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SUMMARY

Heat transfer data are reported for the condensation of steam-toluene
and steam-trichloroethylene eutectic mixtures on 25.4 mm diameter oxidised
copper and gold plated horizontal tubes. Data are also presented for
the condensation of pure steam, toluene and trichloroethylene on the
oxidised copper tube and the film heat transfer coefficients obtained
agree to within + 20% of the Labunstov form of the Nusselt equation.

For the binary immiscible systems the heat transfer coefficients
decrease as the temperature difference increases, with the oxidised copper
surface giving higher coefficients than the gold. These differences are
attributed to the two observed fundamental mechanisms of condensation, a
channelling mode on the oxidised copper and a standing drop mode on the
gold. Models based on the different mechanisms are proposed and predict
the experimental results to within + 20%.

Finally it is postulated that the temperature dependent mutual
solubilities affords an explanation of the formation of the large
number of very small droplets observed during the condensation of these

eutectic mixtures.
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Chapter 1

Introduction

The condensation of vapours has been extensively studied, both theoret-
ically and experimentally during the past seventy years. A great number
of these studies have been concerned with the condensation of pure

vapeurs and in particular steam.

By comparison work on vapour mixtures, carticularly those mixtures
which form immiscible liquids on condensation, has been uncommon. The
probable reason being that steam condensation in particular is a much
more important industrial process than that cf vapour mixture condensation.
However, the condensation of vapours which fcrm immiscible liquid condensates
is nevertheless common in industrial practice. For example steam dist-
illation and azeotropic distillaticn processes commonly give vapours

which form immiscible licuid mixtures on condaansation, as do certain
chemical reactor prccesses, particularly thoss associated with the petroleum
industrv.

To cesign condensers Zor the above processes it 1s necessary to
know the values of tne condensing heat transfesr coefficients. Most of
the previous studies on "immiscible liquid ccmdensation" were primarily
concernec with the determination and prediction of these heat transfer
coefficients.

t is apparent from the earlier investications that the condensation
processes involved are extremely complex. Andé although several studies
have been made the effects of certain important parameters are still
net clear.

The principal objectives of the present study were to investizate

several of these potentially important paramezers. In particular ne effects



on heat transfer performance of film temperature difference,condenser

tube surface properties and condensate flow regimes were studied.



Chapter 2

Literature Survey

2.1 Introduction

Pure single component vapours have been found to condense on a cooled
surface in cne of two ways. The condensate may form either a continuous filn
or droplets; these two modes of condensation are termed filmwise and dropwise
respectively.

When condensing vapour mixtures, the modesof condensation -
vary.. For miscible liquids the condensate
usually forms a film, although Mirkovitch and Missen (1961) have reported
systems which form both films and drops. 1In the case of immiscible liquids the
condensate consists of both films and drops of different liquid phases. Thus
the mechanism of condensation of vapour mixtures, particularly of immiscible
liquids, is much more complex than for pure vapours.

Most of this chapter is devoted to a detailed review of the literature on
the condensation of vapours of immiscible liquids. However, a brief survey of
filmwise and dropwise condensation is given first. No review is given for the
case of vapours of miscible liquids but the interested reader is referred to
van Bs and Heertjes (1962) for details.

2.2 Laminar film condensation

Nusselt (1916) derived theoretical equations for predicting the heat
transfer coefficients obtained during the filmwise condensation of a pure

vapour, The eqguations are

3 2 0.25
LS (2.1)

where: C = 0.728 and B

Do for horizontal tubes and

0.943 and B L for vertical tubes

(@]
1"

€ _~;



TS is the saturation temperature

Tw is the wall temperature.

The other symbols are defined in the nomenclature,

An alternative form of equation (2.1) is

2\t ~ -3
n
h ._ii_~. ? = P .i_ (2.2)
N 2 M .
kpg

where: P = 1.47 or 1.51 for horizontal and vertical tubes respectively
I' is the mass flowrate of condensate par unit width of film.
The main assumptions used to derive the above equations were as follows:
1) The only significant resistance to the condensation process is presen—
ted by the liquid film.

2) The condensate flow is laminar.

3} The wall temperature is constant.

4) The fluif zrozz-ties are censtant.

5) Subcooling of tha condensate may be neglected.

6) There is no vapour drag on the condensate film.

7) Acceleration of the liquid film is negligible.

8) The temperature gradient through thes film is linear.

Yearn s of the later wcrXesrs have relaxed the restrictions
imposad by the above assumptions. Bromley (1952) and Rohsenow (1956) took
account of the subcooling and non linear temperature graéient effects, the
final equation being

0.25

h /h_ = (1 + 0.68 €) (2.3)

o - A -
where ¢ Cp Tf/K



The above equation is wicdely used in place of the original Nusselt equation.

Sparrow and Gregg (1959) give a boundary layer treatment of laminar film
condensation in which the liquid film acceleration as well as the convective
terms were included. Chen (1951), using the integral form of the boundary
layer eguations, and Xoh, 3parrow and Sartnett (19571) using the differentiel
boundary layer equations, tock account of the effects of drag due to the
initially stationary vapour, as well as the terms included by Sparrow and
Gregg. 7The inclusion of vapour drag terms made a significant difference for
low Prandtl number'liquids (e.g. liquid metals) but was not significant for
liquids with Prandtl numbers greater than one. The agreement between the
solutions of the integral and differential forms of the houndary layer
equations is excellent.

Chen presents approximate equations for predicting the heat transfer
coefficients for a vertical plate and a horizontal tube which are within 1% of
the detailed numerical solutions. The equations are, for a flat plate

1 + 0.68¢€ + 0.02 (eZ/R:) 0.25

hc/hN = 5 (2.4)
1 + 0.85 (g/Pr) - 0.15 (g°/Pr)

and for a horizontal tube

1 + 0.68 € + 0.02 (82/Pr) 0.25

h /h . = 5 (2.5)
1+ 0.95 (¢/Pr) ~ 0.15 (€%/Pr)

where € = C AT /N and Pr = C u /k.
p £ P

The above equations are valid for liquids with Prandtl numbers larger
than 1.0 and for those with Prandtl numbers less than 0.05 provided € ( 2.0,

Comparing equations (2.3), (2.4) and (2.5), it can be seen that they
agree if the Prandtl number is large; in fact if Pr y 1.0 and € < 0.2 there is

no significant difference between the Chen, Rohsenow and Nusselt equations.

[



Most common liquids have Prandtl numbers between 1.0 and 10.0, It is
therefore apparent that the detailed boundary layer treatments show that
Nusselts equation is adequate for such liquids. Large deviations are only
expected for low Prandtl number fluids (e.g. liquid metals) and for high
cond=nsate subcoolirys (e > 0.2).

All of the above treatments assume the physical properties of the
condensate film are constant. Drew has shown (see McAdams (1954)) that if the
temperature distribution is linear and it is aséumed that the viscosity varies
inversely with temperature, then the effects of variable viscosity can be
estimated by using Nusselts equation with the viscosity evaluated at a

reference temperature given by

T _ =T

L 3 A L J [
ot - 0.25 Tf (2.6)

Labuntsov (13:7) incorporated a linear varia-—

8]

Voskres=nskiy (1948) and late
tion in the condensate tharmal conductivity a2s well as the above viscosity
variation. Labuntsov shcwad that if the physicel properties in Nusselts
equaticn are evaluatacd at tha vapour saturation temperature a simple correction

can be applied to take account of the concductivity and viscosity variations

across =tz film. Thus
- +h A
h. = hodo (2.7)
a3, 3, .
and . = ;(kw ps)/(kS AJW)] (2.8)

where: ¢L is the Labuntsov correction factor, kw and‘iw are the thermal
conductivity and viscosity of the condensate evaluated at the wall temperature.
ks and}is are the thermal conductivity and viscosity of the condensate
evaluated at the vapour saturation temperature. Poots and Miles (19567) have
shown that for the condensation of pure steam the above methods of taking

account of variable fluid properties are adequate even at very large tempera-—

ture differences (i.e. ATf = 100°C).



The assumption of a constant wall temperature was invzstigated in an
indirect manner by Fujii et al (1972). They assumed thzt the heat flux was
constant with varying wall temperature. The conclusizn of their work was
that the difference between the constant heat flux and cchstant wall tempera-—
ture cases was insignificant. Van Zer Jalt =n3d Iroger (23771}
investigated the problem of variable wall temperature for the case of a yertical
flat plate by assuming a wall temperature precfile and agz’n the conclusion
was that the effects are negligible. The preseﬂt author {see appendix E) has
used the same approach as van der Walt and Kroger appliec to the case of a
horizontal tube. The conclusion that no significant errcrs are introduced by
the constant wall temperature assumption is again substantiated.

The conclusion from the above brief survey is that llsselts equation should
be adequate for predicting heat transfer coefficients in _aminar filmwise
condensation for fluids with Pr 3 1.0 and small subcoolings (e g 0.2).

However, it is acparsnt from comparisons with experimentz! data that some
disagreement exists: for examole McAdams (1954) has stated that for most
substances Nusselts squation underpradicts the heat transZer coefficients.
Th= discrepancy between thecry and experiment is usually attributed to the

.r
AT
D

tn
3L

effects of waves. it {2348) has shown that gravity induced waves
(capillary waves) czus2 a reduction in the mean film thickness and hence an
increas= in thz heat transfer coefficient. The conditiors for such waves to
exist has been shown bv Kapitsa (1948) to be when the film Reynolds number

exceeds a critical value given by

4 "311
_ E_g
Recrit = 2.43 G‘ﬁ (2.9)

An empirical correlation for predicting mean heat transfer coefficients,
when the condensate film is disturbed by waves, was given by Chun and

Seban (1971) as,

7



-, +0.11
h/h, = 0.8 (T/u) (2.10)

The agreement between their experimental cdatz and equation (2.10) written for

local coefficients was good.

2.3 Dropwise condansation

Sinee McAdams (1954) reported that nez:t transfer coefficientsz orlserved
during dropwise condensation of steam are several times larger than those
obtained for filmwise condensation, a lzrcs zmount of research, into
both the theoretical and experimental aspects of dropwise condensazion

&

has been undertasken.

The presently accepted mechanism for the process is as follows. The
vapour condenses as discrete drops on the surface; these drops grow by
coalescence and condensation until they are large enough to be removed by the
action of gravity or other body forces (e.g. vapour shear). When such drops
move they coalesce with other drops in their path, thus sweeping an area of the
surface clear of condensing drops. This enables the condensation process to

restart on the clear =2r=2a, It is thus apsarent that the dropwise condensation

Several models for predicting the detailed processes involved have been
present=<, an excellant raview of the more important theoretical and experi-

mental contributions in this very active field is given by Merte (1973).

2.4 Condensation of vapours of immiscible liquids

The following revisw is divided into thr=e main sections. The first
covers experimental studies concerned with binary systems, the second work on
multicomponent systems and the third models and correlations.

Not all of the published papers are reviewed in detail. Only the key
papers or those of particular interest are discussed. However, a summary of

the information contained in most papers can be found in Table 1.
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TARLE 1 (Contimi~d)

Size and Orjentation of Sucrfaces
Condenser qu‘;id: Correlatt od
. e Studie . . ’ relation propos
Investigator Surface with Water Diamcter Length Oricntation
mm B
Tobias and Polished Toluene 25.4 1.372 vert, (0.3,
AL TACES 29 P
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TANLE 1 (Continued)
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uxfgrz-:..:;a -} q33!’£_f—_\= >2 ‘::\ 13
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4

.\ -5 {- 1.4 1.6
r A
K, = 0.0535(2}-2 4 iz
v

2 -] p
2/ . 1 2
\'/

-2
™ . -
Lk 4 K3 = (7.8 - 2.8 (Pr1 - P‘Z‘g

7
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2.4.1. Experjimental s+=udies on binarv svstems

2.4.1.1 Investications using horizontal tubes

The prirmary concerns in most condensation studies are the

,’!Qf‘av‘r—-?r“‘—wr =~y D S-S DL = 'A»_-_":l-‘- Ly = J ~ )—-IH, —ﬂ‘V'\~$-~ N mvn o~ o,
R C ) TIN4 ) e O- PR . [N ST : - : R z

Ty = i’
2 P SN ) L e - o4 et Tl [P LIt

transfer coefficients it is important to use the correct temperature difference.
To determine the temperature difference for "immiscible liquid" condensation
we must first look at the manner in which the mixed vapours can condense

The temperature~-composition diagram for a totally immiscible binary
system is shown in Fig. 2.1. Three possible condensation paths can be envisaged,
of which one is exclusive ‘o the hetero-azeotropic mixture (the so called
eutectic mixture). Consider the superheated eutectic mixture shown by point E
(Fig. 2.1), the condsnsation path will be one of desuperheating followed by
simultaneous condensation of both comronents at constant temperature (eutectoid

temperatura T ). Th2 condensate will consis> of two phases, the overall liquid
e

(4

vzoour, that is the eutectoid compo-

(b

cecmposition being the same 2s tha* of in

s*ticn. ZIhis situzTicn Iz sinilar fo the condensation of a pure vapour except

]
9]
o
ct
(D
H‘
‘_.Io
}--4
:J
*

or the bp2haviour of *re condan

)
IJ

Ine cther two condanszxion paths are for non—-eutectic mixtures. They

(1)} Condensation of cne component preferentially, with the other

component acting as an incondensable gas.

(2} Condensation cf o*h components, *he condensate composition being
dependent on the rates of mass transfer of the two components
through the vapour phase.

Which of the above two processes is occurring depends on the vapour-liquid
interface temperature.Consicering pcint M(Fig. 2.1), if the interface tem-
perature (Ti) is greater tnan the eutectoid *+emperature (Te) then only one
component can condense (in this case component 1). The other component acts

1s an ‘ncondensable gas in this situation.
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If the interface tempsrature is such *hat both componants can condense
and the vapour is to remain in equilibriu~ with the two pnzse condensate
then the interface tempera*ture must be thz eutectoid temn=raturs and the
condensate composition is. c2ing governed zv The rates of mess transfer through

the vapour phase.

o

Hence if mixed vapours condense to form two phase

condensate the vapour liquid interface temberature is the eutectoid tem-—
perature. The appropriate film temperature difference is therefore given by
the difference between the eutectoid and wall temperature (T ~ T ).

The wall temperature Tw has commonly been determined using one of
two methods. In the firs*, suitably spaced thermocouples are used, the
mean surface temperature being calculated oy an appropriate averaging tech-

nigque. IThe seconc method uses the ccondans2ar tube as a resistance thermo-

meter, the tube surfzce *erperature being calculated using methods first
sropesed zy Jeffries (2333,

The choice of m2thod s=z2ms to depend cn the personal preference of
the inves-tigator, al<ncugh recently the thermocouple method has been the

more comrmonly used fescnnfgue. This may be because it is easier

vary wic=ly, for examole, benzene, carbon tetrachloride, freon 112,
turpentine and styrere have all been used azs the organic phase in organic
water mixtures.

The surface is usually stated to be cxidised copper. Although Stepanek

and Standart (1958) and Kawaski et al (1972) do not indicate in their papers



whether they used polished copper or oxidisec copper surfaces. Various tube
diameters ha&e been used, these varying from 5.2 mm (0.244 in) o.d. to
34.9 mm (1.375 in) o.d.

Most investigators do not condense eutectic mixtures specifically, but

tha data usually includes some ©f =ue=CIic Zimoisiticn.

[

Reviewing the various papers it is cl=z- that the effects of such variables
as, film temperature difference, tube diam=:tzr, and condenszte flow regimes are

not well understood. Much of the data are vsry difficult —o compare since
they have been taken using various condensate compositions. If the
heat transfer coefficient is plotted against composition there appears to be a

composition dependency. Therefore the most useful data for comparison are
those taken for the eutectic vapour mixtures, since here the condensate
compositions obtained by various workers should be the same if identical
mixtures are considered. The following discussion will deal with eutectic
mixtures unless otherwise stated.

The effects of film temperaturs difference on heat transfer coefficient

b

was studiad in detail v Svkss and Marchellc (1970). The conclusion, after
comparinc the data of szavsaral authors, was that variation of tha coefficient

with tsmoerature difference was dependent on the organic-steam mixture
being considered.

ous studies the da<tz fron

<
b
}-de

Looking at the
investigators using the same fluids and tube surface are quite different. As
an example consider a steam-toluene mixturs. Baker and Mueller (1937) and
Sykes and Marchello (1970) condensed this mixture on an oxidised copper tube.
The tube diameters were 33.4 mm (1.313 in) ard 34.9 mm (1.375 in) o.d
respectively. Thus the systems were almost identical, yet the slopes of a

plot of 1ln he vs. 1ln AT as determined by Sykes using least squares methods,

f’
were + 0.062 for Baker and Muellers data and -~ 0.130 for Sykes and Marchellos

data.

Recently Ponter and Diah (1974) have opresented data for benzene-~steam and



trichloroethylene~steam mixtures condensirz z= 2 28.6 mm (1.125 in) o.d.oxic-

isecd copper tube and their results do not 2acr=ze with the results of Baker anc

Mueller (1937) either. They suggested the discrepancy was because the tube
surface used by Baker and Mueller was not ~ci:ceneous, that is the surface

Droz2=stiaz and hence the cond=nsation macrzniizz varied

vy

long che tubeoe.

