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available in the Aeromedical Library, USAF School of Acrospace Medicine, under
the title and number of this report. The appendixes have the following titles:
appendix 1, “Data from Fat, Water, and Hair Analyses of Pigskin and Human Skin
Samples”; appendix 11, “Test Conditions and Data for Skin and Hair Flammability
Program”; app:-ndix I, “Photographs”; and appendix IV, “Data on Human Skin

Samples (All Autopsy Specimens).”
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coniribution to the program and to S. Eugene Nelson for his assistance in preparing

the report,
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ABSTRACT

The flammability of hair and skin from white suckling pigs and from humans
was studied in atmospheres ranging in oxygen concentration from 20.9% (air) to
100<-. Neither pigskin nor human skin would support combustion in pure oxygen
at 258 mm. Hg except in the presence of an artifact consisting of exposed subdermal
fat and local depletion of heat sink capability. Although pig bristles and human
hair burn rapidly in pure oxygen, differences observed in flame spread rates and
burning times indicate that skin of suckling pigs is not an adequate simulant for
human skin in terms of response to an ignition source in pure oxygen.

Methods of protection against ignition were studied with pigskin samples. The
helium concentration necessary to prevent flame spread at 1 atm. total pressure is
75% by volume. Salves and creams are effective against flame spread when the
amount: applied are much larger than those normally used.

The values obtained from the present work on unshaved pigskin samples to deter-
mine flume spread rate and critical helium concentration (for zero flame spread)
are completely consistent with reported values for other types of combustibles.
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THE FLAMMARUITY OF SKId AND WAIS I DYVCEMDMDILXN ATMatnucnce

I. INTRODUCTION

Observations after recent fires involving
human subjects in oxygen atmospheres indi-
cate that the humans may have contributed
to spread of the fires through combustion of
their skin and hair. Sinee planned space mis-
sions will require that human subjects spend
considerable time in oxygen-rich atmospheres,
both in space and in preparatory studies on the
ground, the determination of flammability of
human skin and hair and methods of providing
protection against such flammability is eur-
rently of significance.

The epidermis or outer layer of human skin
is a tough covering about 1 mm. thick. The
cells of this layer (corneum) no longer possess
essential properties of life and are constantly
sloughed off and replaced by new cells from
living layers below them. The skin surface
is modified by a complex surface film con-
sisting of a mixture of materials beld together
by secretions of the sebaceous and sweat glands
plus products of the cornification process. The
chemical composition of the cornified cells in
the outer skin layer is similar to that of hair.
This material, termed keratin, consists of ap-
proximately 90% protein, 4% water, and 6%
inerts. A sketch of a vertical section of human
skin is shown in figure 1. The atratum corneum
is the keratin layer.

The surface keratin, the deeper epidermis,
and the dermis taken together contain roughly
75% water, 10% protein, 11% fat, and 4%
inert material. Since the theoretical heat of
combustion of these layers iz about 1,400 eal./
gm. and the heat required to vaporize the water
is approximately 7,850 cal./gm. of skin, it ap-
pears likely that 4 maintained external source

of heat will be necessary for the combuation
of "the entird skin thickness,  The stritim
corpeum and the hair might be axpected to
burn independently of an external acurce, how-
ever, because the heat of combustion for kera-
tin is approximafely 8,400 eal/gm. and very
little water is present.

One objective of this program was to
determine flammability perameters—including
flame spread rate, minirnum ignition energy,
angd total burn time—for the skip and hair of
humans and suckling pigs. The pigskin sara-
ples were investigated as a possible simulant
for human skin. A second objective of the
program was to determine the effectiveness of
three types of protection against skin and hair
flammability, including the use of glass fiber
clotk, salves and ointments, and inert gases to
dilute the oxygen atmaosphere.

IL DEFINITION OF TEST CONDITIONS
, AND ANALYTICAL METHODS

Samaple deseription

Pigakin samples were strips (5 by 10 ¢m.)
cut from white suckling pigs not older than
8 weeks and weighing 7 kg. or lesa. Samplea
were used within 72 hours of slaughter. The
pigs were slaughtered and skinned by a iocal
veterinarian who also cut the skins into 5-cm.
strips. Upon receipt, these strips were refrig-
erated prior to sample preparation. The 5-cm.
strips were then cut to 10-cm. lengths, and a
sufficient sample for analysis (usually about
10 gm.} was removed from between each pair
of samples eut from the strips. This analyti-
cal sample was used to determine f{at, water,
and hair content. The thickness of the pig-
skin aampies averaged between 0.5 and 1.0 cm.
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In most samples signifieant subeutanecus fat
wa: included, and mauscle tissue was included
on some.

Human skin samples were obtained from
sutopsies at local hospitals. Most of the hu-
man samples were nearly hairless, while sig-
nificant hair was present on all of the pigskin
samples. Some of the human skin samples
used were avaiiable only in strips 2.5 cm. wide,
but most were about 5 cm. wide. Sample
lengths for the haman skin specimens were
approximately 10 cm. Preparation was similar
to that for vigskin, except that a few strips
were not large enough to allow fat, hair, and
water determinations.

Each sample was mounted in flesh simulant
contained in 2 stainless steel pan (10 by
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FIGURE 1
Vertical section of human skin.

15 em.). The skin sample plus simulant was
at least 1.2b6 cm. deep to allow good heat sink
gsimulaticn. The simulant material alightly
overiapped the edges of the samples t{o pre-
vent edge effects. A typical mounted pigskin
sample is shown in figure 2.

The composition of the simulant, approxi-
mately that of the major dermal layers, is
shown below:

Percent

Water - 75.0
Socap (fst simulant) — 3.0
Hydroxyethyl cellulose gellent

(fat simulant) o— 19
Gelatin (protein) — 10.0
Sodium chloride — 40
Bacteriocide and fungicide — 0.1
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The first pigskin samples used were fas-
tened to the steel pans with Teflon on glass
thread (fig. 2) in order to minimize shrinkage
of the skin during exposure to heat. Since it
was found that shrinkage did not occur under
the conditions used, however, the suturing
technic was not used for most of the tests.

