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BURN INJURY POTENTIAL OF NAVY SHIPBOARD WORK CLOTHING

INTRODUCTION

The work described in this report was undertaken to assist the Navy
Clothing and Textile Research Facility (NCTRF) in choosing a work clothing
fabric for shipboard personnel which would offer some protection against
heat from accidental fires. It compares the heat protective characteristics
of flame-retardant (FR) fabrics with those of the ordinary fabrics presently
worn. It also compares two major types of FR fabrics, aramid and FR cotton,
under a variety of radiant heat and flame exposures.

The fabrics included outerwear fabrics (100% cotton, polyester, wool,
and blends containing polyester/cotton, polyester/rayon, and polyester/
wool as well as nylon/cotton), four underwear fabrics (100% cotton and
polyester/cotton undershirt and drawer fabrics), and several FR (aramid and
FR cotton) fabrics. All fabrics were exposed to radiant heat, and some of
the FR fabrics were also exposed to a gas flame. Based on preliminary test
results, the exact exposure conditions were arranged with NCTRF during the
course of the experiments. NCTRF also furnished the data on fabric con-
struction. The National Bureau of Standards (NBS) measured the heat behind
the exposed fabrics as a function of time, as an indication of how soon a skin
burn may occur and of the severity of the burn injury to a wearer. The
deterioration of the fabric integrity--shrinkage, melting, charring--at
various exposures was also reported.



EXPERIMENTAL

Exposure to Radiation

The specimens were exposed to the apparatus shown in Figure 1, consist-
ing essentially of a quartz radiant panel, a specimen holder, a heat sensor,
and a shutter to regulate time of heat exposure. The apparatus and the
results obtained on a variety of fabrics were described in previous publi-
cations (1-5). The radiant energy was supplied by an electrically heated
quartz radiant panel (31 x 31 cm), vertically mounted and operating at
about 910%C with peak energy ocuring at a wavelength of 2.6pm. Heat
transfer through the fabrics was measured with a commercial, water-cooled,
total heat flux meter that was flush mounted in a 1.3-cm-thick calcium-
silicate board plate (10.7 x 10.7 cm). Fabric specimens (15.2 x 15.2 cm)
were clipped onto a holder and placed in a vertical position, with the face
side towards the radiant heat source. The sensor was either in contact with
the fabric specimen or at some distance from it to simulate heat transfer
through loose clothing which would not touch the skin.

Two paramegers were chosen to express the insulative properties of the
fabrics. One was the time to burn injury (TBI), the duration of exposure
to heat at which a skin burn might be estimated to occur. This time is
determined from the Derksen curve which shows the TBI as a function of time
of exposure and the rate at which the heat is delivered (6, 7).

Another parameter measured during each test was the total heat (TH)
received by the sensor through the fabric at various times during the test.
Printouts of the TH were obtained every 5 seconds. The heat flux, averaged
every 5 seconds, was also printed. Typical graphs and accompanying printouts
are shown in Figures 2 and 3. Also shown in Figure 2 (broken line) is the
Derksen curve. The part of the time vs. TH curve which lies below the
Derksen curve indicates no burn injury; the part above, second degree or
deeper. The time at which the two curves cross is the TBI.

It should be borne in mind that the TBI serves mainly as a means of
comparing various fabric assemblies, but not as a means to pred ict actual
time to burn injury in real-life fire exposures. The Derksen curve was
established with exposure of real skin, while the present measurements
utilize a heat flux meter of different thermal response. Skin characteris-
tics and susceptibility to burn injury also vary widely among individuals and
over any individual's body. Finally, the Derksen curve and our data were
produced by square pulses of radiant energy, while in "real life," radiant
heat from a fire would fluctuate. As discussed in reference 2, however, a
fair correlation has been established between the results from this apparatus
and feeling of pain due to heat.

Specimens were generally exposed to the radiant heat source for 2
minutes. After this period, the measurements were recorded for another
minute to establish the effect of the heat stored in the fabric on the burn
injury potential. Levels of radiant exposure varied from 0.2 to 0.6 cal/cm2 /s
(0.84 to 2.52 J/cm2 /s or 0.74 to 2.22 BTU/ft 2 /s). In some cases, specimens
were exposed to various radiant heat levels for a given time and then the
heated side was impinged by an approximately 25-mm-long methane flame for
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15 seconds, to establish the flammability of the specimens while they were at

elevated temperatures and, presumably, at low moisture content.

