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ABSTRACT

Considerable progress has been made in recent years towards
the understanding of the mechanism of heat transfer by condensation
in the presence of non-coﬁdensing gases, For the case Qf laminar
film condensation on a plane vertical surfacg and for laminar
flow of the vapour-gas mixturé, boundary layer solutiona have been
' given[ 22,“3,4#1. In the present work these are reviewed and '
modifications to the approximate solutions afe suggested,

Such limited experimental data (for condensation on vertical
flat plates under conditions of free convection) as was available
at the outset of the‘present study, @iaagreed widely with theory,
In the present work further‘careful measurements were made t; test
the validity of the'theorf. The condensing éhamber‘(i.e. the steam
chamber) was large in comparison to the condensing surface -and care
was taken to.avoid forced convection effects associatgd with the
vapour supply to tﬁe condenser, The vertical test plate was water-
cooled and the surface temperature and the heat flux measured by
thermocouples precisely located in isothermal planes at different
depthse E

- Steam was condensed in the presence of air, argon, neon and
heliume, The pressure in all cases was near to atﬁospheric. Tests
vere ;arried out for a range of gas concentrations and coolant
flow rates., The present results, in general, give good support to
the boundary layer theory, as do other data [&4] for air-stéam

mixtures at low pressures, published during the course of the



present work,

The theoretical solutions avaiiﬁble at present (for free
convection conditions) are not valid for the case where the
non-condensing gas has a molecular weight smaller than that of
the vapour (i,e. when the convective motion of the vapour=gas
mixtuée near the econdensing surface is in the opposite direction
to that’of the condensate), The pr;sent results for steam=helium
mixture were used to obtain a semi-empirical equation for this

situation,



Mote on Presentation

Graphs, diagrams, jhotographs and tables, except when
these are close to the text, will be found at the end

of the relevant chapter,
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Princiral Symbols Used

diffusion coefficient

gravitational acceleration

Peo (D-g‘)x}g /}l2 (Grashof number)
h\i,‘ﬁ'

specific latent heat of vaporization
thermal conductivit - . . :
diffution mmfnmfwy Goofficient: ( see ref of-4,04))
mass flux (mass transfer rate per area)
absolute pressure

steam-gas mixture total pressure

heat flux (heat transfer rate per area)

heat flux given by simple Nusselt theory in the

~absence of a non-condensing gas

¥/D (Schmidt number)

(To-Tv)kf/(hfg ”f)

absolute temperature in Kelvin

steam-gas temperature measured by the probe, in Celsius

steam-gas temperature half way between the test plate
and the flow dispersing section,in Celsius

steam-gas temperature near the flow dispersing
section,in Celsius

x~component of velocity

P < Paving Aicoewssins P vebiid;
y~-component of ¥elocity
non-condensiqg gas concentration

distance, along the condensing surface; from the
leading edge

distance normally from the condensing Furface

Greek Symbols

I

absolute viscosity

kinematic viscosity



o/ thermal diffusivity

[ density

‘gubscrints Cbuémé f"' #'d'“-‘

f condensate

g gas(i.e, non-condensing component of mixture)

m mean value

P the probe

v vapour(i,e, condensing component of mixture)

w wall=-condensate interface

o condensate-nixture interface

<o . in vapour-gas mixture,remote from the interface

(iees in the bulkyef ¢ ,;,;akf-)
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A vapour may condense on a cooled surface in eitﬁer of
the two modes known as film and drop condensation, The mode
prevailing depends primarily on the wettability of the ,
condensing surface, A continous condensate film results when the
surface is wetted by the condensate, while condensation may occur
in the form of drops on a non-wettable surface, On a surface
over which the degree of non;wettability varies, ‘both drops and
patches of film may be seen, The drops are usually less regular in
shape than those associated with the t;rm "jdeal drop condensation"
and falling drops tend to leavq streaks of cond;nsate behind _
them, This is termed "mixed" condensation,

Considerable progress has been made towards understanding
the mechanish of heat transfer by film condensation and to a
lesser extent that of the more complex phenomenon of drop
condensation, It is known that éhe thermal resyistance associated
with drop condensation is, for the case of waier at least, much
lower than that associated with film condensation. Thus, for the’
same vapour-to-surface temperature difference, the heat flux
during drop condensation is considerably high;r than that during
film condensation, .

In addition to the mode of condensation, t;e heat transfer
during the condensation process is affected by many other factors,
One of these, the primary concern of the present work, is the
presence of non-condensing gas in the condensing vapour, When a
vapour, containing a non-condensing gas, cqndenses on a cooled

surface, the concentration of the gas in the immediate vicinity
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o the surface is greater than that in the remote; vapoure In
consejuerce of the increased gas concentration, the partial
pressure, and hence temperature, of the vapour near the surface,
is diminished, This, in turn, reduces the temperature difference
across the condensate layer, and thereby diminishes the heat
fluxe

The reduction in heat flux due to the presence of non=-
condensing gas may be severe, For instance, recent analyses on
the effect of the gas on film condensation on a flat plate and
in the absence of forced convection (i.e, under natural convection
conditions), have indicated that.gas concentrations as little as
0,005 can cause a reduction of about S0% in heat flux,

With drop condensation the vapour=to=surface temperature
difference is very small and consequently its measurement is
very suscertible to errors arising from the presence of a none
condensing gase The wide discrepancies between the results of
different workers, which f;r a’considerable time Lindered.
rrogress towards understan;ing the mecl.anism of drop condensation,
are now thought to be due to errors resulting from the presence
of non-condensing gases,

Consideravle rrogress has been made in recent years towards
the theoretical understanding of the effect of non-condensing
gas for the case of film condensation on a vertical flat plate,
Conversely most of the experimental effort has been directed
towards the practically more relevant case of the tube, Such

limited data as was available for the flat plate prior to the



present work indicated, for conditions of free convection,
vapour=side heat transfer coefficients about an order of
magnitude higher, K than those given by the theory.

The theory invokes the boundary layer approximation and
is closely similiar to the well established soiution for single
phase free convection, A detailed'ltuay of theltheory failed to
reveal an explanation for the apparent discrepancy between
theory and experiment, It was thus d;cided to undertake further
careful experimental investigation, .

The present thesis describes an experimental investigation
on film condensatiqn of steam in the presence of different gases,
The condensation took place on a vertical flat plate and in the
absence of forced convection, The object of this investigation
was to provide heat=transfer data to assist in the deve;opmeﬁt
of the theoretical understanding of the influence of non-
condensing gas on the process of heat-transfer by condensation,

It was hoped te resolve the above mentioned discrepancy
between theory and experiment for the flat plate and thus to
clear the way for theoretical study of the less mathematically
tractable but practically more important case of condensation

on tubes,
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2,1 Irtroduction

Early theoretical investigators in the fileld of film
condensation were primarily concerned with the mechanism of
the processes that take place in the cordensate film, The
first major step forward in the study of the condensate film
was made in 1916 when husselt [1,2] proposed simple theories
for the laminar film condensation on vertical plarnes and
hoerizortal eylindrical surfaces., These theories were based
on the assurptions that the flow of the condensate film was
controlled by gravitational and viscous forces, The condens=
ation took place at the surface of the film and heat transfer
trrough the film was solely by conduction, These theories,
within their limits, found considerable experimental sunnort
particularly for systems where the vapour at the bulk is
either stagnant or has a low velocity.

Recently Sparrow end co-workers [3,4,5] have formula-
ted a laminar boundary layer film theory, taking into account
conrvection and inertia effects in the film, Comparison
between the heat transfer results ottaired by these treat-
ments and those of the lNunsselt analyses h%? lent support to
the reliability of the lusselt analyses,

In many irstarces, when the condensation rates are
hirsh or the condensing surfaces are lorg or vapour bulk
velocity is high, the lusselt's nnalvses were found to
underestimate the h%at fluxes [6,7] . In these cases it was
observed that although lamin~r flow i~ present at the upprer

edge of the condersirg surface, ripples begin to form on the
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£ilm ~urface ani at some distance from the leéding edge,

the f£ilm becomes turbulert [7,#,9,10]. Various analyses

were propo ‘ed for this type of cordenration [1],12,13].

For a turbulent condensate film in the gbsence of forced
corvection in the vapour, an analysis was developed incor-
porating the lusselt analysis for the laminar region with

on analysis for the turbulert region. The aralysis for the
turbulent region was based on an anpalocy with single phase
flow, accompanied by heat trahséer, in a duet or a pipe,

For moving vapours, aralyses «imiliar to the FNusselt aralysis,
were prorosed which took into_account the vapour irterfaci-
al stress [12,13]. “xperimental data, though liwited, gives'
reaconable support “o thése'analysés [14,]’,]6].

- As the processes in the condersate film becamk better
understood-attention was directéd to the rrocesses in tre
vapour, Some progress has been made ard invnqtigationé are
continuing to understand more fully'the'roles of such effects

as vapour velocity, superheat, interphase matter transfer
effects and also the effect of the prgéence in the vapéur
of ror-condensing ga-es, ‘

In most industrial applications, the vapour flows
over the cooling surface with a significant velocity (i.e.
forced convection flow). This can have an appreciable effect
or. the processes of cordensation, While the effect of vapour

velocity is still not fully understood, it has been found

that heat flux increases anpreciably with increasing vapour
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velocity [17.18,19]. ;e »

- .

When the cordensing vapour is superheated, the interfe
ace remains very nearly at saturation temperature [20].
Theoretical analyses have shown that heat flux‘’indreases- 3
only <lightly with increasing superheat [13,20,21,22]. These
aralyses were either based on modiéjlng the Musselt analysis
by accounting only fog the enthalpy change, from superheat
to saturation, at the interface [13,?0], or by employing ¥
the boundary layer theory to both phases, thereby taking
account of the convection effects and th; sub-cogling in
both phases [21,22]. Most experiments indicate similiar modest

dncreases in heat flux to those obttalned in the analyses[27,24,2

- Is £
Recently attention has been given to the processes

at the liquid-vapour interface [2?,26,27,2“,29]. When a
vé%our and its liquid are in equilibrium, the temperatures
of 1iquid and vapour phases at their interface are the same,
Condensation takes%place only if the liquid interfacial
temperature is less than that of the vapour, More precisely,
during condensation or evaporatien, there are changes of
temperature, pressure and density in both phases in the
immediate vicinity of the interface(i,e. within a few mean
free pathsl. The temperature difference at the interface

is often referred to as the "temperature %ump" and the
phenomenon as the "interfacial resistance®. #hile this effect
ig not fully u?éerstood, there is a cleaétindication that

the "temperature Jump"” increases with decteasing pressure
)
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ard increasing heat flux [26]. Yor most cases, except at
very high fluxes or low pre-suresthis effeet 1is thought to
be small [?2,27]. It could,however,be sigpificant for dropwise
cordensatior ani1 for condersation of liquid metals where the |
resistance offercd by the condensate is small, '

A fnrthgr arca of intefest which has received consid-
erable at ention on account of it~ practical impcrtavce,but
ir %111 rot fully understood, i1~ tre effect of the presence
of ror=condenging gases in the vépour phase, The presence
of such gases,ar pninted out in chapter 1, cuure~ = reduce
tior in heat flux, Thi: aspect of co~den:ration heat trarsfer
is the squect-of the preéent study and in consequence the

literature on it will be reviewed in more detail,

2.2 ‘Film condensatiors of vapours from vaprour-=ghs mixtures

Irvestigatiors have bern carried out on flat plates
under condit;ons of both free and forced ronvedti r, Owirg
to the p?actical arplication, most of the experimental
investicsations have teen carried out u«ing tubes._Conéonp-
ation on flat plates,however, hes received exteraive
treoretical treatmerts since it is more amenrnabhle to anélysis.
Details of the vari,us experimental arrargementis ard condite~
ions, prevéil%?iin‘ihe éxperimental investicatiors for )<

mixtires in the abrerce 0f forced convection, are tabulated

at the erd of this charter,

24201 Condensation on flat plates
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a=Theoretical analyses

Farly analyses in this field were based on consider-
ation of the process in the mixture as that of a one-dimer=
sional diffusion(.e, the vapour diffusing through a film
of stagnart non-condensable gas)[30,31,32] « The earliest
of these analyses is that of Stefan[ 51,37] , this was
based on the Maxwell equation of diffusion [33,341 and

yielded the following expressior for the mass transfer rates,

’ﬂ" _6 ﬂln [gg_] 2,01

where Pm is mixture pressure,

Pgs is gas partial pressure relative to the condensing™

svrface temperature,
Pgm s gas partial pressure in the bulk,
0 is diffusion layer thickress,

Ir more fecent analyses, many problems in heat and
mass transfer heve been formulated in termq of boundary
layer theory [e.g. 5 335,36,37,38, BQ] . The boundary layer
partial differential equations may sometimes be solved by
using the so called similarity <transformations. This
technique involves tre trensformation of the rélevant partial
differertial equations into fewer ordinary differential
equations by introducing new variables, The resulting
equations are generally non-linear and are usually solved,

for given boundary cordjitions,by numerical methodsl:40,41].

In the presert problem, two interactirg boundary

-
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layers exist, the coniensate layer and thé vapour-cvas
nixture layer., In order to solve the differenti»l enuatiors
of these layers certaiﬁ boundary corditions at the cnrdersing
surface an! outside the mixture layer mmst b= ‘specified, in.
addition the interfacial éonditions of hoth layers murt he
matched ir sych a way that the physical  laws 2re saticfied.

* Sparrnow and co-dorkers have used the similarity trars=
forratior techniéue'in their anélysgs for the condensation
of varours from mixtures, in the ahsence of forced convoction,
over vértica] rlztes [?1}2?,351 and fromw moving mixtuver over
a horirontal plate [27 1. |

Sparrow &Azﬁﬁﬂi [21] ?roposbd an analynié for cornderre=

ation from a mixture, ir the abserce of forced convecticn,
on » vertical plare surface, in which the condensate and the
mixture film were treated as houn@ary layerc, The aralyris
did rot tske in*n account the eflect o° ratural convectinn
Ar the mixture dve to density dAifferences, ™he heat “Tars =
er results,compvted for steam-air mixture,wrile affirming
the role ol the nor-condeusables in drastically reducing
the heat fluxes, indicated a much'hizher reducition in these
fluxes than that found experimeﬂtplly'[i?] “these experimerss
were carried out cr a harizontal tvhe!, [Lis aircrepaney
was attribnted to the exclu-ion o" th‘-rr'n convection which
would 3id theé removal 0" ror-conderusihlas b inerecarirs the
flow in the direction paralicl to th~ :1a%e s rface, In

o

corclusion .'parvow A "kert ragari=d t ei- vesults ars
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qualitative rathe: thar q antitative and ‘vgsested the neec
for more detailed aralyc<is i; which. free convection effect
is included, This su'éeﬂtion was *aken up by ‘parrow and 1i:
t37]. "he Tus~elt arsl ~is for t}~ condensate film was

em loyed wrile bounlary layer epproach wac aﬂplied to the
varouar-_as layer, The properties of the latter wefe as~umed
to be constant, except in th buoyancy term of the momentum
enqvation, The relevant bourdary l=ayer esqumtions for contire
uity, momentum and diffusion are, resbectively, as féllows,

referring to fig ?2.N1.

&+ dv = 0. ' .02
o< &y

udl + vau = 2(1-P) + yd1 2,03
%E a‘rl & va.,'l

udy + vdJ = DAA 2.C4

ox ¥y dy? .
)3

4]

*quations 2,02, 2,0 2,04 were Teruced tn 6rdinary differen=
tial equations uqing'the following similarity transformation,
(a) "imilarity variable
n= 0(3(-;6)/1_;1
where ¢ = [f(wg°'v)/7v2 i
Fg:(ﬂg-’§7' "

0 i the condensate layer thickne-s,

M
g

respectively.

and M, are the molecul”r weilghts of gas a~d v pour

(v) “tream furction ard raes fracticn respectively
3
y=4oxr(n), =V = Q(1)

The resultirg ordinary differential equationc were
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e +. 2
f + 3ff - 2(f )° + @ = 0 2,05
1 e L

® +3%cf@ =0 2.06
where the primes derote differentation with respect to 3
and "¢ is the “chmidt ﬁumber. |
"0 solve equations 2,05 & 2,06 rumerically, "parrow & Lin
specified five boundary conditio%s, ttece were
(1) Prescribed value for # at the bulk,
(2) Vanishing longitudinal velocity ir the bulk as Veees
(3) For condition of no =lip at th~ irterface the irter-

faclcl velocities oY cordencate ard miyturo.are the

sameé,

(4) By co;tinuity the vapour and condensate interfacisal

mass transfers;are the same.
(’) The imperméahi]ity of the- irnterfrce to the non=corder=
sirg gas,
Yrom the nathematical representatior of thr=e corditiors the
following parameters ererged as freely Aicpo=able parareters:e
Mgs Myr ‘e Sco (PRYOM), o ("g=",)/(hpp P
For various values of- Wy, Sc, (P#),_/(Pll). equations
2;05 & 2,06 were solved to determine the relatiorships
between the interfacial gas concertration and partial pressure

ard the group c_ (Tp=T _ )/(h. P_ ), t*~» ~irture teirg steam=
Py @ v '8

by 1
air at atmospheric pres-ure. Fror *'e~e rrsults tre inter=-
facizl temperature wa3 computed for varions mixtvre-to=

~urface temperature difiTererce ani hernce the heat flux was

determiredusing tne appropriate Nusselt expression,
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Sparrow & Lin presented thejr.heat transfer results as a
plot .of fractional reduction in heat transfer rates against
mixture-to=aurface temperature differences, ?ig 2;0?; These
results have shown that the presence of a few per cent of
air caises a recuction of 50% in tﬁe heat flux. Yo compari-
son with experimentsl data on fl=%t plates was made, irstead
Othmer's data [40]defe used for comparison, For this compar-

i on ,fractional reduction in heat fluxes were computed on
the basis of Se=0.5, & (P, /(PK) = 15C.

. 1t' ou,h Spa ‘row ¢ Lin concluied that there was good
arreement betvcor'theory rnd experigsert, his comparison
could ant be considered as saticfactory cince ir ary
situ tion,the values of “c ard the viscocity ratio {i.e.
(p;n‘/(p;o ) vary widely within the mixture.  Trerefore it
is difficult to use this theory for corparison with
e¥periments, ' '

£ more'riéorous,and comprehensive analysis wa“

presented by Minkowyez and Sparrow [2?]f The bourdary leyer
treatment was again applied to both the condensate and the
mixture layers. The analytical model included, in additior to
the effect of'nor-cdndensing gas, tre effects of interfacial
resistance (i.e, the exiaterice Qf temperature Jumo at the
interface),superheating, free corvection due to concentration
rradierts, thermal diffusioﬁl(defined as the traneport of
mas< dué o temperature graiients), "diffu<ior thermo "

(defined as the energy transpor due to corcentration
&y
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gradients) and variable properties for both layers. The
goverrning enuations for the condensate layer were rihplified
by reglecting the inertia'and natural convection terme- in
them (ars in the rimple Nusselt theory), since trese ef‘ects
have been shown in an earlier pab.er, ref[S], to te of
regligible effect on the heat transfer,

The condersate equatiors are

O (p1) + & (pv) =0 2.07
ox P oy P
pz + 3. (ud:) =0 2.08
oy oy
9 (ko) =0 2.0C
oy
ard the equations for the mixture layer are .
-8 (pu) + 3 (pv) =0 ' 7410
A T
P(udi + vdy) =-_°_jz o
& oy 3y e
udu + vd) = glp-p ) +&_(ydn) ?2.12
P & ¥y P~ heo YA
.Pcp(u%'l‘z + v%) + (cpgchv)jg 9_} =...:.._g_;7* 5,13

where jé and q* are the generalized diffusive mars flux
and heat flux reaspectively.

