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Executive Summary

Canadian Coast Guard can operate in environments that have extremely low temperatures,
requiring the use of specialized clothing to help protect personnel from the cold. The Canadian Coast Guard
has requested the assistance of the National Research Council Canada’s Ocean, Coastal, and River
Engineering research center in measuring the thermal insulation of different clothing ensembles their
personnel may use.

Various clothing ensembles were tested using a thermal manikin, NEMO, to measure the amount
of thermal insulation they provide. All tests were performed in the thermal measurements lab which
maintained a constant air temperature of 4°C. NEMO was dressed in each ensemble, programmed to
maintain a skin temperature of 35°C, and allowed to reach a thermal steady state. Once NEMO reached a
thermal steady state, at least 60 minutes of data was collected, with the last 30 minutes being averaged to
calculate the thermal insulation of the ensemble. Each test was repeated twice, for a total of three tests.
The average of the three tests was used as the thermal insulation value of each ensemble.
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1.0 Introduction

Canadian Coast Guard (CCG) operations can occur in extremely cold temperatures (< -20°C) that
will require the use of warm clothing in order to protect their personnel. CCG has requested the assistance
of the National Research Council Canada’s Ocean, Coastal, and River Engineering (NRC-OCRE) research
center to help them measure the thermal protection provided by clothing ensembles that are currently, and
will be, used by their personnel in cold environments.

1.1 Objectives

The objectives of this work are:

o Measure the thermal protection provided by a CCG parka with heavyweight zip in liner.
o Measure the thermal protection provided by a custom clothing ensemble.

2.0 Materials and Procedures

2.1 Thermal Manikin (NEMO)

All tests were conducted using a 23-zone submersible thermal manikin, NEMO (Figure 1). Each of
the 23 independently heated zones contain a heater, and two precision thermistors for measuring skin
temperature. While NEMO is capable of being submerged, all tests for this project were conducted in the
air.

2.2 Thermal Measurements Lab (TML)

All tests were conducted in NRC-OCRE’s thermal measurements lab (TML). The TML is a
temperature controlled facility that is capable of maintaining an air temperature (Ta) over a range of 4-30°C,
which is monitored by a pair of thermistors located on the North side of the room. For all tests, NEMO was
suspended from an overhead crane located in the TML (Figure 1).
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Figure 1: Thermal manikin, NEMO, in NRC-OCRE’s TML.

2.3 Clothing Ensembles

2.3.1 Base Clothing Ensemble
As per ASTM F2732-16 (ASTM, 2016b), a base clothing ensemble was used for all tests except for the
nude condition. The base clothing ensemble (Figure 2) consisted of the following garments:

e Underwear briefs
e Underwear jersey
° T-shirt

e Long sleeved shirt
e Jogging pants

e Socks
e Toque
e Gloves

e Neoprene boots

Evaluation of Canadian Coast Guard Clothing Ensembles 7
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Figure 2: NEMO dressed in the Base Clothing ensemble.

2.3.2 CCG Parka Ensemble

The CCG Parka ensemble (Figure 4) consisted of the garments comprising the Base Clothing
ensemble listed in section 2.3.1, along with a CCG parka with the heavyweight zip in liner (UniSync) (Figure
3).
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Figure 4: NEMO dressed in the CCG Parka ensemble.
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2.3.3 CCG Custom Clothing Ensemble
The CCG custom clothing ensemble (Figure 8) consisted of the garments comprising the base
clothing ensemble listed in section 2.3.1, along with the following:

¢ Snow pants (Corinthia ) (Figure 5).
¢ Inner jacket (Arc’teryx) (Figure 6).
e Outer jacket (Corinthia) (Figure 7).

Figure 5: Corinthia snow pants.
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Figure 7: Corinthia outer jacket.
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Figure 8: NEMO dressed in the CCG Custom Clothing ensemble.

2.4 Procedure
All clothing ensembles were tested according to ASTM F1291-16 (ASTM, 2016) and ASTM F2732-16
(ASTM, 2016b) with the following deviations:

o NEMO was not calibrated using a calibration ensemble as described in ASTM F1291-16 (ASTM,
2016). NRC-OCRE uses a custom procedure (Mak et al., 2010) that verifies NEMO’s power output
by immersing it in a known volume of water.

e NEMO'’s hands had difficulty sliding through the sleeves of the Arcteryx inner jacket in the CCG
Custom Clothing ensemble due to their size relative to the diameter of the cuffs. To reduce the
chance of damaging the Arcteryx inner jacket, the clothing was not removed after a test and then
NEMO redressed. Instead, the clothing remained on NEMO throughout all three tests.

