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Implementation and Testing 
of the CFDS-FLOW3D Code 

B. L. Smith 

Abstract 

FLOW3D is a multi-purpose, transient fluid dynamics and heat transfer code developed by Computational 
Fluid Dynamics Services (CFDS), a branch of AEA Technology, based at Harwell. The code is supplied with 
a SUN-based operating environment consisting of an interactive grid generator SOPHIA and a post-processor 
JASPER for graphical display of results. Both SOPHIA and JASPER are extensions of the support software 
originally written for the ASTEC code, also promoted by CFDS. The latest release of FLOW3D contains well-
tested turbulence and combustion models and, in a less-developed form, a multi-phase modelling potential. 

This document describes briefly the modelling capabilities of FLOW3D (Release 3.2) and outlines imple
mentation procedures for the VAX, CRAY and CONVEX computer systems. Additional remarks are made 
concerning the in-house support programs which have been specially written in order to adapt existing 
ASTEC input data for use with FLOW3D; these programs operate within a VAX-VMS environment. 

Three sample calculations have been performed and results compared with those obtained previously using 
the ASTEC code,. nd checked against other available data, wher appropriate. 
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1 Historical Background 

1.1 FLOW3D 

In early versions of FLOW3D* [1], dating from 1985/1986, applications were limited to simple Cartesian and 
cylindrical geometries. Although the physical models in the code were already well-developed, the limitations 
with respect to geometry restricted, at that time, the use of FLOW3D for realistic engineering applications. 
The introduction of a body-fitted coordinate system [23] in Release 2 of the code in 1991 greatly enhanced 
the modelling capabilities. The flow domain was constructed from a single block, topologjcally equivalent 
to a cube, which could then be bent and stretched (without tearing oi folding) to match the boundaries of 
the physical domain. Subdividing the block into elements produced the computational grid, and blockages 
could be defined anywhere in the grid to represent flow obstructions. However, because the flow domain 
was constituted from just one block, FLOW3D was still restricted to fairly simple applications. 

L2 ASTEC 

In contrast, the ASTEC code [4-6], employing a finite element discretisation of physical space, was ideally 
suited for simulations in complex, 3D geometries, though the physical models were less advanced than those 
in FLOW3D. The use of an unstructured mesh in ASTEC meant that the preparation of the geometrical 
data - the location, topology and connectivity of the elements - represented a large overhead which could 
only be handled with the help of a suitable pre-processor, itself an intricate grid generator program. At the 
time ASTEC became first available at PSI (in 1988), the recommended pre-processor INGRID [7] was also 
acquired, together with a post-processor OUTPROC [8] for displaying results. ASTEC had been developed 
within AEA Technology at DNE Dounreay specifically for estimating the efficiency of decay-heat removal 
by natural convection in fast reactors. However, both INGRID and OUTPROC had been developed, for other 
purposes, at AERE Harwell and later adapted for use with ASTEC. The resulting package of programs was 
cumbersome, unreliable and poorly-supported. Already, two new programs were being developed at the AEA 
Risley Laboratories, specifically for use with ASTEC: a pre-processor, SOPHIA [9], and a post-processor, 
JASPER. 

13 SOPHIA and JASPER 

The first versions of SOPHIA and JASPER, hereafter referred to as SOPHIA-1 and JASPER-1, operated 
within a SUN workstation environment, making use of a SUN-specific, graphical software package (SunCore 
Graphics), and were not transportable to other computer systems. Nonetheless, within the specified en* iron-
mem, these two programs constituted a viable working basis for the ASTEC calculations performed within 
PSI [10-13], and later at ETH [14-16]. 

In SOPHIA-1, the problem geometry is built up using a number of 8-sided blocks of arbitrary shape and 
with straight or curved (parabolic) edges. The vertices of each block are given local node numbers 1 to 8, 
in a strict convention, this denning the local curvilinear coordinate system (/, J, K) for the block (Fig. la). 
Additionally, unique global node numbers are assigned to the vertices which provide information on how 
the different blocks are joined together. As an illustration of this, the global node numbers of the vertices 

*A11 references to FLOW3D in this document pertain to the code CFDS-FLOW3D, developed by the AEA Technology at the 
Harwell Laboratory, and should not be confused with FLOW-3D. which is marketed by Flow Science Inc. in the U.S. 
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at the centers of the right hand face of Block 1 in Fig. lb match those on the left face of Block 2. This 
defines how the the two blocks are joined together in physical space, as shown in Fig. lc. Using a sufficient 
number of blocks, the entire 3D flow domain, of almost arbitrary shape, can be assembled (Fig. 2). 

Once the outline of the flow geometry has been specified in terms of the block structure, the computational 
grid, which will ultimately be used by ASTEC to calculate the fluid flow behaviour, is constructed by 
subdividing the blocks into elements. The number of subdivisions, together with their distributions, are 
defined for each edge of each block, the only restriction being that the subdivision is consistent for two 
blocks sharing a common face. Flow obstructions, solid conducting regions and boundary conditions are 
defined block-wise in terms of subdivision ranges with respect to the local coordinate directions (1,J, K). 
With the help of SOPHIA-1, the entire data preparation for an ASTEC run is quite manageable, even for 
problems involving complex geometries and large numbers of meshes. 

1.4 CFDS 

In 1991 the CFD activities within AEA Technology were finally rationalised with both ASTEC and FLOW3D 
developed and supported by the newly-formed business Computational Fluid Dynamics Services (CFDS), 
based at Harwell. Much of the programming effort at mat time was directed towards extending SOPHIA and 
JASPER for use with both ASTEC and FLOW3D. At the same time a multi-block capability was written for 
FLOW3D, lifting the earlier restrictions regarding geometric complexity. Thus, by June 1993, with Release 
4.2 of ASTEC [6], and Release 3.2 of FLOW3D [17], two very versatile fluid dynamics and heat transfer 
programs are now available at PSI for realistic engineering applications. Data preparation for both codes is 
carried out on a multi-block basis using the pre-processor SOPHiA-2. with results displayed using JASPER-2 
[18]. 

2 Changes to SOPHIA-1 

As mentioned in the last Section, the SOPHIA-1 interactive grid generator operated within a SUN work
station environment and made use of SunCore Graphics, which was the standard SUN-based graphical 
software package at the time the program was first written. Data input to SOPHIA-1 consists of a log 
file containing geometrical and topological information concerning the position and orientation of the block 
structures, their subdivision into elements, the material properties of the fluid(s) and structures, as well as 
the boundary conditions pertinent to the simulation. From this log file (typical size 30 Kbytes) the input 
data sets for ASTEC (typically 8 Mbytes) would be generated by SOPHIA-1. A number of such log files 
had accrued, as a consequence of the ASTEC simulations which had been carried out at PSI and ETH since 
1988. 

Unfortunately, during the process of extending SOPHIA to a general-purpose grid generator for both ASTEC 
and FLOW3D, compatibility with the old SOPHIA versions had not been maintained. This meant that the 
existing SOPHIA-1 log files could not be processed, modified or extended using the new version, SOPHIA-2. 
Simultaneously, SUN Corporation had changed their graphics standard to PHIGS and updated versions of 
the SUN operating system no longer supported the SunCore Graphics package required by SOPHIA-1. 

In order to continue using existing ASTEC input data, it was necessary to maintain a working version of 
SOPHIA-1, and this meant moving away from SunCore Graphics. A revised version of the code has therefore 
been written, based on the DI-3000 graphics software package which is widely available on a number of 
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platforms at PSI and ETH. The opportunity was also taken to remove an unsatisfactory feature of the SUN 
version: the difficulty in rotating the visual image by means of tie mouse. In the revised version of the code 
the image is rotated in increments about the x, y or z axes, as appropriate, similar to the method adopted 
for S0PH1A-2. Otherwise, the details of the changes are of no interest to the general reader and are not 
included here. 

