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Abstract

The difficulties in CFD analysis of indoor/outdoor environments is described in this paper and new techniques in CFD for
overcoming these difficulties are developed. A ‘Software Platform’ is proposed that integrates various numerical analysis tools and
that is able to give a complete evaluation of indoor/outdoor climates. A number of case studies on designing indoor/outdoor cli-
mates are reported based on this newly developed Software Platform.

© 2004 Published by Elsevier Inc.

1. Introduction

The development of CFD techniques in the last 20
years has been remarkable. CFD is now utilized in many
engineering fields as a practical analysis tool. This paper
describes the application of CFD to environmental de-
sign ranging from human-scale indoor climates to
urban-scale outdoor climates. Here CFD is used, not
only as an analysis tool, but also as a design tool which
is a more advanced style of CFD application.

2. Developing a design method for indoor/outdoor envi-
ronments based on CFD

In the process of CFD development, our group has
applied CFD techniques to a large number of applica-
tions involving various indoor/outdoor environmental
problems. In this process, we have been forced very
often to face a range of difficulties, such as the treatment
of solid boundary conditions, relatively large grid sizes
due to the scale of the original phenomena, etc. Among
these difficulties, we will point out two major ones that
are peculiar to CFD analysis related to environmental
design; (1) the interaction of various physical parameters
and (2) the interaction of various scale phenomena.
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2.1. Two major difficulties in the CFD analysis of indoor/
outdoor environments

2.1.1. Interaction of various physical parameters

The first difficulty is the interaction of various phys-
ical parameters in human environments, such as airflow,
radiation, heat transfer, moisture transfer, etc. Thus the
conventional CFD, in which two parameters—i.e.
velocity and temperature—are treated, is not useful for
coping with this difficulty. In order to overcome this
difficulty, the simultaneous analysis of multiple physical
parameters is required. The answer to this assignment is
the development of a coupled simulation technique.

Murakami et al. (2000a,b) and Yoshida et al. (2000)
illustrated an example of the interaction of various
physical parameters in Fig. 1, which features the first
difficulty. It shows the complex effects of planting trees
on thermal environment in the summer season. The tree
planted has various effects on the thermal comfort of the
human body, including both positive and negative ones
as shown in Fig. 1. As the phenomena are so compli-
cated, only a coupled simulation can clarify the inter-
acting effects of the various physical parameters on the
human body.

2.1.2. Necessity for the development of an integrated
indicator SET*

One of the final targets of environmental design is the
evaluation of human comfort. Murakami et al.
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Fig. 1. Positive and negative effects of planting on the thermal envi-
ronment in summer.

(1999a,b) clarified the complicated mechanism of heat
exchange between the human body and the surrounding
outdoor environment as shown in Fig. 2. The situation
is similarly complicated in the case of indoor climates.
Since it is so complicated, we are presented with many
assignments to be solved in the design of thermal envi-
ronments, which include the development of various
indicators and tools to use for the analysis and evalua-
tion of human comfort. One answer to the assignment is
to derive a value for SET* (standard effective tempera-
ture), an indicator that gives an overall evaluation of
human comfort including a range of parameters.
Murakami et al. (1999a,b) explained the necessity for
developing an integrated indicator for evaluating human
comfort as shown in Fig. 3. Calculating the value of
SET* is a key process in evaluating human comfort and
in designing the human environment as denoted in Fig.
3, and this is made possible by a simulation coupling of
the various heat exchange procedures around the human
body. The physical concept and parameters which fea-
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Fig. 2. Complicated mechanism of heat exchange between the human
body and the surrounding outdoor environment.
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Fig. 3. How to evaluate human comfort and how to design a human
environment.

tures SET* are illustrated in Fig. 4. The heat loss from
the human body through radiation is very large, as
shown later in Fig. 15. The value of SET* in which
radiative heat transfer plays an important role cannot be
derived without the technique of coupled simulation.

2.1.3. Interaction of various scale phenomena

Adding to the first difficulty of the interaction of
physical parameters, the second difficulty is the inter-
action of phenomena at various scales, ranging from the
human scale to the urban scale, as shown in Fig. 5.
Murakami et al. (2000a,b) reported that the nested grid
analysis is a key technique in overcoming this difficulty.

