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Abstract 5 

A measurement system has been designed to characterize the radiant energy efficiency of infrared heating 6 

elements. The system also allows for measurement of the radiant heat flux distribution emitted from radiant heater 7 

assemblies. To facilitate these, a 6-axis robotic arm is fitted with a Schmidt-Boelter radiant heat flux gauge. A 8 

LabVIEW interface operates the robot and positions the sensor in the desired location and subsequently acquires 9 

the desired radiant heat flux measurement. To illustrate the functionality of the measurement system and 10 

methodology, radiant heat flux distributions and efficiency calculations are performed for a commercially 11 

available ceramic heater element for two cases. In the first, a spherical surface is traced around the entire heater 12 

assembly and the total radiant power and net radiant efficiency is computed. In the second, 50 cm x 50 cm vertical 13 

planes are traced parallel to the front face of the heater assembly at distances between 10 cm and 50 cm and the 14 

in-plane power and efficiencies computed. The results indicate that the radiant efficiencies are strongly dependant 15 

on the input power to the element and, for the in-plane efficiencies, depend on the distance from the heater.  16 
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1. Introduction 18 

An infrared (IR) heater is one whose primary 19 

function is that of transferring heat to a target via the 20 

emission of infrared radiation [1]. The scope of 21 

application for radiant heaters is vast depending on 22 

the technology used. In industry, radiant heaters are 23 

used in process heating, thermoforming, curing, 24 

drying and food processing applications, to name a 25 

few [2-4]. They are also used in comfort heating for 26 

domestic applications [5, 6] as well as in health and 27 

medical applications ranging from incubators to 28 

postoperative rewarming [7].   29 

Electric heating is known to be a costly form of 30 

industrial and domestic heating. However, radiant 31 

heaters offer an energy efficient and quick response 32 

form of electric heating as they operate by heating 33 

objects directly opposed to pre-heating the air 34 

surrounding the objects and transferring the heat by 35 

the less effective means of convection. An example 36 

is provided by Roth et al. [8] whereby infrared 37 

heaters used half of the energy of unit heaters in a 38 

space heating scenario in a large commercial 39 

building. 40 

Some advantages of IR heating over conventional 41 

heating technologies include, though are not limited 42 

to the following:, 43 

• Radiant heat exchange is between the source and 44 

the target, not the surrounding air, and can provide 45 

energy efficient heating with associated reduction in 46 

heating cost. 47 

• Radiant heat exchange is instantaneous and 48 

requires little or no preheating. This increases cycle 49 

times in industrial applications (e.g. blow moulding 50 

of plastic drinking bottles) and makes it suitable for 51 

cost effectively heating infrequently used or large 52 

domestic and commercial spaces.  53 

• Radiant heating systems share the same optical 54 

properties as light, i.e. the heat can be reflected, 55 

focused or diffused by reflectors, filters etc. 56 

Radiant heaters produce different intensities and 57 

therefore different wavebands of radiation. Very 58 

high powered radiant heaters emit a high proportion 59 

of energy in the visible spectrum (0.4-0.7 μm) 60 

whereby far-infrared emitting heaters (8-14 μm) are 61 

generally lower powered. Further to this, the 62 

radiation heat transfer exchange between the heater 63 

and the target is also highly dependent on geometry, 64 

directionality and the surface and bulk properties of 65 

the emitter and target material. As such, the proper 66 

design of a radiant heating system or assembly 67 

requires, at the very least, an idea of the quantity of 68 

the radiant heat being emitted as well as the 69 

distribution of the heat as it spreads from the source 70 

towards the target. 71 

Although some literature exists for gas-fired radiant 72 

heaters [9, 10], there exists very little available 73 

literature on the topic of characterization of electric 74 

infrared heaters, in particular those used in industrial 75 

and domestic/commercial applications. Of those 76 

which are available, the radiant heat output has been 77 

characterized by the total output power which is 78 

derived from a 2-dimensional heat flux distribution 79 

measured in a plane parallel to the heater face [11, 80 

12].  81 



Bédard [11] has performed perhaps the only 82 

