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Abstract

As part of NRC-sponsored research on light-water reactor safety, the high-
temperature combustion of steam-hydrogen jets in an air atmosphere is being in-
vestigated at Sandia. This research is oriented at understanding the generic issues
involved in accident-generated jets and the specific problems of using deliberate
flaring from high-point vents to eliminate hydrogen from the primary system. In
this report we give some background on diffusion-flame combustion, describe the
experimental facility constructed at Sandia to study high-temperature, steam-
hydrogen jets and discuss our results.
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Executive Summary

The high-temperature combustion of hydrogen-steam jets in air has been
experimentally and theoretically investigated. The results are applicable to hy-
drogen producing, degraded core accidents in nuclear power plants. High-tem-
perature hydrogen-steam mixtures may jet out of breaks or openings from the
reactor’s primary coolant system into the containment building. These jets may
either ignite spontaneously, or a flame may flash back from an ignition source in
the containment to the point of release, forming an intensely-burning diffusion
flame. This report is a discussion of the properties of these diffusion flames and
particularly, those aspects that are relevant to nuclear power plant safety issues.

Two major technical areas have been investigated in depth. These are: the
effect of steam on the jet-flame length and stability; and, the stagnation point
heat transfer from jet flames to objects or surfaces above the fire. A small-scale
experimental facilty was constructed and used to investigate these problems.
The results of our experimental investigations are presented together with a
discussion of the currently available theoretical treatments. Calculations are
presented to illustrate the application of our results to the reactor safety issues.

Addition of steam to hydrogen jets burning in an air atmosphere both
shortens the flame and increases the susceptibility to blowoff or blowout. The
effect of steam is much larger on those flames produced with high-velocity
jets (particularly sonic jets) than on those from low-velocity jets or plumes.
Existing theories of flame length and blowofl velocity are shown to bracket our
experimental results.

Stagnation point heat flux measurements from hydrogen diffusion flames
diluted with nitrogen or steam show little difference due to any chemical effect
of steam. Results of tests with both diluents can be adequately accounted for
by an extension of the existing noncombusting stagnation-point heat transfer
theory.

We have identified the following subjects that we have not covered in the
present-report, but are important to understanding the overall impact of diffusion
flames on nuclear safety: heat transfer to the containment; supersonic jet stability;
effect of steam in the containment atmosphere; radiative heat flux scaling; and
plume fire scaling. Finally, the feasibility of using deliberate flaring to rid the
primary system of hydrogen is discussed.
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1. INTRODUCTION 3

1 Introduction

A large portion of the recent research on hydrogen combustion! during
degraded core accidents in light-water reactors has focused on volume combus-
tion in a premixed hydrogen-air-steam atmosphere within the reactor contain-
ment. The primary threat to containment integrity in that case is due to overpres-
surization. However, another serious problem may be the formation of diffusion
flames at the point-of-release of the hydrogen-steam mixture into the contain-
ment. The jet of steam and hydrogen will entrain and mix with the containment
atmosphere, and possibly burn as a turbulent diffusion flame. The ignition source
could be accidental (arcing switch contacts) or deliberate (glow plugs), and, if
the jet mixture is hot enough, spontaneous ignition could occur (autoignition).
The primary threat from diffusion flame combustion will be the high thermal
loads imposed by the flame on safety-related equipment. '

In this report we do not attempt to determine scenarios under which flame
jets will exist during light-water reactor accidents or discuss the probability of
such accident sequences. Accepting that such flame jets are a possibility, our goal
has been to investigate the physical characteristics of these flames and attempt
to determine the controlling parameters. To this end, we have constructed a
small-scale facility to study the combustion of high-temperature hydrogen-steam
jets in air.

The present report is primarily a discussion of that facility and the experi-
ments carried out in it. These include studies of autoignition, flame stability,
flame-length dependence on jet mixture, and heat transfer to various objects
placed within or above the flame. These results are specific to the steam-hydrogen-
air system, but whenever possible, we have tried to show how they are re-
lated to generally accepted ideas in combustion science.

Burning steam-hydrogen jets may not only originate from accidentally-
ignited breaks or stuck-open valves, but also from deliberately-ignited, controlled
releases from the primary system to the containment. Intentional burning from
a known location, t.e., a high-point vent, could be used to rid the primary
system of accident-produced hydrogen in a controlled way. This has been termed
“deliberate flaring” in analogy to the common practice in the chemical processing
industry of flaring unwanted combustible by-products. The problems associated
with and the practicability of deliberate flaring are discussed in the last section
of this report.



The remainder of this introductory chapter is devoted to giving an overview
of the combustion science and fluid mechanics of jets and diffusion flames. This
material will serve as a background for much of the discussion in the rest of the
report. Chapter 2 is a discussion of the experimental facility and its instrumen-
tation. Chapter 3 is a discussion of our experiments and the current theoretical
understanding of flame-length scaling and stability. Chapter 4 is a discussion of
our experiments and analyses on heat transfer from hydrogen-air-diluent flames.
Chapter 5 presents our conclusions on the threat of diffusion flames and proposed
direction for future research. The problem of deliberate flaring is discussed and
possible engineering solutions for the removal of combustion-generated heat are
proposed.

1.1 Jets, Plumes, and Diffusion Flames

Jets, plumes, and diffusion flames all have a number of common features
which are relevant to the present discussion. The character of a diffusion flame
will be determined by the basic flow field, which will be either a jet or a plume.
We distinguish between jets and plumes on the basis of the role of buoyancy
in the flow. In jet-like flows, any buoyancy-induced momentum is dominated by
the initial momentum of the jet. In plume-like flows, the initial momentum is
negligible compared to that induced by buoyancy.

Accidental releases (e.g., stuck-open relief valves) from Pressurized-Water
Reactors (PWRs) will probably occur through small diameter openings (2-10
cm). These will result in momentum-dominated jets of hydrogen and steam,
driven initially by very high pressure (1000-2000 psia), and expanding into a
containment at or near atmospheric pressure. A typical calculation’ of the steam
and hydrogen flow rates and reactor vessel pressure during the course of an
accident is shown in Figures 1-1, 1-2, and 1-3. Note the large ratio of steam to
hydrogen flow rates for the majority of the flow.

These jets have a rich structure which includes supersonic flow, shock waves
and mixing layers between streams of disparate density. For large volume frac-
tions of steam, -the flow will have condensed water present in some portions,
intreducing the additional complexity of two-phase flow.

[ This calculation was done by Eric Haskins of SNLA using the MARCH code with a Watts Bar
configuration for an S2D break scenario. Break size was 5 cm diameter for the case shown.
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Figure 1-1. Hydrogen mass flow rate from an S;D break in an
Ice Condenser reactor.
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Figure 1-3. Reactor vessel pressure as a function of time during
an SgD break in an Ice Condenser reactor.

On the other hand, releases from Boiling-Water Reactors (BWRs) will prob-
ably come from the spargers in the suppression pool. These flows will be at low
pressure, spread over a relatively large area (3 m diameter) and have a small
steam content relative to the PWR cases. The basic flow is buoyancy dominated
and similar types of fires have been thoroughly studied? over the last 20 years.
However, the influence of the peculiar nature of the source in this case (a bubbly
flow of hydrogen and steam through a free surface) has not been studied.

Between the extremes of these two cases, a wide range of behavior can
exist. We cannot possibly cover all the cases, but we will attempt to describe
the basic features of each type of flow. First, we will discuss the dominant
features of subsonic, noncombusting jets and plumes. Second, we will describe the
unique features of underexpanded jets. Finally, we will summarize the available
information on combusting flows of each type.
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1.1.1 Jets

A turbulent jet in a homogeneous atmosphere is characterized by a linear
spreading rate and a constant momentum flux.® Variation of the average prop-
erties with downstream distance can be deduced from these facts and a simple
similarity hypothesis. That is, all mean and some fluctuating properties of any
jet can be described by a set of universal functions of the reduced variables
x/D (downstream distance divided by the jet diameter) and y/b (cross-stream
distance divided by the local jet width). Spreading rates and the basic scaling
laws for planar and axisymmetric jets have been abstracted from Reference 3
and presented in Table 1-1.

Of particular interest are axisymmetric jets, since the flame jets studied
in the present work were all of this type. As shown in Figure 1-4, the center-
line velocity decreases inversely with downstream distance from the jet exit.
The total mass flow within the jet, which is equal to the original mass flow
plus entrained atmosphere, increases linearly with downstream distance. Strictly
speaking, these rules only apply to “fully-developed” flows, which occur at some
distance (typically 5-10 exit diameters) downstream from the jet exit.

1.1.2 Plumes

Plumes are distinguished from jets by having a nonconstant momentum
flux. The momentum of a fluid element in the flow changes continuously as
it moves downstream, due to the acceleration of gravity and the local demnsity
difference between the plume fluid and the surrounding atmosphere. Eventually,
mixing between the plume fluid and the surroundings will eliminate the density
difference and the flow will cease. A variety of configurations can exist depending
on the initial density difference between the plume and the atmosphere, the
existence of stratification in the atmosphere and the direction of the flow relative
to gravitational acceleration.

Of the many possible configurations which could exist during a reactor
accident, we will select the simplest flow to illustrate the plume physics. The
simplest case is a low-density, low-momentum flow directed vertically upward
into a homogeneous atmosphere of higher density. This flow has been extensively
studied for both infinite and finite atmospheres®* and is the type examined in
the present work. For a discussion of the other possibilities, see Turner’s book*
and the recent review by List.?
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Like the turbulent jet, the plume is observed to spread at a linear rate
and the flow has simple similarity or “self-preserving” structure. In place of the
jet’s constant momentum flux, the invariant for the plume is the “buoyancy” or
thermal flux. However, this simple picture is valid® only as long as the buoyancy
is weak, t.e., the density difference between the plume and the atmosphere is
small.

Spreading rates and scaling laws for weak plumes have been abstracted from
Reference 3 and presented in Table 1-2. Note that the downstream variation of
the mean properties depends only on the buoyancy flux, initial density ratio
and the downstream distance. As expected, the results are independent of the
momentum flux and more surprisingly, the diameter of the source. We shall find
below that these ideas also seem to apply to plume-like fires.

The fundamental parameter which characterizes the difference between tur-
bulent jets and plumes is the Froude number, F,

poU?

F =
9(po — poo)D

(1)

where U is the characteristic jet velocity at the exit, p, is the jet exit density, poo
the ambient density, g the acceleration of gravity, and D the jet diameter. The
Froude number is essentially the ratio of inertial forces associated with the flow
momentum to the buoyancy forces associated with the initial density difference.
In plumes, the local Froude number will vary throughout the flow. However, the
flow can be characterized in an overall way by the value of the Froude number
at the source of the plume.

A Froude number of zero corresponds to a pure plume flow and a Froude
number of infinity corresponds to a pure jet flow. For intermediate cases, ex-
pressions corresponding to those in Tables 1-1 and 1-2 can be formulated with
the initial Froude number as a parameter.> Approximate limiting Froude num-
bers for the pure jet or pure plume cases can be computed for density ratios
near one. For axisymmetric (planar) jets, the initial Froude number must be
greater than 40,000 (3,000) for the flow to be momentum dominated until 100
diameters downstream. For an axisymmetric (planar) plume, the initial Froude
number must be less than 4 (2.8) for the flow to be buoyancy dominated after
10 diameters downstream.
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Table 1-2. Properties of Turbulent Plumes

Planar Axisymmetric
Spreading rate, s 0.12 0.11
(radians)
1/3 w \1/3
Centerline Velocity 1.9(;)—":’—’0-) 3'5(1)07)
U
r : : w )23 - w V3
Normalized centerline 2'4(;7.0) = 9.31)('7003) =
concentration or
temperature
Fibse 1/2
Entrainment rate 0.53( i ) 0.48(J poo )'/?
(d_!\i
dx
Buoyancy Flux, W 22, 9(poo — po)U?dy I 9(poo — po)Unrdr
Jimie o \1/3 of P \V4p
Range of applicability 02> F2/3(p—w-) 13— 0.2 > FY (p:) &

1.1.3 Underexpanded Jets

As mentioned above, for many PWR accidents the pressure inside the reac-
tor vessel can be 100-200 times the containment atmosphere pressure. A jet
driven by such a large pressure ratio is referred to as “highly underexpanded,”
since the flow must undergo a large volume increase before the jet fluid pres-
sure is reduced to the ambient pressure. This volume increase occurs through
a diverging supersonic flow followed by a series of shock waves and expansions
referred to as “shock bottles” or “shock cells” (see Figure 1-5).

