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I. INTRODUCTION

£

A presat deal of work and thought has besn given to the mechanism
of chemical reactions. This fisld of investigation has become known
as "Reaction Kineties".

Early work concerning the chemical reactions of gasecus mixtures
(about 1800) was centered mainly on determining explosion limits and
rebes of the various reactions as functions of the itemperature and
total pressure on the system. The only theory regarding the naturs
of the reaction at this time was the following rate equation. This
equation is writbten symbolically as follows (1)*. In a reaction
where XA +PB+--- =7 y+-§z + - s, the reaction rate is given

by the expression

we @88y [ 5]

where w is the reaction wel
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ackets indicete the concentration of the re-
actants or products. In principle, the reverse reaction should also
idered, but in the case of reactions which are sbtrongly exo-
thermic the reverse reaction is usually neglected. This theory is

o

often referred to in the literature as the "Thermal Theory of Re-

In this work, a great many anomalous effects were found and it

became evident that by the thermal theory alone many of the phencmena

o

& fi gures appearing in parenthesis refer to the references

$Th
lisbed at the end of this thesis.

1.



could not be explained.

For example, one of the first modern investigations on the
hydrogen and oxygen resction was done by Bodenstein (2) in 1899,
These tests were to determine the reaction rates of hydrogen-oxygen
mixtures at various tempsrabures. The experiments were conducted
by passing a mixture of hydrogen and oxygen through porcelaiun tubes
with different volume Yo surface ratios. It was found that the re-
action veloeity in each tube could be expressed by the preceding
relation, but the value of k varied greatly from vessel to vessel.

g

fhus, it appeared that a surface reaction was predominating, and the

3

simple relation was not generally applicable since the reaction was
mainly catalviic.

Later work by Falk (3) and Dixon (4, 5) established the explo-

fod

sion 1limit of hydrogen-oxygen reaction as a function of temperature

n

and pressure. The curve they found is shown schematically in Fig. 1.

FiE0)
i

he segment AB is called the first explosion limit, the segment BC

fda

is called the second explosion limit, and the segment CD is called
the third explosion limit. The inadequacy of the thermal theory can
be best observed by comparing this curve to a curve predicted by the
thermal theory (Fig. 2). As shown, the segments AB and CD might be

explained by the thermal theory, but the segment BC is incompatible

Thus it is evident that the process is more complicated than

the simple combination of hydrogsn with oxygen to produce water,
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Later, the ecause of the anomalous effects was found to be due to a
branching chain resction (6 to 11).

The reaction velocity for a chain rsaction cannot in general bs
described by a simple relation depending upon the primery reactants
only. This conclusion is due to the fact that the primery reactants

do not combine direectly, but an "

sctive particle” is required to
initiate the chemical combination. Many intermediate reactions may
be present in the conversion of the reasctants to the end products.

An sxample of 2z simpls chaln reaction is thet of hydrogen and
bromine. Here it is assumed that the chain carriers are the hydrogen
and bromins atoms; thus,

HE+ Bro = H8r + Br

Br+ Hp = HBr + H

stc.
In this reaction, only onse chain carriser is produged in each reaction,
and the chemical combination will comntioue until the chain is broken
or the reactants are consumed.

In the case of the oxygen and hydrogen reaction, more chain car=
riers are produced during a "reaction cycle” than are required %o
initiate the reaction. For example, consider the branching mechanism
of the hydrogen-oxygen reaction; the hydrogen atom is assumed to be
the active particle. (See Discussion of Resulbs.)

H+ 0y 2 CH+ O
O+Hy 2 G+ H
OH + Hy 3 HoO+ E
OH + Hp = HoO + H



Thus, three hydrogen atoms are produced for every one entering the
cycle, and the resctbion veloeily would become infinite in a wery
short time if the chains were not broken by other resctions. This
type of reaction is called a branching chain reaction. The set of
chemical egquations which é@nsistg of the actual branching and break-
ing reactions is called the "reaction mechanism".

It should be noted that the failure of the thermal thsory to
describe these more complex reactions does not mean that the rate
sgquation is incorrect. It merely means that the law is not correct-
ly applied to the reaction scheme. It is alsc interesting to note
that there are several reactions of gaseous mixtures which do fol-
low the simple thermal theory (12, 13).

In most cases, the formal laws of kinetics do not suffice to
select with certainty the exact set of reaction eguations. Thess
various reactions are deduced by dstermining the intermediate pro-
dusts from spectroscopic or photochemical investigations.

A pgood example of a rescbion mechanism for a branched chain re-
action is that of hydrogen and oxygzen. This reaction has been in-
vestigated quite thoroughly in the last thirty yesrs. (For a survey,
see reference 14, pages 315-325.) These investigations have de-
termined fourteen probable intermediate resctiouns.

Von Elbe and Lewis (15) have solved a reaction mechanism for the
case of the homogeneous reaction of a stoichiometrie mixture ratio of
hydrogen and oxygen in a constant volume spherical bomb. The reaction

mechanism which Von Elbe and Lewis use is listed on the following pege.



Three of the fourtesn possible reasctions are sliminated because their
contribution to the process is doubtful. The number listed with each
reaction is the number cusbtomarily used in literabure to designate

the reaction.

H 4+ 092 0H+0 2
G+ Hyp 2 Ho0 + H 1
O+ Hp = OH + H 3
H + 0z + M = HOp + ¥ where M is a third body

N (Hp, 05, Hp0) 6
HOg + Hz0p = Ha0 + 0z + CH 7
HO2 + Hp =.HgOp + H 11
HOp + {wall and adsorbed HOp) = Op + Hz0p 12
H202 + Dissociation 8 20H i
Hols + Catalytic decomposition on wall & 20H 13
HpOp + H + 0p = Ha0 + Oy + OH 5
Ho + 0g + wall catalysis 2 HoOg 14

reaction, and that esach equation satisfies the ratz equation inde-
pendently. For example, the number of HOp molecules formed equals
the number degtroyed. The same condition is imposed upon the H and
HgO2 particles. The relation for the number of Ho0 molecules formed
per unit volume per unit time is deducead, and the dependent terms in
this eguation are eliminabted from the previous relatious. The tem-
perature dependencs of the reaction rate coefficients for the

various reactions are obtained from Arrhenius® equation (1). In
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this way, an equation is obtained for the rate of water formation
a8 & function of several constants which are debtermined from the
experimental date. An excellent correlation between the theoreti-
cal and experimental work is obltained.

The inflections in the explosion limit curve (Fig. 1) are ex-
plained by Von Elbe and Lewis as followse The shape of the first

Y

explosion limit is atiributed to the adsorption of the active parti-
cles (H and HOy) on the wall of the vessel. This process is possible
bescause the mean free path of the molecules is larger if the pressure
is lowered. As the pressure decresses, & larger percentags of the
atoms and radicals reach the wall, where they are adsorbsd. This
limit is very difficult to determine experimentally because the rates

2

lepend very much upon wall effects. LThe second explosion lim
} & 2

e
Bt
@

ttributed to the gas phase destruction of the H atem by reaction 6,
the mean free path being small enough te increase the probability of
a thres-body collision. The resulting HO, radical is then destroyed
by wall adsorption. However, if the wall is not an effective ad-

sorber, or if the pressure is increased further, decreasing the msan

free path, Tthe effective degtruction of ths HO» radical is reduced.
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then becomes predominant, and an explosion results, give
ing the third explosion limit

One serious handicap of the kinetic approach to combustion

problems is the increasing complexity of the relations as more

(e
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=
]
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o
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£
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fuels are considered. It is apparent, however, that

this approach to the problem is the only one which can give
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fundamental informabtion.

An interesting aspect of the kinebic reaction scheme is the case
where the explosion @f a2 combustible mixture is apparently suppressed.
For example, it has besn known for many years that a wire can be

placed in e combuetible mixture and hested hundreds of degrees above

the conventional explosion 1limit of the gas without causing sn sx-

@
o5

plogion. Similar phenomena have been noticed in petrolsum refineries.
These results are hard to reconcile with the kineties point of

view, as in many oases explosions ocour spontanecusly in gases which

are initially at room temperaturs. These exploszions are attributed

g—;)a

to & wery rapid chain reaction following the admission of a few chsain
carriers. An example ¢f this typs of reaction is the ignition of hy-

drogen and lodine. A few intermediste particles are introduced by

s
=
[
=
[
e
i
0
®

some mechanism (visible light of the Ho I, reaction) and

B

the chain reacticn bakes over so rapidly that an explosion resulis

almost iustentansously. In the hot wire experiments it seems evi-

@
it
&t

@i‘

hat there must be a constant socurce of "active"” particles.

Purpose of the Present Ilnvestigation.

he purpose of thi

L]

ressarch was to gain experimental evidence
regarding the nature of z chemicsl reaction in the vicinity of a sure
face which is 8% a much higher temperature than the bulk of the ex-
plosive mixbure.

The reason for investigating this particular csse is based



primarily upon ancmalous effects which have been observed inm the oil
industry. The safety codss governing the safe operating tempsra-
tures of heated surfaces which are exposed to combustible mixtures

are determined by the following method. An open vessel is immersed

in & lead bath and hested to the desired temperaibure. A pre

vy o

ntroduced into the

fede

devermined amount of fuel (usually ligquid) is

vessel and the explosion, or absence of explosion is observed. By
varyiog the temperature of the vessel, the sxplosicn limit and the

safe operating temperabtures of the fuel are determined.

In actual practice, it has been observed empirically that p

g, -
jge]
4
w

and heated surfaces can be operated safely well above the temper

0

=

®
8

tures specifised by the safety code.

In view of these results and those obitained from the hot wire
experiments, it appears thet some phenomena are taking place which
are not observed in the homogenecus reaction.

The reasction considered in this investigation is a great simpli-
fication of the problem as ocutlined. The simple reaction was chosen
purposely because of the belief that an understanding of the
mechanism in the simplest case is necessary before considering the
complex reactions.

The experimental work in this thesis consists mainly of measure-
ments of the temperature distributions in the explosive mixture.

This particular measurement was chosen because of the belief that

the determination of the temperature distribution in the explosive

mixture would give direct evidence regarding the rate of heat
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release, and some criterion regarding the propagetion of the flame
from the heated surface.

To obtain information regarding these mschanisms, an experi-
mental arrangement was developed by Dr. Peber Kyropoulos and the
author which could be used to impose & variable temperasture gradient

in the combustible mixture. The combustible mixbure is contained

fe

in a shallow rectangular combustion chamber. This chamber is wvented

fodo

to the atmosphere so that a constant pressure reastion can be obe
tained. The temperature gradient is maintained in the gas by heat-
ing only one surface. The other is kept at a constent temperaturs.
In order to obtain hydrodynamic stebility of the combustible mix-
ture, the upper surface of this chamber is heated. The temperature

stribution between the two surfaces is measured with an optical

34

werferometer. This instrument was chosen for two reasons. First,
rapid changes in the temperature distribution were anticipated and
an interferometer used with high-speed photography would be most
suitable for these observations. Second, all disturbances dus to

tenperature measuring devices are eliminated, and the inaccursacies

N

in the temperature measurements caused by surface catalveis on
thermoccuple wires ere removed.

