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ABSTRACT

Transpiration cooling is a thermal protection system un-
der active development for external aerothermal heating ap-
plications. Pressure-driven coolant flow is effused through a
porous wall into a hot turbulent boundary layer. This work in-
vestigates the influence of the wall-pressure fluctuations on the
coupling between the hot boundary layer and the porous me-
dia flow. Using a pore network model, two potential learning-
based transfer functions (linear regression and neural network)
to approximate the flow in the porous medium are devel-
oped and coupled to a high-fidelity direct numerical simulation
(DNS) of a compressible turbulent boundary layer.

It was found that the coupling implemented using a linear
regression-derived expression was unable to properly charac-
terize the flow in the porous domain in instances of large vari-
ation in pressure, highlighting the importance of incorporating
the spatial influence of neighbouring pores. Consequently, the
implementation of this expression in the direct numerical sim-
ulation resulted in a decorrelation of the pressure signal at the
wall and consequently an artificial smoothing of the fluctua-
tions. The direct numerical simulation coupled with the neu-
ral network, which did incorporate the influence of neighbour-
ing pores, was more successful. The highest frequency pres-
sure fluctuations were attenuated in roughly the first quarter of
the transpiration region due to the spatial interactions within
the porous medium flow, whereas the lower frequency fluctua-
tions persisted throughout the entirety of the domain. The neu-
ral network case also demonstrated reduced sensitivity to the
coupling between pressure and injection velocity as compared
to the linear regression case, which was reflected both in the
blowing ratio distribution in the transpiration region as well as
in the obtained wall-normal velocity and pressure fluctuation
cross-correlations.

INTRODUCTION

Thermal protection systems (TPS) are a key technology
to enable the use of lower cost and lighter materials for high-
speed vehicle applications. Active TPS such as transpiration
cooling is used to minimize thermal loading and is being ac-

tively investigated for high-speed external aerodynamic appli-
cations (Esser et al., 2016). By effusing a coolant through a
porous side wall, transpiration cooling combines the convec-
tive cooling within the porous wall with the formation of a
thermal buffer in the boundary layer insulating the wall from
the high-enthalpy external flow. Consequently, this technique
has the potential to be more effective than other mass-injection
active TPS such as film or convective cooling (Eckert & Livin-
good, 1954).

The effectiveness of transpiration cooling systems is di-
rectly tied to the mass flow rate of coolant injected through
the porous wall (Christopher et al., 2020). Furthermore, as the
coolant is injected into a boundary layer, there is a direct hy-
drodynamic coupling between the effused coolant and the ex-
ternal flow. This hydrodynamic coupling can be leveraged to
reduce drag in a laminar boundary layer (Jiao & Floryan, 2021)
or modify the location of transition to turbulence (Cerminara,
2023). The injected mass flow rate also impacts the formation
of coherent structures in the downstream flow (Zhang et al.,
2022). Although Giilhan & Braun (2011) showed greater ef-
fectiveness of transpiration cooling in a laminar versus tur-
bulent boundary in hypersonic flows, many modern applica-
tions to fully turbulent flows are used for TPS (Zhu et al.,
2018). Some applications of turbulent TPS leverage the ther-
mal degradation of hydrocarbon fuels (Liu er al., 2023) and
can be integrated as a face plate injector (Jin et al., 2023).

Predictive simulations of transpiration cooling are criti-
cal for optimal design considerations. On the one hand, we
seek to reduce the pressure drop required to drive the flow and
minimize the coolant’s momentum into the boundary layer,
thus minimizing turbulent mixing. Turbulent mixing should
be minimized between the coolant and hot gas streams as it
can impede the extent of the thermal buffer layer. As the
momentum of the coolant into the boundary layer is reduced,
the relative importance of the turbulent fluctuations at the out-
let of the porous wall cannot be neglected. These wall pres-
sure fluctuations are naturally occurring in a turbulent bound-
ary layer and can be characterized by well-established pres-
sure spectra (see, e.g. Grasso et al. (2021, 2019); Hillcoat &
Hickey (2021)). This is particularly important as regions of
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Figure 1. Schematic illustration of the coupling between the
two domains in transpiration cooling (the turbulent boundary
layer and the porous wall).

higher wall pressure impede the flow, which gets diverted in
the porous medium to other zones of lower pressure. Given
the effectively incompressible flow within the porous medium,
the information transfer is nearly instantaneous.

This strong coupling is schematically represented in fig-
ure 1. The coolant is driven through the porous medium due to
an imposed pressure gradient, which in turn varies locally due
to spatio-temporal pressure fluctuations arising from the tur-
bulence. Consequentially the local mass flow rate of coolant is
influenced by the pressure fluctuations in the turbulent bound-
ary layer, and vice-versa.

