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Abstract: This article couples human metabolic factors and heating environmental factors, and uses a 57 node
human thermal physiological model to study the heating effect of radiators. It provides a way to objectively
calculate and directly quantify the effect of heating equipment on human thermal physiological parameters.
As the inlet speed increases, the surface temperature of the human body first increases and then decreases. At
a speed of 3m/s, it basically reaches a high value. Continuing to increase the wind speed, as the indoor
convection intensity further increases, the surface temperature of the human body will decrease, leading to a
decrease in thermal comfort. Compared with floor radiation heating under similar indoor temperature
conditions, forced convection radiator heating has similar skin temperatures in various parts of the human
body after the indoor design temperature exceeds 20 ‘C, and the overall thermal comfort of the two technical
solutions is equivalent. Research has shown that the turbulence wind speed of convective radiators should not
be too small, with a wind speed range of 2.5m/s to 3m/s. The heating effect of using horizontal air outlet from
the lower part of the radiator is better than that of vertical air outlet from the upper part. Convection type
radiator heating is more suitable for buildings with rooms that are not too high due to the large indoor
temperature gradient.

Keywords: thermophysiological model; convection radiator; local skin temperature; low
temperature heating; heating effect

1. Introduction

With the development of the economy and the advancement of science and technology, human
demands for the comfort of building environments are gradually increasing. Thermal comfort has
always been an important indicator for evaluating indoor environments and is also one of the most
basic needs for human survival. The indicators used to evaluate environmental thermal comfort
include the effective temperature index ET, the standard effective temperature index SET *, and the
PMV index for predicting thermal comfort [1]. Among them, PMV is the most representative
indicator for predicting thermal comfort, which includes many factors related to human thermal
comfort, including four environmental factors: dry bulb temperature of air, partial pressure of water
vapor, air flow rate, and radiation temperature of indoor objects and walls; Two factors related to
individuals themselves: metabolic rate and clothing thermal resistance[2]. Due to the complexity of
the PMV thermal comfort model establishment process and the impact of individual differences and
adaptability of experimenters on subjective judgments, it can become a source of bias in predicting
environmental thermal comfort. One of the future research directions is to introduce more objective
evaluation indicators into the PMV thermal comfort model or establish a thermal comfort model that
is less subjective to human perception.

The human body has a self-regulation function towards various thermal environments, and it
adapts to new environments through a series of complex physiological activities. In response to these
findings, thermal physiological models have been developed. The most influential multi node model
for human thermal physiology is the 25 node temperature regulation model developed by Stolwijk
[3]. This model was developed for NASA during the Apollo program to create a mathematical model
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that can predict the thermal response of astronauts during space activities outside the spacecraft. The
thermophysiological model includes two parts: passive system and active system. Passive systems
simulate the physical state of the human body, simulate heat transfer between internal structures and
between the human body and the environment [4], and perform internal heat transfer and body heat
transfer calculations. The thermal characteristics of blood, muscles, fat, and bones are key parameters
[5]. The heat generated by the body exchanges heat with the environment through conduction,
convection, radiation, and evaporation[6]. The passive system is controlled by the human body's
active system to maintain a constant body temperature in changing environmental parameters. The
active system simulates the regulation of blood vessel contraction, vasodilation, tremor, and sweating
in the human body, and regulates blood vessel contraction and expansion through changes in brain
temperature signals[7], thereby completing body heat regulation.

The main differences between the human thermal physiological model and the PMV-PPD
thermal comfort model are as follows: Firstly, the PMV-PPD model is a mathematical regression
model based on a single node, suitable for steady-state and uniform thermal environments, and
cannot evaluate local thermal comfort of the human body. The second is that the multi node human
thermal physiological model can be considered as a comprehensive application of the single node
PMV-PPD model in various parts of the human body. Therefore, the human thermal physiological
model can analyze and study non-uniform thermal environments, dynamic, and local thermal effects.
Thirdly, it is based on a mathematical model of thermophysiology and implemented using computer
simulation technology, which to some extent corrects the subjective evaluation of human thermal
comfort by the PMV-PPD model.

In the field of applied research on human thermal physiological models, L Schellen [8] discussed
the use of thermophysiological models to evaluate thermal sensation in building environments.
Researchers used CFD software to analyze the thermal environment conditions around the human
body, and the results confirmed that when local effects (local skin temperature and thermal sensation)
have a significant impact, PMV cannot predict systemic thermal sensation. Van Hoof et al. [9]
conducted an extensive literature review on the effectiveness of PMV/PPD models. They compared
the relationship between the PMV/PPD model and the actual percentage of dissatisfaction. Indicating
that for more complex thermal environmental conditions (such as transient or non-uniform),
empirical models (such as PMV index) may become less suitable. In this case, a dynamic temperature
regulation model is needed to simulate skin and core temperatures and predict thermal sensation
based on this.

