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ABSTRACT

This paper examines the method to simulate heat
balances on building and urban surfaces by
combining the 3D CAD-based thermal environment
simulator with 3D steady RANS CFD simulations.
The simulation results of the distribution of
convective heat transfer coefficient in an urban
canyon model are compared with that of a wind
tunnel experiment. The effects of building geometries,
including veranda and eaves, on the surface
temperature distribution and convective heat flux
from the building external surfaces are examined
using the coupled simulation method.

INTRODUCTION

Convective heat transfer from urban surfaces to the
atmospheric environment is one of the primary
factors for the Urban Heat Island. The surface
temperature distribution, airflow and air temperature
near the surfaces dominate the convective heat
transfer. The authors’ group has developed the 3D
CAD-based thermal environment simulator (Asawa
et al., 2008), which can simulate the heat balance in
urban canopies and detailed surface temperature
distribution on building and urban surfaces by using
a 3D CAD (Computer Aided Design) modeling
system. This simulator calculates heat balance on
urban surfaces under the assumption that there is no
distribution of air temperature, wind velocity in the
subject urban canopy, so that the same value of
convective heat transfer coefficient (CHTC) is
applied to all the surfaces. This approximation allows
the practical heat balance simulation for urban
district scale without CFD (Computational Fluid
Dynamics) simulation.

It is, however, important to consider the airflow and
air temperature distribution near the surfaces when
estimating the surface temperature and convective
heat transfer distribution of high-rise buildings, street
canyon, and so on. In addition, building geometries,
including veranda and eaves, affect the formation of
airflow near the building envelops and convective
heat transfer (Figure 1). Previous studies about
CHTC distribution using CFD simulations hardly
consider the effects of building detailed geometries
(e.g. Blocken et al., 2009, Emmel et al., 2007).

This study examines the method to estimate CHTC,
surface temperature and convective heat flux
distribution for building and urban surfaces by
combining the 3D CAD-based thermal environment
simulator (the thermal simulator) with 3D steady
RANS (Reynolds-Averaged Navier-Stokes
equations) CFD simulations.

SIMULATION METHOD

Method of combining the thermal simulator with
CFD

The authors’ group proposed the coupled simulation
method for the thermal simulator and CFD
simulation in a previous study (Yamamura et al.,
2002). Figure 2 shows the image of the coupled
simulation method. The features of the coupled

Wind flow near the facade

Surface
boundary layer

Geometry
of facade
(Veranda,

= Eaves)  cHTC Direct solar
% . radiation
% \ uriace emp- sy solar
! ] \ / ) radiation
| / Convective )
heat flux Atmospheric

Inflow wind SS=Y D) spr
onto building | W ke A radiation
facade ﬁ__ b 3 *s}

s 'L/ . Long wave
'w ‘ 5\'\’ radiation
-y 7!.:‘ ‘ ) \
> Q& 4 Ry Reflected solar
ﬁ RN N radiation

R
=V

-

”)

Figure 1 Factors which affect the convective heat flux
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Figure 3 The flow chart of the coupled simulation method

simulation method are as follows:

1) The thermal simulator performs diurnal unsteady
heat balance simulation. RANS CFD simulations,
on the other hand, calculate averaged airflow at
fixed time and in fixed inflow conditions.

2) These simulations are conducted independently
by setting different calculation areas, and the
simulation result data are transferred between
these tools with keeping physical meanings. This
coupled simulation method realizes urban
district scale calculation without extremely high-
calculation load.

3) Calculation mesh size is variable between these
tools. The thermal simulator uses the uniform
voxel mesh. In contrast, CFD simulations are
fundamentally based on non-uniform mesh. The
mesh generation process can be optimized for
each tool respectively.

The data transfers are conducted between the
surface cell of the thermal simulator and its first
adjacent cell of the CFD simulations.

