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Abstract

The High-Flux Isotope Reactor (HFIR) is a 85-MW research reactor located at the Oak
Ridge National Laboratory (ORNL). Several beam tubes penetrate through the reflector,
one of which is to include a cold source. The HFIR cold source is to utilize supercritical
hydrogen as a moderator for production of cold neutrons. Significant efforts have been
introduced in the design effort to keep the likelihood of hydrogen-air detonations within the
vacuum tube region to an extremely low value (< 10%y). A study was initiated to evaluate
the consequences of a hydrogen detonation and to demonstrate system robustness. This
report presents a perspective overview of the modeling work as well as results of hydrogen
detonation assessments for evaluating the safety margins associated with hydrogen
detonation events in the proposed cold source of the HFIR. Three cases of different
detonation locations were assumed for same initial conditions of 92K, and 0.1MPa for a
stoichiometric air/hydrogen mixture. Cases 1 and 2 assume a point detonation initiated at
different locations, while case 3 simulates volumetric detonation with multiple simultaneous
detonation points. Also, a 1-D calculation was made for a case similar to case 1. When the
detonation initiates at the center of the hemispherical cap of the vacuum tube as in case 1,
the maximum pressure imposed onto the wall was estimated at ~12.5MPa near the nose tip
portion of the vacuum tube cap. The other cases show that at the same location, the
maximum pressure loading can be as high as ~30MPa. As the initial detonation point
moves away from the point assumed for case 1, the maximum pressure in the gas mixture
occurs closer to the wall near the nose tip of the vacuum tube cap. The secondary wave
from case 2 is seen to be ~25MPa when it moves out of the system boundary, whereas for
case 1 ~15MPa is obtained. High temperatures of the gas mixture is another concern. The
gas temperature near the structure wall remains at ~3000K for a significant period of time.
Inner surface of the tube wall will be heated to a high temperature while outer wall remains
cold. Thermal stress due to such a large temperature difference across the wall needs to be
assessed.



1. Introduction

The High-Flux Isotope Reactor (HFIR) is a 85-MW research reactor located at the Qak
Ridge National Laboratory (ORNL). The reactor core is surrounded with a beryllium
reflector. Several beam tubes penetrate through the reflector, one of which is to include a
cold source (as part of an effort to upgrade HFIR’s capabilities). The HFIR cold source is
to utilize supercritical hydrogen as a moderator for production of cold neutrons. Significant
efforts have been introduced in the design effort to keep the likelihood of hydrogen-air
detonations within the vacuum tube region to an extremely low value (< 10%y) to ensure
that overall risk of such hypothetical events is acceptable.

A defense-in-depth philosophy has been adopted by HFIR designers and management.
Therefore, despite the low initiating event frequencies associated with detonation events, a
study was initiated to evaluate the consequences of a hydrogen detonation and to
demonstrate system robustness. This report presents a perspective overview of the
modeling work as well as results of hydrogen detonation assessments for evaluating the
safety margins associated with hydrogen detonation events in the proposed cold source of
the HFIR.

A schematic representation of the pertinent HFIR cold-source structures is depicted in
Figure 1. As seen, it consists of a moderator vessel enclosed in a vacuum tube, which is
further surrounded by several other structural members (including a water gap, etc.). A
series of conservative assumptions were made to attain a state wherein air in-leakage takes
place within the vacuum tube volume located within the beryllium reflector. These
assumptions led to an initial state (gas mixture temperature of ~90 K at 0. 1MPa) wherein
approximately 90g of hydrogen-nitrogen-oxygen mixture fills a space of about 23L in

volume.

