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FOREWORD

The vivarium of the United States Army Aeromedical Research Labore-
tory (USAARL) is fully aceredited by the American Association for the Ac-
creditation of Laboratory Animal Care.

The animals used in this study were procured, maintained, and used
in accordance with the Animal Welfare Act of 1970 and AR 70-18. In conduct-
ing the research described in this report, the investigators adhered to the
"Guide for Laboratery Animal Facilities and Care," as promulgated by the
Committee on the Guide for Laboratory Animal Resources, Natmnal Ac.ademy
of Sciences, National Research Council.

All authors were resear.h investigators at the USAARL during the con-
duct of the experiments described herein.

Dr. Knox is currently with the Department of Physiology and Biophysics.
Louisiana State University Medical Center School of Medicine, Shreveport,
Louisiana 71130.

Dr. Wachtel is currently with the Department of Surgery, University of
California, San Diego, School of Medicine, San Diego, California 92103.

Dr. McCahan is currently with the Department of Toxicolegy and Crim-
inal Investigation, State of Alabama, Enterprise, Alabaina 36330, .
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SUMMARY

The United States Army Aeromedical Research Laboratory (USAARL)
porcine cutaneons bioassay tcchnique was used to determine what mitigating
effect fcur thermally protective flight suit fabrics would have on fire-induced
skin damage. The fabrics were 4.8 oz twill weave Nomex® aramide, 4.5 oz
stabilized twill weave polybenzimidazole, 2 4.8 oz plain weave experimental
high temperature polymer, and 4.8 oz plain weave Nomex™ aramide., Each
fabric sample was assayed 20 times in each of four configurations: as a single
layer in contact with the skin; as a single layer with a 6.35 mm (one-fourth
inch) air gap hetween fabric and skin; in conjunction with a cotton T-shirt
with no air gaps; and, finally, in conjunction with a T-shirt with a 6.35 mm
air gap between T-shirt and fabric. Bare skin was used as a control.

A JP-4 fueled furnace was used as a therma) source and was adjusted to
deliver a mean heat flux of 3.07 cal/em?/sec. The duration of exposure was
five seconds. Four hundred burn sites were graded using clinical observa-
tion and microscopic techniques.

Used as single layers, none of the fabrics demonstrated superiority in
providing clinically significant protection. When used with a cotton T-shirt
protection was improved. Protection improved progressively for all fabries
and configurations when an air gap was introduced. The experimental high
temperature polymer consistently demonsteated lower heat flux transmission
in all configurations but did not significantly reduce clinical burns.
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INTRODUCTION

A free field or helicopter postcrash JP-4 fuel fire reaches maximum in-
tensity and "steady state” thermal dynamics 20 seconds after single point
ignition.! ? An aviator wearing a standard summer weight cotton flight
uniform who is in the middle of such a conflagration must get out of the
fireball within 10 seconds after ignition if he is to have a reasonable chance
of survival.®™® After 20 seconds, the aviator would be in a thermal environ-
ment with temperatures ranging from 927° C to 1260° C.! ® 4 ¢ Heat flux in
controlled postcrash fires ranges from 2.79 to 7.45 cal/cm?/sec*.? 2

Extensive studies conducted by the U. S. Army Aeromedical Research
Laboratory (USAARL) and others! ? ¢ 7 have shown that postcrash fires
are extremely variablez in their time-course and in severity. These studies
led to a definition of the worst credxble thermal environment as 1149° C or
5.5 cal/em?/sec.?

During s postcrash fire, the aviator's clothing is the only barrier be-
tween the excessive therinal environment and the skin. The design of op-
erationai flight clothing requires consideration of fabric flammability, heat
transfer characteristics, comfort, launderability, abrasion resistance,
fabric strength and durability, color fastness and predicted useful service
life, to mention only a few important factors. Since all design parameters
capnot be optimized using present technology, each garment is always a
compromise preduct. An aviator's flight suit mey never be subjected to the
hazardous thermal vaviconment against which it was designed. but this de-
sign parameior must remain among the foremost in a selection process among
several candidate fabrics or designg. Obw iously any selection process is
complex and requires consideration of cost, logistics, snd user acceptance
as important considerations.

