Dynamic Force Reconstruction of Transient Flap Control Force
Experiments in a Hypersonic Wind Tunnel

Jack W. Draper IIT*
Johns Hopkins University Applied Physics Laboratory, Laurel, MD, 20723, USA

Greg J. Brauckmann' and F. Drew Turbeville*
NASA Langley Research Center, Hampton, VA, 23666, USA

Sung W. Lee®
University of Maryland, College Park, MD, 21040, USA

This work details the design of a sliced-cone model with a flap embedded within the slice. The
flap is controlled by a fast acting servo to simulate a control force of a hypersonic vehicle. Design
considerations such as sensor placement, expected loading, servo arm selection, and cavity
temperatures are detailed in this work. Such a design imparts a dynamic response of the test
article and as such, dynamic force measurement methodologies are required to reconstruct the
control forcing. Three methods are of particular interest: the Sum of Weighted Accelerations
Technique, Time Domain Deconvolution Method, and Frequency Domain Inverse Method.
Novel versions of each method have been applied to this dataset to improve the reconstruction
accuracy.

I. Nomenclature

B = impulse response matrix

C4 = dynamic calibration matrix

Cs; = dynamic calibration matrix for resonant mode /
C4x = axial force coefficient of aerodynamic load
Cy = normal force coefficient of aerodynamic load
Cs = static calibration matrix

Fy = axial force of aerodynamic load

Fy = Force on the flap

Fy = normal force of aerodynamic load

F. = reconstructed force

H = frequency response function (FRF)

h = impulse response function (IRF)

M. = freestream Mach number

N;, = shape matrix for IRF interpolation

N, = shape matrix for input force interpolation
P. = ({freestream static pressure

P = total pressure

P, = total pressure behind normal shock

g = freestream dynamic pressure

Ry = IRF constraint parameter

R, = input force constraint parameter

Re., = freestream Reynolds number
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Re, = Reynolds number behind normal shock

Sy = acceleration response data
Say = acceleration response data band pass filtered about resonant mode /
Srer = reference area for force coeflicients

= strain response data

= freestream temperature

= total temperature

= time

= sample time increment

= Fourier transform of time domain dynamic input force u
freestream flow velocity

= applied point force

= dynamic input force matrix

= Fourier transform of time domain dynamic output response y
= dynamic response matrix

= time domain dynamic output response

= test article angle of attack

= Freestream flow density

= Flow density behind normal shock
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Tr = torque due to Fy
Ty = servo torque
o} = frequency of interest

I1. Introduction

His paper details the dynamic force reconstruction of a deployed flap into a hypersonic flow. A flap is embedded
Tin a sliced cone model developed by the NASA Langley Research Center (LaRC), the Johns Hopkins University
Applied Physics Laboratory (JHU/APL), and the University of Maryland (UMD). The deployment of this flap into
a hypersonic flow is intended to simulate a control force of a hypersonic vehicle. The rapid deployment of the flap
excites dynamics in the test article. Therefore, dynamic force measurement methodologies such as the Sum of Weighted
Accelerations Technique (SWAT) [1H3], Time Domain Deconvolution Method (TDDM) [4, 5], and Frequency Domain
Inverse Method (FDIM) [6H8] must be implemented.

Dynamic force measurement is applicable to a wide range of wind tunnel measurement scenarios such as supersonic
combustion ramjet (scramjet) engine unstart [OH11]], divert thruster firing [4H6], shroud separation [12} [13]], and control
surface deployment [14} [15]. Current measurement methodology typically assumes proportionality between strain
and applied force [[16]. When the force is approximately constant and the test article is steady, this is typically a good
assumption. However, in the above examples and those detailed in this work, such an assumption is invalid. Due
to the short duration or high frequency contribution of these example loads, a dynamic response is achieved. This
response yields an elastic force contribution measurement rather than the applied aerodynamic force. The focus of
this work is to demonstrate the SWAT, TDDM, and FDIM for a rapid control surface deflection example case in the
NASA Langley Research Center 31-Inch Mach 10 wind tunnel [[17]. The development of the dynamic force balance
and demonstration of the measurement capability is intended to be a platform for future hypersonic dynamic force
measurement experiments.

Many methods of dynamic signal reconstruction exist. However, due to the wide range of testing scenarios,
limitations of each method, complexity of methodology formulation, and relative infancy of the interest in such
measurement, no such “standard” method exists. Therefore, three dynamic force measurement techniques are of interest:
the SWAT, TDDM, and FDIM. Marineau et al. [1} 2] successfully implemented a variant of the SWAT in the CUBRC
facility on a small-scale hypersonic test article. The particular method of interest in this work is a further variant of the
SWAT developed by Draper et al. [3] where modal separation and velocity scaling is assumed. The SWAT is a common
technique as it builds on the static calibration techniques used for decades. However, it is somewhat unsuited for short
duration and high frequency response facilities such as shock tunnels. For such facilities, the TDDM is more commonly
used. Mee et al. [4] 5] used a variant of this method to measure the lift and drag of a test article in the T4 free-piston
shock tunnel at the University of Queensland. In this work, a variant developed by Draper et al. [[18]19] is of interest.
This method utilizes higher order deconvolution and least squares inversion to more easily solve the deconvolution



problem. The final method under investigation is the FDIM. This is a frequency domain couple to the TDDM and is less
commonly used in hypersonic wind tunnel testing [20]. Grauer et al. [7] recently implemented a variant of this method
to estimate control surface forcing for a T-2 airplane. The FDIM of interest in this work is a more simplified version
detailed by Draper [21] that utilizes multiple calibration solution of the impulse response function (IRF).

