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. ABSTRACT

A computer'program,”ﬁritten in fORTRAN'langnage, was
developed to modeI the flow inside any test facility with

an axi- symmetric cross section. The‘flow~fie1d>limited to

7_the case pof inqompressible potential flow'was calculated by.

i i
using the. exact solution of the Neumann problem. Also

'developed was a{proﬂram which estimates the thermodynamic
{'and dynamic p;gperties of water. droplets passing through
this type of test facilidr This allows both the
. temperature and the velocity of the droplets to ber ; "
:predicted, The-éravitational effect on the droplet was
inclnded'inlthe equations\of motion. . Using these equations'
‘of motion in a three dimensional model allows the Técation
of the water droplets°to be determined and the trajectory
of the droplets to ‘be recorded ‘ '

A parametric study haé been - performed on the FROST
.‘icing wind tunnel of .the Mechanical Engineering Department
‘at the University of Alberta. It was,found that ~
thermodynamic and dynam;c_equilibrium are~achieyed wigh the
freeﬁstream for 10 micronidiameter water~droplets up, to a
testasection speediof SOvm/s. However, for bigger dgoplets
(50 microns and 106'micr0ns) both eouilibrium were not
possible even at test sectionespeed‘of 25 m/s.

. The performance of two wind tunnels ot—markedly
vdifferent contraction shapes were comparedm The resmlts

showed that a gently sloping contraction is a better shape

v T Siv



r
for providing thermodynamic ;quilibrium for the droplets,
while a'éteeper cdntract}on is a better shape for dynamic

equilfbrium. : . - E ST
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Ug,dv &ﬁvelod&ty of air and water drgplet respectively, m/s

vip) -velocity potential at a point 'p', m2/s
I
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B
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. —
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6 -~ -heat transfer rate, J/s ‘
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‘e(q) ‘-surface noufca density at a point 'q'
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'gsuperstructure cau51ng stability problems. Land

‘Chapter'One Lt - ,
A

Introduction

. 0

In recent years,‘iCe accumulation on objects such as

'ppwer lines,‘aircraftrwings, helicopternblades and ships

>
have ‘caused concerns to people in different ‘areas of
-9 .

-sbciety. For ' example, people in meteorology who wante to

predict the occurence. of free21ng rain and send out’

<

warnings, people'ln aViatlon who want to find out ‘the

.

severity of fee21ng rain attacks which force the’ CIOSure of

o

,airports, or. researchers who want to f1nd out the causes

and eﬁfects of ice. accumulatlon on obJects such as

aalrfoils, powerlines, ‘etc. All they are hoplng to do 1s to

predict ant1c1pate, send out warnings or 1nvent dev1ces to

°

.fminimizevthe damages.caused by these naturally occqring‘

evqnts.

.

‘Results of these~incidentsfcan~be,devastaSting, for

‘instance, the catastrophic accident ofithe Air Florida.

Boeing 737 in January 1982 at Wash1ngton D C. nearQNational

Airportfwhich k111ed 78 people. The frequency of hellcopter

. 0 ‘ \

loss 1n north eastern Canada in- snow storms prompted the

\establishment ofvleglslatlon to»restrrct helicopter flylng

¢ v

-3
under bad weather conditions during the winter. The safety

‘_of sea transportatlon 1s also endangered by cold weather

conditlons. Sea spray freezes and accumulates on the vessel

2t
o -
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transportatlon can also be crippled by bad weather.

~
Therefo e all types of transportation are affected by

‘seVere weather cond1t10ns in onepway or another. Cities

'

néar coastal areas 1in the northern hem1sphere are

/

\ part1cularly susceptlble to acc1dents that are icing

»related ‘primarily because the climate provides conditions

favourable for 1ce accretlon. Spec1f1c areas such as -
Northern Quebec are very susceptlble to av1at1on problems

- . . -
and;coastal areas in European countrles such as Finland and

|
i

Norway are more susceptible: to cap5121ng of vessels and

’

"collap51ng of power lines. : | IR

i
[
i

Researchers in the field of ice accumulation haye be;é

tnyingAto‘examine the'icefaccretion-process by_attemptip@

toxsimulate some of the'conditions of icing in wind /
o

tunnels. These experdments-are aimed at gaining inz}g

into the problems and to develop some physical ‘modéls of

-

“the icing.process. Phy51cal models that can be used to

predict the amount of ice accumulatlon on an obJect type

of ice that forms under dlfferent types of weather

conditions, shapes of ice formatlons on different surfaces,

- etc. All this information would lead7to'more'accurate

'preddctions_of ice accumulation on objects. With this

vyt

information, some devices may eventually be invented to

minimize or prevent ice accumulation on critical parts of -

-~ vessels or aircrafe.

Wlnd tunnel testlng, combined w1th computer modeling,

is now be1ng Undertaken to ana’yse and predlct the ‘ice ety

- -

-



accumulation on objects. In some of these computer'models
‘the velocity and temperature of the droplets prlor to .
1mpact are required as 1nput data. At present, there ls no
direct method which can measure the temperature of droplets
and it is very difficult to measure the veloc1t¥ of the
droplet. These two droplet properties are'usually assumed
to be the free stream air values. The accuracy of this

¢

assumption and the effect of this assumption on the model

— e ——-

predictions are not known..In %hls study, an attempt to"

estimate these, two properties-.was undertake

——

wind tunnel using a computer model.

@ B
i
1

The estimation of the properties ofhuate ,spray 1517

also of interest to meteorolog1sts. HeatherrE,;Auld (1980),

‘Department of Meteorology at Un1ver51ty of Alberta,
developed“a one-dlmén51onal model‘for predlcting the
temperature and velocity of water droplets which undergo

_dynamic and therhodynamlc changes insidewwind tunnels he

A\

scope of this thesis extends the work of Auld by develop1ng~

a general algorithm which pred1cts‘the two aforementloned
droplet propertles for any*wind tunnel with an

. axi-symmetric cross.sect1on; Two major dlfferences that -
appear in the more general mcdel are the effects of gravity
and.a "focusing effectm produced by the droplet inertia on
thevdroplet trajectorf. Focusingveffect is caused by the
radial component of- the.momentum of*the droplet after.it

-passes throughvthe contraction. It has a tendency to move

'r{the droplet toword the centre of the tunnel. —

4
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Chapteerwov

Descript:on, of the Model

L

\%he estimatidn of the dyhahic and.thermodynamic
properties of groplets insidé‘the wind tunnel is d;vided
inte three pa}ts. Fi;st. thelfloﬁ field inside the wind
Eunnei I's, established. The trajectory of the droplgt are
then calculated, and lastly, the heat exchange bétween the
droplet aﬁd'tqg'free stream is compqted.

In order to estiﬁage thé ﬁfoperties af the dropie;
correctly, it is important to eétaﬁlish a fiow field thaﬁ
is similar to the actual one inside tﬁelwind tunnel. The
dioplet»tfajectory depends on ﬁhe flow field which propels
the droblet along thé wind'tunnéi. The heat transfer is '
dependent on the duration of the trajectory of the droplet,
Im this étpdy,:the exact solution of thé Néumahn_problem/
'(}.M.O. Smith 1958) for"arbitrary boundariés wasvused, his
is a we{}‘establisﬁed mgthod fqr.calculéking flow dvef
qudies of arbitrary shape. The bodies can have eithﬁé
twordimensiopal or axi-symmetric cross sectionsﬂ Lé this
study we concentrated on the axi-s&mﬁéFric case. The flow
‘field ;aS‘assumed to be an incompressilble‘pote;tial flowf
In géneral, the bulk of the flow.battern.inside the wind
tunnel, especially at_thF_centre of the‘ﬁunpel, is a
pbténtial;flow. | ®
" The motion of the droplef is described by Newtbqfs

s

1 \‘r ’ 4
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Second Law of: Motion.,Droplets are assted to be rigid
spheres. The’ drag force, propelling the droplet along the
tunnel, was obtalned from_the relative velocity between the
‘free stream.end the droplet. By using a-numerical
integrationitechniqhe, both velocity and'posftion.of the
droolet were ealchlated.

The temperatore change of the.droplet wae'obtained by‘
calculating the‘rate of heat exchange with the‘flow field.
The heat. transfer terms con51dered were evaporatiye,

;;g%

R
\)!’

”convection, radiation end the internal energy of

droplet.

.

Details of the general'theories are described in
Chapter Three. Qhapter Four shows some of the results

"deduced from the computer program and the d .scussion of the
~o ,
'resul&s, A copy of the complete FORTRAN computer programS’

~

and subroutines are listed in Appendix B.



Chapter Three

A
i

Outline of the Solution

’

3.1, Formation of the Flow Field

~Calculaticn of the flow field inside the wind tunnel

was based on Neumann 's method for calculation of- the
potential flow about or within arbitrary boundarles.

Jgeneral description of .this method is given in this

A

”

section,

-Details of the theory are explained~1n fullvin

Appendix A. . -

. , _ : _ '
To'He able to use Neumann's'methcd -the wind tunnel -

was d1vided into a number of ring sources. as 111ustrated in

'Figui.'3 1. The length of each ring does not necessarily

: have to .be the same. These rings were cbtained Ly the

rotatlon of a small segment of the wind tunnel about the

;Géntral axis. The contour of the wind tunnel. was described

by a-continuous curve in .the vertlcal plane in X and Y+

co—ordinates. Each ring, either a source or sin}; has:a

ccnstant value of scurce density on the entire‘ringj

‘therefore, there is a set cf source densities on the .entire

surface.’

Tre values ¢f the set of source densities are

orginally unknown and are determined by u91ng the boundary

condition-of the surface of the wind tunnel. qu:solid"

Led

non-permeable surface, the boundary condition  is that the

‘velocity component normal tc the surface at the mid-point

of each ring is zero.:

<
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Figure 5.1 shows the notation andfmbasuring sjotom. P’
represents an unrbounded exterior region ard P repreaents

the inte;ior Yegion. The velocity potential at point P due

to the influence of the whcle tody shtell is:

- .

/

%(P) =U G(E)ds | o (3.1)

In this Fquation 3.1, the potential (y) of point 'P'
is calculated by the surface integral of the‘entiro shell,

The value ' '

is the source density on the shell. Variable
"L' is the distanoe Letween 'Pgj_)' and the variesble

point 'C' c¢n the shell. This equaticn is valid fcr booh
regions P ?nd R'. The velocity in ony direction is then the
derivative of the potential in that direction.

Integrating Equation‘3.d difecgly is quite complicated
.therefore a nymerlcal method for 1nte§rq$ion was used One -
of the simple and straight fcrward mefhcd Slmpson s Rule,
. was erplcyed here. It required that each ring be further
divided irto an evenbhumber.of‘subelements.,The numte? cf
subelements is inversely prcportional to the distance
betweeg@the ring'aod pcint 'P', The unkncwn value of "the
source densitf cf each rirg was sclved by Equaﬁion 3.1
also. The boundary condition of each ring wasVSpecified at
the midpoint of the rlng. Since each of these points is
influenced by all)the other rlngs includirg itself, it can

be easil een that a set of n simultaneous equatiohs is

fcrmed, where r is the .tétal number cf rings c¢n the



"

cbject surface. This set of equations was then solved

algebraicelly. Once the values of this set of source
densities were evaluated, the potential and its derivativeé
(the velocities) at any point were readily obtained.

For the case of cbtaining the source density of a wind
tunnel, a special ‘procedure ;as needed. The cortcur cf the
wind tunnel wds described by a continuous curve ;tarting
from ;he centre cf the centre cf’the wind tuﬁnel. As .this
curQéfrotated about the central ixtg.‘a se&ies of
ccncentric rings were formed a;ron€;;;k of the wind tunnel”
W:mww (see figure 3.2). These vertical rings were actinglas pumps

to intfoduce flow inside the wind tunnel. This was dcne:by
sﬁecifying some values of Qelocity at thé mid-point of egch
"vertical ring,xthile the{velue of the velocity for the rest
of the rings was specified as zerc. The value cf the
velocity for these vertical rings was the same so that a
uniform vglocity_profile at the test-section cculd be
obtained. Upiform velocity profiles were cbtained at
locations -7.0 and -3.25 m of the FROST tunnel.

. .
—_— ‘ R ' <

- 3.2 © Calculation of the Droplet Trajectory

. The motion of a sinéie droplet in the air is governed
by Newton's Second Law of Mcticn. The two major fcrces |
agting or—the droplet are th; viscous drag and the
gravitational fcrce. The equatiocns cf mcticn féf a droplet.
have bee; derived and discussed in Aul&'s‘tﬁLgis (198C).

The equations have been gimplified here to:

"



discussed in Myron Oleskiw's ‘thesis (1982).
In'Equétion 3.2 'Cq' is the coefficigh
is the density of air and {A' is projectéE”'
droplet and d is thé velocity. Subscript 'a"déngtes the‘
properties of ambient air and 'd' derctes the droplet
bropgrties, The drag force is proportional to the square of
the relative velocity 'U,-U4q' between the free stream
and the droplet. Bgrs ovef 'F' and 'U' indicate a vector
quantity. Tge ﬁultiplication of thg\vectdr is done by dot .
prcduct of the quant}ty. Thq,vector direction for these
variablep are in the X, Y, and Z directioné. By‘including
.Ehe gravitational force acting on the drqplet, all thé
- forces on thé drcplet are accounted for..The forces acting
on the drcplet are expressed in the following equation
F = ?drag - (4/3xr3)» Pdng’ ’ (3.3)

All the values cn the right hand side of Equaticn 3.3

s are readily cbtained either -by the initiel conditicns or

“frcﬁ the resqlts of the previous time step. Cne exceﬁtion
is the value of 'Cd' (coefficient of drag). This value is -
calculated from a set of empiricél fcrmulae developed by /
Beard and Pruppacher (1969). They experimentally measured

the drag force acting on water drogplets failing at terminel \\\\\
velocity in air. The experimental correlations are valid

fcr Reynolds Number ranging frem 0.2 to 2CC. Later LeCleir, -

.
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et,al. (1970).theoretica11y predicted,cho vpiuas of viscous
drag for rigid spkeres fcr a Reynolda’numbqr range from
0.0i to 400, Their results agree with Beard and.
\Prupp;cher's experimental results. This agreement’supporta
“che simplification of treating water driﬁlgts ;; rigid ¢
'sﬁﬁéres. The empiricg} drag coefficiert described by_Beard

and -Pruppacher is as fcllows:

Cd/(24Re)ml+A%ReB | | \ “k(3.6)
. where A=0.102, B=G.995 - ;ar:o.z = Re < 1.5
A=0.115, B=0.302 - for 1.5 = Re « 20,0
A=0.189, B=0.632 ' for 20,0 = Re = 20.0

and Re is the Ré}nolds Number.

Cnce the drag farce on the droplet is evaluated, the
change-in velocity and positibn of the droplet can then be
calculated by integrating tﬁe eqdations cf mction. .

