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ABSTRACT
Machine Learning for Flow Evolution Ahead of an Aircraft
by Cesar Gonzalez

The Navier-Stokes equations are heavily used to simulate flows around aircraft due to
their accuracy. However, supercomputers are often needed as the Navier-Stokes equations
require vast computational resources to be resolved. Approximations of the Navier-Stokes
equations speed up processing time so that commercial hardware can run these simulations, but
the computation time remains high. During the design process this slow computation of a flow
field may be acceptable, but an airborne aircraft requires prompt knowledge of the flow field to
take corrective action. For flow field information to be used on aircraft, faster algorithms must be
developed. This purpose of this project is to develop a method to use Lidar airflow
measurements ahead of an aircraft to predict the flow field encountered as the aircraft passes
through. Machine learning will be used to develop spatiotemporal algorithms capable of
interpolating between measurements in space and extrapolating a flow field into the future.
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1. Introduction
1.1 Motivation

Sensing of air currents is an active field of research for commercial passenger aviation
due to clear air turbulence being invisible to conventional weather radars installed on current
aircraft [1]. When turbulence is encountered by an aircraft, passenger comfort and control of the
aircraft are negatively affected. It would be beneficial to the aerospace industry if areas of
dangerous airflow could be sensed remotely so that the areas could be avoided. Predicting fluid
flow near an aircraft is typically done via computational fluid dynamics (CFD) simulations based
on the Navier-Stokes (NS) equations. In flight however, there is little time to be running such
expensive simulations. Once solution to this problem is to use machine learning.

Machine learning uses large amounts of data to “learn” how a system behaves using low
computation cost models with good accuracy [2]. An existing method of remotely measuring air
flow is Doppler Wind Lidar (DWL). Using the Doppler effect, infrared, visible, ultraviolet, or X-
rays may emitted from a sensor and the reflected data analyzed to determine flow properties
[3,4]. A combination of DWL and machine learning could allow aircraft to predict the flow that
will be encountered quick enough for adverse areas to be avoided.

1.2 Literature Review
1.2.1 Doppler Wind Lidar Background

DW.L is being actively used and researched in the wind energy sector. Knowing how
much energy can be extracted from the wind in an area is a large driver of research into DWL
systems [5]. Older research focused on single beam Lidar, which could only determine radial
wind velocity relative to a sensor, as opposed to absolute wind speed and direction. This issue
was referred to as the “cyclops dilemma” owing to the lack of depth perception from a single
sensor. In 2012 it was shown that by using a windmill mounted dual Lidar system (two separate
beams with an angle between them) it was possible to “compute estimates of the radial and
azimuthal components of the wind field” [5]. That is, by using two separate Lidar beams, 2D
wind vector components could at certain points could be found. The problem described by this
paper is shown in Figure 1.1. Computation time for 10 iterations, giving under 1 m/s root mean
square error was 0.133 seconds, suitable for real time use. A later paper by [6] considered
reconstruction of a 3D flow field from Lidar beams varying in vertical angle as well as horizontal
angle. In this case the computation time of 7.5 hours using a supercomputer, due to the
computational cost of reconstructing turbulent flow using large eddy simulation [6]. As it is
unknown whether 3D reconstruction will be similarly expensive when using machine learning, a
2D reconstruction of flow will be focused on for this project.



Actual wind field

LiDAR measurements

i
Wind estimator

Filter gain b
Ck

5

Tk

Uk = h(2x)

v

2k = [ (Zx—1,€x)

Wind

estimates

<

Wind model Sensor model

Figure 1.1 — Estimation of 2D flow field from dual Lidar system [5]

These works [5,6] did not make use of machine learning, but instead used a simplified
model of the atmospheric boundary layer over flat terrain (surface roughness of 0.1 m [5]). In the
case of an aircraft travelling over terrain, such a simplified model would likely fail to generate
accurate results. According to [7], “Flows over ridgelines, around terrain, or within turbine
wakes may have different vertical components on each side of the measurement volume, causing
an error in the estimated velocity”. Thus, a different approach is required for a DWL system
mounted on a moving aircraft capable of experiencing a variety of flow conditions.

