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Abstract. Owing to the phase-out of working fluids currently used in refrigerating equipment
and heat pumps such as CFC and HCFC there is need for searching new fluids, whose
thermodynamic and transport properties aren’t available and there are few heat transfer data for
the evaporators and the condensers. The present methodology is founded on a new approach
which utilizes a suitable hydrodynamic model for Poli—Phase Flow derived by the original and
powerful “Drift Flux Model” of G. B. Wallis and it has been successfully applied by the Authors
to correlation of heat transfer data for the heat transfer equipment of the refrigeration plants and
heat pumps to predict the heat transfer during evaporation and condensation of working fluids
and mixtures of fluids. A wide data bank of heat transfer data derived from various papers of the
literature have been correlated with a very high correlation coefficient (0,85 + 0,95) both for pure
fluids and fluid mixtures. The present paper explains the methodology and gives some results of
typical application.

INTRODUCTION

The phase-out of working fluids currently used in refrigerating equipment and heat pumps such
as CFC and HCFC gives rise to a lot of problems. There is need for searching new fluids, whose
thermodynamic and transport properties aren’t available and there are few heat transfer data for
the evaporators and the condensers.

The Authors since some years developed a new correlation methodology of heat transfer data in
this kind of equipment. The methodology is based on a new approach which utilizes a suitable
hydrodynamic model for Poli-Phase Flow. This last is derived by the original and powerful
model of the Drift Flux of G. B. Wallis which is, essentially, a separated-flow model in which
attention is focused on the relative motion rather than on the motion of the individual phases.
The model of Wallis has been widely applied to the hydrodynamic study of two-phase flow but
no application is reported in the technical literature on heat transfer.

The new methodology has been successfully applied by the Authors to correlation of heat
transfer data in Fluidized Beds (Dispenza et a. 1992, 1997) up to very high temperatures when
there is need to consider the effect of the thermal radiation. In the field of heat transfer
equipment for the refrigeration plants and heat pumps, the methodology has been, applied to
predict the heat transfer during evaporation (Columba et a. 1996, 1999, 2001; Dispenza A.,
Panno D. 2001) and condensation (Columba et a. 2001) of the working fluids and mixtures of
fluids. A wide data bank of heat transfer data derived from various papers of the literature have
been correlated with a very high correlation coefficient (0,85 + 0,95). Pure fluids analyzed
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comprehend: water, some hydrocarbons, a lot of refrigerants both new and conventional, NHj,
CO, and some working mixtures of fluids.

The application of the model to the evaporation and condensation of pure working fluids and
working mixtures of fluids accounts for the entrainment of liquid in the gas core in two-phase
annular flow and considers the effect of interfacial phenomena. This is a new kind of approach in
heat transfer which, by means of a basic suitable drift-flux one-dimensional model, allows to
afford, at least, the main relevant aspects of the problems arising in heat transfer. The stirring
action due to the evaporation and the buoyancy for the whole section of a duct or in the liquid
film in annular flow is accounted considering some bi-dimensional effects.

The poster and the related paper explains the methodology, gives some results of typical
applications and reports some information about the whole research activity in course at DEAF
in relation to the subject of the Conference.

THE “DRIFT FLUX MODEL” OF G.B. WALLIS

Both diabatic and adiabatic Two-Phase Flow Models are based on One-Dimensional

Hydrodynamic Models, these consider the phenomena occurring during the flow on a stationary

basis (Hestroni, 1982; Hewitt, Hall-Taylor, 1970; Wallis, 1969).

The models currently used are the following:

- the homogeneous model, which considers the flow of a homogeneous mixture

- the separated model, which considers the flow of a stream of vapor in the central core of a
duct and an annular stream of liquid flowing in the region near to the wall

- the separated model with entrainment of liquid, which considers the flow of a stream of
vapor in the central core of a duct, an annular stream of liquid flowing in the region near to
the wall and an ideal stream of liquid droplets entrained in the central core of the duct.

In each model the streams in a duct cross section are considered in thermodynamic equilibrium

and the static pressure is the same for each stream; the approach is Eulerian.