Flame Exposure

Fabric specimens were also exposed in an apparatus consisting essentially
of a Meeker burner, a horizontal specimen holder, and a heat sensor (Figure 4).
This apparatus, using pure methane, is proposed in an ASTM method for
thermal protective performance of materials for protective clothing (8).
However, the present project required exposure to flames at the approximate
temperature of jet fuel fires--1090*C (2000 0 F). This was attained by using
a Meeker natural gas burner with a 1.0 to 0.7 mixture of methane and nitrogen.

Fabrics

Two groups of fabrics were investigated: flame-retardant fabrics and
non-flame-retardant fabrics. Other FR fabrics--aramid and FR cotton--were
under consideration for use in shipboard work uniforms. Two shipments of
these fabrics were received. The first consisted of a 100-percent Nomex
and an FR cotton fabric; the second consisted of a 95/5 Nomex/Kevlar fabric
and an FR cotton fabric. These are described in Table 1. The test
protocol for the second shipment was more severe than that for the first
because low-level exposures showed less difference between the aramid and
FR cotton fabric than high-level exposures.

The other group consisted of fabrics presently used on shipboard, none
of them flame-retardant or intended to protect against heat in fire
situations. These are described in Table 2 (data provided by NCTRF).

3



RESULTS AND DISCUSSION

Comparison of FR Cotton and Nomex/Kevlar Fabrics

An FR cotton twill and the Nomex/Kevlar were submitted to NBS in January
1981. They were the fabrics of more immediate interest than the previously
submitted FR cotton fabrics and 100% Nomex. Based on the earlier work, it
was agreed to subject these fabrics to relatively high heat loads, 0.4 and
0.6 cal/cm2 .s radiant heat and the 1090*C flame, since lower exposures had not
indicated large differences between the fabrics. The results are shown in
Figures 5 through 8 and Tables 3 through 5.

Figure 5 illustrates the TBI at 0.4 and 0.6 cal/cm2 /s radiant exposure,
with the sensor 13 mm behind the fabric. In TBI graphs, a long bar indicates
a desirabll characteristic, a long TBI. The top of each bar indicates TBI at
0.4 cal/cm /s, and the top of the shaded, lower part of the bar, the TBI for 0.6
cal/cm2 /s exposure. The TBI for the FR cotton was higher than that for the
Nomex/Kevlar fabric when the specimens were exposed without underwear fabric
at 0.4 cal/cm2 /s, presumably because the FR cotton fabric was heavier. At
0.6 cal/cm2 /s, however, the situation was reversed indicating, perhaps, the
greater degree of deterioriation of the FR cotton under this heat exposure.
In combination with the underwear fabrics, the Nomex/Kevlar outer fabric produced
longer TBI results under both exposures.

In the TH graph, Figure 6, a long bar indicates an undesirable character-
istic, a great amount of heat transferred through the fabric in a given time.
Here the top of each bar indicates the TH at 0.6 cal/cm2 /s, and the top of
the lower, shaded part of the bar, the TH at 0.4 cal/cm2 /s exposure. Three
bars are drawn for each outer fabric/underwear combination--one each for TH
after 60 and 120 seconds exposure, and the third bar for 60 seconds after
exposure stopped. Again, the Nomex/Kevlar fabric was superior to the FR
cotton fabric. Underwear specimens behind the Nomex/Kevlar fabric were
generally less charred than those behind the FR cotton.

There was little difference in the TH results obtained with the four
different underwear fabrics in these exposures, except that the 100% cotton
T-shirt fabric behind the Nomex/Kevlar fabrics ignited in all 0.6 cal/cm2 /s
exposures. The specimens were removed as soon as ignition was observed, and
no results are shown in Figure 6 for an exposure of 120 seconds and 60
seconds after exposure stopped. Other underwear fabric occasionally ignited
at 0.6 cal/cm2 /s with the FR cotton fabric but no pattern of ignition could
be established. These ignitions generally occurred some time after the TBI
was reached.

The results obtained when the outerwear-underwear combinations were
exposed to 1090%C (2000*F) flame are shown in Figures 7 (TBI)and 8 (TH). The
fabrics were exposed for 20 seconds, and the heat behind them plotted for
this time and for 10 seconds beyond it. Exposure was with the specimens in
contact with the s-nsor and with a 3.2 mm distance between specimen and sensor.

