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ABSTRACT -

An experimental investigation has been made ;ﬁto the
evaporation of large freely falling, oscillating water drops in
an atmosphere composed entirely of its own vapour at vaﬁng |
pressures., Experiments wex;e carried out at, pressures 6f 2, 4, B

and 6 x 10° N/mz,

A photographic record was obtained of the -drop at six

. observation points down the pressure vessel. From the drop dismeter
{ ) . o

and the velocity of fall measured at the observation point the mass,

Nusselt nuxhber, Reynolds number and ‘COefficient of drag were calcul-

ated.

With an increase in pressure the Nusselt r;umbers‘wemr found
to increase and wei-e much higher in velue than those o‘bta;ined'by
other investigators who had, however, used anéhér_ed drops in a moving
atmosphere. Values obtained for smail, freely falling d.ropsv were not
comparable with the large drops investigated in this study due to the
difference in dynamics of the larger drop falling within a pressurised

atmosphere composed eritireiy of its own superheated vapour.

From the experimental results it has been shown how the
obtained heat-transfer coefficient decreesed with the increase in

excess temperature above the boiling point.
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CHAETER I

" INTRODUCTION

There are many contexts in which the subject of the
evaporation of drops is important. OConsider the eVaporation of
petrol drops in air. In a combustion enginé for insténce, the petrol
is drawn from the Jet into the choke tube in the form of liquid drops
of varylng sizes, and it is important that these should be completely
evaporated by the time the inlet valve is reached. To ass:l.st this
process a common surface between exhaust a.né, in;l.et menifolds is

usually provided,

Por the purpose of manufacturing dried milk, liquid milk is
spreyed from an stomiser into a heated chamber. -This process is “knawn
as spray-drying. Evsporation from each drop takes place until all the

water conbenmt is removed and only the colloidal fat particle remains.

In the following exemples it is attempted to demonstrate to the
reader how very important the evaporation of water drops is in a super-

heated steam atmosphere.

The steam raised in a boiler is never dry saturated, there is
invariably a smsll emount of liquid Aispérsed thfough the vepour as
it enters the superheater. The question then _arise’s how long this
water drop may survive in the superheater and ‘espécially whether under‘
any»circumsta‘nnce it hes a chance to enter a high pressure turbine with

the admission of superheated steam.

In spite of the usual warming through period steam, on entering
a relatively cool turbine will form a condensate layer on the turbine

components. The condensate will drain off, mostly due to gravity,
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and will be pumped out from a drainage point. However, gravity :

will not be the main cause of drainage from the .surface of the

rotor. Rotation will cause a centrifugal force whbiéh will raise
protrusions on the free surface of the _cendensata filxﬁ. These
protrusions will increase in size and will eventually betirowm off

the rotor surface in the form of drops which will fly through the
steam atmosphere until they strike éome stationary part of the turbine
where they will Join other condensate, drainea off by gra.v:.ty and be
removed from the cesing by the extractor pump. The drep dlameter :
varies with rotational acceleration as shown by the work of- Ma‘bthew
and Hoyle. (1) It is :meorbam; how long these water drops survive in N
the superheated steam atmosphere. If their beha.vn.our were accurately

known, it might be possible under certa:m conditions to reduce the

warming-up-period of the turbine.

During the operation of a h:.gn pressure turbine d.rops may be
formed in the following ways: |

a) High pressure turbines are driven by superheated steam
at a high pressure-level and exhaustéd-at a low pressure-level, thus
developing steam power and reducing o temperatuz;g. ' This réduc'bion of
steam energy may cause the formation of wat_er é.m'ps. These é.réps may'
impinge on the rotating turbine blasdes and cause émsion, thus reducing

the life span of the turbine.

b) The pressure difference across the gu:.ée venes will cause
condensation on the turbine inward edge of the vaxiés. Moéem turbine

- designs have allowed for these condensate pools by producing holiow,
slotted vanes. The condensate is drawn off thmﬁgl:i these .sléts, “but

the situation may arise when the vibrations of the rotor may cause
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drops to be carried into the rotating turbine and they also may’

erode the blades.

¢) Water may also form behind a.»rota.i‘:ipg blade due to a
pressure difference eause:i by rotation. This wa:be‘r‘may be thrown
off the blades by centrifugal force, and in the form of d.rbps » towards
the turbine casing, but if their relative velocity 13-less.than that of
the rotating blades, they will impinge on a neighbouring bla.ée. The
impact of a water drop on a turning turbine blade can be very hard,
aﬁd errosive effects will take place. This émsion may so weai:en the -
blade that it breaks. The centrifugal forces reétﬂ.ting from loss of
a blade are envrmous; they can lead to complete -d;estm'ction of the

turbine.

In stationary condensers, for instance, using internally
cooled tubes, the steam in contact. is cooied by'ioosing energy
to the cold surface. The condensate layer so formed will in turn
act as a cold layer on which more steem condenses. In this way a
liquid film is built up at an ever diminishing rate, and if no action
intervened the film would grow so thick that condensation would vir-
tually cease. However, drainage intervenes, whereby liquid is removed,
thinning the £ilm and allowing condensation to‘ continue. Tile thicker
the f£ilm, the more difficult is condensation, and good drsinage of the
filn is therefsre very important in condensers. In conventionsl
stationary condensers drainage is by gz;avi‘ﬁy. The ‘liquid is pulled
away from the tubes by its own weight a.n‘d: falls in a .continuous
stream, thus thinning the film. Continuocus stream drainage prevails
only in conditions of very heavy condensation ~ €oefe ‘when steam
enters the condenser very wet, when the condenser tubes are very

large, etc. We are interested in the case of a fairly dry conden-
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ser in which the drainage is by .drops falling from the film.

In any case, even if a continuous falling stresm started from the .
film and conditions existed that pmvokfadi; evaporation of the stream,
the stream would soon become thin and break up into a series of drops.
The atmosphere in the condenser will be that of watér vapoui', througz
which drops of water are falling. It is the Subséquent history of
one such drop, falling through an é.tmosphefe of watex? vapour in which

the author was interested.

A Other examples from engineering and applied science could
be quoted, but those already mentioned are sufficient to show that
the problem of the evaporation of water drops: in superheated steam

occurs widely.

For evaporation to take place the drop must fulfi.l‘the ,
following requirements:

a) there must be a temperature difference between the

drop and its surroundings for ener@ to be transferred to

the drop, and | |

b) there must be a pressure difference between the drop

and its surroundings to promote mass aiffusion fxr;am the

drop surface into the atmosphere.

When a water drop evaporates Vinla. superheafed steam atmos-
phere the energy transferred to the drops is by conduction “and%*
- convection. Starting in the centre of the di'op and moving outward, -
the temperature rises as one passes throdgq the - f:.rst zone until, at
the boundary, the evaporation temperature is ‘reached., - Moving further
outward through the evaporation zone the tempersture remains the samé R

although the fluid is saturated at the inner boundary, and dry
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saturated steem at the outer, the change from one to the other o
is not made linearly. In this zone the frapou’.r is wet, and its
degree of wetness is decided by the motion of its moleeﬁles

relative to the whole mass of fluid in the zone. In the boundary
layer the temperature has been assumed to inc‘fease with the radial

distance from the centre of the drop.

The condition of a drop at rest eva.porating into a still
atmosphere is a ficticious one, and greatly over-simplifies the

process that is usually the case. Thus, for example, a drop being

thrown off a rotor in a high pressure turbine may be travelling towards .

a turning blade, to the turbine cesing or may be blown about by the

- superheated steem entering the rotating turbine. The drop is there-
fore in continual relative motion to the sp..rrounding atmosphere; this
effect sweeps away the surrounding saturated vapou.f cloud. An
increased pressure difference is promoted.v gt certain areas between the
drop surface and the atmosphere, thus accelerating the mass transfer
rate. Boundary layer theory indicates that the Tate is o meximm et
the forward stagnation point and reaches a minimum at the boundary
layer separation point. An attempt to calculate i:; detail the
evaporation behaviour of a water drop would be very difficult; there
are no theoretical solutions to the problem of heat and mass transfer
from a sphericel surface. This problem is further oomplicated for
high concentration grad.iénts as the mass leaving ‘_bhé drop surfaoe

affects the flow pattern around the drop.

Sémi-empirical correlations have been obtained for cases of

| (7).
small concentration gradients. FrBssling presented an equation




6.
in which the Sherwood number, corresponding t(). a transfer
coefficient, was related to the Scimidt end Reynolds number;
a similar equation was obtained by Ranz and Marshall(B) . relating
the Nusselt number to the Prandtl end Reynolds number. These
equations were adequete for evaporation into air atmospheres at

temperatures up to 220°C and a Reynolds mumber range of 2 - 800.

