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Abstract: 

This paper reports on a natural convection experimental study conducted on a vertical test rig measuring 10 cm 

in height and 10 cm in width. The project was designed to collect temperatures and airflow velocities under 

different operating conditions, various channel depths and different heat inputs in order to obtain additional 

parameters required for analysis. The purpose and the main target of the project are to provide a clear picture of 

the flow behavior in this type of application. Extensive analysis was carried out to evaluate airflow rate, heat 

transfer coefficient and other related parameters. It was found that Nusselt number (Nu) is a function of the 

modified Rayleigh number (Ra*) and the aspect ratio (s/H). In addition, the Reynolds number Re(s) is a function 

of (Ra*) and (s/H). Dimensionless correlations between Nu, Re and Ra* were derived.  Moreover, previous 

theoretical studies suggested that the flow rate should be proportional to the cube root of the heat input, while 

earlier experimental results indicate a higher exponent. However, the current experimental results suggest a 

value in between; the flow rate is demonstrated to be dependent on the aspect ratio, with a proportionality of 

approximately 0.66. 
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 ملخص: ال

سُ.  01سُ ٚػشضٗ  01ذمذَ ٘زٖ اٌٛسلح دساسح ذجش٠ث١ح حٛي اٌحًّ اٌحشاسٞ اٌطث١ؼٟ ذُ إجشاؤ٘ا ػٍٝ جٙاص اخرثاس سأسٟ ٠ثٍغ اسذفاػٗ 

فح، أػّاق لٕٛاخ ِرفاٚذح ِٚذخلاخ حشاس٠ح ذُ ذص١ُّ اٌّششٚع ٌجّغ ت١أاخ ٌذسجاخ اٌحشاسج ٚسشػاخ ذذفك اٌٙٛاء ذحد ظشٚف ذشغ١ً ِخرٍ

ِٓ ِخرٍفح، تٙذف اٌحصٛي ػٍٝ ِماد٠ش إضاف١ح لاصِح ٌٍرحا١ًٌ. اٌٙذف اٌشئ١سٟ ِٓ اٌّششٚع ٘ٛ ذمذ٠ُ صٛسج ٚاضحح ٌسٍٛن اٌرذفك فٟ ٘زا إٌٛع 

شٜ راخ اٌصٍح تاٌّٛضٛع. لذ ذث١ٓ أْ ػذد ٔسٍد اٌرطث١ماخ. ذُ إجشاء ذح١ًٍ ِٛسغ ٌرم١١ُ ِؼذي ذذفك اٌٙٛاء، ِٚؼاًِ أرماي اٌحشاسج، ِٚماد٠ش أخ

(Nu( داٌح ٌؼذد سا٠ٍٟ اٌّؼذي ٛ٘ )Ra( ٚٔسثح الأتؼاد )*s/H تالإضافح إٌٝ رٌه، فإْ ػذد س٠ٌٕٛذص .)Re(s( داٌح ٌـ ٛ٘ )Ra(ٚ )*s/H ذُ اشرماق .)

ٌٝ أْ ِؼذي اٌرذفك ٠جة أْ ٠ىْٛ ِرٕاسثاً ِغ اٌجزس *. ػلاٚج ػٍٝ رٌه، أشاسخ اٌذساساخ إٌظش٠ح اٌساتمح إNu ٚRe ٚRaػلالاخ لا تؼذ٠ح ت١ٓ 

١ح إٌٝ ل١ّح اٌرىؼ١ثٟ ٌّمذاس اٌحشاسج اٌذاخٍح، فٟ ح١ٓ أظٙشخ إٌرائج اٌرجش٠ث١ح اٌساتمح ل١ّح أس١ح أػٍٝ. ِٚغ رٌه، ذش١ش إٌرائج اٌرجش٠ث١ح اٌحاٌ

 .1.00 ِرٛسطح؛ ح١ث ذث١ّٓ أْ ِؼذي اٌرذفك ٠ؼرّذ ػٍٝ ٔسثح الأتؼاد، ِغ ذٕاسة ٠ماسب

 

