
Chapter 27
Interaction Between Aerothermally Compliant Structures
and Boundary Layer Transition

Zachary B. Riley and Jack J. McNamara

Abstract The inherent relationship between boundary layer stability, aerodynamic heating, and surface conditions make the
potential for interaction between the structural response and boundary layer transition an important and challenging area of
study in high speed flows. This interdependence implies that accurate structural response prediction of a hypersonic vehicle
necessitates an aerothermoelastic analysis that accounts for boundary layer stability in regions where transition is likely to
occur. This study focuses on this problem by incorporating a time-varying boundary layer state into the aerothermoelastic
response prediction of a structural panel in hypersonic flow. Results demonstrate that rearward movement of the boundary
layer transition front reduces thermal loading to the panel and peak deformation, potentially extending the life of the structure.

Keywords Fluid-thermal-structural-interactions • Boundary layer transition • Hypersonic • Aerothermoelastic • Hot
structure

27.1 Introduction

Load bearing thermal protection systems, in the form of thin-gauge metallic airframes, provide a means to minimize the
weight and improve the serviceability of reusable, long duration cruise hypersonic aircraft [1–5]. However, the compliant
nature of these structures, in combination with the severe aerothermodynamic loading, results in a propensity for nonlinear
fluid-structural interactions. Due to this interaction, the boundary layer state (laminar, transitional, or turbulent) is dependent
on the structural response. Accurate determination of the aerodynamic heat load, which varies significantly with the state of
the boundary layer, is detrimental to structural life prediction and optimal weight design [2–5]. Therefore, the future design
of hypersonic aircraft may necessitate aerothermoelastic analysis which accounts for the state of the boundary layer.

Boundary layer stability is highly dependent on wall temperature [6, 7] and surface geometry [7–17], both of which vary
during flight for hot structure hypersonic vehicles. Previous studies have examined how aerothermoelastic effects, such as
thermally induced deformations, can augment aerothermal loads [18, 19] and impact boundary layer transition [20, 21].
Through wind-tunnel testing of X-33 configurations, Berry et al. [20] concluded that a three-dimensional array of bowed
panels was less effective at forcing transition onset than discrete roughness. In a recent study, Riley et al. [21] numerically
assessed the boundary layer stability of flow past large-scale, two-dimensionally (2-D) varying surface topologies resembling
deformations of surface panels using the linear Parabolized Stability Equations. This study indicated that series of panels,
deformed into the flow, significantly disrupts the unstable growth of disturbances excited in the absence of the deformations.
The potential for 2-D wavy walls to stabilize hypersonic boundary layers has also been observed for roughness scale
deformations [12–17]. As the vehicle response alters the boundary layer state, this in turn affects the aerothermal loads
acting on the structure.

A few studies have examined how transitional fluid loading impacts structural response. Lamorte and Friedmann [22]
assessed how transition location, and its associated uncertainty, impacts the aerothermoelastic stability of a wing structure
subject to transitional aerodynamic heating. Additionally, Riley et al. [23] examined how transition onset location, transition
length, and transitional heat flux and fluctuating pressure that exceed (or overshoot) turbulent values affect the structural
response of surface panels. These studies found that transitional flows can result in aerothermal loads and structural responses
which exceed that predicted assuming turbulent loading conditions.

These previous studies indicate that boundary layer stability is sensitive to changes in surface conditions and that the
structural response is strongly dependent on the boundary layer state (laminar, transitional, turbulent). This interdependence
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implies that accurate structural response prediction of a hypersonic vehicle necessitates an aerothermoelastic analysis that
incorporates boundary layer stability analysis in transitional flow regions. Thus, this paper focuses on examination of the
coupled problem by carrying out an aerothermoelastic analysis of a panel for the case of a time-varying boundary layer
transition location. Completion of this study provides improved insight into the degree of aerothermoelastic coupling required
in the design and analysis of hypersonic vehicles.

27.2 Methodology

An overview of the aerothermoelastic framework used to obtain the panel response is provided in Sect. 27.2.1. The
transitional aerothermodynamic load models are discussed in Sect. 27.2.2. Finally, the specific problem examined in this
paper is described in Sect. 27.2.3.

