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Modeling the coherent component of the Reynolds stresses to close the linearized mean
field equations has received little attention in recent years, despite the great surge of linearized
mean field methods. In this study, we present a modeling approach to account for the coherent
component of the Reynolds stresses that is based on a Boussinesq-like model known from steady
and unsteady Reynolds-averaged Navier Stokes (RANS) equations. The presented approach
is based on two features. Unlike many previous studies, we consider not only a mean eddy
viscosity field, but also a fluctuating field derived from linearized algebraic models. Moreover,
we introduce the concept of mean field consistency; the mean eddy viscosity field is determined
to satisfy the RANS equations along with the other mean field quantities. Practically, this is
implemented by assimilating the model constants of the eddy viscosity model from the mean
fields, taking into account the RANS equations, which is achieved with a physics-informed
neural network. To evaluate the models thus assembled, we propose to perform an a priori
analysis. A concept in which the modeled Reynolds stress fluctuations are directly compared to
the respective measured quantities. The proposed methods are demonstrated and evaluated on
a jet flow at Reynolds number of 50000 and Mach number 0.4.

I. Introduction
Linearized mean field methods are emerging in the field of computational fluid dynamics. They are based on a

linear flow operator that can be derived by linearizing the governing flow equations around the temporal mean. This
linear operator can be used for a variety of applications, such as analyzing, predicting, and suppressing the dominant
flow dynamics. The analysis of fluid dynamics based on the base flow is a long-established method. However, the use of
the temporal mean field as the basis for linearization is much less established. Barkley has used linearized mean field
methods to study the dynamics of a cylinder wake [1]. Building on this, the methodology has been used by a wide
range of scientists for both academic and industrial applications. Fields of application include isothermal, swirling [2],
and reacting flows [3–6], high-enthalpy jets [7], prediction of jet noise [8] and trailing edge noise from airfoils [9–11],
hydroturbines [12, 13], and more.

Using the temporal mean as a linearization basis, however, also introduces major difficulties related to the commonly
known turbulence closure model; the operator linearized around the mean field contains the coherent Reynolds stresses,
whose modeling is still in the initial stage [14–18]. The most common modeling approach is to use a linearized
Boussinesq-like turbulence model that relates the coherent Reynolds stresses to two terms; first, a mean eddy viscosity
combined with a fluctuating shear stress tensor and second, a fluctuating eddy viscosity combined with a mean shear
stress tensor. While this approach significantly reduces the number of quantities to be modeled, it presents two additional
challenges. First, this approach requires a mean eddy viscosity field, which is generally unknown for high-fidelity mean
field data, such as mean fields obtained by time averaging large-eddy simulation (LES) or particle image velocimetry
(PIV) snapshots. Second, a model for the eddy viscosity fluctuations is needed. Whereas the modeling of the fluctuating
eddy viscosity has been neglected up to now, with a few exceptions [19, 20], the first term is typically taken into account
via mean eddy viscosity fields calibrated to the high fidelity mean field or ad hoc approaches based on constant fields.
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Under the constraint of low rank dynamics, the dominant structures in a flow can be modeled via a resolvent analysis
of the linear operator [21]. Driven by the goal of obtaining the best possible agreement in this respect, finding a closure
model for the coherent Reynolds stress tensor has received much more attention in the recent past. For example, the
energy transfer of turbulent scales in a channel flow has been intensively studied by Symon et al. to draw conclusions on
the modeling of the coherent Reynolds stresses [17, 18]. It was found that an eddy viscosity model primarily removes
energy, which makes the model less applicable for scales that receive energy through the coherent Reynolds stress
term. In a study by Kuhn et al. it was found that the coherent Reynolds stress tensor in the far field of a jet can be well
approximated by a spatially constant eddy viscosity retrieved from the mean velocity field [15, 16]. By matching SPOD
modes with resolvent modes, Pickering et al. determine optimal eddy viscosity fields for jet flows at subsonic and
supersonic conditions [14]. However, the use of eddy viscosity fields obtained from SPOD data or calculated from LES
mean fields by inverting the Boussinesq model usually results in inconsistency of the mean fields: the high fidelity
mean fields, together with the mean eddy viscosity field, do not satisfy the Reynolds-averaged Navier Stokes (RANS)
equations. In other words, the set of mean fields do not satisfy the equations from which the linearized equations are
derived.

In this study, we propose a mean-field consistent linear model of the coherent component of the Reynolds stresses.
The consistency of the mean field is achieved by assimilating the parameters of the eddy viscosity model from the
high-fidelity mean fields using the method of physics-informed neural network (PINN), which allows the inclusion
of the RANS equations as an additional constraint in the assimilation process. As a result, the high-fidelity mean
fields together with the assimilated eddy viscosity field satisfy the RANS equations and are thus consistent with the
linearized operator. In contrast to most other studies, fluctuations in eddy viscosity are accounted for by linearization of
an algebraic eddy viscosity model. The effectiveness of this new class of coherent Reynolds stresses is investigated by
comparing the model against the coherent component of Reynolds stresses retrieved from stochastically (turbulent)
forced jet LES data. In addition, resolvent modes for selected eddy viscosities are compared with SPOD modes.

The study is structured as follows. In the first part, we introduce the equations, define the problem of closing the
linear equations, and present our modeling approach. In the second part, other methodologies used for data analysis and
evaluation of modeling are explained. In the third part, the modeling approach is applied to a jet flow at a Reynolds
number of 50000 and a Mach number of 0.4.

