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ABSTRACT 
Through systematic experimentation, heterogeneous heat transfer phenomenon of forced convection over a flat plate is 
pursued. The study primarily intends understanding of the implications of key controlling parameters viz., plate orientation, 
heat source power input and enclosure effects with the aid of heat transfer coefficient. Experiments were performed on a forced 
convection experimental setup comprising of an aluminium flat plate with five equidistant thermocouples embedded in it. The 
heat transfer characteristics were analyzed for rough surface facing upward in a confined passage. Results show that heat 
transfer coefficient behaves significantly diverse with varying surface orientation and heat input. The heat transfer rates rises 
monotonically with varying surface orientation and drops with heat input, both followed by a gradual descent. Increased heat 
supply transmits more heat transfer and hot surfaces are predicted to lose heat faster when oriented more in horizontal state 
however, heat transfer rates are found to be sensitive to a critical value after which the variable rate drops. The effect of 
enclosure is established to enhance reduction in the transfer of heat with orientation. 
Keywords:- Forced convection, rough flat plate, air, heat transfer coefficient, enclosure. 

1. INTRODUCTION 
Heat transfer by convection has wide range of engineering applications of practical and functional significance. The 
mechanism is found very commonly in everyday life and includes central heating, air conditioning, electronic cooling, 
cooling towers in power plants and in industries, steam turbines, heat exchangers, pipe flow etc. It is mostly required to 
predict the significant energy change that takes place as a result of temperature difference. Convective heat transfer is 
largely categorized as: Free/Natural and forced. Free convection refers to fluid motion by buoyant forces arising due to 
density gradients which are a result of temperature gradients. Whereas in, forced convection, the flow of the fluid is 
enhanced by external sources. The present work focuses on a forced convection configuration investigating an aspect 
yet to be discovered. By proper experimentations, the postulations of dependable characteristics viz., flow velocity, 
power input, surface orientation and independent characteristics viz., surface roughness and enclosures over a rough 
square plate are investigated. The interest in this class of problems is specifically driven by the need to have better 
understanding of convective heat transfer occurring over materials. Following the classical work of Tribus et al., (1953) 
for forced convection over non-isothermal surfaces, last six decades research works have contributed significantly to the 
advancement of forced convection. The contributions have been reported in several reviews like Cess(1961), 
Szewczyk(1964), Whitaker(1972), Cooper et al.,(1986), Copeland(1998), Kim et al.,(1999).The works provide an 
excellent review on the developments up to the end of the century. Cheng et al., (2002) investigated unsteady forced 
convection on a flat plate with inertia effect and thermal dispersion. They noted that the rate of unsteady heat transfer 
can be accelerated by the thermal dispersion. Sartori (2006) studied equations of the forced convection heat transfer 
coefficient over flat surfaces. He reasoned that there must be a decay of heat transfer coefficient along the plate 
dimension in the wind direction. Abreu et al., (2006) worked on similarity solutions of boundary layer flows in free and 
forced convection for evaluation of the coupled effects of heat and mass transport. They showed that all convection 
cases depend on different similarity variables. Yao et al., (2008) studied forced convection due to a non-Newtonian 
fluid past a flat plate using a modified power-law viscosity model. They showed that the most significant effects occur 
near the leading edge gradually tailing off far downstream. Seyyedi et al., (2012) probed effects of a splitter plate and 
an inclined square cylinder with 45° inclination on 2-D unsteady laminar flow and heat transfer in a plan channel 
using the lattice Boltzmann method. The results showed that there exists an optimal location of the splitter plate 
corresponding to the maximum value of the Nusslet number. In recently, Pantokratoras studied the flow of a fluid past a 
flat plate of finite length and infinite width. It was found that with high Reynolds and Prandtl numbers the wall 
temperature increases along the plate. They reach a maximum near the trailing edge and then decrease. The same 
occurs as the heat transfer parameter increases. Although much has been done but complexity of the problem has 
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prevented a complete understanding due to interaction between flow, heat and mass transfer. Therefore, a systematic 
study is needed to comprehend the mechanisms controlling the forced convective heat transfer. In the light of above 
mentioned works, the present work emphasizes on effects of parameters, flow velocity, plate orientation ( ), heat power 
input (V) and effect of enclosures on forced convective heat transfer coefficient so that this knowledge can help us in 
many known useful heat transfer engineering applications and to prevent related hazards. 