One relevant parameter in the separated models is the Slip Ratio for a cross section lying along

the flow path, this parameter is defined as the ratio between the mean vapor velocity and the

mean liquid velocity. In the homogeneous model the value for the Slip Ratio is 1.00. In the

separated model with entrainment of liquid droplets the Slip Ratio is defined in the same mode

but it is considered, for the liquid phase, only the stream flowing in the annular region near the

wall.

The equations needed to study the flow process are reported in the following paragraph for the

Model proposed by the Authors which is comprehensive of both the separated and the separated

model with entrainment.

The Drift Flux of G. B. Wallis (Wallis, 1969) is based on a different approach and it considers,

essentially, a separated-flow model in which attention is focused on the relative motion rather

than on the motion of the individual phases. The model of Wallis has been widely applied to the

hydrodynamic study of two-phase flow but no application is reported in the technical literature

on heat transfer.

Dealing with the flow process, which is considered stationary and one-dimensional, the flow is

that of an ideal two-phase mixture which travels along the duct with a mean velocity j.

Looking at a cross section along the flow path, travelling at a velocity j, and bearing in mind a

reference frame travelling at the same velocity (see figure 1), the flux can be decomposed in two

fluxes:

- aflux with a velocity j (which is time independent for the stationary hypothesis on the flow)

- another flux with some drift velocities for each phase, in respect to the mobile reference
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Figure 1 — The Hydrodynamic model

The model (see Wallis, 1969) gives a lot of advantages for the appropriate study of two-phase
one-dimensional flow.

THE DEAF “DRIFT FLUX MODEL” FOR THE CORRELATION OF HEAT
TRANSFER DATA DURING THE EVAPORATION OF PURE FLUIDS AND
MIXTURES OF FLUIDS

The DEAF “Drift Flux Model”, for the process of heat transfer data during the evaporation and

condensation of pure fluids and mixtures of fluids, is a very powerful tool for derivation of

correlations to predict the heat transfer coefficient suitable for design and testing of the
equipment performance. Moreover, the model has been successfully applied to correlation of
heat transfer data in fluidized bed heat exchangers and in fluidized bed heat combustors.

As an example, let it be considered as the model works for the correlation of heat transfer data

during the evaporation of pure fluids and mixtures of fluids.

The hydrodynamic model is based on the following hypotheses:

- in the entrance region of the duct, when boiling begins, some vapor bubbles born out near the
heated wall, due to the "Bernoulli effect” bubbles come out towards the central core; this
kind of behavior persists along the duct up to the region where there is the Churn/Plug flow,
then, downstream, there is the Annular flow region

- inthe region of the Annular flow there is an annular stream of liquid flowing in the duct, and,
from the wall to the interface the temperature varies from T, (near the wall) to T (saturation
temperature, at the interface); in the liquid film, near some nucleation sites, born out vapor
bubbles, which come towards the interface where they splash in the vapor core stimulating
droplet entrainment and at the interface there is, also, some convective vaporization

- in the central core travels a vapor stream, at a mean temperature T,, entraining droplets of
liquid.

The Hydrodynamic model

The equations of the model proposed by DEAF belong fully with the region of the annular flow,
the subscript If indicates parameters for the liquid film, the subscript v indicates parameters for
the vapor core, the subscript Ig indicates parameters for the stream of liquid droplets entrained in
the central core:
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A cross section area of the duct (e.g.: pipe of diameter D);
W liquid flow rate flowing at the duct inlet;

For a cross section of the duct:

a volumetric fraction of vapor;

B volumetric fraction of liquid flowing in the film;

X mass fraction of vapor;

E mass fraction of liquid entrained as droplets in the vapor core;
G

= V_X mass velocity of the mixture;
. GXx . .
j,=— superficial vapor velocity;
Py
i = GL-x)@-E) superficial vapor velocity of liquid film;
Al
Jig = M superficial vapor velocity of entrained phase;
P

absolute velocities of the phases (referred to a Reference frame which is fixed to the wall of the
duct) can be given by the following equations:

u, =3¢, u”:Jl, i

a p l-a-p
usually it can infer uig = uy, This is a suitable hypothesis for problems encountered in engineering
practice (Hewitt, Hall-Taylor, 1970), so:

ﬂzl—a—w, where p* = 2L
Xp Py
the Slip Ratio for the proposed model can be defined as:
u
k=—-

uIf

mean velocity j for the base homogeneous two-phase mixture (j is the velocity of the “Drift
Flux” mobile reference frame), in the Model of Wallis, is given by:

= o+ i+

g

this implies that:

SO.
V:i:i+(l—x)(1—E)+(l—x)E
pm pv pl pl

if E=0 it is obtained as a particular case the usual formula for the specific volume of the saturated
1
vapors-.