II. Self-consistent closure modeling

A. Mean field equations
The triple decomposition allows the flow variables to be decomposed into a time-averaged component, a coherent

component, and a stochastic component. In the following they are denoted with an over-line, a tilde and two dash
symbols, respectively, e. g. the velocity vector reads u = u + ũ + u′′. Inserting this ansatz into the Navier Stokes
equations and time averaging yields the RANS equations

(u · ∇)u = − 1
𝜌
∇𝑝 + 𝜈∇2u − ∇ ·

(
ũũ + u′′u′′

)
︸          ︷︷          ︸

R

, (1)

where R is the Reynolds stress tensor that has to be modeled in order to solve the RANS equations as a boundary value
problem. The most common model is the Boussinesq approach that relates the deviatoric part of the Reynolds stress
tensor to the mean strain rate tensor T

D ≡ R − 2
3
𝑘I ≈ −𝜈𝑡 [∇ + ∇𝑇 ]u︸       ︷︷       ︸

T

, (2)

where 𝑘 = 1/2 Tr(R) is the turbulent kinetic energy, I is the identity matrix and 𝜈𝑡 is the mean eddy viscosity that has to
be modeled with an appropriate closure model in order to solve the set of mean flow equations. Inserting the Boussinesq
model into Eq. (1) yields

(u · ∇)u + 1
𝜌
∇𝑞 − ∇ ·

[
(𝜈 + 𝜈𝑡 ) [∇ + ∇𝑇 ]u

]
= f, (3)
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where 𝑞 = 𝑝 + 2/3𝜌𝑘 is the modified mean pressure and f is the residual consisting of mean momentum transfer that is
not captured with the Boussinesq model. When solving the RANS equations as a boundary value problem, it is assumed
that the Reynolds stress tensor is correctly represented with the eddy viscosity model, i.e. f = 0.

B. Transport of coherent fluctuations
If instead of time averaging an ensemble average is performed after inserting the triple decomposition into the

Navier Stokes equations the unsteady Reynolds-averaged Navier Stokes (URANS) equations can be derived

𝜕⟨u⟩
𝜕𝑡

+ (u · ∇)ũ + (ũ · ∇)u + u · ∇u = − 1
𝜌
∇⟨𝑝⟩ + 𝜈∇2⟨u⟩ − ∇ · (⟨ũũ⟩ + ⟨u′′u′′⟩︸  ︷︷  ︸

⟨R⟩

), (4)

where ⟨·⟩ denotes the ensemble average, extracting the deterministic part of a quantity, e.g. ⟨𝑢⟩ = 𝑢 + 𝑢̃. The last term of
Eq. (4), here referred to as the ensemble-averaged Reynolds stress term, must be modeled in order to close the URANS
equations. This is typically achieved by applying a Boussinesq-like model that relates its deviatoric part to the ensemble
average of the strain rate tensor

⟨D⟩ = ⟨R⟩ − 2
3
⟨𝑘⟩I ≈ −⟨𝜈𝑡 ⟩[∇ + ∇𝑇 ]⟨u⟩ (5)

By subtracting the RANS equations, Eq. (1) from the URANS equations, Eq. (4), a transport equations for the
coherent quantities can be derived

𝜕ũ
𝜕𝑡

+ (u · ∇)ũ + (ũ · ∇)u = − 1
𝜌
∇𝑝 + 𝜈∇2ũ − ∇ · (˜̃uũ + ũ′′u′′︸︷︷︸

R̃

). (6)

Equation (6) is the basis for linearized mean field methods. The second last nonlinear term represents the interaction of
the coherent structure with itself and is of higher order. The last term R̃ is the coherent component of the Reynolds stress
tensor and is of the same order as the coherent fluctuations [22]. Its deviatoric part can be computed by subtracting
Eq. (2) from Eq. (5) and neglecting higher order terms [20]

D̃ ≡ R̃ − 2
3
𝑘̃I = ⟨D⟩ − D ≈ −𝜈𝑡 [∇ + ∇𝑇 ]ũ − 𝜈̃𝑡 [∇ + ∇𝑇 ]u = −𝜈𝑡 T̃ − 𝜈̃𝑡T (7)

Equation (7) relates the coherent component of the Reynolds stresses to two terms; a mean eddy viscosity times the
coherent strain rate tensor and a coherent eddy viscosity times the mean strain rate tensor. Choosing an harmonic ansatz
for the coherent fluctuations x̃ = ℜ{x̂ exp (𝑖𝜔𝑡)} yields the Boussinesq-like model in frequency space

D̂ = −𝜈𝑡 [∇ + ∇𝑇 ]û − 𝜈̂𝑡 [∇ + ∇𝑇 ]u = −𝜈𝑡 T̂ − 𝜈̂𝑡T. (8)

Inserting the harmonic ansatz and the closure model into Eq. (6) yields the transport equations of harmonic
fluctuations

𝑖𝜔û + (u · ∇)û + (û · ∇)u + 1
𝜌
∇𝑞 − ∇ ·

[
(𝜈 + 𝜈𝑡 ) [∇ + ∇𝑇 ]û − 𝜈̂𝑡 [∇ + ∇𝑇 ]u

]
= f̂, (9)

where 𝑞 = 𝑝 + 2/3𝜌𝑘̂ is the modified harmonic pressure and the vector f̂ contains remaining (nonlinear) terms that are
not captured by the eddy viscosity model. For the sake of completeness, the corresponding continuity equation is also
given:

∇ · û = 0. (10)

