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Abstract 13 

The study describes natural convection through a vertical channel, open on four sides and bound by 14 
two isothermal walls. Both balancing and infrared experimental investigations were performed in air 15 
(Pr = 0.71) to estimate the impact of channel width s and wall-to-ambient temperature difference (tw - 16 
t∞) on natural convective heat transfer, the formation of air flow patterns and the rate of flow pattern 17 
formation. The study was conducted on two parallel vertical plates of height H = 0.5 m and width B = 18 
0.25 m, with the heated surfaces facing each other, thus creating peripherally open channels of 19 
different widths s = 0.045, 0.08, 0.180 and ∞ m. The surface temperature tw, identical for both heating 20 
plates, was changed every 10 K and set at tw = 40, 50, 60, 70 and 80 °C, while the ambient temperature 21 
was maintained within the 18 to 25 °C range. In the balance method, heat fluxes were determined 22 
based on measurements of voltage and electric current supplying the heaters placed inside the walls. In 23 
the gradient method, the heat fluxes were calculated from the temperature distribution in air, within a 24 
plane perpendicular to the heating plate surfaces. Temperature fields were visualized using a plastic 25 
detecting mesh and a thermal imaging camera. The distribution of temperature tx,y, and its gradient at 26 
the walls dt/dx|x=0,y were obtained at different heights y along the channels. The gradient values 27 
obtained and the results, presented as dependencies of the Nusselt number on the Rayleigh number, 28 
indicate that the channel width has a significant impact on heat transfer. Compared to the vertical plate 29 
s = ∞, the following levels of convective heat transfer intensification were observed: 29.5% (s = 0.045 30 
m), 38.8% (s = 0.085 m) and 61.6% (s = 0.180 m). 31 

32 
1. Introduction33 

 The research resulting in this study was inspired by questions which arose during the 34 

construction of convector plate air heaters, illustrated in Fig.1.  35 
36 

Figure 1 37 
38 

The most important of these questions is whether increasing the width of the plate 39 
spacing intensifies or inhibits convective heat transfer and what the optimal spacing of these 40 
plates should be. Prior to exploring this problem, it was necessary to locate it within the map 41 

of multiple convective heat exchange cases. These include convective heat transfer in an open 42 
space, taking place from flat (vertical, diagonal, horizontal) [1],[2],[3], cylindrical (horizontal, 43 

diagonal, vertical) [4],[5],[6], spherical and complex surfaces [7],[8],[9]. An equally 44 
important issue is natural convection in a closed space, occurring inside cylindrical, spherical 45 
or cuboid ducts [10]. In the latter case, the ambient thermodynamic conditions neither 46 
intensify nor inhibit the phenomena occurring inside the channels. However, if these channels 47 
are open on one side (top, bottom, front or rear), on two sides (rear and front or top and 48 

bottom) or on all four sides, there is an indirect case of natural convection, formally occurring 49 

in a closed space but simultaneously inhibiting or intensifying the impact of the environment.  50 
Despite its many practical applications, e.g. in construction (convector heaters, air 51 

heaters, coolers) or electronics (heatsinks, components and electronic components), this case 52 
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has not been tested very often, as evidenced by the next section of this study, which analyzes  1 
papers on convective heat exchange in channels. 2 

 3 

2. Literature review 4 
In order not to duplicate previously published results, but rather utilize this research creatively 5 
to further the development of science, it must be preceded by a thorough study of the 6 
literature. The results of such a study concerning natural convection in vertical, flat channels 7 
are given below and summarized in Table 1. 8 

Depending on the configuration of the boards and their temperature in convective heat 9 
transfer in channels, the following cases can be specified [11], [12]: 10 
- natural convection in a vertical, closed space, known as Rayleigh-Bénard convection [13], 11 
[14], [15], [16], [17], [18],  12 
- convection in a vertical, partially heated [19] or open channel (at the top/bottom or on all 13 

sides) [20], [21], [22], 14 

- convection in a vertical gap for the following conditions: 15 
- symmetric: isoflux [23], [24], [25] or isothermal heating plates [23], [24], [26], [27], [28], 16 

[29] 17 
- asymmetric (hot-cold, hot-adiabatic, warm-hot) isoflux [30], [31], [23], [24], [32], [19] or 18 

isothermal heating plates [33], [34], [35], [36], [37], [38], [31], [23], [24], [39], [40], 19 
[41], [42],  20 

- vertical plane with an open-ended channel and isothermal, symmetrically heated walls [43], 21 
[44], [31],   22 

 - vertical plane channel with different wall temperatures (hot-cold, hot-adiabatic, warm-hot)  23 
[38], [45], [46] 24 

Any of these configurations can be investigated theoretically (analytically: [31], [23], 25 
[47], numerically: [17], [21], [37], [43], [44], [48], [48], [46], [51], [52], [53], [53], [55], [19], 26 

[40], [41], [37], [56], [57],), experimentally: [17], [20], [35], [20], [39], [44], [58], [59], [60], 27 
[53], [61], [41], [37] or tested by visual methods [62], [64], [64],[18], [65].  28 

The context of this division is presented on the diagram of a plate convective air heater 29 

(radiator, Fig.1). The current work focuses on the experimental and visual study of natural 30 
convection within such a device, formed by two vertical, parallel, isothermal, symmetrically 31 

heated channels open on four sides. The criteria for the Nusselt and Rayleigh numbers are 32 
listed in Table 1.  33 

 34 

Table 1 35 
 36 

3. The test stand 37 

The research stand (Fig. 2) utilized in tests of convective heat transfer between two parallel 38 
surfaces, with different distances s between them, consisted of two identical, vertically 39 
mounted, parallel plates with their heating surfaces facing each other. A detection grid was 40 
fixed between the plates, perpendicular to their heating surfaces and parallel to the force of 41 
gravity, enabling temperature to be detected with a thermal imaging camera.  42 

 43 
Figure 2 44 

 Each plate was constructed from three 495 mm by 247 mm aluminum sheets of 45 
different thicknesses. The 12-mm thick outer sheet was the plate’s heating surface. The two 46 
inner sheets (center and rear) were 10 mm thick. Two flat heaters (main and auxiliary) were 47 

attached to the outer aluminum sheets. The main heater (300W) was used for heating the 48 
plate. The 150W auxiliary heater, located at the rear of the plate, compensated the backflow 49 
of heat from the main heater to the plate. Two textolite laminate sheets (6 mm thick) were 50 

installed between the aluminum sheets, serving as a thermal and electrical insulator. With this 51 
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setup, the external aluminum surface was precisely heated and its isothermicity maintained at 1 
the set temperature. The construction diagram of a single plate is shown in Figure 3. 2 