Th. “uations were trandformed into the following
ordira.y ions,
For tpe eon....  _ ger,
' ' - 2.1
g ] v =0 4
N ]

where f% is dimensiorlesz stresm finetinp
\ .



26

0= /Ty Q=P /Pys =B/, @ =X/,

For tho vapour-gas layer.
[w] + 3Se F(w ) = -r 2,16

RN My
[p“o] +Pr(3§F+§cgv_)9=-Pr(A fcf,vr'e)?.m

whare ~, @Qare dimen=iorlee stream furctior and temperature

reapectively,
= 6 wi1-w9"
=20 2 (4’ 4P
A cp“ -bg Mv SQ
) I p/p fk g u/u“c fn ..—..' fcgv .....u.__L
R, : I},

¥ is mixture mnlecular weight.

Khoy Spérrow & Hartvet{[S],when dealing with the
cordensation of pure vapours,corcluded that the reglect of
continuity of info*facial s’ ear has completely negligible
effect on the heat transfer results for the rarge of p-ra=-
meters arpropriate to steam under fre~ corveetior., This
corclusion was implemented 1r this analysis when dealing .
witn the courlirg of the cordersate ani mirture ecuations
at the interface, .

Dealing with steam—air mixture arl for all cases

othar than those whirh included irterfacial resistarce,

similarity solutiors we e obtained for t'ese enuations,
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"his is donrne hy replacirg them in to integral forrs, In

these nurerical solutions a special iterative method wanx

u<ed [41]. Wner interfaci~l resistarce was ifrcluded Minke
ovycz & “perrow found that the similarit;: solutions orly
exirt for pure vapoury ir all other cases local eirilarity
was eryloyed (i.e. the aprrlication of similarity at a certain
height from the leading edge).

To evaluate the necesctary thermal and trarsport
prorerties for the cordersate layer, a reference temperature
was derived. Sparrow & Mihkochz found that a virtual coine
cidence hetween heat transfer rates evaluated by so}ving the
conder=ate layér equatiors and those usging the Tuzcelt a*ﬂ]ysis
was achieved, for the ronge of pérametnrs used ir the aralysie,
if al) the pronerties appearing in the Tusselt expre=eion
were evaluated at the refererce temp-rature defired by

"t =1, 4 031 (T,-T,) 2.19

Hest tranrfer results were obtaired for a wide range
of prrameters including bulk gas coroentéation, ryatem
pre-~sure level, wall to bulk temperature dif“ererce ard de=

gree of suéerheat.The results, preéerted as fractional red=-
'uctibrs in_heatzflux agairst mixture-to=surface temnerature
differencé, have shown that for a bulk air correntratio» of
©.5” the heht'fiux.drops by about 50 below that of pure
vapour conlensation, rlco the influerce o€ tre nor-conrden-
sing a3 1¢ strongly accentuated 2s huly tenperature decreases,

The results elro derorstrated that the interfacial reistance,
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thermal diffusion and diffusion thermo are second order

"ef“ects and the effect of superheat is more irportant when
non-cenden<ing gases are present than in the case of pure
vapour, -

Comparisons of Minkowycz & Sparrow's analysis with
Othmer's data apd tre Sparrow & Iin aralysis, fig 2.03,
show that the first analy 'is predicted higher redvetion in
heat trarsfer than those obtainéd experimentally and tho-e
predicted by the Sparréw & Iin analysis, "™he leck of agrée-
mert bétween the two analyses was attributodhto the difference
in evaluating . the properties of the condersate and the mixturae

The effect of the non-conden<irgz gas ard irter<aci 1
- resistarce in the cordersation of movirs mixt res on a
horizontal platé w~< recertly invegﬁigated by Sp rrow,
Mirkovyez and “addy [27]. '~ in ref [37], the 1uid propertiss
of both the cqndensate and tie mrixture were as umed to be
constant, The ef"ects of inertia and nétural convection in
the condensate layer were neglected, Mumrrical solutions
were obt ired for the relevant orlirary differertial equat-
ions,ard in evaluatirg the 'eat trarsfer results for rteam-
air mixt)*é, thé refererce temporature‘derived in rpf’[22]
was used to evaluate the relevaft prooerrties of the cond-
en<ate,

Tre heat tr r fer re ults indicated a much smaller

-relduction in heat "1 i1ves hen commared wit' those obtaired

by Mirkowyez & “parrow for rixtires in the abse ce of
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forced convection;fig 2,04,

Althouvgh the numerical methods in solvirg the bound-
ary layer Qiffereptial equations employed in the foregoing
analyses pfodUced " xact" solutions, these .methods are
laborious and require extensive comp;tation. Consequently
in iecent‘literature,approximate solutions were ebtained
for these differential equations [27,43,44] o These solutions.
were based on assigning suitable profiies for the'temperature.
gas concentfatipn and the longitudinal velocity in the mixsure

Rose [43] and Sledgers [44] conéidered the condensation
from mixtures, in the abéence of forced convection, ovér
vertical plates while Sparrow and others [27] dealt with
moving mixtures on horizontal plates., Rose & Sledgers aprlied
the Nusselt's analysis to the cordensate film and ‘ebtained
equations, relating heat and mass transfér parameters and
‘tt e relevart fluid properties,

Rose proposed the follow~ing profiles

u= 1 (1-y/8)% + W(y/8M2-y/ )2

W-j.. =(1-v/8)°

0 @
where uo;'wo are the interfacial velocity and gas concentra-
"tion respectively, & ts the mixture boundary layéer thickness
U i1s a function of the normal distance to the plate, having
dimensions of velocity.

Rose deduc¢ed the following equation
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10Sp Scllig £, /upIwW /W,121 20/ 21+ W, Sc /W, )
+8/Sp2Sc) uplln ) 1Iw, /W, 1215 Sp/28-Xw, /3]

=(100/21)(W_ /W) - 2w _/W,+ 8Sc ~ 2.20
where X:= (Mg-My)/[Mg'(Mg-MvMo] 226
w=W-W
o 0

Sor given surface—to-bulk terperature difi‘erence,':!m anl 2

-~

m'
equation 2.20 may b2 used to determine the interfacial temper—
ature,hence the heat fluv is determined using the Jusselt

expression.
>ledgers proposed the following profiles:-—

uluy= [-F(1)-NG(n), $=0=1-Fn)

where F(g)= 2"—21)-0-1]
Gin)=(n(1-nT)/6

¢ ani@ are dimensionless gas concantration and mixture °

tenperature respectively

1= (y-6)/(4-8)

0&{A-8kr: tae conlensase and t.oe minture layer thicknesse
respectively

A 15 a constanté

The following equations were deduced by Sledgers

I3=W_KN/(W,12) 2.21

I3[ Wo I, W
NE'_PO] 6:'1![ q][g I;ww IW:-SCH%)] 2.22

where K=4Kk( To Ty )/ (P""hfg)
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Nele, 18,1 /(D(1-W_ /W, %)

I,=0,3 '

I, and 13 are known functions of A
For given W_,T .and T, ,equation 2.22 may be solved forl,
hence T,is determined from equation 2,21, The heat flux is
determined using the Nusselt expression.

Comparison with the results of the exact solutions of

: ref[22],for air—etean mixture, shows that,at low air concen-

trations(i.e. less than 0.0050),the results of both equations
2,20 and 2,22yunderestimate the heat flux while at higher aim
concentrationg,the three solutions virtually coincide.

Sparrow and others[Z?]compared their results,obtained
from exact solutions,with the results they obtained by the
approximate solution and found virtual coincidence between
the Swo.

K It should be noted that all of the above analyses which
were based on the boundary layer theory are only valid for
cases vwhere the molecular weight of the ngn—condensing gas
is greater than that of the vapour., The results of these
analyses hold only for mixture Grashof numbers above those
necessary for the validity of the boundary layer approxim-
ations and below those at which turbulznce occurs,

{b)-Experimental investigations
In contrast to the extensive theoretical treatment,

the experimental investigations on the condensation on



12

flat plates ore only few [44,45,4€,47,48]. These invest.
igations are all on.mixturgs in t ¢ absence of forced
convection, ) . _

In these 1nveetigation§; uniess it is stated otherwise.
the heat.flux was determined from thé coolant tempéfature
rise and its mass flowrate and the gas concentration was
ﬂetermined by measuring the mixture temperature and preseure
and employing the ideal-gas mixture relations,

Hampson (45) investigated the effect of nitrogen on
- the film and the drop condensation of steam dn a vertical
copﬁer.ﬁlate. The condensing surface temperature was measured
b; meansiof sii thermocouples embeddpﬂ,in.soldér, in grooves
parallel té_the horizontal edge of the sﬁrfacé (1.e. isotr=-
erm=) at a dépth‘of 0.025in below the surféce. The g~5 was
fed continously, and together with excess stear, was vented °
at the base of‘thd‘test V‘13.‘(50.'. For the film condensation,
Hampﬁon deduced th folidwing €mpirical expression for the

steam-side hbat-transfer coeffieient,

. hg = (‘[ f pf hfpg]% 1 ¢.11 ‘ 2,23 N
L e AQ,

where A@is the mixturo-to-surface temperature difference
. L]

L is the height of the plate
W is the 6~*ﬂa~$ﬁgéﬁgas concentration by massa
¢'= 0.601 for imia=g3 o. ol >ul>-4.0al
ard = 0.64 for 4>~>O.5.°'0$‘>W>o.005
Brdlik [46] irvestigated the condensation of steam from

steam-alr mixture over a horizontal plate, The plape was

. -
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cooled by water circulatirg in charnels pas<irg tkrough the
prlate, The condersate was draired through a certral hola in
the plate, The mixture and the irterface temperatures were
measured by o vertically moveable thermometer, The gas |
corcentration was determined from the measured cordersate

and gas flowrates, U-irz his experimertal data (in which thé
gas concentration were greater than 3%), Brdlik-obtained the ~

followirg expression- for the condensate mass flowrate?

Me = 125D Pym (Pym-Fy) 2,24
ERVT Pa .
where Rv is the gas corstant for the steam
P P

v & “vm are the steam rartial pres<nre at the bulk-

ani relative fo-thn cordensing snrface temperature

Pa and L are amb:}nt'p?esaure and plate length respectively

The effects o1 nitrogen, helium ard carbon dioxide on
the condersatior of etharol and of nifrogpn and carhon
dioiide on the condencation of carbor tetrachloride wére
irvestigated by Akers, Davis and Crawford [47]. The vapours
oondénsed on two face= of a vnrtical‘copvef rlate which was h
conled by water pansing thfough'chanﬁels in the plate. The
rlate was mountod_ina4300m1 flask which contzined the evsapore :
atirg liquid, The céidensing surface temps—atire was measured
by mears of a thermocouple located At_thn mid point of the
condersing plate, The experimental results were expressed in
the f&rm of dimensionless groups, Ir deriving the=e grouwpe

ikers, davig and Crawford integrated the differential nqnpt;

for of the ome dimensioral diffusior to produce tte fnllowirg

™ = »
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expregsion
K LRT Pbm =1
‘z'ﬁ""?‘ 2

where - Kg =

Q

Q is the heat flux

P Pgogare the gas partial pres-ure at interface

go and
and bulk respectively

P is mixture total pressure
P P__P

bm = 0=
. IﬁL—-ﬂ7 gé}
L 1s the height of tﬁe condensing plate
Z is the mixture léyer thickness |
M i= the mixture molecular weight
A is the condensing surface area
In analﬁgy tq the natural convéctiov heat tygnsfer the ratlo
| 1/2 was taken as a function of thé Grashof and Schmidt numbers.

The relation hip obtained, fitting their data,was,fig 2.0%

Ko 1rr Pre - 1.02(Gr.5c)‘”373 L 2,25
. D P .

Yroger & Rohserow [48] performed expnriments for the
condensation of potaSbium from mixtures with helium and
.argon on the unde~side of a hprizontal disc, the disc was
‘cooled by boiling.water. The temperature dirtributlon across
the thickne<s of the plate wa; determined ﬁy means of thermo=
couples located in holes, drilled at various depths irn the
plate, parallel to its surface., The surface temperature was

determined by extrapolation and the heat flux was determined
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from the teméérature gradiert across the plate thickness

and its thermal conductivity. Two therrocouples were located
at two different depths iﬁ the vicinity'of.th° cordensing
svrface to determine the temperature profiles in the mixture
1éyer. Heat fluxes were deterrined for various known amounts
of irjected helidm-or_argon} Kroger &- Kohsenow expressed their
experimertal results in terms of, ard compared them with, a -
cimple analy°is'they developed for the heat transfer coeffic-
fent, This was based o~ the ome dirensional diffusion of a gas
through anbther, thgrant gas. This comparisor showed a good
aéreemept bétwnen theor& ard experimerit for potac:rium-helium
system ard a poor sgrrement for potas -ium-argon svstem, The
discrepancy-for the second systém was attrihuted to the
irfluerce of tie convecctive currents which were rot iréluded
ir th- nﬁnlysiﬂ ani which were more important in the second
syét%p thar ir the first("ince potassivm ard argon are of
aprnroxirately the sﬁﬁe rolecul~r weich*)

Sledrers [44] carried out a systematic investigation in
which, for constant bulk temperature ard gas corcentration,
fractionallrpduct;ons-in heat flux wer~ determired for d4iff-
erent -surface-to-bulk temperature differenees. In this_
irventigation steam was'cnndensed fror steam-air mixture on
a vertical rlate, the plate was cooled by freon 12 vapouf. _
The temperature distributiors across the plate thickress and
along'its height wenadefofmined hy -rears of two rows of

thermecoupnle< located in holes,drilled in *he plate, parallel
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to its surface. The surface temperature was determined by
extrapolation and the heat flux from the temperature gradient
across the plate., The gas concentration was measured by samplii
ng using a specially adapted McLeod gauge.'The experimental
results were compared with Sledger's approximate analysis
and with.the exact analysis of ref [ 22]. This comparison
_showed an agreement to within 30% with the theoretical

analyses, - ' .

" 2.2.,2 Condensation on tubes .

&-Theoretical gnalyses and condensery design methods
- . [ 4

‘The simﬁlic?ty of the surface.éeometry of the flat
plate made it amerable to analysis. Qith tubes, however, the
surface geometry makes the formulation of an analyqis more ‘
difficult. Onlv one theoretical aralysis or tubes could be
found in the literature [ 49 }'this is on mixtures in‘the'a
absence of forced’ convectior. In most practical applications}
the mixture at the bulk has a finite velocity, In the design
of coﬁdensers for 9ﬁch mixtures, éarious methods of- - calculat-
ion ¢f' the surface area have been proposed [e g. 50, 51 52]

Thain [ 49] applied the&boundary layer theory to the
. condensation of vapour, on, horizontal tubeg, from vapour-
gas mixﬁﬁreé in the absence of forced convection, Nusselt's
analysis was employed for the cordensate iayer. The relevant
constant property partial differentiél éqxations for the
mixture layer were transformed into ordinary differential

..

equ tions, These ordinary differential equations were exactly



37

the same as those obtained by Sparrow and Lin[.}?]. By making
some approximations, the boundary conditions were also the s#me ?
as those of Sparrow and Lin, cohsequently Thain used the solutions
obtained by Sparrow and Lin for'the steam-air mixture, Thain,
however,rodnd that his analysis consistently under-estimates the -
heat' flux when compared with ;hexexperiﬁental resu;ts.he obtaine
for the steam-air mixtures. Thié discrepancy was attributed td_tho
assumption he made, when formulating his boundary layer equations,
-that normal velocity to the condensing surface is ot.an order of
magnitude less than the tengential velocity. Accordingly,Thain
neglected some of the normal velocity terms. Hoﬁever,.in estipatil
the values of these velocitiés at the interface, Thain foﬁnd fﬁafv
they are of the same order of magnitude at some parts of the
.interface.

The calculation methods for sﬁrfacq area of 1ndust£ia1 con-
densers are based on semi-empirical'analyses and most of these
methods involved graphical solutions. The nost commonly refer&ed
_to of these methols is that of Golburn and Hougen[ 50]. Colburn
and Hougen suggested that the local heat transfer rate for mixture:
could be evaluated from the following energy balance equations:

| ho(t,=t) + KM he, (P-P,) = h (t,-t ) = UAT 2.26

where tv, t tw are the mixture temperature at the bulk,

c
the ini’:erracial temperature and the surface temperature'
respectively |

Pv and Pc are the vapour partial pressures at the bulk
and at the interface respectively

h° is the vapodr—side heat-transfer coefficient
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U i« the overall heatetransfer coef“iciert
AT is the overall temperatur~ 1ifference

h. .anil K are determined from tte follBQirg relation-

<hips:
r
Jh = hs(Ctu/k).”
c G
Jm = K- W F f(ﬂ pd)*
G

where J, ard J are determiried from suitable graphs relating
t'ere factor~ to the mixture Reynolds numﬁer[%j]
¢ is the mixture =pecific heat at constant éressure
d is the tube diameter . . .
B is the mixture visco;ity
G 1slfhe rixture mass flowrate
M. is the mean molecular weight of the mixture
Fop is the log mear partial pressure of the gas
relative to Pv and Pc
By graphical interration the av9*aée value for TA" is found
hence the required area,

Various 1nve°tigator§ examined tre process of ¢ 1B
-ation from mixtures in the ahsence of fqrced convection [25;
%2,59,54,55,56,57,58,5) " and from mixtures under forced con~
.vection eonditlons [e g. 19,60 61,6:1,’ The’ manrity of these
investigations dealt mxainly with steam-air mixtures andcxwpt

A Y

fn four cases [57,60,6‘!,62],1:119 tubes were Rorizontal. In some
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investigations the data of other investigators wefe'used to
verify some empirical ekpressions[<46.47]. Iﬁ all the;e invest.
igatiors, unles? it is stated otherwise, the heat flux was |
determined from the coolant temperatﬁre rise and its mass
flowrate ard the gas corcertration by measuring the mi%ture

temperaturé and pressuvre ard using the-ideal-gas mixture reilatim

Conder=atior of vapnurs from mixture=s ir the absence of

forced convection

Othmer [42] carried out 2 series of tests.in whieh he
examined the depend;%ce of the <team-side heat;trahsfer
coefficlent on three v riables,during tre c?ndensation of
steém from steam~eir rixturs, These variables were air
concentratior, rixture-to-surface tempergtures difference
and the mixture temperature, Ry keeping two of these vari

ables constant he determined the variation of the coeffici
with the trird variable; The appafatus consisted of four
tubés,‘fhp ounter ore ir which water wa< boiled at atmosph-
eric corditions, the generated steam condensed on an inner
" tube (the test tube). Imside the test tube water was boiled
at sub.atmospheric conditions ( this was to insure a constant
éurface temperature), The steam genera%ed at the sub.atmo=
spheric conditiors, condensed on two tﬁbes passirg through
the test tube; Water at room temperatufe passed through these
two tubes, Thé surface temperature was measurgd by a thermo=

couple embedded in the surface, The gas concentration was

determined from'the”ga" rartial pressure, whicl was direcply
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measured by a specially designed marometerljﬁ}],and the
vapour partial pressure, Othmer deduced the following
trpirical expres.ion for the coefficignt. of‘heat transfer.
logh, = logA"(1.213-0.00242T) + - ) e
Borar/3:439 = 1]f 0g(4+c.505)-1.551-0.079T] 2,77
where AT i= the mixture-to-surface temperature difference
T is the mixtureitemperature ' '
W is the percentage gés concentration by volume
LanvenN[54] carried out a.similiar but less detalled
examination to that of Othmer, In some testq the pressure
and wall temperature were held constart while varying the’
air.éoncentratich and in other tests the pressure and gas
concentration were held constart while varjing the wéll
temperature. Mixed condensation prevailed in all the tests
that Lanvpn performed, The surface femherature was meaqured
by a resistonce wire thermometer embedded in grooves along
the surface., The gas was fed continously into the system and
the gas concentr%tion was d;term;ned from the measured maés
flowrates of the gas and tre collected condensate, Langen °
obtained tfg following expression for the condenséte mass
fluxg-