The fuel tested was hydrogen and oxygen. These fuels were used
for two reasons. First, the hydrogen-oxygen reaction is the simplest

branching chain reaction, and second, there are good dats available

for the homogeneous reaction.



i1, BQUIFPMENT

The principal pieces of eguipment which were used in this in-

vestigat

A

@

tion may be tabulasted as follows

An optical interferometer of the Mach-Zehnder type (16, 17)
was used to measure temperature distributions within the
gombustion chamber. This instrument, using interferencs
phenomena, makes it possible to obbtain these tempsratures
without placing instruments such as thermocouples within

the combustion chamber. Thus disturbances due to surface

fﬂ;

catalysis snd loeal effects of the instrument are elimi-
nated. Fige. 8 and 4 show the interflerometer frame and 2
closeup of one of the mirror supports.

A combustion chamber, shown in section in Fig. 6 was used

3

to heat the mixturse of hydrogen and oxygen. The chamber
o B &
is made of two flat plates. The upper plate is provided

with heaters and the lower plate is provided with cooling

B

ooile. Three variable transformers were used to conbrol
the temperatures and temperature distribution of the upper

plate.

T

1

b
@

etrically operated shutters (Figs. 7 and 8) were used to
cover windows in the combustion chember walls. These shut-
ters were opensd and closed slectrically when the inter-

erograms were taken.

b
=

odified Ceneral Electric type AH-4 low-pressure mercury

vapor lamp was used as the light source. Monochromatie

i,
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12,

light was obtained by isclating the mercury green line with
a Wratten TTA filter. The light was collimeted with & ten-
inch foeal length simple lensz.

Chromel and alumel thermocouples, all made from the sanme
spools of wire, were used to measure the upper plate Lem-
perature. An Iron-Constanten thermocouple was used to
measure the temperature of the lower plate., The calibration
cf the chromel and alumel thermocouples was checked with
standard calibrated thermocouple wire obtained from the

Leeds and Northrup Compeany. The ealibraticn of the Iron-

€

onstantan thermocouple was checksd at the temperabure of
boiling water. The location of these thermocouples is

An injection reke (Fig. 9) was used tc intreduce the hydro-
gen and oxygen into the combustion chamber. This rake is
erranged so the two gases are brought together s short dis-
tance frem the combustion chamber.

Visible float rotameters were used to meter the flow of hy-
drogen and oxygen.

Adjusteble diaphragm pressure reducing regulateors were used
to lower the oxygen and hydrogen tank pressures to sligh iy
above atmospheric pressure. These regulators were alse used
to regulate the flow through the rotameters.

A sixnte

@

nemillimeter moving picture cesmera (Fig. 11) was used

5

O

5

recording the interferogrems. Eastmen Kodak Linograph



Ortho film was used in the camersa.

J. A Leeds and Northrup eight-channel high-spesd recording
Qotemtiomeﬁéﬁ was used to record the uppser plete tempera-
ture (Fig. 13).

K. A Leeds and Northrup conbinuous recording potentiometer
was used to record the lower plate temperature.

4 schematic diagram of the eguipment arrangement is shown in

=z

'ig. 15 and photographs of the complete imstsllation are shown in
Figs. 8, 16, and 17. This sguipment is described im detail in the
following pages.

A, Interferometer.

The interferometer ussd for this work is of the Msch-Zehnder
type. Ths instrument consiste of four mirrors which are located on
the corners of the interferometer {rame as shown. Two of the mirrers
are aluminized so thet approximately Ffifty percent of the light is
reflected and Pifty percent is transmitted. These mirrors are
wounted on diagonally opposed corners of the frame. The remaining
two mirrers are aluminized so that all of the light is reflescted

and are mounted on the other two corners of the frame., This device

8 i

gplits” ome beanm of light inte two separate beams. One beam passes

through undisturbed air and the other beam passes through the com-

bustion chamber. When the two beams are recombined at the second

halfealuminized mirror, the varying density of the gas in the com-
, . .

bustion cheamber causes phase differences in the two beams, thus

producing interference fringes. (See Appendix I.)
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The mirror supports (Figs. 4 and §) are made of invar. BEach
mirror is held against three support polmbs in its freame by three
very soft springs. Each support point is placed directly opposite
the corresponding spring to avoid any bending of the glass mirror.
The mirror frame is held firmly against three adjusting screws A,
B, and C. (See Figs. 4 and 12.) Small ball bearings are fitted
into the ends of the adjusting screws and it into sockets in the
pirror frame, thus facilitating adjusitment and minimizing lateral
movement of the mirrors. Screw C (Fig. 4) is used only for the

initial location of the mirrors relative Lo each other. Adjustment

2]

of the mirrors is accomplished by turning screws A and B. These
two adjustments are not completely independsnt, but 1ittle Jiffi-

culty was encountered becsuse of this arrangement.

I8

Adeguate adjusting sensitivity is provided in the following

s

way. Fhe adjusting screws & and B heve a very fine thread

(98 thr@adafin@h}@ In addition, worm gear sets provide a relative
fe] &

motion of 50/1 between the adjusting screws and the adjusting

wheel (Fig. 5). One=-tenth of one turn of the adjusting whesl

£ F e Y & @

translates the adjueting screw approximabely 5000 4.

Eech mirror support and adliusting mechanism is assembled and
fastened to the interferometer frame as a unit (Fig. 5). Pro-
vision for adjusting the light path length within the square formed
by the mirrors is atteined by a parallelogram leaf spring arrange-
ment on two of the mirror supports (Fig. 5). The spring base

alliows the mirror support as a whole te be translated persllel %o



the light path without rotation of the mirror.

The interferometer frame is made of two-inch pipe welded to=
gether as shown in Fig. 3. The freme was fully annealsed after weld-
ing and the mirror support pads were machined in one setup so that
the surfaces of the pads would be coplanar. Cocling water is cir=
culated through the frame, which is lagged with one-quarter-inch
thick asbestos cloth. Dimensionsl changes due to thermal gradients
ceused by convection currents in the room are thus greatly reduced,

5

In order to eliminste transmission of buildin g vibrations te

N

he apparatus, 1t is placed on rubber shock mounts. Thsese in turn

ek

rest on the concrete floor of a room at ground floor level. No

trouble was encountered due Yo floor vibrations with this arrange-

Since there was no provision for keeping the room at constant

temperature, considerable care was teken Toc make the interfercmeter

et

installation as insensitive to temperature changes as possible,
It was necessary to provide radiation shields between the com=

bustion chamber and the interfercmeter frame to prevent heating of

the freame and mirror supports. Each shield is made of *+wo sheets

ol

£ bright aluminum, one inch apart. The bottom of the rectangular

duct formed by the radiation shields (Fig. 17) is closed with as-
bestos paper to reduce convection currents arcund the combustion
chamber proper.

Distortion of the interference pattern due to air currenbs in

the room is reduced by passing the light paths of the three



remaining legs of the interfercmeter through two-inch aluminum tubing.
B. Combusztion Chamber.

The combustion chamber congists of two flat plates 12 inches by

12 inches in sigze which are spaced one-half inch apart. This spac-

Fo

nz is kept constant by allowing the upper plate to rest directly on
N : . 3 5 ¢ = f

ceramic blocks inserted betwesen the plates. The upper plate is 3/8

inches thick and made of type 347 stainless steel. Walls, one inch

o

n height, are welded to the upper surface of the plate, thus form-

e

ot

ing & shallow rectangular box. The heating elements, described in
detail later, are placed in the spacs formed by the walls and are
surrounded by lead, which serves as a thermostatic bath. A transite
asbestos board covers the lead bath and supports the heaters. Under
operating conditions, the lead is molten and aclts as a heat traunsfer
medium, thus reducing thermal gredients. The lower surfacse of the
upper plate is machined and carefully polished. It was origipally
planned Lo plate this surface with one of the precious mebtals. This
plan was discardsd for two reascns: first, because it is very diffi-

cult to plabte stainless steel, and second, because the metals which

st

will stand the reguired tempsratures without oxidizing ere nearly sll

o

@

gooo catalyst

The lower plate is made of one=half-inch thick copper plate and
ig chromium plated. Two hslical counterflow cooling coils are

soldered to the lower surface,

[ a

Ihres sides of the space betwesn the twe plates are closed by an

0.015-inch thick mild steel well. The wall between the two platss is
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kept in place by matching slots which are milled into the surface
the plates. The slots in the upper plate are milled so that the

®

wall can be drivem tightly into the slots, making the joints gas

]

tight without the use of sealing compounds. The matching slots in
the bobttom plate are milled 0.010 inch oversize to facilitate
assenbly of the unit and %o avgamm@&aa& the thermal expansion of
the walls during heating. The joints bebween the walls and the
bottom plate are sealed with an asbestos cement.

The fourth side of the combusiion chamber is covered wilth

blowout panel. Thisg precaution allows an escape path for the gases

fdo
3

1 the combustion chamber should they explode. Two types of blow-
out pmnels were used. The most satisfactory panel was made of 0.002-

5

neh thick steel shim stock pierced with ten 1 '52-inch holes %o pro=

[

&

ide an outlet when & stesdy flow of combustible gas was passed
of &

gqi

through the combustion chember. A blowout panel made up of three

, 5,

thiclknesses of quarts cloth was slso tried, but was found to be too
porous, permitbing the gases in the chamber to be quickly contami-

nated with air when the flow was shut off,

o o

The combustion chember unit is mounted in a2 separate frame by

means of lags which form an integral part of the plates. This frame

o

in turn is located within the interfercmeter frame.

5

ad through sguare openings in opposits

sides of the combustion chamber wall. These openings ars in the
centers of the combustion chauwbsr wells and are placed om Tthe axis

perpendicular to the gas flew., These copenings are covered with
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slectrically operated shutbters and are opened only when pictures are
8

The shutters are made of transite asbestos board and are
G.Q

talksn.
held tightly to the edge of the combustion chamber by leaf spring

The shutters siide in a grooved rail which is fastened

(Fige 7).
to the ecold plate.
Initially, mebal shutters were iried but were found unsatise-
ithin the come
a steel

factory because thev caused convscbion currents w
the com=

These meital shutters were fastened to

bustion chamber.
two

shutter block which in turn was fastened to the edge of

To minimize hest btransfer bebtwesn the
by

£

v
)
s

yek would

bustion chambers.
the shutbter block was insulated from the combustion chamber witl
However, it was found that the shutter ble
£ the btw

B

ashestos
is caused the hot gas in the combustion chamber bo [low
e11

4

zaskst.
temperature intermediate bhetween the tempsratures o

plates. Th ;i
opening in the shutter block where it coolsd and then fe
nters=

inte the
s0ld plates, thus sebbing up convection currsnbtes within the

&
These convestion currents caused the in

combustion chamber.
ferograms to be disbtorted so as to indicats incorrect temperature

digtributions.

