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Abstract

The present study demonstrates a step-by-step method for optimizing the outflow valve
geometry and maximizing thrust generation. In this system, the skin-mounted OutFlow
Valve (OFV) acts as a convergent—-divergent nozzle and, as such, the De Laval nozzle
equations are considered as guidance for the shape optimization. The performance of the
skin-mounted flapped OFV optimized designs is assessed with a combination of analytical
equations and Computational Fluid Dynamics (CFD) methods. The three-dimensional
Reynolds-Averaged Navier—Stokes (RANS) yield reliable thrust recovery estimates and
reveal key aspects of the aerodynamic flow behaviour through the valve, highlighting the
interaction between the skin-mounted flapped OFV components. The results compare well
with the analytical approach, providing a basis upon which a skin-mounted flapped OFV
can be tailored for a specific mission.

Keywords: outflow valve; CFD; shape optimization; thrust recovery; aerodynamics; thermal
management; clean aviation; sustainability; TheMa4HERA

1. Introduction

The Cabin Pressure Control System (CPCS), a subsystem of the Environmental Control
System (ECS), is responsible for maintaining the cabin pressure within safe and comfortable
limits throughout flight operations. By regulating the air outflow, the CPCS plays a crucial
role in the aircraft’s thermal management, influencing cabin pressure, temperature and
overall heat balance. The CPCS consists of a number of partly independent modules that
control the flow of air via one or more OFV which are controlled and calibrated for safe
and reliable operation as developed by Horner et al. [1,2].

The OFV is the component of the CPCS which releases air from the aircraft cabin to
ambient conditions to regulate the pressurized conditions inside the cabin. The aircraft OFV
forms the interface between two distinct domains. The simplified schematic of operation
of an OFV is shown in Figure 1. Airflow from domain (1), referred as cabin/cargo, is
driven through the OFV into domain (2), the external freestream referred as ambient.
Both domains are governed by different pressures and temperatures during typical flight
conditions. Kurokawa et al. [3] studied the regulation of the pressurized conditions for a
complete flight mission using a mathematical model simulation.
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Cabin/Cargo Outflow Valve Ambient

Figure 1. Outflow valve operation schematic.

Two categories of OFV can be distinguished. The first is the butterfly OFV which was
patented by Mauldin [4] and has been widely used and thoroughly studied to assess its
performance. Fejtek et al. [5] focused on business jet cruise flight conditions, at 40,000 ft,
and butterfly OFV design using a CFD transient analysis method paired with the k-w
shear-stress transport (k-w SST) turbulence model developed by Menter [6]. Lobel et al. [7]
and Tebib et al. [8] studied the development of recirculation and supersonic zones and
the formation of shock waves for cases at 17,000 and 40,000 ft by solving the RANS
equations with the k-w SST model, while Addy et al. [9] investigated the performance
characteristics under various conditions of Reynolds numbers and pressure ratios and
the effects of compressible flow, comparing the theoretical approach with experimental
data. In addition, Chauvin et al. [10] and Charlebois-Menard et al. [11] focused on the
noise generation mechanisms of butterfly valves for operating conditions of 17,000 and
40,000 ft while implementing a RANS and Large-Eddy Simulation (LES) approach paired
with experimental data.

The second is the skin-mounted flapped OFV which is flush with the skin of the
aircraft and was initially developed by Emmons [12] and tailored to noise suppression by
Chuang et al. [13] and thrust generation by Tretow et al. [14]. The design and placement of
a modern OFV system are shown in Figure 2. Generally, the OFV is located at the rear end
of the aircraft, most commonly at the fuselage upsweep.

Actuator AP

N

Ambient Cabin/Cargo

\

Outflow valve

(b)

Figure 2. Outflow valve (a) system and (b) placement.

