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Abstract—Turbulent multicomponent gas flow with evaporation from a two-component liquid film is
considered. To model the transport processes in detail special attention is drawn to the phase equilibrium
of binary liquids and multicomponent thermodynamics. The numerical method applied solves the coupled
governing equations together with the boundary and interfacial conditions. The solution technique is based
upon a variational procedure for the determination of the temperature at the gas-liquid interface. The
prediction for the evaporation of benzene-methanol mixtures into a hot tubular air stream clearly shows
the influence of the phase equilibrium and its interaction with the local transport processes. Even small
portions of a second component can lead to significant changes in the heat and mass transfer. This verifies
the importance of detailed physical models and efficient solution procedures.

1. INTRODUCTION

Gas-L1QuID flow systems with coupled heat and mass
transfer include a wide variety of processes such as
boiling, condensation, film cooling or combustion
premixing. Because of their widespread applications,
evaporating liquid film flow and related problems
have received considerable attention since Nusselt’s
early publications in 1916 {1].

Whereas a large number of investigations have been
made concerning the evaporation of pure substances
[2-10], the theoretical treatment of flows with multi-
component evaporation has not received adequate
attention [11, 12]. Analysing the heat, mass, and
momentum transfer mechanisms, especially for multi-
component flows with phase transition, is very
important for practical applications since the phases
involved in technical processes are nearly always mix-
tures of several components. Combustion premixing
is just one such example since common fuels are a
mixture of hydrocarbons. The individual components
affect the local heat and mass transfer to varying
degrees whereby the substances involved and the com-
position of the mixture play an important role [11,
12]. The phase equilibrium is determined by the
behaviour of each substance in both of its phases, and
mixtures with azeotrope formation or those with a
miscibility gap, to name a few, are characteristic cases
which frequently occur in engineering applications.
For these reasons a multicomponent mixture exhibits
a transfer behaviour which in most cases deviates

clearly from that of single component flow. Therefore,
as a general rule it is necessary to develop a cor-
responding model.

In general, practical problems are much too com-
plex to be treated theoretically. In order to analyse
these problems, specific aspects are isolated or sim-
plifications are made. Fully developed flow [4, 5] con-
stant thermophysical properties [2, 4, 5], pure liquid
phase, and single or two-component gas phases [2-
10] are among the assumptions made. In some cases,
integral balances have been combined with empirical
correlations [S]. Such restrictions certainly are rel-
evant to special flows, but these models and their
results have limited practical use. Moreover, complex
problems cannot be analysed simply by dividing the
problem into several smaller more fundamental prob-
lems and by adding the results. Sometimes it seems
that simplifications in the physical model have arisen
not so much as a result of knowledge about the phy-
sico-chemical correlations but have arisen due to the
necessity of making the physical model suit further
theoretical developments.

In determining flow variables like evaporation vel-
ocity and wall temperature, either experimental inves-
tigations were to be made [6-8, 11] or numerical
methods had to be implemented [6-12] in order to
obtain the exact solutions to the transport equations.
Because the crucial physical processes occur directly
along the wall surface, the boundary-layer equations
can be used as the governing equations. In the gas
phase the complete boundary-layer equations must be
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NOMENCLATURE
¢ €y, €2 Concentration of component &, 1, 2; y wall distance [m]
04l z axial coordinate [m].
<, specific isobaric heat capacity
g.  gravity constant [m s~ 2]
Ah, latent heat of evaporation [kJ kg~ '] Greek symbols .
M, M, molecular weight of mixture, (.SL film thickness [m] v
component k (kmol kg~ ] A therma‘l co-nduc.tlvny w in K-
m mass flux density [kg s~' m~?] # d.ynamlc' viscosity (N szm_ 1. ]
» pressure [bar] v klneme}txc V}scosxt’y [f} s™']
Pr, Pr.  Prandtl number, turbulent Prandtl “g eddy viscosity (m™s™']
number s Y . 5
g heat flux density [kW m~?] p density (kg m ) )
r radial coordinate [m] t shear stress [N m™].
ro pipe radius [m]
Regy, Re. Reynolds number based on rg, and Subscripts
onz e boundary-layer edge, centreline
Sei, Se,  Schmidt number of component &, I gas-liquid interface
turbulent Schmidt number k,1,2,3 componentk,1,2,3
T temperature [K] L liquid phase
u axial velocity [ms™'] t turbulent
v radial velocity [m s~ '] w wall
' mole fraction in liquid phase 0 inlet.