comprehensive study of IR heater characterization. 83 

In this work, three types of experiments were 84 

performed: radiant heat flux mapping/radiant 85 

efficiency evaluation, transient behaviour 86 

characterization and spectral emission 87 

characterization. For the heat flux mapping and 88 

efficiency evaluation, 13 Schmidt-Boelter heat flux 89 

gauges were arranged in a line beneath the heater 90 

under test and subsequently moved by a positioning 91 

system in order to scan and map the radiant heat flux 92 

emitted from the heater. Tests were performed for a 93 

range of gas and electrical heater types and it was 94 

shown that the radiant efficiency ranged between 95 

39% and 85% and depended strongly on the type of 96 

heater. 97 

More recently, Butturini & Ngo [1] conducted a 98 

feasibility report demonstrating that the use of  99 

commercially available, though unspecified, radiant 100 

heat flux sensors to measure the heat output from a 101 

heater is a viable and repeatable method of testing 102 

the performance of electric radiant heaters. They 103 

used a manual positioning test rig and showed that 104 

the method, albeit crude, was repeatable to within 105 

10%. 106 

As is evident from the above discussion, there exists 107 

a severe lack of information and accepted 108 

methodology for characterizing the performance of 109 

IR heating elements. Considering the penetration of 110 

IR heating technology in such a wide range of 111 

industries, spanning thermoforming to food 112 

processing, as well as the applications in domestic 113 

and commercial comfort heating, it is necessary to 114 

improve our understanding of IR heating systems, in 115 

particular their radiant energy efficiency and how 116 

the energy is spread from the source to the target. 117 

The overarching objective of this work is to describe 118 

a measurement system and experimental 119 

methodology for measuring the net radiant output 120 

and subsequent radiant energy efficiency of IR 121 

heater assemblies. The sub-objectives are as 122 

follows: 123 

• To determine the net radiant efficiency of a 124 

commercially available ceramic IR heating 125 

assembly over a range of input powers 126 

• To measure the in-plane radiant efficiency of the 127 

same heater for varying distances from the heater. 128 

• To map the heat flux distribution in 3-dimensional 129 

space in front of the heater. 130 

• To compare the performance of radiant heater 131 

assemblies of similar geometry and rated power. 132 

It is hoped that this work will provide a new starting 133 

point for the correct and rigorous determination of 134 

the radiant energy efficiency and heat flux 135 

distribution of electric IR heaters that can be used by 136 

heater manufacturers and end users which will assist 137 

in the design of future efficient radiant heater 138 

assemblies and systems. 139 

2. Experimental Apparatus, 140 

Methodology and Data Analysis 141 

 142 

2.1 Experimental Apparatus 143 

Fig. 1 illustrates a schematic of the experimental 144 

apparatus. As it is shown, a 6-axis ABB IRB-120 145 

robotic arm, with a position accuracy of ±10 µm, is 146 

fixed to a Thorlabs PTM51018-AL optical table 147 

with active supports and vibration isolation. The 148 

robotic arm is connected to an ABB IRC-5 149 

controller, through which the robotic arm’s motion 150 

and position is governed. The robot controller is 151 

connected to a dedicated computer via Ethernet.  152 

A specialized jig is fixed to the wrist of the robotic 153 

arm which holds a MedTherm 64-Series Schmidt-154 

Boelter radiant heat flux sensor. The heat flux sensor 155 

is factory calibrated over the range 0-2 W/cm2 with 156 

an uncertainty of ±3% of reading and is provided 157 

with a certified comparison calibration per written 158 

procedures to ANSI/NCSL Z540-1, ISO 10012-1 159 

and ISO/IEC 17025. The calibration is traceable 160 

through temperature standards and electrical 161 

standards to the National Institute of Standards and 162 

Technology (NIST). The sensor operates by 163 

measuring a temperature difference across a material 164 

of known thermal conductivity using thermopiles on 165 

the front and back face. To eliminate convective 166 

effects, an IR transparent window is placed in front 167 

of the sensing element. The ZnSe window transmits 168 

electromagnetic radiation in the wavelength range of 169 

0.5 µm to 19 µm, which spans the emission spectrum 170 

of a of radiant heater elements [11]. Transmission 171 

losses through the window are accounted for in the 172 

factory calibration. The back side of the sensing 173 

element is water cooled by a dedicated forced water 174 