Transpiration cooling systems present a significant chal-
lenge to simulate due to the large range of length and time
scales that must be resolved to fully capture both the external
flow and the flow in the porous medium. Doing so quickly
becomes prohibitively computationally expensive. Generally
speaking, there are three treatments of the porous medium and
coolant injection that are used in the literature:

1. A monolithic approach that fully resolves both the porous
medium and the turbulent flow domain. Examples of this
approach are very few and are necessarily limited in the
size, number, and geometry of pores considered, such as
the work done by Cerminara et al. (2020) and Zhang et al.
(2022). Although not an example of transpiration cool-
ing due to the lack of coolant injection (blowing), the
relevant work done in modeling turbulent boundary layer
flow over a porous medium (such as that done by Wang
et al. (2022)) should also be recognized as it nonetheless
provides valuable information on the interaction between
these two fluid domains.

2. A bulk medium approach wherein the flow through indi-
vidual pores of the porous medium is not resolved and the
bulk flow through the medium is instead modeled using
the Darcy-Forchheimer relationship. There are multiple
examples of this approach, which consists two alternating
solvers; one which solves for the flow in hot gas domain,
and a finite-difference solver which handles the porous
domain (ex. Konig et al. (2021); Dahmen et al. (2014);
Prokein (2021)). Notably, all examples of this method
found by the authors employed a RANS model to simu-
late the main flow domain and consequently are not able
to resolve the turbulent structures formed in the boundary
layer and the corresponding coupling between pressure
and velocity fluctuations at the interface.

3. A decoupled boundary condition approach wherein the
porous medium is not modeled and transpiration is sim-
ulated by way of a constant or mass flux boundary con-

dition (uniform or spatially-varying) at the porous wall.
While this method has the disadvantage of not consider-
ing the coupling and interactions between the two flow
domains, it does allow for insight into the impact of
coolant injection on the turbulent boundary layer, such as
seen in Christopher er al. (2020) and Cerminara (2023).

The present work proposes a compromise between these
three approaches that allows for a highly-resolved direct nu-
merical simulation of the turbulent boundary that incorporates
the coupling with the porous medium while easing the afore-
mentioned limits on the size and quantity of pores considered.
Using this method, the fundamental pressure coupling between
the transpirative wall and the hydrodynamic pressure of the
turbulent boundary layer is investigated in order to uncover the
underlying dynamics of a variable pressure field on the flow
through the porous medium.

METHODOLOGY

In order to achieve the above goal, the direct numerical
simulation code Hybrid is used to obtain a high-fidelity simu-
lation of a turbulent boundary flow over a flat plate (Bermejo-
Moreno et al., 2013). This code was previously extended by
Christopher et al. (2020) to account for transpiration cooling
by imposing a constant wall-normal velocity boundary condi-
tion over part of the flat plate to mimic the injection of coolant.

In the present work, this constant velocity boundary con-
dition is replaced by a function relating the local coolant in-
jection velocity to the pressure at the wall. This function en-
capsulates the flow through the porous medium without the
computational overhead of a separate solver. The mean rate
of coolant injection is set indirectly by specifying a constant
coolant reservoir pressure used to calculate the pressure drop
across the porous medium.

In order to obtain this function, a pore-network model of
a simple cubic lattice porous network is used to simulate the
local coolant velocity at the surface pores of the medium with
a random pressure signal applied to the surface. A function
that can be integrated into the direct numerical simulation code
is then derived from this data using two different methods: a
linear regression, and a convolutional neural network.

NUMERICAL DETAILS
DIRECT NUMERICAL SIMULATION

The direct numerical simulation (DNS) is conducted us-
ing Hybrid, a high-order finite difference solver that com-
putes the compressible Navier-Stokes equations with variable
viscosity (Bermejo-Moreno et al., 2013); the equation set is
closed with the ideal gas law. The high-order numerical meth-
ods and filtering can be stabilized in regions with large gradi-
ents using a high-order WENO scheme.

Using the extensions to the code base previously done
by Christopher et al. (2020), modifications were made to in-
directly couple the local injection momentum at the porous
wall to a pore-network model of a simple porous medium.
The computational domain and turbulent boundary layer in-
let boundary conditions are identical to those described by
Christopher et al. (2020), allowing for a comparison of the
results with the pressure/velocity coupling with the constant
injection case without having to re-run the uniform injection
DNS case.