The

The transite shutters, having a high thermal resistivity, altbain
approximately the same temperaturs gradiesnt asz the explosive mixture

and thus minimize convection currents within the apparatus.
The opening

shutters are opened and clesed by separate solencids,
levers actuste microswitches as the opening solenoids bottom (Fig.

These misroswitches are connected in series, and when both are
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depressed, achtuate a doubls relay switch which interrupts the cur-
rent in the opening solenoids and closes the circuit for the clos-
ing solemoids (Fig. 18). As a result, one signal from the operator
causes the shutters to open and close in a predetermined sequence.

The shutters remain open for approximately 1/25@h second, a featurs

mizes air contamination of the mixture iz the combustion

‘HQ

which min

chamber.

The upper plabe of the combustion chamber is heated with sight

&

stainlsss steel sheathed heating elements. The heaters are connected
to three separate 230-volt variable transformers in such a menner
thet the four center heaters are supplied by one transformer, ths
seoond heaters ip from each end of the hot plate ere supplied by the
Sé@@nd‘tf&mgf@fmerg and the hsaters on each end of the plabte are

9

supplied by the third varisble trensformer (Fig. 6). In this manner,
heat addition along the length of the plate can bs controlled to

n & unifors temperabure along the light path. Bach of the
heatsrs has & rabted capacity of 800 watits. The rated total capacity
Thas is 4.8 kilowabbs. 1% was found that the heating elements could
be operated ab an input of 30 percent above rated powsr bscause ths
lead bath prevented excessive sheath temperaturss. To accomplish
this, the variable transformers were wired in such a way that an
cutput voltage as high as 280 volts could bs attained.

D. Metering Hgquipment.

Hydrogen and oxygen from steel cylinders are supplied to the
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combustion chamber by means of an injection rake which is silver
soldered into the metal wall opposite the blowout panel (Fig. 9).
This rake is made up of eight separate injesction nozzles, all fed
from common manifolds. Separate manifolds ars provided for the hy-
drogen and oxygen, and the injection nozzles are connected to these

ameter tubes. The

\%”W
S
%‘,ﬂj
o
i
Hn
B
Q,
=3
b
=
&
Ha
2
[e
e
}:&»ﬂc

manifolds by | cases are brought
& P2 L=

together approximately one inch from the injection nozzles. The

small inside dismeter of the tube insures complete mixing before
b

Jection. The injection nozzles consist of 0.005-inch slots which

are cut through the upper surface of the tube and are perpsndicular

(o]

to the long sxis. The admitted gas is thus injected upward towsrd

M

the hot plate. This prevents the cool mizbure from flowing across
the bottom of the combusbtion chamber and through the blowout panel

without coming in contact with the hot plate, This method of mixing

the gases eliminetes the nscessity of having a large guantity of com-

bustible mixture premixed and thus reduces the danger of flame flash-

e

back in case of an explosion. The flow of hydrogen and oxygen is

- £

measured by means of visible float rotameters (Fiz. 14) which were
o g /

[#]
w
ot
foetio
o
?

rated with a water-displacement gesomeber

1

An electrical solenoid shutoff valve is placed im each gas line
These solencids are connected to a hand switch which must be depressed

to ksep the valves open. This safsety feature permits the operator to

stop the flow immediately in case of an explosion.

E. Light Source.
The light source consists of a mercury vapor lamp and the mercury



green line (546 1 isolated with a filter. It wasz foumnd that

%.ﬂ«
o
3

when the mercury vapor lamp was operated at full voltage, the guartsz
capsule conteinipz the mercury became incandescent and emibtted a

large amount of red light which was not satisflacborily filtered. It

was also found that when the bulb was operated at full voltage, it

3

reached a temperature at which line broadsning caused the fringes to
become indistinct. This difficulty was eliminasted as follows: PFirst,

the mercury vapor lawp was operated st a reduced voltage, and second,
the mercury vapor lamp was modified by ecubbing two holes inbto the
outer glass btube surrounding the capsule. Cooling alr is then cir-

culabed through these holes,

The interference patierns sre recorded with a sixtesn-millimeter
-

motion picbure csmera which is medified to Take a seven-inch focal

length lens. The cemers is operated at sixby frames per secend. It

Large density gradients normal to the light path are caused by the
large temperature difference between the ftwo plates. This density
gradient causes the light to refract as 1%t passes through the come-
bustion chamber, and since the density decreases in the upward direc-
tion, the light beam is deflected downward. This effect distorts the
interferogram and also makes it impossible to obtain an image of the
¢old plate. The amount of the picture which is cut off by refraction

of the light depends upon the angle at which the light enters the
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combustion chamber. The distortion of the interferogram is minimized

-

and the maximum fisld is . posi-

4]
o

btained if the light enbters ab a small

[

tive angle. (See Appendix II.) The adjustments to obtain the proper
entrance angles sre made by adjusting the location of the pinhole rela-
tive to the collimating lens. The interferograms are recorded on fast-
man Kodak Linograph Orthoe Recording Film. This film is of medium speed,
has high contrast, and has high sensitivity to green light. The indi-
vidual interferograms sre enlarged approximately fourfteen times end

s
5

printed on paper of high contrast. The line spacings are read from the
enlargement with an X-ray diffraction film reader.
The upper plate temperasbtures are msasured by eight thermocouples,
: o &3 i 2

£5

gix of which are placed along the light vath. The chromel-alumel
=3 & &

E

thermocouples are inserted inte 1/8-inch, two-hole ceramic protection
tubes. The wires are cemented into the tubes with a cement made of

Mapgnesium Oxids end Water-Glass to prevent the molten lead from short-

ing the wires. The thermocouple units ars placed into 1/4-inch holes
bored inbo the top surface of the hot plete. These holes are bored so

e
[}

Y % £ 5 £2 A 1 it - et £ P
0.015 inch from the lower surface

@

bead of the thermocoupl
of the hot plate. The thermocouples are held in place by the transite
cover over the lead bath., The thermocouple readings are recorded with
an eight-chennel high-spsed Leeds and Northrup recording pobsptiometer.
The cold plate tewmperabture iz measured with an Iron-Constantan thermo-

<

ace of the cold plete and

£

in the bottom surd

made and placed similerly te the holes in the hobt plate. This tempera-

ture was recorded with a Leeds and Northrup continuocus recording Micromex.
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ITiIl. METHOD OF ANALYSIS

Typical interferograms are shown in Figs. 22 and 23*. These in-
terference pictures are reduced to temperabture distributionms in the fol=
lowing manner., The distance from the upper plate to each fringe is
measured with an X-ray diffraction film reader. These distances are
plotted against the friunge number on semi-log paper. A curve is
faired through the points obtained at each temperature and the re-
fraction correction (Appendix II) is subtracted from the ordinates of
this experimental curve. The curve passing through the corrected
points is then extrapolated to the cold plate, thus giving the num-
ber of fringes which would be observed in the sbsence of the refrac-
tion phenomena. The locabtion of the lower plate on the enlargement
is obtained from the enlargement ratic. This ratio is debtermined by
placing a small steel cube in the combustion chamber which has two
wires 0.010 inches in diameber inserted into holes in cne face. The
location of the wires relative to each other and the bottom of the
cube are messured accurately. The block is placed in the combustion
chasmber sc that an image of the two wires can be obtained on the
negative. Thus, the enlargement ratio can be determined directly
from the photographic enlargement.

The extrapolated curve is drawn to intersect the cold plate at an

integral fringe number since the error in the extrapclation technique

*The "target” appearing in the interference pattern is caused by a
reticule in the gun cemera which was used for this investigation.
The reticule was not removed as it was very useful for determining
enlargement ratios.
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shutters but is also a result of opening the shutters. Under cperabing

4

conditions, the gas near the upper plate has a density about one-third

P
=

b £ fal

that of the gas near the lower plate. Consequently, when the shutters
& J2 9

are opened, convectlon currents start in a very short time. It was

second plebure on the film did nob compare

first plocture when the camers was ops

Fﬁ

rating et sixty

Pisabion would bhe

ction of water vapor

is about one and one-half that of the combustible mixture. Thersfore,

after the reaction has progressed an ap

1 = A

5 % . N TR S, £ e 4 el o g 59 Lo & Gty o e
are computed from the lower plabte on the essumpbion that

hudrsacsan and Avoeon o v ol chanpes 3 " - % .
aydrogen and oxygen, a werked change in slope of the sslcoulsted teme
«‘a-» P 5 S T g T e 5 I o ¥ Ear
perature is of the two layers of gas. This
25 £ L N . . P B T foo by @ o . L, y ! L e @
ef'fect can be observed ounly in the cases where the upper plate is &

few degrees above the

¢t higher temperabtures, the

et

@

b
iy

plogion 1limid

reaction proceeds te such a degree that the water apparently diffuses

throughoutb

s

making it very difficult to determine the composi-

tion. An attempt to obtain an approximate curve was made by agsuming
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that only water existed at temperabtures above the explosion limit.

5

Temperstures are then computed from the upper plate. However, this
assumption gives a temperabure distribution profile which is not

consistent with other considerations. {See Discussion

mental Results.)

5

The interferogram shown in Fig. 22 represents a typieal record

e

from the data tebulated in Table I. The primary daba for these re-

" \ . 15500 &
lleasured upper plate temperature 12107 R
Measured lower plate temperature 551° R
Mixbturs rabtio Stoichicmetric

The computetion of the experimental temperature distribution

for this upper plate tempersture is as folleows.

A plot of the fringe location as a function of the fringe nume-
ver (measured from upper plate) is made on seni-log paper. This ocurve
is shown in Fig. 24. To avoid confusion, only four of the six inter-
ferograms taken at this temperature are plotted. A curve is faired
through the average of this group of experimental points as shown by
the solid line. The refraction correction (Fig. %6) is subtracted
from this curve, and the resulting corrected curve is shown in
Fig. 24 by the dashed line.

The corrected curve is then extrapolated te the cold plate

giving, in this case, 51 fringes. The thecretical number of fringes

=
2

[ ¥
s

for these data is found from Fig. 3C to be 49.7.
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if it is assumed that no resetion has taken place, the correction

o - 5 5 sof
d =1 - ;..,T}m = 0,024 = 2.4%

This walue is typical of those cbtained for upper plate temperatures

“nﬂ

lower than 1490°

The temperature distribution is computed from the gold plate by

changing the direction in which the fringes are read. Thus the
fringe number st the cold plate is zerc. The temperature correspond-

ing to each fringe is then read from a set of curves (similar to

Fig. 30C) which are corrected for end effects. These date ars tabu-

last twe columns of Taeble 1 and the resulting tempsra-
ey s s we N 2 e £ e o
ture distribubtion surve is shown in Fig. 28,

PR £ 57 £ P o 2 . Sriad aa £a7 7 sura Tove
heat transler curve in Fig. 25 i obtained ss follows: For

veab Q= =k and from the kinebie
T=sD7T o ombining these two expressions and

the resulting eguation, the following relation is ob=

of k for a stoichiometric mixture of hydrogen and

o . = e pp ’~1m<x Q 3 ool 1 fo
sxygen is found to bs 0.0873 Bt@/f“é hr ﬁ/fw at 530° R. Evgluating

D, and substitubing its value into the integrabted equation, the heatb
transfer equation besomes
3/2
/‘T‘,Z""‘ 1,850 x 107¢ T/ + Fo

N

The two coumstants in this equation are evaluated by using the
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final equation for v ag a funetion of

r
7
$3/2 _

el A
.09 x 107 4,39,

E]

golution is tabulated in Tsble II an
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combustion chamber. The srror in fringe number resulting from this

temperature variation is approximately 0.2 percent and is negligible

fodo

n comparison with the random srror.

