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Abstract

Transpiration evaporation experiments are often used to study evaporation kinetics from liquids or melts. The mass
transport of volatile species in a transpiration experiment depends among others on the flow conditions of the carrier

gas in the tube and on the geometrical configuration.

For a transpiration test set-up, CFD modelling showed to be an excellent tool to predict the mass transport of vol-
atile species into a carrier gas and to understand the fluid dynamics in the gas phase and distribution of volatile species
in this phase. Relatively simple mass transport relations were obtained for a fixed geometry of the transpiration test set-
up. These relations proved to be also applicable for different volatile species and different temperature ranges.
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1. Introduction, objective and approach

In many high-temperature melting processes, volatile
species evaporate from the surface of the liquid phase
into the atmosphere. Some well-known examples are
glass melting and metal melting furnaces. Most furnaces
exist of a melting tank, charged with raw materials and
containing a melt, and a combustion chamber with hot
combustion gases.

In current investigations new evaporation models
based on mass transfer relations and thermodynamics
are developed to predict the evaporation rates of volatile
species from different liquids and melts.

* Corresponding author. Tel.: +31 40 2650264; fax: +31 40
2650850.
E-mail address: hans.vanlimpt@tno.nl (H. van Limpt).

Evaporation kinetics is often studied by laboratory
scale transpiration tests [1]. The liquid or melt is exposed
to an atmosphere of flowing gases (often in a confined
space or tube). Temperature, gas flows and gas compo-
sition need to be controlled precisely. The mass transfer
of volatile species from the liquid phase into the gas
atmosphere strongly depends on the flows, the geometry
and shape of the gas chamber and the position of the
boat with the liquid in this chamber or tube.

Convection and diffusion processes determine the
mass transport into the gas phase. Unfortunately, for
most reported transpiration evaporation experiments a
quantitative description of the mass transport of volatile
species into the atmosphere is absent or incomplete. This
paper describes a procedure to derive and validate mass
transfer relations in transpiration tests for liquids/melts
in boats positioned in tube furnaces.

Many mass transfer relations can be derived from lit-
erature, but only for relatively simple geometries. For
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Nomenclature

a chemical activity in melt [-]

A surface area [m?]

C concentration in melt or gas phase
[mol m %]

d diameter of tube [m]

D diffusion coefficient [m?s™!]

din diameter of inner tube in tube-in-tube geo-
metry [m]

H height of boat [m]

AH.,, molar heat of evaporation [J/mol]

h mass transfer coefficient [m s~']

hr heat transfer coefficient [W m 2K ™!

J total weight loss [kg]
K, K(T) equilibrium constant [Pa‘/~""]

L length of a boat [m]

L, distance from leading edge [m]

L length of inner tube or boat in tube-in-tube
geometry [m]

IA length of tube [m]

m mass [kg]

p vapour pressure (Pa)

0 molar flux density/mass transfer rate
[mol m™2s7']

R Bolltzman gas constant [8.31432J mol™!
K™

Re Reynolds number (=p v L/p or p-v-dly)
-]

Sc Schmidt number (=u/{p - D}) [-]

Sh Sherwood number (=AL/D or hd/D) [-]

T absolute temperature (K)

t time [s]

v velocity of gas or melt [m s™]

w width of boat [m]

y distance perpendicular to glass melt surface

[m] (vertical direction)
z distance in gas flow direction [m]

Subscripts and superscripts

* saturated gaseous atmosphere

avg average

bulk parent glass or main gas stream

g gas phase

h hydraulic

i component i in gas phase

in inner part

j evaporating component in melt

k reactive component k in gas phase

m melt phase

n normalised conditions (293.15K and
101325 Pa)

) outer part

surface surface of a liquid

Greek and other symbols

u dynamic viscosity of fluid phase [Pa s]
0 Nernst boundary layer thickness [m]
p density [kg m~7]

¢ gas flow rate [m® s™!]

instance, mass transfer from a flat plat with gas flow in
one direction or mass transfer at the inside of a tube or
from a sphere [2]. Mass and heat transfer relations for a
more complicated set-up or for gas flow with obstruc-
tions are rare. In many practical cases, rims or a boat
with a liquid disturb the gas flows or gas flows are not
well developed above the melt. Therefore it is important
to derive mass transfer relations for the transpiration
methods and to check their validity.

If the mass transport of volatile species from the li-
quid into the gaseous atmosphere can be described
quantitatively, the transpiration experiments can be used
to obtain thermodynamic data like vapour equilibrium
pressures and chemical activities of volatile species in
the liquid.

1.1. Objective and approach
A quantitative description of the mass transport of

volatile species from melts or liquids into the atmo-
sphere is required to derive missing parameters like

chemical activities of volatile species and inter-diffusion
coefficients of volatile species in the melt or liquid from
laboratory transpiration experiments.

The surface of a melt in a large industrial furnace
may be considered as an infinite large plate with turbu-
lent or laminar flowing combustion gases along this
plate. For transpiration evaporation experiments in a
horizontal tube, this assumption is not valid.

In this paper the hydrodynamic behaviour of flowing
gases along a boat, positioned in horizontal tubes, is
investigated and the results are used to obtain a quanti-
tative mass transfer relation of volatile species into the
main gas stream. Important aspects that may influence
the mass transfer from a liquid or melt into a gaseous
atmosphere are:

¢ relation between flow rate on the gas velocity profile
in the tube and stability of the gas flow;

e the shape and geometrical factors such as shape and
size of boat;

e level of filling of the boat.
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In order to investigate these aspects, water evapora-
tion experiments in conditioned gas atmospheres were
performed in a horizontal tube at room temperature.
Water evaporation rates as function of gas flow rate, ori-
entation, position and dimensions of the boat and filling
level in boat were determined using an on-line humidity
sensor in the gas after passing the boat.

For this investigation also CFD (Computational
Fluid Dynamics) calculations were used to solve the
equations of change (continuity, motion and mechanical
energy) in the system. The results of CFD modelling are
compared to the results of simple transpiration evapora-
tion tests with water and acetone as well as to the results
of existing empirical mass transport relations that are
used to describe the mass transport into the gas phase.

