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ABSTRACT
» „ -

The objectives of the BNL High-Temperature Hydrogen Combustion
Research Program are discussed. The experimental facilities are
described and two sets of preliminary experiments are presented.
Chemical reaction time experiments have been performed to determine
the length of time reactive mixtures of interest can be kept at
temperature before reaction in the absence of ignition sources
consumes the reactants. Preliminary observations are presented for
temperatures in the range 588K-700K. Detonation experiments are
described in which detonation cell width is measured as a measure of
mixture sensitivity to detonation. Preliminary experiments are
described which are being carried out tc establish data
reproducibility with previous measurements in the literature and to
test out and refine experimental methods.

1. INTRODUCTION

Intensive studies of hydrogen combustion phenomena were carried out during the
1980s. Much of this effort was driven by issues related to nuclear reactor
safety. The "high-speed" combustion phenomena of flame acceleration,
deflagration-to-detonation transition, direct initiation of detonation,
detonation propagation, limits of detonation in tubes and channels, transmission
of detonations from confined to unconfined geometry and other related phenomena
were studied using a variety of gaseous fuel-oxidant systems, including hydrogen-
steam-air systems of interest in reactor safety studies. Several reviews are
available which document this work [Lee, 1989; Berman, 1986].
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The current understanding of accelerated flames and detonations is based upon a
database of gaseous mixtures whose initial conditions generally involved
temperatures of 300K and, in some cases, up to 400K [Lee, 1989; Stamps, 1991].
The higher temperature data involved hydrogen-steam-air mixtures of interest to
reactor safety studies, where temperatures of concern were in the range of the
saturation temperature of wai-er at pressures of 0.1-0.3 MPa. Some severe
accident sequences have been postulated that are characterized by the potential
existence in containment of premixtures of hydrogen-steam-air mixtures at
temperatures greater than 400K and steam fractions of 0.4 or greater [Stamps and
Berman, 1988; Yang, 1992]. The objective of the BNL high-speed hydrogen
combustion program is to extend the understanding of high-speed combustion
phenomena to conditions of high temperature.

The BNL High-Temperature Hydrogen Combustion Research Program is a research
effort involving the U. S. Nuclear Regulatory Commission, the Japanese Nuclear
Power Engineering Corporation, and BNL. The program addresses the following
major technical questions:

(1) What is the effect of temperature on the inherent sensitivity to
detonation of gaseous mixtures of hydrogen, steam, and air as
measured via the cell size?

(2) What is the effect of temperature on the potential for gaseous
mixtures to undergo deflagration-to-detonation transition (DDT) in
a field of obstacles, and how does venting reduce the potential for
DDT?

(3) What is the effect of temperature on the conditions for hot jet
initiation and detonation transmission?

(4) Do currently available models adequately characterize the detonation
phenomena at elevated mixture temperatures?

This paper describes progress made in several basic elements of the program.

2. EXPERIMENTAL COMBUSTION APPARATUS

In order to address the high-temperature hydrogen combustion issues, BNL has
designed and constructed the Small-Scale Development Apparatus (SSDA) and is in
the process of developing the High-Temperature Combustion Facility (HTCF).
Table 1 summarizes the major features of the SSDA and the HTCF. The objective
of ';he SSDA is to provide information relevant to the design and operation of the
larger HTCF and to provide preliminary data on the effect of temperature on the
inherent sensitivity of mixtures of hydrogen, steam, and air to undergo
detonation.

The central element of the SSDA is a 4-inch, inner diameter, 20-feet long,
stainless steel pressure vessel, capable of being heated to 700K. The central
element of the HTCF is a 10.75-inch, inner diameter, 60-feet long, stainless
steel pressure vessel, also capable of being heated to 700K. Both vessels are



designed incorporating the quality-control standards of the ASME Boiler Code.
This paper focusses on the SSDA.

Figure 1 is a schematic diagram of the test apparatus. The apparatus consists
of three major components: (1) the test vessel, (2) the mixing chamber, and
(3) the driver section. The SSDA test vessel, whose basic features are described
in Table 1, is heated by pads of ceramic-bead insulated, nichrome resistance
wire, which cover the vessel wall. The heating system is capable of heating the
test vessel to 700K in 3.5 hours with a ± 14K spatial uniformity. The maximum
allowable working pressure (MAUP) is 1800 psi at 700K. The combustible gas
mixture is produced in a 30-liter mixing chamber by the method of partial
pressures. The mixture is stirred for two minutes using a rotating impeller in
order to ensure proper mixing of the gas constituents. In the cases where steam
makes up part of the mixture, the mixing chamber is heated to 422K, and a
predetermined amount of liquid water is added. The final pressure in the mixing
chamber after heating is 0.3 MPa. During the time that the mixture is being
produced in the mixing chamber, the test vessel is being heated and evacuated.
The mixing vessel is subsequently depressurized by flowing the test mixture gas
into the test vessel. The gas is heated using a radiation-heated tube coil to
the desired temperature as it flows from the mixing vessel into the test vessel.
The test vessel is charged to a pressure of one atmosphere using the computer
control software system.