Numerical integfation is used to cbtair the change in
velocity and posiéiqn. Th{; is the most cammon method fcf
integrating the equation of motion. “

§dF*dt/m = dU ' - (2.5)

fdu*dt = dX | (3.6)

Equation 3.5 assumes that the drag force and the mass o
of the droplet are constant within the time interval. By
integrating the ?atic‘betﬁéen'the drag‘force ar.¢ the mass
of the droﬁlet, that is the acceleration, with respéct to
'time, we -ottzined tthe changé ir velocity of _the droplet. 

Then the velocity was integrated with respéct tcptime{and

we uvbtzined the éhénge.in pbsition of the droplet (Equation



. 3.3 Mech nisms o ¢at Transfer

droplet and the freg steam is a complicated and involved

process. Difficulties such as circulation within the

. ‘ L i L l3g

3,6). The time step was obtained by a specified change in

velocity of the droplet. A comparison was made between the

results obtained by this method anw Runge-kutta method and

-

little different was found.

[y

To estimate the amount of heat transfer between the

e 8 24

1]

droplet, ooalescencé between droplera, and'freeze-out of
. v . , o o -
droplets make the problem difficult to solve. In order to

calculate the amopnt‘of heat tronsfer.‘soﬁEJassumptions .
have to be made. These are listed as follows. ‘ .
* 1, The droplet is a rigid sphere with unig\}m»

temperature. )

A -

23 A single droplet is considered at one time, ‘i.e.
' no droplet to'droplet interaction.
/3: Supercooling of the droplet is possible, toere{ore
" freeze out is not considered
4.f{he thin layer of vapour sprrounding the drcplet is
in equilibrium with the droplet, and the properties‘
‘of this layer of gas are determined according to
the temperature of the droplet ‘ |
5. Steady-state equations'are used.’

V.

6. Density of air in the wind tunnel is constant.

]

7. Feed back on the air is not included; that is the™

ir co&dition is not affected by the droplet
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Thrée types of heat exchange yﬁtQOQn the droplet and.

"

free stream sere considered. They Cg:e ev.pbrltivur heat

“transfer, convective heat transfer and radiative Nheat

transfer. The net heat flux is equal to the change in '

%

internal energy-of ﬁhe droplet. The heat balance equation =

.

can be written as folloﬁss,

p = Qg+ Gc+ & (3.7)
"uhere‘subscript 'C' stands for convective, 'R' stands
f;} radiative, 'E' stands for evaporative and 'I' staquhk
for‘igternal-energy. All of these hgat transfgrbcompcreéis
are rate of ;haﬁge of enérgy; that is, with respect to
tirce,

J Tge amcunt of evaporative heat transfer depends on

theamount of water vapour transfer to or from the droplet
i o R ) .ﬂ
surface. e rate of mass transfer is directly proportional

.to the difference in vabour density between the two

médiums.EAcco;Eing to Pruppacher and Klett‘(l§78.p414), the
rate cf méss tran;fér cf the dréplet in‘stéady state form
is: h |

dMc/dt = 4xrDf(0a-04) | (3.8)

where 'Df' is the diffusivity of water vapour in ai;

5

and 'r' is the radius of the drcple;. The subscripts have

the same definitions as previously stated. Subcripts 'a’

~and 'd’ refer to the properties of ambient air and water

droplet surface‘reépect{ve%y. The rate cf latent heat
exchange ai the drcplet surface is siﬁply;,

dQE/dt = 4rrDE(e,-eq)*Lv N (3.9)

-
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”different velocity from the free stream.'This relative

constant (Rv). Equatgon 3.9 become:*

am

.“Y‘L'x‘- | ' - » ‘ , ) . 15

‘ﬁ

-‘where "Lv' is the spec1f1c 1atent heat of vapor1zat10n
o
later vapour. Assumlng 1dea1 gas behaV1our for ‘the

vapour, the vapour den31ty was.substltuted ‘using the value

B v >

of vapour pressure, temperature and the Un1versal gas

S}
3 e

.0

dQg/dt = 4erva(p /T -Pd/Td)/Rv o (3.10)[

Thls substltutlon was made becauee temperature can be

calculated e3511y and the vapour pressUre is a funct1on of

o,

temperature. The saturated ‘water vapour pressure was.

o

fobtalned from an- polynomlal by P. R..Lowe (1976). The

formulatlcn 1s su1tab1e for tre temperature range from
)

-509C.to.50°C. The expresSion, a sixth-order

" polynominal,has an error of less than one percent over this

range. -

1 R . . ‘ L .
? . .

'The aboveyexpreSSion apgiies to theplatent“heat

‘trans£Er fdrﬁ%tationary droplets only..When the’drbpletsq‘gyg

travel'inside the wind tunnel, they are usually atla T
R . - ' . , @

-

_mot1on enhances the heat transfer between the twe mediums.

In" the f1eld of heat tranefer, thls wentllatlon effect'ls

accounted for by 1ntroduc1ng a d1mens1onless number called

«‘Sherwood Number (Sh) ‘This number is defined as: o -

. @ S SRS o
Shz=_hd*(2r)/D§ ot § ST D (3.11)
where fhdf'ls tﬁ:ﬁigsc transfer doaff1c1ent 'r!is

the radlus of the droplet and 'Df is the.dlffus1ty‘0fi ~

water vapour. S “ SN

.

The effect ofvtheerntilation'effect ct the latent

} R S N
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héat‘tfénsfer‘can be expreségd$a$ follows: ,
Qg = (GE)o*Sh/2 30

where subscript"O'Vdenotﬁgﬂhéat‘qﬁaﬁsfer,rate cf
stationary droplets. The value of‘the Sherwood Nuébér is
computed from the experiment results obtained by Beard and

, ‘ . \ S
‘Pruppa;her (1971). The empirical expression for the

L

]

Sherwood number is as follows: . - ‘ .
Sh/2 = 1.0+0.108(Sc1/3Rel/ )2  scl/3Rel/2<1.4
Sh/2 = C.78+0.308(Scl/3Rel/2)" 1.4fsc1/3Re1/fcxg
Sc,ié,énotﬁef dimensidnléss number calledltﬁwQQ«nmidt

number. It is defined as the 'ratio between kinematic

viécosity of air 'v' and diffusivity of Wateg vapour 'Df'.

Sc = v/Df , ’ ' - (3.14)
A'similar érgument’xas ugéd for.thé calculatién of
convective heaﬁ,transfer. The ventilation'effectvwas'
 accppnte§ %cr by intfoduéihg another dimé;sioﬁless number.
tﬁe Nusseit‘nﬁmber (Nu), in a siﬁilar fashioﬁ as the
SherWodd nﬁmbér fof maés trénsfer.iThe NusseiﬁAnumber is
Wdefined'as: ' .‘ | B ' B “'% .
Nu %‘h*(Zfz/k o o (3.15)
where 'h' is thé’heét transfer coefficient, "r'! is the
fadigs of the dtqplet:and 'k; is’tﬁe thermal conductivity
‘of aif; The;ﬁeaé Lfanéfer equétion, accofdfng ﬁ& Pruppaéhef
Cand Klett (1978,p.418) ds: . o
dQe/dt = 4xrk"(To-Tg)Nu/2 o ae)
uhéré‘kﬁ:isithe‘médified‘cogffiéient‘éf heat transfer

coefficient of moist air, which has units of J/cm-sec+K

A
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#

A-éimiiar expression fQJ‘C8l3018tiﬂs fhe éheinOd number 1iS
uséd to calcuiate the Nusselt Nutber. It is cpmputéd by ghe.
following«éxpressions:
Nu/2. = 1.0+0.108(Prl/3Rel/2)2 ‘Pr1/3Re1/2:%.A )
Nu/2 = 0.78+0.308(Prl/3Rel/2) 1,4=Prl/3Rel/2c16
HeFeJPrandtlnumbet 'Pr' was intrqdqud reﬂlacingbthe
Schmidt Number.. ThelNgséelt number is therefore defined ih'
terms of Prandt] numﬁér and Reynolds numbef. Prandtl number
»is.défined és the rafio between kinematic viscosig}-'v’ and
thermal conductivit; of air 'k:. . “
< Pro= v/k L | (3:18)
- The limit for the values ¢f Sc1/3Re1/2 ‘and i

L]

F’rl/3Re1/2 is 16 which ccrrespond= te flew with Re less

than 320 i ;‘ o o

t
b

'The final ferm cf,héat transfer is radiation. It was
calculated according .to Stefan—Boltzﬁann's Law. The
‘éxpression for tke heat transfer by long wave radiation is:

3

Qg = Atrsz(T 4org4) . G

<

where v is the Stefan-Boltzmann constant Wthh has a
value of 5.669*10 8J/m2~sec K4, F is the em1551v1ty
of the droplet and is acsumed to have a value of 1.0.

The’ sum of all three~fcrms of heat transfer results in
‘the‘éhangé in internal éﬁergy of the dréplet. The chénge in
enéfgy is written as: ; |

Qr = 4/37r3eqCp(dT4/dt) o (3.20)

) where '€4' is the density of water and 'Cp' is the -

&

specific heat of water.



»

. et

Thelenergy balgnce‘eqhatidn_for the droplet, 'according

‘to Equation 3.7, can be written as follcws:

4/37r364Cp(dTq/dt = 4XrLvDE(Py/To-Pg/Ty)(Sh/2)/Ry
 e4Trk"(To-Tg)Nu/2 .

+amr20E(Tg4-Ty4) (3.21)

The total change in energy‘is obtained ‘by in;égrating
the rate of heat transfer with respect to time. For
convenience, the‘time'step-f§r indbgrdtihg the equétion of.

moticn was used in this integration.
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Chapter Four L | e

"Results and Discussion'

This'chapter presents anad»dis%usses some results
. ‘ ) . E . : , o ¥
obtainedgfrom this fprograr. Most of the results in this -~ = ™™
5 S "

‘chapter were.obtained for the FROSI icing_wind tunnel of the
“ . : l ) . . &‘. i

Mechanical Engineering Department at the University of

Alberta. Results represent the predictions of the dynamic

L

) and thermodynamic properties, final p031tion of the droplet

~—

due to the gravity effect, and the focusing effect of‘the

wind‘tunnel. The‘range'of‘droplet sizes, from 10 microns to

PR

10C microns, over a range of test.secticn velocitie fi 10
m/s to SOm/s were used as testing parameters. ‘These ranges

are 1dentical to that used.for aitual experiments at the
-"FROST wind tunnLl; Also.included is,a comparison of the -

performance of two different types g ind tunnel

c°ntractions.‘This performancev"est illugtrates the | ‘gf"

usefulness of’the‘algorithm'as a
.To use the program, initial c itions for‘the‘-'

dropletdtemperature, position and velocity_werelspecified.

-Initialvtemperature.of‘air and.droplets werejset at 263 K

and 283 K respectively. The ipitial velocity of the droplets
\

S

- was usually close to that of the ‘free stream at the 3
specified'location.wfrom a study using the axi-symmetric
program, it was found that the final results are not

sensitive to the initial velocity of the dréplet.

19
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PR ThelFROSﬁ ieing wind tunnel was designed by M. Sroka
(1972) as a M. Sc.'tnesis. Thieetunnel was designed to have a

minimal amount of turbulence (about 0.2 percent) at the test

»sectlon. The tunnels octagonal cross sectton was represented
by a inscribed circle and the contour is shown in.Figure
3.2, The effect of this cross section on the results from °

this prcgram, which predicts only'axi~symmetric type wind

tunnels, is minimsl because most droplets are introduced far

enough from the wall, Also the area ratio at any point with

respect to the inlet is the same for both cross sections,

/

/ The initiel‘position of the droplets was specified by
/ :

. / : . . . .
X, Y,and Z co-ordinetes. X is the direction alcng the axis

of the wind tunnel. This cofordinate indicates the location
<© [ .

~'of \the spray nozzles upstream from the centre of the test
section. Using the‘Y and 2 CO—ordinatesnas shown in Figure

¥

3.2, the locatlon of a droplet across a vertical plane can

be specified. In this way, the focusing and gravitational

. ef

fect on the distribution of the liquid water ccntent (LWC)
wete’predicted by obtaining the final locations cf the,
‘dr‘plets at the testAsection.:

'4.ﬁ Dynamic and Thermodynamic Equilibrium of the Droplet

Figures 4.1 and 4.2 show the predlcticns of'
thermodynamic end dynam1c equilibrium of tte droplet-at-the
centre of test'eection réspectively.»Fcr these results,

droplets were intrcduced into the free stream with only an

. ] -
. axial velocity. An axial velocity, close to that cf the free

pein

@&
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stream, of :0.625m/s, 2.56m/s'and'3.125_m/§ was used at the

initial position of 3 metres upstream from }he centre of the

test section, These velocities corresponded to test section

s

| '
velocities of 10m/s, 25m/s and 50 m/s respectively. The

¥

relative humidfty of the air was specified as SO)percent. A
decr;ase in relative humidity of the air éeqreases the final
temperature of the droplet;_theréfore the'drople£
temperatur; decreases due to latent heat of vaporization.

With the water spray turned on and the air circulating

through the tunnel, it was difficult to mezsure the humidity

of the air inside the tunnel; therefore, a mean value of 50

percent was used. The ordinate of these fjguré% is the ratio
of droplet temperature to air temperature and absolute
temperatﬁre was used. The abscissa is the test section

C
velocity in m/s.

The results show that 1C micron droplets achieved

'tﬁérhodynamic equilibrium with the free stream for all three

test section speeds. However, for the bigger droplets (50
.micron) thermodynamic equilibrium with free stream is only

achieved with a test secticn speed cf less than 1Cn/s.

From these results, it is obvious that the ' I

temperature deviation between the dGCiet ard free stream
can be explained by the total amount cf heag transfer
between ;he‘dropiet and free stream. For higher @fee sgream,
velocities, the droplets will spend less time inside the

-wind tunnel resulting in a smaller amount of heat transfer.

~Although the evaporative and ccnventive heat transfer rates

<O
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increased, they are direptly proportional to Reynolds number
to a power of less than one; however, time is directly
proportional to‘velocity ‘which is directly proportional to
the'Reynolde htnber. The only exception is when the droplets
reach equilibrium with the free stream before they reach the
test section. In which case time will not affeot the final

temperature ‘of the droplet. '

* The ambient temperature was assuned toc be unaffectedv
by the heat trarsfer with the droplet because‘only one
droplet wes considered at a time ard anfbient air was assumed
to 2ave a much larger mass., However, the amblent tenperature‘
did. change when passing through the ccntraction. Accordlng
to Energy equatlon, air undergoes adlabiatlc expansion as it
rushes through the contraction. The law 81mp1y says air
veloc1ty increases and energy is expended causing a decrease
in air temperature. For a testgsectlon speed of SCm/s at the
FROST tunnel a tenperattne decrease of 2 K was predioted.