2. Review of mass transfer relations for evaporation
processes

As an example of an industrial melting process of a
multi-compound liquid with evaporation of different
species, glass furnaces are considered shortly. In glass
furnaces, evaporation from the liquid surface is one of
the main causes of dust and heavy metal emissions.
Evaporation of glass melt components will also lead to
depletion of volatile glass compounds at the surface
layer of the melt (source for cord or silica stones in the
glass product) or formation of aggressive vapours (alkali
or lead vapours), reacting with the superstructure refrac-
tory materials. For some types of glass evaporation re-
sults in considerable material losses such as for
relatively expensive borates and lead compounds.

The mass transport of the volatile species in the melt,
from the bulk to the surface, as well as the mass trans-
port into the gaseous atmosphere is described by an
evaporation model, based on mass transfer and thermo-
dynamic relations. The melt or liquid is assumed to be a
multi-compound mixture (e.g. slag, glass melt or metal
melt). Further on in this paper this multi-compound
mixture will be entitled as ‘melt’.

Beerkens and van Limpt [3,4] described a model to
predict the evaporation rates of volatile species from a
glass melt, but the models are based on well-known mass
transfer relations derived from literature for relative sim-
ple geometrical configurations. The evaporation model
describes the evaporation rate for the situation of a sta-
tic melt in direct contact with flowing gas phases. The
model is based on Fick’s diffusion law for the melt phase
and quasi-steady gas phase mass transfer relations, tak-
ing into account changing melt/gas phase boundary
concentrations.

By approximation, the evaporation process from
melts in industrial melting furnaces can be described as
a process of diffusion of a volatile component from the
bulk to the surface of an almost static melt (no convec-

length L

main gas stream
velocity, Vg
—_—

diffusion of i in gas

. boundary, D
> surface reaction: ol

n-j (melt)+m-k (gas) = q-i (gas) 0"

glass melt surface \Cj profile

diffusion of j in
glass melt, D,

Fig. 1. Schematic presentation of the evaporation process of a
component j in a melt released from a melt exposed to a gas
flow with a reacting gas species k.

tion in direction perpendicular to surface) layer moving
along the surface of the melt which is exposed to a gas
flow or flames over a length L,, typically a few meters.
At the surface of the melt, the component j in the melt
reacts or evaporates, forming a volatile component i.
This component i diffuses in the boundary layer (1-
5 cm thickness) in the gas phase above the melt. Fig. 1
illustrates this process. In cases of static multi-com-
pound melts, depletion of component j at the surface
layer of the melt will take place. The degree of depletion
depends on time, diffusion rate in the melt and the evap-
oration rate at the surface.

2.1. Mass transport in the gas phase

At the melt surface, at y = 0, the loss of component j
from the melt is given by

oC;
0 =—Dus(3) m

The molar flux Q,; of the volatile species i, transported
into the gas phase is given by

Tet (p1) — ™) )

The concentration profile in the melt and the slope:
(0Ci/dy),=0, can be determined by the mathematical
solution of the second diffusion law of Fick and Eq.
(2). In Eq. (2) p{®)* is the saturation vapour pressure
of volatile specie i. Due to depletion the concentration
of volatile melt component j at the surface of the melt
as well as the saturation pressure of the volatile gas spe-
cie i decrease in time.

The value of the mass transfer coefficient, A,; de-
pends on the viscosity of the gas, the diffusion coefficient
of the volatile specie 7 in the gas, the velocity of the gas
and the position (Lg) downstream the leading edge of the

Qg,i =
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gas flow parallel to the glass melt surface (L, = distance
from the point where gas flow touches the melt surface).

The local mass transfer coefficient /, ; for mass trans-
port through the boundary layer, adjacent to a flat plate,
at the gas phase side at position z (distance) downstream
from the leading edge can be estimated by Sherwood
relations [2]

Dy,
hg; = Shg.f 'f (3)

Shg ; is the local Sherwood number for gas species i.

The Sherwood number is a function of the Reynolds
number (Re), Schmidt number (Sc¢) and the geometry of
the system.

2.2. Heat of evaporation

As a consequence of the evaporation process from a
melt or liquid, evaporation enthalpy is withdrawn from
the heat contents of a liquid in the boat and conse-
quently the temperature of the liquid will drop. In a sta-
tionary situation the temperature of the liquid as well as
the heat content of the liquid remain constant. In this
stationary situation the temperature of the liquid can
be calculated from Eq. (4).

hr - AT
0, = (4)
& AI{evap

where At is the heat transfer coefficient (in W/m*/K)
from the evaporating specie into the gaseous atmo-
sphere, AT the temperature difference between the liquid
and the adjacent gas phase in K, AH.,,, the molar
heat of evaporation of the volatile specie i in J/mol
and Q,; the evaporation rate of the volatile specie i in
mols™' m™2 As the evaporation rate of specie i in-
creases the temperature difference between the liquid
bulk and the gas will rise. However, the liquid surface
temperature determines the saturation pressure p; just
above the surface and should be known accurately.
Due to endothermic evaporation the water surface tem-
perature might decrease and consequently the saturation
pressure of i(p;) will become lower than assumed.

3. Transpiration method, experimental set-up and
experiments

Several investigators like Conradt [5], Cable and Fer-
nandes [6], Schaeffer and Sanders [7,8] apply laboratory
transpiration tests to simulate and study the kinetics of
the evaporation processes from melts. Such a transpira-
tion set-up often exists of a horizontally positioned cera-
mic or noble metal tube. The tube is generally heated by
electric heating elements. In the horizontal tube, a boat
filled with a uniform melt is placed in a section with con-
stant temperature. The melt is exposed to a controlled

gas flow. The gas flow rate as well as the gas composi-
tion can be adjusted. The evaporation losses are deter-
mined, either by measuring the weight losses of the
melt or by measuring the gas composition and gas vol-
ume flow.

The evaporation rate depends on the vapour pressures
and the mass transfer in the gas phase. In case of non-con-
gruent evaporation, the evaporation rate also depends on
the diffusion of volatile species in the melt. Vapour pres-
sures are directly related to the chemical activities of the
evaporating compounds at the melt surface.

In order to validate the applicability of existing
mass transfer relations (Section 4) and CFD calculations
(Section 5) for transpiration experiments, transpiration
experiments on model liquids with known properties,
like water, were performed. Furthermore these experi-
ments were used to obtain qualitative relations between
evaporation rates on one hand and different process
parameters on the other hand. Process parameters that
have impact on the evaporation rates are the gas flow
rate, gas flow profile, shape and geometrical aspects of
the tube and boat and the height of the rim of the boat.