The majority of experiments on the evaporation of drops has
been carried out with anchored drops in a moving high and low temper-
eature atmosphere, Such experiments showed that the square of the drop

diameter decreased linearly with time of exposure. The drop diameter

used was usually 100 - 200 pjm and the medium hot air. Lee and Ryley(9) ’

however, blew superheated steam past an anchored water drop. Their
work agreed closely with the work of FrBssling, Ranz and Marshall,
and a similar equation relating the Nusselt number to the Prandtl

and Reynolds number was obtained.

The dynamics of an evaporating drop falling freely in super-
heated steam has received little attention in the past. When evapor-
ation occurs the drag is expected to decrease as f:hem j.s a'thickening
of the boundery layer with a reduction in the relative velocity at the
drop swface. This ;‘lrag reduction has been shown Tby f.lngého.(, 1; .
Meny investigators have ignored this fact snd used standard drag
coefficient curves which apply to smooth, splﬁerical; solid particles,
moving in a steady stabte without heat or mass tremsfer. Due to
experimental and theoreticel Aifficulties dhe study of freely falling

water dréps in a superheated steam atmosphere has been. limited.

As g step nearer to a practical system, the object of this

work has been to study single water drops epproximately 4 mm in diemeter

as they evaporate falling freely through & superheated steam atmosphere.
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In order to study the effect of heat transfer the experiments,

have covered a water drop in g superheated steam atmosphere at

200% at 6 bar and to 20090 at 2 bar. The Reynolds number range
varied from 600 to 1600 (based on physical propert:.es of surrounding
atmosphere), The trajectory of the drops have been recorded to
calculate the drag coefficients under these conditions.

The drop. size and distance. travelled Wenepbtain)ed by
repetétively photographing the drop as it travelled down the

chamber. The change of the square of the dmp chameter was éonstant

but varied with Pressure,




CHAPTER IT.

LITERATURE _SURVEY.
M

So many investigators have studied the evaporation of

drops that it is of advantage to separate the 11terature in the
following sec(;:.ons.

1. Evaporation of stationary drops in a still air
atmosphere, .

2. Evaporation of stationery drops in‘ moving
- atmesphere, o
~a)  air (low temperature, high température).
b)  superheated steam,

3. Bvaporation of freely falling drops in a still
air atmosphere. R

4. The drag of liquid drops undergoing heat and
mass transfer, ' v

I1.4. Eveporation of statioggz;z drops in a still air e:bmosghere.

Many investigators have shown that the dec.'nease of surfe.ce
area, due to simultaneous heat and mass tra.nsfer, £rom a statlonazy
drop in low temperature surmunda.ngs is d:.rectly pmport;lonal to the
time of exposure to the atmosphere.

This may be written ag:
%2 - 52 = o 2

T, is the initial drop radius |

Ty is the drop radius at the time ¢

t is the time, and

C 1is the eve.poration constant ;,

Rumegai . ang Iseda(m) obtained datg for single drops of
cetane, heptane, benzene and ethyl aleohol evaporating into g high

temperature air atmesphere Suspended on a silica fllament  The data.
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obtained showed that equation 1.1. is elso valid over most of -

the evaporation period in a high temperature air atmosphére-

" A complete survey on the evapora;tion and growth of drops
in gaseous media has been written by N. A. Fnchs(z) and the
N.A.C.A. Report No. 1300 (3) deals with evsporation and combustion
of droplets. Some of the more relevent results are discussed in

this section.

Nichiwaki and Ha.ghi(l") experimentelly measured the var- -
iation of diemeter with +time of liquid drops suspendea on a fine
silica filament. The filament, 0.1 mm diameter, was inserbeﬂd. into |
& hot chamber and motion pictures taken _;z'_’cf;‘.'the drop. Initiel drop
diameters ranged from 0.8 mm to 1.2 mn and the liquids used ’were‘
water, benzene, ethyl alcohol and methyl alcohol. The results showed
that the square of the diameter decreased 'iinearly with time. Kobayasi(5,)
mounted 'a furnace on wheels so that it could be moved quickly into
position around a suspended drop, and achieved similar results.
Spalding (6) investigated the combustion of liquid fusls using
model drops made by fluid flowing continuoﬁsly ovér solid spheres.

He obtained the following expression for the mass transfer rate from

a 1iquid sphere in an infinite atmosphére:

dm = - _27 D.k.ln (1 + B) 2.2.
Cds c

D is the drop diameter.
k is the mean thermal conductivity
B is the transfer number of the fuel

.¢ is the specific heat of the medium .

For evaporation into high temperature atmesphereé s Spal&ing

stated that the transfer number B is given by B = Cm . O T
) ‘ L

bt
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where Oy is the mesn specific heat of the meaium,A T is the
temperature difference between the atmosphere and drop surface,
and L is the latent heat of the liquid, assuming the drop has

reached a steady temperature.

2.2.a. Eveporation of stationary drops in g moving
- air atmosphere. o o
)

Pr8ssling studied drops of water, aniline, naphtalene
and nitrobenzene evaporating into airsfre_ams at room temperature, -
The data were obtained over a range of Reynolds Numbers from 2 to

750 and corrélated by an empirical equation of the form:

m n ‘ ‘
where BSh is the Sherwood Number comspend:mg to an overall
transfer coefficient.
Sc is the Schmidt Number corresponding to the ratio
V/D; = viscosity; D = diffusivity.

Re is the flow parameter for convective heat tra.nsfer
(Reynolds Number)

Cq is a constant.

m o= 3

n =

N

"m" is an index of the effect of convective velocity on mass
transfer, and "n" an index of the r}vaﬁio of momentum and diffusion -

boundary layer thickness on mass transfer.

Many molecules, because of their irregular movement, return
to the drop surface and in turn are pg.rtially accepted by it,

Prdssling showed this irregular transfer rate aiong‘the drop Suz'faoe-.

Ranz and Marshall( ) carried out 1nvest1gatlons of the rate

of evaporat:.on of water drops and water drops containing dissolved

and suspended solids up to 220° C using high-speed photography to
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)
record the decrease in drop diameter. They expressed their

mass-transfer corrolation by the equstion:

i1 4 -
Nu! 2,0 + 0.6 Sc¢® Re? 2olye

Nu'

i

Nusselt Number for mass tra:.;.sfe'x_‘.

By analogy heat-transfer data should be éorre'lated by
a corresponding equation: |
11 |
Nu = 2.0 + 0.6 Pr> Re? . 2.5.
Their results of studies on pure liquid dfoi)s confirmed
the enalogy between heat and mass transfer at. low Réynolds numbers.

They pointed out that this correlation does not apply in high tem-

perature surroundings and large concentration gradiénts » &S sensible ‘

heat gained by the vapour end diffusion due to thermal gradients in

the transfer path will have to be taken into account.,

Toei, Okuzshi and Kubota +Vadied the evaporabion of supported
water drops into a stream of steam—air mixture. They worked with

drop sizes of 1.2 mm to 2.1 mm, an a‘bmosphe_re temperature of up to

140°C and a Reynolds number range of O to 120. They correlated their

results for heat transfer Ey the equation:

i 1
Nu = 2,0 + 0.65 Re? Pr3 2.6

Their results for the small Eeynolds number range used
agreed well with the work done by Fr8ssling and Banz and Mershell.
?or high rates of mass transfer in forced cénvective flow,
no theoretical solutions have been obtained. Sﬁeh solutions ﬁoﬂd
involve the simmltaneous solving of the generalized equation of heat

conduction together with the Nawier-Stokes equation and the equation

of continuity under the boundary conditions defining the eveporative
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flow of the vapour at the drop surface W:Lth the general gas
motion equation in the neighbourhood of the drop.

Gohrbrandt(“) however studied the evapération‘of
camophor.* spheres mounted in a hot air- stream and derived an express-

ion for the mass transfer of a hem:.sphere, wh:n.ch may be Written

over the whole sphere as

dms = K kD B Rt 2.7
at , C 1+B ‘ '

where K is a constant, k the thermal conductz.v:.ty of the med:u.‘nn,
D the drop diemeter, C the specific hea'!: of the mechum at constant
pressure and B the transfer number. It was fou.nd that at tem-
peratures up to 760 °C the heat transfer coeff:.c:.ent decreased with

increase in temperature difference.