General testing procedures and apparatus

The test chamber was a stzel shell, 1.636 m.
in diameter by 3.28 m. leng, which was attached
to a large vacuum tunnel for quick evacuation.
The vacuum tunnel is exhausted by a high-
capacity five-stage steam ejector system. A
schematic diagram of the test chamber and
accessories is presented as figure 3. Test
chamber specifications are listed in table I.

In a normal series of tests five samples
were mounted inside the chamber on a 456-

degree test board. The arrangement of the

steel pans is illustrated in figure 4. The elec-
trical leads in figure 4 were used to bring
power to the ignition system, either an elec-
trical arc or a cotton wad ignited by a hot wire.
In a number of cases fewer than five mounted
samples were available, but most of the test
series were performed with five samples. A
standard or blank sample which was not ig-
nited was used in most test series for which
weight loss due to hair combustion was desired.

In a typical test series- five skin samples
were weighed, mounted in simulant, and ar-
ranged on the test board. The test chamber
pressure was redured to about 200 mm. Hg;
then 99.5% pure oxygen was introduced
through a drying tube (containing CaSO,)
until the pressure was again 760 mm. Hg. This
process was performed three times and was
followed by a purge with 99.6% oxygen,
amounting to at least seven times the chamber
volume. After this, the pressure was adjusted
to the desired level with or without the addi-
tion of diluent gases. On the basis of 99.6%
oxygen, the theoretical final atmosphere after
the purging steps was about 99.3% oxygen,
with nitrogen accounting for the major
impurity.

4

During the tests 16-mm. motion pictures
were taken of each sample to determine flame
spread rate and total burn time. After com-
pletion of the tests the chamber was evacu-
ated and filled with air, and the samples were
removed from the simulant for weighing.

The pressure in the chamber was never
below about 1756 mm. Hg because of water loss
from the sample and simulant at lower pres-
sures. Swelling of the simulant due to water
vaporization at pressures below 1756 mm. Hg
presented problems in maintaining a constant
arcing distance.

It was observed early in the program that
pigskin samples could not be ignited in 258
mm. Hg pure oxygen if they were not al-
lowed to dry somewhat after removal from
the refrigerator, because atmospheric condensa-
tion onto the cold samples continued to be pres-
ent after the samples had come to thermal
equilibrium with the ambient air. This prob-
lem was easily circumvented by exposing the
samples to the atmosphere for at least two
hours prior to testing. Several pigskin samples
were also tested after exposure to the atmos-
phere without covering for two days. The
relative humidity in the preparation room was
between 20% and 30% during its period of use
in this program. ‘

Atmospheric water content during testing

The removal of water from the gases used
in the test atmospheres, plus the large volume
of the test chamber, enabled the tests to be per-
formed at an atmospheric water content below
that which might be expected to affect the
ignition and combustion of hair. From an ini-
tial water content of 15.3 gr. of water per
pound of dry oxygen, the combustion testing
in 180 mm. Hg oxygen of five pigskin samples
plus a cotton igniter for each of the samples
resulted in a final water content of 26.8 gr. of
water per pound of dry oxygen. The dew-
points corresponding to these initial and final
conditions are —22° and —16° C,, respectively,
assuming that the perfect gas law relationships
hold over the pressure ranges rsed in this
study.
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TABLE 1

Pest chamber gpecifications

Shell diameter
Lexgth
Vv orkiug pred-urd

Interral mounting
Portabie

4 Pomed

1.635 m.

298 m,, horizeptal

8.3 pbtm. ai 252° C. apd full

ASME code, wilded stoal shall
Qui<k opening, hinged head
Round

Two, 25 cpu. in diameter
Thwg, 15 ¢m, in dirnmeter
Uni-Strut channel

Four nonlocking swivel castors;
910-kg. load rating sach;
overal] height: 19.5 cm.

The method used to obtain these values is
as follows: An atmosphere of 760 mm. Hg
dried oxygen (~99.3% pure) was prepared
according to the procedure outlined above. The
water content of this atmosphere was deter-
mined to be 15.3 gr. of water per pound of dry
oxygen with a water apd CO, meonitoring unit
developed for the Air Force by Atlantic Re-
search (2). In this instrument, water is detex-
mined amperemotrically after absorpiion on
P.Os {formation of HgPOy). The instrument
is accurate at relative humidities as low as 3%

_dmapir, o

After the initial determination the pressure
in the chamber was reduced to 180 mm. Hg,
the tests were conducted, and dried oxygen was
added to increase the pressure to 760 mm. Hg.
When this pressure was reached, another deter-
mination of atmospheric water confent was
obfained, the value of which was 6.1 gr. of
water per pound of dry oxygen. If it is as-
sumed that no water entered with the dried

FIGURE 4
Stainlcss steel pans (eample Rolders) arranged on test board.
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oxygen, then gll of the water detected had been
confained in the final 180 mm. Hg oxygen
atmosphere. Thus, the water content at the
conclusion of the test at 180 mm. Hg oxygen
could not have been greater than 6.1 x 768/
180, or 5.8 gr. ver pourd,

The measured change in water conteat of
10.5 gr. per pound of dry oxygen corresponds o0
2 total water weight change of approximately

‘2 gm., or about 0.4 gm, per sample. This is a

rezsonable valug, since the total weight losses
for the samples during preparation and the
combustion tests averaged approximately 2 gm.
ner sample,

Fat, water, and hair analysis

Wherever possible, a portion of each skin
sample was anzlyzed for fat, water, and hair
content. Several of the human skin samples
were too small to allow removal of a sufficient
sample for any of these analyses. The analyt-
ical methods used to determine fat and water
were taken from reference 3. Each sample was
trimmed to a thickness of 0.9 em. prior to
analysis. Air drying at 100° C. under natural
convection was used to determine water con-
tent. The determination of fat content was
performed by extraction with diethyl ether,
vaporization of the solvent, and weighing of
the (fat) residue. Hair content was deter-
mined by weighing the hair shaved from a
known area of skin and was recorded in units
of milligrams per square centimeter.

