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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

HIGH-TEMPERATURE OXIDATION AND IGNITION OF METALS

By Paul R. Hill, David Adamson, Douglas H. Foland,
and Walter E. Bressette

SUMMARY

A study of the high-~temperature oxidation of several aircraft con-
struction materials was undertaken to assess the possibility of ignition
under high-temperature flight conditions. Tests have been made both in
open and closed jets, and, in addition, the burning of metals has been
observed under static conditions in a pressurized vessel containing eitheér
air, oxygen, or nitrogen. When heated in an atmosphere of oxygen or when
heated and plunged into a supersonic airstream, titanium, iron, carbon
steel, and common alloys such as 4130 were found to have spontaneous- ;
ignition temperatures in the solid phase (below melting) and they melted
rapidly while burning. Inconel, copper, 18-8 stainless steel, Monel, and
aluminum could not be made to ignite spontaneously at temperatures up to
melting with the equipment available. Magnesium ignited spontaneously
in either type of test at temperatures Jjust above the melting temperature.

A theory for the spontaneous ignition of metals, based on the first
law of thermodynamics, is presented. Good correlation was obtained
between calculated spontaneocus-ignition temperatures and values measured
in supersonic jet tests.

There appears st the present time to be no need for concern regarding
the spontaneous ignition of Inconel, the stainless steels, copper, alumi-
num, or magnesium for ordinary supersonic airplane or missile applications
where the material temperature is kept within ordinary structural limits
or at least below melting. For hypersonic applications where the material
is to be melted away to absorb the heat of convection, the results of the
present tests do not apply sufficiently to allow a conclusion.

INTRODUCTION

In the engineering of missiles or other aircraft to fly at exbtremely
high speeds it has been customary to choose materials that retain strength
at design temperature. More recently, designers who have been concerned
with aircraft under transient thermal conditions have planned to use the !
skin as a heat sink and, in some exbtreme cases, to use the heat of fusion,
or melting, as a possible means of absorbing the aerodynamic heating.

e e e T T

CONFIDENTTIAL

56AA 12745

e e e i
fanl B o D =
e , !
- v/
» ¢

R SRR . 4




T wE L SR ST

e

2 CONFIDENTIAL NACA RM L55L23b

However, since most materlials of construction are combustible 1f heated
sufficiently, the possible rapid oxidation at high temperatures makes

it necessary to consider the problem from a chemical as well as from .
the thermodynamic viewpoint. )

One of the main factors that tends to inhibit the oxidation of
metals is the formation of an oxide film which separates the air from i
the base metal. The oxides of some metals are very effective inkibitors.
Aluminum gnd chromium are perhsps the two best knowﬁ\examples of metals '
that form an effective protective oxide coating. On the other hand,
molybdenum and btungsten are examples noted for their porous, powdery ,
oxide that gives practically no protection. v

Some experience with the combustion of metals has been obtained in ‘
comection with oxygen cutting torches in standard shop practice. Here, \
experience has shown that most nonstainless steels cut readily, whether ‘
plain carbon steels or common alloys. However, for chrome-bearing steels,
the speed of cutting decreases, and the cutting temperature necessary
increases as the chrome content is increased,

Also, there has been considerable research on the oxidation of
metals, but most of it has consisted of measurement of corrosion rates
or the rate of scaling of various metals in air or other mediums at high
temperature over prolonged periods. In the present paper; however, i
oxidation is considered from the viewpoint of possible ignition and com- i
bustion due to the heat release from accelerated oxidation. It is pro- v i
posed that if the oxidation occurs with sufficient rapidity, the heat
of oxidation will overbalance the heat dissipated in various ways, and
ignition and combustion will follow.

o aw ———————

EQUIPMENT AND TESTS !

It is difficult to design equipment to investigate high-temperature
oxidation because oxidation destroys the equipment. Since, at this
time, no adequate ground-test facilities are available to determine
ignition temperatures and oxidation rates under very realistic con-
ditions, various phases of the problem have been investigated in the
facilities available by resorting to subterfuges to bring the material
tested up to temperature. In one of these, metal rods attached to a
radius-arm support were preheated in a coke furnace and then swung
quickly into a supersonic blowdown jet having a stagnation temperature
of 600° F.

The rod samples had hemispherical noses of 3/8-inch diameter which

were instrumented with chromel-alumel thermocouples. When preheated to -
2,400° F, rods of cold-rolled steel, 4130 steel, and Graphmo tool steel §
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rose almost instantly to their melting temperatures of approximately
2,600° F and burned. Combustion appeared to take place over the entire
nose and ovér the first inch of the cylinder, which usually necked down.
From this point back, molten metal in a very fluid state streamed over
the surface and terminated 4 to 5 inches back of the nose. Apparently
this stream of metal evaporated and joined the conflagration. The entire
rod was bathed in a luminous and ever-growing sheath of flame. Steels
with substantial chrome conterit, such as 18-8 stainless steel, did not
undergo spontaneous ignition, although these materials were heated close
to their melting témperatures.