In 2020 the first use of Lidar on a UAV in scientific literature was done by [8]. In this
proof of concept, the UAV was attached umbilically to a Lidar base station, with Lidar
telescopes mounted to the UAV. This paper focused on the accuracy of an airborne Lidar system
vs conventional sonic anemometers (devices that measure wind velocity). An airborne Lidar
system had under 5% error compared to a sonic anemometer when measurements are taken
outside of the downwash influenced area of 3 meters [8]. Using these results, for this project the
virtual Lidar measurements taken will have a random error of within 5% added in for realism.

1.2.2 Machine Learning for Spatial Flow Interpolation and Temporal Flow Extrapolation

Over the course of the last 20 years, machine learning in fluid dynamics has swelled in
popularity due the expanded availability of fluid data sets and fast computer hardware [9]. Once
implementation of machine learning is in neural networks. Figure 1.2 shows the basic form of a
neural network, which is comprised of several interconnected functions. Each function in a circle
is called in neuron. Each layer takes the results of the previous layer as inputs to neurons on that
layer. The multiple inputs to a neuron are multiple by coefficients called weights, and then have
a constant called a bias added to the weighted sum. This is shown in Figure 1.3. Each layer of
functions is dependent on the one previous, with more layers allowing for better modeling of
nonlinear behavior [2]. A neural network with many layers is referred to as a deep neural
network. A neural network is trained using known inputs and outputs. As weights and biases are
changed though many iterations, the computer keeps track of which model had the lowest
error/loss from the known output. The strength of machine learning is the generalizability of
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trained models. For example, a model trained on airfoil pressure and velocity distributions was
able predict such distributions over previously unseen airfoils with under 3% error [10]. Due to
the number of degrees of freedom present in real life air flows, it is unlikely that all possible
flows exist in fluid data sets. Therefore, a method of predicting novel flow field patterns from
limited measurements is needed. In this project machine learning will be used to fulfill this task.
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Figure 1.2 — Simple neural network with three hidden (in between) layers [2]
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Figure 1.3 — How multiple inputs are handled in a neuron [11]

When viewing a fluid field changing in time, two questions arise- what occurs between
measurement points, and what will occur in the future as the flow evolves in time. In this project



both questions are of interest. A moving aircraft will only have time to take a coarse grid of the
flow, and must then determine if the flow conditions in an area will become adverse in the time it
takes the aircraft to arrive.

The problem of data interpolation depends on the quality of measurements given. In the
case of a Lidar system, an error of about 5% is to be expected from commercial hardware [8].
Flow reconstructed from this data will likely be noisy. Using machine learning, a neural network
can be developed to extract more accurate data by removing noise. Machine learning using
robust principal component analysis (RPCA) has been used to “uncover and isolate the dominant
low-rank coherent structures from sparse outliers” [12]. Underlying patterns in fluid flows can be
identified by a computer to remove noise, even if severe. This is shown in Figure 1.4. Since
cheaper Lidar systems are noisier and less accurate, this approach may be needed for use in
general aviation aircraft.

Figure 1.4 — Removal of noise with RPCA via machine learning [12]

In October 2021, the first paper using physical laws with machine learning to predict
wind flow was published [13]. In this paper a flow field was simulated, and virtual Lidar
measurements taken. A neural network was set up to predict a 2D flow field from these coarse
measurements. Vitally, the output to this neural network was compared to both the true Navier-
Stokes solution and the Lidar measurement at each point. This meant that the neural network
learned to obey conservation of mass, momentum, and energy as it was trained. Figure 1.5 shows
the setup of the neural network used in [13], capable of reconstructing an 81 x 41 grid in 0.012
seconds using an Nvidia K80 GPU. Due to the high speed and accuracy of this physics informed
neural network (PINN), a similar approach will be used in this project. More computationally
expensive machine learning interpolation work has been done in [14]. In this paper a turbulent
3D flow field is simulated with large eddy simulation. Coarse data points are taken from this
flow field and closure models created to reduce error compared to direct numerical simulation.
The end result is a reduction in discrepancies between turbulence scales at orders of magnitude
less computational cost [14]. Unfortunately, the process described in this paper is still far too
expensive for real time use, requiring a supercomputer cluster to be used.