N ' 8.5
a = 14500770 (P Fyo) 2.28

~

where W :ls air concentration by mass ,
T and P are the vapour partial pressure at the
Veo vo :

bulk and the interface,

Luder [56] irvestigated the eondensation of steam and



i

carbon tetrachloride from mixtures wiyh various gases,
m2irly air, hydrogen end methané. Although Tuder calculated
- the vepour-sife heat trancfer coefficiént and the vapour
partial prescure relative to the surface tempe“aﬁurg he

dAid rot eoxplain the methods he useé 1n.these calculatiors,
The followirg expression was deduced for the vapour-side

‘heat trarsfer co;fficient, fig 2.06 o

hc = C[ ] ln[ o - 1] . , 2,29
T, “o= ¥

vhere D = the 31ffu=ion coefficient
C = a constart which varies from one vapeéur-gas
rixtnre to arother

Po = mixture pressure

1
2rd relative to the ~urface temperature i...,cctively

P, & P, are the vapour pcriial pres~wd ie bulk

The risht hand =ide of equqtioﬁ 2.29 is a'function of ¥

the pas concentrqxior. therefore fiz 2,06 indicates that for

a ~iven concentration,the reduction ir heat flux when the

air is bresent is less tpa that sher methane is présent

and more than thét shern *he hydroger i~ nresent,
molouhirskii ani Yarrpolskii[ 57 ] investisated the

condensation of steam from steam=-air mixtures over a'1

vertical tube, “he.surface temperature was measured by

means of thermocouples embedded in grooves nlorng the height

of the tube, The gas concentration was determined Irom the

me=2sured flowrates of the condencate and the gac, The

« followirg exrreesior was deduced for the steam=zide haat
]



transfer coeflicient,
h, = 0.48 bnu/(W)% 2,30
where h . "is the heat transfer coefficient c¢orresponding
to the conden~ation of pure vapour with the. same
nixture-to—surtace'tempefature difference, -

e Friece[ 55]—1nvestigated thé condensation of
~n-heptane from mixtures of n-heptgneiand methiﬁes.The heat
flux was determi.nevd' fron the cooling water inlet and outlft te
erature difference and its mass flowrate., To determine the
vapour-side coefficient the Wilson plot was used, This en-
tailed the plottirg of the reciprpcalléf the overgll co-
efficiert agairst the reciﬁrocal bf 0.8.power of the cooling
water velocity and by extranolating io zero value for the
apqcissa.the vapour—-side coefficiert was determined for
each gas cohcenfrétion. De Friece did rot pre;ent his ﬁata
in ary mathematical form, Akers, Davis and Crawtbrd[ 47],
howevar, fitted Jangen's [64] and Ve Friece's[assl dqta

by the following correlation,

K P 0,373 2,31
g IRT .%E = 0,62(Gr,Sc) .

v

Brdlik [ 46] used the data’of Othmer [42] Langen| 547 -
Toloubinekil and Yampolskil [57] and Gudrnehuk { 67] to
obtain the following expression for the ﬁeét transfer coeffa’

_iciant shen the gas concentration by volume i8 less than 0,03
o.4
hc = 0043 hnu [%] (d).n.z8 : 2032
P

where h . = the Muscelt coefficient for the condensation
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of pure vapours &

Pt = the mixture pressure

P‘ = the barometric pressure

W = the gas concentration by volume k

Maz};kevich.[se] investigated the effeect of air on .

the condensation of ammonia from ammonia-air mixtures over

a horizontal tube..The surface temperature was meagured by

thermocouples fitted in grooves on the tube surfacé. Thermo~

couples were held in various posizions, in the mixture,'

¥

around the periphery of the tube to examine the temperature of
mixture distribution‘arovnd the tube: The gas concentration )
vas determined by venting and sampling the mixtugf from three .
various points in the mixture chamber, The investigétion -
indicated a marked variation in the mixture temperature,
‘around the tube, fig 4.07: However,no variation in the mixture

FINR )
concentration was detected., Mazy¢kdvich compared his results

- -

with those he obtained for the condensation over a vertical

tube [64.65] . This comparison, fig 2,08, shows that, for

gas conéentration greater than 0.1 by volume', there is very

1little difference in the heat transfer coefficient, whether

the tube was horizontal or vertical, For concentrations less -
~ than 0,1 the coefficient for the horizontai tube is greater '
than that for the vertical tube,

Hampson [59] examined the effect of air on the steam-

siie heat-transfer coefficient in the f£ilm and drop conden=-

satfon of steam on a horigontal tube, The steam-side coeffiecient

’ i
1 - %

¥
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a

vas determined from the overall coefficient using the

"Wilson" plot, The mixturé;;aé verted to determine the gas ,i?
concentration by sampling, Hampson found that the overall
heat transfer coefficient varied when varying the position

of the vent.

Provan [25] irvestigated the effect of superheat and
non-condensing gases (ramely air and argon) on the condens-
ation of steam on a horizontal tube, The surface t;mperature
was determined from the heat flux, the tube thermal conduce
tivity and the coolirg water mean temperature, Provan expre-
==ed his data in terms of equation 2,31 and deduced that
this equation undere-timated the resistarce to mass transfer,
He al<o #gound " that a slight improvement in heat flux
resulted when the mixture was superheated ard that for a
giver gas concenltration, the reduction in the heat fluxes
is the same whether the gas is air or argon.

Thain [49] examined the effect of air, argon and
helium on the steam cordensation on a horizontal tube., The.*
tube was used a3 a resistance thermometer which enabled Thain
to measure the tube mean temperature, Th; mixture gauge
pressure was kept at 10in of water, For various gas conce
entrations, the variation in heat flux with varying mixture-
to-surface temperature difference was determined, Temperature
profiles in the mixture layer were also determined, Thain

corpared his re vlts, as well as those of Othmer’[42]
Kelman [66] and Provan [25], with the equations deduced by

4 »
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othmer [42], Langen [54), Luder[ 56], Brdlik [46] and Aker,
Davig- and Crawford [47] « These comparisons indicated
that these equations are not valid except for the data they
were derived from, The failure of all these equations to
correlate his re«ults satisfactorily prompted Thain to
develop his own correlatior, He deduced dimensionless groups
from the'boundary layer theory equations and the equation
for the gas-vapour interfacial mass transfer rate. He then
correlated his own data and those of Othmer [42], Provan [25]
and Kelman [66] by the following equation, éig 2,09.-
v_Nuvgf = P.73(Sc.6rvg)1
(Lam/i) 1o

N
where m 1sthe condensate mass flowrate

o

W, and wa,are the gas concertration at interface

and bulk respectively
d is the tube diameter :
P i« the mixture mean density

D is the diffusion coefficient

Gr & Sc are the mixture mean Crashef and Sechmidt .

vg
numbers respectively

Condensation from mixtures inr the rresence of forced

convectior

Althouvgh there is a considerable rumber of investig-
ations on the cordensation from moving mixtures, the

majority of these investigations were performed on irdustrial

‘
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cordersers, The objéct ir each oé these investigations
being either to obtain heat transfer data for design '
purposes or to test the reliability o” a’ metrod of calcul-
ation for the surface area, '

In some irvestigations ' the effect of mixture velocity
on heat transfer was examinred . 6,60,61,62], these 1nv;st-
igations‘héve shown that heat flux: ircreasesrapidly with °
}ncreasing mixture wvelocity. ' | .

Gomparison.oflheat transfaer results for mixtures
in the abserce of forced convection and for mixtures in the
presence of fcrced convection, (shown in fig ?.10),indicatgs
that heat flux is much less susceptible to the non-condensirng

gases vhen the mixtures are flowirg with a finite velocity

than when they are stagnant,

2.3 Conclusion

Film condensation in the presence of nonécondensing
‘gases on plane sﬁrfdcés has received extensive theoretical
treatment. In all cases the boundary layer approximation -
was used for the conservation equations in the gas-vapour
mixture and only lamlnar flow condltlons were considered.
To obtain "exact" solutions of the laminar boundary-layer
equations, the, so-called similarity transformation technique
was used (for these solutions it was necessary to use numerical
methods) and to date, detailed solutions have been obtained .
only for steam-air mixture . To obtain such solutions the

time requirement,even with modern computers,is considerable
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ani consequently approximate solutions have been developed
leadin;; to closed-form solutions. ZFor air-steam mixtures
agreerient between the e<act and approximate solutions is
satisfactory. _

As mizht have been expected, thzory indicates that
the reduction of heat transfer due to the presence of non-
condensing gases'is nuch smaller when forced convection is
oresent,

The detailed exact solutioﬂs of Minkowycz and Sparrow
[22], in whichh the effects of interfadal resistance, super-
heating, free convection due to concentration gradients,
thermal diffusion, Jiffusion thermo and variable properties
of both layers indicated that, when a non-condensinz gas
is present, these otaer factors are generally of sécondary '
importance.

Relatively few evperimental investigations into the
effect of non-coniensing gases on heat-transfer during con-
densation have be2n reported. All these investigations were
carried out under free convection conditions (i.2. in the
absence of forced convection). In the most recent of these
investigation [44] , the experiments were compared with theory
and good agreement was: found.

In-contrast to the flat plate, the analytically less -
tractable case of condensation on tubes has receivad very
little theoretical treatment. An analysis [49], based on

the boundary layer approximation, has Been proposed for
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condensation on horizontal tubes from gas-vapour mixtures
in the absence of forced convection. This analysis, howeyer.
was found to consistently unier- estimate the heat flui
when compared with experiment. This was attributed mainly
to the errors resultiné from the simplified assumption madé
in the anglysis,that the mixture normal velocity to the
condensing surface is an order of magnitude less than the
tangeqtial velocity. ' .

Many experime;tal investigqtiogs have beép fepérteé'
on the condensation on tubes from mixtures in the abqence
of forced convection. The heat transfer results in many
casés have been summarised in the form of empirical or semi-
empirical expres.sions. However, the data obtainegl.:hp the
various investigations are mot in good agreement with each
other, and consequently there is no satigfactory'geﬁeral
correlation. . .

Pew experimenfal invéstigations have been carried

out on the effect of mixture velocity on the condensation
_on tubes, in the presence of non—condensing gases. As
.would be expected, and as theory indicates for the flat
plate case, vapour.gas - mlxture velocity markedly reduces
the effect of the non-co;densing gas in reducing the heat .

flux.
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Temperature distribytion in the mixture in the condenser vapor
space. A) Tempcrature (°C), B) positions of thermocouples rclative to
the condcnser peniphery. Heat flow rate q (kcal/m® *hr) and air content

* ¢ of mixture (% by volume):

2,200 and 26, Temperatwe (°C): 1) Wall 2) innet ring; 3) middle

rings 4) outer ring,

I) 11,200, and 40, II) 4,100 and 40, II)

Iip. 2.07 Mazyukevich [58]
Temperature distrabution in the mixture chamber

»

Mo, 2.08

fazyukevach [58]

0 20 30

Vanauons of the heat wansfer cocf=
ficicnt wih mixture composition for tubes in
honizontal and vestical positions, at a Leat
flow rate of 10,000 kcal/m®*ht. A) Heat
uansfer cocificient & (kcal/m? +hr.degree),
B) air conteat of mixtuze (% by volume).

Tube: 1) Horizontal, 2) vertical,

[

Comparison of experimental heat transfer results

for horizontal

and vertical tubes.
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ref [60], T, >363.K

ref [42), T = 358K

ref [57] T, = 358.K

refs [54,67] T, = 323K

1 1 1 . | 1
o] 0-04 0-08 012 016 02
: Gas Concentration

Fig. 2. 10. Comparison of experimental heat transfer results .
for mixtures in the presence of forced convention

[60] and in the absence of forced convention
[42, 54, 57,67].
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Chagter 2

Theoretical Considerations

The effect of including the variation of condensate

film thickness with height in Rose's analysis

Condensation from a mixture containing a gas lighter

than vapour

Condensation from a mixture whose bulk temperature

varies with height



As indicated in chapter 2, the exact solutions for
the present problem are laborious and require extensives
computatior, For instance Minkowyecz and Sparrow [22]
indicated, in their varlable property solutions, that even
with a "large" ecomputer (type CDC 1f04) the time requirement
is measurable in terms of hours. Consequently approximate L
iptegral solutions which give relatively simple and more
eas1ly employatle results have been proposed [43,44]. In .

-

these solutions the mixture properties were taken to be ‘
constant, These approximate analyses: how~ever, underestim;te
the heat flux when compared with the "exatt" analysis of
Iinkowycz and 3parrow [22]. Rose [43] suggested that a closer
azre~ment with the exact analy<sis results might be obtained
if a differert method of estimating the average properties

ol the gas-vapour mixture is employed in the results of his
enproximate analysis,

In his analysis, Rose neglected the thickening of the
condensate film with distance down the plate., This might
contribvte to the disagreement with the exact analysis,
though it would not be expected to affect the results strongly
since thickness of condensate layer varies only as the 0,25
pover of distance down the plate, Sledgers t44] to k’iﬁlﬁ
variation into account, but other aspects ;f this §naly§39
seem, to the present writer, to be questionabdble, (éee

" <«
aprerdix 6). Corsequently it is proposed here to 1ﬁflude the
(VI
A

/”



variation of conrdensate film thickness with heipght in Rose's
analysis [4}] to Investigate the extert to which t*is
influerces the result,

2,1 The ef“er* of ineludirg the variatior of condersate film

trickneges with heisht in Rose's analysis

The situation con~idered is that of a vapour condensing
on a vertical isothevmal rlate from a mixture in the sbsence
of forced corvectior. Tt is assumed that both the condensate
and the mixture iayers are lamirar and that lusselt's analyeis
holds for th- conéen°ate layef. Excépt for the dersity in
the huoyar.cy term of tte mixture’momentuw ennation, the
mixture anil the conierrate properties are tak¥eor as constart,

The rrocelure, to be followed here, ir colving the
mixture equatiors irc the same as thnt employed by Hoge'[43]_.
excent tvat the varintiior of the condensate film thickness
will be included., This 1s to be taken into acrount in the
as~uned co?bentration ard velocity profiles, when irte-ratirg
the mixture equatiors ard in the intepfacial’ veloeity nass
and g8 irpérmeability conditiors,

With the co-ordirate sys<em repre-cnted in fig 5.01!
the relevant tounder; layer ermnations of contiruity,

momertum 2n® {if"usior are respectively [37],

o , dv _ ) 2.M

ot .S.,\-f. =0

udr . von = g(1 - Pg) ”azu 3,02
& * a7y T a2
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u3l , Vel i  3.03

“or tre condersate layer,the simple.?us"elt a thepry[‘]
gives the following expres<ion for the 1£terfaciél velncity,
condensate'layer thickness ard mass flow rate respectivelri=

n o= (g.Sp)%x% 3,04

rop,2, sp] 1,4 ’ 3.05

s -

7%
I I L " 3.06
f = E-gf[‘:-r;hp-l ) ’

where (T, -T,) ke
Sp =
heo Be

*geuming the vapour ard the gas to be perfect gases,
and using the Gibbs~Dalton mixture equations, tre bunoyarcy

term in equatior 3,02 may be written:-

g1 - ;Q) - aXw L 3.07 -

where X = (1, = M) /[ 1, =(F, = ¥)) Yep]

(¥ ]
we= W=y

. Ueing 3,01 and 3,07 equations 3,02 and 3,03 may be

re-written as follows.[43]. ¢
d (u2) d (uv) Xw a?u 3.08
& + 3':, = g +”°-'—?-
Yy
d_ (uW) , &_ (vw) _ T | 3,00
ax t oy T vl .

