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The detonability of hydrogen-air-diluent mixtures was
investigated experimentally in the 0.43 m diameter, 13.1 m
long Heated Detonation Tube (HDT) for the effects of
variations in hydrogen anddiluent concentration, initial
pressure, and initial temperature. The data were correlated
using a ZND'chemical kinetics model. The detonation limits
in the HDT were obtained experimentally for lean and rich
hydrogen-air mixtures and stoichiometric hydrogen-air-steam
mixtures.

The addition of a diluent, such as steam or carbon
dioxide, increases the detonation cell width for all
mixtures. In general, an increase in the initial pressure or
temperature produces a decrease in the cell width. In the
HDT, the detonable range of hydrogen in a hydrogen-air
mixture initially at 1 atm pressure is ,between 11.6 percent
and 74.9 percent for mixtures at,200C, •and 9.,4 percent and
76.9 percent for mixtures at 1000C." The detonation limit is
between 38.8 percent and 40.5 percent steam, for a
stoichiometric hydrogen-air-steam mixture initially at 1000C
and 1 atm. The detonation limit is between 29.6 percent and
31.9 percent steam for a stoichiometric hydrogen-air-steam
mixture for the case where hydrogen and steam are added to
air initially at 200C and, 1atm resulting in a final
predetonation mixture temperature and pressure of
approximately 1000C and 2.6 atm, respectively.
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EXECUTIVE SUMMARY

The detonability of hydrogen-air-diluent mixtures was
investigated experimentally and correlated using a Zeldovich-
von Neumann-Doering (ZND) model. The first of our two
objectives was to determine the effect of dilution, pressure,
and temperature on the detonation cell width of hydrogen-air
mixtures. The second objective was to determine the
detonability limits for lean and rich hydrogen-air mixtures
and stoichiometric hydrogen-air-steam mixtures. The results
of this study can be used for safety analyses of nuclear
reactor accidents.

The experimental work was conducted in the Heated
Detonation Tube (HDT). This facility is 43 cm in internal
diameter and 13.1 m long. It can be heated to approximately
390 K and can operate with detonation pressures up to 3.1
MPa. The detonation cell width was recorded on a sooted foil
lining the inside of the HDT. The cell width is an intrinsic
length scale of a detonation and indicates the "sensitivity"
of a mixture. The smaller the cell width, the more likely
the mixture is to detonate. Likewise, the larger the cell
width, the less likely the mixture is to detonate.

The data were correlated using a model based on a
detailed chemical-kinetics reaction set for hydrogen
oxidation and the ZND model of a detonation. The model
predicts a reaction zone length. The detonation cell width
data can be correlated with the reaction zone length by a
proportionality factor.

The addition of a diluent, such as steam or carbon
dioxide, increases the detonation cell width for all
mixtures. For the same conditions, carbon dioxide is not
only more effective than steam, but its efficacy increases
relative to steam with increasing concentration. In reactor
accident scenarios, hydrogen-air mixtures will likely be
diluted with steam. In scenarios involving core-concrete
interactions, carbon dioxide will also be present.

A large decrease in the detonation cell width is
predicted with increasing pressure for hydrogen-air mixtures
at low initial pressures with and without steam dilution.
With further increase in pressure, the cell width increases
slightly to a local maximum and then continues to decrease
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slightly. The predicted maximum has not been verified
experimentally. The data indicate that the cell size
decreases approximately by a factor of two over the range of
pressures of interest in reactor safety analysis.

A large decrease in the detonation cell width is
predicted initially for hydrogen-air-diluent mixtures with
increasing initial temperature. The effect is most
pronounced for off-stoichiometric mixtures and highly-diluted
mixtures. With further increase in temperature, the cell
width reaches a minimum and then increases slightly. While
the model has been used to predict the effect of temperature
up to 1000 K, it has been assessed only up to 373 K with the
data in this report.

Three important points can be made from the model
predictions. First, the detonation cell width decreases with
increasing initial temperature up to a critical temperature
for all mixtures. Second, all mixtures are predicted to have
similar cell widths, or likewise similar detonabilities, at
elevated temperatures. Third, the mitigative effect of a
diluent, such as steam or carbon dioxide, decreases with
increasing temperature. If the model is confirmed
experimentally at higher temperatures, the model's
predictions indicate that detonations may be significantly
more probable than previously considered in at least three
accident scenarios. These scenarios include direct
containment heating, core-concrete interactions, and releases
from the reactor coolant system.

The detonable range of hydrogen obtained in the HDT for
hydrogen-air mixtures at 20 0 C and 1 atm is between 11.6
percent and 74.9 percent by volume. Increasing the initial
temperature to 1000C expands the range to 9.4 percent and
76.9 percent by volume and illustrates the important effect
of increasing temperature. The detonation limit is between
38.8 percent and 40.5 percent steam for stoichiometric
hydrogen-air-steam mixtures at 1000C and 1 atm initial
pressure. The detonation limit is between 29.6 percent and
31.9 percent steam for a stoichiometric hydrogen-air-steam
mixture for the case where hydrogen and steam are added to
air initially at 20 0 C and 1 atm resulting in a final
predetonation mixture temperature and pressure of
approximately 100 0 C and 2.6 atm, respectively. The lower
value of steam does not represent an intrinsic detonation
limit for the HDT, however, and is probably due to
insufficient charge strength to initiate the detonation. All
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detonation limits are scale and geometry dependent. This
means that a wider range of detonable concentrations may be
obtained at reactor scale.

A comparison between the various combustion limits
yields two important conclusions. First, the detonability
limits are similar to the flammability limits for some
mixtures. While there is a discrepancy between the limits
for the other mixtures, the limits are much closer than
previously thought. Second, the detonability limits and
flame acceleration limits are similar for most mixtures
tested.
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I. INTRODUCTION

1.1 Backaround and Objectives

During a severe accident scenario, hydrogen will be
generated if the core is uncovered. The production of
hydrogen in the reactor vessel and release through the
reactor coolant system can be modeled by. a coupled accident
analysis code, such as MELPROG/TRAC [1.1). After the
hydrogen is released into the containment, it is mixed and
transported by natural and forced convection. These
processes can be modeled by lumped-volume (i.e., HECTR [1.2],
CONTAIN [1.3], and MELCOR [1.4]) and finite-difference (i.e.,
HMS [1.5]) accident analysis codes. If sufficient hydrogen
accumulates and becomes flammable, these codes also model the
combustion process. The codes are restricted, however, to'
modeling only simple deflagrations. Other modes of
combustion, like accelerated flames and detonations, may be
possible if larger quantities of hydrogen accumulate before
ignition occurs such., as during a station blackout scenario.
Presently, empirical correlations and qualitative
methodologies-are the only means available to estimate the
possibility or likelihood of one of these modes of
combustion. This report provides the detonation length
scales necessary for these correlations and methodologies.

Correlations exist to estimate (1) the energy required
to initiate a detonation directly, (2) the possibility a
detonation will be initiated indirectly through an
accelerated flame if direct initiation is unlikely, (3) the
propagation of a detonation through different geometries, and
(4) the transmission of a detonation from a confined region
to an unconfined one. All of these correlations require an
experimentally measured length scale called the detonation
cell width. The correlations have been discussed in detail
[1.6-1.14] and only a brief review is given here. .

Several models are available to estimate the energy
required to initiate a detonation directly [1.6-1.8]. A
common feature of all models is to relate-the critical energy
for direct initiation, ECR, to the detonation cell width, A,
or ECR a An. The values of the exponent, n, are 1, 2, or, 3
corresponding to planar, cylindricalI or spherical
detonations. Since direct initiation of a detonation may be
unlikely in a severe accident.due to the large energy.
requirements, atmore likely mode of initiation may be through
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flame acceleration and deflagration to detonation transition
(DDT). A method has been developed [1.9] toestimate the
likelihood of a DDT during degraded-core accidents. This
method ranks geometries by scale, obstacles, and confinement,
and mixtures by their chemical'sensitivity based on'A. While
this method is qualitative,'aquantitative'criterion has been
proposed recently to estimate the transition of a''
deflagration to a detonation, but the criterion may only be'
applicable to obstacle-filled tubes [.10].; ThisI criterion'
states that if a mixture flame speed is on the order of the
sound speed of the combustion products, 'a DDT is possible if
A is on the order of, or smaller than, the minimum. transverse
dimension of the tube. Once a detonation is initiated,
either directly or indirectly by a'DDT, the possibility that
the detonation Will propagate in'a compartment has been
empirically correlated using the geometric scale relative'to
A. Propagation criteria have been determined lfor different'
geometries [!.iI-I.13] as shown in Figure.1.1. For safety
analyses, we recommend Dmin = A/2 for propagation down a wide
channel (Figure 1.1) since'the boundaries may support a half
cell. Recent research [l.14]'indicates there-is still some
uncertainty in the values of the prop6rtionality constants'in
the correlations. The transmission of the'detonation-between
compartments also depends on A [1.11-1.13]. Figures 1.2 and
1.3 show criteria for the transmission of a detonation from a
confined region to an unconfined one for different
geometries.' These criteria are also valid for tranmission
through an orifice if the effective diameter is used [1.12].

The purp6se of'the previous discussion is to emphasize-
that A is a fundamental length scale'fbrall aspects of:--
detonations including initiation, propagation, and
transmission.' The application of these criteria'to safety''
analyses requires a knowledge of A for different
thermodynamic conditions: fuel and diluent concentrations;
temperature, and pressure.• .

A wide range of conditions may occur'depending on the
time after the accident. Early in the accident during the.;

'release of hydrogen, mixtures in the source compartment will
be at elevated temperatures, pressures close to atmospheric,
and diluted with large quantities of steam. :At later times,
the mixtures may be at temperatures near saturation, elevated
pressures, fuel 'lean, and diluted with moderate quantities of
steam depending 'onfactors such as the amount of mixing,
steam condensation, and engineering safety-features employed.



*Propagation Down a Cylinder (One-Dimensional):
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Figure 1. 1 Schematic illustrations for the empirically
determined propagation criteria for different
geometries (from Reference 1.11)
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a Propagation from a "Tube" (Critical Tube Diameier):
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Figure 1.2 Schematic illustrations of the empirically
determined transmission criteria for different
geometries (from Reference 1.1)
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While a large data base exists for hydrogen-air
detonations [1.8, 1.12, 1.15), little information exists for
conditions associated with reactor accidents. Most of the
data show the effect of variations in fuel concentration for
non-diluted hydrogen-air mixtures. If the mixtures are
diluted, it is usually with a gas such as argon, helium, or
nitrogen. Typically the diluents found in reactor accident
scenarios are steam and/or carbon dioxide and the effect of
these diluents are shown by Tieszen et al. [1.16].
Additionally the effect of elevated pressures and
temperatures associated with accident scenarios have not been
studied. The effect of pressure has been shown for mixtures
at or below atmospheric pressure and at ambient temperatures.
Some calculations have shown the effect of elevated
temperatures for stoichiometric mixtures. However, these
studies do not consider the off-stoichiometric diluted
mixtures that are likely to occur in an accident scenario.

The detonation cell width is needed for mixtures at
accident conditions for safety analyses. Some of this
information has been obtained by Tieszen et al. [1.16]. Our
work is intended to supplement this study and provide
additional data for conditions at early and late times in the
accident. The first of our two objectives is to report the
experimental data and predictions for the effects of diluent
concentration, temperature, and pressure on hydrogen-air
detonations. The second objective is to report the
detonability limits obtained in the Heated Detonation Tube
(HDT) for lean and rich hydrogen-air mixtures and
stoichiometric hydrogen-air-steam mixtures.

1.2 References for Chapter 1

1.1 Dosanjh, S. S., "MELPROG-PWR/MODl: A Two-Dimensional,
Mechanistic Code for Analysis of Reactor Core Melt
Progression and Vessel Attack Under Severe Accident
Conditions," NUREG/CR-5193, SAND88-1824, Sandia
National Laboratories, Albuquerque, NM, May 1989.

1.2 Dingman, S. E., Camp, A. L., Wong, C. C., King, D. B.,
and Gasser, R. D., "HECTR Version 1.5 User's Manual,"
NUREG/CR-4507, SAND86-0101, Sandia National
Laboratories, Albuquerque, NM, April 1986.
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1.3 Bergeron, K. D., et al, "User's Manual for CONTAIN 1.0,
A Computer Code for Severe Nuclear Reactor Accident
Containment Analysis," NUREG/CR-4085, SAND84-1204,
Sandia National Laboratories, Albuquerque, NM, May
1985.

1.4 Haskin, F. E., Webb, S. W., and Summers, R. M.,
"Development and Status of MELCOR," SAND86-2115,
Proceedings of the Fourteenth Light Water Reactor
Meeting, October 1986.

1.5 Travis, J. R., "HMS: A Computer Program for Transient
Three-Dimensional Mixing Gases," Los Alamos National
Laboratory Report, LAIO-267-MS (NUREG/CR-4020),
November 1984.

1.6 Lee, J. H. S., "Initiation of Gaseous Detonation,"
Annual Review of Physical Chemistry, V28, pp. 75-104,
1977.

1.7 Benedick, W. B., Guirao, C. M., Knystautas, R., and
Lee, J. H., "Critical Charge for the Direct Initiation
of Detonation in Gaseous Fuel-Air Mixtures," Dynamics
of Explosions: Progress in Astronautics and
Aeronautics, (edited by Bowen, Leyer, and Soloukhin)
AIAA, New York, V106, pp. 181-202, 1986.

1.8 Vasil'ev, A. A., Mitrofanov, V. V., and Topchiyan, M.
E., "Detonation Waves in Gases," Fizika Goreniya i
Vzryva, V23, No. 5, pp. 109-131, 1987.

1.9 Sherman, M. P., and Berman, M., "The Possibility of
Local Detonations During Degraded-Core Accidents in the
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Shepherd, J. E., Knystautas, R., and Lee, J. H. S.,
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2. EXPERIMENTAL METHOD

2.1 HDT Description and Procedure

The experimental detonation cell width data are obtained
in the HDT shown in Figure t2.1, which is a heated detonation
tube 0.43 m in diameter and 13.1 m long. The temperature of
the tube has been raised to 388 K by. resistive heaters on the
surface of the tube. The tube has been approved to operate
with detonation pressures up to 3.1 MPa.