 3 

Figure 3 4 

32 thermocouples were installed in the experimental stand. Each hotplate was fitted 5 

with 12 of these thermocouples, while the remaining 8 were placed in the surroundings of the 6 
plates, within the area of undisturbed heat flow. Based on data provided by the 7 
thermocouples, the following temperatures were measured for each simulation board: 8 

- the temperature of the vertical surface of the heated plate tw, which was the average 9 
of the readings of 4 thermocouples placed on the external aluminum sheet of the main heater; 10 

- the temperature of the central aluminum plate on the main heater side tm, which was 11 
the average of the 4 thermocouple readings; 12 

- the temperature of the aluminum back plate on the secondary heater side, which was 13 

the average of the 4 thermocouple readings. 14 
The test stand was equipped with a computer-controlled, automatic control system, 15 

which maintained the set temperature of the heating surface tw by controlling the current-16 
voltage characteristics, thus adjusting the main and auxiliary heater power N = U.I in such a 17 

way that the temperature difference between both sides of the laminate remained zero Δt = tm 18 
– ta = 0. For a relatively small plate thickness and Δt = 0, it can be assumed that the total 19 
heating power from both heated surfaces is converted into a heat flux, according to the 20 
relationship Q = NI + NII = UI 

. II + UII 
. III, and then transferred by convection to the air inside 21 

the channel between two vertical plates. To minimize radiation emissions, the aluminum 22 
surfaces of both plates were polished. 23 

A single heating plate test to confirm the possibility of measuring a convective heat 24 

flux in air with thermal imaging, including theoretical fundamentals and test procedures, is 25 

described in detail in [68] and [69]. In this study, the same method of measuring a heat flux 26 
was utilized for the open gaps between plates, encountered in devices such as convectors 27 
(Fig.1). 28 

 29 
4. Description of the measurement methodology 30 

The sensitivity range of the thermal imaging camera covers wavelengths from about 1 to 15 31 
μm. However, for natural convection within the temperature range 0 < t < 100 oC, air does not 32 
emit radiation in this wavelength range. Therefore, to ensure proper temperature 33 

measurement, an intermediary element in the form of a mesh was utilized as a radiation 34 
detector. The mesh was fixed in such way that the grid was parallel to the convective heat flux 35 

and perpendicular to the heating surface (Fig.2).  36 

The fibers of the mesh, flushed by the convective free-flow forming in the channel, 37 

heated to the ambient air temperature, allow the temperature field within the channel to be 38 
detected with a thermal imaging camera. The mesh has a sufficiently low thermal 39 
conductivity and a fiber diameter small enough to prevent temperature equalization on the 40 
grid surface. At the same time, it has a sufficiently high thermal inertia for conducting 41 
accurate measurements. Moreover, the small fiber dimensions do not inhibit the air flow. 42 

During the tests, a cotton mesh with a fiber diameter of d = 0.4 mm and mesh size of a = 1.6 43 

mm was impregnated with polyester material to achieve a thermal conductivity of  = 0.02 44 
W/(m.K). This material was selected based on preliminary visualizations of temperature fields 45 
in vertical slots during convective heat transfer [70] using an IR-FlexCam® Fluke Ti35. 46 

When selecting the distance between the plates, the relationship derived by Bar-Cohen 47 
et al. [23] (Table 1) for the same case of two isothermal, symmetrically heated vertical panels, 48 

forming a channel open on four sides, was utilized:  49 
 50 

sopt = 2.714 (Ra/H) -0.25    ,            (1) 51 
 52 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Revised Manuscript R1 

4 
 

from which, for given Rayleigh numbers within the laminar range Ra = 104, 105 and 106, as 1 
well as for the plate height of H = 0.5 m, the following results were obtained: 2 

 3 

s = 0.137 m  (Ra = 104) ,  s = 0.076 m (Ra = 105) and   s = 0.043 m (Ra = 106) .     (2) 4 
 5 
Because prior to the experiment the variation range of the Rayleigh number was 6 

unknown, it was decided to adopt approximations of the calculated values of s = 0.045, 0.085 7 
and 0.180 m. Meshes of a suitable width were prepared, stretched over a frame, stiffened with 8 

a polyester lacquer and placed perpendicularly to the surface of the heating plates at half their 9 
width z = 0.5 B. 10 

The study was conducted using two vertical plates of height H = 0.5 m and width B = 11 
0.25 m, the heating surfaces being arranged parallel to each other. Thus, vertical planes with 12 
circumferential openings and spacings s = 0.045, 0.085 and 0.180 m were formed.  13 

The surface temperature of each heating plate tw was adjusted by 10 K within the 14 

range of 40 ≤ tw ≤ 80 °C, while the ambient temperature was kept within 18 ≤ t ≤ 25 °C. The 15 
temperature field in the channel was measured in the plane perpendicular to the heated 16 

surfaces, in the center of the plates’ width z = 0.5 B. Previous studies showed that the z 17 
coordinate had no significant effect on the results. The temperature fields in the three cross-18 
section layers z = 0.0, z = 0.25 B and z = 0.5 B are qualitatively convergent [68], [69], [70]. 19 

Therefore, the study was limited to the coordinate z = 0.5 B, which was considered 20 

representative of the whole channel. 21 
All the tests described in this paper were conducted using a FlexCam® Fluke Ti35 IR 22 

camera with total accuracy of T = 0.1 K. The device was set up at a constant distance of 2 m 23 
from the grid, perpendicular to the grid and parallel to the heating surface. 24 

 25 

5. Results of temperature field and temperature gradient investigations  26 

Selected results obtained on the test stand, schematically illustrated in Fig. 2, are 27 
shown in Figures 4-7. The temperature fields in the cross-sectional plane between the two 28 

vertical isothermal plates I and II were respectively determined for s = 0.045 m, s = 0.085 m 29 
and s = 0.18 m. 30 

 31 
Figures 4-7 32 

 33 

The plots in Figures 4-6 are limited to five temperatures tw, characteristic of convector 34 
operation. Full channel study results have already been published [70]. In addition, Figure 7 35 
shows previously unpublished temperature fields for two parallel, vertical plates fixed at such 36 

a distance that their convective fluxes do not interact with each other. This case, treated as a 37 

reference point, is denoted as s = ∞. 38 

The digital values of the channel temperature distributions (s = 0.045, 0.085, 0.180 and 39 
∞ m) between plates I and II in the plane (x, y), at different heights y, constant mesh setting, 40 

and at half the width of the plates (z = 0.5 B), obtained for variable plate surface temperatures 41 
tw = 40, 50, 60, 70 and 80 oC, are summarized in Table 2. 42 