Section [Tl of this document overviews the experimental setup for these studies. A tunnel overview and a detailed
overview of the design of the dynamic force balance is presented in this section. Additionally, the calibration procedure
for the various force reconstruction methodologies is presented for additional clarity. The next section presents a
brief overview of each of the three methods of interest for these studies. The following section presents real world
considerations such as temperature, noise, distributed loading, and aeroelastic loading that can negatively affect
measurements. The final section presents an overview of the wind tunnel results for each of the three methods. A
comparison with expected values as well as with the typical strain gauge force measurement is presented to highlight the
advantages of each method.

IT1. Experimental Setup

The calibration and wind-on tests are performed at the NASA LaRC 31-Inch Mach 10 wind tunnel. The test setup
and results are presented for the studies in this tunnel. The primary investigation for these studies is reconstruction of the
aerodynamic load applied during the deployment of a flap on the aft end of a sliced cone geometry. This could simulate
a control force of a hypersonic vehicle. A load of this nature is highly dynamic and thus a dynamic force measurement
methodology is required.

This section is subdivided into a variety of topics. First, an overview of the facility is presented to highlight the
tunnel operation and capabilities of this particular test section. Next, an overview of the test article is presented. Upon
review of this subsection, the operation of a given test and the inner workings of the test article are made clear. Following
this, a more in depth overview of the hybrid dynamic force balance is presented. Finally, the dynamic calibration tests
performed in this work are detailed.

A. Facility Overview

The experiments discussed in this subsection were performed at the NASA LaRC Mach 31-Inch 10 wind tunnel in
March of 2023. A mock up of the tunnel is depicted in Figure[T]and was taken from Berger et al. [17]. The tunnel was
built in 1957 and was originally designed for continuous operation. It was converted to a blow-down facility in the
1970s and continues to operate in that manner. The test section is a 31-inch square cross section. Run times of up to two
minutes are capable in this tunnel with full use of the vacuum sphere. We make use of this long run time by pulsing
the flap a number of times over the duration of the test. After parsing the data, this yields multiple data sets per wind
tunnel run. Test articles are injected from the side of the test section after it has reached the desired conditions. The
insertion time ranges from 1.25 to 4.2 seconds with acceleration magnitudes ranging from 0.3 to 3.3 gs depending on
the injection speed. The slower speeds give more flexibility on model strength requirements as the injections loads will
be smaller. Three rectangular optical ports are available to view the test section. One viewport is present in the injection
plane. For these experiments, a high speed camera images the test section at a frame rate of 25 kFPS. These images are
used to determine the angle achieved by the flap as it may differ from the commanded angle.

The nominal conditions for this tunnel can be seen in Table [l Most tests are performed at condition 2 or 3 to
simulate the Arnold Engineering Development Complex (AEDC) Wind Tunnel No. 9 (Tunnel 9) conditions while
keeping the overall aerodynamic forcing magnitude within acceptable levels. All relevant information presented in this
subsection was extracted from Berger et al. [[17]]. The reader may review this reference for more specifics on tunnel
operation.

B. Test Article Overview

In this subsection, the overview of the test article under investigation for these experiments is presented. Additionally,
some of the design considerations are discussed. The selected geometry for this study is a titanium 7° half-angle cone
with a slice parallel to the flow on the aft end. The slice is located on the bottom of the cone. A picture of the mounted
test article is shown in Figure[2] Embedded in the slice is a rectangular flap that can be deployed when commanded by
the operators. Seven degree half-angle cones are very common throughout the history of wind tunnel testing and the
flowfields are well understood for many conditions. Additionally, this cone-slice with ramp geometry is in line with
future NASA LaRC testing objectives. Therefore, construction of this test article is useful not only for these studies, but
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Fig.1 NASA LaRC Mach 6 and 10 facility depiction [17].

Table 1 Nominal conditions for LaRC 31 inch Mach 10 air tunnel.

Variable Unit Condition 1 | Condition 2 | Condition 3 | Condition 4
P (psi) 350 720 1300 1450
Th (°R) 1775 1790 1790 1790
P. (1072 psi) 1 1.89 3.19 3.52
T. (°R) 93.68 92.23 90.35 90.26
goo (psi) 0.66 1.27 2.2 2.43
U (ft/s) 45934 4614.6 4618.3 4626.1
M, - 9.68 9.81 9.93 9.96

Reo (10 /ft) 0.53 1.04 1.82 2.03
Re; (106 /ft) 0.49 0.93 1.61 1.78
P2/ Pes - 5.96 5.97 5.97 5.98
Py (psi) 1.22 2.36 4.07 4.51




Fig.2 Test article mounted in the NASA 31-Inch Mach 10 Wind Tunnel [Source: NASA].