2. EXPERIMENTAL SETUP AND SOLUTION METHODOLOGY 
 
An existing simple apparatus (Fig. 1(a)) was adopted for this study. The experimental apparatus consisted of base made 
up of mild steel bars which supports the entire assembly. The square plate assembly consists of two plates sandwiched 
with the heater coils embedded in between (one of the plate have smooth surface while other have rough surface) and 
opens to atmosphere from top and bottom. The assembly is bound by a confined passage (24.5 cm × 24 cm) along the 
sides. The confinement is attached to a centrifugal blower at one end to supply air flow at preferred velocity and open 
from the other end to confiscate the hot working fluid carrying the heat. It is important to note that all the readings 
were taken for rough surface facing upward as the convection science on smooth surface is comprehensively studied. 
The aluminium plate specimen is (15 cm x 15 cm) ((Fig. 1(c))) which is heated using electrical power at desired rate 
for some fixed time prior to experiments. The rate of plate heating can be adjusted with the help of a knob and digital 
display. Thermocouples (5 in numbers) are embedded within the plate (shown in Fig. 1(b)) and located equidistance to 
embark average plate temperature. In order to facilitate the heat transfer at different orientations, the plate assembly 
can be adjusted with the help of a handhold knob and attached protractor. All readings were taken systematically by 
stepwise increment maintaining proper time interval.  It must be noted all the data presented here represent the 
repeatability of results obtained. The heat transfer behavior is analyzed in terms of heat transfer coefficient. 
 

 
                                                    
Figure 1 Pictorial view of the apparatus (a) Front view (b) schematic of rough square plate with location of embedded 

   Thermocouples (shown by circles) (c) Top view of square plate. 
 
The convective heat transfer coefficient is determined by establishing power balance by equating electrical power 
supplied to heat the plate to the heat power lost by convection. 
Where  
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3. RESULT AND DISCUSSION 
An experimental exploration was carried out to search the heat transfer behavior in terms of heat transfer coefficient on 
a rough flat plate. The effect was investigated for laminar flow over rough flat plate facing upward was explored. To 
begin with, the effect of flow velocity on heat transfer coefficient was studied to verify the effectiveness of apparatus 
predictions. The plate was kept in horizontal orientation with heat input of 100 volts and 0.44 amperes (Fig. 2). As 
expected, the flow velocity was noted to play major role in heat transfer. Forced convection was found faster and 
growing with increasing flow velocity. This validates the benchmark heat transfer theory and dictates that the 
predictions of the apparatus are correct and can offer accurate physical insight. First, the effect of heat input (voltage) 
on heat transfer coefficient was explored. Figure 3 shows the variation of heat transfer coefficient with heat input for 
horizontal plate orientation under flow velocity of 1m/s. It was noted that, more the heat is added (increasing voltage), 
more plate gets heated up (increase in average plate temperature) and thus more heat is available to be carried /transfer. 

 
      

Figure 2: Variation of heat transfer coefficient with                Figure 3:  Variation of heat transfer coefficient with 
         flow velocity.                                                                  heat input for selected plate orientation. 

 
The heat transfer coefficient shows monotonic increase with voltage. The growing rate of heat transfer was found to be 
drastic till a critical limit and reduces with further increase. At low voltages (< 100 volts) air carries more and faster 
heat followed by a small region where rate becomes insensitive to voltage increase and next increases gradually again. 
Here the aspects contributing in transfer of heat are, presence of a fluid flow velocity which sweeps the fluid carrying 
heat, buoyancy forces and friction due to rough surface. All these aspects work in alliance and form the entire forced 
convection under varying conditions. To understand the trend, the resistance of plate was noted with varying voltages 
and found to be decreasing drastically at high voltages which cause more heat loss. Also from equation1, we can note 
that, though with increase in heat input average plate temperature increases however, at low voltages the change 
(increase) in voltage is more than increase in average plate temperature which dictates the increasing trend of heat 
transfer rate. It is interesting to note that, the variation of heat transfer coefficient with voltage compliments the trend 
observed in Fig.2. So for effective heat transfer, it would be preferable to operate at voltage of 100 volts or below in 
horizontal orientation.  Next, we look at the variation of heat transfer coefficient with varying plate orientation. The 
optimal orientation for heat transfer was explored by increasing the plate orientation from horizontal (  = 0o) to vertical 
(  = 90o) (please see fig.4) under operating conditions heat input of 100 Volts, electric current of 0.44 amps and flow 
velocity of 1 m/s. The study was carried out for selected standard orientations. 