Rasbach and Stark (12) measured the eveporation rate of a
water drop suspended on & quartz fibre in a bunsen flame. The
value for the heat transfer agreed with that caleulated from the

equation of Rang and Marshall how, if the calculated value were

‘multiplied by a constant factor of 0.63

. 1 ‘ :
Nu = 0.63( 2 + 0060 PF Re%) , » 2080

The constant factor accounts for the mass flow of vapour which
acquires sensible heat as it passes through the boundary lgyer
surrounding the drop surface..

2.2.b. Evaporation of statio drops :.n a mov:t.n

superheated steam atmosghere.

K. Lee and D, J. Ryley(9) made a study of Water drops
suspended in a stream of superheated steam. The data were obtained

over a range of Re numbers from 64 to 250 and an ambient temper-

ature of up to 143°C.
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They accepted the corrolation of 1.5, but the constamt
Cq = 0.738 exceeded the Ranz and Marshall value of 0.6, This
they attributed to the fact that the weter d.rop was evaporat:.ng
into an atmosphere composed ent:mely of its own vapour, The:l.r

corrélating equation was

—

1 _1..‘ : .
Nu = 2.0 + 074 Re? P 2.9,

- Fu is fhe mean Nusselt nmhber for heat transfer. The
drop was observed to oscillate slightly in certain circumstances,
but it was not known how this influenced the evaporation.
2.5. Eveporation of freely falling drops in o stationary
atmosphere. , ' S _
Eiisehklam;(?s) studied the mass transfer from drops with
s:.multa.neous heat transfer in an air atmosphere. The exper:.ments
were carried out with a wide range of liquids (methyl alcohol,
ethyl alcohol, benzene, heptone, pent&ne and Wa.ter) with air ‘
temperatures from 200°C to 1000° C and with. drop s:.zes from 25 )um
to 2 T, - For comparative purposes mean phys:.cal prepert:y values
of the fluid surrounding the drop were used in their calculations.

The transfer‘mmber B was used to characterize the effect of intense

mass trqnsfer. This transfer number corresponds to the one used by

(6)

Spalding. Thelr corr8lating equation is:

. 1 )
Nu© (1+Bm) = 24+ 1.6 (Rep)® | 2,10

- m denotes an evaluation of B or Re at mean temperatures.

(17)

Topps' ° ocarried out an investigation of the evaporation
of drops 300 pm to 500 pm dismeter, falling at their terminal

velocity in air at temperatures of up to 800°C. Quantitative

results for the pure hydrocarbons showed a rate of evaporation
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8w, which varied approximately as the (rad:.us) l*‘ He sugg- "
gzted that the temperature of the vapour leaving the surface of‘.
the drop boundary layer is below ‘bhe amblent level, but that
ambient temperature can always be attalned in the wake., Also that
the variation of evaporation rate With’temperatqre is affected by

the outward flow of vapour from the drop surface Teducing the -

transfer rate of heat to it.

2.

~ The laws governing a spherical particle moving freely
through an undisturbed fluid have been expressed by means of a drag

coefficient, Cphs defined by:

c = F o 2m
D A,  =pov© ‘
where F = drag force.

Po = density of.fluid.i.
V = velocity of particle ,
A, = projected area of particle.

The standard drag coefficient curve hav:mg OD and Re as
ordinates appl:x.es to smooth solid sPheres, mov:.ng« at a constant
velocity in an incompressible fluid of sufficient extent to eliminate
the effects of the confining waells. The resistance to a sphere in
motion is due to friction effects consisting of £ilm friction amd form

Outsidle L E
friction. Js Stokes Low region, Re’ > Ce1, form friction caused by
Pressure varistion on dmp surface contr:.butes the major pa.rt of the

total drag and its relative importance decreases stead:.ly as the Re

number of the partlcle increases.
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The Navier-Stokes equations are the basis of eny
theoretical description of a fluid system so that their specific

solutions would predict all flow properties of that system,

Ingebo(13) studied the drag coefficients for droplets
and solid spheres in an accelerating air stream. Dieameter and velocity

data for individugl drops and solid spheres were obtained with g high-

speed camera. The drag coefficients for water is octans and trichlore-

thylene drops were found to correlate by the equation:

Op = 27/Re0-84 2412
for 6 < Re < 400

He states that when evaporation ratés were low, solidQSpher'e

equations were applicable,

Eisenk.lam(zs) also studied the éffect ;of mass transfer
on the drag coefficient and found that it Weis greatly reduced.. This
reduction was due to the boundary layer thickness increasing, separ-
ation occurs et g different place s> and the separation weke is changing,
The correlating equation for a sphere with mass transfer

was found to be:

ij‘ (1+B) = Cp
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L

€4* = Drag coefficient with mass transfer

o
1}

transfer number

Drag coefficient without mass transfer;

&
n

It can be seen that the evaporation of small supported
water dr9ps in an air atmosphere has been well establz.shed but
the evaporation of freely falling water ‘drops m & pressurised
steam atmosphere has received little attention. In order to come
near a practical system, methods and apparatus were dsnsed to study
a drop travelling freely through a pressurised superheated steam
atmosphere as encountered in condensers or steam turbines. The
object of the work was to study the effect of presaure on the evap-

i

oration of[ a drop of water at tem:mal ‘velocity in a superheated

steam atmoTphere.
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CHAPTER TII

EXPERTMENTAL, _ SECTION.
W

The method consisted of photographlcally obsemng water
. drops as they fell down a vertical wessel coutaa.nmg pressurlsed |
superheated stesm. The diameter and velocn.ty were detexmz.ned at six
different observation points down the vertz.cal axis. The superheated

steam pressure was varied from 2 to 6 bar. -

III.1. Pho‘bographic Techni%.

For the photographic study of a fz'e,ely falling drop, a large
depth of" field is necessary as the drop does not fall vertically but
nay drift at rendon from a vertical path even in a still stmosphere.
4lso, enlarged drop images were needed to study}theAbehaviour of the
drop in the pressurised superheated stesam é.tinosphene. This was ach:.evea.
by increasing the distance from the camera lens to the film, This
chsta.nce increase was chosen so that, it was: not too small to ebserve
the change of shape and drift of the drop angd not too 1arge that the |
aperture’. was not too small S0 accurate image definition is ensure&.

In Fig.1., the photographic technigue is shown.

Rear illumination from a 200-Watt *bungsten-ha.logen lamp

diffused by a temperature resistant ground glass screen was found to
bromote good definition.

III.2, Apparatus,

- The flow diagram, Fig.2, shows the layout of the apparatus |
in nine parts:- | |
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1o Steam-generating system, consisting of feed tank,

feed pump, boilet, separator, sﬁpérheater and reﬁueing valve,

2. Test section, consisting §f‘ éréssure vessei, means of |
measuring temperature and pmssure‘,l .a.ppa‘i'a‘btmzs for produc,ing
drops, and appai‘atus for rqeordihg the drop's behaviour in
flight, |

3 A condenser with coéling v&&tér and extraction pump,

ITT.3. Steeam generating system.

Steam at pressures from 1 to 10 bars a.t a temperatv.re kof

200 C was required for the investigation, The feed water, proeessed
to one part per million Permanent haré.ness, was. pumped into & Glaybon
steam generator, Model R0.110. The wet steam Was passed through a
separator, from which it emerged 97% dry, to an o:Ll fired superheater
in which its temperature was raised through a pressure reducmg valve,
set at the required pressure., The reduemg valve was chaphra@n oper-
ated, and had a downstream pressure tapp:.ng. This 'ba.pplng sensed the
d.ownstream breéssure and acted on the d:.aphragn for a fine controlled
Dressure. The steam now entering the test:r.ng section was superheated
end pressure controlled. The used steem was 'eondensed and drawn oﬁ?

with an extraction pump,

IIT.4. Test Section.
Measurement: ‘
Experiments with g freely falling drop, 3 ma in dn.ameter in |

air at room temperature showed a distance: 350 mm was necessa.t:y for the

drop to reach its terminal veloc:.ty. Gons:.deratlon of the expecteé. ‘







22,

‘evaporation rates, a distance of fall of 326‘mm was *&hought‘ to

be necessary for the drop to reach its terminal velocity and |
therefore to bé sufficient a distance for observation. The vessel,
which was electrically heated externally, had six 360 m x 50 mp
Wwindows, through which the drop could be o‘ggema.‘ The internal

IT1.4.1. Pressure vesse].
- .

