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Abstract
Increase in total heat output of panel radiators could play an important role in domestic energy saving, where convec-
tors (convection fins) play a key role. Hence, it is important to obtain the best possible design of convectors, in order 
to increase the heat output of panel radiators. In this sense, a numerical study has been performed to show the effects 
of different geometrical dimensions of convectors on the heat transfer used in domestic panel radiators, to obtain the 
highest possible total heat output. Firstly, simulation data were verified by analytical results, and afterwards, parametric 
studies were performed for a single convector mounted on a constant temperature wall, and the natural convective heat 
transfer has been modelled. The effects of convector height, convector sheet thickness, convector trapezoidal height, 
distance between opposing convectors, convector tip width, vertical location of convector and cut-off ratio have been 
considered. The results showed that the heat transfer increases with the increase in convector thickness and height. 
However, the consumed sheet metal material amount increases as well. From a manufacturing point of view, this should 
be considered at the same time. On the other hand, with the increase in trapezoidal height, the heat transfer increases, 
and above a certain value the heat transfer decreases. The heat transfer increases with the distance of opposing convec-
tors and becomes almost constant above a certain value. The results of the present study could guide in the change of 
the internal design of panel radiators with convectors, in order to increase the heat transfer and reduce material costs.
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List of symbols
b	� Convector tip width (mm)
B	� Base length of convector (mm)
c	� Cut-off ratio of convector (%)
cp	� Specific heat (J/kg K)
d	� Distance between opposing convectors (mm)
D	� Distance between convectors (mm)
f	� Vertical convector location (mm)
g	� Gravity (m/s2)
Gr	� Grashof number 

( Gr = g × � ×
(

Tw − Ta
)

×W3
/

�2)
H	� Convector height (mm)
k	� Thermal conductivity coefficient (W/m K)
L	� Convector trapezoidal height (mm)
Nu	� Average Nusselt number (–)

p	� Pressure (Pa)
Pr	� Prandtl number ( Pr = �

/

� = � ⋅ cp
/

k)
q	� Heat transfer per unit length (W/m)
Ra	� Rayleigh number (–)
S	� Channel height (mm)
t	� Convector sheet thickness (mm)
T	� Temperature (°C)
Ta	� Air temperature (°C)
Tcf	� Convection fin surface temperature (°C)
Tf	� Film temperature (°C)
Tw	� Wall temperature (°C)
u, v, w	� Velocity components (m/s)
W	� Panel total width (mm)
x, y, z	� Coordinates (–)
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Greek symbols
α	� Thermal diffusivity (m2/s)
β	� Thermal expansion coefficient ( � = 1∕Tf − 1∕K)
�	� Dynamic viscosity (kg/m s)
�	� Kinematic viscosity (m2/s)
ρ	� Density (kg/m3

Subscripts and superscripts
a	� Air
cf	� Convection fin
f	� Film
w	� Wall

1  Introduction

Buildings are one of the greatest energy consumers 
worldwide, with a share of approximately 45% to the 
total energy consumption [1]. Heating of buildings con-
tributes to this share at a high rate. Hence, the demand 
for heating systems with higher efficiency and heat output 
increases day by day. One of the most common used heat-
ing devices are panel radiators equipped with convection 
fins (convectors) [2, 3]. Therefore, the increase of the heat 
output supplied by these heating devices is of importance.

The design of convectors used in panel radiators has 
an important impact in the total heat output. Therefore, 
to obtain highest possible heat output of panel radiators, 
various geometrical dimensions of convectors play an 
inevitable role. For this reason, a major focus was directed 

on the internal design of panel radiators, to make them 
more thermally efficient.

The principle parts of panel radiators as well as occur-
ring heat transfer mechanisms are shown in Fig. 1. The 
main part of the heat transfer from panel radiators, has 
been observed by the same group of authors, to be by 
natural convection, whereas the rate of radiation is around 
26%, for an inlet/outlet temperature of 75/65 °C [4]. The 
hot circulation water inside the channels transfers its heat 
to colder air inside the room, which passes through the 
panels and convectors. Temperature difference between 
the radiator surfaces and environmental air induces buoy-
ancy forces, which are the main driving forces. In order to 
increase the convective heat transfer, most panel radiators 
are equipped with convection fins (convectors) [5].