Tables of analytical data froin these tests
are reported in appendix 1. The hair content
of the pigskin samples ranged from about 1 to
8 mg./sq. cm., whereas most of the human skin

samples held very little hair. Average fai

content for the pigskin samples ranged from
15% (pig J) to 44% (pigs M and Q). All of
the pigskin samples exhibited water content
between 35% and 60% with an average of
about 50%. The human samples exhibited
more variation in fat and water content than
did the pigskin samples. Fat content of the
human samples ranged from 6% to 69%, and
water content varied from 19% to 63%.

Sample ignition

Two methods of sample ignition were used.
For most of the fests the dgniter consisted of

a heated Nichrome wire around which was

wikpped upproximately 0.25 gm. of eotton. The
hot wire plus cotton igniter was helieved to
represent the general type of sowrce wWhich
would be wost likely io Canse-ignition inr-apace
cabin environment. However, the cotton ig-

niter appeared not to be-amenable to the mies-

~ urement of minimum ignition energy 0¥ “Hair.

A method waa developed that ufilized an
electric arc igniter for determining minirapm
ignition energy. A transformer was used to
bring the voltage acress a 1.6amm. gap {be-
tween electrode and skin surface) to 3,420 v.
(80 ¢ps a.c.). The switching arrangément was
designed to allow consecutive ignition of five
samples without arcing at the switck contacts.
The duration of the arc was set by a timing
switch, and the exact duration was determined
by an oscillograph trace. The diameter of the
electrode used was 3.2 mm.

The energy supplied to a mounted skin
sample by an electric arc consists of local heat
concentrated at the point of contact andnhmc
heating due to current passage through the
bulk of the sample. Only the local heating is
a source of ignition. For the arc conditions
used, it was determined that the local energy
input was 1.7 J/sec, and this was the value

used to calculate minimum ignition energy in

this program.

The method used to determine the energy
per unit time of the arc was as follows: Two
samples of flesh simulant ir aluminum foil
cups were balanced against each other on the
two pans of a grounded torsion balance. The
electrode was placed 1.6 mm. above the surface
of one sample, and the arc was struck for the
desired time. The weight loss due to local
vaporization of water by contact with the are
was immediately measured by rehalancing the
samples. The data obtained are shown in fig-
ure §, from which the slope shows that the rate
of water vaporization is approximately 0.7 X
10-? gm./sec. For a latent heat of vaporiza-
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* tion for water at 21.1° C. of 585 cal./grm..r t.he
local heat input rate was 0.41 cal./sec., or about
1.7 }/sec.

-“The data in figure 6 were collested with
mbxenhmastheatmosphm Qnly a very
gl ervor 48 ineurred by using smbisnt sir
m&mmﬁgﬁcxygw,mme
- zenditions for atiag (Held srenath roguized)

“intwo different gases with all sther eonditions

thcwarerelatedhy
C o -Ewlratlstm. cotygenstO3datm
Ewmntmm eairat 1 atm.

where E is the field strength and ¢ is the di-
electric constant.

Since « air at 1 atm. is 1.00068 and € oxy-
gen at 0334 atm. is nearer unity, only a negli-
ible difference in tha arcing conditons is
predicted.

Wy
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SAMPLE WEIGHT LOMS i¢ x 10°T)

;..
-
AN

[} 4 ] 2 18 30 M4
ARC DURATION {sec)
FIGURE 5

Effect of arc duratiom on weight Ioss dus to elec-
trical arc (2,420 volls, 80 cps, 1.0-mm. gap) siriking
sample of flesh stmulant. FEach dala poinl sveraged
from two or more tesis,
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ANIMAL SKIN TESTS IN
PURE OXYGEN

I

The results of tests in pure oxygen at
24° C., using pigskin sampies, are presented
end discossed in thir section. Tosi data asd

reprasentative photographs are presented in
appendixes II and I, respectively.

Resuits of preliminary testing

A series of preliminary tests was performed
to ascertain the general nature of skin and hair
combustion in 258 mm. Hg of pure oxygen for
pigskin samples prepared and mounted as de-
scribed in section IL A typical sample ob-
tained after testing is shown in figure 8 (com-
pare with figure 2). Most of the hair was
consumed, but the exterior layers of the skin
were not combusted. However, prolonged ex-
posure of the skin sample to the electric arc
resulted in local depletion of heat sink caps-
bitity, exposure and ignition of subsurface fat,
and combusticn of the bulk of the sample.

On the basis of these results, it appeared
likely that the nap {or surface) burning of the
sample eould be eliminated through removal
of a portion of the hair. One sample was
roughly shaved so that the final length of hair
was about 2 mm. (approximately 0.125 inch).
This sample (A6), prior to tesiing, is shown
in figure 7. The remaining hair on this sample
burned similaily to that on sample A3 (fig. 6),
as shown in figure 8, The next sample (A7)
was then closely shaved (fig. 9). No surface
burning resuited from the use of the arc ig-
niter, but prolonged contact resulted in expo-
sure of fat and bulk combustion, as shown in
figure 10. The use of a cotion-wad igniter
produced results very similar to those obtained
with the arc, except that sigmificant fat com-
bustion could be chtained only wnen a corner
of the flesh sample was exposed directly to
the burning cotfton.

Since the initiation of bulk combustion of &
sample was believed to iavolve an artifact
which would not be present with a living hu-
man subject, the program evcived into a study
of phenomena associated with nap burning, or
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hair burning, on pigskin and human skin
samples.

Test results with pure oxygen

A summary of the test results with pig-
skin samples in a pure cxygen atmosphere is
=resented in table II. Sample standard devia-
tions for the data in table II are presented in
table ITI. The deliberate!y dried samples were
exposed to 20% to 30% relative humidity for
two days prior to testing, whereas the normal-
ly dried samples were exposed to 20% to 30%

relative humidity two tc three hours before.

testing. 'The flame spresd rates and the total

burn times were determined from motion pic-
tures of the tests. No spread of combustion
was noted when the chamber contained at-
mospheric air.

