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Abstract: Up to now, few studies focus on thermodynamic state including the velocity and

temperature of the air near heating unit. The thermodynamic state of the airflow over an indoor
heating unit has a significant influence on indoor thermal comfort and energy consumption. This
study analyzed the thermal and dynamic state of the near-wall airflow over the heating unit. The
thermal state was measured using resistance thermal detectors (RTDs). The near-wall airflow field
were measured by particle image velocimetry (PIV) and TIV. The performance of TIV in natural
and mixed convection were evaluated by comparing the TIV and PIV measurement results. Under
natural convection, the velocity shows vertical variation and the spatial difference changes more
pronounced with the increase of heating temperature. Under mixed convection, the near-wall
temperature changes uniform and the velocity exhibits a decreasing trend with the increase of
height. Through the spectrum analysis of the temperature, it is found that the velocity measured by
TIV is close to the velocity near the boundary layer to some content. The positions of the
near-surface velocity measured by TIV are not fixed in all cases and change with the change of the
boundary layer. The findings in this study can provide a convenient and feasible flow field
measurement method suitable for actual space scale. This method can predict the effect of heating
terminal units on indoor airflow and thermal environment, so as to optimize the form and
arrangement of the heating terminal units, and improve heating efficiency and occupants’ thermal
comfort.
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1. Introduction

Indoors, due to natural convection, thermal plumes are formed in the vicinity of conventional

vertical heating units such as panel or column radiators. In recent years, to improve the thermal

efficiency of a typical vertical heating unit, some researchers imposed ventilation to heating units

and analyzed the performance of the ventilation heating unit [1][2]. Under this circumstance, the

flow process of the airflow over the vertical heating unit can be described as natural or mixed

convection. Although the effect of influencing factors such as the surface temperature [3], the

location of heating unit [4], the shape of heating unit [5], and the ventilation condition [1][2] on

the distribution of indoor environmental parameters such as air temperature and air velocity in the

room, have been systematically analyzed. Most of the previous studies have focused on the

distributions of indoor air velocity and air temperature, and few studies have focused on the

thermodynamic state near the heating unit yet. The flow and the corresponding heat transfer

around the surface of heating unit are important factors that determine the distributions of indoor

air velocity and air temperature. Generally, radiators are arranged against the wall under the

external window. The thermal insulation of windows is insufficient compared to other envelopes,

and more heat is lost through the window [6]. In addition, cold radiation caused by the window

brings a certain degree of discomfort to occupants. The air adjacent to the radiator is heated and

rises. When it flows through the exterior wall, heat is transferred from the air to the wall. Some

heat is then lost from the exterior wall. A part of the heated air flow to the inner of the room due to

the insufficient thermal buoyancy and exchange heat with the other air and surfaces of the room.

Therefore, the thermodynamic state of the air near the radiator directly affects the heat transfer

process among the air and surfaces in the room and the discomfort brought by the cold window
2
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radiation. Precise estimation of the thermodynamic state of the airflow over the heating unit in a

room is of great significance for better understanding the thermal characteristics of an indoor

heating system [7][8][9].

To evaluate the thermodynamic state of the airflow over a heating unit, accurate measurement

is necessary. The current air temperature measurements are mainly conducted using the resistance

of thermal detectors (RTDs) or thermocouples. The air temperature measurement can be easily

performed owing to the high frequency, short response time and the ability to store large amount

of data of the temperature sampling instruments. On the other side, the velocity measurement

methods are mainly divided into two kinds: the point-wise and the globe-wise measurement

methods [10]. The point-wise measurement method can only reflect the velocity of the

representable points instead of the spatial distribution, and the measured data of measurement

points is mostly used as validation or boundary condition of numerical simulation. The globe-wise

measurement method can visualize the flow field [11]. Particle image velocimetry (PIV) is a

typical and the most widely used flow visualization method. The adjustment of laser and, camera,

tracer particle concentration, and image processing all require certain expert knowledge [12].

Moreover, PIV measurement system components are complex and fragile, and thus not suitable for

movement; therefore, this method is mostly used in laboratory research. Except some special cases

[13][14], traditional velocity measurement methods are rarely applied successfully in the flow

field measurement near the indoor heated surface. Besides the complexity of the indoor

environment, one of the main reasons for this is the limitation of various velocity measurement

technologies, which are explained in detail in [15].

The contradiction between the limitations of existing point-wise or globe-wise measurement

3
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methods and the need to measure specific surface velocity has been increasing, and researchers are

now seeking other velocity measurement methods. The interaction of surface turbulent structures

with surface temperature fluctuations has been draw attention gradually. The turbulent structures

sweep the interface and give rise to surface temperature fluctuations [16][17]. Recent studies have

revealed that the characteristic of the near-surface airflow can be indirectly deduced based on

surface high frequency temperature fluctuations. In terms of the acquisition of high frequency

temperature fluctuations, thermal infrared camera is more advantageous owing to its high

sensitivity, short response time, and spatial resolved capability, in comparison with thermocouple

or resistance temperature detectors [18]. As a result, infrared thermography is gradually used as an

alternative tool for evaluating near-surface flow distributions. In the current study, the use of

infrared thermography in obtaining the characteristic of the near-surface airflow is mainly based

on three methods. a) Theoretically establishing the correlation between near-surface velocity and

temperature fluctuations based on the surface renewal (SR) theory [16]. The near-surface flow

structures are composed of eddies with various sizes that fluctuate with various frequencies and

continuously eject and sweep back to the surface. As continuously interacting with the interface,

the near-wall flow structures leave traces in the form of surface temperature fluctuations. In

addition, the near-surface eddies are distributed according to specific distribution laws [19]. By

exacting the eddy distribution parameters from the high frequency surface temperature

fluctuations, in combination with the relation between the surface velocity and near-wall heat

transfer, the near surface velocity can be deduced [19]. b) The other one is noted as TIV (thermal

image velocimetry). This method is similar to the PIV method, which estimates the near-surface

velocity by analyzing the displacements of the surface thermal spots within consecutive frames

4



95  captured by the infrared thermal camera. The basic principal and preliminary application of this

96  method can be referred in [15]. ¢) The last method is also based on the surface renewal theory.