The following discussion gives the general procedures
for the experiments conducted in the HDT. Details of the
facility and experimental procedure were given by Tieszen et
al. [2.1].

Prior to an experiment, an aluminum sheet 3.66 m long by
1.22 m wide that is used to record the detonation cell width
has a thin layer of soot applied uniformly• on the surface.
This sheet is formed into a cylinder to line the terminal end
of the tube. A planar charge of DuPont Detasheet with up to
110 gm of high explosive is used to initiate the detonation
directly and is placed in the tube at the opposite end of the
aluminum sheet.

Initially the tube is evacuated to approximately 3 mm Hg
before gases are introduced. Dry air is added first followed
by hydrogen and either steam or carbon dioxide if the
mixtures are diluted. Gases are introduced slowly for
uniform mixing. The mixture in the, tube is continuously
circulated during the introduction of new gases'. The final
mixture is recirculated for a change of two to three tube
volumes to provide additional mixing. After each gas is
added, the gas temperature is recorded with a K-type
thermocouple. Additionally, the pressure is recorded by one
of three types of pressure'gauges. These measurements are
used to calculate hydrogen and diluent concentrations based
on the method of partial pressures.

After the detonation is initiated with the high
explosive, the detonation propagates down the tube and the
detonation cellular tracks are recorded on the sooted sheet.
Detonation time-of-arrival measurements are recorded by up to
12 fast response quartz piezoelectric-pressure transducers
(either PCB Model 113A20 or Kistler Model 211B3) spaced
approximately uniformly along the length of the tube. The
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detonation velocity is obtained from these measurements. A
self-sustained wave is checked by verifying a constant
detonation velocity along the latter section of the HDT. In
some cases, this is verified by showing the cell width is
independent of the initiating charge strength. Pressure
transducer output is recorded by six Tektronix 7612D
transient digitizers, each with two data channels recording
at typically 1 ps/sample at the leading edge of the
detonation.

2.2 Uncertainty

The uncertainty is estimated for the measured and
calculated thermodynamic variables, such as temperature,
pressure, equivalence ratio, and diluent concentrations, the
detonation velocity, and the detonation cell width. A
detailed discussion of the methods to estimate uncertainty is
given in Appendix A.

A quantitative estimate of the uncertainty in the
thermodynamic variables is obtained using a technique termed
single-sample uncertainty analysis [2.2]. The detonation
velocity is determined from the slope of the time-of-arrival
measurements and a standard statistical package is used to
obtain a linear regression fit of the data. The uncertainty
bounds for the velocity are determined from the standard
error estimates in the slope. Attempts have been made to
make quantitative estimates of the detonation cell width. A
recent study [2.3] uses digital image processing and a two-
dimensional spectral analysis to estimate the dominate cell
width and the degree of regularity. Only a limited set of
data have been analyzed which yield a set of probable
detonation cell widths for each experiment. However, within
this set of probable cell widths, the dominant cell width
cannot be determined with any level of confidence that can be
quantified. Until a statistical model is developed to
quantify the confidence level of the spectral analysis,
visual observation appears to be the most appropriate means
to estimate the cell width.

The detonation cell width is determined using the method
of selecting high-contrast long-running parallel lines termed
the dominant-mode method [2.4]. Hydrogen-air detonations may
produce irregularly spaced lines or cells that make the
dominant-mode method difficult to use because of
substructure. The uncertainty in cell width is estimated by
independent measurements of the authors. Occasionally, these
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estimates vary by roughly a factor of two due to our
inability to distinguish the dominant mode from the
substructure. Independent measurements were taken for about
half of the data. For this reason, the standard deviation of
0.13 A for this set of data is assumed to be representative
of the entire set. Because the cell width measurements are
subjective and are influenced by human bias, we recommend the
most probable cell width measurements listed in Appendix B be
divided by 2 for safety analysis.

Uncertainty estimates that are typical, but not necessarily
conservative, are given for the thermodynamic variables in
Appendices A and B. The gas temperature was measured with a
Chromel-Alumel thermocouple with an uncertainty of ±10C. The
gas mixture was measured with either one of three gauges:
Wallace and Tiernan 0-100 mm Hg or 0-800 mm Hg absolute
gauges each with an uncertainty of ±0.5 mm Hg or a Wallace
and Tiernan 0-50 psia gauge with an uncertainty of ±0.04
psia. Typical bounds for the equivalence ratio are less than
±4 percent.

2.3 References for Chapter 2

2.1 Tieszen, S. R., Sherman, M. P., Benedick, W. B., and
Berman, M., "Detonability of H2 -Air-Diluent Mixtures,"
NUREG/CR-4905, SAND85-1263, Sandia National
Laboratories, Albuquerque, NM, June 1987.

2.2 Moffat, R.J., "Describing the Uncertainties in
Experimental Results," Experimental Thermal and Fluid
Science, VI, pp. 3-17, 1988.

2.3 Shepherd, J. E. and Tieszen, S. R., "Detonation
Cellular Structure and Image Processing," Sandia
National Laboratories, Albuquerque, NM, SAND86-0033,
June 1986.

2.4 Moen, I. 0., Murry, S. B., Bjerketvedt, 0., Rinnan, A.,
Knystautas, R., and Lee, J. H. S., "Diffraction of
Detonation From Tubes Into A Large Fuel-Air Explosive
Cloud," Nineteenth Symposium (International) on
Combustion, The Combustion Institute, Pittsburgh, PA,
pp. 635-645, 1982.
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3. MODEL

3.1 ZND Model Description

The data obtained in the HDT are correlated with
predictions obtained using a model [3.1] based on a detailed
chemical-kinetics reaction set for hydrogen oxidation (3.2]
and the ZND model of a detonation. A'detailed discussion of
the model is given by Shepherd [3.1]. According to the ZND
model, a one-dimensional shock wave traveling at the Chapman-
Jouguet (CJ) velocity elevates the gas temperature and
pressure to the von Neumann state. The reaction zone behind
the shock consists of an induction zone during which the
temperature and pressure are nearly constant followed by a
rapid release, of chemical energy leading eventually to the
final CJ state. The release of chemical energy is governed
by a set of 23 reactions and 11 species that constitute the
chemical kinetic model for hydrogen oxidation as shown in
Table 3.1. The reaction zone structure is obtained by
simultaneously solving the conservation equations behind the
shock as a function of distance. Although the ZND model does
not represent the three-dimensional physical structure of a
detonation, it does give a characteristic length, or time, of
heat release that can be correlated with the experimental
detonation cell width.

The experimentally measured detonation cell width, A,
can be linearly correlated to a first approximation, to the
reaction zone length, A, or )=AA. While the empirically
determined factor, A, has been shown to-vary with fuel
concentration, as shownin Figure 3.1, sufficient accuracy is
obtained by assuming A is a constant.. The value of A also
depends on how the reaction zone length is defined. The
location where the reaction zone is considered complete must
be chosen since the chemical reactions proceed to their
equilibrium'CJ state asymptotically according to the ZND
model.. Figure 3.2 shows different reaction zone lengths on a
reaction zone temperature prOfile. Table 3.2 shows the
corresponding values of A for the different lengths. The ZND
reaction zone length based on where the Mach number reaches
0.75 and A is equal to 22 has proven most successful in
correlating the experimentally measured cell width [3.1].
This length includes more than the induction zone and extends
into the final phase of the heat release zone where the
three-body reactions are important. In general, our
calculations will use this'length. Any exceptions will be
specifically noted.
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-4
I

Reaction a E-

1, H2 .+02 OH + OH 1.70xiO1 3  0. 47.780
2-. -OH + H2  H2 0 + H 1.17Xk0 9 ' :1.30 '3 3626
3.7 H +02 OH + 0 5.13x10! 6  -0.82 16507
4. 0 ".+. H2 O2 OH- +, H 1.80xIo1 0  1. ii00 8.826.i
5.- H+ 02 + M H0 2 +-M 2.10x0 8  -1.00 0.0

.. 6. H-+ 02 + 02 H0 2 + 02 6.70xi169  -1.4 12 07. H +0'2 -"N2  HO2 + N2  6.70xi0o9  -1.42 0

8. OH + H0 2  H2 0 + 0 2  5.OOx1O1 3  0.00 1 -000
9. H +.H0 2  OH,+ OH 2.5oxiO1 4  0.00 1900

10.*- 0 + H0 2  02 + OH 4.80xI01 3  0.00 1000
11. OH + OH 0 + H2 0 6.00x10 8  1.30 0"
12. H2 + M H + H + M 2.23x!01 2  0.50 92600
13. 02 + M 0 + 0 + M 1.85x1011  :0.50 95560
14. :H + OH + M H2 0 + M 7.50xi0 2 3 - -2.60 0
15. H + H0 2  H2 + 02 2.50xi0 1 3  0.00 700
16. H0 2 + H02- H2 0 2 .+ 02: 2.OOx101 2  0.00 0
17. H2 0 2 + M =OH + OH + M 1.30x1017 0.00 45500
18. H2 0 2 -+ H H0 2 + H2  1.60x10 1 2  0.00 3800
19. H2 0.2 :+ OH 'H 2 0 + H0 2  1..ox1o1 3  0.00 1800
20. H0 2 + CO C0 2 + OH 1.51x101 3  "0.00: 22934
21. CO + 0 + M =.C02 + M 3.20xi01 3  .0.00 -4200
22. CO + OH C0 2 + H- .!.51x10 7  1..30 -758
•23.-. CO +. 02 0 1.60x0 1 3  

- .0.00" 41000

.+Reaction rate coefficients are in the. form kf-= aTP exp -E/RT. :units
are moles, cubic centimeters, seconds, Kelvins, -and calories/mole.
Third body efficiencies- -k 5 (H 2 0) = .21k5 (Ar) ; -k 5 (H 2 ) = 3.3k 5 (Ar);
k 5 (C0 2 ) = 5k5 (Ar); k 5 (CO) - 2k 5 (Ar) ; k 1 2 (H 2 0). = 6kl2(Ar); ki'2 '(H) =

..2k 1 2 (Ar); k 1 2 (H2 ) =.3k 1 2 (Ar) k 1 4 (H 2 0) = 20k1 4 (Ar).

-Table 3.1 ;Hydrogen oxidation mechanism and rate .constants+
(from Reference 3.2)
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Values at ER = 1

Symbol Definition A,cm A/A

ZND Model

A dTI 0.023, 65.A1 d-xmax

A2 M = 0.75 0.067 22.

A3 M =0.90 0.43 3.5.

Constant-volume model

A dTI 0.021 71.4.
4

5A' a 0.173 8.6.A5 Tvn np

M =Mach number. A = reaction zone length.
A(ER = 1) = 1.5 cm for H2 -air mixtures initially at STP.

Table 3.2 Reaction zone lengths (from Reference 3.i)
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The model has proven successful in correlating the
detonation cell width for a wide range of hydrogen-air-
diluent mixtures [3.3]. This range includes carbon dioxide-
and steam-diluted mixtures at 298 K and 373 K with large
variations in hydrogen concentration. While the model can be
used to interpolate within the data base, caution should be
exercised for extrapolations. For safety analysis, we
recommend that the model be used only for conditions where
experimental data are available.

3.2 References for Chapter 3

3.1 Shepherd, J. E., "Chemical Kinetics of Hydrogen-Air-
Diluent Detonations," Dynamics of Explosions: Progress
in Astronautics and Aeronautics, (editedby Bowen,
Leyer, and Soloukhin) AIAA, New York,, V106, pp. 263-
293, 1986.

3.2 Miller, J. A., Mitchell, R. E., Smooke, M. D., and Kee,
R. J., "Toward a Comprehensive Chemical Kinetic
Mechanism for the Oxidation of Acetylene: Comparison of
Model Predictions with Results from Flame and Shock
Tube Experiments," Nineteenth Symposium (International)
on Combustion, The Combustion Institute, pp. 181-196,
1982.

3.3 Tieszen, S. R., Sherman, M. P., Benedick, W. B.,
Shepherd, J. E., Knystautas, R., and Lee, J. H. S.,
"Detonation Cell Size Measurements in Hydrogen-Air-
Steam Mixtures," Dynamics of Explosions: Progress in
Astronautics and Aeronautics, (edited by Bowen, Leyer,
and Soloukhin) AIAA, New York, V106, pp. 205-219, 1986.
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4. RESULTS

4.1 Local and Global Detonations

A wide range of initial conditions can exist for
hydrogen detonations in severe accidents. Large variations
in hydrogen and diluent concentrations, pressure, and
temperature can occur depending on the time after an accident
begins and the nature of the accident. It is beyond the
scope of this report to provide results for all the possible
conditions that may exist. Therefore, we will present the
results in two general categories: conditions that are
typical, but not necessarily bounding, of accidents at early
and late times.

Early in an accident, there can be large gradients
throughout the containment. In the-source compartment, large
concentrations of hydrogen, steam, and/or carbon dioxide may
exist at elevated temperatures. Depending on the quantity of
gases released, the pressure can be at or above atmospheric
pressure. Large, concentration and temperature gradients can
exist between compartments in the containment. If a
detonation were initiated in one of the compartments, the
transmission of the detonation to other compartments may be
limited by fuel and diluent concentrations. If the
detonation is restricted to a local region, we refer to this
as a "local detonation."

Late in an accident, well-mixed conditions exist in the
containment due to forced and natural convection. Hydrogen
concentrations are'below~stoichiometric values. Typically,,
steam concentrations will correspond to saturated conditions
at the containment temperature due to heat transfer to the
structures or engineering safety features, such as the
operation of sprays. If a detonation occurred under these
globally well-mixed conditions, it is possible that the
detonation could propagate throughout the entire containment
and we refer to this as a "global detonation."