This study utilizes the 57 node human thermal physiological effect model integrated with STAR
CCM+to study the heating effect of convective heating radiators. The research mainly focuses on the
following three aspects:

1) Using a multi node human thermal physiological model for evaluating the heating effect of
convection radiators, coupling human metabolic factors and heating environmental factors for
simulation calculation. This is completely different from the current approach of using subjective
voting to study environmental thermal comfort. This study provides a direct quantitative evaluation
path for the local thermal comfort of the human body under different heating methods based on
objective calculations.

2) By using a human thermal physiological model, this study investigates the effects of floor
radiation heating and convective radiator heating on local thermal comfort of the human body,
analyzes the key factors that affect human thermal comfort in these two forms, and proposes
improvements to the heating method of convective radiators (air supply form, temperature, air
supply speed, etc.).

3) The CFD method can obtain practical and reliable predictions of heat transfer between the
human body and the environment, which can be directly fed back to the human thermal regulation
model, thereby accurately evaluating the thermal sensation and comfort of various parts. This
requires further research on the coupling of the two to promote the widespread use of this method.
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2. Research Methods

This article applies a multi node human thermal physiological model to evaluate the heating
effect of convective radiators. This article establishes a thermal physiological parameter calculation
model for radiator heating based on the human body thermal physiological model. Researchers refer
to the climate laboratory shown in Figure 1 to establish a research model. There are two sets of air
conditioning systems installed on the indoor and outdoor sides of the laboratory. The outdoor side
is a low-temperature air-conditioned room, simulating a low-temperature outdoor environment. The
size of the middle window in the laboratory is 3mx1.5m, using single-layer tempered glass with a
heat transfer coefficient less than 3 W/m2K. Based on the characteristic parameters of the above
laboratory, a CFD calculation model for the climate laboratory was established as shown in Figure 2.
The indoor side has a spatial size of 3400mm (length) x 4000mm (width) x 2800mm high; Outdoor
side: 3400mm (length) x 2000mm (width) x 2800mm high. The indoor floor is made of polyurethane
sandwich panels with a thickness of 200mm, while the remaining panels are made of polyurethane
sandwich panels with a thickness of 150mm; The thickness of the partition wall separated from the
outdoor side space is 150mm, and a glass window is set in the middle, with dimensions of 3000mm
in length and 1500mm in height; The glass thickness is 10mm. The vertical three sided enclosure
structure on the outdoor side is an adiabatic boundary condition, and the top is a velocity boundary
condition. The air supply temperature is set according to the working conditions; The bottom is the
outlet boundary condition, and the air supply speed is 0.5m/s. The purpose of setting up outdoor side
rooms is to create an outdoor environment with a certain temperature, and to consider the convective
heat transfer characteristics of air supply, glass, and partition walls. Figures 3 and 4 show the grid
details of the CFD computational model.

Figure 1. View of climate laboratory.

e

Figure 2. CFD model based on climate laboratory.
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Figure 3. Interior Side Grid Details.

Figure 4. Key Part Details of the Model.

The details of the computational model established in this article are as follows:

This article uses the thermal comfort calculation module of the STAR CCM+ platform to establish
a dynamic human thermal physiological model, which can calculate the thermal physiological
parameters of 14 components of the human body. Each component is divided into 4 layers and
includes a central blood system, with a total of 57 nodes in the simulation model. This provides
research ideas and tools for studying the heating non-uniformity of heating end devices, the impact
of temperature gradients on thermal comfort, and the comprehensive effects of flow and radiation
on human thermal comfort. The division of human body and the simulation model are shown in

Figure 5.
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Figure 5. Human multi node TCM model of STAR-CCM+ platform.

The indicators used in this article to describe the model are: j is the body component number
(from 1 to 14); I is the node number (from 1 to 4).
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2.1. Main Components of Passive System

Passive systems describe the internal and external heat transfer mechanisms of the human body,
mainly including the following systems:
2.1.1. Thermal Storage System

For a constant specific heat capacity cp, the stored body heat flux Qsr is directly proportional to
the temperature gradient, and the central vascular system's stored body heat flux Qsrcvs is calculated
by the following equation. References [10] and [11] provide specific heat capacities for the same tissue

type.
. d
Osrij = Cyij " (7,) 1)
. 0
Ogrevs = Cocvs 'g ( Toys ) ()

2.1.2. Thermal Balance Model

The difference between Qumer and W is related to metabolic heat production, and this heat balance
can be established at all stages. The overall heat balance of the human body is generally:

