Numerical Modeling of Physical Vapor Transport of I2 in horizontal cylinders
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Abstract

Using iodine as transport species and cyclobutane as inert background gas, physical vapor transport rates in horizontal cylindrical ampoules were accurately measured over a wide range for well-defined ampoule filling and thermal boundary conditions. Nonlinear axial temperature distributions were applied that minimized multiple crystal nucleation. Ampoule filling conditions were chosen that resulted in the dominance of either compositionally or thermally driven convection. Three-dimensional numerical modeling of the transport process yielded quantitative agreement with measured transport rates. Analysis of the calculated flow and concentration fields reveals the physical reasons for the failure of the various two-dimensional models to reproduce the experimental results. The 2- and 3D numerical modeling has been conducted using the PHOENICS finite volume code and an in-house spectral code.

1 Introduction and background

Diffusivity in vapors are several orders of magnitude larger than in liquid crystal growth nutrients. Therefore, in crystal growth by vapor transport (VT) , diffusion-advection dominate over buoyancy-driven transport in relatively wide regions in the vicinity of the vapor-solid interfaces. The actual dimensions and shape of these interfacial regions, in which convective transport is insignificant , depends on the intricate interplay of momentum, mass, species and energy transfer in the specific system interest. Hence, the details of this complex interplay largely determine the transport rates. This has not been fully recognized in earlier VT modeling efforts.


Diffusion-governed VT has exclusively been formulated as a 1D problem in which viscous interaction between vapor flow and ampoule walls was either ignored or only heuristically accounted for. Among the diffusive-convective VT models, the most widely used one is that for transport in horizontal ampoules by Klosse and Ullersma [1]. These authors accounted for the dependence of the vapor density on temperature only on the buoyancy term, and excluded contributions from compositional density variations. In addition, a uniform temperature gradient and a single convection roll was assumed between source and crystal, and net mass transfer across the vapor space was ignored in the momentum equation. 


Various aspects of the steady-state features obtained in these earlier modeling efforts have since been expanded upon by other workers [2]. It should be noted, however, that all these were based on 2D models with linear wall temperature profiles between source and growing crystal .


Linear temperature profiles, however, tend to result in unwanted crystal nucleation and growth in the cooler part of the VT ampoule. This parasitic crystallization is a consequence of the specific supersaturation distribution associated with linear temperature profiles [3,4]. As a countermeasure, it is common practice to apply a temperature hump between source and crystal, with a steep gradient at the growing interface [5]. This lowers the supersaturation along the transport path below the interfacial value that drives the growth of the main crystal. However, the two opposing gradients of a temperature hump tend to lead to more than one convection roll . Although there are experimental  indications of multicellular flow patterns in vapor growth ampoules, such complex VT systems have not been modeled before.


Due to this three-dimensional flow (see Fig. 1), transport in the end regions of an ampoule, outside the vertical mid plane, must be diffusion-limited over larger distances from the interface than in the mid plane. Hence, for the transport-limited VT in ampoules, we must expect that 2D models, which predict the same (shorter) diffusion distance across an interface, in general overestimate the vapor transport rate. 

In the following we will present a systematic experimental and numerical study of PVT, which confirms this expectation. We will describe a 3D numerical model which, for the first time for the complex, realistic conditions considered, yields quantitative agreement between simulated and measured transport rates. The 3D numerical has been conducted using the PHOENICS code and also a 3D spectral code. Furthermore, through detailed comparison with the 3D results for velocity, temperature and species distributions, we will identify the physical reasons for the shortcoming of the various 2D models.

2. Benchmark experiments

In order to provide definitive physical vapor transport rate for the verification of numerical modeling results, we have conducted PVT experiments with well defined conditions (Fig. 2) for the following essential parameters :

Geometry : horizontal cylindrical ampoule.

Vapor composition : iodine transport through cyclobutane (C4F8) ; the molecular weights of these species are sufficiently close to each other that, for the small temperature gradients used, Soret (Thermal) diffusion can be ignored.

Interfacial kinetics : iodine requires an immeasurably low interfacial supersaturation to drive significant growth rates, thus justifying the assumption of interfacial equilibrium.

Temperature distribution : continuous monitoring of the wall temperature distribution and interfacial temperatures throughout the transport experiments.

Transport rates : continuous monitoring by differential weighing of the net mass transferred between the two interfaces.


