© 2002 WIT Press, Ashurst Lodge, Southampton, SO40 7AA, UK. All rights reserved.

Web: www.witpress.com Email witpress@witpress.com

Paper from: Advanced Computational Methodsin Heat Transfer, B Sunden and CA Brebbia (Editors).
ISBN 1-85312-906-2

Numerical modelling of transport phenomena
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Abstract

This paper reports the authors’ recent research progress on numerical modelling
of transport phenomena in the vicinity of a gas-liquid interface. A numerical
procedure based on the velocity—pressure formulation combined with a finite-
volume discretisation of the Navier-Stokes equations written in a non-orthogonal
body-fitted coordinate (BFC) with moving mesh arrangements has been
developed and employed. On this basis, the external viscous flow with heat and
mass transfer at the surface of an inviscid gas bubble is studied and calculated. It
has been simulated that both the flow and the concentration fields in the vicinity
of the interface of the bubble change with Reynolds and Weber numbers and
affect bubble deformation. To further study the transport phenomena on both
sides of the interface, a novel calculating procedure incorporating a multi-block
iteration and moving mesh has been proposed. By applying a zonal boundary
uniqueness theory, the procedure has also been applied to simulate a liquid drop
problem in which a liquid drop moves in an immiscible unbounded quiescent
fluid. The flow fields in the vicinity of the interface (inside and around the
interface) and the interfacial characteristics of the liquid drop are studied and
simulated.

1 Introduction

Two-phase bubbly flows accompanying heat and mass transfer are involved in
many engineering applications in the water treatment, metallurgical,
pharmaceutical and chemical industries. Boiling and condensation processes in
the power and nuclear industries are also related to the motion and heat transfer
behaviour of bubbles and drops. Such heat and mass transfer and phase change
processes are closely in relation to transport phenomena in the vicinity of gas-
liquid interfaces. For example, in a chemical reactor involving gas-liquid
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reactions, the production capacity of the reactor depends not only on the local
rate of reaction but also on the interfacial area and the concentration gradients in
each phase. In flow boiling, the fields in the vicinity of sliding bubble interfaces
often play important roles in heat transfer intensification.

With regard to the studies of transport phenomena in the vicinity of gas-
liquid interface, a starting point of research is to simulate the phenomena in the
vicinity of a gas bubble interface. Early studies of this were focused on
analytical solutions of bubble dynamics in which a zero/one-dimensional
analysis was carried out [1]. Only in the last thirty years have numerical
investigations become possible and active. An inviscid flow over a bubble was
studied by several researchers such as in [2-3], in which the bubble was treated
as a rigid stress-free sphere, the fluid was assumed to be inviscid and ideal and
the Navier-Stokes equations were actually simplified to Euler equations. A
creeping axisymmetric viscous flow around a spherical bubble at a low Reynolds
number (Re<<1) was considered in [4-5], in which the Navier-Stokes equations
were treated as Stokes equations. Later, in [6-7], an unsteady axisymmetric flow
around the free surface of a bubble was simulated.

At the Nottingham Trent University, numerical modelling has been carried
out in recent years to study and simulate transport phenomena in the vicinity of a
gas-liquid interface, in particular the interface of a gas bubble in a liquid. This
includes studies of numerical methods, code development and numerical
simulations. This paper introduces the authors’ recent progress in numerical
modelling.

2 Numerical method
Basic Equations and Assumptions

In order to solve transport equations to determine a gas bubble rising through a
hot liquid and the heat and mass transfer at the bubble surface, the following
assumptions have been made: (1) the gas-liquid interface is completely free of
surfactant; (2) the flow fields are steady and axisymmetric; (3) the bulk liquid is
an incompressible Newtonian fluid, its density and viscosity are sufficiently
large compared with those of a gas; (4) the dynamic pressure and stresses at the
gas-side of the interface are negligible compared with those on the liquid side.
In the present modelling, a numerical method based on a velocity-pressure
formulation combined with a finite-volume discretisation of the Navier-Stokes
related equations written in a non-orthogonal body-fitted coordinate (BFC) is
employed. Cartesian velocity components (#,v) are employed as dependent

