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Abstract
S
tructures operating in aero-thermal environments greater than the speed of sound will experience large pres-
sure and temperature gradients over small areas due to shock-wave impingement in addition to large ampli-
tude distributed acoustic and/or mechanical loading from vehicle dynamics. Such combined environments
complicate the dynamic response of these structures since the localized thermal loading affects their global
dynamic response. This work experimentally explores the static and dynamic response of a 248 mm x 400
mm curved stainless steel panel subjected to localized thermal loading and distributed mechanical loading.
The linear and nonlinear dynamic response of the panel is measured with high-speed 3D digital image corre-
lation, and the temperature distribution is measured with a Forward Looking InfraRed camera. The resulting
data set demonstrates how localized heating affects global dynamics in linear and nonlinear regimes.

1 Introduction

Structures operating in supersonic or hypersonic environments experience large temperature gradients over
small surface areas as well as extreme acoustic and mechanical loading [1, 2]. Such temperature gradients,
or localized thermal loading, modifies the local stiffness characteristics of these structures, and alters their
dynamic response when combined with distributed acoustic and/or mechanical loading.

Experimentally producing controlled, repeatable, and local temperature gradients is difficult. Radiant heat-
ing with halogen lamps is widely used to thermally load structures in dynamic environments [3–5]. However,
the time scale for heating and the distributed, radiant nature of halogen lamps makes their use in dynamic
and local heating environments difficult. Radiant heating using infrared lasers, provides a shorter time scale
for thermal loading and the benefit of pin point localization; however, loading over any larger area is dif-
ficult. Alternatively, inductive heating [6, 7], offers a method to quickly control a temperature distribution
and modifying the coil of an inductive heater leads to a wide array of temperature distributions which are
reproducible provided the coil geometry and distance from test article is kept constant. An inductive heater
with a custom coil is used in this work to provide the desired temperature distribution.

The localization of temperature distribution and structural responses requires greater spatial measurement
resolution. Full-field temperature measurement is typically limited to calibrated infrared cameras, such as
the forward looking infrared (FLIR) camera used here, since large thermocouple arrays will effect the dy-
namic structural response. Full-field response measurement techniques include continuous scan [8, 9] or
scanning [10] laser Doppler vibrometers (LDVs), accelerometer or strain gauge arrays, and 3D digital image
correlation (3D-DIC) [11, 12]. Similar to thermocoules, accelerometer and strain gauge arrays affect the
dynamic structural response. LDVs can be subject to error with large deformation and scanning techniques
are a limit the type of measurable response. Alternatively, 3D-DIC has been used to measure large dynamic
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deformations [9] and can be used at high temperatures with modification [13, 14]. A high speed 3D-DIC
system is used in this work to provide full-field 3D coordinate of the panel deformation.

The dynamic behavior of a cylindrically curved stainless steel panel, previously examined in [15], is the
focus of this work. The combination of localized thermal gradients and full field measurement techniques
allows the identification of nonlinear coupling of resonant behavior under well defined thermal loading. The
shape and location of the thermal loading is motivated by previous work examining shock-wave boundary
layer interactions [16].

2 Experimental Setup

2.1 Overview

The 248 mm x 400 mm 304 stainless steel panel used in this study is cold rolled to a cylindrical curvature
of 2540 mm and mounted to a slip table as shown in Fig. 1. This slip table, connected to a 110 kN shaker,
provides 150 Hz-500 Hz band limited random base excitation at several excitation amplitudes. In addition
to base excitation, a 6 kW inductive furnace is used to apply localized heating to the panel during excitation.
Several measurement systems are used in tandem to fully capture the dynamic response of the panel to the
outlined combined loading conditions. In addition to strain gauges and thermocouples mounted to the panel,
two non-contacting fiber optic laser Doppler vibrometers (LDVs) and a non-contacting pyrometer are used
to measure single point velocity and temperature, respectively. Images of the panel surface are measured at
2000 Hz using two Photron SAZ cameras for 3D-DIC and at 2 Hz using a FLIR camera and provide full
field coordinates and temperature measurements, respectively.

