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Abstract
In this paper, a hybrid computational fluid dynamics technique is proposed to study turbulent flow and conjugate heat transfer 
patterns. A typical shaped room with a radiant heating panel is considered. The mesoscopic lattice Boltzmann method coupled 
with the finite difference solution of macroscopic energy equation is used to compute the thermal and flow fields. To describe 
the radiant flux distribution along the solid–fluid interfaces, the Lambert law is implemented. An in-house code written in 
MatLab is validated against direct numerical simulation data obtained for a Rayleigh number up to  1011. A computational 
study is conducted when varying the Rayleigh number, heat flux density, radiant panel length, physical properties of the 
enclosure and external heat transfer coefficients with constant walls thickness and the ambient temperature. It is found that 
the air temperature is decreased in the room as the Rayleigh number is raised. The panel length is found to drastically affect 
the thermal field. However, the flow structure is altered insignificantly. The stagnant zone of air is formed at the bottom 
corners with low values of heat fluxes.

Keywords Radiant ceiling panel · Hybrid lattice Boltzmann · Two-relaxation time · Direct numerical simulation · Lambert 
law

Abbreviations
af ,s  Thermal diffusivity ratio
Bi  Biot number
ck  Particle speeds/ms−1

cs  Lattice speed of sound/ms−1

d  Radiant panel length/m
D  Non-dimensional radiant panel length
g  Acceleration due to gravity/ms−2

Ki  Kirpichev number
L  Length of the room/m
l,  Walls thickness/m
M  Non-dimensional walls thickness
Nu  Nusselt number
P  Non-dimensional pressure

Pr  Prandtl number
q  Heat flux/wm−2

Ra  Rayleigh number
t  Time/s
t0  Time scale/s
Δt  Lattice time step/s
u, v  Velocity components/ms−1

U,V   Non-dimensional velocity components
Vnc  Velocity scale/ms−1

x, y  Rectangular coordinates/m
X, Y   Non-dimensional coordinates
T   Temperature/K
T0  Initial temperature/K

Greek symbols
�  Heat transfer coefficient/Wm−2  K−1

�  Coefficient of thermal expansion/K−1

Λ  Magic parameter
�f ,s  Heat conductivity ratio
Θ  Non-dimensional temperature
�  Kinematic viscosity/m2s−1

�  Density/kgm−3

�  Non-dimensional time
�  Angle
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Indices
h  Radiant heater
f  Fluid region
F  Bottom solid–fluid interface
s  Solid region
L  Left solid–fluid interface
R  Right solid–fluid interface
e  Environment

Introduction

Nowadays, development of engineering systems moves 
toward energy saving technologies. For example, innova-
tive radiant panels can be used for heating/cooling and air-
conditioning purposes in residential buildings. These panels 
provide a comfortable indoor environment with minimum 
energy consumption. Despite a high perspective in energy 
saving, radiant heating/cooling (RHC) systems are only 
wide-spread in Asia, Europe and North America [1]. Prob-
ably, the low rate of radiant panels adoption is due to a lack 
of a clear manual on the setup and operating conditions of 
this type of HVAC system. In order to fill the gap in the 
RHC theory, the following topics such as design of radi-
ant systems, energy performance of the radiative panels and 
thermal indoor comfort are studied last two decades. The 
relevant works are discussed below.

One of the novel solutions in air conditioning is radiant 
cooling systems. Different configurations are available to 
maintain a comfortable indoor environment in offices, resi-
dential building, etc. For example, radiant cooling panels 
can be mounted at either the ceiling or the vertical walls. 
Cold water circulating in the pipes inside the panel is usu-
ally used as a working fluid. There are also thermoelectric 
radiant cooling panels which consume electricity to produce 
low temperature. Another configuration is thermally active 
building systems (TABS). Within the TABS, the pipes are 
directly mounted inside the walls of the building. Thus, 
additional benefit is given by thermal inertia of the massive 
walls. The heat transfer mechanism of the radiant cooling 
systems is analogous to the radiant heating. Hence, it can be 
considered as an energy saving technology. The temperature 
of the emitting surface is always colder than the air tempera-
ture. This factor provides a decrease in the radiant tempera-
ture. However, when using the radiant panels for cooling 
purposes, a problem concerned with the dew point arises. 
Due to a sharp drop in the temperature, the surface of the 
panel can be covered by moisture. As a result, energy perfor-
mance and indoor comfort are reduced. To prevent this issue 
of the radiant cooling system, a series of studies based on 
numerical solution of heat conduction equation for panel was 
performed. Ning et al. [2] examined radiant cooling ceiling 
panel with inside air layer. It was found that a presence of 

air layer allowed to control condensation process. However, 
cooling capacity was decreased by around 14.2% in compari-
son with the panel without air layer. In order to analyze the 
surface temperature of thermoelectric radiant cooling panel, 
Luo et al. applied the virtual heat source method under 2D 
[3] and 3D [4] conditions and developed artificial neural 
networks [5]. Dynamic variation of the surface temperature 
of water-based radiant cooling panel was studied in [6–8].

