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CHEMICAL PROCESSES AS METHODS OF ACHIEVING HIGH TEMPERA TURESL

DAvm ALDIAN
Chief, Physics Section, Jet Propulsion Laboratory

a

Tin which it was fashionable to break down various
is initially provided, it is impossible to transcend theHE LAsT sEvERAL n;. CADES have witnessed an era

dissociation region for the products of the reaction.,

barriers that had hitherto been more or less considered
immovable. One was the sound barrier, which has Internal Energy States
been pierced by modern jet planes. Another was the Before discussing the characteristics of the chemical,

atomic nucleus, which was dismembered by high- barrier and how it may be varied by operating condi-
energy radiation, and, in some cases, by low-energy tions, it would be desirable to review the various forms
neutrons. The availability of almost unlimited energy of energy in molecules. The percentage distribution of
from nuclear reactions implies that ultra-high temper- energy as translation, rotation, vibration, dissociation
atures can be obtained. Indeed, the thermonuclear and ionization for hydrogen at one atmosphere and
bomb is reported to develop a temperature of the order various temperatures are shown in the block diagram, ;
of 100 million degrees C. Controlled nuclear reactions, Fig.1. The only energy mode that contains an ap- |however, are run at much lower temperatures. One preciable amount of energy over the entire tempera-
limitation at present appears to be the chemical stabil- ture range is translation. Since this mode is rapidly
ity of the structural materials. excited by collisions, it is frequently taken as the meas- |

In employing chemical energy as a source of heat ure of" temperature"in systems where one or more of
for generating temperature, a real barrier exists that the other modes are not in equilibrium. A graphical
can be called the " chemical barrier." Under a given representation of the same data is given in Fig. 2. The
set of conditions, this barrier represents a temperature chemical barrier is represented by the region between
range where dissociation of molecular species is occur- 3000 and 5000 degrees K where the rotational and
ing thereby destroying the very energy source respon- vibrational energies decrease eventually to negligible
sible for the chemical heat release. It is obvious quantities due to dissociation. Indeed, the reaction be-
therefore, that if no other energy source but chemical tween two H atoms initially at 298 degrees K yields a

7
,
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temperature of 4080 degrees K at one atmosphere. energies of the bos.ds newly formed and those just
.

.

Due to equilibrium, the reaction is only about 35 per- broken. Thus, at constant volume, the heat release in I'cent complete. chemical change for a gaseous reaction is:

Q = En.(BE)s - En,(BE);a i i i i i i p g ,8000*4 toco*u sooo*r soooam sooc w so.ooo*K ts.ooo*za'00
*

7 __ - g where Pand R refer to the products and reactants and
so - ; W w& 't L - BEis the bond energy. In a constant-pressure process,

4 i " < "

the heat effect is altered slightly by the work done ong so - g y q; e -

or by the system due to the change in thepV product.
*c

;

E yo _ | E R [= | _ In Table I are listed the bond energies of some typ.
", ' O

-
-

a i ht, y g -

,

f T m )_ ically strong bonds. It is clear that the triply-bonded
'"

5
nitrogen and the occurrence of resonance betweenO '

So - MA Ci $ - doubly- and triply-bonded carbon monoxide can causeg 7 gj ; y M f these two species to have the most energetic bonds
,

._ 4 0 -

( 8 4: J -

known. Also listed in the table are characteristic " bondb3o - temperatures" defined as that temperature where the-

5 _. standard free-energy change to atoms is zero. Approx.a- to -

| -
,

imately, it indicates the temperature for a hypothetical *
*

,, _ ;
_ constant-pressure reaction employing the gaseous e toms

Io

AF = Do + 2T - T ( ass.s + 21n T-05.o to7 250 69.o 12 8.2 171.2 370.3
ses *

ENERGY - teol/2 gms
108Do~

*unNo ** ~ '

Do
moratioN oissoc AtioN 8"

9
TRANSLATION E IONi2Attom *

'

vismation
f: i ,' '

'

Fict:nz 1. Energy distribution in He at one atmosphere. '5 | [|
I / I

| Chemical Heat Source I ! I
The energy change of any chemical reaction origi-

nates fundamentally from the valence forces in chemi- L 'O
,

cal bonds. Consequently, the heat released in any $ ;

,

f g %;
;, ,

constant volume process is given by the difference in 3 , f y, g ,
5

- raaaaro=/ / h k f

QTABLE I-BOND ENERGIES AND kY I bhiAXIhfUh! TEh!PERATURES E

Do A S,,,* T**
,/>/[6 |\( -I

'*~n n
$
w l ;, -

,'. ;'i :|, :;Bond (kcal) (cal /*) (*K) e v r r - @. , i

-Hau
.

iI Cs '

HF 135 23.8 5000 // /| [ fAIO 138 (26.4) 4600 / veaaronf qLiF 139 22.2 5400
PO 143 24.3 5100 [[ jNO 150 24.8 5300 ci / l-BO 161 27.9 5100 80 0 5 1,000 5 10,000CN 175 26.0 5800 T *KSiO 184 29.3 5500
NN 225 27.4 7100 Fact:nz 2. Distribution of energy in hydrogen
CO 256 29.0 7600 at one atmosphere.

*hSm for diatomic molecule to gaseous elements. at 298 degrees K as reactants. These " temperatures"
" Calculated from: are calculated approximately and are inter.ded to be

48
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indicative rather than true values. Here again both
CO and Ne stand out as two almost unique species. reactions 8 and 9a. When carbon burns in air, a higher
Their thermal barriers occur at the highest tempera. temperature results when COs is formed as compared
tures of any species known. Herein lies the clue for to CO. This is an e:,.pected result. When carbon burns
selection of chemical reactions to yield maximum flame in pure oxygen, however, the stoichiometric balance

to CO: yields a lower temperature than a balance to
TABLE II-FLAhfE TEhfPERATURES CO. The answer to this apparent discrepancy is ob-

.AT ONE ATMOSPilERE tained from a consideration of the high-temperature
kdissociation of COs. At the temperature of 3500 de- |grees K and

TeTh3ture ne atmosphere, it is found that COs is
{
1

Reaction
75 percent dissociated into CO and Oz. As a conse-

1.11 + H O, - 11,0 quence, the addition of oxygen at 298 degrees K to CO
at 3500 degrees K causes more cooling by dilution3120