The problem to be solved consists of determining the dynamic temperatures, pressures and
stress states associated with a hydrogen detoration event within the vacuum tube. The
scenario to be resolved is one wherein it is assumed that a mixture of hydrogen and air fills
the entire vacuum tube volume and then detenates due to spontaneously-occurring initiators
(e.g., electrostatics), thereby, avoiding needless arguments related to absence or presence
of such initiators. For evaluation of structural response a detonation wave is to be modeled
as initiating at set locations and then allowed to propagate outwards spherically. In order to
bound the actual location of initiating locations, it was decided to model the onset of

detonation at various discrete locations as we!l as assuming volumetric detonation (viz., to
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model effects of distributed sparks). Finally, it was assumed that a two-dimensional (2-D)
symmetric simulation of the shock wave generation, its transport and interactions with
surrounding structures is adequate for capturing the principal effects of a detonation event
in the HFIR cold source vacuum tube.

The principal tools being used for evaluations are the CET89 and CTH computer codes.
CET89 is a chemical equilibrium code developed to calculate thermodynamic and transport
properties of complex chemical systems [1]. CTH is a highly sophisticated tool to be
developed to model shock wave physics, fluid-structure interactions, missile penetration
dynamics, together with multimaterial motion and response in one, two and three
dimensions [2]. It has been utilized in the past for analyzing hydrogen detonation events in
power reactor and research reactor containment [3-5]. For the best-estimate evaluation of
hydrogen detonation studies, CET89 was first used to evaluate detonation parameters
results (for a Chapman-Jouguet or C-J detonation¥) such as post-burn mixture density,
specific heat ratio of pre- and post-burn mixture, detonation velocity, shock burn energy,
etc. It also provides estimates of static pressure and temperature increase after the burn
completes. These CET89 evaluations set the stage for appropriate CTH model input for
simulating a high explosive burning process. Thereafter, CTH can be used (as has been
done in the past) for evaluating important effects related to fluid-structure interactions as
well as to capture possible effects of wave focusing.

* Regardless of the nature of the combustion process, i.c., detonation or simple
deflagration, a final equilibrium pressure will be reached. The standard model used for
calculating the equilibrium pressure is the Adiabatic, Isochoric, Complete Combustion
(AICC) model and the final equilibrium pressure is termed the AICC pressure. The AICC
model assumptions result in the highest possible “equilibrium” pressures. Heat transfer,
volume expansion, and incomplete combustion will result in a lower pressure. If the AICC
process assumptions are met, then at equilibrium, simple deflagrations, accelerated flames
and detonations reach the same final AICC pressure. The difference between detonations
and deflagrations in a confined volume is the transient pressure time-histories between
ignition and final equilibrium. The pressure of a freely propagating detonation significantly
exceeds the equilibrium AICC pressure. Such a peak detonation pressure is given by the
Chapman-Jouguet (C-J) model. The C-J model 1s derived from conservation of mass,
momentum and energy across a one-dimensional flow discontinuity. The C-J model
predicts the thermodynamic state immediately behind the detonation wave. Assuming that

the ratio of specific heat, v, is the same for reactants and products, a simple relationship
between the CJ and AICC pressures can be approximated as [6]

For oo Puce |1
P P 1+y
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Gaseous detonation can be modeled in CTH by specifying the appropriate gas mixture as a
“high explosive.” The high explosive detonation option in CTH uses a programmed burn
model. In this model a burn is simulated by the release of internal energy in a small region
(two or three computational cells) which moves through the mesh at a constant detonation
velocity that is specified by the user as an input parameter along with some other detonation
parameters. The energy release corresponds to the chemical energy released in a
detonation. The Jocation and time of ignition must also be specified by the user. In this
report, we present front-end evaluations of the detonation process using the CET89 code,
along with detonation wave propagation, its interaction with structures and dissipation
using the CTH code.

2. Front-end Evaluation of Detonation Process

The CET89 code was utilized for conducting parametric studies in a lumped framework to
evaluate levels of possible pressurization, detonation velocities, temperatures of burn
mixtures, etc. This work was conducted for three different concentrations ranging from the
lower detonation limit of 12 vol.% to the upper limit of 58 vol.% of hydrogen including the
stoichiometric value of ~29 vol.%.

