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A Lieoratical and exparimental analysis hus baen made of condencats
flow on the ouber surface of 109 and 209 includazd ansied, troncales,

rotating cores. Ixperiments were cariied out ai sleam prassur of 1,5,

(n
47}

2y 2.5, 3, and 4 oar absolute. The rotational spesd rasge examined was

geeh Lhai 1t was posaible to fellow the progress from tho stzge at
which ridge liks waves a.e formed to that at which dropz are Llicown
from the cvests of the ridg

The p2ak Film thickuess was measurad, employing an insulateid
rointer and microweter techniqus, and a pholographic record of the
conidensate surface profile was ootained. The latter record proviued

3tk and ridge orientaiion m2asvrsd with referouce to the cone

theoratical equation is develowed from Lh- Navler-Giokes
anaanions of motior with suitable boundary conditicnz for prediceilinrg
tha behaviour of the condensale film. Given hazic imforsstion:
rotational spazu, cone apex angle, raliuz, cosdeusaue Mim temperaturs
diffeianee and the phyoical ecroperbies of 1he condansate 1ilm then
the wavalerngth, rinirum film thickiess wnd wave ampliwuds ra/ o
getarvrneld for a known haat fiux,

The varicus conficurations of ridge like waves, as poth sveam
prassure and rotational speed wers varied, are prezenied and dizencs»d.
The peirts at which ridpge liﬁe waves [form and drops vegin 5o te thro.n
frens these idges ars exuiised and a correlation made to predict shazs
coﬁditionG: The affect of coriolis forces comuared with ceantrifuznl torcec
iz axeuined Yo cszarctoin the angle whieh the ridge waken wita the cono

genavator as L prograrnes dovn the gurlsra. (ocrelations of Fu

i

aelt

P B EEE T T ~ Nty =7 , ~ - ey A e -,..._..'
soodnot Voker and Werlice nurhere wre given and dizcazeed,
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1.0 INTRODUCTION




Lhe work reported in this thzsis is a contribution to the study

of heat transfer [rom a rotating solid on the surfnce of which stesam
condenses where the condensate flows 2way under the action of gravity

and centrifugal forces.

The particular case considered is that of a truncated cone rotating
about a vertical axis with its apex uppermost. In this thesis, attention
is directed particularily to ths measuremasnt of the thickness of a
condensate film on the surface of cooled rotating cones and to study
the process of condensate removal. A series of experiments using pure
dry saturated steam av various pressures was observed condensing on

o] o
10 and 20 apex angled, truncated cones.

The present proolem is part of a much wider £icld of work viieh
has Y2en carried out in the past to »rovide imformation reguira) to
examine the temperaturse distributions in rotating bodies aal the
associated thermal stresses. The significance of the werk From the
practical point of view arises [rom the need to stvdy the stressey
which nre introduced whena steam turbins is staried up from cold. Th

strasses and thermal gradienis in laud based and narine steam iurvines
have baen predicted by Chow and Hoyle (33) and Hoyle and Nabahir (3%9)
respectivaly. The effect of quick starts from cold and warmn uvp time was

1a2

[~3

studiad. Careful convrol of the steam quality is necessary i lh2 Lur

rotor and its caring arz not to be heated too quickly, so that high

thormal stresses ars julroduced, and after a number of stavss fatigus
failures may ocsur. when the steam is admitted condensatics ocours en

the cold rotor and casing. The condensats layer thzn forms o bavrier

) [=]
1o further condencation. The lhickness and distribution of this leyer
iz oi particular importance since it limits the transflerence of encrgy.

povernad in the nast by svpevierca; the suner-.

27 0CTW976

Ly ARY
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heated steanm is asmitted and ths rovor at*zins a temperature above ile
saturation temperiture and condensaiion ceases. IT imformacion was
available about the irve condenzstinn U”O“"'i,the verin through time
could be yredicted more accuratzly and safoly, and lhe quickest bime

to bring the stean turbine up to maxiour powver would be calenlabla, In

particular, in cases where sicon turhin

.ﬂ

are exnloyed in prval vessels
and in storndby power systems, il is olfer naceszary o .eac’: mawimun
power outpvt in the shertest possitle tiwn.

Condensalion occurs in wwo forma. dropwize and filmwise. Perfect
dropwise, or filmwise, condenz4bion in practica is difficuld to obtain
and usuwally there is a mixtvre of both, For filmwisc condensation the
surface must de perfectly wetlable anl a cortinuous filu exists over
the vhole =zu»face, whoreas in the cropwvice condition dizcrste dreops ar2
produced. Dropwige concennation occur: on suriaces even slightly cont-
aminated with fats or oils. There is however a gereral cleansing aciion
by the steam so that in cases where un~-contaminated sieam is supplied

filawise condensation will ultimailaiy ve the stuble fowm.

In classical analyses of corndensation the condensato layer has been

assuned swooth. These analyses have producced correlations which have

adequutely encompassed the experimental data, but in gensral under—

~

estimabn the encrgy transfer. The dynamics of ths Mlow occurring in the

w

condensate layer, and its resultiug thicknees and shepa have receivad

z

little study, de«pite their practical significunce, no doubt bscause

-

of the thecretical complexity of the problem, and thz experimentul
difficulties of ohtaining direct measurements of film thickness in
'c .
these conditions.
In previcus wor' the condensate flow on the surface of ronating
0 o P

107, 207 and 59 apex avgled cones naz been shown to suppori seversal

regimes of flow dopending on ths rotational speed. Condensate vemaval
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al higher speeds was assisted by drops being thrown from the film of

he 100 cone, The main emphasis in this thesis is on the prediection of
the form of the interlace hetween the steam and ‘1the condensate layer
and the conditions under which condensate begins to bs drained from the
surface in the form of drops. A theoretical analysis beginning with the
Navier-Stokes equations is given.

Details of the experimental work and the msthods employed are given
under the apprcpiate headings. Expzrimental results are used in ths
theoretically predicted equations to test their validity and correlations
made to relate the energy transfer to the controlling forces; inertis,
gravity and surface tension.

The thesia begins with a brief account of the previous work which

iz velevant to the subject, including the theorgiical sincies which have

fo%

besn pudlirhed of the film flow and wave generation on ihin filuws, am

on condensation on stationary and rotating surfaces.



2.0 HISTORICAL BACK:ROUND




2.1 Jdntroductiocn

Liquid films formed by condenssztion or other m=ans occur in many
types of enginsering squipment, especially those concerned with heat
and mass transfer, They are important, [or example in wetted wall
packed towers, in film evaporators, in condensers and in some water
tube boilers., In a number of these applications liguid removzl is
continuous under the action of gravity as the drainiug forece and in
some by centrifugal or other inertial forces. In mony cases, the
character of the film, its thickness and uniformity, and its velocity
have an important effect on the heat and mass transler taking place in
the equipment and hence on the latter's capabilitiss. These films
nornally have one surface in contact with a =0l7d surface and the other
in contact with a gas or vapour phase. Ir one aspech, tharefcore, ihey
can be seen as an example ol a two~phase sysian o7 fiow.

Often the thickness ol the [ilms thus formed, including thosa 1o

f o,

which this thesis refers, are quite small,; maasured in handretha

[o]

=

millimetre, as in other cases of thin film Clow & wvumbwer ¢f dishinet
typeg of rilm can be distinguished. #hen the film {hicknesz is very
emall the effect of gurface tension may be of dominating importencs in
determining what occurs,andas s consequence travellipg waves or ripples
often appear on the suriucs of the film. These surface irregularities
and discontimuities may effect the heat and mass transfer taking place.

ltuehh work has been published concerning Tiuid flow, separately and
including hzat and nmass trﬁnsfer, ort stationary and rotating surfaces.
Por the present purpose it is convenient 1o divids this work into three
categories

(1) thal concerned with flow of fluids under th2 action c¢f gravit;

. . .
over ataticnary surfaces, in cases whers condensotbion and
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- evaporation are not important. In practice this weuns the
flow of fluids, whose temperatures are well bzlow ooiling
point, on surfaces which can have varying inclinations bhetvwoon
the vertical and horizontal planes.

(ii) that concerned with condensation on stationary surfaces under
the action of gravity, of particular interest for the present
purpose is the case of condensation on the inde:rszide of a
surface slighlly inclined from the horizortal.

(iii) that concerned with the flow of Tluids under the acticn ¢f
inertial {orces, particularily those produced by rotation
of th2 surface over which the fluid flows.

In this chapter, an attempt is made to ocuirline the development of
the subject, and to refer to the most sigrnificent contrituiions Lo tre
literature. ne key points in each conirisution ase discussed wriafly.
The aim has besn to provide a guids enabling the reader to form an
opinion as to wvhether a particular paper should ve nonsnlied or any

ona of the problems considered.

2,2 HNon-Dimensional Parameters

The equations of mobion and energy trausfer tak%e on lheir most
powerful form when expressed in terms of dimersiorless variables. These
dimensionless variables are obtained by dividing the various quantities
by the free stream values of each of the quantities. Let the quantities
carrying a superscript ¥ be dimensionless and those carrying a subscripi

-~

o0 refer to the free stream gquantities. Then w2 may write the schewme:

1;*:3;_ : x'*::_)i : V'§=_Y_i 3 Ff: RPN
Leo L © Voo 8
0 * 1,
e%_,: e P-k= -1: : T = '-_[1 H (..)-\= 9 2.2.1
Qx) P Teo )



These quantities are then subgstituted into the equations of motion. It
is possible by rearranging the resvlting equations to obtain groups ol
the free stream quantities which qualify the now dimensionlegs diflfer-
entials. Certain dimensionless groups can then be recognigsed which
allow the relative effects of the various forces acting on the fluid
to be uniquely specified. It is convenient to have a set of symbols
which allow for ecasy refercence to the dimeusionless grcups which now
appear in the non-dimensional equations of motion. For this purpose it

is now customary to name certain of the dimensionless coafficienbs after
people who realised their significance under given counditions.

In the following text those dimensionlaass groupvs which are relevant
to this thesis will be discussed. Por conveniencs it is usunl o drop
the subscript -0 upou +h9se numberz or the atrict undarstanding thal
actual values are always calculated for fre¢ siveam condiilons. Tue
moat imporiant dimensionless groups arc :-

(i) "The Reynolds number, which gives the ratio of the ineriicl

to viscous forces and defined as

Re =:J_Q_L 2-2-2
M

wvhere L is some characteristic length. A high Reynelds number

is associated with ths situation where the viscous forces are

=t

weak in comparison with the inertici forces. "The high Reynolds

number (Re) nay bz dve to low viscosity or high free strean
velocity. The larger Ze the more nearly does the fluid
approximat e to the idesl. The viscous forces, however, act
in such a way as to damp out instabilities in the flow. It

has been Tound that laminar flow only occurs for Re less

than some ceritical value which is 2 charscteristic



~ of the particular sysiem. For any given system L may be
chosen as any suitable dimension but which particular cne
musi be carefully explained. Thus for thin film flow a cholice
of I must be made from distance along the surface, diameier
of the body or even the film thickness itselfl.

(ii) The Froude number, which gives the ratio of gravitailicnzl to

inertial foreea aciuing on the fluid, is defined as
- 2
Fr= V_ 2.2.3
&L

This number hag particular use in references to gravity waves.
#roude number modelling is only useful in the study of leng

gravity waves and not of short surface waves or ripples.

o~
(=)
[
jta

~

Whan a liquid has a free surface it may te necessary io
include the effecls of surface tension. The vieber nunvere (Je)
may be used for this purpose and is defined.as the ratic of
surface tension to inertial forces

Ve =9V2L 2e2e4
a

(iv) aAnoilher term which appears when ihe eguations ol motion are
converted into one of their dimensionless forms is the Rorsby
number {(Ho}. This term is concerned with tha rotational eflects
and gives the ratic of the inertial to coriolis forees

Ro = V_ 2.
ot

N

(vl Th2 Taylor nunber (Ta) may be considerad as a rotational
Reynolds number squared. The Taylor nunbar is the ratic of
the magnitude of the coriolis forez to that ol the viscous
force

2.2.6
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~ This number playvs an important role in the gwndy of rotational
systens.

(vi} The previous five non-dimensional groups are those most often
ugsed in fluid flow. For heat transfer purposes the Nusselt

musber is ons of the most important, It is cssentially the

ratio of the total hzat transfer to the conductive hea

ok

ransfer at t-e fl:ild boundary. The Russelt number is defined

©
[}

Nu = hL 2.2.7
3

{vii) The Prandlt number is a characteristic of the fluid rather
thav the Tlow. It is expressed in molecular terms as the
ratic of the melecular diltusiviity of momzntum to wolecular
diffuzivity of energy

-:,}—,(—C_LD or 1}\ 2.,2.0
k ¢

where o is the thermal diffusivity.

The method of obtaining the dimensionless grouvs was by expressing
the equations of motion in non-dimensional varizbles. Once ilhese groupe
had been estanlished the one relevani to any particular situation may
be derived without lhe explicit use of dilfferential equations by
employinz thz method of dimensions in the {orm provosed by Lord
Rayleigh. The method is based on the requirsmznt that any equation
describiag a physical situation must be dimensionally homogenecus
throughout. Any relqﬁionships suggested by dimensiounal analysis must
be checkad experimentally.

Another very convenient and general method of isolating the dimen-

gionless groups relevant to any parvticular complex physical situnacion

LS

ig the sz called Pi 1lheorem of Vaschy snd Buckingham. The use of both

v ¢]

o
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the nethod of dimensions and the Pi theorem are covered thcroughly in

most fluid text books.

P

N
W
1]

ilm Nlow on stationary surfuces

One of tha First investigators of f£luid flow was Hopf (1)% who
cbserved film thicknesss, surface velocity and wave Fformation ir a rect-
angular channel. The Reynolds number range of 150 to () vas larger
than that willhh which one is commonly concerned in heat transfer problems
because the films considered were in general thicker. Hopl's theoretical
snalysis never considersed the elTects of surface tension. ks showed
that provided tha chanﬂel width was considerably larger than the film

thicknessgﬂ y then the mean flow per welled porimeter was given by

2
. Q =_&§)Sinﬁél - géégsg_g_ Zehl

vhere 6 is 1he znglw of inclinétion, and ¥ ig the width of the chanrel.
Nugselt (2) developed the first useful hydrodynamic =nalysis of
Filw flow. He studied tha equaticns of motium of an elemert in tha
liguid film. 1f the flow is sieady, uniform, iwn dimensional and
draining under the acticn of an acceleration Tield the Navier-Stokss
cquations reduce directly to the very simple differential equstion

621 + g8ing =0 ’ 2.5.2

¥© Y

where ¥ is the coordinate perpendicular to the sarlace ovar whicn the

liquid is Clowing. Solution of equation 2.2%.2 with the boundary

conditions
i} v =0 at  y =0 (no slip at the wall)
ii) & =0 at v =% (no drag at vapour interface)
dy

produced the semi-parabolic eocuation for the velocity prefile

X - ‘ e
“Referenzes given in saciion 7.0
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with the maximum velocity at the surface, when y = 5

Vs = g&pzin® 2.3.4
2 p

By integrating equation 2.3.% over the film thickness, bLhe aean

velocity wag found to be

Vav = g& o 5in O 2.3.5
5
and hence the ratio of the two velocities is given hy
Vs = 3 2.3.6
Vav 2
The maan film thickness,éxn, may then te calculated from
4 L
m = 2 -Q- ) 2::"!

Jelfrey's (3) cenbributed to our knowledge of chawiel Plow wilth
small inclination by observing the instatility of the flowr over a larze
rangs of Acynolds numbers. He made neasurements of£ vealocitics and film
thicknessgses. Using a dye tracer; laninar sub-lsyer thickress, sudy
viscosity and [riction factors werae observed. A iheoretical analysis
of wave motioun and'boregwas also attemried. Further siperimental dats
was produced by Chwang (4) for water and oil flowing on platern inclined
up to 13 degrees to the norizontal, encomvassing a Reynolds nvwbar
ranga of 0.9 to 110.

Cooper, Drew and McAdans (5) correlate the date of the cther
workers already wentionad in the form of a friclion factor plot. They
rlot resulit< From isothermal flow of liquids on smooth vertical and
inclined platss in the neynolds number rangs of 1.5 to 150,000, They
conclude that turbulence in the liquid layer played a greabe. pari in

the hesat tranzfer when the Reynclds number exceeded 2300,

11
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“Kirkbride (6) studied wavy [low cn the outside of tubcs measvoing
the peak [ilm thickness employing a micrometer technique. The rang: of
feynolds number varied frem 2.74 to 2030 and the imflormaiion obtained
was used in his work concerned with condecnsation.

Priednan and killer (7) experiment on the onset of wavy flow on
the inside of tubes, the Reynolds numher range was 3.22 to 115. In
order to siudy the character of this flow the authors inject a dye in
a stream ol the [luid, as a means of discovering thz mazimum velocity
of flow. They showed the velocity of spread ¢l dye to be half as
large as the velocity of flow of the external layer of fluid.

Grimlay (B) also investigated the flow of fluid on the inside of
tubes and in channels. lle developsd theoretical predicticns of §ha
onget of rinpling on the surface of a filw when the effcet of suriace

tension was allowed for. Xeasurements were made for saveral fluid:

[
£
-
o
v
£

the critical Reynolds numbar correlated by 1lbe dimensionless equabion

3 . 8
cr’e = 0.3( Re ) 2.3,8
Mg

The investigation was with particular refereunce to liquid behavicur
in packed Yowers and surface contacting equipment.

A more Turndamanial and general approach to the subject was intro-
Auced by Kapitsa {9). le was the first worker vo atteapt tne solutimm
of the ctuations of motion for the case cof two dimensional wavy flow.
le confinad himsell to the case when the wavelength was much larger
than the {ilm thickness. For this case it was zssumed that the semi-
paraholic velocity Jistribution of wave llow was 1lh2 same ag thav for
rlans flow, that is

ve=1l.5v (1 -

(N
N N
-
N
»
o

=%

whare v is the velonity averaged over the ercsr-ssation, detazrmined by

[
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vl -(v& dv 2.3.10
5¢

The simplifi=d Navier-Siokes cquation was

2
Q¥x + Ldvy = -1 93p+ £+ Vv? v, 2.3.11
at 2 3x 3 B

and the continuity equition expressed as

%E = -ééi(jvx dy) 2.3,12

Substitvting the velocity distribusion, given by equations 2,3%.9 and
2.3.10 into equnation 2.3.11, and ansuzning tha pressure at the free

surrace was due to surface tension ofifects, that ia

Op =5 2,315
X ééfj

and then averaging over the film thicknezs by integiraling with -

w
7]
-

sSnase

tc y and dividing by 5, i% was found that

o
4

+ 9- vév -::g:é:j_'é + g ;:nj'c-l/l-

10 dx @ Ix?

Q-
o+

%]

o

While equation 2.3.12 becomes

35 = - (v4) 2.7,1
dt AX

A2

Tha equation of the [ree surface of the fleowin,, laver vas delersiinss
by that of the curve

y = 60}5 _ _ 23,16
The thiclness of the layer was egual to

5 =5 1 +9’;) 243,17
The guantity ﬁ is a function of x aed 4 with 59 29 1lhe mesn £ilm
thickness. It is foqnd thét solutions to thess equations in the Tora
of surfaces waves are possible. In mathermatical terms, a new variable
% ~ C% can b2 introducei, where C' revresents the vhase velncity of
vaves itravelling over the surface. ATter various earringements the

equrtion for -olution, to Lthe firal avprovinniion, bhecame

t

13
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e Iax2 10 dx 35

+ g - 3\,‘\1 = 0 2.3.18

L,

3a

Solution of this equation to the first approximziion gave
2 ]

v= %8 and C = 3v 2.3%.19

39
In order to estimate the wava amplitude Kapitsa considered thnt
energy dissipation would take nlzc2 only as u consequence of viscosity.
Afier the onset of waves in the flow, the amplitude of the waves in-
creased wntil the energy supplied by the gravity forcas is balanced by
the viscous forces, whilst the thickness of the flow reduced to a

<L

minimum for a given [lowratz. From lhis analysis Kapitsa determirerd
that in steady vericdic undulatory flow at the wur- Flowﬁmtms tha mo-m
Film thickness,S% was T percant less if the waves were absent mnd the
film was of uniform thickness. The wave amnlitude for 211 flowratss
hzd an approximate value of 2.46 of the mean [ilm thickness, 4y while

o)

e Thas2 velocity amounted to 2.4 of the velocity v in the mean crozas-~

-1 .

section. Kapitsa predicted that the onset of waves world occur at

7z -
Re = 2.43 0”@ 2.3.20

Kavitea and Kapitsa (10) study wavy flow on the outside of 1unbes
using a shadowgraph techniaua and produced data which gave good agree-
ment witn fapitsa's theory (9) at low flowrates. They showsed that the
relative changa in wavelength for low on a iube of radins R coumparad

with that of a flat surfa e at the same florrate was

~

AX =1 (-Q:.,)Z 2.%.71
3

A 2T It
which i1gs small excepl Tor small valves of H.

vhen two super-imposed fluids of different densities ara aceel-

eratad in o directlion perpendicular to their interface wave like

~
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disturbhances occur at ths interface. Taylor (11) and Lewis (12) found
that ths surfice was slable or nastable according to witether the
acceleration was direscted from the heavier to the lighler fluid or
vice versa. Their erperiments were confined %o accelerations from air
to somz other fluids and where the Tilm thickness was greater than one
third of the wavelength of ripples produced.

A new theoretical analysis, applicable when part or .1l the flow
in the fluid layer was turbulent was developed by Dukler and 3ergelin
(13). The new equations assumed the applicability of pipe flow

universal velocity profiles suggested by Von Karman (l4). The

+

universal velocity distribution was defined by two parameters u' and
y*, vhich were given as
+ + % N
. ut = u and yo= upy 2.3%.22
u* /l.

vhere u* was the friction velocity and 1elated to ths wall shear by

s L .
u¥ = (‘r.,.s\z 2.%.23
e. )
Then for fuli ypipe flow, for the laminar sub-layer
1 _ o+ + 2.5,04
u =y ’ O<y <5 Ze20dq
for the transition zone,
vt =230+ 50ny" , 52y« 2.3.25
and lastly for the {turbulent layer
ut= 554 2,51yt , 02yT< 2.3.26

where 7 ig the magnitude of the universal distance parameter at tha

ligquid surfacz given by

= u* g8
M

N
L)

N
19

"

The liguid flowrate per unit length of wetted periphery was given by
b
r vyt 2
= M |u dy 2.
e

]

»,
J

>

;
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~Por the case of zero flowrate i1 the gas phase the equations
reduce to give ths film thickness as a function of flowrate and physical

properties ovaer the complete viscous to turbulent flow range

Iy 64 = 3:09+ 2.591n 7 ' 2.3.29

L
It was shown 2t the transition from laminar to *turbulent film flow
occurred 2t a Reynolds number of 1030, Bxperimental results were
obtained from the [low of water over the zurface of a vertical plate.
Jacksen (15) analysed wave {low on the inner wall of a vertical
twube. lie postulated that waves appsared when the Proude number ex-
ceeded unity and that viscosity had a much greater efflect on wave

inception than surface tension. Jave inception and film thickness

a2

ware measured lor six diffarent liquids and the vange of kaynolds

(&1

IS

nunbars ancompassad was 4 to 5,700.

Yih (i6) investigated the slability of parallel laminar flow with

ok

respect to wave formation at the free surface. Taking the origin a
the undisturbed {rse surface, measuring x dowsnsbream along in=i
surface and y downwari in a dirsction normal to the solid boundary,

and denoting the velocity components by u and v respectively, the

—
/—

wier-Stokes equations were

Au+ udu + Vou = =1 dp + & Sinp + Vau 2.%.30
St dx QY e dx
Qv + udy + V¥ = -1 dp + g CosF‘ + Yoy 2.5.%1
St 9x QY R Y

and the contiruity eguation as

~

du+ v =0 ' 2,

ex  Jdy
By making suitable non-dimensional substitutions the above equations

EY
P

AN
N

were made dimensionleus. A perturbation technique waz used togethe:
with boundary conditions to oblain tha well knowm Soumnerfeld-Ore
squatlion

" o, N o A .
(0 - -t - B =1 (d = 2x%d 4+ AT) 2.3.3%
1< ile



U isthe dimensionlsss valuz of the velociiy conponant in the a» dirention
ad where }5 is a function ol y, & is the non-dimensional wave velocity

and £ is the wave number deflined by

M)
M

a*
=
RN

oL = 2D

The soluci-n of equation 2.2.35 was achieved by a series expansion
in ascending nowers of the Zeynolds nurber. The conclusiong drawn [rom
these computations for vertical {low wers

(i)} that increasing viscosity always tended to stabilise flow.

(i) that the flow becams unstabi= ab low Heyrolds nu%bar and

the approximate critical value was calculated to be 1.5,

(iii) that for neutral djsturban?es the plasa veloeity of the

waves peopagated increased with incraasing wavaelengta,

A pﬁrely experimental check on the onset of wave leormaidion on a
film of watcr Clowing down a vertical plane wag oczrried out by Binmio
{17). Distilled water was allowed to flow down the orluide of a pipe
of diameter 1.724% inch by 5 feet iong. The flowraie waz adjusted until

-

the water film was only Just disturbel by z frain or trevelling waves.

Tha flowrate was than determined by divsriting 2ud weighing uvhe dis~
charga. The dischargs per unit width of tube c¢ircuafercnece was found
to be 6.9 x 1072 jns/s at a temperature of 19%, the corrasponding
Heynolds numbzr was calculated o be 4.4, Yhen tho train of travelling
waves had besgn initiabed eighty-three pictures were obtained at 0.047
secend intervals using a {lash technique dave lopéi by Rrowm (18},

-

Measurements ware mads Trom the phoilograuphs and ths average values of

the wavolengtn and velosity were about 0.45 ineh and 5% inch/s resp-

actively.
So far ne mentisn hes been made of the iypes oF wave palkierns

waileh appear abt bthe Troe surface of the {lowiay fim, Nurmerous

-



investigators hava made observations of wave patizrns on thin [ilm

flow. In general, the wave pztterns may be descrived qualitatlively as

follows

(i)

(iv)

y smooth

At very low [lowrates the film surface is ccapletel
and mirrcor like, disturbel only occasionally by small random
‘dimples' which are rapidly damped out in the direclion of
flowv.

At a slightly increased flowrat=2, small, symmetrical, regular
wavas appear. The wave f{ronts arc almost straight and perop-
endicular to bthe direction of flow.

further increase of flowrate causes the regular symmetrical
wavelets to become less regular, and the cross-scetion of
the wave assuwas the non-symmetrical shana usunally descrihsd
as a 'roll wave', with a steep frornt and a long gently
sloping tail. Frequently these wavas are preceded by u
number of small waves which move as a group with the main
wave. In this zone of flow the warve fronts are nc longer
straight but show a tendency to form bulges or split to
overtakse each other. This latter awpearance has led to these
Patterns alsc being referrad to as 'curtain type?! wavas.

Ag the liquid flowrate is incrcased e stage is reached when
the main waves and the accompanying small waves become so
randomly mixed the surface appears to be covered with a mass
of small jagged.'turbulent' wavas, A number of photographs
have been published that show this type of pattern =.g

Dukler and 3erpelin (13).

Me theorelical asnalysis of the problem was taken a step further

- -
by Jrosia

3enjamin. His paper (19) dealt with the hydrodynamic stability

D



of film flew characterised by small values of the Reynolds aumber. The
formation of the problem reserbled +that of Yih (16), bat the method of
solution differed. This diflerence occurs in the solution of the
Sonmmerfeld-Orr equation, 2.5.33, which was then rearranged into the

form below where C is wave vzlocity divided by the surface film velocity,
"

L i ’, 5
95 ={n-Cn- ny“);l': + (2n =o¢? 4 Cotln —od 4u2nyd)  2.7.35

and then
il

= (p » qy? )¢" + (r+ 8%2 )¢ 2.5.36

by first putting n in terms of the wave number

n = iosfus% = 3icd e 2:%.37
Y 2
and then
P=n-Cn 20("" : q = -t ;
v ~ ~ P - ’«3-‘}‘%
r=2n-okn 4+ Cotfn ~oX % 82 = o¢?n

A solution was oblained by expressing the function ol ;4{ in the form

¢(y)= g AgyV

N-o
ther this series constituted a solution of 2.3%.36 when 1he coeflicienis

’

AJ

N

.
033

N

A were made to satisfy ihe recurrencz ra2lation

RN = 1)(N = 2)(F - 3)4 = (B - 2)(N ~ 3)pi, ,+

[I‘ + (N - 4)(N ~ 5)q] 1‘1”_4 + g - 2.3.40

foer N>3. A third order approximation to the series solufion 2.3.379 as
calculated by means of 2.3.49, and expressing tie boundary eguations
in terms of ihe coefficients of Ay yielded for real C,

C = 2(1L -2+ l.L_g’A + 0.0077531 u(lgﬁez - 3.35555569(6) 2.5:41

o]

The imaginary part y‘ie]ded the relation betwesn Reynolds number and
for neutral stability and was expresscd as

455¢2 4+ 4COtB - B+ 5.5289142 °
3% e 73 3ie 5

a - - -
- 0.000067%9 o(°Re” - 14.6%502552e¢4 = 0 ‘WY



whers

20

% is dclined by

Z."( ging)® Y 2.3.43

and [1 is the kinematic surface tension.

A simpliified treatment was given for long waves, where the wave

number approaches zero, then C reduces to 2 the same value as that

obtaipn2d by Kapitsa employing a different ferm of argument. The

angir

where

= value of the wave nuiber was fourd to be

n b .
o ? = 4502 2.3.44
m "7-]:‘.'
U, 1a the mean velocity. in terms of Reynolds number
CaA -1 “ .
ot = 1.12( V3507 Ret 2.5.A5

1

The corresponding wavelength for the mest unstable wave numbsr was

givan

bl\/
1 i i] -
Xy = B3JAU["2 §77) Re™7 2:%.46

It must be remembered that this analysis assumes that o is Tairly

small.

Belkin el al (20} obtained experimental datle about wave formetion

onn the surface of a smooth vertical rod. The range ¢f Reynolls nwaber

investigated was 200 to 373,000, The film thickness was estimated oy

{taking a pholograph of the dry and wetited rod from the sawe position.

then the differencve in area is relaied tc the Tilm thickness by

where

Arez wel - Area dry = 2 5L 2.3.47

L was the length of the wetted rod on the photograph.

Bushmanov {21) ccusidered the flow of a liquid layer on a vertical

wall under the influence of gravitatiocn. The stability of the plane

Llow preceding wave foramation was the starting point of the invest-

igation. The solution was executed on similar lines to that of Yih

except that the Scmmerfeld-Orr cquabion was expressed in a different

form,

and golved by a serics approxiwmation continued only as far as
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the £ifth term. The analysis yields a critical Reynolds numbar given by

=8gdb ' 2¢3.438
32

for water a value of 72 was compuied. Bushmaunev argued ihat as the flow—
rave was increased no waves appearel at le = 22, which was the valua
of critical R~ mredicted by Kapitsa, but at Re = 72 waves would run
upward al 15.1 cm/s. This would ozeur in the abscance of any artificial
perturhations. The waves cccurring at Re = T2 were not stable and only
sted for a short time, however, they did disturb the plane Tlow so
that waves running downward could appear ani stable wazve patterns could
be established. Then wave flow would persist as the flowrate was dec-
reased to Re = 22, when plane [low was again csstabliched. A norc
rigorovs treatment of Kapitsa's equation was at=empited in licu of
equation 2.3%.11 Bughmancv obvained

vy 4 VxaVx + V3V, = g ‘-“'V"Z"x P25k

g2y, = -l
oX 3 e

%.r;

The solution of which yielded the relationshivp for the eritical
Reynolds number
Re = 7.32[o 3¢ k 203550
&7
Thus he disagrees with Kapitsa as to the lower limit of stabls wave
flow,

Duklar (22) rejected theories that looked for a transitional 2e
applicable to the whole [ilm and propcsed a model which assumed a
liquid fiim could b2 partially laminar, close to the solid surlzce,
and vartizlly turbulent permitiing both typ2s of Llow Lo be taken intc
account. As in Dukler and Bergelir's work (19) use was made of universul
veloclity profiles. Sclution of the equations was carried et and the
rasults were then employed in his heal trancfer analysis which will

be described in a later section. {n a furiher paper (2%) Dukler
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compared theoretical and experimential [ilm thicknesses which shcwed
good agresment with other workers in the field.

Binnie (24) completed further experimental work on the flow of
laminar travelling waves on the surflace of an open water channel in-
clined downwards over a range of 1 to 23 degress. The Reynolds number
at their first appearance was observed, and measurements were obtainad
of their velocities and wavelengths. Correction had to be made to tha

esults to allow for surface tension cffects at the side walls, since
wuzves onserved did not extend right across the channel. Laminar wave

inception was found to occur experimentally at Reynclds numhaers, 29,

37, gnd 56 the theoretical minimums being 17, 24, ani 48 for 1, 2 and

3+ degree slopes respectively.

N

Broovke-8enjamints nert contritution {25) extended his ecarlis; worr
to cover the case of three dimensional stauility. H: assimsd that a
wave comprised a general lharmonic of three dimensional emall distarb-
ances, and introduced a doubhle Pourier integral +to represent a bounded
disbturbance whose initial distribution over the frsz surface wus arbite
rarily prescribed. The theoretical analysis postulated that disturbanoss
were cffectively confined within an expanding ellipical region and
carriad downsitream at a group mean velocity. Zxperimental observation,
Ly photcgraphy, of the phenomena in gquestion showed that thke approx-~
imate thaory could be aponlied. In ths erperimental arrangement a thin
Filw was forned on an inclired sheat of glass which constituted the
bage of thz channal. The resuits obiained from the zbove tended to
cenfirs the ezrlier results.

A further paper (26) oy Yih admitted ihat the numerical comput-

ational solutiocn produced inhls earlier paper (16) was incorrect an

o,

r

that Broone-denjanin’s analytical sclutior {19) gave values for wave
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speed vhich were more in accord with Binmies's experiments {(17). The

-

Sommerfeld-Orr squation 2.7.33 was again the basis of ihe theory Tormed

by the perturbation technique and a set o boundary conditicus in a sualls

form. Ain initial solutlion for long waves was made by putiing the wave
nogoser, o, equal to zero directly which yieldsd the result that tng
ratio of the wave valocity to the average fiii velociiy or dimensionless
velocity, C, equalled 3. Thic was 1.5 tires grealer lhan that derived

by 3Brocke-Benjamin. Howevey, this was becauss Lhe latter nsed the Tilnm
surface velocity as the reference velocily whereas this paver by Yib
used the [ilm average vslocity of the primary flow. The two resulis wers
thus actually in agrzement. The guestion of large values of the wave

number ware discussed. The pertinent result obtained was that viscosity

could have s de-stabilising effect on khe Flow, Sheae zb the free surince

and variable surface tension effzcts were alsu briefly discussed,

An erperimental study or film thickness and vzleocity in filas on
vertical surfaces was carried out by Portalski (27.23). The investig-
ations considared the film characteristics of thirtsen Lianids,
ensploying a hold~up technigue to obtain averaes film thicknass neas-
urewents, These filn thiclkness measurements were compared with saverags
film thickresses cormputed from theories by Kapitsgs (9), Husselt (2} and
Dukler and Bergelin (13). In all the cases considered the theory by
Kapitsa approximated to the experimental resulis better than dusseli's

theory in the region for which these theories were intended. (On the

other hand “oth thesz theories compared vnfavourably with the unive

,4
0
w
Pt

valocity treatment of Dukler and Bergelin. The latltzrfs theory
lad 1o lthe prediction of the average Film thicknesses within fair

agreesant to those experimentalilly delzmmined. In the second paper (23

Portaleki nmeasured the film surface vel 1

locity and the mean stream

43
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velosity. He found that in laminar flow and in wavy flow, before the
onset of turtulence, that the ratio of maximum velocity to mean stream
velocity was very nearly equal to the value of 1.5. As the [lowrate
was increased and turbulence occurred the above ratio decreased until
a steady value of 1.15 was reached for fully {urbulent [low.

fulford {29) coapiled a very comprehensive survey of exparimenial
theoretical work concerned with {ilm flow up to 1965. HWe cutlines the
contradictiony ;ccurring in ‘the literature between the various theor-
etical solutions ard experimental techniques,

The nzxt wmodification to tha Kapitsa- Bushianov equations was made
by lassot et al (32) who included terms neglected in the earlier work.
The term égv/axz was included and {the variation of film thickness in
the 'x' direetion was taken into account. The lavier-Sickes cquation
bocame

¥y + Vx Q¥ + vy 3V, = vy v vy 4 g - 19p

dt dx ey x4 3y° e &x

; . < - 32 °
_é_\_r_y + Vy ély + "y.G\._Y.y = vy + _éﬂvy +g- 1ap
ot S X ay X2 3y« Cay
These equations were solved by a method similar to Xapituaia excev!
that the results were expressed in lermsg of Jeber number as ihe

governing dimensionless group. This treatment included as specinl cases

the low Zeber number analyses ¢f Yih, 3Senjzaic and Kgpitsa as well as

Agreement with experimontal observation was improved over that obtaired
From previous analyses.

Martner work by Yih (32) considered steady Flow beiween two
parallel plates, one fixed and one moving in its own plane(couette
flow) chowing thzt a variation of viscosiiy in a fluid would cause

instability. Anshus ana Aerivos (33) exanined more rlosely the use



of surface active agents to reduce surlace tension, and showad that
the growth rate of waves decreased,accompanied by an insrease in wave-
length in falling film systems.