Some variation of this type of flow field will always occur if the jet pressure at
the exit is higher than the ambient pressure. Generally, the flow at the minimum
or “throat” of an area contraction (i.e., the smallest area cross section in the
flow path to the containment atmosphere) will be “choked” or “sonmic” if the
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pressure ratio is greater than a critical value. Another way of stating this is
that the ratio of the jet stagnation pressure (s.e., reactor vessel pressure) to the
ambient pressure must be greater than about 2. This fact is a direct consequence
of one-dimensional compressible fluid flow theory.”

Although the conditions at the sonic point alone determine the mass flow
rate, the jet geometry will be influenced by the flow path between the sonic
point and the point-of-release into the containment atmosphere. A large number
of configurations exist depending on the amount of dissipation involved, the net
amount of expansion or contraction in the flow path cross-sectional area, and
the shape of the exit. For simplicity, we will concentrate on the case where the
flow is sonic at the release point, t.e., the exit and the throat coincide.

Much of the work on this problem has been done in connection with rocket
flight in the atmosphere. This body of work is not directly applicable since the
rocket exhaust is hot, quite supersonic, and exits into a supersonic co-flowing
stream. However, some of the computational methods and codes®? developed
for rocket plume chemistry modeling could be adapted to the present problem.}

Drawing upon the experimental work of References 10 and 11, we now
present a description of the main features of the flow field of an underexpanded
jet exiting at Mach 1 into a homogeneous atmosphere at a lower pressure. We
will concentrate on the flow near the exit for two reasons. First, for slightly
underexpanded jets, the flow is quasi-periodic in the downstream direction (see
Figure 1-6a) and the basic features of all shock cells are similar. Second, for
highly underexpanded jets, the first shock is quite strong and generates a unique
structure (see Figure 1-6b) which dominates the downstream flow, a set of weak,
oblique shock waves. The crossover between the two cases occurs at a jet exit to
ambient pressure ratio of about 2.

To reduce the jet pressure to atmospheric at the jet boundary, an expanding
flow develops at the exit. This expansion occurs through an initially self-similar
flow known as an expansion fan in gas dynamics. The mathematical characteris-
tic lines of this flow are sketched as the radial spokes emanating from the nozzle
lip in Figure 1-6. The expansion is so severe that an oblique intercepting shock is
required to bring the pressure back to ambient for most of the expanding flow.

}The author would like to thank John Boccio of Brookhaven National Laboratories for bringing
this to his attention.
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Figure 1-5. Schematic of the flow produced by an underex-
panded jet exhausting into a stagnant atmosphere.
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Figure 1-8. (a) Details of the first shock cell for a slightly
underexpanded jet. (b) Details of the first shock cell for a highly
underexpanded jet.
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For an axisymmetric jet, the intercepting shock takes the form of a cone
converging on the jet axis. At the apex of the cone, the shock surface converges
smoothly for a slightly underexpanded jet (Figure 1-6a) or results in the forma-
tion of a normal shock (shown as the “Mach disk” on Figure 1-6b) for highly
underexpanded jets. The shocks emerging from the convergence or branching off
from the Mach disk extend to the jet boundary where they reflect as expansion
waves. This expansion accelerates the flow and generates a new shock cell.

Mixing between the jet fluid and the atmosphere occurs in the shear layer
formed at the jet boundary between high-velocity jet fluid and the stagnant
atmosphere. Until the shock-expansion structure in the central or “core” region
reaches ambient pressure, all combustion will occur in the annular shear-layer
region. Following the decay of the core region (after 10-15 diameters), the re-
mainder of the jet begins to mix and a transition to the subsonic jet structure
takes place. Combustion downstream of the transition will presumably be similar
to that observed in subsonic jets. Eventually, if the jet density differs appreciably
from ambient, the flow will take on plume-like characteristics.

1.1.4 Diffusion Flames

The difference between combusting and noncombusting plume or jet flows
is due to the effects of chemical reaction. There are two main effects: heat release
due to the exothermicity and the change of thermophysical properties due to the
composition change upon reaction. Of these, heat release has the strongest effect
on the flow.

Heat released by combustion alters the thermodynamic state by raising the
temperature of the fluid and since the process usually occurs at constant pressure
(for subsonic flows), the specific volume increases. The chemical reaction and
heat release occurs at the interface between the jet and atmosphere fluid. The
topology of this interface is quite complex for turbulent flows and its character
is very different for plumes than for jets.

At low Reynolds numbers (laminar flow), the reaction interface or “flame
sheet” has a smooth shape which takes the form of a cylindrical surface aligned
with the direction of the jet. One “base” of the cylinder is near the jet exit and
the other is near the flame tip as shown in Figure 1-7.
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As the Reynolds number is increased, the flame sheet becomes more and
more unsteady due to the intrinsic instability of the jet flow itself. Low-Froude-
number (buoyancy-dominated) flames are highly unsteady and exhibit a low-
frequency puffing, apparently due to the roll-up of the flame sheet into large
vortices.!? High-Froude-number (momentum-dominated) flames exhibit a much
higher frequency and smaller scale unsteadiness.

Figure 1-7. (a) Laminar flame-sheet geometry. (b) Turbulent
flame-sheet geometry, momentum-dominated flow. (¢) Turbulent
flame-sheet geometry, buoyancy-dominated flow.
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While no simple technique exists to calculate the flame-sheet area (or more
importantly, the reaction rate) as a function of position in a turbulent jet flame,
the reaction can be quantified to some extent. An extensive review and discussion
of the various approximate techniques which have been used to calculate dif-
fusion flame structure can be found in References 13 and 14. For hydrogen-
air diffusion flames, a relatively simple extension of the methods used for non-
reacting boundary layer flows has been fairly successful in predicting the gross
features of the flow.

The characteristic temperature of the products of reaction can be estimated
by calculating the temperature that an adiabatic, stoichiometric mixture of
atmosphere and jet fluid will reach under constant-pressure conditions. This
temperature will depend on the amount of diluent present in both the jet fluid
and atmosphere and also on the initial temperature of the mixture. Results of a
representative calculation are shown in Figure 1-8. These are appropriate for a
hydrogen jet diluted with either nitrogen or steam and then mixed with room-
temperature air. These results will be used frequently in our discussion of flame
structure and heat transfer (Chapters 3 and 4 of this report). :
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Temperature (K)
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1000.0
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Figure 1-8. Adiabatic flame temperature for hydrogen jets diluted
with either steam or nitrogen and then mixed with room-temperature
air.
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1.2 Scaling

An important consideration for hazard evaluation is the parameter range
that hypothesized reactor fires will occupy. One method of parameterizing dif-
fusion flames is to plot the expected range of conditions on a burner (release
opening) size vs. flow rate diagram. Such a diagram is shown in Figure 1-9. Of
course, several other parameters such as fuel type, diluent fractions and pressure
ratio can be important. The main purpose of Figure 1-9 is to demonstrate the
qualitative behavior of the postulated accident conditions.

The shaded regions in Figure 1-9 are regimes in which either the limiting
case of a jet-like or plume-like fire will occur. For large-area or low-flow-rate
fires, the behavior will be plume-like; this corresponds to the upper left-hand
portion of the plot. For small-area or high-flow-rate fires, the behavior will be
jet-like; this corresponds to the lower right-hand corner of the plot.

Lines parallel to the boundaries of the shaded regions can be thought of
as lines of constant Froude number. These boundaries are somewhat arbitrary
and will depend on the particular release geometry, jet fluid and atmosphere
composition and temperature. Shown in Figure 1-9 are boundaries for a pure
hydrogen jet at 200°C exhausting vertically upward into a cold air atmosphere.

While more qualitative than quantitative, this plot does demonstrate that
the majority of postulated reactor accidents fall in the intermediate regime
between jet and plume fires. For more realistic PWR jet conditions (s.e., with
more steam in the jet fluid), the conditions will be much more jet-like than shown
here. On the other hand, the fires postulated to occur in the wetwell of the BWR
Mark IIl nuclear plants will be much more plume-like.
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2 Facility Description

In this section we describe the facility constructed at Sandia National Lab-
oratories to study high-temperature, hydrogen-steam flame jets. The facility is
located at an isolated test site used for explosive experimentation. It consists
of a remotely-controlled gas supply and flow-control system, a gas temperature
control system, the jet itself and the associated instrumentation. Each of these
components are described separately below.

2.1 Gas Supply System

Steam is supplied by a small (23 kg/hr) electrically-fired boiler located
outside and about 5 m away from the experiment. Hydrogen and nitrogen are
supplied by a bottle farm located about 10 m from the experiment. The output
pressure is set by standard two-stage regulators. One nitrogen supply can be
used as a diluent in place of steam; the other is used to power the flow-control
system.

All gases flow through stainless-steel tubing to the jet. Air-operated ball
valves are used to control the hydrogen flow and, for safety, three separate sets
of valves are used. The air-operated valves are actuated by electro-pneumatic
(EP) valves connected to the nitrogen supply. Electric power to the EP valves is
low-voitage (28 VDC) and controlled through an interlocked, key-operated panel
in the control room.

Hydrogen sensors, manufactured by General Monitors, are located above
the bottle farm, in the control room and at several locations near the flame jet.
The sensors are connected to alarm circuits which are actuated if the hydrogen
concentration rises above 4% by volume. If any of the alarm circuits are actuated,
the hydrogen supply is automatically shut off and the hydrogen lines to the jet
purged with nitrogen.

Gas flow rates to the jet are regulated by Taylor Instruments orifice-plate
flow meters connected by a pneumatic feedback circuit to needle valves. In
addition there is a Matheson electronic flow meter and regulator which can
be used for low (less than 100 slpm) hydrogen flows and a Teledyne-Hastings
electronic flow meter for hydrogen flow rates up to 700 slpm. The orifices in the
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Taylor Instruments flow meters can be changed from 0.76 to 8.4 mm diameter
to allow a wide range of flow rates.

Rather than use the calibrations supplied by the manufacturer, we used
the ASME standard calibrations® for the orifice plates. The upstream pressure,
temperature, and the pressure drop across the orifice plate were all measured.
A simple computer program was then used to compute the flow rate from an
analytical representation of the empirical correction factors. Calibration is only
dependent on the pressure transducers, which could easily be calibrated against
a standard Wallace and Tiernan mechanical gauge.

2.2 Superheaters and Jet Manifold

The jet itself is situated inside an existing explosives test chamber. The
chamber is a steel box open on one side and constructed of 5 ecm thick plate;
the box dimensions are 4.0 m long, 3.5 m wide, and 2.3 m high. Only the jet,
associated diagnostics and the superheaters are located in the chamber (see
Figure 2-1). The remainder of the experimental system was located outside or in
the adjacent building.

Steam and hydrogen pass through separate control systems and superheaters
before being mixed at the jet manifold. Each superheater consists of a coil of
stainless steel tubing mounted inside of a 50 kW electric furnace. There are
approximately 50 turns of tubing on a 10 cm diameter form that is about 60
cm long. Furnace temperature is regulated by an electrical feedback circuit. Gas
temperature can be increased up to 700°C by this method.

After passing through the superheaters, the gases flow through heated lines
to the jet manifold. The gases flow coaxially into the plenum as shown in Figure
2-2. The hydrogen stream is divided into a number of small jets which are
directed into the steam, transverse to main flow direction. To enhance mixing
and promote more uniformity in the flow, a coarse baffle (3 mm diameter holes)
and a section of honeycomb (15 cm long with 0.5 mm diameter channels) are
located between the plenum and the jet exit.
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An interchangeable, flanged nozzle is located at the exit of the jet manifold.
Smooth, cubic-equation nozzles with areal contraction ratios of 4, 9, or 36 (exit
diameters of .635, 1.27, or 1.8 cm) were used for most of the testing. The effective
nozzle size was increased by add-on fixtures for some experiments; these are
described later in the sections dealing specifically with those experiments.