NEMO was suspended off the ground for each test by two hooks underneath its axilla (Figure 1).
NEMO was programmed to maintain a skin temperature (Tsk) of 35°C for all its 23 segments.

Ta was set to 4°C in the TML for all tests. ASTM 2732-16 (ASTM, 2016b) stipulates that Ta shall be at
least 12°C lower than the Tsk. A value of 4°C was chosen for Ta as it is the lowest that the TML can maintain
with minimal deviation. A thermal manikin calculates clothing insulation by measuring power output relative
to the thermal gradient between Tsk and Ta. Provided the thermal gradient is large enough to ensure that
heaters of the thermal manikin output a minimum amount of heat, clothing insulation can be calculated in
Ta that may not be representative of environments where the garment may actually be used.
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A stationary Honeywell Advanced QuietSet fan (model # HSP600SC) generated wind at approximately
0.4 m's™ at the chest of NEMO (Figure 1). The wind velocity was measured using an anemometer
integrated into NEMO’s data acquisition system.

All clothing was hung on a coat rack in the TML for at least 12 hours prior to testing to allow it to
acclimatize with the atmosphere in the facility.

Once NEMO reached a thermal steady state, a minimum of 60 minutes of data was collected. ASTM
F12921-16 (ASTM, 2016) defines steady state as less than 3% variation in Tskx and power output of the
thermal manikin. The last 30 minutes of steady state data for each test was averaged to calculate thermal
resistance.

After the test was completed, NEMO was undressed and allowed to cool down to the point where its
Tsk was equal to room temperature. Once reaching room temperature, NEMO was redressed in the same
ensemble and the test repeated. The undressing, cooling down, and redressing was repeated again for a
total of three individual tests for each ensemble, with the exception of the CCG custom clothing ensemble
as previously noted.

In addition to the clothing ensembles, a nude test was performed with NEMO suspended by the hooks
while wearing no clothing. This test was performed to measure the thermal insulation of the air layer around
NEMO.

2.5 Calculations

2.5.1 Parallel Thermal Resistance
NEMOQ'’s onboard software (ThermDac) automatically calculates parallel thermal resistance for
each zone during the tests using the following equations (Thermetrics, 2007):

Rot = (Tskin — Tamb) / (/A) Equation 1
Where:

Rt = Zone thermal resistance (m2-°C-W-')

Tskin = Zone average temperature (°C)

Tamv = Ambient temperature (°C)

Q/A = Area weighted heat flux (W-m2)

After the individual zone thermal resistance was calculated, parallel thermal resistance was
calculated using the following equation:

Rwig (parallel) =1/ % (Ai/ (Awot - Ret)) Equation 2

Where:
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Rww (parallel) = parallel thermal resistance (m2-°C-W-1)
Ai = Zone surface area (m2)

At = Total surface area (m?)

2.5.2 Parallel clo value
Parallel thermal resistance values were converted to clo? units using the following equation:

Reio = Ruwta (parallel) - 6.45 Equation 3
Where:
R0 = Parallel clo value

The parallel clo value from each of the three tests were averaged to get the mean value for each
clothing ensemble.

2.5.3 Intrinsic Thermal Resistance
As per ASTM F2732-16 (ASTM, 2016b), the intrinsic thermal resistance of each clothing ensemble
was calculated using the following equation:

ley =l — (la / fc)) Equation 4
Where:
I = intrinsic thermal resistance (insulation) of the clothing (clo)

I; = total thermal resistance (insulation) of the clothing and surface air layer around the manikin (clo),
which is equal to R¢, calculated using Equation 3.

I,= thermal resistance (insulation) of the air layer on the surface of the nude manikin (clo)

fo = clothing area factor (dimensionless). A value of 1.25 was used for the Base Clothing ensemble,
and a value of 1.35 was used to the CCG Parka ensemble, and the CCG Custom Clothing ensemble
(ASTM, 2016b).

2.5.4 Standardized Total Thermal Resistance

1 One clo is equal to the amount of insulation needed to keep a seated person comfortable in air at a temperature of 21°C, 50% or
less relative humidity, with an air velocity of 0.1 m-s-1 (Golden and Tipton, 2002).
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Standardized total thermal resistance (insulation) was calculated using the following equation as
defined by ASTM F2732-16 (ASTM, 2016b):

lt,s =y + (la,s/fcl) Equation 5
Where:
I = intrinsic thermal resistance (insulation) of the clothing (clo)

lss = standardized total thermal resistance (insulation) of the clothing and surface air layer around
the manikin (clo)

las = standardized thermal resistance (insulation) of the air layer on the surface area of the nude
manikin which has a value of 0.5 clo.?

fer = clothing area factor (dimensionless). A value of 1.25 was used for the base clothing ensemble.
A value of 1.35 was used to the CCG parka ensemble, and the CCG custom clothing ensemble (ASTM,
2016Db).

