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ABSTRACT: Use of hot water has become extensive, especially in bitumen
extraction from oil sands and in the production of heavy oil. The hot water is
often under pressure and is 80–90 C, which is well above temperatures that
result in immediate, potentially severe burn injuries. The ASTM F2701-08 apparatus consists of a funnel through which hot liquid is hand-poured to produce a 10 s exposure. Two 40 mm diameter copper calorimeters, mounted in
an insulating sheet are positioned beneath the funnel outlet and are intended
to measure the energy transfer through the fabric from the hot liquid. For this
research, changes were made to the apparatus and procedures to more
closely simulate low pressure hot water streams found in the oil industry
and to improve reproducibility. The funnel producing the liquid splash was
replaced with a small pipe directly fed by a circulating hot water bath via a
small pump, through a hose and valve system, allowing for consistent application of a given quantity of water at a consistent temperature and flow rate.
Water temperature, flow rate, and pressure can be altered as desired. A series of fabrics varying systematically on several parameters were tested with
the modified equipment. Resulting heat transfer data suggest the system differentiates well among both semi-permeable and impermeable fabrics. Specifications for hot water protection are proposed.
KEYWORDS: hot water hazards, energy and mass transfer, test procedures, thermal protection
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Introduction
This research is part of a larger project aimed at specifying and developing
improved, innovative protective materials and garments for workers in the oil
industry. Use of both steam and hot water has become extensive in this industry,
especially in bitumen extraction from oil sands and in the production of heavy
oil. The hot water is often under pressure and is 80–90 C, which is well above
temperatures that result in immediate, potentially severe burn injuries [1].
Over 5000 Workers’ Compensation claims were made in Alberta for burns
and scalds in 2008 and just under 4000 in 2009 [2]. These included all worksites; nevertheless, several injuries have occurred in oil production facilities in
recent years. For example, one firm operating in the Province of Alberta and
elsewhere in Canada [3] reported five serious accidents over a two-year period:
a drilling rig-hand sprayed with steam and hot water when a hose failed, a
swamper splashed with hot water while handling a hose, a tank truck driver
sprayed with hot water when the wrong valve opened, a service rig-hand
splashed with hot water that burped out of a well bore, and a plant operator
checking the filter screen on the hot line softener during routine operation in
the water reuse building. The latter was loosening bolts on a flange when a
valve opened under pressure, spraying hot water at 99 C and sludge onto his
face, chest, and arms. It took just under 1 min for this injured worker to get to
the emergency shower and remove his saturated clothing. He received burns to
35 % of his body; burns were most severe (second and third degree) where his
saturated flame resistant (FR) clothing remained against his skin. He was hospitalized for four months and spent five more months in physiotherapy.
While all workers in the oil industry in Alberta wear normal FR clothing, it
does not protect from thermal injuries due to steam and hot water. While
changes have been made to equipment and operating procedures following the
accidents described above, a need remains to develop materials specifically
designed to protect against the hazard of hot water, as well as appropriate
methods to evaluate materials intended for this application. Huyer and Corkum
[1] reported that water at 66 C will cause second degree burns within 3 s and
third degree burns within 6 s, while water at 55 C will cause second degree
burns within 30 s. Armstrong and Harris [4] compared the maximum temperature in a hot water jet to the maximum temperature in a steam jet as a function
of distance from the nozzle. Steam under pressure cools considerably at a short
distance from the nozzle compared to water under pressure; for example steam
at 350 kPa and 140 C cools to 62 C at 14 cm and to 48 C at 25 cm while water
at 910 kPa and 140 C cools to only 100 C at both 14 cm and 25 cm.
Purpose and Objectives
This research addressed the evaluation of hot water protection of textile materials. The objectives were as follows:
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1. To develop appropriate test procedures, including parameters such as
temperature and flow rate, for a modified ASTM F2701-08 [5] hot water
protection apparatus;
2. To determine the ability of the new procedure to differentiate among
fabrics;
3. To determine relationships between selected fabric characteristics and
properties and measured heat transfer parameters; and
4. To make recommendations regarding material specifications for hot
water protection and further alterations to the test apparatus and/or
procedures.
Experimental Methods
Development of Test Device and Procedures
The current ASTM F2701-08 [5] apparatus comprises a funnel through which hot
liquid is hand poured to produce a 10 s exposure (Fig. 1). Two 40 mm diameter
copper calorimeters, mounted in an insulating sheet are positioned beneath the
funnel outlet and are intended to measure the energy transfer through the fabric
from the hot liquid. In preliminary experiments, a small number of permeable,
semi-permeable and impermeable fabrics were tested following the procedures of
ASTM F2701-08 with water at 75–80 C. The method was able to differentiate
among fabric types in terms of peak temperature, time to peak temperature, and