A solid magnesium 20° total-angle cone was tested in a 1.5- by
Y-inch nozzle at the Langley ll-inch hypersonic tunnel at a Mach number
of 5.2 and an air stagnation temperature of 630° F. A graphite electric
radiator with a radiating capacity of 100 kw/sq ft raised the magnesium
temperature to 1,150° F. Structural disintegration of the cone occurred
before an ignition temperature was reached.

An identical cone sample was placed in a l% -inch-diameter air jet

issuing from an electrically heated stainless-steel pipe at a velocity
of 300 ft/sec and a temperature of 1,600O F. Ignition of the cone fol-
lowed a heating period during which about 1/4 inch of the nose melted
off. The cone then burned steadily at the blunted nose until the entire
cone was consumed.

In order to study some of the details of the mechanism of ignition
under conditions of a conbrolled heat balance, wires of various materials
about l/l6 inch in diameter and 2 inches long were heated by passing a
high-amperage alternabting current through the wire which, at the same
time, was immersed in a stabtic atmosphere of air, oxygen, or nitrogen.
The wire was mounted normal to the axis of a 5-inch-diameter cylinder
in which it was enclosed. The cylinder was able to withstand pressures
up to 800 lb/sq in. and had a quartz window in one end to allow obser-
vation of ignition and burning. The wires were instrumented with
chromel-alumel thermocouples 0.005 inch in diameter, capable of giving
temperature measurements to 2,400° F.

DEFINITIONS

Before proceeding further with a discussion of oxidation and igni-
tion, it seems in order to give some definitions and to examine the
basic principles of spontaneous ignition. The symbols used herein are
defined in the appendix. Consider a metallic surface’ oxidizing at high
temperature. Figure 1 is a schematic representation of two quantities:
The steeper curve represents the rate of heat released by oxidation,
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and the other curve represents the losses, which may be composed of
convection, conduction, and radiation. The point where the rate.of
oxldation is equal to the losses is a critical point. If the slope of v
the oxidation-rate curve is greater than the slope of the losses curve,

as in this figure, the temperature is in unstable equilibrium at this
point. The temperature at thls critical point will be referred to as

the spontaneocus-ignition temperature. If the temperature exceeds the
spontaneous~ignition temperature it will continue to increase and, because
of the exponential nature of the oxidation process with temperature, to
increase rapidly. If the temperature 1s less than the critical value

it will tend to decrease. OFf course, the surface would never reach the
spontaneous-ignition temperature if it were not heated by some forcing
function, which is usually convection. In this case, convection rein-
forces oxidation and cannot be regarded as a loss. The spontaneous-
ignition temperature is obviously a function of the particular environ-
mental conditions as well as the material and, as is shown later, also
depends on the history of temperature and enviromment. It may or may

not exist below the melting temperature of the material.

RESULTS AND ANALYSIS

Figure 2 gives the results of heating a l/l6—inch-diameter wire in
an atmosphere of air at 500 lb/sq in. abs. The wire, although nominally
referred to as 1010 steel, is believed to contain somewhat less than "
1 percent carbon. Figure 2(a) gives a time history of the wire temper-
ature when heated with a OQl-ampere current. For comparison, a time his-
tory of the temperature in an atmosphere of nitrogen at approximately
the same pressure is shown. Although there is not much spread between
the two curves, the difference in slopes is significant. To obbtain fig-
ure 2(b) the wire is considered as a calorimeter. The slopes of the
curves in figure 2(a) are plotted against temperature, but expressed as
an apparent heating rate by using weight and specific heat as conversion
factors. If the radiation and convection are assumed to be essentially
the same in air and nitrogen at the same pressure and temperature, the
difference in the apparent heating rate is due to oxidation. The differ-
ence, or oxidation rate, is plotted against temperature in figure 2(c)
as the curve labeled 94 amp. The other curve, labeled 63 amp, is seen
t0 have a considerably lower oxidation rate. The reason for this is
shown in figure 2(d). The rate of oxidation, Btu/sec, is proportional
to the rate of growth of oxide thickness. If the oxidation rate is con-
verted to units of oxide thickness per second, if the oxide is assumed
to be Fep03 with a heat of formation of 2,155 Btu/lb and a density

of 327 lb/ftB, and if the rate of thickness formation is integrated with
time, the oxide thickness shown in figure 2(d) is obtained for the two
heating rates. The wire with the slower heating rate has more time to
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oxidize and forms a greater thickness of oxide. The greater film thick-
nhess inhibits oxidation and gives the lower oxldation rate, as shown in
figure .2(c).

If the electric power was cut off at any time during the 63-ampere
test, the temperature immediately fell off, showing that the losses were
greater than the oxidation heat rate.

The leveling off, or negative slope, of the oxidation-rate curve
above 2,2009 F for the 94-ampere case is believed to be due to a nitrogen
enrichment in the immediate vicinity of the wire, resulting from the high
rate of oxygen usage and the small flow of alr by natural convection.
This belief is strengthened by the observed behavior of the temperature
when the electric power was cut off at about 2,200° F. The temperature
rose, showing that the losses were exceeded, but after rising a few hundred
degrees the upswing stopped and the temperature fell back. This could
hardly be due to anything other than exhaustion of the local supply of
oxygen. With a replenishment of air the temperature started up again.
This process was repeated as many as three times in a few seconds, after
which the wire cooled off. It was therefore thought that wire tests in
an atmosphere of oxygen would give more information pertinent to high-
speed flight conditions in which oxygen' supply is sufficient for spon-
taneous ignition.