The design of the pressure vessel ig shown in Fige3. The |
vessel is made of stainless steel tubing, 125 mm inside diameter X 13m
wall thickness and 1225 my long. Six windows are provided Zpr (aeé Fig.5 )
to observe the drop's flight down the §hambei~ ax:r.s The Windows are made
of 12,5 mm thick, flat armour plate glassg | cons:'lde'rfiz/ixg”the iesting '
pPressure (P = 1,5 x 18 bar) the vessel was stréngthened at its weakest

pPoints. In order to ensure that the vessel ‘remained‘ dry whenb_ steam wag

outside of the chamber. The elements were switched parellel and cope

trolled by & 15 4, 250 V variani transformer. - A ‘voltmeter was connected

along the wall, even sfter steady conditions had been reached, The

radistion from the walls also contributed to the difference in temper-
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ature measured along the chamber axis. In. order to check the ‘
temperature prof‘n.le along the chamber axis, a thennocouple wes
traversed down the path of the drop. (Pig.h.) Three thermocouples
were positioned down the chember. The top and bottom flxed at the
wall surfaee and the thinmd was suspended in the med:.um. The three
reachngs were compared et regular intervals wh:.le the: exper:unents were
carried out, Slnce the chamber was only heated to ensure dryness, the

temperature difference elong the chamber wall became very small after

having had the steam circulating for 15 minutes.,

The thermocouples used were of 26 gauge copper wire, and fused ‘
together in a small flame. The mea.surements showed the temperature

profile was uniform to within s 10°C tolera,nee.,

I1T.4.3, Pressure Measurement.
N M

The steam inlet is situated at the bottom of the vertleal vessel
to ensure no gir lock could form. Along the dellvery pipe, a pressure
gauge is placed to observe the steam del:x.very pressure. A Budenberg
Standard Test Gauge 0-300 psi is used to measure the pressure in the
vessel during an experiment. The pressure read:z.ngs were converted

from psi into bar.

III.5. Drop producing system.

R. Hoyle and D. H. MattheWs<1) ce.rr:.ed out work on the eff‘ect

‘ of speed on the condensate layer on a cold cyl:mder rotat:.ng in a

steem atmosphere. They studied the behaviour of drops (4406 mn =

1427 mn) as they were thrown off under the influence ‘of eentrifugal
force., This study is prlmam.ly to observe the behamoui‘ of drops during
their free flight and it was, therefore, of partlcular :mterest to stu&y

a drop diemeter in the range of their work.
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II. 8.1, Hethods of drop production.

Many investigators have built atomizers BAséd on the

principal of vibrating a fluig ,jet end thus d:r.smptlng 1t mte a |
continuous droplet stream of constant dlameter govemed by the fmquency
of the disturbance, This was first invest:.gated by Raylez.gh(22) ( 1879)

4 model of such an atomizer was built w:.'bh the 1nformat:.on given by

D. J. Ryley and M. R. Woods( 23) and. it was observed that the drops were
spaced too close for individual mvest:.gation. J . M Schneider and

D. ¢C. Hendr:.eks(zz") developed a. method of separat:.ng individual dmps.
These drops were charged and by us:.ng electrostatic means deflected from
the stream. This methog was also a.nvestz.gated, and fot followed for the

following reasons:

a) A given drop dismeter may. only carry a particular eleetrlc

charge, Should it eveporate to g diameter ~eorresponding to its
eoritical load, it woulad explode. S .

b) The drops would have to be hlghly charged in order to

deflect them from their or:.g:.nal path, and d.:.ffz.culty wes

€ncountered in establishing o suff:.clent eleetr:.c field

necessary for d.eflect:.on in a eteam ;a’smoephere.

After considering these and other methods of producing drops,
it was found most &uitable to use g hypoderm:.c tube as a heat exchan-
ger and condensing superheated steam onto 1t. This gave the distinct
advantage of having a closed cycle and only the latent heat of vapour- .
isation was removed, thus reducing the heatlng—up per:.od of the drop

to a minimum,

I1I.5.2. Production of drops with eonetenﬁ diameter.

In Fig.5. the process occurring whileipmducing single drops
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of constant dismeter is shown. Nitrbg’en :.s pessed througlz the

2 mm hypodermic tube acting as the tra.nsfer medium. Pilm conden<
sation takes place, gravitational foree acts on the f:l.lm and drams

it down to point A (Fig. 6.) This cont:.nues unt:.l the mass becomes
So great as to overcome the surface tension foroe of the eondensate,l
the drop forms a neck and breaks away. If care is taken to ensure
constant steam and heat transfer conditions, that the &’rop forms a
neck before lifting off, then there should be no measursble change of
drop dismeter. Fig.6. shows the typical fdﬁha’cion of a drop. The neck
was also observed to break away, to‘coalescend a.nd form a dmple‘b 1/15
of the drop diameter studied. The cons:.s‘bency of the a.ccuracy in the

drop forming process was investigated and found $o be sat:.sfaetory.

IIT.6. Photographic recording of a drop's flight.

A shadowgraphic method wes used to record the size and
position of the drop as it fell through the chamber. Rear illumin-

ation was used and a high-speed camera focused on the plane of the

drop’'s fall. In order to illuminate evenly the field of view, a:diffused

point light source was used. The layout of :the ’.ap'pa‘ratus is vshown in

Fig.?.

The camera was positioned directly in fromt of the diffused -
point light source and the film exposgé. " The drop appea:;ed on the
negative as a white image on a dark background. During the drop's
fall the framing rate and exposure time’ cbrrespoz;déd to the values
necessary for synchronising with its terminal velocity. Originally,
consideration was given to moving the camera further from the line of

fall, so permitting a longer observeation distance, but it was found that

a magnification ratio greater than 2:1 was requifed,for accurate drop-size

measurements. The csmera was, therefore, used néax' the line of fall and
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traversed down the outside of the ahamber to record the drop at

different positions on its line of fall, -

III.6.1. Illumination System.

In order to use a shadowgraph method of recording and the
ahamber with its observation windows it was necessary to devise an
illuminating system that could be exposed to & bmssurised superheated

steam stmosphere. In Fig.8, the system used ,is‘ shown.

Twelve low voltage, 200 Wett Tungs‘vl‘:eﬁﬂaiogen lamps were conn-
ected in series and powered by a mains volt-isupply'. ‘The light intensii_;y
could be carefully controlled by a variable transformer., The lamps were
Placed in a Pyrex glass tube and ventilated ‘by loosely sleeving the
connecting leads. It was difficult to :e'stablish-a. closed circuit between
the lainps because of the freedom of movement necessary for thermal
expansion. This was overcomé by using balls from ball bearings ss inter

connecting links and by spring loading the two ‘ends of the lamp,

IIT.7. Camera,

The camera used was a Heycam rotating-prism, high-speed.
camera and a 75 mm television csmera 1ens. The 1ens was fitted on a

metal extension tube, which permitted changes of image distance.

The 75 mm television camera lens fomed a virtual image at
the aperture:: mask, This :unage -was then passed thréugh two rélay
lenses and onto the £ilm. The first relay lens is éivided into the
first-field lens and the second-field lens. The f;;'st-field lens
@llects the light passed through the g,pér-bu g mask and passes it via

& right-angle prism through the multifaced mtating prism, in a near-
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parallel beam, through the second-field lens ang. enother right-
angle prism. The light was then pic.k_ed up by a".reylay lens and

passed through a U-prism and the imege was formed on the‘ film,

. The frame €xposure may be varied by placlng a sectored

shutter-disc between the aperture mssk and the f:.rs‘b-field lens.

The camera was operated when g drop wes ‘seen te form a neck pr:.or'
to its dropping off the hypodermmic tube, Th:.s time 1nterval, from =
formation to the observation point, was f‘ound to be suffz.c:v.enrb for the
camera to reach constant film speed., The photographs were obtained
with 16 mm -X negative £ilm and a 100 ft, reel pemltted three dqiff-
erent drops %o be recorded, In order to a.chleve maximum def'lm.t:x.on,

the films were developed for 8 minutes in D-19 developer,

To confirm that the camera was focused on the line of the drop's
fall, a series of balls, in a glass tube, were suspended parallel to
the drop's tra,jectory and photographed at va.r:.ous .aperture settings,
An eperture setting of £8 was found to give the best results and

was used for all the experiments,
III.8. Procedure during o typical experiment.

testsectlon, but streamlng through the pipes to ensure 'bhe removal of all
condensate from the Pipes, and heating them +o a steady temperature.
The temperature in the test section was checked to make sure it Wa,s

safe to admit steam and then the test sectlon was purged with steam
until a steady temperature distribution wag reached m it., In the
meantime, the camera was focused, loaded with film, and the illumination

system set at the required voltage., As the .chamber‘r'eached
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a steady temperature, it was locked and pressurlsed. Nitrogen
passed throu@ the drop producing system at a pre-set flow rate. ,
Aas the condensate formed g drop at the end of the dropper, the camers

was operated and the film exposed. Having recorded the drop (F:Lg.9 )

the steam in the chember was renewed and the nexb dnop formed and
recorded.

