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ABSTRACT

A new blowdown facility to study mixing and combustion in a turbulent shear
layer has been built. The system is capable of 100 m/s for three secondsin a5
X 20 cm exit area on the high speed side, and 50 m/s in a 10 x 20 cm exit area
on the low speed side. Dilute concentrations of hydrogen and fluorine, carried
in an inert gas, react when both fluid streams meet at the tip of a splitter plate.
The reaction is spontaneous, rapid, and highly exothermic. The resulting tem-
perature field has been studied using a rake of eight fast response thermome-
ters placed across the width of the layer. Runs have been performed for low
heat release over a wide range of equivalence (concentration) ratios, at a Rey-
nolds number of 30,800 based on velocity difference and vorticity thickness. The
heat release is sufficiently low so that the overall properties of the mixing layer

are not significantly changed from the cold case.

The results show the presence of large, hot structures within the flow
together with cool, irrotational tongues of freestream fluid that penetrate deep
into the layer. Thus, it is possible for the entire width of the layer to be quite
hot, owing to the passage of a large structure, or for the layer to be quite cool,
owing to the presence of the cool fluid tongues. The mean temperature results
from a duty cycle whereby a given point in the flow sees alternating hot and cool
fluid which averages into the local mean. The mean temperature profiles do not
achieve the adiabatic flame temperature at any location across the layer, with
the maximum mean temperature, depending upon the equivalence ratio, varying
from 54% to 67% of the adiabatic flame temperature. The location of the max-
imum mean temperature shifts by about 25% of the visual thickness of the layer

for a change of equivalence ratio by a factor of 64. The amount of product



formed in the layer is compared to earlier measurements in water, and, it is
found that at a speed ratio of 0.40, there exists 20 to 25% more product in gase-
ous flows, implying that molecular diffusion, or in nondimensional form the
Schmidt number, plays a role in mixing at large Reynolds number. The present
results compare favorably with the recent theoretical model of Broadwell and
Breidenthal for mixing and chemical reaction in a turbulent shear layer. With
this model it is possible to bring the results for gases and liquids into quantita-

tive agreement.
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Chapter 1

Introduction

1.1. Background

Turbulent shear layers have been studied for several decades. The discovery
of large scale structures in turbulent shear flows has resulted in considerable
experimental and theoretical activity in this area. More recently, mixing has
been the quantity that has received most attention because of its importance
to several technological areas. This research should be viewed as a continuation
of previous work performed here at CALTECH, such as Brown & Roshko [1974],
Konrad [1976], Dimotakis & Brown [1976], Breidenthal {1978], and Bernal [1981]
and also the similar experiment of Wallace [1981] in Australia. The major
difference between this investigation and the earlier work is that the mixing
layer is undergoing combustion with simultaneous heat release. It is anticipated
that the large structure dynamics which have already been shown to be quite
important in the cold cases will continue to be important when combustion

takes place (Ganji & Sawyer [1980], Wallace [1981]).

The experimental facility has been designed to be capable (ultimately) of
maximum flame temperatures of 1000°K above ambient, but the present work is
performed for low heat release with maximum flame temperatures of 165°K
above ambient. The present aim is to study mixing and product formation in
the limit of low heat release to achieve a more basic understanding of these
phenomena, and to provide part of the data base to which the higher heat
release cases will be compared. It should also be noted that this research is
similar in both concept and design to that of Brown & Wallace (see Wal-

lace[1981]), the major differences being that the present experiment is capable



of higher heat release, higher Reynolds number and faster chemistry.

The turbulent mixing layer is perhaps the simplest turbulent flow. Both the
initial vorticity and geometry are two dimensional and the initial vorticity is
essentially of one sign. The flow is well documented, and occurs in many practi-
cal combustor designs. By adding to both streams, low concentrations of vari-
ous reactants which release heat spontaneously and rapidly, it is possible to
study the amount of product formed due to molecular mixing (see Figure 1).
Problems of flameholders and igniters are eliminated, and it now becomes possi-
ble to investigate, in an incremental fashion, the effects of heat release upon the
flow itself. It is also possible to investigate the effects of equivalence (concentra-
tion) ratio in a straightforward manner. The present experiment uses hydrogen
and fluorine (together with trace amounts of nitric oxide, for proper ignition) to
achieve this end - the reaction is simple, fast, highly exothermic and well docu-
mented. Thus the present experiment should be viewed as an attempt to address
the more general and difficult problem of turbulent mixing and combustion in a
manner in which the fluid mechanics and chemical kinetics remain tractable. In
fact, it is thought that if any problem in turbulent combustion holds the hope to

analytic or computational success, then surely this must be it!
The aims of the research program were as follows:

1. Design and construction of a facility capable of high Reynolds number and
high heat release.

2. Increase understanding of the turbulent mixing process.

3. Systematic investigation of the effects of heat release upon the mixing layer
and also the effect of Reynolds number.

4, Comparison with predictions based on Konrad's measurements.

5. Comparison with theoretical models, in particular, with the recent

Broadwell-Breidenthal model for mixing and chemical reaction in a



turbulent shear layer.

The Broadwell-Breidenthal [1981] model is an idealization, in which the tur-
bulent mixing layer is decomposed into three types of fluid: (1) unmixed pure
reactants, (2) a homogeneous mixture at the entrainment ratio, and (3) in
strained laminar diffusion layers (flame sheets) between the free stream fluids.

It will be discussed further in Chapter 3.

1.2. Chemical Reaction Method

Breidenthal [1978] has pointed out that the amount of molecular scale mix-
ing in a turbulent shear layer between two streams can be measured in at least
two ways: the passive scalar technique consists of introducing a passive scalar
contaminant into one stream and measuring the local concentration as a func-
tion of time. If the probe sampling volume is small compared to the smallest
concentration scales then it is possible to measure the true local concentration
and to infer the molecular scale mixing at that point (Toor [1962]). If however
the sampling volume is too large, concentration fluctuations will be smoothed

out and the inferred amount of mixing or product will be overestimated.

The second technique is to use a method whereby the mixing at the molecu-
lar level is displayed macroscopically in some conveniently measurable fashion.
Such a process is a second order chemical reaction of the type A + B » P. Thus
if dilute reactant A is added to one stream and dilute reactant B is added to the
other and, if they react rapidly and irreversibly to form reaction product P, then
the amount of product formed is just equal to the amount of molecular mixing
at the reaction equivalence ratio. In contrast to the passive technique, a finite
sampling volume does not inherently overestimate the amount of mixing. For a
simple, irreversible reaction the total amount of mixed fluid within the sampling
volume is just equal to the amount of product there, independent of the size of

the sampling volume.



Konrad [1978] used the passive scalar technique together with a concentra-
tion probe (see Brown & Rebollo [1972]) for measuring purposes. Breidenthal
[1978] was able to approximate the irreversible reaction with a reversible one

using Phenolphthalein and sedium hydroxide, i.e.,

Phenolphthalein + 2(0H)™ - red product, (1.1)

which was probed by measuring the attenuation of a beam of green light. In the
present investigation, the irreversible reaction is approximated to high accuracy

by the reaction

- kcal
Hg + Fg» 2HF, AQ = =130 ole (1.2)

This reaction is sufficiently energetic that 1% Fj in nitrogen and 1% Hj in nitro-
gen will produce an adiabatic flame temperature of 93°K above ambient (for this
work, the adiabatic flame temperature is defined as the temperature obtained if
both reactants burn to completion, adiabatically, at constant pressure). Thus,
dilute concentrations pr.oduce significant temperature rises. As shown in
Appendix B, the reaction actually consists of two second order chain reactions

with chemical times that are fast compared to the fluid mechanical time scales.

1t should also be stated that while a long term goal of the present studies is
to investigate the effect of heat release on the mixing layer, the present results
are entirely at the low heat release end of the spectrum where the heat itself
serves to label the molecularly mixed fluid, so that in this work, heat release and
product formation are analogous. It is believed that the present results will
assist in the understanding of turbulent mixing and also serve as a data base to

which the higher heat release cases can be compared.



The simple physical ideas contained in the Broadwell-Breidenthal model,
together with their implications, guided the experiments which were performed
at a fixed Reynolds number, with low heat release, for a wide range of
equivalence ratios. Chapter 2 gives a description of the experimental faci_lity
and measuring techniques, while Chapter 3 presents the results of the investiga-

tion together with some comparisons to other work.



Chapter 2

Experimental Facility and Instrumentation

A considerable amount of effort was directed at the unique problems encoun-
tered in designing a system for use with hydrogen and fluorine. The design was
started originally by B. J. Cantwell, and completed under the guidance of G. L.
Brown. Running and instrumentation problems were addressed with the help of
P. E. Dimotakis and J. E. Broadwell. Since fluorine is a highly reactive element,
proper handling at all times is of prime importance. Schmidt [1967] and Bond
et al. [1979] provided much information on which the design was based. In addi-
tion, important specific advice was provided by the Propulsion Systems Section
of the Jet Propulsion Laboratory, California Institute of Technology and by the
Applied Technology Division of TRW. It must be mentioned that great care was
also required in the safe handling of hydrogen owing to its wide flammability
range. Appendix A contains a discussion of some important considerations in

handling both gases.

2.1. Flow Apparatus and Exhaust Treatment

The apparatus is a blowdown facility similar to that designed by Wallace
[1981] in Australia, but with Reynolds number capability similar to that of the
Brown-Roshko [1974] gas facility. The latter can operate at eight atmospheres
pressure but the present design operates at one atmosphere pressure and this
necessitated a larger test section. The design goals were 100 m/s for 3 seconds
on the high speed sideina 5 x 20 cm. (2 x 8 inch) exit area. The low speed exit

area is 10 x 20 cm. (4 x B inch) with a maximum speed of 50 m/s.

Figure 2 shows the layout of the laboratory. Because of the toxicity and reac-

tivity of fluorine (Appendix A), on the one hand, and the flammability of



hydrogen on the other, safety was a prime concern and some safety features are

evident in this figure.

The facility operates in the following way: By using a fixed mixing volume and
a partial pressure technique, a given concentration of fluorine in some inert gas
(e.g. nitrogen, helium) is loaded into the left reactant vessel (20 cubic feet
volume). This charge is contained in a gas tight FEP teflon bag within the vessel.
The teflon bag was made by heat sealing sheets of .005 inch teflon on a commer-
cial heat sealer (Accuseal, model B3). The outside of the bag is connected, via a
butterfly valve and a check valve, to'a very large surge tank (450 cubic feet
volume) containing pressurized nitrogen. The surge tank provides the flow that
is neccessary to collapse the teflon bag and thus displace the reactant charge
during a run, while still maintaining an essentially constant upstream stagna-
tion pressure. A similar technique is used to load a charge of hydrogen in its
inert carrier gas into the right reactant vessel. Figure 3 shows the reactant
vessels, The lower line (visible at the bottom of the photograph) links both reac-
tant tanks to the surge tank. The flow is started and stopped by means of fast-
acting globe valves (~ 509 msec) rwhich serve as the main opening valves. Each
gas stream is metered by a sonic valve which consists basically of a moveable
stainless steel piston that controls the open area of eight 1/8 inch wide slots at
which the flow remained choked during the course of a run. Micrometer posi-
tioners were used to accurately position the piston and thus control the flow
rate through each valve. Each stream then enters a noise suppression section
which consists of a length of eight inch diameter stainless steel pipe containing
aluminum perforated plate and a one inch thick section of densely packed

aluminum screen.

The contraction section is 27;—inches high by 46%— inches long by 9%— inches

wide and, for compatibility with fluorine, is made of TFE teflon bonded to



aluminum with a special viton adhesive (Products Research and Chemical, PR-
1710, PR-1730. This adhesive was suggested by Clifford Moran of JPL). Curved
and straight stainless steel perforated plates were used to expand the flow from
circular to rectangular sections at the contraction box entrance. In addition,
four screens were used (40 and 80 mesh monel, 50% open area) together with a
8:1 contraction ratio on the high speed side and a 3:1 ratio on the low speed
side. The high speed contraction length to inlet height ratio of 2.5 meets the
flow non-separation criterion suggested by Chmielewski [1974]. The splitter tip
was removable and was made of 303 stainless steel, with an included angle of
3.78 degrees. These features produced good flow quality with a turbulence level
measured at 95 m/s to be less than 1/3% rms, and about twice this value at 22
m/s, the speed at which the present runs were conducted. Figure 4 shows a side

view of the facility, while Figure 5 shows a sketch of the contractions.

The test section was made almost entirely of 316 stainless steel and pyrex
glass (Corning, borosilicate 7740). Both were chosen for thermal, chemical and
mechanical toughness. The vertical sidewalls, through which the flow was
viewed, consisted of 1 inch thick pyrex sheet together with an inner, replaceable
1/8 inch sheet vof pyrex. This inner sheet becomes etched in time by hydrogen
fluoride and sodium hydroxide and is replaced periodically, while the outer
sheet supports the load when the system is evacuated. The adjustable sidewalls
were either 3/16 inch pyrex or nickel plated aluminum. The top and bottom
sides of the test section box consisted of 1 inch plexiglass and were buffered
from fluorine by a slow nitrogen purge during the run sequence. The overall
length of the section is 30 inches. The useable length, in which the flow can be
studied, is 20 inches. Figure 8 shows a closeup of the test section with the

splitter tip visible on the left.