The results in this report are presented in the
following manner. Experimental data and predictions for the
detonation cell width are given for conditions typical of
accidents first at early times and then for conditions at
late times. These results are followed by the detonability
limits of fuel-lean and fuel-rich hydrogen-air mixtures and
stoichiometric hydrogen-air-steam mixtures obtained in the
HDT.
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4.2 Detonation Cell Widths for Early-Time Accident
Conditions

Early in an accident, mixtures may be diluted with steam
and/or carbon dioxide, with pressures at or above atmospheric
pressure, and at elevated temperatures, depending on the
accident scenario. Steam will be present when hydrogen is
released from the primary system and carbon dioxide and steam
can be generated during core-concrete interactions.
Typically, all quantities, including fuel and diluent
concentrations, pressure, and temperature, will vary
spatially and temporally throughout the containment as the
accident progresses. These quantities were varied
individually in our study, however, to determine separate
effects.

4.2.1 Dilution Effect

The effect of hydrogen concentration on the detonation
cell width is shown by the bottom curve in Figure 4.1 for
mixtures at 20 0 C and 1 atm. Stoichiometric mixtures
(mixtures with equivalence ratios equal to one) have the
smallest cell width and are the easiest to detonate. As the
hydrogen concentration decreases or increases, A increases
rapidly and mixtures become increasingly difficult to
detonate.

Also in Figure 4.1, the addition of carbon dioxide to
mixtures at 20 0 C amd 1 atm increases the cell width for all
mixtures. The same is true for mixtures at 1000C and 1 atm
as shown in Figure 4.2. Stoichiometric mixtures with carbon
dioxide concentrations of 10 and 20 percent for the
conditions in Figure 4.2 increase the experimental cell width
by factors of approximately 4.6 and 34.3, respectively,
compared to stoichiometric mixtures without dilution.
Because the critical initiation energy is proportional to the
cube of A for point charges, this means the addition of
carbon dioxide decreases the likelihood of a detonation by
factors of approximately 97 and 40,400, respectively.

The effect of steam addition is similar to that of
carbon dioxide as shown in Figure 4.3 for mixtures at 100 0C
and 1 atm. Stoichoimetric mixtures with steam concentrations
of 10, 20, and 30 percent increase the experimental cell
width by factors of approximately 4, 23.6, and 92.8,
respectively, compared to stoichiometric mixtures without
steam. This corresponds to decreasing the likelihood of a
detonation for these mixtures by factors of 64, 13,100, and
800,000.
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The effect of carbon dioxide dilution on the
detonation cell width as a function of the
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Although Figure 4.3 shows the effect of large steam
dilution, even small amounts of diluents can have some impact
on X. Saturated air at ambient temperatures contains around
3 percent water vapor. This condition could occur if sprays
were used to condense steam, for example. One test, HT172,
was conducted for a stoichiometric mixture with saturated air
at 298 K and 3 percent water vapor. The cell width of 13 mm
is measurably larger than the cell widths of 11 mm and 9 mm
for the same mixture with dry air in tests HT9711 and
HT97111, respectively.

From a comparison of Figures 4.2 and 4.3, it can be seen
that carbon dioxide is not only a better inhibitor than
steam, but it becomes more effective relative to steam with
increasing concentration. The increases in the cell width by
factors of 4.6 and 34.3 for stoichiometric mixtures diluted
with 10 and 20 percent carbon dioxide are progressively
larger than the factors of 4 and 23.6 for 10 and 20 percent
steam dilution. The data for stoichiometric mixtures and
model predictions are summarized in Figure 4.4.

The experimental results in Figures 4.1-4.3 have been
used to assess the ZND model for the wide range of hydrogen
and diluent concentrations that may exist in an accident
scenario.

4.2.2 Temperature Effect

The predicted cell width decreases, that is,
detonability increases, for increases in the initial
temperature up to a temperature corresponding to a minimum in
A. With further increases in temperature, A increases
slightly and the likelihood of a mixture to detonate
decreases. As shown in Figure 4.5, a large decrease in A of
lean hydrogen-air mixtures at 1 atm is predicted as the
temperature increases from about 300 to 500 K. For example,
A is predicted to decrease by a factor of 18.6 with a 200 K
increase in temperature from 300 to 500 K for a lean mixture
of 15 percent hydrogen in air (equivalence ratio equal to
0.425). The same trends exist for fuel-rich mixtures. Above
500 K to 600 K, the cell widths are comparable for all
mixtures. This means that the distinction made between the
difficulty in detonating fuel-lean or fuel-rich mixtures
relative to stoichiometric mixtures at ambient temperatures
may not be valid at elevated temperatures. All mixtures have
a similar likelihood to detonate according to the
predictions. The trends predicted by the model have been
verified experimentally only up to 440 K.
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The cell width decreases with increasing temperature for
mixtures at 1 atm initial pressure diluted with carbon
dioxide or steam up to a temperature corresponding to a cell
minimum as shown in Figures 4.6 and 4.7. With further
increases in temperature, A increases. For example, the cell
width for stoichiometric mixtures diluted with 30 percent
steam in Figure 4.7 decreases about an order-of-magnitude for
a 300 K temperature rise. The effect of temperature on
steam-diluted lean and rich mixtures is even larger. The
cell width decreases almost three orders-of-magnitude for
mixtures with equivalence ratios equal to 0.5 and 4.0 for a
temperature rise of 400 to 500 K. That translates into a
reduction of the required critical energy of a point charge
by a factor of a billion. Figures 4.8 and 4.9 show the
effect of temperature on lean hydrogen-air mixtures diluted
with large amounts of steam. These figures are included
because hydrogen released from the primary may be at elevated
temperatures and highly diluted with steam at the release
point.

Hydrogen-air mixtures diluted with carbon dioxide or
steam have larger detonation cell widths than the same
mixture without dilution. Carbon dioxide and steam mitigate
the possibility of a detonation at temperatures close to
ambient (293 K to 373 K) as discussed in the previous
section. However, predictions imply that the mitigative
effect of these diluents diminishes with increasing
temperatures as shown in Figures 4.10 and 4.11 for
stoichiometric mixtures at 1 atm. For example, the addition
of 40 percent steam increases X by about a factor of 200 at
380 K compared to no steam, but is predicted to increase A by
only a factor of 2 at 800 K. Carbon dioxide retains its
ability to mitigate detonations better than steam at elevated
temperatures.

The model has been assessed for diluted mixtures only up
to 373 K. If the model is confirmed experimentally at higher
temperatures, the model predictions indicate that detonations
may be significantly more probable where the temperature is
high.

4.3 Detonation Cell Widths for Late-Time Accident Conditions

During the course of an accident, hydrogen and steam may
be added to air in the containment which is nominally at 200C
and 1 atm. The air density at'these conditions is 41.6
moles/m3 . As the gases are added, the containment pressure
increases due to mass addition and increased temperature. At
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late times in the accident, the pressure may decrease from a
maximum because heat transfer to the structures decreases the
gas temperature and condensation removes some steam.
However, noncondensable gases, like hydrogen, and saturated
steam maintain pressures above atmospheric. Tests have been
conducted in the HDT to simulate the conditions that may
occur for a global detonation when hydrogen and steam are
added to air initially at 200C and 1 atm in the containment.
The initial pressure of the mixture prior to the initiation
of the detonation depends on the amount of hydrogen and steam
added and the initial temperature of the mixture. For
example, a stoichiometric hydrogen-air-steam mixture with-40
percent steam and an initial temperature of 1100C will have
an initial total mixture pressure of approximately 3 atm.
The effects of steam dilution, pressure, and temperature are
discussed separately below.

4.3.1 Dilution Effect

Steam provides a mitigative effect when added to
hydrogen-air mixtures having constant air density. The
effect is similar to the addition of steam to mixtures having
a total initial pressure of 1 atm. The data and model
predictions show the influence of steam on A in Figure 4.12
for hydrogen-air-steam mixtures nominally at 1000C and a
constant initial air density of 41.6 moles/m 3 . The cell
width increases by factors of 6, 20, and 60 when 10, 20, and
30 percent steam is added to stoichiometric mixtures. This
is comparable to the factors of approximately 4, 24, and 93
for corresponding amounts of steam added to mixtures with 1
atm total pressure.

4.3.2 Pressure Effect

An increase in initial pressure generally increases the
likelihood of a mixture to detonate. The effect is small,
however, for the range of pressures associated with most
severe accident scenarios. Figure 4.13 shows the influence
of pressure on hydrogen-air mixtures at ambient temperature
(293 K). A large decrease in A is predicted with an increase
in pressure at low initial pressures. With further increases
in pressure, A passes through a local maximum and then
decreases again slightly. For normal containment pressures
(2/3 atm for subatmospheric and 1 atm for other types),
however, increases in pressure, have a small effect on A. The
cell width may increase or decrease depending on the mixture

-37-



10

E

W

I-
0

w

z
0

100

EQUIVALENCE RATIO

Figure 4.12 The effect of steam dilution on the detonation
cell width as a function of the equivalence
ratio forhydrogen-air-steam mixtures at 1000C
initial temperature and an air density of 41.6
moles/mi3 (adapted from 4.1). Open and closed
symbols are HDT data from Reference 4.1 and the
present study, respectively.

-38-



10000

E

0

z
0

z
0

1000

100

10

I I I I I

ER=O.4

- ER=.5 - -

U~ -"

U HDT DATA, ER=0.5

0 HDT DATA, ER=1.0

1
0 0.5 1 1.5 2

INITIAL PRESSURE (atm)
2.5 3

Figure 4.13 The effect of initial pressure on the detonation
cell width as a function of the equivalence
ratio (ER) for.hydrogen-air mixtures at 293 K
initial temperature.

-39-



stoichiometry. The same trend shown in Figure 4.13 for fuel-
lean mixtures is also predicted to occur for fuel-rich
mixtures.

Steam-diluted mixtures are also more likely to detonate
as the mixture pressure increases. Figure 4.14 shows the
influence of initial pressure on stoichiometric mixtures
nominally at 373 K. Approximately a factor of 2 decrease in
A is possible for an increase in pressure from 1 to 3 atm.
This corresponds to a factor of 8 increase in the-likelihood
of these mixtures to detonate.

4.3.3 Temperature Effect

Mixtures with constant air density are more likely to
detonate as the initial temperature increases. Typically,
the temperatures are much lower late in an accident than
possible at early times. While local temperatures may be
very high near the release early in the accident, the gas
temperature decreases as heat is transferred to the
containment at later times. Figure 4.15 shows the influence
of temperature in the bottom two sets of data points for
hydrogen-air mixtures at constant air density. For a
stoichiometric mixture the cell width decreases by
approximately a factor of two for an 80 K increase in
temperature. The top two sets of data points in Figure 4.15
show an effective increase in pressure of hydrogen-air
mixtures at constant temperature. For example, the
stoichiometric mixture at 293 K and air density of 41.6
moles/m 3 has a total mixture pressure of about 1.4 atm. The
cell width for this mixture decreases as the pressure
increases from 1 to 1.4 atm.

The results presented in this section show that steam
increases the detonation cell width and can mitigate
detonations at temperatures near ambient. The effectiveness
of steam, however, is decreased by increasing temperature and
pressure. It is predicted that this effect is most
pronounced early in an accident when temperature excursions
may be larger than those likely at late times.

4.4 Detonation Limits

In our study, a detonation was considered to be self-
sustaining if the velocity was constant in the latter section
of the HDT and cellular structure was recorded on the sooted
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foils. Otherwise, if the velocity continuously decreased
along the length of the HDT and no structure was recorded,
the detonation was assumed to have failed. No cellular
structure was ever observed when the velocity continuously
decreased along the length of the HDT. Detonation limits may
be determined by one of two criteria: propagation or
initiation. With one exception, all limits obtained were due
to the inability of a mixture to propagate a detonation. The
ratio of the HDT length to diameter is approximately 30. The
detonation limit obtained for hydrogen-air-steam mixtures
with an air density of 41.6 moles/mi was different than the
other limits obtained in the HDT. This limit was obtained
due to insufficient charge strength. This was inferred since
the cell size of the mixture prior to failure was well below
the single-head spin regime that is associated with the
propagation criterion.

The detonable range of hydrogen in a hydrogen-air
mixture at 1 atm pressure and 20 0 C (293 K) in the HDT for a
planar initiating charge of approximately 100 g of high.
explosive is between 11.6 and 74.9 percent by volume. This
range is much wider than the range of 18 to 59 percent
reported earlier by Shapiro and Moffette [4.4]. No
detonation was observed at 11.4 percent and 75.9 percent
hydrogen for lean and rich mixtures, respectively. At 1000C
(373 K) initial temperature and 1 atm pressure, the range of
detonable concentrations expands to between 9.4 and 76.9
percent. No detonation was observed at 8.8 percent and 77.9
percent hydrogen for lean and rich mixtures, respectively.
The widening of the limits between 20 0 C and 1000C by
approximately 2 percent hydrogen on a volume basis on both
the lean and rich limits illustrates the important effect of
increasing temperature.

The concentration of steam that prevents a detonation in
the HDT was determined for stoichiometric hydrogen-air-steam
mixtures with either 1 atm total pressure or with an air
density of 41.6 moles/m 3 . This concentration is between 38.8
and 40.5 percent steam for mixtures with 1 atm total
pressure. For mixtures with an air density of 41.6 moles/m3 ,
this concentration is between 29.6 and 31.9 percent steam.
This concentration depends on many physical factors and does
not necessarily represent the limit in the HDT.

The concentration of steam that prevents a detonation
depends strongly on the initiating charge geometry and
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strength, in addition to tube scale and geometry. Three
different charge geometries, which included a toroidal,
helical, and planar geometry, with different initial
strengths were used to determine this concentration for
mixtures with an air density of 41.6 moles/m3 . For an
initiation charge using primacord shaped in the form of a
torus having a charge strength of 110 g of high explosive, a
detonation propagated in the HDT with 29.6 percent steam and
x equal to 250 mm. This is in reasonable agreement with the
values of 285 mm and 300 mm measured by Tieszen et al. [4.1)
for the same mixture. No detonation was observed, however,
for steam concentrations of approximately 32 to 37 percent
for the toroidal charge geometry and charge strengths up to
125 g of high explosive. For an initiation charge using
primacord shaped in the form of a helix, no detonation was
observed for any steam concentration between approximately 30
and 37 percent for charge strengths of 100 g of high
explosive. Likewise, no detonation was observed for a planar
charge using detasheet for steam concentrations between 37
and 40 percent for charge strengths up to 94 g of high
explosive. The important effect of charge geometry is
illustrated by the failure of a helical charge to initiate a
detonation in a stoichiometric hydrogen-air-steam mixture
diluted with approximately 30 percent steam while a toroidal
charge with approximately the same strength was successful.