Murakami et al. (2002, 2003a,b) explained the effec-
tiveness of the nested grid technique in Fig. 6, using the
example of micro-macro analysis for selecting the best
position of the windmill. Here the meteorological model
for the larger scale and engineering model for the
smaller scale are combined. In Fig. 6, the models from
the meso-scale analysis (Domain A, 500 km x 500 km) to
the windmill scale analysis (Domain E, 1 kmx 1 km) are
combined by the nested grid technique. We are forced to
use a fairly large grid size in the analysis of Domain A,
for which we cannot expect a high prediction accuracy.
The target area for the analysis of where the windmill is
to be constructed is scaled down step by step, accom-
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Fig. 4. Physical concept of SET*.
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Fig. 5. Interaction of phenomena at various scales from indoor to urban.

panied by a scaling down of the grid size, with the aid of
the nested grid technique. It is possible to apply a finer
grid in the case of Domain E with improved accuracy,
allowing us to take in ground obstacles such as trees. As
the physical phenomena, numerical models, and physi-
cal parameters used in the models are different between
the meteorological model (for Domains A, B, C) and the
engineering model (for Domains D, E), the connection
of the various scales using the nested grid technique is
not easy.

2.2. Two major numerical techniques for environmental
design

In the design of human environments, evaluating the
thermal comfort of the human body has continued to be
the main target of the analysis from the start of CFD
application. Based on our vast experience in applying
CFD to environmental design, we have refined the fol-
lowing two major techniques which are indispensable
for indoor/outdoor climate design; (1) coupled simula-
tion and (2) a feedback system. Both of these have be-
come essential tools in the analysis of human
environments.

2.2.1. Coupled simulation technique

In conventional CFD analysis related to the thermal
environment, it is usual to carry out the analysis using
the physical parameters of velocity and temperature.
Thus the convective heat transfer is analyzed here.
However, in the evaluation of human comfort, the effect
of radiative heat transfer is very important in addition to

convective heat transfer. The new technique of the
coupled simulation of convection and radiation, which
was developed in the early 1990s by our group, has made
it possible to carry out a combined simulation including
a variety of environmental parameters such as velocity,
radiation, heat, moisture, etc. This technique has had a
great impact on the application of CFD to environ-
mental design. Coupled analysis with multiple physical
parameters is made possible only by numerical tech-
niques, including CFD. With the development of cou-
pled analysis, the CFD technique had acquired a trigger
that has enabled it to develop from a simple analysis
tool to a design tool well-suited to practical use.

2.2.2. Feedback system

The next critical step in applying CFD to environ-
mental design is the development of a feedback system,
something that was also proposed by Murakami et al.
(1999a,b) in the late 1990s. This feedback system chan-
ged the procedure of environmental design. The
conventional design procedure is mainly based on a
trial-and-error system supported by experience. The
process of decision-making is empirical rather than
deterministic. With the development of a feedback sys-
tem, it becomes possible to solve the inverse-problem:
i.e. the target design conditions for environmental con-
trol are given by solving the inverse-problem. The
feedback system has made it possible to satisfy the
combination of high-priority design conditions auto-
matically. At this stage, the CFD technique combined
with coupled simulation and the feedback system have
developed into a fully fledged design tool.
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Fig. 6. Micro-macro analysis with the nested grid technique for selecting the best position of the windmill.

2.3. Necessity for the development of a Software Platform

Reflecting the two difficulties described in Section 2.1
and the new techniques developed to overcome these
difficulties described in Section 2.2, it became necessary
to develop the integrated simulation system for evalu-
ating and designing indoor/outdoor climates shown in
Fig. 7. The development of a Software Platform is thus
proposed to fulfil this assignment, and a prototype
Software Platform is shown in Fig. 13.

2.4. Application of feedback system for the optimized
design of indoor climates

2.4.1. Concept of the feedback design system

Murakami et al. (1999a,b) showed the concept of the
feedback system as shown in Fig. 8, where the two
simulation methods—the conventional method and the

INPUT (B.C.s)

Difficulty in assessing the quality of the indoor/outdoor environment

!

Two major aspects : @ physical parameters and @ space scales

g

Interaction of @ physical parameters and @ various scale phenomena

|

Development of integrated simulation system : Software Platform

Fig. 7. Necessity for the development of integrated simulation system
for evaluating indoor/outdoor environments.

new method—are compared. In the conventional
method (Fig. 8(1)), the boundary conditions for the
simulation are fixed naturally. In the new method, which
includes the feedback system (Fig. 8(2)), the boundary
conditions are modified according to the simulation re-
sults with the aid of the feedback system.

