0.75, 1.25, 1.75 and 2.25. Dimensionless mean vel-
ocities for these dimensionless diameters were cal-
culated from the joint distribution function by divid-
ing the non-dimensional velocity range (0.5-1.5) into
10 zones with an increment of 0.1. The available aver-
age velocities for these zones are 0.55, 0.65,. .., 1.45.
The dimensionless mean velocity for the non-dimen-
sional diameter range of 0-0.5, for which the average
diameter value is 0.25, is calculated as follows:

Umean,l =

0 0.5 0 0.6

0.5 *0.6 _ _ 0.5 0.7 _ _
0.55j deUdD+0.65J deUdD+...

0.5 1.5
+1.45J J fdUdD
1

o Jia
05 (15
J f fd0dD
o Jos

Similarly, the dimensionless mean velocities for other
dimensionless diameter zones were calculated. Figure
6 shows a typical result for 3.2 mm diameter nozzle
drop size distribution function.

These number fractions were used for computing
the number of drops in each size range by multiplying
corresponding number fraction by the total number
of drops produced at break-up. The latter has been
calculated by the following relation :

N — 6Qacl .
TCD%O

(32)

(33)

The combination of experimental measurements
and MEP formalism were used in this manner to
obtain the number of drops and their mean velocities
at break-up for the hollow cone water spray in quiesc-
ent ambient air. This data were input for the heat and
mass transfer simulation.

4.2, Heat and mass transfer experiments

The spray nozzle was positioned co-linear with the
centre line of a square wind tunnel for heat and mass
transfer studies. A schematic diagram of the exper-
imental facility is shown in Fig. 7.

4.2.1. Wind tunnel facility. (a) Air system: Ambi-
ent air is sucked by an adjustable speed blower into a
1.2 x 1.2 m cross-section conditioning section, via a
diffuser. The former consists of a settling chamber
followed by a honeycomb, screens, a second settling
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chamber, honeycomb, and a contraction cone. The
screens consist of a series of fine wire meshes which
ensure that large scale eddies are removed at the
expense of the introduction of a large number of
eddies of much smaller scale which decay in the down-
stream settling chamber. After flowing through the
second settling chamber, the air passes througha 4:1
nozzle and enters the perspex test section, 0.6 x 0.6
m. In this test section, one spray nozzle arranged in
parallel flow configuration relative to the air flow gives
a nozzle density of 2.8 per square metre which is
typical of commercial air washeries and spray cooling
systems. The test section is inclined downwards in the
air flow direction for draining off the water and a drift
eliminator consisting of several parallel plates, each
bent twice at right angles and spaced 36 mm apart,
was located at the test section exit. It was at this exit
plane where air velocity and outlet conditions were
measured.

(b) Water system: A schematic of the water spray
system is shown in Fig. 7. Tank water was pumped
through a control valve into the nozzle. The nozzle
pipe was mounted vertically from the tunnel top, at
the joint between the wind tunnel contraction cone
and test section for parallel flow. The nozzle outlet
orifice was oriented along the centre line of the test
section cross-section. The water drops fall to the bot-
tom of the test section from were the water flows into
the tank. To quantify the temperature rise across the
pump, separate experiments were conducted for mea-
suring the water temperature in the tank and at the
nozzle using thermocouples. Air velocity was mea-
sured at the exit of the drift eliminator with a hand
held anemometer equipped with a digital readout
whose range was 0.2 to 40 m/s with a resolution of 0.1
my/s. The inlet air temperature and relative humidity
were measured with a pair of shielded RTDs, one of
which was kept moist by a wick dipped in a jar of
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water. The range and resolution of the RTD were 0
to 100 and 0.1°C, respectively.

4.2.2. Experimental procedure. The once-through
design of the wind tunnel necessitated exper-
imentation during the months of April, May and June
when Delhi climate is characterized by high ambient
temperature, and low relative humidity and capable
of significant evaporative cooling. Two sets of exper-
iments were performed in May and June 1993 (Set I)
and June, 1995 (Set II). Ambient conditions varied
from 35 to 42°C DBT and 22-60% relative humidity.
Ambient water temperature during these months was
in the range of 26-33°C.

The experiments were first conducted with the 3.2
mm diameter nozzle. At each setting of pressure,
measurements were performed at three air velocities
namely, 0.8, 1.6 and 2.5 m/s. At each air velocity, the
measurements were performed at three pressures 1, 2
and 3 bar(g).