Six différent positions were observed over a distance of 360 mm
88 the drop travelled at its terminal velocity. It should be emph—
asised at this point that the photographs so obta:med are not of the

Same drop, but are different drops at the ~Same p031t10n, pmduced

under the same conditions.

IIT.8.1. Measurement carried out.
X M

The measurement on film was carried out By also- photographing ball

bearings.in the same plane as the drop. The shape of the d.mp changed

from a prolate spheroid to an oblate spheroid, The major axis and minor

axis were measured on the film, and grouped accord:.ng to their direction

with respect to the direction of fall. The equivalent diameter was
determined as follows.

shown that its ratio volume/surface area (Shape factor) , is:’

(1) ’y’ = TV{ = 2a.'b/ 3b + _19_. Sin -1 /8.2 -;4b2 ]
| | o a

E

The equivalent spherical dismeter is then tsken as: -

2 : = ‘
(2) .= 6
V = volume of oblate spheroid
A = Surface area of oblate sphero:.d
& = Major axis
b = Minor exis

Treating the drop as an oblate sphero:.d it may be '
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When the drop becomes a prolate sPheroid, the shepe ‘factor
mey be expressed by ﬁsing respective formulae for volume and
surfhce area, | |

The velocity of each drop was determined by measuring
the distance the drop travelled from frame to freme. Knowing the

fremé rate, the velocity can be determined.

III.9. Study of the source of error in the Experimental Technique.

III.

The prinecipal sources of errorvmay ocecur in:
1) drop size measurement.

2) drop not moving in a vertical plane
3) 1+ variation of camera speed

L) measurement of steam temperature.

In calculating the drag foree, it is neees_sary to know the
distence-time record of the moving drop accurately, as the velocity
and acceleration values are required in the drag oeéffiéient equation.
The high speed' camera employed requires only 0.2 sec. to reach the

speed of 1000frames per second.

The pressure vessel was operated under constant :pressure and
temperatum. To ensure no convection c_:urmnf.s» were present , after
the admission of steam, drops were not prqdﬁced, until the temperature
in the chember was stable. Since the chember wélls’we‘re pvre—héated
the time required o reach a steady state was never more than ten

minutes. Fresh steam was supplied after’ each frop.formed.

9.1. Drop Size Measurement.

Only drops which were in sharp focus during their flight
have been reported in the results. The drop dismeter was measured
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on ‘a travelling microscope. All pictures eonta.:.ned a series of
ba.'l.l bearings of equal diameter to determine the factor of mag—

m.f:.cat:.on. It was found that the drop sizes eould be measured to

within 0.005 mm of their true Size.,

ITI. 9.2. Drop not moﬁgg in & verticel plane:

The magnification ratio was obtained by photographing
& series of ball bearings of known dismeter, 'p’ositibne& along the
vertical axis of the pressure vessel from whieh_it was found to be

2.21 : 1 (image size: true size). This value has been used in

calculating distances and drop sizes from the film.

The distance from the vertical axis to the camera lens wes

10 cm, and from the lens to the film ~ 22 cm,

The depth of field for a 4.7 mm drop was found to be 15 mm,

therefore a drop of this size may fsll down a plane + 5 mm, and still

ITI. 9.3, Variation in Frami Rate:

In the camera, an electronic speed control isAprovided.‘

This control operates off mains supply, 230 V 50 cycles/second. ~ There

j period of 24 hours is 0.2 %.

‘ III. 9.4. Errors in measurement of superheated st‘eam t'emmrature
The superheated steam temperature oould be measured to

‘ within about 5 C. The caleulstion: of the Nusselt number 1ncludes

a temperature difference term in the ‘denominator between the

temperature of the drop surface and the temperature of the superheated

;

remain in sharp focus. Hence, the magnification ratio may vary between

2.21 and 2,3; the maximum error so produced is approximately @(1.989%).

are no rapid changes in the mains frequency and the maximum error of a




steam surrounding the drop. A surface temperature of 140°C ang

a surrou.nd:.ng temperature of 200°C means g temperature difference

of 60C + 5%, . .

The values for the physicel p"mpeﬁies.of ther superheated
steam were taken at the measured temperatufe:. A 5% variation in
the superheated steam measurement had little effect on the values
of the physical properties,

Conclusion.

Experimental error caused by drop size measurement, s>, drop
movement and variation of framing rate is less than Sioe The’ error

of temperature measuremert is at maximum 5,% and decreases as the

temperature difference is increased,

IIT.10. Processes occuring during the drop's flig}t.

The drop parted from the drop produecing s‘ystemj when its
welght exceeded the restraining surface - tens‘ion‘ force. As this
state of balance approached its critical value, the drop was in
creeping motion, elongating in shape, fé:ming'a neck and f’iinally ‘
breaking away (Fig. 6 ), After breaking away, Jthe-drop was observed
to be di"st.orted. Such distortions will have had an eff‘ect on the
surface area, and so on the heat end mass tra.nsf‘er. The drag coeff‘-
icient is also a function of the shape of the drop and any dlS'bOI’thl’lw
has an effect on the motion of the drop through the pressur:.sed
superheated steam. Thesd distortions are of two ma.:.n types; a
distortion due to oscillations started by elongat:l.on as the drop

breaks eway, and distortion due to stetic ceuses. The osclllatmg
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distortions promote mtema.l circulation, pmmotlng equal tem-
Perature d:.str:.but:.on and S0 the heat and mass transfer. This
was studied, and Fig.9, shows the drops as they change in dlameter

over a distance of 360 mm. Tt will be shown that @2 has reached
at

a steady value and g1 the heat transferned Wwas used. for evaporating.

the drop.




CHAPTER IV
THEQRETICAT, ANALYSIS

The evasporation of a freely falling waber drop with high
Reynolds number in & superheated steam atﬁosphére is a cp@plexs
process, and as yet no comple te theoretical analysis is available
for this type of eveporation, elthough ixivestigations have been made
with low Reynold's numbers in an air atmesphere.( 3,) In order to
understand the nature of the eveporation of a freely falling drop it
is first necerésary to investigate the evapo;ra:b’ive value pf a station-

ary drop in a stationary atmosphere.

Lete Evaporation of asgtationary drog in é. stgxﬂ t atmosp‘here.

This type of evaporation can be descr:.bed by equat:.ons if the
geometry of the evaporatimg drop and the physical pmpertles of the

boundary layer sgrrounding the drop are first smpla.fied. The evapor-

ation of a drop can be expressed in terms of ma.ss or heat transfer. The

mass tra.nsfer equations are inconvenient to use since the rate of diff-

usion of the vepour varies greatly with the c:hange of concentrat:.on of

vapour in the boundary layer covering the drop's - surface, and neither
the concentration distribution nor the thickmess of the boﬁndary layer
are likely to be 'accurately known. Also, the partial pressure of the
vapour has a large effect on vapourisation rates, as the ra:l#es change
markedly with small chenges of the drop surffaae teméératu:e. The heat
transfer equation is the more convenient method of the two since it is

not affected by such difficulties.

The energy transferred by heat from the surz'ounding aﬁnosph_ere

provides the latent enthalpy of vapourisation of the water in the drop
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and the heat €nergy necessary to superheat this vapour in the
boundary layer. Aan important simplification has been made by

dividing the drop and its surrounchngs into three zones. These

zZones are

1) the drop of radius T, a zZone in which all the fluid -
is water at a temperature equal to, or lower than the

evaporation temperature relevant to the ambient pressure.

2)  the bound_a_r__z ayer of radial thickness, dr, a zone in

which all the fluid is at evaporat:.on temperature at the
zone's inner surface, and at a temperature equal to that

of the general steam atmosphere, at its outer surface.

3) An evaporation zons ly:mg ‘between these two, in wh:.ch
the fluid is continually evaporating and condensing, but

in the present case, evaporating more than eondens:.ng At
points outside this zone nearer the drop's ‘oentre,‘ the fluid is
in the first zone at evaporation temperature or lower, ahd at
points outside thig zone further from the drop 8 centre the
fluid is in the second zone at temperatures equal to erhigher

than the evaporation temperature.,

Starting at the centre of' the drop and mov:.ng outward, the
temperature rises as one passes through the fn.rst zone unt:.l, at the
boundary, the €vaporation temperature is reaehed Mov:.ng further
outward through the evaporation zone the temperature rema:n.ns the seme »
and, although the fluid is saturated water at the inner boundary and dry
satura.ted steam at the outer, the change from one to the other is not made

linearly. In this zone the vepour is wet and J.ts degzjee of wetness is
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decided by the motion of its molecules relative to thé‘ whole

mass of fluid in the zone. Molecules with high kinetic energy

will reach the inner boundary and others with 1oﬁ kinetic energy will
reach the outer boundary. The ra&ial'tinickness of the zone is assumed
to be very small. In the boundary leyer or outemmost of the three
zones, the temperature and specific volume have been -assumed to

increase linearly with the radial distance from the centre of the

drop.