solved whereas in the liquid film phase, the convection
terms can be dropped so that a Nusselt-type model
can be applied [10, 12]. More elaborate models for
evaporating liquid film flow were presented for both
taminar [6, 8, 11] and turbulent {7-10, 12] gas flow,
and in most cases the gas flow was modelled in detail
[6-12]. In these models, however, the liquid film was
at rest [6-9, 11]. A study concerning the evaporation
of mixtures in laminar gas flow by Metz [11] expanded
SplettstoBer’s model [6] to include binary liquid films
and established for similarity solutions a constant wall
temperature which strongly depends on the mixture
composition. Similar results were found in Baumann
[12], who investigated the evaporation of moving
binary liquid films in turbulent gas flow. The change
in composition due to different evaporation rates for
the different components results in a change of wall
temperature in the flow direction.

The aim of this work is to investigate the effect of
the mixture upon the characteristic flow variables in
tubular flow. The evaporation of hydrocarbon-alco-
hol mixtures into a gas phase consisting of hydro-
carbon, alcohol, and air is numerically analysed.
Emphasis is placed on the effects which result when the
alcohol component is added to the pure hydrocarbon
liquid. The model equations are solved by a solution
procedure which consists of a combination of efficient
numerical techniques.

2. PHYSICAL MODEL

2.1. Governing equations
The annular flow of a laminar two-component
liquid film in a vertical tube with prescribed heat flux

through the wall is considered here. As shown in Fig.
1 the liquid evaporates into a hot turbulent air stream
and forms a boundary layer along the film. The sur-
face of the film is smooth, and secondary effects such
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FiG. 1. Scheme of the boundary-layer flow along an evap-
orizing binary liquid film in a vertical tube.
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as thermal diffusion, radiation, and surface tension
are negligible. The turbulent flow of a ternary gas
mixture is described in the (z, r)-coordinate system by
the continuity equation and the balances for momen-
tum, energy, and species concentrations
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Dropping all convection terms in the equations for
the shear stress and gravity driven laminar two-com-
ponent film flow results in a Couette flow approxi-
mation. With the assumption of constant properties
across the film the analytical solution for the film flow
is given by

win =222 [T ()( - )
®)
nm=n—““@——) ™
AL oL
¢(y) = ¢, = const. ®)

These solutions contain the unknown interfacial
values of temperature T,, species concentration ¢;;,
and shear stress 1;. They result from the solution of
the basic equations in the gas flow. The film thickness
o, is calculated by integration of the velocity profile
(6) using the continuity equation.

The turbulence model applied is an algebraic eddy-
viscosity model which accounts for interfacial mass
transfer and pressure gradient. Following Cebeci and
Chang [13] the model is used in its well-known for-
mulation in the entrance region. Further downstream,
Nikuradse’s empirical mixing length expression to-
gether with van Driest’s damping factor are applied.
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The transition from the boundary-layer interaction
region to the fully developed region is covered by an
empirical expression. For further details of the tur-
bulence model the reader is referred to refs. [12, 13]).
The turbulent Schmidt and Prandtl numbers used are
Sc, = Pr,=0.9.

2.2. Boundary conditions

The solution of the governing equations for the film
flow, equations (6)—(8), already include the boundary
conditions at the tube wall

y=0zr=rg): u =0, v, =0,
, 0T, _ bew _
—ALE = t}w, ay =0. (9)

At the inlet the liquid has a prescribed mass flux mg
and concentration c;i,. The temperature T,, is set
according to the thermal equilibrium at the inlet.
Equation (6) with the condition of vanishing inter-
facial shear stress is used as the initial velocity profile
in the liquid film. The gas flow is parallel with the

given velocity, temperature, and species con-
centrations
x=0: u=uy, T=Ty, cr=Crp» k=12.
(10)

The unknowns at the gas-liquid interface, especially
the temperature, vary in the streamwise direction.
Since the film is very thin (5, /r, « 1) the displacement
effect on the gas flow is neglected

v=1,(3),

k=12

r=ry: u=ul(z),

T = T,(2), 11

For the boundary conditions at the boundary-layer
edge two regions are distinguished: the entrance
region with a finite potential core, and the so-called
developed region where the boundary layers have
merged at the centreline. In the entrance region the
values of temperature and species concentrations are
those of the inlet. The velocity is constant across the
potential core and for the present is an unknown
function of the streamwise coordinate

u=u(z), T=T,,
k=1,2.