The jet exhausts vertically upward and the gases are drawn into a duct by a
high-temperature blower. The blower exhausts outside the chamber through a 1m
stack. If the jet does not spontaneously ignite as it emerges into the atmosphere,
an electrical ignitor, either a spark or a glow plug, is used to initiate burning.
Our standard ignitor is a repetitive spark discharge which is remotely inserted
and retracted by an air-driven hydraulic cylinder.

2.3 Instrumentation

Data recording, processing, and experiment control are accomplished with
a CAMAC? system interfaced to a DEC LSI 11/23 minicomputer. Analog-to-
digital convertor, temperature monitors, AC switch controllers, and indicators
are mounted in the CAMAC crate and connected to the various instruments
and control panels used in the experiments. Much of the effort on this project
was in developing and integrating the scftware needed to effectively operate the
experiment under computer control.

In addition to the flow rate, pressure and temperature instrumentation
needed to operate the jet, there were several specialized diagnostics for the
flame jet itself. All of these diagnostics depended on a remotely-controlled X-Y
traverse system to position the measuring instrument accurately in the flame.
The traverse could be positioned either manually or under computer control.
A computer program was developed to automatically move the traverse on a
prescribed pattern through the flame and to record average and instantaneous
data at specified points.

Examples of instruments used on the traverse are: a platinum-rhodium
thermocouple; a false ceiling equipped with a Gardon gauge for stagnation-point
heat flux; a water-cooled tube for cylinder cross-flow heat transfer measurements;
and a water-cooled pitot probe. Detailed descriptions and results from these
devices are presented later.



28

References

15. H.S.Bean (ed.), Fluid Meters, Their Theory and Application, The American
Society of Mechanical Engineers, NY (1971).

18. P. Clout, CAMAC Primer, Los Alamos National Laboratory Report LA-UR-
82-2718 (1982).



3. FLAME SIZE AND STABILITY 29

3 Flame Size and Stability

In this section we discuss the variation of flame size and stability with dilu-
tion and burner geometry. Both our experimental results and those of others are
discussed. Some simple theoretical ideas about the role of diluents are presented
and the predictions of models based on those ideas are discussed. In particular,
two methods for predicting the relationship between blowoff velocity and burner
diameter are compared.

Flame length, while not a fundamental or well-defined quantity, is of interest
for several reasons. The physical volume occupied by the flame will be needed
for models which treat the flame as a separate entity or “compartment,” this
volume can be estimated from the flame length. Models for the heat flux from
flames depend on whether the object of interest is located above or in the flame.
Finally, the variation of flame length with dilution can be easily measured and
used as a simple test of combustion models.

The blowoff velocity of a diffusion flame appears to be more well-defined
than the flame length, however, the temperature of the nozzle or burner can
have a large effect. If the temperature of the orifice from which the jet originates
is not controlled, then the combustion-generated heat of the flame will cause the
nozzle temperature to change with time. This will almost certainly be the case
for flame jets generated in reactor accidents. This fact should be kept in mind
when applying data derived from laboratory experiments to reactor situations.

3.1 Flame-Length Scaling

Flame length is essentially a measure of the distance at which all the jet
fluid has mixed and reacted with the atmosphere. Therefore, both the chemistry
of the reactants and the fluid-mechanical processes governing entrainment and
mixing are important. Of these two factors, the entrainment rate is by far the
most important for turbulent flames. A common way to express this idea is to
say that “the reaction rate in turbulent combustion is mixing limited.”

Typically, the reaction rates between fuel and oxidizer are sufficiently fast
that the detailed chemical kinetics of the reaction are unimportant. The only
exception to this circumstance we will consider is the case of flames near the
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blowoff or blowout limit. For our purposes, then, the chemistry of the fuel-
oxidizer system can be completely characterized by the heat of reaction and the
stoichiometry, s.e., the quantity of atmosphere required to completely oxidize
a unit quantity of jet fluid. For the hydrogen-oxygen system, water is the only
product we will consider to be important; the heat of reaction is 57.5 kcal/mole,
and one-half mole of oxygen is required to completely oxidize each mole of
hydrogen.

Entrainment and mixing are not only more important processes than the
chemical reaction but also much more complex. The turbulent character of the
flow and the added complexity of reacting fluids make this problem an area of
intense current research.! Many of the ideas used in turbulent reacting flow
analysis are taken unmodified from the corresponding nonreacting flow. For
example, the entrainment rate of a reacting jet is frequently assumed to be
identical to that of a nonreacting jet with the same momentum flux.

Our discussion of entrainment and mixing can be naturally divided between
jet-like flows and plume-like flows as was done in the introduction. While our
understanding of entrainment and mixing is greater for jet-like flows without
heat release, plume-like fires have been much more extensively studied than jet-
like fires. For this reason, we will be compelled to use arguments based on flows
without heat release for much of the flame jet discussion.

3.2 Temperature Profiles and Photographs

In this subsection, we present measurements and photographs that demon-
strate the effect of steam dilution on flames. For comparison, some data obtained
with jets diluted by nitrogen are also shown. These data are presented so that
the reader will gain some familiarity with the type of flames we are studying,
and also for comparison to some of the theories discussed below.

Photographs of the flame jets were taken with a 4” x 5” view camera and
Polaroid film (3000 ASA). The camera was positioned about 1 meter from the
flame and a 135 mm focal-length lens was used. In order to obtain sufficient
intensity to record an image, a small amount of commercial window cleaner was
sprayed near the base of the flame. Radiation from the sodium in the entrained
cleaner rendered the flame visible. Actually, it is the region where the flow is hot
enough to cause chemiluminesence that is visualized, not just the region where
combustion is occurring.
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Table 3-1. Jet Parameters for Photographs

Case QH: QH;o0 U R F T
(slpm) (slpm) (m/s) (K)

1 44.0 0.0 48.4 9.00x10° 2.00x10% 2381
2 109.2 0.0 120.1 2.14x10* 1.17x10* 2381
3 100.7 28.3 141.9 5.44x10* 5.44x10* 2288
4 28.3 113.2 155.8 2.18x10* 2.13x10* 1151

Qx = flow rate of component X of the jet fluid.

U = jet exit velocity.

R = Reynolds number of jet exit flow Y2

F = Froude number of jet exit flow EPAU_:b

T = temperature of a stoichiometric mixture of jet and atmosphere fluid

burned under adiabatic, constant-pressure conditions.

Slpm = Standard liters per minute.

Our initial interest in photography was to obtain time-exposure photographs
in order to determine the flame length. As discussed in the next section, this
technique was found to be unsuitable and more reliable techniques based on
centerline temperature profiles were used. However, the photographs are very
useful to illustrate the changes that occur in the flow as diluents (steam or
nitrogen) are added.

Reproductions of a selection of short- and long-duration photographs of
flames with various amounts of steam dilution are shown in Figures 3-1 through
3-4. All of these flames were from jets with an initial diameter of 0.635 ¢cm and an
exit temperature of 200°C. The parameters (s.e., flame temperature, Reynolds
number, Froude number, etc.) characterizing these jet flames are given in Table
3-1.

Note the decrease in the flame height with increasing diluent fraction in
the flow. This is due to the increased entrainment rate of the jet per unit flow
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rate of the fuel (hydrogen). This phenomenon might be anticipated from the
scaling laws presented in Table 1-1 of the first chapter and the fact that the
flame length is proportional to the location of a stoichiometric ratio of fuel to
oxidizer. However, we believe that this is the first demonstration of this effect
in a jet flame. A quantitative discussion of this effect is presented in the next
section.
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Figure 3-1. Reproduction of a short (4 ms) exposure photograph
of a hydrogen flame jet. Case 1 of Table 3-1, 44 slpm hydrogen
from a 0.635 cm diameter nozzle at a temperature of 200°C.
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Figure 3-2. Reproduction of (a) short and (b) long (1 s) ex-
posure photographs of a hydrogen flame jet. Case 2 of Table
3-1, 109 slpm hydrogen from a 0.635 cm diameter nozzle at a
temperature of 200°C.
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Figure 3-3. Reproduction of a short exposure photograph of
a hydrogen-steam flame jet. Case 3 of Table 3-1, 100.7 slpm
hydrogen and 28.3 slpm steam from a 0.635 cm diameter nozzle
at a temperature of 200°C.
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Figure 3-4. Reproduction of a short exposure photograph of
a hydrogen-steam flame jet. Case 4 of Table 3-1, 28.3 slpm
hydrogen and 113 slpm steam from a 0.635 cm diameter nozzle
at a temperature of 200°C.



3. FLAME SIZE AND STABILITY 37

As the jet diluent fraction is increased, both the experimentally measured
peak temperature and the calculated flame temperature decrease. This effect
ultimately limits the maximum amount of steam that can be present in the jet
before the flame becomes unstable and steady combustion ceases. The possibility
of instability, i.e., blowoff or blowout of the diffusion flame, is discussed in the
last section of this chapter.

Centerline temperature profiles of several different jet flames are shown in
Figures 3-5 through 3-7. Each curve is labeled with «, the ratio of diluent to
hydrogen flow rate (molar). The temperature profile for an undiluted hydrogen
jet is shown separately in Figure 3-5. Note that this profile is quite dissimilar
to those shown in later figures. This is probably due to the importance of both
buoyancy and viscosity in this flow; the Froude and Reynolds numbers for this
jet are substantially lower than for the other cases.

Centerline temperatures for steam-diluted hydrogen jets are shown in Figure
3-6; data for nitrogen-diluted jets are shown in Figure 3-7. Both sets of data
were obtained from a 0.635 cm diameter jet at an initial temperature of 200°C.
Diluent fractions, flow rates and other parameters of these flows are given in
Table 3-2. Temperatures were measured with an uncoated platinum-rhodium
(type S) thermocouple traversed along the centerline of the flame.

Typically, several hundred individual measurements were averaged at each
vertical station and stations were located every 1-2 cm. Since only an indication
of the length of the flame and the characteristic temperature were desired, the
thermocouple data shown have not been corrected for radiation and conduction
losses. These are estimated to be on the order of 100-200°C (see Becker and
Yamazaki® for the details).

The effects of dilution on the flame are quite obvious in these figures. Both
the decrease in flame temperature and the flame shortening with increasing
diluent fraction can be seen in Figures 3-6 and 3-7. Note that the temperatures
are slightly higher if nitrogen diluent is used in place of steam, due to the lower
heat capacity of nitrogen. This effect is clearly shown in the flame temperature
calculations presented in Figure 1-8. The nitrogen-diluted flames are also slightly
shorter than the equivalent flow with steam dilution. This is due to the higher
molecular weight and hence, higher entrainment rate of nitrogen at the same
flow rate (molar) as steam.
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Figure 3-5. Centerline temperature profile for a pure hydrogen
jet flame. Jet initial diameter was 0.635 cm and the initial tem-

perature was 200°C. The parameters for this flow are given in
Table 3-2.
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Figure 3-8. Centerline temperature profiles for hydrogen jet
flames diluted with steam. Jet initial diameter was 0.635 cm and
the initial temperature was 200°C. The molar ratio of steam to
hydrogen is shown above each set of data; other parameters are
given in Table 3-2.



