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Abstract: One of the most critical variables in the field of thermal comfort measurements is the mean
radiant temperature which is typically measured with a standard 150 mm black globe thermometer.
This is also the reference instrument required for the assessment of heat stress conditions by means
of the well-known Wet Bulb Globe Temperature index (WBGT). However, one of the limitations of
this method is represented by the relatively long response time. This is why in recent years there has
been a more and more pressing need of smart sensors for controlling Heating Ventilation and Air
Conditioning (HVAC) systems, and for pocket heat stress meters (e.g., WBGT meters provided with
table tennis balls). Although it is widely agreed that there is a clear advantage of small probes in
terms of response times, their accuracy is a still a debated matter and no systematic studies aimed
at metrologically characterizing their performances are actually available, due to the difficulty of
reproducing measuring conditions such as a black enclosure at uniform temperature. In this paper
the results of a metrological analysis of two small globes (38 and 50 mm diameter) carried out by
means of an experimental apparatus specifically designed to reproduce a black uniform enclosure are
presented and discussed. Experimental results revealed a systematic underestimation of the mean
radiant temperature predicted by small globes of more than 10 ◦C in forced convection and at high
radiative loads.

Keywords: mean radiant temperature; globe temperature; thermal comfort; heat stress; WBGT;
Predicted Heat Strain (PHS); smart sensors

1. Introduction

One of the most challenging issues at the beginning of this millennium is the novel
way to conceive the equilibrium between humans and the environment [1,2] in a general
framework of climatic changes [3,4].

This scenario has strongly affected building and construction sectors which are re-
sponsible for almost 40% of energy and process-related emissions [5] and has led to the
implementation of specific policies, such as the Energy Performance of Buildings Directive
(EPBD) [6,7], and regulations and international standards [8–11] aimed at achieving the
reduction of building’s energy consumption and at the same time providing ever more
comfort [12], safety, productivity [13], and sustainability [14]. In this context, the ISO
TC/163 has approved in 2017 the ISO Standard 17772-1 [11] which has been reprised from
EN 15251 [8]—replaced by EN 16798-1 [9]—as a part of the EPBD implementation. These
standards specify design values for the indoor environmental quality [15,16] and values
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to be used in energy calculations. As far as thermal comfort in mechanically conditioned
buildings is concerned, these values are expressed in terms of operative temperature [17],
defined as the average of the mean radiant and air temperatures, weighted by their respec-
tive heat transfer coefficients. In addition, instead of using operative temperature as the
design criterion, EN 16798-1 [9] recommends the well-known PMV and PPD indices [18]
that also depend on the mean radiant temperature (as well as air temperature, air velocity,
relative humidity, metabolic rate, and clothing insulation).

Among the variables to be measured, it is widely agreed mean radiant temperature
is the most critical [17–20]. It is a physical quantity which allows the evaluation of the
radiative heat transfer between the subject and the surrounding environment. This implies
that its measurement is indirect [21] and is carried out with different techniques. Particu-
larly, ISO Standard 7726 [20] reports three methods (based on the black globe temperature,
the two-sphere radiometer, and the constant-air-temperature sensors) and two calculation
procedures (based on the angle factors between the person and the surrounding surfaces
and on the plane radiant temperatures). The most used instrument is undoubtedly the
standard 150 mm globe thermometer (Vernon’s globe [22]), due to its low cost and simplic-
ity of use. It is also the reference instrument for the assessment of heat stress by means
of the WBGT index [23,24]. Unfortunately, it is affected by high response times (with
the consequent impossibility to carry out continuous measurements) and, because of its
spherical shape, it overestimates the radiative contribution related to horizontal surfaces
(ceiling and floor) [25]. Moreover, the globes do not allow the assessment of the radiant
temperature asymmetry, which is one of the four parameters responsible for local thermal
discomfort [26,27].

As stressed in two recent investigations [25,28], over the past years many studies have
been carried out on the mean radiant temperature and globe thermometers [25,29,30].
The most debated issues were the effect of materials on the accuracy [31–36], its re-
sponse time which seems to be acceptable for continuous monitoring only for table tennis
balls [20,25,28,32,36–38], and, finally, the correction factors of small globes in case of WBGT
measurements [28,39–42]. On the contrary, few investigations have been focused on the
metrological characterization of globes and their accuracy in the measurement of the mean
radiant temperature [25,43–46]. In addition, due to the difficulty of reproducing a black
enclosure with a close control of temperature, most relevant studies have been carried out
under not-controlled conditions (e.g., outdoor) resulting in the impossibility of comparing
results from the different investigations [25].