¢ = €x(2),

o0sr<r,:
(12)

In the developed region all unknowns vary in the
streamwise direction. Because of symmetry it is
required that

Cr = Cros

du oT
r=90: 5=0, 5‘;":0,
3ck
e =0, k=12, u=u). (13)

The centreline velocity u, is determined by integration
of the continuity equation over the gas flow which
results in
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T 2 H
J rpu dr— r—opouo +J rprydz=0. (14)
[} 2 o

The interfacial balances for the unknown values of
velocities u;, v;, temperature T, and species con-
centrations ¢, are given by the continuity of mass
flux, heat flux, and momentum flux

N D S LT
(pl)'+[Sc3(l—c|—cz)<c’r + 6r>:|l =0 (15

AT
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(7
Here 1, denotes the mass flux density of component
k

oy = — | 2 S . k=12
my = (Sck 6r>l+(pkl)1. k l,-. (18)

The mass balances in the liquid for the evaporating
components k together with mass flux conservation
across the interface dm}/dz = m, yield the current
liquid composition

M

Tt It Lt - — .
Gt = Mg [(MY +m3); Xy = CkuM ;
2

1 CiLt

M M, M.

Cart

(19

The interfacial concentrations ¢, in the gas phase are
calculated from the phase equilibrium at the interface
Pt = P, Th) according to

Cu =

Pu
M. i (20)

Putpn M, +(pe—pu~pu) M,
A similar relationship holds for the second com-
ponent.

In the post-dryout region where the film is com-
pletely evaporated the boundary conditions (9) at the
tube wall apply for the gas flow.

2.3. Thermophysical properties

The thermophysical properties of the ternary ideal
gas mixture and the binary liquid mixture depend on
temperature and concentrations. They are calculated
from the pure component data by means of mixing
rules applicable to any multicomponent mixture. The
pure component and phase equilibrium data are taken
from various data compilations and are approximated
by polynomials in terms of temperature for a fixed
pressure of p =1 bar. For further details of the
thermophysical properties see ref. {12].

2.4, Numerical solution procedure
In the solution method a coordinate transformation
and a stream function are applied. A marching pro-
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cedure in the streamwise direction leads to a set of
coupled ordinary differential equations which are sub-
ject to a set of strongly coupled interfacial balances
and unknown boundary conditions. Starting with first
estimates for the boundary conditions, the overall
solution method corrects these values until all bal-
ances are fulfilled. The most important feature of this
iterative method is an efficient Newton—Chord vari-
ational procedure for the determination of the tem-
perature at the gas-liquid interface. For a detailed
description of the numerical approach the reader is
referred to ref. [12].

3. RESULTS

In order to show the influence of liquid mixtures on
the characteristics of heat and mass transfer in two-
phase multicomponent film flow, the evaporation of
fuel-like liquid benzene—methyl alcohol mixtures into
a hot air stream is investigated. The following sets of
initial conditions are chosen:

To =373 and 573 K, resp.

Re, = 64240 and 31020,
resp.