When modeling the coherent Reynolds stress tensor, the influence of the fluctuating eddy viscosity is usually
neglected. The mean eddy viscosity derived from the mean fields is usually positive. Considering the energy transfer of
the coherent scales [17, 18], it becomes evident that a positive eddy viscosity primarily represents the dissipative part of
the nonlinear transfer of the coherent structures. Modeling the coherent Reynolds stress term with only a mean eddy
viscosity term therefore limits the modeling to structures that primarily transfer energy to other scales.
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C. Eddy viscosity model
It is well known that considering a mean eddy viscosity to model the coherent Reynolds stress tensor (Eq. (8))

improves the predictions of linear methods [2, 16, 19, 23]. The most common approach to determine an eddy viscosity
for a given flow field is to invert the Boussinesq model, Eq. (2)

𝜈𝑡 =
⟨D,−T⟩𝐹
⟨T,T⟩𝐹

, (11)

where the operation ⟨A,B⟩𝐹 =
∑

𝑙 𝐴𝑙
𝐵∗
𝑙

denotes the Frobenius inner product between tensor A and B. The symbol ∗
denotes the complex conjugate, which can be ignored here, since the mean flow quantities are real valued. The sum
is over all components of the tensors. Equation (11) corresponds to a least squares fit considering all components of
the deviatoric part of the Reynolds stress tensor. Mean eddy viscosities computed with Eq. (11) are referred to as
least squares eddy viscosity, 𝜈𝑡LSQ, in the following. The advantage of this approach is that a mean eddy viscosity
can be calculated directly from the Reynolds stress tensor and given mean velocity fields. However, the least squares
approximation often results in noisy fields, requiring post-processing to smooth the result. In addition, the method
weights all terms equally, so that no distinction is made as to which terms are particularly important for the mean
momentum transfer. In particular, this also leads to an inconsistency of the mean fields; the mean flow quantities together
with the mean eddy viscosity do not represent a solution of the RANS equations, Eq. (3). A method to determine a
suitable eddy viscosity based only on the mean field, without having to consider turbulent statistics and their spatial
derivatives would be advantageous.

To provide self-consistency of the mean fields and to avoid noisy gradients, we propose the use of an eddy viscosity
model whose constants are assimilated based on the mean velocity fields considering the RANS equations. The use
of an eddy viscosity model allows furthermore to take into account a fluctuating component by linearizing the eddy
viscosity model around the mean field [20]. For the sake of simplicity, an algebraic Prandtl mixing length model is used
[24], reading

𝜈𝑡 (⟨u⟩) = 𝑙2𝑚 |
𝜕⟨𝑢𝑥⟩
𝜕𝑟

|, (12)

where 𝑙𝑚 is the mixing length. Based on a linearization around the temporal mean the eddy viscosity model can be
decomposed into a mean and a coherent part [20], 𝜈𝑡 = 𝜈𝑡 + 𝜈̃𝑡 , where

𝜈𝑡 = 𝑙2𝑚
��𝜕𝑢𝑥
𝜕𝑟

�� (13)

𝜈̂𝑡 = 𝑙2𝑚sign
(
𝜕𝑢𝑥

𝜕𝑟

)
𝜕𝑢̂𝑥

𝜕𝑟
. (14)

In Eq. (14), an harmonic ansatz is used for the coherent quantities. With Eqs. (13) and (14) the coherent part of the
Reynolds stress tensor can be related to mean and coherent velocity components (Eq. (8)).

As introduced above, for the sake of mean field consistency the mixing length 𝑙𝑚 is assimilated from the LES mean
fields taking into account the RANS equations. The assimilation is performed using a PINN. For this purpose the mean
field quantities in Eq.(3), modified mean pressure, velocity components and the mixing length are approximated with a
neural network F𝛼; the neural network maps spatial coordinates to the mean field quantities

[u, 𝑞, 𝑙𝑚] = F𝛼 (𝑥, 𝑟). (15)

The parameters of the neural network 𝛼 are found by minimizing a composite loss function that includes given mean
fields from the LES, uLES and 𝑞LES, and the residual of the RANS equations f𝛼, Eqs. (3). Using the composite loss
function ensures that both the high-fidelity LES mean fields are approximated as good as possible and a mixing length
(and with Eq. (13) mean eddy viscosity) is assimilated that, together with the mean fields, satisfies the time-averaged
equations as good as possible. More details on the methodology, network design and training algorithms can be
found in our recent publication on mean field data assimilation with PINN [25] or in the original publication of the
methodology [26]. The mean eddy viscosity determined with the assimilated mixing length, Eq. (13), is referred to as
PINN eddy viscosity in the following.

Finally, Eq. (8) will be considered again, which relates the deviatoric component of the coherent Reynolds stress
tensor to the coherent shear stress tensor via the eddy viscosity. If the coherent quantities are known, in analogy to
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the inversion of the Boussinesq equation (Eq. 11), the Boussinesq-like model can also be inverted. If the fluctuating
component of the eddy viscosity is negligible, the mean eddy viscosity can be determined as follows

𝜈𝑡 ≈
⟨D̂,−T̂⟩𝐹
⟨T̂, T̂⟩𝐹

(16)

This way of calculating the mean eddy viscosity again corresponds to a least-squares fit, but in contrast to Eq. (11),
based on the fluctuating and not the mean quantities, Eq. (8). At this point, it should be noted that the use of a mean eddy
viscosity to model the deviatoric component of the coherent Reynolds stress tensor based on the coherent strain rate
tensor is a modeling assumption. The inversion of the corresponding model on the basis of given coherent quantities
allows to determine an optimal eddy viscosity in the least squares sense. A comparison with the commonly used LSQ or
PINN mean eddy viscosity can thus provide information on the potential of the quantities to approximate the closure
term. It should be noted, however, that the coherent fields are complex-valued and frequency dependent.