Figure 1: Experimental Setup

2.2 Loading Conditions

The 6 kW inductive furnace head and coil are mounted approximatly 300 mm behind the panel and suspended
above the shaker slip table as shown in Fig. 1. This furnace, previously used in [7], heats the article by
inducing eddy currents in the material with a magnetic field via an oscillating current through a coil attached
to the head of the furnace [6]. A 860 mm copper tube is bent to specific shape and attached to the coil
to induce localized temperature gradients the horizontal center line of the panel and the quarter line of the
panel as shown in Fig. 2a and Fig. 2b, respectively. Throughout testing, the inductive heater is controlled
at the single points shown using a Microepsilon pyrometer. During heating, A 110 kN electrodynamic
shaker provides single axis base excitation controlled with a 10 mV/g PCB 352C22 uni-axial accelerometer
mounted at the edge of the slip table. DataPhysics Abacus hardware and software is used to maintain control
at a specified root-mean-squared (RMS) value of white noise acceleration in the frequency range of 150 Hz
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-500 Hz with 3 sigma clipping. Several RMS acceleration levels are selected to span from linear to nonlinear
dynamic regimes. A measurement of the control signal at each RMS acceleration amplitude is shown in
Fig. 2c. Motion outside of the frequency range of interest was recognized and attributed to dynamic motion
from the slip table. At each base excitation amplitude, temperature at a single point within the compact
thermal gradient is controlled at several temperatures between 30 ◦C and 260 ◦C.
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Figure 2: Thermal and mechanical loading conditions. Induced temperature distribution at (a) 1/2 length
and (b) 1/4 length. Red indicates an area of high temperature (260 ◦C) and blue indicates an area of low
temperature (20 ◦C). (c) Profile of base excitation applied to the panel

2.3 Response Measurements

The full-field temperature response of the panel is measured at 2 Hz using a FLIR camera. A Surface Optics
E10 reflectometer s used to measure the emissivity of the painted surface of the panel after the paint is cured.
The emissivity of 0.94 at room temperature calibrates the FLIR temperature measurements. Additionally, the
full-field coordinate position of the surface of the panel is determined post-test using 3D-DIC techniques on
high speed images captured at 2000 Hz using Photron SAZ cameras following a similar procedure described
in [9,17]. The calibration accuracy is 0.022 pixels and a facet size of 17 pixels x 17 pixels is used to determine
the 3D coordinates of the surface in the grid shown in green in 3. Single point measurements include type-K
thermocouples (T1, T2, and T3) sampled at 1Hz, fiber optic laser vibrometers (V1 and V2) sampled at 6000
Hz, and fiber optic strain gauges (ε 1 and ε 2) as shown in 3.

3 Results

3.1 Static Response to Varying Thermal Loading

The localized temperature distribution results in a local ‘in plane’ strain field which is dependent on the
thermal state of the panel and frame, as well as the location of the coil. The thermal state of the panel in the
frame is key to defining the ‘out of plane’ deformation the panel will undergo, similar to the buckled state
of slender structures [18]. However, the curvature in the panel prevents buckling in the traditional sense,
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Figure 3: Image of panel illustrating single point sensor locations

so there is no bifurcation to an alternate equilibrium. Instead the ‘out of plane’ deformation will grow as
temperature is increased.

The thermal strains induced on the panel are constant for each thermal loading case; therefore, the dynamic
deformation of the panel for each case will occur around a different static equilibrium. The temperature
dependent static equilibrium is identified by calculating the mean of the dynamically measured z-coordinate.
The z-coordinate at each temperature step is shown for vertical center line of the panel in Fig. 4. When the
coil is placed near the horizontal center line of the panel, the peak deformation of the panel is 4.2 mm at 260
◦C. Similarly, when the coil is placed near the quarter line of the panel, the peak deformation of the panel is
4.4 mm at 260 ◦C. In each heating case, Fig. 4 shows the change from an initially cylindrically curved panel
to a heavily biased curvature because of the local thermal gradients.
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Figure 4: Static deformation response to thermal loading when applied to the (a) center and (b) quarter point
of the panel from 20 ◦C (purple) to 260 ◦C (dark red).