 أداء ذذفك اٌٙٛاء، اٌحًّ اٌحشاسٞ اٌطث١ؼٟ، اٌمٕٛاخ اٌشأس١ح.الكلماث المفتاحيت: 

1. Introduction: 

Heat transfer via natural convection is a passive process occurring in various applications due to temperature 

differences within the working fluid. This area of science has attracted researchers because fluid motion does not 

require any type of external mechanical assistance such as a fan or blower. Due to heat transfer exchange 

between the hot surface and the working fluid, there would be several thermal and physical relative aspects 

required to be investigated and analyzed. This would certainly lead to identifying, for example, flow regime, 

velocity/flow rate, and rate of heat transfer ... etc. This process is complex and highly dependent on geometry 

and other factors. Variations can include single-plate surfaces or vertical channels between two plates, open-

sided or closed-sided channels, under either a uniform heat flux (UHF) or a uniform wall temperature (UWT). 

There are a wide range of studies that have been of interest and focused on by scientist. One example is the 

natural convection airflow over a single vertical plate, which is found in electrical applications, e.g. cooling fins. 

There have been numerous studies that addressed this phenomenon both theoretically and experimentally, 

deriving significant correlations relative to characterizing heat transfer rate and flow regimes [1-4]. Another 

example where natural convection flow is found in passive solar heating systems whose channel heights are 

usually more than 1 m, such as Trombe wall and thermosyphoing air panels [5-6]. Since the invention of the 

Trombe wall, there have been several series of theoretical and experimental works focused on heat transfer and 

airflow behaviour within UHF channels.  For instance, extensive numerical studies were conducted on laminar 

and turbulence under the UHF heating mode simulating passive solar heaters [7-9]. In contrast, others [10-17] 

derived experimental correlations and obtained important findings based on indoor and outdoor experimental 

data that characterized airflow and heat transfer in UHF vertical channels larger than 1 m in height. The last 

mailto:xxxxxxxx@xxxx.com
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example is where natural convection typically occurs within smaller scale channels, similar to those found in 

electronic equipment. Since the early and pioneering work of Elenbass [18], extensive investigations have 

focused on buoyancy-driven convection between vertical plates. Following his work, several studies were 

performed on water and air as the working fluid under UWT heating mode. For example, experimental data were 

collected and correlations were derived for various channel aspect ratios (s/H) and plate inclination (Ɵ) to 

explore the effect of inclination angle and the aspect ratio on the heat transfer behavior [19-24]. Finally, 

turbulent natural convection airflow between two small vertical plates, for symmetrically and asymmetrically 

heated channels, was experimentally investigated [25-26] to study the flow at both sides of the channel. Velocity 

profiles were tracked along both surfaces and reverse flow was detected at the cold surface. 

This paper is an extension of the previous work of the author [27]. The current experimental work and the 

outcome of data analysis aimed at characterizing, in depth, the performance of heat transfer and airflow within 

an open-ended vertical small-scale channel (0.1 m x 0.1 m). The model was designed to accommodate various 

UHF heating inputs and different channel depths. The objective of this study is to explore how variations of heat 

inputs and channel depths influence the airflow and heat transfer behavior within the channel. The UHF mode is 

based on a constant heat flux added to the system. Therefore, Sparrow and Gregg [2] defined the modified 

Grashof number formula, for the UHF case, as follows: 

UHF heating mode Configuration:       r   r(H) u(H)    a    r      
g   qc H

4 

 2
       (1) 

UHF heating mode applications have not been explored enough in terms of example, heat transfer rate, flow rate 

and flow regime. The heat transfer rate and flow rate in terms of airflow velocity and flow rate will be 

extensively studied here and correlations will be derived. However, classifying the flow regime along this type 

of channel would be possibly looking at it in the future.   
 

