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1 INTRODUCTION 

The importance of the thermal comfort in an internal environment (microclimate) 
comes from that the body of the living person responds to the environmental variables 
in a dynamic interaction, which can cause discomfort, decrease of activity, damage of 
health, or even death if the response is unsuitable. Thus, the evaluating of the thermal 
state of an environment will specify the person's feeling towards his environment, in 
other words, will determine if a person feels cold, hot or in thermal comfort. 

 It has been known for a long time that the thermal comfort of a human isn’t only 
function of air temperature. The air temperature, mean radiant temperature, air 
velocity, humidity, activity level, and clothing thermal resistance are the fundamental 
parameters affected the thermal comfort. These parameters are called the six 
fundamental factors that define the human thermal comfort. If the activity level and 
clothing thermal resistance were excluded from the previous factors, we will get the 
four environmental factors that define the thermal state of the environment.  

In an indoor environment, to evaluate the thermal comfort it is necessary to 
determine the six fundamental factors, from which is calculated one quantity for 
evaluating the thermal comfort. Such as these quantities; the effective temperature, 
the globe temperature, the equivalent temperature, the operative temperature, PMV 
index, PPD index, etc.  

In this work, it had studied the effect of the mean radiant temperature, air velocity, 
and air temperature on the thermal state of an environment through finding the relation 
between previous variables and each of operative temperature and globe temperature. 
Later, a comparison between globe and operative temperatures had done, where the 
comparison is carried out using own procedure for the application of the theoretical 
solutions of operative and globe temperatures in a wide range of air temperature, mean 
radiant temperature and air velocity. This method of applying the theoretical solution 
can be used later to develop the new sensors.  

The second part of doctorate study is focused on development of new compact 
sensor for continuous and effective measurement of thermal state. The application of 
the new sensor is in regulation (in rooms, air-conditioned cabins and control rooms), 
where the sensor was constructed so that can be placed on different surfaces easily. 
The developed sensor was calibrated, in a special chamber by measuring the physical 
quantities characterizing the thermal state of the internal environment. 
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2 BRIEF INTRODUCTION OF THE HEAT TRANSFER 

A brief overview of heat transfer by conduction, convection, and radiation (which 
are needed in this work) was achieved in this paragraph. 

2.1 CONDUCTION HEAT TRANSFER 
The rate of heat transfer q through the wall is given by Fourier’s law of heat 

conduction as following (Çengel 2003): 

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐 = −𝑘𝑘
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 (1) 

where 
k is the thermal conductivity of the medium, W. m-1. K-1, 
dT/dx is the temperature gradient at location x, K.m-1. 

2.2 CONVECTION HEAT TRANSFER 
The rate of convection heat transfer is proportional to the temperature difference 

and is conveniently expressed by Newton's law of cooling as (Lienhard 2011): 
 𝑞𝑞𝑐𝑐 = ℎ𝑐𝑐(𝑑𝑑𝑠𝑠 − 𝑑𝑑∞) (2) 

where 
hc is the convection heat transfer coefficient, W. m-2. K-1, 
Ts is the temperature of the surface, K, 
T∞ is the temperature of the fluid sufficiently far from the surface, K. 

2.2.1 Dimensionless Numbers 
The important dimensionless numbers used in the convection heat transfer are next 

listed. 
– Nusselt Number 

The Nusselt number Nu is defined as the ratio of heat transfer through the fluid 
layer by convection to heat transfer through the fluid layer by pure conduction.  

𝑁𝑁𝑁𝑁 = ℎ𝑐𝑐
𝐿𝐿
𝑘𝑘 (3) 

where 
k is the thermal conductivity of the fluid, W.m-1. K-1, 
L is the characteristic length, m. 

– Prandtl Number 
Prandtl number Pr is defined as the ratio of momentum diffusivity to the heat 

diffusivity. 

𝑃𝑃𝑃𝑃 =
Molecular diffusivity of momentum

Molecular diffusivity of heat =
𝜈𝜈
𝛼𝛼 (4) 

 
where υ is the kinematic viscosity, m2. s-1 and α is the thermal diffusivity, m2. s-1. 
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– Reynolds Number 
Reynolds number Re is defined as the ratio of the inertia forces to viscous forces in 

the fluid. 

𝑅𝑅𝑅𝑅 =
Inertia force

Viscous =
𝑤𝑤𝐿𝐿
𝜈𝜈  (5) 

where w is the upstream velocity, m.s-1 and L is the characteristic length, m. 
The Reynolds number at which the flow becomes turbulent is called the critical 

Reynolds number Recr. For flow over a flat plate, the generally accepted value of the 
critical Reynolds number is Recr = 5×105, and for flow over a cylinder or sphere 
Recr = 2×105. 

– Grashof Number 
Grashof number Gr is defined as the ratio of the buoyancy force to the viscous force 

acting on the fluid. 

𝐺𝐺𝑃𝑃 =
𝑔𝑔𝛽𝛽(𝑑𝑑𝑠𝑠 − 𝑑𝑑∞)𝐿𝐿3

𝜈𝜈2  (6) 

where 
g is the gravitational acceleration, m.s-2, 
β is the coefficient of volume expansion, K-1 (β = 1/T for ideal gas), 
υ is the kinematic viscosity of the fluid, m2. s-1, 
Ts is the temperature of the surface, K, 
T∞ is the temperature of the fluid sufficiently far from the surface, K. 

– Rayleigh Number 
For natural convection heat transfer with the same fluids, it is possible to use the 

Rayleigh number Ra which is the product of the Grashof and Prandtl numbers: 

𝑅𝑅𝑅𝑅 = 𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑔𝑔𝛽𝛽(𝑑𝑑𝑠𝑠 − 𝑑𝑑∞)𝐿𝐿3

𝜈𝜈2 𝑃𝑃𝑃𝑃 (7) 

2.2.2 Forced Heat Transfer in External Flow 
• Parallel Flow Over Flat Plates: 

The average Nusselt number for laminar and turbulent flow over a flat plate is: 
For laminar flow (Çengel 2003; Pohlhausen 1921): 

𝑁𝑁𝑁𝑁 =
ℎ𝑐𝑐𝐿𝐿
𝑘𝑘 = 0.664𝑅𝑅𝑅𝑅0.5𝑃𝑃𝑃𝑃1/3 (8) 

𝑅𝑅𝑅𝑅 < 5 × 105 and 𝑃𝑃𝑃𝑃 ≥ 0.6  
For turbulent flow 

𝑁𝑁𝑁𝑁 =
ℎ𝑐𝑐𝐿𝐿
𝑘𝑘 = 0.037𝑅𝑅𝑅𝑅0.8𝑃𝑃𝑃𝑃1/3 (9) 