In SOPHIA-2, apart from the specification of th„ boundary conditions, which is different for ASTEC and 
FLOW3D, much of the data preparation is common to both solvers. This means that existing SOPHIA-2 
log riles can be used, with only minor changes, to generate the grid data for both ASTEC and FLOW3D. 
However, for SOPHIA-1, which was written solely for use with ASTEC, this facility did not exist, so it 
would not be possible to generate input data for FLOW3D from the existing SOPHIA-1 log files. To remedy 
this defect, in parallel with replacing the graphics calls, SOPHIA-1 was extended to enable the input data 
for FLOW3D to be generated automatically alongside the ASTEC data. With this enhancement, it is now 
possible to repeat any of the existing ASTEC simulations using FLOW3D. The programming changes are 
transparent to the user who will only notice a new interactive prompt from SOPHIA-1 as an invitation to 
create the FLOW3D geometry file. Again, details of the coding are not of general interest and are omitted 
here. 

Three test examples have been chosen to demonstrate the usefulness of the enhanced version of SOPHIA-1 
and to enable a comparison to be made between ASTEC and FLOW3D results for an identical simulation. 
ASTEC results for all three tests are already reported in the open literature. The FLOW3D predictions, using 
two turbulence models, are reported in Sections 4-6 of this document. 

3 Description of FLOW3D 

3.1 General 

FLOW3D has been developed over many years at the Harwell Laboratory and is used extensively in Europe 
and North .America for the simulation of practical flow problems and as a vehicle for the development of 
advanced physical models (for example, Large Eddy Simulation [19]) and computational techniques. The 
code operates in both 2D (Cartesian or cylindrical polar coordinates) and 3D modes, and either steady-state 
or transient calculations may be performed. In the latter case, there is an adaptive time-stepping option 
with automatic control of the time step to optimise efficiency. FLOW3D has full heat transfer capabilities 
including conduction in solid regions bounding the flow domain. 

The multi-block gridding capability, introduced for Release 3 of the code [17], enables geometries of almost 
arbitrary complexity to be handled. Boundary conditions and material properties are conveniently defined 
block-wise in terms of patches. These may be 2D, for inlets, outlets, symmetry planes, etc., or 3D, to define 
flow obstructions or conducting solids regions. The FL0W3D geometry file (produced by the SOPHIA grid 
generator) contains all the relevant data, together with information on how the blocks are glued together to 
make up the entire problem geometry. Other data - material properties, storage requirements, convergence 
criteria, control parameters, etc. - are assembled in a command file which is input to the code together with 
the geometry (and possibly restart) data. 
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3.2 Single-Phase Fluid Model 

The fluid may be incompressible (Boussinesq approximation) or fully compressible (valid for all Mach 
numbers), with buoyancy effects fuliy taken into account. The flow may be either laminar or turbulent: in 
the latter case, a number of turbulence models are available to suit the flow situatioa The default is the 
standard, high Reynolds number it - c model of Launder and Spalding [20], with tie logarithmic law of 
the wall applied at non-slip boundaries; this is the same model as used in ASTEC. In addition, there is the 
Launder-Sharma [21 ] low Reynolds number k—e model and an algebraic stress model, as well as a differential 
Reynolds stress model for the fluid flow and a differential Reynolds flux model for the heat transfer [22]. 
Buoyancy effects are included in the transport equations for the appropriate turbulence quantities, and all 
models are available for both incompressible and compressible flows. 

3 3 Chemical Species Model 

Some facilities exist for computing the flow of multi-component mixtures, to form a basis for the modelling 
of general gaseous chemistry and combustion. All species are assumed to be fully mixed at the molecular 
level and share the same velocity, pressure and temperature fields; if the mixing is on larger scales (separate 
velocity and temperature fields), the multi-phase model, described below, should be used. For each species, a 
mass fraction is defined which satisfies a standard transport equation describing the convection and diffusion 
of the species through the carrier fluid. For simplicity, all physical properties of the mixture concerning 
molecular transport (viscosity, thermal conductivity and scalar diffusivities) are assumed to be those of the 
carrier fluid. This is valid for laminar flows of low concentration, or for high Reynolds number turbulent 
flows, where turbulent transport dominates. 

3.4 Multi-Phase Fluid Model 

This is a very recent addition to the standard version of the code. Both a homogeneous equilibrium model 
and a multi-fluid model are coded. The homogeneous model assumes that the solution fields for each phase 
are identical except for the volume fractions, which rue found by solving separate continuity equations for 
each phase. The multi-fluid model has one solution field for each phase, with interaction via inter-phase 
transfer of macs, momentum and energy. Only a limited number of inter-phase transfer models are currently 
available, mainly based on dispersed flow of panicles or droplets in a gas or liquid. Other models mus' be 
programmed by means of user Fortran. 

Multi-phase turbulence modelling is not as well understood as single-phase, and only the simplest possible 
generalisation of the standard k - e model is currently been programmed. This model, unmodified, is 
acknowledged to have serious shortcomings in almost any realistic, physical situation. For example, the use 
of the single-phase logarithmic law of the wall in known to be inadequate in multi-phase situations unless the 
flow is sufficiently stratified near the wall that only one phase is present. By default, the inter-phase transfer 
terms in the phasic k and e equations are ignored. This means that there is no effect of the turbulence in 
one phase on the turbulence in other phases. Additionally, there will be situations in which the production 
and dissipation of turbulence within any phase will not be adequately described by the usual (and as coded), 
single-phase source terms. For example, in particle-gas flow, the presence of large particles is known to 
enhance the turbulence in the gas (due ro the turbulent wake behind each panicle), whereas small particles 
suppress turbulence (by adding inertia). The default model ignores these effects. Unless the user has specific 
knowledge of the inter-phase k and c exchanges - and there is a limited capacity to include such models via 
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user Fortran - it is probably best to assume the turbulence is homogeneous, with k and e the same for all 
phases. 

It should also be noted that, as currently coded, all phases are assumed to be incompressible or weakly 
compressible (p <x 1/T), and that heat conduction in solid regions is not allowed. 

3.5 Partide Transport Model 

The motion of particles (generically to include solid particles, liquid drops or gaseous bubbles) in a continuum 
can be modelled using FLOW3D by means of the multi-fluid model or by using the Lagrangian particle 
transport model. The latter is the more accurate, since many particles with different properties can be 
stored in a single Euierian computational cell, without averaging. Strictly, the model is only valid for 
highly dispersed flows in which particle-particle interaction can be ignored. In its simplest form, only the 
exchange of momentum (drag) between the particles and the continuum fluid is considered. However, several 
extensions to the model are available including heat and mass transfer, particle buoyancy, turbulent dispersion 
and added mass effects. Each of the transfer processes has a feedback effect on the continuum flow (though 
there is an option to suppress this, for example if the particle transport is being used in a post-process mode). 

It is worth noting that the panicle transport model is available only for single-phase fluids and operates only 
in steady-state mode. Special post-processor facilities enable the particle tracks to be viewed. 

3.6 Solution Algorithm 

In physical space, the problem geometry is defined as an assemblage of hexabedral blocks of arbirary shape 
(though not torn or folded), which are glued together. Each block is subdivided into elements which then 
form the control volumes for the discretisation scheme. However, integration of the governing equations over 
the control volumes is not carried out in physical space. Rather, a curvilinear coordinate transformation is 
introduced which maps the flow domain in physical space onto a structured, rectangular grid in computational 
space where the governing equations are then discretised. 

In general, it is to be expected that the coordinate transformation will be non-linear and the governing 
equations in computational space will be considerably more complex than those in physical space. Some 
simplification is possible by retaining the Cartesian velocity components which can then be treated as scalars 
during the transformation, though this implies that the components in computational space do not lie along the 
local coordinate axes. One consequence of the transformation of particular advantage is that the application 
of boundary conditions is straightforward in computational space since the boundaries of the physical domain 
will map onto coordinate surfaces. 

