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The paper presents results obtained by processing a series of published experimental data on heat
and mass transfer during evaporation of pure liquids from the freeboard-of a liquid film into the
turbulent gas phase. The data has been processed on the basis of the earlier theory of mechanism
of heat and mass transfer. In spite of the fact that this process exhibits a strong Stefan’s flow,
the results indicate that with a proper definition of the driving forces the agreement between
theory and experiment is very good.

The subject of investigation of this study has been the simultaneous transport of mass
and heat occurring on direct contact of the freeboard of liquid with the turbulent
gas. This process has been frequently utilized in industrial practice for saturation
of gases and cooling of gases or liquids. Under certain circumstances also drying
falls into this category. The available papers'™® dealing with evaporation are all
of experimental character and concern mainly evaporation from the film of liquid
flowing down an internal surface of a circular tube into the gas flowing inside the
tube. The column proper, where both phases were contacted, was a vertical tube 20
to 29 mm in diameter of the effective length 800 to 1 200 mm. The upper end of the
tube was equipped with an overflow chamber for the feed of liquid forced onto the
inner wall of the tube. The lower end of the tube was provided with a slot for draining
liquid. The tube was mounted between a steadying sections of equal-diameter tubes
with the aim to create and maintain a desired hydrodynamic regime in the flowing
gas. All authors used air as the flowing gas and water as the evaporating liquid. Gil-
liland and Sherwood’ evaporated also a number of other liquids of various physical
properties. Some authors'+® worked not only under the counter-current arrangement
of the flows but also with the concurrent flows and under various pressures*. Cairns
and Roper® and Yoshida and Hyodo* worked with an increased content of vapours
in the entering gas up to the superheated steam in the absence of air. In the proces-
sing of experimental data the authors assumed the existence of the Stefan flow®
and correlated their data by relationships of the Nusselt or Chilton-Colburn type.
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THEORETICAL

The aim of this work has been to verify on the basis of experimental data the utility
of the earlier derived relationship’ for the calculation of the mass and heat transfer
coefficient for evaporation when both processes take place simultaneously and when
the Stefan flow plays an important role.

Prior to the processing of data proper it is necessary to give precision to certain
questions regarding the hydrodynamics of the flow in the system and the definitions
of the driving forces for both phenomena.:

Gilliland and Sherwood* found out, after processing their experimental data for the
co- and counter-current flow of fluids, that both sets of data can be correlated
provided the Reynolds criterion for the flow of gas is based on the velocity relative
to the wall of the column and not to the trickling liquid film as may have been expected.
The authors thought that owing to the used effective length of the tube (1 170 mm)
the hydrodynamic conditions in the bulk phase did not correspond to the change
of conditions on the wall. On the contrary, Hikita and coworkers® found that an
adequate correlation of data for the co- and counter-current arrangement of the flow
can be achieved by respecting the relative motion of the gas phase with respect to the
liquid surface of the liquid film. We have processed data both ways and the analysis
have shown that for the large majority of results the approach respecting the relative
motion of the gas phase and the liquid film provides a better fit. For this reason
we shall confine ourselves in the following to this latter approach.

For the calculation of the thickness of the liquid film we used Nusselt’s relation®

h=[3wl(g-e)]"? (1)

valid for Re, £ 1 600 which is accord with the given conditions.
The surface velocity of the liquid film was computed from Mjasnikov’s expres-
sion®
v, = 0:485(gv,)°* Rey'® )

valid in the region 280 < Re; < 1 600 which is also in accord with the given experi-
mental conditions.

The Reynolds number for the gas phase, defined with respect to the surface of the
liquid film, has the following form

Rey, = v, (d — 2h)[v, (3)
where
Vge = Vg £ 0. (4)
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In Eq. (4) the plus sign pertains to the counter-current and the minus sign to the
co-current arrangement of the flows.

From Egs (3) and (4) it follows
Rey = [(vgd]ve) (1 = 2h/d)] £ vi(1 = 2h/d) d]v,. )

As to the area of the interfacial surface between the gas phase and the liquid film
we shall assume, in accord with Brauer!'®, that the latter is negligibly affected by wav-
ing of the liquid film.

In view of the fact that evaporation takes place under the marked effect of the
Stefan flow, we shall use for the calculation of the mass transfer coefficient in the
gas phase the appropriate relation taking the following form

AN = ky(P[p.ia) (c* — ¢,)dA (6)

or for the whole surface, after taking log-mean driving force

N = kg{[(P/paln) (C* - cb)]l - [(P/paln) (C* - cb)]l} -
- Afto {[(P[para) (¢* = cb)]l/[(P/an) (e* = Cb)]z} (7)

where

Pata = (P = Pai){In (Pao/Pai (8)
and

¢* = py/(RTy) (a), ¢y = pwf(RT;). (b) (9a,b)

With the definition of the driving force in Eq. (7) the definition and the physical
concept of the mass transfer coefficient remains the same as in those cases where
the Stefan’s flow is negligible. Thus the mass transfer coefficients should obey the
earlier derived theoretical relationship’.

