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PURGING OF AN AIR-FILLED VESSEL BY HORIZONTAL INJECTION OF STEAM

B. L. Smith and M. Andreani

Reported here are results from an idealised 2D problem in which cold air is purged from a large vessel by
a steam jet. The focus of the study is the prediction of the evolution of the flow regimes resulting from
changes in the relative importance of buoyancy and inertia forces, and time histories of the temperature
and concentration fields. Global parameters of interest are the mixture concentration at the vessel outlet
and the total time taken to purge the air. The Computational Fluid Dynamics (CFD) code CFX-4 has been
used to perform calculations for different inlet velocities, covering a range of (densimetric) Froude numbers
from Fr=0.8 (buoyancy dominated) to Fr=7.1 (inertia dominated). Animations have been used to help un-
derstand the dynamics of the flow transitions, and temperature and concentration histories at specific
monitoring points have been compared with coarse-mesh predictions obtained using the containment code
GOTHIC.

1 INTRODUCTION

The next generation of Light Water Reactors are ex-
pected to feature advanced, passive safety systems
for long-term, decay-heat removal, and a number of
possible plant designs have been proposed worldwide,
based on both Boiling and Pressurized Water Reactor
concepts. Following a postulated breach of the primary
circuit, steam escapes to the containment building,
originally filled with nitrogen. In order to cool the con-
tainment by passive means, it is necessary to convey
the steam to a number of large heat sinks utilizing
natural mass, momentum and heat transfer mecha-
nisms such as gravity, natural circulation, evaporation
and condensation.

For the General Electric design of Simplified Boiling
Water Reactor, the SBWR [1,2], and its European
counterpart the ESBWR [3,4], the heat sinks for pas-
sive containment cooling are three multi-tubed con-
denser units, located in external water pools, see
Fig. 1. The condensate is returned to the pressure
vessel and the nitrogen, which originally filled the
containment volume, is vented to the Wet-Well sup-
pression pool, together with any non-condensed
steam.

In 1991, the Thermal-Hydraulics Laboratory became
actively involved in the technology advance towards
such passive safety concepts by initiating the ALPHA
project [5], with the goal of increasing understanding
of the physical phenomena relevant to passive con-
tainment systems and the interaction between the
various system components during long-term cooling.
In the first phase of the ALPHA project, the work fo-
cused strongly on the General Electric SBWR design
concept. The large-scale, integral test facility PANDA
was constructed (at 1 /25th volumetric scale, but 1:1 in
height), and experiments carried out which were in-
tended to be part of the certification process for the
plant, as directed by the US Nuclear Regulatory
Commission. In the second phase of the project, AL-
PHA-II, the focus changed to the ESBWR and the
SWR-1000, an alternative design proposed by Sie-
mens [6]. Further PANDA experiments were per-
formed, activities falling within the IPSS1 and TEPSS2

projects of the 4th Framework Programme on Nuclear
Fission Safety of the European Union, to which the
Swiss Government contributed funding.

The distribution of nitrogen in the containment is a key
safety issue, since energy removal by condensation of
steam is adversely affected by the build-up of non-
condensable gas concentrations at or near condens-
ing surfaces. To understand complex mixing and
stratification phenomena in large volumes, particularly
under natural circulation conditions, which have small
driving forces, accurate, three-dimensional calcula-
tional tools are required. The containment code
GOTHIC [7] is one of the tools which could be em-
ployed to perform such computations. The code has
3-D capability, a three-field (vapour, liquid and drop-
lets), multi-phase model, and a chemical species ca-
pability. Modular models for most of the components
present in a typical containment (e.g. heat exchang-
ers, hydrogen burners, etc.) are also available. The
code is widely used by the electrical utilities to asses
the reliability of safety systems engineered to mitigate
the severity of hypothetical accidents, and to guide the
development of better safety features and accident
management procedures.

