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Introduction

An adequate assessment of the impact of thermal environments on human heat
exchange, requires knowledge about clothing heat transfer properties. Material
testing is not sufficient to enable accurate, reliable and quantitative predictions of
the total body heat losses. Clothing design, fit, drape, layering and coverage of the
body surface are factors that affects heat exchange, but are not accounted for in
material tests.

Man-sized thermal manikins for test of clothing ensembles have been used for
more than 50 years (2). In recent years thermal manikin testing has developed
rapidly with new types of manikins and new application fields. In several
international standards (3, 5) or draft standards (6) information about clothing
thermal properties is required. Other documents (1, 4, 7) provide details for the
actual testing of these properties. However, test and evaluation methods differ and
the extent to which this influences the actual value of clothing is poorly
investigated. Also, the relevance of the value for the final function of clothing in
practice remains to be more extensively validated.

The problems have been addressed during the development of the draft document
for Protective clothing against Cold within working group 4 of CEN TC122
(Protective clothing). The purpose of the first European seminar on Thermal
Manikin Testing was to

- give examples of the use of physical models for clothing testing

- identify and discuss some of the problems related to test methods and
interpretation of results

- propose appropriate ways of solving the problems and improving methods.

Ingvar Holmér
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Thermal manikin measurements for
human thermoregulatory modelling: the
needs and the options

C Higenbottam, M S Neale and W R Withey
Centre for Human Sciences, Defence Research and Evaluation Agency
Farnborough GU14 6TD, United Kingdom

Background

Heat transfer from the human skin to the environment is modified by the presence
of clothing. This effect is caused by the fabric of the garments, and the air trapped
in and between the clothing layers, which add a resistance to the loss of
evaporative (R.,) and sensible ((R,) convective, radiative and conductive) heat [2,
13]. It is therefore necessary to measure Or to estimate the magnitude of these
variables if the influence of clothing on body temperatures are to be adequately
considered in predictive thermal models.

What are predictive thermal models?

In recent years there has been an increasing interest in the development of
mathematical models that can predict human heat strain or sensation. Two general
categories of model can be recognised: those based on the heat balance equation
which consider net heat balance, and those which attempt to predict individual
components of heat strain [9].

The stimulus for the development of models of the latter type - heat strain models
- derives from the practical need to avoid the risk and expense of experiments
using human subjects to determine empirically thermal risks in the work-place.
Complex thermal modelling has been made possible by the availability of easy-to-
use computers, and by a deeper understanding of the science of human heat strain.
As the models become more accurate they have become a valuable tool to define
safe indoor and outdoor exposures to heat and cold. They have also been adopted
for use in International and European Standards relating to heat [5] and cold [6]
strain, and thermal comfort [7] because they offer a fast, low-cost and harmonised
way of limiting risk and maximising effectiveness in the work-place.

Two main types of heat strain model have developed. First, empirical models
which use ‘curve-fitting’ techniques to describe human test data, and then
extrapolate those curves to make predictions of heat strain in conditions where no
test data are available [1]. Second, rational (analytical) models which use the
principles of human thermoregulation and heat exchange to develop equations to
predict heat strain [1]. Rational models are validated using human test data, and
may contain empirically-derived information (for example, the specific heat of
body tissues), but otherwise they are not dependent on human subject tests.



What are thermal models used for?

Thermal models usually predict values of one or more indicators of human heat
strain (core and skin temperatures, sweat loss, heat storage efc) at specific time
intervals during a simulated exposure. These values themselves are then used to
predict safe or practicable working practices in a variety of work-place situations
eg in the heat: the duration of safe work or of rest periods, measures to prevent
dehydration; and in the cold: the need for whole-body insulation [6].

Inputs needed by thermal models

The human response to a heat or cold stress depend on an interaction of variables
which describe 4 factors: the individual being exposed (size, gender, physical
fitness, state of heat acclimation etc); the thermal environment (air temperature,
air speed, water vapour content and radiant temperature; the clothing worn
(resistance to sensible and evaporative heat loss, weight, air permeability etc) and
the nature of the work being carried out (duration, metabolic heat produced,
mechanical work achieved etc).