As may be expected, several uncertainties exist related to the initial state of the mixture, the
key variables being the thermal environment, and the hydrogen concentration. In order to
bound these uncertainties CET89 code calculations were conducted over a range of these
key parameters (from a baseline system pressure of 0.1 MPa). Results of these evaluations
with CET89 are plotted graphically in Figures 2 and 3 for various initial system
temperatures, and at the three different hydrogen concentrations of 12, 29 and 58 vol.%
respectively.

The results shown in Figures 2 and 3 are noteworthy. It is clearly seen that temperature and
hydrogen concentration play a predominant role in determining the ratios of pressure and
temperature increases, and to a lesser extent the detonation velocity. At all temperatures, the
concentration significantly impacts the detonation velocity. However, at the same
concentration, the detonation velocity does not change much, but the initial temperature
significantly impacts the ratio of pressure and temperature rise. As is clearly seen, at 92 K,
the pressure rise ratio is about 50 (for 29 vol.%), whereas, the value drops to only 4 if the
initial mixture temperature is 1000 K. This is understandable as the amount of chemical
energy available for the 1000K case compared to the 92K case is rather limited assuming
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the same value of initial pressure. For all cases, the values of pressure and temperature rise
ratios are greatest, as might be expected, for stoichiometric mixtures of hydrogen and air. It
is seen from these assessments that, at an initial temperature of 92 K, the detonation C-J
pressure is likely to be a factor of about 50 larger than the initial system pressure.
Therefore, the fully reflected pressure (in a 1-D framework) would tend to be about 100
times the initial system pressure. Per preliminary structural dynamics assessments, it is
expected that this detonation gas pressures of about 10MPa will be possible to sustain in
the HFIR cold source system at the moderator vessel location without unacceptable
structural damage to the beam tube. Table 1 lists detonation parameters calculated using
CET89 for various initial temperatures and mixture ratios. The same table also includes
CET89 calculated C-J pressures to be compared against simple analytical calculations with
various assumed values of specific heat ratio. These analytical calculations are based on
constant specific heat and density of pre- and post-burmn mixtures.

Table 1. Detonation Parameters Estimated Using CET89 and Analytical Calculations

‘Ypre 'Ypos1 Yavg

Tempi v% | Pu/P, | T/T, Yoo Yoo u M Core Coost | Pe/Po | PP | PeiPs

K " (calc) scalcz SCBJC!
92 121 32.29] 19.77] 1.39] 1.27] 1491} 7.20] 207| 845{ 30.58] 29.40{ 30.01
92 29! 50.69] 31.93| 1.40] 1.18] 2000{ 8.83] 227] 1092}] 45.95] 42.65] 44.38
92 58| 38.07f 23.62] 1.42] 1.271 2214] 7.75]1 286] 1253| 35.66] 34.01] 34.86
200 12 15.35 9.52] 1.40] 1.26] 1502 4.91{ 306| 863] 14.47] 13.88 14.19
200 29| 23.26| 14.68| 1.40] 1.17] 1983} 5.94] 334] 1091] 21.00f 19.47] 20.27
200 58/ 17.98] 11.28] 1.41] 1.26] 2225} 5.31] 419] 1273] 16.88] 16.15/ 16.53
293 12} 10.75 8.75] t.40] 1.26] 1510| 4.08f{ 370 877] 10.12 9.70 9.92
293 29| 15.87] 10.05] 1.40] 1.18] 1971] 4.88} 404] 1092 14.31| 13.27] 13.82
293 58| 12.55 7.93] 1.40) 1.26] 2234] 4.41)] 506§ 1289{ 11.78] 11.28] 11.54
500 12 6.64 4.261 1.39] 1.25] 1525] 3.17} 481} 906 6.25 6.01 6.13
500 29 9.30 5.95| 1.36}f 1.16] 1945} 3.70] 525} 1098 8.39 7.82 8.12
500 58 7.69 4.94] 1.39] 1.24] 2248] 3.41] 659 1321 7.19 6.89 7.05
750 12 4.68 3.08] 1.36{ 1.23] 1538| 2.63] 585| 938 4.42 4.26 4.34
750 29 6.19 4,021 1.37f 1.15] 1915] 3.00] 638] 1107 5.62 5.28 5.46
750 58 5.35 3.49] 1.38} 1.22] 2254| 2.81| 803| 1351 4.99 4.78 4.89
1000 12 3.69 2.471 1.34] 1.21] 1545| 2.31| 670} 964 3.48 3.37 3.42
1000 29 4.83 3.05{ 1.35} 1.14] 1884| 2.58| 732| 1118 4.23 4.01 4.13
1000 58 4.14 2:75] 1.36] 1.20] 2247| 2.44] 921]| 1376 3.86 3.70 3.78