Equatiors 3,08 2nd 3,09 may be integrated, with respect

to y, across the mixture layer thickress to give respectively



dea d+a 5
_r‘(/ 112 dy) +» (v.vo - quz) = gx/ w dy +§[du 6";.10
dx J4 (.
O¢d beh
d(/ u Wdy) + vWw_-viW=DRJ*" 3.11
a—i /a @ e A A 5? N
But since u = ] [%— = 0, tr'o;' the coendition
d+4 p+A

of ro slin at th~ interface, U, (se ref [S] ), end,
in integrating equation 2,01, Yo = % d {J/. u dy), -
,(

oquations 3 .10, 3,11 are reduced to the fol]owing.

d+A 2 O+a
(/ dy) = vy vy = g’J w dy - ,,[au] 3.12
dx A dy.
0«4 s
d_y wwdy)+w v, = -D gg] : 3,13
dxa ‘ ovlda

‘
vhere Wo = wo - Voo ,
Equatiors 3,12 and 3,13 may be .solved by assuming
suitable profiles and specifyirg some irterfacial corditiouns,

In aralogy with the solutior of the temperature induced
ratural ¢onvectior [70.71.72], the followirg velocity and

concertration profiles may be arcumedy [43]:-

= (u, + T) (1 - t?) 3.14
Wom o (1 —t)2 3.15
where U is a function of x havirg dimensiors of velocity
PRt

As 1n[43] 8is taken to have the same value for both
velocity 2nd corcentration bourdary layer.
Considering the interface to be impermeable to the

ron-condersirg gad,



1)
m [eeeial v, pb%f]‘ -0 3.16

The first term of the right hand side of equation 3,16 is the
ratural corvection contridbution to tﬁ; mass transfer while the
secord term is the diffusion contribution (for the derivation
of 3.16 see ref[44]). .
[ ] v (

a

) + Yo(38) '3.17

In differentiatirg equations 3,14 and 3,15 we have

V) ~ ) (~ - 1u ) J3.18
vﬁ%ﬂ‘ = 3 0
n{o_i -2 Dw ' 3.19
63:]. = 6 2
v =2Dw u_ ,d8 3620
4 = 0+ ofx>)
'TFW: ax

The other interfacial condition to he used is that the mixture
magc flux to the interface must equal the condensate masa

flux leaving the irterface into the liquid,

"
- (x) _[ep, m,2p] it 3,21
o a S —
Por the derivation of 3,21 see ref[5].Ir combinring 3,20 and 3,21
we have:-
1
LA I NI &
Yo

Usirg 3.,14,3.15,3419,3.20 ard1 %*,21 equations 3,12 and 3,13
may be re reduced to :-
3423
%_i(bfudt) o(da)+_£w__
o W
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gxb/wdt-v(u- 2u )
6

" 2rDw - .
uwd t u_ 94 0 3.24 -
%}.( 6 ) o 0 Tx' -—-—-—6 =0 . . A

where T = W /W

In irterratirg 3,23 and 3,24 in conjunction with 3,14 ard 3,15
q

weé have:-
g_[b( . . ]- d‘ 2u Dwo e
T "'IB’ 155 '3
= gX gw_ _ 9(T - 2u )
_% b o ) 3.25
w ?Dw r . 1'.26
[6( )] +o% &3 =0 i
The solutiors tzke the form:= . .
. ’
u = ix*
0 = Ry~
bl
Uo = CX

Tuaselt theory
3
and O = Ax* B i !

where A,B,c, and d are constants, e' a:nd d are dptermineﬂ frOl;! ’ .

equatiors 3,04 and 3,05 as follows:=

c = [g.Sp]

"

Substituting for § in equation 3,22 we have

2, 2
B = 2P%,D [g’f Be sl”]t :
. v, T

substituting for B, ¢ and d and in eliminatirg A “rom




equations 3.25 and 3.26 we have

[ ] O S p %1’
10Sp.S ) v (57 + 32 + ——(-F&) ‘2]
P C( T p e( pi‘"'f o) ¥

Xw B - ~
(5 5P - —5=) + SIJ's"(-w—z-)(-,-,i)( 556 + L9g T) +

22 sp.se(zt )(-—\ - (,,,°>(—-) = .

w
%r-?-wﬂ+850 3,27
()

For given %', QD and mixture~to-curface temperature
difference, equation 3,27 may be solved to ohbtain the
interfacial temperature. The heat flux is then calculated
fro~ the lusselt expression, ’

Usirg equatior 3,27, heat transfe~ results were
computed for various stesm—gar mixtures. These re-.ults

will be discussed in chapter 6,

3,2 Condensation from a mirxture containine a gas li~hter

than vaporr

The analyses (exact and approximate inc¢luding that
of section 3,1)referred to earlier, are only appl}cable
ir sitvations where the boundary layers of both the
condensate and gas-v2pour mixture layers have the same
leadirg edge (i,e, for a vertical plate, where the non-
cordensing gas is heavier thar the vapour), For the reverse
" case a semi-fmpirical analysis will be developed here,
In this case there is no common "leaiing edge" for

the gas mixture and cordencate layers, The mixture, as

7



before, is richer ir gas (i.e, the gas coﬁcentration
1ncre1qnéj nearer to the surface than in the bulk and
'sirce the gas is lighter than the vapour, the mixture
density becomes smaller. Therefore, in a gravitational
field, the mixture tends to move upwards, near the inter-
face, as well as towards the 1nterface. It is thus rot
possible to mateh the interfacial conditions,

As a first approxim;tion we regard the interface.
as a statlionary plane vertical isothermal surface, permeable
to the vapour only, The influence of the condenrate motion
on the problem is thus 1n1t1a11y ignored, This approximatioh'
remroves the above menti;ned difficulty and leads ﬁo a
special care of tie situvation where the gas is heavier
than the vapour. \n fnpirical correctinn for +he condensate
motion is included later.

With the co-ordinate system reprecented in fig 3,02

the mixture boundary layer equations ave !

%}' + %yz =0 . 4428
ujL L = _p(1- %L) + £f§ . .. 3,29
Q, " 2y
vdi . vai _ D
+ = 3630
5w o :

The procedure of solvirg 3,29 and 3.30 is the same
as that for equations 3,02 and 3,03, however the velocity
and concentra*ion profiles become

u = Ut(1 - t)2 _ . 3431
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woaw (1= £)? 3,32

where t = y/§

The procadure yields the folloving equationt-

. 5
d -~ p “ 2 3 vW
5 "o 1; Sc. f"f] «.Sc.Sp” ¥ =X 0
[gT “O + ] [ P“ ] ®™=, w3 3033
0

For given W, T and mixture-to-surface temperature
difference,equation 3,33 may be solved to obtain the
interfocial temperature. The approximate heat flux is then
c2lculated from the ITusselt expression,

Now, the effect of the condensate motion 1s to drag
the mixture downwards at the interface so that the mixture
moves downwards near the interface, However, further away
from the interface, the mixture tends to move upwards, One
mieht expect trese complicating effect:s to impede convection
ard thus ultimstely Aiminish heat transfer, Therefore, as a
‘rough appro¥imation,the ratio of the theoretical mixture
velocity to the condensate velocity could serve as a
variable uron which the required correction may be made,
Ir inclvdirg the condition that as uo-e & the correction

faocto~ —» 1, this coriectiorn factor may be t-ken asie
n

'(10
[l ; umax] 3.34

where Woa s is t*e maximum mixture velocity according to

the theoretical aralysis - -
u, is the condensate velocity at the interface

n is a corstart to be determined by comparison with
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ex, rrimertal data

‘when U ax and u, are evaluated from tre analysis and l'usselt

exjression,exrresscion 3,34 reduces to

2 n
4 PR v 3435
! DetPe'iC pf“f w.wc

Using the present experimental data for steam-helium mixture,
(see phapter 5),satisfactory agreement with data was obtained
when n==0,355, I'lese semie-theoretical results are discussed
"in chapter 6,

2e3 Condensation from a nmixture whose bulk tem erature varies

with leirkt

txisting theoretical treatments for tre jresent problem

(including those of sections 3.1 and 3.2)are based on the
assumption that the temperature outside the boundary layer is
constant, In tre present experimental work, this temperature
was found to vary with height(see Aprendiix 2), Consequently

an attempt was made to include the variation of temperature
outside the boundary layer in tie theory. oweveryit was not
possible to obtain similarity solutions for trhis case as was
found for the case of sinzie jlLase free convection [73] e ihis
is because when matel.ing conditions at :interface, tl.e ejquations
obtained were not inde.endent of the rlate height (to obtain
similarity solutions these e~uations must be inderendert of

the plate hei-ht),
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4,1 Gereral

With reference to fig 4.01, steam was generated from
ée-ionized water in the boiler, A measured gquantity of none
condensing gas could be introduced to the boiler trrough
the ghs injection <ystem (3), The mixture then passed into
the steam chamber entering via the flow dispersln; ) -
section (1)s The steam condensed on the wvertical test plate
(8) which was cooled on the reverae side by water pas=ing
through the box (9). The condencate returned to the
boiler via the steam supply line,

For cleanlines3, all parts of the apparatus which
came in cortact with water or mixture were either glass,
stainless steel or morel, ’11 parts of the apparatus were
stainless steel unless indicated differenrtly.

The boiler concisted of a vertical cylindricél glass
vessel 12in ir diameter and 30in high, closed at both ends
with stainless steel sheets 0,.063in thick backed by mild
steel plate= 0,%in thick. (fig 4.03 <hows details of the
top of the boiler). The boiler.was fitted with two immersion
heaters of SkW(%) and 2.5kW(4) each was supplied through a °
variable trarsforrer, The boiler was lagred by boxirg in
mith’graru]ar vermiculite. A rarrow slit (2) was cut out
from one ~ide of the hox to al7ow vi-ual observation of the
water level,

The steam chamber was a rorizontal cylindrical glacs

vessel of 18in .diameter, A <maller cylinder branched at

.

’
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rigkt argles from the upper surface of the cylinder to
wkrich a double=crlazed olectrically heated window (11) was
tolted, % ~tainless steel plate of thickness 0,5in (€) was
tolted to the frort end of the ves<el (see fig 4,04), Thisz
end plate carried two thcrmocouple‘carrying tubes and a
"probe”, all mounted on a monel plate (10) which could be .
moved vertically (see fig 4,10). The probe could be
traversed Yorizontally, (details of the thermocouples and
the prore will be glv%n later), A ~mall double-glazed
~lectrically Freated window was fixed to the mid*le of the
morel plate, this allowed vicual observations of the
rondersing surface, situated onposite to the monel plate,
Ar ascembly carrying the test plate and the coolirgs
hox was tolted to the back end of the vessel, The assembtly
coriisted of a stainlesc ateel tube 141n irternal
1i1areter, roldered at ore erd to a stairle=s steel sheet
backed by a rild steel disc (7). At the other end of tre
tube, which exterded i1rto the steam chamher, a stainlecss
steel dicc is tolted, The disc carried the test rlate ard
the cooling box, *

1,2 Tect [1~te

Tni< plate wae 2 high purity cor e~ dise (3°,07),
€.1251r ~i=rater and 0,2 n trick, It wa~ machined from
ore f-ce down to » depth o€ ©,1F7in leaving a central
square of <ide 7%,71in vhich formed the condencing surface,
flg 4,05, A horizontal grnove 0f0,7201n wiith ard 1.75in
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length was machired centrally in the back of the plate to
a depth of 0,420in, This groove housed an accurately
located "Araldite" strip containing butt-welded thermo-
couples o that these therrocouples rar alorg lines
parallel to the surface (i.e., isotherms during operation),
The distances of these thermocouples from the condensing
surface were accurately measured by a travelling microscope
before the strip wac inserted irto the plate.

The thermocouple= were !icrom-Constantan of about
0400851in diametey. They were butt-welded in a Spembly arc
weldirg instrumenrt type WI4, Good non-oxidised jJurctions
were nhtairedi when :rgon was <prayed over the area where
welding took place. The Araldite strip was cast in a
specially desigred monld (showr in fig 4,CR), The thermo=-
couples were held taut and parallel in the mould, with the
junctiors at its certre., Liquid Araldite was then poured
over the junctions to form a 0,02Cin thick layer enclosing
the thermocourles and extendirg C,625in on either side of
the jurctions, To prevent the graldite)from sticking to
the mould, all surfaces coming into cortact with the layer
were P,T.%,F. curfaces., The mould was then placed in an oven
to cure and arneal the Araldite., When the Araldite strip
was in positior ir the te~t plate, The thermo%ouple leads,
insulated with P,.V.2. sl2eving (not shown ir figs 4,05
and 4,07),were taken out oF the rlate through two shallow

grooves, exterding on either side of the groove carrying
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the Araldite strip, alonrg the entire diameter of the plate,
fig 4.n6., Mo prevent water leaks in to these grooves, a
tapered sliding ebpper strip, figs 4.05 and 4,06, was
fitted tightly in a tapered groove machined over the
:arlier one, Vor sealing purposes silicoéerubber paste was
ipread over the thefmocouple* leads filling the spaces in
the shallow grooves before inserting the cbppér strip,.

The cooling .box » Tig 4,07, was designed so that
the cooled region of the plate had the same dimensions as
those of the condensing surface, The depth of the cooling
water charnel was 0,020ir, The cooling water passed through

two heaters, each of 2kw, befbre entering the cooling

boz. °

a F,T.F.". frame fitted over the front face of the.-
test plate o as to leave only the square condensing area
'expospd. Alorng the'vertical edges of the condensing arég;
P.T.7. %, étrip: extended a distance of N,?5in into the
steam chamber to form bgundary layer -guides,

The heat flux wap-detprmined from phe.temperature
gradiént tﬁrough the te-t plate., Temperatures at six
different depthc were'measured by the thermocouples in the °
Araldite strip, Tre cordensing surface temperatﬁre was
determired by evtrapolation,

* To 1eternine the thermal conductivity of the plate,
a crecirer was machined from the same hloerk of copper used

to make the test plate., The dimern~ions of the ~pecimen were
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6in x 0.125in x O, 0651n. Its electrical conductivity was
measured by means of a Kelvin Doudble Bridge. Using Smith
and Palmer method[ 6€] . The thermal conductivity of the
specimen at room temperature was calculated., This was
found to be 3.84 W/(cm K)o This figure agrees well with
the suppliers of the meta} recommendation of 3.85 W/(cm K),
Although the thermal conductivity is depend;;t on temperatufg
a constant value was used for the heat transfer calculation
(i.e. 3.85 W/(cm K)), since the variation of thia value
(3x10 W/(cm K)/K for the range 0#200°C, as indieated in
ref['69]),over our range of temperature was negligible
conpared with the accuracy with which it was measured,
noreover, the precision with which the heat flux is required
does not warrant minor corrections.

4.3 The flow dispersing section
T'his part of the apparatus,fig 4.01, is fitted to the

" inside of the steam chamber front plate, The function of this
section was to provide uniform flow towards the condensing
plate. The section containsthree vertical screens of fine
stainless steel mesh, parallel to the condensing shrface.

This number of screens and their location in the section
were determined experimentally using air. The unifomity
of flow of air through the steam ;hamber,"was studied as

follows:=~



Dhe'probe was replaced by the fibeg anemometer discrih
ed in appendix (1) so that the fibsw’y laid in a horizental
Plane, parallel to the test plate. Two telescopes with
graduated eye ﬁieces were located as shown in fig 4.02.

The vertical and horizontal deflections of the fibre could
be determined by these telescopes.The test plate was dismant
led from the steam chamber. The air was inteoduced through -
the boiler and was allowed to passinfy the steam chamber.,

In entering the steam chamber the air passed through a
preliminary cardboard box,fig 4.17, attached to the front
plate of the steam chamber(this box was used.for ease of
modification). After passing over the fibre, the air issued
through a square hole in the steam chamber back_plate(the
location of the condensing plate in actual tests). The
pattern of flow of air through the steam chamber was there-
fore, similar to that of the steam-gas mixtures in the heat
fransfer tests. .

For a range of air flow rates, the fibre deflections
were neasured. THese measurements were made over a height
range equivalent to that of the square hole an@ within a .
horizontal distance range of 8in from the vertical plane
containing the square hole. This range of flowrates was
comparable to that of the steam-gas mixtures to be used in
the actual tests (the steam-gas mixture flowrates were esti-

mated from the analysis of chapter 3), Various combinations

- - - .’ ” e o
R ) . . Mithe

r - v
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of screens with different spacings were used to obtain a
uniform flow of air. However, a uniform air velocity dis-
tribution was obtained when fitting the cardboard box with
three equispaced (1in apart) screens. In“agnh of the flowrate:
used, the air velocity was found to be constans over a height
range equivalent to that of the square hole and wihtin a
.distance of 6in from it, .

A stainless steel flow dispersing section was then ‘
constructed having the same dimensions and number of screens
as those found satisfacbory whem using the cardboard box,
4,4 Temperature and pressure measurements of the

Steam-Gas-mixture

The gauge pressure of the mixture was measured by a
water manoheter, fig 4.04. This was connected by a rubber
tubing to a tube passing through the front plate of the
steam chamber, and extending to Just below the top window,
fig 4.01, (so that this could be used for purging gases
lighter than stear). .

Temperatire profiles normal to the condensing surface
were measured By the thermocouple of the probe, fig 4.12,
Temperatures of the mixture half‘way between the test plate
and the flow.dispersing section and near this section were

measured by the thermocouples in the fixed tubes . Since
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these parts are carried by the movezble monel plate, these
temoeratures and profiles cbuld be measured at varlous
horizortal planes,

The stem of the probe was 0,187in o.d. stainless
steel tube with a "'stainless steel plece fitted tigh%ly
over one of its equ. This pliece supported two hypodermic
tubes which formed a horizontal U-shape at exit from stem,
The ends of this U-shape were 3in apart, A Nicrom-Constantan
0.,00£251n diameter thermocouple was stretched between the )
arms of the U so Ehaf the Junction was in the wmiddle of the
span between the arms, The wire passed through the hypoder=-
mic tubes ard via a slot in the probe and along its entire
lengtr, out of the chamber, Except for the exposed portions,
both wires were lagzed with P,V.C, sleeving, The exposed
part was insulated with varnish, This insulation was tested
after immersion in boiling water for an hour and exposure
to steam for another hour and found to be satisfactory.

The probe could be traversed horizontally and with
; p;ecision of 0,05mm, through a distance of 2cm. This
was achieved by a vernier scale on the probe outside the
steam chamber, fig 4.11.

The other two thermocouple tubes were stainless steel,
each(0.1251n diameter and closed at the end which is inside
the 8team chamber, To insure that the thermocouples carried
by these tubes were sufficiently immersed the tubes were

each bert to form a horizontal I, The base of the L being

parallel to *he condensing surface,
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For sealirg purposes "O" rings were located in the
monel plate through which the thermocouple tubes and the
probé passed, | .

The monel sliding plate covered a rectangular hole
machined in the front plate of the steam chamber, the plate
could be moved vertically by means of a screw anchored to
the steam chamber front plate;'This movement and hence the
vertical location of the rrobe and the two tubes was irdic-
ated on the scale engraved on .the monel plate's guides

“with a precision of lmm, fig 4,07.

