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ABSTRACT
In GOTHIC, the standard k — e model is used to model turbulence. In an attempt to enhance

the turbulence modelling capabilities of the code for simulation of mixing driven by highly buoyant
discharges, we implemented the Renormalization Group (RNG) k — e model. This model which for
the time being, is only implemented in the "gas" phase, was tested with different simple test-problems
and its predictions were compared to the corresponding ones obtained when the standard k — e model
was used.

INTRODUCTION
In the context of the EURATOM fourth Framework Programme, the Paul Scherrer Institute (PSI)

was a major participant in the Technology Enhancement of Passive Safety Systems (TEPPS) project
(Stoop et al., 1997). The project was aiming at making contributions to the technology base related to
advanced passive-type Boiling Water Reactors (BWRs). An important part of the TEPPS project was
analytical work aiming at understanding specific phenomena which control the performance of the
Passive Reactor Safety systems. Among these phenomena, the occurrence of mixing or stratification
(thermal or of gas species) in large volumes is clearly of great interest and in fact, this is also the case
in containment analysis calculations of conventional power plants. In this framework, calculations
addressing the phenomena observed in tests carried-out in the PANDA facility (Dreier et al., 1996)
were performed and a number of detailed studies were undertaken for a better understanding of
phenomena taking place in different parts of the facility. Clearly, in a number of cases, turbulence and
its modelling plays a very important role for interpreting and understanding experimental results.

Within the EURATOM fifth Framework Programme, the aforementioned aspects will be addressed
at a more basic level in the TEMPEST project, whose aim is to validate and improve advanced
modelling methods for evaluating pressure safety margins of the containment of BWRs. Within
this project, experimental data on the operation of the passive containment cooling systems will
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be generated and CFD model validation will be pursued, aiming at a detailed investigation of the
performance of CFD containment models and codes. In the framework of the TEMPEST project,
one of the tools that will be used is the code GOTHIC (George et al., 1995) which is a 3D, 3-fields
(vapour, liquid and droplets) code specially developed for containment analysis, and has the additional
capability of modelling a number of different gases as well as air. GOTHIC was also used in the
framework of the TEPPS project, and a number of calculations were performed. The GOTHIC code
has a pre-processor which greatly simplifies the task of building an input deck as well as a post-
processor which can be used interactively for plotting a number of requested variables during the
course of a transient. Furthermore, the user can decide whether to use a laminar flow model or one
of two turbulence models, the simpler mixing-length model or the more sophisticated standard k — e
model. However, for a number of reasons that we shall discuss in this work, within the TEMPEST
project, it would be desirable to be able to assess other existing turbulence models and compare their
predictions both with the measured data and with the predictions of the standard k — e model.

Although the standard k — e model is giving the right results for flows in pipes, it is known that
it can over-predict the level of turbulence in more complex geometries, particularly if there is a flow
over an obstruction or even in simple cases of injection of buoyant fluid in a container (as can be
the case in containment analysis calculations). For such cases, it has been shown that e.g. the RNG
k — e model (Yakhot and Orszag, 1986; Alavyoon, 1998) gives superior predictions. Recently, it was
reported by Heitsch (2000) who used CFX4.2 with the standard k - e and the RNG models that the
latter is better suited for predicting some experimental results from gas-mixing tests. However, as we
have already discussed elsewhere (Analytis and Andreani, 2000), the aim of GOTHIC is different to
the aim of other CFD codes: In particular, in GOTHIC, one uses simplified boundary conditions for
the k — e model equations at the walls, the reason for this being that GOTHIC is aiming at practical
containment analysis calculations using relatively large spatial meshes. A rigorous treatment of the
boundary conditions, would require very fine meshes near the walls. For exactly the same reason,
in GOTHIC, one must always define a heat transfer coefficient from a hot wall to the "fluid" as in
other system codes, something which is obviously not the case with CFD codes. In the framework
of such simplified assumptions, it would be very interesting to investigate the differences between
the standard k — e model and other turbulence models in practical applications. Hence, we have
implemented in the code an additional turbulence model: The Renormalization Group (RNG) k — e
model (Yakhot and Orszag, 1986). This implementation was achieved by using the existing structure
of the code, defining a number of additional terms required and appropriately modifying the solution
of the finite-differenced k — e model equations in a general way so that one could use them to solve
the standard RNG model. This is explained in more detail in the following sections.

