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Abstract

This paper concerns a numerical analysis of the evaporation of water in pure air, humid air and superheated steam in
an externally insulated channel. Results were obtained for mixed and free convection driven by combined thermal and
mass buoyancy forces. For natural convection case, the analysis is restricted to situation in which combined buoyancy
forces act in the downward direction. The results show that below a certain temperature of the free stream, water
evaporation rate decreases as the humidity of air increases and above it this relation reverses. This temperature “in-
version point temperature’ was treated in previous experimental and numerical studies in the case of forced convection.
In this work, particular attention is paid to study the effect of the ambient conditions on evaporation rate of water and
the inversion temperature phenomenon in the condition of free and mixed convection.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The evaporation of liquids in air is important in heat
and mass transfer and exists in different industrial ap-
plications such as drying, air conditioning and desalting.
The case of evaporation of water by superheated steam
has also received considerable attention in many theo-
retical and experimental studies [1-10]. Because the
using of the superheated vapour steam as drying me-
dium is recommended for drying materials that are
sensitive to oxidation and sensitive temperature such as
food products. Also superheated vapour as a dehy-
drating medium contains no contaminants, it poses no
threat to nutrias product safety. Thus, the use of su-
perheated vapour reduces the loss of nutritional value
during the drying process [4,6].

Wenzel and White [1] and Chu et al. [2] were the first
to show experimentally that more evaporation occurs in
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superheated vapour than in air. Since then, the change in
drying rate with the gas flow humidity and the estima-
tion of inversion temperature values has been the subject
of various theoretical and experimental investigations.
Schwartze and Brocker [7] present a comparative table
summarising some of previous results giving the inver-
sion temperature which varies between 433.15 and
533.15 K depending on study approach (theory or ex-
periment) and on flow characteristics (turbulent or
laminar).

The first experimental investigation leading to find
the inversion temperature was carried out by Yoshida
and Hyodo [3]. They reported an inversion point tem-
perature (between 433.15 and 449.15 K) for an equip-
ment of countercurrent water and air, flowing a wetted
wall column. Chow and Chung presented the first nu-
merical studies of the evaporation of water into dry air
and superheated steam for a laminar [4] and turbulent
[6] forced convection over a flat plate. Their analysis
showed that below the called inversion point tempera-
ture of the free stream, the evaporation rate is less ef-
fective as the stream humidity rises and beyond this
temperature the opposite is true. Wu et al. [5] developed
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Nomenclature

C mass fraction of water vapour

¢y specific  heat at constant pressure
Dkg' K]

Cra specific heat for air [Jkg™! K]

Cpv specific heat for water vapour [Jkg~' K]

d channel width [m]

D mass diffusivity [m?s™']

e factor equal to zero for forced convection

and unity for free and mixed convection case
gravitational acceleration [ms~2
channel length [m]
grid point index number in the flow direc-
tion
upper grid point index number in x-direction
grid point index number in transverse di-
rection
upper grid point index number in y-direction
latent heat of evaporation [Jkg™']
evaporating mass flow [kgs~! m~2]
molecular weight of air [kgmol™']
molar mass of vapour [kgmol™!]

m interfacial mean Nusselt number

. peripheral local Nusselt number
pressure of the moist air in the channel
[Nm~?]

Pe motion pressure (dynamic pressure) [N m~2]

Dy partial pressure of vapour [Nm™2]

Dus partial pressure of saturated vapour [N m]

N.m%

~. N~

SEFRR¥ES

Po ambient pressure [Nm™2]

Rev average evaporating rate [kgm~2s~']%3
Shm mean Sherwood number

Sh, peripheral local Sherwood number

T absolute temperature [K]

T; interfacial temperature [K]

Ty dry wall temperature [K]

u axial velocity [ms~!]

v transverse velocity [ms™']

w relative humidity, p,/pys [%0]

coordinate in the axial direction [m]
dimensionless axial coordinate
coordinate in the transverse direction [m]

*

=R o=

Greek symbols

p volumetric coefficient of thermal expansion,
—1/p(0p/0T), ¢, [K™']
B volumetric coefficient of expansion with

mass fraction, —1/p(8p/0C),

A thermal conductivity of the fluid
Wm 'K

u dynamic viscosity of the fluid [kgm™'s7!]

p density of the fluid [kgm™3]

Subscripts

1 wet plate

2 dry plate

0 ambient condition

a numerical model to study the effectiveness of super-
heated steam, humid air, and dry air as dehydration
media for wedge-shaped food products. They presented
numerical results for different combinations of fluid
temperature, mass ratio, and specimens wedge angle.
Authors reported also that an inversion point in the
evaporation rate occurs around 548.15 K.