Oner— QST ~Opry = Pevar— QRESP -W=0 ®)
For each body component:
Core layer:
Osr1.; = Pnrooni it Ouerii~ Ceonpri™ Preser @)
Muscle layer:
Osra,; = Duroonait Querzi = Qeonnai T Ceoni ©®)
Fat layer:
Osrs; = Prroops+ Oiers~ Ceonpsit Ceonay ©)
Skin layer:
Osra; = Poroopsit Oneras T Qeonpsi™ Poryi™ Pevar )
In addition to these heat balance equations, the central cardiovascular system must also be
considered:

QST,BLOOD = z (z (_ QBL;ODi,j jj (8)

=1 \i=l

In each body component, all elements are coupled through the central cardiovascular system.
The central blood temperature is a function of all body temperatures and blood volume flow rates.
There are a total of 57 differential equations that need to be solved. When the element temperature
no longer changes and the stored body heat flux is zero during the calculation process, an equilibrium
state is reached.
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2.1.3. Internal Heat Transfer Model
The heat conduction between two elements i and i+1 in node j is:
QCONDi,j = RCONDi,j '(7: i T, i ) ©)
Reonpi ; 1is the thermal conductivity coefficient between different nodes.
2.1.4. External Heat Transfer Model
1) The calculation method for convective heat transfer is as follows:
QCONVj = Qeony; '(T4, i TAIRj ) (10)

Qconyj is the convective heat transfer corresponding to node j skin, Tuj is the temperature
corresponding to node j skin, and Tawj is the ambient air temperature. The radiative heat transfer
between a person and the surrounding surface can be expressed as:

QRADj = €SKINj.O-.Aj.(Zf/ - TEA/‘VVJ ) (1)

Egxyy jis the skin emissivity of component segment j, 0 Is the Stephen Boltzmann constant; 4; is

the skin area of the jth component segment; Tenv; is the ambient temperature of component segment
j-
2.2. Active System Compositions

The active system describes the thermal physiological regulation process of the human body.
The central controller calculates the control variables of the entire body based on temperature signals.
The skin temperature of all body parts and the center temperature of the head are physical quantities
that need to be input into the controller. The control deviation is composed of the difference between
the corresponding body part temperature and the target value (referred to as the reference
temperature Trer), calculated as follows.

01,1 = Tl,l -T

REF1,1

(12)
‘94,1' = T:t,j _TREF4,j

These control deviations are the basis for calculating the global controlled variable. For skin
temperature, it is possible to distinguish whether the control deviation is a warm signal or a cold
signal. Positive deviation corresponds to warm signal, negative deviation corresponds to cold signal:

Oy, =6, (6,,20)

(13)

Oco,, =—0,,(6,, <0)

The element signals are combined to a total signal. When calculating this total signal, the

distribution of the thermal receptors on the skin (cold and warm spots) are taken into account. The

values are obtained through multiplication of the number of cold and warm spots of a skin element

with the corresponding area fraction of the entire body surface [12]. The total signal of skin elements
for both hot and cold signals is written as:

14

QWA,TOT = Z (0WA4J 'XREFJ )

=1
14

HCO,TOT = Z (0C04,Aj.ZREFj)

=1

(14)
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2.2.1. Evaporative Heat Dissipation Model
The global control variable transpiration calculation is:
STRANSP = GTRANSP,KK '91,1 + GTRANSP,HA '( eWA,TOT - eco,TOT ) (15)

This global control variable and the coefficients used are based on the experiments described in
reference [13], represented as follows:

w

Grranspxx =372.2—

K
W (16)

GTRANSP,HA =33.7 E
2.2.2. Vasodilation Model
Vascular vasoconstriction causes the human body to respond to heat or cold loads:
SVD = GVD,KK '91,1 + GVD,HA (eWA,TOT - 9C0,T0T )

(17)

SVC = _GVC (011 + QWA,TOT - eco,TOT )

When the skin temperature drops by 10 C, it can lead to an increase in resistance in blood
04
vessels [14]. This effect is considered through factor ZT]. The blood volume flux of the skin is

composed of the following:

Vgroop,passj + LVDj- SVD 2%

= 18
ViLoops, 1+ Lyc; Sre (18)
The global controller constants are:
w’
GVD KK — 32.5'10_6 7
' s
. (19)
o m
Gyp oy =2.1-10 K

In the calculation of vascular contraction control variable signals, a multiplication method is
used, and the controller constant is as follow:

G, = 5L (20)

2.2.3. Thermoregulatory Heat Production

When the body temperature drops, skeletal muscles are activated. This process is called
shivering, which is used to maintain body temperature. The global control variables for trembling
are:

SSH]V = _GSHIV '61,1 'eco,Tor (21)

Similar to other temperature regulation control variables, the shivering global control signal is
transmitted to the local controller and multiplied by the controller constant to obtain the locally
generated heat:

QMET,SHIVZJ = SSHIV 'LMUSC,SHIVj (22)
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According to the measurements in references [15] and [16], there is a multiplication connection
between the control variable and the local controller constant. According to the experiment, the global
controller constant is:

w
Gy =24.425 g (23)

The heat production distribution of Lmusc. stiv in each muscle unit is shown in the table below.
In addition, the distribution of heat generated through muscle work in each muscle element Lwusc,
work are listed in Table 1.