My =100gm~"'s™!

feed concentration o= 0.70....,1.00

wall heat flux G. =0

transition to turbulence &, = 0.06 and 0.16, resp.

inlet temperature
Reynolds number

liquid feed

The quantities of interest in film evaporation appli-
cations are heat and mass transfer rates as well as wall
temperature levels. The present investigation clearly
indicates the strong influence of the mixture com-
position. The phase equilibrium of the azeotropic ben-
zene-methyl alcohol mixture plays a major role in the
immediate vicinity of the gas-liquid interface. Figure
2 shows the vapour pressure of the mixture as a
function of the liquid composition for a fixed inter-
facial temperature 7, of 293 K. For various inlet
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2. Vapour pressure of components and mixture for
benzene (1) and methanol (2) at 293 K and 1 bar.
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FiG. 3. Interfacial temperature vs liquid composition for
various inlet temperatures, adiabatic wall condition, and
laminar flow (similarity solutions).

temperatures T,, Fig. 3 depicts the influence of ¢,
on T; which results from the solution of the coupled
system of equations for fixed mixture composition,
adiabatic wall condition, and laminar flow. Similarity
solutions exist for this case, where the liquid film is at
rest, and the results agree with those of Metz [11].
Two effects are evident. The first is the strong influence
that small portions of the second component have on
the phase equilibrium. The vapour pressure nearly
doubles when adding about 10% alcohol to pure ben-
zene. The second is the major decrease in temperature
at the interface by about 15 K for the same case.
Likewise T, directly affects 7;, and to achieve the same
temperature change, AT; = 15 K, T, must change by
about 150 K. Therefore, mixtures with a vapour pres-
sure maximum such as benzene-methyl alcohol, or
others with a vapour pressure minimum are well
suited for controlling evaporation processes which
rely on-exact temperature levels as in the case of evap-
oration cooling.

Figures 4 and 5 show the interfacial heat and mass
flux, respectively, as functions of the mixture com-
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F1G. 4. Interfacial heat flux vs liquid composition for different
inlet temperatures, adiabatic wall condition, and laminar gas
flow (similarity solutions).
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position for various temperatures T,. For similarity
solutions these values are independent of the position
along the tube when multiplied by Re*. Both fluxes
increase as expected with increasing temperature of
the inlet flow although the Reynolds number weakens
this tendency in these particular figures. With higher
alcohol concentration ¢, 4, the heat flux increases only
slightly and the mass flux decreases significantly such
that its change is about 50% for methanol con-
centrations up to 30% (¢, = 0.70). One factor
involved here is the improved heat conductivity of the
gas due to the presence of alcohol. Another point is
the high amount of heat required to evaporate the
alcohol due to its much larger heat of evaporation.
Figures 6 and 7 show the heat flux and mass flux
rates in turbulent gas flow for the evaporation of a
liquid mixture having a composition which changes
in the axial direction due to the transport processes.
All curves terminate at the end of the liquid film.
Starting for example with a mixture of 20% methanol,
the more volatile alcohol evaporates more pre-
dominantly such that the benzene concentration in
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FiG. 6. Local interfacial heat flux for various liquid feed
compositions and inlet temperatures for adiabatic evap-
oration in turbulent gas flow.
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the film increases. The state of the mixture is shown
in the phase equilibrium diagram and changes as indi-
cated by the arrow (Fig. 2). In the region where the
film consists of about 90% benzene, the partial pres-
sure of the methanol decreases significantly causing a
corresponding decrease in the total vapor pressure.
As can be seen by the results of the interfacial heat flux
along the tube axis (Fig. 6), the mixture composition
influences the heat transfer only slightly. This was
already evident in Fig. 4. This means that more ben-
zene evaporates for about the same heat flux. Due to
the large differences in the heats of evaporation of
the two components, the benzene mass flux increases
comparatively much more than the alcohol con-
centration decreases (see Fig. 5). This is manifested
by a local maximum in the plot of the total mass flux
at the interface in Fig. 7. Similar plots result when
starting with other mixture compositions. With a
higher alcohol concentration, the resulting peak shifts
further downstream and becomes more prominent,
and the wetted length of the tube is increased. In the
regions approaching the dryout point all curves in
Figs. 6 and 7 asymptotically tend towards that of pure
benzene. The local effects described clearly indicate
the distinction between the evaporation of a mixture
and that of pure benzene, and these effects are not
limited to just the substances investigated here. They
also affect the mass flux averaged across the tube
length because even this value increases near the peak.
This is again in contrast to the behaviour of pure
benzene.

Subsequently, it is very important to pay attention
to the real behaviour of two-phase multicomponent
flows and to model them properly, especially regard-
ing the design, computation, and optimization of
practical flow problems.