flow loop (not shown). 175 

The heat flux sensor faces an IR heater assembly, in 176 

this case electrically powered ceramic radiant 177 

heaters. A CAD rendering of the primary element 178 

under tests is depicted in Fig. 2. The full-sized 179 

trough element (FTE) heater, manufactured by 180 

Ceramicx Ireland, is chosen here for investigation as 181 

it is a common ceramic heater used in both industrial 182 

and comfort heating applications. Other 183 

manufacturers, such as Elstein Ltd. (FSR heater 184 

series), manufacture IR heater elements of very 185 

similar design for use in the same range of 186 

applications.  187 



The FTE ceramic heater has a face dimension of 188 

24.5 cm x 6.0 cm with a white glaze and is heated by 189 

an imbedded coiled heater wire. An aluminium 190 

reflector is positioned at the back side of the heater 191 

to reduce losses and aid in the dispersion of the 192 

radiant heat to the frontal region. The heater is 193 

powered by an Elektro-Automatik PS8360-15 DC 194 

power supply. This power supply has a maximum 195 

output of 360V or 15A with voltage and current 196 

uncertainties of ±0.05% and ±0.15% respectively. 197 

The power supply is controlled through the main 198 

desktop computer via Ethernet. The ceramic heater 199 

under test has within it an imbedded thermocouple 200 

which is used to monitor when the heater has 201 

achieved steady state subsequent to being powered. 202 

 203 

Figure 1: Schematic of the experimental facility. 204 

 205 

Figure 2: CAD rendering of a white glazed FTE 206 

heater element attached to aluminium reflector 207 

(Ceramicx Ltd.) 208 

In order to have an adequate measurement range 209 

without requiring an overly large and costly robot, 210 

the heater assembly is mounted on a jig which is 211 

fixed to an Animatics XL100 linear actuator with an 212 

attached SmartMotorTM powered using a Mean Well 213 

DRP-480S power supply. The linear stage is 214 

controlled by the main computer, via an RS-232 215 

connection, in such a way that it moves the heater 216 

element assembly towards or away from the heat 217 

flux sensor. The linear stage has a bidirectional 218 

repeatability of ±16 µm.  219 

2.2 Control and Measurement Architecture 220 

The measurement system requires that the robot and 221 

linear stage be controlled so as to position the heat 222 

flux sensor in a specified location in front of the 223 

heater after which one or more IR heat flux 224 

measurement is acquired. The relative position and 225 

the magnitude of the sensor output voltage must then 226 

be stored for future post processing.  227 

 228 

Figure 3: Schematic of the control and DAQ 229 

architecture.  230 

Fig. 3 shows a schematic of the control and data 231 

acquisition (DAQ) architecture. For this system the 232 

control and DAQ has been centralized in LabVIEW 233 

in combination with several National Instruments 234 

analogue-to-digital (ADC) and digital to analogue 235 

(DAC) converters. 236 

The user-operated PC is connected directly to the 237 

IRC-5 robot controller via Ethernet connection. The 238 

IRB-120 6-axis robot is governed by a series of 239 

commands implanted in the controller’s database 240 

which in turn is linked to LabVIEW. The LabVIEW 241 

system administrates the operation of the robot and 242 

the data recorded from the thermocouple and heat 243 

flux sensor. 244 

When the program within the robot controller is 245 

initiated, the robot arm defaults to a specified 246 

‘Home’ position. In the LabVIEW interface, a 247 

designated grid size and resolution is defined, along 248 

with the number of measurements to be recorded at 249 

each grid point and the sampling frequency. Once 250 

these parameters have been set, the LabVIEW 251 

system sends a connection signal to the robot 252 

controller. The controller then enters a signal loop 253 

within LabVIEW, waiting to accept the next position 254 

for the robot, moving to this position and checking 255 

to ensure the position is correct. Once these steps are 256 

completed, the controller signals the LabVIEW 257 

system that the position has been reached. The DAQ 258 

system is then triggered and the desired information 259 

is recorded from the heat flux sensor. It should be 260 

noted that care must be taken to ensure sufficient 261 

time in each position to allow the sensor system to 262 

reach steady state. When the DAQ sequence has 263 

completed, LabVIEW generates the next target 264 



position for the robot to move to and the loop 265 

continues. At the end of a complete grid, the robot 266 

arm is signalled by the controller to move back to 267 