Two different laboratory set-ups for transpiration
evaporation trials were tested and investigated in view
of mass transfer kinetics. In the first set-up (‘low temper-
ature set-up’), only experiments at room temperature
have been performed while in the second set-up (tube
furnace) the temperature can be controlled up to 100 °C.

The ‘low temperature set-up’ for water and acetone
evaporation experiments exists of a transparent inert
tube (vitreous silica) with a length of 73 cm and an inner
diameter of 6 cm. Fig. 2 schematically shows the set-up.
The tube is purged with a controlled volume flow of dry
nitrogen (H,O < 5 ppm) and the gas stream flows along
a rectangular boat, partly filled with water. At the outlet
a long tube (about 2 m) is connected to ensure that the
nitrogen and water vapour are mixed up well. In the out-
let of this latter tube a combined humidity/temperature
sensor is placed to measure the water vapour concentra-
tion and the gas temperature. The sensor, type: Vaisala
HMP45A, is calibrated by the manufacturer. All results
of this calibration are traceable in terms of dew point to
NPL (National Physical Laboratory, United Kingdom)
and NIST (National Institute of Standards and Technol-
ogy, USA) and in terms of temperature to CMA (Finn-
ish National Laboratory for Temperature). To check on
possible air leakages the O, concentration in the exit
gases was measured. Near the inlet of the nitrogen a por-
ous plate is placed to obtain a fully developed laminar
gas flow profile in the tube.

The second set-up is a tube furnace with a total length
of 124 cm (hot zone is 100 cm) and an inner diameter of
10.4 cm. The tube is made of a venerable FeCrAl-alloy.
At the tube-inlet, dry nitrogen flushes into the tube and
the gas flows along a boat partly filled with water. The
outlet of the tube is covered with a flange with two small
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Fig. 2. Schematic presentation of the laboratory test set-up for evaporation experiments at room temperature. The tube is made of
vitreous silica, the total length is 73 cm and the inner diameter is 6 cm. In the circular tube different types/shapes of boats can be placed.
These boats are partly filled with water or acetone. The porous plate is used to obtain uniform gas flow distribution.

holes. In this second set-up, water evaporation experi-
ments were carried out at room temperature and at a
temperature of about 46 °C.

The water evaporation experiments were performed
under an atmosphere of pure, dry nitrogen. To describe
the mass transport of water vapour from the boat into
the atmosphere, the following data on material proper-
ties are required:

1. The partial water vapour equilibrium pressure of
water (py,o) and acetone (pj,.) are obtained from
data of thermodynamic tables [9,10]. At 20 °C the
water vapour equilibrium pressure is about 2336 Pa
and the acetone vapour equilibrium pressure is about
32,400 Pa.

2. The diffusion coefficient, Dy,o of water vapour in
nitrogen has to be known as a function of tempera-
ture at atmospheric pressure. Some values of Dy,o
are reported for air as well as nitrogen [11]. The dif-
fusion coefficients can also be estimated from a
molecular dynamic approach. Relations for diffusion
in binary gas mixtures at low level to moderate level
pressures have been described by Chapman and
Enskog given by Bird et al. [12] and Reid et al.
[11]. Fuller et al. [13-15] described a modified Chap-
man-Enskog relation for estimating diffusion coeffi-
cients in low-pressure binary gas systems with
empirical constants based on experimental data.
The authors reported an average absolute error of
about 4% when using this equation. Based on Fuller’s
modified Chapman—Enskog relation the diffusion
coefficient of water at 20°C is 2.54x 10> m?>s".
Fuller’s approach was applied to estimate the diffu-
sion coefficient of acetone into nitrogen. At 20 °C
the diffusion coefficient of acetone in nitrogen is
Dacetone = 1.1 x 107> m?s™L.

3. For calculation of the Sherwood number, the Rey-
nolds number (Re) and the Schmidt number (Sc)
should be determined.

Different experiments were performed to systemati-
cally derive the effect of the geometrical configuration,
shape of the boat and position of the boat on the trans-
port of water vapour into the atmosphere. The ‘low-tem-
perature set-up’ was used to determine the impact of the
position of the boat in the tube, gas flow rate, filling level
of the boat, dimensions of the boat on the evaporation
rate of water.

During the experiments with water in the ‘low tem-
perature set-up’, the nitrogen gas flow is varied between
8.3x107% and 1.75x 10~* m}/s. This means that the
Reynolds number (Re) estimated for the tube without
obstructions is in the range between 15 and 305. The
narrow temperature range is 18-20°C. In all cases
Re < 2300, which is the critical Reynolds number. Below
the critical Re laminar flow conditions are expected.

4. Analytical Sherwood relations

In Section 4.1 the theoretical aspects of analytical
Sherwood relations are discussed for different geome-
tries and in Section 4.2 the applicability of these rela-
tions is discussed for transpiration experiments with
water.

4.1. Theory

Lewis and Whitman [16] described the theory of film
models for mass transfer in fluids. This theory describes
the mass transfer in a fictive mass transfer boundary
layer 0 (here the concentration of gas species are posi-
tion dependent). The conditions of this mass transfer
boundary layer (Nernst boundary layer) are

e The mass transfer in the gaseous phase takes place
through this boundary layer.

e The mass transfer in this layer only takes place by
diffusion.
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e The concentration profile is stationary, which means
that it is time independent.

Based on these assumptions the equation of continuity
in the boundary layer is
d’c;

T

dy?

Now the boundary conditions are

(5a)

—At y =0 (surface):

C; = C; (equilibrium concentration) (5b)
Aty =08 C =CM*

Here C; is the molar concentration of component 7 in
the gas phase in mol/m®. As already mentioned in Sec-

tion 2 the concentration C; is time dependent. From
Egs. (1) and (5a) one can derive

D i % ul
Qg,i = 5_g (Ci - C}) 1k) (6)
and

Dy,
hg; = 5—g (7)

Combining Egs. (3) and (6) results in the relation be-
tween the boundary layer 6 and the Sherwood number
Sh

Shy == ®)

For gases, the Sherwood mass transfer relations have
analogous Nusselt heat transfer relations [12,17]. For
different geometries (e.g. tubes, flat plate) the Nusselt
heat transfer relations can be obtained from the VDI-
Wirmeatlas [2]. One of the major questions is whether
the existing Nusselt heat transfer relations (and Sher-
wood mass transfer relations) can be used to describe
the mass transport of volatile species in transpiration
experiments with more complicated shapes and geomet-
rical configurations and with flow obstacles. Possible
Sherwood/Nusselt relations that can be used or should
be modified for transpiration experiments are:

e Relations for mass transfer at the inside surface of a
tube or

e Relations for mass transport between two concentric
cylinders.