Particularly, in the case of outdoor measurements, small globes show different accu-
racy leading to overestimation [45] as well as underestimation [47] of the mean radiant
temperature in respect to the six-direction radiation reference method [43,48–50]. The most
common hypotheses for this behavior are: (i) ISO 7726 [20] and ASHRAE [17] equations
do not account for high turbulence phenomena occurring outdoors [51]; (ii) black globes
absorb higher short-wave radiation with respect to the clothed human body resulting in
systematic errors [43,44,47–50]; (iii) the presence of mixed convection [46,52]. A signifi-
cant underestimation of the mean radiant temperature by table tennis globes (up to 6 ◦C)
has also been found under natural convection conditions (va = 0) [25]. This study has
demonstrated that only standard globes (D = 150 mm) are effective for measuring the mean
radiant temperature, while the higher uncertainties exhibited by table tennis globes can
be reduced (within 0.5–1 ◦C) if different equations for convective heat transfer coefficient
under natural conditions are applied.

The above-described issues highlight the need of systematic investigations focused
on the metrological characterization of small globes when used for the indirect measure-
ment of the mean radiant temperature. This is also because the effect of uncertainties
in the measurement of the mean radiant temperature can result in uncertainties in the
calculation of PMV (up to 3 decimal points with the highest uncertainties in the category
attribution [9,16,21]), WBGT [23,41] and in the assessment of the duration limited exposure
(DLE) in hot environments by means of the PHS model [21,53]. In addition, the mean
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radiant temperature is also an input value for the evaluation of outdoor thermal comfort
conditions by means of well-established bioclimatic rational indices such as PET [54–56],
UTCI [57], and mathematical thermo-physiological models [58–60]. This is also true for
the growing spread of pocket devices for the measurement of WBGT (based on small
globes) and the growing interest in smart sensors for the mean radiant temperature [61]
and HVAC control systems based on the instantaneous values of the Predicted Mean Vote
(PMV) index [62–64].

To provide a metrological analysis on small black globes as effective devices for the
measurement of the mean radiant temperature, this investigation will be focused on two
globes (38 and 50 mm in diameter) tested in an experimental apparatus which reproduces
a black enclosure at a uniform temperature. The analysis here discussed, based on a new
experimental campaign carried out under forced convection conditions, deals with three
main issues: (i) the comparison between predicted values of mean radiant temperature and
the enclosure temperature as reference value; (ii) the analysis of heat transfer by convection
as a possible source of systematic measurement errors; (iii) how improvements in heat
transfer modeling can reduce measurement errors leading to a reliable assessment of the
thermal environment.

2. Materials and Methods

In the following section, the authors present the adopted methodology aimed at
assessing the reliability of small black globes under forced convection conditions in
terms of the theoretical background, the experimental apparatus used, and measurement
protocol adopted.

2.1. Theoretical Background

The globe thermometer consists of a thin-walled black painted copper sphere, in which
a temperature sensor is embedded at the center. The equilibrium temperature of the globe
depends upon convective and radiative heat transfer mechanisms so that the final value
can be considered as the weighted average of mean radiant and air temperatures [17,20].
The method is based upon the equation:

tr = [(tg + 273)4 + hc,g (tg − ta)/(εσ)]0.25 − 273 (1)

where the convective heat transfer coefficient hc,g is [20] the highest value between those
under natural (Equation (2)) and forced convection (Equation (3)):

hc,g = 1.4 [|tg − ta|/D]0.25 (2)

hc,g = 6.3 (va)0.6/(D)0.4 (3)

Aiming at assessing the reliability of small black globes under forced convection
conditions, the authors specifically designed an experimental campaign on two 3D-printed
small black globes, which main characteristics are described in Table 1.

Table 1. Characteristics of the small black globes investigated.