Recently Schwartze and Brocker [7] carried out a
theoretical study of the evaporation of water into its
own vapour, air and a mixture thereof. They introduced
refined definitions of the inversion point temperature.
They defined firstly a local inversion temperature as a
temperature at which the evaporation rates from an
infinitesimal area for two gas flows with different vapour
mole fractions is equal. Then, they defined the apparent
inversion temperature as the temperature at the begin-
ning of evaporation area for which average evaporation
rate into two gas flows with different vapour mole
fractions is equal. These new and precise definitions
enable a more precise description of the inversion tem-
perature phenomenon and permit to explain the varia-
tion of the inversion temperature values obtained in
earlier studies.

The physical reason for the existence of the inversion
point temperature has been reported in several previous
studies [4-10]. Chow and Chung [4] presented an inter-
esting explanation where only the heat transfer was
taken into account. Their reasoning is based on the
temperature depression between the water interface and
the gas flow as well as the variation of fluid properties
by changing the ambient conditions. Schwartze and
Brocker [7] explain the existence of the inversion tem-
perature by considering heat and mass transfer in the
evaporation process.

It can be noted that all mentioned theoretical studies
dealing with the evaporation of water into air and
mixture and superheated steam were generally con-
ducted in the forced convection flow (see for example
[4,7,8]). Evaporation of liquids by free convection driven
by thermal and mass buoyancy forces into air is treated
by different authors (see for example [13,14,17]).

Yan and Lin [15] presented a numerical analysis to
investigate the effects of the latent heat transfer, in as-
sociation with the evaporation into air of a finite liquid
film on the channel wall, on the free convective heat and
mass transfer. Recently Debbissi et al. [18] investigated
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numerically the coupled heat and mass transfers by
natural convection during water evaporation into air in
a vertical heated channel by including radiative heat
transfer between plates. They observed that the evapo-
rative cooling disturbs considerably the velocity and
temperature profiles in particular near the exit section of
the channel. The axial distributions of the relative sen-
sible, latent and radiative heat fluxes are presented for
different ambient conditions. The interfacial mass flux at
the channel exit is presented as function of inlet tem-
perature and for various ambient humidity and pressure.
At our knowledge the inversion temperature in the
case of evaporation by free convection is not studied.
The main objective of this work is to extend the study of
the evaporation of water into air, mixture and super-
heated vapour to the free and mixed convection flows. A
particular attention will be addressed to the inversion
temperature in the free and mixed convection regimes.

2. Analysis

The present work deals with a numerical analysis of
evaporation of water into hot humid air and super-
heated steam by mixed and natural convection induced
by the thermal and mass buoyancy forces in a finite
vertical channel (Fig. 1). The studied channel is made up
of two parallel plates. The first plate is externally insu-
lated and wetted by an extremely thin water film while
the second one (y = d) is dry and isothermal. The im-
posed temperature is maintained at 7,, = 100 °C for all
computations. For natural convection case, the moist air
in the ambient is driven into the channel by the resultant

q:

Fig. 1. Physical description of the system.

forces of thermal and solutal buoyancies. Since wet wall
is insulated, its interfacial temperature is approximately
equal to wet bulb temperature, which is always consid-
ered, less than that of ambient stream. Thus, the thermal
buoyancy force near this surface acts downwards and
the gas flow moves in this direction. For the dry wall
maintained at uniform 7T, less than the ambient tem-
perature (7, > 100 °C) air is aided by the buoyancy force
of heat transfer to move downward [14,15]. Finally, one
can note that since the wet plate is externally insulated,
the energy required for evaporation comes entirely from
ambient stream.