High bandwidth pressure taps

Deployable flap

Fig. 3 Sliced view of test article.

for future NASA LaRC endeavors as well. A two dimensional cross section of the cone-slice geometry is shown in
Figure 3}

Upon review of this cross section, the inner workings of the test article become more evident. The sting (right)
is mounted to the conventional foil strain gauge balance (yellow). This balance is inserted into a balance bore hole
within the top balance plate (yellow). Sandwiched between the top and bottom (light blue) balance plates are the
three-component piezoelectric strain gauges (blue). The bottom balance plate is constrained to the aft bulkhead (gray)
via pins and screws. It is constrained to the front bulkhead, which is a single piece with the aft cone section (brown).
With this setup, any load applied to the cone surface is transferred to the bottom plate, through the piezoelectric load
cells, to the top plate, through the foil strain gauge balance, and out through the sting. This ensures only a single load
path is possible and the full applied force should be recorded by both the foil and piezoelectric strain gauges. Note that
custom beryllium copper studs (dark gray and mounted through blue piezoelectric strain gauges) had to be ordered to fit
within the space-limited cavity.

The nose tip is interchangeable for specific aerodynamic objectives. The specific flowfield is unimportant for these
studies, and therefore, a change in nose tip is not required. The servo (purple) is connected to an arm (orange) on the
flap (olive) to rapidly open and close the flap. The flap is nested within the flat slice and contains a high frequency
pressure gauge for further information on the load applied during deployment.

All portions of the cone (i.e., cone body, nose tip, bulkheads, flap, and calibration plates) were manufactured from
titanium (TI-6AL-4V). This was chosen as it is light weight, provides adequate strength at the maximum predicted
temperature, and as a single material to mitigate risk of mismatched thermal expansion. Since dynamic loads are
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Fig. 4 (a) Normal and (b) axial force coefficient comparison for simplified approximation and CFD analysis.

purposely excited in this study, ensuring reasonable G-loading is critical. Reducing the overall weight helps in this
endeavor. The sting is fabricated from steel and houses the cabling and cooling water line for the foil strain gauge
balance. Other cabling is placed around the outside of the sting due to the high number of measurements on this test
article.

There are a multitude of sensors in this test article, which are depicted in the cross section. First, the conventional
foil strain gauge roll balance (yellow) is mounted directly off the sting. This provides highly accurate, calibrated
measurement of the quasistatic forces and moments applied with respect to the model center. As dynamic force
measurement is of particular interest, model 260A01 PCB piezoelectric strain sensors [22] (blue) are also mounted
within the test article. These provide a much higher measurement bandwidth than the typical foil strain gauges. As the
SWAT requires acceleration measurement and the other methods benefit from this additional measurement [21], model
356A32 PCB accelerometers [23] (light green) are also mounted within the test article. Two near the rear of the test
article, directly below the rear two piezoelectric strain sensors and one mounted on the front bulkhead. High frequency
Kulite® pressure sensors, model XCS-093-15A [24] (purple) are mounted in the surface of the cone. One is mounted on
the nonflap portion of the slice, one on the cone surface just before the slice and one on the opposite side of the flap. A
fourth Kulite® is mounted directly in the flap itself. This particular sensor is a modified 5-wire XCS-093-15A sensor
that provides a temperature measurement of the sensor itself. This additional measurement allows for correction of the
temperature-dependent frequency response found in these sensors. Finally, temperature measurements are made within
the cavity is included to ensure the cavity temperatures remain within the sensor and servo limits. One thermocouple is
placed on each balance plate to determine if significant thermal stress is applied across the piezoelectric strain sensors.

C. Expected Loading

Estimating the expected loading is important for the stress analysis of the design as well as the servo selection.
Therefore, this subsection is dedicated to estimating the quasisteady forces of the cone-slice model. Begin with the
simple estimation of the normal and axial force on a typical 7° half-angle cone. To compute these forces, the normal
and axial force coefficients were extracted from a Naval Surface Warfare Center 1975 technical report [25]]. This report
includes normal and axial force coefficients for a variety of cone angles with half sphere nose tips. Additionally, Mach
10 data are available for 1, 3, 5, and 10 degrees angles of attack.

Next, one can add the flap forcing contribution using tables in NACA 1135 [26] and expected tunnel conditions.
The axial and normal force coefficients for a reference area of 14.1863 square inches (circular base area) using this
approximation is shown in Figure [ via the dashed lines. Additionally, NASA personnel performed a laminar CFD
analysis on the test article CAD using FUN3D [27] for the various AoA and flap angle combinations of interest. These
results are displayed in Figure ] as well via the solid lines. Note that these results are in family.

