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Memorandum

To: Tim Colburn

From: Brian Sepelak

Date: 01/07/04

Re: References Requested During 12/10/03 MAAP-DBA Meeting

On December 10, 2003 a working level meeting was held with the NRC to
discuss the Containment Conversion Pre-application Report submitted by
Beaver Valley Power Station (BVPS) by letter L-03-188 dated November 24,
2003. During the meeting, Rich Lobel requested copies of References 10,
13 and 19 cited in Section 2.6 of the pre-application report. While these
references are available in the public domain, they were readily available to
BVPS and are being provided for the convenience of the staff.
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CONTAINMENT SPRAY EXPERIMENTS FOR PRESSURE SUPPRESSION

Susumu Kitani'

ABSTRACT

A containment spray svsten is mme of the nuclear
safety devices lInstalled in pressurized water reactors
to suppress the inner pressure and to remove iodine
vapor in the containment vessel in a postulated large
accident.

A subject of the Contalnment Spray Test is to
confirm the effectiveness ¢f pressurc suppressiom.
Cold water was injected as spray droplets into a large
vessel of 700 & prepared in a given steam-air condi-
tion. Practically applied spray nozzles of hollow
cone type werc ugced at several hefghts by chanping
the number of nozzles.

The exnerimental results showed that the pressure
decreased mostly with flov rate of spray injected and
independently of the position of noz:lc height.

ROMENCLATURE

f = spray flux (m/hv) _
F = total flow rate (@°/hr) = _
Fy= flow rate at 1-th stage (m>/hr)
h = average height of nozzle (m)
hi= height of nozzle at i-th stage (m)
1 = apray injection ratio (hr™ ")
To= average temperature in vapor ghase °c)
Tgpl=temperature of inlet water (°C)
Tgpz=temperature of vater Teaching bottom

of containment vessel (°C) -
V = volume of containment above operating flocr (m”)
V'a volume of containment vessel (m°)
n = heat absorption cfficiency (-)

INTRODUCTION

In the safety analysis of a preassurized water
reactur (PYR), an accident of the primary coolant
blow~dovm into the containnent vessel (loss-of coolant
accident or LOCA) Is postulated. If the noutulated
accident occurs, the inner pressure of the containment
vesgel will be built up due to the blown-down stear.
Therefore, I'¥R's plants have the containment spray
system to reduce the pressure by cooling the ateam-air
atmospherc. 2nother important role of the containment
spray nrstem is to washout airborne fisslon products
released from any perforated fuels into the contain-

1 Japan Atonic Energy Research Institute, Tokal-mura,
Ibarak{-ken, .Japan

Contributed by the Fuel Saciety of Japan for presentstion at
the 15t International Conference on Liquid Atomization and Spesy
Systems held in Tokyo, Japan from August 27th to 31st, 1978.

ment veasel.

For thre containment spray cooling, the wresence
of air in the containment vesscl lowers the condensa-
tion heat transfer ratc. Furthermore, spray {low rate,
spray drop size, and spray pattern will also affect {t.

Many fundamental researches on cooling the stean
etnosphere by spraoy hsve beea reported., Yevertheless,

‘the experimental investigation in a large vessel has

been performed to understand the pes-space mixing and
the temperature distribution 1in the actual reacter
containment vessel.

The Marviken Full Scale Containment expcriments
in Sweden (1) and the mimulated desiyn basis testa of
the Carolinas Virginia Tube Poactor in U.S.A. 42)
evaluated the heat transfer in the spray coolinz
qualitatively.

Hitachi, Ltd. eveluated the heat transfer eff{-
clencr of spray—cocling es a fuactien of the pressure
vith a vensel af 42 m? (3.3 m in dlameter and 6 m In
height) (3).

Tokvo Shibaura Co. Ltd.made an cxperiment with
vessal of 3 m® (1.2 ® In diometer and 3.5 m high) and

" found that the theoretically caleulated velue agreed

well with the experimental reavlts. (#+R) Ia thelr
experiments the effect of gas-space mixing imder
spraying was not evaluated. )

In the present experiment a falrly large vessel
vas used for clarifving the effeativencss of PWR's

containment spray cvoling.

TEST FACILITY

Fig. 1 shows a schematic dingram of Lhe contalin-
ment spray test apparatus. It consists of a model

H we
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Cocting Water System

Fig.! Block Diogrom of Containment Sproy Test
Apporatus
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containnent vessel, spray systems, instruments for
measuring several experirental data and an air
rleaning ayster.

The Model Contalnment Vessel -

The Model Contalnment Vessel is 20 m high, 7 m dn
diamcter and 702 £ in volume, It 1s designed for the
condition of 5 kg/em?G in pressure and 160 °C in
temperature. ‘The pressure test was carried out at 6.2
kg /cm?G and the leak was examined to be less than 0.1
Lday av 3.3 hgfemi6.

1t is made of carbon steel plate ranged in
thickness from 25 mm to 28 wm.

The inside surface of the vessel is clad with
2 mn thickness stainless steel,

The wall of the containment vessel {s covered
with 5 cm caleium silicate boards for the thermal
insulation (the density of board is 9.22 g/cm® and the
thermal cenductivity 0.042 keal/m.hr.C).
Pressurization

Stean supply into the containment vessel can be
sent from a hoiler directly with flow rate of 6 ton/hr.
Pressure rulief valves are installed in the main
venti)ation loop header adjacent to the containment
vessel and rupture disks are alse set for the same
object because of potential overpressurization and
vacuum.

Spray systems

The clevation, EIL, of spray headers is taken from
the bottom of the containment vessel. Single nozcle
can be set at 18 m(50). The ring-shaped hcaders are
located at 15 m(#1), 12 n(*2) and 15 =(#3) on which
18 nozzles can be set Tespectively.

A hollox cone type noz:zle (the same specification
with' SPRACO-1713A) was used for the pregent work with
water flow rate of 58 1/min at 2.8 kg/em=, spray angle
of 63 -67°.

Air Cleaning System

aAn air cleaning loop is provided to relicve the
depleted air due to water vapor and supply fresh air
with flow rate of 1700 m3/hr or 3300 m3/hr.

Data acquisition: A dligital computer system Is
connected to the containnent spray test apparatus for
logging collected data, processing them and platting
the calculated results.

The system {s to be able to file a large amount
of analogue physical inputs such as temperature,
pressure, flow vate of fluid, etc., less than one
second ceontinuously.

Heat transfer cocfficlent, kinetic viscosity,
Prandtle nunber, thermal conductivity and ashsorption
efficiency of sprayed water are calculated to analyze
the experimental data.

Heat-Transfer-Data Measurement Svstem: To measure heat
-transfer data, following sensors are equipped in the
containment spray test apparatus.

1) Temperature measurcment by cnpper-constantan ther-
mocouples

Steam {njected 1

Stoam-aiv atmosphere 59

Spray water 58

Spray header 6

Wall three positions

6/position

Water flowing on

wall surfaces 12

Water in sump 1

Steam Inlet 1
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2) Pressure

Stean duct 1
Steam-air atmesphere 3
3) Flow rate

Steam under injoction 1

Spray water 4

Water flowing on wall .
surface 12

Water circulated
from the sump 1

EXPERIMENTAL PROGRAM

The containment spray test for pressure suppre-
ssion siculated te a ULOCA condition of PWR was
performed, where heat transfer between spray droplets
ond steam-air atmospherc in the contajnment vessel was
investigated.

The heat absorption efficiency, n, {8 shown as
follows,

) 1)

ne= (Ispz - )/('rg -

Tspl Tspl
vhere i_ ls the gas teoperature in the containment
vessel ,®T.,y the temperature nf water in the spray
header and Igp2 the temperature of water above the
bottom of the containment vessel.

The initial conditfcns were ret at 2.5 kg/em?GC
for the atmosphere of the containment vessel and 40C
for the water of spray tank. The distribution of
spray nozzle on the spray headers was set according
to the object of runs.

The height of containment vessel of a 800 MWe
<lass FWR's plant may be 80 m, howvever, the lower
purt of it consists of compartments for instrumen=-
tation and radiation protection upto about 30 m high.
Thus, there is a large free volumc above the highest
floor, where the containment spray is applied.

The test condition for FWR is sirmlated by
calculating the spray flux, £, defined by

feIF

: i hi/V = F h/v (2)

vhere F; is the flov rate of solution issued from the
i-th stage of spray header at the height hy above the
highest floor or opcrating floor cf the PWR's con-
tainment vessel, and V is the free volume above the
operating floor.

On the other hand, the spray injection ratio, 1.
Is defined by

1= I Fp/\V = F/V! &)
i

where V' is the total velunmc of thc containment
vessel. The spray injecction ratio is introduced from
the consideration that the steam cxisting ont only
in the spray rcgion but also in mon-spray region of
compartnents will work zo retain the inside pressure
of containment vessel,

Table 1 shows the program of containment spray
test for PIR's LOCA condition. For the model
containment vessel, V and V' are taken to be same.

RESULTS

The steam-alr atmosphere of 2.5 kg/cmC was made
by introducing steam at flow rate of 6 ton/hr into
the model containment vessel having contained air
0f 1 atm at the room temperature. After arriving at
2.5 kg/en?C the supply of steam was stopped and the




Table 1 The Conteinment Spray Tests for Pressure Suppression

Number of Nozzles on Heoder 3F Fh/V F/.Y Purpose
#0 |#1 |#2 |#3 |Im°/hr)| (m/hr) | (W)

Run No.

-2 I':\gR boyor;?rgrrr‘im rsr?er?god demonstration
0.447 13x10 | Simulation of PWR flux

{ one subsystem flux simuloled )

-2 | PWR conloinment spray demonstration
PHS-2 o 6 o 0 20.9 ;0,447 j3x10 test ‘by Sféddy state method )

PHS-1] O 6 0 0 j20.9

PWR contcinment spray demonsiration

PHS-3] 0 |12 { O i O [41.8 |0.893 |6x102 |tes! by fronsient method
: {2 subsystems flux simulated )

ol O 0 6 0 0.357 -2 Effect of spray flux ond mixing

PHS-4 20.9 3x 10" i within gos phase

b O 0 o 6 0.268 (by tronsient method )

: _o | Simulation of PWR spray flux by
PHS-5| O 6 o 6 |41.8 j0.715 |6x10" | yrongient method (2 subsystems )

o s b
agued A

H

.3 | Choracteristic experiment of single
PHS-6 1 0 0] o) 3.4810.0892:5x 10 spray nozzle

R Ak e A S bR F 2 B AT SN

PWR 795 |0.506 [1.1x162
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{ Temperature of Spray Solution 40T)

vessel was left for about 20 min to deccrcase the
temperature difference between steam-air and the
structure of the vessel. Then, spraylng water was
ejected into the vessel.

Fig. 2 shows the experinental results for the
prassure change over the time in run PHS-l with g
curve obtafned in calaulatjon of CONTEMPT-LT (7). . Spray Start
which {s popular for estimuting temperature-pressure {
behavior of light water reactor’'s containment vessel
under the LOCA conditfon. In the calculation, the
heat absorption cfficicncy is taken as 100 X, It
reans that the temperature of spray droplets becomes
equal to that of the gas-phase in a period of falling.
The code includes the term of heat transfer between
the structure of the containment vessel and the vapor
atmosphere. 1In the calculation, the heat transfer
coefficient reported by Uchida et al. was used (8). Sbﬂnhbx'ﬁ“' ey

: Fig. 3 shews the pressure change plotted with %3&0%

! the computer after spray injection in all runs. In the Sproy o 23
figure, It is found that the pressure suppression
curves are classltle: roughly 1ntod;hree groupy , \ , . \ L .y
determined by rate of spray, regardless of the height .
of spray heaiers or the configuration of spray nozgles 0 20 4 & .BO "D.|2° 1o 160 160
on the condition tested. Tn other words, the pressure Time (min]
suppression Is closely related to spray injection rare
shown by F/V' in Tahle 1.
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T

PHS-1
( Sproy Flow Rate 21 ¥t
Fﬁe(hkualbnby

[

Prassure (kg/cmG)
5
-
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o

Fig.2 Pressure Change in PHS—1
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Fig.3 Pressure Chonge in PHS Runs

Fig. 4 shows the average tcmperaturc-profile
measured at the level in the containment vessel as
a function of time after spray injcction in run PHS-
db. The test was carried out with flox rate of water
of 21 o3/hr from the hcader of #3 stage at the
elevation of 9 m, located nearly half of the vessel.

It is noted that the temperature falls more
spcedily in lower level. The temperature at the lcvel
of 9.5 m and 1! m {in non-spray reglon falls at the
same rate as the tempcrature ut the level of 7.5 m in
spray region. However, thc rate of temperature fall-
ing decreuses with higher elevation. These results
may be related to the heat preservation by air mole-
cules in non-spray region. It ix intcresting to ses

after the start of spray for a while and then that is
kept constant.

150 T 7
PHS~-4bp '

8
[

Temperature (°C)
)

3
4

— Non-Sprayed Region |
~——— Sprayed Region

1 1
0 60
Time (min)

120

Fig.4 Temperalure in PHS-4b
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Temperatura
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120

Fig.5 Temperature chonge in PHS-1
ond PHS-6

Fig. 5 shows the average temperature-profile in
runs PHS-1 and PHS-6. Thn hath cases, as the location
of spray nozzles sct at higher levels the temperature
difference between spray rcgion and non-spray region
becomes smaller In comparison with the results in
run PHS-4b. This smooth deocrvasce of temperature in
the vessel is considered as the cffect of convection
dn the gas spuce between spray region and non-spray
region by the drag forces of falling droplets.
Another process considered is that the vaporization
of droplets in the gas space of higher temperature
may occure and the vapor move in the direction of the
sprayced water on which the vapor condenses.

As metntioned above, when the steam is condensed
on water droplets, the pressure in the containment
vessel decreases and not only the steam but alsc the
air existing in non-spray region move to spray region.

Considering these pheonooena, fission products,
especially radioiodine vapor, cxisting in both region
of spray and non-spray in the containment vessel of
PHR in the LOCA condition will have chance to be

washed out,
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DRAG FORCES IN A HYDRAULIC MODEL OF
A FLUIDISED BED—PART I

By P. N. ROWE, B.Sc.(Tech.), Ph.D., AM.C.T., D.I.C. (assocIATE MEMBER)* and G. A. HENWOOD*

SUMMARY

This paper describes experiments that were made to measure the drag on a sphere in a water stream and how
this drag varied with the presence of neighbouring spheres. The spheres were § in. and £ in. in diameter and
the flow conditions gave Reynolds numbers in the range 10 to 1000,
Increases of drag coefficient of almost two orders of magnitude are obtained when the sphere forms part of
- a regular packed array. Very large changes are associated with the surfaces of particle assemblies. Repulsive
" forces between particles have been found and also conditions that lead to a reduction in drag.
The results are used to explain some of the features of fluidised beds. They indicate the need to know more
of the gas flow patterns before these results can be applied to bubble formation in gas fluidised beds.

Introduction .

When fluid is passed upwards through a bed of particles,
the bed is said to be fluidised when the drag force equals the
cffective weight of the particles and they are supported by
the stream. The drag on an individual particle will depend,
amongst other things, on the closeness and geometrical
arrangement of neighbouring particles for this will determine
the local flow pattern. The object of this research was to

.examine a model consisting of regular spheres and to see

how the drag forces varied as fluid was.passed through
different geometrical arrangements.

Appératus

A hydraulic system was used to measure drag forces as
this simplifies much of the experimentation. It is well known
that the drag on a body can be correlated with the product of
of its frontal area and the dynamic pressure by a coefficient
(the coefficient of drag) which is a function of Reynolds
number. Hence this investigation which is concerned with the
geometrical arrangement of neighbouring bodies can be made
independent of the nature of the fiuid and of absolute size.
There is no reason to suppose that the Reynolds number is a
critical parameter in a fluidised bed. Systems spanning several
orders of magnitude of this group behave in a broadly similar
manner and both liquid and gas supported beds may have
the same Reynolds number. 4 in. spheres were used for
convenience and drag forces could be measured at Reynolds
humbers 25 to 100. This is roughly equivalent to 16 B.S.S.
Particles gently fluidised by air. In some different but related
experiments observations were made on 4 in. spheres at
Reynolds numbers around 400. .

The principal apparatus is shown in the photograph of
Fig. 1. Distilled water was circulated through an open-topped

Perspex tank 3 ft long with a flow cross section 6 in. X 6 in. -

The superficial velocity could be varied from 0-5 t0 1-5
ft/min, This corresponds to Reynolds numbers from 32 to
96 with respect to a 4 in. sphere in the stream. Calming
sections at the two ends of the tank were arranged to give a
substantially uniform velocity over the centre two-thirds of

* Chemical Engincering Division, A.E.R.E., Harwell.
TRANS. INSTN CHEM. ENGRS, Vol. 39, 1961

‘the flow section. The local water velocity was measured by
“introducing a fine stream of dye (about 0-016 in. diam.)

from a drawn-out glass tube bent at right angles near its
end to discharge horizontally downstream. When the tank
was tapped sharply a small kink appeared in the dye stream
and the progress of this was timed between scribe marks on
the tank walls,

The spheres were made of polythene, 3 in. diameter, obtained
as cast sheets of several attached spheres. The surface finish
was generally good except at the four points of attachment
to other spheres. These rough points were removed by
polishing. A small hole was drilled in the sphere and this was
plugged with solder to make the overall density just greater
than that of water. The sphere was supported by a 4 in.
length of 0-007 in. Nichrome wire which was pushed into it.

For some experiments the sphere hung by its wire as a
pendulum as shown in Fig. 2(a). The wirec was bent at its.
top end and hooked over a tiny wire stirrup. Most of the
wire was shrouded by a water-filled glass tube. The fluid
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Fig. 1.—Photograph of apparatus—water tank
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Fig. 2.—Sketch of apparatus—force balances

stream caused deflection which was measured by sighting a
cathetometer on one edge. At small angles the deflection is
proportional to drag and an absolute value can be calculated
from the measured submerged weight of sphere and wire, the
length of suspension, and the observed deflection. Typical
values are, deflection = 005 cm, suspension length = 10 cm,
submerged weight = 0-08 g, and resulting drag force = 4
X 10-¢ g wt. The sensitivity of this method was about
5 x 10-% g wt. The fluctuations in water temperature that
were observed did not affect this sensitivity. An alternative
method of suspension is shown in Fig. 2(b). This was particu-
larly convenient when it was required to insert the sphere
into some array of other spheres. It has the advantage of a
support which is entirely downstream but it is heavier and
hence its sensitivity is less. The horizontal support is counter-
weighted at its downstream end and is supported at its centre
of gravity in water by a hooked wire as previously. The wires
are shrouded in a water-filled glass T drawn out where the
wire protrudes about ¥ in. downstream from the sphere.
The moving parts were weighed under water before assembly

in the glass shield and the drag force estimated from the
dcflection, weight, and length as before.

A further modification is shown in Fig. 2(c). This is for
measuring drag and lift forces simultancously. It is similar
to the force balance of Fig. 2(b) but the upstream-facing
Iimb of the glass T is left open and the opposite end is drawn
down to a narrow diameter and closed. The horizontal wire-
support can pass frecly through the restriction to allow
measurement of drag forces as previously. When lift forces
act perpendicularly to the plane of the sketch, the horizontal
beam hinges about its downstream restriction. By viewing a
mirror below the transparent tank, the two deflections at
right angles can be measured and the simultaneous drag and
lift forces can be estimated. .

Observations were initially made on a solitary sphere in
the tank and these were compared with the correlation of
other data in the same range of Reynolds number.! After
making allowance for the drag on the short length of exposed
wire, it was found that the drag using a downstream support
was some 109 higher than previously reported.? This seems
most probably to be a wall effect® but was considered small
enough to be of no consequence when measuring the effect on
drag of neighbouring particles. There was some variation
from sphere to sphere (about a dozen in all were examined)
but a given one gave reproducible drag values.

All results are quoted as a ratio of the observed drag force
to that when the same sphere was alone in the water tank
(i.e. at infinite separation from any interfering sphere). Thus,
any variation in the drag characteristics from sphere to sphere
was effectively eliminated.

The other apparatus used was extremely simple and con-
sisted of a Perspex tank 5} in. X 5% in. x 3 ft deep. This
was filled with water and 5 in. X § in. sheets of attached
polythene spheres were allowed to rise through it whilst
their velocity was measured. .

In all the experimental work observations were made in
random order except for the selection of water velocity which
was not easy to set to a required value and was always tedious
to measure. Once adjusted, observations were made over a
range of sphere configurations with frequent checks of the
velocity. In almost all cases these observations were repeated
at least once with a fresh adjustment to the same water
velocity. Where appropriate, the pattern of observations
formed a simple factorial experiment.

Expecrimental Results—Part I

These results were all obtained with 4 in. diameter spheres
in the tank with horizontally flowing water just described.
They are presented as a drag ratio, a = Fx/F,, varying with
a separation ratio, 6 = x/d. The particle diameter, d, was not
varied as this was not practicable and the Reynolds number
was varied by a factor of three simply by changing the water
velocity. In this narrow range the results were found to be
independent of Reynolds number and it is believed that this
is true over a wide range. McNown and Newlin! have shown
that this is at least approximately true for spheres within
cylindrical boundaries.

Inspection of all the data suggests that the drag ratio varies

_inversely as the separation ratio for all the configurations

examined. At infinite separation the drag coefficient is unity
by definition so that the simplest equation that can be written
is,

+1-00 . . .

TRANS. INSTN CHEM. ENGRS, Vol. 39, 1961
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where K depends only on geometry. This equation does not
meet the terminal condition when é = 0 so that it can only
apply above a certain minimum spacing.

The coefficient in equation (1) was found by averaging,

ie.

NI

n .
K==Zéa-1)
o
and the resulting equation, where appropriate, has been
drawn on the graph showing the results and is referred to as
the *‘best hyperbola®'.

Consideration of purely viscous and purely turbulent flow
suggests that the relationship between a and 8 is more com-
plex than equation (1) in the flow regime that is of interest in
fluidisation. Nevertheless it will be seen that a simple hyper-
bola fits the data reasonably well and provides a simple form
to include in any mathematical treatment of the consequences
of particle interactions in a fluid stream.

Two spheres in line - .

The drag on a sphere was observed whilst it remained
stationary in the water stream and another sphere was placed
in line at different distances upstream and downstream, The

results are shown in Fig. 3.
When the interfering sphere is upstream of that observed,

the best hyperbola is,

a=100-28 . 0

and when the interfering sphere is downstream,
a=1:00+ ngg . . .

Obstructing sphere Jownstreaem

with the convention that downstream distances are negative.
The error of asingle observation about these curves is roughly
< 0-6/4 so that it is high when § is small. A practical limit
to the drag ratio for near touching spheres appears to be
0-4 when the interfering particles is upstream and 0-8 when
it is downstream. Thus, equation (2) and (3) are not valid
with & Jess than 2. The effect of an interfering sphere in line
is not large unless the separation is only a few sphere dia-
meters. Nevertheless, it appears that a drag reduction could be
detected over 100 diameters away upstream but only about
30 diameters away downstream. As would be expected, an
upstream obstruction has a greater effect on drag than a
downstream one.

At very low Reynolds numbers when two spheres of equal
diameter are in line in a fluid stream, the drag on each is
equal.® At the Reynolds numbers relevant to fluidisation, the
leading sphere develops a wake which affects the drag on a
following one. The average drag obtained from equations (2)
and (3) agrees within a few per cent with the drag calculated
for each of a pair in purely streamline flow.

Two spheres misaligned

The sphere was next observed whilst it remained stationary
in the water stream and another, at a fixed radial distance
was placed around it in a horizontal plane. The results are
shown in Fig. 4 where the drag ratio is plotted against angular
position..Curves have been drawn by hand to indicate the
form of the variation but no attempt has been made to derive
an equation which would obviously be fairly complex.

As the previous experiments showed, the effect dies away
rapidly with increasing separation. Comparing areas bounded
by the curve and the horizontal line a = 1-0, it is seen that
the general effect of a single near neighbour is to reduce the
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drag on a sphere. There is, however, a region adjacent to,
but a little downstream of, the sphere where a drag increase
-occurs. The curve is, of course, symmetrical about the line
-of flow.

‘The lift and drag on adjacent spheres

A sphere was supported in the water stream in the manner
shown in Fig. 2(a) and its deflection normal to the line of
flow observed as well as the usual parallel deflection. This
‘was done by viewing in a mirror set below the transparent
tank. Observations were made as a second sphere was placed
adjacent to the first at various separation distances. The
results are shown in Fig. 5. By convention, lift and drag act
at right angles. As the spheres approach, the drag increases
by a maximum of about 15%. The lift increases sharply with
.approach and can be described approximately by the equa-

tion,
L./F, = 0-15/8 . . . @

This equation is unreliable at separations less than § of
a sphere diameter and the maximum lift observed was about
0-6 of the drag on an isolated sphere. Although only large at
separations of less than one diameter, lift was detectable
with the interfering sphere almost 10 diameters away. This
is evidence in support of the already suspected slight wall
-effect in this apparatus. :

This lift force is a special case of the lateral dispersive
forces arising from fluid viscosity and described by Bagnold.*

The drag on a sphere near an assembly

The polythene spheres were cast as sheets of several attached
spheres arranged in square packing. The sheets were square
and two opposite edges finished in complete spheres whilst
the other two edges were formed from half spheres as shown
in Fig. 6. When several sheets are set one on top of the other
with alternate ones turned through 90°, they form an assembly
of spheres in rhombohedral packing, the closest possible.

Four sheets packed in this way were placed in the water tank
so that they completely filled the cross section and all the
fluid had to pass through the assembly. The drag on a single
sphere at rest in the water stream was observed as this assembly
was approached from the downstream and upstream direc-
tions. In a second experiment one sphere was removed from
the centre of the sheet facing the solitary sphere which was
moved up until it fitted into the vacant site.
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The results for approach to a complete assembly are shown
in Fig. 7. A hyperbola fits the data reasonably well at separa- :
tions greater than six sphere-diameters but closer than this . ‘ froe '
; the slope of the curve reverses. An upstream obstruction -

causes quite a large increase in drag which falls off as the

{ lone sphere gains the shelter of one in the assembly. A
downstream obstruction has little effect but reduces the
X drag. 40 ” U T T T T T
"’ 0dstructmg essembly downstresm ‘ohlruuiq eusembly wpstreem
, 1
)
! * Re=32 . “ Best hyperbole
! 3-oF :::::; :0\ E'l-d‘lil b
J =4 ::l' -t
! : T
. § 2-0F T .
i : 3
\ 1.0 —— ‘fi : .
) —e 7
‘ Fig. 6.—Photograph of sheet of spheres and of a stack . A Y
: I
When there is a vacant site in the assembly the drag becomes ‘
very large indeed as the sphere approaches the hole, and o P . A : N
: forces approaching one hundred times the drag of an isolated B0 e _s:m“:“ m"m L
\ sphere appear to be possible. Again the data can be repre- 4 . .
. sented by a hyperbola and the constants are shown in Fig. 8. Fig. 7.—Graph of drag variation—single sphere near an ossembly

With an upstream obstruction the same curve fits the data at
separations more than six diameters but when the obstruction
is downstream the forces are very different depending on
whether there is a vacant site or not. From the equations which
are based on all the data, the drag with an upstream obstruc-
. tion is always greater than when it is downstream. It may

therefore be inferred that the terminal value is greater and
this is particularly relevant to the behaviour of fluidised

particles and will be discussed later. Experimental observa-
tions with the sphere almost filling the vacant site are rather
unreliable because the sphere tends to foul its neighbours and
precise measurement of position is difficult.

Some of the above observations were repeated with the
thickness of the assembly increased from four up to twenty-
four layers without any detectable difference in drag forces.
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Fig. 8.—Graph of drag voriation—single sphere near a defect in an assembly
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It is concluded from this that the cffect is independent of the
thickness of the obstructing assembly once it is greater than
about four particle diameters.

The greatly reduced drag as a sphere leaves an assembly
for the open stream arises from the change in local fluid
velocity. In this investigation it is more meaningful to regard
the change as a geometrical effect which in turn controls the
fluid velocity.

The drag on a sphere in an assembly and near a defect

The previous experiment was repeated in a modified form
so that the drag forces on a sphere adjacent to a vacant site
were measured as another sphere was brought up to the
unoccupied place. Two adjacent spheres were removed from
the centre of one face of an assembly and one was replaced
by a sphere supported as in Fig. 2(c). By viewing in two
directions at right angles the deflections due to lift and drag
could be measured. Observations were made as a second
sphere was moved into the remaining vacant site. Only the
case of an upstream obstruction was examined.
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Fig. 9.—Graph of drag variation—sphere in an assembly near a defect

The results are shown in Fig. 9 where lift and drag ratios
are plotted against separation distance of the second sphere.
The drag ratio for a sphere in the assembly falls as its neigh-
bour leaves from an initial value of about 40 to a terminal
value of about 25, which is reached when the neighbour is
little more than one diameter away. As has already been
stated, these limiting values are not necessarily very accurate
because of the difficulty of positioning a sphere in the assembly
whilst Jeaving it free to deflect in order to measure the drag.
Nonetheless, the form of the variation is shown in Fig. 9. The
lift increases as a neighbour departs up to a terminal value
of 15 times that of the drag on an isolated sphere and this is
achieved when the departing sphere is one-and-a-half diame-
ters away. Its sense is such that neighbours tend to move
towards the path of the departing sphere.

Experimental Results—Part 11

The results described in this part were all obtained by
allowing asscmblics of polythenc spheres to rise through a
stationary tank of distilled water. The assemblies were made
from cast sheets of # in. diameter spheres, each sheet 5 in.
square (8 X 8 = 64 spheres per sheet) arranged in square
packing. Two opposite edges were formed by complete
spheres and the other two by half spheres as shown in Fig. 6.
The Perspex water tank was 3 ft deep and of 5% in. square in
section. The clearance around the sheets of spheres was
therefore such that a hydraulic diameter for interstices at the
edge was similar to one near the centre. It was intended that
flow through a complete sheet as it rose piston-like through
the tank would be essentially parallel and could be regarded
as typical of an infinite sheet.*

The drag on spheres in a plane array from which spheres are
missing

A single complete sheet of spheres was timed as it rose
over the centre 12 in. section of the tank. Some spheres were
then removed from the sheet and the experiment repeated.
Spheres were always removed in a symmetrical pattern to
ensure that the sheet remained horizontal in the tank and
they were taken either from the centre or from the sides.

The observed average coefficient of drag per sphere was
calculated from the known drag (the buoyancy force), the

frontal area of a sphere, the fluid density, and the observed

terminal velocity.

- gF
Cp= A . . &)

=K.r . . . . (6)

where ¢ is the time to rise past the measured marks. A Rey-
nolds number based on the diameter of a single sphere was
also calculated, and this used to calculate the drag coefficient
for a single sphere moving at the same velocity from Schiller
and Naumann’s correlation,?

C'D=2F-t(l+0-15Re°"") . . D

which applies to the range of Reynolds number observed
during these experiments (Re ~ 300). The ratio of these two
drag coefficients, Cp/C’p is a measure of the drag increase
caused by packing the spheres together. It is an average drag
ratio, a.

The results for a single sheet are shown in Fig. 10 where
the ratio of drag coefficients is plotted against the number
of spheres removed from a sheet. The average drag per
sphere does not appear to depend upon which spheres are
removed but only on the number removed. This confirms the
expectation of parallel flow and the equivalence of edge and
centre spheres. The drag ratio for a complete sheet is 36-7
and this is based on 30 independent measurements. The
standard deviation of a single observation is =+ 0-6 but this
error increases with the rate of rise until, with a single sphere,
it is impossible to obtain a satisfactory drag vaiue because
the terminal velocity is not achieved until the sphere has
risen through about half the depth of the tank. For all but a
single sphere this limitation was not reached.

* The drag force on a sphere in an array can be related to the
pressure drop through the assembly and this compared with
accepted equations for flow through packed beds. The authors
hope to publish a note on this topic in the near future.
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As a further check on the absence of wall effect, a single
observation was made in a 12 in. square tank in which a
Jarge sheet built up from the standard 5 in. sheets was allowed
to rise. This gave a similar drag ratio. Thus, for a complete
and regular array, the drag appears to be equally shared by
all members. .

As spheres are removed, the average drag per sphere falls
rapidly. The removal of 12 spheres (less than 209) halves the
drag ratio. Since the majority of spheres are still surrounded
by neighbours as in a complete sheet, it follows that the
reduced drag per sphere is not so much a changed local drag
coefficient as a change in overall flow pattern and channelling
through the hole. The drag is halved by a reduction in velocity
of 1/4/2 and this would little more than double the velocity
of flow through a 209 hole. This is not a very great distortion
of normal parallel streamlines and illustrates the point that
small deviations from uniform flow may have large effects on
the distribution of drag forces.
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ROWE AND HENWOOD. DRAG FORCES IN A HYDRAULIC MODEL OF A FLUIDISED BED—PART I 49

P R

P e R R Lo

9

0

101

40

[
o
—

-
o
T

Ty /¢ ~DRAG RATO

p1 o

20f

T

T

Ke = ¢ 300

» B —

" Opea paching

10

T

T

T

Sngle sheet of %-.n soheres S squae

80}

2 1 s
9

foe spreres) R . . . . . .
: ] 1 2 3 4 ) ] D 0

n = Migsing from centre - NUMBER O LAT(RS

T o mmeytron etyes Fig. 11.—Graph-effect of layer thickness and pocking on drog increase

-
©

\‘\ Also for 12 3quare sheel This suggests a packing oricntatio.n effect? although it must
Y . be remembered that the stack now includes many half spheres
- ‘\ 7 in its upper and lower face.

- The experimental work reported in the previous section
measured the drag on an individual sphere in the down-
streamn and upstream facing layers of a close-packed assembly.
As explained, the actual terminal value is difficult to measure
7 and it might be argued that this is an arbitrary concept
anyway. As two spheres approach in a fluid stream, the
repulsion caused by flow will eventually be replaced by a
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repulsion resulting from physical contact. In a case such as
that represented by Fig. 8, the change from one form of
repulsion to another might appear to be continuous as a
first approximation over a short range. In this way the best
hyperbolas of Fig. 8 can be regarded as applying when the

spheres are lightly in contact and a terminal drag value can
be defined by an appropriate selection of separation distance.
Arbitrarily, let this terminal separation ratio, é,, be 0-01,
which was about the limit of possible measurement. This
gives a “‘terminal’ drag ratio of 91 for a sphere in a down-
stream facing surface and 67 for one in an upstream facing
surface. At small value of é the ratio of these two numbers
is virtually independent of this arbitrarily chosen critical
distance.

Refer again to Fig. 11 and in particular to the drag ratio
obtained for a four-layer stack in close packing which is
analogous to the situation examined in Fig. 8. The value
obtained is about 74 which is intermediate between the two
suggested values for drag on the spheres in the upper and
lower surfaces. This indicates that a sphere in the upstream-

* facing surface is typical of the interior whilst one in the
downstream facing surface is in a plane of high drag. The
distribution of drag forces thus appears to be as shown in
Fig. 12 giving a predicted average drag ratio of 73. This
indicates that the arbitrarily chosen critical separation
distance is a fair estimatc of contact conditions.

As the thickness of a stack grows, the average drag ratio
will tend to that of a typical interior sphere which appears to

The drag on spheres in multi-layered assemblies

Several complete sheets of spheres. were stacked, tied
together with fine wire, and allowed to rise through the tank.
The sheets were stacked in either thombohedral or cubic
Packing and in the latter case small pins were necessary to
hold the sheets in position. A stack of 10 layers was the
Mmaximum that could be ‘accommodated without excessive
binding against the walls.

The results are shown in Fig. 11 where the drag ratio is
Plotted against number of layers for the two kinds of packing.
It is seen that close rhombohedral packing results in a drag
Coefficient almost four times that for open cubic packing.
With open packing, the average drag per sphere diminishes
as additional spheres shield one another. This effect, however,
IS not felt above about 4 layers. With close packing the
Partial closing of interstices in one layer by sphercs in the
RNext immediatcly increases the average drag which continues
to increase with a stack up to about 4 layers thick. Further
layers reduce the drag a little. A stack of 10 layers was turncd
on its sidec when it almost filled the cross section of the tank
and gave a drag ratio some 259 greater than previously.

TRANS. INSTN CHEM. ENGRS, Vol. 39, 1961
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be about 67. Thus the curve of Fig. 11 shows a maximum
before falling off asymptotically. A curve based on this and
the distribution indicated by Fig. 12 is shown dotted in
Fig. 11. The data suggests that the difference between the
drag on the upper and Jower layers is greater than the previous
estimate but the absolute values are not greatly in error.
Because of the greater drag on the downstream facing layer,
it tends to separate from the stack unless they are all tied
together, This is another fact of importance in interpreting
fluidisation_phenomena.
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Fig. 12.—Distribution of drag forces amongst layers

Fig. 13.—Photograph of sheet of spheres with members removed

The drag on spheres in multi-layered assemblies containing
cavities
The previous experiment was repeated with layers in close
packing only and with spheres removed from some of the
sheets. Spheres were removed symmetrically as shown in
Fig. 13 and stacks were built in such a way that the void was
roughly spherical and in the centre of the assembly. A few

cases were included with spheres missing from the edges.
Stacks of 3, 5, 7, and 9 layers were examined.

The results are shown in Fig. 14 where the drag ratio is
plotted against the missing spheres expressed as a fraction of
the total. They fall into two classes depending upon whether
the hole extends right through the stack or not. Although the
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scatter is high [standard deviation of a single observation of
drag ratio is & 5 (28 d/F)), there is a uniform trend for closed
holes which can be described by,

a=685—-82x .

where x is the fraction of spheres missing. This applies to
closed roughly spherical holes. .

In a few cases an open hole was formed. That is to say,
spheres were missing from the top and bottom. This arrange-
ment produced a much more rapid reduction in drag because
of the streaming that can occur through the centre.

Equation (8) has a necessary end condition. When x = =/6
or §-5, the spherical hole will just break the surface of a
containing cube and an open hole is formed so that the
drag ratio will fall considerably. The results for assemblies
with spheres removed from the edges are shown in Fig. 15
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Fig. 15.—Graph-effect of edge cavities
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and in general they lie in between the curves for open and
closed holes. When the pattern of spaces was such that
channels were formed, the drag ratio more nearly approached
that for an open hole.

The drag on linear chains of spheres

The last experiment in this series was made with a chain
of 6 attached spheres cut from one of the sheets. A sphere at
one end was weighted with a plug of metal, and the assembly
allowed to rise through the water tank whilst its velocity was
measured. An unweighted sphere was removed from the
top end and the experiment repeated with 5 spheres. This
procedure was repeated for 4 and 3 spheres, the minimum
number that would rise vertically without oscillation. At
each stage the drag force was measured by weighing the
prepared chain under water.
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Fig. 16.—Graph-effect of chain length on average drag per sphere
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The results are shown in Fig. 16 where the drag ratio is
plotted against the length of chain. The Reynolds number
based ona single sphere diameter was higher than previously
and averaged about 3000. The average drag per sphere is
seen to reach a limiting value of about half that of a solitary
sphere and this is reached once the sphere is 4 members long
Or more. Again it is seen that assemblies more than 3 or 4
d{:lmcters thick approximate to infinite systems. Included in
Fig. 16 is a value for a two-member chain obtained by
averaging the limiting values previously observed and shown
In Fig. 3, This shows good agreement with the present results
and, since it was obtained at a Reynolds number two orders
of magnitude less than the others, supports the view that there
1S no Reynolds number effect.

Discussion
From all the foregoing evidence, the following facts appear
1o have an immediate bearing on fluidisation phenomena:

1. Spheres in line or approximatcly so shicld one another
50 that the drag of each is reduced. This is quite a long-
range cffect persisting for tens of sphere diameters.

TRANS., INSTN CHEM. ENGRS, Yol. 39, 1961

2. In a close assembly, the drag on a sphere is increas=d
by an order of magnitude. How many spheres constitute
an assembly has not been determined but it is probably
quite a small number.

3. Adjacent spheres repel one another. (If fluidised
particles achieve a degree of random motion, Bagnolds®
dispersive forces originating from grain inertia will arise.)

4. Upstream-facing surfaces strongly attract particles to
any defect.

5. Downstream-facing surfaces strongly expel particles
but this is a force that falls off very rapidly with distance.

6. A sphere in a downstream-facing surface is subjected
to a higher drag than any other in a uniform packed array.

7. The loss of a sphere from a downstream-facing surface
is accompanied by a reduction in drag on the remaining
neighbours.

8. Small departures from parallel flow will have a large
effect on drag distribution within any array of particles.

9. The drag on a sphere in an array varies fairly con-
siderably with the packing arrangement.

10. The drag on spheres in an array seems to be in-
sensitive to the size of any vcid in the assembly.

11. The drag ratio is insensitive to changes in Reynolds
number if not independent of it.

The liquid-like properties of a fluidised bed can be explained
in general terms by these conclusions. Lateral repulsive forces
will cause the bed to spread and fill its container whilst the
greatly reduced drag experienced by a particle which leaves
the top will cause it to fall back and so maintain a stable
and definite upper surface.

Stability of upper surface

The stability of this surface can be considered in more
detail. When the fluid velocity is just sufficient to support a
particle in the interior of the bed, one on the surface will
tend to be expelled since the drag here is higher than else-
where. If expelled, the particle will soon fall back as the
drag falls off rapidly with distance from the surface but its
departure will reduce the drag on those remaining which will
tend to close the vacated site. Thus there is activity on the
surface of a bed at the point of incipient fluidisation with
numerous individual particles leaping a few diameters free
of the surface and falling back again. This can be seen quite
clearly especially when uniform spherical particles are
fluidised by gas or liquid. .

Even if the fluid velocity is so great that occasional particles
do escape, there is still a fair chance that they will be re-
captured. This is because of the long-range shielding effect
of particles in line. Whenever particles align in a stream just
sufficient to support them, they will fall and *‘condense’” back
to the surface from which they had previously escaped. Thus,
the surface has very great stability and a property somewhat
analogous to surface tension. It is interesting to note that this
surface stability stems from a repulsion between particles and
therefore it may be misleading to pursue too far this analogy
with surface tension in liquids.

It is only when spheres are in line that they reduce one
another’s drag, but this must be an unstable arrangement
because of the lateral repulsive forces that exist. The extreme
case of open packing must be very rare and an approximation
to close packing will be more usual. The repulsive forces will
keep the particles separated and physical contacts between
them will be limited so that the bulk of the bed has liquid-like

properties.
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Before the minimum fluidisation velocity is reached, the
topmost layer of particles will be subjected to the greatest
drag. They will therefore be the first to lift and uader condi-
tions of uniform flow, fluidisation will start from the top and
develop downwards as each layer lifts and allows the one
below it to follow suit. This would not occur with square
packing where the leading sphere of each line carries the
greatest drag. '

The uniform fluidisation “from the top downwards”
described above is a common feature of liquid fluidised
systems but is rarely seen with a gas-supported bed. The
reason for this is difficult to see but is probably associated
with non-uniform gas distribution. It has been shown that
the drag distribution is sensitive to departures from parallel
flow. Drag is also sensitive to changes in packing arrange-
ment so that an initial small disturbance might grow and the
characteristically heterogeneous gas fluidised bed will de-
velop. Because of the greater inertia of the fluid, liquid-
supported systems will be less prone to channel formation
and the maldistribution of drag forces that follows.

\
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Formation of voids .

The formation of gas pockets, voids or “bubbles™ in gas
fluidised systems is a puzzling feature that has so far defied
any logical explanation. The foregoing assists in under-
standing the stability of such voids once formed. For example,
it has shown that the forces associated with a surface lead to
a form of surface tension and so maintain the stability of a
downstream facing surface. An upstream-facing surface is
similarly stable for the drag forces increase enormously as a
particle approaches it. The surface is supported and main-
tained by a flow of fluid through it at a rate far Jess than that
needed to support an isolated particle.

This can be illustrated by a simple experiment. Uniform
spherical particles of 0-75 mm diameter were fluidised by
both gas and liquid in a long tube the top of which was
closed by a porous plate. The fluid velocity was increased
until particles were transported and the material built up as
cake against the upper closure. The under-surface of this
cake was smooth and regular and the fluid velocity could
now be reduced and the cake was still firmly supported.

rad

b T

Fig. 19.—Photograph of “bubble" breaking the surface of a gos fluidised bed
TRANS, INSTN CHEM. ENGRS, Vol. 39, 1961




54 [ROWE AND HENWOOD. DRAG FORCES IN A HYDRAULIC MODEL OF A FLUIDISED BED—PART I

Particles were not Jocked for the tube could be shaken but
cventually, at a rate roughly twice the minimum fluidisation
velocity, they rained down in a uniform manner. The minimum

- supporting velocity was quite clearly defined. The drag on a

sphere at the bottom of the cake was thus a little less than on
one in the fluidised bed and the drag was fairly uniformly
distributed so that the particles eventually rained down and
did not fall as a cake. This dynamic consolidation is in
accord with the drag forces that have been reported.

The stability of the lens-shaped stationary voids that
occasionally occur in fluidised beds is thus explained. Fig. 17
is a photograph of a stationary void against the transparent
wall of a bed of sand fluidised by air. A deliberately-long
exposure shows that particles in the roof are more or less at
rest whilst those in the floor are in a state of motion. (a few
particles are apparently stationary in the void but they are
attached to the wall by static charges.) In the centre of the
void the drag is insufficient to support particles so that they
fall. The lower surface is stable but maintained in a state of
agitation and the upper surface is dynamically consolidated

as a clear and definite interface. Fig. 18 illustrates the dis-

tribution of drag forces. Although its stability can be ex-
plained, the means by which such voids are initially formed is
not clear.

Fig. 19 is a photograph of a free “bubble’ just breaking
the surface of a bed of sand fluidised by air. The bed, 12 in.
wide but only 1 in. from back to front, is effectively two-
dimensional. The void is seen to be fairly free of particles and
those that can be seen are mainly falling close to the wall

" where the gas velocity is low. The edges of the void are

definite and suggestive of the high drag force situations that
arise at the surfaces of particle assemblies. The arched bubble-
roof implies dynamic consolidation and a horizontal com-
ponent of gas velocity. It does not break as a bubble in
liquid does but falls back as a coherent mass as the gas
from the void passes through it. Drag measurements give
some clues as to the nature of bubbles in fluidised beds but
little progress can be made until the gas flow associated with
them is known.

The findings described by Fig. 14 are a little surprising.
They show that the drag on spheres in an array is insensitive
to the presence of a void in the assembly. This conflicts
with the conclusions to be drawn from Fig. 10 which indicates
channelling towards the hole in a single sheet. Bubbles in a
gas fluidised bed almost certainly disturb the gas flow in
adjacent material. Perhaps the important criterion of void-
size in this context is the ratio of diameter to particle diameter
and by this standard the experimental “voids were very
small.

Conclusions

The drag on a sphere can vary widely depending on the
arrangement of neighbours. In a packed assembly, the drag
is increased by one or two orders of magnitude over that
on a sphere at the same nominal velocity but in isolation.
Adjacent particles repel one another and it is generally only

when spheres are in line that they reduce the drag on each
other. Commonly drag forces vary inversely with scparation
distance. Large increases in drag are obscrved as a particle
approaches the surface of an assembly.

Some features of fluidised beds can be explained in terms
of the prevailing drag forces acting on its constituent
particles. Surfaces formed by particle assemblies normal to
the direction of flow are shown to be stable and to possess a
property loosely analogous to surface tension. Little light
has been thrown on the problem of bubble formation in
gas fluidised beds but the investigation has pointed to the
need to know something of the gas flow patterns that are
associated with bubbles. -
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Symbols Used

A = frontal area of sphere.
Cp = measured average drag coefficient.
’p = calculated drag coefficient for an isolated sphere.

d = sphere diameter.

F, =drag force with spheres separated by distance x (in
weight units).

F, = drag force at infinite separation (in weight units).

g = gravitational acceleration.

K = aconstant.
L = lift force (in weight units).
Re = Reynolds number,
U = sphere velocity or nominal fluid velocity.
x = separation distance or fraction of spheres missing.
a = drag ratio = F,/F,, or Cp/C’p.
é = separation ratio = x/d.
p = fluid density.
The above quantities may be expressed in any set of con-
sistent units in which force and mass are not defined inde-
pendently. '
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DRAG FORCES IN A HYDRAULIC M
A FLUIDISED BED—PART II

By P. N. ROWE, B.Sc., Ph.D., AM.C.T., D.I.C. (ASSOCIATE MEMBER)*
SUMMARY
A regular array of ¥ inch spherical particles was constructed and placed in & water stream. The drag on a
sphere was measured as a function of the spacing between particles and expressed as a ratio of that on a sphere

" ata given spacing to one in isolation at the same superficial fluid velocity. This drag ratio was found to vary

inversely as the separation distance. .

The results are applied to fluidised beds and it is concluded that small Jocal changes in particle concentration
are unstable as they would require a very large re-distribution of fluid velocity. The only exception to this is
when the particles are separated by tens of spbere diameters. On the other hand, the displacement of one sphere
from its lattice position makes very little difference to the drag forces. : :

\\
ODEL OF ™—__

The results are also used to predict the minimum fluidisation velocity and this agrees quite well with experi-

mental gbservations.

Introduction

The particles in a fluidised bed are supported by the drag
forces produced by the relative flow of fluid upwards through
the bed. The drag force can be corrclated with the product
of dynamic pressure and the projected area of the particle by
a coefficient, the coefficient of drag, which is a function of
Reynolds number, the particle shape, and the geometrical
arrangement and closeness or concentration of the particles.
This paper describes an experimental determination of the
effect of concentration on the drag acting on spheres arranged
in a regular geometrical pattern in a fluid stream. The results
are used to discuss the stability of fluidised beds and to pre-
dict the minimum fluidisation velocity.

Experimentation
The apparatus has been described by Rowe and Henwood!

and consisted of an open-topped Perspex tank 3 ft long and
of 6in. x 6 in. cross section. Water was circulated through the

tank at a velocity of about 1 ft/min. so that the flow was

Streamline and the velocity was uniform over the centre -

section of the tank. A 4 in. diameter polythene sphere was
Suspended in the stream. The sphere was supported on 2
horizontal wire which hung at its centre of gravity from a
vertical wire hooked at its upper and lower ends, The wire
was shrouded by an inverted glass T and a drag force on the
sphere deflected the sphere and wire as a pendulum, the dis-
Placement being measured by a cathetometer, The submerged
weight of the sphere and wire was about 0-1 g and 2 de-
ﬁcc.tion of about 0-02 cm occurred at a velocity of 1 ft/min.

Us corresponds to a drag force of about 2 x 10~ gram
weight at a Reynolds number of 64.

A number of other { in. polythene spheres was drilled
across a diameter and threaded on to 0-022 in. diameter
Nichrome wire on which they were a tight sliding fit. Several
of these strings of beads were mounted parallel to one
another in a rectangular frame, the wire being kept taut by
tension springs. The beads in this “abacus™ were arranged
In a rectangular net with a constant distance, x, between ad-
Jacent spheres. Three of these frames were made and held

* Chemical Engincering Division, AER.E., Harwell.
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together as three layers with the same parilsle spacing, x,
between them and the pitch of the centre layer displaced by
half a unit. The x¥hdlg"assembly was placed in the water tank
with the plane 6f thelayers inclined at 60° to the direction of
flow. In this way the spheres lay in an hexagonal pattern in
planes parallcf to the direction of flow. The assembly just filled
the cross-secfion ¢f the.water tank and is shown in Fig. 1.

Fig. 1.—Photograph of sphere assembly

It was made so that the scparation distance, x, could be

varied.
The centre sphere of the middle Jayer was omitted and its
position occupied by the sphere mounted in the inverted

. glass T referred to above. In this way the drag on a spherc was

measured as it was surrounded by a regular array of other
spheres at a constant and known separation distance. Pre-

™~
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vious work? has shown that the drag on three layers of close-
packed spheres approximates to the conditions obtaining in
larger assemblics and so this arrangement gives a fair indi-
cation of the forces that will act on a sphere in a uniform
large cloud of spheres in a fluid stream.

Procedure

The experimental procedure was as follows. The water
velocity was set to a given value and measured by timing the
progress of an interrupted dye-stream through the working
section and the drag on the sphere alone was measured. The
sphere assembly, previously built to a chosen spacing, was
lowered into the tank, placed around the drag-measuring
sphere, and the drag measured again. The water velocity was
changed and a further observation made after which the
assembly was removed and the drag on the sphere alone
measured at the new velocity. The assembly was replaced and
the measurement repeated. In all, the measurements were
replicated three times at each of the water velocities, 05,
1-0, 1-5 ft/min. The velocity was varied in random order as
was the setting of sphere spacing but once a given spacing
had been built all measurements were made with the one
setting.

A supplementary experiment was also carried out. The
sphere-assembly was built to a spacing 6 = 0-35, placed in
the tank and the water velocity set to 1-5 ft/min. The drag-
measuring sphere was placed in its normal position in the
lattice and the drag was recorded. It was then moved along a
principal lattice axis and the drag recorded at various dis-
placement positions until it touched its neighbour, Observa-
tions were repeated with movement along another axis at
right angles and also with the sphere in its central position
whilst a neighbouring sphere was displaced similarly. Accurate
positioning was difficult but no significant changes in drag
were observed during these displacements.

Results

The results are shown in Fig. 2 where the ratio of the
observed drag to that of a sphere in isolation, a = F/F_,, is
plotted against the separation ratio, = x/d. From previous

work? it was thought that the variation might take the form of;
K
a= >+ 1-00 . . ..M

and accordingly a line with the best estimate of X has been
drawn which is,
0-68
a=-—7—+100 . . . @

The standard deviation of an estimate from this equation is
about £:0-1/6 and it is seen to be a reasonably good descrip-
tion of the data. This assumption of a hyperbolic relationship
between a and ¢ is arbitrary but it does in fact fit the data wel]
over the range examined. There is no reason to believe that
equation (2) has theoretical significance and it is likely that
an analytically derived equation would be much more com-
plex.

The value of the drag ratio when & = 0-01 is given as 69
by equation (2) and this is in good agreement with the pre-
viously determined value of 68:5.! For reasons discussed in
Ref. 1, 6 = 001 is taken to refer to the terminal condition.

Over the range examined, there is no systematic variation
with Reynolds number of the relationship between drag ratio
and separation distance and this agrees with previous findings,
In these experiments the sphere diameter, d, has not been
varied but it is believed that the results are independent of
absolute size over the range of interest in fluidisation. The
reason for this belief is that, with a great varicty of shapes,
geometrical similarity is known to be preserved with respect
to drag forces.® Variations in drag coefficient, boundary
layer thickness, and other flow phenomena are usually
functions only of Reynolds number. The application of this
argument to systems of spheres has been developed in some
detail by Richardson and Zaki.® It will be shown later that the
results appear to apply to spheres two orders of magnitude
smaller than those on which drag measurements were made.
This is convificing support for the hydraulic model.

The Stability of Particles in a Fluidised Bed

Consider an ideal fluidised bed of uniform spheres in which
the particles are arranged in an orderly rhombohedral pattern
as was built in the water tank. To be supported in the fluid

[
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TRANS. INSTN CHEM. ENGRS, Vol. 39, 1961

@ — e - ——— —




stream the submerged weight and drag must be equal:
g2 . (s —p)=aCol. & . 3prit . ©)

Equation (3) must apply to each particle. The velocity, «, is
that based on an empty cross section and Cp is the coefficient
of drag for a single sphere moving with a velocity, &, in an
infinite extent of fluid. Equation (3) is essentially a re-defini-
tion of @ and Cp.

Consider a disturbance of this orderly array. In a small
region let the particle concentration fall by a small amount.
That is to say, locally, & increases by an amount A4. To
accommodate this expansion, let the remaining particles in
the bed close up a little. If the region of expansion is small,
changes in 6 elsewhere will be negligible. In the region where
& has increased, the drag ratio, a will fall and spheres will be
supported only if the velocity increases to compensate. The
drag coefficient varies with velocity so that for continued
stability equation (3) can be re-written:

. 4 (ps — pr)
aCpu® = -3- d.g. pr

In the range of Reynolds number relevant to most fluidised
systemis,

} . @

=24 . 0.687 5
Cp—Re(l+015Re ) . . (%)

(See Ref. 2.)

Between equations (2), (4), and (5), we can estimate the local
change in velocity, Au, that is needed to support a particle
which has changed its separation from its neighbours by A3,
This is seen to be:

Au = 1 gd®. (ps — pr) 0-68
“T I8 u. (1+ 025 Re™*) {068 + o)

The ratio of the velocity-increment to the spacing-increment,
AufAd is not very sensitive to the absolute value of the spacing.
It increases by a factor of 4 as & decreases from 1-0 to zero,
The Reynolds number term is also not important. It varies
between 1 and 3 for much of the range of interest in fluidisa-
tion. The ratio is sensitive to density only when that of the
solid approaches that of the liquid. The most important
factors are the particle diameter and the fluid viscosity. The
ratio has been evaluated for glass spheres fluidised in air and
in water for the initial condition wheré é = 0, and the results
are shown in Table I. The ratios for air-supported systems are
two orders of magnitude greater than for water but they are
in proportion to the experimentally determined minimum
fluidisation velocities. Thus, in response to a disturbance of
this kind, both systems are required to increase the local fluid
velocity by about the same factor if the particles are to remain
supported. It is seen that a very small displacement requires an
enormous relative change in velocity to keep the particle
supported. A change in separation ratio, Ad = 0-01 requires
that the velocity approximately doubles in every case. This
Serparation corresponds to a local decrease in concentration
of 3%,

as  (6)

TaBLE 1—The Velocity Change Required by Particle Displacement
Min. fluidising velocity

Particle diam. Fluidising ~ Auf/Ad dmf.

d (cm) medium (cm/s) (cm/s) (sec Fig. 4)
0-0114 Water 2-01 0-013
0-0650 Water 40-7 0-60
0-0114 Air 179-0 1-00
0-0650 Air 2260:0 305
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It follows from this that local small changes in concentration
cannot persist: if they did the particles in this region would
cease to fluidise. Very small local changes in concentration
would require a very large redistribution of fluid velocity if
they were to remain stable. Thus we might expect to find that
the particles in a fluidised bed are uniformly distributed and
superficially this appears to be the case for liquid fluidised
beds and for the dense phase of gas-supported systems. It
would be virtually impossible to detect experimentally the
small spacing changes that have been considered above but at
Jeast obvious concentration variations are not observed in
fluidised beds with the exception of “bubble’” formation. This
is not to say that concentration defects can never occur but
only that they cannot persist.

