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ABSTRACT 
Experimental simulation of heat transfer through the re-entry of space vehicles are in the interest field of areo-

engineers. The purpose of the current study is to experimentally and numerically investigate the effect of thermal 

radiative heat sources (Quartz lamps) on thermal heating of a thin plate inside an open cavity. The enclosure is open 

on the sides and is cooled from the bottom wall. The top wall of the enclosure is acting as a thin plate. The heating 

elements are placed at a distance from the bottom wall inside the cavity. The effects of various factors, such as plate 

distance from the heat source, the heat source strength, and the thermal radiative emissivity on plate temperature 

distribution is measured and a correlation for the plate maximum temperature for a single lamp is presented. Using 

that correlation a method is presented to estimate the maximum temperature of a heated thin plate in an open cavity 

exposing an arbitrary heating lamps power and arrangement. Good agreements between the experimental and the 

estimated results are gained. To reduce the number of experiments a finite-volume code which solves the governing 

nonlinear differential equations (mass, momentum, energy of fluid, and energy of surface) based on Patankar’s 

SIMPLE method is developed and is benchmarked by experiments. By the code the length of uniform temperature 

region as a function of heat source number, plate distance from the heat sources, distance between heat sources, and 

the uniformity coefficient is calculated.  

 

Keywords: Open cavity, Surface radiation, Natural convection, Experimental correlation, uniform thermal loading, 

Infrared camera. 

 

1.    INTRODUCTION 

When a hypersonic vehicle, such as a planetary-entry capsule or a high-lift reentry vehicle Space Shuttle or a 

scramjet-powered aircraft, is designed to fly outside the region of the earth’s atmosphere for distances of 5000 miles 

or near the outer edge of the atmosphere; it reenter the atmosphere with a large amount of kinetic energy due to its 

high velocity at suborbital speediness of from 20,000 to 22,000 ft/s and a large amount of potential energy due to its 

high altitude. At such high velocities, the aerodynamic heating of the reentry vehicle becomes severe because it 

needed that at the earth’s surface it contains no kinetic or potential energy ( Qtotal≈ 0.5 Cf /CD KE). Since the shuttle 

must slow down early during reentry into the earth’s atmosphere to avoid massive aerodynamic heating. Therefore, 

with the purpose of obtain this deceleration; a high drag is desirable for the space shuttle. In addition, the pointed-

nose reentry body is doomed to failure because it would burn up in the atmosphere before reaching the earth’s 

surface. To minimize aerodynamic heating (Cf<<CD), one actually wants a blunt (Drag mainly should be due to 

pressure drag rather than friction drag) rather than a slender body (the maximum L/D ratio, 6+ 12/M∞, of the space 

shuttle during reentry is about 2) [1].  

Other than shuttles, the hypersonic vehicles for sustained hypersonic flight in the atmosphere are a major challenge 

to the next generation of aerospace engineers (the X-43 Hyper-X test vehicle powered by a supersonic combustion 

ramjet engine, achieved sustained flight for 11 s at Mach 6.9 in 2004). The aerodynamic heating rate varies as the 

cube of the velocity ( Qw /A≈ 0.5 ρ∞ CH V3≈ 0.25 ρ∞ Cf V3) is in contrast to aerodynamic drag, which varies only as 

the square of the velocity. Even ambient density at a height of about 74 km is not much more than one millionth of 

sea-level density, the Shuttle Orbiter experienced peak heating. Since the nose region of high-speed blunt bodies is 

of practical interest in the calculation of drag and aerodynamic heating (q w ≈R-1/2), the properties of the flow behind 

the normal portion of the shock wave take on some importance. Because when a shock wave impinges on the 

boundary layer, flow separation and local reattachment may occur, creating local regions of high heat transfer. As 

the stagnation point heating varies inversely with the square root of the nose radius; hence to reduce the heating, 

increase the nose radius (q”w ≈1.83 × 10−12 ρ∞
1/2 V3R-1/2(1 – 2cpTw/ V2)). The static temperature ratio across a normal 

shock wave with M∞ = 36 is 42. It means if the air be at 258 K the surface would be at 11000 K. Since thermal 
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radiation from the hot gas becomes a substantial portion of the total heat transfer to the body surface. In the design 

of the Apollo heat shield, the portion of radiation to the total heat transfer to the body surface was considered 0.3. 