For design purposes, the total forces applied to the test article is of interest. This is important both for the safety of
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Fig. 5 Full model CFD force estimate using FUN3D in (a) normal and (b) axial directions.

the conventional force balance as well as for the smooth operation of the servo. The worst case loads are for max AoA
and flap deflection (purple curve). These coefficients can be converted to forces using

FN = CNSrefqoo (1)

Fa= CAxSrefqoc 2

with the circular base area as the reference area (4.25" base diameter) and each of the four freestream dynamic pressures
given in Table [T}

From a design perspective, the most stressing case is maximum deflection angle, i.e., y = 30°. This yields the
forces in Figure 3] for the four optional tunnel dynamic pressures and AoA. The envelope of the y = 30° curve options
(purple curves in Figure[d)) was used for the coefficients to achieve the most conservative answer. Additionally, the worst
case of o = 10° and y = 30° force predictions are shown in Table[2] These were below the safety limits of the balance,
however, in this study we will focus on slightly less stressing cases to ensure margin. The unknown amplification due to
expected load may yield higher forces than this static equilibrium prediction so it is safe to remain well below the balance
limits. The two tunnel runs analyzed in this work had tunnel conditions of g. = 2.2 psi and test article configurations of
o = 5° and y = 20°. The predicted forces for these conditions are shown with black crosses on Figure [5|for the CFD
coefficients as well as for both the CFD and cone-wedge approximation in Table 2]

The authors also predicted the peak forces on the flap and translated the resultant moment to the servo arm. This
calculation is omitted from this paper for brevity. However, the levels at the servo are below the stall torque of the
selected servo. Additionally, the deployment speed (which is a function of arm torque) is not overly degraded for these
worst case loads.

Table 2 Worst case and key tunnel run axial and normal force predictions.

Load a=10° v <30° g =243 psi | Run 33 and 34: oo =5°, w <20°, goo = 2.2 psi
Method Worst Case Full CFD Solution Cone + Wedge
Fy (Ibs) 23.29 8.07 9.20
F4 (lbs) 10.83 4.40 4.38




Fig. 6 Exploded isometric view of dynamic force balance.

D. Hybrid Dynamic Force Balance Design

Dynamic force measurement is the primary focus of this research. However, as the static force measurement is
not expected to be as accurate as the conventional foil strain gauge roll balance, a hybrid arrangement is developed.
The hybrid force balance has highly accurate quasi-static force measurement with the added benefit of high bandwidth
dynamic force measurement. This arrangement is inspired by the design used by Draper et al. [3} 28] where the foil
strain gauge roll balance, three-component piezoelectric strain gauge sensors, and accelerometers are all used in tandem.

A depiction of the force balance assembly is shown in Figure[] Due to the conical internal cavity, fitting four load
cells, such as the design made by Collopy et al. [29], is not feasible. However, a three sensor arrangement is still capable
of measuring all six components of forces and moments, i.e. Fy (Axial), F, (Side), F; (Normal), M, (Roll), M, (Pitch),
and M, (Yaw).

In the top light blue plate, henceforth referred to as the top balance plate, holds the conventional foil strain gauge
roll balance that is affixed to the sting. The bottom light blue plate in Figure [f] henceforth referred to as the bottom
balance plate, is constrained to the forward and aft bulkhead. Sandwiched between the two balance plates are three
model 260A01 PCB three-component piezoelectric strain sensors. These sensors measure strain in each of the three
directions and due to their piezoelectric operation, have a much higher bandwidth than typical strain balances. Typical
strain balances have flexures to ensure uniaxial strain that unfortunately limit stiffness. Beryllium-copper studs hold the
balance plates together. This metal is used due to its low stiffness but high strength, which ensures that the majority of
the load is transferred to the sensing elements rather than the studs. Note that these sensors were originally purchased for
AEDC Tunnel 9 use and are therefore of higher magnitude than what would be ideal for this NASA LaRC application.

Finally, triaxial accelerometers are mounted on the bottom of the bottom balance plate as close to the piezoelectric
strain sensors as feasible. Acceleration measurements are required by some methods (SWAT) and can be used by other
methods (TDDM and FDIM) to enhance result quality. The SWAT requires accelerometer measurements to remove the
inertial contribution and for those sensors to be mounted close to the strain measurements to minimize sensor phase
delay. For TDDM and FDIM approaches, deconvolution can be performed with acceleration in addition to or rather
than strain as the output, as shown by Draper et al. [[19].

The design assures that only a single load path exists between the support structure and the model surface. As
designed, any aerodynamic load applied to the test article must travel through all strain sensors before reaching the
sting and support structure. This ensures maximum signal-to-noise ratio of the strain sensors, which improves the
effectiveness of the dynamic force measurement techniques.

E. Dynamic Calibration

To apply the methods discussed in Section[[V] one must apply a dynamic calibration to excite the dynamics of the
system and map those input-output responses into a useful model for future force estimation. This subsection provides a
brief description of the calibration tests performed and the excitation location diagrams of which are referenced in the
following sections.

The first set of calibration tests performed were for the SWAT. This method requires both a static and dynamic
calibration. To determine the static calibration matrix, a standard weight hanging method, similar to typical wind tunnel
testing setups was used [16]. This approach is presented with greater detail in Reference [19]. The setup is shown in



Fig. 7 Example weight hanging calibration setup [Source: NASA].

Figure [7) where the weights are applied along the gravity direction via a screwed connection at various points along the
model surface. Unlike typical strain gauges force balances, piezoelectric load cells are capacitive, meaning any applied
load will eventually decay back to zero. Therefore, rather than applying the load, steadying the weight, and taking the
reading, the weight is smoothly removed via the scissor jack. This imparts error to the static calibration as discussed in
Reference [19]. The SWAT dynamic calibration test setup is identical to that shown in Figure[7] However, the line is
abruptly severed (via acetylene torch in this case) to impart a dynamic step load and excite a dynamic response of the
load cells and accelerometers.