We propose that the inability to obtain a detonation in
the HDT for steam concentrations greater than 29.6 percent is
due to an inadequate charge strength for initiation. The
critical initiation energy is proportional to X and the
initial mixture pressure for planar initiation charges [4.5].
The effect of pressure on the critical initiation energy
explains why the detonation limit in the HDT is so different
for a stoichiometric hydrogen-air-steam mixture with the
initial mixture pressure equal to 1 atm and an equivalent
mixture with the air density equal to 41.6 moles/m3 . The
maximum concentration of steam that will allow a detonation
to propagate is 38..8 percent for a mixture with total
pressure of 1 atm. For an equivalent mixture with 38.8
percent steam and an air density of 41.6 moles/m 3 , however,
the total pressure is slightly over 3 atm after the hydrogen
and steam are added. A larger amount of energy would be
necessary to initiate a detonation in this mixture because of
the large increase in initial pressure. Because of facility
restrictions, however, similar initiation strengths equal to
the facility maximum are used. Therefore, the lower
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detonation limit of only 29.6 percent steam for the
stoichiometric hydrogen-air-steam mixture with an air density
of 41.6 moles/m3 is obtained compared to the limit of 38.8
percent steam for a stoichiometric mixture at 1 atm initial
pressure. Since it is probable that the detonation limit
obtained for a stoichiometric mixture with an air density of
41.6 moles/m3 was limited by HDT restrictions, we caution
against the use of this value for reactor safety
applications.

The results from the two detonation limits for
stoichiometric hydrogen-air-steam mixtures indicate that
global detonations in reactor containments may be more
difficult to initiate directly than local detonations. This
is because initial pressures of globally well-mixed gases
will be higher for accidents in which large quantities of
steam and hydrogen are added to air initially at 20 0 C and 1
atm in the containment than pressures of approximately 1 atm
for a potentially detonable mixtures near the source. The
results, however, do not address the problem of detonation
initiation through the flame acceleration and deflagration-
to-detonation transition mechanism. The influence of ,
pressure on this mechanism is currently not well known.

Detonations at the limits have characteristics different
from the multiheaded detonations that' exist between the
limits. The mode of the detonation at the limits is
characterized by either a single-rotating pressure wave
(single-head spin) or counterrotating pressure waves. The
detonation velocity at the limits is within approximately ±6
percent of the theoretically calculated *CJ value. -Both modes
exist as a result of an acoustic coupling with the HDT
cylindrical geometry. Either mode appears' equally likely as
the limits are approached.

The propagation criteria shown in Figure 1.1 in the
Introduction section separates the'regions of multiheaded
detonations and the onset of'single-head spin. Single-head
spin may exist, however, for a range of concentrations 'before
the detonation fails as shown in Table B.2. Therefore, it is
nonconservative to use the propagation criteria to estimate
detonability limits.'

The cellular data recorded on the sooted foils exhibit a
cellular substructure that indicates a possible secondary
instability. This cellular substructure has been noted
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previously [4.6] and it has been shown to exist when the
ratio of the activation energy and postshock gas temperature
exceeds a critical value. Additionally, a submillimeter
cellular structure exists in the loci of triple-point
intersections similar to that observed by Manzhalei and
Mitrofanov [4.7]. Normally the triple point path is very
narrow and appears as a line on the sooted foils for
multiheaded detonations. For detonations near the limits of
the HDT, however, the triple-point path may be up to 230 mm
wide. Understanding subcellular structure may ultimately
help reduce the uncertainty in cell size measurement.
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5. DISCUSSION

5.1 High-Temperature Hydrogen Combustion

There are at least three accident scenarios that involve
the combustion of hydrogen at elevated temperatures: (1) the
in-cavity oxidation of combustible gases produced by core-
concrete interactions, (2) the direct containment heating
(DCH) hydrogen scenario, and (3) hot hydrogen-steam releases
from the reactor coolant system (RCS).

In all scenarios, hot jets are injected into cooler
downstream mixtures. The jets may be composed of a
combination of hydrogen, carbon monoxide, steam, carbon
dioxide, or nitrogen depending on the accident scenario. The
downstream jet temperature may be above or below the
autoignition temperature. In some cases, the jet temperature
is initially below the autoignition temperature and gradually
increases above it as the accident progresses. The
downstream mixture may be nonflammable or combustible. A
description of the conditions in the accident scenarios is
given in [5.1] along with the potential consequences of high
temperature hydrogen combustion.

Different modes of combustion may result in any of these
scenarios depending on the competition between chemical and
physical rates that govern the combustion process. If fuel
is consumed at the same rate as it is injected into a
compartment, then no hydrogen accumulates and the resulting
combustion mode is a standing diffusion flame (Figure 5.1a).
If the fuel is injected faster than it is consumed, then
hydrogen accumulates and the subsequent combustion mode may
be a diffusion flame, deflagration, or a detonation (Figure
5.1b). The probability that a particular mode will exist
depends on the competition between the convective mixing
rate, the mass diffusion rate, and the chemical reaction rate
(Figure 5.2). If both the mass diffusion rate of molecular
species (hydrogen and oxygen towards the reaction zone and
water away from the zone) and the chemical reaction rate
exceed the convective mixing rate, a diffusion flame will
exist. On the other hand, if either the chemical reaction
rate or mass diffusion rate is slower than the convective
mixing rate, the hydrogen and oxygen will mix and a
deflagration or a detonation can occur. A premixed situation
may also exist if the ignition delay time is large relative
to the mixing time.
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Figure 5.1 Various combustion modes that may exist (a) no
hydrogen accumulation and combustion mode is a
diffusion flame (b) hydrogen accumulates and the
subsequent combustion mode may be a diffusion
flame, deflagration, or a detonation.
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Based on the predicted results presented in Section
4.2.2, the possibility of a local detonation in any of the
accident scenarios listed above may be more likely than
previously considered. For all the scenarios, the hydrogen
can be diluted with large amounts of steam or carbon dioxide
near the release. At the same time, however, gas
temperatures are usually very high, reducing the
effectiveness of the diluent. For temperatures that are high
but below the mixture autoignition temperature, all mixtures
are predicted to have a similar likelihood to detonate. The
energy necessary to initiate a detonation directly in a
diluted off-stoichiometric mixture at elevated temperatures
is substantially less than the same mixture at lower
temperatures.

5.2 Combustion Limits

A comparison of the flammability, flame acceleration,
and detonability limits is shown in Table 5.1. The
detonability limits are not intrinsic but depend on scale,
geometry, and initiation charge strength. The flame
acceleration limit is defined as the location where the flow
is choked (flame speed equal to the speed of sound of the
combustion products). The flame acceleration limits are also
not intrinsic. These limits depend not only on scale,
geometry, and initiation strength as with the detonability
limits, but also on other parameters such as obstacle type,
spacing, and blockage ratio. Flammability limits are scale
independent for sufficiently large vessels (diameters greater
than 5 cm and lengths greater than 1.2 m) but depend on
direction for lean hydrogen mixtures.

Several important points can be made from the comparison
of the various combustion limits. First, a comparison of the
detonability limits for hydrogen-air mixtures shows the
important effect of increasing initial temperature. The
widening of the limits from 20 0 C to 100 0 C by approximately 2
percent hydrogen on a volume basis on both the lean and rich
limits illustrates the important sensitizing effect of
increasing initial temperature. Second, a comparison of the
flame acceleration and detonability limits indicates the
limits are similar for most mixtures tested. And finally, a
comparison of the flammmability and detonability limits for
the mixtures in Table 5.1 shows that the limits are similar
for some mixtures and, while there is a discrepancy between
the limits for the other mixtures, the limits are much closer
than previously thought. For those mixtures in which the
limits are similar, if the mixture can deflagrate it can also
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COMPOSITION THERMODYNAMI C
c ~rrxpp

FLAMMABILITY
T.TMT'C

FLAME ACCELERATION
T.TMTMC 4-

DETONATION
T.TMT'C

Lean H2 -Air

Lean H2 -Air

Rich H2 -Air

Rich H2 -Air

T=20 0 C, P=1 atm 4.3-9.4% H2[5.2]-
[5.3] (UP-DP)*

10% H2 §

T=100 0 C, P=1 atm 4.0-8.7% H2 [5.2]-
[5.3] (UP-DP) 6

11.6% H2

9.4% H2

74.9% H2

76.9% H2

38.8% H2

T=20 0 C, P=I atm

T=100°C, P=1 atm

75% H2 [5.2]#

77.4% H2 [5.2]&

63.3% H2 0[5.4]a

72.5% H2 §

45% H2 0@Steam-Diluted T=100°C
Stoichiometric 0.2 atm<P<0.5 atm
H2 -Air

I

!n

+ Acceleration of flame to the isobaric sound speed
* The'range of reported values for upward propagation (UP) is 4.2% H2 [5.5]-5% H2 [5.6]

and the range for downward propagation (DP) is 8.3% H2[5.6] - 10% H2 [5.6]
6 The range of reported values for upward propagation is 4.0% H2 [5.2]-4.5% H2 15.6] and

the range for downward propagation is 8.6% H2 [5.4]-8.7% H2 [5.3]
# The range of reported values for upper flammability limits is 71.3% H2 [5.3]-75.2%

H2 [5.7]
& The range of reported values for upper flammability limits is 73.6% H2 [5.3]-77.4%

H2 [5.2]
a The reported steam-inerting limit varies from 49% H2 0[5.8] - 63.3% H2 0[5.4]
@ The range of values for flame acceleration limits is 35% H20[5.9]-45% H2 0 reported by

Slezak, S. E., "Flame Acceleration in H2 -Air-Steam Mixtures," Sandia National
Laboratories, Albuquerque, NM, SAND89-1046, to be published.

§ Reported by Lee, J. H. and Knystautas, R., Flame Acceleration Due to Obstacles and
Transition to Detonation in Tubes, Final Report on Joint McGill-SNL Studies of
Hydrogen Explosion and Threat to Nuclear Reactors, to be published.

Table 5. 1 A comparison of the limits of various combustion modes.



Plant
Name

Fuel Design
ID

75% Wt. of
Zr (Ib)

Vol. of H2
STP (ft 3 )*

Containment
Vol. (ft 3 )

H2 Conc. in
Dry Air (%)

Arkansas-i
Bellefonte 1,2

B&W B-2,3,4
B&W Mark C

Millstone-2
Palisades
Arkansas-2

CE 14x14
CE 15x15
CE 16x16

I
!n

Point Beach 1,2
Turkey Pt. 3,4
Zion 1,2
Trojan

Fort Calhoun
Palisades
Maine Yankee

Fort Calhoun
Palisades
Maine Yankee

W 14x14
W 15x15
W 15x15
W 17x17

Exxon CE-14
Exxon CE-14
Exxon CE-14

Exxon CE-15
Exxon CE-15
Exxon CE-15

Exxon W-15
Exxon W-15

Exxon W-17
Exxon W-17

31382
35793

31111
35415
30958

16686
24674
30332
32124

22460
34450
36645

22713
.34839
37059

23259
30179

21327
27672

268432
306159

266109
302928
264807

142728
211057
259452
274775

192116
294674
313452

194283
297998
316988

198948
258139

182424
236699

1.90 x
1.64 x
1.78 x

1.00 X 106
1.55 X 106
2.60 X 106
2.00 X 106

1.78 x 106*
3.00 x 106

106
106
106

1.10 x
1.64 x
1.80 x

1.10 x
1.64 x
1.80 x

106
106
106

106
106
106

13. 10
9.26

12.29
15.59
12.95

12.49
11.98
9.07

12.08

14.87
15.23
14.83

15.01
15.38
14.97

16.64
10.95

15.47
10.13

Ginna
Robinson-2

Ginna
Robinson-2

*1 ibm of Zr
lbm/ft 3

0.997x 106
2.10 X 106

0.997X 106
2.10 X 106

will generate 0.044 lbm of H2 and density of H2 at STP = 5.144x10-3

Table 5.2 H2 production due to 75% Zr-water reaction (from Reference 5.10)



detonate. The ability to determine which mode of combustion:
is most likely to occur depends on the likelihood of flame
acceleration and DDT.

The concentration of hydrogen at the detonability limits
is below the well-mixed hydrogen concentration for many
large-dry and subatmospheric PWR containments shown in Table
5.2. Several important points should be noted. Hydrogen
concentration is given as a volume percentage in dry air.
Typically steam will be present and the addition of steam
reduces the volume percentage of hydrogen. However the
amount of steam available is uncertain due to condensation or
the use of engineering safety features such as sprays. An
arbitrary amount, 75 percent, of zirconium-water reaction was
assumed. Finally, hydrogen and steam are assumed to be well
mixed within the containment. Prior to sufficient mixing in
the containment, locally higher concentrations of hydrogen
may exist near the source.

Even though the concentration of hydrogen at the
detonability limits is below the well-mixed hydrogen
concentration for many containments, the possibility of a
direct initiation of a detonation in mixtures near the limits
may be unlikely in a severe accident due to the large energy
requirements. A more likely mode of initiation of a
detonation would be through flame acceleration and DDT.
Direct initiation of a detonation may be more likely at
higher temperatures, however, based on the predictions
discussed in Section 4.2.2. A qualitative methodology has
been developed to estimate the likelihood of a DDT in a
reactor containment during a degraded-core accident [5.11].
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6. SUMMARY

6.1 Conclusions

The present study investigates the detonability of
hydrogen-air-diluent mixtures. The detonation cell widths are
obtained experimentally using the Heated Detonation Tube for
hydrogen-air-diluent mixtures with variations in hydrogen and
diluent concentration, initial temperature, and initial
pressure. The data are correlated using a semi-empirical ZND
chemical kinetics model for the same effects. The model's
predictions are extrapolated beyond the present data base for
the effects of temperature and pressure. The detonation limits
are obtained experimentally for lean and rich hydrogen-air
mixtures and stoichiometric hydrogen-air-steam mixtures.