2. Cill + 8/:0, - 2CO + 11,0 3500
,

3.11 + F - 211F than heat release by reaction. In other words, CO be. |

4. 211 - !!. comes a very poor combustible at temperatures ex. j3950
41805. C,N + 0: = 2C0 + N, cceding 3000 degrees K. j
4850 (

It is clear, therefore, that one can locate a range ofC O CO + N M
8. C + (H O + 2N,) - CO + 2N maximum f ame temperatures obtainable by chemicali

Sa. C + (0, + 4N.) - CO, + 4N. means based on which species are present as products.
i 1470

2370
9. C + H O = CO A plot of enthalpy of the various species H 0, HF, CO, {i 3500

and Ne relative to 298 degrees K at one atmosphere {9a. C + 0 - CO: 3150

is shown in Fig. 3. Once again it is clear that a given |

temperatures; namely, the choice of unstable reactants enthalpy per two atoms results in a much higher tem- !

involving only the elements, C, O, and N at a 1:1 atom perature for CO and Ns than for the other species. !I

!,) ratio of C to O. Various isobaric flame temperatures are indicated for
various reactions. One may consider as " limit temper-

200
l I / '

,f !/ y
I

enso.np j
'

/ }
-- / /

_ .,. ,- ,A cao

kiI [ / hre e g, . m..w i e s i
m

ik _

"
| | t A / Wl |00 w ,;,. /. | - % /-

AAq
_ _ ,_

. .j c t ,1 * D . cc m 2eed CEH*o.np A $h
g_

' '
/ * ggga **0-

V M + vt F, e MF / szoo,
e

_h*M'' '(50 ,

,,,e
M50 >"P / / /s

_ c movso,.co py/ __J# c w en , coo

| | t j''"j .h
o ' ' I I "

l I

1203 1800 2400 3000 3600 4200 4800 5400 6000 6600j
T *K

Facuaz 3. Heat content-temperature diagram for H 0, HF, CO, and N:
"relative to 300 degrees K (1 atm).

?
A list of typical energetic reactions is shown in Table

II. It is clear that the reactions of CsNs and C.Ns toatures" those obtained from the hypothetical reaction
*

give CO and N: yield the highest flame temperatures re- employing the atoms at 298 degrees K.

ported,[1] thereby corroborating the conclusion drawn A further process that can add to the temperature
from bond energies. An interesting result is shown in barrier is ionization. This process is important in the

r.mge of the chemical barrier if the degree ofioniza-
Chemical Messes

,
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tion at say 50 percent dissociation is significant. Table going to stable products at T., AH (diss) is the en- [
111 contains a listing of the percent ionization occur- thalpy required to dissociate the products at To to the !

ring when some of the stronger bonds containing metal extent characteristic of equilibrium at T,, and C, is |
atoms with reasonably low ionization potentials are the isobaric heat capacity of the product mixture at a ;

50 percent dissociated. For all except the LiF mole- composition characteristic of equlibrium at the tem- i

cule ionization contributes little to the characteristics perature T,. The quantities C, and C, represent ;

of the chemical barrier. LiF can be considered a special average quantities containing the heat effects due to {
case since it is an energetic bond involving an easily dissociation. Since AHa AAEa for energetic reactions, |
ionizable alkali atom.Thus, at the relatively high tem- it follows that j

C,perature required for bond dissociation, appreciable T, - T%
ionization results. T, - T.T

TABLE III-PERCENT IONIZATION AT TiiE For temperatures below dissociation, C,/C, = y = 1.2
50 PERCENT DISSOCIATION POINT or 1.3 indicating a 20 to 30 percent increase in flame

temperature for an isochoric reaction as compared to

ih *|
species (k 1) (h) one which is isobarie. At higher temperatures where(e .) t

the flame gas is dissociated, however, both heat capaci-
AlO 138 4300 5.96 1.5 ties are increased by the appropriate term Q(diss)/
LiF 139 4900 5.36 9.2 (T - Te). The effect is to reduce y in some cases to a

'

**I"* as low as 1.02. As a consequence, for energetic
SiO 5 8. 2 .

reactions where the product gases are extensively dis-
.

,

CO 256 7100 11.22 1.0
sociated, isochoric flame temperatures tend to ap-

*For the metal atom; ** Total pressure is I atm. proach isobaric values.
,

To illustrate, consider the following reactions termi-

Effect of State Variables on Temperature nating at one atmosphere pressure. The isobaric flame

For an adiabatic reaction, variation of pressure or temperature of C burning in Os to yield CO is 3500

volume during reaction must be specified for the de- degrees K, whereas the isochoric flame temperature is
about 4350 degrees K, an increase of approximately 7

termination of temperature, as well as the absoh te
value for final pressure or volume. With regard to vari- 850 degrees K. On the other hand, when Hs reacts

with Os to form HsO, the isobaric flame temperature
ation of state parameters, it is common to characterize

is 3120 degrees K, whereas the isochoric flame temper-reactions as being either at constant pressure or at
constant volume. Combustion reaction in a gun barrel, ture is only about 3220 degrees K, an increase of ap-

_

|however, is one illustration of a system in which neither proximately 100 degrees K. In the case of CO, the
effective value of y is 1.265, while in the case of IIsO,

pressure nor volume is held constant. The variation in y

the pV term during reaction determines the quantity it is only 1.035. The answer lies in the fact that at 4

I
of reaction heat converted to mechanical work and 4350 degrees K, CO is less than 0.2 percent dissoci-

this effect is noted at all temperatures. The influence ated, while at 3220 degrees K, Hs0 is over 35 percent

of the level of final pressure, however, is noted for per. dissociated, a!! values at one atmosphere. Thus the

fect gases only at high temperatures where it affects expedient of operating a reaction at constant volume
to obtain a gain in temperature is effective only if thethe extent of dissociation.
system is below the dissociation region.