According to data in table II, the flame

~ gpread rate for hair on pigskin is strongly de-

pendent upon sample conditioning. As noted
previously, the presence of condensate on pig-
gkin samples prevented ignition with the are.
The flame spread rate also appears to depend
strongly on oxygen pressure and hair weight,
but it will be shown later that the flame spread
rate of 4.6 cm./sec. at 180 mm. Hg pure oxy-

gen may be somewhat low compared to a flame

FIGURE 17,
Closeup of sample A8 before test (sample shaved to 8 em.).
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were very rep oducible, as reflected in the
- Jow standard &: viation shown in table IIL. It
appears that & reduction in oxygen pressure
and removal of most of the hair cause signifi-
_cant increases i : ignition energy, although the
magnitude of t:-2 minimum ignition energy at
180 mm. Hg se-ms out of line with the others.

“IV. EFFE(TS OF DILUENT GASES

~ The objectiv:: of this portion of the program
was to determin= the partial pressure of helium
which, when adied to 180 mm. Hg pure oxy-
gen, would prevent fiame spread on pigskin

samples. The procedures used for these tests
were generally the same as those described
in section II, except that the desired partial
pressures of dried diluent gases were added
to the chamber after the final purge with oxy-
gen and the oxygen pressure was reduced to
180 mm. Hg. Ignition of the samples with the
electric arc became very difficult when the
helium partial pressure was elevated above
278 mm. Hg. In tests calling for diluent pres-
sures higher than 278 mm. Hg, cotton-wad
igniters were used. The experimental data
for each of these tests are included in appen-
dix II, with representative photographs of
samples included in appendix ITL

FIGURE 10
Sample A7 after test (sample closely shaved; arc ignition).
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TABLE 11
Effects o} various parameters on flame spread rate, weight lose, total burn time, and minimum
ignilion energy for pigskin samples in o pure oxygen almosphere

' . Fiawe sprend rate | Welght lors® Total baen Hme (| Minimum ignition
Conditiont of tests tom sec.} 7 o) ssergr {7}
258 s, Hg Oy; deliberately dried
© - sxrigtes o0 (32 12 (1 28 (£} o2 (2}
S Mg O mormllydred |
| siznples ' 2.2 (14) 11 (10) 2.0 (14) 928 (11)
180 mm. Hg O4; normally dried
saxples 46 (3) 12 {2} 44 (8) % (3)
58 mu. Eg O,; bair length, 0.125 b;
normally dried samples 23 (8) - 3.0 48} 4.8 (8)
Atmospheric afr: 20.9% 0,-79.1% Ny;
narmully deied saraples 0 '] 0 -—

*Dus to cosubostion only {relaisd to blaak, anburrel wumpi).
theasad on 1.7 J/sec. for the axc comditions ussd.
Number of sampies given iu parenthumes.

TABLE II

Statistical variability of flame spread rate, total burn time, and mintmur:
ignition enerpy for pigskin samples in a purs oxyger alnosulere®

Sample 8.D. of flavie ; Samal: 8.D. of Sample 8D. of

Conditions of tests spread rate otal burn tima minimum igoition
(em./%ac.) (9ec.) easrgy (3}
" mmngo,;Mwmm .8 13 01
i 258 mm._ Hg O,; normally dried samples 2.6 34 0.1
i
| 180 mm. Hg O,; normally dried samples 18 19 0.0

258 mm. Hg O,; habr langth, 0.125 in.; noriaally

ey
C4LH YR

D D R T e

. dried zamples 21 14 19
; *Yhion valum of sumpie 8.D. apply to tix corresdoading dets in takls IL
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The results cbtained with pormally dried,
unchaved pigekin sampics tested in diluted
oxygen atmoaspheres sre presented in table 1V,
Values of standard deviation for the flame
spread a‘msanutnemnnmtmesmaiso
inchided in éable IV, Aspoedive 43 $his talble,
th_ﬂameapreadmneareémaa&eheﬁum
partial pressure was increased to 578 mm. Hg.
The presence of the burning cotten influcnoed
the borning of the hair in these testis; thus,
the fact that 30% of the sample area burned

- —8t-578 mm, Hg helium is believed to be &

betier indication of the condition of no flame
spread than of the flame spread rate. It is

estimated that a {ypical sphere of influence of -

the cotton igniter was 20% to 30% of the
sample area; that iz, the combustion of the
cotton would have caused combustion of 20%
to 30% of the aample areg even in atmospheric
air. At helium concentrations of 528 and 5563
rom. Hg the flume spread occurred only so long
as the cotton was burning.

The flame spread rate of 9.3 em./sec. at
78 mm. Hg helium agrees very well with that
of 9.2 cm./sec. for samples in 258 mm. Hg pure
axygen {table I1). Thus, the value of 4.6 em./
sec. at 180 mm. Hg pure oxygen does appear
somewhat low.

The flame spread rate of 6.2 em./sec. at
278 mm. Hg helium was strongly influenced
by one very high value of flame spread rate
(132 em./see.). H this sample were omitted,
the flame spread rate at 278 mm. Hg helium
would be 8.8 am./sec., which would appear in
better agreement with the other values
obtained.

The values of sampl2 weight loas and ig-
nition energy given in table IV are meaningful
only for strictly qualitative purposes. The low
values of weight loss assure that no bulk com-
bustion of the samples occurred, and the high
values of ignition energy indicate that this
parameter is a very strong function of the at-
muspheric composition.