The average velocities and Reynolds stresses are taken
from an established DNS of an incompressible boundary layer



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25-28, 2024

with Re; = 450 (Jiménez et al., 2010). The domain is 606;
long in the streamwise direction with a height and width of
608;, where §; is the inlet boundary layer thickness and is set
to unity. A fully-structured mesh with wall-normal grid refine-
ment and a size of 2560 x 180 x 256 points was used for all
cases. The lower wall is highly cooled, with a set constant tem-
perature of 7;, = 0.5 compared to the free-stream temperature
T = 1. The dependance of the viscosity of the fluid on temper-
ature is accounted for by the power law y = e (T /T, f)0‘75.

The top wall of the domain is assigned an inlet/outlet
boundary condition, and the domain is periodic along the
transverse (z) axis. At the lower wall a no-slip condition is
applied in the x and z direction while the injection of coolant
is set by specifying the wall-normal velocity at the boundary.
The coolant is assumed to be injected in a laminar state over
the region 30 < x < 50.

PORE-NETWORK MODEL

Darcy flow is assumed in the porous medium due to the
small pore sizes and low flow velocities employed in transpira-
tion cooling. Given the simplified flow conditions and to afford
a greater computational tractability the pore-network modeling
framework OpenPNM (Gostick et al., 2016) was used. Pore
network modeling abstracts the porous media as a system of
equivalent pipe flows whose pressure drop can be analytically
defined by the Hagen-Poiseuille equation. This simplification
enables significant computational savings that can be used to
increase the heterogeneity or size of the model.

Herein, we defined a cubic lattice of 2.2 million pores
(200 x 43 x 256), with a homogeneous spacing correspond-
ing to the DNS grid spacing and a normal distribution of pore
diameters with mean size of 0.0115 and standard deviation of
0.0010. The applied pressure at the porous medium inlet is set
to 8.88733 such that the average flow velocity exiting the wall
is 0.003 as calculated using the mean wall pressure in the tran-
spiration region from the constant injection DNS case as the
wall surface pressure. This value was chosen as it corresponds
to the constant velocity boundary condition set in the uniform
blowing DNS case to which the DNS results with coupling
will be compared. The porous medium was assumed to be at a
uniform temperature corresponding to the wall temperature in
the DNS cases.

In order to ensure compatibility with the DNS, the same
non-dimensionalization is used in OpenPNM as is imple-
mented in Hybrid; the velocity is normalized by the free-
stream velocity and distance is normalized by imposing a uni-
tary boundary layer thickness at the inlet. The thermody-
namics are non-dimensionalized with the free-stream density
and temperature with a consistency non-dimensionalization
for pressure.

The coolant velocity at each pore on the surface of the
medium was simulated a total of 549 times in OpenPNM, each
time with a different pressure signal boundary condition ap-
plied to the surface. The pressure signal itself is obtained by
assigning a random pressure value to each surface pore. The
random values are pulled from a normal distribution with the
same mean and standard deviation as the pressure signal in the
constant injection DNS case.

LINEAR REGRESSION

A linear regression was performed to obtain an expres-
sion relating the surface pressure to the corresponding flow
velocity at each pore. Following from Darcy’s law, it is ex-
pected that the flow velocity exiting a surface pore will have a

linear relationship with the local pressure gradient across the
porous wall. Such a relationship was observed in porous flow
simulations with uniformly sized pores; however, in simula-
tions with a normal distribution of pore sizes this relationship
is obfuscated by the corresponding variation in pore hydraulic
conductance values through the network. A linear best fit of
the surface pressure and velocity fluctuations for each surface
pore was performed, and it was found that the slope and offset
of the fit showed a strong linear relationship with the hydraulic
conductance of the surface pore.

It is therefore only necessary to consider the effect of
hydraulic conductance of the surface pore and that of inter-
nal pores in the network can be neglected, allowing a multi-
variable linear regression to be used to obtain an expression of
the form v = C1Ap+ CrgAp +C3g+Cy4, where g is the Hagen-
Poiseuille hydraulic conductance of the surface pore, v is flow
exit velocity at the pore, and Ap is the wall pressure at the pore.
C1,C,,C3,Cy are constants obtained from the linear regression
and are anticipated to be unique to the porous structure being
considered.

Despite a very strong R? value (0.97) the expression ob-
tained using a linear regression displayed poor performance,
with a root mean square (RMS) error 7.59¢e—4 (roughly 25%
of the mean injection velocity). The maximum error was in
excess of 265% of the mean injection velocity. The reason for
this large error is that the expression obtained via linear regres-
sion does not consider the influence of neighbouring pores.
Due to the connectivity of the pores within the porous medium,
an increase in local pressure that impedes the flow at one pore
will result in additional flow at the neighbouring pores where
the pressure is lower due to the redirection of the flow. This
spatial zone of influence is thus critical to analysing the flow
distribution.