In Figure 7, the open, upper end of the bar indicates the results
obtained with the fabric 3.2 mm below the sensor, and the shaded bar,
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the results with the fabric in contact with the sensor. In this test mode,
the Nomex/Kevlar clearly produced a longer TBI than the FR cotton fabric.
A possible explanation is the stronger off-gasing from the FR cotton fabrics
which may transfer heat more effectively to the sensor with horizontal
specimens and sensor orientation than when both are vertical. Differences
between the results obtained for the different underwear fabrics were again
small.

In Figure 8, showing the TH results at 10 and 20 seconds in the flame,
and 10 seconds after the flame was removed, the top of the open bar shows
the contact situation, and the top of the shaded bar the less severe
situation of a 3.2 mm distance between specimen and sensor. Less heat was
transferred through the Nomex/Kevlar than through the FR cotton fabric in the
first 10 seconds of the test, alone and in combination with the underwear
fabrics. After 20 seconds exposure, and 10 seconds after the flame had been
removed, the FR cotton fabric generally produced lower TH results (second
and third bar in each set). All specimens showed considerable charring
after these tests. The polyester/cotton underwear fabrics stuck to the
Nomex/Kevlar but not the FR cotton fabrics.

All of these tests were performed with the fabrics mounted so that they
could not move during the tests. When the specimens were mounted so that
they could relax, the Nomex/Kevlar shrank considerably even during a
2-second exposure, while the FR cotton did not shrink. The TBI and TH
results in the relaxed condition were quite irreproducible but the Nomex/
Kevlar in its puckered and shrunken state seemed to permit less heat transfer.

Additional specimens were exposed to 0.4 cal/cm2 /s for 120 seconds, and
a 25 mm flame was applied to them for 15 seconds after 60 seconds of radiant
exposure. The results are shown in Table 3. The specimens ignited in some
cases, but not in others. In such cases, the average TH of the ignited and
unignited specimens is listed.

In general, the differences between the FR cotton and the Nomex/Kevlar
fabrics were minor. As expected, ignition of the specimens greatly increased
the TH at 180 seconds.

Comparison of FR Cotton and Nomex Fabrics

Because these fabrics were received from NCTRF in August 1980, they
represent earlier samples than the FR cotton and the Nomex/Kevlar fabrics

discussed above. They were also tested under somewhat different conditions:
under radiative exposurcs of 0.2, 0.3, and 0.4 cal/cm2 /s with the specimens
in contact with the heat sensor and at 13 mm (1/2 in) from the sensor.

The results are shown in Tables 6A through 6E and summarized in Figures
9 and 10. At the 0.2 cal/cm2 /s exposure, the TBI results for the Nomex and
FR cotton fabrics--alone and in combination with the four underwear fabrics--
were quite similar. The same held for the 0.4 cal/cm2 /s exposure with the
specimens in contact with the sensor. However, at 0.3 and 0.4 cal/cm2 /s
with the specimens at a 13-mm distance from the sensor, the Nomex fabric
recorded a consistently longer TBI than the FR cotton fabric when exposed
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with the underwear. Without the underwear, the two fabrics were roughly
equal. The FR cotton charred severely during the 2-minute 0.4 cal/cm2 /s
exposure, less severely at 0.3 cal/cm2 /s, and not at all at 0.2 cal/cm2 /s.
the Nomex fabric did not change in appearance in any of the exposures.

The TH data were similar for the Nomex and the FR cotton fabrics when
the specimens were in contact with the sensor, for botn the 0.2 and 0.4
cal/cm2 /s exposures. When the specimens were 13 mm from the sensor, the
single-layer TH results were similar at 0.2 and 0.3 cal/cm2 /s, but the FR
cotton exhibited higher total heat at 0.4 cal/cm2 /s. In combination with
the four underwear fabrics, the FR cotton had lower TH at 0.2 cal/cm2 /s,
was similar at 0.3 cal/cm2 /s, and had higher TH at 0.4 cal/cm2 /s. This
perhaps indicates a breakdown or development of pyrolysis gases wi-Ich increase
heat transfer to the sensor at the more severe exposure I- the case of the
FR cotton but not the Nomex fabrics.