For each run, the velocity was measured at nine
locations across the drift eliminator face, one at each
corner, at the centre of each side and one at the centre
of exit face (Fig. 8). The average of these values was
used for adjusting the blower speed to obtain pre-
selected values. Immediately, thereafter, the DBT and
relative humidity were measured at these same nine
locations. These measurements enabled charac-
terization of the spatial variations across duct cross-
section caused by the square duct axisymmetric spray
combination and also due to the influence of gravity
which may be expected to cause greater cooling in
the lower half of the duct relative to the upper half.
Velocity variations across the face were +0.1 to
+0.25 m/s which is comparable to the anemometer
resolution. The velocity distribution across the face
and, hence, tunnel cross-section can, therefore, be con-
sidered to be uniform. As there was no control over
the RH and DBT of the ambient air supplied by the
blower, therefore, these were measured at the outlet
of the test section at the beginning of each observation
with the spray shut-off. The total time for nine read-
ings of each run was about 40 min during which ambi-
ent condition changes were found to be insignificant.
Tank water temperature was measured thrice during
each run and its average was used to characterize the
inlet water temperature of drops. After exper-
imentation with the 3.2 mm diameter nozzle, the same
procedure was repeated with the 4.8 mm diameter
nozzle with the same set of nozzle pressures and air
velocities.

4.3. Experimental uncertainties

For a meaningful comparison of experimental data
with model predictions, it is necessary to quantify the
uncertainties in the measurements of ambient DBT
and RH, outlet DBT and RH, spray pressure and air
velocity. The vane type anemometer accuracy was +
(2% +one digit) which results in uncertainty values
between +14.5 to +5.3% for velocities from 0.8 to
3.0 m/s, the range of air velocities used in the exper-
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Fig. 8. Measurement location at the exit plane of the drift
eliminator.

iments. The response time of the anemometer was
about 30 s which was the time required for each
measurement and about 4 min for a set of nine read-
ings. The resolution of the DBT and relative humidity
measurements was limited by the instrument readout
to +0.1°C and + 1%, respectively. However, it is
important to note that uncertainty in relative humidity
is governed by the uncertainty in WBT which was
measured by the RTD moistened by a wick, and also
by the absolute values of DBT and WBT. Thus, at
conditions of 42°C DBT and 25% relative humidity,
the +0.1°C uncertainty in each of these measure-
ments, results in an absolute relative humidity uncer-
tainty of about +1%. However, at 30°C DBT and
90% relative humidity, similar uncertainties of
+0.1°C in each measurement results in uncertainties
of up to +3%, which are greater than the readout
resolution. On the basis of the above, ambient DBT
and relative humidity have uncertainties of +0.1°C
and + 1%, respectively. The maximum uncertainties
in exit DBT and relative humidity measurements are
+0.1°C and + 3%, respectively.

The response time for this type of RTD (SS shi-
elded) is about 120 s, and when used for measuring
the WBT, it is expected to be higher. Measurements
indicated that steady values were attained after about
4 min. The ambient temperature and relative humidity
for each run were measured at the beginning after
which about 40-45 min were required for recording
the air velocity, DBT and RH at nine exit locations.
During this time, it is possible that the ambient con-
ditions could change, thus introducing an uncertainty
in the ambient DBT and RH. From the measurements
of ambient conditions, it was observed that during
this time interval maximum change in DBT was
+0.5°C and in relative humidity up to +5%. The
runs have, therefore, been characterized by DBT and
RH at the start of the experiment with individual
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uncertainties of +0.5°C and +5% (absolute vari-
ation), respectively. The nine measurements across the
exit face of the wind tunnel showed variations in DBT
and RH of up to -+0.5°C and +16% (absolute vari-
ation) about the mean which has been considered as
the outlet condition for the particular run. Variations
of DBT and RH between upper and lower half are
+1.0°C and +10% about their individual mean
values, respectively.

