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Condensation in Plain Horizontal
Tubes: Recent Advances in Modelling
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Mixtures

Recent work on improving general thermal design methods for condensation inside plain,
horizontal tubes is presented, summarizing primarily the advances proposed at the
Laboratory of Heat and Mass Transfer at the EPFL in collaboration with the University of
Padova and the University of Pretoria. This work has focused on the development of a
unified flow pattern, two-phase flow structure model for describing local heat transfer
coefficients for pure fluids, azeotropic mixtures and zeotropic mixtures. Such methods
promise to be much more accurate and reliable than the old-style statistically-derived
empirical design methods that completely ignore flow regime effects or simply treated
flows as stratified (gravity-controlled) or non-stratified (shear-controlled) flows. To
achieve these goals, first a new two-phase flow pattern map for condensing conditions was
proposed, which has been partially verified by flow pattern observations. Secondly, a new
condensation heat transfer model for pure fluids and azeotropic mixtures has been
developed including not only flow pattern effects but also interfacial roughness effects.
Finally, the widely used Silver-Bell-Ghaly condensation model for miscible vapor mixtures
has been improved by including the effects of interfacial flow structure and roughness on
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vapor phase heat transfer and a hew non-equilibrium effect added.
Keywords. Horizontal tubes, modeling, heat transfer, pure fluids and mixtures

Introduction

Collaborative research on intube condensationeaEFL (J.R.
Thome, J. El Hajal) has been established with thévevsity of
Padova (A. Cavallini, D. Del Col) and the Univeysitf Pretoria (J.
Meyer, L. Leibenberg, F.J. Smit) to advance ouransi@nding of
condensation of pure fluids and mixtures insidenplaorizontal
tubes. To date, this has resulted in:

Many methods have been proposed in the last hatfioge for
gravity-controlled and shear-controlled condensatidnside
horizontal tubes, where the effect of the flow negihas been
acknowledged but has nevertheless largely ignorgd ubing
simplified criteria to delineate stratified and rstmatified flows
based on a statistical analysis of the heat trarddieabase rather
than flow pattern observations. For example, theelyi emulated
approach of Akers, Deans and Crosser [6] for ptiemjcintube
condensation relies only on an equivalent Reynoldsber, which

« New mixture condensation heat transfer data by ,Smithey defined as

Thome and Meyer [1];

¢ A new two-phase flow pattern map for condensatipreb
Hajal, Thome and Cavallini [2];

¢ Additional condensation heat transfer data and fiattern
observations by Liebenberg, Thome and Meyer [3];
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Re = @

where the equivalent mass velocity i&

« A new flow pattern, flow structure condensation thea

transfer model by Thome, El Hajal and Cavallini [4]
¢ An updated version of the Silver-Bell-Ghaly condsitn
model for mixtures by Del Col, Cavallini and Thofbé
The goal of this collaboration is to advance phgiéfebased
models to predict local heat transfer as a functriocal flow
patterns and attempt to achieve significant advaitaccuracy and
reliability. The idea is to try to capture the mghenomena and
thermal mechanisms in simple, geometrical analyticadels that
are then adjusted by a minimum of empirical cortstémavoidable
in turbulent flows), which not only are statistigahccurate but are
also shown to faithfully predict the trends in tthata, something
purely empirical methods often do not. Achievinggl goals using
a minimum number of new empirical constants totHié data is
taken as a qualitative proof that the underlyingrithal model
assumed captures the important features of the fiewopposed to
empirical approaches that sometimes require 20 orensuch
constants.

Presented at ENCIT2004 — 10th Brazilian Congress of Thermal Sciences and
Engineering, Nov. 29 -- Dec. 03, 2004, Rio de Janeiro, RJ, Brazil.
Technical Editor: Atila P. Silva Freire.
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and G is the total mass velocity of liquid plus eaphrough the
channel. Thus, nothing in this criterion is related the flow
instability encountered when passing from an anntilew to
stratified-wavy flow. This point leads to yet anettimportant issue:
prediction methods that give step changes in heahster
coefficients across a transition boundary. Forainsg, the heat

transfer correlation of Akers-Deans-Crosser givése tlocal
condensation heat transfer coefficient as:
%4 - crapi”? @)

L

where the values of the parameters C and n a@law$:

* For Ree >50000, C =0.0265 and n =0.8;

« For Ree <50000,C=5.03and n =1/3.