Tian et al. [9] estimated the cooling performance of radi-
ant ceiling panel. Experimental studies were performed in an 
office room without mechanical ventilation. It was found that 
cooling performance can be increased by 17.1% in compari-
son with the data provided by the manufacturer. Lodi et al. 
[10] presented a methodology for energy saving capacity 
evaluation of an electric radiant panel (ERP) mounted in 
historical buildings. Within the proposed methodology, a 
dynamic simulation model was developed and verified by 
temperature values obtained experimentally. The results of 
the study showed that the ERP provided thermal comfort 
with energy savings of around 70%. Lim and Jeong [11] have 
examined the potential of energy saving of a thermoelectric 
radiant cooling panel (TRCP) within a dedicated outdoor air 
system. Energy simulation was conducted, and a decrement 
in the energy consumption of 40.7% was observed when 
using the TRCP. Later, Lim et al. [12] developed two simpli-
fied empirical models to assess the energy performance of 
the TRCP. In order to estimate the cooling loads dynamics, 
Ning et al. [13] developed a simplified calculation approach.

The design issues of radiant cooling/heating systems 
are discussed in [14–16]. Chae and Strand [14] proposed 
a new conceptual radiant system with concentric tube heat 
exchanger. During CFD-based numerical analysis, it was 
found that this system provided better local thermal com-
fort in comparison with a typical HVAC system. Shen et al. 
[15] clarified the design process of air-conditioning systems 
equipped with a thermoelectric radiant panel for heating 
and cooling purposes. Optimal parameters such as the size 
of the panel and number of thermoelectric modules were 
calculated by means of the proposed simplified approach. 
The effect of the radiant cooling panel shape on thermal 
performance is discussed in [16]. In order to increase the 
surface area of the panel, Grinham et al. [16] designed a 
foldable laminate-surface with 3D structures and origami 
microfluidic water-circuits. Thermal performance improve-
ment of 55–67% was observed when applying the proposed 
technology.

Despite an obvious benefit of radiant panels in terms of 
energy saving, these cooling/heating systems have several 
weaknesses such as slow air movement, temporal delay 
while start-up, etc. To overcome these disadvantages, the 
radiant panel can be combined with an air-convector. Energy 
performance of such a hybrid radiant system is examined 
in [17].
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In order to analyze radiation heat transfer in a room with 
a radiant heating system, a zonal method [18–20] can be 
applied. Within this method, the inner surfaces are divided 
into several zones. Thereafter, radiosity and irradiation for 
each zone taking into account view factors are consecutively 
computed. Ardehali et al. [18] modeled radiative mecha-
nism of heat transfer between radiant panel and occupant in 
a cubic domain. Zhang et al. [19] numerically studied the 
start-up process of radiant ceiling panel under cooling mode. 
Choi et al. [20] implemented the zonal method to examine 
temperature and concentration profiles in a hospital ward 
with displacement ventilation combined with a vertical radi-
ant heating panel.

In spite of the predominance of radiative heat transfer in 
radiant heating systems, air convection plays a crucial role 
in the formation of thermal field and flow pattern. Typi-
cally, CFD techniques based on the solution of conservation 
equations are applied to study fluid flow and heat transfer. 
However, it should be stressed that the flow inside the room 
is most commonly turbulent. Therefore, the problem with an 
accurate prediction of turbulent patterns arises. Tye-Gingras 
and Gosselin [21] computed velocity, absolute and radiation 
temperature of air in a room with a radiant cooling panel 
by means of the commercial finite volume solver ANSYS 
FLUENT. To examine turbulent flow behavior the authors 
selected the RANS approach with the shear stress transport 
(SST) k − � closure model. Seyam et al. [22] numerically 
analyzed the air flow and heat transfer in a scale room model 
equipped with a radiant heater. Radiation was computed by 
means of the discrete ordinate method, whereas turbulent 
flow was considered in terms of the renormalization group 
k − � model. To predict fluid flow and thermal behavior in a 
bedroom with a radiant heating system, Du et al. [23] imple-
mented the SST k − � model within the commercial soft-
ware ANSYS FLUENT. The radiation heat transfer model 
was the same as in [22]. The effect of solar radiation on 
temperature and velocity fields inside a room with a radiant 
heating system was examined in [24]. Commercial FLUENT 
software was used as a CFD solver.