A further treatment by Lee (34) attempted a more rigorous theor-
etical solution of the eguations by Kapitsa. The sclution was the same
as that of Kapitsa -but the equilibrium wave amplituds was deduced
entirely from the dynamic equations by investigatling -.he :vin- linear

affect on the isolated class of basic wave motions periaining to the

linear syslem. In the analysis f‘ was given g nerindic solution of tlha

forn
%(X)= A Sineex 2,3,52
' , ber was gi ol = (3 g v2YT. whick ifferad
where the wave nuuber was given by = {3 §e v-)7, which differa

A
from Xgpitsa's valus of ol= (3.6 yle v=)2, "he following exprasgions

for v and C were obtained

¢ = 3v(l + 34/2)7% 25
'"he partinent conclusions drawn {rom the whcle analysis were bhat the
equilibrium wave aupiitude waus linearly devendent on the filam thirigiess
50 so that the wave ampliiude decreased uniforwily to zero as the flow-
rate became small. The values for the wave amplitude A of cquatica
2.%.52, and the Reynolds numher Tor cquiiibrimm stability were given

in ths following form

A= (3 We)® 24255
€L 2 - 5 ., s
Re = 35 O‘)P 5 ‘lll'e—S 205: bb-

SH

Again the Weber number (we) was used as the dominant non-dirensioral



http://ex.pre.--p-j.ons

ro
=

T

“A paper by Gollan and Sideman (35) was an extension of liassot et
al’s golution fer a sieady periodic wave motion. In this case, however,
the normal stress induced by viscosity was included in lhe boundary
conditions and the Navier-Gtokes equations were solved by utilising
the controlling interfacial velocities rather than by averaging the

equations. Squation 2.5.14 was obtained in the form

3du+udu=9 4% 4@ 8-35 ¢+ g5in O 2.3.57
23t 4 3x 2 ax° e %

At this point the film thickness wus expressed in terms of the aver-
age film thickness 3, and the local amplitude ¢, that is

$=%0(1 +¢b) 23,53
also for ¢ <1, u was approximated to

We=Uo + (C'- Uol 4 (c'-'Uo)¢w2 2,3.59
where C’is the phase velocity of the waves and Uo lhe averags vsalocily

at the film thickness %o. This yielded a result in non-dimensional

wave velocity5 3 = C?Uo

]

(3 - a) 2:3.60

We = 4
9 (a - 1)(a% - 5/2a + 3/2)

61 4o0(a - 1)7 2.5.61
(3/2(3 ~ a))=

this particular analysis fitted the experimental data better than
cther analyses np until this tine.

A vecent thezis by Holgate (3€) analysed film flow on ihe surface
of a stationary 67° right cone and derived a modified Soumerfeld-yri
equation using a perturbation technique, which,inﬁonjunction with
boundzry conditions in a similar form, was solvaa for small wave
numbers to give a stebility criterion. The coordinate systenm defined
the X dirscticn parallel to the cone generator, Y direction porpend-
icular to the cone gererstor end © ithe angular dirgetion tracaed our
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was given by

U= 32 (2 - y°) 2.%,062
2

the wvariation in mean film thickness with distance down the cone is

1 1

5= ( 3ve VP, 2.5.63

Mg Sin 2p) X3

the variation of mean velocity with distance down the cone is

il a2 \3
U= [gCospqas 31 2.%.64
(19 7')!::‘.5.117-@) x5

2T =
fonsequently the variatioa in feynolds number with distance down tha

cone ig given by

Re= __ O .1 2.3.65
2n'VSinF5 X
and the Froude nwmber , given by
1
8 2.3.06

Fr = 1 Eie.Ccsf‘
5

displayed a similar decrease with passage down the surface of the cone,
#or the disturbed flow the governing equations were solved and

predirced an ingstability criterion in wbich the flow will ko unstable

fer
Ra > tanpg + /4 o 2.%.67
9x tanp+ 9 + 2 ot - 3
8 f 4 x 5

where » is the non-dimensional distance in ths X direction and S is
the reciprecal »f the Weber number which was shown to be small. For
non-extreme vaiuazs of f and large valuss of x the criterion redovced to
Re > 8/9% 2.%.68
which is small and thus in agreement with Brooke-3enjamints conclusion
for the inclined surface,
The experimental siudy of the kshaviour of a liguid fila on the
siirPace of thne cone showed that ihe mean £ilm thickmess was a funciioon

of Heynolds numbher only
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4 = 0.0685 ge 2.3.69

\

Measurements of film thickness were made using a movable capacibance
probe, discussed fully in Apperdix A. The mecan film thickness was found
to Le less than that of the undisturbed laminar film by some T%, an
estimate which accords with Kapitsa's theoretical prediction. The range
of the congtant flows studied was from 10 to 170 gallons per hour, the
mean film thickness measured at 460 mm. diameter were 0.1c mm. and
0.315 mm., respectively. The smplitude, wave speed and wavslength of

the disturbances were measured at different stations down the cone gen-
erator, The wave speed was found 1o be greater than 2.4 limes the mcan
film velocity, as provnosed by Kapitsa, but still less than the long
wave speed of 3 times the nzan film velocity deduced by 2rooke-

Benjamin.

2.4 Condenuzste flow cn stationary surfaces

The developmeni of the present day theories and the predistious

of heat transfer rates associated with laminar ©iim cond

.

s

onsaticn had

I
{
j oL

itslorigins in the analysis presented by kusselt (2) in 1916, In ths
previous section the velocity disiribution in the film has been
documented., During the condensation process [ilmwise conditions will
only oceur if the surface is wettvasvle and oncs the Tils is sstab-
lished the energy transfer is dependent on the thickness of this filw.
The analysis was devslovred by considering an elemental strip in the
fluid and equating the energy flow across the film, from the vapcur
to the solid surface, to the condensation rate through the speciiic
enthalpy of the condenzation. To simplily ths asthenatics whe

following assumptions were made

W
]
o
£
[
—

(1) The

)

ilm was in laminar flow alorg a enaoth isoths
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surfacs under ilhe action of gravity.
(ii) Snerpy Flow across the Tilm was by Fourier conducktion only.
(iii) Fluid accalerations and inertia effects were neglected.
(iv) Sub-cooling of lhe condensate was neglected.
(v) The liquid-vapour interface tzmpersture was assumed to be
that of the saturation temperature cf the vapour.
{(vi) 'The vapour was rel:tively stationary with respect to the
surface and vapour drag was non-existent.,
(vii) The physicsl preperties of the condensate were evaluated at
mean {ilm temperabure.
(viii) Non-condensable gascs were not present in the vapcur,
Thenr: the energy flow through the film was given by

dq = he,.dm =k A7dx “edol.

g e @51

5
where dm was given by
dm = p.d(5.Vav) 2.4.2
Vav is given in equation 2.3%.%. Substitiuting this valus into squation
2.4.2 one obtains

hi‘gtdm = %2. 62d5-hfg- ’-Sin a 23403

Bquating 2.4.1 and 2.4.3, integrating the result and subsiituting the

boundary condition of $=0 at x=0, produced

4= 4'5; MK AT 2.4.4

showing that the thickness of the {ilm increaszed only with the fourth
root of . The heat transfer coeflicient was expressed as

h = k 2-4:5

Substitu.ing equation 2.4.4 for 4 yielded the result

J 4 f:l)fx
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This~coefficieni applies to position x. A mean coefficient of heat

tranzder bm may be defined by

hm = _4_ AlkBQth-{,’..g.SJnO 20407
3 4_}AH AT

where 'H' is the vertical height of the condensing surface. For ccup-
arison of hea! ‘ransfer coefficients the non-dimensional group

k

where Nu, known as the Nusselt number, is ofben used in energy transfer
calculations and is a measure of the rate of heat transfer by convection.

Hubsequently many modifications of the above analysis have appeared
each one relaxing further the restrictive assumptions impcsed in
Nusselt's original treatment, but these did not begin until the 193)'g.
During the intervening years experimental work by Obimer (37), Kirkbride
(6), and others confirmed that heat transfer coefficients were un to
1.2%2 times the Nuszelt values.

Colburn (81) suggested a semi-theoretical relalionship to account
for turbulent flow in the film. A correlation beiween {the turbulint
friction factor and the heat transfer factor 'Jj' was ured to derive
the following equation for the mean bheat transfer coefficient in the

turbulant region of the film of condensate

| _
m(¥2 $= Re 20449
k \c SinQ 3226 = 364 + 12,800

pr¥

Colburn's analysis cssumed a transitional deynolds number of 1600 and
the eqyuation predicted thut the mean heat transfer coefficient
increased with both Reynclds number and Prandtl number in the iurbulent
regiomn,

Syxperimental work of Carpenter and Colburn {82) investigated the
affect of vavour veloeity on tha condensation of steam, methannl and

etharol on the ingide of a vectical tubs., They Tound that as the vapour
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velocity increased the heat trensier coefficient becawe larsger at
lower Reynolds numbers and recommended the equation
7
hn = 0.265 [cpe k £\ Gu 2.4.10
[a]
P Qvap

wvhere 'Gm' was the mass {low per unit time per unit surface area and
'f' the fanni-r friction for the vapour. It was then postulated that
the increased vapour velocity caused the film to become turbuvlent at
YXeynolds numbers less than 2300.

Nusselt in his analysis neglescted the eflfect of sub-cooling of
the condensate. 3oth 2romley (47) and Rohsenow (41) investigated this
effect and coneluded that the heat capacity of the condensats could

be taken into account by a simple modification of the Nusselt equations.

This modification took the form of replacing the latent erergy, 'h, ',
L

3

by ‘hfg + K.cp.AT', The constant '£' was calculzated by 3rani-zy 1o hs
0.375 for laminar flow assuming a linear lemperature across the cond-
sate layer. Rohsenow's value for 'K' was 0,64, but this analysis
assumes a parabolic temperature profile, te account ifor the addition
of liquid at saturation temperature to the ouler layers. A further
raper by Rohsenow ot al (42) considered the effects of vapour velocity
on lasinar and turbulent film condensation. The analysis assumed the
existence of the Prandtl-Von Karman 'universal velocity profile' for
turbulant flew. The values of heat tranzfler coefficients predicted
agreed with those from the semi-smpirical forwmula of Cacpenter end
Colburn in tha range cf Prandtl numbers from 2 to 5.

Labuntsov (43,44) stuided both theoretically and experimentally
the elfect of convective and inertial terms in laminar and turbulent
condensation and recieved empirical support by generalising a large

quantity of experimenisl data by other authors. From ithece cbserv-

aticns and calculations tho propcsel formula for heat transfer
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coeflficient was

a_ = Yt Ev 2.4.11

hn
'hn' was the cocfficient of heat transfer calcnlated according to
Nusseltts formula, ali lhe physical charactesristics of the condensate
being reférred lo the saturation temperatur~. and
qj was a correction for the cffect of convective heat trensfer and
the inertial forces. In the region hfg/cpATZS, and Pr=1 then
Y=
£+t was a correction factor for the tamperature relationship of the

physical characieristics of the condensate, equal to

| 3 By .
| Et = (ke 4o\3 2.4,12
\--r/."-
ks Mw
E'v was a correcition for the charzcter of [lov of 1he condengate and
equals
{
r T T In [4) »
Ev=C, (K" 5e ) 2.4.13

whare Kf"’Eii?
14q

The factior ‘Kf' has alresdy been shewn by Kapitsa, in 2.3.20, to
bz one which may be used to predict the onseiv of rippling. For
many materials, water, ammonia and freon 12 for example, Ke
values do not differ preatly. Thus for a first approximation tlhe
variations in K- may be neglected i.e.

Ev = Re 2.4.14
Values of *C* and 'm' were estimaicd from averaged data relating
to wabter vapour condensation giving

€v = 0,95 re*04 2e4.15
and Re was given in this inslance Ly

¥e = 4 hm AT Lo 2.4.16

wvhere ‘Le' was the lengib of ihe condensing surface,




-The condensation of vapours on a vertical plate, assuning laninar
filmwise conditions existed and velocities in the vapour have no efrect
on the condensaie film, were analysed by Sparrvow and Gregg (45) using
the nathemztical techniques of boundary layer theory. The equations

for conservation of mass, momentum, and encrgy were simplified, resp-~

eclively, to

du+ dv =0 2.4.17
ox Y
5 -
udu+ vau)=gfp- v) 1 ugdu 2.4.18
Q( 3x ay) (o€ ,“(%;2
Qcp{u@j;+-V'i2)== QEE 2.4.19
\ ox QY SY° .

By assuming a stream function V’dcflned by

(‘0:,- éx

v= oY, v -9y 2.4.2)

end s new independent variable,‘v s logzther with deyendent variavles
F(q) and O(M), ordinary differontial equations were cbtained. in over-
all energy balance was evokxed to relate the indeypondent variable to

the physical qualities, Thaese quantities are delined by, respsciivaly

}...

i
M = |gceple- Pvﬂ'* Ty (M) =_$£_ei__c:-_13 '
vk | Y
2edie2}
(M) = T - Tgent y CpAT =~ 3 F(%)
Tw - Tgat hfg 6 C%'

where 'T(%s)¥ and 0'(Ms)' are valves wnen 7= (%c)

The ordinary differential cquations evolved werge solved numerically
for ihe parameters opa?/h, e and Prandtl number. The soluiion shcwed that
inclusion of inertial terms had little effect on the heat transler for
Prandil numbers greater than ten, and that [filw thickness was still

—‘- - e B
found to be proportional to x*{ It is shown that the temperature profilsz

through -the [ilm varies as cpAT/hf and that for small values of <this

g

parameicr the form of the profile is esseniially a straight line.

dukler {46) wresented a more ambhitious aporousch of actually sclving
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the velocity profile using the cddy viscosity exprescions of Deissler
L

w

{(47) and Von Karmsn. The solutien was formulated assuming +thal ths
eddy viscosity € and eddy thocrmal conductbivity EH ware equal. The basic
equatlions for any position in the film were

L('

=1 50
1 (/uL +€0p) AV 2.4022
€ a
5
Rery = 407, J w.ody 2¢4.23
Mu
q=-~(k+ €y ©pp, 04) 4t 2.4.2

Tha equations were solved by compuler and graphical relationships
which allowed th=z determination of the velocity diwtribution, the

film thickness, local heat transfer coefflicient and average coeific-
ient over an entvire conderser tube were prezented for various irtar-
facial shears. A correction to this approach was applicd uy lec(43) who
pointed out that in the Vor XKarman range the molecular thermal cond-
uctivity compared to the eddy conduclivity was not neglizibls for lew

Frandtl numbers. The correction showed that heost transfor cecefficients

were not as low as those predicted by Dukler at smail values of FPrandtl
numbear.

Heat transfer rates in laminar f£ilm condensation on the underside
of horizontal and inclined surfaces were predicied vy Gerstiran and
Griffiths (49). An experimental investigation showed that when the
condensiig surface was in a horizontal positiosn condensing Freon-1l3
formed in discrete drops. At slight angles cf inclination there were
three regzimes of flow. Near the leading edge was swooth waveless floi,

next a region ol longitudinal ridges in the direction of flcw which

as they increased in amplitude shed drops from lhs crests. At mediue
angles of inglination up to the vertical rcll waves were prasent. The

theovetical s.lutlon assuvmsd quasi-sicady Ffiow of a bourded instahility

.04



where condensate removal was by stieady [low into a plane sink locatei
at the centre line of each ridge. The maximum Tilm thickness was then
assumed %o be a funciion of the shortest unstable wavelength of the

Taylor instability (11) :-

1
4 o ( o 2 2.4.25

g COS@I\Q"?\,)
The longitudinal flow along the ridge was asssumed zero. The assumption
of ‘the plane szink reduced the provlem to a two diwensional one which

could be defined by

o)
3P = uy 2,426
ax /} 3 z§
L= v - C Sa( 5 - - azé 20 e2
Paat — (P -Q )8 Cost(5 - z) £ 4.27

Continmizty

é_\ix ¢+ QV, = 0 P.4:.20
dx A3
and
kAT 2et4 79

>0
i

5

whore the *x* direction was at right angles 1o thot ot the longitudinal

ridge and ‘2! direction perpendicular to the sclid surface. Introducing
non-dimensional terms and manipulating the governirg equaticus produced
a fourth order nor-linear equation. The numerical solution of this
equation, for various values of the controlling non-dimensional grcup,
predicted wavelength, maximum film thickness ratio, Nusselt number and

Rayleigh number., The Musselt number was deflined as

1
Ha = h o 2 2,430
k lgle - ev)COS

end the Rayleigh numbesr as

e
e

A

Ba

o

i
l-_!

ka = g Cos 6¢(

e~ Jhe, ( o )
kK par T\l e~py)Coch

The zxperimontal results were correlatzd in terms of these tvo
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3 theoreticnlly may be expressed as

Hu = 0.9 ( Ra e 244,32
(1 + 1.1(na)s

—

- . . . 6 - N .
if the Rayleipgh number is greater than 10, A similar solution assuming

cylindrical symmetry as in the ridge analysis, was carried out for

hovizonial surfaces yielding

Nu = 0.9] (Ra)o°193 : lOlO > Ra > 105
_ 2.4.33
u = 0.69 (8)0°2 ;108 > ga > 198

leasured valuss of the heat transfer coefficisnts were in quite good

agresment with values predicted by preceding egquations.
Kuiken (50), although strictly speaking not a worker in the field

of condensaticn, is worth mention since he has produced a theory us ng

-

almost inviscid lows which allows for fluid ajditi

e .

n of increasiag

Q

he

ci
[a]

amount; as one progreases downstresm. Fluid enters the film at -
cuter edge by some mechanism,; an example of which ig condensation.
The rate at which mass addition occurred was governsed by some power law.
The existence ol a viscous voundary layer was =zlso aclnowledgad which
hal at its outer edge a velocity u =/§—E7§ s wailet at the soiid
boundary u = 0,

The imformation imparted in the preceding account is by no means
2 comnrehensive one but does convey the various methods used in the
development ol condensation theory 1o define the phenomena occurring
during filn flow of condensate cn stationary surfaces up to the

present day.

2.5 Condernsa'te Tlow on rotating surfaces,

2.5.1 Cond2nsetion anrd heas transifer on retabing oylinidricsl bodies,

n

One of the earlier studies of the transfer ! ergy to a rotating



surfzca, by condensing steam vapour, was carried out by Yeh (51). He
examined the effect of suriace speed on the heat transfer coefficients
during Tilmvise condensation on a 0.0254 m diameter cylinder, rotating
about its horizontal axis. Observation of the condensate surface,

oh spe=a photograhy, showed that there wers thres phases cf
condensate fle. The firct phase was a true film rhase which existed
up to 300 r.p.m. where the centrifugal force was not sufficient %o
throw off drops. The film was dragged round the cylinder in the dirsction
of rctation and the drainage point was displaced in this direction frow
tile downwards vertical where it would have cccurred in the ahsence

of rotation. above 300 r.p.m. the centrifugal action hecomes greater
than {the gravitational Toreez. At 5%4 r.p.m. sounge c¢f the film on ilhe

t

surface began tc break vp end be thrown off 1n drovs,; initiasted frem
the botton gquadrant on the lezading side. Purther ivcreazses of speed
beyond 700 r,p.m. showed drops being shed almest tangentislly. Ths

sketches below indicate the general surface contours of the liquid film

at varying spseds

no rotition slight rotation  msdorate rotation  high rotation

W2/Er 0 WR/g << 1 wr/z e w>R/g =1

The latter aclion continued up to a speed of 1500 r.p.m. at which point
further ivecraasecs in spead resulied in a fall in heat transfer coef-
ficients. Photographs in this region showed that drops became pear

shapad and tended to fmrm streoaks on the condensate surfaces Vapour

fo 7
o]
ot}
]
a
"y
w
€2
]

sngas el as tha cause for the fall in heat transfer coel-



ficients but doubt has been cast on Yeh's equivment which had a fanlty
mechanical seal and was suspected of leaking air. Tiez experimental data

was presented in the form of a Nusselt versus weber uumber plol

Nu = h D \ e = PP 12 2.5.1
2k 4 o

A theoretical study of the drop size comrared very well with
weasured drop size. The equation proyposad for the size of droplet

produced was

r = so—ag 2«5.2
v

where V is the surflace speed and R the cylinder radius. By assuming
that the centrifugal forces were bhalanced by gravitational forces plus
surrace ‘tension efiectsz, a mean {ilm thickness was thzoretically

deduced. The mean film thicknegs, given by

v

=3
=
<]

. 18

Ym

]

a-
AV
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An experimental study of methods of improving heat transfer from

2:5:3

SRR D2

condensing steam was performed by Birt et al (52). Of particular
interest were observations reportaed concerning condensation on the
surface of rotating vertical cylinders, 0.152 m and 0.216 m diameter,
with filwwise condensate flow. With increase of speed the heat {ranafler
cocfficients were found to increase. Axamination of photographs of the
condensat? avrface showed that at low rotational speeds a system of
longitudiaal ridges were formed. As the speed of reotation waz incressed
the ridges becaue unstable and drops were discharged, beginning at lower
regions of the vertical cylinder and gradually moving upwards as the
speed of rotation was further increased. A simple balance of fTerces in
the systben, surface tension versus centriivgal action suggested that

5 = (o8 20504

where $ is the film thickness.

38



A linear relalionship batween heal trancfer cosfficicnds and the centri-
fugal accelerabtion was prodicted from exvecimental results.

An analytical and experimental study of pure steam vapour cond-
ensing on a horizontal, rotating cylinder, 0.0254 m diameter was also
verformed by Singer and Preckshot (53). Their aim was to explain the
result obtained by Ysh end ic present pysical and analytical models.
Befnre atlempting the analysis of condensation on a rofatir; tube
observations were made ol the hydrodynamic chacactar of a liouid film
by spraying water on to such a tube. At rotational speeds greater than
aboul 25C r.p.nm., a definite pattern of axially-symmetric waves were
observed, with liouid sprayed off from the wave crests. This speed
corregponded to a value of WZ2R/g of approximately 2.6. Three regimes
of fiow were found tu exisi corresponding to thosz observed by Yeh
during condensation. The overall problem wae thus reducel 1o three
sub~problems, with models proposed to deserive the phenomesna. These
cases were '

(i) 7he cylinder is rotating slowly so that gravitational forces

are dominant, but centrifugal forcces play a perturbing role.
(ii) The cylinder is rotating rapidly so that gravitational forces
are negligible in comparison with centrifugal forces, and
vapour drag is not important. The condensate existz as a film,
(iii) same as (ii) except ihat the condensate also exists as drops.
The conclusions drawn from this analysis were
(i) at low speeds the condensate drained by gravily and a 205
decrease in condcnsation heat transfer coefficient with
incrsase in speed was noted.
(ii) at moderate speeds a continuous film exisied, characterised

by ridge like waves dislaced circumferentially, on ilhe

G
ey



~ cylinder gurface., Whe hesal trausfer coefficient then in-
creassd to three times thatl of ths stationary valuce.

(iii) at high rotstional spead drops wsras seen to be thrown irom
the surface of the condensate and that the hest transfer
coeflicient was rsduced to Lhat of the stationary .
cylinder.

The resulis were p.esersed in the same form as in Yeli's work with

Nusselt numher plotted against ¥eber number and showed the same tendency.

A better correlation of the results was produced by plotiing

5 0
Nu{g i hf ) = Nu *Je)
! ( FEARS

versug iaber number. The decrease of Nuszelt number at high Weber

Ny

| mmbers was thought to be due to interlacial drag. Thus the heat
iransfer data could be correlatsd by the [ollewing exprassions
3 XAl '——% "~ - Ly RErs
‘ u 0.013((.49)0‘('5 ’ 250 £ e £ Y0 26940

\" - v et ir ""0. .585 . . =y [
Hu = 27.206(ke) ' YO0 < e << 11005 2eD0

i

The btegining of a series of experiments concernsd with rotating
energy transfer; whilst condensing steam vapour, was initiztlzd by
Hoyle (54) who was intsrested in thermal sivessing of steam iurbine
rotors and shafts. The investigation by hiatthews (55) was concerned
with condensation of steam on horizontal rotating cylinders vhose sizes
were D.1 m, D.2 m, 0.254 m dizmeter and up 1o rotational speeds of 150D
r.p.m. The theoretical anproach asgumed thal the gravitalional forcs
in the equation proposed Ly Nusselt for condensation on s slationary
horisonital cylinder with quiescent vapour,

n = 0. 55(! hp, E,) 2.5.8
VZDAL

could oz replrced by the centrifugal accesleraticon and rearranged to

bz nrescitted in 4 more usabls form. The eguation waoe expressed in the
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where 'B’ replaced the constant 0.73% in the Nusselt equation and

'*—-l\.,

depended on rotational effecte, defined by

1 1
1.19 h (¢ fepar |\ ¢ 2.5.10
k \w Pr hfg

A Tacbor '®' was then introduced to taks into account effects of rotor

curvature on the heat transfer coefficient

_ 28 /[ 2 \%
E=B<a9D W R|* 2.5.11
50 g

whare 'a' equals tha fractional coverage ol the rotor surface by
protrusions which werc cbserved on the roter during hydrodynamic tests

using water sprayed onto the surface. Photographs of the coudensate
surface on the rotating cylinder indicated thut it flowad fowarde
protrusiong on ihe condensste layer from which it evenlually left in
the form of discrete drops. The size of the protrusions was reduced

the rolational sveed was increased and they appeaced to cover only

some 5i: of the rotor surface area at all lest speeds. The investifation
observed either continucus film or continuous film with protrusious
which at high rcotational speeds were thrown from the gurface.

In published work by Hoyle and katthews (56,57) the experimental
data was ploited on the Dasis of Nusselt versus wWeber nuuber. The
resulis show nc decrease in Nusselt number as the Weher number in-
creased as did those of Singer and Preckshot aud Yeh. The recom-

mended eguation for ths heat iransfer coefficient was

h = 1.5 (DjTa 019 - 0.9 L)
1. 09)'2_‘
2 _"_
(kJ e p° ca) (__3L.r \*‘ 2.5,12
Dp D Al

1n the second paper the hzhovicur of the drops, the variation of their

maximuz size with rotaticnal swpeed, and their nuweher per unit ares
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were ~-the subject of study. It was notad that tha measured diamevers
were in some cases as much as 1.5 times greater than those calculated
from Yeh's formula, Also that the area covered by protrusions reach a
naximum when the acceleration at the surfacs was twenly times the
acceleraiion dus to gravity.

Nicol and Gacesa (59) study 1lhe condensation of steam on a rotating
vertical cylinder 2.025: m ¢« .ameter, up to a maximum rotational sypeed of
270G v.p.m. when the results were plotted ir terms of the pertinent
parameters of Nusselil and leber numbers, the Nusselt nuuver was found
to oe censtant for iYeber numbers below 500, and avove this the correl-
ating equation was
0.496

Eu = 6,13 Ve

Y

2:.5,13
A similar correlation was nredicted by Singer and Preckshet ot bigh
rotational spzeds whose model assuced the surface was covered with
henispherical dreps, which {ormed the controlling heat transfer resist-
ance, and chowed that

Nu ol e 2.5.14

Ho direct obsarvation of the condensate surflacce was attemptled.

An :malysias was wade by Sparrow and Grege (S59) for the condensation
pere salurated vapours on the surface ofarotating disc which revolves
avout a vertical axis. The problem was [formulsted as an exact solution
of the Navier-Stokes and energy equations in cylindrical coordinates.
The equations expressing conservetion of mass, momentum, and ensrgy
for an iiacomypressible, constant property fluid were

13(rVe) + 13V 4 iz =0 2.5.15
Y r 3z
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Similar to the laminar boundary layer theory ¢f condensation, on
a statiorary surface, by Gprarvnw and Gregg a naw indspondent vaviable
and depandent variables were svolved 1o transfora the above partizl

difclere

=]

wials to ordinary differentials. These were; rew inlapenient

variabls

0 _oi\ 7 25,18
? ('s")

. mla

and depandent variazles

2 1 s l)(".'!\ - %
- omndim -—-.-—_5 e
1.0 FIA) (wvy)? AW

2:5.19

\
(1) = Tgat =T = Teay ~ ¢
m - D
3 a‘t -~ AR

|
!
) = Ve, S =vd , H(D =V
\ The ordinary diffie-entials equations ontained were tasu solved rumer-

ically azesuming the following bhoundary condiitions:

(i) The effect of gravity was nesglected.

[N

haar stresses at the surface produced by drug were assumes

%]

(ii)

©

erc,

(ii1) Piuid temveratures at the solid surface and the liquid-gas
inlerflace assuwae the wall and sabturated vapour tlemperatures
respeciively.

(iv) The radizi and axial velocity components are zerc at the

The solution showsd that energy convection and acceleration teris

gors negligible and that tanperatire disteibution acwoss tho Jiln was
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almost linear for low Prandtl number and cpAT/hgg. The Nusselt number

was defined by

Nu = h ()f‘
k L\.))

and that For small values of cpAT/hfg all the results were represented

rof

i
Ru = 0.904 ( Pr hfg 4 2.5.21
cpal
The predicted rilm thickness was found to be uniform over the disc and

varying with Prandtl number and cpAT/hfg values., The following

relationship was derived

_‘!_ ]
4 (W\Z = 1.107( _cpar % 2.5.22
v, Pr he,

For & given fluid and a fixed tewperatvre éiffersnce

4 F 2.5.23
The boundary conditions presuppesed that the condensate surface
remsired smooth. In practice this is rarely found to bte the cage.

An experimental analysis was carried out by Nandapuvkar ond
Bestty {60) who examined the condensaticn of pure vapsurs, of mothanol,
ethsnul and Freon-113; on the surface of o rotating, horizontal, water
cooled dise, 0.127 m diameter., A {low paltern study was carried out by
introducing a methanol-wates solution of pontamine blus cye through a
size-20 hypodarmic needle onto the rotating plate while methanol was
being cordensed. The dye flow followed spoke like radiil paths haviag
a slignt curvature backward ICrom the direction of rotaticn. Slight huy
definite ripples parallel to the dys paths were observed but it was
not possible to dstermine whelher such ripples were present originally
or proiuced by the introduction of the dye itself. The data from tests
cn 31) three vapours was correlated 1o within % 19% with the egquation

b= 1,1 (7 2 Beflzom)? | 10420 2.5.24
\ M AT
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#leasurad coelficicnts were sbout 204 less than thoss predicted by
Sparrow and Gregg, equation 2.5,20, and they were shown 1o increase
in proportion to the rotaticnal velocity raised to the power 0.425
rather than to the power 0.5 as the theory requires. The lowaer coef-
ficient was possibly accounted for by drag of vapour on the ripples
cbserved,

The effect of vapour drag on rolating condensatvion was analysed
by Sparrow and Grege (61) to supplemeni their work on the condensation
cf purs vapours cn a rotating disc. The problem was attacked by simuli-
aneous solviion of the squations of motion in liquid and vepour, The
partial differential equations were reduced to ordinary diiferential
equations, as in their work (59) reported previously, an? solved
filiiz enorgy transfer was increased and that with thick rilms enerpy
transfer was reduced. They concluded that the 2{fezt of vapour drag on
the analytical prediction of heal transfer as given in refercence {59)
was not significant so that the deviation between thecory and erperi-
mentlal work by Nandapurkar and 3eatty must be atiributed to other causes.
The solution ol the governing equations was modified by ihe additiion
of the ratio [(Qp)l/(Qﬁ)v]%'where 1 refers to the liaquid state and v
to the vapour state. The effect of this ratio; for wvalues between %0
and 650 sas found to be negligible except For either very thin or very
thick tilms,

A furthsr theoretical and experimental analysis of the condensation
of pure steam vapour on a rotating disc was performed by Uspig and Hoyle
(62,63). The disc, which was made of copper, was 0.2% m diamebter and
rotated asoout an axis in the horizontal plana at speeds up to 2500

3 2 Ale 1ol T . LI 3
iln thickness was forrulated assuminsy comi-

[
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l. 4 5)
which ware substiiuted into equations expreesing conservaticn of mass
and momentum. for thin laminar films of condensate their analysis also

gava

=
il

o.9o_3(k392w2 hfg)‘" 2.5.27
. M AT

and for the film thickness they deduced that

A 3 K . s
24 =105 KPGra)(3 %+ 1) (557 1)? 2.5.25
1 +4 kw + 8 (kw)<
15 4 5 ¥
where
K = k af 2,5,29

hfg\l 0.3 75cpAT hfg)
Thege computations were carried for anisoiheraal surface aand asswaed
streanline, non-wavy laminar flow,
The experimental data was oblained by measuring the inver and outer
wall temperatures of the disc, thermocouples wnere hsli iuv grooves in

the surfaces and were brought out of the rig through o «lip-ring unit.

o

The experimantal heat transfer coefflicients were Found 1o be up o bwice
the value predicted »y equation 2.5.27 and experimenkﬂ was related to
the thecretical one by the ralationship

"Ol l‘- ey
4 2 AT 0.6

oxp = 113 K 2.5.30

The rurfarce of ths condensatz was found to support wave like disturu-
ances aid it was their effect which gave risa to tha higher heat trarsfler
coeffirsiants,

3spig and Yoyle (64) invesiigated flow in films of water on a
votating disc to delermaine wnether wave motion gave me2an {ilm thicknzsy

meacurenante of lower values than those prediched by lamirar Clowy filim

theory analegous to those obzerved in sludies ol ligquide {lowing down




vertical surfaces. Nuzselt's equation for the mean Tilm thickness was

written in the lorm
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for the disc rotating at an sngular velocity, w, it was proposed that
1@ should be substituted Tor g, that is

4(1 Q_Qg)-é: 0.909 ke s 2.5.32
2

leasurements werc made of the film thickness using a micrometsr and
proba techniqus which allowed only the crests of the waves to be
monitored. In the range covered by the experimental work, Reynolds

numbers from 20 to 607, the maximum film thickness ($,) could be

correlataed by the equation

l ‘2-'- 7"144_ Lo T -4
5 (_]; 2@2)5'-': lo) he~ Lo e D2
()

\2 U

2.5.5 Condensation and heat transfar on rotating conical »odias

AP Y L

<~

Bromley (65) predicted the performsnce characlcrictics of @
Hickman-Badger centrifugal hoiler cempression still., The liquid to be
evaporated flows in a thin [{ilm outward along ihe inside of a rapidly
rotating cona whilst the vapour generatad was ccapressed and roturnel
to ihs other side of the cone, where it condensed 1o supply cenergy for
the evaporatioun taking place on tbe inside, 4 theorscical analysis
assumed ths Kusselt equation in which & cone of zpex angle 2y was usad
and "g* replaced by 41T2rN281n5£. The equaticn for the overall heal

O

L
T = 1.7 (k3 62 82 po? sing )* 2.5.34
i M /

whera Wp was the feed [low to the rotor. The exparimental resulta feil

transi'cr coefflicient, U, is given by

into a range of wvalues +7)- 10 =325 waish werc accepted as satisfactory.

AT
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LA further anzlysiz of condensation ol pure vapoura on rotating

A,

surfuaces was carried out Ly Sparrov and Harinett (G6) who use the

r+

boundsry layer techrique to examine rotating couas, The apnroach was

exactly ine suwee as that For the disc analysis; new dependent and in-—
dependent variables, transiormation of the partial differsntial equations
to ordinary 1iffersniial eguations and finally sciniion by numerical
means. The conclusions drawn ware that the deviations frou heatl

tranefar coalffietents of the disc to Lhoze of ithe cone were not large

and that the coefficients were related by

',_1

L )
JBoona = { Sine)? 2.5.35
t3ise

whare 2o¢ is the apzx angle of tha cone, A similar relationship was

found for the [ilm thickness givaen by
~%
S ope = ( Sinet) © 2.5.3C
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The gysten considerzd cones which wers ot too slendsr and z2lso no

account was taken of ihe affect of gravity which became more important
as the a2psx angle was reduced fer lewer rotational spaeds.

In a2 paper by ilowe and Hoyle {G7) heat transZer to a ccoled vork-
ical cone with a 0.61 m diameter base aud an apex arngle of 60°, rot-
ating at 100 to 799 r.p.m. in a stean atmospherc, has been studied and

discussed., The dats was presented

2

was by plotiing Nusselt nuiber, hD/A,

2

') . -3 - .
againgt Dcre/)x“ for values of ¥DW</g varying r'rom O to 77. from this

daty it was obscrvad that as %U(»Z/g was increased from zero to a value
of approximately 2.5 the slops of ths curves of Nu agajnst])a(yyﬁ

o .
decroased 1o 2 minimum but with further incresses of %Duf/g,?rom 2.5

to &, the slope again increased. Afber-wnujz/g equalled § the slope

remainad constant. The empirical equaticn relating Ku to D6764A2 for

3 2 . .
FIW~/g = 0 is given by
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S 2000(_ poe ) 2.5.37
k M 0205 X :’LO‘/
and for values or %D(Qz/g between 2.45 and 77
; 0.16Dy
KD = 5700(_2___9__;_;3__8 55 2.5.38
k /;.2.5 x 10

all the fluid properties hzing evaluated ab the Drew reference
temperature: Bp o= tg = 0.75(tg - ty) - 2:5.39
It was concluded that heat transier to a conical gurfl.we - this apex

angle ressmbled that to 2 cylinder more closely than that to a disc.

An experimentzl study was made of the formation and drainage of
a film of condensate on the surface of a rotating 60° right cone by
Robson {6A), e found that measurement couid not be made directily
whilst tha cone was rotbtating and steam was condensing on it. An open

flash teclinigue wage used to obtain still thotographs of the condensatae

surface at various speeds. An estimation ol the {ilm thick

o]

ess

=

2s
attempted by using Holgate's apparatus (36) and film thicknress
measurements were made using the capacitance probve. It was assumed

that the mean film thickness observed at a particular radius, speed

of rotation and water flowrate was the samne as thal vnder ihe sauc flow
condilions when steam was condensing. The water Tlowrate was varied
between 0.009 and 0.127 ma/h and the rotational spead from zero to G660
r.pe, Mean filwm thicknesses were measured from various stations along
the cone generator linz, Use was then rade of Howe and Hoyle's heat
transfer results {(67) to obtain a condensate flowrate at a particular
diameter. The condensats {low, cone rotation and diameier under consid-
eration ware matched to water flowrate, cone rotation and diameiler %o

obtain a rean water film thickness which was then ascumed to be the

mean condensale film thickness. Wusselt's equation for film thicknass

wag molifisd and thz suggested form is




\J
-]

AL
~ 4 (Dw sin 3{?3 = 1.1 Re 245440

which predicts mean film thickne=ses 1.22 {times greater than the
Nusselt eauation.