the ‘Home’ position while the linear stage is 268 

activated and traverses back to its next position. The 269 

linear stage is activated a number of times, defined 270 

by the user depending on the resolution desired.  271 

2.3 Data Reduction 272 

Two test methodologies were performed in order to 273 

gain an understanding of the radiant performance of 274 

the heater elements. The techniques and 275 

methodologies discussed here are generic, in the 276 

sense that they are applicable to any heater size and 277 

geometry. However, the present embodiment is 278 

limited by the reach of the robot which was sized 279 

specifically for smaller heater elements used 280 

extensively in industrial applications such as 281 

thermoforming. Of course larger radii, and thus 282 

larger heater systems, could be facilitated by a larger 283 

robot. 284 

Spherical Radiant Tests: The purpose of this test is 285 

to determine the Net Frontal Radiant Efficiency 286 

(NFRE) and Net Radiant Efficiency (NRE) of the 287 

radiant heater. To facilitate these, a hemisphere of 288 

15 cm radius, with origin at the geometric centre of 289 

the heater, is traced around the heater. The objective 290 

of course is to measure all of the radiant heat being 291 

emitted from the heater to a region beyond a plane 292 

which coincides with the heater face. The robot 293 

ensures that the sensor face is tangent to the surface 294 

of the sphere at all times and measurements are taken 295 

on a grid defined by 5° increments. The radiant 296 

power through the hemisphere is determined by 297 

assuming that the heat flux is uniform for each grid 298 

surface element so that the power through it can be 299 

calculated by the product of the local heat flux, q′′ij, 300 

and the elemental surface area, A′′ij. The net power 301 

dissipated from the heater through the hemispherical 302 

surface was numerically integrated by simple 303 

addition of the elemental powers according to 304 

equation 1. 305 

𝑃𝐻𝑆 =∑∑𝑞𝑖𝑗
′′𝐴𝑖𝑗

′′

𝑁

𝑗=1

𝑁

𝑖=1

 

(1) 

The elemental surface area, Aij, was a calculated as 306 

a spherical surface element with arc angles of 5° 307 

such that ∑ ∑ 𝐴𝑖𝑗
′′𝑁

𝑗=1
𝑁
𝑖=1  = 4πR2, where R = 15 cm. 308 

The electrical power to the radiant heater is the 309 

product of the voltage and current to the heater, 310 

𝑃𝑒 = 𝐼𝑉 (2) 

In this way the total useful radiant power emanating 311 

from the front face of the heater assembly is 312 

determined by performing measurements for a 313 

hemisphere positioned over the front face of the 314 

heater, and the radiant losses to the rear region are 315 

likewise measured for a hemisphere on the opposite 316 

side of the heater, the two together forming a 317 

completed sphere. Thus, the NFRE is determined by, 318 

𝑁𝐹𝑅𝐸 =
𝑃𝐻𝑆,𝑓𝑟𝑜𝑛𝑡

𝑃𝑒
× 100% 

(3) 

 319 

The NRE is determined in a similar way except that 320 

the measurements for the complete sphere are 321 

considered such that, 322 

𝑁𝑅𝐸 =
𝑃𝐻𝑆,𝑓𝑟𝑜𝑛𝑡 + 𝑃𝐻𝑆,𝑟𝑒𝑎𝑟

𝑃𝑒
× 100% 

(4) 

Of course, if NRE=NFRE it would indicate that 323 

there are no radiant heat losses to the rear of the 324 

heater system. Thus any discrepancy between NFRE 325 

and NRE will be indicative of the effectiveness of 326 

the reflector system.  327 

Grid refinement tests were performed with 328 

increasing grid resolution until the PHS converged 329 

to better than 3%. It was determined that 5° could be 330 

considered a sufficiently refined grid.  331 

In-Plane Radiant Tests: The aim of these tests is to 332 

visualize the heat flux distribution in front of the 333 

heater as well as determine the Net In-Plane Radiant 334 

Efficiency (NIPRE) of the heater at different 335 

distances from the heater face. The in-plane radiant 336 

power, defined here as an example, is related to the 337 

net radiant power passing through a 50 cm x 50 cm 338 

plane centred on the geometric centre of the heater 339 

element. In this way it would be related to the energy 340 

impinging on vertical target of the same dimension. 341 

For these tests each interrogation area is subdivided 342 

into a grid with a resolution of 1.0 cm x 1.0 cm, 343 

which was determined experimentally to be 344 

sufficiently refined in a similar way as for the 345 

Spherical Radiant Tests. Measurements are taken for 346 

planes positioned at horizontal distances of 10 cm to 347 

50 cm from the front plane of the heater with 10 cm 348 

increments. The interrogation planes are illustrated 349 

in Fig. 4. For a given horizontal position the power 350 

passing through the plane and the NIPRE are 351 

calculated, respectively, as follows,  352 

𝑃𝐼𝑃 =∑∑𝑞𝑖𝑗
′′𝐴𝑖𝑗

′′

𝑀

𝑗=1

𝑀

𝑖=1

 

(5) 

 353 

𝑁𝐼𝑃𝑅𝐸 =
𝑃𝐼𝑃
𝑃𝑒

× 100% 
(6) 

