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Multivariate Recurrent Neural Network Models for Scalar and
Distribution Predictions in Unsteady Aerodynamics
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In this work, recurrent neural networks (RNNs) are used to create output-based reduced-
order models for unsteady aerodynamic problems. Two RNN architectures are employed for
model creation and are evaluated on accuracy and generalization. The target test case consists
of a pitching and plunging NLR 7301 airfoil in the transonic flow regime in the presence of
shock motion. RNNs learn the underlying relationship between the inputs (in this study, the
Mach number, mean angle of attack, and pitching and plunging motion parameters) and the
outputs (in this study, the lift coefficient and pressure coefficient distributions) from a set of
time series samples. Various techniques are implemented and investigated for improving the
generalization ability of RNN models in predicting both scalar and distributed quantities.
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Nomenclature
A = amplitude
A; = amplitude for individual oscillations
Am = mean amplitude
am = mean angle of attack
Aa = amplitude of pitch angle
Br,B;,B,,Bc = biases for forget gate, input gate, output gate and cell update
c = chord length
C = amplitude parameter for randomlike signal
Cra = ratio of Fourier transforms of lift coefficient fluctuation and pitch motion
C; = cell state at time t
¢, = cell candidate at time t
Cox = x-component of pressure coefficient
Coy = y-component of pressure coefficient
Csx = x-component of viscous stress coefficient
Csy = y-component of viscous stress coefficient
d = delays in NARX neural networks
Fhase = base function for randomlike signal
Fgp = function for Gaussian pulse type signal
Fhoise = analytical noise function for randomlike signal
Frand = function for randomlike signal
Fsin = function for superimposed harmonic signal
fi = frequency for individual oscillations
fn = mean frequency
fi = forget gate at time t
he_1, hy = hidden states of LSTM recurrent neural networks at time t-1 and t
Ah = amplitude of vertical displacement
i = index
iy = input gate at time t
k = reduced frequency based on full chord
le = coefficient for Gaussian pulse type signal
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m number of elements in each column of S

N number of single harmonics in superimposed harmonic signal
ng number of snapshots

0t output gate at time t

P POD mode coefficients

R¢,Ri, Ry, Rc weights for recurrent states for forget, input and output gates and cell update
S snapshots matrix

51/2 half of simulation time

t time

to initial time

ts1, 152 scaled time

tanh hyperbolic tangent function

u inputs of NARX recurrent neural networks

U unitary matrix composed of left singular vectors of S

um number of input delays in NARX neural networks

|4 unitary matrix composed of right singular vectors of S

We, Wi, W,, We weights for inputs for forget, input and output gates and cell update
Xt = inputs to recurrent neural networks at time t

y outputs of recurrent neural networks

yn = number of feedback delays in NARX neural networks

o = sigmoid function

p¥ = diagonal matrix composed of singular values of S

() = phase for oscillations

0; = modeling parameters in cross-validation

o = Hadamard product operation

I. Introduction

LTHOUGH high-fidelity Computational Fluid Dynamics (CFD) analysis has become indispensable in design,
Aoptimization, and control of complicated aerodynamic systems, its application to industrial problems encounters
challenges due to the considerable cost. Reduced-order modeling aims to provide a surrogate model that requires low to
moderate cost while maintaining acceptable accuracy and robustness. The losses in accuracy resulting from model-order
reduction need to be quantified in order for these models to be useful surrogates. The present work explores the effects
of influential factors and evaluates the predictive ability of the reduced-order models (ROMs) that are generated using
the recurrent neural network (RNN), a specific class of artificial neural networks (ANN), for unsteady aerodynamic
applications.

Neural network-based ROMs approximate an aerodynamic system response by establishing a relationship between
the inputs and outputs directly, avoiding the difficulties in tackling the governing equations and their discretization in
CFD codes. In addition, the abilities of neural network models to simulate large-scale, highly nonlinear problems can
meet the industrial needs for fast high-fidelity solutions.

Different types of RNNs have been developed and applied to performance analysis and design and optimization
for dynamic systems. Suresh et al. [1]] used recurrent multilayer perceptron networks to predict the lift coefficient
at high angles of attack for a rotor blade and to identify its dynamic stall effects. Following work [2]] that used the
recurrent radial basis function neural network to investigate the structural responses and limit cycle oscillations of a
pitching airfoil forced by a transonic flow, Winter and Breitsamter [3] computed the unsteady aerodynamic responses
of the NLR 7301 airfoil to pitching and plunging coupled excitations, which matched well with the full-order CFD
solution obtained from an Euler equation-based solver. The generation of training signals was addressed with the
amplitude modulated pseudo-random binary signal to cover a representative spectrum of the excited amplitudes and
frequency components within a relatively short time interval. The resultant signal contains sufficient information to
capture the nonlinear features of the underlying system and reduces the computational cost in the training phase. The
aforementioned RNN-based ROMs are all discretized in time. Mannarino and Mantegazza [4] proposed the use of
continuous time recurrent neural networks to eliminate the influence of time step size on the subsequent analysis. Such
a continuous time RNN model has been applied to an inviscid flow over a wing experiencing limit-cycle oscillations.