From a thermal protective standpoint any selection of fabric or garment
design must be bused on an appropriate set of test precedures. These meth-
ods must reeresic the posterash thermal envivonment in the laboral oy and
must quantitatively predict burns from messured thermsl tronsfer through
the fzbric. For testing fabrie samples, the idesi methed would be to use
physical thermal sensors such as calorimeters or skin simulants to messure
the thermal transier so cne could predict from such data the buras that would

“rhesa hieat ﬁux caic&ts&mns sssume black body conditions celculated 'mm
Stefwn-Boltzmann Law.




result. To do this with any degree of sccuracy requires a mathematical model.
However, mathematical models which generate burn predictions from measured
thermal transfer are not, at this time, sufficiently accurate. Therefore, the
use of a bioassay technique in which porcine skin is used as a model for
buman skin is recommended.* * The direct bioassay technique provides burn
data that are readily understandable and acceptable to physiologists and cli-
nicians. The data require no extrapolation for the fabric engineer.

The experiments described in this report show what mitigating effects
four selected thermal protective fabrics have on skin damage thermally in-
duced by exposure to a simulated postcrash fire.

METHODS AND MATERIALS

Twenty white, cross-bred, male and female domestic swine (Sus scrofa
domesticus) were procured locally, quarantined for at least 30 days, treated
for any internal or external parasites, and verified to be healthy prior to use
in this experiment. The animals were housed in a covered outdoor vivarium
and weighed 43.9 * 6.6 kg at the time of the experiment. The pigs were
assigned randomly to one of four exposure groups of five animals each.

The swine were fasted gvernight, premedicated with atropine (0.04 mg/
kg) and fentanyl-droperidol (0.1 ml/kg), intubated and anesthetized with
Halothane USP.? Hair was removed from the test site by close clipping with
8 #40 clipper head.*® The anesthetized pigs were placed on a rolling animal
carriage with an electrically activated pneumatically operated water-cooled
shutter system (Figure 1, page 4). Each of the five pigs in a group received
four separate exposures, two oi each side, of five seconds duration to a stan~
‘dardized thermal source.

The thermsl gource was a JP~4 fueled furnace® which delivered 3.07 ¢
0.16 cetfem?® fsec (70-90% of this energy was radiative) (Figure 1, page 4).
Furnace wall temperature and heat flux were contin ally recorded on FM
magaetic tape for later off-line computer processing. Heat flux and exposure
time were found to be uniform from one position to another. Esch exposure
-ares was divided into six circular burn sites by a multi-layer asbestoa/wood
template {Figure 2, paga 4). The holes were either 4.0 cm or 5.9 em in
diameter. Template position five alwsys contained a slug calorimeter to
monitor the five (Figure 3A, page 5). Sites one through four and six were
either covered with fabrie or loft uncovered as e centrol (Figure 38, page 5).
Four fabrics were evalusted. They were 4.8 o twiil weave Nomex¥ aremide,
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4.5 oz stabilized twill weave polybenzimidazole, a 4.8 oz plain weave exper’
mental high temperature polymer, and 4.8 oz plain weave Nomex™ aramide
(Figure 4, page 5). In the double layer configurations, the second layer -
always 100% cotton T-shirt (T). The textile characteristics for these fa: . .cs
are summarized in Table 1 (page 6). ‘

From Table 2 (page 7) it is possible to determine which fabric ¢ vered a
particular burn site for each pig. For example, in treatment Grovy 1, the
left rear area on pig number three had new weave Nomex® (NWH) in contact
with the skin at burn site one and polybenzimidazole (PBI) in contact with
100% cotton T-shirt in contact with the skin at position four. This system of
fabric layout insured th: each fabric appeared in each test position four
times and was tested a tc.al of 20 times using each of the four methods of ap-
plication. Thus, a five position by five fabric Latin square was replicated
four times for each group.