Simulation flow

Figure 3 shows the flow chart of the coupled
simulation. Firstly, the isothermal CFD simulation
(3D steady RANS) is performed and outputs the
forced CHTC on all surfaces for every time step
(STEP A1l). Secondly, the thermal simulator
conducts unsteady heat balance simulation on all
surfaces by setting the time-series of the forced
CHTC distribution data and outputs the time-series
data of the surface temperature distributions (STEP
B1). Thirdly, the non-isothermal CFD simulation is
performed using the surface temperature distribution
data as the surface thermal boundary condition, and
outputs forced and natural (mixed) CHTC for every
time step (STEP A2). Finally, the thermal simulator
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Figure 4 The estimation of CHTC using each
turbulent model

conducts unsteady heat balance simulation using the
CHTC distribution data and outputs the surface
temperature and convective heat transfer data
including both forced and natural convection (STEP
B2).

Method of calculating CHTC using CFD
simulations

In STEP Al and STEP A2 in figure 3, CFD
simulations are applied to calculate CHTC
distribution on buildings and urban surfaces. This
study examines the characteristics of CHTC and
convective heat transfer on building surfaces using
two types of RANS CFD simulations. One is the
high-Re number k-¢ model (the high-Re model), and
the other is the low-Re number k-¢ model (the low-
Re model). The present study confirms the impact of
the difference in the simulation model on the CHTC
results.

1) The high-Re number k-¢ model

The high-Re model uses wall functions that bridge
the region between the wall surface and the outer
layer of the boundary layer, and apply an
approximation of the effect of the wall on the mean
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wind velocity, turbulence quantities and air
temperature in the outer layer. The high-Re model,
therefore, uses the course grid near the building
surfaces, and is easy to apply to the simulation of an
urban canopy scale.

Empirical formulas, which consider relationships
between the CHTC and wind speed near the surface,
are generally used for the CHTC estimation. Most of
the empirical formulas are derived from wind tunnel
experiments and full-scale measurements on building
surfaces (e.g. Hagishima et al., 2008, Sharples et al.,
1984). These CHTC formulas as wall functions,
however, ignore the surface boundary layer, the
viscous sublayer and the buffer layer, which
dominate the convective surface resistance.

In this study, the empirical formula derived from
Jurges is used for the CHTC estimation by the high-
Re model.

2) The low-Re number k-g& model

The low-Re model uses the no-slip condition and
linear low for the surface boundary conditions. The
low-Re model refers to resolving the whole boundary
layer, including the viscous sublayer, the buffer layer,
the logarithmic layer and outer layer. Appropriate
grids for the low-Re model have a y*(dimensionless
wall distance) below 5 to set the centre point of the
wall-adjacent cell in the viscous sublayer, so that the
low-Re model needs high-computer resources and
performance. Therefore this study uses TSUBAME
2.0, a high performance super computer in Tokyo
Institute of Technology.

In previous studies regarding outdoor thermal
environment simulations, it was difficult to apply
appropriate surface temperature distributions on a
building envelop to the surface thermal boundary
condition. The present study applies the surface
temperature results from the thermal simulator and
calculates convective heat transfer including forced
and natural convection.

Heat balance simulation by the thermal simulator

In STEP B1 and STEP B2 in figure 3, the unsteady
heat balance simulation is performed by the thermal
simulator. The contents of the simulation are as
follows:

1) Generation of calculation mesh model

Buildings are reproduced by 3D-CAD, and the 3D-
model is transformed into a 3D-voxel mesh model
for calculation. The calculation point of heat balance
is set for all of the cells, and the calculation
parameters (component material, normal direction of
mesh surface, surface object number, etc.) are stored
in the 3D-mesh model. The applied mesh size is 0.2
m, as determined in the previous study, so as to
provide detailed spatial geometry for the heat balance
simulation.

2) Calculation algorithm for heat balance

After the 3D-mesh model is completed, radiative heat
transfer is simulated on all outdoor surface meshes.
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Figure 5 Heat balances on outside and inside of
walls

Longwave emissivity

The fundamental formula of the heat balance
calculation is shown in formula (1). Figure 5 shows
the calculation items for the heat balances on outside
and inside of walls.

<Direct solar radiation>: The quantity of direct solar
radiation received by a cell is simulated by the ray-
tracing method. Each cell has three-dimensional
direction data in polar coordinates, the received
quantity of direct solar radiation is estimated, taking
into account the solar absorptivity and the three-
dimensional direction of the surface.