In the present Model the mean velocity is defined as: j = i
P

! note that the density pm=1/v is different from the “Photographic density” used in this model
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in which px is the “Photographic density”: p; = p, X+ o, (1—X)
The Drift velocity v, of the vapor is given by the equation:

* ij .
Vi =—=U,—]
o

where jy; is the Drift flux of the vapor: j; = a (uy —j).
The Drift velocity v4~ of the liquid film is given by the equation:

VE :'ig':‘un - H

where js is the Drift flux of the liquid flowing in the film:
Ji =B ur—}j)
The Slip Ratio k is given by the formula of Levy-Zivi, derived applying the criterion of the
“Minimum Entropy Production” of Glansdorff and Prigogine to two-phase flow:
Vs
p +E 1-x
k=] ——*
14X
X
a is given by the equation derived by Zivi:
- 4-1

E(l1-x %
E(1-x 2% (1-x %
o= 1+—*(—j+(1—E)p*3( j L :
P X 1+E(_Xj
X

The mass fraction E entrained as droplets in the vapor core can be estimated with a methodology
proposed by Dispenza (Dispenza 1980, 1987). The account for the entrainment in two-phase
diabatic flow allows application of the present methodology to a lot of technical problems.

The methodology for estimation of E is based on the application of a correlation derived by
Dispenza for the case of hydrodynamic equilibrium between entrainment and deposition when
E=E :

. C,

S S
C,
x{e x —1}
-3 0,25
—O’6Zi7 cz(ﬂ)=1,4647+—2’044210 p=t
/2 V4 o P,

here:
C,(7)=2,0382-

o is the surface tension.

The entrainment has relevance during the evolution of diabatic two-phase flow in a boiling duct.

Main causes which give rise to entrainment of liquid droplets into the vapor core are:

- droplets creation due to heterogeneous nucleation

- mechanism of droplets entrainment resulting from emission of bubbles from waves on the
liquid film surface

- mechanism of droplets creation due to the vaporization
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it is worth of note that during vaporization there is a competition between the entrainment and
the deposition of droplets.

The main parameters in the Drift Flux model with entrainment of DEAF are X, E, a, B.

E", considering hydrodynamic equilibrium, is estimated with the above correlation (Dispenza
1980), then it is estimated E which accounts for the heat transfer along the flow path (Dispenza
1980, 1987):

*

k* s
e El-x) 70w ke

1-x +\/F 1-x

the needed parameters are: vapor mass fraction at duct inlet x;, mass fraction of liquid entrained
as droplets at the duct inlet E;, the geometrical coordinate of the inlet cross section z;, moreover,
there is need to have the value of k* (mass transfer coefficient): this parameter can be estimated
with a method proposed by Hewitt.

A typical trend of E versus X is reported in figure 2.

)

z k*
IZ{E*(l— x)e V" ]dz
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Figure 2 — Drift Flux Model — DEAF: Trend of E* and E in an evaporating system

Correlation of heat transfer data

The prediction of the Heat transfer coefficient during vaporization in tubes (Flow boiling) is of
relevance in the field of Engineering (e.g.: Steam generators, Evaporators of refrigerating
equipment and heat pumps, Chemical engineering, etc.).

The leading idea of the DEAF methodology is the use of a suitable hydrodynamic model for the
estimation of the contribution due to the most relevant phenomena which originate along the
flow path. The results obtained are reliable both for prediction of the mean and local heat transfer
coefficient during evaporation of pure fluids and mixtures of fluids flowing in a duct (Dispenza
A., Panno D. 2001, Columba et a. 2001).

Accounting for some contributions to heat flux which are considered in parallel:

q=0c+ Qv+ o+ Amec =N (Tp — Tr)
the heat transmission coefficient can be decomposed in four parts:

h=he+hy + hpp + hine
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a) hc can be estimated with the use of correlations reported in technical books, it account for the
macro-convection attributable to the flow in the duct of a homogenous two-phase mixture
travelling at a mean velocity |

b) hy accounts for heat exchange at the interface between the liquid film and the vapor core, in
this term there is no account for convective vaporization

¢) hpp accounts for the contribution due to the bubble creation at the heating wall

d) hnc is the contribution for the convective vaporization and it can be estimated using a general
correlation derived at DEAF: this contribution accounts for the micro-convection due to the
stirring action of the vapor bubbles during their migration and their drift.