In most prior studies of RNN applications to unsteady aerodynamics [[1, 5H8]], the inputs are the variation of pitching
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or plunging motions in time, while the bulk flow conditions have only been incorporated as inputs in a few test cases
[1L[7]. Suresh et al. [1]] trained RNNs using four data sets corresponding to four mean angles of attack, and predicted
the lift coefficient responses to two different mean angles of attack. Kou and Zhang [7]] proposed a multi-kernel neural
network model to predict the aerodynamic loads at constant and varying Mach numbers. The prediction ability of
RNNs has primarily been tested on integral quantities. Inspired by the work of Park et al. [9]], Lindhorst et al. [10] and
Winter and Breitsamter [11] combined the Proper Orthogonal Decomposition (POD) and neural networks to model the
time-varying pressure distribution. One of the objectives of the present work is to create a multivariate RNN-based ROM
with high accuracy and generalization ability for multi-step ahead predictions of distributed quantities in aerodynamic
applications.

Generalization refers to the ability to predict outputs for unseen data. Implementation of the commonly-known
methods, such as pruning [12]], regularization [13]] and early stopping [14]], has shown to reduce generalization errors.
May et al. [15] proposed a variant to the tangent plane algorithm for real-time recurrent learning, which pruned
superfluous weights and led to good generalization over a wide range of network sizes. As the neural network becomes
deeper, these traditional methods are no longer able to explain the fact that more hidden units can generalize well
[14}11617]. It is shown that the excess of hidden units promotes a good fit in the highly-nonlinear region of the model
and early stopping prevents overfitting for the less-nonlinear region [14]. Neyshabur et al. [16] examined candidate
complexity measures, and commented that some combination of sharpness and norms seems to reveal generalization
ability. Zhang et al. [17] conducted systematic experiments to show the generalization behavior of large models can
hardly be explained by traditional complexity measures.

The generalization ability of unsteady ROMs is discussed in this work pertaining to two RNN structures — long
short-term memory (LSTM) [18] and nonlinear autoregressive network with exogenous inputs (NARX) [[19] RNNs.
Both RNNs were introduced to mitigate the vanishing gradient problem [20, 21] in the gradient-based algorithms for
long-term dependency. Their structure allows the network to convey information from the distant past. LSTM has been
widely used with much success. Recently, a variant of NARX RNN with exponential delays has been proposed and
shown to outperform LSTM in some cases [22]. While this technique works well for general time-dependent problems,
it is advantageous to apply the physics-based approach [23]] when relevant information can be extracted from the studied
system.

The remainder of the present paper is outlined as follows. Section[[I] provides theoretical fundamentals of the POD
representation of distributions and the LSTM and NARX RNNs. Section[[Tl|defines the test cases used to demonstrate the
application of RNNs to a transonic flow with moving shocks present. Section[[V]shows and discussed the representative
results, followed by the concluding remarks in Section [V}

II. Theoretical Fundamentals

A. POD Representation of Distributed quantities

Examples of inputs to the neural network model include the flow conditions, shape parameters, etc., while the
outputs can be scalars, distributions, or fields. For the distribution variables, the model is further reduced by using
basis vectors obtained from the POD method to represent the snapshots of distributions. For unsteady applications, the
snapshots consist of the distributions at a series of time points.

Given a set of snapshots, S = [S1,52,...S,, ], with each S; a column vector of m elements, the POD basis vectors
can be obtained by a singular value decomposition as:

s=vxzv’. (1)

Since the number of time steps (snapshots) is usually large when a number of sample time series are concatenated, m is
less than ng in the unsteady applications. The columns of U are the left singular vectors, namely the POD modes, and
the columns of V are the right singular vectors of the matrix § € R™"s. X is a diagonal matrix with m singular values
for the diagonal entries in descending order.

In order to further reduce the order of the system, the number of POD modes is truncated based on the cumulative
sum of the squared singular values, so that the selected modes contain sufficient energy of the spectrum, while avoiding
overfitting and decreasing the computational cost. The amplitudes of the POD mode coefficients are treated as the targets
in the RNN training process. Once the RNN-based ROM is created, the POD mode coefficients for independent input
data can be predicted. The predicted POD coefficients are then used to reconstruct the distribution with the extracted
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POD basis vectors:
S; ~UP;, 2

where S; denotes the reconstructed distribution at a time snapshot i, which can be responses with respect to some testing
inputs that do not belong to the training data sets. P; is the set of POD mode coeflicients predicted by RNNs.

B. Recurrent Neural Networks

Artificial neural networks imitate biological brains. Information travels between the artificial neurons. Based on the
properties and complexity of specific problems, various neural network architectures have been developed and different
machine learning algorithms have been applied to process the information received.