4. CONCLUDING REMARKS

For the two-phase multicomponent flow in two-
component liquid film evaporation a physical model

W. W. BAUMANN and F. THIELE

has been proposed. It especially accounts for the phase
equilibrium of binary liquids and for multicomponent
thermodynamics. The model is evaluated by means of
an efficient numerical procedure with the Newton—
Chord variational method being the most valuable
technique. The application to the annular flow of
evaporating liquid benzene-methanol mixtures
clearly demonstrates that small portions of a second
component in the liquid film can create significant
changes in the temperature levels as well as in the heat
and mass transfer. The results indicate that detailed
physical models and efficient solution procedures are
important for the investigation of such complex flows.

Acknowledgements—This work was supported in part by the
Deutsche Forschungsgemeinschaft (DFG) and the Arbeits-
gemeinschaft Technische Flammen (TECFLAM).

REFERENCES

1. W. Nusselt, Die Oberflichenkondensation des Was-
serdampfes, Z. VDI 60, 541-546 and 569-575 (1916).

2. T.S. Chen and F. A. Strobel, Combined heat and mass
transfer in mixed convection over a horizontal flat plate,
J. Heat Transfer 102, 538-543 (1980).

3. L. C. Chow and J. N. Chung, Evaporation of water into
a laminar stream of air and superheated steam, /nr. J.
Heat Mass Transfer 26, 373-380 (1983).

4. S. M. Yih and R. C. Seagrave, Mass transfer in laminar
falling liquid films with accompanying heat transfer and
interfacial shear, Int. J. Heat Mass Transfer 23, 749-758
(1980).

5. R. A. Seban, Transport to falling films. Heat Transfer
1976, pp. 417-428. Toronto, Canada (1978).

6. W. SplettstoBer, Theoretische und experimentelle Unter-
suchung der laminaren Zweistoff-Grenzschichtstrémung
langs eines ebenen, verdunstenden Flissigkeits-films bei
temperatur- und konzentrationsabhangigen Stoffeigen-
schaften. Diss. TU Braunschweig (1974).

7. K. J. Schultz, Theoretische und experimentelle Unter-
suchung einer turbulenten ebenen Zweistofigrenzschicht
lings eines verdunstenden Flissigkeitsfilms. Diss. Uni-
versitdt Kaiserslautern (1976).

8. M. Greiner, Analogiedefekte bei der Verdunstung an
der ldngsangestromten ebenen Platte in laminarer und
turbulenter Strdmungsgrenzschicht. Diss. TU Miinchen
(1978).

9. J. Schroppel and F. Thiele, On the calculation of momen-
tum, heat, and mass transfer in laminar and turbulent
boundary-layer flows along a vaporizing liquid film.
Numer. Heat Transfer 6, 475-496 (1983).

10. T. R. Shembharkar and B. R. Pai, Prediction of film
cooling with a liquid coolant, Int. J. Heat Mass Transfer
29, 899-908 (1986).

I1. R. Metz, Untersuchung des gekoppelten Impuls-,
Wirme- und Stoffliberganges an einer mit einem
fliissigen Mehrkomponentengemisch benetzten parallel
angestromten ebenen Platte. Diss. Univ. Kaisers-
lautern (1986).

12. W. W. Baumann, Modellierung und Berechnung des
Wirme- und Stoffiibergangs bei der Verdunstung eines
binaren Fliissigkeitsfilms in turbulenter Strémung. VD/-
Fortschrittsbericht, Reihe 3, Nr. 167. VDI, Diisseldorf
(1988).

13. T. Cebeci and K. C. Chang, A general method for cal-
culating momentum and heat transfer in laminar and
turbulent duct flows, Numer. Heat Transfer 1, 3968
(1978).