The criterion used by Ponter and Diah (2374) to indicate that the surface
was homogeneous appears to be when filmwis= c:ndensation of steam is consistenzly
produced over the whole length of the tube. Zf this is the case their
suggested explanation of the discrepancy betwzen the two data sets is
complicated by the fact that Baker and Mueller (1937) also reported that they
too obtained filmwise condensation of steam oz their tube. Thus there is still
doubt as to why these data sets are differ=nt.

The detailed effects of tube diameter or. the heat transfer coefficient ars

far from certain. Both Kawaski et al (1572) 2nd Baker and Tsao (1940) have

I

stated that the hesat transfer coefficient incrzases as the tube diameter

0

|

incr

m
v
w0
b
n

y, this Is contrary Zo th= trend wram cendensing pure vapours or

vapour mixtures of miscitle ligquids, It tnus zppears that the tube diameter
has a marked effect on the heat transfer coeifficient, exactly why there is such
an effe2ct is unclear.

The differences in behaviour of the varizus systems may well be due to th=
condensation mechanism, since quite differ=nt Zescriptions have been given by
various authors. The description given by Bzcer and Mueller (1937) is as
follows, the organic forms a film with the wezer forming standing drops on the
tube surface, these drops were "fairly sta®le and remained on the tube consider—
able lengths of time and covered the greater cortion of the tube'". The
mechanism reported by Sykes and Marchello (1577) is quite differert, they
observed the water drops on the organic fiZm, these drops eventually coalesced,
and finally formed a continuous water film which then flowed from the tube,

over the organic film. They also observed wh:t they termed secondary drainage,

(



that is the water film shedding from the side of the tube.

Thus we have two quite different descriptions of the condensation process

occurring on what apparently are similar tubes with the same fluids condensing.

It is unfortunate that Ponter and Diah (1974), Stepanek and Standart (1958) anc
Kawaski et al (1972) have no* roported th2 mzzhanism in thais oxserirants, sia-

&

the effects of the mechanism seem to influsnce the heat trznsfer coeficients.
It is also possible that the observed tube diameter effects are caused by
changes in mechanism. However, one cannot be cértain of this explanation in
view of the lack of descriptions in the relevant papers.

In a recent review Boyes and Ponter (1972) put forward various ideas as to
the hydrodynamic behaviour of organic-water mixtures. These ideas arose from
studies carried out with organic—-water mixtures on a low energy surface
(P.T.F.Z.) and a high energy surface (coppzar). They state that "surface and
buoyancy forces play equally dominant roles in influencing hydrodynamic and
hence heat transfer bshaviour'.

In particular the valu2 of the heat transfer coefficient is influenced by
the position of the water drops in the organic filme Thus, if the organic
phase dsnsity is less than the water density it would be expected that the
water croos would reside at the tube surface. Therefore, disturbing the film
and hance enhancing ths hesat transfer procsss by promoting better mixinge.

If the organic is the denser phase the water drops would float at the
varour liquid interface and little or no enhancement would be expected.
How=ver, a complicating factor is the relative growth rates of the film and
the drops, as the condensation rate is increased. If, as might be expected,
the drops grow faster than the film (i.e. by coalescence as well as condensa-—
tion) they could become large enough to penstrate the organic film, and again
enhancement of the heat transfer prccess would be expected.

Boyes and Ponter (1972) also proposed, that it should be possible to

increase the heat transfer coefficient by increasing the rate of removal of

th



the water drops, since this would increase the disturbance in the film.
Further it was suggested that using a P.T.F.E. coated surface would accomplish
this increased rate of removal.

Recently Ponter and Diah (1974) have conducted experiments using both an
xidised copper and P.T.F.Z. coated copger tubes. The results obtain-d from
this work tend to support the earlier ideas that greater heat transfer
coefficients would be obtainable using P.T.F.E. surfaces. Unfortunately most
of the enhancement goes into compensating for tﬁe resistance of the P.T.F.E.
coating, so that in fact the overall enhancement is not very great. However,
it does show that if sufficiently thin P.T.F.E. coatings were used an increase
in heat transfer coefficient might be obtained.

rrom the above discussion there are considerable
discrepancies between various data sets. t would appear that the mechanism
of the condensation process is imrortant in trying to understand such
discrepancies, as are thz effects of tube diameter. The reasons why the

ntical tube surfaces is z+
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2.4.1.2 Tnvastications using vertical surfaces

Although there have been several investigations using
vertical surfaces, there are relatively few studies which treat eutectic
mixtures, %he study of Bernhardt et al (1972) being the only one to treat
eutectic mixtures exclusively.

Bernhardt et al (1972) studied the condensation of various organic steam
mixtures on a vertical gold platecd copper plate. From their experiments it is
apparent that the heat transfer coefficient increases as the film temperature
difference decreases, this is contrary to the conclusion made by Hazelton and
Baker (1944) for the condensation of various mixtures on several different

diameter sanded copper tubes. They stated that the heat transfer coefficient

was independent of the temperature difference. However, this conclusion was



made on the basis of comparing data taken at various c<crlensate compositions
and film temperature differsnces. Since they do not arc=ar to have systemati-
cally varied the film temperature difference at constan: condensate composi-
tion it is possible that the effect of temperature diffzrence is being masked
by a composition cdependz=ncy.

The effect of the tube diameter has been shown by 3aker and Hazelton (1944)
to be similar to the horizontal tube casé, +that is, th= heat transfer
coefficient increases as the tube diameter incréases.

The mechanism of the condensation process has been investigated in
considerable detail by Bernhardt et al (1972). They tock high speed cine
films of the process and also used conductivity probe and dye techniques to
identify the various phases. The description given by the above authors is as
follows. The organic phase forms a film in which water drops are suspended,
larg=s standing water droos touch the metal surface and zlso protrude through
the film. Thus the bulk of the wapour contacts both 1l1izuids and both liquids
contact the solid, Varv small mobile drozs of organic were observed to be
large standing water drops. The origin of these
organic <rops was uncertain, but the authors recognised the possibility that
they =2re nucleating con the surface of the water drops, the nucleation sites
perhans being microscopic dust particles entrained in the inlet vapours. These‘
dust particles are a2lso used to explain the origin of ths small water drops
floating on the film. The above description of the condensation mechanism

and for different

n

appears to have been the same for all condensation rate
fluid systems.
Hazelton and Baker (1944) postulated six condensation mechanisms, of these
only three were observed in their experiments they are
(1) Film drop mechanism - here the organic forms 2 continuous film on
the surface, the water forming drops in and or this film.
(2) Channelling mechanism -~ in this case both phas2s form films which

flow from the surface in separate riwvulets.

C A
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(3) The third mechanism is a mixture of the previous zwo.

From their experiments they found that the mechanism cbserved depended on
tube diameter. For the 15.9 mm (0.625 in) and 25.4 mm (1.220 in) o.d. tubes
the mechanisms were predominantly of types (1) and (3) while for a 33.4 mm

=

I'4
2 J ) FI N ) <, * . . = ( ) ™ - R VO ) N
(1.313 in) o.d. *tuzaz the mechaniszm was of cyp2 (2). The zauzhors scats that

change of mechanism from types (1) to (3) has no marked effect on the heat
transfer coefficient whereas the channelling mechanism (typz (2)) consistently
produced greater heat transfer coefficients than the other two mechanisms. No

explanation as to the cause of these effects was given.

Trom the description of the condensation process, a channelling mechanism

can be zssuned for the exporiments of Tobias and Stoppel (2354) with a 25.4 mm

(1.000 in) o.d. brass tube. .
In an attempt to predict the condensation mechanism AXers and Turner (1952)

introduced the spreading coefficient concept of Harkins and Feldman,
S., =0, - o~ C (2.11)

where

S_., is the szr=z<irz coafficient for B on A.
=A -

Ta and op are the surface tensions of liquids A and 3B respectively.

~ a
-
-

3 Is the int=riacial tension between liquids A and B.

If liquid B spreads on liquid A then S is positive. A negative

BA
coefficiant indicates 3 wiil not spread on A, Also if B spreads on A then A
cannct soread cn 3,

Tc use this concept the above authors first assume one component condenses
as a film and then lock at the behaviour of the other phase on this film. For
the case of organic water systems they describe the mechanism as follows.

First assume the organic preferentially wets the surface, then if the spreading

coefficient for the organic on water is large (S_, >>0), the organic will

BA
spread over any water formed on the film. And thus spherical drops of water
within the organic film will be formed. For organic liquids which do not

spread on water (SBA <<0), the water will form as lenses or the film. The

©G
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mechanism of condensation is hence dependzn: :n the value of SBA' Also at
high condensation rates or high water vaoscir concentrations the lenses coalesce
to form channels which flow over the orgaric Film. t near zero spreading
coefficients the mechanism would be a mixt.rz of the above processes.,

A cifficulty in using =2quaticn (2.21) i: o assign the corract values of
surface tension to the various liquids, for example if the pure liquid surface

tensions are used for a benzene-water mixturs S = 8.9, whereas if the surface

BA

tensions are those of the mutually saturated iiquids Sy, = -1.6. Adamson (1967)

states that for low surface tension liquids (=2.g. organics) in contact with
water the final spreading coefficient will be close to zero or negative. Thus
the film-drop mechanism of AKers and Turnzr (1962) should not be realised in
practice. However, in the experiments reportad by Akers and Turner (1962) all

three of their postulated mechanisms were cbsarved.

The descriptions of the condensation mezhanisms given above, although

apparently different are in fact quite similz-r, %that is the standing drop type
mechanism observed o Berrharct et al (1972) would be like the type (3)
mechanism described by Hazzlton and Baker (1%14) when the large water drops

rolled from the surface. Also if the watar channels in Akers and Turners
(1962) Zescription wera tcuching the metal su-face instead of the organic film
as described, this too would be similar to th= other mechanisms.

It is apparent frcm the above discussion that the heat transfer coefficient
is dependent on condensation mechanisme. This mechanism is influenced by tube
diameter, condensate composition, condensaticn rate and tube surface properties.
The manner in which these variables effect the mechanism is uncertain,
but it would seem that increasing the tube diIameter changes the mechanism from
a film-drop to a channelling flow. An increzse in the water concentration on
the tube also causes a film drop mechanism to revert to channelling flow.

Hazelton and Baker (1944) have stated <hatchanging from film drop to

-

channelling flow increases the heat transf=r coefficient. Therefore the



increase in heat transfer coefficiznt witn increasing tube diameter can be
attributed to a change in mechanism. Whether this is also true for rorizontal
tubes cannot be said but it seems likely.

2.4.2 Multicomponant systems

3 I 3 - T . .,
2 owith mulo-componen

8%

J2ry few pap2rs have Zz2n publisnad which 2
mixtures of vapours which form immiscible lizuid phases; +wo of the more recent
papers being due to Yusofova and Neikducht (1970) and BRarnea and Mizrahi (1972).

Yusofoya and Neikducht (1970) condensed a éteam petroleum mixture
("Shirvanneft") on the inside of a horizontal tube. Vapour velocities up to
15 m/s were used in these experiments. The correlation presented contains six
empirical constants and was derivec specifically for the particular mixture
and experimental conditions studied.

Barnea and Mizrahi (1972) prozose that Zor a kerosene steam mixture

-

Ty 1e26 . . . . -
hao (Q/3) whereas Inhne lrissali Iznenderncze Is hoa (Q/A) 3
The authors point out that the condansation process is extremely complex,
since thz temperzturs =22 comzosition are continuously changing along the

T2 paper does sarvs o point out the dangers in assuming a Musselt type

neat transfer coefficients for such complex mixtures.
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Most authcrs nave presanted some form of empirical correlation
and/cr nodel of the condzansation process. The correlations and models can be
classified into tihree basic types:

a) Homogeneous models, these usually use Nusselts equation with the
physical properties averaged in some manner.

b) Shared surfaczs models, th=se assume that the two liquid phases form
seperate films which do rno!: interfere with one another.

c) Other models, these ugually start with specific assumptions on flow

patterns, or are derived empirically using intujitive mechanistic

N



arguments.

sections since some of tham apply only to a single soz2c:fic system. The

correlations not inclucs< can, however, be found in zazl=> 1.

2.4.3.1 Homoz

modeals

(b

{

(.I
-
u

The first correlation of this typ= =3 presented by Baker

and Muelier (1937), the equation is as follcws,

d - - pos L
2 B 0.7 | 2.2/ \ -3.28
s ST
h| — 31 5 1.08 | Pav ;KPav = (2.12)
B kav Pav g av av
where

)

k;v is a volume avsragce of the pure liquid thermal conductivities.

C " Pav and)xaV zr2 weight averages of the sp=ciiic heats, densities and

is the viscositcs of <he wall wetting phas=.
is the hesat lczZ 22 fThe wall wstting phase.

Q
Q is the total he=:t load.

The constant in  =Z22tion  (2.12) is not dimensi:nless and is valid
only for the British encinesring system of units. This =quation

is onlv accurate for Zz-=r =22 Mueller's cum data,

The equation preserzed by Kawaski et al (1972) to correlate data obtained

using vapour crossflow cver various diameter tubes is,

1 1
Nu = $.Cz35 (Ga. Ku. Pr.)* Revi (2.13)
This may be rewritten as
2
P g A ) 1
—~ av av av
h = 0.0235 D1 o7 Re °, (2.14)
o " av f

v P ay? and 9;7 ar> volume averages of the zurz liquid thermal
PARN /)

LL

. '
where: ka



conductivities, densities and viscosities re=zpectivel ..
xav is the weight average of the pure ligquid laz=nt heats of
vapourisation.

Rev is the vapour crossflow Reynolds rumber.

This correlation pradicts their own datz quite w21, but has not been
tested against other data sets. However, sirce the corrzlation is specifically
for vapour crossflow it is not applicable <o the bulk cZ the available
experimental data, where stagnant or near stzgnant vapour conditions have been

used.

Akers and Turner (1952) presented th= following gsneral equation,

2 %

E 1.47 (&L (2.15)

1
l.n},\

o3
i

wners Fi is the viscosity of the film formiIngc component

;év is the wsizhI =zv=racs of the pure I1:zuid dersiiies
k:v is the veclumstric avarage of the zurs liquidé tharmal conductivities
Qa
I is the mass flow rat=2 of the condensatz2 psr unit width of condenser
surface.

If equation (2.13) is compared with eguation (2.2) it can be seen that it

s simply Musselts equztion with averaged zhysical propsrties. Akers and

},J-

s suitable fcr mechanisms of the

V]

Turner (1552) stzted that their equation w

film drep or film lens type, since for these the majcr rasistance to heat

-

transfer would be expected to be that of the organic Til=.
rnhardt et al (1972) have shown tha> esquation (2.15) predicts the
majority of the data from several authors fto within &n zverage error of 2 20%.

2.4.3.2 Sharead surface models

The first model of this xind was Zrocosed by Kirkbride

(1933).His equation is,



h= (Q hy+Q hy /(Q - %) (2.16)

where hwland hNzare the Nussz21t coefficier.zc Zor componants 1 and 2

respectively.

1 and z respectively.

n

01 and Q2 are the heat loads for comcorznt

-nis equation is simply the Nusselt cczZficients Icr the pure liquids
weighted on a heat load basis. Akers ancé Turner (1952) presented equation
(2.12) in a slightly different form, that :s.

h = (a) th»f b2, hNQ / (=2 4 +D :~..2) (2.17)

where

a and b are the weight fractions of comzonents 1 and 2 in the condensate.

Akers and Turner recommended that ecuz*ion (2.17) should be used for
chanrelling flows. They also recommend th= =quation be multiplied by 0.8 in
order to predict their own experimental daza.

3arnhardt et al (1572) proposed the f£3llowing general correlation,

W= v, ho.+ V. K (2.18)

1 T Ve P

v, and v, are the volum= fractions cf ccmponents 1 and 2 in the condensate.
the Nusselt film =o=fficients on a volume fraction
basis. 3ernhardt et a2 {127Z) have shown thz: equation (2.18) predicts the
existing data, for varicus systems, to witnin an average error of z 15.0%.

ve equation is comzar=d with <aza taken on tube

o
§‘

However, if the

diamz=srs less thzan 23.4 mm (1.0 in) o.d. it does not predict the data

well. This is ewopectel since the ecuation =zz the Nuss:zlt

= — —_—a4

diameter dependence and it was shown earli=r that the dependence for the

"immiscible condensation case" is opposite o that of Nusselts equation.

2.4.3.3 Other models and correl=ztinons

Baker and Tsao (1940) pres=nted two =snpirical equations for

evaluating the heat transfer coefficients, n:=mely,



h/ (1~ —:—Er—-) = [SOO / (7 = 0.,0C=2 - )l + 80 (2.19)
O
and
h= f366(1/0)% (1- 2285 /(12 0.c035 v,)] + 1.67/D,
(@]

(2.20)

wn=re Do is the tube ciazmetar in feset,

v, is the volume fraction of component 2 in the condensate.

The authors state that the above equaticn should czly be used for tube
diameters between 12.7 mm (0.5 in) and 38.1 m k1.5 in) o.d. This warning is
justified since both of the above equations exhibit strange behaviour at tube
diameters outside the quoted range.