Shape of room,
cooling load, types of
HVAC system, etc.

CFD analysis of Indoor
Thermal Environment

OUTPUT

Velocity, temperature
and humidity
distributions, etc.

(1) Conventional method with fixed B.C.s

OUTPUT Various criteria can be selected as the

INPUT (B.C.S design target, e.g. OT, SET*, PMV,
Shape of room, . ) Velocity, air temperature, energy efficiency, locations of supply and
cooling load, types of CFD analysis coupled with wall surface temperature, exhaust openings etc. Here PMVis
HVAC system, etc. radiation humidity, radiative heat chosen as the design target for assessing
transfer, etc. thermal sensation.

We can choose various input .
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Fig. 8. Concept of indoor climate simulation with/without feedback system for HVAC control.



S. Murakami | Int. J. Heat and Fluid Flow 25 (2004) 849-863 853

il A Semi-enclosed space :
full simulation with CFD
and radiation analysis

atrium space
(15x18)  —p* « Atrium :
radiation analysis only

air temp. (30°C), | .l
humidity (60%) "
s radiation \-_D

M —

air mixing J'

semi-enclosed space

(1) Room Model for the
Simulation : Atrium and
Semi-enclosed Space

(2) Details of semi-enclosed space for full simulation
(two types of cooling; radiation-panel cooling system

and all-air cooling system)

Fig. 9. Room model used for the case study (summer season).

2.4.2. Case study of the simulation with a feedback system
of HVAC control

The newly developed feedback system was applied to
the HVAC (heating ventilating air-conditioning) control
problem by Murakami et al. (1999a,b), confirming the
effectiveness of this system. Fig. 9 shows the room model
used for the case study. The target for the analysis is a
semi-enclosed space with cooling, which opens onto an
atrium space with no air conditioning. Two types of
cooling system are applied to this semi-enclosed space;
(1) a radiation-panel cooling system and (2) an all-air
cooling system.

2.4.3. Results of the case study

The temperature fields are illustrated for both types
of cooling system as shown in Fig. 10. The value of
PMYV (an integrated indicator for evaluating the thermal
environment, similar to SET*) for both cooling systems
is maintained at 0.5, which means that a person feels the
same thermal comfort in either room. In the former
system, the supply water temperature to the cooling
panel is controlled to satisfy the design target PMV of
0.5, while the supply air temperature to the diffuser is
controlled in the latter system. Setting the value of PMV
as the target value and determining the supply water/air
temperature is made possible only by the technique of a
feedback system.

Average room air temperatures are 29.2 and 26.3 °C
respectively for the radiation-panel cooling system and
the all-air cooling system, showing a big difference, al-

Room average air temp. : 29.2 °C
(1) Radiation-panel cooling system

though the value of PMV is maintained at 0.5 in both
rooms.

Fig. 11 shows the heat loss from the human body. As
the PMYV is maintained at 0.5, the total heat loss from
the human body is the same for both cooling systems.
However a breakdown into separate items shows large
differences. In the case of the radiation-panel cooling
system, the heat loss through radiation is very large,
while in the case of the all-air cooling system the heat
loss through convection is predominant, reflecting the
difference in the predominant physical mechanisms of
heat transfer from the human body between the two
cooling systems.

The structural difference in these two cooling systems
is well clarified by an analysis using the feedback system.
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Fig. 11. Comparison of heat loss factors from the human body (PMV
is kept at 0.5 for both cooling systems).

Room average air temp. : 26.3 °C
(2) All-air cooling system

Fig. 10. Comparison of air temperatures (PMYV is kept at 0.5 by means of the feedback system).
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3. Development of a Software Platform as a universal
design tool for indoor/outdoor environments

The necessity for developing an integrated simulation
system, i.e. the Software Platform, is described in Fig. 8.
As indoor/outdoor environments are composed of many
elements and controlled by many interacting physical
processes at various scales, it is extremely difficult to
evaluate the impact of individual factors separately. As
already stated, research efforts should thus be devoted to
developing a method for integrating the simulation
models for the various phenomena into a comprehensive
and total simulation system. Thus a new Software
Platform is to be developed that can handle many sub-
systems. It will be capable of analyzing each scale phe-
nomena with its corresponding physical parameters, and
of integrating them to enable a complete evaluation of
the environment, such as for a heat island.