variables to calculate the flow around, and the heat and mass transfer at the
surface of a gas bubble. In this approach, the conservation equation for a general
dependent variable ¢ in a non-orthogonal coordinate system (&, 77) is written in a

general form as
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In the above equations, S (&, 77) is the source of ¢ in (£,7) coordinates, U

and V are contravariant velocity components; ¢ 3 and yare metric tensors; J is
the transformation Jacob number; and I represents diffusion coefficients.

Boundary Conditions

Boundary conditions for velocity u, temperature 7, and concentration C, at the
inlet of the domain are given as:
u=V_, T=T_ (forheattransfer), C=C_ (for mass transfer). )

The conditions at the outlet of the domain are set as:

o _ aT:O, —a£=0, and v=0. 3

_a_; - ox

In addition, the bubble surface is considered as a shear-free interface with a zero
velocity normal to the surface, i.e.
7,=0 and v,=0 )

where 7, is the local stress component in which the subscript » is for normal
and ¢ for tangential directions; v, is the velocity in the direction normal to the
surface. Figure 1 shows the non-orthogonal BFC and grid generations.

&=1

&=0

n=0 n=1

Figure 1 The non-orthogonal BIFC and grid generation
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ADV Method for Treatment of Slip-Boundary Conditions

A method of alternating dependent variables (ADV) has been proposed by Li and
Yan [8] where, for a bubble steadily rising through an incompressible liquid, the
kinematic boundary condition was discussed, the gas-liquid interface was
assumed to be free of surfactant and there was no mass flow across it. To
impose slip-boundary conditions at such a free surface, a discretisation form of
the velocities was expressed as:

- ol y_ Dl | Zof gl 2
w =+ HJ . ,b’l 5 +[x¢ ?’l 51 (ﬁ+ x, Jl 54 )
N :u’][_’}_] ; (6)
x;’ b

where subscript & stands for values at the interface, b-/ denotes the values on the
point of one grid away from the interface, and & is a finite differential operator.
A central differencing scheme is employed for the first derivation terms in &
direction, while a forward differencing scheme is used for the first derivation
terms in n-direction. It can be seen from equations (5) and (6) that, a large slope
of the bubble profile, such as (or/ox), = (rg /% )h =, could result in a

numerical instability. Such instability is in particular obvious for ellipsoidal,
spherical-cap and dimpled bubbles. To avoid this problem, alternating
dependent variables (ADV) are derived from the boundary conditions and
expressed as:

_ on X | u | X ou
nE Vs H :J 'BJ ¢ [rf 71577 [’cﬂJrJl 55} @
u =v, ["—fj . ®)
7'5 .

In the ADV method, equations (7) and (8) are used to calculate velocities v
and u of the infinite slope at the segments, while equations (5) and (6) are
employed to identify » and v in the vicinity of a zero slope at the segments.
Using this method, flow with heat and mass transfer around a non-spherical, in
particular a large curvature, bubble, is simulated.

The Direct-Predictor Method

A direct-predictor method was developed by Li & Yan [9] to predict the steady
terminal shape of a rising bubble through a quiescent liquid, in which local
imbalance of total normal stress is used to make improved predictions of the
bubble interface position by means of an iteration approach.

To obtain an improved estimation of the bubble shape, a local excess of the
total normal stresses can be considered as a force difference. This takes into



© 2002 WIT Press, Ashurst Lodge, Southampton, SO40 7AA, UK. All rights reserved.
Web: www.witpress.com Email witpress@witpress.com
Paper from: Advanced Computational Methodsin Heat Transfer, B Sunden and CA Brebbia (Editors).