For mathematical formulation of the problem, the
following simplifying assumptions are taking into con-
sideration:

o the liquid film is assumed to be extremely thin. Under
this assumption, transport in the liquid film can be
replaced by approximate boundary conditions for
gas flow [13],

e the boundary layer approximations are generally
used to study the downward flow in the channel in-
duced by natural convection,

e the viscous dissipation and the pressure work are
negligible,

o the Dufour and Soret effects are negligible,
the thermal radiation is negligible,
ideal gas law is used for humid air and superheated
vapour.

The heat and mass transfer for the laminar mixed or
free convection induced by the combined thermal and
mass buoyancy forces, with the usual boundary layer
approximation, can be described by the following gov-
erning equations [12,18]:

Continuity equation
Opu  0pv
Lt s | 1
ox Oy M)

X-momentum equation

Ou Ou 1dpP
U—+v—=———

Gt =, g e =T

L ReC—C)+ (1/p>§ (Hg—y) @

Energy equation

o, or_ L [a 0Ty, oo orac
“ox U@yipcp oy \" oy PNy = Jy Oy
(3)
Species diffusion equation
oc oC 109 oC
—+v—=——|pD— 4
u@x+vay pay(p @y) @
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e(fg(T — Ty) + p7g(C — Cy)) represents the momen-
tum transfer caused by the combined buoyancy forces.
This term is zero (i.e. e = 0) for the pure forced con-
vection case.

The second term in the right side of the energy
equation presents the energy transport through the
inter-diffusion of species.

Thermo-physical properties of gas mixture are con-
sidered as variable with temperature and composition.
The correlations used in this study were given in [13] for
viscosity, mass heat capacity and mass diffusion coeffi-
cients and in [16] for thermal conductivity.

In this study of steady mixed or free channel flow, the
overall mass balance described by the following equa-
tion should be satisfied at every axial location:

d X
/ pulz,y)dy = dpguo + / po(r, 0) dr (5)
0 0

Boundary conditions

*Atx=0:
® U= U, T:To, C:CO,
For the free convection case, one must add:

. P(x:O):—%pué and Px=H)=0; (6

* At y = 0 (isolated plate):
o yu=0;
o the transverse velocity of gas is deduced by assum-
ing that the air—water interface is semipermeable:

-D oC
R R "

e the energy balance at the insulated interface
(y = 0) is evaluated by

R o | (7b)

e According to Dalton’s law and by assuming the
interface to be at thermodynamic equilibrium
and the air-vapour mixture is an ideal gas mix-
ture, the concentration of vapour can be evaluated
by

M,/M,

€0 = P/pes + M, /M, — 1 (7¢)

Dus 1s the equilibrium pressure of vapour given by
the following equation [19]:

log,o pvs = 28.59051 — 8.21log T
+2.4804 x 10T — 3142.32/T  (7d)

* y =d (the isothermal plate):

e u=0,v=0,T=T,

e the impermeability of the dry plate (y = d) to the
water vapour can be described by
oC

The governing equations for the evaporation of water

into its own vapour were obtained by adjusting the
above equations. In this case, the species equation and
the associated boundary conditions, which become ir-
relevant, were ignored. Also the second term in the right
side of the energy equation (Eq. (3)) and the buoyancy
term of the mass diffusion in the momentum equation
(Eq. (2)) are suppressed. Finally, the equation giving
interfacial transverse velocity is expressed as
1 or

v(x,0) = — 8
(x,0) oLy 3y | o (8)

In order to describe the mass and energy magnitude
transported between the channel walls and moist air, the
following dimensionless coefficients are used [11,20]:

e The peripheral local Nusselt number is defined as

_ h2d - 2d[(0T/dy), ],
A T0)-Ty

where, , is the local heat transfer coefficient.
T is the fluid bulk temperature at a cross section:

d d
Tm=/ pu-Tdy// pudy (9b)
0 0

e The mean Nusselt number is

Nup, = 1 / Nu, dx (9¢)
X Jo

Nu,

(%a)

e Similarly and for mass transfer, the mean Sherwood
number is defined as

Shy — / - Shydx (9d)
0

x
where Sh, is the local Sherwood number defined by
| 2d[(2C/2y),.),

U R o)
Ch is the fluid bulk concentration.