40

2000.0

1500.0

Temperature (K)

1000.0

900.0

00 100 200 300 400 500
Downstream distance (cm)

Figure 3-7. Centerline temperature profiles for hydrogen jet
flames diluted with nitrogen. Jet initial diameter was 0.635 cm
and the initial temperature was 200°C. The molar ratio of steam
to hydrogen is shown above each set of data; other parameters
are given in Table 3-2.
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Table 3-2. Jet Parameters for Centerline Temperature Measurements

T
(m/s) (K)
Pure hydrogen
0.0 68.4 1.3x10% 3.6x10° 2381

Steam dilution

0.67 115.8 4.2x104 5.1x10% 2060
0.87 205.4 6.68x10* 1.87x10° 2000
1.38 162.6 4.38x10% 1.50x10° 1800
5.36 80.3 9.7x103 5.8x10* 930

Nitrogen dilution

0.67 116.0 4.68x10* 8.56x10* 2138
1.31 159.7 4.83x10* 2.60x10° 1900
1.64 180.8 4.82x10* 3.83x10° 1830
2.0 134.5 3.20x10* 2.41x10° 1720
7.3 102.0 1.01x10* 2.33x10° 990
a = ratio of moles of diluent to moles of hydrogen in the jet.
U= jet exit velocity
R = Reynolds number of jet exit flow %D—
F = Froude number of jet exit flow 5%
T = temperature of a stoichiometric mixture of jet and atmosphere

fluid burned under adiabatic, constant-pressure conditions.
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Note that the Froude number can also have a dramatic effect on the tem-
perature profiles. The lower the Froude number, the higher the entrainment rate
for a given source flow rate. This results in lower temperatures and shorter flames
for given jet-atmosphere parameters (composition, flow rate, and source size). A
convenient measure of the magnitude of this effect is the ratio of the amount
of atmosphere entrained by the flame (s.e., the entrained atmosphere flow rate
at the end of the flame) to that required for complete combustion of the jet
fuel. This quantity can be estimated for jets from the scaling laws presented in
Chapter 1 and direct measurements are available for plume fires.” For a laminar
diffusion flame, this ratio is one; for turbulent jets (Fr > 10%), the ratio is about
3; for buoyant plumes (Fr < 4), the ratio has been measured to be 10-15. The
large value of this ratio for buoyant flows is consistent with the scaling laws for
plumes and measured flame heights. An important implication is that the max-
imum average temperature increase at the top of a plume fire will be a factor of
3-5 lower than the temperature rise in the equivalent jet flame.

A final example of what can be obtained by combining temperature measure-
ment and photography is shown in Figure 3-8. The temperature was recorded at
about 200 points on a rectangular grid covering a planar, vertical cross section
of the flame. This array of measurements was then interpolated to produce the
contour plot of the isotherms shown in Figure 3-8. The sampled region covered
an area 35 cm long by 5 cm wide with the left-hand boundary located at the
centerline of the flame jet and the bottom located 2.54 cm above the jet exit.
A mirror image of the contours was produced on the plot to aid the viewer in
visualizing the temperature field. An outline of a time-exposure flame recorded
by the method described previously is superimposed on the isotherms.

This particular flame was obtained from a jet with a hydrogen flow rate of
71 slpm and a steam flow rate of 37 slpm through a contoured nozzle 0.635 cm
in diameter at the exit. The gases and piping were at a temperature of 540°C
and the flame was ignited externally by a spark source. At this temperature, the
flow was just below the autoignition limit and would reignite spontaneously if
the flow was restarted immediately after being shut off. Apparently, the nozzle
heated up above the autoignition temperature due to heat transfer from the
flame. However, if the flow was left off for a longer period of time (greater than
1 minute), spontaneous reignition would not occur since the nozzle would have
time to cool below the autoignition limit. The subject of autoignition is discussed
further in Appendix B.
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38.1 cm iy g

— Height above nozzle

Figure 3-8. Comparison of visually determined flame shape to
average temperature profile determined by thermocouple probe
measurements. [sotherms are 100°C apart and start at 1400°C
closest to the nozzle. The jet was at 540°C and was composed of
34% steam and 66% hydrogen. The exit velocity was 203 m/s,
Reynolds number 1.6 X 10°, and Froude number 7.7 X 10%.
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3.3 Jets

The basis for all flame-length expressions for jets is that at any given
downstream location, a constant fraction of the entrained fluid has been molecu-
larly mixed and reacted with the original jet fluid. This observation was first
made by Hottel! and has recently been extended by Dimotakis, et al.? Irrespective
of whether the flow is combusting or not, this idea appears to apply to all reacting
flows in which the reaction kinetics are sufficiently fast.

A particularly simple correlation for the flame length has been deduced
from data on many types of reacting flows.® After correcting for the effects of
the virtual origin of the jet, the flame length is found to be linearly proportional
to the product of the equivalence ratio ¢ and the effective jet exit diameter,

(po/peo)/?D,

1/2
L= 10¢(”—°) D (3—1)

Po

Here, the equivalence ratio ¢ is defined to be the mass ratio of air to jet fluid
in a stoichiometric mixture. For example, pure hydrogen jets exiting into cold
air have a value of ¢ equal to 35 and the square root of the density ratio is equal
to 0.26. Inserting these values into Eq. (3-1) results in a predicted flame length
of 90 jet diameters. Typical visual lengths, observed in our experiments with a
0.635 cm diameter nozzle and a flow rate of 75 slpm were about 80 diameters.
The difference is due to the imprecise method of determining flame lengths by
visual observation and the effect of buoyancy on pure hydrogen flame jets at this
flow rate.

Variation of flame length with jet and atmosphere dilution can also be
calculated with this model. The simplest case is an atmosphere consisting of
a mixture of air and steam (this will occur at the beginning of an experiment
or burn inside a containment), with the ratio of moles of steam per mole of air
defined to be é: If the ratio of moles of diluent to moles of hydrogen in the jet
fluid is «, then the equivalence ratio is

¢=(34.3+1.19MD6) (3—2)

1. +05Mpa

where Mp is the diluent molecular weight. If the flame is inside a closed vessel,
the atmosphere will become vitiated as the burn proceeds, and the variation of
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the gas composition will have to be accounted for by introducing an additional
parameter (for example, the nitrogen/oxygen mole ratio) in Eq. (3-2).

The density ratio will also depend on the dilution parameters a and é§ and
the ratio of jet and atmosphere temperature. For subsonic jets,

Po M, T
Poo MxT,

(3-3)

where M is molecular weight, T is temperature (absolute), the subscript 0
denotes jet exit conditions, and the subscript co denotes atmosphere conditions.
The jet molecular weight can be calculated from

_ My, +aMp

M,
1+«

(3—4)

The atmosphere molecular weight can be calculated by a similar formula,

Mair +6MD
]\[oo—( 175 ) (3—5)

Substituting Egs. (3-2) through (3-5) into Eq. (3-1), we obtain the complete flame-
length expression for hydrogen-diluent jet flames in an air-diluent atmosphere:

£ Too \( 1+ 6 \[ Mair +6Mp
P 23'8\/( T, )(1 ry a)( 7 +aMD)' 4

Normalized flame lengths (L/D) predicted by Eq. (3-6) are shown below in
Figures 3-9 and 3-10. In Figure 3-9, the variation of flame length with both jet
temperature and jet dilution (with steam) are shown for fixed conditions in the
atmosphere, T, = 300 K and pure air. Variation of flame length with dilution
in the atmosphere is shown in Figure 3-10 for fixed jet conditions, T, = 300 K,
and pure hydrogen.

Both effects of flame shortening with jet dilution and flame lengthening
with atmosphere dilution have been observed in experiments at NTS and in
the small-scale facility at SNLA. Our initial attempt (reported in Reference 4)
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Figure 3-9. Predicted variation in flame length with jet dilu-
tion for hydrogen-steam jets in an air atmosphere at 300 K. The
four curves shown correspond to jet temperatures of 300, 400,
500, and 600 K, respectively from top to bottom.
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Figure 3-10. Predicted variation of flame length with the dilu-
tion of the atmosphere with steam. The jet is pure hydrogen and
both jet and atmosphere are at 300 K.
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to determine flame length was from time-exposure photographs taken with the
method described in the previous section. In order to obtain sufficient luminosity
to record an image, the jet was seeded by spraying a small amount of commercial
window cleaner near the base of the flame. Unfortunately, the seeding technique
was not reproducible enough to obtain reliable data. Later on, we found that
infrared-sensitive television cameras could be used to directly visualize the hotter
flames without seeding. However, all techniques based on visualization of steam
luminosity or radiation from impurities (the two main sources of visible or
infrared radiation in these flames) suffer a common deficiency. The flame length
defined by these methods does not indicate the actual point where the chemical
reaction ceases but rather the point where the average temperature drops below
a certain value.

To avoid the problems associated with visual methods of flame length deter-
mination, a more quantitative technique based on centerline temperature profiles
was used. This technique is based on the results of Becker and Yamazaki®, who
showed that the distance from the jet exit to the peak in the centerline flame
temperature was proportional to the visual flame length.

Using the data shown in Figures 3-5 and 3-6, we have evaluated the flame
length as determined by the temperature maximum in the flow. These data
are plotted together with the theory discussed above in Figure 3-11 (for steam
dilution) and Figure 3-12 (for nitrogen dilution). The trend shown with increasing
dilution is correctly predicted; the quantitative discrepancy may be due to our
method of determining flame length.

An empirical correlation for flame length was developed by Becker and
Liang® to account for the effects of both buoyancy (Froude number) and viscosity
(Reynolds number). For high Froude and Reynolds numbers, their expression
reduces to one quite similar to Eq. (3-1). The difference is that their expression
is multiplied by a factor 3

My Ts
p= AT 3-1)

where T, and M, are the temperature and molecular weight of a stoichiometric
mixture of jet and atmosphere fluid. Their expression also has a slightly different
dependence on the stoichiometric coefficient,



3. FLAME SIZE AND STABILITY 49

40.0 60.0 80.0 100.0 120.0

Flame Length (L/D)

20.0

a

0.0

] L | ]

00 200 400 60.0 80.0 100.0
Percent Steam in Jet

Figure 3-11. Comparison of thermal flame lengths (from Figure
3-6) with the simple theory (solid line) and the correlation of
Becker and Liang (dotted line).
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Figure 3-12. Comparison of thermal flame lengths (from Figure
3-7) with the simple theory (solid line) and the correlation of
Becker and Liang (dotted line).
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Loo = 13(1 +¢)("—°)1/2ﬂ0. (3—8)

Poo

Typical values of 3 vary between 1 and 3 depending on the amount of dilu-
tion in the jet. This results in predicted flame lengths which are proportionally
larger than those predicted by Eq. (3-1). Becker and Liang explain this on the
grounds that all previous investigations have not been truly in the forced convec-
tion regime. The figure of merit that they propose for determining the relative
importance of buoyancy is denoted £, and is defined by

L

L= -D—F“/3. (3—9)

§

Using data from a number of sources, they have developed a composite
empirical expression for flame length. For values of £z, less than 20 (intermediate
to forced convection regime), they recommend the approximate relation

L= Lo (3 —10)

(1+0.12¢,)%%

The values of L given by Eq. (3-10) are appropriate for visually-determined
flame lengths. As discussed in Becker and Yamazaki, flame lengths based on the
peak centerline temperature are about one-half the value of those determined
visually. To account for this difference, the values predicted by Eq. (3-10) are
divided by two before plotting in Figures 3-11 and 3-12. The agreement with the
data is somewhat better than the previously discussed theories. However, this
may be fortuitous, and the only strong conclusion we can draw from these results
is that the influence of buoyancy should be carefully considered. Equation (3-10)
is probably not the definitive flame-length expression and this problem continues
to be an active area of research.
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3.4 Plumes

The flame length of plume fires has a completely different scaling than
for jet fires. This is a consequence of the vast differences in the entrainn:
mechanisms and scaling laws for jets and plumes. Plume-like fires have a length
which is independent of the fire diameter (for tall enough fires) and rate of diluent
addition to the fuel flow.

For plume fires with heights greater than 4 times the source diameter, the
flame length can be correlated with the heat release rate Q, by the following
dimensional expression:

L = 0.18Q%%; (3 —11)

where L is in meters and Q is in kW. This formula and the implied scaling
has recently been verified for a wide range of fire strengths and diameters
by Zukoski,et al.” While this is a dimensional expression, it does appear to
correlate the data independent of the type of fuel. One difficulty in buoyant
plume height theory is that there is no good theory or even empirical support
for a nondimensional version of Eq. (3-11). However, the form of Eq. (3-11) yields
the correct scaling with buoyant forces, t.e., Froude scaling, a point discussed
further below.