The specimens were also exposed to 0.2 cal/cm2 /s for 120 seconds, and
then a 25-mm-long methane flame was applied to them, with the radiant
heat exposure continued (Table 6B). All the specimen combinations contain-
ing the cotton-drawer-underwear fabric ignited. Sporadic ignitions occurred
%:ith the other combinations, following no recognizable patt-rn. In cases of
such combinations, both the average TH and the TH for the ignited specimens
are shown in the table. The TH for ignited specimens is two to three times
that of unignited specimens. There was little difference in the TH of the
Nomex and FR Cotton fabrics at 120 and 135 (the completion of the flame
contact) seconds, but at 180 seconds, the FR cotton had a lower TH.

Non-FR Fabrics

A cross section of the fabrics presently worn aboard ship was received
from NCTRF. The fabrics described in Tatle 2 were tested under four
conditions: at 0.2 and 0.4 cal/cm2 /s rad;iant heat exposure, with the specimens
13 mm in front of the sensor, and with the specimens in contact with the
sensor. The results are shown in Figures 11 and 12.

Despite substantial differences in construction. the ranges in TBI are
relatively small, as follows:

0.2 cal/cm2 /s, 13 mm : 62 to 105 seconds
0.2 cal/cm2 /s, in contact: 21 to 35 seconds
0.4 cal/cm2 /s, 13 mm : 23 to 48 seconds
0.4 cal/cm2 /s, in contact: 11 to 19 seconds

In general, the thicker or heavier the fabric is, the longer the TBI.
At the 0.4 cal/cm2 /s exposure, the difference between individual specimens
of one fabric tended to be quite large. Because of melting, charring, an('
shrinking, the specimens wrinkled and moved away from the heat sensor and
thus showed longer TBI. These specimens also showed more damage, in terms
of melting and!,'r charring, because they were not in direct contact w-h the
plate holding the sensor. Attempts were made to hold the specimens in a
reproducible manner; however, holding them too tightly would be unrealistic
because they are not held tightly against the body when worn by a pprson.
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Because many specimens were essentially destroyed during the 0.4
cal/cm2 /s exposure, total heat after 120 seconds or 180 seconds (i.e.,
60 seconds after exposure stopped), as reported for the FR fabrics, is not
descriptive of the protective characteristics of the non-FR fabrics. The
polyester/cellulosic blends charred and melted to various degrees but
generally retained their integrity, as did the heavier cotton fabric. As
shown in the attached chart, the 100% polyester specimens melted and shrank,
and though the molten sheet may have protected the sensor, the shrunken
fabric may not cover a wearer completely, and/or the molten area may open
up under even slight stress during wear. Similarly, the wool fabric and the
wool/polyester blends became very brittle, and would disintegrate during
actual wear, but the charred area still protected the sensor.

CONCLUSIONS

Experimental methods were established which could differentiate between
heat protective fabric assemblies at modest and high heat exposures.
Numerical values can be obtained for such protective values as TBI and TH
transmitted through the specimens at various conditions of exposure. Equally
important, however, may be the visual inspection of the zpecimens after exposure.
Shrinkage due to heat could leave the wearer partially exposed, as could
formation of melt holes and charring leading to embrittlement and breaking open
of the fabric due to wearer movement.

At the relatively low radiation exposure of 0.2 cal/cm2 /s, protection
very roughly increased with increasing fabric weight, as it had in previous
studies (1-5), regardless of fiber content. There may be secondary effects,
such as rough weave or fuzzy fabric surface, which reduce specimen-sensor
contact and the heat registered by the sensor. Differences in optical
density, color, etc., could affect the results, but no systematically varied
series of fabrics was available to study such effects in this or earlier work.

At higher heat exposures, the fiber content of the fabrics becomes
important. One hundred percent thermoplastics probably rank lowest,
because they shrank, then formed melt holes, and tended to make close
contact and adhered to the skin. Blends of thermoplastic and cellulosic or
wool fibers shrank much less, and formed chars. The thermoplastic/cellulose
blend chars seemed to form more slowly and seemed less embrittled than the
thermoplastic fiber/wool chars. Wool also formed weaker chars than cotton
fabrics in the same exposure. The 100-percent natural fiber fabrics, wool
and cotton, had the lowest heat shrinkage.