In the history of flight, the most unfortunate example of such destruction occurred on February 1, 2003,  when the 

space shuttle Columbia crumbled over Texas during entry into the earth’s atmosphere. Several of the thermal shield 

tiles near the leading edge of the left wing had been damaged by debris during launch. This allowed hot gases to 

penetrate the surface and destroy the internal wing structure [3]. 

The design of thermal system at high temperature occurs in applications such as thermal control of electronic 

systems [1], transformers [2], fusion reactors technology [3], hot structures [4] , fuel cells [5], fibrous insulations [6], 

solar-energy drying systems[7], chemical vapor deposition reactors[8], smoke diffusion in a fire outbreak in building 

[9], flame [10],automotive [11], and HVAC [12]. Several investigations have been carried out on natural convection 

in open cavities [13-14] but few papers have investigated the combined heat transfer by natural convection and 

thermal radiation in open cavities, as stated in Ref.[15 ]. Representative studies may be categorized depending on 

the aim of experiment to obtain the fluid dynamic behavior using visualization techniques [16-17], temperature 

distribution of fluid [18-20] ,both fluid flow and flow temperature [21-23] , maximum temperature of solid 

surface[24-27], heat flux through the fluid [28], heat flux on the solid surface[29-31]. 

Also considerable attention has been given to numerical investigation of natural convection from enclosures with 

discrete heat sources attached on the walls and their optimal distribution [32-35]. Recently the effect of thermal 

radiation in an enclosure with discrete heaters buoyant in the fluid (not attached to the solid wall like electronic 

boards) is investigated numerically [36-51].To date no data is available on the experimental investigation of the 

effect of the thermal radiation in an enclosure with discrete heaters as heating object to model a thermal loading 

system. Also there is no numerical investigation to uniform heating of a plate by discrete heat source. 

 
Figure 1. Required heating of a sample shuttle as a function of its distance from nose. 

 

2.    EXPERIMENTAL RIG 
Figure 1 show the required heating of a sample shuttle as a function of its distance from nose which the conditions 

are mentioned in the figure. To do that an experimental setup in Cartesian coordinate system is considered.  

Figure 2 shows the schematic of the experimental set-up. As shown, a thin plate is mounted horizontally on the four 

supports in its corners above the quartz lamps. The carbon-steel plate thickness is 3 mm and its surface dimension is 

100×100 cm. The Quartz lamps (BLV Licht - und Vakuumtechnik GmbH, halogen flood light lamps, 2000 W, 230 

V, 44000 lm, 3000 K) are acting as heaters. The power of the each Quartz lamp is changed by an industrial dimmer 

(TD30 Tesla company, 1500VA, 15A) through the experiment. The distance of the heater from the plate is varied by 

variation in the supports heights. In addition, the plate emissivity changes by painting the plate. The range of the 

heater powers, distances from the plate and their emissivity are given in Table 1. In order to control the temperature 

of the quartz lamp’s electric connections through the experiment, cold water maintains circulated through the bottom 

wall of the enclosure. Thermal insulator (Luyang bricks and ceramic fiber textile) is used to insulate and constrained 

the two sides of the cavity which is perpendicular to the Lamps direction. Air ventilates through the two sides of the 



IJRRAS 26 (1) ● January 2015 Jamalabadi & Dousti ● Radiant Heater Design 

 
 

3 

 

cavity which is parallel to the Lamps direction (openings in Figure 2). The set up uses a ThermoProTMTP8 infrared 

camera (8μm-14μm bandwidth, temperature range -20°C to 800°C) to measure the surface temperature evolution 

while the plate is heated by Quartz lamp. The camera is placed normal to the thin plate surface in the distance of 1 

meter above it (see Figure 2). The infrared camera is connected to a 12 bit data acquisition with real time software. 

The camera captures 10 frames per seconds.  

 

 

Figure 2. Schematic of the experiment: enclosure with discrete heaters and boundary conditions. 