With regard to energy transfe: from rthé‘ general atmos-
phere inwards towards the drop it has been _asSuqu to be by conduction
through the boundary layer, by mass transfer through} thg evaporation
zone, and by conduction thipugh the drolé. Ene;‘g‘ transfer by
rediation or convection through either the' drop or fhe boundary
layer have begen assumed negligible. |

" Consider a stationary drop after the ‘héating-up period -
by which time the drop is saturated' water thmughouf, and all
conduction through the drop has ceased, Asall the enevrgy is
transferred by conduction through the boundary layer of thickness
ér, and as this energy, KpAr (_’_g’) s is equal to the later:t energy
necessary for evaporation plus the gnergy necessary to superheat the

vapour as it diffuses through the boundary 1a.yef.

The energy balance for any boundary. 1ayer, rad:.us T,
which surrounds the drop, is given by:




N
&
R

.

p—

at

K ° 4 (%)’Ar == 4o [L *+.q .(T -"TE)]

°p
T
Te

-

meen thermal conductivity of the Shell.
surface area at r. o

radius from drop centfe.

boundary layer thickness,

latent enthalpy of drop.b

specific heat at cons‘b#nt pressure.
temperature at radius r,

evaporation temperature. "

evaporating mass.

time,

temperature gradient at r.

the solution of this energy balance is identical %o the equation

obtained by Godsave. (27) In this study the

tempergture did not exceed 200%

heat the vapour as it diffuses t

‘Superheated steam
» 80 the energy hecessary to super-

hrough the~'l-bounaa1'y layer was very

small compared to the latent énergy necessary for evaporation and

may be amitted from the energy balance.

Equation V.1. then reads:

Ve,
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& = - LKW @& : . . Via,
dt

integrat ing from

r=r 4+ to r = Iy c‘f: boundary layer’t‘hickness.
where ’ |
T = 1, to T = Ty T, = temperature of the superheated
©  steam, '
Ig = drop surface temperature.
L - 1 \
T m+d = - b K (T,-15)
| am o
3% 9
or ‘

& = WKy 1) (e )
dt L [(fb +d -]

For evaporation into a quiésce ng surrounding ny + d is large in-

comparison to H, therefore

Mzb+f ".’1
(p+ @) =, .

then

+lg

= AYK n (T - . V.2,
1 o |

From this equation, which hblds true for evaporation into
low temperature surroundings, the mass vaporisétion raté may be -
calculated. The effect of mass transfer on‘heaf transfer may be
eéxpressed. in terms of the Nusselt number, Nuo be:.ng the Nus selt

number for evaporation into g stationary superheated steam atmosphere.

From the heat balance at the drop surface:

Ath(ly-5) = - & 5 | | V.5.

where h is the heat transfer coefficient at the drop surface -

e
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h = -« dm L
a& AT, - Tg |
h * D = _é@ L M D =Nl‘1° ‘ . v.&-o‘
k dt K+ AT, -T5) .

If heat transfer is simply by conduction and the éxpressionspf :

Ve2. and V.4. are combined, the theoretical velue of Nu, = 2 is

obtained.,
Nuy = 2°W +k°*D- (TA)Tq) L D
L k *7¢ D® (TA- Tg)
Nllo - 2.

for Re —3. 0

A

4.2. Eveporation of an anchored drop with forced convection.

The dominant mechaniém by whiéh heat. enery is trensferred
in forced convection is by the mixing of hot and cold flu:.d part-"
icles. It has been shown by Fréssling,(’) Rens and Marshall, ®)
that experimental data for forced convective heat transfer can be

[}

correlated in the form of:

f(re) ¥ (x) |
The exact relat:.onshlp between the above dmensmnleas groups would
involve a solution of the Na.ner-Stokes equa.t:.on of motlon to detem:.neb
the wvelocity profiles in the boundary layer and .the use. of this solution
to find the temperature profiles of the boundary layer itself. If an
arbitrary velocity profile were assumed the exéét solutio,n to the héat
flow equation could be obtained. However, the complexity of mass flow from the ;
evaperative ‘gon? - to the boundary layer does not pemit the boundary
layer condition of zero radisl velocity.. Since, in the case where
vapour is emitted from the surface of the drop, it is a.ecelerated from

the surface in a tangenital direction as it eff‘u,se;s through the

3
}
)
|
!
|
|
|
1
|
!
%
i
!
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boundary layer, a greater shearstress is therefore necessary w:LthJ.n :
the boundary layer in order to sustain the glven veloc:.ty profiile than
would be required if there were no mass transfer. The effect of the
increase in shearstress is an increase of v:v.scos:.ty, which in turn

increases the thickness of the boundary layer, » ,
4.3, Evaporation of s freely falling water drop in a stat:.on__a_gy
superheated steam atmosphere. ; , , :
If one now considers the case of g freely fall:.ng dmp in a

pressurised superheated steen atmosphere :.t is thought very unlikely

that it will surround itself with the um.fozm f:n.lm of vapour.

Take a drop oscillating and falling freely in its own .vapour.v
For a solid spherical drop laminer boundary theory indicates that the |
heat transfer rate is largest at the staglat:.on point’ and decreases with
distance along the surface as the boundary layer thickness increasses. On
the other hand, the heat transfer rate reaches a minimum nesr the fllm
Separation point. Beyond the separatlon pomt the heat transfer rate agaa.n

increases because some turbulence wila occur in the f‘low where the eddies of

. the wake sweep the surface., The heat transfer rate, however, will not be

very effective since the eddies recirculate part of the -surface,

Should the velocity of fall be large enough to permit transz.t:.on £rom
1am1na.r to turbulent flow of the boundary layer Wz.thout its separa:b:.on, the
heat transfer rate will be much higher, because of the turbulent effect on
high and low €nergy level molecules intermixing in the superheated steam
of the Surrounding boundary layer,

The oscillating behaviour of the drop will also have an effect




51.

on the heat transfer rate. The ose:.llat:.ons are malnly due
to an unequal pressure distribution on the drop 8 surface and

the eveporative behaviour can be desoribed gs fellows: ,

4s a drop oscillates the pressure will decrease at garious
points in the €veporation zone, which is postulated as be:.ng water
on one side, at eévaporation temperature s ‘and saturated vapeur on the
other side at equal temperature. Th:..s decrease of pressure at any
point in the eévaporation zone will cause the saturaf::z.on temperature
to be lowered thus deereas:.ng the enthalpy of the water. The excess
heat energy which thereby becomes gvailable is absorbed by the water,

This volume of water becomes superheated and eva.porates. The Specifie

volume of this water-steam mixture :mereases ra.pzdly and the energy which -

- becomes available is uged in accelerating the mixture away from the

évaporation zone. As this mixture moves away it varies in temperature
from the eévaporation temperature releva.m; to the amblent Pressure to

the general steam atmosphere surrounchng the drop.

It has been seen that the evaporat:l.on of a freely falling -

oscillat:.ng water drop in g pressur:.sed superheated steam atmosphere

A combination of the three deseribed evaporat:.ve cases takes plaee and

the heat transfer rate ig eens:.dera.bly 1ncreaseﬁ.

bGibee Drag resistance on a moving sgherieal drop.

The resistance force of a freely falllng drop is made up
of pressure differences . and frictional stresses arlslng frcm the
-atmosphere flowing around the drop (fox_'ee required to accelerate being

pressurised, superheated steanm displaced). ‘Fer a very slow flow with
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Reynold's numbers less then circa O.1, i.e. the condition of
'creeping flow', the evaluation of the drag force .is given by
Stoke's law, which is an analytical solution of the equations of

motion and continuity.

With regard to the Reynold's ‘number- range in which this study
wes carried out, the caloulation of the dreg force is very difficult
because of flow separation and the appearance of a ﬁa.ke behind the drop.
The oscillations of the drop will‘ also c.ausé a fiuctuation of the drag
force. The drag coefficient relationship with. 'tlée'Reynolds number has

been determined experimentally.

IV.k.1. Drag coefficient equation. -

The following relatn.onshlp is obtalned for & drop fall:.ng

undez: grawty(m) ,
F! = m.a. =m.g. - wg-"Fy' ’ | - V.6,
g = acceleration due to gravity.
m = mass ¢fakhe drop.