<Sky solar radiation>: The quantity of sky solar
radiation received by a cell is estimated by
multiplying the sky view factor of the cell by the
quantity of sky solar radiation for unobstructed sky
derived from weather condition data. The sky view
factor is calculated by multi-tracing simulation from
the cell toward multiple hemispherical directions.
<Reflected solar radiation>: The reflected solar
radiation simulated by this tool includes both
specular reflection and isotropic diffuse reflection.
Both of these reflection factors consider the first
reflection. Diffuse reflective radiation is estimated
under the assumption of isotropic diffuse reflection,
following Lambert’s cosine law. The method used
for the multi-tracing simulation is the same as that for
the estimation of the sky view factor.
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<Atmospheric  radiation>: The quantity of
atmospheric radiation (long wave radiation from the
sky) received by a cell is also estimated by the sky
view factor and the quantity of atmospheric radiation
calculated by Brunt’s formula for unobstructed sky.
<Long wave radiation from the surroundings>: A
computer performance-based algorithm is adopted
for the calculation of long wave radiation from the
surroundings (not include the sky). An iterative
algorithm between the calculation of long wave
radiation and surface temperature is applied.

In this calculation, multi-tracing simulation toward
surrounding cells is implemented in order to get the
surface temperature data of the surrounding cells.
<Heat  conduction>: One-dimensional heat
conduction in each spatial component is simulated by
the backward-difference method, using the above-
mentioned heat balance data, as the boundary
condition for the external surface, and the surface
temperature is output.

COMPARISON IN CHTC BETWEEN
THE CALCULATION RESULT AND
EXPERIMENTAL RESULT

Outline of the comparison examination

The coupled simulation method has been developed
for the prediction of the heat balances in outdoor
spaces, so it is desirable to validate the simulation
tool using outdoor full-scale measurement results for
CHTC, surface temperature and convective heat flux.
It is also important to examine the difference in
characteristics between outdoor microclimates under
unsteady wind conditions and the steady RANS CFD
simulations. However, it is quite difficult to obtain
the distributions of the CHTC and heat balance in
outdoor spaces with complex geometries. In the
present study, as the first step of the comparison
examination, a wind tunnel experiment result for
CHTC distribution is used for the comparison with
the calculation results obtained from the simulation
method. The authors’ group now conducts the
comparison using an outdoor full-scale measurement
result for CHTC, so that next study will focus on the
comparison for the outdoor space (Hagishima et al.,
2008).

Narita obtained the wind tunnel experimental data
about forced CHTC distribution in urban canyons
(Narita et al., 2000). The CHTC distribution was
determined by the CMTC (convective moisture
transfer coefficient) distribution data, which was
obtained from the amount of evaporation from a filter
paper.

Table 1 shows the conditions of the CFD simulations.
Figure 6 shows the vertical section of the urban
canyon model and the calculation grid. As the CFD
simulations, the high-Re number k-& model (Standard
k-¢ model) and the low-Re number k-&¢ model
(Launder-Sharma model) are applied to the urban
canyon model. In this case, 2D-simulation is applied.

Table 1 Calculation conditions for the 2D urban
canyon case

Case name High-Re case Low-Re case
Turbulent High-Re number k-¢ Low-Re number k-¢
model model model
(Standard k-¢ model) (Launder-Sharma model)
The number
of meshes Approx. 100 thousand Approx. 350 thousand
Estimation . .
of CHTC Jurges formula Linear law condition
To confirm the characteristics of the simulation
Purpose of
P results of CHTC for both turbulent models by
examination - - -
comparing the results by the wind tunnel experiment
gOrnm 120mm

Cell size (low-Re case)

Figure 6 The 2D urban canyon model and the
calculation mesh for the CFD simulation
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Figure 7 Comparison in CHTC between the simulation
results and experiment (L/H=2 case)

For the high-Re model, the isothermal calculation is
used. And for the low-Re model, the non-isothermal
calculation is used to estimate the CHTC using the
air temperature distribution in the viscous layer near
the surfaces (Air temperature of inflow wind: 10 °C,
Surface temperature of all surfaces: 30 °C).