Table 1. Heat production benchmark for each muscle element.

Segment Lmusc. sHv Lmusc, work
Head 2.0E-02 0.0
Torso 0.86 0.3

Upper arm 1.25E-02 2.0E-02

Fore arm 1.25E-02 2.0E-02
Hand 0.0 5.0E-03
Thigh 2.1E-02 0.18

Lower leg 1.4E-02 0.12
Foot 0.0 5.0E-03

The volumetric flux of blood through the muscle elements is given by:

Vs.0002,) =V sroon,sasz j+0.25146107S o Ly o +0.25146107° Lo vone O work ror 24

3. Verification of CFD model

Skin temperature is one of the important physiological indicators of the human body, which is
closely related to human thermal sensation and can reflect the thermal balance and thermal sensation
state of the human body. Compared to other physiological parameters, human skin temperature is
not only relatively simple to measure, but also has relatively high accuracy, making it a widely used
physiological parameter in human thermal comfort research. In addition, many factors related to
human thermal comfort affect the thermal balance of the human body by affecting the heat exchange
between the skin surface and the environment, thereby affecting the thermal sensation of the human
body. Zhou Hao and others from Xi'an Jianzhu University conducted tests on human skin
temperature in different environments [17], with a total of 56 participants. The designed
environmental temperatures were divided into four working conditions: 23 °C, 28 °C, 33 °C, and 38
°C. The basic clothing was long pants, a sports top, and sports shoes, with a clothing thermal
resistance of 1.1 clo. The author used the regression analysis method of SPSS statistical software to
conduct regression analysis on the skin temperatures of various parts of the collected clothing, and
obtained regression equations for local skin temperature and average skin temperature with
environmental temperature under different clothing thermal resistances. Regression equation
between human skin temperature and environmental temperature are listed in Table 2.

Table 2. Regression equation between human skin temperature and environmental temperature.

Head Upper arm Fore arm Hand Dorsum
y=0.06x+33.35 y=0.09x+32.69 y=0.11x+32.02 y=0.17x+30.53 y=0.20x+29.65

Torso Abdomen Thigh Lower leg Foot
y=0.17x+30.68 y=0.05x+34.92 y=0.14x+30.43 y=0.13x+29.93 y=0.16x+31.19

Average skin temperature: y=0.13x+31.35 (Room average
temperature: 23°C, 28°C, 33C. 38°C)
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When calculating CFD, set the thermal resistance of the clothing to 1.1 clo. Only the hands and
head are the exposed parts, while the rest of the body takes into account the thermal resistance of the
clothing. Select the head, torso, left upper arm, left thigh, left hand, and left foot as the research
subjects. Calculate the difference between the regression values obtained from laboratory testing at
different ambient temperatures and the values calculated by this CFD model. Figures 6-11 show the
comparison of experimental regression and simulation data, as well as their deviations.
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Figure 9. Comparison of left hand temperature.
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Figure 11. Comparison of left foot temperature.

From the above data, it can be seen that the deviation between simulated values and
experimental regression values of various parts of the body decreases with the increase of room
temperature. The data deviation of the head decreases from 8% to 3% with the increase of
temperature, and the data deviation of the hands decreases from 11% to 2% with the increase of
temperature; The overall deviation of body data is stable below 3%; The overall deviation of data for
the left upper arm and left thigh remains stable below 2%; The overall deviation of left foot data
remains stable below 5%. Comparing the ambient temperatures of 21.38 °C and 25.28 °C
(experimental simulation conditions range from 23 to 38 °C), the deviation between the calculated
values and the regression values decreases when approaching or staying between the experimental
regression conditions. This indicates that the CFD human body thermophysiological model has
strong temperature adaptability and reliability in predicting human surface temperature. Meanwhile,
for exposed areas such as the head and hands, as the ambient temperature increases, the deviation
between the experimental regression values and the calculated values of the human thermal
physiological model decreases significantly. When the indoor ambient temperature rises to above 21
°C, the calculated values of the human thermal physiological model are highly consistent with the
experimental regression values. Therefore, it can be considered that the human surface temperature
calculated using the human thermal physiological analysis model in the STAR CCM+platform can
objectively reflect the actual physiological characteristics of the human body.