III. Methodology
This section briefly introduces the methods used in the study. These are the modeling of coherent structures based

on resolvent analysis and the empirical determination of coherent structures using SPOD. The natural flow of a jet at a
Reynolds number of 50000 and a Mach number of 0.4 is used as the data set, generated using a large-eddy simulation
based on the flow solver ’Charles’ [27, 28]. The LES geometry is based on an experimental setup. For more information
on the experiments and computations, please refer to the following studies [29, 30].

A. Resolvent analysis
With a given eddy viscosity model, the governing transport equations of harmonic fluctuations, Eqs. (9) and (10),

can be rearranged in the form [
û𝑚, 𝑞𝑚

]𝑇
= (𝑖𝜔B𝑚 − L𝑚)−1︸              ︷︷              ︸

R(𝑖𝜔)

f̂, (17)

where B and L are linear operators. Please note that we consider cylindrical coordinates and axis symmetry. Hence,
with an harmonic ansatz in the azimuthal direction x̂(𝑥, 𝑟, 𝜃) −→ x̂(𝑥, 𝑟)e𝑖𝑚𝜃 , the problem simplifies into two spatial
dimensions for each given azimuthal wavenumber 𝑚. This implies, however, that the linear operators change with the
azimuthal order 𝑚.

The operator R(𝑖𝜔) is known as the resolvent operator. In resolvent analysis, the exact interpretation of f̂ is of
secondary importance. The goal of the analysis is to find out which dynamics in the flow is most strongly excited by
linear mechanisms and how the corresponding structure of the best excitation is. Therefore, f̂ is to be understood as a
body forcing term, which can excite the flow in form of an harmonic forcing anywhere in the domain. A singular value
decomposition of the resolvent operator yields

R = U𝚺V∗, (18)

where the matrix 𝚺 contains the singular values that are called resolvent gains in this context. The matrices V and U
contain the forcing and response modes, respectively. Multiplying Eq. (18) with V and considering one mode pair 𝑗

illustrates the understanding of forcing and response modes

Rv 𝑗 = 𝜎𝑗u 𝑗 . (19)

The mode u 𝑗 is the response to the forcing v 𝑗 where 𝜎𝑗 denotes the corresponding gain amplification. Considering a
natural flow without external excitation, the response mode corresponding to the largest resolvent gain can be understood
as the coherent structure of the flow that is most amplified due to linear mechanisms. Since this is the most amplified
dynamics and the flow is excited everywhere by background turbulence, it can be assumed that the leading response
mode can be observed in a natural flow.

B. Spectral proper orthogonal decomposition
To extract coherent structures from the natural flow data the method of spectral proper orthogonal decomposition

(SPOD) is applied. In frequency bands with large gain separation the corresponding SPOD modes can be considered as
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(a) m=0 (b) m=1 (c) m=2

Fig. 1 SPOD spectra for m=0, 1 and 2. The frequency ranges of high gain separation are highlighted in red.

coherent structures. If the underlying mechanism is linear the structure is typically captured with a resolvent analysis [21].
Thus, it is common to validate the resolvent modes in frequency ranges with high gain seperation with the corresponding
SPOD modes. Or, in other words, resolvent analysis attempts to model the coherent structures observed with SPOD. In
the scope of this study coherent structures of different azimuthal orders are considered. For this purpose, the velocity
fluctuations u′ = u − u are first azimuthally decomposed

û𝑚 (𝑥, 𝑟, 𝑡) =
∫ 2𝜋

0
u′ (𝑥, 𝑟, 𝜃, 𝑡)e−𝑖𝑚𝜃d𝜃, (20)

where 𝑥, 𝑟, 𝜃 and 𝑡 are the axial, radial and azimuthal coordinate and time respectively. Subsequently, the time series
for each azimuthal order 𝑚 = 0, 1, 2 are considered separately. The time series for a given azimuthal mode number is
decomposed into segments of 256 snapshots and each segment is transformed into frequency space using a temporal
Fourier transform. Subsequently, a proper orthogonal decomposition (POD) is performed for each frequency 𝜔. For
this purpose, the cross-spectral density matrix is calculated first, whose entries (𝑙, 𝑘) are as follows

𝐶𝑙,𝑘
𝑚,𝜔 =

1
𝑁

∫
Ω

(û𝑙
𝑚,𝜔)∗ û𝑘

𝑚,𝜔dΩ, (21)

where Ω denotes the domain and 𝑁 the number of blocks. The superscripts 𝑙 and 𝑘 denote the block number. The
spectral POD modes follow from solving the eigenvalue problem

C𝑚,𝜔a 𝑗
𝑚,𝜔 = 𝜆 𝑗a 𝑗

𝑚,𝜔 (22)

and projecting back the Fourier coefficients onto the eigenvectors

û 𝑗

SPOD,𝑚,𝜔
=

1
𝑁

𝑁∑︁
𝑘=1

a 𝑗
𝑚,𝜔û𝑘

𝑚,𝜔 , (23)

where the superscript 𝑗 denotes the considered mode number. The sum represents an average over all 𝑁 blocks. The
magnitude of the corresponding eigenvalue 𝜆 𝑗 represents the kinetic energy associated with the corresponding SPOD
mode, which allows to rank the SPOD modes by energy content for each frequency. In the scope of this study we are
mostly interested in the leading mode ( 𝑗 = 1) that corresponds to the coherent structure with the highest energy content.