The goal of neural network-based ROMs is to predict the outputs for some unknown data set. To achieve this goal,
neural networks learn from the available data set and build connections between neurons via transfer functions and
weights and biases.

Implementation of neural network-based ROMs is inherently different for steady and unsteady problems because of
the time dependency involved in the unsteady data. For unsteady applications associated with time series, recurrent
neural networks are widely used. The architecture of an RNN neural network is shown in Figure [ with x; the input and
h; the direct output. In a RNN, a feedback loop is formed so that the previous outputs also contribute to the prediction
of the output at the next time step. In practice, the simple RNNs perform poorly in learning the long-term dependency
due to the vanishing gradient problem in gradient-based learning algorithms and backpropagation.

hy

RNN

Xt

Fig.1 Diagram of recurrent neural networks.

LSTM is a popular RNN architecture that alleviates the vanishing gradient problem. Figure [2illustrates an LSTM
neural network with unrolled LSTM units to represent the feedback loop in Figure[l] The input at the current time
step x; and the hidden state (the output of the hidden unit) at the previous time step /;_; are combined to output the
hidden state 5, that is fed into the next time step. C; is the cell state (memory unit), a key element in LSTM networks.
Inclusion of the cell state allows the gradients to flow unchanged, while still keeping the ability to add, remove, and
modify information by three gates as shown in Figure[3] In the LSTM building block, there are four interacting layers,
much more complex compared to only one in a simple RNN unit. With x; and %,_; input into the unit, first a forget gate
f: functions to decide which information will be thrown away from the cell state C;_; by applying a sigmoid layer. Next,
an input gate i, employs the sigmoid function to choose what will be updated. The candidate update to the cell state C;
is created through a hyperbolic tangent function layer. The cell state is then updated by combining the output from the
forget layer and the selected cell candidate. Lastly, an output gate o, with the sigmoid function determines what will be
output and the hidden state %, is obtained by modulating the cell state C;_; using the hyperbolic tangent function. These
steps can be written in mathematical expressions as

Jio = oWsxi + Rehyy + By), )

ir = o (Wix; + Rihy 1 + B;), )
C; = tanh (Wex, + Reh—y + Be), ®)
Ci=fioCri+iroCy, (6)

0 = c(Wyx; + Rohi—1 + B,), @)
h; = 0, o tanh G}, (8)
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where W, R and B represent the weights for inputs, weights for recurrent states, and the biases respectively, with
subscripts indicating the corresponding layer. o denotes the sigmoid function, and tanh is the hyperbolic tangent
activation function. The Hadamard product operation is marked by o.
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Fig. 2 Structure of an LSTM network with unrolled LSTM cells.
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Fig. 3 Structure of an LSTM building block.

The special structure of the memory state and three regulators enables LSTM to convey information over a long-time
span. In LSTM, the feedback is from the output of the hidden state, and information travels between adjacent time steps
with less resistance. In contrast, the NARX framework addresses the long-term dependency by building external paths
to connect to the past directly as seen in Figure[d] The corresponding mathematical model is

Y(t) = f (ll(l), ll(t - dul)s ~"9u(l - dum)sy(t - dy1)9 ""y(t - dyn)) s (9)

where there are m input delay states represented by d,,; through d,,,,,, and n feedback delay states denoted by dy through
dyn. The selection of the input and output states imposes significant influence on the ROM predictive performance.
Both physics- and statistics-based methods can be applied to the effective states selection. The number of delay states
and the span of each delay state are flexible and should reflect time dependency within the sequence data.

C. Cross-validation Error Estimate

Cross-validation is a routinely implemented approach to assessing the generalization ability of unsteady ROMs. The
core concept of this method is to divide the available data set into training and testing subsets. In contrast to the fitting
error computed as a difference between the true and approximated responses to the training inputs, the performance
evaluated on the testing set is indicative of the predictive ability of the trained model. In addition to the training and
testing subsets, a separate validation subset could be reserved as a measure of the generalization ability during the offline
phase. By monitoring the predictive performance on the validation subset, multiple times of random initialization can
be conducted to avoid being trapped in a local minimum, therefore enhancing generalization ability. In the case that the
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Fig. 4 Architecture of the NARX model used for unsteady computations.

predicted responses are extremely sensitive to initialization or not improved over considerably many initialization trials,
it suggests that the structure of the neural network requires adjustment.

The k-fold cross-validation exhibits a balance between the computational cost and sufficiency of representative
test samples. In unsteady applications, the k-fold cross-validation evolves into k-time-block cross-validation [24].
Leave-one-out cross-validation is a special case of the k-fold cross-validation. Due to the high computational cost
involved, the leave-one-out method is often undesirable. In the present work, the training samples are composed of a
series of signals of different types and features. A variety of cross-validation subsets can be derived with respect to the
type of signals and time-blocks within an individual signal. Let n denote the number of generic subsets and suppose the
root-mean-square-error represents the error estimate. Then, the approximated prediction error using the cross-validation
approach is expressed as

1 n
errcy = J - D3 0) - y(x), (10)
i=1

where § represents the predicted outputs. x; and 6; are the inputs and the modeling parameters for the i’" tested subset,
respectively.