4. Results and Discussion

As a traditional heating terminal equipment, the operating conditions of radiators are constantly
changing with the changes in the form of heating sources and the reduction of building heat load. In
the context of the increasingly widespread application of low-temperature heat sources, improving
the thermal performance of radiators under low-temperature conditions is also a hot research topic
both domestically and internationally. Adnan Ploskic etc. studied the overall performance of forced
convection heat sinks[18]. Research has shown that the use of forced convection radiators in
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residential buildings can meet the heating requirements of buildings with lower water supply
temperatures. The importance of airflow rate and convection plate design on the operational
performance of heating radiators equipped with forced convection devices has been explored. Under
the condition of supply and return water temperatures of 45 °C/35 °C, the radiator can increase the
temperature of the incoming airflow from -5 °C to 26 °C at a flow rate of 10L/s. Ploskic and Holmberg
[19] used theoretical methods to analyze the application effect of skirting ventilation type radiators
in offices. The heat generated by a ventilated radiator system is 2.1 times that of a traditional radiator
(with a supply air velocity of 7.0 L/s and an intake air temperature of -6.0 °C). Research has shown
that gradually increasing the forced convection intensity of the radiator will compensate for the
decrease in heat dissipation caused by gradually decreasing the water supply temperature of the
radiator. Based on this principle, a new type of radiator product suitable for lower water supply
temperatures is proposed by optimizing the shape of the air flow channel and adding a turbulence
fan on the basis of the original structure of the plate radiator to improve its heat dissipation. This type
of forced convection radiator differs significantly from ordinary natural convection radiators in terms
of heat transfer mechanism and the effect on indoor thermal comfort. This article uses a human
thermal physiological model as an analysis tool to analyze and study the heating effect of this heating
equipment, in order to improve the application technical conditions of this equipment and provide
technical support for the evolution of plate radiators to low-temperature convection heating radiators.
The basic structure of the radiator studied in this article is shown in Figure 12.

\\\\\\\
\\\\\\\\\\\\\\
fx\\\\\\\\\\\\\\

Figure 12. Internal details of convective radiator. Main components: 1-Upper cover plate with strip
seam air supply outlet; 2- Water supply manifold on radiator; 3- Heat dissipation fins longitudinally
installed on the plate; 4-Eddy current generator;5- Disturbance fan; 6-Return water collection pipe; 7-
Fresh air fan; 8-Lower cover plate with return air outlet; 9- Radiator metal convection cover; 10- Lower

return air inlet of radiator.

This article establishes a human thermal physiological parameter calculation model for radiator
heating based on the CFD calculation platform. After considering the comprehensive effects of
human metabolism factors and surrounding thermal environment factors, the local thermal
physiological parameters of the human body are calculated. Realize the evaluation of the impact of
convective radiator heating on human thermal physiological parameters through numerical
simulation technology. The article adopts a comparative research method to demonstrate the
feasibility of this plan.

4.1. Research on Air Flow Characteristics of Convective Radiators for Heating

This article sets the thermal resistance of clothing to 0 clo to study the direct interaction between
indoor air supply flow field and human skin. Because clothing significantly reduces the comfort
perception of the human body towards changes in indoor air flow velocity. The ambient temperature
of the climate laboratory in the model is 16 °C, with a convective heat transfer coefficient of 15.0
W/m?K. The outdoor side is under low temperature conditions, and the top air inlet temperature is -
20 °C with a wind speed of 0.5m/s. Part of the indoor heat is taken away through windows and
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partition walls. The inlet temperature of the radiator is 80 °C, the inlet flow rate is 7g/s, and the outlet
temperature of the radiator changes with different convective intensities. The temperature of the
human body and the environment under different inlet wind speeds of radiators in the calculation
area is as follows. Table 3 lists four typical operating conditions, and Figure 13 shows the indoor
vertical section temperature distribution for the corresponding operating conditions.

Table 3. Four working conditions for analyzing indoor temperature distribution.

The average skin temperature is 30.2 'C, the heat dissipation of the radiator is

Condition 1 647.3W, and the inlet wind speed of the radiator is 0.2m/s.
Condition 2 The average skin temperature is 30.37 C, the heat dissipation of the radiator is
741.94W, and the inlet wind speed of the radiator is 0.8m/s
Condition 3 The average skin temperature is 30.6 ‘C, and the heat dissipation of the radiator is
964.61W. The inlet wind speed of the radiator is 2.0m/s.
.. The average skin temperature is 30.61 C, and the heat dissipation of the radiator
Condition 4

is 1097.74W. The inlet wind speed of the radiator is 3.0m/s.