To summarize the above, it is important to note that 
one of the most challenging tasks is to couple heat con-
duction inside the walls and radiant panel, air convection 

and radiation heat transfer in a single robust model. Moreo-
ver, the problem of accurate turbulent patterns prediction 
is encountered when analyzing the flow  field. As shown 
above, turbulent flow behavior in rooms with radiant panels 
is discussed in terms of the RANS approach. On the other 
hand, Morozova et al. [25] state that the wide-spread RANS 
models often lack accuracy when simulating the buoyancy-
driven flows in closed rooms. Thus, the aim of this study is 
to build a novel CFD solver for the evaluation of thermal 
and turbulent flow patterns in rooms with radiant panels. 
Within this solver, a hybrid quasi-direct numerical simula-
tion approach is implemented and heat conduction in the 
walls with non-uniform radiant flux distribution is taken into 
account.

Model description

The lattice Boltzmann method (LBM) is an atypical CFD 
tool considering media at the mesoscopic level [26]. The 
lattice Boltzmann equations (LBE) are used to describe the 
flow behavior instead of the Navier–Stokes formulation. 
The LBE are independent from each other. Hence, the LBM 
is suitable for massive parallel computing. Moreover, the lat-
tice Boltzmann method can be considered as a direct numer-
ical simulation [27] or quasi-direct numerical simulation 
(qDNS) approach depending on the grid resolution. DNS 
resolved all Kolmogorov scales of time and space, whereas 
these scales are partially resolved under qDNS.

A typical shaped room with a radiant ceiling panel is pre-
sented in Fig. 1.

It needs to be stressed that air can be considered as a 
non-radiating, non-absorbing and non-scattering medium in 
terms of thermal radiation. Thus, radiant fluxes go through 
the air without heat exchange. Typically, the surface to sur-
face radiation or the radiosity/irradiation model is adopted 
in this case. However, in order to simplify numerical proce-
dure and reduce computational costs, Lambert law is imple-
mented to describe the radiant flux distribution in the pre-
sent study. This so-called cosine emission law says that the 
density of heat flow coming from an emitter is equal to the 
cosine of the angle � between the direction of the radiation 
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and the normal of the surface (Fig. 1). Thus, radiant fluxes 
heat the surfaces and the air is predominantly heated at the 
heat-conducting solid walls due to the natural convective 
mechanism of heat transfer. It is assumed that airflow is non-
steady and two-dimensional. Variation of physical param-
eters of fluid and solid with temperature is negligible. To 
take into account heat transfer at the external surfaces of 
the walls with the environment, the Robin boundary con-
dition of the third type is applied. On the other hand, the 
floor assumes to be thermally insulated. An ideal thermal 
contact of the air and inner surfaces of the walls is consid-
ered, and conjugate boundary conditions are specified at the 
solid–fluid interfaces. The surfaces of the radiant panel are 
considered under isothermal conditions in the present work. 
Since the characteristic size of a typical room can achieve 
more than 2 m, the turbulent flow behavior with Ra ≥ 109 
has to be analyzed.

Governing equations

Generally, the fluid flow and heat transfer are described in 
terms of the macroscopic Navier–Stokes and energy partial 
differential equations. In the case of natural convection, the 
non-dimensional governing equations under assumptions 
made the above are as follows [28, 29]:
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When analyzing the turbulent flow behavior, features con-
cerning with the solution of Eqs. (1) and (2) arise. Normally, 
these equations are averaged on Reynolds and the turbulence 
closure model is adopted. This procedure provides a fast 
solution, but results often lack accuracy and must be veri-
fied against experimental data. Conventional direct numeri-
cal solution of the equations gives accurate results. However, 
execution time is far too high. In the present study, the hybrid 
lattice Boltzmann method is proposed to use for thermal and 
fluid dynamics analysis. The hybrid lattice Boltzmann method 
consists of mesoscopic simulation of flow field based on lattice 
Boltzmann equations and macroscopic simulation of thermal 
field based on the standard energy equation. The benefits of 
this hybrid meso-macroscopic coupling are as follows:

• There are no stationary equations such as continuity, Pois-
son equations for pressure and its correction as in the case 
of the Navier–Stokes formulation. Hence, numerical pro-
cedure gets easier.

