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Foreword

ISO—(the—nternationalOrganization—for—Standardization)—s
federation of national standards bodies (ISO member bogdies
preparing International Standards is normally carriedyout
technical committees. Each member body interested-in~a sul
a technical committee has been established has the'right to b
on that committee. International organizatiops,\ governmer
governmental, in liaison with 1SO, also take part in th
collaborates closely with the Internatiopal-Electrotechnica
(IEC) on all matters of electrotechnical standardization.

Draft International Standards adepted by the technical co

e work.

a worldwide
. The work of
through 1SO
ject for which

e represented

tal and non-
ISO
Commission

mmittees are

circulated to the member bodies for voting. Publication as an International

Standard requires approval by, at least 75 % of the member K
a vote.

International Standard SO 7726 was prepared by Technic
ISO/TC 159, Ergondemics, Subcommittee SC 5, Ergonomics (
environment.

This second edition cancels and replaces the first edition (IS
of which dt,eonstitutes a technical revision.

Annexes A to H of this International Standard are for informati

odies casting

al Committee
f the physical

D 7726:1985),

on only.
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Introduction
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use in the stu

This series of

the finaliz

tTs—omeof aseriesofntermatiomat—Stardards—mtended—for
ly of thermal environments.

International Standards deals in particular with

ation of definitions for the terms to be used in the methods of

measurement, testing or interpretation, taking into account standards

already ir

the laying
the physi

the selec

the speci
thermal €
environm

the speci
processe]

Any measurir
International §

The descripti
signify that
instruments
construction

existence or in the process of being drafted;

down of specifications relating to the methods for measuring
Cal quantities which characterize thermal environments;

ion of one or more methods for interpreting the parameters;

fication of recommended values or limits of exposure for-the
nvironments coming within the comfort range and for_extreme
ents (both hot and cold);

fication of methods for measuring the efficiency of devices or
5 for personal or collective protection from heat or cold.

g instrument which achieves the accuracy indicated in this
btandard, or even better improves onymnay be used.

bn or listing of certain instruments in the annexes can only
hey are "recommended'/ since characteristics of these
may vary according t0 ythe measuring principle, their
hnd the way in whichi they are used. It is up to users to

compare the quality of the instrunients available on the market at any given

moment and
this Internatio

o check that they-gonform to the specifications contained in
hal Standard.
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Ergonomics of the thermal environment — Instruments for
measuring physical quantities

1 Scope

This Intern
characteriz

It does not

htional Standard specifies the minimum characteristics of instruments for measuring-phys
ng an environment as well as the methods for measuring the physical quantities of this envj

aim to define an overall index of comfort or thermal stress but simply to'\standardize t

recording i

methods miaking use of the information obtained in accordance with this standard,

This Intern

a) specifi

b)

It applies tq

2 Normative reference

The follow

enviroI
a writt

formation leading to the determination of such indices. Other InternationalStandards give

tional Standard is used as a reference when establishing

cations for manufacturers and users of instruments for<measuring the physical qua
ment;

n contract between two parties for the measurement ofthese quantities.

the influence of hot, moderate, comfortable or cold environments on people.

ng standard contains provisions ‘which, through reference in this text, constitute prov

ical quantities
ronment.

ne process of
details of the

ntities of the

isions of this

Internationgl Standard. At the time of plblication, the edition indicated was valid. All standards are subject to

revision, a

possibility ¢f applying the most recentyedition of the standard indicated below. Members of ISO and

registers of

ISO 7730:1
the conditid

3 Gener

nd parties to agreementsbased on this International Standard are encouraged to in
currently valid International Standards.

994, Moderate thermal environments — Determination of the PMV and PPD indices and S
ns for thermal.comfort.

Al

vestigate the
IEC maintain

pecification of

3.1 Comf

ort standard and stress standard

The specifications and methods contained in this International Standard have been divided into two classes

according t

o the extent of the thermal annoyance to be assessed.

The type C specifications and methods relate to measurements carried out in moderate environments approaching
comfort conditions (comfort standard).

The type S specifications and methods relate to measurements carried out in environments subject to a greater
thermal stress or even environments of extreme thermal stress (heat stress standard).

The specifications and methods described for each of these classes have been determined bearing in mind the
practical possibilities of in situ measurements and the performances of measuring instruments available at present.
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3.2 Physical quantities characterizing the environment

3.2.1 Introduction

The determination of overall indices of comfort or thermal stress requires knowledge of physical quantities
connected with the environment. These quantities can be divided into two categories according to their degree of
dependence on the environment.

3.2.2 Basic physical quantities

Each of the basic physical quantities characterizes one of the factors of the environment independently of the
others. They are often used to define the indices of comfort or thermal stress based on the rationalization of the
establishmen{ of the thermal balance of a person placed in a given thermal environment. These quanities are as
follows:

a) air tempdrature, expressed in kelvins (T,) or in degrees Celsius (t);

b) mean radliant temperature expressed in kelvins ('Tr) or in degrees Celsius (t'r) plane radiant temperature
expressef in kelvins (Tpy) or in degrees Celsius (tpy) direct radiation expressed in watts per square metre;

c) absolute humidity of the air, expressed by partial vapour pressure (p,) in kilopascals;
d) air velocity (v), expressed in metres per second,;

e) surface t¢mperature, expressed in kelvins (Tg), or in degrees Celsius, (t3).

The connectigns between these quantities and the various gains and losses of heat in relation to the human body
are shown inftable 1. Table 1 also gives four other quantities which, because they are usually estimatedl from data
tables rather than measured, are not included in the remainder ©f this International Standard.

NOTE — The concept of mean radiant temperature allows\the study of radiative exchanges between man and his
environment. Itfjpresupposes that the effects on man of the actual environment which is generally heterogeneous afd the virtual
environment which is defined as homogeneous are identical: When this hypothesis is not valid, in particular in|the case of
asymmetric radliation, the radiation exchanges arising-from thermally different regions and the extent of their effect on man
should also be jassessed using the concept of plane radiant temperature.

3.2.3 Derived physical quantities

The derived physical quantities characterize a group of factors of the environment, weighted accorfling to the
characteristic$ of the sensors used( They are often used to define an empirical index of comfort or thefmal stress
without having recourse to a ratioral method based on estimates of the various forms of heat exchangés between
the human bady and the thermal’environments, and of the resulting thermal balance and physiological sfrain. Some
derived quantities are desesibed in the specific standards as they apply and where measuring requirements are
included.

4 Measuring.instruments

4.1 Measured quantities

4.1.1 The air temperature is the temperature of the air around the human body (see annex A).

4.1.2 The mean radiant temperature is the uniform temperature of an imaginary enclosure in which radiant heat
transfer from the human body is equal to the radiant heat transfer in the actual non-uniform enclosure.

The mean radiant temperature can be measured by instruments which allow the generally heterogeneous radiation
from the walls of an actual enclosure to be "integrated" into a mean value (see annex B).

The black globe thermometer is a device frequently used in order to derive an approximate value of the mean
radiant temperature from the observed simultaneous values of the globe temperature, tg, and the temperature and
the velocity of the air surrounding the globe.
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The accuracy of measurement of the mean radiant temperature obtained using this appliance varies considerably
according to the type of environment being considered and the accuracy of measurement of the temperatures of the
globe and the air and the velocity of the air. The actual measuring accuracy shall be indicated wherever it exceeds
the tolerances specified in this International Standard.

The mean radiant temperature is defined in relation to the human body. The spherical shape of the globe
thermometer can give a reasonable approximation of the shape of the body in the case of a seated person. An
ellipsoid-shaped sensor gives a closer approximation to the human shape both in the upright position and the
seated position.

The mean radiant temperature can also be calculated from measured values of the temperature of the surrounding
walls and the size of these walls and their position in relation to a person (calculation of geometrical shape factors).

