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ABSTRACT

The problemis the determnation of the tenperature and density
distribution in a steam atnmosphere surrounding a falling droplet. Prom
the results thus obtained, the heat and mass fluxes are conputed al ong
with their respective transfer coefficients. Nunerical conputation is
required and an explicit finite difference nethod is used in the
reducti on of the energy and nmass equations into finite difference forns.
The velocity distribution is obtained fromthe numerical solution of the
viscous flow around a droplet at a Reynolds number of 1000. Promthis
distribution, the eddy diffusivity distribution is obtained. The
dropl et nodel used is that of conplete mxing, that is, the droplet is
assumed to be vigorously mxed such that the tenperature and density
profile in the droplet is uniform Conputed results are conpared wth

few avail able data and are found to be in good agreenent.
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NOMENCLATURE

surface area of the droplet, (sz)
dimensional concentration of diffusing fluid
drag coefficient

heat capacity, (cal/g’K)

nass diffusivity, (cm /s)

droplet diameter, (em)

gravitational constant, (cm/sz)

heat transfer coefficient, (cal/cmzs °K)
1atent heat of vaporization, (cal/g)
therma) conductivity, (cal/cms’K)

nass transfer coefficients, {cm/s)
Number of 11 printouts

Number of time steps pbefore printout
molecular weight

mass of the droplet, (g)

mass flux, (g/cmZS)

Nugselt number

total pressure, {atm)}

partial pressure of air, (atm)
Prandtl mumber

partial pressure of water vapor,(atm)

2
heat flux, (cal/cm 8)

radial distance from the surface of the droplet

iii



Re
Sc

Sh

¢

a

droplet radius, (cm)

Reynolds number

Schmidt number

Sherwood number

temperature, (°K)

time, (s)

radial velocity component, {cm/s)

free-steam fluid velocity (terminal velocity), (cm/s)
tangential velocity component, (cm/s)

kinematic viscosity, (cmz/s)

thermal diffusivity, (cmz/s)

eddy diffusivity of heat, (cmz/s)

eddy diffusivity of momentunm, (cmz/s)

spherical polar angle, measured from front stagnation
density, (g/cma)

interfacial surface tension, (g/sz)

dimensionless time.

condensation
droplet
melecular

initial droplet condition



radial direction

droplet surface (interface) or sensible
turbulent

total

far from droplet surface

tangential direction



CHAPTER 1

INTRODUCTION

In recent times, there has been much interest in heat transfer,
mass transfer, and motion of liquid drops in studies of combustion,
condensation, absorption, and other technical processes where liquid
drops exist. This latter category includes many processing operations
employing liquid sprays such as the nuclear reactor emergency core
cooling system. In line with this interest, substantisl analytical
study and experimentation have been done in determining the
effectiveness of such liquid drops in the tranafer procegses.
Significant portions of the droplets in sprays have Reynolds numbers on
the order of 100Q; and models for such sprays are typically based on the
behavior of individual droplets, which are asssumed independent of each
other. In general, we are concerned with the behavior of groups of
droplets; however, the case of a single isolated droplet, which is
congidered in this study, is of fundamental importance in this regard
and has long been a subject of investigation.

Cooling by use of water droplets takes place by simultaneous heat
and mass transfer. A large heat ftransfer area per unit mass of water
can be achieved by the formation of drops. The smaller the size of
droplet the more the available specific heat transfer area, but the

larger the possible drift less. As such, drops with siges on the order



of millimeters are widely used for industrial applications.

Furthermore, the heat and mass exchanges during the passage of a droplet
in a cooling system are of a transient nature. The complexity and
interdependence cf the phenomena precludes the possibility of a general
analytical sclution. However, approximate theoretical treatments of the
problem that result in analytical solutions will be reviewed. The
objective of the present study will be stated after the following

literature review.

1.1 Literature Review

A number of works closely related to the subject of heat transfer
to a single drop are incorporated in this review. An attempt will be
made here to correlate available infermation or heat transfer to a fluid
drop falling freely in a continuous medium and to draw upon pertinent
information of mass transfer. The various theoretical approaches are

discussed and the specific models and assumed mechanisms reviewed.

1144 Continuous Phase

Under the category of the resistance in the continuous phase, the
transport resistance is comparatively much larger than that in the
dispersed phase and, therefore, the latter is neglected. Only the
transport phenomena in the extermal flow field surrounding the sphere
are usually analyzed. Konopliv and Sparrow (12) considered the unsteady

thermal processes for a moving sphere which encounters a fluid



environment whose initial temperature is different from that of the
sphere. However, the flow field is steady and Stokesian, Red1, and the
temperature field is transient and of the boundary layer type. In this
continuous phase consideration, the thermal conductance of the solid
gsphere is usually high so that the surface temperature is spatially
uniform and equal to the temperature in the sphere. Two conditions are
usually considered: One is that of large heat capacity so that the
gsphere temperature is constant in time. In the other, the heat capacity
of the sphere is not large so its temperature varies with time as a
result of heat transfer with the fluid.

For a sphere accelerating in a fluid, the time for the hydrodynamic
boundary layer to grow and reach steady state is on the order
th/d=1 (32). This means that the boundary layer growth is complete
when the drop has moved a distance equal fo its diameter. We are
interested in the process over distances up to 500-1000 diameters;
consequently, the widely used Ranz-Marshall {24) steady-state
correlation may reasonably substitute for all the governing equations
for the external field. The transient process (39) can be split into
many steady atate intervals if the quasi-ateady state approach is
appropriate. In this case, the governing equations for the external
field of the drop was replaced by the steady-state analytical solutions
which describes the heat and mass transfer to a sphere to obtain the

transport resistance of the continuous phase.



1.1.2 Dispersed Phase

There exist several different meodels for the fransport processes in
the interior of the droplet. A common, and in socme sense more general,
procedure is based on deriving a correlation from an assumed theoretical
model and verifying the assumption by means of experimental data. The

following are three of such models in the literature:

t.1.2.1 Complete Mixing Model

In this model, the internal motion of the drop is so vigorous that
complete mixing is achieved. The temperature profile in the drop is
uniform and resistance to heat and mass transfer exists only in the

continuous phase (39).

1.1.2.2 Non-mixing Model

This model assumes there is no internal motion and the equations of
motion for the drop interior are removed and the energy equation is

reduced to simply a transient heat conduction equation.

1.1.2.3 Mixing Mcdel

Yao (39) proposed a new model which considered both the effects of
oscillation and internal circulation on the mixing in the droplet. In
order to solve the heat transport quantitatively, Yao assumed that the
effects of heat transport due to the internal motion can be represented
by the increase of the heat diffusivity, and this increase of heat

diffugivity is linear and proportional to the sum of the maximum



Reynolds numbers of oscillations and internal circulations. The
effective diffusivity was proposed to be
= + +
¢ aw [1 S (Reosc,max Reic,max ]

where S ig a constant which shows the significance of internal mixing.

Reosc,max and Reic,max are the maximum Reynolds numbers for the

oecillation and internal circulation respectively {15). @, is the

diffusivity without any of these phenomena. He also used the Biot
number

hR
Bi X

d

to compare the external heat convection effect and the internal
conduction of heat in the droplet. The reault shows that the resistance
due to the heat conduction in the droplet is important provided there is
little or no mixing in the droplet. However, both the models for the
external field and the interior field of the drop are important in
describing the overall cooling phenoﬁena.

Kronig and Brink (13) considered the case when the transport
resistance is mainly in the spherical droplet and, in the droplet, the
time of circulation is smaller than the diffusion time. Hadarmard (8)
stream function was used to describe the internal circulation when the
hydrodynamie conditions are unsteady. The transient cases of extreme
Reynolds number, either very large or very small were solved by
Ruckenstein (30) and Chao {3). 1In all these cases, the hydrodynamic

conditions are in steady state. The droplet initially at uniform



temperature meets a constant temperature environmment; internal
circulation was considered, and at the interface the droplet velocity

was given equal to the adjacent potential flow veloecity.

1.1.3 Experimentation

Several invegtigators have measured the heat and mssas exchanges in
a variety of experimental situations. In most of these experiments a
droplet or a small s0lid sphere is suspended by thin wires in a fluid
flow. The variation of the droplet temperature in time is then
measured, or alternatively the droplet is maintained at steady state by
feeding it with the required heat or mass. Some of these experiments
are reviewed below.

Frossling (5) reported the evaporation of drops of liquid for

Reynolds numbers of 2 to 1000 and got the result
1/2 1/3
Sh = 2 + 0.552 Re Se y
for droplets at steady hydrodynamic conditions with the temperature

profiles in the drops assumed uniform and comstant at all times. Rang

and Marshall (24) obtained the widely used formulae

1/2 1/3
2 + 0.6 Re Pr

1/2 1/3
2 + 0.6 Re B¢

Hu

Sh
for Reynolds number of O to 200, with the largest drop being 1.8mm in
diameter. Lee and Ryley (18) considered the case of the evaporation of

water drops in superheated steam and obtained



1/2 1/3
Nu = 2 + 0.74 Re Pr

Powell (22) also reported an experimental data on the evaporation of
water from spherical surface for Reynolds numbers of 650 to 4500. Rowe
(29) reviewed the experimental work performed with solid spheres before
1965. By a statistical study of the experimental data they concluded

that the correlation

172 1/3

Na = 2 + A2 Re Pr

gives the best fit. The value of A, is given as .69 for air and 0.79
for water. The value of the exponent of the Reynolds number varies

between 0.4 at Re = 1 and 0.6 at Re = 10“, but an average value of 1/2
geemg adequate in the range 20<{Re<2000.

Yao (39) designed an experiment to provide data on the relationship
between the mean temperature of the drop and its position in free fall
for different drop sigze, initial drop temperature and the temperature
and humidity of the air through which it falls. His experiment,
briefly, consists of a drep generator, a plastic colunn m in height
containing conditioned air, and conditioning equipment, and a
calorimeter that could be positioned at any elevation to catch and
measure mean drop temperature. For photographic measurements a small
amcunt of c¢il-free white water colour paint was added to the water.
This has been shown to have negligihle effect on surface tension but
produced good light scattering within the drops.

E. Kulic et al. (14) experimental results obtained in



gingle droplet temperature response are applied to the problem of
predicting the pressure drop in a douaing chamber containing an
air/steam mixture. Their paper deals with an approach to predict the
heat transfer effects assocciated with water droplets falling through the
mixture of air/steam. They observed that the speed of reaponse of the
droplet temperature is much faster for droplets in saturated mixtures of
0.5 volume fraction of steam than for a 0.05 velume fraction of steam in
the mixture and concluded that the temperature and mass transfer driving
forces are greater at higher concentrations of steam in the mixture.
Another interesting experimental investigation is that of Brown
(2), who investigated the rates of heat transfer to water sprays. The
procedure for the heat transfer measurements invelved the spraying of
water from a number of nozzles in the head of a vertical cylinder to
which steam was supplied. The inlet and exit water temperature were
measured and, from these, knowing the feed rate, the total heat input
was obtained and used to calculate the rate at which heat was
transferred to the surface of the drops. The experiments also showed
that the final temperature rise of the droplet is a linear function of
drop diameter. Brown alse pointed out that the reduction in temperature
rise brought about by the presence of air was caused by a layer of air
clinging to the drops creating a resistance, and the surface heat
tranafer proceas became one of diffusion rather than that of pure
condensation. His experimental resulis are summarized in Fig.

1.1.
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1.2 Objective of the Fresent Study

Having completed the review of the theoretical and experimental
studies to date, it was observed that little has been done in attacking
the problem in question by computational metheds. A numerical
investigation of unateady heat transfer to water droplet is thus
worthwhile and ia, therefore, presented in this study. However, among
the various models mentioned, the complete mixing model is most
appropriate for our problem since the resistance to heat tranafer exists
only in the comtinucus phase. In line with this objective, the
temperature distribution around the droplet as a function of time will
be computed along with the heat and mass transfer coefficients. A
flexible computer program is developed which can be used for any droplet
transfer process problem as long as the Reynolds number range criterion
(Re>1000) is adhered to. The results obtained in this study are at

Reynolds number of about 1000.



CHAPTER 2

CALCULATION OF DROCPLET TRAJECTORIES

Since counterflow operation with an upward flow of fluid and a
downward directed Jet of droplets of a spray is most often encountered
in practice, such a system will be considered for the motion of a single
droplet in a continuous phase of infinite extent. Considering a solid
aphere mode)l projected vertically through a fluid, it either accelerates
or decelerates until the gravitational force is counterbalanced by the
frictional drag of the fluid. The equation for the net force acting on

the sphere is:
3 Z 2

d md u
F = lt'g— (po-pm)g - CD vy Pus {(2.1)

2
where p u / 2: kinematic pressure of the fluid;

3
nd Py
< mass of the sphere;

2: local acceleration of gravity.

Then the acceleration of the sphere is

2
du  gle,-0,)  3Cpem
_— = - ) (2.2)
dt Po Po
If, as is ususl, po>>pw, then
du
ar =
2
3CDp¥u

4dp, (2.3)
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2.1 Terminal Velocity and Drag Coefficient

When F in Bq. 2.1 ig zero, the sphere has reached its terminal

velocity and Bq. 2.3 may be rearranged and divided by u? to give

3
4d7p p 8 ) dup, 5
B = -—-—-—-—-—3 > = Cy { m )
m

The golid curve of Fig. 2.1 is a plot of Re vs & for rigid spheres, as

(2.4)

computed by Lapple and Shepherd (17) on the basis of the solid lime in
Fig. 2.2. The terminal velocity of any rigid aphere having motion
relative to the fluid can be determined as a function of its diameter,
the densityand the acceleration by solving Eq. 2.4 for & and
determining the terminal Reynolds number, Het, from Fig. 2.1 and

calculating the terminal velocity, Uy, from the definition

The time of acceleration or deceleration of a rigid sphere from any

velocity u to a velocity as near to u,_ as desired can be determined by

t
integration of Eq.2.3%. Inspection of the integral form of Eq. 2.3,

however, shows that an infinite time is required to attain exactly Uy

gince at the terminal velocity
2
S0Pty

g-—4-£);——- =0 (2-6)

However, the data of a number of early investigators (1,7,19) on

rain and artificially-produced water drops show that water drops larger

(2.5)
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than 2mm. in diameter fall freely through air at terminal velocities
less than those predicted by using drag coefficients for equivalent
rigid spheres. The most complete data on the fall velocity of water
drops and rain drops are those from the experiments of Law (16), who
measured velocities of fall from reat for drops 1.25 to 6,1 mm. in
diameter at intervals from 0.45 to 20 m below the point of rest. Smooth
curves of his data are shown in Figs. 2.2 and 2.3, and values of CD
calculated from these data are shown ag the dashed line in Fig. 2.%.