Hazelton and Baker (1944) attempted a th=2oretical Zerivation in their
study. They used a model based on the channelling mechanism, but found they
could not compute the arzzz occupied by the two liquid films. Eventually

they apolied the model to the film drop mechznism, the resulting equation for

a vertical tube Tei:rz,

d-p

X, p, (a . -dK,) g
h = = :.94: - 1 T —~ .Ll— /? (2.21)
by l_.'lu a2 -£
L £
The abova equation fa:l=2Z o correlate their own data, znd finally the
following empirical cecrrelations were derivecd. For vertical tubes,
h=7 ar, +br,) /al,’ (2.22)
and for horizontal tubes
- L3
h =61 (a Ay * b7\2) / a D (2.23)

Bernhardt et al (1972) have shown that th2se equations are capable of
predicting a large amount of existing data tc within z 20%, the predictions

falling outside these limits often being cons=rvative.

L A
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Stepanek and Standart (1958) attempted z theoreticzl derivation based on
simple hydrodynamic and heat transfer models. The hydrcdynamic model assumed
the action of the floating water droplets on the organic film could be
considered the same as the action of a water Zilm of =saquivalent thicknesss. It
was also assum=d that this water film zlows 2t a corz=znt v2iocity zgual %o
that of the surface of the organic film.

The heat transfer model was formulated cn the basis that the complicated
drop shape could be replaced by that of a pillbéx, its
diameter being equal to the maximum drop diazeter and its volume being that of
the drop. A uniform distribution of drop siz=s was alsc assumed.

The above authors failed to arrive at an analytical solution due to
intractable mathematical difficulties. Their analysis ¢id suggest
the importance of various parameters, namesly the film temperature difference
and a surface tensjon and density ratio effect. Finally empirical correlating
techniquss were =mployed to cderive an equaticn to fit thair data. The final
equation contains s=vs-z} ampirical constants, and is valid for horizontal

tuhbesg orlys The e~uzatio= is
e/ TD Viia Y e ne ecuUuastTIOon LDy

h_ = C.725 = £ (1 + K, oo (2.24)

where
. - S, 404033 10462 . _,_ 3.2-%
Ky =1~ 4,32{b/z) (?1/32) (u-/yz) 5
0.5 1.4 1.6
- ] : e ‘ D/
K, = 0.0584(a/b)(K1/k2) (,Z/yl) ( 5
A
a7\1+b 5
and A . =
H a

This equation was derived from data trezting eutectic mixtures only, and
thus should be used with great caution for ary other mixtures.

Sykes and Marchello (1970) present three correlations in their study,

r. 7



the first being empirical of the form,

4= (1.0 = 0.8R) (-7 )" (2.25)

h /h
e W

where n = 0.,57R and R is defined as

1-—randr= Pi/

R = (OF o / 0> (2.25)

2

The exponent n was then determined by least squares techniques using alil

of the available eutectic data. The value of n was different for each system

considered.

thus

I w C.ZS

The actual temperaturs dependence of n_ in equation (2.25) is T_ ,

e

if n > 0.25 he will increase as _T, increases. This condition should ke

met for 311 organics with specific graviziss < 0.88, for specific gravities

~

>C.83 n is < 0.25 and r._ should dacreas=2 =s _Tf increases. Comparing the

abova statements witn Srkes and Marcnells's (1970) calculated values of n, it

they

film

(see

m a laminar two film model. Here

lh

Q

>~

2 s2cond corralzzion was derived
assumed a film of organic flowing adjacent to the tube wall with the water
flowing over the crcganic film.

or this mc<el an algebraic error was rmacde

Hh

o aes o s
Irn. deriving the ecuations

Sykes (1968} eqin.D-12 p 121to D-=32 p 126), however, when correc:ied the

conclusicn that the model does not agree with available data still holds.

Wnen comparing their earlier models asainst experimental data Syk=zs and

Marchello (1970) noticed that the eutectic coefficient was in some casas lower

than the pure organic coefficient. This led them to postulate the existence

of a

nucleation barrier to steam condensation, that is, with a film of organic

covering the surface, there are no nucleation sites for the condensation of

steam.

This causes a resistance to heat transfer and hence the overali. heat

2N 4

L i



transfer coefficient (from vapour to condenser wall) cculd conceivably fall
below that for the pure organic coefficient.

The final correlation derived from nucleation arguments was as follows,

' 2T -
N P r i7d , 1 (? ““‘".C—] 1 )
.'le/ﬂ‘\:lzL r\3 T+ 1 / ¢<4 2 -U (2o..7)
-1
where K3 = [7.6 -~ 1.8 (Pr1 - Prz)l
al 3 ‘p M 2
K4 = | 17.3 x 10—10Pr1 (1 +-B—l )1/ (Oh)i( Lg 1 'ﬁg
A % H 1
2r = C k
. pl-L/
oh = (pz/ gD 0‘)%
P9

~ -
~
el

i
e f is the rates of nucleation of water drops on the organic film

O_w="1 . -
- — — - - " -
3 = 0,035 ¢ 2.3 K ™)

o

Hy

the three mocdals propcsed by 3Sykes and Marchello (1970) the nucleation

model was the most successful over a wide range of systems, however, the

empirical expression {2zuztion 2.25) did give a better fit for scme systems.
The correlation presented by Tobias and Stoppel (1954) was obtained by

the use of dimensionless groups deduced from dimensional analysis, the final

equation >b2ing,

(2.28)

where m, and m, are the mass rates of condensation for components 1 and 2

respectively.

The authors recommend that equation (2.28) should only be us24 within the

~~
R
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composition range 8-98% water.
Recently Marschall and Hickman (1973) presentec =z curely theorstical
study of the problem. They applied the conservation =z:ations to both the

liquid and vapour phases in order to solve the conderszazion problem. The flow

(R N

rodel assumed was tha lamirar +wo fiim mocdal of Sykasz znd Marchello (1973).

Al

Marschall and Hickman (1973) state that if the film Zar-2rature difference is
greater than 1SOC then the heat transfer resistance Zn the vapour boundary
layer may be neglected. Thus in this case the heat transfer resistance may be
obtained by considering the hydrodynamics of the filz only. Since Sykes and
Marchello (1970) have previously concluded that the two film model is inadequate,
then presumably the above model is also inadequate.

Another recent paper (Salov and Danilov (1975)) usas the two film model
to investigate the effects of variable wall temperatire when condensing on

vertical surfaces or norizontal tubes.

Hh

Inst=2ad of as

ul

uning a constant wall temperature 3alov and Danilov (1975)
use equations describing zhs wall temperature variacticn, derived empirically

— . e - -'~‘

from experimental cazz=z. Th2 ecquations us=cd are as fcllcws: for a norizontal

tube,
T, =7T.+C cos ? (2.29)

and for a vertical surfzace,

SR
ol
(d

2
) + C4 (2.30)

T..=7..+C_ + C /‘
W i 2 3
\

—
ien}

where S is the mean wall temperature

C C. and C4 are constants

1’ C2’ 3

¢ is the angle at which Tw is being calculated

x is the height at which T  is being calculatecd

w

L is the length of the vertical surface.

The above authors conclude that assuming a constan: wall temcerature
A (‘)
-y



instead of a variable w211 temperature has no significant effect cn =
calculation of the mea-r heat transfer coefficient. Whethar this ccnclision
would hold if a differ=nt model of the heat transfer process wers us2Z is not

knowne.

1y
(1

L
()

3roadly tne models and correlatiors above fall into w0 main

{n
A%

(1) Empirical =~ zhes2 are usually derived from limited experimertal data.

(2) Models = thes= employ some model of the heat transfer process.

The correlations cZ type (1) are usually restricted to the cata sats used
in their derivation. Great care is needed if they are used outside thease
limits.

Correlations of tyze (2), which use a model of the condensaticn trocess
should be capable of hzndling any situation for which the model is valid.

One of the main »nrozlams in trying to predict heat transfer coefficients
for immiscible systems is in d=atermining the correct condensation mszhanism

er the way in which

[ add

een earl

n

and hence heat transfzr modsl. As we have
variablies such as tusze Zizzstar, tube surface properties, condensation rate and

s

condensate compositicn Infiu=znce the condensation mechanism is not clesarly
understocd. In view of the above uncertainties it is not surprisirg that the
pravicuslyv outlinad moc=ls and correlations break down under certain circum-
stances. In fact it Is perhaps surprising that equations (2.15), (2.723),

(2.22) and (2.23) are =5 successful.

2.5 Ccnciusions

(1) The heat trarsfer coefficient obtained during the condensation of
vapours of imxiscible liquids depends on the mechanism of ccndensa—
tion.

(2) The condensation mechanism is influenced by the tube diometsr, tube
surface prorerties, condensation rate and condensate conzosizion;
the way in which these variables effect the mechanism is nc*t clearly

understood.

(3) Difficulties In the nucleatcion of water drops onto the orgcanic film could

be important. S



(4)

-—— -

Most of the ccrrelations and mcdels propose< are limited <o :re

experimental <Zata or assumsd mechanism used In their derivat: oo
Because of the difficulties in determining the condensaticn -z=chanism
the choice of th2 appropriate heat transfer rodel is diffizu. -,

Equations (2.:2). (2.13), (2.22) ard (2.22) =zoezr to Z2 —n=z 223

general correlations, although they too can be ocut by over — 2C0%

in certain circurstances.
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Chapter 3

Apparatus and Procedure

3.1 Introduction

It is common industrial practice to use horizontal shell and tube
condensers, The design of such units for vapours of immiscible liquids is rot
well understood, nor are the mechanisms of the condensation process. The
present experimental facility has been designed in an attempt to improve this
understanding. A single tube horizontal shell and tube condenser was selected
for this study because it provides a relatively simple means of obtaining the
necessary heat transfer and mechanistic data needed to improve our understand—
ing of the condensation process.

A flowsheet and photograph of the apparatus are shown in Fig. 3.1 and 3.1a
respectively, the essential features are:-

(1) Vapouriser circuit

(2) Test section

(3) Condensate circuit

(4) Cooling water circuit

(5) Condenser tube

(6) Total condenser

The above items will now be described in details

3.2 Apparatus

It was known at the beginning of the present study that the liquids used
would be both toxic and in some cases highly inflammable, The first considera—
tion in designing the rig was thus safety. The laboratory in which the
apparatus was built is fully flameproofed, and hence all electrical equipment
and spark inducing devices had to be either eliminated or flameproofed.
Ventillation is provided by large fans which suck air from a set of ducts at

floor level. In case of fire the laboratory is protected by an automatic fire

-
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Fig. 3.1a OVERALL VIEW of the APPARATUS



fighting system,wnhich will flood the laboratory with carbon dioxide gas if
tripped. Under normal working conditions thes system is operated manually,
since there is a danger that any personel in the laboratory when the system is
triggered will suffocate.

3.2.1 Vapouriser circuit - Liquid is pumped from the two stainless steel

reservoirs (approx. capacity 60 litres each) by 0.56 kW compressed air operated
gear pumps. The flowrate of each liquid is controlled by a globe valve and is
metered by a rotameter (accuracy :_2-02).

The vapouriser consists of three jacketted copper tubes. The process
fluid flows through the inner (2.54 cm i.d.) tube, whilst steam condensing in
the annular space between the inner and outer jacket (3.81 cm i.d.) provides
the heat to boil the liquids. Twisted metal tapes were installed in the inner
tubes, these ensure good heat transfer and hence total vapourisation of the
liquids.

All three tubes are independently heated, their respective lengths being
1.2 m, 0.6 m and 0.5 m, giving a maximum heated length of 2.3 m.

The resulting vapours are then delivered to the test section by a 2.54 cm
i.d. copper pipe. The whole of the vapouriser circuit is lagged with
fibreglass.

3.2.2 Test Section - The condenser tubing runs through the centre of a

21 cm i.d. stainless steel shell 92 cms in length. The shell has three
windows (61 cms x 5.0 cm) spaced 120° apart (see Figs3.2), these are provided
so that observation along the whole length of the condensing surface is
possible. Special heat resistant glass was used for these windows.

The incoming vapours enter the shell through a bent copper tube 1.3 cm
i.d., (see Fig.3.2) sixteen 0.7 cm diameter holes provide the vapour flow area.
The purpose of this tube is to ensure that the vapour flows parallel to the
condenser tube.

Condensate is collected from the central portion of the tube in an
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inclined trough (61 c=s x 5.2 ams), it passes out of the test section via a
1.3 cm i.d. copper pize. The condensate collected in the shell also drains
through a 1.3 cm i.d. copper pipe.

Excess vapours anZ condensate are removed at the end of the shell
opposite to the vapour Inist. The excess vapours pass through a 2.54 cm i.d.
copper pipe to the total! condenser.

The vapour temperatures at the inlet and outlet ends of the shell are
measured by stainless steel sheathed chromel-—alumel thermocouples. Test
section pressure is determined by a pressure gauge and a water manometer. The
shell is also lagged with fibreglass.

3.2.3 Condensate circuit = The condensate passes from the shell drain line

into either a sampling vessel or through a water cooled line to the separator.
A glass vessel 23 cms o.d. and 38 cms in height is provided as the separator,

When running the ric in oractice the condensate is drained from the separator

=

into storage tanks wher= 1% is allowed to settle before being returned to
the main reservoirs. -

3.2.4 Cooling Wzt=r circuit - Cooling water is pumped from a large

storage tank via a 7.2 kW centrifugal pump through a 5.0 ¢m i.d. copper pipe to
the preheater. From the preheater water is delivered to the test section at 3
set temperature automzziczlly controlled to + 0.50C. Heating is provided

by condensation of stezm In the tubes of a shell and U tube condenser. The
unit is approximately 2.5 = long and is ratéd by the manufacturer at 150 kW.

A thermocouple in the cooling water outlet pipe provides a signal to a
feedback control loop which adjusts the steam valve setting. The controller
operates in the proportional + integral mode.

From the test section the water flows back to the storage tank through an
8.0 cm i.d. galvanised iron pipe. The water flowrate is determined by a 3.06

cm orifice plate situated in the line. The pressure drop across the orifice



plate is measured ov zn inverted water manonmeter, the orifice plate was
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The cooling water temperature is determined at the inlet and outlet ends

B

of the test section zv two stainless steel sheathed chromel-alumel thermocouples,
these were calibratecd zgainst National Physical Laboratory (l.P.L.) tested
mercury in glass thermometers and estimated to be accurate to + 0.1°c. An
independent check on the cooling water temperature rise is made by using a
system of four thermocouples arranged to give the difference in temperature at
the inlet and outlet ends of the test section. This device was calibrated
against two N.P.L. calibratec platinum resistance thermometers and has an
estimated accuracy of + c.035%z.

All thermocouples are connected to a "Modulog" data logging system,
capable of handling up to fifty channels of input data.

3.2.5 Condenser tuze - Copper tube 2.54 cm o0.d., 1.905 cm i.d. and

122 cms long is usel In the *ftest section. Only 61.0 cms of tube are used when
taking experimental csta. Two such tubes were manufactured, the first had nine
thermocouples (copper-constantan) and the second twelve arranged as shown in
Fig. 3.3.

The thermocouples were embecded in the tube wall in the following manner.
A small copper plug wzs solcered to the end of a constantan wire and the
surface of the plug was copper plated. The plug was then soldered into a hole
drilled in the tube wall, the thermocouple leads being taken Qut through the
centre of the tube. ©fiz. 2.3 shows the details of the above procedure. When
all the thermocouples nzC Zeen installed the plugs were filed flush with the
tube surface. A copper wire soldered to one end of the copper tube provides
the otner thermocouple leacd.

In order to provicde a condenser with uniform surface properties the
following procedures were acopted. The nine thermocouple tube was polished
with emergy paper, the final finish being achieved with grade four polishing

papers It was then thoroucnh.y washed with acetone and distilled -sater.

- 3§ -
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Before taking any experimentzl mszsurements the tuts was used as a steam
corncenser until it consistenzlvy oroduced filmwise coriznsation over the
whole tube length, this process took twenty days.

The twelve thermocouple tuze was first copper nlz:zad and then gold
Di2tad Delore use. Thls procacdurs was adonted beczus:s 2 30lC plazed surface
would not be affected by any of the chemicals used In ©iis study and therefore
a reprocducable surface would e obtained.,

3.2.6 Thermocouple calibration - The thermocouz_es in the condenser tubes

were calibrated in two ways; in the first method the tube was placed in a glass
jacket and water from a constant temperature bath was passed through the jacket
and tube back to the bath. Four previously calibratec chromel-alumel thermo-
couples were used to measure the water temperature. A1l of the condenser tuke
arc water thermocouple outputs were recorded by the "locdulog™ data logger, and
printed out by an I.B.M. typewriter. The sampling srsecd was usually set at

1 crannel/s but could be increased to 2 ch/s if necessary, the sensitivity of
the data logger was to within + 1uV and the estimatel accuracy oI the calibra-
tizon was :_O.ZOC. The second calibration method was zm "in situ" procedure
ceveloped to check that no drift occurs during operation. In this method the
aporatus is operated with only the cooling water supcly turned on, since the
temperature at the inlet and outlet end of the tube are known. The heat lost
through the tube by convection and radiation can be estimated, hence the error
in assuming the water temperature is the same as the Tube surface temperature
can pe calculated. The accuracy of this method has t=en estimated at better
than + 0.2°C.