A total of 15 transport rates determinations were carried out with three ampoules at different C4F8 filling pressures and five different axial temperature distributions, T(z), each. The five T(z)’s for the runs with pfill = 30 mm Hg plotted in Fig. 3 are typical in shape for all temperature profiles used.. Table 1 lists the specific experiment conditions for the filling pressure, the transport length between the planar interfaces, and the interfacial temperatures, together with the expansion coefficients for the corresponding temperature profiles
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3. Model and numerical analysis

3.1 Formulation of the model


We have modeled the PVT ampoule as a horizontal cylinder of radius a and length L between the planar source and crystal interfaces ; Fig. 4a. These isothermal interfaces are held at temperature Ts and Tc, respectively , with Ts > Tc. Component A sublimes from the source, is transported through a non reactive component B, and condenses at the crystal interface. At both interfaces, component A is in equilibrium with its solid and component B is completely rejected. The cylinder sidewalls, with steady temperature distribution T(z), are impermeable to both vapor components. 


The transport in this system is governed by the coupled conservation equations for mass, momentum, energy and species for « compressible » fluids. Rather than using the boussinesq approximation, the dependence of density on composition and temperature (« compressibility ») was retained in all equations, including the interdiffusion term in the energy transport equation. Frictional contributions to energy transport, radiative heat transfer and soret diffusion were neglected. For the specific equations used, see ref [6] : continuity (table 3.4.1), momentum (eq. 18.3-5), energy (table 18.3-1), in terms of T and Cp) and species (table 18.2-1). 


The local value of the total pressure, which was held constant at a specific location throughout a given numerical experiment (se below) was calculated as follows; see also the list of nomenclature. Employing the idela gas law, the number of moles of B in an ampoule of volume V is determined from pfill as 
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which, from mass conservation, must also obey
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Integrating CB(z) over the whole voulme, setting Eqs. (2) and (3) equal, and utilizing CB(z) obtained from the mass balance of the 1D diffusive-advective transport of CB, we get for the total pressure
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where the partial pressures of component A (iodine, in mm Hg) at the source and crystal are computed with Ts and Tc, respectively, from the vapor pressure relation
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with A=-3578.00, B=-2.51 and C=17.715. The average temperature in Eq. (4) is taken as 
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Values of P, for select cases to be discussed in Sect. 4, are listed in Table 2.


The local vapor density was calculated from the total pressure using ideal gas law and the local mean molecular weight M
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Employing the local specific heat
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the local, composition-dependent thermal conductivity, thermal diffusivity, and viscosity were calculated from standard expressions evaluated at the average temperature from data for the two components.


Since the binary diffusivity is rather independent of vapor composition, but depends more sensitively on temperature than the above properties, it was calculated according to [6] from
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with C=2.74x10-4, b=1.823, using the local reduced temperature
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where the critical temperatures (TcA, TcB) and pressures (pcA,pcB) were taken from litterature. For select values of DAB see Table 2. All other properties were calculated using mixture formulas for physical properties.


The following boundary conditions were used (see also list of nomenclature) :

At the interfaces (z=0,L) :
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At the sidewalls (r=a) : 
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With this set boundary conditions, Eqs (11-17), the pressure does not need to be explicitly specified at the boundaries. However, to accelerate convergence, the total pressure, Eq. 4 was fixed at one point in the middle of the computational domain.


For plotting of the results and for evaluation of the Klosse-Ullersma model ([1]), we have used the following definition of the Grashof number
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with
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and
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3.2 Method of solution


First we solved the governing equations for boundary conditions (11) – (17) with the finite volume code PHOENICS [7,8]. 

The fickian boundary conditions have been coded in the GROUND subroutine, as well as the source terms for interdiffusion and the physical properties (DAB and  Cp).

The computational grids for the simulation of the fifteen cases were selected through grid refinement studies, to obtain well-converged stable solutions and sufficient accuracy. The grid lines were more finely spaced near the source and crystal interfaces where the gradients are the steepest. The final choice of grid meshes for the PHOENICS 3D solutions were as follows : case 1-10 (see Table 1) 21 radial, 24 azimuthal and 61 axial grid elements ; cases 11-15 : 21 radial, 32 azimuthal and 79 axial grid elements. For the 2D cases we used 32 and 79 elements, respectively, in y- and z- direction.


In 2D simulations, because sidewalls, are only present on the top and bottom, flows experience less viscous resistance than in 3D cases with same cross-sectional area. To investigate the importance of this effect, we have performed two types of 2D and Klosse-Ullersma calculations. In the first group, we chose the heights of the cavity to be 2a, and its depth to result in the same cross-sectional area as the circular cylinder ; half of this rectangular cross-section is shown as dotted area in Fig. 4b. In the second group, in order to increase the flow resistance, we have approximated the circular area by two symmetric sets of five slabs of equal width and progressively smaller height ; for their definition see the right half of Fig. 4b.