Flow interpolation from points is discussed in [13] and flow extrapolation in time is
discussed in [15]. As discussed in the previous paragraph, [13] uses a physics informed neural
network, resulting in high accuracy compared to the true Naver-Stokes equations. Since the



neural network is computationally light, each 0.02 second time step can be computed in 0.012
seconds on average. This allows for prediction of flow ahead of a DWL system. Figure 1.6 from
[13] shows high speed flow moving from the left side of the 240-meter domain to the right side
over the course of 20 seconds. The method proposed in this paper has good agreement between
the prediction and the actual simulated flow. In [15], the acceleration of flow field computation
via machine learning is discussed. In direct numerical simulation the Navier-Stokes equations are
directly used on a grid. In practice the Navier-Stokes equation cannot be calculated continuously,
there must be a finite grid which gives a certain amount of error. A CFD practitioner must
choose an acceptable amount of error in the form of lost vorticity correlation. The result of [15]
is shown in Figure 1.7, and is quite promising. Using machine learning, a grid ~10 times coarser
can be calculated 86 times faster while having the same accuracy as direct numerical simulation.
This paper demonstrates that real time flow prediction is a good use case for machine learning.
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Figure 1.5 — Physics informed deep neural network [13]
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1.3 Proposal

This project aims to use measurements from a Lidar system integrated onto an aircraft to
reconstruct the flow field ahead of the aircraft. Existing airborne weather radar cannot detect
clear air turbulence [1], and the coarseness of Lidar measurements means that small pockets of
adverse flow cannot be detected easily by a Lidar system [3]. As airborne Doppler Wind Lidar
systems have been tested before [1,8], this type of remote flow measurement will be used for this
project. As data from a lightweight DWL will be noisy and coarse, physics informed machine
learning will be used to reconstruct the flow field in real time. The machine learning algorithm
will closely approximate the Navier-Stokes equations to ensure the physical accuracy of the
predicted flow at each time step. The resulting algorithm will be computationally cheap enough
to run in real time using commercial hardware.

1.4 Methodology

A balance will need to be found between the Lidar technology, aircraft velocity, and
machine learning algorithm chosen for use on the aircraft. The reason being that both data
measurement time and algorithm computational time must be considered for a moving aircraft.
As a moving aircraft will “run into” a flow field after a certain time from measurement, the
change in the flow over time must be considered.

No sensor system is perfect. In the case of DWL sensors, there are limitations regarding
range, spatial resolution (coarseness of data points), and accuracy. The QinetiQ 1.5 um Lidar is
one such DWL system. It is relatively low power, using 50 pJ per pulse, but has a range of only
0.5 km, a spatial resolution of 25 m, and an accuracy of £0.5 m/s [3]. For such data to be usable
to an aircraft, data cleanup and interpolation between points will be required. For data cleanup,
work by [12] shows that even with heavy “salt and pepper” corruption, underlying flow
properties can be found through machine learning. The method discussed in [12] will be adapted
for use in this project.

Once air flow data has been cleaned, interpolation between points at that time must occur
so that extrapolation in time can be done at a later stage. The problem of interpolation between
coarse fluid measurements in real time has been investigated by [13]. This paper used machine
learning to reconstruct the flow in a flat plane going outwards from Lidar measurements. The
resulting physics informed deep learning algorithm was capable of resolving a 2D 81 x 41 grid
from 22 Lidar measurements in 0.012 seconds when running on an Nvidia K80 GPU [13]. This
paper was published in October 2021 and is the only real time deep learning flow predicter the
author of this report was able to find. Due to the speed and low computational cost of the method
described in [13], the method will be adapted for used in this project.



2. Computational Fluid Dynamics Setup
2.1 CFD Mathematical Background

The Navier-Stokes (NS) equations describe fluid flow through the conservation of mass,
momentum, and energy. In a nonreacting flow all three must be conserved for the flow to be real,
as there is no change in the three quantities. In this project only low speed air flow commonly
encountered by general aviation aircraft will be considered. While this does limit the scope of
this project, smaller general aviation aircraft are more affected by adverse flow than more
massive aircraft. At low speeds the incompressible NS equation in (2.1) can be used, saving
compute resources. As there are limited compute resources available to the author, only the
incompressible isotropic NS equations will be considered. The isotropic assumption allows for
density and viscosity to be assumed constant in every direction.

