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Abstract

Simulations of hydrogen deflagration tests were performed using the discrete lumped-
parameter burn model of the computer code GOTHIC. The tests were performed in small and
large scale spherical vessels and a cylindrical vessel. The small vessel cases included the
effects of venting, and the cylindrical tests included the effects of obstacles. The simulations
were performed by sub-dividing the volumes into either five or ten "cells", and parameters
such as flame speed and hydrogen concentration were varied. Measured flame speeds were
used in the simulations and the results were compared to simulations using the code "default"
flame speed.

The calculated pressure transients compared well with the experimental results using the
measured flame speeds in the simulations of unvented cases, whereas for vented cases, the
predicted peak pressures were generally less than the measurements. However, when the
code default flame speed is used, the predicted peak pressures were more consistent and
generally conservative when compared with the measurements.

When the default flame speeds were used for vessels without obstacles, the peak pressures
obtained were higher and the burn times were shorter than the experimental measurements.
This was probably due to the basis for the correlations used for default flame speed in the
burn model. These correlations were derived from intermediate-scale experiments for
hydrogen combustion in relatively turbulent (fans on) environments. For vessels without
obstacles, laminar flame speeds were more likely. Hence, the predicted peak pressures would
be expected to be higher than the experimental results.

In order to account for the degree of turbulence and flame acceleration caused by the
presence of obstacles, higher than default flame speeds were used in the simulation of the
vessel with obstacles. It was found that twice the default flame speed provided predictions of
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peak pressures comparable to the measurements.

Based on the simulations conducted, the GOTHIC lumped-parameter burn model adequately
predicts the peak pressure due to hydrogen deflagration in containment.

Introduction

As part of code validation efforts, the GOTHIC [1,2] computer code was used to simulate
hydrogen deflagration in a series of experiments. Four sets of experiments were chosen as
test cases [3,4,5,6] because of the simple geometry of the facilities (classical
spherical/cylindrical shapes) and the completeness of the data.

This paper consists of a brief description of the test facilities, the experimental set-up and the
results. The simulation methods and assumptions are described. The calculated results are
summarized and compared with the experimental results. The comparison is discussed and
conclusions are drawn.

Background

During a severe Loss of Coolant Accident (LOCA) coincident with failure of emergency
cooling, hydrogen can be produced in significant quantities from in-core metal-water reaction
at the zircaloy fuel sheath surfaces. When this hydrogen is released into containment through
the pipe break, there arises the potential for a burn. If sufficient hydrogen is released, the
burn may produce peak pressures that challenge the integrity of containment. To protect
containment structural integrity, a Hydrogen Ignition System is installed in Ontario Hydro
reactors to deliberately burn hydrogen near the lower flammability limit, before more
sensitive mixtures can form. To assess the effectiveness of this installed hydrogen mitigation
and control strategy, methods are needed to simulate the peak pressure in containment during
a hydrogen deflagration. The computer code GOTHIC, and its lumped-parameter burn model,
appears to be well suited for such calculations, and work is reported here which forms part of
code validation.

Brief Description of the Test Facilities Being Simulated

Small Scale (2.3 m) Sphere • Closed and Vented

Figure 1 is a picture of the experimental test facility presented in Reference 3 (the closed
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case) and Figure 2 is a schematic of the experimental set-up used in Reference 4 (the vented
case). Both experiments used a 2.3-m diameter sphere. In the closed configuration
(experiment described in [3]), there was no vent whereas for the vented configuration
(experiment described in [4]), the sphere was connected to a 45-cm internal diameter, 3-m
long duct open to atmosphere. The open end of the pipe could accommodate rupture disc of
15, 25 or 45-cm. An air-motor driven fan was installed inside the sphere to ensure the
hydrogen was well-mixed initially.

Large Scale (16 m) Sphere

Figure 3 shows the US Department of Energy's Nevada Test Site (NTS) test vessel for large-
scale combustion tests [5]. This NTS facility had an inside diameter of 16 m and a volume of
2100 m3. It was nearly two orders of magnitude larger (by volume) than those previously
used in hydrogen combustion research.