The 3D results for the total transport rate obtained with PHOENICS agreed very well with the experimental values (see Table 3). We have also developed an in-house code based on spectral methods (Fourier-Chebyshev polynomials). The results of  the spectral  code agree well also with those obtained with PHOENICS.

4. Results and discussion


The experimental and numerical results, together with transport rate predictions obtained from Klosse and Ullerma’s analytical model (KU) and the diffusive-advective 1D model, are listed in Table 3. Plots of these results VS. Gr are presented in Figs. 5-7. It should be emphasized that a single scalar cannot fully characterize convective transport resulting from a nonlinear temperature profile. Hence, the Grashof number should here only be viewed as a convenient plotting parameter. Note that for all cases with low and medium pfill, Gr < 0. Since Ts > Tc, thermal expansion alone would cause s<c, and according to Eqs. (18) and (19) , Gr > 0. Hence, Gr < 0 indicates that in these cases the (interfacial) densities of the I2 and slightly lighter C4F8 are such that the compositional contributions to the axial density gradients dominate the thermal ones on the scale of the ampoule length. In the other hand, for all cases with pfill = 100 mm Hg, where Gr> 0 , the axial density gradient is dominated by thermal expansion.


As expected, Figs. 5-7 reflect a systematic overestimate of the transport rates by all 2D models. This overestimation is significantly reduced on increasing viscous dissipation through  the larger surface-to-volume ratio of the multiple-slab approximation of the ampoule’s circular cross section ( 2D/10, KU/10). This trick, however, is no substitute for a realistic account of the three-dimensional character of actual VT flows, which, as discussed in connection with Fig. 1, tends to further reduce the transport rate. The diffusive-advective 1D model, on the other hand, can result in reasonable predictions only as long as the net convective transport contributions are insignificant, which appears to be the case at the lowest pfill.


More importantly, Figs. 5-7 present, for the first time, a quantitative agreement between numerically simulated and experimentally well characterized PVT rates over a wide range of  transport parameters. Beyond this practically important agreement between modeled and measured overall transport rates, the simulations reveal a wealth of information on the intricate interplay between diffusive and convective transport of species and energy on a finer length scale. This will become apparent in the following discussion of global results in terms of local transport features. To keep the presentation manageable, we have selected the four most informative cases from the 15 cases treated, and show 3D computational results only for select parts of the grid points.

4.1 Low pressure (case 4)


From the good agreement between 1D and experimental results at pfill = 8.5 Torr (cases 1 – 5 in Table 3 and Fig. 5 ) it is tempting to conclude that, at this low pressure, throughout the ampoule convective transport is insignificant compared to diffusion. Closer inspection of the velocity, concentration and temperature fields, however, proves this conclusion erroneous. Figure 8 illustrates the mass-average velocity distribution in the vertical midplane (( = 0,  ) of the ampoule. One sees that the bulk flow consists of a single convection roll, which changes flow direction before reaching either interfaces. The velocities are highest in the source region of the ampoule. (For the magnitudes of velocity components in this and the following cases, see the maximum velocity values listed in Table 4). Note that over a considerable distance from the crystal, the velocity field remains rather weak and uniform, in spite of the convection roll in front of it. Hence, diffusion remains the dominant transport mode over a significant fraction of the transport path. The small contribution of convection to the net transport of component A is the result of comparable counter flow and augmenting flow, respectively, above and below the horizontal midplane. 


Note that for this low filling pressure case, DAB is particularly high ; see table 2. This is because the diffusivity is inversely proportional to the total pressure (see Eq. 9). Thus, in the absence of strong interfacial convection, radial concentration gradients can readily be suppressed by diffusion. Fig. 9 reveals that a rather uniform growth rate distribution results, with only about 10% reduction at the walls and slightly more rapid growth in the lower half of the crystal due to weak transport augmentation by the convection roll.