Result and discussion

Figure 7 shows the comparison in the CHTC
distribution between the experimental result (L/H=2
case) and simulation results. The skimming flow
clearly occurs in this urban canyon space. For most
part of the surfaces, the simulation results for the
low-Re model are close to the experimental data.
However, at the points of contact between the walls
and the ground, the CHTC values for the low-Re
model are smaller than that of the experiment and the
high-Re model. This is the influence of stagnation of
relatively high temperature air near the points in the
low-Re model result, which uses the non-isothermal
condition to estimate the CHTC. The increase in air
temperature contributes to the estimation of the small
CHTC values. In contrast, the experiment and the
high-Re model simulation were performed under
isothermal conditions, so that the CHTC values differ
from the low-Re model at the points. On the upwind
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wall, there is difference between the measured and
calculated CHTC of the high-Re model. This
difference is derived from the calculation accuracy
of the impinging flow on the wall.

The present examination shows the priority and
characteristics of the low-Re number model. The
authors now conduct the further examination using
other experimental results, and try to determine
appropriate CHTC formula for the high-Re model,
which can perform practical simulation for urban
district scale.

APPLICATION TO AN APRTMENT
BUILDING MODEL

Outline of the simulation

The coupled simulation method is applied to the
analysis of convective heat transfer distribution on
an apartment building having detailed geometries.
As the CFD simulations, the high-Re number k-¢
model and the low-Re number k-¢ model are
applied, and the difference in the characteristics is
examined. In this case, 3D-simulation is used. The
target time for the examination is 12:00, so that the
CFD simulations are only conducted at 12:00, and
the CHTC distribution data are output. In the
coupled simulation process of this examination, the
thermal simulator, which conducts diurnal
unsteady heat balance simulation (STEP B1 and
B2), uses the CHTC distribution data at 12:00 for
all time steps from 0:00 to 24:00.

There are two additional simulation cases, which
conduct only heat balance simulation using the
thermal simulator and uniform CHTC value
without CFD simulations. One case uses wind
speed above of the building to estimate the CHTC
using the Jurges formula. The other case applies
wind speed near the walls to the Jurges formula.
The wind speed near the walls is determined by the
previous field experiments (Sato et al., 1972), and
the CHTC value is uniformly estimated by the
Jurges formula.

Table 2 shows the calculation condition of the
coupled simulation method, and figure 8 shows the
apartment building model and calculation grid.
Target area is at Tokyo, and target day is
November 5. Due to low solar altitude at this time,
the southern wall receives much solar radiation as
well as the eastern and western walls. Wind
direction conditions for the CFD simulations are
south and north. The inflow wind speed is 2m/s at
the height of 1.8H (H: the building height).

Result and discussion

Figure 9 shows the simulation results of vector
wind speed around the building for the high-Re and
low-Re case (vertical and horizontal section).
Figure 10 shows the simulation results of the
surface temperature distribution on the building for
each case. Figure 11 shows the results of the
convective heat flux from the southern wall. The
figures of CHTC distribution are omitted in this

Table 1 Calculation conditions for the apartment building

case
Uniform Uniform .
Case name CHTC case 1 | CHTC case 2 High-Re case | Low-Re case
. . Only heat Only heat Coupled with | Coupled with
Simulation -
condition _balanc_e _balanqe the CFD high-|{the CFD low-
simulation simulation Re model Re model
The number
of meshes Moiion | “ition
for CFD
Jufges fom_lula Jurges formula Jurges
T with the wind . . . .
Estimation speed above with the wind | formula with | Linear law
of CHTC peed auc speed near the | the calculated| condition
the building wall (0.5m/s) | wind speed
(2mis) ' P
Wind o o
direction Northern (0 °), Southern(180 °)

&

Figure 8 The apartment building model and the
calculation mesh for the CFD simulation
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Figure 9 Vector wind speed and direction around the
building
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paper.
In the high-Re model case, the convective heat flux
increase from the center of the wall to the edge. This
distribution reflects the CHTC and air flow
distribution on the wall (figure 9). In the uniform
CHTC case 1 and 2, this distribution does not appear.
In the low-Re case, the same tendency of the
convective heat flux as the high-Re case is confirmed,
whereas the more detailed distribution is also shown.
This detailed distribution reflects the characteristics
of the surface boundary layer on the facade surface.