]

v%
c

hydrogen volume percent, u = detonation velocity,
sonic velocity of preburn gas, ¢, = sonic velocity of postburn gas, M = mach number

it

pre

Yoo = C, / €, , for preburn gas mixture, P. /P, (calc)= 1+[v/(1+Y)] [sz,ebum - 1]
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3. Evaluation of Dynamic Detonation Process

CET89 code calculations provide valuable information for first-cut assessments, but do not
account for energy losses, thermal stresses or focusing effects of shock waves. CET89
results, however, provide the necessary detonation parameters (e.g., energy of detonation,
burn mixture properties, detonation velocity for flame-front) for initializing CTH shock
wave calculations. A two-dimensional cylindrical vacoum tube is modeled for CTH
calculations as shown in Figure 4. Qutside the vacuum tube is aluminum wool where
helium gas flows through to detect vacuum leak. In this study of hydrogen detonation, it
was assumed that the vacuum tube with uniform thickness (e.g., 0.32 cm) was surrounded
by air and filled with uniform stoichiometric mixture (e.g., 29 vol.%) of air and hydrogen
of 92K and 0.1MPa before detonation initiated. Pressure and temperature are monitored at
tracer points depicted in Figure 4. The presence of internal structures inside the vacuum
tube (as seen in Figure 1) is not modeled in the CTH analysis. The role of such structures
(such as the moderator vessel and the transfer lines) on deliverc;l loads is not clear. They
may act to absorb combustion energy to mitigate the loading delivered to the internal
hemispherical surface of the vacuum tube. However, the time scale for energy
transfer/absorption is usually much longer to compare with that of shock transport and
reaction with structures. Therefore,j itis possible with the presence of these internal
structures, that a shock can be amplified near the vacuum tube surface. It is unclear to



define the role of such internal structures until actual simulation to be conducted with

inclusion of those internal structures.

Three cases of CTH calculations were performed. Case 1 assumes that a detonation was
initiated at a point (r=0, and y=0) as seen in Figure 4. For Case 2, a point detonation was
initiated at the location of r=0 and y=-10cm. Case 3 simulates volumetric detonation; that is
a whole region of the vacuum tube volume are assumed to detonate simultaneously. In
simulating volumetric detonation for case 3, multiple point detonations are assumed to be
triggered at several locations (viz; at every ~2.5cm intervals) throughout the whole vacuum

tube volume.
3.1 Case 1 Results : Detonation at (0,0)

