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Abstract

The Large Eddy Simulation (LES) methodology is used nowadays not only as a research
tool, but also for practical applications. Given this fact, an LES code which specializes in
turbulent dispersion problems has been developed. It has been incorporated into the well
established in atmospheric and hydrogen dispersion applications ADREA-HF
Computational Fluid Dynamics (CFD) code. In this study, the LES methodology is
evaluated against a hydrogen release and dispersion experiment in a hallway that has
ventilation openings. Results from Reynolds Averaged Navier Stokes (RANS)
methodology and from the Fire Dynamics Simulator (FDS) LES code are also included.
The hydrogen concentration values predicted with ADREA-HF LES are very close to the
measured ones, especially for the sensors close to the ceiling. The study includes comments
about critical parameters used in the LES models, like the value of the Smagorinsky
constant. Finally several advantages of the LES methodology are outlined.
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1. Introduction
1.1. Background

While the CFD methodology was first used more than 100 years ago [1], the foundations
of Large Eddy Simulation has less than half of a century of age [2-6]. Initially, the research
team of National Center for Atmospheric Research at Colorado and later on the scientists of
Stanford University were the pioneers of the Large Eddy Simulation development. Originally
used mainly for turbulence research, this methodology resolves the large, energy containing
eddies in a time-dependent manner, being able to accurately capture the flow field in cases
where time-averaged methodologies like RANS may fail, as for example in unsteady or
recirculating flows. On the other hand, the computational cost is in some cases prohibitive, since
in order to well-resolve the near-wall region the simulation time is proportional to R[],
where Re is the Reynolds number. That is the main reason why LES was not considered for
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practical applications more than a decade ago. However, the use of wall functions along with
the low-cost computational power increase has nowadays changed that. Since the physical
phenomena involved in atmospheric dispersion applications usually have an unsteady character,
the LES emerges as a promising technique to cope with those problems. The recently developed
ADREA-HF LES has already been tested in flow and dispersion problems [8, 9, 10]. As part of
the validation procedure of the code, it was considered necessary to evaluate it against a more
difficult dispersion case, involving a buoyant gas in a non-trivial geometry.

1.2. Description of the experiment and previous simulation studies

Hydrogen special characteristics as an energy carrier have attracted the research interest in
recent years [11]. One of the main problems that should be addressed is the safety, since
hydrogen has a wide flammability limit (4-74 % v/v) that makes its storage and handling
hazardous [12]. Several experiments in (partly) confined spaces have been conducted in the past
[13-16] in order to evaluate possible risks from hydrogen leakages.

The particular experiment examined here represents a half-size hallway with dimensions
2.9 m x 0.74 m x1.22 m (length, width, height) [13]. Hydrogen leaks from the floor at the left
end of the hallway, Figure 1, for a period of 1200 s. At the right end there are a roof vent and a
lower door vent for natural ventilation. The hydrogen flow rate is 9.43833 x 10™ m’/s. Four
sensors were used to record the local hydrogen volumetric concentration with time. Table 1
shows the various geometrical characteristics. For the given volumetric flow rate and leak area
the hydrogen exit velocity is 0.02032 m/s with a volume concentration equal to 1.0 at the leak.

Several CFD simulation studies exist for this experiment. Swain et al. [13] performed a
RANS study using the Fluent code and found very good agreement with the measurements. He
first calibrated the CFD model to agree with the experimental helium data and then used it to
predict the hydrogen concentration distribution. Later Agranat et al. [17] used the PHOENICS
code with a grid of 6480 cells and found an overprediction for sensors 2 and 3. The
concentration isosurfaces near the ceiling had very similar shape to those of Swain et al. [13]
though. Matsuura et al. [18] used the CFD ACE+ code with various grids. The results presented
had some disagreements compared to the experiment, especially at sensor 4. Parametric analysis
performed with the 28500 cells’ grid for different physical and geometrical parameters provided
possible explanations for the discrepancies observed. The first LES study of this experiment,
using the FDS code, was performed recently from Matsuura [19] and Matsuura et al. [20], who
found good agreement against the experimental data with their dense grid of 290000 cells,
especially at the sensors close to the ceiling. Except of this experiment, the LES methodology
has being used for various hydrogen release applications during the last years [21-25].