In addition to the SPOD velocity modes the extended spectral proper orthogonal decomposition (eSPOD) modes
of the coherent component of the Reynolds stress tensor are computed. The eSPOD allows to compute the part of a
signal that correlates with the SPOD modes. For this purpose the fluctuating Reynolds stress tensor R′ = u′ ⊗ u′ is
decomposed in azimuthal waves of order 𝑚

R̂𝑚 (𝑥, 𝑟, 𝑡) =
∫ 2𝜋

0
R′ (𝑥, 𝑟, 𝜃, 𝑡)e−𝑖𝑚𝜃d𝜃, (24)

split in 𝑁 blocks and transformed in frequency space. The resulting azimuthal and frequency decomposed coherent
Reynolds stress tensor is projected on the SPOD eigenvectors to extract the part that correlates with the velocity
fluctuations

R̂ 𝑗

eSPOD,𝑚,𝜔
=

1
𝑁𝜆 𝑗

𝑁∑︁
𝑘=1

a 𝑗
𝑚,𝜔R̂𝑘

𝑚,𝜔 . (25)
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(a) axial velocity (b) radial velocity (c) mean eddy viscosity

Fig. 2 LES and PINN assimilated mean flow quantities

In the following, hat-symbols of velocities represent SPOD and of Reynolds stress components eSPOD modes - the
indices eSPOD, SPOD, 𝑚 and 𝜔 are omitted. Moreover, in the context of this study only modes of leading order are
considered ( 𝑗 = 1).

Figure 1a, 1b and 1c show the SPOD spectra for 𝑚 = 0, 1 and 2, respectively. The Strouhal number is defined
as St = 𝑓 𝐷/𝑈, where 𝐷 is the nozzle diameter and 𝑈 is the bulk velocity. A region of high gain separation is
observed for all three azimuthal wavenumbers, although the corresponding frequency ranges in which the separation
occurs are different. For 𝑚 = 0 the leading mode clearly dominates the dynamics for St ∈ [0.28, 0.65], for 𝑚 = 1 for
St ∈ [0.1, 0.75] and for 𝑚 = 2 for St ∈ [0.1, 0.65]. The regions of high gain separation are marked in red in Fig. 1. In
these regions of low-rank dynamics, the flow is dominated by coherent structures; the goal of the resolvent analysis is to
model these structures.

IV. Results
In the following, the LES mean fields, the PINN assimilation results, as well as mean eddy viscosity fields are

presented first. In the second part, the potential of different eddy viscosities to model the deviatoric part of the coherent
Reynolds stress tensor is investigated using a priori analysis, a concept that evaluates the model in isolation. Finally,
resolvent modes based on different mean eddy viscosities are computed and compared with the respective empirical
SPOD modes.

A. Mean fields
The lower halves of Fig. 2a and 2b show the mean axial and mean radial velocity components respectively, computed

by time averaging the LES snapshots in the region 𝑥/𝐷 ∈ [1, 9] and 𝑟/𝐷 ∈ [0, 2]. The lower half of Fig. 2c shows the
LSQ eddy viscosity computed based on the mean velocity fields and the inversion of the Boussinesq model, Eq. (11).
To reduce noise introduced by the inversion of the Boussinesq model, the eddy viscosity field is smoothed with a
moving average filter. The upper halves in Fig. 2 show the respective approximations using the PINN. Please note that
the PINN maps the spatial coordinates to the mean axial and radial velocity component, the mean modified pressure
and the mixing length. The corresponding PINN eddy viscosity is computed using the assimilated mixing length and
the gradient of the mean velocity field, Eq. (13). The mean velocity components are very well approximated by the
PINN. The modified mean pressure, which is also included in the PINN training, is not shown for brevity, but the
PINN approximation for this component is as good as for the mean velocity components. Qualitatively, the PINN eddy
viscosity looks similar to the LSQ eddy viscosity. Clear differences can be seen in the region of the potential core,
where the PINN eddy viscosity is significantly lower compared to the one based on the Boussinesq inversion. The
differences stem from the fact that the PINN eddy viscosity is determined in accordance with the RANS equations and
thus is mean field consistent, unlike the LSQ eddy viscosity.

According to the Boussinesq model, Eq. (2), the eddy viscosity together with the mean strain rate tensor are supposed
to model the deviatoric part of the mean Reynolds stress tensor. This capability can be evaluated by comparing the
modeled Reynolds stress components based on the two mean eddy viscosity fields with the corresponding components
obtained by averaging LES snapshots. For this purpose, the two eddy viscosity fields together with the mean velocity
fields are substituted into the Boussinesq equation, Eq. (2), which yields the modeled Reynolds stresses. The PINN and
LSQ eddy viscosities are evaluated using the respective PINN and LES mean velocity fields. However, since the PINN
approximates the mean fields very well, it can be assumed that the two velocity fields are identical.
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Fig. 3 Profiles of the normalized axial-radial component of the deviatoric part of the Reynolds stress tensor at
x/D=2.5 (left) and x/D=9 (right). Components are computed based directly on the LES snapshots (solid), using
the Boussinesq model and the PINN eddy viscosity (dashed) and using the LSQ eddy viscosity (dotted).