III. Benchmark Problem

A. CFD Model Description

The turbulent simulation of the NLR 7301 airfoil forced by pitching and plunging motions is performed using an
in-house CFD code xflow [25]. The incoming flow is at a Reynolds number of 2.1 x 10% and a Mach number between
0.65 and 0.75. The pitching motion excitation varies within a range of 3.7° around a mean angle between 0° and 2.0°,
and the plunging motion excitation changes with a variation of 0.15 chord lengths around a mean vertical displacement
of 0. In all types of signals, the maximum reduced frequency is limited to 3.0 based on the full chord. As seen in
Figure |5} the shock motions in the transonic flow regime are captured by the high-fidelity CFD simulations. The
complexity in this phenomenon also poses a challenge in creating the RNN-based ROM.

Fig. 5 Snapshots with equal time intervals for high-fidelity CFD simulation of shock motions.
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B. RNN Training Signals

For the training data generation, the signal cannot be overly noisy, in order to maintain solution stability. Nevertheless,
to build a ROM with good generality, the frequency components and associated amplitudes should span a wide spectrum,
with low correlations between data points. The training signals used in this problem encompass 24 single harmonics
with constant frequencies and amplitudes at 3 bulk flow conditions, 6 superimposed harmonic signals corresponding
to 6 flow conditions with each signal composed of 8 individual single harmonics, 6 Gaussian pulse shaped signals
and two sets of random-like signals with each set having 6 signals for 6 distinct flow conditions. To create a compact
but representative sample set, the bulk flow conditions and the individual single harmonics used in the superimposed
harmonic signal are discretized, permuted and combined via Latin hypercube sampling technique.

The superimposed harmonic signal can be expressed by

N
Fsin(r) = A + > A; sinQufit + ;) sin(27 fint), (11)

i=1

where A,, and f,,, denote the central amplitude and frequency. N is the number of harmonics in the summation. A;,
fi, and ¢; represent the amplitude, frequency and phase for each harmonic. There are 2N dominant frequencies laid
out symmetrically about the central frequency f;,,. This behavior is explained by showing that the product of two sine
functions can be decomposed into the sum of two cosine functions. The phases of the two cosine functions become the
sum and difference of the original phases respectively:

cos(2a(fi — fm)t + ¢i) — cosQa(fi + fm)t + i)

sin(2x fit + ¢;) sin(2x fit) = 5 . (12)
The signal of the Gaussian pulse shape is generated by the following formula:
Fop(t) = A, + Ae ™51 cos (som - 8ne—2‘?1) : (13)
where t is the scaled time defined by
fy1 = %1& (14)

Since a stable CFD solution is more likely with a signal with gradually increased gradients in time, this type of signal is
adjusted to contain most information in the middle of the total time length by using two parameters: the half length of
the total simulation time 51/, and the coefficient /.. It is expected that the generated ROM can identify all the frequency
components and retrieve the correct amplitudes in the signal.

The randomlike signal is created by imposing noise to a single harmonic as

(Fbase(t) + Cl Fnoise(t))

Frana(®) = A, +
rand( ) 1+ Cl

, 5)

where C; is a parameter used to adjust the amplitude of the composed randomlike signal. Fyase and Fpoise represent the
single harmonic and noisy portions respectively with the following formula:

Fiase(t) = Asin(2r f1), (16)

Fnoise(l) =A Sin(esm(tﬂ)tﬁoj) Sin(Sin(ISZ))ISZO'Ss (17)

where the scaled time #5, = CLZ The parameter C; can be used to adjust the frequency of the noise.

Both the pitching and plunging excitations are generated using the above formula, but they differ in the parameter
values to account for the coupling effects of phases and the combination of distinct frequencies and amplitudes.
Figures [6] [7]and [8]show sample signals for the superimposed harmonics, Gaussian pulse, and randomlike types. The
lift coefficient responses are also displayed.

Close examination of all the single harmonic training cases reveals that under most test conditions, single harmonic
excitations induce lift responses of the same type. In specific cases, especially when the frequencies are low, the lift
responses present dominant and secondary frequency components, constituting challenging cases for both training and
testing. Therefore, it is essential to incorporate sample signals with specific combinations of input values that lead to
characteristic highly-nonlinear behavior to ensure generalization ability of the ROMs.
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Fig. 6 Superimposed harmonics excitations and lift coefficient response.
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Fig. 8 Randomlike excitations and lift coefficient response.