The addition of a diluent increases the detonation cell
width for all mixtures. The addition of 10 percent and 20
percent carbon dioxide to stoichiometric hydrogen-air mixtures
at 1000C and 1 atm increases the experimental cell width by
factors of approximately 4.6 and 34.3, respectively, compared to
a stoichiometric mixture without dilution. For the same
conditions, the addition of 10 percent, 20 percent, and 30
percent steam increases the experimental cell width by factors
of approximately 4, 23.6, and 92.8, respectively. Based on a
comparison between 10 percent and 20 percent dilution, carbon
dioxide not only produces a larger increase in the cell width
than steam, but it becomes more effective relative to steam with
increasing concentration. The addition of 10 percent, 20
percent, and 30 percent steam to stoichiometric hydrogen-air
mixtures nominally at 1000C and a constant initial air density
of 41.6 moles/m3 increases the cell width by factors of 6, 20,
and 60, respectively. These are comparable to those for the
same amounts of steam added to stoichiometric mixtures at 1000C
and 1 atm.

An increase in the initial pressure generally decreases the
detonation cell width. Although the effect is most pronounced
at low initial pressures, the cell width does not vary more than
a factor of two over the pressure range from 1 atm to 3 atm for
the cases considered.

Temperature is predicted to have a large influence on the
detonation cell width. Three important conclusions can be
summarized from the ZND model predictions. First, the
detonation cell width is predicted to decrease with increasing
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initial temperature up to a critical temperature for all
mixtures. Second, at elevated temperatures, all mixtures are
predicted to have similar cell widths. Unlike mixtures at
ambient temperatures, this means that all mixtures, regardless
of variations in stoichiometry or diluent concentration, have a
comparable likelihood to detonate. Third, the mitigative effect
of a diluent, such as steam or carbon dioxide, decreases with
increasing temperature. The model has been assessed only up to
440 K. If the model is confirmed experimentally at higher
temperatures, the model predictions indicate that detonations
may be significantly more probable in at least three accident
scenarios.

The ZND model was assessed against data including the
effects of diluent concentration, pressure, and temperature.
Qualitatively, the model predicts the correct trends for steam
or carbon dioxide dilution on the cell width as well as for
variations in initial pressure. The temperature range over
which experimental data is available is too narrow to determine
if the model predicts the correct trend for temperature
variations. The model is useful for safety analysis when
predictions are made to interpolate within the existing data
base. Because of the nonlinear nature of the chemical and
physical processes governing detonations, uncertainty in the
model's predictions cannot be estimated for conditions beyond
the existing data base. Model predictions should be used with
caution for these conditions.

The detonable range of hydrogen obtained in the HDT for
hydrogen-air mixtures at 20 0 C and 1 atm is between 11.6 percent
and 74.9 percent by volume. Increasing the initial temperature
to 1000C, expands the range to 9.4 percent and 76.9 percent by
volume and illustrates the important effect of increasing
temperature. The detonation limit is between 38.8 percent and
40.5 percent steam for stoichiometric hydrogen-air-steam
mixtures at 1000C and 1 atm initial pressure. A lower
concentration is observed for stoichiometric hydrogen-air-steam
mixtures at 100 0 C and an air density of 41.6 moles/m3 . The
value between 29.6 percent and 31.9 percent may not represent an
intrinsic limit for the HDT and is probably due to insufficient
charge strength to initiate the detonation. All detonation
limits are scale and geometry dependent. This means that a
wider range of detonable concentrations may be obtained in
reactor scales.
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A comparison between the various combustion limits yields
two important conclusions. First, the detonability limits are
similar to the flammability limits for some mixtures. While
there is a discrepancy between the limits for the other
mixtures, the limits are much closer than previously thought.
Second, the detonability limits and flame acceleration limits
are similar for most mixtures tested.

6.2 Recommendations

The model's predictions for the effect of temperature on
the detonability of hydrogen-air-diluent mixtures indicate that
detonations may be significantly more likely at elevated
temperatures. At least three accident scenarios involve the
combustion of hydrogen at elevated temperatures and several
plant types are affected. The model has not been assessed at
sufficiently high temperatures to support the predicted trends.
We recommend that the experimental detonation cell width be
obtained for hydrogen-air-diluent mixtures at elevated
temperatures and high diluent concentrations to assess the
model.

Both the detonability and flammability limits widen with
increasing temperature. The difference between the two limits,
however, decreases with increasing temperature. We recommend
that the detonability and flammability limits for hydrogen-air-
steam mixtures be obtained to determine if the two limits are
similar at elevated temperatures. The flame acceleration limits
are similar to the detonability limits for most mixtures tested.
We recommend that flame acceleration limits for hydrogen-air-
steam mixtures be obtained and compared to the detonability
limits to determine if this is true at elevated temperatures.

For many compositions, if a mixture can deflagrate it can
also detonate. For some mixtures, the flammability and
detonability limits are similar. The probability of a
detonation in a reactor accident will likely depend on the
ability of a flame to accelerate and transition to a detonation.
We recommend that research be conducted on flame acceleration
and DDT for hydrogen-air-steam mixtures under prototypical
conditions including the effects of temperature, scale, obstacle
type and spacing.
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APPENDIX A ESTIMATE OF UNCERTAINTY BOUNDS

A.1 Detonation Cell Width

The detonation cell width was determined using the method
of selecting high-contrast long-running parallel lines termed
the dominant-mode method [A.1]. Hydrogen-air detonations may
produce irregularly spaced lines or cells that make the
dominant-mode method difficult to use. Low-contrast foils and
small sample size due to large cells also make the selection of
the dominant mode more difficult. Since analytical techniques
to measure the dominant cell, such as digital image processing
[A.2], are still in the early stages of development, the cell
width must be measured through a subjective human judgment
process.

Assuming the sensitivity of a hydrogen-air-diluent mixture
can be represented by a single dominant cell, the uncertainty in
the cell width measurement is estimated by two independent
measurements of each test. With sufficient number of tests, a
statistical average and standard deviation for the variation
between observers for the entire test series can be obtained.
Independent measurements are taken by the authors for about half
of the data. The uncertainty for this set of data is assumed to
be representative of the entire set of data.

The ratio of the cell width measured by Stamps to that
measured by Tieszen is used for the statistical analysis. The
average of the ratio for the data available was 1.16. In other
words, the measurements by Stamps are slightly larger than those
of Tieszen on the average. Presumably, the measurements between
the two observers will be the same (ratio equal to one) for a
sufficiently large population. The most probable value for the
cell width listed in Appendix B is our best estimate, and, with
95 percent confidence, the true value is believed to lie within
the range 0.372 AMP < AMP < 1.628 AMP. Because of human bias,
however, we recommend the most probable cell width measurements
be divided by 2 for safety analyses.

A.2 Thermodynamic State

The uncertainty in the thermodynamic variables is estimated
using the technique termed single-sample uncertainty analysis
[A.3]. In this technique, the uncertainty of the independent
(measured) variables, such as temperature, T, and pressure, P,
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is based on an estimate of the fixed and variable errors in the
measurements. A fixed error is any error that will not change
during the course of the experiment such as the tolerance on a
.-pressure gauge. The variable 'error-is-estimated fromthei
standard deviation of any fluctuations that occur during the
recording, of the variable such as fluctuations in the digital
temperaturereadout. The uncertainty of the dependent
(inferred) variables, such asý equivalence ratio, 0, air density,
PA, or diluent mole fraction, XDJI-can be calculated from the
functional relationship between the dependent and independent
variables:.

If a dependent variable, R, is a; function of severa•l''
independent variables, Xi

R R(XI, X2 , X3 ... XN) Eq. A.1

then the uncertainty in R, 6R, is

N )2 1/2.•.6Ra 6Xi E" ... " .
aX X. Eq.' A.2

In the present analysis, Xi = T or P, and'R = 0, PA, or XD. The
uncertainty in the independent variable,-6Xij, is estimated from
the fixed and variable errors according to"

6xi, . C X fixed T 2 + (6X, variable).2 } 2 . Eq. A.3

The value of the dependent variable listed in Appendix B, Ri
(measured), is the best estimate and, with a 95 percent
confidence,"the true'value is believed to. lie within the range

Ri Ri (measured) ± 6Ri Eq. A.4

Temperature and pressure are measured at each thermodynamic
state and up to four states are measured. Each state is
designated by a number as shown below. For tests without
diluent gases, conditions at State 3 equal those at State 2.
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Measurement Condition

(Pi,
(P 2 ,

TI)
T2 )

(P3, T3)

(P4, TO)

Pressure and temperature after adding air
Pressure and temperature after adding hydrogen

to air
Pressure and temperature after adding steam or

carbon dioxide to hydrogen-air mixture
Pressure and temperature before test is

conducted

The uncertainty in the equivalence ratio, 60, can be
computed from Eq. A.2, the definition of the equivalence ratio,
and the equation of state for an ideal gas. The equivalence
ratio is defined as

= [ nH2 1/ r nH2nAIR nAIR ] STOICHIOMETRIC nAIR
Eq. A. 5

where P = (nair/nfuel) at perfect stoichiometry and P = 2.38691
for hydrogen-air mixtures. Using the ideal gas equation of
state, ni = PiV/RTi, the uncertainty in the equivalence ratio is

T T1 P2  6T 1 1]2 +~ ]2 +r6T 2 1]2 +r6p2 2 11/2
PT 2 lIT 1  P J T 2 P 2

Eq. A.6

The air density, PA is PA = P1 /RT 1 and, using Eq. A.2, the
uncertainty in the air density is

6PA =-RTl (P1) (T:)}/ Eq. A.7
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The diluent mole fraction, XD, is defined as XD =
nD/nTOTAL where n is the number of. moles of gas at each state.
Using the equation of state and. Eq. A.2, the uncertainty in the
diluent mole fraction is

P2T3 6T 2 2

D T 2 P3 1 T 2 j
+ ( , 2 2 + [ 6P; .2 T 3 2 +.P (]2 1/2

Eq. A.8

The uncertainty in the measured pressure depends on the
type of:gauge used.

Gauge Type

50 psig
800 mm Hg
100 mm Hg

Uncertainty (6P)

0.03.9 psig (2.03 mm'Hg)
0.-48 mm Hg
0.46 mm Hg

The estimates are valid for all states i = 1, 2, 3 and 4.
The only exception is for steam-diluted tests in which
condensation occurred. In this case, the final pressure
corrected for temperature changes will be 'less than P3. The
uncertainty in the final pressure, 6P 4 , is then equal to P3 -
P4 * T3 /T 4 or the value listed above, whichever is larger.

Temperature
Ti = 10C for i = 1, 2, 3, and 4

A.3 Detonation Velocity

The detonation velocity was determined from time-of-
arrival measurements. The arrival of the detonation was
recorded by up to 12 axially spaced piezoelectric pressure
transducers with a resonance frequency of approximately 500
kHz. Initially, the detonation was overdriven due to the
effects of the high explosive. However, it was determined in
a previous study [A.4] that the detonation achieves a steady
velocity within the first 2.5 m of the HDT for approximately
the same size charge used in this study.
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A standard statistical package was used to determine the
velocity and uncertainty bounds. The velocity was determined
from the slope of a linear regression fit of the time-of-
arrival data. The uncertainty bounds were determined from
the standard error estimate in the slope. The detonation
velocities and uncertainty bounds are listed in Appendix B.
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APPENDIX B TABULATED DATA

B.1 Summary

The data are tabulated according to test series. Table
B.1 lists the conditions in each test series. The detonation
cell widths, detonation velocities, and thermodynamic
conditions are listed in Tables B.2, B.3, and B.4,
respectively. In all tables, the data are listed for
mixtures with increasing equivalence ratio and increasing
diluent mole fraction.

The detonation cell width and uncertainty bounds are
listed in Table B.2. The most probable (MP) cell width was
measured and the lower bound (LB) and upper bound (UB) values
are based on the 95 percent confidence level discussed in
Appendix A, Section A.1. The predicted reaction zone length
where the Mach number reaches 0.75 is listed in column headed
by Z.75. The numbers under the column DCW/Z.75 are the most
probable cell width divided by the reaction zone length. The
last column is the predicted cell width. It is obtained by
multiplying the predicted reaction zone by a proportionality
factor equal to 22. This value was used successfully in a
previous study [B.1] and was determined by a single point fit
to a stoichiometric hydrogen-air mixture at ambient
temperature and pressure.

The experimental and theoretical velocities are listed
in Table B.3. The number of time-of-arrival values (or
pressure transducer locations) are listed in the column with
the #OBS heading. These values are used to compute the most
probable (MP) detonation velocity. The lower bound (LB) and
upper bound (UB) velocities are calculated as described in
Appendix A Section A.3. The Chapman-Jouguet velocities are
computed from a standard equilibrium code.

Table B.4 lists the thermodynamic state of all mixtures.
The uncertainty bounds are calculated according to the
equations in Appendix A Section A.2.

B.2 Reference

B.1 Tieszen, S. R., Sherman, M. P., Benedick, W. B., and
Berman, M., "Detonability of H2-Air-Diluent Mixtures,"
Sandia National Laboratories, Albuquerque, NM,
NUREG/CR-4905, SAND85-1263, June 1987.
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Table B.1 Initial Conditions for the HDT Test Series

Test Series

Series #

211

411

8

9

10

11

Description

H2 -Air-C0 2 @ P 1 atm, T = 20C

H2 -Air-H2 0 @ PAIR = 41.6 moles/mr3 ,
T = 100°C

H2 -Air-H2 0,@ P =.1 atm, T = 100 0C

H2-Air-C02 @ P, =,I atm, T,= 100 0 C

H2 -Air @ P = 1 atm, T =,20 0C

H2-Air @ T = 20.C

# of Tests
in Series

7

10

40

9

14

13
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TEST SERIES 211

The 2 sigma limits for T,P for the entire series are:

295.9 < T(K) < 300.3
101.4 < P(kPa) < 101.7

TEST EQUIVALENCE RATIO C02 MOLE FRACTION

HT 19
HT158
HT120
HT121

HT121II
HT121III

HT168

LB
0.9911
0.5925
0.9977
1.0037
0.9909
0.9926
0.9774

MP
1.0144
0.6073
1.0214
1.0294
1.0164
1.0096
0.9943

UB
1.0376
0.6220
1.0452
1.0551
1.0420
1.0266
1.0111

LB
0.0445
0.0937
0.0777
0.1943
0.1981
0.1930
0.2447

MP
0.0503
0.0981
0.0834
0.1994
0.2032
0.1969
0.2483

UB
0.0562
0.1025
0.0891
0.2045
0.2083
0.2009
0.2520

DETONATION CELL
(MM)

LB MP
7.8 21.
80. 215.
16. 43.
170. 457.
134. 360.
171. 460.