Theoretically, the gas pressure does not affect the oxidation rate.
A series of tests were made on steel wires in an atmosphere of oxygen to
determine whether the pressure had a noticeable effect on the rate of
oxidation. The pressure was varied from 1/2 atmosphere to 53 atmospheres.
Any effect of pressure on oxidation rate was too small to be determined.
A pressure of 33 atmospheres or 500 lb/sq.in. abs was chosen for further
work, and the results are shown in figure 3.

Figure 3(a) shows the rate of oxidation for three heating rates,
and the curve labeled losses intersects the other curves at spontaneous-
ignition temperatures. If the electric power was cut off at higher tem-
peratures, the temperature rose rapidly, after which the wire burned until
it was consumed. The integrated oxide thicknesses for the same heating
rates are shown in figure 3(b). ‘

Constant-temperature cross plots of figures 3(a) and 3(b) yleld oxi-
dation rate as a function of oxide thickness, as shown in figure 3(c).
The points are experimental values obtained from the cross plots and
were used to establish the coefficients of the engineering formula for
oxidation rate,

_ ka1o
_ L300 T

% S (1)
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which is represented by the solid lines in figure 3(c). The form of the
dependence of oxidation rate on the temperature conforms to the Arrhenius
law which adequately describes a large number of diverse chemical reac- -
tions. The denominator conitains simply the oxide thickness 8. The
dependence of the oxidation rate on the reciprocal of the oxide thick=-
ness is in conformity with the ion diffusion theory developed by Wagher.

Tt agrees with the present data for fast rates of oxidation and also agrees
with much of the oxidatidon data in the literature obtained on steels at
lower oxidation rates. The form of equation (1) was obtained by making
the observation that the diffusion function Constant/s and the Arrhenius

temperature function Ae'B/III are independent of each other, so that a
combined equation can be obtained simply as the product of the two func-
tions. This equation can be expressed as a rate of weight gain instead
of rate of heat release, and integrated with respect to time at constant
temperature. In that form it is known as the parabolic law of oxidation
5 because the weight gain is proportional to the square root of the time

f (ref. 1). The parabolic law agrees with much of the constant-temperature
. test data in the literature for the oxidation of both ferrous and non-
ferrous metals which have nonporous or nonpowdery oxides, such as certain
steels, chrome, copper, and aluminum. It follows that the form of the
diffusion formula herein presented should apply for these metals over any
range of conditions for which their oxidation characteristics have been
shown to fit the parabolic law of oxidation. The constants must be
adjusted for the particular metal according to test results.

However, the application of this formula has certain limitations.
It obviously cannot apply at oxide thicknesses approaching zero. How-
} ever, this formula apparently applies for a coating as thin as 0.000L
§ or 0.0002 inch. Strictly, the.constants in the equation are adjusted for
i oxygen, but the equation may be used with air provided the surface is
* fully supplied with oxygen so that it remaing saburated in spite of the
! rapid usage of oxygen. This point is illustrated in a subsequent para-
& graph. FPor aerodynamic ignition, saturation of the surface with oxygen
seems to imply only that there must be a substantial mass flow of air
or a substantial stagnation pressure. These conditions are usually pre-
sent with high rates of heat transfer.

In order to determine whether the spontanecus-ignition temperature
can be calculated for steel in a supersonic airstream, computations were
made for the conditions of the round-noseé rods tested in the preflight
jet of the Langley Pilotless Aircraft Research Station at Wallops
Island, Va. The test conditions are stated at the top of figure 4. The
spontaneous-ignition tempersture equation, which is a form of the first
law of thermodynamics, is

s
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I

Conduction is omitted because the rods were quite uniformly heated. The
first term represents oxidation and is taken from equation (L1). The
second term is Sibulkin's theory for the heat transfer on a hemispherical
nose, which, in this case, had a diameter of 3/8 inch. The last term is
the usual expression for radiation. The value of emissivity was taken

as 0.88. The unknown quantity T, the surface temperature for egquilibrium
conditions, appears in each term. The solutions of this equation for
oxide thicknesses of 0.0001 and 0.001 are plotted in figure k. The theory
shows a slight drop in spontaneous-ignition temperature with airspeed
because the convection represents a loss. The measured spontaneous-
ignition temperatures also show a slight drop with speed at the higher
speed range. At 150 ft/sec, no ignition-was obtained although the speci-

‘mens were heated to near melting. Imnsufficient oxygen, together with

nitrogen enrichment of the boundary layer, seems to be the most probable
cguse of the failure to ignite at low airspeed, although reduced erosion
may possibly affect the result.