Consideration of drag forces alone does not appear to
explain why bubbles form in some fluidised systems and not
in others, but in view of the foregoing argument it is signi-
ficant that bubbles involve an abrupt and discontinuous
change in particle concentration. Perhaps the reason for this
phenomenon lies with the flow responses that follow a small
change in particle concentration.

Referring again to Fig. 2, it is seen that at large separations
the drag ratio changes very little. Therefore, once the par-
ticles are well separated, their stability will be insensitive to
small changes in concentration. This corresponds to the so-
called *‘lean phase’” fluidisation observed with gas-supported
systems. From visual observation of 0-065 cm diameter
spheres fluidised in air at high velocities, the stable lean phase
concentration was seen to develop at a separation ratio, 4,
of the order of 100. At this concentration the drag on a par-
ticle will be within 19 of its terminal value,

During the model-experiments it was shown that the axial
drag on a sphere or on its neighbours does not change appre-
ciably when it is displaced from its lattice position. Previous
work? has shown that there is a lateral repulsive force as
spheres approach closely so that fluid-supported spheres in a
rhombohedral lattice are in neutral or weakly stable equi-
librium. This means that fluidised particles initially arranged
in a regular pattern might be expected to decay slowly into a
more random assembly without great changes in the drag
forces occurring as long as the local particle concentration
does not change. The conclusions about stability could there-
fore apply to a more disordered assembly of particles.

The Minimum Fluidisation Velocity

Consider a bed of uniform spheres arranged in uniform
close packing through which fluid is passing upwards. Fluidi-
sation will start when the drag on the particles is equal to
their submerged weight. The drag on a particle in this situa-
tion has been shown! to be 68-5 times that of an isolated
sphere at the same superficial velocity. Thus, the minimum
fluidisation velocity can be calculated from the terminal falling
velocity for an isolated sphere in the same fluid.

When a sphere is falling freely at its terminal velocity, the
drag force and its submerged weight are equal. The same is
true for a sphere that is fluidised so that the drag forces for
the two situations can be equated:

: ) I i I .
Cor . gd’ 5P = Comt. 7d* . 5PF Wit ™

and therefore,
Comt/Cpr = trltimy, . . ®

= a, = 68-5 when the drag
coeflicients are measured at the same Reynolds numbers.

2.9

.8
3.8
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Because of the complex refationship between drag cocfficient
and velocity in the range of interest, the terminal velocity can-
not be calculated dircctly from first principles but it can be

shown?: ¢ that:
4 & -
cD,.Re=T=§.Ji‘1(£S—@. . ©®

Therefore the product of the drag cocfficient and the square
of the Reynolds number at the minimum fluidisation velocity
will be 1/68-5 of this. The relationship between drag coefficient
and Reynolds number for a sphere is known from semi-
empirical equations such as those of Schiller and Naumann.?
Thus the term Cp Re? can be calculated and a graph of this
product for spheres is shown as a function of Reynolds
number in Fig. 3. With this graph and equation (9), Rez

=T
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Fig. 3.—Variotion of Cp Re® with Re for spheres

(and therefore the terminal velocity) can be calculated for an
isolated sphere. If in equation (9) Cor is replaced by

o

e
Epm £ ==_68'5 Cor

and Rer is replaced by Rems, the minimum fluidisation
velocity can be calculated in a similar manner.

For example, for a spherical copper particle of 0-040 cm
diameter falling in air at 0°C, the right hand side of equation
(9) becomes 33140. From Fig. 3 Rer = 202 which cor-
responds to a terminal velocity of 666 cm/s. Substituting now
the minimum fluidisation conditions, the right hand side of
equation (9) becomes 33 140/68-5 and Fig. 3 gives Rep..
= 11-1 corresponding to a minimum fluidisation velocity of
36-3 cm/s.

The minimum fluidisation velocity calculated in this way
is shown in Table 1I for scveral systems and is also plotted
in Fig. 4. Some experimental values are also included for
comparison. In spite of the assumption of initially ideal pack-
ing, the agreement is’ quite good. It compares favourably
with most published empirical correlations which is sur-
prising in view of the premises involved in applying the
hydraulic model results to real fluidised beds. Fig. 5 illus-
trates that the method is not sensitive to the value chosen for
a,. The work of Pinchbeck and Popper? and of van Herdens,
Nobel, and van Krevelen® suggests ¢, = 70.

‘TaBLE IL.—Minimum Fluidisation Velocities

1 Um.f.
(CD Repmf. = 83" X (cm/s)
d 4 d’Prg(F:s—Pr) Remt  Calcu-  Ob-

{cm) 3 IT; (from graph) lated served

Ballotini in Water

0-0114 0-546 0-023 0-0202 0-0128
0-0650 101 3-5 0-538 0-597
0-300 9930 94 3-13 3-87
1-20 492 000 1030 8-58 10-12
Ballotini in Air )
0-0083 1-44 0-061 0-961 0-823
0-0097 2-30 0-096 1-29 0-853
0-0114 3-73 0-154 1-77 1-01
0-0273 51-2 1-74 8-33 7-01
0-0388 147 4:33 14-6 14-3
0-0650 691 14-3 28-8 30-5
Copper Shot in Air
0-0083 4-32 0175 2-76 2-84
0-0114 11-2 0-44 5-05 3-84
0-0400 484 11-1 36-3 40:2
0-0650 2076 32-5 65+4 84-7

The spherical material on which measurements of minimum
fluidisation velocity were made was classified by sieving, the
diameters quoted being the average mesh size of adjacent
screens. ¥rom this it follows that the material is not strictly
of one size and deviation from single-sized particles increases
with finer material. This means that the packing of the fine
material will be more dense than the ideal that was assumed
and hence a, will be greater and the minimum fluidisation
velocity will be less than that predicted. This is generally the
case as Fig. 4 shows. With the large material, the sphere
diameters are more nearly equal and the ideal packing becomes
possible. However, as poured into the container, somewhat
less dense packing will be achieved and a fluid velocity greater
than that predicted will be required to fluidise the bed.
Again Fig. 4 shows that this is in fact generally observed.

Conclusions

Measurement of the drag on spheres arranged in a regular
array has shown that the fluid velocity required to support
a particle is extremely sensitive to the separation between the
spheres. This means that in a fluidised bed small local changes

‘of particle concentration are unstable because they require a

very large change in velocity distribution, This applies whether
the supporting fluid is a gas or a liquid. This is not so, how-
ever, when the particles are separated by something in the
region of 100 diameters. At this concentration local changes
can occur with little consequent adjustment of velocity. This
condition corresponds to the lean phase fluidisation observed
with gas supported systems.

TRANS. INSTN CHEM. ENGRS, Vol. 39, 1961
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experiment

By considering the drag force that acts when the spheres
are close packed and touching, it was shown that the minimum
fluidisation velocity could be predicted. This agrees reasonably
well with experimental measurements made with close sized
spherical particles. The agreement is probably as good as is
possible in a system where random variations in packing are
bound to affect the result. The main value of this method of
prediction is that it is based on first principles and a minimum
of empirical coefficients. The empirical measurements are the
drag on a particle in close packing and the variation of drag
coefficient with Reynolds number for an isolated sphere. The
method can be applied to beds of non-spherical particles by
applying similar corrections as are used when predicting the
terminal falling velocities of irregularly shaped particles.

Acknowledgment

The author wishes to thank G. A. Henwood and D. L.
Pyle (a vacation student of the Manchester College of Tech-
nology) who carried out the experimental work and J. B.
Lewis for helpful discussion.

Symbols Used
gF
g d*. yprut

d = sphere diameter (cm or in.).
F = drag forcc (in weight units) (g wt).

Cp = drag coefficient =
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Re = Reynolds number = p ipp.

7 = fluid vclocity based on empty scction or rclative
velocity of sphere and fluid (cm/s).

x = separation distance (cm or in.).
e = drag ratio, F/[F, = Cp/Cp_,-
a, = drag ratio when x = 0.

é = scparation ratio = x/d.

p = fluid viscosity (g wtfcm s).

pr = fluid density (g wtfem®).

ps = solids density (g wtfcm3).
Subscripts

o == at infinite separation of particles, x = .
mf. = at a velocity such that the bed is just fluidised.
= terminal falling conditions for a sphere in an infinite

medium,

T
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ABSTRACT

The containment of decompressed heavy water steam is a
problem which has to be solved in the design of nuclear generating
plants. In the CANDU type of reactor, this is done in large vacuum
buildings into which large quantities of water are injected in the
form of a spray. The condensation process from an air-steam mixture
must take place in a relatively short period of time, and ;he pres-
sure in the chamber must not rise ahove awbient pressure. .

The final objective of this project was to provide reli-
able and scientific design bases for nuclear power plant vacuum
buildings and these have been achieved through the following:

i) The combined heat and mzss transfer to a single water droplet
nmoving freely in an air-stream mixture has been treated
theoretically and experimentally. Three distinctive models
of heat transfer within the droplet were developed. The ex-
perimental results are in excellent agreement with the second
model which allows for internal resistance and mixing in the
droplet.

i1) Two experimental techniques--"catch in cell" and "direct photo-
graphy'--have been used to determine the droplet size distri-
bution in a dousing chazber spray.
iii) Findings of previous steps have been subsequently applied to
. predict the results of existing dousing chaxter tests. For

this prediction a new nuwerical algorithm has been developed.




vii

The agreement between the predictions and experiments is
very good over a wide range of experimental results. This
result supports the further use of combined heat and mass
transfer theory in the design and simulation of full scale

steam dousing systems.
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GENERAL INTRODUCTION

A provision for the remote possibility of released heavy
water steam is a problem which has to be solved in the design of
nuclear generating plants with heavy water cooled reactors. This
steam could originate from the primary cycle shown in Figure 1,
which illustrates a simple scheme of the primary and secondary
cycles of a nuclear power generating plant. One of the ways to
solve this problem is to entrap potential nuclear pollutants, con-
tained in the steam, in vacuum buildings, Every reactor building is
connected with the vacuum building by the relief duct (#17 in Figure
2) which transfers the unwanted stéam to it. A pressure rise in the
vacuum building acLates the water cycie to inject a huge quantity of
water (from the reservoir in the top of the vacuum building) in the
form of a spray. The condensation process, in the presence of air
. as an inert gas, must take place in a relatively .short period of
time.(30 to 50 seconds) and the pressure in the chamber must not
rise sbove ambient pressure. To fulfill this, it is desiréble to be
gble to design and predict the performance of such a dousing chanmber
shown in Figure 3 on a firm scientific basis. Several questions re-
lating to the steam dousing problem (an Atomic Enevrgy of Canada--~
AECL—tern signifying the condensation of steam in a mixture with
air on a fzlling water spray) have previously remained unanswered.

Typical unanswered questions were: (a) Kow fast could free falling

water droplets_pick up heat from an air/steam mixture in_which the
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concentration of the steam was changing with time and in which the
droplets had a range of sizes and velocities? (b) What would be the

effects of the previous variables on the heat transfer coefficients

to_sprays? (c) Could the performance of a dousing chamber be pre-

dicted with any accuracy by use of basic theories of heat,mass and

momentun transfer? It was therefore decided to study the problem
in two parts, one concerning the transport processes associated
with a single droplet and another one treating the si:ray problem as
a design synthesis. Thus the thesis is presented in two parts:

Part I. Simultaneous momentum, heat and mass transfer applied to

a single droplet moving relative to an air/steam mixture;

Part IXI, Simulation of a spray system and desien svnthesis of a

dousing chamber.

The main objectives.of this research were as follows:

i) to develop and/or apply theory of cozbined transport phenomena
in the case of a single droplet moving relative to an air/
steam mixture,

ii) to produce reliable experimental results and compare them
wvith the existing experimental evidence on heat and mass
trancfer rates especially in the case of high concentrations
of non-cordensables 50% and over.

iii) to use information obtained in steps i) and ii) to simulate
the experimental dousing chamber situatien, aﬂd to compare

the simulation results with existing experimental data.

-

o (SRNOND e o

o AFARALAR USRI L Veladetile ¢

Lo Aewldniie . SN,

X

i
i




These steps will hopefully provide a sound basis for the

simulation and the design of a real dousing system (Figure 4-- Air-

view of Pickering nuclear generating plant). The optimal design of

a full scale dousing system is not treated in ‘this study but it is

felt that a basis is now available for this to be done.

Parts of this research have been reported in:
E. Kulié, E. Rhodes, G. Sullivan: Heat Transfer Rates obtained
in Condensation on Droplets from Air/Steam Mixtures, 24th Annual
Conference of the Canadian Society for Chemical Engineering,

Ottawa, Oct. 1974.

E. Kulié, E. Rhodes, G. Sullivan: Heat Transfer Rate Predic-
tions in Condensation on Droplets from Air/Steam Mixtures, The
Canadian Journal of Chemical Engineering, 53 (1975), pp. 252~

258.
E. Kulié, E. Rhodes, G. Sullivan, K. McLean: Direct Contact
Condensation from Air/Steam Mixtures on Falling Sprays, Heat

Transfer Section Paper #.2.1, Vth-International CHISA Congress,

Prague, August, 1975.
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PART I

SIMULTANEOUS MOMENTUM, HEAT AND MASS TRANSFER

APPLIED TO A SINGLE DROPLET




1. INTRODUCTICX TO PART I

Combined momentum, heat and mass transfer to droplets
occufs in a number of technical processes such as spray drying [1],
spray cooling [2], flash drying, spray crystalization, cyclone evap-
oration [3], combustion of liquid fuels [4], spray or void of fill
cooling towers [5] and water sprays at the bottom of cooling towers
[6], air conditioning units [7], direct contact condensers in ther-
mal power generating plants [8], etec., In spite of the fact that one
of these operations was used 5000 years ago (evaporative cooling [9])
and the relatively yvoung process such as the combustion of liquid
fuels is about 100 vears old, and altﬁough intensive research has
been undertaken for decades in the area, even the simple single
droplet problem involving these three transport phenoména is far
from being resolved and completely understood for the whole range
of variables of practical interest. For an extensive review of the
subject development and accompanying pfoblems the reader is referred
to surveys of Hedley [10] and Williams [11].

Although all these practical applicaticns have many things
in common it is necessary to investigate them separately in order to
cover the range cof variables of the snecific application. Thus,
because there aré no data supported by basic theory for the conden-
sation of steam from a dilute air/steam nmixture ;n moving droplets,
the steam dousing problem has bLeen approached in this specific

fashion. In Chapter 2 the temperature response of a single dropiet

Y RN



moving freely in an infinite air/steam medium is investigated.
Chapter 3 reviews existing experimental results and compares them
with our predictions. The experimental apparatus and results are

discussed in Chapters 4 and 5, respectively.




2. DROPLET MOVING FREELY (UP/OR DO.NI) IM AN AIR/STEAM MIXTURE

2.1 The Approach to Solving the Problem

The problem can be stated as follows. It is necessary
to predict the velocity, distance travelled and the temperature (as
a function of time) of a droplet moving freely in an air/steam
mixture of known temperature, pressure and humidity. In general,
there are two approaches to solving this problem, which are:
i) the microscopic or the "point to point" treatment,
ii) the macrosocpic balances treatment.
In the first case it is necessary to write the governing differential
equations of momentum, heat and mass transfer for the surrounding
gaseous phase and solve them simultaneously (analytically or numeric-
ally) with the womentum and energy equations for the droplet itself.
This approach is the most rigorous one, and the solution will con-
tain all the necessary information for every "point'" of the system.

Anzlytical solutions of this kind would be most convenient, #%wever,

——

there is presently no complete analytical solution available even for

D e

the momentum transfer to the droplet when the Reynolds Number exceeds

— em e

}_IlO].. This lack of analytical solution is simply caused by the
complexity of the problem itself. Despite the fact that numericzl
solutions of the basic equations have contributed immensely in many
transport phenomena areas, in this particular problem there is still
a lgt of work to be done. Canadian workers,in particular, have made

significant contributions towards solving the probler as ic evident
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from recent references [12 to 20]. A review of these contributiens

shows that they have been successful up to N e ~ 400-500, or to the

R
point when shedding of veortices from the rear of a falling drop

takes place; The only exception in this respect is Hoffman and
Ross's [17]) treatment who used Galerkin's error distribution solu-
tion [21) for the momentum equation and integral-boundary layer
formulation [22] for the energy equation, to extend the solution to
NRe ~ 1000, which is the first solution (to the author's.knowledge)
going that far. The authors are aware of the fact that this exten-
sion presents a problem since the originators of the method [21]
express their doubts about it saying: "Additional study of separated.
flows will be necescary before the application of the Galerkin's
method in such systems can be definitely evaluated."

The Reynolds numbers in this particular research program
cover a relatively wide range tNRe ~ 50 to = 4000) covered only in
part by the existing analytical or approximate analytical solutionms.
Early in the present work the author was fortupate to be introduced
to the Spalding and Patankar approximate boundary layer numerical |
methods [23) and serious consideration was given to their applica-
tions in this study. However, it was realized that these methods

were applicable only below the separation point Reynolds number.

This left little doubt that the problem in cuestion should be

approached using a macroscopic balance treatment involwing tyansport

tate equations.

—_—t—
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2.2 Hvdrodvnamics of a Droplet

The problem is to predict the velocity and position of
a droplet injected into a moving air/steam mixture at any time of
the moment of injection.

A macroscopic momentum balance applied to a single free
falling liquid droplet yields the following equation (neglecting

buoyancy forces)

dv. de.
mgr = - Ay 5 p - vy - vl + R (1)
where
F, = mg (2)

The distance travelled by a droplet can be determined from

t
z = J det (3)

In some cases it is possible to express the drag ccefficient CD as

a simple function of the Reynolds number N, and obtain an analytiecal

Re

solvtion for the velocity and the distance travelled. This has been

Moo g e Ve ST

done in Appendix A, for the case of ua solid sphere. However, the

drag coefficients for water droplets are somewhat different than
those for solid spheres. Some of the effects influerncing the drag

ccefficient (not in order of a respective importance) are: mass

-—

transfer, acceleration, deceleration, free stream turbulence scale

c-—

and intensity, particle rotaticn, internmal circulation, roughness,
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etc,, &nd some of them influence spheres and droplets differently,
resulting in different values of the drag coefficient. The most
exhaustive review of these effects is presented in the six part
paper by Torobin and Gauvin [26]). The situation is complicated by
the fact that some research findings on the subject contradict each
other. For'example, Ingebo's [27] results indicate a decrease in

the drag coefficient due to acceleration rather than an increase
found by most other investigators. Lunnon, VWilliams and others, as
well as Torobin and Gauvin [24] suggest the increase in drag coeffi-
cient values due to acceleration. Some drag effects cancel each
other. For example an increase in wake turbulence caused by Reynolds
number increase or by surface roughening seems to decrease the effec:
of the acceleration on the drag. When Torobin and Gauvin published
their paper they dramatically underlined the necessity of further
investigations, However, at the present time there is very little

new information available.

In the selection of the droplet drag cozfficients to be

used over the whole range of ?eynolds numbers, the technique proposed

PL ¢
by_Llapple and Shepard [géﬁ was adopted to at first. This technique

essentially uses the known value of the droplet terminal velocity to

determine the steady state drag coefficient from _the equztion of mo-

tion. The terminal velocities were determined from Best's equation:

1 vgy = 943 [1 - exp(- /1,77 *47) £ )
. N ':..'_.n. )
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wvhere:.

VRT

d -~ droplet diameter, [mm],

- relative terminal velocity, [em/s] Joe e

vhich was obtained to approximate the experimental results of Gunn_
and Kinzer [28]. Curve #11 in Figure 5 was obtained in this way,

and afterwards approximated by three straight lines (#5, #6 and #7)

in the same figure, as reported in [29]. The three straight lines /,_

are:
] ~0.571 2
CD 14.098 NRe s for 10 < NRe < 10 (5)
ey = 461807 gor 107 <n <100 (6)
_ 0.396 3
CD = 0,0264 NRe , for NRe > 10 (7)

The drag coefficient values determined in this ménper'dere then com-
pared with Hughes and Gilliland [30] values, used by Hcllands [31]
and Groeneweg [32], as shown in the same figure.

The results of very thorough theoretical and experimental

ggsearéh by Reinhart [33,34] are suzmarized in Appendix B and repre-

sented by curve 12 in Figure 5. Although the agreement between

eocuations (4) to_(6) and Reinhart's _results is very good over the

whole range of Reynolds numbers it was later (in the dousing charber

simulation) decided to use Reinhart's correlstions, because of the

thoroughness of the research_and because of the extent of the Rey-

nclds number range. Clearly enough, the equation of motion could

only be solved using Reinhart's correlation by numerical methods.,

P
.'.'::‘4‘1-.4:;'-‘.- .
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1,2,4 - EQUATIONS (A1, A5, A-14)
3- C =(24/Nge) (14015 N3g 2 e
5 | 5-7 EQUATIONS (5,6,7) ,
8 CQ = 112 +20/NRg+0-66/ (1+17-5 (log, (Ng,/280))°) [31]
> 9 CJ =022 +24/Ng, (1+0-15NgY'®) [31]
3 I0 EXPERIMENTAL EVIDENCE — PERRY [30]
Il LAPLE'S TECHNIQUE & BEST'S EQUATION A

REINHART [33, 34]
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For that purpcse two subroutines were written, one for the case of

a droplet moving downwards and another one for the droplet moving
_upwards. Basically the equation of motion is solved for both cases
using the fourth order ange-Kutta technique, see Kuo [36]. The
results of these calculations for the relative velocity and the dis-
tance travelled versus time, of a 1 mm droplet moving upwards, sub-
jected to different initial conditions (volume fraction of steam in
a mixture 5%, total pressure 1 bar) are shown in Figures 6 and 7,
respectively. The solid lines represent the conditions when the
air/steam mixture (moving upwards.also) valocity is smaller than

the relative terminal velocity and the dashed lines represent the
opposite situation. In any case the droplet reaches its relative
terminal velocity of about 4 m/s. This is in agreement with the
data of Gunn and Kinzer [28] and Foote and DuToit [37]. From Figure
7 one can see that when'vu < §R- the droplet.moves upwards initially
then after it reaches its maximum height starts to fall down. How-
ever, whea v,, > Ve the droplet is carried away by the air/steam

M
mixture having higher velocity.

2.3 Gas %ide Heat znd Mass Transfer

The problem is to predict the rate of heat pick-up of a
single free falling droplet in a mixture ol steam and an inert gas
(in this case air). A droplet of itnown diameter d. initially at
uniform temperature Ti’ is injected with a vélocity vDo iﬁto an air/

steam mixture of kncwn coacentration CM and temperature TM' The
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injected droplet experiences two unidirecticnal heat fluxes directed

towards itg surface; one caused by the temperature difference acting

as_a driving force between the surroundings and itself and usually

called the sensible heat transfer component Qé; the second caused by

the steam concentration difference_in the bulk and at the droplet

surface acting as a mass _transfer driving force and czlled the latent

heat transfer component O These components comprise the total heat

L.
QT’ which is exchanged between the surroundings and the droplet. The

total heat (see Trybal [38]) can be determined from:
QI‘=QS+QL (8
The sensible heat traznsfer flux may be expressed as:

O = sy = Tg) _ )

Skelland [3%] proposed the introduction of the Ackermann number N&c
2.
to honour the early contributor in this area [40,41,42], The Acker-

mann numbar

N = 2 . - (10)

allows for the mass transfer out of the gas phase and is the correc~-

tion factor to the heat transfer coefficient hs’ obtained without

mass transfer to the droplet., In the case of mass transfer frow a

binary mixture with cne imert gas (air), the coefficient a can be

represented as:
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v };'..."l
a = (NMCpp + NgMGpg) /hg AT PR
= NSHSCPS/HS . . (11)
The latent heat compcnent can be expressed as
Q = Nglg : (12)

The mass flux of the steam from the mixture can be expressed as:

Ng = F In{(1 - CSi/CM)/(l - CSM/QM)] &

= F In[(1 - PSi/PM)/(l - PSM/PM)] (13)

Using equations (8) to (13) the total heat transfer to a dreplet Qr
can be determined if the values of the heat and mass transfeéFgcef-
ficients are known. Heat transfer coefficigq;§_hs can usually be
calculated for mast engineering situations by use of °°r?§lé£i§2§
involving the Nusselt number. However, the determination of the
mass transfer coefficient F is not always at hand, mainly because
there are fewer availabie experimentally based cecrrelations for the
Sherwood number, due to the complexities of the experimental and
theoretical determinations. The situation is eased considerably by
the discovery of transport phenomena anualogies, especially the heat
and mass transfer anazlogy which has preved useful in many engineer-
ing applications. The validity of this concept for a dilute (rich

in an inert gas) air/steam mixture was confirmed scme fifty years ago

by Lewis [43], and reconfirmed by many investigators, e.g. for the




20

evaporation of liquids inside a tube [44], for the evaporation of
water in film type of cooling towers [45], evaporation of droplets
in spray dryirg [46,47] as well as for the evaporation of solid
spheres in gas streams [48]. A number 6f experimental results on
the ccndensation of steam in the presence of an inert gas confirms
the validity of the heat and mass transfer.analogy, in the range of
Reynolds numbers 20 to 2000, see Bobe and Malyshev [49], who studied
the condensation of steam from air-gas mixtures on tubes. They in-
cluded the experimental results of Semein [50] who studied the con-
densation of steam from an air/steam mixture on cooling tower pack-
ing producing liquid film flow, and of Schrodt and Gerhard [51] for
the condensation of steam from a mixture with a non-condensing gas
on vertical tubes in a bank. 1In a series of papers covering the
last two decades Berman [52,53,54,55,56] (citing some of the papers)
has treated the problem of combined heat and mass transfer for dif-
ferent industrial applications (mainly condensers and cooliﬁg towers).
He proposes the introduction of additional groups to correlate with

the Nusselt and Sherwood numbers. Thus he suggests:

N = £(N N N "J‘W’C (14)

Nu Re’ Pr’ Gr ps/ Con

and

£(N (15)

Sh ~ Rg’NSc’NGrﬂg’es’Rs/RM)
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|
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n -2 n o osm T Fss 16
] ié b}
Yo VP g Py
Jg = NeMg and e = Poy/Pyi Qa7

In this manner it is possible to determine directly the corrected

heat transfer coefficient (i.e. NAb

'hs) in the presence of mass
transfer for many experimental situatioms. The same approach is
used by Bobe and Solukhin [57]. The obvious limitation of this
approach is the necessity of having at hand the correlation for the

Nusselt and the Sherwood numbers in every particular case considered.

However, in all the work reviewed above there were no reported ex-—

perimental data for the case of condensation on droplets in the

presence of non-condensables., The literature search was encouraging

enough, however, to allow the presumption of the walidity of the
analogy in our calculations of mass transfer coefficients. Thus for
the situation involving forced convection around a sphere or a drop-

let of diameter d, the Nusselt number correlation is:

’ n
Ny, = A+ BN N, (18)

and the analogous equation for mass transier is the Sherwood number

correlation:

=" M )
NSh A+ B“Re}Sc (19)

The reported values of A in equations (18) and (19) are either 0 or
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2 depending on the ranges of Reynolds number over which the experi-
pents were performed. 7The only exceptions to this rule are Kramer's

[58) values reported from 3,2 to 5 and reviewed by Keey and Glean

[59] who reported only the valgs 5. Since these values for A cor-
-1 e -

respond to the case of liquid-liquid mass transfer, for the present
, .

co?éideration the value A = 2 has been used. _Thus equations (18) ég
and (19) are then correct in the reported limit when NRe + 0, The %%
reported valu;s of B vary from 0.085 [58] through 0.27 [48], 0.459 fi
[60], 0.6 [48,47] to 0.98 as reported by Ward et al [61]. Theoreti~ ;Ef
cal consideraticns of Hoffman and Ross [17] and Masliyah and Epstein z%
[19]) indicate that the exponents n aﬁd n in equations (18) and (19) jgg
depend on the value of the Reynolds number itself. This was not ;%E
taken into account in the present study because the reported values Eé%

pozd

cover relatively narrow ranges of Reynolds numbers. In most reported
(e.g. 4,31,32,62,63) applications of the correlation the values used
are 1/2 and 1/3, respectively. The very thorough study of Rows et

al [64] also reaffirms the applicability of the correlation. Soze

of the correlations menticned above are shown in Figure 8. Curve 1
represents the results of Ranz and Marshall [46] for the evaporation
of droplets in a spray drylng apparatus., Curve 2 represents Sem;yin's
[50} restltz for the case of condenéation of steam from an a2ir/steam
mixture on the cooling tower packing of the film type. Curve 3
represents the results of Sherwood and Gilliland [44] for the evap-

oration of liquids in a tube. Hoffman and Ross's [17] results on
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the evaporation of droplets are repfesented by curve 4, Curve 5
represents Bobe and Malyshev's [49] results on the condensation of
steam from air/steam mixtures on tubes. Berman's [45) results on
the droplet evaporation are represented by curve 6. Hughmark's [48)
correlations on the solid spheres heat and mass transfer are repre-
sented by curves 7 and 8., All the curves for spheres znd droplets
are very close to each other. { uq%iol 91?;)

The correlations proposed bv Bughmark [48] have been used

in this study, since they are based on a large nurber of experi-

mental heat and mass transfer data, They satisfv the limiting value

of Ny, =_2 for a stagnant fluid, see Lightfoot [65].

2.4 Droplet Temperature Response with No Internal Resistaace

Now when the heat transfer rate QT fron the surrounding
medium to the droplet is known it is possible to predict what effects
this will have on the droplet tempcrature response.

The simplest apﬁroach to the problem of predicting the
temperature response of the droplet is to assure that the internal
xesistance to heat transfer of the droplet is negligiblie ccmpared
to the external_gas phase resistance. (In normal convective heat

K
transfer problems this is a ?érféctly valid assumption.) This assump-
—_—
tion implies that there is no temperature gradieht‘within the dropliet.

Thus the rate of heat transfer to the droplet is equal to the rate of

heat pick-up of the droplet :

— — oy ————
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d SRE
Assuming negligible change in radius (see below for a discussion of 'gé

this) and mass of the sphere, equation (20) may be rearranged to

give:
% = (T, - T) + C WM, ' (21)
C1 = 6/p CP d (22)
C= C102 : (24)

If only a small temperature change is assumed, then all the quantities
in equation (21) can be considered to be constants, except t and T.

Hence,

CANGM XM, .
T =T, + 5, " Ty = T; + c, exp (- Ct)  (25)

which represents the temperature-time response of a droplet over a

small temperature change.

2.5 Dreplet Temperature Response with Partial Internal

Resistance and Mixing

Normally in convective heat transfer, the liguid side AT

resistance in gas-liquid contacting is negligible. khowever, in com~

bined heat and mass_transfer, where the latent heat component is
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large, the gas side resistance may be lowered enough so that the
liquid side resistance becomes significant. It will be shown later
that the internal resistance of the larger droplets may play a
significant role in the droplet temperature response. The follow-
ing theory is reviewed as a means of taking this into account.

Both sensible and latent heat transfer contributions
conbine to provide an apparent vapour phase heat transfer coefficient
h defined as:

app

By = Op/ (Ty = Tg) | (26)

which thus includes the effects of sensible and latent heat trans-
fer components (see equation (8)).

This definition of an apparent heat transfer coefficient
makes it possible to treat the droplet as a sphere suddenly exposed
to convective heating or cooling [65,67]. Tne temperature field in-

side such & sphere is described by the following differential equa-

tion. ',.i’> ok
‘pi .-—- " ’&ﬁ“’b:
- .‘ . -
2 btﬂb' &c(“-\ :‘Gﬂ k
s 3T, 231 e T T e
ot 2 ror E-"'" R TS
3]’.‘ . 3"\,&0. -~

with initial and boundary conditions:

T(r,0) = I, = const , O<Tr<R . (28)

T(R,t) = £(R,t) , t>0 (29)

The heat balance across the droplet interface yields
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3T "
T T =g 2T :
Bapp (e = T ¢ \ar]r=R 0 2

and the symmetry condition may be expressed as:

3T _ _ .
==0 at r=20 (31)

There is an additional condition imposed by the mass transfer caus-

ing a droplet radius increase, according to

dR _ S§'S (32)

This problem is known in the literature as the Stefan problem. A
number of situations where this problem arises is treated by |
Rubinstein "'[68)]. Since there is no available analytical sclution
(i.e., with R and happ varying with time) of the differential equa-
tion (27) with thF cond%tions (28) to (32),an approximate numerical
technique is i&sgé}gd using constant coefficients over short inter-

vals of time. Thus a dimensionless temperature profile solution

for a sphere of constant diameter a short time after exposure is

[66,67]:
- =0 ! - 1 {
T TM ) n 2R (sin L $n cos pn) sxn(wnr/R) oo (- sz
TM - Ti n=1 wn (¢n - sin wn cos ¢n) r *P ¥n
(33)
where:

wn - the roots of the transcendental equation (34)
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- = ‘ =
1 v, cot wn NBi happR/k (34)

The dimensionless droplet surface temperature is then (for r = R)

- =@ 3 - U {
T TM nz 2 (sin wn Y cos wn) sin wn oo (e v2N :
TM - Ti =1 wn wn - sin wn cos wn " l"n Fo
(35)
The average temperature of the droplet‘T is determined by
R
T =2 f 4aT £% dr (36)
4wR” 70

which after integration yields

_ n= (sin ¥, - ¥, cos ¥ )2
T =T

. “ 6 2
- (T - T') z — — ~ exp(- w N )
M M i n=l ¢2 v sin wn cos wn n Fo

n

(37)
It should be emphasized that these equations are based on the assump-
tion that the apparent_heat transfer coefficient is also constant-

during the time increment,

2.6 The Droplet Diameter Change

As it was pointed out the above derivations are valid for
the case of a sphere of a constant radius, an assumption which is
not quite true in this problem where steam is condensing on the
droplet. However, over sufficiently small droplet surface tempera-

ture increases, the droplet size can be considered constant and for

N LT LY e -

ey ————— e

st = z SESEETT e

v

i

i\i
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repeated calculations over a succession of temperature (hence time)

increments the wean droplet diameter can be adjusted according to

the equation:

: o . (@38

(For the sake of completeness it will be pointed out that the maxi-

mum_chznge of a droplet diameter when fully utilized, i.e. heated

uni formly to the surrounding temperature, is less than 4% for

xs < 0.5.) This unsteady state phenomenon representation by quasi-

steady state conditions is adeopted for all the correlations used

for heat and mass transfer. In addition the steady state drag coef-

ficients are assumed to be _valid in the unsteady conditions provided

the relevant non-dimensional numbers are calculated by use of the

Ainstantaneous values of the variables representing the condition of.

_thé_ﬁgpplgg_qgé_i;s surroundings. This practice is exercised by
many investigators, e.g. Fr8ssling [69], El Wakiel et al [62,70],
Burstein et al [4i, Ross and Hoffman [12], Groenewegh[32], Domingos
[71], etc. The validity of this assumption is verified experiment-
ally prior fo this stﬁdy by EJ. Wakeil et al [562) and Priem et al

[72] who studied the evaporation of fuel droplets in air.

2.7 Droplet Temperature Response with Internal Resistance

and No Mixing

Strictly speaking the solution presented in paragraph 2.6

can only be used in the first time interval, since the initial

s e .

2 ! 452 0L P re v
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condition Ti = const for the subsequent time increments is not
satisfied., To avoid this problem at the end of every time increment
the average droplet temperature is determined and used in the next
step as the uniform initial droplet temperature. Clearly, this
approximation introduces higher température driving forces than
exist in a solid sphere, or in other words, the solution represents
the response of a droplet which is periodically well mixed. This
is the reason why the solution is called the internal mixing solu-
tion, there peing as many mixings as there are time increments in the
solution., A limit to the above model is the model which is now
introduced. Basicéllf this solution does not allow for any inter-
nal nixing, i.e. the droplet behaves like a solid sphere., At the
end of every time Increment the existing temperature profile within
the sphere is determined, and used in the subsequent step as the
initial temperature profile,

The general solution of a temperature field in a sphere
suddenly exposed to a convective heating or cooling, and having a

temperature profile T, = T(r) initiaily, is described by the follow-

i
ing analytical solution [73]:

n§°° 20 sin(y_r/R)
6(xr,t) = T, - T(xr,t) = —
’ M =1 ¢n sin ¥, ¢€os wn r-R

R
. exp(~ wiNFo) JO r'fl(r) sin(wnr/R) dr (39)
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where:
T(r,t) - temperature at any point of a sphere.
Assuming that the initial droplet temperature profile can be
approximated by the polynomial
i=n 1

Ti(r) = -Zo Air (40)

where n is the polynomial order, equation (39) can be solved. The

function fl(r) in equation (39) can then be written

Introducing (40) and (41) into (39) and performing the necessary

algebraic operations (see Appendix C) yields the following tempera-

ture profile of a sphere when a seventh order polynomial for the
initial temperature profile is used:
n= 2 P

o(r,t) = ]

n=1

n sin(wnr/R)

v U - sin ¥ cos U
Vn Vn Yn Vn

exp (- wiNF o) .

{}TM-AU)(sin Yo = ¥y cos ¥ )~ A %; [2¢ sin ¥ - (¢§ - 2) cos y_ - %,}' i

A ‘Iiz' [3(lp2 - 2) sin ¢ - 4 (’2 - 6) os VU ] - A __3. [4 (,2 - 6)
T2 2 n ¥n T Yo't COS ¥y 373 vy
LN v
R

csin g - (Wh - 129 + 26) cos y, + 28] = A, S [(5¢) - 60y, + 120)
Y

‘n
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5
sin ¢ - wn(w - 20w + 120) cos v ] - Ag [w (Gy - 1201};n

+ 720) sin ¢ _ - (¢6 - 30\p4 + 360&2 - 720) cos ¢_ - 720]) -
n n n n n

- ag 1l - 2104: + 252092 - 5040) sin v, - ¥ (40 - 42y) + .
n''n n ;
‘Pn of
il
7 | {0
2 R 4 2 [1R%
+ B4OYC - 5040) cos ¥ ] - A. -—-[¢ (Sw - 336y + 6720¢° +
n n ¢7 n n l
n

- 40320) sin ¥_ - (wff -56',531 +1ssoq;f; - :zomowf1 + 40320) cos ¥_ +

+ 40320]} . (42)

During the numerical calculations it was found that it was necessary

to use the seventh order polynomial in equation (40) to approximate

the very steep profiles at r = R in the beginning of the process.

€))

Denoting the term in the curly bracket of equation (42) by I
the surface temperature of the droplet can be written as:

n=e sin ¢n

8(R,t) =
nzl 1l’n

17 exmp(- wiNFo) '

- sin wn cos wn

(43)

The average temperature of the droplet can be determined from ;

R
B(t) = 3 I 41rr29(r,t) dr . (44)
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Introducing (42) into (44) and performing the necessary algebraic

operations the following is obtained:

n=e . sin ¢n - wn cos wn 1(7)

n=1 ;§.¢n ~ sin wn cos wn

5o = exp(= Y2H_ ) (45)

If the initial temperature T0 of a sphere is uniform, then the solu-

tions (42), (43) and (45) evolve into:

- L4 ’ - 1]
n=e ,. sin v wn cos wn sin(unr/R)

6(z,t) = (T, - Ty) exp (- ¢§NFO)

&R —_ :
a=1 ¥a wn sin g cos ¥ T

(4€)

n== , (sin L b, cos wn) sin ¥

e(a,:)'= (Ty - TO) exp(~ wﬁNFo)

" - sin U s
n=l ‘n vn sin Vn co gn

(47)

e _ 2
n= é_.(sin wn ¢n cos wn)

, - r}
n=1 wﬁ ¥, = sin wn cos wn

- 2

8(t) = (T - Tg) exp(~ Y W) (48)
Equations (46) to (48) are thus identical with equations (33), (35)
and (37) used in the short time interval mixing model. This compari-
son confirms the validity cf the use of the polynomial function in

the no internal mixing model.

2.7.1 Surmary of Solutions

The solutions using different models of the combined heat
and mass transfer probliem have been prazsented above. The first cne

is the case when the droplet is behaving as if it is perfectly
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mixed, i.e. the internal temperature prcfile is always uniform and
there is no intermal resistance to heat transfer. The second model
represents the situation when the droplet is periodically perfectly
rixed and therefore exhibits a partial internal resistance to heat
transfer. The third model is based on the assumption that the drop-
let is behaving as a solid sphere having the maximum possible inter-
nal resistance to heat transfer depending on the thermal conductivity
and the size of the droplet itself. Clearly, the real behaviour of

a droplet must lie in the domain of these three models and it re-.
mains to be determined experimentally which model best describes

the behaviour of the droplet.

2.8 Thermodynamic and Transvort Properties of Air, Water,

Steam and Air/Steam Mixtures

In all the calculations reported ig this thesis the thermo-—
dynamic and transport properties were deternined from references
[74,75,76,77 and 78}. The thermodynamic properties of air were
determined from the ideal gaé laﬁ and the transport properties
from [79,80]. The transport properties of the air/steam mixture were
calculated using correlations given in [79] and [81].

Appendix D contains specific details for every property

calculated.
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2.9 Outline of the Numarical Algorithm used 'in the No

Internal Resistance Calculations

Before the algorithm outline is started some pertinent
assumptions (besides those already introduced) will be listed.

i) Heat transfer by radiation is assumed negligible in_the range
of conditions relevant to this work. This assumption has been
adopted by previeus workers [9,71,84]. (In higher temperature

.situations its contribution could be easily incorporated by

use of the Spalding dimensionless group, see [12].)

ii) The thermodynamic and physical properties of the air/steam

mixture are considered uniform and evaluated at the arithmetic

average texperature between droplet surface and surrounding

medium temperature [81,85 and 86].

iii) The effects of natural convection are negligible compared to
those of forced convection [12].

iv) Ihg_non—uniformitf of heat and mass transfer around the sphere
is taken into account by the use of the averaged heat and mass
transfer coefficient correlationms.

v) The air/steam mixture is always saturated.

*

Eduation (21) was solved by the method ‘of short interval
integration. Firstly the difference between the temperature of the
surroundings and the initial droplet temperature (the total tempera-
ture range through which the droplet passes) was divided into a
large number of increments (typically 40) and the physical, thermo-

dynamic and transport properties of the vapour phase at the mean film




36

temperatures (Ti + Ts)/2 ?n each increment were calculated. In
addition the velocities, Reynolds numbers, convective heat and mass
transfer coefficients were also calculated. Then the time taken
for the droplet temperaturé to be raised through each increment was
calculated from equation (21). Some results of these calculations
are shown in Figures 9, 10, 11 and 12, where the mean temperature.
responses of droplets injected at their terminal velocities and
éubjected to different saturated air/steam concentrations are shown
as solid lines. The same calculations were performed using a fourth
order Runge-Kutta technique [36] but there was no significant dif-
ference in the results.

The computer program developed for this purpose (shert
interval integration) is given in Appendix E. The Runge-Kutta pro-
cedure computer program is not included since it does not contain

anything essentially new over the previous program.

2.10 Outline of the Numerical Algorithm used in the Partial

Internal Resistance and Mixing Model

A droplet of radius R and initial temperature Ti was
selected and assumed to be exposed to an air/steam mixture of known
steém volume fraction Xgp and temperature TM. From the gas phase
data the bulk tfanspcrt properties were calculated. A small in-
crease in surface temperature ATS was assumed. This enabled the

calculation of the mean vapour film temperature and corresponding

thermodynamic and transport properties followed by the heat and mass

i)
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transfer coefficient using forms of equations (18) and (19). Thus
an apparent heat transfer coefficient could be determined from
equation (26). This heat transfer coefficient was then incorporated

into the transcendental equation (34) to furnish a set of roots wl to : ]

14 0 The procedure for solving this transcendental equation was the
"Half Interval Search" iterative techniéue [36]. From equation (35)
the time taken for the specified surface teﬁperature increase was
determined, using the same iterative technique. The average tempera-
ture of the droplet was determined from equation (37). Finally the
droplet diameter increase Ad was determined from equation (38) and
the new radius wés used for the next iterative step when the whole
calculation was repeated using a new assumed surface temperature
increase and a new uniform iﬁitial temperature profile equal to the
mean temperature of the droplet calculated above. Figures 9, 10,
11 and 12 contain some typical predicted droplet temperature responses
(dashed lines) taking into account the partial internal resistance.

To see the influence of the number of mixings on the ’
iteration steps Figure 13 is drawn. The solid line represents the
case of ~ 35 mixings while the dashed line represents the situation.
with ~ 100 mixings. As it is expected the higher the number of mix-
ing is this model goes closer to the previous one, and in the limit
with an infinite number of mixings would probably coincide with it.

All the calculations with this model were otherwise performed with

a constant number of mixings (usually 35).




Figure 13. Influence of a Number of Mixings on Droplet
Temperature Response
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Appendix F contains the relevant computer program with

all the corresponding subroutines included.

2.11 Outline of the Numerical Alegorithm with Maxinmum

v
{

Internal Resistance and No Mixing

In the first time step, this algorithm is basically the
same as the previous one, however in the second and subsequent time
steps, the initial temperature profile is obtained by curve fitting
the'temperature profile obtained at the end of the previous time
interval. For this pufpose, the droplet radius is divided into 20
intervals beginning at r = 0 and ending at r = R, and the droplet
temperature determined at each of these nodal points. A linear
regression subroutine is introduced to determine the umknown poly-
nomial coefficients A5 to A7 (see equation (42)). This specifies
the initial temperature profile for the second time step., 1In this

tize step (and in every subsequent one) the temperatura at any point

inside the droplet, at the surface and also average'temperaturé are
deterrmined from equations (42), (43) and (45), respectively. The
droplet diameter increase is determined in the same fashion as in

the previous algorithm.

Since computer time required for this algorithm. was exces-
d 1.2

sive, only a few curves representing the thermal utilization as a
function of time are shown in Figure 14.'.-The maximum internal
resistance solutions are represented by the dotted curves farthest

to the right for each of the diameters considered. Thus the model
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predicts considerably slower response time, especially fer the

larger droplets. Since the droplet will probably experience some

internal circulation the experimental results should fall into the

region between the no internal resistance and no internal mixing

solutions.

fhe discussed solution procedure seems to be much simpler
and more general than the one proposed by Banerjee and Crosbie [87
and 88], since there is no need to introduce thelr assumptions:
i) physical properties are independent of temperature
ii) the heat transfer coefficient independent of the diameter of
the sphere.
All the necessary details and subroutines used in the maxi-

mun internal resistance calculations can be found in Appendix G.

2.12 Discussion of Droplet Temperature Response Predictions

By ccmparison of Figures 9 to 12 it can be seen that the

predicted response of the droplet temperature is much faster for

droplets in saturated mixtures of 0.5 volume fraction than for a

rixture of 0.05 voclume fraction. This is to be expected because the

temperature and mass driving forces are greater at the higher steam

concentrations. JThe time taken for the larger droplets to almost

achieve the temperatures of the surroundings is of the order of

seconds and since the terminal velocity of such dropliets is of the

order of 9 m/s the droplets may not be fully utilized for corndensing

steam, even in a very high dousing chamber. | O VLA
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The effect of the internal resistance of the droplets is
illustrated by comparing the solid, dashed and dotted response

curves in Figures 9 to 12 and 14, The internal resistance is most

significantfor the larger drops. In addition, as the gas phase

heat and mass transfer resistance increases, that is, as the air

concentration increases, the relative importance of the droplet

internal resistance is reduced (i.e, dashed and solid lines are

closer to each other).

Figure 15 illustrates the effect of the initial droplet

velocitv on droplet temperature respomse., The curve representing

the fastest response is for a 1 mm droplet injected at three times

its relative terminal velocity. When the droplet is injected at its

terminal velocity its response is considerably slower and the trend

continues for droplets entering &t ﬁelocities.lgqsw;han the terminal ,

velocity. These results might suggest that in steam dcusing the
droplets should be injected with a high downwards velocity. FHowever,
since this would also shorten the effective lifetime of the dréplets
in & particular chawber, the optimum injection velocity may be quite
low. 7This will be discusséd further in part II of this study.

Just for the sake of the completeness the effect of down-
wards and upwards movement of the droplet is ccmpared in Figure 16,
for the case when the internal resistance of the droplet is taken
into account. The peculiar shape of the thermal utilization curve

in the case of upwards movement of the droplet can be explained as

nos
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Figure 15. Initial Velocity Influence on Response Times
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Figure 16. Comparison of Thermal Utilization for a Droplet
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follows: in the beginning, both the curves are ciose together.
The downwards moving droplet has a decreasing velocity until it
reaches its relative terminal velocity. However, the upwards moving

droplet goes through the moment when v, = 0, and then accelerates

R

towards the same relative terminal velocity as the other droplet.
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3. THE EXISTING EXPERIIENTAL EVIDENCE AND PREDICTIONS

The purpose of this chapter is to compare the heat trans-
fer coefficients predicted and gonfirmed experimentally in this
study with those cited in the literature for various experimental
situations, The vapour phase or "external" heat transfer coeffi-

cient happ is defined by equation (26) as:

h,oo = @/ (Ty = Tg) (26)

The predicted valuss of heat transfer coefficients which were later
indirectly confirmed by measuring thermal utilization for our systen
(droplets and an air/steam mixture) are drawn in Figure 17. Thus
the predicted average valﬁes of the apparent (with mass transfer)

and convective (with no mass transfer) heat transfer coefficients

for the droplets of various sizes (injected at terminal velocities)
are presentéd over the range of concentrations 0.5 < X, < 1 which is
the practical range of interest in this research program. The most

striking feature of the apparent heat transfer coefficients is their

rapid decline in the more dilute end of the range. The enhancement
K

of the heat transfer coefficient caused by the steam condensation is

c%ggg;y illustrated by comparing the two sets of curves.i

To see what influence the different heat and mass transfer
correlations might have on happ’ the predictions of Berman's [45] and
Ranz and Marshall's [46] heat and mass transfer analogy correlations

(curves 6 and 1 in Figure 8) for droplet evaporation are shown
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(Figure 17) by the dashed and by the dash-point lines for 0.1 and
6 [mm] droplets, respectively. They are very close to the predie~
tions (solid lines in Figure 17) obtained when using Hughmaik's
correlations represented by curves 7 and 8 in Figure 8., This was
expected since the Barman's, Ranz and Marshall's and Hughmark's
correlations are very close together in Figure 8.

Before comparing heat transfer coefficients arising in
different experimental situations it is always necessary to care-
fully define them. This has to be done in order to clarify which
experimental values can bé compared, and avoid possible confusion.

Tﬂc fi;st basis of compariscn for the zpparent heat trans-
fer coefficient happ is the interfacial heat transfer coefficient

hi predicted by the kinetic theory for pure steam condensation [89].

1/2 :
M r
S A A sat
h. = f |l——ma—ro . 2 - (49)
i ZngTsat rsat vg v, 2 .

Clearly, a comparison with this heat transfer coefficient is possible
only in the limit where an inert gas conceﬁtra:icn tends to the value
zero, and when the liquid internal resistance is negligible, Calcu-
laﬁed k{netic tﬁeory predictions of the heat transfer coefficients

at the interface hi are represented by points 1 to &4 in Figure 18

(on the pure steam line) for pressures 0.983, 0.167, 0.068% and 0.0334
Bar, respectively [89]. These hy values were obtained using the value

of the condensation coefficfent f = 1, see Mills and Seban [90].
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The second basis of comparison could be the "internal"

or "overall" heat transfer coefficient definition which has beep

o —

uigg_;g_;asesgnf direct contact condensation of pure steam on water

Jets, sprays, etc.:

hy = Q/(T_, - TI) (50)

where:
Q - heat flux,

TL -'average temperature of the liquid.

An analogous definition of this heat transfer coefficient in our

.

case for the saturated air/steum mixture would be:

hoe = Q/(Ty - T.) . (502)

Lekic's [89) pure steam experimental results for the “internal" heat
transfer coefficients (defined by equation (50)) are represented by
points 5 to 9 for droplet diameters 0.1, 0.25, 0.5, 1 and 2 [mm],
respectively; Points 10 to 17 represent the same type of heat téans-
fer coefficient for the pure steam condensation on water droplets
(predicted by Brown [91]), for droplet diameters of 0.1, 0.3, 0.5,

1, 2, 3.175, 4.76 and 6.35 [mm], respecéively. To distinguish bet-
ween these "internal” heaé transfer coefficients (equation (50))

and external ones (equation (49)) they are represented differently

A

in Figure 18, and the latter are denoted by double circles, i.e. as C.

~
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A'third basis of comparison could be the heat transfer

coefficient usually defined for the case of "indirect! ion

of pure steam on_a liquid film flowing over some surface (tubes,
walls, etec.). The following definition of this heat transfer

coefficient is customary:

hp = Q/(Tg,, = T,) (51)

where:

Tw - wall temperature,

Similarly, if the steam is condensing from a mixture on a liquid

film an analogous definition applies:

hpy = Qp/ (T = T (51a)

In order to distinguish among the three heat transfer
coefficients defined by equations (26), (50a) and (51a) in the case
of condensation from vapour-inert gas mixtures, the coefficients
are represented in Figure 18 by solid, dashed énd_dotted lineé,
respectively. It should be noted that these coefficients were
introduced and defined in order as their values decreased. The.

highest values represent 'external' heat transfer coefficients

(equations (49) and (26)) followed by "intermal" or "overall" ones

used in cases of "direct" steam condensation (equations (50) and

(50a)) and subsequently by these used for cases of "indirect" steam

condensation (equations (51) and (51a)).
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Now that the heat transfier coefficilent definitions have
been clarified, the corresponding experimental results (for mixtures)
éan be properly represented in Figure 18 and compared with our pre-
dicted and experimental values for droplets.

Curves 18, 19, 20 andéd 21 represent heat transfer coeffi-

cients obtained for an air/steam mixture at_atmospheric_pressure

condensing on a jet of water for a mixture (flowving parallel to the

initial direction of the jet) with relative velocities 45, 36, 26

end 14 m/s, respectively (see Kutateladze, Figure 11.9, page 196,

[92]). Curves 22, 23 and 24 represent the heat transfer coafficients

hFM for the case of transverse flow past a horizontal pipe [53].

Curve 25 illustrates the values obtained in reactor building coolers (fin- i

ned tubes with water flcwing insid2) for rich mixtures of zir and

steam and for a frontal velocity 3.4 m/s [93]. The condensation of

Py

steam from an air/stean mixture on a2 vertical film is represented by

curves 26 and 27 for wall temperatures of 55 and 10°C, respectively

[94]. The condensation of steam from an air/steam mixture inside a
pipe is represented by curves 28 and 29 cobtzined by Ackermann [95].

The only data zvailable over practically the whole range of
inert gas volume fractions are those of Renker [96], and these data
are for the condensation of steam inside a pipe. Curves 30 and 31°
in Figure 18 illustrate these data for the mixture velocities 25 and Y
5 m/s, respectively.

If is now of interest to compare the results of tQ}s study

with those of the other investigators cited above. The thicker :
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parts (xA > 0.5) of the solid lines 32, 33 and 34 represent the
happ predictions of this study using Hughmark's [48] correlaticns

(for Nusselt and Sherwood numbers) for droplet diameters 0.1, 2 and
6 mm falling at their respective terminal velocities and for a total
mixture pressure of 1 Bar. These predictions have bzen confirmed
experimentally in this study (see below). The thinner parts (xA <
0.5) of these lines illustrate the predictions of this work using
" the same approach (as for x, > 0.5). However, no experiments were

A

performed in this region of steam concentrations. Our curve 32 for
l

a 0.1 mm droplet has the lowest internal resistauce and tendg'most l

rapidly to the kinetic theory prediction for the corresponding
p;éssure of 1 Bar (point 1) as expected.

Pure convective heat transfer coefficients (no condensa-
tion) as predicted by this study are represented by curves 35, 36
and 37 for déoplet diameters 0.1, 2 and 6 mm, respectively, and fer
pure air (xA + 1) they are the same as the heat transfer coefficients
calculated allowihg for mass transfer (curves 32, 33 and 34),

To be able to compare the heat transfer coefficients pre-
dicted (and confirmed experimentally for X, > 0.5) in this study with
the pure steam values obtained by Brown [91] and Ford and Lekig [97]
our heat transfer coefficients have been recalculated using equation
(50a). The results of these calculaticns are represented by iines
38, 39 and 40 in Figure 18. Point 5 represents the heat trensfer

coefficient for a 0.1 mm droplet obtained by Foré and Leki&, while

point 10 represents the value predicted by Brovm. Our prediction
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for.a 0.1 mm droplet (based on the heat and mass transfer analogy
extension in ;hg_?ﬁg;on of“yery high steam coacentrations) is

18 and tends to extrapolate to
sq?ewhat higher values in the limit as Xy apprnaches_gg;g:. The same

is true for the 2 mm droplet'value represented by the pcint 9 (Ford

represented by curve 38 in Figure

and Lekié) and by the point 14 (Browvm) while our prediction is re-
presented by curve 30. The same applies for a 6 [rm] droplet (com—
pare points 15, 17 and curve 40).. Brown's experiments were per-
formed on sprays, whiie his theory was for single drops, thus there
is some doubt about the comparability of his predictions and experi-
ments. Ford and Lekié's experimental and theoretical results are

in good agreewnernt and they are for single droplets, and it is be-
lieved that their results are more reliable. Comparison of our
predictions (curves 38 and 39) with Ford and Lekii's results (points
5 and 9) shows reasonable agreement.

Thus the final conclusion of this comparison is that the

predictions of the heat and mass transfer anzlogy (for an air/steam

mixture) applied to mixtures with inert gas concentrations of
»

0 < X, < 0.5 tend to the corresponding values of the "external' heat

transfer coefficients predicted by the kinetic theory and the values

of the "internal' heat transfer coefficient for the pure steam, when

the heat transfer coefficients are carefully and properly defined.
Finally it should be pointed out that the importance of
the droplet internal resistance is illustrated once more in this

figure, For a 0.1 mm droplet and *A > 0.5 the resistance to heat

Samey e
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transfer is practically all in the gas phase (compare curves 32
and 38), however for a ¢ mm droplet the internal resistance is

quiée important (compare curves 34 and 40) almost as far as xA =

0095.