• Lattice Boltzmann equations are independent from each 
other. Thus, these equations can be solved simultaneously 
which increases numerical performance.

• Finite difference solution of energy equation within lattice 
Boltzmann method improves numerical stability as was 
reported in [30]

In the present work, we followed the idea proposed by Lal-
lemand and Lou [30] and extended it to the turbulent buoy-
ancy-driven flows with conjugate heat transfer and radiant 
energy distribution in accordance with the Lambert law.

When applying the advanced approximation schemes of the 
collision operator in the Boltzmann equation, there is a pos-
sibility of direct numerical simulation of turbulent buoyancy-
driven flows [31, 32] with acceptable execution time. The lat-
tice Boltzmann equations under the two-relaxation time and 
D2Q9 scheme discretization are as follows [33]:

Symmetrical, asymmetrical and equilibrium distribution 
functions are expressed as:
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In the equation above, the subscript k denotes the direc-
tion of the particle, whereas the subscript –k represents the 
reverse direction of k (Fig. 2).

The symmetrical relaxation time is related to the physical 
viscosity as:
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The asymmetrical relaxation time can be derived from the 
following expression [34]:

In Eq. (7), the force term is given by:

where F = � ⋅ g ⋅ � ⋅

(
T − T0

)
 is buoyancy force.

When the value of the distribution function is computed, 
the macroscopic density and velocity vector can be recov-
ered as:

Initial and boundary conditions

Since the non-stationary airflow and heat transfer are consid-
ered, initial input data have to be specified. When t = 0, it is 
assumed that physical density is equal to unity and fk = f

eq

k
 . 

Along with that, the dimensionless temperature in every 
node of the analysis domain is set to Θ0 . Therefore, air is 
motionless (U = 0, V = 0) at the initial stage.

When considering the no-slip condition, the value of dis-
tribution function can be simply computed using the bounce-
back scheme (Fig. 3).

In Fig. 3, dash lines represent unknown distribution func-
tions, whereas the values of the f5 , f8 , f9 are known from 
the propagation step. Following the bounce-back boundary 
condition hypothesis, it can be stated that f6 = f8 , f3 = f5 and 
f7 = f9 for the bottom (south) wall. The distribution function 
at the left (west), top (north) and bottom (east) solid bounda-
ries is computed analogously.
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In accordance with the physical model formulated in 
Sect. 2, the boundary conditions are as follows:

At the outer surfaces of the left, top and right walls:
�Θs

�n
= Bi ⋅

(
Θs − Θe

)
.

At the outer surface of bottom wall:
�Θs

�Y
= 0.

At the left, bottom, right and top solid–fluid interfaces:

At the surfaces of the radiant panel:
Θh = 1.
The non-dimensional group is as follows:
X =

x

L
;Y =

y

L
;  U =

u

Vnc

;  V =
v

Vnc

;  M =
l

L
;D =

d

L
; 

Vnc =

√
g ⋅ β ⋅

(
Th − Te

)
⋅ L;Θ =

T−Te

Th−Te
; af,s =

af

as
 ; �f,s =

�f

�s
 ; 

Bi =
�⋅L

�
 ; Ki = q�⋅L

�⋅(Th−Te)
 ; Pr = �

a
 ; Ra =

g⋅�⋅(Th−Te)⋅L
3

�⋅a
.

It should be stressed that the Kirpichev number character-
izes the relationship between the outer heat flux, for exam-
ple, by radiation to the inner heat flux by heat conduction.

Numerical procedure

Solution algorithm consists of consecutive solving of macro-
scopic energy and mesoscopic lattice Boltzmann equations. 
In the present work, a combination of conventional CFD 
finite difference technique and lattice Boltzmann method is 
adopted instead of passive scalar approach. This coupling 
provides higher numerical stability as stated in [30]. Numer-
ical procedure is as follows:

• Input of initial data
• Beginning of time iterations process
• Energy equation solution. In the present study, the 

implicit finite difference scheme was applied to approxi-
mate the PDE. Implementation of this numerical method 
is discussed in [35].

• Collision step in accordance with the Eq. (7).
• Propagation step.
• Calculation of the mesoscopic boundary conditions.
• Reconstruction of macroscopic density and velocity in 

accordance with Eqs. (16) and (17)
• Repeat the steps (3) – (7) until the required number of 

iterations is reached.

It has to be noted that application of convergence cri-
teria is useless to find a steady-state solution since the 
turbulent flow behavior is considered.

|
|
|
|
|
|
|

�Θs

�n
= �f,s

�Θf

�n
+ Ki�,

Θs = Θf.