There are few studies on the convective heat transfer 
between the panel and convectors of radiators. Although 
there are many studies conducted on natural convec-
tive heat transfer between parallel plates and channels, 
the subject of the effect of convection fins (convectors) 
on heat transfer has not been investigated in depth. The 
heat output of convectors mounted between panels of 
ventilation radiators has been investigated numerically by 
Myhren and Holmberg [5, 6]. The performance of ventila-
tion radiators and comparison with traditional radiators 
has been done by Myhren and Holmberg [7]. An experi-
mental study was performed by Mundt et al. [8] to show 
the performance of vent convectors, by airflow and pres-
sure drop characteristics. High emissivity sheets have been 
used by Beck et al. [3] between the panels of a radiator 

Fig. 1   Main parts of panel 
radiators and occurring heat 
transfer mechanisms
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in order to show the effect on the heat transfer of panel 
radiators. An experimental and numerical study was per-
formed by Yedikardes and Teke [9] to show the effect of 
louvres made up on panel radiator surfaces. Arslanturk 
[10] and Arslanturk and Ozguc [2] have built analytical 
models and investigated different parameters in the opti-
mization study for panel radiators to enhance heat trans-
fer. An experimental study was done by Bagheri et al. [11] 
to evaluate the thermal performance of convectors and 
fin-clips used on hydronic baseboard heaters. A numeri-
cal examination was presented by Tran and Wang [12] to 
optimize the thermal performance of flat-tube radiators 
by investigating the effect of the type, pitch, thickness and 
louver angle of fins. Ploskic et al. [13] explored the airflow 
and convector plate design on the thermal performance 
of ventilation radiators. Gheibi and Rahmati [14] used 
waving fins and changed the cross section of the fluid of 
baseboard radiators to enhance the thermal efficiency of 
skirting baseboard heaters. Water flow arrangement was 
investigated by Prek and Krese [15] on the heat output of 
panel radiators.

The review presented above shows that there are some 
studies that can be realized to increase the heat transfer 
from convectors used in radiators. However, the studies 
about the effect of convectors on the heat transfer of panel 
radiators are few. In addition, almost none of them has 
concentrated on the different dimensions of convectors 
used inside the panels of radiators. Although some stud-
ies have been performed about the effect of convectors, 
few of these studies focused on the heat transfer, flow and 
temperature distribution from convection fins under dif-
ferent geometrical designs. Hence, in the present study, 
simulations have been performed for different convector 
heights (H), convector sheet thicknesses (t), convector 
trapezoidal heights (L), distances between opposing con-
vectors (d), convector tip widths (b), vertical locations of 
convectors (f) and cut-off ratios (c) under constant surface 
temperature conditions, to show their effects on the heat 
transfer per unit length of radiator.

The approach and findings could be beneficial and 
could provide guidance for panel radiator manufactur-
ers, where the results contain a wide range of parameters 
of convectors, in order to obtain the highest heat output 
from panel radiators.

In the present study, the main objective was to inves-
tigate the effects of different geometrical dimensions of 
convectors used in radiators, in order to achieve the high-
est possible heat output of panel radiators without com-
promising functionality and manufacturability. Special 
attention was given to the main geometrical parameters 
of convectors placed between the radiator panels, in order 
to find out whether the heat output of panel radiators 
could be increased. The findings could guide in the design 

of new type of panel radiators. Therefore, in the present 
study, the heat transfer occurring between the panels and 
around the convectors of radiators has been investigated 
numerically for different geometrical parameters of con-
vectors, to observe their effects on the heat transfer, which 
will be new for the relevant literature. The study has been 
performed for only one convector, and it was aimed to 
obtain the most effective parameters in order to increase 
the heat transfer and accordingly the heat output of panel 
radiators.