Ju 1
— . — 20 —
5% + (u-V)u—vVeu pr (2.1)

2.2 Computational Approximation Model
2.2.1 Training Data

The layer of the atmosphere in which general aviation aircraft fly is the troposphere. As
this layer is the closest to the surface of the Earth, air density is high enough for the air to be
considered continuous. This assumption in conjunction with the incompressible and isotropic
assumptions allows for the use of the Johns Hopkins Turbulence Database (JHTD) [16].

For a neural network to be trained, large amounts of data are required so that the network
can “learn” fluid behavior. Producing large amounts of high-fidelity fluid simulations is
prohibitively expensive due to computational cost. In [13], it took 256 processors in a high
performance computing cluster 2 hours to run a single large scale air flow simulation. To rectify
this issue, the JHTD is used in this project. This database contains the results of direct numerical
simulation of fluid flow, as shown in Figure 2.1. In direct numerical simulation, all scales of
turbulence are simulated- down to the Kolmogorov dissipative scales [17]. At the Kolmogorov
microscales turbulent kinetic energy is converted to heat, preventing the formation of smaller
eddies. That is, flow does not become more physically complicated under these scales. This
makes the JHTD datasets highly accurate and therefore good for training a neural network. The
dataset chosen for this project is the “Forced Isotropic Turbulence Data Set”, which is similar to
turbulent air flow. The properties of this dataset are shown in Figure 2.2. As the full dataset is
several dozen terabytes, subsets of the simulated cube of flow are used. In [13], the 2D plane
from which data was taken was of dimensions 81x41, so these dimensions will be used for the
data slices from the JHTD dataset. Small slices allow the neural network to be trained at many
different locations at different times. This variety improves the comprehensiveness of training.
Following the setup of shown in Figure 1.5, data points are taken in two lines 15° off the
centerline (30° separation from each other). The nearest data points to these lines are used when
a data point does not lie directly on one of these lines.



Figure 2.1 — Snapshots of direct numerical simulation of turbulent flow [16]

Simulation parameters:

Domain: 27 x 27t x 27 (i.e. range of x; , X, and x3is [0,27])

Grid: 1024°

Viscosity ( v ) =0.000185

Simulation time-step At = 0.0002

Data are stored separated by 8t = 0.002 (i.e. every 10 DNS time-steps is stored)
Time stored: between t=0 and 10.056 (5028 time samples separated by dt)

Statistical characteristics of turbulence, time averaged over t=0 and 10.056:

Total kinetic energy, Ew[:%<uiui> : E,=0.705
Dissipation, e=2v(S;S;) : £€=0.103
Rms velocity, u'=+v(2/3)E,, : u'=0.686
Taylor Micro. Scale ), =y 15vu'*/¢ : A=0.113
Taylor-scale Reynolds #, R,=u'A/v : R, =418
Kolmogorov time scale t“:\/g : 7,=0.0424
Kolmogorov length scale n=v>"*¢ " : n=0.00280
Integral scale: Lzﬁf #dk ; L=1.364
Large eddy turnover time: T,=L/u’' : T,=1.99

Figure 2.2 — JHTD forced isotropic turbulence dataset parameters [16]

2.2.2 Test Data

Separate from the training data is the test data. Once the neural network is trained, the
performance of the network needs to be determined. While large amounts of training data are
required to train the neural network, only a few simulations are required for testing. The testing
data is also derived from the JHTD dataset at random times and locations, with no overlap with
training data. This lack of overlap is critical to prevent overtraining the network to specific data.
This should prove sufficient to compare the neural network’s prediction with the simulation.



3. Physics Informed Neural Network Setup
3.1 PINN Mathematical Background

A neural network is a series of interconnected functions that take in inputs and pass on
those inputs to the next layer, as shown in Figure 1.2. A standard neural network does not
possess knowledge of physical laws, simply adjusting each layer of functions until the output
matches what is expected. This can lead to a neural network only following conservations laws
in certain cases. In a physics informed neural network (PINN), the physics of the problem is
embedded within the network. PINNs work by comparing their output to the true PDE. This
calculated PDE residual is then backpropagated through the network so that weights and biases
can be updated. The goal during training is to adjust the weights and biases of the PINN so that
error (the residual) is minimized. In the case of fluid flow, these are the NS equations. As shown
in Figure 1.5, the output to the neural network at each iteration is compared to the incompressible
NS equations and Lidar measurements.