The coarse-mesh nodalization, which of necessity
must be employed in plant analyses using GOTHIC,
leaves open its reliability to compute mixing and strati-
fication by jets and buoyant plumes because of un-
wanted numerical diffusion effects. Indeed, recent
analyses [8] have shown a sensitivity to mesh con-
centration for containment mixing problems, and the
capability of the code to model multi-dimensional phe-
nomena of this type remains to be verified. Due to lack
of suitable experimental data, a verification process is
being employed in which detailed simulations are be-
ing carried out using the CFD code CFX-4 [9] to
benchmark the accompanying GOTHIC calculations.
A number of code-code comparisons have been per-
formed for basic flow configurations involving jets and
buoyant plumes; these are reported elsewhere [10].
Reported here are comparisons based on an idealized
2-D problem in which cold air is purged from a large
vessel by a horizontal steam jet.
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Fig. 1: ESBWR vs. PANDA

Fig. 2: The vessel layout in PANDA.

2 THE PANDA FACILITY

The transients discussed in this paper are related to
the most severe start-up conditions of the passive
safety system of the ESBWR design in which steam is
first released into the containment volume (Dry-Well),

initially filled with cold nitrogen. The time at which the
condenser units can begin removing energy from the
system - and, by implication, limit the pressure in-
crease in the containment - depends on the amount of
non-condensable nitrogen contained in the mixture
flowing to them. This in turn depends on rather deli-
cate mixing and stratification phenomena occurring in
the containment volume.

Experiments have been carried out in the PANDA test
facility to study the interaction of the various compo-
nents during containment cooling start-up, providing
global data for analysis using traditional system codes
such as RELAP-5 [11]. A schematic of PANDA, in
comparison with the ESBWR, was already given in
Fig. 1, and Fig. 2 shows the PANDA vessel layout in 3-
D form. The facility is of modular construction, con-
sisting of six large pressure vessels, four open pools,
and associated pipework. Originally, the vessels were
configured to represent singly, or in pairs, major com-
ponents of the SBWR [12]. The tall, narrow tank
serves as the Reactor Pressure Vessel (RPV), in
PANDA equipped with electrical heaters supplying
1.5 MW power. A second, elevated tank represents
the Gravity-Driven Cooling System (GCDS) pool,
which discharges directly to the RPV. The Dry-Well
and Wet-Well containment volumes are represented
by twin-tank arrangements, with large connecting
pipes to equalize pressures and enable asymmetries
to be investigated. There is one pipe connecting the
two Dry-Well tanks, DW1 and DW2, and two for the
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Wet-Well, one in the vapour space and one in the
suppression pool. Finally, four water pools, open to
atmosphere, are located on top of the facility. These
contain, respectively, the one Passive Containment
Cooler (PCC) connected to DW1, the two PCCs con-
nected to DW2, and the Isolation Condenser, which is
integral with the primary circuit, and connects directly
to the RPV.

PCC3

Steam

Fig. 3: Schematic of Dry-Well configuration for
PANDA P3.

The two vessels which comprise the Dry-Well are
each of height 8 m and of 4 m diameter, giving a total
volume of about 90 m3; the distance between the axes
of the vessels is 8 m. Large penetrations, just below
the centre plane of the vessels, accommodate the
connecting pipe, which is of about 1 m internal di-
ameter and elbowed around the GCDS tank situated
between the two Dry-Well vessels; see Fig. 2. The
feed lines to the PCC units, one for DW1 and two for
DW2, are each of internal diameter 83 mm and are
attached to the upper domes of the vessels. The lines
to units PCC1 and PCC2 connect to Dry-Well vessels
DW1 and DW2, respectively, directly above the large
connecting pipe. The penetration for the feed line to
PCC3 is at the same elevation, but offset by 70°. Fi-
nally, the steam inlet lines, or Main Steam Lines
(MSLs), one for each vessel, and of 160 mm diameter,
are located below the large connecting pipe, and al-
most opposite to it.