97  Unlike the first method, the near-surface turbulent state is deduced according to the correlation

98  between the surface temperature fluctuations and the intermittent near-surface eddies and no

99  quantitative velocity is acquired.

100 Table. 1. Application of infrared thermography in near-surface velocity measurement
Object Indoor/Outdoor ~ Scale model/ Field  Methods  Velocity Range  Reference
Horizontal plate Indoor Scale model (@) 0.6 -4mis [19]
Evaporation plate Indoor Scale model (@) 0-0.5m/s [20]
Vertical plate Indoor Scale model (b) 0-0.3mfs [15]
River Outdoor Field (b) 0.9-1.1m/s [21]
\Volcano Outdoor Field (b) — [22]
Solar tower Outdoor Field (b) — [23]
River Outdoor Field (b) 0-4m/s [24]
Wall Outdoor Field (b) 0-2m/s [25]
Horizontal plate Outdoor Scale model (b) 0 - 0.005m/s [26]
Lava Outdoor Field (b) 0 - 0.006m/s [27]
Acrtificial turf ground Outdoor Field (c) —_ [28]
Vineyard Outdoor Field (c) —_ [29]
Ground Outdoor Field (c) —_ [30]

101 1. (a), (b) and (c) denote the three methods descripted above.
102 2. Scale model and field denote the scale model experiment and the field measurement

103 Table. 1 summarizes the current main applications of infrared thermography in near-surface
104  velocity measurement. The first method obtains the near-surface spatial-averaged velocity. For
105  some specific situations, especially the flow field above the heat source, the spatial-averaged flow
106  velocity cannot reflect the spatial distribution characteristics of velocity, and thus the application
107  of this method is limited. The third method can only provide the qualitative velocity and is not
108  suitable for the evaluation of velocity distribution. Compared with the other two methods, the
109  second method can acquire the near-wall two-dimensional velocity distribution and is the most

110  widely used. As shown in Table. 1, TIV is mostly used in outdoor research at present. For both the
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indoor and outdoor environment, the primary condition for applying TIV is that the target surface

should guarantee certain temperature fluctuations. In outdoor studies, especially for targets such as

lava or solar tower, the temperature fluctuation is intense, which is conducive to the application of

TIV. Nevertheless, there are still some conditions that cannot meet the temperature fluctuation

requirement. In some outdoor studies [25], a blackened polystyrene board was pasted on the

observed surface when the target surface temperature fluctuation was small. The heat capacity of

the polystyrene board is small and the blackened surface absorbs more solar energy. Through

using this method, the surface temperature fluctuations increase greatly. Compared with the

outdoor applications, the utilization of TIV in indoor research is more difficult because of the

small temperature fluctuations that occur in indoor environments. In the micro-environment over

the heating unit, the air near the heating unit is heated and rises vertically under the buoyancy

force. In addition, the vertical wall near the heating unit is generally colder than the heated air, and

heat is transferred from air to the wall [3]. Owing to the combined effect of the vertical cold wall

and the heating unit, the unique thermodynamic state of the airflow is formed. If the black-painted

benzene board is placed on the cold wall, it will inevitably affect the original heat transfer process,

and make the result deviate from the actual flow to some extent. In addition, most velocity

information obtained in the references summarized in Table. 1 is not validated by the other kinds

of mature measurement methods, and the precision of the results measured by TIV cannot be

guaranteed. Therefore, TIV is in its early stages of development, and its considerable potential is

unexplored.

In our earlier work, we proposed a TIV-based method for indoor environments and verified

the feasibility of the method for velocity measurement under natural convection [15]. However,
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the thermodynamic state of the airflow over the heating unit and the relationship between the

thermodynamic state of the airflow and heating temperature and ventilation condition has not been

extensively explored yet. This is a subsequent study of [15] and the following questions are

explored:

1. The performance of TIV under natural convection and mixed convection.

2. The characteristic of the thermodynamic state of the airflow near the heating unit when the

heating temperature changes or mechanical ventilation is imposed.

2. Methodology

2.1. Experimental setup and procedure

Experiments were performed in a closed rectangular cavity shown in Fig. 1. The coordinate

axes are shown in Fig. 1. The cavity was placed in an air-conditioned room whose temperature

was maintained at 20 - 21 °C. The cavity had an internal dimension of 1200 (L) x 500 (W) x 1400

(H) mm. The walls were made of transparent Plexiglas. The emissivity of the cavity surfaces was

estimated using the infrared thermal camera and a calibrated thermocouple, and was equal to 0.90.