5 × 105 ≤ 𝑅𝑅𝑅𝑅 ≤ 107 and 0.6 ≤ 𝑃𝑃𝑃𝑃 ≤ 60  
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• Flow Across Sphere 
The average Nusselt number for flow over a sphere is recommended to calculate 

from the following relation (Whitaker 1972): 

𝑁𝑁𝑁𝑁 =
ℎ𝑐𝑐𝐷𝐷
𝑘𝑘 = 2 + �0.4𝑅𝑅𝑅𝑅0.5 + 0.06𝑅𝑅𝑅𝑅2/3�𝑃𝑃𝑃𝑃0.4 �

𝜇𝜇∞
𝜇𝜇𝑠𝑠
�
0.25

 (10) 

3.5 ≤ 𝑅𝑅𝑅𝑅 ≤ 7.6 × 104 and 0.71 ≤ 𝑃𝑃𝑃𝑃 ≤ 380  

2.2.3 Natural Heat Transfer in External Flow 
• Natural Convection Over Surfaces 

The heat transfer relations in natural convection are based on experimental studies. 
In Table 1. are listed the relations for the average Nusselt number of various 
geometries (Çengel 2003). 

Table 1. Empirical correlations for the average Nu for natural convection (Çengel 2003) 

 
2.2.4 Combined Natural and Forced Convection 
It is known that natural convection always accompanies forced convection. 

Schlunder (1975) presented a comprehensive correlation for combined natural and 
forced convection heat transfer, which based on the same relation described the mixed 
laminar and turbulent flow: 

𝑁𝑁𝑁𝑁 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁 + �𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙2 + 𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡2   

𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙 = 0.664𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑙𝑙𝑡𝑡.
0.5 𝑃𝑃𝑃𝑃1/3 (11) 

𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =
0.037𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑙𝑙𝑡𝑡.

0.8 𝑃𝑃𝑃𝑃
1 + 2.44𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑙𝑙𝑡𝑡.

−0.1 (𝑃𝑃𝑃𝑃2/3 − 1)
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For combined natural and forced heat transfer Schlunder suggested to use combined 
Reynolds number (Schlünder 1975):  

𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑙𝑙𝑡𝑡. = �𝑅𝑅𝑅𝑅2 +
𝐺𝐺𝑃𝑃
2.5 (12) 

Another expression has become widespread practice to use for the combined natural 
and forced convection heat transfer (Churchill 1998):  

𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑙𝑙𝑡𝑡. = �𝑁𝑁𝑁𝑁𝑓𝑓𝑐𝑐𝑡𝑡𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐 ± 𝑁𝑁𝑁𝑁𝑐𝑐𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙𝑙𝑙𝑐𝑐 �1/𝑐𝑐 (13) 

where Nuforced and Nunatural are determined from the correlations for pure forced and 
pure natural convection, respectively. The plus sign is for assisting and transverse 
flows and the minus sign is for opposing flows. The value of the exponent n varies 
between 3 and 4, depending on the geometry involved. The best correlation of data is 
often obtained for n = 3 for vertical plate, n = 7/2 for horizontal plate, and n = 4 for 
cylinders or spheres (Churchill 1998). 

2.3 RADIANT HEAT TRANSFER 
Thermal radiation is continuously emitted by all subjects whose temperature is 

above absolute zero. That is, everything around us such as walls, furniture, and our 
bodies (Holman 2002). 

2.3.1 Radiation Heat Transfer Between Black Surfaces 
Consider n black surfaces at specified temperatures. The net radiation heat transfer 

from any surface i is determined by using the view factor as following: 

𝑄𝑄𝑖𝑖 = �𝑄𝑄𝑖𝑖𝑖𝑖

𝑐𝑐

𝑖𝑖=1

= �𝐴𝐴𝑖𝑖𝐹𝐹𝑖𝑖𝑖𝑖𝜎𝜎�𝑑𝑑𝑖𝑖4 − 𝑑𝑑𝑖𝑖4�
𝑐𝑐

𝑖𝑖=1

 (14) 

where 
Ai is the area of the surface i, m2, 
Fij is the view factor from a surface i to a surface j, 
Ti, Tj are the absolute temperatures of the surfaces i and j, respectively, K. 

2.3.2 Radiation Heat Transfer Between Real Surfaces Enclosure 
The net rate of radiation transfer between two real surfaces at one space is 

expressed as: 

𝑄𝑄12 =
𝜎𝜎(𝑑𝑑14 − 𝑑𝑑24)

1 − 𝜀𝜀1
𝐴𝐴1𝜀𝜀1

+ 1
𝐴𝐴1𝐹𝐹12

+ 1 − 𝜀𝜀2
𝐴𝐴2𝜀𝜀2

 (15) 

The view factor F12 depends on the geometry of the surfaces. Simplified forms of 
equation (15) for some familiar arrangements that form a two-surface are given in 
Table 2. 
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Table 2. The radiation heat transfer between two real surfaces (Çengel 2003) 

 
2.3.3 Radiation Heat Transfer Between the Globe Thermometer  

and Its Environment 

The globe thermometer can be considered as a small object in large cavity. Thus, 
the specific heat transfer by radiation to or from the globe thermometer can be 
expressed as follow: 

𝑞𝑞𝑡𝑡 = 𝜀𝜀𝜎𝜎�𝑑𝑑𝑡𝑡4 − 𝑑𝑑𝑔𝑔4� (16) 

ε is the emissivity of the globe thermometer surface. For matt black surface ε = 0.95, 
Tg is the absolute temperatures of the globe thermometer (globe temperature), K, 
Tr is the mean absolute temperatures of surfaces surrounding globe thermometer, K. 
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3 THERMAL COMFORT 

The Thermal comfort is defined as ‘that condition of the mind in which satisfaction 
is expressed with the thermal environment’ (ASHRAE 1966).  

Many factors affect the thermal comfort of the human body such as body 
temperature, skin moisture, and behavioral actions (Djongyang et al. 2010). However, 
the fundamental factors affect thermal comfort can be classified into two main groups; 
The environmental variables, which include air temperature, mean radiant 
temperature, air velocity, and air humidity. The second group is the personal factors 
include the metabolic heat rate and clothing. The two groups together provide the six 
fundamental factors that define the human thermal comfort (Parsons 2003). 

Given that the thermal comfort of the environment depends on the six fundamental 
factors, many attempts have been carried out to find a single index by integrating some 
or all the six fundamental factors that could be used to determine thermal comfort 
conditions (Kazkaz et al. 2013). The most common of the thermal indices are next 
discussed: 

1- Wet-Bulb Temperature: The wet-bulb temperature Twb is the temperature which 
considers the amount of moisture in the air. Its value can be obtained by rotating 
a thermometer with a moistened cotton or wet wick encasing the bulb through 
the air (Bobenhausen 1994). 