Cylindrical Vessel

Figure 4 shows schematic diagrams of various vessel configurations [6]. The apparatus used
in these experiments, was a cylindrical vessel 4.27 m in length and 1.22 m in diameter. It
had a semi-ellipsoidal closed end and a flange at the exit, to which a flanged semi-ellipsoidal
cover of depth 0.61 m could be attached. The total length of the vessel with the cover in
place (closed mode) was 4.88 m. However, when the cover was replaced by a polyethylene
bag (vented mode), the region containing combustible gas was longer.

Annular ring baffles made of 1.27 cm thick plywood were used in some tests to provide
obstacles for inducing turbulence and flame acceleration. The outer diameter was cut to fit
the inner diameter of the vessel. The inner diameter was 0.86 m, which gave an areal
blockage ratio of 0.5. Angle irons attached to the vessel wall were used to clamp the baffles
in position.

The GOTHIC Code

The burn model in the GOTHIC computer code [1,2] version 4.1, is used in the study of peak
pressure rise due to hydrogen deflagration. This code has incorporated the burn models from
HECTR (Hydrogen Event Containment Transient Response) [7] which was developed at
Sandia National Laboratories, Albuquerque (SNLA), for modelling the transportation and
combustion of combustible gases during postulated accidents in LWRs.

HECTR [7] is a multi-compartment lumped-parameter code relying on conservation
correlations and simple phenomenological and empirical models. The combustion models
consist of correlations for ignition, propagation between compartments, combustion
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completeness, and flame speed. HECTR does not model a flame front, but calculates the
duration of a burn (burn time) and the final mole fractions at the start of a burn. It also
calculates a uniform (non-expanding) volumetric burning rate such that the burn finishes at
the predetermined time with the correct final mole fractions. The combustion rate is adjusted
each time step to account for sources and intercompartment flows and to complete the burn at
the originally specified time.

Method Used in the Simulation of the Experiments

Modelling

The closed sphere was modelled by subdividing it into either five or ten volumes (cells). The
first (centre) volume was spherical and the others were spherical shells propagating from the
centre volume towards to the outer surface. Five or ten volumes were shown to be sufficient
in an earlier study on spatial convergency [8]. The hydrogen burn originated from the centre
and propagated to the outer volumes. Similarly, in simulating the cylindrical vessel, the
volume of the cylinder was treated as a spherical volume which was modelled by dividing
into five cells.

For the small, vented spherical vessel, the outermost volume of the sphere was connected to
the 3-m long pipe which was represented as another volume. The end of this pipe was then
vented to the atmosphere. Venting to atmosphere was modelled as a valve connection to an
infinite volume at atmospheric conditions.

Input Data/Assumptions

1. All simulations were performed using input data of temperature, pressure and relative
humidity as specified in the published papers.

2. Only centre ignition in the sphere was simulated.
3. The burn time fraction was arbitarily set at 0.95, that is, each burn was assumed to

start propagating to the adjacent cell at 95% of the burn duration. It is not practical to
assume a burn fraction of 1, since that would imply the flame front travels in a sharp
and ideal plane during the propagation.

4. The radius of the sphere was equally divided into either five or ten different number
of cells. That is, each cell of the sphere had the same burn length but different
volume.

5. The flow area of each cell was the surface area of each sphere, since the burn
propagated in all directions from the surface of the inner sphere.

6. The loss coefficient at the junction between each cell of the spherical volume was
arbitarily set at 0.001 (i.e. minimal loss at each junction). For the vented spherical
vessel, the loss coefficient at the junction between the sphere and the pipe was
calculated to be 0.5. The loss coefficient at the exit to the atmosphere was calculated
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to be 2.77 for 15 cm and 25 cm vent sizes and 1.23 for 45 cm vent size. For the
vented, cylindrical vessel, the loss coefficient at the exit to atmosphere was calculated
to be 1.0.

7. For all the cases simulated, the combustion was assumed to be complete.
8. Measured flame speeds, the code default flame speed and twice the default speed were

used in the simulations.

Results

Tables 1 and 2 show the peak pressure due to hydrogen deflagration in small- and large-scale
vessels, respectively. The results show the peak pressure increases with hydrogen
concentration. When default flame speeds are used, the burn times are less than the
experimental measurements while the peak pressures remain the same. With the same
hydrogen concentration (7.8% H2), as in the large-scale vessel, a higher percentage of steam
in the gas mixture results in a slightly lower peak pressure.