Hence, at a value of Re 50000, we have a ratio of 1.22 of the
heat transfer coefficients predicted by the seawitdrion relative to
the first, which represents a step change incrieakeat transfer for
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a small decrease in vapor quality, which is not eobsd
experimentally and hence incorrectly represents ekgerimental
data.

In this light, rather than reformulating new methdabsed on
old ideas, there is significant potential for pregg by creating new
heat transfer models that include more physicatrifgton of the
actual flow structure. To do this, one must firgdict (identify) the
local two-phase flow pattern based on the localfloonditions,
which requires a reliable two-phase flow patternpm&econdly,
some simplified but realistic geometrical formubatiof the flow
structure must be assumed for physically descriltireg flow. In
order to quantify an annular flow structure, assdinte be an
annular ring for instance, at the minimum a voigcfron model is
required to predict the relative cross-sectionabaroccupied by the
two-phases. The heat transfer or pressure drop Invagealso be
formulated to represent the appropriate heat tearesfid frictional
mechanism(s) occurring around the perimeter of tthee, which
may be locally wet or dry depending on the flowineg Thus, a
stratification angle or dry angle is required tpresent these two
respective perimeters. The interaction betweenwlephases may
also be important, such as the effect of interfagi@aves on
condensation. This flow pattern type of approachasnew but in
the past was primarily implemented with just on@alpattern in
mind and has resulted in a patchwork of methodhk witnflicting
transition criteria and step changes in predictetlies from one
flow pattern to another.

Nomenclature

A = cross-sectional area of flow channef, m

A, = cross-sectional area occupied by liquid-phage, m

Ay = cross-sectional area occupied by vapor-phae, m

¢ = empirical constant

C = empirical constant

cpL = specific heat of the liquid, J/kg s

Cpv = specific heat of the vapor, J/kg s

d = tube diameter, m

f; = interfacial roughness correction factor

Fm = non-equilibrium mixture factor

G = mass velocity of liquid plus vapor, kgf/s)

G, = equivalent mass velocity, kgfra

Gerat transition mass velocity into fully stratified flowg/nf s

Guavy = transition mass velocity into stratified-wavyvlp
kg/nfs

g = ravitational acceleration, 9.81 f/s

h.y = latent heat of vaporization, J/kg

Ahp,, = enthalpy change of mixture, J/kg

m = exponent

n = exponent

Pr_ = liquid Prandtl number

Pr, = vapor Prandtl number

q = heat flux, W/rh

r = radius of tube, m

R. = vapor-phase heat transfer resistance on roughene

interface, M K/W

R; = vapor-phase heat transfer resistance on filimg m?
K/IW

Re, = equivalent Reynolds number

Re = liquid Reynolds number

Re, = vapor Reynolds number

Tsa = Saturation temperature of vapor, K

Ty = wall temperature of tube, K

ATy = temperature glide of mixture, K

u_ = mean velocity of liquid, m/s

Uy = mean velocity of vapor, m/s
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X = vapor quality