The lack of a nondimensional form for Eq. (3-11) limits our ability to
predict several phenomena of interest. For example, Eq. (3-11) does not have
any dependence on the diluent content of the atmosphere or the jet. Clearly, if
the amount of dilution is large enough, there must be an effect. Experimental
observations on this phenomena are sparse, what little exists (¢f. Zukoski,et al.)
suggests that diluents have a much weaker effect on plumes than on jets. One
possible explanation (supported by studies of the fluid dynamics of plume fires)
is that the fluid dynamics plays a much more important role in plume fires than
in jet flames.

If the fire is too short, less than 4 diameters high, a dependence of flame
height on source diameter is found. A simple expression for correlating data on
flames in this regime is given by Zukoski:

2/3
- o.ozs(:g-) (3—12)
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where again, Q is the fire strength in kW and D is the source diameter. As in the
previous case, there is no agreement on the appropriate method for presenting
this correlation in nondimensional form. This expression is also consistent with
Froude scaling. That is, for fires of different scales (physical dimensions) but at
the same Froude number, the flame-length scales linearly with the geometric
scale factor.

We have not carried out any experiments on hydrogen-steam-air plume
fires with the specific intention of testing the relations presented above. At the
present time, the only hypothetical accident in which plume fires would be the
major form of combustion is a LOCA in a BWR Mark Il nuclear plant. In
this reactor, the hydrogen-steam mixture would probably be released through
spargers located beneath the surface of the suppression pool. The gas mixture
would bubble to the surface, mix with the containment atmosphere, and then
possibly burn as a diffusion flame.

Preliminary experiments conducted by EPRI® indicate that under certain
conditions, diffusion flames do indeed exist above the surface of the pool. These
flames are highly unsteady and the surface of the pool is violently agitated by
the gas bubbling to the surface. Visually, the flames appear to be quite different
from the standard burner-produced plume fires. We believe that this is due to
the distributed and unsteady nature of the source.

The containment atmosphere is probably entrained by each individual bubble
of gas as it bursts at the pool surface. This localized entrainment is quite
different than the entrainment that occurs at the outer edge of the burners used
to produce the usual laboratory plume fires. For these reasons alone, we believe
that the standard correlations Eqgs.(3-11) and (3-12) are inadequate to predict
the behavior of plume fires above the suppression pool in a BWR Mark III nuclear
plants. There are other difficulties in applying the conventional plume cor-
relations, due to the confining geometry of the region above the suppression pool.

3.5 Stability

For a fixed jet composition and nozzle diameter, a stable diffusion flame will
exist only if the flow rate is less than a critical value. This effect has been known
and studied extensively since the beginnings of combustion science; a general
discussion can be found in Lewis and von Elbe.?

The existence of a stability boundary is due to the competing effects of
chemical reactions and quenching processes. Quenching processes of importance
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include: heat conduction and species diffusion to solid surfaces; “stretching” of
the flame zone by velocity gradients in the flow; and, disruption of the flame
zone by strong turbulent fluctuations. Any or all of these processes, if strong
enough, can cause the chemical reactions to cease and the flame will no longer
exist.

A simple method of quantifying the competition between chemical reac-
tions and quenching processes is to compare the characteristic time scales.f
For diffusion flame instability, referred to as blowoff or blowout, the quenching
process is due to the rapid turbulent mixing of the cold, entrained atmosphere
with the hot products of combustion. If the mixing occurs rapidly enough, the gas
temperature will be reduced below the ignition temperature before the chemical
reactions become self-sustaining.

The characteristic times for each process can be computed as follows. For
chemical reactions, the simplest approach is to use the elementary burning
velocity theory of Mallard and Le Chatelier.!® The result of this theory is to
relate burning velocity S to the thermal diffusivity ¥ and the characteristic
reaction time 7, (which is identical to the reciprocal of the reaction rate):

S=\/Tz,' {3~ 13)

Using the measured values of the burning velocity S and the known values of
the thermal diffusivity, the characteristic reaction time can be determined. For
the characteristic mixing time, a simple dimensional approach is used. If the local
velocity is U and the characteristic flow dimension is B, then the characteristic
time is

Tm -

ST

(3 —14)

Fortunately, in jet-like flows, there exists a well-defined scale length (the
local jet width) and scale velocity (the downstream component of the velocity
on the centerline). The criterion for the stability boundary is that

tFor this point of view and the origin of many ideas discussed below, I am indebted to Gene
Broadwell of the California Institute of Technology.
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¥ AL (3—15)

In the following section we will explore the implications of these ideas and
compute the stability boundary for selected hydrogen-steam jet flames. These
results will be compared to data and an empirical correlation of Kalghatgi.!?

3.8 Blowout Diameter and Velocity

Experimentally, it is observed that for fixed jet and atmosphere composition,
a diffusion flame from a given diameter source will remain stable until the jet
velocity is increased beyond a certain point. For a fixed jet velocity, the flame
is stable until the diameter is decreased below a certain value. This velocity-
diameter relationship can be summarized as follows: For fixed jet and atmosphere
compositions, the blowout (blowoff) velocity and diameter are linearly related as
long as the flow is subsonic. '

The instability of a diffusion flame can occur in two steps, hence the distinc-
tion is sometimes made between blowoff and blowout. The first step is called lift-
off; as the jet velocity is increased, the base of the flame (the start of the chemical
reaction) lifts off the burner and becomes fixed at some distance downstream.
This distance to the base of the flame increases as the flow rate is increased until
the blowout limit is reached. No stable diffusion flame can exist for velocities
exceeding the blowout limit. If the burner diameter is small enough, the flame
does not lift off, but directly blows off when the critical conditions (blowout limit)
are exceeded.

There is also a hysteresis effect in the flame lift-off phenomena. If the jet
flow rate is first increased and then decreased below the critical value for lift-off,
the flow rate at which the flame base reattaches to the burner is different than
the lift-off value. These phenomena and other experimental observations about
diffusion flames are discussed in References 11, 12, and 13.

The preceding remarks are in reference to the behavior of subsonic jets
and flames. However, as indicated in the introduction, most postulated accidents
in PWR’s involve highly underexpanded supersonic jets. Soviet scientists have
shown that for supersonic jets, stability is restored if the pressure ratio at the
jet exit is increased to a large enough value. !4

In addition, they report the existence of a limiting nozzle diameter for
blowoff. For jets with exit diameters greater than the limiting diameter, no
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blowout was observed. In other words, the flame is absolutely stable if the jet
exit diameter is larger than a certain size. The value of the critical diameter
will depend on both the jet and atmosphere composition; for pure hydrogen
jets in air, the critical diameter is about 1 mm. We consider the existence of a
limiting diameter for blowoff to be exceedingly important to analyses of diffusion
flames inside reactor containments. For this reason, we recommend (see Section
5.1 below) that this phenomenon be the subject of further study.

A schematic diagram of the stability boundaries of a diffusion flame is
shown in Figure 3-13. This velocity-diameter plot is based on the ideas presented
above and exhibits the major qualitative features of the stability problem. In
order to make this presentation quantitative, a more detailed discussion of the
material presented in the previous section is in order. First, we will discuss the
determination of the slope of the velocity-diameter relation for subsonic jets.
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Figure 3-13. Schematic diagram of the region of instability
(blowoff) for a turbulent diffusion flame.
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The basic relation is given in Eq. (3-15), which states that at blowoff, the
characteristic mixing time scale is of the same order as the chemical reaction time
scale. Evaluation of these time scales for the specific case of hydrogen-air-steam
diffusion flames is discussed below.

A characteristic jet velocity and width are needed to evaluate the mixing
time scale. These values can be obtained from the standard jet scaling relations
(t.e., Table 1-1) if the location of the flame base at blowoff is known. Since it
is not necessary to know this location exactly, we will only suppose that it is
proportional to the flame height.

The characteristic chemical reaction time scale is calculated using the Mallard
Le Chatelier burning velocity formula Eq. (3-13). While calculating the diffusivity
is straightforward, determining the burning velocity is somewhat more involved.
Lacking any experimental data at high steam concentrations, we employ a cal-
culational technique developed by Smooke.!®> More details and results of these
calculations are given in Appendix A.

After substituting the scaling relations for jet velocity and width (evaluated
at the flame tip), the following formula is obtained for the ratio of jet velocity
to exit diameter at blowoff:

— = C—¢*| = 3—16
D K g (Poo ( )
where C is an empirically-determined constant. Using the hydrogen-air blowoff
data of Kalghatgi, the constant is found to be approximately 1. The critical
straining rate (%) at blowoff for hydrogen-air diffusion flames is found to be 2 x
10% sec™!.

Note that Eq. (3-16) has the same form as that used to correlate the data
on blowoff of laminar diffusion flames,

U 2
=X C'S? (3—17)

except that the constant C’ has a value of about 1 for laminar flames and a value
of 200 for turbulent flames. Also, there is no dependence of the constant C’ on
either the stoichiometry or the density ratio for the laminar case. In the case of
laminar flames, the interpretation of the mechanism is also somewhat different.
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The quenching occurs just downstream of the burner exit and is due to straining
of the lame sheet by the velocity gradient in the gas flow near the burner wall.

A similar formula to Eq. (3-16) was derived by Kalghatgi,!! but the func-
tional dependence on equivalence and density ratios is different. Further, we
feel that the arguments he uses to arrive at this result are less satisfying; the
motivation being more in the nature of an empirical correlation than based on
a physical model. In addition, he introduces the concept of a Reynolds number
based on the flame length, an idea which probably has little relevance for the
high-Reynolds-number flows under consideration in the present study.

The left-hand side of Eq. (3-16) is a function of the jet and atmosphere
composition and thermodynamic state only. Therefore, once we are given these
conditions, the critical straining rate at blowoff can be uniquely determined for
any size jet. Using flame speeds for stoichiometric hydrogen-air-steam mixtures
given in Appendix A, we have calculated the critical straining rates at 200°C
for steam-diluted hydrogen jets into room-temperature air. The results of these
calculations are presented in Figure 3-14.

For postulated reactor accidents, a more convenient way to present these
data is to show the stability boundary for a fixed jet exit diameter as a function
of the hydrogen and steam flow rates. Stability boundaries are shown in Figure
3-15 for a 5-cm diameter jet as a function of hydrogen and steam mass flow
rates (kg/s). Note that in both Figure 3-14 and 3-15, the flame is shown to
be absolutely unstable for diluent/hydrogen ratios of greater than 9:1 (molar).
This effect is due to the very low flame temperature for these mixtures (less
than 900 K), resulting in the reaction rate and flame speed becoming very small.
In essence, the mixture has reached a “flammability limit” and self-sustaining
combustion will cease at this point.

In order to calculate the exact location of this limit, it will be necessary to
use a much more refined theory of turbulent quenching than given here. The
limits shown in Figures 3-14 and 3-15 are therefore rather arbitrary and should
not be taken too seriously. In fact, with a certain amount of care, diffusion flames
can be produced in the laboratory with values of o greater than 9.
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Figure 3-15. Calculated stability boundaries for a 5-cm diameter
jet as a function of hydrogen and steam flow rates. Jet fluid
is at 200°C, the atmosphere is air at room temperature.
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Figure 3-15. Calculated stability boundaries for a 5 cm diameter
jet as a function of hydrogen and steam flow rates. Jet fluid
is at 200°C, the atmosphere is air at room temperature.
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4 Heat Transfer

The major effects of an unmitigated standing diffusion flame inside a reactor
containment will be due to the high thermal load imposed on the structure and
internal components. For example, a 1 kg/s hydrogen release rate is equivalent
to 120 MW of thermal power. If all of this energy is directly deposited into
the containment walls,? the average flux would be 1.7 W/cm? and the concrete
surface temperature would rise 250°C in 15 minutes.

In fact, concrete may spall under these conditions! and bare electrical cables
will pyrolize for fluxes above 2-4 W/cm? for these durations.? For components
within or directly downstream of the flame, the fluxes could be an order-of-
magnitude larger due to the convective transport from the high-velocity hot
combustion products.

