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Abstract 

This work discusses the design and implementation of close-
proximity radiative heaters for aerothermoelastic experiments 
in short-duration hypersonic facilities. The radiators are 
employed to selectively heat a compliant panel both to a 
specific temperature and to impose a prescribed thermal spatial 
distribution. Analytical and numerical models are used to 
demonstrate the performance of these radiators. The analytical 
study shows that the temperature of the test panel is primarily a 
function of the panel thickness and the proximity of the heater. 
A 3D finite element study confirmed these predictions and 
found that reasonable temperature uniformity could be achieved 
on the compliant panel (DT < 60 K for Tmax = 550 K) for 
practical arrangements. FEM simulations also demonstrated 
that non-uniform temperature distributions can be prescribed on 
the panel through use of a nonuniform heater but that these 
distributions are smeared both by thermal conduction in the 
panel and radiative crosstalk in the panel-heater gap. 

Introduction  

Hypersonic flight is unavoidably associated with extreme 
convective heating loads which can result in significantly 
elevated structural temperatures. This has a magnified effect on 
the vehicle skin-panels of semi-monocoque designs, which are 
generally favoured for hypersonic aircraft. These high 
temperatures will influence the flow field [1,8], degrade the 
mechanical properties of the structure and potentially deform 
the structure via buckling. All of these phenomena will 
influence the resulting severity of any fluid-structure 
interactions (FSI) induced by pressure differentials, boundary 
layer and boundary layer transition effects and shock boundary 
layer interactions. Thus this fluid-thermal-structural coupling 
will influence the lifing of hypersonic skin panels [3,14] and 
therefore requires accurate modelling. 

 
Figure 1. Variation in stiffness and strength with temperature for 
aluminium alloy 6061-T6. [18] 

The mechanical properties of metal alloys deteriorate with 
elevated temperatures [18]. The properties central to the fluid-
thermal-structural interaction (FTSI) behaviour of an airframe 
include the stiffness, yield strength and coefficient of thermal 
expansion. The temperature dependence of some of these 

properties are shown in figure 1 for aluminium alloy 6061-T6. 
Of interest is the region, indicated in green, where the strength 
and stiffness begin to decrease with temperature, as this will 
significantly influence the FTSI response. 

To improve our ability to accurately predict the fluid-structural 
behaviour and fatigue lifetime of structures subjected to such 
high-speed flows it is necessary to develop accurate and 
efficient computational design tools. This requires careful 
validation of numerical simulations using representative 
experimental data sets [10]. Limited flight testing in these flow 
regimes from the X-15 in the 1960s to the recent flights of the 
X-51 and the HTV has clearly demonstrated the threat that FTSI 
can pose to the safe and successful operation of these vehicles. 
To date however there has been very limited experimental 
measurement of the behaviour of vehicle structures subjected to 
hypersonic FTSI. 

We have previously established experimental techniques to 
investigate FSI in short-duration hypersonic wind tunnels [4,6] 
such as the compression-heated Ludwieg tube (TUSQ) at the 
University of Southern Queensland [2]. These experiments 
have already been used to validate a number of different 
numerical codes [13,16]. However, these facilities are either too 
low in stagnation temperature or run for insufficient flow 
durations to heat the models to sufficient temperatures to 
properly investigate thermal coupling and perform FTSI 
experiments. Limited testing has been performed at supersonic 
Mach numbers in longer duration heated wind tunnels [7] but 
the resultant convective model heating has been hard to control.  

Bleilebens et al. [1] demonstrated a technique to heat a rigid 
compression corner model in a shock tunnel. However the long 
duration of pre-heating required could not produce the desired 
uniformity and compromised other aspects of the experiment. 
Kovachevich et al. [9] used a similar technique of internally 
heating metal models to investigate the influence of wall 
temperature on a scramjet intake. This model also suffered from 
long heat up times and unintentional thermal non-uniformity. 

We have also recently established techniques to rapidly (<20 
sec) heat wind tunnel models, both uniformly and 
nonuniformly, using ceramic resistance elements [15] inspired 
by Zander et al.’s use of these heaters for stagnation heating 
experiments [17]. We now propose a method for FTSI 
experiments that combines these two techniques in which a 
close-proximity ceramic heater is used to selectively, 
radiatively heat the underside of a thin compliant panel, 
clamped on both ends and exposed to hypersonic cross flow. 
This allows the FSI and FTSI response of the compliant panel 
to be directly compared by independently controlling the 
panel’s temperature.  