Along with pressure control, it can be designed to resemble a nozzle, and thus in high-
pressure differential configurations, sonic conditions develop which can lead to supersonic
jet expansion downstream of the skin-mounted flapped OFV, generating thrust. The
mechanisms of thrust generation are explained by Carbonneau et al. [15] in a combination
of two-dimensional (2D) and three-dimensional (3D) CFD analysis by pairing it with the
Spalart-Almaras turbulence model [16] and experimental results. Chocinski et al. [17]
and Baresh et al. [18] conducted both numerical and experimental investigations of the
mixing of a supersonic jet in a subsonic compressible crossflow resembling the operation
of the skin-mounted flapped OFV. Additionally, noise analysis was performed by Smid
et al. [19] using Unsteady Reynolds-Averaged Navier—Stokes (U-RANS). Ultimately, the
skin-mounted flapped OFV enables the aircraft to recover a small portion of thrust to
contribute to fuel savings while keeping the noise level low and, if designed correctly, it
can maximize thrust generation. The skin-mounted flapped OFV (hereafter referred to as
OFV) therefore not only fulfils its primary function of cabin pressure regulation but also
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contributes to overall aircraft efficiency by recovering energy that would otherwise be lost
in the external flow.

Although a plethora of research related to the OFV exists, including CFD modelling
verification, noise generation, pressure control and thrust-generation mechanisms, there
is scarce documentation on OFV optimization focusing on thrust generation. Thus, a
research gap exists related to the OFV geometry modifications needed to boost thrust
recovery performance.

The present study demonstrates a method that can optimize the shape of an OFV by
following the De Laval nozzle principles to achieve maximum kinetic energy recovery. The
proposed geometry reflects upon the convergent—divergent nozzle so that the OFV can
provide the same benefits. Initially, the analytical equations that describe the geometry
and performance of the De Laval nozzle are introduced, providing an estimation of the
generated thrust depending on the operating conditions. Subsequently, the numerical
approach of the OFV is considered for optimization; an appropriate CFD model is built and
the RANS equations are solved to gather certain flow-field data. After that, a comparison
of the analytical and numerical approach takes place to assess the differences between the
theoretical designed nozzle and the numerically solved OFV. In addition, the flow field is
extracted to identify the low-supersonic phenomena that take place as air is extracted from
cabin to ambient conditions and affect thrust generation, as will be explained in the next
few sections. Since OFVs produce maximum thrust during cruise, only steady-state cruise
conditions are examined. Moreover, different operating cruise conditions of regional and
large aircraft will be presented to show that the results and ultimately the design of an OFV
has to be tailored for specific missions.

This study focuses on introducing the process of optimizing an OFV geometry on a
conceptual level using CFD methods. For this reason, no experimental data were generated,
and the findings of this study solely rely on the comparison between CFD and the theoretical
thrust estimation.

In addition, the design space of an OFV can lead to shortcomings in the form of
structural, operational, safety and reliability limitations. However, this study only targets
the performance assessment of thrust recovery.

This study was completed as part of the Thermal Management for Hybrid-Electric Re-
gional Aircraft (TheMa4HERA) project [20], conducted via the Clean Aviation programme,
which is focused on enabling climate-neutral Small-to-Medium-Range (SMR) air transport.
The project targets the dissipation of substantial additional heat loads of approximately
20-50 kW for aircraft systems and 300-1000 kW for energy storage and power-generation
units, such as batteries and fuel cells, which are anticipated in future commercial aircraft.
Collins Aerospace leads Work Package 5 (WP5), which covers the ventilation and pressur-
ization system, where WP5.1 is focused on the cabin pressure control addressing the OFV
energy recovery which impacts the overall thermal management. This study contributes to
the TheMa4HERA objectives by maximizing the use of thermal energy leaving the aircraft
towards additional thrust.