C. ROM Testing Cases

In the testing cases, both the flow boundary conditions and the pitching and plunging motion parameters are perturbed
within the trained ranges to avoid extrapolation, which tends to yield poor predictions. These perturbations are designed
in such a way that both the individual and coupling effects of the influential parameters can be fully investigated. It is
also of interest to evaluate the predictive performance of the trained ROMs on extreme cases. Only the single harmonic



Downloaded by UNIV OF MICHIGAN on February 6, 2020 | http://arc.aiaa.org | DOI: 10.2514/6.2020-1533

signals are used for testing in order to identify the crucial components that are hard to capture by ROMs. These single
harmonic test cases are divided into three categories: pitch-only, plunge-only, and pitch-and-plunge-coupled motions.
The detailed definition covers the range of excitation parameters and contains the combination of extreme values. The
decoupled cases enable convenient analysis of responses in the frequency domain. The pitching-only cases consist of a
series of excitations with gradually increasing pitch angles, and the plunging-only cases are composed of signals with
varying vertical displacement. For each described case, 10 reduced frequencies ranging from 0.1 to 3 are distributed
with increasing increments. Coupled cases are defined with randomly-mixed motion parameters. In the training set, all
the single harmonic excitations contain 4 cycles and 100 time steps for each. Nonetheless, it is noted during test case
generation that for some selected excitations, the responses need more than 4 cycles to resolve the initial transient and
achieve periodic oscillations. The evident nonlinearity in the lift responses results from the phenomenon of the shocks
appearing and disappearing alternately near the leading edge of the airfoil.

IV. Results
Not only does the present work aim to create RNN-based ROMs with good performance, but it also focuses on the
investigation of factors that influence the generalization ability in the frame of LSTM and NARX RNNs applied to
unsteady aerodynamics. Modeling and computation of both scalar and distribution variables is pursued using different
RNN structures. The integral aerodynamic coefficients are obtained by both direct simulations and integration of
predicted distributions, i.e. pressure coefficient and viscous stress coefficient, along the airfoil surface.

A. Scalar Prediction

NARX RNNs use the previous delay states in the fashion of external inputs. Thus, the selection of effective delay
states is critical in building a relationship between the inputs and outputs with time dependency. For the NARX RNNs
created to yield the presented results, 11 input delays have been incorporated with a maximum delay of 245 time steps
and increasing time intervals between adjacent delay states. There are 3 hidden layers in the RNN model and each layer
contains 10 neurons.

LSTM RNNs are widely applied due to the large capacity of data and validated effectiveness in regulating the
information that travels through the hidden units. The number of hidden units reflects the computational capability of
ROMs. Therefore, the choice of hidden units plays a crucial role in generalization ability. There should be sufficient
hidden units to capture the dominant nonlinear features, but not be excessive to overfit.

The presented RNN models are trained using a Matlab® code. During the training process, the LSTM RNN exhibits
excellent capacity for incorporating large amounts of data, while the NARX RNN becomes less efficient as the number
of delay states and the size of samples increase. Lift coefficient is the scalar used to demonstrate the implementation of
RNN ROMs and to evaluate their performance. To predict lift coefficient responses, an LSTM RNN and a NARX RNN
are trained with targets being the lift coefficient itself, leading to two RNN ROM:s denoted as direct LSTM ROM and
direct NARX ROM, respectively. In addition, different LSTM RNNSs are created to simulate the pressure and viscous
stress distributions, which are integrated along the airfoil surface to obtain the lift coefficient. With the targets being
distributions, these RNN models are named distribution ROMs. Representative results are selected from testing motion
categories to show the performance the trained models.

1. Pitch Only

The pitch-only case for performance demonstration is conducted under a Mach number of 0.705 and a mean angle
of attack of 1.99°, both of which reflect a small deviation from the sampled flow conditions for training. The pitch angle
has a fixed amplitude of 1.54° and 6 reduced frequencies including the minimum and maximum values in the training
range. The corresponding lift coefficient responses are displayed in Figure[9] It is apparent that the nonlinear features
near the lift coefficient peaks, which are due to long-lasting excitations at low frequencies, have been captured by the
direct NARX and LSTM ROMs and distribution ROMs that are marked by "Dist" and created using the LSTM structure.

Comparing the results of individual ROM predictions with the CFD solution reveals that NARX presents an excellent
ability to detect nonlinearity at very low frequencies, although it underestimates the secondary frequency component
and overestimates the troughs in specific cases. Since the time step size is unified to retain time dependency for all of the
cases, the high frequency responses need more cycles to feed NARX RNN enough delay states for prediction. Due to the
same requirement and limitation in NARX applications, the response curves exhibit spikes before generating meaningful
outputs. As the plots in Figure [0]show, direct LSTM ROM yields the best prediction in most cases. This direct LSTM
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Fig.9 Lift coefficient responses to pitch excitations with Mach = 0.705, a,,, = 1.99°, and Aa = 1.54°. (a) k = 0.10,
(b) k = 0.15, (¢) k = 0.30, (d) k£ = 0.80, (e) k = 2.00, (f) k = 3.00.

model tends to represent initial transient of the studied problem and agrees with the high-fidelity solution as the purely
periodic response is achieved. In contrast to the direct LSTM ROM, prediction by distribution LSTM ROMs lowers the
mean of lift coefficients at low frequencies and exaggerates the amplitude of lift coefficients at high frequencies.