The fundamentals of droplet motion are generally, in the absence of the
above procedure, expressed in terms of a plot of drag coefficient versus
Reynolds number. Such curves nave been determined for solid spheres by
numerous experimenters (28,36,37,40). TFig. 2.2 presents average curves
for various shaped particles while the values upon which the curve for
Ispherieal particle was based are given in Table 2.1. However, there is

somewhat less accurate formula of Dickinson and Marshall (4)

Cp= 0.22 * 55 (1 + 0.15 Re ) (2.7)

which gives results in the range 0<Re<3000. The information so far
presented applies to a gingle droplet in an infinite medium. The
corrections that are necessary to sccount for the presence of
neighboring droplets can, however, be estimated (6,9).

2.2 Previous Efforts to Predict Distortion

In addition to the fact that falling drops do not follow the free

fall law over the entire distance of fall, they also do not remain
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perfect gpheres. Saito (31) demonstrated mathematically that, for the
case of water droplets falling through air, the forces acting on the
drops tend to deform them into spheroids, oblate normal fo the direction
of motion. Lenard (19) showed that raindrops which are initially
spherical take the shape of inverted cups at velocities from 6 to 8
meters per second and finally burst into fragments. The disrupting
velocity varies from 20 to 10 meters per second for drops from 2.5 to
émm. in dismeter, respectively. Others (1,22) have shown that droplets
falling feely reach a terminal velocity much less than that predicted
from Stokes' law when the drop is more than 2mm. in diameter. In the
more useful and interesting range of intermediate and high Reynolds
pumbers, Spilhaus' appreach (35) has considerable promise. He suggested
that the force tending to separate the drop laterally can he considered
as proportional to both the area over which it acts and to the kinetic
energy head, pmu2/2 of the continuous phase. The dimensionless
proportionality factor, termed the distortion coefficient, similar to
the drag coefficient, was assumed consitant by Spilhaus.

Using the observed terminal velocities for a given size of drop, it
i=s possible to calculate the maximum deformation that may occur when
there is a flattening normal to the direction of mofion. Lewich (20)
studied the influence of internal circulaticon and flattening of
dropleta. By means of these approximations and the terminal velocities
mentioned above, the ratio of the deformed diameter to the original

diameter can be etimated {11). Using the method of graphical
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integration, the velocity and the distance traveled were calculated for
different drop size, assuming no drop deformation. The results {(11)
showed that there would be only a 3 percent increase in the time of

fall of spherical drops over that caleulated for unresisted fall. In
the same manner, the velocity and time of fall of drops, a2llowing for
the deformation, can be calculated using Eq.2.3 if data are available on
the magnifude of the deformation. When a droplet has reached its
terminal velocity, with deformation occurring, the forces acting upon it
are in equilibrium, then using Eq. 2.2, we have the equialent diameter
given as

4p ed’ )1/2

de = 5
3CpPaty

(2.8)

Solution for de was acccmplished by trial and error methed, and it was
noticed that the drag coefficient changes slowly with Reynolds number in
the range where the diameter change is largest. Table 2.2 shows the
results of such a calculation of the maximum deformation based on
observed terminal velocities. The ratio of the deformed diameter to the
original diameter plotted against the size of the drop is shown in

Fig. 2.4. Thus, within the range of velocities of interest, the
deformation {de-d) is proportional to the square of the velocity, the
proportionality constant can be evaluated for any droplet size from the

curve in Fig. 2.4.
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Table 2.2

DEFORMATION OF FREELY FALING DROPS

Velocity, cm/sec

Re from
Drop Diameter Calculated for Observed Cp

D Observed . Deformation U and D
0.1 32 32 2 14.00
0.2 130 125 16 3.20
0.4 180 180 45 1.50
1.0 395 395 246 0.73
2.0 577 620 723 0.52
2.5 640 715 1000 0.49
3.0 652 822 1300 0.44
4.5 800 946 2250 0.40
343 800 1080 2720 0.39

6.0 _ 800 1300 3000 0.38
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CHAPTER 3

THEORETICAL FORMULATION

3.1 Problem Statement

Conasider a droplet of radius R, initially at a uniform temperature
T, and falling at a constant velocity wy {terminal velocity) in an air-
steam medium of infinite extent, which has a temperature T , higher than
that of the droplet. The problem is %o use the method of numerical
computation in predicting the rate of heat pick-up by the falling
droplet in a mixture of air and steam. The falling droplet experiences
two unidirectional heat fluxes directed towards its surface; one caused
by the temperature difference acting as a driving force hetween the
surroundings and itself; the second caused by the stesm concentration
difference in the bulk and at the droplet surface acting as a mass
trangfer driving force. These components comprise the total heat which
ig exchanged between the surroundings and the droplet. This problem is
to be solved in terms of the temperature or concentration distribution
around the droplet. The flow field vis-a-vis the velocity componenté
have been computed and remain unaltered as long as the conditions. under
which it was obtained remain unchanged.
3ol Assumptions

In order to solve the problem fairly readily, we have to make

several simplifying assumptions. These are as follows:

%.2.1 Completely mixed model. This means that the internal
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registance to heat transfer of the dreplet is negligible compared to the
external gas phase resistance. This assumption implies that there is no
temperature gradient within the droplet. Thus the rate of heat transfer
to the droplet is equal to the rate of heat absorption by the droplet.

3.2.2 The droplet is assumed to he falling at its terminal
velocity.

3.2.3 The far-field temperature of the continuous phase is
presumed to remain constant during the drop's lifetime.

3.2.4 The density and the thermal conductivity of the droplet are
constant.,

3.2.5 Viscous dissipation is negligible and symmetry of revolution
obtains for all dependent variable fields.

3.2.6 The effect of condensation upon the droplet diameter is
ignored.

3.2.7 Absence of droplet oscillation. The occurrence of droplet
oscillation was studied and reported (38). It has been shown that if
the Weber number (Uidpm/c) is less than 4, the droplet would exhibit
little oscillation and the assumption of absence of oscillation will be
Jjustified. This criterion is satisfied in this study.

3.3 Governing Equations

The governing equtions which describe the energy, z2nd mass
transport at the extericr of the falling drop are formulated below
congidering the assumptions made. The equtions for r:R are the

following:
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Continuity:

1

a .
. — = 0 01)
r8ind oe (u881ne) G

1 3 2
?"a-; (r ur) +

Energy:
u
oGt * Yo or T T 6 ) [_r"z > (& ar) Zoing 09 26
(3.2)
Mass(vapor concentration)
aC ac U ac 1 230 1 C ) ac
—"'U—"'—e——' =D[—2‘%(r-6?]+‘—z——‘— %(311&636].
ot T oar r 1) r r sin®d
(3.3)

The velocity components, U, and Ue are found from the numerical flow
solution of Rimon and Cheng (26) and the stream lines at Reynolds number
of 1000 from which these components are computed as shown in Fig. 3.1.
The computed velocity components are shown in Tables 5.6 = 5.7. In the
case considered resistance to transfer is present in the
external fluid only and this velocity distribution remains
valid as long as Reynolds number condition is satisfied. A
mass balance on an elemental cell in the streamliine,
considering bulk flow in both the radial and tangential
directions, gives rise to the computed velocity components,

(See Appendix D fcr calculation techniqhe).



FIGURE 3.1: STREAM LINES AROUND A FALLING SPHERE(26)
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Using the reduced variables,

*
T = (B2 0 (B3]

*

r = r/ R

2

T* = at / R

¥ (3.4)
U e) == RUG / @ 3-4
*
Ur = HUr / «

a = X/ pCP

We can write Eq. 3.2 in non-dimensional form (after dropping the stars)

as

3T T Ug 3 1 2 2 a7 1 6 3T
_+Ur_+'5—'=§__(r_)+ : — (sine — ). (3.5)
3% o % r & or v sing OO o8

The vapor mass diffusion equation can be obtained from Eq. 3.5 by
replacing the dimensionless T by the corresponding dimensionless mass
concentration C and the thermal diffusivity « by the diffusion
coefficient D . Since the initial and boundary conditions necessary for
golving these two equations are also similar, there is analogy between
heat and mass tansfer.

The initial and boundary conditions for Egq. 3.5 are

t=20 T=0 at r = 1 for all ®

T =1 at r > 1 for all ©

- (3.6)
t >0 — =0 at ©=0, n for all r
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—_=0 for r+» and for all &

at r=1 (interface), the energy balance condition becomes

of . p_p, 28] (3.7)

aT
o T 3r fg'T ar

a°p 3t - RalK

3.4 COMBINED MOLECULAR AND TURBULENT (EDDY) DIFPUSION

The gspeed of fall in a steam-air atmosphere of droplets larger than
100 microns in diameter is great enough %o develop eddies in the wake of
gsuch particles so that the mass transfer is accomplished not only by
convection and molecular diffusion but alsc by bodily transport in fluid
vortices, called turbulent diffusion. Turbulence is an irregular motion
which in general makes its appearance in fluids when they flow past
droplets. Since turbulent fluid motion is such a random fluid motion, a
basic characterigtic of turbulent flow isg its duffusive action;
accordingly, the exchange process is greater in turbulent than in non-
turbulent flow. The diffusive action of turbulence is considered to
result in an eddy viscosity or eddy heat conductivity from which the
distribution of mean values can be calculated, just as in the kinetic
theory of gasesa, where molecular transport processes result in a
vigcoaity and heat conductivity.

We will start from the transport equation, where Prandtl %$ried to
connect the coefficients of eddy diffusion € and & with the

characteristics of the turbulence. According to the kinetic theory of



28

gazes, the kinematic viscosity is equal to the product of a mixing-
length and some auitable velocity. The mixing-length theory arose out
of early attempts by Prandtl to describe turbulent flow quantitatively.
It was well known that the friction loss occurring during turbulent flow
was many times that attributable to molecular viscosity alone.

Combining the turbulent diffusion with that of molecular, the total

rate of mass transfer becomes

ho_

T '(Dm * em]'EF (3.8)
where €n ig the eddy diffusivity of momentum. Similarly for heat
transfer, we have

q a7

= (erg) — (3.9)

p.c A dr

2 p
or
4 ar
— = Ko (3.10)
A

where & eddy diffusivity of heat,

and KT is the total conductivity which is made up of the molecular

conductivity and the eddy conductivity of heat,
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However, em=sh=vt, which is the eddy viscosity, and this resulted from
the variocus assumptions Prandtl made in the analysis. He assumed that
the mixing-length for heat transfer is the same as the mixing-length for
momentum tranafer; that is, & particle of fluid travels the same
distance before losing its identity and before attaining a different
temperature.

The molecular diffusivities of & fluid are related by the Prandtl

and Schmidt numbers:

Pr = — = — (3.11)
- Y _ u
8¢ = - =
b, o, (3.12)

These are properties of the fluid and diffusing substance. Similarly,

turbulent Prandtl and Schmidt numbers are

These are properties of the flow and of position in i%, as well as of
the fluid and diffusing substance. In fully turbulent regions, they
characterize the diffusive activity more closely than do their molecular

counterparts. The molecular values vary over wide ranges and for
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liquids the Prandtl and Schmidt numbers are strongly dependent on
temperature. In a full turbulent flow, however, the mechanisms of
transport are much the same for momentum and energy; admittedly mediated
by molecular diffusion. Hence the ratios of the effective diffusivites
differ only a little from unity for a wide range of flows and fluids. A
much used approach to turbulent diffusion (which is applied in this

study) is through the assumptions:

Pr, = S, =1 (3.13)

From this, we have
&y = Dt = Vt
and
Kt = pwcht

V, is given by an experimental correlation due to Smagorimsky (33) as

e e /(2 (3.14)

*
where c1 = 0,2, » =d and & is the dissipation function given by

o " [2( 2 2 2 2 2 2 ]
= X +e + * + +
, - \Frr co5%0s) * S 0" T ar © ro
where in two dimensional spherical coordinate system (r, 6) since the
analysis is independent of ¢$, we have

€ ro = g 96 =0
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u U Coto
_ [¢]
[ = — t ———
bd r r
U 1 au
= p 0 (9 _ _r
EGr » ar ( r ) " r 38 (3.15)
) } aur
rr or
1 aUB Ur
£ B
80 r 8 r

TOTAL DIFFUSIVITY, T

The total diffusivity, Dy (molecular plus turbulent) is defined as
Dy = B, + Dy (3.16)

here, Dm is the molecular diffusivity of steam in air and Dt has been

defined as the turbulent diffusivity. The following correlation was

used to calculate the Dm(10}:

For T >400K

2 -6 1.88
D, (em / 8) = 5.385 x 10 T . (3.17)

Thus, the total diffusivity was reduced to a distribution around

the droplet and kept constant for the program. D (r,6) =D + Dt(r,e).
i

Table 5.8 gives the distribution of the turbulent diffusivity.

3.5 DENSITY OF ATR IN MIXTURE:

The density of the air in the mixture was obtained by applying the

equation of state of an ideal gas:
P

..
Pa RT

(3.18)
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A semi-empirical relation gives the partial presaure of air to be

T
298.16

When these relations are used, a fairly constant value of the air

T in K (%.19)

Pa(atm) =

density is obtained for the mixture temperature equal or greater than
400X. Thus the value of the air density was taken constant for the
whole flow region. When computed for Ta = 403,16°K, we have

Py = 0.001185 gm/cm3

DENSITY OF VAPOR IN MIXTURE:

The density distribution of the vapor was updated at the end of

each time step by the use of the following correlation (21):

PS(T)
Py = (3.20)
R?
26 =-5.3512 -6890.8%/T 2
where PS(T) = 6,0573x10 T e ¥/m , T in ‘K
and R = 485.27-0.07966T J/Kgmole *K
For example, at T = 353.15K, we obtained
=3 3
ps(Eq. 3.20) = 0.2921x10 gm/em
-3 3

pg{exact) 0.2925x10 em/cm
This is the equation used for the boundary condition at the droplet
surface; making use of the new droplet surface temperature distribution

each time %o compute the new density distribution, ps(r,e).

DENSITY OF MIXTURE:

Pm = XgPg * %P, (3.21)
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This was the density taken as that of the atmosphere (Qo)= x_,x, are the
mole fractions of air and steam in the mixture respectivetby.
Actually, the effect of the air in mixture came into play
only in the overall density of the atmosphere and the

molecular diffusivity of steam in air, D -
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CHAPTER 4

NUMERICAL COMPUTATION

The dimensionless energy equation and the set of boundary
conditions presented in Chapter 3 are solved numerically. The first
step in the solution of the equation by a finite difference method is to
reduce it from continucus to discrete form, and then to solve the
resulting algebraic equation on 2 digital computer. The basgic method is
to expand the terms of the original partial differential equation in
Taylor's series. The series are truncated to a reasonble accuracy and a
finite~difference equation is obtained by the replacement of each term
by the truncated series. BEach finite-difference equation relatea the
value of a function at any mesh point to the values at neighboring mesh
pointa. In the present work, a five point approximation, involving four
neighboring points, has been used (25, 27, 34). The domain over which
the equation is to be integrated, the flow region, is represented by a
finite number of pointa spaced syatematically within the domain. The
mesh points are spaced uniformly in both the r and G-directions aleng
with the assumption that the flow around the vertical axis is

axisymmetric, and all variables are independent of ¢.