An electric heating unit of which the dimension was 500 (W) x 400 (H) mm, was attached to the

lower part of the vertical wall as a vertical heating element. A5 - mm - thick polyvinyl chloride

with a thermal conductivity of 0.2 W/ (m-K), was stuck between the heating unit and the vertical

wall to decrease heat conduction from the heating unit to the back of the vertical wall. The cavity

was connected to the air duct, and a fan provided mechanical ventilation from the ventilation inlet

positioned at the bottom of the cavity. The size of the ventilation inlet and outlet was 500 (W) x 20

(H) mm_The heating unit was under the control of an electronic thermostat. The experimental
7



154

155

156

157

158

159

160

161

162

163

164
165

cases, shown in Table. 2, were set by adjusting the heating temperature of the heating unit and the

ventilation velocity.

Before the temperature and velocity measurements can be taken, it takes six hours in advance

to reach a steady state for temperature and flow fields. As shown in Fig. 1, one RTD mounted at

the ventilation outlet was used to measure the air temperature continuously. Once the sampled

temperature stabilized and the temperature fluctuation was less than 0.1 °C /min [31], it was

assumed that a stable thermodynamic state within the cavity has been reached, and the

measurements were taken.

Table. 2. Experimental cases

Surface temperature of heating unit Ventilation velocity Heat transfer form

(°C) (mis)
Case 1 45 0 Natural convection
Case 2 65 0 Natural convection
Case 3 65 1.75 Mixed convection

1

2
e@
¥e

Fig. 1. Experimental setup: 1. Inlet 2. Heating unit 3. CCD camera 4. Laser 5. Visualized surface
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6. Outlet 7. RTD 8. Shooting positions 9. Infrared camera 10. Fan

2.2 Measurements and data processing

2.2.1 PIV measurement

As shown in Fig. 1, PIV was used to visualize the two-dimensional airflow fields that are

8mm and 15mm away from the vertical surface behind the heating unit. The entire visualized area,

which is the region above the heating unit shown as Fig. 1, is 500 (W) x 800 (H) mm. As shown as

Fig. 2 (a), the dimension of the view field is 280 (W) x 280 mm (H) and there are overlap areas

conductive to connecting the separate measurement domains. The six airflow fields are connected

using the technique stated in [32]. The relevant parameters of PIV system are shown in Table. 3.

800

y(mm)
T 800
3 16
2 | 5
1 | 4

y(mm)

Y1

3 |
—
2 |
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components

[
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(a)

Fig. 2. Schematic of measurement domains a. PIV b. TIV
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800 m 800y
31l 6 overlap |
2 it s I
s ,J‘;‘ i
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Table. 3. PIV parameters

(b)

P overlap

Name

Parameters

Laser model and power

CCD model

Lens model

Visual field of CCD

Size of the interrogation window

Dimension of the view field

Spatial resolution

Sampling frequency

Sampling pairs

Double-pulsed Nd:YAG laser, 150mJ/pulse

PIVCAM13-8

AF Nikko 50mm f/1.8D Lens
2048pixel x 2048pixel

32pixel x 32pixel, 50% overlap

280 (W) x 280 (H) mm

0.137mm/pixel
THz
600
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Smoke generator VZ09-0751

2.2.2 TIV measurement

The accuracy of the measurement results cannot be guaranteed when the infrared camera

captures the temperature fluctuations of the target surface through the Plexi-glass. In addition, the

tracer particles suspended in space generate a considerable amount of scattering interference.

Considering these two factors, the CCD camera and the infrared camera were positioned at the

opposite sides. In this way, the measurement results of TIV are mirrored to make comparison with

the results of PIV. In each shooting position, a circle hole fit for the camera lens was dug. The two

holes were covered with lids to prevent the inner air from escaping. When conducting the TIV

measurement, the lid was removed and the infrared camera captures the surface temperature of the

observed Plexi-glass surface without the obstacles of any surfaces. The tiny space between the

camera lens and the circle hole is sealed with cotton felt to stop the air leakage. Because the

camera was placed and removed in a very short time and the shooting hole is very small, the

amount of the gas entering or exiting the cavity at the moment of removal or resetting the lid can

be negligible.

The surface temperature of the vertical wall was captured by a FLIR-T1040 infrared camera.

Two .ats video files were acquired in two shooting positions located at 600 mm and 950 mm away

from the bottom of the cavity. The entire visualized area is 500 (W) x 800 (H) mm and

decomposed into two domains and each domain area is 598 (W) x 445 (H) mm, shown as Fig.2

(b). The two airflow fields were connected with the method used in PIV. The detailed information

of the parameters for thermal image velocimetry is shown as Table. 4.

Table. 4. Infrared camera parameters

10
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Name Parameters

Model FLIR T1040
Resolution 1024pixel x 768pixel
Sensitive wave length range 7.5~14um

noise-equivalent temperature difference 25mK

Angel of version 28° x 21°

Dimension of the view field 598 (W) x 445 (H) mm
Spatial resolution 0.584mm/pixel
Sampling frequency 30Hz

Sampling duration 20s

2.2.3 Temperature measurement

The temperature measurement was carried out using 32 RTDs. As placing so many RTDs in

the cavity may disturb airflow field, the temperature measurements and velocity measurements

were carried out separately. The RTDs were calibrated by using a set of temperature calibration

system. The RTDs were calibrated in the temperature range of 18 to 46 °C, at fifteen points with

an interval of 2 °C. The linear calibration coefficients of the RTDs were acquired by regression

analysis. The maximum error of the 33 RTDs was 0.347 °C before calibration. According to the

linear correction of each RTD, the maximum error was decreased to 0.123 °C. The temperature

measurement consists of two aspects. One is to investigate the temperature distributions inside the

cavity, shown as the dotted square labeled “1” in Fig. 3. The other aspect is to evaluate the inner

heat transfer of the vertical wall and the measurement points are shown in the dotted square

labeled “2” in Fig. 3.
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Fig. 3. Schematic distributions of temperature measurement points of the cavity