a, = convective condensation heat transfer coefftchtn? K

Ocm = convective condensation heat transfer coefftadén
zeotropic mixture, W/fK

a; = film condensation heat transfer coefficient, \i/in

O, = film condensation heat transfer coefficient ebtzopic
mixture, W/nt K

0y, = two-phase heat transfer coefficient, Vin

Opm = tWo-phase heat transfer coefficient of zeotrapixture,
Wim? K

ay = vapor-phase heat transfer coefficient of DitBelter,
Wim? K

ay; = vapor-phase heat transfer coefficient at rougten
interface, W/M K

0 = thickness of annular liquid film, m

€ = vapor void fraction

€, = homogeneous vapor void fraction

€2 = Rouhani-Axelsson vapor void fraction

AL = liquid thermal conductivity, W/m K

Av = vapor thermal conductivity, W/m K

. = liquid dynamic viscosity, Ns/f

Uy = vapor dynamic viscosity, Nsfm

0 = falling film angle around top of tube, rad

Bsuar = stratified flow angle of tube perimeter, rad

. = liquid density, kg/m

pyv = vapor density, kg/fh

o = surface tension, N/m

Flow Pattern Map for Condensation

The two-phase flow pattern map for condensatiorp@sed by
El Hajal, Thome and Cavallini [2] is a slightly mfidd version of
Kattan, Thome and Favrat [7] map for evaporatiod adiabatic
flows in small diameter horizontal tubes. Thome &idHajal [8]
have simplified implementation of that map by bimga void
fraction equation into the method to eliminateiiésative solution
scheme. It is this last version that is the stgrtpoint for the
condensation flow map. Presently, flow patterns @dessified as
follows: fully-stratified flow (S), dratified-wavy flow (SW),
intermittent flow (1), annular flow (A), mist flow (MF) andbubbly
flow (B). Intermittent flow refers to both thglug and slug flow
regimes (it is essentially a stratified-wavy flowatgern with large
amplitude waves that wash the top of the tube)oAlratified-
wavy flow is often referred to in the literature @mply wavy flow.
For a detailed definition of the flow patterns usede, refer to those
in Collier and Thome [9].

The flow pattern map for evaporation is shown iguré 1 for
R-134a in an 8.0 mm tube evaluated at 40°C. Thasitian
boundary between annular flow (A) and stratifiedrwdSW) flow
at high vapor quality represents the onset of drydithe annular
film and is thus a function of heat flux. For condation, saturated
vapor enters a condenser tube and forms eithemalitjuid film
around the perimeter of the tube (as an annulav)flor a liquid
layer in the bottom of the tube and a gravity-coifed condensing
film around the upper perimeter (as a stratifiedswatified-wavy
flow). Since dryout does not actually occur for densation, the
transition curve labeled (&, is presumed to reach its minimum
value and then continue horizontally to the vapaaliy of 1.0, as
shown in Figure 1. This means that a saturatedrvepiers at x =
1.0 and goes directly into either the annular floggime, the
stratified-wavy flow regime or the stratified reg@mdepending on
whether G is greater or less thaj.i or Gy The other boundaries
remain the same, assuming the gravity-controlleadeasing film
around the upper perimeter does not affect thers. @ubbly flow
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regime occurs at mass velocities higher than ttsbsevn on the
present map and is also beyond our current datatraaemist flow,
it can be envisioned that the layer of condensdtiebe sheared
from the wall and that a new condensate layer imiinediately
begin to grow again in its place.

R134a, G=300 kg/m?s, T=40°C, d=8 mm
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Figure 1. Condensation flow pattern map boundaries compared to
evaporation map boundaries.

To cover a broader range of reduced pressures @2 to
0.80, the second change to the condensation metpresto the prior
evaporation map is its method for calculating vioattion, where a
simple logarithmic mean void fractianis introduced and calculated
as

€h ~€ra

Inish/srai

In this expression, the value @f, from the Rouhani and
Axelsson [10] drift flux expression:

4

[1+ 022(1- X)]LVLH_—X} 1

. X PL ®)
ra =
A |, 1180-xaolo, - o)
Gp(®
and the homogeneous void fractigyis calculated as:
. -1
&, =|1+ [1)[&] (6)
X A\ PL

For the complete set of equations for the condemsdtow
pattern map, refer to El Hajal, Thome and Caval#ji Figure 2
depicts a comparison of this map to flow pattersesbations for R-
407C obtained by Liebenberg, Thome and Meyer [8\which all
observations at the test conditions indicated wemrectly
identified.
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Figure 2. Flow pattern observations for R-407C compared to condensation
flow pattern map.
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Heat Transfer Model for Pure Vapors and Azeotropic
Mixtures