 354 



 355 

Figure 4: Interrogation planes for in-plane radiant 356 

tests. 357 

2.4 Experimental Uncertainty 358 

The uncertainties in the spatial positioning and 359 

primary measurements are listed in Table 1. 360 

Table 1: Uncertainties on primary variables 361 

Robotic 

Arm 

± 10 µm 

Linear 

Stage 

±16 µm 

Heat Flux 

Sensor 

±3 % rdg (expanded uncertainty 

with coverage factor k=2) 

Voltage ±0.05 % rdg 

Current ±0.15 % rdg 

  362 

The estimated uncertainties associated with the 363 

efficiencies depend on the power level applied to the 364 

heater and, for the NIPRE, the distance from the 365 

heater. For cases where there is a high overall power 366 

through the interrogation surface, such as the NFRE, 367 

NRE at full power and the NIPRE at full power and 368 

at the closest plane to the heater the uncertainty did 369 

not exceed 5%. For the cases when the overall power 370 

throughput is low, such as the NFRE, NRE at the 371 

lowest power and the NIPRE at full power and at the 372 

furthest plane to the heater, the predicted uncertainty 373 

did not exceed 8%.  374 

3. Results and Discussion 375 

3.1 Spherical Radiant Tests 376 

Fig. 5 shows an example result for the heat flux 377 

distribution around the FTE heater assembly for an 378 

input electrical power of its rated 600 W. The image 379 

shows that the heat flux is greatest in the frontal 380 

region with a visibly low proportion of the radiant 381 

heat emanating from the rear. In the front there is a 382 

fairly uniform region of heat flux, though two 383 

regions of concentrated heat flux are noticed along 384 

the equator. These are due to the closer proximity of 385 

the sensor to the heater as a result of its rectangular 386 

geometry. The net power exiting the front 387 

hemisphere was calculated to be 310.6 W, resulting 388 

in a NFRE=51.8%. The rear region dissipates a 389 

substantially lower 29.7 W. Combining these, this 390 

scenario results in a NRE=56.7%. 391 

 392 

Figure 5: Spherical heat flux map of white FTE 393 

ceramic heater element operating with an electrical 394 

input power of 600 W. 395 

 396 

Figure 6: Net radiant and net frontal radiant 397 

efficiencies versus electrical input power for a FTE 398 

ceramic heater element. 399 

Fig. 6 illustrates the relationship between the heater 400 

efficiencies and the electrical input power. First, 401 

there is consistently 10% more total heat radiated by 402 

the element compared with that radiated to the 403 

frontal region. Thus, the NFRE and NRE are close 404 

to one another and in the region of 50% indicating 405 

that only a portion of the heat which is radiated from 406 

the back of the element is effectively reflected and 407 

re-radiated to the frontal region by the reflector. 408 

With regard to the NRE, the measurement indicates 409 

that convective losses are approximately half of the 410 

input power. These losses would occur from both 411 

faces of the element as well as from both faces of the 412 



reflector which is heated by the heat radiating from 413 

the rear of the heater.  414 

From the figure the efficiencies show an asymptotic 415 

trend with respect to the input electrical power. 416 

Since the primary modes of heat transfer from the 417 

element are natural convection and radiation, this 418 

indicates that at lower heat fluxes, which are 419 

associated with lower temperatures, the relative 420 

proportion of natural convection is larger than it is 421 

for higher temperatures.   422 

The heater system under investigation is far too 423 

complex to correctly model analytically. However, 424 

the asymptotic trend associated with the NFRE can 425 

be explained by considering how a very simple 1D 426 

vertical surface behaves as its temperature is 427 

increased when the two modes of heat transfer are 428 

natural convection and radiation. Here, the vertical 429 

surface has a characteristic length of L=6 cm, which 430 

is the height of the FTE heater under investigation 431 

and it is assumed to dissipate heat to an infinite 432 

surrounding at a temperature of T∞=293 K. For the 433 

simple model depicted in Fig. 7, the heat flux from 434 

the surface can be approximated as, 435 

𝑞′′ = 𝑞𝑐𝑜𝑛𝑣
′′ + 𝑞𝑟𝑎𝑑

′′

= (ℎ𝑐𝑜𝑛𝑣 + ℎ𝑟𝑎𝑑)(𝑇𝑠
− 𝑇∞) 

(7) 

where hconv and hrad are the convective and radiative 436 

heat transfer coefficients respectively. For a vertical 437 

surface with a Rayleigh Number such that RaL<105, 438 

which would be the case here, the Nusselt Number 439 

can be approximated by the power law [13], 440 

𝑁𝑢𝐿 =
ℎ𝐿

𝑘
= 0.56𝑅𝑎𝐿

0.25 
(8) 