FIG. 1—Apparatus for ASTM F2701-08.
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time to second degree burn. Not surprisingly, fabric permeability was a key factor
in determining heat and mass transfer. Nevertheless, the pouring procedure is
awkward, affecting flow rate and test repeatability, and risking burn injury to the
operator. Data from the lower sensor were less consistent than data from the
upper sensor located directly under the funnel outlet.
Changes to the method were made to more closely simulate low pressure hot
water jets found in the oil industry and to improve reproducibility. The modified
device is shown in Fig. 2. The funnel producing the liquid splash was replaced
with a small pipe directly fed by a temperature-controlled circulating hot water
bath via a small pump and through a hose and valve system, allowing for consistent application of a given quantity of water at a consistent temperature and flow
rate. Water temperature, flow rate, and pressure can be altered as desired.
After a series of preliminary experiments with the modified test device
varying flow rate and temperature, a flow of 1 l over 10 s (100 ml/s) and temperature of 85 C were selected for the main experiments. This temperature is
similar to that of water commonly used in the oil and gas sectors.
Fabrics
A series of permeable, semi-permeable, and impermeable fabrics (Table 1)
were supplied by several manufacturers, based on our stated specifications. We
attempted to find fabrics in each category that varied systematically on area
mass and thickness, and for thick fabrics, on compressibility. Initially, seven
permeable (category A) fabrics, six semi-permeable (category B) fabrics, and
two impermeable (category C) fabrics were selected for testing. Most were layered or multi-component fabrics. In preliminary testing, none of the permeable
fabrics offered any significant thermal protection against the hot water stream;
thus, most category A fabrics were not used in final testing reported here. Fabric A2 was included because it is structurally identical to Fabric B9/10 except

FIG. 2—Modified test apparatus.
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TABLE 1—Fabric descriptions.
Fabric code
Permeable
A2
Semi-Permeable
B9
B9/10
B10
B11
B12
B15
Impermeable
C18
C20

Description
Quilted thermal liner: woven/non-woven/felt/non-woven
(aramid face & non-woven; mainly aramid reprocessed felt)

Aramid/carbon fleece/PU membrane/aramid/carbon fleece
Quilted thermal liner: woven/non-woven/felt/PU membrane
(aramid face & non-woven; mainly aramid reprocessed felt)
Tri-laminate: aramid/carbon woven/PTFE membrane/aramid fleece;
WR finish on outer layer
Tri-laminate: aramid/carbon woven/PTFE membrane/aramid jersey
Woven aramid/PU membrane; fluorocarbon finish
Tri-laminate: aramid jersey/FR PU membrane/aramid jersey

Woven aramid treated with silicon
Aramid/carbon non-woven with chemical barrier laminate

that it has no membrane. The structure of the semi-permeable fabrics includes
either a polytetrafluoroethylene (PTFE) or a polyurethane (PU) membrane.
Because Fabric B9/10 is intended to be used as a lining fabric, it was tested
with both the lining and the membrane facing the hot water stream.
Twenty-meter rolls of each fabric were obtained. Each roll was cut into five
large samples. Two replications of specimens for fabric characterization, property
testing, and both steam and hot water testing were cut from two of the samples.
(Specimens for full-scale steam testing were cut from the remaining three samples.) One replication of hot-water test specimens was used in preliminary testing.
The second replication of five specimens was used in final testing reported here.
The fabric samples were not laundered. All specimens for characterization
and hot water testing were conditioned for 24 h according to CAN/CGSB-4.2
No.2-M88 [6]. Fabric characteristics and performance properties, determined following CGSB and ISO standard test methods as noted, are reported in Table 2.
Test Procedures
Using the modified apparatus, the test specimens were clamped onto the test
board within one minute of removal from the conditioning chamber, and were
exposed to 1 l of hot water over 10 s. Note that the water stream was positioned
to impact the fabric directly over the upper sensor. Temperature data were collected from the sensors for 60 s, including the exposure time. Only data from
Copyright by ASTM Int'l (all rights reserved); Fri Jul 14 10:47:57 EDT 2017
Downloaded/printed by
Iowa State Univ (Iowa State Univ) pursuant to License Agreement. No further reproductions authorized.

334 STP 1544 ON PERFORMANCE OF PROTECTIVE CLOTHING AND EQUIPMENT

TABLE 2—Fabric characteristics and properties.