27.2.1 Aerothermoelastic Model

The aerothermoelastic model, depicted in Fig. 27.1, has three primary components: (1) aerothermodynamic loads, (2)
structural dynamics, and (3) heat transfer. The aerothermodynamics drive the thermo-structural response through the
application of a pressure load (composed as the summation of mean and fluctuating components) and a surface heat flux.
The mean flow pressure is modeled using third-order piston theory [24–26] which accounts for changes in the mean pressure
due to structural deformations. The fluctuating pressure load (FPL) is computed using the model discussed in Sect. 27.2.2.3.
This framework was previously used to assess the impact of transitional heat flux and fluctuating pressure loads on panel
response, where the transition onset and length were prescribed prior to the simulation [23]. The heat flux is modeled using
Eckert’s reference enthalpy method [27]. Note that the FPL and heat flux are dependent on the boundary layer edge properties,
which are obtained from the mean flow pressure in conjunction with isentropic flow relations [24]. The aerothermoelastic
model is currently being modified, as shown by the dashed lines in Fig. 27.1, to incorporate a transition prediction surrogate
such that the transition onset location may vary in time; either with a prescribed variation or as a function of the structural
response. For this study, only the prescribed variation in time is considered.

The structure is modeled as cylindrical bending of an isotropic plate with the assumptions of von Kármán moderate
deflection plate theory [24]. The formulation includes the effects of thermal loading due to non-uniform (in-plane and
through-thickness) temperature distributions, chord-wise variation of the modulus of elasticity and thermal expansion
coefficient, rotary inertia, and Rayleigh damping. The structural equation of motion is discretized using Galerkin’s method.
The transverse displacement is approximated as a series of free-vibration mode shapes of the panel that satisfy pinned
boundary conditions. Note that due to the kinematic constraints, the in-plane thermal effects are primarily driven by the
chord-wise average temperature [28].
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Fig. 27.1 Enhanced aerothermoelastic model
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As shown in Fig. 27.1, the structural temperature is computed from a heat transfer analysis. This is carried out by solving
a finite element formulation of the transient, 2-D heat transfer equation with temperature-dependent specific heat and thermal
conductivity [28]. The 2-D formulation allows for heat conduction through both the thickness and length of the panel. An
adiabatic wall condition is prescribed for each boundary of the panel, except the upper surface where the aerodynamic heat
flux is applied.

The aerothermal and aeroelastic solvers are linked using a loosely coupled partitioned approach. This scheme is
advantageous in terms of computational efficiency as the individuals solvers can use different time steps and information
is exchanged between the solvers only once per time step [29]. In-depth descriptions of the aerothermoelastic model
formulation are provided in [24, 28]. Further information regarding the coupling procedure and numerical schemes
implemented in the aerothermoelastic model is given in [29, 30].

27.2.2 Transitional Aerothermodynamic Loads

In this study, the aerothermodynamic loads acting on the panel are heat flux and an overall pressure load (comprised of
a mean and fluctuating component). Transitional boundary layer effects are incorporated into the heat flux and fluctuating
pressure through blending laminar and turbulent profiles in proportion to an intermittency function, which represents the
fraction of time any spatial location spends in turbulent flow [31]. A brief description of the intermittency function is given
in Sect. 27.2.2.1. Details on the transitional heat flux and fluctuating pressure models are provided in Sects. 27.2.2.2 and
27.2.2.3.

27.2.2.1 Intermittency

Transition from laminar to turbulent flow is, in general, not an abrupt process. It occurs over a finite length due to the
growth, propagation, and interaction of turbulent spots [32]. As a result, the flow during transition can be characterized as
a laminar boundary layer subject to intermittent patches of turbulence. Thus, the statistical flow properties in the transition
region can be described using an intermittency function which represents the fraction of time any spatial location spends
in turbulent flow. The intermittency throughout the transition region is computed using Eq. (27.1), which is derived from
Emmon’s probabilistic model [32, 33] with the assumption that the burst source-rate density can be described as a Dirac
delta function. This form of the source-rate density function assumes the hypothesis of concentrated breakdown is valid [34],
implying that turbulent spots are formed only at the transition onset location xt. However, at the transition onset location
turbulent spots may form randomly in time and in the spanwise direction. The intermittency distribution in Eq. (27.1) is a
function of the edge velocity Ue (assumed constant over the transition region), the transition onset location xt, the number of
turbulent spots per unit time and spanwise distance n, and a spot propagation parameter � . The spot propagation parameter
is defined in Eq. (27.2), where ug D ul � ut, uc D 1=2.ul C ut/, ul and ut are the leading and trailing edge velocities of the
turbulent spot, and ˛ is the half angle.