The SSDA is designed so that it can accommodate a gaseous detonation driver
system or a solid explosive driver system. Experiments will be conducted using
an acetylene-oxygen gaseous driver system to initiate deton^i^ons in the test
mixture. Figure 1 schematically represents the driver systt,<-. on the left side
of the diagram, showing the location of the high-voltage disch.' •• system and the
acetylene supply tank. Other features of the system include the water reservoir
for introduction of water to the mixing chamber for experiments including steam,
the vacuum pump, and gas handling valve panel.

Eighteen equally spaced instrument ports are located along the entire length of
the test vessel. Detonation pressure is measured using flush-mounted,
piezoelectric pressure transducers, with a quoted risetinte of 1 microsecond.
Flame time-of-arrival is measured with fast response TCs and light sensors (e.g.,
photodiodes).

3. DESCRIPTION OF PRELIMINARY SSDA EXPERIMENTS

3.1 Chemical Reaction Time Experiments

Preliminary experiments are conducted to resolve a basic operational question:
After charging the test vessel with reactive mixture at high temperature, how
much time is available before the mixture reacts "significantly" in the absence
of ignition sources?

Experiments are conducted in which the test vessel is initially evacuated and
preheated to the desired temperature. Reactive gas mixtures, created in the
mixing vessel, are injected into the test vessel at elevated temperature. No



ignition source is activated. The test vessel pressure and gas temperatures at
several locations are monitored for a specified period of time for pressure or
temperature excursions as an indication of chemical reaction. After about 30
minutes, an attempt is made to ignite the mixture using a glow plug. If the
mixture does ignite, this observation is taken to imply that reactions had not
occurred previously. (Gas sampling and chromotography will be used in the
future.) Experiments were conducted using stoichiometric (equivalence ratio, <j>,
equal to unity) hydrogen-air mixtures at 0.1 MPa initial pressure. Temperature
was varied between 588K-700K.

Typical results are shown in Figures 2 and 3. Figure 2 shows results for a
temperature of 588K. The test vessel (TV) and mixing chamber (MC) pressure
histories are shown along with gas temperature histories, for thermocouple
positions shown in the figure. The pressure profiles show the test vessel being
loaded from vacuum. The test vessel pressure shows no sign of rapid combustion.
The thermocouple, T2, shows a rapid drop upon introduction of the test mixture.
This drop is caused by the temperature drop of the gas as it expands into the
evacuated test vessel. No sign of significant temperature rise is observed.
These results are interpreted to imply that no significant chemical reaction took
place in this experiment. After 30 minutes, the mixture was ignited successfully
using the glow plug. Figure 3 presents results for a temperature of 700K. The
thermocouple opposite the test vessel gas inlet port, T2, indicates a strong
temperature transient. Chemical reaction is believed to have occurred.
Additionally, thermocouple Tl also shows a mild change in temperature. Despite
the large change in temperature at T2, no significant pressure rise is apparent
in the test vessel pressure during the vessel fill time period.

Table 2 summarizes the experimental results. Temperatures were varied and,
additionally, the time to fill the test vessel with gas mixture to one atmosphere
was varied. The "reaction time" shown was computed by the CHEMKIN computer code
[Kee, 1989], a reaction kinetics code which was used to model the chemical
reactions and the gas temperature change assuming an adiabatic system and the
presence of no bounding metallic walls. The results to date suggest that no
"significant" chemical reaction occurred at 588K. At 700K, a burn was observed
in all cases, independent of mixture fill time. At 644K, a burn was observed
with a short fill time and no burn with a relatively long fill time. The reasons
for the observed dependence of the chemical reaction on fill time is not known
at this time. It is noted that the observed times to burn initiation are
significantly shorter than the reaction times predicted by the CHEMKIN code.

The results obtained to date suggest that at 644K the chemical reactants do not
immediately burn off and that the planned experimental program can be conducted
with temperatures of at least this magnitude. Additional experiments are planned
at 700K with less reactive mixtures.