This analyasis by Rovson showed that there were waves of the curtain
type on the condensate surface, similar to “h.se observed by Holgate,
when the cone was stationary. then the cone was rotatsd slowly these
curtain type waves, which had a wavelength of DVetwzen 0.01 m and 0.03
m, now descended in a spiral fashion. Incressing the rotational spead
caused tho wavelength to decrease and a ridge type flow to appear, doing
go first al the largest radius. Further increcases of speed reduced the
wavelength more and ridge typz flow extended to all regions of the
suirface. Thig showed that the ridee type f'low was dependes’s on %Dca?/g.
Although at the highers rotational speeds som:z of the ridzaes ccalerced

r split into two, no Jirors were observed to be threwn T'rom the surlace.
Over the range of rotationsl srezde obscrved, zero to 1400 r. PeRes the
angle between the drainsge path of the ridge and the generator of the
cone was very nearly constant ot about 3%, Ths point 2t which this
ridge type flow occurred was deperdent on %Dz»z/g and pressure, the
latter determining the heat flvx., 4 parameter developed was a Reynolds
nunber baged on the mean film thickness and the avevase heat trapcefer

coaificians

Re = 3 Cosp 5 hay Al Con X 2.5.41
Peg M

where o is the angl: between the ridge snd the cone genarator.

The surface of the 60° right cone was seen to suprort ridge like
. » ‘ .
waves, sDw‘/g values above 5C, but no drops were sesn to be thrown off
at any speed up to 1400 r.p.m. The condenzate removal on cylinders

was ohsarvad to be in the form of drops discharge fron
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the condensate surface zdove eerlain specads.It wasthougnt that cones o

20 vl'



smalker apex ahgles may display this same phenomenon and a further
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theoreiical and experimental analysiz was carried out by Howe (67).
The theorstical analysis was fcermuloted with the usual Nusseld
assunptions. Convection and inertia terms sere neglected, and the

acceleration field 'g' was replaced oy ay defined as

&

%ﬂwEMn@+gC%F 2.5.42
X

where D

(d + QKShiﬁ) 2.5.4%

and ¢ was ths initial diamster of a truncated cone and x ihe distanca
in the X direction wnich is parallel to the cone gensrator. A balancs

of forces at a2 point in the fluid predictied a semi-parabolic velocity

uJ

(R]

profile in ihe ¥ direction, which is perpendicular to the cone ganerator,

in aezordauce with the usaal Nusseli theory. That is

An ensroy balance wan lhen perflormed and the governing sguation for film
Tlow during condensation on the surface of rotating cones was given by

z
ax 5735 +
0

4 (a0, v 2 D) = __ cpary? _ 2.5.45
A" D W, Tr(hpg + 0.575 cpal)

\Nl\\

The equatiou 2.5.45 was solved numarically and iths heat lransfer cosff-

icients were plolted against distance from the starting point of cond-

ensation, for rotational =peeds varying fror zero to 1090 r.p.m., onv
6,')0_‘._... . P q|0 - [¢] N ; N

a 07" »ighyu ccas and on 227 and 100 o~pex angled, truncated, cones.,

The experirentsl rawnlie were presentad iv graphical Torm plofiting

SECEHY A 2.5.46
vhers: G‘?z 2.5.47
A mere- sas e wermae seevs

and 2.95.63

and raeoanond=d sguziiong Jor each ocwe which were derived From the

51
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curves drawn through the experimental points and had the genaral fora

(Xca2 Sin?é>A2 205049
gCos{:}

Nuexp-(sﬂ );O(Q'C')in g) = A_!-
g Cos &

where A1 and Ap are constants depending on the apex angle of ths cone.
The theoretical curves ware plolted on the same graphs and showed in
general that (iv: experimental heat transfer was greater than that
predicted by laminar theory.

The laminar {ilm lhickness on a cone can be calenlated by solving
equation 2.5.45. A further analysis was performed by Howe to allow the
film thickness to be calculated from the starting point of condensation
which mzy occur at any given distance from the apex. EBquation 2.5.45

was rearranged into the following form

2 2 1
B=3 a8 X sinp 4 g Cos ) 2.5.50
X x| 92
where B = 5 cp AT 2.5.51
Pr{h,., 4 0.375 cpdl)

{g

After introdvcing a diwensionless variable L. to characlierise the

distance along the cone generator line from thz starbing point of the

fiim
L=X hence X =e Z2¢h.52
e daL
and '? to characterise the film thickness at any value of L
’7 =3 hence a8 =¥ 2.5.53
3 a7y
The definitions chosen for ¥ and e are
L2
g = (v 2 g 2.5.54
SinF
e=__glosp 2.5,.55

W Sin“p

M

Substitution of equations 2.5.54 and 2.5.55 reduce eguation 2.5.50

'_'_7_ _q“[’]—?’ Lo+ 1) =1 2.5.56
I. 4L



whick has ithe sonlution
4 Ay /
T LA e 143 2y J‘[‘ A3+ 1)V 34 2.5.57
5 0

The dimensionless film thickness, ?, is related to the dimensionless

distance along the cone generator line from its apax by

377 1. )Y

4?4 = 4 LJ ‘ 1451« 1Y 31 2,5.58

where Lo is the distarce o. the staring point of the [ilm along the

corne generator line from the apex as shown in figure 1.
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Pigure 1. Laminar film thickness model.

The condersate [ilm was found to support various patterns of
. 4 - . & PR CIR =00 O. 60 -
waves as it drained ulong the surfuce of the 107, 207 and 60~ cones,
!\‘)

. . s . “ ¢] -
A descriplion of thesc wave palterns was given for the 107 and 207 cones.

At rotational cpoeds below 103 r.p.n the condensate film supvorted waves

-



of the curtain type. Aosove 132 r.p.m. the wave formation changad to
that of a ridges type which were spaced circurferentially arcund the
cone surface. The angle these ridges formed with the cone generuator

varying zs the speed of rotation was incressed. The drainage was

assi

n

tea at highcer speeds by the formation and detachment of drops
from the crests of the ridges. The photograph in figure 2. shows the
drainags pattern on ths suri':ce of the 10° included angled cone rob-

ating at 350 r.p.m. in 4 steam atmosphere at 2.5 bars absolute.

2.6 Preszent work.

It can Lo seen from ths praceding ssctions that lhe lamirar theory
of [iliwise condensation is estahliished for botr stationsry and rotatirg
surfaces, The survey shows {that no direzct measurement of condensate
filins have baen attempted on rotating surlaces. Bstimates which have
been made are based on the flow of cold watar over a4 rotating solid of
comparahle shape, for examplz Espig (62) and Robson (63). This proced-
urae is far {rom satisfactory for true flvid flov siudies and it was
tha purpose of this work to develop a measurement technique capable of
wave motion and film thickness observations during ths condensation
pProcess.

A theoretical analysis of the condenzate film profile was
attenpted te clarify the action of centrifugal acceleration, surfice
tansion and coriolis forces. The varticular points to be examined are
the effect of spsed of rolation and condenzation rate on the regires
of waves supported by the condensate film. The general analysis will
be concerned with predicting wavslength, minimum and maximum filw thick-
nessss 21d heat transfer coefficients and comparing these to thocs

predictzd by lzminar theorvry.

T
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3.1~ Introduction.
In Howe's thesis (69) the appsarance of ths condensate flow on the
~ £nC (o} o .. 3 .
surlace of 607, 20  and 1O~ included angled cones has besn described.
Thrae regimes of flow were shown to exist on the condensate surface of

0
the 10

cone, At low rotational speeds, up 1o 62 r.p.m., waves of the
curtain tyvns which have a small spiral motion down the cone surface ware
observed, The angle of the spiral increased as the rotational speed in-
creased. As the spaed wasg [urther increased, the condensate drainage
pattern changed to that of ridge like waves which give the appearance
of smooth streams flowing down spiral tracks making a small angle with
the generating lines of the cone, as shown in figure 2. These ridges
appeared arcund the whole circumference of ihe cone in a quasi-steady
state condition. There were however points of disconsiruity where some
ridges disappeared and then reappsared furthecs down the surface and
some ridges coalesced whilst others split into two. The latter appeared
to be commouer at higher rotational speeds. These higher rotational

speeds produced less stable conditions dus to imperfsciions and addad

drag Trow the vapour phase. further increasas in speed produced

(&)

condition where drops could be seen to be thrown from the ridge profile

itself. These drops were throwvn from lower radii first and as the spzaad

iucreased 1he point ¢ drop departurs moved up the generator line,
Since the only qussi-steady state conditions occurred during the

regime of ridge type flow, beflore the stage is reached when drops are

being thrown from the surface of the ridges, this is the condition which

can be realily modelled. The ridge model assumed is shown in figure 3.,

where ) is the non-dimensional wavelength and 5 the [ilm thickness,







Figure 3. 1fodel of suriace profils.
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3.2 Coordinats system and equations of motion.

The cocrdinate system ia shown diagramatically in figure 4(a).
Coordinates 'X' und *Y' are parallel =znd perpendicular to the cone
surface geinerator line respectively. Coordinate'E§ traces out the cir-
cular movemant of & poinv oun the surface generator line when rotated
about a vertical axis. These thres coordinaies are everywhere mutually
parpandicular and taue Torm an orthogonal system

The equations o molion must b2 derived in this now coordinate

systen., The equitivuc o wotlen are given in gerneral vectorial form;

- I
oV - VXW . jrad ( + _l V.V +
3t

—tn —pn
+ \[ arad divV - cotl.cur|V 2,0.1

vhere ULF i ithe voviicity and, ¥ trh=2 body force equals mcikadil.
Tre fiadamenial eguetions necissary for edpressing the equations

of motion in ary zet of orthogonal coordinaics ers to be feound in fext

3

nooky of hydrodynsmics {e.g. Lamk (86)). I curvilinear coordinates the
rectilinzar coordinstas (x,y,z) of any point urc expressed z2s furnciions
ol bhe new coordinaiss (e, ,w,,et3),

of, = c:(.(:‘;,s,z) . odym= ody ()(,J,) s = ofy (J 3'2) 3,2.2
She lengths of elements of arces in the new directions are denoled by
h.dwn, hy dnl=ﬁh] hach%3= The linezrizing Tactors h., hzand hy are
calculzied considering a point P Jlistance 1 ahove the surface of

the cone and finding ita position vecier i, wiaere

L-l = .Sl._‘..- l ' F'Z"' I .SJE ’ j“!ﬁ: _(‘.‘if.
(OC,I ! oty dets

For our coordinate system the position vector r, from figure 4(b).,

4
.

15 given bty
o= (/\{Swfﬂ + \/Cos/%) Cos B - (X 3“\)/3 + Y(’_DSF)) S Gj
+ (XCus{&. Y S FS] k
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In order to find h,, by and h3the moJulug of

with respect
EYy
3X

or |
3X|

h,

with QE
aY

c\l“l

S|
he

and or

00

or
9|

h?

y
-

tho pariial integrals of »

to X, Y =nd © respectively are required.

= SuJF: Cos e(_ - SIN(Z\ Sm ej + COS(B k

/S;NZF Cos™ 6 + -Swl(S S0 + Cos?"[?

PIDSEEY

CQS"F

3

j Sw” @ (Cos™ 6 = Sw* ©)

- ja,f/g + c:s‘{.ej = 1 3.2.4
= (.osf) Cos BL + CosFSw @J' - S,w{s k
= \/(osilf’}. Cos’O + Cos f SO + Suollfg
= \/(_032/3 + Swl(ﬁ‘ = 1 3,2,5

il

- (x Sw/$ + ycos[s) Sip O + (x Sw/B+ ‘/’((,3/3) Cos GJ'

j (X S('-/f: + osrs \_,w B+ (X Sw["\* \/(3363 C()S G

- XSwf + Y Cosp3 = R 3.2.6

The three lineariszing factors are

hy

The mathematical expresasions nscessary fTor inclusion in the cquation

of motion in

Wy

(1ii)

and  he= R

D

=1 , hy=1

vec torial form are :-

rad = LS., L& L d 3.2.7
&ra by o, ha Aoty hy doxtay
curl, whose three components are
= O () -3 (hew)
hohgy | oty K3 ]
L[ ahuy - (hau3) 3.2.8
h_‘ l". L t‘)v‘ls Ao‘-l i
= _L. ._‘:)_("‘11": - _é_(Ih‘ vl)
i hy L ot X,
|
div = —— __(l'\ l-\b U\'{- \“'\5}‘!‘05) +_C (”‘~th3) e29
v 'h!‘.z“\'_a, (\»"*u ARy é 3 > ’

For our enordinzte <ysiem let

and KO

= X ofp =Y o= O
2aZ 10
- ""',,'_ -U; \]_" "(,'..\ =V g 4 W R_g ‘_,)



To gimplify matters the terms in squation 3.2.1 will bz takenn
separately and also split up into the component directions.

(i) curl.curl v

W = L [g_ R(Ve + wRs)] - _a_(vy)]
RiaY AY:) '

- ‘ [~ 'E V.B + (.)l,\RS) é (vb)‘
[ (

carrying out the diflersntiation

= V Co c)V + WX CospSmp - L Wy V2.1
Ly YA $: e

Similarily for W, and W3

Wy = 1 é(\,)—é(fe\/e+wr<ﬁs>-|

R 39 X

= _I_ é___/)_( - é__ _\ZQ rl(@) —Z(JJXS:MT/;"I - «uy\q.'{ ’( lrb 3,201
R 3 AX R R R:

and Wy = o V) .é_( )

X oY

= oVy - 3V« 3.2,13
X Y

Taking tbh2 curl a sacond time

¥ direction

1] [RVy - ROVx) - Vy - Vo S - IV,
w[gy( A Y RIITS el S

X Y b R oX
“2WXSINR WY Siwa Cos
s -5y

differentiating the above term gives

_l_ (R_éj_}_’y + é__Vy COSP - R é VX - AV" COS/%)
MY dX SY: Y

"(l % -adVe Sw{3 Ve)
Rae* d8 K EY:

and simplilying

Vy 4 QW Cospp - - Vs Cos 3

Y 9K R 3v2 Y R
-1 3y +3Ve Swp + 1 3%Ve 3.2.14
R2 38 o8 R¥ R Axab



Y~ divection

_![_c)_ 8\/6‘ + Ve (.03(% + Q)XSlMF\__(&s_F - 1 3Vy
R| 36 Q @ Y:
-3 (R Wy - Q‘i})\
x| (3K ayl

differentiating and simplifying the above term one obtains

L 3%e + 3Vo (ospo - _,;__ - 3 Vy
R 30Y 36 R* P YC) dx*

— W Swp o+ 3 Vx o+ | QVx Sw R 3.2,15
X R A¥ &Y R aY

@ direction

ﬁ_ /

P SVx " - \/ Smp = 20X S YSinB Cos
x 3 =3V - VoS - 20KSwp - WY SwEC /3)
)—;/( + 03\/9 + X Cos( SINF -1 @ﬁ_)

)
3

differentiating and simplifying the anove term one obtains

I \2\JX - .\V.( )m@ -._é_\/__e \)IVF) ~+ _\_/9_.51;\) f% - S)?:v_e
R WD 30 /% Ix R RE z

- :—wY,SIAIPCoSp-P g.__y(ﬂl\l /SCOS/Q —_ié_v_@ + _\(_QMSW/) J Ve

el
X1

R3Y R? avE
+ wXCos' A Svp o 1 éﬂ/x_ - RIVy Cos 3.2,16
.Ff f g J0aY 36 RE =l

- — - -
(ii) In a2 cimilar wanner grad (2VV) - V x () are calculated
-2 L]

~i -
whars the compousnts of V x (J are
UG~ UW,, B SV,  and UitS, - W

imthe X, Y a2nd © directions respectivaly.

X direction
..é- (-;: \sz 'ﬁ\/yz a4 -—li(l‘lg f‘G‘FS)) — \/}’ (&V)’ - &\I
aX X QY

+ (Vo + wl‘?s) (_('Q ___\19_ Ve 3 w3 - é\/e 2wk ! %wﬁ - coy&uﬁ (03/%
R

diflferentiating the above term one obtains

ViV + VydVy + VoedVe + dVe wRs + Ve wa{-}. + WX Swl{s
X X X aX
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\[e é\/e -~ 2w V.—J/(Suu[’a - u\/o / SlNﬁ Co\,[i + LJc}V)\ __:,
ax R D6 R
- Rs Y S Cosy
P ftesf

- wVe SW[.S R.S - Ld@séV@ - 2w Y/(s bw I:.-.
X [

Then simplifying and recarranging intc tha following form

Vx c)\/x + Vyon + Vpalx - VP SN@ - W "S”" ~’(2&-—l\)
r /

3X 3y R 30 R
+ VB(A)SIN(‘B(' -@_s) WoVx Rs ~ VaSinB o (2XSwpa- )'Co;ﬁ)
R 3@ R R ! :
w* \/S,N/ZCM/B Rs 3,2.17
Y direction -
93 LVx2+_'_VyL + .'_(VQ + COK&) (Ve + Q)f\s)!‘_!_a_Cosp
Y| 2 2 2 | !
+A\/e - w)(Cos(s Sw ~JaW| + Vx| dVy - aVx
Y R b [ X aY

Differentiating and siwplifying as for the X directien one obdtains

Vi W + VydVy + Vo odVy + Rs 3%y ~ Vo lox(o

Y 4 R d© R 3O R
“+ K(‘ \/@ CDS(:B -+ Q)VB)(COS[S SM}B —(L)zXﬁsg»{g_&\;{g 3‘?.]&
R |
B direction . _] l.
19 __I__Vx + le + '(Ve + mﬁs,J x[l SV
R3O |2 2 R 30
Ve - Ve - 2uXSwpe —w>5w/s<ow(3
3 X R R
Vy H'_e CUE\F + Ve + C\X(mﬁ SINB ~ 1 JdVy
QY R a

Again differentiating and simplifying ore obtains

Vi Vo + W Ve + Vo dVe + W RsQVe + \_/g(v;wvy Cos(B)

3 &Y R 3B R d6 R
+ (JSW{ (?\/XXSW(% V)X(ﬂsﬁ VX YCOS/S) 3,2.19
R /
(iii) Pinally the tesas of  grad div HV.” are crlculated as follows
X direc tlon -

O [ I /2 (RV) = 3(RY) + (Ve
Ix | R 2% Y S0



The differentistion of the term for the X direction gives

3|1 [RVy + VxSa + RoVy + Vy (o +<_9‘_l£q)
aX PR X axX QB,
Simplifying this term and differentiating a second time gives

Q_"_\/x 4- _é_\_{)_( §,_.!(3 ~ Vx SwzF» + _é_:\_/y + c_)_\/! 95(_&

dX? ax R R* XY X R
~Vy CoomSiwp + L 3 Vo - 1 Ve Siwp 3.2.20
RT | | R 3xa0 R 260 R
Y direction
S0 [aRu) + 2k + atve)]
Y| R | ax QY 30 _]

N

diflerentiating once gives

311 [(* < <R3 vyl 2310
QY| R\ X QY A6,

-

performing the differentiating a second tiwe zand simpliflyirg, the

then

term beconmas

I Vx v | JVxSp - Vi

COSF S/u(:S -+ él\/y

XY R QY R* IY*
+Vy Cospp - Vy Gos’ 13"V - 1 dVe Ces 3.2.21
dY R R RavYdl RJde R
6 direction ,
1o [ /8 + RV + V)
Rae_[r\’ OX JY 30 )
differentiating twice and sinpliflying gives
13" Wx +dVx Sw@ + L QTVy HdVy osp ] Ve 3.2.22
R*a 6’

R dxap R3G R R 330 RIC R

The terms %2.,2.14, 3.2,17 and 3.2.20 can ihen be substituted inte

3.2,1 to produze thg cguation of motion in {ths X direction for the

coordinate systen,

Ve + [VX SVx + WaVx + Vo dVx - M{g’_::g_'_"’/& -0 X Suffs (2%-!-)

St X Y R 3

/ L ,S . A I R - \//:J S ’. l..z‘(g " /3 - as /
+ VoS (1 - ks) + wgles B ~VoSwpw. (xS, Y Cos3)
- —\i——'/\/_.—;lr R CgS/:j Rs = l——x "_‘;%___P -+ ‘\/r'l /—\3_}{;
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~ -+ _l_ év SHJF - V) Sml/_g + :\ \/ + (_05(5 \V

R éx R?2 IX3Y R IX
- Vy Gos __S_I_I\_’ + 1 _A___V_e -1 _A_____VG Sin ) Jd Vy + o’V/ CosfR
o R? F ¢ R JdxdP R?* a0 F (sxay AX @[
- é V - dVx COS(3 — ' z\/y - (-)VG Suu .g.-_,- cé_l/_g ]
ary:* ¥ K g2 20" 36 R eaxaeJ

Simplifying an~: rearranging, 1lhe equation beccmes

AVx + VxdVx + Vy 3V + Vo dVx ~Via S + w0 dVx

3t X Jvy R 9B ® | 36
) / / -~ . . S Y ~ ~\'
+ Voo S :J@( Rs) \_/_e_%){g_@_ _“ (2XSwfs v Y los)
e S'M[ XSuwp (2851} + Yeosphs| = Fx
R ) RI )

Y y‘[ P« 3o+ 8

p X L ax®: ay? R’ é(-)2 _
_l_ @__X W[i‘ \/x CNB) - gm/S[Z_c_;_\’_g—) ey r‘{J/ﬁ V (Q\Q\! 5.2.23
Riax R"\ Qb '(

Similarily foc the Y direction the equation vecomesn

_&_i’)‘ 4 Vx y + Vvé\/)’ + \/0 &Vy - VB 607’5 “u))\ Ccs( Qw-a L/

b 9X QY R 30 R
+©ORs Ay ~ @ Rs Vp Cosfd - 2 ReX Coss S = [Ty
R e R TR T
I N N )
RaY Xt av?r Ryt RIXX T QY /
- (051{’%/ Vx ull‘Jﬁ + Vy CDS()\ \V(D\ 3¢2.24
RY 1\ d6/

aud for the € direction the egquabion becomcs

.E\)_.yB 4 V; -u/@ + Vyo\\") + l/a AVB -+ Vn(Vr ‘-V) (osP)

dt dX dy R 36 R
+ wSw (?V,Xsws Vy XCosp Vi YCosa) o [
pritep Uavep) = g
vy 2
-~ L8P a7 ncwﬂ rdVo + 1 3Vo +2 (JVeS fh w f)
Q 36 [ ay: R*3g* e\de
- i' /()\\"U )‘L }l/ \‘ - __'_ \/lel\l‘ LN o VG)SHJ Y - (-\)ygl-")z_ COS
5% ) ® f f i

+ WX Con JSH\) /‘S] 5.2.25
I



3.3 Gravitational forces and pressure terms,

For the rotating cone centrifugal force terms and other inertial

forces are contained within the general Ravier-Siokes equations 3.2.2%,
3.2.24 and 3.2.25, Gravity acts as a bedy force, of dcmir ating import-
ance at low rotational speeds and becoming less important as the speed
increases. The gravity ilerws are given by

Py = gCos{a ' Py =-g¢ inF; ’ F9= 0 3.3.1

Presuure terme are kept separate from centrifugal und gravity
terms at this stage becauce the Tormer will be ccrsidered as dependent

on changes of local surface c¢ffects such as surface lension.

3.4 Develcomment of governing egualions.

In their complete fore the Wavier-Stokes equaticns wonld Le alwmost,
if not entirely intractible, out in the preseni case they can oe
simplifTied in a number of ways by the following assumplions

* (1) Buring each lest a constant speed will be assumad., This meoans

that

Q-
<
i

(o)
N
L]
>
»
l—l

I
e

e
ot

there 1 =X, Y and 6
(ii) DPrsg furees on the surface are considered to be zero, thus

the surfacs shear stress can uve agsumed gero.

—~~
=
[N
l'_lv

A
=

e must now look more closaly st the form of the Navier-Stokes
cequationa. The lelthand side of equations %.2.23%, %.2.24 and
3.2.25 consist of inertia terms. In the rotating Tramework
corivlis and centrifuzal terms are incleded. Wor waler and

orzanic liguids Sparros ond Gragy (45) employing a boundary

,.
R
y

=
]
L]

type ol arnalysias suowel 1nat the inertia forces



~ resulting from the accelerstion of the liquid parallel to the
so0lid surface are negligible compared with for instance
viscous f{orces. llowever, the centrifugal forces duz 1o the
rotation of the cone. and corielis forces due to the change
in'th; con2 radius as the fluid flows down it, are not
negligible, and must be retained.

(iv) +dhen dealing with thin films the order of magnitude of terms
in the general eguations can of'ten be evaluvated by considering
the order of magnitude of the changes in the three dimensions.
Following ihe usuwal boundary lsyer argumeunt that the typical
Tilm thickness 4 is much smiller than the characteristic

length X , w2 can assign the relative orderg of 1 andéi(4<l)

[

to the magnitude of the changes in lhe 7 and divections

respaciively. For examples on the rignt-hand side ol cavailon
2.0 074 9% Vx 3 -2
562423 thie term §§1 has the order 6 whereas 1lhe other

. . -1 ]
vigeous torms are no greater than ﬁ and are also X dap-

erndent, thus the latter terms in comparison with ths fovear

(v) 1t will he assumed that changes occurring in the X direction
will be ;mall for this particular model. Husselt showed from
his an<lysis thal the increase in [ilm thickness was only of
the ordar X%. Also due to the increase in radius the thinning
action tends to counteract the former increase. Thase two
factors mentioned strengthen the assumption that changes in
the X diroction occur only slowly.

Applying these assuuptions then squation %.2.6;
¥ I) Ay

R =X Sinﬁ + Y Coaﬁ '

reduces 1o




and

the

the equations %.2.23, 3.2.24 and 3.2.25 reduce, respeciively, to

-

X direciion

-ZUVOSINF-QQ-RS(AJ'KJ’: 3C0$(§.-—é§£ -!-V_C_};%/); 7 4.3

Y direction

-2 w Vg Cosp - w'R (o =-qSmp -1 af *77912_!{ Jeded
e oY dY*
€ direction
2 VxSups = = 1 3¢ + V' Ve 5.4.5
PR 36 S

General assumptions and Boundary couditions,

Throughout thie rest o the solution of ths governing equatlions
foliowing will be zsswied
(i) that only pure vapour condaenses.
temperature to he considered to 5@ thut of the steam saturation
temperature. The effects of non--condencsables on the conden-
sation rate has been widely discussed, Tor czample N.L.L.
reports (79). A4 non-condensable gas tends to accumulate on the
liyuid-vapouvr interface and thus to produce a barrier to
diffusion of the vapour., The result bzivug an increased
temperature drop from the bulk ci ths vapour to the interface,
(1i) the physical properties of the film will be evaluatad at the
Drew refearence tbemperature. This tempersilure is caleulated
by ibe addition of the wall surface temperainre and one
querter of the temperature difference across tha condensata

Lilm

Tapew = Ty + 0:.25(T, ~ T)

L}

AN}
-

\%7]
°
jt

j raconecnded thal the viscosity shouvld be



(iii)

(iv)
(v)

(vi)

68

evaluated at this temperature.

the velocity of the fluid at the solid boundary is zero,
that is no slip at the wall,

the flow is laminar at all positions.

the pressure in the liquid film is hydrodynamicand that the
pressure Jjust below the surface is reduced by

2. ;25
o R __R*3e8* 3.5.2

T+ Gy}

the velocity profiles throughout the solution will be
assumed to be semi-parabolic. The net effect of assumptions
(iii), (iv) and (v) is to make the velocity profiles similar
at all sections. This is one of the major assumptions in the
solution. In the subsequent procedure a point occurs where
it is possiblc to seek a solution without éssuming the semi-
parabolic velocity profile (3.6.4). This decision must be
tolerated to keep the solution within the bounds of coup-
uting time available. The non semi-parabolic profile
solution also introduces further non-dimensional terms

creating extra difficulties in interpreting the results.

3.6 Velocity Profiles,

506.1 Vel

ocity vrofile in the X direction.

eliminating

The equation 3.4.3 can be integrated directly with the initial

assumption that -2wVg Sin/s is small compared with the other term in
the equation, w?*R Sinfs + g Cos(a y because Vp® is much smaller than

w?R. Pressure changes in the X direction may be assumed small thus

35 s then equation 3.4.3 becomes
(’(w RS.»/;‘H 3CoS(3) +/u°\ Y = 0 34601



which pay be rewriticrn

(;2 Vx = - .

- (w‘RSW(s ¥ jCos(s) 3.6.2

\J0

Integrating this equation once
/

Y = = @ [ RS osp) Y+ A .6.
5?5 ﬁ; \to Avg + j(.S/i)/ + 3.6.3

One of the bound.ry corditions is that at the condensate-vapour inter-
face tha shear stress ls zerc, i.e.
ﬂ.'t y = -4) ' (_9__\-_{;'=,0
SN
) l k]
whe econclant, A, becones

A = __/%((,J" RSINF 4 CJCOSF»)s

Integreting equation 3.6.3, gives the velocily in the X d&ireciion :

/
v FARY
Vy = — A.RJWG-rﬁimﬁ\y + u)A&mp+owa)J/4-E

jt\ / 2 /\
At the wall the velocily in the 7 direction iz assumed zero, i.e.

Vg = 0 whon  $5=0

! N
Thus {the constant, 5, musgé Le zero. Substitutling the vazlue of the constant
(]

2y into the equation for V. ond rearrangiog into a more ccnvenient

forn

2

Vy = }.\_DA ((_n" RS.,\J(_“, *+ 9 Cos F)( Y4 - Z_z) 3.6.4

Tr.iis iz the scui-paravolic velocity distribution normally assumed hy

other workera.

3.6.,2 Relative civcunfereniial velocity, Vi,

For the relative circumflereniial velocity, Vg ; the governing
equatioun, %.4.5, i=s:

0 = 30-2(‘&0&5”\1‘3 -+ ,MQ::_V_O

-
R 3B arth

This eyuation contiing the term V., a3 a component. Since the lormer

with the film thicknass it nouid make the

<
bl
-
o
~
5
-
1A
M
—
~
2]
W



following equations urmanagable if it were leflt in i‘ts present form.
This may be seen by substituting equation 3.6.4 directly into eguation

3.4.5 the result is :

ZQ (w KSw(}+jCo<(s)<Y5 -Y

! f) Gjégnug
r< 2 o

<D|°”

+/Ut§‘/z = O 3.6.5

Integrating the above equation twice, and asssuming the equation 3.6.16
has already been derived, together with the boundary conditions of;

Vo . : .
= 0, when Y = 0, and é_)’ = 0, whan Y = %, cne obtains

(R 355 L)+ 05 38 (¥5- Y]

2/ R*yE 2
- £ (RSwp v glsp) @ Swp (v5%- v25)
M 3
+ p" W RS )w{:’n- (,0&[’3>(~)me%(‘/5 - Y ) 5.6.6
i/l K3
Il has already been mentioned that this destroys ocur semi-pavebollice

velocity distribution and causes extra difficuliiscs in Lh2 subseguent
sclution of the final equalions plus the imposaible Laslk of corraicting
inhe extra non-dimensional groups so introduced. 1t is thersfore propnsed
that ite effact can be simulated by uesing the average value of Vi

given by

3
_g_oJ. Vi dY = j/% w RSw(S 3(05(6)(‘/5 % o'y

= | e wZRSm * c-Cosrq\f‘z —ys i
B [,‘G F = ,)J
2

Bquaiion 3.4.5 then becores

~13f - ._2__5_7_5’_14.:3'_“(5 (Lolﬁ Siw (ra + 9 CosG) + Q\l Vo = O

RIO 3 m Y
witich may ce rewrittien
2 . P . Pl 2 LY
9.Yp = L b+ 2 €737 wdma (W RS glup)
dY* RuIe 3 M7 ‘



To obtain an expression for the pressure distribution through the
film equation 3.4.4 can used. Since the film is assumed to be everywhere
3 W :
thin then 33';; can be neglected. The term -2w VeCoSP may be assumed
small compared with the centrifugal term w2 R CosF -g Sin/s and so

may be neglected in this instance. Then we have

(w RCOS{s SWF) 3.6.9

Integrating with respect to Y gives

P =9 (szCos(z —35:w[5> Y + CowsTANT
The pressure immediately above the film surface is Po, Jjust below the
surface the pressure is reduced by

TPy
o— ) R?'c)e ]

e

where % is the film thickness, and oo is the surface tension., Since kR éa)

3.6,10

is negligible, by the order of magnitude criterion, this equation,

3.6.10, reduces to Qé giving :-

Rz
P =P - o 3% 3,6.11
'E: AR

Then at the surface where Y =5 , and the pressure is given by the

above equation then we may write

P — —E—z'ji:,. = e (wifQCoSlG— 331,\;(3)6 + ConsTanT
ConstanT = Po — 0 X5 —-(-’((ozKCOS/s-:)S«M@S 3.6.12

R* 3o

For simplicity throughout this solution, let

LJ‘RCos(s - 93mwB = ay 3.6,13
'R Sm(a +3CoS{s = Uy -3.6.14
Equation 3.6.12 may be rewritten,
ConstanT = Fo- o 4 - QOV{’
R 30*
then P= QayyY + f - o J%5 -eay5

71




6.15

(.}

TP g (Y9 en- oS

Equation 3.6.15 is then tha pressure distribution through the {ilm.

bifferentiating the equation with respect to G produces,

P = - payds - o 2%
o0 006 R* Je°
then _lé__l_’ = - e_gy_é_é - 9‘ é__ﬁ 3‘“{.’.16
R3O R oF R3 5P
Subsiituting zquation 3.6.16 into equation 3,6.8 gives
¥Ve = | (aayas roo s\ 2 5161(AJSINF ax 3,6.17
éyl R 36 Rr3a6? S

Intezration of the above equation reguires,

Vo - 2___5_1_9_"@&:\1/1 ay — [ €0y 5 —*_Q:Qj_\] Y +Ao
SY ML 3 M R 30 g2>20Y

! , .
when, ¥ =95 Ve - o vhen the consiant iz g

Fio =1 25__ (._),Srm(jqx-—(eq,/é_\ '(‘Té/}ylé 3.5.13
»Ah3 M R A6 R*J36 |
Integratiag once wore gives,
: 2 2
Y wSuft ax - (eay 3t + o ¥4 Y
RERE R 36 & ae)| 2
+AsY + Ro 3.6.10
‘Vhen., Y = 07 Ve = O, then Bo= O 311602()
Substituling the constants, given by 7,6.13 and 3.6.20, into egnation
3.6.19 w2 have
|-z S ARV
Ve =1 -g_a ¢ w np ax (‘ _____ by 9% 4 0 ABY[YS-Y L 35,6021
M3 m R 36 fé’*\g})J )

In gereral Leoixms we now liave eguations for both Vy and Vo 1

given in eguations %.6.4 and 3.6.21 respectively.
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3.7 Continuity Rquation

We must now turn our attention to the question of continuity of

flow. Consider an elemental segment shown in figure 5.

: /
wh) it 5 b o

/»
cpT (m + £¥§;.dx)
Figure 5. nlemental segment in model surtacs.
. 4
o= [ o VkRdOdY 571
LX) 5 |
moo= J o Vo dXx dY 3.7.2

- Equating the energy transferred across the element

, )
do = _a_[Wthg +cp'r;l(Ts-'7')§] dx -

Ox o 7
+£Se[mp3+ cp m (Ts -?)chJe (
= k R dedx(%ji/)m |
Introducing 3.7.1 and 3.7.2 o
<%< (’)‘P { VxR d6 dY + ?C_P/- VXK\QJGAY@ )]dx

R3 6

7
+ 9 —thj j Ve dx dy + pey (V@d/cly(Tg ):]Rcm

. L]




= kﬁdedx(

J 3¢T+3

Rohsenow (42) showed that a linear temperature profile was an

°’l

3,8 Solution of the Equation

excellent approximation for most flows, confirmed by Koh, Sparrow and

Hartnett (86)

Simplifying equation 3.7.3 and introducing 3.8.1 together with the

equations for Vy and Vo 3.6.4 and 3.6.21 respectively, we have

g(- hpgﬁj(wx ¥ - y) y +9€P€feax(% _Z)AT(j _gg)dy]
2 {oh ___.2__5_21005w ax + pa o aé)yé -y \dY
S epji“(?’/ﬁ B ax QRyS\_e_+ R3ae{ ?)
e 5 \fys -y4f; -
e [ saetoseen e eorst c SR

%¢8.2

S kR,

Performing the integration within the brackets

5

3 3 4

Rax( Y5 -Y) + oiep Ra AT(Zél~l+_>’_

axl}‘h‘l‘l (_ Z ’ Q“EP " 2 3 & ¥,
24 5

2
3 3
hpe R ._L ; waa +0ayds +0 05\ y2 _y-
[P“‘ ,use P56 TFael T 1

° 5
+ eCPAT(_g_ﬁ_ (OSNPQX + QOyaS +2"é_3;/) (ﬁé'—z}_z} +y‘f‘)
3 M R 36 R\ 2 3 T 33
= k.R(o)_TJ
Y)y=0
hence
3
O | by Rax 3> + _z_cPaxﬁATé_J -+
X [€}f3 3 ?u 8
3
é_[_h 2 5w Swpax+ goy o8 +o ¥8) S
L] }JPS( 3 /ue eR Y R's 363 3
+ ()_EPAT(?:@_ USW{SGX +eayé-’> +0'e)3$>_f
M Spm R 06 %4638
= k k(.a_j) 3.8.3
3 Y/y=0

(% -7) = AT(1 - %) 3.8.1

g

T4
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Now R=X Sinﬁ and Clx=w2 R Sin/5 + &g CoslB

Performing the differentialion and simplifying

+ (X" S v gX GapSup) S by i
4 2 2 3 2,2
* | Tese @ Smpax il ay I 5w ot ayag)s
[9 M . 36 zfi 6" (e/ue')_9>
+ @ O‘SL‘%S +€_g;‘)j§:’> [hrj+§£eA_T]= k RAT
3u R> B4 MR?> 9p3 & o)
Rearranginglﬁge above equation we obtain
G (20 S 3GE) e T
/n X )
- 1o & wSwpax St 4 o ay 3% 54 eav(_é L
S m* R 3R m 007 RS 6
: 3.8.4
o 0% 5% 4 o 3% 5T = kKBl
suRe o | MR+ 560 TIEE L HE

"The dimensionless group cpAT/hfg signifivs the effect of sub-
cooling which occurs in tha condsnsate layer. The qu%ﬁhtity hfg is
replaced by (hfg + 0.375 cp AT) but the additional.term only becones
significant when dealing with ligquid metals. The value of 0.375 in the
formula can be replaced by 0.68 if a parabolic temperature profile is
assunmed instead of the linear one assumed here.