SM SM

WIDTH

UB
34.

350.
70.

744.
586.
749.
SM

Z. 75
(MM)
1.04
34.8
1.72
26.1
29.3
25.7
83.7

MODEL
DCW/Z.75

20.2
6.18
25.0
17.5
12.3
17.9
SM

22*Z.75
(MM)
22.9
766.
37.8
574.
845.
565.

1840.

I~
O•

SM - SPIN MODE

TEST SERIES 411

The 2 sigma limits for T, air density for the entire series are:

372.0 < T(K) < 389.0
41.3 < Air Density (Moles/M**3) < 42.3

TEST EQUIVALENCE RATIO STEAM MOLE FRACTION DETONATION CELL WIDTH

HT170
HT170II

HT171
HT169

HT169II
HT167

HT16711
HT167111

HT147
HT132

LB
0.9779
0.9846
0.9861
0.9746
0.9838
0.9859
1.0555
0.9809
0.9803
0.9833

MP
0.9933
1.0001
1.0017
0.9897
0.9989
1.0007
1.0707
0.9958
0.9954
0.9984

UB
1.0087
1.0156
1.0172
1.0049
1.0140
1.0155
1.0860
1.0106
1.0105
1.0135

LB
0.2958
0.2924
0.3155
0.3359
0.3330
0.3642
0.3664
0.3639
0.3560
0.3950

MP
0.2990
0.2956
0.3192
0.3399
0.3398
0.3668
0.3689
0.3684
0.3588
0.3977

U8
0.3021
0.2987
0.3228
0.3438
0.3466
0.3694
0.3715
0.3728
0.3615
0.4005

LB
ND
93.
ND
ND
ND
ND
ND
ND
ND
ND

(MM)
MP
ND

250.
ND
ND
ND
ND
ND
ND
ND
ND

UB
ND

407.
ND
NO
ND
ND
ND
ND
ND
ND

Z.75
(MM)
18.0
16.8
23.5
29.6
28.4
38.3
38.8
39.5
37.6
63.0

MODEL
DCW/Z.75

ND
14.8

ND
ND
ND
ND
ND
ND
ND
ND

22.Z.75
(MM)
396.
369.
517.
651.
625.
843.
864.
869.
827.

1390.

ND - NO DETONATION

Table B.2 Detonation cell width data



TEST SERIES 8A

The 2 sigma limits for T,P for the entire series are:

369.6 < T(K) < 376.0
101.5 < P(kPa) < 102.2

TEST EQUIVALENCE RATIO

HT153
HT165
HT156
HT152
HT146
HT144
HT134
HT102
HT101
HT162
HT100
HT99

HT99II
HT103
HT104
HT161
HT165
HT164
HT157

LB
0.1835
0.2030
0.2209
0.2375
0.2661
0.2928
0.3289
0.3448
0.4005
0.5066
0.5794
0.9878
0.9892
1.9904
3.0004
7.4996
7.9125
8.3596

MP
0.1936
0.2131
0.2311
0.2478
0.2765
0.3033
0.3396
0.3601
0.4163
0.5180
0.5968
1.0081
1.0025
2.0202
3.0417
7.5458
7.9614
8.4115

UB
0.2037
0.2232
0.2413
0.2581
0.2869
0.3138
0.3502
0.3753
0.4321
0.5293
0.6137
1.0285
1.0159
2.0499
3.0830
7.5921
8.0103
8.4633

DETONATION CELL WIDTH
(MM) Z.75

LB MP UB (MM)
ND ND ND 19200.
ND ND ND 7100.
ND ND ND 3160.
SM SM SM 1590.
SM SM SM 532.
SM SM SM 212.

113. 305. 496. 68.8
165. 444. 724. 40.4
55.8 150. 244. 8.90
14.1 38. 61.9 1.51
8.9 24. 39.1 1.15
7.6 20. 33.4 0.896
2.6 7. 11.4 0.913
5.2 14. 22.8 1.10

13.8 37. 60.2 1.88
SM SM SM 156.
SM SM SM 232.
ND ND ND 353.
ND ND ND 862.

MODEL
DCW/Z.75

ND
ND
ND
SM
SM
SM

4.43
11.0
16.8
25.2
20.9
22.9
7.67
12.7
19.7

SM
SM
ND
ND

22.Z.75
(MM)

4.22E05
1. 56E05
69500.
35000.
11700.
4660.
1510.

889.
196.
33.2
25.3
19.7
20.1
24.2
41.4

3430.
5100.
7770.

19000.

I

9.3622 9.4209 9.4795

ND - NO DETONATION,
SM - SPIN MODE

Table B.2 (Continued) Detonation cell width data



TEST SERIES 8B

The 2 sigma limits for T,P for the entire series are:

373.5 < T(K) < 376.6
100.5 < P(kPa) < 102.8

TEST EQUIVALENCE RATIO STEAM MOLE FRACTION

HT122
HT107
HT106
HT105
HT108
HT109
HT123

HT12311
HT124
HT125
HT126
HT127
HT128
HT129
HT130
HT131

HT16311
HT163
HT173
HT175
HT174

LB
0.9888
0.4779
0.5858
0.9862
1.9768
4.1671
1.0288
1.0257
0.6474
0.8173
1.0046
1.9676
0. 9064
0.9957
1.4858
0.9775
0.9863
5.8886
0.9928
1.0025
0.9870

MP
1.0098
0.4951
0.6039
1.0079
2.0086
4.2298
1.0517
1.0486
0.6675
0.8391
1.0282
2.0024
0.9304
1.0217
1.5179
1.0049
0.9994
5.9322
1.0071
1.0168
1.0013

UB
1.0307
0.5124
0.6221
1.0296
2.0405
4.2926
1.0746
1.0715
0.6876
0.8608
1.0518
2.0371
0.9553
1.0476
1.5499
1.0324
1.0136
5.9759
1.0213
1.0311
1.0156

LB
0.0453
0.0940
0.0861
0. 1101
0. 1005
0.0934
0. 1440
0. 1449
0.1985
0. 1963
0.1966
0.1937
0.2945
0.2954
0.2946
0.3504
0.3672
0.3679
0.3852
0.4027
0.4175

MP
0.0504
0.0990
0.0911
0.1150
0.1054
0.0983
0.1487
0.1496
0.2030
0.2010
0.2011
0.1983
0.2990
0.2996
0.2988
0.3544
0.3699
0.3705
0.3877
0.4052
0.4198

UB
0.0556
0.1039
0.0961
0.1198
0.1103
0.1033
0.1535
0.1544
0.2076
0.2056
0.2057
0. 2028
0. 3035
0. 3038
0.3030
0.3584
0. 3726
0.3732
0.3902
0.4077
0.4222

DETONATION CELL WIDTH
(MM)

LB MP UB
7.4 20. 32.6

175. 470. 765.
68.4 184. 300.
10.4 28. 45.6
15.6 42. 68.4
227. 610. 993.
16.7 45. 73.3
18.6 50. 81.4
372. 1000. 1628.
93.0 250. 407.
61.4 165. 269.
108. 290. 472.
472. 1270. 2068.
242. 650. 1058.
186. 500. 814.

SM SM SM
SM SM SM
ND ND ND
SM SM SM
ND ND ND
ND ND ND

Z.76
(MM)
1.02
39.4
7.77
1.55
2.42
38.0
2.33
2.40
42.2
11.3
5.53
14.4
37.2
27.5
45.6
69.8
91.9

59000.
122.
164.
217.

MODEL
DCW/Z.75 22*Z.75

(MM)
19.6 22.4
11.9 867.
23.7 171.
18.1 34.1
17.4 53.2
16.0 836.
19.3 51.3
20.8 52.8
23.7 928.
22.1' 249.
29.8 122.
20.1 317.
34.1 818.
23.6 605.
11.0 1000.

SM 1540.
SM 2021.
ND 1.30E06
SM 2684.
ND 3608.
ND 4774.

I
0)
00
I

ND - NO DETONATION
SM - SPIN MODE.

Table B.2 (Continued) Detonation cell width data



TEST SERIES 9

The 2 sigma limits for T,P for the entire series are:

373.6 < T(K) < 375.5
101.0 < P(kPa) < 101.4

TEST EQUIVALENCE RATIO C02 MOLE FRACTION

HT110
HT1 11
HT112
HT113
HT114
HT115
HT116
HT117
HT118

LB
0.9957
0.4771
0.5962
1.0025
1.9652
1.0251
0.8178
1.0025
1.9630

MP
1.0167
0.4944
0.6144
1.0242
1.9969
1.0480
0.8395
1.0261
1.9977

UB
1.0377
0.5116
0.6326
1.0460
2.0287
1.0709
0.8613
1.0498
2.0324

LB MP
0.0439 0.0491
0.0939 0.0988
0.0962 0.1011
0.0953 0.1002
0.0953 0.1002
0.1455 0.1502
0.1950 0.1996
0.1952 0.1998
0.1952 0.1998

UB
0.0542
0.1037
0.1060
0.1052
0.1052
0.1550
0.2041
0.2043
0.2043

DETONATION CELL WIDTH
(MM)

LB MP UB
7.4 20. 32.6

453. 1219. 1984.
56.7 152. 248.
11.9 32. 52.1
19.3 52. 84.6
46.5 125. 203.
142. 381. 620.
89.3 240. 391.

SM SM SM

Z.75
(MM)
1.21
52.6
9.72
1.85
2.82
3.74
22.4
11.6
65.5

MODEL
DCW/Z. 75

16.5
23.2
15.7
17.3
18.4
33.4
17.0
20.7

SM

22*Z.75
(MM)
26.6

1160.
214.
40.7
62.0
82.3
493.
255.

1440.

I~

SM -. SPIN MODE

TEST SERIES 10

The 2 sigma limits for T,P for the entire series are:

281.6 < T(K) < 311.3
101.4 < P(kPa) < 101.8

TEST EQUIVALENCE RATIO STEAM MOLE FRACTION

HT145
HT150
HT148
HT133

HT97II
HT97III

HT172
HT98

HT166
HT166II

HT149
HT151
HT160
HT154

LB
0. 2889
0.3007
0.3112
0.3216
0.9778
0.9814
1.0270
0.9573
5.6154
5.6344
6.4151
7.0893
7.4497
7.9097

I MP
0.3057
0.3139
0.3245
0.3349
0.9942
0.9973
1.0462
0.9803
5.6571
5.6765
6.4623
7.1409
7.5043
7.9673

UB
0.3226
0.3272
0.3378
0.3482
1.0105
1.0132
1.0654
1.0033
5.6988
5.7187
6.5095
7.1926
7.5589
8.0250

LB
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0293
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

MP
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0309
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

UB
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0329
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

DETONATION CELL WIDTH
(MM)

LB MP UB
ND ND ND
SM SM SM
SM SM SM
SM SM SM
4.1 11. 17.9
3.3 9. 14.6
4.8 13. 21.2
5.6 15. 24.6
MD MD MD
SM SM SM
SM SM SM
SM SM SM
ND ND ND
ND ND ND

Z.75
(MM)
946.
723.
511.
369.

0.704
0.729
0.782
0.659

67.4
73.1
196.
413.
654.

1050.

MODEL
DCW/Z.75

ND
SM
SM
SM

15.6
12.4
16.6
22.9

MD
SM
SM
SM
ND
ND

22*Z.75
(MM)

20800.
15900.
11200.
8120.

15.5
16.0
17.2
14.5

1480.
1610.
4310.
9090.

14400.
23100.