To conclude this chapter it should be pointed out that

this survey of experimental results is probsbly the most exhaustive

collection of the data in the area of the condensation in the pres-

ence of non-condensables, It is very useful to have these data -

together enabling the distinction between the different experimeﬁtal

'§1§uations, and avoiding possible confusion by improper use of the

defining equations. ~;-
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4, EXPERTMENTAL APPARATUS

The purpose of the single drop exﬁeriments was to obtain
measurements of thermal utilization, i.e. to ﬁeasure as a function
of time the percentage of the total possible heat pick-up of a drop-
let., This is the same as the time dependence of the mean dimension-

less droplet temperature (expressed as a percentage).

To make this measurement two possible techniques were at
first considered., These were:

i) the suspension of a droplet on a thermocouple or thermistor

tip in an eir/steam gas stream,

ii) the free suspension of a droplet in a wind tunnel. - )

RS L e—. - e = e s

The second approach (used by Garner and Kendrick [101]}

successfully in mass transfer experiments) was abandoned because i

S P L

2) it was necessary to deal with the saturated azir/steam mixture ;
. i
and problems of wet apparatus surfaces were unmanageable; for i

more details see Ford and Lekié [90,97], , i

b) it was practically impossible to measure the temperature res- -

ponse of such a droplet, since it did not stay in a fixed posi- 1

ticn in the tunnel, on the contrary it tended to oscillate and ?

]
move in all the directions inside the wind tunnel cross sec- ;!l

- ,
& [
tional area, EE
: O i
c) only the relative terminal velocity could be investigated D ef
&
vhereas it was necessary to investigate relative velocities 8
TTRNES
I}
less than this value in this work. gg o
n
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The first arrangement is much simpler and has been used
by several previous investigators [69,62,12] to study the evaporation
process. The general apparatus arrangement is shown in Figure 19.
Figure 20 shows the zir and steam lines together with air heater and
calming chamber, while Figure 21 shows the general view of the
apparatus, including the droplet producing unit, metering pump,

cooling and feeding water lines, recorder and humidity meter.

4,1 Air Svstem

Air was taken from the laboratory high pressure line. 1Its
pressure was decreased to 20 psig by passing it through the ragulat-
ing valve RV and passing it through the rotameter R,. The calibra-
tion curve of this rotameter is in Apperndix H. The calibration was’
performed with two American Aluminum case meters AL-600 znd AL-350
Cfh. Both the calibration points are shown on the graph in Appendix
H. From the rotameter Rl the air stream was split into three parts
(1/4" PVC tubing used) to feed the air heater AH. The electrical
heater (GTE Sylvania Incerporated) was connected to a variac which
varied the power to the heater over a range from zero to 500 watts.

From the air heater the air was led to the calming chamber CCH.

4.2 Steam System

In a similar fashicn steam was taken from the low pressure

steam line and led to the steam rotamzter R,. This rotameter was

previously calibrated by the supplier Schutte Koerting Co. (the
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supplier of the rotameter Rl, also) for a steam pressure of 15
psig and temperature 212°F. The temperature indicator Tl in the
rotameter's exit showed the temperature =~ 212°F during all the ex-
perimental runs. The préssure indicator PI (range 0-30 psig) was
used to determine the steam'pressure before the rotamester. From
the rotameter R2 the steam stream was also led to the calming cham~

ber. The steam 1line tubing was heated by tape heaters and insul-

ated carefully to prevent the steam condensation.

4,3 Test Section

Air and steam were introduced through 3/4" pipes into the
calming chamber CCH, which was made from a 20" long pipe with 10"
OD. After being thoroughly mixed and calmed using & 80 mash screen

as shown in Figure 19, the stream was led through a 2" ID pipe to

the nozzle especially designed to ensure a flat velocity profile of

e

mixture., 140 mesh screen.was provided at the end of the nozzle to

decrease free stream turbulence [102]). Two nozzles were used having

1" and 1-1/2" ID, respectively.

4,4 Droplet Producing Unit

The droplet was produced in the droplet producing unit

DPU, Essentially it consisted of a feed and a cooling water system,

More details can be found elsewhere [89]. The feed water (deionized)

was supplied through a very precise syringe metering pump MNP

(model 341), a product of Sage Instruments a Division of Orion Re-

search Inc. With a 50 cc syringe size the flow rate could te varied

I ST
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between 0.33 a;é‘IB ml/min or ml/hr, depending on the gears
selected., With a 10 ML syringe this could be reduced to 0.0000922-
0.0036 ml/min or m./hr, respectively. With the cooling water, the
feed water could be cooled practically to the temperature of city
supply water. A droplet was produced by starting and stopping the
syringe piston using the gear and lever arrangement. Droplets rang-

ing in size from 1.3 to 4 mm could thus be produced.

4.5 Measurement Techniques

The flow rates of air and steam were determined by the
rotameters Rl and R2 respectively. The steam and water temperature
were measured using iron~constantan thermocouples.

The air/steam mixture velocity was determined by use of
the continuity equation using measured flow rates. A pitot tube
velocity measurement showed that the velocity profile just after the

nozzle was flat.

The humidity of the air/steam mixture was determined using

a digital humidity and temperature sensing svstem supplied by Thimder

Sqisgfific Corporation. This system uses the Brady Array Humidity

Sensor [103] which is a semiconductor device which changes its re-

sistivity as "water content" of the arréy increases. The digital

readout is obtained just by exposing the sensor to the air/steam mix-

ture. Although this instrument was extremely handy and simpie to use
-~

it was also very tempramental even though AECL's experience with this

instrument had previously been very satisfactory. The instrument

/
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calibration was tested as follows: an eir/steam mixture sample was
sucked from the main air/stean line (ahout 5" before the exit nozzle)
using the sample tap, provided. This mixture was passed through
three centainers filled with water cooled by city water inside glass
cooling coils, Steam from the mixture in an intimate contact with
water condensed, and the remaining air was fed to a precise gas
meter to determine its flow rate. The bottles were weighed before
and after the sample run. The differgnce in weight gave the amount
of the stezm condensed from the air/steam mixture and this allowed
the calculation of the humidigy of the air/steam mixture. When the
Brady Array System'was'working gorrectly the agreement between the
two measurement techniques was very .good (within ~ + 5%).

The calibration curve for the Brady Array instrument was
supplied by the instrument manufacturer and it is given in Appendix
I.

The temperature measurement arrangements-are shown schgm—
atically in Figure 22. The temperatures of the feed water and
steam were measured in & normal mauner the}efore they are not dis-
cucsed in any detail. The calibration curve for feed water thermo-
ccuple is given in Appendix J together with tabulated values for
electromotive forces. TFor the temperature readings of the steam
thermocouple tabulated values of electromotive forces were used.

The droplet temperature measurement deserves some comment
since this measurement took some time to be developed. After several

trials the following technique wes adopted. Tiny thermistor wires

LT e e T i s
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(-~ 0.025 mm) vere glued onto a teflon tube which was slid .over the

drop producing needle.

Detail "A" 4in Figure 19 represents -the needle

end (enlarged ten times) together with the 1.3 mm droplet (smallest

diameter obtained experimentally) suspended at it,

bead is a spheroid with the longer axis length

mistor is produced by Fenwal Electronics.

Two

0.3 m.

The thermistor

The ther-

needles were used.

They were made of Popper and Sons Inc. aerospace stainless steel

type 304 tubes as

specified in the next table,

Table I.1
Ne;dle Gauge oD ir Wall Thickness
mn inch pon] i£ch mm. inch
1 30 0.3048 | 0.012 | 0.1524 | 0.006 0.0762 | 0,022
. 2 26 0.4572 | €.018 | 0,2413 '} 0,0095 "0.10795 C.00425

For their calibration a liquid-in-glass thermomester serial No. SC2118,

.The corresponding thermistoré were termed Nos., 1 and 2.

manufactured by Fisher, range -1 to 101°C, graduation 0.1°C,was used.

The thermistor calibration curves together with the corresponding

calibrations of the recorder charts are given in Appendix K.

4,6 Experimental Procedure

The experimental and measurement procedure was as follows.

A previously decided air/steam mixture was fed to the nozzle and all

CwPa ar el el

peie
Foan = " Koy e, 4 1 e men®

o T o e S et e T A
by - e
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the parameters defining the mixture were measured and recorded. A
droplet was formed on the needle tip and photographed. (The camera
used was Nikkormat FIN 35 mm with 55 tm Micro-Nikkor £ 3.5 Lens

and Braun 240 LS Electronic filash, Elements used f .32 exposure and
flash duration 1/1000 sec.) The films developed were subsequently
projected on a wall using a film strip projector. The diameter of
the néedle was known. This gave the reference d%mension for the

droplet determination. The droplets were p;olagg spheroids and the

equivalent sphere diameter d was determined from (equal volumes of

the spheroid and the sphere)

4 = (D13 (52)

vhere, a and b are the longer and shorter spheroid axes, respectively,
The estimated accuracy of the droplet diamater m2asuremrent is + 0.1
mm.,

The.high speed recorder was switched on and the droplet
was exposed by moving it quickly into the air/steam mixture where it
remained for about ten seconds. The recorded time intervals were
0.0). sec at a chart speed 5 in. per.second. The chart paper used was
Type 1895 Standard Kedak, 8 in. by 200 ft., specification 1. This
type of paper showed the best recording for the specified elements
on the recorder (0.0l sec time recording at 5 in. per second chart
speed).

Before proceeding to the evaluation and discussion of

experimental results the possible influence of radiation, condensation

f“"" Sy ity sy S
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and heat transfer on and through the needle with respect to the

droplet temperature histories will be discussed.

4.7 Heat Conduction and Radiation Influence on the Droplet

Temperature Response Measurement

As was mentioned earlier, radiation effects can be neg-
lected safely in this range of temperatures (maximum surrounding
temperature in the experiments was ~ 88°C and the lowest droplet
temperature ~ 12°C and this difference decreases as the process goes
on). Ranz [104] found that the radiation effects are negligible in
the case of droplet evaporation at 260°C surrounding medium tempera-
ture. Even in the case of liquid fuel burning, the radiant energy
from the flame to the drop ic less than 15% of the total heat trans-
fer [9].

With respect to the poésible effect of the needle on the
temperature response, the first fact to be noted is that the whole
wake region contribQCion to the total droplet heat and masg trgnsfer
is expected to be in the order of 10%, Hoffman and Ross [17]. Thus
the needle presence at the droplet rear would be expected to have a
relatively small influence on the total heat and mass transfer.
Lowever, due to the fact that the needles were made from stainless
steel there existed the possibility that they might conduct a fair
amount of heat away from the rapidly heating droplet.

The hypodermic needle is represented as a semi-infinite

rod with thermal iusulation of its lateral surfaces (see Luikov [73],

[ee 2N




71

P. 203) at 2 uniform temperature equal to the initial surrounding
medium temperature. For the most severe approximation of the real

problem it can be assumed that:

i) the tip of the needle (droplet itself) experiences an infinite -

heat transfer coefficient with the surrounding medium bringing
its temperature instantaneously to TH and

ii) there is no heat transfer towards the lateral surface of the
needle (covered by a teflon tube) from the surroundings.

The differential equation describing the problem is

DT(x,8) | 2T(x,E)

T: 2 0<x<e (53) -
with initial condition
T(x,0) = T, = const (54)
and boundary conditions
T(e,t) = Ty » ﬂ%—‘)—= 0 (55)

The solution of this problem may be written as:

T(x,t) - T
0
& = —5—7 = erfc [x/2(ut)1/2] (56)
M 0
which can be written as:
8 = erfc {x/B)/Z(NFo)l/Z] ) (57)

where




C

d . -
B === —~ ratio of the needle cross-sectional area to

P 4

its perimeter

N =2t _ Fourier number.
Fo B2
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To obtain some numerical wvalues it will be assumed that the needle

and its enclosed water represent the rod which has the physical
properties of the needle which is made of stainless steel type 304.

The outside diameter of the needle is 0.3 mm (0.012").

properties of this steel are

A __16.6147  _
ce ~ 502,3+8027.08

Qg =

Hence, for t = 10 sec and B = 0.3-10-3/4 = 7.5.10

- 4.12-107°.10

= 7325.77
7.52.10710

NI-‘o

At the end of the needle x = L = 5 cm

5.10"2

— = 666.6
7.5-10

X
B

Introducing these values inte (57) it yields

6 = erfc [666.6/2(7325.77)1/2) = erfc(3.89)

=1 exrf (3.89) *1-1=0
and

T(L,20) = T

The physical

4.12:107% [n2/s]
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This implies that the water on the other end of the ﬁgedle does
not "feel" what is happening to the droplet after the "droplet" is
kept at its maximum possible temperature for 10 sec.

By use of the theoretical models discussed earlier, the
heat fluxes to the droplet surface have been predicted as a func-
tion of time. Thus,.the heat fluxes through the end of the rod may
be compared with previously predicted fluxes to the droplet. Before
this is done the areas of the rod end and the droplet will be com
pared.

Areas of the rod end

2 2

2,3,14/4 = 7.0685-10 % m

Ay = a2n/6 = 0.3

Surface area of the 1 mm droplet

Ay = a2n = 12.3.14 = 3.14159 mm>

and the surface area of the 3 mm droplet

As = 32.3,14 = 28.27 mZ.

The area of the rod end is ~ 2,2% of the 1 mm and ~ 0.25% of the 3
mm droplet total area. (The smallest droplet diameter achieved in

the experiments was d = 1.3 mn.)

To determine the heat flux through the rod end the follow-

ing approach will be used:

- 96(0,1)
2T - P 2 20K AN
q k 9% (58)

y
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Differentiating the solution for 6 wrt x (equation (56)) and intro-

ducing it into (58) yields:

q =~ k(TM - To) exp(- x2/4at)/(ﬂdt}1/2 (59)

The heat flux entering the rod is found by taking x = 0 and is

4 = - k(T - Tp)/(rer) /2 | (60)

and the total heat flux entering in the time interval from t = 0 to
t = t becomes
(T o at = - 2T, - ) (e /mayl2 (61
% ¥~ To )

q
t=0 0

Anticipating t = 0.2 sec and the 3 mm droplet being exposed to an
air/steam mixture xg = 0.5, After 0.2 sec the droplet temperature

is 38°C (used instead of TM).- Thus

4 = 2+16.6(36-20) 0.2/3.14-4.12.107%) /2

= 74285 [3/n°)
or the amount of heat entering the rod is

2 .6

' ~ -3
Qp = Go*Ap = 74285-7.0685-107°+107" = 5.25-10

[J]

The total heat flux entering the 3 mm droplet in the same

time interval (taken from our predictions) is:

- 4 2
qpy = 4°10 [J/u”}
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and the amount of heat entering the 3 mm droplet

6

= . = 4 . - = 1
= qpy*Apy = 4-10°.28,27:10 ° = 1.i3 [J]

Q3

Thus the amount of heat conducted through the rod is less than 0.5
percent of the total heat entering the droplet. In a similar manner
it can be shown that the amount of heat conducted by the rod is less
than 3 percent of the total heat enter;ng the 1 mm droplet at the
same conditions (0.2 sec and Xg = 0.5).

Keeping in mind all the simplificaticns introduced iﬁ this y 3
treatment, i.e.: i

i) the sudden change of the rod and temperature; in the experi-

ments the rod end was "protected" by the droplet itself and
its temperature can only change as the droplet temperazture
changes,

ii) the physical properties of steel; in the experireantal situa-
tion the needle is filled with water vhose thermal conductivity
is much lower than that of the steel,

one can safely presuame that the heat conduction along the needle can

be neglected.
¢ neglected.
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5. [EVALUATION AND DISCUSSION OF EXPERIMENTAL RESULTS

Since the droplet temperature was recordec continuously,

it was possible to produce smooth experimental thermal utilization

curves. Using the recorded experimental parameters (air/steanm

mixture temperature, velocity, droplet diameter and initial droplet

temperature) the thermal utilization of a droplet experiencing these

parameters could also be predicted by use of the various computer

alporithms discussed above. The experimental and predicted responses

could then be plotted together.

Before we proceed to the evaluation and the discussion of

the.experimental results the range of experimental variables will
“M1i-“ﬁ$ < ‘/ ol

%Jakd

55

be specified. These are: ¢

- droplef diameter: d = 1.3 to 4 [mm]
-~ air/steam mixture velocity: Ve < 108 to 691 cm/s
~ steam concentration by wvolume: xXg = 5 to 66%
—- water initial temperatﬁ;e:.~TWi = 15,8 to 22.5°C.
There were 90 runs altogether which covered the above range of variatioms.
For presentation purposes, only a few typical responses are selected
and shown in Figuées 23 to 27, However, all the experimental data
have been considered in the following discussion and are tabulated
in Table-l of Appendix L.

It was pointed out in the paragraph 2.1l that the droplets

would most likely experience some internzl mixing and it was expected

that the second model (internal resistance with periodic mixing)
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would probably provide a good approximation to the real situationm.
This intuitive prediction agrees very well with the experiments as
one can see from Figures 23 to 28.

Figure 23 represents the typical dimensionless-temperature

response © for the run 3 (see Table I in Appendix L) and its com—
parison with all the three theoretical models:

- no internal resistance (solid line),

- internal resistance with pericdic mixing (dashed line), o

- internal resistance éﬁd no mixing (dashed line). ~£$

From this figure (a typical one) it is clear that the experimental

results are represented the best by the second model. In all the
calculations around 35 mixings were used.

To see the droplet diameter influence on the thermal

utilization (keeping steam concentration constant ~ 6%) Figure 24

was drawa., The dashed lines represent the thermal utilization pre-
dictions using the second model (internal resistance with periodic

mixings) while the points represent the experimental results, The ,

Py

agreement between predictions and the experiments is very good for

Ry

2ll the curves, vwhich show a significant influence of the droplet

diametor on the droplet dimensionless temperature response.

e el il

A similar graph of the approximately 15% steam concentra

tion dats is shown in Figure 25, This figure shows the same trend

as' the previous one uhich is that the bigger the droplet diaxeter,

the slower its temperature change.




Figure 23, Comparison of Experimental Results with Different
Models
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Figure 24, Comparison of Experimental Results with Predictions
' Using Internal Resistance Model with Partial
Mixing for Different Droplet Sizes at X, " 6%
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Figure 25, Comparison of Experimental Results with Predictions
Using Internal Resistance Model with Partial
Mixing for Different Droplet Sizes at LI 15%
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To show how the thermal utilization of the droplet is

affected by the value of the steam concentration in an air/steam

mixture, Figure 26 is plotted. 1In this figure the thermal utiliza-
tion vs. time for the 2.5 mm droplet diameter'for different steam
concentrations (varying from 65% to 5%) is shown. Again the agree-
ment between the experiment and the second model predictione is
very good confirming the fact that the higher the steam concentra-
tion is the ''faster" the droplet temperature response.

The_influence of the mixture velocitv on the droplet

temperature resvonse (droplet diameter ~ 2.8 [mm] and steam concen-~

tration ~ 357 ty volumz) is shown in Figure 27. Once more the agree-

ment between the predictions and the experiments is very good, shecw-
ing that the relative velocity is verv important factor, i.e. the
higher the relative velocity the faster the droplet temperature
chénge.

The agreement of the rest of the experimental runs (see
Table I in Appendix L) with the pfedictions is good in the whole

'range of the wvariables,

To obtain a measurement of the spread of the experimental
data and the accuracy of the predictions; two values of the thermal
utilizacrion, 50% znd 75% were chosen (on the theoretical curves)
and the diffcrence between the experimental values pf thermal utili-
zation GE and the chosen predicted ones BP are shown in Figure 28

plofted against the time taken to reach BP. From this figure it

O -
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Figure 26, Comparison of Experimental Results with Predictions”
. Using Internal Resistance Model with Partial Mixing -
for Different Steam Congcentrat:ions d ~ 2.5 mm
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Figure 27. Comparison of Experimental Results with Predictions
' Using Internal Resistance Model with Partial Mixing
for Different Velocities of the Alr/Steam Mixture
and d v 2,8 um and °xs v 33%
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can be seen tﬁat the maximum difference between the predictions
and erperiments is enclosed by the + 20% thermél utilization lines
"for both the values of the thermal utilizatien (507 énd 75%). A
simple statistical analysis of these datz gave a vaiue for the stan-
égzguggyig;inn,nf.ggput 5% for both chosen values of the thermal
utilizatvion,

To find out if the theoretical values of the thermal
utilizations (50% and 75% chosen) differ significantly from the
experirental average values 330 and 3}5 a sirmple student's t-test

was performed [105). From Tzble I (Appendix L) the average values

of 650 and 675 are czlculated gs:

6., = 49.927  and B, = 76,716

75

The point estimates of the corresponding stancaxé deviations are:

Sgo = 6.0609 and Bgg = 3,968

When s is known t is then calculated from the formula

6. - 8

ey = 50 " 750 _ 50 - 49.927 _ 4 194
s//n 6.0609/Y90
and
B, - B |
tgp = 75 75 _ 76,716 = 75 _ , 100
s/¥n  3.96845//90

The value of t thus obtained is compared to the tebulated value for

.t, at the required confidence level (95% chosen) with n = 90 degrees
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of freedom. Thus:
ta (.95,90) = 1,99

The experimental value of the thermal utilization EBO is therefore

not different from the predictions since

tso = 0,114 < ta = 1,99

however the 0., value is significantly different from the predicted

75

one, since

=A.O> = ],
t75 ..102 ta 1.99

This simple statistical analysis implies that there is some biss in

our predictions. It is felt that this bias lies in the number of

mixings used in the calculations of the predicted values of the
thermal utilization GP. The wvalue 35 was used in all the calcula-
tions in spite of the fact that the bigger droplets would probably
experiencé higher numbers of mixings. A trend of this kind could

be observed when comparing the experimental results and the predic-
tions, In Figure 24 the experimental results té;d towvards the no
internal resistance model (infinite number of mixings) as the drecplet
diameter increases. This has been noticed in most of the other rums
which can be seen from Figure 28, where the bigger droplets are
represented by longer response times and more of the experimeﬁtal

values tend to be higher than the predicted ones, implying that they

ey
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/~ are "more" mixed. From Figure 13 one can see that the higher
number of mixings (~ 100 compared to ~ 40) gives bipgger differences
for higher values of thermal utilization. Thus, using the greater
number of mixings for the bigger droplets the ‘difference between

|  experimental results and predictions would decrease and the "cause"

of the bias in the predictions would diseppear. However, it is nct |

possible to sav what number of circulations or mixings should be

used for any particular case. In any case our findings are in

agreement with Harriot [106] who has found that the velocity of
circulution increases with the diameter of the droplet.

To conclude this section it can be said in general that
the experimental results agree closely with the second model pre-

. _
dictions over the whole range of the experiments. The predicted
influence of all the important parameters (steam concentration,
droplet diameter, air/steanm mixture velocity) are confirmed experi-

mentally,
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CONCLUSIONS AND RECO!CTENDATIONS OF PART I

From the material presented so far the following conclu-

sions can be drawn:

i)

ii)

iv)

The model with internal thermal resistance in a droplet and
intemel mixing (sometimes referred to as "partial internmal
mixing" or 'second model") describes very well the effects

of combined momentum heat and-mass transfer to a single drop~-
let since in a large majority of the experimental results
correspond closely to the predictions of this model.

The predicted effects of all the paraﬁeters in the theoretical
part of this study were confirmsd experimentally:

An increase of the droplet diameter (see Figure 24) “increases

the response time.

The higher tbe concentration, the faster the droolet temsera-

ture response (Figure 25),

The higher the relative droplet velocity, the faster the

droplet tempeiature response (Figure 26).

Ligcer droplets ave experiencing more circulation (see Figures

24 and 28).

The restlcs_ tend_to_confirm that it is correct to calculate

the external (equation (49)) and internmal (equation (50)) heat

transfer ccefficients by use of heat_and mass transfer

arnalogy, and Hughmark's [48] or Ranz and Marshall's [46]

correlations for Nuscelt and Sherwcod numbers (see Figure 18)

poss S e
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give practically the same excellent results over the whole

xange of the experimental Reynolds numbers (100 to 1200).

The resistance to heat transfer in this situation may occur
significantly in both phases. The internal resistance of tﬁe
droplet is most significant for fast moving large droplets in
concentrated steam-air mixtures. The external heat transfer
resistancé is most significant for small, slow moving drop-
lets in dilute mixtures. .

The unsteady state temperature response calculations done by
use of the quasi-steady state approach work out satisfactorily.
The analogy method of calculation may be extrapolated to the
pure steam situation and predicts the "pure'" steam heat trans-
fer coefficients reasonably well (see Figure 18 and discussion
of Chapter 3).

Some possible suggestions and recommendations for future

work are:

i)

ii)

To extend the range of experiments to the higher steam concen-
trations, since very few runs were done in this ranée due to
excessive condensation on the cold surfaces of the droplet
producing unit. TFor this purpose the unit should be redesigned.
To modify the existing theoretical approach for the case of
non-saturated air/steam mixtures when the droplet tends to

reach the wet bulb mixture temperature rather than the dry

bulb one.




iv)
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The apperatus could be used tc study sirmultaneous heat and
mass transfer inside the droplet by using different mixtures
for the surrounding wredium.

Instead of the mass transfer towards the droplet the opposite
process could be studied, i.e, droplet evaporation. The
results of such work would be widely applicable to many opera-

tions such as drying, air-conditioning, etc.
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7. INTRODUCTION

We are now in a position to attempt to solve a more com—
plex and realistic prcblem involving the combined momentum, heat
and mass tranéfer in an experimental pilot plant, which was set up to
provide a basis for the real dousing chamber design. The problem
of the full size dousing chambers (see Figure 3) is even more com—
plex due to the existence of the chamber internals and the fact that
the air/steam mixture enters the buildiné tangentially. There will
be no atterpts in this study regarding the possible simulation of
the real dousing chamber.

Tne experimental pilot plant was designed by AECL and the

experimental results from this plant were provided by that companv

[107). The droplet size distribution measurements reported below
were initiated as a result of the findings of the first part cf this
work. The experiments were carried out at AECL and the results
obtained sc far were analysed at Waterloo. The drop size distribu-
tion measuremeﬁts are £till in progress as an essential part of the
general research project. For more details see K. Mclean [108] who
is continuiné this part of the work.

The seccend ﬁart of this thesis is thus only concerned
with the problem of the steam dousing simulation of the pilot plant.
Chapter 8 will deal with the experimental part of the problem, while
Chapter 9 will treat the theoretical approach to this problem.

Chapter 10 will deal with the problem solution technique and the

92
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corresponding numerical algorithm outline. Chapter 11 is devoted
to the experimental results and their comparison with the theoretical
predictions while Chapter 12 deals with the conclusions and possible

suggestions and recommendations,

?
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8. EYPERIMENTAL

The following twc paragraphs will be devoted to short
reviews of the pilot plant and droplet size distribution experiments.

Hore details can be found in [107] and [108].

8.1 Dousing Chamber Tests

Figure 29 shows a schematic representation of the pilot
plant experimental apparatus (as reported in [107]). Essentialiy,
the plant consisted of a large vessel (56 [m3] and 5 [m] high) pump
and motor unit and hot water header, The latter was used to provide
liye steam to the dousing chamber at a specified total pressure in
the vessel. The pump and wmotor unit was useé to provide the pres-
cribed flow ratz (and pressurc drop) zcross the spray nozzles. The

experinents were performed with one and subseguentlv with five swirl

nozzles tvpe TF48FC, produced by BETE FOG MOZZLES, INC., Greenfield,

Massachusetts.
The experimental procedure was as follows: .
i) The vessel was filled with air and its pressure recorded.
ii) The steam was introduced into the vessel from the hot—waéer
header until a desired tctal pressure was reached,
iii) The pump was switched on and the water flow rate and tcmpera-
ture were recorded.
iv) The change of totalhpressure in the vessel (due to the steam

condensaticn) vas recorded as a function of time.

94
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Using this techaique curves 1A to 3E (solid lines) shown
in Figures 39, 40 and 41 were obtazined. To provide an estimzte of
the heat losses from the vessel to the surrounding medium curve 1
(obtained with no water flow) in Figure 39 wac recorded. In this
case the condensation and the vessel pressure change was caused just
by the cooling effect of the vessel, since the water pump and thus

the nozzles were not used,

The flow rates of water with a single nozzle were 45 IGPM

and for the five nozzles case it was five times greater, i.e. 225

IGPM.

8.2 Droplet Size Distribution Mecasurements

The experiments on the droplet size distribution of the
particular nozzles used in the pilot plant tests are just a small
part of an extensive study of droplet size distributions of the
different spray producing equipment used by AE&L such as spray
plates and different spray nozzles.

The experimental apparatus (see Figure 30) consists of a
"central. adjustable height tower 45 feet high. &n this manner it is
possible to measure the droplet.size distribution at different
heights, On the top of the central water supply.pipe is a flange
to connect the cross arrvangement with the outlets for the nozzles.
There is a pump to provide the necessary water flow rates and the
pressure drop across the nrozzles.

Preliminary review of drop size messurement techanicques

showed that the "“cetch in 0il" techuique, used by Brovm [91],




Figure 30. Experimental Apparatus for Droplet Size
Distribution Measurement
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Syhre IlOQ], Kushnyrev [110] and Gelperin [111), had been found to
be satisfactory and simple to deal with., After several oils for
the cells were tried it was found that castor oil had the best char~
.acteristics for the intended purpose of catchgng the drops. High
speed movies showed there was very little splashing when the drop-
lets fell into the oil and the droplets were retained just at the
interface and after a short time period-would start to move slowly
to the bottom of the shuttered catchinglbox. This time pericd was
long enough for shadow photographs of the drops to be taken. A
special stand was designed for the purpose of mounting the catch
cells [108]. -On top of the stand.could be mounted up to eight
catch cells made of acrylic plates, Below each box was a special

' water and light proof compartgent wnere the photographic plates

(8" % 10") were placed. The tops of the cells could ge exposed
with sliding plates connected to a linear motor. These slid}ng
plates were provided with slits which when slid over the box, ex;
posed the oil to the spray_for a while, Hence the following simple
experimental procedure was as follows:

i) The stand was placed in position beneath the spray and the-
boxes were loaded with the photographic piates and the castor
oil layer.

ii) The spray was formed by switching on the pump.
iii) The linear motor was started moving the covering plates znd

opening the boxes for a while and zllowing the droplets to




hit the oil and be suspended just beneath its surface.

iv) The specially designed light source was placed over the
boxes. This was essentially a long metal duct (8 feet) fit-
ting over the box. The duct had an electronic flash built
into the top.

'v) The flash was switched én expgsing thé plates to give a real
size shadow (black and white) image of the droplets on the
plates. |

The catch in cell technique worked quite satisfactorily
in the range of flow rates (30 to 50 IGPM) with the BETEAEozzle
placed 15 ft 2bove the catch cells as the water distributor. How-

ever, when the dousing plates were used very large droplets were.

formed and the splashing and the buck splashing was so intensive

that the reliability of the technique was questionable. To avoid
this problem a direct photography technique is being developed [103]
to produce an image of the moving droplets in air. In preliminary
experiments, this technique.has been tried out simultaneously with
“the catch in cell" technique. The development of this techniqué
is still in progress and certain refinements such as a decrease of
the depth of the photographed droplet layer, light source distance,
better image of smaller droplets, etc., will be necessary befere it
can be judged reiiable. 1In spite of the necessity for the further
improvemente of this technique it is felt that the comparison of
the results obtained by both methods is useful, even at this stage

of the development. This will be pursved in paragraph 11,2,




9. THEORETICAL ANALYSIS

9.1 Problem Definition and Simrplifving Assumptiouns

1t was decided that the experimental pilot plaat vessel
could be represented by a chamber containing an air/steam mixture as
shown in Figure 31. Thus the state of the air/stream rmixture in the
vessel is specified by its pressure PH’ temperature TM and the cham-
ber's volume YM‘ The parameters of the entering water are specified
by its flow rate mW,E and its temperature TW,E’ Similarly the para-
meters of the leaving water are mW,L and TW,L‘

The problem can be stated briefly as follows: It is
necessary to predict the pressure in the chamber as a function of
time wher the initial conditions of the air/steam mixture are kncwn
as well as the conditions of tbe entering and leaving dousing water.
To enable this, certain simplifying assgmp:ions are necessary. IThese
. assumptions are:

1. The air/steam mixture in the vessel is perfectly mixed and al-

ways_saturated with steam.

2. The air/steam mixture velccity in the vessel is zero during the

dousing process.

3. The thermodynamic properties_of the mixture ccmponents are

determined frca the idezi gas law since the total pressure in

the experiments was PM-i 2 Bar. K S¥uwse 2. % b ThL et ne
4, The spray immediately upon injectiorn into the chamber brezks up
intc droplets of kaown size distribution whose defining para-

meters are specified in advance,

100
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Figure 31. Pilot Plant Dousing Charber Mcdel
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.droplet is treated as a single one in an infinite medium for the

102

The iricr_e_ase in a droplet diameter due to condensation was

ngglggggd, since its increase is less than 5% as found in Part

I of this study.

Each droplet maintains its identity in thé vessels, implying

there is no:

i)  shattering, whatever the cause may be (e.g., a) the distri-
bution of aerodynamic pressures, see Hinze [112]; b) waves

and oscillations, see Levich and Krylov (in [113], p. 299);

-~

¢) turbulence, see Hinze [112] and Brodkey [114]).

— - —Ommtan P
- ———— ¢ .

1i) colliding which can cause: a) coalesence; b) szparation

-.}\;',..‘ .

and c¢) disintegration.

. ——— e

o
Y
.

The void fraction of the system is very ciosz to wmity, and the

amount of the droplet interaction can be neglected, thus each

purpose of its transport coefficient evalustions. The prcblem

of interacting droplets is discussed by Yaron and Gal-or {115].

The dousing water supply source has constant temperature.

The flow rate of dousing wzter into the chamber remains constant.

Tne volume of water on the chamber floor is negligible as com-
pared to tne volume of the vessel.

The pressure drcp due to condensation of steax on the walls and
obstructions of the charber can be modelled from an experimental
test (curve 1 in Figure 39 where tank pressure versus time was
obtained without the use of a dousing spray). This effect can

thus be incorporated into the model in the form of heat losses to

the surroundings.
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9.2 Basis of the Sirulation

Consider the dousing system shown in Figure 30, corsisting
of a vessel filled with an air/steam mixture of known pressure, Py
temperature, Iip and the steam volume fraction XSM corresponding to
a saturation temperature TM' The total pressure of the system will
change due to the condensztion of steam on the injected water drop-
lets. The rate of pressure change in the vessel will depend on many
factors governing the rates of heat and mass transfer from the gas
phase to the liquid phase. For example, the local size, temperature
and velocity distributions of droplets, the terperature and air
concentration in the gas phase are all factors influencing the vessel
pressure change. |

In order to utilize the information develcped in Part I
for a single droplet, to solvé thic complex dousing problem the
following approach is adopted. A known initial droplet size distri-
bution is discretized into M droplet diameters and the height of the
chamber is divided into ¥ increments. Applying the energy conserva-
tion law (for a time interval it = t2 - tl) we can say that the water
energy change (increase) AEW is equal tec the air/steax mixture energy
change (decrease) AEM. Allowing for energy losses to the surrounding

QLS’ we czn write

t .
2

AE, = AEw + Q. ¢ . (€2)
1
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If the internal energy of the mixture in the chamber at the time

t = tl is

U = %1 Tl, kJ/kg
and at the time t = ﬁz

Wy = Cyy T2, kJ/kg

(63)

(64)

then the energy change of the air/steam mixture can be written as

BEy = Mty T DY

The energy of all the water droplets ir the chamber at the time t = t,

is

i=M j=N

By = 121 le hw

and at the tipe t = tz'

i=M j=N

Eyp ™ Zmehw

i=1 j=1

where, the corresponding enthalpjes are

=g T
hw pi,J i,3

i,]

(65)

(66)

(67)

(68)

Now, the erergy of the droplets entering the system during the time
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increment is

M

Er = L mp By

i=1 "i,1 1,1

(69)

Y

and similarly the energy of water leaving the dousing system

M 2

B ™ L mp By | (70)

i=1 4,8 TN
1

Thus the energy change of water phase due to heet pick-up from the

air/steam mixture is

ARy = Ep - Bnt En - B (71)
In the last equation the effects of kinctic energy, potential enzrgy

and work are neglected.

Hence, combining equations (62), (65) and (71) yields

_ 2
Botn T R T Pz T Rm T Rw T Re T sl 0P
or written in the same form a:z presented in [116]
2

mm“m*"’m*}:m’%“uzfzwz'*ﬁm'*%sll (722)
) @ @ 6 ® ® ©
Equations (72) or (72a) which bzsically represent a statement of the
first lav of therncdynazmics for the dousing system can be used tc

determine state 2 of the air/steam mixture in the chamber a short
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period of time (0.5 sec say) after starting from the specified
state 1.

However, before we proceed to the description of the
numerical algoritha itself it is necessary to detail how each term
in these equations, (72) or (72a), can be determined.

Term (@) represents the internal energy of the air/steam
mixture and it is easily determined using equation (63) since the
initial state of the air/steam mixture is specified,

Terms (@) and (O represent the energy of all the droplets
in the chamber at the beginning (specified) and at the end of the
time increment, respectively. When the droplet size distribution is
spécified (parag;aph 2.3) znd discretized the equation of meotion
solution (paragraph 9.4)-enables us to determine the number of drop-
lets in each height increment at the end of each increment. Finally,
the temperatures of droplets (paragrapnh 9.5) combined with their
numbers in each height increment allow us the determination of the
energ} of all the droplets in the charber at the end of each time
increrent.

Term (@) is easily determined from the specified flow rate
and the temperature of the entering water.

The energy of water leaving the chember represented by
term (® is determined by summing the energies of the droplets which
left the last height increment (N = 100) during the time interval.

The dousingz chamber heat losses {term (2)) are determinecd

from the experimental data on heat losses (paragraph 9.5).

3 o 1.
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Thus in effect the only unknown term in equation (72a)
is (:) representing the total energy of the air/steam mixture in
the chamber -at the end of the time increment. This term is deter-
wined from equation (72a) by a trial and error procedure. For nore

details see Chapter 10 which describes the calculation algorichm,

9.3 Droplet Size Distribution

To determine the total mass of anv droplet size at anv

height increment in the system it is necessary to prescribe the

initial droplet size distribution. Because none of the equations

for droplet size distribution are derived on_the basis of a physical

model of atomization the choice of which relaticn to use rests on its

ahility to represent the expverimental datz. A recent studyv [117], |

in that regard, showed that the uppoer limit function, proposed by

Mugele aad Evans [118], and chi-square distribution give good approxi-

mations for drop size distributions. It can be shown that the other

models [117] such as Nukiyama and Tanasawa, Rosin-Ramler, the log- i
probability function, which are often used to represent the experi-

mental data on droplet size distributions, are in fact special cases

of X-square and upper-limit distributions. Since the last two dis-

tribution models are the most general, the other mcdels have not been

considered, "The upper-limit function has been finally selected on

the following grounds:

i) a preliminary drop size analysis showed that for the nozzles

used in the experimental tests [107] this function correlated

local drop size distribution reasonably well;
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ii) it is relatively simple to determine the defining parameters,
see Mugele and Evans [118];
iii) 4t is the only drop size distribution allowing for a maximum
droplet s;ze.

The upper-limit normalized volumetric drop size distribu-—

tion function is expressed as

2
dv ) xm 2 b x
Ly - — exp| -6 4n —— (73)
dx wl/Z (xm x)x [ X ]

where; b, 6 and X being the maximum droplet diameter, are
distribution defining parameters,
dv - is the normalized volume of dropiets with dizmeters
between x - -gﬁ and x +-g-}5-.
A normalized upper limit number distribution function could alsc be
used to represent the experimental spray cata, however the nurber
distribution function gave worse approximations to the saﬁe data as
shown in [117], and therefore only the.normalized upper limit'volume

distribution function was used in the evaluation of our experimental

data.

9.4 Equeation of Motion Solution

Now when the droplet size distribution function is speci-
fied the problem of the droplet size distributrions throughout the
charber can be solved by using the momentum equation for droplets.

The specified droplet size distribution is discretized into M droplet

S S S A A SIS
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diameters, the mass and the number of droplets of i-th diameter
(=1, ..., M) can be determined. By solving the equation of
motion for every droplet diameter it is possible to determine the
nunber of all droplets in the j-th (j = 1, ..., N) height increment
in the vessel., In this manner the water droplet distribution
throughout the chamber is specified in each time increment. The
equation of motion for droplets is solved numerically using the
fourth order Ruﬁge-Kutta technique [36] and Reinhart's [33] corre-
lations for droplet drag coefficients.

The results of these cormputations are shown in Figures

32 to 34, TFigure 32 represents the droplet velocity distribution

at different positions in a chamber, for a spray injected with the

initial velocity 10 m/s in an air/steam system at PM = 2.23 Bar,

P ——e——— ———

PS' = 0.95 Bar and TM = 98.25°C (initial state in experiments 1lA).

M
Figure 33 shows the fall times of different diameter droplets neces-
sary to reach a specific position in a chamber for the same spray

as in Figure 32, Figure 34 represents the position o{ different
diameter droplets (the same spray as in previcus two figures) in a
chamber for different times starting from time zero. TFrom this
figure it can be seen that all the droplets bigger than 1.2 [mm]

reach the bottom of the chamber after only 1 [sec], while the 0.5

.[mm] dreplet does not reach the chamber bottom until 2.5 [sec] have

elapsed. Thus the smaller droplets have a better chance of being

fully utilized than the larger droplets.




[0

H = HEIGHT OF CHAMBER

Figure 32, Velocity of Droplets at Different Positions in
the Dousing Chamber \
N~ © :Wb Qf
\

| | 0 ]

| 2 3 . 4
DROPLET DIAMETER [mm ]




[N Bl ™ 2 I I |

02

Certain Position in the Chamber

1

K- m’-’,‘ -l,'

111

Figure 33, Times Taken by Different Droplets to Reach a
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©.5 Droplet Temperature Distributions

In order to predict the temperature response of the water
droplets in the same manner as was done in Part I of this study, it
would be necessary to solve M x N (M = 10, N = 100) times the single
droplet problem in every éime increment (0.5 sec). This is not
feasible because it would require excessive computational time and
a huge computer memory. To overcome this problem some other means -
of calculating droplet temperature responses have been considered.
The "collocation method" [119] was tried, for 'a single drcplet
response. This method was subsequently abandoned, since it did not
‘offer any advantage over the procedure outlined earlier, because it
was necessary to solve a system of algebraic equations at the colloca-
tion points for each sphere for every time interval.

The striking similarity of all curves representing the

individual dimensionless temperature responses (see Figures 9 to 12

suggested that they might be fitted by the equation

6 =1~ exp(- A12> (74)

1
certain important parameters (see Appendix M) gave the following

where A, is an adjustable parameter. Simple dimensional analysis of

expressiorn for the dimensionless parameter Z

1/3
P v
7 = ( &M Ro] .t | (75)

n

The correlation (75), however, was found to be toc simple

P e SV I ..
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to enable the fitting of the thermal utilizaticn curves reasonably
well., Several other curve fits were tried (see Table II.1) usiug
the Waterloo Computer Center Library Subroutines GEPLSD or DPENLN
which are optional routines, Some of the curve fits were more
successful than others. A dimensional five parameter model of the

type e e e e B

4
2 A sl 45
1% VRo

6= 1 —-exp]—-A P2 3—E—J>t _ (76)
gave the beé:.agreemsnt with the predictions. The resuits of the

least squares estimates (for 1230 points) of parameters A, to 4, are:

LAY

A, = 2.317-10 7, A, = 1.22549, A, = 0.262816, A, = 0.512932

3

Aq

= 0,102082 (77)

To compare the correlation predictions with calculated
droplet temperature histories, Figure 35 is dravn. This shows that
the correlation predictions (points) are in fairly good agreement
with the temperature responses over a wide range of air/steam mixture
parameters. Now, using equation (76) and equalities (77) it is
possible to.calculate the temperature of the droplets in the dousirg
system at any time and position. This has been done and the resuits
are illustrated in Figure 36 where, after a 0.5 sec exposure, typi-
cal temperatures of different diazmeter droplets at different posi-

tions in the chamber are shown, for the same spray used to produce

Figures 32 to 34, after a 0.5 [sac] exposure.

)
3
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TABLE II.1

Droplet Temperature Responsé Model Fits

1-exp (byZ+ b,)
b2
1~ exp (- b,2Z )
b2
1l - exp (blZ + b3)

Zba
1- b2 exp (- b3 )

Subroutine
Model Used
1l- exp (blZ+b2)
2
1l -~ exp (blZ +b22+b3)
1-exp (b.22 +b.22 +b,2+b,) GEPLSD
RS ] 2 3 4
1-exp .2% +b.23 +b.22 +b,2 4+ b,)
RS | 2 3 4 5
5 4 3 2
1 - exp (by2” +by2" +byZ” +b,Z% + bZ + by)
'l—(blz-i-‘bz)
1- (.22 +b.2 +b.)
1 2“ 3
1- (.22 +b.22 +b.2+b,) GEPiSD
1 2¢ T P3 4 L
L., .3 2
1l - (blz +b22 +b32 +b42+b5)
5 4 3 2 .
1 - (by2” +by2” +bg2” +b,Z" + bgZ + by)
1-b,2

DZPERLN

(Cont'd)
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Table II.1 (Cont'd)
Subroutine
Model iy
b2 by
8 = 1~ exp (blZ ) +bjZ DPENLN
Z+b.2° + b,z
b; b5 bg by
9=bl-_bzexxa(bep vg m ot )
by b3 bs b5 bg
8 =1-exp (blp vp m t Xg )
where

P[N/u’], v, Iu/s], t [s] and m [kel.
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The only quantity in equation (72a) left unspecified is
the heat loss to the surrounding wmedium which will be dealt with in

the next paragraph.

9.6 Heat Losses Simulation

The heat losses to the surroundings QL were determined
experimentally, see Figure 39, curve 1, These experimental results

were fitted by

P =P, exp(- kt) -(78)

i
where:

Pi ~ initial chgmber pressufe,

k - adjustable constant,

t - time,

In this manner, the chacber pressure decrease due to heat
losses was calculated rather than the corresponding heat losses. The
least square estimate for the nonlinear model (77) of the parameter
k is 0.002.

Thus all the necessary terms in eguation (72a) are speci-

fied and we can froceed to the outline of the numerical algorithm

itself,
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10, THE NUMERICAL ALGORITH! OUTLINE

The only unknown term in equation (72a) is the term &)
which represents the total energy of the chamber after a certain time
increment (0.5 sec used). This can therefore be determined from
equation (72a). By a trial and error procedure the corresponding
tewperature and pressure of the air/stcam mixture is determined and
subsequently used as the initial state for the new time increment.
This implies the repetition of the procedurc until the pressure

change in the dousing chamber is satisfactorily d=zcreased to a

reselected value, This iz the essential step in the algorichz
~ b4

ooy o

however before it can be taken, there are a number of staps involved
as shown in the program containzd in Aprendix N.

The algoriihm entry data are:

e

(1) chamber volume and haight

(ii) initial state of air/steam mixrure in the chamber -1
(iii) dinlet water flow rate, temperature and velocity Eéﬁ
(iv)  droplet size distribution parameters: x , b and & P .;~
(v) | nugbzr of droplet sizes M and chamber heighg increments N o
(vi) a time increxment. ';

The progranm then proceeds through the fellowing steps:
1. From the known droplet size distribution, the volume fraction

distribution of droplets of a given mean diameter in each of the

diameter intervals is calculated.
2. The numbers of drorlets of each.of the diamzaters in a unit

volume of water is calculated.




10.

11.

12.

13.

14,
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The temperature of thes system is determined from the partial
pressure of steam present in the tank.

The density and heat capacity of water at the inlet conditions
is determined.

The chamber is divided into a number of 5 cm height increments.
The velocity profile of each droplet size as it falls through
the chamber is calculated by using a Runge-Xutta technique.
The time (sec) for droplets of a given dizmeter to f;11 to a
specific height increment in the chamber is calculated.

The energy (kJ) of the doucing water entering the chamber in 2
single time increment (0.5 éec) is calculated,

The total residence time (sec) in the chamber of a droplet of
given diameter is calculated.,

The amecunt of air in the chamber at the start of test is calcu-
lated.

The initial energy content (kJ) of the air/stezam mixture is
calculated.

Time is incremented by 4t (used value was 0.5 sec).

At the end of the time increment the new local drop size distri-
bution is calculated, i.e. the number of drcplets of givén
diameters that are in the various height increments of the
chamber,

If any droplets have left the chamber then the volume fractien

of droplets of that particular diameter is calculated.

e —— e
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15.

16.

17.

18.

19.

20.

21,

22.
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Tnhe local droplet temperature distribution is calculated. The
new temperature (°C) of all droplets at all height increments
of the chamber is determined from the generalized correlation
of thermal utilization (equation (77)).

Then ucing the temperatures of the droplets of given diameter
the program then determines the energy (kJ) of all the droplets
in the chamber at the end of the time increment., The density
and heat capacity of each droplet is first determined from the
droplet temperature and the total pressure of the system,

The energy (kJ) of any droplets that have l2ft the charber dur-
ing the time increment is calculated. The.value of volum=
fréétion determined from step 14 is used if it is the first
time for droplets of a given diameter to leave the chamber.

The energy reduction of the air/steam mixture is calculated by
use of equation (72a).

The partial pressure of steam is determined by trial and error.
The procedure requires that the energy.of air + energy of steanm
apprgximates the new energy of the mixture. Both energy of air
and energy éf steam are determined indirectly through fumctions
of the partial pressure of steam.

A new system temperature is determined from the partisl pressure
of steam.

Total pressure of the.system is determined and printed out.

Steps 12 to 21 are repeated by advancing the time increment.
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More details about every step can be found in the Program

given in Appendix N,




11, EXPERIMENTAL RESULTS AND DISCUSSION

In this chapter the experimental results concerning the
droplet size distritutions will be treated firstly in paragraph 11.1.
The next paragraph'll.Z will deal with the problem of the dousing
chamber test predictions on the basis of the information on droplet

size distributions supplied in paragraph 1l.1l.

11.1 Droplet Size Distribution

Experimental runs were performed af three flow rates ~ 30,
~ 40 and ~ SO IGPM and the corresponding photographs (using the catch
in cell technique) are shown in Figures 1 to 6 of Appendix O (two
for each flow rate taken at diffe;cnt horizontal positions inside
the spray). Each of these photographs is analysed on the departmental
Quantireter. The results of these analyses are shown in Figures 7 to
12 in the same Appendix corresponding to flow rates 30, 40 and 50
IGPM., The defining parameters 56} b and § of the upper limit distri-
buticn function were cbtained by the least square fit by lineariza-
tio; of the upper limit function model, see P. M. Reilly [121]. The
least square fit estipates are represented by solid lines in Figures
7 to 12, The results of thege calculations are shown in Table II.2.

From this table it can be seen that the maximum measured

droplet size decreases as the flow rate through the nozzle increases

(corresponding to increasing pressure drops across the nozzle) which

is expected. The curve-fitted values of the maximum droplet sizes
— T
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TABLE 11,2

"Flow | Run | Number of | Maximum Predicted Values

Rate f# Droplets Droplet

IGPM Measured Diameter : [mm] s

Measured Xm e b
[mm]

30.8 130 126 5.6 5.25 1.265 0.292
30.8 132 127 4.5 3.49 0.902 0.399
.40.42 131 48 5.0 2.935 1.47 1.68
40,42 133 132 4.0 5.295 - 2.172 1.008
50.05 | 134 143 3.7 4,629 0.677 1.509
50.05 | 136 | 181 3.7 3.917 0.822 6.779

differ from the meastred omes, ﬁowaver, they correspond to the so-
called maximum stable droplets (Mugele [122], one of the originators
of the upper limit distribution function theory).

The dousing chamber tests were perforrmed with 45 IGPM per
nozzle, and therefore it was necessary to find some kind of average
droplet size distribution for this flcw rate. But before this was
done it was also necessary to find an average dfcplet size distri-
bution for one flow fate from the results obtained at different
horizontal positions in the spray. éomparing the defining coeffi-
cients in Table II.2 for the corresponding pairs of distributions,

it can be seen that they differ considerably. A reasonzble way to
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find an average distribution at the same flow rate is to take
weighted values of the frequency distributions depending upon the
amount of a liquid caught in the cells at the different positions
in the spray. Thus for the 40 IGPM flow rate (Runs 131 and 133) the
liquid volumes caught in the cells (during the same period of time)
were ~ 15 mm3 and ~ 2646 mm3, respectively. Hence the sampled
amount of water in the spray having distribution 131 (Figure 9 in
Appendix C) was negligible.and the distribution 133 (Figure 10 in
Appendix O, and circles O and the least square fitted curve 1 in
Figure 39) 'is taken to be tﬁe representative one for this flow rate.
Similarly, for the 50 IGPM flow rate the volumes caught in the cells
were 707 and 1647 mm3 for distribution 134 and 136 (Figures 11 and
12 in Appendix O0), respectively.. The weighted (30Z and 70%) fre-

" quency distribution is shown in Figure 37 by dots e, while curve 2

represents the least square fitted line. The estimated parameters

are:

x = 3.82 b =0.9859 & = 0,793 (79)

To obtain a representative distribution for the 45_IGPM flow rate
(dousing chambe; experiments flow rate) the frequency distriﬂution
for 40 IGPM (Figure 10 in Appendix O, and curve 1 in Figure 37) and
the averaged frequency distribution for 50 IGPM (curve 2 in Figure
37) were weighted by a 50% to 50% correspondence, to produce the
triangles 4 in Figure 37. The least square fitted curve to this

data represented by curve 3 (in Figure 37) and its defining
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paraneters are:

x_ = 3.847 [mm], b = 0.605, & = 0.886 (80)

These are the defining parameters (obtained by using the
catch in cell technique) for the upper limit distribution function
to be used in the simulation of thé dousing chamber runms.

It was pointed out in paragraph 8.2 that a comparison of
droplet size distributions obtained by the catch in cell technique
and direct photography will certainly be interesﬁing. For that
purpose the direct photography method was attempted simultaneously
with the experiments with the catch in cell technique. The photo—- -
graphs of the spray in air at the flow rates 30, 40 and 50 IGPM are
shown in Figures 13 to 15 (Appendix O), respectively. These figures
(13 to 15 of Appendix O) represent the droplet images above the outer ’i
catch cell, i.e. they correspond.to droplet sizes in cells represented |

by runs 132, 133, and 136 (Figures 2, 4 and 6 and distributions in

XAy e

Figures 8, 10 and 12 in Appendix 0). The photographs for the flow

rates 40 and 50 IGPM had to be analysed manually, since the droplets

e .
e - daban, ettt s BIesd e AT N

did not appear as solid dots against the background, thus preventing
analysis by the Quantimeter. The results of this analysis are shown
in Figures 16 and 17 of Appendix O for 40 and 50 IGPM, respectively.
The solid lines represent the least squares fit of the upper limit

distribution function model. The parameter estimates are given in

Table II.3. ' ]
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TAPLE II,.3

Flow Rate Maxinum Droplet Predicted Values
[1GPM) Diameter
Measured [mm] x (1] b 5
30.8 3.8 not analysed
40.42 3.5 3.31 0.7697 1.1071
50.05 3 X = 1,452 —_ 1.9978

The 50 IGPM case (Figure 17 of Appendix 0) is best fitted by the
log-probability distribution function, which is a special case of

the upper limit one., The volume log-probability distribution fune-

tion is defined zs

with

y = tn(x/x)
X

X ==
b

The representative droplet size distribution at 45 IGPM P

¥y : (81)

(82)

(83)

is obtained by weighting the frequency droplet size distributions

at 40 IGPM (Figure 16 of Appendix O0) and 50 IGPM (Figure 17 of -

Appendix 0) in the 50% to 50X correspondence. In this manner the |

droplet size distribution shown in Figure 38 by the solid line is
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obtained. The upper limit distribution function model fitted to
these data is represented by the dashed line in Figure 38, and the

defining parameters are

x_ = 4.33 [mn] b= 1.606 &= 1.223 (84)

Thus, the equalities (80) and (84) represent the upper
limit distribution function defining parameters for the two differ-
ent methods of droplet size distribution measurements, namely '‘the
catch in cell" and "the direct photograph" méthods, respectively.