Formation of the non-dimensional equation

®quation 3.8.4 can be made dimensionless by defining the following

new variables

~

‘;:_é_ é =—B—e—‘- X =>_<_ _Cl_yz Smw
w Tl O 30

Tackling equation 3.8.4 term by term for simplification and introducing

the new variables gives :-

2 — — — 4. -
5_ Ei)_( _é_é_ = 525:11\1 e Uy snw éé (J_Clyz:/)jw = i&(}z_ayz_(ii
M X M o ax oX o QX

3 - — 2~
é_e Clz ié = 5-3513/” g _Qy Sumv &25 @2*)’-? = 535::/0 2_072'_9_2
3u° R §6° 7 O T-E 3o I8
3% pa, c)s) = 3w pay Saw (&__‘5‘)? payR = 5 55 z_ayl(éé\z
M R*\JB M Rio 6 Mo \36/



— - 4_—
53 _9__ é‘}-é__ = S Anw o ____é___ e Qy 5#1,)\1: 5 Sum RKe$ 3_‘)__-1_:)
3uR* ot 34 R+ J06*t o2 3 puo 0Bt
_-5:_2 é_s_‘,?éé = 325::;/\' ) (‘fé) .@_) QC\}' 5nm._ 3 Smn 207 i) o).é-
M R* Dg* A6 M RYa8Y/\086 pC S8°0B
jo 5% e"wSm[& ax 94 = __(_J_ Hq_N e Q)Suufi ax.d5 . (€ yziﬁﬂlﬂﬁ
9 m? R 96 3 M R 3B \‘eo-

5
= 10

2% S p- WS 2 35
2 &5 P_wSiwp_ax <qu) 23
3

e_s_f; (Ql(’oz&nlﬁ -+ S_E\(_S.F’) = -5—3 YN (3( (Q S”\)P €a‘/ $H,u3(gg?)

3 X O Ax
k AT 2 K.AT
AT\ = 3cp AT
ehps_/)(| + § PS) ehpsgsnw(l + g;ﬂ-
Re-combining the non-dimensional terms into 3.8.4 and rearranging by
S 1022
extracting the factor 3/2 o we ovbtain :-

Sam_ gay* ( 3°35 + 233 Swp o+ Sig(osﬁ‘:-f 33 as) .
\

3/“ o &)-E SHin e OLy 0)9
+3%3% 43333 H3 _/os*g_;s_(_e’?wswfmx T
6% 63 36 3 B M s) _

K AT
- e,"!pj {DMMU (l + %P AST 3.8.6

In equation 3.8.6 ihere are three main non-~dimensional groups. If the
constant multiplier on the lefthand side of the equation is taken across
to the other side we have a governing non-dimensional group which will
be given the symbol .A. and is defined by

A= K AT M o 3,8.7
}tps e% Clyz 5;15\) (l + 'B_Shps )

It is of major importanca because it embodies many of the system variables.

Two other groups which also appear in the equation are to be denoted by

L2 and @ + These are defined by

0= WSwe o '
Snw e qY )
a.nd @ - o) S N qQ .SMIM o '/Z 3.8.8
2 (o on o (5

It may be seen that for any values of ./\_ both {2 and @ may

then be calculated.
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Substituting these symbols for the non-dimensional groups in

equation 3.8.6 gives

—_ _ _ _ _ -— — —_— 2
33%% L 20% 4 gaspd’ + TRI2 4 33°(3E)
oe k3 g3 3 _ X Qx —5&__ ééz ae
+ 3% 4 33795 .25 _ 10 @5 - 3
5, S2% — 5 s2 s 3.8.9

In equationl 3.8,9 the term —5—3(2-0— +35.-§°-£) is one of special mention.
The reason being that throughout the proceeding computations the term
has been replaced simply by _0-33. In this particular analysis the term
is of relatively small importance compared with the other terms. The
non-dimensional term {2 is itself small order because it has as a multi-
plier Sinz,B with a denominator of a.yz. The other non-dimensional term
j%f’fsmay be neglected due to its dependence on changes in the *X?
direction which throughout this analysis have been considered as of
small order compared with the circumferential direction.

The effect of maxking the simplification of -Qggcauses an averages
reduction in the non-dimensional peak film thickness of less than 0.35’}5
and in the non-dimensional wavelength of less than 0.17%. For a more
fuller account of the above change see Appendix F.

It has already been assumed throughout the development and solution
of the previous equations that rates of change in the 'X' direction
were small. This being the case then we can say that

3 = CowsT. (1 +¢& ’i) 3,8,10
where € is a small number. Thus the differential with respect to X is

= E.-s_ 308-11

@IQ/
X

This is a major assumption because at this point we loose all
imformation about what will happen as we move in the X' direction.
What we are now saying is that for a small distance, governed by € ’
each side of a chosen value of radius there is no significant change in
the film thickness relationship which will now be solved for the 'Y!

and *©' directions. That is we have reduced our system {rom one of



to that of two. Corsequently, substituiing 3.8.11 ianto

LRI 353@:)2 + 3% .33
= 3 /A 3.8,12

Finally, if primes are used to signify differentiastion with respect to

© +1ihe eguaticen may be rewritbten

"™ L 3 A =33 . 3 (%) - 3:» 5

- 3% -—_& + 10 @55 3,8.1%
5

By baking Smin 28 the characteristic dimension of the filin thick-
ness, 1t is posaible te opecify completely the problem as sn Initial
value omeg. Twou ol thz initial values are obizinad frew congidepration

of eymnetry, nanely that the Tirst and third derivatives must be ze:xo

a2t be point of aindmom film thickness. A inird wes ihat, at mivnirmoa

film thieciness th2 ron~dimensional £ilw thickuess must bHe umity. Toarthly,

-t
.
0
-

that at the poirl of wipiawn £iln thickness the curvature vanishas,
the rate of change of curvabture ie zero, Frivten in our non-dimensional

rminology these inittial vealues become

z 7 i 2l
521, 5=0, =06, and 5 =0 3.8.14
Buploving tha inilial condiiions set ouvt above ihce eguat.on,

%.8.1%, was solvel wcrienlly using the J.5.1M. 5/3%360 Continucus System
Hodrlling Progran (0.3.6LP.) -(82), The progras was rao on on I,2.1.

350/6

N
-3
(o7
-
2
-
o
o5
L
[}
[
-
g
<
J
2

Onz of lhe initizl problens encountersd when using the modzliing
progra: was that on cach run the value of &€ had to o evaluatel
which pave a (utl cyclic condition, Aller eshavutive rvuns 1t was Toud

.

that over one half of a wavelength the eflect of not having a full



cyclic run was less than O.l% change in gma&' Typical curves for 3
against ® for two values of & are given in Tizure %0, Thase curves
show that although values of € are not crisical a methoed uvf evaluating
their size with varying conditions is necessuary. The method is Tully
described in Appendix C.

The analysis vproved that given a set of conditionc, cone speed,
cone angle and physical pecperties of the fluid; a certzin -~avelength
and corresponding ratio of peak film thickness to that of trouvgn film

thickress, Smaxy would be predicted.

3
=
=
[
5

rensicnless parsmeters Jl ® awd (L occcur in the
governing equation 3.3.13 and their nominal vslue must be knowr beflore
a namerical solulion is attempted. The quantity J\. i1as a greater
influsnce on the solubtion than @ and f which cau he calculated
from it. 1t is difficult to put an exact irlerpretistion on A boozvce
it is a frnekion of virtually all the variableg involved in condensation
on rotating surfaces. It is related to the encrgy leval by the condensats
film temperaiurz difference, to a valance of inerti: forces Ly the
aceceleration in thé Y dirzction anid surface tension and also to the
surf'ace configuration b7 the minimwa film thickness, that is the film
thickness in th= irough. Tha physical properties of the condenzate also
havs = ceriein anount of iaflusnce in defermining A,

The cuesniity ® is not such a poweriul term hecause by substitutiug

/, PR T T
for 4 pip wo cbiain \ l
- -
. 5 7 g
[ W Ux_ gl’J"l{ k AT o G)’}
2. 1 (0 g oy mes o [y 8~
ay \ () 40-5749}_‘_1)-1:3 Al AP/
’
g
which shoss Shat 3t 1= oaly lependent cn A fc the powar 0.2. It is a
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gquantity which qualifies the Cériolis term in the governing equation

and it may thus he zaid that tha effect of Coriolis will not be great,
The final parameter {2 is derived from the tere in the general equation
concerned with the reciproral of the non-dimensional film thickness
alone. for our slenler ccnes the numerical vzlue is small because Sinzia
is of small valuz. Compared with _A. it is negligible but included for
completeness,

The runge of Jﬁ. investigated was 0.02 to 10.0. This range was
chosen because it covers the values of wavelength and film thickness
found in practice. The maximum practical value of & , which occurred
at low rotational speod was found to be 0.0f. The working range examined
was 0.0 to 0.07. The solution of couwation 3.3.13 for iho above range
of A and ® was verformed on an I,3.#. computer using the C.5.ii.T.
packzges A full description of this progrun aud iis opsration is given
in Appendix D. The raesults of these computations are shown in Figures
6. and 7. Figure 6. shows the variation of dimensionless half wave-
length with _A. and ©® , and Tigure 7. the variation of dimensioniess
film thickness, the ratic of peak [ilm thickness to that at the bottom
of a trowgh.

Data presented in figure 6. reveals that a family of curves exists
Tor thz rclatlonship between Ji and non-dimensional hall wavelength,
with verying (0 . 4 limibt of stability exists for the prediction of

ridge iype waves. Garerally as the parameter ® becomes smzller, which

.

is detarmined mainly wy the acceleration in the Y direciion, ays

rad, the greastesr the runge of Jl for ridge like waves 1o exisi. 1t

squai
is not vosvible for ridgs type waves 1o be formed when @ is greater

thar 0.071. This limiting value is dependenti on many faclors bui as

menticred chove the most importaut being the acceleration in the ¥

divection. 4 Coctor involved i *his pavametbter is tne ratio of the

8l



10:0-

<0 1

2.0 1

S 2- zAaMO N

5
§

AMA4MIDAH>O

e
~

Ol

0.05

0,0t

®@=040

/®=o.o|

p © =0.00

A:0.06

T ¥

L.O

Ficure 7.

2.0 3.0 49 SL 6D 70 1090 GO 20,0 30,0

5rmx, A/Of_l—DIHE'JSIOM AL Fiem THICKVESS —F

Variation Oe Now-Dinensiwonhi Fiom THickNESS WITH _/'\-.

N



acceleration ir. the Y direcction to that in the X dirsciion, ay/ax,
which will be used latzar as a variacle lor distinguishing the liciwcs
for which curtain type and ridge like regimes coatinue, and the point
at which drops commence leaving the ridge peaks.
The relatiornshin between _ﬁL and the non-dimensionsl Tilm thickness,

éﬂﬂx' is an almosl linear one on a log-log scale. Ths effect of in-
creasing JA, is one of increasing the ratio of the peal. fil. 1 thickness
to that of trough film thickness, gmax' from figure 7. wa can see that
increase of J\_ 21so increases the ratio Zﬁaxb The length of the lines,
for varying ®, show the limits of qA. For which tine ridge 1ike waves
will be predictad.

The quantity Jﬂ. is very =ensitive to changes in the mivinmwe, or
trough, Tilm thicknesz. This mears lhat to calculate .jk an accurate

pa

measursaent of ﬁmin would be necessary. 1t iz difficult to dvarn any

divect conclusions from figures 6 and 7 because the affect of eazh
variable is very complex and impossible to analyse singly.

Finally little mention has been made of the quantity £ olber

)

oy 3 -

L= tg] [=1%

.
-t

than to say it was of small importance. A chack was made by

it in one computzr ruan with the result thal no change occurrsd in the

non-dimensional half wavelength and less than O0.1% change in 4§,

Valuss of {1 considered ranged from 2.0005 toc 0.0016,






4.1 Apparatus,

The rig has been fully described in both Robson's thesis (68)
and Howe's work {(67,69). It consists essentially of a steel pressurs
vassel, whnich has seven observation ports, capable of withstanding dry
saturated steam at a working pressure of 13.8 bar. The cone under test
was mounted on a base plate inside the vessel. T'he base plate was
connected to a hollow main shaft supported rigidly in two main bearings
s0lidly earthed to <the pressure vessel body. 4 mecharical seal was
necegsary at the peint where the main shaft enlers the pressure vessel,
the seal was lubricated and cooled by having a constant flow of water
supplied at a pressure one or two har above the vessel working pressure.
The m2in shalt was bell driven, at spzeds varying totween 50 to 2000
T«PeMo, by an 11,5 kw direct cvrrent motor. The latter being contrclled
by a 450-440 volt, % phase, 90 Hz., thyristor fired vridge iecwifier
cirsuit. The general arrangement drawing is shown in figure 8.

The inner surface of the cone was cooled by watav pumped {rom a

closed loop civcuit, indroduced through a czntral pipe and Linally swrayed

onto the surface. The control on the spray unit, consisdng ¢ a gabe
valve on the line %o eacl section of the spray unit, allowed four the
regulation of the surface temperature over the inmmer surface. Ideally
&t isothermal inner surface was the aim during tests.

The stenm was supplied by a Clayton steum generator which is oil
fired and fully =utomatic; capnble of produeing 1430 kg/hr at pressures
ranging from % to 13 bar. The supply to the rig was via a regulating
valve, the beller was set to produce steam 2t 10 bar and the regui-
ating valve adjuste? to provide the required test pressure. Steam

guality could »2 checked using a throttiing and separating calorimeter.

[¢]

A d2-suparhaating section vias providsd since aflter pasaage through the

B4
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regulating valve the throttling action produced super-heated steoanm and
dry saturated stsam was nezded for experiments, The stezm was intro-
duced inlo the vessel by a distribution pips around the basge of the .
vegsel.

The experimental body consistéd of 10°, 20° and 150% conical
surfaces, the main body wasg made up of the first twe conical surfaces
each having a2 truncated working length of 0,2 m and misor ! ameters of
0.49% m and 0.53 m respectively. figure 9. shows the gensral arrange-
ment of the coneg. The wall thickness of voth cones was 0.0172 m. Tha
outer surface of the body was divided into three parts by two throwing
rings, these prevented the condensate formed orn on2 running down and
interfaring with the othar svrfaces. Tha 1500

)

conical surface; not

()

instirumented for this invastigation, huad a working leagoh of 0.2 w

and wags 0.017% m thick. 4 diaphron Titted to the top of 10° truncated

LS

cone prevented cooling watzr reaching the 150o svriface, thus minimising
unwanted condensate.

Cooling water was rermcved from inside the bhody by =2ocps on the
stationary inner supply pipe; the annulus betwsan the lather and the
main shaft acted 2s Lhe drainaze path. Condencsut2 removal was via drainage
pipes in the base of the vessel, taken to an auwxilavy condenser wocking
at a vaccum and finally through a measuring tank inte the make up leed-

water to the boiler. A line diagram of the system is shown in figure 10.

4.2 Instrurentation,

4.2,1 Mlm thicknous measursment.

A review of methods capable of measuring liquid film thiclness,

detailed in Appendir A. indicated that twe methods wera possibly suit—

able sor {his epplication. Those were
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(i) the measurcment of elecirical conductiviiy in the fluid Ffilm.
(i1} direct ohservation by means of a probe, adjusted until it
contactad the peaks of the waves on ths rfilm surrTace.
The ferirer of course if successiul could give much more information than
the latter. A detailed account oi the conductivity dapendent rneasuring
device design g calibration is given in Appendix B. The design critoria
were that the gauge must be sensilive enough to be able fto
(i} weasurs filz thickness to a minimum of 1 x 10"5 ",
(ii) resolve wavelength to a minimum of 3 x lO'--5 Me
The system chosen was such that it gave a contiruous output depend-
ent o the rasistance, or conductance, of the laver of finié covering
the olectrode. The output was monitored directly on an oscilioscope or
a perzatart copy coull be obtained by recording on an Ulira-vollet (U.V.)

chart rccorder. Prom the U.V.recording the marimum and minimrm film

\

thickness could be obtained via the calibration chart and wuve crest
velocity ccﬁld be found if timing marks wers made on the chart recording.

The point wethod is basically described in Appendix A. The type
of consiruction required for thig application wus more corpl icated
beczuse the test body wus situated in s steam enviroment, its surface
separated by a distance of 0.6 m from the nearest useful observation
Tort and it was capable of being rotated at speeds ur to 1400 r.p.m.
Thus the parlicular design criferia were

(i) a traversing mechanism with a measuring system
(ii) a sealinz system 1o prevent steam loss

(iii) suitably strong vrohe capable of electrical contact with

o

the film surfoce but insulated form the stecem atmosphere.
The first requiremcnt was uwet by utilising part of the conductivity
device calibration equipment for the traversing and measuring mechaonism.

The proYe was constructed of mild stesl having a lapering X' cross-



section which plugged into the former mechanism. Insulation of the probe
was elfected by using a silica rubber potting compound suitably aged
and hardened to withstand the high stcam lempsratures.

The circuil employed to monitor contact with the film surface and
the cone surlace is shown in figure 11. The signal source chosen
provided a 1000 Hz, 2 volt peak to peak outpuv, the same one as used
in the conduecivity devies ca':bration. The two positions of the switch
were included for sensiiivity. It is necessary to avoid direct contact
to earth, which could cause a short circuit and posszible destruction
of some of the more sensitive components; when sensing the position of
the cone surface which acts as a reference level. On iha other hand the
current flow when the probe was in contact with the condensate was of
the crder of 100 micro-ampere, so thet one ciccuit could not be vaed
for the same operation., A digital mulitimeter was cuploysd as lhe sensing
element, the probe was traversed towards the condenszate surface until
contsct occurred, Immediately a current of magnitude depending on the

ially 2 smal

o
o

£ilm thiciness flowed in the circuit. Thers was ini

___—L

[

U W T
Toe Insulator

reading of 2 or 3 micro-amperas, due to lesksgz szlons
surface, but this wag insufficienl to interfere with the observaticn
of the pointl of contact. #hen the body was stationary and the sensing
switch in position 2 the probs was traversed again uniil contact was
obtained., The difrference hatween the two pozitions vas the peak film
thicknassg.,

The wshole mechanism was mounted on ihe test rig by bolting to one
of the nozzle blanks. By using the observation poris on each side of
the vessel bhoth 10° and 20° zurfaces could be monitored. Rotation of
the biank allowed measurements to be made atbt different distances down
the cone gzenerater line,

The accuracy of thc measurement relied on ihe cone rotating 1rue




on its central axis and very little vearing wear. These two were sub-
sequently found toc te suspect and measuring techniques had te he ve-

considered, the changes necessary are documented in section 4.3.

4.22 Installation and testing of film thickness measuring equipment.

The size and construction of ithe film thickness measuring gauge

Bt

is given in Appendix B. The mzthod of fixing the gouges into the surface

o)

was one of extreme importance. The measurement of the film conductance
depends on line contact of the insulation with the cone surface. This
w25 accownlished by miiling holes into the cone surface to hold the
gauge and also drilling small holes through the cone wall for the lead
out wires. The gsvuge was held in the surface of ths cone by ihe insulator
being a light Forve fit into the holes in the surface and an sdhegsive
which was pourad into the holes first. The metallic surface of the cone
was prepared for the application of the adhesive by degreasing thocoughly
and than etching for 30 seconds in an ammonium persulphate solution, 1
part of the latter to 4 varts by weight of water. The surisce was rinsed
with distilled water and then dried in an air stream at QOOCn The gauge
once set in the surface was Ffiled almost flush with the surface and
finally brought flush with the surface with wet and dry emery cloth.
The muwber ol measuring points chosen was eight. The orientation
of these Zauges is shown in figure 13. Four measuring points on each of
10° and 20° coney was thought to be sufricient to fully describe the
surface profile. Too many gauges may weaken the conz and slso the
mumber of slipeings required to carry the siznals out was limited.
Tnitisl tezts of the film thickness measuring gauges were carried

oul in coarjunction with tests mads by Bowe (75). To begin with some

. . . . . )
contuninabtion in the oyoteow cavsad dropwise condensation. ring the

process of dropwise condsnsation all gauges showed 1hat ro liouid £ilnm
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was present or at least so thin as 4o be undatectable by the techniqus
in use. ¥h:n the central elasctrads made contact instantaneously with a

drop running down the surface a reading

oy

the current was pocsibvle,
This'reading showad that the gauges were fuanctioning. It was only when
the cone had run on a number of occasions that true filmwise condensation
was observed. Unce filmwise condensation was :ully established further
tests were conducted. Th.se -riowed that of the original eight gauges
only four were reading correctly. The undulating character of the sur-
face Tfilm was clearly shown by the signal from these Ffour gauges on the
oscilloscope. The latter was found more convenient during preliminary
tests than the U.V. racorder.

Owing to the fact that YMowe (69) needed many more results for his

hea’t transler work further tests wers dizcontinued. . Hz-conmencenent of

{2

tests aftar some 60 hours condensation showed 1b=t only one geugoe
remained in working order. This cventually proved faulty because it
would only function under no-load, on the introduction of sieaw and
rotation of the cone the gauvge 'shorted® to earth othsr than hy the
condansate film aione.

Anelysis revealed that all gauges failed for the same reason, tha
formation of a path to earth other than through the {ilm alons. Further
checks revealed that some of the thormo-couples nad also open-circuited
and some 2ad even lifted fron the grooves in which they had bzen held.
It was coicluded that the athesive had broksn down urder high temper-
ature and stress, Communication with S.I.3.A. (71) disclosed that epoxy

reszin adhesives age hardened 2zt high temperature and brittlaness was

.
=S

2vitabla. Brittlencss was accelerated by thick adhesive layers and
evan mora by the addition of high stress. Thus the line contaci arcund
the pavgae, which gave the jaucs its particular fconutant?; could not

te

be held. The extra parallel earth paths have the effect of decreasing
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the apparent resistance and hance the current flow in the circuit is
increased, A further earth path was unfortunately introduced due to
adhesive Tailure because at a breakage point the insulation on the
copper output wires could be damaged. Thus the conductivity measuring
gauges had to be discarded aud the point mzthod adopted to make all
film thickness weasurenments.

fhen testing the pointi method further ccaplications werzs encount-
ered. Somg wear was detected in the main bearings causing the cone to
run out of trus, This wear was considered appreciable since measurements
with a dial test indicator showed that movement was of the same order
as the Film thickness. The 10° cone movement was 0.0002 m compared with
the film thickness which was estimated to be of ihe order 0.0001 m. The
sbove test also showsdl thal, as well as the movement in the besaring,
tha coune was not ruaning true on its axis, figure 12, This ceoupled with
the {hermo-couple failures resulted in a major overhaul ol the rig

having to ba carried out.

4.2.3 Tempuratvre measursment.

The measuremert of temperaturs throughout the rig was by copper-

n

constantan thermo~couples. The thermo-couples were construclad from

(.3155 mm diameter copper and constantan wircs, both double glass fibre
wrapped =nd varnished, bcound together with glass fibre draid and

varnished. The insulaiion was capable of withstanding temperatures u

IL-s

to 20000. The Jjunction was formed by twisting together a short length
of the %wo wires ard soldering. The outer surface temperature wasg
neasured by thermo~couples held in grooves machined in ths surface.
Thega grooves were miachined 0.5 v wide but widened slightly to just

accept one conduchor plus insulationy their depth was made equal to

twice their width. Thic peoccdure ensured winimum adhesive thickneszs
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whichwas of prime importancs. The thermo-couples were placed in an iso-
thermal region, this meant that the grooves were made at least 0.05 m
in length before the thermo-ccuples were passed through a 1 mm hole to
the inside surface. The adhesives used to fix the thermo-couples was
Bostik 1160, an alcohol based product which naeded drying for 1 hour
at 27°C and curing for 20 minutes at 140% to attain maximum strength.

The arrangement of the thermo-couples, nine on the 10° cone
surface and tan on the 20° cone surface are shown in figure 13. The
thermo-couples on the outer surfaces all pass through the wall and are
taken up the inside wall of the cones, throuzh the smsall hollow shaft
to the slipring unit. There are eleven thermo-couples aitached to the
inner cone surfaces, {ive on each of the 10° and 20° surfaces and one
at the junction of the iwo. The junctions were scldered tc the body
wall then the leads ware adhered i it belora bzing taken through
the small shalt to ths slipriug unii. The thazriio-couples were connected
to two slipring unity, one a 40 way vnit ihe othsr a 12 woy unit. The
latter wvac the one intinded for use with the conductiviily messuring
gauges. One cone surface was Tully insirumented at any one time bvecause
there were not sufficient sliprings to carry all the lhermo-couples,
The thermo-couples were then taken to a switch unit. This was a break
before maks vnit which connectz2d each thermo-couple in turn iato the
mzasuring circuit. A line diagram is given in figure 1l4. The output
fror a thermn-couple was measurcd with a sengitive digital voltmeter,
a cold junction was provided by a mixture of ice and water at atmos-
pheric pressure, the temperature attained. was 0% o ++°C.

The other temperatures measured were

{i) the surrounding air tempzrature, Two metheds were used to

'
obtain this tewmpzrature

(a)a thermo-couple comectadi through tha large slipring unit
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- reading the temperature of the air close to the imput
terminzls of the large slipring unit,
(b)a therimo-couple sitvated close to the imput terminals of
the large slipring unit.

(ii) the pressure vessel wall temperature using a2 thermo-couple
attacked io one of the obgervation port flangss.,

(iii) the steam saturaiion tempesralure by a thermo-couple protruding
into the steam space.

(iv) the inlet and outlel cooling water temperatures. The latter
was obtained from an average of four thermo-couples attached
to the inmer and outar portions of the scoops.

(v) +the temperatures at the imput and output termninals of the
large and small slipring units.

The readings of the temperatures at the imput aud oulpui terminals,

plus the two surrounding air temperatures were nacessary bacause it was

noticed that surface temperature readings through the slipring units

became depressed at high spsed runs. An absolute temperature was important

bacause the accuracy of the tewperature difference across the [ilm
governs the accuracy of the h=at transfer coefficients. The depression
of the readings through the slipring unit was caused by a difference
of temperature al the constantan-silver junctions, at imput =sad ocutput
terminals, which introduced a secondary e.m.f. By measuring the imput

and outvut terminal teaperatures and apnlying the following procedure

derived by Benedict (72) the secondary e.m.f. could be corrected. The
difforence in the imput and output terminal temperatures was computed,

If the imput terminal temperature of the slipring unit was ilhe higher
of the two then the computed temperature difference was added to the
cone surface temperatures. A chack on this correction could be made by

obgerving the two rexdings of surrounding air temwperature.

98
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The thermo-couples were calibrated in an oil bath and a calibralicn
chart drawn up. This calibration chart showed thal all the thermo-
N - .. . .
couples were within <19 of the Standard Calivration for copper-constantan

Junctions, as given in B.S. 1828-1961,

4.2.4 Pressure measurenunt.

Prassure measurements were made using standard calibralted bourdon
gaures. The accuracy with which this type ol iustrument can be read

depends on ‘the range of pressure measured. The gauges used on the rig

N

werg a O to 7 bar and a 0 to 20 bar, having reading accuracies of 0.0
and +0,l bar respectively. Tne calibration cf' the gauges can be chacked

a2t intervals on a dead weight testing wachine.

4.2.5 PFlow measuremgent,

''he coolirng water flowrate was measvred by a ccormmercially
availatle instrument called a fPottermeter' installed in ths iuwput line.
This instrument depends in principle on the moasuremeﬂﬁ of the number
of rolations of a propellor placed in the path of the inficw. By
allowing each blade of the propellor to pass through a magnetic field
a series of pulses were produced. These pulses were counted by a
qrgital totaliser. It was necessary to use a stopwatich to obtzin a

tine averaged pulse counte The 'Pottarmster' had alresdy been cali-

bratad al the factory and a 'conslaat factor' given, this was

N

110,21%,195 pulses per m”,
The dagign Mlowrate was 1 to 23 m3/s with a quoted accuracy of

£0.55. Averaging tire pulse count over the fifleen minute test reduces

the inuccuracy in starting and stopping the stopwatch and totaliser

gimm)tengously to a minimum.

Total condensate flowrate meusurement during an experimenial period,



including thai from hoth stationary and rotating parts, could bs
performed via a measuriug tank through which all condensate passed
whilst being returrnied to the boiler feadwatzr hotw2ll. This was carried
out by timing the amount ol condensate collected in the tank over the
fifteen minute period.

A more accurate method of individual condensate measuremant for
each conical surface would have besn invaluable, however, such a system
impaded the flow of stzam and obscured the condensate surlace. The
latter was particularily cbjectionable hecause tho condensate flow

pattern could rnoi bhe ohserved.

4.2.6 Photography.

Ubsarvation of tho condensate surface was carried out by two
methods. Firstly to ascertain thes general behaviour of lhe condengate
film a stroboscope was used. The stroboscope was particularily useful
for detecting whether a complete filwm existed. ¢hen the flash rate of
the strobowcops coincides with the rotation rate of the core, suzeessive
observatiors of the sama area of condensate surface can bs mude.

A permanent record of the surface profile was obtained in the form
of a vhotograph. The camers euploysd was of monorail construction, this
allowed maximwmn use to be made of its robusthess to withstand the high
teuperature operation ir the filming position, It also permitted a
variety of lensss to be used so that focussing over 2 range of dizt-
ances was posaible. A Turther advantage was that the camera could
accept rhotographic plates. The plates used,were 100 x 125 mm, Ilford
H.P.4, gave minimum distoriion during exposure and the enlarging
proceszs.,

To enable measuremnent: 1o ba oblaired Ffrom ths plales it was

neceasary Lo align the camera and lighting source sco that a satizfaciory

ot
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phoiograph could ve taken perpsndicular to the cone gemnerator line. This
was & Ailriecult task nscause ihe porting arrangements had not been
designed for thie procedure. After many irial lighting and camera posi-
tions the arrangsments shown in figure 19, were adopted. Two positions
wara nocescary becanse the camera must be set perpendicular to the cone
generator linz. The most difficult problem encountzred was to produce
a directional light scurcez oi suflicient intensity and short dvration,
The lignt source chosen was a 2 micro-sscond, single flash unit of 40
joules outputl. An open flash technigue was adopted, this consisted of
blacking out all the vessel windows, the camera shutter was then fully
ovenad anl the flash unit trigoored.

The above lechnique was found satisfactory if the camera shulter
was zet at £5.6 and the plates subszquently devaeloped For ten minuvtes
in & high asctivity develcopzr, in this csse Ilford Microphan.

The photozraph, in figure 16., shows the generszl layout of the
various components already mentioned. The d4irfficulty involved with
the actual orientatiorn of the flash unit and camera, with reisrencs
to the porting zrrangements, is demonstrated. As well as tlis ccampli-
cated ontside arrangement the inside curflace of the port nozzle was

lined with aluminiua toil to reflect light tc the point of interecst.

Alsc showi are the pogitions of the temperature mesasuring equipment.




4.3 Preliminary test runs.

After the major overhanl preliminary test runs were necessary
for four reasons, these are
(i) to check that all the thermo-couples were functioning correctly.
(ii) to practise using the film thicknsss measuring technique. This
consisted of bringing the probe up to the condensate surfacs,
vhilst the cone was rotating and when contact was made a
reading on the micrometer was taken. The high spots, which
were apparent on the conical surfaces, were clearly marked so
| that whan the cone was stationary these points could ve bdrought
baneath th: probe. At this position the probs was then moved
up to the surface. Jhen coutact occurred another reading was
taken., The difference between ihs two readings wzs the pean
Film thicknesc. This procedure was repeated several times wilh
reasonable consistency.
to obtain a consistent surface condition. This is essential
in orier to compare the condensate surface profiles. In
practical conditions no treatmant is given to ths conpornent
surfaces, Once an oxide laysr has foruwed then this will be
the normal running condition. ¥ith the test body certain
contaminants in the oxide layer required removal by wet and
dry paper. 1f cleaning in this manner was required Prequcntly/
ab sach cleaning a fresh oxide lay=r would have to be Fforned,
Thus these preliminary runs produced cone surfacs conditions
which could be practically representative.
to produce rilmwise condensation. Previous workers had found
that contamination cavsed dropwise condensation during iniiial
runs, Thic was found to be the case again. After the cleaning

of the cone surface wiih wet and drey paper as above flimwise
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~ coniensation was obgsrvad alt the beginning of the test run,
however, after ten nminuies contamination had caused dropwisea
condensation. Jhen the test was completed and the vessel had
cooled down sufiiciently one of the port observation glasses
was removed and the teat body comvletely soaked in a
detergsnt called Decon T5. It took four such scakings to

obtain a satisfactory film.

4.4 Test procedure.

Before commencing a lest run a series of pre-run checks were made.
Firstly one of thz port glasses hud 1o be rcemoved and the test body
sprayed with water 10 engure a Tully wettable surrace. At ihe sane tiune
all the observation por£ glasses used Tor inapection and photograpLy
were cleaned by spraying with water. The port glass was replaced and
all the black out conditions checked. The camera and flash unit ware
checked for alignment. Once placed in one of the two positions for
observing the condensate film care was exercised not 4o disturb the
system so that all negatives and prints would oe directly comparable
and no gesometrical corrections would be necessary. The focussing of
the caucra was performed only once and a check made at the baginning
of each test.

At the sawme time as ih2 above were being performed the Claryton
boiler, which took about fifteen minutes to tve fuily operational, was

flashed up. After the pre-run checks the following procedures were

&

17

carried out on the test apparatus., Both the cooling water slop valve
and drain valve w2are cpened and the water pump started, and cooling
water was supplied Lo the inner surface of the cone by opening the

alve at the dietribuvion wanifold. 'Tha pressurised water sunply
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to th2 mechanical seal was adjusted to 0.5 ms/h. The cooling air was
supplied to tha slipring units and the motor control unit switched on,
edjusting the latter to ovtain the desired rotational speed. The blow-
off valve and the vessel drain valve were opened before the introduetion
of the steam. This was necessary to assist air purging. Whan the Clayton
boiler was fully operational stesmn was admitted to the vessel threough
the regulating valve. The blow-oT{ valve was leflt open for about five
minutes 2ut the drain valve was closed after about one minute. #han the
blow~off valve was closed the steam pressure was slowly raised to tﬁe
test pressure. Once the test pressure had besn attained the blow-off

and drain valves were azain opened to purgs the system. The valves

[

wera then closed and the system allowed to setlble down for severa
minutes,

Adjustment of the individuzl distribution wmanifold valves was then
carried out to obtain as vniform an inner surface temveralurc as
pogsible, This was done for the initial test only, and the rate of "low
of the cooling water was not varied Cor the remaining iesis. 1t was
found that the inrer surface temperature of {the cone could not be varied
very much, the o3jective could only be to make this temperaturas the sane
at all points.

Thz condensatz was allowed to build up in the well of the vessel
to a pre-determined level znd the condensate drain valve was than
adjusted to mainitain this level. The rotational specd and the pressure
were checked and if necessary adjustzsd to the test values. These test
conditions were maintained for ten to fifteen minutes to enzbls the
temperatures of the con2 and prassure vessel to hecome steady. The

A
i

steam blow-of{ valve was opened for ten seconds wnilst cobeerving the

thermo-couple e.n.f. readings in order to check For tho prasz ence of

a
&

non~condansables prior to a test run,
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The measured quauntities during one particular iest run consisted

(i) pressure and saturation tesperature, checked at regular
intervals,

(ii) cooling water flowrate, timed over ten to fifteen minute
intervals.,

(i3ii) spe=2d of rotation cuecked at repular intervals.

(iv) point temperature readings from the inner and outer surfaces
of the cone. Plus; impul and output slipring unit terminal
teuperatures, cooling water inlet and outlet temperatures.
These werz read at the beginning and finish of each test run.

(v} peak [ilm thickness measurement, readings takan twice during
each lest run,

{(vi) a still phologravh taken after the surface had been illumin-
ated with a stroboscope to ensure filmwise condensation
existed,

Por one pressure sebting a series of rolational speeds werce chozen

when each of' the obscrvations (iv) to (vi) were made for each speed.

4.5 Resultx,

4.5.1 Linits of exparimenial tests,

Ths parameter A developel in the theorctical analysis contain:

(O]

the independent variables condensate tamperature differsnce and the
acceleration in the Y direction. The rangs of teuperature differencs
is caterel for by increase in pressure which ie directly related to the
inerease in energy transfer. The pressure range chosen was 1.5, 2, 2.5,
% and A bir abzolute.

The =

na2d ol rotation of tha cones was varied vetween 120 ani

hy



A0 repean. for the 10° included angled ccne and 200 10 600 r.p.m. for
the 20° included angled cone. The range of values of the accelerstion
in the Y direction are €0 to 350 and 110 to 1000 m/s2 for the 10° and
20° cones respectively. The spe=ed rangs was varied by 50 r.p.m. up to
400 and 6092 r.p.m. respectively for each or the five prassurss quoted.

The {ilm thickness measursments were perlormed at a point mid-way
betweer. the maximum and rininun diameters of each test section. 4
namber of tests were carried out on thz 10° ircluded angle cone with *the
probe re-positioned 0.1%25 m down the cone generator line.