The heat transfer from the vertical wall can be obtained by the heat loss to the outside of the
cavity according to the energy balance of the vertical wall [33][34][35]. The calculation of heat

flux is based on stable conditions and the detailed calculation is as follows:

q, = Th _Ta
"TAR, ‘1’

Where Ty (K) is the temperature of inner vertical wall surface; T, (K) is the temperature of the air
adjacent to the outer wall surface; and A,, (M%), R, (K-W™) are the area of the vertical surface and
the thermal resistance between the inner surface and the outer ambient air respectively. R, can be

measured as:

R, = L + L
(ho,rad + ho,con)Aa j’W'A\N

@)

where A, (m?) is the area of the vertical wall that involves in heat exchange outside the cavity; Ay
(W-m™*-K™") and L,, (m) are the thermal conductivity and the height of the vertical surface; and

horas (W-mZ-K™), hocon (W-m™-K™) are the radiant and convection heat transfer coefficient of the

12
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240

outer vertical wall surface. Since the area of the outer wall surface is small enough with respect to
the inner surface area of the entire air-conditioned room, the radiation heat transfer coefficient of
the outer vertical wall surface can be calculated as:

_0¢&, (Tow4 — TC4)

orad — (TOW _ TC) (3)

where ¢ (W-m?2.K™) is the Stefan-Boltzmann constant, , is the surface emissivity of the outer
wall surface and is equal to 0.90, T, (K) and T, (K) are the temperature of outer vertical wall
surface and the inner surface of the air-conditioned room.

The convection heat transfer coefficient can be manipulated as:

_ Nug,
o.con H (4)

w

where H,, (m) is the height of the vertical wall that involves in heat exchange outside the cavity,

Nu is the dimensionless parameter which is calculated using the correlation summarized in [36]

based on the Rayleigh number.

The distributions of temperature points are shown as Fig. 3. Twenty-one RTDs were inserted

at the following locations: x = 250 mm as shown as Fig.1, at heights of 200 mm, 400 mm, 600

mm away from the upper level of the heating unit along y axis, and at 0 mm, 8 mm, 15 mm, 30

mm, 50 mm, 100 mm, 150 mm away from the vertical wall along the z axis. Six RTDs were

mounted at x = 250 mm and at heights (y direction) of 200 mm, 400 mm, and 600 mm; they were

used to capture the outer vertical wall surface temperature and the temperature of the air adjacent

to the outer surface. Four RTDs were used to measure the inner wall surface temperature of the

air-conditioned room, and the temperature of the air-conditioned room was obtained by one RTD

13
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placed in the center of the room. The temperature series were stored in a computer by using the

Agilent 34980A multiplexer module. The sampling frequency was 0.1 Hz, with a response time of

10s.

3. Results

3.1. Evaluation of temperature measurements

3.1.1 Temperature distributions

Fig. 4 (a) - (c) show the temperature series of three cases in continuous time during the last

one hour. In Fig. 4 (a), (b), (c), the three subfigures from left to right represent the temperature

series at the heights of 200 mm, 400 mm and 600 mm. The temperature fluctuation near the

vertical surface is large at positons within 30 mm from the vertical wall. When the distance is

larger than 30 mm, the temperature tends to be relatively stable. As the heating temperature

increases, the air temperature near the vertical surface and the temperature fluctuation increases.

When mechanical ventilation is imposed, the near-wall air temperature and the temperature

fluctuation decreases.
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Fig. 4. Temperature series of the y- positions, 200mm, 400mm, 600mm of the three cases (a) Case
1 (b) Case 2 (c) Case 3

The distributions of the time-averaged air temperature in the three cases presented in Fig. 5
show a similar distribution trend, which is an increase to a peak value and a gradual decrease. The
temperature of the heating unit and the ventilation condition not only affect the temperature
magnitude in the cavity, but also the temperature distribution characteristics. With an increase in
heating temperature, the air temperature in space increases significantly. The gradient of the air
temperature near the vertical surface increases dramatically as well. Under the effect of
mechanical ventilation, the air temperature of Case 3 tends to be more uniform, and the
temperature gradient near the vertical wall is largely weakened and approaches that of condition of
Case 1, even though the heating temperature is higher.

As stated in [3][15], due to the insufficiency of the thermal buoyancy driving force, part of
the hot airflow above the heat source deviates from the original flow direction. Due to flow
detachment, the air temperature distribution also exhibits the same detachment [3]. The hot air
flows upward for some distance until the buoyancy force is smaller than gravity and rushes to the
inner regions of the cavity. At the height of 200 mm for all the cases, the air temperature increases

to a maximum value in the plane that is 8mm away from the vertical surface and then keeps

15
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decreasing. If no temperature detachment exists, the trends at the other heights should also follow

the same law as that at the height of 200 mm. However, in Case 1 and Case 2, the maximum air

temperature occurs 15 mm away from the vertical surface at heights of 400 mm and 600 mm. In

consequence, there exists a temperature detachment. In Case 3, there also exists a temperature

detachment according to the changing tendency. Unlike the other natural cases, the maximum

temperature occurs in 8mm away from the vertical surface at the heights of 200 mm and 400 mm.

For the height of 600 mm, the maximum air temperature occurs 15mm away from the vertical wall.

