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Abstract —Transient heat and mass transfer in the two-phase system consisting of a subliming solid and a
vapour—gas mixture is analysed. The aim of the work is to determine the tempeérature of the sublimation
surface of a solid substance, evaporated from a plate into a layer of inert gas for the case when the plate
temperature is a function of time. The mathematical description of the system is verified experimentally by
determiningthe temperature profilesinalayer of solid naphthalenein a naphthalene-helium system. The good
agreement found between the calculated and measured temperature profilesjustifies the approximations used
and verifies the results of an earlier analysis of unsteady state heat and mass transfer in the thermal diffusion
cloud chamber.

NOMENCLATURE

A, 4., constant in the Wassiljewa equation;

C,, heat capacity at constant pressure;

C,.» heat capacity at constant volume;

¢, mole concentration;

D,,, cocfficient of binary diffusion, DS,RT***/P;
e, energy flux relative to mass average velocity;
H, enthalpy;

h,  height of vapour-gas layer;

J,  molar flux relative to mass average velocity;
k, thermal conductivity;

L, chamber height;

N, molar flux relative to stationary coordinates;
n, number of moles;

P, pressure;

g, energy flux relative to stationary coordinates;
R, gasconstant;

r, heating rate;

s,  constant;

T, temperature;

L, time;

U, internal energy;
v, velocity;

x, mole fraction;

Z, dimensionless length coordinate, z/L;

z,  length coordinate.

Greek symbols
o, thermal diffusion factor;
p,  density.

Superscripts
,  related to the unit of mass;
~, partial molar quantity.

Subscripts
v,g, quantity in the binary system.

INTRODUCTION

INMANY technical processes we encounter the problem
of transient heat transfer in a composite system. In

many cases, this process is combined with a phase
change at the boundary. It is only natural to try to
develop a suitable analytical or numerical method for
evaluating the temperature distribution and the
position of the phase boundary as functions of time
[1-8]. In this contribution, we tackle the problem of
transient heat and mass transfer in the two-phase
system consisting of a subliming substance and a
vapour-gas mixture when the temperature of the
outside surface of the solid phase changes with time.
This particular problem is connected with an exper-
imental study of nucleation in supersaturated vapour
of solids in the thermal diffusion cloud chamber and its
aim is to determine the temperature of the subliming
surface which forms the boundary condition for the
evaluation of the supersaturation profilein the vapour—
gas mixture [9].

SYSTEM DESCRIPTION

The system examined is depicted in Fig. 1. Tt consists
of a layer of a subliming solid substance, placed on the
top plate of the chamber, and a layer of a vapour—gas
mixture. At the initial stage of measurements, the
system is in the steady state: during measurements the
temperature of the upper plate provided with the layer
of the subliming solid increases with time, while the
temperature of the bottom plate is constant. In the
system description it is assumed that heat and mass
fluxes are unidimensional and that the vapour-gas
mixture behaves ideally. As the total time of
measurement is generally short, and the mass flux is
small, it is assumed further that the position of the
boundaryisconstantduring the measurements. Forthe
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same reason, it is also assumed that the thickness of the
layer of the solid substance, forming on the surface of
the cooled plate by condensation, is negligible. The
temperature of the condensing surface is then equal to
the temperature of the plate surface. By v we denote the
vapour of the subliming solid and by g the inert gas.
The chamber represents a closed two-component
system where the only external force is gravity and the
driving forces of heat and mass transfer are the con-
centration and temperature gradients. For such a case
the heat and mass fluxes in the system are described by

L10]
g, = —k(dT/dz), h<z<lL, (1)

4y = —k,(dT/dz)+ N H,+NH,
+aRT(x,N,—x,N), 0<z<h, (2)
N, = —(c/x,)D,[(dx,/dz}+ax,x,(d In T/dz)]
+x,Nyfx,, 0<z<h (3)