The cold-start transient was studied experimentally in
PANDA Test P3 [13]. Not all the pipe connections
indicated in Fig. 2 were connected for this test. Steam
was injected only into DW2, and only the feed lines to
PCC2 and PCC3 were left open. In this configuration,
DW1 is a dead volume, acting only as an expansion
chamber, though steam is condensing there. A sche-
matic of this layout is given in Fig. 3.

3 CFX MODEL

In principle, numerical simulation would involve 3-D
representation of the two PANDA vessels, the con-
necting pipe, the steam supply line, together with the
feed lines to the two active PCC units. In addition,
condensation on the walls of the vessels, and their
subsequent heat-up, would also need to be modelled
in order for a meaningful comparison with experimen-
tal data to be made. In view of the computation time
involved in a full 3-D simulation, and the difficulties
modelling wall condensation (and fog formation) with
CFX-4, an idealized 2-D test problem was defined in

which only one Dry-Well vessel is represented; a
schematic is shown in Fig. 4a.

Part of the connecting pipe (to the first flange in
PANDA) is retained, together with the steam supply
line opposite this (in reality not quite in the same plane
as the axis of the connecting pipe), and one PCC feed
line. The scaling is 1-1, the 2-D model representing an
azimuthal slice through the actual PANDA tank. The
locations where temperature and concentration meas-
urements were taken in the actual experimental facility
are also shown in the Figure; these were used as
monitoring points for the CFX-GOTHIC comparisons.

The steam line (internal diameter 16 cm) in PANDA
has only a short, straight (about five diameters) sec-
tion before entering the Dry-Well vessel. The exact
inlet velocity profile would therefore be somewhat un-
certain, the length of this section being insufficient for
the establishment of a fully-developed profile under
turbulent flow conditions. In the 2-D model, the pipe is
of width 16 cm diameter, and length 80 cm. Note that
this choice, though geometrically correct, does not
preserve hydraulic diameter. Similar arguments apply
for the PCC feed line, and again only the initial,
straight section of the pipe is represented.

Figure 4b shows the mesh layout adopted for the
CFX-4 calculations. The cross-pipe nodalization is
very coarse for both inlet and outlet pipes, and the
logarithmic law of the wall is imposed for the cells
adjacent to the pipe walls regardless of whether the
cell centres lie in the range 30 < y+ <100, in wall units,
as required by the theory. Nonetheless, there are rea-
sonable mesh concentrations at the level of the steam
injection, to resolve the expanding jet, and again near
the junction with the PCC feed line, where the flow
would be rapidly accelerated. Elsewhere, there is
some superfluous mesh refinement, this occurring as
a consequence of the constraints imposed by the pipe
attachments (structured mesh). The model is one cell
thick, with symmetry conditions applied to the front
and rear faces. In total, there are 7,737 active fluid
cells. Uniform velocity conditions are imposed at the
inlet, and a constant-pressure boundary condition is
applied at the end of the PCC line. Initially, the system
is at rest with the tank filled with air (which substituted
for nitrogen in all PANDA tests) at 25°C and at an
ambient pressure of 1.3 bar. At time f=0 , pure
steam, at saturated conditions with respect to the
system pressure, is injected through the steam line
and the subsequent motion computed. Both the air
and steam are modelled as perfect gases, and no
condensation effects are considered. The fluids are
assumed to mix perfectly at the molecular level, with
the air being regarded as a chemical species and the
steam as the carrier fluid. The tank walls are treated
as adiabatic boundaries.

Four transient calculations have been performed for
different inlet velocities (Vjn = 1, 3, 5 and 9 m/s), cov-
ering a range of (densimetric) Froude numbers from
Fr= 0.8 (buoyancy dominated) to Fr= 7.1 (inertia
dominated).
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Fig. 4: (a) Schematic of 2-PANDA tank, (b) CFX-4 mesh layout.