 

Table 1. Range of parameters considered in this study 

parameter Range in Experiment Range in Numerical Calculation 

Q 200-2000 (watt) 100-2000 (watt) 

H 3.5-19.5 (cm) 3.5-19.5 (cm) 

D 1 (cm) 1 -20(cm) 

ε 0.576-0.889 0-1 

N 1-3 1-20 

T∞ 300 (K) 300 (K) 
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Figure 3. Maximum, average and minimum temperature variation of the heated plate versus time to achieve steady 

state condition (h=3.5 cm, Q = 2000 watt) 

3. ONE LAMP HEATING 

3.1 PRE-TEST 

At the pre-test step of the experiment some thermocouples (type K) used to verify the precision of infrared camera 

and to measure the temperature difference between two sides of thin plate. As measured by the thermocouple 

devises the maximum temperature difference between top (unexposed to the heat flux) and bottom (exposed to the 

heat flux) of thin plate which occurs at the maximum heat flux position of the plate (equals the maximum 

temperature point corresponds to the midpoint of the heater) is less than 5 degree of Celsius. For the engineering 

application we the difference between the top and bottom of the plate temperature can be neglected and the top plate 

temperature which measured by infrared camera is considered as the temperature of thin plate. The error calculation 

is shown Table 2. As shown the maximum relative measuring error is 0.6 %. 

 

3.2 DATA ACQUISITION 

Figure 2 depicts the maximum, the average and the minimum temperature of the heated plate when plates are placed 

at 3.5 cm of a 2000W heater (h=3.5 cm and Q = 2000). As shown by the Figure 3 Temperature reaches to a steady 

value after 1000 seconds. However for more accuracy the experiment time is extended to 2000 seconds. For thermal 

design purposes the experiment focuses only on the maximum temperature of the heated plate. A code is developed 

for data transformation of Infrared images to plot the temperature contours (Surface temperature image of the thin 

plate that is taken by the Infra-red camera). The spatial resolution of the image which captured by the IR camera is 

384x288 RGB points. In Figure 4 the contour of temperature on the heated plate is shown. The temperature values 

are in degree of Celsius and the unit of coordinate systems in millimeters. The isotherm lines are parallel with the 

heat source orientation as illustrated in the Figure 4. This demonstrated the effectiveness of adiabatic walls that are 

provided perpendicular to heat source to observe the effect of natural convection ventilation in a one direction.  
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Figure 4. Contour of temperature on the heated plate 

 

Figure 5. Maximum Temperature of the heated plate as a function of heat source power for various height of the 

plate 



IJRRAS 26 (1) ● January 2015 Jamalabadi & Dousti ● Radiant Heater Design 

 
 

6 

 

 

Figure 6. Relative absorbtion coefficient of unpainted steel and black painted as a function of Temperature 

 

3.3 Experimental Correlation 

The Figure 5 shows the maximum temperature of the heated plate as a function of heat source power for various 

height of the plate. The plate has painted by the black color (Dupli-color exhaust paint Supertherm which is 

temperature-resistant up to 800°C). As shown through the 168 experiments (21 levels of power and 8 levels of 

height) by increase of heat source power the maximum temperature increase. However decrease in distance between 

heat source and the heated plate leads to increase in temperature. By a regression analysis on the data we reach the 

following empirical correlation: 

(1)  

with root square error of 99.3%. Since measured variables in Equation (1) have uncertainty, the first step is assessing 

the experimental uncertainties of measured temperature. The total error of temperature is a sum of the error in any 

component, error of the measured value, i.e., 

(2)  

 

based on the computation of the error estimation of parameters of single quartz lamp measurements which is shown 

in Table 2 and the above formula the relative error of temperature measurement is 0.0063. So the precision of 

empirical correlation of Eq. (1) in temperature estimation is 98.7 %. By more tolerance the more justified correlation 

is obtained as: 

(3)  
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in this semi-empirical correlation coefficients obtained with 95% root square error. The same error analysis 

calculated for Equation (3) is performed for this equation the precision of empirical correlation of Eq. (3) in 

temperature estimation is 94.3 %.  