The Software Platform needs to include a range of
functions. At first it will form the framework of a sim-
ulation system that bridges the gap between (1) existing
software to analyze various phenomena related to in-
door/outdoor environments, and (2) databases required
to specify initial/boundary conditions and to confirm the
accuracy of the simulation.

In order for the Software Platform to perform well, it
must include all the functions shown in Fig. 12.

Murakami et al. (2000a,b) developed a prototype of
the Software Platform as shown in Fig. 13, including a
number of sub-systems, that will enable the complete
analysis of urban climate and heat islands.

S. Murakami | Int. J. Heat and Fluid Flow 25 (2004) 849-863

(1) CFD solvers based on numerical models for analyzing each
specific phenomenon

(2) Databases required for the simulations

(3) Interface between various solvers and various databases

(4) Guidance which enable users to select appropriate solvers
and databases, according to the purpose of the simulations,

from the elements on the platform.

Fig. 12. Contents of the Software Platform.

The thick box in Fig. 13 is the main part of the
Platform. On the left side of this thick box is a list of
various research target scenarios that will improve the
urban heat-island phenomena. The top of the figure
shows several databases that are necessary to specify the
initial and boundary conditions. The initial/boundary
conditions are generated from the scenarios on the left
and the databases at the top. This process is illustrated
in the upper part of the thick box. Several solvers for
micro-scale/meso-scale climates, etc., and several
numerical models for energy consumption, CO, emis-
sion, etc., are included in the lower part of the thick box.
These are the main components of the Software Plat-
form. The main part is well supported by a number of
sub-models, which are shown at the bottom of the fig-
ure. The outputs provided by the Platform as a result of
the detailed analysis are listed on the right of the thick
box. This output module contains data obtained directly
from the simulation, and this information is ready to be
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Fig. 13. Prototype of the Software Platform for the total analysis of urban climate and heat island.



S. Murakami | Int. J. Heat and Fluid Flow 25 (2004) 849-863 855

used in the preparation of policy proposals for city
planning and regional planning.

A number of case studies based on the newly devel-
oped Software Platform are reported in the next section.

4. Case studies of environmental design based on the
Software Platform

4.1. Case study 1: Heat exchange between the human
body and the surrounding environment

The analysis of the thermal comfort of the human
body forms the starting point of environmental design.
In order to evaluate the thermal comfort of the human
body quantitatively, it is necessary to analyze the micro-
climate around the human body. The human body
exchanges heat with the surrounding environment in
various ways, as illustrated in Fig. 14. A coupled sim-
ulation of CFD and radiative heat transfer is carried out
in order to clarify these complicated phenomena by
Murakami (2002). CFD is based on the low-Reynolds-
number k—¢ model which is developed by Launder and
Sharma (1974).

The micro-climate analysis around the human body is
an important sub-system of the Software Platform. Fig.
15 illustrates the result of the coupled simulation. The
heat loss through radiation is larger than the losses
through convection and evaporation in this case. Such
an analysis became possible after the development of the
coupled simulation technique. It has clarified where and
how the human body discharges heat. Thus it becomes
possible to determine the operating conditions for an
HVAC system by giving a target value for a human
comfort index such as SET*. This is the inverse-problem
in the design of indoor climates, utilizing the feedback
system.
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.- *
-
‘f-—\limlmm Heat
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Internal heat fransfer
inside body surface

Skin surface

Clothing surface
(two-node model
and others)

Fig. 14. Various manner of heat transfer around human body.
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Fig. 15. Heat transfer between human body and surrounding envi-
ronment (based on coupled analysis of convection, radiation, internal
heat transfer within human body).

4.2. Case study 2: Design of IAQ for coping with the sick-
building problem

Nowadays, indoor air contamination by chemical
compounds has become a serious environmental prob-
lem, widely known as the ‘sick-building syndrome.” The
second case study is the analysis and design of IAQ
(indoor air quality) related to the inhalation of con-
taminated air by the human body by Murakami (2002).
As the human body discharges heat due to the process
of metabolism, a rising stream is generated around the
human body, as shown in Fig. 16. The body thus in-
hales the air transported from the lower part, i.e. the air
near the floor. The floor is usually dirty, and so the air
near the floor is also usually dirty. In order to analyze
the air quality inhaled by the human body, we propose
a new indicator, CRP (contribution ratio of pollution
source), which evaluates the contribution from each
position in the room to the inhalation of contaminants
emitted from each position. CRP is defined so that the
total CRP for each position comes to 100%. The con-
cept of CRP is illustrated in Fig. 17. In this example,
CRP at the floor is 65%, while at the ceiling it is 10%.
In order to calculate the value of CRP, it is necessary to
carry out a coupled analysis of the micro-climate
around the human body as shown in Fig. 15 and the
emission/transportation of chemical compounds within
a room.