W = meass of the gas displayeed‘by the drop.

m.g = gravitational forece on the drop.

Weg.= boyant force on the drop.

FR' = resisting force due to frietion effects or;r vﬁ)m&a&qulred

to accelerate gas being displaced.

Newton developed an expression for the resisting fowce:

F' = (Gp)' A Byv?
' — V.7.
Cp' = drag coefficient.
Py, = gas density.
A = area of drop.
v = wvelocity of drop.




53

for a sphere:

8
Cp = drag coefficient.

If this value of Fg' is subst:x.tuted in equation V.4.1., the steady-

state maximum falling velocity may be oalculated.

mo_d_‘_r - m‘og_wog_FR"‘

V.G.a-
as ,, . o
WD p dv = 7D S —gm) - O ID24™  vi6n
PP & ‘3"‘ (gP5 -gp) - S Ve
v = (PD - g - _3(0D) PA . v2 " ' ‘ V;'9.
L
Baximum velocity, vy, dvr = 0.
at . C
(P E 2 = 5(G,) Py - "vm2:
4L D PD
vm2 = WPp -P,) - Y. /0.
3(cp) Pa ‘
w =k @ P, - | T
3 (Cp) PA o
Equation V.10 is known as Newton's Lae. Solving for Cp:
L (f ,PA) . &g, v.11.
cp vy

This relation appl:.es when there is no mass transfer and the drop

travels at terminal velocity Very few mv-estlgaﬁms have been made for the
theoretical calculation of thg drs,

(13)

Ingebo ~ and Eisenklsn

ag coeffmlerxt of an evaporating sphere.

(25) have mvestlgated the effeot of evaporation on

the drag coefficient. Eisenklsm used. the slow v:.scous-flow theory to

correlate drag coefficient relationships from the pressure forces and

viscous forces in the direction of flow, together with the effect of‘

vapour coming off. Thig theory is based on steady flow and is valid

only when the veloc::.ty v-ar:.atn.on of the dmp is not very high.‘




'CHAPTER V.

EXPERTMENTAL RESULTS

The main object of this work was Zto'vsﬁudy the heat transfer
to single water drops falling freely through a superheated steam
atmosphere. Exper:unents_ have been carried fout in superheated steam
varying from 1 to 6 bar in pressure. ‘The drop dismeter at the
beginning of the fall was approximately l+.7 mm and the superhea.ted
steam temperature was kept constant at 200°C. The experimental
conditions were chosen so that a range of mass "l:-ransfer intensities
could be investigated, From the photographlc record the drop diemeter
and velocity of fall were obtained as 8 funct:.on of distance travelled.

These results are tabulated in Appendix I.

Vel Digtance and Drop Size Records..

Thé construction of the pressure é'éésel allowed for the drop
to be observed as it formed, and its fl:.ght over g a.:.sta.nce of 800 mm,
From observation it was found that the . evaporation of' the drop had
‘reached a steady rate and terminsl veloc:.ty had always: been reached in
the last 300 mm of the drop's fall. For this reason photographs of the

_ drop were only taken in its last 300 mm of fall. The observation points, -

measured from the drop formation point were 2;-70 m, 530 mm, 590 mm,

650 mm, 710 mm, 770 mm. These points were marked on the camera stand
and the cemera was operated at a constant fram:mg rate and shut'ber speed,
The high framing rate (100Qf.p.s ) end shutter. sPeed (i.e. time of

exposure 1/10,000 second) made it possible. to obta:m very accurate

pictures of a drop over a distance of 20 mm at each observatlon point.

The distance between the successive drop images. were measured on the




£ilm using a travelling microscope; k:rwwiné the xﬁagnification

ratio end the framing rate of the eamera, a.ctual dmp diemeters

and velocity of fall could be determined. . The drop had :sphefbldal
shapé and was observed to oscillate ahd rotate. The major and minor
exis was therefore messured and an equ:x.valexxt sphern.cal diameter cal-
culated according to the position of the major a:x:Ls in relatlon %o

the direction of fall.

In Fig. V. 1, 2, 3 and 4, drop diézﬁeter position relation-

ships are shown for pressures 2, 4, 5 and 6 bar. Bearing in mind that
the d.mps are initially of equal d:.ameter, it can be seen that w:.th an
increase in pressure, the drop diameter a.ecrea.ses more rapidly. It is
thought that this increase in eve.porat:x.on is malnly‘é.ue to the increasing
pressure decreasing the temperature dif‘ferénce between drop surface and
the surrounding stmosphere, so bﬁ.nging- thé drop into regions to which
high heat transfer coefficients are’.attached. (See Discussion). Ma;ximm,_
minimum and mean values for all recorded eduivaleﬁt -spherical diemeters

are plotted,

In Fig. 5, 6, 7 ard 8, Velocity-positioﬁ relationships are
shown. Maximm, minimm and mean values are plotted, and it can be
seen that the velocity of fall oscillé.tgs and decreases with an increase
in pressure. The oscillatory nature of ﬁﬁe'ﬁ@elocity is due to the chenge
in shape of the drop. Sometimes the drop has a very good aerod.ynaxﬁic :
shape, thus the drag force is decreased and the resulting free fall
velocity is higher than the velocity of a pboiﬁ #emdynaiﬁié ‘shape, due
to an increase of the drag force. The &eczweasé_of terminal velocity
with an increase in pressure is also due 'to;'the boyent force acting qﬁ V

the drop end on the evaporative rate of the drop. The boyart force
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results from displacement of superheat’ed"s‘téam by the drop

multiplied by gravitetional accelerat:.oa( A steam, .) and

acts in opposite direction to the grav:.tat:.onal force on the drop,

As the pressure of the supemeated steam mcmases so also is its
density increased, thus the buoye.nt force gmws larger and the result-

ing velocity becomes smaller. The evaporat:.ve rate also increases w:o.th

the drop at a lower Pressure. Time mtervals between each dmp positmn

where calculated from these curves,

The square of the drop diameters J.n mlat::.on to position is shown
in Fig.Ve 9 and 10. These curves show that the ,drop has reached a steady

value - i.e, éfD 2 is oonstant,v but’ variQS with pressure, These
' A to )
curves also show that %Dz is not mdepend.ent of drop dismeter and is,
t

in fact, of function of the Reynolds number. _

V.2, Evaluation of P

ical Properties for use in the calculations.

The values of the properties in the immediate vicinity of eirapor-

ating drops change steeply over a short transfer path. .The physical models

generally used to simulate evaporation are hz.ghly :Ldeal:l.sed and, therefore,
the use of accurately integrated mean propertn.es does ‘not represent the
actual process. Some Previous investigators have used the properties of
the Surrounding und:.sturbed medium (usually air) » o‘bhers have used values

of air at mean temperstures.

In this study, the water drop is evappratipg into its own vapour,

and the conditions in +the boundary layerare very complex
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due to simultaneous heat and mass tra;isfjer; There is nn

information justifying the use of mean values based on conditions

of the surrounding superheated vapour. However, as the vapour ab .

the outer pert of the evaporative zone »iis“ary;isa;tuz"ated, itr is
considered more representative to use" a#ithmtic mean values of

steam based on the condition of the evapbré.tive Zone a.nd»the surr-
ounding superheated vapour whilst calculating Nusselt numbers. In
calculating a Reynolds number for the evapora:b:.ng &rop, the kinetic
viscosity value has been taken as _the arithmetic average of the vepour
at the temperature of the drop and the superheated vapour surmunﬂing
the drop. The Prandtl Number chara.cterisés ;:he temperature d;stribution
in the boundary layer, and was found to be cios‘e; to unity again using
mean values for the physical properties. h 'l‘he dépenaenée of the Nusselt
number on the Prandtl number could not be obtained, since the Prandtl
number is a combination of physical plropert’i‘es‘ whose values do not vary; :
appreciably for steam. It would be ﬁéee@ssaryﬂto investigate &if_fe-rerit

liquids to cover a range of Prandtl numbers .

V.3.  The Evaporstion Rate of Liquid Drops.

.Prom the heet balance at the d.ﬁp' s surféce, the heat transfer

coefficient is defined as follows: -

hed e P = -84 R ’ |
, A & .1 o 7.1,

where h = heat transfer coefficiént.' o

A gurface areaL of drop

A\T = temperature difference beﬁﬁeén a:bmospheré and drop surface.

dm = evagporating rate.
at

1. = Latent enthalpy of vepourization at drop surface temperature.
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Renz and Marshall showed that the evaporatz.ng re.te can be

expressed in terms of the Nusselt number, as follows.