In the next paragraph it is.shnwn how these parameters
were used in the computer algorithm to predict the dousing chamber

pressure changes as a function of time,

11.2 Dousing Test Predictions

Dousing tests were undertaken [107] in the enclosed
chamber of total volume 56 [m3] (see Figure 29) provided firstly
with single spray nozzles (experiments 1A, 2A, 2B, 2C and 3A, Figures
39 and 40) and then a group of five spray nozzles (experiments 2D,
2E, 2F, 3D and 3E, Figures 39 and 41). The experimental results are
represented by the solid lines while the triangles represent predic-
tions using the droplet size distribution obtained using the catch
in cell technique and the squares represent the predictions using
the droplét size distribution obtainéd using the direct photography

technique,

From Figures 39 to 41 it can be seen that the predicted



[ R Y S NS L W I S SV Y Sy

Ul Y B B Y

har a dmax=3847 (mm) 8=0-886 a=0-605
13— o dmax =45(mm) 8=0.6656 a=0-30
N o dmax =4334 (mm) 3=1223 a=1-606
l2s 7 >taa - .
A‘z‘ “ 3,
o, . o _ TEST #1 UNDOL‘{SED
.0}~ o ‘ —_—
1
4]
O-Sf-- £
oO-8l- o\ 2% i -
' g TEST ™ |A-DOUSED-SINGLE NOZZLE
07— r_-':ca Tyj =24°C
° Tyi = 98-25°C
Q ®
O6 oh 2 ‘ . '
g ﬂ°o TEST * 1B-DOUSED
O5}- T B\ o -FIVE NOZZLES
5\ % Twi =24°C ' CI
O4- , B\A ®a Tui = 97-54°C : a A c
. . . A
0.3 L 7] A . | . a o
B : ‘Figure 39, Dousing Tests f#1, 1A and 1B
02}~ . ”
Ol
| I .l\ L l ! ] 1 1
10 20 30 <0 S0 &0 .70 80 90

verly ., .
;*h-" iy - e - " . Yo gt ~.w'..""- A"" . ' H N ( . ! ) 2.8 } - L
f;;!?; F S Com H gﬁﬁﬁg@xqt ! I;Q.'] E A8y ,ﬁ;ﬁﬂ. e,




141

oo | SINGLE NOZZLE
f“‘"m% TEST No 2¢

Tyi = I7T6°F (80°C)

al

-2 % e, Tui=I01-23°
M= ey
uPnon
< O TEST No 2B
2 ool Ty = 142°F (61°C)
" o Tmt = 91:0°C

TEST No 3A
Twi=159°F (70-6°C)
Tyi = 79:32°C

A.ﬂ A a o-
o4} TEST No 2A
Tyi = 112° F (44-.5°C)
03} Tyi = 77-92°C
o2} .
Figure 40, Dousing Tests #2A, 2B, 2C and 3A with a Single w
Nozzle
O}~
00 | | | | | I [ l
Q) 0 20 30 40 0 10 20 30 40




FIVE NOZZLES

TEST No. 2F Ty,= 9795°C
Twl =160°F (71°C)

92 g Tyi=90-9°C
TEST No.3E

TEST No 2E Tyj=92:57°C
Twi=159°C (70-6°C)

06 TEST No 2D Tyj=84-19°C

- s Twi =130° 4-4°C ' K
ol _Twi =/130°F (5 ) _
° °
o L A ®e
04}~ A, ‘ _/ LI
| a | TEST N° 3D
03 ‘ Twi = I153°F (67-3°C)
: Tw; = 82-68°C
021~
. Figure 41. Dousing Tests #2D, 2E, 2F, 3D and 3E with Five LE
Ol ‘ Nozzles ,
ool 1 l | l | | 1 | a
iy e 20 30 40 o) 10 20 30 40

€, ::r‘;' : "H'.\k 2. v Lo TlM E 3 ( > ) i
e TR x.g%wv‘.ﬂ?{ggﬁfg; J:’E4 AR '.‘:'c;,_i_,-,.:b E

coba ) B
:'1*'53"-45'.‘.:4:'- S



135

results (triangles) show very geood aéreement for all the tests,.

The difference between the predicted and measured pressures at any

time is within + 7% of the measured value for all the runs except

1A, for times greater than 50 seconds. All the runs (except 14)

were recorded for time periods of from 10 to 40 seconds. The re-

cording time length may be an important factor affecting the accur-
acy of the predictions because of the following two phenomena which
are bound to show,incréasing influences later in the dousing process.

These phenomena are acting in the same direction, i.e. they both

tend to increase the predicted pressure drop rate in the dousing

chamber if they are not ta;éh into account in the simulation algor-
ithm. These phenomena are explained as follows:

"i) In Figure 38 the curve for the test #i is shown, where a
reduction in system pressure was obtained without the use of
dousing water. The experimental curve shows thaf the stean
condensation on the walls of the chamber éontributes to the
overall pressure drop at 2 rate of about 0.0021 [Bar/sec] for
conditions similar to test {#1. These conditions were always
above 0.97 Bar, however, in the absence of other experimental
information, this curve was used to estimate the heat losses
in all the other dousing rums involviﬁg waéef sprays when the
-dousing chamber temperature and pressure changes were much
more rapid which would mean lower actual heat losses to the

surrounding medium than were allowed for.
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11) No attempt has been made to theoretically determine the effect
of steam condensation on the water film which must inevitably
be formed by droplet impigment on the walls and the obstructions
of the chamber. In the initial time period of this film forma-
tion this effect may not be‘so important, but as time progresses
this effect probably becomes more pronounced as the walls be-
come completely wetted. In the simulation runs however, it is
presumed that all the water entering the dousing chamber flows
in the form of spray which is certainly predicting a more rapid
pressure drop in the chamber than would occur if part of the

water flowed as a film on the walls and obstructions,

In spite of thie it can be said in general that the simu-
lation model predictions for such a complex problem are highly satis-

i factory over the wide range of experimental conditioms.

The simulation model pfedictions using the droplet size
distribution cbtained froé the direct photography technique predict
slightly lower values (represented by squares in Figureg 38 to 41)
: of dousing chamber pressureé as compared to the values obtained by
use of droplet size distribution ocbtained using the catch in cell
technique. Further work on the direct photography technique will
probably improve its reliability over the catch in cell technique.
In any case the dousing chamber pressure drop predictions using
the droplet size distribution obtained from the catch :fn cell tech-
nique are conservative, if compared with the droplet size distri-

bution obtained using the direct photography technique.
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Finally, the sensitivity of the simulation model to the
effects of droplet size distribution should be mentioned. To show
the effects of the size distribution, the simulation has been rum
with three different imaginary droplet size distributions,

The first droplet size distribution is represented by the

parameters

x = 8.847 [mm], b = 0,605 and & = 0.88 (85)

which has the same “shape" as the one measured using the catch in
cell technique but a larger maximum diameter;xm. This droplet size
distribution prediction (for the conditions of the run 1A) are re-
presented by circles in Figure 42.

The second size distribution is & very small diameter
spray, so small that all the droplets will be fully utilized in the
chamber, This represents the heat balance on the chamber when all
the water is utilized. The pressure in the chawmber cannot be de-
creased any faster than'the'preséure déc?ease represented by this
curve, which is illustrated by squares in Figure 42,

Finally, by a trial and error method a droplet size dis-
tribution was selecred which gave a very good fit to the experimental
results (for the conditicns of the run 1A). Its defining parameters

are:

x_ = 4.5, b = 0.301, § = 0.66 (86)

Figure 42 gives an indication of the sensitivity of the

simulation to the different droplet size distributions. The
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difference between simulated and predicted values can be very high.
The heat balance curve predicts the pressure in the chamber 0.515
Bar after at t = 50 sec, while in the experiments at this time the
pressure was 0.7 Bar. The droplet size distribution represented by
circles (Figure dé) would predict a pressure of 0.8l Bar at this

time. This sensitivity of the dousing chawber response curves to

the droplet size distributions highlights the need for accurate

drop size data. Obviously more effort needs to be put into the

acquisition of such data to lend confidence to future scale-up and

full size dousing chawber simulationms.




12, CONCLUSTIONS AND RECOMMENDATIONS OF PART II

As demonstrated in Figures 39 to 41 the simulation model

tions of the dousing chamber pressure drops over the wide range of

inlet water and dousing charber conditions. The ability of the

model to predict practically all the runs within a few percent is

very encouraging for the simulation of the real dousing chambers.

The correlation between thermal utililization and the \ )
P S
1

initial droplet and gas phase variables (equation (76)) is a good

practical wav of getting around gigantic computer requirements of

the dousing chamber simulation. The comparison between the correla-

tion values of thermal utilization and the theoretically and experi-
mentally confirmed values shows excellent agreement,

At this stage of the project it can be concluded that the
catch in cell technique of dropiet size digtribution measurements
gives bigger average droplet sizes than the direct photography tech-
nique. However, more experiments and some improvements in both tech-
niques will give a firwer answer as to the question of the reliabil-
ity of the techniques. ,

The recommendations for future work are:

i) modeiling of the dousing chamber heat losses to the surround-
ings;
ii) modelling of the condensation on dousing chamber walls and

obstructions;

140
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droplet size distribution measurement under the real condi-
tions in a dousing chamber, which surely differ considerably
from those in the pilot plant tests. Which of the measurement
techniques will be more advantageous is not possible to assess

at this stage of the project.



13.

FINAL SUMMARY

The following is a summary of the accomplishments of

this project.

1.

It has been demonstrated that the only practical way to solve
the droplet combined heat and mass transfer problem for NRe

over a wide range of values is by the macroscopic balance traat-
ment involving the transport rate equationms.

A survey of the literature on drag coefficients for droplets

has led to the conclusion that the Reinhart's drag coefficient
correlations appear to be the best.

Droplet velocity trajectories have been calculated using
Reinhart's drag coefficient correlations for upwards and down-
wards freely moving droplets. This could only be done numeric-
ally. Solutione using Reinhart's drag coefficient correlations
aéree vith existing dapa on droplet'terminal valocities. These
trajectories were the ones éventually used in the simulation of
droplet temperature responses for free falling droplefs (see
below for summary).

Sore analyticgl solutions for trajectories of solid spheres in
free fall were either obtained from the literature or newly
derived, however, it was decided in the end to use the "Reinhart's
trajectories" instead of the solid sphere ones.

The sensible and latent heat transfer contributions to gas side

heat transfer coefficients were discussed. It was shown that
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mass transfer coefficients are very often not known. A detailed
discussion of previous workers' use of the analogy led to the
conclusion that its use in this work could be valid.

A comparison of'the external heat and mass transfer analogy
equations for different systems was enabled by collecting the
correiations in Figure 8.

A model was developed in the form of an analitical solution
based on the combined heat and mass transfer analogy to predict
the temperature of a free falling droplet which is perfectly
mixed (i.e. no internal resistance).

A model was developed in the form of a numerical solution based
on the combined heat and mass transfer anzlogy to predict the
temperature of a free falling droplet which is partially mixed.
This involﬁes the combigation of the external heat and mass
transfer analogy with the internal conduction problem where the
internal temperature profile is renewed periodically.

A third model was developed in the form of a combined analytical
and numericai solution based on the combined heat and mass tran-
sfer analogy to ﬁredict the temperature of a free falling drop-
let vhich behaves as a solid sphere infernally. This model
describes the droplet having no internal miﬁing and the maximun
possible internal droplet resistance.

It was shown that as the number of internmal mixings increased
the partial internal resistance model éecame assymptotic to the

no internal resistance mcdel (see Figure 13).
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It was shown that in the limit as the number of intermal mix-
ings was decreased to zero and the initial temperature profile
was unifornm, the partial internal resistance model would becorme
assymptotic to the no internal mixing model (see Chapter 2.7).
The maximum effect of a change of droplet size was investigated
and although this was found to be small it was incorporated in
the models.

All the necessary thermodynamics and physical properties for
the air/water system were collected on one place (Appendix b).
Computer algorithms for each of the models were developed.

The effects of steam concentration, initial velocity and dia-
meter, on the temperature response (thermal utilization) of
free falling droplets were predicted. The possible range of
effgcts on thermal utilization caused by internal mixing of
varying degrees was shown,

Various ways of defining the heat tfénsfer coefficient in the #
condensing process were carefully discussed.

The experimental results of many workers dealing with conden-
sation from pure steam and also from air/steam mixtures were
collected together in one place for comparison purposes.

It was shown that the predictions using the analogy theory
extrapolate reasonably well to the pure steam measured and
theorctical heat transfer coefficients.

An apparatus was built to enable the measurement of temperature

responses of single droplets suspended in air/steam jets.
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Experimentally measured mean temperature responses of droplets
(using tiny thermistors glued on teflon tubing) were obtained.
The possible effects on the temperature responses of the needle
used to create the droplets were shown to be negligible.
Comparison of the experimental results and the theoretical
models confirmed that a droplet apéears to behave as if it is
partially mixed internally.

The predictions of the partial internal mixing model and the

" results of 90 experiments showed standard deviations of 6% and

47 in the temperature response at 50 and 75% utilization
respectively.

A slighg trend in tﬁe data suggested that the larger droplets
behaved as if they were experiencing more internai circulation
than the smaller droplets.

1t was concluded that the analogy theory could be applied with
confidence to the problem of corbined heat and mass transfer

to droplets moving relative to an air/steam mixture provided

that some internal resistance to heat transfer was allowed for.

Experimental data representing the size distribution of sprays
produced by a typical dousing chamber nozzle were obtained by
two methods, namely "the catch in cell and the “direct photo-
graphy" methods. The data were fitted by upper limit distri-
bution functions.

A simulation model of a pilot plant dousing chamber was deve-
loped based on the previously obtained knowledge of the thermal

utilization of droplets and a step by step énergy balance.
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In order to make the use of the model feasible from the point

oﬁ view of computer time usage, a generalized dirwensional

correlation relating the thermal utilization, air/steanm mixture

pressure, initial droplet velocity wmass of droplet, steam con-
.o I —

centration and time was obtained by use of an optimal curve
fitring procedure.

The dousing chazber simulations and the experimental data
supplied by Atomic Energy of Canada were comparea and found to
be in reasonable agreement.

The sensitivity of the simulation model to spray.size distri-
butions was illustrated and it was concluded that aithough the
simulations of the pilot plant chamber were very good, it is
expected that more data on droplet size distributions-expeeted-

in the full-scale dousing chamber would be needed for scale-up

purposes. \
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Ratio of heat fluxes caused by the concentration and
temperature driving forces, defined by the equation
(11)

Constant defined in Table 1, see Appendix B
Skewness .parameter in upper limit equation (73)

Area of a droplet mz
Constants in equations (18) and (19)

Constants in equation (81)

Constants defined by the equations (21), (22), and
(23), respectively

Molar concentrations of: an air/steam mixture; air
in a mixture; steam in a mixture; steam at the inter-
face, respectively kg moles/m3

Drag coefficieﬁt of: a droplet, a disk and a

sphere, respectively

Drag coefficlent value at the maxdimum wvalue d*,

see Table 1 cf Appendix B

Specific heat at constant volume, J/kg°C
Specific heat at constaat pressure of a droplet J/kg°C

Molar heat capacities of air and steam, respectively

J/kg mole °K
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Droplet diameter m

Reinhart's dimensionless diameter

*
Maximum value of d , see Table 1 of Appendix B
Diffusivity of steam in air m?/s
Energy content of mixture and water, respectively kJ

Energy of water eqtering and leaving dousing chanmber,
respectively kJ

Condensation coefficient

Distribution function

Mass transfer coefficient kg moles/mzs

Body forcé N '

Gravity acceleration m/s2

Heat transfer coefficients defined by equations (50)
and (50a), (51) and (51a), respectively J/m?s°K
Convective or sensible heat transfer coefficient

J m?s°K

Apparent heat transfer coefficient defined by

equation (26), J/m?s°K

Enthalpies of air/steam mixture and water, respectively
kJ/kg

Mass flux defined by equation (17), kg/mZS
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k Thermal conductivity of a droplet J/ms°K

m = (l/G)ﬂdspD Mass of a droplet kg

Ryry By Masses of air/steam mixture and water, respectively
kg
MA,MS Molecular weights of air and steam, respectively
kg/kg mole
NA’NS Molar fluxes of air and steam, respectively kg moles/mzs
NAC Ackermann number defined by equation (10)
NBi=happd/2k Biot number
= 8t i it
NFO 2 Fourier number
R
VR2 :
NI-‘r = e Froud number
N, - o Grashof number
Gr :
hd
NNu e Nusselt number

Cu .
N, = -I;L = -z— Prandtl number

Pr
V. dp '
- ™M * &
NRe = d VR Reynolds number
= u - .-l’— i
NSc "DAB DAB Schridt number
Fd
NSh CMDAB Sherwvood number
deM o .
Nsu= . - NRe/Wc Drop deformaticn number
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vide,
Nw = Weber number
e o
PM Total pressure of a mixture N/mz, Bar
PP Partial pressure of air and steam in a mixture
AM,” SM !

respectively N/mz, Bar

Psat Saturation pressure of steam N/mz, Bar

PSi Partial pressure of steam at the interface N/mz, Bar

QT’QL’QS Total, latent and sensible heat fluxes to a droplet
J/mzs

QLS Heat losses to surrounding flud, kJ

T Distance from any point in a droplet to its centre m

R Radius of a droplet m |

Rg Universal gas constant J/kg°K

RM’RS Mixture and steam constant, respectively, J/kg°K

s=x® /N3 =p 3/gu4 Reinhart's system constant -

Re Fr' we °if g

t Time s ;

Ti;T,T Initial, average gemperatures and a temperature at :
any time instant of droplet, respectively °C

TM Initial temperature of air-steam mixture °C

sat - Saturation temperature of steam, °C

=

Wall temperature, °C

Internal energy of mixture, kJ/kg ’ '
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Vs Viy Velocity of a droplet and the mix;ure, respectively,
[w/s]

Vo Initial velocity of a droplet, [w/s]

VesVro?* VRT Relative, initial and terminal relative velocity,

[m/s]

v,V Specific volumes of the vapour and water at saturation

g’ L
pressure m3/kg
v Volume fraction of droplets having diameter < x

* = 3 = -3’—_ ' -
VR 1/NReNFr VR : pM/ug .Reinhart s dimensionless velocity

x Diameter of particles

x Average droplet diameter defined by equation (84)

X Maximum stable droplet diameter

Xgq Droplet diameter at V = 0.5

XA’XS Volume fractions of air and steam in a mixture,
g . regpactively

y Dimensionless function of x (equation (83))

z Distance travelled m
(PSMVR)llst : ‘

Z = Dimensionless parameter used in equation (75)

ml/3

D'W'ng Dimensionless numbers defined by equation (16)

~
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.Greek letters

o= k/pDCp Thermal diffusivity of a droplet m2/s
8 Size distribution parameter used in equation (73)
and (82)
A Difference
T~-T,
@ ® ———=—  Thermal utilization
T, - T,
M i
A Latent heat of water vaporizaéion J/kg
Wy Dynamic viscosity of a mixture Ns/m2
w 3.14159
v Kinematic viscosity m?/s
c Surface tension N/m
PpiPy Density of a dioplei and mixture kg/m3
£ Dimensionless nurber defined by equation (12)
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APPENDIX A

SOME ANALYTICAL SOLUTIONS OF THE MACROSCOPIC

MOMENTUM EQUATION FOR A SPHERE
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In this approach are presented solutions obtained either
from the literature or by the author for the relative velocity Ve
and position z of a sphere after it has been injected in an air/steam

mixture with an initial velocity Veo®

CASE 1, In the Stokes region (NRe < 0.1) the drag coefficient can

be represented by

Cp = Np /24~ CD = -——‘j‘ff ' (4.1)
’ l\'fze,

rd

The solutions obtained are the same as those obtained by

Lapple [24].

vg = B/A+ (v = g/A) exp(~ AL) (8.2)

z= (g/A - VM?t + (vRolA - g/Az)[l - exp(~ At)]
(A.3) ‘ ;

where i

A= 18;jM/de2 : a.4) . ;

CASE 2. In the region of 0.1 < NRe < 2 the standard soiid sphere

drag coefficient curve can be approximated by:



CASE 3.
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24 ., 3
¢, = ﬁ;; (1 *'TE'NRe} . (A5)
Thus
o G+ H exp(Dr/2)
YR " Fexp(0t/2) = E (A.6)
and
2 = (26/DE + 2u/pF) 1 T=xp{DC/2) - E
= (G/E + vﬂ)t (A.7)
vhere
B=Zl__p”' A = - 4Bg ~ A% ; D, =D, + 2D
8 dpD ’ ’ 2 1l
(A.8)
_ 1/2 - _ e A e _
D=(-8)"% D 2Bvp, = A= D; E=- 28D,
(A.9)
F=-28D, ,, G= D, (D - A) ; U =D,(D+ A
(A.10)

These expressions were not found in literacture and were
derived by the author by solving the equation of motion

of the sphere.

in the range of 2 < NRe < 500 the standard solid sphere

drag coefficient curve can be represented {25]) by:

W
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1/2
D 16/N for 2 < NRe < 10 (A.11)

1/2
Cp = 11, 5/N for 10 < NRe < 500 (A.12)

In this case, only an implicit relacioﬁship could be derived
for the droplet velocity as a function of time t. This is

given in equation (A.12).

385

' 2
!; 213 4 1/3V1/2 + VR)(Jl/:a._ J1/2)
n

2 Ro =g
p o2 (1 _
1/3 2 1/3 1/2 2/3 1/3 1/2
31J L (J @) 4+ J Vro + Veo
1/2 1/2
_ /5 ran-l 20V " = VRo ) _l
V3 33 4 (o 1/2+J1/3)(2v + 313y J
_l
(A.13)
with
I=glJ (A.14)
I= gd3/29 /1z;>1/2 /2 sor 2<N. <10
. M . Re
and (A.15)
_ 3/ 1/2,1/2
J gd P /8 625 DM M for 10 < NRe < 500

(A.16)

In this case it was not possible to obtain an analytical

solution for the distance travelled.

CASE 4, 1In the region where the Newton's law applies, i.e.

500 < NRe < 2.105, the drag coefficient is
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Cy = 0.44 (A.17)

an elegant solution can be obtained for both the velocity

_ and the distance travelled

tanh(Cgt) + CvRo
R " C[1 + Cv__ tanh(Cgt)]

A (A.18)

Ro

where

C= 6.33°pM/pD-g-d ) (A.19)

The distance travelled depends upon the initial relative

velocity:

a)

b)

When the initial relative velocity of 2 drop Veo is

smaller than its terminal relative velocity Vg then:

cosh[Cg(t -~ Cl)]
- vt (A.20)

fn cosh (-~ CClg) M

When the initial relative wvelocity of a drop Vro is
’ !

‘greater than its_terminal relative velocity vp., then:

R

sinh[Cg(t - Cl)]

1
z = fd’l . - - V. ot (AQZl)
ng sinh| Cclg] M
where
1+ Cv
1 Ro
T TR (A.22)

-:.!{h '
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The relative terminal velocity is in both the cases
(A.23)

vpr = 1/C

It was first believed that derivations of the last two
cases were new, however it has been recently discovered

that a similar approach was used in [6] which confirms

the validity of the solution. 3

It is possible to cbtain corresponding analytical solu-

tions for a sphere initially moving upwards. The solutions are -

slightly different from those already derived for a downwards move-

b

TN T VI . .,
& golbs v ks RO
S T ST T TR I T Sarasraive

pa P tard

ment of a sphere until the moment when the droplet reaches its maxi-

mum height. From this moment on the derived equations will hold.

5

i
.OA‘

s
9,
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APPENDIX B

REINHART'S CORRELATIONS FOR DROPLET DRAG COEFFICIENT

i —



-
.

]

- L gt APPENDIX B
. A,. / //l/ : nf
9 «° REINUART'S DRAG COEFFICIENT FOR DROPLETS
DOMAIN C, = £ S, t0/) UPPER LIMIT OF VALIDITY
d* = £(Ap/p,S)° AND/OR Npo = £(80/0,5)
* Ly 1/3 M
I cD 24/NRe d 1..’.16/(Ap/pn) NRe 0.1
a -1/3 -0.111
B " c, = N @ + 0. 15u° 687) a* = 7o<“°) 10~ 2s) Ny, = 974(10 1254-0.192
] 1 OR ANY OTHER VALID CORRELA- . 0.111
Y f * - - had . -
12 TION FOR SOLID SPUERES a* = 30.8¢2y71/3 14 12] N = 236107 25)0+192
S$>44.10 Py 2. - Re
37
- a . "00535 0.275 . -Oo 303 0.388
L 12 c, = 0.43(107125y0-05 d¥ = 122¢8y 107125y Ny, = 224022 o125y
S<44.10 . M e Y
b . -0.05 . -0.535 .. 0.0367 _ 0.303 .. 0.08
o Cy = 0.7(107 %) a" = 300(32) o~*2s) Ny, = 7160(32) o™ 2s)
$544 .10 : Py ' Y
0.224 -0.065 -0.447 0.114 " 20,173 0.18
- - : A -12
v C,=0.0657d (A") o t%sy 4 =160 22y (10~ 12%s) - L, = 3190(2R) (10~ *%s)
oy Y Y
0.447 -0.131 \
v Cy=0. oonJ(A") oty T g* -0.5 176 2070238y, 0.232
. 3 w2082 (107125 | Mre e =4a70( ) (L0~ %)
HMAXTIMUM -0.0232 12 0.036 X Pt | max
cl)mnx-o 75(—) (10 s) . g
T S DR
N * % - R
CDHCD;n;\x+al(d S I BN mmcommn.c STABILITY OF ' WYDRODYNAMTC STAB1LITY OF
0,035 L1 “- /(A 1 A DROPLET | A DROPLET
I :ﬁ;ﬁ }S‘S:"ﬁt’i‘l‘.‘}h s. \*2)"-‘ o féé p&;ﬁé 2&_581‘2" ___.'.“'@:3 \‘Cé’-k ane kSE !!
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APPENDIX C : ‘ . i

EVALUATION OF THE DROPLET TEMPERATURE RESPONSE

WITH INTERNAL RESISTANCE AND NO INTERNAL MIXING

cen i e -t ae . =



om———

.the last integral can be rewritten as

171

Equation (36) can be rewritten as (for the seventh order

polynomial)

2 3
fl(r) = :M - (A0 + Alr + A" + AT

7
2 T + ,.. + A7r ) (c.1l)

Introducing this into equation (34) it yields

n=w 2y sin(&nr/R)

n
8(r,t) = nzl v, - sin b, cos v TR

exp (- wﬁNFo)'

® [T, - (A, + A.r + A 2 + A r3 + + A r7)-
[} 0 14 0 l zr 3 [N 7

-sin(wnr/R) dr ' (€.2)

Considering just the integral in the last equation, one obtainms

R R
I= TM IO T sin(wnr/R) dr - AO Io T sin(wnr/R) dr -
R 2 R 3
- Al [0 T sin(wnr/R) dr + Az IO T sin(wnr/R) dr +
R 8 :
+ oo + A7 .t sin( nr/R) dr (C.3)
0

Denoting the integrals with TM and AO to A7 by IM’ IO’ Iz, ey 17,

7
I=1I,+ ) I (c.4)
M ogbg

It is possible now to evaluate every single integral by the simple

integration by parts. Thus




R
IM = TM [o T sin(wnr/R) dr

and
fudv=uv-fvdu
dv = sit?(‘l’nf/R) dr : us=r
or
v =~ cos(V r/R) §  dve=dr
vy n ?
and
. R
IM = TM - .‘Z—R cos (q;nr/R) + I %—- cos(wnr/R) dr
n n
0
and

2
%— cos y~ + RIE sin(\';nr/R)]

£
2
T

n ¥n 1I"n
R2
= ’1‘M =3 (sin I}Jn - y'Jn cos :pn)
\bn .
and finally
R2
Iy = TM;—Z— (sin ¥, = ¥, cos "bn)

n

Similarly, the second integral yields

2
R .

IO = AO ——-‘pz (sin wn - i&n cos \J)n)
n

R

0
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(c.5)

(C.6)

(c.7)

(c.8)

- e Dadle =




The next integral is
R 2
Il = Al fo T sin(¢nr/R) dr
Performing the integration by parts twice gives:
R 2
I, =4 ;3-[2¢n sin ¥ - (¥ - 2) cos § - 2] (C.9)
n

Furthermore, the integral 12 is

R
I, = A r3 sin(y_r/R) dr
2 2 n

0 %
EL
After the first integration is performed, the integral with lower é%
pover of r is obtained. Thus one can use the previous integration é;
"
step in the evaluation of the higher power integral, to obtain Z
B rs’ﬁ‘
& 2 2 kS
. ”~ : ﬁ“
I, ‘-Az‘zz,[’(wn =~ 2) sin oy -y (g - 6 cos y )] (C.10) Sk
: R

Using the same technique the remaining integrals are evaluated

-
Wae-l Foadt S0 e

R
4
13 - A3 f; T sin(wnr/R) dr
R 2 4 ...2 | ;
= A3';§ [4wﬁ(wn - 6) sin b, - (wn - 12wn + 24) cos v+ 24}
n
(C.11)
R 6 '
5 . N R
I4 = A4 IO T s1n(¢nr/R; dr = AA';E [Swﬁ - 60w§ + 120) sin Yy ~

n
4 2
-y (4 = 209° + 120) cos y,] (c.12)
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R ¢ R/ 4 2
Ig = Ag ]O r 81n(¢nr/R) dr = A, ;7 [Wn(6¢n - 1204}n + 720) sin Y
. n
- (¢6 - 30w4 + 3604;2 - 720) cos ¥_ - 720] (C.13)
n n n n
R 8
. R 6 ) '
16 = A6 I r7 51n(¢nr/R) dr = A6-—§ [(71.’Jn - ZIOV: + 2520y§
0 1‘bn
- 5040) sin ¢ - v_(v® - 22¢% + 840y - 5040) cos v ]
n n''n n n n
(C.14)
and finally
I.= ® 8 in( /R) d .= zii Iy (8¢6 - 335'4 + 6720’2
7 A? o r sn wnr r A7 w9 n' 'n vn vn
n
8 6 4 2
- 40320) sin wn - (wn - 56¢n + 16801,’1n - 201604)n
+ 40320) cos ?n 4+ 40320) (C.15)

Introduéing the values of integrals'IM, IO’ Il’ ceey I7 into equation

(34), equation (37) is obtained.
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THERMODYNAMICS AND TRANSPORT PROPERTIES OF WATER,

AIR, STEAM AND THEIR MIXTURE

£
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D.1 Saturation Pressure

Steam saturation pressure Ps = £(T) is determined from

Vesper's (76) correlation

=9 ,
anP = ) AX [Bar (D.1.1)
s i
1=0
where
t
X =50

t - temperature in °C

Ay = - 5.0982373-10° Ag = 2.4775634:1071

A, = 7.2704899-10° Ag = - 8.6590250.102

A, = - 3.0337268.1C° A, = 2.0153393-107%  (D.1.2)
Ay = 1.2567591.10° Ag = - 2.6934527-10’3

= - 5.6086594.10" " ag = 1.5531799.10™"

Equation (D.1.1) is valid for 0 <t < 374.,15°C. Accuracy of this
equation is less than 0.02% for t < 300°C and less than 0,01% for

t > 300°C, see Lekié [78].

D.2 Saturation Temperature

Steam saturation temperature T = f(P) is determined using

Vesper's [76] correlation

i=11 {
T = ) A/fn (1.01972 P)]° °C (p.2.1)
& 4=0 *
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whgre

P - pressure in Bar

AO = 9.9092712'101 . A6 = - 3.7393484-10-4
1 -5
Al = 2,7854242+10 A7 a - 1,7417752-10
0 -5
A, = 2.7537565+10 Ag = 2.2071712-10
(D.2.2)
A = 2.1077805-107% Ay = 1.5343731.107°
3
= . -2 = o -7
A4 = 2.1296820-10 A10 - 4,2685685-10
. -1 -8
AS = 1,3283773:10 All - 4.2924603-10

Equation (D.2.1) is valid for 0.006108 <P :_221.2 Bar, and agree-

ment with the table values is less than 0.06°C.

D.3 Density and Specific Volume of Water

Density of water is determined from
p -% kg/m3 (D.3.1)

where v — specific volume of water, mslkg.

A specific volume of water is determined using the Tratz [77] equa-

tion

ve g E-KTt @=L+ (- %)

w [ ]
N(q + 1o + o2)
- (D.3.2)
z +111

where:

W=y~ (K02 + 200 - mr))H/2 (D.3.3)

T

3

B ey

5
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2 -6

U= £ - gt° - ht (D.3.4)
T t+ 273.15
TTTT e (D.3.5)
P P
° =" 7221.286 (D.3.6)
Pc' Tc - critical pressure and temperature
t - temperature in °C
P - pressure in Bar.
- -1 " -1 8
A= 4,1710 M= 7,676621.10 g = 3.122199-.10
-4 -11 5
H = 1.139706+10 N = 1,052358.10 h = 1.999850-10
-5 8 . 0
K = 9,949927+10 f=3,7.10 k = 1.72-10
-5 -1 1
L = 7.24165.10 n = 6.537154-10 r = 1.310268.10
% = 1.362926-10%° q = 6.25.10% z = 1.5108:10™°
n = 1.500705.10° ' (D.3.7)

Comparison of the wvalues obtained using the Tratz equation with The
1967 IFC Formulation shows the differences less than 0.05% for

t < 300°C and P < 400 Bar.

D.4 The Density and the Specific Volume of the Saturated Steam
. o

The specific volume of the saturated steam is determined

from the product Psv" as proposed by Vesper [76] according to:

i=8 3
z AiXi, Bar = (D.4.1)

Py =
5 1=0 kg

LTS
i

30t

"'J_f.xi-.f REECRd

el
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where
tS
X = 700
t, - saturation temperature in °C
0 -2
By = 1.2602044-10 Ag = 3.3488548-10
A = 4.5905064+10 1 A = - 1.5087828-10™2
A = - 7.0419435-1073 A = 3.1565330.10™° (D.4.2)
Ay = 1.1476149-10% Ag = - 2.4890060+10%
A, = - 3.8647589-10"2
and
"
wo B0 3
v = P ’ m /kg . (D.4.3)
s : '
and the density
o =i . kg/m (D.4.4)

D.5 The Density of and the Specific Volume of Saturated Water
3)
The specific volume of saturated wateL’was determined from

Vesper [76] equation:
1=9 L

vi= ] axt (0.5.1)
1=10
where
t
X =100

.;;"‘i'c:, ':"w; ol
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Ay = 1.0001189.1072 Ag = 5.2428875-107
A, = 5.3740533.207° A = - 2.8652450-107
Ay = - 2.67941471-;0‘5 &, = 9.0664926.107  (0.5.2)
Aq = 3.0237718-10"" Ag = = 1.5437041+107
A, = - 5.5126569-107" Ag = 1.0968357-107°
D.6 The Enthalpy of Saturated Water ;\

The enthalpy of the saturated water is calculated using

Vesper's [76] approximation of table values.

1=9
n'= ] AX ,  ki/kg (D.6.1) -
1=0 -
where
tS
X = 300

t - saturation temperature in °C

4y = - 4.7554093.10"2 A5 = 1.5159421.10°

A = 4.2490349.107 A = - 7.8226638°10"

Ay = - 4.4519838-10% A, = 2.3865162:101  (D.6.2)
Ay = 1.2080923- 102 Ag = - 3.9629482-10°

A, = - 1.7579053-102 Ay = 2.7663765-1071

Feiame s St 1Ziie ..
T Tt -

- atiTE
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N
, ¢
;

D.7 Saturated Steam Enthalpy (J~

Vesper's [76] approximation of steam tables values will

be used again
i=6 i
" = Z AiX » kJ/kg (p.7.1)
i=0
where
t

S
X = 760

t - saturation temperature in °C

Ay = 2.5006256°10° a, = 2.7974559.10%
. , .
A = 1.8150666-10 Ag = - 9.4307509+10
1 0
4, = 1.5749571-10 Ag = 1.0285952-10

Ay = - 4.3077814.10%

D.8 Heat Capacity of Water

The heat capaclty of water is determined by differentiat-

ing Juza's expression for water enthalpy, Lekié [78]:

1 kJ
CPW = A+ By +C [Y i 0.24927 + 0.021}?] » kg°K (p.8.1)

where

A= 4,1982594 ~ 0.1304363*X + 0.19097088°X2

3

- 0.07403256-X" + b.02259985-x4 (b.8.2)
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B = 0.0307256 + 0.033444712-X -~ o.oz4zoesoa-x2
. x3 4
4+ 0.004837208.X" - 0.001100455-X (D.8.3)
S L. -6 _15

C = 0,032 + 0,003264-X" + '0.26912-10 +X (D.B.4)
t

X = -io--é- (D. 8.5)
P

Y = 565 (D.8.6)

t - temperature in °C

P - pressure in Bar

D.9 Heat Capacity of Steam
The heat capacity of steam is determined from the equation

(see Leki& [78])):

i‘l' L4
. i-1 _ ~10. 77244 ] o] 1.8z
C.s 1§1 18,7 I, [———-———-13.82 + 5.1324 E[C - 2]1 :l T

' +_[513Da —~ 70B + 52(d-t ~ 73)'D-c _ 352-%:‘03

15 33
T T
(D.9.1)
vhere
A= 1.1698648-10° | A, = 7.3765806.10",
: (D.9.2)
Ay = - 8.0553613- 107 A, = 1.3026684-10%
T _ t+ 273,15




-

P
(o4 — 2
" F

C

>
1

-~}
u

a
U

(=4
L]

E

P

4.7331.107°

2.93945-10"
6
4

S

4.35507-10
6.70126-10

3.17362-10"

221.287

I, = 2.21287034.10

i

4

C = 1.55108

d = 1.26591

D,10 Thermal Conductivity of Warter
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(D.9.4)

(D.9.5)

The thermal conduccivity of water was determined by the

1967 IFC Formulation [74]-

1=4 1 i=3
k = AX + (P -P)
¥V o4mp * 5 4=0
where
X = t 4+ 273.15
273.15
t -~ temperature in °C
By = - 0.92247 By = - 9.4730~10
-3
A, = 2.8395 B, = 2.5186-10
A, = - 1.8007 B, = - 2.0012-10"
A, = 0.52577 B, = 5.1536.10"
A, = - 0.07344

4

3

i
) BjX + (P - )

J

ms °K

it

(D.10.2)
1.6560+10"°
- 3.8929-10°
6

2.9323-10°

- 7.1693-10

6

-
s
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D.11 Thermal Conductivity of Steam

The thermal conductivity of steam was determined from [74]

5 11, 3

k_ = 0.0176 + 5.87-207¢ + 1.04-310"7+t% = £4.51-10

J
ms °K

(D.11.1)
where

t = temperature in °C,

D.12 Viscosity of Steam

The viscosity of steam is determined using [74)

u_ = B0.4 + 0.407-t - p_(1858, - 5.9-t)/100, 107- 5
m
(p.12.1)

where

t - temperature in °C

p - density of steam in kg/m3.
D.13 Viscosity of Air

The viscosity of air was determined from

u, = 173.6 + 0,456t 0. 2 (p.13.1)

m

where

t - temperature in °C,

D.14 Viscositv of Air/Steam Mixture

The viscosity of an air/steam mixture was determined

following the procedure proposed by Bird et al [81}:

e ot e i o 7 SO o S P S S % it & Tt = = e @ B i 4ot e o e
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i=n X Uy
Motx = 121 -jf——B (D.14.1)
=1 kY

where

X5 xj - mole fractions of the mixture components

L viscosities of the mixture components 'g
- 2 <2

L Mi 1/2 u 1/2 Mi 1/4 &

by == 11w 1+ = (D.14.2) #
/8 3 uj 4 .

1%3 r& — molecular weight of the mixture componerts,

D.15 Thermal Conductivity of Air

The thermal conductivity of air was determined using the

procedure outlined in Holland et al [79]. It is assumed that air

consists of 78% of nitrogen NZ’ 217% of oxygen and 17 of Argon; thus

i=3

/3
121 "’i“i ky ; -
'I-A = i=3 M1/3 ’ Tn—s—o-k- (D.lS.l)
' 121 R
where | B

. N R ." . - . .
; WIS PRy Y PP .ot .
4 2 4y s TN . .
N o h3 - woramd e o
(82 i, met - ] (5 H .
YA T Ay delte 30444 AT $h L6 B h i LI 4
< Y LY S JE R4

s
240
s

M

T - volume functions and molecular weights of

i,

- ME‘;‘;'V
B R,
HEer Tt

4

CTAN

NZ’ O2 and Ar’ respectively.

s

iy

The thermal conductivity of the components was determined as

i

kl = p01(1.32°CVl + 508 ~ 104.6/Xl) (D.15,2)

Wy i
-

X findy e
iR SR A
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k2 = u02(1.32'cv2 + 444.8 ~ 91.59/X2) (D.15.3)
k3 = 2.5'“03'0\,3 (DllSDA)
- = - X8 _
Ml 28,02 , Mz 3? , M3 39.94 Tmol (D.15.5)
The wviscosities ¥o1 were determined
5/8 ,~11
boy = 8:175(4.58-%, - 1.67)°/8.207 /g, (D.15.6)
- 1 '
g, = 1.873-207 g/ 6/ (kg/kmo1) Y 2 (u/n?) 273,
-5
£. = 1.272:107°
3
X = t + 273.15 < B+ 273.15 X = t + 273,15
1 126.1 ’ x2 154.4 ’ 3 151,2
(D.15.8)
The specific heat at constant volume CVi was ‘determined from-
J
CVi (Cpi 8315)/1‘& ’ 'l—c-g—;l—(- (D.15.9)

The specific heat at the constant pressure Cpi is

Cpy = 27214 + 4.18(t + 273.15) , J/kmol°K

CP2 = 34625 + 1.082(t + 273,15) - 78586'104/(t + 273.15)2

Cpy = 20808 , J/kmol®°K (D.15,10)
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D.16 The Thermal Conductivitv of the Air/Steam Mixture

The thermal conductivities of gas mixtures at low density
may be estimated by a method analogous to that previously given for

viscosity (see equations (D.13.1) and (D.13.2)):

i=n x,k
id J ,
kmix = igl iEn > -m?o-—l-(- (D.lﬁol)
. x ¢
s51 31

The xg are mole fractions and thé ki are the thermal conductivities

of the pure components. The coefficients ¢1j are identical with
those that appeared in the viscosity equation:

2
-1/2 1/2 1/4
M M
1 i M1 i
b4 ™ {1 + 5 ] 1+ [uj} (M.] (D.16.2)

h i

D.17 The Diffusivitv of Water Vapour Through Air

The diffusivity of water vapour through air was determined

from [79]
D= , m/s (0.17.1)
Y Y Y )
1 + 1 + 3 :
0.7577 * 0.77%4 0.7503
where

Y, = 0.78 , ¥, =0.21 , ¥,=0.01

Yw ~ volure fraction of water vapour in air.

Wt

e

~
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D.18 The Surface Tension of Water in Air

The -least square fit through the data of Rohensow and
Hartnett [82] gave the following relations for surface tension ¢ as

a function of temperature in °C

2

o = 75.448 — 0,13071°T = 3.5056°10™2-T (D.18.1)

or

4.2

o = 75.671 - 0.16131+T + 4.3348.10" T2 — 5.2269-30"0.7>

(D.18.2)

Since the differences of water surface tension in air and steanm are

negligible (see Vargaftik [83]) the water surface tension in air/

steam mixture can be calculated using either of equations (D.18),

cmmi e e mmmniim aa,
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APPENDIX E

THE COMPUTER PROGRAM FOR NO INTERNAL RESISTANCE

SOLUTION OF THE SINGLE DROPLET RESPONSE
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NATF IV kxaxridarsa KP=S9,P=100

PAAARI P A A A AR RN A AR AP AR A AR A AR AT AR A RR P AR P @2 S AR RARR A AR P AR A AFAARR AR R & -
ARR A X AP KARARAT R RS A A AP AR AR A AR R AN R KA AR R AN A T A AN R A Ao AR AAKP A AR AR R R # ©

*

* IHIS PRULGRAM SULVES Trek PrOMLEM OF STMULTANEDUS HEAT % MASS

2 [RAWSFES FROM AN Qln/3TE&M MIXTHRE TO & DROQPLET ~0vIMG wlTh

x A CONSTANT VELOCITY.twu INTERMAL RESTISVANCE 1O A wmbE AT TRANSFL®
x I A SPngRE

* Sl==Un1TS

3

i***ttti‘*ﬂkli*‘*t*tii***t**l**iQ*****l*t*ti******i*ii***itii‘i*v
AR XA AR AR AR I A2 A AR R A AR A I R A AR R R A R AR R T R AR A AR AR AR K P R AR ARRACREARK R 2R 4

ASTHERMAL DIFFUSIVITY MP/SEC
AMSME=iAERMAL COMDUCTIVITY UF MIXTURE =« FILH J7z" uow SEC
artmp s Inbr~al CUNODUCTIVITY OUF STEAM == FILM J/M 0K StC
aMgMysIngR=al CONDUCTIVITY UF AlK == FILM J/4 0rn SEC
(Pe = HEAT CAPACLTY UF afk J/7rMGLOUX

CFmF = ntal CAPRCLITY UF #]YTuUuWE AT FILM TEMPERATUKRE J/KG 0K
CPP - HEAL CAPACITY UF STkanM KJ/KG UK
CPV - HEAY CaPsCITlY OF nnlRE KJZRG 0K
VIFMFZRIFEUSIVITY OF »IaA[yURE == FILM M2/8EC

DI TENPFRATURE INCrEASE GC

F=mASS TranSFeR CUEFFICIEANT KedlL /%7 SFL
GzMUL A= ~ASHE VELUCITY sMpL/Mg SEC
hrzhE Al TsanSFEK CUEFFICIENT J/t2 on 8L
pvap=HE Al OF varuxlZeAlIUNn hJ/r i

it = Trmf wumpbEk OF DIAREIERS

nF = Trig Lu~ptbe DF STE2M/(8IK+STEAR) RATTUS

PEN = PECLET NUMBLER

PPF = PPaBTJAL PuboSUkE UF THE SIEAM AR

PRix = PRAMNDIL NUMSE s

PT = TUTEL PRESSUKE OF THE MIXYTURE HAaR

Py = PRpDCTE OF PrE €y (1/KR0P) BAaRAMI/KE

HKErnsNEYNOLDS NUSEER oF HIX[UKRE == BULK

MEN = v YNHALDS HUMKHEK

rtil o= BEXTURKE GAS CUNSTANT = bBULK J/RG 0On
KuMh = DENSITY UF EIXTHRL = BuLk KG/M3

KUP = DERSITY OF VAFUUR = ABULK KG/™M3

ROPF=DE=SITY GF STEAM w= F LM KG/M3

ROV = LENSITY OF wATER KG/M3

kIMD=rAT1O OF ThEReAL DIFFUSIVITY AnND MOLECULAR OIFFUSION CHEFF,
SCx = SCH=IDT NUMRER
SHM = SHEnwULD t;UMEER

TF=1EmPeraTUKE OF FILM 0C
THUT==THER=AM, LTILIZAT]ION

Trnezva8s VTHANSFER RATE ' . onMyLsm2 SER
AV o= wAlb~ DrOFLET TEMFPEHRATURE oC

14 = Salunallon TE“PEKATURE CORKESPUNDING TV PPP iC

USm .= NUSSFLT NUFKLR 4

VIiSsl = vISCuS1ITY GF m1xTuwf = ALGLK 10227218 /0M2

vispPpa =« vISCUSITY ©F STrA+ « nuln 1GAa2T7 208 /M2

vIiISve =« VISCuSITY OF Aln = AuLn INax 7208 /132
VIS“F=VISCUSTTY OF e&]l¥Tywt == FILM 10,2%x7 =~ SEC/#2
VISVE=vISCUSTIIY OF AajLk == FILn 10,247 an SFC/42
vISPE=vISCOSETY OF STEAM =« FILM 10,227 an SEC/™2
VRY e Tiwm]lwal VELOCITY #/SEC

vMaF=mILECULAR wRIGHT UF MIXTURE == FILM KG/&MUL

i
FARAAR AR AR RS AR AA AR R R A AR A AR R AARAARAAA N R A A A A AR IR gpdpdand Rt nd A oNy
KRR AREARRA NG X R P AAA R AR RA AR KA R ARAR R AR RS SRR 2L A AR R AR AR R AP tRp AP AERE RS



c7
rd -}
29
30
31
32
33
34
35
kY

37
38
39
4
41
4
a3

ug
4s
b
47

ub
u9
S0

a3
ay

aoan

ido

uy

aoco

191

VRE xP=0,
VKE af =10},
READ 1,rE,RF,PT
FUMAT(215,F10.5)

O w0 I=1,kE

i) 909  J=1,nF
FURMAT(SF10.5)
IF(vsexP,G1,0.) GO TO 43
HEAD 2,0(1),RUJ),svrExk, 11,10
Gu 10 du .

RE A et 1), TZ,VFEEXP,11,T9
CunTInNUE

fv=Il1

THE. Tu=vu,

hAPPURZ=O

HAPSTF=0,

HaAPInT=0,

HOo=0,

nSTEF=0,

nlnizo,

HAPCHO=V

hAFCHfzu;

Pl=3,14189

VUSVRI XP

VvINF=O,.

DENSITY uF lejUHE-_ﬂuLh ~
IF(VvWEXP.GT1,0.,) GU 10 do

PPPR(J)FT
CALL TemMPJ(PPP,12)

S TYOS
I A N

GO TN ul

cunrlInut ki
CALL BZAS(TZ+PPF) 4
K(J)spPi/PT "
Conl1%UE &
FMEmn31a,7/7(R0J)218,02+4(),=R(J))*28,96) 4
RUASZ 100000, +PT/ (#8532 (124273.15) ) 3%
VISCUSITY UF “1xTURE__BULK - :§
CALL SEXPV(TZ,PV) ) 5

KUPZPI/PV

VISP, d40,8072+12=ROP2(1854,~%,92T2)/71000,
VISVS173.640,05d212
Fl1220e8956/7850nT(1,40,6222)2(1,+SUnT(VISP/VISV)*],12503)x22 .
F12120,353r/806nT 1 +1,0071) 801 +SUd1(VISV/V]SP)20 ARA1L)*42 1
visSmu= x(J)iVISP/(H(J)*(l.~R(J)JiF112)+(1.-k(J))*VISV/(k(J)’Flz
1=k (.4))

CALL vVvODES(FT,T11,vv0D) ;
Kivz=t . /vvubr ;
UMYy AH 2R (1) 223/ (0 210, 22G)
PREAZPLIAD(1) 222210 a2 (=n)

JTEwHIrnal VELLEITY UOF M)IXlukE
IF(VREXP.G1.0.) 60 T0 17

1E(DCI)I=N,.5)3,%¢5
Fr1zn, oﬁb*hhkftVlS*B‘nuﬂﬂlto ~a7)/(nt1)/10no Ya%1 ,S/R0OV




53
Hd
55
5o
57
58
59
ol
61
o?
63
64
05
bb
67

b8
69
70
71
72

74
75
16
77
758
79
8o
81
B2
83
&y
85
8o
&7
88
bY
90
91
92
93
94
495
9o
Q7

o8
G9

100
101

17

18

11

12

14

13

YOO

192

REMASVvR T2DL 1) s 0210000, /V]S™B
IF(vpriu=10,)6,0,4
VRIIS(S,A0abS/Fr2)sn(2,/3,)
rE*bhErEMRAVR 1/ VAT

VRIzZVvk1l

GO TQ 6 '

VET=9, 43¢ (1, =EXP(=(D{1)/71.77)x+1,147))
GL Tu 1

CunT IwlLE

viT=VKEXP

CunTInub

REMeos v TAD(I)*10000,/VISMA
Cuntjuot

PRISNT $1,000)R(I)ePT,T1,VvD, VINF

FURMAT(/ ,2%,510(1)=,F10.5,2x,55K(J)=,F10,5,2X,3HPT=,F10U.9,2x,341

1S 10.5:42%¢ 3HVUS, FIU S22, 'vINFE',F1U,S)
Kiz=39 .
LTI=(T1Z=11)/n]

0T1=0l

pT=0,99

rJ=n]+10

P ARARIARRAARA R AR A R AR R AR AR AR R RAR R R R A AR KA ARK AR R ARKR AR AR AR AT R A AR KA R R ? o

00 160 'KR=1,%d

ARRARRAREAR AR E AR AR R R A AR AR R AR A AR R R A XL R AR R A RXR A RN AR KR FIRPAART KRR A KRR R £

fvoLn=1y :
IF(r,Gl,(kJ=11)) GO 10 12
Guo TO 15

CLeT Ut .
IF(a,G1.,(RJ=7)) GO Tu 14
Di=oli/S.

GV T 13

BOTI=BNTAY. /10,22 (n=31)
[vhisrDYIaTZ

DI=tva=-1V

Cunilxnub

Ivalvend

TvesiveNT/2,.
IF(Tv,G1,0,9999212) GO 10 34
TE=(TZ+1v=DT1/7.)/2.
1Fiz(1241Vv=0Tr4,)/2. .
CALL P2AS(TF,PLF)

CALL PZAS(IF~,PZEM)
HF=PLF/PT
TKEMZP2F /P

CALL ShEeaPv(1fF,PyV)

CaLL SERPV(TFM,Pvi1)
KUPFSPI/PV

KUPFMSFI/PVY

vISCUSITY OF #IxXITUKBE__FILM

CetlL VISASM(IF,MF ,RUPF,VISMF)
CALL vISASH(IFM RFMN,UPEM, VISHFN)

THERmAL CONDUCTIVITY UF MIXTURE == FIL#™

CALL AMHASM(IF,kF,CPN2,CPU2,CPAN, AMBME)
CALL ANHASMITFM,RFM,CPNEN,CPURM, CPAKRE, APSREM)

DIFFUSIVITY=UF #IXTURE == FILM

o~ r— — =



102
103

104
105
100
107

108
109
110
111
112
113

114
115

118
11¢

120
121

122
123
124

125
]ah
127
1c8
129
130
131

132
133

OO0 s NeNe

[z NaNe

oo

OO0

b

CoLL DIFaSHliF,FF,u)F~F)
C:‘LL Ul’-:‘s?('FM'"F"'IU‘[P"!FP‘)

CENSEIY NF mMIYTRE_F)LM

RMF A N, T/7(F 2 1A 028 (1, =HF )xPn _9¢)
Kb Mzh 34, 1/ (hraln G2e (], =wF1}228,96)
FUAFST00000, 2P 1/ (hmFaA( 1F+273,1%))
hUu.F,\R:l|)U_GUO.‘P'/("MF~*'.IF""’Z?S.’S))

HELT CAPACIlY OF MIXIUNE == FILw

CALL CFPAW{FZr,1F,(PF)

CALL CPPAR(PZFN,T1Fm,CPPM)

CPAZO T2 +CPR2+U,214CFPN2¢0,012CPAR

CPAnzU , TadCFrZ2 40, 214CPU2HM+0, D1 ALPaRM
CPrFssFaCPReIR00 ¢ (] ,=rF)aCPA/2A, A

CPUF =i MeCPPR21QUO 4 (1, =KFM)2(ran/2n,98

PRAGIHDTL ANUMHER

PRNSCPMF#V]SHFZAMBME /10, %27
PROMSCPHAFMEAVISMEMIAMBEFM/IG, 227

KEYNDLUS HNUMBEN

REWSVRT 2D (]I *=0MF 210000, /7VISHE
meNzvR Tt (1) rrumFalyvuy, /VISHF~

SCH=1DT *yu-ner

SCvsvISsF/KOMF/UIFF /10,227
SCNMZViSHFR/RUYF/ULIFNAE /10,527

pﬁCLc T fvi.lf.’?’“.’.ﬁ.

PE'n=wE rneabSCo
PENMZRE N IrEChY

NUSSEL T suMBrR

]F(Rtit-qb('.)lt7lf\ )
USHZ2 4+, 0% (nbvxal,S)a(WRNea (]1,/3,))
USNIZR 40,0 n (NESMAA0 ,S)a (PrrMax(1,./73.))

SHERwUUD NUMLER

SHNZ2 A0, 0x (NEREMN,5) 2 (SChvra(1,/3,))
Sraaz2 td ot labNMex (i 5) 2 (SChmaa(1,/3,))
by T 9

USSP, 10,272 (bt dd  62)%x(PRMNA2(1,./73.))
USHnz2 40,274 (hER™A20 ,62) 8 (PRiMxa () ,75,))
SHAZ2 0,272 (NER*2 U, 02 )+ (SEMe2(1.73.))
SNtz 2. 40,2/ {RLNMNRRY 602 )% (SCAME2(1,.73.))

nEAl IkamaSPiEx COEFFICIE!T

HZ{uG), xAMhMEAUSM/D(])
MW= 000, tAMHRFYMAYSRM/DL )

“aSS 1k4LSFEK CUOEFFICTEM

193

S8

RN

SN

RS ORRY:

L
WA b,

T
B

G
!
: -
A




135
130
137

138
139
140
lul

142
103
lud
145
luo
147

148
149
150
151
152
153

154
155

156
157

158
159

lo0
161

162
103
lo6d
165
lob
lo7
lo&

169
170
171

oD

e NeNel

o0

My AROMNA/ AV 194
FsSrnta/irbmn
FrazSHA v a/PENY

MLaSS TwKar,SFEH FATE

carlL PZAS(Iv.FPIV)

INAZF# LALGG (Y o =PZV/PT)/ (1, =FPP/FT)))
CALL PZaS(1vi,PZvr)

Tieb sz Ma (LLOG((],~P2Vh/PTY/Z (1, =FPP/PT)))

HEAT (F VAPORNIZATION

CaLl SEnJ(TF,nSEK)
CaLl ¢RIMII(TR qePreIn)
PvaAP=nSER=nPH]~

CaLL SEAI(T1FM,NnSER)
Catl PrInJ1(TRN,ner]IM)
RVAP~ZRSEh=rHPR] M

SEaSIsLE HEAT THANMSFER

ACC=Ttax1B802U, *CFF/n

AL~z ACC/ () ~ExP(=-ACL))
BSsAC s (12=1V+LT/2,)
ACCH=1%aMx 15020 ,2CPPvY/ 1
ACAm=o 0/ {1 =ExP(~-aCCH))
NSvzaACuMahut (1 2=1v+lTra, )

LATELT MEAT TRENSFER

uLorveexrlnarldn20,
WLMZHVAPAA [MAMETBO20,

[UTAL MEAT IWANSFER

BI=swL+9S
GTIszulmeiisS™

APPARENT HEAT TKRANSFER COEFFICIENT

HAPP=GT/(T1Z2-1V401/2,)
HAPPAZ9TH/ (1 Z2=TV"+DT/74,)

101 sUMdEk

CaLL Ama(PT, IV, viare)
ﬁ]:unvﬁﬁbll)/vLﬂrﬁ/eﬂuo.