535 Nor=Condensing Gas Injection and Concentration
easurements

The gas ir.jJection system, fig 4,09 consisted of. two

vertical glass cylinders of 2,5in diameter3ohe of which was
graduated, The gfaduated cylinder was fixed while the other
.one could be moved vertically. The twﬁ cylirders were
connected at their lower ends by rubber tubing, The sliding
cylinder was Open'to atmosphere dt iﬁs upper end, Th; grad-
uated cylinder had a three way stop cock at its upper end,
One outlet branch of this stop cock was connected to the - gas
cylinder while the other bfanch was connected to a three=way
leak-proof stainless steel valve which led to the boiler
(the other tranch of this valve was connected to a vacuum
pump), The two cylinders contained dist;lled water with the
graduated one initially filled,

The injection procedure was as follows:-
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That part of the system between the stairless steel valve
ard tne ‘btoiler was first evacuateq. Tre gas was then allo-
wed to flow from itz cylinder into the evacuated space and
into the graduated cylinder thereby displacirg soﬁe of the
water into the other cylinier. The gas supply was then clo?
sed ( at the gas cylinder) and by slidirg the moveable
cylinder, the water levels in both cylinders were made to
lie in the same horizontal plare, thereby ensuring that the
gas pressure was atmospheric, The volume of enolooed £as
was then observed, To irject the gas into the roiler, the
stairless steel valve was operied ard.the moveable cylinder
waﬁ raised until the water filled the graduated cylinder.'
The stairles< steel valve was firsally closed, 'he di~yplaced
volume of the gas in the gra+duated cyliuder rerrererted the
volume of'the gan injected into the boiler,

The average gas coneertration was fousnd using the
krowr dimensiors of the boiler, steam'chnmber ard pipes
ard the observei water level ir the boiler (=ee specimer

calcul2tion a-rended 3),

§ Veasuremevt of the therrio electrical rotertial
ditferarce

Tre leade of both the Yjorom ard forcta~tan from a1l
the meacuring jurctiores wore raldere? to thirker encm-lled
corper wire -, 1'i« 2,11, which were . 1oeved in p;igs by fizg-
.
ur? £ ~hared tleevi-ge fone pair Ffor each thkermoceouple), fig

17, "hrap wires were taken tr 4w sg?eotor switckr, The two

Jurctiors irvolvirg tr- coppe= Troin wire plared in 2locely
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fitting thin walled glags tuber., The rlass tubes (one for each
thermocouple) were immersed to a depth of about 10in in
‘finely ground, closely packed, melting, distilled-water

ice containéd in a large Thermos. The ice formed the ref-
erence Jjunction and at the same time eliminated any e.m.f.
due to the lead wires, Care was taken to insure that the
cold Jjunction tubes were not clustered in bundles, It
should be mentioned that the cold Junction tubes for the
test plate thermocouples were not made with the actual
thermocouple leads but with the wires from the same reels,
These wires were twisted with their corresponding thermo-
éouple leads and held by a terminal when the test plate had
been éssembled with the steam chamber, This avoided making
rew cold junctions each time the. plate was assembled with -
the steam chamber,

The selector switch was covered by an aluminium box '
to avoid draught, The leads from the selector switch were
taken through a reversing switch to the pétentiometer. By -
taking forward and reverse readings errors due to spurious
e.m. LS . were pinimised. The calidbration of pofentiometer,
measuring to 0.1V, had been newly cﬁecked. The sensitivity
of the galvanometer waé approxirpateiy 0.5 em/uV. Fig4el3.
ehows the measﬁring instrument parel,

4.2 ™ermocouple Calibration '

The calibrating tank was as shown in fig 4.1€, Tt _

consisted of a large Thermos, D, The half-in-thick
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asbestos tor was reld down by cprirng cliys. The variable
gpeed electric motor V, méunted or the top, drove the
stirrer S. The'immerfion LLeater H and raliation chield R
were both scfewod irto the 1ubeétos-tor. The hLeater was
suprlied through a variabie trarsformer, A mercury-ir-glass
therrometer M was ircluded to give ar aprroximate indicat-
ior. of the tark temrerature, The vessel was filled to about
half ar. irch from the top with water,

Calihration was; carried out 2gairst a thermoecouple
calibrated by the Yatioral Itysical Laboratory. The Junct=
ions of the v.7.1.'s ahd that to be calibrated were solder-
ed together and placed in the same tightly fitting copper
tube G, The tube was full of Pil ard waz immeraed to a
depth of about 1Cinches. '

Calibration peints were obtaired by uéing a heater
currert just sufficiert to keap the temperature constart at
the desired level, The potential differerce of the ﬂ;T.L.
therrocouple was first measured ir the forward and reversed
directiors, Tre thermocounle heirz calibrated was then read
in both directiors (tre differerce rnever exceeded ?u\h. The
el o]. thermocouple was then re-read, If the first ard
secord readirgs of thri- thermocouple agreed to 1MV the
readirg was accepted; otherwise the heater currert was
adijusted ard the procedure repeated until -uch agrecrent

was obtaired. The temperatiure wa: thren adjusted t? the re-

desired level ard tte nrocedure repeated, Tre calidration
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v
carried out ir this way was fourd to be reproducgdble to
withiv. 1MVon differert occarions,

'S ‘rraratus_Clearcirg

Tefore ascemblirg, the glac-ware of the apraratus
was cleured with sodinm diocromate rolution, rirsed with
tap water axnd firally with dﬁ:ionized water, The metallic
n:-rie ol the apoaratus were cleared first with acetore,
Tollownd by earbor tetractrloride, rinsed with tap wnteﬁ
av3 flrnally with da=iori~zed watier,

‘fter ac-embhlirg, water was boiled and corderzed on
tt e« test plate., “1-hough a contirous corderzate film
iriti~1ly aprearrd on the'tent plate, tui+ chargel gradu-
nlly In to areas of dronwise indieatirg that the cystem
w~: ~till rot clear, |

7o clear. the syctem again the water was rrplacod by
cnrbor. tetractloride, This war boiled ard cordersed or the
tent .rlate, The carbor tetirachloride was ther rsmoved and
water was again boiled ard éondenned on the test plate,

Tollowing tris treztmert, film condersation for periods in

of “ive hours could %e obtained,

i

e¥ces:
The conder=in; rurface was cleared first by rinsing

with tar witer 2-d rubbirg vith fins eme>y pater wetted with

1ilute rodiuT rydrorida rolvtior, Theo conderéing surface

was {ir=lly rinced tworoighly first with tap water,follow-

el by le-iorizes watewr,
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4.9 Tcak Taatine Techricve

Corsiderable time was spert in getting the apparatus
satisfactorily leak proof. To test for leaks a "Léybold"
nalogen leak detector was used, When the system is comple-
tely evacuated, this irstrument could dgtect leak rates

dowr to 10-6

Torr/second, Feriodic checks showed that at

ro time, durirg the whole experimertal performing period,
did the leak rate exceedlTorr/hour when the system was
tested uhder vacuum, This corresponded to less than 0.1% -
of air leak pér hour, It is thought that this leak rate is
ruch smaller when the system was under experim;ﬁtal operat-
irg corditiors since the leak would be only due to diffusion
. ard rot due te differential pressure as vas the case wren
the system was under.vacuum,. Under condensing conditions
with pure steam the saturation temperature corresponding to
the ob=erved pressure and the steam temperature agreed to
withir the precision of their measuremert over periods of
several hours,i.€. over periods longef than tﬁose subsequer=

tly used in tests,
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by

1- Araldite Strip. 2-The Test Piate.
3-Copper Strip.

Fig 4 O6a POSITIONING OF THE ARALDITE STRIP.

FIG. 406b. THE ARALDITE STRIP IN POSITION.
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Fig. 4.12. THE PROBE.
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Chapter 5

Observations and Results

Experimental Procedure
Temperature Frofiles

Variation of heat flux with temperature difference
(i,es between the steam-gas mixture and the metal surface)

Accuracy of Observations .
- Platé Thermocouple Positions

Temperatures

Pressures

Mean ﬁas Concentration

Results
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5,1 "xverimental procedure

Before each test the condensing surface of the test
plate was "cleaned" as deseribed in chapter 4., The boiler
heaters were then switched on to meximum power and the

test plate and the cooling chamber were assembled to the

>

appagatus. Toe remove, as far as possible, gaseous contame

inants including those dissolved in the water, the water

was allowed to boil for at least two hours while purging

4

with steam to atmosphere, The system was then e¢losed and
the coolant turned on to the maximum flow rate attainabdble,
The boiler heaters were adjusted to give a steady pressure

81ightly higher than atmo-pheric, The plate and steam

-

thermocouple readings, together with those of the barometer
and the water manometer were observed,
To investigate the effect of a non-condensing gas, a

pre=-determined volume of the gas was injected as described

1n‘chapter 4; The boiler heaters were re-adjusted to :
maintain a steady pressure and the readings of plate and

mixture thermocouples, the manometer and the barometer were

< ’ '
*
*

observed again,
Tamnerature profiles

) To determine the temperature profiles in the mixture
rear the cordensing surface, the probe thermocouple readings
and the probe position were observed as the probe was .

moved in steps of 0,5mm towards the test plate, The final

probe readings were observed when the thermocouple
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' sleeving touched the conaenaiﬁg surface (The jurction was
then sbout 2 mm from the plate), The probe was then with-
drawn until it was oﬁtside the temperature boundary layer
(1.e. vhen there was no change in the temperature readings'
with further withdrawal), The readings of the thermocouples
in the test plate and those in the gas-vapour mixture,
manometer, aﬁd barometer were observed again, The temperature
profiles were determined in horizontal planes of depths,
balnw the top of the plate, of approximately ch; S5em, and
“¢1, The ad'ustment of the probe level to these horizontal .
plares was made by moving the sliding plate vértically. X

If the conderzate remained completely filmwise after
performing the above procedure,(at the end of some tests
' mixed.condensayion occured. at the vertical edzes of fke
test platé), a "urther onuantity of gas was injecteé'and the
above procedure was reppafed. |
Variation of re=t flux w!th temperature dif 'ererce(i,e,

petweeﬁ.the steam-gas mixture and thre metal surface) .

To'inverfigafe the vari?tion of heat flux with;
surface=to=-mixture temperatufe difference, the level of- the
thermocouple probe was aijusted so that it was in a
Forizontal plare pazring through the middle of the plate,
the thermocouple jurctior being ouiside the temperature
hourdary layer. The conling-water heaters were switched on
ard the reading of the mixture and test plate thermocouples,_ﬂ
the water marometer and the barometer were observed for
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various cooling water flowrates and t mperature, Time was
allowed to egtatlish steady conditions before each test,

At the end of each day or in case of breakdown of
complete filmwise condensatior,all heaters were shut off,
the system was—opened to atmosphere and the level of the
water in the boiler was observed (this was needed in the
calculation of the mean gas concertration).,

Five series of tests were ca:ried out, the first was for
pure steam (i,e.such as is found by the purging technique
mentioned, The readings of pressure and temperature
corresporded to saturation values to within precig}on of
rearurements, This indicates thmt the gas concentration was
not more than 0,002) ard the other four were for sterm
mixtures with air, argon, helium and n;on respectively, .

5,”7 fecuracy of ohservatiors !

a « plate thermocouvple po<itions *

/ The distances from the edge of ttre araldite stirip of
the six thermocouples were measured u-ing a travelling
mieroscope. These measurements were repeated at various
distances along the lergth of the strip., The measured
location of each thermocovple was repeatable to‘within

¥ 0,002mm along its lergth, '

b « temperatures
The thermocourles were calibrated to within ry JFV(E 002K
(see section 4,7), However, when measuring the temperature of

the steam=gas mixture, the potentiometer reading was fourd
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to fluctuate by about ¥ 4)7. Similiar fluctuations of about .

+ ?A7 were observed wher measuring the plate temperatures;It is
thus estimated that the steam-gas mixture and the plate
temperatures were measured respectively to within about

+ C,1K and about ¥ 0.06K,

C = pressures

Although the water manometer was graduated to lmm, its
readings fluctu~ted within + Smr, Tre water manometer
readings were thus measured to within about ¥ SmmH,0, The

atmospheric pressure war read to within ¥ 0,05mmlg,

d - mean gag—concentration _
. The graduations of the eylinder of the gas—=injection
/ system was accurate to Qithin ¥ 5cm?. Tt was estimated thét
the calculated volumes of the boiler 2nd1 steam cham?er oCcCU=
ried by the gas—vapour mixture, was accurate to within |
T 250cm°. . ‘
The errors in the experimental regulta are discussed

in apperdix 4,
5,3 Recults.

.The experimental results obtaired from the tests are
tgbulated at the end of this chapter, The terperatuvres of
‘the ga"-vépour mixture 1listed in these tables were measured
by the %wo l.ixturc therm;couples and the probe thermocouples
The positicns of thexe thermocnuplés are rhown in fig 5,01,
The heat flux was determined from the temperature distridution

across the.plate, These distributions were linear (examples
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-

of these distributions are shown in figs 5,02 and 5,03). The

surface temperature,t was determined by extrapolatior, The

00
gas concentration outside the steam=gas mixture boundary

-

layer was estimated by assuming saturation and using the ideal
£gas relation§. -
A specimen czlculation for the heat transfer results

and the gas concentrations is given in appendix 3,



1 "7

NN O YN OO N NN
ZCondensing Surface A
Probe Thermocoupie, measuring Temp tp

13 ¢cm

Thermocouple, measuring Temp tp i A

29 cm
y

37 cm

Thermocouple, measuring Temp t¢

\“L"\T\‘\\\‘\\\‘\\\‘\\\\\\\\
Steam Chamber Front Pilate
!
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Chapter 6

Discussion

Mechgnism of condensation in the presence of a
non-condensing gas,

Comparison of present and other approximate analyses[4).k&l
with the "exact variable preperty" analyalsnag}

Condensation of steam from steam-gas mixtures when maximum
coolant flowrate was used,

Effect of steam-gas mixture-to~surface temperature difference
on fragctional reduction in heat flux, -

Effect of variation of mixture temperature Hl%h height
on heat flux,

L4

Comments on the different gases used, *

Comparison between present experimental results and
equation 3,27 with earlier experimental work,
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6 Discussion

641 Vechanism of condensation in the presence of a non=condensing pgas

Theoretical and experimental investigations on the condensation
from vapour-gas mixtures indicate that the presence of non-condensing
gases causes reductions in heat flux (see chapter 2), The physical
mechanism by which the reduction in heat flux occurs may be
explained as follows:-

When a vapoury containing a non-condensing gas, condenses on
a cooled surface, the concentration of the gas in the immediate
vicinity of the surface is greater than that in the remoter vapour
(this 18 because, as the vapour is removed by condensation, the
gas is left behind), This in turn, results in a ﬁenslty difference
in the vapouregas mixture which gives rise to free convection, 1If
the molecular weight of the gas exceeds that of the vapour, the
density of the mixture near the surface is greater than that
farther away and the vapouregas mixture moves downwards near the
surface, Alternatively if tge gas has the smaller molecular weight,
the tendency would be for the vapour-gas mixture to move upwards
near to the condensation surface, This upward movement, however,
would be opposed by the downward dragging action of the condensate
at the interface,

As a result of the increased gas concentration, the partial
pressure, and hence temperature, of the vapour near the surface,

18 diminished, This, 1n turn, reduces the temperature difference

across the condensate layer, and thereby diminishes the heat flux.



149

4
§,2 Cémparison of present and other approximate analyses with

the "exact variable property" analysis

Minkowycz and Sparrow[ZZ] have obtained "exact" numerical
solutions for steam-air mixtures under various conditions, The
.fractional reduction in heat flux (Q/Qnu) for the high:st.and
lowest bulk temperatures considered (i.0e 373,15 K and 299,82 K)
are repro&uced in figs 6,01 and 6,02, For the same two bulk
temperatures and using equation 3,27, the approximate solution
of Rosc[h}] and Sledger$* analysis ( see appendix 6), vailuea of
Q/Qnu were obtained for steam~air mixtures, These results are
also shown in figs 6,01 and 6,02, To avoid overcrowding in fig
6.02,on1y the results for the highest and lowest gas concentrations,
obtained from the solutions of Rose and Sledgers$  are shown,

In obtaining the curves based on the approximate analyses,
the steam-gas mixtures and the condensate properties were
evaluated as indicated in appendix 7, In figs 6,01 and 6,02 it
may be observed that the approximate solutions follow the same
general trends as those given by the exact solution, Results of
equation 3,27 and Roae[h} ]analysu virtually coincide, indicating
that the effeci of 1nciuding the thickening of the condensate
layer is very small, At lower concentrations (i.e. wW30.02 de
equation 3,27 and Rose's analysis both underestimate the heat
flux as given by the exact solution, The discrepancy increases
with decreasing concentration and to a lesser extent with
increasing bulk-to~surface temperature differences, At higher
concentrations (i.e, W:0.0Z) the regults given by equation 3,27

and Rose's solution virtually coincide with those of the exact
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analysis, The curves obtained using Sledger$ analysis (see
appendix 6), shows the same general trends but deviates further
from the exact solution,

It may be noted from figs 6,01 and €,02 that the exact and
all approximate solutions indicate that the gas causes a larger
drop i1n heat flux at the lower bulk temperature (i,e. lower

pressure),

6.3 Present experimental results

Preliminary experiments were performed to determine the
variation of heat flux with steam-to-surface temperature difference
for pure steam at atmospheric pressure, In fig 6,03 a comparison
is made between the experimental and theoretical variations of
heat flux with steam«to-surface temperature differences, a
The theoretical values were computed using the Nusselt expression
[1]. Fig 6,03 indicates that the Nusselt analysis is satlsfact;ry
for the condensation of pure steam under the conditions which
prevailed in the present tests, It would thus be expected that
the approximations of the simple Nusselt theory would be valid
for the condensate film in subsequent tests when nonecondensing
gases were present in the steam,

6,2,1 Cordensation of steam from steam-gas mixtures when maximum

cooclant flowrate was used

.

The results for the various steamegas mixtures when maximum
coolant flowrate was used are presented in figs 6,04=£,10 the
ranges of steameto-surface temperature difference, 2-°Tw'

(
occu?ing in these tests were different for the different gases
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and are indicated on the graphs. No systematic dependance of
the results on (Q_-T') could be detedted and no att;mpt has been
made to distinguish between the different points on the graphs, .
Moreover, the theory indicates that the effect of (t_-T') is
quite small (see figs 6,01 and 6,02),

In figs 6,04, 6,05 and 6,06 the fractional reductions in
heat flux (Q/Qnu) were plotted against the mean gas concentration
wm. This concentration was based on the measured mass of the
injected gas (see appendix %3: In figs 6,07=6,10, these fractional
reductions were plotted against the gas concentration outside the
steam-gas mixture boundary layer,W_ . W, was calculated from the
mixture temperature and pressure ;nd using the ideal gas relations
and assuming saturation.@}iionditions in the mixture (see appendix
3)e Since the temperature outside the mixture layer was found to
be a function of height (see appendix 2), the eilggiiflon of Vg
was based on the mean temperature of tle steam-gas mixture
(i.es the temperature corresponding to the mid-height of the test

plate), For helium, Q/Qnu has been plotted only against W_ since

the differences between W and W, of helium were small, “The
relationship between W and W for steame~air, steam-argon and
steam-neon are shown in figs 6,11=6,13, Values of Q/Qnu were
calculated, using equation 3,27, at the highest and lowest values
of (q_pTv) used in the tests.’Theso theoretical results are shown
in figs 6,07=6,09, :

It may be seen from figs 6,04+6,09 that

|
(a) The heat flux decreasesimost rapidly with gas concentration
|

¥
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at the lowest concentrations,

(b} Generally, the values of Q/Qnu obtained using equation 3,27
are lower than the experimental values at the lower gas
concentrations (i,e, in the range O%y<0,03 for air,

0€€0e1 for a.rgon and 0‘-“0.02 for neon), Th@se discrepangyes

between theory and exper1ment}£!§ discussed in section €e.3.2¢

AR 4

For the case where the non-condensing gas has the smaller
molecular weight,no theoretical solution has yet been developed.
In Chapter 3 a semi-empirical equation was given, Here the *

aprroximate analysis was carried out ag in the case where the

molecular weight of the gas was the larger except that the velocity

of the liquid-vapour interface was set to zero, It was then
suggested that the values of Q/Qnu so0 found should be multiplied
by a correction factor which involved the ratio of'fhe interface
velocity to the maximum velocity in the vapouregas mixture, The
form of the correction factor was chosen so that it tended to
unity as the above-mentioned ratio tended to zero., The single
disposable constant in the correction factor was determined by
fitting the present experimental data for helium, In fig 6,10
the results of this procedure are shown for th? highest and lowest
values of Q_-Tw used in the steam~helium tests. The closeness of
fit 18 clearly quite satisfactory. It should be pointed out that
the procedure for calculation of heat transfer in the case where
the non-condensing component has the smaller molecular weight is
only a tentative proposal, Further tests should be made with
different gases and different plate heights before any claims

could be made regarding the reliability of such a procedure,

5



153

It may be seen from figs €.11-6.13 that, at the lower gas
concentrations, the values of wm are higher than the corresponding
values of W,. Tris is a reflection of the fact that the gas
concentration is greatest near the condensing surface and that
the variation of gas concentration with distance from the plate
18 greatest at the lower concentrations,

€,3,2 Lffect of mixture-to-surface temperature difference on

the fractional reduction in heat flux

In the previous section it was seen that Q/Qnu was only
weakly dependant on OQ_-TV) for tre ranges covered (see figs
€e04=6,10), Tests, however, were carried out using different
heated coolant flowrates with fixed gas concentrations,

The variation of the fractional reduction in heat flux with
mixture~to-surface temperature differences are represented in
figs €.,14=C,17., Tne gas concentration was based on the mean
temperature of steam-gas mixture outside the boundary layer, B
Results given by equation 3,27, for the same conditions prevailed
in experiments are also shown in figs 6,14, 6,16 and 6,20, In.
fi1g 6417 the curves are based on the semi-empirical procedure
discussed earlier, -

It may be seen from figs 6,14=6,16 that at low gas
concentrations, equation 3.27 gives lower Q/Qnu results than
those obtained experimentally,

In fig 6,14 it may be seen that, except for few experimental

points, good agreement was obtained between theory and experiment

for steam-air mixtures., For steam-argon mixture of gas concentration o:

b4
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0e01, the theoretical Q/Qnu results are lower than the experimental
results by about 30%, fig 6.15, This discrepancy between
theoretical and experimental results decreases rapidly with
increasing argon concentration and virtual coincadence was
obtained for concentration>» 0,1, For the steam-neon mixtures again
good agreement was obtained for gas concentrations »0,018,(fig 6,16),

In figs 6.,14=6,16, both theory and experiment de?onatratc
the weak dependance of Q/Qnu on T-fTw' The discrepancy between
theory and experiment at the low gas concentrations, shown in
figs 6,07-6,09 is again seen in figs 6,14=6,16. As has been seen
earlier, the only significant discrepancy between the exact and
approximate solutions (for air-steam mixtures) occured at the low
gas concentrations. The results given by Sparrow and Minkowycz
[22] corresponding to the lowest experimental gas conecentration,-
are shown in fig 6,14,This suggests that the most probable reason for
the discrepancy between experiment and the aprroximate theory lie 1in
the approximations of the solution,The present experimental results
seemed to the present author adequate confirmation of the theory and if
did not seem necessary to carry out the laborious and expensive
processes of evaluating tre numerical exact solutions for the
other gasevapour combinations,

Fig 6,17 compares the results for helium with the lines
obtained from the semi~empirical procedure discussed earlier. The
agreement is less satisfactory than might have been expected from
fig 6410, The discrepancies are more serious at the lowest gas

concentrations and temperature differences,
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6o3.,3 Effect of variation of mixture temperature with height

on heat flux

The temperature of the steam-gas mixture outside the boundary
layer was found to vary with height in the.present experiments
(see appendix 2), This temperature was taken as constant in all
analyses including that yielding equation 3,27, However, for the
range of gas concentration used to obtain the experimental Q/Qnu
results, these temperature variations wele small compared with
the experimental mixture-to-surface temperature differences.
Therefore the effect of these variations on the heat flux is
expected to be small, this is confirmed by the good agreement
between theory and experiment, .