> Constamey of Pressure or Volume
Level of Pressure

The heat-balance equations for determining the iso-
baric and isochoric flame temperatures can be written: A general characteristic of all high temperature dis-

sociation reactions is that there is a mole increase with

P" reacti n. Consequently, the reaction can be repressed
AHa(T.) = AH(diss) + J r, C,dT = C,(T,- T.) by increasing the pressure. Smce the temperattre of

,

hot flames is limited by the degree of dissociation, it 4

'

AEa(T.) = AE(dias) + N'C, dT = C,(T. - T.) f 11 ws that an increase in pressure results in an in-

[ s r, crease in temperature. Table IV contams a derivation ;

of an approximate equation expressing the tempera- I

where AHa(T) is the enthalpy change of reaction ture increase of a simple dissociation reaction in an

50 Altman
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adiabatic system as a function of pressure. The final
pressure indicates a rapidly diminishing effect :.t very

equation accurately predicts the fact that temperature high pressures. Table V contains some calculations on
is independent of pressure both below and above the

the temperature increases with pressure for CO and
dissociation points (i.e., a = 0 or 1). The maximum
effect appears to be near the 60 percent dissociation

TABLE V-EFFECT OF PRESSURE ONpoint from an exannination of the partial derivative of
TEMPERATURE AT CONSTANT ENTIIALPY

T with respect to a. The logarithmic dependence on

CO N.
T (*K) p A To

TABLE IV-EFFECT OF PRESSURE ON (1atm) yaT

'100 l000atm{.atm (*[f)TEh!PERATURE AT CONSTANT ENTHALPY ( ) 10 10 100 1000
atm atm atm atm!

-
_ -|3fX = M + X Q = AH(29S) 4000 0.0004 12 25 37 0.0009 16

.-

35 50
415 620;5000 0.0105 165 330, 500. 0.0172 210I~" " "

6000 0.0958 510 1000|1540' O.121 540 1090,1630
7000 0.428 830 1650 2500 0.421

1 1 92) 1610j2760ja8 = p;1-a= (1)
2

,

I+y 1 + h,
Ns at one atmosphere initial pressure and various ar-
bitrary temperatures. The table shows the small effect

2d In a = d in K - d in p at low values of degree of dissociation. Because of the
(2)

1+K high bond energies of these species, the effect at only
.

I 1 percent dissociation is surprisingly large.
Some flame temperatures at I and 20 atmospheres

constant enthalpy: are given in Table VI. The large effect for H 0 at the
relatively low temperature of 3120 degrees K is again
evident from the large degree of dissociatior. ThedH = Qda + (9 + a) dT = 0 (3)
flames yielding only CO and N show corresponding

.

.. 2d in a = 2(9 + a) d T effects at the much higher temperatures.
(3')..

N"
TABLE VI-FLAhfE TEh!PERATURES OF

SELECTED REACTIONS
Combining Eqs (2) and (3'):

Rese-
tion II. CN C.N. C.N.

Tem + hon + +Os- + 20: + + % Or+-
2(9 + a) (1 +)

F -
II'O 2C0 + N 4CO + N: 4CO + Na(*K)

d in K + dT=dInp (4) T(I atm) 3120 4850 5260 5520

- 0 2 (9 + 4 -
T (20 atm) 3500 4980 5660 6020

AT 380 130 400 500y + q, (3 _ s ), d T = d in p . (5)o

Effect of Kinetics on Temperature
Integrating and letting d and T be suitable average values

between Ti, pi and T , pi: All arguments presented so far are based on the fact
that sufficient time is provided in the combustion re-

in A action to maintain complete equilibrium. One can
# P' consider kinetic effects as pertaining both to chemicalA T = Ti - T ~= -i= (6) change and to internal energy-state transitions. With I+g regard to the latter, vibrational transitions have re-

AI* ; ceived the most attention since they are the slowest to
excite. When temperature is generated only by com-

Q bustion, however, then since the breaking of bonds
( aT j ""b " % generally involves a sequence of many vibrational

[RT/Q j'Y 2(9 + a)
)ap /u

transitions, it is reasonable to suppose that if chemical -\ Ra (1 - a ) equilibrium is obtained vibrational eq uilibrium is prob-
2

Chemkal Mmn
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|ably closely maintained also. Obviously this argument Ultra-High Temperatures -

does not necessarily hold in the region of active com- In conclusion, mention can be made of other proc-
bustion where :, action is still occurring, nor does it esses that have recently been used to develop high
apply to activated intermediates. In the latter case, temperatures. Arcs and discharges can develop tem-
however, their mole fractions are generally small a peratures over 5000 degrees K. The Haming electric
that the equilibrium over-all energy balance is not discharge [2] can produce temperatures approaching .

much disturbed. The effect of including activated 10,000 degrees K to boil the most refractory subr,ances I
species is a lowering of temperature. known. The reports at this Symposium indicate that -

p

With regard to non-equilibrium persistence of major temperatures to 30,000 degrees K have been reached.
'

!
products of combustion in the final flame gases, several The shock tube employing rare gases has been used ;

species are of major concern. They are NHs, NO, and to obtain temperatures reportedly up to 20,000 de- !
to a lesser extent CH., CsH. and CsHs. These species grees K or higher. By the nature of the p ocess, how-
are usually out of equilibrium in the sense that their ever, these temperatures cannot be localized for any
concentrations are in excess. Equilibrium in those appreciable time, say exceeding a second. Recently,
cases would require further decomposition to the ele. intense electric discharges employing the " pinch ef-
ments which kinetically is relatively slow except at fect" have yielded temperatures in the range of several
high temperatures. The fixation of nitrogen in which hundred thousand degrees. Temperatures in the nu-
NO is formed is a practical case where use is made of clear fission bomb are in the ticinity of 10' degrees K,
the slow rate of decomposition of NO below 2000 de- while those in the nuclear fusion bomb are about 10'
grees K.

degrees K. On the other hand, temperatures which
When one of the above mentioned species is in ex- can be obtained in controlled nuclear reactors are

cess, the flame temperature will be high if the mole- presently limited by materials of construction (~3000
cule has a positive heat of formation (NHs and CH ) degrees K). A fertile field for future research lies in

.
,

4
'

and low if it has a negative heat of formation (NO, exploring the possibilities of utilizing nuclear reactions j
CsH4.and CsHs). However, decomposition kinetics between the limits of present day reactors and bombs.