The indoor air temperature distribution cloud map corresponding to the working conditions in
the table above is as follows:

-_— 4 w

mperature (O

0 5.71 114171 229 28.6 34.3 40 0 571 114171229 236 343 40
| . -
Condition 1 Condition 2
- — - -
Temperature (O Temperature (O
0 5.71 11.4 17.1 229 28.6 343 40 0 571 114 171 229 286 343 40
Condition 3 Condition 4

Figure 13. Temperature distribution of indoor air under different inlet wind speeds of radiators.

From the vertical section temperature distribution map, it can be seen that when the inlet wind
speed of the convective radiator is relatively low, the temperature gradient is larger, and heat is
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concentrated above the heating area. Therefore, the area of the lower low-temperature area is larger.
With the continuous increase of imported wind speed, firstly, the heat dissipation capacity gradually
increases, and the heating capacity of the radiator improves. Secondly, the indoor airflow convection
becomes more intense, expanding the area of high-temperature areas and reducing the area of low-
temperature areas until the temperature of the entire space is basically uniform. Figure 14 shows the
variation of skin temperature in various parts of the human body with the variation of the inlet wind
speed of the radiator. The skin temperature of various parts of the human body first increases and
then decreases with the increase of inlet wind speed, and there is a significant fluctuation in hand
temperature at a speed of 3m/s. This indicates that an increase in the inlet wind speed of a forced
convection radiator can improve the heat dissipation of the radiator, but it can also lead to intensified
indoor disturbances, improved heat transfer performance between the air and the human body
surface, lower the temperature of the human body surface, and thus reduce the thermal comfort of

the human body.
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Figure 14. The effect of wind speed on human skin temperature.

As shown in Figure 15, taking the air velocity data points in the vertical direction between the
radiator and the human body, it can be seen that when the inlet velocity is below 3m/s, the velocity
change at the same position is not significant. Although there are fluctuations in each position, the
overall distribution of velocity values is concentrated. However, when reaching a certain speed, there
is a significant increase in the velocity in the flow field, which is about 3m/s. This change will
significantly change the air flow state, affect the heat transfer performance of the human body surface,
and thus have a significant impact on the surface temperature of the human body. This is also one of
the reasons why the surface temperature of the human body decreases when the inlet air velocity of
the radiator increases to a certain extent in this example. As the inlet wind speed increases, the
temperature gradient in the vertical direction changes from a basic linear to a step type. The range of
similar temperatures in the vertical direction continues to expand, and finally gradually mixes
evenly, forming a stable and uniform temperature space within a certain space. The temperature step
phenomenon in Figure 16 illustrates this viewpoint.
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Figure 16. Temperature distribution.

According to "Analytical determination and interpretation of thermal comfort using calculation
of the PMV and PPD indices and local thermal comfort criteria" (ISO7730) [20], discomfort in the local
thermal environment of the human body can affect overall thermal sensation. The most common
cause of local discomfort is the feeling of blowing, and at the same time, the vertical deviation
between the head and ankle is too high, and the asymmetric radiation temperature is too high, which
can also cause local discomfort. On this basis, this article studied the local skin temperature
distribution of the human body under the conditions of top air supply and side bottom air supply.
The calculation results are listed in Table 4.

Table 4. Comparison of human local skin temperature in different air supply modes.

wind velocity=0.5m/s wind velocity=1.0m/s
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It can be seen that this thermal comfort difference is mainly reflected in the head and hands. In
the top air supply mode of the radiator, the temperature in the head area is higher when the wind
speed is low due to the large temperature gradient in the environment. The skin temperature of the
head decreases significantly at higher wind speeds (wind speeds greater than 3.5m/s). At low wind
speeds, the skin temperature of the hands in the top air supply mode is hotter than that in the bottom
horizontal air supply mode. At high speeds (wind speeds greater than 3.5m/s), the skin temperature
of the hands in the top air supply mode is relatively lower. Using a vertical air supply system at the
top of the radiator, when the wind speed is low, due to uneven mixing of indoor air flow, temperature
stratification is obvious. The temperature in the area where the head is located is high, and the
temperature of the head skin is consistently at 34.7+0.1°C. When the wind speed is less than 3.5m/s,
the increase in wind speed has little effect on the skin temperature of the head. Due to the thermal
resistance of clothing, the use of top air supply mode and side bottom air supply mode has little effect
on local skin temperature indicators of the body (trunk, limbs, feet). The different air supply methods
have a significant impact on the thermal comfort of the human head and hands, and using bottom
side air supply is better than top air supply for thermal comfort.