(See annexB-
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measuring device or calculation method which allows the mean radianttemperature to k
curacy specified in the following subclauses may be used.

plane radiant temperature is the uniform temperature of an enclosure where the radiance
e element is the same as in the non-uniform actual environment:

ed "net" radiometer is an instrument which is often used.to ‘measure this quantity (see a
pssible to determine the plane radiant temperature frem the net radiation exchanged

br with a sensor consisting of a reflective disc (palished) and an absorbent disc (painted b

radiant temperature can also be calculated from the surface temperatures of the environ
rs between the surfaces and the plane élement (see annex C).

| temperature asymmetry is the difference between the plane radiant temperature of the
mall plane element (see definition-of the plane radiant temperature).

bt of radiant temperature asymmetry is used when the mean radiant temperature does n
e radiative environment, for instance when the radiation is coming from opposite parts of t
thermal heterogeneities.
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Any other device or method which allows the radiant temperature asymmetry or the plane radiant temperature to be
measured or calculated with the same accuracy as indicated below may be used.

4.1.4 The absolute humidity of the air characterizes any quantity related to the actual amount of water vapour
contained in the air as opposed to quantities such as the relative humidity or the saturation level, which gives the
amount of water vapour in the air in relation to the maximum amount that it can contain at a given temperature and
pressure.

With regard to exchanges by evaporation between a person and the environment, it is the absolute humidity of the
air which shall be taken into account. This is often expressed in the form of partial pressure of water vapour.

The partial pressure of water vapour of a mixture of humid air is the pressure which the water vapour contained in
this mixture would exert if it alone occupied the volume occupied by the humid air at the same temperature.
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The absolute humidity can be determined directly (dew-point instruments, electrolytic instruments) or indirectly by
the measurement of several quantities simultaneously (relative humidity and temperature of the air; psychrometric
wet temperature and temperature of the air) (see annex D).

The psychrometer is an appliance which is frequently used for measuring humidity. It allows the absolute humidity
of the air to be determined from a measured value of the air temperature (t3) and the psychometric wet temperature
(tw)- The accuracy of measurement is likely to be in accordance with the specifications of this International Standard
only if the appliance is well designed and the precautions to be taken during use closely adhered to.

Any device which allows the absolute humidity of the air to be measured with the accuracy indicated in the following

subclauses m

415 The ai
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An air flow can be described by the mean velocity, v,, which is defined as the average of
al of time (measuring period) and by the standard deviation of the velocity, SD, given by the

e intensity, TU, of the airflow is defined as the standard deviation divided by the mean vel
bsed in percent,

x 100

ween the human body by means of the mean radiant and/or the plane radiant temperatur
hte the effect of direct contact between the body and a given surface. The surface temperal
the method given in annexF, including:

flow at the

fluctuations
the velocity
equation:

bcity and is

temperature is the temperature of a given surface. This is used to evaluate the radiant heat

e. It is also
[ure can be

contact thermometer, where'the sensor is in direct contact with the surface. The sensor may chan
flow at the measuring point and then influence the result.

je the heat

infrared S rature. This

may be it

ensor, whefe-the radiant heat flux from the surface is measured and converted to a tempe
fluenced by the emissivity of surface.

4.2 Characteristics of measuring instruments

4.2.1 Characteristics of instruments for measuring the basic quantities

The measuring ranges, measuring accuracy and 90 % response times of the sensors for each of the basic
quantities are summarized in table 2. These characteristics shall be considered to be minimum requirements.
According to needs and technical manufacturing possibilities, it is always possible to specify more exact
characteristics. Thus, for certain quantities, very precise thermal stress measurements may require the use of
appliances with measuring ranges in class S and accuracy of class C.

For the purposes of this International Standard, the time constant of a sensor is considered to be numerically equal
to the time taken for the output of the sensor, in response to a step change in the environmental quantity being
measured, to reach 63 % of its final change in steady-state value without overshoot. The response time, which is in
practice the time after which the quantity being measured (for example: temperature of the thermometer) can be
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considered to be sufficiently close to the exact figure for the quantity to be measured (for example: temperature of
the air), can be calculated from the time constant. A 90 % response time is achieved after a period equal to 2,3
times the time constant. It is necessary to wait, as a minimum, for a time equivalent to the response time before a
measurement is taken.

As the time constant and hence the response time of a sensor does not depend solely on the sensor (mass, surface
area, presence of a protective shield) but also on the environment, and hence on factors connected with a given
measurement (air velocity, radiation, etc.), it is necessary to indicate the conditions under which these values were
obtained. The standard environmental conditions are specified in table 3 (classes C and S). They shall be used as a
reference except where this contradicts the principle for measuring the quantities under consideration.

In addition, the accuracy of measurement for air temperatures, mean radiant temperature, radiant temperature
asymmetry,_air velocity and humidity also depends on the effect of other guantities. Consequently, the accuracy
specified in table 2 shall be achieved for the environmental conditions specified in the table.

4.2.2 Characteristics of integrating types of measuring instruments

Any meas| ng interval, a

response ti

ring instrument integrating the measurement of several variables shall have a measur
me and an accuracy equal to or better than those of the corresponding individual variables.

5 Specifications relating to measuring methods

5.1 Gene
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the subjed
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i.e. when th
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When the
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guantities t|

ral

s for measuring the physical characteristics of the environment shall take account of the fact that these

lics vary in location and time.

| environment may vary with the horizontal location, and then account has to be taken of hg
working at the different locations. The environment may also vary in the vertical direction

w long a time
, as shown in

fications relating to variations.in-the physical quantities within the space surroundi
t

ng

iven moment,
d the subject,
A mean of the
table 2 by the
e, air velocity

ment may be considered o pe "homogeneous" from the bio-climatical point of view if, at a d
ture, radiation, air velocity and humidity can be considered to be practically uniform aroun
e deviations betweémeach of these quantities and their mean spatial value calculated as
Des not exceed theyvalues obtained by multiplying the required measuring accuracy from
ing factor X listed in table 4. This condition is frequently met in the case of air temperatu
ly, but moretarely in the case of radiation.

pcations at or
N value of the
hermal stress

bnvironment is too heterogeneous, the physical quantities shall be measured at several |
subject and account taken of the partial results obtained in order to determine the mea

of the workpla
determining whether certain of t

D be considered in assessing the comfort or the thermal stress. Previous analyses of the

c-or-of-work-pla ofa ar—typ ay-provid eFfation—w g of interest in
he quantities are distributed in a homogeneous way. It is usual in the case of poorly

defined rooms or work places to consider only a limited zone of occupancy where the criteria of comfort or thermal
stress shall be respected. In case of dispute in the interpretation of data, measurements carried out presuming the
environment to be heterogeneous shall be used as a reference.

Table 5 shows the heights to be used for measuring the basic quantities and the weighting coefficients to be used
for calculating the mean values for these quantities according to the type of environment considered and the class
of measurement specifications.

