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ABSTRACT

Interphase hoat transfer in gas/liquid systems plays an im-
portant role in chemical englneering and in power supply. A short
introductlon into the interphase transport phenomena is given for
quantitat ive predictlons of heat and mass transfer coefficients,
Corrolationn and oxpovimontal data, known from the literature,
are repovtod,

The diacusnion of the {low phenomena is concentrated to the
fluld dynamic mechanisms, questions of thermodynamic equilibrium
and also Lhe influence of chemical reactlons are not taken in
acaounl .
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INTRODUCLION

Heat and mass transfer in two or multlphane nystems in a
funetion of the interfacial area, of the fluild dynamic behaviour
in sach phase near the phase boundary, of the equilibrium condi-
tlone hetween the phases and in some casen alse of interface
actlive effects.

Genorally, one can dlsbingulsh two flow conditions in two-
phase systons, namely

disporsed particles (bubbles oy droplets) in a
contilnuous phase or
two continuous phases (falling fllm={low).
Tho flow condltions =~ dlsparsed or coentinucus - are a function

of the forces acting on the phases, like pressure drop, interfa=
clal shear stress, buoyancy and purface tension,
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Technical apparatus for heat and mass transfer i -
gas liquid systems, depending from their design featuxx;e?,mwg:l:sin
a wide fileld of posmible flow conditions whereby the interfacial
area, lts rearrangement and the turbulence near the phase bounda-
ries are mostly artificlally promoted. Theoretical deliberations
and, fundamental experiments vary often consider a single particle
in an infinite fluld and then for the practicle application, the
aifficulty aripsos how to take in account the influence of néiqh-
bourlng particles and the interaction phenomena. Therefore, for
layout of heat and mass exchanging apparatus very often pure em-
pirical correlations are used. Especially in complicated fluid
dynamic systoms whore the phases and the interfacial area are
contlnuously renewoed, mostly only phenomelogical descriptions of
the heat and maas tranafer process are available.

PUNDAMENTAL ASPECTS

There are several models in the lliterature to describe the
nechanism of heat and ma#e transfer between the phases. A detailed
discusslon of thewse models 18 glven in the papers by sideman and
Pinczewskl /1/ as wall as by Johannisbauer /2/. Generally the
models can bo divided In three groups:

1. Two Ffilm thoeory
2, Penatration hypothosls
3. Turbulent diffusivity assumptions

The two [llm model assumes steady-state diffusion in the boundary
layers of cach phase near the interface. Assuming a boundary lay-
er thicknoss & the mass transfer coefficient # in each phase can
ba correlatoed with the diffuslon coefflclent D by the simple equa-
tion = D/§., For most practical cases this model gives far too
low mama transfer coefficlents.

Highie /3/ proposed the penetration model, according to which
£luid parts having thelr orlgin from the turbulent area of the
flow are penetrating the thin laminar layer at the phase boundary.
During their rest at the interface there is unsteady mass trans-
for due to molecular diffusion with the other phase. Dankwerts /4/
developed from the penetratlon model & surface rearrangement mo-
del abandoning the idea that all fluid elements rest the same
period at the phase boundary but glving an distribution function
for the resting time. With Highie's assumption of constant res~
ting time t the mass transfer coefflcolent reads

paz-\@j (1)

and using Dankwerts theory with the area rearranging factor S
which is the ratio of the produced new arem per time unit and the
total Interfaclal area one gots

B= vDL'S (2)
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Tha two film model and Higble's ponetration model ware combined
by Toor and Marchello /5/ in the so-callod fiim penetration model.

