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Abstract

A Rigid Interface Model (RIModel) is presented in this paper. This RIModel has been set in place to predict evaporation process of liquid chlorides such as silicon tetrachloride (SiCl4) in closed tanks. This modelling work is performed using the Computational Fluid Dynamics (CFD) code PHOENICS-3.3 of CHAM Ltd. 

Introduction

This paper describes the numerical simulation of evaporation process of liquid chlorides such as silicon tetrachloride (SiCl4) and germanium tetrachloride (GeCl4) in closed. These liquids are used in the optical fibre industry as raw materials because of the high degree of purity obtained by distillation. These starting materials, liquid at the ambient temperature, have to be transformed in vapour to be carried out to the process chamber where they are transformed in oxides : silicon oxide (SiO2) and germanium oxide (GeO2). The more used technique to transform liquid chlorides in vapour consist in bubbling a carrier gas (mainly Oxygen (O2)) into the liquid. At the outlet of the container, we obtain a mixture between the carrier gas and the vaporized liquid. One of the problems of this technique is its limited efficiency. The direct evaporation method is supposed to give better efficiency but is very delicate to perform. The use of the numerical modelling is an useful aid for whom wants to understand the mechanism of evaporation and improve evaporation processes. This modelling work is performed using the Computational Fluid Dynamics (CFD) code PHOENICS-3.3 of CHAM Ltd. PHOENICS, that stands for “Parabolic Hyperbolic Or Elliptic Numerical Integration Code Series”, can predict quantitatively fluids flows (in closed or opened domains), changes in chemical and physical composition and stresses in immersed solids. Moreover the domain in which the PHOENICS Code stands out others CFD Codes is in its ability to solve multi-phase flows. This feature is essential when one wants to predict phenomenon of phase change such as evaporation for instance.            

This study concerns numerical simulation of hydrodynamic and thermal phenomena taking place inside closed cylindrical vessels. Inside the vessel coexist both phases (vapour and liquid) of the precursor. The simulation starts from a thermodynamic equilibrium situation. The simulated process consists in collecting a part of the vapour present inside the container. This quantity of collected vapour varies in time. This collection causes a pressure drop inside the vessel and as a result, a drop of the liquid-vapour interfacial temperature. The interfacial temperature drop creates a thermal gradient at the near interface both in the vapour and in the liquid. This temperature drop is responsible from the evaporation of the liquid. The evaporation will balance the collection of vapour thanks to the mass transfer at the interface that slows down the pressure drop inside the container (or even increase the pressure)   

Here we present the specific model developed for prediction of liquid evaporation phenomenon in closed tank. The resolution of each phase is made separately (multi-domain method) and the two phases are linked by boundary conditions at the liquid-vapour interface. These boundary conditions give the exact quantity of liquid vaporized and allow to fix a moving speed of the liquid-vapour interface which is represented by a rigid plate. This interface acts as a “rigid piston” that reduces the size of the liquid volume (and increase the size of the vapour domain) in the case of evaporation (and the contrary in the case of condensation). The fixed boundary condition takes account of both phenomena (evaporation and condensation). Because of its specificity this model is called Rigid Interface Model or briefly RIModel.  

The Rigid Interface Model (RIModel) – Mathematical governing equations

Authors ([1] – chapter 12) describe two kinds of evaporation process for liquids. First an evaporation process where vapour is directly produced at the liquid-vapour interface (for instance by a radiative heating of the surface of the fluid) and second an evaporation process (boiling) where vapour is produced in the form of bubbles which start, grow at the solid heated surface, separating when reach a certain size and rising through the liquid surface. In case of pool boiling heat is supplied by a submerged solid surface. Mechanisms of pool boiling have been described by authors ([1] – chapter 12, [2] – chapter 7) and a distinction is made between subcooled boiling (where no bubbles start from the solid surface or where bubbles recondense near this surface) and boiling with net evaporation (with bubbles arising from the solid heated surface, going through the bulk of the liquid and emerging at the interface). 

For this study we have considered deliberately a situation of pool subcooled boiling with two phases liquid and vapour clearly separated. In this case the system is quite similar to melting process described in the literature ([1] – chapter 5). In this situation two regions with different thermodynamic properties are separated by an interface which is moving in function of time. Heat exchange between the two phases is made at the interface according a mechanism of heat conduction with additionally a release (case of solidification or condensation process) or an absorption (case of melting or evaporation process) of heat due to phase transformation. Experimental profiles of temperature distribution at the surface of a boiling liquid CCl4 in an experimental situation that can be compared with subcooled boiling are reported in the literature ([3] – pp. 198-199) and are similar to typical heat conduction temperature profiles. 