e The average evaporated mass flux is given by
-1t
m :E/O ov(x,0)dx (10a)

e The evaporating rate of water, commonly used in the
previous studies [4,5,7,10], is expressed as
1047
Rey = —— 10 (10b)

v poto/H
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3. Solution method

The presented system of Egs. (1)—(5) is solved nu-
merically using finite difference method. The flow area is
divided into a regular mesh placed in axial and trans-
verse direction and a (71,71) grid is retained in actual
computations. A fully implicit marching scheme where
the axial convection terms were approximated by the
upstream difference and the transverse convection and
diffusion terms by the central difference, is employed to
transform the governing equations into finite difference
equations. The resolution of the obtained algebraic
equations was marched in downstream direction since
flow under consideration is a boundary layer type.

For a given thermal and mass boundary conditions,
the solution procedure is briefly outlined as following:

Step 1 Guess an arbitrary velocity u, (which is the inlet
known velocity in the case of mixed convection).

Step 2 For the given axial location i, guess the wetted
wall temperature 7* and solve the finite differ-
ence form of species equation.

Step 3 Solve the finite difference form of energy equa-
tion and compare the new value T of wetted tem-
perature to T* by testing if

T@i,1)=T(,1)

—6
TG 1) <10

If this criteria is not satisfied, return to (2) and
modify the wetted wall temperature by using the
bisection method.

Step 4 Guess a pressure P* at the i axial location and
solve the momentum and continuity finite differ-
ence equations, then verify the satisfaction of the
overall conservation of mass expressed by the
following criteria:

‘/O.dpu(x,y)dyf (dpouﬁ/o.xpv(x,O)dx)‘/(dpouo)

<10°¢

Step 5 1f this condition is not satisfied, return to step 4
and modify the pressure value P* and repeat the
steps (2-4).

Step 6 For free convection case, test if the exit dynamic
pressure is zero, else return to (1) and modify the
inlet velocity by using bisection method.

To ensure that results were grid independent, the
solution was obtained for different grid sizes for typical
case program test. Table 1 shows that the differences in
the evaporative rate obtained using 71 x 71 and
201 x 101 grids are always less than 2%.

To check the adequacy of the numerical scheme
adopted in the present study, different limiting cases for
laminar forced convection were considered. The results

Table 1
Comparison of the evaporating rate of water for various grid
arrangements

Grid size Rev: Cy = 0.25 Rev: Cy =0.75
31 x 31 1.686 1.500
71 x71 1.679 1.494
101 x 71 1664 1.483
201 x 101 1.654 1.474

for the case of forced convective heat and mass transfer
inside a channel have been treated with constant physi-
cal properties. The channel is made up of two parallel
plates. The first plate is isothermal and impermeable.
The second is insulated and kept at constant concen-
tration. The procedure have been tested by comparing
the present results for mean Nusselt number Nu,, at the
isothermal wall to those of Mercier et al. found in Shah
and London [11]. Similarly the mean Sherwood Sh,, at
insulated plate is compared to the analytical solution by
employing heat and mass transfer analogy [11]. The re-
sults of this first comparison presented in Fig. 2 show a
good agreement for heat and mass transfer coefficients.

Furthermore, the comparison is carried out for the
case of forced combined heat and mass transfer in a
channel made up by a humid insulated plate and the
other one is kept at the ambient temperature. The
physical properties of humid air flow are considered to
be variable. The numerical code has been tested suc-
cessfully by comparing the present solutions for the rate
of evaporation R., with the results of Hassan et al. [§]
who studied the problem of evaporation by forced
convection over a flat plate (see Fig. 3).

Finally, results for evaporation by natural convection
in a heated channel was validated in a former paper [18].
Through these program tests, the present numerical al-
gorithm is considered to be suitable to study the present
problem.

4. Results and discussion

This work includes two sections. The first one con-
cerns mixed convection flow. The effect of ambient
conditions on the development of velocity, temperature
and concentration profiles as well as on the character-
istics of heat and mass transfer is investigated. The re-
sults for evaporative rate of water from wetted plate in a
parallel stream of air and humid air are also presented in
this part. The second section studies the free convection
case. All the above cases are based on a vertical channel
with length of 1 m and width of 0.05 m. Moreover, the
dry wall temperature is always kept at 7, = 373.15 K
which is less than ambient gas temperature so that the
thermal buoyancy force acts in the downward direction.
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Fig. 2. Axial evolution of heat and mass coefficients.