3.2.7 Total concenser - The excess vapour from tne test section flows

through a 2.54 cm i.d. copper pipe into the total condenser. This consists of
3.6 m of jacketed copver tube. Vapour flows in the armnular space between the
jacket (3.81 cm i.d.) and the inner tube (2.54 cm i.¢.), while cooling water
from the mains flows through the tube. A 1.27 cm i.cd. copper tube fixed into
the top section of the total condenser acts as a ven: line for anv incondensasle

gases.

- 20 -



3.2.8 Licquicds used - Lzmirsrz.ised water was used in z1l ewperiments.

The toluere usec was a sulcthiis “ree grace obtained from lay and Baker,
while the trichloroethylerz wzs a2 purified grade obtainecd from B D H Chemicals
Ltd.

3.3 Procedure

The start up procecure wa2s as follows:

(1) An ice water mixture was placed in the cold junction dewar flasks.

(2) The cooling water supply to the total condenser was turned on

(3) The cooling water supoly to the test section was turned on and the
automatic controller adjusted to give the required water temperature.

(4) team to the preheater and the vapouriser was turned on

(5) The fluids <o be used were pumped to the vapouriser at the desired
flowrates.

(6) The valve on =he vent line was opened slightlv and left open.
Operating &t pressures creater than atmospheric then ensures that any
incondensable gases are ccntinuously vented from the system. The effectiveness

of this procedure is Ziscussed later (see section 6.2).

When the cooling water inlet temperature, condensate flowrate and several
wall temperatures were constznt a measurement was made. The time taken from
start up to the first measurenent was typically two hours. Approximately ten
to twenty minutes were recuirec¢ to bring the system back to steady state after
a small change in the cooling water temperature was made.

The readings taken were as follows:

(a) Condensate vo-ume, collection time and temperature,

(b) Orifice plate mancmeter reading and manometer fluid temperature.

(c) Test section pressure gauge and manometer readings.

(d) Thermocouple cuipbuts, these are recorded continuously whilst
taking the other readincs.

(e) Rotameter reacdings on the input lines to the vapouriser.

(f), Barometric pressure

Using the abov= measurec values the data were processed using a computer

programme. The phissiczl procerty correlations used are listecd in Appendix A.



Cr.apter 4

Results

4.1 Introduction

In this chapter e experimental results are presented. The first

Cr oA ot e . . s .
section deals with trhz oure component data and the szcond binary mixtura

o

data. All of the datz cresented below in graphical form are tabulated

in detail in Appendix 3. A detailed error analysis of the results is given
in Appendix G. From the analysis it can be seen that the measured heat
transfer coefficients are accurate to within + 15.0% for film temperature
differences greater than approximately 4.0°%c.

4.2 Pure component dz:za

The pure componernts used were steam, toluene and trichloroethylene;
the tube used was the oxidised copper tube described esarlier (Chapter
3 section 3.2.5). &1l three systems condensed in the filmwise manner.

The steam data ar= shown in figure 4.1 and tabulated in table B1, toluene
data are shown in figurs 4.2 and tabulated in table B 2 while the trichloro-
ethylene data are showr: in fiqure 4.3 and tabulated irn table B 3.

4.3 Immiscible liquicd Zata

4,3.1 Heat transfer Z==za

The mixtures usec¢ were steam—toluene and steam—trichloroethylene.
Both mixtures were corcdensed on the oxidised copper and gold plated tubes.

The steam-toluene cata for the oxidised copper znd gold plated tubes
are shown in figures 4£.< and 4.5, and tabulated in tz2%le B 4 and B 5
respectively, while Ine steam-trichloroethylene data for the oxidised

copper tube and gold riated tube are shown in figures 4.6 and 4.7, and

()]

tabulated in table 3 £ znd B 7 respectively.

4.,3.2 Observed flow zatterns

The flow pattern cZserved depended on the tube surface being used.
For the oxidised coprer tube the mechanism for the steam~toluene mixture

was as follows. Both -hases formed irregular films on the tube surface

40



(see figure 4.8). The oraoanic film contained water drops which adnezed
to the tube surface. Cn or in these water drcoos smaller orcanic drops
were observed. "hese were moving very rapidly. Also the water film had
organic drops in it, however, in this case the drops moved freely with
the water film.

The steam-trichloroe:nhylene condensing on the oxidised copper
surface gave a flow pattern similar to the one described above (see
figure 4.9). However, in this case the rivuletswerermuch more clearly
defined forming discrete bands on the condenser surface.

The flow pattern for the steam-toluene mixture condensing on the
gold plated tube was as follows. The toluene formed a film, and the water
standing drops within this film. Rivulets of water were also okserved
(see figure 4.10). Small water drops flowed cz or in the organic films.
Again small organic drops flowed on or in the standing water drops.
Further it was observed that when a standing drop drained from the surface

a rivulet was formed, =ziiis cortained flowing organic drops. Another

>

phenomenon was the existance of patches under the water drops, these
disappeared when the orcanic film flowed over them.

The flow regime for the steam—trichloroethylene mixture on the gold
plated tube was similar, to that for the steam=toluene mixture, however,
in this case their were no continuous rivulets and far more standing
drops (Figure 4.11).

When the larger standing water drops drained a track of small water

drops was left in their waXe.
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FIG. 4.8 FLOW PATTERN for the CONDENSATION of STEAM-TOLUENE
MIXTURES ON AN OXIDISED COPPER TUBE

FIG. 4.9 FLOW PATTERN for the CONDENSATION OF STEAM-
TRICHLOROETHYLENE MIXTURES ON AN OXIDISED COPPER TUBE




4.10 FLOW PATTERN for the CONDENSATION OF STEAM~TOLUENE MIXTURES

FIG.

on a GOLD PLATED TUBE

4.11 FLOW PATTERN for the CONDENSATION OF STEAM-

TRICHLOROETHYLENE MIXTURES ON A GOLD PLATED TUBE

FIG.
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CHAPTER 5

Theorz

51 Introduction

This chapter considers the prediction of the heat transfer coefficients
obtained when condensing vapours of immiscible liquids. In deriving a
model the first consideration is the condensation mechanism. Two distinct
mechanisms have been observed in this study (Chapter 4 section 4.3.2), a
channelling mechanism and a standing drop mechanism.

Two models will be presented, the first assumes a channelling flow
the second a standing drop mechanism. The agreement between the models

and experimental data is discussed, along with the limitations, in chapter

6.

5.2 Channelling model

The following assumptions are made in order to simplify the model:

1. Both liquids form Nusselt type films and these obey the usual
Nusselt assumptions (see Chapter 2 section 2.2)

2. The temperature drop through the two films is equal and is
given by ATf = T ~T,-
The total amount of heat transferred through the tube wall is

+ Q (5.1)

Q=9 +Qq

where: Q1(=h A ZBTf) is the heat transferred through film 1, Q

N1 1 2
(=hN2A2 A Tf) is the heat transferred through film 2,
hNi is the Nusselt coefficient for film i and

A, is the area occupied by film i.

From the above definitions,
Q = (thAl + hNZAZ) ATf, (5.2)

but since Q = hA A‘rf, where h is the overall heat transfer coefficient

R



from the vapour liquic¢ :ir-erface to the tube wall anc A is the total area,

then
= h . A T ;\ [
h A1 Nl/ + A2“N2/ (5.3)
Let the volumes of Ziguid 1 on the tube surface be Vl’ then the area
occupied by this liquid is
A'l = V1/6 4 thus civing A2=(V - Vl)/62’ (5.4)

where ESi is the film thickness of film i and V is the total volume of
liquid on the tube surface.

From (5.4) it is apoarent that

1/ 3,
i
(5.5)
A /A =
1/
-
5 = -
1/“1+(V4 1)/62
where vy o= V1/V is the volume fraction of ligquid 1 on the tube surface.

Since the two liquid films are laminar then,

h =k,/ % and h

_ . 5.6)
1 hyy = K78, ¢

Combining(5.3), (5.5) and (5.6) gives

- ' ( .7
h = th/(1+Y) + nNZY/\1+Y)’ (5.7)
k_h 1
where ¥ = e (= = %) (5.8)
2 N1 1

To use equation (5.7) the volume fraction v, must be determined. For

the channelling flow nmechanism, since there is no liguid hold up it is

reasonable to assume tnhat v, is the volume fraction of component 1 in

— -
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tmz Zordensate. Hence using this fraction the value of the heat zransfer
cceiZicient can be calculated. T"he agreement between equation (:.7)
arc the experimental data is discussed in Chapter 6.

—f it 1s assumed that the =-ickness of the two films are ecual

trer equation (5.8) becomes

1
V== -1, (5.9)
Vi

and nhence equation 5.7 reduces to

o= v,th1 + (1—v1)hN2 {5.10)
Trhus it is apparent that the equation presented by Bernhardt et zl (1972),
witrout derivation is a special case of equation (5.7). For the case of
steam trichloroethylene and steam—toluene mixtures the predictions given
by ezuations (5.7) and (5.10) do not differ by more than + 5%.

5.3 Standing drop model

For this model the condensation mechanism is assumed as follows.
The onase which best wets the wall forms a film adjacent to the wall.
Tre sther phase forms drops, these drops adhere to the tube surface until
they reach a certain critical size when they roll from the surface.
+ is further assumed that cnly drops protruding through the film
take part in the heat transfer process, the temperature drop across the
film and drops is A Tf and the film is a Nusselt type film.

The heat transferred through a drop is given by,

{5.11)




Fatica 2nd Katz (1943) have shown that the heat transfer coefficient

through a drop of base diameter d and contact angle 8 is

hd = X © (8)/4, (5.12)
where k is the thermal conductivity of the liquid in the drop and £(9) is a
function of the contact angle.

To calculate the heat transferred through all drops of diameter d it
is necessary to know the dropsize distribution. Since there is no
information available concerning distribution functions for the case of

immiscible liquid condensation , it will be assumed that the distribution
function is of the same form as that used for dropwise condensation studies.

A commonly used distribution (Tanaka (1975)) is given by

N = C é--, (5013)

where N is the probability density of time averaged dropsize distributions
and ¢ and n are constants. The number of drops in unit area of diameter
d in the size range d + dd is hence Ndd and thus the total amount of heat

transferred through drops of cdiameter d is given by

= rme——m———_e AT . —4-— * N dd A, (5.14)

where A is the total heat transfer area.
The total heat transferred through all drops in the size range dnax

to d . is given by integrating equation (5.14), on substituting equation
min

(5.13) this becomes

wn
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max

-k f (G)rincA nel
QD = d dd. (5.15)

min

The total heat transferred through the wall is

Q = QD + QF (5.16)

where Q = h A TfA and QP is the heat transferred through the film i.e.

hNF AlfAF. Combining 5.15 and 5.16 gives

ﬂf(g)QTka dmax el A,
= - Se—— A - -
h ATf 2 d dd + A hNF Tf (5.17)
d .
min
Equation (5.17) can be written
max
nk £ (8)c @*lad + (1-a) h_, (5.18)
h = NF
4
d .
min

where ais the fractional area occupied by the drops. From equation (5.13)

it is apparent that,

" Tmax

0= B a2 aq (5.19)

d .
min

Integrating equation (5.18) and (5.19) and combining gives

—



dn+2 n+2
h =k £ (8) a3 max = min + (1= a) h.. (5.20)
n+ 2 dn+3 _ dn+3 NF
max min

Thus to find h, the unknowns in equation (5.20) have to be determined, that
is dmax’ dmin’ 8 and n must be known.
The maximum drop diameter is the diameter of the critical drops, that

is the diameter of those drops which are just large enough to roll from

the surface. Fatica and Katz (1949) give the following equation for dmax'

i
o;,_gcos 8, - cos OA) 2

p 9 sin d,'f(g),l

max ’ (5.21)

where OE%S the interfacial tension between the two liquids, OR and OA the
advancing and receeding contact angles p the density of the drops, o' the
angle of inclination of the surface and f(@),l a function of the contact
angle given by

f (O)1 = (®8/90 -~ sin 28) (1/8 sin 29)

The minimum drop diameter is the diameter of that drop having a height

equal to the film thickness, that is

d o = 20sin 8/ (1 - cos &) (5.22)

At the present time there is little or no information available
on the contact angle values and the drop size distributions. However,
to try and test the validity of the model a contact angle of 70°  (the
value for water on gold) will be used and the constant n determined by

fitting the steam~toluene and steam~trichloroethylene data obtained (this

@R
>



study) on the gold plated tube. Since d . in equation (5.21) cannot
be determined, the observed experimental value of approximately 3.0 mm

will be used. The final equation derived in the above manner (see

Appendix C for details) is,

0.003 - dmin
h = 13.362 o > > + (1-a) hNF (5.23)

0.003" - d_,
min

— ol

The units used in the above equation must be in S.I. That is the constant

13.362 has the units W/m‘C.

QO
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Chapter 6

Discussion and Conclusions

6.1 Introduction

r

In this chapter the results presentec in chapter i =r= <Ziscussed in

h

detail. The chapter is divided into five main sectionz. In the first four

the topics discussed are the pure component data, irmmiszibiz licuid data,

comparisons between theory and data and nucleation chencnernon respectively.
ormencations.

The fifth section presents the conclusions and recormencaticn

6.2 Pure component data

It was decided early in the present study that pu-e components

would be condensed; this would not only add to existinc cdata but also serve

bilits of the experimer=zal apparatus =z tperating procedures.

- - -

to test the relieb
As was stated previously (chapter 2 section 2.2) the first attempt to

r=dict condensing film neat itransfer ccefficients was mace by Nusselt

(2916) .{ecuation {2.1)). Since then several! authors nzve I-moroved the

Ilusselt analysis by relzxing the various assumptlons mzce I the original

D

analysis. One of the assumptions which sc far appears o == relatively
crizontal tubes) is the constamz wall temperature
assumstion. Salov and 3Sanilov (1975) have shown that the wall temperature
variation around horizontal tubes for both pure vapours znc vapour
mixtures of immiscible licuids is given by the empiriczl ecuation,

T =T + C'l cos P Zotre 2.29)

W T
Salov and Danilov (1575) used equation (2.29) to show trat wnhen condensing
immiscible liquid mixtures the variation in wall temperature made no
significant difference to the mean heat transfer coefficients obtained,
they used the laminar two film model to show this. However, they did
not study the case of pure components, tnis case is znzliseZ in detail in
appendix E.

From the curves in appendix E it is apparent that 1f t-e parameter

ol



W is sufficiently large the variation in heat tranzZz- czsIZicient from

the isothermal case is quite large, a 9% lncrease i _:zczl coefficient

occuring at the top of tube with 4~ 0.3. However, <=z -zzn coefficient
is only 5% larger with values of w ~ 0.3, Th2 values -7 _ :Z practical
interest are usually less than 0.3 and hence the increzse i-. mean

coefficient wHll not be greater than 5.C%.
It is apparent from the above discussion and crap:tar 2 section
2.2 that Nusselts equation should be adequate for prediztinc the pure
component data.
The pure component data obtained in this study are comcared with
the Labuntsov (1957) form of the Nusselt equation i.e.,
hL = EL hN (Egtn. z.7°

the crnlv correction tzxzn iInto account in deriving s—izzisn (2.7)

|<h

being the variation In ohvsical properties across tne ccoridernsate film.

Tre comparison between ecuation (2.7) and the steza daza is shown
in figure 6.1; as can -2 sesn the zgreement is excel_emz. TFigure 6.2 shows
the comparison for the zoluene data, here the predicti:ins a-2 lower than
the data, the maximum Zeviation occuring at low film temperzture differences.
The :richioroethylene cztz is compared against equation (2.7) in
ficure 6.3, the agreement Is again good, however, tre —redictions at film
temperature differences above about 7.00C are high zv > to 20%.

Tt ca2n be seen from figures 6.1, 6.2 and 6.3 trat the cresent data
agree with Nusselts equation to within + 20.0% for a1l —nres components.
Thus Nusselts analysis is adequate for predicting ccndansation heat transfer
coefficients for the above fluids, es would be expectec {see chapter 2

section 2.2).

The above comparisons thus show that the method 57 cperating the

N
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eXperimental apparatus, particularly the method of purcinc nctrnlensable
gases, was satisfactory. That is no major ceviations from —ne Nusselt
predictions exist, as would have been expected if ir.ccrifersz=le zzses
nad been present.

6.3 Immiscible liquid data

6e3.1 ffect of film temperature difference

From the literature survey (chapter 2) the -
effect of film temperature difference on f£ilm heat transfer coeZficients
is not certain. The data obtained irn this study howevar, snow =2 -
unmistakeable trend, that is as the temperature difference increases the
heat transfer coefficient decreases. Figure 5.4 shows tha:t this trend occurs
for all combinations of mixtures and surfaces used.

6.3.2 Effect of the tune surface

=7

Tt is apparent from the results (chaczer 4) that the flow regimes

ated ti-es are dirferent. O©On the oxidised

}-

nd gold o

v

Py 3
on the oxidised coprer

copper surface the water—toluene and water-trichloroethylene miztures flow
from tre tube in essentially the same manner, that is n rivulets flowing
side by side (channelling flow). This mechanism is very similar to the
chanrielling mechanism postulated by Hazelton and Baker (1344..