 43 

Table 2 44 
 45 

Examples of temperature profiles observed at level y = 0.5 H but only for s = ∞ are 46 
illustrated graphically in Figure 8. The temperature profile for the other case of s = 0.045, 47 
0.085 and 0.180 m have already been published in [70]. 48 

 49 
Figure 8  50 

 51 
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The temperature gradients dt/dx|x=0 on both sides of heating plates I and II, for s =∞, 1 
are calculated from equation (3), based on the data collected in table 2. 2 

 
𝜕𝒕

𝜕𝒙
]

𝒙=0,I
=

(𝒕0=𝒕w)−𝒕1

𝒙1−(𝒙0=0)
  (I)  and   

𝜕𝒕

𝜕𝒙
]

𝒙=0,II
=

(𝒕𝑛=𝒕w)−𝒕n−1

(𝒙n=𝒔)−𝒙n−1
    (II).        (3) 3 

The results of these calculations for temperatures 40 ≤ tw ≤ 70 °C at different channel 4 
heights 0 ≤ y ≤ H and for a constant width z = 0.5 B are listed in Table 3, but only for  s = ∞. 5 
Similar results have already been published for the other channels s = 0.045, 0.085 and 0.180 6 
m  [70]. 7 

 8 
Table 3 9 

6. Results of the balance method analysis  10 

The results of the balance method of the experiments are presented in the first column of 11 
Table 4 in the form of Cb=Nub/(Rab)

1/4 relations, obtained for the test channels by averaging 12 
the values for the two plates I and II, according to the procedure described in [68], [69] and 13 
[70]. However, the differences between them are so small (±1.7% from the mean value) that it 14 
is not possible on their basis to indicate which gap will be the most advantageous in the heat 15 

exchanger. It was therefore decided to validate these results using the gradient method. Aside 16 
from enabling local values to be determined, this method also allows the mechanisms of 17 
convective heat transfer to be investigated depending on channel width. 18 

7. Results of the gradient method analysis 19 

Assuming that heat transfer from isothermal vertical flat surfaces to the air inside a single 20 

channel is two-dimensional, the local heat fluxes in a steady state, at level y, in the x direction, 21 
are described by the Fourier and Newton formulae:  22 

−𝝀 ∙ 𝑨 ∙
𝜕𝒕

𝜕𝒙
]

𝒙=0,𝒚
= 𝒉𝒚 ∙ 𝑨 ∙ (𝒕w − 𝒕∞,𝒚)  and then   𝒉𝑦 = 𝝀 ∙

−
𝜕𝒕

𝜕𝒙
]

𝒙=0,𝒚

𝒕w−𝒕∞,𝒚
,      (4) 23 

where tw, oC – temperature of the wall at level y, t∞,y, 
oC – lowest air temperature inside the 24 

channel at level y, h, W/(m2K) – heat transfer coefficient, and , W/(m.K) –  thermal 25 

conductivity of air. 26 

The local heat transfer coefficients y,I and yII, obtained from equation (4) for both 27 

surfaces of vertical plates I and II as a function of temperature tw and level y for different 28 
channel widths (s = 0.045, 0.085, 0,180 m and ∞), can be calculated according to the 29 

relationship (5) into averages for whole I and II surfaces, as well as for whole channels (6): 30 

𝒉I/II =
1

𝑯
∫ 𝒉𝒚,I/II𝑑𝒚

𝑯

0
=

𝝀

𝑯
∫

−
𝜕𝒕

𝜕𝒙
]

𝒙=0,𝒚

𝒕w−𝒕∞,𝒚
𝑑𝒚,

𝑯

0
                     (5) 31 

𝒉 =
ℎI+ℎII

2
.                         (6) 32 

The calculated local heat transfer coefficients hy,I and hy,II along y for plates I and II, 33 
creating channels of width s = 0.045, 0.085 and 0.180 m, as well as their averaged values (5) 34 
and (6), are presented graphically in [70]. 35 

In the gradient method, convective heat transfer can also be presented using the 36 
averaged Nusselt number Nuy according to the formula: 37 

𝑵𝒖 =
1

𝑯
∫ 𝑵𝒖𝒚𝑑𝒚 =

1

𝑯
∫

𝒉𝒚

𝝀
∙ 𝒚 ∙ 𝑑𝒚

𝑯

0
=

1

𝑯
∫

−
𝜕𝒕

𝜕𝑥
]

𝑥=0,𝒚

𝒕w−𝒕∞
∙ 𝒚 ∙ 𝑑𝒚

𝑯

0

𝑯

0
.                          (7)                     38 
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The Nusselt - Rayleigh relationship describing the experimental results obtained using 1 
the gradient method are defined as: 2 

Nu = C . Ra 1/4  ,                                  (8) 3 

in which the Nusselt Nu and Rayleigh Ra numbers are defined as:    4 

𝑵𝒖 =
𝒉∙𝑯

𝝀
       and    𝑹𝒂 =

𝒈∙𝜷∙(𝒕w−𝒕∞)𝑯3

𝒂∙𝝂
  ,          (9) 5 

where H, m – height of the heated plates (the characteristic linear dimension), g, m/s2 – 6 

acceleration due to gravity, , 1/K – coefficient of cubic expansion and a, ,  m2/s – thermal 7 
diffusivity and kinematic viscosity. 8 

The physical properties of air (a    and ) were determined for a mean air 9 

temperature tav using the formula tav = (tw,I + tw,II + 2t∞,y)/4, taking into account the surface 10 
temperatures of both plates twI and twII measured with thermocouples, as well as the lowest air 11 

temperature t∞,y in the channel at level y. In the case of two vertical heating plates which, due 12 

to the large distance s = ∞ did not thermodynamically interact with each other, the surface 13 
temperature was additionally measured with a thermal imaging camera. If tw,I = tw,II and t∞,I = 14 
t∞,II, the average air temperature tav can be defined traditionally as tav = (tw,I + tw,II)/2. 15 
Additionally, to prevent accidental air movement caused by ventilation or drafts, the tests 16 
were carried out in an insulated room.   17 

The results of convective heat transfer for the channels, calculated from equation (8) in 18 
the form of the Nusselt and Rayleigh numbers (non-averaged) shown graphically in Figure 9, 19 
are also listed in the second column of Table 4 in the form of C=Nu/(Ra)1/4.  20 