TIMNE ECCFSSARY TU TFMPERATURE. IwCREASE 07

CALL VVORES(PT,Tv,VviiD)

wQpvz],/vviy)

CALL Cevane (P1,1v,CPV)

Cl=0./(#uvaCPVv#iD(1]})

Co=(THE st 024CPF*1000,/7(1,~EXP(=ThA*1R,U2ALPP210DN0O,/H)))
C=C14+C¢
ARGUTE(CH(TZoIV4NT)I4CI*HVAPATINALTIB020,)/(Ca(T2=TV)+CTI*HVAaFaTHES
Jl1e020.) _ - ..
1H_a-n:u.-1r.|1.o.) GO 1D 36

TR Tazs(]. /L2 ALUL LARISUNT)

Tetf Tzt Trgdnt la

i



172

173
174

175

176
177
17¢
179
180
181
182
183

184
18%
i8¢
187
188

189
190
191

162
193
194

195
1%

197
194

199
200

2ol
202

2a
204

-~ e

ocon 2 Xnke )

lzNeNel

aoaon

(aNaNe

25

26

2u

ey

100
3y

IHE R Y JLIZATION 195

Truls(Tv=1})/7(FZ=~11)
RATTw OF Trek~MAL DIFFUSIVITY aND DIFFUSION CUEFFICIENT

ASAMNMUF /(&NMisF xCPMF)
RIMDsaA/ulFF

APFAREMT nEAT TQANSFER COEFFICIENT==CHECK UP
hAPCH:U**CPVt(TV’TVULQ)*luOO.IAQEA/(Ti-1V1UT/2.)/THETA
AVERAGE APPARENT HEAY TRANSFEN COEFFICIENT
HAPSTP=HAPS 1P 4HAPP

HAPAVS=ZnaAPSTIP/XK

RAP [ T=rAPI T+ (HAFPUSY  anAPPHIRAPF)2THET & /b,
hAPAvIz=HapIAT/THETL

HAPPJSHAPY .
HARPCHT=HAPCHT+ (HAPCHD4RAPCH) 2 THETA/?, F
HAPCHO=rAK(LH ?
HAPCTR=HAPCHT/TRETU w
AVERAGE SFiSIULE PEAT TRKaNSFFR CUEFFICIENT
HSTEP=HSTER M o
RAvSTP=nST1EF/K 5
HINTz ]+ (e0td,xHEH) f TRETA /D, =
MAVINI=n]lnTZTRETU "ﬁ
HO=» .
EwHANCERENT FACTUR ' ‘ B
B
EFSTFP=S=APAVS/HAVSTP .ﬁﬂ
EFInf=warayl/neving I
EFsEFINT ' vy

kb ALL STeAM TG M MIXTURE RATIO

EAS=9la190,2
HINIK=HAFAV ] /RAS
Tav=1lv

Prlal 25,1V, 1AV, DC0L), KT#RE, THUT, TFETUY
FuRn:al (X, 3mIVa, 1A, 7, 14, drTAVE, E1Uu, /12,502 ) =, 14,7, 11,5#«7”
LEL 4 Tt 2,8l =,Eld, 7,2, 0MIHFIUS,F14,7) T
PrINT 2np TNAF, r]l  HEAPP, HAPAVS, HAPAV] -
FOsmal (2x, "TWAS e 1d, 7,00, 'Fs,E18,7,1%, 'vls', By, 7.13.'ﬂAPP—M
TE1A 7,14, "FAPRVSSY 8 18,7, 1%, "naPAVISY, E1u,]) p
PRUAT Sty AVSEIF PAVINT S FSTER,,EFINT RAFCTH

FuRM41(2x.'n='rtlu.7.lx.'HAv37v=',t1u.7.1x.'HAvlmI_ PE1U, 7,1171

L'EFSTRPS  E10. 7018, "LFINT= Y k10,7, 1%, 'HAFCTRE ', F10,1) iy
Prlng 2PN, SCRp SN, USN, NS, 1L, ACHK, RAPCH jﬁ%
f"i“'"'r(e‘r'l’“\"‘:'lrlu.'bol&o'Sl;i;='0F1|J.5tl’l'SH‘l F10,5, 1XI'“S"-

PP 1S s ST i Fldae 10, 'ul=",F10.2,1%, YACNZY,F 10,5, 1xs ' HA nBEL

2.k10,17)
. Wl T=f

L()n[_’[m}t %

- .~

i



207
2us
2uy

cig
211

2ie
213
214

215

2le
217

2l
219
220

22l

22e
22l

eeu
22%

226

eel
ey
eeY
230
231
232
233
234
235
2306

237

36
217
C

v
o

- C

80

196
1T1mE  SURKROUNLING YTEMRPERATURKEY, /)
Clal]dnr
Pelnl 37,PPP,ll,RHP,vISP,vISv,vISH&
anVAT(QX,UﬁVﬂP='FIU.7.1l:SHfZ=,tlu.7olx,UHHUP=.EIU,7,1X:SHVISP=:
113,7,1%,5nv]ISVE,E14,7,1%x,6HV]SNn=,14,7/)

FRIGTI28,8V, VRT JREMB,OT ,EF ,HSHMK
FORYAT(2%,4mFUvI, E1U, 7, 12,8nyk1Z,E18,7,1%,5HREMAZ, E14,7,1X,38D1=,
114,7,12,30EF=,t1d.7,1%x,6805HMKS,E1U,7/7)

COnT INUE
stop
Eau

AR KA A AR AA KA AR K AR AR R A AR A AR RAAR R AR R AR KRR R AR AR R R R R ARANSRAARARARD X3 7

Supxryullne FZ85(1,PS)

R AAAARERRAARERARE AR AR AR ARARRRAAARRARAA AKX RARARK AR AR AARA SR AR RRAKKR RS

x=T/7100, ) :
PSSOl (1,.55310/710000,%X=2,69308527/1000,)*x42,0153393/100,)2:

1A,69uP5/100, )2 X+2,477563d4/7190,)23=5,00R6594/710,)2X41,2567591)rX="
2033721V ¢x¢7,27vunIyv)2x=5,078&71)

PSzbaP{PS5)/1.,0197¢
RETUK"S
taD

AR S EARARARREZAARRRLA AP R ERARARAA AR ARR AR AARARKRARKARE NS S A AR A AARRARK IR Ak

Sunaruul INE TEMPI(PPP,TZ)
AP P REAKARAA RS A RRRARARARARRRAA AR A KK R AR ANA XS TR R AL ARttt r s nd RNt R 2t xd e

=2 LUG(1.018724PPP)
1220000 (L ((=u 2920003710000, /10000,2X=d,20865645/7100000600,)4x+1,
1363/8171000000,)aXx42,20712127100000,)4x=1,7417752/1000C0,)2¢=3,7:

25050 /10000, )2 x4 82E3774/1000,)%%x42,129682/100,)2x42,1077005/14,°
IX+2,379357712%427 ,850242)xx499,092712

<t liJwi
EnNY

*t*t**tti’ti*i*itiii!t**t*ti*i**i*lt*it*i*t***t**l**,tﬂ*‘i!*fi*t'

SUBRUUTINE vVvUOES(PT,Tv,vVOD)
iilinﬁit}ttn!l*tttt*rli*iit****t**lt*a*tt*i!**tt*tﬁ**iiti11***1hs

b= (Tv4273.15)/0U7,3%

SzP1/221,2%06

US1U0,a(3700000,=3122199,24%x4-190Q _ 85/7A425)

vz (48R T (1722002 U+1362920, 210, 22102(S=1,50070524)))2%x0,294}3177
B2l 05248502 (62.,545*x(13,1026848))/10,%211/7(1,5108/7100000,+44A*%x]1)
C2(u.0557154=4)2r22

CsCa(7.2911057100000,40,7ToT766214%Cx4id)

VO, 317/n4C==(11,36706~9,9049527%xA)/100000,

RETURN

B0

ﬁlliittitti***ﬁ’ittt*i**tﬂﬁ*t*i***iliiiiti**tﬁi***ii*iti(i*i*t*t’

SUBRLUTINE SEXPV(TZ,PV)
tiﬂtt(i**tiltli*i**1!*1**************1**1i*ti***g*******‘ggk,**‘,

x=1/7/7100,



\/,_\
¢ .

197

1.38A4884A7100, 34X =3 80475949 /100,)2%X41,14761d45/10000,)4x=7,0u1Gg
CUVU ) 2a+u, 5905004/ 10,)ax41,2602004

2uo SETURN
2ul AN
c .
C RARARF A RRK R AR AR AARAARAR AR KA AR A I AR AR R AR A RN A AR A AA R R kA AR RAARRAKRR A4 -
oue Sughuullut CPVORP(PT,TVv,Crv)
C AR RAAARRR AR R AR AR AR M A R R A A AR AARAR AR A AR AR AR R R A AR KA KRR AR I AARARKKS &
C
2u3 ' Xslv/10u,
cud . Y=P1/10w,
2us =Xz
2ueb CPVEL /7LY+42,)+40,0212Y=0,2u927
247 CPrv=CRve (0, U32422(0,003264¢0,026912+Z2+27100000,))
2us 220 ((=1.190d954 244, 03/20A)xXx=2U,208E03)*Xx+33,UdUT12)2X+30,7252,
2uv CPv 2rxv/1000,+CPV
250 2T ((2.2599854x=7,003256)2%x419, 0970s&)*x-ls.OUSoB)*X+“19.b259u
251 CPv=Z/1u0,+{PV
252 RETURHN
253 t
C
C ﬂ‘Af:ttktkﬁt*tn**ai'Aﬁﬁ**iik&*t*t***ka*t****t**tt’ttit*!ti***ttt:
254 . SUsnUUT IE CPPAR(PT,TF,CPP) _
C AARRRRRARARR A AKX R AR RE AR R AR AR AR AR R RRA AR AR R R AL AR R St AS A AR N TR ARRRR
o
255 X=(TF+273.18)/6u7,3
250 S=PI/821,2 :
2s7 b=1.uadhaq7*(1.55105-8/2.J’x*a1,5?/1uoon.-s,qqabsuh/1nq,/xg«3,
2se C=(P.,01u37as8*(17,7227u%8=1],20x¢23)/3000,=-0,2057615)/7x%215
b9 02221248, 7032 (14254 ((=1.932%AUh/x22383/1000,)25%%3)
2bu CPP=(t10Y,.0008=DiX2(=16,1107234x2(221.297U42=X2%%2, 106736)))/eud
2bl FETuUWw i
262 £
o
c KEFRARRRRA R XA TR I A AR R R R R AR A AR AR AA R R AR R AR A F A A KA R R R C AR AR ARRKTRER
2v3 SUaROUTINE SEKT(V,ENTR)
C lt*tt*tt*ittkkl*’rti‘ktttt*ﬁttit*i***ttt*ttttiiiti%tt*tt***xk*i‘
C ~
204 x:l/ldn. %
265 ENTASCC(C(T,02359522x=9,4307509)4X+427.574559)ax=43_ 077816)*X+]
199571)2ax4181,50606)%2X42500,6256 s
2bo RETurH -
267 END
C
C AAARRAARARR PR AR RAR R AR AKX AL R AR AR R KRR AR KRR RN AR AR AA AR AR AL AR CRKAARARER
- 208 SUBKRIUTINE HRIMITC(I,ENTA)
(o PARARARRK R A M A R AR KR KA AR AR AR AR A A S AAARA ARSI R A AR RA SRS Ak kv A AAKARKREK
c
259 azT/z100, -
270 En1az (00 CL2,7003705/10,4x=3,G629482)2X423,065102)2x~78,27h0
1X+4151.596421)4x=175,79U538)4x+120,80923)+«x=did,S19580) %xx+U25, 175d
2=7,455u80993/7100, . ;g
271 [F(I=350,)2,2/1 ' : o]
272 1 ENTASEITA+0 38K 7392 XP (0,2255564(T=350,)) R
273 e HETVKH “‘3}?
274 END . 'ir
sa s dX



275

2le
2717
2R
279
280
2&1
28e

283

28u
ks
2he
287
268
269
230

291
292

293
294
295
2%o
297
2493
299
300
301
3ne
303
304
305
3I0e
307
308
3u9
310
311
312

313

3la

31s
316
317
3in
319

198

SuswiiI1ag erDA(FR, T,V0LAMH)
ARAARR A AR XA R AR R A A AR ARA AN AR KRR AR AR AR R AL R AR AR ARAR AR P A AA KRR ARKRRAR k9 =~

x=1,¢17273.15

CapLL PZAS(1,¥PS)

VEANRS ((10,25323-0,0716932x)2X=0,37r929)2x40,16%56)2(P=PS)/7100000,
VLENSS (VL AM2 4 (((S5.153m2x=20,012)%x2+425,1A6)2x=9 473)71006060, )4 (H=Fx
viaxesvlarpt (((0,52577-0,0738dxX)2X=1 ,n007)2x42 8395 )sy=0,42247
2E TN

LAY

ARAXRARARRAR AL R AL e A A AR A R R A AR KR AR R R AR R R A R A AR AR R A AR R A Ak kA RAFRAARARRS

SUAWUdYIwE vISASM(TF ,KF,POPF,VISHF)
litxt‘tii!i*l**’t*aitﬁ:tt‘a***it*iit***itii****i*tiat*i*i*t**i**i
VISPEZAy u4 ) d07+TF=RUPFA(1ASE,=5,9+1F)/1000, '
VISVES178, 020, ubud«TF
FI12F=0,3936/59R1(1.40,6222)2 (1, 48WRT(VISPF/VISVF)+1,12563)+12
FICIFS0.3530/8uRT(1,41.,6U071)4C1,+8URT(VISVF/VISPF)»p Badid)«a2
VISHF=rF*V]ISPF/(hF 411 ,=RF)AFTI2F)4 (1 =RFIaV]ISVF/(RFAF[21F+]1,=~F)
KE Tuwiv

END

RAARRAARKRAX R AR AL A RARZERRAARRKR KSR AR AR AR AR AR R ARR A AR KR AR AN AT AR AR Rk @

SuUnKULl Iak A%SASM (TR, RF,CPN2,CPO2,CPAR, AMdmE)
1*1*1*:!“litiji*itlilﬁlf!*ttaﬂikttt**t*tiit*tittitttf*lttt*itttv
AVEPFZ0,01764S,87/71006000,2TF+1,00/710,22741F21Fe0, d851¢lF4tr+fF/10,
1%11 :

anndz=pg2h 02

~“02=33-

amaAKz 49,94

IxN2=(1F4275.,15)7126,.1

Ik (lF+273,15)/7154 a0

TrbS=(1F+2735,15%)7191,°

Siagztl.n73%7100000,

S1véz1.489%87100000,

SIanst,27¢/7100000,

CPNE:Z?RIN.‘“.Iﬁ7*(IF+375.15)

CPUZ=34025.41,. 05022 (1F+273,185)~76580.210000,/(TF+273,15)222
CPARzZuKUR,

Cve2s(CPv2=d3158,)/amne

Cvie=(Cru2=n315,)/nrts2

Cvamaz(CPan=631%,)/7vuMaR )

VISNg=B, 1750 (0 S0 ThnM2=] €7)2x(S, /7B,)/8IN2/10,2411

VISN2=n 1754 (4, D42 ThriOc=] ;07 )22 (S, /78,)/7S5102710,2%11

VISax=n 1792 ( 2,58 aThARC] 07 ) 22 (5, /7RI /S14K/10,221]
AYRL2EV]IER24 L1 3200V RE+Sun ,=104,06/TKng)
£v4a2zsv]iSur (1,322 CvVudtdud =91 ,59/1R02)

AriANz=2,.,52VISARACVAK

AravF S (O 7R (aSMM200 (1,73, ))12AMEN2+40, 212 (uMUPxe(],/3,))2arns0240, 01
1(aYadat () o/73.)) 228 0R) /(0 THA (w2 ea(1,/3, ))40.,214 (w2 11222(1.,73.))

20,01a(w~sentx{l,75,)))

FI121.20.3530/80eiT(1,.40,0222)% (1. 4SQArT (AMRPF/AA3VF)I«1,125938)x%2
FIPIL=0,3530/78 RT (1,41 ,00671)8 (] tSURT(AYSVFE/LMIFjan BuRIU)A4Q
ArpMF=RFRebr B3P Z(RF4 0], =AF)*F 1120+ (1, =RF)RAMGVE/ (NF&FI21L ¢ 1. =FF )
RETURN

E~D

i
ARASIRRARRARZ I AR AFAARA R A AR AP R R A A AR A AR AR RA KRR AR R AR A2 At pdrREALTR ALK &y

“Qelin YT uF DIFASS LTI o nF L YTEME)



¢ 321

322
323

P T

199

DIFAF (1, =RFI2(CTF+2T73,15)a %1 , H1)/10,429/7((1,=RF)*0,78/0,7577+
IRFI2U 217077944+ (1 . =rF)2xu,01/0,7503)
BETuRwN
END
c

JENIRY
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APPENDIX F

THE COMPUTER PROGRAM FOR INTERNAL RESISTANCE AND

MIXING MODEL OF THE SINGLE DROPLET RESPONSE

— s s e



-~

~.’

0 ——
H

S

»Jug

HelslsinlslsEslslaslislslslelslslelslsNaslsNsRasNaNolelaNaNeRelalsXeRelalo ol RaN el o e ol o N e el ok ke ke lakeia ke ke ializ ksl ol nEal e

ALTF IV kAraxrARARR ,APZAY, P00 201
tx*littltﬁtttttitt*lﬁﬁ”lﬂ!ﬁtli*.littit**‘lkt*i**klt****iﬁit*t*i*iiﬂ..
ﬁ*tixtittitﬁAiklti**ﬂtttk*l*ilA‘ti*ti"xttiittk*t*t*a*t*t*t*t*tt‘kAktgl,
*x
A1HIS &rRugilasaE SOLVES TAlE PRURLES OF STMuLTARENUS MOMEHTUM,HEAT R
#1A8S Twan.srbhk nURING CONDENSLETION OF STEAM FRUM SATURATEUD AIn=STEAm;
«MIXTUSE & & DROPLET )T KESISTANCE T MEAT FLURN IM & DRUPLET ,
*STEALY STATE ORAG COEFFICIENTS Fur walER URUPLETS USTNG &EIhemawTIS |,
ALORKELL flJ%==T ] TTALLY UKOFLET MUVES EITHER UPwWAKRDS OR DUnNWARKGS
X Sl==UN]TS T
* . : ’
AT AR A XA X RN ARNAKRRRARRA R AT AR AR A AR AR AA AR RN AR l*it*tit!tttx***tiiﬁitit*a,
t*ritat,gﬁ**:(iﬁtt**'kiﬁ*it**‘l*t*ttti**ti**iitlkt**ttt*ttttki*itttt*i;

KEXIRFP R ARRAXRR R P A R A AR A AR R AN KA A AR AR AR AR AR AR AR RAN KRR AR R KRR AR AR R Ak p.

ASTHERSAL DIFFLSIVITY M2/7S8tC
AMEMETIHERMAL CUNDUCTIVITY QF MIXTURE == FILM J/M On SEC
AMBar ST R=AL CUONDUCTIVITY UF STLAM e« FILM J/m 0Kk SkC
AipMvsTabwmal CUNVUCTIVIYIY OF Alx == FILM J/ 0K SEC
AnDASTHExMAL COMDUCTIVITY OF WAJER Jzn StC uC
BlzpiOl ~Ny~mdewr .
COCUR=UNAG CULFFICIENT UF A DRUBLET . .
COL  =praG CUEFFICLENT UF A DISx .
(DUSS =utea; COEFFICLENT OF A SULIND SPHERE kK
Cru,Cr1,Cn2,CRISRUYNGE nUTTA'S CuUsFFICIENTS

CPA = rEal CAPACITY UF AR J/KMULOK s
CPMF ~ mPAT CAPACITY WF MIXTUREL AT FILM TEMPERATURE J/KGOn 1
CPP « ntAal CA2&CITY GF Sitaw KJ/RGOK i
CPvzsMEAl CAPACITY BF A&1EK ’ kIJ/KG 0K ¥
VOENHOPLET D1A“ETAK INCRERSE M a3
DIFMF=N]FFUSIVITY OF M1XTUKE == FILN M2/SEC .
vizTemvewaiurt INCREASE : 0cC

F=MASS jarSFFR CUEFFICIFNT KmQL/m2 SEC
FUunzFOu~1ER sy~ ntR .
G=Gkavily a&CCELEKATIUN M2/5EC =
HEHEAT IvanuSFER CORFFICTENT J/n2 0k SEC
HvaPzmgal UF vAPORIZATIUN KJ/KG <5
KE = Tne WUHGSER UF GIAMETCRS e
KE e frE GuUstBER OF  STHEAM/(ATK+STIEAM) RATIUS r?
FEN = PECLET NUNBER wd
FPP = Pawllal PRESSUNE OF THE STEAM HAR e
PRN = PrannIL NUMBER e
P1 = TulaL PrRESSURE OF Tnk nIXTURE BAR =
PV = PKUDUCT OF PPP nY (1/R0OP) BAR2MI/KG 2=
QL=LATENT HEAD TRANSHER J/me SFEC ﬁ?
WSESEMNSINLE HEAT THAASFER J/srg SFC o
WlzySewl == TOTAL nEAT TrRaNSFER J/7mn2 StcC
REMHzEET5OLYS RUMnEk OF MIXTURE =« BULK

KEN = KrYNDLDS HNUMHER

HMn = M)1xTukbk A8 CONSTANT = pulns J/KGOK

FIMPZRATIU OF THERMAL ODIFFUSIVITY AND MOLECULAR DIFFUSINN COEFF.
ROMH « DrnS1lY OF MIxTurbk = BULK KG/M3

KUP = pE~MSTIY OF VAPOUR = HULK KG/#3 -
ROV = pPEMS{lY OF wallR KG/m3 -
RUOPF=z=pEnNS1TY UF SITEAM == F]ILM KG/#M3 é
SCN = SCHMIDT SuMotk ey

SHiy = SHERwUGY HUMBER o
SUNFI-SuUxFACE TENSION GF A DROPLET 1n:aN AIH/STEAP MIXTURE N/M ;3§
1F=1EmpeveTUrk OF FILM oc T
TNAZMASE TRAMSFER KATE kmot/n2 SEC
TV = SATER DRUPLET TEMPERATUKRE 0ocC i
1Z = $alu=allos TEMPERATURE CUMSESPLNDING TU PPP oc R

.o - . e vttt U




202

C VIS « vISCULSTITY OF HMIXTUNE « BULn 1OXR 7208 /M2
¢ VISHF=VvISCOSITY UF #]aTUWE == ¢ ILM 10, %27 =N SEC/"D
C VISPH = vISCuUSITY UF Steas = suln 108 x7xNS /42
C VISPF=vISCNS]ITY OF STELAM == FIL®™ 10,247 %N SEC/%2
C VISV « VISCULSITY UF AIR = BULK TOXRTANS /M2
C VISVF=VISCOUSITY BF RAJR «= FJILIMNM 10,247 «n SEC/™2
o visvELOCITY ofF A ORDFLETY M/SEC
C VIafFavie LOCITY OF SuxhUUNDING M1 STURE “/5EC
C VRKzReLATIVE VELOGCITY GF a DrUPLETD M/SEC
C vRO=IuIlIal RELATIVE VELUCITY . M/7SEC
C VKT = TERMINAL vELUCTTY M/SEC
C n=M{LAR MASS VELOCITY . KMHOL/™M2 SEC
C wMMFrULECULAR nE JGHT OF MIXTUKE == FiILM KG/ZKEMOL
C AMIFzHOLECULARY WEIGHT CF MIXTUKE == FILM KG/KMOL,
C 2=0D187124Ct TRAVELLED oY A DKOPLET M
C
C
(o
i LDUUBLE PRECISION BI,Y
e CUMMON Ry VRT  MNEy vRR IR, ROMB, VISHNB,GaNT o NM, NN, THEETA, VINF, vDUP,
1SURF T, RUV,D VRO, 1, VR, /., THETU,VK~S
3 LDIENSTOl D(20),R(20),Xx(200),Y(200)
c----------C-----------------------—----------------------—-~~---------0
u VRTT=tiuvon,
) VKE xP=0,
(-] vkt xPz13)0,
C-----—-------—------‘------—-----‘I-----------------------------'—--—--0
7 REAI) 1 ,nE RF
8 i FUKMAT(21S)
9 DO =m0 I=1.kE
10 REAYD 357,97
11 37 FOHMALI(F)I0,5)
12 O 9u  J=1.KF
13 IF(VREXP . GT.0,) GU 10 u3
14 READ 2,001)YeK(J)»T0,T11,THI
15 2 FORMAT(SF10,5)
lo GO T0 ad
17 43 REad) a5,0C1), TZoVREXP,T0,T11,TH1
18 usy FURinal(oF10,5%)
19 uy CONT]INULE
ev IF(vWTI.6T.0.) GU TO 501
el vDuP=u,
ee vinFs=1,
3 IF(vouP,67,0,) GU TU S02
24 vDUUaN=11, )
25 VOSVDDUAN
26 VRUsvItFsvD
e G0 10 Hul
c8 502 vROzZanS(VOUP=V]INF)
9 vosvayp
30 503 CUNTINUE
31 . Tv=Td
32 THF Tu=V.
33 } nAPPOZD,
34 HaPSIP=O,
35 HAPINT=0,
36 Cono=z=a,
37 © HSTEP=O0,
38 HitT={,
9 HAPLOZD,
a4 HAPLCHT=,
a1 T)4E=0,

up : lelz=u



u3
uy
us
us
47
a8
49

50
51
52
$3
54
55
50
57
58
59

60
b1
62
63
(Y]

- 65

6t

67
6l
&9
70
71
72

73
74
75
76
77
78
79
80
81
g2
83
Hu
45
86
87
88
49
Qn

40

u?

[a N aNe!

(2 Eale]

17

18

KMz Q) . 203
NhEZ(O

ZHK=0,

VENRZ,

6L=9, 806065

PI=3,1u14%9

TavulLn=1lo

DEMSITY OF MIXTUREALBULK

IF(vRkEXP GT.0,) GO TV db
PPPar(J)2PT
CaLL TLmPL(PPH,TL)
G 10 47
CUNT1~DE
CALL P2AS(1/Z,PPP)
R(J):PPP/PI
NTInuE
kML A3 U T/7(K(J)*x18,024(1,-R(J))2x28,90)
HKOMB=100000,APT/(RMA%(124273,15)) el

.

VvISCOSIIY OF MIXTUREL.HULK

ol
Iy

CatL SEXPV(IZ,PV) g
FOP=P{/PV o
VISP=hD , u40,807xT/.=RUP2x(18G4,=5,92T12)/1000, 8
viSv=1/73.640,454%1/7 y
FIlc’ " 5‘540/"-;&1’(1 +0 C’Pea)*(l +Sl\u‘[(vlsp/vlsv)*l. ?‘-qs)**P éi;

FI12120,3536/S4RT({1,41.0071)%x (1, +SWRT(vISV/VISP) 20 RRATu)*s2 ¢

'Qq_»

vlth R(JJ:JIS“/(‘(J)f(l.—k(J))tFl!2)*(l.‘H(J)JAVISV/(H(J)*Pldl

1=R(J)) &

MASS UF A DROPLET ' b

caLb vvOokES(PI,T1,vvOD)
ROovsl,/vval

DMV AP a0 (1) 2 %3/ (b %]0G,2%9)
AP azpPlan([)x22x10,22(=~p)

PrIWT 11,001)en(J),PT,TL,vD,VINF ) a8
FORAAT(/ »2XeSROL1)Z,F1n0,9,2%,50RIJIZF10,5,2X,3HPT=,F19,5,2X+

1Z0F10.5,2%,30VDS,F1U,5,2%, 'VINF=,F10,5) 3
TERMINAL VELUCITY UF MIXTURE ;f
IF(VREXP.GT.V.) GO 10 17 gﬁ
IF(CI)=1,0)3,3,5 X

FRizZh, 0l28*8UnT (VISHEaRridd/10, **/)/(U(l)/lOﬂO Yxx] ,5/R0OY
FrR2=1,391854FR1

VRIS (9,.0800b5/knl)»x(2,/73,)
REMRrVvRTAO(L)ARKDOMBAIO0UU, /VISME
IF(REME={U,)0,6,4
VRII=S(Y,.,30005/FR2)xx(2,/3,)
REAB=REMaeVRTT/VRT

VRi=VRT]

GO T o

VRT=9,u3x (1. =EXP(~(0(L)/1,77)%%x1,147))
GO [0 14

CORT UL .

VRTz=vrE AP ) N

CONT INUF. .
REMESVvRTsD([)x10000,/VISHH

castiuer




92 GO 10 1o 204

93 15 COntluug
Q4 VRzyNT
95 vRus=vel
Y6 Z=0,
97 16 CUNT I MUE
95 Ki=30
99 NI=(172«-T1)/x]
100 D11=h1
101 ndJsn)eln
102 6V1=0,99
C
C REAAR A A A AR R AR AR R AR R AR AR AR A AR A AR R AAR AR AR A KR C A AR R AR R AR Ak RAADPR AR AR A 2
103 00 100 Ksl,aJd
C tt*t(ik*riitt*xtt*k*itttt*tt**tl!i*******ttit*t**littltltﬂaaittt.
C
104 IF(R . G1,(AJ=11)) GU TOU 12
105 Lo Tu 13
f0e 12 - CONTINLE
107 IF(K, T, (KJ=7)) GO 10 14
jog DI=uT1/5.
109 GO 10 13
11V 14 HBOT=40T+9,710,2x(K=31)
111} TvasH I x 12
112 DI=TVN=1YV
113 13 cunt ol
11da Tv=Tvadl
115 Tvrslvei/e.
11e JF(TVv.GT.0.9899*17) GG 10 34
117 TFe(i1Z¢Tv=(:1/27,)/2,
11y TFrs(12+4Tva=DT/4,)/2.
119 CALL PLAS(1F,r2F)
{2u CalLL PLAS(TE™,PLFn)
121 RF=e2F/PT
122 RFMsPLFM/PT
123 CALL StaPv(TF,PV)
124 7/ CALL SEaAPV(IF&,pPvH)
125 RUPFzPT/PV :
1206 RUPFr=PI/PVYM
c R
C VISCOSITY UF HMIXTURE__FILM
C
127 ' CALL V1585 (1F,KF ,NOPF,Vv]1SME)
128 CALL vISESH(IFI, REM, KUPFM,VISMFM)
C
c THERMAL CONLUCTIVITY OF mIXTURE =« FILM
C
129 CALL ANgASM(TF,&F,CPHF,CPO2,CPAK, ArtismF)
150 Coty ARBaSM(TEY, FFM,CPu2M, TrUZm, CRARY ,,avhitE M)
C
C DIFFUSIVITY=UF MIXTUKE == FILM
C
131 CALL DIFASHLTF (ki J01FMF)
132 CALL DIFASMITFM kFM, DIFMFN)
C
C OENSITY UF MIXTURELLFIL M
C
133 RME=H31a T/ (RF+18,024(1,=RF)a2Ad, On)
134 RMFMzB81a, 77410, 024 (), =%FM)22F,90)
13% RUMF= 100000 xPT/(Pab 2 (T+4273.15))
130 RO“EMZ 100000 2P T/Z7 (¥R I (TFM4273.15))
¢ .

C HE AT Cabatlly @F MIYTUQL «e FI|n




137
134
139
140
141
142

143
144

145
o
147
1u8
149
150
151
152
153
154
155
156
157
158

159
160

fo1
162

103
fodl
165

166
167
168
169
170
171
172

173
174

CALL LPPaARIP/IFE,TF,LPF)

Calll CPPAie(H2ZF,1F4,CPPM)

CPAZ0, 7R+ (P20, 212CF02+0, 01 2CPAR
CPAMZG, 1ARLPHP~+0,212CPURMI U, 01 ACPARM
CPrbsRFACPPALOO0O 4+ (L o=nF)2CPA/2h 90
CPNMFMRFMACPEPM&I000,+ () ,=kFM)*(CPAM/28,90

PRaAaNDTL nNUMBER

PRAN=CPIAFaV]ISMF/ZAMBME/ LD %27
PRMMZCPAFMAVISMFM/ANBMENM/L10 22T

REYNOLDS NUMBER

REMZVRTAD (L) *KOMF*T000Q,/VISHF
wEN sy R T ()2 OMFMx10000, /VISHFM
WMMPERF AlA 024 (] ,=PF)2248,9p
AMMEMSKRFMx1d, 029 (1, ~RFM) %P8 ,90
AMMHSR(JI 2120241 ,=r(J))*23,9¢8
ASVRTAKOMA/ sitH

uk=1

IF(VRIT.6T,0) G TU 600
IF(ne1)uld,a0u,u805
FENSVRA*D (I ) ArCrF210000,/7VISMF
KENM=YN 2D (1) ¢ROMFMALQOUU,/V]SHEM

CBTVRARDHA/ mMM

TULD=THETU+InLTA
COtT Iovuir

SChrMIDT NurBEkR

SCNZV]ISHF/RGIF/OTFMF /10, %2
SCNMSVISMFM/ROMFM/DLIFMFH/ 10, %27

PUCLEY mMUMDLEN

PENSXREM*SCH
PENM=RE~NM2SCOND

NUSSELT turistRr

1F (REN=USD,)T7,744
USNT2, 4+, e* (RENX2 U S) % (PRNx2(1,/3,))
USNM=2, 40 02 (RERNX20 ,S) A (PREMaX(1,/3,.))

SHERwDUOD NUMHER

SHNZ2 40 6a{REN**D S) 2 (SCHxx(]1,/73,))
SHMn=2. 40, 0% (kENME2U 5) 2 (SCNHxx(],/3.))
G0 10 9

USHZ2 40, 2TA(RKEN*20) b2 )« (FrNxa(],/3,))
USHMZ2 . +0. 272 (Rt M2, 62) % (Privtiaa () ,./%,.))
SHPZ2  tu 272 (mENr s 02) 2 (SCaxx(1,75.))
SHNME2, 40,274 (RENM220,62) % (SCh'ax(1,73.))

HEA] TRanSFER COEFFICIENY

H=1000, 2a%nME2USH/B(])
MMZ 1000, 2AMMFMRUSNM/I(])

Ma8s 1RanSHFER CUEFFICIENT

205

wiles,

)
Y,
3

3,
L%
L

bl

i
_@ydﬂw._,
A - - . .

i

«
3

£ Ay 3
zﬁgﬁﬁ

»:
A xd s



175 rEMHZR(J) 218,024 (1,-R(J))+2H,90 206

176 eNREZRFelh, 024 (1 ,=PF)228,08
177 F=Stiinxe /¥t N
178 Frz=Shruaw/PE LM
C
C MASS IHAnSFEK HATE . .
C
179 CalLL PZAS(TV,PZV)
180 ThHAZFA(LLOG((1,=PZV/PTY/(1,.=-PPP/PT1)))
181 CALL PZAS(TVM,PZv)
182 TNAME rﬂz(ﬂLUh((l.-PZVM/Fl)/(l.-“PP/P!)))
c
C HEA1 UF VAPORIZATIUN
c .
183 CapLlL SERJ(TE,HSER) .
jka cCaLl. PRIMITOIF,RkPRIN)
185 HVAP=MSER~HPK]M . .
180 Calt SERI(CTF+,HSER)
167 CALL PRIMITCIFES, hPREN)
18y nvaPMZHSER=nP k]I
C
C SENSIHLE HEAY TRAASFER
c .
189 ACC=IHAX1ARU2L ACFP/H
190 ACNZ&CC/ (1 J=ExP(=2CC))
191 RSz ACWrHA(T12=TV01/2,)
192 ACCH=THAMALAU20 ALPPM/HN
193 ACNASACLM/ () =B XF(-ALCH))
194 WSH=ACmshMr (1 Z=YVv+lil/u,)
C : .
C LATER] REAT TRANSFER
C
195 ULSrvAPxTHARIARQO20,
196 RLMzHyAPAx TnAMRIH02V,
C .
C TOTAL HEAT TnaNSFER
c
197 Ui=wl+ud
1986 WIksJLMeISH
C
c . APPAKENT HEAT TRANSFER CuUEFFICIEM
C.
199 HAPP=GI/(1Z~TVv¢DT/2,)
200 HAPPHzZRIM/(12=-1V¥42DT/74,)
o
C B$I10T MUMJER
C
201 CALL AMDA(PT, IV, VLANK)
262 pl=daPP=xD(1)/vLAYS/2000,
C
c THE #u0TS CF TWAKSCELUDENTAL EQUATION TAN(R)+X/(BI=1,)=0,
C
20% CALL TKHanEQ(Ssl,v)
C EAAKARRRAZRRRALZARARA AR KRR AR AR AR P R AR ARAS XA AR AR AR AR AR AR A AR AR AR AR RR
C 115F TAnEN FuUR DRUPLET TEMPERAZTURE INCKREASE D1e=HAIF TNTEKVAL
c SELRCH NMEITRND
C *ﬂtikliti'kitit'ri-*tiltt‘tltt*.*iiititilttk*tl‘!*k1*lﬁ*gil*ti*tﬁﬂ*$ii9
2ed gPS=,vhnl
205 THAZO,DUUGT
206 Thd=Th}
207 : TemPR=(1Z-1v)/7(1Z=T0)
c R

c THErnal DIFFUSIVITY OF nLlfH.nkﬂVLET



~

PR

— et
.

208
209
2l
211

el2
213
214
215
clo
217
2le
219
220
22l
2ee

223
224
225
2co
227
2et
2c9
230
231
23e
233
23u
23S
236

237
235
239
2u0
cul
24de
243
244
2us
2ueb
2u?
24
2u9
2%0
251
252
eb3
2sd
ess
25e
257

255
259
260
261
2be

109
108

110
107

111
114

207

115
116

CAaLL CPvuD2(P1,TV,CPV) 207
CALL vvuuRS(PT,1v,vv0D)

Kuv=1./vvuDd

ALFn=VLArn/CPVIRUVIIOUo,

FOURIER NHMARBER

FONAzA *ALFa2THAR(T02xR)/7(D(1)*22)
FOnpzU ASLFARTHRA (10%20)/7(D(1)x<2)
Sy«aA=0, )

Sumi=0.,

O 110 L=1,200

1IF(L. GT.20) GU TC 109
x(Ly=ss=6LiyiL))

s TU tnd

x(L)=x(L=1)+PI

COnTLIRUE

AISA=(Ss'(XtL))~ X(LJ*COS(x(L)))/(x(L) «SINCX(LII*COS(X(L)))*(S]
1L))7z7x(L

STEPA= (X (L) *x2) 4P UNA

[F(STEPA,GT,17S,) GU TO 107
SAz2,xA1SAxEXP (~STLPA)

Suma=sSu“a+54

1IF(ARS(3UMA/10,x%26) LT ARS(SA)) Gu TO 107
CONTINDE

FlHA= TEmPHE =544

DU 111 L=1,200

IFLL.G1.20) 60 TO 112

x(L)=s~5uiYiL))

Go TU t1LS

x(L)=xtt=1)+P1]

CistafINUF
A1832(STHCACL))I=X(L)IACOS(X(L)I)/(X(L)~ SIN(X(LJ)*LUS(X(L)))ﬁ(SI
1L))/7xX(L))

SIERru=(XIL)*42)xF LY

1F (STEFRLTL175,) GO TO 114

SR=2,*xa [5eirtXP(=STLPH)

StMB=GI M4SN

1F (855(Sumn/10,220),6T,405(S8)) GO TO 114
CunTInUE !
F 1an=TE=Pl=SUnE . - ¥
N=O i
R : i
xTrs(1rA+THA) /2, 3
1R (XTH.GT.0.59954TH1)IGD T0 91 -
"tqp:]’t_.ﬂi—'h‘ -
FUNX=UALLFARXTHhe(10,2x6)/(L(]1)242) X
sSunxs=u,

DU fev L=1,200

IF(L.GT.20) LU TO 1195
x(L)=snoLirL))

GO Tu 11¢

A(L)=x(L=-1)¢F1

CO4T Ve ' t
AISX=(SIMEXL))I=X(L)ACUS(X(LII)Z(X(L)- ~SIM(X(L)I*+CASCx(LIII#(S]
1L))/7X(L)) -
SIePx=(a(L)*32) «FONX

IF(SIEPXx,6T,175.) Gu TO 117

Sz, .+ 1S/2EXP(=STEFPX)

SUMXSSUMXEEX
IF{ABS(SUMX/i0,420) .61 ,a85(SX)) GO T0 117

R

AR

2,

"\
st




7N

cou
265
coe
2e?
Y
209
270
e7t
272
273
274
275
e’
277
27b
29
280
2H1
ese
283
28u
285
280
cul
258
289
290
eyl
92
293
294
295
296
297
2ve
299

300

201
302
303
36u
30%
300
307
204
309
31v
311

31¢
313
314
315

31lo
17

21e
211
2u3l
2us

200

oul

o9

210

198
197

413

a1s

OoOon

406

e XeoNe]

S¢S

407

oOoMmn

a0y

FTRY=TE "MP=Slhax

IF(FIs2)212,210,21 208
IF(FTHX+LP5)203,210,210

IF(FTrx=tPS)P10,210,003

IF(FTrzxf “"539,05'?(‘@; 20o

THB=x1H

Flmnsklrx

Gu 106 PuL?

THA=XTH

FlhazF JhX

6O T 207

PHRINT 2u9

FlryAT(14HA IS TRUE KOUT)

Go 10 1ya

CONTINYUE

GO 10 197

XTrza

THETA=X1H

IF(vr11,61,0,) GO 1O w07

NE=nE 4

IF (b, LEL3) GU TO woe

T=THETU+INETA

IF(uE GELE) GO TO 413

JF(anS(T1/101.0-1,),L.T,0.0v1) GuU TL 407

GO 1U aun

Cunylnur

IF(NE.GE.29) GO 10 aja

TF(AnRS(T1/Tu0~1,),L.T, 0, v2 ) GO TOC un7

Gty TO uyo
CUNTINUL
IF(HF .GEL30)Y GO TH 415
IF(ABSCI/710L0~1,) LT, 0,03 ) 6B 0 407
GO TV 406

CoNT InuE .

JF(nELHELC0) LO 10 any
TECARS(1/7TQLU~1,),LY.0,04 ) GO TU 407

SURFACE TEKRSIUN OF wATER IN ALK
SuNFT=(75.b-0.luS*TV-o.estjo.ta(-3)*Tv*t?)/1600.
SURFACE TENRSION GRQUP

IF(VOuP,GT1,0,) GO TO 505
CaLL vELVOLU

GO 19 4ps

CuMIJUYE

CaLL VELuP

GO 10 uous

cCunTlNuE

IF(vRTT,6T,04) GO TO woR
IF(vDUPLEC.0,) GU Tu dos
JEGvrk$S.61,0,) GU Tu 465
l=y

AVERAGE TEMPERATURE OF DROPLE] :
|

CONTINUE !
THETUSINETU4THE TA fd
FUNAV:U.tnLFAtIHElAt(lU.*(bJ/(o(l)**E) q
Sumavs=o,

DL 151 L=1,200

T s v . Al LR



- .

(M

318
S19
320
321
322
323
324
325
326
327
328
329
334
331
332
333
334
335

336
3357

338

339
340

34}
LY P
343
34y
348

3ub
347
348
3u9
350

351

" 352

353
354
355

356
357

192
153

151

Y

409

410

e NaNe

(aNeNe

OO0

Xx(LyssaLiyL))

GU Ti) 158 209
AtL)=a(L=~1)+P]

Cuwxl liniig

ATSav=((STn(R(L))I=X(L)#CuUS(AtL)))*x#2) /7 (X(L)=SINCA(L))ACOASIX(L)

SIFPava(x(L)222)*iF OLAY

IF(STIEPAYGTL175,) G TO 144

SAVZh AA]SAVAE X (=STEPAV) /X (L) 223
SUMAVZSUMAVESAY

IF(ARS(SU~AV/10,.2+6) GT.AKS(SAV)) GO TU 154
CunTIHUE

TavsiZ=(12=T1)*SUMAY

Tiz=Tav

IF(vyRIT,6T,0,) GO T0 w09
Gl Tu dlu

CONT)ivUE

2=Z+vie 1+ THETA

CUNT1Imur¥

DRUPLET DIANETAR INCREASE

VD= (2, *xTMAR1EB,02/R0OVIATHETAX]LO00,
D)= (1)+00

THERMAL UTILIZATIUN
Taul=(1Av=10)/(TZ~10)
RATIO UF THEKRMAL DIFFUSIVITY AND DIFFUSLIOM COEFFICIENT

A= AndMF /7 (RUMF«CPRF)
RTMvMi=A/D]IE SF

AVERAGE APPAKENT NEAT TRANSFER COEFFICLENT

HAPSTP=HaPSTP++APP

HAPAYVSE=HAPSTP/R
HAPlNl:nAPl\I+(HAPP0+d,*HAppu,HApp)‘ﬁHE1A/b.
HARPAVI=HAPINT/ZTHETY

HAPPU=HALP

AVERAGE aPPARENT HEAT TRANSFER CUEFFICLENT-~CHECK UP

“APCH:O“*CPV*(T‘V‘7AVUL“J*IUuO./AREA/(TZ-Tv+nT/2.)/IHETA--?§§§
a:%w

HAPCHI=HAPCHT+ (HAPCHO+HAPCH)xINETAYZ?,
HAFCHO=HAPCH

HAFCTRSHAPCHT/THETU

Tavaprh=tay

AVERAGE SENSIBLEt HEAT TRANSFERK CUEFFICIENT

HSTEP=HSIEP+H

navSTP=n3TEP/K

Hlte Tzt T4 (Ot onlten)2TNETA/G,
HAv]NTz=dlbNT/z7THETU

Hi)=H

ENvAKCEMENRT FACTTOR

EFSTEP=hAPAVSE/PAVSTF
EF1MT=HAPAY]I/0aVINT

P ATAet T7a1AUWY 2T 72T




359
Y1V
361

32
363

364
3uS

360
367

368
369

370
371
372
373
374
375
176
377

378

379 °

380

381
382

383
384
KY-3)

386

387
lgn

389
390
39}

39¢

393
394

39%

25

o

2u

23

29

100

91

S5

34

35
33
7

99

2

b0

DLSKASS (VR TAPPPaTAETUx23) /(L (1) %x23)
PRINT 25, 1Yo TAV,LUO(D),KImD, TruT, TAETU
FORNAT (2%, 3HTVE, B 14,7, 12,8016V, E00,7,1%,5HD(]1)=,E1u,7,1X,5R 1.
1€14,. 7,1 2,5n1nUT=,Fla, 7, x,0nTrETUS, E14,7)

PRI 20,154, F 0], nafP,HAPAVS , HAPAV]

FORMAT (22, "INAS ' JEIU 7,12, 'F'  E14.7,1X%, '8l ,E1,7,1x,'HaPP=",
1E14,7,12, 'HAPANSEY b yu,7,1x, 'maPLVI=",E14,.7)

PRIAT 2U,reraVvSTH, bavINT,EFSIEP, EF NI, FUNAY
FURHA}(?x,'H:'(ﬁlu.7,lk,‘HAVS‘P:'1E10.71111'NAVIN]=',FIU.701X1
1'EFSTEP=',L 14,7, 1%, 'EFINT= 18,7, 1X,'FONAYVEY ,E1L,7)

PrRINY 3, T0LD, VK, 2, REN,NE,UT,HAPCTK
FURMAT(ZX,SRINDLEZ, F1Q,7,1X, '"VRS ' €108, 7e1X,%2=', EJU, 7,1Xy 'RFts=,
JELG, 7,1a, ' wES", 13,14, 'DT=",F10.5,1%x,"'HAPCTIR=",F10,1)

PRINT 292 PRN,SCHaSHN, USN, WS, L, ACH, HAPCH

FORMAT (ko "PRNZT,FLU,5,1%,'SCN='  F10.5¢1X,'ShN=?,F10,5,1X, 118N
1Y, F10.5, 1%, "USS ' F 102, 1x,'wl=',F10.2,1X, "ACNS',F10,5,1X%, 'ABRCHS"
2sF10,1,7)

Cuntlnue

GO T 33

PRIN1 S5

FOXMAT('O', "1 TERATION CANT B8t ACCUMPLISHED oETwWEEN THE LINITS
1THe ThEEY,*0")

GO T 33

CUNT Iyt

PRINT 39

Fuitmal ('u', "nalElX SUKFACE TEMPERATURE 1S GREATER THAN §93,99% LiF
1THE SURRDUNIING TEMPERATUREY, /)

Cidra [ I NUE

PRINT 27.89PP,1Z,RGP,vISH,vISV,viSng

FURAAT (X o dHPHFP2 B 1u 701X, 30125, 018,7,1X,4n8R0P=,E1U,7,1%X,54V]Sk=,
114,7,10X,51VISvE, €18, 7,1Xx,6VIS«d=,14,7/) '
BRI 28, VRT,REMB, LT, LFInT , HAPAV],nav]IN]
FU'{M&T(ZX:“-""VRT:lionIlllrsi“"'t”')='t1”.7lIXIBHUT=;EIU.75110 'EFiInNTs
1,E14,7,1x, TRAFAVIS 'yt 1d 7,1, 'HAVINT=S ,E1u,7777)

CUNT I NUE
Stop
END

ARARZRBRARAAX R A AR ARARAARK ARSI ARE AR R AR RARA A KA ARAEARA AR EARFTAARAR A Sk

SUBROUTINE PZAS(T,PS)
KAAFARRAAAARARAARRACAARARRARARKRAARARAAAR AR R A AL AR RARR_ARARR KA R AR 2

Xx=7/10v,
PS=((CCClC((1.55318/710000,%xx=2,6934%27/1000,)xx+42,0153393/10),)2x
1R,059025/100,)2X42,487/5034/10,)4X=%,60056594/10,)xx+41,2567591)#x=7%
2033727)2x47,270uBQU)xxey (7571)

PS=gxP(PS)/1.01972

FETUhN

END

RER AR RR AR KRR R AR A A AR AR AR ARAR LA AR A R R AR AA AR KR A A AR AR AR N AR AR ARARARE L AR 4

SUKKOUTI~E TEWPI(FHP,TZ)
ETARKX AR RARRARRA R AR R A AR R Z R A RS R KRR A KA R K ARAR KRR RAKRAAR PR Rk a Rkt R XA KT I 2

2=ALOG(1. 01897 2%PPR)
TZ20C 000 {((=8,292¢003/10000,/710000,xx=d,20R86H5710000000,)xX+1,

lSﬂSIsl/IHUUUOO.)***8.20117lellnuunu.)*x-].7u37752/1nnuon,)-x-5.751

23dbu/ 0000, ) eX4] ,42837738/71000,)4x47,1290642/100,) 2542, 167720571004

Ix42,3798577)ax427.8%4242)2x499,0y2171°2
RETURY . :

i



~
.

396

397

393
39y
200
401
ane
403
a0y
a0s
aiae
u07

uog

ao09
ato

uil
aie

413

414
415
aie
u17
418
419
420
az2i
az2e
423
a2u

u2s

426
az27
u42b
429
430
431
a3z

nT I

oo

YO

enD 211

ARZAARASIAARIARAA AR AR AR AN RAXNAARRRARAARAARAR I AR AR ARNKNR A AR RARRRN A AR &y

SuhwUTINE YVUIES(PT,TVv,vv0D)
ARARAARA R KRN RA A RKRRRKKR A RARARA AR AR AR A ARRARRA RN AR KRR AR IR R ARR AR AA A R0y

A=(Tv+273,15)/700u7,.3
S=PT/221.2u6
US100, « (3700002 ,-3122199,24x4=1969,45/8426)
AT (UESRAT (1 T2AU2U+1 402920, 510 42102 (S=1,5007052A)))2%x0,298117
£=1,05249%2(R2.5¢52(13, lugrB+s8))/10, #211/7(1.5106/7100000,+8%21]
C=(u,053/15u=a)12
=Ca(/7.7611657100006G,+G6, /670021 *Crx4)
VyuD=u, el 7/7a4l=b=011,59706-9,9494927x8)/100000,
RETUKN
gD

****ﬁgtit#i*ﬁ!ltti‘ti***ﬁ**tt*ltt*!ti*i*t***l**#*kiﬁx***ittttt

SUBRQUT JHE SEXPVv(TZ,Pv)
*ttt*tl*iilt*it**itit**tﬁkt*t***t***ti***t*****tt*i***g*g*a**;

x=1Z2/710u, : -
PVS(((((((=2.4EF000/710000,+%x43,156533/71000,)2X=1,5087K29/100,)

1, 30RRS84#/)100, ) A=3,060T75108/100,)4X+41,1476149/710000,)2x=7,0u]84
2000,.)*24u,5905%0p08/710,)2x41,2002048 .

RETUKN '
E£ND . A

Kk KARKERRRRAKARKAIX AARSXIRAXRAXARAARTAAARL 2% &k & kg2 *h *2kA3

.

SURKUUTINE CPVOLZ2(PY,TVv,CPY)

*tttt!**li**i**ﬂ*iittttttﬂrtki**kt*tiﬂii*tikti**ixtt**t*ttt*tﬁ

x=Tv/100, _ &
Y=PT/10u, ) . igg
LExxrS F¥
CPv=] ., /(Y42,)40,0214Y=G, 24927 -.&é
CPVSCPVA(0,032+22(0,00326440,02091222%2/7100000,)) ;¢

25(((=1,100U85%x4+d, H37200)ax=24,208d03)ax+33,844712¥xx+39), 7252
CPv=Z+Y/1G00,+4CPvV
7=(((2.259985%Xx=7,4d03250)%2419,097088)xx=13,043063)*%x+ul9, a?SQh

CPv=Z/1u0 . +CFV %
KETUKN %
gEnd _:,?

*tﬁ*ﬁi******t***“*‘i*i*t*******ﬂtﬁit#**ii*i****iitrntktitl’i‘

SuUEROUTlHE CPREAR(PL,TF,CPP)

kP AR FRAKARR AR AR AR AP AR NR A AR AARKAS AR AR R AR R AN AR AAR o ha Ak R A A R a kRS

s '$
X=(IF+273.15)/7647,3 %
Ssri/s221.c46 2

B=1.02682872(1,55108=5/2,)«x2xx] _H2/)10000, -s.nddohualjoo./x*‘.
Co(2.0103TE#S8(17,7227a55=11,2x223)/1000.=0,2057015)/¥%*10 5

NER21208.703%x(52854(C=]1,5320A486/X2233/71000,)282%3) #ﬁ
CPP=(1109.8080=04X2(=106,31072%+x%x(221,297482~X+52, lOb7Sh))J/b'

RE TURN 35

C sy

.AA;A;*AG*i"tti**.ito“‘t*.ititiiﬁ*ik*t*ﬁtklii.ﬂ‘***?]fj?
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-

434

438
630

ul7
434

439

a4
LRD|

a4
yuy
quau
445

4ae

ay7
4ub
449
450
4S5}
use
453

454

45y
ubeo
as7y
45y
us9
460
do1l
402
463
el
465
460
4e?
do b
469
470
aii
472
urs
uld

SUBKOUIING SFRIC(T,EniA) 212

C A AR R A AR R AR AARA R I AR AR A A A R A AR AR R AR AR A AR AR AR KR AR R A AR AR ke RS R AN T AR &y

X=1/100,
EnTA=S(CCC(1,u28509082%x2%=9,4307509)2%+27,674559)xx~ u$.077dld)*x+15
19571)*l#lnl.bubﬁb)txteguu 0256

RETURNK
t.’vl)
C
C t*kxiltitﬁﬁktltl'&ttﬁti*it**it**?tiiitﬁttktt***i*tt***k**iat’*tt‘
SUSRUUTINE PRI~1II(T,LNTA)
C AERAARR AR R R AAAKLA SR AR AL R R P AR AA R R AN R A AR ARSI R AR AR AN A A A A AR AR TR A AR AR
C
xz1/7100,
EnTAS((C(((((2.7663765/10,xX«3 9629U0k2) 2423 B651A2)xx=TH,220h352
1x+151,.59u421)»2=175, 79u53)*x+120.809£$)*x 4d,51983%)xx+425,17349)>
2=7.,455404%93/7100,
IF(T=35v,)2:,2:1
1 ENTASENTA+G,3INBTIGrEXP(0,225556%(1-350,))
2l RETURN
EhD
C
C AR ARRARA A AKX A AT AR RRE R R R ARARAR AR R A AN AR R AR KR AR R AR A AR ARFPRARAI R A A AR R AR v
SUBRNDYTIHE ANDA(P,T,VLAME)
C RRAKAKRREARARARRRN B AR PR AP R RART LR A RRA ARSI A ARRAKR A AR R AR EREC AR A AR L7 R X P A A XN ke ke
C
X=1.+1/7273.1%
CALL PZAS(T1,PS)
VLAMHE= (((0,29323=0,071693aY)xx=0,3L928)2¥4+0,165%4)x(F=PS)/1000¢C0,
VLAMBS (VL A*a+ (((59,15302x=20,012)4X425,116)2x=9,U473)710000,)%(P=>"
viasmHzvLAMB+L((0,.52577=0,0780u2x)32X=]  HUOT7)2X42,8395)2X~0,97247
RETURWN .
gEND )
c
C RARARLAANARARAARR AR R AP RARARRARE R R ARSI AR AR P AR ZIRARARRRXAARAREAXRKAARY R A &y
SUBROUTINE TRANEG(nl,21)
C THRANSCENDENTAL ERUATION SULUTION == TAN(X)tX/(Rl=1,)=0,-=HALF
C INTERVAL SEARCH mETHOU
C AAAARRAIRRRRREZD AR P EXAR AR RAARK L AR KA RARARAFP R R P AR RA R ARSI ARAKR LA 2P AR AR RRR A S
C

IMPLICIT REALRB(A=H,(~7)
ODIMENLSIONY X1(2V)
C=r‘ll"l .
P1=3,14135926535
JF(LanS(L)Y, LT, 0, CUY) GU TGO 79
79 COnT InntL
e 13 1=1,20
IF(DARS(C) L1,0,00%) U TG 21
IF(nl=1,)20,21.2°
20 A=(]l=1)x¥l¢0,000u0]}
=(2tl=1)4P1s2,
EPS=n, 00061 2(A40)/7./7(1,=]1)
G0 TU 2%
21 Y=(exl=1)xPlse,
GG T 25
22 P1=3,1415926537
.az(exl=1)*01/¢2,
h=[sPl=0,u0UV])
EESso, o0l e(A+nn) /2, /7(RI=-1,)
P Fa=ifar (o=t =il



. ~
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-—— o

A

ars
uie
ul?
47ad
a7y
ago
atl
ung
uB s
usy
ugs
qbb
usv
aHl
489
a9Q
491
u9o
uv3
a94
495
496
u97
u9b
499
500
501

502

503

S04
508
506
507
S0y
509
510
511
512
513%
Stu
51%
5l6
S17
51H
519
520
L2i
S22
523
524
525
526

12
11

25
98

10
13

OO0

aooacoOn

ao8

4049

£1s

410

451
453
4Su

FosnTan(d)=n/(1,.,-d1} 213
AnEy

KSR+

Y =(a+n8)/2,
TAaspTANLY)
Cx=vy/(

F=Ta+CX
IF(Fr)12,10,11
IF(F+EBS)3, 10,10
IF(F=FPS3)I1V,19,3
IF(FaFA)S,8,6
H=y

FnuzF

GO T 7

LAY

FazF

GO 1u

Prlutr 9
FURmAT(1uHAs 1S TRUE KOUT)

GO Tu 13

PRINT 98, Y -
FURSMAT(10X,5HX(L)=,F15.8) ) . .
GU 10 13 )
CORTIE . iy
x1€I)=Y :
REVunid . b
END k)

LA PR A KPR R AR RRRTAARRAAAAARRAA KRR AR AAAN AR KA R A IR b AR R kS R AAARRAAKRDR

SuUAkuUUTINE vELDODLO
tlk**t*tixltr“lii**lt‘&iti*x‘g“g**‘******g**‘,********‘*'***‘

NUMERICAL SULUTIGR UF THE EQUATIUN up MUTION FOR A DROPLET Muv
DUrNnARDS KUNGE==RUITA TECHMIGUE . F%i

Cumalte K, VRT o HE s VKR g ZRK pwUMH, VISHH, Gy NI, M, NN, TRETA, VINE, vv“p'
lbUkFl:kUVp“ Ve, T4 VR, 2o TRETU, VHES
DIrFENSION U(20) [&
lF(K-})uOE,QOo,Q09 z
VREvH(
220,
GO 10 410 2
IF(nt.LE.2) GU TO 415 . i
VRS VRKA
2=72kn
G Tu dull
Villkazvi
Ihkn=2
IF(Vh“-VQT)”511“521Q5$
1F(vh=vKT)and,u%2,4%52
If (viievnt)un2, 452,050
CONT I mUE

A .