Code validation and grid analysis

In order to study conjugate heat transfer and turbulent 
airflow patterns, an in-house numerical code was written 
in MatLab. To prove the validity of the numerical code, 
several benchmark CFD problems are considered. Turbu-
lent buoyancy-driven flow solver is validated against up-
to-date DNS [36–38] and experimental benchmark [39] 
data. Temperature, velocity and mean Nusselt numbers 
variations are presented in Figures 4, 5 and Tables 1, 2.

To verify conjugate heat transfer formulation, we 
repeated the study of Ben Yedder and Bilgen [41]. The 
mean Nusselt numbers are presented in Table 2 when vary-
ing the Rayleigh number and heat conductivity ratio kr =

�s

�f

.
When analyzing the data presented in Fig. 4, 5 and 

Tables 1, 2, a satisfactory match of the results is observed 
in both local and mean heat transfer characteristics. Hence, 
numerical code developed in this work can successfully 
reproduce turbulent fluid flow and conjugate heat transfer 
patterns.

When implementing the quasi-direct numerical simula-
tion, moderate grid size is used ignoring the lowest scales 
of time and space. Hence, the qDNS is not as compu-
tationally expensive as the direct numerical simulation. 
Moreover, mesh sensitivity analysis is non-trivial issue 
under both DNS and qDNS due to instantaneous flow fluc-
tuations. But still, we have tested several grids. The mean 
Nusselt numbers at the left ( NuL ), bottom ( NuF ) and right 
( NuR ) solid–fluid interfaces are presented in Table 3.

During simulations, it was found that the grid size 
of 201 × 1001 is sufficient for air-filled cavity when 

0.4 Ra = 1010 [36]
Ra = 1011 [36]
Ra = 1010

Ra = 1011

0.0 0.2 0.4 0.6
Y

0.8 1.0

0.2

0.0Θ

–0.2

–0.4

Fig. 4  Temperature profiles in the section mid-section along the 
X-axis
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Ra = 1010 . Moreover, at least 26 nodes were applied for 
solid walls. Finally, we used the following grids:

• 151 × 551 for Ra = 109.
• 301 × 1101 for Ra = 1010.
• 601 × 2201 for Ra = 1011.

Numerical results and analysis

When performing numerical analysis of conjugate heat 
transfer problems, there are a lot of parameters affecting 
the thermal and flow patterns even with the non-dimen-
sionalization procedure. Hence, to exclude paper overflow-
ing, only three key factors that are relevant for radiant 
ceiling systems were studied. Firstly, the effect of the size 

of the room on heat transfer and fluid flow is analyzed in 
terms of the Rayleigh number variation. The impact of 
the heat flux and panel length is also examined. The vari-
ation range of 109 ≤ Ra ≤ 1011 , 10 ≤ Bi ≤ 23 , 0 ≤ Ki� ≤ 5 , 
0.2 ≤ D ≤ 0.6 , 0.074 ≤ �f,s ≤ 0.259 , 89.82 ≤ af,s ≤ 96.79 , 
0◦ ≤ � ≤ 90◦ was considered in the present work. The fol-
lowing parameters were set as constant: Pr = 0.71, M = 0.1, 
Θe = −0.1 , Ar = 5.

In accordance with the definitions of the Rayleigh and 
Kirpichev numbers, variation range of the characteristic 
size of the cavity and heat fluxes was 0.5 < L(H) < 2.5 m 
and 0 < q < 245  Wm−2. Along with that, thermal conduc-
tivity of the solid walls varied from 0.1 to 0.35  Wm−1  K−1). 
Initial, ambient and radiant heater temperatures were 293, 
286 and 363, respectively, whereas the heat transfer coef-
ficients were changed in a range of 10 < 𝛼 < 23  Wm−2  K−1. 

1,0 0,3
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–0,3
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Θ
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0,4

0,2

0,0
0,0 0,2 0,4 0,6
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(a) (b)
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Ampofo and karayiannis
This study
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This study

0,8 1,0 0,0 0,2 0,4 0,6
X
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Fig. 5  Temperature (a) and velocity values with Ra = 1.58 ⋅ 10
9 and Pr = 0.71