The Rigid Interface Model (RIModel) has been developed to predict evaporation phenomena inside cylindrical closed tanks according to those considerations. A thin plate (1 mm) is inserted between liquid and vapour phases and the calculation domain is spitted in two domains each with its own thermodynamic properties. The interface has a shift equal to the mass transfer at the interface (speed of evaporation). Briefly the major characteristics of the Rigid Interface Model are :

· Calculation of the vapour quantity at each time step by a mass balance and the perfect gas law :

Mvap (t) = Mvap (t = 0) – Mcoll (t) + Mint (t) 

· Calculation of liquid interface temperature (called also saturation temperature Ts) with an Antoine’s equation. For Silicon Tetrachloride (SiCl4), the Antoine’s equation is given by  ( [4] ) :

Pv = 10[ 4.09777 – 1200 / ( Ts - 37 ) ] 

· Calculation of the mass balance at the interface :

qint (t) . (Hvap = [ (vap . ((T/(z) - (liq . ((T/(z) ] 

· Interface taken as a rigid plate with a speed of displacement equal to qint (t)

· Friction at the upper side of the rigid plate (vapour contact) and slip without friction at the lower side of the rigid plate (liquid contact).

Figure 1 presents a schematic of that Rigid Interface Model with the two domains (liquid and vapour) separated by the thin solid plate that behaves as a ‘piston’. 
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The value of the collected vapour flow rate (Q) is fixed by the need of the process. For each value of the collected flow rate (Q) several values for wall temperature (Twall) are tested. This parametric study gives for each case data such as pressure, temperatures (of both phases) and velocity profiles (V : scalar component of Y-axis and W : scalar component of Z-axis). For this parametric study we have taken intuitively the same time dependance for the value of the computed wall temperature than the one of collected vapour flow rate (Q). Indeed, to warranty an almost constant value for vapour pressure inside the tank, the variation of wall temperature has to follow same time variation to overcome the cooling effect of the liquid vaporization at the interface (latent heat of vaporization needed by the system).

Figure 2 presents the closed tank computational grid. Because of angular symmetry of tanks, the computational domain is reduced to an angular fraction of 2 degrees. At the centre of the upper side an opening with a diameter of 5 mm is made in the tank to collect the vapour flow (Q). The Rigid Moving Interface is visible in black. A special refinement has been made at each wall contact (upper, lateral and bottom wall) and also from both sides of the Rigid Moving Interface.    
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case n°1 : S1 - Q1

case n°2 : S1 - Q2

case n°3 : S1 - Q3

case n°4 : S2 - Q1

case n°5 : S2 - Q2

case n°6 : S2 - Q3

case n°7 : S3 - Q1

case n°8 : S3 - Q2

case n°9 : S3 - Q3


In the PHOENICS Code the function ZMOVE is particularly well adapted for feature of that RIModel. Indeed this moving grid option permits a sub-division of the z-wise grid into any number of parts. Each part can be specified as stationary, moving and expanding or contacting ([5]). As it can be seen on Figure 2 the z-wise grid is separated in five parts which are respectively from the lower side to the upper side of the tank :

· part 1 : stationary liquid part to allow a sufficient refinement at the lower side of the tank  

· part 2 : contacting (evaporation of liquid) or expanding (condensation of liquid) liquid part 

· part 3 : Rigid Moving Interface (1 cell) 

· part 4 : expanding (evaporation of liquid) or contracting (condensation of liquid) vapour part

· part 5 : stationary vapour part to allow a sufficient refinement at the upper side of the wall 

Physical properties of Silicon Tetrachloride (SiCl4) have been taken varying with respect of temperature. These properties such as vapour pressure, density, specific heat, thermal conductivity, dynamic viscosity, enthalpy (and latent heat of vaporization) for both liquid and vapour phases have made the object of a research in the specialized literature or, for some of them, have been calculated using theorical models ([6]). Table 1 gives values of physical quantities at 44°C, temperature at which numerical simulation starts. 


Liquid
Vapour

Density (kg/m3)
1431
Perfect gas

Viscosity (Pa.s)
4.261e-4
1.037e-5

Thermal conductivity (W/m.°K)
0.0967
0.007597

Specific heat (J/kg.°K)
814.14
540.48

Surface tension  (N/m)
0.017


Vapour pressure (bar) – from [4]
0.6522

1.715e5

169.92

Heat of vaporization (J/kg)


Molecular weight (gr/mol)


Table 1. Physical constants for SiCl4 for both liquid and vapour phases. These properties are given at 44°C which is system initial temperature when numerical simulation starts.