The estimeted error in pinhole location is + 0.005 inchss.
This causes an error of approximately plus or minus one fringe in
the total number of fringss obbtained.

The random errors asre estimated to be:
Recording potentiometers 15% of scale reading
Flow meters 2%

Extrapolation of interference
pattern

Variation of interference pattern .
& 3 i ¥ 3 5
caused by convection currents 4 iringe

The total estimated error in the temperature distribution curves

1%

ac]
[
g

based on teen runs talken at verious hot plate temperaturss below
the ignition temperature is estimated to be = 4 percent of the

temperature in degrees Rankins,



V. TEST PROCEDURE

The tests were conducted in the following merner: The imber-
ferometer frame cooling water was turned on and approximately ten
minutes were allowed for the frame to come to thermal egquilibrium.
In the meantime, The mercury vapor lamp was turned on, allowed to
wars up, and the combustion chember windows were opensd. After the
interferometer frame had reached a constant temperature, the inter~
fercmeter was adjusted so that the mirrors were parallel. (See
Appendix III.) Then the cold plate cooling water flow was started
and the power to the hesting slements was turned on. During the time
required for the combugtion chamber To heat, the potentiocmeters were
started and stendardized. After the lead had melbted in the thermo-
static bath, the thermoeccuples were inserted inte the upper plate.
Ihe variable transformers were then adjusted to obtain the desired
temperature. Afber s uniform temperature distribution was obtained

along the length of the upper plate, the oxygen flow was sztarted;

P«‘%

the hydrogen was then adjusted to obtain the desired mixture ratioc.
Appreximeately five mivubes were allowsd Lo flush the alir from the

combustion chamber. Then the gas [low was shut off by means of ¢

o
@

The csmers was sbartsd

tures waz taken at vario time intervals after the {low was shut
offs In this manner the progress of chemical combination within the

combusbtion chamber could be observed. This procedure wes repeated

at various temper gs of the upper plate.

41,



Vi. EXPERIMENTAL RESULIS

Typical results of the experimental work are shown in Figs. 22
to 27 and in Tables I and II.
Figs. 22 and 23 are typical interferogrems obtained at plate

P

Y.L s apmriQ o
temperatures of 1210° R and 1531 R respectively. As shown by these

i

igures, the interferograms, though readabls, could have greabter con-
trast. The low comtrast is caused by very thin negatives. The negza-
tives were underexposed purposely to reduce the time required to

make the snlargements.

1,

Fig. 19 is a typical interferogram which wa &

ef

taken before

i

combustion chamber shutlers were modified. The discontinuity in th

< o

fringe spacing is easily detectable by comparing this interfe erogran

to that shown in Fig. 20. The interfercgram shown in Fig. 20 was

Fige 21 shows a comparison of the temperature distributions

4

Loeulated from

)
o

which were ca

I3

Fige. 19 and 20. As shown, the modified

combustion chamber shutter improved the temperature distribution
measurement considerably.

5

Figs. 25 through 27 show the temperature distribubion curves

for upper plate temperatures to 1615° R. Bach curve is an average

£~

[¢]
bty
VA
e
4
p‘g\qjﬂio
Z{—l{
a
=3
ety
@
Q
"T\

ams whieh were taken at the same temperature. Ag

. . !
shown, the experimental curves for plats temperstures above 1500% K

=

rise to a valus much too high. This is to be expected because there

[N

s litble doubt that soms water has formed.

e
Dy
®
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The maximum temperature at which interferograms were taken
was 1615° R, Data werenot taken at higher temperatures beecause it
was not possible to maintain a uniform temperature along the light
path. However, the center of the upper plate was operated at tem=
peratures as high as 1710° R (experimental 1imit) without an ex-

plosion baking placs.
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TABL

o

.«T‘I

IYPICAL INTERFEROGRAW MEASUREMENTS

FRINGE DISTANCE FROM HOT PLATE CORRECTED DATA
NUMBER  FRACTION OF PLATE SEPARATION  FOR TEST SERIES XE A=B

FROM HOT

TATE TE&Z‘ ‘&r@éiBER FRINGE
NUMBER ’

jgo IRy

oz

XX A=1 XX A= XX B-1 XX B-2

0 1,000 1,000 1.000 1,000 O o 551
1 980 o968 953 .970 2 014 563
2 $902 008 906 920 4 027 576
3 <857  oBE4 903 872 & 045 589
4 0819 o824 805  .833 8 <086 603
5 JTTT o783 761 788 10 077 618
8 JT38  JTAL L7200 JT46 12 096 633
7 JTOE  GJTOB L8682  JT05 14 2120 649
8 <669 o672 645 16 .148 668
9 B39 640 613 18 178 683
10 607  .608  .584 20 <205 702
11 7! o578 <559 22 0232 722
12 55 548 535 24 o257 743
13 520 <509 26 .288 765
14 AT .481 28 0322 789
1§ ATL (458 30 .363 814
16 44T 435 32 .402 841
17 424 L4153 34 <445 869
18 402 .390 35 <489 900
12 383 368 38 .548 983
20 365 o355 40 576 968
21 <345 .333 42 (640 1006
22 (329 L3186 44 <707 1047
23 2 310 L3201 46 <782 1092
24 .282 295 287 47 0824 1118
25 266  .278 o274 48 865 1141
26 0261  .265 258 254 49 908 1169
27 0237 o280 245 (240 50 958 1194
28 222 L2537 223 Bl 1,000 1222
29 207 .221 0209

30 2195 .208 198

31 185 .196 184

32 172,185 174

33 J161 175 o170

34 L .163 156 156

35 J154  L180  L145

36 (143 142 135

37 2133 .130  .127

58 2125 L1248 L1186

39 J116  L115

40 107

41 097




TABLE II

TABULATED DATA

THECKETICAL TEMPERATURE DISTRIBUTION

T 3/2 ¥
551 1.293 x 10% 0
800 1.470 059
850 1.658 " .123
700 1,853 © - 189
750 2,084 " .257
800 2,262 " «328
850 2.479 " «401
900 2,700 ¢ «476
$50 2.028 ¢ <555
1000 3.163 " « 833
1080 3.402 " 0714
1100 3.648 <798
1150 3,900 " . 883
1200 4,157 «S70
1210 4,240 " 1..000

53,



VII. DISCUSSION OF EXPERIMENTAL RESULIS

Experimental curves of the gas temperature versus a dimension-
less distance between the two plates (the actual plate separation is
0.508 inches) for several upper plate temperatures are shown in Figse
25 and 26. These curves ars computed from the interference pattern
on the assumption that the ges consists of hydrogen and oxygen.

Fig. 25 shows ‘the experimental and the calculated temperature
distribution for an upper plate temperature of 1210° R. A4t this
temperature, it is assumed that the reaction rate is negligible. As
shown, the experimental curve crosses the calculated curve near the
center of the plate separation. It is assumed that the deviation of
the experimental curve from the theoretical curve is caused by open-
ing the combustion chamber windows. The effect appears om all of the
records, and a temperature distribution of this type is not reason-
able from heat transfer considerations. The thermal conductivity of
the gas should not vary in such a menner. The assumption that no
appreciable reaction is taking place seems Jjustified on the basis of
data obtained at higher temperabures, and upon a theoretical salcu=-
lation of the reaction rate as a function of temperature. Curves 1
and 2 (Fig. 26) show similar distributionsfor upper plate tempera-
tures of 1410 and 1495° R respectively.

It appears from the shape of these curves that no appreciable

s

eaction is taking place until an upper plate temperature of
1500 + 10° R is reached. This observation is Justified on the
basis of the following discussion.

54,



A zimplified calculstion was made to obbtain the theoretical
reaction rate of the homogensous reaction ss a function of tempera-
ture. It is assumed that the hydrogen atom is the sctive parbicle
which initistes the chemical combinstion. The rate of chemical
combination is assumed to be goveruned by the egquilibrium concentrs-
tion from thermal dissociation of The hydrogen atom. This concen=
tration is calculated from the fres energy change (20). It is
assumed that the reaction involving the hydrogen atom is slow
snough that the equilibrium concentration of hydrogen atoms is dis-
turbed wvery little,

The actual reaction rate is compubted by determining the number
of collisions per unit time per unit volume that the hydrogen atoms
make with oxygen molecules. This number is multiplied by a “yield"
factor. The yield factor is essentislly the fraction of the total
mumber of particles which have an energy esqual to, or above, the
activation energy required for the following reaction.

H+ 0y = O + 0 (activation energy 14 Keal/mol)

LI

Thus the reaction rate is given by the relation (28)

W s ﬁﬂgq 2N iﬁ . @mB@/E@
dt RT

where w is the number of water molecules formed per unit volume per
second, N is the pumber of impacts per unit volume per second, E,

igs the activation emergy, T is the absolubte temperature, and R is
the universal gas constant. The yield factor gziven above includes
the vibrational energy of the molecule participating in the reaction

as well as the Transletional energy of both particles.
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The computed curve of the reaction rate is plotted as a
function of temperature in Fig. 28. This curve is compared to a
similer curve which is taken from Von Elbe and Lewis' data., As
shown, the correlation is quite good. The fact that the experi-
mental data show higher rates is probably due to chain branching.
The higher experimental rates may also be due to high loecal tem-
peratures caused by self-heating of the combustible mixbure. This
effect would cause a greater difference between the two curves as
the explosion limit is approached. From this cowparison, it appears
evident that the hydrogen atom is the primary chain carrier. It is
also evident from these curves that at upper plate temperatures be-
low 1480° R, one would not expect to observe a change in the inter-
ference pattern during the nine seconds the mixture is under ob-
servation.

The fact that no detectable reaction ocours below a temperature
of 1500° R is also a good indication that the catalytic reaction on
the upper surface is very small. The validity of this conclusion
is justified as follows,

Previous work (21) has shown that 1500° R is the temperature of
the explosion limit at atmospheric pressure for a reaction taking
place in the absence of a surface., These experiments were made with
impinging jets of prehested gases. Von Elbe and Lewis also found
1500° R to be the explosion limit of a stoichiomebtric hydrogen-
oxygen mixture at atmospheric pressure. Their experiments were

conducted in salt-coated spherical vessels. The vessels were
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coated with various salts to obbain a surface whose properties do
not chenge during the reaction. The necessity of this technique
is due to "poisoning” of the vessel surface with water vapor which
apparently changes the surface propsrties. Thus, consecubive ex=-
periments are not re ucible.