X
Figure 1. The hallway, sensors 1-4, hydrogen inlet, door and roof vents and two planes of the
finer computational mesh. Front hallway wall is hidden
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TABLEl: GEOMETRICAL CHARACTERISTICS

X (m) Y (m) Z (m)
Hallway size 2.90 0.74 1.22
Sensor 1 location 0.1524 0.144 0.1524
Sensor 2 location 0.1524 0.5208 1.0088
Sensor 3 location 2.6762 0.144 1.0088
Sensor 4 location 2.6762 0.5208 0.1524
Roof vent size 0.1524 0.3048 0.00
Roof vent location 2.6 0.2176 1.22
Door vent size 0.0 0.3048 0.1524
Door vent location 2.9 0.2176 0.1524
H, inlet size (leak) 0.1524 0.3048 0.00
H, inlet location (leak) 0.1524 0.2176 0.00

Numerical procedure
2.1. Governing equations

In LES, a spatial filtering is applied to every variable of the flow field, decomposing it into
a resolved (or filtered) component and an SGS component. The filtered governing equations are:
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where p is the density, ¢ is the time, u; are the velocity components, x; is the distance, p is the
pressure, 7; are the stress tensor components, u is the kinematic viscosity, 0 is the Kronecker
delta, Sj; is the rate-of-strain tensor, r is the gas constant, 7 is the absolute temperature. The bar

(_) represents space-averaged instantancous values, while the tilde (N) denotes density-
weighted Favre-averaging. ’Ful is the instantaneous shear stress tensor due to molecular forcing

and r,.f is the residual stress tensor due to the subgrid turbulence, modelled using the classical
Smagorinsky subgrid scale model, as:

1 .
f; +§rkk5,.j =245, (6)
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where y* is the non-dimensional distance from the wall. The Smagorinsky constant C, has a
default value of 0.1. The term /7x0;;, which is usually negligible compared to thermodynamic
pressure [26], is incorporated into the filtered pressure. The filter-related A is taken as A4 = V7,
where V is the volume of the computational cell. In equation (7), the Van-Driest damping [27] is
incorporated, in order to account for the reduced growth of the small scales near the wall.

The filtered scalar mass transport equation for a passive component i of a mixture, is:
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where ¢; is the mass fraction of the component i, D; is the molecular diffusivity of the
component i (molecular diffusivity of hydrogen in air is equal to 7,8 x 10~ m?/s), Usgs 15 the
subgrid-scale kinematic viscosity and Sc,g, is the turbulent subgrid scale Schmidt number, taken
equal to 0.72. In this equation the modelling of the subgrid-scale scalar stress via an eddy
gradient diffusion hypothesis is incorporated.

2.2. The numerical tool

ADREA-HF uses the finite volume method on a staggered Cartesian grid. The geometry is
reproduced with the use of porosities, which makes possible the correct representation of any
solid surface on a structured mesh [28]. The pressure and velocity equations are decoupled with
the use of the ADREA/SIMPLER algorithm [29]. For the discretization of the convective terms
a second order accurate deferred correction central scheme [30] was used. For the time
advancement, a second order accurate Crank-Nicolson numerical scheme was chosen. The time
step is automatically adapted according to prescribed error bands and desired Courant—
Friedrichs—Lewy (CFL) number. For the concentration calculation, a second order accurate
linear upwind scheme was used, along with a SMART limiter in order to increase the numerical
stability. ADREA-HF is parallelized in both shared memory architectures with the use of
OpenMP directives and in distributed memory architectures, using MPI. For the current runs,
the Krylov subspace method BiCGstab is used, with the additive Schwarz preconditioner [31].
Both the creation of the preconditioner and the solution of the preconditioner system are done in
parallel.