'

have fairly high activation energies and therefore at s

temperatures exceeding 2000 degrees K, such non- !
equilibrium effects are not likely to occur. They have REFERENCES
been observed forlow energy flames but it can be con * 1. KramENSAUM and GROME, Jl. Amtr. CEtm. 8 Kitty, 78, 2020
cluded that for energetic flames exceeding 2500 de- (t956).
grees K, chemical non-equilibrium in normal combus- 2. F. Damats, "High Temperatures-Chemistry," Scient#ic
tion is not an important phenomenon, a m ,ric =, 191:3, sept.,1954, p.116.

-

,
i

,
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THE PRODUCTION OF HIGH TEAfPERATURES BY CHEAf1 CAL AfEAXS
t AND PARTICULARLY BY THE COAfBUSTION OF AfETALS

A. V. GROSSE f
q President, Research Institute of Temple University

.

t

HicH-TEMPERATURE research was started at Tem.
Burning Characteristics of Metals

pie in the fall of 1948.The objectives of the pr " A discussion of the theory of metal combustion is
gram were [1] to devise and develop chemical snethods given in our third technical report. In this discussion
for the production of high temperatures in the range the reasons are given why some metals will not burn.,

of 3000-6000 degrees K, and [2] to study physical an.1 The discussion also covers the methods for predicting ichemical phenomena at these high temperatures. Af. which metals will burn to produce high temperatures.
ter its inception this research program was supported hietals burn in different ways. Aluminum, for in.

| by the Office of Naval Research, the Office of Ord.
stance, ignites after it melts and as a result a burning !

nance Research, and at the present time is sponsored pool of molten metal is observed during the combus-by the Air Force Office of Scientific Research.
tion. In this case the pool of metal takes on a brilliance

A set of photographs illustrating the various meth- '

that makes it impossible to observe this phenomenon
ods developed and results obtained is presented here with the naked eye. The combustion product is molten
along with explanations of them. aluminum oxide. Aiolten aluminum metal, being

The following summary is taken essentially from the$

lighter, floats about on the liquid oxide during com-
| Final Report on the Office of Naval Research pro-

bustion. Because of these conditions it has been termed
e

- ject [13], with additions bringing it up to date.
the " skating-sun phenomenon." This phenomenon is '

All of the work during the first five years can be
described in our first progress report and in our second

8 classified in two general phases: The combustion of technical report. i
metals and the combustion of gases. Under each of

Observations made during the combustion of other
; these general phases of combustion several specific

metals are described in our second progress report and'

topics were investigated and a complete listing of all ,

in our ninth progress report. In the latter an explana-
this work is given below.

tion is given as to why some metals form " suns" during *

combustion and some do not.
The Combustion of Metals

.

Centrifugal Reactors
Ignition Temperatares of Metals

.

The first descriptions of centrifugal reactor furnaces
",Very little work has been done dealing with the ig- are given in the third progress report and are con-i

nition temperatures of metah. For this reason such a tinued in the fourth progress report.
study was initiated in this laboratory. The ignition In view of the skating-sun phenomenon observed 5

temperatures of about 20 metals were measured in a during the combustion of aluminum a cylindrical fur- r
specially designed furnace. hietals were then classi. nace was designed that could be rotated at 300 rpm.
fied into two groups based upon whether they ignite The sun is thereby spread (by centrifugal force) over i

above or below their melting point. It was not found the entire inside area of the furnace and the generated g

possible to correlate ignition temperatures with any heat is concentrated in the free volume of the reactor. o

properties o. the metal although it was noted that a When these reactors were operated for a short period '

general decrease in the ignition temperature occumd the oxygen feed was discontinued. The combustion, of
in the first two groups of the periodic table as the course, was terminated but the intense heat within the
atomic weight increased. A complete discussion is furnace boiled out some of the remaining aluminum
found in the ninth progress report.' and ajet of aluminum vapor was obtained at the fur-

7he nine Progress Reports and four Technical Reports nace exit. This stream ignited as soon as it hit the air
mentioned are identified in the References. to form an extremely luminous flame. Photographs of

I
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.

weee made to study high-pressure combustion tech.
. ,

.( 4% AWf-tj./ O'[ 7,,y
niques and to observe combustion behavior at elevated<

E< ~ M"J pressures.
S DyCM N ,.O' M High-pressure combustion leads to increased com-

-1<tg
' % f%-W

M d,yS & Ws k @ ' % 6 '; bustion temperatures. The theoretical combustion

g temperature for aluminum in oxygen is 3800 degreesyk k "{ >7pp:!q K at one atmosphere and 4400 degrees K at ten at-
..

3y* hdk 3 6 mospheres. These experiments are described in our
A g/J.d4 r. '

3d second and third progress reports. Combustion of mag-
'

m

hj{p.N Q E 3 nesium at these pressures is also described.E' 4

M Combution at Iow Pressures

It was found possible to maintain the combustion
'

-.
# g77D. p of aluminum in ox3 gen at pressures as low as 4 mm!%$#

.

'f'TM,. Q z

g}p$,d[y$ ~,k,
4._# M ~,3

k{
' Hg. Under these conditions the " sun" phenomenon

.

v t ~.- 3 .was still observed although the brilliance of the sun
was much lower. The techniques of this operation are.( N W '

@y. : *
. 4

et described in the eighth progress report.- ,

,_

$[{ k -
Combustion in Fluorine"

%- j Aluminum was burned in fluorine to give a dazzlingM;$3,.
wort ;. g white flame. This experiment as well as some general

-

. 1*hy et .f c. ' < < .y.-,,. ,-

g - ,
'
.

..;h- g 1~3 '4 9 '-

2894[ e
f._W m s

.

ft 9 3 gj T M7 1
7; ,

|
'

7..