Figure 9 21 

 22 

Table 4 23 
The discrepancies between the balance and gradient methods (Table 4), which can be 24 

compared due to the same characteristic linear dimension H, are reproducible and are equal to 25 
52 ± 7%. They are caused by differences in defining the Nusselt numbers Nub and Nu. In case 26 
of the balance method, local values are not averaged, whereas in the gradient method this is 27 

required for local heat transfer coefficients hy,I and hyII or for uy,I and uy,II along y. In 28 
addition, radiation has different effects in both cases. In the balance method, the combined 29 

convection and radiation heat flux is measured, while in the gradient method, the radiation 30 
flux is only marginally detected by the mesh placed parallel to the direction of the radiation. 31 

Furthermore, in the case of smaller channels, the radiation flux is trapped inside these 32 
channels and also heats up the mesh. However, a more thorough study of these phenomena 33 
would require further research not directly related to the present work. 34 

The results listed in the first two columns of Table 4 indicate that the intensity of 35 
convective heat transfer is a function of the distance s between the plates. The effect, 36 
however, is more evident than in the case of the balance method. In practice, therefore, the 37 
gradient method utilizing a thermal imaging camera is more useful for qualitative heat transfer 38 

studies in channels than the balance method. In this case, the intensification of convective 39 
heat exchange in relation to s = ∞ was observed for all channels and was equal to 33.9% (s = 40 
0.045 m), 13.8% (s = 0.085 m) and 31.3% (s = 0.180 m). 41 

The results obtained by the gradient method, presented in Table 4, were developed 42 
based on the dependence of Nu = C Ra1/4, in which H is a characteristic linear dimension (8). 43 

However, the height of all the channels was the same (H = 0.5 m), in contrast to the width, 44 
which was variable s = 0.045, 0.085, 0.180 and 0.250.  45 

Therefore, it was decided to evaluate the influence of channel width s on the results, 46 
presenting them in the form of the dependence (10): 47 

Nu* = C* . Ra* 1/4  ,                                 (10) 48 
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in which the Nusselt and Rayleigh numbers are now defined as:    1 

𝑵𝒖∗ =
𝒉∙𝒔

𝝀
       and    𝑹𝒂∗ =

𝒈∙𝜷∙(𝒕w−𝒕∞)𝒔𝟑

𝒂∙𝝂
  ,                   (11) 2 

For this purpose, the following conversion factor was used: 3 

𝑪∗ =
𝑵𝒖

𝑹𝒂1/4
(

𝒔

𝑯
)

1/4

  𝑪∗ = 𝑪 (
𝒔

𝑯
)

1/4

                    (12) 4 

The results, obtained using the gradient method and recalculated on the basis of 5 
dependence (12) are as follows: 6 

Nu* = 1.094 (0.045/0.5)1/4 Ra* 1/4  =  0.599 . Ra* 1/4  for s = 0.045 m,                (13) 7 

Nu* = 0.945 (0.085/0.5)1/4 Ra* 1/4   = 0.607 . Ra* 1/4  for s = 0.085 m,                (14) 8 

Nu* = 1.073 (0.180/0.5)1/4 Ra* 1/4   = 0.831 . Ra* 1/4  for s = 0.180 m,     (15) 9 

Nu* =  0.817 (0.250/0.5)1/4 Ra* 1/4   = 0.826 . Ra* 1/4  for s = ∞ ,                            (16) 10 

It was assumed that from s/H > 0.5, the channel concept becomes meaningless and we 11 
are now dealing with two independent vertical plates. In equation (16) we therefore assumed 12 
that s = 0.5 H = 0.250 m. 13 

The averaged value of the above dependences ((13) – (16)) is 14 

Nu* = 0.716 . Ra* 1/4  ± 0.11 .                               (17) 15 

Unfortunately, the analysis of all the results listed in Table 4, regardless of the 16 
methods of acquiring or converting them, still does not give a definite answer to the question 17 

as to what the optimal distance between the plates of the heat exchanger under consideration 18 

should be. In this situation, it was decided to present the results directly in the form of local 19 
temperature gradient dependences dt/dx|x=0,y,I,II = f (y,s,tw), omitting local heat transfer 20 
coefficients hy,I,II, as shown in Fig.10. 21 

Figure 10 22 

In addition to local temperature gradients, the averaged results for plates I, II and for 23 
the whole channel are illustrated in this figure.   24 

 25 

8.  Discussion  26 

The results, illustrated in Fig. 10 as correlations of average temperature gradients, show the 27 

impact of channel width s on the intensity of convective heat flux more clearly than previous 28 

results, expressed as mean heat penetration coefficients  or Nusselt Nu numbers. 29 
 The dependences of temperature gradients dt/dx|x=0,tot, averaged for y and tw, on 30 

channel width s presented in Fig.11, are directly related to the heat flux transmitted to the air 31 
according to the equation: 32 
 33 

𝒒 = 𝒒I + 𝒒II = −𝝀 ∙
𝜕𝒕

𝜕𝒙
]

̅̅ ̅̅

𝒙=0,𝑡𝑜𝑡
                        (18) 34 

Assuming that, after averaging, the thermal conductivity of air  is the same for the 35 
entire temperature range investigated, the impact of channel width on the intensification of the 36 
heat transfer in the channel, in relation to s = ∞, is 29.5% (s = 0.045 m), 38.8 % (s = 0.085 m) 37 

and 61.6% (s = 0.180 m). 38 
 39 

Figure 11 40 
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Further research is required to explain the reasons for this intensification of heat 1 
exchange. However, even at this stage of the study, which is confirmed by the visualization of 2 

the temperature fields in the channels, the convective air fluxes and the air flow patterns 3 

created by them can be described by the following mechanisms: 4 
s ≈ 0 - due to the insufficiently high values of Nusselt and Rayleigh numbers, heat 5 

transfer occurs only through conduction, which is low in air, 6 
s↑ - after exceeding the critical Rayleigh number, convective heat transfer begins, which 7 

is more intense than conduction; however, inhibiting interactions between the plate walls 8 

suppress the flux and heat exchange,  9 
s↑↑   -  a chimney effect is created, which is no longer suppressed by the presence of the 10 

walls, and the intensity of the convective heat transfer reaches a maximum, 11 
s↑↑↑  - a further increase in the distance between the plates disrupts the chimney effect, 12 

as the heated air flows out of the channel through the sides, which begin to inhibit heat 13 

transfer,  14 

s↑↑↑↑  - the chimney effect disappears, but the streams flowing next to each other 15 
generate turbulence, which keeps the heat exchange at a lower yet still high level.  16 

s → ∞  - the two convective fluxes no longer interact, and the intensity of convective 17 
heat transfer is the same as for a typical, single, vertical plate. 18 