Figure 3 shows radial profiles of the axial-radial component of the modeled Reynolds stress tensor for both mean
eddy viscosities at two axial locations (left 𝑥/𝐷 = 2.5, right 𝑥/𝐷 = 9). In addition the corresponding component
directly computed based on the LES snapshots - axial-radial component of u′u′ - (solid lines) is shown. It can be
observed that both eddy viscosities approximate the axial-radial component dominant for the jet flow similarly well.
Other components of the deviatoric part of the Reynolds stress tensor of minor importance to the mean momentum
transfer [31], such as the axial-axial component, are poorly approximated by both eddy viscosities (not shown). The fact
that the axial-radial component, which is dominant for the free jet, is similarly well approximated for both viscosities
allows to draw two conclusions. First, the PINN-based assimilation procedure works fine, and second, the LSQ eddy
viscosity is already a good approximation in terms of mean field consistency. This type of evaluation, which examines
the closure model in isolation, is called a priori analysis. In the next section, the a priori analysis is performed for the
coherent variables and the Boussinesq-like model.

B. A priori analysis
The idea of the a priori analysis is to evaluate a closure model in isolation. The methodology was applied, for

example, in [32] to find a suitable linear model for heat release fluctuations as a function of fuel fluctuations in a
turbulent jet flame. Here, different eddy viscosities are evaluated with respect to their potential to model the deviatoric
part of the coherent Reynolds stress tensor according to the Boussinesq-like model, Eq. (8). To do this, the complex
amplitudes of the harmonic velocity components (denoted with hat symbols) at a given frequency are obtained from the
LES snapshots and inserted together with an eddy viscosity into the closure model, Eq. (8), which yields the modeled
deviatoric part of the coherent Reynolds stress tensor D̂𝜈 (Eqs. (8), (13) and (14)). In the a priori analysis, the modeled
term is directly compared to the corresponding empirical term determined from the data, D̂𝑑 , which allows to assess the
closure model in isolation.

For the stochastically forced (natural) jet data considered in this study, we determine the corresponding model inputs
by means of SPOD and the validation data, D̂𝑑 , with the eSPOD as explained in Sec. III.B. It should be noted at this point
that the empirical SPOD modes are subject to noise. This poses difficulties, since gradients of the velocity fluctuations
have to be calculated to determine the coherent strain rate tensor T̂, i.e. to evaluate the coherent Boussinesq-like model,
Eq. (8).

Based on the SPOD coherent velocity modes and the eSPOD coherent Reynolds stress modes, different eddy
viscosities for modeling the deviatoric part of the fluctuating Reynolds stress tensor are evaluated using the a priori
analysis. In the scope of this study we consider three eddy viscosity models. First, we consider the LSQ eddy viscosity
based on the Boussinesq inversion, Eq. (11), and the LES mean fields (lower half Fig. 2c). Second, the mean field
consistent PINN eddy viscosity is considered (upper half Fig. 2c). For the first and second model, the fluctuating eddy
viscosity term in Eq. (8) is neglected. In contrast, the third model takes into account the fluctuating part as well as the
mean part. Both are computed using the PINN assimilated mixing length, Eq. (13) and (14). The second and third
models therefore differ only in that the fluctuating component is taken into account in the third model.

The first row in Fig. 4 shows the real part of the axial-radial component of the coherent Reynolds stress tensor, D̂𝑥𝑟
𝑑

,
determined with eSPOD at a frequency of St=0.47 and for three azimuthal orders. The first row thus shows the quantity
to be modeled and can therefore be considered as validation. The second, third and fourth row show the corresponding
modeled quantities, D̂𝑥𝑟

𝜈 , based on SPOD modes and the three eddy viscosity models.
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Fig. 4 Normalized axial-radial component of the coherent Reynolds stress tensor at St=0.47. From top to
bottom: empirical using eSPOD, modeled with LSQ eddy viscosity, modeled with PINN mean eddy viscosity,
modeld with mean and fluctuating PINN eddy viscosity. From left to right: m=0, 1 and 2. All modes of a given
azimuthal order (each column) are normalized with the maximum value of the respective eSPOD mode.

Overall, a good qualitative agreement between the eSPOD (first row) and the modeled (second to fourth row)
axial-radial coherent Reynolds stress component can be observed. For m=1 and 2 (second and third column) the
agreement is better than for m=0 (first column). Comparing the result based on the LSQ eddy viscosity (second row)
with the empirical eSPOD modes (first row), it becomes obvious that in the region of the potential core where the
LSQ eddy viscosity is overestimated, the component of the coherent Reynolds stress tensor is also overestimated. In
comparison, the model based on PINN eddy viscosity (third row) leads to a higher agreement with the eSPOD modes in
this region. However, it can be observed for this model that the near-axis region with small values has a larger axial
extent than seen in the validation data. Moreover, the PINN eddy viscosity model tends to underestimate the coherent
Reynolds stress component for larger radii. The results of the third model (fourth row), which differs from the second
model (third row) by taking into account the fluctuating eddy viscosity component, differ mainly in amplitude compared
to the results of the second model. The mode shapes, however, are very similar. A comparison with the validation data
shows that taking the fluctuating component into account (third vs. fourth row) leads to a poorer agreement.

For other frequencies in the low rank frequency range and also other components of the coherent Reynolds stress
tensor, the results are similar (not shown). This leads us to conclude that the use of a fluctuating part of the eddy
viscosity based on the linearized mixing length model is not advantageous for the case under consideration. The use of
a mean eddy viscosity determined via the mean fields (LSQ or PINN) is sufficient to qualitatively represent the coherent
Reynolds stress tensor. It should be noted that for the case considered, the mean field consistent PINN eddy viscosity
model leads to slightly better results, which can be observed in the region of the potential core in Fig. 4.