2 � Method

The PHOENICS CFD code has been employed in the pre-
sent study. A whole radiator geometry in 3-D and the 
upper view of that radiator is presented in Fig. 2a. The 
computational domain and boundary conditions (Fig. 2b) 
and the investigated parameters of the convectors are 
shown (Fig. 2c). Two opposed convectors have been mod-
elled and were placed on a constant temperature surface 
of Tw = 60 °C along x = 0 and x = W (Fig. 2c). These are loca-
tions where the convectors have been mounted. The tem-
perature was implemented according to usual habits of 
end-users (Fig. 2b). The computational domain consists of 
these convectors and air around the convectors. Conduc-
tion heat transfer along the convection fins has also been 
modelled, and the height of the fins (H) were in general 
mounted at the mid-section of the channel. Natural con-
vective flow has been modelled inside the channel. Den-
sity differences occur due to the temperature gradients, 
which causes buoyancy forces. At z = 0 mm fluid entrance 
occurs and leaves the channel at z = 600 mm. The compu-
tational domain was built as shown in Fig. 2c. Figure 2c 
shows the height of the computational domain, which has 
been modelled as S = 600 mm along the z-axis. The lower 
(z = 0 mm) and upper (z = 600 mm) parts of the channel 
were modelled as outlets (Fig. 2b). Air with a temperature 
of 20 °C was used as the working fluid. The side surfaces 
(y = 0 mm and y = p) were specified as symmetry boundary 
conditions (Fig. 2b).

The domain has been modelled as a quarter part as 
shown in Fig. 2c, with the aim to decrease computa-
tional time. The cut section has been shown as C–C in 
Fig. 2c. Preliminary results showed that the findings are 
in agreement with the results of the whole convector 
[16]; hence, the study was continued with a quarter part 
of the model. In Fig. 2c, the dimensions of the compu-
tational domain and convectors are shown in the x–y 
plane. B shows the dimension which is in contact with 
the heated wall, D shows the distance between convec-
tors, d is the distance between opposing convectors, t is 
the convector sheet thickness, b is the tip width of the 
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convector, L is the trapezoidal height of the convector, 
W and p are the width and depth of the computational 
domain in the x and y directions, respectively.

Table 1 represents the dimensions and parameters 
under investigation. The top view of the radiator and a 
section view, which shows the front of the radiator, are 
shown in Table 1. The numerical study was performed 
for the parameters given in the table. Steel was used as 

convector material within the simulations. The proper-
ties of the convector material are shown in Table 2.

2.1 � Governing equations and data reduction

The governing equations were converted to discretized 
equations by using the control volume approach, and dis-
cretized equations were solved iteratively. The numerical 

Fig. 2   Computational domain 
and boundary conditions a 
PCCP type panel radiator, b 
implemented boundary condi-
tions, c investigated convector 
dimensions
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study was conducted for steady-state conditions in Car-
tesian coordinates. A 3-D model was considered, and the 
continuity, momentum and energy equations have been 
solved for laminar incompressible flow with no viscous 
dissipation conditions. The SIMPLEST (SIMPLEShorTened) 
algorithm has been employed to deal with pressure–veloc-
ity coupling. The convective-diffusive transport term has 
been discretized by using the hybrid scheme. The itera-
tions were continued until the residuals of every variable 
became less than 10–7. In addition, the conservation of 
mass, momentum and energy has been checked.

As mentioned before, although these devices are called 
radiators the highest share in total amount of heat out-
put occurs by natural convection [4]. The rate of radiation 
occurring between the panels and convectors has been 

obtained around 2% of the total heat output by Calisir 
[16]. Hence, the effect of radiation heat transfer has been 
neglected in the present study. The gravitational accelera-
tion was defined in the negative z direction with a value 
of 9.81 m/s2.

Due to the limited temperature difference, the flow 
was modelled as “Boussinesq incompressible” for air to 
take coupling between energy and momentum equations 
into account. The governing equations were solved for a 
3-dimensional steady state, conjugated heat transfer and 
laminar incompressible flow of air. The equations used in 
the simulations are given as follows,

(1)
�u

�x
+

�v

�y
+

�w

�z
= 0

(2)u
�u

�x
+ v

�u

�y
+ w

�u

�z
= −

1

�a

�p

�x
+ �

[

�2u

�x2
+

�2u

�y2
+

�2u

�z2

]

Table 1   Description of convector configurations and investigated parameters

Parameter Parameter description Investigation range

H Convector height 450–600 mm
t Convector sheet thickness 0.25–0.60 mm
L Convector trapezoidal height 25–80 mm
d Distance between opposing convectors 0–12 mm
b Convector tip width 0–12 mm
f Vertical location of convector 0–90 mm
c Cut-off ratio 0–100%

Table 2   Properties of steel 
used as convector material

Property Set value

ρ (kg/m3) 7850
k (W/m K) 19.9
cp (J/kg K) 450
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The heat conduction with the fin material under steady 
state conditions without heat generation and constant ther-
mal conductivity has been modelled as follows;

Table 3 represents the boundary conditions used in the 
simulations. The dimensions are given according to Fig. 2c. 
As can be seen, a constant temperature condition was 
applied on the surface where the convector was placed. On 
the two outlet sections of the domain the outlet of air was 
modelled to the atmosphere.