The up to now mentioned models start from the idea, that the
fluld elements behave like stl€f bodies and that the heat and mass
transfer ocours through rigld phase boundaries whioh does not cor-
respond to the physlcal reality. Therofore, numerous new models
were developed describing the turbulence in the neilghbourhood of
the phase boundary. The models of Lamont /6/, Forteacue /7/,
Ruckenstoln /8/ or Barnedee /9/ regard an inner motjion of the £luld
elenentys near the phase boundary and take Lo account a veloclty
distributlon in the flow. Whilat these models are consildeving the
migro~structure of tho turbulence near the phase how ry there
are also other models, working with the oddy=-ddffunivity and des-
eriblng the masro=structure of the turbulence. Thoy mainly deal
urbulent falling flilm flow and define turbulent diffasion
clents for momentum=, maps~, and hoat €lux, The correlatlons
for these coofliclents are coupled accoyding to Bouwslnesg /10/ via
the mean transport velocity. Tho method baned on the oddy=diffu~
plvity i8 woll-known in single phase boundary layer theory. For
mags transfer at the phase boundary the turbulent diffusion coef-
flclent &  usually ls assuned to be propovtional to tha sgquare of
the distallce from™ the phase houndary.

Em~y? 3
tamourelle and Sandall /11/ baalng on the corvelation ol King /12/
n
Em=by (4)

found for falling film Flow

1,769

b~Re n=2 (8)

which 1s only valid for lavge values of ReeS¢. Por wavy falling
£im £low Javdani /13/ got an expresslon for g Dby solving the
momentum egquatlon for wavy £ilm €low. Limbesg 14/ umed a corre-
lation for the turbulent momentwn oxchange coofflelent from the
Lliterature and by assuming analogy betwaen momentum=heat- and
mass transfor he calcula the mase transfer via the veloclty
profile, Spalding's /15/ theory for the turbulent momentum ex-
change coefflcient is the basis For tribane's u,a. /16/ correla~
tion of the mass transfer through a salld phase houndary for short
inlet length.

All these theorlesm are primarly only valld for reqular wave
motlon In a falling film flow at large values of Re:He, For lrre=-
gular wave motlon (12 @ Ra. # 400) there ls no theoretical solu=
tion for the heat and masy transnfer which gives satlefactory
agrevmont with measured data. Also in turbulent falling £4lm f£low,
the predic n with theory ls not too qood, Hecently Carrubba /17/
found that the veloaity profile has ne influsnce on the mass trans-
for and that in agreement with the usual assunption in the lite-
rature, the total mass flow denslty In the lmmedlate nelghbour=
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hood of the solid phase boundary is approximately constant and
equal to that at the gas liquid phase boundary in wavy falling
£11m Flow.

In an empirlceal way, the mass transfer often is correlated

by
Sh=CRe"-Sc" G (6)
where the dimensionless numbers are defined as follows:
1)
sh = £2 7)
) (
L B (®)
Re = v
Sen Yo (9)
D
Ga = x¥g /v (10)

Bguation (6) ls malnly valid for separated flow like falling
f4ln £low. In the Galilsl-number Ga, the distance from the flow
lnlet is denoted with x.

Burface active solutes like tensides can affect the stability
of tho phase boundary. Recently Palmer /18/ demonstrated, that
these solutes have a profound stabllizing influence on convection
Indueed by dlfferential vapor recoil but no noticeable effect on
the erliteria for instabllity via the fluid inertia mechanism.
ixtonslve work into the research of interfacial registance was
performed by Nitech /19/, however, with liquid-liguid two-phase
gystemns. Gradlents in the surface tension due to concentration-
or Ltemperature differences can also produce a micro-convection
near the phase boundary via the Marongoni-effect as shown by
Boor /47/ with bubble boiling.

DISPRREED DROPLET SYSTEMS

the transport phenomena from droplets to a gas flow or verse
vica are mainly of interest for spray dryers and spray evapora-
tors, but alpo For absorption apparatus used for example to puri-
fleate alr or other gases. With small freely falling spray drop-
lete the flow conditlons around each droplet can be assumed pure-
1y laminar which results in a constant value of the Nugselt- or
sherwood-number (Na = 2.0). The main transport realstance is on
the gameous side and the conduction or diffusion distances in the
droplet are small, Mullin and Treleaven /20/ considered the effect
of nelghbouring particles on the mass transfer rate. Recently this
effect of drop to drop lnteraction on the rate of drop- to fluid
heat and mass transfer was studied by Miura u.a. /21/ by measuring
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the transfor rate from drops. In thelr measurements for slngle
drops they found good agreement with slder experimental and theo-
retleal data /22-27/ as shown In € flgure L also
can be seen, that the NuBelb- or l=number respectively
can be exprogaod as a functlon of the Reyw seoandd the Prandtl-
oxr Sehmldb=-number ., In contlinuihg thely reseavch work the influence
of nelghbouring droplets was linltated by Miura uelng ylags beads.