Dypamic equilibrium of the'droplets’with the free
streem is shown in Fiéure 4l2. The vertical scale is the
ratio of droplet velocity to the free stream velocity The
horizontal scale is the free stream velooity at the test
section., For 10 micron droplets,vthe final velocity at the
midpoint of the»test section was almost identical to that'of
the freeistre;m. For 20 micron ard 100 micron droplets and
at higher test seption speeds, thepfinal droplet velocity

did not reach equilibrium with the free stream. This lagging

in‘velocity could be due to the increase in body mass of the
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droplét. The mass. is propo}tionql to the.}aJius to the power
of three while the drag force is proportional to the sqﬁare
of the radius. Thérefqre it is harder to accelerate a bigger

[l

droplet while .it is rel?tively easy to accelerate e srall
droplet. K ‘

Figures 4.3, a.%, a;$ an§44.6 shoy\the‘prédictions-cf
. temperature and velocityv;f ghe,droplets al?nglthe FROST
iéiﬁg wind tunnel. The exact fahicur of tﬂg tunnel is also
‘shown in Figure 4.8. The location -3.25 métres on the x-axis
is the midpoint of the text qecti;n. All droplets were
introdﬁ;ed at a locat¥om of -7.0 me}res on the x-axis, The
ini:ial cenditions .of the droplets were the same a; stated
before. The initiai femperature(of the droplet was at 253 K
and thg initial féiocity was'clqse t; the‘free stream
"velocity ‘ . )

| The three curves shown on each figure are results'of

three test section speeds of 10m/s, 25m/s and SOm/S, The .
curve5 that have no symb ls are the prcperties of 'air. Froh
the difference betweer t;e curves ‘showing the propertiés cf
air end the droplet, we can find ovt at what locations the
droplets are in equilibrium with the ambient air, This
differerce also indicates the effect of tunnel shape h;s on
the equilibrium of-the droplet.

Figures 4.3 and 4.5 show the temperature and veloEity
for 50 micron droplets respectifely.”while Figures 4;4 and

4.6_shcw similar results for 100 micron droglets. Thes;

figures prcvide additional information tc the thefmodynémic
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and dynebic p;edictions»in this seccion.‘Reeulta{for 10
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- micron droplets are not.shown here becaueeqlfrbm the trend
shOwn‘by the 50 miéron‘droplets; smaller dreplets ach{eve
equilibrium more easily than bigger droplets. N
‘ In Figures 4,5 and 4.6, the temperature of the
¢roplet decreases rapidly &t the bgginning ard slowly levels
- off as the droplet approaches the test sectior For the 250
micron droplets the droplets travelling at a higher tunnel
eépeed have a lower final temperature. This can be explained
by éhe feeex{jet the air temperature at 50@/5 coole\eoﬂh to
a lower value dué to tée inctease in air speed. Smaller K
droplets have cmaller.&ass therefore they can cetch up to
the decrease’in air temperature. Bigger droplets, such as
1CC microns, the droplet temperatufe deviates from the air .
temperature very distinctively at all tunnei epeeds.
‘Figures 4.3 and 4.4 show the velocity of the droplet
along the icing tunnel. A? the beginning of the tunnel, the

[ 4

dropletsﬁreach the air velocity very quickly for bcth sizes
- of drcpleﬁg. As the air veigcity;increeses ihrough the
contractie; sectioe, the drcplet velocity'begirs to 'lag
behind the‘air velo;ity; however, the final velccitydof the
smaller dreplets still reach equilibrium w;th:free Stream at
the test secfien. For bigger droplets, the drcplet speed
lags the air speed considerably espee?ally at high tunnel

-

speed,

(@]
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b2 ;Gravitational and Focusing'Effect

The predicticns of the gravitational and focusing
effecr of the wind tunnel are shown in Figures 4.7, 4‘9 ‘and

4,10, These figures are results for 100 mucron droplets with.

test cection ve]oc1t1es of 10m/s, 25m/s~and SO m/s

respectively. The results were obtained by‘settlng up a

“uniform grid of droplets at the inlet of the tunnel, as

o shown on the left nand side of these figures.;Frcm the final.

"pFcsition of tke drcprlets obtzined frcm the prcgram, a

‘different droplet pattern at the outlet of the kindttunnel

l'is formed. By studying and comparing the final grid

~observed,

configuration, the gravitatioral and focusing effects‘can'be‘
‘Thiﬁiprogram'can on]f predict one trajectory at a
time,~théfefore the final grid was formed by‘recording the

final t031t10ns separately. Since the left and right half cf

the tunrel are mirrcr 1magec of each cther, trajectories for

cr:ly half of the drcplet were computed.

Figure 4, 7 shows the results for h test section speed

of 10m/s. The majcrity of thefire lets end Lp at the lcuer v
P

=3

: o
sectlon. Some droplets were lost when they collided w1th the.

’lower part of the tunnel wall™ and nevér reached the test

d

wsectlon. This can be seen %cre clearly in Figure 4.8 which

shows the history ¢f the tcta1 traJectcrles fcr scme

.drcpletsk The figure shows tpe verticel centre plane on]S

because it is free from the focus1ng effect due to the left

- and right half of the -side walls, the effect@tf whlch can

P

-
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Figure 4.7 Prediction of gravitational and focusing
: : "effect of the FROST tunneIIOnleO micron
. droplets at test section speed of 10 m/s.
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only be shown on a three dimensional figures, The~
gravitational and focusing effectsxqan easil} be seen here,.
It can beisaid that the gravitational effect is horeﬁ‘
dominent fh{n the focusing effect in this case.

F;gg;és 4.9 and 4.1C are the resvlts for higﬁer test

7 . .
secticn velocities. They show that the fccusing effect is

Tcre dominant thén the gravitational effect. Fven though the
final grid is lower than the originai; there_!ere no Sl
droplets disappearing due to collisions with, the wa11. The *
droplets group together ;t the centre section mainly due é;
the focusing effect. Eor higher vglocities fhe cluster of "
droplets is tighter and e émallef grid is formed. The
iocatipn of the'entire'group was also higherhth;n a grid at
a lower velocity. Hence it can‘be.conc1ude&ﬁthat the
focusing effectQ}s more domfnaﬁt at.higher_velocitiés.

Similar ;qsults can be 6btained for séaller,dfoplet
sizes of 10 microns and 25 microns; hoﬁebe:,:the esults are
not shown here. It was also found that the gravit ic;al
effect dces not zffect smeller drcplets as much. No dréplets
were lost dué to collisions with fhe lower tunnel wall ever
at low ﬁest secticn‘velocities,

~

4.3 Prediction of Liquid Water Content Across thé Tunnel

- By using the results obgeine& ftom these:three sizes
of droplets, we car enalyse the variation of thé 1iquid
water cchténtk(LWC) ecross the rlane at the ﬁidpoint of the
test section. LWC is defined as the amount of water across a

\ . L

!
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DROPLET DIAMETER  0.0001M
OUTLET AIR VELOCITY 25.0M/S
'CONTRACTION RATIO  16:1
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Figgre 4.9 Prediction of gravitaﬁionél and focusing
: effect of the FROST tunnel on 100 micron
droplets at test section speed-of 25 m/s.
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-Figure 4,10 Prediction of gravitational and -focusing
' effect of the FROST tunnel on 100 micron
droplets at test section speed of 30 m/s.
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unit area pér unit time. In Figures 4.11, 4,12, and 4.13 we
‘show the predictioné Qf the LWC at the mid-point of the test
section for test se;éion speeds of 10m/s, 25m/s and 50 m/s
respectiveiy.'The results were obtained according to the
following prccedures. A unifcrm grid was set up upstream of
the test secticn and a‘cqxreéponding grid was élsc set up at
the test section (see Figure 4.14), Each squarle consisted of
ééﬁe dicstributicn of the three sizes of‘dropleté. Accordihg
fo é study by E.M. Cates and E.P. Lozcw;ki’(l984), the s
dominant droplet size for the FROST tupnél is 30 microns. Ey,
varying thé-pexcentage cf each Of‘the three droplet sizes
occupying at the squares, a volﬁme medium drcplet diametgr
¢f 30 micrors was produceg. ‘

-«

Prcplets of 1C mic&ons, 5C microns and 1CC micrors

Y -
were introduced at the cerntre cf each square. The final

~
[

pesitions cf the drcplets fpredicted by the prcéram were then
recorded. The number of droplets cf each size passing )
thnough each square were counted and the tota} amount of .
water was calculated accord;qgly. This valvue wgs plotted at
the centre of eact squéfe. Using the neximum LWC as
teference;‘cnly a relatiQe valve was plotted

ArThe rssults\obtained ty this mekhod are nct in
agreement ;ith some experimental results. From ncst
experimental resﬁits, especially for dry icing, raxirmum ice
‘accqmuiation is at thekcentre line Y'-Y" of tﬁe.crdss

¢ ¥

: . | .
. gection (cee Figuré“§.14).‘The current study. predicted a

on this 1iné. This discrepancy can be

lowest va

!
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Figure 4,11 LWC prdfile at the centre of the test
section of the FROST tunnel at a test

: section speed of 10 m/s.



Figﬁre 4,12 LWC profile at the centre of the test
: section of the FROST tunnel at a test
ction speed of 25 m/s.
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Figure 4,13 LWC profile at the centre of the tegg
' section of the FROST tunnel at 8 te
section speed of 50 m/s.
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Figure 4.14  Grid system for LWC prediction;
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attributed to the large grid size that was used. The
potential for ar accurate LWC profile exists in this
program. More accurate results could be obtained if a
smaller grid size is used,. |

\

Lot

4,4 Comparison o .1 Characte:isﬁics

e

en vsed to analyse the

performahces of wind tunneY ith different contractioﬁ@

sktapes. How the gecmetrical shape ¢f the con:ractioh secticn

affects the thermodynaric and d)ﬁamic equibilium and
- focusing effect can be studied using this program. By using
this kind of study the choice.of the type of wind tunnel ’

which ic best suited for diffefent sitvations can be made

\ hd

before construction,
‘The two different contracticn stapes aralysed were

the Batchelor and Shaw type (E.&C.) and Cubic Equation type
. L]
(C.E.). Both are cardidates for a marine icing wind tunnel

tc be constructed at the Mechanical Engineering Depertment 

at the University of Alberta. The profile of both types are

o\

shown in Figure 4,15, Fach contraction was defined in one

continuous equaticn as follows:

R = Di/2'3/2(Di‘DeD(X/L)2+(Di—De)(x/L)3 (6.1)

1/R% = 1/R3% + (Y/Re% - 1/R{4)(x/L - (sin2x/L)/2 ) (4.2)

Poth equations describe the radivs of the contraction

]

"'x' from the inlet and 'L' is tte iength cf

at a distance
the contracticn. The.subscripts 'i' and 'e' refer tc inlet

-~

<
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‘and outlet rad11 cf the contractions. Eqnation 4,1 is for
/ n;u
C.E. type tunnel while Equation 4.2 is for B.&S. type

n\

LE tunnel Both types of wind tunnels are assumed to have

circular cross sections..The two wird tunnels have the same’

N

COntraction}ratio of (3.75)2-and total lergth of 1.25
metres. As car be seer from Flgure 4,15, the main differdnce
‘btetween tbese two types of wind tunnels is the geometr]cal

shape. The: B &S type has a sharp contracticn whereas C.F.
'the has a smccther contraction. The difference in

! O 7. . N
vperformance due to the gecmetrical shape was therefore

& : . -

examlned in the present stud? : .

J/ :
A ccmparison of the-Qhermodynamic and dynamic

)eq0111tr1um of the droplets for tke two type= of w1nd

hown ir Flgures 4,16 and 4,17, Again droplet,

mlcrons, 5C mzcrons, ard 100 micrcns were tsed,

€ value of”:est secticn, speeds used was 1ncreased to

v*lnclude gem/é 20m/s, 25m/s, 30m/s ACm/s,'and 50m/s. The

vert1cal and horlzontal scales for dynamlc and thermcdynamic
L

- equ111br1umtcompar1qcn are151m112r-to those used earlier.

.v,‘,

AEcordlng tc Flgure .16, it'was found thet for the

2

‘t.ree dlfferent drcplet sizes, ;ne»thermodngamic equilibriun

K w‘ curves for the'C,E, typé are alwaye‘be105 fhe curves»cf,the
E.&C. type. The'rélative humidity-for these fesults‘nas
sﬁecified at,zero; which causes’the eqnilibfium rafio'te te

1;,_ ’ s much lese tbcr one"tﬁatxis, the f1nal drcplet temperaturoi}ﬁti?

%e s is lower ehan the air remperature ‘From these reeults 1tlcan‘f‘w‘

- ¢ be concluded that the“C.E._type,has-a tetter éeenefpic stape
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L6
for_thermodyﬁamic equilibrium,. . ‘.,
Fo?.dynamic equilibrium‘tompéxison. as shown in
_Flgure 4, 1/; it was found that apart’frcm 10 micron droplet
both types have rot ach:e»ed equilibriun; Fowever, the

equilibriumfcurvesjfble.faﬂVtype are much closer to the g

equilibrivm than thke C, ﬂbm.Based on these results we

f.’é
cah conclude that the &.&S. type ‘provides better dynawic
equ111br1um f&_ the droplet= than the C.E. type. . :
These perforwance xesults car be exp]alned in a g
_=1%§lar fashion as the results tcr-the FROST tunne];'Wen;an
Kook at~ﬁhg‘durafion theldrdpléts spend -inside the wind
‘nneJ,Athe tctal heat traqsfer‘rate, tre momen tum txaécfer.
nd ahélyse»tbe geémetric shape*of thé'tunne]s. As s{cwp in
fFigureIA,IS, the B.&S.'s steeper contraction;aljows the
. igdftpleté to arriVevatlthe'fingl cross Seqtion’sconer than

4

the C}E. type. For tﬁé‘simé tunnel length;_trg B.S. type hgsb
a'lonéerlporticn.whicﬁ is at the final cross sect;oﬁ
dlmenclon. Tkls ;ould mear‘tbat the droplets stayed &t the
final velocity lenger fcr the B.&S, type than for the C.E.
type. CCnséQUently, the droplets arrlved at the end of the
wir¢ tunnel with a velocJt) closer to tbat of tke free
sfream. Using the same argument we can. sez) that the

drcpletc travel at ‘a hlgher average \élocity urlch meancir
they spert less time inside t%@ W1nd.tunne1. This resuvlted

ir e decrg?se ip %eaﬁgtfansfer. The: température of the

droplet%Tcr the'C.E.-fypé_is‘closer to the equilibrium

temperéture; han that cf the B.&S. tjpe. Fver thbugh the
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ccrvective teat trénsfer is lerger fqr the former type
.because‘of the larger~difference in velo;ity; as gxpiajned
earlier, the increase in the'r;té of convective &nd
‘evaporative heat transfer‘dc not compensate for the decrease

in total time irside the tunnel contraction.