4.1. Evaporation in mixed convection flows

Figs. 4-6 show the effects of the inlet velocity, tem-
perature and concentration on the development of the
axial velocity, temperature and concentration profiles. It
is seen that velocity profiles of moist air at the channel
entrance is uniform. They become distorted as the flow
moves downstream and keep decreasing at the centre-
line. This result can be justified by the fact that in con-
formity with the larger buoyancy force through thermal
diffusion, maximum velocity is noted near channel walls
and meanwhile to reduce the velocity at the centre to
maintain the overall mass balance. The influence of
rising the inlet velocity on the shape of the axial profile is
significant as indicated in Fig. 4a and b. It is apparent
that the flow field is less distorted for higher inlet ve-
locity indicating that the secondary flow induced by the
combined effect of thermal and mass buoyancy forces
becomes negligible compared to the forced convection
effect.

Fig. 4c gives the temperature distribution inside the
channel. Profiles show a development of two thermal
boundary layers with smaller temperature obtained near
the walls. Under the present condition of adiabatic
evaporation and the small pressure deflect in the flow,
the temperature of humid plate is slightly constant along
the wall.

The gas flow near the humid plate is cooled especially
at the channel inlet because of the amount of the energy
needed to water evaporation. For the thermal boundary
conditions considered here, this amount of energy is
supplied by the gas flow through the loss of sensible
heat. The inspection of Fig. 4c and d in the central re-
gion of the channel shows that the temperature profiles
exhibit a maximum, which approaches the value of the
inlet temperature for higher inlet velocity.

Concentration profiles are presented in Fig. 4e and f.
They indicate a rapid development of mass boundary
layer. Because of the almost invariance of the wetted
wall temperature (Fig. 4c and d), the water vapour
concentration of fluid adjacent to this wall is nearly
constant as indicated in plots. Also, a care examination
of Fig. 4e and f shows that increasing the inlet velocity
reduces the thickness of mass boundary layer.

The effect of the ambient temperature on the axial
velocity, temperature and concentration profiles at the
mid-section (x/H = 0.5) are shown in Fig. 5. As seen in
Fig. 5a, a little increasing in interfacial temperature
accompanied by important thermal gradients near
plates are noted when Tj increases. Fig. Sc illustrates
that if the ambient temperature goes higher, both the
concentration and mass gradients at the humid wall
increase. This behaviour is in conformity with the fact
that energy needed for water evaporation comes en-
tirely from the gas. Therefore a higher 7; induced more
water evaporation. Fig. 5b gives the axial velocity
profile at x = H/2 for various inlet temperature. It is
seen that increasing in 7; leads to an acceleration of the
fluid adjacent to the plates indicating the larger buoy-
ancy force through thermal diffusion. Fig. 6 illustrate
the changing behaviours of velocity, temperature and
concentration profiles in transverse direction for the
location (x = H/2) with a variation of ambient hu-
midity. As foreseen, the major effect of C is noted for
concentration profiles (Fig. 6¢). For temperature and
velocity profiles, Fig. 6a and b indicate that no signif-
icant change occurs near the dry wall. Whereas near the
humid one, an increasing of C, induces a decreasing of
the temperature gradient at this interface. Therefore,
the thermal buoyancy force is reduced and the maxi-
mum velocity of the fluid adjacent the humid wall slows
down.
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Fig. 3. Variation of the evaporating rate with the inlet tem-
perature.

Attention is now turned to the evaporative rate into a
stream of humid air or superheated steam. The varia-
tions of the evaporation rates as function of free stream
temperature under various ambient concentrations are
reported in Fig. 7a for the same free stream mass flux.
For lower ambient temperature Fig. 7a shows the gen-
erally accepted fact that water evaporates faster in air
than in moist air. This result reverses for a higher 7
where the evaporation rate is greater in the case of a
steam than that of a humid air. The evaporation rates
for dry air and superheated steam converged as the free

stream temperature approaches the value of 479.15 K.
This value is within 3% higher than that obtained by
Schwartze and Brocker [7]. For more comprehensive
explanation of the inversion temperature existence by
considering the heat and mass transfer, evaporative rate
is plotted versus the free stream concentration and pre-
sented for various ambient temperatures in Fig. 7b.

