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Abstract The in-situ measurement of wall flows during clear days on a 16 story building in Guangzhou, China is
introduced and analyzed in this paper. The surface temperature was measured by infrared camera and thermal couples.
The ambient temperature, relative humidity, wind velocity and solar radiation were recorded by weather stations. The

Rayleigh number of wall flows reached as high as1.44 x10™.

We found that the different kind of heat flux reach its maximum value in a day cycle at different time. The transmittance
of the atmosphere keeps decreasing from the sunrise to the sunset in Guangzhou typical clear days. The wall surface
temperature and flow were visualized by Infrared videos. The diurnal change of energy balance on the south facing
wall was calculated based on the solar radiation, long wave radiation and heat transfer caused by natural convection
adjacent to the wall.
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1. Introduction

The wall flow is important in ventilating a city and building energy balance when there is no synoptic wind [1] [2]
[3] [4] [5] [6] [7] [8]. Even the background wind exists, it would be blocked by the dense high-rise buildings in
the urban area [9] [10] [11] [12].The energy balance in the building walls can influence both indoor and outdoor
environment in thermal comfort, energy saving and urban ventilation. Natural convective heat transfer is a
connection between the flow in the urban canopy layer and the energy balance in building walls. To study the
energy balance in the urban canopy layer, the mechanism of the wall flows caused by natural convection must be
also well understood.

Natural convection along a vertical heated plate (wall flows) has been studied for a long time [13] [14] [15] [16]
[17], while the flow and heat transfer along a real high-rise building wall caused by natural convection was never
measured due to the difficulty in finding a high-rise building with a flat wall, getting the permission of taking
measurement and installing the measurement devices adjacent to the wall. Wells & Worster[18] modeled the wall
flows with a two-layer boundary layer structure when the Rayleigh number can reach as large as 10%. The
experiment results of Fan et al.[19] [20] support the Wells & Worster’s theory.

Measurement sites and methods (including modelling of solar radiative heat flux, long wave radiative heat flux
and natural convective heat flux) are introduced in chapter 2. Results on ambient conditions, diurnal change of
atmosphere transmittance and different type of heat fluxes are gave in chapter 3. Finally, conclusions are
summarized in chapter 4.

2. Measurement and methods

The energy balance on the south facing wall surface was calculated based on the energy conservation, which is
shown in the Figure 1.
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Fig. 1 Heat flux through the wall surface. Heat conduction = Solar radiation - Natural convection - Long wave radiation
The surface temperature were measured by both infrared camera and thermal couples. The uniformity of the wall
surface temperature can be shown in Figure 2
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Fig. 2 Infrared picture of the south facing wall. It was taken at 12:00, 15" October. The position of thermal couples are
marked on the picture. Only two levels can be observed due to the limitation of the IR camera scope. The two levels shown
in the figure is from 10" to 14" floor

2.1. Solar radiation

The position of the sun relative to the horizontal surface can be described by the solar zenith angle &, , solar
elevation angle & and solar azimuth angle ¢, which are illustrated in the Figure 3.
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Fig 3. Illustration of solar zenith angle &, , solar elevation angle ¢ and solar azimuth angle ¢

Solar radiation is the sum of direct solar radiation lqir and diffuse irradiance lgir. The calculation of lgrand lgis are
shown in the Equations (1)-(2) given by Bouguer’s law:

Iy = 1,E,P**"“ cos &

(1)
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where I, is solar constant with a value of 1367 W m?, which is recommended by Fréhlich & Brusa [21];
E, =1+ 0.033005(27zdn /365) is defined by Duffie & Beckman [22] as eccentricity correction factor of the
earth’s orbit and d is the day number of the year from 1% January; P is the atmosphere transmittance of solar

radiation; o is solar elevation angle (also called solar altitude); & is solar incidence angle. F, is shape factor

between the calculated surface and sky.
The definition of solar incidence angle is given in Equation (3):

cos @ = cos £ cos 6, +sin ¢ sin 6, cos(p — ) ®)

where ¢ is the slope of the calculated surface (£ = 0 when the surface is horizontal and ¢ = 90° when the surface

is vertical); 6, is solar zenith angle; ¢ is solar azimuth angle; y is the azimuth angle of the calculated surface (
= 0 when the surface is facing south, ¥ = 90° when the surface is facing east and y = -90° when the surface is
facing west).

The solar zenith angle 8,, solar altitude « and solar azimuth ¢ (¢ = 0 when the sun is in south, ¢ = 90° when
the sun is in east and ¢ = -90° when the surface is in west) are obtained in Equations (4)-(6):

C0Ss 6, = €0s o cos g cosh+ sin J sin ¢ )
a=90-0, ©)
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where & = 23.45sin(360 x (d,, +284)/365) is solar declination; ¢ is the geographic latitude in degrees (the
North Hemisphere is positive and the South Hemisphere is negative); h =15x (12 - hr) is hour angle (h, is the

local time value, e.g. h, =12 at noon and h, =18 at 6 o’clock afternoon).