 
                            

Figure 4: Variation of heat transfer coefficient with         Figure 5: Schematic of forced convection heat 
transfer coefficient with plate orientation.                                                        for horizontal orientation. 
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Looking at the results, one can note that the heat transfer rate exhibits a dipping behavior with increment in plate 
orientation till (  = 60o) however, gradually starts increasing at higher orientations. The heat transfer rate decrement is 
steeper for the plate orientation less than (  = 30o). The equation1 shows that for fixed heat input, the value of heat 
transfer coefficient depends only on the temperature difference. The variation in heat transfer rate is owing to variation 
in average temperature of the heated surface.  

 
Figure 6: Enclosure effect on  heat transfer coefficient with plate orientation. 

 
When the plate is kept horizontal, the lower surface blocks the flow and forms a wake region (drag) on the top surface 
which is supported by the strong buoyant forces (upward acceleration) generation. Since the lower plate surface is 
smoother so the flow smoothly passes to top surface being heated up where friction assumes a greater role (please see 
fig. 5). In the elementary level all these aspects combined together results in low temperature difference which 
increases heat transfer rate with more flow in contact thus more heat carried away. When the plate is kept in vertical 
orientation, major portion of the flow goes untouched with the hot plate and the touching portion forms a thicker 
velocity boundary layer resulting in higher temperature difference and thus lower heat transfer rate. However, the 
effective span area reduces as the plate orientation increases. The flow carries momentum and plate in orientation 
deflects it towards the wall, as a consequence the temperature difference reduces and so the heat transfer rate. The 
minimum heat transfer rate occurs when the plate is oriented at (  = 60o). This probably is the reason for drop in heat 
transfer coefficient with increase in plate orientation. It also shows that for cases of rough surfaces and forced 
convection, to maximize the heat loss it is better to keep them in horizontal orientation (most of bike engines have 
horizontal fins) on the other hand, for effective heat conservation, it is better to keep them in vertical position where 
heat loss is less but, the optimization is achievable at ( = 60o). As stated, the apparatus have a centrifugal blower at one 
end to provide air flow at desired rate. Next, we look at the effect of enclosure (an obstruction) on heat transfer rate 
from the other end. Here, motion of flow carrying heat is restricted by closing the exit of confinement by a porous wall. 
Figure 6 shows variation of change in heat transfer coefficient (difference in heat transfer rate between with and 
without enclosure) with plate orientation under selected conditions of flow velocity 1 m/s, heat input of 100 volts and 
0.44 amps. Looking at the plot, one can note that the change in heat transfer coefficient follows a trend similar to fig.4. 
Upon careful observation, it was noticed to come out because with presence of enclosure, the heat transfer rates falling 
to a very low level and tends to remain almost same for all the orientations but net change drops monotonically. It is 
interesting to note that enclosures are almost equally effective at all plate orientations. It also dictates that presence of 
enclosures can effectively prevent heat loss by bringing down heat transfer rate. As flow carries heat from heater 
surface under any conditions and moves forward, it is blocked by an obstruction which considerably takes away major 
part of heat carried by flow. By losing heat, fluid particles becomes heavier and tends to come down to plate again in 
absentia of exit. This primarily mixes the heated and cold flow and over a period of time the heat loss to walls will 
increase and heat transfer rate will come down. More importantly, presence of enclosures can narrow the transfer of 
heat. 