The majority of data used for the calculation of the heat transfer coefficient were
obtained under the conditions when the temperature of liquid did not change after
passing the column, or changed only a little. Under the assumption that the tem-
perature of liquid remains constant and under the assumption of negligible ra-
diation we may write the thermal balance in the form

(Ggepg + Goc

g7pPe vpy,

)d(af) + (r + ¢, A1) dG, =0 (10)
where
At =t, — 1 (1)
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and

dG, = (e/r) Atd4. (12)

The coefficient of the differential in the first term on the left hand side of Eq. (10)
may be written in the form

Gylps + Gutpy = Gyepe + Gy (Gv — Gy1) Cpy - (13)
From the overall balance there follows

Gytog + Gyicp = (Gyz — Gy)) (r + cpy AL)[(AL, — ALy) . (14)

Integration of Eq. (10) in the limits between At, and At or between G,, and G, yields
after some rearrangement

G, — G,; = (Gyepy + Gyycp) (Aly — AD|(r + ¢, AL) . (15)

Using Eqs (11) to (15), Eq. (10) may be arranged to the form

{(Guz = Gu) (1 + cp AL ) (1 + ¢ Atyfr) r2[(Aty — Aty)} d(A)]
[(r + cpe A)*] AL = —(afr) dA (16)
or after integration to
(G = Gyy) r = a. Aty 4, (17)
where
Aty = (Aty — AL + ¢,y AL P (1 + ¢y ALy[r) .
n [(At[AL) (1 + ¢, A [r)[(1 + ¢, AL )] = ¢ (AL, — ALY} . (18)
The left hand side of Eq. (I7) represents the latent heat necessary to evaporate the
transferred mass and hence the heat that under the experimental conditions would be

transported from the gas across the interface by convection. Eq. (17) defines thus the
appropriate driving force for the process in the form given in Eq. (18).

In case that radiation plays a significant role and the temperature of liquid varies,
one can write with sufficient accuracy Eq. (17) in the form

Q.= (GvZ - le) r— QR - Q,=aAt,A4 (19)
where At is defined by Eq. (18).
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RESULTS

The calculation of the experimental value of the mass transfer coefficient, or the Sher-
wood and the Nusselt number was always based on the rate of evaporation of liquid
necessitating a certain intensity of both examined processes. The appropriate formulas
are as follows

Sh = N/(Ac,,DLr) (20)

Nu = QJ(At,ALn), (21

where Ac,, and At,, are log-means of the driving forces defined in Eqs (7) and (18).
Theoretical values of the given criteria were computed from the earlier derived

relationships”

Sh = Re,(f[2);'* F(5c)){20 + F(Sc) + 0-707¢(Sc) [Re,(f/2),]'*} (22)

or
Nu = Re,g,,(f/Z)i’2 F(Pr)/{z() + F(Pr) + 0-707¢(Pr) [Reg,(f/2),]”4} (23)
FiGc. 3
Comparison of experimental and theoretical value of the Nusselt number: Barnet and Kobe?*
counter-current flow: water — @; Cairns and Ropcr3 counter-current flow: water — ©;

Yoshida and Hyodo4 counter-current flow: water — @; Hikita and woworkers® counter-current
flow: water — ®; Hikita and coworkers® co-current flow: water — ©
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where, according to Malyusov and coworkers'* we have

(f]2), = (0-89 + 1-74 . 107 *Re}’*) 0-041875/Re}l* (24)

gr

for the co-current arrangement and for 500 < Re = 1600. Further we have

(f]2). = (1 + 1-74. 107 *Re}’®) 0-041875/Re}/* (25)
for the counter-current arrangement and for 30 < Re < 1 600.
All physical quantities appearing in the computational formulas were taken at the
temperature of the film

T, = (T, + T2, (26)

The results are summarily shown in Table I and Figs 1 to 3.