The heights to be used for the derived quantities shall preferably be chosen in conformity with the information
supplied in table 5. Plane radiant temperature, mean radiant temperature and absolute humidity are normally only
measured at the centre height. Reference, however, shall be made to the general standard which defines the stress
indices or thermal comfort indices and which takes precedence over this International Standard.
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The different sensors shall be placed at the heights indicated in table 5 where the person normally carries out his
activity. When it is impossible to interrupt the activity in progress, it is necessary to place the sensors in positions
such as that the thermal exchanges are more or less identical to those to which the person is exposed (this

measurement

5.3 Specific

detail shall be mentioned in the results).

ations relating to the variations in the physical quantities with time

The physical quantities in the space surrounding the person can change as a function of time, for the following two
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ure are practically independent of the time, i.e. for instance when the fluctuations in these
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Table 3 — Standard environmental conditions for the determination of time constants of sensors

Quantities

of the

standard

environment
Measurement ta i Pa Va
of the
response time
of sensors for
Air temperature =t Any < 0,15m/s
Mean radigant temperature =1 Any < 0,15m/s
Absolute humidity =20°C =ty To be specified according to the

measuring method

Air velocity =20°C =ty Any
Plane radiant temperature =20°C =ty Any < 0,15m/s
Surface temperature =20°C =ty Any < 0,25 m/s

Table 4 — Criteria for a homogeneous and steady-state environment

it Class, € (comfort) Class S (thermal stress)
Quantity Eactor X Factor| X
Air temperpture 3 4
Mean radicrnt temperature 2 2
Radiant telnperature asymmetry 2 3
Mean air velocity 2 3
Vapour prgssure 2 3
NOTE — |Deviation between each individual quantity and their mean value shall be less than that obtained by multiplying
the requirgd measuring accuracy,(table 2) by the appropriate factor X from this table.
Tahle 5 — Measuring heights for the physical quantities of an environment
Weighting coefficients for measurements for calculation mean Recommerjded heights
Locatipns.of the values (for guidance only)
sensors . .
Homogeneous environment Heterogeneous environment Sitting Standing
Class C Class S Class C Class S

Head level 1 1 1,1m 1,7m
Abdomen level 1 1 1 2 0,6 m 1,1m
Ankle level 1 1 0,1m 0,1m

11
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Annex A
(informative)

Measurement of air temperature

Introduction

©1SO

The air temperature shall be taken into account when determining heat transfer by convection at the level of the
person. The measurement of this quantity, while often considered simple, can in fact lead to considerable errors if a
number of precautions are not taken.

A.2 Princi

Temperature
volumes of lig

Whatever the
this temperaty

A.3 Preca

A.3.1 Redu

Care should 4
temperature 1
between the 3

Various mear

Reductio
or a sens

a)

b) Reductio
modify th
between

approach

effective

The scre
aluminiun
separate

Increasin
forced ve

c)

ple for measuring a temperature

is obtained by measuring physical quantities which are its continuous functions;-length
uids, electrical resistance, electromotive force.

physical quantity measured, a sensor can only measure the temperatureyat which it find
re may differ from the temperature of the fluid (air for instance) to be measured.

Litions to be taken when using a temperature probe

ction of the effect of radiation

e taken to prevent the probe from being subjected to fadiation from neighbouring heat sou

ir temperature, and the mean radiant temperature:
s of reducing the effect of radiation on the probe are available, such as the following:

n of the emission factor of the sensor, by-the use of a polished sensor when the latter is ma
or covered with a reflective paint when'it is of the insulating type.

N in the difference in temperature between the sensor and the adjacent walls. Since it is not
e temperature of the walls~of* the enclosure, one or more reflective screens are usegq
the sensor and the enclosure. Thus the sensor "views" a wall, the temperature of whic
es that of the sensoras the number of screens increases. This method of protecting th
And easy to install.

eNs can in pragtice’ be made from thin (0,1 mm or 0,2 mm) sheets of reflective metal (f
). When the{scereens are used on their own, i.e. without forced ventilation, the inner scre
| from the.sensor by an air space large enough to allow air to circulate inside by natural con

p the coefficient of heat transfer by convection, by an increase in the air velocity around thg
ntilation (mechanical or electrical ventilator) and by a reduction in the size of the sensor

thermoca

5 of solids,

s itself and

rces as the

neasured in such a case would not be the actual temperature of the air but a temperature iptermediate

de of metal

possible to
, arranged
h gradually
P sensor is

br example
en shall be
vection.

b sensor by
thermistor,

uple).

Figure A.1 shows the relation between the air velocity, sensor size and relative influence of air and radiant
temperature on an unshielded air temperature sensor. The measured temperature can be expressed as
Xta + (1 — X),t, where X is the relative influence of air temperature. Figure A.1 shows a significant influence of both
sensor size (diameter) and air velocity. The figure is based on the heat exchange calculations for a sphere (see
annex B). It is assumed that the emissivity of the sensor is 0,95.

EXAMPLE:

If the sensor is 1 mm in diameter and air velocity = 0,15 m/s, the temperature of the sensor

=0,85t,

+ 0,15 t,.

The figure is only for information purposes and should not be used to correct a measurement.

12
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Certain de
measuring

A.3.2 Th

A thermom
certain peri

A measurg
(90 %) of th

A thermom

the sm

the be
transfg

concelned, also improves the response of the thermometer during transitional conditions.

ISO 7

Diameter, mm
0,01

0,1

1

2

5

Air velocity, m/s

726:1998(E)

mW/
0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

Relative influence of air temperature

Figure A.1 — The relative influence of air temperature on
sensor temperature for different air velocities and sensor diameters
(For larger diameters see figure B.1)

vices use the three means of protection mentioned abaye“simultaneously, which re
errors.

brmal inertia of the sensor

eter placed in a given environment does not:ifidlicate the air temperature instantaneously
od to reach equilibrium.

e probe.
peter will respond more rapidly:

aller and lighter the temperature sensor is and the lower its specific heat capacity;

r by convection at-the level of the sensor, already an advantage as far as the established

es of temperature sensor

5ion thermometers:

sults in small

. It requires a

ment should not be made before a period has elapsed equal to at least 1,5 times the fesponse time

ter the thermal exchanges with the environment. With regard to this, increasing the coefficient of heat

conditions are

liquid expansion thermometer (mercury);

id expansion thermometer.

Electrical thermometers:

1) variable resistance thermometer

platinum resistor;

thermistor;

2) thermometer based on the generation of an electromotive force (thermocouple).

A4 Typ
a) Expan
1)

2) sol
b)
c)

Thermomanometers (variation in the pressure of a liquid as a function of temperature).
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Annex B
(informative)

Measurement of the mean radiant temperature

B.1 Introduction

The net amount of radiant heat lost or received by the human body is the algebraic sum of all radiant fluxes
exchanged by its exposed parts with the various surrounding heat sources. Each of these fluxes can be calculated
knowing the dimensions, locations and thermal characteristics (surface temperature and emissivity) of the source
and of the exposed body or clothing part. This method however, soon becomes complex and time consuming to put
into effect onge the number of sources becomes large or the sources have elaborate shapes.

The aim of this annex is

to descrilpe a method for determining the mean radiant temperature from the measurement of the t
of the black globe and the air temperature and air velocity at the level of this globe;

Pmperature

to summarize other methods for measuring the mean radiant temperature;

to indicatg the principle for calculating the mean radiant temperature using@angle factors.

The black-glo
the mean rad

be thermometer will be used in this annex as an instrument{for measuring a physical val
ant temperature.

ue, namely

B.2 Measulyrement of the mean radiant temperature.using the black globe

B.2.1 Descfiption of the black-globe thermometer

The black-glo| ensor such

as the bulb of

be thermometer consists of a black globe in the centre of which is placed a temperature s
a mercury thermometer, a thermoeouple or a resistance probe.

ban radiant
ormulae, is

The globe cs
temperature ¢
generally recq

n in theory have any diaméter but as the formulae used in the calculation of the mg
epend on the diameter of the globe, a diameter of 0,15 m, specified for use with these f
mmended.

It should be 1

oted that the smaller-the diameter of the globe, the greater the effect of the air temperafure and air

velocity, thus

So that the e
globe shall bsg
matt black pa

causing a reductior’in the accuracy of the measurement of the mean radiant temperature.

ternal surfage of the globe absorbs the radiation from the walls of the enclosure, the su
darkened, either by means of an electro-chemical coating or, more generally, by means ¢
nt.

face of the
f a layer of

th

T

B.2.2 Princ

la of
T T

[
| SAASI

FaY
T

The black globe shall be placed in the actual enclosure where the mean radiant temperature T, , is to be measured.
The globe tends towards a thermal balance under the effect of the exchanges due to the radiation coming from the
different heat sources of the enclosure and under the effect of the exchanges by convection.