Heat and mass transfer in evaporating two-component liquid film flow

TRANSFERT DE MASSE ET DE CHALEUR DANS UN ECOULEMENT AVEC
EVAPORATION D'UN FILM LIQUIDE A DEUX COMPOSANTES

Résumé—On considére 'écoulement gazeux turbulent & plusieurs composantes avec évaporation d’un film
liquide & deux composantes. Pour modéliser en détail les processus de transport, on étudie particuliérement
I'équilibre de phase des liquides binaires et des multicomposantes thermodynamiques. La méthode
numérique pour résoudre les équations couplées de bilan reliées avec les conditions limites et les conditions
d’interface, est basée sur une procédure de variation pour la détermination de la température a U'interface
gaz-liquide. Le calcul de I’évaporation de mélanges benzéne-méthanol dans un écoulement tubulaire d’air
chaud montre clairement Pinfluence de I'équilibre de phase et son interaction avec le processus de transport
local. Méme des petites parties d’une seconde composante peuvent conduire a des changements significatifs
dans le transfert de masse et de chaleur. Cela souligne I'importance de modéles physiques détaillés et des
procédés de résolution efficaces.

WARME- UND STOFFUBERGANG BEI DER VERDUNSTUNGSSTROMUNG VON
BINAREN FLUSSIGKEITEN

Zusammenfassung—Es wird die turbulente Mehrkomponenten-Gasstromung mit Verdunstung eines
bindren Flissigkeitsfilms betrachtet. Bei der detaillierten Modellierung der Transportprozesse werden
insbesondere das Phasengleichgewicht binirer Flissigkeiten und die Mehrkomponenten-Thermodynamik
beriicksichtigt. Das numerische Verfahren zur Losung der gekoppelten Bilanzgleichungen in Verbindung
mit den Phasengrenzflichen- und Randbedingungen basiert auf einem Variationsverfahren zur Bestimmung
der Temperatur an der Phasengrenze. Die Berechnung der Verdunstung von Benzol-Methanol-Mischungen
in eine HeiBluft-Rohrstrdmung zeigt deutlich den EinfluB des Phasengleichgewichts und seines Zu-
sammenwirkens mit den lokalen Transportvorgingen. Selbst geringe Anteile einer zweiten Komponente
konnen betrichtliche Anderungen im Wirme- und Stoffiibergang bewirken. Dies unterstreicht die Bedeu-
tung von detaillierten physikalischen Modellen und effizienten Losungsverfahren.

TEIUIO- U MACCOTNEPEHOC INPH IJIEHOYHOM TEYEHHH HCHAPAIOWENACSA
BUHAPHOH XHUIKOCTH

Amsoraps—Hcenenyercs TypGyneHTHOS TeueHNe MHOTOKOMNOHEHTHOrO ra3a NMpM HCMAapPEeHUH IUICHKH
JBYXKOMITOHEHTHO# xuaxocTd, IIpH MOACNHPOBAHMM NMPOLECCOB NEPCHOCA 0c000C BHHMAHHE YACIAETCR
$a30B0MYy PaBHOBECHIO OMHADHBIX XHIKOCTEH M TEPMOMMHAMHKE MHOrOKOMIOHEHTHRIX cucTem. Ilpu-
MCHSAIOLUMHCA YHCITCHHBIH METO/I HO3BOJAET PELUINTL CUCTEMY YPABHCHHHA C COOTBETCTBYIOUIHMH I'PAHHY-
HBIMH YC/IOBHAMH, B TOM 4HCJIC H C YCIOBHAMH Ha MexdasHol rpanuue. Crnocob peuseHHs OCHOBAH Ha
BapHALIMOHHOM MeTole. BuIMHCNCHNS, NpOBEACHHEIE LIS HCTIADCHHA cMeceit GeH30OMa M MeTaHOMNA NpH
Te4eHHH BO3NYXA B IMIHHAPE, SICHO HULIOCTPHPYIOT 3pdexT $pa30BOro paBHOBECHA H €ro BianMoaeHcT-
BHE C NPOLIECCAMH JIOKAIBHOTO MepeHoca. CylIeCTBOBaHHE NaxXe MAbX NOJcH BTOPOTO KOMMOHCHTA
MOXET MPHBECTH K 3HAYATENbHAM HIMCHCHHSM TCILIO- H MACCOMEPEHOCa, YTO NOATBEPXKARET BAXHOCTh
OeTanbHBIX pu3Hveckux Moaee H 3pPexTHBHBIX METONOB PELUCHHA.
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