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In the first of a series of papers, a description te presented of a transpiration
apparaius suitable for measuring the density of vapours of solids and melts up
to 1400 °C in reactive atmospheres. The function of the apparatus was verified
by means of sodium chloride; a satisfactory agreement between the vapour pres-
sures determined and data in the literature was found.

INTRODUCTION

Considerable attention has been paid in recent years in the literature to vapori-
zation of volatile substances from melted glasses. It appears, however, that under
operating conditions the vaporization occurs particularly in the initial stage of
melting, when the individual components of the raw-material mix are capable of
evaporating extensively before forming reaction products or melt with the other
components. Under these conditions, the vaporization is distinctly different from
that taking place during the usual experimental arrangement when measuring
vapour pressures, which is generally carried out in vacuo or in an inert gas atmos-
phere. This is why the literature presents very little information on the vapori-
zation of simple compounds, such as B;03, Na;CO3, NayS0O, etc. in the presence
of reactive gases and water vapour. There is therefore a lack of essential data ap-
plicable for an explanation of the behaviour of these substances under real condi-
tions and for practical engineering calculations. The present study had the aim to
fill this gap at least partially. The transpiration method was chosen for the measu-
rements, since it allows to study vaporization in the presence of reactive gases
and vapours.

TRANSPIRATION METHOD

The transpiration method is one of the oldest and most effective ways of studying
heterogeneous equilibria in the systems condensed phase-gas at high temperatures.
It has been used mainly for measuring vapour pressures and dissociation pressures.
It is virtually the only way of measuring these quantities in the presence of higher
concentrations of other gases. The principles of the transpiration (also called trans-
portation or saturation) method are described in comprehensive studies, such as
those by Merten and Bell [1], Richardson and Alcock [2], and the like.

The principle of the method is based on passing a suitahle gas (inert or reactive)
above a solid sample or melt so as to saturate it with the respective vapours. The
gaseous mixture is then analyzed or the amount of condensed vapours is determined
on cooling down. The vapour pressure is calculated from these data and from the
amount of gas passed over the specimen.

The saturating parv of the apparatus is shown schematically in Fig. 1. The car-
rier gas flows through a tube around the specimen placed in the isothermal zone
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of a furnace. The narrowing of the tube in front of the specimen and behind it should
suppress lossess of vapours by diffusion.

The time of dwell of the gas in the saturation space should be adequately long
to create an equilibrial concentration of the vapours throughout the gas volume.
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Fig. 1. Schematic diagram of the saturation part of the transpiration apparatus; I — carrier gas inles
2 — furnace, 3 — boat with sample.

The saturation proceeds by diffusion and also involves convection. According to
Merten and Bell [1], the following condition should be met for a laminar gas flow
and for a 90 9%, saturation: » < 5.46DL, where D is the diffusion coefficient of the
vapour and L is the length of the zone containing the specimen. This condition
holds when a constant concentration of vapours is maintained at the specimen
boundary. When the diffusion coefficient of the high-temperature vapours is of
the order 1 cm? s—1, the upper limit of the applicable rate of flow of the carrier
gas in the apparatus described below amounts to » = 38 cm3 s~ (the volume is
related to the measuring temperature).

Before entering the saturation space, the carrier gas should have a rate of
flow sufficient for preventing the vapours from passing in the opposite direction by
diffusion. This is ensured by narrowing the cross section, for which the following
condition has to be met: » > 4.6DA/[l, where A is the cross section area and
is the length of the narrowed supply tube. For example, for 4 = 1 cm? and
I = 3 cm, the minimum rate of flow of the carrier gas v = 1.5 cm?3 s71, if the losses
due to diffusion are not to exceed 1 %,.

The construction materials have to be chosen with regard to the measuring
temperatures (quartz glass, mullite or corundum ceramics, nickel, platinum, etc.).
Argon and nitrogen are mostly used as the inert carrier gas, and hydrogen serves
as a nonreactive carrier gas for measuring the pressures of metallic vapours.
The reactive carrier gas should either prevent dissociation, or form the required
compounds; for instance, H, behaves as a reactive gas with respect to Ge and Si,
forming their volatile hydrides, and the measurement then yields apparent vapour
pressures [3] which are effective pressures with respect to vapour transport. Another
example is provided by the vaporization of Mo or W in an oxygen stream. The
effect of changes in partial pressure of the reactive gas sometimes allows to de-
termine the type of molecules comprising the vapour [1].