It is relatively easy to estimate, or to measure, to the required accuracy variables
relating to the individual, thermal environment and work. It is often more difficult
to do the same for the clothing being worn. Yet sensitivity analysis of thermal
models has shown that the output predictions are critically dependent on the
values of clothing resistances used at the input stage. Hence, if predictive models
of human heat strain are to be of practical value, it is vital that accurate and
precise measurements of sensible and evaporative resistances are available.

A problem with nomenclature

The scientific literature defines several types of resistance for garments and
clothing ensembles, depending on the exact method of measurement [12]. Each
definition has limitations. The main definitions of interest here are:

What is measured in practice?

Measurements of thermal resistances can, in principle, be made using human test
subjects or physical techniques. It is important to distinguish that in this case the
human subjects are being used to measure the biophysical properties of the
clothing, not as a means of measuring the effects of clothing on the human.
Sensible and evaporative resistances of fabrics are measured using small samples,
singly or in combinations that represent the use of the layers to make multi-
layered clothing ensembles. Methods of this type are frequently referred to as
‘flat-plate’ measurements. However, there is yet no satisfactory way of using
these ‘flat-plate’ data to predict the resistances of garments or ensembles made up
from the fabrics. This is a fruitful topic for empirical and theoretical studies.



Resistance -

Definition

| Comment

Intrinsic (basic)

A fundamental property of
clothing whose magnitude is
independent of the thermal
environment.

By definition this does not

account for effects of trapped
air and external air
penetration (wind). May be
inadequate for multi-layer
ensembles.

Total The sum of the intrinsic Magnitude is dependent on
resistance and that of the the thermal environment.
surrounding (boundary layer)
air.

Resultant The value obtained when the | Takes account of factors that

clothing is used by human
subjects.

reduce insulation when the
clothing is worn: sizing and
fit, posture, movement,
clothing compression etc.

%

Note: This terminology is applicable to both sensible and evaporative resistances.

Because of the absence of an adequate method of making predictions from ‘flat-
plate’ data, sensible and evaporative resistances of garments and clothing
ensembles are often measured using thermal manikins housed in controlled-
conditioned rooms [4]. The advantages of this technique over using human
subjects include speed and ease of measurements, less inter-measurement
variability and lower cost per measurement. However, manikins are expensive to
acquire and to maintain, and require skilled technicians to make the
measurements.

Limitations of thermal manikin measurements

If thermal manikin data are to be of value in predictive models they must reflect
the resistances that would be experienced by humans in similar circumstances.
This implies that factors such as fit, sizing, drape etc should be similar on the
manikin and on humans. Furthermore, resistances measured on humans will
reflect the distribution of skin temperature and wettedness that the human would
have in the test conditions - factors that are known to influence the value of
clothing resistances. There is another important factor to consider. In use on
moving subjects the resistance offered by a given clothing ensemble will be lower
than that measured on a static manikin. This occurs because movement, changes
of posture, ventilation of the clothing by ambient air and many other factors lower
the resistance [12]. In other words, the intrinsic resistance represents an idealised
resistance value; the value experienced by the clothing user is the resultant
resistance.
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Manikins are usually limited in the range of postures they can adopt (if any) and
the range and speed of movements they can make (if any). Hence it is common
practice to limit manikins to measurements of intrinsic or total resistance, often at
more than one ‘wind’ speed [8]. Reported values often fail to specify the posture,
fit and design of clothing, or thermal conditions in which the values were
obtained. Hence modifying these values to reach an estimate of the resultant
insulation is often difficult.

Furthermore, measurement of evaporative resistance requires that the ‘skin’ of the
manikin is wet. For convenience and practicability the skin wettedness is often set
at 100%. In most currently-used thermal manikins this is achieved by manually
spraying the skin with water before dressing the manikin. This means that the skin
can partially dry during the measurement period, resulting in non-stable values
with unquantified errors. Ways of keeping the skin 100% wet have been
developed, including the use of artificial ‘sweat glands’ or continuously pumping
water onto the skin during measurements.