No attempt was made to treat the surface of the upper plate
with these salts because the results of the experiments were re-
producible. The surface of this plate became covered with a thin
film of chromic oxide which is apparently very stable,

It is not definite that a catalytic reaction did not take place
in these experiments for two reasons. First, it is not possible to
detect a very thin layer from the interferogram, snd second, the re-
action rates, say at 1480° {, are so slow that it would take approxi-
mately three or four minutes %o produce enough water to be detscktable.
observation in these experiments was limited to ap-

proximately ten ssconds after the {low had been shut off. This

limitation is due to the fact that air enters the combustion chamber

through the escape holss in the blowout panel after the gas flow is

However, the gas which is in the combustion chamber hss had
approximately ome minute Lo resct beforse the pictures are taken.

Therefore, if the reasction is opro

"3
o]
[}
@

sing &t an appreciable rate,
it should be detectable from the interferogram, as the water should
diffuse into the main body of gas and change the tobal number of

fringes.
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At plate temperatures above 1500° R and below 1540° K, an
gpprecisble discontinuiby in the calculated temperature profile is
observed near the upper plate (Fig. 26, curve 3).

This discontinuity could be caused by the following mechenisms:

1, Hest is added in this region by the chemical reactiocn.

gi
2o The weater vapor in this region absorbs radistion from
the upper plate.
&. The observed fringe spacing is caused by a variation
in the composition of the gas mixturs.
The first two effects cannot alter the shape of the tempsrature

curve sppreciably, &g the hest added dus to the resction caunot 1

gt

%

more than one-half of one percent of the heat trensferred by con-

tion, and the radistion absorbed by the water camnct be more than

jl
j

five percent of the total heat transferred by conductiocn. Thieg can
be shown as follows. First, a simple heat Pransfer calculation pre-
dictg that approximately 0.7 Btu/ftz sec 1s conducted Through the
gas. <The btobal amount of heat which the volume of combustible mix-
ture can release is approximetely five Bius. Thus to influence the
shape ol the heat tramnsfer curve, it would be necessary for the re-
action to be progressing at such 2 rate that the reactants would be
consumed in approximstely ong mimite. Second, an sstimate of +
quantity of heat absorbed by the gas can be cobtained from charts
presented by Hottel (22). The rate at which heat is being absorbed
from a black emitter at 1560° R is compubed for a rectangular slab

of water vapor one-quarter of one inch thick and at atwmospherie
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pressure. nLottel’s charts indicate thet only 0.08 Bt u/fég sec

b ‘Rb‘ b 3 e Al g ra ey 2 g Y ° A 'P“O}ii.a‘t b 2 en 1y 14& ] this
cen be absorbed by the walter vapor. PRy mately one-halfl of
heat would be emitted if the gas temperature is assumed to be
1560° R and uniform. Thus, it appears that the radiation effects
cannct be lsrge because the above example should give the maximum
absorpbtion rate which is consistent with the experimental eguip-
ment .

The third possibility appears to explain the cbserved phenomena

>

the best. However, large variations in the composition of the gas
o

are difficult to explain on the basis of the diffusion theory. This

can be shown best by a simple examy
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If it is

ction has progressed to such an

extent that all of the original reactants near the heabed surface

plane exists in the gas near the upper plate. Above this plane
there is wabter vapor, and below the plane the original reschbants
are undisturbed. The rate at which ths ctants diffuse across
the imaginary boundary can be computed from the one-dimensional

diffusion equation. Thus,

%;% =z D ()2&
[ 53;”:‘

o < o 5 o A
where u is the concentration of one reactant (mass per unit volume),
t is the time, and D is the diffusion coefficient of one reactant,

Ihe aiffusion coefficient for oxygen ;Pt@ water {0.12 sg @m/@ec at

O I e Ty N
07 €, Heference £3) is used for this exanmple. This value of the
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diffusion cosfficient is used purposely so that a conservebive tims
estimate is obtained. If it is assumed that the plate separstion
is one centimeter, and the imaginery plane iz located abt the mid-
point of the plate separation, the solution teo the above differ=-

ential esoustion is

o
L

()

1 N =ob 9 . z » =D (ﬁ. & 07y
ug | = 4 ZE Lo [sin Swn - sinZn) e |2 cos =LL
oo 4 4 “

where u is the soncentratiocn of oxygen at point vy and time t, and

ug is the original concentration of oxXygen below the imaginery plane.
The wvalues obtained from this equation predict thet the oxygen con-
centration sedjacent to the upper surface will be 89 percent of its
equilibrium value in four seconds. The actuasl process should reach
this wvalue in a shorter time because the variation in the diffusion
coefficient with temperaturse has been neglected. Therefore, the
diffusion eguations indicate that the rsaction should approach
completion in s maximum time interval of approximately six seconds.
This conclusion is not counsistent with the experimental results.

For all upper plate temperatures at which experiments were con-
ducted, no systemsbic change in the interference pattern was ob-
served during the nine-second time interval following the flow
shoteff. The total number of fringes and the location of corres-
ponding fringes from interfercgrams taken at the same temperature
often differed by approximastely one fringe. However, thess varia-
tions appear to be random and are probably caused by opening the

sombustion chamber windows or by convectlon currents exbernal to the
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combustion chamber. Since the total frings number does ngt change
during the observabion perioed, it appears that the overall rate at
which the reactants combine is much lower than that predicted by
the diffusion calculations. It also appears that a concentration
gradient does cause the discontinuity in the experimental tempera-
ture distribution curves,

At upper plate temperatures above approximastely 1540° R {Fige
26, curve 4), the sharp bresk in the computed curve is not evident.
The temperature distribution curves which are computed (starting
from the cold plate) on the assumption that the mixture ig‘all by=
drogen and oxygen reach a value whieh is much too high. This is to
be expected because there is 1ittle doubt that some water has formed.

from the hot

&
(»

bowever, if the temperatures are calculated starting

plate on the basis of the interference pattern and the assumption

o

that the gas is only hydrogen and oxygen, and this curve is compsred
o 2 curve computed for one-dimensicnal heat transfer, a fair match
(Fige 27) is found for approximately two-thirds of the plate spac=
ing. The calculated curve has a "knee" at this point and the tem-
perature falls to a value much too low. The bresk in the curve indi=-
cates that a large change in concentration may cccur at this point.

It iz posss

b

ble that the break may be aggravated by the method of
extrapolation. towever, it is doubtful that the extrapolation error
can account for the large effect, because the break occurs at a
region of the interference pattern where the fringes can be measured

guite accurabely.
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Thisg result indicates that the index of refraction in the hot
region is about The same as that of the hydrogen-oxygen mixture,
Fowever, it is not reasonable to conclude that the mixture is hy-
drogen and oxygen for two reasons. First, the gas adjacent to the
plate would react slmost instantaneously, and second, the mixture
would not have a ‘tendency to esxplode when disturbed. (See page 63.)

It must be concluded that at these temperatures the mixburs
near the upper plats is more homogenecus than at lower temperatures,
and that the mixture as & whole has mindex of refraction wsll
sbove that of a mixture of hydrogen aund oxygen.

Tre fact that the gas mixbure near the heated plate appsars to
be homogeneous at the high temperatures may be influenced by the exe-
perimsnbtal method of injecting the fuel. The gas is admitted at one
side of the combustion chamber snd flows six inches before reaching
the observation window. The flow rates are so slow that the flow
must soon become lamipar, but at the point of injection some turbu=
lence mast exist. Thus at the higher temperatures more of the gas
may react in this region and the products be mixed by turbulence,
whereas at the lower temperatures the reaction rates are so low
that the smount of fuel that can resct is small.

An estimate of the extent of the chemical resction can be zainsd
from the sxperimental data. For example, at an upper plate tempera-
ture of 1615° R, 60 fringes should be observed if the mixture were
all hydrogen and oxygen. &Sighty fringes should be cbserved if the

gas were all water. Sixty-nine fringes were observed experimentally,
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and this number did not change during nine seconds following the

flow shutoff. The fact that €9 fringes were observed experimentally

o

indicates that approximately one-half of the gas has reacted (if it

is assumed that the mixture comsists of only oxygen, hydrogen, and

The fallure of the remaining part of the mixture to react might
be explained in the following ways:

1. The reaction has progressed far encugh that the reaction
velocitlies are very low becsuse the reactants have been
diluted with water. (The mixbture is not explosive.)

2s A layer of water vapor persists near the upper plate be-
ceuse of low diffusion rates and thus decreases the re-
action rate.

3. Some of the intermediate particles which appear in the
reaction reach a high pertisl pressure and thus reduce
the resaction rates.

Regarding hypothesis 1, there is no doubt that the remaining

"
m

fode

xture is explosive, as it has been observed experimentally that the
mixture in the combustion chamber will explode if disturbed. For

example, if the oxygen flow is started suddenly, an explosion re-

sults. This phenomenon is observed at plete temperstures sbove
a g O 3 X 3 1
15607 R, and it has been found to cccur as lete as two or three

minutes after the {low was stopped.
Lk
It is doubtful that the admitbed oxygen initistes the reaction

chemicelly as there is no surplus of hydrogen in the combustion
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chamber (if it is assumed that only hydrogen, oxygen, and water are
present) and the explosion and the pulse appear to be simultanscus.
‘he resction is probably initiated by turbulence caused by the
quick pulse of oxygen. In any case, it iz cobvious that the mixturs
has not reacted to such an extent that it is not explosive.
Hypothesis 2 can be execluded from consideration of the follow-
ing observations. It is guite conclusive that water is formed near
the upper plate if The temperature is above the explosion limite.
Thus, it would appear reascnable to assume that nothing but water
is present in the portion of the gas which is at s tempersture con-
siderably in excess of the explosion limit. However, if the tem-
perature of the gas 1s computed from the hot plate on the assumption
that the gas in this region is water, a temperaturs curve is ob-
tained (Fig. 27) which is much too flat when compared with a curve
compubed from the cne-dimensionsl heat transfer equations for a

stoichiometric mixture ratio of hydrogen and oxygen. If the gas in

2]

the vicinity of the hested surface is water, the temperature should
fall more rapidly than predicted from the previous computation be-
ceuse the thermal conductivity of waber vapor is approximately one-
half that of the mixture. Therefore, the gas near the upper surface
cannot be all water, but must be a mixture whose composite index of
refraction is considerably lower than that of water vapor alome.
These conclusions appear reasounable because the interference pat-
tern is quite sccurate in this region. The extrapolaticn error is

eliminated when the temperature is computed from the upper plate,
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and the refraction effects are the smallest in the hot region.

The low index of refraction could be accounted for by assuming
that approximately sixty percent of the gas in the hot region is
hydrogen. The fact that hydrogen has such a high diffusion coef-
ficient may allow the partial pressure of the hydrogen to be

essentially constant in the entire space. 1t should be noted that

&

o

a variation in relative concentratiocns of oxygen and hydrogen is
predicted by the Chapman effect (24). This theory predicts the
partial separation of a bimolecular mixture which is placed in a tem-
perature gradient. The heavy molecules migrabe toward the cooler
portion of the vessel and the lighter molecules btoward the hotiter
pertion of the vessel., Applying this theory to these experimental
data, a relative difference in concentration of spproximately ten
percent is predicted for a hot plate temperature of 1615° R, This
variation in councentration is probably large enocugh to affect the
reaction rate but does not appsar Yo be large enough to explain the
observed phenomensa. Lowever, the above example is computed
equilibrium conditions. Thus, if the oxygen is continuelly removad

n the reaction gzone so that the concentration in the hot region is
Tirtually zero, it is possible that the Chspuman effect might de=
crease the diffusion velogity of the oxygen and thus decresse the

resction rates.