Some nonferrous materials such as Inconel and copper were tested to
temperatures approaching melting in a supersonic blowdown Jjet with a
stagnation temperature of 600° F, without obtaining ignition. The same
results were obtained from the simple heated-wire tests in an atmosphere
of .oxygén. Figure 5 shows temperature-time histories for wires of sev-
eral materials tested in oxygen at 500 1b/sq in. abs. Although the
Inconel and copper were heated until they melted, no ignition was obtained.
The rate of oxidation of these materials was too small to be measured by
the techniques used. The break in the titanium curve is not associated
with oxidation but is believed to result from the heat absorption by the
alotropic transformation. When the electric power was cut off at 2,100° F
the titanium spontaneously ignited and burned vigorously. Titanium was
also found to burn vigorously in an atmosphere of pure nitrogen as well
as in an atmosphere of air. The spontaneous ignition temperature in air
at a pressure of 1 atmosphere was 2,900O F. Magnesium was observed to
ignite when it melted, possibly because some of the protective oxide
coating was floated off.

CONCLUSIONS

Tests of low-carbon steel and several other materials heated artifi-
cially in wind tunnels, in air jets, and under static conditlions in
atmospheres of air, oxygen, and nitrogen indicate the following:
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1. When rapidly heated in an abtmosphere of oxygen or when heated
and plunged into a supersonic jet at Mach 1.4 or 2.0,

(a) Iron or carbon steel and common alloys such as 4130 were
found to have spontaneous ignition temperatures in the solid phase
(below melting) and melted very rapidly while burning.

(v) Inconel, copper, 18-8 stainless steel, Monel, and aluminum
did not have a spontaneous ignition temperature in the solid phase,
nor could they be made to ignite at, or close to, melting with the
equipment avallable.

(c) Titanium burned in atmospheres of air, oxygen, or nitrogen.

2. A good correlation of experimental and theoretical spontaneous=
ignition temperatures was obtained for steel in supersonic airstreams.
Comparable spontaneous-ignition temperatures were obtained by simulation .
in an atmosphere of oxygen.

3. The fact that the oxidation rate of some materials varies inversely
with the oxide thickness suggests that, for some materials, catastrophic
release of heat by oxidation may be prevented either by heating gradually
or by prior oxidation.

4k, There appears at the present time to be no need for concern
regarding the ignition of Inconel, the stainless steels, copper, or mag-
nesium for any ordinary supersonic airplane or missile applications where
the material temperature is kept within ordinary structural limits or at
least below melting. For hypersonic applications where the material. is
to be melted away to absorb the heat of convection, the results of the
present tests do not apply sufficiently to allow a conclusion.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., November 3, 1955.
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"; - APPENDIX ‘
\
" SYMBOLS
Npy. Prandlt number ;
Q’O rate of heat generated by oxidation, B‘bu/ sec-ft2 Ll f
1" '
Qr rate of heat loss, Btu/sec—ft2 b
Qoony rate of convectlive heat loss, Btu/sec:-f‘c2 H \
QRAD rate of radiation loss, Btu /sec-ft2 9‘
§
R Reynolds number (based on nose dilameter) ‘Q |
\
T temperature, °F abs il
¥
Taw adisbatic wall temperature, °F abs b
- ! \“ l
d nose diameter of specimen, ft i' :
;!
i k conductivity of air, Btu/( sec-£t2 )(QF/ft) ' i‘
, ¥
5 oxide thickness, in. o
¢ emissivity, Btu/(sec—ft2)(°F) |
i
.
=
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DEFINITIONS
4\
|
l
|
i
HEAT IGNITION
herl Qq, RATE OF OXIDATION F(FL AN e ARS)
BTU
SEC '
Qo= Q
Q, LOSSES— ¢~ —1 dQ0  dQi
, | dr ~at
- QL = Qcony :
+ Qconp * QrAD |
SPONTANEOUS  IGNITION
{ " TEMPERATURE -~
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’ Figure 1
,i
!
" BOMB TEST TECHNIQUE -
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Figure 2
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EFFEGT OF OXIDE THICKNESS ON OXIDATION
[0l0 STEEL; p=500 LB/SQ IN.,, ABS; OXYGEN

150 -
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100 -
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" SEC-FT
50}
0 1,600 2400 © 1,600 2,400
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A 34599
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%\m 2,200 ¢ no EXPERIMENTAL DATA
2,000
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Figure 3
SPONTAN_EOUS—IGNITION TEMPERATURE COMPUTATION
1020 STEEL.; STAGNATION TEMP, 600° F; ATM. PRESSURE
TEMP, F
2,800, 'NONE LOGCATED
l}/ 8=0.001 IN.
2,400} o ° o
3=00001 IN.
2,000}
o EXPERIMENTAL (PREFLIGHT JET)
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1,200} )
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0 400 800 1,200 1500 2000 2,400
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Figure 4
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WIRE TESTS
OXYGEN; p=500 LB/SQ IN., ABS
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Figure 5
i
{
! CONFIDENTIAL NACA - Langley Fleld, Va,
e AEE G e e e m e - —— — . o