Fabric
code

Mass
(g/m2)a

Initial
thickness
(mm)b

Thickness
@11 kPa
(mm)b

Density
(g/m3)c

Density
@11 kPa
(g/m3)c

Air
permeability
(l/cm2  sec)d

Thermal
resistance
(m2  C/W)e

A2
B9
B9/B10
B10
B11
B12
B15
C18
C20

350
481
423
507
273
261
203
776
273

5. 0
5.0
4.8
2.5
0.9
0.7
0.9
1.1
1.7

2.1
2.4
2.2
1.7
0.7
0.5
0.6
0.9
0.8

73,377
95,580
91,479
201,517
303,366
389,177
223545
656,124
165,895

173,550
202,135
203,388
307,837
409,540
540,572
320063
909,516
333,918

44.81
0.21
0.00
0.13
0.19
0.0
0.20
0.00
0.00

0.20
0.17
0.20
0.12
0.09
0.17
0.10
0.08
0.10

a

measured following CAN/CGSB-4.2 No.5.1-M90 [7].
measured following CAN/CGSB-4.2 No.37-2002 [8].
c
calculated from mass and thickness measurements.
d
measured following CAN/CGSB-4.2 No.36-M89 [9].
e
measured following ISO 11092:1993 [10].
b

the upper sensor are reported here. The time to second-degree burn was calculated from the “Stoll Curve” as prescribed in ASTM F2701-08 [5]. If there was
no predicted thermal injury within the total 60 s period, the result was reported
as “>50 s.” Other dependent heat transfer variables (peak temperature rise,
peak heat flux, and net energy change) were calculated from the temperature/
time curves. Typical curves are shown in Figs. 3 and 4.

FIG. 3—Temperature-time curve compared to Stoll curve for permeable (A2)
and impermeable (C20) fabrics.
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FIG. 4—Temperature-time curve compared to Stoll curve for two orientations
of Fabric B9/10.
Statistical Analyses
Analyses were conducted using PASW (SPSS) Software, Version 18 [11]. Descriptive statistics were calculated for each dependent variable for each fabric.
One way analyses of variance (ANOVAs) with Duncan’s post hoc test were
performed to determine differences among fabrics on peak temperature rise,
net energy change, and peak heat flux.

Results and Discussion
Figures 3 and 4 demonstrate clear differences between the permeable Fabric
A2 and the impermeable Fabric C20, and between the face and membrane orientations of Fabric B9/10. The calculated heat transfer variables are reported in
Table 3, and ANOVA results on two of those dependent variables are reported
in Table 4. It should be noted that only three of the fabrics, the permeable Fabric A2 and the semi-permeable Fabrics B12 and B9/10(F), allowed sufficient
heat transfer to reach the second degree burn criterion. When tested with the
membrane facing the water stream, and with insulating layers behind the membrane, Fabric B9/10(M) performed much better.
ANOVA results for peak temperature and net energy change (Table 4)
demonstrate that the test is able to differentiate the most protective from the
least protective fabrics quite well, but with considerable overlap among fabrics
between the extremes. On all parameters, Fabrics A2 and B9/10(F) with the
face oriented toward the water stream are clearly less protective than the other
fabrics. The curves for both fabrics (Figs. 3 and 4) show a steep rise in
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TABLE 3—Heat transfer parameters.

Fabric
code
A2
B9
B9/10(F)a
B9/10(M)b
B10
B11
B12
B15
C18
C20

Time to
second degree
burn (s)
mean
(Standard
deviation)

Peak
temperature
rise ( C)
mean
(Standard
deviation)

Peak heat
flux
(kW/m2)
mean
(Standard
deviation)

Net energy
Change @ 50 s
(kJ/m2)
mean
(Standard
deviation)

2.4 (0.7)
>50
6.4 (3.1)
>50
>50
>50
9.5 (1.0)
>50
>50
>50

52.3 (2.0)
10.3 (2.2)
39.0 (8.9)
4.7 (1.9)
6.4 (1.5)
15.0 (3.0)
12.4 (3.9)
11.2 (0.7)
10.0 (0.6)
5.0 (0.8)

63.6 (8.7)
11.6 (1.7)
25.4 (6.2)
13.4 (4.1)
12.2 (2.8)
17.4 (1.4)
15.4 (4.7)
15.2 (3.1)
17.5 (3.2)
12.6 (3.5)

228.5 (14.4)
55.4 (11.7)
192.5 (39.6)
12.9 (2.0)
33.8 (8.7)
70.9 (22.1)
46.1 (13.1)
50.4 (2.2)
53.0 (3.2)
26.0 (4.3)

a

Face (lining) side oriented toward hot water source.
Membrane side oriented toward hot water source.

b

temperature, especially for Fabric A2. It was observed that B9/10(F) absorbed
and held much water, likely contributing to stored energy that was later
released; note that the temperature for this fabric does not drop much after it
reaches its peak temperature rise. When the fabric is oriented as intended for
use as in B9/10(M), with the membrane toward the water, the water does not
penetrate the other layers and this fabric performs very well.
TABLE 4—Analysis of variance: Differentiation among fabrics.