These relations have to be modified because of the
obstruction of the gas flows by the boat and the rim of
the boat. The filling level of the boat will also have an
influence on the gas flow just above the melt.

Probably, for all laboratory transpiration evapora-
tion experiments the Reynolds number (Re = p - vd/u)
for tube flow is lower than about 1000 and this means
that laminar flow conditions can be assumed since the

critical Reynolds number for gas flows in tubes is about
2500 [18], unless the flows are still not well-developed
after a rim or after the inlet tube and still show eddies.
Above the critical Reynolds number the transition from
laminar to turbulent flow conditions can be expected.

For a tube with a fully developed laminar gas flow
without obstacles the average Sh can be obtained from
Eq. (9) [2]. The inner diameter of the tube is d, and
the length of the tube is /. It is assumed that the inner
surface of the tube is completely covered by a melt or li-
quid layer containing a volatile specie j. The average
superficial gas velocity in the tube is v,,,. Now the Rey-
nolds number is defined as Re = p - vayg - d/pt.

Shy = 3.66
(asymptotic value for Sk in case Re- Sc-d/l, — 0)

(9a)
Shy = 1.615 - | Re'lisf'd
(valid for values of Re-Sc-d/l, > 0) (9b)
Shavg = {SH} +0.7° + [Shy — 0.7}/
(valid for 0 < Re - Sc-d/I; < o0) (9¢)

Gnielinski [19] concluded that the average Nusselt
number, obtained from the analogous Eq. (9c) for heat
transfer, deviates maximum 1% from the listed numeri-
cally calculated average Nusselt number for tubes in
the range 0 < Re - Sc - dll; < co.

The tube approach can only be used in the case that
the liquid/melt surface is assumed to be a part of the
inner wall of the tube. In practice a boat with a liquid
or melt will be placed in the tube and in that case Sher-
wood relations derived for two concentric tubes [2,20,21]
are expected to improve the prediction of the mass trans-
fer rates. Now the boat in the tube is considered to be
shaped cylindrically and placed at the centreline of the
tube. The surface of this inner tube is partly covered
by a liquid or a melt. This introduces an additional
assumption since most boats, and certainly the level of
a liquid, are not cylindrically shaper but rectangular. Of-
ten the boat is not placed at the centreline and the length
of the boat (/;,) is much shorter than the length /; of the
tube. The gases flow between the inner and the outer cyl-
inder (or boat).

In this situation d, is the inner diameter of the outer
tube and d, the outer diameter of the inner tube. The
hydraulic diameter of the system is defined as
dy =d, — di, and the Reynolds number is now: Re =
P Vavg” dulpt.

For the theoretical case of Fig. 3(a) and (c), Egs.
(10a)—(10e) can be used to calculate the Sherwood num-
ber. It is assumed that radial mass transfer takes places
from the inner cylinder to the outer cylinder. The tem-
perature of the whole the set-up and the gas is assumed
to be constant.
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87

Fig. 3. Schematic presentations of mass transfer in two concentric cylinders from the surface of the inner tube to the inner surface of
the outer tube (a + ¢) and schematic presentations of mass transfer from a boat filled with a melt or liquid to the inner surface of the
tube (b + ¢). (a) Theoretical situation, overviewset-up; (b) practical situation, overview set-up; (c) theoretical situation, cross-section
with arrows showing the radial mass transfer from the inner cylinder to the outer cylinder and (d) practical situation; cross-section with
arrows showing the mass transfer from the melt in the boat to the outer cylinder.

In case of two concentric cylinders, with a fully devel-
oped laminar gas flow and constant concentrations of
the volatile species 7 at the surfaces of both cylinders,
Eq. (10a) can be used to calculate the Sherwood number
[20,21]. In this situation the concentration profile of
component / and the gas velocity profile do not change
in the axial-direction.

For situations with a varying concentration profile of
component i in the axial direction and a fully developed
laminar gas flow, the Sherwood number increases to an
asymptotic value for increasing values of Re - Sc - dy/l,.
The Egs. (10b) and (10c) [20] can be used to calculate
the asymptotic value of Si. Near the inlet of the two
concentric cylinders a gas flow profile as well as a con-
centration profile of the volatile component i are devel-
oping. Again, the Sherwood number increases to an
asymptotic value for increasing values of Re - Sc - dy/l,.
In this case this asymptotic value of the Sherwood num-
ber can be calculated from Eq. (10d) [2].

Now the average Sherwood number for two concen-
tric cylinders with radial transport of component i from
the surface of the inner cylinder to the inner surface of
the outer cylinder can be calculated from Eq. (10e)
[21]. Eq. (10e) can be used in situations in which a gas
velocity profile as well as a concentration profile of a
volatile component i is developed.

A
Shy =3.66+1.2- (d—) (10a)

o

Shy = f, - f/w (10b)

gas-
flow

boat with
melt or liquid
d

N\ 1/3
fg:1.615~{1+0.14~ (?) } (10¢)

2 V6 /Re-Sc-dy\"’
Sh3*{1+22.5c} ( L ) (10d)

3 (10e)

Shave = (Shy + Sh; + Sh3)

4.2. Experimental validation of analytical Sherwood
relations

All transpiration experiments discussed in this sec-
tion were performed in the ‘low temperature set-up’
(see Fig. 2). The analytical mass transfer relations, dis-
cussed in Section 4.1, can only be used in case of laminar
flow conditions in the tube. First of all the gas flow con-
ditions were investigated experimentally. Between the
positions 49 <z < 56 cm the measured water evapora-
tion rates seems to be independent of the z-position of
the boat in the tube indicating that a fully developed
laminar gas flow profile is present in this region. The
relation between the different geometrical aspects of
boats in the tube and the analytical Sherwood relations
also was investigated. The results of these experiments
are discussed in the Sections 4.2.1 and 4.2.2.