The character and geometry of the condensate film ware observed
photographically for each set of experimental conditions. A careful
check was nacessary to ensure that the photographic record in cach
condition wasg correctly identified. From the photcgraphic negative
plate: the wavelength and the angle formed by a ridge and the genzrator
line were measured. Prints were taken from certain negatives to display
tha patterns of the condensate layer with changes of rotational spaad

and gteam

-

iressure. The extent of lhe surface which the photcgraphs

cover ars shown in Tigure 9. by the dotltsd lines.

4.95.2 easursments from photogravhic negative plates.

The measurements were made from the negative plates by holding
each in the enlargar and projecting an image onto a sheet of white
paper. Th: ridge pattern, at ithe same position as the Tibm thickness
measurenants were mada,was carefully marked. The distance batwean a
series of peaks or ridges was then measuraed with a travelliag micrc-
scope, for the larger wavelengths it was satiefactory 1o confine the
measurcme 1t to three successiva peaks, but for short wavelengths a

batter rasult could he cbtained by measuring over 31ix succassive peake,

The erlargemsul faclor was calculated Yy identifying two thermo-counls
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grooves and dividing the massuremeni taken from tha enlargement by the
measuremzny made dircvcetly from those situsted on the cone surface

The ridge angle was found hy marking the full ridge onto a sheot
of white paper using the image cast by the enlarger and a flexible
'French! curve to follow the profile. The sheet of paper was transferred
to a table which had a vernier measuring scaie giving a reading accuracy
of 16 minites of arc. The pri..cipal inaccuracies in this kind of meas-
urznent are introduced from errors in aligning the tangent to the curve
with the cross-wires a3 observed through the magnifying eyepiece of the
instrument.

A1l measurements were made from ridges as near as possible to the

roint where the normal to the surface coincidas with the direction of
observabicn., Ir this position arrors due to the surflace curvature of
the conz are minimal. The largest wavalength mezasured was 0.0068 m.
Then the differance betwz2en the length measursd, the chord length of
0.0204 m, and the surface arc lengtn which is 0.02048% m is less than
0.%s erros., The positioning of tihe peaks and sudssquent meacursnent
could be eztimated to Ve “0.0005 m over the 0.024 -1 section, &
percentage errov of %2.5..

The experimental results are givan in Tables 1. and 2. for 10° and

20° cone surfaces respactively.

4.6 3rror analvsis.

Some of the errors in the experimenial work have already tcen
mentioned, for example those in ridge angle and wavelenglh measurensnts
and those in individual instruanentz. Othier measurements which will pe
veed in the discussion secition are condensate film and wall temperaturs

difravences ond film thickness. The wost serious grror occurring ia ihe
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cone surface temperatura is the uncertairity of the position of the
thermo-couple junction in tha groove. Howe (69) used an electrical
analogue and found that if the thermo-coupla junction was at the bottom
of a groove a 29K, par 100°K temperature difference across the wall,
error aas possible. Also becauvuse the slipring terminals could not be
kept at the ga.: temperature an error in eslimating the secondary e.m.f.
correction of 19K can occur. An average wall temperature difference of

60%K was attained throughout most tests. Thus, allowing a further tLﬁ

for thermo-couple calibration error, a percentage error of i4.5ﬁ results,

The temperature differences measured for the corndensate film varied

between 9 and 22°K, then the percentage error must also vary. At 9%

an error of 28 can occur whereas at 22%K this is reduced to *125. The

latter inciude an allowance of ¥0.19% in steam temperaturs mausurement.
Values caleulated in the dircussion include energy par unit aces

transferred through the wall and neat transfer coefficients. The Former

is given by Pourier conduction through the cone wall

G = - k_A.?_w
5w

The thermal conductivity of the cone materizl was found experimentally
by Howe..The ma2thod employed was to calculate the resistivity of a
sample of material made when the cone was being cast. The resistivity
curvesz ware calceulated whilst the sample was held in an oil bath whicen
allowed the temperature dependcncy to be found. The equation for the
thermzl condustivity of copper alloys is given in a paper (84) by

Powell in the form

| -
Kt~01°tl‘+02
. a L
where oy = electrical conductivity of the metal 7
T = absolule temperaturs
n - 8 2

N wae /K

~ 7
Ll = LD X




111

Typical derivaticn of therma) conductivity for the material can be
taken as 1.

leasurements were difficull on the conc wall metal thickness because
of its curved profile and also the depth of the Fface. for this reason

an error in the wall thickness of %1% must be tolerated.

'y

The error in the calculated quantities may now be estimated., For

e

any quantity X, which is a function of several variables a,b,c 2+ ,n

)

i.e. X = £f{a,bycy*+c++,n)
then the maximum possible error is given by

aAX = %< 3X. n.4n

X max dn X n
all terms in th2 summation being given the same sign. Then tha sum of
the component errors ig ihe error in the quantity under coasideratiocn.
Tre error in the energy transfer per unil arsa, q, bacomes +10:%%. The
heat transfer coefficient is given by
h = q/4ATr

The error in ATy has already been calculated to be %28, when AfTf is
9% and #1225 whan AT is 22%. Thus the two errcrs in the heoat transiav
coefficient when AT, is 99K and 22°K are %38.5, and £22.5% vespectively.

However a more realislic estimation of errors can be obtained by

calculating the root mean square values. Tha root mecan sgquare error is

&)

Substituting the errors of each of the componenis; thermal conductivity,

given by

() - (3

¥
tenperature difference and wall thickness into the above form results
in an expected ecrror of %75 in the heat flux. The errors in the heat
transfer coafficient Lecoms £295 and %144 when the condensate Tilm

temperature difference is 9% and 229 raspectively.

Fxt

ilm triclness moasurerneants were made using an accurate micromeler



vhich mliowed an absolute error of 40,0025 mm. However, during re-
assembly of the rig the main bearings showed some play, of the order
0.025 mn. Thus the worst possible error in the reading for peak film
thickness could be i}?%. When the system was rotating some cf the play
would he taken up and a much smaller error incurred. Tests with VWayne-
Kerr capacitance measuring equipment confirmed that a more realistic
error would be ilO%. A systematic error of 1% appeared bzcause of tha
elecirical contact method of detecting the condensate surface. This error
took the form of pointer vibration due to drops from the throwing rings
and zlso general rig vibration., This causes premature contact with the
condensate film. Also when sensing the cone surface, due to the irregular
shape of the cone a further error could bs incurred. ®Blectrical contast
is made slightly more inefficient in this application hacau=e of tha
leakage path via the condensate layzr along the pointer masking the
initial contact. Therefore an overall measuresment error of 2% must

be accented,
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5.0 DISCUSSLON.



.1 Description of condensate behaviour.

i

Introduction.

The observation ol the condensate surface for a pressure
varialion of 1.5 to 4 oar absolute and a speed variation of zero to
600 r.p.m, leads to the following general conclusions :-

(i) The condensate layer supports four regimes of flow irn the
specd range corsidered

(a) vhen the cone is stationary waves of the curtain type exist
on the condensate layer and are similar to those observed
by Holgate (36) and Robson (68). These curtaein type waves
are shown on the lower half of the photograph in ®igure 17(a)
for condensate flow on the 10° included anzle, truncated
cone({the latter being referred to as the 107 conec tlyrouch-
cut tha resi of the text, similarily the 20% cone reters
to the 20° included angle, truncated corne). The photograph
only shows the waves on the 10° cone but simiiar waves cceur
on the 20° cons. The poor qualitvy of the photugraph vresented
arises from the fact that the cauwera and the illuminating
flash were orientated in order tc producc the optisw: result
for the ridge type waves observed at higher speed and not
for curtain waves. The lower portion however shows a sysiem
of wavas which occur in groups of one promineut wave followed
by a serices of sazaller wavelets,

(v) In the raonge 60 to 100 r.p.m., for all pressures observed,
the surface was covered by curtain type waveg which travel
dovn the surface in a helix action. Again the characteristic
paltern consisted of a wain wave front followed hy ripples
oi shartaer wavalangth, very similar to the staticnary cnue

excopt that they flowed in a helix pattern of 60 to 70 degress
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to the cone gsnerator line.

(c) An increase of apaed above 10D r.p.m. brings about a
complete change in the pattern cof condensata drainage.
Ridgs like waves are formed at certain speeds depending
on the steam pressure and hence the condensation rate. These
ridge like waves flow in the X direction forming a small
angle to the¢ con= generator line, approximately 10° at
inception, and are circunfereniially displaced around the
cones, {ith an increase in speed a reduction in wavelength
occurs and in géneral the ridge angle increases.

(a) further increases in sp2ed produced a condition where condensate
removal was ansisted by drops leaving the crasis of ridges,.
The rotationul spead as which the latter cccuried wae slso
pressure depandent. Taitially drops were seen ¢ laave ihe
condensate surlace at larger radii i.e. lower on the cone,
increasing the rotational spe2d caused the drop departure
point to move to & smaller radius.,

1n general terms the above occurs on botn the 10° and 20° cones.
(1i) Increase of pressurs couses ridge type flow to be formed and
drops to be thrown from the condensate qurface at lower

rotational speeds.

at constint pressure.
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A series of photographs, Pizure 17(b) and figures 15(a) to 22(a),
show the sffect of speed variation at a constant steam pressure ol 2 bar
absclute for the 10° cone. In Figure 17(b) the rotutional speed ian 125

r.pe.m. This is 2 valusbis photograph as 1t shows that there is no clear







cut'vaiuc of the acceleration perpendicular to the conc generator, ays
at which ridge like waves will form. At about mid-way dovm tue suclace
a discontinuity point occurs whers the curtain typs waves exist above
this point and ridge like waves are fouming below it. As mentioned
previously the illuminating flash and camera were not set up to observe
waves of he curiain type, but 1t can perhaps Just Le observed thatl the
clear upper region contains curtain waves., A small portion of curtain
type regime is visible in the centre of the photograph. The ridgs waves
that have formed still bear some of the characteristics cf thz curtaia
waves; the usual swall ripples bzhind the larger wavelronts which are
clearly discernable on ridzes on the righi-hand side. Observation of
the ripples on the ridges suggests the helix angle which the curiain
type vwaves wers pursuing. No ridges are vigible on tie lefi-hand wide
of the photograph and {thus this photograph is on2 wshich enables thc

limitiag conditions for curtain waves to be dofined,

The value of ayy calculated assuming the mid-point radius, at which

. . . . 2 .

the ridges form for this pressure is 48,92 m/3°. The zorresponding valua
of ay/at(the ratio of acczleration perpendicular to the cane geascrator
to thal parallel to the cone generator) is 5.46. The phenomens of ridge

type [low has also been observed on the underside of & surface slightl

g

inelined from the horizontal. Tuis is a sirilar process wherse the
accelarvations involvad nave their larzest coapenent btending to remove
tha condeqsale vertically downwards and being resisted Ly zurface
tenszion forces. Tha slope ait which ridges first became appareni was
balvean 19 and 17 degrzas tc the horizuntal, no nearer estimation could
be deduced from the paper by Gersiman and Griffiths (43), corresponding
to & rasg: of ay/ax of 3,6 2 4.4,

The aoxnt cpeed of rotutina obrerved wus 220 r.v.m., the suriace

configarotiion le shovn in Pigure 18(a). It 2% obvisus that the ridge

f
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formation is fully develeped, znd some ridzes can be traced the full
length of the cone surface. Bxaminztion of the pnotograph reveals that
formation of ridge type Tlow is dependent %o o large extent on the
condsrsate present on the surface. Nidgaes ars not visible for at least
25 mm from the start of condensation. It is not possible to detect
whether waves of the curtain type exist. Il can be seen that motion of
the ridges is very sensitive to the conditicr of the cune wirface over
vhich they flow. where an irregulari:zy of the surface, such az a blow-
hole cccurs, the ridge tends to bend around it. Such imperfecticns no
doubt account for the occurence of irregularities in the ridge pattern.
A detziled examination shows several placos in which some ridges inter-
sect and continue as one whereas others splii 'p and continue as two. In
ihis photograph three sdjacoent ridges are involved. Two ridges merge
and continue as one until a little further down whon the third ridge
splits up into two. In the upper righi~hand corner iwo or three have
merged and proceeding down the surface one van see tﬁat the enlarged
ridge 1s about to split up. From lhese observations it is pousible to
gay tonat there is a stable wuvelength, thal is z constani prumhzy of
ridses present on the sucface at any one spzed, bui due to surface
impertections the orientation of =zowe ridges are subject to abruovt
local charces.

Migure 19(a) displays the suvface configuration at 250 r.,p.m. The
wavelength of the ridges is noticably smaller than the previcus speeds,
and the angle which these ridges make with the cone generator line hag
increaszed, The photozraph shows the pattern of ridges oxisting on a

part of the conz whicii has a lotze amount of blow-holes. These blowe

3

heles were formed duving casting and alihough they wers sealed with a

non-contaminating compound visibnio Jdiscolcurztion of tha svrface

around inose points, and the appaarance of non-wettahle sreas, led to







the conclusion that some leaching of a contaminant cccurred. The surface
needed to be cleaned periodically by soaking with Decon 75(a propristy
brand decontaminant). The point of ridge initiation has also moveld
closer to the starting point of condensaticn, anl experimental results
cshow that an increase in heat transfer rate which implies & higher
condensation rate also. The ridge formation on the lower part of the
cone has becow2 slightly irrcimlar in that ridges 'snaike' cown the
surfare., This suggests thal the ridges ars approaching o condition in
which they permii the maximum possible flow ¢f condensate. The valua

of ay/ax at this poszition is T7.04.

A further increase of speed t¢ 300 r.p.m. produced the surface
pattern shown in figure 20(a). Ancther reduction in wavelength has
occuried and ths angle of inclination of tho ridge to the cone gerorator
line has ircreuased considerably. The irregularily of tre ridges is more
pronounced and near the lower left-hand corner a prolrusion has
appez.ed on one of the ridses. Incr=asing the rotational speed to
350 r.p.m, results in the irregularity occurring at o emaller rasdius.
The photogranh in Fipgure 21(a) shows well dereloped protrusions having
appeared in grzater number although il is not clear whether any
protrusions have been detached. The ridges are closely spaced and have
a definite vsaky apwvsarance. The ratio of ay/ax for the prot:usion
which appears at the smallest radius is 7.78.

>

Framination o7 Fig

ure 22(a), rotational speed 400 r.p.m., conTirms
that ihe protrusions become unstable and drops are thrown Trom the peaks
of the ridgcse At a poeition 0.04 m from the lower edge and 0.02 m

from the left-hand side of this phnotograph a drop can he seen. This is

considaered to be

o

drop because it has the same fsiarraa?! appeirance
exhibited by drops bein: shed from the threwing rings. Trocing the
w3

movenent of the 4drop almost horiuwentzlly to the right a positbion cen
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be found where a ridge suddenly disappears. The drop has a vertical fahl
of approximately 2.5 mm and is 29 mm to the left of the above ridge. I#
may be assumed that thas drop leaves the ridge crest tangentially with a
velocity of wR. However, it will also have a velocity in the X direction
due to the ridge flow itself. It is not certain why the ridge disappears
entirely except to say that we are dealing with extremely thin films and
once' a drop has been precipitated the action of the neighbouring ridges
may be such that they now drain the flow ip preference. The ratio of

the acceleration in the Y direction to that in the X direction at

the point the drop was thrown off was calculated to be 10.41.

20° Cone
The quality of the observations made on this surface was drast-

ically reduced because the photographs had to be taken through a haze
of droplets formed when the condensate from the_lOo cone' is dispersed
at the throwing ring. This caused a reduction in light intensity at the
20° surface. However, observation of drop departure from the ridges is
not entirely prevented because the depth of field employed was such
that any drop more than 0.2m from the surface was a meaningless blurr,
Thus drops which had just left the surface could be positively identified.

For the given pressure the first speed at which ridge type waves
were observed was 200 r.p.m., Figure 18(b) presents the photograph of
the condensate surface pattern. It is immediateiy apparent that increase
of apex angle has delayed the transition to ridge type waves. Charact-
eristic of all the photographs of the 20° cone is the shadow cast by
the throwing ring and the large white blurrs formed by the drops dis-
charged from it. The ridges shown have a characteristic feature in
common with those on the 10° cone surface at 135 r.p.m. in that ripples

are discarnavle on their surfaces. This speed corresponds to a ay/ax
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ratioof %.89 which is larger than thal of the 10® cone but may be.
explained on the grounds that the ridge flow is further developed on
the 20° surface.

The next spzed investizatad was 250 r.p.m. and the photograph of
this configuratior is shown in Figure 19(b). The change into stable
ridge type formation ras noi yet cccurred. Therza is still evidence of
vhat appears to be ripples on ths ridees and also near Jhe top, left-
hand, corner a helical voll wzve ig visible. It would appear from these
observations that it requires s larger speed range to produce stable
ridge type flow.

Ab 200 r.p.m., the ridge type flow has becowe fully established.

Migura 20(b) showis the surflace configuration and it must be acknow-

1
2

edmzed that the ridges are not as well formed as those on the 10°
cone 21 the sams speed. Unfortimately the 20 cose surface has more
porous avreas than the 10° con» and it wag found that one area of the
surface was nearly always non-wettable. The only time. it was fully

wettahle was immediaiely following a soaking with Decon 75 out this
conditicn only lasted a short time., The irregular fecrmotion of the
ridges can perhaps h2 ecconited for on 1his ground. A contributing
factor may arise from the presemnee in th2s bast areas of the surface

oi’ the thermo-couuple grooves, Th have been filled with adh~sive but

( D
o0
«

the =roding sction of ths condensate causes a step like cut in the
surface. The angle ths ridze makes with the cons generator line can
now be seer 1o 02 incrsoning more rapidly witn spzed. At iais point

it iv possible to make n general comparison with results oblained from
the 10° conz. The angle wade by the ridges with the cone generstior on
the 20° cone are all fenerally swiller than those on the 10° cone. The
wavelength also appes

arcer on tae 20° cone but these anud the ridge

angles will be diccussed fully in szotion H.4.




Demonstration of the effect of the non-wettable areas on the ridge
like waves iz shown in Figure 21(b). The rotational speed of the cone
is 350 r.p.m. To the right of a large porosity hole tha ridges have a
smootl: appsarance similar to those on the 10° cone. Those ridges whose
path is interrupted by a non-wettable area tend to bypass it and those
which actually traverse such an area ‘snszke' across it in a disorderly
manner. However the eflfect ap: sars only local as below this section the
ridges once more attain a uniform configuration.

4 further increase of speed to 400 r.p.m., shown in Figurs 22(b),
brings about a visible reduction in wavelength and an increase in the
angle which the ridge makes with the cone generator. Some discolouration
of the surflace around the thermo-couple snds and conductance film thick-
ness measuring gauges suggests sone leakage of a contamirant,

The final photograph, shown in Figure 23, was taken at 450 r.p.m,
Exawiration of the ridges shows that there is no apparent change in
either wavelength or the angle of inclination to the cone generator.
At the lower right-hand corner there is a ridge whicn haz a proirusion
on it . The ay/ax ratio at this point is 5.19. The same type of
protrusion appeared on the 10° cone but it was only after a further
50 r.p.m. increase in speed vefore drops were observed to be leaving
the crasts: of the ridges. In anvther series of tests, at 3,0 bar steanm
przusure, drops were seen to he thrown from the surface. The speed of
rotation at which this occurred was 600 r.p.m. corresponding 1o an
ay/ax of 5.32. The increase in condensation rate wuae not very large so
that these rates would nob be expected to be very different *rom that
occurring at a pressure of 2.0 bar. It can be szen that the ratio is
much lower tham that at which drops lelt the 109 cone. This could be
due to ths relative sveads of the ridges themselves. On the 10° cone

su) face thne ridge velocity is detzrmined by an 8y value of 48 m/s“ ai
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400 r.p.m. whereas an acceleration of 202 m/s2 occurs on the 20° cone
surface at 600 r.p.n. This would make any protrusiorn forued much more

unstable.

5¢.1.2 Variation due to pressure changes at constant spead.

Tha rolational spsed was held constant at 350 r.p.m. and the
pressures observed were 1.5, 2.5, %; and 4 bar absolut:¢. A ‘urther
series of photngravhs, Pigures 24 to 27, (a) and (b), show the effect
of pressure variation at constant speed.

10 cons.

The surface configuration for the ridge formation which occurs at
1.5 bar is shown in PFisure 24{a). The photograph is unfortunatly marred
by discontinuities produced by porosity marks. Howsver the gensral
picture is adequately revresented and shows that the condensate "lows
completely along the surface, At the larger radii small rrotrusions can
be seen to have formed. These protrusions could ba dus bto the discont-
iruities at the upper radii. An incraase in pressure to 2.5 bar, Figure
25(a), indicates no drastic change in the method of draianagn except
that in the left-hand lower cormer a dron may hzve teen thrown off but
the photograph is not clear erough to be certain, At 3 bar absolute,
photograph shown in Figure 26(a), there is a slight increass in wave-
length and drops are being thrown off at a position some 40 or 50 mm
from the bottom of the surface. The pattern is very distinct and reveals
that as the ridges biuld up in size lhey become generally unstable and
*snake' down the surface.

Pinally at 4 bar, the photograph of the svrface is presented in
Figura 27(a), drops are being shed at radii up %o the wid-point of the
cone surfaca. This is no%t a1 particularily good erample becauss again a

porous arza at upper radii produce soreading ané collision of ridges




which may prematurily overload a single ridge allowing drops to Le
throvn off at a smeller radius than would have been expected. It may

ba concluded that changzs iu the angle made by the ridge with the cone
€enerator and the wavelength brought about oy changes of pressure are
not as large as those with speed. It appears that it is the size of the
ridge, due to rapid biuld up of condensale at higher condensation rates,
which induces drops to be precipitated ai smaller radii as the pressure
is increased. That is thz condensate flow biulds up guickly to the point
where it permits the maximum amount of flow, a small instability is then
egnough to cause a drop to be precipitated and thus relieve the ridge

and allow the condensate flow to biuld up again.

20° Cone.

The speed of 350 r.p.r. was maintained for the 20° cone and the
con@ensate surface configuration, at tha first stecam pressure of 1.5
bar, is given in figure 24(b). Dascription of the surface form for the
20° cone is ﬁest accomplished by comparison with the- previons description
of the 10° cone results. The wavelength appr=ars longer and the ridges
less peaky than those shown in Figurec 24(a). No rrotrusions are visible
and ihe regiwe is quite orderily with the angle orf inclination of the
ridges to the cone‘generator slightly less than on the 10° cone.

The photograph for the next pressure of 2 bar is shown in Pigure
21(b). Comparison with that for the 10° cone confirms that the angle
the ridges make with the cone generator zre smaller. This photograoh
has already bean descihed in a previous section. The non-wetluble aresa
prevents any direct conclusiong being drawn from this figure. Thers is
wvery little chanze in the cordansate surface confipgurations for the next
two prassureg of 2.5 and 3 bar, which are shown in Fipgures 25(b) and
26{b) respeclivaly. Howover, j¢ is clear that the zngle bewwe:n the

direction of the iidges and the cone generator incracves with the semi-
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anglé'at the apex of the cone. Apparently, therefore, this angle is not
determined solely by Coriolis forces, but that inertia forces and perhaps
drag forces from ths vapour phase may play a part. Mo protrusions are
visivle on the 3 bar photograph but the lower portion is very blurred.
This blurring is due to dispersion of the incident light by small drops.
The last photograph included, presenta2d in Figure 27(b), waz iaken

at 4 bar absolute., This is a clearer photograph but is marred by a non-

D

watbtable patch which has appeared in the upper left-hand cormer. A more
stable seciion of the ridge formation occurs in the botiom right-hani
correr. 1'hLis section shows that prolrusions have appeared on the ridges.
A Turther inoreass in the angle of inclina%tion of the ridges to the cone
gener2hor hag occurred. Summaricsing the intormation gained Lor the 20°
conz, a smzll increasz in wavelength and an increase in angle of inclin~
atior of ihe ridges occurs as the pressure was incrsased from 1.9 o 4
bar. The photographs shown for the 20° cone were the most presentanle

ones acirquirad. All ihe others allowed only ihe ridge ang
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length o e oblained with some difficnlty. 1t must therefore be borns
. . , . ) . \ . N
in mind tht the 207 core results are not as reiiable as those obtainad

from the 10° cone photographs.

5.2 Initiation spe2is for videe formation z2nd dron depariure.

It was ypossible for the 10° cone to chserve closely, with the
aid of a stronoscope, the speeds at which ridges appeaved and dis-
appearsd and also the rotational speecds at which drops wzre seen to be
thrown from the ridges at a1ll test pressures. The results are presantcd
graphically in Figure 24, The measurement of rotational speeds at
which dropa hagir to lagve % ridres are not as relisble as {thoae st

which lhe ridge formition ayosars because the background algs contained
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drops which were produced by the throwing ring. The initiation of the
rigge regine ig dependent on condensation rate which is directly
proporiional to the pressure. This is to be expected since the more
condensate on the surface the greater the inertial forces., The hysterisis
efifect manifests itsslf in a difference between the limiting conditions
b which ridge waves first appear, and these ab which they disappear,
shown in ®izure 28, may be due to

(i) difference in the effect of surface tension in the two cases.

(ii) drag forces due to the vapour phase may hold the curtain type

regime.

(iii) ths =actual mechanism which first produces the ridge type [low,

which may only be postulated, is not jieversible,.

The crrlain type wsvas, o roll waves, even when lhe conss are
staticnary do not follow a consisbent nattern. Once the conas begin to
rotate the roll waves appzar to take on a helix like achkion., From the
observations mude this helix action does not appear to change {rem 50
r.pe.nte to the peint of change into the ridge Jlike regime. The rell waves
shorten in wavelegngth, that is there are more wave frouts on the
condensate surlface.

In the stalionary case drainags of the condersate is governed by
gravity and the angle of inclination of the surface with respect to thz

vertical igs impeortant. Jhen the cone is rotating the drainage force in

tha X direction is incrsasad by the term w?R Sinfg. At the same bimz
5 component now exists which is trying to pull the film away from the

surface. Incrzasing the rotational speed ircreases the film velocity
in the X direction and also the centrifugal pull away from the surface

cauzes the flow to bacomz more uwustadle. Kapitca haz shown that the wuve

velocity is 2.4 times the mean Tilm velncity thus the roll waves are

b

ravelling more rapidly. This unstableness in the wave Trout wakes

1
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the form of jagged sheets.

The jagged appearance of the main roll wave fronts may be the
initiation of the ridge type flow. The rotational speed has becoane too
large to support this type of flow and another more stable form must
be attained, Surface tension forces are loo large to allow drops to be
thrown from the surface. Zach of thase Jjazged waves is a triangle point-
ing in the direction of flow. The sharper the apex angle of these
triangles become the greater the action of acceleration terms causing
the condensate flowing in the wave itsell to break away in pockeis. Tlus
if these spear shaped pockets begin to coalesce in the X direction
then the beginnings of ridges occur. This may be one interpretation put
on the appearance of the surface in Figure 17(b). The shape and wave-
length of these ridges then being determined by the centrilugal
acceleration in the Y direction.

The changes in the regimes so far have been plotted on a rotational
speed basis, Figure 28. It can be seen that the two curves appear to
become asymptotic. A non-dimznsional variable may now be introduced
which has such a relationship with increase of speed. This is the ratio
of the acceleration in the Y direction to that in the X direction,
ay/ax. For cones this ratio approaches the limit of l/tanf’, the
limits are

(i) for the 10° cone, ay/ax = 11.4

(ii) for the 20° cone, a,/a, = 5.6

(iii) for the 60O° cone, a /e, = 1.74
For cylinders ay/ax can increase without limit, that is it equals %Da?/g.
The speed range in which we are interested has 2 maximum value of a,y/ax
equal to 9.65 and 5.45 for the 10° and ZOd cones respectively. For a
horizontal cylinder the term ay/ax is somawhatl artificial since the flow

is circumferential and condensate flows fron the lower face in the form



of drops to begin with., The term can be replaced hy %Da?/g, which is
used by Hoyle and Hatthews (568), and the change of drainage patfern
considered to have occurred when drops leave the surface tangentially

at all rositions.

The action of the two components of the centrifugal acceleration
are important throughout the range of the ridge like flow. The comp~
onert of acceleration in the ¥ direction, ay, is attempting to pull
the Iilm away from the cone surface and is being resisted by surface
tension forces. The component of acceleration in the X direction, Ay
causes the condensate to be drained along the ridge and at moderate
speeds tends to help stabilise the pattern. Increasing speed will at
sone point cause the ridge type flow Lo become unstable. The veloaity
in ‘the ridge must be very complex since we have flow in the X dirsction,
a circumferential flow draining the trough of each ridge and also
condecnsabion on the surface of the ridge ilself., Thus any instability
may be enough to brzak the hold of the surface tension forces and
allow the ridge to be relieved of condensate in the form of drovs.

Another variable which must have some bearing on the regimes of
flow is the distuance in the X direction or for cones an increase in
radius, That is the further downsiream one travels ihe greater the like-
lihood of change of regime because the film becomes thicker and ult-
imately turbulent.

A similar patteirn of disturbances were observed on the 60° rotating
right cone reporied by Robson (68). These 'ridges!' were only formed at
speeds between 600 and 1450 r.p.m. al raaii ereater than 0.35 m for the
lower rotational speed., Fhotographs included in Robson's lhesis showed
that the fridge' formation was also pressure dependent. No accurate
reasursments could be made from the photographs but in terms of ay/a.x

and heat {lux, ¢ s two representative points were obtained. It was



porsille to extract imforzation from three ratatioral spoeds providing
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A . . X 5
an averags valua of a /fa. of 1.714 for an ersrgy flux of 1,89 x 10~ w/m2.

y X

A second point of ay/ax eyuall

=
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vt

1.718 and energy flux, /d s of
laTe 5 / ? A 4 4
1.29 x 107 w/u” was also obhained.
& Formation of ridges was algo not2d by Birt et al (52) on the
1§
condenzate layer on the surflzcas of a rotating vertical cylinder, of
0.1524 m diauneter, at low spezds. A photograph in the crove paper shows
ridges on the condensato layer which are formed al 337 r.p.m. and an

. - 5
enargy fiux of 1.075 x 10-

w/mg. Thes ratio ay/a,‘c is a direct ratio of
ceunbrilusal acceleration to the drainage acceleoration in the X  dir-
ection, which the acceleralion due to gravitiy and has a vaiue of 12.5.
Although 1no direct obsarvation of the ridge patterns forming was
cariried out for ilhe 20° cone photograrphic evidercs in Figure 15(0)
allows one to ss: that this nvzed is neb grestly above the indtial
formatior speed. During =n esrslior series of testbs, prior to the major
ovzrhaul, a photozraph taken at 185 r.p.m 3till showed waves of the

curtain type on the condensate layer. All thz anove menliousd points

are plotted in Pigure 29. Finglly a viluzs of ay/ay, al an enery flux

1h

bt

of 30 x 'J_O4 w/mz, ig included for ridge formation of a condensate layver

on ths underside ol & slightly horizontal plate. As cxplained in sectlion
2,0 this is only an averuze value hecsuse not cnough imformation was

n Gersiman and Jriffith's puaper (49).

e

inelnded
The second wonsideration was to Lianiify the point at which drops

ware ihrowm Frov the condensatez lzyer. 7t was not possivle lo predich

this poirt thecretically. dowevar from the experimental rezultz a

rlot of ay/ax verasus energy [lux allows o line to ke drawn cu cone sids

of which thes ridge regime exists, with the condensate flowing vholly

along the surfuce, and on ihe other conisusale vemoval is enhanced by

drope being thrown Trom the condensste layer. The experimanlal rasulte
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are.protted in Pigure 286. Only a single point was available for the
20° cone and this was taken from & drop shown in a photograph taken atl
600 r.p.m. and a steam pressure of 3 bar absclute. A line, 4 - A, may
be drawn because changes in values of a.y/ax ahove 500 r.p.m. are smnall,
Protrusions formed on the surface of horizontal, rotating cylinders were
reported to be discharged tangentially when & .atio of %D(nz/g equal to
12 was reached, Birvt et ¢L st.w that for a vertical cylinder condensate
removal by drops occurs when ~D(g /g ig approximately equal to 24, this
value may noti be the lowest speed for drop formation, however, no other
informaticen was given, Finally the argle of inclination to which a plate
mast he inclined from the horizontal for drops to detach themselves from
ridges is about 40. This angle corresponds to a value of av/a.x of 14.5.
fxamination of Pigure 29 shows that thie exparimental points divide
tha ranse of a, ay into three distinct regines. Croparing other workers
findings “he Ffirst comment which can be made concerning the 60° cons
is that atll the values obtained Tall within the roll wave, or waves of
the curtain iype regime. This coupled with the fact that ns sudden
change in condensate surface pattern oecurs tunds *¢ sugsest that this
is not true ridges type flow but more of a sgueezing together of helical
roll waves, The vertical cylinder appears to require the greailest ratio
of ay/ax ‘o oblain oboth ridge {crmation and drop deparburs. This con-
clusion i3 wade bYecause rvidges are observed on the cylinder when the
value of uy/ax is outsides the uprar limit for *he 10° cone. From the
ahove analysis certain fundassnt~l conclusions can ve drawn. Firstly,

increase of cendensatinon rate causes drops to be throsn from the conden-

1%

sate laycr at progressivsly lower speads. This point aluo suggests that

the lengln of condensing surfase is important to drop departure. This

'.' iy
[
$—a
Q
3
Q

¢rowhners LT the condensin

1

enough the film becomas thi-ker uzatil turbulsnesz oscura. Sincz the
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Shedding of drops is essentinlly due to inertia forces tha buiid uwp
of condensate will lead to drops being thrown off at lower speeds. This
then could account for the discrepavcy in ridge and drop ay/a.Y ratvios.

The distance along the condensing suriace when drops were seen to fly
from the condsnsate layer, for the 10° and 20° cones, is approximately
0.18 m. No distance is given in Birt et al‘'s »amer(52) so that one may
be looking at a drop thre¢sm f-om a point much closer to ths start of
condensing surfaca which vould mean a higher rotational spesd to obtain
removal of ccndznsate oy drops lhrown from the condensate layer than at
a distance of 0.18 m. This means that tha lines in Figure 29 are not
uniqua, that for comparison with each other and also other bodies a
distance paraueter 1s necassary.

4t the cutsat of" the project it was hoped thet the thesery would
allow the prediction of both ridge like wave initiaticn and drop
detacliment spesds. Unfortunately the theory sugsests that 1o stable wava-
form exists at low rolational speeds and thus there mzy be no definite
point of initiation of ridge type flow. A point howsvar exists below
which the wavelength predicted becomes infinite. The stanility line is
shown in Pigure é. This may be a consequence of the rneglect in the theory
of the prescenze of curtain type waves on the surtace of the condensate
before ridge flow ﬁs initiated. Thus a separate theory is necessary in
order to dzvslop the progress of curtain type waves {rom zero speed up-
wards. Tha results of this analysis could be used as a boundary condition
for the ridgze ityps flow. A zsparate theory was invectigated, of the
solution of the goveruing equations in spherical conrdinatea by a
rerturbalion technigus; vut the nil equaiions obtained wevre so comp-
licated 1hat no satisfactory meuns of solving them h:s been found,

The theory will predict an instability as the sp2ad is increased

through the ridge tyve Flow rang2. As apeed increases, 5 .. /5. . the




ratio-~of [ilm thickness at the wave crests to that in the {roughs in-
creasss and rinally reaches a value which is clearly rot possible in
practice, This occurred on the 20° cone at 600 r.p.M. where 5max/5min

attained the value of 16.4 to obtain the required heat flux experiment-
ally present. The reason for this anomaly is that the sudden change in

heat flux when a drop is detached cannot be taken into account in the

theory.

5.3 Comparison ol theoretical and experimental work.

The theoretical section has alrsady dealt with the general

solution of aquation 3%.8.13 in terms of parazneters J\ and @D . but in

,...-
L_l .

order tc check the p on of wavelength zni [ilm thisknecss, given

G}

cortain quauntities, th.e measurements of maximum and mipimun file thick-
nesses are raquired. Failure of the proposed nethod of mzasuring film
thickness by the conductivity of the condensate laver, as described in
Appendix B, had the consequence ‘hat measurements of the film thicknes
at the wave crests ware available, The minimwm value was npecessary to
calculate A s QD and £2 . Once ihese were known the equation 3%.3.13
could be solved using the Contiruous System Modelling Programme package
ag described in Appendix D. To overcome this diffic uluy a conouter
progranme, also given in Appendix 0, was developed withir. the C€.S.I.P.
package which, using an iterative technique, predicted either 3 and
wavelength ueing energy per unit area transferred as a convergence
factor or wavelength nnd heat transfer coefficicnt employing the meas-
ured maximum f£ilm thickness as the convergence facior. The Tormer
computation vpredicting $ and wavelength assumes 2 starting value A s

and hence C) and 0 s then selving equation 3.8.1% in finite steps

antil o maximum value of 5 ig Found which corregnonds tc orne half

141



non-dimensional wavelength. Assuming Fourier conduction through the
condensate film & heat transfer coefricient for each finite strip was
calculated and integrating over half a wavelength a mean heat trarsler
coefficient evaluated. From the expcrimenial rasults a locsl film temp-
erature differesnce and wall temnsrature difference wers obtained and
hence a heat transfer cocfficient. The two heat transfer cocefficients
could then e compared and an iterative procaedure adoyed ‘/iich increases
-/k until the former iwo are equal or more practically when they are
within :%,. The second method also assumes an initial value of Jq- but

this time calculates S from the measured value peak film thicknsss

divided by the value of 4 calculated from AA-. The non-dimensional

min
balf wavelength and theoretical 4 are oblained from the solution of
equation 3.8.13 and an iteration pesrformed until boih 4 vg arve equal

or more practically within %5:, The computer programme is fully des-
crived in Appendix D.

The two above methods should be of egqual importance. Puring devel-
opment of the vrogramme it was found that because of the large error in
calculating the experimental heat transfer coefficient and an unexpscied
poor convergence at low rotational speeds the progromme took too long
to run. Thus to check the theoretical solution the convergence using the
measured value of maximun f£ilm thickness was adopted; The prezranme
evolved, Appendix D, calculates the theoretical wavelength, minimunm,
mean and laminac film thicknesses. Processing the previous imformation
further; heat transfer coefficients, Nusselt and Taylor numbers and

inertial effects were computed.

