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ABSTRACT
This paper proposes a short review of the different forms adopted to express the analogy
between heat and mass transfer for application in correlating data, from condensation and
evaporation experiments. In particular, the assumptions at the basis of the various forms
presented by classical textbooks as well as recent research work are qualitatively discussed,
proposing a unified treatment of the different models.

On this background, the results of the application of one of the considered forms of the
analogy to a problem having relevance for nuclear reactor safety are then discussed. The work
performed in this frame is related to condensation on finned tube heat exchangers, proposed
as key components in passive containment cooling systems adopted in some innovative
reactor concepts. The application of the model to the experimental data also allowed to obtain
interesting information about the effect of different parameters on the cooling capabilities of
this compact heat exchangers.

1. INTRODUCTION
The presence of simultaneous heat and mass transfer characterises many processes of interest
for engineering. Liquid evaporation and vapour condensation in a multi-component gas
mixture are in fact phenomena of vast use in industry. In particular, the evaporation and
condensation in the presence of noncondensable gases has a considerable importance in some
nuclear applications, such those proposed to remove the residual heat from innovative nuclear
reactor plants after postulated accidents [1-4].

The quantitative evaluation of the mass transfer rates resulting from specific gas mixture
and interface conditions can be performed choosing among various formulations, apparently
different from each other, proposed in classical textbooks or developed in the recent literature
(see e.g., [5-16]). The differences between the assumptions at the basis of these formulations
are not always evident and the quantitative consequences of the choice of the one or the other
line of thought require an accurate examination.

The analysis of the available literature on the subject showed that the formulations of
the analogy commonly adopted can be distinguished in two main categories: those based on
the mass approach (see e.g., [5] e [6]), making use of an expression of the Fick's law in terms
of mass fractions, and those based on a molar approach (see e.g., [7]), proposing similar
relationships expressed in terms of molar fractions or partial pressures.

One of the reasons for the use of different formulations for the solution of similar
problems is due to the different processes that in the various technical fields require the
solution of heat and mass transfer problems. While the molar approach could be more
convenient in some applications, such as in the chemical field, the mass approach turns out to
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be more appropriate when the problem of the diffusion of the different species is considered
by means of detailed models that solve the multidimensional balance equations of continuity,
energy and momentum. In fact, as well known, the velocity of the fluid that appears in these
equations is defined as a mean weighted on mass fractions of the velocities of the individual
species, thus allowing a direct use of the Fick's law expressed in terms of mass fractions.

A first purpose of this paper is to present a systematic comparison between the different
formulations of the heat and mass transfer analogy. In particular, the results of parametric
analyses having the purpose to show points of agreement and differences among the different
formulations are discussed. These analyses have been performed making use of a unified
formulations proposed for the different models.

A second purpose is to summarise the results obtained by a model based on the analogy
for studying condensation heat transfer on compact finned tube heat exchangers. The results
provide interesting information about the effect of different parameters on the cooling
capabilities of the finned tube heat exchangers.

Conclusions about the applicability of the analogy between heat and mass transfer for
engineering purposes are finally drawn on the basis of the presented results.

2. DIFFERENT FORMS OF THE ANALOGY
The forms of the analogy considered in the present work are summarised in Table 1, in which
the definitions of some of the key parameters are reported.

As it can be noted, whatever the adopted approach, mass transfer problems are solved
by introducing an appropriate transfer coefficient, in analogy with the definitions usually
adopted for heat transfer. In this way, the mass transfer rate through the gas-liquid interface is
obtained as the product of the mass transfer coefficient times a driving force, that plays the
same role that in the Newton's law of convection is played by the temperature difference
existing inside the boundary layer.

In particular, in the mass formulation as presented, e.g., by Spalding [6] and Lienhard [5]
and in the molar formulation by Bird et al. [7], the mass transfer coefficients (hm and k'xhc,

respectively) are defined as the ratios of the mass or molar diffusive fluxes at the interface to
the mass or molar concentration difference through the boundary layer. The corresponding
driving forces to be used in evaluating the overall mass transfer at the interface are obtained
considering the superposition of diffusion and bulk motion (see the definitions of Bm and R
in Table 1). The corrections applied to account for "blowing" (i.e., suction or transpiration) are
based on the solution of the classical Stefan problem [17], concerning vapour diffusion
through a stagnant layer; in solving this problem, it is assumed that the mixture density or the
molar concentration are constant respectively in the two cases, leading to formally similar
logarithmic expressions for the overall mass transfer rate.

The forms proposed by Chilton & Colburn [14] and by Kreith [8], on one side, and by
Collier [9] and Butterworth & Hewitt [10], on the other, are variants of the classical molar
approach by Bird et al. [7], obtained assuming ideal gas behaviour for the vapour and the gas
components. The driving force in these cases is expressed in terms of vapour partial pressures
and the correction for blowing is implicitly accounted for in the definition of the mass transfer
coefficient or in its relation to the Sherwood number.
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(1) Ideal gas behaviour has been assumed. (2) The Clausius-Clapeyron relationship and water property approximations have been used.