 

Table 2. Computation of the error estimation of parameters of single quartz lamp measurements 

parameter Minimum value Maximum error Maximum Relative error 

Q 200 (watt) 1 (watt) 0.005 

H 3.5 (cm) 0.1 (cm) 0.0286 

D 1 (cm) 0.01 (cm) 0.01 

ε 0.576 0.001 0.0017 

N 1-3 0 0 

 

3.4 EMISSION COEFFICIENT MEASUREMENT 

The devise used for determining emittance of painted and unpainted plate is a portable infrared reflectometer the 

AzTek [AZ Technology] Temp 2000 as suggested in Reference [38]. AZ Technology's TEMP 2000A handheld 

emissometer/reflectometer is the recognized replacement for an aging Gier-Dunkle DB100. Measurement accuracy 

of this devise (for secular and diffuse samples) is ± 1% of full scale for gray samples and repeatability is ± 0.5% of 

full scale or better. The emissivity of the painted plate with black paint is 0.889, the emissivity of the unpainted plate 

is 0.576 ,and the emissivity of reflector is 0.04. At the next stage of experiment the same plate is used but with the 

natural color of clean carbon steel. The absorbtion coefficient in thermal radiation physics defined as the fraction of 

a thermal irradiation absorbed by the surface of the absorber: 

(4)  

If we neglect the effect of convection and conduction against radiation ,the heat transfer gained by plate to receive 

the temperature is controlled by plate absorbtion coefficient. So From Eq (3) (
qT max ) and (4) the relative 

absorbtion coefficient of carbon steel plate to black plate can found by the relation  

(5)  

 

Some experiment is performed to get the relative absorbtion coefficient of clean(unpainted) and black carbon steel 

plate by Eq(5). In Figure 6 absorbtion coefficient of steel as a function of temperature is presented. As demonstrated 

absorbtion coefficient of carbon steel plate has the value between 0.6 and 0.7. It could be approximated by the value 

of 0.65 with the 0.05 uncertainty. As illustrated in Figure 6 the emissivity of unpainted plate decreasing slightly by 

increase of temperature. As shown in Figure 6 the relative emissivity of unpainted plate to painted plate is 0.66 and 

by precise calculation at room temperature the relative emittance is 0.65. This experiment shows the validity and 

applicability of the proposed correlation (Eq(5)) and a method to calculating absorbtion coefficient of thin plates at 

high temperature which cannot be detected by ordinary devises (such as portable infrared reflectometer the AzTek 

[AZ Technology] Temp 2000). 

 

4. ARBITRARY THERMAL LOADING  

In previous section the effect of one heat sources on a plate temperature have been studied because the effect of 

complex arrangement of heat sources on plate temperature is a nonlinear combination of an each lamp results. In this 

section a rule of thumbs for engineering application is developed (which is not requested complicated CFD 

calculations) to calculate the maximum temperature of thin plates heated by quartz lamp discrete heat sources. For 

an arbitrary arrangement of heat sources first the Cij, view factor corrections of a source i at the position of 

maximum temperature j, should be defined for each of heat source. Then effective power for using in Equation (1) 

calculated as bellow 
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(6)  

when the normal distance of heat sources from the plates are equal. But at the other cases the effective heat flux for 

using in Equation (3)can be calculated as follow 

(7)  

 

Table 3. Case Studies for various arrangement of Quarts Lamps 

H(m) P1(watt) P2(watt) P3(watt) Maximum 

Temperature (K) 

Relative 

error of 

Eq(1) 

Relative 

error of 

Eq(3) 

Relative error 

of Eq(19) 