In outline only, the governing equations in physical space coordinates (xl) are first written in general covariant 
tensor form and then transformed to computational space (£') using the rules of tensor calculus [23]. The 
transformed equations are discretised by integrating over control volumes which, in the transformed space, 
are unit cubes. A non-staggered grid approach is adopted in which all variables are stored at grid centres, 
with flux quantities on cell boundaries computed using the Rhie-Chow algorithm [24], to avoid chequerboard 
instabilities. Space differencing is generally centred except for advection quantities where a number of 
different schemes are available. The default is a hybrid scheme in which central differencing (second order) 
is used if the mesh Peclet number (the ratio of the convection and diffusion coefficients) is less than 2, and 
upwind differencing (first order) otherwise. Thus, the more accurate scheme is applied in the cross-stream 
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direction, and in regions of low flow, where the convection coefficient is small. Higher order schemes are 
available as *:ser options. 

By default, fully implicit backward Euler time differencing is employed, though there is an option to use 
a two-step, time-centred Crank Nicholson scheme, which is less diffusive, though not so robust. In both 
cases the discretised equations are solved using a nested (inner and outer) iteration technique based on either 
the SIMPLEC [25] (default) or the SIMPLE [26,27] velocity-pressure coupling algorithm. Different linear 
solvers may be employed within die inner iteration step. Generally, die Strongly-Implicit Procedure (SIP) of 
Stone [28] is recommended for the transport equations, pre-conditioned conjugate gradients for the pressure 
correction equation (derived from the mass continuity condition), and line relaxation for the turbulence 
quantities. For baldly distorted grids, an algebraic multi-grid (AMG) solver is also available. 

4 DELFT Benchmark Problem 

4.1 Problem Definition 

The aim of this benchmark activity was to compare results from numerical simulations for the turbulent, 
natural convection flow of fluid in a rectangular cavity with differentially-heated side walls. A Workshop was 
convened under the auspices of Eurotherm and ERCOPTAC and took place at the University of Technology, 
Delft on March 25-27, 1992. Twelve groups submitted calculations to the review committee, including 
contributions from PSI, using ASTEC [12], and ETH, using PHOENICS. Results are collated in the offi
cial Workshop proceedings [29], together with a final summary by the joint organisors, R. Henkes and C. 
Hoogendoom. 

The standard problem, which was to be attempted by all contributors, consists of a square cavity of side H, 
filled with air at Prandtl number Pr = 0.71. The left (hot) vertical wall is maintained at temperature Th 

and the (cold) right wall at Tc, with adiabatic horizontal surfaces. Steady-state calculations were required, 
corresponding to Rayleigh number 

Ha = gß{Th - Te)H
3Pr/u2 = 5 x 1010, 

which is large enough to ensure that the boundary layer flow is turbulent. Here, g is the gravitational 
acceleration, ß the coefficient of volumetric expansion, and v the molecular kinematic viscosity. The problem 
geometry is given in Fig. 3 

To ensure meaningful comparison of results, the turbulence model to be used was very carefully defined 
by die Workshop organisors. This was the standard, high Reynolds number k - t model, but use of the 
logarithmic law of the wail was to be avoided by suitable mesh refinement near the boundaries, and forced 
boundary conditions for k and e were imposed at the walls. A suggestion for die grid point distribution was 
given, and most participants used this. Calculations for two grid sizes (40x40 and 80x80) were recommended 
in order to give an impression of die degree of grid-independence of the solution. 

4.2 Results: High Reynolds Number Turbulence Model 

The ASTEC mesh, which had already been set up using SOPHIA-1, was used to generate die FLOW3D 
geometry data, making use of die interface subprogram described in Section 2. This entailed the minimum 
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amount of extra effort and ensured that the mesh structure (see Fig. 4) was as defined for the benchmark. 
Note, however, that the control volumes for the ASTEC and FLOW3D solvers are different, as indicated in 
the insets to Fig. 4, though this should have little effect on the solution, provided the mesh is sufficiently fine. 
Though the benchmark problem is 2D, it was necessary to perform a pseudo-3D calculation with ASTEC 
(which has no 2D capability), with just one or two grid cells through the thickness and free-slip surfaces 
(symmetry planes) on the front and back faces. This set-up successfully suppressed all motion in the third 
dimension. The same arrangement was used for the FLOW3D simulation. 

The velocity vector map in Fig. S, derived from the FLOW3D results for the 40x40 mesh, shows clearly 
that a symmetrical circulation pattern has been established. This is expected on theoretical grounds, for 
constant fluid properties. The strong upward flow at the hot wall actually turns over near the top to produce 
a weak downflow in this region. This behaviour is mirrored exactly at the base of the cold wall. Temperature 
contours are displayed in Fig. 6. These also exhibit perfect (inverse) symmetry, with the rapid temperature 
rise next to the hot wall seen in reverse on the cold wall. Outside of the wall boundary layers, there 
is a quiescent region with horizontal stratification which occupies the bulk of the central region. This is 
characteristic of natural convection at this Rayleigh number. Qualitatively, -.c FLOW3D results are similar 
to those produced by ASTEC using the same mesh, though closer examination has reveals some quantitative 
differences, which are detailed below. 

Normalised Nusselt numbers (scaled with respect tc the Rayleigh number according to Nu/Ra1/3) along the 
left (hot) wall are given in the format requested for the benchmark in Fig. 7. The general trend is similar 
to that obtained using ASTEC, except near the base of the wall, where the FLOW3D values are higher and 
symmetric with those at the top of the wall. Peak and mean values of the Nusselt number, Numax and Nu, 
are also larger, though mid-height values, Numid, are identical. 

Vertical velocities near the hot wall boundary at mid-height are shown in Fig. 8. There is little discernible 
difference between the FLOW3D and ASTEC predictions. Peak velocity occurs at x = 0.004H, the velocity 
boundary layer extending from the wall to about i = 0.07/7. Horizontal velocities at mid-width, as a 
function of height, are given in Fig. 9. The FLOW3D results are approximately symmetric with the peak 
velocity occurring close to the upper boundary, while with ASTEC there are clear asymmetries with no 
peak velocity in the boundary layer adjacent to the top surface. Temperatures at mid-width are plotted as a 
function of height in Fig. 10. The FLOW3D results exhibit perfect symmetry, while the ASTEC results are 
again asymmetric. 

In their summary of the benchmark exercise [29], Henkes and Hoogendoom emphasise the sensitivity of the 
results to the transition to turbulence in the wall boundary layer due to the onset of Tollmien-Scblichting 
waves [30]. They found from their own studies that successive refining of the mesh delayed transition and 
led to large deviations in the wall heat transfer. If the natural transition is by-passed by artificial triggering 
(with a prescribed amount of kinetic energy), results were much less sensitive to grid refinement. For 
natural transition, the rather coarse 40x40 nesh, as used in the above comparisons, gave respectable results. 
Nonetheless, the benchmark comparisons were made on the basis of the fine-mesh calculations submitted 
to the Workshop and, in order to include FLOW3D in the comparison, it was necessary to perfonn a 
repeat calculation using the 80x80 mesh used by ASTEC. The FLOW3D geometry data was again generated 
automatically from the existing SOPHIA-1 log file for this case. A comparison of results is given in Table 1 
for a number of key parameters requested by the Workshop organisors. For each parameter, the average 
of the results from the 12 contributors to the workshop are given in the Table and, in the last column, the 
percentage deviation around the average required to capture just 6 of the predictions. These data were used 
to identify possible anomalies from among the individual contributions, and to give a measure of overall 
code performance by counting the number of times the parameter predictions fell within the 50% range 
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(marked with an asterisk in the Table). On the basis of this points system, ASTEC performed the "best" of 
the commercial codes and third "best" overall. 