4.2. Research on Low Temperature Heating Characteristics of Convective Radiators

This section adopts a comparative analysis method to study the heating effects under several
operating conditions, including no heating, high-temperature natural convection heating, and low-
temperature heating at different wind speeds. Table 5 lists the various operating conditions analyzed.
Scenariol is base condition.
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Table 5. Analysis of low temperature heating scenarios for convective radiators.

Scenarios Condition Characteristics

Scenariol  (Unheated) Inlet wind speed=0m/s, water inlet temperature=20 ‘C, radiator flow
(BASE) rate=0g/s.

(High water supply temperature, natural convection) Inlet wind speed=0m/s,

water inlet temperature=80 C, radiator flow rate=7g/s.

Scenario2

Scenario3 Inlet wind speed=0.5m/s, water inlet =40 C, radiator flow rate=7g/s.

Scenario4  Inlet wind speed=1m/s, water inlet =40 C, radiator flow rate=7g/s.

Scenario5 Inlet wind speed=2m/s, water inlet =40 C, radiator flow rate=7g/s.

Scenario6 Inlet wind speed=3m/s, water inlet =40°C, radiator flow rate=7g/s.
Scenario7 Inlet wind speed=4m/s, water inlet =40 ‘C, radiator flow rate=7g/s.
Scenario8 Inlet wind speed=6m/s, water inlet =40 C, radiator flow rate=7g/s.

Figure 17 shows the temperature distribution in the vertical direction under 8 operating
conditions. It can be seen that without heating, the average indoor temperature is 16.76 °C. When the
water supply temperature is 80 °C, under natural convection conditions, the average indoor
temperature can reach 22.04 °C. When using a low-temperature water radiator for heating, the inlet
temperature is 40 °C, and the average indoor temperature can reach 18.98~19.58 °C. In terms of
temperature gradient, the vertical temperature gradient of high-temperature natural convection
heating is the largest, and a large amount of heat is concentrated above the heating room. When using
lower temperature heating, the temperature gradient is significantly reduced. As the inlet wind speed
of the radiator increases, the vertical temperature gradient is further reduced, ultimately reaching a
basically uniform state (temperature gradient close to 0.2 °C/m). Increasing the inlet wind speed of
the radiator, the heat dissipation of the radiator continues to increase, but the average indoor
temperature does not maintain the same growth trend. It reaches its maximum value at 2m/s, and
when the wind speed continues to increase, it shows a decreasing trend. There are two reasons: firstly,
the increase in heat dissipation of the radiator is limited with the increase of wind speed; secondly,
the indoor air flow intensifies, and the intensity of convective heat transfer between the indoor and
wall surfaces strengthens, especially for the partition walls between low-temperature environments,
which improve heat transfer capacity and lead to further increase in heat loss.
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Figure 17. Indoor temperature gradient under different working conditions.

As shown in Figure 18, when the water supply temperature of the radiator is 40 C, as the inlet
wind speed increases, the surface temperature of the human body first increases and then decreases.
At a speed of 3m/s, it basically reaches a high value. Continuing to increase the wind speed, as the
indoor convection intensity further increases, the surface temperature of the human body will
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decrease. Among them, the hands without clothing coverage and the feet farthest from the heart
position have larger fluctuations in average skin temperature with outdoor environmental changes.
The temperature of the skin on the head and hands without clothing coverage is lower than that
without heating when the wind speed is above 3m/s. This indicates that although forced convection
measures can increase the heat dissipation of the radiator, their contribution to indoor human thermal
comfort does not always have a positive effect. After the wind speed reaches a certain level, the heat
dissipation of the radiator increases, but the skin temperature of the human body decreases, and the
thermal comfort effect deteriorates.
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skin temperature ;
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Figure 18. Comparison of human skin temperature under different working conditions.

4.3. Comparative Study on Low Temperature Heating Effects of Floor Radiation and Radiators

This article compares the effects of low-temperature heating with convection radiators and floor
radiation heating, and studies the differences in the thermal physiological effects of the two heating
methods on the human body. Compare heating conditions with indoor average temperatures close
to each other. The main research conditions are listed in Table 6.

Table 6. Convection radiator heating and floor radiation heating conditions.

Condition 1: (Low temperature condition) Clothing thermal resistance=1.1clo. The
Scenariol inlet wind speed=1m/s, the inlet temperature=40 C, and the radiator flow
rate=7g/s.

Comparison of condition 1: Floor radiation heating, floor temperature =30 C,

Scenario2
clothing thermal resistance=1.1clo.

Condition2: (Low temperature condition) Clothing thermal resistance=1.1clo. The
Scenario3  inlet wind speed=3m/s, the inlet temperature=55 ‘C, and the radiator flow
rate=7g/s.
Comparison of condition 2: Floor radiation heating, floor temperature = 35C,
clothing thermal resistance=1.1clo.

