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ABSTRACT
Today, computational fluid dynamics is often used to
compute thermal environment of a target room.
Thermal comfort, energy consumption and so on
have been computed by a technique of CFD.
However, heat transfer between wall and room air,
which influences to the result of CFD much, is not
validated enough in architectural conditions. This
study focuses on that point at issue. We carried
measurement to construct database to validate CFD,
and benchmark test of RANS and LES turbulence
models at steady-state. As a result, each model has
enough accuracy to compute mean temperature.
However, LES model shows superiority to RANS
model in computing heat transfer.

INTRODUCTION
Computational fluid dynamics (CFD) is expected that
it becomes better method to evaluate thermal
environment of buildings than experiment and other
classical methods. In using CFD to evaluate thermal
environment of buildings, it is important to compute
heat gain and loss with great accuracy. In other
words, it is important to compute convective heat
transfer between room-air and wall. In ordinary room,
flow near the wall is usually weak even if the room is
air-conditioned. If floor heating and other radiative
heaters heat the target room, computational accuracy
of flow near the wall is all the more important.
However, recent investigations (e.g. Ono, 2010) have
demonstrated that k-epsilon turbulence model, which
is popular in CFD of buildings, is not suitable for
such natural convection and buoyancy prominent
fields. Therefore, we focus on large eddy simulation
(LES), especially dynamic sub-grid-scale model
(dynamic SGS model). We previously reported that
dynamic SGS model computed flow near the wall
and convective heat transfer with great accuracy in
square cavity. However, the cavity is very small and
not realistic as a room. Few reports are available on
benchmark data in real-size room. Therefore, we
constructed a temperature database of actual floor
heating room that could be used for validation of
CFD. In this paper, we report validation result of
dynamic SGS turbulence model by comparing other
models.

BENCHMARK DATABASE
We installed a room mock-up with floor heating
(internal dimensions: 1,800 × 1,800 × 2,100 mm,
room volume: 6.804 m3) in a thermostatic chamber
(internal dimensions: 4,800 × 4,800 × 3,200 mm) and
conducted temperature measurement at 906 points
from the start of heating to steady state. Figure 1
schematically depicts the experiment model, and
Table 1 presents the properties of component
members. The mock-up is a wooden framework
structure assuming a typical house in Japan, where a
column and a beam act as a thermal bridge. We
defined a 3 dimensional axis as Figure 1. The floor
was finished with flooring. Two electric heating
panels (850 × 1,700 × 12 mm, maximum heating
value: 370 W/panel) were installed beneath the
flooring. The coverage of floor heating is 89.2%. We
set temperature of the thermostatic chamber to 5°C,
which is almost like an environment of winter midnight at Tokyo. electric power supply to floor heating
panels was measured with a wattmeter, 332.5W. We
estimated a heat supply into the room from floor
heating panels as 272.6W, by a ratio of heat flux
between upside and downside of the floor. The ratio
of heat flux was calculated by an output of heat flux
sensor (4 pairs of 50mm square). Radiative heat flux
was calculated by measured wall temperature. We
calculate convective heat flux as 103.4W, by
subtracting radiative heat flux from total heat flux.
The air temperature (480 points) and wall surface
temperature (296 points) were measured using
0.3mmφ
thermocouple.
Measurements
were
conducted in the western half of the room owing to
symmetry of the room. The measured points were
shown as Figure 2-a. We call the horizontal line
nearest to window “A”, and ”B“, ”C” to “J” in order
as Figure2-a. In addition, we conducted narrow pitch
measurement near the floor and window using
0.025mmφ thermocouple. The number of the
measured points is 100, shown as Figure 2-b,c. The
measured points were decided by considering the
characteristics of the flow. We carried measurement
8 times and measured about 100 points at once to
avoid that wiring and mounting equipments affect the
flow. The temperature was read at 1 minutes interval.
Standard deviation of the air and wall surface
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temperature became under 0.05K after 27 hours.
Therefore, we decided to use measured data of 27-30
hours as steady-state for mean temperature to
validate CFD. We carried the measurement 6 times
for every point. Differences of mean temperature in
every measurement are within 0.5 K.

to classical models for stabilization of epsilon
equation.
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Mesh and Boundary condition
Overview of CFD mesh is illustrated in Figure 3.
There are 737,100 fluid cells of maximum length 50
mm on each side. Cells near the wall boundary are
subdivided. Non-dimensional wall distance, y+, at
centres of all cells facing wall boundary is less than 1.
Recent investigations have demonstrated that not
only thickness of cells facing boundary but also
number of cells within boundary layer is important in
mesh construction to use low-Re type turbulence
model. In case of this study, about 15 th ~ 20 th cell
from wall boundary is in boundary layer (y+ < 30).
We divided wall boundary into 598 parts along the
measured points and assigned boundary temperature
as the measurement values to each region.
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Figure 1 A mock-up of measured room
Table 1
Properties of component members

COMPONENT
Insulation
Window
Beams and columns

MATERIAL
XPS board
Float glass
Wood

J

300

SIZE
100mm thickness
6mm thickness
90 by 90 mm sqr.