Fabric
B9/10(M)
C20
B10
C18
B9
B15
B12
B11
B9/10(F)
A2

Peak temperature Rise ( C)
(mean)

Net energy change @ 50 s (kJ/m2)
(mean)

4.74d
4.98d
6.40d,e
9.95e,f
10.32e,f
11.20f,g
12.38f,g
15.00g
38.98h
52.26i
Corrected F Value ¼ 107.25,
(p < 0.001)

12.84d
26.03d,e
33.82d,e
53.01f,g
55.40f,g
50.35f,g
46.09e,f
70.85g
192.47h
228.47i
Corrected F Value ¼ 95.64,
(p < 0.001)

a,b,c,d,e,f
Within each column, means with the same superscript do not differ significantly from each other
according to the Duncan’s test.
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TABLE 5—Correlations among selected dependent and independent variables (semi-permeable
fabrics only).
Dependent Variables
Fabric
characteristics
Mass
Initial Thickness
Thickness @ 11.6 kPa
Thickness Change
Initial Density
Density @ 11.6 kPa

Peak temperature
rise

Net energy
change @ 10 s

Net energy
change @ 50 s

 0.585a
 0.558a
 0.583a
 0.324
0.592a
0.548a

 0.863a
 0.864a
 0.895a
 0.777a
0.820
0.768

 0.403b
 0.393b
 0.404b
 0.121
0.437b
0.399b

a

P < 0.01
P < 0.05

b

On all parameters, Fabrics B9/10(M), C20, and B10 show the best protection, with C18, B9, B15, and B12 following for most parameters. B12 does
reach the second degree burn criterion, but only after 9.5 s. While B11 does not
reach the second degree burn criterion, its performance on other parameters
may be of concern.
Correlations between selected fabric characteristics of the semi-permeable fabrics and two dependent variables (Table 5) show that, in general, while the heavier,
thicker fabrics in this category are more protective than lighter, thinner ones, initial
density has a major effect. Although significant, most of the correlations are far
from perfect, due largely to the effect of other fabric structural characteristics.
Proposed Specifications for Two Levels of Protection
Firms in the oil and gas industry have requested that specifications be set for
two levels of protection from hot water exposure: Level 1 garments that could
be worn on site most of the workday, and Level 2 garment systems that could
be worn for short-term but higher risk exposure situations. If for Level 2 the
time to second degree burn criteria for this test were set at >50 s, and the net
energy change criterion set at <35 kJ/m2, fabrics B9/10(M), C20, and B10
could be recommended as Level 2 protection. If for Level 1 the time to second
degree burn criteria for this test were set at >8 s and the net energy change criterion set at under 80 kJ/m2, the remaining fabrics except A2 and B9/10(F)
could be recommended as Level 1 protection.
Conclusions and Recommendations
A modified test apparatus and revised procedures have been developed that
facilitate testing materials exposed to hot water under conditions that better
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simulate low pressure hot water streams found in industry. The apparatus is
easy to operate safely. Testing materials using this device can provide data that
will differentiate among them, screening unsuitable materials and allowing
specification of requirements for two levels of protection against the hazard of
hot water. Results suggest that water permeable fabrics cannot protect against
hot water, and that the orientation of the membrane in semi-permeable fabrics
is an important factor in determining the protection afforded.
Observations and correlations between test data and fabric characteristics
and properties will inform the design and production of improved protective
materials. For example, a layer of thermal insulation behind the membrane is
important to avoid heat transfer even if the membrane protects from water penetration through the fabric.
Further modifications could be made to the test apparatus and procedures.
Although preliminary testing included use of different flow rates before selecting
one for this research, further testing with different flow rates and water pressures
is recommended, as is evaluation of the reliability of the method. The original sensor board material absorbs water, which could interfere with the proper functioning of the sensor when testing permeable fabrics. Using a sensor board that will
not absorb water would be an improvement. In addition, a modified system to
hold fabric on the board would facilitate easier handling of specimens.
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