The Influence onto bhe heat transfer depends Crom the ¢lasy bead
diamoe! with respect o the droplet dlameter and from the dia-
tance botween glass bead and droplet. In fig. 2 the veduction of
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the heat transfer behaviour due to the presence of other particles
- glasy boads water droplets - Ls shown as a function of the
mentloned geometrical conditions, In this figure Nu_ iz the NuSelt-
aumber around a aingle droplet without nelghbouring particles.

Miura u.a. /21/ gyave the following correlations for neigh-
pouring effects onto the heat or mage transfer from droplets.
bidg # 2 Nu/Nu, or Sh/Sh,

2071 (b/dg ¥ (dp/d) Vo4 007

{11
b/dg »2 Nu/Nug orSh/She
20,42 (b/dg 1'%+ 0.4
(12)
Nu/Nug or Sh/Shg ® 1.0
(13)

db/Ba2 Nu/Nug or Sh/She® 1.0
db/B =4 Nu/Nuy or Sh/She #0.57

With larqger droplets also the heat and mass transport inside
the droplot has to be taken in account, This transport is agita-
tod by cireulation effoects as known since many years /28/. These
cirevlatlonas are due to the shear stress resulting from the gas
veleclty around the droplet.

At voery high gqas veloclty, when the liquid dispersion is not
performed by high pressure spray nozzles, but by adding the 1i-
quid in a continuous jet which ls fragmentated by the shear stress

i @ gan, Tilligrane lamina like particles may be formed. This
rooxanplo the case in venturl scrubbers which are used for
abporption of aecrosols and cleaning air from micro particles.
Neumann /29/ studiaed the liguid fragmentation in venturi-nozzles
and found extremely high interfacial areas.

Flgure 3, which was performed with the technique of high-speed
elnemabography shows an example of such a liquid membran formed
in a venturi-nozzle. The air-flow fragmentating the liquid had a
veloelty of 80 m/s., In Pig. 3 the liquid membran was photggraphed
twice with a time dlfference between both exposures of 10 “s.
From the comparison of both exposures one can see that the membran
axpandy due to the flow forces of the gas. Downward from the ven-
turl-nozzle, the veloeity difference between the liguid and the
gas decreases, which results in a reduction of the gas forces and
80 a few inches after the membran formation started out of the
liquid fek, the surface tension can prevail again and reduces the
membran inte a droplet form. Sometimes, the flow forces are high
anough bo dlisrupt the membran as ghown in Pig. 4 which results
in an formation of numerous very small droplets.

fhese mechanisms guarantes not only a high area for heat and
mags Lransfer between the phases but they also care for a violent
raarrangemunt of the phase boundaries. The interfaclal area is ;
strong function of the flow history as shown in fig. 5 and reaches
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Flge 3 Ldguld mewbran in venturl-nozzles tformed as parachute
/29¢

Flg, 4 Disruption of parachutes /29/

HEAT AND MASS TRANSFER AT LIQUID GAS INTERPHASE 983
0,25
__m% A Wg= 80M/s
cm = {/m3
0.2 L =2461/m
2 ]
AV

0,15 \
01
0 \\L___¥

[+] 100 200 mm 300
R
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a maximum a fow inches behind the point of water injection in the
venturil~nozxles. From there it decreases rapidly again due to the
decolorating of the gas flow in the expanding part of the nozzle
and the decreaslng velocity difference between liquid and gas.