The temperature detachment height rises to 600 mm under the effect of mechanical ventilation.
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Fig. 5. The distribution of time-averaged temperature of three cases.

3.1.2 Heat transfer of the inner vertical wall

Based on the data processing method mentioned earlier, the inner heat transfer of the vertical
wall was calculated and is shown in Fig. 6. Similar to the trend of the inner surface temperature,
the heat flux of all the cases decreases with an increase in height. As the heating temperature
increases, the inner surface temperature of the vertical wall increases, and the potential difference

between the inner wall and the air outside the cavity increases; therefore, the heat loss to the outer
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wall increases. Although the surface temperature of the heating unit in Case 3 is identical to that in

Case 2, the heat flux of the inner wall is much smaller than that of Case 2.
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Fig. 6. The heat transfer of inner vertical wall

The energy balance of the vertical wall influences the heat transfer rate significantly. The
schematic heat balance of the vertical wall is shown as Fig. 7(a). In steady state, the heat storage
of the vertical wall is not taken into accountant. For the inner surface of the vertical wall, the heat
transfer process includes the radiative and convective heat transfer in the cavity and the heat loss
to the air adjacent to the outer wall. The radiative heat transfer rate of the inner wall is calculated
by establishing the radiative heat transfer network [37]. The other five inner surfaces are viewed as
a single surface since the temperature difference between each wall surface is not significant. The
single surface, the heating unit and the vertical wall constitute a closed radiation heat transfer
system. The surface thermal resistance is calculated by R, =(1-¢&)/(Ag), where ¢ is the surface
emissivity, A; (m?) is the surface area. The space thermal resistance is calculated by Ri =1/(AX;),
where X;; is the view factor from surface i to surface j. Since the vertical wall and the heating unit

are arranged in parallel, the view factor between the two surfaces is 0. According to heat balance,
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the convective heat transfer rate is the sum of the heat loss and the radiative heat transfer rate. The
heat transfer rates of the three cases are shown are Fig. 7 (b)-(d). As shown in Fig.7, compared
with the radiative heat transfer, the convective heat transfer occupies a large proportion and has a

decisive role in the net heat flux of the vertical wall.

(a) Vertical wall Ambient air (b)
(inside) (outside)

€3.17W/m?
11.68
W/m2

/ 14.84W/m?

(c) (d)

{17.35W/m? <i 0.03W/m?
27.24 12.25
W/m? W/im2

44 .50W/m?2 22.28W/m?

m=) [ > Radiation Convection ==p [ Heat loss

Fig. 7. (a) Schematic heat balance of the vertical wall, (b)-(d) detailed heat transfer rates of Case 1
to Case 3.

In the convective heat transfer process, the air flow rate affects the heat flux. Here, an
evaluation of the air flow rate based on the PV measurement results was made. In the thin layer
near the wall, heat transfer occurs between the air and the wall and thus the air flow rate used to
calculate the heat flux should be close to the wall. We used the velocities in the plane that is 8mm
away from the vertical wall to calculate the air flow rate. The velocities in the 8mm plane are
averaged and the spatial-averaged velocities of Case 1 to Case 3 are 0.22m/s, 0.27m/s, and

0.96m/s. The air flow rates of Case 1 and Case 2 are shown to be smaller than that of Case 3.
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Therefore, in this study, the impact of the air flow rate is not significant compared with the other
influencing factors.

The thickness of the thermal boundary layer is an essential factor to evaluate heat transfer.
With the increase of heating temperature, the heat transfer efficiency is enhanced, and the thermal
boundary layer of Case 2 should be thinner than that of Case 1. As a result, through comparing the
thickness of the thermal boundary layer of Case 2 and Case 3, the relative heat transfer efficiency
of natural convection and the mixed convection can be determined. In this study, the thickness of
the thermal boundary layer of Case 2 and Case 3 in the height of 200mm was compared. The
Rayleigh number Ra (= g B(T, — T, )L° Pr/ v*) and the Reynolds number Re (=ULv ™) of Case
2 and Case 3 are calculated, where g (K™) is the thermal expansion coefficient, T (K) is the
surface temperature, T, (K) is the temperature of the mainstream and is regarded as the air
temperature in the center of the cavity, and L(m) is the reference height of the vertical wall and is
determined to be 0.2. Through calculation, it is found that the boundaries of the two cases are

laminar. For the case of isothermal vertical surface under natural convection, the thickness of the
-0.25
thermal boundary layer can be calculated as 6 = 5.3(&2—1‘)) L°25[36]. In this study,
1%

the vertical wall is non-isothermal. If Tis taken as the temperature of the surface in the height of

200mm, the calculated thickness of the boundary later would be larger than the real value. In

consequence, Tsis taken as the average temperature of the surface in the region of 0-200mm. For

the case of isothermal vertical surface under mixed convection, the thickness of the thermal
5L

boundary layer of the mixed convection can be calculated as & =— [36]. Then the
Re™

thicknesses of the thermal boundary layers of Case 2 and Case 3 can be estimated to be 0.0125m
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and 0.0066m. Therefore, the thickness of the thermal boundary layer of the natural convection
cases are thicker than that of the mixed convection case. The change of heat flux is not consistent
with the change of boundary layer, but presents an opposite trend.