2.3. The simulation approach

LES simulations with ADREA-HF. The whole room with its openings is simulated and its
geometry reproduced. Following the experience of another similar study [32], the computational
domain is extended outside the building for 1.01 m in the x direction, for 0.78 m at the z
direction and for 0.35 m at each side of the building at the y direction (blocked cells till x =2.9
m and till z=1.22 m). A sensitivity test, that was performed for the expansion of the domain
and for the blocked cells, revealed that the above-mentioned choices are suitable for the correct
reproduction of the experiment. Several grids are tested in order to assess the sensitivity of the
results on the cell size. The basic grid has 93 x 37 x 47 cells in the x, y and z directions
respectively (122815 non-blocked cells), while inside the hallway the cell is about 0.038 m. A
typical run time for this grid using 4 processing cores of a modern personal computer is about
four days. Runs with two coarser grids with 16736 and 40176 cells and two finer grids with
214122 and 373632 cells are also performed. Figure 1 presents the finer grid with 137 x 52 x 70
cells and with a typical cell size of about 0.025 m. All grids are aligned with the area source and
with the exits, since this meshing provided better results. In all exit planes (lateral, front, back
and top) the non-reflecting boundary conditions for the normal velocities are chosen, while for
the parallel to the exit planes’ velocity components, Neumann boundary conditions are applied.
Zero gradient is also utilized for the mass fraction of hydrogen, with the additional restriction
that no hydrogen enters the flow field from those planes in the case of inflow. The source is
modeled as a jet surface with given values of mass and momentum. Pure hydrogen with no
diffusion is emitted, in order to assure the desired fluxes. All solids are impermeable to both
hydrogen and air. The default rough-type wall functions are used with a roughness length of
zp=0.001 m. Sensitivity tests performed firstly with other roughness length and secondly with
smooth type of wall functions did not reveal any large changes, especially for the sensors close
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to the ceiling. In the simulations, the values of the non-dimensional distance from the wall y"
are from 0 to 100. As initial conditions, a stagnant flow field with no turbulence and no
hydrogen is specified, along with a given temperature of 288.15 K. No energy equation is
solved. The hydrogen is treated as an ideal gas with viscosity 8.8 x 10°® kg/m/s. The reference
pressure is 101325 Pa. The time step is set automatically by the code with a restriction of
maximum CFL number in each cell equal to 0.6. Consequently, the average time step for the
dense grid is about 0.015 s which is much smaller than the typical turbulent time scales of the
flow as estimated by RANS simulation. Runs with different time steps were also performed and
time step independency was confirmed.

LES simulations with FDS. This particular LES code is chosen for comparison since it is
extensively validated [33] and is already tested against hydrogen release cases [19-20, 25, 34].
The general simulation approach, the geometry and the grids are the same with those of
ADREA. The numerical options are left at their default values, except for the Smagorinsky
constant, for which the value of C; = 0.1 is chosen, since results with the default C; = 0.2 had
severe discrepancies compared to the experimental values. That is also in agreement with
previous hydrogen dispersion studies [10,34], where the Smagorinsky constant C; = 0.1 had
provided much better results compared to C; = 0.2. The description of the code can be found at
the FDS Technical Reference Guide [35].

RANS simulations with ADREA-HF. The RANS version of ADREA-HF is selected for
comparison since it is also extensively used in hydrogen applications [28]. The default k-¢
model is applied as the turbulence closure scheme and the turbulent Schmidt number is 0.72. In
order to assess the grid independency, the results from five different grids (of 15540, 39684,
104440, 185376 and 318768 cells) are investigated. The time step independency of the runs was
also assured.

Results and discussion
3.1. General presentation of the results and of the dominating physical phenomena

Figure 2 shows the propagation of the plume with time. First a hydrogen column is
formed, that goes towards the ceiling. Then the hydrogen accumulates at the ceiling for some
dozens of seconds, until the roof vent is reached and after that part of the hydrogen starts
escaping from the room. Fresh air is entering from the door vent and a flow circulation along the
whole room takes place, as can be seen at Figure 3.

In Figure 3, the stratification of hydrogen after reaching a more or less statistically stable
state is presented. At the upper half of the room the concentration level is above 4% and the
concentration gradients are low. The buoyancy of hydrogen causes the circulation of the flow in
the room. The air entering from the door vent heads towards the floor due to its higher density,
travels along the floor until it reaches the leakage area and shifts the hydrogen updraft towards
the left wall. The strong updraft drives the flow, which continues along the ceiling till the roof
vent. Near the left wall plane, smaller recirculations (A1, A2 at Figure 3) are formed.