The model design would follow our previous experimental 
work that used thin, cantilevered, trailing-edge plates, angled to 
the free stream to induce a pressure differential and variously 
subjected to shock impingement to induce a shockwave 
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boundary layer interaction on the plate [4,6]. Models would be 
adapted to incorporate thin compliant panels, clamped at their 
leading and trailing edges but free along their sides, sitting 
above open cavities with a radiative heater located in close 
proximity at the base of the cavity (figure 2).  

 
Figure 2. Schematic layouts of heated wind tunnel models for FTSI 
research, with and without SWBLI. 

The local flow field of this nominally two-dimensional 
experiment is visualised using high-speed schlieren video from 
the side and the response of the panel is measured using both 
the video history and either a high-speed laser profile scanner 
or a digital image correlation system viewing from above the 
panel. IR thermography and discrete pyrometers will be used to 
monitor the panel surface temperature distribution, also from 
above the panel. 

With appropriately scaled panels, using very thin gauge, these 
FTSI experiments could also be adapted to examine the 
influence of temperature on panel flutter using the approach 
described in [5]. 

Analytical Model of the Panel Heating 
The system can be modelled in its simplest form as a thin 
metallic panel placed directly above and in line with the 
ceramic radiative heater with both having the same length and 
width (figure 2). For a given heater area (a x b) and panel 
material (r, C), the controlling parameters are therefore, the 
thickness of the heated panel (t), the separation between the 
panel and the heater (c), the operating temperature of the 
radiative heater (Trad) and the emissivity of the heater and panel 
surfaces (assumed here to be the same value e). 

 
Figure 3. Schematic of simplified layout of heater and panel showing 
relevant dimensions for analysis.  

A schematic layout of the heated model is shown in Figure 3. 
The ceramic resistive heater and the heated panel are thermally 
insulated from the rest of the model by alumina inserts. These 
inserts also serve to electrically insulate the resistive heater. 

The net radiative flux from the heater surface to the underside 
of the panel is a function of the view factor. The view factor for 
two identical, parallel, directly opposed rectangles measuring a 
x b, at a separation of c, is given by [12] 
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It can be seen that for a pair of surfaces with aspect ratio (a/b) 
the view factor will decrease with separation. This decrease is 
more rapid for slender panels (figure 4). For surfaces measuring 
100 x 80 mm, separations of less than 30 mm will ensure that 
at least 60% of the radiated heat is transferred to the panel. 
Thus, ideally the radiator should be incorporated into the model 
beneath the compliant panel to ensure both close proximity and 
minimum flow disturbance (figure 3). 

  
Figure 4. Variation of radiation view factor with separation, for a range 
of aspect ratios for surfaces of length 100 mm.  

The change in temperature of the thin panel can then be 
calculated from  

 ∆𝑇 = CDEF
G(>@H)I

  (2) 

Where the net heat transfer rate, Qnet, is the difference between 
the radiative input to the underside of the panel from the 
resistive heater and the radiative loss to the surroundings from 
the upper surface of the panel. This calculation models the 
compliant panel as a lumped mass assuming infinite conductive 
spread of the heat. 

 𝑄KLH = 𝑄M>N	PK − 𝑄M>N	QRH 

𝑄KLH = 𝜎(𝑎𝑏)𝜖𝐹"#$W𝑇M>NX − 𝑇YXZ − 𝜎(𝑎𝑏)𝜖W𝑇YX − 𝑇[XZ (3) 

The calculations reported here were performed for aluminium 
panels measuring 100 x 80 mm and of a range of thicknesses (t 
= 0.1 to 1 mm). They were heated by a similarly sized radiator, 
at a range of separations (c = 5 to 50 mm) and operated at a 
range of temperatures (500 to 1200 K). The temperature of the 
radiative heater is increased by increasing the electrical power 
passed through the ceramic radiator. Increasing the heater 
temperature increases the radiation adiabatic wall temperature 
and decreases the heating time of the compliant panel, as shown 
in figure 5. For higher temperatures the panel would need to be 
made from more thermally robust material such as titanium. 
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It can be seen from figure 6 that increasing the panel thickness 
slows the heating of the panel as it increases its thermal mass. 
Figure 7 shows that increasing the separation will slightly 
decrease both the radiation adiabatic wall temperature and the 
heating time. However the dependence of the panel temperature 
on the separation is less significant than on the heater 
temperature and the panel thickness for the ranges investigated. 

For a 800 K radiator, a 100 x 80 x 0.5 mm aluminium panel 
located 20 mm above, could be heated to 640 K, it’s radiation 
adiabatic wall temperature, in under 120 seconds. The panel 
will reach 500 K in 25 seconds. It would  thus be necessary to 
heat the model immediately preceding the tunnel run. 