Once the flow exits the test section, the hot, toxic exhaust gases enters a 20
inch diameter stainless steel duct (visible on the right of Figure 4) and are
washed on the fly, by a high pressure spray system (600 psi, 12 gpm).b A similar
technique has been used by Thayer et al. [1978] oa work involving a pulsed HF
laser. The water droplets contain 10% sodium hydroxide and enter via a set of
49 stainless steel atomizing nozzles (Spraying Systems Co., type 7N) which were
chosen to produce mean diameters of approximately 100 microns. The droplets
both cool the flow (by vaporizing) and partially neutralize the hydrogen fluoride
and unburnt fluorine. The exhaust gases then travel vertically through another
duct and are collected in two, large FEP teflon catch bags (.005 inch thick, heat
sealed sheets). Each bag is 14 x 14 foot for a combined total capacity of about
400 cubic feet. Figure 7 shows the vertical duct and teflon catch bags. The col-
lected gases are then backpurged, using an air ejector pump, through a sodium
hydroxide scrubber system to remove remaining toxins, and the inert carrier
gas and unburned hydrogen are discharged to the atmosphere. Finally, the
spent liquid from the sodium hydroxide spray system, which contained sodium
fluoride is treated with calcium oxide (soda lime) to precipitate out any calcium
fluoride. The remaining liquid is neutralized to a pH of seven and then

discharged.

In general it is possible to achieve good repeatability from run to run. The
most serious problem stems from the fact that the lab is neither heated nor
cooled, and contains a natural ventilation system (for hydrogen safety). Conse-
quently, the lab temperature remains close to the outside ambient temperature
with a few hours time delay. As a result the hydrogen and fluorine, which are
stored outside the building (in the interest of safety), and the inert gases used
for the loading sequence (using the partial pressure technique) can be at
different temperatures. If no corrections are made, it is estimated that a 3%

difference in absolute concentration is possible on similar runs made on cool
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(15°C) or hot (25°C) days, while the concentration ratio is probably unaffected.

In any event this error was considered acceptable for the purposes of this work.

2.2. Instrumentation

There were four main types of data recorded during the course of a run.
These were: pressure gradient, photographs, velocity and temperature. Each of

these will be described below.

2.2.1. Pressure Gradient. The static pressure was sensed at two points
(z = 3, 12 inch) on the low speed sidewall and applied differentially across a
fluorine resistant barocell pressure sensor head (Datametrics, model 573). The
signal was recorded on a strip chart during the run. In general, the pressure
gradient changes with each different value of heat release, but, it was relatively
straightfoArward after a few early runs to estimate and set the proper wall diver-
gence, required for zero pressure gradient, before a given run. Based on the
measured pressure gradient the low speed velocity is estimated to be constant

along the length of the test section to within 1.5% for all runs.

2.2.2. Photography. During a run, with the room darkened, a weak yellowish
orange glow (chemiluminescent overtone emission of excited HF') could be seen
with the naked eye. This was photographed for some runs (8 second time expo-
sure) to provide information on the virtual origin, visual thickness, ete. Addi-
tionally, a simple shadowgraph system was employed which consisted of a spark
source (4 usec duration) placed 88 inches from the centerline of the test sec-
tion. The image was recorded on a sheet of 8 x 10 inch film held against the
sidewall glass. The shadowgraph could show no information in the constant den-
sity (nitrogen-nitrogen)case but revealed the usual large scale structure in the

variable density (helium-nitrogen) case.
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2.2.3. Velocity. (Most of the work in this section was performed by J.C. Her-
manson) The mean velocity was measured by a rake of 15 pitot probes located
across the layer. The probes were made from a length of .085 inch diameter
stainless steel tubing and were spaced 0.30 inch apart. The total pressures were
balanced against the test section static pressure in a miniature, critically
damped manometer bank containing a fluorocarbon oil as the sensing liquid
(Hooker Chemical, FS-5). The settling time was approximately 3 seconds. The
manometer bank consisted of 17 glass tubes (3 mm. ID) connected at their base
to a common reservoir. The two outer tubes were connected to the test section
static port (located at the z = 17 inch station on the low speed sidewall) while
the 15 inner tubes were connected to the pitot rake. Thus, any difference in
height of the sensing liquid between the outer and inner tubes represents the
mean dynamic head. The bank was photographed during a run by a motor
driven camera. Several frames were subsequently digitized on the HP9874 digi-
tizer, averaged, and converted to a velocity profile. This system is compatible
with fluorine and hydrogen, is relatively inexpensive and requires neither

traversing mechanisms nor scanivalves.

The average Velocity in the streamwise direction was obtained from the pitot

tubes and manometer bank using the measured local average temperature and

the relation

1

U= {zRT(p,—p)/p B (2.1)

where

p = test section static pressure
p: = stagnation pressure

T =local mean temperature

R = gas constant of carrier gas
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A non-linear least squares curve fit using a functional representation of the type
Uly)=bstanh(b; + by + bsy® +by?) + bg (2.2)
was applied to the data to produce the mean velocity profile.

2.2.4. Temperature. The temperature was measured by a rake of eight cold
wires operated in the constant current mode, i.e. as resistance thermometers.
The spacing between probes was 0.38 inch. A temperature rake has been used
previously by Fiedler [1974] and Rajagopalan & Antonia [1981] to investigate a
mixing layer in which one stream was slightly heated with respect to the other.
Figure 8 shows a sketch of a typical wire (these wires were designed and built by
C. E. Frieler). It consists of a length of 2.5u diameter platinum / 10% rhodium
wire that is welded to a pair of .014 inch diameter inconel prongs which are
contained within a dual bore ceramic tube (Al;03) and 3186 stainless steel outer
protective sheath. It was decided to use platinum/rhodium instead of platinum
because of its greater strength (factor of 2 in Young's modulus), while accepting
the penalty of reduced sensitivity (factor of 2 in temperature coefficient of resis-
tance). The wires were wélded to the prongs, rather than soldered, in order to
reduce possible thermoelectric effects at the junctions. Each wire has an overall
length of approximately 1.5mm, for an aspect ratio of 600 and a typical resis-
tance of 50 ohms. The simple circuit of Figure 9 provided 0.4mA constant
current through each wire and was used to measure changes in wire resistance
due to heating by the flow. It is estimated that under natural convection (a
worst case) the electrical heating causes a temperature rise of less than 0.2°K,
which is negligible compared to the temperatures of interest in the flow, and
hence the probe sensitivity is velocity independent. This is not to be confused
with the response time of the probe, which by King's Law remains velocity depen-

dent as discussed in Appendix C. If we neglect the slight overheat and the slight
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non-linearities in the temperature coefficient of resistance it can be shown from
Figure 9 that the voltage change, AV, for a given temperature rise, AT, is given

by
AV/AT = IaRg(1+G) (2.3)
where

I = current through wire
a = temperature coef ficient of resistance
Ry = probe cold resistance :

G = gain of circuit

and it is assumed that, in the operating range of the experiments, the wire resis-
tance, R, is a linear function of temperature, R = Fo{(l + a AT) (see Sandborn

[1972]). Thus the voltage increases linearly with temperature rise.

The signal from each wire was amplified by a variable gain stage and filtered
by a third-order low-pass Butterworth filter with the knee (3 db down point) set
at 8 kHz. This arrangemgnt produced satisfactory signals with an rms noise of
the order of the overheat of the wire (approx. 0.2°K). It should also be men-
tioned that there was no observable difference in behavior when the wires were
tested with a higher overheat current of 0.8 mA, thus confirming the velocity
independence of each probe. Figure 10 shows the temperature rake. The velo-
city rake is swung away and is visible to the right of the figure. Normally both
rakes are separated by 1.5 inches in the spanwise (z) direction, so that the

measurements of temperature and velocity occur at slightly different locations.

Finally, a traversing mechanism was constructed which was capable of mov-
ing, via a stepper motor and linear ball screw, a probe in steps of .0025 inch at a

maximum step rate of 1 kHz. Such a technique has been used by Wallace [1981]
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to measure the mean temperature and mean velocity profiles in a chemically
reacting mixing layer containing nitric oxide and ozone as reactants. However,
this traversing system was not used in favor of the static, multi-point measure-

ments described above.

2.3. Data Acquisition

All data acquisition was accomplished using the portable HYDRA-1 system
that was designed and assembled at GALCIT by P. E. Dimotakis and D. B. Lang. It
is based on a Digital Equipment Corporation LSI 11/23 CPU with 258 kB of
memory together with a Data Translation DTR782 12 bit, 8 channel A/D con-
verter which is capable of a maximum data rate of 125 kHz. The system is also

equipped with an Andromeda DAC-11 D/A converter, line printer, and HP9872

plotter.

The cold wires were sampled at 10 kHz each for a total data rate of 80 kHz. A
total of 98304 points, or 12288 per probe, were recorded during a run and
stored in extended memory. The data were transferred, at the end of a run, to
either hard or floppy disc for further processing. The latter consisted of first
removing the o‘ﬁset voltage for each probe and then applying to each of the
eight probes, a single calibration constant (see Appendix C) which converted the

recorded voltages into temperature rise in degrees Kelvin.

The computer was also used to control the running sequence. Once the
apparatus had been brought to the firing point manually, control was passed to
the computer which started the run by first activating the motor driven camera
(for the pitot probe manometer bank), opening the low speed and high speed
valves in that order, then waiting a preset time interval for the flow to reach
steady state, before recording the temperature measurements. The system was

then shut down in reverse order after a preset run time had elapsed. At this
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point control returned to manual operation. This arrangement of both manual
and computerized operation has worked satisfactorily for the present set of
runs. The system is also capable of being expanded up to the point where the

entire running sequence can be executed by computer.
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Chapter 3

Results and Discassion

Two basic flows were investigated in the limit of low heat release: the constant
density (nitrogen-nitrogen) layer and the variable density (helium-nitrogen)
layer. Low heat release is considered to be the regime in which the overall pro-
perties of the shear layer are not significantly changed from the cold case. Wal-
lace [1981] has identified low heat release flows to be those for which the max-
imum mean temperature rise is less than 100°K above ambient, which
corresponds to an average density decrease of about 15% within the transverse
extent of the layer. In the work reported here most of the effort was directed at
the constant density layer at a Reynolds number of 30,800 based on the velocity
difference, AU, and vorticity thickness, 6. (The Reynolds number based on AU
and downstream distance, z, is 400,000.) The equivalence ratio, ¢, was varied by
a factor of 84, and is defined here as the ratio of the low speed freestream molar
concentration, ¢;g, to the high speed freestream molar concentration, cgs.

divided by the low speed to high speed molar stoichiometric ratio, i.e.,

(crs/chs)

I e s 3.1.a

(crs/CHs)s ( )

= LS (3.1.b)
CHys

since the hydrogen-fluorine molar stoichiometric ratio is unity. Physically, the
equivalence ratio, as defined in Equation (3.1.a), is the volume of high speed

fluid required to react completely with unit volume of low speed fluid. This
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definition is more useful here than the conventional definition of the
equivalence ratio (e.g. in diffusion flame theory), where it is defined as the fuel
to oxidizer ratio divided by the fuel to oxidizer stoichiometric ratio, i.e.,

where f,o0 are normally taken to be mass fractions. If f,o0 are taken to be
molar fractions, then Equation (3.1.c) becomes similar to Equation (3.1.a). As
will be seen, for the purposes of this work there is no need to distinguish which
species is fuel and which is oxidizer: the more important concern is the ratio of
low speed to high speed concentrations, and this importance is reflected in the
definition of p. Several runs were also performed to demonstrate that chemical
kinetic rates and ignition had little influence on the results. Finally, a few runs

were performed for the variable density helium-nitrogen layer.