A conclusion can be drawn that the direct ROMs outperform the distribution ROMs for simulating integrated
quantities in terms of smoothness and accuracy. Nonetheless, the distribution ROM is desired to track the complicated
shock motions and to provide more details about the solution. In addition, the accuracy can be enhanced further
by improving predictions of the pressure and the viscous stress distributions. Therefore, primary analysis and error
estimation are demonstrated with the results obtained from the distribution RNN ROMs.

With verified performance, the distribution ROMs are adopted to investigate the effects of reduced frequency in the
pitch-only case. Figure[I0|collects the lift coefficients predicted at 6 reduced frequencies. As the reduced frequency
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increases, the nonlinear phenomenon is mitigated and the mean lift coefficient is increased. The amplitude of the
responses also increases except for the highest frequency modeled.

Lift coefficient

0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Fig. 10 Lift coefficient responses with varying reduced frequency at Mach = 0.705, «,,, = 1.99°, and Aa = 1.54°.

To analyze the frequency response with respect to the pitch angle, a frequency transfer function (FRF) [26] of lift
coeflicients is implemented. Figureﬂ;fl provides both the magnitude and the phase of Cr, ,. The magnitude decreases
until a reduced frequency of 1.5, and slightly increases at the maximum reduced frequency of 3.0, which is consistent
with the observation in the time domain. At the highest reduced frequency, the use of distribution ROMs leads to
an overestimated amplitude, while the direct NARX ROM yields a mismatched phase. The degraded performance
occurring at extreme conditions implies inefficient sampling and training within certain intervals containing the extrema.

10 40 1

(-]

20

Magnitude of CL "
(-]

Phase of CL‘a (deg)
o

4f 20 ¢ e crD
—=—NARX
—+—LSTM
—»— Dist
2 : : : ‘ ‘ ‘ -40 : : : : : ‘
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
Reduced frequency Reduced frequency

(a) Magnitude (b) Phase
Fig. 11 Frequency response function of lift coefficients in the pitch-only case.

Further investigation on the influence of varying pitch angle can be conducted by comparing the time histories of
lift responses under specified pitch angle amplitudes. In Figure[I2] the bulk flow condition remains the same and the
reduced frequency is assigned to be 0.1. The amplitude of the pitch angle varies from 0.1° to 3.14°. Predicted lift
coefficients present a shift from the CFD solution as the pitch angle increases. A discrepancy in the envelope appears
for the amplitude of 3.14°, suggesting performance degradation in extreme conditions.

2. Plunge Only
Following the analysis for the pitch-only case, the ROM is also evaluated for plunge-only cases. The flow is excited
at a Mach number of 0.72 and a mean angle of attack of 0.5° with the maximum vertical displacement o 13.1% of

11
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Fig. 12 Lift coefficient responses to varying pitch angle at Mach = 0.75, a,, = 0.05°, and k = 0.1.

the chord length. Figure[T3]exhibits the lift coefficient predictions obtained by employing different RNN ROMs. The
accuracy of the direct NARX ROM increases as the reduced frequency increases, while the direct LSTM ROM results
in slight phase shifts at low frequencies. The distribution ROM prediction aligns with the CFD solution, but leads
to shrunken lift coefficients at high frequencies. Focusing on predictive performance of distribution ROMs, the time
history plots at representative reduced frequencies in Figure [I4] depict the increasing trend of the lift coefficients with
increasing reduced frequency, which is reflected by FRF of the lift coefficients in Figure[I5] FRF also reveals the phase
variation of the lift response with respect to the vertical displacement.

3. Coupled Motion

The cases with coupled excitations incorporate the relative phase between pitching and plunging motions. Assigned
motion parameters are described in Table [T] as well as the tested bulk flow conditions. The time history plots are
displayed in Figure[T6] At high reduced frequencies, despite the large amplitudes of motions, the predicted lift coefficient
closely follows the CFD solution. It is noted that the initial transient has also been captured by the trained ROMs.
The response to the low frequency coupled motion in Case 3 is compared with a plunge-only case with the same flow
condition and motion frequency. For this created plunge-only case, the direct NARX ROM is able to extract the phase
of the response signal accurately, but underestimates the amplitude. While the direct LSTM ROM and the distribution
ROMs yield closer amplitudes, but cause phase shifts. This observed behavior of the ROMs suggests that the sample set
needs to be supplemented by additional excitation signals.