In steady state, when vapour diffuses through the
stationary inert gas g (N, = 0), equations {(1})3) can be
adjusted for the calculation of temperature and partial
pressure profiles to give

dT/dz = —q/k, h<:z<L, 4)
dT/dz = k;*{—q.,+N,[H,+«RT(P~P)/P]},
0<z<h, (5
dP,/dz = aP(P,— P)/TP(dT/dz)
+(P,—P)N,/TD%, 0<z<h, (6)
with the following boundary conditions {cf. Fig. 1):
T0) =T, PA0)=P,4T) z=0,
Gvg—qs = NAHp, P(h) = P, [T)], z=h,
TW=T, T,>T, z=L (7)

To describe the temperature and partial pressure
profiles during heating we may start off by considering
equation (3), the equation of continuity of the com-
ponent v, and the energy equation [11]

pC,[0T/6t +1(6Tdz)]
= —3de/0z— P(0v/02)+ U (0J,/62)+ U (0] ,/0Z) (8)
where the following relation is valid for the energy
fluxes gand e:
e=q—t(c,H,+cH). ©
Assuming ideal behaviour and rearranging the results
for the profiles in ref. [9] we have

aT/ot = A(3*T/0z9)+B@T/dz), h<z<L, (10)
dT/ot = C(9*T/0z2)+D(9T/dz)+E, 0<z<h,
(11

P ot = F(9*P,/02%)+ G(0P,/oz)+H, 0<z<h
(12)

where the coefficients A-H are generally functions of
state variables, compositions, and their derivatives (see
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Appendix). The initial conditions for equations (10)-
(12) are given by the steady state solution. The
boundary conditions (cf. Fig. 1) are given by

TO,0)=T, P0,)=P, (T1), z=0, t>0,
Quglh, ) —aq(h, 1) = N (h,)AH
Pht)y=P, [Th1]), z=h1t>0,
T(L,1) = f(1), (13)

Mass fluxes are given by the definition relation (3) and
the equation of continuity for the component g,

dc,fot = —(@NJdz), 0<z<h (14)

with the boundary condition N (h,1) = N,(0,1) = 0.
The total pressure of the vapour—gas mixture follows
from the balance of the total number of moles,

n(t) = n,(t)+n,0) = n,(£)+n(0)—n,(0). (15)

The relation (15) can be adjusted, assuming ideal
behaviour, to give

h P(0)—P(z,0) h Pz,1)
L T0) d”L Ten

J”' dz
o T(z,1)

COMPUTATION PROCEDURE

z=L,t>0,

P() = (16)

The system of equations (4){6) was solved nu-
merically by the method of Katz and Ostermeijer [12].
To solve the system of equations (10}-{12) and (14) we
used the Crank-Nicholson implicit scheme. Due to the
existence of the phase boundary, different network
steps were used in different layers, and first derivatives
at the interface were replaced by non-symmetrical
difference formulas within the accuracy of the Crank—
Nicholson layout. The corresponding systems of non-
linear equations have been solved by iterative quasi-
linearization [9]. The convergence of the iterative
procedure was followed by comparing the temperature
profiles resulting in single iteration steps. The calcu-
lation was terminated when the maximal tempera-
ture difference at an arbitrary point of the network
was less than 0.01 K in two successive iterations.

EXPERIMENTAL EQUIPMENT AND METHODS

Temperature profiles in the layer of solid
naphthalene in the system naphthalene-helium were
used for the experimental verification of the calculated
temperature of the subliming surface. A modified
thermal diffusion cloud chamber was used for this
purpose, as depicted in Fig. 2. The bottom and the lid of
the chamber are formed from two aluminium discs 200
mm in diameter and 25 mm thick, the walls of a glass
cylinder 33 mm high and 164 mm in diameter. Contact
points between plates and the glass cylinder were sealed
by Viton. The temperature of both plates is measured
by jacketed NiCr-Ni thermocouples situated in probes
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FIG. 2. Experimental apparatus.