The Froude number used here is defined as follows:

|(Pa-ps)gB
in which ps and pa are the initial densities of the steam
and air, respectively, g is the acceleration due to grav-
ity, and B ( = 16 cm) is the slot width of the 2-D inlet
pipe.

All calculations, though only 2-D, were long and tedi-
ous. Several false starts were made and extremely
tight tolerances had to be maintained to eliminate nu-
merical mixing and minimize errors. Most difficulties
were encountered during the very early stages of the
transient, as the steam jet was becoming established,
and during phases of flow reversal (to be explained
below). Strictly speaking, the cells adjacent to the
pipes and the vessel walls should have been refined
according to the flow conditions to ensure that the law
of the wall was applied legitimately, as discussed
above. In fact, this was not done, and the same mesh
(Fig. 4b) was used for all calculations, the primary
interest in the study being a comparison exercise (with
the GOTHIC code) in regard to the bulk flow charac-
teristics. Within the limitations of this comparison, the
CFX-4 simulations should be trustworthy, and can be
used to benchmark the exercise.

4 GOTHIC MODEL

Both coarse-mesh and fine-mesh nodalizations were
employed in the comparison study, and these are
shown in Fig. 5. There is no body-fitted-coordinates
option in GOTHIC, and a number of blocked cells are
used to reproduce the curved profile of the lower ves-
sel closure by a series of steps. Similar measures
were taken initially at the top of the vessel, but these
led to numerical difficulties due to inadequacies in

handling the wall boundary conditions for turbulent
flow. Therefore, assuming that the bulk motion would
be little affected by the precise geometry, the upper
dome of the vessel was replaced by a flat ceiling, as
shown in Fig. 5. (The assumption was later confirmed
when a new version of the code, with an improved
turbulence model, became available, enabling more
realistic modelling of the upper dome.) With this sim-
ple expedient, all calculations then ran without major
problems.

A constant-mass-flow boundary condition is imposed
at the steam inlet, the inlet pipe being modelled by a
single mesh cell (not shown) for both the coarse-mesh
and fine-mesh simulations. A constant-pressure
boundary condition is applied at the exit of the PCC
feed line, with an appropriate pressure loss coefficient
to take account of the vena contracta. Based on the
experience gained modelling jets and plumes in sim-
pler geometries [10], for the fine-mesh option a refined
GOTHIC nodalization was employed close to the
steam inlet, and again near the jet impingement point
on the opposite tank wall.

The connection pipe was modelled using just four cells
which, though very coarse, did allow some capability
for modelling local recirculation. The total number of
active cells was 118 and 639 for the coarse-mesh and
fine-mesh models, respectively. The modelling of va-
pour in a multi-component mixture is more advanced
in GOTHIC than in CFX-4, and includes actual steam
properties and models for wall and (homogeneous and
heterogeneous) bulk condensation. Though conden-
sation phenomena were expected to have a consider-
able effect on the actual flow dynamics occurring in
the Dry-Well vessels during the PANDA P3 test, for
the comparison exercise, to maintain consistency with
the CFX-4 simulations, the steam is modelled as a
non-condensable gas.
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Fig. 5: GOTHIC Nodalizations.

(b) Fine Mesh

For the temperature range here considered, the differ-
ence between using the perfect gas law and employ-
ing actual steam properties (but with condensation
suppressed) is negligible throughout the transient [9].

5 RESULTS AND COMPARISONS

From the evidence of the calculations performed, and
no doubt due to the influence of the confined geome-
try, there appears to exist a strict bifurcation in the flow
regime occurring in the vessel. The injected steam is
lighter (by virtue of its composition rather than its tem-
perature) than the surrounding air. For the low-velocity
injection cases, Vin = 1,3 m/s, buoyancy effects
dominate and a wall plume is quickly established on
the near wall, which feeds a steam-rich mixture up-
wards over the upper vessel dome to the PCC outlet.
For high-velocity steam injection, Vin = 5, 9 m/s, inertia
effects are dominant and a jet is formed which impacts
the opposite tank wall. This situation is also stable,
and there appear to be no intermediate configurations.
At the extremes, Vjn = 1,9 m/s, the plume or jet be-
haviour is readily predicted by both codes but, at in-
termediate velocities, the balance between buoyancy
and inertia is more delicate, and care needs to be
exercised during computation to avoid qualitative er-
rors occurring.