Table 1 shows the pressure transients and the predicted peak pressures with various vent
sizes. The results show the peak pressure decreases with larger vent sizes. When hydrogen
concentration increases, the burn time decreases. Simulation using the measured burn time
predicts a slightly higher peak pressure than measured for the case with 15 cm vent size.

Table 1 also shows the pressure transients and the predicted peak pressures using default
flame speed and twice the default flame speed. When the default flame speed is used in the
simulation, the predicted peak pressure is higher and occurs in a shorter time. When twice
the default flame speed is used, the predicted peak pressure rise is slightly higher than when
default flame speed is used (see Figures 7 and 8). Pressure transients simulated by using high
burn rate or large vent sizes show some oscillations and instabilities.

Table 3 shows the predicted peak pressure for the cylindrical vessel. When default flame
speeds are used, the burn times are less than measured but the peak pressures remain about
the same in all closed cases. As the hydrogen concentration increases, the peak pressure also
increases. For both vented with and without obstacles cases, the pressure transient curves
show oscillations and instabilities. When the default flame speed is used for cases with
obstacles, the peak pressure is slightly less than the measured peak pressure. However, when
twice the default flame speed is used, the predicted peak pressure is comparable to the
measured peak pressure.
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Discussion

Pressure Transient

For both closed and vented cases, the pressure transient curves show a similar behaviour (see
Figures 5 and 6). The smaller the volume of hydrogen being burnt, the lesser the pressure
build-up initially. Since the overall radius is divided equally for each cell, the volume of
hydrogen increases geometrically as it approaches the last few cells. As the burn length
remains the same for each cell, the burn rate is higher for the last few cells. This results in a
rapid pressure rise toward the later stage of the burn and hence the final peak pressure is also
higher.

When hydrogen concentration increases, the bum time decreases. Hence, the flame speed
increases and the rate of pressure rise increases. More hydrogen is burnt in a shorter period
of time resulting in a higher peak pressure.

For closed vessels, the predicted peak pressures for various hydrogen concentrations are
consistently higher than the measured pressures. Although the peak pressure for deflagration
in a closed volume is primarily a function of the total energy released and the extent to which
heat is lost to the surroundings, there are always some unburnt hydrogen residues expected to
remain in the vessels. Due to the assumption that all hydrogen is burnt completely in the
simulations and no pressure losses due to instrumental leakages, the calculated peak pressures
by the GOTHIC burn model are anticipated to be higher than the experimental measurements.

For both closed and vented cases, the predicted peak pressures are higher and occur in a
shorter time when default flame speeds are used instead of measured flame speeds. This is
mainly due to the flame speed correlations used in the burn model. The flame speed
correlations for hydrogen combustion are based on intermediate-scale experiments that were
performed in the Variable Geometry Experimental System (VGES) and Fully Instrumented
Test (FITS) [9,10] experimental facilities at SNLA and Nevada Test Site (NTS) [11]. These
experiments were carried out in relatively turbulent (fans on) environments while laminar
environments are expected in small-scale experiments. Hence, the resulting peak pressures
estimated by using the default flame speed are expected to be higher than the experiments due
to the turbulence effects.

The peak pressure for closed vessels remains about the same for all default flame speeds
used. The pressure rise for deflagration in a closed volume is primarily a function of the total
energy released and the extent to which heat is lost to the surroundings. The total energy
released during the burn is a function of mixture composition and stoichiometry whereas heat
losses to the surroundings depend on enclosure size and geometry. Therefore, pressure rise is
independent of the mixture burning rate (i.e. the flame speed).

For vented without obstacles cases, the peak pressures decrease with larger vent sizes. It is
obvious that when the size of vent is larger, more hydrogen and flue gases are vented to the
atmosphere and hence the peak pressure is less. Because both mass and energy are lost from
the vessel during the burn, the peak pressure is a function of the balance between the rate of
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burnt gas production and the rate of venting; the rate of gas venting is a function of gas
density, vent area and pressure drop.