The measurements are usually carried out under pressures close to atmosphe-
rical pressure, but it is also possible to measure under higher pressures or at pres-
sures reduced down to about 0.01 MPa. The partial pressure of the vapour in
question is calculated on the assumption of ideal behaviour using the equation:
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Ny
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where ny and =, are the numbers of vapour and carrier gas moles respectively,
and P is total pressure. To calculate ny from analytical data or from a known
amount of the condensed vapour, one has to know the composition of molecules
present in the vapour; this is usually determined by mass spectroscopy. For some
purposes, particularly for engineering calculations of mass transport, one only
needs to know the total vapour density without knowing the molecular composition.
The authors of older studies dealing with the transpiration method had assumed
that even at a low rate of flow the carrier gas is unsaturated, and could only be
saturated under static conditions. For this reason they extrapolated the diagrams
of apparent vapour pressure in terms of carrier gas flow rate to a zero rate of
flow. This method mostly yielded excessively high values. Suitable conditions
for correct measurements have therefore to be determined experimentally in the
way indicated in Fig. 2. This shows the curves of vapour density and vaporization
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Fig. 2. Vapour density [g litre=1] and vaporization rate [g cm=2 871] va. carrier gas rate of flow [litres
min—1].

rate, both in dependence on the flow rate of the carrier gas. Region I is characteri-
zed by diffusion effects, i.e. a loss of some of the vapours by diffusion, which is
relatively fast compared to the carrier gas flow. Regular saturation takes place
in the region II; the vapour density remains constant, the amount of vapour incre-
ases linearly with the carrier gas rate of flow. The actual vapour pressureis evalua-
ted within this region. In region III, the rate of flow of the carrier gas is so fast
that it cannot be saturated with the vapours; the region may be suitable for pro-
viding information on the vaporization kinetics. Complete saturation of the
carrier gas, which is indicated by a distinct horizontal section of the vapour density
curve, can be ensured only with a suitable design of the saturating part of the
apparatus.
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J. Hlavgs, M. Kardsek, L. Rybafikovd:

APPARATUS

The design of the apparatus was based above all on the experience published
in [4 through 8). A similar method has more recently been described, e.g. in [9].
A schematic diagram of our apparatus is shown in Fig. 3.

T i "7[:6'“"'.‘/:"“/?'“‘ “““““ 7

H JJ

Fig. 3. Schematic diagram of the transpsration opparatus.

In an electric resistance furnace (6) there is & corundum or quartz tube (7), the
so called ,,outer* one, closed at both ends by metal flanges with union nuts and
sealed with silicon rubber rings. Through the front flange (to the left) passes the
platinum “internal’”’ tube (8), 20 mm in diameter, terminating in the isothermic
furnace zone. The tube is loosely closed with a platinum crucible (12) to slow
down the gas flow (for better saturation) and to throttle the cross section (to
suppress vapour losses due to diffusion). It is also possible to use corundum or
quartz inner tubes and to protect their inner surface from the vapours by covering
them with a platinum sheet.

In the saturation part of the inner tube, there is a platinum boat (11)
70x12 X7 mm in size, containing the substance to be tested. Close to the boat
there is the junction of thermocouple (9) which is protected with a corundum tube
(10) provided with an element decreasing the furnace cross section, thus pre-
venting the vapours from escaping from the heat zone by diffusion. The end of the
inner tube (8) is inserted into the expanded end of platinum tube (13) serving as
a condensate collector. This tube is fitted and sealed in the rear flange (to the
right in the Figure) provided with cooling ribs. A Teflon holder for aerosol filter [14]
is fitted to the collector outside the furnace. In another arrangement, the filter is
replaced by a washing flask containing a suitable absorbing liquid.