The three s values tested in this paper have confirmed their utility, according to equation 19 
(1), and the results can be creatively used in the design of convective air heaters with vertical 20 

plates. However, a closer examination of convective flow patterns, as well as the ranges in 21 
which the particular channel mechanisms occur, requires further research with a larger 22 

number of channels. 23 
 24 

9. Conclusions  25 
This paper analyses free convective heat transfer within air channels between two vertical, 26 

parallel, isothermal and symmetrically heated plates, investigated using the gradient method 27 
with a thermal imaging camera. This research topic and configuration of convective heat 28 
exchange were inspired by convector-type air heaters, which have a similar construction, with 29 

the aim of using the results of these studies to optimize such devices. It was once again 30 
confirmed that the gradient method utilizing a thermal imaging camera can be applied to 31 

complex convective heat transfer studies performed on the basis of previous work in this field 32 
[68], [69] and [70].  33 

The results presented as temperature fields t(x,y) and temperature gradient 34 

distributions ∂t/∂x│x=0,y, can provide a basis for describing and interpreting the convective 35 
heat transfer phenomenon in vertical plate channels open on four sides. 36 
 37 
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convective heat transfer in open channels.   5 
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Fig.10 Distributions of temperature gradients on two heated surfaces (I - blue circles and II - 23 
red diamonds) and average values of these gradients for I (the red colour in the frames) 24 

and II (blue) plates, as well as the total for both surfaces (black), which form gaps s = 25 
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Fig.11 Graphic results of channel width effects on average wall temperature gradients 28 
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 30 

List of tables 31 

Tab.1 A summary of the most important research of natural convection in vertical, isothermal, 32 

symmetrically heated channels opened from four sides. Results of these studies allowed 33 
the formulation of the relations describing this phenomenon.  34 

Tab.2 Temperature distributions for the set temperatures of heated vertical plates tw = 40, 50, 35 
60, 70 and 80 oC within channels with different widths s between the plates on the (x, y, 36 

z = 0.5 B) plane, at the level y = 0.5 H. 37 
Tab.3 Temperature gradient distributions along vertical plates I and II for a constant surface 38 

temperature tw = 40, 45, 50, 60, and 70 oC within the channel and for the width between 39 
the plates s = ∞ . 40 

Tab.4. Comparison results of convective heat transfer in channels with different s, obtained 41 

with balance and gradient methods [70], results for different characteristic linear 42 
dimension, and the differences between methods. 43 

 44 

Nomenclature 45 

a = thermal diffusivity, m2/s 46 
b = half-width of channel, ≡s/2, m 47 

A = area, ≡2HB, m2; coefficient 48 
B = plate width, m 49 
C = coefficient 50 
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g = acceleration due to gravity, m/s2 1 
h  = heat transfer coefficient, W/(m2 K)    2 

H  = channel or vertical plate length, m 3 

  =  amperage of electric current, A 4 
m = exponent in Eqs. (2) and (5) 5 

Nu  = Nusselt number, ≡  H/ dimensionless (9) 6 

Nub = channel balance Nusselt number, ≡ UI/((tw-t∞)B) dimensionless 7 

𝑵�̃�  = modified Nusselt number, ≡ UIs/((tw-t∞)H2) dimensionless 8 

Nuy = local Nusselt number, ≡  y/ dimensionless 9 
Nu  = total Nusselt number, dimensionless 10 

Nu*= total channel Nusselt number, ≡  s/, dimensionless (10) 11 
P = plate/air parameter, ≡ Ra/H4, m-4 12 
q" = heat flux, ≡ q/A, W/m2 13 

Ra = Rayleigh number, ≡ gtH3/(a), dimensionless (9) 14 

Ra* = channel Rayleigh number, ≡ gts3/(a), dimensionless (10) 15 

𝑹�̃�  = modified Rayleigh number, ≡ gtb3/(a).H/b, dimensionless 16 
s = plate spacing, m 17 
t = temperature, oC 18 

T = temperature, K 19 
U = voltage of electric current, V 20 
x,y,z= coordinates, m 21 
 22 

Greek Letters 23 

 = volumetric coefficient of thermal expansion, 1/K 24 

 =  thermal conductivity, W/(m K)    25 

 = kinematic viscosity, m2/s 26 

 = density, kg/m3 27 
∞ = entrance or ambient value 28 
 29 

Subscripts 30 

a = auxiliary 31 
av = average, 32 

b = balance method 33 
m = main, 34 

w = wall, 35 

y = local 36 

 37 
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Figure 1  
Schematic of a multi-plate convector with natural convective temperature and velocity fields, 
generated in air between two adjacent plates. 

0

Figure 2 
Diagram of the experimental setup consisting of two isothermal, vertical plates 
and a mesh allowing the detection of temperature field in the air with a thermal 
imaging camera.  
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Figure 3
Construction diagram for two identical, vertical heating plates utilized in the study of 
convective heat transfer in open channels
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tw = 40 oC    50 oC      60 oC    70 oC      80 oC
    t∞ = 25.3      25.3         25.0       24.9      25.1 oC             

26      28      30      32      34      36       28oC   

Figure 4
Temperature fields in the channel s = 0.045 m between the vertical 
isothermal heated plates as a function of their surface temperature 
tw and the ambient temperature t∞ in the x, y, z= 0.5 B planes.

25      26        27        28       29        30       31       32       33        34        35 oC
   

  tw = 40 oC              50 oC 60 oC              70 oC             80 oC               
     t∞ =  23 23.5 23.4 24.3 26.2 oC

Figure 5
Temperature fields in the channel s = 0.085 m between the vertical 
isothermal heated plates as a function of their surface temperature 
tw and the ambient temperature t∞ in the x, y, z= 0.5 B planes.
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Figure.6
Temperature fields in the channel s = 0.18 m between the vertical isothermal heated plates as a function of their surface temperature tw and the ambient temperature 
t∞ in the x, y, z= 0.5 B planes.

                 t∞ = 23.6 oC                         22.9  oC                              24.0 oC                              24.3 oC                               24.9 oC
            tw = 40 oC                         50  oC                               60  oC                                 70 oC                                  80 oC