" Damage was documented photographically immediately after the exposure
and 24 hours later. A clinical grade'! was assigned immediately after expo-
sure and again 24 hours later (Table 3, page 8).

A biopsy wa. . ken from each site 24 hours after the expaswure. This
specimen ineluded the area representing the highest clinical grade as well
as contiguous nrormal tissue for comparison, Hematoxylin and eosin stained
sections were graded according to criteria developed by Lyon, at al,!? and
Knox and Wachtel® (Table 4, page 9). In addition te this grade, actual burn
depth was measured optically, together with meassurements of the normal epi-
dermal and dermal thicknesses. These data were analyzed using analysis
of variance and covariance. Fabric effects were tested for significance by
the modified Newmsn-Keuls' tests.




FIGURE 1. Schematic Diagram of the USAARL T-1 Furnace and
Rolling Animal Carriage With the Electrically Activated Pneumatically

Operated Water-Cooled System.
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TABLE 2

FABRICS BY TREATMENT GROUP AND POSITION OF PIG

GROUP I (IN CONTACT)

GROUY 11 (WITH SPACE)

A = Standard Air Force Nomex® (AFN) A = AFN/S

B = Polybenzimidazole (PBI)

C = Experimental High Temper
Pulymer (HT4)

B = PBI/S

ature C =HT4/S

D = NWN/S
D = New Weave Nomex® (NWN)

E = Control
£ = No Fabric Control

GRDUP I (in contcci with T-shirt) GRQUP IV (with T-shirt with space)
A = AFN/T, i.¢., Air Force Nomex A = AFN/T/S
with T-_hirt

B = PBI/T/S&
8 = PBI/T

C = HT4/T/S
C = HTY

D = NWN/T/S
R = NWN/T

E = Control

E = Canwvol

LAYOUT OF FAiR
WITHIN TH., ™EM

Left Rear

Pig Site # 12346

1 ABCDE
2 EABCD
3 DEABC
3 CYZAB

§ BCDEA

1CS BY POSITION GY THE PIG AND

PLATE FOR TRLATMENT GROUPS

I. U, U, ANB IV

" Left Front Right Rear  Right Tront
12346 12346 123458
SJCDEA CDEAB JEABC
aBCDE FCDEA CDEASBS
EABCH ABCDE BCDEA
DEARBC EABCD ABCDE

CDEADB DEABC EABCD
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TABLE 4
MICRO-GRADE DEFINITIONS¢ 12

;d: ﬂ-: Definition

0 No thermal damage

1 Cell damage without acidophilism

2 Epidermal acidephilism (partial)

3 Epidermal acidophilism (complete)

4 Dermal-epidermal separation (partial)

5 Dermal-epidermal separation (complete)
6 Dermsl superficial <500

7 Dermal mid 500-1000u

8 Dermal deep 1000-1500p

9 Dermal complete 1500~dermel/adipose border
10 ~ Adipose |

RESULTS

From 20 pigs and 400 available burn sites, 371 clinical and 346 micro-
scopic burn grades and 233 burn depths provided acceptable data, Grades
and depths were assigned to their respective exposure groups by fabric
and fabric configuration, i.e., single or double layer, in contact or spaced
away. The mean and standard deviaticns were calculated for each group.
These results are tabulated in Table 5 (page 11) snd presented graphically
in Figures 9, 6 and 7 (pages 11 and 12). The most severe burns (the ches
with the highest grades) were asscciated with the unprotected control sites
while least severe burn grades were found in groups using double layered
fabric with the ouler fabric spaced 6.35 mm away from the T-shirt inner
layer. E '
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An analysis of variance and an analysis of covariance were performed
using the control burn grades as a function of position with heat flux as the
covariate to test the validity of the assumption of uniform flux. Table 6
(page 13) summarizes the results of this analysis of variance. Position and
heat flux were not significant variables; therefore, they were eliminated
as variables from the subsequent anulysis.