All the variables to calculate the solar radiation are known except for P, the atmosphere transmittance of solar
radiation. Fortunately, the solar radiation on the horizontal surface was measured by weather stations, so the
transmittance can be calculated by the following Equation (7):

1/sina

I -
1-14InP

Ly + i = 1,E,PY*" cos @+ 0.5F, |, sina ©)

measure

The latitude of the measurement point is N 23°06°15”’. The experiment was carried out in 14" October to 16"
October, 2014. The weather station was set on the roof of the 16 story building and the surrounding area is

relatively open, so the shape factor F,can be assumed to be 1 for the weather station location.

After the transmittance is solved, the short wave radiation on the south facing vertical wall 1, can be calculated
by Equation (8):

Isv = (1_ a)(ldirv + Idifv) (8)

where a is albedo. 1, and |, are direct radiation and diffuse radiation on the south facing vertical wall

dirv

respectively.
2.2. Long wave radiation

The long wave radiation can be divided into two parts: (1) between the vertical wall and sky; (2) between the
vertical wall and other ground surfaces. To calculate the long wave radiation between the vertical wall and sky,
the sky temperature need to be modeled. Berdahl & Martin (1984)’s sky temperature model has been widely used,
which is shown in the Equation (9):

T,, = T.[0.711+0.0056T,, +0.000073T 2, +0.013cos(15t)] " ©

where Ty (K) is sky temperature; T, (K) is ambient dry bulb temperature; T, (°C) is dew point temperature; t is
hour from midnight.
The long wave radiation I,, of the vertical wall can be calculated based on Stefan-Boltzmann law by the
Equations (10)-(12):

IIW = Ilbs + Ilbg (10)
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where o =5.67x10® W m2K* is Stefan-Boltzmann constant. &, and &, are emissivity for the test building

wall surface and surrounding ground respectively. The emissivity of the surrounding surfaces are assumed to be
uniform. I, is long wave radiation heat flux between the vertical wall and sky. 1, is long wave radiation between

the vertical wall and other surfaces, which is calculated based on simplified equation for non-enclosed envelope.
The tested building is much higher than its surroundings and locate in an open area, so the shape factors F, (shape

factor between the building vertical wall and sky) and F, (shape factor between the building vertical wall and the

ground) are assumed to be 0.5. T, and T, are surface temperature of the vertical wall and the surface temperature
of surround surfaces respectively.

2.3. Natural convective heat transfer

The local convective heat transfer rate can be represented by the non-dimensional Nusselt number Nuy, which is
defined in the Equation (13):

Nu, = (13)

where h, is local convective heat transfer coefficient; x is characteristic length scale, which is vertical coordinate

along the wall in this experiment; A is thermal conductivity.
The local Rayleigh number Ra, is defined as Equation (14):

3
Rax = m (14)
VK

where x is length scale. g is acceleration of gravity. £ is thermal expansion coefficient. AT is difference between
the fluid temperature and ambient temperature. v is kinematic viscosity. x is thermal diffusivity.
The correlation between Nu,and Ra, for convection is shown in Equation (15):

Nu, = cRa; (15)

where ¢ and b are constants. The background wind speed was small when the experiment was carried out. The
weather was clear and there was no clouds. The convective heat transfer was dominated by natural convection,
which is also confirmed in Fan et al. [19] and Fan et al. [20]. Therefore, the natural convection correlation between

Nuxand Ra, can be adopted. Wells & Worster [18] and Fan et al. [19] suggested that the flow was in region II,
where the buoyancy instability dominate and the heat flux is constant, under this experiment condition. Tsuji &
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Nagano [16] and Wells & Worster [18] supported the correlation of natural convection along a heated vertical wall
in region 11, which is shown as Equation (16):

Nu, =0.12Ra’® (16)

Based on Equations (13)-(16), the heat flux gx caused by natural convective heat transfer can be obtained as
Equation (17):

1/3
q, = —hAT = —0.121[%j AT* 17
VK

As we can see in the Equation (17), the local heat flux is independent of vertical coordinate x, which means that
the heat flux is constant over the wall. Negative in the Equation (17) means the heat flux is from the wall to the
ambient air.