M o= BD & 4 . B .L, a1d)
k l" k. T . dt.

whene‘ D = drop diameter, )
Pr, = density of drop at liquid temperature.
k = thermal conductivity.

Velues for ag D2) and corresponding veioeities were ebteined Erom
measuring the drop dismeter and distence- travelled on the film,

Since the drop was formed by condens:.ng steam onto a hypodem::.c

tube (III.5. ), thus only removing llttle more the.n the latent enthalpy,

it was assumed that the heating up Period was well completed by the time

the drop hed reached the first observation point.

The variation in Nusselt number a.nd Reynolds number are
shown in Fig. V.11. for evaporatlng wa‘ber drope into pressurised.
superheated steam. These figures show that the Nusselt number
decreased as the bressure decreased. . Physical properties used in

the celculation are based on mean condltlons 1n the bou.ndazy layer,

The Prandtl number hag been om:.tted in theee correlations
as the value of the Prandtl number is relatn.vely 1ndepend.ent of
temperature. The values of the Prandtl number in this investigation
veried from 0.989 - 1.112, which raised tbjthe- éower,‘ %, are close

to unity,

In ca.lcnlatn.ng the Nusselt number, the temperature difference
Wwas the difference in temperature of the bo;l:.ng pon.nt of the water

and the surround:.ng Pressurised supezheated steam.
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V.h.  Results of the Drag Coefficient of Waber Drops.

As shown in Section IV.4., the draLg ‘coefficient may be

calculated from Equation IV.4.d.

- The value for the superhested steam density, p S, may be .
‘beken as that of the undisturbed medium, or as the mesn velue of
the surrounding superheated stesm and the saturated steam at the

€vaporative gone.

Vebod. Drag coefficient for non evaporati‘gg water drogs.

The drag coefficients of liquid dmps in air under normal
atmospheric conditions are known to be close "‘bo the standard cu:vé
which applies for a smooth solid sphere. If the drop s:.ze is greater
then about 1.5 mm dismeter then c:.rcu:latz.on ‘within the drop and. |
deformation may occur which affect the drag foroe. As .& test of the
experimental system, drag force measurements were carra.ed oub with
water drops 1.5 mm diameter fall:.ng ’shrough air at 20% C. It was found
that the drag coefficient values fall 'close‘to, but with a very small
tendency %o lie below the stenderd curve. (Tsken from refs. 28, 29.)
1t may be assumed that the very small evaporafiovnv rate' éccuring from -
water drops falling through air at 20% C ha.s caused the ‘small reduction

in the drag coeff:.clent velues compared %o the values for solid spheres,

V.hk.2. Drag coefficient of eveporating drops. -

Drag coefficient values were detemlned froﬁz the time :Lt
was assumed that the drop had attalned a stea.dy state tempera'bure -
as used in caloulating the Nusselt number. The%velocity of fall was
determined at every observation point Whlch appliéd over the small -

time interval necessary for the drop to reach the next observation
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point, a distance of 60 mm down the chamber,

In Fig. V.12, calculated drag coeffz.c:.ent values are

Plotted against corresponding Reynolds number. Curves with the

sphericity s/ (Volume ) es pa,rameter (taken from Ref,15)
(Surface area)
have also been included to show the effect of spher:.c:.ty on the

drag coefficient,

The curve labelled X o= 4 applies to ‘smooth solid spheres
and it is seen that all the d.rag ooefflc:.ent values l:x.e above thig
standard curve, Thig is due to the drop cha.nglng its sphericity

continuously from approxlma’bely 0. 7 to 0. 9. As the pressure :mcmased

the drop was closer to a spherical shape ( 4= 0,8 - 0.9) then at the

lower pressure. The drag coeff:.clent is reduced with an mcrease in
bressure and it is thought that consequent :mcrease of the evaporative
rate lowered the drag coefficient. However, d.ue to the osc:.lla.tlon

exact evaluation of the effect of evaporat:.on on the drag coefflclent /
could not be made.,







CHAPTER VI.

DISCUSSION OF RESULTS.

The second law of Themodynax_z‘zics“sitates that heat is
an action dependent on energy ‘bra.nsfer frbm one body to anoth‘er
at a lower ’cempera.tum with which 11: is 1n dlrect thermal conta.et >
and accordingly heat energy may be defined as the energy that is so
transferred by either conduct:l.on or ra.d:z.a.t:.on. In'the case of
rediation, some complex considerations of the nature of electro-
magnetic waves comeg into the discussion. It is suffj;cient to say
here thet radiation is: seen to be subject t§ the second law when the
temperature of the emitting body is tho‘ughtvof with rela.fion o
absolute zero, and that therefore radiation is ,he;t. When two bodies.
are not in direct thermal contact, energy may‘still be trarsfermd by
heat from one to a flu:.d with which the body is in thermal contact, and
be carried by that fluld until the :E'lu:.d is in themal contaot with the
second body. This type of heat lncludes mass transfer of the fluid a.nd

is known as convection.

Energy can be 1;;ra.nsferred from one fluid to aﬁpther fluid at
the same temperature by mass transfer in which o heat - i.e. action
subject to the second law - is involved. 4 well-fknpwn example of |
this is to be found in eveporation and in Qondbnsation. Whezrever there
is a concentration gradj.ent of a componentf there is a\potenti‘él
available, tending to t::ransfer mass of the )oomponént 'in the direction
of decreasing concentration. This is called d.lffus:l.on a.nd like
convection, includes mass transfer. In the present case, in the
evaporative zone, conduction, radJ.a:b:Lon, convec‘blon, and d:.ffusion

are all opera.t:.ng and When the term eoefflclent of heat transfer

between drop and the steam atmosphere is used it is to be understood




T
that energy transfer by any or all of these actions may'be included.,

The results presented in Chepter V. have ;shown that the evapbr-—
ative rate of a freely falling drop 1n a superhea:ted steam atmosphere
is increesed relstive to that of an a.nchoned drop 1n & moving super-
heated steam atmosphere. This is attributed to the dynamics of the

drops invest igated.

Consider a drop (Fig.VI. 14) without s boundary layer, falllng
at terminal velocity in a frictionless atmosphere. The 1nd1v1dual
velocities q.v.stnbuted evenly on the drop ’suxrféce are equal to the
velocity in the drop centre, Should this drop be of a dismeter where

it may begin to oscillate s then the velo‘cityldistribution on the drop

surface will become 'irregular. Fig., VI, 1.B. Shows a d.rop 'oscillating

in a horizontal direction. The resulting veloclty on the surface
consists of the terminal velocity component > plus the veloclty component
induced by oscillation. For this direction of oscillat:.on the msultn.ng
velocity is larger then the termminal veloc:n.ty a.ctm,g in the drop centre,
In the case when the drop oscillates in the d:.rectlon a.s the terminal
velocity (Fig. VI. 1.C) the resulting velocity on. the front half of the
drop will be incressed and on the rear half it will be recluced . The

net increase of the velocity will be zero and the arop falls at its

terminal velocity.

Consider now a spherical drop, surrounded by a uniformA boundary
layer, belng accelerated in a superhested steam atmosphere‘ ~ In
Fig. VI. 2. A. the development of stream-llnes for an intermediate instant

of the drop's acceleration period are shown. ( 19) ‘The thickness
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of the boundary layer has been exa'.ggera.téd for thé sake of

clarity. A potential frictionless :fléw pattern exists during

the first instant efter the drops break away. Separation then
takes place as shown in Fig.VI.2.A, and' the point of sepai'aﬁion
moves upstream. The vortices contimie to gfbw, bec;pme unsteble

and are carried awsy from the drop by the exbemal flow. This
continusl mixing of high- and low-energy level molecules in the
vortices, promotes the heat transfer to the arpp. In Fig. VI.2.B and
Fig. VI.3, an oscillating drop with the development of ‘stream-lines
is shown for an intermediate instant of the drop's f£light. The

periodic boundary layer flow may be described as follows. (19)

The high-energy level water molecules of the superﬁeateé.
steam atmosphere flow towards the drop from above and below. Some .
of these molecules penetraté the drop'é eveporative zone and give off |
‘their energy to the water molecules at a iower-energy ievéi. The
molecules then transfer in the direction,of‘ decreasing concemntration
(bourdary layer). The boundary layer moves away from the evaporative
zone in both directions parallel fbo ‘bhé o‘sc;illatory motién of the di'pp;
Rotation of the drop was also obs‘eﬁed;v ;bhe sﬁeed of rotation, however,

was very smell end resulting centrifugel forces were negligible.

It can besseen that vigorous mlxlng cfu thé bou.zﬁa.zy layer
is casused. Due to the subsequent mixing of high- and igw:—energy