4.1 Numerical Solution Procedure

Rearranging the governing energy equation from Chapter 3, we have,
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2 1) 2
Bgeg-we e 33 e
or r r ac?

We introduce a mesh of points in a eross-sectional plane for which
the azimuthal angle ¢ is constant; the mesh is defined as shown in
Fig. 4.1, by the intersection of the curves

r, = 1+(n+1-1) Ar; ej = jA@ (4.2)

n is the number of mesh points in the radial direction.

+1
An approximate relation between the temperature TE j at a time step k+i

k . . . . k k
and Ti,j along with its four nearesat neighboring points Ti+1,j, i-1,3,
k

T, and T.k.
1 -

at a time step k, and at an arbitrary mesh point
i, » 3=t

(ri = iAr, Gj = jA®) can be obtained by expanding T in a Taylor's

geries about the point (i, j, k) keeping only terms to gecond order:

2

2 I(r-r.)
2r,0, 900 ,0.,5) + L | (rerp e LD A I (66y)

1,3,k or® |1, 3% 1,3,k
2
5 (6-6,)  or

R (g )e=mm  (4.3)

% 11,50k % li, 5k

By setting r and 6 successively equal to (i#1)Ar and (j*1) A8, Eq. 4.3

. X . k k
gives rise to four expressions relating Ti,j and Ti:1, 41 te the

derivatives of T at (i, j, k). That is,
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2 2
AT 3T ( ar)
{ ri+&r,9j,‘ck) - T(ri,ej,‘ck) = 3 Ar + ""E —2 (4.4)
i,k or i,k
T a%T ( )2
T(ri-Ar’ej’tk) - T(ri’ejltk) = - _'g; &r + __-2 __“é'_ (405)
i,j,k or  (i,],k
ar X { 48)
T(r;,0, + 88,7 )-Nr ,8,,7) = 3¢ 2+ 23 289 (4.6)
J i,3,k 20" |1,3,x
2, ( )2
- _of . 2 X
Trys05m00, m)-(ry 05 % |3 50 o6° 1,5,k 2 4.1
and by setting t equal to (k+t)Ar, we have
_
T(ri,ej,rk + AT) ~ T(ri,ej,rk) < |, ; kar (4.8)

These five equations, together with the differential Eq. 4.1 allows

us to eliminate the derivatives in Eq. 4.3 and thus to obtain an

. . k+1 k k .
equation relsting Ti,j to Ti,j and Tit?,jt! in terms of the known
quantities such as T and cotej:
k1 _ k k k k
Ti,y T AT, st BagTie,y T G5 BT g T Pty g (49
where
At At ( 2
L =y == (= -U__..) {4.9.1)
o (ar) 2ar Ui i
At At 2
==y - L (= - U, l) (4.9.2)

+d (Ar) 2Ar i
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2AT 2AT ( )
G. = - - 4.9.3
: (a0) oz, (a0)
cotd, U..
A i
g T - AR (- ) (4.9.4)
r, (28) 248 r. i
1
L At + AT cotsy Ueij] (4.9.5)
l,j 4 Z P4 r, v
r, (a8} 2408 ry i

From the derived finite-difference equation, it follows that the
diffusion term and the non-linear convective term have been approximated
by a central difference scheme, which is second order accurate. Omn the
¢other hand, the time dependence of the temperature has been approximated
by the forward difference scheme., Here, i,Jj are used to denote the
location in r and & directions reapectively, and k represents the number

of time steps. PFor convergence of the solution, the criterion used is

At (s v ) 12 (4.10)
(Ar) (ras}
U, At

The Courant c¢riterion ( o <1 ],for convergence taking into account
the convective term of the energy equation has been tested and found to
be greater than the dimensionless time increment for the diffusive term.

As such, the inequality 4.10 is used for this study.
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4.2 Boundary Conditions

We have chosen an approximation to the physical geometry of the
falling droplet by constructing the boundaries with two types of
boundary segments. In a cross-sectional plane { p=constant) regions
consist of atraight line segments and arcs of circlea, all concentric
with the surface of the droplet. The volume in which the energy
equation is to be sclved must be completely enclosed by boundaries made
up of such segments. The segments are identified by the order in which
they occur as 0 increases from C to n, and each boundary segment is
specified by its type (line or circle), the constants of its equation in
polar coordinates, and the largest value of 6 for that segment.

The mesh, the initial approximations to temperature at each mesh point,
the distances between neighboring mesh points, and the boundaries are
get up automatically after the equation and temperatures of the boundary
gegments and the desired mesh spacings (Ar and A6) have been specified.

When the point (i,j) is on the 8=0 or = axis, the last term in
Bg. 4.1 vanishes because d37/38=0 for these values of 8. By carrying out

the procedure described in the numerical solution procedure section,

relations for this case are given below:

K+l X At ok
Tin - A11T§+1,1 B 1T]:,-1,1 FOT T 2 Ty
ar; ( 48)
{4.11)
k+1 _ k k At k
Tiome1 = A5 petTiet,met” Bi,m+1Tki—1 ot i Ty et Ty, o1
2r, ( a8)

m is the number of mesh points in the angular direction.



Figure 4.1

Schematic diagram of the circular mesh system.
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[1 2AT At
- 2= T ]
(ar) 2r; (26)

where Di = (4.11a)

At far distance from the droplet surface, we have the condition
k+1
1]

and the surface boundary condition is obtained from a heat balance as

T = 1,0 (4.12)

follows:
ar 20" AB A
O 2R .]Zq (93) [cos(ej- 2—] - cos (ej+ = 1] (4.13)
where
.!l - aT EE
q KT T + hngT AT (4'133)

In Eq. 4.13a, the first term on the right accounts for the
conduction of heat into the droplet, the second for the condensation on
the droplet. All these equations are transformed into PORTRAN language
for the purpose of running the program. The flow chart and the list of

this program are shown in Appendices A, B, and C.
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CHAPTER 5

5.1 DISCUSSION OF RESULTS

The cooling of the atmosphere by a falling water droplet was
calculated according to the complete mixing model. The accuracy of the
resulta obtained and the economy of the procedure used, like any other
finite difference method, are dependent on the mesh sizes, magnitude of
the time step, position of the outer boundary, and convergence criteria.
Values of these factors were found on the basis of numerical methods and
were selected in order to achieve convergence. In the present study,
the values of the mesh constants Ar, A8, Az used in the program are set
equal to 0.1, 6° and 0.0026, respectively.

The problem was programmed in FORTRAN IV (Appendices B and C) and
Trun on an IBM computer. The regulta of the calculation are summarized
in Tables 5.3 - 5.5, plotted in Figures 5.1-5.4, and given in complete
form in Tables 5.9 - 5.19 for the temperature and density distributions.
Fig. 5.2 gshows the plot for the two heat fluxes (condensing and
sensible) and the total heat flux. It can be seen that the condensing
part of the total heat flux dominates the transfer process.

5.2 HEAT TRANSFER COEFFICIENT(h)

The overall heat transfer coefficient to the droplet is defined by

the relationship

2
cal / em s°K, (5.1)

l,?
Bl *
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"s is the sensible heat Fflux and AT is the temperature difference

between the droplet surface and the bulk of the air-steam mixture. In

dimensionless temperature form, we have

Gn

8 _ (To=T)
L (=) (5.2
T iw the variable droplet surface temperature.
Since T = {g- )) , We have
=] _w-TO

. (Tp-T)
R

where 'I‘s iz the dimensionless droplet surface temperature. Thus,

w7 - nt-1) (5.%)

Fig. 5.2 gives the plot of ETE against (1-Ts). When these data are
fitted into a polynominal of the third order, the following relationship
is obtained:

2 3
Flx) =C_ +Cix+ Chx  + Cxx (5.4)

where F = T R X = 1-T8,
Co = -5.2902933,
Cy = 18.8827631,
Cpr = =22.4382146, and

o
[
L}

8.885428.
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Differentiating Bq. 5.4 gives the heat transfer coefficient, h, as a

function of x as
2
n(x) = ©; + 20,x + 305x (5.5)

The average heat transfer coefficient during the droplet transit <h> is

<h> = lﬂ%g%gl_ (5.6)

Substituting Eq. 5.5 into Eq. 5.6 and evaluating the integral within the

given as

range 90.7409 <x<0.933%, we have
2
<h> = 0.078 cal/cm s°K
Table 5.2 gives the theoretical value of the heat transfer coefficient.

The value computed in this study agreed fairly well with this value.

5.% MA3S TRANSFER COEFFICIENT (kg)
In an analogous way, the overall mass transfer coefficient is

defined by the relationship,
.ll

% k, (1-03) (5.7)

"

where 2" is the mass flux and Ap is the concentration difference in

3
g/em  of the transferred material between the bulk of the surrounding

fluid and the surface of the droplet; CS is the dimensionless droplet
.ll
2
Ap

However, when these data are fitted into a polynomial of the third

gurface concentration. Fig. 5.3 gives the plot of against (1-03}.

ocrder, the following relationship is obtained:
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2 3
f{y) = Ag + Ay + Ayy o+ Mgy, (5.8)
ﬁ"
where f = 7o and y = 1~Cs,
Ag = -6773.4624927,
Al = 23427.4104069,
Ay = =27029.86483%2, and

Az 10405.1423465.

Differentiating Egq. 5.8 gives the mass iransfer coefficient, kg’ as a
function of y, as
2
K (y) = Ay + 280y *+ 3Agy - (5.9)
The average mass transfer coefficient , <kg> in an anslogous way is

<k > = 10
& T T 510
Subsatituting Eq. 5.9 into Eq. 5.10 and evaluating the integral within
the integral within the range 0.8%53 <y>0.9655, we have the result

<kg> = 103.103 cm/s.

TABLE 5.1
TYPICAL PROGRAM RUN

INPUT DATA

STEAM TEMPERATURE, T =130°C
DROPLET INITIAL TEMPERATURE = 80°C

DROPLET DIAMETER, d = %mm.




TABLE 5.2
THEORETICAL MEAN HEAT-TRANSFER COEFFICIENTS

FOR VARIOUS DROP DIAMETER( 2)

hs

d

{mm)

1.0 1.5 3.0 4.8

6.3

h,cal/cn?sec’e 0.157 0.099 0.049 0.033

0.025




TABLE 5.3
SUMMARY OF RESULTS FROM COMPUTER RUNS

TIME HISTORY OF DIMENSIONLESS DROPLET TEMPERATURE AND DENSITY

Time Temperature Dengity
(sec) (Tg) (cg)
0.3553 0.0667 0.0345
0.7106 0.0953 0.0522
1 0659 0.1149 0.0645
1.4212 0.1299 0.0741
1.7765 0.1421 0.0820
2.137 0.1523 ¢.0887
2.4870 0.1611 0.0946
2.8423 0.1688 0.0998
3.1976 0.1757 0.1045
3.5529 0.1818 0.1087
3.9082 0.1874 0.112%
4.2635 0.1925 0.1161
4.6188 0.1972 0.1194
4.974 0.2015 0.1224
5.3293 0.205% 0.1252
5.6846 0.2092 0.1279
6.0399 0.2127 0.1304
6.3952 0.2160 0.1327
6.7505 Q.21 0.1350
7.1058 0.2220 0.1371
8.5269 0.2322 0.1445
9.9481 0.2406 0.1507

11.3692 0.2477 0.1560Q
12.7900 0.2538 0.1607
14.212 0.2591 0.1647




TABLE 5.4

TIME HISTORY OF HEAT AND MASS FLUXES TO DROPLET

47

Time Total Heat Condenaing Heat [Senaible Heat Mass Flux
Flux Flux Flux
(sec) ﬂ;(cal/cmzs) Q"c(cal/cmzs) d"s(cal/cmzs) ﬁ"(g/cmzs)
0.3553 8.170 T.400 0.770 0.0140
0.7106 4.950 4.500 0.450 0.0086
1.0659 3.620 3.200 0.320 0.0062
1.4212 2,750 2.500 0.250 0.0049
1.7765 2.300 2.100 0.200 0.0040
2.1317 1.970 1.800 0.170 0.0034
2.4870 1.640 1.500 0.140 0.,0029
2.8423 1.430 1,300 0.130 0.0026
3.1976 1.310 1.200 0.110 0.0023
3.5529 1.200 1.100 0.100 0.0020
3.9082 1.060 0.970 0.090 0.0019
4.2635 0.962 0.880 0.082 0.0017
4.6188 0.885 0.810 0.075 0.0016
4.974 0.819 0.750 0.069 Q.0014
5.3293 0.763 0.700 0.063 0.0013
5.6846 0.709 0.650 0.059 0.0012
6.0399 0.665 0.610 0.055 0.00116
6.3952 0.621 0.570 0.051 0.0011
6.7505 0.588 0.540 0.048 0.0010
7.1058 0.555 0.510 0.045 0.00098
8.5269 0.447 0.410 0.037 0.0008
9.9481 0.380 0.350 0.030 0.00067
11.3692 0.326 0.300 0.026 0.00057
12.790 0.282 0.260 0.022 0.0005
i4.212 0.250 0.23%0 0.020 0.00044




TABLE 5.5
DATA FOR HEAT AND MASS TRANSFER COEFFICIENTS
" * .
(1-TS) ca? ? émgz K (l-CS) gm ¢s&p
0.9333 0.0154 0.9655 13.860
0.9050 0.0090 0.9478 8.515
0.8850 0.0064 0.9355 6.139
0.8700 ¢.0050 0.9259 4.850
¢.8580 0.0040 0.9180 3.960
0.8480 0.0034 0.9113 3.366
0.8389 0.0028 0.9054 2.871
0.8312 0.0026 0.9002 2.574
0.8243 0.0022 0.8955 2.277
0.8182 0.0020 0.8913 1.980
0.8126 0.0018 0.887% 1.880
0.8075 0.00164 0.8839 1.683
¢.8028 0.001% 0.8806 1.584
0.7985 0.001328 0.8776 1.386
0.7945 0.00126 0.8748 1.287
0.7908 0.00118 0.8721 1.188
0.7873 0.0011 0.8696 1.148
0.7840 0.00102 0.8673 1.089
0.7810 0.00096 0.8650 0.990
0.7780 0.0009 0.8629 0.970
0.7678 0.00074 0.8555 0.792
0.7594 0.0006 0.8493 0.663
0.7523 0.00052 0.8440 0.564
0.7462 0.00044 0.8393 0.495
0.7409 0.0004 0.83%53 0.436

48
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HEAT FLUX (Cal/cm-sgq sec)