Results from the RIModel

With this RIModel several configuration have been simulated. Three geometries have been computed. These geometries have an evaporation surface respectively equal to 5.6 dm2 (S1), 11.2 dm2 (S2) and 28 dm2 (S3) and have the same internal tank volume (29 litres) and same quantity of liquid (20 litres) at the beginning of the simulation run. For each geometry three different global vapour flows are collected at the outlet of the tank for a whole duration of five hours and are respectively equal to 1955 gr (Q1), 3910 gr (Q2) and 9027 gr (Q3). For each situation (geometry, vapour flow) several wall temperature (Twall) values have been computed. Table 2 summarizes all boundaries conditions simulated in this work with the RIModel.


Geometry n°1

S1 = 5.6 dm2
Geometry n°2

S2 = 11.2 dm2
Geometry n°3

S3 = 28 dm2

Vapour  flow n°1

Q1 = 1955 gr (5 hours run)
Case n°1
Case n°4
Case n°7

Vapour  flow n°2

Q2 = 3910 gr (5 hours run)
Case n°2
Case n°5
Case n°8

Vapour  flow n°3

Q3 = 9027 gr (5 hours run)
Case n°3
Case n°6
Case n°9

Cells (Nx, Ny, Nz)
1 x 26 x 69
1 x 34 x 39
1 x 58 x 39

Table 2. Boundaries conditions used with the RIModel and grid dimension for geometries. For every case (numbered from 1 to 9) several wall temperatures (Twall) have been computed.

Figures 4a and 4b show an example of simulation runs with that RIModel for the geometry n°2 with an evaporation surface of 11.2 dm2 (S2). 

Figure 4a presents the boundary conditions. The vapour flow rate at the outlet of the tank as a function of time (5 hours run) corresponds to a global quantity collected of 3910 gr (Q2). The vapour flow increases linearly from 0 gr/min (when simulation begins) to 26 gr/min (end of simulated run : 300 minutes). In the same time the value for the wall temperature (Twall) increases linearly from 44°C to 54°C to overcome the growing cooling effect due to evaporation of a increasing amount of liquid. 

Figure 4b presents results obtained with the RIModel. The vapour pressure inside the vessel varies from 0.652 bar (SiCl4 vapour pressure at 44°C) when simulation starts (liquid in equilibrium with its saturated vapour) to 0.624 bar at the end of the 300 minutes with a minimum around 0.617 bar at 220 minutes (5% relative variation during the 300 minutes of the simulation run). This figure gives also interfacial mass transfer that represents global quantity of liquid transformed into vapour during the run. 

For each of 9 simulated cases vapour pressure curves present similar behaviour than the one presented at figure 4b. 

[image: image3.bmp]
Figures 5a and 5b show velocity profiles for a simulated case of geometry n°2 (S2) with a vapour flow Q2 (3910 gr during 5 hours), respectively at the beginning of the simulation run (15 minutes) and at the end of the simulation run (300 minutes). These two figure show clearly the displacement of the Rigid Interface during the simulated run. In Figure 5a. (15 minutes after process starts) the Rigid Interface has shifted of 1.5 mm from its initial position. In figure 5b. (end of the simulation : 300 minutes after process starts) the Rigid Interface has shifted of 24.3 mm from its initial position.
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In Figure 5a. (15 minutes after process starts), values for velocity vary from 5.10e-6 m/s to 5.10e-2 m/s. Maximum values (between 5.10e-2 m/s and 5.10e-3 m/s) are found at the proximity of the outlet of the vessel (vapour acceleration due to collected vapour), then (between 1.5.10e-2 m/s and 5.10e-3 m/s) in the liquid phase in the large convective roll (simultaneously descending movement caused by cooling effect of the evaporation at the interface and rising movement along heated wall caused by convection), then (between 5.10e-3 m/s and 1.5 .10e-3 m/s) in the vapour phase along heated wall (rising movement induced by convection). Lower values for velocity are found in the vapour phase (between 1.10e-3 m/s to 1.10e-5 m/s).