The results for the case 1 are shown in Figures 5 through 11. Figures 5 - 7 show pressure
wave propagation along a fixed line of a coordinate as shown in Figure 4 (i.e., r=Ocm line,
y=Ocm line, y=-10cm line, etc.). Dotted lines in the figures indicate material boundaries;
that is, the small region between two dotted lines represent vacuum tube wall structure. As
seen in Figure 5, detonation initiated at the location (0,0) proceeds towards the vacuum
tube wall. As the pressure is reflected at the wall as seen in Figure 5(b), its magnitude
amplifies from ~6MPa to ~12MPa. However, when it travels back inwards, its
amplification returns to the original pressure magnitude. One can notice that this reflected
wave grows fast as it focuses near the location (0,0) to above 30MPa, which is shown in
Figures 5(b) & (c). Figure 6 also shows the wave propagation along the r=0 line. As we
already saw from Figure 5, the wave behaves in a similar manner such as reflection at the
wall, focusing near the location (0,0) to above ~40MPa, and chasing down the original
detonation wave. If we examine Figure 6(b) closely, we can find that the maximum wave
focusing occurs at the location close to y=-2cm. The secondary (reflected) wave, as seen
in Figure 6(c), becomes smaller as it moves away from the focused point and approaches
the system boundary. By modeling the lower boundary as sound speed-based absorbing
interface (representing a semi-infinite region), these waves along with a corresponding
energy disappear as they reach this boundary (e.g., y=-21cm line). From the same figure,
we can also notice that the rate of dissipation of the reflected wave as it approach to the y=-
21cm boundary becomes close to constant. Therefore, when the reflected wave leaves the
boundary, it is almost a constant value of ~15MPa. This value may be used as the
magnitude of largest pressure wave hitting the vacuum tube window located at ~1.6m
down away from this boundary. However, this pressure wave of 15MPa is a wave



focused near r=0 line. Figure 7 shows pressure wave distribution across the cross-section
of the vacuum tube when it leaves the boundary, y=-21cm.

Figures 8 through 11 illustrate temporal variations of pressure and temperature at various
locations. Each location is identified as a tracer point defined in Figure 4. Tracer points 1
through 13 indicate an air/hydrogen mixture region near the vacuum tube wall. The points
27 through 30 indicate the tracer points along the center line of the tube (i.¢., r=0 line). It
is seen from Figure 8, that the tracer point 1 experiences the highest pressure load,
~13MPa. Figure 9 shows the focused wave at the tracer point 27 is as large as ~30MPa.
Figures 10 & 11 show the temperature variations at the same tracer points. Temperature as
the mixture detonates, rises to ~3000K. At a certain location like the point 27 where the
pressure wave is focused, the temperature is shown to increase to ~5500K as the gas

mixture is compressed. During this time frame (lasting in ~140psec), heat transfer to the

wall is not great since it takes ~10 to ~100ms before the wall surface becomes significantly
hot. This high temperature distribution along the wall may cause significant thermal
stresses in the vacuum tube wall, and it has to be considered in the wall stress analysis.

3.2 Case 2 Results : Detonation at (0,-10)

For the case 2, the detonation was assumed to start at the location y=-10cm along the center
line (r=0). Similar as in the case 1, results show the detonation wave propagation and
amplification as the reflected wave is focused. Figure 12(b) shows that the reflected wave
from the nearby cylindrical walls grows to ~25MPa and travels along the y-axis in both
directions. Figure 12(c) shows that this reflected wave meets at the location of y=~2cm,
with the original detonation wave reflected at the dome wall. As a consequence of such an
overlap, the pressure amplifies to above 50MPa, as seen in Figures 12(c) & (d). Figure
12(d) also shows that this high pressure wave dissipates quickly as it moves away from
this location. Figure 13 shows pressure wave variation across the cross section near the
boundary, y=-21cm. Figure 14 shows temporal variation of pressure at various locations
along the vacuum tube wall. As seen in the case 1, the reflected wave varies around 10 to
15MPa. When the secondary wave comes in and is reflected at the wall near the tracer
point 1, however, the magnitude becomes ~30MPa. This is because the wave overlapping
and focusing occurs much closer to the wall as seen in Figures 12(c) & (d). At all other
locations, the reflection of the secondary wave is much smaller than the primary reflection.
It is unclear whether the near-wall pressure will increase if the detonation location is moved
away further from the location assumed in the case 2 study. If not, the case 2 study is
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conservative and definitive. Otherwise, it is recommended to repeat the similar study
assuming detonation initiation at different locations. In the middle of the gas mixture, the
secondary wave is also shown to be large in Figure 15. Temperature variations are shown
in Figures 16 and 17. The gas mixture temperature near the wall is about ~3000K as it
burns. Peak temperature at the tracer point 1 is about 4000K as the secondary compressive