It is useful to define the speed ratio, 7,

_ e
=7 (3.2)
and the density ratio, s,
Pz
s = — 3.3
P1 (8:8)

All measurements were taken at the z = 18 inch station. The runs performed

were:
a. constant density case (nitrogen, nitrogen)

Uy=22m/s, Up=88m/s, r =0.40,s = 1.0
¢ =1/8,1/74,1/2,1,2, 4,8
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¢ =1, demonstrate insensitivity to chemical kinetic rates

¢ = 1, demonstrate true ignition by insensitivity to nitric oxide
b. variable density case (helium, nitrogen)

U,=23m/s, U;=88m/s, 7 =0.38,5s =7.0
¢ =1/2,1,2

In each case the measurements consisted of the set described in the previous
chapter. Sample time traces of the measured temperature are shown below for
each run together with the mean temperature profile (in this work all tempera-
tures, unless explicitly stated, refer to temperature rises above ambient and are
measured in degrees Kelvin). The results are compared to earlier measure-
ments and also to the recent Broadwell-Breidenthal model. All temperature
profiles have been corrected to the position of the dividing streamline for an
equivalence ratio of unity. The position of the dividing streamline, y’, is found
by combining the continuity and momentum equations to derive the following

equation,

.-_B_?__[_g__l]dy=f[w [Uz—ﬁ]dy (3.4)

where (), and ( ); denote free stream conditions on sides 1, 2 respectively. In
addition, it should be noted that the 1% thickness of the layer, §,, which is taken
to be the points at which mean temperature rise is 1% of the maximum mean
temperature rise, was obtained from the mean temperature profiles, and for
r = 0.4, found to be in very good agreement with the Brown-Roshko [1974] for-

mula for the constant-density visual thickness, namely:
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Ovis  _ 1—r
oz - 0.38[1_”_ | (3.5)

where zg is the virtual origin. In fact, this suggested changes in (z—zg) from
17.5 to 18.5 inches for various runs and hence a mean value of 1B.0 inches was
used throughout. The speed ratio, 7, varied from 0.39 to 0.41 during the course

of the runs and a mean value of 0.40 was used for all constant density runs.

In some plots the vorticity thickness, 8, is used for normalization, where

[~ J

v_ . (3.6)

|
2

Y |max

For the present low heat release cases the formula from Brown-Roshko [1974]
was used, namely

é _ 1
-(—z-_'_z—c)—-— .18[1:: (3.7)

Use of these formulas seems reasonable for two reasons. First, in the low
heat rélease case there exist only small differences in the velocity profile
‘between the hot and cold cases (see later), and second, the present measure-
ments together with those of Wallace [1981] suggest that for the maximum
mean temperature rise less than 100°K, these formulas are a good approxima-

tion.

Finally one other quantity must be reported for the present set of runs. The
high speed boundary layer momentum thickness, 6;, was computed using
Thwaites’ method for the contraction sketched in Figure 5. The resulting Rey-
nolds number, U,;6,/v, is estimated to be 240. Thus, at the measuring station

z/6, ¥ 2800.



-20-

For the helium-nitrogen runs, no statements can be made about the position
of the dividing streamline from the pitot tube data, so direct‘comparison was
made with Konrad. Additionally it was observed that the growth rate (6, - 1%
thickness) of the present variable density layer appears to reduced by about 25-
30% when compared to the visual growth rates of Brown-Roshko [1974] for the

helium-nitrogen layer, namely,

s _ 1—r
m-— 0.51 {14‘7‘ (3.8)

There are four possible reasons for this: first, the present layer is horizontal
with helium on top and nitrogen below, so that gravitational effects could
influence the growth rate. This appears unlikely since the Froude number sug-
gests that the gravitational forces are negligible when compared to the inertial
forces. Second, the effect of the heat release may possibly contribute to the
apparent thinning of the layer, but was not observed by Wallace for the low heat
release, variable density case. A third possibility (suggested by A. Roshko) is that
the 1% thickness, 6, for the variable density case, simply underestimates the
visual thickness as measured by Brown-Roshko. The fourth possibility is that
the layer may have suffered from being too close to the sidewall. This is not a
problem in the constant density case but is more likely to occur in the variable
density case owing to the larger entrainment ratio. It is presently thought that
this fourth possibility may be the cause of the discrepancy. In any event, the
results for this case are presented below and are interpreted in terms of the

Broadwell-Breidenthal theory.
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3.1. Broadwell-Breidenthal Theory

This section contains a brief description of the recent Broadwell-Breidenthal
[1981] model for mixing and chemical reaction in a turbulent shear layer. It is
discused at this point since some of the results to be presented are interpreted
in terms of the model. In this description the term entrainment refers to the
process by which irrotational fluid is brought into the layer while the term miz-

ing refers to mixing at the molecular level.

This simple model visualizes the mixing process as a sequence of events
beginning with the entrainment of pure, irrotational fluid into the layer. The
entrained lump of fluid is subsequently bfoken down into smaller and smaller
scales, with rapid increase in the interfacial area, until the smallest scale, the
Kolmogorov microscale, Ag, is reached. This entrainment process occurs in a
time, 73,

')
Tg N Z—U— (3.9)

where & is the width of the layer and AU is the velocity difference across the
layer. Once this occurs, molecular diffusion quickly annihilates any concentra-
tion gradients that may exist and homogenizes the mixed fluid. This is so

because the time, 7, to diffuse across the {small) scale A, is given by

2

. Z\D_ (3.10.a)
L

& 15Sc Re ® << 74, for Re>> 1 (3.10.b)

where D is the species diffusion coefficient, Se = v/D is the Schmidt number and

Re = AU6/v is the local Reynolds number.



-22 -

This leads to an idealization in the model, in which the turbulent mixing layer
is decomposed into three types of fluid: (1) unmixed pure reactants, (2) a homo-
geneous mixture at the entrainment ratio, and (3) in strained laminar diffusion
layers (flame sheets) between the free stream fluids. For a combusting flow with
fast chemistry, there are known temperatures associated with each of these
three fluid types. The pure unmixed fluid is at ambient temperature, since no
reaction has yet occurred. The homogeneous mixture attains a homogeneous
(uniform) temperature determined by the free stream reactant concentrations
and the entrainment ratio, while the flame sheets have a temperature distribu-
tion determined by diffusion lame theory. In the model, the mean temperature

results from a combination of these three different temperatures.

(The Lewis number, Le = x /D, where « is the thermal diffusivity and D the
mass diffusion coefficient represents the ratio at which heat and mass diffuse.
For equal molecular diffusivities of all species and unity Lewis number, the max-
imum temperature achieved in the flame sheet will be the adiabatic flame tem-
perature (§ 1.2), while, for unequal diffusivities and non-unity Lewis number the
flame sheet achieves a maximum temperature which is different from the adia-
batic flame temperature (Lifian [1974]). For the purposes of this work this dis-

tinction has been ignored.)

The model cannot predict a priori the relative amount of product that resides
in the homogeneous and flame sheet regions. It does, however, predict that for
liquids (e.g. water, Sc = 800) the product in the flame sheet is negligible and
that therefore the total amount of product will be independent of Reynolds
number for equivalence ratios larger than the entrainment ratio. The same
description of the homogeneous region applies to gases (Sc = 0.7) but the flame
sheet contribution is not negligible and the amount of product there is a fune-

tion of Reynolds number and equivalence ratio. Thus for similar Reynolds
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numbers, the amount of product generated in a gas is larger than that gen-

erated in a liquid by the amount contained in the flame sheets.

Breidenthal [1978] has noted that there are two limiting cases for the mixing
process, according to the early version of this model, as first proposed by
Broadwell (see Witte et al. [1974]). In the first case, if diffusion is slow enough
then diffusion across the microscale will be the bottleneck in the sequence of
events which culminates in molecular mixing. In this case the mixing is then
small scale diffusion limited. In the second case, if diffusion is rapid enough,
entrainment becomes the slow step in the mixing process. The mixing is then
entrainment limited. Since 7 represefxts the entrainment time, and 7,
represents the time to diffuse across the microscale, then the ratio of these two
time scales determines whether the mixing is small scale diffusion limited or

large scale entrainment limited. The ratio is

Ty = A n € (3.11)

Thus for T >> 1, the mixing is limited by the small scale diffusion, while for
Tp << 1 the mixing is ldrge scale entrainment limited. For the present high
Reynolds number, the flow is therefore entrainment limited, and, is not to be
confused with the (laminar) flame sheets themselves within the flow, in which
the reactions are diffusion limited because of fast chemistry (see Burke &

Schumann [1928]).

3.2. Constant Density Results
The results described in this section are for the constant density nitrogen-
nitrogen layer. Results for the variable density helium-nitrogen layer are dis-

cussed in § 3.8.
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8.2.1. Temperature. The runs described in this section were performed
using fluorine (1 or 2%) on the high speed side and hydrogen (1, 2, 4, 8%) on the
low speed side. It was thus possible to achieve equivalence ratios, g, of

1/2, 1, 2, 4, B by suitable choices of concentrations.

Figures 11a,b show the temperature within the layer as recorded by the eight
cold wires as a function of time, for an equivalence ratio of unity (1% Fz on H.S.
side, 1% Hj on LS. side). Each such plot displays 512 points per probe for a
total of 4098 points with the high speed stream on top and the low speed stream
on the bottom. The horizontal axis corresponds to 51.2 msec since each probe
was being sampled at 10 kHz. Note that (feal) time increases from left to right
so that the leading edge of a hot region occurs to the left of the trailing edge of
the same region, i.e. the flow can be viewed as being from right to left. The verti-
cal scaling is such that the distance between horizontal axes is equal to the
highest temperature recorded by any probe during this time. This quantity is
labelled Tmaz at the top, right of the plot. Thus for this figure Tmaz = 79°K
while the adiabatic flame temperature, labelled Tfim, is 93°K. The actual physi-
cal distance between the outermost probes is 2.66 inch, and at the mean convec-
tion speed of 15.4 m/s,}the horizontal axis would correspond to roughly 27
inches. Thus the horizontal axis is greatly compressed relative to the vertical
axis. In addition, the top of the plot shows the run number, the block number
and the equivalence ratio, y. A complete run consists of 24 such records
(blocks) and corresponds to a real time interval of 1.2 seconds. Two consecutive
records are shown for each run. It should be noted that all such temperature vs

time traces are shown for raw, uncompensated data.

Three important features are apparent from this plot: First, there are large,
hot structures that extend across the width of the layer. Second, the structures

are separated by tongues of cool fluid that extend deep into the layer from
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either side. Third, there exists little temperature gradient within the structures
from one edge of the layer to the other, i.e. the structures appear to be well
mixed at about the same temperature. The first two observations are consistent
with the photographs of Brown & Roshko [1974], Konrad [1976],
Dimotakis & Brown [1976], Breidenthal [1978], and Wallace [1981]. The third
observation is consistent with the measurements of Konrad who demonstrated
that the mean concentration in the mixed fluid is roughly constant across the
layer. Thus, in this sense, the results are not new. What is new here is the fact
that the present measurements can now be used to attach quantitative values
to the extent of molecular mixing within the layer in general and the large

structure in particular.

On averaging the results for the entire run, one obtains the mean tempera-
ture profile which is shown, normalized by the adiabatic flame temperature,
Tflm, in Figure 1lc. Also listed on the right of the figure are the maximum
mean temperature, Tmaz, the homogeneous temperature (as discussed in the
Broadwell-Breidenthal theory), Thmg, the area under the curve, Tarea, and the
1% thickness of the layer, 6;, which is taken to be the points at which the mean
temperature rise is 17 of maximum. The smooth curve is an exponential fit of

the type
T(y) =exp (c, + ;¥ +cy® +c3y® + e y?) (3.12)

where T is the local mean temperature rise, with the point ¥ = 0 corresponding

to the position of the dividing streamline.

This fit is considered to be reasonable as it allows for a gaussian profile with
added degrees of freedom. Note that the fit determines the value of the max-
imum mean temperature, Tmaz. On identical runs, a small shift of the tem-

perature rake would sometimes place a particular probe at the point where the
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maximum occurred, and the agreement between measured and implied maxima
was generally excellent. Thus the curve fit is considered completely satisfactory

for the present set of results.

An important observation is that the adiabatic flame temperature is not
achieved, on average, at any location. In fact, Tmaz/ Tflm = 0.66 for p = 1.
This result is in direct contrast to conventional gradient diffusion - eddy
diffusivity predictions requiring stoichiometric conditions at some point in the
layer, with the resulting adiabatic flame temperature. A similar result has been
reported earlier by Wallace [1981]. With the large structure point of view, it is
seen that the mean termnperature profile x;esults from a duty cycle i.e. a given
probe spends varying lengths of time, dependent upon its position within the
layer, in alternate regions of hot and cool fluid which over long time averages
into the local mean. This results in a low mean temperature towards the outer

edges of the layer and a higher mean temperature within.

The figure also shows in the upper curve, the maximum instantaneous tem-
perature (highs) recorded by each probe, while the lower curve shows the
minimum instantaneous- temperature (lows) recorded by each of the eight
probes. Both the highs and the lows have been normalized by Tflm in this plot.
It is apparent that the layer can be quite hot across its entire width as shown by
the upper curve, or quite cool as is shown by the lower curve. As discussed in
Appendix C, the instantaneous values can be in error by as much as 10-15%
owing to conduction error from the tips. Thus the highs must be higher, while
the lows must certainly be lower. The highs are associated with the passage of
the large, hot structures, while the lows result from the cool irrotational
tongues that enter the layer from either side (see for example the photographs
of Brown & Roshko [1974] or Konrad [1976]). In fact, it might be argued that

the lows should probably all be zero and this can be used as a way to estimate
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the conduction error of the cold wire probes (see later).