However, as far as the experimental results in this study is concerned, the heat transfer cannot
be only evaluated by the thickness of boundary layer. The thickness of the boundary layer is the
combined effect of the flow and heat transfer. The basic factor that influencing the heat flux is the
thermal and flow state of the air. In order to evaluate the factors contributing to the heat flux, the
temperature and the velocity of the air should be inspected. In the previous response, we have
analyzed the influence of the velocity and air flow rate. Next, the temperature difference between
the near-wall air and the vertical wall is taken into accounted. Fig. 8 shows the temperature
difference between the vertical wall and the air 200mm away from the vertical wall. As shown in
Fig. 8, for Case 3, the temperature difference between the air and the vertical wall decreases
significantly and even lower than that of Case 1. As a result, the temperature difference between

the air and the vertical wall has a significant impact on the magnitude of the heat flux compared to

6‘.+Cdsel 7
1 P i |- ® -Case2 |
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the other factors.

]
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Fig. 8. The temperature difference between the vertical wall and air 1000mm away from the
vertical wall

Furtherly, since the heat is transferred from the near-wall air to the vertical wall, the
temperature of the near-wall air is critical to the magnitude of the heat flux of the vertical wall. In
natural convection case, the air is heated and circulated in the cavity and no air enters in the air
duct. Under the effect of the fan, the near-wall air of Case 3 flows out of the cavity along the outlet
positioned in the top of the cavity. In this study, the air duct is not insulated and its heat
conductivity coefficient is evidently larger than that of the cavity. A huge amount of the heat
obtained in the cavity is released from the air duct to the air-conditioned room. With the
continuous heat release process, the inlet air temperature of Case 3 is lowered significantly. As a
result, the heat flux of Case 3 is similar to that of Case 1 even though the heating temperature is
20°C higher.

3.2. Evaluation of flow structures

3.2.1 Time averaged velocity distributions

As mentioned previously, the two-dimensional velocity of the two planes that are 8 mm and

15 mm away from the vertical wall were measured by PIV. For the convenience of illustration, the

velocities of the plane that were 8 mm and 15 mm away from the vertical wall that were measured

by PIV are denoted as PIV8 and PIV15, respectively. The measured results of thermal image

velocimetry are denoted as TIV. By averaging the instantaneous velocities, the time-averaged

velocity fields measured by PIV and TIV under three cases can be obtained (Fig. 9 to Fig. 11).

Fig. 9 shows the time-averaged velocity filed of Case 1. From the perspective of the spatial

distribution, the measured velocity shows vertical variation to some extent. As the height increases,
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the velocity gradually increases and reaches at maximum value at a height of 200 mm. The

velocity is maintained at a high level until the height increases to 400 mm. As the height continues

to increase, the velocity decreases gradually due to an insufficient buoyancy force. The

distribution trend of Case 2 is similar to that of Case 1. However, due to an increase in heating

temperature, the velocity distribution exhibits a more pronounced spatial difference in the vertical

direction. In Case 2, the peak velocity appears at a height of 400-600 mm, which is higher than

that of Case 1. Correspondingly, the maximum velocity value increases as well. Different from the

distributions presented in Case 1 and Case 2, the velocity distributions of Case 3 show a

decreasing trend with an increase in height. In Case 3, natural convection and mechanical

ventilation have a synergistic effect on velocity distribution. As can be seen from Fig. 10, the

influence of mechanical ventilation is stronger than that of natural convection and the velocity

distribution characteristics are mainly determined by mechanical ventilation.

Further inspection of the relative magnitude of PIV15 and PIV8 shows that PIVV15 is smaller

than PIV8. The plume originates from the heating unit and rises to the upper quiescent region. As

the perpendicular distance from the heating unit increases, the scale of the plume increases,

eventually dissipating in the quiescent region owing to a decrease in buoyancy force caused by the

cooling of cold air and viscous effects [36]. Due to an insufficient thermal buoyancy, the velocity

decreases with an increase in perpendicular distance. As a result, the velocity in the plane that is

15 mm away from the vertical wall is lower than the velocity in the plane that is 8mm away from

the vertical wall.
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On the whole, the velocity fields measured by TIV are close to those measured by PIV,

especially the measurement results of PIV8. However, in the three Cases, differences between TIV

and PIV8 can be observed. The differences are directly related to the difference in measurement

method principles. In the interaction between the wall surface and flow structures, heat is

exchanged with the ejections and sweep of intermittent eddies. An essential factor that used to

evaluate the heat transfer is the thickness of the boundary layer. As the heating temperature

increases or mechanical ventilation is imposed, the thickness of boundary layer becomes thinner

and the heat transfer is more intense. In TIV, the velocity is obtained by detecting the fluctuations

of surface thermal spots. The temperature pattern captured by the infrared camera is closely

related to the boundary layer [38]. As the thickness of the boundary layer changes, the “position”

of the flow field measured by TIV changes accordingly. However, in the PIV experiment, the flow

field of the planes that are 8 mm and 15 mm away from the vertical surface were measured, and

thus, the measurement position is always fixed. With the change in the thickness of the boundary

layer, the relative positions of PIV8 and TIV changes, and thus, the measurement results of TIV

and PIV8 exhibit a certain difference in the three cases.

Overall, in natural convection and mixed convection, TIV and PIV8 are close, and both are

more consistent in magnitude and trend. The position where the maximum velocity occurs and the

magnitude of velocity can be accurately interpreted by TIV. Therefore, TIV has a certain

feasibility in reflecting the spatial distribution characteristics of the near-wall airflow.