The GOTHIC version in which we implemented the RNG model is the 6.0(QA) version, including
(as an option) the modifications described by Analytis and Andreani (2000) for by-passing the problem
of the occasional unphysical increase of k. We analysed all cases by using this option rather than
the default approach in the 6.0(QA) code version. However, we have also performed some of these
calculations with the default option and this results in turbulent viscosities fi* which are asymptotically,
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approximately up to 30% higher. In some respect, one can say that the aforementioned simplified
assumptions may "distort" the conclusions obtained by comparing the predictions obtained from
the different turbulence k — e models investigated in this work, particularly in cases in which a heat
transfer process from a hot wall to a fluid is taking place. However, independently of these simplifying
assumptions, in a global sense and in the framework of the prevailing wish to model multi-dimensional
effects in reactor containments, we believe that the inclusion of different advanced, "state-of-the-art"
turbulence models in GOTHIC is a highly desirable task which would greatly enhance the modelling
capabilities of the code. In fact, we shall show in this work that independently of the aforementioned
code features, the code predictions with the two different turbulence models are distinctively different,
showing that even when using simplified boundary conditions and relatively large meshes, in a global
sense, one can still draw interesting conclusions about the differences between these models.

This work is organised as follows. First, we shall outline the formulation of the k — e equations
in GOTHIC while after this, we shall outline the Renormalization Group (RNG) k — e turbulence
model, the way we implemented it in the code and the solution of the equations. Finally, we shall
present the results obtained by using the RNG model for the Box test-case (Arialytis and Andreani,
2000), for the thermally driven cavity problem and for a helium jet injected from the bottom of a 44
m high containment, and we shall compare the predictions of this model with the ones obtained by
the standard k — e model.

TURBULENCE MODELLING IN GOTHIC BY THE jfc - e MODEL EQUATIONS
In GOTHIC, there are two different turbulence models, the rather simple mixing-length model,

and the more sophisticated k — e model which is now days the generally accepted model for this kind
of engineering applications. This can be summarised as follows: The phasic momentum equations
for phase / in GOTHIC include the turbulence stress term which must be separately modelled; these
equations can be written as

-Q-t(
afPfVf) + V..aj(pjvf.vf -Zj- tf ) =

DUETOTURB. ,.. ,.

Vi>Tf + Ff + Fwk

SHEAR

The turbulence stress tensor H can be modelled (as already noted) by using the k — e model. The
turbulent kinetic energy of phase / is defined by

kf = ~(

while the dissipation tensor (e»j)/ by
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and the corresponding energy dissipation (e)/ = (e«)/. A set of time-dependent differential equations
including a number of empirical constants can be written down for k and e/ which are solved in the
code; subsequently, k and e/ are used to define the turbulent viscosity ^ by

H* = CMp,~, (3)

where C^ is also an empirical constant. This quantity which for highly turbulent flows is 2 — 4 orders
of magnitude larger than the molecular viscosity p is used in the phasic momentum equations for
modelling the term T* (George et al., 1995).

THE RENORMALIZATION GROUP (RNG) MODEL AND ITS IMPLEMENTATION IN
GOTHIC

In this section, we shall outline the RNG k — e model as well as the way that we modified the
solution of the two finite-differenced k — e equations. The two RNG k ~ e model equations can be
written as (where the index / which denotes the phase)

dk d(vik)
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for the turbulent kinetic energy k term (where Scl is the turbulent Schmidt number and /i the

molecular viscosity) and

de d(vie)

+
C€=CONVECTION

DC=DIFFUSION

af | CU(S3 + Sb)(l + C3eRf) | - - C2eajPf-r (46)

De=DIFFUSION

MODEL TERM

for the turbulent dissipation term e. Summation over double indices is assumed. Notice that the
k equation above is identical to the one of the standard k — e model; the only difference is in the
e equation which has an extra term on the right hand side. C l£, <Tk, crt, C^ and C3e are empirical
constants (see Table 1) and Ss and Sb are the production by shear and buoyant production terms from
the turbulent kinetic energy equation given by

r i r i f k \ >fk\
Ss = ctfi/l Vij + vjti Vij = a/C^pf Vij + Vj,i \vij[—J = S's ( — j (5 a)J

and // C / Jr\ /h2\
Sb = giOisJ^Ps" = ̂ s*"" {-) = Sb \~)' {5b)

respectively, and Rj is the flux Richardson number given by

In the SRNG term, rj is defined by
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where
o —

and Sij is the mean strain tensor defined by

(6)

(7)

(8)

Notice that the additional term SRNG in the dissipation equation above is the one which is obtained
from the RNG analysis. This term represents the effect of mean flow distortion of e and from what
we reported in this work, it has the effect of enhancing dissipation and reducing the turbulent kinetic
energy k. The different constants for the RNG model are given in Table 1.

