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ABSTRACT

The consequences of H^ydrocarbon detonations in
the vacuum vessel (torus) of the International Thermo-
nuclear Experimental Reactor (ITER) have been studied.
The most likely scenario for such a detonation involves a
water leak into the torus and a vent of the torus to atmo-
sphere, permitting ihe formation of an explosive fuel-air
mixture. The generation of fuel gases and possible sources
of air or oxygen are reviewed, and the severity and effects
of specific fuel-air mixture explosions are evaluated.
Detonation or deflagration of an explosive mixture could
result in pressures exceeding the maximum allowable torus
pressure. Further studies to examine the design details and
develop an event-tree study of events following a gas deto-
nation are recommended.

INTRODUCTION

Explosion or detonation waves propagated by high ex-
plosives can have velocities in the vicinity of 9000 nrs"1

and pressures of hundreds or even thousands of kilobars.
(For this discussion, a detonation is defined as a flame
front that is supersonic relative to the unburned gas, with
the burned gas flowing toward the unburned gas. There is a
significant increase in pressure as the front passes a sta-
tionary observer.) The destructive power of these waves is
primarily due to the momentum of this dense shock wave.
In contrast, detonation waves in combustible mixtures
involve pressures of a few bars or tens of bars; their poten-
tial for damage arises from the increase in stagnation pres-
sure experienced by a structure over which the wave passes
and subsequent overpressurization of the structure.
Additional damage may be caused by the impact loading of
the shock front, which the structure sees as a step function.
The structural effects may be quantified by dynamic analy-
sis, once the detonation parameters are determined.
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The vacuum vessel (torus) of the International
Thermonuclear Experimental Reactor (ITER) will operate
at a pressure of 10^ torr. Failure criteria for the torus have
not been formally established, but if the maximum normal
stress is taken to be equal to the yield stress of the vacuum
vessel (270 MPa), then the maximum allowable torus pres-
sure is 6 aim.1 Possible detonation of hydrogen/hydro-
carbon mixtures in the ITER torus has been studied with
the Chapman-Jouguet (C-J) theory, which models gaseous
detonation waves as one-dimensional, steady-state com-
bustion waves. Issues such as the mass of H2/CO gener-
ated and event probabilities are addressed in Ref. 2.

ASSUMPTIONS

Classical Theory

Calculations in this study assume equilibrium detona-
tion parameters; that is, the detonation velocities, pressure,
density, temperature ratios, and equilibrium composition of
the reaction products are assumed to be adequately
predicted by the classical C-J theory. In the C-J mode1, the
steady-state wave speed will achieve a magnitude so that
the speed of the burned gases is exactly sonic with respect
to the wave front; that is, the flow becomes "choked."

Detonation research in the 1960s proved conclusively
that all gaseous detonation waves possess a cellular three-
dimensional structure. Therefore, the C-J theory cannot
predict nonequilibrium or dynamic detonation parameters,
specifically the structure of the detonation wave. As a
result, the C-J theory serves only as a limit in many condi-
tions, but it is an acceptable model for equilibrium detona-
tion parameters in overdriven conditions where fuel-oxi-
dizer mixes are not close to the detonation limits and the
absolute pressure is in the range of 150 torr to 1 aim. The
effects of diluents, variable geometry, marginal fuel mix-
tures, unconfined detonations, etc., on the detonation
velocity are discussed in detail in Ref. 3.
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Detonation Limits

As noted in Ref. 3, "The detonation limits for confined
gas mixtures are strongly dependent on the boundary con-
ditions of the medium in which the detonation propagates.
In other words, detonation limits of confined mixtures are
not unique.... At present, no theory can predict detonability
limits from first principles." That study did determine,
however, that the delonability limit of H2-air systems
ranges from 13.6% to 70% H2 in a 43-cm-diam tube.

FUEL AND OXYGEN SOURCES IN THE ITER TORUS

There are several sources of hydrogen in the ITER
torus, including leakage of hydrogen isotopes from plasma
fueling systems or discharge cleaning systems; dissociauon
of water leaking onto hot reactive metals (e.g., beryllium),
and reaction of water leaking onto hot graphite. (It is un-
likely that any significant quantity of hydrogen could be
generated by nonreactive metals, since the required disso-
ciation temperatures approach 2273 K, and metal surfaces
would immediately cool below the critical temperature.)
The leakage of water onto hot graphite tiles is the scenario
deemed most likely and analyzed in detail.