2- Globe Thermometer Temperature: The globe thermometer is a device 
introduced by Vernon.  It consists of a hollow copper sphere of diameter 150 
mm, coated with matt black paint and containing an ordinary thermometer with 
its bulb fixed at the center of the sphere, without source of heat (Vernon 1930). 

3- Equivalent Temperature: The equivalent temperature is defined as the 
temperature of an imaginary enclosure with the mean radiant temperature equal 
to air temperature and still air in which a person has the same heat exchange 
by convection and radiation as in the actual conditions (ASHRAE 1989). 

4- Operative Temperature: The operative temperature To is defined as a uniform 
temperature of a radiantly black enclosure in which an occupant would 
exchange the same amount of heat by radiation and convection as in the actual 
non-uniform environment 

5- Predicted Mean Vote: The PMV index predicts the mean response of a large 
group of people on the following scale (ASHRAE 1993): 
-3 -2 -1 0 +1 +2 +3 

Cold Cool Slightly 
cool Natural Slightly 

warm Warm Hot 

6- Predicted Percentage Dissatisfied: The predicted percentage dissatisfied PPD 
index describes the percentage of occupants that are dissatisfied with the given 
thermal conditions. Fanger (Fanger 1970) related PPD to PMV as follows: 

𝑃𝑃𝑃𝑃𝐷𝐷 = 100− 95𝑅𝑅(−0.03353𝑃𝑃𝑃𝑃𝑃𝑃4−0.2179𝑃𝑃𝑃𝑃𝑃𝑃2) (17) 
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4 THEORETICAL SOLUTION 

The procedure of application of the theoretical solutions is based on the following 
considerations: 
 The operative temperature To can be represented as the balanced temperature 

on the surface of the human body, at which affect only the heat convection from 
ambient air at air velocity and air temperature, and the heat radiation from the 
surrounding surfaces at mean radiation temperature Tr, see Figure 1a. 

 In the theoretical solution of the operative temperature, the surface of human 
body is replaced by sphere, see Figure 1b. For calculating the convection, the 
sphere has the same surface AD as the human body, and in case of radiation the 
surface is replaced by another sphere of smaller radius Ar.  

 

 

To 

Tr 

w 
Ta 

 

 

 

Tr 

w 
Ta 

AD Ar 

To 

 
a) Human body in an indoor environment b) Globe in in an indoor environment 

Figure 1. The human body in an indoor environment and his replacement globe of the same surface 

 For determining the operative temperature, in practice is often used the globe 
thermometer with diameter D = 150 or 100 mm, (see Figure 2a). Then the 
temperature of the globe thermometer Tg can be approximately identified the 
operative temperature, but this only in a certain range of the environmental 
parameters, which is theoretically solved and explored in the dissertation thesis. 

 The aim of thesis is designing a relatively small compact plate sensor, which 
measures the plate temperature Tp, (see Figure 2b.). The plate temperature could 
be then, as in case of the globe thermometer, accurately identified with the 
operative temperature To, and this in widest range of the environmental 
parameters. 

 

Tr 

w 
Ta D 

Globe 
Thermometer 

Tg 

 

 

TP 

Tr 

w 
Ta 

AP 

Thermocouple 

Plate 

 
a) Measuring the operative temperature 

using globe thermometer 
b) Measuring the operative temperature 

using plate thermometer 
Figure 2. Measuring the operative temperature using the compact sensors 
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4.1 Mathematical Methods of Solving the Equations 
The mathematical models of a wide range of problems in science and engineering 

applications can be formulated as an equation of the form f(x) = 0. The solution of this 
type of the equations is achieved by finding the values of x at which the function f(x) 
becomes zero (Srivastava et al. 2011). 

There are many methods which use the iterative technique; The most common 
methods: Newton-Raphson method, Secant method, Muller’s method, Fixed-point 
method, … and other. In the following paragraph are briefly described Newton-
Raphson method and secant method, which are the more suitable methods for solving 
the transcendental equations. These two methods are effective in finding the roots of 
the equation with the least effort and time. 

– Newton-Raphson Method 
This method is based on constructing a tangent to the curve at the initial guess x0.  

The point where the tangent intersects the x-axis represents the approximation value. 
The process is repeated until the value of the function is sufficiently close to zero. 
Considering the function f(x), the equation of tangent to the function f(x) at x0 is given 
by: 

𝑓𝑓(𝑑𝑑) − 𝑓𝑓(𝑑𝑑0) = (𝑑𝑑 − 𝑑𝑑0)𝑓𝑓′(𝑑𝑑0) (18) 
Where f´(xo) is the slope of the tangent (the derivation of the function f(x)). 
The value of x at which the tangent crosses the x-axis is taken as the next 

approximation value of the root x1. Thus, 
𝑑𝑑1 = 𝑑𝑑0 − 𝑓𝑓(𝑑𝑑0)/𝑓𝑓′(𝑑𝑑0) (19) 

or generally 
𝑑𝑑𝑐𝑐+1 = 𝑑𝑑𝑐𝑐 − 𝑓𝑓(𝑑𝑑𝑐𝑐)/𝑓𝑓′(𝑑𝑑𝑐𝑐) (20) 

The equation (20) is called the Newton-Raphson formula (Srivastava et al. 2011). 
– Secant Method 

Secant method requires two initial values x0 and x1, from which the secant to the 
function f(x) passes. The slope of the secant passing through the points x0 and x1 is 
given by: 

𝑔𝑔′(𝑑𝑑) =
𝑓𝑓(𝑑𝑑1) − 𝑓𝑓(𝑑𝑑0)

𝑑𝑑1 − 𝑑𝑑0
 (21) 

Thus, the next approximation value of the root is: 

𝑑𝑑2 = 𝑑𝑑1 −
𝑑𝑑1 − 𝑑𝑑0

𝑓𝑓(𝑑𝑑1) − 𝑓𝑓(𝑑𝑑0)𝑓𝑓
(𝑑𝑑1) (22) 
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4.2 Theoretical Solution of Globe Temperature 
The globe temperature is a direct index which can measure directly by the globe 

thermometer, the globe thermometer reaches thermal equilibrium when the heat gain 
by radiation qr equals the heat loss by convection qc. 

𝑞𝑞𝑡𝑡 = 𝑞𝑞𝑐𝑐 (23) 
or 

𝜀𝜀𝜎𝜎(𝑑𝑑𝑡𝑡4 − 𝑑𝑑𝑔𝑔4) = ℎ𝑐𝑐𝑔𝑔(𝑑𝑑𝑔𝑔 − 𝑑𝑑𝑙𝑙) (24) 

where: 
hcg is the convection heat transfer coefficient, W. m-2. k-1, 
Tg is the absolute temperatures of the thermometer (globe temperature), K, 
Tr is the mean absolute temperatures of surfaces surrounding globe thermometer, K, 
Ta is the air temperature, K. 