Table 1  The mean Nusselt numbers

Ra Nu [40] Nu [37, 38] This study

Laminar Turbulent RANS

10

9 53.53 64.55 52.3 54.66
10

10 95.18 138.97 89.49 90.81
10

11 169.26 299.17 154.6 169.8

Table 2  Variation of mean 
Nusselt numbers

Ra kr = 1 kr = 5 kr = 10

[43] This study [43] This study [43] This study

10

3 1,02 1,07 1,02 1,05 1,02 1,04
10

4 1,3 1,41 1,44 1,47 1,49 1,48
10

5 1,77 1,9 2,35 2,45 2,46 2,53
10

6 2,21 2,18 3,56 3,58 3,9 3,92

Table 3  Mean Nusselt numbers when Ra = 10

10 , Bi = 10, 
�f ,s = 0.074 , af ,s = 96.79 , D = 0.2, Pr = 0.71, M = 0.1, Θe = −0.1 , 
Ar = 5 and � = 200

Grid NuL NuF NuR

241 × 721 14,84 23.79 16,58
321 × 961 14,89 23,43 14,52
401 × 1201 14,12 23,38 16,61
481 × 1441 15,2 23,1 15,77
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Heat transfer and fluid flow patterns are presented in terms 
of the temperature contours and profiles, streamslices. To 
ensure that no significant bifurcation was happen, we per-
formed at least 500,000 iterations in dependence on the 
value of the Rayleigh number.

Effect of Ra

Thermal and flow fields with variation of the Rayleigh num-
ber are shown in Fig. 6.

When performing the overall analysis, it is observed that 
the air temperature falls as the buoyancy force is increased. 
On the other hand, the temperature of the left, bottom and 
right walls is reduced, whereas a slight increment in the 
temperature of the top wall is found. Along with that, flow 
behavior becomes more complicated as could be predicted. 
Under the studied range of governing parameters, the tem-
perature is uniformly distributed inside the room. A neg-
ligible thermal non-uniformity in the mid-section due to 
the formation of a weak convective plume is observed with 
the Ra = 109 . In the other cases, heat stratification in the 
upper part of the fluid region is barely noticeable. As might 
be expected, the coldest areas are noticed in the bottom 
corners. Hence, stagnant zones of air are awaited in these 
areas. The reason why the temperature of the top wall is 
increased with the Rayleigh number is non-trivial. The hot 
air is ascended due to the natural convective mechanism of 

heat transfer. The stronger the buoyancy force is the higher 
the heat transfer rate with the top wall. However, a decrease 
in the air temperature is more complicated in analysis. On 
the one hand, the scale of the room is connected with the 
Rayleigh number. The room is grown in the size as the Ra is 
increased. Thus, it is obvious that air temperature is lower 
with the same value of heat flux. On the other hand, internal 
heat transfer coefficients are increased with the Rayleigh 
number. As a result, the heat loss rate to the environment is 
enhanced and air temperature is decreased. When analyz-
ing the streamslices, bi-cellular flow with inner currents is 
formed with the Ra ≤ 1010 . The clockwise direction flow is 
observed in the right half of the room whereas the counter-
clockwise circulation is created in the left half. This type of 
flow pattern is possible when the thermal plume is formed 
in the mid-section. In the case of Ra = 1011 , the flow field 
is drastically altered. Multiple low-scale vortices within and 
without the main convective cells are created due to strong 
buoyancy force. However, the magnitude of air circula-
tion is insignificant since the temperature gradient is low. 
Figure 7 presents temperature profiles in the characteristic 
sections.When analyzing the temperature in the section of 
X=0.6, it is established that the temperature of the top wall 
is insensible to the Rayleigh number variation. This pattern 
is expected since the isothermal panel is considered. Along 
with that, the values of thickness and thermal properties 
of the walls were constant during numerical simulation. A 
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steep temperature fall near the radiant panel was observed 
in the fluid region. The thickness of the boundary layer at 
the bottom boundary of the panel is decreased as the buoy-
ancy force is enhanced. On the other hand, the temperature 
gradient is insignificant near the bottom wall. Probably, this 
regularity is concerned with a relatively low value of the 
heat flux. It needs to be stressed that there is no temperature 
gradient inside the bottom wall since the bottom boundary 

assumed to be heat-insulated. On the contrary, a significant 
temperature variation inside the left and right walls is found 
due to heat transport to the environment through these walls. 
Temperature oscillations in the area of 0.45<X<0.75 (Fig. 7 
b) are discovered in all cases under consideration. Appar-
ently, a thermal plume is ascended in the mid-plane.
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Effect of Ki

Figure 8 shows temperature contours and flow patterns when 
varying the Ki�=0.