2. Experimental Set-up: 

The experimental model configuration, Figure 1, consisted of a vertical channel open on the top, bottom, and 

closed on both sides. The channel measured 10 cm in height (H) and 10 cm in width (W) (heated plate area 0.01 

m²). The channel depth was adjustable to three sizes (45, 55 and 65 mm). The hot plate was uniformly heated 

using electrical resistance, with four different power settings: 5, 10, 15, and 20 W. The opposite plate was 

constructed from a 2 mm thick aluminium sheet, positioned vertically opposite and parallel to the heated plate, 

and attached to a 10 mm MDF (Medium-Density Fibreboard) to minimize thermal losses. The sides of the 

channel were secured with hardwood pieces that matched the required depth. Type T copper-constantan 

thermocouples, each 0.2 mm in diameter, were installed to measure temperatures at the inlet, outlet, heated wall, 

plate, and the opposite wall, as shown in Figure 1. The thermocouples are located in the air stream and centered 

within lightweight silvered radiation shields made from thin plastic pipes, each approximately 20 mm long. 

These shields were specifically designed to minimize any influence on temperature readings within the channel. 

An additional separate thermocouple was used to monitor ambient temperature. 

 

 
Figure 1: Schematic Diagram of the Experimental set-up (not to scale). 

 

3. Experimental Procedure: 

Prior to initiating the experiment and to ensure accurate results, all thermocouples were calibrated at the freezing 

and boiling points. The standard deviation of the calibration results at a 95% confidence level generally varied 

by ±0.5°C, while airflow measurements showed fluctuations of up to ±0.8°C. The hot plate had a standard 

deviation of ±1.2°C, whereas the opposite wall showed a standard deviation of ±0.9°C. Propagation rules were 

used to calculate the uncertainty values of all calculated parameters used in the project. The channel depths 

tested were 45 mm, 55 mm, and 65 mm, with three heat inputs; 5 W,10 W, 15 W and 20 W. Each test run was 
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launched from a cold state (ambient temperature) and was left for a minimum of 2.5 hours to allow the system to 

reach a steady state. After each run, the system was allowed to cool overnight to ensure that the next run would 

begin at ambient temperature. Previous researchers have faced challenges in measuring airflow due to air 

leakage. To address this, a smoke test was conducted at the beginning of the experiment to ensure that no air was 

escaping from the test rig. This test was performed after the system had been heating for approximately 2.5 

hours, and smoke was then introduced at the channel entrance while the exit vent was completely sealed. The 

results confirmed that there was no air leakage escaping outside the test rig. Air velocity was measured using a 

sensitive hot-bead anemometer model TA-5 manufactured by Airflow company. The anemometer was placed at 

the bottom of the channel to ensure consistent airflow velocity. The device provided an analog voltage output 

that could be recorded by the data logger. The accuracy of the device was calibrated at BSRIA Instrument 

Solutions, where it was determined to be ±(2% ±0.01m/s). 

 

4. Results and Data Reduction: 

4.1 Transient Response: 

It is important to establish the time it takes the system for a given heat input to reach a steady state.  The 

transient temperature and velocity data are closely aligned with an exponential model of the form: 

 

y = yo (1 – exp(-k't))                                                              (2) 

 

The asymptote yo from this model was used as the steady-state value for subsequent calculations. A proprietary 

curve-fitting software package, SigmaPlot, was employed to fit the data to the required exponential curve. From 

this curve, time constants (1/ k′) can be determined, as illustrated in Figure 2. The time constants (1/k′) for the 

overall system ranged from 30 to 70 minutes. For air in the channel, the typical time constant was approximately 

60 minutes, while for the plate and cover, it was around 45 minutes. 

 

   

Figure 2: Typical Development of Airflow Temperature Velocity Development against Time 

 

This indicates that the plate and cover reach a steady state before the airflow does. No consistent trends were 

observed for time constants in relation to heat input and channel depth. No further analysis currently has been 

conducted on the transient state, since the present study is focusing only on the steady state. 