The coefficient heat transfer hcg can be calculated by using the definition of Nusselt 
number as follow: 

ℎ𝑐𝑐𝑔𝑔 = 𝑁𝑁𝑁𝑁
𝑘𝑘
𝐷𝐷 (25) 

In this work, the combined convection heat transfer (forced and natural) has been 
used to calculate the Nusselt number. Two separated analysis was used to calculate 
the Nusselt number. 
 The first solution is based on the comprehensive correlation (11) 
 The second solution analysis is based on the relation (13) 

1- First Theoretical Solution of Globe Temperature  
In this chapter, the equation (11) is used to calculate the Nusselt number of 

combined convection heat transfer. For flow around the globe thermometer, the 
following conditions are applied: 

Minimum Nusselt number min Nu = 2, diameter of sphere D = 0.15 m, and β = 2 / 
(Tg + Ta). Thus, the Nusselt number of flow around the globe thermometer can be 
expressed as follow:  

𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑙𝑙𝑡𝑡. = 2 +
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⎢
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(26) 
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The convection heat transfer coefficient for the flow around the globe 
thermometer is: 

ℎ𝑐𝑐𝑔𝑔 = 𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑙𝑙𝑡𝑡.
𝑘𝑘
𝐷𝐷 (27) 

The equation (27) represent the convection heat transfer coefficient for the flow 
around the globe thermometer, and it is a function of the environmental factors. Then, 
the globe temperature is written as follow: 

𝑑𝑑𝑔𝑔 = �(𝑑𝑑𝑡𝑡 + 273)4 −
ℎ𝑐𝑐𝑔𝑔
𝜀𝜀𝜎𝜎 (𝑑𝑑𝑔𝑔 − 𝑑𝑑𝑙𝑙)�

1/4

− 273 (28) 

where Tg, Tr, and Ta in unit of oC. 
The equation (28) describes the globe temperature as function of the environmental 

factors.  
𝑑𝑑𝑔𝑔 = 𝑓𝑓(𝑑𝑑𝑡𝑡,𝑤𝑤,𝑑𝑑𝑙𝑙)  

The equation (28) is a transcendental equation, which can be solved using one of 
the iterative methods, mentioned previous (chapter 4.1). However, The MATLAB and 
SURFER programs were used to solve and draw this equation in range of variables: 

(0 ≤ Tr ≤ 40 oC), (0 ≤ w ≤ 1 m. s-1), and (Ta = 15, 25, and 35 oC) 
On Figure 3 is plotted the three globe temperature surfaces, each surface represents 

the globe temperature function for a constant air temperature.   

 
Figure 3. The first solution of the globe temperature function for constant air temperature 

2- Second Theoretical Solution of Globe Temperature 
In this chapter, the equation (13) was used to calculate the Nusselt number of 

combined convection heat transfer. Where Nuforced and Nunatural are determined from 
the correlations for pure forced and pure natural convection. 

Ta = 35 oC 

Ta = 25 oC 

Ta = 15 oC 
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Thus, the coefficient of convection heat transfer for air flow around the globe 
thermometer can be expressed as follow:  

ℎ𝑐𝑐𝑔𝑔 =
𝑘𝑘
𝐷𝐷 ��2 + �0.4𝑅𝑅𝑅𝑅0.5 + 0.06𝑅𝑅𝑅𝑅2/3�𝑃𝑃𝑃𝑃0.4 �

𝜇𝜇𝑙𝑙
𝜇𝜇𝑔𝑔
�
0.25

�
4

+ �2 +
0.5897𝑅𝑅𝑅𝑅0.25

[1 + (0.469/𝑃𝑃𝑃𝑃)9/16]4/9�
4

�

0.25

 

(29) 

Then the globe temperature is written as follow: 

𝑑𝑑𝑔𝑔 = �(𝑑𝑑𝑡𝑡 + 273)4 −
ℎ𝑐𝑐𝑔𝑔
𝜀𝜀𝜎𝜎 (𝑑𝑑𝑔𝑔 − 𝑑𝑑𝑙𝑙)�

1/4

− 273 (30) 

where Tg, Tr, and Ta in unit of oC. 
The equation (30) describes the globe temperature as function of the environmental 

factors.The equation (30) is a transcendental equation, MATLAB and SURFER 
programs were used to solve and draw this equation in range of variables: 

(0 ≤ Tr ≤ 40 oC), (0 ≤ w ≤ 1 m. s-1), and (Ta = 15, 25, and 35 oC) 

On Figure 4 is plotted the three globe temperature surfaces. 

 
Figure 4. The first solution of the globe temperature function for constant air temperature 

4.3 Theoretical Solution of Operative Temperature 
The operative temperature To can be calculated as following (ASHRAE 1981): 

𝑑𝑑𝑐𝑐 =
𝑑𝑑𝑙𝑙ℎ𝑐𝑐 + 𝑑𝑑𝑡𝑡ℎ𝑡𝑡
ℎ𝑐𝑐 + ℎ𝑡𝑡

 (31) 

hc, hr are the heat transfer coefficients by convection and radiation, respectively. 

Ta = 35 oC 

Ta = 25 oC 
Ta = 15 oC 
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The radiation heat transfer coefficient hr is calculated from the following equation 
(Parsons 2003): 

ℎ𝑡𝑡 = 𝜀𝜀𝜎𝜎
𝐴𝐴𝑡𝑡
𝐴𝐴𝐷𝐷

𝑑𝑑𝑐𝑐4 − 𝑑𝑑𝑡𝑡4

𝑑𝑑𝑐𝑐 + 𝑑𝑑𝑡𝑡
 (32) 

where, 
Ar is the effective radiative area of the human body, m2, 
AD is the total body surface area, m2. 

Two separated analysis was used to calculate the convective heat transfer 
coefficient hc. 
 The first solution is based on the comprehensive correlation (11) 
 The second solution is based on the relation (13). 

1- First Theoretical Solution of operative Temperature 
For human body (large sphere), the following conditions are applied: Minimum 

Nusselt number min Nu = 2, diameter of sphere Do = 0.757 m, and β = 2 / (To + Ta). 
Thus, the Nusselt number of flow around the human body can be expressed as 

follow:  

𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑙𝑙𝑡𝑡. = 2 +

⎣
⎢
⎢
⎢
⎢
⎡

�0.664𝑃𝑃𝑃𝑃1/3 ��
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2
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2

2.5
𝑔𝑔(𝑑𝑑𝑐𝑐 − 𝑑𝑑𝑙𝑙)𝐷𝐷𝑐𝑐3
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0.037��𝐷𝐷𝑐𝑐𝑤𝑤𝜈𝜈 �
2

+ 2
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𝑔𝑔(𝑑𝑑𝑐𝑐 − 𝑑𝑑𝑙𝑙)𝐷𝐷𝑐𝑐3
𝜈𝜈2(𝑑𝑑𝑐𝑐 + 𝑑𝑑𝑙𝑙) �
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(33) 

The convection heat transfer coefficient between air and the human body is: 

ℎ𝑐𝑐 =
𝑘𝑘
𝐷𝐷𝑐𝑐

𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑙𝑙𝑡𝑡.  

