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Abstract. A new approach to experimental investigation of thermal flow field produced along an 
isothermal plate of finite dimensions in free convection is presented. The experimental procedure 
is based upon a flow visualization technique developed earlier by author. The contribution of this 
paper apparently is that a physical grid placed in the light path of a photographic flow visualization 
system enhances the ability to discern growth of thermal flow field produced due to temperature 
difference between a body and its surroundings. The results obtained from flow visualization 
experiment are verified with a correlation predicted by earlier published work.  
Keywords: isothermal plate, mechanical grating, visualization, local heat transfer coefficient. 

Nomenclature 𝐺𝑟 Local Grashof, 𝑔𝛽൫𝑇௪–𝑇௙൯𝑥ଷ 𝜈ଶ⁄  𝑔 Gravitational acceleration ℎ௫ Local heat transfer coefficient, 𝑞௪ ൫𝑇௪ െ 𝑇௙൯⁄  𝑘 Thermal Conductivity 𝑞௪ Wall heat flux 𝑇௪ Wall temperature 𝑇௙ Bulk temperature of fluid Δ𝑇 Temperature difference, 𝑇௪ െ 𝑇௙ 𝑥 Distance from the leading edge of the heated surface 𝛼 Thermal diffusivity 𝛽 Thermal expansion coefficient 𝜃 Angular inclination of plate from vertical position (degree) 𝜈 Kinematic viscosity 𝜀 Angular orientation of parallel dark bands (degree) 𝛿௫ Boundary layer thickness at the surface of the solid wall 

1. Introduction 

Laminar natural convection heat transfer from flat plates is a problem which is of interest in a 
variety of industrial as well as research applications. The study of natural convective heat transfer 
from a vertical flat plate at uniform temperature in a quiescent medium has attracted a great deal 
of interest from many investigators [1-4] during the past. 

Theoretical predictions of laminar heat transfer correlations can be obtained for a plate with 
arbitrary inclination as described by King and Reible [4] based on their experimental observations. 
In terms of modified Rayleigh number, 𝑅𝑎௫∗ , the predicted relation can be shown to be: 𝑁𝑢௫ ൌ 0.587ሺ𝑅𝑎௫∗cos𝜃ሻ଴.ଶ଴଴, (1)

where, the local Nusselt number, 𝑁𝑢௫, and the modified Rayleigh number are defined by: 
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𝑁𝑢௫ = ℎ௫𝑥𝑘 = 2𝑥𝛿௫ ,     𝑅𝑎௫∗ = 𝐺𝑟௫∗𝑃. (2)

𝑃𝑟 is the Prandtl number (= 𝜈 𝛼⁄ ) and 𝐺𝑟௫∗ is the modified Grashof number and defined by: 

𝐺𝑟௫∗ = 𝐺𝑟௫𝑁𝑢௫ = 𝑔𝛽𝑞௪𝑥ସ𝑘𝜈ଶ . (3)

Visual observations of the motions which are caused solely by the density gradients created 
by the difference in temperature are presented here using a relatively simple but novel 
photographic method of flow visualization [5-7] developed earlier. To the best of the knowledge 
and belief of the author this technique for processing the image patterns recorded photographically 
seems to be new for the quantitative study of natural convection from isothermal surfaces. The 
results obtained are a consequence of visualization of the convective heat transfer from real 
vertical plates. 

2. Experiment 

The study of natural convective heat transfer on a isothermal plate placed in vertical position 
(𝜃 = 0 degree) is carried out using a simple but new experimental method. The experimental 
arrangement shown in the sketch (Fig. 1) has been made to record the image of the flow field 
produced by the heated plate. The isothermal wall of length 142 (mm) is heated by saturated steam 
(100 °C) at atmospheric pressure and immersed in still water. The fluid surrounding the isothermal 
wall is kept in a transparent glass box of size 500 (mm) × 400 (mm) × 220 (mm) such that effect 
of temperature differences at the interface between the two medium can be visualized easily. The 
heated surface used for these experiments is so arranged inside the water tank that it can be placed 
in any inclination. The leading edge of the heated surface is situated about 120 (mm) above the 
bottom of the tank and the trailing edge of the heated surface is always at least 120 (mm) below 
the top of the water surface. 

 
Fig. 1. Experimental arrangement to visualize natural convective flow along a heated plate 

The thermal field (shown in Fig. 2) at a particular temperature difference of Δ𝑇 = 77 °C, has 
been photographed using the experimental arrangement illustrated in Fig. 1. A strong diffused 
parallel light beam is passed through the mechanical grating in the form of alternate bright and 
dark bands of equal widths and the test section, where the model (heated isothermal plate) is 
placed. The image configuration shown in Fig. 2 is thus obtained by superimposing the shadows 
of grating on the flow field and recorded by a conventional 35 mm SLR film camera in black and 
white mode. The exposure time and aperture (𝑓 number) which vary with the lighting and flow 
conditions are determined by using a photographic exposure meter. 