N et S A A I, Bt T
R

T
<~




[ S

-

e

et rp et o S ST

AVIINAQIANOD

R

agzIseT WH VOVN A
“H I9)TeM ‘a1jessaag ‘Al
*H seisnoq ‘puerod ‘T
PlARg ‘uOSTIEDY ‘II
Hmed ‘mH 1

(% 6)
anbruyoay, yoIessay °¢
(§°1°9) 819915 ‘¥
(8°1°9) wniseulew g
(T°1°9) wmurumy g

(g% °1°T) orureudporay
- JO SUOTNPPY ‘TesH 1

TVIINIQLINOD ~

uojBuryseM ‘YOVN WO} dqeureiqo saidody

*jou pr1p taddoo pue ‘wmurumre ‘jauodur ‘s[eals
sgaruIe]e aTIyYA ‘A1snosuejuods pajruSt wnissudew
pue ‘wniuejr) ‘syasis [e1sasg ‘uadixo pue JiE Jo

so1oydsowIe 017€IS UT PaIBay 9I3M SaIIM pue sjof e -

oruostadng pue OIUOSANS PAjEsY UT PAISO] SI9M SIUOCD
pue Spoy "UOIJONJIZSUOD JFBRIDITE Ul PISn STEJdW
JO JI3qUU B JO SPBUW 3JoM §}59) uoiudt snosuejuodg

TVLLNIAIINOD )
(agz7169T WY VOVN) ~ °saSerp *dgT  *9g6T YdIeW
‘9jj9s89lyg ‘W J23[eM pue .mvﬁ.nﬂo.m ‘H mdﬁwﬁoa
‘uvostrepy prazd ‘MIH "9 ed ‘STV.LAW JO
NOLLIN®I ANV NOLLVAIXO AN LVIAINTL-HOIH
*SOIMBUOISY JOF 99310 AIOSIAPY TEUOIIEN
agzISST WH VOVN

e vw T ST e TR R L e g SRR AR 5 u!ﬂdl‘!'«cl.f

b

AVIINIAIANOD

%\

qegIesT WY VOVN A
g I9jTep ‘93jessaxg Al
‘H seIdnoq ‘puerod ‘mI
PlAeg ‘ucsWEPY ‘I

Hmeqd ‘MH I

(z6)
anbruyoa L, yoaeasay ‘¢
(g°1°9) 813915 ¥
" (2°1°9) umissudely ‘g
(1°1°9) WnUmny ‘g

(¢°%°1'1) orureudporay
- JO SUOINPPY ‘TBOH T

TVIINZAIINOD

uoiBuyseM ‘VOVN Woaj a1qeureiqo sado)

*jou pip 1addoo pue ‘wmmurmnie ‘fauodur ‘srosls
ssofuTels aTIyM ‘A1snosuejuods pajtuldr winisaudew
pue ‘wnyuej) ‘sTe9is TBIsadg “uasLxo pue ire jo

sataydsowe O17eIS UL pajesy odoM SIIIA pue sj8[ Ire -

JruosIadng pue OTUOSANS PajEay U PISA) 9J9M SOUOD
PUEB SPOY  ‘UOT}ONJIISUOD JFEIOITE U PISN STBIDUWL

JO JaqUmU € JOo 3PBW aI3M 3883 uonjuldl snosuejuods

IVILNAQIANOD )
(qgz7186T WY VOVN) ~ 'saderp "dgT ‘9967 YoJBl
*9)j98891g ‘W I3J[EM pue ‘pueiog °H seidnoq
‘uoswEpY PIA®Q ‘MIH 4 Ted  "STIVIENW J0
NOILINODI ANV NOILVUIXO H¥N LYYHdNEL-HOH
*SOIINBUOIAY 10] 39731 WIMI0)) AIOSTAPY TRUOTYEN

9€2ISST WY VOVN ]

o I9EM ‘9319883ag
*H serdnog ‘puerod

TVILNIQIANOD

LIRS

qgZTEST WY VOVN

PIABQ ‘UOSTIEDY
‘" med ‘H

~(2'8)

anbruyda 1, yoressay

(¢°1°9) ICERT
(2°1°9) umissuSey
(1°1'9) wnuywmiy
(¢°F°1°T) orwreusporay

- JO SuoIPPY ‘1esH

TVLLNAQIINOD ~

i AN

o od 3

i

uojBulysEM ‘VOVN UIOJ [qeUEIQo 531doD

*j0u p1p doddoo pue ‘amurumre ‘[ouoouy ‘sresls
sgatUTeR]s aTIYM ‘A1snosuejucds pajjuld; wnisaudew
pue ‘umiueji; ‘s[e9dls [EI9A9§ ‘uadLxo pue Ife jo

gaxoydsoumrje o13BIS UT PAIEdY 9JI3M SaIA pue §3af Ire

oruogxadng pue oTUOSANS PIJESY U PI}S] SI0M SaU0D
PUE SPOY  "HOIIONIISUOD JFBIDITE U PISN STEIIWX

JO Xaqnu € JO apBw 3I9M §)893 UONIu3r snoauejuodg

AVILNIJIAINOD
(98277961 WY VOVN) ‘saBerp *dgT  '9G8T ydoIew
‘ayjosgexg "W J9YeM PUE ‘pueiog °H Se[noq
‘uoswrepy plaeQd ‘TIH ‘Y MEd  “STVIAW JO
NOLLINSI ANV NOLLVAIXO HHALVEEJWIL-HOM
*SOTINEUOIIY I0} 333PWWO)) AIOSTADY TRUOCIIEN
qg27ISST WH VOVN

R L NP

= et Y i -



{

d

!