Heat transfer from a fire in an enclosure is a complex subject. Much of our
current understanding is based on experiments to simulate fires within rooms
of buildings or separate experiments designed to examine one particular aspect
such as stagnation-point heat transfer from single, unconfined fires. Due to
the motivation of these experiments, natural-convection dominated (plume-like)
fires have been most extensively studied. By comparison, there is very little
information available on flame jet heat transfer; although there is some fairly
general information available on the associated problem of heat transfer from
heated jets. We shall utilize some of this information in our discussion below.

We have identified three generic configurations which would produce the
highest heat fluxes to the containment or internal components. In all of these
configurations, the heat transfer is dominated by convection from the hot com-
bustion products to an object (component) or structural element (ceiling, beam,
etc.). As shown in Figure 4-1, these configurations are: grazing or side-on in-
cidence. of the fire; direct impingement or stagnation-point transfer to a flat
surface; impingement on a pipe.

In addition to these configurations, there will always be an overall transfer of
energy from the hot atmosphere to the boundaries (walls and other surfaces) of
the containment. This large-scale convective heat transfer process is important in

TSimple models and experiments on room fires indicate that over 90% of the energy will be
deposited in the walls after an initial transient.
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determining the mean gas and wall temperatures and therefore the containment
atmosphere pressure. In fact, the majority of the energy generated by combustion
will be transported out of the gas by this process.

U U

(a) (b) (c)

Figure 4-1. Generic configurations for direct heat transfer from
diffusion flames: (a) side-on; (b) stagnation point; (¢) cylinder
cross flow.

While we recognize the importance of large-scale convective transport, our
experimental experimental facility is not set up to address this problem. Other
facilities such as the FITS tank at Sandia National Laboratories® or the dewar
used in the EPRI/NRC tests at NTS* are better suited to that type of investiga-
tion. On the other hand, the studies described below should be representative
of the most severe thermal environment that a component or surface directly in
the flame would experience.

4.1 Jets

There have been several investigations of heat transfer from jet flames
in the last two decades. Representative of these are: Anderson and Stresino,’
who investigated flames impinging on flat and cylindrical surfaces; Connolly
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and Davies,® who investigated heat transfer from premixed fuel-oxygen flames
to a blunt body; and Kilham and Purvis,” who studied stagnation-point heat
transfer from premixed hydrocarbon-oxygen flames. The last two investigations
used transient calorimeters together with velocity measurements to correlate the
heat transfer with a Stanton-Reynolds-number relationship. Primary emphasis
in these studies was on the influence of chemical reactions (i.e., recombination
induced by the cool heat transfer probe) on heat transfer. Variation of the heat
transfer with position in the flames was not considered in any detail.

Non-combusting jets have been investigated by Gardon and co-workers,® %10

Huang,!! and Donaldson, et al.'? These studies used either heated jets im-
pinging on cool surfaces or cool jets impinging on hot surfaces. Excellent cor-
relations of Nusselt and Reynolds numbers have been developed in these studies,
particularly in Donaldson, et al.'? The relationship between those results and
the results obtained in the present study is discussed below.

Due to the lack of general information on heat transfer in and above com-
busting jets, we have carried out a series of experiments on the different configu-
rations described in Figure 4-1. Stagnation point heat transfer has been examined
in the greatest detail and will be described first.

The stagnation point fixture consisted of an instrumented flat plate mounted
on a bracket attached to the translation stage. The plate was oriented normal to
the jet flow and could be translated from the jet exit to about 60 cm downstream.
The plate was 36 cm X 36 cm and consisted of (see Figure 4-2) an asbestos
layer 1 em thick, an aluminum mounting bracket 0.635 cm thick and a water-
cooled copper plate 0.317 em thick. A water-cooled Gardon (circular-foil) gauget
was mounted in the center, flush with the asbestos front surface. The gauge
cooling water was heated to 70°C in order to prevent condensation.

A Gardon gauge!® consists of a thin constantan disk welded to a cooled
copper body, see Figure 4-3. A small diameter copper wire is welded to the
center of the back surface of the disk to form an intrinsic thermocouple. When
the front of the gauge is heated, a radial temperature gradient is produced in
the disk. The voltage developed between the wire and the body is proportional
to the applied flux. The gauges used in the present study had disks about 3 mm
in diameter and the entire front surface of the gauge (about 2.5 cm in diameter)
was coated with a proprietary black finish of emissivity 0.95. Therefore, the sum
of the convective and radiative fluxes was measured. ‘

Model C-1301-A, manufactured by Hy-Cal Engineering, Santa Fe Springs, CA. The sensitivity
of the particular gauge used here was 0.32 millivolt per W/cm?.
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Figure 4-2. Stagnation-point heat flux fixture: (a) plan view;
(b) cross section.
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Figure 4-3. Gardon gauge: (a) plan view; (b) cross section.

A series of experiments was carried out at a fixed hydrogen flow rate of 75
slpm (0.11 g/s) and various steam or hydrogen flow rates from O to 140 slpm. The
0.635 cm diameter smooth nozzle was used throughout the tests. The gas was at a
temperature of 200°C for all experiments; the nozzle, plumbing and superheaters
were maintained at this temperature. The heat-flux gauge was positioned on the
centerline of the jet and measurements were taken in increments of 2.54 ecm from
10 to 60 cm downstream of the jet exit.
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Parameters of the flows investigated are given in Table 4-1. Steam flow
rates above 120 slpm were not used since the flame was highly unstable in that
regime. The parameters were calculated from the measured flow rates, the jet
exit pressure and temperature, and the thermophysical properties'* of the gases.
At the same molar dilution, jets diluted with steam had flame temperatures 5-
10% lower than those diluted with nitrogen. Note that at the same molar flow
rate, jets diluted with nitrogen will entrain 1.6 times as much atmosphere as
jets diluted with steam due to the higher mass flow rate of nitrogen. Both steam
and nitrogen dilution were investigated to determine if the added water from
the steam dilution had any effect on the hydrogen oxidation. As discussed below,
this does not appear to be the case.

Measured stagnation-point heat fluxes are shown in Figures 4-4 and 4-5 for
steam and nitrogen dilutions respectively. The undiluted hydrogen jet, case 1,
is also shown in Figure 4-5. Visual flame heights were estimated to be 20-30 cm
except for the undiluted jet, which had a height in excess of 50 cm.

The trend is for heat flux to monotonically decrease with both downstream
distance and dilution. Except for the undiluted jet (case 1), all cases are quite
similar and seem to obey the same relation between heat flux and distance.
That case 1 is exceptional is not surprising since, as pointed out above, the
measurements are in the region of combustion for most of the traverse. In all
other cases, the measurements are mostly above the region of combustion.

To gain further insight into the relationship between heat flux and down-
stream distance, the data have been replotted on a log-log graph in Figures 4-6
and 4-7. As shown, a linear relationship with the same slope for all cases (except
Case 1) is obtained. This indicates that a power-law relation of the form

g=Az"N (4—1)

applies. Hand-fitting a straight line to several of the cases yields an exponent
N of approximately 2.2 for both steam and nitrogen dilution. The exponent is
close to a value of 2, which we might expect on the basis of the jet scaling laws
presented in Chapter 1.

How can we explain or predict the simple form of Eq (4-1) and the values of
N and A? One technique, which has been quite successful for both nonreacting
jets'? and plume fires,!® is based on combining jet scaling laws (i.e., Table 1-1)
with stagnation heat transfer correlations developed for laminar flow.!® This is
a heuristic rather than a rigorous argument but is very useful for understanding
the form of Eq. (4-1).
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Table 4-1. Jet Parameters for Stagnation Heat Transfer Measurements

Case QD U R F T
(slpm)  (m/s) (K)

Pure hydrogen
1 0 82.5 1.5x10* 0.5x10* 2381

Steam dilution

2S 30 115.5 4.3 x10* 4.0x104 2186
3S 75 165.0 4.9 %104 1.4x10° 1926
4S 100 192.5 5.0 X10* 2.2x10° 1809
5S 120 214.5 5.1 xX10* 2.9x10° 1600

Nitrogen dilution

2N 30 115.5 4.9x10* 6.4x10* 2238
3N 75 165.0 5.4x10* 2.4x10° 2024
4N 100 192.5 5.5x10% 4.0x10° 1919
5N 120 214.5 5.6x10% 5.6x10° 1845
6N 140 236.5 5.7x10* 7.4x10° 1769

R = Reynolds number of jet exit flow '—jél

F =  Froude number of jet exit flow bﬁ%ﬁﬁ

T = temperature of a stoichiometric mixture of jet and atmosphere

fluid burned under adiabatic, constant-pressure conditions.
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Figure 4-4. Stagnation-point heat flux data from steam-hydrogen
jet flames in air. Conditions for the cases indicated are given
in Table 4-1.



4. HEAT TRANSFER 71

<
8
=
Q—
]
Q
=
VQ
%S
o o)
® [
Q C
ase 1
=°.
" &
9(-)(-.)‘9(
o
= i 1 1 L |

100 200 300 400 500 60.0 70.0
Downstream distance (cm)

Figure 4-5. Stagnation-point heat flux data from nitrogen-
hydrogen diffusion flame jets in air. Conditions for the cases
shown are given in Table 4-1.
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Figure 4-6. Heat flux vs distance data of Figure 4-4 replotted
on a log-log scale.
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In a stagnation point flow, the fluid velocity is zero at the center of symmetry
and increases linearly with distance (to first order) along the stagnation surface
(see Figure 4-8). The heat flux at the stagnation point is a function primarily
of the velocity gradient K and the difference between the fluid enthalpy in the
free stream and at the wall. For axisymmetric, laminar flow, the heat flux at the
stagnation point is given by:

0.1
g = 0.763Pr"°'6(veK)1/2(iji) (he — hw) (4—2)

where v is the kinematic viscosity, h is the enthalpy, Pr is the Prandtl num-
ber, the subscript e represents evaluation at the free-stream conditions and the
subscript w represents evaluation at the stagnation surface (wall) conditions.

In order to apply this to the present problem, we must correct for the
presence of turbulence in the free-stream flow and determine the fluid enthalpy
and velocity gradient K as a function of downstream distance in the flame jet.
If this is to be applied within the flame, corrections for the effects of chemical
non-equilibrium and surface-induced combustion may also have to be made.%7

For a flow impinging on a flat plate, the gradient K is determined entirely
by the free-stream velocity profile. Donaldson, et al., have determined the values
of K for noncombusting jets and obtained a unique relationship between K and
the local jet centerline velocity U, and half-width b,

K=1.13%3. (4—3)

Using this value of K in Eq. (4-2), Donaldson, et al., found that the calculated
values of q were within a factor of two of the experimentally measured values.

Based on this success and the similar success of You and Faeth ! in predict-
ing heat transfer from fire-generated turbulent plumes, we will attempt to use
this method on the present problem. To calculate the enthalpy as a function of -
position in the jet, a formula similar to that given for temperature in Table 1-1
will be used:

he — ha =(ho—ha)4§ (4—4)
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Figure 4-8. Stagnation point flow: (a) streamlines; (b) velocity
(outside the boundary layer) and pressure profiles along the wall.
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This formula can be derived by considering the energy balance for a jet in
which the enthalpy difference is much larger than the kinetic energy.

Combining Egs. (4-2) through (4-3) and utilizing the scaling relations of
Table 1-1 we obtain ,

¢ Q

T Hiset

q (4 —5)

where R is the cold (jet exit) Reynolds number and C is a constant that depends
on the technique used to evaluate the various property ratios that appear in Eq.
(4-2). Q is the effective heat release rate of the flame,

Q = nD?pU,(h, — h,) (4 — 6)

where k! is the enthalpy of a unit mass of jet fluid combusted with a stoichiometric
amount of atmosphere under adiabatic, constant-pressure conditions. For un-
diluted jets, Q is the same as the heat released by the hydrogen combustion,
0.177 kW per slpm of Hg. Dilution reduces this value by an amount linear
in the mass fraction of diluent.