4.5JC9mparison of Focucing Effect

"«% Figufes 4,17 and 4.18 shcw the comperison of focusing

effect between‘ﬁhe twc types cf cbntractions fcr 10C nicron

\
14

drecplets at’tesf secticn speecs cf 10m/s arnd 2°m/s ’
respectively, The left hand cide is~tte initial grid for thre
droplets at the inlet of the tunnelznThe right hanc s=side ére
the pésitions of the dr%pleté at the ouflets of the twe
ccntractions. Droplets at the four ccrners cf the grid are
not shown because they disappearec¢ due,to collision with the
cortracticn %ali. Thp coqtrac;ion was mcdelled with thel
central axis in the vertiégl crientation.‘Therefore, the
gravitational force wes ecting ir the direction of travel.
- As cen be seen_in.figure 4.17, the finel position of
the dfbpféts for the E.8S. type is closer tcgether than gﬁe
C.E. type.AThi§‘comparison in focusing effect is ﬁére
w3obvious at a higher test secticn speed of 25m/s, as shown in
i “ﬁfigur; 4.18, Hence, it éan.be concluded that the B.&S. type
Las a stronger foéusing effect. It would imgly that the ,
‘B.&SL tybe provides a ligher LWC at thé certre of the crcss
.section. Wrile thé C.E. type prqvides & more even LWC .

distribution acrcss the cross section. Tkis can be explaired

.
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by looking at the two contraction shapes. The C.E. type has
a gently sloping contraction ahd therefore allows the |
drcplets to pass througH withqut deflecting tle
ttajectorieé. While the B.&S. type's steep ccntracticﬁ

caused the droplets to follow its contour.
" ‘ .
Y

-

4,6 Comparison of One-dimensional Predicticns and

Axi-symmetric Predicticns

“w

The aigcrithm develofed by Auld (1980) is limited to
predicting drcplet properties of dnopléts travellihg in a’
test faciiity which are described by 'a one—diﬁensional
profile. However, it is mcre‘efficient compzred tc the
axi-symmetricvprogrﬁm whiék provides more accpraté flow
chéracteristics for the wind tunnel and is more_versatile in
predicting tlte derlet properties. It is of inte(est.in this
study to determing how the predictions cf thé drcgplet
properties differ between these two‘prcgrams. The co@pafison‘

_was baced 6n ihe predicfions obtzined for the FRCST wind
‘tunnel, Results for twordxoplet gizes, 25 microns erd 106
microns, and three test section speeds of 10m/s, 25m/s, zrd
50m/s were used..for ccmparison,

Thé trejectories for the one-dimensicnal prog}am were
assumed tc be a2 straight liné from ghe centré of the inlet
‘to t@e cehtre of the oﬁtlet. However,‘for the axi-symmetric
program thetdqyplet trajectcries are govérned by éravity an&

. _the focusing effects of thke wind tuntel; In order to obtain

some resuvlts that are comparzble, the drcplets were
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'~ introduced at thke centre of the inlet, but ir ncst cases the
dropléts did not‘end up.at‘phe centre of the outlet due to
the gravity effect.

It was féQnd that the firal droplet temperatiies
obtained from the one-djmensiona] pfogtaw were always lcwer
than that from @hé axi—symﬁetric program., A consistent
difference of g‘K wqévfecorded. Théifinal.droplét velocity
differed very?iittlé in ﬁogt casés. A difference cf less
than ore fpercent was recorded. I# ‘was also found that the
tjme_duratign of the drcplets idside‘the icing tunnel
contractions was diffe%gﬁt. The time for the droplet.to
travel the sare distagce was found to be longer fcr Auld's
prcgram; We can explain.this by looking at the velccity
profile at the cortracticn secticn. It was fcund that the T
axi-gymmétric program produced a velocity profile uhich ﬁad
a higher velocity th;n velocity close to the wall,

Therefofé, ;hen compared to a uniform velocity profile; the
droplets passed thrcigh the tunnel ir a shorﬁermtime in the
axi—symmetr;c prcogram.

The small differences in predictions of the
properties of the dfoplet by éhesc tvc .programs suggest tlat
there is no advantege to usirg the more ccmplex mcdel.
Fowever, the axi-symmetric progrenm can provide moré

!

information or the trajectcry of the droplet, the fccusing

effect due to the ccntour cf the wird tunnel, and the LWC

across the wird tunnel and can alsc help predict the proper

!

‘tunnel shape for certain type of applicatior.
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Conclusions and Recommendations

iy
VAR
/ ‘

The pﬁrpose of this study was to develop a computer
algorithm that can be used'to predict the trajectory and
temperature of a droplet travelling inside any test
f;cili:y which_hhs an axi-symmetric cross section. Tge
program predicts results such as the temperature and
velocityhof the Aroblet‘at any location along the wind
tﬁnnel. Since ﬁhe program is a two-dimensional model, it
can also détermihe the gravity effect,. and the focusing
effect due to the contraction shape of the test facility.
With thi; info?;;}ion, the final location of the droplet
c;n be détermined. Therefore, this program can be>used as a
desigp tool for‘wind tunnel construction. Another objectivg%
of this study was to find out the equilibrium of the
droplet properties with respect to the air properties.
These results’can be used in the icing Qrograms which
predict the amount of icing %écumulat;d on.objec;s.

The algorithm is writtenvin FORTRAN. Because of the
‘complexity of the algorithm it is divided into three parts:
FLOW, MAIN and LIBSUB. FLOW calculates the flow pattern
inside the testihg-facility. MAIN calculates the trajectory
and temperature of “the droplet; LIBSUB is a compilation of
the library subroutines used by both FLOW and MAIN.

‘ . e » 4

v

o



A parameteric study was pérformed on the equilibrium
of the droplets travelling inside the FROST icing winq‘
éunnel in the'Metﬁanical Engineering Department at the
University éf/Alberta. Droplet sizes of 10 microns, 50
microns and 100 microns, test section speeds of 10m/s,
25m/s%and 50m/s were used in the present studyu‘It was
found that for a 10m/s test section speed, the droplets
achieved\equilibrium both dynamically and thermodynamically
for the three droplet sizes. Equ111brium was also achieved
for lO micron droplets at test section speeds up to 50m/s,
However, for bigger droplets, 50 microns and 100 microns,
equillbrlum was not achieved at test sectlon speeds higher
than 10m/s. The deviat1on between the droplet and air
bfopér;ies increasgd as the droplet size and test section
.speed increased.

An attempt was made to d;terhine the liquid water-
content across the test section. However,.the grid size
used was téo large and the>results do not match some
experimental'reéults. It is recommended that a smaller grid
size be used. However, some infarmation on the focusing and

/

gravity effect dn the dropletS'we?@ produced using this

~

grid size. It was found that at high test section speeds
the focusing effect was ‘more dominant than the gravity

effect. At low test section spgeds the reverse is true.

A}

Also, small droplets are more suigeptible to the focusing

effect while larger droplets are more susceptible to

N o

gravity effects.

-

.
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A performan?e‘teac vas made between tyo wind tunnels
with different contfaétign shapeg; They wefe the Batchelor
aqﬂnShaw‘Type (B.&S.) and Cubic Equation Type (C.E.). The
B.ES. type'has a sﬁeeper contraction ghape And the C.E.
type has a smoother contractron‘ﬁhape. It was determined

that for the'sa@e tunnelrlength; the B,&S. type is more

suitable for obtaining dynamic equilibrium fo#‘the droplet,

while the C.E. type is more suitable for thermodynamic
equilibrium,

A comparison was made between the results obtained
. . * .

RN . ° .
Teeoy e

using the one-dimensional program by H.E. Auld»énd'thé_}

axi-symmetric program. It was determined that thé final

1

the axi-symmetric program be, used if, for examplﬁqf

LEa
trajectopy of the droplet is also reQulred Thi§

N »z:_""f‘ .
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v A.l Calculation of the flow field

Neumann's method was »origi‘nally de Vel - for flow

. v 'l“ ‘» .
over two—dimensional bodies to calculate TOw speed

Iy

non c1rculatory flows about or within bodles. The s

s1m11ar1t1es between two dlmen51onal bod1 2 S and axlally -

~

~symmetric bodles lead to further development wh1ch is used

for solv1ng flow over ‘axially symmetric bodies. The general
- o .

theory for flow over bodles 1s presented here .. This

v,.l -

nged&rallzatlon also appl;es to flow 1nsxde the wind- tunnel
with an ax1a11y symmetric profile.,,

The notation and mea#urlng system are shown in F1gure

/
A 1 which shows the cross#sectlon of an axially symmetrlc

‘body. The body 'is descrlﬁed by an arbltrary number of

)

co-ordinates p01nts on a/meridian curve in a Cartersian

-~ /

Co= ordlnate system Based on these p01nts, the body is made
up by a 'geries of elemepts of frustums By us1ng Neumann s

" m®thod, arset of source densities for the elements can be
- ‘7
¥ / ‘

talculated, thu§ pnov1flﬂg‘the'body surface with-a

continuous distribution of source densities. The velocity
) : - -

potential at a point '"P2j-1' due, to the ring sources can
~be calculated according to the following equation:

3

o(p) = ff_ 2la)ds | (A.1)
- ' S.L ‘ ' k
The surface integral involves '¢' the' surface density
at a point 'Q' on the body and 'L' ‘tht distance.between 'P'
N g : & R :‘T'V, A ’ ' r
and 'Q'. . . o o 2~ oo
o - P v ' S
Accordlng to potent1a1 theory, the d1rect10na1 s

k3

. . ‘ .
3 @-’r’ ) ) N
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derivative of the velocity potential is the. velocity in

that direction. Therefore, the.directional derivative of‘

)

- Equation A.1l is:

ﬁ.
%%_f?) = 2no(P) + ffSJo‘(d) %;.% qs oo | | (A.2a)
: % (5) + - 2ng(p (qy 21 ,,
. S T Zno(P)+ [ ola) T s (K. 2b)

4
where '+' sign represents the inward direction and'the
t
8 .
the body and the value of '2%¢' is missing during the

-' sign represents the outward‘directionu'&oint 'P' is .on

R surface‘integration All points on the surface of the bod'y

°

1nvolve '2r¢"va1ue and thigs value has been included in
Equations A.2a and A 2b. The explanation~for this is -

included in most potential treastes such as kellog’(l929) e
“and will‘not be dealt with here. Direcgiohalderivatives ‘jf‘ | .

are usually obtained for the X and Y direction in the o ‘g;f;".
“'Cartersia co—ordihatevsystem .Veloc1ty in other directions
“fcan be obtained by combining these velodity components

The set of surface den51t1e§ can %ﬁ solved by u51ng

e

the following procedure Flrst, wV“ et%rmine the left hand

i3 ¥

side of Equation'Ayl. This is the boundary condition of the
problem and is specifled as the velocitly %t the midp01nt o£

the frustum. Most boundary conditlons aﬂg %%r solid bodies, f*:ly
that is, the nor@al vquc1ty through the surface is zero.

LY

The boundary conditlon can be spec1f1ced for permeable

A
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surfaces also{ which have variable amounts of flow. Tre
%ext procedure is to- calculate the surface integral on the

right hand side of the equation. This is accomplished.by

&

i B . “a » " . . . .
summation method, each mdajor element has to be subdivided
' ' :

e . . | .
into-.even number of subelements. The total number of

. ) . i " ‘/' . , .
subeléments is inversly propOrtional to the distance

between point 'P' and 'Q'. A problem exists when 'P' and
Q' are the 4;; point, because 'L’ becomes zero and the
integral iswinfinity. In this case a 51ngu1ar1ty exists and

the integral must be calculated analytically by means of a

pover se%ies.'The details are explained in Section A.3

. : For .'n' numbers.of elements. there are 'n' number of

A
.
W

midpointﬁpand "n+l! numbers of co-ordinate points. The -

~ B}

midpoint is specified as the location where the boundary
condition of each’ rlng exists.>This p01nt is influenced by
all the‘Ting sources of the body; therefore, n number of
simultaneous equations are formed. The set of n number of"

‘unknown source densities is obta1ned by solving tlkese

£
. .,\,

simultaneous equations using numerical methods. Once the

‘set of surface densities is known, values of the potential
) , i
' ‘Tand its?derivatives, in any directions, can be calculated

There 1s ‘no restrictlon to the numbér of elements that
can be used to represent the bodies. Generally, a larger'
number ofyelements gives more accurate results but also

. . .n’ .
means higher computer costs.

sulimation accoerding to Simpson's.nule. In order to use this

.

¥
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A.2 Velohicy‘Potential and Velocipy Induced by a Ring

Sou;ce
i

For'eaée of representation a thin wire source ring of

radius 'a' with linear density 'A'is used to establish the

expressions for the velocity potential and its derivatives
at point 'P’{~The‘centrerf the ring is taken as the

origin. Point 'P' lies in the vertical plane (see Figure

A.2) and its co-ordinates in the Cartersian system are

(x, vy, O). Point 'Q' is a general ﬁdint on the ring with

ke
’ \{.&\._ .

- g enima

=k

co-ordinates (0, acose, asine). Hence, 'L’ the. distance

between 'P' and 'Q' is:

2

L X? + (y - a cos 6)2 + a2 sinze

= x2 + y2 + a2 - 2ay cos 6 : (A.3)

According to Equation A.,l the velocity potential at

poigt 'P' due to the entire ring source is:

’ 2na : _
(1, =f = | (A-4)

N .
Since 'a'and 'X' are constant and due to the symmetry

of the geometry, Equation A.4 can be reduced to:

Now»substituting'Equation A.3 into Equatiqn A.5 gives:

dg o

A n
(W), =2raf —

P LW
RA
- 3.

whrzaal & (s
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‘ Therefore, the derivatives of the velocity potential

-

in the X and Y directions are:

"\! . v ) .
S . : '
2£ = -2an | z,f x_d 75 (A7)
. z”"p 0 (x v?‘ -2aycose)/ B
& .
. o L ' '
%) - o [ . (32’ cos ¢)do 3/2 (A.7b)
% p \ 0 (x° + y© + a° - 2ay cos )
. | ﬂﬂ‘
The basic expre951ons for the pr1nc1pal velocity have
to be converted to a more useful form so that the‘

_ integration can be performed numerically. Thg conversion
requires aglebraic and trigonometric manipulation of
Equations A.7a and A.7b. The details of the transformation

' are given in A.M.0. Smith (1958) and only the final forms
. ‘are shown here.
) d ., - 4an x E(k '
(3"){) = 3 (k) T (A.8a)
P [/{y +a)° +x°][(y - a)° +x“]
P
o ) , 2 2 2
Gy - — o K L2 X | (A
p ¥y + a) (y - a)” + x
S , Lo -iil"»kz-:"_' ; : .ag ~7 (A.8c)
e L o (y+a)t ¥x

=where E(k) is- the elllptlcal integral of the Flrst
' :’K1nd and K(k) is the elllptlcal integral of the Second

Klnd
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The above expressions are for a ring element located
aE the origrn: The exp}essions for an element located ap
an arbitr;;y position 'b' ;léng theAX—axis and the linear
gsource density '\’ is replaced by '985' where '@¢' ig th;

surface density -and '8S'is the th;cknéSs of the elemeqt,

are modified as follows

52 - 4a (x - b) 985 E(;) - (A.9a)
o S, sy rat e (x-0)P [y - )%+ (@ - )] :

—

5 (2& n_—. 23085 K(k) + -k (- b)? E(k) ' (A.9b)
Yo Wi+ atex-b)’ (v - #%+ (x - b)°
K2 - ‘ay ) . (A.9c)

(y + a)2 + (x - b)?

A.3 Calculation for Singular Subelements.

