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A SIMPLIFIED TREATMENT OF THE BOUNDARY CONDITIONS OF THE

k-£ MODEL IN COARSE-MESH CFD-TYPE CODES

G.Th. Analytis, M. Andreani

In coarse-mesh, CFD-type codes such as the containment analysis code GOTHIC, one of the options that
can be used for modelling of turbulence is the k-e model. However, in contrast to most other CFD codes
which are designed to perform detailed CFD calculations with a large number of spatial meshes, codes
such as GOTHIC are primarily aimed at simplified calculation of transients in large spaces (e.g., reactor
containments), and generally use coarse meshes. The solution of the two parabolic equations for the k-e
model requires the definition of boundary conditions at physical boundaries and this, in turn, requires very
small spatial meshes near these boundaries. Hence, while in codes like CFX this is done in a rigorous and
consistent manner, codes like GOTHIC adopt an indirect and heuristic approach, due to the fact that the
spatial meshes are usually large. This can have adverse consequences during the calculation of a transient
and in this work, we shall give some examples of this and outline a method by which this problem can be
avoided.

1 INTRODUCTION

Within the EURATOM Fourth Framework Programme,
the Paul Scherrer Institute (PSI) has played a major
part in the Technology Enhancement of .Passive
Safety Systems (TEPSS) project [1]. The project is
adding significantly to the technology base related to
advanced Boiling Water Reactors (BWRs). An impor-
tant part of this project is the analytical work to under-
stand the specific phenomena which control the per-
formance of the passive safety systems. Among these
phenomena, the occurrence of mixing or stratification
(thermal or of gas species) in large volumes is of great
importance. In this framework, calculations are being
performed to address the phenomena observed in
tests carried-out in the PANDA facility [2]. A number of
detailed studies are under way for a better under-
standing of phenomena taking place in different parts
of the facility.

For this analysis, one of the tools used is the code
GOTHIC [3] which is a 3D, 3-fields (vapour, liquid and
droplets) code developed specifically for containment
analysis, and has the additional capability of modelling
a mixture of gases including air. The code options
include a laminar flow model or one of two turbulence
models, the mixing-length model or the more sophisti-
cated k~e model.

As part of the effort to analyse and characterise the
various mixing phenomena important in advanced
reactor technology, we seek a better description and
understanding of the way that a jet of steam injected in
a vessel filled with air eventually purges the air from
the vessel. In particular, we are interested in the time
taken for the air to be purged by the steam, and the
time evolution of the spatial distribution of temperature
and air concentration in the vessel. In order to be able
to compare the results obtained by GOTHIC with CFD
calculations (by means of the CFX-4 code [4]) and to
assess some basic features of the code, the calcula-
tions were first carried-out for a simpler geometry and
wall heat transfer and condensation effects were ne-

glected. When the laminar or mixing-length option was
used, the simulation ran without any noticeable prob-
lem. However, when the k-e model (which provides
a more realistic treatment for turbulent flows in large
volumes) was activated, a number of problems were
encountered. In particular, after some time in the tran-
sient, the turbulent kinetic energy at some computa-
tional volumes increased to values much higher than
the average kinetic energy of the flow. The result of
this unphysical increase of turbulence was that, within
a very short time, the turbulent diffusivity increased
rapidly to unrealistically high values and the steam and
the air were completely mixed. Furthermore, as ex-
pected, the time-step was reduced to unacceptably
low values.

In this work we shall report on the modelling of some
transients similar to the one we mentioned above and
we shall discuss the results obtained by the standard
version of the GOTHIC code. Indeed, it was through
the analysis of some simple conceptual transients that
the problems we shall discuss in this report were re-
vealed. In what follows, we shall report the results
obtained by the version 6.0 (QA, Quality Assurance) of
the code. Similar results had been obtained with ver-
sion 5. The recent interim version of the code released
after the version 6.0 (QA), includes modifications of
the treatment of the wall boundary conditions which,
under certain conditions, seem to solve the problems
reported in this paper. These modifications, for most
cases, produce the same results as the "fix" which we
proposed in a previous report [5], i.e., the turbulent
kinetic energy at the wall remains bounded, which
seems to be a key issue for any coarse mesh descrip-
tion of bounded turbulent flows. However, as we shall
also discuss in section 5, there are still difficulties as-
sociated with this new approach.

