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Abstract

A theoretical study of the evaporation of water into its own vapour, air and a mixture thereof is presented. The
equations describing the coupled heat and mass transfer are set up and solved to find the evaporation rates. The
calculated results are in good agreement with published experimental data. The inversion temperature, above which
the evaporation rate into pure superheated steam is higher than into dry air, is calculated for constant mass and
volumetric flows and compared with published data. Refined definitions of the inversion temperature are introduced
which enable a more precise description of the phenomenon and explain the variation in published data. © 2000

Elsevier Science Ltd. All rights reserved.
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1. Introduction

The evaporation of a liquid into a gas flow consist-
ing of its own vapour, air or a mixture thereof is of
importance in many chemical engineering processes.
Drying is one of these applications. At very high
moisture contents of the material to be dried the dry-
ing process is mainly governed by unhindered evapor-
ation, which makes the understanding of evaporation a
prerequisite for the design and optimisation of the dry-
ing process. In most cases the drying medium is a mix-
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ture of air and the vapour of a pure evaporating
liquid. This significantly simplifies the problem,
because the gas can be considered as a binary mixture.
In this paper, the equations for coupled heat and mass
transfer describing this process are set up and solved
for a range of gas temperatures and compositions.

The calculations are carried out at atmospheric
pressure using air as the inert gas and water as the
evaporating liquid, which represents a common case
in drying. The results of these calculations are the
evaporation rates. With the knowledge of these, the
so-called inversion temperature can be determined.
The inversion temperature has most commonly been
described as the gas temperature at which the evap-
oration rates into completely dry air and pure
superheated steam are equal. This definition im-
plicitly assumes the amount of evaporation to be so
small that no change in gas temperature and com-
position is incurred by the process. Therefore, it
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Nomenclature

A area of interface (m?)

Cp molar heat capacity (J/mol/K)

I molar density (mol/m?)

d diameter of the wetted wall column (m)
D diffusion coefficient (m/s)

h molar enthalpy (J/mol)

/ length from the beginning of the plate (m)
n molar flux (mol/m?/s)

N molar flow (mol/s)

Nu  Nusselt number

Dsat  saturation pressure (Pa)
Pr  Prandtl number

q heat flux (W/m?)

Re  Reynolds number

Sc¢ Schmidt number

Sh  Sherwood number

T temperature (K)

y mole fraction (mol/mol)

Greek symbols

o heat transfer coefficient (W/m?/K)
p mass transfer coefficient (m/s)

Ah, latent heat of vaporisation (J/mol)
@y, Ackermann correction factor

Subscripts

a air

conv convection only

evap evaporated

G bulk flow gaseous phase

i component ¢
I interface

in at inlet

L liquid

out at outlet
total total (convection and radiation)
v vapour, vaporisation

only applies to evaporation from infinitely small
surface areas into completely dry air or pure super-
heated steam. Due to these limitations, new and
more precise definitions for the inversion tempera-
ture are introduced in this paper.

First, the temperature at which the evaporation
rates from an infinitely small surface area into the
two gas flows with vapour mole fractions a and b
is equal, is defined as the local inversion tempera-
ture LIT,,. In every real process and experiment the
amount of evaporation is not infinitely small and the
changes in gas condition cannot be neglected. There-
fore, the introduction of the apparent inversion tem-
perature is suggested here for these applications. This
apparent inversion temperature is the gas temperature
at the beginning of the evaporation area for which the
average evaporation rates into the two gas flows with
the inlet vapour mole fractions ¢ and b is equal, thus
giving AIT,,. Any apparent inversion temperature has
to be accompanied by detailed information about the
geometry and gas flow conditions investigated to make
an evaluation possible.

By applying the equations for coupled heat and
mass transfer and using the new definitions of the
inversion temperatures this work comprehensively
explains the inversion temperature phenomenon.