Table 1 Mean flow conditions and motion parameters for the coupled cases

Case | Mach | am ®) | Aa(®) | AR (%0) [ 6 | &
1 | 066 | 04 3.2 12.8 30 | 15
2 [0725| 1571 | 1.047 | 1571 | 120 | 2.749
3 1075 005 | 3.14 3.4 | —42 | 03

B. Distribution Prediction

The results for lift coefficient responses have shown the ability of RNN-based ROMs to simulate multivariate
unsteady problems. Specifically, the distribution ROM prediction has been evaluated by comparing the calculated lift
coefficient with the high-fidelity solution and the direct ROM simulation. To gain insight into the potential of RNNs in
constructing distributed quantities and to improve the accuracy of distribution predictions and derived integrals, it is
necessary to explore the related training process and to analyze the predicted distributions in detail. Since the airfoil
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Fig. 13 Lift coefficient responses to plunge excitations with Mach = 0.72, «,,, = 0.5°, and Ah = 13.1%c. (a) k =
0.10, (b) k = 0.15, (c) k = 0.30, (d) k = 0.80, (e) k = 2.00, (f) k = 3.00.

surface consists of 1530 nodes, training all the nodes over the entire simulation time length for all the samples is tedious
and impractical. The distributed outputs in the training sets, which are pressure and viscous stress in this problem,
are first decomposed to obtain POD basis vectors. Based on the spectrum of singular values or the individual mode
contributions to the integral quantities, critical modes are selected and the coeflicients of these modes become the new
training outputs. Because of the POD representation, the dimension of the outputs in RNNs is reduced significantly.

For distribution simulations, only LSTM is used, primarily due to the limitation of NARX in efficiency when
processing large data sets. The cutoff number of POD modes for pressure is 460 with the cumulative sum of square
singular values being 99.99%. Figures[I7ajand [T7b]compare the pressure coefficients reconstructed by 20 modes and
460 modes, respectively. For a node at 0.3 of the chord length, the pressure coefficient time history is displayed in
Figure[I7a] Results with 20 modes can capture the trend in general, but do not align well with the high-fidelity solution
at the bottom of each cycle. Pressure history recovered by 460 modes suggests a good agreement with the true solution.
Selecting a time point corresponding to the bottom of the oscillation cycle, the reconstructed pressure distribution along
the airfoil surface with all modes also outperforms that with only 20 modes in terms of capturing the details of shock
motions. The overall root mean square error is reduced from 0.032 to 0.030.
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Fig. 14 Lift coefficient responses with varying reduced frequency at Mach = 0.72, «,,, = 0.5°, and A% = 13.1%c.
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Fig. 15 Frequency response function of lift coefficients in the plunge-only case.

Incorporating more POD modes enhances the ability of ROMs to capture the detailed information of the pressure
distribution. To obtain an accurate lift coefficient, the viscous stress is also simulated by separate ROMs for x and y
components. Integrating pressure and viscous stress along the airfoil surface yields the lift coefficient time history in
Figure[I8] The results with different numbers of POD modes are visually indistinguishable, which is consistent with the
small difference in the overall root mean square errors of pressure. For all the results presented elsewhere, the maximum
number of POD modes determined by the threshold has been adopted for training the distributions in order to account
for more details without knowledge of the testing cases during the offline phase.

A single case is selected from each of the three excitation categories to present the predicted distributions in terms
of the two orthogonal components of pressure and viscous stress, respectively. It should be noted that pressure is
simulated as a whole and then decomposed into x and y components to compute the lift coefficient, while viscous stress
is decomposed into two components for training which are simulated separately. Training pressure instead of its two
components not only cuts computational time by a half, but also improves the accuracy by avoiding the accumulated
error arising from training two ROMs. The estimated training time for pressure ROM is 1.5 hours with single GPU.
While it takes nearly 2.5 hours to train viscous stress ROMs, since approximately 750 POD modes are employed for both
x and y components. With the predicted POD mode coeficients, distributions have been reconstructed. Figures [T9] 20]
and 21| show the results at the time corresponding to the peak lift coefficient in the high-fidelity solution. For the
pitch-only case in Figure[T9] the x component of the pressure coefficient has a good agreement with the CFD solution,
but there is a discrepancy at the location where the shock occurs for the y component. The viscous stress is much
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Fig. 17 Reconstructed pressure coefficients at a specified location and at a specific time instant.

smaller in magnitude compared to pressure, and contributes less to the lift coefficient. Nonetheless, accurate viscous
stress prediction has a significant effect on drag and moment coefficients, which should also be considered for industrial
applications. The two viscous ROMs representing two components are still able to capture the distributions in the
presence of large numerical noise. For the plunge-only case displayed in Figure[20] the prediction error is increased for
the y component of pressure. The predicted x component of viscous stress preserves the envelope of the CFD result, but
misrepresents the details. It is more challenging to predict the coupled case with motion parameters close to the bounds
of the training signal definition. The predicted pressure exhibits small deviations from the CFD data and wiggles along
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Fig. 18 Effects of the number of POD modes on lift coefficient responses.

the full surface due to noise. Prediction of viscous stress does not show performance degradation compared to the other

two test cases.
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C. Prediction Error Estimation