4.2 Flow Profiles:  

The steady-state velocity data gives an indication of the airflow behaviour and flow development in the channel 

under the different operating conditions. The following measurements were taken when the system reached the 

steady state (after about two and a half-hour operation). The velocity meter probe was placed at the middle of the 

channel frame and readings of velocity were taken at specific intervals across the channel depth. The interval 

varied according to the depth of the channel. At each location, thirty readings were taken at five-second intervals 

in order to calculate the mean velocity at each measured point. The procedure was repeated until the whole 

channel gap was covered, at both the entrance and the exit. Figures 3a-c show the velocity profiles at the bottom 

of the channel for all the tested cases. The graphs clearly indicate that the velocities seem to be flat across most 

of the channel gap, which is expected as the flow enters the channel at an ambient condition (Ta and Pa), and 

were forced to be zero at both walls due to surface effect. The measurement elevation point of the velocity probe 

was not exactly at the edge of the entrance vent and was about 0.5cm inside the channel due to the test-rig 

construction frame. Figures 3d-f show the velocity profiles at the top of the channel also for all cases. 
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(a) Entrance (45mm) 

 

(d) Exit (45mm) 

 

 

(b) Entrance (55mm) 

 

 

(e) Exit (55mm) 

 

 

(c) Entrance (65mm) 

 

 

(f) Exit (65mm) 

Figure 3: Velocity Profiles at the Entrance and the Exit of the Channel  

 

It can be clearly noticed that the velocity is higher at the heated plate, and falls steadily towards the opposite 

wall, which is cooler (and boundary layers can be seen developing at both surfaces as the channel depth and heat 

input increase. This agrees qualitatively with observations made by [14]. However, it is clear that at no place 

does the velocity fall to zero, or even reverse flow occur [25-26] except at the two walls, which is normal due to 

wall shear force. 

 

4.3 Mass Flow Rate and Heat Transfer Coefficient 
As stated already, the air velocity profile across the channel was recorded at the bottom after a steady state had 

been achieved. The velocity profile was relatively flat, as expected near the inlet region, prior to the full 

development of the hydraulic boundary layers along the channel. To calculate the mass flow rate, the velocity at 

the bottom was taken as the bulk or average velocity (ui). Thus, the mass flow rate (ṁ) was determined by the 

following formula [28]: 

m ̇    
 
    u̅                                                                               (3) 
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The values of the calculated mass flow rate (Table 1) increase, as expected, with a wider channel depth (possibly 

due to reduction of friction forces) and higher heat input (could be due to higher temperature differences and 

buoyancy effects). The typical flow rate ranged from 0.0013 kg/s (at 45 mm, 5 W input) to 0.0022 kg/s (at 65 

mm, 20 W input) agreed qualitatively, for instance, with [10].  

Table 1: Mass Flow Rate based on Entrance Condition (kg/s). 

 5W 10W 15W 20W 

45mm 0.0013 0.0014 0.0016 0.0018 

55mm 0.0014 0.0016 0.0018 0.0020 

65mm 0.0015 0.0017 0.0020 0.0022 

Bouchair [11] discovered that for channel widths exceeding 300-500 mm (within aspect ratios of 0.2–0.3), the 

mass flow rate decreases as channel width increases. A numerical analysis performed by [7] within this range 

suggests an asymptotic straight line beyond an aspect ratio of 0.3, rather than a decline.  

The average heat transfer coefficient (  ̅ ) is always lower in natural convection than in force convection due to 

the rate of heat transfer between the heat plate and the airflow. The heat transfer coefficient is calculated as 

follows [28]: 

 

 
c
  ṁ cp (To- Ti)       (4) 

 

h ̅ 
 c

 p (Tp-Tm)
         (5) 

 

Table 2 shows the values of the calculated heat transfer coefficient. It is clear that it decreases as the channel 

depth increases and increases as the heat input increases.  

      

Table 2: Average Heat Transfer Coefficient (W/m
2
K). 

 5W 10W 15W 20W 

45mm 17.6 20.4 25.4 30.8 

55mm 14.3 17.8 23.2 28.5 

65mm 11.8 16.3 22.0 27.0 

 

 

 

 
Figure 4: Heat Transfer Coefficient and Mass Flow Rate. 