5T 1 T T T T T T 7T

f(z)

Figure 3.1 — Comparison of ReLU and tanh activation functions [2]

The function chosen for use in each node of a neural network is known as the activation
function. An activation function determines what value is passed on to each layer based the
weights (coefficients) and biases (added constants). The activation function is chosen by the
practitioner, while the weights and biases are changed with each iteration to reduce error. Several
activation functions exist, with sigmoidal functions and tanh(z) being the standard until recently.
In this past decade the rectified linear unit (ReLU) has become the most popular activation
function due to solving the vanishing gradient problem [2]. Sigmoidal functions only have a
range of -1 or 0 to 1, so extreme weights and biases are not able to affect the overall network
very much, slowing down training and reducing accuracy. ReL U is a simple linear (mx+b)
function with a minimum value of zero, where values below zero are clamped to be zero. This is
shown in Figure 3.1. ReLU continues to increase to positive infinity, so there continues to be a
gradient for the positive half of the function. The ReLU approach gives an activation function
that is nonlinear overall (vital for an accurate neural network [2]) and easily differentiable.
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Unfortunately, ReL.U is not a good choice of activation function for PINNs. According to [18,19]
PINNSs require smooth (differentiable throughout) activation functions to ever converge to the
exact solution. Since ReL.U is not smooth when it transitions from flat to a sloped line, a PINN
using ReLU will not converge even if given infinite time. Another activation function than is
standard is required.

According to [20,21], activation functions used for PINNs must follow three conditions:

e Must be smooth. If the activation function is not differentiable throughout, then the PINN
will not ever converge to the exact solution.

e Must not have vanishing gradients. If the derivative of the function as x approaches
infinity is zero, then the PINN will require infinite time to train.

e Must be centered about zero. There must be both positive and negative gradient for the
weights and biases to be both increased and decreased. If the function center is not zero
then the PINN will be optimized to be more positive or negative than the exact solution.

ReL U fails all three criteria, while the tanh function suffers from vanishing gradients due to the
asymptotes at -1 and 1. Through literature review, the author found two activation functions
proposed in 2022 that fulfill all three conditions and are designed for PINNSs. [20] proposes the
Self-scalable Tanh (Stan) function, which is shown in Figure 3.2. The value of g is trained per
neuron and helps the PINN scale across orders of magnitude. This is especially useful for the NS
equations which have multiple turbulence scales. [22] proposes the Rowdy modification of
activation functions. Rowdy is not an activation function itself but a modification that can be
applied to any general activation function. Rowdy adds sinusoidal noise to existing activation
functions to ensure smoothness and prevent saturation at extreme values. An example of
different levels of the Rowdy modification on ReLU is shown in Figure 3.3. As more sinusoidal
noise is added, the gradient of the overall function is increased.

4 & |
—— B =0 (tanh) —— B =0(tanh) i
3] — B=05 »] — B=05 i
— B=1.0 — B=1.0 :

-1

B=1.5

-2.0

-15

-1.0

-0.5

(a) Stan activation function

Stan gradient

B=15

(b) Stan activation function gradient

Figure 3.2 — Different levels of Stan activation function and gradient (derivative) [20]
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Figure 3.3 — Levels of Rowdy modification of ReLU [22]

When deciding between the Stan and Rowdy one factor stood out — computational cost.
Rowdy adds many sinusoidal waves to an activation function, resulting in a difficult to compute
derivative. [22] states that 9th order Rowdy required 75% more time to train than tanh. By
contrast, the derivative of Stan is easier to compute than Rowdy due to multiple sine terms not
being added on. It is unknown which approach gives more accurate results, as both Stan and
Rowdy are new enough to not have been compared yet. With limited time to complete this
project, the author has elected to use Stan.

With the PINN structure determined by Figure 1.5 and the activation function chosen as
Stan [20], the loss function and optimizer are the last details to determine. During training the
loss function is the value to minimize, while the optimizer is what determines how the weights
and biases are changed to accomplish this. In this project the goal is for the PINN to predict fluid
flow, so the discrepancy between predicted and actual velocity values at certain points will make
up the loss function. The mean squared error (MSE) shown in (3.1) is what is typically used in
neural networks [2,9,13,20]. Due to the common inclusion of MSE in machine learning
frameworks, this loss function has been chosen for use in this project.