Where 441 

𝑅𝑎𝐿 = (
𝑔𝛽(𝑇𝑠 − 𝑇∞)𝐿

3

𝛼𝜐
) 

(9) 

which can be rearranged to determine the convective 442 

heat transfer coefficient, hconv. 443 

444 

Figure 7: Free body diagram of the simple 1D heat 445 

transfer model. 446 

The radiation heat transfer coefficient is defined as, 447 

ℎ𝑟𝑎𝑑 = 𝜀𝜎(𝑇𝑠 + 𝑇∞)(𝑇𝑠
2 + 𝑇∞

2) (10) 

 448 

The heat transfer coefficients are plotted in Fig. 8 449 

against approximated heater input power (assuming 450 

a double sided heater) and shows how the convective 451 

and radiative heat transfer coefficients are similar in 452 

magnitude at lower powers and surface 453 

temperatures. As the power and surface temperature 454 

increase the convective heat transfer coefficient 455 

increases marginally and then plateaus. The 456 

radiative heat transfer coefficient, on the other hand, 457 

continues to increase monotonically with increased 458 

power. 459 

 460 

Figure 8: Approximated convective and radiative 461 

heat transfer coefficients. 462 

The NFRE is approximated using the simplified 463 

model and is shown in Fig. 9, together with the 464 

experimentally measured efficiency. Experiments of 465 

the heater element with and without the reflector 466 

have shown that approximately 20% of the heat 467 

radiated from the rear face of the heater is reflected 468 

to the frontal region and this has been assumed in the 469 

model in determining the total radiative heat 470 



transferred to the front region of the heater in this 471 

model. As the figure indicates, the simple model 472 

does a surprisingly good job predicting the NFRE of 473 

the heater. In particular, the model shows the same 474 

asymptotic behaviour of the NFRE as the measured 475 

data due to the proportionally larger amount of the 476 

heat being transferred by radiation as the power level 477 

and associated surface temperature increase. 478 

 479 

Figure 9: Predicted and measured NFRE. 480 

3.2 In-Plane Radiant Tests 481 

In application, radiant heaters, such as those under 482 

test, would be used singly or in arrays. It is therefore 483 

important to understand not only the net radiation 484 

emanating from the frontal region of the heater, but 485 

also the distribution of the radiant heat. This will 486 

give an indication of the focusing of the heat as well 487 

as how it is being dispersed. Also, for a given 488 

interrogation window size and orientation, the net 489 

radiation that is being directed towards a target and 490 

the resulting source-to-target in-plane radiant 491 

efficiency can be determined. To this end, the in-492 

plane radiant tests have been performed and an 493 

example of the 3D radiant heat flux distribution is 494 

depicted in Fig. 10 for the FTE heater with 600 W of 495 

electrical power input. 496 

Clearly and unsurprisingly there is a concentration 497 

of high radiant heat flux close to the heater. This is 498 

depicted more clearly in Fig. 11a. The figure shows 499 

the 2D heat flux profile for a 50 cm x 50 cm 500 

horizontal plane located 10 cm from the front of the 501 

heater. As it is shown, there is a peak of 0.61 W/cm2 502 

at the center of the plane which drops off quite 503 

rapidly resulting in a steep heat flux profile. Around 504 

the edge of the plane the heat flux has dropped to 505 

between 0.0005 W/cm2 - 0.005 W/cm2 indicating 506 

that most of the radiation passes through the plane at 507 

this close proximity to the heater. This is depicted in 508 

Fig. 12 where the NIPRE can be compared to the 509 

NRFE. As it is shown the two are very close, with 510 

the NIPRE being marginally lower due to the small 511 

amount of heat radiated outside of the plane through 512 

the gap between it and the heater. The information 513 

provided here would be valuable, for example, in 514 

high heat flux applications where heater arrays 515 

would be implemented. Here the relative spacing of 516 

the heater-to-target and between heaters in the array 517 

would be dictated by the desired heat flux magnitude 518 

and uniformity. 519 

 520 

Figure 10: 3D heat flux map of FTE ceramic heater 521 

of the element operating with an electrical input 522 

power of 600 W.  523 

 524 

(a) 525 

 526 

(b) 527 

Figure 11: In-plane heat flux map of FTE ceramic 528 

heater at a location of (a) 10 cm and (b) 30 cm from 529 

the element operating with an electrical input power 530 

of 600 W.  531 

Fig. 10 also illustrates the diffuse nature of radiant 532 

heat transfer. Moving away from the face of the 533 

heater assembly the peak magnitude and 534 

concentration of the radiant heat flux continually 535 

decreases. This is better illustrated in Fig. 11b where 536 

the 2D heat flux distribution at a distance of 30 cm 537 

is depicted. Here the peak heat flux still occurs at the 538 

center of the zone, though has dropped to around 539 