Dimensionless Parameters 

Nuav 

Nu at y = H/2 

A«m« 

y/H for Numax 

vmai/y/gßH£raLy = Hf2 

x/H for tmox 

vmaz/T/gßnxr at * 
y/H for t^ox 

(T - TC)/KT at x = 

(T - TC)/KT at x = 

kmax/gßHZT at y = 

x/H for kmax 

vx,max/v at y = # / 2 

x/H for i/t.mox 

= H/2 

H/2, y=H 

H/2, y = 3 H/4 

H/2 

FLOW3D 
(40x40) 

274 

272 

705 

0.00178 

273 

0.175 

0.00405 

0.0154 

0.959 

0.794 

0.634 

0.00218 

0.0187 

56.5 

0.0266 

FLOW3D 
(80x80) 

348 

349 

828 

0.00114 

266 

0.162 

0.00355 

0.0126 

0.980 

0.808 

0.624 

0.00195 

0.0202 

52.8 

0.0286 

ASTEC 
(80x80) 

256 

268 

604 

0.00115 

237 

0.167 

0.00358 

0.0101 

0.689 

0.873 

0.661 

0.00220 

0.0185 

53.5 

0.0311 

DELFT 
(Average) 

256 

261 

730 

0.00102 

237 

0.167 

0.00323 

0.0124 

0.985 

0.873 

0.660 

0.00195 

0.01% 

51.7 

0.0287 

DELFT 
(50% Range) 

5% 

5% 

5% 

6% 

3% 

1% 

6% 

i0% 

1% 

3% 

3% 

8% 

4% 

1% 

11% 

Table 1 
A Comparison of Results from Delft Benchmark Problem 

(predicted values which fall within 50% range are underlined) 

The FLOW3D results are not as good and there appears to be an anomaly with the heat transfer rate from the 
wall, which displays a sharp increase as the mesh is refined (shown in bold type in the Table). This behaviour 
cannot be connected with delayed transition to turbulence, as described above, which would lead to lower 
average Nusselt numbers. In fact, for the 80x80 mesh, local, average and maximum Nusselt numbers appear 
to be overpredicted by a factor 1/Pr, which points to a possible internal error in the code relating to the 
application of boundary conditions in the energy equation; this idea will be pursued. In other respects, the 
FLOW3D results appear respectable, and the turbulence quantities are particularly well predicted. 

4.3 Results: Low Reynolds Number Turbulence Model 

One of the main conclusions from the benchmark exercise was that low Reynolds number turbulence models 
are essential for simulating turbulent natural convection of this type, at the Rayleigh numbers considered 
(>109). From supplementary calculations submitted to the Workshop, together with the available (but limited) 
experimental evidence, it would appear that the standard k - e model overestimates the wall heat transfer 
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by a factor two or more. To demonstrate this tendency using FLOW3D, a repeat calculation was perfonned 
using the Launder-Shanna, low Reynolds number k - ( model, which is already programmed into the code. 
The 40x40 mesh was used for the new calculation: the CPU time for the job incieased by about a factor 
three compared with the standard model. 

Vertical velocities near the hot wall at mid-height are given in Fig. 11. The peak velocity in the boundary 
layer is increased by about 35%, compared with the standard model, and the (momentum) boundary layer 
width is reduced by a factor six. Local Nusselt numbers here (Fig. 12) are reduced by about 50%, consistent 
with the expectations of the Workshop reviewers. Temperatures and horizontal velocities at mid-wid'ih 
(Figs. 13, 14) show that low Reynolds number effects have led to a stronger stratification in the cavity, 
coupled with a weaker cross-flow. The trends here mentioned are consistent with the conclusions reached 
by those contributors to the Workshop who also submitted low Reynolds Number k- e calculations [29]. 

4.4 Conclusions 

At the time the Delft benchmark was announced, it was expected that new experimental data for the square 
enclosure, at the appropriate Rayleigh number, would become available to be used for comparison. However, 
only the group at the University of Poitiers submitted new data, and these were for a tower Rayleigh number 
of A = 1.7 x 10*. Therefore, it was necessary to rely on existing data from the experiments by Cbeesewright 
and his co-workers [31-33] for a rectangular cavity with H = bW. One of the experiments corresponded 
to Rayleigh number Ra = 4.41 x 1010, very close to that required for the benchmark study and, from 
calculations performed by the Manchester group at different aspect ratios, there appeared to be no large 
differences between the H = W and H = 5VV cases, for a Rayleigh number of this magnitude. However, 
the Cheesewright experiments suffered from heat loss effects which degraded the quality of the data. From 
the standpoint of the benchmark therefore, the only worthwhile comparisons to be made are between the 
code predictions themselves. 

In general, there is reasonable agreement between the FLOW3D results and those obtained by other contrib
utors to the benchmark exercise, although there appears to be a problem with wall heat transfer as the mesh 
is refined. Application of the low Reynolds number it - e model in the code has led to consistent results with 
a general narrowing of boundary layers, reduced overall heat transfer, and a more quiescent central region. 

5 LINX-1 Analysis 

5.1 Background 

The ALPHA project [34] has been initiated at PSI in order to gain first-hand research experience in analysing 
novel, passive design concepts for future LWRs. The project has three experimental components: P/KDA, 
a large-scale integral test facility; LINX, an investigation of multi-phase, multi-component mixing in large 
volumes; and AIDA, a study of aerosol behaviour in condensers. Within the framework of the LINX 
component of the project, a series of benchtop experiments have been carried out to study single-phase 
mixing in pools [35]. The basic rig. Fig. 1J, consists of a square plexiglas tank of side 40cm, partially 
filled with water, and heated by means of an electrical immersion heater located at the end of a stainless 
steel tube, inserted from above. This arrangement is intended to simulate heating in an SBWR§ wet-well 

^Simplified Boiling Water Reactor 
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suppression pool as a consequence of complete condensation of steam at the end of a PCCS* condenser 
vent line. Instnimentation consists of temperature measurements at various levels in the pool, with four 
thennocouples at each level. Natural circulation was visualised by means of coloured dye injection and 
recorded using video equipment. 

The experiment begins from cold initial conditions by activating the heater element and injecting the dye 
near the heated section of the injection tube. A buoyant boundary layer is quickly established around the 
heater, with hot water rising to the pool surface where it spreads horizontally to form a stratified layer across 
the width of the tank. As more hot water is fed to the surface, the layer thickens, with the hot/cold interface 
(thermal front) descending slowly through the pool. Figure 16 shows temperature contours in the pool after 
1, 2, 4 and 6 hours, for a heating power of 300W. There is no convective mixing below the level of the 
heater - though there is some evidence of heating by conduction, particularly at late times - and the region 
above shows a well-defined stratification. 

A semi-analytical model of the experiment has been devised on the basis of a ID representation for the 
buoyant boundary layer around the injection tube, coupled with a second ID model for the evolving pool 
stratification [36]. The two models interact due to the entrainment from the quiescent pool to the rising 
stream. Drawing parallels between the boundary layer flow next to the injection tube and classical similarity 
solutions for laminar, buoyant flow over a submerged, vertical, heated plate, it was possible to obtain an 
expression for the boundary layer growth and the rate of entrainment from the pool. Taking heat losses into 
account, this model gave reasonable results for the pool stratification. 

In parallel, an ASTEC simulation has been carried out using a 45° sector, assuming 8-fold symmetry of the 
square tank arrangement [36]. A non-uniform calculations grid was adopted, with mesh refinement in the 
vicinity of solid surfaces, and particularly near the injection tube to resolve the temperature and velocity 
profiles in the buoyant stream (Fig. 17a). Without knowledge of where heat losses occurred in the experiment, 
it was not feasible to include heat loss effects into the ASTEC model, which then overestimates the pool 
temperatures. Nonetheless, the code correctly predicts qualitative features of the flow, including the early 
development of the buoyant stream around and above the heat source, the evolving stratification in the pool, 
and the absence of mixing below the heat source level at later times (Fig. 17b). However, it was noted 
that the boundary layer growth calculated using ASTEC was considerably in excess of that derived from 
the ID model (based on similarity solutions), and from the estimates made from the (limited) experimental 
observations. The enhanced mixing, which accompanied the more rapid growth of the boundary layer, 
ultimately led to a weaker, but faster propagating, stratification in the pool, and this remained a point of 
discrepancy betv. :en the ID and 3D simulations. 