The other set of dynamic calibrations that are required are modal impact hammer inputs. For the TDDM and FDIM
approaches, the applied loads must be a point source and precisely known. A modal impact hammer is ideal for this task
as these devices have a dynamically calibrated load cell that approximates the true applied load applied at the hammer
tip. The target impact locations are shown in Figure[8] A tap was applied at each location a minimum of twelve times to
converge the impulse response matrix [21]], ensure enough high quality data are available, and to average out errors in
location and angle. The softest hammer tip was used to approximate the expected applied load magnitude and pulse
width.

IV. Force Reconstruction Methodology Overview
In this section, a brief overview of the SWAT, TDDM, and FDIM is presented. For more in depth information for
each method, the reader is encouraged to read Reference [21]].

A. SWAT

The first method of interest is the SWAT. This is a two stage method that builds on the commonly used methodology
for strain gauge balance calibration. First, as is done for the conventional foil strain gauge roll balance, a static calibration
is performed on the piezoelectric strain sensors. This converts the millivolt elastic response of the sensors into elastic
force contributions. In the quasisteady scenario, this is approximately the applied force. After this step is performed, a
dynamic calibration needs to be applied. In this stage, a dynamic load, which onsets a dynamic response, is required.
Typically, a step load is chosen as this more effectively excites the lower frequency modes.

To further understand this, consider the commonly used form of SWAT, to obtain the reconstructed force (Fiec), is
given by

Frec = SsCs +84Cy 3

where Sg and S, are the strain and acceleration response data and Cg and Cy4 are calibration matrices converting those
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Fig.8 Hammer tap locations in (a) side, (b) normal, and (c) axial directions for calibration of TDDM and FDIM.

responses into forces. In this form, one may recognize the similarity to a single degree of freedom (SDOF) spring-mass
system. Typical force measurement assumes proportionality between strain and applied force, and therefore, the strain
response, Sg, can be scaled by a static calibration matrix, Cs, similar to the stiffness of an SDOF system. However, when
the system is not at steady state, the equation of motion contains an inertial term. Note that the damping contribution is
assumed small and neglected from this explanation but can be accounted for by using measured or derived strain rate or
velocity data.

In previous research, Draper et al. [3]] reformulated this commonly used method to account for the fact that each
mode of vibration may be excited to a different degree. Therefore, applying only one scaling matrix to the entirety of the
acceleration signal may be insufficient. Instead, we choose to scale each frequency of the signals separately, given by

Frec = SsCs + X1 1S 1Ca )

where each mode of the inertial response, Cy ;, obtained via filtering or curve fitting of the acceleration signal, is scaled
separately and combined with the scaled strain response. Note that one must decide on a max number of modes (L) to
consider. In Reference [3l], it was found that higher frequency modes of the acceleration response are phase shifted to a
small degree with respect to the strain response. This means that no amount of scaling can ever remove the unwanted
inertial effects. Therefore, this sensor response delay problem presents an inherent upper frequency limit of this method.

An important note about this method is that the recovered forces and moments are computed with respect to the
moment center. Therefore, if a particular force magnitude at a particular location is of interest, this method will only
reconstruct the total forces and moments, similar to the static measurement methodology. This may be undesirable for
point force problems such as lateral air jets. The following two methods are point force reconstruction methods.

B. TDDM

This method is somewhat of a divergence from the force reconstruction methodologies typically used in wind tunnel
testing. In TDDMs, time domain proportionality is no longer assumed. Rather, for linear time invariant (LTI) systems,
there exists an impulse response function (IRF) relating an input force location and output measurement location (e.g.,
individual strain or acceleration channel). This is advantageous as only a single measurement type is required. However,
the formulation is significantly more complex and computationally expensive.
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In TDDMs, the mechanism for generating this relationship is the convolution of the applied force with the IRF and
defined as

3(t) = /O (e — Tu(e)de = o ul) 5)

where the output, y(), at time 7 is the convolution between the input, u(z), and the IRF, A(¢). This equation can represent
any LTI system. For our application, we may utilize this for the assumed LTI relationship between applied force and
measured strain. The strengths of this method are that it only requires one measurement (acceleration data not needed)
and phase shifts are inherently accounted for in the IRF. The chief weakness of this family of methods is that the entire
force history from ¢ = 0 is needed, and therefore, can be a rather large computation. Therefore, TDDMs are ideal for
short duration, impulsive tests such as the pulsed forcing discussed in this research.