The overall flow behavior can be interpreted in terms of the concentration and temperature fields to which it is coupled. The concentration distribution for A is illustrated in Fig. 10 by partial pressure isobars in the vertical mid-plane ( = 0, ), horizontal mid plane ( = /2, 3/2) and of 3D isobar surfaces. Isotherm distributions for this case are presented in Fig. 11. A comparison of Fig. 8-11 leads to the following conclusions :

a) The convection roll is essentially driven by the compositional density gradient that is maintained by the source in the left region, where the axial temperature profile is relatively flat.

b) The low velocities in the right half of the ampoule result from the counteracting compositional and thermal gradients at the crystal. These that are both much more pronounced than at the source.

c) The temperature field in the vapor is much more deformed by convection than the concentration field. This reflects the lower value of the thermal diffusivity compared to DAB. Note that, in contrast to the PA isobars are symmetrically pinned on the ampoule wall by the thermal boundary conditions.

Figure 12 illustrates the importance of both, a uniform or positively sloped T(z) in the left half of the ampoule, and a steep negative temperature gradient at the crystal-vapor interface. The two heavy curves represent calculated pA(z) distributions along the ampoule wall at  = 0 (ampoule top) and =  (ampoule bottom), respectively, resulting from transport in case 4. The light curve is the equilibrium pA (z) corresponding to the actual wall temperature distribution. One sees that with this particular, experimentally determined T(z) the vapor is not supersaturated anywhere along the transport path. In contrast, a linear T(z) between Ts and Tc leads to an equilibrium pA (z) (see dashed curve) that results in supersaturated vapor along most of the ampoule. Hence, it is not surprising that practitioners, who use linear temperature profiles in VT, obtain numerous parasitic crystals on the ampoule wall way  « pstream » of the main crystal.

4.2 Medium pressure (case 10)


Figure 13 presents the mass-average velocity distribution in the vertical midplane ( = 0, ) of the ampoule for this medium total pressure case. Similar to case 4 (Fig. 8), the bulk flow consists essentially of a single convection roll, with maximum velocities about 50% higher. However, the center of the rolls has moved much closer to the crystal. Again, there is a zone of significant width ahead of the crystal, in which convection is relatively weak. The overall transport rate is only slightly higher than in case 4v (Figs 5 and 6, Table 3). Thus, it appears that the decrease in diffusivity from the higher total pressure (Eq. 9 and Table 2) counteracts the enhanced delivery rate to the diffusion region at the growing interface. The interfacial flow field contains a weak counter roll, resulting in considerably higher growth rates in the upper part of the crystal ; Fig. 14.


Again, it is revealing to interpret the above flow in terms of the coupled concentration and temperature fields. Figs 15 and 16 depict partial pressure isobars and isotherms, respectively, computed for this case. A comparison of Figs 13-16 permits the following conclusions :

a) The high velocities are driven by the compositional density gradient that is maintained by the source in the left region, where the axial temperature profile is relatively flat.

b) The absence of significant convection in the crystal region is due the thermally induced steep density gradients that opposes the compositional driven main roll.

c) The now much stronger deformation from the convection is again more pronounced in the temperature  field than the concentration field. Thus, the counter roll in the crystal region can readily be seen in the isotherms in the vertical mid plane, Fig. 16.

Figure 17 well illustrates the need for a larger negative temperature gradient at the crystal-vapor interface than in case 4 : the stronger convection causes a steeper concentration gradient which requires a steeper T to prevent supersaturation in this region.

4.3 High pressure (cases 13 and 15)


The mass-average velocity distribution in the vertical midplane (q=0, p) of the ampoule for case 13 is reproduced in Fig. 18. The maximum velocities are comparable to those of case 10. Yet, the ampoule contains now two extensive counter rolls. This is well illustrated by the partial pressure isobars (Fig. 19) and isotherms (Fig. 20). The left roll is still compositionally driven ; the right roll which contains the highest velocities, arises from the steep interfacial temperature gradient required in this case (see also below). Note that halfway between source and crystal, convection is very weak. At this high pressure, the diffusivity is about four times lower than in case 10 (see Table 2). As a result of this high transport resistance in the middle of the ampoule, the overall transport rate is decreased to about 40% of that of case 10. This is inspite of the much stronger convection in the crystal region. On the other hand, the strong thermal roll in this region (see the strong deformation of the isobars near the crystal in Fig. 19) causes  an order of magnitude higher deposition (growth) rate on the upper part of the interface than near its bottom (Fig. 21).


Figure 22 illustrates the necessity for a particularly steep temperature gradient at the crystal-vapor interface in case 13. Note that due to the strong thermal convection roll close to the crystal, the pA values at the top of the ampoule exceed those at the bottom. This concentration cross-over depends sensitively on the relative weight of the compositionally driven roll in the source region and the thermally driven counter roll in the crystal region. As reflected in Fig. 23, under the conditions of case 15, the left roll obviously is enhanced more that the left roll, resulting in compaction of the region with inverted pA (z). The realistic nature of these computed results is emphasized by the quantitative agreement between the experimentally determined and calculated interfacial Paeq (T) gradient necessary to avoid nucleation in front of the main crystal.