As the vent size increases, the predicted peak pressures using measured flame speed are less
than the measurements. In the measurements, there are fluctuations and instabilities shown in
the pressure transients (see Figure 5) as the vent sizes increases. As stated in the paper [3],
severe oscillations were superimposed on the pressure transients measured. The amplitude of
such pressure oscillations was large and of the order of the mean pressure itself. Therefore,
there are uncertainties in the peak pressure measurements.

However, the predicted peak pressure increases when default flame speed is used. This is
probably due to the higher flame speed and the shorter burn time which allow less time for
gas venting. The burn completes in such a short time that the pressure rises rapidly and
venting effect becomes less important Nevertheless, GOTHIC simulations using default
flame speed consistently reflect conservatism over the experimental measurements and the
pressure transient curves compare very well with the experimental results.

When obstacles are present, the peak pressure as well as the burn time can be affected.
Obstacles placed in the path of a propagating flame front are known to increase the mixture
burning rate through local flame acceleration effects. Tests show that obstacle-induced flame
acceleration is a strong function of obstacle spacing, blockage ratio and shape [12,13]. Also, it
is well known that large scale fluid eddies increase the effective flame area due to flame
folding effects and that finer scale eddies increase the effective flame area and the mixture
burning velocity due to enhanced rates of heat and mass transfer [14,15]. As a result, the rate
of burnt gas production generally increases with finer scales of turbulence and increasing
turbulent intensities.

In GOTHIC simulations, the default flame speed can be overwritten by a specified flame
speed. In order to derive the flame speed due to flame acceleration caused by the turbulence
generated by obstacles, different flame speeds are used and the peak pressures are compared
with the experimental measurements. It is noticed that twice the default flame speed appears
to be sufficient in providing comparable estimations for vented with obstacles vessel with an
areal blockage ratio of 0.5 (In a reactor containment, it is very unlikely to have an areal
blockage ratio (due to equipment) of greater than 0.5).

Flame speed affects both combustion pressure and temperature, because it controls the time
variable for heat transfer during the burn and for venting into other cells. Burns that are less
than a few seconds in duration (with a fast burning rate) become nearly adiabatic (little time
for heat transfer or loss to the surroundings). Hence, the effect of heat transfer on the peak
pressures has not been considered and GOTHIC simulations are expected to provide a
marginally higher peak pressure than measurements.

Burn Time

The burn times using the default flame speeds for vessels in the absence of obstacles, are
shorter than the measured burn time. This has been explained earlier, the default flame speed
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in GOTHIC is expected to be higher than the actual flame speed due to the turbulence effects
embedded in the flame speed correlations. When twice the default flame speed is used, the
burn time is about half the burn time for default flame speed (see Figures 7 and 8).

Comparing Figures 9 and 10, the pressure transient curve from GOTHIC shows that the peak
pressure occurs in a shorter burn time than the measurements when obstacles are present.
Since the default flame speed in GOTHIC is higher than the actual flame speed (as mentioned
earlier) during the initial period of the burnt, it is expected to predict a faster burn than the
measurements and complete the burn in a shorter time than measured. However, in the
experiment, deflagration starts in a laminar environment until it reaches the first obstacle
(baffle). The baffles in the combustion vessel enhance the development of large-scale fluid
eddies and vortical motion, intensify the turbulence level, and accelerate the flame in the
flowfield. As the flame propagates and accelerates, (from left to right, see Figure 4), through
the baffles inside the vessel, the burn rate increases abruptly which causes the peak pressures
to rise rapidly in a very short time towards the end of the bum. Therefore, the pressure
transient curve (see Figure 9) shows minimal pressure increase initially and rises to the peak
pressure in an extremely short period and completes the burn. The GOTHIC lumped-
parameter burn model has a limitation in simulating this gradually developing turbulence
effect and flame acceleration phenomenon. Though the model predicts a shorter burn time, it
predicts the peak pressure comparable to the experimental measurements.