�.x/ D 1 � exp

�
��n

Ue
.x � xt/

2

�
(27.1)

� D ugUe

ucut
tan˛ (27.2)

From the definition of intermittency, the length of the transition region �xt can be expressed as shown in Eq. (27.3).
Introducing �xt into the exponent in Eq. (27.1), results in an expression for the intermittency which is a function of the
transition onset and length alone.

�xt D .x � xt/j�D0:99 � .x � xt/j�D0:01 D 2:0457

r
Ue

�n
(27.3)

�.x/ D 1 � exp

�
�4:1850

�x2t
.x � xt/

2

�
(27.4)
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27.2.2.2 Heat Flux

The transitional heat flux is approximated by using the intermittency to blend the laminar and turbulent values as shown in
Eq. (27.5). If the laminar and turbulent boundary layers originate at the same location, the blending in Eq. (27.5) can not
account for transitional overshoot in heat flux [34]. Overshoot can be incorporated by assuming the turbulent boundary layer
begins at a virtual origin turbVO corresponding to the transition onset location [31]. Applying the linear blending in Eq. (27.5)
and assuming the turbulent boundary layer originates at xt, Dhawan and Narasimha [31] matched experimental skin friction
coefficients and displacement thickness during transition.

Qtran D .1 � �/Qlam C �QturbVO (27.5)

Previous experiments, which have observed transitional overshoot in heat flux [35], demonstrate that heating rates
decrease back to fully turbulent conditions beyond the overshoot region. To model this, the transitional heat flux [computed
using Eq. (27.5)] is blended with the fully turbulent heating rates as shown in Eq. (27.6), where ƒ is a Gaussian function,
defined in Eq. (27.7). The peak of the Gaussian function coincides with the end of transition xte, and the Full Width at Half
Maximum ˇ is specified such that the function decreases to negligible values prior to the end of the geometry xend. This
ensures that fully turbulent heating rates are obtained on the end of the geometry.

Q.x/ D .1 �ƒ/Qturb CƒQtran .xte � x � xend/ (27.6)

ƒ.x/ D exp

��� x�xte
xend�xte

�2
2ˇ2

�
(27.7)

ˇ D 0:5

2
p
2 ln 2

(27.8)

An example of the transitional heat flux generated using this model is provided in Fig. 27.2 for transition beginning at
x=L D 0:3 and ending at x=L D 0:5. The “No overshoot” line in Fig. 27.2 corresponds to the transitional heat flux profile
obtained using Eq. (27.5) if the laminar and turbulent boundary layers have the same origin. The “Overshoot” heat flux was
generated assuming the turbulent boundary layer originates at x=L D 0:3 with the Gaussian blending applied in the turbulent
region (x=L � 0:5). The heat flux profiles in Fig. 27.2 demonstrate that, through shifting the turbulent boundary layer origin,
this model can be used to generate heat flux profiles which either account for or neglect the effect of transitional overshoot.
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Fig. 27.2 Transitional heat flux model xt D 0:30m and �xt D 0:20m
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27.2.2.3 Fluctuating Pressure

The fluctuating pressure load model currently implemented in the aerothermoelastic solver is a modified version of the semi-
empirical model developed by Deshmukh et al. [36]. The unsteady pressure is expressed as shown in Eq. (27.9), where f .x; t/
and ‚.x; t/ represent the magnitude and phase angle of the pressure load.

p D f .x; t/ei‚.x;t/ (27.9)

As denoted in Eq. (27.10), the phase angle is decomposed into separate temporal � and spatial  components where the
spatial variation is assumed relative to the leading edge of the panel. The temporal phase angles account for the phase lag
between disturbances of different frequency at the same spatial location. Conversely, the spatial phase angles account for the
phase lag between disturbances of the same frequency at different spatial locations. In this study, the phase angles (� and  )
are assumed to vary randomly with x and t, respectively. Recent work indicates that the impact of the boundary layer induced
pressure fluctuation on structural response is dependent on the spatial phase angle model [36]. Therefore, the assumption
of a random spatial phase angle, which neglects coherence in the boundary layer, introduces uncertainty into the predicted
structural responses. The amplitude f .x; t/ is described as the combination of a root mean square (RMS) value, corresponding
to the magnitude, and a power spectral density (PSD), corresponding to the frequency content [37–39].