Thus, the operative temperature is written as function of the environmental 
parameters as follow: 

𝑑𝑑𝑐𝑐 = 𝑓𝑓(𝑑𝑑𝑙𝑙,𝑑𝑑𝑡𝑡 ,𝑤𝑤) (34) 
The equation (34) is a transcendental equation, MATLAB and Surfer programs were 

used to solve and draw this equation in range of variables: 
(0 ≤ Tr ≤ 40 oC), (0 ≤ w ≤ 1 m. s-1), and (Ta = 15, 25, and 35 oC) 

On Figure 5 is plotted the three operative temperature surfaces To = f (Ta, Tr, w). 
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Figure 5. The first solution of the operative temperature function for constant air temperature 

2- Second Theoretical Solution of Operative Temperature 
In this chapter, the equation (13) was used to calculate the Nusselt number of 

combined convection heat transfer. For human body, the following conditions are 
applied: 
Diameter of sphere Do = 0.757 m and β = 2 / (To + Ta)  

Thus, the coefficient of convection heat transfer can be expressed as follow:  

ℎ𝑐𝑐 =
𝑘𝑘
𝐷𝐷𝑐𝑐

��2 + �0.4𝑅𝑅𝑅𝑅0.5 + 0.06𝑅𝑅𝑅𝑅2/3�𝑃𝑃𝑃𝑃0.4 �
𝜇𝜇𝑙𝑙
𝜇𝜇𝑐𝑐
�
0.25

�
4

+ �2 +
0.5897𝑅𝑅𝑅𝑅0.25

[1 + (0.469/𝑃𝑃𝑃𝑃)9/16]4/9�
4

�
0.25

 

(35) 

Thus, the operative temperature is written as function of the environmental 
parameters as follow: 

𝑑𝑑𝑐𝑐 = 𝑓𝑓(𝑑𝑑𝑙𝑙,𝑑𝑑𝑡𝑡 ,𝑤𝑤) (36) 
The equation (36) is a transcendental equation, MATLAB and Surfer programs were 

used to solve and draw this equation in range of variables: 
(0 ≤ Tr ≤ 40 oC), (0 ≤ w ≤ 1 m. s-1), and (Ta = 15, 25, and 35 oC) 

On Figure 6 is plotted the three operative temperature surfaces To = f (Ta, Tr, w). 

Ta = 35 oC 
Ta = 25 oC 

Ta = 15 oC 
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Figure 6. The second solution of the operative temperature function for constant air temperature 

4.4 Comparison Between Globe and Operative Temperatures 
The difference between the globe and the operative temperatures is function of the 

environmental factors as follow: 
𝑑𝑑𝑔𝑔 − 𝑑𝑑𝑐𝑐 = 𝑓𝑓(𝑑𝑑𝑡𝑡 ,𝑤𝑤,𝑑𝑑𝑙𝑙) (37) 

The difference between the globe and the operative temperatures was plotted on 
Figure 7 for the first solution, and on Figure 8 for the second solution. The difference 
was for constant air temperature Ta = 25 oC. 

 
Figure 7. The difference between globe and operative temperatures 

based on the first solution, for constant air temperature Ta = 25 oC 

 

Ta = 35 oC 
Ta = 25 oC 
Ta = 15 oC 

[K] 
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Figure 8. The difference between globe and operative temperatures 

based on the second solution, for constant air temperature Ta = 25 oC 

Discussion of the results: 
The results of the first theoretical solution based on the equation (11): 
 For the range of: |Tr – Ta| ≤ 10 K, the value of the difference |Tg – To| ≤ 0.5 K. 
 For the velocity range of:  w ≤ 0.3 m.s-1, the value of the difference |Tg – To| ≤ 

0.6 K. 
The results of the second theoretical solution based on the equation (13): 
 For the range of: |Tr – Ta| ≤ 8 K, the value of the difference |Tg – To| ≤ 0.5 K. 

The range of (Tr – Ta) can be extended by using the air velocity limits, as follow: 
 For |Tr – Ta| ≤ 10 K and w ≤ 0.15 m.s-1, the value of the difference |Tg – To| ≤ 

0.5 K. 
The previous results compatible with the Czech norms, where according to law 

(Nařízení vlády 2002), for air velocity less than 0.2 m.s-1 it is possible to replace the 
globe temperature in state of operative temperature. The Society of Environmental 
Engineering (Zmrhal et al. 2010), they published article about the same subject, they 
had opposite result in the range of air velocity (0-0.2) m.s-1. On the other hand the the 
accuracy in the globe temperature measurement is (±0.5 K) (ISO 7726 1998). 

4.5 Theoretical Solution of Plate Temperature 
In practical part of the doctoral study, a plate sensor (Figure 9) was designed and 

developed to use as a compact sensor for evaluating the thermal state of an 
environment. The construction of plate sensor is descriped in the practical part of the 
thesis. 

[K] 
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 Frontal Side Back Side 

Thermocouple ε → 1 

ε → 0 

 
a) Frontal side b) Back Side 

Figure 9. The compact plate sensor 

The work principle of the plate sensor is based on the thermal balance between the 
radian heat flow and the convective heat flow on the plate sensor as follow: 

𝑞𝑞𝑡𝑡𝑟𝑟 = 𝑞𝑞𝑐𝑐𝑟𝑟 (38) 
The convection heat transfer occurs on the both side of the plate sensor. 

𝜎𝜎𝜀𝜀�𝑑𝑑𝑡𝑡4 − 𝑑𝑑𝑟𝑟4� = 2ℎ𝑐𝑐𝑟𝑟(𝑑𝑑𝑟𝑟 − 𝑑𝑑𝑙𝑙) (39) 
where 
Tp is the absolute temperatures of plate sensor, K, 
hcp is the convection heat transfer coefficient, W.m-2 K-1. 
The equation (39) characterizes the plate temperature as function of the environmental 
parameters. Two separated analysis was used to calculate the coefficient heat transfer: 
 The first solution is based on the comprehensive correlation (11) 
 The second solution is based on the following relation (13) 

Both solutions were used for: 
- Small plate (30 × 30 mm), which is suitable for using on a thermal mannequin. 
- Large plate (80 × 80 mm), is suitable for measuring and controlling in the room. 