Description Globe A Globe B

Globe thickness 1.5 mm 1.5 mm
Globe diameter 38 mm 50 mm

Temperature sensor type Pt-100 Pt-100

Tests were conducted through an experimental apparatus capable of reproducing a
black enclosure around the globes being tested. The size of the enclosure allows a negligible
reduction of the cross area for the two investigated globes (enclosure vs. globe diameter
ratio greater than 5). This implies not significant air velocity gradients. This is also for the
air temperature distribution in the enclosure. Particularly, on the basis of the measurements
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carried out at the inlet of the system (Point AI2 in Figure 1), in the worst-case (e.g., at
ts = 60 ◦C) a mean logarithmic air temperature difference between the top and bottom
of the globe of about 1 ◦C has been calculated for both investigated globes (see Table 2).
Consequently, the effects due to the air temperature non-uniformity in the measurement
area (i.e., the height of the globe) can be overlooked.
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Figure 1. Experimental apparatus provided with fan (F), air inlets (AI1, AI2, AI3), the globe (S) and sensors for the
measurement of air temperature, air velocity and heat transfer fluid temperatures (not in scale). Legend: Ti,lp: lower plate
inlet thermocouple; To,lp: lower plate outlet thermocouple; Ti,lc: lower cylinder inlet thermocouple; To,lc: lower cylinder
outlet thermocouple; Ti,uc: upper cylinder inlet thermocouple; To,uc: upper cylinder outlet thermocouple; Ti,up: upper plate
inlet thermocouple; To,up: upper plate outlet thermocouple; TAI,2: inlet air temperature thermocouple.
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Table 2. Measured air temperature gradient between the equatorial diameter of the globe (point S in Figure 1) and the inlet
of the enclosure (point AI2 in Figure 1) and predicted differences [25] of air temperature between the top and the bottom of
the investigated globes.

Set Point Temperature
of the Baths (◦C)

Vertical Air Temperature Gradient in the Enclosure
(◦C cm−1)

Vertical Air Temperature Gradient in the
Globe (◦C)

D = 38 mm D = 50 mm D = 38 mm D = 50 mm

va = 0.2 m s−1

20 0.00 0.01 0.0 0.1
30 0.08 0.06 0.2 0.2
40 0.15 0.18 0.5 0.6
50 0.23 0.24 0.7 0.8
60 0.29 0.37 0.9 1.1

va = 1.1 m s−1

20 0.00 0.01 0.0 0.0
30 0.06 0.05 0.2 0.2
40 0.12 0.17 0.4 0.5
50 0.20 0.22 0.7 0.7
60 0.24 0.30 0.8 1.0

For the purposes of the present study, two runs of measurements for each investigated
globe at low (va = 0.2 m/s) and high air velocity (va = 1.1 m/s) as well as different set
point values of the thermostatic baths have been considered. Air temperature values are
summarized in Table 3.

Table 3. Summary of the air temperature values for the different set points of air velocity and
enclosure surface temperature.

Set Point Temperature
of the Baths (◦C)

D = 38 mm D = 50 mm

va = 0.2 m s−1 va = 1.1 m s−1 va = 0.2 m s−1 va = 1.1 m s−1

20 18.7 18.5 18.8 18.6
30 22.8 22.6 22.6 22.4
40 27.4 26.2 21.4 20.8
50 28.6 27.9 25.5 24.9
60 31.6 29.9 29.4 26.6

2.2. The Experimental Apparatus

The developed experimental apparatus is made up of (see Figure 1):

• Two plates made by black painted spiral-wound copper tubes.
• Two stacked cylinders made by black painted solenoid-wound copper tubes.
• One hood provided with an air extraction system as shown in Figure 1.

The whole system (Figure 2) was insulated with neoprene panels and covered by
aluminum sheets. The control of the temperature of internal surfaces is obtained by the
circulation of a water-ethylene glycol solution (20% in volume) whose temperature is
controlled by two thermostatic baths. The circulation system [25] of the heat transfer was
designed to obtain turbulence conditions with negligible convective heat transfer resis-
tances between the fluid and the enclosure surface (this is also for conductive resistances,
due to the reduced thickness of copper tubes) [25].
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The air circulation inside the enclosure is allowed by a variable voltage fan F placed
at the top and specific air inlets at the bottom (Figure 1). The temperature measurement
of the heat transfer fluid were carried out with eight different Type-T thermocouples
placed at the inlet and the outlet of each component of the enclosure. All temperature
signals were collected by a Fluke 2286A Data Logging System. Air temperature and
air velocity measurements were recorded by an Innova 1221 data logger provided with
Pt-100 based air temperature sensors and a hot sphere anemometer compliant with ISO
7726 specifications [20]. All measuring devices were calibrated at LAMI, the Industrial
Measurements Laboratory of the University of Cassino and Lazio Meridionale, accredited
by ACCREDIA, the Italian Accreditation Body.