After early research on the drying of different
materials with air, humid air and superheated steam
yielded contradictory results concerning the change
in drying rate with the different gas phase compo-
sitions, some investigations concentrated on the
evaporation of water into air at different tempera-

tures and humidities. Yoshida and Hyodo [l] car-
ried out extensive experiments using a wetted wall
column and were the first to find an inversion tem-
perature. They initially assumed that at this tem-
perature the evaporation rate of water becomes
independent of the humidity of the gas for a con-
stant gas mass flow at the inlet. Since then, a num-
ber of publications have dealt with the theoretical
and experimental determination of this inversion
temperature, revealing a dependence of the inversion
temperature on the gas compositions being com-
pared [2-8]. Table 1 summarises some of the results
of these investigations.

Chow and Chung were the first to theoretically in-
vestigate the evaporation of water for a laminar [2]
and turbulent [3] gas stream over a flat plate using
equations for heat and mass transfer, and derived an
iterative similarity solution to the problem. They
described what is now the most common explanation
for the existence of the inversion temperature. The wet
bulb depression becoming smaller with increasing
steam content leads to a smaller heat flux and conse-
quently to a smaller evaporation rate. At higher tem-
peratures this effect becomes small compared to the
total temperature difference and is compensated by the
changing thermodynamic properties for heat transfer
in steam. Their approach has been taken up by various
authors [4-7]. Sheikoleslami and Watkinson [8] and
Faber et al. [11] addressed the problem by simply
using an equilibrium approach, where the assumption
of the gas being saturated at the outlet makes the
description of the mass transfer obsolete. However,
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Table 1
Inversion temperatures from various investigations

1793

Reference Theory/experiment Description Tinversion (°C)
Here Theory Wetted wall column, turbulent 199

[1] Experiment Wetted wall column, turbulent 160-176
[2] Theory Flat plate, laminar 250

[3] Theory Flat plate, turbulent 190
Here Theory Flat plate, turbulent 200

[4] Experiment Flat plate, turbulent 170-220
[5] Theory Moving flat surface and gas, laminar 230-260
[6] Theory Moving flat surface, laminar 225

[7] Theory Wedge, turbulent 200

[9] in [10] Experiment Impinging jets, laminar 218-230
[10] Experiment Impinging jets, turbulent 175

[8] Theory Equilibrium approach 164

[11] Both Fluidised bed, equilibrium approach 160

this approach is impractical for most drying appli-
cations other than fluidised bed dryers.

Although most publications determine the inversion
temperature on the basis of constant mass flow, a com-
parison on the basis of constant volumetric flow, i.e.
constant gas velocity, is of theoretical and practical
interest as well. Faber et al. [11] report an inversion
temperature of 406°C for constant volumetric flow
which is considerably higher than their value of 160°C
found for constant mass flow.

2. Theory

The evaporation of a liquid into a gas flow of a mix-
ture of its own vapour and an inert gas is a problem
of coupled heat and mass transfer. The problem
encountered in this case is easy to describe since it
only deals with a pure liquid and a gas that can be
considered as a binary mixture.

Fig. 1 shows an increment of a liquid surface

exposed to a gas flow. As long as this increment is suf-
ficiently small the gas temperature and composition
can be assumed to be constant within this increment in
the direction of the gas flow. Applying the film theory,
the coupled heat and mass transfer can be described.
The resulting set of equations consists of two transfer
and two balance equations. Heat is transferred
between the gas flow and the liquid. Because mass
transfer takes place at the same time due to evapor-
ation, the heat transfer coefficient ag has to be modi-
fied by the analytically derived Ackermann correction
[12]. The resulting heat transfer equation is

. Dy
=og———(T71 — T, d
96 = %0 (@) — {(Ii = Tg) an
: (1
@W: niv : L.pv
%G

where the heat transfer coefficient ag can be calculated
by the appropriate empirical Nusselt equation for the
desired geometry.

A
NGi,in TG,in T NGi,out TG,out
—> P —_
l"‘Gi,in hGi,out

film

Fig. 1. Increment of a liquid surface exposed to a gas flow.
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The mass transfer for a binary gas mixture with one
non-transferring component can be described by

1_ v
fy = ¢ P 'l“(ﬁ> )

where fi; is the mass transfer coefficient to be calcu-
lated from the Sherwood equation, which is analogous
to the Nusselt equation.