The objective here was to develop a new flow patiem
structure based condensation heat transfer moadébgous to that
proposed by Kattan, Thome and Favrat [11] for erafjmn inside
horizontal tubes. The condensation heat transfeteinoroposed by
Thome, El Hajal and Cavallini [4] uses the samevfimattern map
as for evaporation but with the new modificatioéea above. The
new condensation model assumes that two types atf thensfer
occur around the perimeter of the tube: conveatoredensation and
film condensation. Convective condensation referthé axial flow
of the condensate along the channel due to the sethpressure
gradient while film condensation refers to the flofvcondensate
from the top of the tube towards the bottom dugravity. Previous
condensation models typically have subdivided tloegss into only
two flow regimes: stratified flow and unstratifildw. Instead, here
it is divided into the traditional flow regimes: rarar flow,
stratified-wavy flow, fully stratified flow, interittent flow, mist
flow and bubbly flow. Only the first five are addsed here as few
data are available for bubbly flows while intermitt and mist flows
are treated as an annular flow for simplicity’s esakhe three basic
two-phase flow structures assumed are shown inr&igu

"
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Liquid
Liquid
0=0 6= eslmiﬁ:d
Annular Stratified-Wavy Stratified

Figure 3. Flow structures for annular, stratified-wavy and fully stratified
flows (left to right in bottom three diagrams) and for fully stratified flow
and its film flow equivalent (top two diagrams).

2
\

Figure 4. Heat transfer zones on perimeter of tube in stratified types of
flows.

The above two heat transfer mechanisms are aptiigtieir
respective heat transfer surface areas as showigire 4. The
convective condensation heat transfer coefficigris applied to the
perimeter wetted by the axial flow of liquid filmsich refers to the
entire perimeter in annular, intermittent and rfisivs but only part
of the perimeter in stratified-wavy and fully stfi@d flows. The
axial film flow is assumed to be turbulent. Therficondensation
heat transfer coefficient; is applied to the perimeter that would
otherwise be dry in an adiabatic two-phase flow aedce is the
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upper perimeter of the tube for stratified-wavy dotly stratified
flows. o is obtained by applying the Nusselt [12] fallinignf theory
to the inside of the horizontal tube, which assuthedalling film is
laminar and falls downward without any axial vetgatomponent.
Heat transfer coefficients for stratified types fldw are known
experimentally to be a function of the wall tempera difference
and this effect is included through the Nusseltirfgl film heat
transfer equation in the present model.

The general expression for the local condensing traasfer
coefficientay is:

crfr¢5?+(277—6’)ra'C
atp =

™

2

In this expression, r is the internal radius oftiilge and is the
falling film angle around the top perimeter of tbe, which occurs
on the upper perimeter that would otherwise beinlrgn adiabatic
stratified flow. Hence, for annular flow with= 0, oy, is equal tax..
The falling film angle is obtained as follows. Ejrshe stratified
angle B4, is calculated from the following implicit geometri
equation:

®

d? .
? [(2”_ Osrat ) - SIn(ZIT— Ostrat )]

where the cross-sectional area occupied by th&ligiuase A is

A =(1-£)A 9)
and the cross-sectional area occupied by the vapor
A, =eA=1-A, (10)

A is the total cross-sectional area of the tube arglthe local
vapor void fraction, which is determined using libgarithmic mean
void fraction (LMe) using the Rouhani and Axelsson drift flux
model and the homogeneous model in order to ctnerange from
low to high reduced pressures.

For annular, intermittent and mist flow§, = 0. For fully
stratified flow, 8 = B4, For stratified-wavy flow, the stratified
angle® is obtained by assuming a quadratic interpolakietween
its maximum value 0Bg,, at Gy, and its minimum value of 0 at

Gwavy:
:| 05

The values of Grand Giay at the vapor quality in question are
determined from their respective transition equetiin the flow
pattern map.