2.3. The Measurement Protocol

The experimental campaign was carried out by following a special protocol consisting
of two steps [25]:

(a) Preparation

• Installation of the globe at the center of the enclosure as depicted in Figure 1.
• Setting thermostatic baths at a fixed temperature (in the range from 20 to 60 ◦C)

to obtain the desired internal surface temperature.
• Setting fan at a fixed voltage (in the range from +3 to +13 V) to obtain a fixed

value of the air velocity.

(b) Measurement

• Reaching of steady state conditions for heat transfer fluid, air temperature and
globe temperature. The mean value of the enclosure surface temperature ts has
been used as a reference value for the mean radiant temperature of each single
run. It was calculated from the mean heat transfer fluid temperatures recorded at
the inlet and the outlet of the 4 main components of the apparatus. These values
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were finally averaged accounting for the angle factor between the globe and each
component of the enclosure (the two plates and the two staked cylinders).

• Sampling duration of 15 min with a sampling rate of 1 min.
• Starting of a new single run as summarized above.

The proposed methodology has been validated based on the negligible difference
(within 0.6–0.8 ◦C) between the predicted mean radiant temperature measured by the
standard globe (D = 150 mm) and the mean surface temperature of the enclosure [25].

3. Results and Discussion
3.1. Mean Radiant Temperature Measurements

In Table 4 and Figure 3 the experimental results are summarized in terms of errors
of the predicted mean radiant temperature. Data demonstrate the poor metrological
performances of small globes in terms of accuracy of the mean radiant temperature and
further confirm the findings in most relevant literature studies [48–51]. Contrarily to what
we have recently found, in the case of standard 150 mm globes [25], there is no agreement
between the mean surface temperature and the predicted mean radiant one in the whole
range of investigated experimental conditions. In fact, errors even exceeding 10 ◦C at high
radiative thermal loads (e.g., when ts = 60 ◦C) have been found.

Atmosphere 2021, 12, x FOR PEER REVIEW 8 of 19 
 

 

Table 4. Error of the predicted mean radiant temperature (tr − ts) on the two investigated globes as 
a function of the set point value of the enclosure temperature. 

ts 
(°C) 

D = 38 mm D = 50 mm 
va = 0.2 m s−1 va = 1.1 m s−1 va = 0.2 m s−1 va = 1.1 m s−1 

20 0.6 2.0 0.8 1.9 
30 −3.0 −2.3 −2.5 −2.4 
40 −5.6 −5.3 −5.5 −5.7 
50 −9.2 −9 −7.4 −5.5 
60 −11.4 −8.3 −8.9 −4.4 

MEAN −5.7 −4.6 −4.7 −3.2 

Mean enclosure surface temperature ts (°C)
10 20 30 40 50 60 70Er

ro
r o

f t
he

 m
ea

n 
ra

di
an

t t
em

pe
ra

tu
re

 t r-t s (°
C)

-14.0

-12.0

-10.0

-8.0

-6.0

-4.0

-2.0

0.0

2.0

4.0

Mean enclosure surface temperature ts (°C)
10 20 30 40 50 60 70

-14.0

-12.0

-10.0

-8.0

-6.0

-4.0

-2.0

0.0

2.0

4.0D = 38 mm D = 50 mm

va= 1.1 m s-1
va = 0.2 m s-1

 
Figure 3. Error of the predicted mean radiant temperature as a function of the mean enclosure surface temperature. 

From the analysis of the above results, the following findings emerge: 
(i) At ts = 20 °C a slight overestimation of about 2.0 °C for the predicted mean radiant 

temperature was observed, especially at high air velocity. 
(ii) A general trend of underestimation (up to −11.4 °C for ts = 60 °C) for enclosure 

temperature values equal or greater than 30 °C. Such effect seems to be more relevant for 
a 38 mm globe at low air velocity. As a matter of fact, for the 38 mm (50 mm) globe the 
module of the error increases from 8.3 to 11.4 °C (from 4.4 to 8.9 °C) as the air velocity 
decreases from 0.2 to 1.1 m s−1. 

Another singularity which demonstrates the high uncertainty in the measurement of 
the mean radiant temperature with small globes [48–51] is that the error is a function of 
the enclosure temperature. In fact, while at low air velocity the error decreases quite line-
arly as the enclosure temperature increases, at higher air velocity and radiative loads the 
error increases (e.g., at ts = 60 °C for the 38 mm globe of and ts = 50 °C for the 50 mm one). 