3.2. Evaluation of CFD against experimental results

In Figure 4 the concentration values from the CFD results are evaluated quantitatively
against the experimental measurements. In general, CFD predictions (especially those of
ADREA-HF LES) are quite good, given the difficulty of calculating the flow of a buoyant
mixture and given the fact that sensors 1 and 4 are placed at tricky points. All presented CFD
results are with the densest grids and can be considered as grid-independent. Of course RANS
cannot capture the variations of the instantaneous values like LES. That is one of the major
advantages of LES in the specific case of hydrogen release and more generally in dispersion
studies. For instance, at sensor 1 RANS simulation predicts hydrogen concentration one order of
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magnitude below the flammability limit, while the LES simulations reveal many times higher
instantaneous values, which are very often above the limit of 1%, which is considered as a
safety margin [16].

(€) t=200s f t=500s =

Figure 2. Hydrogen isosurfaces of 4% vol. at different times of the experiment. The front and

the top walls of the hallway are removed

XV_H2: 0.002 0.01 0.02 003 0.04 0.044 0.047 007

Reference —
vector : m/s

Figure 3. Hydrogen concentration contours at two planes (plane A: X=0.02 m, plane B:
Y=0.37 m), 800s after the beginning of the release. The instantancous tangential velocity
vectors and three characteristic short stream traces (in 3-D) can also be seen. A1, A2 denote
recirculation regions
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Figure 4. Comparison of the ADREA-HF LES calculated concentration time series with the
experimental values at each sensor. Results with the ADREA-HF RANS and with the FDS

code with C; = 0.1 are also included. In all cases the densest grids are used

From the LES runs it is observed that sensor 1 presents the highest turbulent variations
and peaks due to its proximity to the source, while sensor 3 presents the lowest, since it is in
area where the flow is more settled. At sensor 4 the variability of concentration values increases
partly due to its proximity to the door vent, from where the air enters the room and disturbs the
flow field. Tests performed with FDS and medium grids, revealed that with C; = 0.2, the
concentration values were significantly lower, especially for sensors 1 and 4 (about 50% lower).
The variations were also lower. The low concentration variations of simulations with C; = 0.2
can also be observed at previous hydrogen dispersion studies [10,19,34]. That is due to the fact
that the turbulent dissipation with C; = 0.2 is too high to let the resolved turbulence develop.
Thus the value of C; = 0.2 should be avoided and the value of Cs = 0.1 is preferred for hydrogen
dispersion studies.

Sensor 1, which is above the west (left) end of the leaking area and close to the south
(front) wall, is in an area of high concentration gradients. The concentration increases towards
the north-west side of the sensor. That happens because the core of the leaking hydrogen is
transferred towards the west wall due to the developed flow field. Therefore, at short distance
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above the source area the hydrogen concentration drops quickly (Figure 3). That might be a
possible explanation for the difficulty to accurately predict the hydrogen concentration of sensor
1. Another reason could be the complex turbulent mixing of the door-vent draft with the
buoyant updraft of hydrogen above the source [18]. The underestimation at the particular sensor
could also be explained from the supposed turbulence of the entering hydrogen, which was not
documented. That would result in higher turbulent dispersion close to the inlet and consequently
higher concentration values at positions outside the core of the plume. Furthermore, the
experimental uncertainties for the particular sensor are very high: in a duplication of the
experiment from Inoue, presented from Matsuura et al. [18], the concentration values at sensor 1
were significantly lower than those of the original experiment of Swain and much closer to the
current CFD results.

The CFD volume fraction concentration values for the ceiling’s sensors 2 and 3 are very
close to the experimental ones, especially for the ADREA-HF LES code. Indeed, the values at
those sensors are mainly influenced from the amount of hydrogen that enters the room and from
the hydrogen density, which are accurately known. After a statistically steady state is reached,
the amount of hydrogen that enters the room is equal to that leaving the room. Since the
concentration gradients close to the roof are small, predictions there are easier to perform.