The respective carrier gas is passed from a pressure cylinder (1) through dessica-
ting column (2) containing silica gel and CaCl;, or CaCl; and Mg(ClO,):. The gas
stream is then branched into two flow rate controllers (3 and 5) capable of maintai-
ning, within 0.1—1 litre/min, a constant rate of flow independently of output
pressure. From the controller (3) the gas passes through the front flange to the
outer tube, rinsing it and then entering into the carrier gas flow through the
gap between the inner tube and the collector. The manometer (16) installed in
the rinse gas line serves for setting the overpressure in the outer tube, which pre.
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vents the carrier gas from escaping through untightness at the point where the
collector is fitted. A mercury manometer or pressure gauge (4) serves for checking
the tightness of the entire apparatus. From the other controller (5) the carrier gas¥®)
passes into two two-way cocks which either direct the gas to the soap film flow
meter (15) or pass it away from the furnace. The rinse gas can be passed through
the collecting tube in the opposite direction (indicated by dashed line in Fig. 3);
this connection is used during the period of tempering the furnace including the
specimen, and should prevent the vapours from entering the collecting tube.
Only when the temperature has equalized, the gas flow is reversed in the way
described above, and this is also the moment of starting the time counter.

The carrier gas was saturated with water vapour in a ball condensex filled with
ceramic beads. The condenser was placed between the flow rate controller (5)
and the furnace. The carrier gas and the water being metered passed co-currently
through the condenser, and the saturation temperature was maintained by means
of an ultrathermostat. To prevent the water vapours from condensing, the connec-
ting hoses leading to the furnace were heated. In another arrangement the carrier
gas was saturated with water in washing bottles kept at the required constant
temperature in a thermostat.

The electric furnace was provided with platinum wire winding divided into
three sections with separate thermocouples. The increased input into the side
windings sheuld eliminate the losses through the front furnace walls, thus achieving
a constant temperature zone about 12 ¢m in length. The temperature was controlled
by Zepakomp regulators, which controlled the autotransformer output voltage.
The temperature variations were within the limits of 43 °C, and the interval
tended to increase during long-term measurements only (more than 4 hours).

MEASUREMENT PROCEDURE

The weighed boat with the substance to be examined is placed in the inner
tube and plugged with a platinum crucible. By shifting the furnace the inner
tube is inserted into the outer one to a depth ensuring placement of the specimen
in the isothermic zone. The collector is inserted from the other side and the furnace
is sealed by means of the flanges and rings. The apparatus tightness is checked.
Following temperature equalization in the furnace, the required rates of flow
of the carrier and rinsing gas are set and the exposure time counting is started.
The temperature is read, the pressure in the apparatus checked and the carrier
gas flow monitored during the exposure. After ending the thermal exposure, the
carrier gas flow is turned off, the furnace dismantled, the loss in specimen weight
determined and the amount of condensate from the collector, from the filter
and possibly also from the washing bottles is measured. Vapour density or vapour
pressure can then be calculated from the amount of vaporized substance and from
the volume of gas passed through and expressed under normal conditions. The
closer details or deviations from the procedure described are mentioned in the
following paragraphs on measurements with the individual substances.

Notice: *) The gas is of identical composition; the designation carrier and rinsing is used
solely for distinguishing the flow paths.
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J. Hlavdé, M. Kardsek, L. Rybafikovd:
APPARATUS VERIFICATION

Function of the apparatus and the correctness of measurement were checked
by means of sodium chloride of A. R. purity, for which there is enough data in
the literature and which vaporizes perceptibly even at relative low temperatures.
The only complication involved in its use is the fact that apart from NaCl mole-
cules, the vapours likeweise contain the dimer Na,Cl,, so that the relationship
between the vapour density and vapour pressure is not simple; it depends on
the ratio of the two types-of molecules.

The measurement was carried out according to the procedure described above.
The NaCl sample was first fused into the boat, and the time of exposure in the
transpiration apparatus was 60—120 minutes. The carrier gas was dry nitrogen
at a flow rate corresponding to optimum saturation (cf. Fig. 4). The condensed
NaCl from the collector and filter was transferred by hot distilled water into
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Fig. 4. Dependence of carrier gas saturation with NaCl vapours on tts rate of flow.

a quartz dish and its evaporation residue weight determined. A confrontation
with the loss in sample weight indicated a satisfactory agreement; this comparison
was somewhat complicated by the melt climbing up the boat walls to the pad.
The vapour pressure taken as NaCl monomer was calculated from the amount of
sample vaporized and from the volume of the nitrogen passed through the appara-
tus. The actual pressure is somewhat lower in dependence on the dimer content;
for 100 %, dimer the pressure would correspond to one half. According to the
JANAF data [10], for instance, NaCl vapours contain 23 9, of the dimer at
1360 K.