In addition, at the interface of the convection fins and 
air conjugate heat transfer has been modelled. The follow-
ing boundary condition has been used at the solid–fluid 
interface.

Equation (4) shows that the gravitational effect on the 
natural convection heat transfer was implemented in the z 
momentum equation. In Eqs. (4) and (5), ν (m2/s) shows the 
kinematic viscosity, ρa (kg/m3) the density of air and Pr is the 
Prandtl number of air.

By using Eq. (9) the film temperature has been obtained, 
which was used in determining the properties of air.
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The Rayleigh number has been obtained as follows;

where Gr shows the Grashof number, W (m) the distance 
between the opposite heated plates, g (m/s2) the gravi-
tational acceleration and β (1/K) the thermal expansion 
coefficient.

The Grashof number was used in order to observe the 
effect of turbulence. It was observed that the Grashof 
number is lower than 109 for all investigated cases, which 
is the range of transition to turbulence, hence the flow was 
modelled as laminar [17].

2.2 � Validation of numerical results

Preliminary simulations have been performed in order 
to verify the accuracy of the model. These simulations 
were done for a case with the convector dimensions 
of t = 0.37  mm, D = 12.6  mm, B = 6.2  mm, L = 37  mm, 
H = 510 mm, b = 9.70 mm, d = 7 mm. Firstly, an independ-
ency check for the iteration number has been performed, 
and an iteration number of 10,000 was chosen. Afterwards, 
an independency check for the mesh was performed, and 
the mesh numbers used with the corresponding heat 
transfer results are shown in Table 4. The results become 
almost independent for a mesh number of 18–12–78. The 

(9)Tf =

(

Tw + Ta
)

2

(10)Ra = Gr × Pr =
g × � ×

(

Tw − Ta
)

×W3

� × �

Table 3   Boundary conditions u v w T

x = 0, 0 ≤ y ≤ p, 0 ≤ z ≤ S u = 0 v = 0 w = 0 Tw = 60◦C

x = W/2, 0 ≤ y ≤ p, 0 ≤ z ≤ S �u∕�x = 0 �v∕�x = 0 �w∕�x = 0 �T∕�x = 0

y = 0, 0 ≤ x ≤ W/2, 0 ≤ z ≤ S �u∕�y = 0 �v∕�y = 0 �w∕�y = 0 �T∕�y = 0

y = p, 0 ≤ x ≤ W/2, 0 ≤ z ≤ S �u∕�y = 0 �v∕�y = 0 �w∕�y = 0 �T∕�y = 0

z = 0, 0 ≤ x ≤ W/2, 0 ≤ y ≤ p �u∕�z = 0 �v∕�z = 0 �w∕�z = 0 �T∕�z = 0

z = S, 0 ≤ x ≤ W/2, 0 ≤ y ≤ p �u∕�z = 0 �v∕�z = 0 �w∕�z = 0 �T∕�z = 0

Table 4   Grid independency 
results

Mesh (x–y–z) q (W/m)

13–8–70 277.85
18–12–78 1050.04
23–17–87 1041.77
27–18–97 1039.57
30–20–108 1038.23
33–22–120 1039.76
35–25–133 1043.22
39–27–148 1040.66



Vol.:(0123456789)

SN Applied Sciences (2021) 3:284 | https://doi.org/10.1007/s42452-021-04276-2	 Research Article

mesh number used in the whole study was selected as 
30–20–108 in the x–y–z directions, respectively.

The mesh structure used in the presented simulations 
is shown in Fig. 3. The mesh structure obtained from the 
mesh independency study is represented in the x–y and 
x–z planes. The mesh was concentrated in the vicinity of 
the convection fins and the walls in order to observe the 
temperature gradients more accurately.