1% 2
MSE = EZ(}’i,predict - yi,actual) &0
i=1

For improved optimization during training, adaptive weights for multiple terms in the
incompressible NS equations have been included in the neural network. During training, gradient
descent is used to determine how to adjust the weights of the neurons. In the case of the NS
equations, each term contributes to the loss function to be optimized. According to [23],
improved accuracy can be gained by having each loss term have a variable weight. In a standard
PINN, there may be terms that are more variable than others, and so small changes to these terms
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causes a greater change in the overall loss. This can cause a PINN to focus only on these terms
and ignore the other smaller terms that do not contribute as much. For a PINN to be physically
accurate, all terms must replicated accurately, not simply the most chaotic ones. For this reason
the Gaussian Process adaptive weights approach from [23] is used in this project. Equations
relating x-velocity u, y-velocity v, pressure P, and stream function i to true values given by data
are used, as shown in Figure 3.4.

All optimizers have strengths and weaknesses, which makes choosing an optimizer
difficult. [18] tested different permutations (order mattered) of optimizers at different epochs
(iterations of training done so far) to find the best permutation for use in PINNs. Of the
optimizers tested, the best permutation was found to be Adaptive Moment Estimation (Adam)
followed by Limited Memory Broyden—Fletcher—Goldfarb—Shanno Bound-variant (L-BFGS-B)
[24,25]. The L-BFGS-B optimizer is lightweight computationally but tends to get caught in local
minimums during early training, which limits error reduction. When solely the L-BFGS-B
optimizer is used a PINN trains quickly, but has high error. The Adam optimizer avoids local
minimums for longer, but also plateaus. When solely the Adam optimizer is used a PINN takes
longer to train and error does not decrease even if the number of epochs is increased. [18] shows
than when Adam is used first, followed by L-BFGS-B, error can be reduced by 10-100 times in a
PINN vs only using a single optimizer. In essence, using Adam for early training avoids the local
minimum problem. The use of L-BFGS-B after the error first plateaus then allows for error to be
further decreased. Due to the effectiveness of this approach in [18], the Adam then L-BFGS-B
permutation will be used. These optimizers will affect the weights and biases of the network.

3.2 Neural Network Model and Training

The neural network framework SciANN was used to program this project [26]. In
addition to ease of use, the framework contains the Gaussian Process constraint weigher as an
option for the neural network [23]. Custom activation functions were also possible to import
easily, a necessity for the use of Stan [20]. The general form for the code is based off the NS
example is the SCiIANN applications repository [27].

The activation function used in the network is Stan, shown in (3.2) [20]. In this function
k is the layer of the neural network, L is the total number of layers, i is the numbered neuron of
the layer, and N, is the number of neurons per layer. The reason that k < L is that the final layer
of a neural network is the output layer, which contains the results instead of an activation
function. g is a parameter which determines how large of a gradient flow exists for extreme
values, which allows for a single PINN to model multiple length scales effectively. It should be
noted that if S is zero, then the function is simply tanh, as shown by Figure 3.2. A nonzero 8
allows for gradients to exist throughout the domain of input values x. Through these gradients
and the loss function, an optimizer can determine how to change the weights and biases of a
neural network. For this work, a constant value of f = 0.25 has been selected.

o} = tanh(x) + Bx *tanh(x) ; k=1,2,..,.L—1; i=12,.., N, (3.2)
The NS PDE that is used in the PINN is shown in (3.3), with velocity and pressure data

originating from the Johns Hopkins Turbulence Database [16]. The MSE loss function used is
given by (3.4). The * designates the actual values which come from the data. The term @ refers
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to the tunable parameters of the network, e.g., the weights and biases as shown in Figure 1.3. The
groups of terms used for individual weighing are given by Figure 3.4. Terms d1, d2, and d3 are
data terms to be compared directly with the actual values. Standard neural networks only have
these values, attempting to fit to data regardless of physics. Terms c1, c2, and c3 are the physical
equations that the PINN must also follow. Terms c1 and c2 are the NS equations for the x and y
respectively, while c3 is the stream function definition. The Gaussian Process approach given by
[23] weighs the importance of each constraint in reducing error. The process of determining each
weight is given by (3.5). Here n is the number of steps taken between updates of the weights (n
number of data points are considered). L., . is the total loss attributed to physical equations,

while L is the loss due to the specific term whose weight is being found.