As also highlighted in [25] we can exclude possible influences of the globe material 
and the experimental apparatus. This is why measurements of mean radiant temperature 
carried out on standard 150 mm globes under similar radiative conditions (but under still 
air) showed a good agreement with the enclosure temperature with errors less than 0.6–
0.8 °C. 

Figure 3. Error of the predicted mean radiant temperature as a function of the mean enclosure surface temperature.

Table 4. Error of the predicted mean radiant temperature (tr − ts) on the two investigated globes as a
function of the set point value of the enclosure temperature.

ts
(◦C)

D = 38 mm D = 50 mm

va = 0.2 m s−1 va = 1.1 m s−1 va = 0.2 m s−1 va = 1.1 m s−1

20 0.6 2.0 0.8 1.9
30 −3.0 −2.3 −2.5 −2.4
40 −5.6 −5.3 −5.5 −5.7
50 −9.2 −9 −7.4 −5.5
60 −11.4 −8.3 −8.9 −4.4

MEAN −5.7 −4.6 −4.7 −3.2
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From the analysis of the above results, the following findings emerge:
(i) At ts = 20 ◦C a slight overestimation of about 2.0 ◦C for the predicted mean radiant

temperature was observed, especially at high air velocity.
(ii) A general trend of underestimation (up to −11.4 ◦C for ts = 60 ◦C) for enclosure

temperature values equal or greater than 30 ◦C. Such effect seems to be more relevant for
a 38 mm globe at low air velocity. As a matter of fact, for the 38 mm (50 mm) globe the
module of the error increases from 8.3 to 11.4 ◦C (from 4.4 to 8.9 ◦C) as the air velocity
decreases from 0.2 to 1.1 m s−1.

Another singularity which demonstrates the high uncertainty in the measurement of
the mean radiant temperature with small globes [48–51] is that the error is a function of the
enclosure temperature. In fact, while at low air velocity the error decreases quite linearly
as the enclosure temperature increases, at higher air velocity and radiative loads the error
increases (e.g., at ts = 60 ◦C for the 38 mm globe of and ts = 50 ◦C for the 50 mm one).

As also highlighted in [25] we can exclude possible influences of the globe material and
the experimental apparatus. This is why measurements of mean radiant temperature carried
out on standard 150 mm globes under similar radiative conditions (but under still air) showed
a good agreement with the enclosure temperature with errors less than 0.6–0.8 ◦C.

3.2. Analysis of the Heat Transfer by Convection on the Globes

The inaccuracy in the evaluation of the mean radiant temperature observed above
(especially at high enclosure temperatures) could be ascribed to the incorrect estimation of
the heat transfer coefficient hc,g in Equation (3), which has been derived from the equation
recommended by McAdams for spheres heated or cooled by gas with a Reynolds’ number
ranging from 25 to 100,000 [65]. To verify this hypothesis [25,43,44,47], Equation (1) has
been rearranged by assuming that the enclosure surface temperature is equal to the mean
radiant temperature (ts = tr). In this way, the heat transfer coefficient by convection can be
measured using the following equation [25]:

hc,g = ε σ [(ts + 273)4 − (tg + 273)4]/(tg − ta) (4)

Then the measured values of the heat transfer coefficient by convection were correlated
with the air velocity in two different ways:

• through one simple empirical power law:

hc,g = a0 (va)m (5)

• through two power laws, formulated consistently to the Nusselt number’s definition
as a function of the diameter of the globe D:

hc,g = Nu kf/D (6)

Nu = a Rem (7)

On the basis of the definition of Reynolds’ number (va D/ν), and assuming constant
values of fluid transport properties and Prandtl’s number, Equation (6) can be rearranged
as follows:

hc,g = a’0 (va)m/D1−m (8)

hc,g = a”0 (va)m/Dn (9)

and:
a’0, = a kf

/(va)m (10)

a”0 = a kf Dm−1/(va)m (11)

The obtained results are depicted in Figure 4 on a logarithmic scale as a function of
the air velocity. The coefficients for Equations (5), (8) and (9), obtained by means of sim-
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ple/multivariable regressions with Sigma Plot [66] are summarized in Table 5. Table 6 also
summarizes coefficients for Equation (5) obtained in other literature studies [20,43,44,47].
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Table 6. Values for coefficients in Equation (9) from the literature.