In the field of natural convection, the extended dimen-
sions of the computational domain are important. Hence, 
the effect of boundary extension on the solution has been 
obtained, and the results were presented by Calisir [16]. 
The results showed that extensions have almost no effect 
on the solution, and therefore, no extension has been 
implemented on the boundaries.

The problem under investigation has been validated 
with the empirical equations of Elenbaas [18] and Bar-
Cohen and Rohsenow [19], which were obtained for natu-
ral convection conditions for symmetrically heated parallel 
plates for a range of 5.16 × 105 ≤ Ra ≤ 2.32 × 106. This range 
of Ra numbers corresponds to a temperature difference 
range between the wall and air of 10–70 °C. The equations 
of Elenbaas [18] and Bar-Cohen and Rohsenow [19] are 
given in Eqs. (11) and (12), respectively. 

where Nu shows the average Nusselt number, W the width 
of the channel and S represents the height of the channel 
of the computational domain.

The values obtained from the equations given above 
were compared with present numerical results of the sim-
ulations, in order to check for the validity of the numerical 
results. This comparison was performed for a vertical chan-
nel with symmetrically heated walls and without convec-
tors on the walls. The comparison of results and change in 
the Nu number with respect to the Ra number is given in 
Fig. 4. The variation in the Ra number occurred with the 
change in surface temperature, and an ambient air tem-
perature of 20 °C was used. A good agreement with the 
theoretical results has been obtained. A maximum devia-
tion of 6.7% occurred from the theoretical results of Bar-
Cohen and Rohsenow [19].

3 � Results and discussions

The investigation of the effects of different convector 
dimensions used in panel radiators on the heat transfer 
was the main goal of the present numerical study. Hence, 
an intensive simulation study has been performed for 
convector thickness (t), convector height (H), convector 
trapezoidal height (L), spacing between two opposing 

(11)Nu =
1

24
Ra

(

W

S

)

{

1 − exp

[

−
35

Ra(W∕S)

]}3∕4

(12)Nu =

[

576

(Ra ×W∕S)2
+

2.87

(Ra ×W∕S)1∕2

]−1∕2

Fig. 3   Mesh structure used in the study

Fig. 4   Verification of CFD results of natural convection heat trans-
fer. Ra number varies with surface temperature in ambient air at 
20 °C
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convectors (d), convector tip width (b), convector vertical 
location (f) and convector cut-off ratio (c). The obtained 
results have been normalized to a one-meter length radia-
tor, in order to observe the effect for a whole radiator.

Figure 5 shows the change in heat transfer with con-
vector sheet thickness. In addition, temperature distri-
butions at a horizontal level of z = 300 mm are shown for 
thicknesses of t = 0.25 mm and t = 0.60 mm. The convec-
tor height, convector trapezoidal height and distance 
between opposite convectors were taken constant at 
H = 510 mm, L = 37 mm and d = 7 mm, respectively. A con-
tinuous increase in heat transfer occurs with the increase 
in convector thickness. This is due to the cross section area 
of the convector, which increases with thickness; hence, 
the area where conduction heat transfer occurs increases. 
This fact can be more clearly observed by the temperature 
distribution, where the temperature values around and in 
the vicinity of the convectors are higher for a t = 0.60 mm 
convector thickness.

In the range of 0.25  mm ≤ t ≤ 0.30  mm, a sudden 
increase occurs in the heat transfer, and for t > 0.30 mm 
the slope of the change in heat transfer decreases. The 
increase in rate in the range of 0.25 mm ≤ t ≤ 0.30 mm is 
almost 10.5%, whereas the increase rate in heat transfer 
for 0.30 mm ≤ t ≤ 0.60 mm was calculated as only 9.2%. This 
increase shows that for a thickness of t = 0.25 mm the heat 
transfer could not occur properly, and with the increase 
to a thickness of t = 0.30 mm this problem can be solved. 
This is also observed from the temperature distribution 
of t = 0.25 mm at a horizontal level of 300 mm, where the 
temperature is much lower at the tip of the convection fin, 
compared to the case of t = 0.60 mm.

The effect of convector height on the heat transfer is 
shown in Fig. 6a. The convectors are placed at the mid-
section along the height of the channel. A constant con-
vector thickness of t = 0.50 mm has been used during the 

study. The trapezoidal height of L = 37 mm and a distance 
between opposite convectors of d = 7 mm were modelled 
in the investigation of the effect of convector height.