Oxygen in the ITER torus would probably come from
one of two sources: air entering through a broken compon-
ent (e.g., a pipe.window, or bellows) or dissociation of
water by hot metal or graphite. Dissociation of water is not
a significant source of O2 because reactive materials are
also strong reduction agents and as such will getter (react
with) all the O2. Thus, air entering from a broken compon-
ent is deemed the likely source and assumed in the
analysis.

DETONATION MECHANISM

Detonation could occur if the following sequence of
events were to take place:

1. With the torus at its operating pressure of 10""6 torr
and the graphite surface at 1773 K, water leaks into
the torus, impinging on the hot graphite.

2. A steam-carbon reaction occurs, with the steam dis-
sociating to form CO, H2, and H2O.

3. Either the resulting overpressure in the torus causes
the torus to vent to atmosphere, or water on a hot com-
ponent (e.g., a window or pipe) causes structural fail-
ure and admits air into the torus.

4. The vacuum port gate valves close.
5. Stoichiometric mixing of the reactants and air occurs

on the cooled side, away from the hot initiating
source.

6. Reactants contact the initiating source and detonation
occurs.

From this sequence, it is evident that two events are
necessary before a detonation can occur: a water leak fol-
lowed by a vent to atmosphere. Note that these are not
necessarily independent failures, since an initial water leak
could lead to a vent to atmosphere. A lime delay in ignition
of the fuel-air mixture is required for full-blown detona-
tion; without such a delay, there could be multiple-point
ignition resulting in less violent events such as deflagration
or graphite fires. (Deflagration is defined here as a flame
front that is subsonic relative to the unbumed gas, with the
burned gas flowing away from the unburned gas. There is a
decrease in pressure as the front passes a stationary
observer.)

CREATION OF FUEL-AIR MIXTURE

Steam-Carbon Reaction

Steam impinging on incandescent graphite will disso-
ciate to form CO, H2, and CO2. The ratio of H2 to CO to
CO2 can vary by a few percent with different graphite tem-
peratures and steam generation rates (see Ref. 2), but this
will have little effect on the detonation parameters because
CO and H2 have about the same molar heat output., and the
overall molecular weight of the reactants changes very
little (air predominates). The calculations indicate that the
detonation parameters are fairly insensitive to low concen-
trations of diluents.

If complete dissociation and a stoichiometric mixture
with the inrushing air are assumed, the reaction (neglecting
some trace reactants) will proceed approximately as^*4

0.483O2 + 1.82N2 + 0.44CO + 0.525H2 + 0.035CO2
=> 0.475CO2 + 0.525H2O + 1.82N2 + 1082 kcal.

(Note: The heat release is per mole of fuel, that is, steam-
carbon dissociation product.)

Ignition Parameters

Ignition of the gas mixture requires a minimum tem-
perature of 853 K. In air, the ignition limits are 4% to 74%
of mixture at STP.

The steam-carbon reaction is endothermic and requires
heat to be absorbed from the graphite. If the graphite tem-
perature drops from 1773 K to the ignition temperature of
853 K, the heat available will be 8.46 x 105 J/kg. Water
will require 7.31 x 106 J/kg to dissociate into H2 and CO.

The result, then, is that 8.6 kg of graphite is required
to supply the heat for dissociation of 1 kg of water. A stoi-
chiometric, 1-atm mixture of combustion gases and air in
the torus would involve the complete dissociation and reac-
tion of 131 kg of water with 77.5 kg of carbon.
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MODEL

From the C-J theory, the theoretical Mach number M
of a shock is

M ={[2H(k+l)]/CpT1}°-5 ,

where H is the heat of reaction, Cp is the specific heat at
constant pressure (for a perfect gas), Ti is the initial tem-
perature, and k is the ratio of specific heats.

The pressure across a shock, assuming that the Mach
number of the burned gases is unity, is

P2 1 + kM2

P i " 1 + k '

where the pressures Pi and P2 are in atmospheres.
The velocity of the shock front is Vs = Me, where c is

the local speed of sound, c = (kRTi)0-5. Here R is the gas
constant, R = 9?/m, where 9? is the universal gas constant
(9? = 8.31 J/K«mol) and m is the molecular weight of the
mixture.

The velocity of the burned gases V2 = Vs - M2 x
(kRT2)05, whereM2 = 1 behind the shock.