. As mentioned earlier, the surface integral of Equation
A, l.gecomes 1nf1n1ty when 'P' coincideswith 'Q"\ Equatlon
A, 9 cannot be used for this singular subelement and‘
"dealt with in the following manner. Figure A 3 is aﬁ§§§
‘frustrum which represents the r1ng source of the c tfé
subelement, The slant height is equal to, 2s'. é?int 'P' is
the midpoint on the surféce of the frustuﬁ. Sinééi'P' is on
.the surface of the bodies, which is not a general point,

the contribution of '2%¢' to the derivatives.of the

potential is missing. For ease of operation, this. missing
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quality is not &ealt with here but will be added later.
As seen in the Figure A,3, 'P' is é point directly
above the origin therefore its co-ordinates are (0.'y, 0)
and the rest ;f ﬁhe variables are |
X =0
Y = constant
a =y + S sine
b = a cose
The expresSibns can now be integrated analytically. if
the ratio (finess ratio) s'/y is not greater than 0,008,
the elliptic integralé canlﬁe‘fxpressed,as the sum of a
R power series.plus a second‘power series multiplied by 'a
. logarithmic térm. It mu§t be cautioned that the accuracy
decreases as the finess ratio s'/y increases. If all the

‘'variables aré'shbstitgted into Equations A.9a, A9.b and

A9.c the following expressions are formed:

! s ) Ek) .
(Eﬂq ~tocosal (1 +s/y sin a) E(k) — g (A.10a)
Bx" ~S /(4 + 4 sy sina) + (s/y) “
O p-Sy 4 +4 s/y sin a + (S/Y)2 Sy
(A.10b)
. W2 a 4y(y + S sin a) (A.10c)

4 y2 + éwsy sina + S2

The superScript 'l' denotes the integral is for the
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.singular point. The expressions are now ready co>oe
integrated analyticaily Details of the procedure is
presented in A.M.0. Smith (1958) and only the ﬁinal for; of

the expressions are given here,

1. 1 3

| (g_ii)p = o sin a cos a [ 2s! + (-;% + ;2 n -Z_ + -i-é- S‘lnza)Sl + i) | (A.11a)
s . 1ovel. 1 st 2 413
(=) =o[(2 sin“a + 2tn $7/8)S - ——(3 + 320 2 - 3 sin‘a - 2 sin a)St +ea.]
dy b 24" 8 ’
S (A.11b)
. The missing value of '27¥¢' can now be added to the

eipression above, The following are the expressions for the
veloc1ty components for p01nt 'P' after the components of

'277' are added

A _ i |
(%“1) =20 sina+ (.:%) (A.12a)
Y ,
|
. ’ ’ T ]
(gﬂ’-) = - 2% o, COS a + (?’_ (A.12b)
Yo+ 2y

v superscript 'T' denotes the total contribution of the
~entire elemenc.

. Equations A.lla and A;llb‘are used‘only when Equations
A.9a and A.9b csnnot'be used, that is, whenﬁ%ﬁf eouals Q.
The necessary formulae are now available for.determining

" the derivatives of the velocity potential in any direction
and at any point on the body. With these formulae, a system
of equations can be constructed so- that the unknown values

of the surface density can be solved

o

-
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A.4 Formulation of the Equatidns for Solving the Values of

the Set of Source Densities

The fbllouing'procedure describes the construction of
the set of equations to calculate the surface densitfes'on
the body. For clarity, eléments wiil be identified in‘the
following manner. For the point of interest 'P', letter 'i'
i3 used, and for the va{iable point of integration 'Q;,
1ette; '{' is used. Points on the frustums are described by
'521_2' and 'Pp;' for the end points, a?d 'Poi-1"' for

the midpoints (see in Fidgure A.l). For calculations, these

points in Cartesian Co-ordinates system are represented

by (£21-2, "23-2), (§21, "23) and (€351, "25.)
respéctively. For the i=j frust&m, "¢' and '7'.are
represented by 'b' and 'a'. -

In order to help organize and uﬂderstand the set of

equations, the quantities 'xij' and 'Yij' are

>

introduced. The derivatives of the velocity potential at

!

any point 'Ppj_)' influenced by the 'j' element is:

(A.13a)

A o S |
(2. = oYy | (A.13b)
where the éupefscript"A' denctes all of the elements on

h d

i{F body. Th% expressions for 'f;;', 'Yij' are

determined.gq}gly by the geometry cf the body. These
expressions hhply to twoe sitvatiors: ifj and i=xj.

Fcr the case when i#j,*¥Me- following expressions,

x
]
' . ~ © e ¥ &
N ’
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~which is obtained according to Equations A.9a and A.9b, are

I

used. :
& .
S,; : ’.
: 2] nJ(X21_1- aj) E(k)ds
Yyt 72 R T Z
BT IR TR AR DR TR E I i (PARER L S 8
‘ ~ (A.148)
. A
St
21 sy s ;
Yyg=-2l g ] - X
K SZJ 2 ’21,1’(y21 RANLEN T )
¢~x é” ’ L . P :
3 . B
S "\2 2
+ S ‘,Y"’ (x E ) b,
| E((k) 4l 2 21 Zs(k)] as (A, 14b)
e (’2114 2; (x21 1 53) . |
‘ “?' . ,., ‘, . ? ] " m 'Z | “.‘ .
.For the case 1=j, Equatlons A.9a, A.9b, A, 13a and
oA, 13b arg requ1red ‘The lepgthy expressions are as follows
: Here S #S A Ql 1 where S' 1s half of the length of the
| sxngular subelement,.lThe equatloas are as follows:
SRETRIPAS (N g % A
‘::x"i = Sin ai COS a ( -8— Tz- 1 1 XX )
s 21- 1) (84%24.1) 521 . :
Seaa Iy -4 Iy (A.lSa)
S31-2 ‘ (Sa1.1) * (84794.1)
where i -

ﬂ1(X21 1 ° 51) E(k) dS

-
AP “1) + (x21 1t

) [(Yz‘ 1 - "1) + (X21 i - § ) ]



e, | R | g

SR A ‘.5%f’\ P A e f
BRI 2. s 031' 3 B 43 T
Ly (2 s1n a *. 21n-— __{(3 + 3 an — -3 51n a, -2 sina }S7+ ...]

rj. wy . | P . ‘, .' ) ‘ * - I\‘
P )_ y Sy 4 o
S g1 -1 }51 21 -1 Y. o (A.15b)
Soq-2 ¢ i) = By T
where: R | AN | , N |
B P Y4 jo17 & 5 b :
- n i RS ol L n - '

‘ —= ) 2 ‘ a
‘Y21-1/(Y22-1* &7 L (Y21 1 "1) +(x21 - &)

ca . \ 7 B .
o » .>'..I‘“ ) . ) 1‘1. o \

t" T :‘ , '\” ‘R Lo ' . ' A . ‘ -

By combini, these 2 sets of equatlons. the

A derivetives ofﬁ~he potentlal at a'y p01nts'due to the
- . N i = : _ l . . ) .

L ~,f.éntire body can be ohtalned Th%lntegratlon in the» . m;/,

o . . Y N : : - : o
expression is e3511y perfor ed numerlcaliy Ey Slmpson s

f eech frustum 1n£o;subelements.
‘ ’ R

tlcéim{ntegrals E(k) and K(k) can . be .y_‘T

”vrule requ1r1ng diV131on
RN A * <
S "f#/’The values ofﬁthe elli

A‘1ne s‘%{o@tanes Thg’ﬁefOQity, nbfmel fo"

. '_'7 ”obtamed by ma, B
: '_“the surface f the bod# at‘§b£ m1dp01nt of ﬁﬁ frustum can
N therefore bé\calculated by tﬁb followlng Equatlon A. lé
—) ‘W= 2p g N-'sina, I o X.+cosa I, oY, - “(A.16) ‘
Bngry b 0 T gt e oty o (AS) .
- -| ’A ' o W s BE S ; , ) B ;' ) A
: A o /s Lot e ] * -
S be b e e ) .
S L /
S : 'B‘;. : ’ -\"."‘.b _ . /f' - % ‘,\?P \ {;\9 .A ._\
- P A ' S N ”’ﬁ?‘"kbp aph
_w 2 y o : d . - -~ o R )
e T T LT “ SR & R
3 N b, " g &1 - . Q‘ . Y
e N b h -
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APPENDIX B '

" Listing of Programé . (

L
-

The folloQing‘consists the listing of éhree ‘programs. -

FLOW calculates the’flow pattern insidé wind tulinels. MAIN.

>

o ' V“
'calculates the temperature, veloc1ty and 1oact1onlpf the ‘ ,?!“fh

. l/ "’ﬁr\
-droplets and LIBSUB is a compllatlon of the library ! *V”

‘ subroptlnes used’by FLOW and MAIN. R .
. ] . .
.
' . -
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' Sag**#******%**********************************************

. C
- G
C. -~ CALCULATED
- C
o
C

/} R - * 73

'C PROGRAM : FLOW

c - ‘ 'CALCULATIDN THE FLOW FIELD INSIDE A WIND
C TUNNEL. . B
C ' . 57

C*'**,*m_m******ugk*****'#***‘*************‘*s‘o’?*v**#***#**********

LIST OF VARIABLES.
C LS. ° -MAXIMUM NUMBER OF SUBELEMENT ON THE FRUSTUM
C ' XM,YM -MID POINT OF EACH FRUSTUM. .
C LEN . -ACUMULATED LENGTH OF THE TUNNEL AT EACH FRYSTUM
C- UINF .-ARBITRARY VELOCITY AT THE END.OF THE TUNNE
8”‘ . THIS-ACT AS A FORCING FUNCTION FOR CALCULA ING -
C THE -SQURCE DENSITY OF EACH FRUSTUM =~
~ VF(1) -ARRAY 'OF SQURCE DENSITY OF EACH FRUSTUM °® !
PX,PY -POINT WHERE THE-VELOCITY COMPONENTS kRE .

XVEF =X VELOCITY COMPONENT OF THE . REQUEﬂED P INT

**;**3** ¥ X F X X K X X O ¥ X H X ®
] . -

*********************************************** 3 3k 3 e 3 ok K kK

*REAL.X(130),Y(130),LEN(130),XM(123),YM( 129, NM(129) ‘“
e C(129),SINB(129),C0SB(129),VF (129),VN(%28, 129) |
@ . VT(129),XV(129,129),YV(129.129),UN1{1295129), =
. @ XE, YlBP , CBP, X1, YI . XE,YF, XMP, YMP, LENF, LENI UINF
PX, VEF, YVEF FX(250) FY(250) . |
7 IMENSION cr(s) i o R
~ READ THE INPUT DATA

— u_ol\':m.z:-m
Q
'qus-—(n —
A
(1}
bt
2=
T
]

I 3

¥ WRITE (6,5) (1
- WRITE (6,4) U
WRITE (88) N
. WRITE (6,2) (x(.
WRITE (8,2)

Ls=10
N1aN-1 - _ o E I
IFACT=2. N ey



*;

]

C ----------------------------------------- e
S ’ v
DO 100 I=1,N{ :
COXM{I)=(X(1)+X(1+1))/2.0
100 YM(I)=(Y(I)+Y(I+1))/2.0

LEN(1)=0}O' . | ;-
DO 101 I=1,Ni
101 LEN(T+1)= ({X{1+1)- x(x))**2+(v(1+1) " (1) )x52) wx S+LEN(1)
: CABBULATE SIN AND COS ANGLE*OF INDIVIDUAL FRUSTUM IR
. . ' v ‘ \ 'uh ) ' h ‘ ”l > ‘ - ®
DO 102' I=1,N1 Y R
SINB(I)=(Y({I+1)-Y(1))/HMM(i+1)-LEN(T))
102 COSB(1)= (X(L+1)-X(1))/(EEN(1+1)-LEN(T))

'LENF=LEN
SB=SINB(J
CB=COSB(J)

CALL SELECT(XP,YP,XI, XF YI,YF, LENI LENF M, LS)
IF (I,EQ.J) GO TO 50

J
J+
)

Y CALL 1 QUIXP,YP, XI, XF Y1, YF, XMP, YMP LENI, LENR,
, @ %

SB CB SBP CBP, M I,d, XV YV VN, N1):

' GO TO 1034 . v
50 CALL IEQU(XP,YP,XI,XF,YI,YF, XMP YMP LENI LENF "
. : SB, CB SBP CBP Myl J, XV YV, VN N1 WFACT)
103" CONTINUE

- DO 121 I=1,Nt et S
DO 121 d=1,N1 , ' o

'121 VN1(I dJ)= VN(I J) C‘- B

N



C TO FORM THE BOUNDARY CONDITIDN AT THE MID- POINT L v

‘

g OF - ‘EACH FRUSTUM | o

DO 104 I=1,N1 e

104 VF(1)=0.0

DO 105 J=1,NS ‘ o | .
105 VE(J)=UINF P

C TO SOLVE FOR THE SURFACE DENSITY :

"5110 CONTINUE

¥?.T,N1 'N1,VF,0, C IER)

=1,N1)
. VELOCITY AT ANY :POINT
(THIS PORTION' O THE.JQROGRAM IS PERFORMED ONLY IF

"ICT(3)e3) '““;L' §

F -

,J'ﬂ—i

R A -

YVEF=0.0 - e - B
DO 112 J=1.N1 R - D e
=X(J) S - R
ZX(J+1) o o : | B
Yis Y(d) DI | “
Y=Y (J+1)- - ‘
SIGMA=VF
LERI=LEN
LENF=LEN

zd/;; ‘."") : ‘ ) pe o
| (det) o
- SB=SINB(J) : o ~
- CB=COSB(J) = . RN
> .
-IF(PY.EQ.O. O)GO TO 111

CALL YNEQO(PX,PY,XI,XF,YI, YF, SIGMA LENI LENF
0. - S8,CB, XVE YVE LS)
G0 TO 118.