Y ( | 5_ '

..$ - +* -

, ._' 7M !. 7%~".: xc. .w., g. malg; y'P g. . .,

~ . - ,

Ficenz 1. Aluminum is burned in oxygen in a spher. Fict:mz 2. The same type of pot shown in Figure 1
ical pot furnace made out of aluminum oxide (inside is provided with a water-cooled sight-glass to observe I

diameter of hollow sphere,7 inches). Oxygen is fed the aluminum " skating-sun" phenomenon; (i.e., a
through alumina tube from the top; aluminum rod is boiling pool of aluminum metal floating on molten
fed through a stuffing box in the tube at the side. In- alumina and burning in oxygen at the rate of about ,

side temperature about 3800 degrees K. Note intense 100 grams of aluminum per mir.ute).
radiation coming from the port hole, with some par-
ticles of burning aluminum shooting out of the port. considerations regarding combustion of metals in fluo-

the centrifugal reactor and of the burning vapor are rine are described in the third progress report.

presented in the third progress report. g g

Combustion at High Pressures Metal vapors can be fed to a torch with oxygen and
The aluminum " skating sun" was observed even operated in much the same way as the oxy-acetylene

during the combustion at 150 psia. These experiments torch. It is not possible, however, to pre-mix since in-

Crrmt60
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e
stant ignition would result when the oxygen came into inum-oxygen system. Various metals have been burned acontact with the hot vapors (in general all metals in this manner and the details of these experimentsignite before they boil).

are described as follows: aluminum [4-6], magne- :o
A torch was operated in which magnesium vapor slum [4], iron [5], cast iron [5], mangantse [6], sili- it

was burned in coniunction with a jet of oxygen. These con [4, 7], titanium [8, 9], calcium [9], and zircon. 4rexperiments are described in our second progress re- ium [13]. Afixtures of these metals, alloys and some aport.
metallic compounds are described in the fmal report. <

Flame Temperatures were measured with an optical 4--- avN. [ fehgkfhMMr pyrometer and those for aluminum and iron are re-m

ported in the fifth progress report. Other flame tem-

Ujk N.
M3M, peratures are reported with the description of the par-Q

. e e g h gep g5 f ~ mo, % ,r d ' {E ,' ticular metal-oxygen system (see previous paragraph). 5ti
7

y The radiation from an oxy-aluminum torch was
'fjff MVCQ.m e%. . ?/pc; analyzed by means of a Beckman spe trophotometer.

n
nph These results are reported in the fifth progress report.

- q' 4 ;;&Rf ; Q;{||
t-

5

Melting and Cutting oxy-metal flames are very hot -g and highly luminous. They have been found to beL Oi - M effective in the melting of various ceramic materials.h@ApM3 I In the case of the oxy-aluminum flame no materialC Ey ''.Wh h
_

_

"

FICt*RE 3. Two skating suns of burning . }' Of ;,, )aluminum as observed through the .,.M g,0.y|' g.. ,Wport of Fig. 2. ],, . ,Qs N
.

ry. '

.,%.

4A, y,s - 4 Ib,yM -.

3%,Combustion of Liquid hietals . f.. g . ,-- g
j

.

m. ,

g g,
A pool of liquid aluminum at about 800 degrees C MfQ" - f"

was atomized using a specially designed ejector sys- . Of-g g 4.M1

q;% ppg )gfB0dtem and sprayed into a preheated enclosure. The

%y-p .sM '.Q
. y*atomizing gas was preheated oxygen and although ig.

-
' . yrt'M$ SV

nition was not spontaneous the spray was ignited by "% | [placing a pilot flame just inside the enclosure into j M 7which the metal was being sprayed. Particle size ob-
-

"b j
~

~4 j ,, w.

tained by the spray nozzle and complete operating de- g ,. j
tails are contained m the seventh progress report. iMdg . - - -

i 9*
,

< -
3
g. - < - q. 4 ;

Combustion of hietal Powders (Ozy-Metal Flames) ' *~ Ga k
,

hietal powders dispersed in oxygen or air are highly
i 1;inflammable. A review of the inflammability and ex. Rs A water ed a umirmm " skating-sun" : -

plosibility of metal powders is presented in the third furnace pmvides an intense source of radiant energy.
r

)technical report. The radiant. energy flux, above the quartz window | g

; 3
(in center) and at a distance of 2H inches above thePowdered metal, usually finer than 200 mesh, was surface of the skating sua is a i

fed into a stream of oxygen and the dispersed phase cal ries per square cm per sec.pproximately 30 kilo. 1 )
was ignited as it left a specially designed torch to form

j

a brilliant flame. This phenomenon has been termed has been found capable of resisting its intense heat. A r
" oxy-metal flame" and the work dealing with this sub- bar of tungsten (melting point 3370 degrees C) dis.

}ject is discussed in progress reports four to nine. appeared in a few seconds after being placed in direct
,

iThe feed devices used for the metal powders are contact with the flame.
ydescribed in the fourth and fifth progress reports. The The oxy-metal torch has been used to cut holes in
S u
u

torch designs are described in the fifth progress report brick walls, in concret walls up to 30 inches thick and

[jtogether with some flame characteristics for the alum- in various other ceramic materials. Further, it has
i:

t
Chemical Afrans and the Combustion of Afetals

,,
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f

. P. 7 p '' * i" ** F" sq cm per see as a function of distance away from the
g. torch and as a function of the distance along the length9,h * Y yawy f.: y'* @9, of the flame. At a distance of one foot from the center-L -| B 1 'e M ^ ~fi ,-

D - 4 .M.cV > fM line of the flame the radiation intensity was 0.9 cal' :

?.) -) ~ $$M per sq cm per sec. Readings were also made using af,,* 4

6 -c s.L Ng.;i.jr Norwood light meter and at a distance of 100 inches
:. ,

*; n. . .:fR- from the centerline of the torch a value of 1,860 foot' -.

, k. f.h . a. I'g[. [ ~ Nh e.., candles was obtained. A description of this work is

f l -a .$. & f. E.MQo given in the seventh progress report.
,

I

f- j,W ' ''-t' h { Z Oxy-aluminum Torch Compared to Oxy-acetylene Torch'

-A comparison was made of the oxy-aluminum and
, .. cf ' .mj -

L.-
,

''
.,=

: oxy-acetylene torches and gblished in the fifth prog- ;
,

1- Jij ,1 y *

''

ress report. The flame temperatures of these two flames[j
,. _

&-j;- .- - ,

$,9 %-
are very nearly the same but the highly luminous na-l

-

p... .{ ;
- t .. 4 ,

'
p .,

WOK 7 ' hs ,- 5 ,: . - N. 4 q% 4"y ;qt.=- ? %e,., y C r .lE m. . .t . ,- a ,t

. Y5.Y s'g W~ ' $ Y:;Q& N& D$*'Q *% :4 ' ~; *'

k ' i, "* v, ~
..

7x| . ([Jg S. S,-
ydM,.$[' &[.<< -aq m.k.