It is thought that, at some time, each probe should encounter a flame ele-
ment that is burning at the adiabatic flame temperature (neglecting Lewis
number effects), but, as discussed in Appendix B, the flame thickness is so small
as to be well beyond the resolution capabilities of the probes. Thus the highs as
discussed here refer more to a local maximum within a small region whose size
is dictated by the physical dimensions and response of the probe. The reason
for the asymmetry in the lows, despite the symmetrical mean profile, is thought
to be due to the fact that the conduction error is reduced on the high speed side
by increased convection, or stated another way, the parameter, L, in Appendix
C, is larger on the high speed side than on the low speed side. These statements,
of course, concern only excursions from the mean. The estimates of the mean

temperature, as discussed in Appendix C, do not suffer from these deficiencies.

It should be noted from the temperature-time traces, Figures 11a,b, that the
response time of the wires can be estimated simply by looking at the exponen-
tial curves apparent in the traces as the wire emerges from the sharp interface
separating a hot region from a cool one and vice versa. In Appendix C it is
shown that the wire is essentially a first order system with characteristic time,
7, where T is a function of velocity. By examining the decay or rise curves it is
estimated that the response time ranges from 300 usec on the high speed side
to 500 usec on the low speed side. It should be noted that this time response is
a consequence of the small méss of the wires and is achieved without compensa-

tion of any sort.

Figures 12a,b show consecutive time traces for a run of ¢ =2 (1% Fp on H.S.
side, 2% Hj on L.S. side). The adiabatic flame temperature for this flow is 124°K.
The results are similar to the case ¢ = 1 , but we now begin to observe that the

highest temperature has shifted slightly towards the lean reactant side. There
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is still clear evidence of the large, hot structures and the cool tongues of fluid
that enter the layer from either side. The mean temperature profile for this run
is shown in Figure 12c. Note that the profile has shifted towards the lean reac-
tant, but, as will be discussed later, the shift has little, if anything, to do with
gradient diffusion. The high and low curves show that the layer can be quite

hot, or quite cool across its width as discussed earlier.

For ¢ = 4 (1% F, on H.S. side, 4% H; on L.S. side, adiabatic flame temperature
149°K) the time traces are shown in Figure-13a,b and Figure 13c is the mean
temperature profile. The main features discussed above are still present and
the maximum mean temperature continues to shift toward the lean reactant. It
does appear from the time traces and the highs that the rich side of the layer is
cooler than the lean side - some of this is thought to be fluid mechanical while
the remainder is thought to be due to the conduction error of the probe (this

point will be discussed later).

Finally, Figures 14a,b,c show the time traces and mean profile for the case
¢ =8 (1% Fp on H.S. side, 8% H; on LS. side, adiabatic flame temperature
165°K). This was the highest equivalence ratio investigated in the present work.
We observe from the time traces that the rich side of the layer is relatively cool
compared to the lean side (despite conduction error) i.e. there exists some gra-
dient within the core of the structure itself in the normal, y, direction, and, as
will be discussed later, in the streamwise, z, direction as well. The mean profile
shows increased skewness towards the lean reactant, but as before, the adia-
batic flame temperature is never achieved on average, at any location across the
layer. The reason for this will become clearer later when the results are inter-

preted in terms of the Broadwell-Breidenthal model.

All of the runs described above were repeated, but with the fluorine (1 or 2%)

now carried on the low speed side and hydrogen (1, 2, 4, B%) carried on the high
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speed side. This produced equivalence ratios of 1/8,1/4,1/2,1,2. The time
traces and mean temperature profiles are shown in Figures 15 to 18. Figure 15c¢
is essentially a repeat of Figure 11c but with the reactants interchanged. The
repeatability is good, and will be discussed further later (§ 3.5). All major
features described previously are apparent in these runs, namely, large hot
structures, cool fiuid tongues, well mixed cores, and, hot or cool temperatures
across the entire width of the layer. The highest temperatures are still biased
towards the lean reactant, which is now the low speed side (lowest trace on all
time traces). The maximum mean temperature normalized by the adiabatic

flame temperature is observed to decrease as g decreases below unity.

All mean temperature profiles, normalized by the adiabatic flame tempera-
ture, are summarized in Figure 19, where the results for
@ =1/8,1/4,1/2, 1, 2, 4, B are shown. This plot represents a change in ¢ by a
factor of 64. It is clear that the shifts in the profiles are mild, with the max-
imum mean temperature shifting by about 25% of the visual width of the layer,
for this range of g, in agreement with the earlier results of Wallace [19B1]. As
mentioned earlier, these shifts are thought to be associated with the slight gra-
dient in concentration of't.he mixed fluid that exists from one edge of the layer
to the other, a point that will be discussed later. The maximum mean tempera-
ture normalized by the flame temperature varies from .54 to .67 for arange of ¢
of 1/8 to 8, but is not monotonic with . In fact, the maximum occurs some-
where between ¢ =1 and ¢ = 2. The same results, plotted in temperature rise
in °K are shown in Figure 20. The maximum mean temperature rises were deli-
berately kept below 100°K in order to operate in the low heat release regime.
Finally, Figure 21a shows the temperature profiles that result if the high speed
concentration remains fixed at 1% and the low speed concentration is varied
from 1/8% to BZ, while Figure 21b shows the temperature profiles that result if

the low speed concentration remains fixed at 1% and the high speed



-30 -

concentration is varied from 1/8% to 8%.

A most interesting result is that for any pair of runs of equivalence ratio gq
and 1/¢p, the mean temperature profiles are different (Figures 19, 20). One
might expect thqt for such a pair of runs, which use the same compositions
(and hence have the same adiabatic flame temperature) but carried on different
sides of the layer, that one might obtain similar mean temperature profiles.
This is clearly not the case as shown in Figures 19, 20. Here we see that, with
the exception of p = 1, which repeats to within the experimental error, the
results for ¢ =1/2,2, ¢ = 1/4, 4, and ¢ = 1/8, 8 are different even though the
pairs of runs involve the same chemical compositions and hgve the identical adi-

abatic flame temperature. This phenomenon will be discussed later.

3.2.2. Velocity. Figure 22 shows some typical velocity profiles for both cold
and hot cases. The technique used to measure the velocity profile has been dis-
cussed in Chapter 2. The plot shows the comparison for three runs: (1) cold,
Run 32, (2) hot, » = 1, Run 34 and (3) hot, ¢ = 1/8, Run 37. It can be seen that
there are only slight differences among the three cases, suggesting that for
these low heat release runs, the combustion is not significantly altering the velo-

city profile.

3.2.3. Photography. Figure 23 shows two time-exposed photographs (6
second exposure) of the light emitted during a run. The faint yellow-orange glow
results from overtone radiative emission of the excited, HF°, molecules. An
important consideration is the fact that HF’ is preferentially collisionally deac-
tivated by HF molecules, so that while the production rate of HF’ is constant
with z, there is more collisional deactivation as one proceeds downstream and
hence the light intensity decreases with z. The flow is from left to right with the

high speed fluid on top. The top photograph shows the result for ¢ = 1 (Run 34)



..31-

with 1% Hz on the H.S. side and 1% F'z on the L.S. side. The light intensity is sym-
metric as might be expected from the symmetric mean profile (Figure 15¢). In
the initial portion of the photograph where the image is well defined, the linear
growth rate is readily apparent. The bottom photograph shows the result for
¢ = 1/8 (Run 37) with 8% H, on the H.S. side and 1% F, on the L.S. side. The
emitted light is now no longer symmetric but is biased towards the lean reac-
tant, similar to the mean temperature profile (Figure 18c). This lack of sym-
metry is thought to be associated with the slight gradient in mean mixed con-

centration that occurs across the layer.

3.3. Comparisons

That the measured temperatures for runs of equivalence ratio gg and 1/¢g
are different, is explained by the Broadwell-Breidenthal theory in a quite
straightforward manner. Figure 24 shows a sketch of a typical case for
¢ = 1/4, 4. Use is made of the fact that the entrainment ratio for this particu-
lar speed ratio (see Konrad [19768]) is 1.30. Since the entrainment ratio, E, is
defined as the ratio of the volume of high speed fluid to the volume of low speed
fluid that enters the layer, the layer contains 30% more fluid from the high
speed side than from the low speed side. The sketch shows two typical runs
using identical free stream compositions but carried on different sides of the
layer. In case 1 the reactants are 1% Fp on the low speed side and 4% H; on the
high speed side for an equivalence ratio, ¢ = 1/4. In case 2 the same reactants
are now interchanged with 4% H, on the low speed side and 1% F; on the high
speed side for an equivalence ratio, ¢ = 4. Since the compositions are identical,
the adiabatic flame temperature is the same for both cases. Thus, in case 1, the
lean reactant comes from the low speed side and is 1 part fluorine which burns
out in the large structure to dictate the homogeneous temperature. In case 2,

the lean reactant now comes.from the high speed side and is now 1.3 parts
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fluorine, and it burns out to determine the higher homogeneous temperature.
In both cases however, the flame sheet contribution remains the same since the
amount of product (or contribution to the mean temperature profile) is
unaffected by changing the sides on which the chemicals reside. Thus, case 2
will be hotter than case 1 implying a different temperature profile fo‘r the same

adiabatic flame temperature.

This result can also be derived directly from the earlier measurements of
Konrad [1976]. As shown in Appendix D, one can generate the mean tempera-
ture at each point across the layer for which the concentration probability den-
sity function, p(c), is known, where ¢ is the concentrationr of high speed fluid.
Thus, for the cases ¢ = 4, 1/4 the function T(c) will be as shown in Figure 25. If

we now compute the integral
_ 1
T = [ T(c)p(c)de (3.13)
0

on each of the Konrad pdf's, then the results are different owing to the fact that
these pdf's have a peak at £ /(1+E) where E is the entrainment ratio. In fact,
the integrals would only be the same if the pdf’s were completely symmetric
about ¢ = 0.5 (‘it is fair to say that while the Konrad pdf's have been published
since 1978, it is only with the advent of the simple Broadwell-Breidenthal model
that this implication of the Konrad results was recognized). This computation
has been performed for the cases ¢ =8, 1, 1/8 and compared to the experimen-
tally measured result. The comparisons, Figures 26a,b,c, show that the concen-
tration probe used by Konrad overpredicted the amount of product by about 40-
60%, depending upon ¢. As mentioned in Chapter 1, Konrad used the passive
scalar technique which generally yields an upper bound to the amount of molec-
ular mixing. It had been thought for some time that there may have been an

error due to the relatively large sampling volume of Konrad's concentration
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probe when compared to the Kolmogorov scale. The present results confirm this
suspicion. It is also interesting to note in this regard that the maximum mean
temperature implied by Konrad is in good agreement with the experimentally
obtained value, for large ¢, while the agreement is poor towards the outer edges

of the layer.

It is also useful to compare the present results with those of Wallace [1981].
There are several differences between the Wallace experiment and the present
experiment: The chemicals used were nitric oxide and ozone with a heat release
of 47.5 kcal/mole (vs 130 keal/mole for hydrogen - fluorine), the mean tempera-
ture was recorded by traversing a fine thermocouple across the layer (vs the
present static arrangerﬁent of eight cold wires) and most runs were performed
for a speed ratio of 0.20. Fortunately, a constant density (nitrogen-nitrogen)
run was performed at a speed ratio of 0.38 using 3% nitric oxide on the high
speed side and 3% ozone on the low speed side for an equivalence ratio of unity.
The Reynolds number for this run is not reported but thought te be about 8,000
to 10,000 based on velocity difference and vorticity thickness. This run can be
compared to a present 1% hydrogen, 1% fluorine run since the heat released is
about the same; Under these conditions, the chemical times for the nitric oxide
- ozone reaction is about two orders of magnitude slower than the hydrogen -
fluorine reaction. The comparison is shown in Figure 27. Apart from the
differences in locating the dividing streamline the agreement is quite good with
the amount of product (area under the curves) differing by about 10%. This pro-

vides an independent check on the present results.

Finally it is useful to interpret the present results in the context of the obser-
vation made by Konrad [1978] that the mean mixed concentration across the
layer is nearly constant, and, the recent topological picture of the mixing layer

proposed by Bernal [1981]. Figure 28 shows the average concentration of the
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high speed fluid in the mixed regions, [c (Nz)] - for a constant density mixing

layer as measured by Konrad using a concentration probe. The interesting
feature is that this curve is nearly flat for most of the width of the layer. The
Bernal picture of the vortex structure in the mixing layer is shown in Figure 29.
This sketch shows the primary vortex together with the secondary streamwise

vortices which also reside in the layer.

The time traces for ¢ = 8, 1/8 which are reproduced in Figure 30, show some
gradient in the streamwise direction, as shown by the shaded areas, and it is
useful to interpret this in terms of the Bernal picture. The Broadwell-
Breidenthal model suggests that the primary vortex is homogenized at a single
value, but, if we accept the two time scales of the problem, 75 and 7, {Equations
3.9 and 3.10), then the effect of the secondary vortices is to add and mix pure
freestream fluid from the outside of the primary vortex towards the inside - this
in effect causes a slight gradient in the mixed fluid whereby a given edge of the
primary vortex will be biased toward the side of the layer to which it is closest,
and this feature is observed in the mean mixed concentration measurement of
Konrad (Figure 28). If this is correct, and if the secondary vortices actually
wrap around the primary vortex as suggested by Bernal, then a similar gradient
in concentration must exist in the normal (y) and streamwise (z) directions

from one tongue of cool fluid to the next.