The heat transfer increases almost linearly with the 
increase in convector height. The increase in the height 
of the convector increases the contact time of air flowing 
inside the vertical passage to the convector. In the range of 
450 mm ≤ H ≤ 570 mm, an increase in heat transfer at a rate 
of almost 7.6% occurs, whereas for 570 mm ≤ H ≤ 600 mm 
the increase in rate in heat transfer occurred as 4.7%. Due 
to the increased heat transfer area, an increase in heat 
transfer occurs at the lower part of the channel. However, 
this is not observed for a convector height of H = 450 mm. 
Figure 6b shows that the increase in the height of the con-
vector leads to an increase in temperature, and especially 
around the convector tip region higher temperatures can 
be observed. In addition, due to the extended surface 
at the lower section of the channel for H = 600 mm, the 
heat transfer is maximized at that region, which in overall 
has an augmenting effect on the total heat transfer. For 
H = 600 mm the convector expands along the whole chan-
nel, which hinders the mixing of cold air outside the con-
vectors with the heated air confined inside the convectors, 
which has an additional increasing effect on heat transfer.

On the whole, the heat transfer can be increased at a 
rate of around 8% with the increase of convector height 
from H = 450 mm to H = 600 mm. At the same time, the 
total amount of material was increased by almost 18% [16].

The trapezoidal height of the convectors is an impor-
tant parameter, since it is an extension of the convection 
fin in the direction of the conductive heat transfer. There-
fore, the effect of convector trapezoidal height for a range 
of 25 mm ≤ L ≤ 80 mm on heat transfer, and temperature 
distributions along the channel are shown in Fig. 7. As can 
be seen, the heat transfer increases and reaches a maxi-
mum at L = 75 mm. For L > 75 mm, a decrease occurs in 
the heat transfer. It was also observed that in the range 
of 25 mm ≤ L ≤ 60 mm, the increase in heat transfer occurs 
at a rate of 36.8%, whereas the increase rate decreases 
for L > 60 mm, and in the range of 60 mm ≤ L ≤ 80 mm the 
increase rate occurred at a rate of 3.1%. In the design of 
convection fins, an appropriate length of the fins should 
be obtained due to the fact that the temperature drops 
exponentially along the fin [17]. Hence, in the investigated 
range of trapezoidal heights of the present study, it was 
observed that this limitation was reached.

This fact can be observed more clearly in Fig. 7b. The 
temperature distributions along the channel height and 
at different elevations have been shown in this figure for 
L = 25 mm and L = 60 mm. For lower heights, higher tem-
perature values have been obtained along the channel 
height and at different elevations. However, due to con-
finement the air velocity decreases, which has a decreasing 
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Fig. 5   Heat transfer per meter radiator length as a function of con-
vector thickness and temperature distributions at a horizontal level 
of 300 mm
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effect on heat transfer. On the other hand, it was observed 
that with the increase in the trapezoidal height the tem-
perature drops along the fin and lower temperature values 
are observed at the fin tip region. This shows that for a 
certain value of trapezoidal height the conduction of heat 
could not arise properly, which has a decreasing effect on 
heat transfer.

The effects of distance between two opposing convec-
tors on heat transfer and temperature distribution have 

been investigated for a range of 0 mm ≤ d ≤ 12 mm. The 
remaining parameters were held constant as H = 510 mm, 
t = 0.50 mm, L = 37 mm, and the convectors were placed 
at the mid-section along the height of the channel. The 
effect of the distance between opposite convectors on 
heat transfer has been shown in Fig. 8a. The heat trans-
fer increases with the increase in distance and becomes 
almost constant for a distance of d ≥ 6 mm. This occurs due 
to the high distance between the convectors, which has 

Fig. 6   a Heat transfer per 
meter radiator length as a 
function of convector height, 
b temperature distributions at 
different horizontal levels of 
150 mm, 300 mm and 450 mm
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no heating effect on the airflow outside the boundary and 
in the space between the opposing fins. Hence, the heat 
transfer is almost not affected after a certain value. How-
ever, in the range of 0 mm ≤ d ≤ 6 mm the heat transfer 
increases at a rate of approximately 17.9%. The worst case 
has been obtained for d = 0 mm. This is due to the airflow, 
which is blocked at the tip region, hence with the decrease 
in airflow rate the heat transfer decreases.