5. RESULTS AND DISCUSSION

5.1. Experimental results

The results of experiments on the wind tunnel set-
up are summarized in Fig. 9. For each nozzle, DBT
and humidity ratio changes from inlet to exit for
different water pressures are shown. It is seen that for
constant air velocity, the air DBT change increases
with nozzle pressure. This trend is expected since with
increase in nozzle pressure, water flow rate increases
and simultaneously the mean drop diameter decreases.
Both these changes increase the area of contact
between the drops and air thereby increasing both
heat and mass transfer between air and water. For the
same reasons the change in air DBT is greater with
the 4.8 mm diameter nozzle as compared to 3.2 mm
diameter nozzle, for given air velocity—water pressure
combination.

Figure 9(a) shows that DBT change at a given air
velocity for either nozzle does not follow the same

ADBT [°C)
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trend. The effect of increasing air velocity on DBT
change for a given nozzle diameter-pressure com-
bination is also seen in Fig. 9(a). In general, it is
expected that for fixed air intake conditions and water
temperature, DBT change will decrease with increas-
ing air velocity. This behaviour can be attributed to
the increased mass flow rate of air which causes a
relatively smaller change in DBT. There are, however,
exceptions to this trend in some cases. This behaviour
arises due to the fact that DBT change is strongly
influenced by air inlet conditions and water tempera-
ture, other parameters being constant. These par-
ameters could not be controlled in the experiment and,
hence, the data has not been collapsed by using non-
dimensional parameters. Correlations have, therefore,
not been proposed either. These complex changes can
be studied further by using the model developed.
Figure 9(b) shows that in most cases, the humidity
ratio change increases with increasing pressure at con-
stant air velocity. These trends are to be expected for
the same reasons as for DBT changes given in the
preceding paragraph. Similarly, in general, for a given
nozzle pressure, the humidity ratio change is expected
to decrease with increasing air velocity. This trend is
unambiguously seen for the 4.8 mm diameter nozzle,
but for the 3.2 mm nozzle the trend is not so clear.
The relative trends in both DBT and humidity ratio
changes are more clearly discernable for the 4.8 mm
diameter nozzle as compared to the 3.2 mm diameter
nozzle, in spite of comparable change in air inlet DBT
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Fig. 9. Change in DBT and humidity ratio with nozzle pressure.
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and RH, and in water temperature. This behaviour is
primarily a result of the nozzle characteristics where
mass flow rate changes with pressure are relatively
high for 4.8 mm diameter nozzle whereas the same are
not so significant for the 3.2 mm diameter nozzle. The
mass flow rate at a given pressure increases with nozzle
diameter and Fig. 10 shows this aspect by the relatively
greater values of DBT and RH changes for 4.8 mm
diameter nozzle in comparison to the 3.2 mm diameter
nozzle.

5.2. Simulation results and comparison with exper-
imental data

The simulation results using the model (Section 3.3)
are given in Figs 10 and 11 for 3.2 and 4.8 mm diam-
eter nozzles, respectively. In Figs 10 and 11 two sets of
outlet DBT-RH pairs are given, one using the actual
volume mean drop diameter and the other using a
mean drop diameter 15% smaller than this value. In
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each case the drop diameter distribution functions
were obtained individually. Such an exercise was
necessitated by the fact that actual drop diameter gen-
erally underpredicted changes in DBT and humidity
ratio. This aspect for 3.2 and 4.8 mm diameter nozzles
is shown in Figs 10 and 11, respectively, where mea-
sured and predicted changes in DBT and changes in
humidity ratio have been plotted. The 45° line in this
figure indicates perfect prediction of experimental
values and two sets of lines representing +15 and
+30% match are also shown. Reasons for these
underpredictions were explored in detail and are given
below.

Simulations were performed with four mean drop
diameters, 15 and 30% greater, 15 and 30% less than
measured mean drop diameter. Large mean diameter
further underpredicted the changes and were not
investigated further. The best match was obtained
with a diameter 15% smaller than the mean drop
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diameter relative to 30% smaller diameter. For these
reasons the detailed results with 15% reduction in
drop diameter are presented.