a”0 m n Ref. Data Set/Experimental Conditions

6.3 0.6 0.4 [20] No restrictions

7.6 0.71 0.4 [43] D = 38 mm; grey globe; va = 0.1 ÷ 4.0 m s−1 incoming short-wave radiation
100 ÷ 850 W m−2 (clear summer/autumn days in Göteborg)

194 0.119 0.4 [44] D = 40 mm; grey globe; va = 0.1 ÷ 4.0 m s−1incoming short-wave radiation
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85 0.93 0.4 [47]
Small globe placed on a portable data logger; va = 0.1 ÷ 4.0 m s−1 incoming

short-wave radiation up to 950 W m−2 (March, May, and December
in Singapore)

Experimental results in Figure 4 demonstrate that the measured values of the heat transfer
coefficients by convection are generally higher than those predicted by ISO equations [20].
This phenomenon is more significant for the small globe at low air velocity. In this case,
the experimental hc,g value increases from 20.8 to 40.7 W m−2 K−1 when the air velocity
ranges from 0.2 to 1.1 m s−1, whereas the value predicted by Equation (3) ranges from 8.5 to
25.1 m−2 K−1. The measurements carried out on the 50 mm globe provide less significant
deviations of +78% and +51% at air velocity values of 0.2 and 1.1 m s−1, respectively.

According to the R2 values summarized in Table 5, Equation (5) returns the best
fitting with an acceptable level of correlation (R2 > 0.950). Equation (8) exhibits a lower
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correlation (R2 = 0.906), whereas Equation (8), based on an exponent for the diameter
different from the exponent based on the Reynolds’ number, leads to quite comparable
results with Equation (5). Particularly, for Equation (9), R2 is 0.941, which is close to that
obtained with the simple power law for both globes.

As far as comparison with other literature correlations for hc,g under not controlled
outdoor forced convection conditions [43,44,47] is concerned (see Table 6), the data in
Figure 5 provide meaningful information.
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Particularly, values of the heat transfer coefficient by convection obtained in the
present study seem to be relatively close to those obtained by Thorsson et al. [43] outdoors.
This is especially true for the 50 mm globe at higher air velocity values. Particularly,
at va = 1.1 m s−1, Equation (9) overestimates the convection heat transfer by 34% for
the 38 mm globe (43 W m−2 K−1 instead of 32 W m−2 K−1) and by 15% for the 50 mm
one (31 W m−2 K−1 instead of 27 W m−2 K−1). In addition, the correlations empirically
formulated by Tan et al. [44] and Manavvi et al. [47] (Table 6) return quite unrealistic hc,g
values for heat transfer convection in air being more consistent with forced convection in
water [65] which typically exhibits mean heat transfer coefficient in the range from 300 to
1.8·104 W m−2 K−1 [65].

Finally, aimed at evaluating the effect of the correlation for heat transfer by con-
vection, in Table 7 and Figure 6 the errors between the predicted mean radiant and the
mean enclosure temperatures through different equations and at different air velocities
are summarized. The analysis has been restricted only to the previous investigation by
Thorsson et al. [43] which returned heat transfer coefficient values typical for forced con-
vection in air (e.g., in the range from 30 to 300 W m−2 K−1 [65]).

Obtained results demonstrate how the accuracy of the mean radiant temperature
is significantly improved when correlation for hc,g formulated on an experimental basis
is applied. Particularly, the mean measurement error ranges from −5.7 to −3.2 ◦C with
Equation (3) [17,20] (see Table 4) for the 38 mm table tennis ball but is within 1 ◦C in
the case of Equation (9). Results of measurements carried out at a high radiative load
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(ts = 60 ◦C) also confirm the general trend of improvement, since the excessive and sys-
tematic underestimation recorded on the 38 mm globe (from −11.3 to −8.3 ◦C depending
on the air velocity) is within −2.1 ◦C for measurements at va = 0.1 m s−1 while a slight
overestimation of the same magnitude has been observed at higher air velocity (2.3 ◦C).