Thus, for the case ¢ = B, the primary vortex will be low speed fluid rich and
the leading edge of the structure (early time in the timetrace) is expected to be
hotter than the trailing edge. The reverse is true for the case ¢ = 1/8, namely,
the primary vortex will now be high speed fluid rich and the trailing edge will be
hotter than the leading edge in this case. The shaded areas of Figure 30 confirm
that this does indeed occur and lends support to these ideas. Similar gradients

are visible in Figures 13, 17 and Figures 14, 18.
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This change in the mean mixed concentration as we proceed from one edge
of the layer to the other is thus thought to be responsible for the shifts in the
temperature profiles with changes in equivalence ratio. The high equivalence
ratio cases merely accentuates the slight gradient in the mean mixed concen-
tration, and, coupled with the mixing intermittency for this flow (as measured
by Konrad [1976]), produces a shifted temperature profile. Bernal’s topological
picture is thus considered to be a reasonable physical model to explain why the
mean mixed concentrations, and hence temperature profiles, shift with varying
equivalence ratio. As méntioned earlier these shifts are therefore viewed as hav-

ing little or nothing to do with gradient diffusion and eddy diffusivity ideas.

It should also be noted that this interpretation can be applied to the results
of Fiedler [1974, 1975] and Rajagopalan & Antonia [1981] who used a tempera-
ture rake to study a shear layer in which the high speed side was slightly heated,
and to the measurements of Batt [1977] where the turbulent mixing of both
passive and chemically reacting species in a shear layer was investigated.
Fiedler finds gradients in the mean mixed concentration in both the normal and
streamwise directions that are consistent with the present observations, with
similar results reported By Rajagopalan & Antonia. Batt interprets his results

differently but these gradients are noticeable in his published timetraces.

3.4. Compensated Highs

The mean temperature profiles together with the highs and lows, for all
equivalence ratios are replotted in Figures 31a,b. In addition the compensated
highs for the six innermost probes are shown in each plot (uppermost curve).
As described in Appendix C, if one assumes that the lows result from the irrota-
tional unmixed fluid, then it is possible to make an estimate of the conduction
error for each probe and apply this to the highs to produced the compensated
highs shown in each plot. The results show that for most cases the highest
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temperature is roughly constant (to within 10%) across the width of the layer.
The most instructive cases are for ¢ =8, 1/8. Here it is. clear that the compen-
sated highs on the rich reactant side are significantly lower than those of the
lean side. This fact can be used to infer, via the function 7(c) in Appendix D, a

slight gradient in mixed concentration in the lateral (y) direction.

Thus, the implication of the compensated highs together with the evidence
presented in Figure 30, is that the primary structure, while predominantly at a
single concentration, actually varies slightly in mixed concentration in both the

normal and streamwise directions.

3.5. Chemistry and Ignition
As discussed in Appendix B, the hydrogen-fluorine reaction is truly spontane-
ous for only a certain range of concentrations of either species. Hence it is not

immediately obvious whether some of the results described above are attribut-

able to chemical kinetic rate effects.

Figure 32 shows the results of four runs that were performed to demonstrate
that chemistry and ignition did not influence the results. The discussion in
Appendix B summarizes data that show that the addition of a small amount of
nitric oxide to the hydrogen carrying stream can be used to ensure good igni-
tion. Thus for all runs the product [F3][NO] was kept at [.03%]3 and it is worth
remembering that the nitric oxide was always carried on the hydrogen side,
which for some runs was the low speed side (p = 1), while for others it was the

high speed side (¢ < 1). The four runs are:

1. 1.0% Fp on H.S. side, 1.0% H; and 0.03% NO on L.S. side, Run 29.
2. 1.5% Fy on H.S. side, 1.5% Hj and 0.02% NO on L.S. side, Run 31.
3. 1.0% H; and 0.03% NO on H.S. side, 1.0% F; on L.S. side, Run 34.
4. 1.0% Hy and 0.045% NO on H.S. side, 1.0% F, on L.S. side, Run 42, i.e. increase
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nitric oxide concentration by 50%.
Cases 1, 2 test the chemical kinetic rates. Cases 1,3 test the effects of inter-

changing the sides on which hydrogen and fluorine are carried, while cases 3, 4

test the sensitivity to NO.

The fact that the mean temperature profiles repeat each other to within a
few percent, despite significant changes in chemical compositions and, of
course, chemical rates, support the claims that first, chemical kinetic rate
effects are not important, second, that there was sufficient nitric oxide to effect
proper ignition and, third, that the amount of nitric oxide is not an important
parameter in these results. There may be a threshold level at which the nitric
oxide concentration is optimized, but for all runs it was thought that the value
stated above was satisfactory. This is confirmed if the present results are com-
pared, in Figure 27, to those of Wallace [1981] who used nitric oxide and ozone
as his reactants, for which the ignition was truly spontaneous. The fact that the
temperature profiles agree quantitatively suggest that there is no ignition prob-

lem.

3.8. The Inverse PDF

The problem of inverting the temperature measurements to obtain the pro-
bability density function is discussed in Appendix D. It has been discussed previ-
ously by Brown and Wallace in Wallace [1981]. Simply stated, it is desired to
infer the pdf from either the mean temperature profiles or the histogram of the

temperature. Konrad’s pdf for the constant density case is shown in Figure 33.

The results of inversion using the mean temperature profiles and a delta
function representation for the pdf is shown in Figure 34 (Direct Method, Appen-
dix D). The delta functions that occur at ¢ = 0, 1, and represent unmixed fluid,

cannot be determined by this technique and are not shown. Several of the
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features that are apparent in Konrad's pdf are also apparent with some
modifications. There appears to be a dominant concentration from one edge of
the layer to the next, but this value changes only slightly (by about 10%) across
the layer. There is also a definite range of concentrations about this dominant
value, and, there is also some evidénce of U-shaped pdf’s between the mixed
fluid and the freestream fluid at the outer edges of the layer. The mean mixed
concentration, (c(H.S.))r, is inferred from these pdf’s, and is simply the aver-
age value of the pdf minus the end delta functions (unmixed fluid). The com-
parison with Konrad is shown in Figure 35. The agreement is reasonable consid-
ering the very different techniques used to obtain both curves. It can be specu-
lated that the mean mixed concentration might approach the value 0.5 towards
the outer edges of the layer, as would be expected if the fluid existed predom-

inantly as flame sheets between the high speed and low speed fluid.

The Franklin 3 solution (Appendix D) was also used to obtain a delta function
representation for the pdf shown in Figure 36. The agreement with Figure 34 is
apparent, and the basic features mentioned earlier occur also in the Franklin
solution. The U-shaped regions, which are predicted by the Direct Method are
not apparent .in the Franklin solution and it remains unclear why such a

discrepancy exists.

3.7. Comparison with Broadwell-Breidenthal Theory

The main elements of the Broadwell-Breidenthal model have been discussed
earlier (§ 3.1). For comparison with the model it was necessary to convert the
measured temperature profiles into some measure of product formed. The
definition used here is similar to that of Konrad [1978] and Breidenthal [1978].

For a reaction A + B » P, then the product thickness, P, is defined as
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P= f+.£*°-e(—°y-)—-dy (3.14.a)

—

i.e. the integral of the concentration of product across the layer is normalized
by a selected freestream concentration, cg. For the present case, since product
is analogous to temperature rise, we make use of the measured mean tempera-
ture profile, T(y), the molar heat capacity of the carrier gas, (;, and the heat
release per mole of reactant, A@, to obtain
G Tly)
= d: .14,

P L g W (3.14.b)
i.e. the temperature rise obtained by burning out the reactant, ¢y, is used to
normalize the integrékted rise across the layer. For later plots the product
thickness was made dimensionless with the vorticity thickness, §, defined ear-

lier, Equation (3.8).

An important distinction (which was initially overlooked) is the choice of the
concentration cp. If this is taken to be the high speed concentration ;g then we
compute a product thickness, P,;, while if we choose the low speed concentration
ez, We compute a different product thickness, P, Stated explicitly, the

definitions are:

G Tly)
= p1\Y) 15,
P, Brwyv: dy (3.15.a)
+o
- Co T(y)
P, -j_'_ oo W (3.15.b)

It is found (see later) that for ¢ >> 1 the quantity P, /6 approaches a limiting

value of 0.57 while for ¢ << 1 the quantity P, /6 approaches a limiting value of
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0.51. In general, at the limiting values, P, > P, owing to the fact that the layer
entrains more fluid from the high speed side than from the low speed side, with
these limits corresponding physically to the amount of product formed in the

layer as the lean reactant (high speed or low speed) is burned to completion.

These two limits can also be related to the pdf for this flow. As discussed in

Appendix D, the mean temperature profile can be computed from
1
T = [T(c)p(c)de (3.18.2)
o

For ¢ + =, T(c) » c, while for ¢ » 0, T(c) » (1—c) (see Figure 25). Thus the

P4, Py limits are related to

1

P, ~ {c p(c)dc (3.18.b)
1

Py~ f(l—c)p (c)de v (3.16.c)
)

integrated across the layer, and as discussed earlier (§ 3.3) the results are
different owing to the fact that pdf is asymmetric, resulting in the P, limit being

larger than the P, limit.

Two»product thicknesses also exist for a liquid as well as a gas. At present,
however, only the quantity P;/46 has been measured for a liquid (Breidenthal
[1978]) and found to be 0.38 and so the Broadwell-Breidenthal model will be
compared (later) to this case. It is known that the Breidenthal value provides a
lower bound for a liquid owing to the reversibility of the Phenolphthalein reac-

tion (Equation 1.1), but it believed that the error is small.
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In general, to make a comparison with the model it was necessary to use the
measured value of P;/$ at ¢ = ¢gg >> 1 as an input to the model and then select
some value for the homogeneous to flame sheet ratio at this equivalence ratio.
Thus it is possible to extrapolate from ¢ = g, to predict the value of P,/4 for
any other value of ¢. Similarly, one can input the value of Py/d at ¢ = ¢g << 1

and extrapolate to any other value of ¢.

The product thickness P;/6 has been plotted versus equivalence ratio ¢ in
Figure 37. This corresponds to the amount of product contained in the curves
of Figure 21a. The dotted line is a smooth fit to the experimentally measured
values. The result of Wallace [1981] for r = 0.38 at ¢ =1 is also shown. The
corresponding liquid result has not been measured, but from the Broadwell-
Breidenthal model one would expect 20% of the product to be in the flamesheet
(see later) and so the model predictions using an B0% homogeneous, 207%
flamesheet decomposition are also shown (solid line). The agreement has been
forced at ¢ = 8 where P,/8 = 0.57. Recall that the model predicts that the liquid
result is obtainable from the gas result by suppressing the flame sheet contribu-

tion, so this choice would predict a liquid result of P,/d = 0.46 for ¢ >> 1.

The sharp corner, or kink in the theoretical curve occurs at ¢ = E and results
from the assumption that the fluid is homogenized at a single entrainment
value £ = 1.3. In fact, as the Konrad pdf’s, and the present pdf’s suggest there
is actually a range of concentrations present, not a single value, and the effect
of this would be to round off the sharp corner (for example a range of concen-
trations from ¢ = 0.25 to ¢ = 0.75 would correspond to a range of equivalence

ratios from ¢ = 1/3 to ¢ = 3).

One might ask the question just how sensitive are the results to the ratio of
homogeneous to flame sheet fluid? This is addressed in Figure 39 which shows

some different comparisons of theory with experiment. First, we reverse the
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ratio to 20% homogeneous, 80% flame sheet to obtain the curve labelled 20:80.
The agreement is clearly not as good with the experimental results and in fact
lies consistently below it. In addition the implied. liquid product thickness is
obtained by suppressing 80% of the gas result to obtain a liquid value of 0.11
which is well below the Breidenthal value. If we assume 100% flame sheet contri-
bution, we obtain the curve labelled 0:100, which not only implies a liquid value
of 0 but would imply the identical result for runs of similar compositions but
carried on different sides. Finally an assumed 100% homogeneous contribution
would give the curve labelled 100:0, which implies no difference in product for

liquids and gases, and a 30% difference for runs of similar compositions but car-

ried on different sides of the layer.

In order to remove some of the dependence on ¢, the results shown in Figure
37 have been replotted in Figure 39. The horizontal axis is £, = ¢/ (1+¢) while
the vertical axis is (P;/6)/¢,. In these coordinates the ordinate lies between
0.55 and 0.75 for the range of ¢ investigated. This curve approaches the P, limit

for £, » 1 and the P limit for £, » 0.