The existence of inversion temperature is due to the
existence of opposing effects favouring evaporation in
different conditions:

o effects decreasing with vapour concentration; among
these effects, we cite temperature potential (7; — T)
effect (7; increases with vapour concentration and
consequently (7; — Tp) decreases). These effects domi-
nate when the ambient temperature is below to the
inversion temperature,

o cffects increasing with vapour concentration; we cite
for example the latent heat effect (the latent heat L,
decreases with vapour concentration). These effects
dominate when the ambient temperature is higher
than the inversion temperature.

These opposing effects are counterbalanced at the
inversion temperature.

In Fig. 8, the evaporative rates of water into air and
humid air under various humidities are plotted versus
the free stream temperature. Results were reported for
both cases of forced (e = 0) and mixed (e = 1) convec-
tion. It can be seen from Fig. 8a that for higher inlet
velocity (mass flow rate), the buoyancy forces have no
effects on the rate of evaporation. Whereas at lower inlet
mass flow rate, a significant variation occurs by taking
into consideration the thermal and mass buoyancy ef-
fects. This result is clearly seen in Fig. 8b and c especially
for smaller air humidity. In this situation, interfacial
temperature 7 is relatively small (Fig. 6a). Therefore,
the thermal buoyancy force is intensified and by the way
fluid adjacent to the humid wall is accelerated (Fig. 6b).
These effects cause a water evaporation enhancement.

4.2. Evaporation in natural convection flows

In this section attention was paid to the evaporation
of water by natural convection driven by the simulta-
neous presence of combined buoyancy effects of heat
and mass diffusion. Development of the axial velocity is
plotted in Fig. 9a. It is seen that velocity profiles remain
uniform at the entrance region. Further downstream,
the buoyancy effects perturb considerably the flow field.
The shape of flow field is analogous to that obtained for
mixed convection case with a small inlet velocity (Fig.
4a). The maximum velocity is obtained near the humid
plate where the buoyancy force is more pronounced.

Seen in Fig. 9b, is the axial evolution of the gas stream
temperature. At y = d, the temperature is constant along
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the wall according to the imposed boundary condition
(T =Ty). Also for y =0 the plots indicate that the
humid wall temperature T(x,0) remains constant. This
result confirms the reasonable simplifying assumption
used in [4,8] saying that the interfacial temperature
T(x,0) is constant along the water surface. Furthermore,
it is apparent that the temperature of the fluid close to
the wet wall decreases monotonically with y from its
maximum value at the channel centre to reach 7(x,0).
This implies that the direction of sensible heat needed
for evaporation is from the flow to the interface. Con-
sistent with the wet bulb temperature invariability and
according to the relation (7c), Fig. 9c indicates that the
interfacial vapour concentration is almost uniform along
the wetted wall interface.

Fig. 10a and b display the evolutions of pressure
deflect along the channel with vapour concentration at
fixed free stream temperature of 443.15 K (for Fig. 10a)
and 593.15 (for Fig. 10b). It is seen that the pressure
deflect (—p,) increases first to reach a maximum value
near the channel entrance. Beyond this location it de-
creases to reach the boundary condition p, = 0 atx = H.
By comparing Fig. 10a and b, one can observe that
higher inlet temperature 7, correspond to a larger
pressure deflect. This result can be justified by the im-
portant thermal diffusion driving force that occurs for
hot mixture. Whereas, the higher in free stream mass
vapour concentration leads to a higher in buoyancy
force of mass diffusion which acts upward then the flow
is retarded and the pressure deflect goes lower. Finally,
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the general observation for all curves is that pressure
deflect is always negligible compared to the atmospheric
pressure. One point worth mentioning is that the pres-
sure deflect in the flow resulting from the combined
buoyancy forces is small enough so that humid interface
is similar to be at atmospheric pressure.