REU= Vntu(l)ﬂkU"H*lnuou VISt _%
CalL COREIN(REU,(NCUK) u%
PRUDZIOVD . AFUMDAVR222/ (8 %1 (1) *K0V) 3
Cavsfieprti)* CULCUK »
REY=(VR4CKUFTHETA/2,)*0(])awCrualo00n, /v ISni &
REM IS (vrACROATHETAZL, )20 (1) xkL B2 10000, /V1SnH a
CALL COnbJHtFET,CUCDE) i

PHUU:SOUU.**U”h*(VH+CnnarnE1A/a,)*¢2/(u,»n(l).pnv)'

.



52¢
529
530
531
53¢
538
534
53%
536
537
534
539
sS40
Su}
5a2
543
Suu
54%
S4¢
547
Sus
S4g
550
551
552

553

5S4
5&5
S%a
557
554
5%¢9
560
Sé1l
S62
563
S64
565
Sobo
Se7
568
569

570

571

572
573
574
575
576
517
57&
579
5¢0

aEe Ny

laNaleoNeNe)

as2

a6l
469
479
a7o

g0y

ugl

609

CallL CUWFIN(NE~T,COCLR) 214
PRUU:Sth.*HUMnL(VH#LNU*IHLIA/u,)*t?/(u.tu(l)*qu)
REE:(vh+Cnl*THtTL/e.)AU(I)tHnHﬁ*lOOOh./»ISdr
KEM2=(VvRtCRI*THETAZG )0 (1) arUMBAIGHOO, /V]ISME
LEmizhebnL2CDC LY

CALL CurxtIkthEZ2,COCER)

PrOpS 3000 ,2ku ns (Vr+(nlsTibTA/2, )22/ (4, *D(])*k0v)
Cn2=G=FrubxCi:Cu¥

CALL LorEIM(REM2,CHCLK)

PrOuz3000 . shOMnra (VE4CAMI s THETA/4,) 222/ (U, 2D (])2kQV)

- CKRER=6=PRULACDCLN

RES=(VHACKRZ*TRETR) D () *RUMBAL 000D, /VISHY
Rem3I=s(VE+CKM2xTHE T2, )*U(I)*AOkulﬂb”O /VISMB
CaLL kel (rE3,CLECRF)

PRUGLDESoN0 2k untia (VR4CK2ATHETA) *» 22/ (U8, 2D (1) ar0v)
CRh3=G=PHODACDCDK

Call. CUKEIn(wEM3,CUCHK)
PRODZZCH0 akUMBR (VRICKE2.TRETA/P ) 222/ (U, *(I)xkDv)
CXxmiziG=-FRULCOLCDR

Z1=VK=\ [ MF

VRI'zvH+ (CKU+2 . *ChM 142, 2ChM24CRMI )2 THETA/ L2,
222viRM=y L iF

VREVR+ (CRO42,*Crn1+2 ,2Cr2+Cn3)2THETA/G,
23zVvR=-V]1F

2227+ (L1+u,272+23)*xThtTA/6,

GO TN 208

VhkzvrT

JF(K=1)uck,b6k,L69

TivF=0,

=y,

GO 10 a7

IF(kt,LEL.2) GU 10 475

TiIME=1)»EC

2=/C

GG 10 a7v

TIMEC=TIME

=7

TIvESTI~E+THETA

2=+ (vF=vInE)2TINE

COnTINULE

rETURN

End

FREAR KRR R R AR R A R R A AR L A R R A A A R A AR R L R AR AL R R AR AR A P R A AR A S AR AR T AR R AR AR Y

SUBKUUTInE VELLUP
RARX ARSI AL RAARR KA N R R AP A AR R A RAR LA A A AR A AR R A A R R A S A RS R R A AR SR RAARER S R kD %

NUMERTICAL SUCLLUTTON OF THE FGUATIUN OF #MOGYIun FOK 4 DROPLLT MGvIeg
UPrakUs HUNGE==nUITA THECHIIGUF

Clsrtln by VET o NE 2 VIRRK ) Zha K 01E, VISMB, Gy My KM N, DT, VATR, VDU, SUKFT,
1OV, Lo vHU, 1 VR, Z, THETU, vhrS
DIMErRSIOn DL2V)
IF(K=]1)upt,4u8,4009

VRzvky

=u,

GU 10 41v

JF(ntLE.2) GG 10 438
VH=VhiK

2=/ kv,

GO 11 430




S61

582
583
S84
585
S8b
587
StEH
SbY
59¢
591

592
593
S94
598
596
597
995
599
s0v
601

602
603
60d
605
b06
607
608
609
610
611
612
613
61d
615
blo
617
618
619
620
621
622
623
v2u
625%
beeb
627
6eH
629
630
631
632
633
634
635
636
637
L3b
639
640
bu]
eu2

L4195

ati

el
el

210
cuvl
151

16
17

14
19

120

4\
2l

124

2u
2b

VERK=VK : 215
nz={

CUNTINUE

REOZVRAG(])AOnBx100C0,/V]SMb

CALL CUREIN(HEUG,CDCOK)
PRODS3000 A RUNPRAVRRRZ/ (4, 20()anCV)
IF(VAIR-VP')UOrbI'OG

VAIR=YALR=U,00]

IF(vun.LT.valk) GO 7O 21v

IF(n,LT1.1) Gu TG 116

GO TU 1b

CONTINUE

IF(H™,G1,.1) GU TL 20}

LU TV 151

N+ }

CONTINUE

L0 TO 16

CuNTIrUE

Chp:-(G¢PRQUtCOCUK)

G 10 1?7

Cri= G-PrULACUCLR
REIS(VR+CRO*IT/2,. 32D (1) sRutiex10006,/VISHH
Pt”lz(v“*c““‘ol/“-)*U(l)*RUPH*IUOOU./VISMb
CalL CDEEIR(NEL,CDCUR)

PRUDS V0D A (VR4CRDXT /2, ) %22/ 08, *D (1) *RIV)
IF(n LT 1) GU TU 118

GO T 1

CONTINUE

IF(nm, GTJ0) GO TO 18

(X1=~=(GePSUG2CLCLR)

GO 10 1°

Crl= G=-FrOUsCHCLN

CaeLL ChRkbtIN(nEM1,ENCUK)

PRHUU=3000,4 (VRHCKO2LT/8,) %227 (U, *U (1) 2ROV)
1IF(n,LTLI)CUL TO 120 '

Gu 10 2uv

cunTInug

1FE (%, 61,0) GG Tt 20

Crill==(G+FrULACLCNR)

Gu 10 21

CkMl= G=PHRUODACDLLDR
REPS(vieUn12DT/2.)%«D (1) 2n0ba1 G000, /V]ISHH
KEMR=(veeCRI*DTZU)AC(L)ARTIMH2YOLOL,/VISYD
CALL CurREIN(REZ2,CLLCLEK)

PRODZZ000 .2 (VE+CR L 2L /72, ) 222/ (4, iD(l)*P“V)
IF(n,LI.1) Gu TO 122

GL 1L g@

CUwTInbE

IF(aM GT0) GO TG 22

CnP==(G+FRULACOCLE)

GO fu 23

Cr2= G=-FRUDACDCOK

CaLl COHREINIRERZ2,CLEDR)
PR“0=$GOU-‘NbHB*(VE*CK?]*DT/U;)**2/(0.*D(l)ikuv)
IF(N LT.1) Lu 0 124

GO 10 24

CUNT]INUE

JE(u8,61,0) G TU 24

Crtn2==(B+PHUDACLCOR)

Ge 1N 25

Cnrpz G=PrOD2CUCLR

NE3= (VPQCKQ:HIJ*“(I)*Hh4h*10005 /VISHY
XD A R NI I R A VA I 4 XY~ ]

ie7
Y




buu
6usS
6db
6u7
budy
649
650
651
652
653
65u
£55
656
657
65t
659
660
661
662
663
6ol
665
666
667
68
1-X)
670
671
672
673
674
675
676
677
674
679
B0
681
682
683
68d
685
bbb
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701

702 .

703
704
70%
704

126

2o
27

128

29

130

51

132

71
53

112
111

134

72

35
56

14%

73

ui

CaLlL CNREIKLKEZ,CRCith) 216
FRUD=SOul, rhume2 (viee(r2x071 ) x22/7 (a2 (] )2RuUv)
IF(n,L1,1) Lu L 120

GU TO 2o

Cunllnut

lF(!w.:‘..('l'.O) GO TG 2o
Cri&z=e (+PHOLXCUCDHKR)

GU Tu 27

Cridz= G=PirOD*CLCUK

CALL Cr=Eln(WEM3,CLLULK) .
PRUDZ3DGU 2R UPS# (VR+LAM2*DT /2, ) 222/ (d 2D (1) AR0IYV)
IF(n,LT,1) Lu 10 12k

GO 10 2%

COMNTINUE

JE(rv, Gl V) G0 T0 28
Crm3ze (L PRUDACLLDK).
Gy 10 29 )
Crgz G=FRUOD+CDCOR
COuT1InUE

IF(ie,LT.1) GU TO 130

G0 TO 7

conTIUE

IfF(num ,GI.,0) GO T0 7
Z1=vkevalk

G 10 51

21=valk=VvRk

GO 10 51

VRMS VR (CRd+2 2CRM1 42, 2CRIPHCKMZ)RDT/ L2,
JE(a LT 1), GO TO 132

Gy 10 71

CUNT INLIE )

IFCur LT, 0) GO T0 71
Z2sveravalk

GO T 53

22=Valk=VvKM

GG 19 53

Custiaug

VKZVR4 (CRKO+2ACKr142,2CK24CRE)20T /6.
VRRS=VF

IF(vk.L1.,0,) GO TOU 112
G0 TO 111

CONTIRUE

Vk=aHS (Vi)

LONTIRUE

1IF(en LT, 1) GO TO 134

GO 10 72

CONTINUL

IF (Nt Gl 0) GO TU 72
23=vRr+valk

GU Tu 35

Zizvalkevk

GO 10 35

CuntlnLt
227+4(2V1ru,*22423)*ul/0,
CUORTINLE

JE{w. LT,1) Gu 10 14s

GO T0O 73

COoHTINUE

JIF(n LT 0) GU TO 73
VS VHEVA]LW :
6O 70 41

viozvelweyR .

Frese, Veatat

———
——rr, . .



-——
3

- ——

7uv7
708
709

710
711

712
713

714

715

716
717
718
719
720
721
722
723
724
725
726
727
726
729
730
731
732
733
734
135
736
7317
758
759
740
741
742
743
Tuu
74%
7do
747
TUA
749
750
751
752
753
754
75%
7506
757
754

102

1u1

20

’°5

T=Inke U+ T 217

PRLa1 J02,CrN,CRILLR2ILAS,REG,HEL,REC, HES,Mrtis 1N
FUHHAI(lXcUHChuzyFlU.Sr1X;bNCﬂ]:,Fln,5,1x,anLK2:,Flo.5,1x,uNCr1
1IU.S'IX,UHNE0=:F5.lt1)pﬁHH[1:,F5.1,1x,u~ﬁt2:,?5.1,1x'uyk53=,F5“
217\'?"”:'1311%’;2"“:;13,1!.30‘*!\1‘.:,13) : *
PrlinT 101:]'V""lZIV|)r\‘"""sllloZE,[}oCUCDNr""'
FOkHAT(lOA;?"'=nF5;2on,SHVR:,FS,Z,Sx,anz:,FQ.z,sx,3hv0=,ps.?'?
1bnvnks=.F5.?.?X.5n11=.F5.a,ax,3»2;:,}5_2,ax,3ﬂz5=,ys.2,1,,°HCUC
2,FSels1x,3n0r=,13) . .
RETUKN
EHD

**ﬁ*ht********l*****’i***titttlilk*t’itt****k*tt*i*i*ft*ktittt,

SUnkCUTINE CLREIMN(REL,CUL)

A RAKRARRRRRAAR A AN I KA F R AR R R AR RA KR AR K AAS XX R R I A AR KA KA KX XK KX AR R &y

C LM, n,vkl,NE,th,ZRK.Hnwa,vlsmu,G.NI.NH'NN.TH&TA,VINF,VDuP,
lSURFTphOV")'VHO'IIVKIZI"HE.'UI VERS

plMEnSTON D(2V)

RElzADS(REL)

S=ROMPp*SURF 1223410, 2x228/G/V]IShEx2d

DELKUSKOV=KOMh

DSTARZI N AU(1)A((HUrR222)aGr10,*22/VISMxA2)2xx(]1,/3,)
DSTax1=1.210/ (DELKIZFUMN) A+ (1.73.) 4
usxA3A=10,ux(UFLRU/kLMﬁ)A*(-l./5.)*(5*10.**(-12))**(-6.11l)
051A&&:ﬁu,ﬁ*(DELRO/HDNE)-*(-1./5.)*(Stln.**l-IZ))*-( n.111)
DSIAS&:]?&.*(OELHU/NP“H)**(-0.555)*(5*14.‘*('ld))*'(0.275)
USTL3n=3UO.*(OELﬁulkD“nJ**(-0.555)*(5*10.**(-18))**(n.OSAI)
0STANU=]1606. 4 (DELKU/RUNE) *x2 (=0, 0d7)%(521G.2*(=12))*x(0,114) :
KE2ASCTu, 2 (S2lu 2x(=]12))*s(~v,102) .
RE2WzZ236.,2 (5210, 22(=12))x20),152
gtsg;gauo,*(uLLkn/RUﬁr)t*(-0.303)a($*10.**(-12))**0.353

htBH:71bu°‘(UELhU/"nhE)*‘(‘U.SU$)*(S*10.**(-12;);*0.05 .
ﬁtu:jlgd.*(DELPO/kUME)i:(-g.I73)*(5*10.**(_12))*’0.13 .
kES:uq?ﬂ.*(thnU/ﬁUrb)‘t(-002353,(S*le.**(_la))&*q.aza =
DMAXSS224 . * (PELKU/EUYB) #4 (=0, 5) 2 (Sx10, %4 (=12))ax(1./06,) i
CUH&X:U.75‘(UELRU/PUFU]tt(-u.uaja)‘(5*10.**(-12))**0.030 i
WS1amz=3, 2738 L(LELKU/KOMB) xSa2x0,25)*%20,262 jﬁ
WMAXSSKES/DMAXS §§
ST ARUSKREQ/0STARY , i%
nSTA3A=KFE3A/DSTA3A . =
»STAIN=REIB/OSTABE G,
wSTAQAZHE2A/DSTARA 2
nSTagu=rE2R/DSTARN o5
KWSTaK1=0,1/0STAK] i
DSi=OMAXS
5=G.ObS'(l./29-50)*5L0610(Stnu.s/(UELRU/kUMH),10.*,(_3))
IF(MEl.LE.0.S) GO Tu o

1IF(5. 6T au2iurr12) LU 1O 20

1IF(RELLGT HE2AIGC [0 25

COS(2d./rt 1332 (1,40, 150xwE 220, 607)
DSTA=(3.4nk1A%2%CUARNEN/ (U ADELRD))#2(1./3,)
WS\A:(u.thltUFLHU/(j.%Cﬂ*HUNﬁj)*k(]./z.)

GO 1D 210 N
CUI‘JT]NUL s:-
IF(REYGI,HE2E) G T0 26 -ﬁﬁ
CD:(&U./FE‘)t(1.-0().1'_10*”[-_1**0'6;.7) %
DSTAZ (4. 4HE1a %28 CORRCIR/ (U, 2DELNU) ) A% 01,/3,) e
WSTAZ (4. ARE1ADELRUZ (3, sChakOnbE) ) ax (1,73, PR

Gu 19 210 . s
cuniinut : i
I A S 2L Y B o4 I F S ) §

-‘j"'-’
¥



760
701
762
763
764
765
70t
767
7166
769
770
171
772
773
774
77%
776

777
776
779

780 -

781
782
783
784
78%
786
787
788
789
790
791
792
793
794
79%
790
797
798
799

800

01
802
803
804
60%
B0¢&
807

804
8oo
810

611
812

10

60

12

2l0

LD=0. uba(Sa1U. 22 (=125 ) 440,05 218
DSTAzZ (3, *xHE1 22240 anCmer /(U s UELF0Y) s (1,/73,)

nSTAS (0 2RE1ADELRG/Z (3, 2COarUNK) )21, /73.)

Gu tu 219

CuntInut

IF(REYI,GT  RE3Y) GL 10 51

COZ0, 72 (S210. 22 (=12) )22 (=0;,09)

DSTAZ (8, x=E 1> 2 22CisdbCrn/ (a2 DELKG))22(1,.73,)

nSTAZ (U ARETADELRU/Z (3 Cisakti®b) )= (1,.73,)

GO 10 21V

Ci2=et,/ntl

DSTA=(3,2amb12222C0xk(itn/(a, sDELNO) )22 (1,/7%,)

PSTAS (A ArEIADELRG/Z (3, ACOaKUPR) )42 (1,73,)

GO Tu 210

CantInyt

IF(KE]LGT,PEB) GG T0 60

DSTAZ(MEL/ (4,54 (DELHL/EUMFN) 220,338 (S* 10,22 (=12))240,0323))ex(1,.
11.29)

ASTAzUSTA*20, 2928, 52 (LELFQ/ROME) 220, 3865 (Sx10 22 (=12)) 20,0325
CO=0,0657urUSTARRU  G2s (VELKG/KUMB) 220, 220%(S%x10,22(e1P))2(=0, et
GO 1C¢ P10 )

CUnTInGE

JF(rL1,GI.RES) GU IO 7o

rSTA=19,06x (CLELREC/RUMN )220 ,262%x(S21C.A*(~12))2%0, 0654
DSTAZKE1/n&TA ‘

CO=0, 00385 (DELEU/FUGMP)x20, U772 (Sx10,24(=12))%x(=0_ 13])2DSTL
GO Tu 21 :
Cunt lr'UE

GHZU  #DELRG*DSTx23m S aREL14224hINGE2 (A2 (DST=DMAXS)+CHt44)
GHPNIMSI2. 2 0ELEGAEST 2423 s hE 2224k 0Muxa
DSTn=DSI=GR/7GRPRIN

IF(ALS((USTL=USTY/ZNST)Y, LT, 0. 00)) LU TO 12

DST=081"

Gy 10 11

CL=CD“AX4 A2 (DSTh=DMAaXS)

#81=SURT (U ARELKO*USTAZ (3,2 0Mb2 (A (USTHhe=DMAXS)+CH+AX)))
RS8STazSIN

MST A=rS1

CunTinpt

FETUKN

(N NY)

FPRARRRR AR AN AA A AR R A AN A IR AR AR RS AR AR AR PP PRI R A RRATKAR AR RZI A A AARARAA 2922

Susruul st VISASHM{IF (kF ,RUPF,VISIF) ’ i
’ktAt*ttf*lﬂ*llti*ilktil*itt**it*l!iit**i*t!llt***t**t**iktk!aiiii
VISPF=r)  u+C . a07slb=bt Fx (1 S0, =5, 921F) /71100,
VISvE=173.64u,45u4lF

Fll2r=0,3530/80nT(1,40,0222)2(1 ,4SURT(VISPF/VISVF)ILN] 12563 ) 2/,
FI2IF=0.3530/8%KT1(1441.06071)2 01, +SURT(VISVE/VISPE ) =0, anntd)es2
VISHF=REAVISFE/URE4 (1 =REIAFTI2F )+ (1 =nt ) aVISVI / (ki aF121F 41 ,=~F)
KE TURN

E.ND

AAARR P AR A AR AR AR AR AR U R A KA AR A I R AN R A A A PP R AL R AR KRS R AR NS L pAKTPRAPFRAARS

SUBRBUTTNE ARBASHOTF ,RF ,CPN2, (L2, CPAR, AlniirE )
***i’i*ittikt*lii**aiitlta'&*i;g1*"1"(‘**#*1‘*i\iitilf.iiliitiit‘ }
AVBPF20,017645.57/7100000, «TF 41, 00/)0,427+TF*TFa L1 TF*TF2 1710,
1211 . l
whiipz=2b, 02 . .

INTUELE P |+
nmizlG Quy
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! .

813
81d
815
816
817
818
B19
820
821
B22
823
g2u
825
gce
827
828
829
630
631

832
833
834
B35
636

837
B38

839
bavy

219

Tebi2s(T1F+273,19)7126.1

TRO2=(1F+275.15)71546 .4

ThARS(TF+273.15)/151,.2

Sine=1 ., 8737100000,

Slue=1,393/7100000,

SlarR=1,272/7100000,

CPNP=2T7214, .40, 16T+ (TF+273,15)

CPO2=3undS,11.0RU22 (T1F+273,19)=78586,*)0000,/(TF4+273,15)+x2

CPaR=20a1:8,

CYNR=(CLPN2=8315,)/wnKg

Cvhe=(CPOR=8319,)/rH0i2

CvaAR= (LPAR=831%.)/v oK 4

VISNESn 1 79x (4, 0hxThig=] ,07) 22 (S, /8,)/51h2/710,%xx1)

VISUZSR 1792 (4. 5b2ThOZ=1,07)x2(5,/8,)/78102/710,%x411

vlbhk—.,J75*l“.5¥*TRAh-l.b7)**(5./5.)/SIAR/10.**1l
AtR2=v)snex(1,3220VRE+SUR, =104, 0/ TKL2)

AMBU2=V IS0 (1,325CV02+uud,8=-91,59/TRUR) &

Arbay 2.52v]1SAr2CVAkK :
MBVF= (D . 7a*(mMnZxr (] /8. ))xanph24 0,212 (MG2*x(1,/3, ))kﬂﬂbﬁ2+m

1(hunw“(1 73.))28MRBR )/ (0,70 x(m¥N2x2(1,/73,.))40,2 8 (rtii2ax(], /é

e

20001‘("”‘““**(10/3.))).

F112L=0,3930/80nT(1,40,6222)%(1, +SGMT(AHuPF/A.qu)o1.1f593)¢§§
FI21L=u,858R/7800kT(1,41.0U071)x(1,+SURT(LMHVFZAYnPF )20, Hkﬁju)*ta
AdpnFsRErAMNERF/Z/(RE+ (], =HNF)2FT12L )2 (1, —ﬁf)*AthF/(kF*f181L41.-M
RETrN
END

L )

; el ay
g

C -
c **i*ti*tﬁt**tkr*ti*t**t*rt**iﬁﬁt*t*tk&t******t*t**k*t***k*a*&l
t«:?»"}
SURRDUTINE VIFASK(TF, hF,nlpnr) 8
c AAAAASARRRRRA AR AR KX R AR AR AR AR AR S AR AR AR R AR R AR RK AR AR A A2 F R AR RKR2S
DIFNFE(l1.=HF)*((TF+273.19)2%x1,81)/710.%2x972((1.=KkF)*Q,78/0, 15774
1RF)Y=xy, 21/(’.7791-11'(1.-&}')*() Ul/70.75%03) 'ﬁ
EETURN .
Enp Rﬁg
; -
c %
C iitt*ttt*ﬁ**l*ti!t*ittkt*****tttttt**i***t*t*tt*tit*ki*k**ﬂ‘ d
c AR R A AR R AR KA AR AR K AN R A XX AR T A A A KA R R A kR R A A A AR RARA KA K AR AR AR kA XK TS rf
€

FENTRY : 7
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APPENDIX G

THE COMPUTER PROGRAM FOR INTERNAL RESISTANCE AND

NO MIXING SOLUTION OF THE SINGLE DROPLET RESPONSE
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Jog

WATF Iy assasa2xtxx, AP229,P295) 22
*ttitkt*t#t’*ttiii!*ttti***ﬁt**t*ttl***ltkt*t*tt*t*t*ittitttttg‘
k‘t*it**tt:*tt!*i*ii*tttiitti*i*t*itttt*ttt**tt!*atittk’i*tt*tt**:
* .
*#THIS PROGrRAMME SOLVES THE PROHBLEM OF SIMULTANEOUS MOMENTUM,HEAT
*MASS ITRAMSFER OUFING CONDENSATIUN OF STEAM FRUM SATURATED aAlR=§-
*MIXTURE ON & OROPLET wlTh RESISTANCE TO HEAT FLOw IN A DROPLET
*A NONUNTFOwRM TEMPERATURE (OF A DROPLET
*STEAVDY STATE ORAG COEFFICIENTS FOR wATER DROPLETS USIMG REINHAR;:
*CORRELATIUN==INITIALLY DROPLET MOVES EITHER UPWARDS OR DOwNWARD:
* SI==UNITS
®
t*it*tatﬁtitt**tii*xt*it*t*ti1***:*1**1**********tti***taiht*i*t,
it**k‘tnt**ttit*kth*tta**t*ti**rtt***t***t**tti*ttt**tt**t*t****,

i*ﬁ***ti1*1tti*ﬁkitiit**ti**t*********i**i**ﬁ****i*t*kt*i*t***!h

AzTHERMAL DIFFUSIVITY . M2/SEC

AMBMF=THEMMAL CONDUCTIVITY OF MIXTURE == FILM J/M On SEC
AmMbMP=THERYAL CONOUCTIVITY OF STEAM == FI1LM J/M 0K StC
AMBMV=THERMAL CONDUCTIVITY QOF AlR «-= FILM J/M 0K SEC
AMDASTHER™AL CONBUCTIVITY OF WATER J/M SEC 0C

BI=310T1 thuMpiERr

CNCODR=DRAG CuEFFICIENT OF a DROPLET

CLDD =DRAG CUEFFICIENT OF & DISK

CDSS =DRAG CuEFFICIENT OF A SOLID SPHERE
CKO,CK1,CK2,CKI=RUNGE KUTTA'S COEFFICIENTS

CPA « HEAT CAPACITY OF AlR J/7KMOLOK

CPMF = MEAT CAPACITY OF MIXTUNE AT FILM TEMPERATURE J/Z/KGOK
CPP « HEAY1 CAPACITY OF STEAM KJ/KGOK

CPV=HEAT CAPACTTY UF #ATER KJ/KG 0X
DD=DKOPLET ULIAMETAR INCREASE M
DIFMF=DIFFUSIVITY OF MIXTURE == FILM M2/SEC
DT=TEMPERATURE INCREASE -~ 0C

F=MASS THRANSFER COEFFICIENT KMOL /M2 SEC
FONZFOURIER NUMBER

G=GRAV1TY ACCELERATICN M2/SEC
H=HE&T TRANSFEWNR COEFFICIENT J/M2 0K SEC
HVvaAP=HEAT OF varQRIZATION . . KJ/KG

KE = THE NUMEEF OF BIAMETERS
KF = THE NUFBER UF STEAM/(AlR+STEAM) RATIOS
PEN = PECLET NUMBER

v
e #18

PPP « PART]IAL PRESSURE OF THE STEAM BAR

PRN « PRANDTL NUMBER

PT = TOTAL PRESSURE OF THE MIXTURE BAR

PY = PRUDUCT QF PPP BY (1/RQP) BAR®*M3/KG

AL=LATENT HEAT THANSFER CJ/sM SEC
S=SENSIHLE HEAT TRANSFER J/M2 SEC
OT=0uS+0L == TOTAL HEAT "TRANSFER JzH2 SEC
REMB=REYNIULUS NUMBER UF MIXTUKRE ~= HULK

REN « REYMNOLDS MUMHER

RMB « MIXTUKE (A4S CONSTANT = BULK J/7KGOK

RTMD=RATIC UF THERMAL DIFFUSIVITY AND MOULECULAR DIFFUSION COEFF.
ROMB « DENSITY OF MIXTUKE - BULK KG/™3

ROP « DENSITY OF VAPOUR - HULK KG/M3

ROV = DENSITY OF wWATER KG/M3 '

ROPF=QENSITY OF STEAM == FILM KG/M3

SCN = SCHMIDT NUMEER

SHN « SHEKkaOUD NUMHKER .
SURFT=SURFALE TENSION OF A DROPLET INAN AIR/STEAM MIXTURE N/M T
TF=TEMPERATUFRE OF FILM U
TNA=MASS TRANSFER RATE kMoLsmM2 SEC
TV = wATER DROPLET TEMPERATURE oC _ ﬂﬁ
TZ = SAITURATION TEMPEKATURE CORRESPONDING TO PPP ocC ,%



flntﬂ(’ﬁtﬁf1ﬁ(1(7ﬁ¢1f)nf1f’ﬁf1f

c-----------------------------------ﬂ--—------------A-------------------'

c-----------—-----—---------—-----------------------------------------—-

1

37

2
u3

a5
4a

502
501

USN = NUSSELI Numotk
222

VISME = VISCuSITY OF MIXTURE = BULK JO2%x7xNS /™2
VISMF=vISCOSITY OF MIXTURE == FILM 10,227 %N SEC/M?
VISP = VvISCOUSITY OF STEAM -« RULK 10x%7aN8 /M2
VISPF=VISCOSITY UF STLAM == FILM 10, xx7 2N SEC/M2
VISvH = VISCuSITY OUF AIR = BULK 10x*x7xNS/M2
VISVF=VISCNSITY OF AIR == FILM 10,»x7 xN SEC/M?2
VO=VELUC11Y UF A DROPLET M/SEC
vINF=VELONCITY OF SURRUUNUING MIXTURE M/SEC
VR=RELATIVE vELOCIIY QOF A DKOPLET M/SEC
VKO=IN]ITIAL RELATIVE vELOUCITY M/SEC
VRT « TERMINAL VELOCITY M/SEC

WSMULAR MASS VELOCITY KMOl./M2 SEC
WMMF=MULECULAR wEIGHT OF MIXTURE == FILM KG/xMOL
WMMFZMOLECULAR wEIGHT (OF MIXTUKE =« FILM KG/KMOL
Z=D1STANCE THRAVELLED BY A DKROPLET . ™

DOUSLE PRECISIOM 611Y:RD'IN'AO’Al'A21A30Au'“5146,A] :
COMMON KIVRIINEIVRKIZRKIROMH'VISMB'GINIINH'NNITHETA'VINF'VDUP'

lSURFTJROV'D'VROIIlvp'ZITHETU'VRRS

DIMENSTON RN(20),TH(20),TNP(20).RD(20)
DIMENSION D(20),R(20),%x(200),Y(200)

VRTIT=100,
VREXP=100,
VREXxP=0,

READ 1,KE,KF
FURMAT(21Y%)

D0 BV 1=1,KE

READ 37,PT

FORMAT(F10,5)

DU 90 J=1,KF
JF(VRexP,GT,0.,) GO 10 43
Riﬂo P'D(I)lp(J)JIO"llTHI
FORMAT(SF10,5)

GO T0 uud

READ 45,D(I)sTZ,VREXP,TO0,T1,7TH1
FORMAT(6F10,5)

CONTINUE

IF(vRTT,GT,0,) GO YO Y01
voue=so, .
VINF=1, _
IF(vOUP,GT,0,) GO TO So02
vDDOﬁN:llo

vD=vOoNDwh

VROV NF+VD

GO TO S01

VRO=AHS (VDUP=V]INF)

vD=vDUP

CORTIWUE

Tv=T1 .
THETU=O0,

HAPPOZ=O0,

HAPS TPz,

HAPINT=O,

HO=0,

HSTEP=0,

HINT=00

HAPCHO=C,

HAPCHT=0,



-

PR,

.

P

42
a3
u4
us
46
47
u8
u9
50

S1
52
53
54
55
56
57
58
59
60

61
62
63
64
65
66
67

68
69
70
71
72
73

46

uy

e NeNe!

(aNeNe]

e NaNe]

17
18

" YRT=VHKE xP

TIME=u,

TAVOLD=TO

NI=0 223
NM=(

NN=0

ZRK=0,

VRRK=0,

G=9.8066%

P1=3,14159

DENSITY UF MIXTURE--BULK

IF(VREXP.6T.0,) GO 10 4dé
PPP=R(J)P1

CALL TEmMP1(PPP,TZ)

GO Tu 47

CONTINUE |

CALL P2AS(12,PPP)

R(J)=rPP/PT

CONTINUF
RMB=8314,7/(K(J)*18,02+(1,=R(J))*x28,96)
ROMH=100000 . *P T/ (KMBx(TZ24273.15))

VISCOSITY OF MIXTURE__BULK

CALL SEKPV(TZ,PV) _ ~§
ROFP=P1/PV '3
VISP=H0,440,4807*T2=R0P2(1858,-5,9x72)/1000. 5
VISVZ173,0+0.45a8T2 i

F11220.3536/75041(1.40.6222)2(1,4SURT(VISP/VISV)*®1,12593) 222 X
FI12120,3536/8URT (1 41,6071)%(1,4SRRT(VISV/VISP)*0, 8RE1U)x22 . *
VISMH= R(J)*VISP/(P(J)+(1.-4(J))*Fll?)+(l.-R(J))*VISV/(R(J)*FIEI

1=R(J))
MASS OF A DROPLET

CALL vVODES(PT,T1,VVOD) 2
ROv=1,/vv0OD g
DMZROVAPLAD(T)4x3/(6,%10,429) ';ég
AREA=ZPI*xD(1)%x42210, **(-s) --,
PRINT 11,0C1),R(J)/PT+T1,VD,VINF

FORMAT(/ ,2X,5HD(I)=,F10, 5,21.5HR(J)-,F10 S5,2X,30PT=,F10, S.pri'

12,F10,5,2X, 3HVDZ,F 10,5, 2%, 'VINF=1,F10,5) &
-

" TERMINAL VELUCITY OF MIXTURE . s
RS

IF(VKEXP,GT,C.) "GO TO 17
IF(O(1)=1.0)3,3,5
Fx1z=8,625*SURT(VISMBAROMB/10,4x7)/(D(I)/71000,)%%x1,5/R0V
FK2=1,39134*FK]

VRI=(9 ., 80665/FK1)4x2(2,/3,)
REMH=VYRTI*D(])»#0MD*10000,/VISMB
IF(REMB=10,)6,k,4d
"VRT=(9,80665/F42)%x(2,/3,)
REMP=REMBAVYRTI/VRT

VRI=vRrT1

GO 7O &
VRT=9,u3x(1,=EXP(=(D(T1)/1,77)%xx1,107))
GO 70 18- )
CONTINUE

CONTINUE
REMB= VPT*D(I)*!OUOO /7vIsSMy




¢ IF(VRTT L1,V LL U 1O

93 GO 1D 16 224
94 15 CUNTINULE
95 VR=vVvR 1
96 VRO=VRT
97 2=0.
98 16 CONTINUE
99 K1=30
100 DT=(T12~11)/K]
101 DT1=D1
102 KJ=KI+10
103 BDT=0,99
c .
c AL AR KA KRR AR AR A A A R R F AR KR AR KA AR KA R A R AA AR A A AR R A R A A Rk Ak AR AR AR KRR R ?
104 DU 100 K=1,KJ |
c AR KA AR AARA AR A AR A R R A A AR R F A AR AR AR AR R AR R KRR R R R A AR A AR Ak kAR K AARR AR A %>
C
105 IF(X,6T.(KJ=11)) GO 1V 12
106 GO TU 13
107 12  CONTINUE
108 IF(XK.GT.(KJ=7)) GO TO 14
109 DT=DT1/5.
110 GU TOU 13
111 14 ROT=BDT+9,/10,2x(K=31)
i12 TVH=BDT*TZ
113 DisTvhe=1V
114 13 CONTINUE
115 TV=TV+D1
116 TvM=TV=D1/2.
117 IF(1v,GT1.0.9999417) GO 10 34
118 TF=(T2+1v=01/2.)/2.
119 TFM=(TZ¢TVM=DT/U,)/2,
120 CALL PZAS(1F,PZF)
121 CALL FZAS(TFM,PZFM)
i1ee RF=PZF/PY
123 RFM=PZFM/PT
124 CALL SEXPV(TF,PV)
125 CALL SEKPV(IF#,PvH)
126 RUPF=PT/PV
127 ROPFM=PT/PVHM
: c
c VISCOSITY OF MIXTUREL.F1LM™
c . .
128 CALL VISESM(TF,RF,KOPF,VISMF)
129 CALL VISASM(TFM,RFM,ROPFM,V1SMFM)
o
c THERMAL CONDUCTIVITY OF MIXTURE == FILM
o
130 CALL &MRASM(TF,KF,CPN2,CPU2,CPAR, AMBMF)
131 CALL AMBASM(TFM,RFL,CFN2M,CPO2M,CPARM, AMBHMF M)
c .
c. DIFFUSIVITY=UF MIXTURE == FILM
C
132 CALL DIFASM(TF,RF,DIFNF)
133° CALL DIFASM(TF™M RFM,DIFMEM)
o
c DENS11Y (F MIXTURE__FlLm™
o
134 RMF=B314,7/(RFAIE,02+(1,-~RFI*x26,906) -
135 RMF%=8314,7/(RFM&1H,02¢(1,=KFM)228,96)
136 ROMF=100000 ,xPT/Z(RME 2 (TF4273,15))

137 ROMEMZ100000,%PT/ (RMNFMx (TFM4273,15))



136
139
140
141
142
143

fau
145

146
1a7
148
149
150
151
152
153
154
155
156
157
158
159

160
161

162
163

164
165
166

167
168
169
170
171
172
173

174
175

(e NN

40%

600

aou

e Xnlks 0oon

o0

OO0

MEAT CAPACITY OF MIXTURE -« FILM

CALL CPPAK(PZF,TF,CPP)

CALL CPPAM(FZFI,TEM,CPPM)
CPA=N,7H*CPL2+0,21*CPUR2+0,Nn1*CPAR
CPAMZ(Q, 7TRACPN2¥+0,212CP02M+0,012CPARHK
CPME=HF4CPP*1000,4+(1,=RF)*CPA/28,96
CPMFM=RFMACFPM21000,4() ,~RFM)2CPAM/2H,90

PRANDTL NUMBER

* PRNZCPMF2V]ISMF/AMBMF/10,%x7

PRNM=CPMFM*VISNFM/AMBMEM/1O, %27
REYNOLDS NUMBEK

REN=VRI*D(I)2ROMF210000,/VISMF
RENMz=VRTAD(I)AROMFM*TU000,/VISMFM
WMMF=RFx18,02+(1,=KRF)*28,96
PMMFHSRFM21H, 024 (1. =KFM)*28,96
WMMB=R (J)218,02+(1,.,=-R(J))228,96
WEVKTAHOMB/whMB ,
NE=1

IF(VRIT.6T,0.) GO TO o000
IF(K=1)ulu,80a,480%
RENSVR2D (1) +ROMF2x10000,/VISHMF
HKENMSVR*D(]1)xx0OnF»210000,/VISHFM
KEVRAROMAR/wMitH -

TOLO=THEIU+THETA

CONTINUE

SCHMIDT NUMBER

SCN=V]ISMF/ROMF/DIFMF /10,227
SCNM=VISMFM/KOMFM/DIFNFM/10,xx7

PECLET NumMhtR

PEN=REN®SCN
PENM=RENM*SCNM

NUSSELT NUMBER

IF (REN=850,)7,78 ’
USNZ2,40,6* (RENZ%D,S)*x(PRNx%x(1,/3,))
USNM=2,40,6% (RENM%20,5) % (PRNM22(1,/3,))

SHERWOUD NUMBEK

SHN=Z2 ,+0,6x (REN#*0,5)2(SChxx2(1,/3,))
SHNM=2,+0, 02 (RENMAX(,5)* (SCNNx2(],/3,))
GO TO 9 . ) :
USNZ2, +0,2T* (RENx*0,062)* (PRMNx2(1,/3,))
USNM=Z2 ., 40,27 % (RENM%20 ,62) 2 (PkNMaa(l1,/73,))
SHN=2 , 40, 27TA(REN»20.,62)x(SChxx(1,/3,.))
SHNM=Z2 , 40,272 (RENM2AG b2 ) *x (SCNM2x%x(1,./3.))

HEAT THRANSFEK COUEFFICIENT

H=1000, *AMBMFsUSN/D(])
HM=1000, *AMBMEMAUSNM/D(])

225

ST

sty M

- P ]
L 7 T

3
)




176
177
178

179
180
181
182

183
184
185
186
187
168

189
190
191
192
193
194

195
196

197
198

199
200

201
202

203

204
205
206
207
208

(e NeXel

OO0

(s NeNe OO0 (e NeNe! [pEuNe] [aEaNe!

aoOoo0n

- - C s et - LR

WMMHZR(J)* 18, 024(1.,~R(J))*»28,96 226
FoSHM&w/PEN :
FM=SHNMan/PENM

MASS TRALSFEK KRATE

CALL PZAS(TV,PZV)

TNAZF» (ALOG((1,~PZV/FT)/(1,-PPP/PT)))
CALL PZAS(TVvM,PZVM)

INAMSFMa (LLOG((1,=P2VH/PTY/ (1. =PPP/PT)))

HEAT OF VAPURIZATION

CALL SEKI(TF,HSEK)
CALL PRIMITI(TF , HPKRI®)
HVAP=HSEK=RPRIM

CALL SEKI(TFM,HSEK)
CALL PRI“II(IFN,HFRIN)

HVAPMSHSEK=HFR]IM

SENS1BLE HEAT TKANSFEK

ACC=INA+]|B020,.*CPP/H

ACNZACC/ (1 .=-ExP(~ACC))

WS=ACN2H» (T7=TVv+D1/2,)

ACCM=TNAM21H020 ,2CPPM/ M

ACNME=ACCHM/ (1., ~EXP(=ACCHM)) i
USM=ACNM2HM2(TZ2=TV+DT/4,) |

LATENT HMEAT TRANSFER

OL=HvaPxTINAXIBO20,
BLM=HVAPMATNAM2138020,

TOTAL HEAT VTKANSFER

QT=QL+GS
GTIM=Q0LM+NSM

APPARENT HEAT TRANSFER COUEFFICIENT

HAPP=RT/(T172=TV+DT/2,)
HAPPMZOQIM/ (TZ=TVYM4DT/8,)

BI0T NUMBER

CALL AMDA(PI,TV,VLAMR)
Bl=HaPPaxu(I)/VLAME/2000Q,

THE ROUTS OF TRANSCENUENTAL EQUATION TAN(X)+X/(Bl=1,)=0,

CALL TRanEQ(BI,Y)

RARAK AR E R A KA AR A RN R R AR R A A AN A A AR R AR A AR R A AR AR KRR AR AR AR R AR KRR R T AR AR
TIME TAREN Fuk DROPLET TEMPERATURE INCREASE DTe=HALF INTEKVAL
SEARCH #E THUD

RRARRARR R A AR N AR R AR RS AR R R AR R R R A AR A AR R R R A A AR A KRR R R A AR AR R IR R I AR A%
EPS=0,0001

THA=0,00001

TH=Td1 .
IF(Kk,6T.1) Gu 16 371 ’
TEMPR=(TZ=TV)/(12=-10) ' . 3[



oo
.
.

— e,

o~y

—~ - ==

~—~

209
210
2ll
212

213
214
215
216

217
clé
219
220
eel
222
223
224
225
eeé6
ea7
228

229
230
231
232
233

234
235
236
237
238

239

240
24l
2ue
243
244
245
246
247
248
249
250
251
252
253
254

255

371

372

(e NeNel

109
108

310

311

110
107

112
113

GO 10 372
CONTINUE
TEMPR=TZ=TV
CONTINUE

227

THERMAL OIFFUSIVITY OF wATER DROPLET

CALL CPVUDR(PT,TV,CPV)
CALL VVODLES(PT,Tv,VVUD)
RUV=1,/VVOD
ALFA=vLAMB/CPV/ROV/ZIO00G,

FOURIER NUMBER

FONASU xALFAATHA®(10%%6)/(0(L)%22)

FunNB=d, *ALFA*THJ*(10**b)/(D(I)**2)

bUP‘A 0-

SuMB=y.,

bu 110 L=1,200

IF(L.GT,20) GO TO 109

X(L)=SNGL(Y(L)) ) .

GO T0O 108 . : . :
X(L)=X(L=1)+P1I ' #
CONT INUE Co ' )
IF(K,GT.1) GO 10 310

AISA=(SINCX(L))~ X(L)*LOS(X(L)))/(X(L) SIN(X(L))*CUS(X(L)))*(SIL
1L))szx (L))

GO T0 311 . g
CONTINUE : T
AIS=STM(X (L)) Z(X(L)=SIN(X(L))*COS(X(L)II/X(L)
S1A=(1Z=20)2(SINCx(L))=X(L)I*XCOS(X(L)))

S2AzA 2 (I) X (2 *X(L)ASINC(X(L))=(X(L)*%x2=2,)*COS(X(L))=2,)/
1(2,2x(L)) .
S3AZAR#D (1) 22+ (3, x(X(L)*x2=2, )*SIN(X(L)) XCL)*(XCL)*42=6,)%
1CO0S(X(L))) /(U xx(L)=*22)

SUASAT*D (1) 2232 (U X (L) 2 (X(L)*%2=b,)*SIN(X(L))~(X(L)**u=12, *xtL
1242420, )ACUS{X(L))+28,) /(B xX (L))

SSA=AUAD (1) *#3%U4R ( (S Ax (L) 22xleb0 *X(L)*#22+4120,)4SIN(X (L))~ Y(L)*(X

s
By

. - - .
KYITEY. ey

RNV,

S 1) ##ue20, 24X (L)*%24120,)2CUSIX(L)))/ (16 #X (L) xxd)

SEA=ASAD (1) #xS*(X(L)2 (6, AX(L)axa=120,2X(L)x22+720, )*bIN(X(L))-(
1L)226=30,#x (L) *xU+360,4X(L)*22=/720,)2COS(X(L))I=720,)/(32, *Xlﬁgi
STA=A6*0 (L) *2ox ((To#x(L)2%6=210,%X(L)*2442520,xX(L)x+2~ 50uo‘1*~
ISIN(X(L)) X (L)X (X (L))o=l xX(L)%x*d+pd0,*»X(L)*x%x2-5040, )*cos(ﬁét
2/7(6lU xX(L)226)

S8Az=ATAD(] )27 x(X (L) (B, *X(L)n*b =336,02X(L)*x%d+6720, *X(L)**E-g
140320, )*SIN(A(L))~ (x(L)*+H=56,%X(L)**x6+1680,2xx(L)xx8-20160. *x(L

Dx#2400320,)4C0OS(X(L)I+40820,)/7 (128, 4X(L)**7) 23R
SUSAZS1A-524=53AmSUA=SSA=SbA=STA=SEA "*%ﬁ
AISA=AlS*SUSA ) s

CONTINUE ”'?g
STEPAS (X(L)**E)*FONA %
IF(STEPA,.GT, ) GO TO 107 T

Y
A
i

Sa=2, tAISAtEXP( STEPA)
SuUMA=SUMA+SA
IF(aBS(SuUMa/10, **O).uf ABS(SA)) GO TO 107
CONTINUE

FTHA= ]t“PR-SUHA

DU 1131 L=1,200
IF(L.GT.20) GO TO 312
x(L)=snsL(Y (L))

GO 10O 113
X(L)=Xx(L-1)+FI
CONTINUE




— o~

257

258
259
260
26l
262

263
2bu
265
266

267

268

269
270
271
272
273
274
275
276
277
278
2179
280
281
282
283
284
285
286
287
288
289
. 290
‘291
292
293

294
29%
296
297
298
299
300
301

302

312

313

G=b ok
(ST Y
F

115
116

314

4T AR L lqad8 ) LU v O3¢ PYA.)

AlSH=z (Slh(x(L)J-X(L)*COS(X(L)))/(X(L) SINCX(L))*COSCX(L)))I*(SI%(x
1L))/x (L)) .

GO TN 313

CUNTINUE

AIS=SIN(X (L)) /Z(X(L)=SIN(X(L)I*COSIXIL))II/x(L)

SIB=(T1Z2=-0)*(SINIX(L))=X(L)*CUS(X(L)))

S2H=AL#D (] )2 (242X (L)*SINIX(L))I=(X(L)*%2=2,)%xCOS(X(L))=2.)/
1(2,+x(L)) .

S38=42*0D(1)222% (3,2 (X(L)*x2=2, ) *SIN(X(L))=X(L)*(X(L)%x%x2=0,)
1COS(Xx(L)I)/ (u2x(L)xx2)

SUBZAZAD(T)*x2a3x (U, aX(L)*(X(L)%202=56,)*5IN(X(L))=(X(L)nnt=12,2X(L)
1522420, )4xC0S(x(L))+24,)7 (R, *x(L)**s)

S58zAUx)(T)*2d* ((S,xX(L)2xU=60,xX(L)**x2+4120,)*SIN{X(L))=X(L)*(X(L
1)xxdelu,xx (L) *224120,)2CUS(X(L)))/ (16, xX(L)xxu)

Sob=aAS*D(I)**SA (Y (L) * (0 *X(L)*xxU=120,*X (L) *%24720,)x5Tn(X (L))~ CX(
IL)240=30,xx (L) #444360,2X (1) %%2=720,)*COS(X(L))=720.)/(32.2X(L)xx5"

STHAL*U () %262 ( (7 ,2X(L)#%6=210,2X(L)%%U42520,2X(L)222=50d0,)*
ISIN(X(LI)=X (L) (X(L)xremu2, *X(L)t*ﬂ+800 *X(L)*%x2=5040,)*COSCX(L)):
2/7(eu,xxXx(L)*%n)

SBu=AT*0( L) 2 7*x (X (L)% (B xX(L)*%0=336,0xX(L)2*4+6720, X (L)*%2=
140320 )*SINEX(L))=(X(L)*2R=56,aX(L)226+1680,*X(L)xx4=20160,2%x(L)
2222440320, )2COSIX(L))I+4U320,)/7C128.4X(LIx%x7)

SUSB=518~522=53B8-84B8=558-56B-5S7B-58B ~

AlSH=4]IS*SUSEH )

CONTINUE

STEFPHR=(X(L)*22)+FOUNS

IF(STEPY,6T,175.) GO 10 114

SBz2,*A]1S5R+x¥F (~STEPD)

SUn3z=8umid+ 5o

IF(A88(SUR/10,%x26) ,GT,ABS(S8)) 60 10 114

CONTIWNUE

FInB=1EMPR=SUMB

NZ0

NN+l

XTha(THA+TKRB)Y /2,

IF(XTH,GT,0,999521d1)GO 10 91

TEMPZ IEMPR

FONXZU, 2 ALFAXXTH2 (10,%%6)/(D(1)%%2)

Surx=e,

D0 120 L=1,200

IF(L,GT,20) GO 7O 115

X(L)=3nGL(Y (L))

GO TU 115 ‘

X(L)=x(L=1)+PI

CONTINUE

IF(X.,6T.1) Gu TO 314 :

AISx=(SIn(¥ (L))~ X(L)*COS(x(L)))/(X(L) SIN(X(L))*COS(X(L)))I*x(SIN(X(
1L))/7x(L))

GO TU 315

CUNTINUE

AIS=SIN(X(LYI)Z(X(L)=SIN(X(L)I*COUS(X(L)))I/X(L)

S1x=(12-20)2(SIn(X(L))=X(LI2CGS(X(L)))

Sex=A1+D(1)* (2, *X(L)*SIJ(X(L))-(X(L)t*a 2.)*COS(¥(L))=2,)/
1(2.,2x(L))

S3x=A2AD(]) #4222 (3o (X (L) %422, )2SINIX(LI)=X(L)*(X(L)4x2~b6,)*
1COS(Xx(L)))/Z(donX(L)arp)

SAX=AIIN(T) 232 (d 2 X(L)+(X(L)222=6,I*SIN(X(L)I=(X(L)x2t=12,2X(L)

1x22420,)4COSXIL))+24,) /78, 2X(L)%*3)

SOX=adAD(I)*%U* ((S,*R(L)2A%4=00,xX(L)222+120 ,I%xSIN(X(L))=X(L)A(X(L
1)a%de20, %X (L) *224120,)2COS(X(L)))I/ (162X (L)*»u)
S6X=aSA (1) 2a5+ (X (L)% (o, #Xx(L)a*U=120,.X (1 )222472C,)+STn(X(L))=(x(

TL)£r6=30,2A (L) X244 500, %X (L) 142720, J2C0S (X (L)) =720,/ (32, xX (L) *=5)



303

304

305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322

323

324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
3up
343
344
34s
3u6
347
348
349

350

351
352
153
354
355

315

120
117

212
211
203
208
be
204
209
210

158
197

413
4ta

415

o NeNe]

406

STX=Ae*D (1) +ha( (T 2x(L)*x*6=210, ,2aX(L)*444+42520, 24X (L)**2=-50U0,)1
ISINEXx (L)) =X L) *(X(L)*%0~u2 X (L)xa»x8+BU0,*X(L)*x22=50u40,)*CUS(X(y
2/(ou ,xx(L)**h)

S8x=a74b(I)2a7 2 (X(L)* (B, *x(L)*%6=336,02X(L)*4u+6720,xX(L)#x2=
140520, )ASINIXIL))I={X (L) x2aH=So , +X (L) *26+1080,2X(L)x*xd=20160,%X (|
2xx24+U0320,)2COS(X(L)V440320,.)/7(C128.xX(L)*27)

SUSX=851Xx=82%X=S3X=SU4X=55X=SpX=87%X=58X

AISX=A]1SxSUSX

COMTINUE

STEPX=(X(L)%x*2)*FONX

IF(STEPX,GT,175.) GO T0 117

SX=2,%Al1S5%2EXP(=STEPX)

SuMXx=SUMX+SX

IFCABS(SUNX/10,4%6) 6T ,ANS(SX)) GO TO 117

CONTINUE

FIHX=TEMP=SUMX

IF(FTHX)212,210,211

IF(FTHX+EPS)203,210,210

IF(FTHXx=£PS)210,210,20G3

IF(FIHX*FIHA)ZOS:ZOB:BOb

THB=xTH
FTHg=F THX
GO T0 207

THA=X1H
FIHA=FTHX
GO Tu 207
PRINT 209
FORMAT(1ura ]S TRUE ROOT) !

GO 70 198 3
CONTINUE

Gu 10 197 7

XTH=A _ﬁ

THETA=XTH sl

IF(vRIT,G1,0.) GO TO 407

NE=NE+1] &

IF(MELLE.3) GO T0 406 a5

T=THETU4THETA : - g

IF(NE,GE,8) GO 10 413 "

IFCARS(T/TOLO~1,).LT.0,001) GO TO 407 - :
GO 16 4ve &
CONTINUE e

IF(NE,GE.20) GU TO 414 , R,

IF(AUS(T/ZTOLD=1,).LT,G,02 ) GU 10 407 . ' 4%
GO 70 406 !
CUNTINUE
IFINE.GEL30) GO TO 415

IFCAAS(T/ZINLD=1.).LT.0,03 ) GO 10 407 ) =
G2 10 uvs

~e

CONTIHUE £t
IF(NE,GE,80) GO TO 407 8
IF(ARS(T/TOLU=-1,).LT,.0,08 ) GO TO 407

SURFACE TENSION OF WATER IN AIR
SURFT=(75.6-0.luS;Tv-o.asn10,**(-3)*Tv**2)/1000. . ;
SURFACE TENSIUON GRUUF -

e

=

}.;. H L.
(Y .., . .
Lot
.~_'@; b

AL

IF(VvDUP,GT.0.) GO TO 505
CalLlL veELDLOLO®

GO Tu uQS

CUNTINUE

CALL VELODUP



3506
357

358
359
360
3ol
362
363
364
365
366
367
368
369
370
371
372

373
374
375
376
377

378

379
380
381

38e

383
384
385
380
387
386
389
390
391
392
393
394
395
396
297
398
399
400
401
a¢e
403
404
405
406

uo7

152
153

320

321

151
154

381

"3y2

303
304

GU 10 4ovs
CUNTINUE
230

AVEKAGE TEMPERATUKE OF DRUPLET

FONAV=d , 2 ALFATHETA* (10,%26)/7(D(1)2%2)
Sumav=0,

DL 1S1 L=1,200

IF(L.GT,20) 6O TO 152

X(L)=Swul (Y(L))

GO Tu 153

X(L)=Xx(L=1)+PI

CONTINUE

IF(k,6T,1) GU T0 320

AISAVZ (ST (X (L)) =x(L)*CUS(X(L)))I**2) /(X (LY=SIN(X(L))I*COS(X(L)))
GO TO 321

COUNTINUE
AIS=(SINCX(L))=XCLI*COS(X(L)I))/Z(XC(LY)=STN(X(L))I*COS(X(L)))
S1AVS(TZ=A0)2(SINIX(L))=Xx(L)*COSC(X(L)))
SEAV:AI*D(IJ*(2.*X(LJ*81h(X(L))-(X(L)**E-E.)*COS(X(L))-2.)/
1(2.xx(L))

S3AV=A2aD (1) *22% (3, (X(L)*22=2,)aSTH{X(L))=X(L)* (X(L)*%2=b,)%
ICUSTA(L)Y)I/Z(d, 2 L(L)xx2)

SUAVEAZ*D (1) 4232 (U AX (L) {X(L)*42=6,)*SIN(X(L) )= (X{L)rxl=12,2X(L)
1%x2242d,)*COS(X(L))42d,) /(B 2xX(L)2*3)

SSAVEALXD(I) 2202 ((S,xX(L)224=b0,*X(L)*224120,)&SINCX(L))=XCL) 2 {x (L
1)224=20,*X(L)*224120,)%C0O3(X(L)))/ClE. xx(L)xxu)

SOAVZASKD (1) 2252 (X(L)*(b,2x(L)*#28=120,#X(L)%x*24720,)#SINC(X(L))=(X

L) %2 0=30, 2 x (L) 2204360, 2 X (L) 222=720,)4COS(X(L))I=720.)/(32.2X(L) %25

S?AV:Ab*D(I)**b*((7.*X(L)t*n-210,*x(L)atu+2520,:X(L)*ga-SQuo.)*
ISINCX(L))=x (L) A (X (L) anbmd2, xX(L)*2U+HUd0, 2 X(L)*22«5080,)*COSI(X(L)).
2/7(6d,2x(L)2ro)

SBAVZATAD (1) 2 %72 (x (L)% (B, 2 (L)*x2h=336,0aX (L) *x8+6720, 2X(L)r%2~
140320, )2SINOA (L)) =(X (L) 228=56,2X(L)*x26+1680,2#x(L)*2u"20fo0, X (L)
2**2480320,)2COS(Xx(L))+u0320.)/7 (128X (L)r%x7)

SUSAV=5]1av=852LV=83Av=SUAV=S5AVv=S6AV=STAV=SBAY

AISAV=AlS2SUSAY _

CONTINUE

STEPAV=(X(L)2*2)*FONAYV .