3.2 Dynamic Response with Varying Thermal Loading

At each temperature step, the dynamic response of the panel to a 0.5 g’s RMS base acceleration is examined.
For illustration, an averaged power spectral density (PSD) [19] of the velocity measured with laser Doppler
vibrometers using a blocksize of 6000 samples is presented for the center line heating case (Fig. 5a) and for
the quarter line heating case (Fig. 5b). For each heating case, the resonant behavior of the panel is identified
by peaks in the PSD and plotted in the temperature vs. frequency domain (Fig. 5c and Fig. 5d) to identify
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general trends as the panel is heated. The clearest distinction between the center heating case (Fig. 5c) and
the quarter heating case (Fig. 5d) is how the first peak in PSD demonstrates a spring hardening (increase in
frequency) for the center heating case, whereas a small spring softening (decrease in frequency) is observed
for the quarter heating case. Additionally, for the quarter heating case, the peaks in the PSD coalesce into
three distinct regions at higher temperatures, where the peaks in the PSD for the center heating case remain
well separated after 150 ◦C. For both heating cases, the frequencies show strong variation because of heating
and potentially lead to veering/crossing of the resonant behavior [20].
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Figure 5: PSD of the panel measured with the laser Doppler vibrometers when heated at the (a) center line
and (b) quarter line. The first 7 resonant peaks of the dynamic response were identified and detailed in the
projection of temperature vs. frequency for heating at the (c) center linear and (d) quarter line.

In addition to the temperature dependent behavior of the resonant frequencies of the response, the deforma-
tion shapes of the panel at each resonant frequency are also temperature dependent. Using the methodology
to compute frequency response functions of random data described in [19], the shape at each peak of the
frequency response function (Gza) of the dynamic coordinates measured with 3D-DIC and the base accel-
eration is identified using singular value decomposition. For brevity, only a select number of shapes are
presented in Fig. 6 for the center heating case and Fig. 7 for the quarter heating case.

The first five deformation shapes identified for the center heating case at 20◦C (Fig. 6p-t) closely match the
first five mode shapes of the curved panel previously identified in [15], as expected. For quantification, the
RMS value of the maximum deformation across the panel is added in the caption, and the colormap scale can
be identified from blue (negative value) to red (positive value). As temperature is increased the deformation
shape corresponding to the first peak of the PSD is only active on the right side of the panel (Fig. 6a,f,k,p).
Interestingly, the second peak’s deformation shape is only active on the left of the panel at increased tem-
peratures (Fig. 6b,g,l,q). The third peak’s deformation shape initially merges to match the second peak’s
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shape, but at higher temperatures, the deformation shape resembles a mode 3 deformation. However, the
third peak’s deformation shape is primarily active in the lower part of the panel (Fig. 6c,h,m,r). The third
and fourth peak’s deformation shapes also initially couple then separate as the temperature increases, and
both peak’s shapes appear to interact at higher temperatures. It should also be noted, heating does not pro-
portionally increase the rms value of the resonant peaks as quantified by the summation of RMS values.
The resonant behavior has a total RMS value of 11.75 µm, 12.85 µm, 18.87 µm, and 18.92 µm at nominal
temperature steps of 20 ◦C, 70 ◦C, 100 ◦C, and 260 ◦C, respectively. Finally, it is important to identify that
the dominant resonance in the dynamic response becomes the second resonance peak at 260 ◦C, changing
the frequency of importance from 250 Hz to 300 Hz.

(a) 5.74 µm (b) 6.19 µm (c) 3.56 µm (d) 1.67 µm (e) 1.76 µm

(f) 9.64 µm (g) 4.26 µm (h) 2.46 µm (i) 2.04 µm (j) 0.47 µm

(k) 6.22 µm (l) 1.74 µm (m) 3.04 µm (n) 1.41 µm (o) 0.44 µm

(p) 4.70 µm (q) 2.34 µm (r) 2.80 µm (s) 1.58 µm (t) 0.37 µm

Figure 6: Resonant shapes of the first five peaks in the Gza during heating of the center line at temperature
conditions Near 260 ◦C (a-e), 100 ◦C (f-j), 70 ◦C (k-o), and 20 ◦C (p-t). The color scale from blue to red is
negative to positive deformation with the RMS value of the peak deformation given in the figure caption.