As might be expected, a variation of the Kirpichev num-
ber drastically affected the heat transfer and fluid flow pat-
terns. Asymmetrical thermal and flow fields are formed 
despite symmetrical problem formulation in terms of the 
boundary conditions. This behavior is due to turbulent fluc-
tuations. However, it needs to be stressed that physically 
correct asymmetrical patterns with symmetrical boundary 
conditions are reproduced under direct numerical simula-
tion or large eddy simulation techniques. On the other hand, 
Reynolds averaged Navier-Stokes models give symmetrical 
thermal and flow fields with the same value of the Rayleigh 
number. When analyzing the thermal fields, it is concluded 
that the temperature of the walls is raised as the heat flux 
in the form of the Ki is increased. Air is intensely heated 
near the solid-fluid interfaces due to natural convection 
under turbulent flow behavior. As a result, air temperature 
is increased. Moreover, the number of convective plumes 
formed at the bottom solid-fluid interface is growing as the 
Ki is increased. It is interesting to note that downward ther-
mal plumes are also formed at the top solid-fluid interface. 
This pattern is concerned with the heat transport through the 
top walls. When taking into account the boundary condition 
of the third kind, the temperature of walls is decreased due 
to heat losses to the environment. As the temperature of the 
top wall is lower than the air temperature, the creation of the 
downward plume is awaited. When analyzing the flow struc-
ture, it is established that two vortices with complex inner 
currents fill the entire room. Along with that, convective 
plumes generate outer flows. An increase in the Kirpichev 

number predominantly affects the structure of the inner flow. 
The number of convective cells is raised, and the magnitude 
of outer flows is increased. Probably, these patterns are due 
to an increment in the temperature gradient near the top and 
bottom wall when raising the Ki. Temperature variations in 
the characteristic sections are presented in Fig. 9.

When examining the temperature profiles in the section 
of X = 0.6, it is found that there is no temperature variation 
inside the bottom wall with the Ki = 2 . On the contrary, a 
slightly noticeable temperature gradient is observed inside 
the heat-insulated bottom wall with the Ki ≥ 3.5 . Moreover, 
the temperature is insignificantly increased inside the top 
wall. The temperature at the top half of the room is mono-
tonically grown as both the Kirpichev number and height are 
raised. On the other hand, temperature fluctuations are found 
at the bottom half of the room. These fluctuations are caused 
by thermal plumes formation at the bottom solid–fluid inter-
face. When analyzing temperature distributions in the sec-
tion of Y = 0.2, it is revealed that the near-wall temperature 
gradient is increased with an increment in the Kirpichev 
number. The magnitude of destratification is enhanced with 
a growth in the Ki. As in the case of X = 0.6, temperature 
fluctuations are observed due to the convective plumes crea-
tion. The level of temperature oscillations is coupled with 
the Kirpichev number. The greater is the radiant flux, the 
higher is the production rate of thermal plumes.

Effect of D

Temperature contours and flow structure when changing the 
panel length are given in Fig. 10

As shown in Fig.  10, the overall air temperature is 
increased when incrementing the radiant panel length. 
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Along with that, the production rate of thermal plumes at 
the bottom solid–fluid interface is increased. On the con-
trary, a raise in the top wall temperature suppresses down-
ward convective plumes formation at the top solid–fluid 
interface. When increasing the D, the heating rate of the 
top wall in the area above the air-filled cavity is higher 
than the rate of heat loss. As a result, the temperature 
of the top solid–fluid interface is approximately equal to 
the near-wall air temperature. Despite the same range of 
Kirpichev number, the temperature of the bottom wall is 
grown since the area heated by the Ki�=0 is proportionally 
increased to the panel length. It is interesting to note that 
the flow field is insignificantly altered with variation of the 
D. Both the main vortices and inner currents have a simi-
lar shape and location. The outer flows are predominantly 
formed near the bottom solid–fluid interface. However, 
the scale of these flows is negligibly small. It might be 
stressed that an insignificant change in the flow structure 
is caused by the same variation range of the Kirpichev 
number when varying the radiant panel length. Figure 11 
represents temperature trends in the characteristic section.

It is found that temperature inside the top wall in the sec-
tion of X = 0.6 is insensible to the variation of radiant panel 
length when D ≥ 0.4 . On the contrary, the temperature of the 
bottom wall is steadily increased with the D. The close values 
of air temperature are observed at the bottom half of the room 
in a range of 0.4 ≤ D ≤ 0.6 . The temperature gradient near 

the surface of the panel is reduced as the length of the radiant 
heater is raised. On the other hand, the near-wall temperature 
gradient in the section of Y = 0.2 is slightly changed with varia-
tion of the panel size. Moreover, the magnitude of temperature 
fluctuations near the side solid–fluid interfaces is weakened. 
Hence, temperature trends become more stratified in these 
areas. As was mentioned earlier, temperature oscillations at 
the area of 0.4 < X < 0.8 (Fig. 11 b) are caused by the creation 
of convective plumes at the bottom solid–fluid interface.