For PDE of form u, + M[u]=0; t€[0,T]; x€N
For NS equations shown in (2.1), N [u] = (u*V)u — vV?u + %Vp (3.3)
Or in scalar form, the NS PDE is u, + (u * uy + v % uy) — V(Upx — Uyy) + P, =0

1 t
£00) = 5 ). (e + V)" = (ate + Nul)o)? (34)

PR (VoLe,, 0, (On))
Trum mean(VoLy —(6,) (3.5)

Then update weights with moving average: A; ~=0.1x%1,  + 0.1+ /ifnum

.Dafa(u)
.Data(v)
.Data(P)

.Tie(-p_x, u_t+(u*u x+v*u_y)-nu*(u_xx+u yy))
.Tie(-p.y, v t+(u*v X+V v_y) nu*(v xx+v_yy))
.Data(u x + v_y)i#s amfi i i , W

Figure 3.4 — Different constraints to be individually weighed via Gaussian Process
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4. Results

Table 4.1 — Comparison of Training Configurations

Case | Network | Data | Epochs | Epochs per adaptive weights updates Loss
(Lower # means higher frequency) (Error)

1 8*[20] Full 2500 N/A, adaptive weights not used 0.0754

2 8*[20] Full 2500 20 3.5684e-07

3 8*[20] Sparse | 2500 N/A, adaptive weights not used 0.1762

4 8*[20] Sparse | 2500 20 9.1917e-07

5 11*[120] | Sparse | 2500 N/A, adaptive weights not used 0.1586

6 11*[120] | Sparse | 2500 125 0.0117

7 11*[120] | Sparse | 2500 20 1.807e-07

8 11*[120] | Sparse | 5000 25 1.449e-10

All plots shown are from time step 500.
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Figure 4.1 — Actual pressure from data

15




True u Velocity

12
425
10
420
08
415
=

410

4.05

4.00

5.8 5.9 .0 61 B2 6.3
X
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Figure 4.5 — Case 1 predicted pressure from PINN
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Figure 4.6 — Case 1 predicted velocity in x from PINN
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Figure 4.7 — Case 1 predicted velocity in y from PINN
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Figure 4.9 — Case 2 predicted pressure from PINN
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Figure 4.10 — Case 2 predicted velocity in x from PINN
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Figure 4.13 — Case 3 predicted pressure from PINN
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Figure 4.16 — Case 4: Error is reduced as the model is allowed to train
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Figure 4.17 — Case 4 Predicted pressure from PINN
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Figure 4.22 — Case 5 predicted velocity in x from PINN
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Figure 4.24 — Case 6: Error is reduced as the model is allowed to train
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Figure 4.25 — Case 6 predicted pressure from PINN
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Figure 4.26 — Case 6 predicted velocity in x from PINN
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Figure 4.28 — Case 7: Error is reduced as the model is allowed to train
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Figure 4.30 — Case 7 predicted velocity in x from PINN
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Figure 4.31 — Case 7 predicted velocity in y from PINN
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Figure 4.32 — Case 8: Error is reduced as the model is allowed to train
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Figure 4.34 — Case 8 predicted velocity in x from PINN
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Figure 4.35 — Case 8 predicted velocity in y from PINN
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5. Discussion

As a baseline, Cases 1 and 2 were trained using all points in the dataset. That is, all 5454
points in space were available for training, versus the 22 sparse points in the other cases.
Naturally the prediction made from the PINNSs in these cases were more accurate than the PINNs
with far fewer data points available for training.