Since the standard k - e model is known to overpredict the growth of jets and plumes [22], it seemed 
worthwhile to perform a repeat calculation with FLOW3D using the low Reynolds number Jfc - e model in 
the code. The FLOW3D geometry data was generated automatically from the SOPHIA log file, which had 
been used to create the ASTEC mesh, and ensured mat the calculational grid was identical with that used 
for the ASTEC runs. Two FLOW3D calculations have been performed. In the first, the standard k - e 
model is employed to provide a benchmark comparison with ASTEC, while in the second calculation the 
low Reynolds number model is used. 

'Passive Containment Cooling System 
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52 Results: High Reynolds Number Turbulence Model 

Results from the calculation employing the standard k - c model are displayed in Figs. 18-20. Velocity 
vector and pool temperature contours 1 hr. into the transient are shown in Fig. 18. The strong upflow 
around the injection tube is clearly discernible. The slow circulation to a depth of about 100mm below the 
pool surface keeps this region well mixed, but the almost stagnant conditions at greater depths - there is only 
a slow circulation and cross-flow due to entrainment in the rising stream - tends to preserve the stratification. 
The propagation of the thermal front (approximately delineated by the AT = 1° contour) is somewhat more 
advanced than that calculated using ASTEC, and r«iore diffuse. There is no mixing below the base of the 
heater. 

Vertical velocities through the buoyant boundary layer next to the injection tube are plotted at two levels 
in Fig. 19: H=400mm, near the top of the heated section, and H=500mm, mid-way between die top of the 
heater and the pool surface. Boundary layer thicknesses, as calculated by FLOW3D, are 30-40% greater than 
those predicted by ASTEC. Dimensional arguments suggest that the propagation velocity of the thermal front 
in the pool varies roughly with the 1/3 power of the (momentum) boundary layer thickness of the buoyant 
stream [36]. On this basis, one would expect therefore a more advanced and more diffuse stratification in 
the pool using FLOW3D. This is confirmed by comparing the positions of corresponding contour lines in 
Fig. 17 (at t=3600s) and Fig. 18. 

The structure of the thermal boundary layer, plotted at the same levels in Fig. 20. is very similar for the 
two codes. The layer is noticeably thinner than the associated momentum boundary layer (Pr > 1). Thus, 
notwithstanding the broader buoyant flow region predicted using FLOW3D, the total energy discharge to the 
pool surface would be the same for both codes, resulting in similar temperature ranges in the pool (Figs. 17, 
18). 

5 3 Results: Low Reynolds Number Turbulence Model 

A repeat calculation employing die low Reynolds number k - e model in FLOW3D increased the CPU time 
for the job by about a factor three, for the same mesh. Otherwise, there were no particular problems at run 
time and, though not fine enough in the near-wall regions, the mesh was adequate to resolve the boundary 
layer gradients. Figure 21 shows velocity vectors and temperature contours in the pool at t=3600s and may 
be compared directly with those obtained using the standard k -e model (Fig. 18). The flow is now almost 
entirely limited to the buoyant boundary layer, which forms a narrow annulus around the infection tube. As 
before, a weak recirculation is apparent in the pool, but is now restricted to the immediate sub-surface layers. 
Otherwise, the pool is in a more or less quiescent state. 

Vertical velocities through the boundary layer at levels if=400mm and üT=500mm are drawn in Fig. 22. 
Peak velocities are marginally greater than those obtained using the standard model (c.f. Fig. 19), but the 
boundary layer has contracted by a factor five or more. This reduces the mass discharge to the surface by a 
factor 25, and the entrainment from the pool to the buoyant stream by the same amount, explaining the lack 
of discernible pool motion in Fig. 21. 

Temperature profiles in the boundary layer at the same levels are given in Fig. 23. Comparing values with 
those obtained using the standard model, Fig. 20, it is seen that over the heated section of the injection tube 
(.ff=400mm) the wall temperature has increased by about 10°, and over the non-heated section (i?=500mm) 
by 6°. The temperature increase is necessary to carry the same net energy away from the heater in the 
narrower stream. The pool remains stratified, as before, but the propagation of the thermal front (AT = 1°) 
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is slower due to the reduced mass flux from the buoyant stream to the pool surface. 

5.4 Conclusions 

The FLOW3D simulation of the ba ic experiment in the LENX-1 series has produced results which are 
broadly similar to those obtained using ASTEC, for the same computational grid and the same (high Reynolds 
number k — e) turbulence model. The growth of the buoyant boundary layer adjacent to the injection tube 
is overprcdicted by both codes, more so by FL0W3D; this discrepancy is a known defect of the turbulence 
model used. A repeat calculation employing the Launder-Sharma low Reynolds number k — e model in 
FLOW3D has shown a much reduced boundary layer growth, a slower propagating thermal front in the pool, 
and a sharper pool stratification. 

The pool temperature as a function of height is given in Fig. 24 for both FLOW3D runs, and compared with 
those obtained using the 1-D model, based on similarity solutions [36]. The total energy content of the pool 
(the areas under the temperature curves) is the same within 1% for each of the three simulations, but the 
temperature distributions are clearly very different. As already mentioned, it is unfortunately not possible 
to resolve the differences making use of measured data because of the heat losses which occurred during 
the experimenL However, as noted before, the propagation of the thermal front is a good indicator of the 
boundary layer growth in the buoyant stream, and is independent of heat loss effects (though more difficult 
to estimate accurately, if these occur). 

Source 

Experiment 
ASTEC (High Re Jfc - e) 
FLOW3D (High Re k - e) 
FLOW3D(Low Re Jfc - e) 
1-D Model 

Depth 
(mm) 
250 
286 
300 
218 
223 

Table 2 
Position of Thermal Front after 1 Hour 

The distance of the thermal front from the pool surface (as indicated by the AT = 1° contour) one hour into 
the transient is estimated from the experimental data, Fig. 16, and compared with the various code predictions 
in Table 2. Notwithstanding the heat losses in the experiment, which will result in an overestimation of the 
measured depth of the thermal front according to the definition adopted, the Table clearly demonstrates the 
need for the low Reynolds number turbulence model for this simulation. 

6 Gas Depressurisation Problem 

6.1 Background 

In process plant, for example in the petroleum and chemical industries, it is often necessary to store hydro
carbons under pressure in large tanks. These may be orientated vertically or horizontally and often have 
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asymmetrically-positioned inlet and outlet pipes, as indicated in Fig. 25. During depressurisation, the tem
perature of the gas decreases due to expansion. Heat transfer from the (warmer) vessel wall tends to limit 
the heat loss in the adjacent fluid layers; these become buoyant, initiating large-scale circulation currents in 
the gas space. The rate of heat transfer from the vessel to the gas, combined with the mixing efficiency 
of the circulating currents, will ultimately determine, for a given rate of depressurisation, the minimum 
temperatures occurring. On the one hand, too little heat transfer will lead to excessive cooling of the gas 
which may then induce severe thermal loading to the valve gear in the exit line. On the other hand, with 
too much heat transfer, the cooling effect to the vessel wall could reduce its temperature below the ductile-
brittle temperature of the wall material (steel) and threaten its mechanical integrity. Both extremes represent 
undesirable scenarios, hence the need to understand the complex, conjugate heat transfer processes taking 
place and accurately predict the temperature histories [15]. 