To solve Eq. (3)), we need the IRF and a way to deconvolve the IRF from the measured strain response. Therefore,
the problem under investigation is actually the inverse of Eq. (5) where the input is the unknown. A typical solution of
this problem assumes a discrete form of Eq. (5] and generates a “convolution matrix” from a known IRF. A similar
approach will be used in this research, however, proposed by Draper et al. [18]], where a higher order discretization is
assumed, transforming the continuous representation of the convolution integral into

Sh=1

N [m R
y(t) = Z lz [hkfiszj hkfi-szjfl} / NN, dsy,
S,

i=0 | j=0 =0

u;y Aty (©)

This distribution can be linear, quadratic, or cubic and is captured in the N matrices. Next, this discrete equation can be
assembled into matrix form as
y = BuAs,, @)

and solved by inverting the B matrix and multiplying it by the measured strain or acceleration channel, y. Note, a
constraint parameter of Ry > 1 is selected to ensure this matrix has many more rows than columns. Therefore, a least
squares pseudoinverse can be employed to solve this inversion. Note that the IRF must be known prior to this solution.
However, the convolution formulation is cumulative. Therefore, the roles of # and / can be switched in all previous
equations and one may solve for the IRF given a known applied dynamic load. Typically, a hammer pulse is chosen for
this load as impulse hammers are commonly used and can excite a wide bandwidth of dynamics.

C.FDIM

This final method of interest is the FDIM. This is a frequency domain couple to the TDDM. As such, it is based on
the same physics as in that method. However, the solution procedure is performed in the frequency rather than time
domain. The primary advantage of this approach is that much longer time histories may be used. The computational
complexity grows considerably for TDDMs. However, the frequency domain formulation in this method allows for a
much simpler solution.

Again one may begin with the convolution given by Eq. (3). However, rather than discretizing this equation, a
Fourier transform is performed on both sides of the equation. Performing this transformation yields

Y() = H(@)U(o) ®)

where the complex convolution of two time domain signals becomes a more simplified multiplication of two frequency
domain signals (denoted with capital variables). Each frequency contribution of the unknown applied load can be solved
by dividing the corresponding frequency contribution of the measurement by that of the IRF, i.e.,

Ulw)=—+. 9)

Finally, an inverse Fourier transform yields the applied input force in the time domain.

Similarly to the TDDM, the frequency response function (FRF — the Fourier transform of the IRF) is required to
solve for an input force. As in the TDDM, this operation is commutative. Therefore, we may solve for the FRF given a
known applied dynamic input such as a hammer pulse. To obtain the FRF, simply swap the roles of U and H in Eq. (9).
To get the time domain IRF (if desired), perform an inverse Fourier transform of the result.

11



One additional modification considered here is that the IRF/FRF holds for any input and output measured at the
same location [21]]. Therefore, many tests may be stacked together to simultaneously solve for the FRF of interest, i.e.,

Y U,
Y, U,

=1 . H(w) (10)
Yp ® UP )

where the equation becomes overconstrained. As desired, we may solve this equation using a least squares pseudoinverse.
The least squares inversion technique [30] is chosen to perform the pseudoinverse for this work.

V. Real World Considerations
Prior to presenting the results of each method, it is useful to discuss some of the real world considerations that affect
force reconstruction for the wind tunnel application. Some of these considerations include cavity temperature gradients,
distributed loading, aeroelastic forcing, and signal-to-noise ratio (SNR). These real world effects affect the measurement
hardware and reconstruction accuracy which can ultimately introduce errors and uncertainty into the results.

A. Cavity Temperatures

Typical experiments in this tunnel utilize a water cooled strain balance and surface mounted pressure and temperature
sensors. However, in this experiment, additional sensors are present that have no temperature shielding. The piezoelectric
strain and acceleration sensors have an operational temperature range of —65 to 250°F, so the first challenge is to ensure
the max operating temperature will not be exceeded (which could lead to sensor damage). However, there are other
problems related to thermal load that affect force reconstruction. First, these sensors have temperature dependent
responses affecting their sensitivity to applied load at different temperatures. This implies that a calibration performed
at room temperature can become invalidated if the sensors heat up (or equivalently cool down) and yield a different
response to an applied load. Although we may correct for this via cavity temperature measurement, it is preferred to
keep the temperatures near room temperature. Another concern is thermal strain. These strain sensors are intended
to measure mechanical strain between two surfaces (and force via calibration), however, they have no mechanism for
differentiating mechanical and thermal strain. Therefore, a difference in temperature between the two plates (or even
between the sensor and a plate) could cause a false response which will not be a mechanical applied load of interest.
Finally, the servos also have a limited temperature range. Most manufacturers claim a maximum operating temperature
of approximately 140°F. Therefore, the servo will likely fail prior to any sensors if the cavity temperatures become too
high.

To monitor temperatures for sensor safety and thermal strain, a thermocouple was placed on each of the upper and
lower balance plates. The time histories over the entire 30 second test for wind tunnel runs 33 and 34 (single triangle
flap pulse and pulse and flap hold for five seconds, respectively) are shown in Figure[9] There is significant scatter in the
temperature readings. NASA data acquisition experts and test engineers believe this is most likely electromagnetic
interference (EMI) caused by the servo. Although the team made their best effort at shielding the servo from the other
cables, some EMI is still expected due to all cables having to run down the same sting. Although there is scatter in the
data, the trends are still clear as evidenced by the solid, filtered traces in each figure.