L]

At the edge of the veranda wall, the values of the gf"F.' ﬂ

convective heat flux are relatively large due to thin [f.r= ’:F‘ [ff' ﬁ’:
. L btz = B PrE

boundary layer at the edges. The high-Re model, ‘(.;;= 1.;:.1‘ (y“ L{::.f

which uses Jurges formula as wall function, dose not L WAk “;.j 1z

reproduce this characteristics. The large difference in 2 » 7

convective heat flux between the sunshine and shade

area on the wall is shown both in the high-Re and (c) High-Re case (d) Low-Re case

low-Re case, whereas the value of the difference on
the border is clearer in the low-Re case, which
calculates the inside of the thermal boundary layer
using fine grid than the high-Re case.

Figure 12 shows the histogram of the convective heat Figure 10 Simulation results of surface temperature

flux for each case. In the uniform CHTC case 1, distribution for each case (12:00)

which uses wind speed above of the building to W/m?
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resembles between low-Re and high-Re cases,
whereas the frequency values around minus 10 W/m>
are larger in the low-Re case than that in the high-Re
case. This reflects high CHTC wvalues on the

windowpane and shaded wall which show relatively
low temperature. (b) Uniform CHTC case 2

5th Nov., 12:00 Air temp.: 19.9 [°C] 16 21 26 31 36 40[°C]
Surface temperature

|ddd
'rr
ol

11
At
i

clelel

FErr
3333
1173
]
LLEL
SEEE
Ficleld]

These results show that calculation values of the
convective heat flux resemble between the high- Re
number model and low-Re number model. However
the low-Re model can output detailed distribution of
the convective heat flux. The low- Re number model
dominates in the calculation of the weak wind region
near the wall and shows the effects of the surface
boundary layer on the distribution of the convective
heat flux from the building surfaces.

CONCLUSION

This paper showed the method to simulate heat
balances on building and urban surfaces by
combining the 3D CAD-based thermal environment (d) Low-Re case

simulator with 3D steady RANS CFD simulations. Figure 11 Simulation results of convective heat flux
The difference in the characteristics of CHTC distribution for each case
distribution in an urban canyon model between the 12:00 southern facade

low-Re number k- model and the high-Re number k- (12: )
model was confirmed by comparing with a wind
tunnel experimental data. For most part of the
surfaces, the simulation results of the CHTC for the

low-Re model are close to the experimental data.
From the application of the coupled simulation
method to an apartment building model, it was shown
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Figure 12 Comparison in the simulation results of convective heat flux on the building
surfaces among all cases (12:00)

that the calculation values of the convective heat flux
resemble between the high-Re number model and
low-Re number model. The low-Re number model
dominates in the calculation of the weak wind region
near the wall and shows the effects of the surface
boundary layer on the distribution of the convective
heat flux.

Next study will focus on the comparison with an
outdoor full-scale measurement result.

NOMENCLATURE

Rs  Net solar radiation [W/m?]

Rl_ Net longwave radiation [W/m?]

R,_a Atmospheric radiation [W/m?]

R, Longwave radiation from surrounding buildings and
ground [W/m?]

Q,, Sensible heat flux [W/m?]

Qg Latent heat flux [W/m?]

Qg Conductive heat flux [W/m?]

T  Temperature [K]

a., Solar absorptivity

o Incidence angle of direct solar radiation [rad]
I Amount of direct solar radiation [W/m?]

F  Shape modulus (sky : sky factor)

Amount of sky solar radiation [W/m?]

I SR

lsr  Amount of reflected solar radiation [W/m?]

& Longwave emissivity [-]

o Stefan Boltzmann constant [W/(m?K*]

. Convective heat transfer coefficient [W/(m2K)]

I Evaporation heat [J/kg]

,B Evaporation efficiency [-]

k Mass transfer coefficient [ka/ (m?s (kg/kg(DA)))]

X Absolute humidity [kg/kg’]

A Heat conductivity [W/(mK)]
C, Specific heat capacity [J/(kgK)]
£ Density [kg/m’]

t  Time

S (Subscript)  Surface

a (Subscript) Atmosphere

W (‘Subscript) Surrounding buildings and ground

N (Subscript) Total number of objects that emit longwave

radiation
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