The initial study was carried out for a 2D vertical slice through the cylinder, Fig. 26, on the assumption -
checked during scoping studies - that the near-wall gas velocities in the vertical plane will be much larger 
than the bulk axial flow towards the outlet. The cylinder is of steel, of thickness 4cm and 2m outside 
diameter; the gas inside is methane. The depressurisation process is not modelled here directly. Rather, the 
cooling effect is simulated using a volumetric heat sink, distibuted uniformly through the gas space. For a 
given mass discharge rate M, the equivalent strength of the sink qv is determined from the work done by 
the pressure in expelling the gas according to 

qvV0 = M{cp - cv)T, 

in which V0 is the volume of gas, Cp and c„ the specific heats, and T is the temperature. For convenience, 
we take T = To, the initial temperature, in the present study, in order to keep qv constant. This is acceptable 
for studying the thermal exchanges but not as a strict simulation of the actual depressurisation process. 

Thermal properties are chosen to give a Rayleigh number, Ra\ defined in terms of the heat sink: 

Jlflt = ^ % ^ = 3.22 x 10" (1) 
flA 

This is equivalent to the usual Rayleigh number, written in terms of temperature difference, 

a.^f^-lO», (2) 

well in excess of the critical value for turbulent flow (~ 109). Here, g is gravity, ß the coefficient of 
volumetic expansion (= 1/T for a perfect gas, as used here), D the diameter of the cylinder, p the gas 
density, \i the dynamic viscosity, and A the thermal conductivity. 

Initially, the system is at rest, and the temperature of both the gas and the vessel is set at To = 298.75ÜT. 
Since the cooling effect is imposed artificially in terms of the volumetric heat sink rather than by an actual 
depressurisation, the setting of the ambient pressure serves only to define the gas density, and hence the 
heat capacity of the gas and the magnitude of the Rayleigh number in (1), other factors being constant or 
dependent only on temperature. The Rayleigh number given is obtained by setting the gas pressure to 1 bar. 

A 2D numerical simulation using ASTEC has already been carried out for this case [16]; the mesh used 
is shown in Fig. 27. There are 56 non-uniform meshes across the diameter, with mesh concentration near 
the walls, and 48 meshes around the aximuth, evenly spaced. Several trial computations indicated that this 
mesh is fine enough to ensure grid-independent results, and was therefore adopted for the present study. 
The ASTEC results revealed some interesting phenomena (Fig. 28). Early in the transient, the flow pattern 
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is symmetric with strong upward flow near the vessel side-walls and downflow at the centre, forming two 
standing eddies, symmetrically positioned with respect to the vertical diameter. Later, several small eddies 
appear in the unstable layers at the bottom of the cylinder, which generate large-scale asymmetric motions. 
The asymmetric region grows so that gradually more of the fluid domain becomes affected. The stably-
stratified layers in the upper half of the cylinder are virtually unaffected by the asymmetric development 
until late in the transient. 

63. Results: FLOW3D Calculations 

The geometry data for die FLOW3D calculations was obtained from the existing ASTEC log file using the 
extended SOPHIA-1 program. A first calculation was performed using the standard, high Reynolds number 
k — e turbulence modei, in order to be able compare direcdy with the ASTEC results, while the low Reynolds 
number model was adopted for the second run. Both calculations were continued to i=350s, at which time an 
asymptotic state is reached in which the heat extracted from the gas via the heat sink matches that transferred 
from the wall to the fluid. 

Velocity plots at various times during the transient are displayed in Fig. 29 for die FLOYV3D run incorporating 
the standard k-e model; results for the low Reynolds number model are qualitatively similar. The velocity 
field remains virtually unchanged during die transient with strong upward flow near die side-walls and a slow 
downward return flow over the bulk of die interior region. Two elongated, standing eddies are observed in 
die two upper quadrants, and diese remain throughout the calculation period. A maximum velocity of about 
1 m/s is achieved in the side-wall boundary layer. Corresponding temperature contours are given in Fig. 30. 
These show a well-defined horizontal stratification widi strong temperature gradients near the wall. There is 
no evidence of any asymmetries or small-scale convection. 

Velocity and temperature profiles in the near-wall region at the mid-height level are shown in Fig. 31 for bodi 
turbulence models. At mis level, peak velocities are almost identical and, in sharp contrast to die DELFT 
simulation, die momentum boundary layer is only marginally narrower for the low Reynolds number model 
vc.f. Fig. 11). Thermal boundary layers are also of similar thickness, the higher temperature of die gas in 
die core region for die low Reynolds number model indicating increased wall-to-fluid heat transfer for this 
case. 

Average temperatures, for both die wall and die fluid, as functions of time, are displayed for all diree 
calculations in Fig. 32. Early in die transient, before die circulation is fully established, me heat transferred 
from the wall to die gas is small, and die heat sink has a dominating influence. This results in a linear decrease 
in die gas temperature. Later, increased heat transfer from die wall limits die cooling effect of die heat sink 
until an equilibrium situation is reached in which die heat transfer from die wall exactly compensates for die 
heat removed by die sink. Thereafter, die temperature decrease is again linear, widi die difference between 
die average wall and gas temperatures remaining constant. 

As already remarked, adoption of the low Reynolds model in FLOW3D has enhanced the heat transfer from 
die wall and, once equilibrium is reached, die difference in (average) gas temperature is about &K compared 
with die standard model. This trend is die opposite of that noted for die DELFT benchmark calculation in 
which use of the low Reynolds number model decreased die wall heat transfer (c.f. Fig. 12). The reason for 
die change in behaviour remains obscure. However, most noticeable is the difference between die FLOW3D 
and ASTEC results. At equilibrium, die difference in temperature between die wall and die gas is 13K 
according to ASTEC, and \52K for FLOW3D. The approach to equilibrium is also more rapid widi ASTEC, 
tiiough this behaviour is consistent with die increased heat transfer, as is shown below. 
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From the data in Fig. 32, it is possible tc obtain estimates for the effective heat transfer coefficient n, as a 
function of time. If T£ and T£+1 denote the wall temperatures at successive times tn and fn+1, the heat 
transferred from the wall to the fluid during the interval At - tn+1 - tn will be 

AQ = mwCpw (Tn + 1 - Tn) , 

where mw is the mass of the wall material, and cpw is its specific heat The heat transfer can be described 
in terms of an equivalent heat flux q" according to 

^p- = Aq" = Ah»" (r«+1 - r ; + 1 ) , 

in which A is the heat *-ansfer area, hn+1 the heat transfer coefficient and T?'rl the fluid temperature, both 
evaluated at time t = tn+1. Solving, 

/ji-H _ m*"c3"" yC"1" - ^7 J 

~ A(T%+1 -Tf+i)(t"+l-tn) 

Figure 33 shows the development of the heat transfer coefficient through the transient, for each of the three 
calculations. Both FLOW3D calculations exhibit similar behaviour h increases steadily over the first 100s 
or so, and remains reasonably constant thereafter, with asymptotic values h=8.0 and h=SA (W/m2K) for the 
standard and low Reynolds models, respectively. In contrast, the ASTEC results show h rising very steeply 
for the first 30s into the transient, some unsteady variation over the next 40s, and then a further monotonic 
ascent, not quite attaining an asymptotic value, but with h=U3 at the final time <=130s. The beginning 
of the unsteady phase coincides with the first appearance of instabilities near the bottom of the cylinder 
(Fig. 28), and continues until the asymmetric motion is fully established. However, uV ASTEC results are 
already significantly different from those produced with FLOW3D for t<30s, before the aymmetries appear. 