A theoretlcal description of this mechanism to predict the mass
transfer and the scparation efflclency of a venturi-scrubber seems
to be without prospects and therefore Neumann described the pro-
duct of mass transfer coefflcient and superficial interfacial
area A by an empirlical correlation.

2
BA L g49 RetEd® we LK. (W)} (14)
Qa 0 % wg
with
wg = gas velocity in venturi nozzle
We = .g.é.aﬂﬂ_ﬂl dlp = mean particle or aerosol diameter
|
d Vg s volumetric gas flow
Re = .v!ﬂ_._...é..
Vo dy = mean liquid particle diameter
A
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BUBBLE SYSTEMS

The momentum and mass transfer through the phase boundary of
a bubble with and without changing the shape was dincaused in de-
tail by Glacser and Brauer /307, Only umal b bubbloa have puroly
gpherical form during rintog in a Uhguld, Surlface active materials
1ike tengides can stabllize the upherteal form of a bubble, With
inereasing diamoter the bubbie tendn Lo onetllate bolwoen o sphe-
rical and an elipuoldal lovm which rerulin in a clreulating flow
inside the bubble, Sti1L Ineveaning the diamoter Che bhubiblog fi-
nally doviate completely from the pphis leat form, they have the
shapes of mushrooms, unbvellan or flat dlpeu,

an attompt to glve an theoretlval explanallon tor the of foct
of toensildes onteo the bubble behaviour wan dones by Loevieh /317,
According Lo iy theory, swelace active molecals were | rangported
to the lee=-slde of the bubble resultiog Ui a concent yrallon gra=
dlent of the tensides over the phaue boundary, Thin producoy a
gradiont In the murface tenelon, whieh actr againont the fludad
motion in the nelgqhbourhoaod of the phane boupdary,

ohe mats Lransfor through the interface of o apherieal atas
bile bubble can be covrelated hy the oquatten /127,

)L‘I ?

Sh v 24 Q88 (Retic)
14 (Ro&ie) 4!

A moro detalled dapcription of the mases Lransfer from or Into
ppherical hubbles neods the nugerical solation /31 of the nase
trangfovr-difforontial oquation. Mide then glves alno fnformation
about the loeal diantribution of the Sherwood-nunher around the
bubble and eone finds, that on the front side of the bubble the
Sherwood=numbers are muceh lghor than on the backuide,

(15)

Whon the bubblo cliangon Lta farm the masn Qranafer coelfi-
clont Lo highly dependent from the local condit lang around the
bubble. A detalled theoretleal analynin by Glasker and fanee /30/
showed a tremendoun varial lon in the Hherwood=munher via the pe-
rimotar of the bubhle as polnted out in Mg, 6. Glaspser and Draver
rogarded aleo the influence of the turbulent diffardvity and in
Fly. 6 rasul with and without this corvection factor are presen-
tod, The JdLf In the local Sherwotd=nmber around the bub=
ble bocomo dreater with increasing Reynodde-number an domonntra=
tad in rlg. 7

Intaresting informations for a better undermtanding of the
hoat tranafor from condentsing vapour bubtiles to a rubeaoled 1i-
quled can bo drawn from holographic cbheervat lons porfermed by
Noxdmann /34/. The inellnatlon of the interfersnce feinches in
Flg., 8 can be regarded as temperaturs gradionts in a {iest rough
approximation. For a4 quantitative svaluation due 1o the thraa=
dimenslonal almost spherieal form of the bulibles the no-aalled
Abol-correction hau to be made with which ope gels Lhe tempecature
dlatributlon do the tmmedlale nelghbourhoad of thes pliane boundacy
an alno demonslrabed (n tdg. 8, Annoming a lanivar vulidayer on
the Lquld wide of the interface the hoat teanntor costflofont
Lommedlatoly can bo deducod from the temporature profile,
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A condensing bhubhle has a fast moving phase boundary due to
its volumatric reduction, Thie results in a high turbulence in
the surrounding liquid. Fig. 9 allows to compare the interfaclal
conditions at slow condensation rates with low subcooling of the
Liquid and at high condensation velocities due to large heat trans~
for ratew and large subcooling with vielant interface movement.
A comprohensive theoretical desceription of the heat and mass
transfer (rom and to bubbles with unsteady phase boundaries, as
Lt de the case during vecondensation, is not yet avallable in the
Literature,
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LIQUID FILMS