‘0

o
ll'l!lTlllll_fll‘lili[lllllilllll&il!-ﬁlll

ui

5

rn

+ TOTAL HEAT FLUX, Q T
. SENSIBLE HEAT FLUX, Q

b+

>+

8 w
A CONDENSING HEAT FLUX, Q

C

.
w»»»&
Y T T 2 A &. 4 a
el —-n.-h.—.bb-h.-mp.-.hr.—b-- L2 4 2
6 8 i0 i2 14 16
TIME (sec)

FIGURE 5.2: HEAT FLUX = TIME CIIARACTERISTICS.
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Q /AT (cal/cm-sq sec k)
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TABLE 5.6
RADIAL VELOCITY COMPONENY OISTRIBUTION

DIMENSIONLESS RADIUS

ANGLE 1.0 1 1.2 1.9 L) 1.8 1.6 1.7 t.B 1.9 2.0
180 .00 -2.82 -2.82 -2.82 -2.82 -2.82 -2.82 -2.982 -2.B2 -2.82 =2.82
174 0.00 -0.59 -0.90 -0.87 -0.91 -0.92 -0.93 -0.93 -0.93 0.9 -0.29
168 Q.00 Q.24 ~(.86 -0.79 -o.48 -0.90 ~0.83 -0.93 -0.92 -G.89 0.37
1652 0.00 -0.26 ~0.72 -0.78 -0.87 -0.92 0.9t -0.88 -0.81 0.59 0.51
156 Q.00 -0,36 ~0.59 Q.56 -0.79 -0.89 0. 90 0.26 0.70 0.0 0.80
50 0.00 -0, 16 -0.35 -0.38 «0.47 Q.81 0.80 0.7 0.70 0.17 0.87
144 0.00 -0.13 -0 12 -0.09 Q.80 .74 0.66 Q.66 0.72 0.74 .82
129 0.00 Q.17 0.26 0.64 Q.70 0.70 .70 0.72 0.75 0.75 0.75
132 0.00 0.19 O.88 0.92 0.8 0.72 0.7t 0.69 0.69 Q.69 0.69
$26 .00 0.%6 0.64 G.61 0.68 0.64 Q.64 0.861 0.61 0.61 0.61
120 0.90 0.53 0.54 0.60 0.57 0.53 0.53 0.53 0.53 0.53 0.53
ti14 0.00 0.56 0.53 0.53 0.47 0.42 0.42 0.42 0.42 0.42 Q.42
108 0.00 0.46 0.45 Q.44 0.42 0,33 0.32 0.33 0.33 0.32 0.3
10z 0.00 Q.40 0.36 0.32 o.31 0.22 0.22 0.22 0.22 G.22 0.22
96 0.00 0.29 0.26 0.22 0.21 .13 .13 0.12 0. 12 .12 Q.14
90 Q.00 Q.19 0.15 Q.12 C.09 0.00 0.00 0.00 0.00 0.00 0.00
84 0.060 0.12 0. t0 0.07 -0.02 -0.08 -0.08 -0.08 -0.08 -0.08 -0.08
78 0.00 0.00 =-Q.07 -0. 10 -0, 12 -0, 18 0. 18 -0.18 -0.18 -0.18 -0.18
k¥ 0.00 -0. 10 -0, 12 -0, 14 Q.14 -0.29 -0.29 -0.28 -0.28 -0.29 -0.29
66 0.00 -0. 13 ~0. 15 =0.22 -Q.26 -0.J8 -0.39 -0.79 =0.J38 -¢.38 -0.28
€0 0.00 -0.13 -0.13 -0.26 ~0.34 -G48 -0.47 =0.47 -0. 47 -0.48 ~0.47
S4 0.00 -0.23 -0.29 -0.35 -0.35 -G.56 -0.56 -0.57 -0.57 -0.57 -0.5%7

4B 0.00 -0.27 -0.39 -0.39 -0.66 -0.66 ~Q.65 -0.6% -0.686 -0.66 -0.66
12 0.60 -0.30 ~0.40 -0.M1 0.1 -0.73 -0.72 -0.72 -0.73 -~0.73 -0.72
a6 0.00 ~0.37 -0.55 -0.5% -0.62 -0.79 -0.79 -0.79 =0.79 -0.79 -0.719
0 Q.00 0.8 -0.587 -0.57 -0.85 -0.85% -0.BS +0.86 -.86 -0.86 -0.87
24 0.00 0. 44 -0.45 =0.70 ~0.70 Q.94 -0.91 -0.9% 0.9 -0.9 -0.9)
18 0.00 =0, 64 0,64 -0.889 -0.92 -Q.99 =0.93 =0.93 -0.94 ~0.94 -0.95
t2 Q.00 -0.89 -0.89 -0.89 -0.96 -0.96 -0.97 -0.99 -0.98 -0.98 -Q.98
6 0.00 -0.96 -0.96 -0.99 -0.99 -0.99 -0.99 -0.99 -0.99 -0.99 -0.99
[¢] 0.00 -1.00 -1.00 -1.00 =1.00 -§.00 ~-1.00 =1.00 -1.00 -1.00 -1.00
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TABLE 5,7
ANGULAR VELOCITY COMPONENT DISTRIBUIION

DIMENSIONLESS RADIUS

ANGLE 1.0 LI 1.2 1.3 1.4 +.5 1.6 1.7 t.8 1.9 2.0
180 0.00 0.00 0.00 Q.00 .00 Q.00 G.00 0.00 0.00 0.00 0.00
174 Q.00 0.1 ~0.19 -0.20 -0. 16 -0.13 -0.10 -0.09 0.05 0.07 Q.26
168 ©.00 ~0. -0.38 -0.39 -0.22 -0.27 0. 15 -0.13 0.08 0. 14 0.53
162 .00 -0, 47 -0.44 =0, 47 -0.2% 0.15% 0.3 0.19 0.26 0.6%5 0.72
156 Q.00 -0.62 ~0.5% -0.67 -0. %0 ~-0.29 0.19 Q.72 0.59 0.63 0.56
150 0.00 =0.44 -0.56 -0.38 -0.27 0.45 0,46 0.60 0.68 0.62 Q.48
144 Q.00 -0.52 =-D.65 -0.93 Q.50 0.58 0.66 0.70 0.67 0.65 0.57
138 0.00 -0.27 -0.18 0.2 0.62 0.63 0.70 0.69 0.66 0.66 0.66
$32 0.00 ~0.12 ~0.47 ~0.39 0.62 0.72 0.7 0.72 0.72 Q.72 0.72
126 0.00 -0.56 0.76 0.79 Q.72 0.717 0.77 0.79 0.79 0.79 0.79
120 0.00 0.84 0.79 0.0 0.0% 0.85 0.0% 0.85 0.0% 0.89% 0.89
114 0.00 0.83 Q.85 0.8% o.88 ¢.91 0.9 o.91 0.91 0.9 0.9
108 0.00 0.87 0.es 0.90 Q.90 0.9% 0.95 0.95 Q.95 Q.95 0.95
102 0.00 Q.90 0.93 0.94 Q. 9% 0.99 0.99 0.99 0.99 0.99 0.99
6 0.00 Q.95 0.9% 0.97 0.7 0.99 Q.99 0.99 0.99 0.99 0.9¢9

o0 Q.00 0.37 Q.97 ©.08 0.99 1.00 1.00 1.00 1.00 1.00 1.00
84 .00 0.98 0.98 0.98 G.97 0.99 0.9%9 Q.99 Q.99 0.99 0.99
7B Q.00 0.98 0.98 0.98 .99 0.98 0.98 0.98 0.98 0.98 Q.98
T2 0.00 Q.96 0.97 Q.98 0.91 0.96 0.96 0.96 0.96G 0.96 Q.96
66 .00 0,96 Q.97 0. 96 0.96 0.92 0.92 0.92 0.92 0.92 0.92
GO 0.00 0.94 0.94 0.94 .93 0.87 0.80 0.88 0.00 0.87 0.89
o4 0.00 Q.92 Q.90 0.9 Q.91 0.83 Q.83 0.82 0.82 Q.82 0.82
48 G.00 0.89 0.87 0.89 0.76 0.79 0.76 Q.76 Q.76 0.7% , 0.7%
az G.00 0.83 0.86 0.66 0.66 0.68 0.68 0.68 0.60 ¢.68 0.69
a6 0.00 0.79 0.73 Q.70 Q.74 0.60 0.60 0.60 0.60 0.62 0.62
a0 0:00 0.74 0.76 0.76 0.52 0.%3 0.53 0.50 0.52 0.51 0.51
24 0.00 0.71 0.76 0.85 0.65 Q.42 0.42 0.42 Q.42 0.42 o.11
18 Q.00 0.71 0.7 0.34 0.36 0.6 0.33 .35 0. 34 0.34 Q.30
12 0.00 0.24 0.24 0.24 0.246 0.26 Q.24 0.17 0.18 0.18 0.18
G 0.00 0.4 0,14 0. 14 0. 14 0.t4 0. 14 0. 14 0.15 0.15 0.14
o 0.00 0.00 ©.00 0.00 0.0 Q.00 0.00 0.00 Q.00 0.00 0.00
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ANGLE

100
174
160
162
156
150
144

000000 COROLR2VVO000000I0Q00 -

1.0

.68902
.3G44

2254

L252R
.33293
. 2096
.2336
- 1529
1246

4108

.4168
. 4859
LAG01
L4507
.4383

4263

L4213
LRLY
L4110
. A140
.A057
L4133
L4102
.3948
.I873
.I87A
. 3999
.4872
L6427
.57
.5990

G.9236
0.5372
0.2707
0.2493
0.1964
0.1220
a.0772
0. 1412
Q.2727
0.4198
Q_444%
0.2142
0. 1895
0. 1763
Q.1545
0. 1455
0. 1386
0.1311
Q. 1494
0. 1696
0. 1500
0. 1584
Q.1847
0. 186%
0.2044
0.2118
0. 1647
Q.2535
0.3352
0.3140
0, 1665

TABLE 5.8

TURBULENT DIFFUSIVETY DISTRIBUTION

1.2

0. 4067
- 10,9775
0.2040
0.1918
0. 1155
0. 1047
Q. 1501
0.2415
0.3494
0.3904
0.0793
0.0689
0.071%
0.0738
0.0731
0.064)
0.0738
- 0.0780
0.0463
0.0478
0.0714
0.0923
0.0718
0. 1644
0.0987
0.0673
G.10t9
0.2491
0. 1959
0.1182
0.3279

1.3

0.3711
0.3543
0.1100
0.1312
0.1222
0.1529
0.5030
0.3667
0.3601
0.305¢0
0.0565
0.0708
0.0737
0.0709
G.0660
0.0549
0.0736
0.06GAG
0.0505
0.0640
0.0860
0.0623
0. 1559
0.1479
Q.0331
0.1379
0. 1758
0.1986
0.0909
0.110
0.3119

DIMENSLUNLESS RADIUS

1.4

0.3440
0.3200
0.1001%
0. 18046
0. 18G4
0.5766
0.5147
0. 1695
0.2309
0.0981
0.0795
0.0606
0.0635
0.0647
0.0659
0.0696
0.0735
0.0537
0.0716
0.0854
0.09372
Q.1228
0.1552
0.0459
0. 167
0.431
0. 1242
©.1347
0.0984
O. 1047
0.289%

TEILQOVIIVQLACCOORQUVII0ITIDQOQ

1.5

L1
.291%
L0610

1135

L3912
.5620
.0820

0G 16

. 0669
. 0696
.GT59
.0627
. 0598
.0568

05992

. 0607
.05%8
. 0626
.Q78O
. 000
.o821

1024

L0711
.0726

1056

.0824

1229
0795

L0912
L0979
L2709

1.6

0.2940
0.2599
0.0514
0.0458
0.5487
0.2406
0.0760
00,0447
0.0%49
0.0676
0.0707]

©000000000090000000
°
L=1]
1]
~d

1.7

0.2751
0.2666
0.0681
0.2035
0.5190
0.0909%
0.0%504
0.0467
0.0562
0.0601
0.0615
0.0581
0.0549
0.0523
0.0514
0.0487
0. 0466
0.0199
0.0538
0.0549
0.0572
0.0630
0.0643
0.0675
0.0713
0.0737
0.0683
0.0842
0.0821
0.0725
0.2385

1.8

0.2420
0. 2489
0.076)
0.5117
0.211%
0.0475
0.0448
G. 0192
0.0591
0.0585
¢.0580
0.0519
Q.0519
0.0494
0.0485
0.0460
0.0440
G.0472
0.0498
0.0816
0.0566
0.0588
0.0624
0.0632
0.06230
0.0682
0.0689
0.0783
Q.0713
0.0699
0.2254

1.9

0.2237
0.3151
0.4G36
0.4780
0.0412
0.0814
0.0G61)
0.046)
0.0560
0.055%
0.0550
0.0520
0.0492
0.0468
0.048)
0.0426
0.0417
0.0457
0.0474
0.0495
Q.0529
0.055%0
0.0589
0.0555
0.0610
0.0686
0.0646
0.0759

0.0677

0. 0666
0.2136

2.0

Q. 1033
a.4112
0.4075
0.0706
0.0409
0.0613
0.0725
0.05G63
0.0532
0.0527
0.0522
0.0494
0.0467
0.0425
0.0442
0.04034
Q. 0297
©.0424
Q.0449
0.0455
0.0478
0.0539
Q.0532
0.0524
0.0627
0.0660
0.0663
0.0744
0.0607
0.0630
0.2027
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TABLE 5.9

mmmmmmmmmmmmmmmmmmm



58

WHEN TIME =0.71058762 1SEC TABLE 5.10

TEMPERATURE DISTRIBUTION AROUND THE DROPLET

DIMENSTONLESS RADIUS

ANGLE 1.0 1.4 1.8 2.2 2.6 3.0 3.4 3.8
180 0.0936G 0.6155 0.9529 0.9989 1.0000 1.0000 1.0000 1.0000
174 0.0934 0.6665 0.9673 0.9995 1.0000 1.0000 1.0000 1.0000
168 0.0937 0.6800 0.9703 0.9996 1{1.0000 1.0000 1.0000 1.0000
162 0.0940 0.6879 0.9725 0.9997 1.0000 1.0000 1.0000 1.0000
156 0.0944 0.6975 0.9765 0.9997 1{1.0000 1.0000 1.0000 1.0000
150 0.0945 0.7127 0.9797 0.9998 1.0000 1.0000 1.0000 1.0000
144 0.094A 0.7309 0.9813 0.9998 1.0000 1.0000 1.0000 1.0000
138 0.0951 0.7414 0.9822 0.9998 1.0000 1.0000 1.0000 1.0000
132 0.0956 0.747G 0.9825 0.9998 1{.0000 1.0000 1.0000 1.0000
126 - 0.0969 0.7478 0.9824 0.9998 1.0000 1.0000 1.0000 1.0000
120 0.0974 0.7460 0.9820 0.9998 1.0000 1.0000 1.0000 1.0000
114 0.0970 0.7431 0.9814 0.9998 1.0000 1.0000 1.0000 1.0000
108 0.0970 0.7397 0©0.9808 0.9997 1.0000 1.0000 1.0000 1.0000
102 0.0970 0.7355 0.9801 0.9997 1.0000 1.0000 1.0000 1.0000
96 0.0969 0.7310 0.9794 0.9997 1.0000 1.0000 1.0000 1.0000
20 0.0968 0.7263 0.9786 0.9997 1.0000 1.0000 1.0000 1.0000
a4 0.0967 0.7218 0.9779 0.9997 1.0000 1.0000 1.0000 1.0000
8 0.0966 ©0.7174 0.9771 0.9997 1.0000 1.0000 1.0000 1.0000
72 0.0964 0.7140 0.9764 0.9996. 1.0000 1.0000 1.0000 1.0000
66 0.0963 0.7104 0.9757 0.9996 1.0000 1.0000 1{1.0000 1.0000
GO 0.09G61 0.7071 0.9750 0.9996 1.0000 1.0000 1.0000 1.0000
54 0.0959 0.7034 0.9742 0.9996 1.0000 1.0000 1.0000 1.0000
48 0.0956 0.6983 0.9734 0.9996 1.0000 1.0000 1.0000 1.0000
42 0.0953 0.6945 0.9727 0.9996 1.0000 1.0000 1.0000 1.0000
36 0.0950 0.6926 0©0.9722 0.9995 1.0000 1.0000 1.0000 1.0000
30 0.0947 0.6B95 0.9716 0.9995 1.0000 1.0000 1.0000 1.0000
24 0.0944 0.6871 0.9711 0.9996 1.0000 1.0000 1.0000 1.0000