.‘111pCALL YEQO(PX, PY, XI F, YI’YF SIGMA LENI LENF’

5B, CB, X\ vve LS) Y o
13 XVEF=XVESXVEF . S R
12 YVEF=YVE+YVEF . BT |
WRITE{6,7) XVEF, YVEF - B

999 CONTINUE ~~  ° jf}“ T
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R
C FORMAT STATEMENT o

FORMAT (I
FORMAT (6
FORMAT (A1
FORMAT (F 1
FORMAT (10
-FORMAT(215,
FORMAT (10F 1

10F 1 ‘
FORMAT (2E 5
FORMATY{/) -
FORMAT(7X4' VEL

Re . - STOP
S . END

)
1
E
5

5
F10.5
OES8.
0.5
15)
5,6E
F10.
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L
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£

L

o *
C PROGRAM : MAIN ’ o
C  PROGRAM TO CALCULATE THE TRAJECTORY AND %,
C TEMPERATURE OF THE DROPLET - | *
C T
. C*********#********************w*************************
C o , * .
C LIST OF ‘VARIABLES &-..  .* \ *
¢ CDRE -COEFFICIENT OF DRAG | ¥ L *
C_CHT ' “-CONVECTIVE HEAT TRANSFER v ohe "
C' COSB -CQSINE ANGLE OF THE FRUSTUM MADE WITH *
.C . RIZONTAL' S C*
C CP’ ~ -SPECIFIC HEAT CARACITY OF AIR Jy* *
C 85’8 -SPECIFIC HEAT CAPACITY OF AJR ~ Y *
»C (WP- -SPECIFIC HEAT CAPACITY OF WATERY. - *
'C DELT -TIME STEP"FOR THE INTEGRATION.GF' THEBEQUATION =
C . OF MOTION AND HEAT TRANSFER RATE = | *
C DIA -DIAMETER OF THE DROPLET o . R
~ C- DIFF " -DIFFUSITIVITY OF WATER VAPQUR® | a x
' C DTBDT -RATE OF CHANGE OF TEMPERATURE *
C EMI ' -EMISSITIMETY OF DROPLET (FOR RADIATIVE HEA *
C TRANSFER Y
C HDET ¢-VARIABLE FOR DETERMINING THE VALUE OF NUSSELT =
c . NUMBER . *
C KA *° -THERMAL GONDUCTIVITY OF DRY AIR - *
. C KF ', -THERMAL CONDUCTIVITY OF WATER VAPOUR o*
. €7 KV " -THERMAL CONDUCTIVITY OF AIR Eox
'C IC . -COUNT INTEGER, IF IC IS EQUAL TO ICT(5) THE ¥, 5
s RESULT WILL BE PRINTED - R
C IC1 -COUNT INTEGER. IF IC1 IS EQUAL TO ICT(4) THE T+
C. LOCATION OF - THE DROPLET WJLL BE CHECKED *
C ICT(I)-CONTROL INTEGERS¥ N *
X JICT(1) IF ICT(1)1S EQUAL/T@ ' 1' ALL THE INPUT =
_C “CONDITION FOR THE .TEST WILL BE PRINTED. =*
:C - NOTHING WILL BE PRINTED IF ICT(1) IS NOT. *
C | EQUAL-TO “1/. *
C  ICT(2) NOT USED o , *
c - ~ ICT(3) NOT USED . o
C 1CT(4) THE.LOCATION OF THE DROPLET WILL BE *
C - CHECKED EVERY ' ICT(4)' TIME STEP. *
C "THE DROPLET IS OUTSIDE THE WIND TUNNEL x
C - A WARNING MASSAGE WILL BE PRINTED - o*
.C, ..o .. ICT(5) THE RESULT OF THE--EVERY ' ICT(5)/ TIME  *
C ok “STEP WILL "BE PRINTED.(TIME SAYING DEVICE)=*
C 10U  -CONTROL VARIABLE. IF 10U IS EQUAL To®'2', THE =
C . DROPLET--IS OUTSIDE THE TUNNEL , A wARNING T w
‘g MESSAGE WILL BE PRINTED | *
) o . ‘ : , *
. C -- CONTINUE -= e x
R | et

N
Mmoo
R

Cﬁﬁ%*#****ﬁ***ﬁ********************************************-»

&



§°C_.LIWITL-COCATION WHERE e VALUES OF THE BROPLET

'LIST OF VARIABLES :-
IFAT - -CONTRO VARIABLE ,tAG Y0 CHANGE. THE UPPER
ASAND LOWER PERCENTAGE HANGE ON_VELOCITY IF THE -
WTDROPLET IS BEYOND THE'LIMIT 'LIMITU". RESULTS
». . WILL'BE.PRINTED EVERY TIME STEP AFTER '|IMITU’.
e .-quga CQNWROL LIMIT FOR THE PERCENTAGE CHANGE
T gn VELOCITY (FOR TIME STEP CALCULATION)
%@LEN@ ACC LATED LENGTH OF THE WIND TUNNEL = -

-

“  PROPERTIES 1S REQUIRED.- AT THIS POINT. THEﬁ* K
PROGRAM WILL STOP : |
.LIMITU-UPPER LIMIT FOR THE X co ORDINhTE AT‘ﬁHE WIND
‘ \ TUNNEL. AT THIS LOCATION THE UC AND LC VALUE
4 WILL CHANGE TO:-A SMALLEMWALUE. THIS IS TO MAKE -
Cc & SURE THE DROPLET PASS THROUGH THE REGION
BETWEEN LIMITU AND LIMITL IN A SMALLER TIME
~ INCREMENT ﬁ .
LV: - -LATENT JdAT: VAPORIZATION OF WATER
MDET - -VARIA OR DETERMﬁNING THE VALUE OF SHERwOQD

C

C

C

C

C

%

C

C

C

C

C

G

C

C

C

C

C

C

c

C

”

C ;

C “MHT . -MASS HEAT TRANSFER

C NU -NUSSELT NUMBER i

C PA ~-PRESURE OF AIR INSIDE THE TUNNEL
C- PAW . -SATURATED WAT§R VAPOUR PRESSURE
C
C
G
C
C
C
C
C
C
C
C
C
C
C -
c
C
C
C
C
C
C
C
C
C

;%'

¥

-

**********'**'*'*****‘*i****.*******ﬁ*‘***«.g

PD ., -VAPOUR PRESSURE OF THE DROPLET :
‘PF -FILM VAPOUR PRESSURE ON THE SURFACE OF THE
~ DROPLET
PR » -PRANDTH NUMBER
" RA++ - -GAS CONSTANT (IDEAL GAS LAW)
- RATIO -VELOCITY- RATIO |
RE . - -REYNOLDS NUMBER
RH -RELATIVE HUMIDITY. DF’AIR (o o 70 1.0)
RHOA -DENSITY OF AIR
RHOD- 2DENSITY OF WATER DROPLET
. RHT © -RADTXTIVE HEAT TRANSFER
va -WATER VAPOUR CONSTANT
SC- - -SMEDTH NUMBER
SH - -SHERWOOD NUMBER * .
(§YG -STEFAN BLTOZMANN CONSTANT »
SINB .-SINE ANGLE OF THE 'FRUSTUM MADE WITH THE
- "HORIZONTAL
T \ﬂ'« AcchULATED TIME THAT THE DRDPLET SPEND IN THE
‘ .~ TUNNEL .
TA -TEMPERATURE OF AIR L
TD  -TEMPERATURE OF DROPLET *
TF -FILM TEMPERATURE ON THE SURFACE OF ‘THE DROPLET

Z- CONTINUE --

‘.

PO

m**a***i*;—“***%,

E“’ﬂs,.ﬁ
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b _
O T L U U R *
C < *
. C LIST OF VARIABLES ‘- ‘ *
C ‘ -up TROL LIMIT FOR PERCENTAGE CHANGE IN. =
c ELOCITY (FOR TIME STEP CALCULATYON) *
-g A\ UA, wA v rfv GOMPONENTS OF AIR IN X, Y AND Z o
DIR *
g D,uD, wo-veﬁ &TYsCOMﬁONENTS DF DROPLET IN X, Y AND Z =
.o 2 *
LA , OCITY OF AIR , | o
P’ -RE jkrnnr VEBOCITY-OF WATER DRDPLET . *
" -ARRRY PF. SOURCE DENSITY *
Re2. VISOCITY OF AIR *
“CUPORSMNATE OF THE WIND TUNNEL *
ZL-Cinﬁf'NATE OF DROPLET INeX, Y AND Z DIRECTION.*
INWOSNT OF EACHFRUSTUM (X CO-ORDINATE) *
1), =Y 'CQ-SRDINATE OF THE WEND TUNNEL . c *
1) sM: "FHNT (OF- EACH FRUSTUM (Y CO-ORDINATE) ™° *
N A *
*****#*****#‘***********************************#**********

t *

5&;&:'(ﬁ30f ¥(130) ,LEN(130) , XM(129) ,YM(129),
e, VALY XF, YF, XMP, YMP, VF (129) VN({ 129, 1207,
8 o yPhod 129),YV(129,129),VN1{129,129),
e umepsa<129) c(129), v7(129) NV(128),

e ~(3o “¥YY(300)

0 XE, YE, L8 U s ¥A 'WA;UD’ VD, WD, CDRE 'DTBDT

@ PX,PYMEF,YVER,LIMITL, LIMITU, SBP,CBP,

@~ . TF,DFF,;LY,PDPF,KA,KV,KF,SC,PR,MDET, HDET,

@ RHT , T, CHY. 2BV, ICRT, LERT , CONS, LCVT, UCVT - |
@ LENT LENF,RATIO, DUBDT,DVBDT, DWBDT, CRT uc,lc -
e DTBD* CONS UcC, ‘LC LCVT,UCVT, CRT ‘ '
DIMENSION ICT(5) . :

. 4
‘ .

C . REAL IN INPUT DATA

——-----—----»—-—--—-—--

|N) . Lo ' ’
,N) . ’ A‘ “r

5
.00 99 '1
=V



i 4 S AL
c usELATE THE MID“POINT OF EACH FRUSTUM(TOTAL OF N-1)
C -----------------------------------------------------
' 7
DO 100.1=1,N1 ¢
g XM(1)=(X(1)*X ))/2.0°
*ﬁﬁﬁ' 1OQ‘YM(I)=(Y(I)*Y_V ))/2.0
¢ CALCULATE THEYACCUMULATED LENGTH OF THE TUNNEL
0. C_AT EACH FRUSTUM
:'ly}.‘ , C """"""""""""""""""""""""""""
LEN(1)=0.0 ‘ ~
. DO 101 I=1,N1 ~
101 LEN(I+1) = ((X(I+1)-X(I9)%w2+ (Y(1+1)-Y (1) )%x2) wn 5+
1LEN(I) |
C  CALCULATE 'SINE AND cosxne ANGLE OF EACH FRUSTUM
DO 102 I=1,N1
SINB(I)=(Y(I+1)-Y(I))/(LENtI+1)-LEN(1))
102 COSB(1V= (X (I+1)-X{I) ) /{LEN(1+1)-LEN(T))
C READ IN INTIAL PROPERTIES OF THE DROPLET. '
N C  SPECIFY THE UPPER AND LOWER LOCATION AT THE TUNNEL
C___AND UPPER AND LOMER PERCENTAGE CHANGE IN VELOCITY |
R ¢TI ST
> | i
' ®7 READ (5,8) XL, r, zL LIMITU, LIMITL
READ (5,8) UC .
READ (5.2) UD. vo WD, DELT_ \
C  READ IN THE DIAMETER OF THE DROPLET, INITIAL
. C  TEMPERATURE OF DROPLET AND AIR, AND'THE RELATIVE
~, C__ HUNIDTY OF AIR |

DIA,TD,TALRH ™
VIS.RHOD, RHOA

<O

80
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LA il il I I R et g

RA=287.05 -
RV=461.51 . | o
EMI=0.95 _ . .
C1=2%3,14159+DIA - : |
C2=RHOA®TA . - Ry

+ §1G= 6687D 08

- I=0.0 = ' SR s | ) o

CON=dh. *V1S/ (DIA*DIA goo) -
CPHG=1800.0 * g NS
CP=1005. B 3

(4

PA=C2*RA - T e

. . 4

- “PAW=VAP(TA)*RH

I€¥1 i . ‘ 4
I0U=1 - , - , oS Lo
IFATSD e - C ” -

OuTPUT }HE INITIAL CONDITION OF THE DROPLET AND -

THE SPECIFIED 'CONDITION OF THE TEST. FOR THESE_TO BT

BE PRINTED OUT ICT(LJ MUST BE EQUAL TO ' 1’ \>

C -------------------------------------------------
- v

_Q'

~ TEST THE POSITION OF

“IF (ICT(1) .NE. 1) GOTO 53 - /.
: LAYL.ZL,UD,Vb.WD.DELT |
ATD,RH .

18, RHOA, RHOD

]

CALCULATE THE AIR VELOCITY AT POINT XL,YL,ZL,
AND THE RESULTANT VELOCITY OF AIR AND DROPLET

L

/s
CALL VEL(XL,YL,ZL,VF, XY, LEN, SINB, COSB N.N1.Ls,UA.VA,w4)
VELAS (UA*UA+VA*VA+WASWA) %05 | RV
VELD: (UD*UD+VD*VD+WD*WD)*+0.5 . :

"DROPLET. IF XL IS GREATER
'LIMITU, ICT(5) WIY® BE CHANGED TO '1’ AND RESULTS
WILL'BE PRINTED EVARY TIME STEP

s
CONTINUE
IF(XL ,.GT. L

s
/.

ITU) ICT(5)=1 - R .

L4



IF(ICT 1) 1é=1
TEST THE COUNTER ' IC1’

OO0

82

!

TO FIND OUT IF THE LOCATION
~ OF THE DROPLET REQU;RED TO BE CHECKED

IF(1C1 .EQ. 1c7(4)) GOTO 70
GOTO 71 ) -
70 CALL TEST(XL,YL,ZL,X,Y ,N1,100)

IF (10U
IC1=1.

.EQ. 2) GOTO 999

“s.

‘€ CALCULATE THE VELOCITY DIFFEBENCE BETWEEN THE DROPLET - \
C  AND AIR, TO ENSURE THAT THE DIFEERENCE IS NOT SMALLER |
C -

THAN 0. 005 M/S

71 DUD=ABS(UA-UD)
DVD=ABS(VA-VD)
DWD ABS(WA WD)

IF(DUD .LT. 0 005) UD=UA
IF(DVD .LT. 0.005) VD=VA

// IF(DWD .LT. 0.005) wWD=wA

T 'TO CALCULATE THE REYNOLDS NUMBER AND THE v
’\f COEFFICIENT OF DRAG,

- VEL1 VELA

0.2) CDRE=t,

(
F(RE.GE.2.0 .AND. RE.LT.21.0)CDRE=1.0+.115%RE%0.802 .
(RE.GE.21..0 ,AND. RE.LT. 2oq,)cone 1.0+0. 189%RE**0.632""
F(RE.GE. 200. 0) GOTO 888 -

C  CALCUPATE THE RATE OF, CHANGE QF VELOCITY)FQR R .{E

C  EACH CMPONENTS

- DUBDT= CDRE*CON*(UA -UD)
»  DVBDT=CDRE*CON*(VA-VD)-9.81
, DWBDT=CDRE*CON* (WA-WD)

“

RE=DIA*RHOA=ABS (VEIA-VELD) /VIS I

RE GE. D 2 .AND. RE.LT,2. g)CDRE 1. 0+0 102*RE**0 955'

S

- .- -

- - -(. - - - -



‘ .. -
. TO REGULATE THE'TIME INTERVAL FOR INTEGRATION
e LD LT T T e R ARl
 IF(ABS(DUBDT).LT.0.5 .AND. ABS(DVBDT).LT.10.0) GOTO 58
IF(XL .GT. LIMITU .AND. IFAT .EQ. 0) GOTO 56
. .60TO0 57 | )
56 UC=UC/5.0- ‘ ;,»f,////”
" LC=LC/5.0 - " , |
. IFATEY
57 IF(ABS(UD).LT.0.05 .DR. ABS(DUBDT) LT.1.0) G070 55
| CRT=ABS (UD/BUBDT) o
*  UCRT=UC*CRT - N e
‘., LCRT=LEsCRP . o |
| IR (DELT ir? UGRT) DELT=UCRT -
t o IF(DELT [ET. LCRT) DELT=LCRT
i 55 IF (ABS(VD).LT. 0.05 OR: ABS (DVBOT) . L9.0.5) GOTO 59
¥ CVT=ABS(VD/DVBOT) o
UCW‘UC*CVT . o LT
“EGWF=LCHCYT - - | E ©
IF{LCVT .LT. LORT) LCRT=LCVT »‘ ,
IF(UCVT .LT. UCRT) UCRT4UCVT
IF(DELT .Glg UCRT} DELT=UCRT L
1F (DELT .LYWLCRT) PELT=LCRT
GOTO 58 v o . .
‘rw\ . 58 DELT=DELT*1.05 - )
7. ¢ INTERGATE THE RATE,OF CHANGE OF VELOCITY OF THE.. (;\_
¢ BROPLET TO OBTAIN THE VELOCITIES AND POISTIONS
[ S s St .- . '
HL@:‘ 59 DELUSDUBDT*DELT - .- B .
41\ DELX=(UD+DUBDT*DELT/2. )*DELT  .,- ‘ '
T 0 UDaUD+DE LY s -
; :;:isfﬁ,"~XL¥XL+DELX e - .
P sﬂ DVBDT*DELT . AR T A
> DY VD+DYBDT*DELT/2 )*DELV v 3
A ..'54' Vﬁ E o
Y : Y L+ ELY -“_4 S - . .‘,\
4 " DELW= DUBDT*DELT T T )
% DELZ=(WD+DWBDT#DELT/2. J¥DELT
. WD=WD+DELW -
ZL=ZL+DELZ
R R | .
! e v £, : ) tooe
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CALCULATE THE AIR VELOCITY FOR THE NEW' POSITION
.AND THE RESULTANTS OF AIR AND DROPLET

------------------------------------------- - .- -

L.