Sensor 4 is far away from the source and it is close to the door vent, which adds more
uncertainties to the modeling. It is also in a region of high concentration gradients. For that
reason the predictions of all models at that sensor are worst compared to the predictions at the
other sensors. One possible explanation for the underestimation at sensor 4, is that in the
experiment the fresh air entering the room did not deviate towards the floor as predicted in the
simulation (Figure 3), i.e. the air in the experiment either entered with higher velocity and with
a direction parallel to the floor, or, more probably, entered with very low velocity and deviated
immediately towards the floor, with a very high angle. Either way sensor 4 would be outside the
mainstream of the fresh air (Figure 3) and thus would provide higher concentrations. Indeed, a
parametric study performed from Matsuura et al. [18] reveals that a minor pressure difference
between the door vent and the roof vent would result in significant differences of the flow field
inside the room. For this or other reasons, like a possibly unequal heating of the room walls, the
experiment might not be perfectly reproduced from CFD and that could explain the
discrepancies at sensor 4. The difficulties of the particular experiment and the severe
dependence of its results on various undocumented physical parameters can also be understood
from the fact that in the duplication of the experiment from Inoue, the concentration values were
different at all the sensors. Particularly at sensor 4, the experiment of Inoue provided lower
concentrations, very close to those predicted from ADREA-HF simulations.

Another possible explanation for the discrepancies is the fact that the sensors are not on
the central constant-y plane of the room. The coordinations of the sensors at y axis are different:
Sensors 1 and 3 are in front of the front side of the openings/source (Figure 1), while sensors 2
and 4 are aligned with the back side of the openings. This means that the measurements were
vulnerable to any asymmetries that might occur, especially for sensor 4, which is close to the air
intake and could be influenced even from asymmetric physical conditions outside the room, as
those mentioned previously. The underprediction at sensor 4 can also be found in other studies
of this experiment [17-19]. In order to be able to assess any possible experimental asymmetries,
it is suggested for future experiments to have additional measurements at symmetric points, with
symmetry plane the central constant-y plane of the room.

It can be seen that the ADREA-HF RANS and LES results are closer with each other (and
with FDS results) than with the experimental data, due to the common grounds of the CFD
methodology. Of course, RANS is expected to provide less accurate results at places where the
turbulent flow is more complex and highly unsteady. This might be an explanation of the
superior performance of ADREA-HF LES close to the source (sensor 1) and close to the door
vent (sensor 4). Another advantage of LES is that it can provide detailed Reynolds stresses and
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more generally higher-order moments of the resolved variables. Finally, LES is an inherently
time-dependent methodology and is more suitable for such problems, while RANS is mainly
targeting to steady-state cases. On the other hand, LES is much more demanding in
computational resources. Current RANS simulations were several times faster compared to the
corresponding LES simulations.

Concerning the two LES codes, ADREA-HF and FDS, they behave similarly regarding
the concentration fluctuations. In the average values though, ADREA-HF is closer to the
experiment. This is not attributed to the different default turbulent Schmidt number used by the
two codes (Scges = 0.72 for ADREA-HF and Scg = 0.5 for FDS), since sensitivity tests with
different Schmidt numbers reveal no severe impact on the results. Indeed, in LES the turbulent
Schmidt number only affects the subgrid scale and its influence on the final concentration
values is not crucial, especially if dense grids are used. It should be reminded that FDS results in
Figure 4 are with Cs = 0.1. The FDS results with the default value of Cs equal to 0.2, are much
worst, with very low variations.

3.3. Grid independency and further comments on all runs performed

At Figure 5, for each code used, the results for all grids are presented in order to assess the
grid independency. For this figure, the average values between 400 s and 1200 s are considered;
this interval represents the “steady state” part of the experiment. The experimental values are
also added to the diagrams. All LES results are with C; = 0.1.

It should be noted that in RANS and LES the grid independency does not have exactly the
same meaning. In LES, as the grids are getting finer, more and more turbulent structures are
resolved and the solution tends to the direct numerical simulation (DNS) solution. In coarser
grids, the Smagorinsky constant C; should be higher in order to compensate for the non-
resolved turbulence. On the other hand, the denser the grid, the less important the Cs value is.

It is clear, especially for the ADREA-HF simulations, that the results tend to a specific,
grid-independent solution. At the ceiling sensors, the grid independent solution of ADREA-HF
LES is less than few per cent different compared to the experiment. RANS overpredicts at
sensor 3, while FDS underpredicts at both ceiling sensors.