The “low mechanism for the water-trichloroethylerne mixture sn the
gold surface was of the standing drop type previously described by
3ernhardé: et al (1570) for the condensation of various organic—-steam
mixtures on a vertical gold plated surface. Here the water Zormed irreqular
shaped standing drops in the flowing organic film. These crops rolling
from the surface after reaching a certain critical size. IZ was also

observed (from cine films) that there were many tinv water croplats

flowing with the organic films Whether they are in or on the surtace of the

film is not known.

O
¢
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The flow mechanis= Zor the water-toluene mixtures on the gold surface
was similar to that cdesszrized for the water-trichlorcezaylene mixtures,
In this case however, z:zrz were far fewer standing w2z2r drops and many
more tiny water drops flswing on or in the organic f£ii-. Also when the
large drops drained from the surface they formed rivalzzs which persisted
for considerable periocs of time, whereas for the wazer-trichloroethylene
case, when the drops drained they left only a trail c£ smaller drops in
their wake.

The change in mechznism when condensing on oxidised copper or gold

plated surfaces could b= czused by a change in wetti=g zroperties.
For instance pure steam condensing on a clean oxidised copper surface
will spread over the surface(i.e. the contact angle is zero)), whereas
pure water on a golcd susface forms drops with a finite contact angle
(approximately 70°).

In the condensaz.zn C2se, on tne oxidissd copper suirface, both

"

ilcuids spread over thne suriace and in competing for tr=2 surface form
adjacent films. Furiner ~wzzour condenses on these £ilzos, the organic
vapour on the organic Fiia zné the steam on the water film.

For the gold surface t-e vapour initially conderses to form an
organic film (organics soread on gold) and standing water drops. It
would then seem that Zi-—her water vapour can cnly concense on those
water drops which pro=r:ce through the organic film. Eventually these
drops would become larzcts enough to roll from the surZace under the action
of gravity. When the <zcps roll they sweep a track through the organic
£ilm and other drops In their path, a track of small drops being left
in the drop wake for the steam—trichloroethylene case znd a small rivulet
of water in the steam—zcluene case.

In the steam=toluere case the water rivu_et evernti:lly drains and Lhe

organic film flows in ovar tne surface, small water c=rcos being left



as "islands" in the organic film.

For the steam-trichloroetnylene case it may be sceculazed that the
following processes occur simultaneously:

l. The drops in the trail grow by condensation

2. The existing organic film spreads over the bare zurface

3. Steam and organic vapour condense on the bare area, the organic

forming a film and the water drops.

Thus again we have an organic film plus standing water drops. The
above processes continue indefinitely.

Although the above interpretations explain the maior features of the
observed mechanisms,there are still several unresolved questions regarding
the origin of the small organic droplets and the origin of the water

droplets.

Barnhardt et al {2270C) speculated that the small organic drops (present

in or on the water filxms =znd <rogs) were nucliesating on microscopic dust
particles on the surfacs o the water, also the moving watar drops could
have the same origin.

A further possipilitv is that the organic is condensing directly
onto the water drcps. I this were the case it is possible that a nucleation
barrier exists to the condensation of the organic on the water. Also any
water condensing directiy onto the organic film might also have to overcome
a nucleazion barrier. 2 nore detailed discussion on nucleation phenomenon
is given in section 6.5.

Another mechanism by which droplets can be procduced in the respective
films and drops is as follows. Although it is often stated that the
organic-water mixtureBused in immiscible condensation studies are totally

immiscible this is rarely the case. Figures 6.5 and 6.6 show the solubility

curves for water-toluene and water-trichloroethylene mixtures.
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Using the water~toluene curve as an example, it can b2 seen that
if the temperature difference across the film were say 1OCC,then for an
eutectic mixture (Ti ~ 84.3°C) the solubility of water in toluene
falls from 0.32 gm/(100 gms of saturated solution) at :the interface, to
0.24 gn/ (100 gms of saturated solution) at trhe wall. Trhus 0.077 gms/ (100
gms of saturated solution) of water will have precipitated, in the form
of droplets, in the organic film.

Those droplets coming out of solution at the wall adhere to the wall,
further droplets coalescing with these existing droplets until eventually
the drops are large enough to protrude through the condensate film. They
can then grow by direct condensation of steam.

The droplets that come out of solution within the film can either
fall to the wall or rise to the film surface. If the drops are denser
than the film they f211 to the tube wall,and if they are less dense they
rise to the surface < the 7ilm, The above cescription is for the top
half of the tube, fzr tre bottom nalf of the tube the cdropilet motion is

reversed.

Although the arove cdescription was given for water drops in the
orcanic f£ilm, the same orocesses apply for organic droplets coming out
of solution in the water f£ilm (or drops).

Another puzzling aspect of the mechanism is that the organic phase
forms drcops on the wazer phase. The spreading concept of Harkins and
Feldman (see section 2.4.1.1 chapter 2) offers an explanation in that
essentially,if the appropriate spreading coefficient is negative then the
organic will not spread on the water drops (or films).

The difficulty in using this concept is in deciding wnat surface
tension values to use in equation (2.11). If the pure component values
are used then the spreading coefficient will be positive and the organic

should spread. However, since the twa liquid phases are mutually saturated,

-—

[



the correct surface tension values are those of the mutuaily saturated

phases and in this case it has been stated by Adamson (1957) that the

spreading coefficient is usually close to zero or negative. Thus

it is unlikely that the organic will soread or the water £ilm (or drops).
It can be seen from the above discussion that the detailed mechanism

of the condensation process is extremely complex.

6.3.3 Discussion of the heat transfer data

The data for the steam=toluene and steam-trichloroethvlene mixtures
condensing on the gold plated and oxidised copper tubes are shown in figures
6.7 and 6.8 respectively. It can be seen that the heat transfer coefficient
obtained on the oxidised copper surface is greater than that obtained
on the gold surface. However, it does seem that at high temperature
differences the data are in closer acreement.

Since two Ifundamenzzl_y cifferent mechanisms were obsarved on the two surfaces

¢ it is not surprising that the heat transfer coefficients differ. From

(h

us
the data, it is obvious that the channelling mechanism gives higher heat transfer
coefficients than the standing drop type mechanism. This confirms for

horizontal tubes what Hazeli+ton and Baker (1944) found for vertical tubes.

!

'[j

|

izuire 6.9 shows —h2 comparison between the steam—-toluene data for
the present study with exisiing data. The data compared lle in the
compcsition range 78-85% oy weight toluene in the condensate, this is in
comparison to the eutectic composition of approximately 80%.

From figure 6.9 it is apparent that the authors data on the oxidised
cépper surface is above most of the earlier data, Whereas the authors
data on the gold plated surface is in reasonable agreement with other
data.

The condensation mechanism observed in the present study was of a

channelling type and a standing drop type for the oxidised copper and gold
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plated tubes respectively. The mechanism described by Baker and Mueller
(1937) appears to be of the standing drop type, whereas that by Sykes
(1968) a mixture of the channelling and standing drop types. Thus it
would be expected tnat Baker and Mueller and Syke's data should either
agree with the gold plated data or lie between the gold plated and
oxidised copper tube data of this study. And indeed for the majority of
the data this is the case (see Figure 6.9).

Iz is interesting to note, however, that the surfaces used by the
other two sets of workers were reported as being oxidised copper. Thus
it seems that the mechanism obtained on apparently similar tubes can be
different. In the vertical plate study by the author (described in
appendix F) it was observed that a mixed channelling-standing drop
mechanism was obtained. However, in this particular study on the vertical
plate no precautions were taken to ensure that filmwise condensation of
steam was obtained on the copoer surface befcre use.

From the above Ziscussion it would seem that the prooerties of
an oxidised copper surface vary with time (this has previocusly been
suggested by Ponter and Diah (1974)). Initially a standing drop type
mechanism Seing obtained, ztnis apparently transforming to a channelling
type fliow after some unknown period of time. A way of confirming the
above suggestions would be to continuously condense a given vapour
nixture orn an initiaily polished copper tubey any variation of mechanism,
with time, could then be observed. g

An interesting feature of figure 6.9 is the position of the Stepanek
and Standart (1958) data. Because this data is much lower than other data
sets, several authors (Bernhardt et al (1970), Ponter and Diah (1974))
have suggested that the discrepancy is caused by the presence of incond-
ensable gases. However, Standart (1973) has stated that a vent line had

been included in the apparatus and that incondensable gases had been purged

N
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from ths system. A possible reason for thlis data set being so far below
the otrers is due to the effect of tube <i:zmeter. As was started in chagter
2 several workers have observed that for sma2ll diameter tubes the heat
transfer coefficient increases as the tube Ziameter increases, and since

-

e T R -13 LA e Ayl Qs R e . - i) -
Zn2 Tucs2 dlianeter of St enanad aAnag Stancarz (72 ) was caly 9.33 mm o in

!

Ul
)]

comparison to the more common diameters of Zetween 25.40 and 34.93 mm
it is possible that this effect might explain the discrepancy.

Figure 6.10 shows the comparison between the authors steam-trichloro-
ethylene data and Baker and Muellers (1937) data. As can be seen the
agreement is not good. the Baker and Muller {(1937) data being considerably
higher at high temperature differences than this study. The reasons for
the discrepancy is not known, but presumanly surface properties are of
impertance.

6.4 Ccnoparison setween theory and cata

-

Th2 compariscon Detween the authors chamnelling data and the channelling

-

mocdel (equation (=. is shewn Iin figures ©.711 and 6.12. The theoretical
line was calculat=d for The euitactic mixture In each case. From the
igures it can be seen that the model uncderpredicts quite considerably.

Z- order to orecict the data satisfactorily an enhancement factor

1.5 is introduced. Thus equation (5.7) Zecomes

] ;\1

The acreement between ecuation (6.1) and “he data (see figures 6.11

and 6.12) is to within + 20.0%.
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Tre discrepancy netween the original theory {zzuzzisrn (5.7)) and

7 g —

tne data mav be due to the effects of the water Zrzzs orotruding through

r. e water films.

the organic film and/or the small organic drops

-—

Zither of these could cause disturbances in the Zil-s, *hus promoting

)
(0
i r

oo mixing and nence increased rates of neat rirzfer, If so, higher heat

cransfer ccefficients than those predicted by thes =zimnle laminar film

model would be expected.

It can be shown (chapter 5 section 5.2) that the BRernhardt correlation
(equation (2.18)) is a special case of equation (5.7) and that for most
organic—-water mixtures the differences between the zwo equations is less
than + 5.0%. It is thus apparent that equation (5.7) will fit the same

data as the Bernhardt correlation. Bernhardt et al (2972) have stated

-

that their correlation fits the majority of the =xZsting data to within
an average error of + 15.0%.

Since much of the earlier data has not been o a2 purely channelling
type it would seem that the excellent predictions I the Bernhardt
correlation have been somewhat fortutious.

In particular if the RBRernhardt correlation Is zcmpared in detail
with existing steam~toluene cata it can be seen (£irure 6.13) that the
correlation does not predict the data to anywhere rz2ar + 15.0%, over-

predicting some data by factors of two or more and underpredicting a

considerable amount of data by up to 50%.

O
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The standing drop model is compared with the authors data obtained
on the gold plated tube in figures 6.14 and 6.15. It can be seen from
figure 6.14 that for the steam toluene case the fractional area occupied
by the drops has to be greater than 0.5 to give reasonable predictions.
mrizver, from obvservation of the cine films it is zavilent thak <he
fractional area occupied by the drops is much less than the required
C.5.

From the description of the flow mechanism (for the steam=toluene
case) given earlier (section 6.3) it is perhaps not so suprising that the
standing drop model is not adequate (for the steam~toluene case), since
rivulets of water are also present on the tube and at any instant of time
occupy a finite fraction of the tube surface. Thus to predict the steam-
toluene data adequately a combination of the channelling and standing
drop models 1s probably more appropriate. To combine the two models,
detailed measurements of the fractional area occupied by the drops and

tne water rivulets is required.

Figure 6.15 shcws that the fractional area occupied by the drops in
the steam=trichloroethylene case has to be in the range 0.6 to 0.3 to
give reasonable predictions. And indeed the experimental observations
confirm that such values are realistic. In this case the flow mechanism
was purely of the standing drop type, so agreement between the model and

observations would be expected.
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Several of the details of the flow mechanism have been ignored in the stand-
ing drop mocdel such as the effect of the small crgaric droolets on the standing
water drops. Presumably these organic droos will be a
further resistance to heat transfer. Another importan: feature of the
mechanism which has been ignored is the effect of the continual sweeping
of the surface by the rolling drops. This would cause an
increase in the heat transfer raté, since the organic film is continually
being disturbed.

To support the standing drop model further work is needed to
determine contact angles, dropsize distributions and the dropsize range
which is effective in transferring heat to the wall. Also
some sultable combination of the channelling and starding droo model -
might provide the basis for predicting any data set. A further requirement
in trying to predict heat transfer coefficients for immiscible systems is
a method of predicting the condensation mechanism for any combination
of organic-water mixtures on any specified surface.

6.5 Nucleation barriers

As was stated earlier, the possibility exists that the organic vapour
might be condensing on the water or the steam on the organic film. If this
is the case then it is likely that a certain degree of vapour subcooling
is required before condensation can take place, that is a nucleation
barrier exists.

Consider the case of the organic vapour condensing on a water film
(or drop). The free energy required to form a drop which is part of a

spherical segment 1is (see appendix D),
4 2 2,4 (6.
AG (r*) = 3 % o r* (2 + cos 9) (1 - cos 9) 6.2)

For organic vapour condensing on the water phase the contact angle

7

(“
Ge



is likely to be zero or near zero, thus the free energy to form a drop
is zero or small. That is there is a very small or no barrier to the
condensation of organic vapour on water.

ricvever, when water is condensing on the organic it is <nown thaxn
water will not spread on organic films, that is a finite contact angle
exists. Thus a free energy barrier will exist for this case. Unfortunately
there seems to be no data available on the value of the required contact
angles. In appendix D it can be seen from figure (D2) that for a steam-
toluene mixture the degree of subcooling required is a strong function of
contact angle. Thus with a contact angle of 30° the degree of subcooling
required is approximately 2.7°C whereas for a 60° angle the degree of
subcooling is approximately 9.2°.

A few qualitative experiments were performed to try and test if
nucleation barriers are of importance. To do this the following procedure
was acopted. The cooling water (passing through the tube) temperature was
raised to a level high enough to give very small film temperature differ-
ences ( ~1.0°C based on Te-Tw). The cocndensation mechanism was then
observed. If any significant barrier to the nucleation of one phase
existed a change in appearance of the condensate would be expected. In fact
it was found that for all the tests conducted the mechanisms were identical
to those described earlier (section 6.3). Thus indicating that if nuclea-
tion barriers were present the vapour subcooling required to overcome the
added resistance is less than 1.OOC.

An interesting speculation is that nucleation barriers are not
important in "immiscible liquid condensation" because there are other
mechanisms by which the steam may condense (for example the solubility
effect described earlier in section 6.3) which offer less resistance than

the nucleation path.



Al

5.6 Conclusions 2n¢ Recomma~dations

1. Nusselts equaticn is acdeguate for predictinc Zilm heat transfer
coefficients for the condensation of pure steam, t:clucne and trichloro-
ethylene,

2. The Ffilnm heat transfer coafficients for the corZensation of vanciss

of immiscible liquids decreases as the film tempsrzture difference increases.
3. For binary immiscible systems two distinct furdznmental modes of
condensation were observed, namely a channelling mcle and a standing

drop mode.

4. The mode of condensation depended on the concenser surface being

used,y, the channelling mode being observed on an oxidised copper surface and
the standing drop mode on a cold plated surface.

5. For a given binary immiscible system the film re2at transfer

coefficients for the channelling mode are greater tnan those for the
standing drop mode. That is the oxidised copper s.:rface gives greater

rates of heat transfer than the gold plated surfzce for a given mixture.

6. The origin of tne small water and organic droglats, which have
previously been attributed to nucleation effects, mzy be due to solubility
phenomenon.

7. Models for predicting film heat transfer coefficients for both the
channelling and standing drop modes have been presented,

Recommendations

1. The detailed condensation mechanism requires fu-ther study. Dropsize

distributions, contact angles and detailed surface effects being of

particular importance.

2. The detailed effects of tube diameter on the :cndensation process
needs further study.
3. Other aspects which have so far received little or no attention

in connection with the condensation of vapours of i-miscible liquids are:



(a) Vapour shear effects

(b) Condensation on tube banks

(c) 1Intube condensation

(d) Work on mixtures of more than two componzints

(e) Zffects of incondensable gases

All of the above are of particular importance in industrial

applications.

o
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Weight fraction of component 1 or -~
Total heat trarsfer area

Area occupied v the film

Area occupied i/ component i

Weight fraction of component 2 or 3

Length term in MNusselts equation

B D0 for horizontal tubes
B =1, for vertical tubes

Constant in equztion (5.13)

Constant in Nussel:is equatio

C= 0,723 Zor norizontTal tui=s
~ -, e~ - - - - o -
C= To.x&Z oo verticzl tiuoes
C3 and C, are ==mstants in evuaticns (2.290 and (2.30).

-
=

Specific heat oI compenent L
Wleight averzce I zre pure comporent speciflic -eats.
Zzse diameter - = Ircd

Maximum drop cizmeter

Minimum drop dizmeter

Outside tube dizmeter

Cooling water fiowrate

Gravitational acceleration

s 3 2, 2
Gallileo number - (B  p"g/p ")

Heat transfer ccefficient of immisciblie concensates
Chen film coefficient (equation (2.4) and (2.3})

Heat transfer coeifficient through a2 drop of Zza:2
diameter d and contact angle 9

Units

S.I.