25.0           25.5           26.0          26.5           27.0         27.5           28.0          28.5           29.0           29.5            30.0          30.5           31.0 oC
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Figure 7
Temperature fields in the channel s = ∞ between two vertical isothermal heated plates as a function of their surface temperature tw and the ambient temperature near 
plate I and II t∞ in the x, y, z= 0.5 B planes.
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Figure 8 
Temperature and temperature gradient distributions perpendicular to two vertical parallel heated 
surfaces that form three channels s = 0.045, 0.85, 0.18 m and ∞, measured at y = 0.5 H and z = 0.5 
B, as a function of temperature tw = 30, 40, 50, 60, 70 and 80 °C of the heated surfaces.
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Figure 9 
Convective heat transfer in open channels as a function of distance between isothermal vertical 
heated surfaces s, presented as Nusselt-Rayleigh relations with accuracy given by Eq 14 - 17. Size 
of experimental points (triangles, circles, squares and diamonds) corresponds  with RMS (11.5 %). 
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Figure 10
Distributions of temperature gradients in two heated surfaces (I - blue circles and II - red diamonds) 
and average values of these gradients for: I (red colour in frames) and II (blue colour) plates, as well 
as total for both surfaces (black colour), which form gaps s = 0.045, 085, 0.18 m and ∞ at the 
channel’s half-width z = 0.5 B, as a function of temperature tw (constant for both heated surfaces). 
Accuracy of temperature gradients the same as in tab.3-6.
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Figure 11
Graphical results of channel width effects on average wall temperature gradients (dt/dx|x=0) for plates I 
(blue diamonds) and II ( red circles) and for the whole channel.
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Table 1. A summary of the most important research of natural convection in vertical, isothermal, symmetrically heated 
channels opened from four sides. Results of these studies allowed the formulation of the relations describing 
this phenomenon. 

Author Range of research Obtained solution Litera-
ture

Elenbass The first experimental and 
theoretical study (1942) of natural 
convective heat transfer in a 
vertical channel and in air.

with 𝑁𝑢0 =
𝑅𝑎 ∗

24 ∙ (1 ‒ 𝑒 ‒ 35/𝑅𝑎 ∗ )
3/4

two asymptotes:
 Nu0-Nubl=0.60Ra*1/4   for Ra* →∞

Nu0-Nufd=0.333Ra*1/4 for Ra* →0  

[31]

Raithby and 
Hollands,
Aung, Fletcher and 
Sernas

Natural convection in vertical open 
channels. The authors modified 
Elebass’ relation and divided it into 
two limiting cases: s→0 and s→∞.

m = − 1.9  𝑁𝑢0 = (𝑁𝑢 𝑚
𝑓𝑑 + 𝑁𝑢𝑚

𝑏𝑙)
1/𝑚

; 
where: Nufd = Ra*/24,for ,𝑏→0
Nubl = 0.62.(Ra*)1/4,   for b→∞

[66],
[67],
[45]

Sparrow, Bahrami
Ormiston
Martin et. al.

Vertical open channels, experiment,
 -//-  numerical solutions, 
 -//-  detailed analysis of the problem 
mentioned above

with 𝑁𝑢𝑓𝑑 =
𝑅𝑎
6 ∙ (1 + 1 +

12
𝑅𝑎)

two asymptotes for   𝑁𝑢𝑓𝑑 =
𝑅𝑎
3

𝑅𝑎→0
and   for   𝑁𝑢𝑓𝑑 =

𝑅𝑎
3 𝑅𝑎→∞

[20],
[48], 
[49]

Churchill, Usagi Vertical open channels with 
symmetrically heated, rectangular short 
plates, air and 104 < Ra < 109

𝑁𝑢0 =

[(𝑅𝑎 ∗

24 ) ‒ 𝑚
+ (0.594 𝑅𝑎 ∗ ) ‒ 𝑛]

‒ 1
𝑚

[28]

Bar-Cohen et. al. Optimizing the distance between 
heating plates in a multi-plate heater 
sopt for an optimal value of the Nusselt 
number Nub,opt.

𝑁𝑢0 = [ 576

𝑅𝑎 ∗ 2 +
2.873

𝑅𝑎 ∗ ] ‒ 0.5

sopt = 2.714 P -0.25    and  Nub,opt =1.31  
where: P = Ra/H4

[23]
[24]

Table 2. Temperature distributions for the set temperatures of heated vertical plates tw = 40, 50, 60, 70 and 80 oC within 
channels with different widths s between the plates on the (x, y, z=0.5 B) plane, at the level y= 0.5 H. 

Plate I Plate spacing, s = 0.045 m Plate II

 x0  x1  x2  x3 xi ≈xs/2 xn-3  xn-2 xn-1  xn=s
    t0=tw        t1        t2         t3 t∞,y=H/2         tn-3      tn-2       tn-1    tn= tw

x.10-3, m 0  3.7  7.4  11.1 …. 22.5 ….  35.7  38.8  41.9  45
    t , oC 40 29.3 28.9 28.6 ….  28.5 ….  28.5 28.7 29.1 40
x.10-3, m 0  3.5  7.0  10.5 …. 22.5 ….  34.8  38.2  41.6  45
    t , oC 50 31.3 30.5 30.0 ….  30.0 …. 30.5 31.3 32.7 50
x.10-3, m 0  3.4  6.8  10.2 …. 22.5 ….  33.0  37.0  41.0  45
    t , oC 60 31.9 31.2 30.7 ….  30.63 …. 31.0 31.5 32.6 60
x.10-3, m 0  3.1  6.2  9.3 …. 22.5 ….  36.9  40.0  42.3  45
    t , oC 70 35.2 33.9 33.4 ….   32.1 …. 31.3 32.0 33.0 70
x.10-3, m 0  3.7  7.4  11.1 …. 22.5 ….  35.4  38.6  41.8  45
    t , oC 80 35.4 33.4 32.3 ….   32.0 …. 32.6 34.2 37.0 80

Plate I Plate spacing, s = 0.085 m Plate II
x.10-3, m 0  3.7  7.4  11.1 …. ….  76.0  79.0  82.0  85

t , oC 40 28.0 27.4 27.2 ….  26.6 …. 26.9 27.1 27.6 40
x.10-3, m 0  3.4  6.8  10.2 …. ….  76.0  79.0  82.0  85

t , oC 50 27.6 27.1 26.9 ….  26.2 …. 26.5 26.6 27.5 50
x.10-3, m 0  3.7  7.4  11.1 …. ….  76.6  79.4  82.2  85

t , oC 60 30.1 28.9 28.4 ….  27.4 …. 27.7 28.2 29.0 60
x.10-3, m 0  4.1  8.2  12.3 …. ….  76.6  79.4  82.2  85

t , oC 70 34.3 31.9 31.1 ….  29.3 …. 30.1 30.1 30.7 70
x.10-3, m 0  3.7  7.4  11.1 …. ….  76.3  79.2  82.1  85

t , oC 80 33.5 32.9 32.2 ….  31.3 …. 31.9 32.2 33.2 80
Plate I Plate spacing, s = 0.18 m Plate II
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x.10-3, m 0  3.2  6.4  9.6 …. ….  171.3  174.2  177.1  180
t , oC 40 26.7 26.6 26.6 …. 26.2 …. 26.5 26.6 26.7 40

x.10-3, m 0  3.4  6.8  10.2 …. ….  171.0  174.0  177.0  180
t , oC 50 27.0 26.6 26.4 …. 26.0 …. 26.7 27.2 28.2 50

x.10-3, m 0  3.1  6.2  9.3 …. ….  171.6  174.4  177.2  180
t , oC 60 29.0 28.4 28.3 …. 27.6 …. 28.0 28.2 28.9 60

x.10-3, m 0  3.1  6.2  9.3 …. ….  171.9  174.6  177.3  180
t , oC 70 29.2 28.7 28.6 …. 28.1 …. 28.1 28.3 28.6 70

x.10-3, m 0  3.0  6.0  9.0 …. ….  157.2  164.8  172.4  180
t , oC   80 31.7 31.0 30.5 …. 29.3 …. 29.3 29.3 29.4 80