DEVELOPMENT AND ANALYSIS OF THERMAL FLOW FIELD: A NEW EXPERIMENTAL APPROACH.  
ARUN KIRAN PAL 

 JOURNAL OF ENGINEERING AND THERMAL SCIENCES. DECEMBER 2023, VOLUME 3, ISSUE 2 43 

 
Fig. 2. Photograph of the natural convective flow from  

an isothermal vertical plate to water at Δ𝑇 = 𝑇௪ െ 𝑇௙ = 77 °C [7] 

The introduction of the alternate bright and dark bands (marked as mechanical grating plate in 
Fig. 1) have a great influence on the nature of contrast to the so-called interferometric pattern of 
the flow field obtained in this way. It, however, differs from the conventional interferogram for 
the resolution of the flow field depends on the width, spacing, as well as the fineness and 
uniformity of the parallel equidistant bands made on a transparent plastic sheet [6]. 

3. Results 

A close look into the image (Fig. 2) obtained using the method mentioned above reveals that 
a distortion of the regular fringe pattern in the close vicinity of the vertical surface (𝜃 = 0 degree) 
of the heated plate. It is obvious that whenever a temperature gradient is present between two 
medium, the fringes at the transition zone then are no longer straight, but are distorted. The 
distorted fringe pattern (Fig. 2) obtained by the present photographic technique generally 
resembles with the Moirѐ fringe pattern of conventional interferogram showing thermal fields on 
a heated vertical surface as illustrated previously by Goldstein [8]. A thermal plume at the upper 
edge of the vertical surface is also quite clear in the image of Fig. 2 as expected [3]. 

 
Fig. 3. Fringe pattern near the heated surface 

Now it should be reasonable to consider the deviations of grating lines adjacent to the boundary 
surface are proportional to the change of density. The transition between the regular grating pattern 
and that of the distorted pattern adjacent to the wall can be employed to determine the local heat 
transfer coefficient. It is seen that the development of thermal field along an isothermal vertical 
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surface also depends on the angular orientation (𝜀) of the straight parallel bands with respect to 
the vertical surface as explained in Fig. 3.  

The thermal flow fields developed for different orientation angles of the grating for 𝜀 = 67 
and 48 degree are shown in the images given in Fig. 2 and Fig. 4, which are obtained at same 
Prandtl number, 𝑃𝑟 = 2.92; and the temperature difference between the solid wall and the 
surrounding fluid is 77 °C. 

 
Fig. 4. Photograph of thermal flow field for angle of orientation of grating 𝜀 = 48° 

Analysis of the flow patterns obtained for different orientation angles of fringes gives evidence 
that the deviations or shifts of the undisturbed straight bands are dependent on 𝜀. The local Nusselt 
number is dependent upon the temperature gradient of the fluid and the wall, which in turn is 
related to the boundary layer thickness, 𝛿௫, at the vertical surface of the solid wall as stated in 
Eq. (2). 

Fig. 5 shows the results which are collected from the measurements of heat transfer from the 
wall of the heated vertical surface at different angular orientations of grating. The local Nusselt 
number as determined from the flow pattern is plotted as a function of the modified Rayleigh 
number.  

 
Fig. 5. Variation of Nusselt number with modified Rayleigh number as observed in the experiment 

4. Discussions 

The experimental data obtained from the enlarged view of images are compared with the heat 
transfer correlation in free convection suggested by King and Reible [4]. Based on the results 
obtained, correlations have been proposed to evaluate the Nusselt numbers as shown in Fig. 5. 
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The form of proposed correlation takes into account the variation of different angular orientations 
of grating as shown. It is found that the Nusselt number shows fairly large dependence on the 
orientation angles of grating used in the experiment. The validation of the obtained results is made 
through comparison between the present study with available literature. As a first approximation 
it is clear that the agreement between the present results and the correlation postulated early [4] is 
quite satisfactory and the present results seem to agree with the predicted values within the bound 
of experimental accuracy. The Nusselt number determined experimentally is always found to be 
less than the estimated ones (Fig. 5) and the mean deviation is about 12.5 % from the predicted 
values. In other words this implies that the observed thickness of thermal field would be greater 
than the estimated ones. This deviation may be due to the local disturbances caused during the 
flow of steam passing through the metal box containing the plate. Moreover the effect of surface 
roughness of isothermal vertical wall on the flow field is not considered in the present study. This 
may cause a substantial amount of errors for the observed values of Nusselt number as it is known 
that the influence of surface roughness of the vertical wall may disturb the fluid motion and 
induces mixing and thus convection [9]. It is also evident from Fig. 5 that the deviations between 
the observed and predicted results usually become comparatively small at higher values of the 
angle of orientation of the parallel dark band (angle 𝜀) with respect to the vertical surface. 

5. Conclusions 

From the observed experimental results it may be said in conclusion that it is possible to relate 
the measured displacement of regular grating with the gradient of fluid temperature at the solid 
surface. It implies that the local heat transfer coefficient or the Nusselt number could be 
determined directly from the images of the thermal field recorded by the present photographic 
visualization method. 

The present study is principally used for qualitative descriptions of a density or temperature 
field. However, this can be used for quantitative studies in particular if the alternate dark bands 
superimposed on the flow fields are properly oriented. Also, the effect of width and spacing of the 
alternate bright and dark bands used in the present investigation on the thermal flow field need to 
be studied further for quantitative estimation. The differences between existing heat transfer 
correlation and experimental data presented here indicate that further studies on this experimental 
technique may be worthy. Considering the findings and future scopes the proposed approach may 
be considered as an important dimension to the emerging area of optimization and prediction of 
boundary layer thickness developed in the thermal flow field across vertical or inclined plate in 
free convection. 
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