é,h Comments on the different gases used

In deciding which are the important gas properties, from the
view point of reducing heat=-flux, it is ¢asier to ecompare -,
theoretical results for the different gases than experimental ones.
Since the approximate theory has been found generally satisfactory
except at the very low gas concentrations,this theory has been used,
Clearly all of the parameters in the theory play a rolee. The
objective here is to try to assess which of these are the most
important,

Sets of results for steam-argon and steam-neon mixtures were
obtained using equation 3,27, (see figs 6,18 and 6.19)¢ These
results show the same trends as thohe of steam-air mixture, (fig
6401). i

To compare the effect of various gases on the heat flux, the
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Q/Qnu results of steam-argon, steam=-air and steam-neon corresponding
to gas concentrations of 0,001 and O.1 are reproduced in fig 6420
These results show marked differences from one gas to another. These
differences result from the different properties of the mixtures,
However, since the steam 1s common to all mixtures used, then

these differences in Q/Qnu are dependant on the properties of the
ggses used. These gases were assumed to be perfect gases when
evaluating their densities, Therefore,the gas density is directly
proportional to its molecular weight. The gas viscosity,p 4 and

the steam-gas mlxthe coefficient of diffusion, D, were evaluated

as follows[81]x

g

B = 6,0000026693 x M_ 1/(0y) ) 6.03
-8 3 .
D = (3,64 x 107 /p, [ e )/ \Ms)t" :
(> p_)(r _ 1 )"075 g2e334 6.0k
cv cg cv cg

where Méva are the molecular weights of tre gas gnd vapour
rea%ectxvely
E}Ptot are the temperature and pressure of the mixture
respectively
ch&ch are the critical pressures (in atmosphere) of
the steam and gas respectively
ch&Tcg are the critical temperatures (in K) of the
steam and gas respectively
O is the hard sphere diameter (in A)

Y is the collision integral based on Lennard-Jones

potential and is a function of temperature,
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Equations 6,03 and 6,04 indicate that, apart from the gas
molecular weight, M is dopen%{ﬁf on (02 )-1 and D is dependant
on chilrl’c:"?} However, for a given temperature, (0‘2 )-1 and
P°831?¢:b7%r‘re functions of molecglar weighte Thus the gas
molecular weight may be considered as the main factor in
influencing these differences in the reduction of heat flux.

It may be seen from fig 620 that the reduction in heat flux
decreases with increasing gas molecular weight, This is because
the difference in mixture density at the bulk and at interface
(for given bulk temperature and gas concentration) increases with
increasing gas molecular weight, This increase in density difference
results in an increase in the natural convection flow which in
turn causes an increase in heat flux (i.e. decrease in the
reduction in heat flux). It may also be seen from fig 620 that
the diff?rencea in Q/Qnu (for any given mixture-to-surface
teéperature difference)from one steam~-gas mixture to another

decrease with increasing gas concentration,

6.5‘Comggrlson between present experimental results and

equation 3,27 with earlier experimental work

Among the few experimental data reported for flat plates,
only those of Hampson[h5]. Akers, Davis and Cravford[h?] and
Sledgers[ hh] were made using vertical plane surfaces,

In Hampson's investigation, both drop and film condensation
of steam from steam-nitrogen mixtures were examined, The heat~
transfer data obtained, covered a range of small nitrogen

concentration (i,e, W ¥0,02)s In fig 6,21 the heat transfer
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results of Hampson[“5] (10e¢ the variation ofﬁside-heat transfer
coefficient,g, with heat flux for various nitrogen concentration)
are reproduced and are compared with those computed, using
equation 3,27, It may be seen from fig 6.21 that the theoretical
results show similiar general trends to those of Hampson's
experimental results. However, at a given heat-transfer coefficient,
the theoretical values of heat flux are much lower than those
obtained by hampson, These diffefences might be attributable to
the presence of significant forced convection in the experimental
work.in Hampson's experiments the gas was continously fed to the
apparatus, and vented along with the excess steam and condensate
at the bottom of the test rlatel.

A semi-empirical equation was given by Akers, Davis and
Crawford[h7 lwhlch fitted their measurements (for mixtures of
ethanol with nitrogen, helium and carbon dioxide and carbon
tetrachloride with nitrogen and carbon dioxide) very closelye.
Tris equation 1s compared with the present experimental and
theoretical results in fig 6,22 and €e23, These comparisons
show that.=

(a) In contrast to Aker's results, the theoretical results
(equation 3.27) do not lie close to a single line (i.e.
the variation of the mass transfer parameter.(h‘LRT/D) x
(pbm/p) s with the product of the Grashof and Schmidt
number, Gr x Sc¢ assumes different lines for different
steam-gas mixtures),

(b) For given (Gr x Sc) the values of mass transfer parameter
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found by Akers is roughly an order of magnitude higher

thanﬂthoso given by equation 3,27,
This difference in results may again be attributed to the
experimental arrangement used, The size of the condenser chamber
was small compared with the condensing surface area, In addition,
the condensing airfaco was directly about and close to the
evaporating surface, Although a baffle, in the form of a disc
attached to tge bottom of the condensing plato! separated the
"boiler" from the condenser, it seems possible that this may not
have been adequate to prevent disturbances of the free convective
flow in the condenser, Such disturbances would enhance the heat
transfer and thus lead to the above mentioned discrepancies between
these and the present results,

Sledger's experimental results were obtained for steam-air .
mixtures with small ga; concentration (i.e, 0<W_<0,01) and &t low
pressures, Therefore it was not possible to make a direst comparison
between Sledger's data and the present experimental results, In
figs 6,2U=6,26, Sledger's results are compared with the corresponding
values obtained using the exact solution[ZZ], Sledger's approximate
solution and equation 3,27, It may be seen from these figs that,
for a given air concentration and bulkztemperature, experimental
Q/Qnu results are generally higher tha; the corresponding
theoretical results, These differences between theory and

i
experiment decrease with increasing gaﬂ concentration, However,

.

Sledger's results are much closer to the theory than the earlier
}

measurements and these together with the present results give

support to boundary layer treatment to the probleme
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~ricon oL 1eat transfer results vetween

evact

and arrrovinate solutions

Fixtures
R ——

- an go-me a» e o

—I‘_

PSS e c—————

stcanr-aLr, Bulz tcmperatures 377.15 K.

eract solutions

Rose approriniate gnalysis

Sledgers approxinate analysis (see aprendix 6)

equation 3,27

I T

5 10 Is 2(
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Fig 6,02 Comnaricson of heat transfer results between

e ~ct ouu a0 roxi.ate solutions

Mixtures stean-air, Bulk tempezaturet 299,82 K

— exact solutions
------- Rose apgroximate analysis
—— . Sled¢ers apiroximate aunaljsis (sec appendix ¢)

——— equation 3.27
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Steaxu-to-t.o}uensm. Surface Temperature Difference
against Heat Flux
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F1g 6.1l Relation vetween ovserved lean vas Concentration and

tnat calculated from Teaperature measureaent outside
voundary Layer

non-Condensang Gas: air
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Fig 0.12 Reldtion vetween ouserved Mean Gas Concentration and

tnat calculated from Temperature measurement outside
boundary Layer
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F1, 6.13 Relation petween observed Mean Gas (oncentration and
tnat calculated from lemperature uweasurement outside
soundary Layer

Non-Condensing Gas. neon
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F1g 0. 14 I'ractional Reduction in Heat Transfer arainst 5

\apour-to-(ondensing Surface Temperature Difference

Comparison between Theory and Experiment

Q/Qny ‘ Mon-(ondensing Gas Air

| ¢xdct solutions[22;
o3 o - equation 3.27
O4 -
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k13 0.5 Fractional Reduction 1in lieat Transfer apainst
Vapour-to-Condensine Surface Temperature Difference

Comparison between Theory and Lxperiment

\on-condensinpg pas* Argon

- equation 3.27
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F1g o to Tractional Reduction in Heat Iransfer asainst
Vapour-to-(ondensing Surface lemnerature Difference

(omparison between Theory and Ixperiment

Non-(ondensine Gas Neon

¢ equation 3 27
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rig V.47Fractional Reduction in lieat fransfer apainst
Varour-to-Condensine Surface Temperature Difference

Comparison between Theory and Fxperiment

Q/Qnuy

O
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Non-condensing pas  Helium

equation 3.33

176

O5-
OA44
O 31
02
Ol

o3
o
ol

02+

4

o]
Ok
o

02
Ol
O

o
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3 619 Teoretical heat transfer results given by
equation J.c

i1stures stean-neon
Bulk tenperatures 373,15 K
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M 6,20Conyarison of the theoretical heat transfer
T SUL LB LOr various €ieca —as mixtures

Bulk temperatures.373.15 K
——— = — equation J.27
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Fir 6,21 Conrarison of heat transfer results between
equation 3,27 and Ha-conle cxperiner tal data [15]
Nixtures steam=nitrogen, Bulk temperature: 374.5 K

Hampson's results gthe numbers refer to the
equation 3.27 nitrogen concentrations
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F1g 6.24 Comparison of heat transfer results between
theory and Sledgers experimental data {441

]
Id

mixture:steam-air 1“;338.7 K
exact solution[22]

Q/er_ - === gquation 3.27
me'0.00'
Sledgers experimental - -
Aw_=0.0l

o7

ol



F1g 6.25 Comparison of heat transfer results vetween
taeory and Sledgers experimental data [44]

mixture:steam-air Tm-319.3
o= g¢xact solutions [22]

— e e gquation 3.27

Sledgers experimeatal ) @W =) ocl

i
\.msd.u

data

Q/Qnu
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k13 6,20 Comparison of neat transfer results vetween
tneory and Sledgers experimental data [44]

mixture:steam-air Tm-299.3
exact solutions [22] \
. Sledgers solution[44]
Q/Qmyy = — = equation 3.27 ‘(/
08; H_,=0.000]
Sledgers experimental OW&-0.0UUSS
data Bi_ =0.00(2
(- -]
O7- a OV =0.0060
AW =0.010
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Q34
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Chapter Z

Concluding Remarks
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For film condensation in the presence of a non~-condensing gas,
the existing boundary-lay;r solutions for plane vertical surfaces
under eonditions of free convection have been reviewed, These
solutions are valid only for the case where the non~condensing
gas has a higher molecular weight than the vapour, "Exact"
numerical solutions have, to date, only been evaluated for air=
stean nixtures['zz. 37]. The nuqerical work inveolved is such
that the time requirement, even with modern computers, is
considerable. Approximate "integral® solutions have also been
given [43, 4#], leading to closed-form results, which may be
readily applied to any gas-vapour combination where the gas is
heavier than the vapour, ’ ,

In the course of the present work the approximate solution
PB ] was modified to include the variation with height of the
condensate layer thickness, formerly omitted, The heat-transfer
results for air-steam mixtures using the new result differed
veryglittle from the original, both agreeing satisfactorily
with the "exact" solution., In the case of the other approximate
solution{ hh] the present author was unable to coqfirn that the
method adopted led to the result éiven[ hﬁf]. However, the analysis
was re-worked by the present author (see appendix 6) and the
results obtained agreed fairly well with the "exact" solution
for ajir-steam mixtures but not so closely as either version of
the alternative approximate approach,

Prior to the present work little experimental work had been

carried out in this field using flat plates, Such results as were

-
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available were not in good agreement with the above-mentioned
theoretical results, The present results for mixture of air,
argon and neon with steam, however, together with others
obtained independ;;tly during the course of the present work[.hh]
(using steam-air mixture at low pressures) are in satisfactory
agreement with the theory, Voreover, the observed temperature
profiles in the present study (see appendix 1), help to eonfirm
that the boundary layer approximation is valid in this ease, (it
is suggested that in the case of the earlier results effects of
forced convection may have been significant),.
' There is at present no satisfactory solution for the case
where the non~condensing gas has a molecular weight smaller than
that of the vapours In the present work, experiments have been
carried out with such a combination (steam~helium) and a semi=
empirical correlation proposed,

The case of condensation on a horizontal tube has, on account
of the greater practical aimportance, received more attention
from experimeng;;s. however, there exists at present no satisfactory
theoretical solution for the case, It is thought that the present
work, in removing doubts regarding the validity of the boundarye
layer approach to this problem, may contribute towards a solution

for the case of the horizontal tube,
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Appendices

Velocity measurements and temperature profiles
in the steam-gas mixture

Vertical temperature variation in the steam chamber
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Aprendix 1

Velocity measurement and temperature profiles in the steam-pas

mixtures

Initially it had been planned to observe the steam-gas
mixture temperature, and velocity and the gas concentration
profiles within the mixture boundary layer, The object being to
verify the profiles assumed in the approximate analysis of
chapter 3.

The temperature profiles ware determined as indicated in
chapter 5, These profiles will be discussed later,

Measurement of gas concentration involves sampling the
mixture. However, this technique is laborious and was considered
to be outside the scope of this thesis,

The fibre anemometer was considered for use to measure the
steame=gas mixture velocity.

A1,1 Velocity measurement using}the fibre anemometer

This technique was used by Schmidt and Beckman[?# ]to
determine the velocity profiles in natural convection flow,in aiy,
along a heated flat plate, The anemometer was chosen in
preference to the hot wire anemometer on account of the low
velocities to be measured, The technique was firther developed
by Tritton BB;,?G] and was used to measure small velocities in
wind tunnels. The technique entails the measurement of the
deflection of the free end of a very thin uniform quartz fibre,
subtended in the flow, The other end is secured in a rigid base

s0 that the fibre acts as a cantilever, The deflection of the
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fibre is caused by the drag of the fluid, This technique was
adopted here because of its simplieity and precision (Tritton
t?&] estimated ithat the accuracy of-his:vslocity measurements was
within 2%),

Precision of the fibre anemometer

To teat the precision of thozancmometer measurements, air
was passed through a long channcli(Gft) of a rectangular cross
section (6in x 0,5in) made out of‘perspox. The anemometer was
situated near the outlet of the cﬁannol 8o as to determine the
air velocity profiles across the thickness of the channel (i,e.
across the 0,5in side).The air mean flow rates estimated from
these profiles (in these estimations the velocity across the
width of the channel was assumed to be eonstant) agreed very well
with the observed flow ratesfrom the flow meter inserted at the

inlet of the channel,

The use of the fibre anemometer in the present problem

Initially the apparatus was fitted with the fibre anemometer
which was used to determine the shape of the flow dispersing séctionm.
(see section 4,3),

To examine the applicability of the fibre anemometer in
measuring the mixture velocity in the present problem, tests
were carried out‘in whieh steam was allowed to condense on the
test plate while visually observing the effect of steam on the
fibre performance, These observations were made through the tele
escopes described in section 4.3, The steam vas observed to

condense on the fibre in the form of drops. To obviate this
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of}ect, an electrical heater was installed, fig A1,01, The stean
was again allowed to condense on the test plate, The heater was
switched on as soon as the drops began to appear on the fibdre,
The heater was then switched off when these drops evaporated,
Within a few minutes new drops appeared on the fibre,

This behaviour indicated that in order to prevent condensation
on the fibre, the fibre has to be heated continously. However, if
heating of the fibre was to be provided, the heater would have
had to be controlled so that the heater temperatufe Yould be the
same as the local temperature of the mixture (this is to avoid
affecting the condition 6f the mixture),Such provision was
considered to be outside the scope of this thesis, thus steam=
gas mixture velocity measurement was abandoned,

A1,2 Temperature rrofiles in the steameras mixture boundary layer

In each of the steam=gas mixtures investigated and for a
selective number of tests, the temperature distributions within
the mixture boundary layer (i.e. temperature profiles) were
determined, In these tests the plate was cooled with maximum
water flowrates, These temperature profiles were obtained at
trree depths from the condensing surface leading edge. Owing to
the construction of the probegee section 4,4), these profiles
were determined to about 2mm from the condensing surface, Some of
these profiles are shown in figs A1,02=11,16. The corresponding
values of the theoretical boundary layer thickness, for steam=

air, steam-argon and steam-neon mixtures, calculated using the

analysis of chapter 3, are shown in figs A1,02-A1,12,
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It may be seen from figs A1,02-A1,16 thats

(a) Big temperature drops in the steam-gas mixtures osccured within
small distances from the interface, A similyr tendency

* is indicated by the analyses based on the boundary layer
theory[o.g. 22,43] for the present problen, *
(b) Further away from the leading edge, the variation of the
steam=gas mixture boundary layer thickness with height is
very small,

(¢) At any given height, the steame=gas boundary layer thickness
increases with increasing gas concentration,

(d) For any given gas concentration, the steamegas mixture
boundary layer thickness increases with decreasing gas
molecular weight. This thickness becomes large at high
belium concentrations (i.e, at ¥W>0.6),

Similiar trends to (b),(e) and (d) are indicated by the
analyses based on the boundary layer approach, This is shown by
the good agreement between the theoretical and the experimental
values for the steam-air, steameargon and steameneon mixture

boundary layersithicknesses,
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\ l‘.gi I- Quartz Fibre

2-Fibre Anemometer
' 3-Heating Element

E: X ? -

Fig Al Ol The Fibre Anemometer’s Heater
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Aprendix 2

Vertical temperature variation in the steam chamber,

The steam~gas mixture temperature in the steam chamber was

found to vary with height, Initially it was thought that these
variations were due to gravity field., Consequently an equation

was used to estimate the steam partial pressure, and hence mixture
temperature as follows:-

A241 Variation of partial pressure of steam, (when present in

steam-gas mixtures), in a gravity field,

For a stagnant mixture of gases in a gravity field, the
conditions for equilibrium are uniformity of the total potential
(#i) and the temperature of each component[ 77]. This total
potential 1s defined as the sum of the chemical potential of the
gas and its gravity potential,

leCe "i =p, 0+ hg AZ.01
for perfect gases the chemical potential of component i may be

written as follows[‘77],

My o BT 1n Py H A 2,02
f 4+ v
2 }.1

where R is the universal gas constant
Mi 1s the gas molecular weight
Pi is the gas partial pressure
Hi is the enthalpy

e'e For equilibrium at any two different heights in the mixture

we have
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=

RT _H RT H A2,03
" in P, , i : hg - ¢1ln .Pio . . ! + hg

i M i M o

i i
vhere P1 and Pto are the gas partial presasnres:at-Eelights h anaeh°
respectively

[ J Aﬁ.olf

oo Py Py, -xr[ ~&{x) “1]
RT

where x = h-ho :

For a Gibbs Dalton mixture, the total pressure, P, at any point

is given by
p.-.Zpi

e’s For a two component mixturei~

5

P=P 4+ P
v g .