5. Conclusions


High fidelity modeling of PVT processes requires not only proper consideration of thermal and compositional boundary conditions, and of local variations of the transport properties, but full account of the three-dimensional geometry of the ampoule. Agreement between the results of laboratory experiments and two dimensional transport models should be met with reservation.
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Table 1. Experimental conditions


Pfill
[Torr]
L

[mm]
Ts

[C°]
Tc

[C°]

1
8.5


98
59.8
41.9

2


73.1
51.1

3


84.6
61.1

4


95.0
70.5

5


104.4
76.5

6
30
101
73.1
50.3

7


95.4
71.0

8


104.3
75.5

9


107.1
74.2

10


112.6
87.1

11
150
99
83.2
53.0

12


91.3
61.8

13


97.6
69.0

14


103.0
72.2

15


111.7
80.9

Table 2. Select values of computed total pressure and binary diffusivity used in simulations

Parameter
Case 4
Case 10
Case 13
Case 15

P   [ mm Hg]
37.4
100.98
204.27
240.40

DAB [cm².s-1]
0.69
0.50
0.13
0.12







Table 3. Experimental and calculated transport rates [g/hr]

Case
Gr
Exper.
3D

Spectral
3D

Phoenics
2D
2D/10
KU
KU/10
1D

1
-1.38x10²
0.14
0.14
0.14
0.15

0.17
0.15
0.14

2
-6.49x102
0.35
0.34
0.35
0.39

0.43
0.37
0.34

3
-2.01x103
0.64
0.66
0.65
0.80

0.84
0.70
0.62

4
-5.43x103
0.98
1.03
1.02
1.60
1.33
1.70
1.26
0.93

5
-1.32x103
1.40
1.62
1.60
4.14
3.20
5.00
3.30
1.40

6
-1.61x103
0.11
0.11
0.11
0.15

0.18
0.13
0.08

7
-6.00x103
0.42
0.45
0.45
0.70

1.03
0.67
0.28

8
-1.33x104
0.68
0.65
0.65
1.34

2.69
1.78
0.48

9
-1.73x104
0.85
0.89
0.88
1.87
1.56
3.42
2.33
0.60

10
-2.87x104
1.08
1.16
1.14
3.91
2.95
4.10
2.85
0.69

11
1.07x105
0.18
0.16
0.16
0.28

0.26
0.23
0.045

12
8.64x104
0.26
0.26
0.26
0.41

0.40
0.35
0.05

13
6.75x104
0.40
0.32
0.32
0.52

0.54
0.48
0.07

14
6.00x104
0.52
0.43
0.43
0.69
0.61
0.72
0.65
0.09

15
2.88x104
0.89
0.92
0.90
1.28
1.18
1.09
1.00
0.14

Table 4. Extrema of calculated velocity components [cm/s]