0.085 0.719

Gepsilon

0.719

Cu

1.42

c2 e

1.68 1.42

Vo

4.38 0.012

Table 1. Constants of the RNG k-e model.

Since the dissipation equation now contain the extra term SRNG, the standard k — e model finite-
differenced equations in the code are slightly modified: The "new-time" values of k and e, kn+1 and
en+1, are obtained after finite-differencing equations (4a) and (4b) in space and time; we shall have:

= [vfk
n

n ^ ) \ A t ) / v f

and

cn+l __
= vfe kn+l

(96)

fsm{ew-en+1)\At
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where hk, he and vj are defined in equations (4a) and (4b) and At is the time-step. Notice that in
these equations, we have denoted by q% and §" the terms which are calculated at the old time-step
(superscript "n"). In these two equations above, fam is a rather complicated "smoothing" function and
SRNG is the term of the RNG model. 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.

The two non-linear algebraic equations (9a) and (9b) above are solved iteratively for kn+1 and
en+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 obtained from the current
one. In our case with SRNG ^ 0, this is achieved by first assuming that on the RHS of these equations,
kn+l = kn and en+1 = en and then writing them in the following form:

p+1 = qn + \hk ( _ _ j _ Vf£n+1 + f ^ ^ _ p+1) | A f I Vf ( 1 Q a )

and

- vf(C2c + SRNG) ( ̂ - ) + fm(ew - e"+1) | At / vf (106)

SIMULATIONS AND CODE PREDICTIONS
In order to test the new models, in this section, we shall present selective results from the analysis

of two test-cases with the RNG k — e model and compare the predictions with the ones obtained by
using the standard k — e model. The two test-cases selected are the box with injection of hot air from
the bottom (Analytis and Andreani, 2000), and the thermally driven cavity with natural circulation.
The problems are analysed in two spatial dimensions.

(a) Box test-case

In this transient, air at a temperature of 100 °C and with a speed of 0.5 m/s is injected into a
vessel filled with air at a temperature of 25 °C . 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 pressure is assumed to be
1 bar. The width of the vessel was 1 m while its height is 4 m. The mesh size in the lateral
direction is 0.2 m and axially, 0.5 m, a total of 40 meshes.

In Figs 1 - 5, we show the nodalization and different variables for this test problem calculated
by GOTHIC with the two different k — e models and although in this case, there are no
measurements to compare with, some interesting conclusions can be drawn. Notice that at this
stage, the nodalization is rather coarse and it is the same nodalization like the one used by
Analytis and Andreani (2000): In the axial direction, the nodes have a length of 0.5 m while in
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the x-direction, 0.2 m. First, it is clear by looking at Fig. 2 that the RNG k — e model predicts
a lower turbulence viscosity pf than the standard k — e model. The turbulence kinetic energies
h shown in Fig. 3 predicted by the code with the RNG k — e model is also asymptotically the
lowest. For the standard k — e model, the predicted k is higher than from the RNG model. In
Fig. 4, we show the predicted temperatures at four different axial elevations by using the two
turbulent models. One can see that "complete mixing" is predicted to occur from the different
models at almost the same times, however, the RNG model predicts complete mixing a little
later than the standard k — e model. This is consistent with the corresponding magnitudes of the
turbulence viscosity p* predicted by the two models. Finally, the centre-line velocities predicted
by the two different turbulence k — e models after 500 s shown in Fig. 5 are very close to each
other, the maximum one being predicted by the RNG models, while the minimum one by the
standard k — e model.