4.2.1. Evaporation from a water layer at the bottom
of a tube

To simulate an experimental situation without a flow
obstruction, a water layer is put on the bottom of the
tube. The dimensions of this water layer are about
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Table 1

Measured and calculated water evaporation rates as a function
of the average gas velocity in the tube in case of a water film
with a surface area of about 11.5x 1.8 cm on the bottom of a
tube

Results acc. to
Eq. (9)/measured

Measured water
evaporation rates

Average N, gas
velocity in

tube (m s’l) (moles/m?s™1) evaporation rates (-)
1.75%x 1074 2.58 %1073 0.99
1.50x 1074 2511073 0.98
1.25%x 1074 2.36x% 1073 0.98
9.98x107° 222%x1073 0.98
7.49 % 1073 2.07x 1073 0.99
6.24%x107° 1.97x 1073 0.98
499%x107° 1.85%x 1073 1.00
3.75%x 1073 1.68x 1073 1.03
2.50%x 1073 1.70x 1073 0.95
2.00%x107° 1.91x 1073 0.80
1.50x 1073 1.87x 1073 0.78
1.00x 1073 1.67x 1073 0.80

For the calculations the Sherwood relations for mass transfer in
radial direction from the inner surface of a tube geometry have
been used (Eq. (10)). The water vapour bulk concentrations are
calculated for each volume AV part of the tube.

11.5x 1.8 cm (L x W). The thickness is only 1-2 mm.
The hydraulic diameter of the tube with the water layer
is 5.8 cm.

Table 1 shows the measured evaporation rates as a
function of the average gas velocity in the tube as well
as the calculated evaporation rates according to Eq.
(9). For average gas velocities >2.5x 107> m s~! the re-
sults of the measurements and calculations deviate less
than 5%. For lower gas velocities the water vapour pres-
sure in the main gas stream (p't)) will increase and for
the modelling it becomes more important to know the
local water vapour in the main gas stream accurately

(see Eq. (2)).

4.2.2. Impact of filling level of the boat on the water
evaporation rate

Using a rectangular boat of 4.7x2.2x1.8 cm
(L x Wx H), different water evaporation tests were per-

formed. The level of water in the boat was changed for
the different experiments. By decreasing the amount of
water, the height of the rim above the liquid of the boat
increases (see Fig. 4)

hrim (Cm) =18-0.1- my,0 (11)

In this formula /7, is the height of the rim above the
water surface in cm and my,o is the mass of the water in
the boat in gram. It is assumed that the density of the
water is 1.0 kg/m®. The measured water evaporation
rates increased when increasing the water level. For
low amounts of water <2.5g (1.55 < A, < 1.8 cm),
the obtained relations between the gas flow rate and
the measured evaporation rates are about the same.
However, in case the boat is almost completely filled,
an increase of the amount of water in the boat from
18 to 19 g shows a significant impact on the evaporation
rate. In case of 19 g water in the boat the water surface
bellies out due to the high surface tension of water and
the height of the water surface exceeds the height of
the side walls about 0.1 cm.

As can be seen in Fig. 5, for all filling levels nearly lin-
ear relations were found between the reciprocal gas
velocity and the measured water vapour pressures.

4.3. Discussion analytical Sherwood relations

The measured evaporation rates from experiments
with a water layer at the bottom of a tube seem to cor-
respond rather well with results obtained from the Sher-
wood mass transfer relations for radially directed mass
transport inside a tube (Eq. (9)). In this set-up the gas
velocity profile in the tube will hardly be disturbed. In
Table 1 the measured evaporation rates as well as the re-
sults of the calculations according to the Sherwood rela-
tions for inner tube surfaces (Eq. (9)) are shown. The
water layer at the bottom of the tube can be considered
as a part of the inner tube wall. Egs. (2) and (3) are used
to calculate the molar transport of water vapour into the
main gas stream in this tube. For the simulation, the
water vapour pressure in the main gas stream (pR§) in-
creases as the flow passes the water surface. To calculate
the partial vapour pressure of water vapour in the main

I hrim
hhoa(

Water

Fig. 4. Rectangular boat used for water transpiration tests with different amounts of water in the boat. Because of the various amounts
of water the height of the rim varies. The picture shows the boat filled with 19 g of water. The water surface layer exceeds the height of

the sidewalls by about 0.1 cm.
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Fig. 5. Measured water vapour concentrations in exit as a function of the reciprocal gas flow rate and the amount of water in the boat.

gas stream (ppls), the interface water—gas in the mass

transfer model is divided in the z-direction into n parts
with each a length Az and volume AV(AV =r-d;-
Az/4). For each volume part AV of the tube, the mass
conservation equation has been applied to calculate
the local bulk concentration of water vapour in the
gas phase and gas velocity. In all cases perfect mixing
of all gaseous species within the volume elements is
assumed.

Since the measured water vapour pressures will al-
ways be below the equilibrium vapour pressure at room
temperature (about 2200 Pa) the contribution of the
water vapour to the total gas flow (gas velocity) will
be less than 0.22% and is neglected for all water transpi-
ration experiments at room temperature.

Simple Sherwood relations for mass transfer inside
tubes without any obstruction cannot be used to de-
scribe the results of the water evaporation experiments
with boats partly filled with water (Section 4.2.2). Fig.
5 shows the calculated water vapour pressures obtained
from Eq. (9). At the position of the boat the hydraulic
diameter of the tube is assumed to be 5.5cm and the
water vapour pressure in the main gas stream (p}’{‘;‘g) is
assumed to be nil.

The measured water evaporation rates are signifi-
cantly affected by the height of the rim of the boat.
For the situation the boat is completely filled there is
no rim (see Fig. 4) and from the leading edge a gas flow
profile as well as a concentration profile is developed.
The Sherwood relation for two concentric tubes (Eq.
(10e)) probably improves the prediction of the mass
transfer rates from a completely filled boat with water
in the tube. The boat inside the tube is assumed to be
cylindrically shaped and the water surface is a part of
the outer surface of this cylinder. Radial mass transfer
takes place from the water surface to the inner surface
of the tube. The hydraulic diameter of the completely
filled rectangular boat (the virtual inner tube) is calcu-

lated by using the definition of hydraulic diameter [18]:
four times the area of the surface of the boat perpendic-
ular to the flow direction divided by the circumference of
this surface: d,, =4 x 1.98 X 2.47/8.9 = 2.20 cm.