There is a tremendous amount of papers in the literature
dealing with fluid dynamics, heat and mass transfer in falling
film systems. In most practicle applications the falling ligquid
£ilm is thick enough to form waves and as shown in Fig. 10 /35/
these waves produce vorteces which finally results even in a re-
versed flowin the valleys of these waves. For a detailed fluid
dynamic description of a wavy film flow and its heat and mass
transfer therefore the wave length, the phase velocities and the
amplitude of the waves have to be known, which usually are expres— -
sed as a function of the Weber-number. Furthermore, the stability
of the falling film has to be carefully checked which may be in-
fluenced by the Marangoni-effect and by interaction with the sur~
face of the solid wall. The stability of evaporating falling films
for example was researched by Coulon /36/ and Dammann /37/. On
both sides of the phase boundary vorteces fan be formed which
influence the heat and mass transfer, too.

The mass transfer through the moving interface of a falling
liquid film was measured by a great number of authors. In Fig. 11
/17/ the experimental results of Kamei and Oishi /38/, Lamourelle
and Ssandall /39/, Hikita /40/, Emmert and Pigford /41/ and
Malewski /42/ are compared and the equations (16), (17), (18)
represent these data.

Sh,, =2,24-10"2Re®5c™ (16)
i 232:10*
fiir 12=Re=70 und Scz :
Re'®
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Fig. 10 Characteristics of wavy films /35/
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Sh,, =8,0-10"%Re*5c* .
flr 70 Re 400 und Sor ME10 (17)

Sh,, =8,9-10"Re* 5™ ) ()
fiir 4005Re und Sc&! I;Zeqﬁ

Carrubba /17/ developed a theory for predicting heat and mass
transfexr coefficient in wavy film Flow, when the transport re=
asigtance 1s on the liquild side. Ho used the oddy=~diffusivity modal
and added in the diffusion egquation a turbulent diffusivilty coaf-
ficlent 5 to the molecular diffuslon coefficlent., An exanple of
the variation of the reduced turbulent coefflclent with respect
to the distance from the interphase ls shown In Pig. 12. As well-
known from single phase boundary layer theory the eddy-diffusivi-
ty 1s a strong function of the Reynoldas-number.

Recently the interfaclal heat and mass tLransfer undor the
turbulent motlon of flulde was alsc researched by Kolar 743/,

nainly regards the structure of the turbulence near Lhe interface
and comes to a general expression for the mass tranafer based on
Ehe local degree of turbulence and the thlckness of the laminar
ayer.
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TRANGPORT DEUAVIOUR TN FRACTICAL AND TNIUSTRIAL BQUIPMENTS

Tdguid/gian interphanss heat transfer phenomena ogeur in a wide
varlety of apparatus in the chemdeal industry ag for example in
hubble ealumnt, packed and Fluldized bedw, spray colwmns and jet-
nixera, For Lhelr optimal layout, a reliable prediction of the
heat and mase trangfer oxehanging area and of the transfer coef-
fledentn isn needod, Hyslematlc cvlteria for selecting gas/liquid
conbuet Apparatus with respect to thelv interfacial area were ala-
borated by Nagel u.a. /447, De correlates the interfaclal area A
per unit of vedume ¥ with the dissipated snerqy B which ls due to
the presinure deop dn the apparabus. The intecfaclal area is a
function of the gas flow rate \7‘ an uhown 1n flg. 13 for a pebble
bed reactor with co=curvent qnu/'l.iqum flow,