A similar examination of the temperature dependence of the resonant deformation shapes when the panel is
heated at the quarter point of the panel is shown in Fig. 7. Again, the first five deformation shapes at room
temperature resemble the experimental mode shapes identified in [15], and demonstrate consistency between
the two tests. Similar to the center heating case, the first peak’s deformation shape when heated at the
quarter point becomes more active on the right side of the panel with increasing temperature (Fig. 7a,f,k,p).
The second peak’s deformation shape is also more active on the right side of the panel for increasing quarter
line temperature (Fig. 7b,g,l,q) differing from the center heating case. As temperature is increased, the
fourth peak’s deformation shape couples with surrounding resonances (Fig. 7i,n,s), but the third and fifth
peak’s deformation shape remains consistent until the peak temperature is 260 ◦C. At 260 ◦C, the third
peak’s deformation shape (Fig. 7c) resembles the room temperature shape of the fourth peak (Fig. 7s), and
the fourth and fifth peak’s deformation shapes appear as combinations of several shapes (Fig. 7d and e,
respectively). For the resonances of interest, the total RMS value at temperature steps of 20 ◦C, 70 ◦C, 100
◦C, and 260 ◦C is 13.22 µm, 17.36 µm, 13.55 µm, and 22.47 µm, respectively. Finally, it is important to
identify that the dominant resonances in the dynamic response become the third and fourth resonance peak
at 260 ◦C, changing the frequencies of importance near 350 Hz.

1228 PROCEEDINGS OF ISMA2018 AND USD2018



(a) 1.36 µm (b) 5.25 µm (c) 6.97 µm (d) 7.49 µm (e) 1.67 µm

(f) 4.03 µm (g) 3.67 µm (h) 3.56 µm (i) 0.81 µm (j) 1.48 µm

(k) 7.12 µm (l) 4.48 µm (m) 5.44 µm (n) 0.32 µm (o) 0.47 µm

(p) 5.10 µm (q) 2.74 µm (r) 4.28 µm (s) 0.66 µm (t) 0.44 µm

Figure 7: Resonant shapes of the first five peaks in the PSD during heating of the quarter line at temperature
conditions Near 260 ◦C (a-e), 100 ◦C (f-j), 70 ◦C (k-o), and 20 ◦C (p-t). The color scale from blue to red is
negative to positive deformation with the RMS value of the peak deformation given in the figure caption.

3.3 Dynamic Response to Combined Loading

The dynamic response of the curved panel to a combination of large amplitude base acceleration and thermal
loading leads to more interesting dynamic behavior. For brevity, only the dynamic response of the panel
at 9g’s of base excitation combined with thermal loading up to 260 ◦C is presented. Following the process
outlined in 3.2, the composite PSD’s for the center and quarter heating cases are shown in Fig. 8a and Fig. 8b,
respectively. The temperature vs. frequency projection is shown in Fig. 8c and Fig. 8d. Similar to the center
heating case presented in 3.2 with a base excitation of 0.5g’s (Fig. 5c), the trend of the resonant frequencies
for the center heating case at 9g’s are a spring hardening as shown in Fig. 8c. However, at 160 ◦C, the first six
resonant peaks appear to coalesce into three regions, and maintain this ‘closeness’ as temperature is further
increased. This close behavior indicates strong coupling between the resonant peaks further detailed when
we examine the deformation shapes at each peak. The first resonant peak for the quarter heating case at 9g’s
(shown in Fig. 8d) follows a similar trend when only 0.5g’s of base excitation is examined (Fig. 5d). The
next five resonant peaks also show a similar coalescence observed in the 0.5g’s case; however, the ‘closeness’
is tighter. From these examples, it is shown that at high temperature and large base excitation, the trend of
the resonant peaks is toward a tighter coalescence. This apparent interaction between resonant peaks greatly
affects the deformation shapes observed at each peak.