Conclusions

In all the cases modelled for both closed and vented, with and/or without obstacles, the results
from the simulations using the GOTHIC lumped-parameter burn model reflect consistently
conservative estimations of the peak pressures when compared with the experimental results.
The comparisons have demonstrated that the GOTHIC burn model can be used in predicting
the peak pressure due to hydrogen deflagration in containment.
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%H2 %AIR

TEST DATA

BURN
DURATION
(sec)

CLOSED VESSEL

10
15
20

90
85
80

0.87
0.11
0.14

VENTED VESSEL

(a)

10.0
12.4
15.0
20.5

(b)

10.0
14.8
20.0

(c)

10.0
15.0
15.9
19.7
20.3

15 cm

90.0
87.6
85.0
79.5

25 cm

90.0
85.2
80.0

45 cm

90.0
85.0
84.1
80.3
79.7

diameter vent

1.060
0.440
0.277
0.130

diameter vent

1.040
0.299
0.120

diameter vent

1.100
0.256
0.226
0.120
0.109

PRESSURE
RISEflcPa)

215
303
389

159
291
364
470

93
295
453

30
214
218
327
394

Sim = Simulation using measured burn time
DF1 = Simulation using default flame speed
DF2 = Simulation using twice the default flame speed

GOTHIC-HECTR

PRESSURE RISE (BURN DURATION)
(kPa & sec)
Sim. DF1 DF2

247
347
431

247(0.16)
349(0.08)
437(0.05)

251(0.08)
346(0.04)
433(0.03)

181
282
349
477

70
273
428

8
98

122
273
289

269(0.18)
328(0.14)
385(0.11)
493(0.09)

235(0.17)
356(0.10)
464(0.07)

118(0.17)
228(0.09)
204(0.10)
330(0.06)
441(0.06)

283(0.10)
340(0.08)
401(0.06)
532(0.06)

268(0.09)
395(0.06)
482(0.04)

198(0.09)
258(0.06)
283(0.06)
420(0.03)
538(0.03)

Table 1 Predictions of Peak Pressures for Small-Scale Vessels
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%H2

7.7
7.8
7.8
8.1
9.9
10.1
12.9
13.2

%AIR

87.5
87.8
60.9
53.2
85.9
60.4
59.3
59.4

TEST

%STM

4.8
4.4
31.3
38.7
4.2
29.5
27.8
27.4

DATA

BURN
DURATION
(sec)

9.4
9.2
15.0
20.0
4.9
6.6
3.4
2.0

PRESSURE
RISE(kPa)

219
214
149
110
278
223
303
300

GOTHIC-HECTR

PRESSURE RISE(BURN DURATION)
(kPa & sec)
Sim. DF1

251
251
180
187
327
273
350
351

254(1.7)
255(1.7)
183(12.8)
186(25.2)
329(1.4)
271(8.9)
350(5.2)
347(4.8)

Table 2 Predictions of Peak Pressures for Closed Large-scale Vessel

TEST DATA

%H2

Closed
15
30

Vented
15
30

Vented
15
30

%AIR

Volume
85
70

85
70

BURN
DURATION
(sec)

0.75
0.075

0.24
0.045

with Obstacles
85 0.23
70 0.045

PRESSURE
RISE(kPa)

310
490

4
45

120
370

GOTHIC-HECTR

PRESSURE RISE(BURN
(kPa & sec)
Sim. DF1

374
615

7.6
96

8
179

373(0.08)
614(0.04)

13(0.07)
88(0.04)

31(0.08)
173(0.032)

DURATION)

DF2

378(0.04)
615(0.02)

62(0.04)*
260(0.02)»

113(0.04)"
369(0.019r

The peak pressure rises for 15% and 30% fluctuate between 37-86 kPa and 222-296 kPa, respectively.
The peak pressure rises for 15% and 30% fluctuate between 94-132 kPa and 345-393 kPa, respectively.

Table 3 Predictions of Peak Pressures for Cylindrical Vessel
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Figure 1 A View of the Sphere
(RefJ)

Figure 2 Schematic of the Vented Vessel
(Ref.4)
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Figure 3 A View of the Large-Scale Test Vessei
(Ref.5)

Figure 4 Schematic Diagrams of the Cylindrical Vessel
(Ref.6)
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Figure 5 Pressure Transients at 10% Hydrogen for Various Vent Sizes [Ref. 4]
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Figure 9 Combustion Overpressure Data for Vented with Obstacles Case [Ref. 6]
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Figure 10 Pressure Transient Using Twice the Default Flame
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