  Plate I                                                            Plate spacing, s = ∞                                                        Plate II
x.10-3, m 0  4.1  8.1  12.2 …. ∞ ….  -14.7  -9.8  -4.9  0

t , oC  40 24.2 23.5 23.2 …. 22.4/
 25.0

….
25.3 25.3 25.5 40

x.10-3, m 0  3.9  7.8  11.7 …. ∞ ….  -14.7  -9.8  -4.9  0
t , oC 50 25.7 25.4 25.2 …. 24.3/ 

26.1
….

26.7 26.9 27.1 50
x.10-3, m 0  4.1  8.2  12.3 …. ∞ ….  -13.8  -9.2  -4.6  0

t , oC 60 27.1 26.6 26.1 …. 24.9/
27.3

….
28.2 28.3 28.5 60

x.10-3, m 0  3.9  7.8  11.7 …. ∞ ….  -13.8  -9.2  -4.6  0
t , oC 70 28.2 27.7 27.5 …. 25.9/

26.9
….

28.3 28.3 28.5 70
Accuracy of temperature measurement  t =±0.1

Table 3. Temperature gradient distributions along vertical plates I and II for constant surface temperature tw = 40, 50, 
60, 70, and 80 oC within the channel and for the width between the heated plates s = 0.045 m. 

(I) ∂t/∂x│x=0,y 10-2 / (II) ∂t/∂x│x=0,y .10-2,           K/m
tw, oC       40 50 60 70 80y.10-2,m
t∞, oC     25.3±0.1 25.3±0.1 25±0.1 24.9±0.1 25.1±0.1

0.0 35.7 / 28.7 56.1 / 57.6 85.3 / 83.3 141.2 / 118.2 139.3 / 126.3

3.5 35.4 / 26.5 53.9 / 55.2 83.6 / 80.0 139.6 / 112.7 133.1 / 121.7

7.0 34.4 / 27.2 53.4 / 53.9 83.4 / 80.4 138. 9 / 111.7 132.1/ 121.4

10.5 35.2 / 26.5 52.2 / 53.4 83.0 / 79.1 138.0 / 111.7 133.1 / 119.3

14.0 27.5 / 34.7 53.0 / 52.7 80.4 / 83.0 111.7 / 137.5 119.0 / 132.9

17.5 34.7 / 28.2 53.1 / 53.0 83.6 / 81.5 137.0 / 112.3 132.9 / 119.8

21.0 35.2 / 28.5 52.5 / 51.3 83.9 / 81.1 138.0 / 112.1 132.9 /119.0  

24.5 (0.5 H) 35.2 / 29.0 53.1 / 51.3 84.7 / 83.3 137.0 / 111.7 133.1 / 121.0

28.0 35.4 / 29.9 53.4 / 50.9 85.1 / 84.6 137.5 / 113.1 134.2 / 122.5

31.5 35.4 / 30. 6 54.3 / 50.4 86.5 / 86.3 138.9 / 114.1 134.8 / 120.9

35.0 35.7 / 31.2 55.4 / 51.3 88.4 / 88.1 138.0 / 116.4 140.1 / 122.2

38.5 36.2 / 31.7 56.8 / 51.7 88.4 / 89.2 138.0 / 116.7 138.7 / 122.2

42.0 36.5 / 32.4 58.4 / 49.3 87.4 / 89.6 137.0 /116.4  138.3 / 122.2

45.5 37.0 / 33.3 59.6 / 50.6 88.2 / 90.4 138.4 / 117.2 141.0 / 125.3

49.0 (H) 38.6 / 33.9 61.6 / 60.3 95.4 / 92.9 137.5 / 117.2 151.5 / 132.6

Average I/II 35.2 / 30.2 55.1 / 52.9 85.8 / 84.9 136.3 / 115.9 135.6 / 123.3

Channel 32.7±1.9 54.0±3.1 85.3±4.9 126.1±7.2 129.4±7.4
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Table 4. Temperature gradient distributions along vertical plates I and II for constant surface temperature tw = 40, 50, 
60, 70 and 80 oC within the channel and for the width between the plates s = 0.085 m. 

(I) ∂t/∂x│x=0,y 10-2 / (II) ∂t/∂x│x=0,y .10-2,           K/m
tw, oC      40 50 60 70 80y.10-2,m
t∞, oC     23.0±0.1 23.5±0.1 23.4±0.1 24.3±0.1 26.2±0.1