"CALL VEL(XQ YL, ZL, VF,X,Y,LEN, SINB COSB,N,Nt, LS UA, VA, UA)
VELA= (UA*UA+VA¥VA+WA*NA)**O
- 'VELD= (UD*UD+VD*VD+WD*WD ) **0 5

CALCULATE THE CHANGE IN AIR TEMPERATURE DUE TO THE

CONTRACEION OF THE WIND TUNNEL. . ,

THT=TA- (VELAwS3- VEL1**2)/CPHC _ .

- PAW=PAW=ABS (A1/TA)**1.4 . .t
TA=TA \ o

RHOA=C2/TA o ]"

?CULATE THE THERMAL ‘CONDUETIVITY. OF AIR' -

L R --——--—--_-----—---—- 1w

4

y | . I

TFR(TA+TD) /2. L
DFP—O 211/10%%4% (101325, /PA)=(TE/273. 15)**1 94

' ?501%10*%6-2340.8+(TD-273. 15) 1

AP(TD} . /

PF (PAWFPD) /2. : / ' /
KA=4,1868/10%*3%(5.69+.017#(TF-273.15)) )
KV=4,18G8/10%*3*(3.78+.020%(TF-273.145)) VA /
KF=KA*(1={1.17-1,02%KV/KA) *PAW/ (PA+PAW)) / |

" CALCULATE THE: SCOMIDCT NUMBER, NUSSELT NUMBER, .

- SHERHOOD NUMBER AND NUSSELT Nuﬂaen |

SCEVIS/(RHOAXDFF ) e . >//, o / -

"PR=CP*VIS/KF -

MDET=SC**(1./3. )*RE*JX 5 x )
HDET=PR** (1. /3 )*RE**0;5 - . . . — B |
,LP(MD§§.2 L B.4) sH=T. 0 10BMDET##2 oy i
VIF(MDET.GE. ¥.4) SH=0.78+.308*MDET - A

. IF(HDET.LT.1.4) NU=1.+0.10 *HDE T**2

“IF(HDET.GE. 1. 4) NU=0.78+. 308+HDET

. .CALCULATE THE THREE FORMS OF HEAT IRANSFERS

_---—----—-—-—--—----------—---——— -------------

- MHT= C1/RV*LV*DFF*(PAU/TA PD/TD)*SH/Z .
PV=PAW/PA . , Lo )
CHT=C1*KF*(TA-TD)=NU/2 * : '

- RHT= C1*SIG*EMI*DLA/2*(TA**4 TD**4) ol R

I ‘ M : o
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'C 'CALCULATE THE SPECIFIC HEAT CAPACITY OF WATER,.
- C " AND THE CHANGE IN INTERNAL ENERGY OF ‘THE DROPLET

IF(1D.GT\273, 15) CW=4186. 84*( 9979+3. 1/ 10%*6

@x(TD-308.15))*x2 |

1+3.8/10%%9% (TD-308. 15)*x4
~ GIF(TD/LE.273. 15] CW=4186.84%(1.0074+8.29/10%x5

. @%(TD-273, 15) *%2 |
CONS=C1*DIA**2/12. *RHDD*CW
DTEDT = (WHT+CHT+RHT /CONS
DTXDTBDT*DELT -

. ID=TD+DT
1 T=THDELT

€
;s

“*-Acf”fINCREMENT THE CDUNTERS AND CHECK IF OUTPUT Is. REQUIRED

-'»;1c1 1c1+1 ‘ . :
CIFtIC. LEQ. ICT(S)) Goro,so
JCEICH o R
GOTO 61 -
60 WRITE(6,7) T, XL YL ,ZL,DUBDT , DVBDT, DWBDT up, D, wo
CQUA, VA, WA, TD,TA = =
§1DELT ,'-,,.._ T
; f61‘CONTLNUE L

.+ CIF(XL .(GT. LIMITL) GOTO 51 '

=:f{i838’WRITE(6 g)-

' ~-GOTO 51, '
SQQ'WRITE(B 12)

: -z.,_aj. CONTINUE- . .

"Zé-.*FORMAT STATMENTS

FORMAT (15)
FORMAT (6E10.5)

FORMAT (10E8, 1)

FORMAT (F10.5)"

FORMAT (1015) '
_FORMAT(215,6E12.5)

FORMAT (13F8.4,2F8.3,F8.5)
FORMAT(10F10.6) -

'FORMAT(7X,’RE 1S LARGER “THAN 200. 0t )
FORMAT (6F 10.6)

FORMAT(/)

L OO UIAWN " 1

R e

\‘..,‘ A
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T 12 FORMAT(10X “THE DROPLET IS OHTSIDE THE' WIND TUNNEL")

~13-FORMAT (20X, ’ THE 'SOURCE DENS}TY' ] X

14 FORMAT(20X,’ THE TANGENTIAL: ELDCITYf) S

15° FORMAT (20X ,’ THE NORMAL: VELOCITY') - . = ' e
16 FORMAT(20X,’ THE BACK" SUBSTITUTIDN') e - - b
17 FORMAT(7X+:X-VEL',10X,’ Y=VEL') ' o
18 . FORMAT(SX ’INITIAL POSITION OF THE DRDPLET’ 2X,

@' X0=' ,F10.5,/,38X,'Y0=' /F10.5, 4, 38X,' Z0=’ F10 5.//, .
T 85X, 'INITIAE\VELOCITY OF THE DR LET' 2X," UD— ,F10.5,
e/, 38X VD=’ ,F10.5,/,38X, ' WD=' ,F10.5, / -

. @5X ’INITIAL TIME STEP ‘ DELT ',F10 5./) '
19 FORMAI(BX DIAMETER OF THE DROPLET . DIA='" ,F11.6
20 FORMAT(5X,! INITIAL TEMPERATURE OF AIR . TA=',F10.5

e (K)',/, 5% ’INITIAL TEMPERATURE OF. DRDPLET TD=' ,F10.
e’ (K)' / 5X RELATIVE HUMIDITY OF AIR * + RH=',F10.
21 FDRMAT(SX VISCDSLTY OF AIR » ' VIS='.FT1.6
e,/, 5X DENSITY OF “AIR : . RHOA=' ,F10.5,/, ¢
‘ @SX DENSITY OF DROPLET - RHOD=', F10 5,/9 '
. 22 FDRMAT(7X T’ 63/’XL' GX,'XL’.BX,'ZL’ 3X,“DUBDT’ ,
63X, DVBDT' wBDT’",5X,' UD’ ,6X," VD' 6X, ' WD' -
@GX;'UA'.BX VA' ,6X, WA’,BX.”TD’ SX TA') ' !
STOP B |
END Lo
, RN
.
E>» ~ ?
[ \ .
y 5
/
A :
/"(} S 7
//
/
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C
C
C
C
C

SUBROUTINE:: INEQU | S ‘
-CALCULATION OF SURFACE'INTEGRAL FOR
FRBSTUM I IS NOT EQUAL TO FRUSTUM J. - | |

87 .

’ C***************************ﬂ********ﬂ*****&**ﬁ************

C

Crh

C

<

odmoooooooooooomono

\\ﬂo INITIALIZE THE ARRAYS

LIST OF VARIABLES:- T ;.“ |
H - TWIRTH OF SUBELEMENT LT
“'HL . -INCREMENT LENGTH ALONG THE TUNNEL SURFACE . °
LEND -WIDTH OF ELEMENT . :
XE,YE -X AND Y CO-ORBINATEOR THE SURELEMENT ° .
ET’ -ARGUMENT OF -ELLIPTICAL INTEGRAL |
JEK -ELLIPTICAL INTEGRAL OF THE fst KIND
"KK © -ELLIPTICAL INTEGRAL OF THE.2nd KIND:
IER  -IF EI=1.0 EK & KK DO NOT EXIST =
- -IF E1=1.0° EK & KK WILL BE CALCULATED BY
SUBROUTINE . - |
FX(I) -INTEGRAL VALUE FOR SIMPSON’S ‘RUCE~GALCULATION
FY(I) -INTEGRAL VALVE FOR SIMPSON’S RULE GRLCULATION
XV(1,4)-X VELOCITY POTENTIAL FOR FRUSTUM I =
. FRUSTUM J >
YV(I,)-Y VELOCITY POTENTIAL FOR FRUSTUM I DUE TO
. FRUSTUM u
(VN(I,J)€VELOCITY POTENTIAL NORMAL TO THE SURFACE

FOR FRUSTUM I DUE TO FRUSTUM J

**f******************************************************

SUBROUTINE INEQU(XP,XP,XI, XF,YI,YF,XMP,YMP,XV,YV,VN,

@ _ LENI LENF SB, CB SBP CBP M,IC,JC,N)
'REAL XP, YP XI,XF,YI, YF LENI LENF SB, CB H, HL XE YE

- @ - KK,EK,EI, YV(N N) LEND

. @ . FX(300) FY(BOO) VN(N N) XV(N N), YV(N N)

.._-----_..-_---------_-------

He(XF=XI)/M . .
HL=(LENF-LENI)/M. = .

’ C**********************************&***********************



MRS IR Aol

' C TO CALCUATE TﬁE‘(EPSCLON) AND (ETA) FOR EACH
C SUBELEMENT OF THE ELLIPTICAL INTEGRALS

m LEND=LENF-LENI
DO 10 I=1,M1
XE=XI+(11-1)*HL)*CB
YE=YI+((I-1)*HL)*SB L
%éR4BYP*YE/((YP+YE)**2+(XP xs)**z) SR
. CALL ELIP(EI,EK,KK,IER) S

' IF(IER .EQ. 1) GOTO 13

c.70 CALCULATE THE SURFACE INTEGRAL

" FX(I)=-4%YE=(XP- XE)*EK/((((YP+YE)**2+(XP XE)#**2)**.5)
 @x((YP-YE)*%*2+(XP-XE)*%2))
 FY(I)=((-2%YE)/(YP*((YP+YE)**2+(XP- XE)**z)**o 5))
@ (KK+( (YP*xYE#%2- (xp XE)**Z)/((YP -YE)**2+(XP-XE)
@x%2) ) xEK)
10 CONTINUE

4 YV(IC,J

)
P
)
+

< M7 -
OO -

"we- 1

)+A*FX-(I+1)+FX(I+2))*HL/3+XV( c)
)+4*FY(I+1)+FY(I+2))*HL/3+YV( C)

(IC.dC)*(-SBP)*‘-"YV(Is,d_c)as,CBP .

—< ><-
— N

et St

11 CONTINUE
~ UN{IC, JC) =X\
‘13 RETURN

END



C

. C

. g E- METHOD. WHILE THE CENTRE REGION IS INTEGRATED
C
C-

C
¢
g
€ XF1 -FINAL X CO-ORDINATE O
C
C
C
C

SR | 89
e - -
C********************************#**************‘*********#

C S e
C - SUBROUTINE : IEQJ ~ .
Cc CALCULATION.OF SURFACE INTEGR L FOR

g FRUSTUM I IS EQUAL JO FRUSTUM J

c

% ¥ ¥ % *

---------------------------------------------------------

*

..FRUSTUM 1 1S, VIDED INTO THREE REGIONS. THE FIRST—
‘ AND RD THIRD REGIONS ARE INTEGRATED BY SIMPSON'S

UWER UNCTION:"

*** ek ke o 3k *********************************************

C—LIST OF VARIABLES ~ (SEE ALSO INEQJ) ‘
SM -CONSTANT FOR THE WIDTH OF THE CENTRE SECTION
SS -THE WIDTH OF THE CENTRE SECTION
XV1i  -X VELOCITY POTENTIAL {DUE TO, THE CENTRE SECTION
YV1  -Y VELOCITY POTENTIAL kUE TO THE CENTRE SECTION
THE FIRST REGION
YF1 -FINAL Y CO-ORDINATE OF THE FIRST REGION
VN(I J) -NORMAL VELOCITY COMPONENT :

~

LR B BE SR SR BT R NS 4 *'*ill'* * *

'************************f******f*************************

~ SUBROUT INE IEQd(XPvYP XI,XF,YI,YF,XMP,YMP,LENI, LENF,

e SB,CB, SBP, CBP M, IC dC XV YV VN, N, IFACT)
REAL XI,XF,YI,YF, LENI LENF SB,CB, XV(N N) YV(N N)
e VN(N N) LENF1 LENI2 XP YP SBP CBP .
C INTEGRATION OF THE CENTRE REGION
C ...................................
SM=0.0t1 -
SS=YP*SM .

XVi= SB*CB*(2*SM+(13/72+1/12*ALOG(SM/8)+1/12*SB**2)
@  *SM*xx3)
YV1 (2%SB**2+2*AL0OG(SM/8) ) *SM- ((3+3*ALOG(SM/8)
@-3*SB**2-2*SB**4) *SM**3)./24

- C INTEGRATIDN OF ‘THE FIRST REGION

LENF1=(LENF+LENI)/2-SS

XF 1=XP-SS*CB L
 YF1=YP-SS*SB

CALL INEQU(XP,YP,XI,XF1,YI,YF1,XMP,YMP,LENI,LENF1,
@3B,CB, SBP, CBP N, 1c JC, XV, YV, VN, N)
CXXV=XV(IC,uC)

YYv=YV(IC,dC) = '

VN2=VN(IC,dC) = x .



e
C

c

-+

INTEGRATION OF THE THIRD REGION

LENI2 (LENF+LENI)/2+SS

X12=XP+SS*CB

YI2=YP+S5*SB

CALL INEQU(XP,YP,XI12,XF,YI2,YF, XMP,YMP, LEN12 LENF,

ess,CB, SBp,CBP,M, IC dC XV YV,VN,N)
PY=2,+3, 141503

_ Y tIFACT .NE. 1) PY=-PY
XV(IC,J&)=XV(IC,JC)+XXV-PY*SB+XV1
YV(IC )=YV(IC,JC)+YYV+PY*CB+YVT
VN3= VN(IC Jc) ' S
VN(IC,dC)=0.0..