ISBN 1-85312-906-2 Advanced Computational Methods in Heat Transfer 69

account the pressure difference between inside and outside of a bubble, the
difference in normal viscosity stresses and the difference in surface tension
forces. It can be expressed as

AP=p,—p+ 2 [av /3 } ! (xfrff_rfxfw-l—j. )

on Weqfy | y r

This pressure difference is a kind of imbalanced normal force. It is this
difference that results in a local displacement of the interface in the normal
direction. The magnitude of the local displacement is proportional to the
pressure difference.

This direct-predictor method is introduced to determine the improved shape
of interface in a non-orthogonal BFC. This includes two stages of work. One is
a predictor stage, in which new positions of the interface are directly predicted
on the basis of the imbalance force at the interface at the last step of iteration.
The other is the correction stage, in which the position is corrected using a
condition of constant volume. Once new predictive positions have been
determined, the exact positions are modified by a ratio of old volume to new
volume. The new positions of the interface are expressed as:

xé )b

x) =x; —CbAP(ré—)” and r)

=r . ¢)]
b b b
VY VY
The volume of the bubble is specified by
V= I ——d§ (a1
And the ratio of old volume to new volume is given by
1
Vald 3
R= . 12
(V] (12

Based on the value (x/,r7) determined in the predictor stage, the positions of

the interface are corrected by R as:
X' =Ry and 1 =Rr!. (13)

b
The Zonal Boundary

To consider the fluid flow and heat and mass transfer on both sides of the
interface, a novel calculation procedure has been developed by Yan, et al. to deal
with multi-block iterations to ensure the uniqueness of the zonal boundary and an
appropriate interpolation to calculate boundary vatues [10].

The zone boundary is defined as a boundary of the two blocks, as shown in
Figure 2. In order to ensure the uniqueness of the boundary, the nodes of Block
1, where the mesh has been generated first, are employed to interpolate the
boundary nodes of Block 2 using a cubic spline interpolation. The topology of
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the near boundary cells is retained as a “general” quadrilateral with curvilinear
sections as the boundaries. To calculate the area of the cell, a cubic spline fit is
used to evaluate the determinant of the metric tensor, J; while the cell area is
calculated as JAE'AE? (1 & 2 is for inside and outside, respectively). This has

been discussed and validated in detail in a recent paper [10].

Present Zonal Zonal Boundary
Boundary (solid) Furukawa etal, 1991 (dotted}

Figure 2 Multi-block and zonal boundary

3 Numerical results and discussion

Based on the numerical method described above, the flow and heat and mass
transfer at the surface of a spherical gas bubble have been calculated by Yan and
Li [11]. In that paper, distinguishable differences in both the flow fields and
concentration (or temperature) distributions around a spherical bubble and the
same scale rigid sphere have been simulated.

For a non-spherical bubble, the bubble rising at different Reynolds and

Weber numbers defined on the basis of an equivalent diameter, d, = 13/6Vb I,

has been simulated. Figure 3 shows streamlines around the bubble. It can be
seen that a flow separation at the rear of the bubble depends on Re and We
"~ numbers. At a high We, inertia forces on the bubble interface are larger than
surface tension forces, so the bubble experiences a larger deformation. Such a
deformation results in the bubble becoming either fore-flattened at a high
Reynolds number or aft-flattened at a low Reynolds number. Furthermore, the
geometric change of the bubble induces a change and accumulation of vorticity
at the interface, and the vorticity accumulation is then brought to the rear area of
the bubble by convection so as to form a flow re-circulation.

Figure 4 shows the concentration (or temperature) contours around a non-
spherical bubble. Since convective heat and mass transfer strongly depends on
the flow characteristics, the rate of the transfer across the bubble interface is in
relation to the magnitude of Re and We. It can be seen from Figure 4 that, at a



© 2002 WIT Press, Ashurst Lodge, Southampton, SO40 7AA, UK. All rights reserved.
Web: www.witpress.com Email witpress@witpress.com
Paper from: Advanced Computational Methodsin Heat Transfer, B Sunden and CA Brebbia (Editors).