J/kg °c

J/kg °c

m
m
m
m
kg/s

m/s

W/mzK

W/mzK

W/mzK
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Nu

Oh

reat =—ransfer coe

Heat +transfer c:2

Labuntsov film coefficient (equa=izn ¢

Nusseilts coeffi

co
.-

44

aslft

J..

ficient for eutsct_z nixturese.
ficient defined v ecuation (2.21).

7).

N\)

cient for the fiin.

Nusselts coefficzient for componen= i.

Rohsenow film coefficient (equaticn (2.3)).

Heat

transfer ccef:

“icient for a ncrizonzTal tube with

a non isothermal wall.

Chun and Seban Zilm coefficient (e~uazion

Nucleation rate.

(2.10)).

Boltzmans constzani in equations (57) znd (D5).

Thermal concuctivity of

Volume averzce ot

concductivizti=as,

component =,

- tme Ture comoerent Znarnmal

Trermal conducTiviiy evaluated at g

Tmermal conductIivity evaluated 2t T .

Xotateladze s

o

- W

2

tHh

T o £ —~— - 3
Length of the ccooer 2.0oCK.

angth of & verzozal surface

.
-

Mass rate oFf ccrisns=tion of compsrent L.

- - — [ORINRR wiy

Folecular weicgntT

Cocnstant in

of component i.

- -

2guazion

0.67R in ecuaticn

(5.13)

(2.25).

Probability density of time averaged IZrcpsize

distributions.
Avogadros number
Nusselt number -

Ohnesorje numnber

26

(6.023 x 107 7).

(h D /k).

- (p /PgDO’)

-
—
<

N

(SN

W/mZK
W/mZK
W/m2K
o)
“i/m"K
w/mZK

W/mZK
W/mZK
W/mzK
J/K

W/moC

W/meC

W/meC
W/moC

W/mCC
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P -
P -
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g
Pr -~
P, -
q -
qc -
Q, -
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d
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e
|

O
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S -
SBA -
tin
T -
B
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c
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Tg -
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T -
S
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m -
w
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Vapour pressure
Constant in equazicn (2.2):

P horizontal tubes.

I}
MY
[
I
~J
Iy
O
'y

P = vartica.n tudes.

Critical pressure

Vapour pressure cver the drop. at z
Tg

temperature

Prandtl number - (Co H/k)
Vapour pressure Zor a planar interface at Tg.
Heat flux throuch tre copper block

Condensate heat ~Ilux.

Total heat loacd

Iy
0)
Iy
O
}—11

Is the heaz trarszferred throuzn 2l <rops of base
diameter c.
Zs the hez:z —rz-si=rred througn 2.2 drops in a given

Is the heat trzmsf=rred through the Zllim.

~s the hea=z lzzc

.~

Critical nuclsel -m=zZius
~ L (D Tean 43
Gas constant {Z.Z72 x 207)

Spreading coefficient for B on A.
Temperature in TC.
Cooling water inlet temperature.

Boiling point
Critical temperazure

Eutectoid temperzture

Temperature of trna vapour system

1
¥

Temperature in
Saturation temcerature

Vapour inlet temcerature
Tube surface temTerazure

Velocity in the x cirection

N/m

N/m
W/m
W/m

W

case diameter d.W

W

W

m

J/kg mole K

A

~

)
N

O
O

)
0
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D

D

+3

av

av

av

Volume fraction of component i in —nz condensate
Volume of liquid i on the tube surTzcz.
Total liquid volume on the tube sur-fz:=,

Is the height at whicn T i3 beirz czlzi_zted in
equation (2.30).

P /P
g
As defined by ecuation (5.8)

Greek Symbols

Fractional area occupied by the <rz=ps

Angle of inclination of the surface

(s)

Constant in equation (2.27) - = 0.725

Mass flowrate ner unit width of zcrmdemszte film

-3 1 2 = oo
Tilm thickness oF component L

- -] -~ e _p L J
free enercv recuired o form a ¢-cT I raclus r*.
-

¥

. . . , R
Cooling water temrerature ciffer

Pilm temperature cifference

“27P
T=C

2 1
~ A w79
\"-3 Lf//\

Advancing contact angle
Receding contact angle

Weight average of the pure cocmponenz lzient heats of
vapourisation

(ax14-b12Va
Latent heat of vapourisation of ccmozent i.
Weight average of the pure component viscosities

Volumetric average of the pure coroorzn:t viscosities

J/kg
J/kg
J/kg
Ns/m2

NS/m2



Ry -~ Viscosity of component 1i.

Heg ~ Viscosity evaluated at the satur=zzion temperature.
Ry ~ Viscosity evaluated at the wall =e—perature.

Pav ~ vieight average of the pure compcran:t Zaensities.
Pév ~ Volumetric averzge of the pure ccmoorent densities
P; ~ Density of component i.

oy - Surface tension of component i.

ij - Interfacial tension between liquids i and j.

# - Angle at which T is calculated in ecuation. (E1).
ﬂL -~ Labunstov physical property correction factor.

® - C/h 'T'f.

Subscrip:

i - Aor 1anc Bor 2

A or T - Property 5f Tne wzll wetting ohzse.

5 or 2 Property cf <ne cIher pnase.

An overbar denoites a mean value.

~0
N (O



APPENDIX A

PHYSICAL PROPERTIZS

The following tables contain the correlatzions for calculating the
onysical properties used Zn this study.

Table 1 contains correlations for wzter, these were tested against
data obtained from Arnold (1970), the agrezmer: between the data and
correlations is better than +2.0% within <=e temperature ranges quoted.

Table 2 contains correlations for toiusne, these were tested against
data from various sources but mainly ESDU Itens 74024 (1974), Item 74007
(1974), Item 66024 (1966), Jamieson et al (2973), International Critical
Tables (1930) and Timmermans (1950) and {2S55). The agreement between
the data and correlations Is better than -Z.0% within the given temperature
rances.

Table 3 contains ccrrelations for twricnlcrcethylene, these were again
tested against varicus <ztz scurces, l.e. Z.3.3.U. Item 68024 (1968),

Tiem 68024 (1966), “=z=miason st al. (2973), Svkes (1568), Gallant (1970)
and Kirk and Othmer {7133L}. The agreemern: >etween the data and correlations
is better than +5.0% {except for the ligu’c heat capacity which is

. . - — e - - - ) 2 - .- - — -
wiznin +1C%) within the civen temperature r=znces.



TA3LE A 2

PHYSICAL PROPERTY CORRELATIONS FOR WATER

Physical property

Equation

Liquid density p in
kg/m3

t-s.o

] 1.65

Liquid viscosity p in:

Ns/m?

Temperature range 0-220% .
£37.04

exp [ 11°.1 + t bl 10.6609

Temperature range 0-320°¢

Liquid thermal conductivity

K = 0.638 — 7.76 x 10~°

nge 0-140°¢

(t - 125.0)2

k in Temperature rz
W/z X !
So-Zzze tenszion 7 In o= 0.2222 - 7.252%2 x 10—527 - 1.58052 x 10 ‘T 2
N/= Temperature razmgs 0-206°C
S et = 2t 2 455 1072 2
Liz=iad gpecific hesz c=maii C_ = 4175.0 + 2.232 x 1C (t - 40.0)
CD in Temperature range 0-200°¢
w/x3 X
L4 B z - ——3 ol Y € - -n8 i -5 4
Lztent heat cf vzpor=iszzixm \ = 2.8018 x 10 - 2358.0 t - 5,254 x 10 "t
X sn Temperature range 0-240°%C
J/xg
Vapour pressure po in 1n po = 23.2189 ~ 3842.56/(228.6 + t)

H/az

Temperature range 0-240°¢

Critical temperature

r in °C
C

374.15 (647.30 K)

Critical pressure

Pc in N/m2

(218.3 atn‘) - —

2.212 x 107

- »
(G




TABLE A1l cer.tirnued

Physical property Equation

Normal boiling point 100.00 (373.15 K)

(1 atm) T in %C .

Molecular weight 18.0153

T, £
Nos

¥




TABLE A 2

PHYSICAL PROPERTY CCORRELATIONS POR TOLUTMNE

Physical property

Equation

Liquid density p in

kg:/ m3

p = 885.45 — 0.92248 t - 3.055 x 10~

Temperatu—a rangé 0-130°¢

6t3

_ Liquid viscosity p in -

. l‘Js/m2

5

B = 1.540 x 10~ .exp (1067.8/Ty)

Temperature range 0-110°c

Liquid thermal conductivity
X in

W/=X

k = 0.1358 - 0.000273t

Temperature range 0-120°c

Surface tensiongin

N/=2

O ————t e

1 mTK 3
40_3 - ST 1.2
0.5045

o
Temperature rznge 0-3120°C

Liguid specific heal capacity

Cp = 1599.8 + 3.8895 t

Temperature range 0-306°¢

C_ in
P <
J/xg X )
% 1 .37
Latent heat of vapo:.z:isa‘::'_on N 3634 ~05 1 - - .
= e Xl 0.3536
Ain
Tenperature range 0-260°C
J/xg )
. o 3094.55
Vapou= pressure p° in ln p = 20.90352 - 219.377 = &
N/mz Temperature range 0—250°C

Critical temperature

T in %
[

318.7 (591.8K)




TABLE. A2 cortinued

Physical property

Equation

Critical pressure 1

Pc in N/m2

4.104 x 10° (20.5 atm)

Normal boiling point

P -
. TB in C

110.63 (383.73 K)

Molecular weight

52.1418

. . ©
Vhere t is the temperatu-re in C and

TK the temperature is K.




TABLE A3

PHYSICAL PROPIRTY CORRELATICNS FC2 TRICHLOROZTHYLENZS

Physical property

Equation

Liquid density p in

kg/m3

p = 1496.27 - 1.6493 t

Temperature renge 0-100°C

Liquid viscosity K in |

Ns/m2

5

B = 3.5714 x 10 = exp (814.7/T,)

Temperature range c-80°c

Liguid thermal conductivity

k in w/a ¢

k = 0.1275 - €.00033%8 t

o
Temperature range 0-80C

Surface tension ¢ in

o = 0.0312 ~ 1.075 x 10 %t - 1.25 x 10"t

7.2

N/a Temperature range 6-100°C
Liznid specific heat cezzcov CD = 945,2 + J.8374t
cC. in Temperature range 6-100°c
J/kz K )
I 0.38
Latent hezt of vascu—Is=Zion . 1 -
= 4.1
X = 2.4702 x 10° —544.15
A in J/k3 0.3878
Tenperature range 0-100°c
— O =L o - 3027.9
Vapous pressure p I in p~ = 21.07558 - 530.0 + £
N/:xz Temperature range 0-100°c b
Critical temperature 271.0 (544.15 K) y
T_in °C
c
s es 6
Critical pressure 5.016 x 10~ {49.5 atm)

P in N/m2
c

—
.

D)
€1




Physical property Equation
Normal boiling point ' 87.0 (360.15 X)
. O
TB in C
Molecular weight 131.3893

Where t is the temperature in °c and Ty the temperature in K.

This equation was derived from the data of Gallant {1970) and has not been
compared sgainst an independent data set.




APPENDIX B

Tabulated Results

The results obtained in the present study are tabulated in the
following seven tables. From the error analysis (see appendix G) a heat
balance error limit of + 15% was set. That is any experimental run
giving a heat balance error greater than + 15% was rejected. Approximately

% of the total number of runs were rejected.

Table B1 requires further explanation here it can be seen that the
heat balances are all negative and of order -20%. This large error
was due to the initial method of measuring the condensate flowrate,

a consistently low reading being obtained. Since the condensate flowrate
was not a reliable method of determining the heat transferred in this
particular case the heat transferred to the cooling water was used to
determine the heat transfer coefficients,

The error in measuring the condensate flowrate was corrected for all
subsequent runs ané fcr these the condensate flowrate was used to

determine the heat *ransfer coefficients.
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APPENDIX B

TABLE B 1

DATA for the CONDENSATION of PURE STEAM

ggn zs zw A zf. qs 'ocm g t F Ht. Bal. h2° h"z
g c c (o W/m C C kg/s % W/m<~C W/m<°C
1 100.0 | 86.0 | 14.0 | 148400 | 71.3 | 3.10 | 0.8360| ~ 17.2 | 10600 11378
2 “| 100.0 | 86.9 | "13.1 | 152615 | 72.3 | 3.22 | 0.8240 | — 15.3 | 11650 | 11595
3 100.0 | 89.2 | 10.8 | 129319 | 74.4 | 3.29 | 0.6818 | - 19.9 | 11974 | 12205
4 100.0 | 90.1 | 9.9 | 123027 | 76.2 | 3.22 | 0.6671 | — 17.4 | 12427 | 12470
5 100.0 | 89.7 | 10.3 | 128812 | 78.9 | 2.38 | 0.9434 | — 16.5 12506 12345
6 100.3 | 90.3 | 10.0 | 119880 | 79.9 | 2.20 | 0.9491 | = 152 | 11988 | 12449
7 101.2 | 92.1 | 9.1, 105851 { 82.5 | 2.04 | 0.9069 | = 12.3 | 11632 | 12784
8 99.9 | 91.6 | 8.3 | 101434 | 82.4 | 1.95 | 0.9113 | = 13.0 | 12221 | 13041
9 100.0 | 83.7 | 16.3 | 180441 | 66.1 | 3.19 | 0.9866 | = 25-5 | 11070 | 10927
10 | 100.0 | 85.3 | 14.7 | 174239 | 638.9 | 3.09 | 0.9818 | = 24-7 | 11853 | 11233
11 99.5 | 84.8 | 14.7 | 183089 | 68.4 | 3.02 | 1.0523 | = 18-9 | 12455 | 11233
12 99.7 | 86.5 | 13.2 | 170438 | 71.4 | 2.84 | 1.0405 | = 19-5 | 12912 | 11563
13 100.0 | 89.9 { 10.1 | 137178 | 77.7 | 2.38 | 1.0026 | - 18.5 | 13582 | 12416
14 99.8 | 90.4 | 5.5 | 132031 | 78.5 | 2.30 | 0.9926 | - 21.2 | 13898 | 12621
15 99.8 | 1.5 | 8.3 | 102198 | 82.4 | 1.82 | 0.9817 | -~ 18.5 | 12313 | 13037
16 99.8 | 92.4 | 7.4 | 93492 | 84.1 | 1.69 | 0.9614 | - 18.7 | 12634 | 13465
17 99.8 | 92.0 | 7.8 | 96361 | 84.1 | 1.61 | 1.0443 | ~ 20.2 | 12354 | 13267
18 99.7 | 92.6 | 7.1 | 89041 | 85.2 | 1.51 | 1.0194 | - 19.6 | 12541 | 13608
19 99.7 | 93.9 | s.8 | 77546 | 87.3 | 1.38 | 0.9764 | - 20.6 | 13370 | 14327
20 99.7 | 84.0 | 5.7 | 78478 | 87.5 | 1.39 | 0.9746 | - 24.4 | 13768 | 14415
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TABLE B 2
DATA for tho CONDINSATT C' -f TOLUENE

Run | T Ty | 87, a t | 8t F Ht. Bal. h h,
M. | % ° | % | wme ° | % |xus | wm? % | wa? %
1 | 110.7 }100.4 | 10.3 | 21,349.8 | 98.8 | 0.25 | 0.7310 | = 9.4 | 2072.8 | 1834.4
2 | 110.2 | 77.3 | 32.9 | ¢8,159.0 { 73.6 | 0.67 | 0.8478 | - 12.2 | 1483.8 | 1384.6
3 | 110.2 | 79.2 | 31.0 | 45,570.0 | 75.4 | 0.59 | 0.8148 | - 8.4 | 1470.0 | 1404.6
4 | 110.2 | 81.0 | 25.2 | 21,656.7 | 77.1 | 0.83 | 6.8376 | - 3.7 | 1426.6 | 1425.0
5 | 110.2 | 84.7 | 25.5 | 39,191.0 | 81.1 | 0.79 | 0.8411 | - 3.0 | 1536.9 | 1472.1
6 | 109.8 | 90.6 | 19.2 | 31,791.4 | 87.1 | 0.23 | 0.7504 12,6 | 1655.8 | 1578.0
7 | 109.8 | 93.0 | 15.8 | 29,198.4 | 89.9 | 0.75 | 0.7232 7.2 | 1738.0 | 1630.2
8 | 110.0 | 94.7 | 15.3 | 26,441.5 | 91.5 | 0.79 | 0.65¢C0 11.4 | 1728.2 | 1667.9
o | 110.2 | e4.7 | 25.5 | 42,498.3 | 81.1 | 0.73 | 0.8180 | - 14.1 | 1666.6 | 1472.8