-

~ IAISTTL M X eyt T
R L - D st S

a4 T IR AN e

B P

T n g

[RE————

- " Lo T
b R TLSIION L e IR R AR RN,

Yt e e s e

Y £ X

TVILNZJIEINOD

P

qgeIGET WY VOVN “A

uojdurysem ‘VOYN Woay a1qeureiqo saydod

*3ou p1p 13ddoo pue ‘wmuimmie ‘jsuooul ‘s[aals
sgatuTeIS ATIYA ‘Aisnosuejuods pajiuldt winisaudewr

IVILNEQIINOD

IR

qggTIGET WY VOVN “A

uoyBUTYSEM ‘YOVN WOl arqeureiqo sadod

*jou p1p 12ddoo pue ‘wnuiuwmre ‘fauUoduUr ‘ST33IS
gsayute)s apyym ‘A1snosuejuods pajjulr wnissulen

‘j JojreM ‘93jessaaqg ‘Al pue ‘wnIue)} ‘s[e9)s [BIsAdS uaSAX0 pue JIre Jo ' JojTEM ‘e1398891g ‘AL pue ‘mmiuejr; ‘sfas)s Texessg ‘uadixo pue Ire jo
‘H sei8nog ‘pueiod °II sazaydsowme 017818 Ul Pajeoy dJoM SOIIM pue s3af J1e - *H seidnoq ‘pueiod ‘I sasaydsomye 01jels UT Pajeay AISM SaJ[M pue s39f Ire -
PIABT ‘uosuwepy ‘I o1uoszadns pue OTUOSANE PIJERY UL PajEs]} 1M SoU0D PIAY ‘UOSTIEPY ‘II oTuosadng pue JTUOSANS PAJEAY UT PISI] 3IIM IUOD
amed ‘mE I PUB SpPOY  *UOIJONJIISUCD JJRIOIIR UL pasn S[ejaw H med MmH ‘1 pUE SpOY  °UCIIINIISUOD JJRIIITE UL Pasn sTejdm
(2 '8) IO JaquInu B JO 9peUI aJoM 93893 uoptudr snosuejuodg - ‘.AN °6) JO JoquWInu ¥ JO apEWx 8IaM 81893 Uoyud; snoauruodg
Nﬂdwdﬂuwuu yoreasay °¢ Dﬂd«ﬁﬁom.ﬂ IIe3IsdYy ‘¢
(€°1°0) 819938 ‘P IVILNIAIINOD (e°1°9) 818315 ¥ IVILNIAIINOD
(@°1°9) umrsausel ‘g (ae218eT WY VOVN) ‘sadewp ‘dgl  '9G6T UOIEW (2°1°9) umisauleW ‘g (98271561 WY VOVN) ‘"saderp 'dz1 9961 YoIeW
(1°1°9) wnutumiy g ‘8jessld " I9j1BM PUe ‘puriod ‘H seiSnoq 119 wnuiumiy g '3)je88aag “F Jej[em pue ‘pueiog H se[dnoq
(€% 1°1) Ormeuspoisy ‘uoswrepy praed ‘1MIH ‘Y ed  STVIAW J0 (8'%'1°1) orureudporay ‘voswrepy praeq ‘I ‘Y Ined  “SIVIAW 40
- JO SuOLIPPY ‘1edH ‘I NOILINDI ANV NOILVAIXO THALVATIANTL-HODIH - JO SUOIIPPY ‘38dH T NOILINDI ANV NOILVAJIXO FYNLVEIdNIL-HOIH
. *SOTINBUOIDY JI0J 99)1WUIO)) AIOSTAPY TBUOITEN *SOIINBUOIAY JO] 39NTWWAD) AIOBIAPY TEUCIIEN
TIVILNAQIINOD qggISeT WY VOVN TYILNAQIIANOD ° qg2TSST WY VOVN
VILNIAIIANOD uoyBuIysEM ‘YOVYN WoJj d[qeureiqo sadod IVILNIAIINOD uojBurysem ‘YOVN woly aqeureiqo satdon
*j0u p1p 15ddoo pue ‘umurmmiz ‘{aU0dlur ‘S[993S *jou ptp 1addoo pue ‘wmurmmie ‘aucdur ‘stass
qgeIssT WY VOVN A ssoTuTE)s. o[IyM ‘Arsnoatrejuocds pajrud! wnissudew 4g2ISST WY VOVN “A ssaTule}s oy ‘Arsnosuejucds pajjult wmisaufew
g IoJBM ‘93198893 AT pUE ‘mniuey) ‘S[e9)s TRISASS  USBAXO puw Ire Jo H I9)TEM ‘93308893g ‘Al pue ‘wmiuey; ‘s{e93s TeIsdg  °uslLxo pue Iye Jo
"H seidnoq ‘puriog ‘mI saJaydsowye J13B)S UT PIJESy aIom SaaIm pue s1af e - ‘g se1dnoq ‘pueiog ‘I saJaydsomye 013835 UL PIIESY AIIM SIIIA pue s)of are -
PIABQ ‘UOSWEPY °IT oruosIedns pue OIUOSANS POTEaY UL PajSe) 9I9M SIUO0D PIARQ ‘UOSWEDPY ‘II oruosxadng pue JTUOS(NS PIJEIY UL PIISa) 3IIM S3aU0D
N med MHE 1 PUE SPOY  ‘UOTIONIJSUOCDT JFeXdITE Ul PIsn S[ejom g ed IH 1 puUR SpOY  ‘UOIJONIISUOD JJeIDIIE Ul PAasn sTejam
(Z°6) JO IaquINU B JO 9PEW 9J9M S3)S93 uorrudr snosuejuodg (z°6) JO JoqUInu B JO SpRUX XM $3833 uorTuUB: snosuwejuodg
anbruyos y, Yoaeassy g " onbruydag, Yoaeasay °¢
(8°1°9) 819918 ¥ TVILNIALINOD (g°1°9) S[3)S ‘¥ TVILNIZALINOD
"(2°1°9) umisauleW g (agz719¢'T WY VOVN) ‘saderp -dgl °9g6T UoIelW (g°1°9) wmisaude ‘g (agz19¢T WY VOVN) "saderp -dgl "9ge1 UdIelw
(x°1°0) wnurEely g ‘eyjesseag ‘W X9j[eM Pue ‘pueiod °‘H seidnoq (r°1°9) wnurumiy ‘g ‘9)jessalg “H I3j[epm pue ‘puElod °‘H se[dnoq
(¢ % °1°T) orureubporay ‘uosmepy piaed ‘[IIH ‘¥ Tved “STVLAN 40 (e'%°1°1) orureudporay ‘woswrepy piAed ‘MIH "¥ Thed  “STVLAW J0
NOILINDI ANV NOILVJIXO YN ILVIIdNHTL-HOIH - 30 SUOLPPY ‘TedH °T NOLLINDI NV NOILLVJIXO THNLVITIWNIL-HOIH