Heat transfer rate

The heat transfer rate is evaluated in terms of the mean Nusselt 
numbers at the interfaces. The mean Nusselt number at the left 
( NuL ), bottom ( NuF ) and right ( NuR ) solid–fluid interfaces are 
computed through the integration of the local values as:

NuL = Ar ⋅

1.1∫
0.1

�Θ

�X

|||X=0.1
dY,

NuF =
1.1∫
0.1

�Θ

�Y

|||Y=0.1
dX,

Figure 12 presents the mean Nusselt numbers with vari-
ation of the governing parameters.

NuR = Ar ⋅
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Based on the general observation, non-typical patterns 
were revealed. Despite the same values of radiant fluxes 
at the opposite vertical solid–fluid interfaces, the NuL and 
NuF curves have different trends with variation of Kirpichev 
number. Moreover, the values of the Nusselt numbers at the 
vertical interfaces were significantly differed when vary-
ing the radiant panel length. These patterns are concerned 
with the turbulent flow behavior. Irregular thermal plumes 
formation contributes to asymmetrical flow even with the 
symmetrical boundary conditions. The Ki�=0 notably affects 
the heat transfer rate at the bottom solid–fluid interface. 
Generation of convective plumes becomes more intense at 
the bottom wall in comparison with the vertical walls when 

Ki�=0 ≥ 4 . Thus, the NuF starts to prevail over the NuL and 
NuR . It was found that the mean Nusselt number at the bot-
tom solid–fluid interface was slightly changed with vari-
ation of the radiant panel length. Probably, this pattern is 
due to the constant value of the Ki�=0 . On the contrary, the 
mean Nusselt numbers at both the left and right interfaces 
were increased with the D. Apparently, an increment in the 
panel length intensifies the air circulation near the vertical 
interfaces. As a result, the heat transfer rate is increased near 
these interfaces.
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Conclusions

A hybrid CFD scheme is proposed to study the thermal 
and flow behavior in a room with a radiant ceiling panel. 
For the first time, the high Rayleigh number flow up to 
 1011 was studied taking into account the conjugate heat 
transfer and radiant energy distribution in accordance with 
the Lambert law. The benefit of the model developed in the 
present work is a relatively simple numerical implementa-
tion in comparison with conventional RANS approaches. 
It must be stressed that no turbulence model was used 
in order to perform the numerical simulation. Hence, the 
proposed hybrid meso-macroscopic model can be consid-
ered as an alternative to the computationally expensive 
conventional DNS technique. Implementation of the two-
relaxation time approximation instead of multiple relaxa-
tion time approximation and its modifications significantly 
increases computational performance bearing almost the 
same algorithm stability. Moreover, application of the TRT 
and Lambert law instead of radiosity-irradiation model 
drastically reduces the complexity of the numerical code. 
The model is easy to tune to study low Rayleigh number 
flows encountered in PCB and microelectronics equipment 
cooling applications. To sum up, the following patterns 
were revealed during the numerical study of turbulent fluid 
flow and conjugate heat transfer in a room with a radiant 
heating panel:

• When increasing the Rayleigh number, the air tempera-
ture is decreased in the room. However, a slight rise in 
the top wall temperature is observed since the buoyancy 
force is drastically enhanced. Stagnant zones of air were 
revealed at the bottom corners of the room under studied 
range of governing parameters. The number of convec-
tive cells is increased as the Rayleigh number is raised.

• Kirpichev number drastically affects the thermal and 
flow behavior. When Ki ≥ 3.5 , a slightly noticeable 
temperature gradient is formed inside the heat-insu-
lated bottom wall. Horizontal temperature fluctuations 
are enhanced with an increment in the Ki.

• As might be expected, the temperature of the room is 
raised when incrementing the radiant panel length even 
under the same variation range of Kirpichev number. 
However, the flow field is insignificantly altered with 
the D. Moreover, the close values of air temperature in 
the section of X = 0.6 are observed at the bottom half of 
the room in a range of 0.4 ≤ D ≤ 0.6 . The temperature 
trends become more stratified near the side walls as the 
radiant panel length is increased.

Extension of the present work will include parallel code 
implementation on GPU, radiosity-irradiation formulation 
and three-dimensional problem statement.
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