After collision of the shock front with the wall (i.e.,
when Vs = 0), the stagnation prescure is
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Figure 1 is a schematic representation of a detonation
sequence in a torus. The final torus temperature is calcu-
lated from Tf = (H/Cp) + Ti , and the final torus pressure,
with simple heating, is

Zf_If
P l " T i '

ANALYSIS OF DETONATION SCENARIOS

Full Dissociation at Atmospheric Pressure

For a fully dissociated, stoichiometric mix of reactants
at 1 atm, we assume a fuel ratio of 29% by volume and use
the following values:

Initial reactant temperature Ti = 472 K
Molecular weight m = 24.55 g/mol
Specific heat Cp = 1.19 x 103 J/kg«K
Heat of reaction H = 3.2 x 106 J per kilogram of

mixture
Ratio of specific heats k = 1.4

(a)
RAREFACTION

WAVE

Fig. 1. Detonation sequence in torus (idealized one-
dimensional model). Note that points A and B
experience full stagnation pressure, while point C
"sees" only P2.

(For this temperature, k will shift toward unity, but the
error in assuming k = 1.4 is only about 7% to 14%.) The
theoretical Mach number M = 5.91; however, experiments
indicate that this number is too high, since the high tem-
perature will cause significant dissociation of the products,
and final values of M will range from 5.2 to 5.3 (Ref. 5).
For M = 5.3, we find that the pressure across the shock is
16.8 atm, the stagnation pressure is 22.6 atm, and the torus
final pressure is 8.16 atm, with c = 421 m/s, Vs = 2230
m/s, and V2 = 1029 m/s.

If we assume that the detonation progresses in both
directions around the vacuum vessel, as shown in Fig. 1,
the fronts will collide at a point 180 deg around the torus
(at the major radius) from the detonation origin after 8 ms,
as shown in Fig. 2. Note that the farther a point is from the
detonation origin, the longer it will be at pressure P2.
Thus, a stoichiometric mix of steam-carbon dissociation
products with air at 1 atm would result in a violent detona-
tion with torus wall overpressures of >22 atm and final
torus pressure of >8 atm. The time frame of the event
makes it impractical to relieve these pressures with mech-
anical systems such as burst disks. The shock front, with
pressures of almost 17 atm and velocities of >2200 m/s,
could be expected to damage components such as bellows
and tiles. Damage to the torus cannot be quantified, since
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Fig. 2. Detonation time profile for stoichiomelric mixture
at 1 atm, showing distance from detonation origin to
shock arrival.

failure criteria have not been formally established and no
dynamic analysis has been performed. However, these
pressures exceed the assumed maximum allowable torus
pressure of 6 atm. In addition, the torus shell is probably
not the weakest point in the design; the port bellows will
undoubtedly be much more susceptible to overpressure.

Dilution Effects at Atmospheric Pressure

In an actual event, the steam dissociation may be in-
complete, or the fuel mixture may be nonstoichiometric
("lean" or "rich").

For partial dissociation, we evaluate a case in which
the steam volume is equal to the air volume (only 18.9% of
the steam breaks down). In this case the fuel ratio drops to
17.4%, a value that lies within the lower threshold of the
detonation limit.3 Again assuming a stoichiomelric mix of
fuel to oxygen at 1 atm, we find that the reaction will pro-
ceed approximately as follows:

0.48O2 + 1.8N2 + 0.435CO + 0.53H2
+ 0.035CO2 + 2.28H2O

=> 0.47CO2 + 2.81H2O + 1.8N2 + 1082 kcal,

with the parameters m = 21.87, H = 2.13 x 106 J per
kilogram of mixture, Cp= 1.33 x 103 J/kg«K, and M =
4.54, for a stagnation pressure of 16.53 atm, a torus final
pressure of 5.3 atm, and a final temperature of 1972 K.

For a lean mixture, with twice as much air as steam,
the fuel ratio falls to 17.4%. This is the same as that in the

partial dissociation case, so that for complete dissociation
at 1 atm, the Mach number, pressures, and final tempera-
ture arc the same as in the partial dissociation case.

For a rich mixture, with a fuel ratio of 54.8%, triple
that of a stoichiomctrie mixture, and complete dissociation
at 1 atm, the parameters are m = 20.85, H = 2.3 x 106 J per
kilogram of mixture, Cp = 1.39 x 103 J/kg«K, and M =
4.66, for a stagnation pressure of 17.4 atm, a torus final
pressure of 5.5 atm, and a final temperature of 2062 K.

It is evident that events at 1 atm are very severe even
with low concentrations of fuel gas or with very rich mix-
tures. The shock effects diminish, but the torus pressure is
still above design limits.