In Figure 5b. (300 minutes after process starts : end of the simulation), values for velocity vary from 1.10e-3 m/s to 0.9 m/s. Maximum values (between 0.9 m/s and 0.1 m/s) are found near the outlet of the vessel, then (between 6.10e-2 m/s and 4.10e-2 m/s) in the vapour phase along the heated wall (rising movement along the heated wall) and in the liquid phase at the centre of the vessel (descending movement) and along the heated wall (rising movement). Lower values for velocity (between 1.10e-2 m/s and 5.10e-3 m/s) are found in the body of the liquid and at the upper part of the vessel in the vapour phase (near the upper wall).   

Figure 6 summarizes all results obtained with the RIModel. This figure presents dependence of vapour pressure inside the tank as some function of global heat quantity supplied to the system. The X-axis is set for global heat quantity (represented by surface located under wall temperature curves by unity of time). The Y-axis is set for pressure dependence (represented by surface located under pressure curves normalized with initial value of vapour pressure (Pv = 0.652 bar) by unity of time). In this figure same case numbering than in Table 2 is used.

[image: image5.bmp]
Discussion

According to Figure 6 some conclusions can be draw from results obtained with this RIModel :

· For a same collected vapour flow (Q) and a same thermal boundary condition (Twall), the larger the evaporation surface (S), the bigger the vapour pressure. In Figure 6, it means that for a displacement along a vertical rising direction, we meet first curves for S1 (5.6 dm2) then S2 (11.2 dm2) and then S3 (28 dm2). 

· For a same collected vapour flow (Q), the larger the evaporation surface (S), the weaker the wall temperature to be imposed at the wall of the tank to obtain same pressure dependence. In Figure 6, it means that for a displacement along an horizontal right direction, we meet first curves for S3 (28 dm2) then S2 (11.2 dm2) and then S1 (5.6 dm2).

Nevertheless, validity of simulation results obtained with the RIModel have to be discussed. Indeed that RIModel because of its specificity assumes that we stay in a pool subcooled boiling situation and that the liquid interface is not disturbed by bubbles starting at the solid surface and emerging at the interface. The mechanism of the onset of nucleate boiling is described in the literature ([2] – pp. 46) and the control parameter for the onset of heterogeneous nucleation is the gap between the solid wall temperature (Twall) and the saturation temperature (Ts) :

(Tsat = [ 2 . ( . Ts ] / [ (vap . (Hvap . R ]

This value depend on the value of the radius of the cavity (R) where nucleation starts. Typically the value of the cavity radius is in the micron range ([2] – pp; 47) and depends on the surface state of the solid wall. With a value of R = 1 µm, we obtain for the gap temperature ((Tsat) a value of about 15°K. From simulation results a calculation of this temperature gap was done to insure that we were in a subcooled boiling region or at the beginning of the nucleate boiling where assumption can be made that bubbles movement do not bring major disturbance in the bulk of the liquid. 

Conclusion
A Rigid Interface Model (RIModel) based upon heat conductivity in melting or solidification process has been developed to describe pool boiling process of liquid. This Model is a new approach for solving problems of liquids evaporation numerically and assumes to conserve a plane liquid interface as it is the case in subcooled pool boiling. We have a multi-domain method where the two phases are separated by a moveable Rigid Interface. Properties of each phase are seen separately by the model and not as a single phase with discontinuous properties.

With this RIModel a parametric study has be done to take account the influence of boundary conditions such as size of the liquid-vapour interface, collected vapour flow at the outlet of the tank and quantity of heat given to the system. Nevertheless this RIModel has to be discussed and thermodynamical considerations have to be added as it concerns the validity and the adequacy of the results obtained. This limit has to be estimated according to features of boiling process and mechanism of bubbles generation at the contact of the heated solid surface. 

Nomenclature
Mcoll (t)

quantity of vapour collected at the outlet of the tank at time t in kg 

Mint (t)

mass exchange at the interface between vapour and liquid phases in kg 

Mvap (t)

mass of vapour presents in the tank at time t in kg

Mvap (0) 

initial mass of vapour presents in the tank at the beginning of the simulations in kg

Pv 

vapour pressure inside the tank in bar

Q

quantity of collected vapour at the outlet of the tank in kg/s

Q1

quantity of collected vapour for process flow 1 : Q1 = 1955 gr (for 5 hours simulation)

Q2

quantity of collected vapour for process flow 2 : Q2 = 3910 gr (for 5 hours simulation)