2. Methods

As mentioned above, two methods for calculating the performance of an OFV are
explained. Firstly, the numerical approach is presented, where a computational domain
is generated and the Navier-Stokes equations are solved, detailing the grid selection,
turbulence model and boundary conditions. Secondly, the analytical approach is presented,
where the De Laval nozzle equations are solved for the design and performance assessment
of an OFV and compared with the numerical solution to detect any differences in the results.
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2.1. Computational Domain and Boundary Conditions

For this study, a pseudo-three-dimensional (Pseudo-3D) OFV model was developed
using a slice in the middle of a 3D model, as shown in Figure 3. The selection of a Pseudo-3D
approach instead of the typical 3D approach was based on the fact that the objective of this
study is to identify the geometrical parameters of the OFV that influence thrust generation.
As mentioned before, Carbonneau [15] showcased the good correlation between 2D and 3D
simulations through experimental results. To validate this, and since no experimental setup
was developed, a comparison between the theoretical maximum thrust with a Pseudo-
3D and 3D simulation was conducted, which showed good correlation in comparison
with past studies. Since this study required a plethora of simulations to be conducted
for optimization purposes, an approach that allows 3D phenomena to develop would
require an increased amount of time and a greater computational cost. The Pseudo-3D
approach solved these issues by considering the infinite width approach, as the OFV model
is axisymmetric, and thus does not allow flow to develop on the third axis. This satisfied the
study’s objective, which is thrust maximization, while keeping the time and computational
cost low. Moreover, to satisfy the assumption made, a simplified model of the OFV was
used which did not include extra parts like the actuator, moving mechanisms, etc.

Inlet . 3D model
Outside

24000 mm wail

Inside wall

Outside
wall

5000 mm

Symmetry
plane

Figure 3. Pseudo-3D computational domain of the baseline regional OFV.

A set of pressure and temperature boundary conditions was selected based on the
cabin and cruise conditions of regional and large airliners. During cruising, the assumption
of constant altitude was considered for steady-state simulations. This assumption indicated
a steady mass flow through the OFV and, subsequently, a constant thrust output. A
summary of the boundary conditions is given in Table 1.

Table 1. Boundary conditions.

Boundary Condition Regional Airliner Large Airliner
Cabin Pressure [kPa] 78.98 81.196
Cabin Temperature [°C] 15 15
Ambient Pressure [kPa] 37.6 16.235
Ambient Temperature [°C] —34.53 —55
Altitude [ft] 25,000 42,000
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The discretization method of the computational domain from Figure 3 was carefully
selected in order to satisfy the CFD criteria regarding the developed flow-field phenomena.
A hybrid mesh type consisting of a hexahedral structured mesh close to the boundary layer,
whilst remaining tetrahedrally unstructured in the rest of the domain, was generated. The
meshing technique was selected, since it can provide adequate accuracy while keeping
time cost and complexity low, as it can be generated more quickly than a fully structured
mesh. To model the flow phenomena near the wall surfaces of the computational domain,
a layered structured mesh was also developed following turbulence modelling criteria. The
resulting grid is shown in Figure 4.

Figure 4. Surface mesh grid of the baseline regional OFV.

The k-w SST low-Reynolds turbulence model was selected, since it provides good
near-wall accuracy even for thin boundary layers and is used for high-accelerated flow
regions, such as those found in nozzle applications and used in several studies on the topic
of OFV. The details of the generated mesh are shown in Table 2.

Table 2. Grid parameters.

Mesh Parameter Details
Main cell type Tetrahedral
Target y* 1
Inflation layers 25
Layers’ growth rate 1.1
Total nodes 1m
Total cells 3m

In order to finalize the mesh parameters shown in Table 2, a grid dependency study
was conducted to find the optimal mesh that would allow us to achieve the highest results
accuracy along with the lowest computational cost. To achieve this, four different mesh
grids were developed, where the cell size was modified so as to keep the grid mesh
proportional. This way, the mesh cohesion did not change; only the mesh size, which
provided the appropriate results for a grid dependency study. Figure 5 shows the grid size
plotted against the resulting mass flow, where a grid size of 3 m yielded the best results,
as mass flow did not increase in accuracy with a further increase in grid size, while it was
evidently more accurate than the smaller grid size. In detail, the cases with 3 m and 5 m
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cells had a difference of 0.01% between them in terms of mass flow, while the cases of 1 m
and 3 m had a difference of 0.35% between them.