Another problem arises from the definition of sensible and evaporative resistance.
R and R, are values are valid only for dry clothing; in the case of R it is a value
of the permeation of the clothing by water vapour. So, unless steps are taken to
prevent water from the skin wetting the clothing, the resulting resistance values
contain errors. These errors are not usually considered in published data.

In work-place applications there is an infinite variety of clothing ensembles;
measuring resistances for every one is impossible. This problem has been
overcome by publishing databases of resistances for individual garments [8].
Techniques have been developed to allow the prediction of ensemble resistance
values from the resistance values of individual garments. The technique depends
on suitable regression equations relating ensemble resistance to summed garment
resistances being validated [10]. A further difficulty is that resistance values
obtained from the measurement of a garment is dependent on whether part or all
of the manikin was heated, and on the area of the heated manikin that is covered
by the garment [11]. Published data seldom consider these important factors.

Use of manikin measurements in heat strain predictions

From these considerations it is clear that in attempting to model human thermal
responses for practical applications, many explicit or implicit limitations must be
taken into account. However, even when this is done problems remain. For
example, the choice of which model to use will be strongly influenced by the
nature of the application, the availability of reliable input data, and the accuracy
needed of the input variables. An example calculation will show in more detail the
importance of this latter point.

Suppose the requirement is to predict the time-course of trunk core (equivalent to
rectal) temperature change in a population exposed to hot conditions whilst
wearing protective clothing. Figure 1 shows predictions using the measured value
of sensible thermal resistance (I,,), 1.68 clo, and values 20% higher and lower than
this. The model is of the empirical (curve fitting) type. It can be seen that in this



SRR A

case the predicted trunk core temperature is little influenced by changes in the
value of I, for these particular input conditions. (This does not, of course, mean
that if the output would show this very low sensitivity for all valid values of the
input variables.)

41

40

39

Trunk core temperaure (°C)

38
Icl
+1.34 (-20%)
37 fw—” 1,68 (+ 0%)
#-2.02 (+20%)

% 0 10 20 30 40 50 60 70 80 90 100
Time (minutes)

Figure 1
Predicted trunk core temperature using an empirical heat strain model.
Note the lack of sensitivity of output to changes in values of the intrinsic clothing insulation (I).
Input variables for these predictions were air temperature = globe temperature = 35°C;
relative humidity = 50%; air speed = 1.1 ms’'; work rate = 175 Wm? ; External work done
=0 Wm? ; Woodcock moisture permeability index (i,) = 0.3.

Figure 2 shows the predicted trunk core temperature for the same input conditions
using a rational thermal model. In this case 20% changes of sensible resistance
(expressed as the intrinsic clothing insulation I,) have a marked effect on the
time-course of the trunk core temperature.

Comparison of Figures 1 and 2 clearly shows that the type of predictive thermal
model chosen will dictate the accuracy required of the resistance measurements. It
will be inappropriate in some circumstances to require the measurement of
resistance values with a high accuracy; low accuracy measurements or estimates
may be adequate. Subject-matter experts are required to make these choices. One
factor that will influence their choice is the degree to which the output is
dependent on changes in input values - the sensitivity of the predictive thermal
model.

It is possible to examine the importance of this sensitivity by plotting the time
taken to reach a chosen, limiting trunk core temperature as a function of change in
the values of I. This is done in Figure 3, which shows the effect of changes in I,

on time to reach trunk core temperatures of 38°C and 39°C.

10
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Figure 2

Predicted trunk core temperature using a rational (analytical) heat strain model.
Note that the output is sensitive to changes in values of the intrinsic clothing insulation (I,;).
Input variables for these predictions were the same as for Figure 1.