It is noteworthy to observe that the equation in Thorsson et al. [43], which is valid
outdoors in a wide range of air velocities (0.1÷4.0 m s−1), returns the same errors observed
with Equation (3) [20] at low air velocity. To the contrary, at higher air velocities, due to
higher coefficients than those used by ISO (see Table 5), the errors significantly decrease
especially for the larger globe, which exhibits a mean error of the same magnitude of
Equations (5), (8) and (9).
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Table 7. Effect of the equation used for the calculation of the heat transfer coefficient by convection on the error of the
predicted mean radiant temperature (tr − ts) on the two investigated globes.

ts
(◦C) Equation (5) Equation (8) Equation (9) [43]

0.2 m s−1 1.1 m s−1 0.2 m s−1 1.1 m s−1 0.2 m s−1 1.1 m s−1 0.2 m s−1 1.1 m s−1

D = 38 mm

20 2.7 4.3 2.4 3.8 2.6 4.4 0.7 2.9
30 0.6 0.9 0.1 0.3 0.7 1.2 −3 −1.4
40 −0.4 −0.7 −1.1 −1.7 −0.6 −0.6 −5.6 −3.7
50 −2.4 −2.3 −2 −3.8 −1.2 −2.2 −9.2 −6.2
60 −0.6 2.2 −2.1 0 −1 2.3 −11.3 −4.9

MEAN −0.1 0.9 −0.5 −0.3 0.1 1.0 −5.7 −2.7

D = 50 mm

20 2.1 3.2 2.3 3.3 2.1 3.1 1 2.8
30 0.1 1.8 0.5 0 0 −0.4 −2.4 −1.6
40 0.3 −1.6 1.3 −1.2 0.1 −1.9 −5.2 −3.2
50 −0.3 0.2 0.9 0.9 −0.5 0 −7 −2.2
60 −0.4 3.7 1.1 4.7 −0.6 3.3 −8.4 −0.3

MEAN 0.4 1.5 1.2 1.5 0.2 0.8 −4.4 −0.9

This implies the need to investigate a better refined and wider range of air velocity
values to formulate a specific correlation which is effective in increasing the accuracy of
mean radiant temperature predictions by small globes.

3.3. Impact of Measurement Errors on the Assessment of Thermal Environments

The above-highlighted measurement errors give rise to critical issues on the assess-
ment of comfort and stress conditions by means of the PMV index [26] and PHS model [53]
when small globes are used. To this end, the authors focused on two scenarios:

• Thermal Comfort ta = 22.8 ◦C; tr = ts = 30.0 ◦C; va = 0.2 m s−1; RH = 50%
• Heat stress ta = 28.6 ◦C; tr = ts = 50.0 ◦C; va = 0.2 m s−1; RH = 50%

The metabolic rate value considered in case of comfort (heat stress) conditions were
1.2 met (2.8 met) which corresponds to sedentary (moderate) activity according to ISO
8996 [67]. In both cases, a basic clothing insulation value typical of the summer season has
been considered (e.g., Icl = 0.5 clo) [26,68]. Numerical simulations were performed using
the TEE (Thermal Environment Evaluation) package [69–71], a special software devoted to
the assessment of the Thermal Environment in agreement with all international standards
in the field of the Ergonomics of the Physical Environment. Obtained results, expressed
in terms of PMV and duration of limit exposure (DLE) predicted by the PHS model have
been summarized in Tables 8 and 9.

Table 8. PMV values and comfort categories [9,11] calculated based on the measured mean radiant
temperature at ta = 22.8 ◦C; va = 0.2 m s−1; RH = 50%; Icl = 0.5 clo; M = 1.2 met.

tr
Globe A

D = 38 mm
Globe B

D = 50 mm

PMV Category PMV Category

tr = ts (reference) −0.33 II −0.33 II
Equation (3) −0.76 IV −0.68 III
Equation (5) −0.24 II −0.31 II
Equation (8) −0.31 II −0.25 II
Equation (9) −0.21 II −0.33 II
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Table 9. DLEs calculated based on the mean radiant temperature measured with the small globes A
and B at ta = 28.4 ◦C; va = 0.2 m s−1; RH = 50%; Icl = 0.5 clo; M = 2.8 met.

tr
Globe A

D = 38 mm
Globe B

D = 50 mm

DLE Dlim,tre Dlim,loss95 DLE Dlim,tre Dlim,loss95

tr = ts (reference) 297

>480

297 297

>480

297
Equation (3) 388 388 368 368
Equation (5) 318 318 299 299
Equation (8) 315 315 305 305
Equation (9) 307 307 301 301

According to data in Table 8, the underestimation of the mean radiant temperature
of small globes results in the underestimation of the PMV when ISO 7726 algorithms are
considered (Equation (3)). Particularly, globe A (B) leads to an underestimation of the
PMV of 0.43 (0.35) if compared with the reference value obtained by assuming tr = ts.
Consequently, when the mean radiant temperature is measured with the small globe A,
the environmental category drops down from II to IV (category IV is characterized by a
low level of expectation and should only be accepted for a limited part of the year [9]).
On the contrary, if the correlations discussed above are used, due to the reduced mea-
surement errors (see Table 7), PMV values change by 1 decimal point at the most without
category shifts.