5.1 Case A: Inlet Velocity = 3 m/s

This case is characterized by plume-like behaviour.
The inertia of the injected steam is insufficient to carry
the jet to the opposite vessel wall, and a buoyant
plume is seen rising towards the upper dome. This
forms a double circulation cell arrangement, with
downflow occurring on both near and far walls
(Fig. 6a). The configuration is unstable and a near-wall
plume is rapidly established (Fig. 6b). Steam from the

inlet feeds the plume continuously, the flow accelerat-
ing upwards and inducing a strong clockwise circula-
tion in the region above injection. The plume entrains
air, which is then purged through the outlet, the mass
fraction of steam in the upper part of the vessel in-
creasing progressively. This reinforces the stable
stratification with the unmixed air below the injection
level, and though there is some entrainment due to the
recirculating flow above it, the air in the lower vessel
remains almost static until mid-way through the tran-
sient. As the steam jet from the inlet attaches itself to
the near-wall, a small recirculation region is generated
locally above the jet. As the region above the inlet
becomes more steam-rich, as a result of the purging
of the air through the exit, the plume becomes less
buoyant with respect to its surroundings.

The jet inertia is then strong enough to lift the plume
away from the wall, increasing the size of the recircu-
lation zone above the steam inlet (Fig. 7a). Animations
produced from the CFX-4 calculations show that this
process is unsteady with successive separation and
re-attachment of the plume to the wall occurring, the
recirculation increasing in size progressively as the
buoyancy of the plume weakens.

Ultimately, the recirculating flow expands out into the
bulk-flow region and the near-wall plume evolves into
a far-wall jet (Fig. 7b). The circulation in the upper part
of the vessel now completely reverses, inducing rapid
mixing. The jet is deflected downwards, as well as
upwards, as it impinges upon the far wall, the down-
ward motion generating a clockwise circulation in the
lower vessel region. The last part of the transient is
characterized by a stable, horizontal, far-wall jet, an
anti-clockwise circulation in the region above injection,
and a growing clockwise circulation in the lower region
which purges the remaining air from the tank.
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Fig. 6: CFX-4 steam concentration field for Case A.

(a) t = 300 s
Fig. 7: CFX-4 velocity field for Case A.

(b) f=450s

The fine- and coarse-mesh GOTHIC simulations pre-
dict flow behaviour qualitatively similar to that obtained
using CFX-4. In particular, the transition from a circu-
lation driven by a wall plume to one (in the opposite
sense of rotation) driven by a horizontal jet occurred,
though much earlier than for CFX-4.This is probably
due to the lack of flow detail in the central part of the
tank, where excessive numerical diffusion contributed
to overall mixing, and thence the weakening of the
plume during the period when the plume detached and
re-attached to the near-wall, the loss of buoyancy
leading to early transition to jet-like behaviour. Gener-
ally though, temperatures and mass concentrations at
the monitoring points (Fig. 3) above inlet level and at
the flow exit compare well with those obtained using

CFX-4 (Fig. 8a). However, as a consequence of the
early transition in flow pattern, the fluid in the lower
part of the vessel (that is, below the injection level) is
weakly stirred by the jet, and numerical diffusion, re-
sulting from the rather coarse GOTHIC nodalization in
this region, led to gradual erosion of the stratification
front. As a consequence, the sharp change from air to
steam conditions predicted by CFX-4 at the C3 moni-
toring point is more gradual, and occurs earlier, ac-
cording to GOTHIC (Fig. 8b). From the air partial-
pressure traces from the PANDA experiment, not
strictly applicable to the 2-D simulations, and not
shown here, a sharp transition, as seen in Fig. 8b, was
not evident, probably indicating better mixing in three
dimensions.
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Fig. 8: Concentration histories.