Time to reach the limiting temperature is reduced by 14% and 18% respectively
for 50% changes in the value of I,. The particular quantitative relationship shown
in Figure 3 is, of course, true only for the specific values of input variables used; it
will change as the values of the variables change.

95 Limiting temperature |
~-38°C *39°C

85

75

65 \

Time taken to reach limiting temperature (minutes)

55
45
‘—-—*\“
35
-25 -20 ~10 o 10 20 25
Percentage variation from Icl value in Figure 1
Figure 3

The effect of changes in values of sensible heat resistance (Icl) on
time to reach limiting trunk core temperature.

This figure shows the need to consider the accuracy required from thermal manikin measurements.

To illustrate this point compare Figure 3 with Figure 4, in which the air
temperature has been reduced from 35°C to 31°C, with all other variables being

11



held at the values used in Figure 3. The relationship between time to reach the
limiting trunk core temperature and changes of I, has changed: a 50% change in
I, now reduces time to limiting trunk core temperatures of 38°C and 39°C by 22%
and 29% respectively.

The implication of the results shown in Figures 3 and 4 is that the accuracy
needed from measurement or estimation of any of the input variables depends on
the values of the other variables. A sensitivity analysis should always be done
before a predictive model is used.

>\

95 Limiting temperature
\\ 4-38°C_~39°C

75 | \

Time taken to reach limiting temperature (minutes)

65
45 .
35
-25 -20 -10 0 10 20 25
Percentage variation from Icl value in Figure 1
Figure 4

The effect of changes in values of sensible heat resistance (Icl) on
time to reach limiting trunk core temperature.
The data used to generate this graph are the same as those used to generate Figure 3, with the exception that

air temperature has been reduced by 11.5%.

Clothing measurements for use in thermal models

It is therefore apparent that in order to make reliable predictions of heat strain
using thermal models it is essential to consider both the variables needed for
accurate prediction and the required accuracy in their measurement. In the case of
clothing variables (sensible and evaporative resistances) the values inputted to the
models must account for the effect of use in human subjects on the resistances.
This demands that resultant, rather than intrinsic or total, resistances are measured
or estimated [3]. In the empirical model used to calculate Figure 1 this is done by
calculation; in the rational model used to calculate Figure 2 it is achieved by
incorporating a correction based on empirical data.

Clothing variables measured on thermal manikins or humans?

It is possible to measure both intrinsic and total, and resultant resistances using
thermal manikins and human subjects. The broad implications of these two
methods of measurement are set out below:

12



Required characteristic

Thermal manikin

| Human subjects

Accommodates gérments and
ensembles of different fit,
sizing and design

Single size, so fit of differenf

garments is difficult.

Raynge’ of sizes

Simulate movement

Must be articulated with

Accurate movements

| range of types and speed of | possible
movement. Movement must
reproduce human motion.
Posture Articulated to simulate All postures possible

standing, sitting, crouching
etc

Segmental heating

Needed to measure garment
resistances.

To cater for all garment
designs segments must be
infinitely adjustable.

Not possible. Evaporative
resistance can be measured
segmentally by wrapping
uncovered parts in water-
vapour-impermeable

material.
Adjustable skin temperature | Possible, but to cater for all | Possible
in different segments garment designs, the size of
segments must be infinitely
adjustable.
Segmental sweating Feasible but mechanically Possible

difficult

Control of clothing wetting

Not possible. But can limit to
resistances of non-wetted
clothing by covering wet
‘skin’ with water- vapour-
permeable material.

Not possible. But can limit to
resistances of non-wetted
clothing by covering wet skin
with water- vapour-
permeable material.

It is clear from this analysis that in most cases measurements using human
subjects give the required design features. To simulate the human by developing
more sophisticated thermal manikins is technically complex, expensive and
probably not cost-effective. Even the most complex thermal manikin imaginable
is a poor substitute for the human. However, thermal manikins can, in principle,
make accurate and reproducible measurements and are cheaper per measurement.