Low-Pressure Events

To prevent overpressure of the torus it would be
advantageous to have the detonation occur at some pres-
sure less than 1 atm. We can evaluate a case for which the
pressure is 4.6 psi (0.311 atm) when ignition occurs from
the case of a stoichiometrie mix at 1 atm.

The specific heat remains the same (Cp = 1.19 x 103

J/kg»K), as does the heat of reaction (H = f.2 x 106 J per
kilogram of mixture), while the final temperature changes
to 1204 K, and we find that M = 5.3, the stagnation pres-
sure is 6.8 aim, the pressure across the shock is 5.2 atm,
and the torus final pressure is 1 atm. Variation in the fuel
ratio has little effect on torus final pressure, as shown in
Fig. 3.

SUMMARY

The detonation parameters for the cases described are
summarized in Table I. This study is a very preliminary
one, and the numbers should not be taken as exact, espe-
cially for events near the detonation limits and for parame-
ters of dilute mixes. A literature search might uncover
experimental data that would give insight into these fringe
areas. However, conclusions can be drawn in some impor-
tant areas.

First, at least two events must occur to cause an explo-
sion: a leak must occur in a water line or hydrogen supply,
and another break must allow air into the torus. This is
well within the realm of possibility, since a water leak
could initiate a chain of failures ending in exposure to air
and a subsequent detonation. Isolation of the torus from the
atmosphere (the cryostat?) by inert gas might be one means
of preventing this.

Second, the events are more likely to result in graphite
fires or hydrogen deflagration than in detonation. A deto-
nation requires a delay to allow good mixing of the reac-
tants, and this is unlikely in an environment of almost con-
tinuous, extremely hot ignition sources. Premature or
multiple ignition will result in lower-energy events.
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Fig. 3. Effects of initial pressure and fuel ratio on torus
final pressure.

However, even a lower-energy event such as deflagration
could result in loss of confinement unless the gases are
vented, because the final torus pressure is dependent on
simple heating—that is, only on the mass of reactants, not
on the rate of reaction; the net energy is the same in either
case.

If a good mix of water-graphite dissociation products
and air does occur, the consequences are quite severe,
especially if the mixture reaches 1 atm before detonation.
Containment would almost certainly be lost in the present
torus design.

Finally, if a detonation occurred with the mixture at
<1 atm (e.g., at -0.3 atm), even perfect stoichiometric
mixes would cause only minimal damage, and confinement
would probably be maintained. This might be accom-

plished by providing a venting system that could sense the
pressure rise and activate before the torus reached full
atmospheric pressure.

FURTHER STUDIES

Structural analysis of the ITER torus is still prelimi-
nary and does not include any bellows, peripheral equip-
ment, or dynamics effects. The effects of overpressures
and impulse loading by shock waves are largely unknown
and constitute an important area for investigation.

The severity of a gas detonation is a strong function of
the specifics of the accident scenario and tlie timing of
subsequent propagating failures. Thus, it is important to do
further studies to examine the design details and to develop
an event-tree study of subsequent events.

REFERENCES

1. D. L. CONNER et al., "Stress Analysis of a Double-
Wall Vacuum Vessel for ITER," Proceedings of the
14th Symposium on Fusion Engineering, Monterey,
1991, IEEE, New York (in press).

2. G. R. SMOLK et al., "Evaluation of Graphite/Steam
Interactions for ITER," EGG-FSP-9154, Idaho
National Engineering Laboratory (1990).

3. C. M. GUIRAO et al., "A Summary of Hydrogen-Air
Detonation Experiments," NUREG/CR-4961
(SAND87-7128), Nuclear Regulatory Commission
(1989).

4. "Heats of Combustion and Composition of Manufac-
tured and Natural Gases," in CRC Handbook of
Chemistry and Physics, 40th ed., Chemical Rubber
Co., Cleveland, Ohio, p. 1911 (1959).

5. From measurements made by the author at the Univer-
sity of Michigan in 1965, using hydrogen and oxygen
in a 15-cm-diam detonation tube.

TABLE I
Detonation parameters

Initial pressure (atm)
Fuel ratio (%)
Pressure across shock (atm)
Stagnation pressure (atm)
Final pressure of torus after

detonation or deflagration (atm)

Stoichiometric,
full dissociation

1
29
16.8
22.6

8.16

Fuel

Stoichiometric,
full dissociation

0.31
29

5.2
6.8
1.0

mixture

Partial
dissociation

1
17.4
12.4
16.5
5.3

Lean

1
17.4
12.4
16.5
5.3

Rich

1
54.8
13.1
17.4
5.5