The convective condensation heat transfer coefficig is
obtained from the following turbulent film equation

(Gwavy _G)

(11)
Gwavy ~Ggrat

6= gstrat|:

A
a; =cRe] Pr[“7L f; (12)

where the liquid film Reynolds number Ris based on the mean
liquid velocity of the liquid in A as:

4G(l— x)é'

(-
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and Py is the liquid Prandtl number defined as:

_CpHL
A

Pr. (14)

In these expressions ¢, n and m are empirical aotst
determined from the heat transfer databasedasdhe thickness of
the liquid film. The best value of the exponent m By was
determined to be m = 0.5 while the best values ahd n for Eq.
(12) were found statistically to be ¢ = 0.003 and ®74. The liquid
film thicknessd is obtained from solving the following geometrical
expression:

A :(z%ﬁ[dz—(d—za')z] (15)

where d is the internal diameter of the tube. Whiee liquid
occupies more the one-half of the cross-sectionthef tube in a
stratified-wavy or fully stratified flow at low vap quality, this
expression will yield a value @& > d/2, which is not geometrically
realistic. Hence, whenevér> d/2,0 is set equal to d/2.

Analysis of the data demonstrated that an additidaetor
influenced convective condensation. After looking ‘aarious
possibilities, the interfacial surface roughness weentified as the
most influential based on the following reasoniRgst of all, the
shear of the high speed vapor is transmitted tdidiuéd film across
the interface and hence increases the magnitudea@mber of the
waves generated at the interface, which in turrremses the
available surface area for condensation, tendingnt¢oease heat
transfer. Secondly, the interfacial waves are rinoswidal and thus
tend to reduce the mean thickness of the film,ragaireasing heat
transfer. An interfacial roughness correction fatwas introduced
to act ono. in EqQ. (12) as follows:

(16)

a)es?)"
2]

o] o

where y and y are the mean velocities of the phases in their
respective cross-sectional areasahd A :

_ G(l—x)
up _7_5/% - a7)
Uy —% (18)

The interfacial roughness correction facfptends towards a
value of 1.0 as the film becomes very thin (rougisnenust be
proportional to film thickness) but tends to increase as the slip
ratio u,/u_ increases. Finallyf; tends to decrease asincreases,
since surface tension acts to smooth out the wakes. fully
stratified flow, interfacial waves are damped ouad ahence the

above expression becomes
1/2 _ > 1/4
fi:1+[“_V] [("L )g‘yj[ j (19)
up

when G < Gy, Which produces a smooth variationoiy across this
flow pattern transition boundary just like for #lle other transition
boundaries and the ratio of Gf acts to damp out the effect of
interfacial roughness in stratified flow.

G

Gstrat

Py
o
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The film condensation heat transfer coefficientis obtained
from the theory of Nusselt [12] for laminar flow affalling film on

the internal perimeter of the tube, whereis the mean coefficient
for this perimeter. Rather than integrating frora tbp of the tube to

the stratified liquid layer a/2 to obtaina;, which would be more
theoretically satisfying, it was found sufficierd simply use the
mean value for condensation around the perimetan ftop to
bottom with its analytical value of 0.728, and tlaweid a numerical
integration to facilitate practical use of this hmd in designing
condensers. Hence; is:

1
o =0.72 pLlpL —pv)ghy A7 |4
l-lLd(Tsat_Tw)

(20)

Since heat exchanger design codes are typicallyeimgnted
assuming a heat flux in each incremental zone afbaegxchanger,
it is more convenient to convert this expressiorhéat flux using
Newton’s law of cooling, such that the heat fluxsien of the
Nusselt equation where the local heat flux is qgien by the
expression:

1
o =0.65{PL(PL ~pv)ghuy A} T

(21)
prdg

where the leading constant 0.655 comes from G%2&he
difference in the accuracy of the predictions whetlsing the first
or second of these expressionsdets negligible.

To completely avoid anyterative calculations, the following
expression of Biberg [13] based on void fractionuged to very
accurately (error 0.00005 radians fort2= 6= 0) evaluateg, .,
instead of Eq. (8):

n(1—g)+(37”)1/3
.

% (1-)eL-201-¢)]

e +e?]