 
Figure 5. Panel heating history for a range of heater temperatures. 

 
Figure 6. Panel heating history for a range of panel thicknesses. 

 

Figure 7. Panel heating history for a range of separations between the 
heater and the panel. 

While these scenarios have been optimised to examine the FTSI 
behaviour of aluminium test pieces, the technique can also be 
used to heat materials more likely to be found in the structures 
of cruise vehicles, such as titanium, to representative radiation 
adiabatic wall temperatures of 1000+ K. 

FEM Model of 3D Panel Heating 
Finite element modelling (FEM) was used to validate the 
analytical model described above and to quantify the three-
dimensionality of the heating arrangement. A 3D model was 
created in ANSYS Workbench incorporating the model body, 
alumina insulators, compliant panel and the heater plate. The 
heater plate was segmented into two halves so that the 
temperature of each could be independently varied. 

The FEM model was used to first perform a simulation of 
uniform heating with both the heater segments run at 800 K. 
The result for an aluminium panel thickness of 0.5 mm and a 
separation of 20 mm is shown in figure 8. It can be seen that 
while through-thickness temperatures are uniform (within <0.5 
K) in-plane thermal non-uniformity is significant. This 
nonuniformity is induced by the finite width of the panel and by 
the conduction loss to the alumina supports at the leading and 
trailing edges. This non-uniformity can be reduced in practice 
by careful design of the connection of the compliant panel to 
the alumina blocks and additionally by intentionally tuning the 
temperature distribution of the radiative heater through 
contouring of the resistive element [11]. 

 
Figure 8. FEM simulation of panel temperature (0.5 mm) resulting from 
a uniform heater (800 K). 

A second set of FEM simulations were performed on the 3D 
model to quantify the ability to prescribe an axially non-
uniform temperature distribution on the panel. To do this, 
simulations were performed for a 0.5 mm aluminium panel at a 
range of separations (10, 20, 30, 40, 50 mm) from the radiative 
heater beneath it. The heater was run with the downstream 
segment at 800 K and the upstream segment at ambient 
temperature (290 K). While a discrete step is hard to achieve in 
practice, and not representative of the thermal gradients that 
would be seen on the skin of a vehicle, it provides a worst case 
scenario when evaluating the ability to replicate a specific 
temperature distribution via radiative heat transfer. 

The result for an aluminium panel thickness of 0.5 mm and a 
separation of 20 mm is shown in figure 9. It can be seen that 
significant axial thermal non-uniformity is introduced by the 
non-uniform radiator, however, the non-uniform temperature 
distribution of the radiator (in this case a simple step) is 
significantly smeared on the panel, both by radiative cross-talk 
in the gap and by conduction within the panel.  

 
Figure 9. FEM simulation of panel (0.5 mm) temperature resulting from 
a non-uniform heater (290/800 K). 

The axial, centreline temperature distributions on the upper 
surface of the panel are plotted in figure 10 for a range of 
separations for both the uniform and non-uniform heater cases.. 
It can be seen that as the separation is increased the panel 
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temperatures decrease, as predicted in figure 7, although the 
actual values are lower due to the conductive loss. The decrease 
in temperature with separation reduces the temperature 
differences driving conductive smearing, but this appears to be 
outweighed by an increase in smearing caused by radiative 
cross-talk across the enlarged gap. It is thus seen that it is 
difficult to preserve temperature gradients at larger separations 
which again motivates the inclusion of the heater at close 
proximity to the panel within the model. 

Figure 10. Surface temperature distributions along the panel centreline 
for a range of separations (c in mm) for both the uniform (dotted lines) 

and non-uniform (solid lines) heating cases. 
 
Conclusions 
Analytical predictions show that a thin, compliant clamped-
clamped panel in a wind tunnel model can be heated to 
sufficient temperatures to induce FTSI by exposure to a close-
proximity radiative heater. This heating will need to be 
immediately preceding an experimental run in a short-duration 
hypersonic wind tunnel. This radiative heater can take the form 
of a resistively-heated ceramic plate incorporated into the wind 
tunnel model and separated by a small gap (~20 mm). 3D FEM 
simulations show that some non-ideal non-uniformity in panel 
temperature will be introduced but for the range of cases 
examined this will be no more than 50 K for a panel heated to 
approximately 600 K. If it is required, a nonuniform 
temperature distribution can be prescribed on the compliant 
panel by use of a non-uniform heater, possibly using contoured 
resistive elements. The thermal non-uniformity of the heater 
will, however, be smeared on the compliant panel as a function 
primarily of the separation between them, but also of the panel 
geometry, material and the driving temperature distribution. 
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