IF(STEPAV,T,175,) GU T0 1S4

SAV=6,*xATSAVAEXP (=STEPAV)/Xx(L)%x»3

SUMAV=SUMAVESAY

IF(ABS(SUNAV/10,.%2¢) ,6T,485(Sav)) GO TO iS4

CUNTINUE -

CONTINULE

IF(K,GT.1) Gu 10 381

TAVETZ2=-(T2=-10)+Sumay

GU TU 382

TAV=TZ7=SUmAV

CONTINUE

FONRNSH 2 LLE AR THETAR(10,226)/7(D(1)%x22)

DO 301 M=1,20

kRD(M)=Mav (1) /40,

RN(HM)=SNGL{rD(H))

Sumn=0,

DO 302 L=1.260

1F(L.GT.29) GO TO 303

X(L)=SNGLOY(L)) !

GO 10 304 . !

X(L)=x(L=1)+P1 'l

CUNTINUE !

IF(k,6T.,1) GL TU 309 . : j”
AISH=(STIN(Xx(L))=XILI*COUSIX(L)))I*(D(I)/2.)#SINCX(L)*+2, 2Rn(N)I/ZDITID),



)

o7
408
409

410
411

uie

413

uis

416

417

418
419
420
421
uze
423
424
42%
426
427
uz8
429
430
431
432
433
414
435
4li6
437
438
439
440
a4)
aup
a4a3
quy

u4s
su6
uu7
4us
449
4so0
4s1
use
453
454
459
456

300

305

302
3006

330
331
301

390

u08

409

aio

FOX(L)=SIN(x(L))I*CAS(x(LIII/RN(H)/X(L)

GO TO 305 231

CONT I nUE
AIS=SIM(X(LI*2.xRN(M)/D (1)) x(DCI)/2.,3/7(X(L)=SINCX(L))2COS(X(L)
IRN(F) 7 x (L)

SINS(TZ=20)*(SIN(X(L))=x(L)=*CAS(X(L)))

SENz=AI 2D ()2 (2, xX(L)ASIN(X(L))=(x(L)A*2=2,)*COS(Xx(L))=2.)/
1(2.xx(L)) . :

SINZA*D (1) 2422 (3 *(X(L)Aa2=2, )aSIN(Y(L))=X(L)2(X(L)2r+2=6,)%
1COS(x(L)))z7(a ax(L)x*2)

SUN=AZxN(T) 4232 (U aX (L) (X(L)222=6,)*SIN(X(L))=(X(L)a*d=12 12X
1242420, )2C0S(X(L))+2U.)/7 (B8, 2Xx(L)*%x3)

SONZAUxVD (1) xadra ((SAX(L)2xlden0,#»xX(L)%**x2+4120,)4SIN(X(L))=X(L)2¢
1)220=20,%x%x(L)*%2+120,)2COS(x(L)))/ (16, ,2xx(L)*xxd)

SONZASHD(I) 2252 (X (L) 2 (6, aX (L) **x8=)120,*xX(L)%22+4720,)xSIN(X(L))~
1L)2x0=30,2x(L)AxU+300 ,xX(L)*22=720,)*COS(X(L))=720,)/(32.%X(L)
SINZAL*D(T)*ab2 ((7,2X (L) %x26«210,2X(L)*284+2520,2X(L)222=5040,)*
JSINCX(L))=X(L)2A(X(L)2aan=d2 ,ax (L) a2xu+BUY *xX(L)x22=-5040,)2xCOS(xX(!
2/7(bu aX(L)x*b)
SBNZATAD(T)*a72(X(L)2 (B 2X(L)*x40=336,0xX(L)*x*x0d4+6720, %X (L) x22=
140320, )*SINIA(L)I)=(x(L)**x8=36,2X(L)**6+1680,xX(L)4x*xU=20160,%X(|
2*x22+400320,)2CUS(X(L))+00320,)/7(128,2X(L)**x7)
SUSH=SIN=S2N=S53N=SUN=SEN=SHN=STN=38N

ATSN=AIS+*SUSN

cCan1INUE

SIEPN=(x(L)*+22)=xFONN

IF(STEPN,GT.175,) GO T0 306

SN2 #AlSH*EXF{-STEPN)

SUMNZSUMNE SN . L
IF(ABS(SuMh/10,226) ,GT,ABS(SN)) GO TO 306 Y
CUNTINUE : _
CONT INUE

IF(A,GT.1) Gu TO 330
TN(H)=TZ=(TZ-TO)*SUMN

GO Tn 331

IN(M)=T1Z=SUMN &

CONTINUE

CONTINUE

CALL TSUFIT(RO TN, A0 AL,A2,A3,AL,AS5,46,A7) 3

AO=SENGL (40) X

A1=S~GL(AL) Z

A2=SNGL(A2) 4
e X

A3=S5NGL(AZ)
Ad=gSnGL(AY)
AS=SNGL (AS)
Ab=SNGL (An)
A7=SNGL (A7)
DU 390 w™M=1,10
INP(M)SA0+ALARNC(MY+A2 RN (M) %22+ AT2RN(M)*x3+AUXRN (M) s 204+ AS*RN (M)
14A6AKN(M) 22+ ATARN(IM)xa7 .

CONTINUE

THETU=STHETU+TRETA

IF(vRIT.GT,0,) GO TG 408

1F(VQUP ., Eiv,0,) GO TO 408

IF(VRRS GT.04) GO TO 4QH

NIz .
CONTINUE #
IF(VRTT.G1.0.) GO 10 409 gt
GO TO 410 hE
CUNTINUE '§§
Z=L4YRTAIHETA £

COGNTINUE

S
.;...'

> '.‘i:.



457
454

459

460
461

462
ue63
a4
465
a66

467
468
469
470
471

472
473
474
a7s
476

477
478

479
480
481
uge

483
a8y

4ys
480

487
ugs

489
u90
491
492

DO (2.*InA31A,02/R0UV)+THETAX1000, 232
D(IY=(I)+0D
C
c THERMAL UTILIZATION
o
THUT=(TAV=10)/(T2=10)
C
C RATIO OF THERMAL DIFFUSIVITY ANV DIFFUSION COEFFICIENT
C
AZAMAMF/(ROMF2xCPMF)
RTIMp=A/D]IFMF
C 4
c AVERAGE APPARENT HEAT TRANSFER COEFFICIEMNT
C
HAPSTP=HAPSTP+HAPP
HAPAVS=HAPSTP/K
HAPINT=HAPINT+ (HAPPO+U , xHAPPM+HAPP)*THETAZG,
HAPAV]ISHAPINI/THETU
HAPPO=HAPP
C
c AVERAGE APPAKENT HEAT TRANSFER COEFFICIENT==CHECK UP
C
HAPCHZDMACPVR (TAV=TAVOLD)®1000,/AREA/(TZ2=TV+DT/2,)/THETA
HAPCHI=RAPCHT+ (MAPCHO+MAPCH)*xTHETA/2,. {
HAPCHO=HAPCH
HAPCTR=HAPCHT/THETU
TAVOLD=TAY
C
o AVERAGE SENSIBLE HEAT TRANSFER COLFFICIENT
c .
HSTEP=HSTRP+H
RAVSTP=RSTIEP/K
HINT=HINTH+(RO+d, ., 24MeR)ATHET A/,
HAVINT=HINTI/ZTHETU
HO=H
c
C ENHANCEMENT FACTOR
C
EFSTEP=HAPAVS/HAVSTP
EFINI=HAPAV]I/HAVINT
C

OLSTP=(T2=-TaV)/(T2=10)
OLSRMSS(VRTI2PPPaTRETU*%23)/(D(I)%x23)
PRINT 25,TVv,TAV,D(I), RTMO,THUT, THETU
25 FORMAT(2X,3MTIVE,EL1U, 7,1 X, 0HTAVE, L 1U,7,1X,SHD(1)=,E14,7,1X,5HRTND=,
SEIU 741X, 50T1RUTS, FI8,7,1X,6HTHETU=,E14,7)
PRINT 20, TN&,F,Fl1,naPP, HAPAVS,HAPAV]
26 FORMAT(EXa'TN£='vE14.7olx.'F:',Elu.7'lxo'81="E10.7o1X.'HAPP='r
C1E1UG, 7,14, "HAPAVSE Y E14,7,1x, '"HAPAVIS',E14,7)
PRINT 24,H,FAVSTP, HAVINT EFSTEP,EFINT,FONAY
c4 FORMAT(2Xx, "0, b1d. 7,13, 'HAVSTP= ,E314,7,1X, 'HAVINT=! ,E1U,7,1X,
1VEFSTEP=' ,ELU 7,1%x, "EFINT=Y,E18,7,1X,'FONAVE" ,E14,7)
PRINT 23,TOLD, VR, 2, KEMNELDT ,HAPCTR
23 FORMAT(2X,SHTULLS, E10,7,1X, 'VR=! ,E1d,7,1%,'2=',E14,7,1%X, 'RENS Y,
S AR1G, T, X, YNk, I3, 1%, DTS, FI0,5,1X, "HAPCTR=Y,F10,1)
WRTITE(7,22)1RUT,PT,VRO,DM, THETU

ee FORMAT(SET1U,6)
PRINT 29,PHN,SCN, SHN, USH, S, 0L, &CN,HAPCH
29 FORMAT(PX, "PRNZY  F10,5, 1%, "SCN=Y,FI0,5,1X, 'SHNS!,F10,5,1X, 'USNS

1',F10,5,1%, %052, F10,2,1X,'0L=',FJ0.2,1X,aCH=",F10,5,1X, 'HAPCH=! !
2.F10,1) "



493
494
495
496

497
ues
499
500

So01
502
503

504
505

S06
507
508

509

510
51t

512
513
Std

515

S1e6
517

518
519

520

521
5e2¢
S23
524
525
526
527
528

529

100
91
55
3u
35
33
27
90

28

80

CONTINUE

Gu 10 33 233

PRINT %5

FORMAT ('O, "1TEXATION CANT bE ACCUMPLISHED HETWEEN THE LIMITS
1THARTIHA', '0")

GO 10 33

ContTINut

PINT 35

FORMAT('0', 'waTER SURFACE TEMPERATUKE 1S GREATER THAN 99,99% (f
{THE SUKRNQUADING TEMPERKATURE', /)

CUNTINUE

PRINT 27,PPP,1Z,R0P,VISP,VISY,VISMB

FORNAY (22,4nPPP=,E18,7,1X,3HTZ=,£14.7,1X,4HR0OP=,E14,7,1X,S5HVISt
118,7,1X,5:HYISV=,L10,7,1%,0HV]ISHRZ,E18,7/)

PRINT 28,VRT,rEMS, DT, EFINT,HAPAVI,HAVINT
FORMAT(2X,dHVRT=,E14,7,1X,5HREMB=,E18.7,1X,3HDT=,E14,7,1X,'EF I+
1,E14,7,1%, "HAPAVI=',E14,7,1Xx, "HAVINT=',E14,7///)

CGNTINUE
STOP
END

ARAKRARKRARE R AR RN RA SN RARAR KRR R ANARAR AR A AR RRA R AR AAAXNNRANKRER AR AR R R &S

SUBRQUTINE PZAS(T,PS)

AXRXAKARRRRARARA AR R AR N AR ARAAR AR RAAR AR AR RARRAR KR RARAR AR R AN AR AN AR R

X=17100,
PS=cCCCeeces, 55318/10000 AX=2,6934527/1000,)xX+2,0153393/7100, )

18,659025/7100,)#x+2,4775634/10,)2%X=5,6080594/10,)*X+1,2567591)%x

2033727)x%X+7,270ub899)2X=5_,0/KH71)

-

PSzexP(PS)/71.01972
RETURN
END

ARARA AR KR AR R AR AR AR AR AR AR KA R R R AR R AR R R AR AR R AR AR A AR AR A AR ARk

SUBROUTINE TEMPL(PPP,T2)
AR AR KRR AR AR R AR R RS A R R K A A A A R A AR A AR R I RARAA KA KR A R XK AR AR AKX RA KRR RRNS

3

X=ALOG(1,01972+PPP)
TZ=(CCCCC((((=8,2924603/10000,/100060,*%X=4,26R5685/710000000, )*Xf
1343731/71000000, )1X+2 20717lc/100000 Y*x=1,7817752/100000,)%X=3,

23484710000, )4x+1,3283773/1000,)%2X+2,12%0827/100,)2X+2, 1077809/10
3X42,3753577)2x427,854242)2%x+499,092712 :

RETURN
END

ARARAARAR IR RARR A AR KA A A AR AR AR R AR RAARRARN R A AP AR ARARA AR RA AR KRR RN AR AALR

SUBROUTINE VVODES(PT,TvV,vvOoD)
KA RARRARAR A PR A AR AR A AR KRR A AR AR AR K AR R R R AR AR A RARR AR A AR R R AR AR RN

A= (TV+273.15)/647.3

S=F1/221.286
Us100,2(5700000,~31221G9,.2424=1999 85/A%x%x5)
WS (U+SURT(1.722UxU+41302926,210,%x210x(85=-1.5007GS*4a)))*»0, 2901171
B=1,05255b2(62.5+3*(13,1026845))/10,2411/(1,510873000060, 4A**111
C= (0 6537154=A)2+2 e
C=Cx(7.241169/7100000,40,7676621%Cxad)
Vvous=0,ul7/wtl-H=(11,39706~9, 909927*A)/100000.
RETURN

41 ¢
‘!'.'q';-:l

e
&

Iy o2
et TRIN e



531

532
533

534
535

536

537
538
539
540
541
Syp
543
544
54%
546
S47

S48

549
550
551
552
553
"S54
555
556

557

558
559

560
561

Se62

563
Se4

234

AAARRRRR AR AR R R AT A 2 AR S A A AR PR AR R AN AR R A AR R AR AKX AR A AR AR A AR A S AR R KRR A2

SURROUTInE SEXPV(TZ,PV)
AR AR RA AR R F AR AR IR R R AR AR AR A A AR AR AR R A A R R A A A A A R R A R AR A RS E R R KRR R R AR

X=72/7100,
Pyv=(((((((=2,4E9000/10000,%X+3,15653371000,)%X=1,5087R829/100, )X+
1.3058506/100.)*X-3.8607559/100;)*X#|.107610°/10000.)*x-l.OUlejS/

2000,)*x+6,5905064/710,)xX+1,2602044

LY

RETURN
END

Tk FFATARARAARAREARRR RAARSFARRARRARRKREIRRE kX %k %X hpk Rk KhkAk&k 2

SUBRUUTINE CPVOD2(PT,TV,CPV) -

ARR AR AR A AR RN AR A AR R R R A AR A AR A AR AR R A A A AR R A A R A A R A AR A R R AR AR AR R AR R Ak R

X=1v/100,

Y=Pl1/100,

2=xx%S

CPV=1,/7(Y42.)40,0212Y-0,24927
CPv=CPV2(0,03242+(0,003204+0,026%12%xZ2+7/100000,))
2=(((=1,10004552xx44,837205)ax=24,20R803)+X+33,44u712)*xx+30,72526
CPv=2xY/1000,+CPV

2=(((2.2599852x=7 ,403256)%xXx+19,097088)xX~-13,04363)%x+419,62594
CPv=2/1u0,1CPV '

RETURN

END

RXR AR KR RA AR AR R X AR AR R AR R R R AR R AR A AR KRR IR R R AR R R AR R IR R A A AR AR A AR A 2t

SURRQUTINE CFPAR(PT,IF,CPP)
ARERARRARA KR KA AR A AR AR KRR RAR IR RRAR AR RRR R K AR AR ARA KA KRR RRIRRE

X=(TF+273,15)/247.3

S=PT/221.24n
B=1,00832872(1.,55100~5/2,)2Xx2],82/10000,=-5,09846846/7100,/X*23 B2

C=(2.010378%5%(17,722/4%85=11,%Xx23)/1000,=0,2057615)/x*¢15
D=22128.,703%2 (4254 (C~1,53298Ue/x*x+33/1000,)%x5%x%x3)
CPP=(1109,86U8=L+x2(=16,110723¢X2(221.,29742=-X%52,106736)))7647,3
RETURN

END ‘

AR R R R AR R AKX A A A R AR R AR R R A R AR R A AR R AR AR RN R A A AR AR AR AR A A AR AR R R KRR AR A Nk k

SUBROQUTINE SEXI(T,ENTA)

RRAKKRARAR R R A AR A AR AR AR AR R KRR R AR AR AR KA AR R R AR A AR R A ARSI AR R AT TR R AT R AR R

X=1/100,
ENTAS((C((1,0265952%Xx=9,430750G)4aX427,974559)*xXx=U3,077818)xX+¢15,7

19571)*x+181, SUbbb)*x+2500 6256
RETURN
END

KA AR RAAA AR A AR AL AR R A R K A AR AR A R R AR AR IR T RN AR AR R T AR I AR KA A A AR AR ARk

SUSKOUTINE PRIMIT(T.ENTA)
ERAAIRERIARR P A AR R A A KRR R AR P AR R AR AR R AR R A AR AR R AR R KA KR AR XARARAAR KRS

X=T/100,
ENTAS((((((((2.7603765/10,2X~3,9629U82)%X+23,865162)*Xx=7R,226638)
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Sy

"y

565
Seo
567
568

569

570
571
S72
573
574
5715
S76

577

578
S79
580
581
582
583
584
585
586
587
588
589
590
5914
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613

OO0

(s NeNeNe]

79

20

21

2e

23

V)RV
—

. A=Y

1X+4151.,59421)%x=175,79053)=x+120,80923)*X=Uu,51963R8)+x+025 1734
2-7,4554093/100,

IF(T=-350.)2.,241 235
ENTASENTA+0 ,38BT7392EXP(0,2255%56%(T-350,.))

RETURN

END

ARERK AR E R AR AR AR R AR AR A R A R R A A AR AR AN AR AR R RN X RN R A XA A A AR AR KR AR R ),

SUBROUTINE AmMDA(P,T,VLAMB)

AARARARKARAR AR R R R AR R AR R R R R AR AR AR AR AN A A AN R A KA A AR AR R AR KNI R AN N Koy

X=1,+717273.15

CALL PZAS(T,PS) _
VLAMB=(((0,29323=0,071693xY)2xXx=0,3R929)xX+0,1656)%x(P=PS)/10000¢
VLAMH=(VLAMB+(((S,15364x=20,012)*X425,186)xX=9,473)/10000,)*(P-
VLAMB=VLAME4+(((0,52577=0,073884X)»Xe] HUO07)2X+2,83985)xx=1),92245
RETURN

END

KR A KRR KRR AR A AR AR AR KR AR AR R R AR AR KR AR AR KRR R AR AR KR AR R AR AR AR AR AL IR n 2

SUBROUTINE TRANER(BI,X1)
TRANSCENDERTAL FRAUATION SOLUTION == TAN(X)+X/(BI=1,)=0,==HALF .

INTERVAL SEAKCH METHUD
********‘*****************att**t**t**tt******tt*t**t******t**tt

IMPLICIT REAL*B(A=-H,0=2)
DIMENSIUN X1(20)

c=bl-lo

PI=3,141592¢535
IF(VA3S(C),LT.0.005) GO TO 79
CONTINUE

00 13 I=1,20

IF(DABS(C) LT,0,005) GU TO 21
IF(31‘1.)20'21'22
A=(J=1)*P1+¢,000001}
B=(2xl=1)*Pl/2.
EPS=0,00001*(248)/2,/7(1,+81)

"
-t

PR
4
i

GO 10 23 ‘ -
Y=(2*1=1)2rF1/2. a
GO TO 25 i

PI=3,1415926537
A=(2x]=1)2P1/2,
B=14P]=0,00001
EPS=0,0001x(A+B)/2,./7(Bl=1,)
FASDTAN(A)=A/(1.=BI)
FRzUTAN(B)~H/(1.-81)

k=0

KSK+]

Y =(a+B)/2,

TA=DTAN(Y)

Cx=y/sC

F=T144CX

IF(F)12,10,11
IF(F+EPS) T, 10,10
1IF(F=EP53)10,10,3
IF(FxFA)S,Er0

8=y

FB=F . H
60 10 7 3

FA=F




6l
615
616
617
618
619
620
621
622
623
624

625

626

627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
éud
645
646
647
6u8
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666

25
95

- 10

13

s NaNe!

sEeEeNaNe]

408

409

415

4190
451
453
usy

GO TL 7 .

PRINT 9

FUORHAT(14H4A 1S TRUE KOUT) 236
GO T {3 :

PRINT 9H,Y
FORMAT(1UXx,5HX(L)=,F15,8)
GU TU 13

CUNTINUE

x1(1)=y

RETURN

END

AR AR A AR A K AR AR AR A R A A A R A AR A AR A A AR R R R AR A R AR A R AR AR R AR R AR A ANk ko -

- SUBROUTINE VELODDD

RARRRA KRR A AR AR R A A A R A R A A AR A A K AR KR R AR R R A F R AR AR KR A AR A AR AR AR AR K

NUMERICAL SOLUTION OF THE BEGUATION OF MOTION FOR A DROPLET MOVING

DOANwWAKDS RUNGE==KUTTA TECHNIQUE

COMMON K, VET,NE,VEK, ZRK ,ROMH, VISMB, G, N1, NM, NN, THETA, VINE, VDUP,
ISURFT’ROV'D. VRO;I,VR'Z' THETU'VRRS

DIMENSTION D(20)

IF(R=31)a0B,d08,4009

VR=VRO

=0,

GO 10 410

IF(nE,LEL2) GO TO 415

VREVRRK

Z=2ZRK

GO TU 410

VRRK=z VR

ZRK=2

IF (VRKU=VRT)usl,uR2,453

IF(vrR=VRI)u54,452,452 -

IF(VR=vKT)UubH2,u52,454

CUNT INUE

REOVUEVRAN(I)*ROMEALINDO00,/VISHE

CALL COREINI(KEV,CDCDR)

PROD=3000,2RUM2VR22/(d *D(]1)2ROV)
CKU=G=PROD£CDOCDR
REI=S(VR+CKOATHETA/2,)20{])*xROMAX%10000, /VISNMB
REMI=(VR4CRURTHETA/4, ) *D (] )*xk0NB%16000,/VISHB

CALL CDREIM(RED,CDCDR)

PROD=3000, #ROMBA(VR+CKOATHETA/2,)2%2/ (U, 2D (1) 2ROV)
CKI=G=PRUD2COCOR .

CALL COREIN(REMI,CDCOR)

PROD=3000, *RUMb* (VR4CKURTHFTA/L, ) %22/ (U, xD(1)2ROV)
RE=(VF+LKIATHETA/2.,)2D(1)*ROMB210000,/VISME
REM2=(VR+CnI=THETA/Zd )20 (1) xKOMKAL00U0, 7V ]SMB
CnMy=G=-PRUD:CNDCDR

CALL COREIN(REZ,CDRCOLR)

PROD=3000,*RUNRA (VRACXIATHETA/2, )2 %2/ (4, xD(1)2R0OV)
CKe=G=PrDxCOCDH

CALL CDREIN(rEMZ,CDCUR)

PROL=3000, #kuMAL (VHECRMIATHETA/ZL,) %22/ (8, %D (] )*xROV)
CKM2=G=PROD*CNCOR

RES= (VR4TK2=THETAIND( 1) +ROMB %1 0000, /VISHR
REM3I=(vr4CKM2ATHETA/2,)%D(]1)2ROMB210000, /VISHE
CALL CUKEIN(WKEZ,COCDR)}

PROD=30G0 qxnliBa (VRECKZATHETA) %2/ (L2, D (] )AROV)
CK3=G=PRUD*COCLDKR ‘



667 CALL CDkEIN(xEM3I,COCLP)

668 PROD=300D0, xRk OMBR (VRACRM2xTHETA/2,) %422/ (il 2D (1) 2xR0OV) 237

669 CKMI=U=PrRUGD2CDCOR

670 Z1=syR=v]InF

671 VRM=VR+ (CKU+2,2CKM1+2,*CKM2+CKMI)*THETA/Y 2,

672 I2=VRmM=VINF

673 VR=VR+ (CkQ+2.2CX1+2, *CK2+CK3)*THETA/6.

674 23=VP =V INF

675 2=7+4(Z21+4,%x72+73)*THETA/s,

676 GO Tu 4us

677 452 VR=VRI

678 IF(K=1)4db8, ubB 469

679 us8 TIME=Q,

680 =0,

681 GO TU d47v

682 469 IF(nNELLE.2) GO 10 475

683 TIME=TIHEC )

684 2=2C

685 GO 10 470

686 475 TIMEC=TIME

687 iC=2

688 470 TIME=TIME+THETA

689 222+ (VR=VINF)2TIME

690 405 CONTINUE

691 RETURN : "

692 END o=
c . 7
¢ =
c t*lti*ttiitik*ittt*lit*kt*ttt***iti**i****i*****t*t*t*tt**tit;ﬁtﬁ;

693 SUBRQUTINE VELDUP E%
C tt***t**#***ttt***i*i*n*t*t*a*i*i**a#t***t**it****i*t*i*t*t*iii
C NUMERICAL SULUIIUN OF THE EQUATION OF MUTION FOR A DKOPLET: Movn
C UPwWARDS RUNGE==RUTTA TECHNIWUE g
c . a,

694 COMMON X,VKET,NF,VFRK,ZRKk,ROMl,VISME,G,N, NM NN,DT,VAIR, vno.SURFh

 {RUV,D,VRU,1,VR, Z, THETU, VRRS ﬁg

695 DIMENSIUN D{20) T“'@'

696 IF(K-I)QOB.UO&.UOQ )

697 408 VR=VRO

698 2=0, .

699 GO 10 410

700 409 IF(NE,LE.2) GO TO 415 : e

701 VR=VRKK : o

702 ‘2= ZRK o

703 GO TU 410 h

704 415 VHRK=VR

705 ZRK=27

706 410 CONTINUE

707 REQO=VR*L(1)220MH2100060,/VISMB

708 CALL CDREIwn(KEU,CDCOK)

709 PROUZ 3000 . *HUMBAVRa22/ (L8 ,xD(])2ROV)

710 IF(VAIR=VYHT)&EU, 61,060

711 61 VAIR=vVAIR=0,001

712 60 IF(vOoO,.LT,VAIR) GO Y0 210

713 IF(N,LT,.1) GU TOU llb

714 GO TQ 16

715 116 CONTINUE

716 IF(NK,GT,1) GO T0 201

717 GO T0 151

718 210 NM=NM+1

719 2ul CONTInNUE



rev

721
722
723
724
725
726
727
728
729
730
731
732
733
73u
735
736
737
738
739
740
741
742
743
744
74S
746
747
748
749
750
751
752
753
754
758
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782

151

16
17

18
19

120

20
21

122

ee
23

124

24
25

120

26
27

128

LU U 16
CONTInNUE

CKD_-(u+PQUU*CDCDR)

GO0 10 17

CrUz= G=PrUDACNCDR
KEI=(ViR+4CA0+DT/2,)20(1)*kUMB%10000,/VISHE

REMI=(VR+CKO*DT /4,320 (])ak0OMB210000,/7V]ISHS
CALL COREIN(RELICDCOR)

FrOD=30G0,* (VR+CKOADT/2,) %22/ (4, xD(1)*ROV)
IF(n,LT,.1) GU 70 118

GO T0 18

CONTINUE

IF(WM,GT,0) GO TO 18

CKi==(GtPRCDxCDCDR)

GO T0 19

CKRl= G=PROUACOCDLR

Call., CUOREIN(REMLI,CDCDR)

PROVD=3000, # (VR+CRO*xDT1/78,)x22/(8,2D(1)*ROV)
IF(N,LT,1)G0 TO 120

GO 10 20

CONTINUE

IF(NM,GT,0) GO TU 20

ChMiz=e (G+PRUD*COCDK)

GO 10 21

CxMiz= G=PROD2CDCDK
REZ2=(VR+CKI120T/2,)%D(]1)*ROMB210000, /vlsms

REM2=(VR+Cx1#0T/4,)*D (1) xROMB210000,/VISHMB

CALL COREIM(®EZ,CDCLR)

PROD=3000, 2 (VR+CRINDT/2, 1242/ (U xD(1)xROV)
IF(N.LI.‘] GU T9 122

GO TL 22

CONTINUE

IF(nM,G1,0) GO TO 22

CK2==(G+PROD2CDOCLR)

GO TO 23

CKkez G=PRUV*COCLR )

CALL COKEIN(KEM2,CDCDR)

PKOD=3000, *RuMB A (VR4CKMIADT/4,) %227 (4, 2D (1) %R0OV)
IF(N,LT,1) GO T0 124 .
GO T0 24

CONTINUE

IF(NM,GT,0) GO TU 2u

CKM2==(G+PKOD»CDCDR)

GU Y0 25 -

CrMR2= CG=PKOUD*COCDR

RE3=(VR+Ch2#TT)2D(1)*RUMB210000,/VISMB
REMI=(vK+CKkM220T/2.)*D(]1)xROME210000,/V]ISMB
CALL COREIN(FEZ,CDCDR)

PrROD=3a0v0, *hUVH*(VK¢CK5*DT)*t2/(d.tD(I)tROVJ
IF(n,LT.1) Gu TU 126

GO TO 2o

CONTINUE

IF(NM,GT,0) GO T 26

CKI== (+PRODCDCDHR)

60 TV 27

CK3= G=PRODCDLCOR

CALL COREIN{RE»3,COCDR)
PROD=3000,2R0MEBx(VR+ChMExDT/2,) %22/ (4, *0(1)4RIV)
1F (e, LY,.1) Gu TU 128

GO TO ¢4

CONTINUE

IF(tin,G1,.0) GO TU 28

CKM3z=e (G+PRUDACHLCOR)

238




e

785
784
785
786
787
788
789
790
791
792
793
794
79S
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
B11
81e
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
B31
832

833
834

835
836

837

26
29

130

51

132

71
53

112

134

72
35
56

145
73
a3

102

101

LU 11U ¢Y
CKkM3z= G=PKUIDACICOR
CONT [ nUJE 239
IF(u, LT, 1) Gu TOU 130
60 T 7
CONTINUE )
IF(N2,GT,0) GO TO 7
ZITVH4vVAIR . .
GO TU 51
Z1=VAIR=VR
GO TL 51
VRM=VvR+ (Cr0+2 ., *ChM142,*2CKM2+4CKM3)xDT/ 12,
IF(N,LT.1) Gu TO 132
GO 10 71
CONTINUE
IF(uM,61,0) GO 10 71
Z2=VRM+VALR
GU TU 53
Z2=VAIR=VRM
GO TO 53
CONTINUE-
VR=VR4 (CKU+2,xCK1+2, *CK2+CK3)aDT/b,
YRRE=VH
IF(vR,LT,0,) GO TO 112
GO Tu 1t :
CUNTINUE
VRZAHS(VK)
CONTINUE .
IF(Nh,LT,1) GO TO 134
GO 10 72
COnTINJE
IF(nM,GT,0) GO TO 72
23=VR+VAILIR
GO 10 35S
Z3=VvA[R=VR
GO TO 3%
CUONTIHLUE
=2+ (2142 ,272+475)xDT /06,
CONTINUE
IF(u,LT.,1) Gu TO 145
GO TU 73
CUNTINUE
IF(nM,61,0) GO TO 73
VODSVR+VAIR
GO Tu 4t
VD=vaA]lR=VR
CUNTINUE
T=THtETU+DT
PRINT 102,Cxu,CK1,CK2,CR3,REQ,RE1,RE2,RE3,M, N, NN
FORNAT (1 X, aHCRD=pF10,5,1%X,4HCKI=,F10,5,1X,4nCK2=,F10,5,1%, dHCK£;
110,5,1X, hrxENT, FS .1, 1X, UHRE1Z,FS,1,1X, dHRE2=,FS,1,1X, UMRE3=,F5; “
21x,2HM=,13,1%,2HN=,13,1X, 30NN, 13) *.ﬁf
PRINT J01,T,VR,Z/VDIVRHE,21,22,23,CUCDR,NM S &
FORMAT(10X,20T=,F5,2,5%X,3HVR=,F5,2,9X,PH7=,F5.2,5¥%,35VvD=,F5, 2,2h

X
By

A

e

1SHVKRS=,F9,2+2X2 3HZ1=,F5,2,2X,3HL2= :F5 2e2%¢e3H23=,F8,2. ’X'hHLch:
2,FS5,1.1%,3HNMZ,13) i
RETURN z
END

***t***rt**aﬂtﬁ*t**t*ﬁa**ttt*ttit**tt*tt****tt**ti**tt*ikt**

SUBRDUTINE CDREIN(REL,CD) o 4 :
***i**t**i*il***i*i**********i***tl***ti*thi**t********tt***** :



-

838

839
8u0
841
g4e
843
84y
8us
84e
8u7
gus
8u9
850
851
852
853
854
855
856
857
858
859
860
861
s62
863
8ol
865
866
867
868
869
870
871
872
873
8174
875
876
877
878
g7¢
880
881

882
- 883

§84
885
886
887
eés
889
890
891
892
893
894
895
896
897
89d

20

25

26

50

240
CuMmyun K, VRT NESVRK, ZRA, ROMB, VIS*B, G, NI/ NM, NN, THETA, VINF, VDUP,

I1SURFT,,RIV,0,vRO,I,Vk,2,TRETU,VRRS

DIMFNSIUN D(20)

REI=AUS(RET)

S=OMH*SURF T2 23210, 222K/3/vISMUr*Y

DELRUSRUGV=KROMA

DSTARSLU,*B(T) 2 ((KUMBEA*2) 26210, x22/VISHMuxx2) xx (], /3.)
DSTarliz=t1, 21/ (DELRU/RU43) 2% (1,/3.)
DSTA2A=70.U*(DELRO/RbMﬂ)ta(-l.lj.)*(Silo.t*(-IEJ)**(-o.111)
DS1226=30 8% (DELRO/PUME) &2 (=1,/8,)%(S*10,%xx(=12))ax¢ 0,111)
DSTA3A=122 *(VELKRU/MUMBE) 2% (=0,535)* (S*10,%*(=12))2x(0,275)
DSTAZBZS00, 2 (VELRU/KCME ) xx (=0,535)%(S%10,22(=12))2+(0,0367)
DSTARUZ 160, * (DELRA/FUMR) 22 (=0,487)x(S*10,x2(=12))2x(0,114)
REAZQT74, x(S#10,22(=12))22(=0,192)

RE2H=230,2(S+10.,%x2(~12)) 220,192

RE3A=2280 A (VELRO/RUMA ) x 2 (=0 ,303)*x(Sx10,*%(=12))a%x0_ 3IRB
RE3H=T710i) 2 (VELRO/RUMK) 24 (=0 ,303)2(S210,xx(=12))2x0,03
REU=3190,s (DELRO/ROME ) xa (=), 1T73)2(S*10 ,xx(=12))%40,18
RESz=d470,x(DELAEU/ROME) 22 (=0,238)2(S210,2%(=12))#%0,232
DMaxS=228 # (DELRO/RUMB) 22 (=0,5)x(S2]0, 2%x(=12))22(1,/6,)
COMAX=U,752 (DELRU/ROMR) 2% (=0,0232)%(S2x10,xx(=12))%x20,036

T RSTAMEZ 2732 ((DELRU/KOMB)xSx20,05)%x20,262

BMAXS=RES/DYAXS
WSTARL=REU/DITARY
WSTASAZREIA/DSTAZA
nSTAE=RE SR /LSTEAD
wSTA2AZRE2A/DSTAZA
wSTA28=RXteA/70STACH
ASTARI=U, I/DSTAPl
DST=0MAXS
A= ,DB8=(1,/29,54)xaL0G10(S2x*x0,5/(DELRDO/ROMB)*x10, tt[ -3))
IF(RE1.LF,0,5) RO T0 10
IF(S,GT. U4, 210%212) GO Tu 20
IF(REI.GT.REZA)UO T0 2%
CO=(ou,/REL)2(1,40,150xkRE14a%x0,687)
DS1A4z (3 xRE14 #2400 xRUME/ (U, 2DELKO) ) ex(1,/3,)
vSTAS(u aREIADELRO/ (T, 4CORROME) )2x(1,/3,)
GO TO 210
CONTINUE
IF(RE) GT . &E2B) GO TQ 26
CO=(2U,/RE1)* (1, +0,150%xFE1%x%x0,6H7)
DSTA=(3 . akE1x222COrRUMEB/ (U ADELRO)I*>(Y./3,)
WSTAZ (4 *RET*DELRO/ (3, 2xCUxROME) )22 (1,7/3,)
GO TUL 210
CONTINUE
IF(RE1.GT,RE2A) GO TO SO
CO=0,ubs($210,22(=12)) %0, 05
USTAS (3, xKE1*2x2«CDxRUMS/ (U xELKD))%x2(1,./3,)
WSTAS (U *REJ2DELRU/Z (3, %xCOAROMB) ) %% (1./3.)
GL 100 210
CUNTINUE
JF(REST BT ,RE3B) GO TUL 50
CO=0,74(5%10,24(=12))2a2(=0,05)
DSTAS (3 +RE1*2#+COAROME/ (A, xDELRO) I *%(1.7/3,)
wWSTAz (8, +REIADELRU/ (3. 4COARUME) ) =2 (1,/3,)
GO 10 210
CO=248,/KRE1
DSTA= (3, *KE1#224xCO*ROMB/ (U, 2DELRO) ) =% (1,/3,)
WSTAz (L, *RE1*VELRU/ (3, 4COxROMB) I 22 (1,/3,)
GO 10 210
CUNTINUE -
IF(RE1.,GT,REU) GO TU &0



899

500
901
902
903
904
905
Q06
907
908
909
910
911
912

. 913

914
915
916
917
918
919
920
921
922

923 -

924
925

926
927
928
929
930
931
932
933
934
935
936
937
938
939
Q40
94y
Q42
Q43
S44
945
946
947
948
949
950
951
952
953
954
955

60

70
i

12

210

DSTA=(REL/Z (4, 5A(DthU/HuﬂH)ﬂau 38&*(5*10 xk (= 18))**0 0323))*»(}
11.29) 241
WSTAZDSTAa#2),29+d ,S2(DELRD/KOMB)*x20 3882 (S*x10,22(=12))1240,0323
CO=u.06570+D5TAx*x0 a2 (DELRU/ROMB) x %0, 22Ux(S%x10,,x»(~ 13))*¢( 0.¢
GU TO 210

COMTINUE

IF(KEY1.GT . ®ES) GG T 70

wSTa=19,96* (SELRU/RUME) *x0, 2624 (Sx10,4%x(=12))%x0,04654
ODSTA=NE]/nSTA

CU=0,00835x (LELRQ/ROUMB) %20, 4772 (S*10,xx(=12))%x2(=0,131)2DSTA
GO 13 210

CUNTINUE

GR=U ,*DELRO*NSTa23= 2E1222xRUMR* (Ax(NDST~DMAXS)+CDMAX)
GRPRIMZ12*DELRD*DST 22«3 xKE12x2sHOMR2A

DSTNZUSTI=GR/GRPRIM

IF(ABS((08STN=-DST)/DST),LT.0,001) GO TO 12

DSI=DSTN

GO TU 11

CO=COMAX+A2 (DS THhe=DMAXS)

WST=SWRT(U, xCELRO*DSIN/ (3, xROMBx (Ax (DSTN=DMAXS)+CNDMAX)))
DSTA=DSTN

WSTA=WST

CONT [NUE

RETURN

END

AEA AKX AR ARKER AR XA KA KRR R AR AR R A AN AAARRAAAT A RN ARSI ANARRR I ARARNIANAE RS,

SUBROUTINE TSRFIT(XY,Y1,40,A1,A2,A3,44, AS,Ab A7)
**i**it**i**kﬁ**tii!**ﬂttttt***ittt**it*tt*ktt*t*t*******ltii**l
IMPLICIT KEALAB(A=M,U=Z)

DIMENSION A(10,20),2(20,10),Y(20,1),X1(20),Y1€20),% (10}, IR<101.
11€(10),C(10410),R(20)

N220

M H . '.";'T',
0V 1 I=f,N | =
AC1,1)=1. -
A(2,1)=x1(1) iiyﬁ
A(3,1)=x1(1)%e2 -
aCu,I)=X1(J)ax3 ’ -‘?f
A(S,1)=X1(1)x%d - i3
A(b,1)=x1(1)%%5 7 .
A(T,1)=xX1(1)**0 ) .;
A(B,1)=X1(1)ax7 - ?3
DO B J=1,M . n
B(1,J)=4CJ,1) ) Jg
Y(1,1)2Y1(1) | -
CALL MAMP2u(A4,10,20,8,20,10,M,N,M,W,10) N
DO & 1=1,4 P
00 o J=1IM :i
C(l,J)=n(l,J) . i
CALL MAMPRD(AL,10,20,Y,2001sMyNelen,19) ve

CALL MINVRD(C,10,98,DET,IER,1IRK,1C)
CALL HMAMP2D(C,10,10,Y,20,1 oM eMp1,%,10)
PRINT 3,(Y(1,1).1I=1,»)
FORMAT(9E13,5)

AO=Y(1,1)

Al=Y(2.1)

A2=Y(3,1)

A3=Y(4,1)

Auz=Y(5,1)

£5=Y(6,1)

Ae=Y(7,1)




956
957
658
959

960 -

961
902
963
qod
965
966
967
968
969
970

971

972
973
974
975
976
917
978

979
980

9861
982
983
Q8u
985
986
987
988
989
990
991
992
993
QQu
995
9%6
997
994
999
000
0014
002

003
00u
005
006
007

A=Y (¥,1)

RKuUu=o0

SSk=u, -

00 4 J=1,n

YF=0.

00 § J=i1.,#M
YFSYF+Y(J,1)+¢0(Jr])
R{I)=y1(l)~YF
RusRuU+k(])
SSR=ESK+RIII*R(T)
PRINT 10,1,Y1(1),YF,R(1)
FORMAT(110,7815.7)
CONTINUE

RETUKN

END

KER KRR ARR R KA AR A A IR AR AR AR KA RR ARSI R AR A RRAK AR XTI AR ARk ke ARkt R Ak
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SUBKROUTINE VISASM(TF,RF,RUPF,V]ISMF)

AAA ARSI R AT AR I 2R 22 AR R R A AA R AR K AR R AR AF T AR IS A AR AKX IR AR Rt n g Rt AT RRAR ARk~

VISPF=&0,4+0, 4072 TF=RUPF2(1858,-5,9*TF)/1000,

VISVF=173,640,454%TF

FI112F=0,3536/59KT(1,40,6222)+(1,+4SART(VISPF/VISVFIx] 12593)*x2

FI21F=0,3536/5URT(1,+41,6071)2(1,
VISMFzRFaVISPF/(RF+4(1,=KF)&F]112F )4 (1, ~RF)=xVISVF/(RF2FI21F+1,=%F)

RETURN
END

EXRRXRKR AR AKAR AR AR R R A AR R AR R AKX AR AAA R AR R ARNKR R AR R RAR R A KA AR AR ARR AT XA XK

4SOURT(VISVF/VISPF )0 _RRAT1L) 222

SUBKOUTINE AMBASH(TF ,WF ,CPNR,CPO2, CPAR, AMENF)

i*li**ti*f*ttt’*iittii*t*tfﬁ**tlt*************'kt****t**itit*ti*1'.*'
AMGPFZ0,017645.37/100000,xT1F+1,04/10,*«72TFxTF=0,4512TF*TF*1F/10,

1x11

KMN2=28,02

wh02z32,

wMARZ 39,90
TRNP=(TF+P73,158)/126,1
TRU=(TF+273,15)/154,.4d
TRARS(TF1273.1%)/1b51,2
SIN2=1.b735/7100000,
slyue=1,3937100000,
SI1AR=1,272/7100000,

CPNPzRT7210, 46, 1872 (TF4275.15)

CPUP=3UrPS.t1.,08N2x([F+273,15)=78586,%10000,/7(TF+273, 15) %22

CPAR=20&LE,

Cvne=(CPNR=H318,.)/wMI2
CV02=(CPUR=A315,)/7vM0e
CVAKRZ (CPAR=1IIS, )/ nMAR

VISNZZE 1793 (4,502 T1RN2~1,067)*x(5,/8,)/5IN2/10. *ill
VISOZ=HR, 17528, 588 1R0.2=1,07)2x(5,/0,)/785102/10,**}1
vstn:d.17S*(U.bh-1W$R-1.67)**(%./B.J/SIAR/10.*r11
AMBIN2EVISAN* (1,32*CVH2+4S05 104, 6/TRN2)
AMRO2=VISUR? (1 .32xCv02+ubL ,8-91,59/TR02)

AMAARZZ SavISAHsCVAY

AMBVES (0, 7ha(avh23 201 /3, ))2AMBN2+0 . 212 (wH02 (1,/73,))44080240,01>
JANMARRR (1 /3. ))AAMBAR)Y/Z (U, 708 (witn2ax(1,/3,))40,21¢(wM02%x4%(1./73.))1

20,01 a(wMewxr(1,73,3))

F112L=0,3536/56xT(1.40,6222)# (1, 4+SURT(AMBPF/AMBYF )2 1,12503)442
FI121120,2536/7SURT{L 41,6071)%{1,489RT (AMHVF/AMUPF)&Q HAB1U)*x2
AMEAME = RF*AV“Pk/(kk#(l.’hF)IFIIPL)+(1.-RF)'ﬁMﬁVF/(RF*F121L+1.’R')

RETUMN
END

~ =T

R e

Hl




———

1RF)*0,21/70,7794+ (] ,~xF)*U,01/0,7503)

C

SENTRY

243

*i*i***tit*i*t*!*‘*tﬁitﬁit*titl***ittﬁt**t*ttl*!tlt*tt*ttttltﬁg‘

SUBRUUTI~E

DIFASM(TF ,RF,0O1FMF)

iitkttﬁﬁili**k!i**kiitt*’i*ﬁ*ii*i**it!****tiﬁ**********i*i**it*‘

DIFMF=(1,=HF )2 ((TF4+273.15)2%1 ,B1)/10,%+97((1,=RF)*0,78/0,7577+(y

RETurH
END
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APPENDIX H

THE AIR ROTAMETER CALIBRATION CURVE



The linear least square fit of the third order gave

values of the coefficients

Y = - 0.49282 + 1.7852X — 0.28669X% + 0.0638X°

where X - rotameter reading
Y - flow rate [2/s].

The error variance was less than 1X.
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Figure Hl. The Air Rotamerer Calibration Curve
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APPENDIX I

THE HUMIDITY CALIBRATION CURVE
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APPENDIX J

FEED WATER THERMOCOUPLE- CALIBRATION CURVE
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Figure J1. Feed Water Thermocouple Calibation Curve
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APPENDIX K

THERMISTOR AND RECORDER CALIBRATION CURVES
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The least square fit through the measured values gave

the following values of coefficients:

a) Thermistor 1
T = 140.15 - 0.24765R + 2,4901(R/100)% - 0.11235(R/100)>
+ 0.0019093(R/100)% , [°c]

where, R - thermistor resistance, [Q].

The error variance is less than 1%,

T = 0.12864 - 0.081275(CHP) + 0.022249 (CEP)2
- 4.2562'10'4(CHP)3 + 2.9725-10'6(cm’)4 , [°C]

where, CHP - percent of chart reading, Z.

b) Thgrﬁistor 2
T = 143.77 - 0.21354+R + 1.7122(R/100)% — 0.067465(R/100)°>

+ 0.0010052(R/100)* , [°C]

.

T = 16,423 - 0.18619(CHP) + 0.22464-10 L (cuP)?

- 0.343941073(cip)3 + 0.21776-107° (cap)

.....

Gt el St s T
s P
E%ﬁ 3 MO g o

ﬁ L tide ) T o
EAEE N EA SR IanC o fR P \ AN

ot &
ST
IR

A
R




TEMPERATURE (°)

40

10

o

90

80

70

60

S50

30

20

253

© MEASURED
& FITTED

. Figure K1. Thermistor #1 Calibration Curve
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Figure K3. Thermnistor #2 Calibration Curve
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© MEASURED
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Figure K4, Recorder Calibration Curve for Thermister #2
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APPENDIX L

DATA OF EXPERIMENTAL RUNS FOR SINGLE DROPLETS
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TABLE L.1

[ 2 d
Bh H ] . 1
q — o o 3 '9' .
§ 4 g S8 Ho 32
& %_‘ 4 fe &8 Thermal Utilization 6 [X]
ol Eﬂ! FS I g’) -
a 38 48 4
weg 88 5
J | ¥] -
R 3 Predicted 10 20 30 40 50 60 70 75 8 90 95
1 2.6 47 15.8 191 5.5 13.5 23.5 33 43 52 66 70 74 89.5 96
2 2.9 47 16 191 6 17 33 57 57 671 75 78.5 83 93 98
~& 3 2,9 47 16 191 6 12 25 51,5 51.5 63.5 73 77 81,5 91.5 -
-4
4 1.9 47 16,2 191 § 8 21 3 55 55 64 71.5 75 79.5 91 96
1]
5 2.5 65 17 140 .g 6.5 18 28,5 48 48  67.5 73.5 78  80.5 89  94.5
- [\)]
6 1.4 66 17.5 140 5? 5 18 30 57 57 66 74 78 81 92  97.5
7 2.5 31 16.9 258 7 20 3% S50.5 50.5 57 64 68 72 81 87
8 2.1 24 16.7 360 3,5 13 26  49.5 59.5 58 - 67 73
9 2.7 33 19.2 691 8 20 35 61 61 68.5 76 79 82.5 89 92
10 1.4 36 22.5 199 4 14 23 50,5 50.5 70 80 8 90 94 96
11 1.6 52 20 108 2 8 21 39 39 51 64 72 8  91.5 93.5

N .r'.': - .'-,'l.-'.t 4 .:" s ‘.:":.’\‘_ .
\'%’é;&t; ‘a&}?gi‘g&*ﬁa‘mﬂ-&w e

862




TABLE L.1 (Cont'd)

10 20 3 4 50 60 70 75 8 90 95
12 1.9 52 18,7 108 6.5 21.5 37 51.5 58.5 68 75.5 78 8l 87 93
13 1.7 53 19.8 108 8.5 20 34 46.5 57 69  76.5 81  85.5 91.5 94
14 1.6 53 19.3 108 2 9 21 33 47 .60 70.5 75  79.5 87.5 92
15 1.7 53 19.5 108 6.5 18 35 47.5 57.5 69 77 80  84.5 90  92.5
16 2.9 17 18.1 376 5,5 13 22 33 5.5 52,5 68 71 77 88 94
17 2.5 18 18 376 2 6 11 18 34 57 72 77.5 82 90  83.5
18 3.1° 19 19 376 - 6 13.5 23 38 -50 615 73 2.5 845 93.5 97
19 2.6 19 18.7 " 376 g 4 8.5 16 28 43 57.5 77 83  86.5 94.5 98,5
20 2.4 18 18.5 376 T 10 23 4 51 60 68 73 77  8LS5 9.5 97
21 3 13 18.5 405 X 5.5 16 27 41 54 65 75  80.5 86.5 95 98
2 2.4 13 18 405 5 13 23 32,5 45 59 70,5 75  B0.5 91.5 96.5
23 2.8 14 17.8 405 3.5 13.5 26 39 54.5 65 75 80 8 92,5 96.5
2 2.4 8 16.2 273 6.5 13,5 21.5 23 49 59 59 77  B2.5 93.5 98.5
25 2.4 8 16.4 273 4.5 12 21.5 29.5 40.5 44 44 72 78.5 89.5 95
26 2.8 8 16,4 273 4,5 11.5- 23 36  4B.5 61.5 61.5 79  84.5 93.5 -

6S¢T




TABLE L.1 (Cont'd)

0 20 30 4 5 60 70 75 8 90 95
27 1.3 8 16.9 273 5.5 16.5 27.5 39 49 59 ' 69 74  78.5 87.5 94
28 3.0 8 16.8 273 5.5 14 22,5 41.5 53.5 65  75.5 79 84 - -
20 15 8 17 2m 7.5 20 30 42,5 53.5 63.5 73 77.5 82  91.5 26.5
30 1.3 7 17.2 349 6 17 175 36.5 4 55 . 65 70 74  86.5 92
31 1.3 6 16,8 349 5 17 26.5 36.5 47 57 68 73 78.5 89.5 95
322 1.3 6 16.8 349 5.5 16.5 27 39 48.5 58 68 72 77.5 87  92.5
33 2.3 6 16,2 349 q 5 14 22 32 435 56 67 73 80 89 94
3% 2.9 6 17.8 349 .g 5 14,5 25 36.5 46 S8 78 © 73 78.5 - -
35 1.8 6 16.5 349 g. 9 20 315 43 53 62 7L 77 81 91  95.5
% 3.1 38 18.3 168 7 18,5 36 48 57 62 69  73.5 79 89 94.5
37 3.0 38 17.6 168 8.5 21.5 32 39 46 53.5 64 69 76 89 94
38 2.5 38 18.5 168 7 18 32 43 55 64 745 80  84.5 91.5 94
39 3,3 38 16.7 168 6  15.5 28,5 39.5 47 58 70 76 82.5 92 96
4 3 38 17.6 168 4.5 13 27 40.5 50 57 67 72 78 90.5 95.5
41 2.9 36 17.3 168 5.5 135 26 305 47.5 57 67.5 72.5 79 9L.5 97
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TABLE L.1 (Cont'd)

50

10 20 30 40 60 70 75 80 90 95
42 3.4 36 17.5 168 3.5 10 25 46 60 67.5 - - - - -
43 3.0 36 18.3 168 2.5 6.5 13 22 36 55 67 73 80 91 96
44 3,2 36 17.4 168 3.5 10 18.5 23 48 62 70,5 76.5 81.5 91.5 97
45 3.0 3§ 17.7 168 3.5 10 22 33 44 57.5 68.5 74 80 . 91.5 97.5
46 3.0 36 17.2 168 4 11.5 23 35 48.5 58.5 68.5 74.5 80 92.5 97.5
- 47 2,1 26 18.3 250 10 - 24 38 47 36 64.5 '72.5 78 81.5 88.5 92.5
48 2,6 25 17.3 250 3.5 9 12,5 16.5 50 60 70 75 80.5 90.5 96
49 3.1 25 18.8 250 . 'g 5 15 23,5 36 49.5 61 71.5 78.5 83.5 93 97
50 3.0- 25 19.7 250 'g 6 13 27 ° 36.5 49 60.5 69.5 73.5 78 87 92
51 2.5 25 18.2 250 é? 6.5 20 36 48 60 70 78 80 82 91.5 96.5
52 2.8 25 16.7 250 3.5 11 23 32 49 60 70.5 78 13 93.5 97
53 3.0 25 18,9 250 3.5 13 24 36.5 50 61.5 70.5 76.5 81,5 91.5 96.5
54 2.9 25 17.5 250 3.5 9 21 33 45.5 59 73.5 79 84.5 93.5 97
5 2,9 25 17.6 250 5 14 22 35 47 57 69.5 75 80 92 96.5
56 2.6 25 17.2 250 3.5 9 17.5 29 b4 58 67 73.5 79.5 91 95.5

192




TABLE L.1 (Cont'd)

50 60 70

P "";J'('l D
SIRR R v TR

v R S A SRR R s

10 20 30 40 75 80 90 95
57 2.6 25 16.6 250 5.5 12 24 36 48 59,5 72 78  83.5 94.5 9g
58 3.2 14 20,1 341 375 17 28 43 58  70.5 77 - 8L.5 88
59 3.7 14 18,7 341 5.5 14.5 28 4L.5 53 66 77 82 g5 90
60 3.2 14 19.3 341 26 14 27  40.5 53.5 67.5 73  7g.5 88
61 3.2 14 17.7 341 45 11 22,5 36 49 63.5 77 80.5 g4 90
62 3.4 14 19 341 6 16 27,5 40 54 67.5 77.5 84 g7  9L.5
63 3.0 14 17.7 341 fg 5 10 23 36.5 47 615 73 78.5 gz 90 94
66 3.0 14 17.5 341 ,g 7 17 29 42 53  67.5 78.5 83 g7 91

65 3.1 14 20,2 341 E? 6 17 20 42 52 6.1 70 74 5.5 87 o1,
66 3.9 14 20.6 341 5115 246 39 535 - - . -

67 3.5 6 19.7 351 7.5 18.5 27.5 38 49 60  60.5 75.5 81 -
68 3.8 6 18.9 351 5 17.5 28.5 41 53.5 65 75  80.5 - -
69 2.8 6 19,3 351 6.5 16.5 27  38.5 50.5. 61.5 72 77  B8L.5 88
70 2.5 6 18,8 351 "7 17.5 29.5 .41 52 62 71 76 80 86
71 2.4 6 18.6 351 6 17 29 41 51 63.5 73.5 78.5 82 88