This observation points towards the possibility that
actual mean drop sizes during experiments may have
been smaller than the measured values. Such a possi-
bility can be attributed to two reasons. Firstly, drop
size measurements were performed in a still environ-
ment, whereas in wind tunnel experiments the spray
is formed in a dynamic air medium. Due to the inter-
action of spray sheet and forced air movement, as
against induced air flow due to the spray [16], drop
size could decrease. Comprehensive mathematical
analyses of this kind of interaction for subject nozzles
are not available in literature. Forced air flow affects
the drop trajectories which could cause secondary
break-up of drops due to collisions. Secondly, the
photographic method used to measure drop size is
unable to capture small diameter drops, less than 65
um. The photographs are thus biased towards larger
drop sizes and result in an increase in measured vol-
ume mean diameter. Due to limitations in exper-
imental facilities, this aspect could not be explored
further. The use of a laser based technique could yield
better resolution of drop diameter distribution. This
equipment was, however, not available. Therefore,
after considering rhe above-mentioned possibilities, it
was decided to examine the effect of a reduction in
mean drop size on prediction of outlet air conditions,
without varying other experimental parameters. Com-
parison of measured outlet air condition with model
predictions based on actual drop size and 15%
decrease in drop size, reveals that in majority of obser-
vations, measured air condition values fall within the
bound of these two predicted values. Graphical
interpretation of these results are shown in Figs 10
and 11.

Changes in predicted air temperature and humidity
ratio are plotted against experimental values for 3.2
mm diameter nozzle in Figs 10(a) and (b), respec-
tively. In Fig. 10(a), six out of nine data of predicted
air temperature change, based on actual drop size
prediction are below zero deviation line. With a 15%
decrease in drop size, predicted data are uniformly
distributed on both sides of the zero deviation line.
Except one, all the predicted air temperature data
based on 15% decrease in drop size fall within the
bound of +30% deviation. Figure 10(b) shows pre-
dicted air humidity ratio change as compared with
the measured values. In this case also, a majority of
predictions based on actual drop size are either on or
below the mean line. With a 15% reduction in drop
size, a majority of predicted data are above the zero
deviation line. Two-thirds of the data of predicted
humidity ratio change (based on 15% decrease in drop
size) lie between — 15 and + 30% uncertainty limit.

For the 4.8 mm diameter nozzle, predictions for air
temperature change and humidity ratio change are
given in Figs 11(a) and (b), respectively. All pre-
dictions of air temperature change, based on actual
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drop size are between 0 and —30% deviation line.
Predictions corresponding to 15% decrease in drop
size are distributed within +15% deviation. Trends
of predicted air humidity ratio change [Fig. 11(b)] are
similar to Fig. 10(b). Here, also, it can be concluded
that predictions of humidity ratio change (based on
15% decrease in drop diameter) for 4.8 mm diameter
are within a close limit of 1+15%.

Actual model predictions for DBT and humidity
ratio change (with respect to nozzle pressure for con-
stant air velocity) for 4.8 mm diameter nozzle are
relatively consistent with experimental data than 3.2
mm diameter nozzle. With the 4.8 mm diameter
nozzle, overall predictions corresponding to 15%
decrease in drop size are relatively more accurate as
compared to those for the 3.2 mm diameter nozzle.
This uncertainty increase is attributed to the low water
flow rate due to which overall magnitude of measured
air DBT and humidity ratio change are small for the
3.2 mm diameter nozzle as compared to the 4.8 mm
diameter nozzle. This increases the errors due to
uncertainties in experimental measurements. Irres-
pective of nozzle size, the magnitude of prediction
changes (both for air DBT and humidity ratio) below
or above 4 g/kg or 4°C can be predicted satisfactorily
within +30 and +15%, respectively. In industrial air
washer systems, typical DBT change is greater than
4°C. Therefore, for DBT changes greater than this
value, predictions can be made with an accuracy of
+15% for either nozzle diameter.

Due to experimental difficuities in measuring DBT
and RH in the duct during spray operation, it is not
possible to obtain this data on property variations
within the duct. This data, important for optimizing
duct length, can be obtained from the model and a
representative case is discussed below.