Grid dependency

—Polynomial fit
o Case studies

2

=

Gy

A

<

=

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Number of cells [millions]
Figure 5. Grid dependency.

2.2. Numerical Procedures

In this study, a three-dimensional, turbulent, steady-state, and compressible flow
field was considered. The governing equations were solved using the RANS formulation.
Conservation of mass, momentum, and energy is expressed as follows:

a%(P“i) =0 (1)

d ou: ou; -
a%(ﬁuiuj) = _BTZ + a%j[y(a—z; + a%) _ pugu;] @)
32 (0CyuT) = — 35 (kL + pCpu T') 3)

Here, u;, p, and T denote the velocity components, static pressure, and temperature,
respectively. The symbols p, u, Cp, and k represent the fluid density, dynamic viscosity,
specific heat capacity, and thermal conductivity. The Reynolds stress term, — pugu;«, arises
from the time-averaged contribution of the turbulent velocity fluctuations and requires an
appropriate turbulence model for its evaluation.

Air was modelled as an ideal gas, and density variations resulting from temperature
changes were computed using the ideal gas equation of state. Numerical simulations
were conducted using the commercial CFD solver Ansys® CFX, version 2023R1 [21]. The
pressure—velocity coupling was handled using the coupled algorithm, and turbulence
modelling was achieved using the aforementioned k-w SST model.

2.3. Analytical Methodology

The design of the OFV is based upon the convergent-divergent nozzle, also called
the De Laval nozzle. The expected flow-field of such nozzles can be split into four general
categories, which are summed up in Figure 6.
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Figure 6. Convergent-divergent nozzle flow types.

In the under-expanded nozzle, the air exit pressure was higher than the ambient
value. In the over-expanded and grossly over-expanded nozzle, the air exit pressure
was lower and grossly lower than the ambient value. In all of these cases, the flow lost
energy when exiting the nozzle either because it did not utilize its whole potential, which
resulted in the flow expanding after it exited the nozzle, or it did fully expand while still
being inside the nozzle, which resulted in a pressure increase outside the nozzle. In the
ambient or ideal nozzle, the flow exit pressure matches the ambient value, which results
in the perfect expansion of the fluid at the exit of the nozzle. The thrust equation of a
convergent-divergent nozzle is:

T = mVe + (p, — Po)Ae (4)

Combining the nozzle types of Figure 6 and Equation (4), it is evident that in the cases
of under- and over-expanded nozzle types, the second component of Equation (4) is not
zero, since there is a difference between the flow exit pressure and the ambient pressure.
However, in the ambient nozzle, the same component is equal to zero, since the expansion
is perfect and the exit pressure is equal to the ambient pressure. Unintuitively at first,
this results in a higher value for the first component of Equation (4), which is related to
the momentum thrust produced by the nozzle. Overall, the thrust is maximized for the
ambient nozzle, which will be the target of this study.

The De Laval nozzle equations present a methodology for designing a convergent—
divergent nozzle and are related to both performance and geometry parameters:

Arp Y.+l (7“)
o t* 2-(y—1
m = ,—Ttt' K( W] ) v (5)
741
Ae _ (241y7m, QT MY T0D 6)
A 72 Me
Te _ +1 g2y 1
m — (1 + ,YTMQ) (7)
v
Pe  _ Y1 A2\~ 7T
m = (1 + TME) v (8)
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where the denominator “inlet” refers to the total conditions at the inlet of the nozzle, “t”
refers to the conditions at the throat of the nozzle, and “e” refers to the conditions at the exit
of the nozzle, as shown in Figure 7, where Pyt and Taum refer to the ambient conditions
downstream of the nozzle. The nozzle flows and equations are thoroughly explained by
Anderson [22].