In section 2, we shall outline the way that the k-e
turbulence model equations are coupled with the pha-
sic momentum equations in GOTHIC, the way that
they are numerically solved and shall identify the incor-
rect way that the boundary conditions for these vari-
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ables are defined at the walls, which is in fact the root
of the problem. In section 3, we shall present the re-
sults obtained for some simple transients by using the
standard version of the code and discuss all the prob-
lems encountered, the origin of which is the above
treatment of the boundary conditions. In section 4, we
shall describe the way that we avoided these problems
by imposing a limit on the turbulent kinetic energy at
computational cells which include a physical boundary.
As a result of this modification, a number of other
similar cases which previously gave similarly unphysi-
cal results were re-analysed successfully, giving us
confidence in the code modifications introduced.

2 THE k-e EQUATIONS AND THEIR NUMERI-

CAL SOLUTION IN GOTHIC

GOTHIC provides two different turbulence models: the
rather simple mixing-length model, and the more so-
phisticated k-e model which is now the generally
accepted model for this kind of engineering applica-
tions. It can be summarised as follows: The phasic
momentum equations for phase f in GOTHIC include
the turbulence stress term which must be separately
modelled; these equations can be written as

) =

DUETOTURB.

,lp + afpfg+<Vj>rf (2.1)

SHEAR

where r. is the mass generation rate of phase f, and

the other symbols have the usual meaning. The tur-

bulence stress tensor t_ can be modelled (as al-

ready noted) by using the k-e model. The turbulent

kinetic energy of phase f is defined by

(2.2a)

while the dissipation tensor (e,y)f by

(2.2b)

and the corresponding energy dissipation ef = (ejf. A
set of time-dependent differential equations including a
number of empirical constants can be written down for
kf and e/which are solved in the code; subsequently, kf

and Ef are used to define the turbulent viscosity | i f by

i
ef

(2-3)

where C^ is also an empirical constant. This quantity,
which for highly turbulent flows is 2-4 orders of mag-
nitude larger than the molecular viscosity u., is used in
the phasic momentum equations for modelling the

term T_,[3]. We note that these two differential equa-
tions are not implicitly coupled with the rest of the
code, and so situations may arise where a sudden
increase in the value of, say, k results in numerical
problems. Furthermore, as we shall discuss in this
work, the fact that in the version of GOTHIC used in
this work the boundary conditions for the solution of
the two k-e model equations are formulated in an

indirect (and not physically sound) fashion, may fre-
quently result in unbounded growth of the turbulent
kinetic energy k and the turbulent viscosity JJX AS al-
ready noted, the direct consequence of this unphysical
behaviour is that since the level of turbulence greatly
increases, mixing is predicted to occur very quickly in
all computational cells.

The two k-e model equations can be written (without
the index /"which denotes the phase) as

dk

ck

d(Vjk)

= CONVECTION

Ck

°k=

d2k
afPf dxf
DIFFUSION

I

V

D. DIFFUSION

U + vj,i)vJ

he

(2.4a)

for the k term (where Set is the turbulent Schmidt
number) and

C = CONVECTION
s
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d2e

D = DIFFUSION
e

d2e(k2'

D = DIFFUSION
£

(2.4b)

for the e term. C-|E, Ce, C ĝ and Qjg are empirical con-
stants, Ck =1. The quantities Ss and St, are the pro-
duction of turbulent kinetic energy by shear and buoy-
ancy, given by

(2.5a)

and

(2.5b)

respectively, and Rf is the flux Richardson number
given by

R 1

r " 2
(2.5.C)

An overbar denotes a time-averaged (over short time
scales) value.