Ograt = 27T—2 (22)

The above heat transfer prediction method cannaviaduated
at e = 1.0 because of division by zero. Furthermorgeexnental
condensation heat transfer test data are reporigd avmeasured

error in vapor quality of at leas0.01 and hence it does not make
sense that test data can be evaluated for x > Ula®s, the above

condensation prediction method is applicable wh8A® x; when x
> 0.99, then x should be reset to 0.99. Also, theel limit of

applicability is for vapor qualities ¥ 0.01. Our range of test data

was from 0.97 > x > 0.03. This method provides &smooth

variation in oy, across all the flow pattern transition boundaries

without anyjump in the value ofx,.
The condensation heat transfer model is implemerded
follows:
1. Determine the local vapor void fraction using th#&ld
method given by Eqg. (6);
2. Determine the local flow pattern using the flowtpat map;
3. Identify the type of flow pattern (annular, intettant, mist,
stratified-wavy or stratified);
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4. If the flow is annular or intermittent or mist, thé = 0 and
0. is determined with Eq. (12) and hergg = a. in Eq. (7)
whered is obtained with Eq. (15) arfdis determined with
Eq. (16).

5. If the flow is stratified-wavy, thef,, and6 are calculated
using Eq. (8) or (22) and Eg. (11), then and a; are
calculated using Egs. (12) and (20) or (21), andlify ay, is
determined using Eq. (7) where agaiis obtained with Eq.
(15) andf; is determined with Eq. (16).

6. If the flow is fully stratified, therB, is calculated using
Eq. (8) or (22) andg, is set equal t®, thena, anda; are
calculated using Egs. (12) and (20) or (21), andlify ay, is
determined using Eq. (7) whedeis obtained with Eq. (15)
andf; is determined with Eqg. (19).

Figure 5 depicts a comparison of the new condemsdieat
transfer model to all the refrigerant databaseresgmting eleven
fluids with a total of 1850 data points taken byenidifferent
research laboratories. Based on all the data pdiut® these
numerous different test facilities, 85% are prestictvithin £20%.
Figure 6 depicts the distribution of errors by flpattern, showing
nearly uniform accuracy except for the fully sfiatl flows (where
heat transfer is dominated by Nusselt film condgosaand whose
perimeter-averaged heat transfer coefficient may be well
represented by the measurement techniques).
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Figure 5. Comparison of condensation heat transfer model to entire
refrigerant database.
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Figure 6. Comparison of condensation heat transfer model to entire
refrigerant database by flow pattern.

To illustrate the predicted trends d, as a function of vapor

quality and mass velocity, the heat transfer maahel flow pattern

map are simulated for R-410A condensing at 40°Garin8 mm
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diameter tube assuming a heat flux of 40 ki/fthe flow pattern
map (for three refrigerants) and heat transfer fmmefts (for R-
410A) are shown in Figure 7. At the lowest flowerg80 kg/ms, the
flow is in the stratified regime from inlet to oetland the heat
transfer coefficient falls off slowly with decreagivapor quality. At
200 kg/nfs, the flow enters in annular flow and then pasisesigh
intermittent and stratified-wavy flow. At 500 kgsp the flow enters
in the annular flow regime and converts to interenit flow at about
x = 0.55 and leaves in this same regime. The stlecfine inay, at
high vapor qualities results from the rapid growaththe annular
film thickness. At 800 kg/fs, the flow enters in the mist flow
regime, goes into the annular flow regime and tleaves in the
intermittent regime. As can be seen, the new heaister model
predicts the variation in the local heat transfeefficients across
flow pattern transition boundaries without any distinuity in the
value ofa,

G=300(kg/m"s), T=40°C, d=8 mm
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Figure 7. Simulation of flow pattern map and heat transfer
condensation of R-410A.

model for

Heat Transfer Model for Zeotropic Mixtures

The mixture effect on condensation heat transféluistrated by
Figure 8 showing local experimental heat transfesfficients for
three refrigerant mixtures of R-125/R-236ea and fisre
components obtained by Cavallini et al. [14]. Apply the new
version of the Silver [15] and Bell and Ghaly [I6kthod by Del
Col, Cavallini and Thome [5], the local heat tramsfoefficient for

zeotropic mixtureso,, is obtained from the film condensation

coefficientag, and the convective condensation coefficiegt by
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accounting for the different perimeters pertainitg the two
mechanisms:

soooﬁ\ ‘ ‘
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Figure 8. Heat transfer coefficients for three refrigerant mixtures of R-
125/R-236ea and its pure components obtained by Cavallini et al. [14].