Q3

quantity of collected vapour for process flow 3 : Q3 = 9027 gr (for 5 hours simulation)

qint (t)

mass exchange at the interface between vapour and liquid phases in kg/s 

R

cavity radius for onset of nucleate boiling in m

S

evaporation surface in dm2
S1

evaporation surface for geometry 1 : S1 = 5.6 dm2
S2

evaporation surface for geometry 2 : S2 = 11.2 dm2
S3

evaporation surface for geometry 3 : S3 = 28 dm2
Ts

saturation temperature (also liquid temperature at the interface) in °K

Twall

wall temperature in°K

(Tsat 

gap temperature : (Tsat  = Twall – Ts in °K

V

scalar value of velocity along the y axis in m/s

W

scalar value of velocity along the z axis in m/s

(Hvap 

enthalpy of vaporisation of liquid SiCl4 in J/kg

(liq 

thermal conductivity of liquid SiCl4 in W/m.°K

(vap 

thermal conductivity of vapour SiCl4 in W/m.°K

(vap

density of vapour SiCl4 in kg/m3
(

tension surface of liquid SiCl4 in N/m

((T/(z)

variation of the temperature in the vertical direction (z axis) 

Literature References
[ 1 ] 
Eckert E.R.G. and Dracke R.M. (1959)  ‘Heat & Mass Transfer’ – Ed McGraw-Hill – 2nd edition

[ 2 ] 
P. B. Whalley (1996) ‘Two-Phase Flow and Heat Transfer’ – Ed Oxford University Press

[ 3 ] 
Knacke O. and Stranski I.N. (1956) ‘The Mechanism of Evaporation’ – Prog. Metal Phys., 6, 181-235

[ 4 ] 
National Institute of Standards and Technology WebBook – http://webbook.nist.gov
[ 5 ] 
POLIS - PHOENICS Encyclopaedia – see ZMOVE

[ 6 ] 
Reid R.C., Prausnitz J.M. and Poling B.E. (1986) ‘The Properties of gases and liquids’ – Ed McGraw-Hill – 4th edition

Z





Y





Q 


flow rate collected (needed by the process)





Figure 4a. Typical boundary condition for the RIModel. This case is computed for an evaporation surface S2 of 11,2 dm2 (geometry n°2), a vapour flow rate Q2 of 3910 gr (for a five hours simulated run) collected at the outlet of the tank (blue continuous line) and a wall temperature (Twall) varying from 44°C to 54°C (red dotted line).
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Figure 2. The closed vessel computational grid with the Rigid Moving Interface in black. This figure presents the sub-division of the z-wise grid for the ZMOVE function 





Figure 1. Schematic of the Rigid Interface Model (RIModel). The two domains (liquid and vapour) are separated by a thin rigid plate acting as a ‘piston’.
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Figure 6. Results obtained with RIModel for three values of evaporation surface (S1 = 5.6 dm2 ; S2 = 2 x S1 = 11.2 dm2 ; S3 = 5 x S1 = 28 dm2) and three values of collected vapour flow for a 5 hours run (Q1 = 1955 gr ; Q2 = 2 x Q1 = 3910 gr ; Q3 = 9027 gr).    





Figure 4b. Results obtained for the pressure (black continuous line) with the RIModel for the simulated boundary conditions (S2, Q2, Twall) at figure 4a. The interfacial mass transfer (blue dotted line) is the quantity of liquid effectively evaporated during the run simulation. 





RIModel Calculation


 


Mass balance : Mvap (t) = Mvap (0) – Mcoll (t) + Mint (t)


Vapour pressure : Pv = perfect gas law 


Interfacial temperature : Ts = f (Pv) [Antoine’s law ]


Velocities (V, W) ; Temperature profiles (liquid & vapour phases)


Liquid level variation : qint . (Hvap = (vap . (dT/dz) - (liq . (dT/dz)
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Part 5 : stationary vapour part 





Part 4 : expanding (evaporation) or contacting (condensation) vapour part 





Part 3 : Rigid Interface





Part 1 : stationary liquid part 





Figure 5a. Velocity profiles at 15 minutes after simulated run starts for simulated boundary condition (S2, Q2, Twall) presented in Figure 4a. Velocity values vary from 5.10e-6 m/s to 5.10e-2 m/s. Rigid Interface, separating the two phases liquid and vapour, is visible and has moved of 1.5 mm from its initial position.





Part 2 : contracting (evaporation) or expanding (condensation) liquid part 





Figure 5b. Velocity profiles at the end of the simulated run (300 minutes) for simulated boundary condition (S2, Q2, Twall) presented in Figure 4a. Velocity values vary from 5.10e-5 m/s to 0.9 m/s. The Rigid Interface, always visible (in green), has moved of 24.3 mm from its initial position.
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