SUMMATIDN OF THE THREE REGIONS

1’
CUN(IC, dC)'-XV1*SBP+YV1*CBP+VN2+VN3+PY
RETURN i ‘
END o



" C LIST OF VARIABLES:-

A

P

SUBROUTINE :» YNEQO
: ~-CALCULATION OF THE ,VELOCITY. COMPONENTS
AT A. LOCATION WHEN Y CO-ORDINATE IS NOT .EQUAL TO ZERO

OOOOO0

i
w
L
»
L
‘C******************#***************m*******w**a*ﬁ**t*w*ty**
W . ’ . *
Lo

»*

™

»

»

(@]

C- FX,FY -VALUES OF INTEGRATION AT EACH SUBELEMENT
C" XV,YV '-VELOCITY COMPONENTS AT THE REQUIRED POINT
C -

C***********************************************#**#****** ’

SUBROUTINE YNEQO(XP,YP,XI, XF,YI,YF,SIG,LENI,LENF,
‘ SB,CB,XV, YV, LS)

REAL XP,YP,XE,YE, SIG LENI LENF, SB CB,XV,YV,LEND

REAL EI, EK KK, FX(91) FY(91)

C INITIALIZE THE ARRAYS AND CALCULATE THE NUMBER OF
C  SUB-ELEMENTS ON THE FRUSTUM
C

o---—----—---------ﬁ————-—---.——--—--———‘ -----------------

1
0 } _
.0 ‘ | -
LECT(XP,YP.XI,XF,YINYF,LENI.LENF,M.LS)
M2=M- 1 - |
C CALCULATE THE WIDTH OF THE SUB- ELEMENT
H= (XF-XI)/M
© HL=(LENF-LENI)/M a .
i LEND=LENF-LENI - —

C  CALCULATE THE INFLUENCE DUETO EACH SUB-ELEMENT

DO 11 I=1,M1 o "

XE=XI+(I-1)*HL*CB - s N

YE=YI+(I-1)*HL*SB
;,LEIRABS(4*YP*YE/((YP+YE)**2+(XP XE)**2))
IER=0
CALL ELIP(EI,EK,KK,IER)"
‘IF(IER .EQ. 1) GOTO 13
FX(1)=-8%YE#(XP-XE)*EK/ ( ( ( (YP+YE)»%2+(XP-XE)**2)
@%% . 5)%( (YP-YE)**2+(XP-XE)**2))*SIG. .
FY(1)=((-2%YE)/(YP*{ (YP+YE)**2+(XP- XE)*%2)*x(Q.5))
O (KK+( (YP#%2-YE*%2- (XP- XE)**2)/((YP YE )*%2+(XP-XE)
. @xx2) ) *xEK } *SIG
11 CONTINUE

3 | o1

C#*********#************#************#*****‘*************‘#

]



SUMMATION USING SIMPSON'S RULE
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[
A}

C#**#***#***##****#***#*‘**********#*‘#*#***#*...*“*****l*
C »
C SUBROUTINE : YEQO" .
C - CALCULATION OF THE VELDCITY COMPONENTS =
C AT A LOCATION WHEN THE Y CO-ORDINATE IS EQUAL TO ZERO =
C »
C****##‘.**##************#*********‘**#*#*********‘***‘**‘#
*
=
*®
*
]
*

C

'C LIST OF VARIABLES :-

C FX -=VALUE OF INTEGRATION AT EACH SUBELEMENT
8 XV,YV -VELOCITY COMPONENTS AT THE REQUIRED POINT

C*******#************************#*#*********ﬁﬁ********#**

SUBROUTINE YEQO(XP,YP,XI,XF, YI,YF,SIG,LENI,LENF,
e ~ SB,CB, XV, YV LS)

REAL XP,YP,XE,YE, SIG LENI LENF,SB, CB XV, YV
e FX(91) LEND

C  CALCULATE THE NUMBER Ok SUB-ELEMENT ON THE FRUSTUM
C AND THE WIDTH OF EACH FRUSTUM

CALL SELECT(XP,YP,XI,XF,YI,YF,LENI,LENF,M,LS)
M1=M+1

M2:=M-1

H=(XF-XI1)/M

HL=(LENF-LENI)/M

C CALCULATE THE INFLUENCE DUE TO THE SUB™-ELEMENTS

LEND=LENF-LENI : :
. EK=1,5708 c , \
DO 10 I=1,M1 :
XE=XI+(1-1)*HL*CB
YE=YI+(1-1)*HL*SB
FX(1)=-4%YE(XP-XE)*EK/ ( ( ((YP+YE)#%2+ (XP-XE)**2)
@x* . 5)*( (YP-YE)**2+(XP-XE)*%2))*S1G
10 CONTINUE

C  SUMMATION USING SIMPSON’S RULE

Xv=0.0
YV=0.0
D0 12 I=1,
12 XV=(FX(1)+4
RETURN |
-END , d ’ v
\ o ' ,. ¢

M2,2
4«FX(I+1)+FX(1+2))*HL/3+XV



\

Ty L

Ci‘t#‘#“‘***‘##*‘*"***“*t****““****‘#‘******#t#‘**l*ﬂ* ’

c ‘ .
c suanourxns :SELECT .
C -CALCULATION OF THE NUMBER OF .
¢ sus- ELEMENT FOR NUMERIGAL INTEGRATION K
: *®
C***#**#*‘****##**‘ﬁ*****#******#******‘**#***********#**#*
C ' . B
‘¢ LIST OF VARIABLES - A
¢ XLYL-IN TIAL , ¥ CO:ORDINATE OF THE FRUSTUM - *
C XF,YF X, Y CO-ORDINATE OF THE FRUSTUM .
& LEND _THECTOTAL'LENGTH OF THE FRUSTUM .
C M -TQTAL NUMBER OF SUBELEMENT ON THE FRUSTUM =
C LS  -MININUM NUMBER OF SUB-ELEMENTS ON THE FRUSTUM  »
'C D1 -DISTANCE FROM THE INITIAL POINT ON THE FRUSTUM =
c TO THE' REQUIRED POINT- .
C D2  -DISTANCE FROM THE FINAL POINT ON THE FRUSTUM =
C TO THE REQUIRED POINT .
C DMIN -THE LESSER VALUE OF D1AND D2 .
Lo
C**#*t*****************************************************

Q

SUBROUTINE SELECT (XP,YP.XI.XF.YI.YF,LENI.LENF,M,LS)
REAL "XP,YP,XI,XF,YI,YF,LENI,LENF,LEND

C. CALCULATE THE MINIMUM DISTANCE FROM THE FRUSVUM T0
C THE REQUIRED POINT ,

D1=((XP-XI)%%2+(YP-Y])®*2)** 5
+ D2=((XP-XF)*%2+(YP- YF)**Z)**
" DMIN=D2
IF(D1.LE.D2) DMIN=D1

C  CALCULATE THE NUMBER OF SUB-ELEMENT (EVEN NUMBER)

LEND=LENF-LENI ' _—
N=IFIX(LS*LEND/DMIN)
IF (N.EQ.0) GO TO 11
K=N/2

L=K=*2 .

‘M=N

IF (L.NE.N)M=N+1

GO T0 10

M=2

RETURN

END :

— —
O —a
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C#*-#**‘**.*#*‘t‘.‘.‘#‘*.‘*‘#**“!.**i"*l*t“.“.“.‘i“..

oXololelel

T O00000OO0O0O0O0

C

SUBRDUTINE tVEL
-CALCULATION OF THE THREE VELOCITY
COMPONENTS OF AIR AT THE REQUIRED LOCATIONS

C¢tmmm~mtm*ammmnmt-mmnm‘*-ywtt*ttt*atm.mmwwmw*q;#cmttwam-t

"LIST OF VARIABLES:-

XL -X CO-ORDINATE"
YL -Y CO-ORDINATE
ZL -Z CO-ORDINATE
RL ~RADIAL LOCATION
-, SIGMA -SOURCE DENSITY
UA  .-VELOCITY COMPONENT. IN THE X
VA -MELOCITY -COMPONENT IN -THE.Y DIRECTION
ZA -VELOCITY COMPONENT IN THE Z DIRECTION

##**********##*#**#*********ﬁf**#****#*#ﬁ*#*****t#**ﬁ****4

~ SUBROUTINE VEL (XL,YL, ZL VF, X Y,LEN,SINB, COSB
e N,N1,LS,UA,VA, WA

DIRECTION

»
»
»
L]
R
[ ]
"
]
]
=
]
"»”
]
"
]
|
*
|

REAL XL,YL, ZL RL X(N) Y(N) VF(N1),SINB(N1),COSB(N1),
@LEN(N), XVE XVEF YVE YVEF UA VA, WA,SIGMA, LENI LENF

0SB,CB

CALCULATE THE RADIUS OF THE TUNNEL AT LOCATION XL

--—---—--—-—---—--—------------—-—---_--—----------—-

RL=(YL*YL+ZL*ZL)**0.5
0.0) GOTO 100

IF(RL .EQ.
SIND=YL/RL
COSD=ZL/RL
GOTO 101 .
SIND=0.0

COSD=0~0—

CALCULATE THE VELOCITY POTENTIAL AT THE REQUIRED

POINT DUE TO THE INFLUENCE OF EVERY FRUSTUM



111

SELECT THE SUBROUTINE AND CALCULATE THE VELOCITY
COMPONENTS

---------------------------------------------------

IF (RL .EQ. 0.0) GOTO 111
CALL YNEQO(XL
@XVE,YVE,LS)
GOTO 113

CALL YEOO(XL.RL XI XF,YI, YF SIGMA LENI LENF S8,CB,

OXVE,YVE,LS) - . <
SUMMAT ION . '

XVEF=XVEF+XVE
YVEF=YVEF+YVE
CONTINUE

RESOLVE INTO THE THREE' VELOCITY COMPONETS

------------------------------------------

UA=XVEF {0
VA=YVEF=SIND /
WA=YVEF=CBSD
RETURN :

END

' L;XI.XF.YI.YF.SIGMA,LENI,LENF.SB.CB.

~

/7
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C#*‘#.#t‘“t..lﬁ.#*‘l“.‘*‘##“tl‘.'*i.“‘.“*i‘..#‘...‘."

C .
C FUNCTION ~ VAP

C -CALCULATION OF THE UATER VAPOUR PRESSURE
g AT TEMPERATURE T '

C .
C LIST OF VARIABLES:- ‘ .
C VAP  -WATER VAPOUR PRESSURE (UNIT IN PASCAL)

€ T -TEWPERATURE (KEVIN)

c

L]

*

»

]

; . -
Ct*ttmtmmtmu-tat:mﬂ#tmw:thm&wntmmntnmowwtttmtttwtg*ttduatt:
) ‘ .
L

®

»

*

tt**#*t““#****###**#.**ll*#****.‘**.#‘*#*..‘F##.“‘t*‘#

- -

REAL FUNCTION VAP(T)
REAL AO,A1,A2,A3,A4,A5,A6,T
A0=6984 . 505294
‘A1=-188.9039310 , N
© "A2=2, 133357675 | |
A3=-1,2885809730D-02
Ad=4.393587233D-05 .
A5=-8,0239230820-08 '
A6=6. 136820929D- 11

, VAP= (AO+T# (A1+T#(A2+T=(A3+T»(A4+T=(AS+T=(AB)))))))=100.
g +

ol
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C**********************************************************

. C . . PR e : *
- C SUBROUTINE EbIP R SR ’ *
C - EVALUATION OF THE ELLIPTICAL INTEGRAL *
C OF THE 1st AND 2nd KIND - ‘ *
C o~ %
C**********************************************************
C _ ! L *
C 'LIST OF VARIABLES :- = %
~C El - ~ARGUMENT OF THE ELLIPTICAL INTEGRAL *
. C. EK " =ELLIPTICAL INTEGRAL OF THE FIRST KIND *
€ KK““ -ELLIPTICAL INTEGRAL OF THE SECOND KIND *
C *
C *

: *********************************************************

",SUBROUTINE ELiP(EI K, KK IER)
. REAL EI, EK KK, ELN ETA o

ETA=1.-EI"
IF(ETA . LE. 0) GOTO 10 P -
, ELN=ALOGFETA) ~ - ’
C  CALCULATE THE ELLIPTICAL INTEGRAL OF THE FIRST KIND
C“‘"Qf‘?‘f"""""'“"""’"’T """"""""""" 7

EK= 1+ETA*(0 44323141463+ETA*(0 0626060122+ETA
@*(0.04757383546+ETA%0,01736506451) ) ) ~ELN*(ETA :
@%(0.2499836831+ETA* (0, 9200180037+ETA*(0 04089697526

O+ETAX0, 00526449639)))) S o

Cc CALCULATE THE ELLIPTICAL INTEGRAL OF THE SECOND KINDV
I T U S .
- f S . ¢ ‘ ,

L KK:I.38629436112+ETA*(0,09666344259+ETA* : -
- 0(0.03590092383+ETA*(0.03742563713+ETA ' o
6%0.01451196212) ) )-ELN*(0.5+ETA* (12498593597
O+ETA*(0.06880248576+ETA*(0. 03328355346+ETA
- 8x0. 00441787012)))) '

B GOTO 20
10 IER=1
120 RETURN
- END .
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'C o A .
C SUBROUTINE :TEST | .
' C - TEST THE LOCATION.OF THE DROPLET. IF THE =

C DROPLET IS OUTSIDE THE TUNNEL A WARNING MASSAGE WLl *

C  APPEARS. x
;‘/ C . o -
! C**********************************************************

- C

fC**(Z?**************************************i**************

.#

lIST OF VARIABLES :
RAD -RADIAL DISTANCE OF THE DROPLET FROM THE CENTRE

-C
C
~C XL  -THE X CO-ORDINATE OF THE DROPLET
C
C
C

|

*

*

*

Y(I) 'THE'ARRAY OF RADIUS FOR THE TUNNEL : . o*
’ %

*

*************x*******************************************

SUBROUTINE TEST (XL,YL,ZL,X,Y,N1,10U)
REAL X{N1), Y(N1) XL,YL,ZL, RAD S

Ck. SELECT THE FRUSTUM WHERE THE DROPLET IS LOCATED

I=1 . ‘ - | /
51 CONTINUE - S /
IF(XL .GT. X(I)) GOTO 50 = /
I=1+] o -/
GOTO 51 , ' //
50 CONTINUE .-

C  CALCULATE THE RADIAL DISTANCE OF THE DROPLET AND
C COMPARE IT WITH THE WITH THE RADIUS OF: THE/TUNNEL

i e E L E LB CEL famenni :

- RAD= (YL*YL+ZL*ZL)**0.5 7/ )
_IF{RAD .GT. Y(I)) GOTO 52 | I
GOTO 53 '
B2 10U=2
53 RETURN -
END