116 | 220.7 | 93.5 | 25.3 | 31,063.2 | 90.5 | 0.63 | 0.6930 | - 12.6 | 1849.0 | 1627.8
117 | 110.3 | 96.6 | 22.7 | 27,120.4 | 94.0 | 0.61 | 2.7481 | - 3.0 | 1984.7 | 1712.0
12 | 111.2 | 99.7 | <135 | 23,947.6 | 97.1 | 0.£5 | 0.6774 8.9 | 2082.4 | 1783.7
13 | 210.6 | 99.1 ! =2.5 ! 22,051.2 | 96.4 | 0.57 | 2.6633 6.0 | 2094.9 | 1785.6
24 211.2 2.2 é 3.3 23,5332 T4.5 | 1.2 % 2.3575 § — z.1 | 1540.7 1411.6
15 | 111.1 | 87.0 ; 223 21,323.6 | 8.7 | 2,27 [ o.5234 | - .2 | 1703.4 | 1492.6
15 | 120.9 | 82.3 i 2=.7 ¥ 335,322.5 | 85.0 | 1.20 | 3.5342 2.7 | 17112.5 | 1541.9
a7 g0 es.s azi: Peniizzie | o2a ouse § 25253 | - 5.2 | 197906 | 16s8.2
a8 | 125, 23.5 ¢ 32,7 | 27,020.7 L 73.r L aes Losias | - 57 | 149603 | 1397.1-
19 | 10,3 | za.z | oza- g :2,320.9 | 79.5 | 1.c2 | 2.6728 | - 5.8 | 1603.1 | 1464.6
20 | zz0.s | s2.a | =202 §33,297.4 | 88.a | 0.95 | 05407 | - 2.9 | 1844.3 | 1602.7
21 | 210.2 | 33.7 % 2505 | 36,345.2 [ 90.0 | 0.92 [ 0.5263 | - 6.8 | 1839.1 | 1637.6




TABLE B 3

DATA for the CONDENSATION of PURE TZICHLCROZTHYLZINE

=T Ta Peals (o la T ol w
No. C C C{ W C C kg/s % W/m~ C w/m” ¢
1. |87.0 | 83.2 | 3.8 | 9,166 | 81.8 | 0.34 | 0.4574 6.5 | 2412 2279

2 87.0 | 82.0 | 5.0 | 10,660 | 80.2.| 0.42 | 0.2218 s.0 | 2132 2137

3 87.0 | 80.2 | 6.8 | 13,4156 | 77.9 | 0.51 | 0.4382 6.4 | 1973 1977
4 86.6 ‘| 66.8 | 19.8 | 25,720 | 62.7 | 0.83 | 0.5412 0.1 | 1299 1533

5 86.6 | 63.0 | 18.6 | 24,037 | 64.0 | 0.79 | 0.5412 2.1 | 1295 1556
6 86.6 | 70.2 | 16.4 | 22,681 | 66.6 | 0.77 | C.5245 5.8 | 1383 1603

7 86.7 | 71.0 | 15.7 | 21,752 | 67.4 | 0.76 | 0.5:06 7.5 | 1388 1619
8 |86.8 | 73.0 |13.8 | 21,345 | 69.8 | 0.68 | 0.522¢ | - 0.2 | 1547 1672

9 85.9 | 75.3 | 11.6 | 27,854 | 72.3 | 0.65 | 0.5235 13.1 | 4540 1741
10 [385.8 | 77.3 | 2.5 | 15,223 | 74.9 | 0.54 | ©.5335 10.8 | 1581 1825
11 {es.9 | 7.9 | 2.2 }+3,332 | 75.5 | 0.3 | 0.5221 11.9 | 1744 1907
a5 ‘2z | £0.2 4 5.2 f-z.37r Pogle jouaa | s.siiz - s.0 | 2013 2041
43} 27.0 | 82.5 | 4.2 ; 3,537 | 81.5 | 0.3 | £.4275 2.2 | 2355 2245




TADLE B 4

DATA for the CONDENSATICN OF STEAM-TOLUEN: MIXTURES ON AN OXTDISED COPPER TUBE

Run :S :w A:P qS §1N t:t F He, Bal. co;'o. coMP, 121 . hL(-gocl,.) Tvo(IN)
No. (o C C W/m C C kg/s % % /WToluene} W/m™ C:@ W/m C C
1 84.4 | 62.7 | 21.7 73,938 | 54.0 | 1.54 | 0.8727 4.7 83.0 3407 1545 97.9
2 84.5 | 60.1 | 24.4 95,187 | 50.1 | 1.75 | 0,9595 1.5 78.8 3901 1499 96.4
3 84.6 | 60.2 | 24.4 94,201 § 4%9.6 | 1.74 | 0.9304{ - 1.3 79.5 3861 1499 96.3
4 84.9 | 65.5 | 19.4 81,061 | 56.8 | 1.45 | 0.9579 | - 1.6 80.1 4178 1590 96.8
5 84.5 | 62.0 | 22.5 95,627 | 51.7 | 1.67 | 0.9833 | - 1.7 80.1 4250 1530 98.3
6 84.5 | 62.5 | 22.0 95,960 | 52.5 | 1.60 | 0.9832 | -~ 5.5 80.1 4362 1539 | 98.9
7 83.6 | 65.7 | 17.9 76,517 | 57.8 | 1.44 | 0.,9722 5.9 9.8 4275 1625 97.5
83.7 | 70.9 | 12.8 60,490 | 65.5 | 1.04 | 0.9684 | - 3.5 78.7 4726 1770 99.9
9 84.4 | 75.0 9.3 46,956 | 71.2 | 0.73 | 0.9630 | - 12.4 79.5 5049 1917 98.5
10 84.1 | 75.2 8.9 45,221 | 71.6 | 0.70 | 0.9608 | - 12.9 81.5 5081 1943 100.6
11 84.1 | 76.4 7.7 41,241 | 72.8 | 0.82 | 0.7459 { - 13.5 81.9 5358 2014 98.7
12 83.9 72.2 11.7 52,007 | 65.8 1.45 | 0.6496 4.8 80.7 4445 1810 98.3
13 84.2 | 73.6 | 10.86 59,392 | 64.6 | 1.54 | 0.5078 | - 4.9 78,2 5603 1862 99.3
14 84.3 | 74.1 | 10.2 58,069 | 65.2 | 1.90 | 0.5038 | - S.1 78.5 5693 1884 99.7
15 84.3 70.4 | 13.9 77,437 | 61.7 1.56 | 0.,8226 | - 5.0 78.0 55711 1732 99.2
16 84.4 | 71.1 | 13.3 75,783 | 62.6 | 1.56 | 0.8319| ~ 1.5 78.3 5698 1753 99.3
17 84.3 | 68.8 | 15.5 80,135 | 59.7 | 1.64 | 0.8848 4.2 80.8 5170 . 1685 100.0
18 84.3 | 69.3 | 15.0 80,100 { 60.3 | 1.62 | 0.8758 1.7 80.0 5340 1700 100.4
19 84.3 | 59.8 | 24.5 99,274 | 48.0 | 1.94 | 0.9093 2.4 83.3 4052 1497 99.2
20 84.3 60.9 23.4 96,080 | 49.5 1.92 | 0.9112 4.8 84.7 4106, 1516 100.8
21 84.4 | 64.2 20.2 97,546 52,5 2.02 0.9040 7.3 80.4 4829 1573 100.8
22 84.4 | 49.1 35.3 123,479 33.4 | 2.32 1.0111 9.3 80.9 3498 1359 95.2
23 84.3 | S1.5 | 32.8 | 120,999 | 36.3 | 2.33 | 1.0106 12.1 80.6 3689 1386 96.7
24 84.2 50.9 33.3 108,525 37.6 | 2.10 | 0.9941 10.6 82.4 - 3259 1380 98.8
25 83,9 | 51.8 | 32.1 | 114,982 | 37.4 | 2.25 | 0.9801 10.1 80.8 3582 1394 96.4
26 83.8 54.5 | 28.9 117,623 | 40.5 2.30 | 0.9796 9.8 80.6 4070 1433 97.3
27 84.0 | 56.9 } 27.1 114,498 | 42.7 | 2.27 | 0.9791 11.7 81.2 4225 1458 97.4
28 84.7 74.8 9.9 57,915 67.3 1.51 | 0.6695 0.0 8.9 5850 1887 99.4
29 e4.7 | 76.4 8.3 50,597 | 69.9 | 1.31 | 0.6630 | - 0.6 80.7 6095 1971 99.9
30 84.8 77.3 7.5 41,273 71.9 1.14 | 0.6333 0.3 82.3 5503 2021 102.7
31 84.8 79.9 4.9 30,899 76.3 | 0.79 | 0.6324| -~ 7.4 84.0 6306 2249 104,7
32 84.8 | 79.8 S.0 32,280 | 76.1 | 0.85 | 0.6324} - 4.9 83.8 6456 2236 104.5
33 84.7 | 80.0 4.7 26,461 | 76.6 | 0.82 | 0.6293 10.7 83.3 ~ 5630 2272 103.1
34 84.7 | 80.6 4.1 27,08i 77.5 | 0.77 | 0.6352 3.6 82.6 6605 2357 102.9
35 84.9 | 80.8 4.1 26,613 | 77.7 | 0.79 | 0.6229 7.1 81.0 6491 2359 101.9
36 85.0 | 81.2 3.8 26,463 78.3 | 0.77 { 0.6258 4.3 79.8 6964 2401 102.4
37 4.6 |'80.2 4.4 24,956 | 77.2 | 0.65 | 0.6679 0.6 84.2 5681 2322 101.7
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TABLE B 5
DATA for the CCIDENSATION OF STEAN-TOLUTZNZ MIXTURES ON A HORIZONTAL

GOLD PLATED COPPZR TUZE

, _ . .

Run zs zw 2'I‘P qS EIN t:) t P Ht.221.] Conc. compe. h ”o hL (goc]s ) 'I.‘g ()
No.! C c c W/a o c kg/s % % Tol. W/m™ "C| w/m® "C C
1 | 84.4|53.3] 31.1] 87,515 | 41.0| 1.83] 0.8373] 3.7¢ | 79.1 2814. | 1406 | 98.2
2 | 84.4|55.4] 29.0| 78,677 | 21.0| 1.76] 0.837a] 7.cz | =0.8 2713 | 1432 | 99.4
3 | 84.5|58.7} 25.9| 71,510 | 49.1] 1.62| 0.8596| 11.53 | 83.5 2761 | 1475 |100.6
.4 ]| B4.6|61.4] 23.2| 63,800 | 52.7| 1.456| 0.8615| 13.25 | 84.0 2750 | 1518  |101.3
5 | 84.5 | 64.6 20.0{ 57,280 | 57.5{ 1.23| 0.8606| 6.25 | 84.7 2864 | 1579 [102.4
6 | 24.7{66.0} 18.7| 58,007 | 57.8| 1.41] 0.8015| 11.25 | 83.3 3102 | 1605 | 98.3
7 84.74 68.2| 16.5{ 50,672 | 61.4{ 1.23| 0.8008| 11.22 | 84.1 3071 | 1659 |100.7
8 | e2.5170.3} 14.61 25,311 | 55.4) 1.10| 0.7553] .32 | 83.5 3172 | 17111 [101.1
9 | 24.5 | 69,0} 15.51 53,257 | 52.5] 1.50| 0.6351] 20.6¢ | 83.2 3352 | 1674 | 99.2
30§ s5.z iva.al ety 32,amn sl a1n] 005395 1z.33 | o8al3 3288|1809  |101.7
11 D525 75,2 ] eusiam,zi: | 7mast uaal o.ees2| 177 | ss.0 3266 | 1908 |102.5
22 | 225 (7.4 20020 33,525 | 55.2] 1.13] 0.6085| 0.52 | 81.5 3873 | 1875 | 99.7
23 {2205 178.0) 7.50 37,721 {72020 0.97) 0.5238 | 12,03 | @3.0 3947 | 1998  |100.8
24 | ez gva.s g.z} 25,537 Dis.ai0.77] 0.6295 | 4.e3 | 82.2 4280 | 2123 [101.3
84.5 {55.3 | 25.3 72,232 | 43.5] 1.87] 0.7760 | 15.25 | 83.7 2863 | 1484  [100.0
16 | 8.3 %59.9 :4.9% s2,573 (833 1.9/ 0.719| .2z | 83.0 3555 | 1701  [100.5




\

Table B 6
DATA for the CONDENSATION OF STEAM-TRICHLCRCETHYLENEZ MIXTURES ON A HORIZONTAL

OXIDISED COPPER TUBE

IUERIY

Ruf T_ |T, |aTg q. ton A_t F Ht.Bal. | Cond.comp. h N rriemy| Ty
No % |% |% |wm2 |°c °c | xg/s % % "\ Trich | w/n2°c| wmoc °c
-

1 |.74.9{69.7| 5.2 26,572] 65.5| 0.88 | 0.5302 1.5 92.5 5110 2182 90.0
2 | 73.5|59.0| 14.5| 41,862 | 52.3| 1.24 | 0.6482 10.8 94.0 2887 1703 74.2
3 ; 73.5|63.1| 10.4 | 40,248 | 58,2 | 0.88 | 0.9024 13.1 93.9 3870 1844 74.2
4 | 713.565.1| 8.4]35.624| 60.6| 0.80 | 0.9083 - 93.7 4241 1942 7447
5 1 73.3]62.6| 10.7 ] 52,752 | 54.4 | 1.47 | 0.6718 7.7 ,93.1 4931 1832 83.2
6 | 73.3|64.7) 8.6} 43,757| 57.8 | 1.28 | 0.6713 12.4 92,9 5088 1931 83.3
7 { 73.4{48.3| 25.1 | 70,682 | 37.3| 1.80 | 0.6827| - 0.1 93.4 2816 1492 75.4
s | 73.4{51.7| 21.7{ 69,115 | 41.2| 1.74 | 0.6822] - 1.4 93.0 3185 1545 76.1
9, 73.2/58.0| 15.2 | 49,155 | 49.7 | 1.60 | 0.5501 3.2 94.0 3232 1683 73.8
10 | 73.1|61.2 | 11.9 | 43,087 | 54.0| 1.44 | 0.5460 4.5 93.8 3609 1785 73.9
11.| 73.2{62.5| 10.7 | 41,161 55.1 | 1.45 | 0.5459 10.3 93.7 3585 1834 74.2
12 | 73.5]64.5| 8.6|41,902] 57.9| 1.41 | 0.5492 6.2 93.8 4884 1932 76.0
13| 73.6/67.9| 5.7 32,692 62.6} 1.06 | 0.5450 1.5 94.1 5705 2133 75.1
14 | 73.6[69.1| 4.5 27,447 64.3 | 0.94 { 0.5375 5.5 95.0 6127 2266 74.8
15 | 73.6/56.9 | 16.7 | 45,539 | 48.6 | 1.52 | 0.5502 5.5 93.9 2720 1643 74.7
16’ 73.6|61.0| 12.6 | 48,969 | 51.7 | 1.81 | 0.5204 10.6 93.5 3880 1759 77.3
171 73.6]54.6 | 19.0 | 57,539 | 44.6| 1.77 | 0.5475} - 3.0 93.5 3024 1593 78.1
18| 73.5|57.3| 16.2 | 57,316 47.8 | 1.79 | 0.6371 14.3 93.4 3538 1658 89.7
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TABLE 3 7
DATA for the CCNDENSATICM OF STCAM-TRICHLORCITHYLENE MIXTURES ON A HORIZONTAL

GCLD PLATED COPPER TUBE

Run ZS 'é‘w ng d. tIN At F Ht. Bal. Cond. Comp. h hL Tv(IN}
No.l% % [°c |wm2 |% |% |xg/s % % Y/w Trich h/m?°c |w/m2oc | oc
1 |73.3]56.1 |17.2] 40,403 | 49.9| 1.20 | 0.6015 | 2.87 93.8 23491 1633 | 88.6
2 |73.5/59.8 [13.7 34,099 54.6 0.97 | 0.6009 | - 1.49 92.5 2489 | 1714 | 89.9
|3 |73.4]63.1 {10.6| 26,670 | 59.2{ 0.78 | 0.5970| 0.43 94.2 2516 | 1860 | 90.6
a |73.8]71.1 | 2.7 10.457] 69.1| 0.38 [ 0.5296 | 11.69 94.5 3873 | 2606 | 91.9
s |74.4)67.3 | 7.1 23,629 | 63.2 0.85 | 0.4594 | - 5.06 94.5 3328 | 2044 | 91.0
6 |73.8|65.4 | 8.4 24,427 60.3| 1.06 | 0.4597 | 14.53 93.9 2008 | 1967 | 91.1
7 |73.9|65.2 | 8.7 24,272 | 60.3 | 0.85 | 0.5493 | 11.01 92.8 2803 | 1952 | 90.1
8 |74.1|66.9 | 7.2 | 22,414 ] 62.6 | 0.74 | 0.5490 | 4.81 94.0 3126 | 2044 | 90.7
9" |73.8]67.9 | 5.9 | 28,074 | 64.1 0.65 | 0.5452 | 12.22 94.3 3048 | 2142 | 90.9
10 [73.9]62.5 [11.4 [ 27,222 | 57.2 | 1.00 | 0.5363 | 12.87 94.0 2382 | 1825 | 88.6
11 {73.8]67.5 | 8.3 21,762 { 61.5]0.76 | 0.5347 | 6.76 93.7 2616{ 1972 | 90.8
12 |73.7]a8.5 |25.1]57,173 | 0.4 | 1.54 | 0.6891| 6.96 92.9 2275 | 1513 | 91.4
13 [73.5]52.9 |20.6 | 50,931 | 45.0 | 1.46 | 0.6798 | 11.96 94.5 2470 | 1586 | 92.5
14 |73.7[57.7 |16.0 | 41,124 | 51.3 [ 1.22 [0.6730 | 14.46 93.6 2572 | 1684 | 92.5
15 |73.2]59.6 |13.6 | 38,896 | 52.6 | 1.12 | 0.6483 | 7.34 94.6 2860 | 1753 | 91.5




APPENDIX C

Determination of n for use in the stznding droop model

From Chapter 5 section 5.2 the heat transfer coefficient predicted by

the model is,

n+2 n+2
n + 3) d'nax T “min
h=%+¢f (8) - - -
a ( T dn+3 dn?3 | + (1=a ) hNF (C1)
max min
. . §

The maximum drop diameter is 3.0 mm while the minimum diameter is 2§ sin 8

(1 - cos ©), with & = 70°.

dmin = 2.85610 (c2)

Tne fractional =area occupied v the cdrocs, within the expected dropsize

= h)

range, nas been repcriad ov Bernnardt (1977} o be from 0.64 to 0.16,
the time average, ncwev2r, seems to 22 betwesn 0.6 and 0.4. The value of
~ = C.3, therefore seams s De a reasonab.e ctuess with which to start

calculating n for the steam=toluene and stesam=trichloroethylene data

obtained on the cold zlzted tube. This initizal quess could be refined

¢

later but the uncertainties in the theory znc the data do not make such

refinements worthwnile at this stage.
o Fatica and Kazz (1549), £(8), = 20.2 when 8 = 70°. To further
simply the calculations only one value of k, the drop (water) thermal

conductivity will be used, that is k = 0.635 W/m°C (at 60°C). Substituting

the above values into (C1) gives,

~3.n+2 .n+2
é

h = 3.3405 n_+ 3 (3x 10 ") - Sy + 0.5 h . (C3)
- 2 -3 .n+23 o433
(3 x 10 7) S in

0



The mean value of the minimum drop diameter for the steam-~toluene and steam
trichloroethylene data obtained on the gold plated tube (calculated using
(C2)) is 1.785 x 10 *m. The value of n to give the best fit to the data

is = 1.0 hence (C1) becomes in general,

h = 13.362 ¢ + (1 =-a )hNF (C4)




APPENDIX D

Nucleation barriers in immiscible licuid condensation

When condensing vapour mixtures of immiscible licuids the possibility
exists that if a continuous film of one licquid covers the surface the othar
condensing liquid may not be able to condense until a resistance to
nucleation has been overcome.