IVIINAQIINOD

- 3O SUOIPPY ‘JEOH T

*SOTINBUOIIY JOF 397IUIWO) AIOSTADY TEUOTTEN
q€27169T WY VOVN

e e

TVILNIQIINOD ~

*SOTINEUOIDY JIOY 99 TWW0)) AIOSTAPY TEUCTIEN
Gg2ISSTI WY VOVN

A S S o T RN

T e Ay o B st G T




- ————
csaia

g o

B N

—— i

L

M,

%

TVILNIJIINOD

R

qggISST WY VOVN A
'H I9jTeM ‘@1esseag Al
I

uojBurysem ‘YOVN woljy drqeureiqo saydon

*jou p1p 1addoo pue ‘mmurmnie ‘[auodur ‘syesls
gsaTuTe]s afIyA ‘Arsnosuejucds pajrult mnrssudew
pue ‘mmiuei) ‘sye9)s TEIvsldg  ueBAwo pue are Jo

TVILNIQIINOO

YR

qg2719ST WY VOVN

‘A

“q I9YBM ‘03198891 ‘AT

uoidupysem ‘YOVN woly ajqeureiqo sajdo)

*j0u pip Joddoo pue ‘umujwmie ‘faucduy ‘s[aals
gsature;s STIyMA ‘Arsnoawejuods pajus| wnisaudewr
pue ‘wniuejr) ‘s[ad)s TBIAAdS UaBLAX0 pue Ir¥ Jo