The mass balance for the gaseous phase gives

NGV, in +nv -A = NGVA, out and
A3)

NGa, in = NGa, out = const.

with air as the non-transferring component.
The heat balance for the gaseous phase is then
described by

CIG A= (NGa‘ in * Cpa + NGV, in * va)(TG, out
- TG, in) + ’;lv . va(TG‘ out — TI)A (4’)

where the molar enthalpies of the gas components
have been substituted by the product of a mean molar
heat capacity and the temperature difference. This sim-
plification is widely used and does not significantly
affect the calculated results. It is assumed that heat is
transferred from the gas to the liquid only by convec-
tion and that there is no heat flux between wall and
liquid. Furthermore, the liquid phase is assumed to be
at the temperature of evaporation. With these assump-
tions, the heat balance at the interface becomes

g =0 =1y - Ah(T1) + 4. ®)

The interface has to be at equilibrium which gives the
saturation pressure pg,, and thus, the interface gas
composition y,; at the interface temperature. All ther-
modynamic properties of the vapour and the inert gas
are functions of temperature and pressure. Assuming
an ideal gas mixture, its properties can be calculated
from the pure components with knowledge of the par-
tial pressures. The unknown variables are the outlet
temperature of the gas 7G. ou, the interface tempera-
ture 77, the evaporative flux 7, and the heat flux ¢g.
These parameters can be obtained by solving the set of
four non-linear equations of heat (1) and mass (2)
transfer and the heat balances (4) and (5).

For pure superheated steam there is no mass trans-
fer resistance and the evaporation is solely controlled
by the heat transfer to the interface. Eq. (2) does not
apply and the interface temperature is determined by
the pressure of the system.

Up to now the phenomenon of an inversion tem-
perature has mainly been explained by the temperature
depression between the interface and the bulk gas flow,

as well as the change of thermodynamic properties
with increasing temperature [2-7,10]. Consequently,
only the heat transfer was taken into consideration.
Although these findings are undoubtedly valid, a more
comprehensive explanation of the inversion tempera-
ture phenomenon is possible by considering the
coupled heat and mass transfer.

In air the process of evaporation is governed by sim-
ultaneous heat and mass transfer. The boundary layer
incorporates a resistance for both transport processes.
At low temperatures the process is mainly heat transfer
controlled, since the concentration difference across the
boundary layer is large as compared to a rather small
temperature difference. With increasing gas tempera-
ture the temperature difference, and consequently, the
heat transfer rate increases. The concentration differ-
ence increases as well because of the combined increase
in temperature and saturation pressure at the interface.
While the increase of the temperature difference is
unlimited, the concentration difference reaches a maxi-
mum when the interface saturation pressure reaches
the pressure of the system. Consequently, the whole
process of evaporation becomes mass transfer con-
trolled and the mass transfer resistance is the govern-
ing factor.

In pure superheated steam the mass transfer resist-
ance does not exist, since the gas consists only of the
evaporating species. This explains why the evaporation
into pure superheated vapour is greater than into dry
air at higher temperatures. The disadvantages of the
higher interfacial temperature and less heat transfer
potential in superheated steam are outweighed by the
absence of a mass transfer resistance.

3. Results and discussion

A computer program was written to solve the pro-
blem described. The thermodynamic properties needed
for air and water are calculated with equations from
Daubert and Danner [13], the diffusion coefficient is
estimated using the method of Fuller et al. [14] rec-
ommended in Ref. [15]. The pressure for all of the cal-
culations presented here is atmospheric pressure. More
detailed information about the calculations and the
computer code can be found in Ref. [16].

3.1. General calculations

For the calculation of evaporation rates a single
increment with the geometry of a wetted wall column
is considered. The liquid phase is assumed to be
stationary. The inner diameter of the column is 0.029
m, thus resembling the set-up used by Yoshida and
Hyodo [1]. The required heat and mass transfer coef-
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ficients for turbulent flow in a circular duct are calcu-
lated with the correlation of Krupiczka and Rotkegel
[17]:

Otg'd

Nu = =0.0279 - R 7! . pO44 (6)

G

-d
sh="Pe"9_ 00279 ROPT. 504 (7

av

Because the gas temperature and composition are
assumed to be constant within the calculated increment
in the direction of the gas flow, the length of this incre-
ment has to be sufficiently small. As shown later, a
value of 10~ m turned out to meet this requirement.