wave comes in.
3.3 Case 3 Results - Multiple Volumetric Detonations

To simulate the effect of volumetric detonation, 20 detonation points were distributed at
every 2.5cm interval through the vacuum tube. It was assumed that detonation starts at all
20 locations simultaneously. Figures 18 through 22 show pressure and temperature
variations at various locations and time. Pressure waves are overlapped and focused at
various locations as shown in Figure 18(a). These waves are seen to diminish in Figures
18(b) & (c), and grow again as seen in Figure 18(d). As seen in other case studies, the
pressure in the gas mixture near the wall vary around 10MPa except for the tracer point 1
where the secondary pressure peaks above 30MPa. Temperatures at various locations also
shown in Figures 21 and 22, vary around 3000K except for the point 1 where the
temperature rises as high as 5000K as the compression wave comes in contact with the

wall.
3.4 One-Dimensional Simulation of Case 1

Two-dimensional simulation of the case 1 was repeated with 1-D simplification as shown
in Figure 23. As seen in the figure, at one end, the aluminum wall was modeled with the
same thickness assumed in 2-D simulation. Also same initial conditions of 92K and
0.1MPa of the air/hydrogen stoichiometric mixture was assumed for the calculation.
Outside and inside this vacuum tube wall are filled with air/gas mixture. Detonation region
extends to ~ 2m which is about same length of the entire vacuum tube. A point detonation
was assumed to start at 5.48cm away from the wall, the same location as we assumed in
the case 1 study. Figure 24 illustrates temporal pressure variation at various tracer points
shown in Figure 23. Since this pressure variation is in the middle of the gas mixture,
these results should only be compared with the results reported in Figure 9 of the 2-D
calculation of the case 1. It will be noted that the shock pressure rise in CTH 1s somewhat
larger than that one gets from lumped parameter models as in CET89. This is due to the
need in CTH to slightly increase the detonation velocity for ensuring that total combustion

energy input into the system matches thermodynamic values (i.e., energy available from
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hydrogen combustion). Another reason relates to the different calculational methods used
in CTH versus CET89. Shock (CJ) pressures from CTH are obtained dynamically with
continuous wave energy dissipation to surroundings along with continuous variations in
physical properties of the environment (effects which are not present in point
kinetics/lumped approaches). Regardless of the minor variations in the CTH shock
pressures from lumped model simulations, total energy is properly conserved. From
Figure 24(a), it is seen that the reflected pressure is ~13 MPa (tracer point 1), which is
similar the magnitude estimated from 2-D study of the case 1 (pressure at the tracer point 1
shown in Figure 8(a)). About 7MPa of initial detonation wave is followed by ~4MPa of
dissipating reflected secondary wave (tracer points 4 and beyond). However, this 1-D
calculation revealed the secondary wave is much smaller to compare with that shown in
Figure 9 of 2-D calculation. Also the third wave is not possible to be created in the 1-D
simulation whereas it is clearly seen in the 2-D simulation as shown in Figure 9. In these 1-
D calculations, pressure wave focusing and overlapping are not present since multi-
dimensional geometrical effects are not represented. The secondary reflected wave in this
1-D calculation is shown to be submerged into the equilibrium pressure as the wave travels

far and dissipates as shown in Figure 24(c).