The test series using 578 mm. Hg nitrogen
as the diluent proved to be interesting because
the flame spread over more than half of the
sample, on the average, as compaved to almost

o flame spread with the helium diluent at

578 mm. Hg helium. With 578 mm. Hyg nitro-
gen used as a diluent at 186 mm. Hg oxygen,
the Dame spread rate was only 1.2 e¢m./sec,
as compared with 2.5 te 8.5 em./sec. for the
helium-difuted stmospheres which produced 2
simiiar extent of fiame coverage of the sample
ares, This comparison of burning rate is eon-
sistent with previcusly reported resuls {3, 4
$}; wiich indicate that for equal mole fractions
of helium and nitregen diluents, flame spresd

~ rates are higher with the helium d;}u&),,, o

I the combustion of hair on & pigekin sam-
ple is viewed as depending on multiple ignition
of successive hairs from burning hairs, then
the lack of fiame spread with 578 mm. Hg
helium diluent versus over 50% coverage with
578 mm. Hg nitrogen diluent is completely con-
gistent with the hypothesis of Huggett et al. (4).
These investigators observed chat it was more
difficult to ignite solid materipls in helium-
ditluted oxygen thes in nitrogen-diluted oxy-
gen. They aiiributed this io the higher
thermal conductivity and diffusivity of helium,
which resulted in a decrease in the amount of
energy available locally from a given ignition
source in helinm-diluted atmospheres as com-
pared to nitrogen-diluted atmeaspheres.

QOne series of diluent tests was conducted
with pigskic samples shaved to a final hair
length of about 2 mm. The test conditions and
results for this series are presented in table V.
Although only one sample was tested at each
condition, the data obtained are very consistent
with those for unshaved samples (table IV).
Flame spread rate and percentage of area cov-
ered decreased as the helium partial preasuyre
was increased until the condition of no flame
spread for these samples (583 mm. Hg helium
dilvent) was reached. The values for tetal
burn time given in tables IV and V appear to
maximize at s helium partial pressure of 278
mm. Hg, which correaponds to intermediate
values of flame spread rate. It is suggested
that this result was due to rapid, complete com-
bustion of the hair in pure or slightly diluted
oxygen, relatively slow but fairly complete
combustion of hair at intermediate partial
pressures of helium, and ineomplete combus-
tion of the hsgir at the higher helium
concentrations.
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TABLE Vv

Effects of diluent helitm om hotr and skin combustion of pigsken
samples with hair length clivped to 0.125 in*

Ditmamt | e | G o b | Bering time | Tpronade € isl
{om.isea} {gm.} Aiid by burn
Neze 78 et 15 100
278 mm. By kaltum 13 - 82 100
BOR mm Hghelimm | . 85 i - 45 SR = N S S
533 mm. Hyg helium Very slow 01 -~ < 20
SUne pav condition: oxrgws po olmmﬂziasﬂtau;.

Plots of the flame spread rates and percent-
ages of tota! area burned versus helium partial
pressures for the diluent tests are presented
in figures 11 and 12, respectively. These plots
illustrate the finding that no sudden reduction
to zero in flame spread rate was found; rather,
the rate and extent of flume apread for these
samples were a continuous functior of helium
concentration without a well-defined intercept
on the diluent concentration axis.

V. PROTECTIVE COVERINGS AND

OINTMENTS

This portion of the program was performed
to determine to what degree cloth coverings,
salves, and ocintmems protected against hair
combustion in oxygen-rich atmospheres. The
tests were performed with unshaved pigskin
samples prepared as deseribed in section IL
The temperacure for these tests was 24° C.,
and ali samples were incline at a 45.degree
angle. Data and photographs from these tests
are included in appendixes II and I1I,
respectively.

Protecticn by salves and olntments

In these tests the cintment to be tested was
placed over all but about 2.5 cm. of the 10-cm.
sample length. The uncoated portion of the
sample was exposed to a burning cotton wad an

an ignition source, which provided for initia.
tion of hair combustion on the uncoated
portion followed by extinguishment or con.
tinuation of combustion when the flame
reached the eoated area. A typical sample so
prepared ig shown in figure 18.

Four types of protective cintments were
tested: silicone high vacuum grease, Kel-F
fluorocarbon grease, a commereisl cold eream,
and a commerecigl protective hand lotion. A
comparison of the composition of these mate-
rials is presented in table V1. Both the cold
cream and the hand lotion are used to soften
and protect hands from chemical or allergie
reactions. Typical application rates in normal
use are 0.12 gm./sq. em. for the hand lotion and
0.20 gm./sq. em. for cold cream. The hand
lotipn is typically applied by iaboratory tech.
nicians in the morning, removad at lunch time,
and reapplied after lunch.

The results of these tests are summarized
in table VII. The silicone grease proved to be
combustible in pure oxygen; so no further test-
ing was performed with this material. The
samples coated with Eel-F grease were not
ignited under any conditions, but it ahould be
noted that the least amount of coverage used
(0.34 gm_/8q. cm., or 2.2 gm./sq. in.) was much
higher than typical application rates of protac-
tive creams and lotions. Samplea coated with
cold cream or hand lotion did not burn at
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plpodin ond hair.

application rates sbove 0.2 gm./sg. em. (1.3
om./8g. in.), but combustion was permitted
in soms cases at iower coverage rates. Sample
10, after testing, ie shown in figure 14

On the basis ol these results, it [y consid-
ored likely that the amount of coverage
{grama/square inch) of these materials re-
quired for protection against hair combuaticn
in pure axygen will be greater than that which
is eomfortable for the human subjects.

Protection by tire-repellant cloth

Two tvpes of glass fiber cloth were usad
teais: one with & weight of 9 us/
cne with a weight of 6 oz./sq. yd.
clotk is used for garmenta worn
misaions, and the iighter cloth is
outer bedding cover. ‘The two
whizh were performed with =ach
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FIGURE 12
Effect of kclium dilution (with 150 wmas. Hg oxygen) on pevcentage of pigakin sampls avea wverad by flame.

cloth (2.6 cm. wide) separating two unproteected
areas of hair; and (2) thermal-transfer tests—
& study of ignition of hair caused by thern:al
transfer from a burning cotton wad in contact
with cloth placed on the sample,

A typical sample mounted for the garment-
fit tests is presented in figure 156. Upper and
Jower exposed portions of skin are separated by
the cloth samples. The cotton wad (0.24 gm.
each) was piaced on the lower exposed portion
of skin and ignited. The flesh gimulant was

made into a mound for these samples so thai
the weight of the cloth would be horze by the
hair and not by the edges of the mounting pana.
Weights of zero, L8 gm., and 6.4 gm. were
placed on each end of the cloth for various
test series.. Samples were mounted at a 4b-
degree angle. Determination of the pressure
distribution on the sample as a8 result of the
weights was beyond the acope of this program.