0.045 397 0 0 470.15 0.0056 0.0161    0.0067 

0.045 397 782 0 545.15 0.0204 0.0218     0.0214 

0.045 397 782 629 560.15 0.0061 0.0114     0.0077 

0.045 1900 782 629 600.15 0.0037 0.0159     0.0064 

0.045 0 782 629 557.15 0.0219 0.0252     0.0231 

0.045 0 1866 629 577.15 0.0131 0.0028     0.0107 

0.045 0 1866 0 549.15 0.0351 0.0274     0.0331 

0.035 0 298 0 481.15 0.0016 0.0162     0.0088 

0.035 417 298 0 525.15 0.0045 0.0103     0.0102 

0.035 417 298 366 569.15 0.0455 0.0428     0.0405 

0.035 0 237.6 0 466.15 0.0064 0.0237     0.0140 

0.035 0 244 0 475.15 0.0096 0.0071     0.0021 

0.035 269 244 0 520.15 0.0257 0.0163     0.0195 

0.035 269 244 257 536.15 0.0249 0.0185     0.0192 

0.035 269 0 257 504.15 0.0226 0.0105     0.0160 

0.035 269 0 0 477.15 0.0022 0.0135     0.0051 

0.035 738 0 0 546.15 0.0170 0.0131     0.0117 

0.035 738 0 782 568.15 0.0157 0.0156     0.0110 

0.035 738 715.2 782 609.15 0.0256 0.0311     0.0219 

0.035 0 715.2 0 546.15 0.0207 0.0164     0.0153 

0.044 102 71 42 463.15 0.0640 0.0458     0.0612 

0.044 429 245.2 440 540.15 0.0308 0.0298     0.0309 

0.044 688 245 762 565.15 0.0288 0.0322     0.0296 

0.044 688 1058.4 762 603.15 0.0371 0.0457     0.0388 

0.044 0 1058 0 550.15 0.0297 0.0305     0.0300 

0.079 716 0 734 491.15 0.0154 0.0204     0.0289 

0.058 716 0 734 521.15 0.0180 0.0212     0.0246 

0.043 716 0 734 548.15 0.0192 0.0201     0.0190 

0.042 716 0 734 550.15 0.0191 0.0199     0.0185 

0.212 704 0 720 397.15 0.0044 0.0131     0.0394 

0.173 704 0 720 416.15 0.0084 0.0163     0.0388 

0.136 704 0 720 438.15 0.0111 0.0181     0.0364 

0.107 704 0 720 462.15 0.0160 0.0221     0.0360 

0.079 704 0 720 492.15 0.0195 0.0243     0.0329 

0.045 742 716 0 567.15 0.0355 0.0391     0.0368 

0.047 742 716 0 562.15 0.0352 0.0390     0.0374 

0.060 742 716 0 533.15 0.0311 0.0359     0.0386 

0.079 742 716 0 503.15 0.0295 0.0352     0.0429 

0.107 742 716 0 471.15 0.0268 0.0336     0.0467 

0.136 742 716 0 445.15 0.0204 0.0280     0.0455 

0.172 742 716 0 422.15 0.0168 0.0251     0.0470 

0.212 742 716 0 401.15 0.0099 0.0190     0.0448 

 

Qeff i ij

heat sources

Q C 

2 2

Q Q
ij

heat sourceseff i

C
H H
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In Table 3 the distance of three lamps from the thin plate , the power of each lamp, the maximum temperature 

measured by experimental , and the error of calculated maximum temperature by each proposed methods (based on 

the empirical and semi-empirical relations) for 42 cases are shown. The distances between lamps are 2.5 

centimeters. However the fitted curve in equation (1) has less error in computing maximum temperature than 

Equation (3) in one lamp heating and in complex thermal loading but the method which used the Equation (3) can be 

generalized for thermal heating with various heights and is more justified.  

 

5. NUMERICAL SIMULATION 

5.1 MATHEMATICAL MODEL AND BOUNDARY CONDITION 

The schematic of the open cavity is shown in Figure 7.This 2D cavity is a cross section from the middle of 3D cavity 

shown in Figure 1.As shown the lower wall is at constant temperature while the upper wall is adiabatic. The heaters 

are installed at a distance from the bottom wall of the cavity. The energy generated by the discrete heaters is 

removed from the cavity by air circulation. In writing the governing mass, momentum and energy equations the 

following assumptions are made: the flow is laminar, fluid is Newtonian, viscous heat dissipation is neglected, walls 

are diffuse and gray(Absorbtion coefficient is equal to emission ie α=ε), and the fluid is a non-absorbing medium. 

All thermo-physical properties are constant except density, which varies linearly by Boussinesq approximation. 