Let consider the heat transfer for a horizontal boiling duct heated at constant heat flux along all

the flow path.

The contribution h,

This contribution accounts for the boundary conditions on convective phenomena which occurs
in the pipe, though, from the data analyzed, their influence results comparatively small.

It is considered a flow of an ideal two-phase mixture having the following characteristic
dimensionless parameters:

] X C
Re=J 2P, ppCetm g e X
lle km km
the properties of two-phase mixture are estimated with the equations:
pr =ap, +1-a)p, Moy =XV, +1=X)
k, k :
= | v , Com =Cp X+C, (LX), Jzi
kﬁl—a)+k|a ' I Pt

To estimate h, for the case of vaporization in a circular pipe, can be used the Colburn correlation,
which is suitable for turbulent flow:

Nu = 0,023 Re"® Pr®%
X = Dj, internal diameter of pipe.

The contribution hy

This contribution accounts for the interfacial heat transfer between the liquid film and the vapor
core in the region of annular flow, when estimating this term there is no account for the
convective contribution.

Bearing in mind that v,* is the drift velocity for the vapor phase in the core and that the
characteristic diameter is D-25, the Reynolds Number Re, is defined:

_Vv,(D-25)p,
’ Hy
considering the value of this parameter, can be used a suitable correlation for one-phase flow in
pipes such as the well known Colburn correlation for turbulent flow:

Nu = 0,023 Re®8 pro®

Re
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_h'(D-25)
B k

v

The coefficient h is that suitable for the “effective surface” interested to the heat transfer:
h' =h,. Ta.—-T, D-26
T,-Tew D
Tsat — Ty is estimated using the energy equation applied to the flow of the vapor in the Reference
frame for the Drift flux, accounting for the velocity term.

Nu

The contribution hyp

The effect of the mechanism of nucleate boiling can be estimated with the aid of correlation such
as that of Rohsenow, of Forster and Zuber, of Mikic and Rohsenow, of various Russian
Authors:  Kutateladze, Tolubinskii, Kroujiline, Borishanskii which accounts for the effect of
pressure for a lot of fluids using the Theory of Thermodynamic Similarity, of Stephan and
Abdelsalam.

In the Data analysis made by the DEAF has been used the correlation of Cooper (Cooper 1984)
which allows the derivation of the heat transfer coefficient due to nucleate boiling hy;, at a given
pressure when it is considered a system at controlled heat flux and are known: g, the fluid and its
properties, the surface roughness of the heating wall:

RP
0,12-0,2log(—")

Ya=55(T,~T.)p, ™ (-logp,)**M ¢

in this formula:
pPr=p/pc is the reduced pressure of the two-phase system
Rp is the surface roughness in um ( R,=0(0,1+10 zm] )
Rpr=1 um is a reference roughness for the wall (1 um)
M is the molecular mass of the fluid in kg/mole
here are known: g, pr, Rp, M, so is estimated Ty— Ty

hnb = q

Tp _Tsat

from the data analyzed results that the methodology is very effective.

It is worth of note that there is need to account for the contribution of the convective
vaporization which takes place downstream to the region of flooding in bubble flow. This
happens when the bubbles fill all the entire region of the pipe, then in a region downstream there
is the region of Churn/Plug and Slug flow and downstream, the region of Annular flow.

When there is stratified flow, both with or without waves, in some region of the pipe a stream of
liquid flows in a channel on the wall and there is an intensive surface nucleation at the interface,
then the convective vaporization can be not relevant and the difference:

h-he-hy=hpp + e
is represented only by the term h,, (Dispenza A., Panno D. 2001).