The prediction result of CRP for a standing posture is
shown in Fig. 18(1). Here the CRP at the floor is 53%
and at the ceiling it is just 1%. Fig. 18(2) shows the result
in the case of a sleeping posture. In this case, the CRP at
the floor is a high 73%. It becomes clear through these
analyses that the floor is very important from the
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Fig. 18. Prediction result of CRP.

viewpoint of controlling the cleanliness of the air inhaled 4.3. Case study 3: Effect of green area ratio on the
by the human body. outdoor thermal environment

At the next stage, we can clarify which part of the
room has the highest priority for implementing coun- Deterioration of the summer outdoor environment in
termeasures to reduce the inhalation of chemical con- urban areas is becoming more serious year by year. The

taminants. third case study examines the effects of greening, using
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Fig. 19. City block model used.

grass or a plant canopy, on the outdoor thermal envi-
ronment by Murakami et al. (1999a,b). The city block
models used are shown in Fig. 19. Three city blocks with
different greening or planting schemes are compared
here. There are many elements which comprise the
outdoor thermal environment as shown in Figs. 2 and
28. The Software Platform is well utilized to analyze
such phenomena. Thus some integrated indicator is
needed in order to evaluate such a complicated set of
phenomena, and SET* is the most suitable for this
purpose, as has already been mentioned. The prediction
results with temperature and SET* are compared and
the effectiveness of SET* as an overall indicator is
clarified here. CFD is based on the modified k—¢ model
in which two revisions are applied. The first is the
revision to prevent the overestimation of turbulent en-
ergy k at the frontal corner of the building model

‘Sunshine

(39.1) (36.8)

(36.5)

wi— \‘
(1) Case 1
rassed area ratio : 10%,
without plant canopy)

(2) Case 2
(Grassed area ratio : 100% ,
without plant canopy)

(Launder—Kato model explained by Launder and Kato
(1993) and Mochida et al. (2000)). The second is the one
to include buoyancy effects based on the WET model
explained by Yoshida et al. (2000).

Distributions of surface temperature for the ground
and the wall are illustrated in Fig. 20. The difference
between the sunny area and the shaded area is very large
in Cases 1 and 2, while it is small in Case 3. The surface
temperature in the sunny asphalt space exceeds 50 °C
(Case 1), while the surface temperature on the sunny
grass area is 40 °C (Case 2) and that under the plant
canopy is 26-28 °C (Case 3). The effect of greening or
planting on the surface temperature is very large.

Fig. 21 shows the distributions of air temperature,
which show rather small differences between the sunny
area and the shaded area for the three cases. Fig. 22
shows the distribution of SET*, where we can observe a
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Fig. 20. Distribution of surface temperature of ground and wall.
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[Units: °C]

(2) Case 2
(Grassed area ratio : 100%,
without plant canopy)

(3) Case 3
(Grassed area ratio : 100%,
with plant canopy)

Fig. 21. Distribution of air temperature.
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(1) Case 1

(Grassed area ratio : 10%,
without plant canopy)

(2) Case 2
(Grassed area ratio : 100%,
without plant canopy)

[Units: °C]

(3) Case 3

(Grassed area ratio : 100%,
with plant canopy)

Fig. 22. Distribution of SET*.

l Sunshine

=

/
i

(1) Air Temperature (Case1)

(2) SET" (Case1)

Fig. 23. Which is the better indicator of thermal comfort; air tem-
perature or SET*?

large difference between the sunny area and the shaded
area. The distributions of air temperature and SET* are
compared for Case 1 in Fig. 23. A big difference in SET*
between the sunny area and the shaded area is observed
(Fig. 23(2)), corresponding well to the feeling we expe-
rience in summer in an outdoor environment. In the case
of air temperature (Fig. 23(1)), the difference between
the sunny area and shaded area is very small, which does
not correspond to our experience. The effectiveness of
SET* is well clarified here. Fig. 24 shows a sensitivity
analysis of SET*, in which Cases 1 and 2 are compared,

Sumida River
Prevailing
wind direction
in summer
Ara River

Target Area : Shinden Area
( Sandwiched between the Sumida River and the Ara River in Kita-ku, Tokyo )