Figure 12 shows the prediction of DBT and
humidity ratio (for 15% decrease in drop diameter)
along duct length where, the air velocity is 1.5 m/s,
nozzle pressure 2 bar(g) and nozzle diameter 4.8 mm.
Air inlet condition is 37°C DBT and 54% relative
humidity (humidity ratio 24.9 g/kg). Up to 0.4 m
downstream distance, the DBT decreases linearly
(about 4°C/m) and humidity ratio also increases lin-
early (about 6.0 g/kg/m). The change after 0.4 m dis-
tance is also linear, but less rapid as can be seen by
the sudden change in slope at 0.4 m distance. The
reason for this behaviour is seen in the drop tra-
jectories shown in Fig. 13, where drops of diameter
290, 406 and 522 um hit the duct wall and are thus
removed from the computation. 174 ym diameter
drops which originate with downward trajectories also
exhibit similar behaviour. Such an abrupt removal of
drops is not expected in reality, due to the continuous
nature of drop diameter distribution. In reality, the
removal of drops due to contact with the walls occurs
over a finite distance depending upon their diameter.
The trajectories of other drops continue downstream
into the duct and continue to effect the heat and mass
transfer. In this case, typical of parallel flow, the entire
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duct length contributes towards evaporative cooling.
The relative contribution of the first 20% length is
about 40% of the cooling effect because all drops are
involved in the heat transfer. Thus, for enhancing
cooling effect, the drop—air interaction length needs
to be increased, which can be realized by delaying
drop collisions with the wall. This objective can be
attained by using a spray of smaller angle with a given
duct.

5.3. Sensitivity analysis of model predictions

The models for drop diameter prediction and heat
and mass transfer computations require several input
parameters, some of which are estimated and others
measured experimentally. With each parameter, there
is an associated uncertainty. This uncertainty pro-
duces corresponding uncertainty in the model pre-
dictions. This sensitivity to input condition variations
is described below. Sensitivity of model predictions to
variations in mean drop diameter have already been
discussed elsewhere and are not repeated here.

5.3.1. Coefficient of velocity. In the modelling of

the spray, the coefficient of velocity for the nozzle is
required for calculating the nozzle exit velocity fequa-
tion (32)]. For the nozzles used, this parameter is not
available and, therefore, had to be estimated. Flow
through an orifice most closely approximates flow
through the nozzle. The coefficient of velocity for ori-
fices are typically between 0.85 and 0.95 and a value of
0.9 was used in the calculations. This +0.05 absolute
variation in the value of C,, results in variations in
the model predictions. For a typical case, DBT and
humidity ratio changes vary by a maximum of +0.1°C
and 0.2 g/kg, respectively.

5.3.2. Water temperature. The variation of water
temperature during a run was +0.6°C. Apart from
this value there is uncertainty due to temperature rise
measurement across the pump which was measured
by thermocouples and a millivoltmeter. The combined
uncertainty due to instrument limitations and repeat-
ability during experiments is 0.2°C. In the model, the
water temperature was perturbed by +2°C for given
air inlet conditions, nozzle pressure and drop size dis-
tribution. The resultant variations in outlet DBT and
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humidity ratio changes were +0.5°C and +0.8 g/kg,
respectively.

5.3.3. Inlet air conditions. The measurement uncer-
tainties in inlet air DBT, and WBT, are +0.5°C [Sec-
tion 4.3], which together result in + 5% variation in
relative humidity (3 g/kg variations in humidity ratio).
This perturbation of +0.5°C in DBT, for fixed WBT,
results in an uncertainty in relative humidity ratio
simultaneously. Alternatively, variation with constant
relative humidity produces a change in WBT. For
given inlet air relative humidity, air velocity, water
pressure and water temperature a variation of +1°C
in inlet air DBT produced changes of +0.8°C in exit
air DBT and a humidity ratio change of 1.2 g/kg.

5.3.4. Model sensitivities. The above data shows
that, the dominating uncertainty in model predictions
results from uncertainties in mean drop diameter. For
this reason, comparisons of model output and exper-
imental measurements have been performed for vari-
ations in mean drop diameter only.

6. CONCLUSIONS

The main objective of the present research was to
develop a simple and efficient numerical model for
estimation of heat and mass transfer between water
spray drops and an air stream in horizontal parallel
flow configuration to enable accurate prediction of
evaporative cooling performance. The major findings
of this research are summarized below.

(a) Joint drop diameter and velocity distribution
function for hollow cone water sprays can be
determined using still photography data in con-
junction with the MEP formalism.
Experiments indicate that DBT decrease of up
to 9°C is artainable by employing evaporative
cooling during dry summer months.

A heat and mass transfer model for simulating
the conservation equations has been developed
with discrete drop diameters which uses drop
data from the MEP formalism. The model was
used for simulating drop dynamics in two-
dimensions and one-dimensional heat and mass
transfer between drops and air for horizontal
parallel flow configuration. The predictions are
within +15%. The code could be used for
designing industrial evaporative cooling
systems.

(b)

©
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