2.5.5 Estimated Temperature Rating Calculations
The following equations, as specified® by ASTM F2732-16 (ASTM, 2016b), were used to estimate
temperature ratings for each of the configurations:

TR> = ((-23.78- I;s + 89.83) — 32) - (5/9) Equation 6
TR4=((-48.61- I;s + 86.70) — 32) - (5/9) Equation 7
Where:

TR: = temperature rating (°C) for a low level of physical activity which is equal to a metabolic
equivalent* of 2 (2 MET). A low level of physical activity is equivalent to a person walking very slowly (ASTM,
2016b).

TR4 = temperature rating (°C) for a moderate level of physical activity which is equal to a metabolic
equivalent of 4 (4 MET). A moderate level of physical activity is equivalent to a person walking very fast
(ASTM, 2016b).

2 The thermal resistance of the air layer measured with a nude manikin (/,) will vary from lab to lab due to air velocity and flow patterns
throughout the room. As a result, each lab will need to use their own /, value to determine /; and use the standard /, of 0.5 clo to
calculate a standardized total thermal resistance (insulation) value /s for each clothing ensemble (ASTM, 2016b).

3 The equations in ASTM 2732-16 provide the values in °F. The conversion from °F to °C have been included in Equations 6 and 7.
4 One metabolic equivalent (1 MET) level of activity is equal to the amount of energy consumed, and heat produced, by a person who
is lying down motionless.
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The estimated temperature rating is the lowest environmental temperature at which an individual
can remain in a thermoneutral state (heat loss is equal to heat production) for the given level of activity
(ASTM, 2016b).

3.0 Results

The mean parallel clo values (clo), intrinsic insulation values (clo), and standardized total insulation
values (STVI; clo) are given in Table 1.

Table 1: Mean parallel clo values (clo), intrinsic insulation values (clo), and standardized total insulation
values (clo) for the different ensembles.

Ensemble Mean Parallel clo value Intrinsic Insulation Standardized Total
(clo) (clo) Insulation Value
(clo)
Base Clothing 1.239 0.821 1.221
CCG Parka 2.008 1.621 1.992
CCG Custom Clothing 3.153 2.766 3.137

The STIV (clo) for each ensemble are also given in Figure 9.

3.500
3.000
2.500

2.000

(clo)

1.500

1.000

0.500

Standardized Total Insulation Value

0.000
Base Clothing CCG Parka CCG Custom Clothing

Ensemble

Figure 9: Standardized total insulation values (clo) for each clothing configuration.

The estimated temperature ratings for 2 and 4 MET levels of activity are given in Table 2.
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Table 2: Estimated temperature ratings at 2 (TRz2) and 4 (TR4) MET levels of activity for each clothing
ensemble.

Ensemble TR2 TR4

(°C) (°C)

Base Clothing 16.0 -2.6
CCG Parka 5.8 -23.4
CCG Custom Clothing -9.3 -54.3

Out of all the ensembles tested, the Base Clothing configuration had the lowest STIV of 1.221 clo.
One clo is the amount of insulation required to keep a seated person comfortable in an air temperature of
21°C, 50% or less relative humidity, with air moving at a velocity of 0.1 m-s™' (Golden and Tipton, 2002).
The Base Clothing ensemble is just slightly above this value (1.221 clo), suggesting that it would keep
stationary people comfortable in air temperatures around 21°C, and possibly slightly lower.

The addition of the CCG parka with heavyweight zip in liner (CCG Parka ensemble) to the Base
Clothing ensemble increased the total STIV value by ~63% to 1.992 clo. The CCG Custom Clothing
ensemble had the highest level of insulation of all three configurations (STIV 3.137 clo), which was an
increase of ~156% compared to the Base Clothing ensemble, and a ~57% increase compared to the CCG
Parka ensemble.