Equations (2.4a) and (2.4b) are solved numerically.
We shall briefly outline the way this is done and in the
process of doing this, we shall also indicate the way
that the boundary conditions for these equations are
taken into account in GOTHIC, this being the cause of
the problems reported in this work. The "new-time"
values kn+1 and en+1, are obtained after finite-
differencing these equations in space and time; thus:

"SOURCE" (qkf

(2.6a)

and

"SOURCE" (qef

'IV
At (2.6b)

where he, hce and vc are defined in equations (2.4a)
and (2.4b).

Notice that the last term in each of the two finite-
difference equations above is introduced in order to
take into account the boundary conditions and kw and
ew are the turbulent kinetic energy and dissipation at
the wall, respectively. These are defined as follows:
One defines the turbulent kinetic energy kw "at the
wall" by [5,6]

k -
kw —

(2.7)

where Cm = 0.09 is one of the constants of the k-e
model; Vfr is the phasic friction phasic speed, which
results from the universal velocity profile for the veloc-
ity parallel to the wall. However, in GOTHIC, Vfr is in-
stead defined as

and

(2.8a)

(2.8b)

where f is the friction factor as calculated from an em-
pirical correlation for a smooth pipe. Also, one defines
the dissipation at the wall ewby [5,6]

(2.9)e *
w OAy.

where yc is the physical distance from the wall. How-
ever, in GOTHIC, yc is defined by
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50//

pf max(Vfr,O.Oi)
(2.10)

where p. is the molecular viscosity. As we have already
discussed before, during the iterations for solving the
two discretised, finite-differenced non-linear k-e
model equations, k and e are forced to attain the val-
ues kw and ew at the wall. In other CFD codes (e.g.
CFX, ASTEC etc), the boundary conditions at the walls
(i.e. eqs. (2.7) and (2.9)) are treated rigorously. How-
ever, this requires a very fine mesh near the wall,
something which is against the philosophy of the con-
tainment analysis codes such as GOTHIC. In equa-
tions 2.6a and 2.6b (be) is a rather complicated
"smoothing" function.

The two non-linear algebraic equations above are
solved iteratively for k"+i and e™-1 using Newton's
method, and at the end of each iteration (a maximum
number of 20 iterations is allowed) one updates the
values from the previous iteration with the ones ob-
tained from the current one. Finally, apart from the
usual restrictions based on mass-error and other con-
vergence considerations, when the k-e model is

used, the explicit numerical advancement requires that
the time-step is also limited by

At< min, ,
[All cells)

(2.11)

where z is a mesh length-scale, p the corresponding
phasic density.

3 SIMULATIONS AND CODE PREDICTIONS

In the course of the assessing the applicability of
GOTHIC to some specific phenomena, notably gas
mixing in the drywell of the PANDA facility, attempts
were first made to understand the way the code would
predict some simpler cases. Different cases of injec-
tion of hot air or steam in a vessel containing cold air
were analysed, to investigate the mixing phenomena
and to examine the capability of the code to capture
the underlying physical processes. Turbulence clearly
plays a very important role for such transients and
therefore, in order to be able to successfully analyse
them, a turbulence model is required.

In this work, we shall report on the analysis of two
relatively simple transients using a 2-dimensional
nodalisation. Results of two cases which we analysed
using the standard code and again using the modified
code, are described in sections 3 and 4 respectively.
To demonstrate better the effect of the code change,
the results using the two versions are displayed side
by side in figures 1A, 1B, 2A, 2B, etc. The A-series
refer to the standard code results and the B-series to
the modified code.

Maximum turbulent dynamic viscosity
cv2

100 125

Time (sec.)

Maximum turbulent dynamic viscosity
cv2

60 120

Time (sec.)

180 240 300

Fig. 1: Maximum turbulent viscosity j i f (Ns/m2) for the
box test-case with the standard (A) and modi-
fied (B) code.