5.3.1 Wavelength,

It has been assumed that the ridge formation has a regular, alnnst

sinusoidal, appsarance and that 1o model tha ridge exactly the initial
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bound;ry conditions must result after one complete wavelength., After
many runs it was found that this was not the case, The programme out-—
put showad that ons wavelengtn was nol iwice the half wavalength and
that sometimes the final wvalue of 3 vias elther less than or greater
than unity. This inherent error indiceates that some of ihe simplications
and assumptions a{fect the repeatahility of 1he waveform. Figure 30
depicts a typical ridge irofi.e prodjuced by the computer programume.

A comparison of theoretical and experimental wavelengths for a
steam pressure of 2.5 bar formed on the 10° cone are shown in Pigure 31.
It is immediately apparent lhat at low rotational spead there is a
large discrepancy between theoretical rrediction and the measured valua,
As the rokational epeed is inereased the diecrepancy is reduced until

400 r.p.m, there is good agr2emnent. The other resulte, for conparison
of theoresical and experimental wavelengths on both 10° and 20° cones,
are given in Pigures 32 and %3 respectively. The numerical values for
the experimental results are given in Tables 1 and 2, for the theoret-

0° cones rezspectively.

no

ical ones in Tables 3 and 4, for the 10° and
All the graphs fellow the same trend as that in rigure %1, Those of the
20° cone however appear to bs less stable than the i1C° cone obscause they
need a greater speed range to settle down.

In ceuaral the theoretical and experimental wavelengths decrease
with incruass of speed. From equation 3.8.13% the governing factor was
found to be .j& . This factor ig a couplex one containing the two
conflicling quantities surface tension and centrifugal acceleration in
the Y direction. IT now instead of rotaitional speed the experimental
wavelengths are plotted against the acceleration in the Y dirsction,

a,y, on lor-1iog graph paper an almost linesr relationship is obgerved,

]
Yy
Figurz 34, Both 10° sx2 20° cones have o similar linear relationship

cxcaept thut the gradient of the 20° cone is slightly greater than that
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of the 10° cone. There is some sepuration of points plotted for different
presgure ratings. The results are difficult tc compare hecause the 10°
cone wavalengths first decreasc then increase again as ithe pressure
increases. The 20° cone results are more consistent in that increase

of pressure produces a continuous decresase in wavelength. This means

that there are more ridges present on the surtace at higher pressures.
This is in accordance wiib pe-eral heat lrensfer data in that as the
pressure incereases the heat transfer coefficient is reduced. In general
it appears that in order to keep a stable regime increase of pressure

or rotational speed causes a reduction in wavelength.

The surface tension values assumed for calculation purposss are
those {or water and stean interfaces but no allowanca has been mails for
"PpH' variation. This sy cause som2 error in any computatiors made.
Concern has been shown throughout ihe experimental work dve to con-
taminatica of the cone surface, The nature of this contamination has
not been traced successfully and it may produce some variation in the
surface tension from test to tesi. Measuremenis of 'pﬂ"value made in
Appendix B showed thal a variation of 5.8 to 6.6 wers odtainsd.

A further point to note is that the thsoretical analysis was form-
ulated specifically with ridge type waves as the form of drainaga. A
precise peint of discontinuity can be found in practice whereas for
the theoratical analysis no such point exists. Prior to the ridge type
flow lhere exists waves of tihe curtain type, however, thzoretically the
prediction is that of ridge typz waves with a large wavelength. It must
therefore hae concluded that the equations developed do not perflectly

model the ridge flow ragime and that the transition point presents a

prodlem that cannot be easily dealt wiih.
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H¢3.2  Film thickness

One of the original aims of the present work was to davelop a
method of measuring condensate film thickness which would be applicable
to the casc of a rotating conical body. Two methods were developed, one

using a conductance technique which could measure the transient film
thickness, and a point method which could only measure the peak film
thickness. Both methods are fully described in Appendix A. Unfortunately
the conductance method failed due to adhesive breakdown during tests in

ithe cone surface. The point method produced results which will be dis-

cuesed in the following sections.

Peak {film thickness,

reak film thickness can be observed directly by means of ar adjust-
ahle probe. The apparatus has already been described in the experimental
section and Figure 11 shows the arrangement of the probe and the meas-
uring sencing equipment.
The operation of the measuring equipment has also beeon describad
in the initial test runs, These pDeasurements were laken zt specds of up
to 300 r.p.m. on the 10Y cone surface at low pressures. Subsquent
measurcments required to fulfill the test pregramme showed that
(1) those measurements taken at the maximun rotational speeds are
less consistent because droplets striking the probe caused it
to oscillate and if durirg any downward motion contact is
made with the film a thicker film than is actually present
is observed. This effect is more pronounced for the 20° cone
because of the larger zngle and also the drops from the
throwing ring at the highest condensation rate interferred
to such an extent thal readings were not availavla. The

oscillatlions were so violent that the probe, on sudden coniact




with the cons surfaca, was benl oul of shape.

(ii) the probe tip had to be made as thin as pessihle to reduce
the effect of drag whsn contact with the condensate surface
may produce oscillations which when amplified by successive
collisions could cause damage to the probe.

The zero error of the measuring sysiem was checksd whilst the cone
vas rotating by closing the stean valve and slowly traversing the probe
until conlact was made with the cone surface. This test showed that an
error of some 0,02 mm could occur between this and the stationary case
which is the order of error anticipated. The rotational test was not
carried out too often because the adhesive in the thermo-couple grooves
had become slightly undercut. If the probe struck the edge of a groove
the Fformer could be severcly dumnzged,

Reculis

All the measurements recorded were multiplied by the cosire of
half the apex angls to obtain the true peak film thickncss, the latier
thicknesses are documented in Yables 1 and 2 for the 107 ani 20° cones.
respsciively. These peak film thicknesses are also recorded graphically
in Figures 35 and 36 for 10° and 20° cone surfaces respectively. All
the graphs show a decrease in film thickness with increzse of speed
through the whole pressure range for both 10C and 20° cone surfaces.
The peak film thickness varies little with increase of pressure but it
is noticakly that it appears thicker at higher pressurss. The variations
are, however, within the exparimental error ond sc¢ no certain conclusions
can be dravn. The same holds 1rue for the dirference in peak film thick-
ness between those measursd on the 10° cone and those measured on the
20° cone surface. It would appear then that the only observations

xith increase of rotat-
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a smalkl effect in the range covered.

Minimur film thickness,

The minimum Tilm thickness could not be observed directly, and
must therefore be predicted from a theoretical approach. The programme
developed to solve eguation 3.8.13 for the experimental data predicts
the wavelength of the ridge like waves using the ratio of 1.:ak film
thickness divided by minimum film thickness as the controlling term.
Thus & value of minimum film thickness corresponding to a predicted
wavelength is given, This value is plotted for each speed for all testis
in Fignres 39 and 36 for 19° and 206 cones respectively. The minimum
film thickness becomes thimmer as the rotational speed is increased for
the whole pressure range on the 10° cone and for all values except two
on the 20° cona. The condensation may be considered as occurring in two
regions, & region of thin film and a region of thick film. The bulk of
the condensation occurs in the thin film region and flow will be
governed by a halance of the surface tension and viscous forces. In
the derivation of the theory one of the assumptiors made was tiatbt flvid
flowed transversly into tlie ridges. These ridges then acted as channels
to drain the condsnsate. The drainage velocily could not bs taken into
accouni directly but could be related to the most important coatrolling
term E by ithe method described in Appendix C. It nas already been
shown that repeatabilily of the waveform was not possible and that
ad justment of £ could bring this repeatability closer. This must than
roint to the fact that the circumferential veloecity outward from the
mininws film thickness is not truly transverse and that this must
augment the velocity in tha X direction.

It was shown in sz2ction 5.3%.1 that increass cof speed resulted in

decreaze in wavelength, so that more ridges appeared on the surface. At
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the‘snme time it is now clear that minimum, or trough, film thicknees
also decreases. The condensalion rate does not incrzase to any extent,
for constant pressure, so that a reduction in wave length means less
condensate per trough and the increase in centrifugal acceleration
increusing the velocity clearing the trough confirms the theoretical
pradiction of thinning minimum film thickness. A further confirmation
can bz drawn [rom direct odse -vations of the shadows formed on each of
the photographs. At low rotziional speeds the shadow appears to indicate
a slightly undulating condensate surface whereas ai maximum rotational
speed a much more marked peak effect is clearly visible. Figure 31
shows that pzak film thickness decreases with increase of speed, then
the minimum film thickness must be that muck thinner. A similar elffect
wes noted about the circumferential waves formed on the surface of a
rotating 1isc by Espig and Hoyle (53). They observed that increasing
the discs speed of rotation apreared to cause an increase of the wave

depth at sconstant flowrate.

Maan and Laminar film thicknessesg,

A nean film thickness is conputed by integrating over a half
wavelength and is plotted on each graph in Figures 35 and 36. Howe (69)
has already developed an equati-n which predicted thé laminar film
thiclness and this value is also plotted on the graphs in Figures 3%5
and 36, It can Le seen that ithe caleulated mean film thicknesses are
thinver than the predicted laminar ones at any rotational speed and
steam pressure. Figure 37 reveals the relationship bsiween the ratio
of laminar film thickness divided by mean film thickness and the

acceleration in the Y direction, a,. Kapitsa (9) schowed that the

yl
mean film thickness of a tilw with surface waves is T% less ihan the

corresponding thickness of a uniform layer with laminar flow conditions.
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In this case the ratio of laminar [ilm thickness to that of mean film
thickness (4150/4pean) increases to a maximuz of 1.53 as the rotational
speed ig increased to 350 r.p.m. and ithen to decrease with further
increases for the 10° cone surface. The 20° cone ralic of 51 an/Snaan
increases continually as the speed increases »nd attains a value of 1.29
at 600 r.p.n. It is possible that the ridze like waves on the 10° cone
surface have a more peaky appearance than that of the 20° cone and this
may account for the difference in values. The reason tor this may ve
due to the acceleration in the X direction for the 20° cone is larger
and could have the effect of reducing the peakiness of the ridge like
waves by draining the condensate more rapidly. The effect of mean film
thickness being thinner than the predicted laminar ore would account
for the under astiration of tha thecoretical heat trausler coefllicients,
compared with experimental results in Howe's lamirar trzatuwent,

Film thickness cstimates have been made by Robson (68) of a conden-
sate layer on thé surface of a rotating 60° right cone., Thece have
already heen discussed in section 2.5.3. Reaults extracted Trom this
work show the mesn film thicknass at a radius of 0.305% mn to be G.07 mm
al 200 r.p.m. reducing to 0.035 nm at 600 r.p.m. The curves drawm
showed that increase of pressure produced small increase in Tilm
thicknegs, These figures compare fairly well with the film thicknesses
measured in this work, however no exact conclusions may be drawn from
the two vilues because c¢f the lack of confidence in the method of
measurement used by 2obson. No other corroborative evidence of {ilm

thickness measurement on rotating system has been found,

the laminar film thickress was used as a raference value and after being

O

1

divided vy zach of the forier and bhe resulling nuubers war

W

azainst the component of zceeleration im the Y dirccticn, ay. IMigure
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38 ghows Lhe trend of each of the terms for 10° and 20° cones. For both
10°% and 20° cones the ratios, 5Jam/5min and Slam/gmax may be represented
by first order polynorials, Plottad on log-log graph paper these are
shown to be straight line relatiouships. Examination of iigure 38 reveals
that scatter of variocus points is mainly pressure dependent and thatl

all points in each group may be represented by a single line within

*16;. These equations arc

10° cone S]aj = 0.118% ay0'5606 5¢3.21
3uin
20° cone 51am = 0.0611 ay0'6346 5e3.22
min
and for the p2ak film thickness
-0.0875
100 cone 5 ] am = 1 133 ay 7) 503;?:’)
Smax
- 20350
200 cone 615-“;1.-; = 2.177 Bl‘y O'ZOJ/ 5(3;?4
Smax

The dimensional value of acceleration in the Y direction was chosen
as the dsoondent variable because it i1s a readily available, relevant,

component, Thus giveun a particular speed a value of 5Jam/5 or

nin
6lam/5max may be found. Once these values have heoen obtained the wmore
conventional laminar £ilm thickness may be ihen calculated and hence
4 . ana may be predicted. A similar prediction for the me:
2 nmin ane Smax Y ¥ c e A : pre or ¢ ean

film thicsmess is not possibla vecause of the scatter the points and

the form the graphs take.
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5.4 Imertia forceg and drag.

''he photographic study of the condensate surface allowed an
examinztion of the clhiange in the angle which the ridse makes with the
cone ganeraior line with change in rolational speed and radius of the
surface. Although there is some relationship vetween the ridge angle,
radius and speed it may well be very complex. In Pigures %9 to 4% a
comparicon of ridge angles on the 10° and 20° cones is givet for
variation of steam pressure, vadius or distance down ceong surface, and
rotational spsed. Zxamination of the graphs reveals that each of these
factors has a different effect. Firstly, increase of speed generally
Las the overall effect of causing the ridge to follow a path having a
increasing angle of da2scent. llowever, in some cases the angle can reacn
a maxinum and then decrease with further iacrease of rotetional sneed.

The ckanrge in ridge angle with progress down the cone surif'ace is a much

2

1as

.

5

(Y]

dictable one. liost ridgss have a shallower angle at the start of
the condensation surface and movemznt down the core surface causes the
angle of inclination to increase. There are some ridges thalb do the
cpposite and hava decreasing angles of inclination with vrogress down
ihe cone surface, and others that increase to a maximuws at a certain
position and than on further progress downstreamn the angle of inclin-
atiorn decreases. Some ¢f these may be due to random surface vuristions

brought about by contamination or some othsr irrsgularity. The difference

e

. . . (o] .
n oricntation is more marked beiween the 10° and 20° cones. Those ridge

angles on the 20° cone are much shallower thun those on the 10° cone,
even at 600 r.p.m. on the 20° cone the anzle of inclination is soms 10°
less than thosa on the 10° cons at 400 r.p.m,

The eflect of pressure vsriation is presented in Figurss 44 (a)
and (b} for the 10° and 20° cones resnectively. Coumparison of these

two Figures shows the shallower nagle of inclination of the ridge sroles
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for fhe 20° cone much more cleariy. The graphs also show that a peak
value of inclination occues for both cones at a pressure of 3 bar. The
mid-point radii, or rather the radius corresponding to a point half

way down the cone condensing surface, only are plotted so that a plot
of other distances from the starting point of condensation would give

a slightly éiffarent interpretation. 1t must also be remembared that

a photograph represents c.ly -ne state of affairs zt cone instant. A
serieas of photographs taksu under apparently identical conditions might
show substantizl variation in the ridge angle and might necessitate a
statistical analysis bhefore conclusions could »e formulated. The reason
for this change in ridge angle betweasn the two cones could be a comb~
ination of +two factors, a Coriolis effect ard a arag effect. Hoyle and

lMatthewss (55) found that the preirusions which Termed on their horiz

3
[

cylindars when the radial acceleraticn rzached & valuz of 12z were

distributed evenly over the surface a2nd drified glowly in a direction

[~

onposite to the motion of the rotor, implying trat dvrag was present.

In their observations ths rotor is cylindrical snd no Ceriolis comyponents
act on the protrusions. T a. body whers shaps implie. t12 presence
of Coriolis force, when the rotation is in 2n aniti-clochwise direction
flow will bz doflected bo the right as it progresses along ikhe surface
Thus the “wo a2ffects act in the same direction. Coriolis forces in our
particular cas2 will neot be ¢f great masnitude hecanse thne change of
radius, w.th apax angles of 109 and 20°, is only small.

Onz nathod of tesving lhe affect of the Coriolis tarms, which were

includad n ithe general eyunabicn, was to calealate thz circunflerential

[¢]

velocity of Tlow in thae ridgs and lhe Tlow velocily in the X direction.

From the circumferenbial velocity an ezusimate of the ridge nhase velocity

was made, Kosibes (9) hag alrcady shoun, mnd contirmed by other workers

that the wave velccity 13 2.4 rimes the avorages 1wid veloeity. Thun as

A

168
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means ol teating the elfeect of Coriolis in this case the ridge phase
velocity will be iaken as 2.4 bimss she aversge civcumferential velocity
as calculated by equuticn 3.6.2L. Phen tne efllazi of Coriolis iz given

by the tangent of the ftwe velceition which nust Le agsuned to act &t

right angles, The ridzgc angles so calculated are presented in Figures

A5(a) and 45(b). Zramination of ihe curves for 10° and 20% cones reveals
that the forms are very :imili.r to the experimantal curves of Pigures
44(7) and 44(b). The magnitude of the angles are however lower than those
measurad. As suggested above, it is possible that the obsnrved valuas

arz greater than the thaoretlical predictions because of the enhancement
by draz forces from the vapour phase. It can be seen that the 10° cone.
results exhibit a greater discrepancy +han the 200 cone results. This

may be ezplained by the photographs in Pigurses 17 1o 22 vhich show

that the 10° cona condarsat

h
9

wurface has a wich peskier ordearavzse and
ihus may create grzsaler drag forcns. In general the inclusion of the
Coriolis terms in the theoretical soiution predict that the greater the
cone apex angle th: larger the angle which the ridge makes vith ihe cone
Zensrutor line becores. This observation is worz pronounssn ot Iower
rotational sw»e=d.

IS

In order to estimate the ridgs angle the ridge pn*S" velocity vwag

agsumed to ve 2.4 times tha average film veloucity in the circumferantia

diraction, This average Lilm velocity was waken at ihe point where it

reached a moximum. Th wiy geconplinned durirg the computation of tha
ridse protile Ly Tinding *his velocity during each step znd saring the

maximum valua, At this peint i is worth enguiring absaut what is lLervpening
to the Flow within the ridga. he metnods of drainage which may be
(1) that ths troughs o the ridgs i{ype Do i drained iato the

rom ooth sides and that {hese clrecumferential velocities

TN
\le}

(o]



- only occur for a small distance into the ridge and the
drairage is compleled by the couporent of velociby in the
X direction.
(ii) +that the condensale drains from the trough into one side of
the ridge preferentially and that the condensate is then
drained by the velocity component i« the X direction.

For the estimztion ol tl'= ridge angle (ii) is asgsumed te be observed

(&3

in order to neglect the retarding ef{fect of flow into the ridge from

the trousn cccurring on the other sidza. This is not such a restrictive
assuaption becavse if{ the ridge dces rzceive condensate from both sides
our calculutad velocity will be that much sraller and so compensate to
sone extent. The results obtained also lend some credibility 1o ths ahove

assumpition. Ve can seze that flow in the ridgs is very corplex an. iis

action may only be made by hypothesis., Typical veleoeitiies in the circumfor-

ential direction are .02 mw/s at 400 r.p.m and .05 m/s al 500 r.p.m. ior

10° and 20° cones respectively. The mean vslocities in the X direction
for the same rotational speeds are 0.199 m/s ard 0.359 n/c for 10° ang

20° cones respectively.

Discrepzucies in the theory may also be due to the zssumption thal
a semi-parabolic velocity exists at every pcinl in the ridie profile.
This asswaption caﬁnot be stricily true hecause of the introduction of
the Coriolis coaponent as already mentioned in the theorstical section,
the simplilying assumplion was nece-sary o make the equalions aven
apprexinabely soluble. The wmapnitude of this elfact is impossiblz to

pradict but the fact that a fair agreement with experimental results

throughout this chapler hias hzen possible suggests the theory in out-

line ju corroct and should ve modified only by factors of minor

The extentl to whiclh the coriolis force affcety lhne system depends

LM




[
]
—

on its masmitude relative to the other ineriia Torces aclking in the
fluid. A convenient measure of the effect of the Coriolis ccmnonents
is the uge of the Rossby number which is the rztioc of the nagnitude
of the two terus ‘ix\?Vx arnd 2con. ihich may be written in our
notstion as

Ro = E’Q!xSinls. S5ed.1

15

when ‘the Rosshy numver is mucn less than 1 the effees of Corislis
forces are negligible and if greater than 1  are doninant. The values

of Roasby wnurboers caleulated Crom 5.4.1 for 10° and 20° cones are

bt}

plotted in ®igure 46. Tt can be szen that “he maxirum valus of Rossby

)

number is 0.147 and cccurs at high opeed on the 20° cone. From ilo

definition of ¢he Rossoy muzer it would arpaar that althovzh met

negligihi» ths Coriclis term is by no means dominani., This ig 1o e

=
X

xpooead oinee the rate of chanze o radius with Ucrease in the X

direciion is nnh large with cones of such omall apex angle., Bxaminztion
of ithe curves reveuls that lhe Coriolis ell'sct incresses with increase

of syzed, pressure and cona angle, It may 2e concluded then that the
effeet of Coriolic is of sowe importence and should ve included in the
geneval sguablor.. At some asilage howaver a check must e mzde to ascertaia
the effact of Coriolis on the velozity distribution in *he ¥ direciicr.

No satiefctory and reascnably tractible way of doing so Mas yet been

found.
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5.5 Energy transfer.

e e

3 thezis is cencerncd with the

-

re

Since the major emphasis of th
dynamice of the condensate layer, brief mention will oe made of the
energy transfer data. Huwe (69) has already preserted a full account
of the heat transfer data and that included here is only for couplete-
ness. The tewpcrature profiles of inside and cutside wall temperatures
pius nean coolant water and steam saturation temperatu es n1°e given in
Figure 47(a). Figure 47(h) indicates the range of heat flux, ¢ ¢ plotted
against the Drew refersnce temperature.

The Nusseli numbar is defined as

U

where h is the heat cranzfer costficient for condenuing sgteau. Tha

heat tranafer coefficient may ke calculated from

wher q , the energy transierred in watts. is given by fourier coud~
uctiou through the cone wall

Q = kg Ay P2UWL

In 3/l

with I the lengih ol s condensing surflace, Ry, ond Ky the outer and
inner surface radii respccilively and 479 ihe cone wall temperature
difference. The wall temperature dilfcrerce is given by the mean outer
minus the nean inner wall ftenperatures over troe langlh 0f the condensing
surfoce, This heat Lrassfer coelficiant must be lookad upon =g an
average onsz rather than a lo2al value. This will bz the value used 1o
calculatce the experimental busselt number,

The heatl transfer coalficient is also given by

h o= k/$

Thus reat transfer coelMclieante ray to found 1 sach of ©
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thicknesses plotted in Figures 35 and 26, The comparable cne to the
experimenial value is that calculated from the mean {ilm thickness. OF
particular interest are those calculated from the minimur, or trough,
film- thickness. The values at high spesd, 400 r.p.m. and 600 r.p.i.
for 10° and 20° cones respsctively are 49,000 and 100,000 w/m2. 9K at
8, steam pressure of 1.5 bar absolute. The heat transfer coelficients

for the peak film thickness L' 'r the above two conditions are both

15
o]

approximately 10,000 w/m?,OK which requires the mean heat transfer
coefficients to be 27,390 and 41,000 w/m2.°K respectively. The two
laminar film thicknesses, for the above conditions, predict heat
transfer coefficients of 13,300 and 19,650 w/m2.%K respectively.
The experimental heat transfer coefficients for the same two points
are 23,700 and 22,715 w/mZ.OK respectively. The 1C° cone remult f[or
the mean heat transfer coefficient is very close to the experimnental
result but that of the 200 coae over estimates lhe coefficient by

. ey

nearly 80s. This is the highest error in the whole of the theoretically
predicted results and is brought about by the fori of ile solulion, Yhe

value of Jﬁ. was found which allowed the mezsuzed paak Fllr thichileswy

[»]

divided by the value of 4pins calculated from 4e s to be the same as

that predicted theoretically from the solution of 3.6.1%. However, at
the higher rotational speeds especially on the 20° ccna the fila thick-
ness measarement was very suspeci so that the errcr in calculating

heat trunsfler ccelficients is increased accordingly. It can be seen,
from ®igure 36, that in fact the film thickness has appeared to increase
so that this value should be disregarded. The other values of heas
transfer coefficients may bs observed in T=2bles 3 and 4 for the
theoretical onas and Tables Y and 6 for tha experimental cnes for

1 (o] v O N < . -

10~ and 29% cones resypectively.

One pathod of comparing the imforamation ootaiuzd in this thesis
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with other workerz is a plot of Nusselt number vsrsus certain non-
dimensional terms. The non-dimensional terms most often employed are
Reynclds number, Viober number and Rayleigh numbar., The Weber numser
has been most frequantly used in the pasi; Nicel and Gacesa (58),
Hoyle and Matthews (56) sand Singer and Preckshot (53) to name a few.
It is vossible te rsarrange the governing parameter, ./\ , to include
the Weber numoer as one of the component terms.

A = kAT M O”
g(l + O.,75upnr/h

=
ay Smin

rearranging andl regrouping one obtains

A 3 cpAT [ .fax 2 5¢5.1
heo(T+ o.ﬂbcgm‘fhfg) Pr fieg ay

whare

)
o
1z
1
r 1
I
ko
‘.-

L]
N
r

which is a form of the Weber number in terms of the [ilrn thickness, 1%
can bz seen that A 1is inversely proportional to the Weber numbsr so
that as well as an important factor in determing the surface profile

it also offers a gocd correlating factor for ihe heat {transfer resuilvs,
Figures A8 and 49 present the gteber number verszus theoretical aud
experimental Nusselt numbers respectively., Examination of Pigures 48
and 49 reveals that at low Weber numbers the experlimental Nusselt
numbers zre greater than those calculated theoretically. Whercas at
higher ¥{eber numbers the experiuwental Nussell numbers are lower than
the thzoretical Nusselt numbers. At low rotalional speed it has

already been Jecided that the btheoretical results are suspect and this
low value is sitributable to the wuech larger wavelengths predicted. Ir
the experimential section wention was made about the difference in the
input and outpat temperatures of the slipring unit causing difficulties

-

at higher rotational speeds. '

3

lte surface wemperatures wers Iound to he

racding low, for thig reason a larger temperaturs difference was
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indicaled {han actually present. This in turn meant lower Nusselt
nunbers. However the experimental and theoretical results compare
favourably within the experimental error of £2%). The comparison can
be observed more clearly in Figure 50 which alsoc compares the authors
contribution to that of other workers. It can be seen that the new data
extends the range of the data produced by Ilo,'.: and Matthews (56). Some
of the previous workers czrri:=d out experimental studies on much smaller
test bodies at higher rotational speeds. Two different workers in this
category, Yeh (51) and Singer ard Freckshot (53), showed that the Nusselt
numbers declined after a certain Weter number was reached. Hoyle and
Matthews found no such decline and this latter finding has been confirmed
in this work. No satisfactory explanation for the decrease in the Nusselt
namber witbh increase ir Weber mumver has been sugigaied. Hoyle and
Matthews thought that it might be due to an imperlect seal in Fheirp
apparatus and Singer and Preckshot atitribuvted it to the retardetion o7 the
drops by drag forces resulting in reduced heat transfer.

The experimental daia can be correlated hy the Jollowing equation
for both 10° and 20° surfaces to within 1T, ;-

Nu = 250,22 ((9_2__9_?_9 C.256% 545.3
4 o

The equation was given by a least squares fit computer programme docuwanted

in Apprendix Z.

It hes already been shom that there is 2 good correlation beiwesn
Nusselt and #ebher numvers. Fer this particular work, however, it is felt
that a more linear relationship exists between the Nugsell and Taylor
nunbers. The Taylor numher can be described as a rotaticnal Reynoldz
number squared, written in our terms as

Ta = (Lmu?g) 5:5.4

The experimental values of Nussalt nurber are rlotted azainst the
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Taylor number in Figure 51. It can be saeun thet it i3 possible to draw
one line through all the points which allews the Husselt to be predicted
to £14% given the Taylor number. The Nusselt number is given by the
equation :-
Nu = 1.1132 Ta0?45 50505

To test tir» validity of the Teylor musher as a correlating factor
results from other workers have becn ploited in Figure 52. Valuves could
only be obtained from graphs in the other aulhors work so that some error
must be allowed in the points presentad. Those results iaken {rom Hoyle
and Matthews (56) follow a fairly linear increase from the 0.156 m to
the 0.394 w diameter cylinders having overlavping points. If the points
could have been calculated from original data, and not points from a
graph, more importance coul3d be placed on the findingn. Tha results
obtained in this thesic do not appear as a continustior as in the
Nusselt versus Wever number plot bul more 23 a direct increase in
Nusselt number propcrtional to the increase in test Lody diameter. This
suggests that the Taylor numbcr glone is not sufficlent to previde a
basis of comparison of all these onservations. Cnly four values of Taylor
versus Nusselt number have been plotted {or the €0° righi cone, taken
at different speeds, radii and pressure. All the values were {aken in the
renge where a similar ridge lika condensale layer occurred. The Taylor
and Nusselt numbers both have nuserical velues in the same range as the
10° and 20° cones. The slopcs of the two lines however are diffzrent.
The slope of the 10° and 20° line is very close 1o that of the results
of Hoyle and liatthews., Whereac the slope cf the 60" cone is greater and
mzy be a more complex function of speed and radius because of the change

of regimes of flew which occuvs.
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6.0 CONSLUSICH



An experimental and theoretical investigation has oezn carried out
on the fluid dyramics ol ccndensate films on the surface off rotating
con2s, It has veer demonstrabed that a mathematical model can be
constructed of the ridge type flow regiime which predicts wavelength and
ainimum film thickness. The maximum or peak film thiskness has baen
measured but an experimental method, based on sonductivity measursment,
to obtain a nicture of th: co-densate surface profile failed due to the
severity of the operaling conditions. The latter techrique provided
basic imformation about the drawbacks of veing the conductivity meas—
uring equipment with a non-corstant temperature fluid.

The thecretical eyuation derived, even alter many assumvtions, was
of suach a natura that it could only b2 solved in the form of two non-
dimensiospal terwz, One, ]\. s containing a calance of surface tesusion
and incrtial terms and a szcond, C) , an allowance for Coriolin s ffects.

This is nct a particularily satisPactory arrangemant bacause soth the
terms, j& and GD s depend on the minimum or trough filu thicknsss.
Thus a truly iheoretical solntion couvld not ha givin withoud prior
knowledgs of the minimum Tilm thickness. The thooretical solution hus
been applied inconjunction with experiunental data to predici a values
of wavelength, minimum {ilm thickness and hence 3 KNusselt numbar.

It wes hopad that the theoxry ecould bs used to predict tha conditions
at which ididges appear and alco that at which drops ars thrown from the
ridge profile. It appears that limitations of tha theoretical methed
enprloyed makes it invalid for the forner case since at particular rates
of haat flux and rotaticnal speed infinite waveleugths are predicted.
Similarvily at the instant of drop detachuent tha thsory predicls that
the ratio of neek to minimunr £3lm thicknzss attains o valuc which is in
praciice impossible. This is cavsed by the sudden change in heat flur when

a drow is detachsd which caunot e taken into accouct in the theory.
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Data Wwas collected for the 10° ccne which shows the elffect of increass
of condensation rate on the initiation ¢f ridze ltype flow and drop
detachment.,
¥Wavelength

The variation of wavelength measured for the range of rotational
speeds for whicu the ridge type drzinage occurs is 0.007 1o C.002T m
as the speed increases. The wavelengths of the ridges formed on the 20°
cone are greater than those on the 10° cone at the same speed. Theoret-
ically calculated wavelengths demonsirated that av low spseds an anomaly
existed which caused the predicted wavelength to be much larger than
that observed. It is considered that this discrepancy is due to the fact
that curtain type waves observed at low speeds will call for a different
theoretical approach.
film thickneass

I+ hae been possible to measure the peak £ilm thickness of the
condensate layer although the accuracy could not be controlled to better
than iZSﬁ, This is an appreciable error dut the arder of film lhickne
is correct and is borne out by the heat trans{er coefficicrnt caleoul-
ationc. The variation of peak film thickness was found to be in the

ge 0,086 to 0,066 mm, for increase of speed tfrom 200 to 600 r.p.m.,
for both 10° and 20° cones. The minimum or trough Tilm thickness was
calculated from the theoretical equation and showed that as the speed
wag increased, at ccnstant steam vressure, its value was reduced at a
much greater rate than the peak film thickness, A couparison of the
laminar film ibickness, as calculated by Howz (63), and a m2an film
thickness calculated by integrating over one half wavelength showed
that the latter was less than the former by a percentage which depended

rox)

o the speed of rotation. A Plot of laminar ile thickness divided :

ninimem £ilm thickness and laminar divided Ly weal film thicknass




againdt the corponent cof acceleratiorn perpendicular to the cone generator
produced a lincar relationship on log-log graph paver. Thesa relation-

chips are given as

10° cona $1am = 0.1183 ayo'SbOG
/ .
Jmin

20° :zone = 0,0611 ayO.6346

and for lhz peak fili thickness, 5.4

= -0.08 3

10° cone _ilam = 1.33 ay 15
% max

20° cone = 2,177 ay~0.2089

Inertia terms

Onse o the matters to which attention has bheen given ig the effect
of Coriolis forces in determining the flow pattecn. A measure of the
impcriance of these forces is provided by the Ressty number, a non-
dimensional group which is a ratio of the two terma Vx 9Vx and 2 wVx
and written as 20VSwBA, . A maxinum Rossby number of 0.147was obtained
for the 20° cone. This is not a value which suggests that Coriolis has
a very large eoffect on the flow process bul of enousgh imporiance to be
included in the governing equations. Calculation of »ridge argle, <<,
shows that drag may have an important role in the actual drainage angle
because tnz former are all someshal iess than the measured values.
Erergy transfcr

The experimsnital data has been correiated by plotting Nusselt
number versus teber number, Comparison with other workers shows that
this new data follows the trend of data vroduced by Hoyle and Matthews
(57) ov rotating cylirders. A correlation waz found by a least squares
polynomial Tit of the exverimentsl data and given as

Hu = 250,22 ﬁiixl”’ D+ 2569
\ 4 o

anconLaising all data to wibhix .-LIU,

.

1.

~,
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&he heat transfer coefficients predicted {rowm the thsoretical
ridge model, calculated from the mean filr thickness, showed close
agreamenl to the experimental resulis, The laminar iheory always prad-
icted coefficients which were less than ithe experimental ones. In the
ridge~Todel it was found that the heat transfer coefficients were
always greater than the laminar ones.

Another non-dimensicnal verm, the Taylor rumber, was in this
particular case shown to be a better correlating factor for the
Nusselt number. The Taylor number may be thought of as a rotational
Reynolds number squared. A least squares fit of the data resulted ;n tha
emphirical equation

Nu = 1.1132 1a0+245

which allows the Nusselt nwaber to be predictad to within *14.,
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Furthér work

The preceding work has shown that it is possible to model, with
reasonabls accuracy, the ridge type fiow occurring on the surface of
109 and 29° rotating truncated cones. However, one point brought out
was that a separate analysis must be developed to account for the curtain
type wave regime which occurs prior to the development of ridge type
waves., This solution musc¢ corz from a three dimensional treatment and
perhaps a changes of the cuerdinate system may simplify matters., The
mathematical complexity of such a system would necessarily be enormous.

The failure of the conductivity film thickness measuring technique
was causad by line contact arowad the periphery of the tufnol insuiator
breaking down. It is therefore necessary to develop some mathod of
achieving this line contaci. Poszivly this may be obtained by coating
the tufnol with a heat resistan® resin and heating the tcst body up to
a temparature of about 250° and allowing the plug to have a shrink fit.

Some other means of measuring *the film thickness may be posaible.
The use of a radiation technicue may be more attraciive in the light
of the imformation cobtained about the conductivity filu lhickness
measuring device, The problems in this method were that the radistion
detector must rotate with the cone and must be very sensitive in order
to measure the thin films encountered on the surface of the cones.

It would very useful to develop a high intensity flash light
which would allcw a more suvccessful study of ridge formation and drop
detachment on the 20° cons condensate surface. This would be best
situated in the vessel itseclf, Tt would be possible then to compare
the drop diameters with the ridge wavelength and ascertain the relation-
ship betrazen the two.

The point method was originally devsloped to check that the

conductivily device was giving the correct order of film thickness,
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For f;ture development this method could be made more attructive by
arranging for the main shaft to run in aar bearings. This would then
allow a much closer tolerance to ve held on ihe cone movemaanlh, The
method of measururement in this thesis was accurate tut movement in
the main bearings was 10,0029 mm which is a large percentage of the

measured peak film thickress,
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Aprnendix A

Film thickness msasurement

Thare were several potsntially uvssful mears of determining the
thickness of a liquid film, these are contained in two basic groups.
The first are [{ilm averaging methods and the second localised methods.
Each of the msasuring technique=z was critically analysed providing the
following imformation.
(a) ilm averaging methods

The hold-up method has been probably the most widely used

technique for measuring film thickness. It consists simply of isolating
a section of liquid [ilm, allowing it to drain into a container and then
Getermining icy volume, This maethod is unsuitablzs for use on the present
rig. Instantancous shut otff cf the stzam supply is imposzidle, althougn
allowanc= could be made for the amount containzd in the vessel, and
complicated collection techniques would have to he ovolvad,

Heighing methods have been used in the past by Collier and Hewitt
(73) ‘o measure hold-up in packed columns. The method was similar o

the 2hove except that provision was made 1o measure the weight ol

o

hold-up present in the test section during operation. Again this is
impossible since the rig was already in situ.

Film conductarce methods employ an electrical ﬁeans to measure tha
conductance of a length of liquid film, It is necescary however for the
film to flow over an insulator and also that an electrolyte be added to
increase the conductivity. 3oth of the latter maka this method unsuitable,
firstly the cone is metal and secondly no contamination or the condensate
was allowable.