The homogeneous rate of nucleation of a liquid from a supersaturated

vapour is given by Hill et al (1963) as

p M 20N, .
() (27 e (SRS (D1)

m T
. opy W kT,

where I is the rate of -ucleation, kK Boltzmans constant, ‘I‘g the wvapour
temperzature, M the mclecuiar weight, NO Avcgadrots number, P, the liquid
crop censity, ¢ the liz-:iZ Zroo surface tension and ~G(r*) the free energy
recuirad for nuclsaticn of a ¢rop. [or the homogeneous case 0G(r*)
- LI iR T . I L Ifﬁ“3)\ a_.
is given by (Hill et 21 {(1533); as,
2
A G(r*) ==~ r*", (D2)

Turnbull {1950) has shown that the free energy required to form a drop

which is part of a spherical segment is

g zsr*z(z + cos @) (1 - cos 9)2/4 (D3)

= AG (r’ )HC,

o~
)
g
I
|

where AG(r')H is defined by equation (D2), 8 is the contact angle and

C = (2 + cos 8) (1 - cos 0)2/4. Combining (D1) and (D3) gives

P 5 M ZGNO 3 -4:rnr‘2C
I= (=) ) (=7 exp (5) (D4)
k Tg N, p oy, n M g




but r* = 2 o1/ p, RTln(Pg/Pm ) (Hill et 21, 11963) hence
i
P M 2 ON 3
L Tg2 02 -16 - “pc W (D5)
I = ( ) (s ) (———) exp ( )
kT ' 'N_op T M 2 2 2 2
g oL 3KT 5, R (Lq?q/?Oo )

The part of equation (D5) which is of greatest interest for this

N

study is C, that is (2 + cos 8) (1 -~ cos 8)°/4. Consider a steam~toluene
mixture, 1f the water forms the continuous phase we must consider the
condensation of toluene onto the water surface. The contact angle for
most organics on water is zero or near zero, ‘rom equation (D3) this means
the free energy for tne formation of a drop Is zero, or near zero, that

is there Is no barrier %o the condensation of toluene onto the water
surface.

However, 1f we consicer steam condensing on toluene it is known that
water will not spread oo a2 tcoluene surface (or indeed on most organic
liquicds with which It 1s Immiscibie) and hence a finite contact angle
between —h2 two liculids will exist., Since there are no data available
for the required conta zncles a range of contact angles will be considered.

Consider the svstem shown in figure Di. The problem is to calculate
T. such =-at the nucleation rate I is significant. In this case Pg is
tne partial pressure oI tne steam in the gas phase (and thus also its

eutectic vapour mixture.

(U

vapour pressure), Ihus IoT
- 5
Pg=760 {1~0.444)=423 —m Hg = 5.6394 x 10 dynes/cm®,Tg=84.34°C=357.49K,
pr = 0.9692 gm/cm3 o .
(at 84.32°C), N = 6.023 x 10°° g mole ~ = (Avogadros constant),
o
k = 1.3308 x 10_16 ergs/K (Boltzmans constant), 0 = 61.7 ergs/cm2
(at 84.34°C), R = 8.314 x 107 ergs/g moleK(Gas constant) and M = 18.0.
6 o
From equation (D5), I=1.4591 x 102 exp 1-31.13 C /(1n x)z], Collier

(1972) gives a rate of 1011—1016 as being 2 significant nucleation rate,

thus taking the smaller value

L) C
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o = 26 ~16
exp [-31.13 €/ (1n x)2] = 1011/~-ﬁ::- x 10 = 6.8535 x 10 7,
1
therefore 1n x = (0.8915 C)Z. (D6)

As an example let 8 = 30° then C = 0.01285 zr3 hence x = 1.1130 =

pl

\

P /P&, thus P, = 38C.0 mm Hg that is the “apour pressure of the steam

at the interface must be 380.0 mm Hg and T. = 81.60°C before any sign-

ificant nucleation takes place. The decre= c¢Z vapour subcooling required

is hence (84.34 - 81.60) 2.70°C. Figure C©2Z cives the degree of subcooling

N)

required for various values of the contact angle.

The major errors in this analysis are probably in the calculation of
the pre-exponential term in equation (D5). Fowever, since a variation
of two to three orders of magnitude has liztle effect it is not as

important as the exponential term.
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APPENDIX E

The Effect of Variable Wall Teroerz-ure on the

Laminar Film Condensation of = zZ._z= Vapour

Tne following analysis is an attempt —o Z2z2rmine the effects of a
non-uniform wall temperature on the condens:in: Zilm heat transfer co-
efficient. The assumptions made are those >f7 Nusselt (see chapter 2
section 2.2), here however, the wall temperatire is not constant but is

given by the empirical correlation of Salos ard Danilov (1975) i.e.,

T, = Tw + C1 cos P (E1)

where Tw is the mean wall temperature, Tw ~he actual wall temperature at

angle 2 and C,l a constant.

From equation (E1) it is apparent thaz

LT, = T T - —= cos 2) (E2)
putting = = Cl/lﬁf: then ecuation (Z2) becomes
2 = AT_{ 1« _.cos 2) (E3)
£ f *

The coordinate system used is shown im fijure El. The momentum

equatiocn can be recuced o

g sin 2 = - by 57 (E2)

Integrating equation (E4) gives



FIG. E1. CO-ORDINATE SYSTEM
FOCR THE NON I[ISOTHERMAL
WALL ANALYSIS.



(p,=p,)g sin P
U = — v (y0 -~ y2/2) (E5)
i

where u is the velocity in the x direction. The mean film velocity is hence

- -py)g sin P52 (E6)
u =

0

The heat transferred through unit width of the element d @ is given by

D

k o)
q=7\d1‘--gATf(-2—)d@ (E7)

where I' the condensate flowrate per unit width of film is
T = u
pp U o . (E8S)
Combining equations (E6), (E8) and differentiating we get

Pr.lpL Py
dTl =

d (6> sin @) . (E9)
3pu .
Thus from equations (E3), (E7) and (E9) it is apparent that,

(1—pcos #) d B =K {52 cos P d B +3 6° sinpd 8] (E10)

where K = 2(P_ (PL—Pv)g 7‘/(3kDo A"f‘fl-l)- .

—
N
J
Lo



Putting K 6% = 2 and noting that 363 dd = %d (64)
equation (E10) reduces to
dz 4 Z cot 9 4 gpycot D 4 cosec P
o : + 22 - == =0, (E11)

the solution of this ordinary differential equation being,
2
4

7 = 3 sin %3g (sin %ﬂ - wsin %ﬂ cos §) d ¢ _ (E12)

The condensate film heat transfer coefficient is hence given by

1 4

=k K*/Z* (£13)

v
h:B-
However, it is not tne =osolute value wnicnh is of interest but the value
relative to the Nussel: crediction for 2n lsothermal wall. Following

the derivation above with the isothermal wall assumption gives

‘h& 1S

&N = < K /ZN (E14)
where

Z. = 4 sin% 9 d 2. (E15)

N . 4/ D
3 sin 3 0

Combining (E12),2(13), (E14) and (E15) gives

hT w d%

roan = 1-= ’ (E16)

hN S



where

S = 44/ sin 3 g d B, (E17)
3sin '3 P /0

The ratio of the mean heat transfer coefficient is given by

T
HT/ENaf hdﬂ/ fo hyd B (E18)

Using equations (E12), (E13), (E14), (E15), and (E18) it can be

shown that,

~r

"

. S0
h /h_ = dz/[s-w]“/ o 4 8/5* (. (E19)

Since Chaddock (1957) has shown that

1

= ,é~x dﬁﬂ/S% = 0.805542, equation (E17) becomes

i
- = e % )
By /R = 0.39515 j; d g/ [s-al?, (E20)

Equations (E16) and (E20) have been solved numerically (using
Simpsons rule) for various values of w and §, the results are shown in fiqgures

E2 and E3 respectively.
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APPENDIX F

Experiments on a Vertical Copper Surface

Fel Introduction

At a late stage in the present study it was decided that useful
information on detailed mechanisms might be obtained using a simple flat
plate. The apparatus described below was designed primarily to give such
information and at the same time provide quantitative heat transfer data.

Unfortunately it was only possible to do relatively few commissioning
runs with this apparatus, however, some limited qualitative and quantitative
data have been obtained.

The following sections will give a brief. description of the apparatus

and the results obtained.

1y
.
N

Apvaratus and crocecure

The flow diagram =% the zpparatus 1s shown in Figure F1; essentially

th

. -~ = . .,
—_—mam AT T A ~ L e Tl
e J.V;J.V‘Nl;).\j' reens.:

the ecuizment consiszs ¢

}Jl

Ly a 2 ilitre round bettomed flask fitted

(7]
n
0
' Ie
+

[§

t !
(¥

1. Beiler - thZ
with a reflux condenser. Th2 heat reguired to boil the liquids is
provide¢ bv a 2.0 X _scamantle.

2. Test section - fnis is described in more detail in section

3. Total condenser — this consists of a coil made up of several
turns oF 7 mm bors zizss tube in a 75 mm i.d. glass jacket. The cooling
water passes througnh the coil.

4. Constant temperature bath - this provides the cooling water, at
a controlled temperature, to the test section.

5. Collection vessels - these are simple conical flasks fitted
with ground glass stoppers to accomodate the glass feed lines.

The lines connecting the various items of equipment are of glass

and P.T.F.E. tubing all of the vapour lines being lagged with fibreglass.

D
-

—
~
N 2
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F.2.1 Test section

Figure F2 shows the details of the test section, essentially this
is a 90 x 60 x 50 mm copper block. The temperature distribution through
the block is measured by four equally spaced stainless steel sheathed
copper constantan thermocouples. The measuring junctions are located on the
centre line of the block as shown in figure F2. These thermocuples
were calibrated in situ by simply placing the block in a constant temperature.
bath, the bath temperature being determined by a National Physical Laboratory
tested mercury in glass thermometer. The accuracy of calibration was
estimated to be within + 0.1°c.

The condensing surface can be viewed through a glass window, when
running the apparatus this window was kept clear of condensate by shining
a 500 W lamp onto the glass, this also provided the illumination for
viewinc.

Fe2e.2 ~Frocedure

Before taking anv reacdings the condensing face of the copper block
was polished with suczessivelv finer cgrades of emery paper until uniformly

smooth. It was then wzsheld with acetone and distillied water before installation.

ot

To commission tne zoparatus the procedure was as follows:

The cooling water supplie§ to the reflux and total condenser

-

(=Y

were turned on.

2. The cooling water to the block was turned on and the temperature
adjusted to the regquired value.

3. The mixture to be boiled was placed in the boiler and the iso-

mantle switched on.
A. When the system had reached steady state, that is when the
block thermocuples were giving a constant output the following readings

were taken:

1. Thermocouple readings

Crd
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2. Condensate flowrates
3. Atmospheric pressure.

Note

The build up of incondensable gases was vdrevented by periodizallv
venting from the total condenser.

F.3 Results and Discussions

The heat transfer results were calculated as follows. The heat flux
through the block was determined from the measured temperature profile
using

q=k L\Tl/l* (F1)
where k is the thermal conductivity of copper (389 W/mOC), 1 and ATi
are the distance and temperature difference between the thermocouple
nearest tne condensing surface and the one furthest away. The condensing

film heat transfer coeificient is then given by
h =c¢c/ =7 (F2)

where A 7.=T ~T . T <=me saturation temperature was determined from

- — e D
~ =

the atmospheric pressure reading and Tw the wall temperature by extra-
polation of the measured temperature profile.

The results obtained are shown in Fig. F3,as can be seen except for
three pcints the hea:t transfer coefficient does not vary appreciably with
temperature difference.

The condensation mechanism was as follows: the toluene formed a film
while the water formed both standing drops and rivulets. Tne area occupied
by the drops was substantially greater than the area occupied by the water
rivulets Fig. F4. Small drops were observed on both the standing water
drops and water rivulets.

F.3.1 Discussion

Since originally the reported results were only meant to be of a
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F4 FLOW PATTERN for the CONDENSATION of

STEAM-TOLUENE MIXTURES ON A VERTICAL FLAT

FIG.

PLATE
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APPENDIX C

Error Arnalysis

The film heat transfer coefficient Is calculated using the ezuzzi:zn
o= oAl T, (o)
A I
where m is the rate of condensation, A tre latent heat of vapourizzat:i:n,

A the heat transfer area andl&Tf tre film temperature difference.

The estimated accuracy in measuring the above variables is as

follows:
Error on A - this value is assumed correct
Error on A -~ the physical propertvy correlations are accurate tc

* 1.C%.

Zrror on m - the measurement of t-e rate of condensation is
estinzz=d to be zccorate to within

- 1 -3 cmrd amT : P + : P
Zrror ono_ - tnis varianle Is cztarmined from the expressicn il =

.- . .. e s o .
T T =23 sirce T ~Z T rczn e meazssrad o within + 0.2 C the error -

S 'l o vy

- - - o, i e o O .. . .
zalzzalzzing T, Is - T.47C0. Thus 1 L T_ = 4,0C the error is + 10.%
>ub I T, = 42.77C the error is only = 1.0%.

£ =

-zn the a-ov2 estimates of the errcrs it 1s apparent that tne

"1

minimm theoretical errors in measuring the heat transfer coefficien:t z-e

o . o .
+ 15.0% if 4 T_ = £.C°C and + 6.0% when Tf = 40.0°C. Thus for the pr=sent

pte

neasurements an accuracy limit of + 15.0% on the heat transfer data :Is

reasonrasle.
~e £ bhal is ined¢ frcm th i Q_/Q -1
"2 heat balance is determined frcm the expression (O COND™ *?

where ch.is the heat gained by the cooling water and QCOND is the
heat lost by the condensate.
The condensate heat load 1s determined fronm QCOND =MAe Thus “—om

the above discussion it is apparent that QCOND can be measured to wi.-in

:_ Sooclvoﬁ

.

The cooling water heat load is ottained from ch

FAt C . Io=
|

4 77
P o/



estimated maxinun error in measuring F is + 5.0%, whlle the correlatzion

for

At

e
che

the

was

-~ ~o b

cetermining C_ is better than + 1.0%. Agal

p

. ‘s . o,.
depends on its magnitude, the absolute error is + 0.05 C.

L

»

mz error in deternmininrg

~
S

From the above it is apparent that if 4t = C.2°C the error in measuring

O

3 FO O I PR N L4 ~om o T S 1z I - ~
neatT Dalaj‘.ce w2le o= i— 2 Le /2 (5.\) - - T 1'\/. - TDewys D[N VT NI = e -

D

error is + 17.0% (5.0 + 1.0 x 5.0 + 5.0).

The limit set on the rejection of dzta because of bad heat balances

set at + 15.0%, and the cooling water temperature difference maintained

above 0.5°C were possible.