The deformation shapes for the center heating case with a 9g’s base excitation are presented in Fig. 9. The
deformation shapes of the first (Fig. 9a,f,k,p) and second (Fig. 9b,g,l,q) resonant peaks follow the exact trend
identified in the center heating cases under 0.5g’s base acceleration. However, the deformation shapes of the
third, fourth, and fifth resonant peaks demonstrate different behavior. This behavior is most notable at the
150 ◦C case (Fig. 9h-j). At this temperature, the deformation shapes of the third and fourth resonant peaks are
a combination of their room temperature counterparts, and the deformation shape of the fifth resonant peak
is rotated so the top half of the panel is out of phase with the bottom half of the panel. At 260◦C (Fig. 9c-e),
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Figure 8: Composite power spectral densities of the panel measured with the laser Doppler vibrometers when
heated at the (a) center line and (b) quarter line combined with a base excitation of 9 g’s. The first 7 peaks of
the dynamic response were identified and detailed in the projection of temperature vs. frequency for heating
at the (c) center linear and (d) quarter line.

the deformation shapes of the third and fourth resonant peak change order with the deformation shape of the
now fourth resonant peak resulting in a more active top half of the panel. For the resonances of interest, the
total RMS value at temperature steps of 20 ◦C, 70 ◦C, 100 ◦C, and 260 ◦C is 309 µm, 409 µm, 373 µm,
and 350 µm, respectively. Above 70 ◦C the ‘smearing’ of the resonant peaks results in a lower RMS value
following a similar trend identified in [15] for large amplitudes of dynamic response. Finally, it is important
to identify that the dominant resonances in the dynamic response are the first and second resonance peaks at
260 ◦C, changing the frequencies of importance near 260 Hz.

The deformation shapes for the quarter heating case with a 9g’s base excitation are presented in Fig. 10.
The deformation shapes of the first (Fig. 10a,f,k,p) and second (Fig. 10b,g,l,q) resonant peaks follow the
exact trend identified in the quarter heating cases under 0.5g’s base acceleration except in the case for the
second resonant peak at 210 ◦C which resembles the third resonant peak at room temperature. The remaining
deformation shapes presented have limited correlation to the room temperature shapes except in the case of
the third resonant peak at 260 ◦C. For the resonances of interest, the total RMS value at temperature steps of
20 ◦C, 70 ◦C, 150 ◦C, and 260 ◦C is 300 µm, 363 µm, 421 µm, and 481 µm, respectively. It is interesting
to note that the reduction in total mean resonant response observed in the center line heating case is not
observed in the quarter heating case. Instead, an consistent increase is observed in the total RMS value and
the first resonant response, setting 200 Hz as the resonance of interest for this thermal case.
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(a) 101. µm (b) 103. µm (c) 36.3 µm (d) 79.5 µm (e) 30.5 µm

(f) 83.4 µm (g) 93.6 µm (h) 57.4 µm (i) 83.7 µm (j) 54.8 µm

(k) 213. µm (l) 88.6 µm (m) 19.9 µm (n) 65.2 µm (o) 22.2 µm

(p) 142. µm (q) 79.4 µm (r) 46.7 µm (s) 24.9 µm (t) 15.6 µm

Figure 9: Resonant shapes of the first five peaks in the Gza during heating of the center line at temperature
conditions combined with 9g’s of base acceleration near 260 ◦C (a-e), 150 ◦C (f-j), 70 ◦C (k-o), and 20 ◦C
(p-t). The color scale from blue to red is negative to positive deformation with the RMS value of the peak
deformation given in the figure caption.

4 Conclusions

The experimental methodology presented in this work demonstrates the ability to apply a controlled sharp
temperature gradient in dynamic environments while measuring full field temperature and coordinates of a
cylindrically curved stainless steel panel. The combined FLIR and 3D-DIC measurements result in rich data
set for understanding the static and dynamic response of the panel. The full-field nature of the data also
provides enough information for the validation of finite element models. Future work will explore localized
heating in combined thermal and acoustic environments.
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