5.2 Case B: Inlet Velocity = 5 m/s

With a Froude number Fr=4 for this case, it is ex-
pected that jet-like behaviour will characterize the flow,
and detailed CFX-4 calculations confirm this expecta-
tion. Initially, as before, a buoyant plume develops,
which rises to the upper dome generating the double-
cell recirculation zone with downflow along both tank
walls, similar to that shown in Fig. 6a. The configura-
tion is unstable and jet flow to the far tank wall is
quickly established, the impingement point displaced
somewhat above the level of injection due to buoy-
ancy. Figure 9 shows that, already at t = 10 s, purging
of air from the lower part of the vessel has begun.
Animations confirm that purging of the entire region
below the inlet proceeds rapidly, and a gradual ho-
mogenization of the region above the inlet also takes
place. This, in fact, produces a density inversion with a
substantial amount of heavy fluid (air-rich mixture)
suspended above lighter fluid (air-lean mixture). Obvi-
ously, in the 3-D case, there would be a tendency for
the flow to invert, and fluid would flow around the jet to
produce a stable stratification. However, in 2-D, the jet
to the far wall separates the two regions, which cannot
then mix.

To obtain an estimate of the characteristic time scale T
for flow inversion to take place, one can refer to some
recent advances in the non-linear treatment of the
classical Rayleigh-Taylor instability. According to
Snider and Andrews [14]3

T = .

in which H is the half-width of the turbulent mixture, a
is a numerical constant between 0.05 and 0.077, and
A is the Atwood number, defined by

For H = 4m, p-| = 0.8 and p2 = 1.0kg/m3 (densities
corresponding to the regions below and above the jet,
respectively, at t = 50 s), one obtains

t « 8 s

Since the time-scale is short compared with mixing
times, the return to stable stratification is expected to
be an important phenomenon in the 3-D case, but is
not being represented by the 2-D model.
The fine-mesh GOTHIC calculation failed completely
to predict the early jet-like behaviour, and a stable,
near-wall plume was formed instead (Fig. 10a), the
transition to a far-wall jet occurring during the time
110-140 s, in much the same way as seen for
Case A. The cause of the unrealistic behaviour may
be traced to the excessive momentum dissipation in
the jet near the injection point, allowing the buoyancy
to take control of the flow pattern. In fact, for the same
mesh layout, jet behaviour was recovered only if the
inlet velocity was increased from 5 m/s to 7 m/s.

Surprisingly, the coarse-mesh nodalization did repro-
duce the gross features of the flow correctly (Fig. 10b).
This must be due to the accompanying numerical
diffusion of heat and concentration being stronger than
that for momentum, so that the density deficiency is
lost to a large extent already in the cell into which the
jet discharges, and jet-like behaviour is then estab-
lished.

A repeat GOTHIC calculation was performed with a
very fine mesh which included a 4x13 nodalization of
the inlet pipe - similar to that employed for the CFX-4
simulations - and 6,682 active cells in the fluid do-
main, again comparable to the CFX-4 mesh. Figure 9b
shows velocity vectors at t = 10 s, and confirms that jet
behaviour has been established early in the transient,
the details of the flow generally looking very similar to
those obtained with CFX-4 (Fig. 9a). It is also inter-
esting to note that an attempt to model the inlet by
means of a simple orifice, but with a prescribed,
strongly-peaked velocity profile, failed to reproduce the
jet behaviour. This suggests that the delicate balance
between momentum flux and buoyancy force, which
determines plume or jet development, is affected by
the smallest detail of the nodalization near the inlet,
and it is only possible to obtain the correct behaviour if
the inlet zone is modelled in great detail.