 

According to equations 3, 4 and 5, there is an indirect relationship between heat transfer coefficients (  ̅ ) and the 

mass flow rate (ṁ). The former is directly related to temperature differences between the heated plate, the 

adjacent fluid, physical properties of the fluid and the geometry, whereas the latter is mainly dependent on 

temperature differences because the increase in temperature differences and the increases in density difference 

result in an increase in bouncy force. Thus, the relationship between these two parameters cannot be linear 

because they both rely on similar factors. Figure 4 illustrates that the mass flow rate increases as the average 

heat-transfer coefficient increases for the same channel depth and various heat inputs with probably an 

exponential relationship as shown above each curve.     
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5. Dimensionless Correlations: 

In order to complete the analysis and clarify the whole picture of the performance of the airflow due to natural 

convection in the vertical channel under the UHF mode, dimensionless correlations were developed between 

dimensionless groups and derived here. Nusselt numbers based on channel depth and height (Nu(s) and Nu(H)), 

modified Rayleigh number (Ra
*
) and Reynolds number (Re(s)) are all correlated. This would allow the results to 

be extended more easily to correlate dimensionless equations and compared them with results from previous 

studies found in the literature. Nu(s) and Nu(H) are mainly based on heat transfer coefficient (   ̅) and are 

characterized by length (s or H), which can be obtained as follows [28]: 

 

                       ( )   
 ̅  

  
                                      (6)   

 

  ( )   
 ̅  

  
                       (7) 

 

In addition, the Reynolds number, Re(s), is typically utilized in forced convection flow applications, but in this 

case, it is employed to describe the velocity or the flow rate of the airflow inside the channel, since there is no 

other dimensionless number playing the role. Re(s) is based on the channel depth (s) and determined as follows 

[28]: 
 

  ( )   
u̅i s

 m
                  (8) 

 

This technique has been employed by other researchers, such as [10] and [15]. To establish correlations with 

other dimensionless groups, the Rayleigh number, Ra
*
, is used for the Uniform Heat Flux problem [2], where 

temperatures of the surfaces and the airflow are unknown. This can be regarded as a dimensionless expression of 

heat input and takes the form of equation 1. 

 

5.1 Dimensionless Numbers Variations:  

The calculated dimensionless numbers, Nu(s), Nu(H), Ra
*
 and Re(s), were studied in terms of their variation 

with both convective heat transfer (Qc) and aspect ratio (s/H), so that the effects of these parameters can be 

determined and correlations would be derived. Figures 4a through 4d show variations of Nu(s), Nu(H), Re(s) and 

Ra
*
 along with convective heat transfer (Qc) and aspect ratio (s/H) . The suggested basic mathematical formula 

applied here is:  

y = a x
b
        (9) 

 

(a): Nu(s) against Qc s/H 

 

(b): Nu(H) against Qc s/H 

 
(c): Re(s) against Qc s/H 

 
(d): Ra

*
 against Qc s/H 

 

Figure 5: Variations Dimensionless Number with Convective Heat Transfer and Aspect Ratio. 

0

1

2

3

1.5 2 2.5 3 3.5

Lo
gN

u
(s

)

LogQc s/H 

Nu(s) - Qc s/H

45mm

55mm

65mm

0

1

2

3

1.5 2 2.5 3 3.5

Lo
gN

u
(H

)

LogQc s/H

Nu(H) - Qc s/H

45mm

55mm

65mm

0

1

2

3

4

1.5 2 2.5 3 3.5

Re
(s

)

LogQc s/H 

Re(s) - Qc s/H

45mm

55mm

65mm

6

7

8

9

1.5 2 2.5 3 3.5

Lo
gR

a*

LogQc s/H 

Ra*- Qc s/H

45mm

55mm

65mm



 (Libyan Journal of Contemporary Academic Studies) اٌّجٍح ا١ٌٍث١ح ٌٍذساساخ الأواد١ّ٠ح اٌّؼاصشج

 ليبيا –الجمعيت الليبيت لأبحاث التعليم والتعّلم الإلكتروني  – المجلت الليبيت للذراساث الأكاديميت المعاصرة

0795-5550- E-ISSN:  :286  2025، السنت: 1، العذد: 5المجلذ 

 

Figures 5a to 5d show the variation of Nu(s), Nu(H), Re(s) and Ra
*
 against Qc s/H. It can be generally stated that  

all numbers increase as the Qc s/H increases but no clear indication in the case of Nu(s) and Re(s) as both 

increase with channel depth (s) because they are both based on channel depth (s). All figures show very good 

linear relationships with good statistical regression analysis outcomes such as slandered errors (S. E) and 

correlation coefficient (R
2
).  