Among the FR fabrics, the FR cotton fabric charred and lost strength at
lower heat exposures than the aramids. On the other hand, the FR cotton
was stable when held in the relaxed condition in a 1090*C (2000*F) flame,
while the Nomex/Kevlar blend shrank. Both types of fabrics charred under
these conditions. Thus, in general, one may say that the aramids provide
protection into a higher heat range, but neither fabric would provide reliable
protection at temperatures comparable to those of a jet fuel fire for more than
a few seconds.
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Heat transfer to the sensor was measured for some time after heat
exposure was discontinued, to record the effect of heat stored in the fabric.
No consistent difference was found between the FR cotton and aramid fabrics,
through the aramid fabrics were lighter than the FR cotton fabrics.
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SCHEMATIC DRAWING OF FLAME APPARATUS

"tEAT SENSOR FABRIC SPECIMEN

SPECIMEN HOLDER

REM~OVABLE SPACER
(3.2 nmTHICK)

MEEKER BURNER

.I.

FIGURE 4
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TOTAL HEAT TRANSMITTED THROUIJI NOMEX/KEVLAR and
FR COTTON OUTER FABRICS AND LNDERWEAR

(specimen-sensor distance 13 mm)

0

Nomex/Kevlar Fabric Open bar: 0.6 cal/cm2 -s
Shaded bar: 0.4 cal/cm2 .s

0

First bar in each set:
60 s exposure

o , Second bar: 120 s

Third bar: 60 s after

exposure
o ended

oN

S'RCotton Fabric

0
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Outer Outer Fabric with
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TABLE 3.

PROTECTIVE CHARACTERISTICS OF NOMEX/KEVLAR AND F.R. COTTON
OUTER FABRICS AND UNDERWEAR

AT 13 mm SPECIMEN-SENSOR DISTANCE AND 0.4 CAL/SQ CM-S

TBI a. TOTAL HEAT (CAL/SQ CM)

NO FLAME EXPOSURE FLAME EXPOSURE
680 1280 1880 608 1280 1808

NOMEX/
KEVLAR

ALONE 29.3 7.S 16.0 17.3 7.6 16.0 18.0
I) 7.3 28.9 38.7

& COTTON 49.8 4.7 11.0 12.6 5.0 13.0 14.4
T-SHIRT

& P/C 48.9 4.8 11.3 12.9 5.4 12.0 13.3
T-SHIRT

& COTTON 44.6 5.4 12.3 13.7 S.3 12.8 13.9
DRAWERS

& P/C 44.1 S.4 12.3 13.8 S.4 12.7 13.9
DRAWERS 1) 7.5 2S.9 36.9

F.R.

COTTON

ALONE 34.2 9.9 19.3 20.7 10.3 21.S 23.1

& COTTON 38.4 7.3 14.S 15.8 7.4 18.6 19.6
T-SHIRT I) 8.2 20.1 21.3

& P/C 32.7 8.4 16.6 18.1 7.3 14.6 1.8
T-SHIRT I) 7.1 23.2 23.9

& COTTON 38.4 7.2 15.2 16.8
DRAWERS I) 8.1 28.9 30.2

& P/C 38.8 7.1 15.1 16.5 6.7 14.3 15.4
DRAWERS I) 7.5 25.9 26.9

I) SPECIMEN WAS IGNITED WHEN EXPOSED TO FLAME
* EXPOSED FOR 15 SEC TO 25 mm METHANE FLAME AT 60 SEC.
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TABLE 4.

PROTECTIVE CHARACTERISTICS OF NOMEX/KEVLAR AND F.R. COTTON
OUTER FABRICS AND UNDERWEAR

AT 13 mm SPECIMEN-SENSOR DISTANCE AND 0.6 CAL/SQ CM-S

TBI TOTAL HEAT CCAL/SQ CM)
(SEC) 60 SEC 120 SEC 18e SEC

95/S NOMEX

KEVLAR

ALONE 13.2 12.7 26.9 29.8

& COTTON* 28.4 9.8 116.7
T-SHIRT

& P/C 23.9 9.7 22.1 24.7
T-SHIRT

& COTTON 23.3 10.0 22.6 25.2
DRAWERS

& P/C 23.0 10.2 22.8 25.8
DRAWERS

100X F.R.

COTTON

ALONE 9.2 17.0 32.8 34.8

& COTTON 15.6 14.0 2S.7 27.3
T-SHIRT

& P/C+ 14.8 14.0 27.8 29.8
T-SHIRT

& COTTON 16.3 13.2 27.0 29.1
DRAWERS

& P/C 16.7 13.3 27.5 30.0
DRAWERS

* THE COTTON T-SHIRT IN EACH SAMPLE WAS IGNITED
+ IN ONE SAMPLE THE UNDERGARMENT WAS IGNITED

ALL VALUES ARE AN AVERAGE OF 3 TESTS
B-6
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