The same data in Fig. 32 can be used to check overall energy balance for the calculations. At the general 
time tn, the change in the heat contents of the wall and fluid should match the total heat loss due to the 
distributed sink; that is, 

mwc^ (2£ - T0) + m/Cp/ (T? - T0) = -q„V0t
n, 

in which V0 is the gas space volume, and the / and w subscripts refer to the fluid and wall regions, 
respectively. For the FLOW3D calculations, energy balance was better than 0.1% for all tn. Mass-averaged 
temperatures in the fluid are not available for the ASTEC calculation and the volume-averaged temperatures 
used here could lead to errors of about 1% in the energy balance equation. Nonetheless, from the data 
available, energy balance was maintained to better than 2% for the ASTEC calculation and cannot explain 
the disparity in the results. 

63 Analysis 

A simple analysis of the conjugate heat transfer processes can be u jertaken on the basis of a lumped param
eter description of both the vessel and fluid, cor slant material properties, and constant heat transfer coefficient 
between the vessel wall and the fluid. With the ouside of the vessel insulated from the surroundings, the 
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conservation of energy equations are 

m^Cpu,—jr = - Ah(Tu.-Tj) 

£ ) 0) 
m{Cp}~dt ~ Ah ^ ~ Tf^ ~ 9vV° 

in which the temperatures should be regarded as averaged values for the respective media, qv is the heat sink 
density (= 26.56 W/m*)r and V0 is the gas volume. Figure 33 confirms that the assumption of constant h 
is justified over most of the transient, but would result in overestimation of the heat transfer during the first 
100s. 

Introducing dimensionless variables 0, r according to 

Tw = To0w, Tf=T0e}, t = ( 2 ^ ] r , (4) 

the basic equations (3) may be recast in the form: 

dQy, 
- OiT\Vw - Of) 

(5) 
dr =aT(ßw-9j) 

^ = a ( 0 u , - 0 , ) - l 

and are characterised by the two parameters 

a = AhTo/qvVo, r — mfCpf/mwCpW. (6) 

The time scale adopted in (4) is based on the time needed for the heat sink to extract the entire heat content 
of the gas, in the absence of heat transfer from the wall. The parameter a is the ratio of the maximum 
wall/fluid heat transfer rate to the power loss via the heat sink, and r is the ratio of the heat capacities. 
Solving the coupled equations in (5), subject to the initial conditions 

9W = 9f = 1 at r = 0 (7) 

we find 

»- = J -177 + SÜT7]3 (1 - expl-a(1 + r)T|> 1 

'/ - » - TT7 r - Wf7? <» - « * I " « 1 + ' W > J 
These expressions give the correct behaviour in the limits of negligible and dominant wall-to-fluid heat 
transfer. In me former case, 

a -* 0, 9W — 1, 9/ -* 1 - r, 

signifying that the wall temperature remains constant while the fluid temperature decreases linearly due to 
the action of the heat sink. In the latter case, 

a — oo, ew = 0j-+l- r-—T, 1 1 + r 

so that the wall and fluid remain in thermal equilibrium, the temperature decreasing linearly, according to 
the strength of the heat sink and the combined heat capacities of the gas and cylinder. 
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ror the general case, 0 < a < oo, the e-folding time for relaxation towards an asymptotic state is r0 = 
l / o ( l + T) which, in dimensional form, gives 

Ah (1/mjCpf + 1/m^Cpu,) 

and is nominally independent of the heat sink strength qv, though there is a weak dependence through h, as 
will be shown below. 

The temperature difference 

A8 = ew-0f= * {1 - exp [-a(l + r)r]} 

displays a monotonic increase, asymptotically approaching a constant value which, in dimensional units, may 
be expressed as 

&T = TW-Tf-+ ( - ^ 2 _ J t0 as t -> oo (10) 

in which *o is the relaxation time given in (9). The difference between the average temperatures of the wall 
and fluid, for all three calculations, is displayed in Fig. 34. Each calculation exhibits the expected asymptotic 
behaviour, and the relationship between the final temperature drop and relaxation time, given in (10), is 
also clearly discernible. From the asymptotes, it is possible to obtain estimates for the average heat transfer 
coefficient for each calculation, u»ing (9,10). A summary of results is given in Table 3. 

Code Turbulence Temp. Diff. Relaxation Time Average H.T.C. 
Model (JO (s) (W/m2K) 

FLOW-3D High Re Ar-e 152 82 8.0 
FLOW-3D Low R e * - « 144 77 8.4 

ASTEC High Re k - c 70 38 17.3 

Table 3 
A Comparison of Average Properties 

There appear to be no experimental heat transfer correlations for turbulent flow in cylindrical enclosures 
with all-around heating, as considered here, though some work has been done in the laminar regime for 
horizontal cylinders with differential side-wall heating [37]. An ASTEC simulation for this case has been 
used as a validation exercise, and satisfactory results were obtained [IS]. Most experimental investigations 
at turbulent Rayleigh numbers refer to rectangular enclosures, with one heated, and one cooled, side wall, 
and with insulated top and bottom surfaces. Adoption of empirical correlations based on this configuration 
to the present case could be misleading. 

There is also extensive coverage in the literature of free couvective flows over heated vertical and inclined 
plates». For downward-facing, inclined plates it is usually sufficient to adapt the appropriate correlation for 
the vertical plate by using g cos <j> (that is, the component of gravity parallel to the plate) in place of g 
in the definition of die Rayleigh number to account for the loss of buoyancy and reduced boundary layer 
velocities [38]. The situation for upward-facing plates is more complex since the buoyancy force is then 
directed away from the heated surface and can induce detachment of the boundary layer, create small-scale, 
three-dimensional recirculating flows near the surface, and accentuate (erratically) the heat transfer to the 
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bulk fluid. This effect tends to compensate for the toss of buoyancy parallel to the plate, but there appears 
to be no general correlation valid for all angles of inclination. A simple expedient is to assume, on average, 
that the heat transferred away from the plate by the induced small-scale motions on average compensates for 
the loss of buoyancy effect and to use the standard correlation for a vertical plate. 

A typical heat transfer correlation for free and enclosed convective flows is of the form 

Nu = cRan (11) 

in which c and n are constants within specified ranges of the Rayleigh number. To convert the correlation 
to one expressed in terms of BaK the Rayleigh number defined in terms of the heat sink, it is first necessary 
to relate the qv in (1) to an equivalent wall heat flux, and thence to the temperature drop from the wall to 
the bulk fluid via the heat transfer coefficient. This gives 

^xD2qv = irDq" = *Dh{Tw - 7 » , 

and hence 
qv = ih(Tw - Tf)/D 

Using this relation in combination with the Rayleigh number definitions in (1,2), we can write 

Jto* = 4 & i ^ = 4RaNu 

and, substituting into (11), we have finally 

Nu = c^ I ^ - ) , (12) 

which is the equivalent of (11) with the Rayleigh number defined in terms of the volumetric heat sink. The 
correlation of Canon [39], 

/ Pr \ 0 2 9 

has been derived for rectangular enclosures of aspect ratio near unity and Ma > 103. Using (12), with 
Pr = 0.72, gives 

Nu = 0 . 1 8 Ä / ' 2 2 5 = 335; h = XNujD = 6.0(W/m2K) 

The McGregor and Emery correlation [40], 

Nu = 0.046Az1/3, 

though only valid only up to Ba ~ 109, gives simila values: 

Nu = 0 .077^1/4 = 324; h = XNu/D = b£(Wlm2K) 

A typical correlation for free convection over a vertical heated plate, at the Rayleigh numbers considered 
here, would be [41 J: 

Nu = 0.10Jk1/3 = O.U7Rall/4. (13) 

In accordance with the remarks given earlier, we calculate an average correlation for the curved surface by 
integrating around the azimuth, using (13) for the lower quadrant, but incorporating the cos <p factor in Jfat 
for the upper quadrant. This gives 

Nu = -
•K 

^ + / cos1/4<fidt> 0.137ifatl/4 = 0.127Aztl/4 = 538; h = 9.5(W/m2K). 
2 Jo 
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Looking back at Table 3, it would appear, on balance, that the empirical correlations would favour the 
FLOW3D results rather than those obtained using ASTFC. However, it should be emphasised that none of 
the cited correlations have been derived for the particular geometry here considered, and a judgement on 
either code's performance would be premature. It is hoped that more reliable data will be forthcoming from 
the CYNCH series of experiments to be performed at PSI during 1994 [42]. A schematic of the experimental 
set-up is shown in Fig. 35. Natural convection is driven in the water contained in horizontal steel cylinder 
by uniformly heating the walls. Three azimuthal slots have been cut into the upper surface of the vessel 
to illuminate, using laser light-sheet techniques, the motion at three cross-sections through the cylinder; the 
end plates are made from Perspex to act is viewing ports. It is hoped to achieve Rayleigh numbers of up 
to ÄJ ~ 1010 with this arrangement. Though the thermal problem is the inverse of the one considered here, 
in that the wall is heated rather than the fluid cooled, data from the experiment will be a valuable guide in 
assessing the performance of the codes for this geometry. 