The product thickness Pz/d has been plotted versus inverse equivalence
ratio, ¢!, in Figure 40. This corresponds to the amount of product contained in
the curves of Figure 21b. Since the model predicts that the liquid result is
achievable from the gas result by suppressing the flame sheet contribution, it is
reasonable to try a fit which consists of a 75% homogeneous, 25% flamesheet
decomposition at ¢ = 1/8, where Pp/8 = 0.51. The dotted line is a smooth fit to
the experimentally measured values while the solid line is the prediction of the
model with agreement forced at ¢ =1/8 with a 75:25 homogeneous to
flamesheet decomposition. The result of Wallace [1981] for 7 =0.38 at ¢ = 1
(Figure 27) is also shown. With this choice of homogeneous to flame sheet, if we

now suppress the flame sheet contribution at low ¢, the quantity P,/ becomes
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0.38 which is the same value measured by Breidenthal [1978] in water, for
@ << 1. The comparison with Breidenthal and Konrad is shown in Figure 41 for

a Reynolds number of 30,800. The overprediction of Konrad was demonstrated

directly in Figure 28.

The 25% flame sheet choice at the P; limit explains why the 20% flame sheet
choice was made at the P,; limit (Figure 37). Since for p << 1 the flame sheet
contribution is 25%, then the Broadwell-Breidenthal model predicts a 20% flame

sheet contribution for ¢ >> 1, and this value has been used at the P, limit.

It is interesting to note in Figure 37 that past ¢ = 8 the quantity P,/¢ is close
to its asymptotic limit. This is in agreement with Wallace [1981], and means phy-
sically that the lean reactant has been burned out. Konrad has demonstrated
that for the parameter a = E/¢ approximately 0.1 then there would be little
additional product formed and the present results (Figure 40) agrees somewhat

with this prediction.

The result that gases and liquids produce different amounts of product is
unexpected in the traditional turbulence point of view, since the mass diffusion
coefficient, or the Schmidt number in nondimensional form, plays no role. The
most obvious question is whether there is independent evidence to support this
claim. The result was certainly suspected from the earlier work of Konrad
[1978] and Breidenthal [1978] but it was not clear if the difference actually
existed. There seems to be no additional direct evidence but the conclusion
seems reasonable in light of the result of Wallace [1981]. In Figure 27 it was
shown that the present results and the Wallace result for ¢ =1 are in good
agreement. If we accept the fact that P/4§ increases as ¢ increases (a result
also demonstrated by Wallace) then it can be inferred that the present conclu-
sions are reasonable owing to the agreement between both sets of results at

¢ = 1. Thus, agreement at ¢ =1 between the present runs and Wallace is
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An alternate argument is to assume that for the limiting values of ¢
(p » 0, =) the mean temperature profile can be approximated by a triangle of
height hqo.Tfim, where 0 < hg < 1, and base equal to the visual width of the
layer, 8,45 (see for example Figures 14¢, 18c), then using Equation (3.11) it can

be shown that

ho Oy
5 5 (8.17.a)

o.l'n

N hg, since Oy N 26 (3.17.b)

Note that the speed ratio, r, does not enter explicitly except through hy which
represents the fraction of the adiabatic flame temperature that is achieved for
high (or low) ¢. Thus from Equation (3.17.b) P,/é ~ 0.63 (see Figure 14c) com-
pared to the actual measured value of 0.57 while P/~ 0.54 (see Figure 18c)
compared to the actual measured value of 0.51. By this simple argument, the
result for gas and liquid would be the same if, for ¢ << 1, the maximum mean
temperature is approximately 40% of the adiabatic flame temperature. This is
not observed in the presént experiment, in fact the maximum mean tempera-
ture is more likely to be 50% of the adiabatic flame temperature for ¢ << 1.
This simple calculation has been performed for Wallace [1981] at a speed ratio
of 0.20 with the result P;/6~ 0.44. Unfortunately, the corresponding liquid

result at this speed ratio is not known.

3.B. Helium Nitrogen Results

As mentioned earlier, a few runs were made for the inhomogeneous layer at a
speed ratio of 0.38 consisting of hydrogen-helium on the high speed side and
fluorine-nitrogen on the low speed side at equivalence ratios of 1/2,1, 2. The

time traces and mean temperature profiles are shown in Figures 42 to 44, The
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adiabatic flame temperature is computed using the same technique as for the
nitrogen-nitrogen case (§1.2) despite the fact that helium and nitrogen have
different diffusion coefficients, in fact, the actual peak temperature in a
diffusion flame have not been calculated for these runs. Note that in all time
traces the maximum temperatures occur on the nitrogen side despite the fact
that helium has a lower specific heat. The dramatic change in the mean profile
shape when compared to the nitrogen-nitrogen layer is readily apparent, and
interestingly, the expected 20% rise in temperature (owing to the lower specific
heat of helium) did not occur. Wallace [1981] measured a decrease in the mean
temperature for the inhomogeneous case compared to the homogeneous case
but the present results do not show such a pronounced decrease. In addition,
Wallace measured inflection points in the temperature profile while the present
results contain no evidence of such. This discrepancy must be due to the
different measuring techniques: Wallace - traversing a single thermocouple,
versus, the present rake of eight cold wires. As mentioned earlier, it must be
cautioned that the growth rate of the present (inhomogeneous) layer is 25-30%
less than the cold case (Brown-Roshko [1974]) and this is presently thought to
be a wall effect, owing to the much larger entrainment ratio (E = 3.5, see Konrad.

[1976]).

Figure 45 shows the mean profiles for the three cases ¢ = 1/2, 1, 2. It can be
seen that increasing the concentration of hydrogen on the high speed side to 2%
(¢ = 1/2) produces little change from the 1%:1% (¢ = 1) case, but that increas-
ing the fluorine concentration on the low speed side to 2% (p = 2) produces a
quite dramatic increase in the mean temperature profile. The reasons for this
are thought to be concerned with the fact that while the adiabatic flame tem-
perature changes somewhat, the temperature of the homogeneous regions
increases by a factor of 2 and this of course is thought to be the major contri-

butor to the amount of product in the mixing layer. This statement is presumed



- 46 -

correct for the constant density case and is thought to be also true for the vari-

able density case, by the Broadwell-Breidenthal model.

A comparison with the Konrad predictions as inferred from his measured
pdf’s are shown in Figure 48. The agreement is not very good, and further work

is needed before irm conclusions can be made.
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Chapter 4

Conclusions

A new facility has been built aimed at investigating a turbulent, combusting
mixing layer at high Reynolds number. The facility uses dilute concentrations
of hydrogen and fluorine, carried in inert gas, which react rapidly, spontane-

ously and with high exothermicity.

Experiments have been performed at a fixed Reynolds number, with low heat
release, for a wide range of equivalence (concentration) ratios. The temperature
field has been recorded by a set of eight fast response thermometers placed
across the width of the layer. The results show that the combustion is dom-
inated by the large scale structures that reside in the flow. Thus, it is possible
for the entire width of the layer to be quite hot, owing to the passage of a large
structure, or for the layer to be quite cool, owing to the presence of the cool
irrotational tongues that penetrate deep into the layer. The mean temperature
profile results f_rom a duty cycle whereby a given point in the flow sees.alternat-
ing hot and cool fluid which averages into the local mean. The mean tempera-
ture profile does not achieve the adiabatic flame temperature at any location,
with the maximum mean temperature reaching about 54% to 87% of the adia-
batic flame temperature, depending upon equivalence ratio. The shifts in the
temperature profiles due to changing equivalence ratio are seen to be slight,
with the maximum mean temperature shifting by about 25% of the visual thick-
ness of the layer for a change of equivalence ratio by a factor of 64. It is sug-
gested that the recent topological view of the mixing layer proposed by Bernal
can be used to interpret these shifts. These results are in agreement with the

earlier results of Wallace. The mean temperature profiles are compared to the
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predictions of the Konrad pdf's and it is found that the concentration probe
used by Konrad overpredicted the amount of product formed in the layer by

about 80%.

A most interesting result is that the amount of product in the gaseous layer
is found to be 20% to 25% more than in a liquid, as measured by Breidenthal.
Thus the molecular diffusion coefficient, or in nondimensional form the Schmidt
number, must play a role in mixing at high Reynolds number. The amount of
product has been compared to the recent Broadwell-Breidenthal model with
good agreement obtained for a 75% homogeneous, 25% flame sheet decomposi-
tion. With this choice, the results for a gas and a liquid can be addressed by a

single theory.

Finally some runs were performed for a variable density, helium-nitrogen
layer but the growth rate was found to be 25-30% less than the cold case.

Further work is needed to clarify this difference.
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Appendix A
Notes on Handling Fluorine and Hydrogen

A.l. Fluorine

Fluorine is the most reactive element known to man and also one of the most
powerful oxidizing agents. It is highly toxic and potentially lethal with a thres-
hold limit value of 1.0 p.p.m (Matheson Gas Data Book [1980]). Fortunately,
there is a well developed technology for its use and much of it is discussed in
Schmidt [1967] and Bond et al. [1979]. The problems of handling hydrogen and

fluorine were addressed with the help of B. J. Cantwell and G. L. Brown.

The fluorine used in the present experiments is purchased from Air Products
and Chemicals, bottled with diluent, and is 99% pure. The main contaminants
are oxygen (< 0.3%), sulfur hexafluoride (< 0.1%), carbon tetrafluoride (< 800
p.p.m.), carbon dioxide (<500 p.p.m.) and hydrogen fluoride (< 0.2%). The

hydrogen fluoride is removed by a hydrogen fluoride trap (Matheson Gas Co.).
With respect to the present design the following features were incorporated:

A.1.1. Materials. The design uses principally monel, stainless steel (316 and
804L), aluminum, brass, and teflon. All lines are made of stainless steel and use
only bellows sealed valves (NUPRO B & U series with metal tips, cleaned for oxy-
gen service). Remote extension handles and metal barricades are used in the
fluorine bottle area and at several points in the gas control panel. The metering
valve sonic orifice is machined from monel 400 as this is considered to be a
most critical area. The main opening valve (316 stainless steel Masoneilan 3
inch globe valve) has a metal seat as the flow goes sonic at the instant of open-

ing. No soft materials, other than the upstream teflon bag, and the protective
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teflon coating of the reactant vessels are used in the high pressure areas of the
system. Noise suppression devices consist of aluminum perforated plate and

many layers of aluminum mesh screen.

The contraction box consists of TFE teflon bonded to aluminum jig plate
using viton adhesive. Soft materials are acceptable in this area as this part of
the system operates at atmospheric pressure, with low fluorine concentration
(less than 10% by volume). The perforated plates used for turbulence manage-
ment are of 304 stainless steel while the screens are of monel. Brass is used in
some areas of the velocity and temperature rakes. Nickel plated aluminum and
pyrex glass are used in the test section. All O-rings are made of viton or teflon
and are lubricated with small amounts of Krytox (Du-Pont) grease. To date, the
materials have all performed well, and great care has been taken to ensure that
surfaces are absolutely clean and protective fluoride films are never exposed to

atmospheric moisture and contamination. -

A.1.2. Passivation and Cleanliness. A most important aspect of successful
fluorine use is proper cleaning and passivation. Stainless steel parts are first
nitric acid pickled, while some more critical parts are electropolished (such as
the mixing vessel and some areas of the test section). All surfaces are then
cleaned with M-17 degreaser (available from J. B. Moore Corp.), acetone, and 95%
alcohol {ethanol). Inspection under U.V. light is used for critical components.
Since we do not have access to a clean room, some more difficult parts (such as
the main opening valve) are cleaned by commercial companies (e.g. Garwood

Laboratories, Inc.) who specialize in this sort of work.

All surfaces are passivated with fluorine before routine use. The procedure is
similar to that of Schmidt and consists essentially of building up a protective
fluoride film on a clean surface by gradual exposure to increasing concentra-

tions of fluorine over a fixed period of time. Once the fluoride film has been
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formed great care is necessary to prevent its removal by exposure to moisture.
Moisture contamination can occur in two ways: either by accidentally communi-
cating with moist atmospheric air, or by moisture which is carried in the inert
gases used during the run. To minimize these possibilities, all lines are normally
overpressured during shutdown and all inert gases are cleaned by use of a
molecular sieve (Robbins Aviation, 13X) to remove contaminants and moisture.
It should also be mentioned that all lines are first evacuated and then purged
with dry inert gas before fluorine is admitted. This procedure effectively elim-

inates contaminants and greatly minimizes the chances of accidents.

A.1.3. Disposal. At the end of a run, any lines containing fluorine were
vented through a specially constructed charcoal burn barrel to convert the
fluorine primarily to inert carbon tetraflucride gas (Schmidt [1967]). Other
methods of fluorine disposal consist of a high pressure sodium hydroxide spray
system that is used mainly to cool the hot exhaust gases (Thayer et al. [1978]),
and a water showerhead that is installed at the fluorine bottle area in the event

that a major Aluorine leak occurs.