Component
Case 4
Case 10
Case 13
Case 15

uz 
min
-1.94
-3.39
-3.67
-2.72


max
2.51
3.69
2.93
2.71

u
min
-1.74
-2.70
-2.82
-3.87


max
1.74
2.85
3.69
4.19

ur
min
-1.74
-2.74
-2.82
-3.85


max
1.74
2.74
2.82
3.85
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Fig. 1 Three Dimensional convective flow in differentially heated horizontal cylinder as deduced from laser fringe anemometry and numerical modelling.
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Fig. 2 Experimental arrangement for PVT rate studies. (1) Transport apmpoule with solid iodine endplugs (2) and C4F8 as inert gas filling, (3) thermocouple wells for interfacial temperature measurments, (4) thermocouples for wall temperature distribution measurement, (5) glass rod to hang ampoule from wires, (6) of electrobalance, (7) transparent vacuum jacket carrying ten heating loops (8), (9, 10) thermostated end plugs.
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Fig. 3 Ampoule wall temperature profiles used with pfill = 30 Torr.
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Fig. 4. (a) PVT model definition sketch. (b) Cross sections used for 2D transport calculations : twice the dotted area (equal to area of circle) for traditional approach ; twice the shaded area for approximation of the increased friction experienced by flow in the circular area. Note that the dashed area is only 9% larger than half of the circle.
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Fig. 5. Transport rates versus effective Grashof number for pfill = 8.5 mm Hg. Full circles : experimental results. Curves : numerical and analytical predictions. KU/1 : conventional Klosse-Ullersma model ; KU/10 klosse-Ullersma model based on 10 parallel slabs ; 2D/1 : conventional 2D calculation ; 2D/10 2D calculation based on 10 parallel slabs ; 3D : full 3D calculation ; 1D : diffusion-advection calculation.
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Fig. 6. Transport rates versus effective Grashof number for pfill = 30 mm Hg. Full circles : experimental results. Curves : numerical and analytical predictions. KU/1 : conventional Klosse-Ullersma model ; KU/10 klosse-Ullersma model based on 10 parallel slabs ; 2D/1 : conventional 2D calculation ; 2D/10 2D calculation based on 10 parallel slabs ; 3D : full 3D calculation ; 1D : diffusion-advection calculation.
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Fig. 7. Transport rates versus effective Grashof number for pfill = 150 mm Hg. Full circles : experimental results. Curves : numerical and analytical predictions. KU/1 : conventional Klosse-Ullersma model ; KU/10 klosse-Ullersma model based on 10 parallel slabs ; 2D/1 : conventional 2D calculation ; 2D/10 2D calculation based on 10 parallel slabs ; 3D : full 3D calculation ; 1D : diffusion-advection calculation.
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Fig. 8. Velocity vectors in vertical mid-plane (=0, ) of ampoule for case 4 ; for magnitude see table 4.
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Fig. 9 Growth rate distribution across interface for case 4.
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Fig. 10. Distribution of partial pressure of component A in case 4. Isobars in the vertical midplane (=/2, 3/2), and 3D isobars surfaces ; values are in [mm Hg].
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Fig. 11. Temperature distribution in case 4. Isotherms in the vertical midplane (=0, ), horizontal mid plane (=/2, 3/2), and 3D isobar surfaces ; values are in [K].
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Fig. 12. Distribution of partial pressure of component A in case 4. Heavy curves : transport-conditioned pA(z) along the ampoule wall at  = 0 (ampoule top) and  =  (ampoule (bottom). Light curve : equilibrium pA(z) corresponding to wall temperature distribution. Dashed curve : equilibrium pA(Z) from constant gradient between Ts and Tc.
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Fig. 13. Velocity vectors in vertical mid-plane (=0, ) of ampoule for case 10 ; for magnitude see table 4.
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Fig. 14 Growth rate distribution across interface for case 10.
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Fig. 15. Distribution of partial pressure of component A in case 10. Isobars in the vertical midplane (=/2, 3/2), and 3D isobars surfaces ; values are in [mm Hg].
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Fig. 16. Temperature distribution in case 10. Isotherms in the vertical midplane (=0, ), horizontal mid plane (=/2, 3/2), and 3D isobar surfaces ; values are in [K].
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Fig. 17. Distribution of partial pressure of component A in case 10. Heavy curves : transport-conditioned pA(z) along the ampoule wall at  = 0 (ampoule top) and  =  (ampoule (bottom). Light curve : equilibrium pA(z) corresponding to wall temperature distribution. Dashed curve : equilibrium pA(Z) from constant gradient between Ts and Tc.
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Fig. 18. Velocity vectors in vertical mid-plane (=0, ) of ampoule for case 13 ; for magnitude see table 4.
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Fig. 19. Distribution of partial pressure of component A in case 13. Isobars in the vertical midplane (=/2, 3/2), and 3D isobars surfaces ; values are in [mm Hg].
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Fig. 20. Temperature distribution in case 13. Isotherms in the vertical midplane (=0, ), horizontal mid plane (=/2, 3/2), and 3D isobar surfaces ; values are in [K].
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Fig. 21 Growth rate distribution across interface for case 13.
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Fig. 22. Distribution of partial pressure of component A in case 13. Heavy curves : transport-conditioned pA(z) along the ampoule wall at  = 0 (ampoule top) and  =  (ampoule (bottom). Light curve : equilibrium pA(z) corresponding to wall temperature distribution. Dashed curve : equilibrium pA(Z) from constant gradient between Ts and Tc. Note cross-over of pA(T) due to counter rolls in velocity field.
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Fig. 23. Distribution of partial pressure of component A in case 15. Heavy curves : transport-conditioned pA(z) along the ampoule wall at  = 0 (ampoule top) and  =  (ampoule (bottom). Light curve : equilibrium pA(z) corresponding to wall temperature distribution. Dashed curve : equilibrium pA(Z) from constant gradient between Ts and Tc.
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