Conclusions

It is apparent then that to model human heat strain with the accuracy need for
practical application in the work-place the following principles should guide

thinking and progress:

Heat strain predictions require the use of resultant sensible and evaporative

resistances.

13




If intrinsic resistances only are measured, many more methodological details must
be reported than is customary, so that adjustments can be made to intrinsic values
to represent resultant values (see The way forward).

Heat strain predictions are sensitive to the input values of clothing resistances, so
systematic estimates must be made of the practical accuracy needed of clothing
resistance measurements.

Simple methods of measuring intrinsic and resultant sensible and evaporative
resistance may be adequate for many practical uses.

Development of complex thermal manikins with wide range of complex
movements, surface temperatures and sweating patterns is probably unnecessary
for most uses, but may be of value in clothing science research. Further
development should be limited to essential requirements based on a systematic
review of the need for the measurements.

Standards and other guidelines which require the use of clothing thermal
resistances must take account of the application of the data so as not to over-
specify the accuracy needed.

Methods of using thermal manikins must be practicable, repeatable, sensitive to
key variables and valid.

The way forward

Based upon the considerations discussed above, the following way forward is
proposed as a pragmatic approach to making scientifically-valid and cost-effective
progress in thermal manikin measurements of clothing resistances, and in
predictive thermal modelling.

When values of intrinsic and total sensible and evaporative resistances only are
reported

1. Report all relevant variables:
posture ‘
movement
thermal environment
segments heated
temperature distribution
garment design, size, fit, number and type of openings, area of manikin covered
etc [This assumes there is a systematic taxonomy to describe these
factors.]
detailed methodology, to include:
sensitivity
repeatability
accuracy

2. Standardise measurement methods
manikin design

thermal environment

posture etc

methodology

terminology

14



When the end use requires values of resultant sensible and evaporative
resistances

3. Use empirical methods to modify intrinsic values to resultant values.

4. Develop analytical models of multi-layer clothing to:

identify major factors modifying intrinsic resistances in use

quantify these factors .

prioritise the factors for use in practical applications

[This could also be achieved, of course, by empirical methods, but this will be less
versatile and will be costly.]

5. Develop current thermal manikins to measure resultant resistances of
garments and clothing, having taken account of the inevitable limitations of the
methods, the accuracy need and the prioritised features identified as a result of the
analysis proposed in Paragraph 4 above.
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Analysis of two methods of calculating the
total insulation

Hakan Nilsson

Division of Ergonomics, Climate Group
National Institute for Working-Life
Solna Sweden

Introduction

In the new proposed European standard prENV 342:1997 only one method for
calculating the total thermal resistance is used. This presentation shows how that
method and previously widely used methods (ASTM-F1291-96 1996, ISO-9920
1993) gives under some conditions very different results.

The formulas used in the 1995 version of the draft standard have two different
ways of summing up the total insulation of the garment ensemble. The 95' version
performs a "Total" summation which means all heat losses, temperatures (area
weighted) and areas are summed up before the calculation of the total insulation.
This is the method used mostly over the world (McCullough E. A. et. al. 1996,
Olesen B. W. et. al. 1983). The other principle makes a summation of all "Local"
heat losses weighted by the area factors for the different zones.

prEN 342:1995

(zen)m)e

L, = STH, W referred to as ,,(95) or "Total"

fi=

> |8

prENV 342:1997, prEN 342:1995

2
It,r =zf; (T T) ‘ m K 1" "
i H, w referred to as I,,(97) or "Local

a.

f.-=j4‘

Figure 1. Calculation of test results

If the manikin is covered with exactly the same insulation over all sections the
results from the two formulas is the same. If the heat loss from one ore more
sections are substantially lower, compared to the other zones, the "Local" formula
will give a higher value. This could easily happen when some garments, of many
reasons, have very different insulation on different body parts. For example is the
insulation around the waist is often higher due to overlapping of the clothing. One

17
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way for a manufacturer to geta higher value would be to distribute the insulation
so that the ensemble has a very high insulation on the upper body- Consequently
very low insulation Onl the lower body could increasc the total insulation. The
insulation calculated with the wLocal" equation would then be higher compared t0
the "Total", hat would give the same value as if the insulation was evenly

distributed.