Wherever not specified, mean gas mixture properties are considered. The following definitions have been used:

B=- P,.>-P,.I Ja =

to

Table 1 - Different formulations of the heat and mass transfer analogy



The stagnant layer theory by Peterson et al. [12], originally developed for condensation,
represents an interesting attempt to express the mass transfer problem in the form an
equivalent heat transfer one. Instead of defining a mass transfer coefficient, the equivalent
condensation heat transfer coefficient is directly introduced and the driving force is taken as a
temperature difference. Though the final formulations reached may look very different from
the previous ones, they have been derived from a standard molar approach, making use of the
Clausius-Clapeyron relationship to convert partial pressure differences into equivalent
temperature differences, also introducing assumptions and approximations in the evaluation of
vapour property trends. A key parameter in this model is the effective conductivity, kc, which

is used to evaluate the equivalent thermal conductance for mass transfer of the boundary
layer. It can be also recognised that the logarithmic group accounting for the effect of suction
is also embedded in the formulation.

Once the appropriate definition of the Sherwood number for low mass transfer rate,
Shg 0, is obtained coherently with the formulations adopted for the mass transfer coefficient

(see Table 1), the analogy allows to evaluate its numerical value on the basis of the selected
heat transfer correlation:

h L i .analogy
N"s.o = ̂ T~ = ARe

g-
 Gr

s>
 Pr

s • geometry) -> Shg0 = f{Reg, Grg, Scg, geometry) (1)

In the above relationship, Nug 0 is the Nusselt number evaluated for purely convective

conditions; as heat transfer is also affected by the superposition of mass transfer, the classical
Ackerman correction [18] can be introduced

* « , = ^ , . 0 - ^ 3 7 w i t h ^ " T ^ ( 2 )

The definitions adopted in the work by Peterson et al. [12] appear particularly
convenient for the treatment of problems of both condensation and evaporation. It is therefore
interesting to extend them to the other forms of the analogy, by introducing definitions of
general validity for the equivalent heat transfer coefficient and the effective thermal
conductivity for mass transfer (i.e., for latent heat transfer):

h q"" - Ik-K k -^i O)

Table 1 summarises the expressions of klal obtained for the above considered formulations of

the analogy.
Heat transfer in the presence of mass transfer is then evaluated making use of the

following definitions for the effective convective heat transfer coefficient and thermal
conductivity, which include the mentioned Ackerman correction [18]:

fo
' N 8 0 T \

In particular, when it is assumed that Nug 0 oc Pr^ , and then Shg 0 cc Sc{
g

2, it is found that

t C \T —T n
0T =-^-LegJav with Jav =
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The above relationships for calculating the effective conductivities klal and kconv

involve only thermophysical properties of the gas-vapour mixture, concentrations and
temperatures.

268



On the basis of these definitions, a quantitative comparison between the different forms
of the analogy has been performed in a previous work [19]. Figure 1 compares the values of
klal obtained by the different forms of the analogy for a saturated gas-vapour mixture at a

pressure of 0.1 MPa and 0.5 MPa. The comparison is made considering the ratio of k]at to the

reference value obtained by the mass approach, klalref. The results obtained with Chilton &

Colburn and Kreith formulations are applicable also to the case of Collier e Butterworth &
Hewitt formulations, as they represent quantitatively equivalent variants.

It can be noted that:
• the predictions of the molar approaches are similar and can deviate considerably from

those of the mass approach in the case of large Acov ;

• the formulation of Bird et al. provides results almost coincident with those of the mass
approach at low \Acov , which is not the case for the other molar approaches due to the

further assumptions and approximations made in their development;
• in the case of molar formulations assuming ideal gas behaviour, the deviations from the

predictions of Bird et al. appear to increase with increasing mixture pressure.
1.21.2

1.1 -

1.0

3 0.9

•* 0.8

0.7

0.6

Birdetal.
Chilton& Colburn
Peterson et al.

4

i.i 4-

1.0

j0.9

0.8

0.7

0.6

-4
• \

Birdetal.
Chilton & Colburn
Peterson et al.

;*„/= 5 W/(mK

Y
$f
CONI

-r'-f.

kia,.r,f= 5 W/(mK)

ytu^nf^ 1 W/(mK) kia,^/= 1 W/(mK)|-

11
ENSATION

1
EVAFOEiAT ION

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
O>v.i- O}v,b

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
&!„, - 61'v.b

(0.1 MPa, RH= 100 %) (0.5 MPa, RH= 100 %)
Figure 1 - Parametrical comparison between the different formulations of the analogy

Despite of these differences, it has been shown [19] that in some cases of practical
interest for nuclear engineering the deviations in the predictions obtained by the various mass
and molar approaches is limited (less than 10%). This is the result of both small values of

\Ao)v and of a limited relative weight of the resistance due to mass transfer in the boundary

layer with respect to the overall resistance to heat transfer in practical problems.