‚.x; t/ D �.t/C  .x/ (27.10)

The transitional boundary layer RMS pressure Qp is modeled using Eq. (27.11), which is a modified version of Laganelli’s
relation for turbulent boundary layer attached flow [37–39]. As shown in Eq. (27.11), the RMS pressure is a function of
the dynamic pressure at the boundary layer edge qe, a compressible flow transformation function Fc, a viscosity/velocity
power law exponent �, and a compressibility exponent b. Laganelli’s relation was modified to increase the incompressible
fluctuating pressure intensity from 0:006 to 0:009, as recommended by Bull [40] and Beresh et al. [41]. The second
modification introduces an Re�0:1

� dependence into the RMS pressure calculation, which Beresh et al. [41] found to exist
for Mach numbers between 2 to 3. Note that, Re�

ˇ̌
Nx�

represents a normalization constant that specifies the spatial location at
which the Re� dependence begins. The final modification incorporates a dependence on the local skin friction coefficients
corresponding to transitional cftran and fully turbulent cfturb boundary layers. The relationship in Eq. (27.11) is similar to
Laganelli’s model for turbulent boundary layer pressure fluctuations on rough surfaces [38], which scales the smooth wall
RMS pressure based off the skin friction ratio to obtain the rough wall RMS pressure. As shown in Eq. (27.12), the transitional
skin friction coefficient is computed in the same manner as the heat flux. To remove leading edge effects, the RMS pressure
in the laminar region is specified as the minimum RMS value prior to transition onset.

Qp
qe

D 0:009F�.1Cb/
c

�
Re�

Re�
ˇ̌
Nx�

��0:1 cftran

cfturb

(27.11)

cftran D .1 � �/cflam C �cfturbVO
(27.12)

The PSD � is computed using Eq. (27.13), where ı1 represents the boundary layer displacement thickness and !

corresponds to angular frequency. The fluctuating pressure load, acting on the panel, is obtained by converting the frequency
domain PSD values and phase angles to a time domain signal using the analytical function provided in Eq. (27.14).
This function is the real component of a one-sided Inverse Fourier Transform, where the upper limit of integration !max

corresponds to the largest frequency expected to impact the structure. As energy is removed due to the frequency truncation,
the pressure signal must be computed using a scaled PSD [Eq. (27.15)] in order to reproduce a fluctuating pressure which
matches the input RMS values.

�.x; !/Ue

q2eı1
D .Qp=qe/

2F�2�
c .2=	/

1C �
F�2�

c !ı1=Ue
�2 (27.13)

p.x; t/ D
Z !max

0

p
2��.x; !/�! cos.!t C‚.x; !// d! (27.14)

��.x; !/ D Qp2R !max

0
�.x; !/ d!

�.x; !/ (27.15)
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Fig. 27.3 Transitional fluctuating pressure load model. (a) RMS of fluctuating pressure. (b) Fluctuating pressure snapshot envelope

Table 27.1 Freestream
conditions and panel geometry

Mach number 4.0

Altitude 30 km

Unit Reynolds number 1.461e6 m�1

Turn angle 5.0 ı

Length 1.00 m

Thickness 2.50 mm

Material Aluminum 7075

An example of the transitional pressure load is provided in Fig. 27.3 in terms of the RMS pressure (Fig. 27.3a) and a
snapshot of the fluctuating pressure envelope (Fig. 27.3b), for transition beginning at x=L D 0:3 and ending at x=L D 0:5. As
with the heat flux profiles in Fig. 27.2, results are presented for shifted and unshifted turbulent boundary layers to demonstrate
the effect of accounting for or neglecting transitional overshoot. The RMS pressure in Fig. 27.3a demonstrates that the present
formulation results in a smooth spatial variation in the RMS pressure throughout transition, with peak magnitudes occurring
at the end of transition. The fluctuating pressure envelope in Fig. 27.3b represents the minimum and maximum bounds of the
instantaneous pressure load acting on the panel.

27.2.3 Problem Description

The freestream conditions and panel geometry considered in this study are listed in Table 27.1. It is assumed that the panel lies
1m downstream of the leading edge of a wedge with a 5:0 ı half angle. Therefore, the flow the panel experiences corresponds
to the post oblique shock conditions (i.e. M D 3:64). The material properties of the panel are listed in Table 27.2. Note that
the modulus of elasticity, specific heat capacity, thermal conductivity, and thermal expansion coefficient are temperature-
dependent properties where the listed values correspond to a temperature of 300K. The numerical parameters used in this
study, listed in Table 27.3, were determined through a convergence study of the post-instability, limit cycle response of the
panel. This configuration (geometry, material, freestream conditions) is selected for this study as it has been thoroughly
examined in past works [23, 28, 29]. While this configuration does not represent an actual structure intended for use on a
hypersonic vehicle, it provides the means to study a representative coupled response over a relatively short time record [28].
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Table 27.2 Material properties
of Al-7075 at 300 K