ISBN 1-85312-906-2 . . .
Advanced Computational Methods in Heat Transfer 71

low Re, the concentration (or temperature) contours are almost uniformly
distributed in all directions around the bubble, because the effect of convection is
not as significant as mass or thermal diffusions. However, at a high Re, a flow
separation appears at the rear of the bubble and concentration (or temperature)
distributions become increasingly asymmetric. In fact, increasing Reynolds
number gives an enhancement of convection so that the mass gets a chance to be
transported into the rear of the bubbles. As a result of this, a region with a high
concentration or high temperature is formed at the rear of bubbles.

e

_—_”/—\\\ —.——/\
Re=20, We=6 Re=20, We=8

Re=100, We=4 Re=100, We=6
Figure 3 Streamlines for flow past an inviscid non-spherical

The evolution of bubble shape at different Reynolds numbers has been
simulated based on the ADV and the direct predictor methods. Fig. 5 shows one
example at Re=5. It is seen that at a low We, the bubble shape is nearly
spherical. With a gradual increase of We, an evolution of bubble shape takes
place from spherical to ellipsoidal, ellipsoidal-cap or more complicated nearly
skirted. From the normal force balance point of view, a high We means that
surface tension is small, so that the dominant force acting on the interface is a
resultant force of viscous resistance and hydrostatic pressure. This resultant
force results in a large deformation for the bubble. As the surface tension forces
always try to maintain the original shape of the bubble, hydrostatic pressure and
viscous forces are the dominant factor for a large deformation of the bubble.
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Figure 4 Concentration contours for flow past an inviscid non-spherical bubble

—’_//i:——\ o We=16
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Figure 5: Evolution of bubble shape and streamlines with Weber number at Re=5
With the zonal boundary uniqueness theory and applying the novel
calculating procedure of incorporating multi-block iteration and moving mesh
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introduced in [10], a liquid drop moving in an immiscible unbounded quiescent
fluid has been simulated. Figure 6 shows the streamlines inside and outside the
liquid drop for two cases. It is interesting to note that two types of returning
flow have been simulated. For Case 1, a water drop falling in air with viscosity
ratio (water/air) of 55, density ratio of 790 and at external Re=100, as no “break-
up” of internal flow can be identified, the vortex is therefore a fluid vortex.
However, for Case 2, a liquid drop moving in an immiscible unbounded
quiescent fluid with viscosity ratio (internal/external) of 5, density ratio of 0.1,
and at external Re=300, it can be seen that two pairs of vortices (one pair with a
larger size and the other with a smaller size near the rear stagnant point) exist
inside the drop. This means that, for Case 2, a “break-up” has taken place for the
iternal circulation of the drop and therefore the wake flow of the drop is in the
form of a solid vortex. The two types of wake vortex have been extensively
discussed in [10].

(a) Case 1 — a fluid vortex (b) Case 2 — a solid vortex

Figure 6. Flow structure inside and around a spherical droplet

4 Conclusion

This paper has summarised the authors’ recent research progress on numerical
modelling of transport phenomena in the vicinity of gas-liquid interface. The
numerical method developed at the Nottingham Trent University can deal with
slip-boundary conditions of the gas-liquid free surface and successfully simulate
the terminal shape of a bubble and then the transport phenomena in the vicinity
of the interface. With a zonal boundary uniqueness theory, the transport
phenomena on both sides of the interface can be successfully simulated.
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Nomenclature

C concentration [kg m3]

d equivalent diameter [m]

e

J Jacobian transtormation number

Re Reynolds number (=pV.d /16

S source term in the general governing equation

T temperature [K]

u Cartesian velocity component in x-direction {m s

v Cartesian velocity component in r-direction [ms™]

uv contravariant velocity components

V, Volume of a bubble [m® ]

We Weber number (=pU.U.4,/6)

X, T axisymmetric coordinate

o By covariant metric tensors

7 dynamic viscosity [kg mlst

o surface tension coefficient [Nm™]

T shear stress

é&n coordinates in computational space
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