Note that the starting temperature of the upper plate is lower for both tests. This is expected since the strain gauge
roll balance is mounted within the upper plate and is water cooled. Therefore, one may expect higher conductive cooling
of the upper plate relative to the lower plate. For both test cases, the overall temperature rise of the balance plates is
small (< 2°F). Therefore we expect the response sensitivity due to termperature rise to be negligible. Additionally, the
temperatures remain well below the failure temperatures of the servo and sensors. Finally, the temperature difference
between the upper and lower plates is also minimal (< 1°F) for both tests. Therefore, one may expect minimal thermal
strain across the piezoelectric load cells.

B. Distributed Loading

To this point, we have discussed point force loading. In wind tunnels, loading is via the flow, and therefore,
distributed in nature. Ideally, if one knows the load is distributed, one could attempt to use the point force contributions
to reconstruct the pressure loading. Based on preliminary numerical experiments as discussed in Reference [21]], it is
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Fig. 9 Upper and lower plate temperatures during (a) pulse test run 33 and (b) ramp-hold test run 34.

possible to reconstruct a dynamic pressure field given a sufficiently dense grid of reconstructed point forces. However,
this has yet to be validated on an experimental system. For this analysis, we will assume the pressure load supplies a
near equivalent concentrated force. This is typically done in static analyses of distributed loading. Although this is not
exact for the dynamic case, it can provide a decent approximation. Future work may explore pressure reconstruction
over the flap where it is expected that the distributed load will be quite nonuniform.

In the case of the pressure force being perfectly uniform (though still time variant), it is valid to assume an equivalent
point force. This is demonstrated in Reference [21]] where a dynamic pressure load (triangle pulse) was applied to the

flap of a simulated representation of the test article in Abaqus. The test article and distributed load on the flap (red
arrows) are shown in Figure[T0]

Fig. 10 Abaqus FEM with distributed pressure loading on flap denoted by red arrows.

C. Aeroelastic Loading

A Large contributor to uncertainty is aeroelastic loading. During a wind-off or no-flow test, the dynamics (e.g.,
impulse response function, stiffness, damping) of an LTI system are predictable and repeatable. However, when the
same system is subjected to an aerodynamic load at a high Mach number, the dynamics of the system change due
to a coupling between elastic deformation and aerodynamics. Of particular concern is the deformation-dependent
aerodynamic load due to bending flexibility of the flap as it gets deployed. If the aeroelastic effects are significant
relative to the magnitudes of the applied load, they may dwarf the target measurement.
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D. Signal and Tunnel Noise

Arguably the largest contributor of error and uncertainty in force reconstruction is noise. In a perfect testing scenario,
one should try to maximize the usable sensor range relative to the expected applied load. This will ensure that the root
mean squared noise is far from the signal of interest and the signal quality will be excellent. However, there are other
forms of noise beyond this ambient electrical noise that can cause signal obstruction. One such example is tunnel noise
[31L132]], which causes localized vibrations on the test article. These low level vibrations are often acceptable for a
quasi-static test where the vibrations can be averaged. However, it can be detrimental when the oscillations are on the
order of the applied load (see discussion in Subsection [V.C).

Measurement noise was very evident on this test. For example, consider Figure[T1] In this test, the flap was pulsed
inside the wind tunnel under both wind off (left) and wind on (right) conditions. In the wind off scenario, dynamics of
the system (primarily the first few modes between 10 and 100 Hz) are excited and quickly damp out. However, in the
wind on scenario, many modes are evident throughout the entire time history. Although the pulse is still evident in both
the time history and magnitude scalogram, the ambient tunnel noise is of a much higher magnitude than desired.
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Fig. 11 Strain gauge measurement (normal force channel) time histories (top row) and scalograms (bottom row)
for a wind off (left column) and wind on (right column) pulse test.
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VI. Dynamic Force Reconstruction Results
This section details the preliminary results of each method. Speculation on error from expected results as well as
recommendations for future work are discussed for each method.

A. SWAT Results

To demonstrate the SWAT approach, the ramp (i.e., pulse deflection and hold) from Run 34 was used. Since SWAT
is a simple matrix multiplication technique, one may easily apply it to an entire time history. In Figure[I2] the entire time
history, i.e., test article injection (7 = 2s), flap deployment (T = 7s), flap retraction (7 = 12s), and test article removal
(T = 17s), is shown. For this analysis, the elastic force contribution was computed using standard, first-order NASA
methodology rather than statically calibrated piezoelectric strain gauge force rings. This is because (1) the hanging
weight static and dynamic calibrations were unable to apply side and pure axial forces as well as yawing moments and
(2) the signal-to-noise ratio on the piezoelectric strain sensors was very low.

Three frequency ranges over which to determine separate acceleration calibration matrices were selected based on
the the observed frequency response during drop test dynamics calibration. Those ranges were f < 30 Hz, 30 < f < 50
Hz, and 50 < f < 80 Hz. Therefore, all frequency content above 80 Hz is low pass filtered from both the reconstructed
and (for fair comparison) the elastic force and moment data. After reviewing the elastic force and moment data (blue
curves) obtained using standard, first-order NASA wind tunnel calibration methods, it is clear that the oscillations
induced by the ramp applied load (starting at 7 = 7s) do not greatly exceed that of the general tunnel noise prior to and
after the ramp deployment. Therefore, few residual oscillations are observed beyond the magnitude of the ambient noise
and the SWAT result (red) seems similar to the elastic force.