An analysis of vavianee (Table 7. puge 14) showed that the controls by
Group were significantly different (p <0.01) for both microgrades and gress
grades. The burn depths were not significant.

Examination of the data obtained from the sites which were complaetely
unprotected from the fire showed some variation in the histopathological and
in the gross ovaluation seoves, although there was no significant variation
in measured burn depth (Table 7. page 14). The experimental design permits
comparison of the effect of cach fabric and each fabrice configuration with all
other fabrics and configurations tested. [t is much more sensitive and spe-
vific te compare each with cach other divectly by the motheds of analvsis of
varionee. This was done, and the rosults of 8 medified Newman-Kouls!'
multirange test ave summarized in Table 8 (page 15). In this test, moans
were areanged in aseending order, and lines were drawn beneath those
treatment means which were not zignificant at p<0.65. Means not overlapped
by the same line were sigoificanily different atp <0.905.
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DISCUSSION

Moritz and Henriques *? have described porcine skin before and after
thermal exposures and compared it to human skin burns, showing the relative
vulnerability of porcine and human skin to thermal injury. They found little
or no quantitative di’ference in the susceptibility of human and poreine epi-
dermis to thermal injury at similar surface temperatures. Moritz'* delineated
the pathogenesis and pathological characteristics of cutaneous burns in rela-
tion to the duration and intensity of thermal exposure and to the susceptibility
to organization, repair, and healing.

Perkins, Pearse, and Kingsley”‘ demonstrated comparative surface ap-
pearance for similar threshold values (cal/cm?) for human and porcine skin
subjected to radiant energy in epidermal and intradermal (and perhaps sub-
dermcl) burn lesions. Their data were comparable to the values of 2 cal/cm?
for epidermal burns and 3.5 cal/cm? for deep intradermsal burns in humans
reported by Butterfield and Dixey 18 and correlated well with the 3.9 cal/em?/
sec (0.54 sec exposure) value for subdermal human burns reported by
Moncrief.!”

The heat capacities and thermal conductivities of cutaneous and subceu-
taneous tissues of the pig, in vivo observations of calorie uptake of pigekin,
rise in temperature at the dermis-fat interface as a function of both time and
skin surface temperature, and an estimation of the temperature changes at
the epidermal~dermal interface during the exposure of the skin surface to
heat have been reported.'® Moritz, et al,!® have investigated the mechanisms
by which thermal exposures, in which heat was transferred to the body
through an envelopoe of air, cause disability and death.

Comparative studies of the skin of the domestic pig end human have been
reported by Montagna and Yun.®? They noted that the skin of the pig shares
enatomical and histochemical features with that of man, although some dissim-
ilarities oxist.

Pigskin, like most animsl models, is not perfect, but the weight of evi-
dence on similarity of structure, cnmgarubili!y of burn damage, reuction of
pigs as models for human burn shock®! and consistency of data obtained in
testing lightweight underwear® arguc in favor of using pigskin as the eni-
mal mode! of choice in & bicessay metind for determining the thermal pro-
tective capability of fabrics.




An extensive review of the methods for simulating postcrash fire led to
a proposal to use a new field fire simulation cell for testing whole flight
garments.! However, this device is nct practicsl for testing candidate
fabrics using the bioassay method. The flame gun used in an earlier study
suffered from an imbalance in radiative and convective heating compared to
naturally occurring posterash fires.” A method was needed which would
more accurately Juplicate the highly radiative nature (70 to 90%) of postcrash
fires. Moreover, the chemical environment within the fire may be important
in some circumstances in contributing to fabric failure; so, for this study,
JP-4 fuel was used since it 1s standard for Army helicopters.