Fig. 25. Target area for the analysis.

and the positive effects or negative effects of greening on
SET* are analyzed separately from various viewpoints.
From the viewpoint of humidity, increased greening has
a negative effect on SET*, while the positive effects of
greening are recognized from the viewpoints of air
temperature and MRT (mean radiant temperature).
The effect of greening on the outdoor environment
becomes clear through such a sensitivity analysis. Thus

South North
:,L_)' § —A—Air temperature
i 6 —x—Wind velocity
m Z ——Relative humidity
w3 —#—MRT ( radiation )
° 2 v —0—Total
e \\\\§:~ -
C
g -1 N\
o 2 \
5
[m] z X
-6
-10 0 10 20 30 40 50 60 70
[m]

(D Vertical line means the difference of SET* between the case of green area ratio 100% and that of 10%

(the value at the case of 100% - that of 10%).

@ Negative value means that SET* becomes lower by increasing the green area and thus the thermal

environment is improved.

Fig. 24. Sensitivity analysis of SET* by greening.
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Sumida River Target space for ventilation path et al. (2002). Here the design of building locations is

SR SesREes

=p velocity is pretty low

;;‘E = how to increase th
—— e

examined from the viewpoint of how to introduce the
cool wind that flows over a river into a housing complex.
Fig. 25 illustrates the target area for the analysis, which
is sandwiched between the Sumida River and the Ara
River (Kita Ward in Tokyo). The prediction result of
velocity vectors is shown in Fig. 26. The target space for
the ventilation path is located in the center area of the
housing complex. However, the wind velocity in this

Fig. 26. Distribution of velocity vectors (at height of 2 m).

it becomes possible to determine the green area ratio by

giving the target value of SET*.

4.4. Case study 4: Utilizing the potential of rivers for

cooling the outdoor environment

Water space can be efficiently utilized to improve the
urban environment in summer. The effect of rivers on
cooling the outdoor environment is surveyed by Oguro

(1) Before t rearrangemet (2) Aftrhe rearrangment

Fig. 27. Movement of markers in the ventilation path.

Fresh and
cold air

o Heat generated by the city center
... -
#v+ Solar B Fresh air from/’
4§ radiation _.---- =~ Turbulent heat mountain  /
o

* transfer from
/ground
y

E’_]_ﬁrgy...,,._.

i ~. Heat sink
~gonsumptio 3

Fig. 28. Model of urban meso-scale climate.
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Fig. 30. Increase in air temperature in Tokyo in the last 100 years (at
height of 1.5 m).

space is somewhat below the original design of the
housing complex as shown in Fig. 26.

Thus buildings are rearranged in order to increase the
wind velocity in the ventilation path. Fig. 27 shows the
movement of markers in the ventilation path, in which
the two cases are compared; i.e. before the rearrange-
ment and after the rearrangement. The three buildings

located on the windward side of the ventilation path are
rearranged as shown in Fig. 27(2). After the rearrange-
ment, the movement of the markers becomes very active
in the area of ventilation path (Fig. 27(2)). Thus the cool
wind over the river can be efficiently introduced into a
ventilation path through the housing complex. The po-
tential of rivers on the outdoor environment can be
utilized well using such design techniques. Thus it be-
comes possible to design the outdoor environment in
harmony with water spaces such as rivers and lakes.

4.5. Case study 5: Historical change in the urban
climate—a comparison between the present and the Edo
Era

Murakami et al. (2000a,b) reported the urban climate
was very complex as shown in Fig. 28, and includes al-
most all the physical phenomena related to environ-
mental design. Thus the prototype Software Platform
shown in Fig. 13 is proposed for a complete analysis of

(a) Edo Era

(3:00 p.m. in summer )

(b) Present

(1) Distributions of air temperature

(a) Edo Era
(2) Distribution of ground surface temperature

o R
(3:00 p.m. in summer )
(b) Present

Fig. 31. Comparison between the present time and the Edo Era.
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CV (Control Volume) : virtual enclosed space

. . A
D Solar radlatlor} ‘ {QZD
(Shortwave Radiation)

@ Longwave radiation

@) heat outflux by
convection and diffusion

® heat influx by
convection and P

@ (6 Heat conduction into
urban structures

Fig. 32. Concept of Urban Heat Balance model.
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() Artificial heat release
480km ———>

 The Japan Sea(Q%ﬁlC?Gfidl
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” A
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‘ (Central part of Tukyo)( )

— U 00F

Fig. 33. Computational domain and control volume.

the urban climate and heat-island effect. The Platform is
composed of multiple sub-systems for analyzing the
climate from the human scale to the urban scale as de-
scribed in case studies 1-4. Here, historical changes in
the climate of Tokyo were analyzed based on the Soft-
ware Platform by Mochida et al. (1999). CFD is based
on the Mellor—-Yamada model (level 2.5) which is the
mixture of the k~—& model and DSM proposed by Mellor
and Yamada (1982).