7 Conclusions 

The FLOW3D code is developed and maintained by Computaional Fluid Dynamics Services, a branch of 
AEA Technology, Harwell, and is available under licence at PSI and ETH. The code package includes an 
interactive grid generator SOPHIA-2, and a post-processor JASPER-2 for the graphical display of results. 
FLOW3D itself is a stand-alone program, implemented on the VAX, CRAY and CONVEX computer systems, 
accessible to PSI and ETH users. 

A number of in-house programs have been specially written to support FLOW3D applications. An early 
version of the SOPHIA pre-processor - the source code is not available for later versions - has been modified 
and extended to enable existing data sets, prepared originally for use with die ASTEC code, to be used to 
generate input data for FLOW3D. This program, SOPHIA-1 (Extended), incorporates interactive graphics 
calls which have been interfaced with the Dl-3000 software package so that the code can be used on any 
platform on which this package is implemented. Other software has been written - again using DI-3000 - for 
the graphical display of results outside the environment defined by the FLOW3D licence. These programs 
are available from the author, on request. 

The extended SOPHIA-1 program has been used to generate FLOW3D input data for three sample calculations 
for which ASTEC results are already available and for which a critical evaluation of the code's performance 
may be undertaken. The first of these refers to the DELFT (1992) benchmark problem: an international 
code-comparison exercise based on natural convection in a square enclosure at turbulent Rayleigh numbers. 
In general, FLOW3D results compare well with others submitted to the benchmark exercise. A calculation 
utilising a coarse (40x40) mesh produced results very similar to those obtained using ASTEC, but a fine-
mesh (80x80) calculation revealed an anomaly concerning the wall/fluid heat transfer rate, which was greatly 
overpredicted. A repeat FLOW3D calculation using the low Reynolds number k - c turbulence model (not 
available in ASTEC) exhibited much-reduced heat transfer, in better agreement with experimental data. 

The second calculation is a simulation of the LINX-1 pool-heating experiment. Using the high Reynolds 
number k - i model in FLOW3D, results are broadly in agreement with those already obtained using ASTEC. 
Both codes, but particulartly FLOW3D, overestimate the growth of the buoyant boundary layer around the 
heater tube, and consequenlty the propagation of the stratification front in the pool is too rapid. A repeat 
FLOW3D calculation using the low Reynolds number k — ( model greatly improves the results. 

"Cylinder Natural Convection 
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The third sample problem concerns transient, natural convection in methane gas, contained in a horizontal 
cylinder, from which heat is removed via a uniformly-distributed volumetric heat sink. A feature of the 
associated ASTEC simulation was the existence of small-scale eddies in the unstably-stratified layers near 
the base of the cylinder which resulted in large-scale asymmetric motions being generated in the bulk fluid. 
This behaviour is completely absent from the corresponding FLOW3D calculation, in which a perfectly 
symmetric flow field prevails throughout the transient. There are also quantitative differences: the average 
wall/fluid heat transfer rate, according to ASTEC, is much greater than that predicted by FLOW3D and, 
accentuated by the low heat content of the gas, leads to large differences in the mean gas temperatures. 
Empirical heat transfer data for this configuration are very sparse, and there appears to be none available 
at the correct Rayleigh numbers. A series of water experiments to be performed, in this geometry, at PSI 
during 1994 could help resolve the discrepancies between the two codes. 

For the sample problems here considered, which all feature rather simple geometries, FLOW3D appears to 
run between 10 and 50 times faster man ASTEC. For transient calculations with FLOW3D, it is particularly 
beneficial to employ the adaptive time-step algorithm which, within limits defined by the user, optimises the 
time step in accordance with the convergence criteria for the internal iterations. The steady-state option in the 
code was used initially for the DELFT benchmark problem but suffered from convergence difficulties. These 
were overcome by running the case as a false transient. Often, for turbulent flow situations, the calculation 
suddenly diverges. This is a known problem originating from the handling of the cross-derivative terms in 
the k and € transport equations for distorted meshes. The code developers have introduced a simple expedient 
of introducing sub-cycling for these equations, coupled with under-relaxation of the cross-derivative terms 
themselves. For the applications reported here, this option proved very successful. In general, incorporating 
the low Reynolds number k — t model increases the run time by about a factor three compared with the 
standard model. 
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(a) Local Node Numbering System 

(b) Global Node Numbering System 

(c) Blocks Joined at Common Face 

Figure 1 
Multi-Block Structure in SOPHlA-1 
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Figure 2 
Tee Junction Constructed from Six Blocks 

Figure 3 
Test 1: DELFT Benchmark Problem Definition 
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ASTEC FL0W3D 

Figure 4 
Test 1: Non-Uniform Calculational Mesh (40x40) 

Figure 5 
Test 1: Velocity Vetera (40x40 Mesh) 
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Figure 6 
Test 1: Temperature Contours (40x40 Mesh) 
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Figure 10 
Test 1: Temperatures at Mid-Width 
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Test 1: A Comparison of Turbulence Models 
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Test 1: A Comparison of Turbulence Models 
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Test 1: A Compaiison of Turbulence Models 
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Figure 14 
Test 1: A Comparison of Turbulence Models 
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Test 2: LINX-1 Experimental Layout 
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Test 2: Measured Temperature Contours 
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Figure 17 
Test 2: ASTEC Simulation 
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Figure 18 
Test 2: FL0W3D Simulation 
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Figure 19 
Test 2: Boundary Layer Velocity Profiles at Two Levels 
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Test 2: Boundary Layer Temperature Profiles at Two Levels 
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Figure 21 
Test 2: FLOW3D Simulation 

Velocity and Contour Plots at t=l hr. 
(Low Reynolds Number k - e Model) 
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Test 2: FL0W3D Simulation 
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Figure 23 
Test 2: FLOW3D Simulation 

Boundary Layer Temperature Profiles at Two Levels 
(Low Reynolds Number k-e Model) 
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Test 2: FL0W3D Simulation 
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Figure 25 
Test 3: Schematic of Horizontal Pressure Vessel 

Showing Inlet and Outlet Lines 
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Figure 26 
Test 3: Schematic of 2-D Calculational Model 

Figure 27 
Test 3: Calculational Mesh 
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t = 16.1s 

Figure 28 
Test 3: ASTEC Velocity and Temperature Plots 

at Various Times 
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Figure 29 
Test 3: FLOW3D Velocity Vector Plots 

(Standard k — e Model) 
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Figure 30 
Test 3: FLOW3D Temperature Contours 

(Standard k - e Model) 
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Figure 31 
Test 3: A Comparison of Turbulence Models in FLOW3D 
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Figure 32 
Test 3: A Comparison of Code Predictions 
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Test 3: A Comparison of Code Predictions 
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Test 3: A Comparison of Code Predictions 
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Figure 35 
Schematic of CYNC Experiment 