Fig. 5 shows a comparison of the values established by the present authors
with data from the literature. The older results by Fiock and Rodebush [11] obtai-
ned by direct pressure measurements, are in a very satisfactory agreement with
the results by Barton and Bloom [12], obtained by measuring the boiling point
of the melt at various pressures; the boiling point was indicated by a temperature
hold at continuously increasing temperatures. The results are virtually identical
with the measurements carried out earlier by Ruff and Mugdan [13] and also
with those by Wartenberg and Albrecht [14]. The data by Stull [15] are the results
of a eritical evaluation of earlier data from 10 various sources. All of these studies
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mentioned so far have obviously specified the summary pressure of NaCl and Na,Cl,
vapours, even without stating it explicitly.

The more recent measurements by Ewing and Stern [16], carried out by Knud-
sen’s method, take into account the molecular composition of the vapours; the
authors confront their results with the extrapolated JANAF data [10]. The agre-
ement is very good, within the limits of 1—8 9, (the JANAF data are represented
by the full line in Fig. 5). In spite of the diversity of the methods employed, the
agreement of all the data can be assessed as being satisfactory and NaCl can there-
fore be used as a standard for calibrating or checking the equipment for vapour
pressure or density measurements.
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Fig. 5. Comparison of NaCl vapour pressures with data from the literature; + Ewing and Stern [16]»
o Stull [15], w Fiock and Rodebush [11]. o Barton and Bloom [12], e transpiration measurements [17]-

The references quoted do not include the transpiration method, probably because
its lower precision is considered to be less suitable for accurate physico-chemical
measurements. The results of measurements obtained by the transpiration method
within the framework of the present study are plotted in Fig. 5. The respective
values are somewhat higher (by max. 25 9,) than those by Ewing and Stern or than
the JANATF values. This difference is probably due, at least partially, to the cal-
culation of the vapour pressure for the monomer regardless of the presence of
dimer, the proportion of which cannot be determined by the method employed.
The resuits can be regarded as satisfactory, particularly when taking into account
that a significantly lower measuring accuracy is generally ascribed to the transpi-
ration mejhod compared to that of effusion methods; critical assessments specify
an absolute accuracy of 425 9, The cause obviously lies in the problems with
carrier gas saturation.
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J. Hlavdé, M. Kardsek, L. Rybafikovd:

In view of the aim of the present study, that is measurement of vapour density
and pressures in reactive atmosphere, where it is possible to expect differences of
up to one order of magnitude, the accuracy established and the agreement of
the results for NaCl achieved may be considered as satisfactory.
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MCCIEIOOBAHUE UCINAPEHUA HECJOMHBIX BEHOIECTB,
MCIHOJNB3VYEMBIX J 5 BAPKU CTEKJIA I
BBHBICOKOTEMIIEPATYPHAA TPAHCIIMPAITMOHHAA
AIIITAPATYPA

fla I'napaw, Mupocnae Kapacex, Jlymun:ta Pubapxukosa !