The evaporation rates for four different steam con-
centrations are plotted against the gas temperature for
constant gas mass flow at the inlet in Fig. 2. There is
no gas temperature for which the evaporation rate is
independent of the gas composition. This is in contrast
to the statement of Yoshida and Hyodo [1] and sup-
ports the findings of other investigators [2—8]. The
local inversion temperature LIT,; can be found at the
intersection of the evaporation rate curves for comple-
tely dry air and pure superheated steam. For the calcu-
lated geometry LIT; is 198.6°C and calculations with
mass flow rates of 9100 and 27,300 kg/m?/h show that
it is independent of the mass flow.

In addition calculations are carried out for turbulent
flow over a flat plate resembling the experiments by
Haji and Chow [4]. For these calculations the empirical
correlations are extracted from Ref. [18].

Mole fraction of
L steam [mol/mol]:

5 L
------ 05
------ 0.25
4T —0

Evaporation rate [g/m?/s]

PR YT RN TN SN S YA NN SN SN SN TN T T VAN T SN SO SO NN ST SN SO T ST SO S |

Nu= 2" 0,036 RS . pro3 8)
AG
_ ﬂG -l _ 0.8 0.43
Sh= 5" = 0.036 - RS- S¢ )

The local inversion temperature LIT,; found for one
increment of the flat plate is 198.4°C. In this case, the
Reynolds number incorporates the distance of the
increment from the beginning of the flat plate. Calcu-
lations showed that the chosen distance affected the
result for the local inversion temperature only in the
second decimal place.

Even though the correlations for the transfer coef-
ficients for the chosen geometries have a similar struc-
ture and do not exhibit large differences in the con-
stants, they still resemble fundamental geometries
frequently encountered in real processes. The influence
of the geometry on the inversion temperature does not
seem to be very large, even though the evaporation
rates found at this inversion temperature may be sig-
nificantly different.

The evaporation rates for four different steam con-
centrations are plotted against the gas temperature for
constant gas velocity at the inlet in Fig. 3. The inver-
sion temperature found is significantly higher. The cal-
culations on the basis of constant gas mass flow and
on the basis of constant volumetric gas flow (Figs. 2
and 3) are correlated by the density of the gases. Due
to the different densities of air and water vapour the
gas mass flow of air is higher at a constant velocity of
the gases.

—0.995 _
----- 0.75

Constant mass flow rate:
18200 kg/m?h

y =ttt
100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

Gas temperature [°C]

Fig. 2. Evaporation rates versus gas temperature at constant gas mass flow rate.



1796 J.P. Schwartze, S. Brocker [ Int. J. Heat Mass Transfer 43 (2000) 1791-1800

5_._
] Constant velocity:
4 + 10 m/s
z ]
E |
5,1
L B
=
£
-E Mole fraction of
g 2T steam [mol/mol]:
& ] 0
R . T~ T~ T~ 0.25
1+ e T~ (T~ T 05
1o T (T 0.75
1 ——0.995
S S S S S S S S

100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

Gas temperature [°C]

Fig. 3. Evaporation rates versus gas temperature at constant gas velocity.

3.2. Validation of the calculated evaporation rates

Despite the fact that the calculated local inversion
temperatures fit in very well with the literature data in
Table 1, the calculated evaporation rates do not
necessarily have to be correct. To evaluate the quality
of the model presented in this investigation the calcu-
lated evaporation rates have to be compared with ex-
perimental data. This has been done for the
investigations of Yoshida and Hyodo [1] and Haji and
Chow [4].

The wetted wall column of Yoshida and Hyodo [1]
has a diameter of 0.029 m and a length of 1 m.
Although their column had a counterflow of the
phases, the liquid phase is assumed to be stationary in
the calculations of this investigation. The flat plate of
Haji and Chow [4] is 0.0508 m wide and 0.3048 m long
and is enclosed in a duct 0.1062 m in width and 0.0254
m in height. The calculations for both geometries are
carried out by dividing the interface into 1000 incre-
ments of identical area along the gas flow. Fig. 4
shows all the calculated evaporation rates plotted
against the experimental findings. For the wetted wall
column the values corrected for radiative heat transfer
given by Yoshida and Hyodo [1] are plotted as well.
For the flat plate only two values for the evaporation
rate are explicitly given in the original publication [4],
all other values had to be extracted from graphs that
showed a line fitted to all the experimental data.