The temperature of the globe at the thermal balance allows T, to be determined.

The temperature sensor placed inside the globe allows the mean temperature of the latter to be measured. In fact,
the temperature of the inner surface of the globe (thin) and the temperature of the air outside the globe (closed
space) are practically equal to the mean external temperature of the globe.

NOTE — Throughout the remaining part of this International Standard, the expressions temperature of the globe and
temperature of the sensor placed inside the globe will be identical.

14
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The balance of the thermal exchanges between the globe and the environment is given by the equation
g +09.=0 1)
where

g isthe heat exchange by radiation between the walls of the enclosure and the globe,
in watts per square metre;

gc is the heat exchange by convection between the air and the globe, in watts per square metre.

The heat transfer by radiation between the walls of the enclosure, characterized by the mean radiant temperature,
and the glopeisexpressed as fotfows:

G- olo(T* - ) )
where
g iqthe emissivity of the black globe (without dimension);
o i9the Stefan-Boltzmann constant, in watts per square metre kelvin/to'the fourth power;
[¢=5,67 x 10-8 W/(m2 - K4)];
'I_'r i the mean radiant temperature, in kelvins;
Ty igthe temperature of the black globe, in kelvins.

The heat transfer by convection between the air containeddn the enclosure and the globe is given by the equation:

0c = hgg (Ta — Tg) 3
where
heg ig the coefficient of heat transfer,by convection at the level of the globe, in watts per square metre kelvin.

In the case|of natural convection
va
AT
=14| —
"eg ( D)

and in the ¢ase of forced<«onvection

08

heg =83 504

where
D s the diameter of the globe, in metres;
va is the air velocity at the level of the globe, in metres per second.
In a type C environment, the coefficient of heat transfer by convection to be adopted is the one giving the highest
value. In a type S environment, it is possible either to adopt the same method as previously or, more simply, to

adopt the coefficient of heat transfer in forced convection directly.

The thermal balance of the black globe is expressed as follows:

896(ﬁ4‘Tg4)+ h:g(-'é‘ 5)20 4)

15
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The mean radiant temperature is given by

= 4
Tr=4\/Tg+

feg

=17

By natural convection, one obtains:

f = (tg +

14
0,25 x 108
£g

It —ta)
D

-273

273)4 +

s

In the case of|

By forced con

i = l(tg 4
or for the stan

t = [(tg 4

In practice, it

valid only for @& standard globe by forced convection.

The relative in

EXAMPLE:

For a 100 mrmj

the standard globe D = 0,15 m, &5 = 0,95 (matt black paint) and equation (6) becomes
4 8 14 V4
273) +04x10% |ty ~to|  x(tg-ta)| -273

vection, one obtains

8 0,6 va
4 11x10° X vy
273)" + 3 [, —t -273
) £qx DO t a)}
dard globe
4 1/4
273)" +25x10% x\2° (tg - ta)} - 273

is this expression which will be most frequently’used to calculate the mean radiant tempg

fluence of air temperature and mean radiant temperature on a globe is shown in figure B.1

globe at an air velocity of 0;35m/s, the globe temperature, ty = 0,6 t + 0,4 {, .

Figure B.1 — Relative influence of air temperature,

16
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ta, and mean radiant temperature,
temperature for different air velocities and globe diameters

©1SO

(5)

(6)

(7)

(8)

(9)

rature. It is

t;, on the globe
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EXAMPLES:

The following results were obtained in an environment using a standard globe:
ty =55 °C
ta=30°C
va =0,3m/s

The coefficient of exchange at the level of the globe is calculated as follows:

— in natyrarconvection

1/4 0,25
heg 214(%) :14(5%1530) =5W /(m? - K)

— in forcéd convection

0,6 0,6
_ Va | _ (03" _ 2
hcg_(,3[D0’4J_6,BXW_G,SW/(m - K)

The coefficjent of exchange in forced convection will therefore be used.
The mean fadiant temperature is calculated according to equation-(9):

. =[(85 +273)" + 25 x10° x V2 (55 - 30)| ¥ - 273

f =74,7°C
If the measurement is carried out with a globe/wijth the following characteristics:

D=0,1m

gg=0,p5
the tempergature measured farthe black globe is 53,2 °C.
The mean fadiant temperature is then calculated according to equation (8):

11(0,30'6) g

0

o 4 D — )

f ={837%273)* + 532 -30)0 -273=747°C
é ) 0,95 i\0,100'4 Ii ( )E

=]

The figure for the mean radiant temperature characteristic of the environment considered is thus obtained.

B.2.3 Precautions to be taken when using a black-globe thermometer

B.2.3.1 As the radiation of an enclosure is frequently one of the main factors in the thermal stress of an
environment, an incorrect determination of the mean radiant temperature can lead to large errors in the overall
assessment of this stress. The precautions in B.2.3.2 to B.2.3.6 should be considered:

B.2.3.2 In the case of heterogeneous radiation it is necessary to use three black globes. When the radiation is

heterogeneous, the measurement of a black-globe temperature carried out at a single point is not representative of
the overall radiative field received by the subject. It is, therefore, necessary to place the black globes at the levels

17
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defined in this International Standard and in such a way that the radiation received by each of the globes is very
close to the radiation received by each part of the body located at the same level. The mean radiant temperature is
equal to the mean, weighted according to the coefficients defined in this International Standard, of the
measurements at the specified levels.

EXAMPLE:

The temperature measurements for three globes located at the level of the head, the abdomen and the ankles of a
person lead respectively to the calculation of the following three mean radiant temperatures:

f,=25°C
f, =50°C
f; =401C

The environm
is calculated

1x2

t

ent is heterogeneous with regard to radiation and high thermal stress. The mean‘radiant t
y applying the weighting coefficients of table 4 as follows:

>+2><50+1><40:4100

r

However, if th
the measuring

B.2.3.3 The
characteristic

Successive rg

Because of it
environments

B.2.3.4 The
according to t

In each case,
value indicate

B.2.3.5 The
approximatior
a ceiling or a

An ellipsoid
shape of the

4

e measurement had been carried out using a single black globe\placed at the level of the
error would have been of the order of 9 °C.

response time for a black-globe thermometer is about*20 min to 30 min according to t
5 of the globe and the environmental conditions.

adings of this temperature will allow the thermalbalance to be registered easily.

5 high inertia, the black globe thermometer’ cannot be used to determine the radiant tem
which vary rapidly.

accuracy of measuring the mean radiant temperature using a black globe can vary to a ¢
ne values for the other charaeteristics of the environment.

a check should be carried’out to determine whether the accuracy achieved is in conforn
d in this International-Standard and if it is not, to indicate the actual accuracy.

due to the difference in shape between a person and a globe. In particular, the radiation ¢
loor will besaver-estimated by the globe in relation to that received by a standing or seated

uman body. Table B.1 shows the projected area factors for a person, an ellipsoid and a S

Pmperature

abdomen,

ne physical

perature of

reat extent

ity with the

use of a black \globe thermometer for the assessment of the mean radiant temperature is an

oming from
berson.

ith qorojected area factors as shown in table B.1 may be considered a closer approximation of the

phere. The

projected are d A, is the

total radiant surface area. This factor is related to the shape of a person or a sensor and indicates the relative
importance of the radiation from different directions.

o factorTsestimated-as Ag Ay, whereAgr s the-surface—areaprojected-onmonedirection =

The inclination of the axis of the ellipsoid depends on the position of the subject: standing, axis vertical; seated, axis
inclined at 30°; lying, axis horizontal.