The Sherwood relation for two concentric cylinders
(Eq. (10e)) was also applied to predict the radial mass
transfer for two rectangular boats placed in series and
an elongated boat. In all cases the boats were completely
filled with water. In Fig. 6 the results of the measure-
ments are compared to the predicted results based on
the mass transfer equation (10e) and the calculated va-
pour pressures were in good agreement with the mea-
sured vapour pressure.

5. Numerical solutions of mass transport phenomena

The mass transfer of volatile species during the tran-
spiration experiments, as described in the previous sec-
tion, only can be calculated from Egs. (9) and (10) for
well-defined conditions and for relatively simple geomet-
rical configurations. For more complex geometries and
in gas flows with obstructions the mass transport prob-
lem has to be solved numerically. For these situations
numerical CFD (Computational Fluid Dynamics) mod-
els have to be used, which solve the equations of change
(continuity, momentum and mass transport) within the
system.

5.1. Theory

In our work the software package gTm-x is used to
perform these CFD simulations. GTm-x is a CFD-model
developed by TNO and specially designed to simulate
glass melt processes. GTM-x is a flexible code capable of
both steady-state and time-dependent simulations. The
code is block-structured. Per domain different sets of
models can be selected (e.g. there is no need to solve
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Fig. 6. For three different shaped boats positioned in a cylindrical tube the measured water vapour concentrations are compared to the
results of mass transfer Eq. (10e) for two concentric cylinders assuming radial mass transport from the water surface to the inner

surface of the tube. All boats were completely filled with water.

for flow in refractories or for turbulence in the glass
bath), allowing differentiation of the equations that are
solved for on each block, saving valuable cpu-time. Per
block, the body-fitted grid is structured and within each
block the level of grid refinement can be specified, en-
abling the use of many grid cells and accurate discretiza-
tion only where it is really needed. Details on the
physical models and numerical methods that have been
used in GTM-x can be found in Batchelor [22], Ferziger
and Peri¢ [23] and Patankar [24]. Furthermore, GTM-x
has been parallelised so that a computation can run
simultaneously on several computers, thus further
reducing the cpu-time [25,26].

5.1.1. Governing equations

The stationary gas flow pattern and the volatile spe-
cies concentration distribution in the tube are calculated
in three dimensions. The flow rate in the tube (Reynolds
number) is low ensuring that the flow remains in the
laminar flow regime. The governing equations for sta-
tionary laminar flow with species mass transport in three
dimensions can be found in e.g. Bird et al. [12]. The mass
conservation equation, or mass continuity equation, for
an incompressible fluid with constant density reads

ov,  Ov,  Ov.
a){ﬂ‘a‘i‘g—o (12)

Assuming that the viscosity is constant, the momen-
tum equations—or Navier-Stokes equations—for the
velocities in three directions read

v %-i-v %+u %
p T ox " dy ‘0z

dp (azux ooy 6zvx)

T o o2 0 0z (13)

R T
op v, %,
:‘a“‘(ﬁ*ayz’ +a—) (14)

(15)

The conservation equation for the mass fraction C of
volatile species with constant diffusion coefficient reads

oc ~aC aC o’c o'C dC |
Uxa%-vya-i-vzgf g'i(ﬁ—i_@iyz_‘—@) ( 6)
where, p is the density, v the dynamic viscosity and D, ;
the diffusion coefficient.

It is assumed that there is no significant heat ex-
change of the tube with the ambient and that the gas
flow is in thermal equilibrium with the tube and liquid
container. Also, any thermal effects due to evaporation
are neglected, which certainly is true for the lower flow
rates. Thus, the temperature of the whole system is as-
sumed to be uniform and no separate energy equation
needs to be solved. The five transport Egs. (12)—(16)
are computed iteratively, based on the finite volume
method according to Patankar [24].

5.1.2. Boundary conditions
The boundary conditions of the system are:

e At the inlet of the tube (z = 0) the concentration of
the volatile species C; = 0 and a fully developed lam-
inar gas flow velocity profile is assumed, with an
average v.-velocity according to the applied mass
flow;
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e On the evaporating surface of the liquid in the con-
tainer, at the liquid-gas interface just in the gas
phase, the vapour pressure is in equilibrium with
the liquid: C; = C;};

e On all solid boundaries (tube and container walls),
the three velocity components are set to zero and
for the volatile species, a zero mass flux is applied
(no condensation or evaporation);

e On the outflow boundary, the gradient for both the
volatile species and the normal velocity component
are set to zero, whereas the tangential velocity com-
ponents are set to zero.

5.1.3. Geometry and grid point distribution

Throughout the flow domain within the tube, a mesh
or grid of volume cells has been constructed (see Fig. 7).
On each of these volume cells the above-defined set of
differential equations is discretized. Three velocity com-
ponents, pressure and the concentration of the volatile
species are calculated in each cell or node. A total num-
ber of 1.6 x 10°grid nodes have been used.

5.2. Results CFD modelling

The results of the water evaporation tests are com-
pared to the results of CFD modelling. CFD modelling
is used to calculate the gas velocity profiles as well as the
concentration profiles of the water vapour in the tube.
Based on the average water vapour concentration and
the average gas flow at the outlet of the tube, the total
amount of released water vapour was calculated.

The first simulation is performed for a rectangular
Al,O3 boat (Lx Wx H=4.7%x22x1.8cm) placed in
a tube with an inner diameter of 6 cm (see Fig. 2). The
boat is filled with 7 g water and the height of the rim
above the liquid surface is 1.1cm. For a flow of
1.4%x1073 m?3 /s the gas flow profiles in and above the
boat are shown in Fig. 8(A) and (B). Near the sidewalls

e e
e e

Ty R
TR AT
Sy

SR e e
e e

of the boat above the surface of the liquid, recirculation
areas are observed. The maximum gas velocity in the
boat is observed near the centre of the crucible in the
same direction as the main gas stream. At much higher
gas flow rate of 2.2 x 10™* m? /s, the recirculation loop
is found to completely occupy the area above the water
surface (see Fig. 8C). For the last situation, with the rel-
atively high gas flow rate, the flow direction just above
the water surface is opposite to the direction of the main
gas stream and the gas velocity just above the water sur-
face increases in the upstream direction of the main gas
flow.