Concluding this part, we should mention that although in this case we have only used 40 meshes
(which is a rather coarse nodalization), separate studies of the same test-case performed with
1600 meshes showed that the value of the turbulent viscosity p* (away from the walls) was
not very sensitive to the mesh-size. This is of practical importance for containment analysis
calculations for which one is not interested using a large number of meshes. Finally, it is worth
mentioning here that we have also analysed this test-case by using the default approach in
the 6.0(QA) version of the code; as we mentioned in the Introduction, this results in turbulent
viscosities pf which are asymptotically up to 30% higher than when we restrict the growth of the
turbulent kinetic energy k at the meshes near the walls as explained by Analytis and Andreani
(2000).

(b) Box with a central blockage test-case

We shall now assume that in the previous test-case, there is a blockage in the centre of the box
and analyse the test case (with the same initial conditions as above) with GOTHIC with two
different k — e models. To achieve this, we found necessary to increase the number of nodes
near the vertical walls, and the nodalization used is shown in Fig. 6. In Fig 7, we show the
velocity vectors in the box for one of the cases; from this figure, it is clear where the blockage
is located. In Fig 8, we show the computed maximum turbulence viscosity pt by using the
standard and RNG k — e models. The most important thing to notice from these figures is that
during the initial PS 200 s of the transient, the code with the standard k — e model predicts
the highest pt while the one with the RNG model the lowest. This is in agreement with what
we found for the "unblocked" box test-case above, however, these differences are now much
more pronounced. After this time, the differences in pt predicted by the different models still
remain but they are much lower than during the first 200 s. In particular, the p* predicted by the
standard k — e model is the highest, while the RNG model predicts the lowest pf. In any case,
the dissipative nature of the RNG model is clearly demonstrated.
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Figure 1: GOTHIC nodalization for the box test-case.
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Figure 2: Maximum turbulent viscosity n* (N s/m2) for the box test-case with the standard (left) and
the RNG (right) k - e models.
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Figure 3: Maximum turbulent kinetic energy for the box test-case with the standard (left) and the
RNG (right) k-e models.
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Figure 4: Centre line temperatures at four different axial elevations for the box test-case with the
standard (left) and the RNG (right) k — e models.
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Figure 5: Centre-line velocities at t = 500 s for the box test-case with the standard (left; Vmax

0.5125 m/s) and the RNG (right; Vmax - 0.5221 m/s) k-e models.

Figure 6: GOTHIC nodalization for the box test-case with a blockage at the centre.
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(c) Thermally driven natural circulation in a square cavity

One interesting problem for which there are also experimental measurements is the natural
circulation in a square cavity in which the two opposite walls are kept under different tempera-
tures. The input was sent to us by George (1998) and we have already used this case to assess
our GOTHIC modifications before (Analytis and Andreani, 2000). For this particular case, the
temperatures at the two opposite walls are held at 34.2 C and 80 C, respectively (AT = 45.8 C).

The nodalization for the thermally driven cavity problem is shown in Fig. 9; it can be seen
that the length of the nodes in the two different directions varies. The mid-plane velocities
as functions of XjD predicted by GOTHIC with the two different k — e models are shown in
Fig. 10. In the figures, the experimental measurements are also shown. The standard k — e
model predicts quite well the mid-plane velocity "profile" in the box. In particular, it predicts
a maximum velocity (0.46 m/s) which is quite close to the measured velocity (0.33 m/s).
In contrast, the code with the RNG model activated predicts that the peak velocity is higher
(approximately 0.56 m/s) and that the profile is more "peaked" towards the wall. Here it is
worth mentioning that physically, for this case, the velocity profiles are primarily determined by
the temperature difference AT between the two walls and hence, the heat transfer process from
the walls to the fluid plays a dominant role. However, we have already mentioned before that in
GOTHIC, a separate heat transfer coefficient between the walls and the fluid must be imposed
and hence, any immediate conclusions from the analysis in this case with different k — e models
could be misleading.