MD - MISSING DATA
ND - NO DETONATION
SM - SPIN MODE

Table B.2 (Continued) Detonation cell width data



TEST SERIES 11

The 2 sigma limits for T for the entire series art:

296.0 < T(K) < 302.9

TEST EQUIVALENCE RATIO

HT136
HT135II

H4T135III
HT159
HT136

HT136II
HT137
HT138
HT139
HT140
HT141
HT142
-HT143

LB
0.4689
0.4596
0. 4671
0. 4656
0. 4601
0. 4847
0. 4731
0. 4817
0.4774
0.9523
0.9798
0.9634
0.9625

MP
0.4996
0.4901
0.4977
0. 4890
0.4779
0.5026
0. 4880
0.4958
0. 4919
0. 9912
1.0018
0.9812
0.9817

UB
0.5302
0. 5207
0. 5282
0. 5124
0. 4957
0.5205
0. 5029
0.5099
0.5064
1.0301
1.0239
0.9990
1.0009

DETONATION CELL WIDTH
(MM)

LB MP UB
20.8 56. 91.2
78.1 210. 342.
93.0 250. 407.
80.0 215. 350.
167. 450. 733.
96.7,'260. 423.
58.4:157. 256.
28.3 76. 124.
37.2 100. 163.
14.5 39. 63.5
8.9 24. 39.1
5.6 15. 24.4
2.8 7.5 12.2

Z. 75
(MM)
35.4
34.9
35.9
17.1
7.37
7.53
3.84
8.58
10.7
30.6
6.27
1.94

0.416

MODEL
DCW/Z.75

1.58
6.02
6.96
12.6
61.0
34.5
40.9
8.86
9.34
1.27
3.83
7.73
18.0

22*Z.75
(MM)
779.
768.
790.
376.
162.
166.
84.5
189.
235. -
673.
138.
42.7
9.150

Table B.2 (Continued) Detonation cell width data



TEST SERIES 211

The 2 sigma limits for T,P for the entire series are:

295.9 < T(K) < 300.3
101.4 < P(kPa) < 101.7

TEST EQUIVALENCE RATIO C02 MOLE FRACTION

HT119
HT158
HT120
HT121

HT121II
HT121III

HT168

LB
0.9911
0.5925
0.9977
1.0037
0.9909
0.9926
0.9774

MP
1.0144
0.6073
1.0214
1.0294
1.0164
1.0096
0.9943

UB
1.0376
0.6220
1.0452
1.0551
1.0420
1.0266
1.0111

LB
0.0445
0.0937
0.0777
0.1943
0.1981
0.1930
0.2447

MP
0.0503
0.0981
0.0834
0.1994
0.2032
0.1969
0.2483

UB
0.0562
0.1025
0.0891
0.2045
0.2083
0.2009
0.2520

OBS.
9
9
9
9
9
9
8

DETONATION VELOCITY
(KM/S)

LB MP UB
1.8763 1.8799 1.8835
1.5636 1.5755 1.5876
1.8018 1.8051 1.8083
1.4619 1.5198 1.5825

MD MD MD
1.5856 1.5940 1.6026
1.4403 1.4582 1.4766

C-J VELOCITY
(KM/S)

1.8648
1.5461
1.8027
1.6040
1.5948
1.6033
1.5178

MD - MISSING DATA

;.1

I

TEST SERIES 411

The 2 sigma limits for T, air density for the entire series are:

372.0 < T(K) < 389.0
41.3 < Air Density (Moles/M**3) < 42.3

TEST EQUIVALENCE RATIO STEAM MOLE FRACTION

HT170
HT170II

HT171
HT169

HT169II
HT167

HT16711
HT167111

HT147
HT132

LB
0.9779
0.9846
0.9861
0.9746
0.9838
0.9859
1.0555
0.9809
0.9803
0.9833

MP
0.9933
1.0001
1.0017
0:9897
0.9989
1.0007
1.0707
0.9958
0.9954
0.9984

UB
1.0087
1.0156
1.0172
1.0049
1.0140
1.0155
1.0860
1.0106
1.0105
1.0135

LB
0.2958
0.2924
0.3155
0.3359
0.3330
0.3642
0.3664
0.3639
0.3560
0.3950

MP
0.2990
0.2956
0.3192
0.3399
0.3398
0.3668
0.3689
0.3684
0.3588
0.3977

UB
0.3021
0.2987
0. 3228
0.3438
0.3466
0.3694
0.3715
0.3728
0.3615
0.4005

OBS.
6
8
9
6
7
4
6
7
8
8

DETONATION VELOCITY
(KM/S)"

LB -MP - UB
0.7700 0.7967 0.8252
1.5548 1.6719 1.8081
0.8454 0.9107 0.9869
0.7535 0.7811 0.8109
0.9082 0.9402 0.9745
0.6206 0.6401 0.6610
0.7772 0.7981 0.8201
0.8460 0.8750 0.9061
0.8006 0.8482 0.9017
0.7694 0.8105 0.8562

C-J VELOCITY
(KM/S)

1.7802
1.7854
1.7671
1.7457
1.7493
1.7270
1.7341
1.7239
1.7318
1.6982

Table B.3 Detonation velocity data



TEST SERIES 8A

The 2 sigma limits for T,P for the entire series are:

389.8 < T(K) < 376.0
101.5 < P(kPa) < 102.2

TEST EQUIVALENCE RATIO

HIT153
HT165
HT156
HT162
HT146
HT144
HT134
HT102
HT101
HT162
HT100
HT99

HT9911
HT103
HT104
HT161
HT166
HT164
HT167

LB
0.1835
0.2030
0.2209
0.2375
0.2681
0.2928
0. 3289
0.3448
0.4005
0.5086
0.5794
0. 9878
0. 9892
1.9904
3.0004
7.4996
7.9125
8.3596
9.3622

MP
0.1936
0.2131
0.2311
0.2478
0.2765
0.3033
0.3396
0.3601
0.4163
0.5180
0.5966
1.0081
1.0025
2.0202
3.0417
7.5458
7.9614
8.4115
9.4209

UB
0.2037
0.2232
0.2413
0.2581
0.2869
0.3138
0.3502
0.3753
0.4321
0. 5293
0.6137
1.0285
1.0159
2.0499
3.0830
7.5921
8.0103.
8.4633
9.4795

'OBS.
8
9
9
9
8
8
8
9
9
9
8
9
9
8
9
8
9.

S9

9

DETONATION VELOCITY
(KM/S)

LB MP 11U
0.8500 0.9201 1.01
0.8916 0.9637 1.0•
0.9455 1.0019 '1.01
1.2314 1.2765 .1.3:
1.3653 1.3833 1.41
1.3639 1.3754 1.31
1.4021 1.4325 1.41
1.4530 1.4688 1.41
1.5200 1.5277 1.5•
1.6667 1.6698 1.61
1.7298 1.7335 1.7
1.9723 1.9793 1.91
1.9429 1.9655 1.91
2.1487 2.1586 2.11

'2'2357 2.2415 2.2'
2.3192 2.3495 2.31
2.2785 2.3374 2.41
1.7125: 1.8148 1.9•
1.6528 1.7287 -1.8:

B
328
185
655

250
318
870
542
849
355
831
372
863
886
385
474
806
017
301
119

C-J VELOCITY
(KM/S)

1.1631
1.2025
1.2368
1.2671
1.3166
1.3597
1.4141
1.4426
1.5157
1.6300
1.7046
1.9615
1.9588
2.1430
2.2249
2.3560
2.3608
2.3651
2.3725

I'

Table B. 3 (Continued) Detonation velocity data



TEST SERIES SB

The 2 sigma limits for T,P for the entire series are:

373.5 < T(K) < 375.6
100.5 < P(kPa) < 102.8

TEST EQUIVALENCE RATIO STEAM MOLE FRACTION

6i
I

HT122
HT107
HT108
HT106
HT10 8
HT109;
HT123

HT1231'Il
HT124
HT126
HT126'
HT127'
HT128
HT129
HT130
HT131-

HT16311-
HT163-
HT173,
HTli75
HT'174

LB MP
0.9888 1.0098
0.4779 0.4951
0.5858 0.6039
0.9862 1.0079
1.9768 2.0086
4.1671 4.2298
1.0288-1.0517
1.0257 1.0486:
0.6474 '0.6675
0.8173 0.8391
i.0046 1.0282
1.9676-2.0024
0.9054 0.9304
0.9967 1.0217
1i.4858'1.5179
0.9775 1.0049
0.98530.9994
5.8886 5.9322
0.9928 1.0071
1.0025 1.0168

-0.9870 1.0013

U8
1.0307
0.5124
0.6221
1.0296
2.0405
4.2926
i.0746
1.0715
0.6876
0.8608
1.0518
2.0371
0.9553
1.0476
1.5499
1.0324
1.0136
6.9769
1.0213
1.0311
1.0166

LB
0.0453
0.0940
0.0861
0.1101
0.1005
0.0934
0.1440
0.1449
0.1985
0.1963
0.1966
0.1937
0.2945
0.2954
0.2946
0.3504
0.3672'
0.3679
0.3852
0.4027
0.4175

MP
0.0504
0.0990
0.0911
0.1150
0.1064
0.0983
0.1487
0.1496
0.2030
0.2010
0.2011
0.1983
0. 2990
0.2996
0.2988
0.3544
0.3699
0.3705
0.3877
0.4052
0.4198

UB
0.0556
0.1039
0.0961
0.1198
0.1103.
0.1033
0.15365
0.1544
0.2076
0.2056
0.2057
0.2028
0.3036
0.3038
0.3030
0.3684
0.3726
0.3732
0,3902
0.4077
0.4222"

OBS.
8
9
9
9
9

"9
9
9
9
9

.9

9
S9

< ,9
9

* 10
. 9

10
10

9

DETONATION VELOCITY
(KM/S)

LB MP UB
1.8099 1.8957 1.9901
1.5273 1.5405 1.5538
1.6553 1.6621 1.6690
1.9028 1.9093 1.9160
2.0174 2.0229 2.0284
2.0587 2.0768 2.0952
1.8891 1.8965 1.9039
1.8783 1.8886 1.8987
1.,598 1.6097 1.6235
1.7220 1.7315 1.7410
1.8156. 1.8254 1.8353
1.8993 1.9107 1.9223
1.6043 1.6558 1.7108
1.7369 1.7476 1.7584
1.7763' 1.7874 1.7987
1.6680 1.6823 1.6968
1.6097 1.6387 1.6687
1.1156 1.1790 1.2499
1.6261 1.6411 1.6565
1.0577 1.1137 1.1758
1.0274 1.0853 1.1501

C-J VELOCITY
(KM/S)

1.9349
1.5520
1.6599
1.8990
2.0324
2.1099
1.8935
1.8921
1.6432
1.7637
1.8537
1.9290
1.7453
1.7829
1.8092
1.7344
1.7195
1.6345
1.7064
1.6929
1.6756

Table B.3 (Continued) Detonation velocity data



TEST SERIES 9

The 2 sigma limits for T,P for the entire series are:

373.6 < T(K) < 375.6
101.0 < P(kPa) < 101.4

TEST EQUIVALENCE RATIO C02 MOLE FRACTION

HT110
HT111
HTI12
HT113
HT114
HT115
HT116
HT117
HT118

LB
0.9957
0.4771
0.5962
1.0025
1.9652
1.0251
0.8178
1.0025
1.9630

MP
1.0167
0.4944
0.6144
1.0242
1.9969
1.0480
0.8395
1.0261
1.9977

UB
1.0377
0.5116
0.6326
1.0460
2.0287
1.0709
0.8613
1.0498
2.0324

LB
0.0439
0.0939
0.0962
0.0953
0.0953
0.1455
0.1950
0.1952
0.1952

MP
0.0491
0.0988
0.1011
0.1002
0.1002
0.1502
0.1996
0.1998
0.1998

UB
0.0542
0.1037
0.1060
0.1052
0.1052
0.1550
0.2041
0.2043
0.2043

OBS.
9
9
9
9
9
4
4
9
9

DETONATION VELOCITY
(KM/S)

LB MP UB
1.8541 1.8612 1.8684
1.4138 1.4301 1.4467
1.5432 1.5490 1.5548
1.7649 1.7695 1.7742
1.8556 1.8633 1.8711
1.5211 1.5463 1.5724
1.5211 1.5463 1.5724
1.5652 1.6305 1.7014
1.5434 1.5775 1.6132

C-J VELOCITY
(KM/S)

1.8595
1.4484
1.5492
1.7645
1.8432
1.6840
1.5318
1.5980
1.5906

-I

TEST SERIES 10

The 2 sigma limits for T,P for the entire series are:

281.6 < T(K) < 311.3
101.4 < P(kPa) < 101.8

TEST EQUIVALENCE RATIO STEAM MOLE FRACTION

HT145
HT150
HT148
HT133

HT9711
HT97III

HT172
HT98

HT166
HT16611

HT149
HT151
HT160
HT154

LB
0.2889
0.3007
0.3112
0.3216
0.9778
0.9814
1.0270

0.9573
5.6154
5.6344
6.4151
7.0893
7.4497
7.9097

MP
0.3057
0.3139
0.3245
0.3349
0.9942
0.9973
1.0462
0.9803
5.6571
5.6765
6.4623
7.1409
7.5043
7.9673

UB
0.3226
0.3272
0.3378
0.3482
1.0105
1.0132
1.0654
1.0033
5.6988
5.7187
6.5095
7.1926
7.5589
8.0250

LB
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0293
0.0000
0. 0000;
0.0000
0.0000
0.0000
0.0000
0.0000

MP
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0. 0309
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

UB
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0329
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

OBS.
9
9

10
9
9
9
8
9
9
9
9
8
8
9

"DETONATION VELOCITY
(KM/S)

'LB MP UF
1.0044 1.0578 1.1
1.3624 1.3747 1.31
1.2959 1.3404 1.31
1.3841 1.3987 1.41
1.9856 1.9929 2.0O
1.9706 1.9786 1.91
1.9776 1.9870 1.94
1.9714 1.9774 1.91
2.3091 2.3328 2.3!
2.3000 2.3204 2.3,
2.2760 2.3155 2.3!
2.2748 2.3159 2.31
1.4529 1.5299 1.6:
1.4451 1.5211 1.61

B
172
372
880
135
103
367
965
835
571
411
564
586
156
054

C-J VELOCITY
(KM/S)

1.3541
1.3669
1.3832
1.3989
1.9645
1.9648
1.9677
1.9614
2.3100
2.3097
2.3213
2.3303
2.3329
2.3367

Table B.3 (Continued) Detonation velocity data



TEST SERIES 11

The 2 sigma limits for T for the entire series are:

296.0 < T(K) < 302.9

TEST EQUIVALENCE RATIO

HT135
H4T136II
HT135III

14T169
HT136

MT1361I
HT137-
HT138
MT139
HT140
HT141
HT142
HT143'

LB

0.4696
0:4871
0.4666
0.4601
0.4847
0.4731
0.4817
0.4774
0.9623
0.9798
0• 9834
0. 9625

MP
0.4996
0.4901
0.4977
0.4890
0.4779
0.5028
0.4880
0.4958
0.4919
0.9912
1.0018
0.9812
0.9817

UB
0.5302
0.5207
0.5282
0.5124
0.4957
0.5205
0.5029
0.5099
0.56064
1.0301
1.0239
0.9990-.
1.0009

OBS.