For the experiment with a gas flow of 1.4x107°
m} /s, the calculated water vapour concentrations above
the water surface are given in Fig. 9A. Downstream of
the leading edge of the boat the thickness of the Nernst
boundary layer increases and consequently the local
water evaporation rate decreases with downstream dis-
tance from the leading edge (see Eq. (6)). However, for
a gas flow of 2.2x107* m?}/s the gas flow direction in
the boat is reversed and near the leading edge the lowest
evaporation rates were observed (see Fig. 9(B)). For
three different points above the water surface the water
vapour concentrations are given as a function of the
height above the water surface (Fig. 10). In this situation
the thickness of the Nernst boundary layer can be calcu-
lated from the slope (dc/dy),=o. The Nernst boundary
layer varies from about 2.6 cm near the leading edge
to 0.9 cm at the opposite side of the boat.

The measured average water vapour concentrations
in the exiting gas flow are compared to the values ob-
tained from the CFD modelling. Fig. 11 shows the water
vapour concentration as a function of the average Rey-
nolds number in the tube. Excellent agreement between
simulations and measurements is found as measured
water vapour concentrations are maximum 2% lower
than the modelled water vapour concentrations over
the complete range of Reynolds numbers. Differ-
ences between simulations and experiments, especially

e
s e e ey —
SR e

e

‘—'—‘—_i‘_—’f.___z_:_\‘\

Fig. 7. Geometry of the tube and the grid point distribution projected on the tube wall and on the liquid-filled container.
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Absolute velocity (m/sec

0 Absolute velocity (m/sec) 1.25e-2
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Fig. 8. Calculated gas velocities derived from CFD modeling of a transpiration experiment with a rectangular boat
(Lx Wx H=4.7x22x 1.8 cm) filled with 7 g water. The figure shows the gas velocity vectors in the tube and the free space of
the boat. The height of the rim above the water surface is 1.1 cm and the diameter of the tube is 6 cm. In (A) and (B) the N, average gas
velocity in the tube is 0.5 cm s~' and in (C) the average gas velocity is 7.7 cm s~!. The temperature is assumed to be constant 20 °C.

at higher flow rates, can be attributed to the fact that in is assumed and the heat of evaporation is not taken into
the modelling study a homogenous temperature-profile account as will be shown below.
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Water vapor concentration (glm3') 1.72

i e =

Water vapor concentration (g/m3) 1.72e-2

Fig. 9. Results CFD modeling for transpiration experiment with a rectangular boat (L x Wx H=4.7x2.2 x 1.8 cm) filled with 7 g
water. The gas flow rate was: (A) 1.4 x 1073 m /s and (B) 2.2 X 1074 m? /s. The figure shows the water vapour concentrations just above
the water surface in g/m>.
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Fig. 10. From Fig. 9 calculated water concentration profiles for three points (A, B and C) above the water surface.
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Fig. 11. Measured and predicted water evaporation rates from a rectangular boat (L x Wx H=4.7x2.2x 1.8 cm) filled with 7 g
water. The tests were done in the ‘low-temperature set-up’ at room temperature.

5.2.1. Heat of evaporation

During a transpiration experiment with water, the
temperature profile near the water surface was measured
with a thermocouple. The N, gas flow was 1.25x 10~*
m}/s, the gas temperature is set on 18.6 °C and the
measured water evaporation rate was 3.7 x 1073 mol s ™!
m 2

During the evaporation experiment the temperature
of the water bulk lowered to 14.2 °C. However, within
4 mm above the water surface the temperature of the
gases rose to 18 °C. The diameter of the thermocouple
is 1 mm and the vertical position of the thermocouple
can be determined with an accuracy of about 1 mm.
Accurate measurements of the water surface are not pos-
sible with a thermocouple because of the physical con-
tact between the thermocouple and the water surface.
As soon as the thermocouple touches the water surface
a rim of water covers the tip of the thermocouple due
to the high surface tension of water. The temperature de-
crease near the water surface influences the gas proper-
ties such as density, viscosity and diffusivity, thus
slightly modifies the mass transfer rate.

6. Empirical mass transfer relations for transpiration
experiments

Basically, the CFD models are used to predict the
mass transport in the gas phase for rather complex
geometries and shapes, like transpiration set-ups with
rectangular, partly filled boats in horizontal cylindrical
tubes. The CFD modelling and relatively simple water
evaporation experiments have been performed to find
or test mass transfer relations, describing the kinetics

of evaporation in transpiration experiments and to vali-
date these relations or to simplify relations. Such rela-
tions are required for scaling up transpiration methods
to industrial furnaces or to derive vapour pressures or
diffusion coefficients from results of transpiration tests.

6.1. Theory

For flat plates [2] and tube geometries the Sherwood
number is proportional to Sc'’* (Eq. (9b)). However, the
mass transfer equations between two concentric cylin-
ders (Egs. (10a)—(10e)), will probably give a better expla-
nation of the experimental results from the transpiration
experiments with a rectangular boat in a tube. A fitting
procedure based on the general equation given by Eq.
(17) is used to describe the relation between Sh, Re
and Sc.

Sh* = Cy + C,-Re - Sc + #05
T R e T 00 se

-Cs-(Re-Sc)'"? (17)

In Section 6.2 transpiration experiments with water
and acetone are discussed to validate this empirical
relation.

6.2. Validation of empirical mass transfer relations for
transpiration experiments

Based on these water evaporation experiments and
the CFD modelling a general analytical Eq. (17) involv-
ing the parameters: Re and Sc was derived, in order to
predict Sherwood numbers for different volatile species,
gas compositions, temperature levels and gas flows. In
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first instance independent evaporation experiments with
acetone under a nitrogen atmosphere were performed
using the ‘low-temperature set-up’ and secondly water
evaporation experiments at higher temperatures (about
46 °C) were carried out. In the tube furnace the maxi-
mum Reynolds-number in the undisturbed flow is about
1000 ensuring laminar flow conditions.