B.2.3.6 The use of a globe thermometer in the case of exposure to short-wave radiation (for example the sun)
requires the use of a paint on the globe (for example medium grey) with approximately the same absorptivity for
short wave radiation as the outer surface of clothed persons (except for the measurement of the WBGT where this
factor is taken into account in the weighting formula between the different quantities). The emissivity for the paint
should be approximately 0,95 for long-wave radiation. An alternative is to use the black globe and calculate the
mean radiant temperature taking into account the absorptivity of the clothing worn.

18
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Table B.1 — Projected area factors

Up/down Left/right Front/back

Standing Person 0,08 0,23 0,35
Ellipsoid 0,08 0,28 0,28

Sphere 0,25 0,25 0,25

Seated Person 0,18 0,22 0,30
Ellipsoid 0,18 0,22 0,28

Sphere 0,25 0,25 0,25

B.3 Other measuring methods

B.3.1 Twlo-sphere radiometer
In this method, two spheres with different emissivities (one black and one polished) are used. As the¢ two spheres
are heated|to the same temperature, they will be exposed to the same convéective heat loss. As the emittance of the
black sphefe is higher than the polished one, there is a difference in the hieat supply to the two spheres and this is a
measure of the radiation.

To estimate the mean radiant temperature, the emissivity and temperature of the sensors are required

The mean fadiant temperature is calculated from the equation:

TA=14+ ki N (10)
o (ep - &p)
where
T, id the mean radiant temperature; in kelvins;
Ts i the sensor temperature; in kelvins;
Pp iqthe heat supply to-the polished sensor, in watts per square metre;
Py igthe heat supply to the black sensor, in watts per square metre;
& igthe emissivity of the polished sensor;
& i9the emissivity of the black sensor;

o is the Stefan-Boltzmann constant, in watts per square metre kelvin
to the fourth power [c = 5,67 x 10—8 W/(m2 [K4)].

Instead of a sphere, an ellipsoid shaped sensor, which is closer to the shape of the human body, can be used.

B.3.2 Constant-air-temperature sensor
In this method, a sensor (sphere, ellipsoid) is controlled at the same temperature as the surrounding air

temperature; there being no convection heat loss and the necessary heat supply (cooling supply) to the sensor
being equal to the radiant heat loss (or gain).

19
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The mean radiant temperature is calculated by equation (11):

= P
Th=Td - (11)
O &g
where
T, is the mean radiant temperature, in kelvins;

Ts is the sensor temperature, in kelvins;

Ps is the heat supply (cooling supply) to the sensor, in watts per square metre;

& is the emissivity of the sensor;

o is the Stefan-Boltzmann constant, in watts per square metre kelvin to the fourth power:

B.4 Methqad for calculation of mean radiant temperature

B.4.1 Calcdlation from the temperature of the surrounding surfaces
The mean radiant temperature can be calculated from

— the surfage temperature of the surrounding surfaces;

— the anglqg factor between a person and the surrounding surfaces, a function of the shape, the size and the
relative ppsitions of the surface in relation to the person.

As most buildjng materials have a high emissivity (¢), it is possible to disregard the reflection i.e. to assyme that all
the surfaces ip the room are black.

The following|equation (12) is then used:

-|Tr4=T14Fp71+T24Fp72+'”T\|4 BN (12)
where

T i the mean radianttemperature, in kelvins;

TN i the surface temperature of surface N, in kelvins;

Fp — N ip the anglefactor between a person and surface N.

As the sum of the angle factors is
the mean valle-ofthesurrounding
respective angle factors.

unity, the fourth power of mean radiant temperature will be seen to pe equal to

Hrfaca tamnaratiirac +n tha farirth nanvanry wuninhtnd anaardins +4 thAl S|Ze Of the
oo CCt e P ratar Coto it ottt POy e v C1ightC o CCoTramg o€

The angle factors (Fp — n) can be estimated according to figures B.2 to B.5 in the case of rectangular surfaces. The

angle factors may also be calculated from the equation in figure B.6 where AC is a/c and BC s b/c on figures B.2 to
B.5. Figures B.2 to B.5 assume a certain distance between a surface and a person. For floors or other surfaces,
where the person is close, figures B.2 to B.5 underestimate the angle factor to these surfaces. For typical indoor
environments, the effect on the mean radiant temperature will be less than 1 K.

If there are only relatively small temperature differences between the surfaces of the enclosure, equation (12) can
be simplified to the following linear form:

T=T o1t h ot + | Bon (13)
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In other words, the mean radiant temperature is calculated as the mean value of the surrounding temperatures
weighted according to the magnitude of the respective angle factors. Equation (13) will always give a slightly lower
mean radiant temperature than equation (12), but in many cases the difference is small. If, for example, half of the
surroundings (Fp — y = 0,5) has a temperature which is 10 K higher than the other half, the difference between the
calculated mean radiant temperatures according to equation (12) and equation (13) will be only 0,2 °C. If, however,
there are large differences in temperature between the surfaces, the error in using equation (13) can be
considerable. If the temperature difference in the example above is 100 K, the mean radiant temperature will,
according to formula (13), be calculated approximately 10 K too low.

B.4.2 Calculation from the plane radiant temperature

The mean [adianttemperature may be cafcutatedfrom
— the plgne radiant temperature, ty;, in six directions (see annex C);
— the prqgjected area factors for a person in the same six directions.

The projected area factors for a seated or standing person are given in table B.1 for thé\six directions} up (1), down
(2), left (3),|right (4), front (5), back (6).

The mean |radiant temperature can then be calculated by multiplying the siximeasured values by the relevant
projection factors given in table B.1 adding the resultant data and dividing’the’ result by the sum of|the projected
area factors, i.e. for a seated person:

018 (tpr[up] + tpr[down]) +0,22 (tpr[right] + tpr[left]) +0,30 (tpr [front] + tpr[back])
2 (018 + 0,22 +0,30)

and for a sfanding person:

0,08 (tpr[up] + tpr[down]) +0,23 (tpr[right] + tpr[left]) +0,35 (tpr[front] + tpr[back])
2(0,08 + 0,23+ 0,35)

t i the mean radiant temperature;
tor i the plane radiant temperature.

Where the prientation of the person is not fixed, the average of the Right/Left and Front/Back projected area factors
is used.

The equatipns aresthen simplified to:

sitting| = 0,13 (t,, [up] + to[down]) + 0,185 (t,, [right] + to, [left] + t,,[front] + t,,, [back])

Standing t, = 0,06 (t, |up| + ty,/[down]] + 0,220 (t,, |right| + t,, [left] + t,, [ front] + t,, | back
p p p p p p

B.5 Other radiant heat flow quantities

B.5.1 General

Some instruments measure the radiation in watts per square metre. This clause shows how this may be converted
into mean radiant or plane radiant temperature. To describe the radiant heat flow through a defined plane by radiant
sources in the steel and glass industries, gas heating systems in cold storage, and solar radiation in buildings, the
heat flow is measured using the quantity of directional radiation (W - m2).
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B.5.2 Absolute radiant heat flow
The absolute radiant heat flow is the basic physical quantity for energy emission by radiation.

The rate of thermal energy emitted by a surface depends on its absolute temperature. The absolute radiant heat
flow is defined as the total rate of energy emitted in one direction per unit area of surface and is given by:

Eabs = O-gs T4

where

& is tl emissivitvof the surface (without dimension):
S 24 < VAl

o is the Stefan-Bolzmann constant, in watts per square metre kelvin to the fourth power
[0=]5,67 x 10—8 W/(m2 [K4)];

T is the temperature of the surface in kelvins.