(a) Box test-case

In this transient, air at a temperature of 100°C is in-
jected with a speed of 0.5 m/s into a vessel filled with
air at a temperature of 25°C and pressure of 1 bar.
The air is injected from the centre of the bottom of the
vessel while at the centre of the top, there is an outlet.
The width and height of the vessel are 1 m and 4 m,
respectively. The mesh size in the lateral direction is
0.2 m and axially, 0.5 m. In Fig. 1A, we show the
maximum turbulent viscosity u.'. One can see that p.*
increases to unrealistically high values until, at around
100 s, it suddenly increases more rapidly to about
1000 N s/m.2 at approximately 112 s. Here, we should
point out that the molecular viscosity of the air is about
1.8 10-5; hence, the above value indicates a predicted
turbulent viscosity of some 8 orders of magnitude
higher than the molecular one.
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Centreline Temperatures at various elevations
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Fig. 2: Temperature histories at 4 different axial loca-
tions along the central line for the box test-
case with the standard (A) and modified (B)
code.

The consequence of this is that during the whole tran-
sient, the time-step decreases gradually while the run
terminates at around 112 s having reached the mini-
mum time-step. The reason for this time-step de-
crease is that, as we mentioned before, when the
k-e model is used the time-step is also limited ac-
cording to Eq. (2.11). The consequence of the un-
physical increase of u.f can be seen in Fig. 2A, where
the temperature histories at 4 different locations are
shown. After approximately 80 s, the four temperature
histories coincide and at around 100 s (when u.f exhib-
its the additional sudden increase), there is a sudden
drop to the temperature at the lower boundary. Finally,
in Fig. 3A, we show the velocity vectors in the box at
time t = 102 s: Clearly, the velocities are also reflecting
the unphysical increase in the turbulence level.

(b) PANDA drywell test-case

In this transient (which was in fact the transient which
originally revealed the problems discussed in this
work), steam is injected from the side at a speed of
1 m/s into the drywell of the PANDA facility which is

Vmax=T).247OO9 (m/s)
Scaling Power = 1
Time = 102.232
/ Volume : Channels : Levels /
/1 : 1-5 :1-8/

Vmax ="0.507907 (m/s)
Scaling Power = 1
Time = 500.03
/ Volume : Channels : Levels /
/ 1 :1-5:1-8/

Fig. 3: Velocity vectors at t = 102 s (standard code,
A) and at t = 500 s (modified cod, B for the
box test-case.

initially filled with air at a pressure of 1.32 bar. An out-
let (feedline to the PCC condenser) is modelled at the
top of the vessel. Again, since at this stage the aim is
only to assess the capabilities of the code in as far
mixing and stratification is concerned, condensation is
not represented. The code predictions for this transient
obtained using the standard version of GOTHIC were
unphysical for the same reasons as above. Three
different models of the PANDA drywell were used, a
very detailed and a coarser 2D representation, and a
coarse 3D model. Here, we shall only discuss the re-
sults obtained using the 2D fine mesh nodalisation. In
Fig. 4, we show the drywell noding.

Due to the unphysical increase of the turbulence ki-
netic energy, we did not continue running the 2D fine
nodalisation case for more than 50 s transient time
since the time-step was already 0.2 ms. We show the
maximum turbulent viscosity and turbulent viscosity at
the outlet of the PANDA drywell until t = 50 s in
Fig. 5A.