0.0 43.7 / 31.7 77.1 / 64.6 114.7 / 77.4 143.3 / 73.1 165.5 / 120.7

3.5 42.5 / 26.1 75.0 / 62.2 112.7 / 58.7 141.5 / 59.3 164.2 / 113.4

7.0 42.1 / 28.5 74.2 / 62.6 112.5 / 64.3 141.5 / 66.5 163.5 / 115.4

10.5 41.2 / 29.9 73.7 / 63.3 111.1 / 70.6 139.7 / 74.1 162.0 /118.1  

14.0 40.8 / 30.9 73.7 / 63.3 111.1 / 73.8 139.7 / 77.2 159.7 / 121.0

17.5 41.2/ 31.4 75.0 / 64.3 112.0 / 75.5 140.2 / 80.2 160.1 / 123.2

21.0 41.2 / 32.1 75.4 / 65.2 112.5 / 77.9 141.1 / 85.2 160.7 / 124.9

24.5 (0.5 H) 41.2 / 32.6 75.4 / 66.3 110.7 / 81.1 140.2 / 88.1 161.6 / 126.3

28.0 40.8 / 33.3 75.8 / 67.0 109.6 / 83.7 138.6 / 91.4 159.7 / 127.5

31.5 41.2 / 33.9 76.2 / 67.8 108.0 / 85.6 139.1 / 93.7 159.7 / 129.0

35.0 40.0 / 34.6 76.2 / 68.1 105.4 / 85.2 137.7 / 94.4 160.1 / 129.5

38.5 39.0 / 35.3 77.1 / 69.2 102.9 / 86.7 137.7 / 96.6 160.1 / 131.0

42.0 37.1 / 35.6 77.9 / 70.0 100.0 / 87.2 139.1 / 99.1 158.8 / 133.1

45.5 35.6 / 36.0 78.3 / 70.4 96.4 / 88.3 139.3 / 101.1 159.2 / 135.4

49.0 (H) 40.0 / 37.4 80.4 / 71.5 102.5 / 90.6 146.2 / 103.2 170.9 / 136.8

Average I/II 40.5 / 32.6 76.1 / 66.4 108.2 / 79.1 140.3 / 85.5 161.7 / 125.7

Channel 36.6±2.1 71.2±4.1 93.6±5.3 112.9±6.4 143.7±8.2

Table 5. Temperature gradient distributions along vertical plates I and II for constant surface temperature tw = 40, 50, 
60, 70 and 80 oC within the channel and for the width between the plates s = 0.180 m. 

(I) ∂t/∂x│x=0,y 10-2 / (II) ∂t/∂x│x=0,y .10-2,           K/m
tw, oC       40 50 60 70 80y.10-2, m
t∞, oC   23.6±0.1 22.9±0.1 24±0.1 24.3±0.1 24.9±0.1

0.0 46.6 / 41.3 79.6 /68.1  123.8 / 102.1 153.9 / 132.0 190.9 / 166.7

3.5 45.7/ 40.5 78.3 / 67.0 122.4 / 100.7 153.4 / 130.0 190.0 / 161.9

7.0 45.7/ 40.5 77.1 / 66.7 120.2 / 99.3 153.1 / 130.2 188.6 / 160.0

10.5 45.3 / 40.5 75.4 / 66.7 119.5 / 98.5 152.7 / 130.2 188.6 / 159.4

14.0 45.7/ 40.5 74.6 / 67.4 119.0 / 98.9 152.7 / 130.2 187.1 / 159.4

17.5 45.7/ 40.5 74.2 / 67.4 119.5 / 98.9 152.7 / 129.2 187.1 / 159.4

21.0 45.7 / 40.5 73.3 / 67.8 119.5 / 99.5 153.1 / 130.2 185.9 / 159.8

24.5 (0.5 H) 45.7 / 40.9 72.7 / 68.1 118.5 / 99.5 152.7 / 131.0 184.8 / 160.8

28.0 45.7 / 40.5 71.7 / 68.1 117.9 / 100.7 152.7 / 131.4 181.2 / 161.7

31.5 45.3 / 40.9 69.4 / 68.9 118.5 / 101.3 152.2 / 131.6 177.9 / 162.7

35.0 44.9 / 40.9 66.2 / 69.2 117.4 / 102.1 152.2 / 132.0 171.2 / 163.3

38.5 43.6 / 40.9 61.9 / 69.6 116.2 / 102.5 151.1 / 132.8 159.3 / 165.0

42.0 42.7 / 41.3 55.2 / 69.6 114.3 / 102.5 150.6 / 132.0 147.4 / 165.8

45.5 41.4 / 41.3 52.7 / 69.2 112.4 / 101.7 149.0 / 130.6 138.8 / 163.7

49.0 (H) 43.1 / 41.7 76.7 / 70.7 117.4 / 103.9 152.7 / 134.6 166.9 / 169.4
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Average    I/ II 44.9 / 40.8 70.6 / 68.3 118.4 / 100.8 152.3 / 131.2 176.4 / 162.6

Channel 42.9±2.4 69.5±4.0 109.6±6.2 141.8±8.1 169.5±9.7

Table 6. Temperature gradient distributions along vertical plates I and II for a constant surface temperature tw = 40, 45, 
50, 60, and 70 oC within the channel and for the width between the plates s = ∞ m. 

(I) ∂t/∂x│x=0,y 10-2 / (II) ∂t/∂x│x=0,y .10-2,           K/m
tw, 

oC           40 50 60 70
t∞, 

oC (I)    23.1±0.1 24.5±0.1 25.3±0.1 25.1±0.1

y.10-2, m

t∞, oC (II)   20.5±0.1 21.5±0.1 22.4±0.1 23.5±0.1
0.0 27.8 / 37.9 45.1 / 62.1 67.7 / 79.3 89.1 / 108.8
3.5 28.3 / 37.6 44.9 / 61.8 68.0 / 78.3 89.1 / 109.0
7.0 28.6 / 37.9 44.9 / 61.1 67.7 / 78.0 89.2 / 109.0
10.5 29.1 / 38.3 45.1 / 61.5 67.7 / 78.7 89.5 / 109.3
14.0 29.3 / 37.6 45.6 / 61.1 68.3 / 78.3 89.8 / 108.8
17.5 29.3 / 37.6 45.9 / 61.5 68.6 / 78.7 90.1 / 109.6
21.0 29.6 / 38.6 46.4 / 61.5 68.6 / 79.6 90.1 / 108.8

24.5 (0.5 H) 29.6 / 38.9 46.7 / 62.1 68.6 / 80.2 90.3 / 109.6
28.0 29.7 / 39.2 46.7 / 62.4 68.6 / 81.1 90.1 / 110.4
31.5 29.7 / 40.7 47.2 / 63.5 68.7 / 82.6 90.1 / 112.0
35.0 29.7 / 41.4 47.2 / 63.9 68.7 / 83.2 90.3 / 112.3
38.5 29.7 / 41.6 47.4 / 64.0 68.7 / 83.5 90.7 / 113.0
42.0 30.0 / 41.6 47.4 / 64.3 69.0 / 83.8 90.7 / 113.3
45.5 30.0 / 41.6 47.7 / 64.3 69.2 / 83.8 91.3 / 113.6

49.0 (H) 30.0 / 42.0 48.0 / 64.7 69.2 / 84.1 91.0 / 113.6
Average I/II 29.4 / 39.5 46.4 / 62.7 68.5 / 80.9 90.1 / 110.7

Channel 34.4±2.0 54.5±3.1 74.7±4.3 100.4±5.7

Table 7. Comparison results of convective heat transfer in channels with different s, obtained using balance and 
gradient methods, and the differences between them. 

s , m Nub/Ra1/4 , - Nu/Ra1/4, - Difference, %
0.045 0.491   Eq.(4) 1.094  Eq.(14) 45
0.085 0.480  Eq.(5) 0.945  Eq.(15) 50
0.180 0.497  Eq.(6) 1.073  Eq.(16) 46

∞ 0.486  Eq.(7) 0.817  Eq.(17) 59
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