Equation 4-5 reproduces the general features of the experimental data as
represented by Eq. (4-1). The reduction in Q with dilution agrees with the
trends shown for both steam and nitrogen dilution in Figures 4-4 and 4-5. The
exponent in the downstream distance dependence is slightly different in the
experiment, 2.2 vs 2.0 from this simple argument. The discrepancy is probably
due to neglecting the dependence of fluid properties (viscosity, Prandtl number,
etc.) on temperature in the steps leading to Eq. (4-5).

The comparison between the experimental data and Eq. (4-5) is also quan-
titatively favorable. For example, if we use the data of case 4S, we find that the
coefficient A of Eq. (4-1) is in the range of 1.3-1.4. The value determined from
Eq. (4-5) is in the range of 0.6-0.7. The factor of two difference is comparable to
that found by Donaldson, et al., for noncombusting jets.

4.2 Plumes and Intermediate Flows

Two recent investigations of the heat transfer to a ceiling above a fire
plume were reported by Zukoski, et al.'® and You and Faeth.!'® Zukoski, et
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al., used a 1-1.5 kW propane burner and deduced heat transfer from transient
temperature measurements on a thin metal ceiling. They correlated the data
with a dimensionless heat release parameter, a functional dependence determined
from a Stanton number, and turbulent plume scaling. However, the final result
for the heat flux at the stagnation point can be simply expressed as:

 Q
g=0C 2] (4—17)
where Q is the heat release rate of the fire, H is the height from the fire source
to the ceiling and C is an experimentally determined constant of order 1.

You and Faeth used a liquid-fuel wick burner (fuels used included methanol,
ethanol, 1-propanol and n-pentane) and transient calorimeter measurements to
determine the ceiling heat flux. They correlated their data using a theory similar
to that outlined in the previous section. Their final result is similar to Eq. (4-7),
but the constant has a weak dependence on the plume Rayleigh number. The
theoretically computed values of C vary from 0.7 for Q equal to 50 W to 0.35
for Q equal to 3 kW. The experimental results follow this trend with the usual
scatter and are consistent with Zukoski’s range of C values, 0.5-1.0.

The form of Eq. (4-7) is quite similar to our results for forced jet flames.
Common f[actors in both flows are: the power available for heat transfer is Q);
and, the width of both turbulent jets and plumes increases linearly downstream.
Therefore, by simple dimensional analysis, the characteristic stagnation heat flux
must be proportional to the power available divided by the flow area. This leads
immediately to a relationship of the form given by Eq. (4-7). The only remaining
question is: How does the constant C vary with the scale of the experiment? In
particular, does it reach a lower limit as the fire power Q is increased or does it
continuously decrease as predicted by You and Faeth?

In order to investigate plume fires in the present facility, experiments were
carried cut with several large-diameter burners. Our interest was to investigate
the scaling of stagnation heat transfer in the parameter region intermediate to
plumes and jets. As indicated in Figure 1-9, many reactor accident scenarios
could lead to fires in this regime.

The burners were constructed of pipe nipples of various diameters, see
Figure 4-9. In order to distribute the hydrogen flow uniformly, a 2.5 cm layer
of 4-mm-diameter glass beads was poured on top of a coarse mesh brass screen
inserted inside the pipe. These burners were simply placed over the existing
nozzles and sealed to the flange surface with Apiezon putty. Burner diameters
of 10, 5 and 2.5 ecm diameter were constructed by this method.



78

PIPE NIPPLE

WIRE SCREEN

GLASS BEADS7
® .,.

W P,
OSSN

DSIMDODY 2 RN

ORIGINAL JET NOZZLE&

Figure 4-9. Large-diameter burners constructed for plume fire
studies.

The hydrogen was supplied at room temperature, nominally 20°C. Initially,
the burners were also at this temperature but thermal feedback from the flame
raises the temperature to 50 — 100°C after 30 minutes of operation. The stagna-
tion heat flux instrumentation was the same as used in the jet flame experiments.

A test of the scaling law implicit in Eq. (4-7) is shown in Figure 4-10. These
data were measured at three different flow rates, 7.9, 15.8 and 31.6 slpm, in the
10 cm diameter burner. Parameters for these and other flows discussed below
are given in Table 4-2. Heat fluxes for the 7.9 slpm case shown in Figure 4-10
were multiplied by two before plotting; the data for the 31.6 slpm case were
divided by two. Also plotted is Eq. (4-7) with a value of the constant C equal
to 0.7 and a value of Q appropirate for a 15.8 slpm flow (2.8 kW). The good
agreement between the scaled experimental data and also with Eq. (4-7) indicate
the validity of the approach for buoyancy-dominated flames.

The cases discussed in Figure 4-10 have exit Froude numbers in the range of
6x10™* to 4x10~5. For these values, the flow is completely buoyancy dominated
and the results merely confirm the measurements of previous investigators. A
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more interesting and less well understood problem is the variation of the stag-
nation heat flux with burner diameter at a fixed flow rate.

Table 4-2. Parameters for Plume Fire Heat Transfer Measurements

Case Qmu, D U R F
(slpm) (cm) (m/s)
1P 7.9 10. 2.1 26.9 3.7x107%
2P 15.8 10. 4.2 53.8 1.5x10~4
3P 31.6 10. 8.4 108. 6.0x10~4
4P 15.8 5. 16.8 108. 4.8x1073
5P 15.8 2.5 67.3 215. 0.15
6P 15.8 0.635 1077. 860.7 157.
7P 15.8 0.159 1.7x10% 3443. 1.6x10°

This is shown in Figure 4-11 for burner diameters of 10, 5, 2.5, 0.635,
and 0.159 cm diameter and a fixed hydrogen flow rate of 15.8 slpm (Q = 2.8
kW). Except for the smallest diameter case, the fluxes at a given height show a
smooth increase with decreasing burner diameter. A range of Froude numbers
from 1.5 X 10™* to 1.6 X 10° is covered in the data of Figure 4-11.

A partial explanation of the variation with burner diameter can be obtained
with arguments similar to those used above to derive Eq. (4-5). If the inter-
mediate-Froude number buoyant jet scaling laws!” are used in Eq. (4-2), the
result is:

=CF0.075D0.15 Q
q RO5 2215

(4—8)

For a fixed flow rate, the Froude number varies like D3 and the Reynolds
number like D~! where D is the jet burner diameter.

The net result is that,

c @
9= po72s L2.15 (4-9)
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Figure 4-10. Comparison of scaled fluxes from three fires (7.9
slpm, 15.8 slpm and 31.6 slpm) on a 10-cm diameter burner.
Solid line is Eq. (4-7) with C=0.7.
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Figure 4-11. Stagnation-point heat fluxes vs downstream dis-
tance for five different burner diameters and 15.8 slpm hydrogen
flow rate. Conditions for the cases shown are given in Table 4-2.
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Numerical experiments with the data of Figure 4-11 (omitting the smallest
diameter case) suggest that the data can be represented by:

4= 7353 (4—10)

The result of scaling the data according to Eq. (4-10) is shown in Figure
4-12. Moderate agreement is indicated; evaluation of the accuracy of Eq. (4-10)
is complicated by the intrinsic unsteadiness of fire plumes. Even though 1000
individual measurements were averaged at each vertical station, there was a great
deal of scatter between two different runs with ostensibly the same fire. This is
indicative of the extreme sensitivity of these flows to external disturbances.

Relocating the experiment in a controlled environment would result in a
major improvement in the quality of the data. Some form of conditional sampling
may also be needed; clearly, adding more points to the average would not be
productive. By comparison, the flame jet data were very repeatable and only
100-200 data points were averaged at each vertical location.
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Figure 4-12. Data of Figure 11 (except case 7P) scaled accord-
ing to Eq. (4-10); individual fluxes were multiplied by (D/10.2)'/2,
t.e., scaled to the largest diameter. The solid line is equation
4-7 with C = 0.7.
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5 Discussion

This document reports work in progress and the results should be considered
with that in mind. One major accomplishment of this project has been the
identification of areas in which research is needed and in which a contribution
could be made. The original scope of this project was the entire field of diffusion
flame phenomena as applied to light-water reactor safety. Clearly, this was much
too ambitious a goal, especially when we consider the undeveloped state of
scientific knowledge on diffusion flames. A more restricted and well-focused effort
will be needed to make further progress of a substantial nature.

Toward this end, we list below a number of areas of ignorance which represent
specific research problems. This list is by no means comprehensive and as much
reflects the author’s prejudices as its does the needs of the reactor safety com-
munity and the NRC staff.

The issue of using intentionally produced diffusion flames (s.e., deliberate
flaring) to rid the primary system of hydrogen is separately addressed below. As
discussed below, the primary difficulty is in disposing of the energy produced by
the combustion. If a commitment is made to use deliberate flaring, we feel that
this problem could be readily solved by standard engineering methods.

5.1 The Threat from Accidental Breaks

A. Heat Transfer to the Containment

An obvious problem that was pointed out in the heat transfer section is that
all tests of the type described here are unconfined. A major mechanism for the
removal of the combustion-generated heat will be large-scale convection to the
containment interior surfaces in an actual reactor accident. A limited number
of diffusion-flame tests have been carried out at the EPRI/NRC experiment at
NTS. A concerted effort must now be made to interpret that data and try to
understand the heat transfer mechanisms. A program is underway at Sandia to
apply to this problem the methods used to analyze room fires.! This effort must
ultimately be linked to the existing reactor safety codes such as HECTR in order
to apply these methods to postulated reactor accidents.
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B. Supersonic Jet Stability

The results of a few preliminary experiments on supersonic flame-jets indi-
cate that the stability limits are much narrower than for subsonic jets. These
results have been confirmed in a general way by experiments at NTS.%2 However,
some very sketchy results by Soviet workers indicate that for extremely high
pressure ratios (see References 13 and 14 of Chapter 3), the flame recovers its
stability. In addition, they hypothesize that the flame is unconditionally stable
for all flow rates when the burner is larger than a critical diameter.

Such a result would have extremely important ramifications for reactor
safety analyses. However, there does not exist a rigorous theory or good ex-
perimental data on supersonic flame-jet stability. Experiments that have been
done to date are also at very low pressure ratios compared to what one might
expect in PWR accidents. Without a verified theory or scaling analysis, the ex-
trapolation of these results to reactor situations is of dubious validity.

C. Influence of Steam in the Containment Atmosphere

Experiments on diffusion flame characteristics have almost always been
conducted in air. To analyze the effect of ambient steam, extensions to empirical
flame length and stability theories have been proposed but are untested. A
limited amount of information could be gained by examining the results of the
NTS experiments, but a systematic investigation of this effect should be carried
out.

D. Scaling of the Radiant Heat Flux from Jet Flames

Even though the radiant flux from hydrogen flames is estimated to be only
5-15% of the total power output, it can be an important source of heat for
those surfaces which are not in the main convection paths. Radiant flux from
plume fires can be adequately characterized (for engineering purposes) as a fixed
fraction of the total flame power output.

Very little work has been done to establish the corresponding relationship for
jet flames. The situation is particularly uncertain due to the large and correlated
fluctuations of temperature and concentration in a turbulent diffusion flame. An
enormous amount of effort has gone into characterizing the radiation from rocket
plumes, where the difficulties are comparable.

E. Modelling of Entrainment for Jet Flames

Further progress in evaluating the threat of diffusion flames to containment
integrity will certainly require modelling of diffusion flames in some fashion. Even
the most elementary integral model requires the entrainment and burning rate
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as a function of position or momentum flux. Presently, the models use some
variation of the noncombusting entrainment law first proposed by Ricou and
Spalding® or the differential form introduced by Taylor, et al.*

Application of this law to combusting flows is a leap of faith which many
are willing to make. To place the modelling on a firm basis, an experimental
investigation similar to that made by Zukoski, et al® for plumes should be
undertaken for jets. With such an experimental underpinning, a simple integral
model like that proposed by Tamanini® would be an extremely useful tool.