This unique relationship hetween the interfaclal area and
the energy dingtipation, hoth referred to the unlt of velume, is
valld for such different kinds of heat and mass transfor appara-
tue Like et nozxles, bubble columns, packed beds, venturi-scrub-
bors and st lcred mixevs, From Flg, 14 /45/ the demand for a spe-
clal apparatus denign depending from the desived heat and mags
trantifer area ean be deduced. As expscted high interfacial areas
and with thiik alpo high mass transfer ts linked with large energy
conpumptton by the etrewlation pump or Lhe blower. Intoresting is
the somparinon bolween the venturl=serubber and the tubular reac-
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Fig. 13 Reduced interfacial area as a function of the reduced
gas—-flow rate /44/
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Fig. 14 Comparison of gas/liquid-reactors /45/

tor/jet nozzle for which Fig. 14 shows, that the venturi-scrubber
- needing high energy - is not always an optimal design for mass
transfer processes. Here, however, one has to distinguish care-
fully whether there is mass transfer resistance on both phases,
as it is the case in the example of Fig. 14 or whether the mass
transfer is only controlled by the fluid dynamic behaviour on the
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Fig. 15 Deviation of fluid to particle heat and mass transfer in
fixed and fluidized beds from single sphere data /46/

gaseous phase as for example with the separation of submicron par-
ticles or aerosols from gas flow. Under the later mentioned condi-
tions the high turbulence and the large shear stress in the ven-
turi-scrupber has quite a benifite to the separation effect.

A critical review of the trends in research and industrial
application of fluidization including general remarks onto the
interfacial mass transfer in these apparatus was recently presen-
ted by Reh /46/. In his comparison of heat and mass transfer be-
haviour he unfortunately does not consider gas liquid systems,
but only liquid/solid and gas/solid systems. From his comparison
he states - as shown in Fig. 15 -~ a remarkable drop of fixed bed
and fluidized bed transfer data for gas/solid systems at low
Reynolds~numbers compared with those of single sphere transfer
data.

CONCLUDING REMARKS

There is such a large number of theoretical and experimental
papers dealingwith fundamental questions of heat and mass trans—
fer at gas/liquid interfaces, that it is completely impossible to
discuss even a small fraction of them in a representative way with-—
in a short review paper. However, facing the task of making a lay-
out for an industrial plant operating in two-phase conditions, one
realize that there is still a great lack of experimental data and
theoretical correlations which are valid under the complicated
conditions of industrial plants. Therefore, large scale experi-
ments based on the experience of fundamental research are needed
to get a better prediction for two-phase flow interfacial trans-
fer behaviour.
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ABBIRACT

One of the mothods of inoreasing Uhe heat transfer coeffi-
slent in bolling ie to add trace amount of a second component to
a pure wysbtom, Maoy of the mlxtures glve heat fluxes much higher
than those for elther pure component at the same Gemperaturve di-
flerence,  Thilp marked effact of the addlitlon of a small amount
of a second component to a puxre systom suggests that the mass
ailffupion plays an Important role in the heat transfer process.
Appamently, bhe diffusion problem will have to be coupled with
the pmwn{’i theory to prodlet satlsfactorily the film boiling
behaviowe ol Liquld mixtures, ‘

Bbable Lilm bodling of & samburated binary mixture ig analy-
pod by the two-phase boutdary layer theory for the ocage of & bin-
ary mixture flow en A heabved horimonbel plate. Both diffusion
and heat conducbion in the Liquid phase are token into account.
The sonditione at the interlsce are invau'bigawa. The analysis
phown that inoreases in £ilm bolling heat Llux may be obbained
for mixtures of liquide. The lusresned heat transier ls showmn
fo osour at relatively susll values of wall supexheat, (The inter
face ooneuntration of mors velatile component meduces am Schmidb
number or volatality of the additlve Insrease,

NOMENOLATURY

B dimensionlons quanbity, eguation (47)

Op apeoilic heat at conmbant prossuxe, J/Kg.X
) Adetunivity, me/uoc.

B £ dimensicalewss veloolty funotlons

s acoeleration due to gravity, m / wao®

ah,  latent hent of vapordrablon, I/kg -
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