 

Correlated outcomes equations are listed below:   

  ( )         (      )⁄      
                                                                          (10) 

[ S.E = 0.0349/R
2
 = 0.95] 

  ( )         (      )⁄      
                                                                         (11) 

[ S.E = 0.0405/R
2
 = 0.94] 

  ( )         (      )⁄      
                                                                           (12) 

[ S.E = 0.0271/R
2
 = 0.93] 

            (      )⁄      
                                                                           (13) 

[ S.E = 0.0654/R
2
 = 0.95] 

 

 

 
(a) Nu(s) against Ra(s/H) 

 

 

 
(b) Nu(H) against Ra

*
(s/H) 

 

Figure 6: Variation of Nu with Ra s/H. 

 

5.2 Dimensionless Number Correlations: 

Experimental data were developed to derive valid experimental correlations applicable to determining, for 

example, dimensionless heat transfer coefficient and flow rate. Derivations were further made to include the 

relationships between several dimensionless numbers, e.g. Nu, Re(s), and Ra
*
. The least squares method and 

multiple regression analysis were used to evaluate the experimental constants throughout the derivation 

operation. Figures 6a and 6b show Nu(s) and Nu(H) being correlated against Ra
*
s/H. It is clear that Nu(s) and 

Nu(H) increase as Ra
*
s/H increases. Dimensionless equations for Nu(s) and Nu(H) along with their detailed 

statistical parameters results produced by SigmaPlot software give the following: 

 

  ( )          (       )⁄      
      (14) 

 

Statistical results show that: R
2
= 0.97; mean percentage error of the data from the calculated regression line: 

3.1%; a constant = 0.0008: standard error: 0.2955 (t-ratio: -10.51); index for Ras/H 0.563: standard error: 

0.0363 (t-ratio: 15.51). 

 

  ( )          (       )⁄      
      (15) 

 

Statistical results show that: R
2
= 0.90; mean percentage error of the data from the calculated regression line: 

4%; a constant = 0.0018: standard error: 0.4087 (t-ratio: -6.71); index for Ras/H 0.55: standard error: 0.0502 

(t-ratio: 10.96). 

 

Figure 7 shows Re(s), as an indicator of airflow, being plotted against Ra
*
s/H. Trends are clearly visible: Re(s) 

increases as Ra
*
s/H. Standard multiple regression techniques can be used to quantify the dependency of flow rate 

on convective heat and aspect ratio. The dimensionless equation for Re(s) as a function of Ra
*
s/H along with the 

detailed statistical parameters results produced by SigmaPlot software also gives the following:     
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Figure 7: Variation of Re(s) with Ra s/H. 

 
 

  ( )          (       )⁄      
                                                 (16) 

 

Statistical results show that: R
2
= 0.94; mean percentage error of the data from the calculated regression line: 

3.2%; a constant  = 0.7602: standard error: 0.2351 (t-ratio: -0.51); index for Ras/H = 0.357: standard error: 

0.0289 (t-ratio: 12.35). 
 

Another important outcome is that a theory based on a lumped-parameter model of buoyancy-driven airflow in a 

vertical channel suggests that flow rate is proportional to the cube root of the heat input (see, for example, 

Sandberg and Moshfegh [17].       

 

ṁ ∝ qin 
1/3

   (17) 

 

If the mathematical form is assumed to be: 

 

Re(s) = a (Ra
*
)

b
.(s/H)

c
           (18) 

 

In order to test the validity of this relationship, the exponent b in equation 18 was set to ⅓ and the data from the 

present study were plotted as: 

 

Re(s).(Ra
*
)

-1/3
 = a.(s/H)

c
   (19) 

 

The results are presented in Figure 8. The data points show little scatter, and therefore the lumped-parameter 

model can be regarded as a good representation. For all sets of data, the dependency of flow rate on the depth-to-

height aspect ratio (s/H) is close to 0.66: 

 

    ṁ ∝ (s/H)
0.66

                  (20) 

 

Figure 8: Flow Rate Dependence on Aspect Ratio. 
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Note that all the above-derived correlations are subject to the limits of the data, as follows: 

0.45  ≤  s/H  ≤  0.65  

5W  ≤   in  ≤  20W   

1.09 10
8
 ≤   a

*
  ≤  5.57 10

8
  

7. Discussion:  

The current empirical study was conducted under a lab condition on a small vertical closed sided channel (duct). 