29¢




TABLE L.1 (Cont'd)
. 10 20 30 40 50 60 70 715 80 90

72 3.4 6 18.4 351 7 15 25 3.5 47 57.5 70  73.5 718 -
73 3.2 5 1.2 497 8.5 18.5 30  39.5 50.5 61.5 72 77 81 -
7% 4.0 5 1.5 497 : 10 20,5 331 43 53 63.5 74.5 77 - -
75 3.3 5 16.8 497 9.5 20.5 33 44 55.5 68 77  79.5° - =
76 3.8 5 18.8 497 10 205 33 45 56 67 75.5 80 - -
77 3.9 5 17.7 497 12 23- 35 4 57 68 78.5 8L5 - -
78 3.5 5 17 497 '§ 6 21.5 30.5 41.5 51 60 69 73 717 -
79 3.8 5 17.2 497 "g 9 20.5 31 42.5 53 63 72 17 81 -
80 3.8 5 18.8 497 & 9 18.5 29.5 40 50 59 68,5 72 75.5 =
8. 2.9 29 16.6 258 .7 11.5 19 28.5 43 55 71 77 82 93.5
82 2.4 14 15.9 405 5 12 21 - 45.5 64 73 80  62.5 90.5 91.5
83 2.8 6.7 16.2 349 8.5 17 28.5 37 52.5 66 77.5 83 89 98

86 2.6 6.4 16.2 349 5.5 13 22 30.5 42.5 60.5 74 79  84.5 95.5
85 2.5 6.2 16.2 349 5.5 9.5 17 26 35 50 64 71 78 92.5
86 2.9 6.4 17.6 349 s 13 24 36 4 63 74 81 87 -

€9¢C



TABLE L.1 (Cont'd)
10 20 30 40 50 60 70 75 80

87 1.5 5 19.2  1.76 5 11 20 26,5 35 37.5 60 67 73.5

88 2.5 5 19.6 1.76 10,5 20.5 31.5 42 -59 71 84 88 91

89 2.5 5 19 1.76 8,5 18 28 42 56.5 68 78.5 83 88

90 2.5 5 19.1 1.76 9 17 29 b4 54 64 75 82 89

Experimental
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APPENDIX M

DIMENSIONAL ANALYSIS FOR THE RESPONSE TIME

CORRELATION
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let us assume that the response time will be a function

of a steam saturation pressure PS‘{’ initial relative velocity of a

droplet v mass of a droplet m and time t. The dimensional matrix

Ro?

e

in the MLT system of units is [120]

L|-1 1 0 0 M.1)

We can construct square matrices from this dimensional matrix by
deleting various rows or columns. The determinant formed from the

last three colums in the dimensional matrix is:

0 1 0
0 1 0 1 0 0
0o 0 1| = (0) - (1) + 0 =0
0 1 1l 1 l1 0
1 0 -1
- (D) +0 =1 (M.2)

Since the largest-order determinant, we can. construct, is a third-
order determinant, and the above third-order determinant is differ-
ent from zero the rank of the dimensional matrix is 3. Since the
rank is 3, the number of dimensionless products in a complete set
isNen-r=4~-3=1. |

Any product of the variables has the form

wi. b

P X 14 e
n.v_;r}:, B,

ZEN

8

3

R

ey Y )
Bl M-
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T=P "V " mn" ¢t M. 3)

or for the corresponding dimensions of ¥

k k. k. k
a= M2y ety 2y ey (M. 4)
or rewritten
(k,4k,)  (~k,+k.)  (-2k,-k.+k,)
ey 103 TR TN, o.s)

In order for % to be dimensionless the exponents of M, L, and t must

all be zero

kl + k3 =0

-k, +k, =0 (M.6)

- 2kl - k2 + k4 =0

Any solution of these equations results in a set of exponents for the

dimensionless product w. Notice that the coefficients in each equa-

tion are a row of numbers in the dimensional matrix. Equations (M.6)

are a system of three equations in four unknowns and are undetermined,

therefore, since there is an infinite set of solutions. For our pur-

poses we shall assign a value 1 for k&’ and solving for remaining

unknowns
kl = kz = 1/3 k3 =~ 1/3 (M.7)

and
(Pv)l/st } (PV]1/3

% = .__mﬂs— = t (.8)

m
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APPENDIX N

DOUSING CHAMBER SIMULATION ALGORITHM
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WATFIV axxxxrzwxnrs,KP=29,P=50

3 Rl R E R Ry e Y 2 s 1
AR R AA R AR A A AR AR R R R AR R R T AR AR I A A A R A R F L AR R A E R R R AR ARk Ak Rk TRtk rdrn e
THIS PROGRAM GENERATES PRESSUKE DRUOPS IN NUCLEAR DOUSING SYSTFMS
BY SOLVING THE DISCRETIZED HEAT BALANCE EHUATION,
R I L I I RN I lInm L ™
EAR AR A RN R AR R A S AR R R I AR I R A AR R P X I AR X I AP R AR AR AR R A AR e kARt vtttz ks
INPUT PARAMETERS ARE:"

UPPER~LIMIT DISTRIBUTION PAKAMETERS

NUMBER OF DROPLET DIAMETER DISCDETIZATIONS

CHAMBER VOQLUME AND HEIGHTY

INITIAL FPARTIAL PRESSURES OF STEAM AND AIR

INLET ®ATER VELOCITY,FLORRATE,AND TEMPERATURE

DRAG COEFICIENT CORRELATION FARAMETERS

PRESSURE DROP TIME INCREMENT
A AR T IR AR A AR A R AR AN AR R R A AT R A A R F A R AR AR A I A AR R R A R Ak phdd kA AR Ak
KA AR I KR R AR AR AR R R A A A F T R A RN AR R AR AR AR R A KA K R AR A KA AR RA AR XA A R n kg

LIST OF SYMBOLS AND ARRAYS

LA A K K A N A X 2 X & N X X X & J N X N K X X 2 X J

SYMBOL UNITS
AMASS MASS OF wWATER DROPLET KG
CPwF HEAT CAPACITY OF WATER DROPS LEAVING
CHAMBER ' KJ7Z7({KGxDEG,.C)
CPwWO HEAT CAPACITY OF WATER DROPS ENTERING
CHAMBER KJ/ (XGxDEG.C)
CPWT HEAT CAPACITY OF WATER DROPS WITHIN
CHAMBER ) : KJ/ (KG*xDEG,C)
DCT TOTAL ENERGY CHANGE OF ALL DROPLETS
IN A TIME INCREMENT KJ
DELAY TIME DELAY FACTOR SEC
DLCONT TOTAL ENERGY CHAMGE OF ALL DROUPLETS
IN GIVEN TIME INCREMENT KJ
DNWL DENSITY OF WATER DROPS LEAVING.
CHAMBER KG/Mx%x3
DNWO DENSITY OF wWATER DROPS ENTERING
CHAMBER KG/4xx3
DNWT DENSITY OF wATER DROPS wITHIN
CHAMBER KG/M%xx3
DPINC TOTAL NUMBER OF DROPLETS OF A SPEC~
IFIC DIAMETER GENERATED IN A TIME
INCREMENT
ENAIR ENTHALPY OF A]IR KJ/KG
ENST ENTHALPY OF STEAM KJ/KG
ENMIX ENERGY (UF AIR=-STEAM MIXTURE KJ
ENINA INTERNAL ENERGY OF AIR KJ/KG
ENINM INTERNAL ENERGY OF AIR=-STELM MIXTURE KJ/KG
ENINST INTERNAL ENFRGY OF STEAaM KJ/KG
FRED FREQUENCY DISTRIBUTION CORRELATION
FRNEW : :
FROLD
HEIGHT HEIGHT OF CHAMBER M
HTINC HEIGHT JNCREMENT
N TIME COUNTER
NHJ NUMBER OF HIGHT INCREMENTS
NINC NUMBER OF DIAMETER DISCRETIZATIONS
NSS .
PAIR PARTIAL PRESSURE OF AIR BAR
PAIRD INITIAL PARTIAL PRESSURE OF AIR RAR
PAIRY INITIAL PARTIAL PRESSUKE OF AlR PSTA
PPP PARTIAL PRESSURE OF STEAM HAR
PPPO INITIAL PARTIAL PRESSURE QOF STEAM KAR
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PPP1 INITIAL PARTIAL PRESSURE OF STEAM PSIA
PSIG TOTAL PRESSURE IN CHAMBER PSIG
PT TOTAL PRESSURE IN CHAMBER BRAR
PTO INITIAL TOTAL PRESSURE BAR
PT1 INITIAL TOTAL PRESSURE PS1aA
RAIR GAS CUNSTANTY FOR AIR BAReMx%3
' DEG.K KG=MO;
RMWA MOLECULAR WEIGHT OF AIR KG/KG=MGLE
ROMF DENSITY GF AIR/STAM MIXTURE KG/Mx=x3
S .
SDEV,AA PARAMETERS USED 1IN UPPER=LIMIT
ANALYSIS
TINIT INITIAL TEMPERATURE OF A WATER
DROPLET IN A TIME INCKEMENT DEG.C
TKVOL CHAMBER VOLUME Mex3
TPRESS LENGTH OF TIME INCREMENT SEC
TTEST TOTAL TVIME SEC
TWRATO INLET WATER TEMPERATURE NEG,C
T2 TEMPERATURE OF Alk=STEAM MIXTURE DEG.C
T20 INITIAL TEMPERATURE OF AIR=STEAM
MIXTURE DEG.C ...
UM MAXIMUM DROPLET SIZE IN SPRAY MM aie
VISMF VISCOSITY OF AIR/STEAM MIXTURE 10%*7*N*SEC/H
VPRIM SPECIFIC VOLUME OF STEAM Mxx3/KG
WAIR MASS OF AIR IN CHAMRER KG W
WTFLOW INLET WATER FLOWRATE MM2%x3/SEC =
WTFOw1 INLET wATER FLOWRATE Mxx3/SEC
ZINC NUMBER OF HEIGHT INCREMENTS A DROP-
LET OF A SPECIFIC DIAMETER FALLS 0
THROUGH IN A TIME INCREMENT o
ARRAY UNITS ﬁg\
CONT(I,N)  ENERGY OF DROPLETS OF DIAMETER D(I) :ﬁ@
WITHIN CHAMBER IN THE NTH TIME ’
INCREMENT KJ
D(1) DIAMETER OF ITH DROPLET MM
DISNCI) VOLUME FRACTION OF DROPLETS WITH
DIAMETER D(I)
DROPS(I) NUMBER OF DROPS OF DIAMETER D(1)
. JN A UNIT VOLUME OF LIGUID .
DRPHT(I,J) NUMBER OF DROPLETS OF DIAMETER D(I)
OCCUPYING ThE JTH HEIGHT INCREMENT
FINCI)) ENERGY OF DRUOPLETS OF DIAMETER D(1)
ENTERING CHAMBER KJ
FOUT(1) ENERGY OF OROPLETS OF DIAMETER D(I)
LEAVING CHAMBER KJ
IFLAG(I) CHECK TO DETERMINE IF DROPLET OF
DIAMETER D(I) HAS REACHED BOTTOM OF
CHAMHER
TIM(1,J) FALL TIME OF DKOPLET OF DIAMETER D(I)
TO THE JTH HEIGHT INCREMENT SEC
TRES(I1) RESIDECE TIME OF DROPLET OF DIAMETER
DCI) IN CHAMBER
VEL(I,J) YELOCITY OF .DROPLET OF DI1AMETER D(I)
IN THE JTH HEIGHT INCREMENT _ M/SEC
WIPA(1,J) AVERAGE TEMPERATURE OF DROPLET OF

DIAMETER D(I) IN ThE JTH HEIGHT

INCREMENT
AR A AR AR R AR R AR AR R AR AR R IR AR AR R RKRARFP AR TR R AR R AR Ak kR
"q***ﬁ******ii**t********t**ifi***t****t****k********'****




~NoV e W

10
11
12
13
14
15
16
17
18
19
20
el

2l
eu
25
26

28
29
30
31
32
33
34
35

36
37
38
39
40
41
42
43
uy
a5
46
a7
48

49
So

S1

100
101

102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

- 126

127
128
129
130
131
132
133
134
135
136
137
138
139
140

141
t4e

143

o b

DIMENSION TIME(2000),DIST(2000),VDROP(2000),TIM(5,650),VEL(5,650°
DIMENSION CONT(S,2),FOUT(10),FINCI0),0UT(10),5(500),VKT154(2000)
DIMENSION ITRANS(4,200),VELTK(S5,200),N55(10)

DIMENSION DRPHT(5,650),18€(10),TPES(10),FROLD(10),1FLAG(10)

DIMENSION wTPA(S5,650),C(10),NH(100)

COMMQON TZ'PT/AREAI/ G, AREA,DMASS,KOMB,VISMB,A,55,DTAM,NDELRD,
1DSTAR1,DSTA24,DS5TA2B,NSTA3A,DSTA3E,NSTARL,RE2A,RE2H,RE3A,RE3B, RE:
2RES ,DMAXS,COMAX WSTAM, WMAXS, nSTARU, wSTATA,WSTA3E, wSTA2A,w"STAZH,
IWSTARY ,DST,SURFT/AREAR/TKVUL,PPP,ENINM, wATIR,PATIR0,T70,T

FORMAT(®*1',9%X,'SIMULATION DF PRESSURE DROP IN NUCLEAR DOUSING
1,'SYSTEMS')

FORMAT(Y ', 00X, ' skt kA A AR AR A A A IR AR AR AR AR AR A AT AR AR AT Rk !
{,'%sxnkxn?,///)

FORMAT('0',9X, 'INITIAL DROPSIZE DISTRIBUTION')

FORMAT(! Y, 0K, 'k kX ka kAR RRSRRETXANRRRKEIRRK , / /)

FORMAT('0',11X,'UPPER=LIMIT PARAMETERS')

FORMAT(!' ',11X,'=emececcnccccccncnnncs!)

FORMAT('0', 14X, 'XMAX =',Fb6,3,' MM!)

FORMAT(' ', 14X, 'DELTA=',Fb.4)

FORMAT('Y *,148X,'A SV F6e3,/7)

FORMAT(' *,11X,'DISCRETIZED INITIAL DROPSIZE ODISTRIBUTION')
FORMAT(!' ',11X, '=wecereccncrvencncsccnrcrnecnnccccncancenl)
FORMAT('0',12X,'ORUPSIZE VOLUME FRACTION NUMBER IN')
FORMAT(' ', 12%,' (MM) . UNIT VOLUME')
FDRHAT(' ',QXIFIOQZIFIS.UIFibou)

FORMAT(® *,//,9%X,"' SYSTEM PAKAMETERS')

FORMAT (! ',QX,'*t*t***tt**tt***i'j

FORMAT('0',11X, 'TANK VOLUME =V, F10.,3,' Mx23')
FORMAT(' ',11X,'TANK HEIGHT -'.FIO 3, m1)
FORMAT(' *,11x,'"INITIAL STEAM PRESSURE =',F10,4,!' BAKY)
FORMAT(' ',11X,'INITIAL AR PRESSURF. =',F10,4,"' BAR')
FORMATC(' ',11X,'INITIAL SYSTEM PRESSURE =',F10,4,* BAR')
FOPMAT(' ',11X,'"INITIAL SYSTEM TEMPERATURE=',F10,2,' DEG, C')
FORMAT(Y *,11X,'INLET WATER "TEMPERATURE =',F10,2,' DEG, C')
FORMAT(Y 7,11x, INLET WATER VELOCITY =',F!0 2,' M/SECY)
FORMAT(' ',11X,Y"INLET WATER FLOANRATE =',F10,48,"' Mx+3/SEC')
FORMAT('1',9%X,'DYNAM]IC RESPONSE OF SYSTEM!')

FORMAT(Y t,0X, " *ARKARAXRARRRRAKIK AR ARANRR )

FORMATC'0',9X%,"°' TIME " SYSTEM STEAM AIR TOTAL
1 TOTAL TOTAL %)

FORMAT(® ',0X,! TEMP, PRESS. - PRESS, PRESS.
1 PRESS., PRESS.') .
FORMAT(' ',9%,' (SEC) (DEG C) (BAR) (BAR) - (BAR)

1 (PS1A) (PSIG)Y'Y) ’

FURMAT(101,9X, ' rommecmomnmcsmraccencremarrmmmme e maomneceoon .
lvvﬂh---—---------')

FORMAT('0") ‘

FORMAT(! ',9%x,F7,2,F11,3,F10,4,F10,4,F10,4,F10,3,F10,3)

FORMAT(Y ',11X,'INITIAL wATER DENSITY =',F10,3,' KG/Mx23')
FORMAT(Y ",13X,"INITIAL SYSTEM DENSITY =',F10,3,' KG/Mxx3Y)
FORMAT(C® ',11X,'INITIAL SYSTEM VISCGSITY =',F10,3,! 10xx7aNxS/M?
FGRMAT(® ',11X,'INITIAL SYSTEM SUKF TENSIN=!',F10,5,' N/M',//)
FORMAT(' ',11X,'ENTERING wATER DELAY TIME =1,F1¢,3," SEC'.//)
FORMAT('1',BX,‘D='.F7.3pSX.'n=',F7.3,SX.'D:'.FY.B,SX,'D:'.F7.3'
15X, D=1 ,F7,3,5X,'D=',F7.3,5X,'0="',F7,3,5X,'0D="',F7.3)
FORMAT('0',5Xx,'VELOCITY OF DROPLET OF DIAHETER DCIY IN THE J7H RHE
1GHT INCREMENT!')

FORHAT(SX"—-—---—------.---.--------—-------—--—-—---.------'—-'

1---&-----——--------------------.------——-—----h—-u-- T )

FORMAT(3X,13,5F14,5)

FORMAT('C*,Sx¢ 'FALL TIME OF DROPLET OF DIAMETER D(I) 70 THE JTH F
{IGHT INCREMENT')

FORMAT('0',5X, 'NUMBER OF DRUPLETS OF DIAMETER D(I) QCCUPYING THE

»

- .
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53
5S¢
55

56
S7
58
59
60
61
62
63

64
65
66
67
68
69
70

71

72
73

74
75

76.

77
78
79
80
81
82
83
84

85

86
87
88
89
90
91
92
93
94
95
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145

184
146
147

1JTH HEIGHT INCREMENT?') 272
FORMAT('0',5X, "AVERAGE TEMPERATURE OF DRUPLET OF DIAMETER D(])
1THE JTH HEIGHT INCREMENT!')

FORMAT(3X,13,5F14,2)

FORMAT(' ', 11X, 'RUNGE=KUTTA TIME INCREMENT=',F10,4,' SEC')
FORMAT (' ',9X,'DYNAMIC RESPONSE OF SYSTEM!)

G=9,.,81

ICH=1

KK=1
RAIR=8314,7/28,96
RMWA=28,96

SuUM=0,

TOTAL=0,
DELTIM=0,05

UPPER LIMIT PARAMETERS AND NUMBER OF OIAMETER DISCRETIZATIONS
ARE INPUTTED

READ,SDEV,AA,UM,NINC
DINC=UM/NINC
OCHECK(1)=DINC
SINC=UM/500.
R=DCHECK(ICH)=SINC

2
w
pOoO § 1=1,500 -ﬁ%

S(I)=(2*I=-1)%xSINC/2,

DROPLET VOLUME DISTRIBUTION IS CALCULATED wy

FREQ=((UM*SDEV)/(S(I)*(UR=S(1))*SART(3.14159)))*EXP (= (SDEV*(
1ALOG((AA*S(1))/(UH=S(1)))))**2)

FRDROP=FREG*SINC

TOTAL=TOTAL+FRDHOP

DROPLET SIZE AND VOLUME DISTRIBUTIONS ARE DISCRETIZFD

oo

P S SAN
ik e R ot

e e
te B :
Ld B filT be 355 8¢ 4 - . VRl * - e comrmir B ey ammip s o

IF(S(I) LT.R) GO TU 1
DISNCICH)=TOTAL=SUM
IF(ICH,EQ,NINC) GO TO 1
ICH=1CH+1
DCHECK(ICH)=NDCHECK(ICH=1)+DINC
R=DCHECK(ICH)=SINC
SUM=TOTAL

CONTINUE

DO 4 I=1,ICH
D(I)=(2xI~1)*DINC/2.
DISN(CI)=DISN(I)/TOTAL

OROFLET SIZE OISTRIBUTION 1S CALCULATED

DROPS(I)I=DISNCI)/(1.3333x3,14159x(D(I)/2,)*%3%)
SYSTEM PARAMETERS ARE INPUTTED

READ, TKVOL,HEIGHT

READ, TPRESS

1=0,0

READ,PTi,PPPi{,PAIKRY

READ,nTFLOW, VO.uwATO

READ,DELAY

PTO=PT1/14,504

PPPO=PPP1/714,.504 .
PLIRO=PAIR1/14,504 _ ..
CALL TEMPI(PPP0,TZ0)

i

I
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96

97
98
99
100
i0}
102
103
104
105

106
107
108

109
110
111
112
113
114

115 °

116
117

118
119
120

121
122
123
124
125
126
127
128
129
130

131
132

oMo

ipRalel OO0 aNaNe) el ale]

aaao

aoon

OO0

PT=PT0

INITIAL PHYSICAL PROPERTIES OF wATER DROPLETS ARE CALCULATED

CALL PPrAT(TWATO,PT,CPW0,DNNO)
KTIFOn1=wTFLOW/DNKOD
WIFLOW=RTFOW]I %10, %29

PRINT100

PRINT101

PRINT1O02

PRINT103

PRINT104

PRINT10S

UPPER-LIMIT PARAMETERS ARE OUTPUTTED

PRINT106,UM
PRINT107,SDEV
PRINT108,AA

DISCRETIZED DISTRIBUTIUNS ARE OUTPUTTED

PRINT109

PRINT110

PRINT111

PRINT112
PRINT113,(D(J),DISN(J),DROPS(J),J= I:ICH)
PRINT114 .

PRINT11S

CHAMBER VOLUME AND HEIGHT ARE OUTPUTTED

PRINT116,TKVOL
PRINT117,HEIGHT

INITIAL CHAMBER PRESSURES ARE QUTPUTTED

PRINT118,PFPO
PRINT119,PAIRO
PRlNTlZO FT0

INITIAL SYSTEM TEMPERATURE 1S OUTPUTTED

INLETY INLET wATER VELOCITY,FLOWRATE,ANDV TEMPERATURE ARE OUTPUTTEL

PRINT121,720
PRINT122,TWATO
PRINT123,V0
PRINY12U4,WTFOUNW]
PRIG=PII~14,6%0
PPP=PPPO
XS=PPP/PT
HIN=HEIGHT /0,05
NHI=IFIX(HIN+0,5)
HTINC=HEIGHT/NHI

VELOCITY PROFILES ARE CALCULATED USING RUNGE=KUTTA

DENSITY UF ATR/S1EAM HIXTURE
RMF=8314,7/(X5%18,024(1,~X5)%28,56)
ROMF=100000,*PT0/ (RMF*(T20+273,15))

VISCOSITY OF AIR/STEAM MIXTURE

273
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133
134
135
136
137
138
139

140
141
142
143
144
145
146
147
148
149

150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175

176
177
178

179
180
181
182
183
184

C--------------------—---------------.---—----------—-.-------——--”’.

Hele]

CALL SEXPV(TZ0,PV)

ROP=PTO0/PV
VISP=80.,440,407*T20-ROP2(1858,.~-5,9*T720)/1000,
VISV=173.6+40,08548x770
FI12=0,3536/SURT(1.40.6222)%(1,+SART(VISP/VISV)*1,12593)**2
FI12120.3536/SURT(1.41.6071)%x(1.+SART(VISV/VISP)*0, BAR1U)**2
VISMF=XS2VISP/(XS+(1,=xS)#F112)+(1,=XS)*VISV/(XS*F121+1,=XS)

SURFACE TENSION OF WATER IN AM AIR/STEAM MIXTURE

SURFT=(75.6=0,1452THATO0=0,25%10,2*(=3,)*xTWATO*%2)/1000,
VISMB=VISMF

ROV=DNWD

ROMB=ROMF

PRINT 133,0NWO

PRINT 134,R0OMH

PRINT 135,VISHB

PRINT 136,SURFT

PRINT 137,DELAY

PRINT 146,DELTIM

PARAMETERS OF REINHAKTIS DRAG CUOEFFICIENTS CORRELATIONS

SS=ROMBASURFT*23%x10,%%x28/G/VISMB#*=Y

DELRO=ROV-ROYB

DSTAR]I=1,216/(DELRO/ROMB)I*=(1,/3,)
DSTA2A=70,04(DELRG/RUMB) #x (=1 ,/3,)*(SS*10 ., **(=12))4*(=0,111)
DSTA2B=30,B* (DELRO/ROME) % (=1 ,/3 )% (SS*10, %2 (=12))#x( 0,111)
DSTAZA=122 .4 (DELRO/ROMB) 2% (=0,535) % (SS*x10,22(=12))%x2(0,275)
DSTA3B=300.% (DELRU/RCM5) 2% (=0,535)%(SS*10, %% (=12))##(0,0367)
DSTARU=160.*(DELRO/ROMB) %% (=0,447)%(SS*10, %% (=12))%xx(0,118) i
RE2AZGTU  *(SS%10,*2(=12))**(~0,192) i
RE2B=236,%(SS5410., x%x(=12))+%x0,192

e B,

sl et Wl

RE3AZ2240 ,x (DELRO/ROMB) #2(=0,303)*(SS*10,xx(=12))*20,388 o
RE38=7160,#* (DELKO/ROMB) % (=0,303)*(SS#10, %4 (=12))*%0,08 i
RE“=3190.*(DELR()/RUHH)**(-O.173),.(55*10.**(_12))‘*0'18 -:_.‘,_‘;,g
RES=4470.,#* (DELRO/ROME) %4 (=0, 236)# (SS*10, %% (=12))x%0,232 i

DMAXS=228.*x (DELRO/RUMB) xx (=0 ,5)* (SS*x10,*x(=12))*xx(1,./6,)
COMAX=0,75* (DELRO/ROMB) x*(=0,0232) % (SS2x10,%x2x(=12))*x0,036
WSTAM=3,273*((DELRO/ROMB)2SS*%x0,25)*xN 262
WMAXS=RES/DMAXS

WSTARU=REU/DSTARY -

WSTAZA=RE3ZA/DSTA3A

WSTA3IB=RE3B/08TA3B

KSTA2A=RE2A/DSTAZA

WSTA2B=REZB/DSTAZH

WSTAR1=0,1/DSTAR]

DST=DMAXS
A=0,085=(1,/29.54)*AL0OGI0(SS*+0,5/(DELRO/ROMBI*10,*x(=3))

......

DIST(1)=0.
TIMEC(1)=0.
VOROB(1)=V0 ‘ B

L/

DO 15 10=1,ICH .
VELDRP=VDROP (1) - : ROPE.
LL=2000 3o
IF(D(10).GT.,5) GO TQ 37 ' . e
DO 38 IT=2,LL R
TIMECIT)=(1T=1)4DELTIH

VELDCITY OF DROPLETS SMALLER THAN 0,5 MM,TAKEN AS THE ng”lﬁktl



185
186
187
188

189
150
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
21l
e12
213
214
215
216
217
218
219
220
221
eée
cel
ccd
225
2eb

227
228
229
230

231
232
233
234
235
236
237
238
239
auo
241

38

37

16

17

20
21

e NanNe

18
15

c.--------.----n—-—--.-----—--------------n---~—---------—-—---.---‘--- *
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RSA=RAIR

ROSA=101300,/RSA/293,15

IF(ROMF.GT,.RUSA) GO 1O 37
VRTSA(ITI=(((((1,6886/71000,2D(ID)=2,8781/7100,)2D(IN)Y+2,.3612/10,)>
1(1D0)=1,3806)xD(ID)+5,4506)*xD(ID)=3,1682/10,)
YSA=ZQ0.U3«ALOGI10(RNSA/RUMF)=0,4x(ALOGIO(RDSA/ROME))*xx2,5
VOROP(IT)=VRTSA(IT)*10,2*YS5A%(1,40.0023*(1,1=RUOMF/ROSA)I*(20,~T20"
DIST(IT)=DIST(IT=1)4((vDROP(IT)+VDROP(IT~1))/2.,)*DELTIM
IF(DIST(IT)GT.,HEIGHT) GO TO 17

CONTINUE

I1T=1T=1

GO 0 17

CONTINUE

DELTIM=,05

DMASS=(1.333*3,14159x(D(1D)/2000,)x*3)*985,1

DO 16 1T=2,LL

TIME(CIT)=(IT~1)*DELTIM

REN=(VELDRPxD(ID)*ROMFx10000,)/VISHMF

DIAM=D(ID)

RKVO=DV(VELDRP)

RKVI=DV{(VELDRP+(RKYO/2.)*xDELTIM)

RKY2=DV(VELDHRP+(RKVI/2,)xDELTIM)

RKYI=DV(VELDRP+HEKV2ADELTIM)
VOROP(IT)SVELDRP+(DELTIM/6, )% (RKVO+2,xRKVI42 ,*RKVZ24RKV3)
VELDRP=VDRUP(IT)

RKZO0=DZ(VELDRP)

RKZ1=DZ(VELDKP+ (RK20/2,)+DELTINM)

RKZ2=DZ(VELVDFP+(RKI1/2.)%DELTIM)

RKZ3I=DZ(VELDKP+RKZ2*DELTIM)
DISTCIT)=DIST(IT=3)+(DELTIM/6,)x(RKZ0+2,*RKZ142,%RKZ24RKZ3)
IF(DIST(IT).GT ,HEIGHT) GG TO 17

CONTINUE

I1IT=17=1

CONTINUE

ISTART=1

PO 18 IH=1,NHI ¢
2=(IHxHTINC)=(HTINC/2,) R
DO 20 IS=1START,I1T7

IF(DIST(IS).GT,.Z) GO 70O 21

CONTINUE

IS=z1S=-1 -

ISTART=1S~1
FACTOR=(2-DIST(IS=1))/(DIST(IS)~DIST(IS~1))

o A ¢ Ay s

LOCAL VELOCITIES AND FALL TIMES ARE STORED

VEL(ID.IH)=VDR0P(IS-1)+FACTOR*(vanP(IS)‘vDROP(IS-l)) : L
TIM(1D,IHIZTIMECIS=1)+FACTORX(TIME(1S)=TIME(]IS~1))
CONTINUE
CONTINUE

DO 200 X=1,NHI
NH(K) =K
CONTINUE

PRINT 138,(D(J)¢J=1,1ICH) i
PRINT 139 .

PRINT 140 :
PRINT 141,(NH(J), (VEL(I,J),I=1,]ICH),J=1,NHKHI) !
PRINT 138,(D(J),J=1,1CH) i
PRINT 42

PRINT 140

PRINT 141 (NHEI L CTTHMOT.OY.T=1.T10RY.LI=1 . NHT)




o4z
243
244
245
246
247
248
249
250

251
252
253
254
255
256
2s7
258
259
260

ebl
ebe
263
264
265

266

267
268
269
270
271
ere
273

274

275
276
277
278
279
2éo
281
282
283
284
288

IF(VELAY,LE,0.0) GO TO 210 276

PRINT 125
PRINT 126
PRINT 127
PRINT 128
PRINT 129
PRINT 130
PRINT 131

210 CONTINUE

(o

c VARIABLES ARE INITIALIZED

c .
00 40 I=1,1CH
D0 40 J=1,NHI
WTPA(I,J)=0,

40 DRPHT(1,J)=0,
JTEST=0,
TZ=T20
N=i
DO 24 1D=1,ICH
IFLAG(ID)=0
ISE(ID)=1

CONTRIBUTION OF ENERGY OF WATER ENTERING SYSTEM TO SYSTEM
DROP 1S CALCULATEOD

o000

FINCID)Z(TPRESS*hTFLOW*CPWO*DNWOXDISN(ID) *TRATO) /10, %49
NSS(ID)=NHI+1
CONT(ID,1)=0,0

24 TRES(CID)I=TIM(ID,NHh])
WAIR=PAIRO*10,xxS5%TKVOL/(RAIR%x(TZ204273,15))

INITIAL ENERGY CONTENT OF MIXTURE IS CALCULATED

CALL COEF
TIME IS INCREMENTED

SO0 0 s NeNe!

YPR=DELAY+10,*TPRESS
41 T=TYPRESS+T
IF(T.LE.DELAY) GO TO 62
TTEST=TTEST+TPRESS
N=N+1 -
p0 9u IG=1,ICH
94 CONT(1G,2)=0,0

C
c MAXIMUM TIME IS SET
! IF(T.GT,90,) GO TO 4
C
E LOCAL DROPSIZE DISTRIBUTIONS ARE CALCULATED
Cc
00 22 I10=1,ICH
DPINC=TPRESS*wTFLOwW*DROPS(ID)
1IF(IFLAG(ID).EQ,1) GO TO Sé
K1=ISEC(ID)
MM=0
DO 23 ITEST=K1,NHI
IF(TIMCIR,ITEST).GTLITEST) GO TO 39
IF(ITESTLEQU,NH]) GO TO 27

23 CONTINUE

39  CONTINUE : .
TMIDZ(TIM(TN.TTFSTeIYSTIMITN.ITFST IV /D,

.t
L
-

PRESSU

e
3
:iﬁ 1

--------n---n--------------------------u--—--------------------------.‘
Sl




287
288
289
290
291
292
293
29¢
295
296
297
298
299
300
301
302
303
304
305
306
307
208
309
310

311
312
313
314
315
316

317
318
319
320
321
32¢
323
324

325

326
327
328
329
330
331
332

333
334
335
336
337
338
339
340
3a}

et Al cemt el gltiavy) VU IV LD
MMz
IFCISECID) NEL1) GO 70 29 :
FROLD(ID)=1,0=((TMID=TTESTI/(TIM(1D, ITEST) TIM(ID,ITEST=1)))
ZINC= FRULD(ID)+FLOAT(ITE51 2)

GO 70 31

e9 FRNEw]=1,=-FROLD(ID)
FRNEWZ2=1,0-((TMID=TTESTI/(TIM(ID,ITEST)=TIM(ID,1TEST~ 1)))
ZINC=FRNEWI+FRNEw2+FLOAT(1TEST=ISE(ID)=1)

GO 7O 28

25 IF(ISE(ID).NE.1) GO TO 33
FROLD(ID)=(TTEST=TMID)/(TIM(ID,ITEST)=TIM(ID,]ITEST=1))
ZINC=FROLDC(IDY+FLOAT(ITEST=1)

GO 10 31

33 FRNEW]= 1.-FROLD(ID)
FRNEW2=(TTEST=TMID)/(TIM(ID,ITEST)=TIM(ID,ITEST=1))
ZINC=FRNEWI+FRNEr2+FLOAT(ITEST=]SE(CIV))

28 DRPHT(ID,ISE(ID)=1)=DRPHT(ID,ISE(ID)~ 1J+DPINC*(FRNEW1/Z]NC)
FROLD(ID)=FRNEWZ

31 CONTINUE

JUZITEST=§=MM
DRPHT (1D, ITEST=MM)SDPINC*(FROLD(ID)/ZINC)
VELTR(ID,N=1)=VEL(ID,ITEST=MM)

GO TO 30

27 FRNEW2=(TTEST=(TIMCID,NHI)+.5#(TIM(ID,NHI)=TIM(ID,NHI=1))))/(TIM:|

2DyNHI)=TIM(ID,NH]I=1))

FRNEW1=0,0

JF(ISECID) NE,1) FRNEW1=1,=-FROLD{1ID)
ZINC=FRNEWI4FRNEW2+FLOAT(NHI=ISE(ID)+1)

IF(ISE(ID).EQ,1) GO T0 34
DRPHT(ID,1ISECID)~1)=DRPHT(ID,ISE(ID)=1)+DPINC+ (FRNEW1/7INC)

34 OUT(CID)=(ITEST~ (TIH(ID;NHI)+ S*(TIM(IDaNHI) TIM(ID,HHI=1)))) /TP

3s

IFLAG(ID)=1

Ja=NH1

30 K3=ISE(10)
DO 35 I1C=K3,Jd
35 DRPHY (1D, IC)=DPINC/ZINC
ITRANS(IO,N=1)=ITEST=MM
ISECID)=ITEST+1=MM

22 CONTINUE

c”-------------.-------.--.----.-.---.-------------------‘-----------.

56 CONTINUE

C--------.‘----‘--------------.------------------.-------.--------------C

IF(T.GT.YPR) GO TO 201

PRINT 138,(D(J),J=1,1CH)

PRINT 143

PRINT 140

PRINT $48, (NH(J), (DRPHT(I,J),1=1,1CH),J=1,NHI1)

201 CONTINUE

c

C-

c

00 47 IR1=1,ICH
LOCAL DROPLET TEMPERATURE DISTRIBUTIONS ARE CALCULATED

N2=1

TINITCID1I,N2,1)=TINIT(1D1,N2,2)=TIWATO
AMASS=(1,3333%x3,14159x(D(ID1)/2,)*x*3,+DNW0D)/10,%%9,
viz23=vo

NO=NHI+1

DO 45 JHi=1,KNO

IF(IHl,LE, I?RANQ(IDI N2))GO TU U6

N2=N2 +1

TINIT(IUl N2,2)= hTPA(IOI IH1 1)

T - ——




. -~

342
343
344
345
3ab
347
348
349
3So
351
352
353
354
355
356

.357

3s8
359
360
361
362
363
364
365
366

367

368
369
370
371
372
373
374
378
376
377
378
379
380
381

3ge

383
384
385
386
387

3ss
389
390
391

S0

48

46

49

45

44

47

278
IF(N2.EQ.(NSS(ID1}+41)) GO TO &
TINIT(ID1,N2=1,1)= TINIT(IDl Ne=1,2)
CONTINUE
IF(IH1 EU.,NO) GO TO 44
1IF(N2.,GT.(N=1)) GU TO 44
IF(N2.GT.NSS(ID1)) GO TO 48
V1i23=VELTR(ID1,t2=1)
1IF(N2,NE.NSS(1ID1)) GO TO SO
IFCTINITCID1I,N2,1)LT.TZ) NSS(ID1)=NSS(1D1)+1
CONTINUE
IF(TINIT(ID1,N2,1), LT TZ) GO T0 46
NSS(1D1)=N2
T123=TIMCID1,IH1)=(TPRESS*(NSS(ID1)=1))
TINITCIDL N2, )=TINIT(IDI,NSS(ID1),1)
GO YO 49
CONTINUE
IF(N2,GE.,NS55(ID1)) GO 70 48
T123=TIM(ID1,IH1)=(TPRESS*x(NZ2=1))
CONTINUE
CALL DTEMP(PT,v123,T123,AMASS,XS,DLST)
WTPACID1,IHY)=STINIT(IDI,NZ,1)4(TZ=TINIT(ID:,N2,1))%DLST

CONTINUE .
CONTINUE ¥
IF(NS5(101).LT,NO) TINIT(ID1,N55(ID1),1)=TINITCID],N55(ID1),2)
TINIT(ID1,N2,1)=wTPACIDY, IH1=1) s
oCT=0,

98

Soed
L

c--------—------.------------.---------.------.-.------—.-.--------.-..

202

aooOonon

60

o000

61

IF(T.GT.YPR) GO 70 202

PRINT 138,(0(J),J=1,1ICH)

PRINT 145

PRINT 140

PRINT 144, (NHCJ), (KTPA(I,J),1=1,1ICH),J=1,NHI)
CONTINUE

D0 o1 1D2=1,ICH

L1=NHI

IFCIFLAG(ID2)NEL.Y) L1= ITRANS(IDZIN'1)
FOUT(1D2)=0.

DO 60 IHR2=1,L1

TVi=WTPA(CIOD2,1IH2)

CALL PPNAT(TV],PT CPNT,DNKT)

SD(102)/2.)4%3)*1V11/10, 449
CIF(IM2,LT.NHI) GO TO 60

DROP IS CALCULATED

TVU=WTPA(INDZ,NH])
CALL PPnAT(Tvu PT,CPWF,DNKWF)

ouT(102)= 1 ]
CONTINUE

TOTAL ENERGY CHANGE OF WATER 1S CALCULATED

DLCONT=CONT(ID2,2)+FOUT(ID2)~CONT(ID2,1)=FINCIDR)
DCY=DCT+DLCONT

CONT(ID2,1)=CONT(IDR2,2)

CONTINUE

c

r

“

&k NEw ENERGY OF THE SYSTEM IS CALCULATED



279

c
c
392 ENINMZENINM=DCT
C . '
c A NEw PARTIAL PRESSURE OF STEAM IS CALCULATED
c -
393 CALL COEF
394 62 CONTINUE
C
c A NEW ENERGY OF THE SYSTEM IS CALCULATED
( }
395 CALL WALLS(PSIG,TPRESS,wWALEF)
396 PPP=PPP=~wALEF
397 CALL TEMP1(PPP,T2) .
398 CALL SPVOL(TZ,PPP,VPRIM) »
399 CALL ENTHALCTZ,ENST)
400 ENINSTSENST=0,461815%x(T72+4273,15) _
401 ENINA=O0,709%TZ ' |
( L
c PARTIAL PRESSURE OF AIR IS CORRECTED FOR TEMPERATURE EFFECTS
C ) )
un2 PAIR=PAIRO*((TZ4273,15)/7(TZ20+273,15))
¢ )
c A NEW TOTAL PRESSURE OF THE SYSTEM 1S CALCULATED i
c ,
403 . PT1=PPP+PAIR J
apy XS=PPP/PT
405 ENINMZEMINA*WAIR$ENINST*TKVOL/VPRIM
— 406 PSIG=PTx14,50d=1U,696
=407 PTBAR=PSIG/14,504
408 P=PT%x14,504
c .
C DYNAMIC VARIABLES ARE OUTPUTTED g
c 4 !
409 IF(T,LE,DELAY) GO YO 203
410 IF(T.GT.YPR) GO TO 203 :
411 PRINT 147 . : Al
412 PRINTI26 - A : R
u13 PRINT127 P
414 PRINT128 : . ;
41s PRINT12S _ ;
416 PRINT130 : i
a17 PRINT131 . et
418 203 CONTINUE i
419 PRINT122,T,7TZ,PPP,PAIR,PTBAR,P,PSIG l' !
420 IF(TZ.LE,TWATO) GO 10O 42
C "
(o ENTIRE PROCESS 1S REPEATED USING NEW VALUES OF DYNAMIC VARIABLES ‘i
c i1
4z1 GO TO 4} 1
422 42  CONTINUE |
423 STOP ) ;
424 END
o q
C 'k**tt**t****t*tt*t**i*****t***i*t*ttt********ttt***tt****t**tit*i 2
At
425 FUNCTION DV(VELDRP) U
C AT R AR A AR A R AR LR R R AR R AL LR AR AR IR R R R A AR R R AR R KRR A I IRk Rk kAL E R R R
426 COMMON /AREA1/ G,AREA,DMASS,RKOMB,VISHY,4,55,DIAM,DELRO, .
iosTAR1,DSTAEA,DSTAZBpDSTASAoDSTksﬁ.DSTARu.REEApREZB.RFSA.FESEoRELI
2RES,NMAXS, COMAY ¢ WSTAM, KMAXS ) hSTARY, nSTA3A, WSTA3ZE, NSTAR2A, w3TA2E,

3HSTARY,DST,SURFT )
427 ROMF=ROMB |11



\

428
uz9
430
431
432
433
a3y
435

436

a37
438
439

q40

4a1
aa2

443
444

445

&46
447
448
449
450
451
452
453
454
a4ss
456
asy
458
4s9
460
461
462
463
g64
46%

466

467
468

VISMF=Vv]ISMB . ZgV
RENDR=(D]AM*VELDRP*ROMF%x10000,)/VISHMF

SIGN=1,

CALL COREIN(RENOR,C)

AREA=3,1u159*(DIAM/2000,)%x»2
DV=G~((SIGN*C*AKEA*ROMFAVELDRP=x*2)/(2.20MASS)) ;
RETURN i
END !

A RARRK IR AR AR R A AR R A R A A AR AR A A AR A A AR RN AR AR A AR KRR AR A AR AN AR N KRR A A KNy

FUNCTION DZ(VELORP)

AR AR LR R R AR R R AR KA R R A AR AR R R R AR R AR R R AR R R R A LA RN KA R AR AR R A RN RN Ak,

DZ=VELDRP
RETURN
END ‘ i

AR KRR AR R R R R R R R AR AR KRR AR AR R AR R AR AT AR R ARRR AR RN R ARSI R A AR AR TR N kg

SUBROUTINE SEKPV(TZ,PV)
AR AR RRAI KR AR AT A AR AR RN R AR AR KRR R R R AR A AR A R A A AR RR A KRN R AR AR R hkg]”

X=7Z/7100, ]
PV=(((((((~2.,089006/10000,%x+3,156533/1000,)*X~1,50R7829/100, X

1,3488548/7100,)=xx=3,8647589/100,)*x+1, 1076109/10000 Yrxx=7, 0019a35
2000,)xX44,5905064/710,)xx¢1,2602044
RETURN I
END

. . (

Lepa Lt

AR AR KRR R R I AR R R R R A AR AR R AR N RN R A AR R A AR RN AR A AR AR R R R Rk AR AR R ARk kdg

SUBROUTINE PPwAT(TV,PT,CPVY,DENS)
t*****tt*t******tt*tttt**tt****t*tﬁ***t*t*****tt******t**t***tt!

A=(TV+273,.15)/7647.3 ‘
S=pT/221.,286 ,u;
U=100,*(3700000,-3122169.,2A%A=1999, HSIAtrb) e
W= (U+SORT(1,72%UxU+1362926,%10,*%10%(S=1,500705*4)))x=0, 29L1177
B=1,0523564(62.5+S*(13,10265645))/10.*x11/(1.5108/100000. +A*.1;)
C=(0,6537154=4)*22 ’ -
C=C%(7,241165/100000,40,7676621%C4xdU) -
VV0D=0,417/++C=B=(11,39706=9,949927*4)/100000, e
DENS=1,/VVOD =
X=TV/100, -
Y=P7/100,

I=X%x%xS

CPV=1,/(Y+2,)+0,021%Y=0,24927
CPV=CPV2(0,032+2*(0,00326440,0259122222/100000,))
2=(((=1.1000554X+4,B37208)*X=24,208803)#X+33,444712)2%x+430,72526b;
CPV=Z%xY/1000,+CPV ;
Z2=(((2,2599852X=7,403256)%X+19,007088)«X= 13 0U363)*x+019,8259%4
CPV=Z/100,4CPV

RETURN ‘ ' .
END ™

SUBROUTINE DTEMP(PT,V,T,AM,XS,0LST) e
*********i*****t**xkt*tt**tt**i*i*it**t*i*ttt*********x*t**f ;i
P=PT2100000 S
U (2.317%10, 2% (=9))%Prx] ,2258924V+*0,2628159*T+*], QZQFEZ*(XE;fL.




ax2(0,5199322) 281

669 IF(ABS(D).GT,170,) GO TO &

470 DLST=1«EXP (D)

471 GO 70 8

L472 6 pLST=1,0

u73 8 CONT]INUE

474 RETURN

475 END

C
C *tt*t***t*tt***t*tttt*****t*’**t***x*t’***t************g*gg***t‘,

476 SUBROUTINE WALLS(PSIG,T,H)

C IR RS2 2222 R R Rt R s8R R R R L R R 2R R R E PR S G A RN
c )

477 €==0,00200

478 W=(PSIG/14,504)x(1=EXP(C*T))

479 RETURN

480 " END

C .

C t*ttt**tttt*t***t*t*t****t**ttt*t**tttitt**tt***tt*****tttt*ttitv§
a8 SUBROUTINE TEMPI(PPP,TZ)

C RFRRARA AR A AN R R AR A A AT AR AR IR AR R T AR A AR RAA R RN AR AR R IR A AN AR R R Ak k

C

uge X=ALOG(1.01972+PPP)

483 TZ2CCLC(C((=,292L6603/10000,/10000,%xX~0,2685685/10000000,)+x4+1,
1303731/71000000,)%X42,2071712/100000,)*X~1,74177527100000.)*%X=3,7.
234BU/10000,)xX+1,3263773/1000,)xX42,129682/100,)%X+2,1077603/10,
IX+2. 3753577)*x+27 854242)%X499,092712

484 RETURN

485 END

c .
C 3 3 X3 AL 2 2222833233322 3223 2 X2 2 S R P R R S L I R R LR R R P R R R AR E XY

486 SUBROUTINE ENTHAL(T,ENTA)

C t*****it*t*t***tt**tt**ut*tttttt****ttt***ttf**tt***t*:***rtitttn
c

us7 X=7/100,

486 ENTASCC(C((1, nzesqsa*x-o 4307509)*xX+27 ,974559)%xX«uU3,077614)xX+15,"
19571)#X+161.,50666)%xX+2500,6256

489 RETURN

490 " END

C . :
C R AR KR LR A AR R R R R R LA AR L R A A A R A A AR AR R R R R R E R AR AR R A AN R AL AR R AR E AR AR Rk

191 SUBROUTINE SPVOL(TC,PPP,VPRIM)

C *t’******t*******t*t*t*i*t****ttt****t*ti***t****it*t*i**i**i**ta

192 DIMENSION A(9)

193 A(1)=1,26020437

94 A(2)=U4,59050639/10.

95 A(3)=~7,0419u4353/1000,

96 A(4)=1,1476108904/710000,

97 A(5)==3 864756857100,

98 A(6)=3,34885u079/100,

99 A(7)=-1,506762K877100,

00 A(8)=3,15653300/1000,

01 A(9)==2,4690059&/710000,

02 PVv=Al1) :
03 X=ics100, ]
4 DO 10 I=1,8 i
)S 10 PY=PV+A(I+1)xxXxxx]

)1 VPRIM=PV/PPP

)7 RETURN




508

509

510
511
S51e
513
514
515
516
S17
518
S1¢9
520
Sa1
522
523
524
525
S26
527

528

5e9

530
531
532
533
534
535
536
537
538
539
540
S41
542
543
544
545
546
Sa7
548
549
550
551
552
553
554
585
5Sé
557
558

20

25

26

10

END 282

AR AR A KRR R R R A A KRN R A R AR R R AR R R AR AR Rk P A R R R AR AR AR R kAR AR A R 2k p gy

SUBROUTINE CGEF

KA KRR A I KR AR AN AR R AR R R RN AR AR R A KR AR IR R AR AR R AR R R AR R AR AR KRR R R R Ak gy,

COMMON ZAREAZ2/TKVOL, ppp’ENMIXINAIRJPAIRO'TZO,T
PPP=PPP+,001

00O t I=1,90

PPPzPPP=,001

CALL TEMPI(PPP,T2)

CALL ENTHALCTZ,ENTA)

ENINT=SENTA-0,861U15%x(T72+273,15)

CALL SPVOL(TZ,PPP,VPRIM)

PAIR=PAIRO*((TZ4273.,15)/(T7204273.15))

ENINS=ENINTxTKVUL/VPRIM

ENINA=0,709%T2

TENINTSENINS+ENINAxWALR

IF(TJLE.O0,1) ENMIX=TENINT

IF(TENINT LE,ENMIX) GO TO 4 - )

CONTINUE

CONTINUE . -
RETURN

END
****t****t********t*t*****tr****************tt*****t*ta*t****};;

SUBROUTINE CDREIN(RE1,CD)
t**r**************t*tt***i********i*t**t*t********t***t*ttt**ﬁftﬁ
COMMON /AREA1/ G,AREA,DMASS,ROME,VISMB,A,SS,0IAM,DELKO, i”t
1DSTAR],DSTA2A, DSTAEB;DSTAsA DOTASE,DSTAkU RE2A,RE2S, RF}A,RESQ,R&
ZRFS,DMAXSpCDﬁAX'waAM,NMAXS,WSTAR&,WSTAZA,hSTA3B,NSIAEA,WS.Aﬁs,“
IWSTARY,DST,SURFT ot
DSTAR=10,*DIAM» ((ROMBAX2)2G*x10,*%2/VISMBr%2)x%(]1,/3,) w4
IF(RE1.LE.0.5) GO 70O 10 oy
IF(SS.GT, Uu,*10%*12) GO TO 20 R
IF(RE1.GT.RE2A)GO TO 25 .;:

CD=(248,/KE1)%x(1,+40,150*RE12%0,687) -
DSTA=(3.ARE1**2*CD*ROMB/ (4. *DELRO) ) +4(1./3.) o
WSTA=(U,*REI2DELRU/(3,4xCO*RUMB) )2+ (1,73.) : gk
GO TO 210 =
CONTINUE ] g%

IF(RE1,GT,RE2B) GO 70 26
CO=(24,/RE1)*x(1,+0,150%RE1»*0,687) .
DSTA=(3,*RE12%22CD*ROMB/ (4, xDELRO) ) *x(1,./3,) e
WSTA= (4, *REI14DELRO/(3,2CO%ROMB) )x*(1./3.) _ )
GO YO 210

CONTINUE

IF(RE1.,GT,RE3A) GO TO SO

CD=0,4B84(S*10,xx(=12))xx0,05
DSTA=(3,*RE1x*2xCO*xROME/ (U, *DELROYI)x%(1,/3,)
WSTA=(4,*RE12DELRO/ (3, *CD*ROMB) ) *#x(1,./3,)

GO TO 210

CGNTINUE

IF(RE1.GT,RE3IB) GO YO SO

CD=007*(SS*1OQ**(-12))**(-0.05)
DSTA=(3,*RE1*x22xCO*ROMB/ (U, *DELRO) ) *x(1,/3.)

WSTA= (U, *xRELADELRO/ (3, 2COXROMB) ) xx(1,/3,)

GO 10 210

CO=24,/RE1

DSTA=(3,#RE1*%2%CO*RUMB/ (4, xDELRO) ) %% (1./3.) . -
WSTA= (U4, *REI»DELRO/ (3, xCOXROMB) ) 2x(1,/3,) - -

Axh  em
LW AR
s SHEC R

w
s 2ozaty



SS9
560
561
Séee

563
Seu4
565
S66
S67
568
569
S70
571
57e
573
574
575
576
577
S78
579
580
581
S8z
583
s84
585

50

60

70
11

12

210

GO T0 210 . 283
CONTINUE .
IF(RE{.GT.REL) GO TO 60
DSTAS(RE1/(U,5%x(DELRU/KOMB) 240 ,38B%(SS*10,%2(=12))%%0,0323)) %+ (}

11.29)
WSTASDSTA®%0,29%8,5% (DELRO/ROMB) %20 ,38H4 (SS*10, %% (=12))%*0, 0323

CDO=,0657020STA*20,U2* (DELRO/RUMB) 220,220%x(SS*10,x%x(=12))*x(=0,06"

GO 10 210

CONTINUE

IF(RE1.GT.RES) GO T0 70

WSTA=19,96* (DELRO/ROME) x%x0,262% (SS*x10,xx(=12))%xx0,0654
DSTA=SRE1/wSTA

C0=0,00335%x(DELRO/ROMB)2x%0, 077*(55*10 *%x(=12))x%2(«0,131)2DSTA
GO0 10 210

CONTINUE

GHR=4 , ADELROADST2%x3=3  ARE1#x22ROMBx (A% (DST=DMAXS)+COMAX)
GRPRIM=12,4DELROXDSTx42=3 *RE11%222R0OMB*A
DSTN=DST=GR/GKPRIM

IF(ABS((DSTN=-DS1)/DST). LT 0,001) GO 10 12

DST=DSTN

GO 710 t1

CO=COMAX+Ax (DSTN=DMAXS)

WST=SART (4, xDELROXDSTN/ (3, *ROMB2 (Ax (DSTN=DMAXS)I+CDMAX)))
DSTA=DSTN

KSTA=WST

CONTINUE

RETURN

END

SENTRY
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DROPLET SIZE DISTRIBUTION MEASUREMENTS
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Figure Ol. Photograph of droplets obtained using the catch in cell
technique for 30 IGPM near the spray centre.
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Photograph of droplets obtained using the catch in cell
technique for 30 IGPM near to the edge of the spray.
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Figure 03. Photograph cf droplets obtained using the catch in cell
technique for 40 IGPM near the spray centre.

s s maem me smmmr s 4 = - o ecrmmee om ey am cam e ce . g mes




.
.
L J
.
'@
.
3 L
.
e ®
[ J
.
.
.
. .
.
. Ld
R .
.
o
.
.
. K-
.
.o
.
-
.
. -
- * g R Salk
[ .
——

Figure 04.

Photograph of droplets obtained using the catch in cell
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Figure 05.

Photograph of droplets obtained using the catch in cell
technique for 50 IGPM near the spray centre.
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Photograph of droplets obtained using the catch in cell :
technique for 50 IGPM near to the edge of the spray. .
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Figufe 07. Droplet Size Distribution for Droplets Shown
~in Figure Ol. ' .

Xm = 5-252mm, b=0-292 §=1.265"
FLOW RATE — 30 IGPM, NEAR THE CENTER OF THE SPRAY
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Figure 08. Droplet Size Distributiori for Droplets Shown
in Figure 02,

Xm=349mm b=0.399 & =0-902

FLOW RATE = 30 IGPM, NEAR TO THE EDGE OF THE SPRAY
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Figure 09. Droplet Size Distribution for Droplets Shown
in Figure 03

Xm =2:935 (mm) b=1-683 §=1-473

FLOW RATE 40 IGPM, NEAR THE CENTER
OF THE. SPRAY
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Figure 010. Droplet Size Distribution for Droplets Showm
in Figure 04,
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Figure 011, Droplet Size Distribution for Droplets Shown
in Figure 05,

[o]m
Xm= 4629 (mm) b=1-569 8§ =0-677
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Figure 012, Droplet Size Distribution for Droplets Shown
in Figure 06. '

Xm= 357 b=0779 8=0822 -
FLOW RATE - 50 IGPM, NEAR THE EDGE OF THE SPRAY
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Figure 013. Photograph of droplets obtained using the direct photography
technique for 30 IGPM near to the edge of the spray.
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Figure 014 Photograph |
. ph of droplets obtained usin
th
technique for 40 IGPM near to the edge o? g;:eggrz;omgraphy L
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Figure 015. Photograph of droplets obtained using the direct photography
technique for 50 IGPM near to the edge of the spray.




PPt P I R

12r-

1o~

o)}
)

(dv/dx) x 104
- :

Figure

016. Droplet Size Distribution for Droplets Shown

in Figure 014.
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12 - Figure 017. Droplet Size Distribution for Droplets Shoﬁ
. [_ : ) in Figure 015,
r

10 _ - | X =1-452 mm
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