Exit area
A

e
Throat area
At

atm

atm

Figure 7. De Laval nozzle.

This set of equations describes a step-by-step process for calculating the parameters
that define the De Laval nozzle and, based on the known and unknown values, these
equations are calculated in order.

The state-of-the-art flapped OFV design is based on the De Laval nozzle shown in
Figure 7. Thus, the OFV throat area and exit area were identified as shown in Figure 8§,
where a cross-section of the baseline regional OFV model is introduced. The throat area
was selected based on the minimum distance between the two valve doors, while the exit
area was selected as the geometric area at the end of the bottom valve door perpendicular
to its direction.

Throat
area

Figure 8. Baseline regional OFV throat area and exit area.

In CFD simulations, calculating thrust is not a straightforward task. Based on the
theory itself, thrust is calculated at the exit area of the nozzle, as shown in Figure 7. However,
an OFV might resemble a nozzle while the outside skin of the aircraft downstream of the
exit area still influences the flow, which affects its definition. For this reason, a different
approach was used in this study, which included the creation of a plasmatic control volume
which was proportionally smaller than the CFD control volume. The integral formulation
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of the conservation of momentum law is utilized to calculate thrust. For a steady-state
simulation of a fluid enclosed by a surface S, we had:

fs PV(V'n)dS = ) Texit (11)

Compared to momentum, the shear and volume forces were neglected. Projecting
Equation (11) on the x-axis resulted in thrust T:

Ty = [spV?dS+ [ PdS (12)

Figure 9 presents a schematic of the proposed method for calculating the thrust output.
Since a Pseudo-3D method was chosen, planes 2 and 3 had zero influence on the thrust
output. Lastly, since the thrust was calculated along the x-axis and plane 6 depicts the
outside skin of the aircraft, drag was calculated on that plane as part of the force exerted
by the OFV lost as drag penalty. However, we were interested in the force exerted by the
nozzle, so this was added to the resulting force calculated with this method.

/\Plane2 — \Plane 1

Plane 6

Plane 5
Plane 3

= \_}Plaﬁe 4

Figure 9. Thrust calculation plasmatic control volume.

2.4. Defining and Optimizing Parameters

Before setting up the optimization, a set of geometric parameters were identified that
related the OFV to the De Laval nozzle. Because of the nature of the OFV and the fixed
non-moving parts of the system, this set included 3 lengths and 3 angles. An example of
how the geometry could be shaped after the modification of the geometric parameters is
shown in Figure 10.

These 6 parameters could totally shape the OFV following the De Laval nozzle guide-
lines. Based on this, a Design of Experiments (DoE) was set up by implementing margins
for the factors, the range of which was selected based on intuitively extreme values on both
ends in order to minimize wasteful data. A DoE was the first step taken to identify the
design space based on the selected factors. The details of the DoE were carefully selected to
maximize efficiency and accuracy, keeping the number of “experiments” low enough to
speed up the process and preserve efficiency. For the purposes of this study, the Ansys®
Workbench, version 2023R1 [23] response surface optimization module was utilized, which
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included the DoE and response analysis. The response analysis identified key parameters
that influenced the performance of the OFV.

Figure 10. Modified OFV design example from the optimization design space.

3. Results

Before moving to the results, the accuracy of the simulation was checked. For the
baseline case, the y* field is shown in Figure 11. It is evident that the highest value of
y" is observed at the nozzle, where the sudden acceleration of the flow takes place. The
highest value is close to 4.8 in very specific regions. This means that a y* < 5 is maintained
throughout the control volume, which is acceptable, and a y* close to 1 is observed in areas
around the OFV.

OOO0O0I=2ANNNWWWW AL
CnomoNOESRNOWOONO®

Figure 11. Baseline regional OFV y*.