18 0.0941 0.68B26 0.9705 0.9995 1.00060 1.0000 1.0000 1.0000
12 0.0938 0.6789 0.9700 0.9995 1.0000 1.0000 1.0000 1.0000
6 0.0934 0.6761 0.9696 0.9995 1.0000 1.0000 1.0000 1.0000
0 0.0930 0.6738 0.9693 0.9995 1.0000 1.0000 1.0000 1.0000
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.o

0.0522
0.0522
0.0522
0.0522
0.0522
0.0527
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522
0.052>
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522
0.0522

1.4

0.6042
0.6569
0.6709
0.679
0.68338
0.704s5
0.7233
0.734)
0.7404
0.7407
0.738n
0.7359
0.7324
0.7280
0.7233
0.7185
0.7139
0.7094
0.7058
0.7022
0.6988
0.6950
0.689g
0.6858
0.6839
0.6806
0.6782
0.6735
0.6698
0.6669
0.6645

DENSITY DIsSTRY

0.9520
0.9667
0.9698
0.9720
0.9761
0.9793
0.9809
0.9819
0.9822
0.9821
0.9817
0.9811
0.9805
0.979g
0.9790
0.9782
0.9775
0.9767
0.9760
0.9752
0.9745
0.9738
0.9730
0.9723
0.9717
0.971y
0.9706
0.9700
0.9694
0.9690
0.9687

2.2

0.99a9
0.9995
0.999¢
0.9997
0.9997
0.9997
0.999g
0.9998
0.999g
0.999a
0.999g
0.999g
0.9997
0.9997
0.9997
0.9997
0.9997
0.9997
0.999¢g
0.999¢
0.999¢
0.999¢
0.9939¢
0.999¢
0.9995
0.9995
0.9995
0.9995
0.9995
0.9995
0.9995

TABLE 5,13

RUT1ON AROUND THE DROPLET

Qm2m2w~:z_mmw RADIYS

2.6
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WHEN TIME

ANGLE

180
174
168
162
156
150
144
1J8
122
126
120
114
108
102
96
90
84
78
72
66
60
54
48
42
%
ao
24
18
12
6
0

1.4

0.3457
0. IRGO
0.4011
0. 1156
0.4333
0.456G1
Q._4781
Q.4907
0.4973
0.4974
Q.4942
0.48919
0.4829
0.4758
0.4683
0. 14607
0.4534
0.4463
0.4399
0.4335
0.4275
0.4215
0.4149
0.4095
0.4055%
0.4010
0.3976
0.3934
0. 3901
0.3876
0.3853

=2. 1317405 TOSEC

1.8

0.GIR9
0.G9h4
0.7217
0.7449
0.77127
0.7918
0.B030
0.8091
0.8109
0.809%4
0.8057
0.R006
0.7947
0.788%
0.701]
0.7742
0.7674
0.7605
0.7537
0.7470
0.74049
0.7339
0.7278
0.7222
0. 7111
0.73525
0.7084
0.7050
Q.7021

0.7001

0.6984

0.8757
0.9197
0.9326
0.9416
0.9484
0.9529
0.9555
0.9566
0.9566
0.9557
0.9542
0.9521
0.9497
0.9471
0.9444
0.9414
0.9385
0.9355
©.9325
0.9295
0.9265
0.9235
0.920%
0.9178
0.9153
0.9130
0.9110
0.9093
0.9080
0.9071
0.9062

TABLE 5.12

FEMPERATURE DISIRIBUTION ARGUNO TIHE DROPLET

DIMEMNSIONLESS RADIUS

2.6

0.89836
0.9890
0.9910
0.9922
0.990
0.9937
Q.9910
0.9941
0.9941
€.9939
0.9935
0.9931
0.9926
Q.9921
0.9915
0.9908
0.9902
0.9895
0.9882
0.9802
0.9874
0.9867
Q.9860
0.98%)
Q.9947
0.9841
0.9836
Q.98
Q.9828
0.9825%
0.9823

3.0

0.9987
0. 9991
0.99972
0.9994
0.9995
0.9995
0.9995
0.999%
0.9995
(.9995
0.9995
0.9994
G.9994
0.9993
0.9992
0.9992
0.9931
0.99390
0.9989
0.9988
G.9987
0.9986
0.9985
0.9984
0.9984
0.9983
0.9902
0.9981
0.9981
0.99814
0.9980

3.4

0.9999

- mk mk o mk omk wh omk ml mk ok mk ok e mm e ok sk g mh mm R wh b mb mE =R b wE e

. 0000
.0000
.0000
.0000
L0000

. 0000
L0000
L0000

L0000
. 0000
.f}000
- 0000

W e i vl o R i AR k. ml mk ol wl mE ml mk mk mk mh s ke mk S A b R Ak mk

4.6

L0000
. 0000
. 0000
L0000

. 0000
. 0000
. 0000
. 0000
L0000

. Q000
L0000

.0000
-0000
-0000

. 0000
- 0000

- 0000
.G000

. 0000
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ANGLE

18C
174
168
162
156
150
144
138
132
a6
120
114
108
102

a6

1.0

0.0007
0.0887
0.0887
©.0087
0.0087
0.08R7
g.oney
Q.0nB7
0.ona7
0.0807
0.0n87
0.0887
Q.0887
0.0887
0.0887
¢.08a7
0.08a7
0.08687
0.0887
0.0RR7?
0.0on87
C.0Bav
O.0BR7
0.0887
o.ona?
0.0887
0.088B7
0.0887
0.0887
Q.0887
0.08s?

1.4

0. 3065
Q.34R8
0. 3660
0.3815
0. 4002
0.4244
0.4479
0.46143
0.4684
0.4G85
0.465¢
Q. 4597
Q.4532
0.4456
0.4377
0.4796
0.4219
Q.4140
0.407S
0.4008
0. 3944
Q. 3881
0.3810
0.J3752
0.3710
0.3663
0Q.3G26
0.3581
0, 3546
0.3519
0.2494

1.8

0.6218
0.6844
0.7089
0.7332
0.7622
0.7824
0.7941
0. 8005
Q.BO24
0.8009
0.7971%
0.794%7
Q.7855
0.7786
0.7715
0.7641
Q. 7569
0.7498
0.7426
Q, 7356
0.7287
0.7219
Q.7155
0.7096
0.7043
0.6995
0.6952
0.6917
0. 6886
0Q.6B65
0.6842

TABLE
OENSITY BLISTRIBUTION ARCUND THE OHOPLET

2.2

0.8709
0.9167
0.9302
0.939%
0.9465
0.9512
0.9539
0.9551
0.955)
0.9542
0.9526
0.9504
0.9480
0.9452
0.9424
0.93%)
0.936)
0.9332
0.93M
C.9269
0.9239
0.9207
0.9176
0.9149
0.9123
0.9098
0.9078
0.9061
G.9047
©.9037
0.9028

5.13

DIMENSIONLESS RADIUS

©000000000000000000000090000000

9
-
=

3.0

0.9987
0,999
0.999)]
0.9994
0.9994
0.999%
0.9995
0.9995
0.9995
0.9995
0.9994
0.9994
0.9997
0.9993
0.9992
0,999
0.999¢
0.9990
0.9989
Q.9988
0. 9987
0.9986
0.9985%
0.9984
0.9982
0.9982
0.9982
0.9981
0.9980
0.9980
0.3980

A mh ks wE R e ol A Rl A mk 8wl ok mk b =B i omk omk wE wh omk mk om mh mk

3.8

. 0000
. 0000
L0000
. 0000

. 0000
. 0000
. 0000
L0000
. 0000
. 0000
L0000

. 0000

L QOO0
L0000

. 0000
. 0000
L0000
. 0000
. 0000

. 0000

. 0000
. OO

4.2
1.0000

L0000
.0000D

L0000
L0000
.0000

. Q000
L0000
. 0000

. 0000
. 0000
. 0000
L0000
. 0000
.Q000
. 0000

.0000

L0000
. 0000
. 0000
. 0000
. 0000

i o il ol A o ke m mh wh mE mk omk mb ml mE mb ok oml mb mk mk mE omh ok mk omM mk

:

e o e o kvl ke mh i wk W —A ok mh o wh b w

b ol kb A o b omk mE vk mk mk ok mb b b b bl mk mbk Mk ok mE mk mh m mE e

. 0000
. Q000
. 0000
. 0000
L0000
.oLoo

Q000
L0000
. 0000
. 0000
. 0000

. 0000
. 0000

.

.

.

.

.

.

T

.
3
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WHEN TIME
ANGLE 1.0

180 0.1921
174 0.1921
1G8 0.1921
162 0.1922
156 0.1923
150 0.1924
144 0.1925
138 0.1925
132 0.1927
126 0.1930
120 0. 1931
114 0.1930
1on 0.1930
102 0.1930
96 0.1929
90 0.1928
84 0.1928
78 0.1927
72 0.1927
66 0.1926
60 0.1926
54 0.1925
18 0. 1925
42 0.1924
36 0.1923
30 0.1923
24 0.1922
18 0.1922
12 0.1921

6 0.1921

0.1920

0.3060
0.3024
0.2997
0.2968
0.2947
0.2931
0.2917

=4.2634GGBA0OSEC

0.4628
0.5196
0.5462
0.5735
0.6029
0.6245
0.6363
0.6421
0.6426
0.6389
0.6323
0.6237
0.6139
0.6033
0.5924
0.5812
0.57041
0.5597
0.5493
0.5392
0.5296
0.5205
0.5120
0.5043
0.4976
0.4916
0.4865
0.4825
0.4792
0.4770
0.4748

TABLE 5.14
TEMPERATURE DISTRIBUTION ARODUND THE DROPLET

DIMENSIONLESS RADIUS

2.6

0.8996
0.9190
0.9278
0.9342
0.9387
0.9416
0.9429
0.9429
0.9417
0.9395
0.9364
0.9325
0.9281
0.9233
0.9182
0.9127
0.9073
0.9017
0.8960
0.8904
0.8847
0.8792
0.8736
0.868B6
0.8640
0.8%598
0.8563
0.8534
0.8513
0.8497
0.8483

3.0

0.9736
0.9784
0.9809
0.9826
0.9838
0.9845
0.9847
0.9846
0.9841
0.9832
0.9820
0.9805
0.9788
0.9769
0.9749
0.9727
0.9704
0.9680
0.9656

3.4

0.9945
0.9956
0.9961
0.9964
0.9967
0.9968
0.9968
0.9968
0.9966
0.9964
0.9961
0.9957
0.9952
0.9946
0.9940
0.9934
0.9927
0.9920
0.9912
0.9904
0.9896
0.9887
0.9878
0.9870
0.9862
0.9855
0.9849
0.9844
0.9840
0.9837
0.9834

3.8

0.9991
0.9993
0.9994
0.9994
0.9995
0.9995
0.9995
0.9995

0.9970
0.9968
0.9967
0.9965
0.9964
0.9963
0.9963

4.2

0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9998
0.9998
0.9998
0.9998
0.9997
0.9997
0.9997
0.9996
0.9996
0.9996
0.9995
0.9995
0.9994
0.9994
0.9994
0.9994
0.9991
0.9993

A
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ANGLE

18Q

162

1.0

0.11G¢
0. HIGH
0.1161
0. 1161
0. 11561
0.1161
0. 1161
0.1161
0. 1161
0. 1161
Q. 1161
0. 1151
0. 116!
0. 1161
01161
0. 1161
0. 1161
0. 1161
0. 1161t
0. 11G1
0.1161
0. 1161
0. 1161
0. 1161
0. 1161
Q. 1161
O.1161
Q. 1161
Q.16
0. 11614
Q. 1161

1.4

0.22G8
Q. 2549
0.2G75
0.2807
0.2964
0.3156
0.3332
0.23430
0.3474
0.3463
0.34219
0. 3362
0.3291
Q.3213
0.3132
0.3051
Q.2973
0.2898
0.2830
0.2763
0.2702
0.2643
0.2584
0.2534
0.2495
0. 2456
0.2426
0.2394
Q.2371
0,235
0.2327

1.8

Q.4234
0.48%51
0.5138
0.54233
0.5762
0.5985
0.6113
0.6176
0.6182
0.6t43
0.6072
0.5980
0.5875
0.57G1
0.5644
0.5525
0.5409
0.5294
0.5182
0.5074
0.4971
0.4872
0.4781
0.4699
0.4626
0.4561
0.A507
0.4463
0.4428
0.4404
0.4301

TABLE 5,15
DENSITY DISTRIOUTION AROUNUG THE OROPLET

0.6729
0.7502
0.7760
0.7964
0.8112
0.B209
0.8262
0.8277
0.8262
0.8222
0.8162
0.8086
0.8001
0. 71909
0.7812
0.7744%
Q.7612
G.1512
0.7412
0.7314
0.7219
0.7127
Q.7037
0.69%8
0.688%
0.6820
0.6765
0.6722
0.6689
0.6666
0.6643]

DIMENSTONLESS RADIUS

2.6

0.0941
0.9147
0.9241
0.9300
Q. 9235%6
.96
0.9401
Q.00
Q. 9388
0. 9364
0.92332
G.92%1
0.9245
0. %1494
0.9140
0.90117
0. 92026
0.8967
0.8907
0.enqn
Q.8788
G.B700
0.8672
0.8619
Q.8570
0.8576
0.8489
0.845%
0.843G
0. 8420
0.0405