Followings are the non-dimensional governing mass, momentum and energy equations, respectively: 
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As shown in Figure 7, the boundary conditions for the system are: 

On bottom wall surface (Y=0):  

(13) 
04.0100 
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On top wall (Y=A): 
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Figure 7. Schematic of the enclosure with discrete heaters, the coordinate system and boundary conditions 
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Emissivity value of all walls are measured by TEMP 2000A at 300K, and surface temperature of quartz lamp are 

unknown which obtained by the solution of Equation (12). For a thin plate with thickness of order of millimeter (t ~ 

10-3 m) and high thermal conductivity like steel plate sheets (k ~ 102 w/mK) in a natural convection regime (h~ 10 

m2K/w), the biot number is about (Bi ~  10-4) so it can be assumed that there is no temperature difference through 

the depth of the solid and the condition (dT/dy) = 0 is placed at the heated wall. Also as measured in experiments the 

maximum temperature difference between two sides of the plate is less than 5 degree of Celsius in comparison with 

630 degree of Kelvin for the temperature at point (<0.01). The universality of the conclusions which presented here 

are not depend on the plate thickness, properties (specially thermal conductivity) and external conditions to 

generalize to other engineering applications which have small Biot numbers. 

 

5.2 NUMERICAL METHOD AND BENCHMARK 

In order to solve the nonlinear governing equations a computer code based on SIMPLE finite volume is generated 

and utilized [39]. Current code was used in [36-37] to investigate the same thermal heating problem numerically. A 

converged solution is obtained by iterating in time until variations in the primitive variables between subsequent 

iteration meet: 

(18)   4

,, 10ji

old

ji 
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where φ stands for U, V,P, and θ. Also the under relaxation coefficient is set to 0.8, 0.8, 0.3, and 0.95 respectively. 

All grids are Uniform in X and Y. The grid independency is performed for grid sizes between 0.1 to 0.005 and result 

are presented in Table 4. A grid size of 0.01 is selected where the deviation between 0.01 and 0.005 for Nu is about 

0.02 %. In order to verify the result the code is validated against the results given by de Vahl Davis [40] and Dixit 

and Babu [41]. Results are obtained using ΔX = ΔY = 0.02 mesh size at Ra = 104 and ΔX = ΔY = 0.1 at Ra = 105, 

106. There is a maximum of 6 % deviation in Nu as shown in Table 5. 

 

Table 4. Grid convergence study at ζ = 55.31 with N=11, A=1 

ΔX Nu % Ψmax % 

0.1 53.12 9.5522 285.46 2.3668 

0.05 57.37 2.3157 274.93 1.4093 

0.01 58.72 0.0170 280.15 0.4626 

0.005 58.73 0.0 278.86 0.0 

 

Table 5. Verification study with the benchmarks 

Ra 

 

Nu 

a b This study 

103 1.116 1.120 1.13 

104 2.242 2.286 2.25 

105 4.531 4.563 4.54 

106 9.035 8.800 8.9 

a) de Vahl Davis [8] and b) Dixit and Babu [23]. 

 

6. NUMERICAL RESULTS 

To perform less experiment a numerical code is developed. Figure 8 depicts the isotherms, streamline and vortex 

line of open cavity with one heat sources. In Figure 8, streamlines point up that the fluid enters the cavity from the 

lower part of the opening, rises along the symmetry line and following the upper horizontal boundary exits at the 

upper part of the opening. As expected, the flow pattern changes when the effects of thermal radiation are included 

the streamlines are weaker through the domain. Being more distorted by the heat sources. Analysis of the velocity 

field demonstrates that the derivative fields of the velocity the overall behavior of the flow structure. The 

comparison of numerical (continuous line) versus experimental (singular points) for maximum temperature of plate 

for one heat source element is shown in Figure 9. Because of assuming adiabatic boundary condition at top wall and 

2-D simulations the numerical values aren't equal to experimental but they are at good agreement. By using semi-

experimental general function the fitted curve of numerical results from Figure 9 is obtained as 

(19)  

 

in this numerical correlation coefficients obtained with 95% root square error. Dimensionless streamline and 

isotherm of three lamps arrangement for case 10 of Table 5 is shown in Figure 10. Also the prediction of Equation 