The calculated evaporation rates are in excellent
agreement with the experimental findings. The results
show that the model presented in this investigation is

able to describe the real process of evaporation of a
liquid into a gas flow of its own vapour and a non-
transferring gas. The majority of the calculated evapor-
ation rates tend to slightly underpredict the experimen-
tal data. This may be explained by the assumptions
underlying the calculations, namely the assumption of
a perfectly insulated liquid-wall interface, the neglected
radiative heat transfer by steam and — for the wetted
wall column — the neglected movement of the liquid
phase. The influence of the radiative heat transfer can
be estimated from the data corrected for purely con-
vective heat transfer given by Yoshida and Hyodo [1].
As expected the agreement with the calculated results
is even better.

The largest underprediction is found for the evapor-
ation rates into dry air measured by Haji and Chow
[4]. They claimed a strong influence of conductive heat
transfer from the walls to the liquid on these measure-
ments and introduced a correction. The correction is
not included in this paper so that only the measured
data are shown. The corrected values, which are
slightly smaller than the evaporation rates calculated
in this investigation, fitted their calculated results per-
fectly. However, the authors consider a comparison to
the originally measured data to be more meaningful,
especially since no details of the correction procedure
were given.

3.3. Determination and definition of the local and
apparent inversion temperatures

With such a good prediction of the evaporation
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Measured evaporation rate [g/m?/s]
Fig. 4. Comparison between calculated and experimentally determined evaporation rates.

rates it would be expected that the inversion tem-
peratures found in the general calculations above
would agree with the experimental findings as well.
For the flat plate of Haji and Chow [4], the inver-
sion temperature found is indeed within the exper-
imentally determined range. However, this is partly
due to the fact that the range cited is relatively
large because of data scatter. For the wetted wall
column of Yoshida and Hyodo [1], the agreement is
far less satisfactory.

This discrepancy highlights the problem which leads
to the review and refinement of the inversion tempera-
ture definition. The original definition of the inversion
temperature assumes the changes in gas flow, compo-
sition and temperature in the direction of flow to be
negligibly small. Consequently, the amount of evapor-
ation, and thus the surface area, have to be infinitely
small. For this reason, the term local inversion tem-
perature is introduced for this temperature, which can
only be found by calculation. However, any exper-
imental investigation has to deal with finite surface
areas for evaporation, the size of which is determined
by the accuracy and resolution of the measurement
technique employed. The gas temperature and compo-
sition will change in the direction of the gas flow, and
therefore, the definition of the local inversion tempera-
ture is not sufficient to describe the situation. Only an
apparent inversion temperature can be measured. This
apparent inversion temperature has to be defined at
the inlet condition of the gas flow, because this is the
only point where air can actually be completely dry.
Values for the apparent inversion temperature have to

be accompanied by detailed information about the
geometry of the system and the gas flow to be evalu-
ated.

To illustrate the change of the apparent inversion
temperature with the size of the surface area for evap-
oration, calculations were carried out for wetted wall
columns of increasing lengths. The inlet gas flows were
completely dry air or pure superheated steam in all of
these calculations. Three different gas mass flows as
well as three different gas velocities have been calcu-
lated. The results are summarised in Fig. 5.