,

^T '%~
=t1 ' .c . w mw a~

if NY~ gg# ;a ,

hI & . . ,, . ? e f ._ } ' f'wxmhr|;-V'

~* < L y
e ) % ;da 4; ' ' ' ,

; & ,-

,r

q.p2;&:.k Q'fr.
, , 9. . - .. = ;'

. >

M.' 2+,A . q. d * 4, - r,y- { :* vs
,''''? . '" JD*p$. .M ! MA $3Sh 3.f'gdi' 9 M'[

k.$h
i .[A.A
' - 7.%, TF$Q. f ' W/41 i:

Q REG T nsy 1?Q?

n ...~. _ w
.Dhb w&? N ^ T1 'W

n - $ 4
'

I .

*
:

-n- w&J mcen- y . . u m. : n
,.n

f f FT h.,-w
. ~;; %/ .,

r Y k M NN - --
Facent 5. This is a pressure reactor for combustion of p1 - h%p"4-is .l

2 metals in oxygen under pressure. Metals can be fed, . 1.< .m*
q $2 if available in the form of rods, through side stuffing m

~

3' "4
*

{ box; if available in the form of balls, by tr cans of a X
hand-driven gravity-feed ball machine shown above 7 "p c

>

* the autoclave. i. d ,G,.

k#[ *; f W #*M2
;-
y

- been successfully used to cut various metals that can- -.

I not be cut with the oxy-acetylene cutting torch. De- $; ~1 Y

d.%.W gg{,
g g}$ Y

O[
E scriptions of various melting and cutting operations

g-y are found in various reports [5-8,12). Photographs

$ are presented [12] showing large sections of concrete % $
- w"' *

- g

|. Afixtures of Afetals, Alloys, and Afetallic Compounds- f ' ~|
. d'

severed with an oxy-aluminum torch. f~ *'
- w,

.
58

T Experiments dealing with the operation of oxy-metal
^

torches fed with mixtures of metals are described in (.. Y;~

the fifth and sixth progress reports. Operations with - -

- 7
various alloys and metallic compounds are described i

'

;: in the sixth progren report. Fiormt 6. Autoclave for the combustion of metah

Radiation Afrasurements-The luminous nature of the
either under pressure (up to 75 psi) or in a vacuum

+ (down to 4 mm Hg). Metals are fed either in the form
oxy-alum. mum flame suggested that measurements be of rod through stuffing box or through side arm by
made of this important characteristic. Measurements gravity feed. Observation is through 4-inch sight-glass
were made of the radiant flux density in calories per at top of autoclave.
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Fict az 7. Centrigugal force is used to spread burning ,|$h&Y-: e --

gfg% . M_ -
metal evenly over surface of hollow cylinder made out i y,4

of desired oxide. Metal is fed in the form of rods .;" 'F g'

through stuf5ng box shown below the gauge in the $(b ~ .'
figure. The feed rate for aluminum is about 1 pound $5 . y, [

- w-

k ' $e,.;C 'g p~? h;$
.- ,.

per minute; of oxygen 300 liters at normal pressure iti s.
dand temperature, per minute. Speed of rotation, about _%

300 rpm. 7" 6 -- _ ZL JJ-

_ .

Facuaz S. This is an electrical-resistance furnace for. , , ;

& boiling magnesium metal at 1 atmosphere pressure.
y Magnesium vapor is shown burning in air as it emer-S

;

ges from the nozzle., . . . , . .

,. ,a . . ~

] ' .y
Y'~

.
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s ; . "?5 ..

.v... *-;
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' k.' k.
'

. . [ f Fsoumz 10. A typical metal-powder (oxy-aluminum) f

'

' '

i

burning torch is shown. Three hundrd grams of I 'g ''
aluminum powder per minute are burned with 190 |Tsavaz 8. In operation of the centrifug31 furnace a liters per minute of oxygen. Flame temperatt:re is k,

,)et of aluminum oxide vapor emerges from the exit about 3'00 degrees K.
,

port of centrifugal reactor shown in Fig. 7. Alumina 4al
boils out at the rate of about 1 pound per minute. m

formed gives rise to much more efficient heat transfer $",
ture of the oxy. aluminum Bame together with the fact from Bame te material. This explains why an oxy- i a s'
that an casily condensable combustion product is acetylene torch is not effective in melting through ce-
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.. . . oxide stability is treated in the third techr.ical report
$1'[4 C[, '.5,- ^"'

g,.

% together with the methods employed in calculating
.y -

.--.gh[%m 6
^ m ME. flarne temperatures. The titanium-oxygen system is.-@ Mip?[Qh

h 'k'eigsg@E.1,
rEldSI 6 treated in the eighth progress report and the zi-con.'

,

ium-oxygen system in the final report. An extensiveTyh9'

' .kT @
. . .

y,
' 9'$.b Tf4 treatment of the aluminum-oxygen system is presentedF.

e' :am ; ' ' ' . in the third progress report. A discussion similar to
j .. y, p .

' - "-t

J:~.
this is also given in the first technical report.

f p M ,]f~ *e
" .h; The Combustion of Gasesg .f 4

Wh The oxy-acetylene flame is known to have .i temper-# '

..' - ature of 3,140 degrees C. A; such it represents the
9 ''** 3 highest flame temperature among the commonly usedr

h,. gas flames.

.C " *
1-

,

Fict at 11. The torch of Fig.10 is shown piercing a
'

' - g{i-
standard red brick. Piercing time from 20 to 50 see- _4 e4 A
onds, depending on linear velocity of oxygen ud y ,:

.%p44 .
aluminum powder. g

M; +.
~

k;
- . . ' -: <,

,

6%.

, ] '3'Iramic materials. The oxy-aluminum torch on the other n ye 73 y,
hand melts through ceramic material with little diffi- . g .g j i -., ,

5% A t ' :culty, w

'. hr c;

Combustion of Metal Powders at High Pressures 'j 3 I"
..

%' x
t

-

,

A ;echnique was developed for operating the oxy- , . .
aluminum flame at elevated pressures and is described

_

;
" I

in detail in <>ur seventh progress report. Runs were -

made at pressures up to 75 psia. Radiation measure- Ficuaz 13. The first hole cut through concrete slab
ments at elevated pressures were also made and are using early model of oxy-alaminum torch. Diameter
described in our eighth progress report. of hole about 2 feet.