NEURAL NETWORK

In order to try to capture the spatial components of the
relationship between pressure gradient and pore exit velocity
that was neglected in the linear regression, a shallow convo-
lutional neural network was developed. Convolutional neural
networks (CNN) perform convolution operations on the input
data in order to incorporate spatial information and have seen
a lot of recent use in image processing and computer vision
applications.

The designed network was kept as small as possible in or-
der to mitigate the overhead increase when incorporated into
the DNS code. In its final form it has three convolution lay-
ers of decreasing kernel size followed by two fully-connected
linear layers. Between each operation a rectified linear acti-
vation layer is added. As inputs the network takes two 7x7
“images” containing the pressure and hydraulic conductivity
data, respectively, for the pore of interest and its 3 adjacent
neighbours on all sides. The network then outputs a velocity
value for the central pore.

Built using PyTorch, the network was trained for 30
epochs using the Adam optimizer and a root mean square
(RMS) loss function. Following the final epoch, the network
was applied to the testing dataset, where it had a RMS error of
3.57e—4 (roughly 12% of the mean injection velocity), show-
ing significant improvement compared to the linear regression.
This performance improvement is further confirmed by a com-
parison of the error histograms of the neural network and linear
regression when applied to the same testing dataset (figure 3).

It is possible that the neural network’s performance could
be further improved by increasing the extent of neighbours
considered for each pore, however this comes at a significant
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set.

computational penalty. As the purpose of using the neural net-
work was to minimize the additional computational cost com-
pared to directly coupling a porous medium solver, it was de-
cided that the present performance was sufficient.

RESULTS

The results from four distinct cases are considered and
compared herein:

1. A no blowing case, wherein there is not injection at the
porous wall and the problem reduces to a turbulent bound-
ary layer over a constant temperature flatplate.

2. A uniform blowing case, wherein the injection velocity
at the porous wall is set a priori and is constant for all
pores. This case corresponds to the Uniform-0.6% case
done by Christopher et al. (2020) with a set blowing ratio
F = Peve/PoclUso 0f 0.6%.

3. A blowing case using the linear regression expression to
indirectly couple the main domain and the flow in the
porous medium.

4. A blowing case using the shallow convolutional neural
network to indirectly couple the main domain and the flow
in the porous medium.

The numerical performance of the linear regression case
was comparable to that of the first two cases, however, the neu-
ral network case did impose a significant performance penalty,
requiring roughly 3 times the walltime as the other cases for

penalty can be reduced through more strategic division of the
computational domain for parallelization, which will be im-
plemented going forwards. Each of the cases considered were
run for over 3 flow-through times to ensure convergence.

Snapshots of the pressure signal just above the wall in the
vicinity of the transpiration region for all cases are shown in
figure 4. It is immediately apparent that the coupling of the
wall pressure and injection velocity results in an attenuation
of the pressure fluctuations within and even downstream of
the transpiration region. This effect appears to be more pro-
nounced in the linear regression case, however it is theorized
that this is an artifact of the reduced accuracy of the linear re-
gression coupling. Due to not taking into account the influence
of neighbouring pores, the expression obtained via linear ex-
pressions yields large errors in regions where the surrounding
pressure deviates significantly from the mean. Due to these er-
rors, the larger scale pressure correlations are not adequately
captured and thus appear to be attenuated in the results.

In contrast, the neural network case is better able to cap-
ture the larger pressure correlations as its inclusion of spatial
effects significantly reduces the error in its calculated values.
The higher frequency pressure fluctuations are attenuated in
roughly the first quarter of the transpiration region due to the
interaction of the coolant flow at each pore with that of its
nearby neighbours. The larger pressure footprints, however,
persist throughout the transpiration region.

These observations are corroborated by the mean pres-
sure signal at the wall in the transpiration region (figure 5). As
expected, all cases with coolant injection demonstrate an in-
creased pressure at the beginning of the injection region due to
the initial interaction of the coolant with the oncoming main
flow. In the linear regression case the major pressure fluctu-
ations are quickly lost due the decorrelation of the pressure
signal as previously described, however, the largest of these
persist in the neural network case, albeit at a reduced ampli-
tude compared to the case of uniform injection. Further inves-
tigation is required to determine if this reduction in amplitude



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25-28, 2024

7.98

7.97 H
7.96
7.95
7.94 H

7.93
—— No Blowing

7.92 = Uniform Blowing
—— Linear Regression

= Neural Network

7.91

T T T T T T
30.0 32.5 35.0 375 40.0 42.5 45.0 47.5
X

Figure 5. Span-averaged pressure at the wall in the transpi-
ration region.