3 The authors are grateful to their colleague Dr B. Sigg for point-
ing out this reference to them.
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Fig. 9: Temperature and velocities at t = 10 s; Case B.

5.3 Case C: Inlet Velocity = 9 m/s

In this case, the Froude number Fr= 7, and a jet de-
velops quite early in the CFX-4 calculation. The same
flow pattern is also predicted by GOTHIC, with a hori-
zontal jet impinging on the opposite vessel wall, and
mixing the fluid both above and below the injection
level. In spite of some differences (such as a lower
predicted temperature in the impingement region, and
the more extensive mixing, which are due to the
coarser grid used by GOTHIC), the results are in good
agreement with those obtained with CFX-4. The in-
creased stirring capacity of the higher velocity jet pro-
duces very good overall mixing, and the air mass frac-
tions at the PCC feed lines, which reflect this process,
are consequently in very good agreement.

6 FINAL REMARKS

A code comparison exercise has been undertaken to
examine transient mixing and stratification phenom-
ena in large vessels, driven by jets and plumes. The
exercise, though carried out in the context of a 2-D
idealization of a generic mixing configuration, has
highlighted the importance of controlling numerical
diffusion if both qualitative and quantitative data are to
be reproduced reliably, the balance between inertial
and buoyancy forces completely pre-determining the
subsequent flow regime. However, to keep numerical
diffusion to a minimum, a fine-mesh nodalization and
limited time-step strategy has to be adopted, and this
places a heavy burden on computing resources. For
the CFX-4 calculations performed during this exercise,

it was necessary to impose very strict error controls;
this made the computations long and tedious. Par-
ticular care was needed at the start of the transient, as
the buoyant jet was first established, the initial inter-
play between inertial and buoyancy forces defining the
flow characterization in terms of plume-like or jet-like
behaviour, and during periods of flow transition. For
the cases considered here, the use of animations also
provided useful input to the understanding of the de-
velopment of the flow. In particular, the rapid transi-
tions between flow regimes, and the oscillatory nature
of the wall-plume detachment process, are unlikely to
have been captured by a series of static vector plots.

From the viewpoint of the GOTHIC calculations, the
coarse-mesh approach, which is used by containment
codes to compute complex flow phenomena, can be
considered trustworthy only if detailed, CFD solutions
are also available, at least for a selection of the prob-
lems being studied. The CFD calculation can addition-
ally often provide information on the fixes and patch-
ups necessary to improve the quality of the coarse-
mesh solution. For the calculations performed in the
present exercise, the low-velocity (V/n=1 tn/s) and
high-velocity (Vin = 9 m/s) injection cases have been
computed reliably by GOTHIC, the air mass fraction
and temperatures at the monitoring points and flow
exit being in very good agreement with the detailed
CFX-4 results. The quality of the predictions reduced
considerably for the intermediate cases in which there
was a more critical balance between inertial and
buoyancy forces.



51

Fine Mesh.Tirre=10s

- - - ;

ftifr,,
r f f f t f i i - . - - -

f t t t t l ! I , . . , . . , ,

l l I U < »

ittttl.> > , . . .

IIIU

uuw
aunt

iiiiii!

Ccerse Mesh, Tirne=10 s

T t

t f t

(a) Fine Mesh (b) Coarse Mesh

Fig. 10: Velocity vectors for GOTHIC simulations; Case B.

For Vjn = 3 m/s, the correct flow regime (transition
from near-wall plume to jet) was predicted, but the
timing of the transition (200-300 s) was considerably
earlier than calculated by CFX-4 (360-400 s) as a
consequence of excessive numerical diffusion. For
Vjn = 5 m/s, the incorrect flow regime was calculated
by GOTHIC. The problem was eliminated by employ-
ing a much finer nodalization, but the computation
time then became excessive.
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