At a thermal steady state condition, various UHF heating values and different aspect ratio (s/H) were tested to 

characterize the thermal and the hydraulic performance of the airflow in resembling channels. Although, natural 

convection studies in literature are rich of important publications, experimental woks under the UHF heating 

configuration on open-ended vertical channels are unexpectedly few.  This makes it challenge to compare, 

discuss and validate the current study with previous published data.  The analysis of the current collected 

experimental data was initially introduced the velocity profiles for all heat inputs (Qin) and aspect ratio (s/H). 

The development stages of the velocity profiles along the channels are similar for the two types of the heating 

modes as the development generally occurs when both surfaces gains heat either symmetrically or 

asymmetrically. Velocity profiles in Figure 3 illustrate their development along the channel, which are 

commonly seen in similar natural convection studies. The purpose of obtaining the profiles is to draw the 

development stages of the hydraulic boundary layer of the flow along the channel and detect any disruption of 

flow that may occur, for example; reverse flow or recirculation, etc [14].  The profiles are almost flat at channel 

inlet (see figures 3a, b and c) where the flow enters the channel at the ambient temperature and ambient pressure 

(no heat exchange between the fluid and the walls yet). Similar qualitative observations were made, for example 

by, [14, 16, 29, 30, and 31]. However, profiles at the exit of channel were influences by the values of hating 

provided to the flow and the size of the channel depth. Figures 3d, 3e and 3f show the flow develops downstream 

and establishes two peaks at the heated surface and the opposite wall. Only one peak, at the heated surface, can 

be seen where the channel depth is narrow (Figure 3d) and the two peaks become clearly visible at both surfaces, 

particularly at the highest heat inputs and a wider channel depth (Figure 3f). [14, 16, 29, 30, and 31] achieved 

similar qualitative profiles, but some of them detected a reverse flow [25] and recirculation/eddies [14]. The 

mass flow and the calculated heat transfer coefficient were also obtained. Although they are both found to be a 

function of heat input (Qin) and aspect ratio (s/H) (see Table 1 and 2), it was found that they both have no direct 

relationship. However, their relationship was found to be independently exponential to individual exponents 

depending on s/H and Qin (see figure 4). The correlations of airflow under UHF heating mode are rare and the 

only two encountered publications in the literature are for small ducts were Vliet and Ross [4] for a heated 

surfaces, Bar-Cohen, and Rohsenow [22] for two vertical surfaces, not for ducts. Therefore, compression with 

[10] and [15] whose channel size is more than ten times than the current test trig. Figures 8a and 8b show the 

Nu(s) and Nu(H) against Ra
*
s/H. The current results show good presentation for both cases (R

2
 above 0.9). 

However, results from [10] and [15] show only an acceptable presentation for the Nu(s) (R
2
 above 0.6). The 

errors can be attributed to the nature of their experiment and the amount of data they handled. The discrepancy 

between the current and their data can be justified to the nature of flow, heat inputs, geometry, or aspect ratio of 

the three works. However, both sides in Figure 9c present very good correlation factors (R
2
 above 0.93) and 

close curve slope, but their data are not close to the current results. This can be attributed to the same factor 

mentioned earlier. For example, LaPica etal [15] believed that they dealt with a turbulent flow as they observed a 

fluctuation of temperature in a range of about ±5°C at the exit at high Ra
*
 (over 7 x 1012). Finally, Figure 9d 

shows a very good presentation of current and those from [10] and [15] - R
2
 above 0.95. This can be summarized 

by curve-fitting equations as follows:   

ṁ ∝    (s/H)
0.66

  (Current Results) 

ṁ ∝    (s/H)
0.71 

  ( Ref. 10 Results) 

ṁ ∝     (s/H)
0.4  

  ( Ref. 15 Results). 