Finally, this section explores the possibility of determining a mean eddy viscosity directly from the fluctuating
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Fig. 5 Mean eddy viscosity profiles at two axial locations: left x/D=2.5, right x/D = 9. Linestyle and symbols
indicate different models: PINN eddy viscosity (solid), LSQ eddy viscosity computed with Eq. (11) (dotted),
absolute value of the eddy viscosity based on the inversion of the fluctuating Boussinesq-like model, Eq. (16)
(markers). The marker shape denotes the azimuthal wave number. Results are averaged over the respective low
rank frequency range (m=0 St=0.28-0.65, m=1 St=0.1-0.75, and m=2 St=0.1-0.65.).

quantities. As described in Section II.C, the Boussinesq-like model can be inverted, provided that the fluctuating eddy
viscosity component is negligible, see Eq. (16). Thus, based on the coherent Reynolds stress tensor (eSPOD) and
the coherent strain rate tensor (SPOD) an optimal eddy viscosity field can be determined in the least squares sense
for each frequency. However, this approach poses a number of challenges. First, the modes are complex-valued and
subject to noise. Since the equation requires the coherent strain rate tensor, gradients of the modes have to be computed
which amplifies the noise of the SPOD modes. Moreover, it should be noted that the inversion of the Boussinesq
equation in a least squares sense also by itself leads to noisy results. This is already the case with comparatively smooth
input variables, such as for the mean field quantities, Eq. (11). To overcome these difficulties, we consider only the
absolute value of the resulting eddy viscosity and also average over the corresponding low-rank frequency range for each
azimuthal order considered, see red regions in Fig. 1. The resulting fields can thus be considered as optimal positive
real-valued eddy viscosity fields for the considered frequency range.

Figure 5 compares the optimal viscosities calculated in this way for m=0, 1 and 2 against the PINN and LSQ mean
eddy viscosities at two axial locations. Near the nozzle exit at x/D = 2.5 (left panel), it can be observed that the optimal
eddy viscosities based on the coherent quantities agree well with the mean eddy viscosities. The agreement with the
PINN eddy viscosity is slightly better, especially near the axis (small radii) and for m=0. This result is consistent with
the observation that in the region of the potential core the PINN mean field consistent eddy viscosity is superior to the
LSQ viscosity in representing the coherent Reynolds stress tensor, see Fig. 4. Further downstream, at x/D=9 (right panel
in Fig. 5), the curves of the optimal eddy viscosities differ from the PINN and LSQ eddy viscosities. Although they are
of the same order of magnitude, they show qualitative differences; while the LSQ and PINN eddy viscosities show a
pronounced structure with high values for medium, and decreasing values for small and large radii, the curves for the
optimal eddy viscosities determined directly from the coherent quantities appear to fluctuate around a spatially constant
value of approximately 0.005. This value is approximately half of the maximum value of the PINN and LSQ curves.
Since the curves are qualitatively different, it is difficult to judge in this region whether the PINN or the LSQ eddy
viscosity better approximates the optimal eddy viscosities. Overall, however, the LSQ eddy viscosity is closer to the
m=0, 1 and 2 optimal curves.

In summary, the results of the a priori analysis show that the terms to be closed in the coherent transport equations
can be approximated by a Boussinesq-like model. For the considered case, the consideration of a mean eddy viscosity
field is sufficient. This was also confirmed by inverting the Boussinesq-like model based on the coherent quantities.
Thus, it was possible to calculate the eddy viscosities that best approximate the coherent Reynolds stress tensor based on
the coherent strain rate tensor in the least squares sense. Based purely on a real valued analysis (only considering the
absolute value), the PINN and LSQ eddy viscosity were found to be of the correct order of magnitude and even to match
the desired curve near the nozzle exit.

C. A posteriori analysis
The closure model, inserted in the linear operator, allows the calculation of stability modes using linear stability

analysis or of forcing and response modes using resolvent analysis. These modes can be compared to experimentally
observed coherent structures, which is known as a posteriori analysis of the linearized mean field operator. More
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Fig. 6 Normalized real part of the axial velocity component at St=0.47. From top to bottom: SPOD, resolvent
with LSQ eddy viscosity, resolvent with PINN eddy viscosity, resolvent with 5 times the molecular viscosity. From
left to right: m=0, 1 and 2. Each SPOD and 5𝜈𝑚 mode is normalized with its respective maximum value. The
LSQ and PINN modes are normalized using the maximum value of the LSQ mode for each respective azimuthal
order.

specifically, in this study we are interested in using resolvent analysis to model the dominant coherent structures that
we observe with SPOD in the natural flow. To compute resolvent modes, we use the in-house finite element code
FELiCS [32, 33]. Since the a priori analysis did not reveal any advantages for a fluctuating eddy viscosity model, we
use only the two mean eddy viscosity fields, LSQ and PINN. As a reference case, we also consider a case without eddy
viscosity, but with five times increased spatially constant molecular viscosity, 5𝜈𝑚 = 10−4. This value is two orders of
magnitude lower than the maximum value of the PINN and LSQ eddy viscosity, see Fig. 5.