Calculations
The following calculation trizes to show this difference. Al jmaginary thermal

manikin with an areaof 2m and a surface temperature of 34 °C. The manikin
gives 2 constant heat 1088 of 100 W at two different temperature gradients, OF

imaginary clothing's, 70 and 30 °C.

Table 1a. Thin "imag'mary" clothing

T ,T,(0 =340 T (°C)=140 2y a (m)=10 H_(W) =100

AH, Rt oo LY T oo
1 (95

50, 50 1.000 1.000 0.400 0.400 2.58
60, 40 1.500 1.042 0.400 0.417 2.69
70,30 2333 1.190 0.400 0.476 3.07
80,20 4000 1563 0.400 0.625 4.03
90,10  9:000 2778 0.400 1111 7.17
95,5 19.000  3:263 0.400 2.105 13.58
99,1 soo00 25255 040 10101 6517

Table 1b. Thicker "imaginary" clothing

T T, (0 =340 T (O=40 2% @y=10 HM=10
A H, Bt CORAS G606
I (95)
50, 50 1.000 1.000 0.600 0.600 3.87
60, 40 1.500 1.042 0.600 0.625 4.03
70,30 2333 1.190 0.600 0.714 4.61
80,20 4000 1.563 0.600 0.938 6.05
90,10 9000 2778 0.600 1.667 10.75
95,5 19.000 5263 0.600 3.158 2037
99, 1 o0 25255 0% 15152 9173

1t is easily seedt that a shift in heat loss between the two virtual zones of only 20%
or 10 W/m? gives 2 difference of 4.2% between the different methods. With
greater differences does the increase grow very rapidly. In reality can some ZOnes,
for instance the inside of the arms specially with well insulated clothing produce
insulation values that heavily distorts the total insulation value. The relationship
between the heat losses and the differently calculated results are shown in the
figure below.



Iy r (96)\er (95)

HCZ/ Hc‘]
Figure 2. Relationship between the two calculation methods and different heat
loss on the tWo virtual zones.

Measurements
The discussions above states that an uneven insulation distribution gives higher

insulation values calculated with I, (96) Local instead of I, (95) Total. The
following clothing ensembles have been used in recent insulation investigations.
They represents 2 wide choice of different personal protective garments regarding
insulation as well as number of layers.

o

1, Asbestos 2 Asbestos 3. Overall without 4. Store worker suite
protection - Tyvek protection - underwear
Polypropylen

19




5. Overall with 6. Standard

7. Work clothes -

underwear (prENV 342:1997

Figure 3. The different clothing combinations used in the investigation.

type B)

synthetic

8. Work clothes -

wool

In the table below the results from measurements made with the different
ensembles in standing low wind conditions is shown. The differences between

"Local" (L), always higher, and "Total" (T), lower, is clearly shown. The nude or

lightly clothed measurements show similar results but the difference increases
with different number of layers and the degree of overlapping.

Table 2. Calculation of insulation values with both methods

Clothing combination I_(clo) I, (m°’K/W)

Working clothes synthetic 2.78 0.430 L
More around the waist 2.54 0.394 T
Working clothes wool 4.61 0.715 L
Thick around the waist 3.47 0.538 T
Light suite 1.84 0.284 L
Thick around the waist 1.51 0.234 T
Asbestos protection Tyvek 1.33 0.207 L
Evenly distributed 1.30 0.202 T
Asbestos protection PP 1.38 0.214 L
Evenly distributed 1.33 0.207 T
Overall w/o. underwear 1.45 0.225 L
More around the waist 1.38 0.214 T
Overall with underwear 1.72 0.267 L
More around the Waist 1.62 0.250 T
Standard A 2.24 0.348 L
More around the waist 1.97 0.306 T
Undressed 0.73 0.114 L
Evenly distributed 0.