(in the present work subseript v relates to condensing component -

(vapour) and subseript g relates to nonecondensing component (gas) ),
» 3
hence

p Py .exp :Mvgx/(RT)]

v = Pl CexprEM'gx/(RT) ] . on e.xp[ -Hsgx/(RT)]

= 1
= P M oM
[1 + &2 exp[gx ¢ = E)]] A2,05

For stagnant mixtures of steam with air, argon, neon and
helium, at total pressure of 1,0125 bar and temperature range of
3736152331615 K, the difference in partial pressures of steam
corresponding to the top ané the bottom of the steam ehamber,
found using equation 4¥,05, would vary between O.and 0,00036 bar,

We can thus estimate the maximun temperature variation im the steam

chamber, due to gravity,by assuming saturation conditions at the tép and

- - S
Gt @ D N yeaa s vl wde Lesw ze "7 o3 "y

4 3 - 3 ;
ek Wt U W Wbl L i @ Fe e e ey v Auw I owd ,Ong:f:’:,x‘émaif~&2’em s’
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bottom of the chamber.This gives maximum temperature difference & GO1Ke

Ao?o2 Vertical temperature distribution outside the steam-gas

1

mixture boundary laver

These temperature distributions were determined in all tests
in which the test plate was cooled with maximum coolant flowrate.
In some other tests, these distributions were determined when the
test plate was not cooled., For each gas concentration, the
mixture temperature was measured, &sing the two steam thermocouples '
and the probe, at three different levels. Representative
temperature distributions for steam-air, steam-argon and steame
helium which were determined using the probe thermocouple, are
shown in figs A2,01=A2,03, The temperature distribution for the
steam-neon mixture, though showing the same tendency as in the
steam=air mixture was small therefore no representation was made
for it. ‘ .

It may be seen from figs A2,01=A2,02 that, up to high gas
concentrations, the absolute difference in mixture temperature
corresponding to the top and the bottom of the test plate (i.e.
Ftop-Tbottomv increases with increasing gas concentrations, These
absolute differences are large compared with the estimated values
for the variation 1n’steam-gas temperature, due to gravity field
(the estimated values were shown earlier to be within 0.1 K).
This discrepancy betqeen the estimated and the experimental values
for the steam-gas temperature variations may be attributed mainly
to the presence of natural convection flow in the steam chamber,

This convection flow was caused by the heat transfer through the

steam chamber wall and end plates,
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It may also be seen from figs A2,01=A2,02 that the mixture
temperature difference in the steamegas mixture were smaller in
cases wvhere the piatc was not cooled than when it was cooled,
This is because the effect of the natural convection was greater
when the plate was cooled (since more heat was lost to the
surroundings, thus larger density differences existed between the
bulk and the vicinity of the plate), '

Figs A2,01 and A2,02 indicate that in the cases of steam=
argon and steam-air mixtures, the mixture temperature decreases
vith increasing depth from the test plate leading edge level,
This is because the air and argon are heavier than steam, thus
causing the gas concentration to increase with increasing depth
(since the mixture becomes richer with gas at increasing depths),
Therefore, if the steam is at its saturation state in the mixture,
thetemperature decreases with increasing depth., Fig 42,02
indicates that steam-helium mixt%fe temperature increased with
increasing depth from the plate leading edge, this is to be
expected since the helium is lighter than the steam, Thus the
reverse situation to that of steam-air mixture,existed in the
steam~helium, The absence of large variation in the steam-neon
mixture may be attributed to the small difference between the
densities of steam and neon Stho neon is slaghtly heavier than
steam), Thus the variation in the steam-neon mixture density,
and hence in its temperature, with height is small compared

with other steam-gas mixtures.
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Appendix ‘3

I re

aSpecimen caleulation .

-

- t

 The experimertal data obtained in test R,51*are

* *

used in the following calculations,

2 = caleculation of the heat flux and the mixture«to-aurface

tomperaturs difference

For a linear temperature distribution:-
«'.t=ax+to
where t is the temperature at distarce x from condensing
surface
to is the condennirg surfrece temperature
a is the temperature gradient

~

t, and Q may be found by linear regression of t on x, thusi-
oz 2&xt) = 3(x) 3(4)
n&(x?) - E(x) £(x)
b = Z(t) Z(x%) - E(x) F(xt)
nX(x%) - X(x) Z(x)

where n is the number of the temperature ohservations

14

through the plate, The terms in the above equations

are calculated as shown in the following table
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x/cm t/oc xz/cmz xt/emX
0,236 32,57 0.055696 7.60652

"0.,373 32,23 | 0,139129 12,02179
0.527 31,86 0.277729 =~ 16.,79022
0,688 31,44 0.473344,  21,63072 *

- 0,830 31,20 0,688300 25.8§600
0,980 30,90 0,960400 30,28200
3.634 190,20 . 2,595198  114,22725

Thus: . y
a = 6x114.22725 - 3,6%4x190,20 _ X -z.ooocgg
sxz 595198 - 3.6342 cm em
‘Since

and

. o = 3,85x2,000x10% =

0..;

Q= ~ka, k = 3 .85 W/ (cmK)

2

Xw/m 107

= 17,0

v

s

Oc = 3302400

i, - 190,20 x 2,595198 = 3,634¥114,22725
o]

6 x 2,595108 = 3,6342

TP =T =t
©" 70" “Proy

From reference 1., e

Q=

’1
r-k3~’ fzg hfg (‘T)3]“
1 4”f‘

4747 W iy

‘
3

- to.vn 4?99.2. - }‘3‘.’2’}-‘!166.01(

— ~

22,01

The propertles in equation A2.01 are determined

at the reference temperatuge [22]:-

«
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™ =T, 4 0,31 (T - T
LWt T o 33,24 4 0,31 x 66 = 53,7

From the steam tabdle .
hg - 2257 J/gm, v, = 1,014 x 10~° n¥/g
€90,2 753, : -
g2 = 0,514 gn/(m.s), k, ' = 0,651 J/(m.8.K)
53.7 - 5307 v 2

Since Q was determined at mid point of the plate (x = 4,84cm
e Vi s [o 16517 x 9,81 x 2957 x (53,7)3 ]‘%,x 1077 g0
“4(1.014x10°%)2 x 0,514 x 0.0484

» +

*e Q= 77/310 = 0,249

Ynu

b = calculation of the gas concentration

. 44 R P

The gas Goncentrations Wa Ty 1,
) . M+, 1+mv/mg -

where m_ is the mass of the injected gas

A m is the mass of the fteam in the mixture

e 4 v Y -
“To calculate the mean ’t:oncentration,A

P, V (assuming the~ gas to be ideal)

8" R“T‘/ | f :
where"*m? a‘Vtot
' vg @

- -

P, (the atmospheric pressure) = P.g Hy

V 12 the injected gas volume

k2

Ta is the room temperature

.

Rg (the gas conatant)w;,,ZOBG J/(gm%) for arg&h

vtot is the volume of the mixture in the apparatus
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vg is the steam specific volure

' Hb is the barometric pressure
P, 18 the mercury density

e = 5/[1 + Viot Rg Ta]
- Pa \'] vg

'To calculate the gas concentration outside the

boundary layer,

mv/mg =Pv/pg
but pg = Pg/RgT (assuming the gas to be ideal)

P, = l/vg ‘
where Pg(is the gas partjial prescsure in the mixture) = Ptot-pv
T_ 1is the mixture temperqﬁure

P
Pyt (the tot~1 pressure) = me:?b + P gH

fe w = LY 4+ R_T
-
From test R51

Hy = 766.30 mmig

Hm = 120 mmH 0

Vigp = 91620.3 em’

V= 3350 cm’

ta = 20 6

From steam tables vg(corresponding to Tp) = 14721 m3/kg

Tp = 99,2 + 273,15 = 372.35K ' P, o= 1.00375 bar

ofe P, = 12.9951 x 9RC.AFS x T60.30/10° = 1.01436 bar

o

™, = 20 + 273,15 = 293.15K
P = 1,01436 + 32 x ©r0.665/ 108 2 1,02588 ver

-
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Pg = 1,02588 = 1,00375 = 0,02263 bar

o'e A /10 + 01/29,3 ¥ 0,20°F€ x 203,15
m= * o] 5 _3 =o.°
1:01436 x 10”7 x 3350 x 1.721 x 10 - ’

f

W 1/{ + 0.20P6 ¥ 372,35
o™ = [~ - 03048
0,02263 x 10”7 x 1,72 x 10‘#] -
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Appendix 4

Experimental Errors

A:.1 Summary of prior estimated errors:

Steam and plate temperatures 2 0.1 K
Depth in plate to which .

measured temperature relates = 0,02mm
Barometer b4 0,05mm Hg
Water manometer : Smm HZO
Total volume occupied by . 3
steam~gas mixture _ = 250cm
Volume (at atmospheric temperature 3

and pressure)of gas injected e Scm
Thermal conductivity of plate < 2%

A&,Z Feat flux and vapour-to-surface temperature difference

The values of surface temperature and heat flux were found
by linear regression of the temperatures on the distances, In a
number of cases alternative estimates were made by regressing the
distances on the temperatures, The difference between the kwo
eastimates of surface temperature and heat flux was negligible
by compa;iaon to the scatter on the graphs, Thus, apart from
possible systematic errors we estimate the accuracies of these
quantities from fig 6,03 (i.e. tests for pure steam)

Q 212 wi/e’

T SK

It 1s thought that the only significant source of systematie

error was in the thermal conductivity of the plate, which would

give a possible systematiecerror in Q of 2%. ’
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J!l13 Mean gas concentration

These were calculated from the equation:e

-1
L -(1 + VtothTa/(Pa-Wvg)] (see appendix 3)

Using the above prior estimates of error in the various qgantities,
the limits of error an wm was found to vary between about 2%

at the lower concentrations to about 1,5% at the higher
concentrations used,

Ai‘ﬂ Gas concentrat;gFu based on temperature and pressure

measurements

These were calculated from the equation:e-

-1
W -[1 + RéTp/(Pévg)] (see appendix 3)

Using the above prior estimates of error, the limits of error

o
in Wy, were found to vary ¥o about:

12 x 10-1+ to 9 x 10-4 for argon
9 x 107" to 7 x 0™ for air .
6 x 10" to 5 x 10™* for neon

1x 10" to2x 10" for helium
(the first figure given above relates to lower concentrations

and the second to the higher),

3
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Appendix S

*
£

Condensation of steam from steam-carbon dioxide mixture

Initially carbon dioxide was chosen for the )

investigation of mixtures with high gas-te-steam molecular
. weight ratio, When carbon dioxide was injected, however,

1nt; the steam, the condensate was observed to change

from complete filmwise to a good dropwise within a short \

time of gas injection., The condensation was stopped by

closing the coolikgﬁwgter tap. The valve at the bottom of

_the steam chamber back plate was then opened and the syst?m

flushed out with steam for about twenty minutes, When ° )

condensation was restarted, the condensate was«again in

the form of a complete film.iThis behaviour of the

condensate suggested that the gas m;ght have been contaminated

when entering the system, Consequently the gas cylinder

was changed ard a éeries of vapour traps filled with sodimm

hydroxide solution was connected between the gas ecylin

and the gas injecting system,

When injecting, the ca}bon dioxide was allowed to

3

-
bubble slowly through the sodium hydroxide in the traps; The

L4

change from film to dropwise condensation was, however, again ,-

observed, It was thus considered that the naturg of the g88,

x

and not contamination may have been responsible for the
change in the condensation mode, To avoid further lossf;f}

time _earbov dioxide was abandoned and argon waSru?ed instead.

’
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Apnendix 6

Corsideration of Sledrers eralveig [14]

“§ledgers [44] proposed an approximate analysis for the
present, problem, In this analysis integral solutions were
obtained for the following mixture; continwity, mementum -

e !

and energy equations respeoctively:- .
M + g_\g’ 46,01
& & ° ,
2
vdu + ¥vou _ Vo u 26,02
o ¥ oy°
ud?t + voT 562'!_‘ A€.03

’3
6« 9 ‘o;"

¥

where g ); )
p
In these solutions the followirg profiles were assumed *~
velocity profile y_ =1 - F(n) = AG(n) A6,04
Yo
gas concentration and mixture temperature prafiles, :
e ¢=1-F(n) ‘ 6,05

where g =y -8
8

A is a constant
P(N) = 20 < 200 4 ot
‘ G(n) = 1/60(1 =1)°

- T T

¢ ==

o o
- W=
=

-
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When using the above approach the present writer .

tnable to confirm the results obtained by Sledgers. In LA

v“'

integrating equations 46,01 and A6,02 Sledgers obtained the i
D

following equation ;

ES

‘ 3 o, u2 dyl + ui u dl v : ’
=lL - ] °l © Ix ]== :
«fM & }6?06
S T p=p .
T W eem@d -9
u iy [5—]

. The underlined term 1n equation A6,06 could not be

¥
v Wy

accounted for, Turthermore in computing the egnation rtlating :
P

peat and mass iransrer obtained by Blcégers, high néatﬁzlnxesw

]
were obtained for all geas concentrations (e.g. Ior air in stean
xoqﬁ.:’g.a

:eenpentration af 0.0lwand’ai"m 2373415 Bnd AmuloK thb ‘fractions
reduction in heat transfer was about O, 9, for the zama*
conditions, this reduction was about 0.4 when cgmputing
eQuation 3,27). Therefore it.was thought that a‘re-éppraiaai
of Sledgerd  analyeis was desira.ble.s

- Basically in his aolutfbn, Sledgers followed the same

-3
Yoo §

steps as those tollowed in chapter 3. The difference betveen
Sledgerlj approach and that followad in chapter’3 is that
Sledgers employed difrerent profiles apd solved the mixture
energy equation instead of the gas ditruaion equationw.
Sledgers,however, assumed the Lewis number: (i e, Qﬁ&) to-
be _unity, Ay addition to assigning the same profiles

for the'mixturc temyeraturo and the gas concentration. The
application of thos; conditions leads to:the same solption

Tor both the energy and, diffusive equatlonﬂ - i

-x
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After integrating the mixture, continuity, momentum
and diffusion equations, and employing the profiles, A6,04
and A6,05, the following equations were obtained:-

. 2
a [buo ( 23 '; 1IN ) da - 2u, Dw,
T2% "T517 =30 ’7? T’?TW:.

=

..%ﬁwaaf_l_?_élu? AG.OG.

%.i [buo (Té’% - 3?5‘7) ]'uo %—:—" 25*],3—;{" o h6.07
where v, = '710 - Vo

ti = (Mg - Mv)/[Ng -(Mg - MY) W‘J ;
In solvipg equation Af,06 and A6,07 the followirg equation

-~

was obta;ned Jo

p2[1-2(Pf)+ (242 (52 »Sc(f’)]-wr“’}
2

-

Sp (l‘/nf) A ( 23 - 11A y 4 12 B/Bp) w ® X

5 " T twom w;' 0
where A 1357 - 118 “f . WO ° Sp. Sc( ' pf ° do 1)
s 4 A

These results are discvesed in chapter 6,

-
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Appendix_ili
Computation of the theoretical results

*
»

In the approximate analysea for the present problem,(

equationé relating the thermal and transport properties ot
both the condensate and the mixture were obtained. Using #
these equations with the appropriate properties, heat transrar
results may be obtained by the use of suitable computer
programmee.

AT. 1 The thermal and tr%Baport properties

¢

a - the steam and.d%%i‘rﬂmip properties

. ’Lév.?h@;i;:géﬁ and steam properties were taI‘cen«‘ from

the steam 1zalz>1es,,[78.,79;],~ These proper/ties are 1n;SI ‘unit;
Within the range 0-100°c, the ~~WABTxtd saturation

properties were assumed to be functions of temperature only,

Therefore, by curve fitting, suitable equations were obtaired

for these properties, These equations are:=

sy

Ve = 0,0009917 + t(6.5 x 1076 4+ 30833333 ‘x‘lo"'7 x t)
ke = 04563 + (t -5) (11.655 + 0,229(155 - t))/lsgoo
B, = 0,001 exp(-l 62515 - T(1138,885 =~ 474754.6 x r))
whdre % 1a temperature in Celsius
Tat+273,05 K

- - gt 4 !

Ves kg ;hd ﬂ:.are the ccwater~iz speeific volume,

thermal conductivity ard viscosity respectively,,
]

Equations of steam saturation pressure -as d‘fuﬁhtrdnﬁy;’

v

of temperature and its saturation dpecific volume as a”

#

function of temperature and pressure were taken from the

-k v
-
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international steam tables [78]. For the caturated steam -
viscosity, the equation given in ref[81 J to determire the
gas viscosity was adjusted so as to give values within 2%
of those given in the steam tadle [79] in the range 0-150%¢,

4

This adjusted egquation is:-

b3

By = 0,0000026¢93 M _T/(11.1503238 x4 )
where JMv is the steam molecular we%ght
Y is collision integral based on the lenrard-Jones
potential, This value is depeédant on the temperature

and may be obtained from appéopriate tablts.[81] .

h - the gas properties -

To obtair the non-condersirg gas density, the gas was
assumed to be ideal, To determine the gas viscos%ty,n s, the
following equation was used,f&‘]:~

B -0.00000266§ijgT/(o'?$) {(in SI units)

Mg i1s the gas molecular weight
vhere ¢ 12 the haidesphere diam2ter in angstroms, The
7 v value of @ varies from one gas to “nother and may

be obtained from appropriate tables.[s1].
c_= the mixture diffusion coeficient and viscosity

The mixture vi=cosity 2rd diffusior coefficient may

be determined as followq,[81]:—
u, o k1 + (y2/y1)01?] B/ + (yl/y2)021]

where "n1is mirture visco<ity in SI units

-

N and ¥p are the mole fractions of the steam and

-

gas respactively
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010 = 1+ (/mEamm)t 2/[VE0 4 /g i]
07 = elz(n/u,) (M,/¥,)
121:4* (3.64 x 10’8/Pm1x)[(m T Y Meg,

e 2
(Pcv ch)& (r v Te ) 334 T

where D12 is the céefficient or diffusien.in ST units

e

Pmi is the mixture total pressure - .

o+

Pev and Pc are the steam and gas critical pressures

respectively

ch and T are the steam and gas eritical temperature
t

equctively ’ '

ﬁm&g-steampGas mixtur and condensatg propeggies

“,The éqndensatwpropertin(oxcopt viscogity)were taken

}
88 - tha arithmatic meax_w of thqir »valuoqu,t t}go condonsins %

osurfacc and the-interface,and the glatent heat of vapourizatioz

&

Jat tho -Anterface;temperature. The mixture propertin(oxcogt .