Clearly, u.f is still bounded during the time period of the
calculation, yet its value has already reached unphysi-
cally high levels. As can be seen in Fig. 6A where the
temperature histories at 5 different elevations are
shown, complete mixing occurs at around 50 s. This
can also be seen in Fig. 7A, where we show the pre-
dicted velocity vectors in the PANDA drywell at t =
50 s. The velocity vectors indicate that dissipation
prevails almost everywhere in the system due to the
high value of u.'. Problems similar to those have been
encountered in other studies. Faced with these prob-
lems, we investigated the reasons for this unphysical
behaviour. Originally, due to the large values attained
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Fig. 4: 2D nodalisation for the PANDA drywell.

by k and (xf in the cells near the "ceiling" where large
density and velocity gradients were observed, two
features of the k-e model in GOTHIC were sus-
pected as being the cause: (1) the production due to
buoyancy and (2) the wall boundary conditions used in
the solution of the two k-e model equations. We
showed that (1) was not the cause of the problem by
running a simple test in which two parallel stream of
different density were flowing in a plane horizontal
channel. We therefore focused our attention on (2).

4 CODE MODIFICATIONS AND PREDICTIONS

As we already mentioned before, in contrast to CFD
codes which examine the fine detail of the flow, in
GOTHIC (version 6.0), the two k-e model differential
equations are solved in a less detailed and heuristic
manner which does not take into account the boundary
conditions at physical boundaries like walls. After
looking at the subroutine turb.c in which the k-e
equations are solved, it was noticed that the necessary
boundary conditions were actually enforced in a rather
unusual and indirect fashion, quite differently to the
way they are treated in other CFD codes, as described
in the previous section. In fact, in other CFD codes,
the values of k and e at the centre of a near-wall cell
are related to the mean velocity which is given by the
universal logarithmic profile and the length scale which
is the actual distance of the centre of the cell from the

Maximum turbulent viscosity and at the exit
cv11cv12

Maximum turbulent viscosity and at the exit
cv11 cv12

o

100 200 300

Time (sec)

400 500

Fig. 5: Maximum turbulent viscosity ( ) and tur-
bulent viscosity at the outlet (- - - ) of the
PANDA drywell with the standard (A) and
modified (B) code.

wall. The shear at the wall and the friction velocity are
consistently calculated from the resulting values of k.
The fact that the actual velocity must be equal to that
given from the imposed velocity profile requires suffi-
ciently fine meshes close to the wall, so that the near-
wall node is within the wall layers, instead, in GOTHIC
where for practical reasons, coarse noding has to be
used, the wall shear stress is calculated from an em-
pirical correlation which relates the friction coefficient
to the "free stream velocity". Since such a velocity is
taken to be equal to the average velocity in the near-
wall cell (whatever the size of this cell may be), the
information on the appropriate velocity, velocity gradi-
ents and length scales which relate k and e to the wall
shear stress is not available from the solution. The
boundary value of E is therefore (arbitrarily) fixed at a
distance of 50 non-dimensional wall units (see previ-
ous section), hence not directly related to the actual



63

Axial Gas Temperature Distribution
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Fig. 6: Temperature histories at 5 different elevations
for the PANDA test-case with the standard (A)
and modified (B) code.

distance of the near-wall node from the wall. Although
this approach seems to be a compromise between the
required accuracy in the calculation of the turbulence
quantities at the wall and the large meshes usually
used for practical containment calculations, it fails
under certain circumstances, since only one mesh size
of the cell close to the wall can reproduce the required
consistency between k, e, velocity and shear stresses.
For any other mesh size, the calculation can result in
large deviations from the balance between turbulence
production and dissipation and, in such cases as those
reported here, in unbounded and unphysically large
values of the turbulent kinetic energy k and turbulent
viscosity ji?. Nevertheless, this code logic must be
retained independently of the modifications we made
by restricting the value that k can attain. Physically, the
reason for the problems reported in the previous sec-
tion are quite clear. At the wall, the turbulent kinetic
energy k should become zero while the dissipation E
should tend to infinity. Actually, what was happening
during the analysis of some transients reported in this
work was that the turbulent kinetic energy generated
at different locations in the flow was reaching the walls

^ : : • • " ' ' " •
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V i r o = 1 (m/s)
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Time = 50.0005
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Fig. 7: Velocity vectors in the PANDA drywell at
time t- 50 s with the standard code (A) and
at time t = 300 s with the modified code (B).