3.1. Analytical vs. Numerical Results

For the conditions of a regional aircraft, which is the main case study of this project,
the performance of the De Laval nozzle yielded the theoretical maximum thrust that could
be achieved. On the other hand, the Pseudo-3D approach of the baseline regional OFV
resulted in a 2.5% lower thrust output than the theoretical maximum, which could be
attributed to the fact that the OFV was not a perfect nozzle, while simulation error may
also have existed. In addition, the 3D approach of the baseline regional OFV resulted in a
3.65% lower thrust output than the theoretical maximum, since 3D flow phenomena took
place and the flow could disperse in all directions when exiting the OFV, which resulted
in losses.

https://doi.org/10.3390/aerospace13030288
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Absolute Pressure [Pa]

78,980.00

37,600.00

Furthermore, for the conditions of a baseline large aircraft, the Pseudo-3D approach
yielded a 2% lower output thrust compared to the theoretical De Laval model, while the
3D approach resulted in a 4.9% lower thrust output. The data above served as means for
comparing the optimized OFV models with the baseline case and De Laval.

3.2. Shape Optimization

Prior to showcasing the end result of the optimization process, the baseline case is
presented in Figure 12. The figure mainly focuses on the velocity and pressure fields
where the fast-accelerating flow is evident due to the nozzle like behaviour of the OFV and
the sudden drop in pressure due to the massive difference between cabin pressure and

ambient conditions.

Mach[-]
1.3

(a) (b)

Figure 12. Baseline regional OFV (a) pressure and (b) velocity fields.

In addition, Figure 13 displays the ambient pressure iso-surface, which shows the
pressure expansion and nozzle type of the baseline regional OFV. In this case, the flow
expands upstream of the geometric exit of the OFV, as explained in Figure 8, which results
in an under-expanded nozzle. That means that the OFV is subject to optimization in order
to maximize thrust output.

Iso-surface : Ambient pressure
(37,600.00 Pa)

Figure 13. Baseline regional OFV ambient pressure iso-surface.

The first shape-optimized case study was the regional aircraft OFV; its boundary
conditions are shown in Table 1. Here, the OFV shape was modified in accordance with the
optimization parameters to meet the objective of thrust maximization. The design of the
optimized regional OFV is shown in Figure 14, along with the pressure and velocity fields.
The figure shows the ideal expansion with the increased flow velocity, which increases the
thrust output.
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Absolute Pressure [Pa]
78,980.00

37,600.00

Absolute Pressure [Pa]
78,980.00

37,600.00

(b)

Figure 14. Regional aircraft shape optimized OFV. (a) Pressure and (b) velocity fields.

Figure 15 displays the optimized regional aircraft OFV exit pressure iso-surface, which
shows that the flow is ideally expanded, within reasonable margins, and the pressure
reaches ambience at the geometric exit area of the nozzle. In this case, the area ratio of the
OFV was calculated to correspond to the nozzle boundary conditions.

Iso-surface : Ambient pressure
(37,600.00 Pa)

Figure 15. Regional aircraft shape optimized OFV ambient pressure iso-surface.

The second shape-optimized case study was the large-aircraft OFV, the boundary
conditions of which are shown in Table 1. Likewise, the OFV shape was modified in
accordance with the optimization parameters to meet the objective of thrust maximization.
The design of the optimized large-aircraft OFV is shown in Figure 16, along with the
pressure and velocity fields, which also showcase the ideal pressure expansion along the
nozzle, as well as the increased flow velocity which increases the thrust output.

108

(a)

Figure 16. Large-aircraft shape optimized OFV. (a) Pressure and (b) velocity fields.
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Figure 17 displays the optimized large-aircraft OFV exit pressure iso-surface, which
shows that even with different boundary conditions, a modified OFV shape results in an
ideally expanded flow while the pressure reaches ambience at the geometric exit area of
the nozzle. In this case, the area ratio of the OFV was also calculated to correspond to the
nozzle boundary conditions.

Iso-surface : Ambient pressure
(16,235.00 Pa)

Figure 17. Large-aircraft shape optimized OFV ambient pressure iso-surface.