Xumuxo-mexrosozuvneckuii uncrmumym, 166 28 Ilpaza

Buuia cofpama TpaHCOMpanuoHHAS aNMAPATyPa [IIA M3MEPeHHS NABJIEHUH HapoBR Hax
TBepALIMA BellecTBAMM H pacmiaBaMm 1o TeMrepaTypu 1400 °C. B amexrpmueckoil meum
¢ OTONHMTE/AbBOH 30HOH MAMHOHK 12 cM, yOep/RHBaeMOH BO BPeMA H3MeDeHHA HPH TeMOepa-
rype +3 °C, mmeerca Pt TpyOxa, coenunennas co cGopruKoM xoxjeHcara. IIpoda momemena
Ha Pt nogouxe. B xadecTBe raza-HOCHTeNls HPAMEHAETCA a30T, aproH W AP. HIX HX CMOCH
¢ BONAHKIM DaPOM HJIM ApyruMu rasamu. HomuecTBO HCIapAeMOro BellecTBa OHmpenesAercs
Ha OCHOBAHHH YOHRUIM Beca NPOOH MM KOMM4eCTBa KOHAeHcAaTa M 00beMa HPOTEKIIEro rasa-
HocHMTeNd. YeNOBHA HOAHOrO HACKHIMIEHHA ONPeNeAT HA OCHOBARHH SaBHCAMOCTH IJIOT-
HOCTH HapoB OT o6beMa IpoToxa rasda. IIpoBepky GYHKOHH ammapaTypsl B NPaBHJIBHOCTH
naMepeERA nposoxuian ¢ momompl NaCl, OTHOCHTeNBHO KOTOPOrO MMeeTCA B JIETEpPaType
JOCTATOYHOe KOJHAYSCTBO [AAHHHX; OLUIO YCTAHOBIIEHO [{OCTAaTOYHO HAZEMHOE COBHIAfeHHE,

Puc. 1. Czema nacthyarouseli vacmu mpancnupayuonkoii annapamypu;, 1 — nodeodra easa-
nocumens, 2 — newv, 3 — aodoura ¢ npoboil.

Puc. 2. Basucumocmdv naomruocmu napoe (2 471} u cxopocmu ucnaperus (ecm—3c~1) om npo-
moka zaza-socumean (4 mur~1).

Puc. 3. Czema mpancnupayuonnoli annapamypus

Pue. 4. Basucumocmsb nacshyeHus 2aaa-wocumeas napamu NaCl om cxopocmu npomoxa.

Puc. 5. Conocmasaenue usmepenntiz dasaexuit napa NaCl ¢ aumepamypruismu’ Oarnbimu:
+ Soune u Mmepn [16}, o Mmyaa [15], w Puos u Podebyw [11], * Bapmon u Baym
[12], « mpancnupayuonnsie uameperus [17).
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STUDIUM VYPAROVANI JEDNODUCHYCH LATEK
POUZIVANYCH K TAVENI SKLA
I. VYSOKOTEPLOTNI TRANSPIRACNI APARATURA

Jan Hlavag, Miroslav Kardsek, Ludmila Rybaifkové
Vysokd ékola chemicko-technologickd, 166 28 Praha

Byla konstruovéna transpiraénf aparatura pro méfenf tlakd par nad pevanymi létkemi
a taveninami do 1400 °C. V elektrické peci 8 topnym pdsmem délky 12 cm, udrZzovanym po dobu
méfenf na 4 3 °C, je zasunuta Pt trubice <pojend s jimadem kondenzétu. Vzorek je umistdn
na Pt lodi¢ce. Jako nosny plyn se pouzivad dusik, argon aj., popf. jejich smé&si s vodn{ parou
nebo jinymi plyny. MnoZstv{ vypafené latky se uréuje z dbytku hmotnosti vzorku nebo
% mnozstv{ kondenzitu a z objemu prodléhonosného plynu. Podminky tiplnéhosyceni se uréujf
zo zdvislosti hustoty par na objemovém pritoku plynu. Ovéien{ funkce aparatury a sprév-
nosti méfenf{ bylo provedeno pomoci NaCl, pro ktery je v literatufe dostatek udaji; byla
zjifténa uspokojivé shoda.

Obr. 1. Schéma sytict Edats transpiraint aparatury; 1 — vatup nosného plynu, 2 — pec, 3 — loditka
se vzorkem.

Obr. 2. Z4visiost hustoty par (gi—3) a rychlosti vypatovdni (gcm—2s1) na pritoku nosného plynu
(2 min1),

O br. 3. Sehéma transpirainé aparatury.

O br. 4. Zdvislost sycent nosného plynu parami NaCl na jeho pritoku.

Obr. 6. Srovndné tlokis pdry NaCl & literdrnimi udaji; + BEwing a Stern [16), o Stull [15], a Fiock
a Rodebush [11), o Barton a Bloom [12], e transpiraén{ maken{ [17].
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