B.5.3 Effective radiant heat flow

A commonly lised quantity for measuring and describing the radiation received by a person in a given gnclosure is
the effective rpdiant heat flow (eqgf). It is given in watts per square metre of(surface area (W/m2).

The effective fadiant heat flow is defined as the heat exchange by radiation between the walls of the en¢losure and
the human body. The mean temperature of the body surface is sett@’32 °C and the emissivity of the human body is
set to 0,95.

With these values, the mean radiant temperature can be calculated from:

3 0,25

= (t, +P73)(1+ 2146 X103 x By )~ - 273
where
t.  is the mean radiant temperatufre;-in degrees Celsius;

ty,  is thie reference body temperature, in degrees Celsius;

Eesr is the mean effective radiant heat flow, in watts per square metre of surface area, measurgd in all six
diregtions.

By using this gquation; the effective radiant flow can also be converted to other body surface temperatures.

S|m||ar|y to th S, the plnnn radiant fnmpnrnfurn fpl can be calculated from the effective radiant heat fln\m, heasured in

one direction:
3 0,25
tor = (tp +278)x (L+2146 X107 x Egyr) - 273

where
tor  is the plane radiant temperature, in degrees Celsius;
ty  is the reference body temperature, in degrees Celsius;

Eefr is the effective radiant heat flow, in watts per square metre of surface area, measured in one direction.
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If the mean radiant temperature or plane radiant temperature are known, the corresponding effective radiant heat
flow may be calculated using the above equations.

PN

Fo_n

0,16

0,15 B Detail

0,14

0,13 | See detail Fp_N

0,12 alc=® | 012

- o 011

2}3 T 3 0,10

0,09 | //%: 2 - 0,09} a/c = o
0,08 —HA~— 15 0,08 -
o s L |
0,06 — * : ot 1
0,05} /;/——f 82 005} %// ;ﬁ
0,04 = = 0,04 % e ——
003} 0'? 0,03+ //// | 0.4
002 Wz 0.2 00—
0,01 - 001 %/rf’f

012345678910 0 04 08 12 16 2
b/c b/c

Figure B.2 — Mean value of angle factor between a seated person and a vertical rectangle (above or below
his centre) when the person is rotated around a vertical axis. (To be used when the location but not the
orientation of the person is known).

EXAMPLE:
a=4m;b=3m;c=5m; b/lc=0,6; a/lc=0,8;

Fp - a=0,029.
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Figure B.3 —

or on the floo

EXAMPLE:

Fp..N
0,16
0,15 t+
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0,13 t+ See detail
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orientation of the person is known.)

Detail
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004 A//T‘B—‘
— | 06
0,03 T4
/_/,,J—
0,02 — =
0,01 ]
0 04 08 12 16 2
b/c

Mean value-of angle factor between a seated person and a horizontal rectangle (on the ce
) when theperson is rotated around a vertical axis. (To be used when the location but not

ling
he

a=3m;b=6m;c=2m; blc=3,0; alc=1,5;

Fp - a=0,067.
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Figure B.4 — Mean.walue of angle factor between a standing person and a vertical rectangle (abovg or
below his centre) when the person is rotated around a vertical axis. (To be used when the location byt not
the orientation of the person is known.)

EXAMPLE:
a=45m;b=20m;c=3,0m; b/c=0,67; a/lc=1,5;

Fp — a=0,047.
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Figure B.5[— Mean value‘ofjangle factor between a standing person and a horizontal rectangle (on th
ceiling or on the floor) when(the person is rotated around a vertical axis. (To be used when the location fut
not the orientation of the person is known.)

[¢)

EXAMPLE:

a=10m;b=15m;c=1,5m; b/c=10; a/lc=0,67,

Fp - a=0,039.

26


https://standardsiso.com/api/?name=5b372a75050fa0c79d9054bdc34a8d33

©1SO

ISO 7726:1998(E)

ANGLE FACTOR = Fpay (1 — e~ (@0)/7) (1 — e~ (bl0)/7)

where
T=A+ B (alc)
y =C + D (b/c) + E (a/c)
Fmax A B C D E

SEATED PERSON, figure B.2 0,118 1,216 0,169 0,717 0,087 0,052
Vertical surfaces: Wall, Window
SEATED HERSON, figure B.3 0,116 1,396 0,130 0,951 0,080 0,055
Horizontal|surfaces: Floor, Ceiling
STANDING PERSON, figure B.4 0,120 1,242 0,167 0,616 0,082 0,051
Vertical suffaces: Wall, Window
STANDING PERSON, figure B.5 0,116 1,595 0,128 1,226 0,046 0,044
Horizontal|surfaces: Floor, Ceiling

Figure B.6 — Equations for calculations of the angle factors
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Annex C
(informative)

Measurement of plane radiant temperature

C.1 Introduction

The human being can be exposed to asymmetric thermal radiation in various environments. To evaluate the
asymmetry, thre-eoncept ofratdiant temperature-asymmetty (l:\tpr) is—tisec—Fhis ctat |tity isthe-differencehetween the

plane radiant femperature (tyr) on two opposite sides of a small plane element (see 4.1.3).

A method is described for measuring the plane radiant temperature and radiant temperature asymmetry by means
of a net radiometer. Two other methods of measuring are also presented as well as a method,for calculating plane
radiant tempefrature and the radiant temperature asymmetry.

C.2 Meastlrement of plane radiant temperature

C.2.1 Heatgd sensor consisting of a reflective disc, and an absorhing’disc
The plane radiant temperature can be measured by a heated sensor ¢onsisting of a reflective (gold-platgd) disc and
an absorbing (matt black painted) disc. The gold-plated disc will loséZheat almost entirely by convection whereas the
black painted|disc will lose heat both by convection and radiation™f both discs are heated to the same tgmperature,
the differencelin heat supply to the two discs is equal to the heat transfer by radiation between the paint¢d disc and
the environmgnt.
The plane radiant temperature is thus calculated fromequation (14)
B - R
L o (14)
o (eb - ep)
where
Tor Is the radiant temperature,in kelvins;
Tg is thie disc temperature, in kelvins;

Pp s the heat supply to the polished disc, in watts per square metre;

P, is the heat'supply to the black disc, in watts per square metre;

& Isthe emissivity of the polished disc;
& Is the emissivity of the black disc;

o is the Stefan-Boltzmann constant, in watts per square metre kelvin
to the fourth power [ = 5,67 x 10—8 W/(m2 [K4)].
C.2.2 Constant air temperature disc
In this method, a small plane element is controlled at the same temperature as the surrounding air. There is no

convection heat loss and the necessary heat supply (cooling supply) to the element is equal to the radiation heat
exchange (cooling exchange).
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radiant temperature is thus calculated from equation (15)

4 _14 R
Tpr:Ts +—

(15)

O€g
where

Tor is the plane radiant temperature, in kelvins;

Ts is the disc temperature, in kelvins;

Ps is the heat supply (cooling supply) to the disc, in watts per square metre;

& i the emissivity of the disc;

o i9the Stefan-Boltzmann constant, in watts per square metre kelvin

tq the fourth power [c = 5,67 x 10—8 W/(m2 [K4)].

C.3 Method for measuring plane radiant temperature and asymmetry with a net
radiometer
C.3.1 Dagscription of the net radiometer
The net ragliometer consists of a small black plane element with a. heat flow meter (thermopile) bet
sides of the¢ element. The net heat flow between the two sides /s-equal to the difference between th

transfer at the level of the two sides of the element.

The measuy

Occasional

C.3.2 Msg

The net rad

Tpl’l ig

ring elements are usually covered by a thin polyethylene sphere to decrease the effect of a

y the net radiometer is equipped with an.adaptor for unidirectional measurement.

asurement

iation is given by the following equation (16):

)

4 4
rl_T

U pr2

p

the net radiation measured, in watts per square metre;

the.plane radiant temperature, side 1, in kelvins;

ween the two
e radiant heat

r velocity.