where, due to the lack of proper boundary conditions,
it was not dissipated. Together with the fact that /cwas
not equal to zero at the walls, this led to a sudden and
unbounded increase of k. Clearly, as we discussed
before, the proper way to handle this problem would
be to introduce the correct physical boundary condi-
tions for the differential equations of the k-e model at
the walls. Nevertheless, in line with the coarse-mesh
philosophy of GOTHIC we adopted a simpler and indi-
rect approach. In particular, if any computational
volume has one of the faces closed by a physical
boundary, we restrict the turbulent kinetic energy
of the gas to not more than the average kinetic
energy of the flow, i.e,

where v-t is the average velocity and the subscript "g"

is now used to denote that we are referring to the gas.
The restriction is imposed at each iteration. Hence, if p
is the iteration index (1 < p < 20), we set

Vp: (4.13)

For most cases of interest, the turbulence kinetic en-
ergy k should only be a fraction of the total kinetic en-
ergy of the flow unless there is strong circulation.
Should this be the case near the wall (e.g., colliding
jets), the average kinetic energy at a certain location
could be small, while k could be rather large. The
above restriction on the magnitude of the turbulence
kinetic energy k, makes it impossible to take into ac-
count this situation which, however, is beyond the
capabilities of the k-e model. The way we imple-
mented this logic in GOTHIC is explained in [7]. At this
point, it is worth mentioning that there are three differ-
ent points at which one can place this restriction. Just
before the iterative solution of the k-e equations
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starts, within the iteration loop or after the iteration
loop. Trials with all three methods revealed that, for
the transients analysed, the predictions obtained by
these three methods were not very different, but the
best option is to impose it either within the iteration
loop or after. Here, we should also mention a further
problem that occurred during our analysis of transients
in which air bubbles are injected from the bottom of a
stagnant pool filled with water [8]. After a certain time,
GOTHIC terminated being unable to obtain a solution.
To overcome this problem, we also restricted the liquid
turbulent kinetic energy in all computational volumes
and did not allow it to exceed the average liquid kinetic
energy. This overcame the problem and the calcula-
tions were successfully completed, but only if the re-
striction of the liquid turbulence kinetic energy was
imposed within the iteration loop.

By implementing this modification, we re-analysed the
cases reported in the previous section which were
exhibiting unphysical behaviour. Furthermore, for the
PANDA drywell case, even before k started increasing
to the extent that it was it impossible to continue the
calculation, there were already a number of noticeable
unphysical effects observed, such as spurious recir-
culations. With the modified code, the transients were
successfully analysed and all the predictions were
physically realistic. We shall now proceed and discuss
the results obtained using the modified version of the
code.

(a) Box test-case

In contrast to the unphysical predictions obtained
when the standard version of the code was used for
this very simple but highly instructive transient, the
modified code yielded physically sound predictions
which were free of the problems encountered earlier.
In particular, in Fig. 1B we show the maximum turbu-
lent viscosity u,f as a function of time. As can be seen,
|i. f is now bounded and does not exhibit the unphysical
behaviour exhibited when the standard code was
used. In Fig. 2B, we show the temperatures at four
different elevations, which indicates the time at which
there is perfect mixing. For this case, it occurs at
250 s. Finally, in Fig. 3B, we show the velocity vectors,
for this case at t = 500 s. At ail times, the velocity vec-
tors are realistic and physically credible.

(b) PANDA drvwell test-case

In contrast to the results obtained with the standard
version of the code and the different problems en-
countered, the modified version resulted in predictions
which were physical and in agreement with those ob-
tained using CFX [9]. Furthermore, even with the very
detailed nodalisation, the code ran very fast, with a
time-step in the range of 30 ms. As already mentioned,
the reason for this is that k is now restricted by a con-
dition which constrains it within a physical range, and
hence does not lead to a degradation of the time-step.
This is a very clear indication that often, small
time-steps and hence, long running times are due

to reasons other than the actual solution scheme
used in the code.