4. CONCLUSION 
An experimental investigation was carried out to understand the physics of forced convection in aid of some parametric 
studies viz., effects of plate orientation, heat input and enclosure on heat transfer rates under selected conditions of 
rough surface upward. Based on results obtained following conclusions may be drawn. 
a) Forced convection mode is faster for heat transfer and increases with flow velocity. For horizontal orientation, it is 

better to  have low velocities for effective heat transfer.  
b) The increase in heat input (voltage) enhances the heat loss, but it results in diminishing returns beyond a critical 

value and    indicates that a critical power input is adequate to remove sufficient heat and further increase may be 
redundant.  Operate  at relatively low voltage and in horizontal orientation leading to better  cooling 
applications. 

c.) Rough surfaces assist in carrying more heat. 
d) Heat transfer is more effective in horizontal surfaces owing to stronger buoyant forces and friction generated 
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leading to  better cooling applications. Convective heat loss in surroundings, engineering appliances, applications 
involving cooling of  expedients viz. electronics cooling will be more with increased heat input and surfaces being 
horizontal. At the same time  for applications requiring minimal heat loss, intermediate surface orientation (  = 
60o) will be more appropriate.  

e) The presence of enclosures can prevent excess heat loss and are equally effective at all orientations and can prevent 
heat  loss by bringing down heat transfer rate. They are expected to be useful in energy conservation applications.  

REFERENCES 
[1] Tribus, M. and J. Klein., “Heat Transfer Symposium”, University of Michigan Press, pp. 211, 1953. 
[2] Cess R. D., “Applied scientific research”, vol.10 (1), pp 430-438, 1961. 
[3] Szewczyk, A. A., “J. Heat Transfer”, 86(4), 501-507, 1964. 
[4] Whitaker, S., “AIChE Journal”, vol.18 (2), 1972. 
[5] Shah, R. K., and London, A. L., “Academic Press”, San Diego, CA. 1978. 
[6] Cooper, P.I. Sheridan, J.C. and Flood, G.J., “Int. J. of Heat and Fluid Flow”, Vol.7 (1), pp61-68, 1986. 
[7] Copeland, D., “Synopsis report”, Sumitomo precision products, Dec-1998. 
[8] Kim, S. J., and Kim, D., Journal of heat transfer, vol.121, pp.639-645, 1999. 
[9] Cheng, W., T, and Lin. H.T., “International Journal of Heat and Mass Transfer”, 01, 2002. 
[10] Sartori, E., Solar Energy, Vol.80 (9), pp-1063–1071, 2006. 
[11] Abreu, C.R.A., Alfradique, M.F., and Telles, A. S., Chemical Engineering Science, Vol. 61(13), pp. 4282–4289, 

2006. 
[12] Yao, L.S., and Molla, M., “International Journal of Heat and Mass Transfer”, Vol.51 (21–22), pp. 5154–5159, 

2008. 
[13] Seyyedi, S.M., Bararnia, H., Ganji, D.D., Gorji-Bandpy, M. and Soleimani, S., “Int. J Thermal Sciences”, Vol. 61, 

pp 1–14, 2012. 
[14] Pantokratoras, A., “Journal of Mechanical Science and Technology”, 28 (5), pp.1909-1915, 2014.  
 
AUTHORS 

 
Vinayak Malhotra received the B.E. from The Aeronautical Society of India and Master of Science 
degree in Aerospace Engineering from Indian Institute of Technology Madras, Chennai. He professes in 
Department of Aerospace Engineering, SRM University Chennai and his research interest includes multi-
disciplinary sciences of Combustion and Propulsion. 

 
  

Pratik Tiwari is undergraduate student in Department of Aerospace Engineering, SRM University 
Chennai. He is interested in broad field of heat transfer and combustion. He has worked on convective 
heat transfer along with exploring physics in impinging jets. Presently he is investigating smoldering 
combustion and automation. 

 
  
Shitiz Sehgal is undergraduate student in Department of Aerospace Engineering, SRM University 
Chennai. He is interested in basic Fluid and Thermal sciences and exploring dynamics in impinging jets.  
 
  
Ajay Babusekhar is undergraduate student in Department of Aerospace Engineering, SRM University 
Chennai. He is interested in broad field of heat transfer and Fluid Flows. Presently he is exploring 
physics in imposing jets. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 