Cross-validation has become a standard means of evaluating the generalization ability of the trained models. In the
RNN ROMs used throughout this study, all available samples have been included for training due to the compactness of
the training set and the representative feature in each sample. Root mean square errors of the lift coefficients after initial
transients have been chosen as the metric for evaluating the error estimation technique. Aligned with the fact that testing
cases only contain single harmonics, the cross-validation error estimation is performed by only leaving one of the single
harmonics in the training set out each time, leading to 24 approximated errors for one trial of the cross-validation process.
The errors predicted for individual single harmonic samples are presented in Figure[22} The corresponding pressure and
viscous stress ROMs are created using the same modeling settings as the original distribution ROMs trained with all
the samples. The influence of random initialization is taken into account by carrying out the cross-validation error
estimation multiple times. Two trials are selected to demonstrate the application to lift coefficient prediction, yielding
overall estimated root mean square errors of 0.065 and 0.071, respectively. Both trials show high prediction errors
for the cases representing a combination of high pitch angles, extreme plunge motions and high reduced frequencies
that are used to generate the 6th, 14th and 22nd samples. The effect of randomness in initialization between two trials
is reflected on the 2nd sample. A more indicative error estimate should be computed by taking the average of the
approximated errors over multiple trials, which takes considerably computational efforts.

The comparison in Figure 23] assesses the accuracy of the estimated prediction errors with the true prediction errors
as reference. The errors between the predicted lift coefficients and the high-fidelity lift coefficients are below the bound
set by the cross-validation error for the pitch-only case with all tested reduced frequencies. Under the condition with
large plunge motions described by the plunge-only case, the distribution ROM prediction leads to large errors at high
reduced frequencies, which confirms the phenomenon illustrated by the time history plot in Figure[T3|that presents an
underestimated amplitude. The coupled case with high-amplitude motions shows an error exceeding the approximated
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Fig. 22 Prediction errors obtained from cross-validation for individual training samples.

errors. Part of the reason lies in the large values of lift coefficients for this case. Nonetheless, the cross-validation
error is an overall estimate that intends to account for all possible test cases. The more important interpretation of this
outlier is that the ROM lacks training samples in the neighborhood of the extrema. Except for the extreme cases, the
cross-validation error estimate is a reliable approximation of the errors for unknown test cases.
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V. Concluding Remarks

Multivariate unsteady ROMs created by training RNNs with time series inputs achieve good predictions for both
scalar and distribution variables of aerodynamic responses to pitching and plunging excitations. POD representation
of distributions reduces the computational cost significantly. Reconstruction by the predicted POD coefficients leads
to predicted distributions with desirable accuracy, provided that sufficient POD modes are used. Simulation results
suggest that including more POD modes is effective in capturing details, but improvement in the integrated quantities
is limited. Building an RNN ROM by treating pressure as one variable results in more accurate lift coefficients than
creating separate RNN ROMs for two pressure coefficient components.

Predictive performance of the trained ROMs is generally good in simulating the responses to single harmonic
excitations. Performance degradation is seen as the bulk flow conditions and motion parameters are varied towards the
extreme values defined in the training set. There exists parameter combinations that can induce significant nonlinearity,
which should be properly and carefully designed and sampled during the offline stage. Viscous stress distributions
have also been simulated to yield better predictions of the lift coefficient responses. Numerical noise makes training
difficult in both accuracy and efficiency due to the increased number of POD modes that have to be incorporated. One
of the goals to create the present ROMs is to simulate the full time history including the initial transient of the flow.
Since the RNN ROMs are built on “memories”, for high frequency cases, the initial transient has been overtaken by the
impractical outputs due to the lack of delay states. This phenomenon is prominent in NARX predictions.

Fitting accuracy in the training set is a biased measure of the prediction ability. Therefore, cross-validation error
estimation should be conducted to evaluate the predictive performance on unknown data. The other approach employed
in this paper is to create different ROMs as cross reference. It is expected that the lift coefficients calculated by integration
of distributions predicted by distribution ROMs are close to those predicted by direct ROMs. Thus, proximity in lift
coefficients to the direct ROMs has been assessed to determine the distribution ROMs that should be selected.

Given the desired accuracy, the created ROMs can play a significant role in real-time applications. For instance, the
computational cost in simulating this highly-nonlinear, unsteady aerodynamics problem has been reduced from one
hour on a 24-processor machine to a few seconds for the single harmonic test cases.

Future work will include retraining the model with enriched samples. All the test cases shown in this paper are single
harmonics. In order to simulate random signals, the coupling between motions and the hysteresis effects of the responses
need a thorough representation in the training set. As one way to retain time dependency in the responses, the sequences
of the input data have been interpolated to possess the same time step size. Alternatives include converting the time units
so that the training signals are discretized with same increments under a different unit system, or incorporating time
values into the RNN models. To evaluate the predictive performance more efficiently, analytical error estimation could
be considered, as cross-validation becomes exhausting with the increased dimension and complexity of the studied
problems.
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