(v) Localised methods.
A radio-active emiszsion method was rejected becauvse it meant

contamninating the condensate with a radio-active s2lt. A radiation
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detector wouid have to ta situated near the cone surface, so that the
amount of radiation detected would depend on tha thickness of the rad-
iating layer imemaediately nelow the detector. The condeusate layer would
absorb some of the radiation so that calibration might then present
difficulties. 'The average film thickness could cnly be found so that for
wave profile measursments some cther method w.uld have been needed.
Jackson (15) employed this mehod and measured film thicknesses in the
order of 1 mz with a precision of 0,1 mm or watter,

A radic~active absorption technigue was cqually difficult to use
since a radio-active source must te fixed into the surface and 2
detector placed such that the film flows betwsen source and detector.
¥hilst the cone was rotating this would mean that the detector must
rotate with Ghe cone to obbain a continuous rezding. This wag noi an
insurmouniable problem. Howsver, the film thicknes=as Leing 6ealds with
which are in the order of 0.009 %o 0.02 mm wake the sensitivity of this
method very suspect. A point in favour of ihis method is its comparative
ease 1n setting up and calibrating. For a pacallel bean of mono-

energetic radiation

I=1I0a MK Al
where Io is the incident radiation intensity
I is the intensiir after ahsorption through liquid layer

thicknress x
e is the density of the fluld
M is the mass absorption coszsfficient
Needla contacli methods have often been used in the past with reason-
able accuracy. The method is very sinmple, a needle is brought up against
the film curface unkil contact is wade. An electrical or optical means
must be used Lo ascartain the exact poiut of contazi. ieasuremsnt of

tha point of contact is then saible by microreter. The surfaze over
r P M
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which~the fluid flowed acied as a reference and ths needle mcved
forward for a sacond reading. The difference in the twe readings is
the film thickness. Wavy flow can be accomucdated by using an electrical
means. The needle approaching the film makes contact with ths wave
crests first so that intermittent contact occurs., If on contact an
electrical circuit is made then a periodic stwnal will result. The
reading from the micromeicr nrovides the peak film thickness. Further
advancement of the needle until continuous contuct with the Film occurs
provides a micrcmeter reading from which the minimum film thickness can
be found. ®inally the necedle is moved forward for a micrometer reading
al lhe surface over which the liquid is Flowing fcr a reference reading.
This method was initially discarded because rotation of the svrface
agzinsl a stationary probe would produce dizturtancez, linitzd Lrororce
of the probe could oniy be envisagad and thirdly mcesuremznt can only be
made winilst advancing the prcbe vecause of the delay in contaet breakage
during withdrawl caused by surface tension force. Hewitl et al (74)
have used this type of set up to observe cnnulxzr two--phuse flow, They
report that there was a *stretching' effect on bLreahing contzct when
observing waves.

Light avsorption is another method used to measure film thickness,
A beam of light waé passed through the film from one side and the snten-
sity of light detected on the other side. Charvonizn (75) used this method
in his work concerned with two-phase flow. It is of course a necessity
of any such itechnique bthzt the test section should be transparent. A
recent development employing Tiore opiic technigves could possibly be
adapted for our purpose. In a [ibre optic bunch certain fibresg are use
to transmit light towards the film surface and in the same vieinity have
Tibres which receive light. #hen sending and receiving elements are in

contuct with the surface mo light is raflecicd to the receiving element.




As th; distance between the elomzsnts and the film surlface increases the
cone of light from the tranamiiting element illuminszies an increasing
area on the film. This arca bscomes, in effect, Lhe source of = secondar
cone of reflected light, which in turn increasingly illuninates the

receiving element. This effect was linear for a certain distance depen-

ding on, shape of heud and the number of fibres used. This typ

W

of sei
up could be perfectly feasible for laminar flow smooth film surfaces.
However some detailed researchh would he necessary in the casc of wavy
flow. Also for rotating fiims in a steam envircment extra care would

be necessary in setting up the equipment. Ffor these reascns this methed
was not considzred practical at the present stage.

‘ Photograrhic and shadowgranh iechnigques have been widely used and
form a useful means of filwm thickness measureeni in cerlain cages.
Mainly useful in cases of flow on the outside of svrfaces, Kapitsa (10)
employed a shadowgraph technique in his film flow ztudies. On the face
of it this appears a useful method for measurement, However from esarlier
studies the film thicknesses encountered can noct be greatar than J.1 na.
In the conditions whieh prevail, a photograph st be taken theough a
thick glass windew, a condensate film on the inner glass surflace plus
4 general blurring of the surface whilst the cone was rotating would
nake this method very difficult 4o operate.

A recently developed flucrescent grsctrometer method usss a bean
of light of a given wavelength which was directed into the liquid film,
One drawvack to this method was that a fluorescent dyestuff must be
added to the liquid under test. The incident light then excited tne
fluorescent content so that an emission of a new frequency occurred,
The quauntity of fluoresceal light emitted incrzased with incrsasing

filam thicknesn. Y'ne fluorescent tight was separated from the reflected

incident light by 2 spectrometer the resultant intzasity was maasured
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with 3 photo-nmultiplier, this reading must be calibrated to give film
thickness direct. To apply this type of measuring technique scme
method must be Tound tvo cater for the addition of the dyestuif under
condansing conditions. Hewiit et al (76) describs the procsss fully and
compare the results cbitalned with other techniques for two-phase water
and air flows.

A further localised technique for Film thickness measurement uses
the change in capacitance due to dielectric thickness changes hetbween
two plates at different potentiala. In practice the surface over which
the liguid flows acts as one plate and a movable probe held directly
above the surface as the other plate. The ability of the system to
measure liguid £ilm thickness deperds on the very large difference
betweer the relative permittivity ol the Lwo diclacirics luvolved, waler

and air. The systen can be represented simply oy the following arranso-

ment, . )
b e
L PROBE
- — - "
A t
14
. - S 3
2 wnreR  Laver \ S A
77 T T 777 X7 7777 T TN/
wér Scuid  SURFACE I
the capacitance is given by
o A
C = (-8 +3% A2
Ea Ew
whers A is the area of the probe

€o is the permittivity of free space
Ep and &w are the relative permittivities cf air
and water respectively.
The values of &w do nol vary mueh for temperatures betwsen 15 and 20°%,

that is between 82.22 and 80.%6 rospsctively. The relative permittivity




for air does no* exceed 1.0l. The potzniial difference across the
capacitor varies inversely with capacitance thus the change in water
Tilm thickness is dirscily, and almost linearily, proportionzl to the
potential difference. The probe must be made up in the form of a central
area surrounded by a protecting annulus, this arrangement reduces
'fringingt, so that the capacitance is as near linear as possible.
Calibration ol the unit can be carried out by using slip gauges
or an actual liquid film and a point method. This technique was developed

Further by Black (77) who employed commerciaily available equipment and
was ablc to resolve wavelength measurements down to 125 mm to an accuracy
of 10.075 mm, For shortef wavelengths a smal)ler probe would be necessary.
The smaller prohe would mean a loss in measuring sensitivity because

the area of the »probe is dirvectly provortional to the capacitance,
Holgate (36) employed this technique satisfaciorily for his study of
fluid flow on the surface of a 60° right core, He noted that drops
falling on the probe surface affected the readings obtained. The method
was rejecited for our particular appliéation vecause mean {ilm lhickngus
only would result unl=ss the probe rotated witn the cone, zu: alcborale
calibration programme would be necessary to allow for condensate temp-
erature changes and also it would be difficult to prevent drops falling
on the probe surfa&e.

Measuremant of licuid film thickness has bHeen conveniently carried
out using a conductivity device. The procedurs was to monitor the change
in conductance of a liguid layer flowing over iwo electrodes. The size
of the electrodes and the distance apart determining the sensitivity
to £ilm {thicknese and wavelength measurenent. The methcd employed by
Van Rossum (78) was to measure the conductance of the liquid film

between two thir platinum electrodes, G0 x 10 mm, glved at a distance

of 25 mm apart on the bottom of the chanmel which formed ihe apraratus

202



for studying entrainwent, wave Formation and =tomizatior of horizontal
liquid films. The device was calitrated uring & point msthod for meas-

uring the depth of a stagnant liquid over the electrode

1
ra
e

Hewitt et al (74) develop a conductivity device having two 1.5 mm
diameter stainless stezl rods set in a perspez tubs section. The device
needed calibrating using another more direct measuring techniqus. Theor-
etically ihe system can be assumed to be two parallel jufir-tely long

conductors, shown below; which project into the full thickness of ihe

_ %t = film thickness

film so that the currert field can Le obtained oy wvsing

G

wV o A%
In (_a;. + j%; —“T‘)

where ¢ (mho/cm) is the conductivity per unit lengih detween two

n the homo-

=

parallel conducinrs of radius r and axial svacing 2a
geneous conducting mediuww of specific conductivity \Y (mho/em). Then the

conductivity in milli-mhos of a film of thickness + mnm, is given by

Cd = 3.1416 x 10 t x V Al
r 1-2
= Constant x t x V A5

Since the gauge assumes two varalle) conduclors extending into the full
film thickness, which in practice are flush with the surface, an end
effect occurs which cannot be allowed for. Consequently in order to be
used as a measuring devica calibration is necessary. The conductance

measured depends on the specific conductivity of the liquid which varies
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with temperatura. This must then be catered fcr in the design of a
system, An advantage of this type of measuring technique is that it
dces not disturo the phenomena occurring aaturally. This measuring
technique was thought at this point to present the most promising method
capable of being developed for our rotating system. The design pro-

cedure is given in Appendix B.
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Aggendix_g

Film thickness gauge dasign

The initial design was based or the Hewitt et al (84) conductance
measuring device, 1t consisted of g tufnol background, of & mn diameter,
in which was located two stainless steel elsctrodes 2 mm diameter spaced
4 um arart as shown in Figure 53. Tests showeo that there was a consist-
ent and repeatable relationsl.p betwzen the film thickness and the
current flowing -lhrough the load resistor Rx shown in Figure 54. The
current flowing was not measured, instead a valve voltmeter was used
to monitor the potential drop across the load resisior Rx. This load
resistor was chosen such that the maximum film thickness measured
produced a full sczle deflection of 10 mv.

A preliminary test, using distiilled water, with the coadvetivity
device connected to the rig however showed thal earihing vie The Tilm
to the cone surface reduced the sensitivity by half. [t was also woted
that this loss of gensitivily was dependant on film thickuess which
created a noia~ linsar relationshiyp batween f£ilm thicknsas and current
flow through the lead resistor.

In the light of these observations a modified decign was subhsti-
tuted. A central electrode located in the tufncl background, as shown
in Figure 55, =limninated the parallel paths of the former design and
used the 3zarth path dirvect. The relationship between film thickness
and potential difference across Rx is very similar to the Fforwer
design a comparison is shown in Figure 56.

The final design employed a bLrand of tufnel which had an absorption
rate of 0.2 milligrams per hour and a dieleciric consiant of 4.5. The
diameter zhosen was 3.17 mm this veing the smallest acceptable
machining size. A stainlesg steel wire 0,914 mn diameter was emnloyed

as the ceniral electrode.
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K smail test rig was designed and bailt to calibrate the conduct-
ivity device using the stzam supply frem the main rig. The calibhration
was necesgsary 1o alicw for end eff2cts and also the tenperature varistion
of the condensaie which occurs with increase of presgsurs. The small
test rig consisted of a vessal having two parts. The steam was cond-
ensed in half of ihe vessel which also acted as a reservoir znd the
other hall held the meas.ring =guipment. The condensate flowed cut of
the reservoir along a channel and through & weir., The weir was a sub-
merged one in which the condensate was allowed to build up to a pre-
determined level. Tre conductivity device was 1ihen held in the end of
a probe which was immersed in the condensate flowing along the channel.
The base of the channel was made of silice glass. The nrooe was held
directly above the glass plate and could be travsvsed veslic)ly by 2
micrometer head. The miecromsler head is shown in Figure
allowed the probe to be controlled distance from the glass plate. This

hen was a simulation of the actval measuring procegs, the coadeneate
lows over the conductivity device =2nd the sleuam surluce was simulated
by the glass plate.

Calibration was coumenced by setiing a steam prescure and allowing
an initial cleaning through psriod and a settling down itime for the
condensa*e {low along the channel to reach a steady temperature. A test
run consisted of measnring the condensate temperalure, wiih a thermo-
couple situated just upstream of the probe, film thickness znd comp-
limentary potential difference for a2 range of film thicknesses. The
above procedurc was repeatbted for condansate temperatures rauging from
100°C to 150°%C.

The scatter of chaervaticns made in this way was other than could
well bs aswbtributed to chance errors only and on genceral prineiples it

seemad provable bhalt there vwas a rslationshiy batween pH  value and
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the conductivity of the fluid under consideration. These relationships

are :-
logip K = legyg (7 x ) - 3 - ow A
whers K 1s the corductance mho/cm
d is the density gu/ce

Y

the egquivalent conductance for digtilled water
K= Ayt v Ao AT

.
H

pw  is a variable related to the temperature (83)
The pH value is then given by :- Zpw -~ 1log)g d A8

Measured values of pH for the condensate varied frem 5.8 to 6.6.
Most of measurements were within #0.) ol 6.4. If the condensate wers of
pure water then ati 20°¢ the pH value would have teen T7.Q. The diilfTerance
in pH valuve indicated that some contominntion was present in the
condensata.

For film thickness measurement, using the conductivity devices,
it would be necessary 1o take samples of condensate at regular invervals

during an experimental run and check the pH valua 21 2 ralerens

D

temperature of 20°C. If the pPH value dic¢ not fall in th2 range o

Y

*0.1 to 6.4 the entire results would be discarded. The calibration
curves were then drawn up for a pH value of 6.4 *0.1, using ihe mean

of three conductivity devices, and are shown in figure 58,
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APPENDIX C

Variation of §&

Nusselt has shown that the film thickness varies as a function
of Xi » Thus changes are of small order and may be assumed to obey the
following law
% = Gonstant(l + & X) A9
Differentiating we obtain

-é—i = Consta.nt.E_
oX

If € is small then the constant becomes 3 , requiring

9% - ¢3 A0
X
A mass balance over one wavelength requires that
A
” W dY RdOdx = kAThR d0 /x ALl
0 € heg 5.
Substltutmg -—513" for f Vy .dY 1nto the above equation one cbtains
'_é__- ’ _5__€ ax € 40 = _______.___KATRCIQ Al2
IX 3 A0 0 Phey S

Operating on the lefthand side of the equation :-
by
__6_ j 5_3_Q (wzﬁ&uﬁ + 3 CosF:) X.SINF d e
oX o 3
Performing the differentiation

'j 5 Q(Zm XSWF 3(08F81u>+5 QGXR‘:%?(]CIG

]

Then :- [ﬁ_/eu 2w Sw(’b +jCoS{5> + 8t an .)5:! de = | kaT,d6

e FPS 5

Putting 1nto non—dlmensmnal form employing equatlons in 3.8.5
-3 ,3

5 [535m~ Q(Z Q_)" SmP +3(_0_S§ SIN{S_?_ SH,N)

o /kl X O ax — Y%
+{ 3250 m QQS Ax Srmin SINP Qay® Shim Snw) def o2l
N O Gx aye R

= J kat db ( )/t
° ?hps L S5m0 e Y
5implifying and replacing the term . AT O M by _/\_ gives

4 30)’2 Shin 5 hl-‘s

OIA[..;_(E—@—SJ:FO_ + j(bs@SouF>+ szjs]de J\{de Al3

3 (4 Qly?' Shun
Substituting Al0 into Al3 -
A -

f (2@5.u(60‘+j(os@$~€)4—5£]c' _A.Ji_

o 3 Q qy S5Hin o 3
Rearranging to obtain § s

(4]

I . A_
de _ L 20*XSwp o qlosBSmB) 5
£ = _A.OJ 5 — ;(-f < Q Qy')_ 5!1{/\/ ax C’@

3 ds




Since we have already assumed that changes in the "X ' direction are
small and the terms inside the bracket are small compared with the
others then the second term in the top line of the equation will be
neglected. Thus the term, E , becomes
A28
E = — 5
)\.-3_
["3%dB
[

A computer programme was set up to calculate the value of the

Al4

constant, E y to produce a cyclic condition. This procedure consisted

of guessing a value of E: running the Continuous Systems Modelling

Programme and then using equation Al4 to calculate a new value of & .

A convergent technique was set up and when the operations produced a
final value of 3 %o within *0.1% of the starting value of 1,0,was
accepted., The above procedure was repeated for a variety of values
of JA- to be used in a procedure to correlate the experimental data,
described in Appendix D, The values of € are given in Table Al,

It is appropiate at this point to note that the constant £ is

not in any way connected with the coriolis term considered in the

general equation, 2 Vx“’SiJlF. Thus in any subsequent analysis it will

be assumed that & is not a function of (J .

Table Al

A £
8.0 0.00917
4.5 0.0112
3.5 0.013
2.72 0.0152
1.65 0.0203
1.00 0.0256
0.6065 0.0321
0.3%68 0.0389
0.2865 0.042
0.223 0.0445
0.2 0.0452
0.05 0.046
0.02 0.0462
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Numarical soiution of the governing equation.

The I.B.M. package, the Contiucus Systems Mcdelling Programme
(C.S.li.P), was cmployed to solve the final equatior, %.8.13. This
programme is & scientific routine which is capable of solving differeantial
equations numerically using Runge-Kuitta, Hil.: or Simpson step-wise
proceduraes. The solution mas <btained using the Runge-Kutta predictor-
corrector technique in this particvlar case, The C.S.M.P. rodule
alloued the couplete solution including the mathematicel manipulations
of the results within itself. The instructions being written in Foriran
iv language.

Tha anga~Kutla Fourth order srocese was the numaricsal method
cliceon within the C.Z2.%.P. module. The solviion is basically for alngie
first ordur equatione of the form

¥ E(a,y) AlS

\J"

or sete of firat order squations; hence it mzy be used for eguations
of higrer order, vhich can always be representad as a set of fivst
order sqguations. In advancing cne step the function f£(x,y) iz compuied
ab o muber of intarmediate voints, the choice of which is to some
extent arbivrary. IT the point x has heen reached with

¥{z) =y

wa caleculstbe in succession the quantities

Yo = bk £(xy)
Kp =h £(x + $h, y + $%g)

ko = h F(x + 2h, ¥y + %kl)

5

1(3 = f{r+b,3+ kz)

(x + h) y(x) + (kp + 2k + 2ky + 122)/6

'~

o~ 5 -y -
with an ecior in the order of 4”7 . Thus a step length, b , as swall

o
Cﬂ

n>

N
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as possible reduces erroré o a minimum. The krown starting values nmust
be entered buil no special stavrting preceduce is reguired in the
programnue.,

The C,S.M.P. module is fully described in a technical manual (89),
but for golution of our equation it consisis of the following :-

(i) An Initial Section, which allows the governing parameters,

physical properties and gereral alogarithms to be set up.

(ii) The Dyuamic Section, in whizh the governing eqaation is set
out in the form of single order equations. Sach of tnese muct
be given boundary ccenditions to act as a gtarting point,

(iii) The Terminal Section, which may be used to perform various

operations on results obtained from the Dynamic Section. It
can also be used to calculate any othsr relsvant guantities
and print thém out in a convenient form,

(iv) In order to run the programme thc step length; method of

solution and duration of run musi be given.

The C.S.K.P. module itself is much more cemprehensive and that dzs-
cribed above is limited to the use made of it in inis thesis.

In the taxl the programme has been erployed in twoe ways. In the
theoretical section a parameter variaticn was exemired. ¥hilst in the
discussicn an attenpt was made (o predict theoretically, using sume of
the exper:imental data ss a check, wavelengih,minimur filin thickness and
heat transfer coefficients. ror the former, values cof J«. werz chosen
and in the Initial Section both @ and {7 were caleulated and ther
employed dirzctly in the Dynamic Section. The terminal section wes not
necessary in this case and a divect print out of the surfacs profile
pluz the ‘irst three derivatives was obiained Tor the ron time. The run
time was long enough +o cover all ihe waveiunzths produced for the range

ol JA- chosen. The results ara given in FMiguresz 6 and 7.
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The second use of the programme wag more complex. In the Initial

Section all the ohysical properties required calculating so that all

]

experimental data had to be read into the storage spuace available in
the system. The parameters and alogariths were set up for a upecial
use of the Dynawmic and Terminal Sections., The Dynamic Section was the
same as the pr:ilous one except that the boundary conditions were given
variable names. This was to allow the solution cver one wavelongth to
proceed in small steps. In the Terminal Section a procedure was set up
to solve the equation in short steps until the maximum vazlue of 3 was
found which then corresponds to the half wavelength. Because a meas-
urement of film thickness was not available it was decided to use the
experimental resulis in a convergence technique. Two nethods wece
considered
(i) Employment of the experimental heat flux. A4 value of A s
agsumed, starting at 0.02, then ths other parsaeters ® ana
{2 were calculated from this value and the experimental data.
Bauation 3.8.13% was sclved as previously until the hall wave-
length was found. The results wer2 used 1o caleulate ¢ mean
heat transfer coefficient and henca the heat flux. The
experimental heat flux was calculated and the two compared.
If these were within %5 of each other the value of ./L

assumed was considered 1o be correct for thnai particular

Y]

solution. The large convergauce error was lLolerated because

the experimental error invelved is isrge, up lo +7p, and also
to obtain closer accuracy required more computing time than was
available. If the two values were not within %, of sach other

a COnvergence factor was applied to the original guess of

and the process repsated until the heasl flurxes werc within

the requiresd tojerance,
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(it) Employment of the measured pezle filw thickness. As berore a
[ v
value of JA- was acssumed, @ and 2 calculated and equation

3.8.1% solved for half a wavelength. The maximur non-dimensional

-

film thickness, Smax' was lhus obtained directly. 4 values of

minimum film thickness, 4 was calculated from the assumed

min't
value of 44.. The measured peak film thickness was then divided

by the calculated value of 6min and the ratio .:owl.~red with

5

jn g

« If the two were within %%, for the same reasons as in

max
(i), then the solution was assumed correct for the given value
of aAL . Again if the two were not within +57 the value of
was modified until convergenée was c¢btained.

The two methods were necessary because when employing the heat
flux version convergence was very slow andé also at low rotaticnzl speed
would not converge. This was due to the large experimeutﬁl error in the
heat flux which took the convergence ractor well ouiside its range., The
programme has a 'switch® built in which allows either mode to be run.
Thz results guoted are for methed (ii) which wus found to be the moat
satislactory.

In the Terminal Section, once a solution to equation 3.8.1% had
been ohtained, the various non-dimensional groups were calculated,
together with, heat transfer coefficienis, laminar film thickness by
solving equation 2.5.58, and the angle the ridega makes with the cone
generator,

The programme and run instructions are given in the following




Flow diagram for computer programms using film thickness as

converging factor.
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The programme using heat flux as a convergence Tactor is very

llf %ﬁ@eﬁ/%uﬁ LT 095 or Qfl061

. - L} t .
similar except that the second 1f siatement is replaced by:

é



w=0EALTY 7
ION WAS:
" SICNED
YA

SUBPCUTINE LPDATE

AV
—
w

CCMY¥EN  7259G3 18 ) 129601228902, 129902.7229602,179403,2299911{54
CCMMON TINME
19DELT  LDELNMING,FINTTNM,PRUEL CUTCEL,T3 v V2 ¥ 71 v T
YoT4 2 2IOCTD,T7CLY L7200 L, A3 B2 s B2 2 20 s hCG
FyRLND ¢HTYC rHAV yI-A s X s 11 v J s KCUNRT SCOG
‘.QK QTP QTAV "“F(J '.'C v‘-’ 9[ !E ’hL
!QPB 9TC‘.I‘I ,TE‘NA 1CC 'ff 9';."""\ 1Cp ’AG fL“
1e¢lL2 sCCN yHNIND JRCT P CCK ¢ ST s CNECA "« Th s 1
19270C0D4, AC 2 ZICCL S, ARA 4R g 13, s GC 2 RAL s WAV
TeWAVF ERRW y AR 1 Q $ CC 1 GGC s HFTMIN +TMAX LERR
1+HAVC (RE s VPE s RE s RNUC L& ' BL o FN e F1
CCMMON F2
EQFE o XL y ANL 4 1GAM s FE gi'LAM ¢ RHH 'HWII\ yHN‘:‘-AN
1eL4 P VX y VAV o vE4 W B2 P £2 y VG s TAN
1oWE s WEH s VEL +RRA s RALX  4RNUP RCS oCTC vV
LgHMW s HMY ' BIFX ;s FFGL s FR s REVXK P BK PAKN ¢ FKM
1o kN ¢ Wi s TZ0CGY,120GC2,12C0072
COMMON AX ( 13
CCHF¥ON CX ( 12)
COMMOCN A { <)
COMbON 229GS2(73848 JoyNALAPH 176692, 77209GH4 (AT KEEP,JTI3CE5(40T)
$ 170000 275CSa iRl 125007 TLGEGRLINIVG{ £4()
INTEGER BB
yLoC& s RONC
DIMENSICR YO 3CQIHPLINUY ¢ 1HR{20G5)
507 FORMATL(/43Y, 'WhVF'L“’,ﬂk,‘ ATe TEMPY 2X TSR, TEWMPS p5Ks TRPHEHE
TOONE ANCGLE T 48X V1M X v!% YTRI )
G& TORMAT (s o VQUREFTHY (X " TLUNCTRI T X P MFRASY o 3X, v LU MEAS) T 44
X YRTCLTHYI T X ‘LT({N h()')
0 FORMATL/ g OX s "T0 g1 CXy T TAVY gGX o tTC W gBX e P TEEAT 8% g I, THLTUNDF 5K b4
1vEAT)
2C ¢z FOQfAT(/th, NUZSOELY NCa(HM/R; 2%yt LIZELT ML ei T eDXy"RAYLETCH
FONDe "B 1EET, FLOW VELY)
Ga ]H(E?? B eD9U3€y #5257 ,29G5E ), 120200
C STEM SEGMENT (F MCCEL
39595 COMRTINUE
1279¢2= 1¢&G
[166C7. 4
17G6SG8B= 124
[2000.= jes
12CC02= 138
17CCUZ= 1521
FEAC(5:¢39990){279659(126%G91:17266%09=1, Zi(L)
365G C rﬂp”ﬂf('EAh)
12990i = 5R0019
176602= 1210054
176803= 216
GO TN 29999
C INITIAL SHEGMENT CF MOTEL
3566 E CONTINULE
JE(LI cER:2)CCG=3
\r\nCUnFofC.?3fC ST

IF(HAVY  GT HTC ANDC JKOUNT L EQ

s 1 YOCC=3
PTE=
’

1¢(A\"’0L|a ::D'unbr\l.,ﬁqci\l_o:‘:o1
T¥(C0G.EG. 30N TC 82
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ny
)=
\C

AC=RCCH(FTC/HAYYIRL 7

GC TO @1
a2 FRIAGB) /T LT, 1.2)G0 TC 8
AC=A0GRELAY=: . 2/TF
GC 70 &
AC=20C#A{£ )21, 05/TH
RONC=RTNC+1
IF(AC.LT.C.C2)A0=0.02
IF(KCUNTEQu2 ANDLCC 2oL VAL=ACCHYHR{RR- 2041 .2
IF(UFG,PQ.-esNP KCURNT ELSZYAC=ACCRTHE(K -2 1 4] .2
IF(COG.EQ.R . T KEURAT e EC o2 e ANDoTHD{K -2) oLl To1 o 2)AG=ACGH*THD(K--2 )} =1 .0
IF(RENCLCT .4)GC TC 6
TC=A02)~-4(3)
TA\' (?,"‘\,o‘ "‘T(:
HFG=2587.46 ?.77°£*D(2)+
C=(B54.42+2.26CFaTAV-(,

D>

4

cCLIGEXA(Z2) =22 CoCCONEF 2% A (2} %%3
1T CeBdTAYVR X224 C. 00001586 TAYA%3)20,000001
V={9Za. 14 YV . NAGaTAVEO,O0T232TAVRY2- - CoCLOI0GALNTAVH®RR )G, CCQCOHIL
ST=(78.777-C. “165)’T4V+C N0 AABFTAV 432 C,0000010845%TAYR%3 )G 0010
=iQ2B.64 Q.B805482xTAVE0NOZIE36EFTAVA42- Co0CC0118.56%TAVRED

E=A(5)/57=296

AL=A(8Y/5T .78

TOW=A{(2)-A(7)

TOwWa=(p(3)+A(7)) /2

CC RO 640, ThWA

CMEGA=2.023 . 16:.8G6%L{4) /&0

rr-(?*,-i PEGHA(L /60 YA 2RALS)ACOS{A)-C RS IN{RY

CFX=(2Z2%3 .1 4‘5” ALY /8D, 0P aZeA(S)eSiN(RI+G . AT +LCS{ED

CP=1:4b645-0,0003862%TAVSCL,CCONC3280e%TAY 2%

{E=EXPICP]
& IF(TI.CT.0. VG TC 7

WRITE(A,332YA0
333 FORMAT(FI0.T)

AG=ALLGUAT)

DO L I=1,12

IFEAX I Y-ACY 142,47

R CONT INUE

2 CON=CX(T)

} GC 1o &

47 COM=CX (1~ b4 (CXITICXCT- T )2 0AX(T=Y}- BRI Z(AXLT-Tb=A%X(11})

5 HHINC= (C%3 7 #T0AV/ {CHE3nCE* InHEGRAQC (540, 3T6XCERTL/FFC) ) 1%%0, 2

ROT=((20>2,54"55%A(4} /40,0223 STASINIR)*32) /(R¥INCICHCFRM)
LOD—rPIhtﬁﬂ‘ZBEIF*ﬁ(é)*SIN(E)*CFX*(ST*Ci**C.ﬁ/(\*éﬂeC*CF*?loﬁ)
CONTINUE
GC TC 1369¢s
C CYN/MID SEGMINT COF MIDEL
29687 CONTINUE

To=-3%TL&T3/T~T2 22TY 402/ T43%AC/TH%4-CON#THTLHL0,0*CCR/ 2.0 qLT/I

-4

C T3 = INTCRL (873 T4 )
c T2 = TNTGRL (82 ) T2 }
c T =INTGRL (o y T2 )
C T = INTERL (80 ! T1 )

ZIC010=T3

ZZC01’=T2

I2C01es=

GO 10 3@9"9
C TFRFIRAL F GHENY CF MODEL

IF(' Su 1:51
S5i B?=T’
Be=T2
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61

36

56

42

43

62

B1=T1
BO=7_
TI=TI+0.02
HA=HA+CAC . C4/{ (T+XI1®-MINC)
X=7
TF{KCUNT.GT2ICGC TC €9
Ge 70 70
X0(J)1=T1
X0(J+11=RC
X0t Jg+2)=04
XC(J+5)=P7
XG{J+4)=83
J=J+5
CONT[”U:
1F(RENC «140CCIGC TN €&
IF(T1. G|..3.q DIGC TC 63
IF(TIoCT o130 ANCCCCL.FR3IGE YC 74
CALL RERUN
GC TC 64
IFtTI.LT.1.C)GC TC 51
IF(GCGEC2YAN=C02
IF(FPG.EC.r)! WC=L0CrT
JF{COG BT "  ANCLTILTL12.01CGC TC 38
IF(TI.GT..3GC1G0 TC &8
GC T(Q &9
TE=TxHNMIKC
THRO(K)L=A(£)1/TH
K=K+]
TF(AM(E)}/TH. CT.?.G“)GF TC €2
IF(ALE)/TH LT T GRIGEC TC A2
GC TD &3
FAV=HAXIOGCO/T]
IF{A(S).EQ.%.0)GC TO 42
AREA=3 414 5C%0 2685 {2, 0-SIN(RI IR0, 12
GC 10 472
ARFA=3,1427C%k0,.2465% (2. C+SINICYI*0,.10
TF(A(S)EQe5.CIGC TC 44
P2=Ce2€5+C.CEXSTN(R)
Ri=R2-C.0L77
GC 1C 4%
RI=0,2465+0.Ca*SINIR)
Ri=P2 G.0N.72
QC=27%23,2416C=CCHTLw2CIE/ZALCCIRZ/RY)
HTC=CC/ (AREA¥TL)
HR{RR)=RT(/FAV
BR=80N+]
IF{ROCNCGTT40NCICGCE TC £6
TF{FAV/HTC.CT, }nP‘)Cr IC 62
IFIFAV/ZETCLT.C.99)GC TC &2
GO TO &2
WRITE(E,,ICCZIR2Z,NZ3RL,8C,;TIHAC
JE(LFLEQMYCO TC 71
IFIA(B)/THE LT o055 AN KCURNTEC.TIGO TO 26
GO O &8
L2=?
WRITE(L,Y124)
FORMAT(Z2CHTE GREATER THAN A({f£)]}
GC TO g2
rrp AT(&F&3.5!

Iz,

2aC
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fie=0.0

Bi=0L0

80=1.0

TI=C.0)

HA':O-D
JFIKCUNTGT.i3CGC TC o7
AT C=41
TFADCG.GT NG MEC TE £3
X=1.0
TF(DOGEC3VWRITE(EZILTLZYALE) +THHMINC,RENCy ACT
JE(OCG Qo  YHRITELE AT 2 YHTC HAV HNMINCyRENC 9 2CG
WRITE(A,1Y i 2YCCRHLRLTCCN,yACG

FORYAT(4F" D ¢)

FOFFAT(2F15Fo13,F15.8)

CALL RERUN

GC TC &4

WRTITE(A,1T01)

FﬂF‘A‘(/,'“r 0O CUT CF RANGE?®',/)

IF(REMCoGT 41 40COARD o THLGTLA(BY JANDKCUATAECLEICGC TC 1161
G TO &2

KOUNT=KCULKT41

RENC=RLNC 2000

XCl{zl=1,0

GC TG 41358

WRITE(E;TCOT )T I o Xp FAV T, REND

Ir\““ﬂn.f SLADCRIGE 10 G4

IF(T1aCT 02 0)0CC-LEGYE
IF(ADG=GT.10.0)CUG=CCG+!.0

IF(ECG.CG.2)G2 TC 29

FORMAT{4Fi4 £, 18])

HRIT:(ﬁ'i"‘“i

WRITFE(&,1CC4YAC,CCRyRCTCCN

FORMOT{4rL 5,6)

FOPMAT U/ s 58X s YAC 31 Xy P CORT 4 L1 Xy 'RCT s1 1 X, CLLTY
X0(2)=].0

TFIKOURNTCT Y YICE TC T
KOUNT=KOURT+I

IFILZEQe2)L2=

XQ(i)=0.0

XC(3)=C.0

X0(4Yy=0,0

X{5)=C.0

CC 10 &8

HRITF(ALIY2D)
FORMAT (/4 *WAVELENCGTH CUT OF RANCEY]
GO TC ¢4

WRITE(G,VLITE)
FORMAT({7HRESULTS)
WRITE(E,ICCS)
WRITE(E;L 024 AC,CLRsRETLCON
RB=T1/0.07

L1=5%Qe

HAV=0

PNL=0

L2=L2- 12

WAV=AL? 320 . E/ (ST /7(0%CF) %23 .8
WAVF=RPSC,02

CRPW=(LAVF WAV IRICC O/ WAVFE

O 41 1=d¢Lds %

LR=CH*2 ,CH .02 51CCO. 0/ THMINCAWAVFRTKCO( ]

v

1+5)1))

r—‘
~~
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HAV=BAV+AR

RRNU=FNU2 . 02X00LT1-21 %01/ X004 /X010 «0) 180,02/ WAVF
CONTINUE

IFCA(S) ECoEDICGE T
ARER=2 14365640 ,285%
GO 710 23
AREA=2,{i4158C¥(0,24¢5%(2.C+SINt1B))I¥*0.18
C=HAVYTCRAREA

QQ=GQ/AREA

IF(A{S).EQ.5.0)GC TC 4

R2=0.265+C,LS*SIN(R)

Rl=R2~-C.0L 7%

GO TC €5
RZ=z0D.2465+C . C3xSIN(B)

Ri=R2-C.,0L72
QC=243.71415CHCCHxTOWECLB/ALCG(RZ2/RL}

QQC=CC/aREA

FTMIN=C*ICCC.0/hNMINC

HTMAX=Cx:100C.0/A(¢)
CEX={CFEGAI#%2%A(5)1%SIN{B}+2,81xCDS(R)
ERR=(NC-Q)=100.0/QC

HAVC=GQQC/TLC
RFE=3.0%CNSIRY 2 Al *HAVRTL=CCS{AL )/ {FFGHYRI0CG0.0)
VRE=FE=\V/{8{6)%0)

Ra=CF/CFX

NViC'“n “.06%0.0C

RITE(E707

WR‘TE((IvlC(‘:)(A([)ylziv_{’
FORMAT({TIEL2.4)

WRITELA,"(C%)

FORMAT{ /4 EX gAY T 310X AKT Y
WRITI(£,1i04)CFCFXsRARELND
FOPMATISE; 3.5}

WRITE(FAyLD1)

WRITC(EO8 )Ty TAV, TCWe TCWALCC 4 ARFA

FCREAT(6E 2.4

WRITE{ESE

WRITF(A,9210.QCsQC,TCCHAV,HAVC

WRITE{E,102)

FCRMAT (&1 24 )

WRITE(&6,GTIACy WAVZERR,ERRY

FORMAT (4F1ND.4)

FORMAT (/44X 3 S0l T 5 xy SNCA-DIM WP y3XAe?rTC ERR®pEXe"NeloW
E=G.61 nfﬂb(f):\(t“cbﬂ)¥*i+“llxﬂ)”“"‘

DL=C.CS/(1CC.07*¢L)

IFIAB)EQELDIGL TC 26

X=0Z&5/{SIN(B)I*E)

P
NFSINIEYIINN 1 8

CXs YAY/BX" G X TRET3GRONCAKL,
L 1 3]

GC TC 2¢

X=Co2a«h5/(SINIRI*E)

FN=0

DR 2% 1=1,5C

Fla=Xnkl 3333332 (X4+11%*0.,2333233

F2=(X+DL ) A4%x] 3232333 (X+0L4+1)*40,2223322
F3=(X+7ADL 1 2222324 ( X+ 240L+1 J*%0,.3223
FN=FN+CL*(F14F 284, C+F%2}/3.C

X=X4+0L %2,
CONTIAUE

XL=X-}
V\QYTL(('
Frllr' (

H#Ox4 ) R¥G 2232353

233 2
PReLL e Xy XLo B

'K
7?