The results of these tests, presented in
table VIII, show that combustion did proceed
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Pigskin sample M10 grepared for test of flame spread
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shown after the test (
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tion of the upper  cloth was used
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zero or 6.4 gm. A typical sample which
differ-

conditions of  combustio

ts of

Jooser fit, the type of cloth made little

under the cloth strips at weigh
18 gm. on each end. For the
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portion of the aample. For prevention of fame

figure 17, with

ter placed on the
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TABLE VI

Firoperties of four protective greases and oimtments used in
flammeability tests of pigskin samples

. Densicy
Protactive material (gm./ce.) Approximate composition

Silicone high vacuum grease 11 100% silicones

Kel-F grease 2.0 1009% (C,F,Cl),

Pond’s ccid cream 1.1 12.5% sperm oil; 12.0% white wax; 56.0%
oil of almond; 0.5% Na,BO,; 5.09% rose
water; 14.0% water

Cornhusker’s lotion 11 5.7% ethyl aleohol; 12.3% glycerine and
other nonvolatile oils; 82.09% water

TABLE VII

Effects of four

creams or salves on skin and hair combustion for pigskin samples*
(five samples for each test unless otherwise noted)

(10 samples tested)

258 mm. Hg total pressure

Amount of
Crexfm or salve Atmosphe're used ére':;l;:e:lﬂn fl‘ggt results
' (gm./eq. in.) '
Silicone vacuum greas: | 268 mm. Hg O, 8.0 Silicone grease ignited; samples
‘ entirely consumed.
Kel-F grease 258 mm. Hg O, 2.5 No combustion
Kel-F grease 258 mm. Hg O, 0.95 No combustion
Kel-F grease . . 268 mm. Hg O, 0.44 No combustion
Kel-F grease 70% 0,-80% He; 034 No combustion
258 mm. Hg total pressure
Pond’s cold cream 268 mm, Hg O, 0.07 to 0.39 The sample at 0.07 gm./»nq. in. burned
(8 samples tested) , (0.22 em./sec. spread rate; 385.3 sec.
total burn time); the others did not
burn—even at coverage of 0.08
gm./sq. in.
Pond’s cold cream 70% 0y,~307% He; 0.35 No combustion
258 mm. Hg total pressure
Cornhusker's lotion 258 mm, Hg O, 0.48 No combustion
Cornhusker's lotion 70% 0,-30% He; 0.11 to 0.38¢ Two samples burned—one at 0.18 gm./

8q. in. (0.49 cm./sec. spread rate;
16.8 sec. total burn time); and one
at 0.19 gm./sq. in. (092 cm./sec.
spread rate; 94 sec. total durn
time).

*Arproximately 1 (n. <! the sample was lefi uncoversd so that ignition eould result for the cotton-wad igniter in all tents.

1Two samples were 0.1 gm./eq. in.; three samples were 0.12 gm./aq. in.; three samples were 0.18 t0 0.1 gn./eg. in.; one sample was
0.18 gm./oq. in.; one sample wae 0.98 gm./aq. in.
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Pigakin samplc M10 after test of flame spread in 258 mm. Hy axygen.
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TABLE VIII

Effects of cloth p:otection on ignition of pigskin samples in oxygen-rich atmospheres*
(five samples per test, unless noted differently)

(9 oz./5q. yd.)

258 mm. Hg total pressure

258 mm. Hg O,

Type and conditions
of test Cloth type Atmosphere Resulta
Garment-fit; no weight | Fyrepel 258 mm. Hg O, Combustion proceeded on two out
on cloth (9 oz./8q. yd.) of five samples
Garment-fit; 1.8 gm. on | Fyrepel 258 mm. Hg O, No combustion of top area of any
each end of cloth (9 oz./8q. yd.) sample
‘Garment-fit; 6.4 gm. on | ¥ yrepel 258 mm. Hg O, No combustion of top area of any
each end of cloth {9 oz./8q. yd.) sample
Thermal-transfer Fyrepel 258 mm. Hg O, Sample ignited for four out of five
(9 0z./3q. yd.) samples. Average delay time
between cotton ignition and hair
ignition, 11.8 sec.; S.D., 2.0 sec.
Thermal-transfer Fyrepel 709 0,-309% He; No samples ignited

No combustion of top area (three

Gzirmentlit; no weight | Vistaglas
on cloth (6 0z./8q. yd.) samples)
Garment-fit; 1.8 gm. on | Vistaglas 258 mm. Hg O, Combustion of top area in one out
each end of cloth (6 o0z./3q. yd.) of four samples
Garment-fit; 6.4 gm. on | Vistaglas 258 mm. Hg O, No combustion of top area
each end of‘ cloth (6 0z2./8q. yd.)
Thermal-transfer Vistaglas 268 mm. Hg O, All samples ignited. Average delay
(6 ozr./8q. yd.) time between cotton ignition and
hair ignition, 3.6 sec.; S.D,
2.2 sec.
Thermal-transfer Vistaglas 70% 0,-30% He; All samples ignited. Average delay
(6 or./8q. yd.) 258 mm. Hg total pressure time between cotton ignition and

hair ignition, 13.0 sec.; S.D,

1.6 sec.

“In the garment-fit tests & 2.5-cm. strip of the cloth was med t0 scparate (wo unprotected arcas of hair on a rounded sample, and o

hot wire-cotton igniter was used W ignite the ower area. In the tkermalktransfer taata a sample of cloth was placed over the hottom half

of the skin le, and a eott

portion of cloth in cont:act with the sample. A
portion of the cloth was folded to present a
barrier against hair ignition resulting directly
from the cotton-wad flame. ‘Therefore, if
aample ignition occurre:], it niuat have resulted
from thermal transfer through the cloth. The
results of these tests with the two types of
cloth are also included :n table VIIL

24

‘wad placed om top of the cloth was ignited.