The contribution hp
This contribution accounts for the convective vaporization; it is derived analyzing the
experimental data and taking the difference:
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Nme =h - he - hy - hpp,

The structure of the correlation has been derived with the methods of Dimensional Analysis,
studying, also, some analogies. The result obtained can be reported as an equation belonging
with the Colburn Analogy, it is obtained:
Bi,
Jne =5 -
Re, Nv
In the above equation Biyc is the Biot Number for the continuous phase defined using hpc: it
accounts for the role played by vaporization clusters during heat transfer from the liquid film due
to the convective vaporization, taking into account the conjugate condition at the film interface:
. h,.D
Blmc _ _me b
Ky
Rep is a Reynolds Number defined by means of a suitable liquid? drift velocity due both to the
flow and to the stirring action of the bubbles:
_ V;* D, A

H
Dy, is the mean diameter of vapor bubbles at the detachment from the heating wall and it can be
estimated with the Fritz formula:

Re,

20
D =Cp |20 _
b =“P\atp - )

Nv can be interpreted as a dimensionless number which is characteristic for the particular
problem (e.g.: in mass transfer there is need for the Schmidt Number which plays a seeming
role, the same happens in one-phase convection for the Prandtl Number):

k., /2
Ny = (e =h(5/2)=i5_/2

K, K, AT Kk,
Keg=ho is a mean equivalent conductivity of the liquid film in the region where there is
bubbly flow
AT=Ty-Tn  isthe wall superheat in the region when is estimated keq
ki is the thermal conductivity of the liquid phase.

CORRELATION OF HEAT TRANSFER DATA DURING THE EVAPORATION OF
PURE FLUIDS

Some experimental data allowed the derivation of a generalized correlation of heat transfer data
when there is Annular flow. In this case the convective vaporization plays a relevant role.

In the figure 3 is reported the correlation derived at DEAF processing some data of LENI,
Losanna, Switzerland and some data of the Technical University of Hannover, Germany (A.
Dispenza e D. Panno 2001), all the data belong with experiments made working with ammonia
in horizontal ducts.

LENTI’s data are derived working at a saturation temperature of 4°C, Hannover’s data are derived
working at a saturation temperature of —20°C.

The exponent of Nv obtained is zero; indeed by the analysis of optimization performed on this
exponent taking into account the correlation coefficient results that when n=0 R? takes a

2 vy** accounts for the drift of the liquid phase in the liquid film and the drift of bubbles due both to the stirring

effect caused by boiling phenomena and the local effect of buoyancy
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maximum value.
Although the sample analyzed indicates that the parameter Nv shouldn’t needed, bearing in mind
that the data analyzed belong only to a same fluid, other work is needed.

Nv" n=0
0,0250 -
*
0.0200 1 Jmc = 1,4108Reb %%
R?=0,9731
0,0150
o
e + Jmc
'_) |
0,0100 T Correlation
|
0,0050 ¢’
0,0000 T T T T 8
0 50000 100000 150000 200000 250000
Reb

Figure 3 — Correlation derived at DEAF from LENI’s data and University of Hannover data:
ammonia boiling in a horizontal pipe.

In figure 4 it is reported a comparison between the values of h obtained by means of the
correlation and those derived experimentally: the errors lie in the range +/- 20%.
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Figure 4 — Comparison between the values derived from experimental data and the correlation.
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CORRELATION OF HEAT TRANSFER DATA DURING THE EVAPORATION OF
MIXTURES OF FLUIDS

The DEAF Methodology has been applied for processing data of boiling mixtures of fluids. Data
analyzed are results of experiences made at Department of Mechanical Engineering, University
of Maryland, College Park, U.S.A. (Columba et a. 2001).

The heat transfer coefficient is decomposed in four contributions:

h=he+ hy + hpp + hine

as in the case of pure fluids.
The result of the dimensional analysis made to derive the structure of the correlation leads to
define a Colburn Number Jp :
_ Bimc i

"™ Re, Nv" &'’
Nv is defined as for the pure fluids, the exponent n is derived interpolating experimental data,
another factor is introduced which accounts for the composition of the mixture (for the case
examined it is a binary mixture) and it can be the molar fraction &.

Correlating experimental data for mixtures by means of the three dimensionless Numbers: Jnc ,
Rep, Ny it is obtained:

\]mc =a (Reb)m

The estimation of thermodynamic and transport properties for the mixtures of fluids requires
appropriated methodologies which can be applied working with an electronic sheet employing a
program such, as Microsoft-Excel® (Columba et a. 2001). For data analyzed it is obtained that
n=0 and u=4. Although the sample analyzed includes few data, the correlation coefficient is high
R?=0,91 (R=0,95): see figure 5.