4. Discussion

In the previous section, the CFD results of the baseline, regional, and large-aircraft
OFV were introduced. Initially, the baseline regional OFV showed that the design satisfied
the role of the component in the CPCS. However, it also showed room for improvement, as
the flow expansion was regarded as under-expanded, as shown in Figure 13, which meant
that the performance was unexploitable.

Both regional and large-aircraft OFV case studies followed the same route for im-
provement. The De Laval nozzle equations dictated the shape optimization algorithm that
was used and resulted in the previously mentioned OFV designs. These proved that flow
through the OFV changed and the exit pressure matched the geometric exit area of both
cases, as shown in Figures 8, 15 and 17. This change resulted in a 1-5% increase in thrust
output depending on the mission profiles considered in this study, as the flow carried more
momentum when exiting the OFV, as explained via Equation (4). In the end, this resulted
in an increased performance for the OFV with higher kinetic energy recovery and increased
efficiency in CPCS thermal management.

The findings of this study showed that when designing an OFV, the area ratio should
be closely related to the boundary conditions of the flight mission in order to achieve an
ideal expansion and a higher thrust output. This means that with different mission profiles,
different designs should be considered to maximize the objective. All in all, the results
show that the De Laval nozzle concept is strongly correlated to the design of an OFV.

On the other hand, there is more room for improvement with regard to designing an
OFV. An assumption was made regarding the geometric exit area of the OFV, as shown
in Figure 8. The choice was based on the actual De Laval nozzle, as shown in Figure 7.
However, the flow through the OFV is still influenced by the outside skin of the aircraft
after it exits the nozzle part, which could change the geometric exit area of the nozzle. This
also influences the calculation of thrust from CFD results, as the choice could be refined.
Additionally, more nozzle design characteristics could be added to the study for a more
holistic approach which, paired with the experimental results, would increase the accuracy

https://doi.org/10.3390/aerospace13030288


https://doi.org/10.3390/aerospace13030288

Aerospace 2026, 13, 288

14 of 16

of the simulations. Lastly, the net thrust recovery benefit needs to account for aircraft
system as a whole in order to fully assess the performance of the OFV, including weight
penalties and system complexity.

5. Conclusions

In this study, a method of OFV shape optimization was proposed in order to maximize
thrust generation depending on flight mission profiles. A CFD methodology was developed
and tailored to the objective of the study, including proper control volume and mesh, which
was selected as a result of a grid dependency study. The RANS equations were solved with
the boundary conditions set by each mission and the results were collected.

The focus of this study was thrust output maximization. This was achieved by
assuming that the OFV acts as a De Laval nozzle, and the theoretical equations describing
it were used to modify its geometry and assess its performance. Two different cases were
studied: a regional aircraft OFV and a large-aircraft OFV with distinct boundary conditions.
Both cases achieved increased thrust output when the De Laval nozzle equations were
considered as a proper flow expansion took place, which matched the pressure exit area
with the geometric exit area.

Lastly, remarks about the findings of this study were laid out, which included the
advantages of following this approach for OFV design considerations and the limitations
regarding the assumptions made and the mission profile of different case studies.

This study is part of the Clean Aviation project TheMa4HERA, which aims to develop
thermal management architecture and technologies for next-generation hybrid electric
regional aircraft and to support the overall EU green gas emission goals.
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Abbreviations

The following abbreviations are used in this manuscript:

OFV Outflow Valve.

CFD Computational Fluid Dynamics.

RANS Reynold-Averaged Navier-Stokes.

CPCS Cabin Pressure Control System.

ECS Environmental Control System.

k-w SST k-w Shear Stress Transport.

LES Large-Eddy Simulation.

3D Three-Dimensional.

2D Two-Dimensional.

U-RANS Unsteady Reynolds-Averaged Navier-Stokes.
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SMR Small-to-Medium Range
WP Work Package.
Pseudo-3D Pseudo Three-Dimensional.
DOE Design of Experiments.
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