A survey of the available thermal sources such as Meeker burners,
quartz lamps, carbon ar¢ lamps, and small pool fires led to the choize of a
NASA designed furnace which does burn JP-4 fuel. When the furnace is at
steady-state, the hot furnace wall simulates the radiation background of a
field fire while the rich burning JP-4 fuel adds the convective and chemical
environments.?

The five-second exposure time was chosen based on the results of a pilot
experiment using one-, three-, five-, and seven-second exposures.! The
objective was to choose an exposnare time which would resuit in deep dermal

“contiol burns.

The four methods of spplying the fabrics to the skin were selected to sim-
ulate the ways in which various segments of a flight suit relate to a pilot's
skin. This, of course, does not explore ali the possibilities since, for
example ., double layers of outer shell fabric, zippers, and the like were not
included.

As expected, fabrics attenuated the therinal damege by varying amounts
- depending on the fabrie type and method of spplication. Double layers,
especinlly thoge with air space between the layers, showed the greatest
degree of protection. This confirms carlier data of Stoll,  Stanton.?? Knox,'
Serkley,?? and Mixter.?? ‘

Of tr.e verinus fabric types, Fabrie HT4¢ gave more protection in esch
method of spplication than did eany other fabric. However. it wes only sta-
tisiically significantly different from ail others in the double~layered, spaced-
away configuration (Group IV, HY{/T/S). .

What. ther, may be concluded from these observations? Under the con-
ditions of this study there sppears to be no clear choice among the fabrics

17




evaluated. HT4, while slightly better in attenuating hLeat flux, does not
provide a significant increase in clinically significant protection. For ex-
ample, consider the burn depths in Table 5 (page 10). Within each group
the data are clustered, and the only clear improvement in protection comes
as a result of adding double layers and air gaps. To be cliniceally signifi-
cant a new fabric or uniform design must clearly lower morbidity. If,
however, all the candidate fabries fail to prevent burns in a given test, it
raises several questions. First, was the test unreasonably severe? This
would not appear to be the case, since the experimental conditions fit
quantitatively within the known physical properties of actual postcrash
fires. Second, were the methods of application reasonable? Here again
the methods were chosen to simulate actual operational flight clothing use.
Finally, is there such a thing as an acceptable burn? The ideal is clearly
no burn at all. However, given the trade-offs which must be made in de-
signing an acceptable flight suit, the ideal could probably only be achieved
by entirely preventing the postcrash fire.

Given the reality of the occurrence of pesterash fires and the state of
the art in flight clothing design, there will be burns. Decisions on new
fabrics must take into account the available clinical data which relate age,
sex, degree and area of burn, and survivability. For instance, an improve-
ment of several hundred microns in burn depth would resuit in a correspond-
ing increase in survivability. It is an increase in survivability which must
be weighed against the cost and acceptability of a new flight garment. To
predict survivability, however, one also needs to know the area burned in
addition to the degree. This information is most readily obtained with properly
designed and appropriately instrumented manikins subjected to full scale
fires.

t

The study reported here emphasizes the general effectiveness of multipie
layers and suggests that improvement can be achieved by redesign of present
uniforms usixg multiple layers and present stocks of Nomex™ and/or new
weave Nomex™ rather than geing to new fiber types. This course is partic-
" ularly prudent in the rotary-wing environment where installation of crash-
worthy fuel cells and newer crashworthy designs have resulted in reducing
the threat of fire or fire induced injury.?®

Finally, it is difficult to evaluate fabric performance fully with a one
point test in which only one heat flux and one exposure duration are used.
Thermal protection and ultimate failure are a complex, dynamic process, and
until understanding of that process improves, a one point test (especially,
if pass/fail) is inadequate. ' B
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CONCLUSIONS

All fabrics evaluated provided some protection.

Multiple layers and fabric spacing are important factors in increasing
the level of protection.

Fabric HT4 consistently gave the best protection, but this increased
protection was not of clinical significance.
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