1- First Theoretical Solution of Small Plate Temperature 
The equation (11) was used to calculate the Nusselt number of combined 

convection heat transfer. For the plate sensor are applied: the minimum Nusselt 
number min Nu = 0 and the length of the plate sensor L = 0.03 m. The convection heat 
transfer coefficient for the flow over the plate sensor is: 

ℎ𝑐𝑐𝑟𝑟 =
𝑘𝑘
𝐿𝐿

⎣
⎢
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⎢
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(40) 
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The plate sensor temperature is written as a function of the environmental factors: 

𝑑𝑑𝑟𝑟 = �𝑑𝑑𝑡𝑡4 −
2ℎ𝑐𝑐𝑟𝑟
𝜀𝜀𝜎𝜎 (𝑑𝑑𝑟𝑟 − 𝑑𝑑𝑙𝑙)�

1/4

 (41) 

where Tp, Tr, and Ta in unit of K. 
The equation (41) is a transcendental equation, MATLAB and Surfer programs were 

used to solve and draw this equation in range of variables: 
(0 ≤ Tr ≤ 40 oC), (0 ≤ w ≤ 1 m. s-1), and (Ta = 15, 25, and 35 oC) 

On Figure 10 is plotted the three plate temperature surfaces Tp = f (Ta, Tr, w). 

 
Figure 10. The first solution of the plate temperature for constant air temperature  

2- Second Theoretical Solution of Small Plate Temperature 
The equation (13) was used to calculate the Nusselt number of combined 

convection heat transfer. For plate sensor: the length of the plate L = 0.03 m and the 
volumetric thermal expansion coefficient β = 2 / (Tp + Ta), K-1.  

Thus, the coefficient of convection heat transfer for air flow over the plate sensor 
can be expressed as follow:  

ℎ𝑐𝑐𝑟𝑟 =
𝑘𝑘
𝐷𝐷 ��0.664 �

𝐿𝐿𝑤𝑤
𝜈𝜈 �
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𝑃𝑃𝑃𝑃1/3�
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2𝑔𝑔�𝑑𝑑𝑟𝑟 − 𝑑𝑑𝑙𝑙�𝐿𝐿3

𝜈𝜈2�𝑑𝑑𝑟𝑟 + 𝑑𝑑𝑙𝑙�
𝑃𝑃𝑃𝑃�

1/4
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(42) 

The plate temperature is written as follow: 

𝑑𝑑𝑟𝑟 = �(𝑑𝑑𝑡𝑡 + 273)4 −
2ℎ𝑐𝑐𝑟𝑟
𝜀𝜀𝜎𝜎 (𝑑𝑑𝑟𝑟 − 𝑑𝑑𝑙𝑙)�

1/4

− 273 (43) 

where Tg, Tr, and Ta in unit of oC. 
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MATLAB and Surfer programs were used to solve and draw the equation (43) in range 
of variables: 

(0 ≤ Tr ≤ 40 oC), (0 ≤ w ≤ 1 m. s-1), and (Ta = 15, 25, and 35 oC) 
On Figure 11 is plotted the three plate temperature surfaces Tp = f (Ta, Tr, w). 

 
Figure 11. The second solution of the plate temperature for constant air temperature 

4.6 Comparison Between Plate and Operative Temperatures 
The difference between plate and operative temperatures is written as follow: 

𝑑𝑑𝑟𝑟 − 𝑑𝑑𝑐𝑐 = 𝑓𝑓(𝑑𝑑𝑙𝑙,𝑤𝑤,𝑑𝑑𝑡𝑡) (44) 
The difference between globe and operative temperatures was plotted on Figure 12 

for constant air temperature Ta = 25 oC. 

 
Figure 12. The difference between plate and operative temperatures 

for constant air temperature Ta = 25 oC  
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Discussion of the results: The result can be summarized as following 
 For the range of: |Tr – Ta| ≤ 1 K, the value of the difference |Tp – To| ≤ 0.7 K. 

To improve the rsults, a correction for the values of the plate temperature is 
performed. For the correction, it is possible to use another environment parameter, 
which can be measured as simple as possible (eg. air temperature Ta), then the sensor 
needed to measure this parameter to be added to the plate compact sensor. The 
corrected plate temperature is given as follow: 

𝑑𝑑𝑟𝑟𝑐𝑐 = 𝑑𝑑𝑟𝑟 − 𝑐𝑐 �𝑑𝑑𝑟𝑟−𝑑𝑑𝑙𝑙� (45) 

where c is the correction factor. 
The difference between the corected plate temperature Tpc and operative temperaure 
To are ploted on the Figure 13. 

 
Figure 13. The difference between plate and operative temperatures 

for constant air temperature Ta = 25 oC 

From the Figures, it can be noticed that: 
 For the range of | Tr – Ta | ≤ 5 K, the value of the difference |Tpc – To| ≤ 0.6 K. 

The range of | Tr – Ta | can be extended by using the air velocity limits, as follow: 
 For | Tr – Ta | ≤ 10 K and w ≤ 0.2 m.s-1, the difference |Tpc – To| ≤ 0.5 K. 

Thus, under the previous conditions the operative temperature can be replaced by 
the corrected temperature measured by the new designed plate sensor Tpc. 

4.7 Theoretical Solution of Large Plate Sensor 
In this part of the thesis a large plate sensor (80 × 80 mm) was studied. The same 

theoretical solution, which were used for small plate sensor, are used for large plate. 
The difference between the plate temperature of the big plate sensor and the operative 
temperaure is ploted on the Figure 14. 
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Figure 14. The difference between plate and operative temperatures 

for constant air temperature Ta = 25 oC 

From the Figure 14 it can be observed that: 
 For the range of: |Tr – Ta| ≤ 2 K, the value of the difference |Tp – To| ≤ 0.6 K. 

To improve the results, a correction for the values of the plate temperature is 
performed. The difference between the corected the plate temperature Tpc for large 
sensor and the operative temperaure To is ploted on the Figure 15. 

 
Figure 15. The difference between corrected plate and operative temperatures 

for constant air temperature Ta = 25 oC 

From the Figure 16 it can be noticed that: 
 For | Tr – Ta | ≤ 7 oC, the value of the difference |Tpc – To| ≤ 0.6 oC. 
 For | Tr – Ta | ≤ 15 oC and w ≤ 0.2 m.s-1, the difference |Tpc – To| ≤ 0.5 oC. 

 Thus, by using the large size of plate sensor the range of | Tr – Ta |, in which the 
plate temperature can be used instead of the operative temperature, extended. 
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5 PRACTICAL PART 

5.1 Construction of Plate Compact Sensor 
The compact plate sensor consists of a metallic plate of zinc (A × A mm), the frontal 

surface of the sensor is painted with black matt paint with high emissivity, the back 
side has small emissivity, and on the center of this face a thermocouple is fixed by 
welding. Another thermocouple, for measuring the air temperature, is fixed on the 
plate sensor as it is shown on Figures 53 and 54. The sensor can be placed on plastic 
base (Figure 16) with small emissivity or placed on small holder (Figure 17). In this 
work, the dimension of the plate sensor A, was considered 30 mm for small sensor 
and 80 mm for large plate sensor. 