3. MODELLING CONDENSATION ON FINNED TUBE HEAT EXCHANGERS
A model has been developed at the University of Pisa for studying condensation on compact
finned tube heat exchangers proposed by ENEL [20] as key components of a passive cooling
system for a double barrier concrete containment [21]. Experimental activities aimed at
assessing the heat removal capabilities of these condensers, consisting of staggered arrays of
inclined finned tubes, have been performed by the Centro Italiano Studi ed Esperienze (CISE,
Italy) and the Paul Scherrer Institut (PSI, Switzerland) in the frame of the EU INCON Project.
The experiments involved both single finned tubes in natural convection conditions and heat
exchanger mock-ups characterised by different geometries under forced convection; in the
latter case internal cooling is achieved by a boiling water circuit.

The model developed in this frame took benefit from the discussion about the relevant
physical phenomena in the European working group and has the following characteristics:
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Figure 2 - Prediction of experimental data (Nir correlation)
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the analogy between heat and mass transfer in the mentioned mass formulation is adopted
for condensation on the finned tube surface;
different forced convective heat transfer correlations have been tested, whose analogous
formulations have been used for mass transfer; among them, the Nir correlation [22] has
been one of the most successful; the Tsubouchi & Masuda correlation (see e.g., Ref. [23])
is used to account for the contribution of free convection;
the presence of the film on the finned and the urrfinned surfaces is neglected, due to its
small contribution to the overall thermal resistance; in particular, in agreement with
experimental observation, no condensate flooding of the interfin space is assumed;
heat conduction through the pipe walls and fin efficiency are accounted for by classical

relationships;
• the Chen correlation [24] is
adopted for evaluating boiling heat
transfer inside the heat exchanger
cooling pipes.

Figure 2 compares the values
of power removed by condensation
on the heat exchanger as calculated
by the model with the whole body of
experimental data. As it can be
noted, a reasonable agreement is
obtained, testifying for the adequacy
of the adopted heat and mass
transfer relationships. A similar
level of accuracy was obtained for
most of the other considered heat
transfer correlations.

The model has been also used
for evaluating the advantage
obtained in cooling efficiency by the
use of finned with respect to bare
tubes. As expected, the results of
such an analysis (see Figure 3),
showed that the greatest effect of the
presence of fins is obtained when
the condensation heat transfer
coefficient is low, which occurs at
low internal coolant temperature.

The contribution of natural
convection to the overall mass
transfer has been also investigated
for the different test series; the
analysis showed that in most of the
tests this contribution is relatively
small and a typical dependence on
the parameter Gr I Re2 corrected by

a geometrical dimensionless group
was observed (Figure 4).
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Figure 3 - Predicted enhancement of cooling capabilities
due to the presence of the fins
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4. CONCLUSIONS
This paper has discussed the different forms of the analogy between heat and mass transfer
proposed in literature and has shown an example of its adequacy in predicting condensation in
the presence of noncondensable gases in conditions relevant for innovative nuclear reactors.

It has been shown that the choice of a particular form of the analogy has an observable
effect on the results obtained for heat and mass transfer, though previous work showed that
the difference in some cases of practical interest is limited. In the lack of decisive information
coming from experiments, it is presently difficult to prefer one form of the analogy with
respect to the other and the choice among them appears rather occasional.

On the other hand, the use of the analogy for predicting condensation even in complex
geometries as those involved in compact finned tube heat exchangers proved to be successful
in providing reasonable estimates of the observed cooling capabilities. This gives further
support to the application of this theory in setting up models for the design of passive
containment cooling systems.
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NOMENCLATURE
Roman Letters
Bm dimensionless driving force [-]

c
Cp

D
Dg

Gr
h

hm

Ja
J*

j
k

K.ioc

KG

KM

L
Le
M
m"

N
Nu

P
Pr
q"
R
R

molar concentration [mole/m ]
specific heat at constant/? [J/(kg K)]
diameter [m]
diffusion coefficient [m /s]
Grashof number [-]
heat transfer coefficient [W/(m K)]
mass transfer coefficient [kg/(m s)]
Jacob number [-]
diffusive molar flux [mole/(m s)]
diffusive mass flux [kg/(m s)]
thermal conductivity [W/(m K)]
mass transfer coefficient [mole/(m2 s)]
mass transfer coefficient
[mole/(m2 s Pa)]
mass transfer coefficient [m/s]
reference lenght [m]
Lewis number [-]
molecular weight [kg/mole]
mass flux [kg/(m s)]

molar flux [mole/(m2 s)]
Nusselt number [-]
pressure [Pa]
Prandtl number [-]
heat flux [W/m2]
driving force in molar terms [-]
gas constant [J/ (K mole)]

Re
RH
s
Sc
Sh
T
X

Reynolds number [-]
relative humidity [%]
interfin spacing [m]
Schmidt number [-]
Sherwood number [-]
temperature [K]
molar fraction [-]

Greek Letters
a

h>
V

P
CO

thermal diffusivity [m2/s]
vaporization heat transfer [J/kg]

kinematic viscosity [m /s]
density [kg/m3]
mass fraction [-]

Subscripts
avg
b
c
conv
fin
fore
g
i
I
lat
n
r
sat
V

0

average
bulk
condensation
convection
fin
forced
gas-vapor mixture
interface value
liquid
latent
noncondensable gas
root tube surface
saturation
vapour
related to low mass transfer or
reference value
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