Al 0+ (277— H)racm
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2 23)

wheref is the falling film angle around the top perimetéthe tube
as already discussed. The convective condensagan thansfer
coefficient of the mixture is obtained from thev@it-Bell-Ghaly
series resistance approach as follows:

1

-1
Tem = |:a_c + Rc:|

wherea. is computed as per the pure fluid model using unext
physical properties. The Silver-Bell-Ghaly vaporapl heat transfer
resistance Rfor cooling of the vapor to the dew point temperat

is calculated as follows:

(24)

A]TgI i

=XC — > (25)
Rc pVv Ahm a\ﬁ

The resistance depends on vapor phase heat traosficient
referred to the vapor-liquid interfacg;. Silver-Bell-Ghaly assumed
the value ofay; to be that of simple vapor flow in a plain tube
without a liquid film while in fact there is a ligg film with an
interfacial roughness affecting this heat transt®ased on this
reasoning, the same correction factor actingtoshould be applied
to the vapor heat transfer coefficient that appaathe Silver-Bell-
Ghaly resistance of the axial flow. Therefore tlapar coefficient
can be written as:

ay =ayf (26)
The interfacial roughness factdy is computed from the

equations above. The vapor heat transfer coefficien can be
computed with the Dittus and Boelter [17] corraati

A
ay = TV 0.023Ra’® P33 27
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It is adapted to the present situation by defirtimg Reynolds

number of the vapor phase \Rgased on the mean vapor velocity of

the cross-sectional area occupied by the vagor A

_ Gdx

Rey
Ely

(28)

Pr, is the vapor Prandtl
procedure is applied to the film condensation camepd in the
same way as for the convective term but withoukerfatial
roughness on the laminar falling film, ife= 1.0. One of the main
assumptions of the Silver-Bell-Ghaly approach iat tbquilibrium
exists between the liquid and vapor phases. Inityeathe
condensation process inside a tube departs frosetuilibrium
when the liquid condensate forms a stratified lagtethe bottom of
the tube and the film condensation component mestfusther

corrected with a mixture factorFacting to the resistance of the

falling film:

(29)

-1
afm:FmEEai+Rf:|
f

number. The Silver-Bell-Ghaly
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Figure 9. Comparison of new mixture model to complete database plotted

versus the mixture temperature glide.

Summary

Recent improvements in general thermal design misttfor
condensation inside plain, horizontal tubes madeetl_aboratory

The heat transfer coefficient is calculated from the pure vapor ¢ Heat and Mass Transfer at the EPFL in collaiamatvith the

model using the properties of the mixture while tbsistance Rcan
be determined in the form:

Rf = me\/

(30)

where no interfacial roughness factor applies éovidpor phase heat
transfer coefficient because the falling film ispposed to be
smooth. The new non-equilibrium mixture factay &ccounts for
non-equilibrium effects in stratified flow regimemd has been
correlated as a function of vapor quality, masscigf, temperature
glide and saturation to wall temperature differeasdollows:

0.5
GwavyJ [ ATgl j (31)

G Tsat=Tw

Fn =exg —0.25{1-x) EE

University of Padova and the University of Pretohave been
summarized. First, a new condensation two-phagse flattern map
has been proposed and partially verified by neww flpattern
observations. Secondly, a new condensation heaféiamodel has
been developed including both flow pattern effesntsl interfacial
roughness effects, which accurately predicts andlaes a large,
diversified database. Finally, the well-known SikBell-Ghaly
model for predicting heat transfer in the condeénsabf miscible
vapor mixtures has been adapted to this new heasfer model,
including the effects of interfacial flow structuaad roughness on
vapor phase heat transfer and non-equilibrium cosat®n, to
more accurately predict condensation of mixtureth wémperature
glides up to 22 K.
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