6.2.1. Water and acetone transpiration experiments

The experiments were done with water and acetone at
room temperature and the filling levels in the boat are
always the same. For all experiments the same carrier
gas was used (V,). The nitrogen gas flow rate was con-
trolled at a value within the range 1.0x 107> and
2.0x 107* m}/s and the height of the rim above the li-
quid surface was 1.1 cm. Based on the water evaporation
experiments, the values for the constants C;, C, and C;
in Eq. (17) were obtained. For the same geometrical con-
figuration these values should be constant and should
not depend on gas flow, temperature and type of liquid.
Now Egs. (2) and (3) were used to predict the evapora-
tion rates of acetone. Fig. 12 shows the predicted evap-
oration rates, according to Eq. (17), versus the measured
evaporation rates. In these calculations the bulk concen-
tration, C™'¥, is assumed to be the average concentration
of component i in the outlet of the tube

C?u“( = Qi : A/¢avg'

where A4 is the area of the surface of the liquid in the
boat (in m?) and ¢ave 1s the average gas flow rate in
the tube (in m>s™!). According to the least squares
method the average error in the predicted water vapour

1.6E-02 T mwater 47 °C (tube furnace)
A Water 18 °C (tube furnace) -
O Water (low temperature set-up) [ ]

X Acetone (low temperature set-up) <

1.2E-02 +

8.0E-03 +

4.0E-03 -

Results acc. to equation (17)
Q/mol m?2s™

0.0E+00 T

evaporation rates is 0.9% and the error in the predicted
acetone evaporation rates is 2.6% using C; =43.0,
C,=0454, C;=5.1.10"".

In Fig. 11 the experimental results from the transpi-
ration tests, the results of the CFD modelling and the
obtained results from Eq. (17) for the water vapour
evaporation tests were plotted versus the Reynolds num-
ber in the tube (all for the same experimental configura-
tion). Accurate measurements were not possible for
Re <17 and therefore in this range only the results of
the CFD models are compared with the results from
the application of the empirical relation 17. However,
even in the range: 7 < Re < 17, the results deviate less
than about 6%. In the range: 17 < Re < 354, the average
error is even less than 0.5%.

Additional water transpiration experiments have
been performed in a tube furnace (see chapter 4) to test
the validity of Eq. (17) also for another experimental
set-up and another situation. Again the same rectangu-
lar ALOj3; boats were used and filled with 7 g of water.
The tube was flushed with dry nitrogen and experiments
were carried out at room temperature (about 18 till
19 °C) and a temperature of about 47 £ 1 °C. The Rey-
nolds numbers of the laminar undisturbed gas flow was
controlled at a value in the range between 4 and 1026.
The evaporation losses have been determined by mea-
suring the weight losses of the boats after the transpira-
tion experiment. The results are shown in Fig. 12. The
experimental results at room temperature and Eq. (17)
were used to derive the values of C,, C, and C; for
this set-up and to predict the water evaporation rates
at 47°C. The average error in the predicted water

0 0.004

0.008 0.012 0.016

Measured evaporation rate

Q/mol s'm?

Fig. 12. Predicted evaporation rates versus measured evaporation rates of water and acetone using Eq. (17) to predict the average
Sherwood number. For the water and acetone evaporation tests performed in the ‘room temperature set-up’ the values for the
constants are: C; =43.0, C, =0.454 and C3 = 5.1 x 1073, For the water evaporation tests in the tube furnace, the measurements at
room temperature were used to obtain numerical values for the constants: C; = 196.6, C; =0 and C; = 0.397. The tube furnace was
flushed with dry N, and the Reynolds number of the undisturbed gas flow varied between 7 and 1026.
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evaporation rates compared to the experimentally found
evaporation rates at 47 °C is about 4.8% according.

7. Conclusions

The mass transport of volatile species during a tran-
spiration experiment depends among others on the flow
conditions of the carrier gas in the tube and on the geo-
metrical configuration of the transpiration set-up (shape,
size and position of boat and filling level with liquid).
Based on the results of this paper it is concluded that
the gas flow profile in the tube, the position and dimen-
sions of the tube as well as the filling level of the boat
have a large influence on the mass transfer of volatile
species into the gaseous atmosphere.

In most glass melt evaporation studies no mass trans-
fer relations for transpiration experiments are available.
This paper shows that Sherwood relations for a specific
geometrical configuration of a transpiration test set-up
can be derived from transpiration experiments using
model liquids with known properties such as water or
acetone. For transpiration evaporation experiments with
a fully developed laminar gas flow (even with obstacles),
existing Sherwood relations [2] can be used to predict the
convective mass transport of volatile species into a car-
rier gas. The presence of a boat disturbs the gas flow
profile and consequently the existing, from literature de-
rived Sherwood relations for mass transfer of evapora-
tion species, need to be adapted.

For a more complex geometrical configuration of a
transpiration test set-up, CFD modelling appears to be
a useful tool to predict the mass transport of volatile
species into a carrier gas and to understand the fluid
dynamics in the gas phase and distribution of volatile
species in this phase. Results of the CFD-modelling
for water evaporation tests at room temperature have
been validated by transpiration experiments. Excellent
agreement was found between model results and exper-
iments as the difference between the experimental mea-
sured evaporation rates and the CFD modelling results
are less than 2%.

In a partly filled rectangular boat with a rim above
the water surface level, the results of CFD-modelling
show recirculation loops in the tube above the liquid.
This recirculation will influence the local Sherwood
number. The results of CFD modelling and of simple
water transpiration evaporation experiments at room
temperature can be used to obtain relatively simple mass
transport relations (S as a function of Re and Sc) for a
fixed geometry of the transpiration test set-up. These
relations were shown to be applicable for other evapo-
rating liquids as well.

From the results of water transpiration measure-
ments in a transpiration set-up at room temperature,
the evaporation rates of water at higher temperatures

(about 47 °C) were predicted as well as the acetone evap-
oration rates at room temperature. In both cases the
average error in the predicted evaporation rates is less
than 5%. This method was successfully validated in the
range from 5 < Re < 1000.

This paper presents mass transport equations in the
gas phase for transpiration evaporation experiments in
tubes. By the use of transpiration tests missing data
for equilibrium vapour pressures (p;) of liquids and
melts (for instance salt, metal or glass melts) can be
derived.
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