bored so as to make the measurement points of the
thermocouples end approximately in the centre of the
plate and 0.5 mm below its surface. The temperature
profile of the layer of naphthalene is measured by four
NiCr-Nithermocouples 0.15mmindiameter, fixedina
holder. The holder body is made of Sklotextite, a
material whose thermal difTusivity is similar to that of
naphthalene, and hassteel needles with eyesintroduced
parallel to the plate surface. The thermocouples are
inserted to make them point radially 70 mm into the
centre of the plate and end approximately above the
thermocouple in the plate. The position of the ther-
mocouples was controlled by a cathetometer (2.0, 4.2,
7.2 and 11.2 mm in the direction of the top plate). The
thermocouples were calibrated in the entire region of
temperatures using a standard Pt-100 resistance ther-
mometer (Heraeus GmbH., Hanau/Main, F.R.G.). The
bottom plate is kept at a constant temperature by
contact with a cylindrical copper vessel, the top plate is
heated programmatically by a heating body using a
GP-1 graphical programmer and a TR-10 thyristor
controller (Development Workshop of the Czecho-
slovak Academy, Prague). Temperatures are recorded
with an EZ3 line recorder (Laboratory Instru-
ments, Prague), and pressures in the chamber are
measured by a mercury manometer. To prevent heat
losses, the entire chamber isinsulated with a thick layer
of mineral wool.

Before starting actual measurements, we examined
how the temperature of the plate surface corresponds
to the temperature measured by the thermocouple in
the probe at different heating rates. . nis was verified
by comparing the melting point of benzophenone crys-
tals and naphthalene, sprinkled on the plate surface
in a position above the measurement point of
the thermocouple. The temperature was recorded
by the thermocouple itself. At a heating rate of 3 and
4 K min~! the difference between both temperatures
amounted to only +0.1 K, corresponding to the
accuracy of temperature measurement. The equipment
was further tested by measuring three temperature
profiles at the steady state with the chamber filled by
helium only. The temperature diflerence between the

plates in single runs was 14.4, 39.8 and 62.2 K at a
helium pressure of 98 kPa. The agreement between
temperature profiles calculated from plate tempera-
tures and experimental values was within +0.2 K.
Theseresults prove theabsence of free convectionin the
system (by the influence of colder walls) and verify the
assumption that the thermal flux between the platescan
be considered to be unidimensional for the given
equipment geometry (large column diameter with
respect to height). The results also indicate the accuracy
of the determination of the position of the thermo-
couples and the separation of the plates, and the fact
that the accuracy of measurement of the temperature
by the thermocouples is not affected by thermal con-
duction in them.

The naphthalene layer (pure grade, sublimed, from
Lachema, Brno), was prepared by melting the ap-
propriate amount of crystalline naphthalene directly in
the chamber. After its solidification and cooling to the
laboratory temperature, the chamber was rinsed with
helium gas (Messer Griesheim GmbH. Austria,
99.996% purity) from a pressure cylinder. The
temperature of the bottom plate was kept constant
during the measurement, while the temperature of the
top plate was increased linearly with time. Both
temperatures were recorded, as well as the temperature
of the naphthalene layer and the total pressure in the
chamber. Temperature profiles in the naphthalene
layer were calculated from the temperatures of both
plates and from the total pressure of the vapour—gas
mixture.

The physical properties of the naphthalene and
helium used are given in Table 1.

RESULTS AND DISCUSSION

Temperature profiles were measured after the
described experimental method in the layer of solid
naphthalene at different heating rates, thicknesses of
the naphthalene layer and initial pressures in the
chamber. To avoid convective mixing of the vapour-
gas mixture, the conditions of single measurements
were selected so as to make the overall density of the
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Table 1. Physical properties of naphthalene and helium

Naphthalene

M = 128.17 [gmol™']
log P., = 11.7059—2619.91/(T — 52.499) (Pa] [13]
Coy = —42.942240.6972T—346 x 10747242 x 107°T? [IK™"mol™1] [14]
Coy=—044544 x1073T—27 x 107°T2+1.56 x 1071 T3 DK 'g™] [14]
C,,= —0346+5.507 x 1073T DK™'e] (15]
k,= —398 x 107°+3.74 x 1073T [Wm™'K™1] [16]
k, =07215—-125 x'1073T [Wm™'K™] [17]
p=1375-464 x 1074T [gem™?] (18]
AH, = 72.5 [kJ mol™1] [19]
Naphthalene—helium
a=10 [10]
D, = DORT**Y/P

DY, = 1.424 x 10”3 (mols™'m™'K™]  [20]
s=075 [20]
A, =0227,4,, =931 [16]
Helium

M = 4003 [gmol™!]