0,0025

o\ ¢

0,0020

0,0015 7S

‘]mc

0,0010 N
Je = 0,4475Re;, %>

R?=0,9093

0,0005

0,0000 : T T T
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Figure5 — Correlation of experimental date for binary mixtures of fluids

Other work is in course at DEAF on these topics.

1010



REFERENCES

Colburn A.P. 1933. A method of correlating forced convection heat transfer data and a
comparison with fluid friction. Trans. Amer. Chem. Engrs, vol. 29.

Columba M., Dispenza C., La Rocca V. , Morale M., Panno Giuseppe 1996. Research on heat
transfer in the equipment for heat pumps. Proceedings 5th Int. Energy Agency Heat Pump
Conference, Sept., Ontario, Canada.

Columba M., Dispenza C., Franzitta V., La Rocca V., Morale M., Panno Giuseppe 1999. Una
metodologia generalizzata per la correlazione dei dati di scambio termico nella vaporizzazione
entro tubi, Atti 54° Congresso nazionale ATI, 14-17 Settembre 1999, Monteluco Roio Poggio,
L'Aquila.

Columba M., Dispenza C. , Faso G., La Rocca V., Panno Giuseppe 2001. Correlazione di dati di
scambio termico nella vaporizzazione entro tubi di miscele di fluidi frigorigeni, Atti 56
Congresso nazionale ATI, 10-14 Settembre 2001, ATI, Napoli.

Columba M., Dispenza C., La Rocca V., Panno Giovanni, Panno Giuseppe 2001. Correlazione
di dati di scambio termico nella condensazione entro tubi di fluidi frigorigeni, Atti 56
Congresso nazionale ATI, 10-14 Settembre 2001, ATI, Napoli.

Dispenza A., Panno D. 2001. Una correlazione di dati di scambio termico nella vaporizzazione
entro tubi di ammoniaca e di anidride carbonica; Atti 56° Congresso nazionale ATI, 10-14
Settembre 2001, ATI, Napoli.

Dispenza C. 1980. Stima del trascinamento nei condotti che convogliano liquidi evaporanti.
Quaderno 41/1980; Ed: Istituto di Fisica Tecnica Universita di Palermo.

Dispenza C. 1980. Una correlazione per la stima del trascinamento in regime di moto anulare di
miscele liquido vapore ad un solo componente. Atti del XXXV Congresso Nazionale ATI; 15-19
Settembre 1980 St. Vincent, Torino.

Dispenza C. 1987. The Entrainment Approach in Modeling Two-Phase Flow in Geothermal Wells,
Proceedings of the Second Int. Symp. on Two-Phase Gas-Liquid Flow in Pipes, 4+6 August 1987,
I1E Palmira, Cuernavaca, Morelos, Mexico.

Dispenza C., Giaconia C., La Rocca V., Pignato L. 1992. Heat transfer data correlation in
fluidized bed heat transfer equipment. Proceedings of the First Tatarstan Symposium on Energy,
Environment & Economics Kazan, Tatarstan Russia.

Dispenza C., Federico V., La Rocca V., Panno Giuseppe 1997. Una Correlazione per la stima del
contributo dell'irraggiamento nello scambio termico nei letti fluidizzati. Atti del 52° Congresso
nazionale ATI, 22-26 Settembre 1997, Villa Erba, Cernobbio, Como.

Hestroni G. 1982. Handbook of multiphase systems. Hemisphere Publishing Corporation, New
York.

Hewitt G.F., Hall-Taylor N.S. 1970. Annular Two-Phase Flow. Pergamon Press, Oxford.

Kakac S., Liu H. 1998. Heat exchangers, selection, rating and thermal design. CRC Press, Boca
Raton.

Kutateladze S.S., Borishanskii V.M.1966. A concise encyclopedia of heat transfer. Ed.
Pergamon Press, London.

Leontiev A. 1985. Théorie des échanges de chaleur e de masse. Mir, Moscou.

Lock G.S.H. 1996. Latent heat transfer. Oxford University Press, New York.

Wallis G.B.1969. One-dimensional Two-phase Flow. Mac Graw Hill, New York.

1011