Interestingly, over the more severe applied forces of test article injection and retraction, one can observe reduction of
the residual oscillations in the reconstructed traces. A zoomed view of Figure [I2]over the test article retraction phase is
plotted in Figure[T3] Note the considerable reduction of the pitch and yaw applied loads in particular. This demonstrates
the SWAT approach is still useful, however, the applied loads may need to be higher relative to the ambient tunnel noise
for the effectiveness to be realized.
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B. TDDM Results

To demonstrate the TDDM method, the first pulse of Run 33 was used. This run was a fast triangle pulse of the flap
into the windward side of a 5° angle-of-attack flow with nominal conditions of Condition 3 from Table[I] A longer time
history of the normal force channel of the strain gauge roll balance can be seen in Figure[ITp. To approximate the flap
position, the aft point, hinge, and flap edge locations were tracked every two milliseconds over the pulse duration. The
resultant flap angle and angle-of-attack estimates are shown in Figure[T4h. Note that this is not a perfect triangle pulse,
but rather more of a smoothed out trapezoid. The measured elastic force using the conventional six component roll
strain gauge balance is shown in blue in Figure [I4p-d. Note that significant oscillations are observed both due in part to
tunnel noise and the desired, applied dynamic load.
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Fig. 14 (a) Angle measurements and TDDM pulse reconstruction results in (b) axial, (c) side, and (d) normal
directions.

The reconstructed pulses at calibration locations CXL1, CYL7, and CZL6 (see Figure |§[) are shown in red in
Figure[T4b-d, respectively. The constraint parameter and order for this analysis are Ry = R, = 20 and order= 3. The
axial force reconstruction appears to be rather successful where the substantial elastic oscillations measured by the axial
channel of the conventional strain gauge are removed and a more triangular pulse is recovered. There are still subsequent
oscillations in the reconstruction that can be attributed to either error or aeroelastic forcing contributions. A similar
observation may be noted for the side force reconstruction (Figure[I4f) where the overall magnitude of the oscillations
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are reduced substantially from the elastic force, but residual oscillations remain. The normal force reconstruction is the
least clear. Large amplitude oscillations remain and large spikes near the beginning and end of the pulse are evident. An
approximation of the angle of attack at the flap is shown via the blue curve in Figure[T4p. Although there is uncertainty
in the manual measurement of this from high speed video, the state does appear to be oscillating — indicating a state
dependent normal and axial force is likely present (i.e., aeroelastic forcing).

To better understand the normal force trace, the data from a wind off pulsed flap were investigated. In Figure[I3] the
reconstructed normal force at location CZL6 is compared to the normal force strain channel (elastic force). Note that at

Elastic [Conventional]
4r o Reconstructed

Force [Ibf]

0 20 40 60 80 100
Time [ms]

Fig. 15 Wind off normal force reconstruction.

the time of flap deployment (0 ms) and return (60 ms), there are large positive normal force spikes. Additionally, there is
a clear negative normal force spike when the flap reaches full deployment (20 ms). Characteristically similar spikes are
observed in Figure[T4[d. These forces are real, servo-induced loads, which cause a dynamic response of the test article.
Therefore, the load applied to the centroid is a combination of (1) the aerodynamic load applied by the flap deployment
and quasi-static angle of attack, (2) the aeroelastic loading of the oscillating test article, and (3) the internal loading of
servo actuation. Therefore, the reconstructed normal force may be difficult to interpret with the combined loading of all
three components. Future studies should be performed to separate these forcing contributions.
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C. FDIM Results

The same test case (Run 33) used in Section [VI.B]is used for FDIM demonstration due to its similarity with TDDM
methods. This is a single triangle pulse of similar magnitude and duration to the applied pulses during dynamic
calibration. The results using FDIM are shown in Figure [I6] As expected, the results are very similar to those in
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Fig. 16 (a) Angle measurements and FDIM pulse reconstruction results in (b) axial, (c) side, and (d) normal
directions.

Figure[14] The same calibration set and test data (Run 33) were used for this reconstruction so it is not surprising that
the results agree with TDDM estimates. The conclusions remain the same as those stated in Section [VI.B] Specifically
in the normal direction, once again a combination of the applied triangle load, the pulses of servo activation, and
aeroelastic forcing contributions are combined to complicate the resultant force.
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VII. Conclusion

In this work, three force reconstruction methodologies, SWAT, TDDM, and FDIM, were demonstrated on an induced
dynamic load at the NASA Langley Research Center 31-Inch Mach 10 wind tunnel. A flap was embedded within the
surface of an aft slice of a seven degree half-angle titanium cone test article. This flap could be rapidly deployed via an
internally mounted servo to apply flap deflection angles of interest. In this work, the design of the test was described in
addition to initial results for each method.

The initial results presented in this work for each method are promising but further analysis is needed. Although
the residual tunnel oscillations are reduced for each method, there are complicating factors such as internal servo
forcing, tunnel noise, and aeroelastic forcing which make it difficult to determine the true applied load, and therefore,
whether each method was accurate. Future work should explore separating out these various contributions and attempt a
distributed load estimate using all inputs of the point force methods.
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