3.0

0.9723
0.977%
0. 9800
0.9810
0.9830
G.9838
0.9041%
0.9939
0.9834
0.9824
0.9812
Q.9737
0.97719
0.9759
0.9738
0.9715
0,969}
0.9666
0.9641
Q.9615
0.9588
0.9562
0.9535
0.9510
0.9486
0.9465
0.9447
0.9432
0.9421%
0.9412
0.29405

3.4

0.9930
0.9028

7.8

0.9991
0.9993
0.99932
0. 9994
0.9994
0. 9995
0.9995
0.9994
0.9994
0. 9094
0.999]
0.9992
0.9991
O. 999¢
0.9989

10.9987

0.9986
0Q.9984
. 9982
0. 9980
0.9978
0.9976
0.9973
0.997M11
0.9969
0.9967
0. 7965
0. 9964
0.99632
0. 9962
0. 9961

4.2

0.9999
0,.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.99908
0.9998
0. 99938
0.9998
©.9997
0.9997
0.9997
0.9996
C.9996
0.9996
0.9995
0.9995
0.9994
0.9994
0.9994
0.9993
0.999)
0.9993

4.6

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1. 0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
t. 0000
1.0000
1.0000
1.0000
1.0000
0.9999
0.9999
0.9999
0.9999
0.9999
0.999%
0.9999
0.9990
€.9999
0.9999
0.9999
0.9999

5.0

1.0000
t.0000
1.0000
1.0000
V. 0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1. 0000
1.0000

1.0000
1.0000
1.0000
1.0000
1.0000
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WHEN TIME =G.0399055505FC

ANGLE

180
174
168
162
156
150
ta4
138
132
126

1.0

0.2125
0.2124
0.2125
0.2125
0.2126
0.2126
0.2127
0.2128
0.2129
0.2131%
0.2132
0.2131
0.2121
0.2131
0.2130
0.2130
0.2129
0.2129
0.2128
0.2128
0.2127
0.2127
0.2127
0.2126
0.2126
0.2126
0.2125
0.2125
0.2125
0.2124
0.2124

TABLE

5.16

TEMPERATURE DISTRIBUTION AROQUND THE DROPLET

0.4154
0.4639
0.4872
0.5112
0.5374
0.5547
0.5640
0.5678
0.5666
0.5615
0.5536
0.5438
0.5329
0.5212
0.5094
0.4975
0.4860
0.4748
0.4640
0.4538
0.4441
0.4351
0.4268
0.4195
0.4131
0.4074
0.4028
0.3991
0.3962
0.3942
0.3923

0.6185
0.68R5
0.7132
0.7314
0.7449
0.7534
0.7572
0.7572
0.7538
0.7477
0.7394
0.7292
0.7180
0.7060
0.6936
0.6B09
0.6685
0.6561
00,6439
0.6322
0.6210
0.6103
0.6001
0.5911
0.5829
0.5758
0.5699
0.5652
0.5617

. 0.5593

0.5569

DIMINSIONI ESS RADIUS

2.6

0.8382
0.8604
0.8709
0.8786
0.8840
0.8871
0.8880
0.B8B68
0.8839
0.8792
0.8721
0.8657
0.8575
0.8485
0.8391
0.8293
0.8196
0.B097
0.7999
0.7902
0.7807
0.7715
0.7625
0.7544
0.7470
0.7405
0.7351
0.7307
0.7274
0.7250
0.7229

1.0

0.9402
0.9476
0.9515
0.9543
0.956G2
0.9572
0.9572
0.9562
0.9545
0.9519
(0.9486
0.9445
0.9399
0.9348
0.9294
0.9236
0.9178
0.9117
0.9056
0.0995
0.8932
0.8872
0.8810
0.8754
0.8703
0.8658
0.8619
0.8587
0.8563
0.R546
0.R531

3.4

0.9813
0.9836
0.9848
0.9857
0.9863
0.9065
0.986G4
0.9859
0.9852
0.9841
0.9827
0.9809
0.9789
0.9766
0.9742
0.9715
0.9687
0.9658
0.9628
0.9597
0.9565
0.9533
0.9501
0.9470
0.9442
0.9417
0.9395
0.9377
0.9363
0.9353
0.9345

a1.a

0.9951
0.9957
0.9960
0.9963
0. 9964
0. 9965
0.996G4
0.9962
0.9960
0.9956
0.9951
0.9945
0.99038
0.9930
0.9921
0.9911
0.9901
0.9890
0.9878
0.90G65
0.9852
0.9839
0.9025
0.9812
0.9799
0.9788
0.9778
0.9770
0.9764
0.9759
0.9755

4.2

0.9989
0.9990
0.9991
0.9992
0.9992
0.9992
0.9992
0.9991
0.9991
0.9990
0.9989
0.9987
0.9985
0.9983
0.9980
0.9977
0.9974
0.9970
0.9966
0.9962
0.9958
0.9954
0.9949
0.9944
0.9940
0.9936
0.9932
0.9929
0.9927
0.9925
0.9924

1.6

0.9998
0.9998
0.9998
0.9998
0.9998
0.9998
0.9998
0.9998
0.9998
0.9998
0.9998
0.9997
0.9997
0.9996
0.9996
0.9995
0.9994
0.9993
0.9992
0.9991
0.9990
0.9989
0.9988
0.9986
0.9985
0.9984
0.99A83
0.9982
0.9981
0.9981
0.9981

1]
Q

HEE T
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ANGLE

1R
t74
168
162
156
150
144
118
32
126
120
114
108
102
929G
90
84
78
72
GG
60
h4
13
a2
a6
30
a1
18
12
13
O

1.0

L1304
. 1004
1304
1304
. 1304
1304
1304
1304
1304
1304
1304
1304
. 1304
. 1304
1304
. 1304
. 1304

DOV 20ID

-
-

-
& ]
Q
-

989
202
- b o

22
[=R=]
ah

0COP0000Q000CO0C0D
Q @

S 9

= -

1.4

0.2114
Q.2328
0.2434
0.2%542
0. 2669
0.2822
0. 2959
0. )30
Q. 30597
0.3028
0.29M
Q.2934
0. 2865
Q.27
0.2715
0, 2640
0.2568
G. 2499
0.2437
0.23748
0,2323
0.2272
0.2222
0.2181
Q._21448
0.2116
0.2092
0.2067
0. 2049
0.2036
0.2024

PDENSITY DISTRIBUT ION ARDUND THE OROPLED

1.8

0.3G643
0.4180Q
Q.A436
0.4700
0.4909
0.5180
0.5284
0.5326G
0.%5314
0.52%9
0.5174
0.5%067
0.4949
0.48232
0.4694
0. 1564
0.4440
0.4219
0.4200
0.4088
0.3987
0.23894
0.3794
0.3714
0.23643
0.3582
0.3530
0.3490
0.3458
0.3406
0.3415

TABLE 5.17

2.2

0.5804
0.GRAD
0.6917
Q. 7115
0.7262
0.7355
0.7398
0. 7397
0.7362
0.7296
0.7207
0.7098
0.6978
0.6849
0.6716
0.6579
0.6446
0.6212
0.6181
0. 6055
0.5934
0.5818
0.5708
0.5611
0.55%22
0.5446
0.5382
0.533
0.5294
0.5267
0.5242

DIMI NS ENNLESS RADIUS

2.6

B270
CAS 10
RG24
LRTOT
.A7T6HS
.B799
RR(Q9
. B8796
. S
0.8719
0. 1650
0_Aa5H1
O.nARA
O. 139
0.8289
Q.84
0. 80RO
0.797%
0.7870
O. 1167
. 7665
Q.71567
071971
0.73R4
Q.730%
0.7236
Q.7178
0.7130
0. 7095
0.7010
0. 7047

OO0V OCOD

=
-
Bl

3.0

0.9366
0.9445
Q. 9486
0.9%17
0.9%37
0.9%47
0.9547
0.9538
0.9519
0.9492
0.9456
0.9413
0.9365
0.90¢%
0.92%4
0.9193
Q.91
0.9067
G. 9001
0.8937
0.8871
0.8807
0.8742
0.868H2
0.8628
0.8579
0.8%38
Q.8509
0.8479

3.4

0.94143
0.9386
Q.9363
0.9344
0.9330
0.9320
0.9310

J.8

0. 9948
Q. 9955
0. 9958
Q.61
0. 9962
0. 9963
Q. 96G2
09961
Q. 9958
Q. O09%4
0. 149
0. 4043
0.9936
0.9927
¢.9918
0. 0907
}.9096
0. 9184
0.9872
0. 9059
¢.9a45
o981
Q. 9017
0.9803
0.97%0
. 9778
0.9768
0.975%9
0.9753
. a9748
0.9744

0.9989
0.999¢
0.9991
0.9991
0.9992
0.9992
0.9992
0.9991
0.9990
0.9989
0. 9908
0.9906
0.9904
0.9982
0.9979
0.9976
0.9973
. 9969
0. 9965
Q.9961
0.9956
0.93952
0.93947
0.9942
0.9937
0.9933
©.9929
0.9926
0.9924
00,9922
0.9920

4.6

5.0

1.0000
1.0000

f.0000
1.0000
¥, 0000
1.0000

1.0000
1, 0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

1.0000
1.0000
1.0000
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WHEN TIME
ANGLE 1.0

180 0.2320
174 ©0.2320
168 0.2320
162 0.2321
156 0.2321
150 0.231
144 ©.2322
138 0.2323
132 0.232)
126 0.2325
120 0.2325
114 0.2325
108 0.2324
102 0.2324
296 0.2324
20 0.2323
84 0.23272
78 C.2323
72 0.2322
66 0,2322
60 0.2322
94 0.2321
48 0,232
42 0.2321
J6 0.232}
20 0.2320
24 Q.2320
18 0.2320
42 0.2320

6 0.2320

0.2320

1.4

0.2827
0.2971%
0.3047
0.3116
0.3202
0.3303
0.3391
0.3411
0.3439
0.3415
0.3373
0.3320
0.3263
0.3202
0.3141
0.3081
0.3025
0.2972
0.2925
0.2880
0¢.2840
Q. 2804
0.2769
0.2740
0.2717
0.2696
0.2680
0.2665
0.26%54
0.2646
0.2638

=B.526920320%EC

1.8

0.3877
Q.4274
Q.44G4
0.4657
0.48646
0,49295
0.5056
0.5069
0.5039
0.4972
0.4885
0.4780
0.4867
0.4549
0,441
0.4314
0.4203
0.4096
0.399%
0.3901
0.3814
0.3732
0.3661
0.3%598
0.3543
0.3496
0.3457
0.3426
0.3403
0.3307,
0.2372

1.2

0.5618
G.6249
0.646]
G.6617
0.6725
0.6785
0.6799
0.6773
0.6715
0.66G28

" 0.6519

0.639}
0.6254
0.6410
0.5964
0.5817
0.5675
0.5535
G. 5404
0.5274
0.5154
0.5042
0.4938
0.4846
0.4764
0.469%4
0.4637
0.4591
0.4558
0,4534
0.4511

TABLE 5.18
TEMPERATURE DISTRIBUTION ARUUND THE DROPLET

DIMENSIONLESS RADIUS

2.6

0.7768
0,7976
0.8075
0.0144
0.a187
0.8204
0.08194
0.8158
0.8099
0.8019
0.7920
0. 7806
0.7681
0.7548
0,.7410
0.7269
0.7131
0.69%93
0.68%8
0.6728
0.6602
0.6483
0.6368
0.6266
0.6175
0.609%6G
0.6030
0.5977
0.5938
0.5910
0.5884

3.0

0.1956
0.9037
0.9078
0.9107
0.9123
0.9124
0.9110
0.9081
©.9039
0.8902
0.8912
0.8829
0.8739
0.8640
0.8536
0.8427
0.8319
0.8208
0.80948
0,799
0.7883
0.7781%
0.7679
0.7588
0.7505
0.7433
0.7372
0.7323
0.7286
0.7259
0.7235

3.4

0.9564
0,9596
0.9612
0.9624
0.9G28
0,9626
0.9617
0.9599
0.957%
0.9%542
0.9501
0.9452
0.9398
0.9338
0.9273
0.9203
0.9133
0.9059
0.8985
0.8911
0.8835
0.8761
0.8687
0.8619
0. 8556
©.8501
0.B8454
0.8416
0.8387
0.83G67
0.8348

3.8

0.9039
0,285
0. 90857
0.9861
C.9862
0.98G60
0.2856
0.9p47
0.902%
©.9020
C. 93800
0.9776
0.9748
0.9717
0. 9683
0.9646
Q. 9607
0, 9566
00,9522
0.9480
0.9435
0.9390
0.9314
0.9302
0.9262
0.9226
0.9196
0.9171
0.9152
0.9138
0.9126

4.2

0.9948
0.9952
0.99%4

0.9955

0.9955
0.9954
0.9952
0.5949
0.9944
0.9938
0.9930
0.9920
0.9909
0.9894
Q.9879
0.9862
0.9844
0.9825
0.9801
0.97083
0.9760
0.9737
0.9713
0.9690
0.9669
0. 9649
0.9633
0.9619
0. 9608
0.9600
0.9594

4.6

0.9986
0.9987
0.99%88
0.9988
¢.9988
0.9988
0.9987
0.9986
¢.9984
0.9992
0. 9980
0.9976
0.9972
G.9967
0.9962
0.9956
0.9949
0.9942
0.9933
0.9925
0.9916
0. 9906
0.9896
0.9906
0.9877
.9868
0.9861
0.9854
0.9850
0.9046
0.9043

5.0

+.0000
1. 0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
§.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1. 0000
1.0000
1.0000
1.0000
1.0000
1.0000
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ANGLE

180
174
168
162
156
150
144
138
132
126
120
114
108
102

96

1.0

0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0.1445
0. 1445
0. 1445
0. 1445
0. 1445
0.1445
0.1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445
0. 1445

1.4

0.2054

0.2220.