The heavier cloth seemed to afford much
more protection against ignition by thermal
transfer than the lighter cloth, not only be-
cause of its greater thickness and demsity but
also because some portion of the lighter weight
material was consumed by the ~ombustion.
Samples after thermal-tranafer tests with the
heavier and lighter cloths are presented in
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(6 oz./2q. yd.).

figures 18 and 19, respectively. The lighter
cloth (6 oz./sq. yd.) offered leas protaction to
the aample than the heavier cloth (9 oz./
8q. yd.), as evidenced by the relative sizes of
the burned areas.

VL. COMBUSTION TESTING OF
HUMAN SKIN SAMPLES

Anaiytical data from st and water analy-
ses of the human skin samples are included in
appendix L Test data and representative
photographs are contained in appendixes II and
I, respectively. Data concerning the sources
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FIGURE 17
Pigekin sample B9 prepared for thermal-transfer test with Kghter cloth

of the human skin samples and pertinent in-
formation regarding the persons from whom
the samples were taken are presemted in

appendix IV,
General observations

The human skin samples used in the pro-
gram were obtained from autopsy operations
at local hospitals. Initially, amputation sam-
ples were obtained, but these were not used
because: (1) the smputated flesh had been
completely shaved before the surgical pro-
cedure; (2) the odor from the amputated flesh
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FIGURE 18

Figskin sampls PI1 after thermal-transfer test with heuvier cloth
(eoz./aq.yd.)ﬁMMBamm

made it difficult to handle; and (S) the dis-
eased skin and flesh would likely not provide
an adequate simulation of healthy, living skin.

None of the autopsy skin specimens used in
the program contained as much hair as the
pigskin samples, although many human sam-
ples held & few scattered hairs. Most of the
first human samples had been locally shaved
as a part of the autopsy procedure, but for
later samples it was requested that they con-
tain as much hair as possible and that they not
be shaved. Even so, only cne of the samples

uledmeovemdbyemughbair!orittoig-
niteandspmxdoverthesamxﬂesinmaﬁnoa-
phere of 258 mm. Hg pure oxygen.

The human skin waa genvrally thinner and
tougher than the pigekin, except for skin from
breast areas of women. Some human samples
were somewhat wrinkled, probably from age,
andthuewereaffectedm&bytheelectﬁc
arc with which ignition was attempted. For
several of the human skin samples, sttempts
were made to ignite the bulk of the sample by
leaving the are on for up tc several minutes.
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FIGURE 19

Pigekin sample RY after thermal-transfer test with lighter clotk (6 oz./ i
8g. yd.) in an atmosphere of 70 ozygen-30% helium at £58 mm. Hy total 5
4
‘Huawever, no human skin sample could be ig-  pigskin samples. Photographs of the human £
nited in bulk ss was the pigskin sample shown  sample (S-7A) before and after the test are
in figure 10 (a typical result of a long expo-  presented in figures 20 and 21, respectively. ;
sure to the arc).
The data in table IX indicate that the flame p
Combustion data for human and pig hair spread rate of the human hair in pure oxygen 3
was much greater than the average value ch- §
Table IX presents a comparison of values tained for pig bristles. This large difference
for various combustion parameters measured is believed to be due to the fineness (small N
in 268 mm. Hg oxygen for samples of unshaved, diameter) of the human hair as compared with bl
normally dried pigakin and for one sample of the pig bristles. The fineness of the human .
human skin containing body hair. The human  hair may also account for the short burning
skin was prepared in & manner similar to the time, although the value of 1.9 seconds is mot L
.
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TABLE IX
Comparison of human skin and pigskin
Pigskin samples Humen skin sample
{average of Tourteen) {one sample}

Hair content 3.5 mg./5¢. em. < 1mg/sq om*

Fiame spread rate 9.2 e sec, 27.5 cm. [sec,

Total burn tame 9.0 ses, 1.9 sec.

- - - —Minimuomignitienenergy | 0283 433
Weight loss due to 11lgm 03 gm.
concbustion

Ouply one human skin sample wae supplied with sufficient hair 0 skiow & picaningful comparisoa with
the plgskin samples. Both Lypes of samples were dried normslly end tested ic 238 mm. Hg of pure

«xyRen.

*Extimated to be sbout 0.5 mg./sqg cm This sumple was 00 smali to allow removei of & portion

sufficient for analysis.

out of line with the average total time of
2.8 seconds for deliberately dried pigskin
(table II). The ignition energy required for
the human sample would be expected to be high
because of the smaller hair concentration com-
pared to the pigskin samples. The value of
4.3 ] for the human sample, however, is very
similar to the average value of 4.8 J for par-
tially shaved pigskin samples.

3

The significant differences betwer. values
for flame spread rate, ignition euergy, -and
burning time for human hair ar.i suckling pig
bristies indicate that pigskir samples do not
provide effective simulation of human skin
samples in terms of the combustion of the hair
present. In additicu, the pigskin samples ex-
hibited a greate: tendency toward the forma-
tion of artifacts (fat exposure) leading to bulk
combustion of the samples than did the hu-
man skin samples. These differences, plus the
extveme variability noted in the texture, thick-
ness, and toughness of human skin from vari-
ous subjects, indicate that samples of white
suckling pigskin do not adequately simulate
human skin and its response to ignition
sources. It is believed that skin samples from
autopsy specimens should offer a more realis-
tic definition of human skin response to igni-
tion sou=cs in oxygen-rich environments than
do pigskin samples.

VII. DISCUSSION OF RESULTS
Comparisox with previous work

A report of the most extensive axperimen-
tation relating to the flammability of skin and
hair has been published by the Royal Ajr Force
Institute of Aviation Medicine, Farnborough,
Hants, UK. Denison et al (6, 7} have described
experiments with clothed, dead pigs in oxygen-
enriched atmosphe::s, in which it was found
that ignition of the cloth would result in
spreading of the flame over the pig, combus-
tion of the hair present. and blistering of the
gkin, but no bulk combustion of the subdermal
fat and flesh. In experiments with depilated
human skin from an amputated limb, these
investigators (8) found that sections of the
human skin would undergo gress combustion
eve \ when backed by a substantial heat sink
capacity such as a metal base or a thin-walled
metal container filled with water.