[}
v
o
&3]
[
fbo

% can be concluded that the gas near the heasted surface
is not 2ll water, tut it is doubtful that enough hydrogen is avail-

able to account for the low index of refraction.
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Considering the third hypothesis, there is specific evidence
(25} that the hydrogen atom is destroyed in the reaction
H 4+ 0Op + M = HOp + M (where i is a Third body), if there is an ex-
cesg of hydrogen atoms, and if the reaction temperature is not too
high. The HOs particle is immedistely reduced to H202 by the re-
action HOg + Hy = Hp0y + Ho The number of H90o2 particles found
in a given experiment has besn observed in special cases to amcunt
to about three times that of the water formed.

411 the conditions for this reaction are present in the given

g

sxperimental equipment. The higher diffusivity of hydrogen com-

bined with the Chapran effect would tend to cause a surplus of the

hydrogen molecules in the hot region where a high concentration of
o =] &

hydrogen atoms would be favored by the higher temneraturs. These
© o & .‘

hydrogen atoms would tend Yo diffuse toward the cold plate very

rapildly because of their high diffusion cosfficient. The hydrogen

atoms could then react with the oxygen molecules near the inter-

iwfb

"ace betwsen the water and the mixbure. This reaction may be very
important because the oxygen diffuses slowly inbe this region and
three-body collisions are importenmt.

It should also be noted that the yield of this resction de-
pends ugon the third body. Von Hlbe and Lewis have found that the
water molecule is about fifteen times as efficient as the other
molecules in initiating the combination. This reaction may also
take place to a large extent in %the portion of the chamber whers

the

fde

as

s admitted. Approximately one-half of the gas flows toward

o
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the hot plate as it is injected. This gas will pass near the hot
surface where the high tempersbure and turbulence would favor the
reaction. A large portion of this gas must then flow down toward
the cool szurface where The intermediate component Hp02 can bs
"frozen”.

It heas been suggested that some of the intermsdiate particles
might also be formed in a region of the combustion chamber where the
temperabure is quite low. This proeess is similar to that which

H\

5 3 £ - & « \; h = £
coeurs in the "hot=cold” tube experiments (27). The "freezing”" of

o

the intermediste particles apparently results from the selective

diffusion of the very high velocity particles. Thesse particles origi

nete near the heated gurface snd diffuse into a region where the bem-

perature i:

o

low encugh that the particle resulting from the reaction

jun
=
[
?475

it is possible that some of the intermediste par-

Lo ° =5 1 44 e = e 17, . o
ticlea will be “frozen" near the lower plate. The concentration of
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s would be governed by the d
at which they sre formesd and the rate abt which they diffuse toward
the upper surface. The influence of Tthe Chapman effect on the con-

centration distribution of the Hp02 particles is probably greaber

o

han its influsnce on the distribution of the oxygen. Thus, 1t wmay
be possible to have a large concentration of Hs0s near the lower sur
Tave. This effect may sxplain the apparent change in concenbration
near the cool surface,

Thus it appears that the mechanism for forming Iz0s molecules

present. It also appsars that the hydrogen peroxide can exist
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without excessive thermal dissocciation at all temperatures present
in the experimentsl apparatus. This is concluded from a calcule-
tion of the equilibrium constant Ep for the following dissociation
reaction.

Ho + 0p = Hp09

The equilibrium constants at 1530 R and 720° K are 1.446 x 10° and

4

7.43 x 1012 respectively. Thus, approximately twenty-{ive percent

of the HoOs would be dissociabed in the hotftest rezion of Lthe com=
2ve s

e

bustion chamber. Thus, it is possible for the {202 molecules to

>

reach & large concentration in the combustion chamber if the reaction

Ho + Ho02 = 250 is neglected. A computabion of the equilibrium coe
2 2y 2 &

o

efficients for this reaction indicates that there is a very strong
tendency for the reaction fo go toward water. However, the equilibrium
constants for the hydrogen-hydrogen peroxide reaction do not indicate
the rate at which the reaction will proceede Therefore, it may be
possible for the hydrogen-peroxide Yo reach a concentration which is
large enough (thereby decreasing the Op concentration) to slow the
reaction considerably. This explanation cannot be picked with cer-

2

tainty, as the composition of the gas in the sombustion chawber

&

cannct be determined with the present equipment,

It appears from the preceding discussions that the following
idealized mechanism may explain the suppression of the explosion.
Assume that it is possible to heat the mixture in a very short time
sc that the upper plate temperature is actually above the explosion

limit of the gas, and the temperature gradient in the gas is



established before the reaction has progressed an appreciable amount.
'hen the layer of the mixbture near the hot surface will resact very

quickly. The product of this resction will probebly be water. How-

=

ever, the temperature gradient is so steep that the heat liberated
during the reaction is small compared Lo the heal which is passing
through the mixture dus to thermal conduction. Thus the heat of re-
schtion cannot raise the temperaturs of the sooler layer below the rs-
acting layer enough to make it react rapidly. The thickness of the
rescting layer probably will be such that its lower surface is at a
temperature slightly below the explosion limit of the mixture. At
this time, there is nothing but water in the hotlest region of the

combustion chamber and the reaction can continue by diffusion only.

H;}

Sinece the hydrogen can di

7
@
[N
I
<

the water vapor approximately
aster than the oxygen, the hydrogen will have reached

& high concentration before & great desl of oxygen has diffused into
the water layer. It appears that the reaction should proceed at a
rate governed by the diffusion of oxygen into the hot region of the
heoretically, this procesa should approach completion in
approximately six seconds. Hxperimentally it has not approached
completion in bwo minubes. Thus 1t is evident that sither the oxyg
and hydrogen are not diffusing at the expscted rate, or that the

hydrogen-~peroxide reacblon is predominating.

-

In sumarizing )
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of this inwvestigation, the follow-

fe

[

ng statements can be madse.

The method used Lo galin informeblion regarding the reaction
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mechanism appears on the whols to be satisfactory. The inber-
ferometer gzives results which are reproducible within approximately
five percent, The accuracy can probably be improved by replacing
the combustion chamber shutters with quartz windows. The response
of the interfercometer was not ubtilized in this investigabion because
the reaction rates are much slower than those expected. The utility

s

of the interfercmeter is also limited in this case because of the

inability to obtain the composition of the gas mixture. It was very
valuable, however, for detecting the temperature at which a reaction
appears. 1t was alsc very useful in esbtimating the composition of
the mizture near the upper surfaces.

The results of this investigation indicate that either of two
plenomens may suppress the ignition of the combustible mixture. First,
the gases may be stratified within the combustion chamber, the slow
reaction being attributed to very slow diffusion rates which may be
caused by the Chapman effect. Second, the concentration of some of
the more stable intermediate particles, especially the Hs02 molscule,
may be quite large. This effect would rapidly decrease the concen=
tration of oxygen.

Neither of these processes can be picked with certainty because

2.3,

of limitations of the present test equipment.



VIil. ORCLUSLONS

It is possible {(within the temperature range covered by this
investigation) to suppress the explosion of a stoichiometric mix-
ture of hydrogen and oxygen. This is accomplished by placing the
mixbture in & shallow rectapgular combustion chamber, the upper sur-
fase of which i3 heabtsed. The lower surface is meintained at a tem-
nerature of 550°

Mo chemical reaction is observed at a plate temperature below
1500° % 10% K. This temperature is the temperature of the explosion
Treoretical reaction rates computed from the thermal equilibrium

concentration of the hyarogen atom agres favorably with the experi-

mental values which were obtained from Von Blbe and Lewis! data. 1t

is evident from the results of this caleulation that the hydrogen

®hen the upper plate temperaturs is higher than the explosion
limit tewmperasture, the overall rate at which chemical combinatiocun

takes place should depend directly upon the rate at which fresh re=-

chemical combination is much lower than

ffusion sguations. The

v

%_m.

second time interval following the cessation of flow. This condi-

Tion was observed for all upper plate temperatures at which experi-
ments were conducted,

The suppression of the reaction may be attributed to either of
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two causes:

L3

2 e
107

The

The reactants do not diffuse into the wabter layer st a
rate consistent with the diffusion theory. LThis may be
caused by the Chapman effsct.

A high concentration of the intermediate component HpOp
is present which dscreases ths partisl pressure of the
oxyzen and thus reduces the reaction rats.

exact mechanism which causes the suppressicn of bthe explo-

cannot be ascertained because of Llimitetions of the equipment



IX. PROPCSAL FOR FPURTHER RESEARCH

The most interesting course for further research falls along
two lines. First, the composition of the nixbture which exists in
the combustion chamber and the councentration of these componenbs as
a function of the distance between the plates should be deternined.
Second, after the components are identified, the mamner in which
they are formed should be investigated.

The actual composition and the composition gradient might be de-
foe)

My, 2 s 3

termined by an absorption techrigque. This is done by passing separats
Light beams through the mixture having frequencies which match the ab-
gorption spectrum of cne or more of the components which are present.
The concentration gradient is determined by measuring the intensity of
the transmitted beam as a function of the location between the piates,
Ihe possibility that a photochemical reaction will alsc accompany the
absorption of the radistion must alse be considersed.

Another possible mebhod of determining the composition of the
mixture is that of zas sampling. This is done by allcowing the sample
to flow into an evacuated vessel. The assumption is that the actual

components present are "Trozen'. The composition is then determined

by mags spectroscopy or one of the conventional gas absorption

Il it is assumed that the composition can be conbinucusly ob-
served, the mechanism by which the intermediate particles are Tormed
could be observed experimenbtally in two ways. First, the explosive
mixture would be passed through the combustion chamber steadily, and
the location at which the composition change occurs is observed as

T3
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the upper surface of the chamber is heated. In this way, it could
be determined if the intermediaste particles are formed near the
heated surface and diffuse downward, or if they are formed in the
cool mixture by the very high velocity particles which diffuse from
the upper surface. This technique has the sdvantage of being a
steady flow process so that an equilibrium condition can be observed
at any temperature. The disadvantage of the method results from the
fact that the formation mechanism would be confused by flow effects.
The second possible method would be to place & homogenecus mix-

ture in the combusticn chamber and then heat one surface very rapidly.

fond

In this mapner, the flow effects would be eliminated. The rapid tem~

perature change might be accomplished by depositing a very thin layer

.

of mebal on the surface of a good insulater such as quartz. This sur=-

face would then be heated by passing an electric current through the

The effect of the temperabture gradient upon the overall rate at
which the reacbtants are consumed, and the effect of the temperature
gradient upon the position between the two plates where the interw
mediate particles appear should also be investigated.