0.12 W/cm2. At the edge of this particular 540 

interrogation window the levels are between 0.02 541 

W/cm2 to 0.04 W/cm2 which are higher than that of 542 



the plane located at 10 cm, and proportionately 543 

closer to the peak. Thus, as seen in Fig. 11b, 544 

although the heat flux levels are lower, they are more 545 

uniform, which may be advantageous in certain 546 

heating applications such as comfort heating where 547 

care must be taken to avoid skin burn injury [14] and 548 

focused heat would be undesirable. 549 

Due to the spreading of the radiant heat to regions 550 

outside and around the viewing planes, the total heat 551 

transfer through them will decrease with linear 552 

distance from the heater. This is depicted in Fig. 12, 553 

where the decreasing net power results in a 554 

monotonically decreasing NIPRE, dropping from 555 

47% at 10 cm to 15% at 50 cm. Again, this is specific 556 

to the size of the interrogation window and would be 557 

lower for smaller areas and higher for larger ones 558 

and is given here as an illustrative example. Also 559 

shown in Fig. 12 are the results of a second test on 560 

the same heater showing the excellent repeatability. 561 

 562 

Figure 12: Net in-plane radiant efficiency at varying 563 

distances for a FTE heater with and electrical power 564 

input of 600 W and an interrogation area of 50 cm x 565 

50 cm. 566 

3.3 Heater Element Design Considerations 567 

The above discussion describes the heat transfer and 568 

radiant energy efficiency characteristics of one 569 

particular electrical IR heater assembly. Of course 570 

the characteristics will vary between different heater 571 

designs due to aspects such as size, geometry, 572 

material composition etc. and this may vary between 573 

manufactures of ostensibly the same heating 574 

element. To illustrate the effectiveness of the 575 

measurement system and diagnostic methodology in 576 

characterizing IR heating assemblies, two additional 577 

heaters were evaluated for comparison purposes. In 578 

order to provide as close as possible to like-for-like 579 

comparisons, heaters of very similar outer 580 

dimensions and power rating were selected. To 581 

demonstrate how a heater design can influence 582 

performance, a full-sized flat hollow element 583 

(FFEH) black series heater, also manufactured by 584 

Ceramicx Ltd. was chosen since it has the same 585 

outer dimensions as the FTE heater discussed above, 586 

though in this case is flat opposed to curved, is 587 

approximately twice as thick and has a black glaze 588 

finish. Also, a FSR series ceramic heater 589 

manufactured by Elstein Ltd. is tested. This heater is 590 

ostensibly the same as the FTE heater barring that it 591 

is marginally larger, with outer dimensions of 25 cm 592 

x 6.25 cm. 593 

 594 

Figure 13: Net in-plane radiant efficiency at varying 595 

distances for a FTE, FFEH and FSR heater 596 

assemblies with and electrical power input of 600W 597 

and an interrogation area of 50 cm x 50 cm. 598 

Fig. 13 shows a comparison of the NIPRE of the two 599 

selected heater elements with the baseline heater, 600 

here the FTE series assembly. As it is shown, the 601 

FSR heater characteristic is the same as the FTE 602 

heater. The percentage difference is approximately 603 

2% except at the closet location where the FSR is 604 

7% higher, which is still within experimental 605 

uncertainty. The FFEH element, however, has a 606 

notably higher NIPRE, ranging between 11% and 607 

17%. 608 

Conclusions 609 

This work has detailed a measurement technique and 610 

methodology for characterizing the radiant thermal 611 

performance of radiant infrared heaters and heater 612 

assemblies. As an illustrative example, a 613 

commercially available ceramic electrical heater 614 

element was tested and radiant heat flux 615 

measurements were taken for a hemispherical 616 

surfaces around the heater and for vertical planes in 617 

front of the heater. The Net Frontal Radiant 618 

Efficiency was shown to increase with initial 619 

increase in electrical power and subsequently 620 

plateau to a value in the region of around 52%. The 621 

asymptotic behaviour of the NFRE is due to the 622 

insensitivity of the convective heat transfer 623 

coefficient on the heat transfer compared with the 624 

continually increasing radiative heat transfer 625 

coefficient. The Net In-Plane Radiant Efficiency at 626 

the nearest location to the heater was determined to 627 

be close to the NFRE indicating that most of the 628 

radiant heat emitted by the heater assembly to the 629 

frontal region passes through this plane. Due to the 630 

spreading of the radiant heat with distance from the 631 

source, the NIPRE continually decreases with 632 
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distance from the heater due to continually greater 633 