0.2303
0.2386
0.2483
0.2599
0.2699
0.2746
0.2756
0.2730
0.2684
0.2626
0.2562
0.2493
0.2425
0.2359
0.2296
0.2237
0.2183
0.2132
0.2088
0.2047
0.2008
0.1975
0.1949
0.1925
0. 1906
0. 1889
0.1876
0.1867
0. 1858

DENSITY DISTRIBUTION AROUND THE DROPLET

1.8

0.3261
0.3708
0.3920
0.4137
0.4372
0.4518
0.4588
0.4G603
0.4571
0.4500
0.4404
0.4288
0.4164
0.4034
0.3904
0.3775
0.3652
0.3534
0.3422
0.3318
0.3221
0.3132
0.3051
0.2981
0.2919
0.2867
0.2824
0.2789
0.2763
0.2745
0.2728

TABLE 5.19

2.2

0.5221
0.5911
0.6148
0.6320
0.6440
0.6508
0.6524
0.6498
0.6435
0.6341
0.6222
0.6084
0.5934
0.5777
0.5618
0.5457
0.5302
0.5150
0.5003
0.41864
0.4733
0.4610
0.4495
0.4394
0.4305
0.4227
0.4164
0.4114
0.4077
0.4051
0.4026

DIMENSIONLESS RADIUS

- 2.6

0.75R2
0.7812
0.7920
0.7997
0.8044
0.B0OG3
0.8053
0.8015
0.7952
0.7866
0.7760
0.7636
0.7501
0.7358
0.7209
0.7056
0.6906
0.6757
0.6611
0.6470
0.6333
0.6204
0.6080
0.5969
0.5870
0.5784
0.5712
0.5655
0.5612
0.5582
0.5553

3.0

0.8878
0.8966
0.9011
0.9043
0.9060
0.9061
0.9047
0.9016
0.8971
0.8910
0.8B35
0.8747
0.8650
0.8544
0.8432
0.8316
0.8199
0.8081
0.7962
0.7847
0.7731
0.7621
0.7512
0.7413
0.7324
0.7246
0.7180
0.7127
0.7087
0.7059
0.7033

3.4

0.9534
0.9569
0.9587
0.9599
0.9604
0.9602
0.9592
0.9574
0.9547
0.9512
0.9169
0.9417
0.9359
0.9295
0.9226
0.9152
0.9076
0.8998
0.8919
0.8839
0.8758
0.8680
0.8600
0.8527
0.8460
0.8401
0.8351
0.8310
0.8279
0.8257
0.8237

0.9129
0.9041
0.9848
0.9852
0.9A54
0.90852
0.9847
0.9838
0.9826
0.9809
0.9788
0.9762
0.9733
0.9700
0.9664
0.9624
0.9583
0. 9540
0.9495
0.9449
0.9401
0.9354
0,.9305
0.9259
0.9217
0.9179
0.9147
0.9120
0.9100
0.9086
0.9073

0.9945
0.9949
0.9951
0.9953
0.9953
0.9952
0.9950
0.9946
0.9941
0.9935
0.9926
0.9915
0.9903
0.9889
0.9873
0.9855
0.9836
0.90815
0.9793
0.9771
0.9747
0.9722
0.9697
0.9673
0.9650
0.9630
0.9612
0.9597
0.9586
0.9578
0.9571

0. 99185
0.9986
0.9987
0.9987
0.9987
0.9987
0.9986
0.9985
0.9984
0.9981
0.9979
0.9975
0.9971
0.9966
0.996G0
0.9953
0.9946
0.99239
0.9930
0.9921
0.9911
0.9901
0.9890
0.9880
0.9870
0.9861
0.9853
0.9847
0.9842
0.9838
0.9835

TR T
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CONCLUSIOR

The aim of the gtudy was to provide a fundamental basis for the
numerical simulation of the heat transfer problem involving the
condensation of steam onto & spray of water drops, such as in a contact
condenser. We worked with single droplet but this method, while having
the advantage of being more manageable theoretically, is different from
the actual practical condition. ©On the surface of the droplet,
condensation occeurs with consequent heat absorption. It is evident from
an examination of the temperature-time characteristic that the average
droplet temperature increases with increasing time. This is as would be
expected. However, the results also shows that it takes much longer to
heat up large drops than small drops.

Three models were reviewed for the heat transport procesas in the
droplet; of these, the complete mixing model was used in this study.
Values of the average heat and mass transfer coefficients were
caleulated from the data obtained from the program and the value of the
heat tranafer coefficient was compared with the theoretical result of
Brown (2). It can be concluded from the result of the study that the
complete mixing model could describe the cooling behavior of 3 mm water
droplet falling freeling in a steam atmosphere. The heat and maas
transfer of large spray drops can be influenced by its strong
oscillation but was not described in the present study.

Thua, although the thermal and hydrodynamic behavior of the
droplets are sufficiently well known and quantifiable, the accurate
prediction of the oversll performance of cooling systems still remainsg

difficult and somewhat uncertain.
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APPENDIX A
Flow Diagram For Heat And Mass Transfer Calculations

S€art

lInput To ,Tw,d,N,M. Assign
values to AY tABIAL

I.C, for t=0.0

Read 1
in Ug and Ur

'Call VP,ATMD,FRAC,DIFF,and LIQ
\to calculate initial properties,

> = k+1

cb

“—1—

L+l
+4ﬁt
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k+1
Calculate Tij

B.C. at Interface
Call CONCEN,Ck+1

ij

Average T,

on Interface

ijr=is’

1]

i k+l . k _k+1. k
iPut Tij in Tij’cij in Cij

sl

T
|Calculate Q ,m ,t
y
" w |

Print T}?.,Ck ¢ ,m ,t,

73



74

APPENDICES B § C

This section contains a listing of the computer program.
The program consists of the main program and the following

sobroutines:

CONCEN

VP

LiQ
ATMD
DIFF

FRAC

Calculation of

Calculation of
and the latent

Calculation of
Calculation of
Calculation of

Calculation of

the density distribution(21);

the vapor pressure of water
heat of vaporization{10};

the water droplet density;
the atmosphere density;
the diffusivity distriBution;

the thermal diffusivity.
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APPENDIX B

Program For Heat And Mass Transfer Calculations

THIS FROGRAM IS WRITTEN TO CALCULATE THE TEMPERATURE AND DENSITY
DISTRIBUTIONS ARDUND WATER DROPLET FALLING THROUGH A STEAM ATMOSPHERE
DEFINITION OF THE RESPECTIVE SUBROUTINES:
vPE CALCULATES THE VAPOUR PRESSURE OF WATER,

ATMD= CALCULATES THE ATMOSPHERE DENSITY,
DIFF= CALCULATES THE DIFFUSIVITY OF STEAM IN AIR,
FRAC = CALCULATES THE FRACTION OF STEAM AND AIR IN MIXTURE
LIQ = CALCULATES THE DENSITY OF WATER DROPLET
DEFINITION OF VARIABLES: '

TINF= TEMPERATURE OF THE AIR/STEAM MIXTURE AT INFINITY,

PINF= PRESSURE OF THE AIR/STEAM MIXTURE AT INFINITY,

TSUR = INITIAL DROPLET TEMPERATURE,

DATM = DENSITY DF THE ATMOSPHERE,

TOLD.COLD = DIMENSIONLESS OLD TEMPERATURE AND DENSITY DISTRIBUTIONS

TNEW,CNEW s DIMENSIONLESS NEW TEMPERATURE AND DENSITY DISTRIBUTIONS

PTOTAL = TOTAL PRESSURE,

XSTM = FRACTIONM OF STEAM IN MIXTURE,

XAIR = FRACTION OF AIR IN MIXTURE,

DCDF = MOLECULAR DIFFUSIVITY; DTETA=ANGULAR INCREMENT,

D = DIAMETER OF DROPLET, DTAU = DIMENSIONLESS TIME INCREMENT,

VT = TURBULENT DIFFUSIVITY, DR=RADIAL MESH SIZE,

QT = LOCAL HEAT FLUX

TTK = TOTAL CONDUCTIVITY

TOM = LOCAL MASS FLUX

DABT = TOTAL DIFFUSIVITY :

DIMENSION TOLD{41.31) TNEW(41,31) R(41),G{41) a(41 31),
1 E{41,31).F(41,31} UR(42,32) UTETA(42.32) ,B(41,31) ANGLE(31),
1A8(414,31) . EB(41,31),CC(41,31),00(41,31).Q041,31),QT{31),VT{41,31},
TQTCONI{31).G1{41) HD{31) . DABT(49,31) COLD(41,31) CNEW{4t 31},
2PZ(31).TOME31) . OIL(31).TTK(31},VTIT{44,31).DABT+(31) HSEN(31t)
COMMON UR ,UTETA VT ,A.8,G1,G,E,F.DATM, TINF TATM, TZERQ.DSUR, N,
1 M,DTAU,DTETA .DR,T2,R
INTEGER ANGLE
READ IN THE INITIAL TEMPERATURES OF THE ATMOSPHERE AND THE WATER
DROPLET; DROPLET DIAMETER: AND THE NUMBER OF MESH POINTS IN THE
RADIAL AND ANGULAR DIRECTIONS RESPECTIVELY,
READ{S, 100) TATM,TZERO.D.N,.M
NP 12N+ 4
MP 1M+ 1
MM 1 sM- 1
NP2=N+2
MP2=MED
VALUE ASSIGNMENT TO TIME, ANGLE, AND RADIUS INCREMENT THAT OBEY
THE STABILITY CRITERION.
DTAU=(, 0026
DTETA= 1047
DR=. 1
T=DTAU/(DR*+2)
T1=DTAU/(2,+DR)
T2+DTAL/ (2. »(DTETA**2))
. TI=DTAU/(2.+OTETA)
INITIALISE THE TEMPERATURE FIELD USING THE DIMENSIONLESS
TEMPERATURE NOTATION: 1 FOR HOT REGIDN AND O FOR COLD DROP SURFACE.
TIME=Q.O
DO 2 1=4,N
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DO 2 =1 MP1

coLp(1.J)=1,0

TOLD(T.J) = 1.0

DO 3 JJU=1,MP}

COLDINPT,JJ}*0.0

TOLD(NP1,JJ}=0.0

00 4 MJUsMPi 1, -1

ANGLE (MJ)=NINT((MJ=-1)+0OTETA180. /3, 1415927)
CONT INUE

READ IN THE VELOCITY COMPONENTS FROM THE DATA FILE.

0O 5 L=1,MPY
READ(21, tO1}(UR(K L) ,K=NP1,27,-1)
CONT INUE

DO 6 IL=1,MPY

READ(S, 101 ) {UTETA{KI,IL) ,KI=NP1,27,~1)
CONT INUE

DO 7 II=26,1,-1

D0 7 IJ=1,MP1Y

UR{TIF.FJI=UR(27, JJ}
UTETA(LI,IJ)=UTETA(27,1IJ)

CONT ITNUE

CALCULATION OF INITIAL PROPERTIES

TINF=TATM4273,.16

TSUR=TZERD+273.16

CALL VP{TINF . PINF HFG)

CALL LIQ(TZERD.DLIQ)}

CALL FRACITSUR . TINF.PINF PTDTAL,XSTM XAIR, ALPHA DSUR)
CALL ATMD(TINF . XSTM, XAIR ,DATM)

0O 3 T2=1 . NP1

RITZY=1 v iINF1=-T271+DR

CALCULATION OF THE TURBULENT DIFFUSIVITY FIELD

AAC1,1)=UR(1,1)/R(1)
BB(1,1)=UTETA(2, 1) /OR-UTETA(1.1)/R{1)+UR($.2}/(R{1)*DTETA}
CCl1.1)= UR{2,1}/DR

DO, t)=UTETAL1,2)/{R{1)«DTETA}+UR( 1 1}/R(1)
UR(NP2,1)s-URIN, 1)

UTETA(NPZ, 1)=-UTETA(N, 1)

UR(1.MP2}e-UR(1,M)

UTETA(1 . MP2)=-UTETA{1 H)

DO 9 1=2.NP%

UTETA{I .MP2)=-UTETA{I .M)

UR(I,MP2}=-UR(I.M)

AACT  1)=URCI,1)/R(1)

CCUT.4)=(UR(I~-1,4)-UR(I+1,1))/(2.+DR)

(1. . 1)s(UTETA{L-1,1)-UTETA(TI+1,4))/(2. DR)-UTETA(I, t}/R{1)}+

WRIT,2V/(R(I}*DTETAY

DO(I, t)=UTETA{I,.2)/(R{1)-DTETA)+UR(1,1}/R(1}

DO 9 K=2 MP1

UR(NP2 K)=-UR{N,K)

UTETA(NP2 K)=-UTETA{N K)

AM(1, KY=UR(1,K)/R(1)

CC(1.,K)*UR(2 K} /DR

BEB(1 . K)SUTETA(2, K)/OR-UTETA(1,K)/R(1}I+{UR(1,K-1)~UR(1.K+1))

1/(2.«R{1)'DTETA)