The histograms of velocities at x = 250 mm and y = 200 mm for all the cases are shown in

Fig. 12. As a whole, the distributions of PIV8 and TIV are similar, which shows that the

statistical results are reliable. It is can be observed that, in PIV8, the large velocity values account

24



425  for a larger proportion than that in the TIV for the three cases. This is because that there exists a
426  lag between the surface temperature fluctuation and the near-wall velocity fluctuation. When the
427  near-wall airflow changes, the surface shows the trace of the airflow in the form of surface
428  temperature fluctuations. However, due to the heat storage of the vertical wall, the surface
429  temperature cannot change immediately when the near-wall flow changes. As a result, the surface
430  temperature fluctuations are weaker than those in the ideal situation, and the TIV measurement

431  results tend to be distributed in the low velocity range.
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3.2.2 Power spectrum analysis

The power spectrum analysis of the airflow fluctuation can be used to reveal the energy
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Fig. 12. The histograms of velocity at x=250mm, y=200mm, (a) Casel, (b) Case 2, (c) Case 3
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distributions in a frequency range and characterize the turbulent airflow [39]. The fluctuating

velocity (V') is obtained by subtracting the instantaneous velocity from the time-averaged velocity.

Based on the velocity fluctuation, the power spectrum density function can be defined as follows:

J’jE(f)df:F

where E(f) (m?/s) is the power spectrum density function, f is the frequency (Hz).
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Fig. 13. Power spectra (a) at the height of 200mm; (b) at the height of 600mm

Fig. 13. (a) and (b) show the power spectrum density measured by PIV at the heights of 200
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mm and 600 mm, respectively. The spectrum distributions of the velocity fluctuation of the three

cases show a similar tendency, but there are still some differences in the inertial subrange. The

negative slope of the logarithmic power spectrum curve of natural convection are between 1.5-2.0,

while the negative slope of the mixed convection case is within 0-0.5. This phenomenon was also

observed by [40]. The negative slope of the inertial subrange in natural convection are close to 5/3,

showing that the flows are fully developed. The turbulence of Case 3 differs from that in the other

cases, as it is influenced by the jet at the bottom of the cavity. With the diffusion of the jet airflow

in the cavity, the average velocity decreased slightly, and the turbulence decreased slightly

accordingly.

The pre-multiplied power spectrum is obtained by multiplying the power spectrum of

velocity and the wave number, which can be used to show the contribution of different wave

number on kinetic energy. The pre-multiplied velocity spectra at x = 250 mm, y = 200 mm of TIV

and PIV8 of the three cases are shown as Fig. 14.
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Fig. 14. Pre-multiplied power spectra of (a) Case 1, (b) Case 2, (c) Case 3

As can be seen from Fig. 14, the spectral shapes of the three cases all fit well in the

low—frequency regions. As stated in [41], the turbulent flow consists of large scale and small scale

structures. The large scale structures fluctuate with low frequency and represent the main motion

of turbulent flow. The small scale structures are distributed in the high-frequency region and are

advected by large scale structures. The great fitness in the low—frequency region means that the

measurement results of TIV can reflect the main flow characteristics of turbulent flow motion. In

the higher frequency regions, the spectral curves separate and the pre-multiplied power spectrum

of TIV is more energetic than PIV, which is also observed in [25]. Due to the wall shear stresses,

the closer to the wall, the more energetic the flow fluctuation is. The peak of the pre-multiplied

spectra appears in the higher frequency region, which means that the airflow field evaluated by

TIV may be closer to the vertical wall than the airflow field measured by PIV.

4. Discussion

In the foregoing section, we mentioned that the measurement results of TIV are influenced by

the boundary layer. By analyzing the pre-multiplied spectrum of PIV and TIV, it is deduced that

the position of the airflow field evaluated by TIV may be closer to the wall than the airflow field
28
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of the fixed plane measured by PIV. Although the measurement position of TIV cannot be directly
determined, the dynamic characteristics of the PIV and TIV measurements provide a new
perspective for estimating the information of the near-wall airflow field. We attempted to
indirectly judge whether the result of the TIV measurement is affected by the boundary layer by
judging the relative position of the two airflow fields measured by PIV and TIV and the boundary
layer.

From the perspective of physical structure, turbulent flow can be regarded as a superposition
of vortices with various sizes. Large scale vortices fluctuate with low frequency and extract energy
from the mainstream. Through the interaction of vortices, energy is gradually transferred to the
small-scale vortices which fluctuate with high frequency. Finally, due to fluid viscosity, small
scale vortices disappear and the mechanical energy is converted into thermal energy of the fluid.
The spectrum of temperature can be calculated as follows:

E, = jow E, (K)dk (6)
where E, is the power spectrum density function of temperature, k is the wave humber.

The exponential slope of the region between the flat low-frequency and the sharp drop at the
high frequency represents the efficiency of energy transformation from the large scale to the small
scale structures. In Zhang’ study [42], it was found that the efficiency of energy transformation
near the vertical surface varies greatly and reaches a maximum value near the boundary layer.
Outside the boundary layer, the energy transformation efficiency almost remains constant with a
constant exponent. As a result, it appears that the efficiency of the transformation from the large
scale structure to the small scale structures can be used to estimate the position of the boundary

layer. Based on this characteristic, we measured the temperature fluctuation of the air near the
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vertical surface and explored the slope of the power law distribution region.