~ S

03
ol
S5E!

£

He)

ERR

L

]
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ALY

AMLA=1,3%93339%FN/ 2L

GAM=4{V/ (D3 ,14155%2 0xA(&LI*SIN{RY/O6CYIERC.S
(P=1.4444- 0, CO0N3063%TAVHGLCCOOCA28062TAY RS
Ce=EXP{CP)

WRITF( 64123 VMMLG ,CAF CPLFN

FORMAT(4E12.4)
FE={TD3,0+C/{VYX(HFG+C,2T5%LPxTC i) }*x*x0,25

HULAY =AML 4% C 25+ CONMYEE

RHHE=A{£) /HNMINC

HYIN=A(6 ) /7¥C (L3}
HMINC=(CRSTHTDAV/(CAx23%CFxu 2% HFCHA0R (1 +03T7SHCPETC/FFC) ) ) #5002
HMEAN=Q

DG 28 [=2,L2,5%

HMEAN=HMEAN e {XC{II4+XO(I4+5) 140025 (E)/{WAVFZ2,CHXTC{L1=2)
CCNTINUE

WRITE(G4112)

WRITE(A LICIRLANGENINSJALE) o NMEANgRHE
WRITE{&45100)

WRITE(E,112)

WRITE(G ViU YFECAVGE

FORMAT (3T 3,.5)

FORMAT(SEYR %}

FORMAT (A4X o hEAME QX VHMINY (GX o YFPTAK? gOXp PHMEAN® 8BXp THEF/HMINY
FORMAT(/ y ANy "NONC¥ 2] /4 g EXZSC/STANRR YO NCNC. T )
La={3-2

318 10 K=1‘9_‘-‘.'Lz' 95

TELXO(KY--XC(K+45) )11 ,11

CONT INUE

VX=LaCFA* Al =42 aXC(K- T 102 /{XC{LT-2)53243,00V)
VXP=DHCFEX*R( MRS {2,C%y)

C={(ST/7(CF=N) )20 C/78(5)

WRITE(&,TC3

Fl=A( eVt ZaaCFaXC(K)RHMIN/{3.CHRVEA(S YA}
C2=20n ) 2% S THXC(R42IAHMIN/(ZORVRA(G )2 T2 %)
E3=-A(6) e#btrDxe2xOMEGA* SIN(RI*CFX /(3w Vax))
VC=k!+F24£7

TAN=VO/VX

WE=CYCMEGA® DA (G )443 /STH 2
WEF=VEMEED - MEANSL /5T
VEL=QQCAC,CC/{FFCADXENMEANZIQNO0Q)
BRASCEXOEuDHEFECRCHAIRA[(G) 2%/ (CHVETDD
RNUX=HAYYA{(G)/(C*10CGD)

RNUR=HAY®P2SC, (0T /C

ROS=VXM/iA(C1 &2, 0%CMEGAHY)

NTIC=2%p{9}=S7+0C/Vvin3Z

HM={3, CsTReVxC /{08522 FCa{ 140, 3754TC2CR/HFC) ) IR0 E5
MEh= (OVEGACS TNIB) )4%T 5/(9.81%CLSiB))
HMY=RANUCTHMeH M,
HVX=0,03=0OMEGA*x  aSTIN(R Y222 (G, 81 xCCS(R))
FEGL=HFG+O0 3782 CPRTL

FR=VYXM/((S.81xpNREAN)I¥D,L5)

REVXN=VYY(MELNEANXD /Y

PAK=VYX& 4%xG, 01 /IS4 7)

PAKM=V2 x4t CEX /(DS THx2)

PKM=1,0/PAKN

WN=2 023,16V SGSHMEAN/ALL)

Wi=skAV/72,1 475G

WRITE(AySAHIVY YO0, TAN
FORMAT (2R 12,4,76X,Fi0,.5)
WRITE{G 291G 02, E34RNUK
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96 FOPMAT (3rd2.4416€X43012.4)

ita FORMMAT (/46X *CCRICLTS RESULTS?,/)
WRITE(H,201)

WRITE(E,ZCCINVRE, VXV

2C0 FORMAT{IIX 32512264/

ZC1 FORMAT(/ Y5 X,YVREF 412X, 9yXMY]

ic3 FORMAT{/Z 45Xy "X q1OX st VO s X oS (T/CF DY /Z2%1/RY 33X, 5TAN ALPHAY]
WRITE{6,1:7)

WRITHF(E,1:8YTR(8)A(S)
WRITF(E,158)
WRITE(EZLSGIHMINC yFTRIN HTMAX

168 FORMAT(/ 4 & X o tHMINC Vg BX IHTHINT g TN THTRAXT)

1399 FORMAT (323 3,.5)

117 FORMAT (/742X "WERER NC ' SX e " ALPRAY,7TX"P2LIULSY,

418 FORMAT(RET 24
WRITE(&,202)

‘ WRITE(A,2C2IRNUC,RNL RRAVEL

203 FORMAT (A% 3 Pl B e EX T3 59351308345 F13.5:/)

RITE(E,1GT7)

187 FORMAT (G Y  *FFG* 40X, 'K,
HpITE(E‘.'e.’*;I’J)HFGva\IgST D
WRITF(443G8)
WRITS(A4IG4)RAS,CVMECE,DTE
WRITE{H,1572)

WRITC{E ;1S3 )M X, FMYFFCL
WRITE {4,200
WRITE( A, GCIFRsREVYI (T AK:PAKN s FKV

| WRITFLE, L ESY

WRITH{A:18GIKN Ll

WRITE(C,I#TIRNURKER

295 FORMAT (/32X s IRCSSPY NOL? 43X "CHEGALRAL/SF aX . "CYT )

1G4 FCRMAT{3EL 3.5)

1G¢ FORMAT(TIE L Z .4)

52 FPFNAT(/gﬁK, H!”Xg Xy AHHRMY (U Xy VAPHEG LI+ 3/780PT0 0

164 FORVMAT(3F L

ML) FORMAT (/4 53Xy 6H’QUL(F.' X THRE(UXN ) o TX o CHYX AP {C) BNy TH-NAT(AY Y]

e FORMATI(SETA,.%)

X TV QLI X e P ST i QX 0 QX% 07 301X, CPT)
B,C

89 FORMAY (/33X 4 SHLAVE NCo ¢ 5%y IZHUNCA-OTV WL1F)
i8s FOFMATZED3.%)

187 FORMET(ZELD.R)

64 CONT INUE

36656 CUNTINLE
RETURN
ENC
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N{1,2¢S) B

TIME DEUT DELMIMFINTIVMERODEL QUTRELT2 T2 Ti T T4 11CQiC
I70Q01V322C012R3 nz 23 g0 ACG RCNC  HTC HAV HA X

T1 J KCUNT C0OC L 0 TAY HF G C v C R

AL BR TCw TDwd  CC C¥ CFX Cp LG LY L2 CON
HFMINC ROT CCR ST CMEGA T 1 I12CC04A0 7IC00GAREA R

Rl ac RNU kav hWAVF FRRw AR G GG ¢cC FTMIN HTMAX
CRR HAVC PRE Ve RA RNUC E cL FN F? F2 £3 '
XL AML A CAM FE FLAM  RHY HFIN  FMEAN L4 VX VXNV (]

EY == £3 0 TAN %E Wtk VEL RRA FRUX  RNUR RCS
pYD HM HMY sy f X HFGL FR REVXNM PAK PAKM  PKM WN

WL LX CX% h e I J L {c L1 L2 L4

¥ DCCG KCUNT RECNO
LABEL CONGCENSATE FILNM MCCELLING
TAELE AX(1)= 3,614 AX(2)= 300 AX{3)=-1aCLl o4 ==1o5,8%X(5)=w1.255400
AX(H = aGaAX{ Y= -CoBgAX{E)=C 0 AX(G) =05 AX(IGI=1o0sAX{1 ) ane
=1a25,A% (12 =2l o8 X{123V=2.C79,CX 1 1=0,L6482,:CX{(2120oC&€5200
CX{2)=0.0402,CX14)=0.0445,CX{5)=Ca042CX(8)1=0sC*B% 00
CX{7)=0.037! yCX(B)=0,0756,CX{G1=0,02C2,CX(10)=C.0152¢0eco
CX(i1¥=0,C13,CX{32)1=0,0112,CX(12}=Cs0CELTyea0s
E1L)1=0.0026,012)=140,640(231=025,C05A(4)=600:04000
ALSI=30,032(0)=C CNNCEAL AL TY=TT.548({E)=23.30,A(5)=C.281
CONSTART ACG=0oC e RONC=1 yRTC=2 00y HLV =T (Gl l=Ca0yX=t o0 B3=Cr00
E\’Etleg;TI:Oo(vEE:0007822(.)0{‘5\]: 1|'/':.|..'f‘--!=2, TG =] 75’1\21 To0ae
TOze0eTAVELC PG, U g C=e 0V g0 Colliz Uyhiry s EBR=l 000
TDh=oO 9TC\H&=.C‘9CC=.CvCF=.|)qCFXTofJ1CF"'—‘-eﬂpi\G:.()qi.'i7—] ,L‘:-‘_:_:, P conoa
CON= Oy hMINC=CyR0T2 04 00CR=,CeST=Ce0 M GCA=. 0 TH=0.0UUD%S
TIVMER DELT=C.COZ,FINTI¥=0,02
ENC
STCP
E

2N e

[

Imput c¢ata

(L) - (13) in A V Viscosity

cx(1) - (13) & D Densitiy

A(1) wavelength S Surlace Llercien

A{2) Steam saturation temperature ¢ Thermsl conductivity
T £(3) Cone outer wall temperature CC Cone thermal conductivity
| A(4) Rotational speed CP Specific heat

A(S) deta & unthalpy of vapourisation

A{€) Peax film thicknes:

A(T) Ccoe inner wall terparature

4(8) Riage angle(liid-suriaca)

A(9) Radius

80,31,32,3 3oundary conditions

A0 A

ACG Initial value of A

CON &

COR ®

ROT (¢X

Ok1uG Angular velocity

o Pilm temperature diilerence

T Cecne wall temperaiuvre differencs

TAV wrew reference tesparature

Hi' Heat transifer coelficients

HaVv Avaerage neal transfer cozfficient

cg sceeleration vorpeudicuiar to cong gznarcator

C 7% " parallel Lo con2 generator
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Least squares polynoanial curve litting programsme

This programme has been employed to correlais iheoretical and
experimental data in thes form of polyromials. The type of best fits
pos3ible are

(1) a li:zzar relationship between two quantities.

(ii) a linear- logarithmic rclationship.

(iii) a logarithmic-logarithmic relationship.

The programme can process 200 pairs of results and give a ninth

order equation.




G COMPILER MAIN 06~27-73 18:38,10

DOUBLE PRECISICN XoYsA:U,;VsERR,YC
DIMENSTION X{Z200)4Y¥(200)U{2CI,A(200C)sVI250]),:PL200}:,G{200)
i RECAD(S,5004L) LeMyNyQ-
WRITE{6,40012)
6003 FORMATI{LH 425X 'POLYNOMTAL LEAST SQUARES FYTt /)
READ(S5¢+5COOMX{I)sI=leM)
REEDIS:3C00N (Y T)pl=],M)
GO TO(ge.‘.Ovli'.{‘t)eL
-9 DO B I=1,M
B X{I}=X([ii"]
GO YO 3
I0 DO 12 I=1.M
XL=X{1)
12 X{I)=ALOG{ XL)
GO 70 3
' 11 DO 13 I=1l.,M
XL=xX(1}
YL=Y(I)
X{I Y =ALGG{ X))
13 Yill=ALOG(YL)
GO 70 3
14 DO 15 1=Y4M
YL=YL{1)
15 v{li=ALACIYL)
3 Call PLSQF XYy MoNUSERR AL, V)
N1 = N+l
WRITE{b6:6D04)
6004 FORMATI(S CURVE IS OF THE FORM:IY = ADHTATXRXT-ARRREZE oo AN FELNT /)
IRITE{LyO005 N M :
6006 FORMAT(® ORDER OF CURRENT FIT = 9 4712,10X.*NC. CF PCINYS GIVEN = :
| 113/)
| DO 2 I=1.N1
| 11=1-1
| 2 HRITE(O 6005)T114U(1 )
‘ 6005 FORMAT(® At Ii," = ¢
DO 20 I=1 .M
Gil)=Y(I)- A{D)
IFI(Y{I}Y.EQ.0OL.0) GC TO 20
PII)=ALT¥*300.C/Y(1)
20 CONTINUE
WRITE(6,60021
6002 FURMAT(//778X s "Xt gl 2Ry Y e lLX,"ERNORY ,IOX, *YCALC® 10X, 9% ERRURE )
WRITE(H6006TY (X{IYeYUT  oA{L,G(I)PUI)y I=1,M]
000 FORMAT(BFIQ.O)
WRITE(5,4007)
6007 FUORMAY('C "9ERRON®: IS THE ALGEBRTAIC DIFF., BOTWEEN THE VALUL®)
HRITELH:0ND6D)
6060 FORMAT{IH *GIVEN FCR Y AND THAT FOUAND FRCM THE FITTED CURVE!/)
REAC(L,5001 N
IF{N)4;1,2
5001 FORMAT(I2,215,2%X%10C.0)
6000 FCRMATILH 44Ela.63F14.0)
4 STCP
- END

!E’!.{?oﬁ)




SUBROUTINE DSIMOIAB,NyKS)
DOUBLE PRECISION A.B,BICA
DIMENSICN AL3)(B{UY
C FORWARD SOLUTION
TOL=0.0
K5=0
Jd=~N
DO 65 J=Ly¢N
JY=J+1
Jd=JJeN+l
B1GA=0
IT=dd-¢
0O 30 I=Jd:N
c SEARCH FOR MAXIMLM COEFFICIENY IN COLUMN
TJ=1T+1
IF{DABS(BIGA)--DABSTALIJY} Y 20,430,320
20 BIGA=A(T J}

IMAX=T
30 CONTINUE
c TE3T FOR PIVOT LESS THAN TOLERANCE ZSINGULAR MATRIXL
IF(DABS{BIGA}-TOL) 25:25,40
35 KS=1 )
RETURN
c INMTERCHANGE ROWS IF NECESSARY

40 TU=JeN#L0.7 5
IT=1MAY-J
D0 50 K= ;N
[1=11N
12=11+I7
SAVE=A{ 11}
AUTAI=AL12)
| AL125=SAVE
\ c DIVIDE EQUATION RY LEADING COEFFICIENT
50 A(I1}=A(TY)/BIGA
SAVE=B( IMAX)
‘ BUIMAX) =B{ J}
B(J1=SAVE/BIGA
¢ ELIMINATE NEXT VAR1ABLE
IF(J~N) 55,7Cs55
55 [QS=N*{J-11
DO 65 [X=J¥,N
IXJ=1QS+IX
IT=d=TX -
DO 60 JX=JY,N
IXJX=N=(JX-1)+1X
JIX=IXSXL T
60 ACIEIXI=A{ IXJXR Y= (AT RS 2A{IIXY)
65 BUIX)=U(IX)~{B{J)RalIxI))
C BACK SULUTION
70 NY=h-1L
T =R%N
DO 50 J=1,NY
TA=IT-J
185N~ J

FETURN
END




SUBRDOUTINE  PLSOF Xy YoMeNyUERRAYY)
DOUBLE PRECISION XyYsAplisV ERRWYT
ODIMENSTON X{13eYlad A0 Y UL VL)
DO 3 I=1l,M

AlT)=1.0

DO 3 J=sigN

JJ=dxM+]

di=JJ-M

ACJII=A0JY Y5XLT)

CALL DGTPEY (AsY UpgMyN&L, 1

CALL DGTPRD {(AsA;VeMgN3+1gN+1i

CALL DSIMQ (VU N+ NERRY

ERR=0

J1=Nei a
DO 2 I=1,M

YC=0,0

D01 J=1,41

JI=HE(J-1)+]

YO=ALJJIY UL J)2YC

ALt} = ¥{1i~-YC

ERR=A(I!}*A(I}+ERR

RE TURN

END

SUBROUTINE DGTPRDIAL ReMy¥,L)
DAUBLE PELCISIUN AyBeR
DIMINSION A(L} ¢BL1 ) RELS
[f1=(

IK=-N

DY 10 K=],L

14=0

IK=1K+N

o0 10 J=l,M

IB=IK

[R=TR¢]

ROIR} =0

b0 10 I=ieN

[J=7d¢&l

Ig=I0+1
R{IR)=R{IR)+ALTIIFB(IB])
RE TURN

END

"™

Ve
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APPENDIX F
-3
Equation 3.8.9 shows that the non-dimensional term qualifying 5 is

25 + 3_223(5 . fhen this thesis was first submitted the equatioa 3.8.9 was
x Ox

obtained but the non-dimensional term qualifying 3 was simply 4 .

This occurred because a simplifying assumption was introduced at too

early a stage in the anclysis. This assumption, although justifiable in

this analysis, was not in terms of a general equation. The assumption
made was that since the included angle of the cone was small an incre-
mental change 1n the X' direction would cause a very small charze in the
radius so that the radius may be assumed constant. Thus the cone would he
built up of small slices of cylinders. This assumption is necessary at a
later stage in order to reduce the problem to a 2-dimensional one so that
a numerical solution was possible.

It is not possible, due to lack of time, to re-compute the whole of the
theoretical values using the new non-dimensional term 22 +j3(__(_o£§. It is
possible to show the effect of assuming {1 inetead of 20 -’j%} for
this- analysis is small and causes no major change in the form of the
solution. This was demonstrated by performing the integration of equation
348.9 using the two values of non-dimensional parameter. The equation to
bs solved is the same but the term 'ROT' in the dynamic modelling section

of the C.S.M.P. package is modified to :-

XN = A(9)KDXKCF4X2 xHMIN/(ST % C % X SIN(3))
ROT = ((2 ¥3.14159 ¥ A(4)/60) %k 2 ¥ST ¥ SIN(3) ¥ % 2/}LIINC XC £CFXX2)
RCT = 2 ¥ROT + 9.81 xCO3(B)/ (XN % C )

A number of computer runs were performed. The one included here ig a
typical result. In the thesis the value for {1l used is 0,000391. The
new value, 2.0 + 3—_C_0_2F, is 0,000932. The curves are so close that a
graphical com1:-ar'isor)x< J: not applicable. The results obtained show that

the non-dimensional half wavelength and the peak value of non-dimensional’
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fil-m thickness are :—

5.94,  Bpax = 1.9055

(1) For 'ROT'= 0.000391, N/2

(2) For 'ROT'= 0.000932, A/2

5.92, = 1.8988

3 nax
. . Z3 ., G Zz3
The error, in assuming 2%  instead of (2.(7- +3:(c‘xsf)6' was
x
calculated to be less than 0.355 in the non-dimensional peak film

thickness and 0.17% in the non-dimensional wavelength.
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Tabig_é

Results for 10° cone.

Wavelength Ts Two
m % o¢
Pressure 1.5 bar absolutle.

0.00557 111.1 93.4
0.0052 1:0.2 96,8
0.00449 111.3 98.3
0.0042 111.7 99.8
0.02345 111.7 160.4
0,003%04 i11,0 100.4

Pressure 2.0 bar absolute.

0.0063%1 122.0 101.0
0.00581 122.0 104.5
0.00467 121.3 106.3
0.003465 121.1 107.1
¢.00309 121.6 107.35
0.00279S 121.6 108.%
Fressure 2.5 bar zbsolute.

00,0065 129,20 109.8
0,00492 1238.6 111.1
0.00454 128.5 124.0
0.00406 T 128,2 114.3%
0.00344 128.5 116.1
0.,00342 128.5 116.4

Fiossure 3.0 bar absolute.

0.02691 1%4.6 112.5
0.00587 134.8 114.7
0,.00506 134.8 116.5
0.00421 134.8 117.1
0.00403 134.8 113.3
0.00345 135.0 120,38

Pressure 4.0 bar ahsolute.

0.03562 145.2 124.1
0.,00526 146.0 126.0
0.0049 144.8 126.4
0.00462 144.8 126,38
0.00417 144.8 1274

Twi

48.9
49.3
49013
49.6
49.6
45.9

50.3
51.3
51.4
51.83
52,2
525

-

-

LU\ ol
NON GV ON O ON
« e« r

WU = O

AW RS RS RS ARG A ]
~l -] ONON N
& -~ » - L]

QO ooV O

ON ON O
NN
o = n

[oa

11

620{

.
i

m

+

152
200
250
500
552
400

135
200
250
300
550
490

152
270
250
300
350
400

120
150
200
250
300
350

154
200
250
700
320

P

LI RN ARG RN R RS

(O A RS R R RS |

AR\ W ANS

I AT O

o

VAN T W

i1lm thickness

mn

0.0000850
0.0000787
0.0200762
0.0000711
0.0000635
0.0000655

0.0720083%8
0.,07008%)
0.0000762
0.,0000724
0.0770711
0.000066

0.0002787
0.0000736°
0.0000711
0.0000711
0.000066
0.000066

0.000086.4
0.0020338
0.0000762
0.0000749
0.0000724

0.0000813
0.0000749
0,0000724
0.0000711




Table 2

e

Results for 209 cone.

. o)
m & C Oc rpm m

Pressure 1.5 har absolute.

fiavelength %s Two Twi N f3 Film thickness

0,0056 11%.0 97.1 54.5 200 10 0,0000762
0.00439 113.0 98,8 857 250 10 0.0000757
0,00461. 112.2 100.3% 58.0 300 10 0.00C0685
0.00389 112.5 100.6 58.1 350 10 0.00006185
0.00327 111.,¢  101.3 53.4 40 10 0.0..0066
0.00256 111.6  102.0 58,0 600 10 0.0000685
Pressure 2.0 bar absolute.
0.0057% ir1.,.0 127.0 5T.1 200 10 0,0000833
0.00508 121.0 108.4 58.8 250 10 0.0000787
0.02409 121.5 109.4 61.8 300 10 0.0000737
0,00388 121.4 10%,.8 62.0 350 10 C.000CT11
0.00322 120.9  110.0 2.3 400 10 0.0020685
0.00281 i20.9 110.3% 62.45 450 10 0,00006C8
Pressure 2.5 2ar absoluie.
0.00542 123.5 114.1 {20 200 10 0. 0000757
0.00512 128,06 114.3 65.0 250 L 0,.0000762
0,00465 126.1 117.C 53,2 %00 10 0.0000711
0,003%83% 123.8 117.8 65.1 350 10 0.0000685
0.0033% 129.0 113.5 65.6 400 10 0.000066
. 0.,00281 123.2  119.1 n6.0 600 1C 0. 00066
Pressure 5.0 war absolut=s.
0.00554 134.8 116.9 63.5 200 10 0.0000815
0.00512 135,2 119.9 65.7 250 10 0.0000739
0.00462 1%4.6 120.8 56.1 300 10 0,0000787
0.0042 135.1 121,64 67.5 350 10 0.0000737
0.0032 134.4 122.% 68.0 400 10 0.0000723
0.0022 134.5 124.0 63.4 600 10 0.00001585
Pressure 4.0 bar absolute.
0.02457 144.2 127.1 71.2 200 10 -
0.02424 143,9 129.1 T3:.3% 250 10 -
0.00%57 14%.9  129.7 T4.C 300 1 -
0.00284 143.9  13%33.0 16,0 350 10 -
0.00219 144.6  134.5 17.3 A00 10 .-
0.00186 144.6  135.0 TT5 600 10 -

]
[



Theoretical results for 10° cone

Table 3

4

Wavelength

m

Film thickness

Laminar
nn

Mean
min

Pressure 1.5 bar absolute.

0,0164
0.0992
0.00619
0.,00481
0.00%91
0.00329

0.07843
0.06987
0.06398
0.05375
0.05469
0.05122

0.0718
0.05796
0.0471
0,04073
0.03707
2.03518

Prassure 2.0 bar absolute.

0.028338
0.00383
0.00626
0.00478
0.00391.
0.00334

0.0823%3
0.07232
0.0658
0.0604
0.0574
0.05345

0.05857
0.05973
0.04826
0.04154
0.03356
C.03499

Yressure 2.5 bar absolute.

0.0185

0.00991
0.09634
0.00475
0.00336
0.00333

0.07734
0,07158
0.06397
0.0596%
0.05451
0.05135

C.06599
0.0589

0.04674
0.04094
G.03%621
0.03474

Pressura 3.0 bar absolute.

0.03%205
0.02203
0.00954
0.00631
0.0048

0.,083%27
0.0783%4
0.0718
0.H6633
0.06234
Q.0577

0.08113
0.06374
0.05351
0.04361
0.0G4247

Pressure 4,0 bar abzsoiuta.

02026
.00581
00555

0
0
0
0.00478

0.07791
0.07247
0.0667

0.062472
0.05794

0.06728
0.05932
0.04787
0.04207

smin
nm

0.06593
0.04445
0,02937
0.02221
0.01749
0.01394

0.07261
0.04345
0.03097
C.02266
0.01818
0.01544

0.0646

0.N4%44
0.0%163%
0,02245
0,01768
0.01433

0.07359
0.0645
0.04691

0.0645

D.0433%3
0.03274
0.02416

Husselt no.

3395.3
4664.5
6149.1
1545.0
8398,2
10214.9

2576.4
4596.7
2959.

1392.2
854740
9722.1

2076.7
3127.3
4534.9
5849.9
7169.3%

3255.3
A452.7
5942.0
T16%.4

9.075
12.49
16.47
2...23
2%.36
27.39

6.92
12.%6
16.04
19.90
2%.01
26,24

3,972
12.16
16.04
20.18
24415
2105

5.604

8.443
12,25
15.80
19.57

8.443
12,15
15.80
19.37

10.311
15.313
2%.192
30,696
39.004
43.924

9,403
15.743
22.101
30,214
374655
44362

10,613
14.15%
21,656
50,567
38.834
46,295

8.733
10.645
14.642
21.295
22.75%

1C.645
14.235
20,934
28,476

[
-

LS



L]
v

AG 1)

Table 4

Theoretical results for 20° cone.

Wavelengtn Film thickness Nusselt no. Heat trans. cooff.
m Laminar lean Smin hyean Noin
1 ~ ’ ~ 1
mm mm mn ky/m< K

Pregsure 1,5 har absolute.

251 0.04941

0.0186 0.06336 2.05% 4.345 19,550 3.94)
0,0146 0,05661  0.05560 0.03631 5.1594 12.530 9.250
0,00509 0.05024  0.0410! 0.02305 3.154 19.820 9.958
0.00392 0.046582  0.0375Y9 2.0174% 9.79 23,700 9,959
0.003%3 0.04302 0.03472 0.01396 11.347 27.59C 12.339
0.00195 0.03%473  0.03261 0.00700 16,869 4).03%0 9.964
Pressure 2.0 bar absclute.

0.0134 0.06041  0,04973 0.04643 4.314 10.520 3,168
0.0146 C.05411 0.0543%4 0.07410 5.212 12,720 8.702
0.005%2 0.04969  0.740651 0.02452 9,0%9 19.600 9,295
0.003%35 0.04602  0,0%507 0.01622 10.002 24,420 9.636
0.00%24 0.04270  (.03%3555 0.013%33 11,500 25,050 30,002
0. 00419 0.04713 (,05052 0.02259 11L.0L€ 26.907 11.269
Prassure 2.5 bar absolute,

0,01815 0.06017 0.04670 0,04669 4.391 10.740 8,729
0.0145 0.05474  0.G5094 0.03496 5.169 12,640 2,005
0,00497 0.0491%  0.04104 0.0210% ALA59 20,700 9,658
0.00413% 0.04443  0,04210 N.,01371 6,349 24,100 10,026
000425 G.04178  0.04741 0.02166 10,324 ?5,270  10.407
0.00193 0.03337 0.0513%3% 0,00673 17.574 A5.020 10,2086
Pressure 5.0 bar absclute .

0.013 0,06359  0.06111 0,0483%2 4,055 2.925 3,449
0.0i44 0.05530  9.05525 3,03685 5.217 12.783D 8,601
0.00505 0.05049  0,04719 0,02290 3,111 19.870 B.7%3
0.00382 0.04695  0,04010 0.01614 9,363 24.170 9,327
0.00314 0.24304  0,04741 0.01261 11.549 23.290 9.5%093
0.001¢9 0.03%37 0.0%133 0.00679 17.133 41,980 10.038



Table 5

Rxperimental parameters for 10° cone.

Nusgalt no.  Taylor no. veber no. Centrifugal acc. Heat uﬂansu coaff,
x10-13 x dir. Y dir. kéi/m2 K
n/s? n/s%

Pressure 1.5 bar absolute.

4653.6 1.198 29,330 15.297% 62,245 12,452
61}7.9 2.180 223,307 19.330 199.%%0 16.379
6979.2 34493 350,600 24.706 169,840 18,698
7860.1 5.13%3 506,402 31,277 244.945 21.074
834§.Q (.]?{ 693,070 39.378 337.541 22.382
BB4T % 9.173 901,000 48,003 436.124 23,724
Pregssure 2.0 bar aosolute.
44798 1.109 10%,520 14.127  43.920 12,030
564941 2.533 223,300 19.33%0 108.%S0 15.184
65372 4.084 553,600 24,706 169,340 17.725
73507 50925 517,00 30,277 244.945 19.754
T172.5 3,104 704 ,2C0 39,043 3EB. 107 19.%0A
TR14,2 10,725 921,602 43,005 436,124 21.040
Prassure 2.5 har aosoclute.
5230.6 " 1.631 134,140 15,293 62,245 14.093
5870.5 2.5866 232,300 19.2%7 193,390 15,529
7@69.1 4,642 556,307 24.706 169,340 20,150
7306,2 6.701 527,000 31,277 244,945 21.06%
95CA3.9 9.499 732,607 39,547 323.407 24,412
9300.9 11.937 917,800 4T.0%% 525,267 29,107
Pressure 3.0 bvar avsolute.
4694.4 1.077 34,390 13.21%  39.473% 12,667
5416.2 1.:%0 132,400 15,149  60.595 14.622
6138.2 3.14 236,400 19.330 103.3%90 16,577
6311.2 4., 907 359,300 24.T06 169,840 17.234
696%,9 7.226 533,400 31.277 244.545% 13,313
8452.17 10.137 728,200 35.04%3 333.707 22,788
Pressure 4.0 bar abhsolute.
5973 3 3.657 243,200 19,330 107,390 16,169
6540.9 5.714 560,000 24.776 169,840 17.690
6729.9 8,264 547 4600 31.277 244.945 18,202

6993.5 11.977 139400 40.7%9 353,098 18,929
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Table 6

Bxperimentzl parametcsos for 20° cone.

Nusszlt no. Teylor na, Yeher no. Centrisugal acec. “eab uruﬂ . coeflf,
x10-12 X dir. ¥ dir. kil/m2 K
m/sé w52

Pressure 1.5 bar abzolute.

5439.1 2.27% 215,200 3i.005 119,684 13.204
6169,2 5.240 49,.000 43,104  187.964 14,937
7239.6 7.67Y 120,200 57.819  271.41% 17.597
73%399.1 10,502 950,807 7;.;10 370,045 17.937
B247.4 1%,826 1292,600 95,274 453.94€ 20,054
9339.6 31,372 2833, 00 202,295 1092.733% 22.715
Pressure 2.0 var absolute.
7261.8 %, 396 326,200 31.065 119.684 17.71%
8033.3 6.201 511,000 A3,104  187.964 19.60%
8046.7 9.067 737.600 By 271413 15.643
8421.2 12.400 1004 ,800 T5.210 3700459 206,554
£8956.8 16,203 1312,4090 95,2706 470508 21,387
9231.9 20,566 1662, 000 Li3.315 612,190 20,540
Pragsure 2.5 bar aosolute.
T411.6 4.408 332,600 31.06% 112,624 17,125
1387.2 6.891 519,607 43,104 131,964 13.065
9127.2 10,304 753,000 B1.519 271,413 22.%%4
9350,9 14.145 1025 ,600 75.210  37G.045 24,102
10%%6,0 13.647 134%,000 95,270 433,724 D5, 87D
1201%.0 A2.224 3024 ,000 272,255 10%0,73% 254405
Pressure 3.0 har absoluls.
5942.9 4,659 335,000 31,065  119.634 14.545
7292.0 7.590 528,400 A%.104  137.96, 17,853
81€5.4 11.020 763,359 57.819 271.4:8 19.999
8266,7 15,168 10%:,200 15,210 "“ﬁaﬂdb 20.248
9263.4 19,918 1355 200 95.275 473,546 22,052
10943.0 45.715 33565,000 202,000 1090, 7R 26 815
Pressure 4.0 baur ahsoliuts - -
67733 5449 345,600 31.265  119.6R34 16,617
7833,6 8.659 542,400 4;,104 137.964 19.216
8101.9 12593 752,070 57.%519 271.413 20.079
10G13.2 17.742 1072,200 T5.21C 370.24% 2€.763
11846.0 23,590 1405, 20C 9).276 437,245 22,042
125%4.1 53,3547 2166 ,600 202,295 1090.733 70,729
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Table 7

Ridge angle and Rossby number,

Ridge angle o<
values

Experimental

h]
q

11930+ 12%90+ 13%48¢ 0.124
132 00 13 48 15 24 0.1375.
17 24 18 00 20 18 0.167
20 54 21 06 23 0D 0,1858
21 36 22 54 2% 12 0.218
2T 30 28 48 28 48 0.260
Pressure 2.0 bar absolute.

- 9 54 12 06 0.1204
17 36 18 36 19 12 0.,173%6
20 24 21 00 23 06 0.1804
22 48 24 06 24 54 0.207
25 30 26 03 27 54 0.249
29 00 30 24 30 18 0.266
Pressure 2.5 bar absolute.

12 06 13 30 16 50 0.1238
18 00 13 12 20 00 0.138

22 00 22 24 23 48 0.167

26 48 26 54 30 12 0.212

23 30 25 08 26 00 0.234

30 48 31 00 32 00 0.279

Pressure 3.0 bar absolute.

12 54 1312 14 30 0.1372
14 48 15 00 15 36 0.145

23 06 23 48 24 30 0.154

27 06 28 18 29 06 0.192

28 30 29 42 30 00 0,228

31 24 32 18 32 36 0,278

Pressure 4.0 bar absolute.

15 06 15 48 17 12 0,150

17 54 18 54 20 42 0.1613
24 36 24 57 27 30 0.193

25 00 27 00 28 06 0.236

29 06 30 54 31 06 0.265

¥

2

Pressure 1.5 bar absolute.

Vx
n/s

10° Cone. F&~= 5°
v
m/g
0.0019 0.0226
0.00506 0,026
0.00873 0.0309
0.00784 0.0324
0.0169 0.0355
0.0200 0.0396
0.00149 0.021
0.0074 0.0326
0.00626 0.0333
0.0126 0.0363
0.0152 0,0408
0.0164 0.0405
0.00146 0.0225
0.00427 0.0261
0.00876 0.0309
0.0N996 0.0371
0.0139 0.0382
0.0258 0.0428
0.0143 0.0228
0.00264 0.0262
0.00526 0.0291
0.00302 0.0355
0.0155 0.0399
0.0222 0.0457
0.00236 0.0273
0.00582 0.0304
0.00706 0.0357
0.0165 0.0413
0.0177 . 0.0428
el ~ X

3
{_
3
¢

Rossby number Theoretical
ridge . .
angle

20481
T 48
13 30
14 24
18 42
13 36

4 48
9 30
12 42
16 42
18 54
19 30

136
> 54
12 30
15 18
18 00
21 48

1 30
4 00
6 42

13 48

14 06

20 18

9 48
7 06
13 48
15 12
19 18

236
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Table 8

Ridge angle and Rossby number. 20° Cone. fg = 10°

Ridge angle ©X

Experimental values Vy Vo Rossby number Theoretical
3 * 'y n/s m/s ridge , .
angle =%

Pressure 1.5 bar absolute.

14°00* 14°00' 15°00¢ 0.2085 0,00374 0.0488 9006’

14 30 16 00 18 09 0.274 0.00948 0.,0578 10 18

15 00 16 03 17 30 0.3203 01,0161 0.0604 14 18

15 30 17 54 18 %0 0.417 0.02166 0.0705 16 36

17 00 18 09 19 48 0.4931 0.0246 0.0753% 17 12

18 36 19 36 22 24 1,132 0.0557 0.,1221 20 30

Pressure 2.0 bar absolute. !

12 42 13 39 15 24 0.2752 0,0053 0.0644 11 06
13 18 14 30 15 06 0.3399 0.0119 0.0717 14 24
14 00 15 00 17 12 0.4029 0.023 0.076 15 06
14 12 1524 16 06 0.4889 0,02625 0.0927 17 54
16 54 17 15 19 00 0.579  0.03018 0.0873 18 24
17 18 18 54 19 48 0.562  0.0282 0.0779 17 18

Pressure 2.5 bar absolute.

11 00 11 09 13 30 0.258 0.0045 0.0604 12 06
14 18 14 24 16 21 0.3359 0.01085 0.0708 14 30
13 18 15 00 16 30 0.399 0.0215 0.0753 16 18
16 36 17 27 19 30 0.4847 0.0238 0.082 17 00
21 36 23 24 24 30 0.5727 0.03%69 0.0874 14 00
21 24 21 42 22 36 1,218 0.06275 041309 21 30

Pressure 3,0 bar absolute.

16 12 16 24 18 24 0.282  0.00478 0.066 15 36
18 00 18 27 21 30 0.3876  0.0127 0.0817 14 09
20 18 21 17 22 48 0.5065 0.0339 0.0955 21 18
20 00 22 09 22 36 0.5811 0.0338 0.0983 20 00
23 21 24 36 25 42 0.7103  0.0404 0.1084 20 36
22 30 25 42 26 12 1.367  0.0759 0.1469 23 36

Pressure 4.0 bar absolute.

19 00 19 48 21 00 N
19 06 19 18 21 18
20 18 20 %36 21 30
21 36 21 18 24 12
21 48 22 36 25 13
21 54 23 18 25 30
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