(16)

Torz i

o is

the Stefan-Boltzmann constant, in watts per square metre kelvin

to the fourth power [c = 5,67 x 10—8 W/(m2 [K4)].

The radiant temperature asymmetry is equal to:

Aty = Tpr1 — Tpr2

where

s the radiant temperature asymmetry, in kelvins.

This quantity is not measured directly by a net radiometer but has to be calculated.

(17)
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Equation (16) can be written as:
3
P=4cT, (Tprl - 1;)r2) (18)
In the linear radiant heat transfer coefficient (4 o] Tn3), Th = 0,5 (Tprs + Tpr2) or with a closer approximation equal to
the temperature of the net radiometer. On most net radiometers, T, is easily measured.

Thus the radiant temperature asymmetry is equal to:

At (19)

Przﬁ

where

Atpr is the radiant temperature asymmetry, in kelvin.

The linear radiant heat transfer coefficient is influenced by the temperature level given(by T,. At a temperature level
equal to 20 °¢ the coefficient is equal to 5,7 W/(m2 - K) and for a temperature levekequal to 50 °C the cpefficient is
equal to 7,6 W/(m2 - K).

The following| equation is valid only when the radiation heat transfer on ©ne side of the net radiomgter (Pq) is
measured.

R=0Toh-oesT (20)
where

P; s the radiation measured at side 1, in watts persquare metre;

Tor1 is the plane radiant temperature, side 1, inckelvins;

T, is the temperature of the net radiometer, in kelvins;

& is the emissivity of the sensor;

o is the Stefan-Boltzmannconstant, in watts per square metre kelvin
to the fourth power [6/=15,67 x 10—8 W/(m2 [K4)].

For a black painted surfacéythe emissivity may be estimated to approximately 0,95.

The plane radiant temperature is then equal to

R

= 40la514 +
prl \/7 Ll Por

T, (21)

To determine the radiant temperature asymmetry, it is also necessary to measure in the opposite direction and
calculate the corresponding plane radiant temperature.

C.4 Method for calculation of plane radiant temperature
The plane radiant temperature can be calculated from
— the surface temperature of the surrounding surfaces;

— the angle factor between a small plane element and the surrounding surfaces, a function of the shape, the size
and the relative position of the surface in relation to a person.
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The radiant temperature asymmetry is estimated as the difference between the plane radiant temperature in two

opposite di

rections.

As most building materials have a high emittance (€), it is possible to disregard the reflections, i.e. to assume that all

the surface

s in the room are black.

The following equation (22) is then used

4 4
Tor =T o1t B Koo+ N By

where

N
As the sum
the mean V

the respective angle factors.

The angle
rectangulaf

If there are
be simplifig
Tpr Tl

That is, th
according {

Equation (3
difference
the other h
equation (2
error by us|
plane radial

The radian
the two opy

(22)

is the plane radiant temperature, in kelvins;
is the surface temperature of surface N, in kelvins;
is the angle factor between a small plane element and surface N.

of the angle factors is unity, the fourth power of the plane radiant temperature will be seen
alue of the surface temperature of the hemisphere to the fourth power, weighted according

actors (Fp — ) can be estimated according to figures C.1.and C.2 or figures C.3 and C.4
surfaces but in general the determination of angle factors‘is' more involved.

only relatively small temperature differences betwéen the surfaces of the enclosure, equ
d to a linear form

1Fp_1+T2Fp_2+...+TNFp_N

b plane radiant temperature is calculated as the mean value of the surface temperaty
D the magnitude of the respective angle factors.

3) will always give a slightly Jower plane radiant temperature than equation (22), but in m
s small. If, for example, half_-of the surroundings (N = 0,5) has a temperature which is 10

3) will be only 0,2 °C.\f{ however, there are large differences in temperature between the
ng equation (23) ean-be considerable. If the temperature difference in the example above
nt temperature will“according to equation (23), be calculated approximately 10 K too low.

temperature asymmetry is then calculated as the difference between the plane radiant tqg
osite sides’of the small plane element.

to be equal to
to the size of

in the case of

ation (22) can

(23)

res weighted

any cases the
K higher than

alf, the difference, between the calculated mean radiant temperatures according to equation (22) and

surfaces, the
is 100 K, the

mperature on
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Element of a plane surface dA; and a
rectangle in a plane perpendicular to
the plane of the element

x=2y=°¢
b b

11 Y tan~t !

Yo x24v? N

1
Fdl— 2 =E tan

Figure C.1 + Analytical formula relating to the calculation of the shape factopin the case of a small plane
element perpendicular to a rectangular surface

Element of a plane surface dA; and a

rectangle in a plane parallel to it; the
‘) normal to the element passes through
the corner of the rectangle

a b
X=2y==
L c c

a dA,

2| 1+ x2 J1+ X2 1+y? J1+Y?2

Figure C.2 — Analytical formula relating to the calculation of the shape factor in the case of a small plane
element parallel to a rectangular surface
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Figure C.3 — Chart for the calculation of the shape factor in the case of a small plane element
perpendicular to a rectangular surface
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Annex D
(informative)

Measurement of the absolute humidity of the air

Introduction

The absolute humidity of the air is taken into account when determining the transfer of heat by evaporation from a

Subect A hiah—aihumidibs radiuicac avanaoration-of cwaat and thiic canctitiitac o tharmal otracce for tha
ject. A high-air-humidityreduces-evaporation-of-sweat-ana-thus-constitutes-a-thermal-stressforthe

This annex
appliance:

psychn
lithium

It also give

D.2 The

D.2.1 Ge

Humid air i

the ga

water

At any givg
water vapo)
can hold.

D.2.2 Ab

D.2.2.1 In

The valueg
humidity of

describes the principles of and the precautions to be taken when using the following

ometer;
chloride hygrometer.

5 a brief resume of the main characteristics of humid air.

rmo-hygrometric characteristics of humid air

neral
5 a mixture of several gases which can be divided into two groups:

5es which make up dry air (oxygen, nitrogen, etc.); and
apour.

n temperature, air cannot hald'more than a certain amount of water vapour. Beyond thg
Lr condenses. As the temperature of the air increases, so does the maximum amount of W

solute humidity

froduction

cohnected with the actual quantity of water vapour contained in the air characterize
theyenvironment.

subject.

two types of

t amount, the
ater vapour it

the absolute

Two values are generally used to characterize the absolute humidity of the air: the humidity ratio and the partial
pressure of water vapour.

D.2.2.2 Humidity ratio

The humidity ratio Wj, for a given sample of moist air, is the ratio of the mass of water vapour in the sample to the
mass of dry air in the sample:

(24)
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W, is the humidity ratio;
M, is the mass of the water vapour;

Mg is the mass of dry air in a given sample of humid air.

D.2.2.3 Partial pressure

The partial pressure of water vapour p, of the humid air is the pressure which the water vapour would exert if it
alone occupied the volume occupied by the humid air at the same temperature.

These two values (W, and p; ) are connected by the relationship (presuming the gases to be perfect)

) Pa
W, =0,6220—2 (25)
a P— Pa

where
W, is the humidity ratio;
pa is the partial pressure of water vapour;

p is the total atmospheric pressure.

At saturation point, these two values are known as the humidity ratio’ at saturation W, and the saturatign pressure
or saturated viapour pressure pas.

The saturated vapour pressure pyg is connected to the absolute temperature T of the humid air mixture ky a one-to-
one relationship.

D.2.3 Relative humidity

The values giying the composition of the airin terms of water vapour in relation to the maximum amoun{ it can hold
at a given tenmperature characterize the-relative humidity of the environment.