3.2 Inherent Detonability Experiments

The inherent detonability experiments are conducted to measure the characteristic
"detonation cell width" as a function of initial mixture composition, pressure,
and temperature. The cell width provides a measure of mixture sensitivity. The
detonation cell width is measured by the imprint the detonation leaves; on a



"smoked foil" [e.g., Lee, 1989]. Prior to an experiment, a 12-inch by 24-inch
aluminum sheet is coated with carbon soot and is inserted into the end of the
test vessel with the sooted side inward. Measurements of detonation pressure,
temperature, and flame trajectory are also measured.

An experiment is reported here which was conducted as part of the SSDA shakedown
testing. A stoichiometric (tf-1) mixture of hydrogen-air, initially at 0.1 MPa
and 300K, was used. A smoked foil was inserted into the tube prior to the
experiment and the test mixture was created in the mixing vessel. The test
mixture was then injected into the test vessel. The hydrogen-air test gas was
ignited using a high-voltage discharge through a wire fastened across a pair of
electrodes. The flame front was tracked through the vessel using a series of
photodiodes placed along the axis of the test vessel. The photodiode responses
were used to compute the flame velocities in the vessel, shown in Figure 4. The
results indicate that the flame accelerated rapidly into a detonation which'
travelled at the theoretically calculated Chapman-Jouget detonation velocity.
Observation of the smoked foil indicated a cell structure with a characteristic
transverse scale of approximately 10 mm. No attempt was made to characterize the
regularity of the cell structure. This will be done in future work. Previous
measurements of cell width for stoichiometric hydrogen-air at 0.1 MPa and 300K
were in the range 10 mm - 15 mm [Lee, 1989; Stamps, 1991].

4. SUMMARY

The high-temperature combustion experimental program at BNL has been initiated.
Experiments are currently being conducted as part of the shakedown of the Small-
Scale Development Apparatus. Preliminary chemical reaction time experiments
indicate that stoichiometric hydrogen-air mixtures react, in the absence of
ignition sources, at 700K, more rapidly than expected on the basis of reaction
kinetics calculations. Preliminary detonation cell width measurements with
stoichiometric hydrogen-air at 300K indicate a detonation cell width
approximately equal to previous measurements reported in the literature.
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Table 1

Major Features of Experimental Apparatus

Objectives

Diameter

Length

MAWP

Maximum
Temperature

Gases

Diagnostics

Control
and Data
Acquisition

SSDA

Solve design and operational
questions, chemical reaction
time experiments, inherent
detonability experiment
(cell width measurements)

4 inches inside diameter

20 feet

1800 psia

700K

H2, Air, 02, Steam

Smoked foil, piezoelectric,
pressure transducers,
photodiodes, ion detectors,
fast response thermocouples,
gas sampling, and gas
chromo tography

486 PC-clone, high-speed
LeCroy digital oscilloscopes

HTCF

Inherent detonability
experiments, DDT
experiments-venting,
critical tube experiments,
hot jet initiation
experiments

10.75 inches inside diameter

70 feet

1470 psia

700K

H2, Air, 02( Steam, CO, C02

Smoked foil, piezoelectric
pressure transducers,
photodiodes, ion detectors,
fast response thermocouples,
gas sampling, and gas
chromotography

486 PC-clons, high-speed
LeCroy digital oscilloscopes



Table 2

Summary of Chemical Reaction Time Experiments

Temperature
K

588

644

644

700

700

700

Computed
"Reaction Time"
(Cherakin code)*

> 3 hours

~ 3 hours

~ 3 hours

1000s

1000s

1000s

Gas Mixture
Vessel Fill

Time**

5s

5s

25s

5s

25s

90s

Results

No burn observed in 30 minutes

Burn observed during fill time

No burn observed in 2 minutes

Burn observed during fill time

Burn observed during fill time

Burn observed during fill time

*Time for mixture temperature to increase by 10 percent (adiabatic system).
**Time to fill the test vessel from vacuum to 0.1 MPa.



Figure 1 - Schematic Diagram of Small-Scale Development Apparatus
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Figure 2 - Pressure and Temperature Resources During Chemical Reaction lime Experiments:
Initial Temperature 588K
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Figure 3 - Pressure and Temperature Resources During Chemical Reaction Time Experiments:
Initial Temperature 700K
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Figure 4 - Flame Acceleration in Stoichiometric Hydrogen-Air