-

1Vviscosity)were taken as the arithn@.tio means 34 theirﬂnluos :

4

tat . the interface ard in the bulk, m oxprusing the qondensate
‘wiscosity‘as polmmial .'m Aistance ?erpqndienlar«tc thc toa
*7plate,and lol,ving the Nussclt equation ferithe: oquuibrim of
sforef; in the condensate.hororr,e[ao» <btainedthe rollo\d.ng .
rexprossion for the condensate mean viacosity,p ,.;—«
Fr‘yczfﬂt 1'/“1’0) D0 D OF e A
where Pry and o aTO the condensato viscosities corxoopyuading
"

4o the condensing surface and interfgcerespectively .- 4.
By:making an analogy beteewan the governing equations,
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of the condensat; and the vapour-gas mixture layers, 1
LoFevre[So]ouuudcd that t}xe mean viscosity of the mixture
By DAY be taken 95;-

Qm'B/(1/g'r2/p°) ! — B

where ﬁu’and f, are the vapour-gas mixture viscosity at
. the bulk and interface respectively ’
Expressions A and B were used in evaluating the condensate
and the steam-gas mixture viscosities,
A7,2 The computer programme

. A typical programme used, is given below. The language
used in the programme is"ALGOL". All computations were made
on the University of London Atlas computer.

To compute heat transfer results using equation 3.27
procedures were set up to determine the various thermal and
transport properties, Procedure (£) atates equation 3, 27.
With the aid of procedurelfind"which was written by LeFevre
[80). equation 3.27 may be called with the appropriate
input parameters to obtain ;n output of fractional
reduction of heat transfer, mean mixfﬁro Schnidt and
Grashof numbers and the temperature difference across the

condensate film,
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The same programme may be used to evaluyate the rqsultsﬁ
of other approximate solutions (i.,e., Rose's equation[ 43]and
Sledger&% analysis (appendix 6)), This is done by suitadly ‘
adjust}ng procedure (f£).

The prqgramme‘

bezin real delt,zin,ein,molp,ci,af,nei,zei,roseratio,gr,sc,delte;
interer j,ii;R0olean boo;

i

|

procedure heatratiol(delt,zin,cin, molg,ci,ani,noi,zei,roseratio,sne, xr doltf);
valua delt,zin,cin,molr,ci,a1,nei,zci; . -
real dolt,zin,cin,moleg,ei,ni,pei,zci, roseratio,sc,pr,deltfy

————

comment The parameters of procedures heatratio are as follows’-
NI
delt is mixture to surface temn, Aiff, (X)
~ zin and ¢in are mixture bulk tamn,and ¥as concentration
molr is gas molecular weipght
et and al are ras Lennard Jones notentials
pei and zei are gas critical pressure and temp,
oY
roseratio is O/Onu . v
86 and ¢gr asre mixture maan Schmidt and Grashoff numbers
deltf is temn, diff.across condensate;
opd “
roal wetnarameters, , )
vw,nw, vow higw, viw nufw, kfw, nuew,
2,0,v¢ e, vl mul ¥l mug,
nin,vein hipin ,viin ,mufin kfin mugin,
rasparanaters,
 roegas,mu,
roegasin,muin,
pixodrameters ,omix,
¢,sum,dee ,roe,
murin,doein roein,scin,
constants,
™ol ,1nl0,
readconstants,
mi,nci,zej,xi, rens,
vs

;

-



“realprocsdursanaraltes) ;ynlnntes;realtee,!

barinawnintererijownrealarrava,h,cf1

{ftee>Othenrotonormal §

al 1
al 3
al &
al 7
af a
al 11
al 13
al 15
al 17
af 19
al 21
af 23
al 2%
sl 27
al 20
al 31
of 33
nl 358
al 37
af 39
af 41
al 43
al 45
ol 47
el 40
al 51
al 53
af 5%
af =7
al 39
nf 61
al 63
af 62
al 67
&l 69
al ™
al 71
ol 75
of 77
al 70
al 1

1,2010 bl 1 Ti= 1,0242
1i=-0,0167 bl 3 1= .9131
Jiw-0,6031 3bf § Y:= 0,3140
1.=-0,5108 bl %2 ¥'= 0,725
}:=-0,2567 bl a J:= 0,6461
J:m-0,2231 bl 11 5= 0,5766
J:=-0,1084 bl 13 Ji= 0,515%
1= 0,0000 bl 15 J:= 0.4018
1:= 0,0953 bf 317 Ji= 0,4148
Ji= 0,1823 ;b 160 1= 0,3720
J:= 0,2624 vl 21 Yem 0,347
1= 01,3369 0 23 Ti= €,3023
J°=m 0,1055 bl 25 1= 0,2731
Yim 04700 bl 27 ) = 0,241
Vo= 0,5306 bl 20 1:a 0,221%
)= 0.2Q78 1ol 31 Y= 01007
1= 0,A19 ,b[ 32 1= 0,179R
]« 0,f31 $hl 25 1= 0,113
Yi= 0,7898 3wl 37 11w 0,372M
Vo= 0,8785 h( 30 Y= 0,1017
= 0,0885 it 41 1 = 00770
Yim 1,0200 3hl 43 1= 0,08H4
Ti= 1,00% bl 45 1°= 0,03%3
1 21,1622 bl 47 Ti= 0,0218
Jix 21,2238 [ 40 .= 0.0070
Jo= 11,2800 B[ &1 }i=-0,006R
Yiw 11,3350 gb[ 33 ) =-0,010t
11= 1,3863 3l €5 Y:=-0,0308
Yi= 1,4351 bl 52 1:=-0,0408
V.= 1,2%16 bl &9 1:=-0,080H
Y52 21,5261 bl 6t To=-0,0308
V1= 1,5686 3 bf 63 V-w-0,0680 -
.= 16004 -4l 65 7°=-0,0750
Y:= 21,0429 bl 62 1 20,1302
Jim 2,1072 N B }1°=-0.176q
1= 2,90957 bl 71 13=2-0,206F
1:w 3,680 3l 73 T1=-0,307%
Y= 4.0043 bl 75 J:=-0.456<
Tim 4,2820 bl 77 1-2-0,40%2
1= 46052 b 70 1.=-0,5307
V= g,0015 bl 81 1:13-0.7317
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;ag 2
)

ol 2
1ol 8
}al 10
saf !2
jal 1
ol 1
;al 18
}al 20
sal 22
4ol 2
sal za
yal 2R
pafl 30
il 2
3ol 3
saf Q#
;of 38
ial 40
"E 42
sel 4
sal z
;a[ 48
ial 50
;n% 52
al 5
sal <é
1ol 8%
;al 6o
sal 62
yaf 6?
.af
sal 62
jal 4o
ol 72
jal 24
ial ?g
.'“-r :-('

.a[

Yot ,040°%
Y:=>-0,708%
]3-.0.%07@
Vi2-0,4708
1*=-0,2%77
¥Y:=-0,162%
~=~o 151
Y= 0.0492
33’ 00310 ?
Y= 60,2211
1w 00,3008
1= 00,3716
To- 0.433
1= O,%0O
Y= 0,8506
1 = 0,132
Yi= 0 AR
13“ 607%10
Ti=e 00,2320
Yin 0,n163
1'2 n,0m3
Tom 11,0047
1= 1 1,.1314
Ti= 4 10%0
1= 1.232‘
1= 1,302
= .3610
Tim 31,4110
1= 1.1\86
Y= 1.8041
= 10<276
Ti= 1,
Jem 1,708
] =2,079
1:= 2,3026
Ji= 3.4012
Y1+ 4,9120,
V= 4,2488
Yi= g4.1008
Y= ‘02093

bl 2
bl
1314
ol 8
3ol 10
sl 12
bl 1
;bt 1
3bf 18
vl 20
'Hf 22
;)[ 2
thl 2
Jbl 2%
bl 30
bl 12
ol 2
A8 k!
;bf 28
Wbl 40
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Tix 0,0f63
1:» 0,%620
1= 0 ”681
Jim O 6841
Yre 0,610%3
1= 0,8432
Yo O 4480
1'. 0.“‘76‘*
1= 0,3034 .
Y:= 0,353%
"’ 0, Q‘h
Yom 0.2174
1'= 0,250
L) 002341
Yis 60,2807
Y= 0,1%°
T*= © 17“6
1w 0,450
Ve 0,122
tim 0,0%70¢

thl 22 1= 00,0667

;hr 4

N 40
sl 4%
tbf =0
i 52
wol 52
Wl 5

sbl &8¢
ol 6o
ool
bl 64
i
Wl 62
ibf 70
ol 72
ol 7

1 Bl

PR § s
ol Qo

’n' O.O;AQ
Yi= 0, 0206
s G,0139
V1 mrr , 0008
}r 20,0131
1.._0.0240
}:=-0,0387
Y120 0457
V¢ w0, 0481
Yi=m=0,0f28
Yi=—0,0720
Jre-0,1005
Yom-0,15%
1 =-0,101%
120,356
Y- =~0.,4302
Ym0, {00
Vo0, ,518>
1:m-0 fgu

fori.a!stnﬂlnrfilQOAocTilzu(bfi+!1-bfi])/(a:1+1]~a[i1) Wi -AO.ten'=exn(afil),

normal:teni=in(tee)satan:ififteo<cal { 1theni>
ftifter>al i+l 1thoni<cROntanfatanthani infiiial samntnrat ontostenieety

omaga* =axn(h{ 1T+ (tas-al 1) *cli1);

ond wiich states variatisn of collision inteprals with temn,

<

and detarmires the integral for a riven temn,j

’

elsafrlaathaniixi-1elga
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. zrnoef!n wet(z,9,ve N1, vf ki muf ,ug)»

]

valve g3 roal =,n,vghie,ve kE muf muers
berin renl t,T,x3 >

1T 2<273.16 then 21=273,16 else if v>623.1%
then :::)23.15; o r
hegt -2477200-2450t(n-283 .1 L3 ):
£3w34-0,01 §
12 re373,.16 thau
p3Mp((2g.50051+0.0024« 4*2-3142,31/%)*1n10-§ zuncz))

.1.. ~ x % re LA
Yor xtmesr-23700 ds ", i ¢

JlalOﬂn(S 4323682004 .1/.+u .3860v-4‘x}!)*(1 o.m.(x 1065.»10:-:7-1’9
.0044.*1 Oaxn(-~0,0057148% (547,2(»-1)-,:“1 .75 )Tg"
t: u’f»
03:-(4ngsz‘z/p+5"312004+fo(-:.1n18o7+r¢(z 500R3 24T 7
¢ (~21,433083+ P (15,281 7R14T*(~2,527168-2 ,4%4047+7)))))
+pote(o, 661366»Tt(-3.252346+T%(6.3°3113+Tt
{-6,¢47% 04+'r*(3.2omz&'r*(-o.si4n45.o $20102+T)))))
+{n*t)axn3*0,000001 *{],44104 +T= (28, +T(-270,103
T+ (624,05 M'<-675.70435+'r*(363 1 -7«;.2«’»405#))))))))«1.001;
v Ppixp*1000004 x3u=g-0,01}
tiez-273,143 i
ketw0, 863+ (t=~3)* (11 6<%+o.229a(1'lz=;~t)>/1$uoo
vi:m0,08#(0,00001 7+t *(6,5v~6+3 .833333v=7*t)):

mug im0, r’nanrt(m 016*3)/(11 150323761 4*mga(z]416,419407))-
vi=l/%;
mufz-o.ﬁol*oxp(-l 62515-22(2129, 885474754 ,.6%2)) ¢ v

end wat which glves properties of water substance at saturation
when Twg K, all in SI units,from O te 100 Colaiul' ‘

resl vrocedure ptot{zin,cin,rpas)s

» value zin.ciu.rrzsy real min,cin,reasy
berin wet(zin,pif,voin, M gin,vfin, kﬂn,mtin.murin)-
ptot:=if cin=l then pin else
' reasseinsoin/ (vgins(i-cin) MHring
ond which,given bulk temperature and gas - - concentration
T determines the total pressure in 81 unitss

¢ - "
¥ T

-

nroesdure gasnron(z,n,roecas,mu,mole reas):
value g,»,molg,rgas; real :.p.roegac.m.nolg.rgau
begin roogas ap/ (roastz)
mu =0 0000026693thrt(mlg*s)/(d*mﬂs/ci))t
end which gives noncondensing gas densitv and visensity’
T in 5% units.s is T,mole is M.rpas {s Reas;

a
&

»
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grocedura mix~rop(z,e,mm, dea, vroo, se)
T ———
valua s ranl z2,06,mn dee ,ron 8!

herin raal ki, ki
wwtzz,p,vg3h'g,v',kf,ﬂuf.mug);

gasnron(z,pmix-n,roeras,mu,molg,rees);
oiwvgiroegss;o'an/(e+l ),
roe‘sroagas+i/ve:
~ommant end of thermodynasic nranerties,
begiw transport nronartiese
kiliamu/moge mm.smj/malg: danc =t /mm.
kiji=(140qrt(k jissart (mm)))oxrn?/sqrt (Re(14dee));
kjiiavri ixden/k il cturcassysg/(rrassrsons(t-cleyg):
mur.-c*mu/(o+(1-0)*kij)+(1-c)tnug/(!-o+etkji)°
dee: =0,00000003A 1'znxnz.334‘101325/pmix‘lqrt((mols+nj)/(m01¢*nj))'pci6
sct nuun/(roe'doo)oc apevgrcl (rgas*zs{(1-c)+ernrvg) s
and which,for a given temperatura deter~ires all
rixture propertise at that tenmaraturejin SI units.

?

nrncnd:'n setup;
harin
]nloanlw(io)-xi.-nmegafvl)-
rmal =314 3emd =18 016,
re}:=22120000/10137% tnel a(pet*nsi)axni 233313333323 ¢
zci’a6;7,5-pc§-anoi'(rcitre!5~1n(-o.7~ )s
=pinal rras =rmol/molgs
on4 which sats all the cnwstanta roquired to
T detarmine viscosity and coefficiont of
diffusion for the mixture:

resl nrocedure f£(x):

value 7 resl z;

haoin real sp,r .v{;

mixnrop?r,c,num dae,ron ,8c)

kt;=20 5 (kfrkfw),

raf =3/(2/mufv+t/muf);

virn0 S (viiviw)

sp w(z-rw)*k{/ (higsmut);

witzo~cin; s

80 =0 <t(sc+soin1;

roe:=0,8¢(roetroein);

mume =3/ (1/mandn+2/mm) »

TI=SPEEN*BN*B0O*CIC]

f: :r*nuftein*(cin'200+210*sc*c)/(rnatmun*vf)+
wisyl swiswitroasmumavi/(sosmyf) s (8ns30-<hdx{*wl)+
S0*rswiswirruf sroatyf/mumiréwi smuf#(sares1 05+200¢cin) /mym-
71tsn*sn*v(*vi*vitc*r~o*vf+-ntsp*vi*vi*ct(v{*12-100*c1n—169¢cc*e):
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,
end which states oouation 3,27;

vacedure £ind(e)within:(a) botmm(u.u)mmitvingf*f’dthimfd to\md}
valio m,c,0,3s real a,b,0,4,0,7+ Bonlean founds comnant 2 is f(e)‘ :

begin real v,h,I.a.k,l,w,n'“MIonn ~e intopar n‘ &
Y -v-bb pinfy e’in'cc-h:-fofmmd'utrue-if.ign(g)-n{gn(khh-m
rarin i:snbﬂ'g’) frenbs(h); " . F !

lf {>4 ans 3)4 or faf them = to faﬂ-m-ﬂ*- T
Fim 4 & than b alsa grain kn??-\(a-hh(!fnﬂ-naeis»a!
+ $024TUrathenTat aaTi5ana () thanimtotal §-atar (onfo exity
fails “Tovmdrwl+ i€ Q-M and shalw-nldatas etmtf formd thon (z-m?[:z
) R (fo*‘wnnv‘!so ng M*omdt by oam To
cmd solution or Tailura at bend; pewOs ‘!'uln(ahu(e—b)/u’l

;cmtrvz' ptnm-lg fioming 1f nej than “ ., Y onte -
hantn ‘"srlm)/{h-»")w $3mis(w-pm)theghe (k) . 7

endemiwkie] /2944 abc(n—akﬁg A ahmlorh)edrd thew Mn oxits
Tixt:4¢ sien(13desen(n) thom
N"'{ﬁ I oizly miek -
mﬂh 4 4
Chaedn hiely mixk
ard:ento mtry; okt
exit: - ¢
and find(e,n,b,e, £,4,fmd) whidn solves equation §.27 to detérmine
the intnrfachl temperature

4 vﬂ(éh,Mg.vgiv,ﬁfgm.vﬁn *tin emutin musingg

-

setuog

x4 tw(mn) zmj)/(m!g-»emtlml g-nj));
rwiugin-delty .
niximotot (zin,ein, rgas) g . Yy

wot(yw,rw vow “Trw viw o mafw, miew)
rixnrod(zin,cir mumin ,desin ,ronin, sein);
find(y,0,0000725* (zwirin) ,ew, vin, f{2) ,q,000000000001 hoo);
ros-raﬂo'si £ ab.( 2in-2w)€0,000001 thon L alne
sort ((VLinsviw)/ tvtiviw)enart (h P /higint( ("’Mlﬁv)*t m-mv)/

.o - ((kfintktw) *{ziniew)) ) a3+ (mulindmfv)/ (mlimméy))) >
grinraains (roa-vaain)+0,0890,05+0,05 0, H00A% / (remrermm) 1 e
saimn Ke(gorsein);
faltlimz-zw;
and prmduro heatratloy

v

gomment negin or tynfcal solution:
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i tetext (4STFAM=ATRMIXTURT gA DTWNVSAVFRTIPS Yenawl ina(?) e
for pint=0,001 ,0,01 ,7,n% N1 0.2 0,240
Tarin . -
-
writataxt (4CASACTNCEATATNF Y ) enrint(cin,1,2) snawlina(l ),
wed tataxt (£4NFT T/RE3837/0nué78INTT TF/X43895C458) RI) snewl ine (1),
fordeltewt 10,20,80,70d0 .
herin _
teatratialdelt, 373,18, 011,28,00,77 6 2,711 ,27,2% ,122,2 ,rosoratio,sc,gr, nlt?
printfdelt,2,3)srrint(rosaratio,,3)nrint(deltt f,3)snrint(se,1,3) sorintlegr
newline(1); ¢ -
and.
ond .
and e
“seZ
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