Scenario4

Figures 19 and 20 respectively present the temperature distribution of indoor vertical sections
under four comparative operating conditions in the form of temperature cloud maps and data
statistical graphs. Research has shown that there is a significant difference in indoor temperature
gradient between radiator heating and floor radiation heating when the average indoor temperature
is close. The top enrichment effect of hot air in radiator convection heating is significant, with an
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average vertical temperature gradient of 0.99 °C/m and an average vertical temperature gradient of
0.243 °C/m for floor radiation heating.
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Figure 19. Temperature cloud map of floor radiation and convection radiator heating.

In the above two cases, the indoor reference point temperature is as follows:
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Figure 20. Vertical temperature distribution of floor radiation and radiator heating.
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Figure 21. Distribution of local skin temperature in the human body under different working
conditions.

Figure 20 shows the comparison of skin temperatures in various parts of the human body using
convective radiators and floor radiation heating under three conditions of average indoor
temperature of about 17 C, 19 C, and 21 C. It can be seen that when the indoor temperature is
below 18 °C and the average indoor temperature is close, the skin temperature of various parts of the
human body under floor radiation heating is significantly higher than that under radiator heating.
As the indoor temperature further increases, the temperature of the human skin gradually
approaches. The difference in skin temperature of human hands is most significant between the two
heating modes. As the indoor temperature increases, the skin temperature change of radiator heating
is greater than that of floor radiation heating. This indicates that when the indoor temperature is
lower, the heating effect of radiator is worse, and the skin temperature of the human body is lower.
Overall, the skin temperature of floor radiation heating is higher than that of radiator heating. The
sensitivity of different parts of the human body to the two technical solutions varies significantly,
and the difference in skin temperature between the hands and feet best reflects the difference in the
effects of these two technical solutions on human thermal comfort. When the indoor temperature
exceeds 19 °C, the difference in skin temperature between the two heating methods is not significant
when the average indoor temperature is similar. The skin temperature of the human feet under floor
radiation heating is significantly higher than that under radiator heating. Research has shown that
after using forced convection measures to improve the low-temperature thermal performance of
radiators, compared with floor radiation heating under similar indoor temperature conditions, when
the indoor temperature is higher than 20 °C, the two schemes have similar skin temperatures in
various parts of the human body, and the overall thermal comfort is comparable.

5. Research Conclusions

This article couples human metabolic factors and heating environmental factors, and uses a 57
node human thermal physiological model based on STAR CCM+ platform to study the heating effect
of radiators. This article evaluates the effectiveness of forced convection radiator heating from the
perspective of local thermal comfort of the human body, and demonstrates the feasibility of this
scheme by comparing it with floor radiation heating. It provides a way to objectively calculate and
directly quantify the effect of heating equipment on human thermal physiological parameters.

The research results indicate that when the inlet air velocity speed is low, due to uneven mixing
of indoor air distribution, there is a significant temperature stratification phenomenon. When the
wind speed is less than 3.5m/s, the increase in wind speed has little effect on the thermal comfort
index of the head. The different air supply methods have a significant impact on the thermal comfort
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of the human head and hands. The use of bottom side air supply provides better thermal comfort
compared to top air supply.

As the wind speed increases, the surface temperature of the human body first increases and then
decreases. At a speed of 3m/s, it basically reaches a high value. Continuing to increase the wind speed,
as the indoor convection intensity further increases, the surface temperature of the human body will
decrease, leading to a decrease in thermal comfort.

It can be seen from the indoor vertical temperature distribution map that the top enrichment
effect of hot air in convection radiator heating is significant, and the temperature distribution of floor
radiation heating is more uniform. After using forced convection measures to improve the low-
temperature thermal performance of radiators, compared with floor radiation heating under similar
indoor temperature conditions, when the indoor temperature is higher than 20 °C, the two schemes
have similar skin temperatures in various parts of the human body, and the overall thermal comfort
is comparable.

The guidance for product design from this study includes the following aspects: the widely used
plate radiator can be converted into a forced convection radiator by adding turbulence fans, with a
recommended wind speed of 2.5m/s-3m/s. The heating effect of the equipment using the lower
horizontal air outlet scheme is generally better than the upper vertical air outlet scheme. Due to the
large temperature gradient in the heating room of the convection type low-temperature heating
radiator, high-temperature air gathers at the top, so the suitable room height should not be too high.
Due to the mixing effect of forced convection measures, the temperature gradient can be reduced for
buildings with a floor height of less than 3.5 meters. Therefore, this type of radiator is suitable for use
in residential buildings.
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