For the case of the fine nodalisation, Fig. 5B shows
the maximum turbulent viscosity and turbulent viscos-
ity at the outlet until 300 s. Clearly, the unphysical
behaviour no longer occurs. Fig. 6B shows the tem-
perature histories at five different elevations. The tem-
peratures at locations above the injection point gradu-
ally converge while the zone below remains cold. In
Figs. 7B, we show the predicted velocity vectors in the
PANDA drywell at t = 300 s. The velocity distributions
are now realistic, in contrast to those obtained using
the standard version.

We also note that it was possible to increase the time-
step used by the code by changing in Eq. (2.11) the
factor 5 to 2; by doing this, we relaxed the limitation on
the time-step size when the k-e model is used,
hence achieving faster running times.

5 ABOUT THE NEW TREATMENT IN THE IN-
TERIM VERSION OF THE CODE

As mentioned in the introduction, the latest interim
version of the code uses a different approach to avoid
the problems mentioned above. In this version, the
treatment of the wall boundary conditions takes into
account the law of the wall in the correct fashion in
order to obtain consistency between the friction veloc-
ity (wall stress) and the velocity profile perpendicular to
the wall. However, since one has also to treat the
"corner meshes" and obtain an acceptable solution
(even if coarse meshes are used as is typically the
case in a containment calculation), the dissipation rate
at the wall is also "forced" to depend on the size of the
cell through the hydraulic diameter. For most cases,
this also leads to a bounded turbulent kinetic energy.
However, calculations using a coarse mesh nodalisa-
tion of PANDA with this new version exhibited an un-
desirable dependence of the results (and, more dra-
matically, the running time) on the hydraulic diameter.
In particular, the use of the normal definition of hy-
draulic diameter leads to values of the maximum tur-
bulent viscosity three orders of magnitude larger than
in a calculation using a hydraulic diameter only four
times smaller. Consequently, the velocity field is af-
fected strongly by the large momentum dissipation.
This shows that the attempt to relate the wall boundary
conditions to the mesh, although making the model
more robust, does not provide a general solution to the
problem. Therefore, it would be preferable to use a
relation based on the physical constraints which apply
in reality e.g., similar to the one suggested in the pres-
ent paper.

Although the "fix" reported here helped to by-pass the
unphysical increase of k, an even better approach
would be to impose the boundary conditions on the
k-e differential equations in a way similar to codes
like ASTEC or CFX. A fully consistent approach, how-
ever, cannot avoid the employment of fine meshes.
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This might not be practical in GOTHIC which is a
large-scale reactor containment analysis code which
seeks to capture the important features of the flow
behaviour and yield reasonably accurate results for
certain key variables, without attempting to track the
fine details.

6 CONCLUSIONS

Different transients involving injection of hot air or
steam into a vessel filled with cold air were analysed
using the version 6.0 of GOTHIC, to assess the code
and investigate its limitations for modelling mixing
phenomena. When the k-e turbulence model was
used for some of these problems, the turbulent kinetic
energy k reached unphysically high values. This was
due to the lack of proper boundary conditions at closed
boundaries when the two differential equations of the
k-e model are solved. The excessive increase of k
(and hence, of the turbulent viscosity p.*) resulted in
slow running, and, within a very short time, perfect
mixing in the vessel.

This problem was overcome by limiting the turbulent
kinetic energy k near a physical boundary, to the value
of the average kinetic energy of the flow at this vol-
ume. For most cases, this is a realistic restriction.
However, this is physically incorrect in some situations.
The modifications of the wall boundary conditions in
the recent interim version 6.0a achieve the same re-
sult, yet, under certain conditions unphysically large
values of the turbulent viscosity are calculated. We
recommend a more pragmatic approach aimed at
keeping the turbulence parameters within physical
bounds, such as the one suggested in this paper.
Cases where the behaviour very near the walls is of
interest are outside the scope of GOTHIC.
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