The estimated temperature ratings calculated in Table 2 are the air temperatures that a person can
expect to remain thermoneutral (heat production equals heat loss to the external environment) in, when
performing the associated level of activity, while wearing that particular ensemble. A lower STVI value would
result in a higher temperature rating, as less insulation is available to reduce heat loss to the external
environment. With the lowest STIV, the Base Clothing ensemble had the highest temperature ratings (TRz:
16.0°C; TR4: -2.6°C), followed by the CCG Parka ensemble (TR2: 5.8°C; TR4: --23.4°C), and then the CCG
Custom Clothing ensemble (TR2: -9.3°C; TR4: --54.3°C).

4.0 Discussion

The garments comprising the Base Clothing ensemble differed from those specified in ASTM
F2732-16 (ASTM, 2016b), however, the intrinsic insulation value of it was 0.821 clo which is within the
tolerance specified in the standard of 0.80 clo + 10%. The Base Clothing ensemble represents the minimum
amount of clothing that a reasonable person may wear with cold weather clothing (ASTM, 2016b). Any cold
weather garment is worn as part of an ensemble, and therefore must be tested as part of one (ASTM,
2016b). All insulation measurements, and subsequent temperature ratings, represent the values of the
whole ensemble which is comprised of all the various garments.

The STIV for all three ensembles (Table 1) demonstrate that as more clothing is added to an
ensemble, the higher its insulation will be. Thus, the insulation value of the CCG Parka and CCG Custom
Clothing ensembles would be higher (and temperature ratings lower) if heavier and/or additional garments
were used in the Base Clothing ensemble. The addition of extra clothing should also consider the potential
drawbacks of doing so. Additional layers will add bulk to the ensemble which may decrease mobility, and
possibly impair the ability to perform physical tasks.
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As well, a balance needs to be achieved between the amount of insulation (i.e. clothing) worn, the
ambient air temperature, and the level of physical activity of the person. The goal of using cold weather
clothing is not prevent all heat loss, but to allow a person to remain in the thermoneutral state where heat
production equals heat loss to the external environment. If too much insulation is worn causing heat loss to
the external environment to be less than the heat produced, this will lead to an increase in skin, and possibly
deep body, temperature. This increase in temperature will trigger the production of sweat as the body
attempts to cool itself. Sweat accumulation in clothing can cause a significant reduction in insulation (Power
and Simodes Ré, 2013), which can result in ensembles no longer being effective in the environments they
were intended to be used in. Therefore, it is important to have a clothing ensemble with the appropriate
level of insulation for the external environment and the level of physical activity being undertaken by the
wearer. Table 2 shows that a single ensemble can allow a person to remain in a thermoneutral state in two
very different temperatures depending on their level of physical activity. The higher the level of physical
activity a person is performing, the greater amount of heat they are generating, which results in less
insulation being required to keep them in a thermoneutral state. Conversely, the lower the level of physical
activity, the greater the amount of insulation required to remain in a themoneutral state for a given
temperature. This means that the temperature rating for all the ensembles tested would be lower than the
values given in Table 2 if a person was standing, or sitting, still as they are calculated assuming at least a
low level of physical activity. A stationary individual will produce less heat than a moving one, thus resulting
in a higher temperature rating.

One method that can be utilized to ensure the required level of insulation is achieved is to use the
layering system. Having a clothing ensemble comprised of multiple layers allows a person to potentially
adjust the amount of insulation being worn to suit the level of physical activity, and the external environment
it is being performed in. For example, the CCG Custom Clothing ensemble is comprised of multiple
garments that can be mixed and matched to allow for a greater degree of flexibility. If a person is performing
light physical activity in ~-10°C air temperature, then the full ensemble can be utilized. If however, the
temperature if greater than ~-10°C, or the person is performing a higher level of physical activity, then they
can remove either the inner Arc’teryx jacket, or the outer Corinthia jacket to reduce insulation, allowing for
more heat loss to the environment to remain in a thermoneutral state and avoid sweating. If the temperature
is lower than ~-10°C, or the person is performing no physical activity and is seated or standing still, then
extra layers could be added to the base clothing to increase insulation and reduce heat loss.

5.0 Conclusions

The results obtained during these tests can provide guidance on what level of insulation is provided
by each of the different ensembles, and an estimate of what temperatures they would allow a person to
remain thermoneutral in. Adding or removing clothing to each ensemble would respectively decrease, or
increase the temperature rating. As well, the estimated temperature ratings in Table 2 assume at least a
low level of physical activity; the temperature ratings would be higher for each ensemble if the wearer was
stationary and performing no physical activity. Potential future work should investigate the effect of adding
in different clothing garments to each ensemble to determine how their temperature ratings may change.
Additional garments may allow the clothing ensembles to be used in temperatures significantly lower than
what were estimated in Table 2.
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