An appropriate temperature sampling frequency is required to obtain the real-time
information about the temperature field. However, due to the limitations of the measurement
instrument, the sampling frequency is always restricted. The Kolmogorov time scale is used to
evaluate whether the measurement frequency is sufficient. The Kolmogorov time scale can be
calculated as: 7=(v/¢)*®, £=U%/H, where v is the turbulent viscosity, & is the turbulent
dissipation rate, U is root mean square velocity, H is the turbulence length scale. In this study, the
Kolmogorov time scale is 0.245 s for Case 1. The temperature fluctuations were collected by
Angilent 34980A with a frequency of 7 Hz. The response time is 0.143 s, which is smaller than the
Kolmogorov time scale for Case 1. In consequence, the data collected at 7 Hz can be used to

evaluate the energy transformation efficiency.
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Fig. 15. Schematic distribution of temperature measurement points

As shown in Fig. 15, the temperature fluctuations of the ten points were measured. The

power spectrum distributions of the six points in the planes that are 8 mm and 15 mm away from

the vertical surface are shown in Fig. 16. The six points have the same arrangement as the former
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temperature measurement arrangement. The power spectrum distributions of the other four points

located at the height of 200 mm, and are 0 mm, 30 mm, 50 mm, 100 mm away from the vertical

surface are presented in Fig. 17. The line are fitted in the power law distribution region and the

slopes are shown in figures.

For the plane that is 8 mm away from the vertical surface, energy transfer efficiency

decreases with an increase in height. As for the plane that is 15 mm away from the vertical surface,

heat transfer efficiency is almost constant and is smaller than that for the plane that is 8 mm away

from the vertical surface. Combining Fig. 16 and Fig. 17, it can be found that the energy

transformation efficiency increases from 0 mm to 8 mm. The efficiency decreases from 8 mm to

15 mm and remains almost constant within 15 mm to 30 mm from the vertical surface. When the

distance is increased to 50 mm, the efficiency decreases greatly. When distance increases and for

to the regions far away from the vertical surface, the efficiency reduces due to a small temperature

gradient and weak convection. According to the aforementioned analysis, the efficiency increased

to its maximum value near the boundary layer and remains almost constant outside the boundary

layer. It can, therefore, be deduced that the plane that is 8 mm away from the vertical surface is

near the boundary layer, and the plane that is 15 mm away from the vertical surface is outside the

boundary layer. In combination with the fact that the TIV velocity is close to that of PIVS, it can

be identified that the velocity plane measured by TIV is also near the boundary layer. Although

unable to establish a direct relation, it is ascertained that the measured results of TIV can reflect

the dynamic characteristics of the near-wall region in either natural or mixed convection.
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Fig. 16. Power spectrum of temperature of the points in the plane of 8mm and 15 mm away from the

vertical surface
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Fig. 17. Power spectrum of temperature of the points that are 0mm, 30mm, 50mm and 100mm away

from the vertical surface

Although the dimension and shape of the heating unit in this study are somewhat different

from those of actual radiator, the heat transfer process of the heating unit is similar to that of an

actual radiator under full scale room conditions. The influence of the surface temperature of the

heating unit and the mechanical ventilation on the thermodynamic state of the near-wall airflow
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over the heating unit found in this study can be referred in the research of actual heating room. In

addition, TIV is proved to be feasible in the measurement of the near-wall airflow over a heating

unit and can be used as an alternative indoor velocity measurement method to make up for the fact

that it is difficult to use PIV in full scale measurements. Based on the measurement and analyzing

method, future work can be carried out to investigate the thermodynamic state of the airflow over

a radiator in a full scale room environment.

5. Conclusions

This paper analyzed the thermodynamic state of the near-wall airflow over an idealized

heating unit. The air temperature was measured by RTDs, and the near-wall velocity distributions

were measured by the PIV method and TIV method. By analyzing the temperature and velocity

measurement results, the following conclusions can be drawn:

(@) Overall, TIV and PIV8 are close and consistent in magnitude and trend. TIV has certain

feasibility in reflecting the spatial distribution characteristics of the near-wall airflow in

both natural convection and mixed convection. The spectral shapes of TIV and PIV fit

well in low-frequency regions. The great fitness in the low-frequency region means that

the measurement results of TIV can reflect the main flow characteristics of turbulent

flow motion. TIV can be used to obtain the near-wall velocity according to the wall

surface temperature fluctuations and the obtained velocity is closely associated with the

boundary layer. Due to the heat storage of the vertical wall, lag exists between the

surface temperature fluctuation and the near-wall velocity fluctuation.

(b) Influenced by thermal buoyancy, the near-wall velocity over the heating unit in natural
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convection case shows vertical variation. With an increase in heating temperature, the

velocity distribution exhibits a more pronounced spatial difference in the vertical

direction, and the position at which the maximum velocity occurs moves upward.

Correspondingly, the value of the maximum velocity increases with an increase in

heating temperature as well. The flow under natural convection cases is in fully

developed turbulent, and the flow state of mixed convection is influenced by the

characteristics of supply air. The influence of mechanical ventilation is far stronger than

that of natural convection in mixed convection case, and as the vertical distance from the

air inlet increases, the air velocity gradually decreases.

The temperature fluctuation near the vertical surface is large at locations within 30 mm

away from the vertical surface. The temperature of the air near the vertical wall has a

significant influence on the heat transfer rate of the vertical wall. With an increase in

heating temperature, the air and surface temperature gradients increase, especially those

near the vertical surface. Accordingly, the near-wall heat transfer rate of the vertical wall

increases as well. Under the effect of mechanical ventilation, the air and surface

temperatures decrease and tend to be more uniform, and the temperature gradient is

reduced. The heat transfer rate of the vertical wall decreases. Due to an insufficient of

driving force, there exists a temperature detachment over the heating unit. Influenced by

mechanical ventilation, the detachment position of the mixed convection case is higher

than those of the natural convection cases.
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