Data in Table 9 also reveal meaningful errors in the assessment of the thermal environ-
ment related to the use of small globes. Particularly, globe A (B) overestimates the DLE
by 91 min (71 min) with unforeseeable consequences for the health of workers. In both
cases, a better agreement is obtained if new algorithms are used, as shown by the small
differences exhibited in the DLEs (+21 min for globe A and +8 min for globe B in worst
cases). However, these preliminary results require further investigations for different air
temperature, humidity, and metabolic rate conditions. This is because, according to past
studies [16,21], measurement uncertainties of the mean radiant temperature significantly
affect the objective assessment of thermal environments even within the requirements
prescribed by ISO 7726 and ISO 8996 Standards [72,73].

4. Conclusions

This paper was addressed at answering the most debated metrological issue which the
past and the present literature in the field of the ergonomics of the physical environment
seem to be far from reaching a unique answer. Particularly, are small globes accurate in
predicting the mean radiant temperature?

The analysis of the literature focused on globe thermometer accuracy and revealed
several inconsistencies, mainly due to a lack of definition and control of the influence
variables which affect this kind of measurement. Consequently, it is still unclear whether
small globes, characterized by low response times, exhibit the same accuracy of the standard
150 mm Vernon globe in predicting the mean radiant temperature. Besides, since few
investigations are based on measurements in a black enclosure at a uniform temperature,
the authors specifically designed an experimental apparatus capable to characterize the
radiant heat transfer between the globe and the surrounding environment.

From the results several crucial issues related to the accuracy of small globes have
been found:

• Firstly, in the presence of high-radiative loads, small globes exhibit a general trend of
underestimation of the mean radiant temperature calculated according to the ISO 7726
model. This phenomenon is affected by the temperature of the enclosure (generally,
the warmer the enclosure, the greater the underestimation) and the air velocity (at
higher air velocity, the errors are reduced by 3–4 ◦C).
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• Moreover, larger errors have been observed for a 38 mm globe (i.e., table tennis ball) leading
to mean radiant temperature values even 11.4 ◦C lower than the enclosure temperature.
On the other hand, the 50 mm globe showed lower errors (i.e., up to 8.9 ◦C).

• The main effect can be ascribed to the underestimation of the heat transfer convective
coefficients calculated according to the ISO 7726 Standard. To this aim, the authors
proposed new experimental correlations leading to an accuracy within 1.0 ÷ 1.5 ◦C
for the mean radiant temperature.

• The measurement errors exhibited by small globes lead to critical issues in the objective
assessment of thermal comfort and heat stress when ISO 7726 algorithms are used.
On the contrary, the proposed experimental correlations result in a more reliable
assessment of microclimatic conditions.

In the near future, further investigation will be extended to a wider and more refined
range of air velocity and enclosure temperature values, in order to formulate more specific
correlations aimed at increasing the accuracy of mean radiant temperature predictions by
small globes. Finally, further efforts will be addressed to quantify the effect of small globes
on the objective assessment of the thermal environments.
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Symbols
a Constant in Equation (7)
a0 Constant in Equation (5)
a’0 Constant in Equation (8)
a”0 Constant in Equation (9)
D Globe diameter, mm
DLE Duration of limit exposure, min

Dlimloss,95
Maximum allowable exposure time for water loss, 95% of the working
population, min

Dlim,tre Maximum allowable exposure time for heat storage, min
hc,g Convective heat transfer coefficient of the globe W m−2 K−1

Icl Basic clothing insulation, m2 K W−1 or clo
kf Air thermal conductivity, W m−1 K−1

m Coefficient in in Equations (5), (8) and (9), 1
n Coefficient in Equation (9), 1
Nu Nusselt’s number, 1
PMV Predicted mean vote
PHS Predicted heat strain
Re Reynolds’ number, 1
RH Relative humidity, %
ta Air temperature, ◦C
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tg Globe temperature, ◦C
ts Mean surface temperature of the enclosure, ◦C
tr Mean radiant temperature, ◦C
va Air velocity, m s−1

WBGT Wet bulb globe temperature, ◦C
ε Globe emissivity, 1
ν Cinematic viscosity or air, m2 s−1

σ Stefan–Boltzmann constant, W m−2 K−4
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