0.05F Experiment

[ ——— ADREA-HFRANS 0.052¢

& FDS
——— ADREA-HF LES

0.048 0.05

0.048

c c
K] K]
=] =]

© ©
s s

f= f=

8 0ou0) 8

2 o0.046f e : /

8 r 8 0.046

. 0.044 [ . =
° F O 0044 — "

> r > S ) Experiment

£ 0.042 £ oos2f S ——&—— ADREA-HF RANS
& 5 2r — s

g 004r S o004 —=— ADREA-HF LES
o t o
2 0038t . . . 2 0038 . . . d

100000 200000 300000 400000 100000 200000 300000 400000
Cells number Cells number
c - c Experiment
0.018

S F Experiment 2 ——o—— ADREA-HF RANS

© 0.016f Sensor 1 ———o—— ADREA-HF RANS 8 ool a FDS
‘s‘ o014F o FDS ‘s‘ : ——=—— ADREA-HF LES

Q F ———+=—— ADREA-HF LES o

S 0012 S

g "k g
2 o0t} 2 +

o f o

> 0.008F > YR —

c r c N -

o s © 0.005 A

g, 0.006} g
_g 0.004 F _g

> 002k ! ! ! ) > 0 ! ! ! )
T 100000 200000 300000 400000 T 100000 200000 300000 400000

Cells number Cells number

Figure 5. Concentration values (averages between 400 s and 1200 s) for all sensors for all
simulations performed, in order to assess the grid independency
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At the bottom sensors, where the concentration values are significantly lower, all codes
underpredict and that was thoroughly discussed in the previous sub-section. ADREA-HF LES
presents the better performance. At sensor 1 that is closer to the source, the grid independency is
more difficult to achieve, as commented in a previous study [10]. For FDS the grid
independency curves are not that smooth, especially for sensor 4. That could be an indication of
the strong unsteady characteristics at the neighborhood of that sensor and of the uncertainties of
the results. The LES study of Matsuura et al. [19] had also discrepancies compared to the
experiment at the bottom sensors. It is reminded however that the experiment has also very high
uncertainties for those sensors, which are placed at positions of high concentration gradients.

At sensors 2 and 3 the predicted concentrations are of the same order of magnitude
(“high”). Similarly, the predictions at the sensors 1 and 4 give “low” concentrations. It should
be commented that the ratio of “high” (at sensors 2, 3) to “low” (at sensors 1, 4) concentrations
(or the difference of “high” minus “low” concentration) is overpredicted in all CFD simulations
of this work, but also in almost all the CFD studies of this particular experiment [17-20].

At sensor 1, the coarser grids provide predictions closer to the experimental values. This is
a good example of the need to perform grid independency studies. The finer grids’ simulations,
with less numerical diffusion and better representation of the flow field (like the more accurate
reproduction of the corner recirculations Al and A2 in Figure 3) reveal that in the specific case,
the “good” performance of CFD with coarse grids is misleading.

Summing up, it is clear from Figures 4 and 5 that ADREA-HF LES provides the best
overall performance.

4. Conclusions

The LES methodology, which is recently incorporated into the ADREA-HF code, performs
very well in this difficult-to-predict experiment. The calculated concentration variations are very
similar to those of FDS, which is a validated LES code that has been applied to hydrogen
applications in the past. Actually, the predictions of the current LES methodology are closer to the
experimental values than those of FDS. Along with a similarly good performance of ADREA-HF
LES in another hydrogen release experiment [10], this particular methodology can be trusted as a
reliable tool for dispersion studies and help in decision support, design procedures and hydrogen
safety assessment.

Another conclusion is the fact that in some occasions coarse grids can deceptively provide
better results. Therefore, the researcher should perform a grid independency study, in order not to
be misled.

Concerning the Smagorinsky constant, it is confirmed that the C; = 0.1 value is to be preferred
to the (too dissipative) C, = 0.2 value for hydrogen dispersion studies.

Concerning LES and RANS comparison, it is shown that LES can capture the time-
dependency of the phenomenon, it can provide minimum and maximum values of instantaneous
concentrations and it can be more accurate in complex parts of the flow. On the other hand it is
several times slower than RANS.
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