Based on s/H, no obvious trend can be attributed to determine values of exponents, but it could be based on other 

factors such as geometry or heat inputs and may be due to minor causes like surface roughness and pressure 

losses.  . Therefore, it is recommended to study the problem further and clarify the issue.  
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 (a) Nu(s) - Ra

*
 s/H 

 
(b) Nu(H) - Ra

*
 s/H 

 

(c) Re(s) - Ra
*
 s/H 

 

(d) Re(s) Ra
*(-1/3)

 - s/H 

Figure 9: Dimensionless Numbers Compressions. 

8. Conclusion:  

Airflow induced by bouncy-driven convection heat transfer in a vertical channel (duct) has been extensively 

studied in this work under UHF heating mode. Two variables were introduced (Qin and s/H) to investigate their 

effects on the thermal and the hydraulic performance of the airflow inside the channel. The main outcomes of the 

current study are summarized as follows: 

 Various dimensionless correlations in regard to mass and heat transfer were presented in terms of Nu 

and Re(s). According to equations 10 to 16; 

 

  ( )          (       )⁄      
 

   ( )          (       )⁄      
 

  ( )          (       )⁄      
                                                           

Accordingly, 

Nu  ∝   (Ra
*
 s/H)

≈ 0.5
 

and, 

Re(s)  ∝   (Ra
*
 s/H)

≈ 0.35
 

 

 The lumped-parameter model demonstrates a good representation and shows data the dependency of 

flow rate on the depth-to-height aspect ratio (s/H) is close to 0.66: 

ṁ ∝   (s/H)
0.66

 
 

Further Work: 

The effect of the aspect ratio and the variations of the heat input on the airflow were studied in the current 

project. However, in order to complete the picture, it is suggested that the effect of the variations of inclination 

angle as well as the variation of the channel heights is recommended to be studied. In addition, developing a 

numerical model would reduce the time-consuming and physical effort, using, for example, Fluent or Pheonics 

CFD Code. It is important to state and emphasize that these studies of the airflow induced by natural convection, 

particularly under the UHF heating mode, have not been completely covered. Therefore, it is recommended to 

study the classification of the flow regime under the UHF heating mode for these applications since no more 

studies have been done with regard except the work of Vliet and Ross [4] and Bar-Cohen and Rohsenow [22], 

who presented correlations in laminar and turbulent airflow regimes, but they are applied to ducts.        
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Nomenclature  

a, b, c Regression coefficients (see Equation 7). 

AC Cross section area of the channel (s x w) m
2
. 

AP Hot plate Area (0.01m
2
).  

Gr(H) Grashof number based on H (   ( )    
         

  
 ). 

g Acceleration due to gravity (= 9.81 m/s
2
). 

H Convective heat transfer (W/m
2
K).  

H Channel height = 1m. 

k Thermal conductivity of air (W/m.K). 

k' Regression parameter in Equation 1: inverse of time constant (1/s). 

ṁ Airflow rate (kg/s). 

Pa Ambaint Pressure. 

Pr Prandtl number.  

qc  Convective heat to airstream (W/m
2
) 

qin Heat input (W/m
2
). 

Ra Rayleigh number.  

Re(s) Reynolds number based on channel depth.  

s Channel depth (m). 

t Time (s). 

T Temperature (°C). 

Ti Inlet mean temperature (°C). 

Ta Ambient Temperature (°C). 

Tm Mean temperature of air in the channel = [(Ti+To)/2] (°C). 

To Outlet mean temperature (°C). 

Tp Hot plate mean temperature (°C). 

ū Air bulk velocity (m/s). 

w Channel width = 0.1m. 

y Regression parameter in Equation 1. 

yo Final (asymptotic) value of y. 

  

Greek symbols:  

  Expansion coefficient (1/K). 

 
  

Density (kg/m
3
). 

ν  Kinematic viscosity (m
2
/s). 
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