 

Tp Ta 

Side 
View 

A A/2 

Plate 
A/4 

A/2 

Top 
View 

Thermocouples 

A 

ε → 0 

Plate 

Plastic Base 

 
Figure 16. The construction of Plate compact 

sensor with plastic base 

 

Thermocouples Tp 

Ta 

Side 
View 

A 

A 

A/2 

Plate 
A/4 

A/2 

Holder 

Plate 

Sticker ε → 0 

 
Figure 17. The construction of plate compact 

sensor with small holder 

The plate temperature Tp measured by the new sensor, where its thermocouple is 
connected to ADAM- 4018 8-channel Analog Input Module (Advantech 2017) 
(Fingure 18). The small plate sensor (30 × 30 mm) is suitable for using on a thermal 
mannequin Figure 19. 

 
Figure 18. The ADAM-4018 unit 

 

Figure 19. The plate sensor placed 
on thermal mannequin 

5.2 Experimental Equipment 
5.2.1 Testing Chamber 
The testing chamber (Figure 20) is chamber for experimenting sensors of the 

thermal comfort. It has been designed for the purpose of experiment the developed 
sensors by comparing with expensive laboratory sensors. The walls of the chamber 
are curtains of black textile, which provide uniform mean radiant temperature. Four 
regulating ventilators are placed on the top of the chamber to force the air to flow with 
different velocities. The Chamber provides a testing space of 6-15 m3 (Košíková et al. 
2011). 
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Figure 20. The testing chamber 

5.2.2 INNOVA System for Measurement the Thermal Comfort 
For calibration and thermal comfort measurement is used mobile measuring system 

(Figure 21) by INNOVA function by employing sensors to assess thermal comfort in 
residential spaces, working spaces and vehicles under either laboratory or operational 
conditions. The system consists of the Thermal Comfort Data logger INNOVA 1221, 
a set of 28 sensors with tripod stands (Figures 22), and a laptop with measuring 
software. (LumaSense Technologies 2007) 

  
Figure 21. Portable data logger INNOVA and a laptop 

   
Figure 22. Arrangement of sensor for different measurement types 

5.2.3 Experimental Measurements 
- Comparison Between Globe and Operative Temperatures in The Testing 

Chamber 
In this experiment, the environmental parameters (air temperature, air velocity, and 

men radiant temperature) and indexes of thermal comfort (globe temperature and 
operative temperature) are measured by the INNOVA sensors. 
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The sensors were located on the center of the chamber at high of 0.6 m from the 
floor. The measured parameters are plotted by time on the Figure 23. 

Results of the experiment: 
During the experiment, the air temperature was higher than the radiant temperature 

and the difference between them varies from 0.9 K up to 1.5 K. The difference 
between the globe and the operative temperatures is very small during the all 
experiment and didn’t exceed 0.2 K, that agree with the theoretical solution of the 
globe and operative temperatures, and compatible the accuracy of the globe and 
operative temperature measurement (±0.5 K) according to the norms ISO 7726. 

 
Figure 23. Comparison between the globe and operative temperatures  

- Testing the Designed Plate Sensor 
The aim of this experiment is to compare the plate temperature of small sensor  

(30 × 30 mm), with the globe and operative temperatures for different air velocity. 
1- The first part of the experiment (Figure 24):  

The ventilators were adjusted to provide air velocity 0, 0.2, 0.4, 0.6, and 1 m. s-1. 
The air temperature at the beginning of the experiment was 18.50 oC . 

2- The second part of the experiment (Figure 25): 
The ventilators were adjusted to provide air flow velocity of 1, 0.8, and 0.6 m. s-1. 
The air temperature at the beginning of the experiment was 19.9 oC. 

Results of the experiment: 
The globe temperature, operative temperature, and plate temperature were almost 

the same during the all experiment and the maximum difference didn’t exceed 0.2 K, 
that agree with the theoretical solution of the globe and operative temperatures and 
compatible the accuracy of the globe and operative temperature measurement 
(±0.5 K) according to the norms ISO 7726. 
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- Impact of The Directional Radiation on The Testing Sensors 
The purpose of this experiment is to determine the impact of the directional 

radiation on the designed plate sensor (30 × 30 mm). During the experiment, a 
radiation source (lamp) is applied on the sensors, where the lamp is located at various 
angle from the sensors. 
The ventilators were turned off and the source of radiation at the angle 0 degree. The 
experiment is repeated for different angle of the radiation source where it is changed 
(30, 45, and 60 degree). The plate and globe temperatures were plotted on the Figures 
26 and 27, respectively, by time. 
Results of the experiment: 
The impact of the radiation source angle on the plate temperature is significant. While 
this impact is small for the globe temperature as it shown on Figure 28. 

Figure 25. Testing the new plate sensor (second period) 

Figure 24. Testing the new plate sensor (first period) 
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Figure 26. The impact of the radiation on the plate temperature 

 
Figure 27. The impact of the radiation on the globe temperature 

From the Figure 29, it is noticed that for the angle of radiation in range of ± 20o the 
difference in plate temperature ΔT ≈ 0.5 K. This compliant with the norms ISO 7726. 
For this reason, it is necessary to place the plate sensors with respect to the large 
radiation source at this angle. 

From this experiment, it is obvious that temperature measured by the designed plate 
sensor Tp is dependent on the direction of the radiation. When the plate sensor is 
installed in room with a non-homogeneous radiation, it is needed to consider if we 
want to take in account the effect of directional radiation (as in case of the thermal 
manikin) or we will not (measuring the thermal state in the environment, where the 
average radiant temperature is required). 
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Figure 28. The impact of the radiation on the plate and globe temperature 
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6 CONCLUSION 

The basic plan of my work during the doctoral study was presented in this thesis. 
The thesis is divided into three parts. 

In the first part of the thesis the literature survey has been achieved, which include 
a brief introduction of heat transfer, an overview of the thermal comfort, the heat 
balance equation of human body, and the thermal comfort indices. 

The theoretical solution was the second part of the thesis, where in this part the 
globe and operative temperature were selected as thermal comfort indexes to assess 
the thermal state of an environment. The theoretical solution was based on two 
different equations of the combined heat transfer (forced and natural). The results 
based on the two equations can be summarized as follow: 
 For the range of: |Tr – Ta| ≤ 8 K, the value of the difference |Tg – To| ≤ 0.5 K. 
 For |Tr – Ta| ≤ 10 K and w ≤ 0.15 m.s-1, the difference |Tg – To| ≤ 0.5 K. 