4, mar n nclusion

Three cases of different detonation locations were studied for same initial conditions of
92K and 0.1MPa for a stoichiometric air/hydrogen mixture. Case 1 assumes a detonation
initiated at r=0 and y=0 point. A point detonation initiated at the location of r=0 and y=-
10cm is the case 2. Case 3 simulates volumetric detonation with multiple simultaneous
detonation points. Also 1-D calculation was made for the similar case as the case 1. When
the detonation initiates at the center of the hemispherical cap of the vacuum tube as in the
case 1, the maximum pressure imposed to the wall was estimated at ~12.5MPa near the
nose tip portion of the vacuum tube cap. The other cases show that at the same location,
the maximum pressure loading can be as high as ~30MPa. The maximum pressure loading
at the wall always occurs at the tracer point 1. As the initial detonation point moves away
from the point assumed for the case 1, the maximum pressure in the gas mixture occurs
closer to the wall near the nose tip of the vacuum tube cap. The primary detonation wave
proceeds with a magnitude of ~5~6MPa and passes away from the system boundary, y=-
21cm. This wave is assumed to keep proceeding until it impacts the neutron window.
Upon impacting the window, it is reasonable to assume the reflected wave to be about
12MPa. The secondary wave from the case 2 is seen to be ~25MPa when it moves out of
the system boundary whereas the case 1 shows about 15MPa. This wave from the case 2
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may dissipate to a similar magnitude as that for case 1 as it keeps traveling down the tube.
This secondary pressure of 15SMPa can further dissipate as it moves downwards. Without
extensive geomeiry modeling of the entire length of the vacuum tube, it appears
conservative to assume that the secondary wave reaches a level of ~15MPa as it impacts the
neutron window. However, one should note that this is a focused pressure wave along the
center line. Temperatures of the gas mixture is another concern. The gas temperature near
the structure wall remains at ~3000K for a significant period of time. Inner surface of the
tube wall will be heated to a high temperature while outer wall remains cold. Thermal
stress due to such a large temperature difference across the wall needs to be assessed.
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Figure 16(c). Temperature in hydrogen/air mixture near the vacuum tube wall of case 2
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Figure 16(d). Temperature in hydrogen/air mixture near the vacuum tube wall of case 2
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Figure 17. Temperature history in hydrogen/air mixture along r=0 of case 2
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Figure 18(a). Pressure profile along r=0 line from 0 to 18usec with 3psec time interval

for case 3
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Figure 18(b). Pressure profile along r=0 line from 19 to 22usec with 1psec time interval
for case 3
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Figure 18(c). Pressure profile along r=0 line from 23 to 39sec with 3ysec time interval
for case 3
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Figure 18(d). Pressure profile along r=0 line from 40 to 46usec with 1jsec time interval
for case 3

Hydrogen Detondtion
4 Q T T T T T T T T T T T

35

20 4

25 .

20

15

Pressure {105Pa)

10

-0, 253
Y Poaitten (10~ 'm)

0.23 .73
X=2.5x10"*

-1.23% -¢.7%

2DC Block !
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for case 3
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Figure 18(f). Pressure profile along r=0 line from 71 to 86jtsec with 3psec time interval
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Figure 19(a). Pressure history in hydrogen/air mixture near the vacuum tube wall of case 3
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Figure 19(b). Pressure history in hydrogen/air mixture near the vacuum tube wall of case 3
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Figure 19(d). Pressure history in hydrogen/air mixture near the vacuum tube wall of case 3
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Figure 20. Pressure history in hydrogen/air mixture along r=0 of case 3
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Figure 21(a). Temperature in hydrogen/air mixture near the vacuum tube wall of case 3
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Figure 21(b). Temperature in hydrogen/air mixture near the vacuum tube wall of case 3
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Figure 21(c). Temperature in hydrogen/air mixture near the vacuum tube wall of case 3
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Figure 21(d). Temperature in hydrogen/air mixture near the vacuum tube wall of case 3
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Figure 22. Temperature history in hydrogen/air mixture along r=0 of case 3
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Figure 24(a). Pressure history in hydrogen/air mixture of 1-D simulations
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