,,

_ y we s e . The conditions nece.;sary for obtaining high flame
i.'[ky R .' 7 ' temperatures in gas flames are essentially the same as
_,

,
' 'i-'

.hh2l. 9k ~ ; discussed previously when dealing with metal com- [
-

es

-M}QM h.t
~

; /.f -,
busdon. The reaction must be highly exothermic arid :

7

M Mt 7.p' W ,; < 3 the reaction products must be stable. Two gaseous
" M. d , 1 , e .' ,"

,p' $INJQ h$@ gen-fluorine and the cyanogen-oxygen flame. An in-
i systems possessing these characteristics are the hydro-

I- ~ , , ,

9 '. k f A *
i* '' ' vestigation of these two flames was undertaken to'

measure the flame temperatures and to study some of

7p' . '.. . ..

f
_

the flame characteristics.
,

=^ E' C* The Hydrogen-Fluorine Torch
FICURE 12. Oxy-aluminum torch Hydrogen and fluorine react spontaneously with-
cutting through cinder block. out the help of an ignition device. It is impossible,

therefore, to operate a pre-mixed hydrogen-fluorine
Thermodynamics of Metal-Oxygen Systems flame. Additional research may prove that various po-

Several reports contain discussions dealing with the tential initiators of the reaction can be eliminated but
thermodynamics of metal-oxygen systems. Metallic from the experience obtained in this laboratory to

64 Gros:e \
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-, r

.- .
,
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, .

,

c!torch was used to measure the ternperature of the ,i,,
'-j flame. A temperature of 4,640 degrees K i 150 de-, ,$ a

._ ,

s i

^7:h|0 J[-
- - >

grees K was obtained. The theoretical flame temper-. . . ,

.g ature was calculated to be 4,835 degrees K at one at-_ . -

4; .4 .. C.c; -
,1(4

mosphere pressure. ,;. v.
'

.y ' '"" 5 ** .. )7,. It was possible to t,perate the cyanogen-oxygen l

*

4 y system as a pre-mixed flame since no spontaneous ig-
-

3

% nition occurs as with hydroger. and fluorine. Blow-off
-

w. 1 M and flashback velocities were determined and com-j A
@N '' '|.~ pared veith the values for other pre-mixed gas flames.*

This work is described in a special report [18] and# . . , , - y
8'

~

- jyj in the final report [13] in the section on the Cyanogen-
.r -

I-
- vA - Mw Oxygen flame.

-

,#
.

t

~jy A pre-mixed cyanogen-oxygen flame was operated
"s at pressures up to 100 psia. Although the flame tem-

_;
perature was not measured experimentally the the-

Fact;ns 14. A one-ten concrete block cut in half by
early model of oxy-aluminum iron torch. cretical calculations show the flame temperature to

be about 5,000 degrees K. Until recently this repre-

date it has been found impossible to mix hydrogen and
fluorine in an equimolar concentration at room tem. pg -y,E5 g,,
perature and atmospheric pressure without spontane- GC- m % ' ' ".W ".d ;.I ~
ous ignition. A diffusion-type flame, therefore, was Mr.INEM.-M ." ' , - _@

e

operated and the flame temperature was measured to M,MM hN N, @kbe 4,300 degrees K. This temperature was measured L'

[]g$y.w" i
.Ig q j

.

b

by a modified line reversal method using a lithium '? - e, , ;; 76N J
salt instead of the co.nmonly used sodium salt; the sun ' '

k ~ . $ $/.1 MM e t-h Q [[ f ;
in the heavens served as the comparison indicator. -)f <

. .

This work is described in the literature [16,17]. "i *$ p; *: .o sMe y
% . . v,,.~

,
a ~ '' %,.ya ~ a u

h-
[P. , #a., . ,

. .

I NWM. 4 1|Fali M b.i m
0
i-

Facuas 16. The comtustion of zirconium powder in in
f . J
i. oxygen gives a temperature in excess of 4000 degrees K. ',

f_ -
An oxy zirconium flame is much brighter than oxy- *

%- aluminum flame, due to its higher temperature.y ek ,is

|
L ( The techniques developed for operating a pre-mixed

.o
*

y., cyanogen-oxygen flame at elevated pressures were em-
g.-

,17, .; 4 ployed to measure flashback and blow-off velocities,,
''| . pgty as a function of pressure. This work is described in thej

2 E- ts ,. ! final report [13].f ,

.i d.. Sa'%;-
Facuar 15. A 3-inch hole cut through Summaries of O.N.R. Technical Reports
30-inch thick concrete slab. ;

Four technical reports were written pertaining to
The Cyanogen.Ozygen Torch the work on this project during the O.N.R. period and .O

copies of 9.:se reports are available upon request to 3

The combustion products of the (CNs) Os-flame, this laboratory. The content of each of these reportsi.e., CO and Ns are the stablest molecules known. is summarized below,
fThe modified line-reversal method developed in First Technical Report "The Combustion of Met- 2"'

conjunction with the work on the hydrogen-fluorine als," dated October 15,1951[10]-this report de- i *

4

Chemia! Means and the Combustion of Metals i
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Fscenz 17. End view of pressure reactor for burning .L 4,- 't -
,J

metal powders in oxygen fed by torch. Metal powder - .~1 3NA ' tes
'

is fed through oxy-metal torch shown inserted in a wi
2standard stuffing box at end of reactor. Maximum ; ,,

pressure is 750 psi. 4 s

;ik:Geb%jCRhif~.$
-

Y $
g'g Qy,3-~

''

scribed some of cur first observations dealing with the .

_,

combustion of various metals. The experimental tech-
niques employed in this laboratory to combust various Ficvnz 19. Fifty pounds of aluminum powder exploded

' " * * **' * " ' * '*# '

,

forms of metals are described in detail. The section de-
scribing the operation of powdered metal-oxygen i

torches contains photographs of some of the materials .

kihmelted by these torches. @ M4 .yy ~ ~ 'f
;

AA section on combustion thermodynamics discusses .
MS% i"

'#

' .y, , M,,, r
gtthe calculation of the temperatures obtainable by .,

. ,
.

W' !
burning metals. A generalization is made in terms of ;

-.<
5~ g e w

, m-w-, -- - w JL;s

T Mdler . ,[ ' k f M UI Q T. d.

(hk b iDMN ... - -
,
a se, " '' 4

..