Density 2768 kg=m3

Poisson’s ratio 0.325

Modulus of elasticity 71.345 GPa

Specific heat capacity 850.99 J=kg K

Thermal conductivity 132.05 W=m K

Thermal expansion coefficient 22.184
m=m K

Table 27.3 Numerical
parameters of the
aerothermoelastic solution

Structural mode shapes 25

Aeroelastic time step 12.5
s

Aerothermal time step 125
s
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Fig. 27.4 Transition region as a function of time

27.3 Results and Analysis

A preliminary analysis was performed to demonstrate the importance of accounting for time-varying, fluid stability in
aerothermoelastic response prediction. Results are presented for panel responses obtained assuming a constant transition
length (�xt D 0:2m) and an initial transition onset location of xt D 0:1m. The onset location either remains constant or
varies in time as a function of the average wall temperature, according to Eq. (27.16). The relationship in Eq. (27.16) linearly
interpolates between xt D 0:1m;Tw D 300K and xt D 0:7m;Tw D 495K, where the later conditions are specified to
ensure the last 0:1m of the panel is subject to fully turbulent loading and to remain within the temperature range for the
material property data set. Here, Eq. (27.16) is an ad hoc expression meant to approximate the stabilizing effect of elevated
temperature on second mode disturbances [6] as the transition onset moves downstream with increasing wall temperature.

xt.t/ D 0:1m C �
0:7m � 0:1m

� Tw.t/ � 300K

495K � 300K
(27.16)

The transition region definitions for the constant and time-varying cases are provided in Fig. 27.4 in terms of the locations
corresponding to the onset and end of transition. At the start of the simulation (t D 0 s), both cases have the same transition
region (xt D 0:1m; xte D 0:3m). However, as the panel temperature rises, as a result of the applied heat flux, the time-varying
transition region moves rearward along the panel, maintaining a transition length of �xt D 0:2m.

The impact of the time-varying transition region on the panel response is depicted in Fig. 27.5 in terms of the maximum
temperature (Fig. 27.5a) throughout the panel and the three quarter chord displacement envelope (Fig. 27.5b). The results in
Fig. 27.5 indicate that as the transition region moves rearward along the panel, the peak temperature decreases and the time
to flutter increases, as compared to the constant transition region response. This is a product of the reduction in the thermal
load, due to the increased region of the panel subject to laminar heating.
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Fig. 27.5 Constant vs. time varying transition location. (a) Maximum temperature. (b) 3=4 chord displacement

The response of the panel subject to both constant and time-varying transitional loads is provided in Fig. 27.6, in
terms of the average through-thickness temperature rise (Fig. 27.6a), chordwise thermal gradient (Fig. 27.6b), normalized
displacement (Fig. 27.6c), and slope (Fig. 27.6d). Note that, the temperature rise in Fig. 27.6a is relative to the initial
panel temperature of 300K and the displacement in Fig. 27.6c is normalized by the panel thickness h. Comparison of the
temperature profiles in Fig. 27.6a, indicates that the time-varying transition region reduces the peak temperature and shifts
its spatial location further downstream in time, as compared with the constant transition definition. This reduction and shift
in peak temperature greatly reduces the thermal gradient across the panel, as highlighted in Fig. 27.6b. The displacement
and slope profiles in Fig. 27.6c, d illustrate that the prescribed transition region only affects the magnitude of the peak
deformation. This is expected as the panel deformation is driven by the thermal loading which, as Fig. 27.6a, b highlight,
is dependent on the transition region. The asymmetry of the panel is an aeroelastic effect, resulting from the interaction
between the fluid pressure and the thermally induced deformation. As the profiles in Fig. 27.6c, d are similar for either
transition definition, this implies that the location of the peak fluctuating pressure load does not significantly impact the
structural response.

27.4 Conclusions and Future Work

This study examines the effect of time varying boundary layer transition location during aerothermoelastic analysis
of a representative hypersonic vehicle panel. The results indicate that rearward movement of the transition front (i.e.,
relaminarization of the boundary layer) significantly reduces the thermal loading and peak deformation, potentially extending
the life of the structure. These results help to quantify the degree of coupling fidelity required to accurately predict the
response of a structure subject to hypersonic aerodynamic loading.
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