=372 % 10724391 x 1074T—749 x 1078T2+129 x 10173  [Wm~!K~™!] [21]
Cpq = 20794 K™ mol™] (22]
Cy=3.118 DK™ 'g™] [22]

vapour-gas mixture highest at the bottom plate of the
chamber and to let it decrease smoothly towards the
naphthalene layer. The comparison of measured
temperature profiles and calculated values is given for
three particular cases in Figs. 3-5. Temperatures are
plotted in single time intervals vs the dimensionless
. height Z = z/L. For the experimental run depicted in
Fig. 3, the height of the naphthalene layer was 12.5 mm
(Z = 0.62), the initial pressure in the chamber was 98
kPaand therate of heating the top plate was 0.03K s,
The profiles 1-5 correspond to times 0, 200, 470, 700
and 970 s. In Fig. 4, the conditions were as follows:
thickness of naphthalene layer 18.8 mm (Z = 0.43);
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F1G. 3. Comparison of calculated and experimental tem-
perature profiles; T, = 282.2 K, T; = 2941 K, P = 98 kPa,
r=003Ks ' h=125mm.

initial pressure in the chamber 39.6 kPa; and heating
rate 0.05 K s~ L. Temperature profiles 1-5 correspond
to times 0, 240, 520, 960 and 1100 s, respectively. In the
last case (Fig. 5), the thickness of the naphthalene layer
was also 18.8 mm, the initial plate temperatures were
282.2 and 295.1 K, respectively, the initial pressure
98 kPa, and the rate of heating 0.02 K s~ 1. Profiles
1-6 correspond to times 0, 500, 1040, 1550, 1960 and
2500 s, respectively.

The examples given indicate good agreement
between the calculated and observed temperature
profiles. The results thus verify the validity of the
mathematical model used for the description of
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FiG. 4. Comparison of calculated and experimental tem-
perature profiles; T, = 2824 K, T, = 291.0K, P = 39.5kPa,
r=005Ks™ ', h=188mm.



Transient heat and mass transfer in a two-phase system

T I T T
340
T,K
320+
00|~
280(- . , . L
0 02 04 0,6 08 1
yd

F1G 5. Comparison of calculated and measured tempera-
‘ture profiles; T; = 2822 K, T, =295.1 K, P =98 kPa,
r=002Ks"!,h=18.8 mm.

transient heat and mass transfer in the respective
equipment and the applicability of the mathematical
solution. It is also validated that at the given system
geometry there is no free convection in the system and
that the heat flux between the plates can be well
approximated by the unidimensional simplification. It
follows also from the figures that the method applied
enables a straightforward calculation of the tempera-
ture of the subliming surface. The practically linear
temperature profiles in the vapour-gas mixture which
were calculated indicate that the predominating
mechanism of heat transfer in the experiments is
convection, which substantiates the results of the
carlier analysis [9]. From the point of view of
computing temperature profiles, theentire problemcan
thus be simplified to heat transfer in the two-phase
system, solid—inert gas.
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APPENDIX

The coefficients in equations (10)-(12) are defined as
follows:

A=kJpC,
B = (1/p,C.)(¢k,/02),
C = ky/pyiConp
D = (1/py,C. i) (Cky/02~0),
= —(1/pyC) {J(011,/02) + I (011 /52)
+RT &, +J )0z +(2/PYE[ PP — P, Yv,— v,)}/0z
+ P(Ev/02)},
F = RD,T**Y/(P—P,),
G = RDS,TS[T(P—P)}/cz,
H = (xRD%,T/P)P,T* " (8*T/0z%)
+&P, T~ Y)/6:(6T/82)— RTE[P,N (P — P,))/éz
+(P/T)(ET/cr)
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where the single variables are defined by the following form

relations
ko = x ke, + Ay )+ x .k f(x, + Ag x,)
v, =NJje, v, =Nyc, and the partial molar enthalpies of the components
v =(p,0,+py)/p, T _ T
i, = C,.dT, I, = Coe dT
J,=cfv,—~v), Jp=cfr—), o T
Cv" = (va“,,+ng‘,,_g)/p. where the temperature of the condensation surface T is taken

as the reference temperature. Some coefficients can be further
The dependence of thermal diffusivity of the vapour-gas  adjusted; as given here, they were used for the difference
mixture on mixture composition is considered to have the  transcription of equations (10)}+(12).