Figure 6 shows the real part of the axial velocity fluctuation at St=0.47 from left to right for m=0, 1 and 2. The first
row shows the real part of the SPOD modes, the validation quantity to be modeled with the resolvent analysis. Rows 2
to 4 show the corresponding real parts of the resolvent modes for the LSQ, PINN, and 5𝜈𝑚 viscosity. As expected,
the reference case (fourth row), which is based solely on a spatially constant viscosity of the order of the molecular
one, exhibits the largest deviations compared to the SPOD modes. For m=0 (first column) qualitative agreement is still
found, for m=1 (second) and m=2 (third column) the results differ substantially. Considering the results of the LSQ and
PINN eddy viscosity resolvent modes (second and third row), hardly any differences can be observed between the two.
Moreover, both show a very high agreement with the SPOD modes for all three azimuthal orders. This result was also to
be expected, since both models perform similarly well in the a priori analysis, Fig. 4 and qualitatively reproduce the
optimal viscosity fields shown in Fig. 5.

However, a detailed inspection of the potential core region, where differences were also observed in the a priori
analysis, also reveals small differences between the LSQ and PINN resolvent modes (second and third row). The PINN
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eddy viscosity in this region is considerably lower than the LSQ eddy viscosity, Fig. 2c, which affects the shape of the
resolvent modes. For m=0, the mean field consistent PINN eddy viscosity appears to be too low in this region, which is
evident from the mode shape (first column, third row) in the immediate vicinity of the axis. In contrast, for m=1, but
also for m=2, the mean field consistent PINN eddy viscosity leads to slightly better results in this region compared to
the LSQ viscosity, which appears to be too dissipative.

In summary, the a posteriori analysis confirms a previously known finding [2, 14, 16, 23]: the inclusion of a
Boussinesq-like eddy viscosity model to approximate the coherent Reynolds stress fluctuations improves the modeling
of coherent structures based on resolvent analysis. A particularly high agreement between the resolvent and SPOD
modes is observed when the eddy viscosity is determined from the mean velocity fields. For the considered azimuthal
modes (m=1 and m=2), the mean field consistent PINN eddy viscosity leads to slightly better results compared to the
LSQ eddy viscosity determined by inversion of the Boussinesq equation, Eq. (11).

V. Conclusion
The transport equations for coherent structures contain an unknown term, the coherent part of the Reynolds stress

tensor. The most popular closure model is a Boussinesq-like model that relates the deviatoric part of the coherent
Reynolds stress tensor to the coherent strain rate tensor via an eddy viscosity. In this study, we propose the concept
of self-consistency in the closure problem, meaning that the eddy viscosity together with the mean field quantities
approximate a solution of the RANS equation. The resulting eddy viscosity field can be considered mean field consistent.
The mean field consistency is achieved by assimilating the eddy viscosity using a PINN that takes into account both
the approximation of the mean field and the RANS equations. If the eddy viscosity is not assimilated directly, but the
constants of an eddy viscosity model are assimilated, fluctuations of the eddy viscosity can also be accounted for in the
transport equations of the coherent structures via a linearization of the eddy viscosity model around the mean field.

Considering a natural jet flow at Re=50000 and Ma=0.4, different eddy viscosities are studied according to their
potential to model the closure term. For this purpose, the coherent strain rate tensor is determined via SPOD and
the deviatoric part of the coherent Reynolds stress tensor is determined via eSPOD, which allows a qualitative and
quantitative evaluation of the closure model. This analysis of the closure model in isolation is called a priori analysis.
It is shown that the Boussinesq-like closure model provides a good approximation of the coherent component of the
Reynolds stress tensor. Compared to a mean eddy viscosity derived from the inversion of the Boussinesq model (LSQ),
the PINN mean field consistent eddy viscosity shows better results in the region of the potential core. However, with
the exception of this region, the results are very similar, which is due to the fact that the eddy viscosities are also very
similar. Including a fluctuating eddy viscosity component based on the linearization of the mixing length model does
not bring any advantages; on the contrary, the fluctuating eddy viscosity even leads to an overestimation of the amplitude
of the coherent Reynolds stresses.

Based on the coherent quantities, the Boussinesq-like model can also be inverted, and thus an optimal mean eddy
viscosity can be determined in the least squares sense for each azimuthal order considered. A comparison with the LSQ
and PINN eddy viscosity shows what was already to be expected from the a priori analysis: the mean eddy viscosities
are in the same order of magnitude as the absolute value (averaged over low-rank frequency range) of the optimal eddy
viscosities. In the upstream region of the flow, near the nozzle (x/D=2.5), even the quantitative agreement is high. These
results provide new insights into the modeling of the closure term of the coherent transport equations. In particular, the
results show why the Boussinesq-like closure model improves the results of linear analyses: via mean eddy viscosity,
the coherent Reynolds stress components can be approximated by the coherent strain rate tensor.

In the last part of the study, we show that the PINN and LSQ eddy viscosities also lead to resolvent modes that
fit very well to the SPOD validation modes. This comparison is called a posteriori analysis in analogy to the a priori
analysis. The axial velocity mode shapes of the resolvent modes based on PINN and LSQ eddy viscosity differ slightly
in the region of the potential core, in which the eddy viscosities differ substantially. For the considered axial velocity
component, it is shown for m=1 and 2 that the mean field consistent PINN eddy viscosity leads to slightly better results,
whereas the LSQ eddy viscosity overestimates the dissipation in this region.

In summary, this study provides tools to build and investigate closure models for the transport equations of coherent
structures. With the PINN approach, a method is presented to find a turbulent viscosity field consistent with the mean
field that is suitable for the linear modeling. In contrast to other commonly applied methods, the approach requires only
the mean fields and no further information about the turbulent statistics.
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