The obtained temperature distributions are shown in 
Fig. 8b. It was observed that for a distance of d = 0 mm 

high temperatures occur around the tip region of the 
convectors; however, near the top region (section C–C) 
a cold region occurs. As can be seen from the velocity 
distributions, a backflow occurs and cold air entrainment 
was also observed. This has a decreasing effect on heat 
transfer; hence, the lowest heat transfer was obtained for 
d = 0 mm. For a distance of d = 12 mm a cold region out-
side the convectors can be seen. This cold region occurs 
between the two opposite convectors. Hence, after a 

Fig. 7   a Heat transfer per 
meter radiator length as a 
function of convector trap-
ezoidal height, b temperature 
distributions at different 
horizontal levels of 150 mm, 
300 mm and 450 mm
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certain value of distance between opposite convectors 
the heat transfer is almost unaffected.

The tip width of the convectors has been investigated, 
and results are shown in Fig. 9. The increase in tip width 
increases the heat transfer. Figure 9b shows that the tip 
width of b = 0 mm forms a triangular region confined by 
the convector. High temperatures occur inside this trian-
gular region, and outside the convectors lower temper-
atures have been observed. Due to a low area, the flow 
is choked, and in addition, a low surface area occurs at 

the tip of the convector. This has a consequence on the 
overall heat transfer, hence the lowest heat transfer has 
been obtained for b = 0 mm. Otherwise, the highest heat 
transfer is obtained for b = 12 mm. Increase in tip width 
increases the surface area at the tip region of the convec-
tor. In addition, due to the increase in the area, inside the 
convector region the airflow is not choked, which has a 
positive effect on heat transfer.

The effect of vertical location of the convector for 
a convector height of H = 510 mm on heat transfer is 

Fig. 8   a Heat transfer per 
meter radiator length as a 
function of spacing between 
two opposing convectors, b 
temperature distributions at 
different horizontal levels of 
150 mm, 300 mm and 600 mm
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presented in Fig. 10. The vertical temperature distribu-
tion along the height of the channel and the local tem-
perature difference between the heated wall and air 
is shown in Fig. 10b. It was observed that the highest 
heat transfer can be obtained for the case of f = 0 mm, 
where the convector is located at the lower outlet sec-
tion (z = 0 mm) of the vertical channel. The heat trans-
fer decreases with the increase in vertical location. For 
f = 0  mm cold air, which enters the vertical channel, 
flows directly around the extended surfaces; hence, the 

increase in temperature difference in the mentioned 
area increases the heat transfer. Diversely for f = 90 mm, a 
cold region occurs at the lower part of the channel, until 
the airflow reaches the convectors. Hence, a decrease in 
heat transfer occurs. At the vertical level of z = 0 mm, a 
higher air temperature could be obtained for f = 0 mm; 
hence, the temperature difference between the wall and 
air is lower compared to f = 90 mm. This is the opposite 
for z = 600 mm, where higher air temperatures occur for 
f = 90 mm; these are the convectors which are close to 

Fig. 9   a Heat transfer per 
meter radiator length as a 
function of tip width of con-
vectors, b temperature distri-
butions at different horizontal 
levels of 150 mm, 300 mm and 
450 mm
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the upper outlet section. For both cases, the tempera-
ture decreases with increasing vertical heights.

The idea to create a mixing chamber between the 
convectors was suggested by Myhren and Holmberg [5], 
where they studied the effect of a mixing chamber for 
natural and forced convection of ventilation radiators con-
vection fins. In the present study, a convector height of 
H = 510 mm was used, and percentage cut-off ratios were 
used at the mid-section of the convectors, to observe the 
effect of these mixing chambers on the heat transfer. The 
convection fins were interrupted at the mid-region to cre-
ate a space, which formed a mixing chamber. This is the 
ratio of the distance of evacuated part to the total height 
of the fin. Using such a cut area of convection fins, it is 
possible to break the insulating thermal boundary layer, 

and in addition, it will be possible to use less material. 
The change in heat output with respect to cut-off ratios 
is shown in Fig. 11. The increase in cut-off ratio decreases 
the heat transfer, and the lowest heat transfer has been 
obtained for the case without convectors mounted on 
the heated wall. In Fig. 11b, break in the boundary layer 
was observed; however, for natural convection conditions 
the decrease in the surface area of the convectors has a 
major effect on heat transfer and accordingly tempera-
ture distributions. Therefore, with the increase in cut-off 
ratio the heat transfer as well as temperature values occur-
ring inside the vertical channel decrease. The left figure 
in Fig. 11b shows that the temperature difference for the 
case without convection fin is highest. This is due to the air, 
which is only in contact with the heated air, and outside 