TRANSFERT TRANSITOIRE DE CHALEUR ET DE MASSE DANS UN SYSTEME
DIPHASIQUE SOLIDE-MELANGE VAPEUR ET GAZ AVEC SUBLIMATION

Résumé—On analyse le transfert transitoire de chaleur et de masse dans un systéme diphasique en sublimation
solide-mélange de vapeur et de gaz. Le but est de déterminer la température de 1a surface du solide plan qui
sublime dans un gaz inerte dans le cas o1 la température de la plaque chauffante est fonction du temps. La
description mathématique du systéme est vérifie expérimentalement en déterminant les profils de
température dans une plaque de naphtaléne dans le systéme naphtaléne-hélium. Un bon accord entre les
profils de température calculés et mesurés justifie les approximations faites et vérifie les résultats d’'une analyse
antérieure du transfert variable de chaleur et de masse dans la diffusion thermique d’une chambre de Wilson.

INSTATIONARER WARME- UND STOFFUBERGANG IN EINEM SUBLIMIERENDEN
ZWEI-PHASEN-SYSTEM AUS FESTSTOFF UND GAS

Zusammenfassung—Der instationire Wirme- und Stoffiibergang in einem Zwei-Phasen-System aus
Feststoffund Gas wird untersucht. Das Ziel der Arbeit ist die Bestimmungder Temperaturder sublimierenden
Oberfliche eines Feststofles, der von einer Platte in eine Inertgasschicht verdampft wird, wobei die
Plattentemperatur eine Funktion der Zeit ist. Die mathematische Beschreibung des Vorgangs wird
experimentell bestatigt durch die Bestimmung des Temperaturverlaufs in einer festen Naphthalinschicht in
dem System Naphthalin-Helium. Die gute Ubereinstimmung zwischen den berechneten und gemessenen
Temperaturverldufen rechtfertigt die angenommenen Vereinfachungen und bestitigt die Ergebnisse einer
fritheren Untersuchung des instationiren Wirme- und Stoffiibergangs in der Thermodiffusions-
Nebelkammer.

MNEPEXOJHBIE NPOLECCH TEIJIO-H MACCOOEMEHA B IBYX®A3HOI CUCTEME
«CYBJIHMHWPYIOUWEECS TBEPHOE TEJIO - MIAPOTA30BASA CMECb»

Ansorauwa—ITpoBenen aHami3 HeyCTAHOBHBIUErOCs TeM;10-H MacconepeHoca B AByxdasHoil cucteme
«cyOnuMupylollieecs TBepIOe TElI0 — haporasoBas cMecs». HccrmegosaHue npeanpHHATO © LEABIO
ofipeae/IeHHA TEMMEPATYpPHl CyGanMIpyollefics NOBEPXHOCTH TBEPAOro BELICCTBA, HCMAPAIOLIETOCK
¢ NIAacTHHH B C;10ii HHEPTHOTO ra3a B cnydae, KOTZa TeMMEPaTypa IUIACTHHBI ABAsSeTCA QyHKUnei
BpeMeHH. MaTteMaTHYECKOe ONHMCAHHE CHCTEMB!I MPOBEPEHO IKCNEPHMEHTANLHO NMYTEM ONpeleNeHHs
npoduneil TeMnepaTtyphl B cio¢ Tsepaoro HadrammHa B cucreme HadTanmH — reamii. Xopouee
COBNANEHHE MEKOY PACCYHTAHHBIMH H H3MEPEHHBIMH NPOQILIAMH TEMIEPATyps! MOATBEPAAZET
CIIPaBeUTHBOCTh HCIOJb3YeMBIX aNNPOKCHMALHI H [aeT BO3MOKHOCTL NPOBEPHTH TOYHOCTH Pe3y/ib-
TATOB QNHANH33a HECTALHOHAPHOIO TEIUIO-H MAcCcONepeHoca, NPoBeJeHHOro B TepMudeckoii anddy-
3HOHHO-KOHAEHCALHOHHOIT Kamepe.