T
50.0

0.012 4
—— No Blowing

—— Uniform Blowing
0.010 1 —— Linear Regression

Neural Network

0.008
& 0.006 1
0.004 1

0.002

0.000 A A N Mt NN ANNAN s I N e ettt o et PO 0P\ e

T T T T T T T T
30.0 32.5 35.0 37.5 40.0 42.5 45.0 47.5
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is a physical result due to the coupling, or if they are being
obfuscated due to the errors that persist even when using the
neural network.

Figure 6 shows the impact of the pressure-velocity cou-
pling on the resultant time and span-averaged blowing ratio.
The linear regression case has significantly reduced blowing
at the beginning of the transpiration region due to the afore-
mentioned higher pressure zone there. The blowing ratio then
increases downstream until it actually exceeds that of the uni-
form blowing case near the end of the transpiration region, ex-
periencing a sharp spike in the injected coolant at the trailing
end. While the neural network case displays the same general
trend of beginning with a reduced blowing ratio that increases
downstream, the change is much slower and the observed spike
just before x = 50 is absent. It is clear that incorporating the in-
fluence of neighbouring pores significantly decreases the sen-
sitivity of the coupling between pressure and coolant injection.

Figures 7 and 8 plot the negative normalized cross-
correlation between the coolant injection velocity and the sur-
face pressure fluctuations for all considered cases at varying
distances from the wall and portions of the transpiration re-
gion, respectively. In both cases, the horizontal axis r repre-
sents the streamwise lag. The pressure fluctuations and wall-
normal velocity have a strong negative correlation at the wall
which is expected, as this opposing relationship is imposed by
the boundary condition used to set blowing (high pressure re-
sults in reduced coolant injection). The linear regression case
demonstrates a higher degree of correlation than the neural net-
work case due to the lack of influence of neighbouring pores.
Interestingly, the strength of this correlation is reduced in the
latter half of the transpiration region (dashed line) as compared
to the former, although the reason for this is not clear.
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Figure 7. Normalized cross-correlation between wall-normal
velocity and pressure fluctuations at the wall split into two dif-
ferent regions. The solid line corresponds to 30 < x < 39.75
and the dashed line to 39.75 <x < 49.5.
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velocity and pressure fluctuations at varying distances from the
wall. The solid line corresponds to y = 0.003, the dashed line
to y = 0.43, and the dotted line to y = 1.59.

CONCLUSIONS AND FUTURE WORK

Accurate modeling of transpiration cooling systems is
made difficult by the necessary coupling of the turbulent
boundary layer and the flow in the porous wall, which differ
significantly in time length scales. Herein a method of indi-
rect coupling was proposed where in the flow in the porous
medium is reduced to either a representative linear expression
or a trained convolutional neural network.

The linear expression obtained using regression was
found to significantly attenuate all of the naturally occurring
pressure fluctuations, however this is theorized to be a non-
physical result due to the significant error of the linear regres-
sion where the pressure overly deviates from the mean result-
ing in an artificial decorrelation of the pressure signal.

The results of the neural network case were much more
promising, suggesting the importance of including the spatial
influence of neighbouring pores when trying to capture the
flow through the porous medium. While the high frequency
pressure fluctuations were attenuated in the first quarter of the
transpiration region due to this spatial influence, the lower fre-
quency fluctuations persisted throughout the domain.

The influence of neighbouring pores served to dampen the
impact of the coupling between the coolant injection veloc-
ity and the wall pressure fluctuations when compared with the
linear regression case, resulting in a blowing ratio distribution
closer to that of the uniform case as well as a reduced cross-
correlation between the two signals.

Future work will focus on understanding the observed at-
tenuation of the wall pressure signal via a spectral analysis.
The impact on the formation of coherent turbulent structures
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as well as on coolant film accumulation and cooling effective-
ness will also be explored.

One significant area that warrants further study is the tran-
sient effects of flow in the porous medium. In the present work
the response time of the flow in the porous medium was as-
sumed to be negligible due to the incompressible nature of the
flow within the pores. This allowed a Darcy flow approxima-
tion to be used such that the flow in the pores is independent of
its previous state. The validity of this assumption for the case
of transpiration cooling should be explored further.

Furthermore, it has been shown that the bulk properties
which govern flow in the porous medium (permeability, ef-
fective porosity and tortuosity) are strongly influenced by the
frequency of the imposed pressure signal (Champoux & Al-
lard, 1991). The importance of this effect on interactions of
the flow in the porous medium with the turbulent fluctuations
in the boundary layer is an important avenue of further inves-
tigation.
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