Fig. 10   a Heat transfer per 
meter radiator length as a 
function of vertical convector 
location, b mean temperature 
distributions at different hori-
zontal levels for f = 0 mm and 
f = 90 mm and temperature 
distributions on the x–z plane
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the boundary layer, the temperature remains as 20 °C. 
On the other hand, for the case of c = 50% and c = 0%, 
the temperature difference between the wall and air are 
almost the same for 0 ≤ z ≤ 200 mm. For z > 200 mm cold air 
entrainment occurs for c = 50% and the temperature differ-
ence increases, whereas for c = 0% the air temperature con-
tinues to increase and temperature difference decreases.

For the heat transfer inside the channel, a correla-
tion has been derived by using the obtained simulation 
results. The least squares regression method has been 
employed to obtain the power exponents of the coef-
ficients. The predicted versus the obtained heat transfer 
results are shown in Fig. 12. The correlation obtained from 
the numerical results has been presented in Eq. (13). The 
predicted results were within a range of ± 5%, and a 95% 
confidence interval has been used to express the reliability 
of the power exponents [20].

Fig. 11   a Heat transfer per 
meter radiator length as a 
function of cut-off ratio of 
convectors, b temperature 
difference between wall and 
air along channel height and 
temperature contours on the 
x–z plane
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The obtained correlation will be helpful to manufactur-
ers in the more efficient design of new panel radiators.

4 � Conclusions

A comprehensive numerical parametric study was per-
formed to show the effects of different convector dimen-
sions on the heat transfer and temperature distributions of 
panel radiators. The most important conclusions depicted 
from the findings are presented below.

•	 The increase in convector thickness increases the heat 
transfer almost linearly. However, although an increase 
of convector thickness from t = 0.25 mm to t = 0.60 mm 
increases the heat transfer at a rate of 18.8%, the mate-
rial mass increases at a rate of 58.3%.

•	 Similar increase in heat transfer has been obtained 
for the change in convector height. The heat transfer 
could be increased by 8%, with the increase of convec-
tor height from H = 450 mm to H = 600 mm, whereas 
the use in the total amount of material was increased 
by almost 18%.

•	 Heat transfer increases with the trapezoidal height and 
reaches a maximum at L = 75 mm. The heat transfer 
increase rate degrades with the increase in convector 
trapezoidal height.

•	 Increase in the distance between opposing convectors 
increases the heat transfer and becomes almost con-
stant for a distance of d ≥ 6 mm.

•	 An increase of the heat transfer area occurs due to the 
increase in tip width, which augments the heat trans-
fer. The cut section of the air flow is increased with the 
tip width; hence, an additional improvement in heat 
transfer is obtained. Whereas, due to blockage effects 
in the triangular confined region, this was not observed 
for a tip width of b = 0 mm, which decreases the heat 
transfer.

•	 Due to the highest temperature difference occurring at 
the lower part of the channel, an increase in the surface 
area increases the heat transfer, hence the highest heat 
transfer has been obtained for the case of f = 0 mm, 
where the convector is located at the lower inlet sec-
tion of the vertical channel.

•	 Cutting off the mid-section of the convectors at differ-
ent rates showed a decrease in heat transfer, and the 

(13)

q = A ×
(

t0.152
)

×
(

L0.398
)

×
(

H0.408
)

×
(

d0.083
)

×
(

b0.346
)

A = 8.299W∕mmm
1.387

; 0.25mm ≤ t ≤ 0.60mm; 25mm ≤ L ≤ 80mm;

450mm ≤ H ≤ 600mm; 2mm ≤ d ≤ 12mm; 2mm ≤ b ≤ 12mm

highest heat transfer has been obtained for a convector 
without any extraction.
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