Cases 1, 3, and 5 did not use adaptive weights during training, and as a result failed to train
much at all. Figure 4.4, Figure 4.12, and Figure 4.20 show that the PINN is unable to reduce
training error past early training. This is likely due to the error terms being of different
magnitude, incentivizing the neural network to focus only on certain certain terms, regardless of
the physics. This results in the neural network being trapped in a local minimum. In Cases 3 and
5 the predictions made or wildly inaccurate and of little use in practice. In predicting velocities,
however, the PINN did not perform as expected. Despite having access to the full dataset, the
PINN was unable to match the values. In all cases only the general shape (gradient of velocities)
of a plot is able to be predicted. The magnitudes of velocity for both the x and y cases are
unfortunately inaccurate. The author notes that it is odd that the PINN predicted the wrong
magnitude for velocities, yet still produced a somewhat similar gradient plot. The current
hypothesis for this is that JHTD is simply too turbulent for a 2D approximation to fully describe
a slice. Large amounts of flow move in the Z axis, making the 2D approximation too inaccurate
for a PINN to use in training. That is, even when the 2D NS equations are fulfilled exactly, the
neural network will still have significant error, and so will train away from the correct solution.
As pressure is scalar quantity rather than a vector one, it was easier for the neural network to
predict. As a result pressure predictions in all cases were more accurate than those of velocities.

As Case 1 had the full 5454 spatial points to train from, the prediction made are not as
inaccurate as those made in Cases 3 and 5. Comparing Cases 1 and 2 via Figure 4.5, Figure 4.6,
and Figure 4.7 to Figure 4.9, Figure 4.10, and Figure 4.11 respectively, it is apparent that the
adaptive weights had little effect on the shape of the gradient. This is in spite of the error of Case
2 being several orders of magnitude lower than that of Case 1, as shown in Table 4.1. This
paradox is solved by knowing how adaptive weights work. More important terms have their
weight, and therefore value in the loss function increased. Less important terms have their impact
on the loss function decreased. Thus it is possible for error of certain terms to be very high if
they are deemed “unimportant” by the neural network. This downside is the reason that adaptive
weights must be used moderation. If the update rate is too high a neural network will remain
inaccurate even if loss decreases by several orders of magnitude.

Cases 3 and 4 are used to show the effect of network width and depth. Cases 1 through 4
have 8 layers with 20 neurons each, while Cases 5 through 8 have 11 layers with 120 neurons
each. Neural networks with greater numbers of layers and neurons per layer are able to learn
more complex behavior, at the cost of higher computational time. When comparing Cases 3 and
5 there is not much of a difference in loss due to the lack of adaptive weights. In both of those
cases loss plateaued early without much training. When comparing Cases 4 and 7, differences
become apparent. As can be seen from Table 4.1, loss in Case 7 is ~80% lower than in Case 4.
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However, the overuse of adaptive weights in Cases 4 and 7 (updated every 20 epochs) has
resulted in both being inaccurate in predicting velocities.

Case 6 is the most successful of the PINNs in predicting velocities. As can be seen in Figure
4.26 and Figure 4.27, the predicted velocity gradients are the closest to the true velocity gradients
shown in Figure 4.2 and Figure 4.3 respectively. This can be attributed to the more moderate use
of adaptive weights, with their values only updated every 125 epochs, as shown in Table 4.1.
However, due to the use of the 2D NS equations and the turbulent 3D data used, the values
themselves are not accurate.

Case 8 shows how neural networks can fail in the event of overtraining. While Case 8 has
the lowest loss of the cases, it is less accurate in predicting velocity gradients than Case 7 or
Case 6. This is due to the neural network being optimized to predict the sparse points given
rather than the entire flow field. In essence, the neural network becomes good at predicting the
22 points given while becoming worse at predicting the other unknown points.
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6. Conclusion

In this work different PINN setups were tested to determine the effectiveness of each one
in predicting flow fields given sparse points. It was found that the moderate use of adaptive
weights is necessary for the accurate prediction of velocity gradients in flows with heavy
turbulence. In less turbulent flows adaptive weights may not be necessary. Additionally, wider
and deeper neural networks performed better than narrower and shallower ones, as expected by
theory. Training should be limited to as few epochs as possible to prevent overtraining when
using sparse points, as neural network may become optimized to only predict these sparse points
well.

Due to time and compute constraints, the PINN trained was only able predict velocity
gradient effectively, and not the velocities themselves. In practice, this algorithm could be used
to find large differences in airflow velocities in a certain region, signifying turbulence. It could
not, however, be used to predict airflow velocity itself. Future work should focus on using the
3D NS equations for training, which was not possible in this work due to requiring significant
amounts of compute resources. Once fully trained however, a 3D NS PINN should not require
significantly more compute to run versus a 2D NS trained PINN.
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