(19) for maximum temperature of various cases is presented in Table 5.  
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b) 

 

Figure 8. Dimensionless a) Streamline b) isotherm of one lamp (Q=1770 W,H= 19.5 cm) 

 



IJRRAS 26 (1) ● January 2015 Jamalabadi & Dousti ● Radiant Heater Design 

 
 

13 

 

 

Figure 9. Numerical (Continuous line) versus experimental (singular points) comparison 

 

a) 

 

b) 

 

Figure 10. Dimensionless a) Streamline b) isotherm of three lamps (P1=417 W,P2=298 W,P3=366 W,H= 3.5 cm) 

 

7. LENGTH OF UNIFORM HEAT FLUX REGION 

Heat flux uniformity coefficient is defined as the ratio of minimum heat flux to maximum heat flux at uniform heat 

flux region. Heat flux uniformity coefficient in this study assumed between 0.5 and 0.95. Figure 11-14 depicts the 

length of uniform heat flux region based on the geometrical and uniformity coefficient for 50000 studied cases. The 

horizontal distance between lamps is ranging from 1 to 20 cm with the step of 1 cm, the vertical distance of thin 

plate from lamp is ranging between 1 to 20 cm with the step of 1 cm, the input power to each lamp ranging 100 W to 

2000 W with the step of 100 W, and number of heat sources is ranging 1 to 20 with the step of 1 lamp. In Figure 11-

14 the balance point is the horizontal distance between lamps is 10 cm, the vertical distance of thin plate from lamp 

is 10 cm, the power of each lamp equals to 1000 W, and number of heat sources is 10. The fitted curve with relative 

error of 15% is as below  
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Figure 11. The length of uniform region based on power of lamps and temperature uniformity coefficient (d=10 

cm,H=10 cm,N=10) 
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Figure 12. The length of uniform region based on distance between lamps and temperature uniformity coefficient 

(Q=100 W,H=10 cm,N=10) 

 

Figure 13. The length of uniform region based on number of heat sources and temperature uniformity coefficient 

(d=10 cm,H=10 cm,Q=1000 W) 
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Figure 14. The length of uniform region based on Height of Plate from the Rack of Lamps and temperature 

uniformity coefficient (d=10 cm,N=10,Q=1000 W) 

8. CONCLUSION 

We investigated numerically and experimentally steady state heat transfer by natural convection and thermal 

radiation in an enclosure which is formed by a constant temperature wall, an adiabatic wall, two openings and 

discrete heat source. The most important conclusion listed as below: 

 The infrared camera is a useful and precise device for the temperature measurement. 

 Increasing heat source input power and decreasing aspect ratio caused the maximum temperatures increase. 

 An empirical correlation developed for engineering application for the maximum temperature of heated thin 

plate in expose of single quartz lamp. Also by some tolerance a semi-empirical correlation and a numerical-

based correlation is derived. 

 Experiments have been backed up by a 2-D numerical analysis of fluid flow and heat transfer for geometry 

corresponds to the one used for the experiments and boundary condition based on experimental results. The 

good agreement between the experiments and the numerical results confirms the sufficiency of the two 

dimensional approximation and adiabatic wall BC (neglect the effect of conduction) at small Biot numbers 

for heating of a thin plate inside an open cavity using thermal radiative heat sources. 

 Based on the numerical and experimental correlations, a simple method (without solving complex 3-D CFD 

calculations) to calculate the maximum temperature of plates for an arbitrary arrangement of heat sources is 

presented and verified. 

 A parametric study in thermal and geometrical parameters effects on achieving a constant temperature 

distribution for various deviations from uniformity is illustrated.  

 The effective parameter in for a uniform temperature distribution on plate are aspect ratio (the vertical 

distance of thin plate from lamp),input power to each lamp, the horizontal distance between lamps, 

uniformity coefficient, and number of heat sources respectively. 

 The most effective interaction between parameters in the length of uniform temperature distribution on 

plate is the interaction of input power to each lamp and uniformity coefficient. Also input power to each 

lamp has the greatest order between quadratic terms. 
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