9
9
9
9
8
9
9
9

8
9
9
9:,ý

DETONATION VELOCITY
(KM/S)

LB MP UB
1.8150 1.8836 1.9576
1.6481 1.6732 1.8991
1.5884 1.6032 1.8183
1.6318 1.8539 1.6767
1.4888 1.5085 1.5246
1.5788 1.5894 1.6001
1.5932 1.6041 1.6152
1.6054 1.6136 1.6219
1.6167 1.6250 1-6333
2.0977 2.1535 2.2123
1.9484 1.9600 1.9716
1.9437. 1.9537' 1.9637
1.9980 '2.0084 2.0189

C-J VELOCITY
(KM/S)

1.5930
1.5913
1.5990
1.5913
1.5808
1.60869
1.5933
1.6032
-1.6007
1.9103
1.9372
1.9452
1.9681

I
-jU'

Table B.3 (Continued) Detonation velocity data



TEST SERIES 211

TEST

HT119
HT168
HT120
HT121

HT121II
HT121III

HT168

TEMPERATURE
(K)

LB MP UB
295.3 296.4 297.4
296.6 297.6 298.7
294.9 295.9 297.0
295.2 296.3 297.3
295.2 296.3 297.3
295.2 296.3 297.3
299.2 300.3 301.3

LB
101.08
101.46
101.08
101.12
101.12
101.42
101.59

PRESSURE
(kPa)

MP
101.35
101.52
101.35
101.39
101.39
101.48
101.66

UB
101.62
101.59
101.62
101.66
101.66
101.55
101.73

AIR DENSITY
(MOLES/M**3)

LB MP UB
27.279 27.423 27.566
29.404 29.607 29.611
26.299 26.441 26.582
22.921 23.056 23.191
22.898 23.033 23.167
23.156 23.240 23.323
21.547 21.624 21.701

C02 MOLE FRACTION

LB MP UB
0.0445 0.0503 0.0562
0.0937 0.0981 0.1025
0.0777 0.0834 0.0891
0.1943 0.1994 0.2045
0.1981 0.2032 0.2083
0.1930 0.1969 0.2009
0.2447 0.2483 0.2520

TEST SERIES 411
I.

0I~
TEST

HT170
HT17011

HT171
HT169

HT169II
HT167

HT16711
HT167111

HT147
HT132

LB
373.7
374-0
371.0
379.4
381.3
387.9
387. 8
387.6
379.7
381.6

TEMPERATURE
(K)

MP t
374.8 37!
375.0 37i

I 372.0 37
380.5 38

3 382.4 38•
389.0 39g

" 388.9 38
388.6 381
380.8 38
382.5 38.

JB
6.8
3.1
3.1
1.5
3.4
0.0
9.9
9.7
1.8
3.6

LB*
260.41
261.38
2656.06
282.41
281.20
302.50
303.58
304.72
289.10
310.30

PRESSURE
(kPa)

MP
260.90
261.86
266.00,
283.65
283.86
302.89
303' 85
306.47
289.51
310.95

UB
261.38
262.35
266.94
284.88
286.51
303.27'
304.12
308.22
289.92
311.60

AIR DENSITY ,
(MOLES/M**3)

LB 'MP UB
41582. 41.723 41.865
41.660 41.802 41.944.
41.471 41.613 41.754
41.776 41.916 42.056
41.277 41.414 41.552
41.992 42.129 42.286
41.130 41.265 41.401
42.187 42.325 42.464
4i.590 41.728ý 41.866
41.829 41.968 42,10.7

STEAM

LB
0.2958
0.2924
0.3155
0.3359
0.3330
0.3642
0.3664
0.3639
0.3560
0.3960

MP
0.2990
0.2956
0.3192
0.3399
0.3398
0.3668
0.3689
0.3684
0.3688
0.3977

MOLE FRACTION

UB
0.3021
0.2987
0.3228
0.3438
0.3466
0.3694
0.3715
0.3728
0.3616
0.4005

Table B.4 Initial thermodynamic state



TEST SERIES 8A

TEST

HT153
HT155
HT156
HT162
HT146
HT144
HT134
HT102
HT101
HT162
HT1O

HT99
HT9911

HT103
HT104
HT161
HT165
HT164
HT167

LB
374.4
375.0
374.5
373.8
374.2
374.7
374.4
371.5
368.8
374.:
368.S
370.2
374.,
373.f
373.3
373.1
373.14
373.1
373.

TEMPERATURE
(K)
MP

375.5 374
376.0 37
375.5 374
374.9 371
375.3 374
375.8 374
375.5 37i
372.5 37
369.6 37'
375.3 37d
370.0 37
371.3 37
375.4 37'
374.0 37
374.4 37
374.1 37
374.8 37

8 374.9 37
3 374.9 37

UB
6.5
7.1
6.6
5.9
6.3
6.8
6.5
3.5
0.7
6.3
1.0
2.3
6.4
5.1
5.4
5.2
5.8
5.9
5.9

LB
101.34
101.34
101.39
101.33
101.34
101.33
101.33
101.08
101.08
102.17
100.84
101.08
101.33
101.15
101.08
101.33
101.33
101.26
101.33

PRESSURE
(kPa)

MP
101.40
101.40
101 .46
101.39
101.40
101.39
101.39
101.35
101.35
102.23
101.11
101.35
101.39
101.42
101.35
101.39
101.39
101.32
101.39

UB
101.47
101.47
101.52
101.46
101.47
101.46
101.46
101.62
101.62
102.30
101.38
101.62
101.46
101.69
101.62
101.46
101.46
101.39
101.46

AIR DENSITY
(MOLES/M**3)

LB MP UB
29.965 30.048 30.131
29.692 29.775 29.857
29.543 29.625 29.707
29.391 29.473 29.555
29.047 29.128 29.209
28.716 28.796 28.876
28.356 28.435 28.514
28.320 28.436 28.551
27.964 28.080 28.196
26.849 26.924 26.999
26.186 26.299 26.412
22.978 23.085 23.192
22.815 22.880 22.945
17.564 17.663 17.762
14.223 14.318 14.412

7.803 7.832 7.862
7.477 7.506 7.535
7.158 7.186 7.215
6.549 6.576 6.604

-,J
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TEST SERIES 8B

TEST

HT122
HT107
HT106
HT105
HT108
HT109
HT123

HT12311
HT124
HT125
HT126
HT127
HT128
HT129
HT130
HT131

HT16311
HT163
HT173
HT175
HT174

LB
373.8
374.E
373.9
373.6
373.7
374.0
373.9
372.6
373.6
374.1
374.6
374.4
3 7 3 .*
374.E
374.1
373.4
373.,
372.5
373.E
373.6
373.7

TEMPERATURE
(K)
MP

374.9 371
375.5 374

4 375.0 374
374.6 37!
374.8 37!
375.0 374
375.0 374
373.6 37,
374.6 37!
375.1 374
375.6 374
375.5 374
375.0 374
375.0 374
375.1 374
374.5 371
374.4 37!
373.5 37
374.9 37!

5 374.6 37!
374.8 37!

UB
5.9
6.6
6.0
5.7
5.8
6.1
6.0
4.7
5.7
6.2
6.7
6.5
6.0
6.1
6.2
5.5
5.4
4.6
5.9
5.7
5.8

LB
101.08
101.08
100.19
102.53
101 .29
101.22
101.01
101.01
101.15
101.68
101 29
100.95
101.13
101.15
101.01
101.01
101.14
100.73
100.78
100.93
102.78

PRESSURE
(kPa)

MP
101 .35
101.35
100.46
102.80
101 .56
101.49
101.28
101.28
101.42
101 .97
101.56
101.21
101.49
101.42
101.28
101.28
101.30
100.89
100.90
101.07
102.84

UB
101.62
101.62
100.73
103.07
101.83
101.76
101.55
101.55
101.69
102.27
101.83
101.48
101.85
101.69
101.55
101.55
101.46
101.04
101.02
101.22
102.91

LB
21.592
24.119
23.270
20.459
15.751
10.478
19.105
19.122
20.228
19.188
18.084
14.049
16. 29
15.857
13.817
14. 722
14.427
5.863

13.954
13 .516
13.493

AIR DENSITY
(MOLES/M**3)

MP
21.696 21
24.227 24
23.377 23
20.562 20
15.847 15
10.569 10
19.206 19
19.223 19

I 20.330 20
4 19.289 19
4 18.183 18

14.144 14
5 16.393 16

15.954 16
13.911 14
14.817 14
14.471 14
5.889 5

1 13.997 14
5 13.557 13
3 13.535 13

UB
.800
.335
.483
.665
.943
.660
.306
.323
.433
.390
.282
.238
.490
.050
.006
.913
.515
.915
.040
.599
.577

LB
0.0453
0.0940
0.0861
0.1101
0.1005
0.0934
0.1440
0.1449
0.1985
0.1963
0.1966
0.1937
0.2945
0.2954
0.2946
0.3504
0.3672
0.3679
0.3852
0.4027
0.4175

STEAM MOLE FRACTION

MP
0.0504
0.0990
0.0911
0.1150
0.1054
0.0983
0.1487
0.1496
0.2030
0.2010
0.2011
0.1983
0.2990
0.2996
0.2988
0.3544
0.3899
0.3705
0.3877
0.4052
0.4198

UB
0.0556
0.1039
0.0961
0.1198
0.1103
0.1033
0.1535
0.1544
0.2076
0.2056
0.2057
0.2028
0.3035
0.3038
0.3030
0.3584
0.3726
0.3732
0.3902
0.4077
0.4222

-J
O0
I

TEST SERIES 9

TEST

HT110
HT111
HT112
HT113
HT114
HT115
HT116
HT117
HT118

TEMPERATURE
(K)

LB MP UB
374.0 375.0 376.1
374.4 375.5 376.5
372.6 373.6 374.7
374.3 375.4 376.4
373.1 374.1 375.2
372.6 373.6 374.7
373.8 374.9 375.9
373.2 374..3 375.3
373.7 374.8 375.8

LB
101.08
101.08
100.88
101.08
100.91
100.74
101.01
101.12
101.08

PRESSURE
(kPa)

MP
101.35
101.35
101.15
101.35
101.18
101.01
101.28
101.39
101.35

UB
101.62
101.62
101.41
101.62
101.45
101. 28
101.55
101.66
101.62

.AIR DENSITY
(MOLES/M**3)

LB MP UB
21.583 21.687 21.791
24.138 24.246 24.354
23.188 23.295 23.401
20.351 20.453 20.555
15.835 15.932 16.028
19.115 19.216 19.317
19.141 19.241 19.342
18.144 18.243 18.343
14.076 14.170 14.265

C02 MOLE FRACTION

LB
0.0439
0.0939
0.0962
0.0953
0.0953
0.1455
0.1950
0.1952
0.1952

MP
0.0491
0.0988
0. 1011
0. 1002
0.1002
0. 1502
0. 1996
0. 1998
0. 1998

UB
0.0542
0.1037
0.1060
0.1052
0.1052
0.1550
0.2041
0.2043
0.2043

Table B.4 (Continued) Initial thermodynamic state



TEST SERIES 10

TEST

HT145
HT150
HT148
HT133

HT97II
HT97III

HT172
HT98

HT166
HT1661I

HT149
HT151
HT180
HT154

LB
294.
294.
29S.
296.
301.
310.
296.
280.
303.7
300.
297.
298.4
294.1
29S.1

TEMPERATURE
(K)
MP

8 295.9 291
9 295.9 29;
5 295.5 29;
1 297.1 291
$ 302.4 30•
2 311.3 31:
9 298.0 291
6 281.6 28:
7 304.8 301
2 301.3 30:
9 298.9 301
4 299.4 301
6 295.6 291
5 296.5 29

JB
6.9
7.0
7.6
8.2
3.5
2.2
9.0
2.7
5.8
2.3
0.0
0.5
6.7
7.6

LB
101.22
101.39
101.55
101.46
101.55
101.39
101.46
99.84

101.47
101.66
101.33
101.42
101.32
101.43

PRESSURE
(kPa)

MP
101.49
101.52
101.62
101.52
101.62
101.46
101.52
101.77
101.64
101.62
101.39
101.52
101.40
101.55

UB
101.76
101.66
101.68
101.59
101.69
101.52
101.59
103.69
101.60
101.69
101.46
101.63
101.49
101.68

. LB
36.359
36.290
36.177
35.925
28.409
27.543
27.476
31.231
11.847
11.965
10.958
10.183
9.92f
9.441

AIR DENSITY
(MOLES/M**3)

MP
36.525 36
36.416 36
36.304 36
36.050 36
28.508 28
27.635 27
27.606 27
31.393 31
11.893 11
12.012 12
11.003 11
10.226 10
9.963 10
9.483 9

UB
.691
.642
.430
.175
.606
.728
.737
.556
.940
.060
.048
.269
.006
.524

LB
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0293
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

STEAM MOLE FRACTION

MP
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0309
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

UB
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0329
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

'.0
TEST SERIES 11

TEST

HT13S
HT135II

HT135III
HT159
HT136

HT1361I
HT137
HT138
HT139
HT140
HT141
HT142
HT143

LB
299.3
296.9
301.9
295.4
295.1
297.8
296.0
295.8
299.8
297.1
295.0
295.2
295.8

TEMPERATURE
(K)
MP

300.4 30
297.9 29
302.9 30,
296.4 29
296.1 29
`298.9 29
297.0 29
296.9 29
300.9 30
298.1 29
296.0 29
296.3 29
296.9 29

UB
1.4
9.0
4.0
7.5
7.2
9.9
8.1
7.9
1.9
9.2
7.1
7.3
7.9

LB
10.16
10.12
9.90

15.29
25.43

•25.44
50.67

101.38
254.96

9.90
25.37
51.02

148.95

PRESSURE
(kPa)

MP
10.22
10.18
10.02
15.36
26.40
25.78
50.73

101.47
264.07

10.02
25.43
51.25

150.68

AIR DENSITY
(MOLES/M**3)

UB LB MP UB
10.29 3.351 3.378 3.406
10.25 3.371 3.399 3.426
10.15 3.308 3.336 3.362
15.43 5.116 5.147 5.179
27.36 8.567 8.606 8.645
26.13 8.419 8.458 8.496
50.79 16.984 17.048 17.111

101.56 33.954 34.072 34.191
273:18 84.190 •84.495 84.799

10.15 2.867 2.894 2.920
25.50 7.232 7.268 7.304
51.47. 14.624 14.680 14.737

152.21 43.515. 43.700 43.884

Table B.4 (Continued) Initial thermodynamic state
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