(d) Buoyant jet

One of the most interesting cases for testing the models discussed in this work is the concentration
decay along the centre line of a buoyant jet (or plume) injected from the bottom of a container
filled with air. Hence, we shall consider a container of 44 m height and 38 m "length", and
assume that there is helium at a temperature of 25 C (same as the temperature of the air in
the container) injected at the centre of the bottom with a velocity of 10 m/s (which is a jet).
To speed-up the calculation, due to the symmetry of the problem in the lateral direction, we
only considered half of the container, with the helium being injected at the bottom left hand
corner. The nodalization is shown in Fig. 11: There are 22 axial nodes of 2 m each and 13
lateral ones of two different sizes, 7 nodes of 1 m each (near the jet) and 6 nodes 2 m each.
This test case deck was built by Andreani and Smith (1999). We analysed this transient by the
standard and RNG k — e models. In Fig. 12, we show the maximum turbulent viscosities n*
predicted by these two models and in agreement with our previous findings, the \il predicted by
the RNG model is the lowest. Clearly, for this case, the RNG model is expected to predict less
lateral spreading of the jet than the standard k — e model. In Fig. 13, we show the predicted
helium pressure ratios histories at five different axial elevations at the centre of the jet with the
aforementioned two different models (the local helium pressure ratio is proportional to the local
helium concentration). As expected from the predicted values of n*, for the same axial elevation,
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the predicted pressure ratios histories are higher when the RNG model is used, indicating that
this model results in the smallest lateral spreading of the jet and consequently, the lowest dilution
along the centre line. In particular, in comparison with the predictions of the standard k — e
model, when the RNG model is used, at a distance of 12 m from the jet entrance, there is 9%
higher helium molar concentration while at a distance of 42 m, the predicted concentration is
approximately 40% higher. Clearly, these conclusions are qualitatively in agreement with the
conclusions of Heitsch (2000), however, although the initial conditions reported in this work
are similar to the ones of our benchmark, the predicted (by CFX4) lateral spreading of the jet
was higher than ours. Concluding this case, we must stress once more that although we used
very large spatial meshes, it is patently clear that some overall characteristics of the different
models are correctly captured by our analysis, hence strengthening the statements made in this
work that even in the framework of system containment analysis codes, one can draw some
concrete conclusions about the performance of different advanced turbulence models.

I ri i in
iiiiinii
iiiiinii
MINIM!
MINIMI
Illllllll

Illllll
n u n

IIIIIIIII
iiiiiini
IIIIIIIII
IIIIIIIII
IIIIIIIII
IIIIIIIII
1 1 1 1 1 1 1 1 f

Figure 9: GOTHIC nodalization for the thermally driven cavity test-case.
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Figure 10: Natural circulation in a thermally driven cavity: Velocity vectors at the mid-plane predicted
by the standard (left) and the RNG model (right). The measured values are indicated on one figure by
"o",
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Figure 11: GOTHIC nodalization for the plume test-case.
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CONCLUSIONS

In the framework of the TEMPEST project and the forthcoming work related to analysis of
different phenomena in the reactor containment for which turbulence plays an important role, in this
work, we enhanced the turbulent modelling capability of GOTHIC by implementing into the code a
new turbulence model, the RNG model. The implementation was achieved in a rather straight-forward
fashion and the finite-differenced k — e equations were solved by the Newton iteration scheme.

Physically, our results show that as expected from results obtained by CFD codes for similar
situations, for the cases analysed, the RNG model increases the dissipation rate and hence, decreases
the level of turbulence. Compared to the predictions of the standard k — e model, the RNG model
resulted in a lower turbulence viscosity for the box case. For the thermal cavity problem, the RNG
model resulted in a higher velocity near the walls and hence, a narrower velocity profile (i.e. decaying
much faster than the measurements show as one moves away from the walls). Furthermore, analysis
of the box test-case with a larger number of meshes (not shown in this work) showed that the predicted
turbulent viscosity /z* (away from the walls) is not strongly depending on the number of meshes,
an interesting conclusion from the point of view of containment calculations in which usually, for
practical reasons, one is not interested in calculations with a large number of meshes. Finally, analysis
of a helium jet injected from the bottom of a large container in which large computational meshes
were used showed that in agreement with the conclusions of other authors who have used CFD codes
like CFX4, the RNG model predicts the smallest dilution rate of the jet.

Concluding, we can say that although as we discussed before, in GOTHIC, there is a simplified
treatment of the boundary conditions which allows to use coarse meshes and one also has to impose
a heat transfer coefficient at the walls, the differences between the predictions of the two k — e
turbulence models can still be recognised. As a matter of fact, this study showed that even under the
aforementioned simplifications and by using a relatively coarse nodalization, one is able to extract
very useful information and draw very important conclusions in relation to the predictive capability
of different sophisticated k — e models in the framework of GOTHIC. Finally, our study shows that
the version of GOTHIC as modified to include the option of the RNG model can be a convenient tool
for a comparative study of mixing phenomena.
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