The remarkable progress of urbanization in Tokyo
over the last 120 years is shown in Fig. 29. Fig. 30 shows
the increase in the air temperature in Tokyo over the last
100 years given by measurements. The increase is about

Control Volume for calculating
heat balance of urban space

o oog |
GRS

of
o
Gl
0
o
ol

. of
Artificial heat release
in an urban space

2 °C at a height of 1.5 m. Changes in air temperature
and ground surface temperature are compared in
Fig. 31(1) and (2).

The increases in air temperature (at a height of 10 m)
and ground surface temperature are about 1 and 4 °C
respectively for an average within grid size 4 km x4 km,
which corresponds fairly closely to the measured in-
crease of 1.5 °C at a height of 1.5 m.

The CFD technique is now able to clarify the changes
in urban climate due to urbanization. Thus it becomes
possible to design cities and buildings that have a
smaller effect on the original climate.

4.6. Case study 6: Evaluation of the impacts of urban tree
planting in Tokyo based on Urban Heat Balance model

In order to take full advantage of countermeasures
for heat-island effects it is important to understand the
mechanism of the heat balance in the urban space.
Murakami et al. (2003a,b) proposed a new concept
called “Urban Heat Balance model” for evaluating the
environmental impacts of countermeasures. Here, urban
scale planting of trees was selected as the countermea-
sure and its effect was examined.

Fig. 32 illustrates the concept of the Urban Heat
Balance model. This model examines the total balance
of heat (enthalpy: sensible heat + latent heat) in a virtual
enclosed space, i.e. in a control volume (CV) within an
urban space as shown in Fig. 32. In this study, the CV is
located at the center of Tokyo as shown in Fig. 33. The

Heat Exchange at top face
of CV (vertical direction)

Heat exchange at side face
of CV (horizontal direction)

ao

868 600

0t
o | bog
e e

Heat exchange at ground surface
of CV (vertical direction)

Fig. 34. Each surface and direction of incoming and outgoing heat fluxes.
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(1) ground surface temperature
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Fig. 35. Diurnal variations of ground surface temperature, air temperature and absolute humidity!>!3 (the average value of CV, August 6).

domain of CV covers 30 km (north—south direction)
% 28 km (east—west direction), corresponding to the area
of Tokyo’s 23 Wards. The model is composed of
incoming and outgoing heat fluxes through all the sur-
faces of the CV, and artificial heat release and heat
storage in the CV as shown in Fig. 34.

Two cases are computed in this study by Mura-
kami et al. (2003a,b) and Sato et al. (2004). Case 1
predicts the present situation in Tokyo, whereas Case
2 predicts the situation where urban planting is per-
formed in all building areas in the central part of
Tokyo.

Fig. 35 shows diurnal variations of the average
ground surface temperature, the spatial average values
of air temperature and absolute humidity in the CV,
respectively. The ground surface temperature in Case 2
is 0.5-1.3 °C lower than that in Case 1 in the daytime
due to the effect of urban planting. Consequently, the air
temperature in Case 2 is 0.1-1.0 °C lower than that in
Case 1. The absolute humidity in Case 2 is 0.1-1.5 g/kg
higher than that in Case 1, since the generation of water
vapor from the ground surface is greatly increased by
urban planting in this case.

5. Concluding remarks

(1) In the analysis and design of indoor/outdoor cli-
mates by CFD, the interaction of various physical
parameters and the interaction between the phenom-
ena at various scales pose the major difficulties.

(2) Two new numerical techniques, i.e. the coupled sim-
ulation technique and the feedback system are newly
developed in order to overcome these difficulties in
environmental design.

(3) A Software Platform is proposed for integrating var-
ious sub-systems for numerical methods, and also to
give a complete evaluation of the indoor/outdoor
climate.

(4) A number of case studies are carried out based on
the proposed Software Platform and thus the effec-
tiveness of the Platform for designing the human
environment is clarified.
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