The relative humidity e is the ratio between the partial pressure of water vapour pa, in humid air and the water
vapour saturation pressure pas at'the same temperature and the same total pressure

ou Pa (26)

The relative humijdity is often expressed as a percentage in accordance with the following relationship:

RH = 100-e

With regard to the heat transfer between man and his environment by evaporation, it is the absolute humidity of the
air which has to be taken into account.

D.2.4 Direct determination of the thermo-hygrometric characteristics of humid air using a
psychometric chart

The main characteristics of humid air are usually grouped together in a chart known as a psychometric chart (see
figure D.1). The coordinates of this chart are as follows:

a) on the x-axis, the air temperature t,, in degrees Celsius;

b) on the y-axis, the partial pressure of water vapour p, of the air, expressed in kilopascals.
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A given sample of humid air is represented by a point on the chart. It should be noted, however, that at a given
temperature, the absolute humidity of the air cannot exceed a maximum amount which corresponds to a relative

humidity of

100 %, called saturation.

The thermo-hygrometric characteristics given in the chart refer to an atmospheric pressure of 101,3 kPa. Humidity
measurements carried out at different pressures require the use of charts intended for these pressures.

EXAMPLE:

Atmospheric pressure: 1 bar = 105 Nm—2 = 100 kPa.

P, oV
mmHg KPa Ny 40 0,064
bBUQLEEEE pochromeroohart iFati sE: 0,042
['_55 '0 étgao;z?ﬁg;: pressure = 100 kPa HY 1 H O,OLI-O
w2846 354 : 0.038
39832 A 10,034
il S

i Qc"\ e IQQO o !
33‘: R ,é\@ 230 O‘%I\Q o\ NS L 0,028
30: .0 Qé\(zij }11 A 37T b "? QO\" 7] 711 | 0'026
274365 S o B o o| o4 0024
24437 =2 K ST = 0,020
21428 i S%852% i = + *log 0,018
18324 20 5298 SH0016
s o , 2 0014
; '6 15 = % 0,012
1231, : :2 0,010
oH1 2E 1032 asiass T = 0,008
6 L5 s =+ e &0,006
E SsE X S SESSRisas H 888[5
o S ~ \1\5\ 1 - .= h:O'OOO
5 1007 20 25 30 35 40 45 50 55 60 p5

Dry temperature t,, in degrees Celsius

Figure D.1 — Psychrometric chart

W,, in kilograms of water vapour per kilogram of dry air

Consider a sample of humid air which corresponds to the point of intersection of the heavy lines of the psychometric
chart. The thermo-hygrometric characteristics of this sample will be as follows:

— air temperature: t; = 40 °C

— partial pressure of water vapour: p; = 3,6 kPa

— saturated vapour pressure pas = 7,4 kPa

Y

— relative humidity: e = 0,49 or RH = 49 %; or e= -2~ ﬂ =0,49

Pas )
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D.3 Hygrometer types

D.3.1 Dew-point hygrometers — Principle

Condensation of the water vapour contained in the air on a mirror cooled to the dew-point of the mixture.

D.3.2 Electrical conductivity variation hygrometer

D.3.2.1 Lithium chloride hygrometer (to measure the absolute humidity) — Principle

Determinatior| of the absolute humidity by measuring the variation in temperature due to the variatiot|n electrical
conductivity of the sensor (see clause D.5).

D.3.2.2 Capacitance hygrometer (to measure the relative humidity) — Principle

Determination] of the relative humidity by measuring the variation in electrical capacity of the sensor.

D.3.3 Absarption hygrometer (hair type) — Principle

Deformation qr elongation of certain organic materials caused by the sutface tension of liquid water in the pores of
these porous materials. Determination of the relative humidity.

This type of hygrometer should be calibrated frequently.

D.3.4 Psychrometer — Principle

Cooling of a wet thermometer in a current of air by.evaporation (see clause D.4).

The most conpmon humidity conversion equations are summarized in table D.1.

D.4 Measyrement of the absolute humidity using psychrometry

D.4.1 Desdription and prineiple of operation

A psychrometer consists,of two thermometers and a device to ensure ventilation of the thermometers atja minimum
air velocity (gee figure D.2). By thermometer is meant any temperature sensor such as a mercury thermometer,
thermocouple}, resSistance probe, etc.

The first thermometer is an ordinary thermometer indicating the air temperature t5. This will be referred to as the
"dry" temperature of the air as opposed to the "wet" temperature indicated by the second thermometer.

The latter consists of a thermometer surrounded by a wet wick generally made from close-meshed cotton. The end
of the wick lies in a container of water. The water is raised by capillary attraction from the container to the
thermometer and then evaporates at a rate dependent upon the humidity of the air. This results in a greater cooling
of the thermometer the drier the air (this cooling is limited by the heat transfer due to air convection). The
temperature indicated by the thermometer surrounded by the wet wick is referred to as the wet temperature
(psychometric) ty,.

The observed dry temperature and wet temperature are used in the determination of the absolute humidity of the
air.
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Table D.1 — Humidity conversion equations

Parameter Equation No. Unit
17,271t
=0611xexp| ——2_ * (1) kPa
ty +237,3
p
o —100-Pa @) kPa
RH
~ Pasw — 6,27 X 104 x (ta - tw) *(3) kPa
=0,01 x pys x RH 4 kPa
Ra p
- 06220 1 (5 kPa
Wa
1000 W,
=38 xlg| ——= * (6 °
g( 48 j (6) C
ld pa @ o
In %,611 C
=237,3 o *(7)
1727 -In @nﬁ@
g
=48x1073 x1038 *(8) kg/kg
Wi** p
=0,6220—2 (9) ka/kg
— Pa
RH —100x-Pa (10) %
Pas
*  Approx/mated equations p = atmospheric pressure
** The ratip of two masses, W,, is a dimensionless value. However, in order to determine the correct order of the values, it is
often followed by the words "kg of water/kgwof dry air" to signify that the sample contains W, kg of water per kg of dry air.
o

Low humudity Normal humidity Air saturated wi‘th
water vapour
p, = 0,8 kPa p = 1,7 kPa pu=l+,5 kPa

Figure D.2 — Principle of operation of a psychrometer
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D.4.2 Direct determination of the absolute humidity of the air using a psychrometric chart

The absolute humidity of the air, expressed in terms of partial pressure of water vapour, is linked to the wet
thermodynamic temperature by a relationship of the following form:

Pa = Pasw — AP(& — ) (27)
where
Pa is the partial pressure of the water vapour in the air, in the same units as p,s w and p;

ta is the air temperature, in degrees Celsius;

tw is the psychrometric wet temperature, in degrees Celsius;

p is the total atmospheric pressure, in kilopascals;

Pasw is fhe saturated vapour pressure determined at the wet temperature ty, in kilopastals;

A is the psychrometric coefficient, in degrees Celsius to the power of minus one.

It i$ recommended to use A=6,67 X 104 °C—1,

This expressipn can also be written:

Pa= — APty + Aply + Pasw (28)
or

Pa = — Apty + f(tw) (29)

Thus in a psyghrometric chart, presuming the psychrometric coefficient A to be more or less constant, the equal wet
temperature dqurves are parallel straight lines of slope (—~Ap).

The intersectipn of the wet temperature t,, straightline with the vertical line drawn to the air temperature t; gives a
point represetative of the humid air considered,

pa is then read directly on the y-axis.
EXAMPLE:
Taking the previous example
p = 1 bar|= 105 Pa;
ta = 40 °Q;

ty = 30 °C;

the use of the psychrometric chart leads to the following value:

pa ~ 3,6 kPa

D.4.3 Precautions to be taken

D.4.3.1 General

The simplicity of the principle and the use of a psychrometer should not cause one to forget the precautions to be
taken during its use which, if not followed, can lead to very considerable measuring errors.
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