DISCUSSION

First, one has to realize that the agreement of the theory with experimental results
may be anticipated in those cases when the experimental took place under the condi-
tions of adiabatic evaporation, i.e. the temperature of liquid did not change on travel-
ling through the column and it could thus be assumed that the temperature of the
interface is that of liquid. This conditions are met by the experiments of Hikita
and coworkers® which show a good agreement with the theory for the transport
of mass and heat as well. This may be apparent from Figs 1 to 3. A somewhat
greater variation exhibit data of Yoshida and Hyodo where it could not be ascer-
tained under what conditions the experiments took place since the authors give
only the average mean temperatures of liquid. Virtually at constant temperature
of liquid were taken the measurements of Cairns and Roper®, Yet, part of their
data display significant deviations from the theory. The deviations are the more
marked the greater the temperature of liquid (80 to 94°C) and gas (305 to 403°C),
which seems to suggest that a local overheating of liquid film could have occurred
causing its breakage and decrease of the interfacial area. Greater changes of tempera-
ture of liquid are reported for the data of Gilliland and Sherwood! and Barnet
and Kobe?. Nevertheless, the experimental results of the former authors, excepting
the data for the co-current flow, agree well with the theory. The data of Barnet
differ by 11% both for the heat and mass transfer. Spare for the systematic error, this
deviation may be due to the effect of unequal inlet and outlet end temperature
of liquid which may distort the driving force. The distortion due to the temperature
gradient in the liquid film occurs if the liquid gives off or absorbs heat during evapora-
tion. The extent of this distortion may be different under various conditions and
may be affected primarily by the ratio of the heat or mass transfer coefficients and
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the conductivity of liquid. No satisfactory explanation could be found for the dis-
agreement of the result of Gilliland and Sherwood for the co-current arrangement
of the flow, especially when the data of Hikita and coworkers® for the case of co-
current flow were in good agreement with the theoretical results. For a full fledged
analysis we missed the scheme of the experimental set-up and construction design
of some of the details such as e.g. the way of introducing liquid onto the wall of the
tube. This might cause turbulization of the gas and an increase of the mass transfer
coefficient at the co-current flow.

From Fig. 3 it might be concluded that the data obtained for heat transfer display
systematically greater experimental values than the theoretical ones. From Table I,
however, it is apparent that the data of Hikita and coworkers®, which were the only
data obtained under the conditions corresponding to the theoretical model, i.e.
under the conditions of adiabatic evaporation, well agree with the theory, while
for the other data, which constitute the majority one can expect deviations.

It has been found out that the driving force heat transfer, defined by Eq. (18),
corresponds with sufficient accuracy to the currently used log-mean driving force.
The one defined here is consistently somewhat lower.

TaBLE I

Summary of Processed Experimental Data

2 Flow i

g arrange- Evapor'ated Range Range Coalumn s :S‘_hs Nu,
E ment liquid Re| Reg d.10° H.10 Shy  Nug
2 A water 281— 776 2839—-19174 266 1219 1111 111
3 A water 252—3476 2882— 9778 219 946 092 081
5 A water 200— 600 3890— 8620 200 800 098 098
4 A water 309— 750 3512—14229 290 1000 098 109
1 A water 760—1179 3020—11876 267 1170 100 —
1 A toluene 1348—1527 3771—11574 267 1170 100 —
1 A ethyl-acetate 1431—1458 3795—12809 267 1170 099 —
1 A isopropanol 402— 403 4991— 6513 267 1170 107 —
S B water 200— 600 3560—11650 2-00 800 106 105
1 B water 752—1194 3 041—26603 267 1170 139 -
1 B toluene 1348—1355 3466—12045 267 1170 1-41 —
1 B ethylacetate 1345— 1571 3990—16 134 267 1170  1-34 —
1 B isopropanol 396— 417 3035—15026 267 1170 144 —

A — counter- and B — co-current flow
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It can be concluded that the values of the Sherwood and the Nusselt number
computed from experimental data of various authors and obtained under various
conditions display a good agreement with those obtained theoretically on the basis
of an earlier published relationship’. The explanation of the more significant devia-
tions, which are also in disagreement with the data of other authors, would call
for additional information which is not at our disposal.

LIST OF SYMBOLS

A RNRS NI IOV YRET TR QNS RDS O

(Sc), F(Pr)

interfacial area (mz)

concentration of vapours in air (mol m™3)
specific heat at constant pressure (J kg_l K™Y
diffusivity (m2 s“l)

internal column diameter (m)
coefficient of resistance

function defined in ref.”

mass flow rate  (kgs™!)

acceleration due to gravity (ms™?)
thickness of liquid film (m)

mass transfer coefficient (ms~ ')
effective column length  (m)

rate of evaporation (kgs™ '), (mols™!)
pressure in column (Pa)

partial pressure of component (Pa)
rate of heat transfer (W)

gas constant  (J mol ™! K1)

heat of evaporation (J kg™ ')
temperature  (K)

temperature (°C)

velocity (ms~!)

heat transfer coefficient (W m™? K_‘)
density of irrigation (kgs™!m™ 1)
difference of two values

standard deviation

(Sc), ¢(Pr) functions defined in ref.’
i thermal conductivity (W m~™! K™1)
un dynamic viscosity (Pas)
v kinematic viscosity (m2 s l)
0 density (kg m73)
Re, = vd/v,
Re, = vgr(d — 2/:)/vg
Re; = 4TIy,
Nu = a(d —2k)/2
Sh = k(d — 2h)[D
Se = (v/D)
Pr = (cpu/,l)
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Subscripts
air
in turbulent core
convection
gas film
gas phase
interface
liquid phase
log-mean
radiation
relative
total
vapour
gas inlet
gas outlet
equilibrium value
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