It should salso be noted that the experimental eguipment could be
used for invesbtigations of the following type with very few modifica~

ticnse.

fomd
B

Two-dimensional convective heat itransfer.

fav]
®

Boundary layer studies.

3. Btudies of the effect of heat transfer upon the boundary layer.



X, APPENDIX I

DERIVATION OF FRINGE CONSTANTS

The relation between the interference pattern and temperature
distribution within the combustion chamber can be easily deduced
with the aid of a simple diagram (Fig. 29).

It is assumed that the temperature along the length of each
light path is uniform and that the light travels in straight lines.
(Refraction effects are neglected. )

The line lsbeled T1Cy refers to the undisturbed ray of light
passing through air at room temperature Ty and composition Ci. The
lines labeled ToCy and TzCy are rays passing through the gas of com-
position Cy in the combustion chamber.

The number of wave lengths of light in path 1 is

1y (1)

o
éygﬁ

where ny 1s the index of refraction of the gas along path 1, Ao is
the wave length of the light in a vacuum, and L is the length of

the combustion chamber.

Similerly,
Vg = L P2 Ngs L B3 (2) (2a)
Ao Ao

If the substance in the cambustiQn chamber is different than 1,
No will be different from Ny, even if Ii = Tge This difference is
not observed on the interferogram because the difference merely
corresponds to a difference in effective path length and has no re-
lation to the temperature distribution within the chamber. Thus,

75,
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FIGURE 29

Schematic diagram of light paths
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the number of fringes actually observed is
N= () -Ng) - (N -Tp) =Ty = Ny (3)
and is independent of the conditions exterior to the combustion
chamber.
Substituting (2) and (2a) inte equation (3), the following
relation is obtained:

L .
N 2= (Do = ntin), (4
Ao ( 2 “é) A\ )

The index of refraction for gases can be approximated accurate-
ly by the expression
n=l+kp, (5)
where k is a constant of the gas and ¢ is the density of the gas.

Substituting (5) into (4) and remembering that ky =z kp, the

relation
Lk Lk , )
N = (?2"?3«):“—“‘)2" 1. f3 (6)
)\0 AO fz

is obtained. The relation ?3/ fo = IZ/Ta is wvalid if the perfect
gas relation holds and the pressure is constant within the apparatuse.

Thus the desired relation between T and I is obtained.
Lk ¢o T:
N = fc[lm%]e (7)

In this particular application it is more desirsble to have

Tz as a function of N since the data are more easily evaluated in

this waye.
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Solving (7) for Iz, the final relation is found.

T.
T" = __sés—f-g 8
3 T/ (8)

o

where T = temperature at the lth fringe, T temperature of the

[p ’k ¥
Lk o o Lk 59_$$ where P, is standard atmos-
Ao Ao RIp

pheric pressure and X is the gas constant.

eold plate, and ﬁ =

The equation was evaluated by plotting curves of TB as a
function of W with Tp as a parameter. This is necessary since ﬁ
is a function of Ty,

The constent B was evaluated abt various values of Is. The

values of k were obtained from the Internatiocnal Critical LYables

(26). The values which were used are tabuleted below.

Air - (u-1) = 270.6 x 107% @ 0o%c.
Hp - (n-1) = 139.66 x 1076 @ @° ¢,
o - {m-1) = 271.70 x 1078 @ 0°c.

L]

0° C.

(&

(n=1} = 252.7 x 10-6

ko0 wvapor
The value of (n-l) for the mixture of Hp and Oz is obtained by
adding the value of (n-l) of each gas after it has been weighted in
direct proportion to its partial pressure. The calculated curves of

a2l

T as a function of N are shown in Fig. 30.
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XI. APPENDIX II

CORRECTIONS FOR REFRACTION

It has been stated that an image of the cold plate can never
be obtained because of the refraction of the light beam passing
through the combustion chamber. The reasons for this can be seen
by referring to Fig. 3l. The light entering the combustion chamber
is given a small positive slope to minimize the distortion of the
image. The light passes through the combustion chember on a curved
path and leaves with a regative slope. After leaving the combustion
chamber, the light travels in a straight line. Because the camera
lens does not allow for the past history of the light, the bottom
ray appears to originate at point 3 in the focal plane and is focused
at 3' on the image. If the slope of each ray leaving the combustion
chamber is exactly the same, the refraction simply causes a shift of
the image. This is not the case because the density of the pas and
nence the index of refraction is inversely proportional to the ab-
solute temperature of the gas. Therefore, the gradient of the index
of* refraction (dn/dy) is greatly reduced near the upper plate and the
exit slope of a ray passing near the upper plate is not as great as a
ray near the lower plate. This can be seen graphically in Fig. 31.
Points 2' and 4' indicate the image positions of two imeaginary rays
passing through the apparatus, and 3' and 1' give the location of the
actual light rays. The image is compressed on the cold plate side
and the resulting interferogram must be corrected before an accurate

temperature distribution can be obtained.

80,
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Each fringe location must be further corrected to compensate for

the temperature variation along the light path. As seen from Fig.
32, the bottom ray travels on a symmetrical curved path {the initial
slope being correct) and thus travels through continucusly varying
densities. The number of wave lengths in this path is an integral
over all increments of length along the path and thus has the same
number o¢f wave lengths as an imaginary horizontal path at a height
(y*) above the cold plate.

These corrections are deduced by finding the value of y* for
each ray, and the slope of the light rays emerging from the com-
bustion chamber (Fig. 32). This is done in the following manner: it
is assumed that the angle of the light at the entrance can be adjusted
50 the paths of the two extreme rays are symmetrical within the com-
bustion chamber. It is not possible to satisfy the conditions on
the entering light which make sach light path within the combustion
chamber symmetrical. This is true since the required slope for a
syrmetrical path is a nonlinear function of y, wheress a simple lens
gives a linear variation of slope. The equation of the path is de-
rived and the values of y at the exit (ygy) and the exit slope
{dy/dx)ex for several y,'s is computed, where y, is the height above
the lower plate abt which the slope of a given ray is zero. The
apparent necessary correction is then A' = [? + (Yex = y*j]

(Fige 32). The true value of the displacement on the imsge is the
apparent shift ( A') minus the displacement of the image of the

upper plate (Fig. 33). Lence, the true correction is then given
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FIGURE 32

Path of ray at lower plate

Upper Flate

Lower Flate

FIGURE 33

Path of ray at upper plate
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by the following relation:

Ay

A -

8

L]

KE + Yex ‘y*)y“’ \E + yeX“yO>yo = 1

where § is the displacement of the image of the upper plate and lly
is the correction which must be made at a distance y above the lower
plate. The values of y are dimensionless numbers such that the plate
separation is assigned a value of y ® 1. The correctionsfor the in-
termediate rays are done in a similar menner, the asymmetry of the
path beinpg taken into consideration.

Derivation of the Kefraction Zguations.

The equation of the curve alonyg which a light ray travels as it
passes through the combustion chamber is found by considering a curve
in space relative to an arbitrary coordinate system (Fig. 34). Con-
sider & segment ds of the light path a-a, and investigate the depen-
dence of the radius of curvature K upcn the gradient of the index of
refraction normal to this segment.

The time dt required for the light to travel the distances ds
and ds' is the same because the elements of length dR lie in the
wave front. Thus,

ds =2 v dt; ds' = v' dt (1)

The velocities v and v' are related to the indices at these
points by the relationz v = c/n» and v' = c/ﬂ” rsspectively@ The
index of refraction along the segment ds is n and the index of re-

fraction slong the segment ds' is n'. The relation between n and n'
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FIGURE 3%

Derivation of light path

£
)
; : e
FIGURE 35

Correction for nonuniform temperature
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is obtained from the partial derivative of n with respect to K.
Thus,

n'=n4 dB 4R (2)
dJR

The angle « is given by the relation

=1 i e

_ds'-ds _cdb /1 _ 1Y), (3
« daR dR ot . ) )

Substituting equation (2) into equation (3), it is found that

- n dR

c dt 1 = o db K T ”n
* = (Han@ﬁ“l) N e a0
K n 2R =n

Expanding the denominator of equation (4) in a series,

i 2
= ] ’d”ﬁ; - Eil; 4R 1 - én. dk )n dR /-
o nzdI{rQPi }[ D s o A (8)

Since u is of the order of one, and experimentally )n/'QR is smell
compared to one, terms in equation (5) involving ( an/'bﬂja can be

neglscted. HNow

dﬁm égn; R N
n¢ dr ( AR & e

This equation can be transformed to the variables x and y by
substituting the relation between KLand (dzy/ﬁxz}@
Since ReC = ds (Fig. 34) and dzy/dxz = -1/R, equation (8) re-

duces to
a2y 4 l(cdt) ) ) 1
- as g = |l - O — .
= = = <.§,§.®dﬁ — (7)
Equation (7) can be reduced further by using the relation ds = ¢ dt/ﬁe

Thus,

@y 1 dn )
—> % 5T 8
dxz
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The term dn/dR in equation (8) is evaluated by assuming that

n if a functicn of y only. Therefors,

7

dn dn dn 1
doodn i dnf 1 (9)
dk ds d A2
7 v 1+(~ld)
dx

Substituting equation (9) into equation (8), the differential

equation of the light path is obtained.

2 2
Yy 9, +(%¥) = %. %ﬁ (10)
dx2 * : y

For this application, the differential equation can be simplified by
neglecting (dy/dx)z compared to one. This assumption is Justified
by the final solution, as (dy/dx) for the values of x bounded by the
combustion chember is never larger than 0.04 radians,

Tue equation of the path is then

dn (11
-a; ® \11)

¢
\ Dr

a~y

JRAE. S
e

dx®

S

The term dn/dy is replaced with a function of y by assuming that
the temperature distribution bebtween the plates is linear. IThis
assumption is justified on the basis of the experimental data (Fig.
25). The temperature distribution differs from a linear relation be-
cause of three effects:s First, the thermsl conductivity varies with
temperature, second, heat is added to the gas in the reaction zone,
and third, there is a difference in thse composition of the gas near
the hot plate after the reaction has started. However, these effects
do not cause the actual temperature curve to deviate more than 15

percent from a straight line.
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The functional relation between n and y is

k! o k?
neEltinelt e
T To + Dy

[
AV
S

@

i

where k' = Xk PO/R (Appendix I), T, is the temperature of the cold
plate, and D is a constant whose value depends upon the hot plate
temperature.

Substituting the value of dn/dy into equation (11), the follow-

ing relation is obtained.