The apparent inversion temperatures cover a wide
range of the temperature scale. The limits of this
range are determined on one extreme by infinitely
small lengths without significant changes of the gas
condition in the direction of the flow (i.e., the local
inversion temperature) and on the other by an infi-
nitely long column with the maximum change in
gas composition possible in the direction of the
flow. This maximum is defined by a complete satur-
ation of the gas at the outlet, and therefore, re-
sembles the results of the equilibrium approach
[8,11]. In between these two theoretically defined
limits, the gas mass flow or velocity, respectively,
has an influence on the observed inversion tempera-
ture since it affects the changes in gas temperature
and composition along the column. With a higher
gas flow, the humidification of the dry air will be
less pronounced, and consequently, the apparent
inversion temperature will be higher than that for
smaller gas mass flows. However, this effect is small
compared to the overall drop in the apparent inver-
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Fig. 5. Variation of the apparent inversion temperature for wetted wall columns of different lengths.

sion temperature with increasing column lengths,
and thus, gas condition changes. This has impli-
cations for real evaporation processes, such as dry-
ing in the constant rate period. A finite layer of
material to be dried leads to lower apparent inver-
sion temperatures compared with the local inversion
temperature for completely dry air and superheated
steam of the geometrical system under consider-
ation.

The data of Yoshida and Hyodo [1] were reanalysed
with the new definition for the apparent inversion tem-
perature, which yielded different results from those
given in the original publication. This is due to the
fact that they determined their inversion temperatures
as the arithmetic mean gas temperatures within the col-
umn for which the mean evaporation rates were equal,
as opposed to the determination on the basis of gas
inlet temperatures, as is proposed for the apparent
inversion temperature in this paper. Fig. 6 shows the
measured and calculated evaporation rates plotted
against the gas inlet temperature. Due to the underpre-
diction of the measured evaporation rates, as discussed
above, the calculated apparent inversion temperatures
are higher than those experimentally determined. The
difference seems large because of the small angle of
intersection of the two curves. It is interesting to note
that in this presentation of Yoshida and Hyodo’s [1]
results the theoretically found trend of a higher appar-
ent inversion temperature with a higher gas mass flow
is confirmed by the experimental data.

4. Summary and conclusion

The evaporation of liquids into their own vapour,
air and mixtures thereof is a problem of coupled
heat and mass transfer. The governing equations
can be set up if the Nusselt and Sherwood equation
for the heat and mass transfer coefficients in the
desired geometrical system are known. The set of
non-linear equations can be solved giving the inter-
face temperature, evaporation rate and gas outlet
conditions for a small calculated increment. The
inversion temperature can be found as the intersec-
tion of the evaporation rate curves for dry air and
superheated steam when plotted over the gas inlet
temperature. New definitions of the inversion tem-
perature are introduced to allow a distinction
between theoretically found values meeting the
assumptions of the original definition and exper-
imentally found values that are influenced by the
finite amount of evaporation encountered in real
processes.

The evaporation rates calculated from the model
presented in this investigation are in excellent agree-
ment with literature data. For the simulation of
two independent experimental investigations, the cal-
culation results are within +20% of the experimen-
tal data. The fact that the calculations in this
investigation do not involve any parameters fitted to
the experimental data they are compared with
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Fig. 6. Evaporation rates in the wetted wall column versus the gas inlet temperature.

clearly adds to the credibility of the model pre-
sented here. Deviations are generally small and can
be explained by the simplifying assumptions made.

Good agreement is also found between the appar-
ent inversion temperatures determined experimentally
and those found by simulation of these experiments.
These apparent inversion temperatures may differ
significantly from the theoretically defined local
inversion temperature of the system. This explains
some of the confusion about the inversion tempera-
tures reported previously in the literature. Further-
more, the analysis shows that for the constant rate
of real drying processes the apparent inversion tem-
perature found may be significantly lower than the
theoretically defined value.

The model presented here obviously yields good
and reliable results for the evaporation rates. The
results comprehensively describe the inversion tem-
perature phenomenon. The model has some more
inherent advantages. The generic calculation pro-
cedure makes its application to different geometries
and chemical components easy. The incremental
procedure makes the description of transfer from
finite surface areas possible without loss of accu-
racy. The theoretical approach employed is widely
used in different applications [19]. It is based on
the principles of multicomponent mass transfer and
the model can be extended to include special appli-
cations, such as the evaporation of multicomponent
liquids [20] by changing to a matrix form.

The authors, therefore, believe that this model will

be a useful and versatile tool for the prediction of
evaporation rates and the inversion temperature from
theory. It will thus help in the design of drying pro-
cesses and estimation of the feasibility of different pro-
cess options.
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