2.4. Turbulent flow visualization method by infrared videos

The thermal image method has been adopted by many researchers, such as, Hetsroni, Rozenblit & Yarin [23],
Hetsroni & Rozenblit [24], Kowalewski et al. [25], Hetsroni et al. [26]. Reference[27] gave a detailed description
on how to get velocity of the turbulent flow from thermal videos and called the method as thermal image
velocimetry (TIV). The general procedure for TIV is shown in Figure 4.
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Fig. 4 General procedure of Thermal Image Velocimetry (T1V)

The application of TIV method can be affected by the following factors: (1) the characteristics of tested surfaces
(surfaces that have small thermal storage and thermal conductivity are preferred); (2) the temperature difference
between the surface and ambient fluid (the temperature difference should be large enough); (3) the resolution of
infrared camera; (4) the distance between the camera and the surface (the small distance is preferred. If the distance
is large, the infrared ray emitted by the surface can be partially absorbed by the atmosphere between the surface
and thermal camera, which will cover the fluctuation of the surface temperature).

Due to the limitations of experiment conditions, such as large thermal storage of the wall, the long distance between
the wall and the camera, only qualitative visualization was done.

3. Results

The solar radiation on the building roof is measured by the weather station. The measured solar radiation,
calculated diffuse radiation, direct radiation and transmittance are shown in Figure 5.
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Fig. 5 Solar radiation on the horizontal surface. The transmittance in the figure is atmospheric transmittance of solar

According to Idso [28], the atmospheric transmittance is mainly influenced by three factors: the absorption and
scattering by water vapor; the absorption and scattering by dust in the air; scattering by dry dust-free air. The
transmittance calculated based on the measured solar radiation keeps decreasing from the sunrise to the sunset.

The diffuse solar radiative heat flux is larger than that of the direct radiation after 16:00 in each day, when the
solar elevation angle and transmittance are very small. The direct radiation, diffuse radiation and transmittance
have a big fluctuation around 12:00, 16" October (circled by dashed elliptical in Figure 5). The fluctuation is
caused by the clouds cover over the sky at that time. The cover of the clouds also show the influence on the ratio

radiation

of the diffuse radiation to the direct radiation during that period.
The flow along the wall caused by natural convection is shown in Figure 6.

Fig. 6 Visualization of the wall flow caused by natural convection. The average data is obtained from 5 minute image
sequence. The temperature shown in the figure is fluctuation after the average is removed. The frequency of videos are 30

Hz. The time interval between (a) (b) and (c) is 1.33 second
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The coherent structure circulated by the yellow dashed elliptical in Figure 6 can be observed obviously moving
upwardly.

The short wave radiation received by the south facing vertical wall, the heat flux given off by the wall and the
conductive heat flux are summarized in Figure 7.
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Fig. 7 Energy balance on the wall surface during clear days. The short wave radiation is the received solar radiative heat
flux (include direct radiation and diffuse radiation) of the south facing wall. The long wave radiation is the long wave
radiative heat flux (include the radiation between the wall and the ground and the radiation between the wall and the sky).
The conductive heat flux is the heat conducted into the wall (positive heat flux) and the heat conducted out of the wall
(negative heat flux)

As observed in the Figure 7, the phase for different kind of heat fluxes are different under clear day condition. The
conductive heat flux into the wall first reach its maximum at around 11:00, and then the short wave radiation
appear the peak at around 12:00. The following is the convective heat flux caused by natural convection, when the
surface temperature is largest at around 14:00. The long wave radiation heat flux appear its peak in the last at
around 15:00. During night time, the heat in the wall is mainly transferred out by long wave radiation. The
conductive heat flux out of the wall equal to the long wave radiation heat flux at night. Therefore, if the building
density in urban area is too large, it could reduce the long wave radiation and trap the heat in the urban canopy
layer. The heat flux caused by natural convection and long wave radiation are in the same order during daytime.
The slope of conductive heat flux is large in the morning due to the small slope of convective heat flux and long
wave radiation heat flux. The large thermal inertia prevent the wall surface temperature increasing rapidly, leading
to the small slope of convective heat flux and long wave radiative heat flux in the morning.

4. Conclusions

The wall flows, surface temperature and radiation along a high-rise building are measured and calculated. The
flow along the wall caused by natural convection is visualized by the fluctuation of the surface temperature
obtained from the infrared image. The flows along the wall are dominated by natural convection during the calm
clear days, so the natural convective heat transfer is used in the energy balance analysis. Solar radiative heat flux

Paper ID:109 8



10" Pacific Symposium on Flow Visualization and Image Processing
Naples, Italy, 15-18 June, 2015

and long wave radiative heat flux are also calculated to complete energy balance model on the wall surface. The
atmosphere transmittance is not a constant and keeps decreasing from sunrise to sunset during clear days. The
reason is complicated since it can be influenced by the pollutants and water vapor in the atmosphere. The different
kind of heat flux reach its maximum value in a day cycle at different time. The conductive heat flux first reach the
peak. Afterwards, the solar radiative heat flux get the maximum point and then followed by the natural convective
heat flux and long wave radiative heat flux. Natural convective heat flux has the same order with long wave
radiative heat flux during day time. Since the heat conduction outside of the wall is dominated by the long wave
radiation, the dense high rise buildings will trap the heat in the urban canopy layer.
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