<

qe

m% =z = k;D ® \13)
dx (T, + Dy)” + k' (T, + Dy)

This equation can be reduced to a differential equation of the
first order by the substitution
A = dy/dx; dA/dy = 1/A d®y/dx? . (14)
Equation (13) now becomes

'D
AdA = - k dy (15)

(T + Dy)2+ k' (T, + Dy)

and the first integration gives the solution

2 2D 2T
Qrém;zog[?er - I

2 2Dy +2 T+ k' + k|
- rY’*'Eo/b )
= log T +F (18)

where F is a constant which is determined by the boundary conditionse.
Eguation (18) cannot be solved in closed form, but can be simpli-

fied by another approximetion. Rearranging equation (16),
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42

5 =z log

+F {17)

where a = (y +-T@/b) and has a minimum value of 0.50. The maximum
velue of k'/D is approximately 10™%. Thus, the second term in the
denominator has a maximum value of approximately 2 x 10“49 and a

reasonable approximation can be obtained by expanding equation (17)

in & power series. Neglecting second order terms, equation (17) be-

comes
2
_ &51 = - % +F (18a)
or

R S A T g S 18i
F o+ T (18v)

Separating the variables and rearranging, equation (18) can be

written as

7yﬁ +—TO ay

-T2 dx = = - (19)
7E(yD + T,) +
the sclution of which is
72 % (0F) = /(0 + %) [k = F(yb +1,]]
I F(yD + T
Sk eini |1 RGO AT 6 (20)
2fF k'

where G is the second constant of integration.
Ihis equation was evaluated using the following boundary condi-
tions:

0, (dy/dx) = 0

"
[l

(21)

»
]

O, ¥y & ¥o
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Thus, the integration constants are

1
Py
VoD +—TO

(22)

G = k! sin~t ( =1)

2/F'

The constant G has an infinite pumber of values depending upon

which value of the arc sine is chosen. Mathematically, these values
of G correspond to the variocus loops of the repeating solution. The
desired value of G is that value which will give the minimum positive

value of x for a given value of y. This value of G is

G = =“'1§*‘=“° 3 ’If)e (25)

¥
27 F\2
Substituting the values of the integration constants into equation (20),

the final relation is obtained.

- A
72" x (DF) =k (yd +$O)[1 oy T@]

VoD +Tg
2 2 d T
- X |37 - osinel 1 - yd + o) (24)
217 |2 yoD * I,

The values of ygx and (dy/dx)eX were obtained from equation (24)
by calculeting x as a function of y for ten dimensionless wvalues of
Yo varying from 0.02 to 1.00. This solution was carried out for four
temperatures of the upper plate. UThe temperature of the lower plate
was taken to be constant and & value of 550° k was used. These curves
were plotted and the value of ygy for each value of Yo was taken from
the graph. The paths of the intermediate rays were found by computing

the value of x for a given y,, &t which the slope of the ray was the



same as that from the light source. The coordinates were then
shifted so this wvalue of x corresponded to the entrance of the com-
bustion chamber. The values of (dy/dx)ex corresponding to the
values of y.y and y, were obtained from equation (18b). The value
of £ (Fig. 32) for this particular ray is (L/2) [ (dy/dx)@g] .

It has been assumed in this discussion that the origin of the
coordinate system for the extreme rays is at the center of the lower
plate. This locabtion gives the minimum value of £ , and thus the
least distortion of the image. This is demonstrated as follows:
gach ray entering the combustion chamber is refracted downward, the
slope of the ray continuing to decrease more rapidly as it progresses.
Thus, under ncrmal operating conditions, it was found that if the
slope of the ray was taken to be zero at the entrance of the com-
bustion chamber, the first ray which could pass through the chanber
without striking the lower plete entered at approximately one-tenth
of the plate separation. Uhis arrangement is very undesirable, as
the slope of the ray at the exit is large, giving a value of €
nearly twice the value obtained when the coordinate system is lo=
cated at the center of the plate. Furthermore, this ray travels
through gas having very different temperatures and it is therefore
difficult to deduce the actual temperature distribution from thess
measurements.

The value of y* for a given Vo is the height above the lower
plate of the path of a hypothetical ray passing straight through

the combustion chember. The imaginary path contains the same
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number of wave lengths as the corresponding actual path passing
through y,. Thus, this value of y* gives the location relative to
the lower plate of the plane which is at the temperature which the
ray passing through y, indicates.

This correction is obtained as follows: Consider the elements
of length dx of the actual path and the equivalent path (Fig. 35).
It is assumed that these distances are of the same length. This is
an approximation, but is quite accurate because of the small angles

involved. The number of wave lengths in the actual path element is

dn, :‘%g-: & ny (25)
o

and the number of wave lengths in the element of the equivalen®t path

is

ax = Eoe X (26)
¥ n

where ), and A* are the wave lengths of the light along the actual
path, and the equivalent paths respectively. Similarly, n, and n* are
the indices of refraction along these paths.

To avoid taking differences of very large numbers, it is de-
sirable to take the difference of the guantities given in equations
(25) and (26) before integrating over the path length.

Combining equations (25) and (28), the relation for the

symmetrical paths is

L/2 L/2
Ns2 (a1 - dig) = “E“,/f (n* = n,) dx (27)
o Ao Jo

where N is the difference in the number of wave lengths in the two
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paths. Since this number is zero for the correct equivalent path,
equation (27) is integrated, the left-hand side equated to zero, and
the value of nx, and therefore y* which satisfies the condition is
determined. The integration can be performed after substituting the
functional relation of the indices, and changing the variable from x

to y. Eguation {27) becomes

Y 2 Vex

1 4
oLy VTR TR (yp T,
9]

where X = (n*=1) = k'/y*D+ T, and k'/(yD + Tg) = (n,-1). The inte=
gration of equation (28) can be simplified by changing the wvariable
to/7= yD + T, . Substituting and changing the limits, equation (28)
becomes

= g . D +T
. Iz YexP "o (x/7 = k')
ADWD ko/" - Frlz
= y’OD+TO

the solution of which is

B I
o s _ JXxt - Fr7E
"N 72D -
M=z yexU *

T
_ k(X -2F) [ - 1(k’a2F) © (30)
1?

- gF x?
Ms yOD+TO

Equating the left-hand side of equation (30) to zero, substituting the

limits and simplifying, the final relation is

1 - o =1 2( D+7T
y*D+ T, = ZTF 3/2- sin (1 - Jex »‘,2_)_,) 7]:“ ~FT,

OD+T

77 [3/27f - sin~d <1 - 2 (FexD +T,) )]

yCD + T4

(31)
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The value of the arc sine must again be picked to give an answer
having a physical meaning. Only one of the different values of yx*
obtained from these values of the arc sine has any meaning in this
case. This is true because the original assumption that the slope
of the actual path is small is not justified if the integration is
carried to the second loop of the mathematical curve., The values of
y* for the nonsymmetrical paths are found from the same equations by
using the proper limits in the integration.

The final correction is then obtained in the manner previously
outlined. The graph of the complete correction as a funetion of y

for several upper plate temperatures is shown in Fig. 36.
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XII. APPENDIX II1I

METHOD OF INITIAL ADJUSTMENT OF THE INTERFEROMETER MIRRORS

A method for making the initial adjustments To the interferometer
mirrors is cublined in refersences 186 and 17. Since these papers are
not readily available and in some cases the technique is vague, ths
method will be dealt with in some detail.

The object of the initial adjustment is to get all four mirrors
of the interferometer parallsl. Before discussing the mechanics of
the mirror adjustment proper, it is iwmportant Lo nobte that the mirror
supports must be accurately placed. It can be shown that it is im-
possible to get the wmirrors parallel by the following procedure if

the aluminized surfsces of the mirrors are not located on the corners

of & paralle

%«4
O
s
]
&
v

This adjustment was made by comparing corres-
ponding light paths and comparing the diagonaels of the square with a
beam trammel until thess measurements were within + 0.005 inches

£

of being identical. After the mirror supports have been located, the

interferometer mirrors are adjusted as follows,
Mirror Y (¥ig. 37) is removed from the interferometer and a tele=

scope with a Gauss eyeplece is locabed on the line forming the diagonsl

o]
i)
o
e
s
@
Q
fed
®
by
@
@
by
o
=3
®
ety
g
=
&
=
o
)
&8

is secursly fasbened to the floor. Con-
siderable care must be exercised in locating the ltelescope as it must

be on the diagonal of the

7]

ouare and must zlso be coplanar with the
interfercmeter support pads. After the telescope is located, mirror

handles 1 and 2 (Fig. 5) until it is

3

B is adjusted by the adjusting

perpendicular to the axis of the telescope. Mirror € is then re-

mounted in its frame and & similer adjustment is made. When this
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sl

adjustment is attained, mirrors & and U are parallel and perpendi-
cular to the diagonal of the interferometer square,

Mivrors 4 and D are made parallel ©o mirrors B and C as fol-
lows: The mercury vapor lamp is turned on and & diaphragm having
a hole ope=-quarter of ome inch in dismeter is placed as close to
he lamp as possible. ZThe collimating lens is adjusted so a
parsllel beam of light passes through the interferometer. A [ilter
is placed between the collimabting lens snd mirror A to obtain mono=

chrometic light and crosshairs sre located at poinbs 1 and 2 as
shown in Fig., 37. 4An objective lens having a long foesl length
{24 inches) was plsced as shown in Fig. 37 and focused so that an
imsge of crosshair 1 is obtained on the screen. The distance from

1

objective lens to the screen was approximately eight feebt, pro-

b
®

[sH

viding an enlarged image of the srosshair. Crosshair 1 is placs
a3 close to mirror A as possible Yo minimize the deflection of the
imege of the crosshalir through the light path ACD. At this stage

of adjustment two imapges of crossheir 1 will be observed upon the
screen. bach image corresponds to the light passing through one
path of the interfercmeter. Mirror D iz then adjusted unbtil the

two images coincide. The objective lens is then focused upon cross-
nair 2 and two images of this crosshair will be obserwved upon the
sereen, Mirror A is then adjusted umtil the two images merge. The
cbjective lens is then refocused upon erosshair 1 and the process is

repeated until a single image of both crosshairs is obtained without

further adjustment. This process converges rapidly and as the
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interferometer approaches adjustment, interference fringes should
appear on the screen. The final sdjustments are made visually until
the whole screen is covered with owne fringe. This condition can be
obtained for several adjustments of the mirrors & and D. However, an
optimum position can be found by observing the contrast of the fringes
as the mirrors A and D are adjusted., For example, mirror A is not
moved and nmirror D is rotated unbil the maximum fringe countrast is
observed. Mirror A is then adjusted in a direction so that one
fringe again covers the screepn. It will probably be observed that
the contrast decreases as the parallel condition is approsched.
Mirror A is then readjusted to the conditiocn of mazimum’@@ﬁtrast and
mirror D is adjusted so as to descrease the number of fringes. This
method of successive approximation is continued until the fringe of
maximum conbrast covers the sptire field.

The fringe conbrest cen be further incressed by adjusting the
lengths of the two optieczl paths within the interferomster squars.
This is dome by moving mirrors B and C parallsel to the optical paths
with adjusting screw 3 shown in Fig. 6. For this work this adjust-

ment was not critical as sharp interflerence Iringses could be obtained

s
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e in the path lengths., If the zero order
ringe is desired, it can be found by introducing white light indo
one-half of the ioberferometer fisld. Une of the mirrors is tilted
so that several straight fringes are observed upon the goreen. The
adjusting screw 3 is then turned until the zero order fringe is ob-

served in the "white 1ight” half of the field.
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