DO(T,K)={UTETA{ 1, K-1)}-UTETA(1,K+1}}/{2.*R{1)+DTETAY+UR(1 .K}/R(1)
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AACT,KY2UR{T K)/R(T)
ES(I.K)=(UTETACI-1,K)-UTETA{L+1{ K}}/(2.*DR)I-UTETA(I K}/R{I)+(UR(
11 ,%-1)-UR(I K+1})/{2.*R(1)*DTETA)
cC(l . KYs(UR{T~-1 K)I-UR(TI+1.K}}/(2.+DR}
9 0D(l,K)=(UTETA(I K-1)-UTETACI . K+1)}/(2.#R(1)*DTETA)+UR(I,K}/R(I)
0O 10O I=4,NP1
DO 10 K=1 MP4
(1. K)=2, +{{aA(1 K)*=2)+(CC(T,K)++2)V+(DD(1 . K)++2}}+(BB(E,K)*r2)
VI(T, K)s0, 113+ ALPHA=(Q{I ,K}**(Q.5)
10 CONTINUE
CALL DIFF(TINF,N.M,VT,XAIR, XSTM DATM, DABT ,TTK}
WRITE(&, 104)
DO 11 J=MP1, 1, -1
11 WRITE{G,105) ANGLE(J}, (VT(I.J).I=NP{ 1, ,-1)
Tds4 69E2 ' D+DTAU/(TATM-TZERG)
TS=({TATM-TZERQ)/(D*DR)
T&=({DATM-OSUR)/{D+0OR)
DO 12 J¥yzi MP1
DABTI(UY ) =) S+ (DABT{NP1 ,JY)}+DABT(N, JY})
HD(JY ) =2, «TTK(JY ) =TS
t2 PZ(JU¥)=2.  *HFG+*TE*DABTI(JY)
DO 13 It=1 N
ACTH . 1)=T4T1e(2, /R{I1)-UR(It, 1))
K11 MP1)}=T+T1+(2, /R{1I1)-UR(L1,MP1))
BOI4, 1)} *T-T1-(2./R{I1)-UR{IT 1))
B{I1 , MP1)sT-T1«{2. /R(I1)-UR{I1 MP1})
DO 12 J1=2 .M
ACT1, J8)=T+TH(2 /R{T1)-URCI1 J1}}
BT, Jt)=T-TH1-(2./R{I1)-UR(L1 J11})
GI(I1}=9,-2.+T-T2/{(R(I1)}*+2)
G(I1)mt, 2. +T-4. «T2/(R{11}++2)
EII1,J13=2, +T2/¢R(I1)uw2}=-T3=( 1. /(TAN({J1-1}=DTETA)*{(R(11)2+2))-
t UTETA(T{.01)/R{I1))
FOT1.J1)22, «T2/(RCI1) a2} 47351, J(TAN({J1=1}+DTETA)=(R(11)%22))~
2 UTETACIN, JI}/R(I1})
13 CONTINUE
€ CARRY OUT FINITE DIFFERENCE CALCULATION OF TIME DEPENDENT
C TEMPERATURE DISTRIBUTION OQUTSIDE THE DROPLET
TAU=0Q.0
DO 14 Nl=1,20
ICOUNT =0
15 [COUNT=ICOUNT+1
TAU = TAU + DTAU ,
CALL CONCEN(TOLD,COLD,CNEW)
bo 15 I=4.N
IF{1.€Q.%) GOTO 17
00 18 J=2.M
THNEW{T . J)=A(I,J)+TOLD{I+4,J)+B(1 J)=TOLD(I-1, JI+G(I}*»TOLD(I .U}
1 +E(I, J}*TOLD(I o1 YEFLT ) TOLDC(T, J4+ 1)
TNEW(T, 1)=A(1, 1)eTOLD(1+4, 1)4B( L, 1)+TOLD{ =1, 1)+GI(1)=TOLD(I, 1)+
1 {(T2/(R(1)++2))+T0OLD(I,3)
TNEW(I.MP1)*A(1.MP1)sTOLO(1+1.MP1)+8(1 . MP1}=TOLD(I-1, MP1)+GI(1)*
2 TOLDI(I, MP1)+(T2/(R(l)--2))-TOLD(I MM1)
€ BOUNDARY CONDITION AT THE DRODP SURFACE
C FOR CALCULATION WE ASSUME THE LATENT HEAT OF VAPORIZATION
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AS CALCULATED IN SUBRODUTINE VP,
TNEW(1,J)=1.0 :
OT (W) =sHD(UI~( TOLO(N, ) ~-TOLD{NP 1,3} }+P2{J) = (COLD(N,J)-COLO(NP1,4d))
QT(1)=HDC( 1} e (TOLD(N, 1) -TOLD{NP1,1})+PZ(4) «(COLD(N, t1)-COLD{NP1,1)}
OT(MP 1) =HD(MP 1)+ {TOLD{N,MP1}-TOLD(NP ¢ ,MP1))+PZ{MP 1)+ {COLD({N,MP1)}~
1 COLOINP Y, MP1))
TNEW(NP 1, J)=TOLD{NP 1, J)+T4=0T(J}»({COS{(FLDAT{J-1)-0,5)+DTETA)~-CDE
1((FLOAT(J-1}+0.S)+DTETA})
TMEW(NP 1, 1 }=TOLO{NP 1, 1}4Td+QT{ 1}~ (COS{-0.5*DTETA}-COS(0.5+DTETA))
THEW{NP 1 . MP{1}=TOLD(NP1 MP1)-T4+QT(MP$)+(C0OS(3I0.5-DTETA)-COS(31.5+
20TETA}}
TOM{J)*2, *DABT1(J) «TE«(COLO(N,J) -COLD{NP 1, J})
TOM{ 1 j=2,=DABT1( 1)+T6+{COLO(N,1}-COLD(NPt, 1))
. TOM{MP1)=2.*DABT1(MP1)}+TE={COLD(N . MF1)-COLD(NP1 MP1)})
18 CONTINUE _
17 TNEW({1.1)=1.0
TNEW(1,.MP{)=1.0
16 CONTINUE
SUM2Q ., O
SUM1=0,0
DO 19 Ji=1,MP1
SUMI=SUMI+TNEW(NP{, Jt)
SUMSSUM+CNEW{NP Y, J1)
19 CONTINUE
CNEWAYV=SUM/{FLOAT(MP 1))
TNEWAV=SUM1/ (FLDAT(MP1))
EOUATE TNEW TO CORRESPONDING TOLD FOR THE NEXT ITERATION.
00 20 KK=1.N :
DO 20 MN=1 MR
COLOIKK NN)=CNEW{ KK, NN)
20 TOLDUKK NN} aTNEW{ KK, NN)
DO 21 JAs1 MP1
COLD(NP1, JA ) aCNEWAY
21 TOLDINP 1 JA ) =TNEWAV
START THE ITERATION.
IF(ICDUNT NE, 10) GOTO 15
SUM220.0 -
SUM3=0. 0.
DO 22 JI=t{ MP1
QTCONT(JT ) =HFG=TOM(JT)
HSEN(JI)}=OT{JI)}-QTCONI{JL)
SUM2 = SUM2+HSEN(JL)
22 SUM3=SUM3+TOM(JL)
SUM2A=SUM2/{FLDAT(MP 1))
SUM3A=SUM3/ (FLOAT{MP1)}
OTCON=HF G+ SUMIA
WRITE OUT THE DIMENSIONLESS TIME:TEMPERATURE AND QENSITY
DISTRIEBUTIONS FOR THE CURRENT ITERATION.
WRITE{6,102)
WRITE{G, t06) TNEWAV,CNEWAV,SUM2A ., QTCON, SUM3A
ALPH=1 GOE-3/(4.+0LIQ)
TIME=TAU«(Oe+2)/(4,+ALPH)
WRITE{6,109) TIME
DO 23 JsMP1,1,-%
23 WRITE(S,107) ANGLE{J), (TNEW(I,J},1=NP1,1,-4)
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WRITE(S, 102}

WRITE(G, 108)

00 24 JI=MP1 1,19

WRITE(S,107) ANGLE(JL), (CNEW(K,JI) . K=NPt, 1,-4}
CONTINUE

€ FORMATS FOR INPUT AND QUTPUT STATEMENTS

100
101
102
104

105

106

107

108

109

FORMAT(3E10.2,212)

FORMAT( 1SF5.2)

FORMAT(///)

FORMAT( 1H1, 26X, ‘TURBULENT DIFFUSIVITY DISTRIBUTIGN//41X, ‘DIMENST
1ONLESS RADIUS‘//2X, *ANGLE 1.0 1.1 1.2 1.3 1.4
1 1.% 1.6 1.7 1.8 1.9 2.0'/)

FORMAT(IG 2X,11F8,.4/8X, 11FB.4/BX,11F8.4/8X% 8FB.4)

FORMAT( 10X, "AVERAGE VALUES OF DROPLET TEMPERATURE,DENSITY:TOTAL H

1EAT FLUX,CONDENSIVE HEAT FLUX AND MASS FLUX’//36X, 'SURFACE TEMPERA
2TURE =’ FR.4/36X,'SURFACE DENSITY =’ Fg8.4/38X, 'SENSI-HEAT FLUX =+
3E10Q.2, "CAL/SEC-S0CM’ /35X, CONDENSIVE HEAT FLUX =’ E10,.2, 'CAL/SEC-S
40CM’ /36X, *MASS FLUX =’ E10.2, ‘GM/SEC-SQCM’ /}

FORMAT(IG,2X,11F8.4)

FORMAT( 1H1,26X, *OENSITY DISTRIBUTION AROUND THE DROPLET’//41X, D1
1MENSIONLESS RACIUS //2X, 'ANGLE 1.0 1.4 1.8 2.2
2 2.8 3.0 3.4 3.8 4.2 4.6 5.0°/}) :
FORMATI( 1Ht,2X, "WHEN TIME =’ F{1.9,'SEC’//26X, ' TEMPERATURE DISTRIBY
1TION AROQUND THE DROPLET'///44X.'DIMENSIONLESS RADIUS’//2X,’'ANGLE

1 1.0 t.4 1.8 2.2 2.6 3.0 3.4 3.8
1 4.2 4.6 $.0'/)
STOP

END



APPENDIX C

Program For Turbulent Diffusivity & Density Calculations

SUBROUTINE CONCEN(TOLD,COLD,.CNEW)
DIMENSION COLD(41,31),CNEW(41,31).R(41),G(41),A(41,31),E(41,31),
1 F{(41,31) ,UR(42,32) UTETA(42,32).8(41,31),GI(41),vT(41,313.5H(31},
2 DABT{41,31) ,POR0OP(21) TOROP(21),RG{31),TOLD(41,31)
COMMON UR,UTETA,VT A .B,.GI,G,E.F,DATM, TINF,TATM, TZERDO,DSUR, N,
1 M,DTAU,DTETA.DR,T2.R
MP 1xM> 9
NP 1sN+1
MM 1 =M= {
oG 2 I=1.N
IF (I.€Q.1) GOTO 3
DO 4 J=2.M
CNEW{ I, J)Y=A(L,d)*COLD(I+4,J}+B(I,J}=COLD(I-1,y}+G(1)=COLD(L, )+
1 E(I.Q¥=COLD(T,U-1)+F (I J)*COLD(T, J+1)
CNEW(TL,1)=Aa(T. . 1)«COLDCI+1,1)+B(1,1)+COLD{I-1,1)+GI(I)*COLD(L,1)+
2 {T2/(R(I)}*=2))+COLD(I.3)
CNEW(I, MP1)=a(I MP1)=COLD(I+1 . MP1)+B(I ,MP1}+~COLD(I-1,MP1)+GI(T)*
1 COLD(T . MP1)+(T2/{R(1)*=2))=COLO(L . MM1)
CNEW( T, J)=1.0Q
¢ BOUNDARY CONDITION AT DROPLET SURFACE
TOROP(J)=TINF-{ 1, -TOLD({NP1,J) ) ={TATM-TZERQ)
TOROP(1)=TINF-{1,-TOLD(NP1,1))=(TATM-TZERD)
TOROP{MP1)=TINF-{ 1. -TOLD(NP1,MP1))«(TATM-TZERO)
RG(J)=485 27-0.07966=TDROP{J)
RG{1)=485,27-0.07966+TDROP(1)
RG(MP1)=485,27-0.0796ETOROP(MP 1)
POROP{U}26.0573E26»{ TDROP () *+{-5.3512) )*EXP( -6390.81/TOROP(J))
POROP(1)}=6 . 0573E26+(TOROP(1)=+{ -5, 3512 ) )=EXP{-68%0.81/TDROP( 1))
PORQP(MP1}26, QS 73E26~( TOROP(MP t1++(-5.3512))-EXP{ -6820.81/TOROP!
IMP T .
CNEW{NP1{,J)=1.E-3+PDROP(J}/{TOROP(J)*RG(J )= (DATM-DSUR )} }-DSUR/(
{DATM-DSUR)
CHNEW{NP1,1)=4 E-3+PDROP{1)/(TOROP{ 1) +«RG(1}=(DATM-DSUR)})-DSUR/(
20ATM-DSUR)
CNEW{NPt MPt)=1 E-3+POROP{MP1)/{TOROP{MPI)*RG(MPt)» (DATM-DSUR))-
A0SUR/{DATM-DSUR)
4 CONTINUE .
3 CNEW(1,1)=1.0
CNEW{ 1 MP1)=1.0
2  CONTINUE
RETURN
END
SUBROUTINE VP(T,P.HFG)
P={(T/373.13)==13.8)+2.56-4={T~373.15)
HFG2538 ., 97+0.5%42(373,15-T)
RETURN
END
SUBROUTINE LIQ{T,DLIQ)}
VLIQ=t. 0018+0.0002615=(T-20. )+{3.219€~ 6)-((7 20, }»e2)
oLIQ=1./VLIQ
RETURN
END
SUBROUTINE ATMD(T,XSTM,%AIR,DATM)
DAIR=0.00118%
RGr485,.27-0.07966T
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P26 . OSTIE26%{Te={-5,3512) }=EXP(-6890.B1/T)

DSTM21 E-3+P/(TRG}

Bi=XSTM-OSTM*SORT{ 18. J+XAIR«DAIR«SQRT(29.)

B2sXSTMaSORT(18. J+XAIR+*SORT(29.}

DATM=81/B2

RETURN

END

SUBROUTINE FRAC(T.T!.P.PTOTAL XSTM, XAIR ALPHA,D)

PAIR=T1/298. 16

PTOTAL=P+PAIR

XAIR=PAIR/PTOTAL

XSTM = 1. 0-XAIR

AxTwewd

BeT»»3

CP=1.043-8_92E-3+T+1,7867E-SvA-1, 1B3E-8+B

TK=2, 445E-5+1.96E-8+T+3.36TE-10+A~1.077E~ 138

RG=495.27-0,07966=T

P136 0ST3IE26+(Tes(-5.3512)1+EXP(-6890.81/T)

D=1, E-3«P1/(T*RG)

ALPHA=TX/(D*CP)

RETURN

END

SUBROUTINE OIFF(T,N,M, VT XAIR,XSTM DATM, DABT,TTK)

DIMENSION VT(41,31) DABT(41,3¢4),TTK(31)

MP { =M+ 1

NP {2N+ 1

DCOF=S, 3IBSE-G»(Tr+t,.88)

CP=1,943-8,.92E-3*T+1 . T7BGTE~-5={T«-2) -1, 183E-8~(T=»3)

TK={(7.56E-4)*XAIR*(29.+» 333)+(6.5TE-4)«XSTM=(18, == 333))/(XST™
12 (18, == 333)+XAIR=(29,.+=_333))

TZ2=CP*DATM

00 4 K=1,NP1

DO 4 L=1,MP1

DABT(X,L }=DCOF+VT{K,L)

DO 95 J=1, MP1

TTK(U)=TK+O, 5=TZ«(VT(NP 1, J}+VT{N,J})

RETURN

END
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APPENDIX D

CALCULATION TECHNIQUE OF THE VELOCITY COMPONENTS

A streamline is tangent to the velocity of the fluid
particles at every point, in steady flow the velocity U with
components U and Ug at a given point is constant in time. In
Fig. D(i}, we have drawn a tube of flow around the droplet.
The velocity of the fluid will in general have different
magnitudes at different points along the tube. Since in
steady flow noe fluid can leave through the walls nor can fluid
particles temporarily accumulate, the mass crossing each
section of the tube per unit time must be the same,.

AU = constant (1)

noting that the fluid is incompressible.

We used as our reference velocity that of the far end,
Upag; which when made dimensionless becomes unity. Thus, Eq.]
in dimensionless form becomes

®
*

Lxomh

I r . ¢

(i) (1i7)

FIGURE D:A Tube of Flow used in computation of Velocity
Components
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U = Aw/A | (2)

where Aw and A are the cross-sectional areas of the tube
perpendicular to the strealines at the far end and any other
section respectively, and assuming that the speed is essentia-
1y constant over each surface separately. In Fig.D(ii), & is
the angle between the initial velocity U and the final velocity
U® , From Fig.D{ii} and Eq.2, we have

r

b

b = U/cose _
(3}
= Awm/Acosé
In Fig.D(iii), this new velocity is now resolved into the two
components U_ and Ua; ¢ is the angle between U” and Uy
U, = U cose
= Awcosd/Acos@ {4)
and Ug = Awsing/Acos@ (5)

T?e angles were measured manuglly.As a numerical exampfg,from
Fig.3.1, at polar angle of 60, and at dimensionless radia
position of 1.4, we have Aw/A = 0.96, & = 15°, ¢ = 110°,
Substituting these values into Eq.4 and Eq.5 gives

Ur = “00339

which agree with the values presented in Tables 5.6 and
5.7 respectively,