F. Large-scale Plume Fires

The limiting behavior of very large plume fires is an unsolved problem.
The largest laboratory plume fires that have been investigated to date had heat
release rates of several hundred kilowatts. It is a large step up to the 10-100
MW range postulated for reactor accidents. In particular, do the stagnation heat
flux and centerline temperature follow strict Froude scaling? The alternative is
a more complex behavior that will make the interpretation of the upcoming
experiments’ on burning in the wetwell of BWR Mark III nuclear plants more
difficult.

G. Plume Fires above Distributed Sources

In a hydrogen-producing accident for a BWR Mark III nuclear plant, hydro-
gen will probably be released to the containment atmosphere through spargers
located under the surface of the suppression pool. The gas flow will come up in a
cloud of bubbles which burst at the surface and cause a great deal of motion at
the pool free surface. This highly unsteady, distributed source is very different
from the spatially continuous sources used in laboratory plume-fire experiments.

Entrainment may be greatly enhanced by the bubbly gas flow. Since almost
all features of plume fires are dominated by the entrainment, the usual scaling
laws may not apply. While some questions relating to this problem will be
answered in the upcoming tests to be conducted by Factory Mutual Research
Coporation, it may be desirable to separately investigate this question.

5.2 Practicability of Deliberate Flaring

In order to make deliberate flaring inside reactor containments practical,
several conditions must be met. The concept itself is sound, the technique has
been used for many years in the petrochemical industry both as a routine method
for eliminating waste by-products and as an emergency measure for relieving
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dangerous pressure build-up in storage vessels. A comprehensive review of the
practical aspects of flaring can be found in the recent article by Brzustowski.®

Typical flow rates for process (routine) flaring are 10 to 100 kg/s and the
flame power output is on the order of 1 to 10 MW. During emergency flaring,
flow rates can reach 10*kg/s with peak flame power outputs of 1000 MW for a
duration of several minutes. Flare stacks are 0.5 to 1.5 m in diameter and from
20 to 50 m high. There are three principal commercial vendors in the USA and
several design guides available for aid in choosing the proper design.®

From the information given above, it would appear that there are no major
obstacles to employ flaring inside the reactor other than the thermal load that
the flame would impose. Even the presence of steam in the flow does not appear
to be a problem. In order to reduce sooting, steam is routinely mixed (in mass
fractions of up to 0.5) into hydrocarbon gases before being flared. However,
there are some important factors that should be considered when assessing the
feasibility of deliberate flaring inside reactor containments; these are listed below.

A. Specific Situations in Which Flaring Could Be Used

The accident situations in which flaring would be useful are somewhat
limited. In order to vent the hydrogen through the flare, some recovery must
have taken place and control over the reactor’s cooling system re-established.
The flare stack will probably be equipped with a pilot burner to assure the
continuous combustion of the deliberately released hydrogen. Operation of this
pilot light could result in the initiation of a deflagration inside the containment
if a combustible mixture was present. This is real concern, since the reactor
has obviously been through some kind of a LOCA and possibly has a degraded
core if deliberate flaring is being considered. Deliberate ignition systems have
been installed in some reactors; these could eliminate this problem if they are
operational throughout the accident. If a pipe break has occurred, only partial
mitigation will be possible through flaring since some hydrogen will enter the
containment through the break.

B. Heat Removgl

The success of deliberate flaring will depend on the ability to remove the
heat generated by the combustion of the hydrogen. A simple solution to this
problem is to limit the flow rate of hydrogen and utilize the existing sprays and
fan coolers present in most reactor containment buildings. If necessary, these
systems could be augmented by a special cooling system (e.g., water sprays
immediately downstream of the flame) attached to the burner.
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C. Flame Stability

The mixture being deliberately released from the primary system will con-
tain a large amount of steam. As discussed in Chapter 3 of this report, hydrogen-
steam jets with steam/hydrogen ratios (molar) much greater than 9 are difficult
to burn as a stable diffusion flame. The presence of accident-generated steam
in the containment atmosphere will only exacerbate this problem. Reducing the
steam mole fraction in the flow going to the burner and supplying a continuous
ignition source (pilot light) are two techniques for circumventing this problem.
The steam mole fraction could be drastically reduced by simply bubbling the
gas from the primary system through a cool pool of water. If the flow rate was
low enough, the steam partial pressure would be limited to that given by the
pool temperature.
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Appendix A

Laminar Burning Velocity Computations

In this appendix, we give the results of laminar flame speed computations
for premixed hydrogen-air-steam mixtures. These calculations were done with
the computer code written by Smooke.! This code determines the laminar flame
speed as an eigenvalue of the one-dimensional, steady-state reacting-flow equa-
tions. Diffusion of species, momentum and heat are incorporated in the code and a
comprehensive reaction scheme is used. The only approximations are the neglect
of radiative heat transfer and the assumption of constant pressure throughout
the flow. An iterative, two-point boundary value scheme with adaptive grid-
ding is the numerical technique used to solve the equations; details are given in
Reference 1.

The reaction mechanism is the hydrogen-air portion of the acetylene oxida-
tion mechanism proposed by Miller, et al.? The mechanism and reaction rate
constants have been validated by numerous other investigations. A temperature
profile and major species profiles are shown in Figure A-1 and Figure A-2 for
309 hydrogen in air at 300 K. These profiles are typical of those for all the flame
calculations we have done.

We have carried out a large number of calculations to determine the sen-
sitivity of burning velocity to initial temperature, steam mole fraction and hy-
drogen concentration. The results of some of these calculations are shown in
Figures A-3, A-4, and A-5. Calculated burning velocities are compared to the
correlation developed by Liu and MacFarlane® from their experimental data.

In Figure A-3, the variation of burning velocity with hydrogen concentration
is shown for dry hydrogen-air mixtures at 300 K. In Figure A-4, the variation of
burning velocity with steam dilution is shown for a stoichiometric hydrogen-air
mixture. The mixture is at a temperature of 400 K and the equivalence ratio is
fixed (s.e., does not depend on the diluent fraction). In Figure A-5, the variation
of burning velocity with initial temperature is shown for a stoichiometric mixture
of dry hydrogen-air.

Note that the correlation obtained by Liu and MacFarlane was developed
from a very limited data base (steam concentrations less than 15% and tem-
peratures between 300 and 520 K) and our use of their results involves a large
extrapolation. However, the comparison between the correlation and the present
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calculations is favorable; the “data” are consistently higher than the calculations.
This is typical of practically all experimental results on hydrogen-air flames and
Dixon-Lewis? has suggested that this is due to systematic errors in the data
reduction process.

The most comprehensive set of calculations were done for hydrogen-air-
steam mixtures with 30 and 42% hydrogen in air, steam fractions ranging from
0-50% and initial temperatures from 400 to 900 K. Calculations were done at
429 hydrogen since that is where the maximum in burning velocity occurs for
room temperature mixtures. In both sets of calculations, the hydrogen-air ratio
(equivalence ratio) was held fixed as the steam fraction was varied. Results are
shown in Figures A-6 and A-7 .
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Figure A-1. Calculated reaction zone temperature profile for
a stoichiometric hydrogen-air mixture initially at 300 K.
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Figure A-3. Comparison between calculated (Sandia) burning
velocities and extrapolated (Liu-MacFarlane) experimental data.
Dry hydrogen-air mixtures initially at 300 K.
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Figure A-4. Comparison between calculated (Sandia) burning
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Hydrogen-air mixtures initially at 400 K diluted with steam; the
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Figure A-5. Comparison between calculated (Sandia) burning
velocities and extrapolated (Liu-MacFarlane) experimental data.
Dry hydrogen-air mixtures (stoichiometric).



100

10.0 15.0 20.0
T

Burning velocity (m/s)

5.0

L ] ] L

0.0

00 100 200 300 400 500
- Steam concentration (%)

Figure A-6. Calculated burning velocities for hydrogen-air-
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steam concentrations.
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Appendix B

Autoignition

In degraded core accidents, the vaporized coolant present in the primary
system will be at a high temperature, from 500-1000 K. A hydrogen-steam
mixture at these temperatures could spontaneously ignite when released into the
containment atmosphere. This phenomena is referred to as “autoignition” and
the conditions under which it occurs are the subject of this appendix.

Autoignition of diffusion flames is not an extensively researched subject.
Other than some early work by Zebetakis,! the only discussions we are aware of
are by Soviet scientists. The basic result is that the jet temperature must exceed a
certain limiting value for autoignition to occur. This critical temperature is found
to be a function of the jet velocity and composition as well as the containment
atmosphere composition and temperature. For dry hydrogen jets in air, Zebetakis
measured a minimum autoignition temperature of 930 K.

We have attempted to measure the autoignition temperature for hydrogen-
steam jets in our small-scale facility. Unfortunately, there was a large amount of
scatter in our results and a definite limit could not be established. This failure
is probably due to deficiencies in our apparatus. Specifically, the nozzle of the
jet was not maintained at a constant temperature. We were able to verify that
hydrogen jets at temperatures above 900 - 1000 K would spontaneously ignite.

Heat transfer from the diffusion flame would raise the temperature of the
nozzle, making it difficult to fix the jet temperature at a known value. In addition,
the facility was designed for steady-state operation and the flow rates would
undergo large excursions during startup. With an improved apparatus, we believe
that the autoignition limit could be experimentally determined as a function of
jet steam concentration over a range of jet velocities.

The most important parameter for autoignition studies oriented toward
reactor safety is the pressure ratio (jet stagnation pressure/atmosphere pressure).
This parameter determines the overall structure of the flow, and as discussed
below, the characteristic mixing time of the jet fluid. A complete study should
examine pressure ratios from 1 to 200, with the upper end of this range being
more applicable to most degraded core accidents.

A simple theory of autoignition can be developed along the lines of the
blowoff correlation discussion in Chapter 3. The fundamental idea is the same:
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the autoignition limit is determined by the competing effects of mixing and
chemical reaction.

There is a characteristic time for chemical reaction, T,, and a characteristic
time for the jet fluid to mix with the atmosphere, T,,. The autoignition limit is
determined by a fixed ratio of these characteristic times; the value of this ratio is
an empirically determined constant. The reaction time can be estimated by the
methods of Chapter 3 or by calculating the time required for a stoichiometric
mixture of jet and atmosphere fluid to react at constant pressure. An example
of the results of such a calculation are shown in Figure B-1; the characteristic
reaction time is plotted against mixture temperature for various steam fractions.

Note that both decreasing mixture temperature and increasing steam frac-
tion result in increasing the reaction time. The longer the reaction time is for
given mixing time, the less likely the jet is to autoignite. The predicted trend
agrees with our intuition and suggests the effect of steam is important. Zebetakis
measured the minimum jet temperature for autoignition as a function of steam
concentration in subsonic jets. He found that the minimum temperature in-
creased from 930 to 1090 K as the steam concentration was varied from 0 to 60
9. This is in quantitative agreement with Figure B-1 if the critical reaction time
scale is equal to 5 x 107 second.

The characteristic mixing time of the jet fluid will depend on the jet struc-
ture. For turbulent subsonic jets, the characteristic time will be given by the
ratio of the jet diameter to the exit velocity. This value can be estimated by
the jet scaling rules discussed in Chapter 1. If the jet velocity is low enough
at the exit, the mixing process may be dominated by molecular diffusion and
the autoignition temperature will depend on steam concentration alone. This
appears to be the situation in the experiments of Zebetakis. For sonic and super-
sonic jets, the characterisitic time will be determined by the ratio of the mixing
layer thickness to the velocity difference across the mixing layer, see Figure 1-5.
These parameters can also be estimated (some calculation is required for each
individual case but the methods are straightfoward).

A combination of experimental and theoretical investigation as outlined
above should help resolve this issue and enable prediction of autoignition limits
for steam-hydrogen jets. Some consideration should also be made as to the
influence of the atmosphere composition and temperature on the autoignition
limits. Experimentally, this could be accomplished by surrounding the jet with
an artificial atmosphere composed of air and diluent (nitrogen or steam).
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Figure B-1. Characteristic reaction times for stoichiometric
hydrogen-air mixtures diluted with steam. Calculation was carried
out at constant pressure and the characteristic time was deter-
mined by a 109 rise in temperature.
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