A 2. Hydrogen

Hydrogen is the lightest gas known. Its ability to find small leaks together
with its high flammability and low ignition energy are the main difficulties
encountered in its safe use. The flammability limits are 4% - 76% in air. Minute
leaks can therefore present major problems when combined with an ignition
source. Most of the hydrogen lines are constructed in standard fashion using
copper lines and braés valves. The only exception to this occurs at the hydrogen
bottle itself where stainless steel lines are used. To avoid extensive use of explo-
sion proof components, a natural ventilation system is installed in the labora-
tory, together with a hydrogen detector (Sierra Monitor Corp.) placed at a stra-

tegic location. The many air changes per hour prevent the buildup of explosive
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mixtures should a leak occur. An overhead explosion proof ventilator serves to
backup the natural ventilation system. Runs using high concentrations of
hydrogen are normally performed with the ceiling lights off. Periodic pressure

checks are performed on all lines to minimize the chances of leaks occurring

during a run.

A 3. Run Procedures
Finally, some notes on the running procedures: In the interest of safety all
runs are conducted from written procedures and performed with at least two

operators present. A run consists of a lengthy sequence of events:

1. Test section cleaning
. Probe calibration
. System preparation - gases and liquids ready

. System pumpdown to scavenge oxygen and subsequent purge

2

3

4

5. Fluorine loading
6. Hydrogen loading

7. Wait period for upstream mixing of charges

B. Run sequence with data recording

9. Disposal of exhaust gases

10. Unloading of unused fluorine and hydrogen

11. Processing of spent sodium hydroxide

12. System cleanup and maintainance

The entire run and cleanup sequence usually lasted the major part of a day,

during which time about six bottles of nitrogen (1500 standard cubic feet) were

expended.
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Appendix B

Chemistry and Ignition

B.1. Chemical Reactions

The chemical reaction utilized in this experiment is

- _ kcal
Ha+ Fp» 2HF, AQ = -130 ol (B.1)

The actual reaction consists of a pair of second order chain reactions of

differing rates and heat release. These are

keal
mole

k
Hp+F 3 HF +H, AQ = =32

ki =286x10'2 795 exp _16?;,0 }(B.2.2)

kg o keal _ o i -1680
H +F;, vHF + F, AQ = -98 Tole ko =3x10°T exp(—T?-T—-? (B.2.b)

“where k is given in cc/mole-sec, T in °K and X/ is the universal gas constant in
cal/mole-°K. These are the so called cold and hot reactions respectively. The
cold reaction which carries 25% of the total heat release is faster than the hot
reaction by about an order of magnitude at B300°K (&~ 1.6x 1013,
kz N 9.5x10'®), These values are consistent with the rate constants quoted by

Cohen & Bott [1982].

There are also chain termination reactions involving three body collisions of

the type
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k
F+F+M3F,+ M,
k,
H+F+M->HF + ¥ (B.3)

k
H+H+M3H, + M

cC

at 300° K, with similar rates for the k,, k5 reac-
mole-sec

where kg~ 3.6x10

tions. However, if we consider a simple rate equation of the type
arF
BEL = e\ [FIHe] - kol FILH] (B.4)

to compare the ks rate to the k; rate, then for nitrogen at standard tempera-
ture and pressure, and assuming that [#3] is 1% of [Nz] and that [F] is 1% of
[F2], then we find that the second term is about three orders of magnitude
smaller than the first, so that at atmospheric pressure and the concentrations

used in the present experiments, termination reactions are unimportant.
Finally, there are energy transfer reactions of the type
k
HF'+ M S HF + M (B.5)

which deactivate the excited HF® and result in thermal energy. For
M = N, HF, Hy or F, then kg~ 10°% 10'?, 10'° respectively at 300°K. Com-
parison of the kg rate with either the k; or k; rates suggest that deactivation
rates are one to two orders of magnitude faster than the pumping rates thus
ensuring that the chemical energy of the reaction is converted to thermal

energy.

As it turned out, it was quickly determined that for the k,, k; reactions to
proceed satisfactorily the presence of F atoms (not molecules) is a crucial

requirement. As Figure B.1 of the explosion limits of fluorine-hydrogen mixtures
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Figure B.1
show (Chen et al. [1975] and Gmelin Handbuch [1980]), at 1% fluorine and 1%
hydrogen (total partial pressure of 15.2 torr) and room temperature (300°K) the
reaction is close to the unstable region, but as we proceed to higher partial
pressures the reaction moves into the stable region. Thus, it becomes crucial
that there be some means to ensure the presence of F atoms. There are three

possible means to achieve this:

1. optical pumping using UV light

2. addition of small amounts of chlorine to the fluorine stream

3. addition of small amounts of nitric oxide to the hydrogen stream
The first option in not realizable with the present design because of the optical
power required and the fact that all of the test section materials, pyrex and
plexiglass do not transmit UV light. The second option was not explored because
of the complicated chemistry that would result. The third option, which was
actually used, consisted of adding a small amount of NO to the hydrogen reac-

tant vessel at the loading time, which ensured that the nitric oxide was
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uniformly mixed with the hydrogen charge before a run. The nitric oxide chem-

istry proceeds as follows:

k
NO +Fe I NOF + F, AQ = —18 281 g, ~ 8x100—S5—  (B.6)
mole mole —-sec

while the reverse rate is considered to be negligible (see Rapp and Johnston,

[1960]). There is however an additional reaction which limits the nitric oxide

concentration, namely,

, |
F+NOS NOF, pg =-57 XKL pow~ 1x101t—S5 (B.7)
mole mole —sec

(see Cool, Stephens and Shirley, [1970]) i.e. the addition of too much NO would
itself begin to deplete the available F atoms. It was determined that by keeping
[NO][F.] = [0.03%]? that the reactions proceed satisfactorily for [F] = 1 0or 2%
molar. Finally, the addition of 50% more NO showed no significant changes, as

was discussed in Chapter 3.

B.2. Time Scales and Flame Thickness

The following numbers are typical of the runs performed in this work.

U, =220m/s
U;=88m/s
z-zo =457 cm (18.0inch)
§=35cm (vorticity thickness)
8sis = 7.4 cm (visual thickness)
Re = AU 6/vy, = 30,800

Re; =AU z/vyN, = 400,000

The large scale mixing time, 7, is given by
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]
T N N7 2.7 msec

and the small scale mixing time, 7, which is the time to diffuse across the Kol-

mogorov scale, Ag, is given by

Ao®
AN

D

L
N Tpiz S¢ Re ? = 10.6 usec

where D is the mass diffusion coefficient, and S¢ = v/ D is the Schmidt number.
The chemical time is formed from Equation (B.2) and is given by
Tenem N 1/k[Fp]
R 2.4 usee
for 1% F, at 300°K and the slower rate k.
The Damkohler number is the ratio of the mixing to the chemical time thus,
Ts / Tonem = 1,125 for the large scales
and
TN/ Tehemn ® 4.4 for the small scales

Note that these are computed for 1% fluorine, with the slower rate kz and
improve with increasing concentration. In any event the chemistry is rapid

compared to the relevant mixing times.

For a diffusion flame which is being strained at a constant rate g the flame

thickness, 8y, for large time (£ > 1 /¢) is given by (see Marble & Broadwell
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[1977]),

2e

The strain rate can be written as

AU

gg N 5 for the large scales

.

E\ N &g Re? for the small scales

Hence the flame thickness is given by

6y ™6 \/_Z_.S'i_Re—z 170 4 for the large scales

by NG x/m= 13 4 for the small scales

In the Broadwell-Breidenthal model, most of the flame sheet is taken to occur at
the small scale so the second expression is probably more representative. The
flame elements are considered to be laminar, strained flames with fast chemis-
try which result in a Burke-Schumann [1928] type thin flame geometry for

which the rate of formation of product is diffusion limited.

The probe used in the present study has a resolution which is determined by
its geometry and response time (Appendix C) and is approximately
(1.5mm x25ux 0.5cm). It is clear that the flame sheet, owing to its very

small thickness, is beyond the resolution of the probe.
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Appendix C

Temperature Measurement Using a Cold Wire

The problem of the response of a wire to a flow whose temperature is chang-
ing has been addressed in some detail by Scadron and Warshawsky [1952]. While
most of their work is directed towards the response of bare wire thermocouples,
much of the analysis applies directly to cold wires and the following discussion is
condensed from their work. In addition. the text by Sandborn [1972] provides
many useful insights into cold wire thermometry. Two cases will be discussed
below: the elementary case neglecting conduction and radiation, and, the gen-
eral case. In both cases the self heating of the wire due to ohmic resistance

heating is ignored.

C.1. Elementary Case Neglecting Conduction and Radiation
The balance between the rate of accumulation of heat in an elemental length

of wire and rate of convective heat transfer is expressed by a simple differential

equation

pwch%—= hA(Ty;—Ty) (C.1)
or

T Ty , Tw=T, (C.2)

dt

where:
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A =surface area
e, = specific heat of wire

h = convective heat transfer coef ficient
Ty = gas temperature
T, = wire temperature

t = time

V = volume of wire element
Puw = Wire density

T = time constant of wire

Thus in response to a sudden "step change”in gas temperature from an initial
value Ty, ( at which time 7, will be taken equal to 7,,) to a new constant value

Ty2. the wire response will be given by
Tw=Tge + (Tgl - gz) e ~t/T (C.3)

Several of these exponential rises or decays are readily apparent in the time

traces discussed in Chapter 3.

C.2. General Case

In the presence of conductive and radiative heat transfer equation (C.1) must
be replaced by a partial differential equation involving z, distance along the wire
as a second independent variable. For an element of the wire, the rate of
storage of heat is equal to the rates of heat transfer into the wire element due
to conduction along its length, convection from the gas, and radiation, which is
emitted from the wire, received from the gas and also received from the duct by

transmission through the gas. This yields a differential equation
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a7,
T = o

ot n* oz

where 7,7 and Ty are defined by:

D? Pw Cw

T A Nu k,

oD T
B = Nu k
g

4 Nu k,

2 =
™ Dg kw

T= ki
(L+ 4B, 80/ Ty)

8= B1 Ew
(1+48,8y/Ty)

=nf(l+48,6y7/T,)

Ty

Ty *
T, +8 [(1—%d)[7;] - (1-¢)]

where

D = wire diameter
kg, = thermal conductivity of gas
ky = thermal conductivity of wire

Nu = Nusselt number

T3 = equivalent duct temperature

(C.4)
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agq = ef fective absorptivity of gas for black body
radiation at temperature T4

&g = ef [ective emissivity of gas

£y = emissivity of wire

o = Stefan —Boltzmann constant

and if the thermal diffusivity of the wire, x, is defined

_ ky
x -
chw
then
2 — —]-'—-
n T

Since Nusselt number varies approximately as the square root of the Reynolds
number then the response time, 7, will vary inversely with the square root of
velocity, or stated another way, the wires show better frequency response on the
high speed side of the layer than on the low speed side. The theoretical
response time for the present wires is 130 usec at 20 m/s, while the experimen-
tally observed value is 330 usec. The reduced response results from the fact that
the wires are aged and 'dirty” and this can degrade the response by a factor of 2
to 3 (see Paranthoen, Lecordier & Petit [1982]). No attempts were made to wash
the wires before a run. In addition, the above formulas show that radiation
corrections are negligible for the temperature rises achieved in the present

experiments,
Two problems are of interest:

1. Steady-State Temperature Distribution in Single Wire Stretched Between

Supports

The steady state problem is, from equation (C.4),
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=24 Ty =Ty =0

subject to the boundary conditions

7, =T,, atz=0,1

The solution is

Tw = Tf + (Tb - Tf)‘P (C.S)
where
_ sinh(nz) + sinh(nl —nz)
R o
1.0 T 1] rl|L-1 —— 0
N E— s P
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Temperature Distribution Along Simple Wire in Steady State

Figure C.1

A plot of ¥ is shown in Figure C.1. There is serious conduction error for the

quantity nL less than about 10. For the (clean) wires used in the present
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experiment 7L is estimated to be about 20 when evaluated at the mean condi-

tions, and this corresponds to approximately 10% error due to conduction.

2. Transient and Steady State Response of Single Wire to a Step Change in Gas
Temperature, Wire Initially at Gas Temperature.

It the wire is initially at a temperature [Ty, + (Tp — Tp1)¥] corresponding to an

actual gas temperature Tj, related to Ty, by an equation of the form (C.5), and

a step change in gas temperature occurs to a value of T}, yielding a correspond-

ing effective gas temperature T;, and by (C.5) an ultimate wire temperature

[Tr2 + (Ty — Tr2)¥], then the solution is
Tw = sz + (Tb - sz)\I’ + (Tfl - sz)@ (C?)

where the second term represents the steady state response, Equation {C.8), and

the third term represents the transient response and is given by

~¢ t nn 2
2t g -L oy
$ = —i e” Y L coi(n”) L 5 sin(———-%nzz e 7T W (C.8)

n=1 nm,

14+( 7L
This shows that the initial time response depends upon 7 and is independent of
the conduction error. However, the overall time response is changed, and the
present wires have effective time constants that that are within 3% of the zero

conduction case (from calculations by C. E. Frieler).