Later in the second part, new designed plate sensor was presented. The developed 
sensor was designed as compact sensor for evaluating the local thermal comfort. The 
temperature measured by the new plate sensor is called the plate temperature Tp. 

The main purpose was to make comparison between plate and operative 
temperatures, which is carried out using own theoretical solution of operative and 
plate temperatures in a wide range of environmental parameters. The results can be 
summarized as follow: 
 For the range of | Tr – Ta | ≤ 2 K, the value of the difference |Tg – To| ≤ 0.6 K. 

In order to improve the rsults, a correction for the values of the temperature 
measured by the plate sensor was performed. 

The using of the correction form the difference between the corrected plate and the 
operative temperatures is decreased; where: 
 For the range of | Tr – Ta | ≤ 5 K, the value of the difference |Tpc – To| ≤ 0.6 K. 
 For | Tr – Ta | ≤ 10 K and w ≤ 0.2 m.s-1, the difference |Tpc – To| ≤ 0.5 K. 

Consequently, under the previous conditons of the environmental factors it is 
possible to use the corrected plate temperature as an index of thermal state in state of 
the operative temperature. Also it can be seen from the form of the corection that the 
corrected plate temperature is function of air temperature and temperature measured 
by the plate sensor. Thus, if the plate sensor is provided with simple air temperature 
sensor (thrmocouple) then the plate sensor it could be considered as a compact sensor 
for evaluating the thermal state of the environment. 

In the last part of the thesis is presented the practice of the study. The measurements 
achieved in the testing chamber were: 
– comparison between the globe and operative temperatures in the testing chamber 
– Testing the new plate sensor 
– Impact of the directional radiation on the testing sensors. 
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ABSTRACT 

The air temperature is most often used to assess the thermal state of an internal 
environment. However, air temperature alone is insufficient in many cases to evaluate 
the environmental thermal state. The main objective of the thesis is to evaluate the 
thermal state of an indoor environment and specify the parameters that influence on 
it. Air temperature, mean radiant temperature, air velocity, and humidity are the four 
fundamental environmental parameters that determine the thermal state of an interior 
environment. 

Given that the thermal state of the environment depends on many parameters, so It 
has been derived quantities which include the combined effect of several or all these 
parameters to determining the thermal state of the environment, for example; 
Effective temperature, globe temperature (temperature measured by globe 
thermometer), operative temperature, equivalent temperature, PMV and PPD 
indices… etc. Nowadays there are a lot of high accuracy sensors which can evaluate 
the environmental thermal state, and due to their high price, they are primarily used 
for purpose of research. 

The presented work is focused mainly on development of a compact plate sensor 
that designed for evaluating the thermal state of an interior environment. Mainly focus 
was on the low cost of the sensor together with a sufficient accuracy. To achieve the 
objective of the thesis, the following proceedings were carried out: 

• Analysis the environmental factors affect the thermal state of an environment. 
• Studying the impact of the environmental factors on thermal indexes, the globe 

temperature and operative temperature, and make comparison between them. 
• Designing, developing, and constructing a new plate sensor for assessment the 

thermal state of an interior environment. 
• Constructing the testing chamber to make comparison between the sensors of 

the thermal environment. 
• Calibrating the constructed sensor by measuring the physical quantities 

characterizing the thermal state of the environment.  
• Testing the developed plate sensor and comparing it with the globe 

thermometer through measurement using globe thermometer and plate 
thermometer in test chamber. 

• Make a comparison between the theoretical solutions and the measurements in 
test chamber. 

The main result of this work is my own theoretical comparison between the globe 
temperature and the operative temperature in the selected range of mean radiant 
temperature, air velocity, and air temperature for evaluating the thermal state of an 
internal environment.  

Further, the testing chamber has been constructed to test the developed sensor, and 
a new measuring system (INNOVA) have been used for evaluating the thermal state 
of the environment. 
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ABSTRAKT 
Teplota vzduchu je nejčastěji používaná k posouzení tepelného stavu vnitřního 

prostředí. Avšak teplota vzduchu sama o sobě, je v mnoha případech nedostatečná k 
vyhodnocení tepelného stavu životního prostředí. 

Hlavním cílem disertační práce je vyhodnotit tepelný stav vnitřního prostředí a 
specifikovat parametry, které na něj mají vliv. Teplota vzduchu, střední radiantní 
teplota, rychlost vzduchu a vlhkost vzduchu jsou čtyři základní parametry životního 
prostředí, které určují tepelný stav vnitřního prostředí.  

Vzhledem k tomu, že tepelný stav prostředí závisí na mnoha aspektech, bylo 
odvozeno množství, které zahrnuje kombinovaný účinek několika nebo všech těchto 
parametrů k určení tepelného stavu prostředí, např.: efektivní teplota, kulová teplota 
(teplota měřena kulovým teploměrem), operativní teplota, ekvivalentní teplota, PMV 
a PPD indexy... atd. 

V dnešní době existuje spousta vysoce přesných senzorů, které mohou zhodnotit 
tepelný stav vnitřního prostředí, z důvodu jejich vysoké ceny jsou používané převážně 
pro účely výzkumu.  

Předkládaná práce se převážně soustředí na vývoj kompaktního deskového senzoru 
navrženého dle norem pro vyhodnocení tepelného stavu vnitřního prostředí. Zaměří 
se hlavně na nízkou cenu senzoru společně s dostatečnou přesnosti.  

K dosažení cíle této práce budou provedený následující postupy: 
• Analýza environmentálních faktorů ovlivňujících tepelný stav prostředí. 
• Studium dopadu teploty vzduchu, střední radiantní teploty a rychlosti vzduchu 

na tepelné indexy; kulová teplota a operativní teplota. 
• Nalezení teoretického řešení porovnáním kulový teploty a operativní teploty. 
• Navržení, rozvoj a konstrukce nového deskového senzoru pro posouzení 

tepelného stavu vnitřního prostředí. 
• Konstrukce testovací komory pro srovnání senzorů tepelného prostředí. 
• Kalibrace zkonstruovaného senzoru měřením fyzických veličin 

charakterizujících tepelný stav prostředí. 
• Test vyvinutého deskového senzoru a porovnání s kulovým teploměrem skrze 

měření použitím kulovým teploměru a deskového teploměru v testovací 
komoře. 

• Srovnání teoretických řešení s provedenými měřeními v testovací komoře.  
Hlavním výsledkem této práce je mé vlastní teoretické srovnání kulový teploty a 

operativní teploty ve vybraném rozsahu teploty vzduchu, střední radiantní teploty a 
rychlost vzduchu pro vyhodnocení tepelného stavu vnitřního prostředí.  

Dále, testovací komora bylo postavena pro testování vyvinutého senzoru, a nový 
měřící systém (INNOVA) byl použit pro vyhodnocení tepelného stavu prostředí. 
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