P r_ - - s, gr _ .y >?^#

E f~ fu q' s 55
**

? -> ; . f y 9:
., *

..
.

ff|qh 0 3 g
_

8" gf
~

;E 7) SQ.d
#;

<

9 ..sqrd hw12S Facruz 20. Detonation of charge 30 pounds of alumi-di3, e .

g .,y p ,. g - num liquid oxygen mixture.
.

the periodic table to show the location of the metals inFicenz 18. Side view of reactor of Fig.17. Flame is
observed through sight-glasses at each side of large the table that are capable of producing high tempera-

,

reactor. tures. I
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Second Technical Report "The Aluminum-Sun

Furnace," dated July 1,1952 [11].-A furnace was
~.

designed and constructed that serves as a source of g) g T h, y [ ~12f k y[.c

high-intensity thermal radiation. It utilizes the com- e % # cog.Q - ' fN, , ,h"'' u
a'nw :y ~

bustion of aluminum and therefore generates a tem- g ''f g . y s M.r 'm n g,.

^

%|fs.y ,/qWM dn- mAF-jim..M n
perature of about 3,500 degrees C. The furnace rep- s -

%d,@.~ u on w3 GWue'

[% , W-M 1
resents a source of high intensity radiation with a radi- MkdEpiG ~ g

. kT3Mg(.ating area 12 to 15 inches in diameter. Intensities close .QhEy':.I.'to 30 cal per sq cm per see have been obtained with 7 g.5Mg;,gg.%n gjp u@y

93'g*g. c=. @g. , W,
this device. ^

J#~';ME ' ;'['C.
The details of the development design and opera- ,

tion of this furnace are described in detail in the second JNBYT.''~ '- ' I @-$e M E . 6 3
"

' "'

technical report. The blueprints of this furnace are on M@fsI~i ""

file in this laboratory. 3 O '
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I cj n
t. , ,J2 'O 5 E $; Faccaz 22. The boiling ofiron in the tip of a premixed

k# ! :
~ oxy-cyanogen flame cone at 1 atmosphere pressure.

Q m:N ,
-

The flame temperature is about 4800 degrees K.* "

ffhth ' % v. -
+ ~' ,'

~.

MMM$ddb+ wk g 1, ;s.
Fsot;nt 21. Typical brisance plate from aluminum- p

,

oxygen explosion. It shows the effect ofdetonating 100 i .,|C
grams of 53 percent aluminum, 47 percent liquid . g Q #

#2 i

oxygen (stoichiometric mixture) on M-inch steel plate. E
:
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Third Technical Report " Powdered-hietal ~ ,,
'

Flames," dated August 1,1953 [12)-this report was
written to summarize our work dealing with the com-

j."

; t
bustion of metal powders dispersed in oxygen. It re- $ ' ,

viewed the previous work in this field, beginning with % ~

the first experiments of Von Ingenn-Hausz in 1782.
A section dealing with the inflammability and explosi-
bility of metal powders is presented which represents Q
a condensation of the work of Hartmann and co-

~'

'"[
. . .;< -

*

workers at the U.S. bureau of Afines. A third section ,
I,
.

contains a fairly comprehensive treatment of the ther- ,[
modynamics of metal combustion and a fair amount Fiovas 23. Flame produced by burning

Pure ozone to oxygen at I atmosphereof the thermodynamic data of metallic oxides is tabu. Pressure. Flame velocity,475 cm per sec.;
lated. The final section describes the production of me temperature,2M degrees R
powdered-metal flames. This section deals with torch , ,

design, powder feed devices, torch operation, flame
characteristics, melting and cutting operations, radia- The report was written in considerable detail to r-

tion effects, and high-pressure operation. serve as an excellent reference for anyone working
with powdered metals.

Chemkal Means and the Comburtions of Metals
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The fourth, or Final Report [13], describes the com- 7.J. B. CoNWAv and A. V. GnossE, Seventh Progress Report

bustion of zirconium powder in oxygen, the cyanogen, on Office of Naval Research High Temperature Project
" ' ' * * ' 'oxygen flame at high pressure, and a detailed sum- ,, 3 Co v d A. G g Progress Report

mary of the work on the high-temperature project. on Office of Naval Research High Temperature bject
Whereas the above research pertains to continuous (Contract N9-onr.87301), July 1,1953.

production of high temperatures, instantaneous meth. 9. J. B. CoNwAv and MAUmICE S. KInsHENsAw, Ninth Prog-
ress Report on Office of Naval Research High Temperature

ods such as explosions and detonations have also been Project (Contract N9 onr.87301), January 1,1954.
included m, our program. This research was primartly
. . .

TamNicAr. REronnsupported by the Office of Ordnance Research and a
10. A. V. Gnossa and J. B. CoNwAy, First Technical Report,

report on this work has recently become ava.lable [15]. High Temperature Project, Contract N9-onr-87301, "The
.

i

Combustion of Metals," October 15,1951.
11. J. B. CoNwAv and A. V. GnossE, Second Technical Report,

Recent Work on the High-Temperature High Temperature Project, Contract N9-onr-87301, "The
Project Aluminum-Sun Furnace," July 1,1952.

. 12. J. B. CoNWAv and A. V. Gnossz, Third Technical Report,
At present the bas.ic high-temperature project is High Temperature Project, Contract N9-ont-87301, " Pow-

being supported primarily by the Air Force Office of dered Metal Flames," August 1,1953.
Scientific Research. A chemical method for producing 13. J. B. CoNWAv and A. V. GnossE, Final Report, High Tem-

continuous temperatures in the range of 5000-6000 de. Perature bject, Contract N9-ont-87301, July 1,1954.
14. A. V. Ga ess and A. D. KimsHzNa Aw, Technical Note No.

grees K has recently been described [14,24]. 1, "The Combustion of Carbon Subnitride, C Ns, ;nd a
A number of publications on high-temperature non- Chemical Method for the Nduction of Continuous Tem-

metallic flames have appeared in scientific periodicals peratures in the Range of 5000-6000 degrees Kelvin or

and a list of them is included in References. 9000-11,000 degrees Rankine," Contract No. AF 18 (600)-
1475, Project No. 7-7968, December 15,1955.

15. A. D. KIm5HENBAm, Final Report on Fundamental Studies
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