Turbulence models
A k-ε 2-equations model for low-Re fluid derived by
Lien et al (1996) one of the most popular RANS
turbulence model in a field of indoor airflow. This
model does not contain D and E term, which is added
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[℃]

Window

underestimated by 1.5 ~ 2.0 K. There is little
difference between dynamic and non-dynamic SGS
model. Figure 5 shows distributions of temperature
near the window at central plane. On lower points of
measurement, temperature gradually increases from
cold window to centre of the room. As measured
points became higher, a gradient of temperature near
the window became steep. Both LES model
represented this steep gradient of temperature near
the window well. K-epsilon model underestimated
the gradient and temperature a little. On lower points,
all CFD cases overestimated the gradient of
temperature.
Height [mm]

Floor

2100

Figure 3 Overview of CFD mesh colored by wall
temperature
Besides, this model does not use y+ but y* for
compute model dumping function. It avoids
unphysical value of eddy viscosity at detaching and
attaching points.
A kSGS 1-equation model is less modelarized LES
model than Smagorinsky model, which is one of the
most popular LES turbulence model. Smagorinsky
model stands upon local equilibrium hypothesis at
every local cell. However generally, local
equilibrium hypothesis does not stand near-wall
region. A kSGS 1-equation model solves distribution
of kSGS directly instead of using local equilibrium
hypothesis. A dynamic procedure proposed by
Germano (1991) and complemented by Lilly (1992)
is a method to determine model coefficients as a
function of time and space. It covers weak points of
original SGS model (e.g. kSGS 1-equation model in
this study).
Ohter conditions
We have developed incompressible turbulent fluid
solver
with
boussinesq
approximation
by
customizing existing library of OpenFOAM (ver.1.6ext). Pressure-velocity linking algorithm is pressureimplicit split- operator (PISO) for LES, semi-implicit
method for pressure-linked equations (SIMPLE) for
steady RANS. Discretization schemes for advection
term of each transport equation are linear
interpolation for LES, Total variation diminishing
(TVD) for RANS.
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RESULT
Figure 4 shows distributions of temperature at central
plane (x = 900mm). Air temperature of measurement
at mid-height (z = 300 ~ 1800mm) is almost uniform
at 19 °C. A result of k-epsilon model shows about
19 °C, and results of both LES models show about
19.0 ~ 19.5 °C. On the points near ceil and south wall
(Line F to J), results of both LES represented the
result of the measurement, whereas k-epsilon model
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Figure 4 Distributions of temperature at central
plane
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Figure 6 shows a comparison result of air
temperature by each measurement point. A solid line
indicates that the difference between CFD and
measurement is equal to 0, inner side of dotted lines
indicates that the difference is within 1.0 K. Results
of both LES models showed good agreement with the
result of measurement. Differences between CFD and
measurement are within 1.0 K at almost all points.
The result of k-epsilon model shows lower
temperature than measurement at some points.
Table 2 shows root mean square values of the
temperature difference
between CFD
and
measurement. Both LES model has less difference
than k-epsilon model. A difference between dynamic
and non-dynamic model is small.
Figure 7 illustrates a comparison of convective heat
transfer. Only heat loss boundaries are shown is
Figure 7. Heat flux flowing into the room by floor,
which is only heat supply boundary, is equal to a
total of heat loss through heat loss boundaries. A
total heat flux of k-epsilon model case is less than
that of measurement by 24 W. The 1 equation model
overestimated a total flux by 9.4W. The dynamic 1
equation model represented the measurement with a
difference of 1.9 W.
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Table 2
Root mean square value of differences between CFD
and measurement
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Figure 5 Distributions of temperature near the
window at central plane
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Figure 6 Temperature comparison between CFD and
measurement

All models used in this study have enough accuracy
to compute mean temperature except near the floor.
Both LES represented near floor distribution of
temperature, whereas k-epsilon model underpredicted.
To compute heat transfer with 90 % over accuracy,
selecting LES model becomes the first approach.
The difference between dynamic and non-dynamic
LES model is little at comparison items in this paper.
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It should be noted that dynamic model take about 5
times calculation time because unsteability of
dynamic model increases inner loop of pressure
equation.
If turbulence quantities are not needed, kSGS 1
equation model is better selection with considering
accuracy and calculation time.

CONCLUSION
We constructed the temperature database of floor
heating room and carried benchmark test of LES and
RANS turbulence models. We reported the limitation
of RANS model and superiority of LES model.
We used high-resolution grid in this paper and
dynamic and non-dynamic LES model represented
the measurement well. We continue an examination
to make clear an influence when using low-resolution
grid that is often used in engineering CFD.

NOMENCLATURE
RANS Reynolds Averaged Navier-Stokes
LES Large Eddy Simulation
ν
kinematic viscosity
y
distance from wall
uτ
friction velocity
y+
non-dimensional distance from wall; = uτ y/ν
y*
non-dimensional distance from wall; = y k0.5/ν
D, E additional term of epsilon equation for low
Reynolds number treatment
kSGS turbulent kinetic energy of sub-grid scale
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