The resuits of Denison et a!. with pigskin
studies are entirely consistent with the results
obtained from the work reported herein, but
it now appears that their result of bulk burn-
ing of human skin was due to localized artifacts
caused by exposed fat and depletion of heat
sink capability. It is balieved that these arti-
facts were prevented in the present program
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through mounting of tiie skin samples in a
material (flesh simulant; with heat sink capa-
bility similar to that of the skin and by en-
suring that edges of the skin samples were in
contact with the flesh simulant material.

_ The use of the flesh simiulant material in
this manner also eliminated preferential propa-
gation of flame up the edges of the sample.
Thus, flame spread rates and relative flame
coverage values determined in this program
were not influenced by e‘lge effects.

Values cbtained in this program for flame
spread rate and critical helium concentration
(for zero flame spread) are compared to values
of these parameters obtained by Huggett et al.

(4) for other materials {table X), The values

from the present work for unshaved pigskin
samples for flame sprcad rate and critical
helium concentration are completely consistent
with reported values for other types of
combustibles.

Comparison of the minimum ignition energy

obtained for pig bristlez in 258 mm. Hg pure

oxygen with that reported for other materizals
is very difficult because of the differences in
technic. If it is assumed that the electric arc
uniformly affected the observed blister area
of 0.5 8q. cm., the minimum ignition energy
for pigskin would be about 0.2 cal./sq. cm.
This valye is several orders of magnitude lower
than typical values obtained for wood, cotton
cloth, etc., using a radiation source (4). It is
believed that too little is known about ignition
energy requirements, in general, and about arc
ignition, in particular, for this comparison to
be valid at present.

Correlation with fat, water, and hair content

In no case was a correlation found to exist
between flame. spread rate, minimum ignition
energy, or total burn time and the results of
fat, water, and hair analyses. This is not sur-
prising for the data on fat and water content,
but one might expect that a variation of 1 to
8 mg./sq. cm. hair content might have some
effect on the combustion parameters studied.
The only direct correlations observed concern-
ing hair content were the reduction in flame

TABLE X

Values of combustion parameters for unsheved pigskin samples
and other materials

in 258"mm nr:te Critical helium concentration for

Sample material® pure oxn.ren gero flame spread (mols 95 He

(cm./sec.) at 760 mm, Hg total pressure)
Pigakin and bristles 9.2 762
Wood 0.9 84.8
Paper 23 88.4
Cellulose acctate 0.8 80.1
Cotton fabzic 8.1 85.4
Foam cushion 38.0 68.0
Plastic wire 2.1 4.0
Painted surface 11 80.1

*Data for matc sl other than pigekin were taken from reference d.



spread rate and the increase in minimum igni-
tion energy due tc partial shaving of the pig-
skin samples (to a finzl hair length of 2 em.).
The limit of this ccrrelation is provided by the
completely shaved pigskin samples and the
nearly hairless hur:an samples, for which the
flame spread rate was zero and the minimum
ignition energy (for bulk combustion) was
greater than could ;e determined by the meth-
od used for hair ignition.

One possible expianation for the lack of cor-
relation between combustion parameters and

" hair content for urshaved pigskin samples is

that the variations »btained in the analysis of
hair content were 5n a smaller (area) scale
than variations betvzen the samples used; that
is, if the entire samzles could have been shaved
and the hair conten’ determined, the variation
would probably have been much less than that
observed between - by 2-inch samples used
for analysis. ’ e -

Another possible interpretation is that hair
length is the most important factor in flame
spread rate. On this basis, the higher flame
spread rate for the human sample compared
to pigskin samples {table IX) would be some-
what expected beczuse of the longer length
of the human hair ({ig. 19). This relationship
between hair length and flame spread rate
might be tenable if the amount of oxygen
available to the hair combustion process is a
function of hair length.

VIII. CONCLUSIONS

The following corclusions have been drawn
as a resuit of the work performed under this

program:

1. Two types c¢f combustion can qccur
when pigskin and hzir are expored to an igni-
tion source in an oxy gen-enriched atmosphere.
The first type of cornbustion is nap burning of
the hair, and the second is bulk burning of the
skin and fat. Bulk combustion of skin and

‘fat is possible only through the presence of an

artifact consisting of exposure of fat to the
jgnition source and ¢:pletion of local heat sink

capability.

2. The flame spread rate for hair combus-
tion on pigskin samples in 2568 mm. Hg pure
oxygen is approximately 9 cm./sec. The flame
spread rate can be greatly increased by lengthy
exposure of the sample to a dry atmosphere
and can be decreased through wetting the hair
or by reduction of the hair length. Completely
shaved samples of pigskin or human skin will
not undergo nap burning in 258 mm. Hg
oxygen.

3. In atmospheres containing 180 mm. Hg
oxygen it is necessary to bring the helium
partial pressure to 578 mm. Hg before no flame
spread is observed on unshaved pigskin
samples.

4. The minimum ignition energy for pig
bristles in 268 mm. Hg pure oxygen is approxi-
mately 0.8 J. This minimum ignition energy
cannot be reduced by drying the sample, but

" dilution with an inert gas or partial remyyval

of the hair incressed the ignition energy
requirement.

5. Of the two types of glass fiber cloth
tested, the thicker and heavier cloth offered
more protection against ignition of hair by
thermal transfer through the cloth. The two
types of cloth offered essentially equal pro-
tection against flame propagation under fire
breaks consisting of cloth strips (2.6 cm. wide)
held against pigakin samples.

6. Various salves, creams, and lotions
were found to prevent flame spread on pigskin
samples in 258 mm. Hg pure oxygen, but the
extent of application necessary to ensure pre-
vention of ignition appeared to be greater than
the amounts of cold cream and hand lotion
usually applied. ’

7. Samples of skin und hair from white
suckiing pigs do not appear to offer effective
simulation of the response of human skin and
hair to ignition sources in oxygen-enriched at-
mospheres. On the basis of the results of this
program, the flame spread rate for human hair
is greater than for pig bristies, probably be-
cause of the smaller diameter of the human
hair tested as compared to that of plg bristles.
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