Fig. 11 presents the effect of the mass vapour con-
centration and temperature of the free stream on the
inlet flow rates. The evolution of the flow rate is a direct
consequence of the above-discussed variation of pres-
sure deflect with T and Cp. As seen from figure, the
higher inlet flow rate is found to be associated with a
larger Ty at fixed vapour concentration or lower C; at
imposed free stream temperature.

Before studying the effect of the ambient conditions
of temperature and concentration on the evaporative
rate in the case of natural convection, some previous
results dealing with the evaporation by forced convec-
tion needed to be mentioned. The first result concerns
the effect of inlet mass flux on the evaporation rate. It is

verified experimentally by Haji and Chow [10] and an-
alytically by Chow and Chung [6] that the scaled ex-
pression of water evaporation rate into both air and
steam is independent on free stream mass flux. This re-
sult is confirmed in the present study by comparing Fig.
8a—c for forced convection case (e = 0). The second re-
sult seen on these curves is the small variation of the
inversion temperature with varying the mass flow rate.
This result is in contrast with the finding of [7].

As these results, one could foresee the existence of an
inversion temperature in the case of natural convection
where the inlet flow rate depends on the ambient con-
ditions of temperature and concentration. Fig. 12a il-
lustrates the existence of an inversion temperature close
to 473.15 K. Below this value, water evaporates faster in
air than in vapour stream. Whereas above this temper-
ature, water evaporates faster in stream.

The change in evaporation rate when free stream
varies from dry air to pure vapour at 423.15, 473.15 and
623.15 K is shown in Fig. 12b. This figure shows clearly
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(Ty = 623.15 K) the evaporation is more effective as the
free mass vapour concentration increased.

Fig. 13 illustrates the numerical results for the mean
humid surface temperature versus vapour mass con-
centration for different free stream temperatures. The

that at the temperature of inversion the evaporation rate
is slightly constant (at less than 4%) inspite of the in-
crease in vapour concentration. For low temperature
(Tp =423.15 K) the evaporation rate declines as the
stream humidity rises. Inversely, for high temperature
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figure shows that wetted surface temperature varies ap-
preciably at lower Cy. In this case a mixture with higher
temperature results in a higher interfacial temperature
for the same C,. It can be noted also that at a same
ambient temperature a system with a higher mass va-
pour concentration has the higher interfacial tempera-
ture. In line with the negligible pressure deflect
compared to the atmospheric pressure, all curves tend
towards the boiling point at one atmospheric pressure
(T; = 373.15 K).

5. Concluding remarks

The evaporation of water by mixed and free con-
vection where resultant forces of thermal and solutal
buoyancies act in the downward direction in a vertical
channel has been numerically studied for an air-water
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Fig. 13. Effect of ambient conditions on mean wall temperature
(Ty =373.15 K, d/H = 0.05, py = 1 atm).

system. The effects of the ambient conditions of the
humid air such as the temperature and the concentration
on the heat and mass transfer in the flow are examined
in detail. On the other hand, the effectiveness of the
evaporation rate as function of the free stream temper-
ature and vapour concentration is also studied.

A brief summary of the major results is as follows:

e For the mixed convection case, reducing the inlet gas
velocity increases the secondary flow and disturbs the
thermal and mass fields.

e The evaporation rate is independent on the free
stream mass flux for the forced convection case.
However, taking into account the buoyancy effects
will change this behaviour.

e For the pure natural case, higher inlet flow rate is
found to be associated with a larger inlet temperature
or lower inlet concentration at a fixed free stream
temperature.

e The existence of the inversion temperature observed
previously in the case of forced convection flow is

To = 62315K
— - — - —To =47315K
To = 42315K

400 450 500 550 600 650 700
To (K)

00 01 02 03 04 05 06 07 08 09 10
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Fig. 12. Effect of ambient conditions of temperature and concentration on inlet evaporative rate (7, = 373.15 K, d/H = 0.05, py = 1

atm).
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confirmed for the problem of mixed and natural con-
vection. This temperature is defined as the intersec-
tion of the evaporation rate curves for dry air and
superheated steam when plotted over gas inlet tem-
perature. Based on the present results, we can con-
clude that inversion temperature values in the case
of natural and mixed convection are nearly the same
in the case of forced convection.
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