mﬂ.\dﬁh RS et S Gk MmT me e e = e

"H se8noq ‘pueiog go10ydsSOm)e O178IS Ul PaJEoy OJ8M S9IIM pue S)I[ IrE - ‘H sBSnoq ‘puelog III saJaydsowje 01385 U Pajeay 3I3M SAIIA pue s9f Jye
PrARQ ‘uosurepy °II otuostadns pue JTHOSANS P3IBIY UL PO}SI) 9IM SIUOD PIAZ( ‘uoswrepy °JI oyuostadng pue OIUOSQNS PAJESY UT PAISa} SI9M SIUOD
‘g med mMH I puR SpoY  ‘UOTIONJIISUOD JJBIOJIIE UI Pasn S[ejoumt ‘¥ med ‘mHE I pUZ SpOY  ‘UOIJONIISUOD JFEIDI[E UT Pagn STEIdW
(z°6) JO J9qUINu B JO SPEW 9I9M 81593 uotTudr snosueyuodg (2 °8) JO Xaquunu B JO IPBWI SIaM §389) uofudy snogurjuodg
anbruyos y, yoxeasay ‘¢ anbruyos J, yoreasay °¢
(e'1°9) s[8918 ¥ IVILNEALINOD (e°1°9) s[els ¥ TIVIINZALINOD
“(2°1°9) umtsaude g (9e2ISST WY VOVN) ~ °saderp °dgl °9g6T UYOIEW (@'1°9) umisouldely ‘g (as2769'T W VOVN) -saferp dz1 9967 UOIEW
(1°1°8) wnutwnyy g ‘9)39880ag *q J9J[BM PUB ‘pueiog °H seidnoq (T°1°9) ey g *3)j08803g ‘H J9BA pue ‘puerod ‘g seidnoq
(8% 1°1) orureudporsy ‘UOSTUEDY PIAEQ ‘NIIH ‘¥ M4 ‘STVLAW JO (£'%'1°1) orweudpotay ‘uosUIepy praed ‘IIH ¥ Ded  "STVLAW JO
- Jo suopPpy ‘weeH 1 NOILINDI ANV NOILVJIXO TEALVIEJNEL-HOIH - JO SUOTIPPY ‘1®aH ‘T NOILINDI ANV NOILLYVAIXO FIN LVIIdNAL-BEDIH
g *§OTINBUOIIY JOJ 283} [WWIO) AJOSTAPY TEUOIIEN . ‘SOTINBUOIIY JO} 991 WO) AIOSTAPY TEUOITEN
TVILNIAIINOD 9E2TI88T WY VOVN AVIINBQIINOD ~ qg2TISST WH VDOVN
IVILNIAIINOD. uoiBupyseM ‘VOVN ol aiqeuresqo sajdod IVIINIAIINOD uojBurysem ‘VOVN (ol] ajqeureyqo sajdod
*30u pp goddoo pue “wmuymmie ‘foucouy ‘s[a9ls *30u p1p xaddos pue ‘wmujmmie ‘[auodouy ‘s[eR)s
GgzISST WH VOVN A sgaure)s aTiys ‘Arsnosuejuods pajrust wnisaudewr qg2I6eT WY VOVN A S83[UTe)8 aTIyM ‘A1snoauejuods pajjulp wnrssudeuwr
‘g I9jTeM ‘91398891g ‘Al pue ‘wmmyue)r) ‘syedls [Bisaag ‘uafLXo pue Ire jo ‘H J9jTeM ‘93jessaxd Al pue ‘umiuejr; ‘sfa93s (19435  ulBAXO pue IyE jo
‘H sei8noq ‘pueiod ‘INI salaydsomye 01788 UT PaTEay 9I0M SOJI[A pue sjof e - *H se13nog ‘pueiod ‘III sesaydsowye o1jels U pajeay aIam SIIM pue §39f Ire
PlA®E ‘uosurepy °II oruostadng pue OTUOSONS PaILAY UL PIE] 9I9M BIU0D pIATq ‘uoswepy ‘I oyuostadng pue oruosqns paleay Uy Pajeal aIaA €aU0D
¥ med ‘M ‘1 PUe SPOY  "UO[IONIJSUOD JPEIDITE UL PISn STEjPW ‘g med ‘mH ‘I pU® SpOY  ‘UOJJONJIISHOD JJEIOI[E U Pasn STe3oW
(z *8) JO Xaquunu ® JO 9PBW 9IaM 83893 uoIudl snosueuodg ~ | (T °6) JO JaqWnu ¥ JO IPEWI SXIM 53893 uorul] snoauejuodg
anbruyoaJ, yoaeassy ‘g anbiuuda,g yoaesssy ‘g
(€°1°9) 819918 ¥ AVILNAIAIINOD (e°1°9) 819318 ‘P IVILNAAIINOD
"(2°1°9) umrseulely ‘g (qe27188T WH VOVN) ~ ‘sxBerp *dz  *9geT UoIRW (z*1°c) umissudely °g (ae2168T WH VOVN) ~ 'saderp °dZT ‘9861 UdIEW
(1°1°9) wnurwny g ‘93398891 “H J9j[eM Pue ‘puerog °H seidnoq (1°1°9) wnuromyy ‘g 'ajjesselg “H IajJep pue ‘puejog °H se[Enog
(¢'%°1°1) orweuipoIsy ‘uOSWEPY PTART ‘TIH "M TMed ‘STVIAW J0 (¢%'1°1) otureuipossy ‘uoswrepy praed ‘INH ‘Y Thed  STVIAW JO
- 30 sUOPIPPY ‘tBOH T NOILINDI NV NOILLVUIXO HYN LVYHEdWTEL-HOIH - Jo SUOPIPPY ‘jesH °1 NOILINDI NV NOILVUIXO FYNIVITdNT L~HOIH
g *80TINBUOIAIY J0] 93[O, AIOSTAPY TRUOTIEN - *SOJJNEUCIDY J0] 93)JIWWC)) AIOBJAPY TEUOITEN
TVILNAQIINOD - 9ezTS99T WY VOVN IVIINIAIINOD 482189 T WH VOVN
N n " o * *

W

L amme am

-

T A, -

o rremmirreon. T3 e ®

- A