amounts of radiant heat passing around the vertical 634 

planes as they get further from the source. However, 635 

although the efficiency decreases, it must be noted 636 

that uniformity of the radiant heat flux distribution 637 

improves with distance from the heater. 638 

To illustrate how the measurement technique and 639 

methodology could be used to evaluate different 640 

radiant heater assemblies, two additional electrical 641 

heaters of ostensibly the same size and power rating 642 

were evaluated. A similar heater to the FTE, albeit 643 

from a different manufacturer, as well as a different 644 

series heater by the same manufacturer were 645 

evaluated in terms of the NIPRE. The results 646 

indicate that there is non-distinguishable difference 647 

between the same heater designs by the two different 648 

manufacturers. However, the different series heater 649 

proved to outperform the FTE element illustrating 650 

that radiant heater performance is sensitive to their 651 

geometric design, composition and glazing colour. 652 

Acknowledgements 653 

The authors would like to acknowledge Enterprise 654 

Ireland and Ceramicx Ltd. through grant IP-2012-655 

0172. Special thanks are expressed to the European 656 

Union under and the National Development Plan 657 

207-2013. 658 

Bibliography 659 

[1] Butturini R, Ngo M. Flux Mapping of 660 

Radiant Electric Heaters: Repeatability 661 

Considerations. U.S. Consumer Product Safety 662 

Commission, 2008. 663 

[2] Leonardi SA, Viskanta R, Gore JP. 664 

Radiation and thermal performance 665 

measurements of a metal fiber burner. Journal 666 

of Quantitative Spectroscopy and Radiative 667 

Transfer.73:491-501. 668 

[3] Schmidt FM, Le Maoult Y, Monteix S. 669 

Modelling of infrared heating of thermoplastic 670 

sheet used in thermoforming process. Journal of 671 

Materials Processing Technology. 2003,143–672 

144:225-31. 673 

[4] Bahadori A, Vuthaluru HB. Novel 674 

predictive tools for design of radiant and 675 

convective sections of direct fired heaters. 676 

Applied Energy. 2010,87:2194-202. 677 

[5] Laouadi A. Development of a radiant 678 

heating and cooling model for building energy 679 

simulation software. Building and 680 

Environment. 2004,39:421-31. 681 

[6] Bojić M, Cvetković D, Bojić L. Decreasing 682 

energy use and influence to environment by 683 

radiant panel heating using different energy 684 

sources. Applied Energy. 2015,138:404-13. 685 

[7] Weyland W, Weyland A, Hellige G, Fritz U, 686 

Neumann H, Martens S, et al. Efficiency of a 687 

new radiant heater for postoperative 688 

rewarming. Acta Anaesthesiologica 689 

Scandinavica. 1994,38:601-6. 690 

[8] Roth K, Dieckmann J, Brodrick J. Standing 691 

Columns-Emerging Technologies-Infrared 692 

Radiant Heaters. Ashrae Journal. 2007,49:72-3. 693 

[9] Mital R, Gore JP, Viskanta R. A radiation 694 

efficiency measurement procedure for gas-fired 695 

radiant burners. Experimental Heat Transfer. 696 

1998,11:3-21. 697 

[10] Qiu K, Hayden ACS. Increasing the 698 

efficiency of radiant burners by using polymer 699 

membranes. Applied Energy. 2009,86:349-54. 700 

[11] Bédard N. Laboratory testing of radiant gas 701 

burners and electric infrared emitters. 702 

Experimental Heat Transfer. 1998,11:255-79. 703 

[12] Butturini R, Ngo M. Radiant electric heater 704 

flux mapping.  Product Safety Engineering, 705 

2005 IEEE Symposium on2005. p. 23-31. 706 

[13] F.P. Incopera, D.P. De Witt. Introduction 707 

to Heat Transfer. 2nd ed: John Wiley and Sons 708 

Inc., 1990. 709 

[14] Dai W, Wang H, Jordan PM, Mickens RE, 710 

Bejan A. A mathematical model for skin burn 711 

injury induced by radiation heating. 712 

International Journal of Heat and Mass 713 

Transfer. 2008,51:5497-510. 714 

 715 