In summary, in the presence of conduction error the wire will asymptote to a
value that is different from the fluid value but the initial slope is governed by
the time constant 7 and this remains the same as in the zero conduction case.
The wires do however have an eflective time constant that is within 3% of the

zero conduction case.
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C.3. Calibration Procedures

The cold wire probes were calibrated before a run using a simple but quite
important procedure. Two 1/2 inch diameter jets at different temperatures
were directed at each probe for 4 seconds and the probe voltage recorded. Each
jet contained a small thermocouple embedded in its centerline, at close to its
exit plane, to provide an accurate measure of the jet temperature. This was
repeated four times for the hot and cool jet and the difference in voltages pro-
vided the calibration constant that was needed to convert volts to temperature
rise. The important feature of this technique is the fact that both the wire and
the prong tips came to the temperature of the jet, since it is estimated that the

tips equilibrate in about a second.

During a run the combusting flow performs exactly the same function as the
hot jet, namely, the tips equilibrate to the mean temperature and the wire
makes excursions about this value as dictated by the fluid mechanics, but, sub-
ject to the boundary condition that the ends of the wire are tied to the local
mean. Hence the mean temperature does not suffer from conduction error. It
is also useful to note that there is no trend in the time averaged data from one

block of data td the next, thus implying that the tips had truly equilibrated.

It is also possible, using Equation (C.5) to make some estimate of the condue-
tion error if the assumption is made that each probe must see cool, irrotational
fluid that penetrates deep into the layer from either side, at some time during
the run. (This is believed to be the lows discussed in Chapter 3). Using this esti-
mate of ¥, any wire temperature, T, can be corrected to a fluid temperature,
Ty, using Equation (C.5). This correction to the highs, to produce the compen-

sated highs, has been discussed in Chapter 3.
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Appendix D

The Inverse PDF Problem

There is interest in extracting the probability density function from the
present data mainly for two reasons: first, it would afford a direct comparison
with Konrad's pdf., and second, some current work in combustion theory
requires the pdf for a given flow (see Bilger in Libby & Williams [1980]). An
indirect comparison with Konrad's pdf, using the inferred temperature profile,

has been performed in Chapter 3.

The computation of the pdf from the mean temperature profiles has been
discussed previously by Wallace [1981]. An alternate approach is to use the his-
togram of the temperature data, which is obtained from the measured time
traces, to obtain the pdf. The solution to this problem was formulated by Pro-
fessor J. N. Franklin of the Applied Mathematics Department, California Institute
of Technology, and will be described below. We begin by first describing the dou-

ble valuedness of the basic problem.

D.1. The Double Valuedness Problem

(This discussion proceeds along lines similar to Wallace [1981]) First consider
a turbulent mixing layer with the high speed side labelled A, 1 and the low speed
side labelled B, 2 (for example see Figure 1). Consider an infinitesimal sampling
volume where we measure (by any possible means) the local instantaneous con-
centration, ¢,

¢ = Toving) (D-1)
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where

n, = # of moles of 1 in sampling volume

nz = # of moles of 2 in sampling volume

In addition, suppose that n, contains n, moles of dilute reactant A and that

similarly ny contains n, moles of dilute reactant #. We define

Cig = ;L_l— (DZa)
g
Cog = ;L;— (DZb)

to be the freestream concentrations of the H.S. and L.S. sides respectively and

the equivalence ratio, ¢,

c
p = -‘-:—2-?— (D.3)
10

Then, in measuring a concentration, ¢, implies that n, moles of A and n, moles
of B are present in the sampling volume. For no reaction they simply coexist,
but for a fast reaction (such as burning) the lean reactant will be consumed.

Thus for an irreversible reaction of the type
A+B-»P

then the concentration of product, ¢y, is given by

nﬂ
for n, < my
nit+ng
¢ =| p, (D.4a)

or n
'n.1+'n2 frb(n‘
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or

— =C4pC for <n
nl 1'!.,+‘n.2 10 Ma b
g, -
P Ny TN
—_— = Cgo{1-C for n, <
Ny mytng 20( ) b < Mg

the special case ng = n, implies stoichiometric conditions i.e.

€10.Cs = Cg0.(1-0C,)

- _FC2 _ _¢
CiotCao 1+¢

A sketch of ¢y is shown in Figure D.1

FigureD.1

(D.4b)

(D.5)

By using the heat released by the reaction, A, and the molar specific heat at

constant pressure of the inert carrier gas, G,, we see that ¢, varies directly with

temperature to obtain

C10.c.AQ/C, for c < TE;—

T(c)=
Cg0.(1-C).AQ/C, forc > -1—%;0—
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(D.8)

This is plotted in Figure D.2.

T(c)

o
o

AN

s C2 I
o]
Figure D.2
In the general case where the two incident streams have different specific heats

Gp1 and Gz, the specific heat of the mixture becomes a function of the concen-

tration, and it is necessary to substitute in Equation (D.6) for G, the expression

Cole) = Gz + (G 1—Go2) (D.7)

The shape of the curve T(c) leads to a double valuedness i.e. there are two
possible values of ¢ namely ¢, and ¢, {(Figure D.2) that lead to the same value of
T (this corresponds to a given reactant being either lean or rich). The only
exception to this occurs at ¢, when stoichiometry is achieved and the tempera-

ture becomes the adiabatic flame temperature, T,.

Knowing T(c) it is possible to use the probability density function p(c) for
the turbulent mixing layer as measured by Konrad (Figure 33) to compute the

mean temperature across the layer, T, since,
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1
T = _{T(c)p (c)de (D.8)

This calculation was performed for each of the seven pdf’s measured across the
layer by Konrad, using a simple FORTRAN program. The result is discussed in
Chapter 3. Thus the direct problem, namely, given p (c) to compute T is readily
solvable. The inverse problem i.e. extracting p(c) from the mean temperature

profiles, T(y), or from the histograms of 7/ T, is a more difficult task.

D.2. Methods for Computing the PDF

D.2.1. Direct Method. A simple approach to finding the pdf consists of using
Equation (D.B). One must perform several runs of differing 7(c), (i.e. by chang-
ing ¢) and assume a delta function representation for p(c) to which Equation
(D.B) can be applied to solve for the magnitudes of the delta functions. This
approach has been used by Wallace [1981] and in this work, with the results
shown in Chapter 3. This technique has the advantage that the mean tempera-
tures are used and these are not dependent upon the response of the particular
probe that is used. The disadvantage is that the technique requires many runs

at various ¢ for a reasonable representation of p(c).

D.2.2. Matriz Method. A second approach is to make use of the function
T{c). From Figure D.3 we note that the probability that T lies in the interval
(T,,T,+AT) is equal to the sum of the probability that ¢ lies in the interval

(c1,cy+Ac,) plus the probability that ¢ lies in the interval (¢z,co+Acy), or,

p(T)AT =p(c;)Ac, + p(cy)Ac,
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T(c)

AT

/

O Ac Ac, |

C
Figure D.3
_ ACI ACZ
p(T)=p(c,y) AT +p(cz) AT
or
= bc_ Bc_
p(T,)=p(c,) 5T “ﬂ*'P(Cz) BT |y (D.9)

(This is none other than the definition of the probability density function of a
transformed variable for the special case that the transformation is not one to

one, see Gutman, Wilks and Hunter [1971].)

Thus using two different runs, one can use the following technique (suggested

by P.E. Dimotakis) to create a histogram representation of p(c). If we write

1 . 1]1P(0) 1

S p(c)| = |p(0) (D.10)
- -~ - p(T)

Sg P(l)J p(l)a

for
left or right

where S, and S; are the (sparse) matrices constructed from 58'%
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runs 1 and 2. The first of these simultaneous equations requires that the proba-

bility is properly normalized. Matrix inversion then yields p (T).

D.2.3. Franklin Methods. The final approach uses the Franklin solutions
which are described below. This technique utilizes the cumulative distribution
function to compute analytically the probability density function. In the follow-
ing discussion the variables z,y are equivalent to ¢, T that have been used to

this point.
D.2.3.1 Pranklin 1. The cumulative distribution function is defined
x
F(z) = PiX<z} ={p(£)df (D.11)

suppose that ¥y has a cumulative distribution function G, then from Figure D.4,

b ____(O:b)

o
2
o pun e me aulle T e
»
N

»

FigureD.4

G(n) = P{Y<mnj
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= PiX<z,] + P{X= z5}

= P(X< %’9—) + P(X=1 - -(-1;:—21)

or

Gw) = F(Z) +1-r(1 - U22)y) (D.12)

without loss of generality, consider the casesa =1/3 and a =2/3 (these would
correspond to runs of 1:2 (L.S.:H.S.) and 2:1 respectively) with cumulative dis-

tribution functions G(y) and H(y), then

c) =Ly +1-F(1 - %y—). 0<y=<1 (D.13.2)
H{y) = F(%L) r1-F1-1), osys=1 (D.13.b)
then
H(2y) =F(%y-) +1-F(1 - %L). 0<ys= 1/2
subtracting

Gly) - H(2y) = F(¥L) —F(—4§1—), 0sys=< 1/2

rewriting
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F(f‘él) =HEY) -6y +F(L),  osys /2

F@)=H(EL) -2y + F(L), 0=y s 2/3
or
Fy)=k@)+F(L),  o=ys2s3

where

K(y) = H(3L) - 6(3L)

This provides a recursion relationship to compute F(y)

Fy)=k@) + k(D) + -+ k() ()

4n+l

where the last term is O( .-41;-). implying rapid convergence. Thus,

w |
Fy)=3 [H(-E’l’n—)—a(—i—%) . 0<y=2/3
and using Equation (D.13.b)

Fly)=1+F((1-y)) -H(3(1-y)), 2/3<y=1

The probability density function f(y) is now obtained by differentiating the

expressions for F(y), i.e.,
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= 3 3 3
ry)= ZI 241,, (zi’,,) 4,,“9(4—,,%) , 0= y=2/3 (Dl4.a)

f(y) = —2f (2(1-y)) + 3r(3(1-v)) . 2/3<y <1 (D.14b)
Thus, knowing the histograms g and h, for two different runs, one can compute
the probability density function, f.
D.2.3.2 Franklin 2. The second Franklin solution is derived from Equation
(D.12)
G(nea)=F(an) + 1 -~ F(1-n+na)

then

%nc_;_= af (an) + (1-a)f (1-n+na)
)

gjf-=nf(an) -nf (1-n+na)

solving for f (an) and f (1-n+na) by Cramer’s Rule, yields

8G . 1-a 4G
flan =36, 12

= i 156
on o an ==z, fixed (D.15)

Thus, if one has sufficient information to construct the partial derivatives that

exist on the right hand side, one can compute the function f.

D.2.3.83 Franklin 3. A special case of the Franklin 2 solution occurs for 7 = 1,

then Equation (D.15) becomes
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J (2) = Gp(l,2)

_ G(1.a)-G(1-ca)
&

this can be related to a simple physical observation (see Figure D.5), namely,

T
/Tf {

Ply>1-¢g) =1 - G(1-¢)
N e f(a)

i.e. if the function @ is étored in histogram form, then f(a) can be obtained
simply from the uppermost bins. The advantage of this approach is that the

results are always positive since the histogram is non-negative.

Attempts to use the Franklin 1,2 solutions yielded negative solutions, owing to
inaccuracies in the histogram data which are caused by inadequate frequency
response, conduction error and poor resolution (Appendix C). The simplest ver-
sion of this solution, Franklin 3, was used to give an estimate of the pdf. This

result is discussed in Chapter 3.
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A = High Speed Reactant (Hor F5)

B = Low Speed Reactant (F, or Hy)
Hot Fp —e— 2HF

FIGURE 1 Turbulent Shear Layer Geometry
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. Fluorine Cylinder

. 1/8 Inch Steel Barrier

. Hydrogen Fluoride Absorber

. Charcoal Burn Barrel

. Hydrogen Cylinder

. Nitric Oxide Cylinder

. Nitrogen Tank Farm (Surge Tank)

. Fluorine Mixing Vessel (Not Shown - Hydrogen Mixing Vessel)
. Inert Gas Tank Farm (Hydrogen Side)

. Inert Gas Tank Farm (Fluorine Side)

. Fluorine Reactant Tank

. Hydrogen Reactant Tank

. Upstream Teflon Bag

. Perforated Tube

. 6 Inch High Pressure Line to Surge Tank
. 3 Inch Check Valve

. 8 Inch Butterfly Valve

. 3 Inch 304L Stainless Steel Inlet Line

. 3 Inch Main Opening Valve

. Sonic Metering Valve

. Contraction Box

. Test Section _

. Downstream Washing Duct

. Teflon Exhaust Catch Bags

. Sodium Hydroxide Supply Tanks

. Sodium Hydroxide Showerheads

. Sodium Hydroxide High Pressure Pump
. Vacuum Pumps

. Exhaust Gas Scrubber

. Exhaust Liquid Catch Tank

. Control Panel

. Safety Shower

. 18 Inch Diameter Explosion Proof Ventilator (Not shown - Natural Ventilation

System)

FIGURE 2b Item List for GALCIT Reacting Shear Flow Lab
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FIGURE 5 Contraction Dimensions
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FIGURE 6 Closeup of Test Section
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ical Duct and Exhaust Catch Bags

FIGURE 7 Vert
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